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Summary-An improved graphite furnace atomic-absorption method has been developed for the 
determination of Sc, Y and the rare-earth elements in silicate rocks and related materials. The method, 
which involves the separation of the lanthanides by ion-exchange followed by their determination by 
electrothermal atomization, with use of an automatic sampling device, is more rapid than a previous 
method based on separation by co-precipitation with calcium oxalate and hydrous ferric oxide followed 
by normal injection of the solution into the furnace. Greater sensitivity (* l@Wfold) for La, Ce, Pr, Gd, 
Tb and Lu is also achieved by using a tantalum foil-lined graphite furnace instead of a pyrolytically-coated 
furnace. Results obtained for five international reference rock samples, NIM-G, SCo- I, MAG-1, SDC- 1 
and BHVG-1, are compared with those obtained previously by the oxalate-hydrous oxide co-precipitation 
method and with other published values. Results are given for four new Canadian iron-formation 
reference materials, FeR-1 to FeR-4. 

In previous work,‘” scandium, yttrium and the lan- 
thanides in rocks were determined by graphite- 
furnace AAS involving manual injection of the sam- 
ple solution after separation of the rare earths by 
double calcium oxalate and single hydrous ferric 
oxide co-precipitations, Because petrogenetic mod- 
elling requires the determination of traces of the 
rare-earth elements in various ultramafic and com- 
mon rocks and rock-forming minerals, more rapid 
and sensitive methods are required for their deter- 
mination, particularly the lighter lanthanide ele- 
ments. Following the acquisition of a more modern 
graphite furnace coupled with an automatic sampling 
device, an attempt was made to expedite the deter- 
mination of the rare earths by using this equipment 
and a faster separation procedure. Separation by 
extraction of the salicylate complexes into methyl 
isobutyl ketone4 was tested but abandoned because of 
interferences in the separation of the phases. The 
ion-exchange procedure used earlier’ was therefore 
investigated, but had to be modified. This paper 
describes the results and shows that greater sensitivity 
can be achieved for lanthanum, praseodymium, 
gadolinium, terbium and lutetium, as well as for 
cerium, by using a pyrolytically-coated graphite tube 
lined with tantalum foil.6 Results obtained by this 
method for five international reference rock samples 
are compared with those obtained earlier’” and with 
other published values. Results are also given for four 
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new Canadian iron-formation reference materials, 
FeR-1, FeR-2, FeR-3 and FeR-4. 

EXPERIMENTAL 

Apparatus 

The AAS equipment and ancillary apparatus was the 
same as that used for the cerium determination described 
earlier,6 including the tantalum-lined furnace. The ion- 
exchange column was that used in the earlier work on 
lanthanides.’ The AAS operating conditions are given in 
Tables 1-3. 

Stock lOOO-ppm solutions of scandium, yttrium and the 
lanthanides were prepared and standardized as described 
earlier,6,7 and diluted further with O.lM nitric acid as 
required, to give working standards. 

Standard mixtures, approximating the compositions of 
two international reference rocks GA (granite)8,9 and SY-2 
(syenite):‘” were prepared as described previously.’ All 
reagents were of analytical reagent grade and demineralized 
water was used for the preparation of all solutions. 

Procedures 

Calibration solutions. Prepare three calibration solutions 
with concentrations corresponding to 0.05, 0.1 and 0.2 g of 
sample per ml by diluting appropriate volumes of the “GA” 
or “SY-2” standard mixtures (depending on the type of 
sample being analysed) to a known volume with 0.1 M nitric 
acid.’ 

Preparation of solution for analysis. Depending on the 
rock type, decompose a l-2 g sample and separate the 
lanthanides, yttrium and scandium by ion-exchange as 
described earlier,’ to obtain “Solution A”. 

AAS determination. Transfer the calibration and sample 
solutions (Note 1) to plastic vials in the sample dispenser, 
then, using 2Oql portions of the sample solutions, measure 
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Table 1. Instrumental parameters 

Wavelength, 
Element nm Hollow-cathode lamp 

Current, Spectral bandpass, 
mA nm 

SC 391.18 
Y 410.2 
La 550.13 
Ce 567.0 
Pr 495.1 
Nd 492.45 
Sm 429.67 
EU 459.4 
Gd 368.4 
Tb 432.7 
DY 421.2 
Ho 410.4 
Er 400.8 
Tm 371.8 
Yb 398.8 
LU 336.0 

Westinghouse 
Westinghouse 
Varian-Techtron 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
Cathodeon 
Westinghouse 
Westinghouse 
Westinghouse 
Varian 
Westinghouse 
Varian-Techtron 

5 0.2 
5 0.5 

10 R* 
10 R* 
10 R* 
10 0.2 or R* 
10 0.2 or R* 
5 0.2 

10 0.2 or R* 
10 0.2 or R* 
10 0.2 
10 0.2 
5 0.2 

10 0.2 
5 0.5 

10 R+ 

*R = restricted 0.5 nm slit-width. 

the absorbances of scandium, yttrium and the lanthanides 
(Note 2), with the appropriate graphite tubes and the 
instrumental conditions shown in Tables l-3 (Notes 3-7). 
For calibration use 5, 10, 15 and 20 ~1 of a standard 
“GA” or “SY-2” solution, depending on the sample taken, 
plus sufficient O.lM nitric acid to give a total volume of 
20 ~1. For interpretation use either the concentration read- 
out of the AAS instrument or individual calibration curves 
(Note 8). 

Notes 
1. Depending on the sensitivity, it is preferable to use 

sample solutions containing _ 0.1 g of sample per ml, using 
a scale expansion of up to 10 x (see under Interferences for 
details). 

2. Because minor to trace amounts of some common 
elements retained on the resin and co-eluted with the rare 
earths by 6M hydrochloric acid (see under Discussion) 
interfere seriously with the determination of cerium by 
electrothermal atomization, this element should be deter- 
mined by either of the following procedures. 

(a) Using a 3-ml aliquot of Solution A, precipitate the 
rare-earth elements as described previously’2 as the hydrous 
oxides in the presence of SiO, (added as tetraethyl silicate), 

Table 2. Operating parameters for the pyrolytically-coated graphite furnace 

Argon 
Step Temperature, Time, gas flow, 

Element number “C set I./min Read 

SC, Y, Nd, 1 75 15 3 
Sm, Eu, DY, 2 90 60 3 
Ho, Er, Tm 3 120 10 3 
and Yb 4 850 10 3 

5 1800t lO§ 3 
6 1800t 2 0 
7 2700$ 1.3 0 * 
8 27003 2 0 * 
9 2800$ 5 3 

tl400”C for Eu and Yb, 2200°C for Sm, Dy, Er and Tm, 2400°C for Ho. 
$15 set for Nd and Dy, 20 set for Ho. 
12200°C for Yb. 

Table 3. Operating parameters for the tantalum foil-lined graphite furnace 

Argon 
Step Temperature, Time, gas flow, 

Element number “C set I./min Read 

La, Ce, Pr, 1 75 15 3 
Gd, Tb and 2 90 60 3 
Lu 3 120 60 3 

4 850 10 3 
5 1800t 10 3 
6 1800t 2 0 
7 2600 1.3 0 * 
8 2600 2 0 * 
9 2600 I 3 

t2000”C for Gd, 2200°C for Tb and Lu. 
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Al’+ and Fe’+, igmte the precipitate to constant weight at 
1200” and determine cerium by emission spectrography. 

(b) Using a 6-ml aliquot of Solution A, co-precipitate the 
rare-earth elements once with calcium oxalate and once with 
hydrous ferric oxide as described previously. ‘J Decompose 
the organic material by heating with concentrated nitric acid 
and 30% hydrogen peroxide and evaporating to dryness on 
a steam-bath, then dissolve the salts in O.lM nitric acid, 
transfer the solution to a 5-ml standard flask and ddute to 
volume with the same acid solution. Use the resulting 
solution, or a diluted solution, for the determination of 
cerium by electrothermal atomization, with the operating 
parameters shown in Tables 1 and 3. 

3. The sample dispenser capillary tip should be cleaned 
periodically with a tissue to prevent formation of a bubble 
and permit uninterrupted flow of liquid into the furnace 
during injection. 

4. After about 50 firings of a new pyrolytically-coated 
graphite tube at the recommended temperatures (Table 2) 
the absorbances decrease because of the destruction or loss 
of some of the pyrolytic coating. The absorbances of the 
standards should therefore be checked at this stage and a 
correction factor applied if necessary. 

5. After several firings, the tantalum foil may shift inside 
the graphite tube and block the hole because of expansion 
and contraction, so the alignment of the holes should be 
checked periodically to ensure the correct delivery of solu- 
tion into the cavity. 

6. The condition of the tantalum foil should be monitored 
by firing a standard after every 5 or 10 samples, and the foil 
changed when the performance begins to deteriorate (usu- 
ally after about 40 firings). After about 80 firings the 
graphite tube and tantalum lining should be discarded. 

7. The drying time recommended for the tantalum-lined 
furnace (Table 3) is suitable for up to 20 11 of solution. For 
>20 ~1, use either a longer drying time at 120”, or multiple 
injections of 20-p] portions, each being dried before addi- 
tion of the next. 

8. It is recommended that two international reference 
rocks for which “usable values” for the rare-earth elements 
have been reported’ should be run with every batch to check 
the recovery. 

RESULTS AND DISCUSSION 

Sensitivity 

The manual for the GTA-95 gives sensitivities for 
dysprosium, erbium, europium and terbium but not 

for scandium, yttrium and the other lanthanides. 
Tests with a pyrolytically-coated graphite tube fired 
at 2700” showed that though the sensitivities for 
neodymium, yttrium, samarium, erbium, holmium, 
dysprosium, scandium, europium, thulium and 
ytterbium ranged from moderate to good, in that 

Table 4. Sensitivities for SC, Y and the lanthanides in pyrolytically-coated and tantalum 
foil-lined graphite furnaces 

Sensitivity* 

Atomization Pyrolytically- Ta-foil lined Sensitivity 
temperature, coated furnace furnace enhancement factor 

Element “C (PCF) (TaF) (PCF/TaF) at 2600°C 

SC 2600 1.3 X IO-‘0 1.2 X IO-” 10.8 
2700 1.0 x lo-‘0 

Y 2600 2.6 x 1O-9 2.8 x IO-lo 9.3 
2700 1.3 x IO-9 

La 2600 4 x 10-8 2 x 1om9 20 
2700 2 X 10-S 

Ce 2600 2 x IO-’ 5 x IO-9t 40 
2700 0.8 x IO-’ 

Pr 2600 1.6 x lo-* 1.5 x 1o-9 10.7 
2700 1 X 10-a 

Nd 2600 3 x 10-Q 2 x lo-‘0 15 
2700 1.5 x 10-g 

Sm 2600 1 x 10-g 7 x IO-” 14.3 
2700 0.8 x lo-> 

Eli 2600 5.5 x lo-” 4 x 10~” 13.8 
2700 3.4 x lo-” 

Gd 2600 2.1 x 10-8 7.3 x lo-‘0 28.8 
2700 1.4 x 10-B 

Tb 2600 6.4 x 1O-9 3.2 x IO-“’ 20 
2700 4.1 x 10-g 

DY 2600 2 x 10-10 2 x IO-” 10 
2700 1.4 x 10-10 

Ho 2600 5.5 x 10-10 3.1 x lo-” 17.7 
2700 2.8 x lo-lo 

Er 2600 4.4 x 10-10 1.3 x IO-” 33.8 
2700 2.8 x IO-‘O 

Tm 2600 3.7 x lo-” 4 x lo-” 9.3 
2700 1.8 x IO-” 

Yb 2600 3.3 x 10-12 5.4 X IO-” 6.1 
2700 2.5 x lo-l2 

Lu 2600 4.9 x 10-P 1.4 x IO-10 35 
2700 3.5 x 10-g 

*Defined as the weight of the element in g which produces a change, compared with a 
pure solvent or blank, of 0.0044 absorbance unit. 

tValue obtained previously.6 



T
ab

le
 

5.
 D

et
er

m
in

at
io

n 
of

 S
C

, Y
 a

nd
 

th
e 

ra
re

-e
ar

th
 

el
em

en
ts

 
in

 i
nt

er
na

tlo
na

l 
re

fe
re

nc
e 

ro
ck

s 
(c

on
ce

nt
ra

tio
ns

 
in

 p
pm

) 

N
IM

-G
 

sc
o-

 
1 

M
A

G
-1

 
SD

C
- 
1 

B
H

V
O

-1
 

(G
ra

ni
te

) 
(C

od
y 

sh
al

e)
 

(M
ar

in
e 

m
ud

) 
(M

ic
a 

sc
hi

st
) 

(H
aw

ai
ia

n 
ba

sa
lt)

 
P 

E
le

m
en

t 
T

hi
s 

O
th

er
 

w
or

k 
va

lu
es

 
T

hi
s 

w
or

k*
 

O
th

er
 

va
lu

es
 

T
hi

s 
w

or
k*

 

S
C

 
1 

Y
 

12
2 

L
a 

12
0 

C
e 

2O
O

t 

Pr
 

18
 

N
d 

70
 

Sm
 

16
 

E
U

 
0.

5 

G
d 

12
.4

 

T
b 

3 

D
Y

 
17

 

H
o 

4.
6 

E
r 

12
 

T
m

 
2 

Y
b 

15
 

L
U

 
2 

(I
%

> I
§)

# 
0.

48
-9

”,
 l

?b
 

11
5%

“.
 1

33
8 

8&
18

7’
, 

14
5b

 
11

37
”,

 1
22

9”
 

84
-2

00
”,

 1
05

?b
 

21
7@

d,
 2O

O
b 

14
5-

22
4”

 
19

%
d 

(1
9,

 1
9.

8)
 

69
ed

, 
68

?b
 

43
83

.4
a 

16
%

sd
, 16

?b
 

14
.6

-2
1.

5”
 

0.
4f

.d
, 

0.
4?

b 
0.

31
-2

.2
” 

13
l,d

, 
1 l

?P
 

9.
62

0”
 

2.
5n

,d
, 

3?
b 

1.
9-

3.
5”

 
17

%
~d

, 16
8 

15
.4

-1
7.

2”
 

4.
4%

“,
 3

?8
 

35
’ 

12
%

“,
 lo

?8
 

9.
6-

13
.5

” 
27

”,
 2

?8
 

1.
6-

2.
5”

 
13

%
“,

 1
4b

 
6.

8-
16

” 
2T

.d
. 2

?b
 

1.
58

-3
.0

9”
 

11
 

30
 

31
 

69
f 7.
5 

28
 6 1.
4 

5 1 4.
6 

1 3 0.
5 

2.
7 

0.
3 

(l
o%

, 
11

s.
 9

5)
 #

 
10

.6
 f 

0.
9’

, 
1 l

?b
 

1’
Q

’%
$)

d 

(3
&

, 
29

§)
d 

35
 &

- l
o’

, 
29

?b
 

6e
d,

 
63

b 
62

 +
 6

’ 
7T

d 
5.

43
”,

 7
.6

2’
 

28
7*

“,
 2

7b
 

26
 k

 2
’ 

5.
5%

,d
, 5

.1
?b

 
5.

3 
+

 0
.4

’ 
1.

2%
2,

 1
.2

?b
 

1.
2 

* 
0.

2’
 

4.
77

”,
 

4.
2?

b 
5+

 
1’

 
0.

77
[“

, 0
.8

?b
 

0.
75

 f
 

0.
04

’ 
4.

3%
,d

, 4
.2

?b
 

3.
8’

, 
5.

7’
 

IT
I”

, 0
.9

?b
 

0.
93

’ 
2.

5%
4,

 2
.5

?b
 

2.
5”

, 2
.3

9’
 

0.
4’

l[
,d

, 0
.5

?b
 

0.
35

: 
0.

61
b 

(2
.3

%
, 2

.5
Q

d 
2.

6 
k 

0.
3’

, 
2.

6b
 

0.
32

1j
,d

 
0.

37
c,

 0
.3

4r
 

19
 

31
 

46
 

90
t 

10
 

41
 8.
2 

1.
8 

6 1 5.
3 

1 2.
8 

0.
45

 

2.
7 

0.
4 

O
th

er
 

va
lu

es
 

T
hi

s 
w

or
k*

 
O

th
er

 
va

lu
es

 
T

hi
s 

w
or

k*
 

(1
7%

. 1
88

,§
) #

 
17

+
2:

 
15

?b
 

29
”d

, 2
7?

b 
(2

5,
 5

7)
 

(4
81

, 
46

Q
d 

46
’.

 4
1?

b 
90

6”
. 

86
?b

 
94

i.7
” 

1O
nT

” 
8.

73
” 

(3
8%

, 4
29

)d
 

44
+

3’
, 

41
b 

8.
3?

, 
8.

1?
b 

7.
8 

+
 0

.9
’ 

l.8
%

3,
 1

.5
?b

 
1.

6 
+

 0
.2

’ 
71

.d
, 6

.6
?b

 
7k

T
 

lf
l,d

, 
l?

b 
1.

02
 *

 0
.0

5’
 

5%
,d

,5
.0

2’
 

5.
4h

 
IT

” 
1.

12
’ 

2.
8%

6 
3.

16
’ 

0.
4Y

.d
 

o/
W

, 
0.

54
h 

(2
.5

%
, 2

.7
5)

’ 
3.

0 
+

 0
.3

’,
 2

.6
b 

0.
4q

 
0.

4’
, 

0.
45

’ 

20
 

42
 

45
 

85
t 9.
5 

39
 8 2 7 1.
2 

7.
5 

1.
5 

5 0.
7 

4.
2 

0.
5 

(1
7%

, 1
88

,§
) #

 
17

_+
2’

, 
15

?b
 

(4
0%

, 4
W

d 
(4

4,
70

)‘
, 

42
?b

 
(4

51
7,

46
!#

 
(4

2.
2,

 5
4.

7)
 

92
ed

, 
92

b 
10

4 
+

 1
2”

 
1O

Y
d 

8.
73

” 
(3

8%
, 4

2#
 

41
 f 

6’
, 

38
b 

7.
5%

.d
, 8

.3
?b

 
8 

f 
2’

 
1.

7%
,d

, 1
 .7

b 
1.

8+
0.

2’
 

71
”,

 7
.2

?b
 

1.
7-

9.
p 

1.
25

1.
d,

 1.
2?

b 
1.

26
 f 

0.
08

’ 
7.

3%
” 

7.
8h

 
1.

41
” 

4S
.d

 

0.
6T

d,
 0

.7
?b

 
0.

72
’ 

(4
%

, 4
.W

 
5 

_+
 lc

, 
4.

2b
 

0.
5T

I.
d 

0.
4p

 

28
 

27
 

19
 

49
 

7 29
 6 2 6.
6 

1 5 1 2.
4 

0.
3 

2.
4 

0.
4 

O
th

er
 

va
lu

es
 

(3
2%

, 3
38

, 
3~

) 
# 

30
*2

’,
 

31
b 

(2
8%

, 2
7§

)d
 

28
 _

+
 2’

, 
27

?b
 

(1
87

, 
19

§)
d 

16
.7

 k
 0

.8
’.

 1
7?

b 
49

&
d,

 3
9b

 
41

+
4c

 
6f

i”
 

t;F
%

 
26

# 
24

 &
 6

’,
 2

4b
 

6p
d,

 6
.1

 b 
6.

1 
+

 0
.7

’ 
2S

.d
, 2

b 
2.

0 
+

 0
.4

’ 
6.

3T
i_

, 6
b 

7 
f 

2’
 

0.
91

”,
 

l?
b 

1.
0 

* 
0.

2’
 

5.
3P

d,
 s

?b
 

4.
8 

+
 0

.2
’,

 5
.5

” 
0.

95
l.d

 
0.

94
c 

2.
5%

” 
2.

0 
+

 0
.3

’ 
0.

3+
, 

o.
3b

 
0.

31
 +

 0
.0

4’
 

:‘
;;‘

..$
 

c 

0:
36

j”
 

0.
32

’ 

*P
re

co
nc

en
tr

at
ed

 
by

 i
on

-e
xc

ha
ng

e 
un

le
ss

 o
th

er
w

is
e 

in
di

ca
te

d.
 

tp
re

co
nc

en
tr

at
ed

 
by

 i
on

-e
xc

ha
ng

e,
 

fo
llo

w
ed

 
by

 a
 s

in
gl

e 
ca

lc
iu

m
 

ox
al

at
e 

an
d 

si
ng

le
 h

yd
ro

us
 

fe
rr

ic
 o

xi
de

 c
o-

pr
ec

ip
ita

tio
ns

. 
%

Fl
am

e 
A

A
S 

va
lu

e.
 

#E
m

is
si

on
 s

pe
ct

ro
gr

ap
hi

c 
va

lu
e.

 
# 

Se
n 

G
up

ta
.*

 
B

G
ra

ph
ite

 
fu

rn
ac

e 
A

A
S 

va
lu

e.
 

“R
ep

or
te

d 
in

 a
 c

om
pi

la
tio

n 
of

 d
at

a 
by

 S
te

el
e 

et
 a

1.
l4

 
b”

U
sa

bl
e 

va
lu

e”
 r

ep
or

te
d 

in
 a

 c
om

pi
la

tio
n 

of
 d

at
a 

by
 A

bb
ey

.9
 

‘R
ep

or
te

d 
in

 a
 c

om
pi

la
tio

n 
of

 d
at

a 
by

 G
la

dn
ey

 
an

d 
G

oo
de

.1
5 

dS
en

 G
up

ta
.3

 
‘S

en
 G

up
ta

 
(u

np
ub

lis
he

d 
w

or
k)

. 
‘M

cL
en

na
n 

an
d 

T
ay

lo
r 

(s
pa

rk
-s

ou
rc

e 
m

as
s-

sp
ec

tr
og

ra
ph

ic
 

va
lu

e)
.1

6 
s“

U
sa

bl
e 

va
lu

e”
 

re
D

or
te

d 
in

 a
 c

om
pi

la
tio

n 
of

 d
at

a 
by

 A
bb

ey
.‘

) 



Rare earths in silicate rocks 5 

order, the sensitivities for lanthanum, cerium, 
praseodymium, gadolinium, terbium and lutetium 
were very poor. L’vov and Pelieva” had earlier 
reported increased sensitivities for 13 lanthanides 
without any marked memory effects when a tantalum 
foil liner was used inside an ordinary graphite 
tube, and a 40-fold increase in sensitivity had been 
obtained for cerium in the same way.6 A tantalum 
foil-lined graphite furnace was therefore used in 
the present work for determination of lanthanum, 
cerium, praseodymium, gadolinium, terbium and 
lutetium. Scandium, yttrium and the other lan- 
thanides were determinable with the pyrolytically- 
coated graphite furnace. 

Interferences 

Although there are no interelement interferences in 
determination of lanthanides by electrothermal atom- 
ization in the graphite furnace,’ some common ele- 
ments that are retained on the ion-exchange column 
and co-eluted with the rare earths cause positive 
errors. To ascertain the nature of these associated 
common elements (other than iron since it does not 
interfere’*6), an aliquot of Solution A was mixed with 
5 mg of Fe3+ (to act as a carrier), the elements were 
precipitated as hydroxides and carbonates with 
ammonia and ammonium carbonate in presence of 
some filter pulp, and the precipitate was filtered off, 
washed and ignited to the oxides. A qualitative 
emission spectrographic analysis of this material for 
common elements (iron excepted) showed the pres- 

ence of major amounts of calcium and traces of 
aluminium, magnesium, barium and strontium. 

Tests showed that interferences from associated 
common elements could be eliminated by heating the 
sample at about 1800-2000” before atomization of 
the lanthanides (except cerium) at 2700” in a 
pyrolytically-coated graphite furnace or at 2600” in a 
tantalum foil-lined furnace. Tables 2 and 3 show the 
temperatures suitable for the elimination of these 
interferences, for each rare-earth element. To min- 
imize these interference effects, it is also recom- 
mended that the sample taken should be such that 
the apparent sample concentration in the final solu- 
tion is equivalent to not more than 0.1-0.2 g of 
sample per ml. 

A temperature of about 1800” was found to be 
adequate for removal of the interferences after sepa- 
ration by double calcium oxalate and single hydrous 
ferric oxide co-precipitations’.’ because, except for 
the small amount of iron added during the co- 
precipitation step, the final solution is relatively free 
of other elements. In the case of cerium, the elements 
retained on the ion-exchange column and co-eluted 
with the cerium cause severe interference at 567.0 nm, 
the most sensitive line. Consequently, it is necessary 
to separate cerium from these elements. This can be 
done after the ion-exchange separation, by co- 
precipitating cerium once with calcium oxalate and 
once with hydrous ferric oxide.‘.’ 

Table 4 shows the sensitivities obtained for scan- 
dium and the lanthanides. At 2600” the tantalum- 

Table 6. Determination of SC, Y and the rare-earth elements in Canadian iron-formation reference materrals (concentrations 
in ppm) 

FeR-1 FeR-2 FeR-3 FeR-4 

This Other This Other This Other Thrs Other 
Element work* values work* values work* values work* values 

SC 0.9 0.7-l$ 6 4-6.7$ 0.6 (0.497, 0.58, 2)$ 1.5 1.29-2$ 
0.8?§ 6?5 l.S?§ 

Y 17 1 l-462 18 12-19$, lS?§ 6 9 
La 14 741t 16 12-26.43 4 10 

Ce 

:El 
Sm 

w 
3 

10 
2 

12?$ 
(11, 21.4)$ 26t 

3 
12 
3 

14?$ 
11-32.lf 
- 

w 

153 
2.53.33 
2.6?$ 
1. l-l .32t 

4 
0.9 

0.3 
0.8 
0.14 
0.8 

261, 6?5 
1.9-193 
2?5 
5$ 
- 

19t 
2.5 

10 
2.8 

4-101, 8?5 
5-25.61 
8?5 
7.33-14.48f 
- 

1.64-1.852 
1.7?5 

1.3 
2.3 

0.8 

- 
0.52-0.67$ 
0.6?§ 
0.18-0.24$ 
0.31 
- 
0.341: 
0.08$ 
- 

- 
2.1-2.32$ 
2.2?6 
0.61-0.77$ 
1.12 
(0.15, 0.35)$ 
l.OSj: 
0.22f 
- 

Eu 3 
Gd 2.3 

0.763.11 
1.51 
(0.17, 0.43)$ 
1.763 
0.331 
- 

2f 
(0.32, 0.49)$ 
2.361 
0.62 
- 

1.6 
0.2 Tb 0.4 0.4 

2.6 
0.6 
1.6 
0.25 
1.4 

1.3 
0.3 
0.8 
0.05 
0.7 

DY 2.5 
Ho 0.5 0.17 

0.4 Er 1.4 
Tm 0.2 
Yb 1.2 

0.1 
0.25 0.98-l$ 

- 
1.2-I.71 
1.3?$ 
(0.23, 0.26)$ 

- 
0.19-0.36$ 
0.2?§ 
0.060.09f 

0.3-0.76f 
O.S?§ 
0.11-0.141$ 

l?$ 
0.12-2f Lu 0.2 0.2 <O.l 0.1 
0.2?§ 

l Preconcentrated by ion-exchange unless otherwise indicated. 
tpreconcentrated by ion-exchange followed by single calcium oxalate and single hydrous ferric oxide co-precipitations. 
IReported in a compilation of data by Abbey et al.” 
$“Usable value” reported by Abbey et al.” 
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Fig. 1. Chondrite-normalized Y and REE patterns for Canadian iron-formation reference materials. 

lined furnace gives considerably higher sensitivity 
than the pyrolytically-coated graphite furnace, par- 
ticularly for lanthanum, cerium, neodymium, gad- 
olinium, terbium, erbium and lutetium. Heating of 
the tantalum-lined furnace at 2700” is not recom- 
mended, because the lining deteriorates very rapidly 
under these conditions. 

The method was tested with one South African and 
four U.S.G.S. reference rocks for which other values 
were available for comparison purposes, and applied 
to four new Canadian iron-formation reference mate- 
rials. The results are given in Tables 5 and 6. Results 
for praseodymium, erbium and thulium in FeR-I to 
FeR-4, for terbium in FeR-3 and for neodymium in 
FeR-1, FeR-3 and FeR-4 have not been reported 
previously. 

The rare-earth element abundances of FeR-1 to 
FeR-4 are plotted (normalized to the values for 
Cl-chondrites of Evensen et ~1.‘~) in Fig. 1 against the 
atomic numbers. The yttrium abundance data were 
normalized to the chondritic abundance data of 
Haskin et ~1.~~ and the data points are plotted be- 
tween those for dysprosium and holmium because of 
the similarity in properties and ionic radius for the 
three elements. From these plots, it is apparent that 
the lighter rare-earth elements are more fractionated 
than the heavier ones and, with the exception of the 
positive europium anomalies for FeR-1 and FeR-2, 
the shapes of the curves are generally smooth, which 
supports the accuracy of the data. 
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Summary-Manganese(W) oxide electrodes formed with a graphite/PTFE substrate are shown to have 
near-theoretical response to manganese(H) ions in pH-4 acetate medium and a sub-Nemstian response 
in O.lM nitric acid medium. Lead and Iron(III) Ions interfere, and Iron ions even more so, but other 
bivalent transition metal ions have little effect. The main drawback of this type of electrode is its long 
response time (N 20 min). Some attempts to use manganese(IV) oxide electrodes as the basis for phosphate 
electrodes by use of MnHPO,. 3H20 and MnNH,PO,.H,O are also described. 

No manganese(II)-selective electrodes are commer- 
cially available and very few experimental electrodes 
have been reported’-‘. Electrodes with heterogeneous 
membranes of either manganese(I1) carbonate or 
manganese(I1) hydrogen phosphate respond to man- 
ganese(I1) ions, but unselectively.” An electrode with 
a sintered manganese(I1) telluride-silver sulphide 
membrane’ is reported to respond to manganese(I1) 
ions with a sensitivity of 25 mV/pMn, and is selective 
relative to alkali-metal and alkaline-earth metal cat- 
ions, but no other performance characteristics were 
described. More recently’, a membrane consisting of 
an ion-exchange resin embedded in an epoxy resin 
matrix has been proposed for manganese(I1) deter- 
minations. 

Solid-state electrodes based on manganese(I1) sul- 
phide, analogous to those for copper, lead and cad- 
mium, are not practicable, mainly because man- 
ganese(I1) sulphide is soluble in acid solutions. Even 
in alkaline solutions, however, the useful range would 
be very small. From the solubility products9 of man- 
ganese(I1) sulphide (pK, = 12.6) and manganese(I1) 
hydroxide (pK, = 12.72) and the protonation 
constants’ of the sulphide ion, we calculate that 
hydroxide would displace sulphide from the precip- 
itate at pH > 10. In the pH range 7-10, the range of 
free manganese concentrations available between dis- 
solution of the manganese(I1) sulphide and man- 
ganese(I1) hydroxide precipitation is fairly small 
(Table 1) and the range of Nernstian response would 
be smaller still. These calculations neglect the further 
complication that in air-saturated solutions oxidation 
leading to the formation of manganese(IV) oxide, 
MnO,, would occur.‘O 

In view of this, it was decided to try an electrode 
based on manganese(IV) oxide. This material has 

been extensively studied “-” because of its use in dry 
storage batteries, but in many cases the mass ratio of 
manganese(IV) oxide to solution was high enough for 
the composition of the solution to be affected. The 
electrode in these studies usually consisted of a 
platinum electrode in a paste or suspension of man- 
ganese(IV) oxide particles: this is inconvenient for 
analytical applications since it involves either pre- 
paring a fresh electrode for each solution or pro- 
longed washing if carry-over of one solution to the 
next is to be avoided. We have, therefore, applied 
manganese(IV) oxide to the surface of a RGiiEka 
“Selectrode”,‘4s’5 since this arrangement enables a 
relatively small surface area to be repeatedly and 
conveniently presented to successive solutions and 
has already worked successfully with a lead(IV) oxide 
coating.16 The most notable of the previous studies of 
the manganese(IV) oxide electrode in manganese(I1) 
solutions are those by Covington and co-workers’7*‘8 
and by Caudle et ~1.‘~ We have also tested electrodes 
impregnated with mixtures of manganese(IV) oxide 
and sparingly soluble phosphate salts, as phosphate 
sensors. 

Table 1. Calculated range of manganese(H) sulphide elec- 
trodes 

pMnmar pMn,, 
PH (MnS saturation) [Mn(OH), precipitation] 

1 3.1 -1.3 
7.5 3.5 -0.3 
8 3.8 0.7 
8.5 4.0 1.7 
9 4.3 2.7 
9.5 4.5 3.7 

10 4.8 4.7 



THEORY 

Manganese(W) oxide gives a redox reaction accord- 
ing to equation (1) 

Calibration slope 

The response in 0.05M nitric acid medium was 
non-linear and the slope in the 10~4-10-3M region 
was about - 18 mV/pMn. In the pH-4 acetate me- 
dium, the response was almost Nernstian (between 
-28 and -29 mV/pMn at 25”) at concentrations 
above 10m4M. Deviations from the Nernstian re- 
sponse were obvious below the 5 x 10e5M level. 
Figure 1 shows the calibration graphs for both media. 

MnOztSt + 4H+ + 2eeSMn&+ + 4H,O 

for which the electrode potential is 

(1) 

E = E” - 2kpH -k/2 log{Mn’+} (2) 

where k( = 2.303 RT/F) is the Nernst slope factor for 
a one-electron change. It follows from equation (2) 
that the electrode is sensitive both to pH and to 
manganese(I1) ions. Use of the electrode as a man- 
ganese sensor demands. therefore, that the pH of the 
solution should be rigorously controlled, especially as 
the electrode is four times as sensitive to pH as to 
log{Mn2+}. 

The pH should be controlled by an acidic medium 
[to avoid the formation of manganese(H) hydroxide 
or hydroxo-complexes] which does not interact 
strongly with manganese ions. The media tested were 
0.05M nitric acid and pH-4 acetate buffer. The 
stability constant of the manganese acetate complex20 
is 10”. 

EXPERIMENTAL 

Apparatus 

The e.m.f. values were measured with a digital pH-meter 
reading to 0.1 mV and were displayed on a chart-recorder. 
A Techne C-100 thermocirculator was used to maintain the 
temperature of the solution and the electrodes at 25” in a 
water-jacketed glass vessel. Solutions were stirred by a 
magnetic stirrer bar. 

Manganese(IV) oxide electrodes were prepared by im- 
pregnation of the PTFE-graphite substrate of a Radiometer 
F3012 “Selectrode”.’ The reference electrode was a Radi- 
ometer K701 double-junction calomel electrode, the outer 
sleeve of which was filled with whichever buffer solution was 
being used at the time, diluted to the same concentration as 
that in the test solution. 

where E,, is the half-cell potential of the saturated 
calomel reference electrode, E, is the liquid-junction 
potential calculated by means of the Henderson 
equation, f,,, is the activity coefficient of the man- 
ganese(I1) ion calculated by the Davies equation,*’ CL 
is a term allowing for complexation with the acetate 
in the buffer medium and [Mn2+] is the total man- 
ganese concentration. The standard potential ob- 
tained from measurements in the pH-4 acetate me- 
dium was 1224 mV (the standard deviation for the 
mean of 12 results was 0.4 mV). This figure was 
obtained with electrodes less than 8 hr old. As the 
electrodes aged the apparent standard potential de- 
creased by l-2 mV/day. In these calculations, k log 
c( had the value -3.0 mV and E, -0.02 mV. Litera- 
ture values”~‘* for the standard potential are in the 

Reagents 

The manganese(N) oxide was Ventron “puratronic” 
grade (99.999% as metal). 

A stock O.OlM manganese(I1) solution was prepared from 
manganese(I1) sulphate. Other standard manganese solu- 
tions were prepared from it by successive dilution. 

Solutions for pH adjustment (added m 1:20 v/v ratio) 
were as follows: 1 M nitric acid was prepared from a B.D.H. 
“Con-Vol” ampoule, and acetic acid-acetate buffer, pH 4.0, 
was prepared by dissolving 243 g of sodium acetate tri- 
hydrate in 400 ml of water, adding 480 g of glacial acetic 
acid and diluting to 1 htre. 

Interference tests were made with solutions of sulphate 
[iron( copper( cobalt(II)] or nitrate [zinc, lead, nickel, 
mercury(II), iron(III)] salts. 

For the phosphate tests, standard solutions were prepared 
from stock solutions of 0.1 M potassium dihydrogen phos- 
phate or 0.2M disodium hydrogen phosphate, the former 
being used m acidic media, the latter in alkaline media. 

For solutions in the pH region 4-6, the acetate buffer 
solution was used, adjusted to the appropriate pH. For 
pH > 7 the alkaline phosphate solutions were adjusted to 
the desired pH by addition of 1M nitric acid. 

Reagents were B.D.H. AnalaR grade unless otherwise 
specified. Water was distilled and then demineralized on a 
mixed-bed ion-exchange resin. 

Manganese (II) concentration (M) 

Fig. 1. Calibration graphs for pH-4 acetate buffer (0) and 

RESULTS 

Standard potential 

The standard potential was calculated from equa- 
tion (3) 

E” = E + k logwn’+] + i log CI 

+ ; log&,, + 2k pH + Ewf - E, 

8 DEREK MIDGLEY and DENNIS E. MULCAHY 

O.OlM nitric acid (0) media. 
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I I 

10-d 10-3 

lnterferent concentration (Ml 

Fig. 2. Interferences in pH-4 acetate buffer medium, 
Fti+(O), Pb’+(A), Fe’+(+), Hg*+( x), Co*+(O), 

Cu’+(O), zn2+(A), Ni2+(m). 

range 1230-1240 mV with which our measurements 
are, therefore, in fairly good agreement. 

Response time 

The response of the manganese(IV) oxide electrode 
to an approximately twofold increase in concen- 
tration was complete within about 10 min in 0.05M 
nitric acid medium, but took 20-30 min in pH-4 
acetate buffer, these times being obtained for gently 
stirred solutions in a beaker. When the electrode was 
placed in a flow-cell which also provided vigorous 
stirring at the electrode surface, shorter response 
times were observed, e.g., equilibrium was reached in 
15-20 min (including 3 min dead-time) for tenfold 
upward and downward changes in concentration. 

Interferences 

Figure 2 shows the response curves for various 
metal ions in the pH-4 acetate medium, where the 
manganese response was most nearly Nernstian; the 
e.m.f. values are displaced arbitrarily on the ordinate 
for the sake of clarity. Zinc, nickel, mercury(H) and 
copper(I1) ions had little or no interfering effect at 
concentrations up to about 10m4 but at higher levels 
gave approximately linear responses of, respectively, 
-2.7, -4.1, -6.5 and -8.5 mV/decade. Cobalt(I1) 
below 10m4M had a more discernible effect and an 
almost linear response of about -8.5 mV/pCo over 
the range 10-4-10-3M. Iron(III) produced a 
significant effect: the curve in Fig. 2 represents an 
almost Nernstian response of about -25 
mV/pFe(III), but this graph was constructed from 
readings taken arbitrarily about 1 hr after the change 
of concentration, since the potentials were still drift- 
ing slowly at that time. The response to lead ions was 
sub-Nernstian, at - 18 mV/pPb. Iron(I1) produced 
the largest effect: the sensitivity was about - 115 
mV/pFe(II) up to 10e4M, but this figure was also 
obtained from potentials recorded arbitrarily after 60 

min because equilibrium potentials were not attained 
within that time. 

Selectivity coefficients were determined by the sep- 
arate solutions method for those ions giving an 
approximately Nemstian response, with the results 
shown in Table 2. 

Compared with sulphide-based electrodes for tran- 
sition metal ions, the manganese(IV) oxide electrode 
is notably tolerant of copper(H) and mercury(I1) 
ions. Comparison with the lead(IV) oxide electrode 
for lead ionsI shows very similar interference by zinc, 
nickel, copper and mercury and cobalt ions and the 
selectivity coefficient for lead ion with respect to the 
manganese(IV) oxide electrode is approximately the 
inverse of that for manganese(H) ion with respect to 
the lead(IV) oxide electrode. The likeliest explanation 
for these interferences is an ion-exchange mechanism. 
The much larger iron(H) interference is presumably 
brought about by reduction of manganese(IV) oxide, 
with a consequent release of manganese(H) ions. 

DISCUSSION 

Manganese (II) response 

The results show that the manganese(IV) oxide 
electrode could be a useful manganese(H)-selective 
electrode, with a Nernstian response down to 
5 x 10eSM. The main practical problem is the slow 
response. The need for precise control of pH is a 
disadvantage, but this control differs little from the 
ionic strength adjustment procedures usually applied 
in measurements with ion-selective electrodes. The 
durability of the electrode was not specifically tested, 
but one application of manganese(IV) oxide lasted 
for at’ least 2 weeks, during which the standard 
potential decreased as described above. 

The slow response is probably related to the mech- 
anism elucidated by Caudle et a1.,19 in which the 
manganese(IV) oxide electrode does not respond 
directly to manganese(H) ions but only to hydrogen 
ions, with sensitivity of 59 mV/pH. Reactions (4) and 
(5) relate the manganese(H) ion concentration to the 
pH and hence to the electrode potential with respect 
to H+, which, at equilibrium, conforms to that given 
by equation (1): 

MnOzc,, + Mn*+ + 2H20=$2Mn00H,,, + 2H+ (4) 

Mn02(rJ + H+ + e- + MnOOH,,, (5) 

The formation of MnOOH implies changes in the 
(solid) membrane phase greater than expected with 

Table 2. Selectivity coefficients for manganese(W) oxide 
electrodes 

Ion 

Fe’+ 
Pb2+ 

Concentration range, M 

10-a-4 x IO-4 
10-4-10-3 

Selectivity 
coefficient 

0.02 
-0.5 
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most ion-selective electrodes, unless these are subject permission of the Central Electricity Generating Board. 

to a major interference effect. In the light of the D.E.M. thanks the South Australian Institute of Tech- 

mechanism proposed above, the slow response is less 
nology and C.E.R.L. for facilitating study leave. 

surprising. 
Since MnOOH would be expected to be formed 

first at the surface, changes in the composition of the 
solid phase would be expected to be slow and grad- 
ual, which is in accord with the observed slow 
changes in standard potential (l-2 mV/day). 

Investigation of possible phosphate-selective electrodes 

The grey modification of manganese hydrogen 
phosphate trihydrate22 has a solubility productz3 of 
1.4 x lo-l3 and manganese ammonium phosphate24 
has a solubility of the order of lO-‘M in weakly 
acidic solutions of ammonium salts.25 The man- 
ganese(IV) oxide electrode, in conjunction with one 
or other of these salts, was tested for response to 
phosphate. The tests were performed in two ways: 
electrodes impregnated with manganese(IV) 
oxide/phosphate salt mixtures were immersed in 
phosphate solutions, and electrodes impregnated 
with only manganese(IV) oxide were immersed in 
solutions saturated with a sparingly soluble phos- 
phate. Solutions for use with manganese ammonium 
phosphate contained ammonium nitrate at 1M con- 
centration. In no case was a response to phosphate 
obtained. At pH 8 the pink manganese ammonium 
phosphate turned white, presumably indicating hy- 
droxide formation. At pH 4-6 (acetate buffer) the 
e.m.f. changed in the opposite direction to that 
expected from depression of the manganese concen- 
tration in equation (2) by the common ion effect of 
phosphate. Such e.m.f. changes were traced to small 
shifts in pH resulting from inadequate buffer capacity 
at the higher phosphate levels (up to 0.03.5M). The 
manganese(IV) oxide electrode, therefore, appears 
not to be a suitable basis for a phosphate-selective 
electrode. 
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GRAVIMETRIC AND SPECTROPHOTOMETRIC 
DETERMINATION OF PALLADIUM WITH 
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Summary-A study of the use of 2,3,4pentanetrione trioxime (PTT) in the gravimetric and spectro- 
trophotometric determination of palladium is reported. PTT has been applied to the determination of 
palladium in various synthetic and standard samples. The reagent has some advantages over 

Vicinal a-dioximes have been used as analytical 
reagents for transition metals,’ especially nickel and 
palladium, since Tschugaeff 2 discovered and outlined 
the selective properties of the dioximes at the begin- 
ning of the 20th century. Dimethylglyoxime (DMG) 
has been the most studied and most often used, but 
has the drawback of low solubility in water and hence 
a risk of precipitation in gravimetric procedures. 

With the aim of eliminating this problem and 
studying the effect of an additional oxime group, the 
reagent 2,3,4-pentanetrione trioxime (PTT) has been 
prepared and applied to spectrophotometric deter- 
mination of iron(II), and its analytical characteristics 
have been studied.3 The presence of the third oxime 
group greatly increases the solubility in water, while 
leaving the analytical properties the same as those of 
DMG. The use of the reagent for determination 
of palladium has therefore been examined. It can 
be used both gravimetrically and spectrophoto- 
metrically. 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical-reagent grade. Stock 
solutions (0.1 and 7.5%) of PTT in water were prepared. The 
palladium solutions were prepared from palladium chloride 
and standardized with DMG. An acetic acid/sodium acetate 
buffer (PH 4.5-6.0) was prepared. 

Synthesis of PTT 

To 36 g of isonitrosoacetylacetone, add 50 g of hydroxy- 
lamine hydrochloride and 100 g of sodium acetate and dilute 
to 400 ml with distilled water. Heat at 70-80” for 2 hr. Cool, 
adjust to pH 7 with sodium hydroxide and extract with 
ether. Evaporate the extract. 

Gravimetric procedures 

Place a sample containing 25-50mg of Pd in a beaker, 
adjust to pH 0.5-2 with hydrochloric acid and dilute to 
about 150 ml with distilled water, then heat on a water-bath 
at 80”. Add 50 ml of 7.5% PTT solution with continuous 

*Present address: Departamento de Quimica, Escuela T&c- 
nica Superior de Ingenieros Industriales, Ciudad Uni- 
versitaria, Zaragoza, Spain. 
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stirring, then digest on the water-bath for at least 30 min. 
Cool, then filter off the yellow precipitate and wash it with 
100 ml of hydrochloric acid (1 + 100). Dry at 1 lO-120”, cool 
and weigh. The conversion factor from Pd(C,H,N,O,)r to 
Pd is 0.2519. 

Determination of Pd in palladinized active carbon. Ignite 
250-500 mg of sample at 800”. Dissolve the residue in 10 ml 
of aqua regia. Evaporate almost to dryness and dilute with 
distilled water. Filter off and wash any residue, and transfer 
the filtrate to a 400-ml beaker, then determine the palladium 
as above. 

Determination of Pd in Pd-CaCO, catalyst. Dissolve 
250-500 mg of sample in 10 ml of concentrated hydrochloric 
acid and 1 ml of concentrated nitric acid. Evaporate almost 
to dryness and dilute with distilled water to 200 ml. Pre- 
cipitate according to the method above. 

Spectrophotometric procedure 

Place an aliquot of sample, containing l&50 pg of 
palladium, in a lOO-ml separatory funnel, add 15 ml of 0.2M 
EDTA, 5 ml of 0.1% PTT solution, and 20 ml of acetate 
buffer @H 4.5-6) and dilute to 50 ml with distilled water. 
Then add 10 ml of chloroform-butan-l-01 mixture (5: 1 v/v) 
and shake the mixture vigorously for 1 min. Separate the 
layers, filter the organic layer through a Whatman No. 1 PS 
paper and measure its absorbance at 270 nm against a 
reagent blank prepared along with the sample. 

If molybdenum is present, after the EDTA add sodium 
fluoride in at least IO-fold molar ratio to the molybdenum. 
If gold is present, after the EDTA add potassium thio- 
cyanate solution (tolerance limit 500 mg of KSCN). 

Determination of Pd in palladinized active carbon. Calcine 
a 60-mg sample at 800”, and treat the residue as described 
for the gravimetric method, but finally dilute to volume in 
a lOOO-ml standard flask. Use a 5-ml aliquot for the 
spectrophotometric determination. 

Determination of Pd in palladinized calcium carbonate. 
Treat a 120-mg sample as described for the gravimetric 
method, but finally dilute the solution and complete the 
determination as for the spectrophotometric analysis of 
palladinized active carbon. 

RESULTS AND DISCUSSION 

PTT is easily soluble in water, and the solution is 
stable at room temperature for at least a month. Its 
first dissociation constant is pK, = 13.7.3 The order in 
which the protons are dissociated is not known. It 
appears to be a bidentate ligand with a convenient 
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Table 1. NMR soectra of PTT and its Pd-complex 

Samde mm Integration Assignment Remarks 

PTT 

Pd-PTT 

1.8 3 CH, 
1.9 3 CH, 

10.3 1 OH 
11.5 2 OH 
2.0 3 CH, 
2.3 3 CH, 

11.85 1 OH 
13.35 1 OH 

sharp singlet 
sharp singlet 
sharp singlet 

multiplet 
multiplet 
multiplet 

wide band 
wide band 

steric arrangement of its donor groups, and a conju- 
gate system of n-electrons connected with the donor 
groups. 

The Pd-PTT complex 

Elemental analysis confirms the formula Pd(PTTJ2. 
The structure has been studied and compared with 
that of Pd(DMG)2.“ 

The infrared spectrum of the complex shows three 
bands, at 1533, 1280 and 1140 cm-‘, which do not 
appear in the reagent spectrum. The band at 1533 
cm-’ is attributed to the asymmetric C = N stretch- 
ing vibration and the other two bands to N = 0 
stretching modes.’ Two other bands, at 820 and 780 
cm-‘, are associated with the Pd-N stretching mode. 
The Ni-PTT complex was also prepared and its 
infrared spectrum obtained. New bands also ap- 
peared clearly at 1545, 1280 and 1168-l. These 
considerations lead us to suppose that the chelation 
will be similar to that of Pd with DMG, which means 
that only two of the three oxime groups are involved. 

Table 1 shows the data from the NMR spectra of 
PTT and its palladium complex. The characteristic 
peaks are displaced owing to formation of the com- 
plex. 

The X-ray powder diffraction pattern shows a very 
strong peak at 20 = 9.19”, the others peaks being 
irrelevant. We conclude that there is a layer-stacked 
structure similar to that of the Pd(DMGh complex. 
The 20 values for the characteristic peaks are 9.19”, 
11.76”, 13.65”, 15.34”, 18.32”, 19.13”, 21.78”, 23.53”. 
The structure is still being worked out from the X-ray 
data, but it can be concluded that it could be that 
shown in Fig. 1. 

The thermogravimetric curve for the complex (Fig. 
2) shows that the complex is stable up to 180”. Sharp 
decreases occur at 230” and 290”. At above 410” a 
stable species appears, and at 800” palladium metal 
is obtained. 

y3 

H3C 
OH---O C=N-OH 

‘C=N 
/ 
-_,,,k-C’ 

A=,,/ =.N& 

HO-N=C/ 
\ 

O----HO’ CH, 

H3h 

Fig. 1. Structure of the palladium complex. 

Optimum precipitation conditions 

The precipitate is slightly soluble in water (52 
mg/l.), and should be washed with dilute acid. Vari- 
ous acids were examined and dilute hydrochloric acid 
(1 + 100) was found the most suitable (solubility of 
the precipitate 3.3 mg/l.). At least a 30-fold molar 
ratio of PTT to Pd is required for quantitative 
precipitation (Fig. 3). The precipitation can be done 
at any temperature from ambient up to loo”, and the 
optimum pH range is 0.5-2 (Fig. 4). 

The most suitable amount of palladium for gravi- 
metric determination is 2550 mg (Fig. 4). The rela- 
tive standard deviation for 35-45 mg of palladium is 
0.1% (three levels, 10 determinations at each). 

Spectrophotometric determination 

The yellow Pd-PTT complex is soluble in alkaline 
medium, but the colour in this medium is unstable 
and cannot be used for a spectrophotometric deter- 
mination. The precipitate obtained in acid medium, 

O- 

$ 20 - 

I 40 - 
0 

‘a 60 - 

4 
80 - 

100 , 

150 200 250 300 350 

T (‘C) 

Fig. 2. Thermogravimetric and differential curves of 
Pd(PTT), complex. Temperature increase 20”/min. 
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Fig. 3. Optimum PTT/Pd molar ratio for gravimetric deter- 
mination of Pd. 
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4 3 2 1 PH --Ho 

Fig. 4. Influence of pH (-- -) and amount of palladium 
(-) in the gravimetric determination of Pd. 

unlike that obtained with DMG, is insoluble in 
chloroform, but easily dissolved in slightly more 
polar liquids, such as a chloroform-butan-l-01 (5: 1 
v/v) mixture or methyl isobutyl ketone (MIBK). In 
our study the mixed solvent was preferred, since the 
more polar solvents such as MIBK are capable of 
extracting the chloro-complexes of various metals, 
and these might produce interference in the deter- 
mination of palladium. 

Extraction of PTT. The distribution coefficient and 
degree of extraction of the reagent were determined 
at pH 4.5-6, to establish the maximum amount of 
reagent permissible for the absorbance blank at 
270 nm to be less than 0.2. The distribution coeffi- 
cient was found by spectrophotometric determin- 
ation of the PTT concentrations in the two phases 
after a single extraction, by the procedure given 
above. The average value of 6 determinations was 
D = 0.102 + 0.005 and the degree of extraction was 
2.01 + 0.005%. Consequently, in the proposed 
method, the aqueous phase can contain a maximum 
of 6.6 mg of PTT. 

The solvent mixture has minimum absorption at 
245 nm. The absorption spectra of the reagent and its 
palladium-complex in the mixture are shown in Fig. 
5. There is a shoulder in the spectrum of the complex 
at about 270 nm, whereas the absorbance of the 
reagent is small. At wavelengths longer than 310 nm 
the absorbance of the reagent is negligible. 

The organic solutions of the reagent and its com- 
plex are stable for at least 1 month. Beer’s law is 
obeyed up to at least 8 ppm of Pd in the organic 
phase. The molar absorptivity of the complex is 
1.91 x IO4 l.mole-‘.cm-‘. 

Influence of pH on extraction of the reagent and its 
Pd-complex. A wavelength of 320 nm was used for 
measuring the complex, to avoid the absorbance of 
excess of the reagent extracted, and the PIT was 
measured at 230 nm (its wavelength of maximum 

In the pH range 4.5-6 the absorbance of the 
complex is constant if the molar ratio of PTT to Pd 
is 55 : 1. A ratio of 100: 1 was chosen. It was found 
that the extraction of the complex was 100.0% com- 
plete in a single extraction for 20-50 pg of palladium. 

Interferences 

The selectivity was investigated by gravimetric 
determination of 29.44 mg of Pd and spectro- 
photometric determination of 35.3 pg of Pd in the 
presence of a number of other ions; the results are 
summarized in Table 2. Strong oxidants such as 
chromium(V1) interfere seriously in the gravimetric 
method. In the spectrophotometric method the inter- 
ference of Cu, Ni. Fe, Pt, Co, V, Zr, Sn, La and Hg 
can be eliminated by adding EDTA, and that of Au 
by adding potassium thiocyanate. The interference of 
MO can be eliminated by adding sodium fluoride in 
at least 10: 1 molar ratio to the molybdenum, but only 
if the molar ratio of MO to Pd is less than 100. 

Fe(I1) is oxidized to Fe(II1) by dissolving the 
sample in aqua regia, and evaporating 
dryness. 

almost to 

390 310 230 

A (nml 

Fig. 5. Absorption spectra of PTT and its Pd complex in Fig. 6. Influence of pH on extraction. (1) Pd@TT), complex. 

CHCl,-butan-l-01(5: 1 %) mixture. C,,, = 1.5 x 10e4M1; CR = 1.25 x lo-)M; C, = 2.0 x 10-5M; rZ = 330 nm. (2) 
c _pkX = 6.2 x 10-‘&f. m, C, = 1.25 x 10m3M; I = 270 nm. 

absorption). The absorbance is practically constant 
for the complex over the pH range 1-6, and pH 4-5 
for the reagent (Fig. 6). As the absorbance of the 
reagent is low at the wavelength (270 nm) used in the 
determination, a pH of 4.5-6 is recommended, in 
order to obtain better results in the removal of 
possible interferences by means of masking agents. 
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Table 2. Effect of diverse ions in determination of 29.44 mg of Pd (gravimetrtc) and of 35.3 fig of Pd (spectrophotometric) 

Ion 
added 

Mole Error, % Mole Error, 9/, 
ratio, Ion ratio, 

ion /Pd Gravimetric Spectrophotometric added ion /Pd Gravimetric Spectrophotometric 

so:- 100 
I- 100 

Citrate 100 
cp- 60 

100 
Tartrate 100 
s,o:- 100 
s,o;- 100 
SCN- 100 

10000 
PG- 100 

1000 
IO, 100 

EDTA 100 

CrO$- 100 
CN- 100 
F- 100 

1000 
10000 

Al(II1) 1 
100 

Cd(I1) 1 
100 

Co(I1) 1 
100 
100* 

Cr(II1) 100 
Ni(I1) 100 

1000* 
10000* 

Cu(I1) 100 
100* 

1000* 
10000* 

V(V) 1 
100 
100; 

W(VI) 100 
100* 

0.0 
0.0 

-1.0 

0.0 

0.0 

+0.4 

0.0 

+ 1.0 

-0.2 

-29 
-38 
- 14.5 

+12.1 
- 18.2 
-52 
-4.0 

0.0 
0.0 

- 1.6 
-5.6 
+67 

0.0 
0.0 

-53 
-85 

0.0 
-4.6 
-23.0 

-0.1 

0.0 

+11.1 
0.0 
0.0 

+130 
+0.4 
+1.3 
+60 

0.0 
+0.1 
+1.3 

-20.2 
f0.8 
-74 
-53 

Pt(IV) 

Fe(II1) 

Zn(I1) 

Au(II1) 

Se(V1) 
As(V) 
Te(V1) 
Ba(I1) 
Sr(I1) 

La(II1) 

Zr(IV) 

TlU) 
Bi(II1) 
Sn(IV) 

Pb(I1) 
NH: 

Mo(V1) 

1 
100 
100* 
100 
100’ 

1000* 
5000* 

10 
100 
100 
lwt 
100 
100 
100 
100 
100 
100 
100; 

100 
100* 
100 
100 
100 
100* 
100 
100 
10 

100 
1005 

HgUI) 
100 
100* 

Mn(I1) 

In(II1) 

Bh(II1) 

100 
100 
loo* 
100 
100* 

-0.1 
+ 14.3 

0.0 
-0.7 -43 

0.0 
+0.1 
+0.4 

0.0 
-0.1 
+61 

0.0 
+0.07 
+0.2 
-0.1 

0.0 
0.0 

-8.0 
+0.1 
10.1 
- 14.0 

0.0 
0.0 

-0.1 
+4.7 
+0.8 

0.0 
+0.07 

-6.0 
-9.7 

0.0 
-0.1 

+4.7 
+0.4 

0.0 
-0.1 
+20.8 
+8.6 
+8.1 
+o.t 

*EDTA added. PSCN- added. $F- added. 

Table 3. Spectrophotometric determination of Pd in syn- 
thetic samples with PTT 

Composition (%) 

Fe (24.93) + Co (24.93) + Cu (24.93) 
+ Ni (24.93) + Pd (0.28) 
Fe (16.64) + Co (16.64) + Ni (16.64) 
+ Cu (16.64) + MO (16.64) + V (16.64) 
+ Pd (0.16) 

Pd found, % 

0.27 g 

0.16, 

Pt (16.64) + Rh (16.64) + Fe (16.64) + 
Co (16.64) + Ni (16.64) + Cu (16.64) 
+ Pd (0.16) 

0.16, 

Applications 

Table 4. Determination of Pd with PTT and DMG in real 
samples 

Pd found, Y0 

Gravimetnc Spectrophotometric 

PTT* DMGt PTT DMG 

Carbon/IO% Pd 9.97 9.88 
CaCo, 15% Pd 4.99 5.01 
Carbon/S% Pd 4.99 4.99 
CaCO,/lO% Pd 9.95 9.90 

*Mean of 5 determinations (s.d. 0.01). 
tMean of 3 determinations (s.d. 0.1). 

Results for the determination of palladium in 
palladinized calcium carbonate and active carbon, 
and in synthetic mixtures are shown in Tables 3 and 
4. The main advantages of PTT over DMG in the :: 
spectrophotometric method are the need for only one 3. 

extraction, and the much higher sensitivity. In the 
gravimetric method PTT has the advantages of high 4’ 
solubility in water and a more favourable conversion 5, 

factor. 6. 
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HOMOGENEOUS IMMUNOASSAY OF PHENOBARBITAL BY 
PHASE-RESOLVED FLUORESCENCE SPECTROSCOPY 
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Stunmary-A new technique for determination of phenobarbital by homogeneous fluoroimmunoassay is 
described. Simultaneous determination of free and antibody-bound fluorescent-labelled phenobarbital is 
accomplished by making phase-resolved fluorescence measurements, in which selectivity is provided by 
the difference between the fluorescence lifetimes of the two species, as well as by the difference in 
fluorescence intensities. The technique requires no specialized reagents other than those inherent in 
immunoassay (antibody, antigen and labelled antigen). Problems due to non-specific binding of labelled 
antigen to sample matrix components can be alleviated by addition of a relative excess of albumin. 

Immunoassays are based on the competitive binding 
of an antibody (Ab) to its corresponding antigen (Ag) 
and to an appropriately labelled form of the antigen 

(Ag*): 

Ag* + Ag + Ab=Ag*-Ab + Ag-Ab + Ag* + Ag 

(1) 

The original immunoassays used radioactively- 
labelled antigens. However, in recent years, in- 
vestigators have sought non-isotopic alternatives to 
radioimmunoassays (RIA). Fluoroimmunoassay 
(FIA), in which a fluorescent label is used in lieu of 
a radioisotope, has offered a promising alternative to 
RIA. In addition to providing good sensitivity and 
detection limits, FIA can be either heterogeneous 
(requiring separation of Ag* and Ag*-Ab) or ho- 
mogeneous (no separation needed), whereas RIA is 
inherently heterogeneous. 

The use of difference in fluorescence lifetimes for 
achieving selectivity in heterogeneous FIA, by means 
of single-photon counting time-resolved fluorescence 
has been described.’ Homogeneous FIA based on 
fluorescence-lifetime selectivity has not, to our 
knowledge, been previously demonstrated. It has 
been shown that phase-resolved fluorescence spec- 
troscopy (PRFS) can be used for simultaneous deter- 
mination of a single species in two different biological 
microenvironments, on the basis of differences in 
fluorescence lifetime.’ In the work described here, 
PRFS is similarly employed to determine free and 
antibody-bound labelled antigen simultaneously, 
thereby providing a homogeneous immunoassay. The 
phase-resolved fluoroimmunoassay (PRFIA) does 
not require any specialized reagents beyond those 
basic to immunoassay (Ab, Ag and Ag*). 

Phenobarbital was chosen as a representative hap- 
ten analyte to demonstrate PRFIA. Clinical deter- 

*Author to whom correspondence should be directed. 

minations of phenobarbital aid in drug-dosage mon- 
itoring and correct patient management as well as in 
diagnosis of drug abuse. Other homogeneous FIA 
techniques for phenobarbital have been described, 
which use fluorescence polarization3 and a substrate- 
labelled enzymatic approach.4 

THEORY 

Phase-resolved Jluorescence spectroscopy 

The theory and instrumentation of PRFS have 
been described in detail elsewhere.%’ The technique is 
based on the phase-modulation method for the deter- 
mination of fluorescence lifetimes, in which the sam- 
ple is excited with sinusoidally modulated light hav- 
ing an angular modulation frequency o = 27rf, where 
j” is the frequency of linear modulation. The time- 
dependent intensity of the excitation beam E(t) is 
given by: 

E(t) = &(l + mcx sinwt) (2) 

where E,, is the d.c. intensity contribution and mex is 
the degree of beam modulation (i.e. the ratio of a.c. 
amplitude to d.c. intensity). The resulting fluor- 
escence emission, F(t), of a single component with 
homogeneous exponential decay will be phase-shifted 
by an angle 4 and appear as: 

F(t) = F,[l + mer cos$ sin(wt + 611 (3) 

where FO represents the d.c. component of the 
fluorescence intensity and COST is the demodulation 
factor. For a solution containing two fluorophores, 1 
and 2, a similar equation arises: 

F(t) = F,,[l + m, COST, sin(wt + &,)I 

+ F,[l + mex cosq& sin(wt + 441 (4) 

In PRFS, the a.c. component of the fluorescence 
emission is observed with a phase-sensitive detector 
in which the fluorescence emission function, equation 

15 
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(4), is multiplied by a constant function and then 
integrated. The resulting time-independent signal is 
proportional to the cosine of the difference between 
the phase-angles of the detector and the sample. The 
phase-sensitive fluorescence intensity at detector 
phase angle &, for a two-component system will be: 

F(&) = 6, %X cos d, cos (& - 41) 

+ &*% cos& cos(& - 42) (5) 

Phase-resolved juoroimmunoassay 

PRFIA involves the use of phase-resolved mea- 
surements at a series of non-null (I#J~ # 4 + 9W) 
detector phase-angles, as has previously been de- 
scribed.2,*,q In this multiple phase-angle approach to 
FIA, a series of linear simultaneous equations is 
generated. The following equations are used for the 
determination of free and bound Ag* at n detector 
phase-angles: 

Z$p’ = I$, (free Ag*) + Z$ (bound Ag*) 

(6) 

Zy = ZF. (free Ag*) + I$,, (bound Ag*) 

where Zr’ is the phase-resolved fluorescence intensity 
(PRFI) of a solution, Zz, is the PRFI of the solution 
containing only free Ag*, and Zz, is the PRFI of the 
solution containing only bound Ag*, for the ith 
equation generated at &, = 4,. This set of equations 
is valid only if the total cuvette concentration of Ag* 
(free + bound) is constant for all the solutions. The 
set can be represented in matrix form: 

(free Ag*) 
(bound Ag*) 1 = 

[PRF 
41 

zPRF 
On 

(7) 

If n > 2 the matrix is “solved” for the fractions of free 
and bound Ag* by using a Gauss-Newton iterative 

procedure which includes the constraint: 

%free Ag* + %bound Ag* = 100% Ag* (8) 

When n = 1, e.g., for use of either a single $n or 
steady-state conditions, a square matrix is generated, 
where equation (8) provides the second equation. The 
matrix can be solved exactly by using Cramer’s rule. 
The PRFIA calibration curve for phenobarbital is 
constructed by plotting the percentage of free Ag* vs. 
analyte concentration (Ag), followed by third-order 
polynomial fitting. 

EXPERIMENTAL 

Materials 
Demineralized water was used for all preparations. 
Me,POPGP[ 1,4-bis(4-methyl-5-phenyloxazol-2-yl)benzene] 

(Aldrich) was used as a reference fluorophore for the 
fluorescence lifetime determinations. 

Phosphate buffer (O.OlM, pH 7.5) was prepared from 
NaH,PO, and Na,HPG, and contained 1% sodmm chloride, 
and 0.1% sodium azide as a preservative. 

The immunoassay reagents, including anti-phenobarbital 
antibody (Ab), fluorescein-labelled phenobarbital (Ag’), 
phenobarbital standard and test solutions (Ag), and IgG 
were purchased as a kit (American Diagnostics Inc., New- 
port Beach, CA) and used without further purification. 
Additional phenobarbital standard and test solutions were 
prepared by weighing the appropriate amount of pheno- 
barbital (Sigma) and diluting with buffered human serum 
albumin (10e4M). The kit standards and test solutions 
contained O-80 pg of phenobarbital per ml. These solutions 
were subsequently diluted 1: 101 with buffer before addition 
to the cuvette solutions. 

Human serum albumin (HSA, 30 BM) was prepared by 
dissolving 201 mg of HSA (Sigma, fatty acid-free, prepared 
from fraction V, catalogue no. A-1887) in 100 ml of buffer. 

Polyethylene disposable cuvettes (Precision Cells Inc.) 
were used for all fluorescence measurements. 

All the cuvette solutions, including the blank, free Ag*, 
antibody-bound #g*, standard Ag, and test Ag, are de- 
scribed in Table 1. Fluorescence intensities were all cor- 
rected to correspond to 3.000 ml total volume in the cuvette. 
The addition of a large concentration of HSA to all samples 
ensured that, if non-specific adsorption of “free” (non-Ab 
bound) Ag* were to occur, it would be uniform (i.e., all free 
Ag* would be adsorbed) with all adsorption occurring at a 
primary site on the HSA. It is important that all non-Ab 
bound Ag* be in a single type of microenvironment to 
ensure a homogeneous fluorescence lifetime for the free Ag* 
component. For simplicity, and to be consistent with immu- 

Table 1. Preparation of standard and test solutions 

Immunoassay reagents 
Solution Bufferedd HSA’ Ag*’ Abe Ag” IgGe 

Free Ag* 2.500 200 100 0 100 200 
Bound Ag* 2.500 200 100 200 100 0 
Std. (Ag) 2.500 200 100 100 100 0 
Test (Ag)b 2.500 200 100 100 100 0 
Blank 2.500 200 0 200 100 0 

“Standards corresponding to 0, 4.75, 9.37, 18.7, 37.4, and 74.8 pg/ml pheno- 
barbital in the original, undiluted standards. 

Test solutions 1, 2, and 3 contained 7.03, 14.03, and 28.05 fig/ml pheno- 
barbital, respectively, in original, undiluted solutions. 

‘Shows volume added of the 1: 101 dilutions of the original standard or test 
solutions. 

dml added to cuvette. 
epl added to cuvette. 
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Fig. 1. Relative phase-resolved fluorescence intensity as a 
function of detector phase angle &. Modulation 
frequency = 30 MHz. 0 Ab-bound Ag*; 0 free Ag*. Phase 
angles used for multiple phase angle determinations are 

indicated by * (45.0, 58.5, 72.0, 85.5 and 117.0”). 

noassay terminology, the non-Ab bound Ag* will be re- 
ferred to as “free” Ag*, although it may actually be 
non-specifically adsorbed on albumin. 

As seen in Table 1, the equivalent of * 1 ~1 of original, 
undiluted sample is used in 3.000 ml total cuvette volume. 
This 3000-fold dilution should minimize matrix inter- 
ferences in the phenobarbital determinations. 

Apparatus 

All PRFS measurements were made with an SLM 4800s 
spectrofluorimeter (SLM Instruments, Inc.), with a 450-W 
xenon source, Hamamatsu R928 photomultiplier-tube de- 
tection, and a Glan-Thompson calcite prism polarizer 
(SLM) in the excitation beam, at 35” to the vertical. 

Sample turret temperature was maintained at 20” for all 
measurements, by means of a Neslab constant-temperature 
bath (Neslab Instruments). 

The excitation and emission monochromators were set at 
490 and 520 nm, respectively (the maxima for fluoresccin). 
The slits were set at 16, 0.5, 0.5, 8 and 8 nm resolution for 
the excitation monochromator entrance and exit, modu- 
lation tank exit, and emission monochromator entrance and 
exit, respectively. 

PRFS measurements were all made at 30 MHz modu- 
lation frequency, in the delta-phase mode (a ratiometric 
mode) to minimize the effects of source-output fluctuations 
and excitation modulation drift. All solutions were mea- 
sured first at one detector phase-angle ($o), and then the 
next, and so on, to eliminate ii-reproducibility due to 
resetting the detector phase-angle. 

All measurements were made in triplicate, each mea- 
surement being the electronic average obtained by integra- 

64 
r 

24 1 1 I I I 

0 30 60 90 120 

Phenobarbital I undlluled ) (fig/ml ) 

Fig. 2. Phenobarbital calibration curves obtained by using 
5 detector phase angles (see Fig. 1). 

tion of 100 samplings during about 30 set, performed 
internally by the SLM instrument. 

An Apple He was used for computation, with programs 
written in BASIC. 

RESULTS AND DISCUSSION 

The plots of relative PRFI vs. &, for free and 
bound Ag* are shown in Fig. 1. The phase-angle 
difference between the two species corresponds to 
a fluorescence-lifetime difference of 100 psec. 
Fluorescence-lifetime (tr) determinations were made 
with Me,POPOP as the reference fluorophore 
(7f = 1.45 nsec),‘O and yielded 4.04 and 3.94 nsec for 
the lifetimes of free and bound Ag* respectively. 

A typical PRFIA calibration curve generated by 
using 5 detector phase-angles is shown in Fig. 2. 

The effect of the number of detector phase-angles 
on the accuracy of determinations of phenobarbital 
in the test solutions was studied. Calibration curves 
were generated and test solutions analysed for every 
possible combination of the n detector phase-angles, 
where n was varied from 1 to 5. Results for the best 
combination for each number of detector phase- 
angles are shown in Table 2. The results indicate that 
the accuracy is best when 3 detector phase-angles are 
used, but the magnitude of the errors is relatively 
large. The combination of 5 detector phase-angles 
provided good accuracy and the smallest average 

Table 2. Error of determination” 

Test solution 5 
Number of detK30r phase angles” 

4’ 2’ 1’ 

1 1.0 5.4 -12.5 - 16.9 -5.9 
2 -0.4 2.3 9.6 -11.7 
3 8.1 

if 
11.2 21.2 3.1 

Ave. error 2.9 5.6 0.3 4.6 -4.8 
Ave.jerror[ 3.2 5.6 8.7 15.9 6.9 

aRelative error, %. 
‘Results for best case of all possible combinations. 
‘&,= 58.5”, 72.0”, 85.5” and 117.0”. 
d&, = 45.0”, 58.5”, and 117.0”. 
Q+$, = 45.0” and 58.5”. 
r+o = 117.0”. 
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error. These 5 detector phase-angles were therefore 
used for all subsequent studies. The lower accuracy 
obtained by using 5 angles instead of 3 was probably 
due to the relative redundancy of the data from the 
three fairly closely spaced angles 58.5, 72.0 and 85.5” 
(see Fig. 1), in which case any errors present in the 
data obtained at these angles outweigh the discrimi- 
natory advantage accruing from their use. 

A relative standard deviation of 6.7% was found 
for a set of four calibration curves, normalized as 
described below, and obtained on a weekly basis (one 
per week). Each curve was normalized to the per- 
centage of free Ag* found for the highest concen- 
tration standard (74.8 pg/ml). Normalization was 
used to minimize variations due to reagent de- 
gradation, which was found to cause a uniform 
decrease in the apparent values of percentage of free 
Ag*. Curves were compared by taking values at the 
5 standard concentrations from each fitted curve and 
comparing these values with a “mean” calibration 
curve obtained by fitting all four sets of data simulta- 
neously. The limit of detection for phenobarbital 
(defined as 3 times the standard deviation of the 
blank) was estimated to be 3 pg/ml in the original 
undiluted sample, corresponding to 1 ng/ml in the 
cuvette. 

Calibration curves (normalized as described above) 
obtained by using heterogeneous FIA (by the pro- 
cedure described in the Amerifluor kit) and PRFIA 
were compared. A correlation coefficient of 0.97 was 
obtained for the linear (JJ = 1.18x - 0.11) correlation 
plot. 

A homogeneous steady-state quenching approach 
was also used, based on the difference between the 
steady-state fluorescence intensities for free and 
bound Ag*. The steady-state FIA method generated 
a square 2 x 2 matrix (see section on PRFIA theory, 
above). The values obtained for free Ag* were poorly 
correlated (r = 0.6) with the standard concentrations. 
The superior performance of the phase-resolved 
fluorescence intensity approach indicates the advan- 
tage of using fluorescence-lifetime selectivity in addi- 
tion to selectivity based on fluorescence quenching. 

CONCLUSIONS 

This phase-resolved approach to homogeneous 
FIA, as demonstrated by the PRFIA for pheno- 

barbital, offers several advantages. Greater discrimi- 
nation between free and bound Ag* is achieved than 
that attainable in a determination based solely on 
steady-state intensity differences. Homogeneous im- 
munoassay is accomplished without requiring addi- 
tional specialized reagents (e.g., enzymes, second 
labels, etc.). PRFIA is applicable to determination of 
antigen species regardless of their molecular weight 
(provided there is a sufficiently large change in 
fluorescence lifetime on antibody-binding of the la- 
belled antigen), whereas polarization FIA depends on 
a large enough change in molecular volume on 
binding, and is generally best suited to the deter- 
mination of smaller antigens (molecular weight 
<4 x 104).” In addition, problems due to non- 
specific adsorption or binding to sample matrix 
components such as albumin can be minimized by the 
addition of an excess of binding reagent (e.g., albu- 
min), provided that there is a sufficient fluorescence- 
lifetime difference between the reagent-adsorbed and 
Ab-bound Ag*. 
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Summary-The inhibition-release titration method has been used to study interference effects in flame 
atomic-absorption determination of iron. Interferences from anions, cations and complexing agents with 
the atomic-absorption of iron when a stoichiometric air-acetylene flame is used, can be obviated by a 
preliminary treatment of the sample solution with sulphosalicylic acid to convert the iron into the same 
complex before aspiration, thus giving a constant environment for the iron in the flame processes. 

Determinations of iron in a wide variety of materials 
by atomic-absorption spectrophotometry have been 
collated in the analytical literature.‘” Slavin* reported 
that the determination is almost free from inter- 
ference when a stoichiometric air-acetylene flame is 
used. Another study by Thompson et a1.4 showed that 
in fuel-rich flames both Fe(H) and Fe(II1) give non- 
linear calibration curves and that a fuel-lean flame is 
best with respect to linearity, but at sacrifice of 
sensitivity. However, different cations and anions are 
reported to affect the iron signal.’ With measurement 
in the upper parts of the flame, 8-hydroxyquinoline 
has been used as a releasing agent to eliminate 
interference from Co, Ni and Cu in the atomic- 
absorption determination of iron6 but is only applica- 
ble over a narrow range of interferent concentrations 
because of precipitation. In addition, the observation 
height* is a critical parameter. Black et al.’ studied 
the use of volatile metal-chelate systems for the 
introduction of iron and other metals into an in- 
ductively coupled plasma, and this approach can be 
used in flame-based systems. Extraction procedures 
have been used to avoid interferences from a variety 
of matrices in determination of iron by AAS.&” 

EXPERIMENTAL 

Reagents 

Stock solutions of 3.6 mM Fe(II1) (chloride), and Na, K, 
Ca, Ba, Cd, Zn, Co, Ni, Cu and Mn (chloride, nitrate and 
sulphate) were prepared from reagent-grade chemicals. Pt 
and Pd solutions were prepared from H,PtCl, and K,PdCl,. 

Apparatus 

The atomic-absorption analysis was done with a Unicam 

*The distance from the top of the burner to “grating 
incidence position”. 

SP 90A Series 2 atomic-absorption spectrophotometer, 
which incorporated a new HTA photo-tube. Air was sup- 
plied from a compressor, and acetylene was obtained from 
cylinders and passed through concentrated sulphuric acid 
and glass wool for purification. A continuous titration 
device” was attached to the instrument. Absorbance values 
were recorded with a single-pen recorder. 

The instrumental parameters were: lamp current, 12 mA; 
wavelength, 248.3 nm; slit-width, 0.1 mm; observation 
height, 0.8 cm; air flow-rate, 5.0 l./min; fuel flow-rate, 1.4 
l./min. 

RESULTS AND DlSCUSSION 

Eflect of anions 

A series of almost neutral solutions was prepared, 
containing iron in 0.36 mM concentration and one of 
the anions in increasing amounts. The anions used 
were I-, Br-, NO;, NO;, Cl-, ClOr, SOi- and 
PO:-, added as the sodium or potassium salt. No 
interference from these foreign anions was found for 
up to 7.9, 12.5, 21.7, 16.1, 28.2, 10.1, 10.4 and 10.5 
mM concentrations respectively. 

Interfering effects of cations 

The effect of various cations on the atomic- 
absorption of iron in presence of mineral acids was 
examined. Figure 1 shows that Na, K, Ca, Ba, Cd, 
Zn, Co, Ni, Cu and Mn chlorides in hydrochloric 
acid medium have insignificant effect on the absorp- 
tion signal of iron up to 43.5, 25.6, 25, 7.3, 8.9, 15.3, 
17, 17.5 and 18.2 mM for each cation respectively. A 
relative decrease of 20% in the iron signal was caused 
by the presence of 0.75mM Pt or Pd. A presumable 
cause for this depressive effect is that the ferric ions 
are stacked in the crystal lattices of H2PtC16 and 
KzPdC4 when the solvent has been evaporated in the 
flame, and are not completely released and atomized 
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Fig. I. Interference of some cations as chloridea on the 
signal from 0.36mM iron(III) chloride; (1) Na, K, Ca, Ba, 
Cd, Zn, Co, Ni, Cu and Mn; (2) Pt as H&C&; (3) Pd as 

K,PdCl,. 
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Fig. 2. Influence of some nitrates on the signal from 
0.36mM iron(II1) nitrate; (1) Na, K, Ca, Ba, Cd, Zn, Mn, 

Pt and Pd; (2) Cu; (3) Co; (4) Ni. 

by the time measurement is made. However, the 
depressive effect totally disappears if the mea- 
surement is done in higher parts of the flame, where 
release and atomization have become complete. 

The effect of the same cations was investigated in 
solutions containing nitric or sulphuric acid. Figures 
2 and 3 show that under these conditions, Ni, Co and 
Cu are the only cations which cause significant 
depressive effect on the absorption of iron. This effect 
also disappears when the measurements are per- 
formed in the upper parts of the flame (1.5-2.0 cm 
burner height). Again, the effect can be attributed to 
retention of the iron by the matrix as a result of 
incomplete volatilization. 

P 
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Fig. 3. Influence of some sulphates on the signal from 
0.36mM iron(II1) sulphate: (1) Na, K, Ca, Ba, Cd, Zn, Mn, 

Pt and Pd; (2) Co; (3) Cu; (4) Ni. 
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Fig. 4. Changes in the absorption signal from 0.36mM 
iron(II1) chloride with increasing ligand concentration; (1) 

4-aminosalicylic acid and (2) sulphosalicylic acid. 

Effect of complexing agents 

Figures 4 and 5 show the effect of some ligands that 
form iron complexes. The general trend shown by the 
graphs is to form stable 1: 1 complexes with iron (as 
indicated by the position of the minimum in the iron 
signal). The stability of the Fe-N, Fe-0 or Fe-S 
bonds left after combustion of the ligands determines 
the rate of release of iron atoms in the flame. AS 
recently proposed,” the effect of ligands on the 
absorption of metals is principally dependent on the 
relative stability of the M-N, M-O or M-S bonds in 
the flame. When these bonds are strong enough, they 
produce molecular species as the dominant products 
in the flame and hence there is a depressive effect on 
the analyte signal. On the other hand, weak bonding 

Llgand concentration (mM) 

Fig. 5. Titration of 0.36mM iron(II1) chloride with (1) EDTA, (2) DCTA, (3) NTA, (4) glycine. 
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Table 1. Interference (and its elimination) of a variety of organic compounds and 
inorganic salts, in the determination of 0.36mM iron 

Iron recovery, % 

Substance 
added 

EDTA 
DCTA 
NTA 
glycine 
n-butylamine 
Cu (sulphate) 
Ni (sulphate) 
Co (sulphate) 
Cu (nitrate) 
Ni (nitrate) 
Co (nitrate) 
Pt (H,PtCl,) 
Pd (K2 WC&) 

With 30mM With 20mM 
Concentration, Without Caminosalicylic sulphosalicylic 

mM treatment acid acid 

0.40 70 100 99 
0.40 73 100 100 
0.40 77 98 99 
0.40 80 100 99 
0.40 84 100 100 
1.57 70 100 100 
1.70 45 100 100 
1.70 75 100 100 
1.75 80 98 100 
1.70 30 96 100 
1.70 35 99 100 
0.51 85 100 100 
0.94 80 100 100 

militates against formation of the molecular com- 
pounds and enhances the release of the analyte 
atoms. Naturally, there should be a sufficient concen- 
tration of the ligand to give the desired effect. This is 
clearly shown by Figs. 4 and 5, which indicate a 
levelling trend with increase in ligand concentration. 

Elimination of interferences 

Further investigation revealed that if a large 
enough excess of 4-aminosalicylic acid or sul- 
phosalicylic acid (6ClOO fold relative to iron) is 
present the absorption signal for iron becomes con- 
stant irrespective of the ligand concentration, and 
also the depressive effect of various complexing 
agents and metal salts is eliminated (Table 1). The 
large excess of added ligand presumably leads to 
essentially complete preferential formation of its iron 
complex, thus giving a fixed environment for the iron 
in the flame atomization process. 

1 I / I 

0 08 12 16 20 

Observotmn hetghr lcml 

Fig. 6. Distribution of iron atoms as a function of obser- 

Since AAS determination of iron in some of its 
complexes, particularly those containing phen- 
anthroline, bipyridyl and/or amino groups, gives 
incorrect and variable results,‘3*‘4 an investigation 
was made of the distribution of iron atoms as a 
function of the observation height in the flame for 
different iron complexes. Figure 6 shows that there is 
a marked difference in the rates of production of free 
iron atoms in the lower parts of the flame, but the 
system rapidly reaches the same equilibrium with the 
flame species (at 2 cm above the burner top). Thus 
correct results should be obtainable whatever the iron 
species present in the solution, provided the mea- 
surement is made at a high enough position in the 
flame, but only at the expense of the sensitivity. The 
treatment of the iron complexes with sulphosalicylic 

J‘, I I I I I I 

06 06 10 12 14 16 

Observotlon height km) 
vation height for different iron complexes (each solution 
0.36mM iron); (0) FeCl,, (0) Fe(phen),. Hg(CN),, (0) 
FeWen), . WdSCN),, (+I Fe@Gv), 0% . WCN), , ( x 1 
Fe(phen),.(CN),.NO,.4H,O, (0) Na,Fe(CN),NH,, (0) 

Fe(C,H,Or ), and (0) Fe(bipy), (CN), NO,. 

Fig. 7. Distribution of iron atoms as a function of the 
observation height for different iron complexes (each solu- 
tion 0.36mM iron) in presence of 2OmM sulphosalicylic 

acid: symbols as for Fig. 6. 
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Table 2. Determination of 0.36 mM iron in various complexes, in presence of 20 mM 
sulphosalicylic acid 

Iron recovery 

Without With 
sulphosalicylic acid, sulphosalicylic acid, 

mM % mM % 

Fe&HA), 0.23 65 0.35 98 
Fe(bipy), . (CN), . NO, 0.15 42 0.35 98 
Fe(phen), . (CN), . NO,. 4H,O 0.27 75 0.36 100 
Na, Fe(CN),NH, 0.25 69 0.35 98 
Fe(phen), . Hg(CN), 0.30 83 0.35 98 
Fe(phen), . Hg(SCN), 0.30 83 0.36 100 
Fe(bipy),(CN), . JMCW 0.29 80 0.36 100 

bipy = bipyridyl; phen = phenanthroline. 

acid overcomes the depressive effect in the lower part 
of the flame, resulting in the iron signal being inde- 
pendent of the nature of the original complex present, 
though it still varies with the position in the flame 
(Fig. 7). This indicates that conversion into the iron 
sulphosalicylate complex takes place in solution, be- 
fore the aspiration. Table 2 shows the effect of 
sulphosalicylic acid on the various interferences. 
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Summary-A graphite-furnace atomic-absorption method has been developed for the determination of 
selenium in geological samples at or below the pg/g level after decomposition of the sample with a mixture 
of perchloric, hydrofluoric and nitric acids and separation of selenium from the sample matrix with thiol 
cotton fibre. A few micrograms of palladium are added as a matrix modifier for the atomic-absorption 
determination. In the presence of palladium the charring temperature for selenium can be raised to 1 loo”, 
and the signal enhancement is greater than with other matrix modifiers reported in the literature. 

The determination of selenium in geological materials 
at or below the peg/g level is important, as selenium 
is a geochemically interesting indicator for several 
types of mineral deposit,’ and also presents a poten- 
tial public health problem. The methods available for 
determining selenium in rocks and soils include solu- 
tion spectrophotometry, flame atomic-absorption 
spectrometry (AAS) and d.c. arc emission spec- 
trometry. However, these methods are interference- 
prone, have poor sensitivity and require a multistage 
process to complete the analysis. Although graphite- 
furnace atomic-absorption spectrometry offers 
sufficient sensitivity for the determination of selenium 
in geological materials at the pg/g level, serious 
interference problems are encountered, arising from 
the diverse and complicated nature of the matrices. It 
seems that preseparation is required. Sanzolone and 
Chao2 have developed a method for the deter- 
mination of selenium in the range 0.05-lOOOpg/g. 
The sample was decomposed with a mixture of nitric, 
perchloric and hydrofluoric acids and heated with 
hydrochloric acid to reduce selenium(V1) to sele- 
nium(IV), which was then extracted into toluene 
from hydrochloric acid-hydrobromic acid medium 
containing iron. The toluene extract was injected into 
a carbon-rod atomizer, with nickel added as matrix 
modifier. In a previous paper’ we reported a method 
for the determination of selenium in soil, based on 
digestion of the sample with a mixture of sulphuric 
and perchloric acids in the presence of ascorbic acid, 

*To whom correspondence should be addressed. 

followed by extraction of the resultant selenium(IV) 
with 1,2-diamino+nitrobenzene, and AAS deter- 
mination in a zirconium-coated graphite tube. Re- 
cently, Kujirai et ~1.~ have described a method for 
determining trace selenium in heat-resisting alloys by 
co-precipitation with arsenic, followed by graphite- 
furnace AAS with zinc as a matrix modifier to 
stabilize selenium during the charring step and thus 
enhance the sensitivity in the atomization step. 

The present study describes a method for the 
determination of selenium in geological samples at or 
below the ,ug/g level by graphite-furnace AAS after 
separation with thiol cotton fibre (TCF). The samples 
are decomposed with a mixture of nitric, perchloric 
and hydrofluoric acids. Selenium(V1) in the sample 
solution is reduced to selenium(N) by heating on a 
water-bath with 5M hydrochloric acid, and the sele- 
nium(W) quantitatively absorbed on a column 
packed with TCF, and then desorbed by destruction 
of the thiol with a mixture of hydrochloric acid and 
nitric acid. Finally, the selenium(W) is introduced 
into a heated graphite-atomizer along with palladium 
as a matrix modifier which allows the charring tem- 
perature for selenium to be raised to 1100” and gives 
greater enhancement than other matrix modifiers 
reported in the literature. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 380 atomic-absorption spec- 
trometer equipped with a model HGA-400 graphite furnace 
and a Hitachi model 056 chart-recorder was used for the 
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measurement of the selenium absorbance at 196.0 nm, under 
“argon stop” conditions. The band-width was set at 0.7 nm. 
The Perkin-Elmer electrodeless selenium discharge lame 
was operated at 6 W. A 20-~1 Eppendorf pipette with 
disposable polypropylene tips was used to introduce samole 
solutions into the graphite-tube atomizer. A deuterium 
background-corrector was used throughout. 

Reagents 021 l \., 
Selenium(IV) stock solution, 1000 pg/ml, was prepared 

by dissolving 0.1000 g of black elemental selenium in 2 ml 
of concentrated hydrochloric acid and 1 ml of concentrated 
nitric acid with gentle heating, and diluting to 100 ml with 
demineralized water. Other working selenium standard solu- 
tions were prepared by serial dilution from this stock 
solution with 0.1M hydrochloric acid. 

0 400 800 1200 1600 

Charrmg temperature (“C) 

Palladium and platinum solutions, 1000 pg/ml, were 
Fig. 1. Effect of charring temperature on the absorbance of 

made by dissolving 0.100 g of palladium or platinum metal selenium in the presence or absence of matrix modifiers: (a) 

in a small volume of aqua regia. evaporating the solution on 4 ng of Se in 1M HCI; (0) 4 ng of Se + 2 pg of Pd in O.OlM 

a water-bath nearly to dryness, takmg up the residue with HCI; (A) 4 ng of Se + 20 Mg of Zn in 2.5M HNO,. 

10 ml of O.lM hydrochlonc acid and diluting to 100 ml with 
demineralized water. 

RESULTS AND DISCUSSION 
Procedures 

Preparation of thiol cotton jibre (TCF) and package of Stabilizing effect of palladium 
absorption column. Cotton cellulose (4g) was soaked m a 
mixture of 28 g of thioglycollic acid, 15 g of acetic anhy- It is well known that selenium is relatively volatile, 

dride, 7 g of acetic acid and 0. I g of sulphuric aad, and left so a certain loss may occur during the pre- 
standing for 4 days at 40”. It was then washed with atomization stages. To prevent such loss addition of 
demineralized wate; and dried under reduced pressure. The 
fibrous product contained 3-4% of thlol group. A 0.15-g 

various metal i&s, such as nickel,’ cobalt,6 molyb- 

amount of TCF was packed in the neck of a separatory 
d enum,’ lanthanum,8 copper,’ chromium’0 and zinc4 

funnel, the inner diameter and length of the neck being has been recommended, as so-called matrix 

6 mm and 8 cm, respectively. The absomtion column was modifiers. We have found that palladium is the most 
packed in this way-to combine filtration of the sample effective matrix modifier for Selenium. When nal- 
solution with absorption of selenium(N). 

Sample decomposrtion. A 0.200-g sample was weighed into 
ladium is present the charring temperature for iele- 

a 50-ml Teflon crucible, and 0.5 ml of demineralized water nium can be raised to 1 loo”, and the sensitivity is 

was added to moisten the samole thorouehlv. followed bv greater by a factor of 1.2 than that obtained by using 
1 ml of concentrated perchloric’ acid. 15 kl of hvdrofluori; zinc as matrix modifier (Fig. 1). 
acid and 10 ml of nitric acid, in succession. The crucible was 
placed on a hot-plate, the surface temperature of which was 

The stabilizing effect if palladium depends on the 

raised from about 160” to 240” in 60min and kept at the 
amount present. The absorbance for selenium in- 

latter temperature until fumes of perchloric acid appeared. creases over the range O-l pg of palladium and is 

The crucible was then removed and cooled to room tem- constant for l-3 fig (Fig. 2), so addition of 2 ~g of - 
perature. Then 30ml of 5M hydrochloric acid were added palladium was selectid as dptimal. 
and the crucible was covered with a watch-glass and heated 
on a boiling water-bath for 3 min, then cooled to room Relationship between solution acidity and selenium 
temperature. 

Absorption and desorptlon of selenium(W) and deter- 
absorbance 

mination bv araohite-furnace AAS. There was sometimes a Since a mixture of concentrated hvdrochloric and 
precipitate’levft after tie sample decomposition, and this was 
filtered off on a Millipore filter paper, the filtrate being 

nitric acids is used for desorbing selenium(W) from 

passed into a TCF column prewashed twice with 5M 
hydrochloric acid; the crucible was rinsed with several 
2-3 ml portions of 5M hydrochloric acid, the rinsings being 
passed through the filter paper and TCF column. The paper 
was washed several times with 5M hydrochloric acid and 
removed, then the TCF was carefully taken out of the 
column. squeezed dry and transfered to a graduated test- 

05- 

04 - / .-.-•y. 

: 
2 03- 

tube containing 1 ml of concentrated hydrochloric acid and 
ca. 0.05 ml of concentrated nitric acid. The tube was loosely 
stoppered with a glass stopper,z heated on a water-bath 
until the TCF was destroyed, then cooled to room tem- 
perature. The solution was diluted to lOm1 with demin- 
eralized water and shaken thoroughly, then let stand for a 
few minutes to allow the cotton fibre to settle out. Finally 
a 20-~1 portion of supematant solution was Introduced mto 
a graphite-tube atomizer, dried at 110” for 30 set, charred 
at 1000” for 30 set and atomized at 2100” for 5 set at 

5 
2 02-- 

01 * 

I I I I I 
0 50 100 150 200 250 

Pd cancentratmn (pg/ml) 

maximum power, and selenium absorbance measured under Fig. 2. Dependence of selenium absorbance on amount of 
“argon stop” conditions. The graphite tube was then palladium: 4 ng of Se + 20 ~1 of palladium solution of 
cleaned by firing at 2600” for 4 sec. concentration shown (charring temperature 600”). 



Selenium in geological samples 25 

Acidity %(v/v) 

Fig. 3. Effect of acidity (volume percentage of concentrated 
acid in test solution) of selenium solution on absorbance in 
the presence of palladium: 4 ng of Se in HCl (0) or 

HNO, (0). 

the TCF, as described later, the sample solution 
which is introduced into the atomizer is highly acidic, 
so the relationship between solution acidity and 
selenium absorbance was examined. The results are 
shown in Fig. 3. The selenium absorbance is fairly 
constant with 10-25x v/v hydrochloric acid but 
strongly suppressed by nitric acid. A mixture of 
10% v/v hydrochloric acid and 0.5% v/v nitric acid 
was therefore chosen as optimal for the measurement. 

Sorption of selenium on thiol cotton fibre and desorp- 
tion 

Selenium is widely distributed in small amounts in 
geological materials, with an estimated crustal abun- 
dance of 0.05-0.075 pg/g.” Besides this problem of 
low concentration, there is that of the severe inter- 
ferences encountered in the determination of sele- 
nium by graphite-furnace atomic-absorption spec- 
trometry. Hence preseparation and/or concentration 
of selenium is a prerequisite for its accurate deter- 
mination in ores and minerals. In the present study 
a TCF column was used for this purpose. The most 
important parameters affecting the sorption of sele- 
nium are its oxidation state, the acidity of the sample 
solution, and the amount of TCF used. To find the 
optimum conditions, an absorption column was 
packed as described in the procedure and used at a 
flow-rate of 0.05 ml/set. Selenium(IV) solutions 
(30ml) of various acidities were passed through the 
column and the selenium concentrations in the filtrate 
determined, and hence the absorption efficiency. The 
results are shown in Figs. 4 and 5. The absorption 
efficiency was found to be >95% over the range 
0.5~6M hydrochloric acid. Selenium(W) is not sor- 
bed, but some of it can be reduced to selenium(W) 
by the thiol group and sorbed when a selenium(M) 
solution is passed through a TCF column, giving an 
apparent absorption efficiency of 35% for sele- 
nium(W). Hence reduction of selenium(W) to sele- 
nium(IV) is required, and can be obtained by boiling 
the sample solution with 5M hydrochloric acid for 
3-5 min. The optimum amount of TCF is 0.15-0.20 g 
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Fig. 4. Relationship between the absorption efficiency of 
selenium(W) and selenium(V1) by TCF and the acidity of 
the sample solution: (0) 1 pg of Se(W) in 30 ml of HCI; (A) 

1 pg of Se(W) in 30ml of HCI. 

for sorption of 1 pg of selenium(IV) in 30 ml of 
aqueous solution. Less than 0.15 g is not sufficient, 
but if more than 0.20 g is used it is difficult to desorb 
all the selenium(W). The absorption efficiency in- 
creases with volume of aqueous sample solution up to 
20 ml and then levels off. The optimum conditions are 
therefore considered to be the use of 30 ml of 5M 
hydrochloric acid sample solution, and 0.15 g of TCF. 

Various acid mixtures were tried for the desorption 
and a mixture of 1 ml of concentrated hydrochloric 
acid and 0.05 ml of nitric acid was found the most 
effective. The eluate was diluted to 10 ml to give the 
optimum acidity for measurement. 

Permissible amounts of diverse ions 

Because of the severe interferences encountered in 
the determination of selenium by graphite-furnace 
atomic-absorption spectrometry, a very selective ex- 
traction procedure was employed in our earlier 
method.’ From the general composition of ore and 
mineral materials and the sample weights taken for 
analysis in this work, a realistic set of matrix com- 
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Fig. 5. Lkpendence of absorption efficiency of selenium(W) 
on amount of TCF and volume of sample solution: (0) 
0.15 g of TCF used for sorbing 1 p g of Se in various volumes 
of sample solution; (0) various amounts of TCF used for 

sorbing I pg of Se in 30ml of sample solution. 
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Table 1. Recovery of selenium 

Sample 

Sample Se in Se Total Se 
weight, sample, added, found, Recovery, 

g ng ng ng % 

Lead-zinc ore 0.100 22.5 62.5 85.7 101 
Copper ore 0.100 24.9 62.5 87.4 100 
Pyrite 0.050 213 250 453 96 
Siderite 0.200 102 125 226 99 
Stibnite 0.050 236 250 471 94 

Table 2. Determination of selenium in geological samples Determination of selenium in ores and minerals 

GSD-3 
GSD-5 
GSD-7 
Pyrite 
Limonite 
Lead-zinc ore 
Copper ore 
Soil 

Selenium in sample, pgg/g 

This work* DPP Certified value 

1.130 1.07 kO.14 
0.350 0.363 k 0.075 
0.340 0.301 * 0.057 
5.64 5.00 
3.57 3.71 
4.85 5.19 
6.88 7.00 
1.58 1.66 

*Average value of 3 replicate determinations. 
GSD = Geochemical Standard Reference Drainage Sedi- 

ment. 
DPP = differential pulse polarography. 

ponent levels was established for study, and it was 
found that for the determination of 1 pg of selenium 
in 30 ml of aqueous solution no interference was 
observed from 0.15 g of Ca, 0.1 g of Pb, Zn, K, Na 
and Mn, 45 mg of Mg, 40 mg of Fe, Al, Sb, Cu, 30 mg 
of W, 20 mg of Si, P, 10 mg of Ba, La, 6 mg of Hg, 
4 mg of Ni, MO and Th, 1 mg of Ag, Bi, Cd and Yb. 
0.25 mg of As, 0.2 mg of F and 0.1 mg of Au. 

Recovery 

Various samples were spiked with known quan- 
tities of selenium before decomposition of the sample 
and the total selenium contents were determined and 
compared with the selenium content of the samples. 
Table 1 shows that good recovery was obtained. 

Although no pronounced interference effects occur 
and good recoveries are obtained by the recommen- 
ded method, the standard-additions method was 
used. The results for some ore and mineral samples 
are summarized in Table 2, and a good agreement 
was achieved with the certified values. The relative 
standard deviation was found to be 7.4% for 9 
replicate determinations of selenium in GSD-3 Geo- 
chemical Standard Reference Drainage Sediment, for 
which the certified selenium value is 1.07 + 0.14 pg/g. 
It should be pointed out that this method can be 
employed for the determination of selenium in geo- 
logical samples at or below the pg/g level. 

1. 
2. 

3. 

4. 

5. 
6. 
7. 
8. 

9. 

10. 
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Summary-With DTPA present in excess, small amounts of uramum (100-200 pg) can be reduced 
quantitatively to the quadrivalent state in a Jones reductor (5% amalgamated Zn powder, 50 mesh). The 
excess of DTPA is back-titrated photometrically with thorium, with Semi-Xylenol Orange as the indicator. 
The accuracy is kO.2 pg at the 200~pg level. Metals forming complexes with DTPA at pH 2 interfere. 

In the determination of uranium, complexometry has 
so far found little use for a number of reasons. 
Uranyl ions form complexes with many reagents, 
such as acetate, sulphate, nitrate, ascorbic acid, etc..’ 

but those with the complexing agents DCTA, DTPA 
and EDTA are remarkably weak.* Low concen- 
trations therefore cannot be determined and inter- 
ference by other elements is rather strong. Moreover, 
weak 2: 1 complexes are also formed, so the stoichi- 
ometry is variable.2 The sexivalent state is hence 
regarded as rather unsuitable for complexometric 
determinati0ns.l 

Uranium(IV) forms stable complexes4 in strict 1: 1 
stoichiometry with EDTA, DCTA and DTPA, but its 
complexometric determination has been of little im- 
portance so far, first because of a lack of accuracy 
and secondly because oxidimetric determination is 
the obvious choice if the uranium has been reduced 
to the quadrivalent state, since the oxidative 
titrations give the same or even greater accuracy and 
can be done in the presence of a much larger number 
of metals. Only at low uranium concentrations 
(10-5-10-4M) do the advantages of oxidimetry dis- 
appear. The potential jump becomes less pronounced 
and the reduction may partially proceed to the ter- 
valent state,’ which is unstable towards water and air. 
Aeration, recommended in most procedures,‘,’ does 
not always stop at the quadrivalent state. For macro- 
determinations the procedure functions well, but 
generally the free U 4 + ions are less easy to keep from 
decay at low concentrations.&* We have therefore 
re-examined the possibilities for the complexometric 
determination of uranium(IV) at low concentrations 
(lo- s-10-4M) with accurate analysis as our aim. 

A crucial point is the reduction to the quadrivalent 
state and its preservation. Reducing agents, added in 
excess, theoretically have the advantage of keeping 
the element in the reduced state. Hydrazine and 
sodium tetrahydroborate were examined but did not 
give quantitative reduction; zinc, ascorbic acid and 
bisulphite68 were rejected for the same reason. 
Sodium dithionite (Na,S,O,) has been used by vari- 

ous authors.“” Although it gives quantitative reduc- 
tion it is less suitable because colloidal sulphur is 
formed at low pH and hydrolysis of U4+ occurs at 
low acidity. At the recommended pH of 3 an accuracy 
of 7pg is claimed’ in a direct photometric titration 
with EDTA. We tried to improve this by performing 
the reduction in the presence of EDTA in order to 
stabilize the U(IV) state and to protect it from 
hydrolysis, but the accuracy was hardly improved. 

Use of reductor columns was tried as an alterna- 
tive. A silver reductor’ does not introduce impurities 
and was therefore considered first. The reduction 
potential of the silver reductor is 

E = 0.22 + 0.059pCl 

Combining this with the redox reaction 

(1) 

UO:+ + 4H+ + 2eeU4+ + H,O (E” = 0.33 V) (2) 

and taking into account possible side-reactions of 
both UO*+ and U4+ 2 , we can derive for the condi- 
tional equilibrium ratio 

KJo;1 
log [U(W)‘] 

___ = - 3.8 + 2pCl 

+ 4pH - log ~(m + 1% au,: (3) 

where the primes indicate conditional values. 
It will be obvious that in the absence of complexing 

agents, the hydrochloric acid concentration should 
theoretically be higher than 1M. This agrees with 
practical experience that 4h4 acid must be used (at 
60”)” We found incomplete reduction with 1M acid, 
presumably because of low reactivity at the silver 
surface covered with silver chloride. As high acidity 
leads to a high ionic strength, causing interference in 
the titrations or needing time-consuming evaporation 
to remove the excess of acid (with consequent risk of 
oxidation), this method is also less suitable. In the 
presence of EDTA and DTPA (we selected the latter 
for our experiments because of its much higher 
solubility in acid media12) reduction remains incom- 
plete; at pH 1 the contribution of logauclv,, is not 
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able to compensate for the effect of the term 4pH 
(Table 1). Neither EDTA nor DTPA is reduced by 
the silver reductor; nevertheless the reductor is un- 
suitable for quantitative reduction of uranium(V1) at 
moderate acidity. 

The Jones reductor,s~‘5s’6 filled with amalgamated 
zinc, is more powerful and so can be applied at lower 
acid concentrations (O.Ol-O.lM hydrochloric acid). 
Both zinc and mercury can participate in the reduc- 
tion process,5 but which metal reacts preferentially 
depends on the substance to be reduced. Ura- 
nium(V1) is reduced only by zincI which leads to an 
increase of Zn2+ in solution and a decrease of 
metallic zinc at the amalgam surface. Moreover, 
although the mercury suppresses the evolution of 
hydrogen because of the large overpotential, gas 
formation is not negligible. All these processes to- 
gether make the reduction potential approximately 
0.7OV.’ Combining this value with equation (2) we 

get 

w;1 
log [U(IV)] 

___ = - 35 + 4 pH - log c(u(,v) + log t(“o> (4) 

Hence under all experimental conditions of interest, 
the reduction will theoretically be complete. 

Uranium can also be reduced to the tervalent state 
according to 

U4+ + eeU3+ E” = -0.61 V 

With the Jones reductor we get 

(5) 

log rww ~ = - 1.5 + log QIV) - log QIII) 
MWI 

(6) 

From Table 1 it will be obvious that in the region of 
interest (pH > 1) tervalent uranium will not be 
formed when DTPA is present in excess, and so 
aeration can be omitted. 

In the presence of atmospheric oxygen (redox 
potential E = 1.23-0.059 pH) uranium(V1) is the 
stable form (log [UO;]/[U(IV)‘] > 25), but it is known 
that, even in the absence of ligands, oxidation of 
U(IV) by atmospheric oxygen proceeds so slowly that 

working under nitrogen is not necessary in macro- 
determinations.“8,“,‘6 At low concentration levels, 
however, irregular results were observed, which is 
remarkable as a still lower reactivity should have 
been expected. The cause is indirectly oxygen, which 
is reduced to hydrogen peroxide in the column:” 

Hg + 0, + 2H + + 2C1 -+Hg2CIZl + H,O> (7) 

Although further reduction by the half-reaction 
H,02 + 2H + + 2e$2H,O has a standard potential 
of + 1.77 V, this reaction is very slow in the reductor 
because the overpotential for reduction of H20z at a 
mercury surface is extremely high (u 2.5 V).” Hence 
a steady-state peroxide concentration is built up. 
Prior deaeration reduces the production of peroxide 
insufficiently for accurate analysis. 

The interference seems not to be simply due to the 
reoxidation of U4+ ions to uranyl ions. It is known 
that uranyl ions form complexes with hydrogen per- 
oxide. Tridot” showed that at pH 0.5-3.5 uranyl ions 
can be quantitatively precipitated as uranyl per- 
uranate. He states that any U(IV) is first oxidized and 
then precipitated as peruranate. This is important, 
because if Hz02 is formed in the column first, 
peruranate may pass m colloidal state through the 
column before its reduction occurs. It turns out that 
if DTPA is present in excess during the reduction, 
U(IVtonce formed-is transformed into its DTPA 
complex, which is not oxidized by any Hz02 formed 
in the column; no interference by hydrogen peroxide 
could be observed in our experiments. 

It has been found experimentally, that aerial 
oxidation of the U(IV) in the effluent from the 
reductor is negligible; 20% oxidation to uranyl ions 
took place during exposure for a weekend. 

It has been reported that oxidation of U(IV) is 
accelerated appreciably by ultraviolet radiation and 
direct sunlight.’ On the other hand, methods have 
been proposed for the photochemical reduction of 
U(VI) to U(IV) in the presence of lactic acid, ethanol 
and other reducing agents.“.” Standing for 4 hr in 
moderate light conditions was found to lead to an 

Table 1. 

DH 

[DTPA] in excess, M 0 0.5 1.0 1.5 2.0 2.5 

log lo-4 0 0.3 2.8 5.5 8.0 10.1 %uv) 
1o-5 0 0 1.8 4.5 7.0 9 1 

log lo-4 0 0 0 0.7 3.0 5.1 au(iu) 
1O-5 0 0 0 0.1 2.0 4.1 

From the stability constants* of the uranyl-DTPA complex and the small tendency for 
hydrolysis’3 it can be concluded that at moderate uranyl ion concentrations 
log auo2 = 0 below pH 3.5. For U(III) no reliable hydrolysis constants are known,’ 
but if U(II1) is regarded as comparable to lanthanides it can be assumed that 
hydrolysis is negligible below pH 4.’ Hence log auc,,,, = log aU,,I,j,,TPA. which has been 
calculated from the data for protonation of DTPA: log 8, = 10.46, log fiz = 18.87, 
log /%, = 23.01, log p4 = 25.71, log /IS = 27.79, log & = 29.01 and log 8, = 29.76, and 
log Kuu,,~nrpA = 25.1 .I4 For U(IV) log au,,v, is given by log au,,vj = log aUIIVXDTPA,. The 
literature value4 log Ku,,v,nTPA = 28.8 has been corrected for the neglect of the DTPA 
protonation constants determined recently,‘* log &, and &, the corrected value being 
log K = 30.1. 
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error smaller than -0.1%. Within the experimental 
error ( +_ 0.1%) of the photometric back-titration with 
thorium [Semi-Xylenol Orange (SXO) as indicator] at 
pH 2, there was complete recovery of EDTA and 
DTPA passed through the Jones reductor. This im- 
plies first that no Hgz+ ions are released in the 
reduction, and secondly that zinc ions do not inter- 
fere in the titration. For each 10 ml of the eluent 
(O.lM hydrochloric acid) 10 pmoles of Zn2+ are 
found to be produced. It is important to use ~99.9% 
pure zinc, as otherwise some of the impurities may 
interfere. 

The procedure developed allows reduction of 
150-260 pg of uranium in the presence of excess of 
DTPA, the surplus being back-titrated with thorium 
(SXO as indicator). 

EXPERIMENTAL 

The Jones reductor 

Zinc powder (< 99.9% pure, Merck) is sieved and the 
0.18460 mm fraction collected; a 15-g portion is etched in 
a IOO-ml beaker by short exposure to 1M hydrochloric acid, 
then washed twice with water of “sub-boiling” quality. The 
wet powder is amalgamated by vigorous stirring with 25 ml 
of O.lM hydrochloric acid in which 800 mg of mercury 
chloride have been dissolved. After 15 min the solution is 
decanted and the zinc washed thrice with sub-boiled water. 
This produces so-called 5% amalgamated zinc. 

As mercury is not consumed during the reduction of 
U(V1) we thought that 1% amalgamated zinc (made by 
using 200 mg of mercuric chloride instead of 800 mg) might 
react faster because of the smaller diffusion distances 
through the mercury film. However, the reduction is less 
efficient, as evolution of hydrogen increases and tends to 
reduce the available mercury surface area by forming a 
protective gas film. 

The amalgamated zinc is transferred into the column 
(0.8 x 6 cm) with 0.W hydrochloric acid, Merck, Supra- 
pur). The column should not be allowed to become dry. 
Before use it is filled with O.lM hydrochloric acid and 
inverted to remove the hydrogen bubbles from between the 
grains. It is then washed with O.lM hydrochloric acid to 
remove zinc ions and hydrogen peroxide. This pretreatment 
should be performed at least daily. The size of the amalgam- 
ated particles increases by coagulation, but the large internal 
surface of the zinc in each grain is increased sufficiently by 
the use of fine powder for exhaustion of the zinc atoms at 
the mercury surface not to occur, and the reduction is 
complete. 

Reduction procedure 

After pretreatment of the column about 1 ml of the acid 
is left above the amalgam and 0.005M DTPA (250~1) is 
added to it from a microburette with a U-shaped tip which 
is immersed in the solution. On removal, the tip is washed 
with a few hundred ~1 of O.lM hydrochloric acid. Then a 
200~yl sample containing about 1 pmole of uranium 
(in O.lM hydrochloric acid) is similarly introduced. Nitro- 
gen gas is introduced through a Teflon microtube to mix the 
solution and expel atmospheric oxygen. The solution is then 
let flow through the column until its surface is just above the 
amalgam. The column is then rinsed with three 0.5-ml 
portions of 0.1 M hydrochloric acid, and then with I5 ml of 
the acid in 3-ml portions. The flow-rate should not exceed 
about 2 ml/min. 

Titration procedure 

The eluent is caught directly in a 20-ml titration cell 
containing hexamine solution (at pH 7). The pH is adjusted 

to 2.0 with either hydrochloric acid or additional hexamine 
solution. 

The pH-meter electrodes are rinsed with O.OlM hydro- 
chloric acid. Then 250 ~1 of 0.060/, SXO solution in acetone 
are added. The cell is placed in the spectrophotometer and 
the excess of DTPA is back-titrated with 0.005M thorium 
(adjusted to pH 2) at 530 nm. For accurate analysis, glass- 
ware calibration corrections have to be applied. 

RESULTS AND DJSCUSSION 

At pH > 7.5 U(IV)-DTPA dissociates, forming 
either a precipitate or a soluble hydroxide2’ (Fig. 1). 
Once formed-for instance locally during neutral- 
ization with a strong base--these products will cause 
irregular results; some uranium will escape from 
analysis as DTPA will react only slowly with the 
U(OH); ions, and precipitated U(OH)4 is easily 
oxidized by air. ‘3.22 That is why the eluent is caught 
directly in the cell and neutralized with a hexamine 
buffer adjusted to pH 7. 

Use of O.OlM hydrochloric acid medium in the 
reduction procedure causes large errors, presumably 
because it leads to local pH values far above 2 
because of the reduction of protons to hydrogen. 

SX023 has to be preferred to Xylenol Orange (X0) 
as the indicator. With X0 systematic deviations 
occur at low concentrations because of the predom- 
inant formation of Th2X0.24 Thorium and SXO form 
only the ThSXO and Th(SXO), complexes, with 
conditional constants log fi,, = 6.85 and log fl,2 = 11.4 
(pH = 2.00, I = 0.1, perchlorate medium).” 

The conditions for photometric back-titrations26 
are amply fulfilled. The curvature of the L-shaped 
titration curve near the equivalence point agrees very 
well with the values for log fiThsxo, log KuCIv)oTPA and 
the difference in stability constants of U(IV)DTPA 
and ThDTPA as mentioned by Piskunov et aL4 

PU d 

-1 0 1 2 3 4 5 6 7 0 9 10 11 12 

Fig. 1. The solid lines are the border lines of the lower-lying 
precipitation region of uranium(W). Line a corresponds to 
uranium(W) in the absence of complexing agents; lines be 
hold for the presence of DTPA in excess concentrations of 
10s4, 10-j, IO-* and IO-‘M, respectively. The vertical 
dotted lines mark the region at high pH in which more than 
1% of the original U(IV)DTPA is converted into the soluble 
hydroxide complex. The hydrolysis data for U(IV) used in 
constructing the diagram are log *& = - 1.5, log 
*/I2 = -3.0, log */I, = -7.3, log */?I4 = - 11.80, log 
*&= -17.6, log */?‘56 = -17.20 and log *K&= 5.0.2’.22 
The dashed line indicates the 1% border of polycomplex 

formation, but plays no role in our analysis. 
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(A log K = 2.1). The procedure has been applied to 
several intermetallic compounds such as UCo,, UFe, 
and UAlz with excellent results. Nickel interferes, as 
do all metals forming DTPA complexes at pH 2. 
Perchlorate does not interfere. Nitrate interferes 
strongly; nitric acid used for sample dissolution 
should be expelled with perchloric acid. For metallic 
uranium samples an error of 0.1% can be achieved if 
all the volumetric apparatus is calibrated. The DTPA 
can be standardized against high-purity metallic cop- 
per by photometric titration with TAR as the indi- 
cator. The thorium solution can be standardized 
against the DTPA solution and its titre need not be 
known quite so accurately. 
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SHORT COMMUNICATIONS 

A SIMPLE SPECTROPHOTOMETRIC METHOD FOR THE 
DETERMINATION OF NYLIDRIN HYDROCHLORIDE, 

ISOXSUPRINE HYDROCHLORIDE AND SALBUTAMOL 
SULPHATE IN PHARMACEUTICAL PREPARATIONS 

R. T. SANE*, V. G. NAYAK and V. B. MALKAR 
Department of Chemistry, Ramnarain Ruia College, Matunga, Bombay 400019, India 

(Received 5 April 1982. Revised 20 July 1984. Accepted 14 September 1984) 

Smmmuy-A simple spectrophotometric method for the determination of nyhdrin hydrochloride, 
isoxsuprine hydrochloride and salbutamol sulphate is described, based on measurement of the orange- 
yellow species produced when the drugs are coupled with diazotized benzocaine (p-aminoethyl benzoate) 
in trimethylamine medium. The method is applicable over the range 1-12 pg/ml for isoxsuprine 
hydrochloride and nyhdrin hydrochloride and l-8 pg/ml for salbutamol sulphate. The method is a 
modification of the Bratton-Marshall reaction and is simple, reproducible, accurate and more sensitive 
than those cited in the literature. 

Nylidrin (buphenine) is a peripheral vasodilator and 
is incorporated in various pharmaceutical products. 
No calorimetric method for its determination has 
been reported but methods such as non-aqueous 
titration, gas chromatography and HPLC have been 
used.le3 

Isoxsuprine hydrochloride is an orally and par- 
enterally active peripheral and cerebral vasodilator. 
In addition to adrenolytic action it has a direct 
relaxant effect on the smooth muscular tissue of the 
blood vessels and of the uterus. Several methods such 
as ultraviolet spectrophotometry, gas chro- 
matography and HPLC coupled with calorimetry are 
cited in the literature for its determination.‘*M 

Salbutamol sulphate is a bronchodilator. Non- 
aqueous titration, ultraviolet spectrophotometry, col- 
orimetry, stable-isotope dilution, fragmentation mass 
spectrometry, gas chromatography and NMR have 
been used for its determination.4*7-‘4 

We have now developed a rapid, sensitive and 
general method for the determination of nylidrin 
hydrochloride, isoxsuprine hydrochloride and sal- 
butamol sulphate, based on our observation that 
when coupled with diazotized benzocaine in tri- 
methylamine solution these drugs yield an orange- 
yellow compound, the absorbance of which can be 
measured at 460 nm. The method is a modification of 
the Bratton-Marshall reaction, since the diazo- 
tization is done in a mixture of trichloroacetic acid 
and sulphuric acid. This method has wide applica- 

*Author for correspondence. 

bility in the determination of nylidrin hydrochloride, 
isoxsuprine hydrochloride and salbutamol sulphate 
in pharmaceutical preparations. 

EXPERIMENTAL 

Reagents 

Analytical grade chemicals were used throughout. 
Benzocaine. A 2 mg/ml solution in 95% alcohol. 
Acid mixture. A mixture of 86 ml of 15% trichloroacetic 

acid solution, 20 ml of 2M sulphuric acid and 94 ml of 
distilled water. 

Sodium nitrite solution, 0.1%. 
Trimethylamine solution, 40%. 

Standard drug solutions 

Standard isoxsuprine hydrochloride and nylidrine hydro- 
chloride were checked for purity and strength according to 
the U.S.P. specifications, which they met. Standard sal- 
butamol sulphate was checked for purity and strength 
according to the B.P. 1980 specifications and was found to 
meet those requirements. 

Standard solutions were prepared by dissolving 25 mg of 
the drug (accurately weighed) and diluting to volume in a 
250-ml standard flask to give a 100 ng/mI working standard 
solution. 

Optimum reaction conditions 

The optimum experimental conditions for the deter- 
mination were established by systematic variation of reagent 
volumes. The results are summarized in Fig. 1. 

General procedure 

Into each of a series of 25ml standard flasks pipette 1 ml 
of benzocame solution, and add I ml of acid mixture and 
2 ml of sodium nitrite solution. Let the flasks stand for 15 
min, then add 2.5 ml of 95% ethanol to each. Next add 
portions of standard drug solutions ranging from 0.25 to 3 
ml for nylidrin hydrochloride or isoxsuprine hydrochloride 
and from 0.25 to 2.00 ml for salbutamol sulphate, to 

31 



32 SHORT COMMUNlCATlONS 

Spectral Characterlstrcs 
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Fig. 1. Absorption spectra and optimization of conditions. x Nylidrin hydrochloride; 0 isoxsuprine 
hydrochloride; A salputamol sulphate. 
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Table 1. 

DN~ Product 
Nominal 
content 

Nominal Molar 
Coefficient of recovery, absorptivity, 
variation, “/” % 104 Imole-‘.cm-’ 

Nylidrin Tablets 6 mg 1.5 100.2 3.36 
hydrochloride InJection 5 mg/ml 1.6 100.4 

Isoxsuprine Tablets 10 mg 1.9 100.6 2.17 
hydrochloride InJections 5 mg/ml 1.5 99.0 

Salbutamol Tablets 2 mg 1.8 100.1 2.30 
sulphate Tablets 4 mg 1.7 100.1 

Syrup 2 mg/5 ml 2.3 100.1 

construct a calibration graph. Let the flasks stand for 5 min 
and finally add 3 ml of tnmethylamine solution and dilute 
to the mark with distilled water. Measure the absorbances 
at 460 nm against a reagent blank prepared along with the 
standards. Analyse the test samples in the same way. 

The calibration graphs are linear over the range l-12 
ng/ml for nylidrin hydrochloride and isoxsuprine hydro- 
chloride and l-8 pgg/ml for salbutamol sulphate, m the final 
solution measured. 

Application io pharmaceutical preparations 

Tablers. Powder 20 tablets containing one or the other of 
nylidrin hydrochloride, isoxsuprine hydrochloride and sal- 
butamol sulphate and mix. Weigh an amount of the powder 
equivalent to about 25 mg of drug and dissolve it and dilute 
the solution accurately to 250 ml with distilled water. 
Analyse the solution as detailed above. 

Injections or syrups. Thoroughly mix the sample, pipette 
out a quantity corresponding to about 25 mg of drug and 
accurately dilute to 250 ml. Analyse the solution as de- 
scribed above. 

Recovery experiments 

To study the precision and accuracy of the method, a 
stattstical study was undertaken. A fixed volume of sample 
solution was taken and standard drug solution was added 
at three different levels and the total amount of drug was 
determined. Each level was tested 7 times. The recovery was 
calculated by regression analysis. A standard additions 
graph gave the drug content of the sample. Results are given 
in Table 1. 

RESULTS AND DISCUSSION 

The pharmacopoeia1 methods described in the 
U.S.P. and B.P. for the determination of the three 
drugs require larger quantities of sample, whereas the 
present method needs less than 200-300 pg of the 
drugs (in the final solution). 

The method is simple and rapid. The diazotization 
can be done at room temperature, and the excess of 
nitrite need not be removed. The colour development 
is complete within 30 min and the product is stable 

for at least 2 hr. There is no interference from the 
common excipients such as starch, talc etc. used as 
binding materials in tablet formulation. In the deter- 
mination of salbutamol sulphate in syrups, the Tar- 
trazine Yellow present does not interfere in the 
reaction. The recoveries range between 99 and 101% 
and the coefficients of variations are low. The method 
can be used for routine quality-control analysis of the 
drugs. 

Acknowledgement--One of the authors (V. G. Nayak) is 
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APPLICATION OF ION-EXCHANGE REACTIONS BETWEEN 

MEMBRANES AND RESINS 

JAMES A. Cox* and NOBIJYUKI TANAKA 

Department of Chemistry and Biochemistry, Southern Illinois University. Carbondale. IL 62901, U.S.A. 

(Received 13 June 1984. Accepted 2 August 1984) 

Summary-The separatton of a solution of an electrolyte from an ton-exchange resm by an ion-exchange 
membrane, where the charge sign of the fixed sites is the same, results in a process that is comparable 
to Donnan dialysis in its overall effect. That is. the counter-ions from the resin can be exchanged for ions 
of the same charge sign in the electrolyte. The reaction is demonstrated and the efficiency of the process 
evaluated by monitoring the metathesis of carbonic acid from sodium carbonate. An application of the 
metathesis of a non-electrolyte to a preconcentration method for ion chromatography is demonstrated. 

Ion-exchange reactions are typically performed be- 
tween solute ions and those held on a resin with fixed 
sites of the appropriate charge sign. In the present 
report we describe what is seemingly a direct ex- 
change reaction between ions on a pair of ion- 
exchange materials. To our knowledge, such a reac- 
tion has not been previously described. 

The process, dual ion-exchange, has potential ap- 
plication to both analytical and synthetic chemistry. 
In the format used, the separation of a resin slurry 
bath from an electrolyte solution by an ion-exchange 
membrane, the process is similar to Donnan dialysis; 
however, incursion of the counter-ion of the electro- 
lyte, which is a limitation of Donnan dialysis because 
of the non-zero transport numbers for cations 
(anions) in anion (cation)-exchange membranes-’ 
cannot occur. In many experimental procedures the 
ability of dual ion-exchange to introduce a prescribed 
ion into the sample without even trace level incursion 
of the counter-ion is desired. Dual ion-exchange 
has other merits. The change of concentration of an 
analyte ion in solution because of adsorption losses 
or sample volume change, which commonly occurs 
in conventional ion-exchange, is minimized. Only a 
small sample volume is therefore required. There is 
virtually no dead volume with this method. 

EXPERIMENTAL 

Apparatus 

The dual ion-exchange apparatus consisted of the follow- 
mg: a Nafion 811 cation-exchange tubular membrane (Du- 
Pont Polymer Products, Wilmington, Delaware), 0.64 mm 
bore, 0.89 mm outer diameter. coiled on a holder made of 
glass rods; a shury of 55 g of Dowex 5OWX4 100/200 mesh 
cation-exchange resin, proton form, and 24 g of water, in a 
lOO-ml beaker; a Model 375A tubing pump (Sage Instru- 
ments, Cambridge, Massachusetts) and a Nuova II hot- 
plate/magnetic stirrer (Thermolyne Corp., Dubuque, Iowa). 
The system was assembled as shown in Fig. I. 

*To whom correspondence should be addressed. 

The cation-exchange resin was regenerated with 4M 
hydrochloric acid (3 volumes per volume of resin). It was 
subsequently rmsed with about 150 resm-volumes of water. 

The initial clean-up step for a new portion of Nafion 
tubing consisted of passing IA4 hydrochloric acid through 
the tubing for I hr. while the tubing was also immersed in 
I M hydrochloric acid. A specific pretreatment of the Nafion 
tubing to set the initial ionic form was not necessary. 
Instead. the holder with the tubmg was placed in the resm 
slurry; the ionic form of the membrane became the same as 
that of the resin slurry. Between samples, water was pumped 
through the tubing for at least 2 mm. A plug of au was 
always injected before a sample was Introduced, m order to 
ehminate dilution. In the experiments where the slurry was 
heated, some water was occasionally added to the slurry in 
order to compensate for evaporation loss. 

The carbonate was determmed by flow-mjection analysis 
with conductimetric detection. A model 201Oi ion- 
chromatograph (Dionex Corp.. Sunnyvale, California) was 
used with the columns by-passed (i.e., the Injector was 
coupled directly to the detector with a length of tubing). 
Water was used as the carrier at a flow-rate of 0.3 ml/mm. 
The conductivity was monitored and displayed on a Speed 
Servo II strip-chart recorder (Esterline Angus Instrument 
Co., lndianapohs, Indiana). Solutions of sodium carbonate 
were used as the sample. In the course of the dual ion- 
exchange process, the sodium carbonate is converted mto 
carbonic acid, whtch rapidly decomposes into CO? and 
water. 

The efficiency of the process was reported as ““. metath- 
esized” based on the change of carbonate concentration as 
the sample passed through the system. The concentration of 
carbonate after metathesis was determmed by fitting the 
conductivity of the sample to a calibration curve prepared 
with standard solutions. The “qO metathesized” was calcu- 
lated as the percentage decrease in carbonate concentration. 

In one experiment, mtrate was determmed after Donnan 
dialysis into a mixed sodium bicarbonate/carbonate receiver 
and dual ion-exchange of the dialysate. Measurement was 
done by ion-chromatography performed in the conventional 
manner. The Donnan dialysis of nitrate was performed in 
a cylindrical cell with an R-1035 amon-exchange membrane 
11.3 cm’ in area (RAI Research Corporation, Hauppauge. 
New York). 5 ml of receiver electrolyte. 100 ml of sample 
and dialysis for 30 mm. Details of the procedure are 
available elsewhere.J 

All chemicals used were ACS reagent grade Distilled 
water doubly-demineralized with Cole-Parmer research 
grade cartridges, was used 
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Fig. 1. Apparatus for dual Ion-exchange metathesis. 

RESULTS AND DISCUSSION 

The general characteristics of the dual ion- 
exChange system were established in experiments 
performed under the following conditions: sample, 
0.20M sodium carbonate; Nafion 811 cation- 
exchange tubing length, 2 m; resin slurry tem- 
perature, 75”; sample flow-rate, 0.29 ml/min. The 
sample was pumped through the Nafion tubing, 
which was immersed in the stirred, heated slurry. 
With 0.20M sodium carbonate as sample, there was 
99.96% conversion into carbonic acid. 

The flow-rate does not need to be carefully con- 
trolled to give reproducible results; at 0.58 ml/min the 
final carbonate concentration was 7.2 x 10-5M and 
7.7 x lo-‘M at a flow-rate of 0.29 ml/min. With 
shorter lengths of the cation-exchange tubing, the 
flow-rate is more critical; with a 0.20M carbonate 
sample, a slurry at 75” and 1 m of Nafion tubing, 
flow-rates of 0.17 and 0.29 ml/min yielded final 
carbonate concentrations of 1.3 x 10e4M and 
6.5 x 10S4M, respectively. 

In other applications of tubular cation-exchange 
membranes, the use of either beads’ or a filament3,6 
as packing material to decrease the dead volume was 
reported to improve the efficiency. With the dual 
ion-exchange system, the results shown in Table 1 

were obtained. The volumes of the open tube, bead- 
packed tube and filament-packed tube were 0.46,0.27 
and 0.25 ml, respectively. The efficiency was not 
related to dead volume, and turbulence within the 
tubing apparently caused the increased efficiency. 
With the open tube the turbulence resulted from the 
decomposition of carbonic acid into CO2 and water. 
The bead-packed Nafion tube was generally em- 
ployed in subsequent experiments. 

To establish the optimum operating parameters of 
the system, it is important to consider the electrolyte 
concentration of the sample. Table 2 summarizes the 
effects of temperature, flow-rate and concentration 
on the efficiency when 1 m of bead-packed tubing is 
used. The system can be operated at room tem- 
perature when the electrolyte concentration is below 
0.1 M and/or slow flow-rates are employed. Alterna- 
tively, a longer tube can be used. 

The precision was determined by performing eight 
consecutive experiments at 76”. With 2 m of open 
Nafion tubing, a 0.1 M sodium carbonate sample and 
a 0.29 ml/min flow-rate, the average residual carbon- 
ate was 7.5 x IO-‘M, with a relative standard devi- 
ation of 7.7%. 

The lifetime of the slurry depends on its volume 
and the capacity of the ion-exchange resin. Under the 
reported conditions, the slurry produced carbonic 

Table 1. Effect of reducing the dead volume of the Nafion tube, on the 
efficiency* 

Final [Na,CO,], 
Packing Flow-rate, ml/min M Conversion, % 

None 0.17 1.3 x 10-a 99.9 
Beads 0.17 9.0 x 10-S 99.9 
Filament 0.17 3.8 x 10-d 99.6 
None 0.29 6.5 x 1O-4 99.4 
Beads 0.29 3.4 x 1o-4 99.7 
Filament 0.29 4.0 x 10-X 96.0 

*Sample. 0. IOM Na,CO,; temperature, 75”; tubing length, 1 m. 
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Table 2. Efficiency of dual ion-exchange as a function of temperature, flow rate and 
electrolyte concentration* 

Initial ma,CO,], Temperature, Flow-rate, Final wa,CO,], Conversion, 
M “C mllmin M % 

0.02 30 0.17 2.7 x IO-’ 99.9 
0.10 30 0.17 9.0 x lo-5 99.9 
0.20 30 0.17 1.4 x 10-j 99.3 
0.20 52 0.17 8.0 x 10m5 99.9 
0.02 30 0.29 5.4 X 10-s 99.7 
0.10 30 0.29 3.4 x 1o-4 99.7 
0.20 30 0.29 5.8 x lO-2 71 
0.20 52 0.29 9.0 x 1o-5 99.9 
0.02 30 0.58 7.4 x IO-5 99.6 
0.10 30 0.58 3.2 x IO-* 68 
0.20 30 0.58 0.1 50 
0.20 52 0.58 4.8 x lo-* 76 
0.20 75 0.58 6.5 x 1O-5 99.9 

*Bead-packed Nafion tube, 1 m. 

acid from 0.08 mole of sodium carbonate of exchange 
capacity (160 ml of OSM solution). This corre- 
sponded to utilization of 2.9 meq per gram of the 
wet resin; the stated capacity of the dry resin was 
5.2 meq/g. Since the specific capacity of the wet resin 
must be lower than that of the dry, it was evident that 
a very high percentage of the available proton popu- 
lation was used before regeneration was necessary. 
Further, the residual carbonate peak was constant 
until this point was reached, so it was obvious when 
regeneration was necessary. 

The dual ion-exchange process is not limited to 
carbonate samples. Comparable results are obtained 
for the conversion of sodium hydroxide into water, 
trisodium phosphate into phosphoric acid H3 PO, and 
sodium sulphite into sulphurous acid. 

The analytical utility of the process is demon- 
strated by using Donnan dialysis as a precon- 
centration and matrix normalization technique4,7m9 
prior to ion-chromatography. Such a method has 
potential advantages over the use of a precon- 
centrator column, lo but the Donnan dialysis receiver 
electrolyte, which must have at least 100 times the 
ionic strength of the sample, is not suitable for 
injection into an ion-chromatograph employing a 
conductivity detector. 

A OSO-mg/l. nitrate sample was Donnan-dialysed 
into a 0.04M sodium carbonate/O. 16M sodium bicar- 
bonate receiver electrolyte. The dialysate was sub- 
sequently passed through the dual ion-exchange sys- 
tem and diluted to 10 ml. The nitrate in the diluted 
sample was determined by ion-chromatography. The 
concentration found was 2.5 mg/l. corresponding to 
an enrichment factor of 5.0. The enrichment factor 

was independent of nitrate concentration and did not 
change when chloride, sulphate and/or phosphate 
were included in the initial sample. Other analytical 
applications of the dual ion-exchange system, such as 
a procedure to determine trace level impurities in 
selected electrolytes, are being investigated in our 
laboratory. 
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COMPUTER CONTROL OF MICROPROCESSOR-BASED 
INSTRUMENTS BY KEYPAD EMULATION 
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Summary-A keypad emulation method for controlling microprocessor-based instruments by laboratory 
microcomputers is presented. It is applicable to instruments that use “polled” keypad arrays; the 
instrument can be controlled by the laboratory computer or operated independently by manual keypad 
entry. To illustrate the approach, a microprocessor-based HPLC solvent-delivery system was controlled 
by a laboratory microcomputer which synchronized and sequenced the entire HPLC experiment, including 
solvent delivery, valve control for column switching and back-flushing, data-acquisition, and data- 
processing. 

Almost all scientific instruments on the market today 
are equipped with microprocessor control. The incor- 
poration of microprocessors in modem instruments 
has greatly increased their versatility by making 
many of the instrument functions user- 
programmable, often by means of a simple keypad 
entry system. Despite this increased versatility, it is 
often desirable to control such instruments externally 
with a laboratory microcomputer for permanent pro- 
gram storage, for display purposes and for syn- 
chronization with other system components. Instru- 
ment manufacturers are beginning to recognize this 
need, and some newer instruments include ports for 
communicating with general-pupose laboratory com- 
puters. Often, however, communication ports are 
lacking or do not provide the same degree of 
flexibility as manual keypad entry. 

In this paper we describe a general method for 
controlling microprocessor-based instruments with 
“polled” keypad arrays from an external laboratory 
computer. The method uses an integrated circuit (IC) 
multiplexer and an IC demultiplexer to simulate a 
keystroke by connecting the desired column of the 
array to the desired row under computer control. 
Keypad emulation utilizes fully the existing instru- 
ment circuitry, and allows the internal micro- 
processor to perform its built-in logic and error- 
checking functions. Manual keypad entry remains 
undisturbed. Additional advantages of the keypad 
emulation method are described below. 

DESIGN CONSIDERATIONS 

There are many approaches to interfacing labora- 
tory microcomputers to microprocessor-based instru- 
ments. These range from the hardware interface (the 
laboratory computer has complete control over the 
hardware and blocks all control by the instrument) to 
the keypad emulator, which operates identically to 
manual keypad entry, except that the laboratory 
computer assumes control over the key closures. 

The hardware interface has several disadvantages 
when an entire instrument must be controlled. First, 
the circuitry needed to drive the hardware is usually 
complex, and is likely to be redundant, since driver 
circuits should already be present in the instrument. 
Even if the existing driver circuitry is used, the inter- 
face still has the complex tasks of synchronization 
and inter-circuit signal transfer; interface construc- 
tion requires detailed knowledge of the instrument 
design. A hardware interface is also difficult to imple- 
ment without altering the original functions of the 
instrument. Simulation of the manual keypad entry 
system eliminates many of these disadvantages and 
provides several benefits, as discussed later. 

The design of a keypad emulator for an instrument 
with discrete switches could be very complicated. 
However, the advent of TTL-based, microprocessor- 
controlled instrumentation has spawned the keypad 
array as a convenient, efficient means of entering 
parameters. These arrays have been used for some 
time in computer terminals as a simple way to encode 
a large number of keys with only 8 bits of code.lm3 
Design of a keypad emulator to simulate a keystroke 
in keypad array-based entry systems is relatively 
straightforward. 

For use in a microprocessor-based instrument, a 
keypad array must have driver and receiver circuits 
as shown in Fig. 1. The driver circuit scans across the 
columns of the array, activating each column in turn 
by sending it a logic-level pulse. If a key is depressed, 
the pulse is transmitted along the proper row to the 
receiving circuit, where it is sensed and acted upon. 
By knowing the column that was activated and the 
row from which the pulse was received, the micro- 
processor can deduce which key was depressed. The 
keypad driver and receiver are often contained in a 
single IC as in the National Semiconductor 
MM5740.4 The activating pulses are active-high in 
some implementations, but active-low in others. 
Whatever the specific logic of the driver circuitry, the 
general strategy for keypad emulation is the same. 
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KEYPAD DRIVER CIRCUIT -= Single pole slngla throw switch 

Fig. 1. Schematic of typical 11 x 4 keypad array. 

The column selection is made by an IC multiplexer, 
and the row selection by an IC demultiplexer. Eight 
lines are sufficient to control a 16 x 8 array of keys: 
seven of the lines for coding purposes and one to gate 
the interface on and off. A simple IX-bit parallel 
input/output (PIO) port is thus sufficient for this size 

of array. 

EXPERIMENTAL 

Figure 2 shows the multidimensional chromatography 
system in which the keypad emulator was employed to allow 
a laboratory microcomputer’ to control a Spectra-Physics 
SP8700 solvent-delivery system. The SP8700 contains a 280 
microprocessor and controls a proportioning valve and 
dual-piston reciprocating pump to produce HPLC mobile 
phases of the proper solvent mix and flow-rate. The labora- 
tory microcomputer is based on the 8085 microprocessor; it 
sequences and controls the entire HPLC experiment. Soft- 
ware for the 8085 processor is loaded from an LSI 11/23 
minicomputer (Digital Equipment Corporation), and raw 
data are sent back for high-level processing and graphics 
display. 

The 11 x 4 keypad array used m the SP87006 is shown in 
Fig. 1. Although the array-driver and receiver circuits are 
not contained in a single IC, the basic operation is identical 
to that described above. The characteristics of the signals 
entering the array were obtained with an oscilloscope. The 
driver circuit was found to supply active-low pulses 85 nsec 
in duration. An entire scan cycle was completed in 
2.420 msec. 

Figure 3 shows the complete interface scheme. The mul- 
tiplexer is a one-of-sixteen data selector (74150). The input 
line is chosen by the logic levels established at control inputs 
A-D. In this way, four PI0 lines are used to select which 

keypad column IS the input to the multiplexer. A fifth PI0 
line is used to gate the interface on and off by using the 
multiplexer “chip enable” input (E, active-low). When the 
multiplexer IS enabled. the inverted column pulse is trans- 
mitted through a logic gate to the demultiplexer, which is a 
dual 2-line to 4-line decoder (74155). The chip can be used 
in several ways, but the implementation shown uses an 
inverting input to obtain the original pulse logic at the 
output. The A and B Inputs are control lines. These are 
attached to two PI0 lines which select the proper row to 
which the pulse is transmitted. The E input on the de- 
multiplexer is an active-low enable input, tied to a single- 
pole, double-throw toggle switch which can be used to 
disable microcomputer control completely. Thus, only 7 of 
the 8 PI0 lines are needed to control an array of this size. 

The AND gates shown on the inputs to the receiving 
circuit allow for simultaneous manual keypad entry. The 
exclusive-OR gate shown between the multiplexer and de- 
multiplexer acts as a selective inverter to ensure that all 
outputs of the demultiplexer are high when the multiplexer 
is disabled. Thus, low pulses arriving by either path are 
transmitted through the AND gates to the receiving circuit. 

Although this implementation was designed for driver 
circuits that produce active-low pulses, the strategy for 
active-high pulses is similar. The scheme in Fig. 3 can be 
modified for active-high pulses by replacing the AND gates 
with OR gates and putting inverters on the demultiplexer 
outputs. A non-inverting input IS then used on the de- 
multiplexer to restore the original pulse logic after the 
inverters. 

Although not essential to the operation of the interface, 
a method to verify entries was desired. Many 
microprocessor-based instruments provide an acknowl- 
edgement signal to inform the operator that an entry was 
valid. The SP8700 uses a beeper which is triggered by a short 
active-low TTL pulse. A monostable multivibrator (74121) 

DEC LSI 1 l/23 

MINICOMPUTER 

SP8700 

PROCESSOR 

INTEL 8085 z 

MICROCOMPUTER < 

PROPORTIONING 

COLUMN 1 

Fig. 2. Block diagram of experimental set-up 
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I DATA INPUTS 
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Fig. 3. Keypad array schematic including keypad emulator modification: multiplexer = 74150, 
demultiplexer = 74155, monostable multivibrator = 74121. 

was added to convert the trigger pulse into a 13-msec 
active-high pulse appropriate for our laboratory micro- 
computer. 

DISCUSSION 

Figure 4 shows a simple flow-chart for operation of 
the keypad emulator. To simulate one keystroke, the 
microcomputer sends the control code for that key to 
the PI0 port, with the control line to the multiplexer 
held low. For example, if the multiplexer code for the 
column is 0110 and the demultiplexer code for the 
row is 01, the binary word 0101100, or decimal 44, 
would be sent to the PI0 port. This code is main- 

YES 

Fig. 4. Flow-chart for operation of keypad emulation 
system. 

tained at the PI0 port for at least one complete 
array-scan cycle. If an acknowledgement is not being 
utilized, the emulator is disabled by sending a 1 to the 
port. The status of the other lines of the PI0 is 
unimportant during the disable period. The micro- 
computer is then free to send the next control word, 
or to return to the calling routine. 

If an acknowledgement signal is being used, and 
the keystroke is not acknowledged within one scan 
period, the laboratory microcomputer can perform 
some other action. This lack of acknowledgement 
usually happens when invalid parameters are entered 
and discovered by the logic and error-checking rou- 
tines of the instrument. The emulator itself has been 
100% successful in simulating the proper keystroke. 

CONCLUSIONS 

The keypad emulation system described has been 
an invaluable addition to our laboratory. It has 
increased the capabilities of our HPLC system in 
three ways. (1) The system now has the ability to 
store a large number of experimental parameters 
permanently, on hard disk, floppy disk, or as hard 
copy; disk-stored parameters can be retrieved and 
re-entered at will. (2) The instrument clock and the 
laboratory microcomputer clock are synchronized. 
(3) A feedback loop can be established so that the 
parameters of the HPLC experiment can be altered 
on the basis of the chromatogram itself. 

Since only simple PI0 is required for operation, 
there are no restrictions on the choice of laboratory 
microcomputer or programming language. As al- 
ready said, simultaneous manual operation is also 
possible, and no modifications are needed to convert 
from manual to computer operation. Some other 
advantages are the low cost and the need for only a 
few chips. By far the best feature, however, is that the 
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emulator operates independently of the rest of the 
instrument, so only a minimal knowledge of the 
instrument circuitry is necessary for implementation. 
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Summary-The well-defined polarographic wave for sodium, obtained by modified normal pulse 
polarography in which the polarographic current is sampled after the fall of each pulse, shifts to more 
negative potentials with decrease in the pH of the solution. The shift is attributed to the effect of the 
uncompensated resistance of the sample solution, and can be compensated by a positive feedback circuit. 

It has been reported that well-defined polarograms 
for the five alkali metals and barium in acid solutions 
can be obtained by modified normal pulse polar- 
ography (MNPP),‘.2 the principle of which is repre- 
sented schematically in Fig. 1. The negative-going 
potential pulses of duration T2 are added to the fixed 
initial potential E, to give a pulse potential Ez after 
a delay time of T, from the growth of a new drop 
from a dropping mercury electrode (DME). The 
pulses increase regularly in amplitude and are applied 
once per drop in the same manner as in normal pulse 
polarography. The polarographic current is inte- 
grated for 16.7 msec after a delay time of T, from the 
fall of the pulse. The average of the polarographic 
current over the integration period is plotted as 
ordinate and the pulse potential E2 as abscissa. When 
E, is set at the potential where hydrogen ion is not 
reduced, as shown in Fig. 1, the anodic current 
measured during T4 does not contain a hydrogen- 
wave component, because of its irreversibility. There- 
fore, even in O.OlM hydrochloric acid, the MNPP 
does not give a hydrogen wave but does give well- 
defined waves for the alkali metals and for barium. 
The half-wave potentials, however shift to more 
negative values with decrease in the pH of the sample 
solution. 

Since it was presumed that the shift resulted from 
the uncompensated resistance between the working 
and reference electrodes, iR-drop compensation by 
use of a positive feedback circuit was investigated. 

EXPERIMENTAL 

A positive feedback circuit and a current-averaging circuit 
were added to the polarograph reported previously.’ The 
block diagram of the system is shown in Fig. 2. An iR-drop 
compensation unit, Model 923 (Fuso Manufacturing), was 
employed as an iR-drop compensator. As shown in Fig. 2 
(section within the broken line), the unit consists of a 
current follower with positive feedback and a differential 
amplifier similar to the one reported by Ohsaka and de 
Levie.) A I-kR resistor was used as the negative feedback 
reststor to avoid saturation of the output of the current 

follower, because compensation is made impossible by 
saturation. The magnitude of positive feedback, CI, was 
adjusted with a 5-kn potentiometer. With a fraction G( of its 
output voltage fed back. the output voltage V, of the current 
follower is given by V, = -iRd(I - a), where i is the 
cathodic cell current and R, is the resistance of negative 
feedback. The voltage of the working electrode is V,a with 
respect to ground: 

V,a = -iRf 

If the quanttty Rt{a/(I -a)} is chosen equal to the uncom- 
pensated resistance R,, the iR,-drop is compensated. Since 
V, depends on the value of a, the current sensitivity also 
depends on the value of a. A differential amplifier, with gam 
of - I, is employed to make the current sensitivity indepen- 
dent of LY, and the output voltage V2 of the differential 
amplifier is given by 

Vz = V,a - V, 

a I = -iR, -__ 
I-a I-a > 

= iR,. 

Fig. I. Potential-time waveform and current-time curves in 
MNPP during the lifetime of a mercury drop. (A) Applied 
potential-time curve. (B) Current-time curves. 
T, = 1.111 set, T2 = 23.2 msec, Tj = 2.3 msec, T, = 16.7 
msec, E, = -I.OOV, E2= -2.3OV.(I)4.33 x 10-4MNaCI, 
O.IM Me,NBr. (2) 4.33 x IOw4M NaCI, O.OOIM HCI, O.IM 

Me,NBr. 
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Fig. 2. Block diagram of the modified normal pulse polarograph. PC, potential controller; PG. pulse 
generator; KNOCK, DME knocker; D-AMP, differential amplifier; AMP, inverting voltage amplifier; 
INT, integrator; SH, sample-hold; REC, pen recorder. T(l), T(2), T(3) and T(4), timers which generate 

T,, T,, T, and 16.7 msec, respectively. 

In order to record the average current, the anodic current 
was Integrated for 16.7 msec, the period of one cycle of the 
a.c. mains, by an integrator circuit consisting of a MOS- 
FET input type operational amplifier, pPC252 (Nihon 
Electric), and two MOSFETs, 3SK38A (Toshiba Electric). 
A DME containing an air-bubble’ was used to suppress a.c. 
noise on the current-time curves. The mercury flow-rate was 
0.422 mg/sec and the dropping period, r, was controlled to 
2.00 set by a mechanical knocker. The remainder of the 
apparatus was identtcal with that reported previously.’ The 
sample solutions were deaerated by passage of nitrogen 
through them for 15 min. 

RESULTS AND DISCUSSION 

Polarograms of 4.33 x 10e4M sodium in O.OlM 
hydrochloric acid/O. 1 M tetramethylammonium bro- 
mide were measured with different values of cc Figure 
3 shows two examples, for a-values of zero and 0.27. 
Their wave heights and slopes are equal, but the 
half-wave potential of curve 1 is 0.05 V more positive 
than that of curve 2 and is identical with that for a 
neutral solution. It is likely that the shift in the 
half-wave potential results from an iR-drop in the 
solution, associated with the large reduction current 
of the hydrogen ions. 

In order to study the cause of the shift, the 
reduction current was measured throughout the du- 
ration of the pulse for various pulse potentials, and 

- /=o 

L I I I 
-18 -2 0 -2 2 -2 4 

E IV vs. SCE) 

Fig. 3. Modified normal pulse polarograms for sodium. 
4.33 x 10m4M NaCl, O.OlM HCI, O.lM Me,NBr. 
E,=-1.00 V; T,=l.lll set; T2=117.6 msec; T,=2.3 

msec; a-value, (1) 0.27; (2) 0.00. 

the results are shown in Fig. 4, in which the initial 

potential was - 1 .OO V in every case and the pulse 
potentials of curves 1, 2 and 3 were -2.00, -2.20 
and -2.40 V respectively. In the uncompensated 
cases, the current plateaus appeared at the beginning 
of the curves. Under those conditions where a plateau 
appears in the reduction current-time curve, the 
normal pulse polarographic wave for hydrogen ion 
had a maximum wave. The potentiostat without 
iR-drop compensator can control only the potential 
differences between the working and the reference 
electrodes, and not the potential drop across the 
working electrode/solution interface.4 When the cell 
current and/or the resistance of the solution becomes 
larger, the iR-drop between the working and refer- 
ence electrodes cannot be neglected. The actual elec- 
trode potential deviates from the applied potential in 
proportion to the current. 

On the other hand, the current-time curves with 
iR-drop compensation are simple, as can be seen in 
Fig. 4. Curve 4 in Fig. 4 represents three identical 
current-time curves for which the compensated pulse 
potentials are -2.00, -2.20 and -2.40 V. The log i 
cs. log t plot for curve 4 gives a straight line with slope 

(4) 

0 10 20 30 40 50 

Time (msec) 

Fig. 4. Current-time curves for the reduction of hydrogen 
ion during the pulse period. 4.33 x 10e4M NaCI, O.OlM 
HCl, O.lM Me,NBr. T, = 1.111 set; E, = -1.00 V; Er, (1) 
- 2.00 V (a = 0); (2) - 2.20 V (a = 0); (3) - 2.40 V (a = 0); 

(4) -2.00, -2.20, -2.40 V (a =0.27). 
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Table 1. Effect of pulse duration T, , concentrations of the supporting electrolyte and hydrochloric acid, and 
a-value on the half-wave potential of sodium; 4.33 x 10e4M NaCI, E, = - 1.00 V, T, = 1.111 set, Tr = 2.3 

msec 

T2 

msec 

E,,*, V vs. SCE 
Wave 

height at pH 5.6 (O.lM Me,NBr) pH 1.9 (O.lM Me,NBr) pH 1.9 (0.2M Me,NBr) 
pH 5.6, 

PA a=O.OO GL = 0.30 a=o.OO a = 0.21 a =o.OO a =0.18 

5.8 1.21 -2.09 -2.09 -2.44 -2.14 -2.29 -2.14 
11.7 1.72 -2.09 -2.09 -2.31 -2.12 -2.22 -2.12 
23.2 2.26 -2.09 -2.09 -2.24 -2.11 -2.18 -2.10 
51.3 3.07 -2.09 -2.09 -2.17 -2.10 -2.14 -2.10 

117.6 3.71 - 2.09 -2.09 -2.14 -2.09 -2.12 -2.09 
240.0 4.45 -2.09 -2.09 -2.13 -2.09 -2.11 - 2.09 

equal to -0.53. Since this slope is approximately 
equal to -0.50, the theoretical slope for use of a 
stationary spherical electrode, it is supposed that the 
iR-drop is satisfactorily compensated in this system. 
If the a-value exceeded 0.27 then the potentiostat 
became unstable, and could not control the electrode 
potential because of oscillation of the amplifier. The 
optimum a-value in a particular cell system is selected 
as the maximum value which does not cause oscil- 
lation of the potentiostat. 

The effects of pulse duration, concentrations of 
supporting electrolyte and hydrochloric acid, and 
cr-value on the half-wave potential of sodium are 
summarized in Table 1. In the case of solutions at 
pH 5.6, the half-wave potential is constant regardless 
of pulse duration and a-value, but the wave height 
increases with pulse duration. Since the cell current 
decreases with time for any given potential, the 
difference between the applied and the actual poten- 
tials is largest at the beginning of the pulse, then 
decreases gradually with time. Therefore, the shorter 
the pulse duration T2, the more significant is the effect 
of the iR-drop. In the solution at pH 1.9, the 

half-wave potential shifts to more negative values 
with decrease of pulse duration, even when CI is 0.27. 
These shifts result from insufficient compensation. 
When the concentration of the supporting electrolyte 
is doubled, the shift in the uncompensated half-wave 
potential is less, since the increase of conductivity 
decreases the iR-drop, and adequate compensation 
can be achieved with a smaller a-value. 

We conclude that the shift in the half-wave poten- 
tial for sodium in acid solution is due to the iR-drop 
between the working electrode and the reference 
electrode. The iR-drop can be compensated satis- 
factorily by a positive feedback circuit. 
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Summary-Inorgamc and organic mercury diethyldithiocarbamates have been separated by reversed- 
phase partition high-pressure liquid chromatography. The mercury chelates were formed by an exchange 
reaction with silver diethyldithiocarbamate in chloroform, in the presence of acetate buffer (pH 5.0). The 
inorganic and organic mercury chelates in the extract were separated within 30 min on a 3.9 x 300 mm 
p-Bondapak C,, column. EDTA (10m4M) in methanol-water mixture (78:22 v/v) was used as eluent at 
a flow-rate of 0.5 ml/min. 

Recently, considerable attention has been paid to 
rapid and sensitive determination of trace amounts of 
inorganic and organic mercury in the environment. 
Trace amounts of inorganic mercury have been deter- 
mined by flameless atomic-absorption spectrophoto- 
metry, and of organic mercury by gas chromato- 
graphy. In the past ten years a few reports on the 
application of high-pressure liquid chromatography 
(HPLC) to determination of organic mercury have 
appeared.lm3 MacCrehan et al. reported the use of 
liquid chromatography with differential pulse electro- 
chemical detection,’ and the separation of organic 
mercury compounds by reversed-phase chromato- 
graphy of their 2-mercaptoethanol complexes.2 
Funasaka et al3 reported the high-speed liquid chro- 
matographic separation of organic mercury com- 
pounds. In a previous paper,4 the determination of 
inorganic and organic mercury by HPLC after ex- 
traction of diethyldithiocarbamate (DDTC) chelates 
was described, but many metal ions were extractable 
as their DDTC chelates and copper( nickel(I1) and 
cobalt(I1) interfered in the HPLC determination. 

In the present paper, separations and simultaneous 
micro determinations of inorganic and organic 
mercury-DDTC chelates extracted by the following 
exchange reactions with silver-DDTC in chloroform 
from aqueous media by HPLC are described: 

Hg2 + + 2Ag(DDTC)+ Hg(DDTC)? + 2Ag + 
RHg+ + Ag(DDTCt-,RHg(DDTC) + Ag+ 

where R = -CH,, -C,H, and -C,H,. 

Reagents 

EXPERIMENTAL 

All chemicals used were of analytical-reagent grade. 
Standard mercury (II) solution. Dissolve mercuric chloride 

*To whom correspondence should be addressed. 

in O.OlM hydrochloric acid to give a 3.75 x lo-‘M stock 
solution, and standardize it by titration with EDTA. 

Standard methvlmercury solutlon. Dissolve methyl- 
mercuric chloride (purified by recrystallization from meth- 
anol) m distilled water to give a 3.75 x lo-“M stock solu- 
tion. 

Standard ethylmercury solution. Dissolve ethylmercuric 
chloride (purified by recrystallization from ethanol) in a 
small quantity of ethanol, and dilute with distilled water to 
give a 3.75 x 10-4M stock solution. 

Standard phenylmercury solution. Dissolve phenyl- 
mercuric chloride. in 0. I h sodium hydroxide to -give- a 
3.75 x 10m4M stock solution. Dilute these stock solutions 
accurately before use. 

Silver diethvldithiocarbamate solution. Dissolve silver di- 
ethyldithiocarbamate in chloroform to gtve a 7.5 x 10s4M 
solution. 

Acetate buffer solution. Mix 0.1 M acetic acid and 0.1 M 
sodium acetate to obtain a buffer of pH 5.0. 

Apparatus 
A Hitachi model 635A HPLC instrument with a 

wavelength-tunable effluent-momtor set at 254 nm was used. 
A h-Bondapak C,* column (3.9 x 300 mm, Waters Associ- 
ates) was used. Inorganic and organic mercury compounds 
were extracted in 50-ml cylindrical glass vials l&ted with 
polyethylene stoppers and plastic caps. 

Procedure 

Pipette aliquots of sample solutions containing up to 60. 
65, 69 and 83 l(g for inorgamc mercury(H), methylmercury. 
ethylmercury and phenylmercury, respectively, into 25-ml 
standard flasks. Add 2.5 ml of acetate buffer (pH 5.0) dilute 
to 25 ml with distilled water and transfer to cylindrical glass 
vials. Shake with 10.0 ml of silver-DDTC solution m 
chloroform for 3 min. Separate the phases by centrifugation 
(1000 rpm, 10 min). Inject 25 ~1 of the chloroform layer by 
microsyringe into the HPLC column. Use 10e4M EDTA in 
methanol-water mixture (78:22 v/v) as eluent, at a flow-rate 
of 0.5 ml/min. 

RESULTS AND DISCUSSION 

Extraction of inorganic and orgamc mercury with 

silver-DDTC 

The effect of pH on the extraction was investigated 
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Fig. 1. Variation of retention volume with methanol concen- 
tration in the eluent. Column p-Bondapak C,,; flow-rate 0.5 

ml/min; wavelength 254 nm; injection volume 25 ~1. 

and the pH ranges for extraction were found to be 
from 5.1 to -0.3 for inorganic mercury(II), 5.2-O for 
methylmercury, 5.2-2 for ethylmercury and 5.5-2.4 
for phenylmercury. Lowering the silver-DDTC con- 
centration to 3.0 x 10T4M had no effect. A pH of 5.0 
(acetate buffer) was selected for the simultaneous 
extraction of inorganic and organic mercury. The 
DDTC chelates are Hg(DDTC)* ,5 RHg(DDTC)6 and 
Ag(DDTC),’ and the wavelengths of the maximum 
absorbance in chloroform are 275 nm for the inor- 
ganic mercury(I1) complex, 254 nm and 297 nm for 
the organomercurials and 273 nm for silver(I). In- 
organic and organic mercury chelates in the eluent 
were detected at 254 nm. 

Separation of inorganic and organic mercury-DDTC 

Inorganic and organic mercury-DDTC chelates 
can be separated by HPLC. on a p-Bondapak C,, 
column. The effect of methanol content and flow-rate 
of the eluent on the separation of the chelates was 
studied. The retention volumes of the chelates were 
found to increase with increasing concentration of 
water in the eluent but although good separations 
were achieved (Fig. l), the peaks were broad. The 
most suitable eluent for the separation of the chelates 
was a 7822 v/v methanol-water mixture. To avoid 
contamination with metal ions through contact be- 
tween the eluent and the metal parts of the HPLC 
apparatus, 10m4M EDTA was added to the eluent.’ 
A flow-rate of 0.5 ml/min was most suitable for the 
separation. A typical separation is shown in Fig. 2. 
All four peaks are well resolved. The retention vol- 

umes are 6.2 ml for methylmercury, 7.7 ml for 
ethylmercury, 9.3 ml for phenylmercury and 12.5 ml 
for inorganic mercury(I1). The elution order is the 
same as that observed by McCrehan et al.’ for 
2-mercaptoethanol chelates. The degree of inter- 
action of the stationary phase with these chelates 
probably increases in the order 

Hg(I1) > C, H, Hg > C2 H, Hg > CH, Hg. 

Calibration graph 

The amounts of inorganic and organic mercury 
could be determined from the peak areas under the 
recorded elution curve (full-scale deflection = 0.04 
absorbance). Calibration graphs were linear in the 
ranges O-6.02 pg for inorganic mercury(II), O-6.47 
pg for methylmercury, O-6.89 pg for ethylmercury 
and O-8.33 pg for phenylmercury, per ml of chloro- 
form solution. The detection limits were 8.8 ng for 
inorganic mercury(II), 9.5 ng for methylmercury, 13.8 
ng for ethylmercury and 10.8 ng for phenylmercury. 
The coefficients of variation were 3.2% for inorganic 
mercury(II), 2.8% for methylmercury, 1.6% for ethyl- 
mercury and 3.6% for phenyl mercury for 10 mea- 
surements with 3.01 pg of inorganic mercury(II), 3.23 
pg of methylmercury, 3.44 pg of ethylmercury and 
4.16 pg of phenylmercury per ml of chloroform 
solution. 

Interferences 

The interference of several metal ions was studied. 
Mn(II), As(III), Sn(II), Ni(II), Cr(III), Fe(H), Fe(III), 

L I II I I I I I I 
0 2 4 6 8 10 12 14 

._ 
16 

Retention volume (ml) 

Fig. 2. Chromatogram of CH,Hg, C,H,Hg, D,H,Hg and 
Hg(II) chelates of DDTC. Chelate concentration in chloro- 
form @g/ml): CH,Hg 6.47, C,H,Hg 6.89, C$,H,Hg 8.33, 
Hg(II) 6.02, Column p-Bondapak C,, (3.9 mm x 300 mm); 
eluent methanol-water (78:22 v/v) containing 10e4M 

EDTA; flow-rate 0.5 ml/min; injection volume 25 ~1. 
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Co(II), Cd(I1) and Zn(I1) (1000 pg), Bi(II1) (100 pg) 
and Pb(I1) (20 pg) were not extracted under the 
experimental conditions described above. However, 
Pb(I1) (100 pg) and Cu(I1) (10 pg) were partially 
extracted, although the DDTC chelates of Cu(II), 
Pb(I1) and Ag(1) were not eluted in the range of 
retention volumes of the mercury-DDTC chelates 
under the chromatographic conditions specified. 
From these results, this method is found to be free 
from interference from other metal ions and can be 
used for the simultaneous determination of trace 
amounts of inorganic and organic mercury. 

1. 

2. 
3. 

4. 

‘. 
6 

I. 
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THIN-LAYER CHROMATOGRAPHY OF THE MBTH 
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!Sammar-A rapid, simple method for resolution and detection of mixtures of aliphatic aldehyde by 
thin-layer chromatography of their MBTH derivatives is proposed. Less than 1 mg/l. levels of each 
aldehyde in the original aqueous solution can be detected. 

Techniques used for the separation and/or deter- 
mination of various aldehydes (as such or as their 
derivatives) include thin-layer chromatography,‘d 

gas chromatography,“” high-pressure liquid 
chromatography’c21 and chemical-ionization mass 
spectrometry.22 The aldehydes are usually separated 
and determined as the 2&dinitrophenylhydrazone 
(DNPH) derivatives, together with ketones, but the 
3-methyl-24enzothiazolinone hydrazone (MBTH) 
derivatives (which do not suffer from interference by 
ketones) have been proposed for thin-layer chro- 
matography of aliphatic aldehydes on silica gel 
plates,‘v6 and for their spectrophotometric deter- 
mination for routine environmental analysis.2”27 
However, the MBTH spectrophotometric method 
expresses the total aldehyde content empirically in 
terms of formaldehyde, because the products have 
almost identical wavelength of maximum absorption, 
but different molar absorptivities and rates of for- 
mation (Table 1). 

We have therefore developed a thin-layer chro- 
matographic method for separation of the MBTH 
derivatives formed in the presence of an oxidizing 
agent, with subsequent spectrophotometric deter- 
mination. 

EXPERIMENTAL 

Reagents 

All reagents were analytical grade. The aldehydes were 
Merck products. 

3-Methyl-2-benzothiazolinone hydrazone hydrochloride 
(MBTH) solution, O.Osoo/,. Stored at 5” (stable for one 
week), and filtered before use; the solution must not be 
coloured. 

Oxidizing solution. An aqueous solution containing 1.0% 
FeCl, .6H,O and 1.6% sulphamic acid; it is stable for one 
month. 

Procedure 

Aldehyde-MBTH derivatives were prepared by addition 
of 10 ml of MBTH solution to 5 ml of aqueous aldehyde 
sample: 60 min later, 5 ml of oxidizing solution and 5 ml of 
water were added. After another 30 min 7.3 g of solid 
sodium chloride were added and the solution was shaken 
with 25 ml of chloroform in three portions (IO, 10,5 ml) and 
the combined extract was evaporated to 1 ml under reduced 
pressure at room temperature. 

Silica gel TLC or HPTLC plates (Merck 60 Fzs4) were 
employed; 0.50-~1 of the portions of the concentrated 
extracts were applied as streaks 1 cm apart, and 1 cm from 
the lower edge of the plate. Before the elution the chro- 
matographic tank was equilibrated for 30 min with the 
eluent (benzene-ethanol 7:6 v/v) at room temperature. 
Ascending elution was run over a distance of about 3 cm. 

After the chromatographic separation, accomplished in 
about 15 min, the spots were located by means of their 

Table 1. Spectrophotometric characteristics of some aldehyde-MBTH 
derivatives in aqueous solution before addition of sodium chloride and 

extraction 

t+ 
Aldehyde Colour ” mm 

Formaldehyde blue 15 628 4.8, 
Acetaldehyde blue 30 635 2.8, 
Propionaldehyde blue 30 625 4.5, 
n-Butyraldehyde blue 15 628 2.2, 
n-Valeraldehyde blue 30 625 6.3, 
Acrolein blue 30 625 4.1, 
Crotonaldehyde biue 45 628 3.5, 
Glyoxal yellow 30 625t 0.5, 

*Time needed to reach constant absorbance at room temperature after 
addition of oxidant. 

Where is also a maximum at 450 nm. 
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Table 2. R, values of oxidized aldehyde-MBTH derivatives 

Rf 

Aldehyde TLC HPTLC 

Formaldehyde 0.19 0.37 
Acetaldehyde 0.21 0.45 
Propionaldehyde 0.28 0.53 
n-Butyraldehyde 0.32 0.59 
n-Valeraldehyde 0.37 0.65 

colour or, better, by scanning at 628 nm with a densi- 
tometer. 

RESULTS 

Table 2 gives the R, values for the TLC and 
HPTLC separation of the derivatives of some ali- 
phatic aldehydes. Figure 1 shows the HPTLC chro- 
matogram measured by densitometry. 

The extraction with chloroform eliminates the 
background colour of iron from the chromatogram 
(since the iron is not extracted) and increases the 
sensitivity, as seen in Fig. 1, which refers to a 
concentration of 1 mg/l. of each aldehyde in the 
original aqueous sample (5 ml) and hence to about 
2.5 ng of each aldehyde on the TLC plate. 

This very small amount and the small volume (0.5 
~1) of the organic solution spotted on the plate allow, 
especially in the HPTLC method, a very good sepa- 
ration, not previously achieved. The detection limit in 
the aqueous sample can be altered by changing the 
volumes of the sample taken and of the final organic 

1 

Fig. 1. Chromatogram of C,Xs aliphatic aldehyde- 
MBTH derivatives on stlica gel HPTLC plates: (1) 
formaldehyde, (2) acetaldehyde, (3) propionalde- 
hyde, (4) n-butyraldehyde, (5) n-valeraldehyde. Eluent 
benzene-ethanol 7 : 6 v/v; I = 628 nm; scan-rate 10 mm/min; 
chart-speed 10 mm/mm. The initial weight of each aldehyde 
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solution. The resolution can be modified by changing 
the benzene/ethanol ratio. Complete separation has 
been achieved by a run of 3 cm, in 15 min: a longer 
elution does not increase the resolution. The pro- 
posed method is therefore more advantageous than 
the one based on chromatographic separation of the 
azine derivatives followed by spraying with the 
oxidizing-MBTH solution to form the coloured com- 
pounds, and those which involve precipitation of the 
derivatives (e.g., the DNPH derivatives). The recov- 
ery of the aldehydes is complete: the aqueous solution 
does not absorb at 628 nm after the extraction. Hence 
the proposed chromatographic method, initially in- 
tended for the identification of the aldehydes present 
in order to improve the quantitative spec- 
trophotometric analysis, could also be suitable for 
quantitative denitometic HPTLC determination pro- 
vided proper standardizations are performed. 
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CYANOFERRATE COMPLEXES 
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Summary-A simple method of destroying cyano-complexes and of analysing for both iron and cyanide 
in a single sample of a cyanoferrate complex is proposed. 

It is well known that it is not possible to detect iron 
and cyanide in freshly prepared aqueous solutions 
of potassium hexacyanoferrate(I1) at room tem- 
perature, because of stabilization of the complex 
anion by n-donor back-bonding between the metal 
ion and the ligands. Substitution of one or more of 
the cyanide ions by other ligands will result in 
changes in bonding and reactivity, but determination 
of iron and cyanide is still not possible without 
cleavage of the Fe-CN bonds. 

Cleavage can be achieved by refluxing the complex 
with aqua regiu or by Kjehldahl decomposition, and 
the iron determined by any convenient method, but 
the cyanide is destroyed and cannot be determined. 
Treatment with perchloric acid is often suggested, but 
for the iron determination the cyanide must be 
expelled as hydrocyanic acid by heating to fuming.’ 
Ignition of the complex and determination of the iron 
as Fe,O, is simple and useful, but again only if the 
cyanide is not to be determined. Distillation from 
phosphoric acid medium at reduced pressure gives 
low recovery of the cyanide, and so does a tartaric 
acid distillation method.’ Refluxing with dilute sul- 
phuric acid, in the presence of magnesium and mercu- 
ric chlorides, with passage of a current of air to 
transfer hydrogen cyanide into an absorption tube, 
seems to be satisfactory when applied to silver, zinc 
and nickel complex cyanides but not if applied to 
analysis of more stable cyano-complexes such as 
those of cobalt and iron.2 Fusing finely ground 
complex cyano-compounds with sulphur at 300” per- 
mits determination of the cyanides but not of iron3 
and decomposition of cyanoferrates with concen- 
trated nitric acid produces ammonium salts, which 
can be determined by the Kjehldahl and Parnas 
methods.4 

The methods of organic elemental analysis usually 
yield low results for the carbon and nitrogen contents 
(probably owing to the formation of stable carbides 
and nitrides with the central metal ion of the com- 
plex). However, during our investigations on 
oximatocyanoferrate(I1) complexes,5-7 we have found 

a simple possibility for cleaving cyanoferrates and 
determining both iron and cyanide in a single sample. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical-reagent grade. Redis- 
tilled water was used throughout. The 0.4M acetate buffer, 
pH 3.5, was prepared by mixing 12.8 ml of 2M sodium 
acetate with 187.2 ml of 2M acetic acid and diluting with 
water to 1000 ml. A 0.0125M phenanthroline solution was 
prepared by dissolving 0.5406 g of l,lO-phenanthroline in 
250 ml of 0.4M acetate buffer of pH 3.5. The 1% ascorbic 
acid solution used was always freshly prepared. A solution 
containing 100 pg of Hg2+ per ml was prepared by dis- 
solving 0.0136 g of mercury(B) chloride in 100 ml of water. 

Na,[Fe(CN),NO].2H,O (Kemika), Na,[Fe(CN),NH,]. 
3H,O (Touzart-Mat&non), K,[Fe(CN),] and K,[Fe(CN),]. 
3H,O (Merck) were obtained commercially. 

Cleavage and analysis 

Weigh 5-10 mg of sample into a three-necked round- 
bottomed flask and add 25 ml of a mixture of 10 ml of 
0.0125M phenanthroline, 7 ml of acetate buffer, 7 ml of 1% 
ascorbic acid solution and 1 ml of mercury(H) chloride 
solution. Boil the mixture for 15-20 min under a nitrogen 
atmosphere. Use two Drechsel bottles, the first containing 
100 ml of 2% sodium hydroxide and the second 100 ml of 
water, to collect the hydrogen cyanide produced. Mix the 
contents of the two bottles and titrate with O.OlM silver 
nitrate with potassium iodide as indicator. Transfer the 
contents of the reaction flask quantitatively into a lOO-ml 
standard flask, dilute to volume and measure the absorb- 
ance of the ferroin at 510 nm against a reagent blank. 

RESULTS AND DISXJSSION 

The proposed method is based on earlier knowl- 
edge of the conditions under which potassium hexa- 
cyanoferrate(I1) is totally decomposed into Fe2+ and 
CN-,8 namely an acidic medium, elevated tem- 
perature, and the presence of small amounts of Au’+, 
Ag+, Pt4+, Pd2+, Hgj+ or especially Hg2+. Because 
the decomposition depends on successive displace- 
ment of cyanide ions to yield pentacyanoferrate(II), 
tetracyanoferrate(I1) and so on, the same conditions 
can be applied for the cleavage of substituted cy- 
anoferrate complexes. Ascorbic acid is added as 
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Table 1. Determination of iron and cyanides in cyanoferrate complexes 

Fe, % CN-, % Mean recovery, % 
No. of 

Complexes Calc. Found Calc. Found Fe CN- detns. 

Na,[Fe(CN),NO].2H,O 18.75 19.1 43.67 43.3 101.9 99.2 13 
Na,[Fe(CN),NH,] .3H,O 17.14 17.3 39.92 39.6 loo.9 99.2 5 
K,[Fe(CN),].3H,O 13.22 14.0* 36.96 38.5 105.9 104.2 5 
K, ]Fe(CN)J 14.57 14.9 40.73 49.4 102.3 99.2 3 

*Values of 13.8 and 14.2% had been obtained earlier by complexometry. 

reductant to ensure that Fe*+ is the only oxidation 
state of iron present and to prevent already liberated 
iron(H) from bonding with the undestroyed hexa- 
cyanoferrate to form Prussian Blue. It also makes the 
method applicable to analysis of cyanoferrate(II1) 
complexes. The calorimetric reagent is already 
present in the reaction mixture and immediately 
binds the liberated iron, the buffer ensures the correct 
acidity for both the displacement reaction and the 
ferroin formation (pH 3.9, and the Hg*+ acts as a 
catalyst. Results of analyses of some commercial 
samples of cyano-complexes are present in Table 1, 
and have good reproducibility. The potassium hexa- 
cyanoferrate(I1) trihydrate was an old sample, and 
appears to have lost some of the water of crys- 
tallization. Sparingly soluble compounds cannot be 
analysed in this way, however. 
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Summary-Sodium sulphite has heen used for a very sensitive characterization of m-dinitroaromatics and 
their derivatives, with dimethylsulphoxide as solvent. 

The interaction of bases with polynitroaromatics is a 
fascinating field.rm5 For quite some time we have been 
exploring the analytical potential of such reactions.fl 
A significant and possible use of these reactions is for 
detection and determination of 2,4_dinitrophenyl 
(DNP) derivatives of amino-acids. Virtually all pub- 
lished tests for m-dinitroaromatics can, after suitable 
modification, be used for the determination of DNP 
derivatives. 

However, because of the variation in the colours 
given by different m-dinitroaromatics, the tests can- 
not be used as general tests for the group 
identification of m-dinitroaromatics and the corre- 
sponding DNP derivatives. For example, we have 
re-investigated the reaction of sodium hydroxide with 
m-dinitroaromatics and their derivatives8 and found 
that by a novel “alkali pellet spot-test”, they can be 
detected at the nanogram level, and though the test 
is highly sensitive and useful for these compounds it 
is unlikely to be useful for DNP derivatives, because 
the colour produced depends on the substituents in 
the l-position and hence the test is unlikely to be very 
characteristic of the 2,4-DNP group. It is therefore 
difficult to predict the effect of the substituent at the 
l-position on the colour produced in this and related 
methods. 

Though the reaction with sodium sulphite has been 
studied for a few polynitroaromatics, there has been 
no detailed investigation and as far as we are aware 
these reactions have not been used in organic anal- 
ytical chemistry. An alternative test with sodium 
cyanide’ is unattractive because of the poisonous 
nature of the reagent, and here again the colour 
produced is dependent on the substituent at the 
l-position. 

The analytical potential of sulphite has therefore 
been investigated. The test is more sensitive than all 

*Address for correspondence: Pushkin M. Qureshi, A-3 
Professors’ Bungalow, Medical College Enclave, 
A.M.U., Aligarh-202001 (U.P) India. 

others except our recent method’ but has the distinct 
advantage of appearing to be specific for the 
2,4-DNP moiety and therefore usable as a character- 
istic and specific test for the detection of 2,4-DNP 
derivatives of amino-acids. 

EXPERIMENTAL 

Materials 

Most mtroaromatics tested were Merck guaranteed re- 
agents and used as received. Some were BDH laboratory- 
reagents grade and were recrystallized by standard pro- 
cedures until the melting points were in agreement with 
literature values. The dimethylsulphoxide (DMSO) was a 
Baker “Analyzed” reagent. Merck acetone, BDH Analar 
dimethylformamide (DMF) and BDH sodium sulphite were 
used. 

Procedures 

(a) Transfer 1 ~1 of the test substance onto a white spot- 
plate, followed by 1 ~1 of a saturated sodium sulphite 
solution in conductivity water. Note the colour. Repeat with 
the addition of 1 ~1 of DMSO, acetone or DMF re- 
spectively. The colour of the product is deep or light violet 
in each case. 

(b) Place a few resin beads (Amberhte IRA 400, Cl- 
form) in the depression of a white spot-plate. Add I ~1 of 
the test substance, followed by the other reagents as de- 
scribed in method (a). 

RESULTS 

A number of other types of organic compounds 
were found not to interfere with the test. They 
included carbohydrates (xylose, starch, galactose, 

maltose, fructose, L( + )-arabinose, lactose, glucose, 
rhamnose, sucrose), acids (acetic, formic, tartaric, 
phthalic, pyrogallic, oxalic), alcohols (isopropyl, 
ethyl, methyl, 2-methylisopropyl, amyl, isoamyl), 
heterocyclic bases (pyridine, piperidine), aldehydes 
(formaldehyde, acetaldehyde, benzaldehyde, paral- 
dehyde, p-chlorobenzaldehyde), ketones (aceto- 
phenone, cyclopentanone, cyciohexanone, propio- 
phenone, benzophenone), hydrocarbons and their 
derivatives (benzene, xylene, o-dichlorobenzene, 
bromobenzene, toluene), ethers (diethyl anisole, 

5 
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Table 1. Limits of detection, pg/pl 

Solvent 
Sensitivity relative 

Compound Acetone 

I-Chloro-2,4_dinitrobenzene 

I-Fluoro-2,4_dinitrobenzene 

2+Dinitroaniline 

3,5-Dinitrobenzoic acid 

2,4_Dinitrotoluene 

2,4-Dinitrophenylhydrazine 

m-Dinitrobenzene 

- (C) 
0.2 (R) 
- (C) 
0.2 (R) 
- (C) 

4 (R) 
- (C) 
- (R) 
- (C) 

-i;; 

4 (R) 
- (C) 

1 (RI 
1:3:5-Trinitrobenzene 0.3 (C) 

0.2 (R) 
0. i (cj 
0.1 CR) 

2,5,7-Trinitrofluorenone 

DMF 

0.8 (C) 
0.2 (R) 

DMSO 

0.6 (C) 
0.1 (R) 

Colour 

(V) 

to other tests 

200 (T) 
10 (VD) 

3 (cj 1.5 (C) 
0.1 (R) 0.1 (R) (V) 

- (C) - (C) 0.4 (R) 0.2 (R) (V) 

- (C) - (C) 
(OR) 

12.5 (-I) 
0.8 (R) 0.4 (R) 2.5 (VD) 
- (C) - 0 

0.8 (R) 0.4 (R) (V) 5 (VD) 
- (cj 
2 W 

0.8 (C) 
0.1 (R) 
0.2 (C) 
0.1 (R) 

- (cj 
1.6 (R) 

0.4 (C) 
0.1 (R) 
0.1 (C) 
0.1 (R) 

(V) 

(V) 

(RV) 

(PV) 

12.5 (T) 
12.5 (VD) 
12.5 (T) 
12.5 (VD) 

Abbreriarions-(C) Conventional spot-test; (R) Resin spot-test; (T) Tiwari et ~1.;‘~ (VD) Venna and Dubey;” (V) violet; 
(OR) orange; (BV) blue violet; (PV) pink violet. 

1 ,Cdioxan), amino-acids (DL-tryptophan, L-lysine, 
DL-phenylalamine, L-histidine), anilides (acetanilide, 
benzanilide), nitriles (aceto-, benzo-), amides (ace- 
tamide, benzamide), amines (trimethyl, triethyl, 
methyl, diethyl, aniline, diphenyl), phenols (phenol, 
m-cresol, resorcinol), chloroform, carbon tetra- 
chloride, urea and thiourea. 

The limit of detection for a number of nitro- 
compounds was determined and the results are sum- 
marized in Table 1. 

DISCUSSION 

Table 1 shows the resin spot-test to be much more 
sensitive than the conventional spot-test and DMSO 
seems to be the solvent of choice, in agreement with 
the solvent effect on anionic u-complexes. An inter- 
esting feature was that compounds containing an 
electron-donor group, such as 2,4_dinitrotoluene, 
2,4_dinitroaniline and 2,4_dinitrophenylhydrazine do 
not give a colour in the conventional spot-test but do 
on the resin. This is because the electron-donor group 
enhances the electron density within the ring, which 
is otherwise depleted by the two nitro-groups. In 
these cases the resin seems to play a specific role. 
With 2,4_dinitroaniline for example, the zwitterion 
canonical form in the tautomerism: 

I 

NO? NO; 

can react with hydroxide ion to give an anion: 

, 
NO; NO; 

In the reaction with sulphite, however, addition 
seems more likely than proton loss, but because of the 
increased electron density within the ring (caused by 
the electron-donating amino group) anion addition 
can take place only with difficulty. However on the 
large positively charged matrix of the anion- 
exchanger the aniline loses much of its excess negative 
charge to the matrix, thereby facilitating anion addi- 
tion and giving a positive test response on the resin 
surface. 

Work reported by others2l’2 points to sulphite 
addition: 

NO ; NO, 

Since all the polynitroaromatics tested give a blue 
violet colour, the test seems to be independent of the 
substituent at the l-position, and the colour seems 
specific for detection of the m-dinitroaromatic moi- 
ety. 

Acknowledgements-The authors thank Professor Wasiur 
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Summary-2-[2-(5-Chloropyridyl)azo]-5-dime~hylaminophenol (CIDMPAP) is proposed as a metal- 
lochromic indicator for zinc. The end-point colour change is from the violet-red of the zinc complex to 
the brownish-yellow of the indicator. The colour contrast is markedly greater than that for Erio-T. 

Eriochrome Black T (Erio-T) is often used as a 
metallochromic indicator for complexometric deter- 
mination of zinc,le3 but has some important 

deficiencies. Its solutions are unstable, and cop- 
per(II), cobalt(II), nickel(I1) and aluminium(II1) can 
interfere by blocking the indicator. Iron(II1) and 
titanium(IV) also interfere. Cadmium(I1) is co- 
titrated. 

Use of PANb6 and PAR’ has therefore been rec- 
ommended. Other pyridylazo reagents used in zinc 
titrations include 5-(2-pyridylazo)-2-monoethyl- 
amino-p-cresol,’ 2-(2-pyridylazo)-4-methylphenol, 
5-(2-pyridylazo)-p-cresol,‘” and 2-[2-(5-bromo-2-py- 
ridylazo)]-5-diethylamino-m-phenol.9 All have in 
common a high colour contrast between the zinc 
complex and the free reagent, from violet-red to 
brownish-yellow, with a change of about 100 nm in 
the wavelength of the absorption maximum. The 
molar absorptivities (E) are also high, cu. 1 x 10e5 
l.mole-‘.cm-‘. 

2-[2-(5-Chloropyridyl)azo]-5-dimethylaminophenol 
(CIDMPAP) is known” to react instantly with zinc in 
aqueous solutions buffered at pH 8.2-10.4, produc- 
ing an intensely violet-red complex (E is much greater 
than that for the zinc complexes listed above). The 
complex is stable for at least 5 days. The reagent is 
readily displaced from its zinc complex by EDTA and 
thus should be suitable as an indicator for EDTA 
titration of zinc. 

EXPERIMENTAL 

Reagents 

Standard zinc so&ion (0. IOOOM). Prepared by d!ssolving 
the pure metal (6.537 g) with ca. 20 ml of hydrochloric acid 
(1 + 1) by gentle warming, cooling and dilution to volume 
in a standard flask with water. 

EDTA solution, ca. 0. I M. Standardized poten- 
tiometrically with the standard zinc solution’2 and further 
diluted as required. 

5CIDMPAP. The reagent was synthesized according to 
Johnson and Florence.‘j A 0.05% solution in 95% ethanol 
was used as indicator. For spectrometric studies, solutions of 
the required molarity were prepared with 95% ethanol as 
solvent 

Ammonia-ammonium chloride buffer, ca. 0.1 M, pH 8.5. 
Ammomum chloride (4.55 g) was dissolved in a small 
volume of water and concentrated ammonia solution was 
added dropwise until pH 8.5 was reached. Final pH adjust- 
ment was made after dilution to nearly 1000 ml. 

Aqueous Erzochrome Black T solution, ca. 0.05%. Pre- 
pared immediately before use. 

All other reagents, chemicals and standards were of 
analytical grade. 

Apparatus 

Spectrophotometric titrations were done in a cell con- 
structed according to Sweetser and Bricker.14 and the titrant 
was added from a Metrohm piston-burette. 

Take a 50-ml sample, make it slightly alkaline and finally 
adjust to pH 8.5 by adding 5 ml of ammonia-ammonium 
chloride buffer (the buffer capacity of the NH:-NH, solu- 
tion was enough to maintain this pH in the titration of 50 ml 
of zinc solution of concentration up to about 800 ppm). Add 
60 ml of alcohol and 2 or 3 drops of indicator. Titrate with 
EDTA added at ca. 0.1 ml/min near the end-point. Typical 
results are summarized in Table 1. 

Analysis of zmc insulin 

In a 25-30 ml centrifuge tube, take 10.0 ml of the liquid 
sample. Add dilute hvdrochloric acid (1 + 50) until a clear 
solution is obtained, -and 6 ml of loo/, trichl&oacetic acid 
solution. Shake, then centrifuge for 5 min. Transfer the 
supematant liquid to a 25-ml standard flask and dilute to 
the mark with water. Transfer 20 ml of the solution to the 
photometric titration cell and add 5 ml of ammonmm 
chloride-ammonia buffer (pH 8.6), enough ethanol to give 
a final content of about 50% v/v, and 3 drops of 
SClDMPAP indicator, and titrate with EDTA. 

Table 1. Changes in absorbance during the 
EDTA titration of zinc, with Erio-T and 

SCIDMPAP as indicators 

Error, y0 

Zn taken. rnz 5CIDMPAP Erio-T 

0.813 I.0 1.5 
3.250 0.06 0.1 
8.14 0.03 0.1 

16.28 0.02 0.08 
40.69 0.006 0.09 
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RESULTS AND DISCUSSION 

12 
The spectral differences between Erio-T and 

SCIDMPAP and their zinc complexes are shown in 
Fig. 1. SCIDMPAP is clearly a very much more 
sensitive reagent, and the shift in the wavelength of 
maximum absorption on complexation is twice as 
great for SCIDMPAP as for Erio-T, and gives a much 
bigger contrast in the colour change. The human eye 
is also more sensitive to the colour change for the 
SQDMPAP system. Graphical methods”-” were 
used to choose the optimum pH for the titration. The 
equilibrium constants required for construction of 
the graphs were obtained from the literature’* or 
determined by us.j9 Results obtained by the method 
of Reiiley and Schmid” are shown in Fig. 2. It can 
be seen that the pH range 5.5-9 is the most suitable; 
this was experimentally verified (Fig. 3). The curves 
in Fig. 4 correspond to spectrometric titrations with 

0 I 

400 500 600 

X fnm) 

Fig. I. Spectral curves of SCIDMPAP and Erio-T and their 
zinc complexes, C,,, = 2.0 x WSM; C,, = 6.2 x 10-4M; 
(1) Erio-T; (2) Erio T-Zn complex; (3) SCIDMPAP; (4) 

5ClDMPAP-Zn complex. 
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Fig. 3. Photometric titration: Effect of pH on the end-point. 
pH: (1) 4.5; (2) 5.6; (3) 7.2; (4) 8.5; (5) 9.0; (6) 10.8; (7) 12. 

Fie. 4. Absorbances at 1,, of the zinc complex, in photo- 
[SCIDMPAP] = (1) 5 x 10-6M; (2) 

1 x iO-sM; (3) 2 x 10-5M; [Erio-T] = (4). 6 x fO-‘M. 
m&ic. titration of zinc. 

5CIDMPAP. Curves for Erio-T are included for 
comparison. 

Both indicators give the same location of the 
end-point, but the colour change is much sharper 
with SCIDMPAP than with Erio-T. This is clearly 
shown by the change in absorbance (AA) on addition 
of 0.0%ml increments of EDTA in the vicinity of the 
end-point (Table 2). 

Table 2. Comparison of results obtained with SCIDMPAP 
and Erio-T in EDTA titration of zinc 

5ClDMPAP Erio-T 

Titration, “/, A,, AA A (m AA 

Fig. 2. The pZn data required for the method of Reilley and 
Schmid? 

(1) for the system Zn plus NH:-NH, buffer; 
(2) for 50% transformation of the indicator; 
(3) for the system with EDTA added in iOOu/, excess. 

97.2 0.686 0.03 1 0.961 0.026 
98.5 0.655 0.081 0.935 0.066 
99.7 0.574 0.484 0.869 0.116 

101.1 0.090 0.002 0.753 0.103 
102.3 0.088 0.001 0.650 0.003 
103.5 0.087 0.647 
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Effect of ethanol content and ionic strength 

Erio-T has the advantage that it can be used in 
purely aqueous solution, whereas 5ClDMPAP (which 
is insoluble in water) must be used in aqueous 
ethanolic medium. Hence the effect of the ethanol 
concentration was tested over the range 20-60% v/v. 
With ~40% ethanol the reaction is slow, more time 
is required to stabilize the absorbance, and the end- 
point is sluggish. These effects are basically due to the 
low solubility of the zinc-SCIDMPAP complex. With 
40-60x ethanol present these difficulties are over- 
come, but the relatively high ethanol content required 
limits the concentration of inorganic salts in the 
solution. The effect of ionic strength was tested on 
zinc solutions in 50% v/v ethanol-water medium by 
addition of sodium perchlorate, nitrate, chloride, 
sulphate and acetate. The most serious limitation is 
imposed by sulphate. At concentrations >0.2M so- 
dium sulphate is not completely soluble in this me- 
dium and the dispersed solid makes it difficult to see 
the colour change at the end-point. For the other 
sodium salts tested this effect does not arise. With 
Erio-T in purely aqueous medium, the only effect was 
a slight diminution in AA at the end-point. 

Effect of foreign ions 

The ions which interfere were known from pre- 
vious work,” the most serious being cadmium, cop- 
per, nickel, iron and cobalt, which also interfere in 
the complexometric titration. Nickel, copper and 
iron may be effectively dealt with by the 
cyanide-formaldehyde method (Table 3) but cad- 
mium and cobalt cannot. Sodium, potassium, mag- 
nesium, barium, and strontium do not interfere in at 
least 100: 1 w/w ratio to zinc. Calcium is tolerated at 
25 : 1 ratio but iron and mercury are tolerated only in 
5: 1 ratio to zinc. Tolerance limits for most common 
anions were determined when the effect of ionic 
strength was studied, and found to be dictated by the 
solubility of the sodium salts in the alcoholic media 
used. Lead interferes but can be dealt with by the 
method used to eliminate its interference when Erie-T 
is used as indicator.*’ 

Xylenol Orange shows an advantage over 
5ClDMPAP in selectivity, mainly in the case of 
bismuth, thorium, scandium, lanthanum, lead, zinc 

Table 3. Determination of zmc in binary samples; inter- 
ferents were masked by the cyanide-formaldehyde method 

Zinc, mg 
Ratio (w/w) of 

Interferent Taken Found interferent to Zn 

Nickel 1.63 1.64 12.5 
Copper 1.63 1.64 24.5 
Iron 1.63 1.65 1.22 

and cadmium,*’ because it is used at pH < 6 
(SCIDMPAP can be used in the pH range 5.5-9, with 
an appropriate buffer). 

Applications 

Analysis of a zinc insulin preparation (Lilly) gave 
a mean of 0.156 mg/ml by the present method 
(standard deviation 0.002 mg/ml), 0.157 (s.d. 0.0013) 
by a reference method,** and 0.154 (s.d. 0.0010) by 
AAS, for six replicates. 

Synthetic brass samples corresponding to British 
Standards BCS 385 and BCS 344 were analysed by a 
modification of the recommended procedure (imme- 
diately after the pH was adjusted, 2 ml of 5% 
potassium cyanide solution followed by 4 ml of 5% 
formaldehyde solution were added). The zinc results 
were 38.4% (s.d. 0.02’%) for BCS 385 (certified value 
38.5%) and 30.8% (s.d. 0.02%) for BCS 344 (certified 
value 31.0%) for six replicates in each case. 

Acknowledgements-The authors are gratefully Indebted to 
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Summary-This paper concerns thermodesorption analysis of the interaction of ammonia, hydrogen, 
carbon dioxide and a mixture of H, + CO, with GaAs and ZnSe surfaces, to determine the strength and 
concentration of acid surface centres. The mechanism of interaction of the gases and surfaces has been 
examined. This work was aimed at differentiating between the strengths of acid centres on GaAs and ZnSe 
semiconductor surfaces to obtain more information about the quantity of hydrogen and carbon dioxide 
adsorbed, their energy characteristics, the presence or absence of dissociation, and the nature of the CO, 
hydration.’ 

EXPERIMENTAL 

For analysing surface acid-base properties, ammonia was 
used as the adsorbent probe. Thennodesorptive mea- 
surements were done with an apparatus similar to that 
described by Yakerson and Rozanov.* The desorption prod- 
ucts were determined by gas chromatography and mass 
spectrometry, with programmed linear heating from 298 to 
653 K at 10 K/min. The powdered samples were pressed into 
tablets at a pressure of 35 kg/m* and then conditioned at 673 
K and 0.1 Pa pressure. The conditioned samples were then 
saturated with the gas under study (NH,, H,, CO,, 
H, + CO,) for 2 hr at the temperature of the experiment. 
The free gas was pumped out, and programmed heating of 
the reactor started, with simultaneous analysis of the de- 
sorption products. Helium was used as carrier gas. An 
MCh-1301, RMS-I mass-spectrograph was used, with 
Pimonova’s method.3 The gases were obtained as described 
by Kirovskaya ef al.4 

RESULTS AND DISCUSSION 

The thermochromatograms for ammonia desorp- 
tion (Fig. 1) contain three peaks, one at 301-305 K, 
for both samples, the other two at 463 and 563 K for 
GaAs, and 433 and 533 K for ZnSe. These data 
indicate that ammonia is adsorbed on the semicon- 
ductor surfaces at three kinds of site, which differ in 
their activity. This is corroborated by the results of 
the thermodesorption curves, and the mass- 
spectrometric and infrared-spectrometric deter- 
mination of the kinetics. By means of the approxi- 
mately integrated Polani-Vigner equation’ the 
desorption activation energy was calculated to be 
12-21 kJ/mole for the low-temperature peak and 
59-63 and 67-71 kJ/mole for the high-temperature 
peaks. At 301-305 K, the thermodesorption follows 
first-order kinetics, whereas at 353-503 K for GaAs 
and 363-573 K for ZnSe it follows second-order 
kinetics. These kinetic characteristics, combined with 
the results of the infrared spectroscopy, make it 

possible to state that at low temperature the ammo- 
nia is rapidly but feebly bound by residually adsorbed 
Hz0 and OH-groups whereas at high temperatures 
the ammonia is co-ordinately bound to surface 
atoms,‘,’ with dissociation accompanying adsorption 
at the highest temperature. This is confirmed indi- 
rectly by the kinetic data and directly by the mass- 
spectral data (Fig. 2). The presence of small quan- 
tities of a species of mass number 18 seems to be due 
to water vapour in the gaseous ammonia used. 

The difference in strength of the acid centres of the 
surfaces corresponds to the degree and temperature 
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Fig. 1. Chromatograms of ammonia thermodesorption 
from GaAs (a) and ZnSe (b) surfaces. *Author for correspondence. 
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Fig. 2. Mass spectra of NH, desorption from GaAs (a) and 
ZnSe (6) surfaces. 

of adsorption, the acid centres of ZnSe being weaker 
than those of GaAs. 

Analysis of the adsorption characteristics of H, 
and CO, on ZnSe showed the following. The thermo- 
desorptive chromatogram for Hz (Fig. 3) has two 
distinct peaks at T,,,,,, = 310 K, Tmax, = 338 K, and a 
very broad and shallow one with T,,,,,, = 523 K. The 
three peaks correspond to three types of adsorption 
sites, differing in their bond strength. The first two 
types of site have activation energies of 19 and 25 
kJ/mole respectively. That for the third type could 
not be identified because of the low intensity of the 
desorptive peak. At T,,,,, desorption occurs by 
first-order kinetics, so at T < 310 K molecular ad- 
sorption prevails and at T > 643 K dissociative ad- 
sorption predominates. The comparatively low heat 
of chemical adsorption,’ together with the secondary- 
ion mass spectra, lo indicates that dissociation occurs 
on ZnSe and analogous surfaces at higher tem- 
peratures. 

The thermodesorptive chromatogram of CO, has a 
very sharp peak at T,,,,, about 336 K (Fig. 4) with 3 
kJ/mole activation energy and first-order kinetics, 
l.e., under these conditions weak non-dissociative 
adsorption of CO* takes place. The mass spectra” 
also indicate the absence of dissociation of adsorbed 
CO2 on the ZnSe surface in the temperature interval 
examined. According to infrared spectroscopic 

*6@ is an extra (effective) charge remaining on the surface. 

2oQc 

0 I/, 
310 336 373 473 523 573 673 

T(K) 

Fig. 3. Thermodesorption of H, from ZnSe surface. 

examination12 and the nature of the surface acid 
centres discussed above, CO2 adsorption of this type 
should be due to formation of a linear 
donor-acceptor complex, without free molecular 
rotation, on the adsorbent surface (v,,, = 2380 cm-‘): 

O_ _ _C/LO_Me 

The mass-spectral examination of desorption of 
the CO1 + H, mixture showed decreasing desorption 
at high temperatures and increasing yield of species 
with mass numbers 18 and 28 at T > 423 K. Taking 
the non-dissociative character of the CO, adsorption 
into account, the presence of CO, as well as Hz0 in 
the desorbed phase is evidently due to interaction of 
the adsorbed CO1 and H,. As. mentioned before,’ 
such an interaction is accompanied by intermediate 
complex formation analogous to formation of ad- 
sorbed formic acid. The formic acid is relatively 
stable and is not decomposed at lower temperatures, 
but at higher temperatures (473-573 K) dissociates 
into CO and Hz0 in the desorption process: 

[HCOOH]+6- CO,,,,, + HIOcgasj + 6 ‘* 

The lower desorption of water when the mixture is 
used, compared with that for hydrogen alone, also 
confirms that the carbon dioxide suppresses the hy- 
drogen adsorption, as mentioned by us earlier.4 

Thus the thermodesorptive examination of these 
semiconductor surfaces makes it possible to obtain 
some additional information about the surface acid- 
ity characteristics and some media interacting with 

0 336 373 473 573 

T (Kl 

Fig. 4. Thermodesorption of CO, from ZnSe surface. 
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them (H,, CO,, H, + CO?). The latter information is 5. W. Kollen and A. W. Czandema, J. Coiioid Interface 

most important in research into the physical chem- Sci., 1972, 38, 152. 

istry of real diamond-like semiconductor surfaces. 6. A. V. Yuryeva, V. P. Vetrov and I. A. Kirovskaya, The 
materials of the regional scientific and practical confer- 
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DIFFERENTIAL PULSE POLAROGRAPHY IN THE 
ALTERNATING PULSE MODE 
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(Received 11 June 1984. Accepfed 10 July 1984) 

Summary-A polarographic two-drop pulse technique for trace analysis is described. By using a second 
pulse, in the opposite direction to the first one, on the second drop, a high current sensitivity is obtamed, 
with a very flat background. The theoretical response for a reversible electrode process is presented 
together with experimental results for the reduction of Pb 2+ in hydrochloric acid medium. It IS shown 
that without enrichment determination of lead at concentrations as low as 71nM is possible with this 
technique. 

Differential pulse polarography (DPP)‘,2 is a very 
useful electroanalytical technique, but it has the 
following disadvantages. At the dropping mercury 
electrode (DME) there is a charging current due to 
the continuous drop expansion, since the current is 
sampled at two different times during the life of a 
drop. Further, there is a contribution due to the 
potential-dependence of the differential capacity, 
since the current is measured at two different poten- 
tials. There is also a d.c. faradaic current contribution 
which leads to a positive distortion.’ At the static 
mercury drop electrode (SMDE), on the other hand, 
there is a negative d.c. faradaic distortion.4 Alternate- 
drop differential pulse polarography (ADDPP) com- 
pensates for these effects but the sensitivity is dimin- 
ished.j In both DPP and ADDPP the potential at 
which the current peak appears is dependent on the 
magnitude of the applied potential pulses. 

In this report a two-drop method is described, 
called differential pulse polarography in the alterna- 
ting pulse mode (DPPAPM). This is a hybrid between 
ADDPP and differential normal-pulse voltammetry 
in the alternating pulse mode (DNPVAPM).6 By 
using a second pulse in the opposite direction on the 
second drop, the following advantages are obtained: 
(1) higher current sensitivity than for ADDPP; (2) the 
potential at which the current peak appears is inde- 
pendent of the pulse amplitude; (3) the d.c. faradaic 
distortion current is absent: (4) the charging current 
is lower than it is in DPP and DNPVAPM. 

EXPERIMENTAL 

Apparatus 

A Z-80 based personal computer, the Luxor ABC-SO, was 
used to control the voltammetric instrumentation.“9 The 
potentiostat is of conventional addition design and employs 
National LF 356 BGFET operational amplifiers. 

In this study the following settings were used throughout. 
The potential increments between the two drops were 2 mV 
and the step height of the applied potential pulses was 
20 mV. The drop-time was 0.5 set and pulses were applied 
during the last 40 msec. The current was sampled during the 

last 20 msec of each pulse. The time constants in the sample 
and hold circuits were 20msec. 

The polarograms were recorded on a Hewlett-Packard 
9044A X-Y recorder. 

Potential and time calibrations were performed with a 
Fluke 8050 A 4$digit digital multimeter and a Ballantine 
model 5500B timer/counter respectively. 

Reagents 

All chemicals were of analytical-reagent grade except the 
hydrochloric acid, which was of “Suprapur” grade. The 
hydrochloric acid concentration of the solutions was IOmM. 
Aliquots of a 4mM stock solution of lead nitrate were 
diluted on the day of use to obtain working solutions. 
Distilled water was purified prior to use, with a Millipore 
Milli-Q filtration system. The mercury was purified before 
use.‘O Solutions were purged with water-saturated nitrogen 
before each scan. 

Cell and electrodes 

The cell, the SCE reference electrode (with a salt bridge) 
and the auxiliary electrode (a platinum wire) were con- 
ventional. The capillary used for the DME had a mercury 
flow-rate of 1.57 mg/sec and a drop-time of 5.36 set on open 
circuit. Triton X-100 was added to give a final concentration 
of 1Oppm. 

The temperature was kept at 25 f 0.5”. 

RESULTS AND DISCUSSION 

In Fig. 1 the DPPAPM waveform is shown and the 
potential variables are defined. The potential on the 
first drop (GI) is held at ET and at the end of the 
drop-life, at time t, a small potential pulse, AE, is 
added to obtain potential E; during a time 6. The 
potential on the next drop (8) is held at Ef which has 
numerical value of Ey + 2AE, and at the end of the 
drop-life a small potential pulse is subtracted to 
obtain Ef with numerical value identical to ET. Each 
consecutive pair of double pulses is similar, except 
that the scanned potential is incremented. The sam- 
pled currents are Z; and Zt and the differential current 
is monitored as a function of E2. 

For a reversible system, the current response for 
the DPPAPM waveform can be derived in a similar 
way as for ADDPP’. The current for a “pulsed drop” 
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Fig. 1. Definitions of the potentials and the currents in 
differential pulse polarography in the alternate pulse mode. 

See the text for further information. 

is [equation (16) in reference 51: 

r2=zFJW,+h%(‘%7 +4+&@2,7 +6) (1) 

where 

Z F, nPP = nFkm2/3C(z + d)*13 (D/d)“* 

[ 

1 1 
x lfl0, 

-___ (2) 
1+<@, 1 

0 = exp [nF(E - E;,,)/RT] (3) 

E;,? is the reversible half-wave potential and the 
constant k has a numerical value of 0.8515 cm2/g2’3, 

1 
ZpO = (70/3x)“2nFkm2/3C(7 + 8)‘16 ___ 

[ 1 1+ro, 
(4) 

and 

Zc = -(2/3)km2/3Q(E,)/(s + 6)‘/3 (5) 

Equation (4) is the Heyrovsky-IlkoviE equation, 
and Zc is the charging current due to the drop growth. 
Q(E) is the potential-dependent charge density on the 
electrode surface. All the other symbols are according 
to Bard and Faulkner.” 

According to equation (1) the currents 1; and Z{ are 
then 

c = GmP + 2.Po 1” (ET, 7 + 6) + I& (E;, 7 + 6) (6) 

zf = ID ~,F.DPP+%~(E!,~ +@+Z{,C(Eb,r +6)(7) 

and the differential current sought is then 

AZ = Z; - I$’ (8) 
The charging current, I,, equation (5), is a function 
of only the potential and time. This component is 

absent at the SMDE, because the drop area is 
constant when the currents are sampled. At the DME 
the charging currents will be equal and can be 
cancelled. Since the currents are sampled at the same 
point of time in a drop-life, there is no d.c. faradaic 
distortion. After some algebraic manipulation 

AZ = nFkm2/3 (7 + 6)‘13 (D/d)‘12C { 1 - 

[76/3(7 + w21 
[ 
&-j&j (9) 

I 1 
is obtained. The same diminution factor as in 
ADDPP, 1 - [76/3(7 + S)]‘/*, appears in this equa- 
tion, but the last potential term is also a function of 
the applied second pulse and thus an improved 
current sensitivity is obtained. Equation (9) can be 
rewritten as 

AZ = nFkm2j3(r + 6)2’3(D/n8)“2C 

x { 1 - [76/3(7 + S)]“2) 

-sinh(nFAE/RT) 

x cosh(ln {O,) + cash (nFAE/RT) 
(10) 

As in DNPVAPM, AZ is symmetrical with respect 
to the peak potential in DPPAPM. The peak current, 
AZs, is then 

AZs = nFkm2/’ (7 + 6)2/3 D/rcS)“*C 

x { 1 - [76/3(7 + a)]“*} 

x tanh(nFAEI2RT) (11) 

Compared with DNPVAPM, the peak current for 
DPPAPM has a diminution factor in the same way 
as ADDPP has compared with DPP. From equation 

600 - 

2 
c 
E 400 - 
e 
: 0 

Fig. 2. The forward (I;), the reverse (10 and the difference 
(AI) polarograms of 123 PM Pb*+ in acetate buffer. 

Potential vs SCE ImVI 
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Fig. 3. DPPAPM (A-F) and DPP (G) polarograms of (A, 
B) 0, (C, D) 71 and (E-G) 142nM Pbr+. The cross indicates 

zero current. 

(10) the peak-width at half-height, W,,2. is given by 

W,,, = T cash-‘[2 + cosh(nFAE/RT)] (12) 

The experimental behaviour of a reversible system 
is illustrated by reduction of Pb2+. Figure 2 shows the 
experimental current responses from the forward (1;) 
and reverse (Zfi potential pulses and that the 

difference polarogram (AZ) gives a symmetrical peak. 
The current sensitivity, AZJC, is 4.15, 2.78 and 5.00 
mA.l.mole-’ for DPP, ADDPP and DPPAPM re- 
spectively. According to theory the quotients 
DPP/DPPAPM and ADDPP/DPPAPM are 1 .OO and 
0.57, which agree well with the experimental values of 
0.95 and 0.56. 

Curves A and B in Fig. 3 show that the charging 
current is considerably diminished when DPPAPM is 
used instead of DPP. Efforts to smooth the back- 
ground further, included experiments with different 
ultraviolet-irradiated solutions. No improvement in 
background was obtained. In Fig. 3 it is also shown 
that determination of lead at concentrations down to 
lo-‘M is possible with DPPAPM at the DME when 
a drop-time of 0.5 set is used. In the DPP voltam- 
perogram the peak is hardly discernible. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
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Summary-A selective and sensitive method is described for the determination of trace amounts of 
molybdenum, based on its reaction with thiocyanate and its extraction (into toluene) as an ion-association 
complex formed with adogen (methyltrioctylammonium chloride). The molar absorptivity is 
2.13 x 104 l.mole-‘.cm-l at 1,, 467 nm. The method has been applied to molybdenum determination in 
steels. 

The use of thiocyanate for the determination of 
molybdenum has been widely studied and a number 
of methods have been reported. The fundamental 
differences between these methods are the reducing 
agents and solvents used, and in recent years the use 
of mixed-ligand complexes or ion-association com- 
plexes. Stannous chloride is the reducing agent 
most commonly used,‘” but ascorbic acid is rec- 
ommended”‘3 because it gives a high absorbance for 
the complex and its concentration is not critical. It 
has also been found that extraction of the 
molybdenum-thiocyanate complex is complete even 
in the absence of a reducing agent if the reaction 
mixture is shaken for at least 30min.“~” However, 
the presence of a reducing agent is necessary to 
eliminate interference, such as that of Fe(II1). 

In this paper, we report a selective, sensitive and 
reproducible method for determination of molyb- 
denum, based on reduction of Mo(V1) to MO(V) with 
stannous chloride [in presence of Fe(II)] and then 
reaction with thiocyanate in hydrochloric acid media, 
formation of the MO(V)-thiocyanate complex and its 
subsequent extraction into toluene with adogen. 

EXPERIMENTAL 

Reagents 
Molybdenum(VI) solution. Prepared from sodium molyb- 

date dihydrate and standardized gravimetrically. The work- 
ing solution (MO 11.6 pg/ml) was prepared by appropriate 
dilution. 

Tin(U) solution. A 0.2% solution in 2M hydrochloric 
acid. 

Adogen solution. A 0.5 g/l. solution in toluene. 
Zron(ZZ) solution. Freshly prepared by dissolving 1 g of 

(NH,),Fe(S0,)2.6H,0 in 100 ml of water. 
Thiocyanate solution, 1 M. 
All solvents and reagents were of analytical grade. 

Procedure 
The sample solution, containing 2.5-50 pg of MO, was 

placed in a lOO-ml separatory funnel, then 6 ml of thio- 
cyanate solution, 9.5 ml of 2M hydrochloric acid, 1 ml of 

iron(H) solution, and 0.5 ml of stannous chloride solution 
were added, followed by dilution to 50 ml with demin- 
eralized water. The mixture was then shaken with 10 ml of 
the toluene solution of adogen for 2 min. The toluene layer 
was collected 30 min later and dried over anhydrous sodium 
sulphate in a 50-ml beaker, and its absorbance was mea- 
sured at 467 nm against adogen solution. 

Determination of MO in steel 
A 0. l-g sample was dissolved in 5-7 ml of 70% perchloric 

acid and the solution evaporated to dryness. The residue 
was heated with 5 ml of concentrated hydrochloric acid and 
evaporated almost to dryness, then the mass was cooled, 
dissolved in 15-20 ml of 2M hydrochloric acid, and diluted 
to 100 ml with demineralized water. When perchloric acid 
was not satisfactory as the solvent, 10 ml of aqua regia were 
added and the mixture was heated to fumes of oxides of 
nitrogen. After the solution was cooled, 3-5 ml of sulphuric 
acid were added, the solution was evaporated to dryness and 
the dried mass was cooled and dissolved in 15-20 ml of 2M 
hydrochloric acid and diluted to 100 ml with demineralized 
water. An aliquot (containing not more than 5 mg of Fe) 
was taken in a lOO-ml separatory funnel and molybdenum 
was then determined as described in the procedure above. 

When the MO content (in steel) is <0.1x, the standard- 
addition method is recommended. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectrum of the ion-association 
complex in toluene is shown in Fig. 1. Adogen has 
negligible absorption at the wavelength of maximum 
absorption. The absorption peak of the complex (at 
467 nm) corresponds to an MO(V)-thiocyanate com- 
plex.* 

Influence of reducing agents 

Ascorbic acid and stannous chloride were tried as 
reducing agents. Ascorbic acid gives a high absorb- 
ance for the complex and the amount to be added is 
not critical when [SCN-] = 0.4M and [HCl] = 2M. 
Under these conditions the extraction (shaking for 
2min) is complete even in the absence of ascorbic 
acid. Stannous chloride [in the absence of Fe(II)] 
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06 - 

The absorbance was practically constant for 
aqueous/organic phase-volume ratios from 5: 1 to 
1: 1. A shaking time of 2 min was sufficient for 
complete extraction. For low concentrations of 
molybdenum (l-2 ppm), the absorbance was con- 
stant for at least 6 hr, but for higher concentration (5 
ppm) it was constant only for 15-60 min. 

The order of addition of the reagents affects the 
absorbance (decreasing it), only when stannous 
chloride and molybdenum are mixed in the absence 
of thiocyanate. 

I I I I 

460 510 560 

X(nm) 

Fig. 1. Absorption spectrum of molybdenum-thiocyanate- 
adogen complex in toluene. 

gives a lower absorbance and its concentration must 
be between 1 x 10m3 and 3.5 x 10w3M when 
[SCN-] = O.lM and [HCl] = 0.3M. However, if 
iron(I1) is present, stannous chloride gives a similar 
absorbance to that obtained with ascorbic acid. 
When stannous chloride is used, the absorbance can 
be measured against adogen solution, whereas when 
ascorbic acid is used, the absorbance must be meas- 
ured against a reagent blank. Hence the stannous 
chloride/iron(II) system is preferred. The effect of the 
tin(I1) concentration is shown in Fig. 2. The presence 
of iron(I1) increases the extraction efficiency and 
makes the tin(I1) concentration range less critical. 

Spectrophotometric characteristics 

In the absence of iron( Beer’s law is obeyed in 
the range 5-50 pg of MO in the aqueous phase, and 
the molar absorptivity is 1.29 x lo4 l.molee’.cm-‘. 
The relative error (95% confidence level) for 23 pg of 
MO was + 1.5% (11 replicates). In presence of 
iron( Beer’s law is obeyed in the range 2.5-50 pg 
of MO in the aqueous phase, and the molar absorp- 
tivity is 2.13 x lo4 l.mole-‘.cm-‘. The optimum 
range on the basis of a Ringbom plot is l&40 pg of 
MO. The relative error (95% confidence level) for 23 
pg of MO was f0.6%. 

Effect of other variables 

The extraction was found to be maximal at 
[HCl] 2 0.25M and 0.05-Q 15M thiocyanate (Fig. 3); 
the adogen must have a concentration of at least 
0.03%. 

Composition of the complex 

Different stoichiometries for Mo-thiocyanate com- 
plexes are given in the literature. We used the JobI 
and Yoe and Jones methods” and found the most 
probable composition of the ion-association complex 
to be 1:4:3, Mo-SCN-adogen, so the species extrac- 
ted into toluene is probably MoOz(SCN),(ADG), 
where ADG is the trioctylmethylammonium ion. 
This stoichiometry agrees with that reported for 
the molybdenum-thiocyanate-tetrabutylammonium 
system.16 

Interferences 

The presence of iron(I1) increased the extraction of The effect of other ions on the determination of 
molybdenum. The absorbance was maximal and con- 23 pg of MO was examined. The tolerance limit was 
stant at [Fe(II)] > 5 ppm. A similar effect was taken as the concentration that did not cause more 
observed when copper(I1) was added, and the effect than f 2% change in the absorbance. The results are 
is not inhibited by the presence of EDTA or tartrate. summarized in Table 1. 

100 - .-.--.- 

z go- 

4, 

SO 1 $i . 

2 4 6 6 10 

c Sn (II)3 , 10m3 M 

I I I I I I 

01 02 03 04 05 06 

C Reagent I, M 

Fig. 2. Effect of Sn(I1) concentration on the extraction of 
29 pg of molybdenum: (I) in absence of iron(B); (2) in 

presence of 700 pg of Fe(U). 

Fig. 3. Effect of thiocyanate and hydrochloric acid concen- 
trations on the extraction of 35 pg of MO: (0-O) % E us. 
[SCN-] (in 0.15M HCI); (0-O) % E us. [HCI] (in 0.1544 

SCN -). 
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Table 1. Interference of foreign ions in the determination of 23 pg of 
molybdenum 

Ion added Amount tolerated, ppm 

sulphate, phosphate, EDTA, fluoride, Fe*+ 
NH:, K+, Na+, Li+, Mgr+, Ca*+ Sr*+, Ba*+ Fe)+ 
V(V), Cu*+, Bi3+, Pb2+, Cr3+, As(V), 

>lOOO 
150 

Sb(III), Zr(IV), oxalate 
A13+, Znr+, W(VI), U(VI), Mn*+, Co*+, 
Hg*+, tartrate 
Cd’+ Ni*+ 
Pd2+ ’ 

100 

50 
25 

5 

Sample 

Table 2. Determination of molybdenum in steels 

% composition certified MO certified, % MO found, % 

BAS 33b Cr(0.61), S(O.O3), C(2.24) 
Si(2.00), P(O.l l), Mn(0.64) 
Ni(2.24) 

BAS 64b C(O.90), Cr(4.55). V( 1.99) 
W(7.05) 

BCS 261/l Cr(17.4,). Ni(l3.1& C(O.09,) 
Si(O.SO), Mn(0.83), Nb(0.91) 
Cu(O.12) 

BCS 432 Cr(0.21), Ni(0.24), Mn(1.10) 
Cu(O.16) 

BCS 219/4 Cr(O.66), Ni(2.55), C(O.31,) 
Mn(0.81), Cu(O.088) 

BCS 406/l Cr(2.10). Ni(1.52), C(0.23) 
Mn(0.61), Si(O.31), Cu(O.28) 

0.40 0.41 
0.39 
0.39 

4.95 4.96 
4.91 
4.94 

0.11 0.10 
0.11 
0.12 

0.039 0.05 
0.05 

0.58 0.60 
0.62 

1 .oo 1.00 
1.00 
I .03 

Table 3. Comparison of the proposed method with the existing thiocyanate methods 

Method 
s, 

Reducing agent Organic phase l.mole-‘.cm -’ Applications Reference 

Sn*+, Fe*+ 
Sn*+, Cu*+, Fe’+ 
Tartaric acid 
Ascorbic acid 
Ascorbic acid 
Ascorbic acid 
Sn*+, Fe*+ (proposed method) 

isoamyl alcohol not stated Soils 1 
MIBK 1.04 x 10’ Steels 4 

ethyl methyl ketone 8.0 x IO3 Steels 11 
aminopyridines/benzene 1.5-1.9 x 10’ Steels, ores 12 
diary1benzamidines/benzene 1.65-1.85 x 104 Steels, ores 13 
adogen/toluene 2.13 x IO4 Steels - 

Applications 

The validity of the method was tested with six alloy 
steels. The results are shown in Table 2. The method 
compares favourably with existing thiocyanate 
methods for determination of molybdenum. Our 
method is the most sensitive, as shown in Table 3. 
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ACIDS 
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Summary-A novel titrimetric method for determination of aminobenzoic acids is based on their reaction 
with excess of bromine to form N-bromo-2,4,6-tribromoaniline, which liberates an equivalent amount of 
iodine when treated with iodide. The method is applicable to the aminobenzoic acids in the range 
0.1-5.0 mg, with a recovery ranging from 96 to 99.7% and a coefficient of variation of 0.2-2.0”/,, depending 
on the concentration level. 

A method’ based on bromine substitution has been 
used for determination of aminobenzoic acids, excess 
of bromine being back-titrated. A titrimetric’ deter- 
mination of as little as 2-30 mg has been reported for 
determination of aminobenzoic acids. The devel- 
opment of a sensitive, rapid and accurate titrimetric 
procedure based on the quantitative reaction of o-, 
m- and p-aminobenzoic acids with bromine was 
therefore undertaken. 

The bromination of aromatic amines proceeds only 
at the unoccupied ortho and para positions on the 
ring. However, in the presence of a large excess of 
bromine the substitution goes further, to form N- 
bromo-2,4,6_tribromoaniline, which can be reacted 
with excess of iodide to liberate equivalent amounts 
of iodine which can be titrated with thiosulphate. 

The suggested reactions are: 

yH2 
t;lHBr 

Br 

NH2 NHBr 

COOH Br 

CgH21Br3) NHBr t21 -- C6H2(Br31 NH-+ 12+ Br- 

Scheme 1. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical grade, and distilled 
water was always used. 

Aminobenzoic acid solutions. Aqueous solutions of each 
acid, with concentrations 0.1 and 1 .O mg/ml, were prepared 
in 0.04M sodium hydroxide. 

Sodium thiosubhate solutions, 0.001 and 0.01 N. Standard- 
ized against potassium iodate solutions of similar normality. 

Solutions of bromine water (saturated) and formic acid 
(80%) were used. 

Procedure 

In a 50-ml conical flask, place a suitable volume (1-5 ml) 
of sample solution containing 0.1-5.0 mg of o-, m- or 
p-aminobenzoic acid, dilute with water to about 15 ml, then 
add about 3 ml of bromine water. Stopper the flask and 
shake it for 5 min. Remove the stopper, add about 1 ml of 
formic acid solution, shake for 1 min, then add 1 ml of 
concentrated phosphoric acid and about 0.5 g of potassium 
iodide. Let the flask stand for 10 min, with occasional 
shaking, then titrate the liberated iodine with O.OlN thio- 
sulphate, with starch as indicator (for less than 2 mg of 
aminobenzoic acid, use 0.001 N thiosulphate). Run a blank 
determination. 

1 ml of O.OlN thiosulphate = 0.6857 mg of aminobenzoic 
acid. 

RESULTS AND DISCUSSION 

The bromination of aminobenzoic acids normally 
proceeds at the unoccupied ortho and pura positions, 
but preliminary studies confirmed that with a large 
excess of bromine the bromination goes further, to 
the amino group reacting to give the N-bromo deriv- 
ative. Decarboxylation of the o- and p-isomers was 
confirmed by disappearance of the carboxylate band 
in the infrared spectrum. 

The bromination is complete within 5 min; longer 
reaction time has no effect on the results. The com- 
plete bromination requires 2-3 ml of saturated bro- 
mine water, the excess of which is destroyed by 
addition of 1 ml of formic acid. 

Reduction of the N-bromo-2,4,6&ibromoanilines 
requires about 0.5 g of potassium iodide and takes 
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Table 1. Determination of aminobenzoic acids (5 replicates) 
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Weight, mg 

Isomer Taken Mean found 

Ortho 0.100 0.096 
2.000 1.969 
5.000 4.952 

Meta 0.100 0.098 
2.000 1.994 
5.000 4.960 

Para 0.100 0.096 
2.008 1.978 
5.000 4.940 

Recovery, % 

96.0 
98.0 
99.0 
98.0 
99.7 
99.2 
96.0 
98.9 
98.8 

Coefficient of 
variation, % 

1.7 
0.8 
0.4 
1.1 
0.5 
0.2 
2.0 
0.8 
0.6 

15-20 mm. This time can be shortened to 10 min by 
adding about 1 ml of concentrated phosphoric acid. 
The blank is in the range 0.05-0.10 ml of O.OlN 
thiosulphate. 
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Sunnnar-Arsenate, arsenite and monomethylarsonic acid (MMAA) have been characterized in soil-pore 
waters extracted from soils in mineralized and unmineralized areas. Special attention has been paid to 
collection and storage of the samples. The dominant arsenic species in aerobic soils was arsenate, with 
small quantities of arsenite and MMAA in mineralized areas. In anaerobic soils arsenite was found to 
be the major soluble species. The analysis was done with an HPLC anion-exchange column combined with 
continuous-flow hydride-generation and atomic-absorption spectrometry. A preconcentration column was 
incorporated to increase the sensitivity. 

Mineralization and past mining activities in South- 
West England have resulted in areas with above- 
average naturally occurring arsenic levels in the soil.’ 
The high rainfall in the region results in waterlogging 
in many of these soils. The region thus lends itself to 
an investigation of the effects of mineralization and 
waterlogging on the soluble arsenic species found in 
these soils. 

The chemical species of arsenic present in soil-pore 
waters will depend on the physical and chemical 
characteristics of the soil and the soil-pore water.* In 
aerobic soils, on which no arsenical herbicides have 
been used, arsenate is found to be the predominant 
species. ‘v4 In waterlogged soils where reducing condi- 
tions occur the major species is reported to be 
arsenite.’ The biomethylation of inorganic arsenic 
compound@ results in trace amounts of mono- 
methylarsonic acid (MMAA) and dimethylarsinic 
acid (DMAA).*s9 Takanatsu et al.” have also reported 
two unidentified organoarsenic compounds to be 
present in soil extracts. 

In speciation studies a rapid reliable separative 
technique coupled with a suitable detection system is 
required. The samples should be analysed as soon as 
possible after collection, without use of sample- 
preservation techniques such as acidification which 
will modify the natural equilibria of the species 
present. The four arsenic species commonly reported 
to be present in soils, arsenate, arsenite, MMAA and 
DMAA, are all weak acids, the dissociation constants 
of which are quite different, and anion-exchange 

chromatography has been demonstrated to be a 
simple and efficient technique for their separation, 
with gravity column systems”*‘* and HPLC systems.‘) 
The greater control of eluent flow-rates, smaller 
sample and eluent volumes, and high resolving power 
of HPLC make it the separation technique of choice, 
and it is readily directly coupled to a detection 
system. 

A popular method for determining low levels of 
reducible arsenic species involves the generation of 
arsine, followed by atomic-absorption detection.**14 
The separation of arsenate, arsenite, MMAA and 
DMAA on a low-capacity anion-exchange HPLC 
column coupled to a graphite-furnace atomic- 
absorption spectrometer for arsenic detection has 
been demonstrated.” This method, however, does not 
give complete analysis of the eluate and has a sample 
analysis time of more than 30 min. Ricci et ~1.~ have 
described an ion-chromatographic system, based on 
Dionex columns, which was coupled directly to a 
continuous arsine-generation system followed by at- 
omization in a heated quartz-furnace and atomic- 
absorption determination (FAAS). The method used 
in the work reported here is based on HPLC anion- 
exchange chromatography with post-column con- 
tinuous hydride-generation, followed by atomic- 
absorption measurement. The method takes 4 min for 
a single analysis and gives enhanced detection limits 
by the use of a preconcentration column.‘5 The 
concentrations of arsenic species in soil-pore waters 
from mineralized and unmineralized soils are re- 
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ported in this paper. Special attention was paid to the 
collection and storage of the samples collected from 
reducing anaerobic waterlogged soils. 

EXPERIMENTAL 

Apparatus 

A schematic diagram of the HPLC/FAAS continuous 
flow system for the determination of reducible arsenic is 
shown-in Fig. 1. A Waters 6000A solvent-delivery system, 
and a Water U6K injection valve fitted with a l-ml sample 
loop were attached to two anion-exchange columns in series. 
A peristaltic pump flow-rate of 1.6 ml/min and two boro- 
silicate glass Auto-Analyser Y-pieces were used to entrain 
the hydrochloric acid (6M) and borohydride solution (4% 
solution in 0.1 M sodium hydroxide) into the column eluate, 
flowing at 4 ml/min. Reduction took place in a short mixing 
coil and the arsine liberated was separated in a glass 
gas-liquid separator and subsequently flushed with nitrogen 
into a heated quartz tube mounted in the optical path of a 
Pye-Unicam SP9 spectrometer, with the detection wave- 
length adjusted to 193.6 nm. Samples (1 ml) were loaded 
onto the columns through the HPLC injector, with lo-&/, 
sulphuric acid as the eluent at a flow-rate of 4.0 ml/min. 
After loading, the eluent was switched from sulphuric acid 
to O.OlM ammonium carbonate (at the same flow-rate). 

01 M ammonium carbonate 

Sample loop 

1 ml 

GAS- LIQUID 
FAAS SEPARATOR t- NITROGEN 

WASTE 

Fig. 1. Schematic diagram of HPLC/FAAS continuous flow 
system for the determination of arsenic. 
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Fig. 2. Changes in arsenic species for samples filtered on site 
at time of collection and stored at room temperature in the 

light. 

Chromatographic columns 

A Zipax ion-exchange resin of mean particle size 40 pm, 
supplied by DuPont, was slurried into a stainless-steel 
Shandon 100 x 5 mm column. This column was attached in 
series to a second column containing a strong-base anion- 
exchange BAXlO resin, mean particle size 5 pm, supplied by 
Benson Co., which was slurried into a stainless-steel Shan- 
don 250 x 5 mm column. The Zipax precolumn acted as a 
guard column and enabled a preconcentration step to be 
incorporated in the analysis; full details are given else- 
where.r5 

Reagents 

Sulphuric acid, hydrochloric acid, ammonium carbonate, 
sodium borohydride, sodium hydroxide and the arsenic 
standards were all of analytical-reagent grade; the water 
used was demineralized and distilled. 

Procedures 

Aerobic soil-pore water extraction. Surface soil samples 
(O-10 cm depth) from the Dartington and Trusham seriesI 
were placed in lOO-ml plastic centrifuge tubes and centri- 
fuged on site (3000 rpm, 1000 g for 1 min) to extract a 
suitable volume of pore water (-0.5 ml). The pore water 
was drawn up into a plastic syringe and immediately filtered 
with a Whatman WCN filter (pore size 0.45 pm) in a Milli- 
pore Swinex apparatus, into an acid-washed vial, and the pH 
was taken. Arsenic determinations were made within 5 hr. 

Anaerobic soil-pore water collection and sample storage. 
Soil-pore waters were collected from waterlogged soils of the 
Conway and Yeolland Park seriesI not directly affected by 
arsenic mineralization. These samples were treated in two 
ways: (i) filtered (0.45 pm filter) on site, and (ii) sealed 
unfiltered in an air-tight container and filtered (0.45 pm 
filter) just before analysis; both types of sample were stored 
in the light at room temperature. Figure 2 mdicates that 
samples filtered on site may be stored for up to 5 hr with 
no apparent compositional changes, whereas losses of about 
20% are observed for arsenite in unfiltered stored samples 
(Fig. 3) within the same time period. For samples treated by 
either method it was found that within 12 hr 90% of the 
arsenite was oxidized to arsenate, and both dimethylarsinic 
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Fig. 3. Changes in arsenic species for samples not filtered on 
site, stored at room temperature in the light and filtered 

prior to analysis 

acid and monomethylarsonic acid were partly lost from the 
system. 

RESULTS AND DISCUSSION 

Arsenic speciation in soil-pore waters from mineralized 
and unmineralized areas 

Soil-pore waters were collected from mineralized, 
unmineralized, and unmineralized but waterlogged 
sites; the concentrations of arsenic species found are 
shown in Table 1. 

In all the aerobic soils the predominant species 
(N 90%) present in the soil-pore waters was found to 
be arsenate, in agreement with other published 

work.3*4 From the Eh-pH diagram for arsenic2 the 
probability of finding arsenite in aerobic soils is 
greater at pH < 4.5 and in anaerobic soils at pH < 7. 
The pH of the soil-pore waters in this study was 
typically 4.1-5.3. Where mineralization had enhanced 
the soil arsenic-levels (samples IM-8M) the presence 
of monomethylarsonic acid was observed. However, 
the range of arsenite in these samples was not notice- 
ably different from that obtained for the unmineralized 
areas (samples 9U-14U). This suggests that there 
may be a threshold concentration of arsenite at which 
monomethylarsonic acid is microbially produced.’ 
Samples 5M-8M, from a different mineralized area, 
have a range of arsenate levels similar to that of 
samples lM-4M. Comparison of the samples con- 
taining the highest total levels of arsenic (samples 
lM, 2M, 5M and 6M) indicates that samples 5M and 
6M contain less monomethylarsonic acid than the 
other two do. This lower level of monomethylarsonic 
acid in samples 5M and 6M is accompanied by higher 
levels of arsenite; this relationship is also apparent in 
samples with intermediate total arsenic levels, namely 
4M, 7M and 8M. Thus in samples with high arsenic 
levels the arsenite concentration may either be similar 
to those in samples with low arsenic levels, in which 
case monomethylarsonic acid will be present, or it 
may be 2-5 times the levels normally observed, in 
which case very little or no monomethylarsonic acid 
will be present. 

The typical total levels of arsenic found in un- 
mineralized aerobic soils (samples 9U-14U) are 
16-56 pg/l., compared to 80-215 pg/l. for the miner- 
alized soils discussed above. No monomethylarsonic 
acid was found in the samples from unmineralized 
areas except for one sample (lOU), which was un- 
usual in that the arsenite level was low. 

Samples 15W and 16W were collected from anaer- 
obic soils in an unmineralized area. The arsenite level 

Table 1. Concentrations of arsenic species in soil-pore waters 

Sum of 
arsenic 

Arsenite, DMAA, MMAA, Arsenate, species, Total As, 
Sample pH Pg Il. P&?ll. PkYgll. Pggll. figgll. Pggll. 

1M 3.9 3 ND 22 210 235 240 
2M 4.2 2 ND 19 210 230 - 
3M 5.0 2 ND 11 84 97 - 

4M 5.3 8 ND 4 79 91 - 5M 4.1 6 ND 7 200 215 220 
6M 4.0 7 ND 8 210 225 220 
7M 4.9 11 ND ND 80 91 93 
8M 5.1 8 ND ND 150 160 170 
9u 5.7 2 ND ND 35 37 40 

1ou 5.4 1 ND 1 34 36 - 
11u 5.6 7 ND ND 49 56 59 
12u 5.5 2 ND ND 44 46 45 
13u 5.5 2 ND ND 13 15 13 
14u 5.5 1 ND ND 15 16 15 
15w 4.3 10 ND 1 8 19 17 
16W 4.4 15 ND 2 3 20 22 

ND, not detectable; M, mineralized soils; U, unmineralized soils; W, unmineralized waterlogged 
soils. 
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which represents 59 and 77% respectively of the total 
arsenic present, in contrast to the m 10% for aerobic 
soils, is in agreement with previously published re- 
sults, which suggests that up to 80% of the total 
arsenic in anaerobic soils may be present as arsenite.5 
The chemical conditions in the aerobic and anaerobic 
environments suggest that the arsenite levels will be 
increased in the latter, owing to the chemical reducing 
conditions. Although microbial reduction of arsenate 
to arsenite has been reported,’ at the negative redox 
potential found in anaerobic soils chemical reduction 
will override the microbial conversion of arsenate 
into arsenite. Though reduction of arsenate to arse- 
nite is predominantly a chemically controlled reac- 
tion in both anaerobic and aerobic soils, methylation 
of arsenite to MMAA may be considered to be 
controlled by micro-organisms. No clear relationship 
between the arsenate, arsenite and MMAA levels is 
apparent from the results. As the MMAA levels 
increase, the levels of arsenite decrease, which may 
suggest that production of MMAA affects the re- 
sidual arsenite levels in the soil. As indicated above 
the chemical conversion of arsenate into arsenite may 
preclude microbial activity, thus reducing the prod- 
uction of MMAA. 

The complicated processes in the interconversion 
of arsenic species in soil systems depend primarily 
upon the Eh-pH and the physicochemical factors 
affecting microbial activity. These processes pose a 
great problem to the analyst in the interpretation of 
experimental data. 

CONCLUSIONS 

This system of HPLC coupled with continuous- 
flow hydride generation and atomic-absorption 

measurement allows the rapid detection of reducible 
arsenic species at low concentrations in soil-pore 
waters. In aerobic soils the pore-water the main 
arsenic species is arsenate. Where mineralization and 
past mining activities have elevated the total soluble 
arsenic levels, arsenite and monomethylarsonic acid 
are also present. The arsenic species in anaerobic 
waterlogged soils are markedly different from those 
in aerobic soils, with arsenite predominant. Such 
samples should be filtered on site and analysed for 
arsenic species within 5 hr of collection. 
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Summary-The protonation constants of 2_methyldithiocarbazate, 3,3-dimethyldithiocarbazate and 
3-methyl-3_phenyldithiocarbazate, have been determined potentiometrically (I = l.OOM) and spectro- 
photometrically (I = O.OlM) at 25” in aqueous solution. The analytical properties of the reagents have 
been studied, and also the compositions of some of their insoluble metallic chelates. 

Dithiocarbazates have been widely studied as poten- 
tial substitutes for dithiocarbamates, which have 
found considerable application as surfactants, phar- 
maceuticals and very active fungicides, and in vulcan- 
ization processes. This has given rise to a number of 
papers dealing with their synthesisI and the study of 
their structural properties.s-” In contrast, their ana- 
lytical properties have received little attention. 
3-Phenyldithiocarbazate was proposed by Musil and 
Haas12 for the gravimetric determination of Ag(I), 
Cu(I1) and Pb(I1) and by T’ien and Wang3 for the 
calorimetric determination of Cu(II). Hydrazinium 
dithiocarbazate has been used in the photometric 
determination of V(V), Fe(I1) and Fe(II1) by Byr’ko 
et ~1.‘~ and of Fe(II), Fe(III) and Co(I1) by Haas et 
aj 15916 

PHM-64 pH-meter along with a G-202B Radiometer glass 
electrode, an Ag/AgCl reference electrode prepared accord- 
ing to Brown” and a Wilhelm-type salt bridge” were used 
to measure pH values. 

Reagents 

Because the substances containing the dithio- 
carbazate group are of interest as multidentate 
ligands, a systematic study of these compounds as 
analytical reagents has been undertaken in this labor- 
atory. In this paper, the analytical properties of 
2-methyldithiocarbazate (I), 3,3-dimethyldithiocarb- 
azate (II) and 3-methyl-3-phenyldithiocarbazate (III) 
are described. 

Reagents (I) and (II) were obtained by the method of 
Anthoni et aL4 by addition of CS, to the corresponding 
hydraxines in alkaline medium. Reagent (III) was syn- 
thesized by a modification of the method of Henriksen and 
Jensen.) A solution of 0.04 mole of CS, in 5 ml of dimethyl 
sulphoxide was added dropwise during 1 hr, at room 
temperature, to a suspension of 0.04 mole of sodium hydride 
(with 20% paralhn) in 15 ml of dry dimethyl sulphoxide 
containing 0.04 mole of I-methyl-1-phenylhydrazine. The 
resulting solution was added to a mixture of 300 ml of 
acetone and diethyl ether (2:3) and allowed to stand for 24 
hr at 4”. The white crystals obtained were filtered off by 
suction, washed with diethyl ether and recrystallized from 
chloroform (yield 2430%). Melting points: (I) 178-179”, 
(II)128-129” and (III) 121-123”. Elemental analysis: (I) 
H,NN(CH,) CSSK .2H,O requires 12.2% C, 4.6% H, 14.3% 
N, 32.7% S, 19.9% K; found 12.1% C, 4.3% H, 14.6% N, 
31.8% S, 19.7% K. (II) (CH,),NNHCSSK. 2H,O requires 
17.1% C, 5.3% H, 13.3% N, 30.5% S, 18.6% K; found 17.6% 
C, 4.9% H, 13.4% N, 29.9% S, 18.7% K. (III) (CH,) (C,H,) 
NNHCSSNa.2H,O requires 37.5% C, 5.1% H, 10.9% N, 
25.0% S, 9.0% Na; found 37.7% C, 5.0% H, 10.6% N, 25.8% 
S, 8.8% Na. 

- 

EXPERIMENTAL Because of the low stability of the solid dithiocarbazates 
Insrruments in air (3-14x decomposition per day) they must be stored 

A Beckman 5260 spectrophotometer (l-cm cells) was used under nitrogen at 4”. They are then stable for at least I yr. 
for spectrophotometric measurements. A Beckman 4260 Their purity was tested by the method of Clarke er al.,19 
infrared spectrophotometer (KBr discs) and a Perkin-Elmer originally devised for the analysis of dithiocarbamates. The 
R-24B NMR spectrophotometer were used. A Radiometer substance is decomposed in strongly acidic medium and the 
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CS, evolved is collected in methanolic potassium hydroxide 
solution. Iodine titration of the xanthate thus formed 
showed, in all cases, the purity of the dithiocarbazates to be 
higher than 99%. 

Protonation constants 

The protonation constants were determined at 25 + 0.1” 
and I = O.OlM by using the spectrophotometric method of 
Stenstrom and Goldsmith,M which makes use of the re- 
lationship between absorbance and pH; 1 ml of the aqueous 
lo-‘M dithiocarbazate solution was diluted to 50 ml with 
O.OlM buffer prepared as described by Perrin and 
Dempsey?’ The pH and the absorbance at 273 nm (I), 267 
nm (II) and 285 nm (III) were measured. 

The potentiometric determination involved titration 
alkaline solutions of the test substances 

Tlf.3 x lo-‘-35 x 10m3M) with O.lOOM nitric acid at 
Z = l.OOM, with potassium nitrate as ionic medium, at 
25 + 0.1”. Before and during the titration, a stream of pure : 
nitrogen was continuously bubbled through the solutions. 
The potential of the following cell was measured: 

of the dithiocarbazates in 1:4 mole ratio. The precipitates 
were filtered off, washed with water, ethanol and acetone 
and dried under reduced pressure over calcium chloride. 

RESULTS AND DISCUSSION 

The solubility values and the most significant 

infrared and NMR spectrophotometric data for the 
ligands are given in Table 1. The IR absorption peaks 
are assigned in accordance with earlier works.‘*3.4,69 
These bands confhm the structure of the dithio- 
carbazates; thus, the addition of CS2 to methyl- 
hydrazine takes place through the substituted nitro- 
gen atom, giving rise to the appearance of the -NH2 
bending peak (1580-1645 cm-‘) in the spectrum of 
(I). This band does not appear in the spectra of (II) 
and (III) since the CS, is added to the primary 

Glass electrode 
(-) 

Test solution: 
XM reagent 
yM KOH 

I I 
I I 
I l.OOM KNO, “‘lM KC1 ; 0.99M KNO, 

A&l,,) Ag(+) 

(1 --x -y)MKNO, ; I 

Beforehand, O.lOM nitric acid was titrated with O.lOM 
potassium hydroxide in the same cell. The Gran method” 
was used to determine E”’ and Ej which relate the measured 
potential E to the hydrogen-ion concentration [H+] by 
means of the equation: 

E(mV)=E”‘-59.157 log[H+]+Ej 

A known amount of reagent was added to the alkaline 
solution, then the mixture was titrated with nitric acid. 

Chelation studies 

The pH range over which complexation occurred, as 
indicated by colour and colour formation, was determined 
for each combination of metal ion and test substance by the 
technique established by Benedetti-Pichler.23 The solubilities 
of the complexes in benzene, diethyl ether, chloroform, 
isoamyl alcohol and methyl isobutyl ketone were tested and 
absorption data (A,, , 6) for buffered solutions of complexes 
were measured. 

The insoluble metal chelates were prepared by reacting 
aqueous solutions of the metal ions with aqueous solutions 

nitrogen atom of 1,l -dimethylhydrazine and 
1-methyl-1-phenylhydrazine. The NMR spectra 
recorded for D20 solutions of the reagents with DSS 
as internal reference, give peaks similar to those 
reported previously.‘“*l’ The large shift corresponding 
to the methyl group of (II) (6 = 2.55 ppm) relative to 
(III) (S = 3.66 ppm) is consistent with the presence 
of the neighbouring -CSS- group in the 2-methyl- 
dithiocarbazate. 

The ultraviolet spectra of the reagents in some 
common solvents were measured (Table 2). A bath- 
ochromic shift of J.,,,a, is observed for (I) and (II) as 
the polarity of the solvent decreases. This can be 
attributed to n-n* transitions. The spectrum of (III) 
is more complicated, with the presence of overlapping 
bands corresponding to K--IL* aromatic ring transi- 
tions. 

Table 1. Solubilities and infrared and NMR absorption oeaks of the lieands 

Ligand 

(I) (II) (III, 

Solubility in water, g/l. 
Solubility in ethanol, g/l. 
Solubility in acetone, g/l. 
Solubility in diethyl ether, g/l. 
Solubility in benzene, g/l. 
Solubility in hexane, g/l. 
N-H stretch, cm-’ 
NH, bending, cm -I 
N-C stretch, cm-’ 
CH, bending, cm-’ 
H,C-N stretch, cm-’ 
N-N stretch, cm-i 
CSS- stretch asymm, cm-’ 
CSS- stretch symm, cm-’ 
NZ-CH3 protons (NMR), ppm 
N3-CH3 protons (NMR), ppm 
Aromatic protons (NMR), ppm 

200 
17.1 
3.5 
0.7 
0.1 
0.5 

3222-2928m 
1635m 
1463m 
1438m 
1306s 
1012m 

976s 
- 
3.61 
- 

200 200 
6.5 8.3 
2.0 1.8 
0.3 0.1 
0.1 0.1 
0.1 0.1 

3210-285Om 3240-3 1 OOm 
- 

1494s 
1443m 
1310s 
1000s 
974s 
67Om 

- 
1458m 
1434m 
1268m 
1005s 
965s 
694m 

- - 
2.55 3.66 
- 7.30 
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Table 2. Ultraviolet data for the ligands in common solvents 

(I) (II) 

Lx* %8X. Lx, Gnax 7 AM,,, 
Z values% nrn I.mole-‘.cm-’ nm I.mole-‘.cm-’ nm 

75 

(III) 

EmaX 9 
I.mole-‘.cm-’ 

Water 94.6 273 1.7 x 104 285 1.3 x lo4 285 9.4 x 103 

228 1.0 x 104 252 9.6 x 10) 255 9.4 x 10’ 

Ethylene glycol 85.1 279.5 1.7 x lo4 289.5 1.4 x lo4 277 1.2 x 104 

- - 252 7.4 x 103 263 1.3 x lo4 

Methyl alcohol 83.6 279.5 1.6 x lo4 290 1.4 x lo4 290 1.1 x 104 

231 8.7 x 10’ 252 9.0 x 103 253 1.0 x lo4 

Ethyl alcohol 79.6 281 1.7 x lo4 291 1.5 x lo4 292 1.2 x lo4 

231 9.0 x 10’ 253 8.7 x lo3 253 1.1 x 104 

Isopropyl alcohol 76.3 282 1.7 x 104 291.5 1.5 x lo4 289 8.9 x 10’ 

231 9.2 x 10) 253.5 8.6 x 103 259 1.0 x 104 

The stability of the reagents in aqueous solutions 
is pH-dependent. In neutral or alkaline media, the 
absorbance at A,,,,,, decreases by about 15% in 24 hr, 
the sequence of stability being (II) > (III) > (I). In 
fairly acidic medium (pH < 2.5) all decompose rap- 
idly with evolution of CS,. This breakdown hinders 
the experimental determination of the absorbance of 
the protonated species in acidic media, as is required 
for the calculation of the equilibrium constants by the 
Stenstriim and Goldsmith method. Therefore, the 
Sommer method” was used, since it allows graphical 
determination of the values by solution of the equa- 
tion: 

(AR-A) 
A,-A=AA,-A,,----- 

W+l KY 
where A, and A,, are the absorbances of the fully 
deprotonated and protonated reagents respectively, 
and KY is the protonation constant. The resulting 
data have been optimized by the graphical method 
described by Rossotti and Rossotti26 and McBryde.*’ 

sorbance of the I-methyl-1-phenylhydrazine released 
on decomposition of (III) in acid. However, this 
constant, along with those for (I) and (II), was 
determined potentiometrically. The E”’ and Ej values 
found in the Gran titration allowed determination of 
the protonation constant by use of the Bjerrum 
function,29 n, 

fi= & - W+l + &IW+l G’[H+l 
& = 1 + K:[H+] 

which can be calculated experimentally from the pH 
of the solution, the total concentration of titratable 
hydrogen ion HT and the total reagent concentration 
RT. The constants were determined by use of the 
least-squares program MINIPOT.3o The protonation 
constants are given in Table 3. The discrepancy 
between the spectrophotometric and potentiometric 
values is attributed to the difference in ionic strength. 

The results obtained in the present work are not in 
accord with the overall ionization mechanism pro- 
posed for the hydrazinium dithiocarbazate by Byr’ko 
et a1.,14 who suggested 

RNH-C 
p K1 SK2, 2- 
\ 

e RNH-CH + R-N _-C-S+ S2- 

SH 
\ S_- RN=C\ S_ 

pK, = 3.87 + 0.10 

pK2 = 8.90 + 0.10 

The fact that, in the present study, both potentio- 
The values of the protonation constants determined metrically and spectrophotometrically only a single 
fully coincide with those obtained by means of the protonation constant was observed, along with the 
least-squares program MINISPEF28 (PDP 11/60 absence of ionizable cations such the hydrazinium 
computer). Table 3 lists the values of the protonation ion, provides strong evidence for a single acid-base 
constants of (I) and (II). Log KY for (III) could not equilibrium. This equilibrium, in a similar way to that 
be determined because of interference from the ab- proposed by Hulanick?” for the dithiocarbamates, 

could be represented by 

R’>N_N/R’ 
\ 

,H’ \ 
R” 

R’\N-N/R’ + CS 

R css- R 
(,,- 

R’ ‘H 2 

TAL. 32,,--F 
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Table 3. Protonation constants of the reagents at 25 + O.l”C 

Spectrophotometrically Potentiometrically 
(I= O.OlM) (Z = 1 .OOM) 

Reagent log KY log KY 

(1) 4.90 * 0.07 5.42 f 0.05 
(II) 4.56 k 0.02 4.73 + 0.02 
(III) - 6.18 + 0.03 

This mechanism is consistent with the reported zwit- 
terion structure of dithiocarbazic acid’,’ and the 
indirect titration of the dithiocarbazates with iodine, 
where the presence of the CS2 evolved in strongly 
acidic medium is required. On the other hand, the 
differences between constants for the different com- 
pounds show the influence of the substituents bound 
to the protonated N-N skeleton (the protonation of 
the CSS- group would give rise to very similar values 
of the protonation constants, as occurs with xan- 
thates and carboxydithioateP2). 

Table 4 gives the spectral characteristics of the 
soluble metal-reagent complexes, which have high 
absorptivities. The pH does not greatly influence the 
complex formation; this confirms that it is the N-N 
group rather than the CSS- group that is protonated. 

All three substances react very similarly with metal 
ions, although it is interesting to note the closer 
resemblance between (II) and (III). This behaviour 
can be attributed to the difference in structure of the 
complexes (Table 5). Reagents (II) and (III) give MS4 
type complexes, as previously reported by Battistoni 
et al.’ Chelation occurs through both sulphur atoms, 
according to the structure: 

I 

R\ /N-N 

R 

s( /I’ 
INSM\, 

sL,/ 
)N-N 

< 

R 

R ” 

MS4 type 
R’ 

The infrared spectra of the complexes studied show 
that the C-N stretching absorption (1525-1490 cm-‘) 
has been shifted to higher frequencies than for the 

Table 4. Spectrophotometric characteristics of the complexes 

Ligand Metal ion Optimum pH 1, FlM t,I.mole-‘.cm-’ 

Tl(II1) 2-7 
Cu(II) 4-9 
Fe(H) 4-9 
Ni(I1) 5-8 
Bi(II1) 7-10 
Tl(II1) 2-7 
Cu(I1) 9-12 
Fe(U) 68 
Fe(II1) 4-8 
Ni(II) 6-8 
Cu(II) l-9 
Fe(I1) 2-6 
Fe(II1) 5-10 
Ni(I1) 6-9 
Co(H) 5-10 

320 
437 
317 
315 
358 
332 
600 
322 
338 
329 
455 
360 
351 
337 
375 

2.4 x lo4 
7.1 x 10’ 
7.6 x lo3 
2.7 x lo4 
1.2 x 104 
2.3 x lo4 
1.2 x 104 
2.5 x lo4 
6.6 x lo3 
2.2 x 104 
1.2 x 104 
1.5 x 104 
7.6 x lo3 
2.7 x 104 
1.4 x 104 

Table 5. Infrared data for the dithiocarbazato metal chelates 

Compound* Colour 

W-W(CiW,I yellow 125 
Pb[NH,N(CHXS,I, white 140 
Cu[NH,NCH,)C%J, brown 132 
CdN-W(CWCS,I, white 154 
NW%WH3)CS212 red 185 
Bi[NH2N(CI-WS213 orange 93 
&WW,NNHCS,I white 164 
WCW,NNHCS,I, yellow 128 
W(CW,NNHCS,I, green 119 
CWJ-I,),NNHCS,I, white 163 
NWI-U~HW, green 190 
BiKCH,),NNHCS,l, vellow 154 

Decomp. 
point, 

“C 6 (NH?) 

1605 
1600 
1597 
1583 
1590 
1585 

- 
- 
- 
- 
- 

"(C-N) 

t 

1490 
1495 
1490 
1512 
1525 
1502 

“&s- asym) 

955(945) 
950(940) 
970 
960(940) 

1010(1005) 
950(930) 
980 
977 
975 
970 
970 
970 

577 
580 
567 
573 
564 2,l 
576 
680 
675 
690 
685 
690 I,7 
690 

C;i(C,Ii;)(CH,)Ni;jHCS,], irown 235 - 1495 970 695 
Ni[(C,H,)(CH,)NNHCS,l~ green 245 1492 970 690 7 

*These formulae were confirmed by elemental analysis. 
toverlapping band. 
§Shoulders in brackets. 
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alkali-metal dithiocarbazates [1494 cn-’ (II) and 
1498 cm-’ (III)] because of the important double 
bond C=N contribution in this type of chelate.‘v* 
The antisymmetric and symmetric CSS stretching 
modes, absorbing at around 975 cm-’ and 685 cm-’ 
respectively, also confirm this kind of chelation as 
reported earlier for MS, chelates of nickel 
with 2-methyldithiocarbazate,‘,’ 3,3-dimethyldithio- 
carbazate’.’ and 3-methyl-3-phenyldithiocarbazate.’ 
In contrast reagent (I) forms MN,S2 type metal 
complexes, through the nitrogen and sulphur atoms: 

MN,S, type 

The C-N stretching vibration, with a smaller double 
bond contribution, overlaps in this case with neigh- 
bouring lower-frequency bands such as C-H (around 
1440 cm-‘).* The chelates formed with reagent (I) all 
display NH2 bonding peaks at lower frequencies 
(1605-1583 cm-‘), supporting the postulate of 
MN*& co-ordination. ‘*’ Finally, the presence of a 
shoulder in the absorption peak assigned to the 
asymmetric CSS- mode also confirms’~* the chelation 
through only one nitrogen and one sulphur atom. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

11. 
12. 
13. 

14. 

15. 
16. 
17. 
18. 

19. 

20. 

21. 

22. 
23. 

24. 

25. 

26. 

1. 

2. 

3. 

27. 
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Summary-The protonation constants of 2,2’-bipyridyl, l,lO-phenanthroline, 1,3_diaminopropane, 
L-histidine and histamine have been determined potentiometrically, in the temperature range 10-40” and 
at ionic strengths ranging from 0.04 to 1 (potassium chloride). The dependence of the protonation 
constants on ionic strength is described by a simple general equation. The enthalpy changes for the 
protonation of the ligands have been calculated from the temperature dependence of the protonation 
constants. 

In a series of papersle3 on the ionic strength de- 
pendence of formation constants we reported some 
interesting features of the function log K =f(Z). In 
particular, (a) all the formation constants seem to 
follow the same trend as a function of ionic strength, 
if allowance is made for the different types of reaction 
stoichiometry and for the different charges of re- 
agents and products and (6) there is a term in the 
equation log K =f(Z) that is independent of the 
charges and accounts for the variations of the pro- 
tonation constants of species that form cationic acids 
on protonation. 

In order to elucidate the latter point we decided to 
investigate systematically cationic acids formed by 
protonation. Here we report a potentiometric study 
of the protonation of 2,2’-bipyridyl, 1, lo-phenan- 
throline, 1,3_diaminopropane, L-histidine and hista- 
mine, at three temperatures (lo”, 25”, 40”) and five 
ionic strengths (0.04, 0.1, 0.3, 0.6 and 1.0; KCl). 

EXPERIMENTAL 

Apparatus and procedures 

The measurements were performed by potentiometric 
measurement of hydrogen-ion concentration with a model 
E600 Metrohm potentiometer equipped with Metrohm glass 
and silver/silver chloride electrodes. The glass electrode was 
calibrated (in -log[H+] units) in the acid and alkaline 
region by titrating nitric acid (3-8mM) with standard 
1.000M carbonate-free potassium hydroxide, at the same 
ionic strength (adjusted with potassium chloride) as the 
solution under examination. The E” and pK,, values were 
calculated as reported elsewhere.4 The ionic strength was 
adjusted by adding potassium chloride. This ionic medium 
was employed since interaction between potassium ions and 
the ligands concerned can be considered negligibIe.z The 
temperature (T”C) was kept constant by circulation of 
liquid from a model Dl-G Haake thermocryostat. The 
titrant was delivered from a microsyringe (5000 divisions/ml). 
For each Iigand five titrations were performed; the ligand 

concentration ranged from 3 to 6 mM; for each protonation 
step fifteen experimental points were used in the calculation. 

Chemicals 

2,2’-Bipyridyl, l,lO-phenanthroline, 1,3-diaminopropane, 
L-histidine monohydrochloride, histamine dihydrochloride 
and potassium chloride, all Fluka pmissimum products, 
were used without further purification. The purity of the 
ligands, checked by acid-base titrations, was always z 99% 
and was taken into account in the calculations. Nitric acid 
and potassium hydroxide stock solutions were prepared by 
diluting concentrated solutions (Merck ampoules). 

Calculations 

The protonation constants, expressed as 

KJ’ = [H,WHl [H, _ J-1) 

were calculated separately for each ionic strength by the 
program MINIQUAD 76A, modified in order to take into 
account the variation of ionic strength during the titrations;’ 
the parameters defining the dependence on ionic strength 
were obtained from these values. 

RESULTS AND DISCUSSION 

The protonation constants of the ligands under 
study are collected in Table 1. The dependence of 
these values on ionic strength can be described by the 
general equation’-’ 

log KH(I) = log KH(I’) 

-AZ* Jr v@ 

l+BJFl+BJF > 

where 

+ C(Z - I’) + D(P’2 - 1’3’2) (1) 

A = 0.5115 + 8.885 x 1O-4 (T - 25) 

+ 2.953 x 1O-6 (T - 25)* 

B = 1.489 + 8.772 x 1O-4 (T - 25) 

+ 4.693 x 1O-6 (7’ - 25)*; 
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Table 1. Protonation constants (log K”)* at different temperatures and ionic strengths 

79 

Ionic strength 

Ligand T, “C 0.04 0.10 0.30 0.60 1.00 

2,2’-Bipyridyl 

1 , 1 0-Phenanthroline 

1,3-Diaminopropane 

L-Histidine 

Histamine 

1,3-Diaminopropane 

Histamine 

L-Histidine 

L+H+=[HL]+ (or[HL]+H+=[H,L]+), z*=O 
10 4.52(3) 4.57(2) 4.65( 1) 4.72(2) 
25 4.38(l) 4.40(2) 4.46(2) 4.60(l) 
40 4.27(2) 4.28(2) 4.3q2) 4.45(2) 
10 5.13(4) 5.14(4) 5.18(5) 5.22(5) 
25 4.97(2) 4.97(3) 4.98(2) 5.10(3) 
40 4.81(3) 4.81(2) 4.8q2) 4.93(2) 
10 11.19(3) 11.18(3) 11.23(2) 11.28(4) 
25 10.59(2) 10.59(2) 10&t(2) 10.84(2) 
40 lO.lO(2) lO.ll(2) 10.12(2) 10.21(2) 
10 6.27(2) 6.31(l) 6.34(2) 6.42(l) 
25 5.99(2) 6.04(2) 6.08(2) 6.14(2) 
40 5.75(l) 5.76(2) 5.82(l) 5.88( 1) 
10 10.22(2) 10.36(l) 10.39(2) 10.43(2) 
25 9.80(l) 9.83( 1) 9.85(l) 9.94(l) 
40 9.31(3) 9.31(3) 9.33(3) 9.46(2) 

[HL]++H+=[H,LIZ+ z*=-2 
10 9.21(3) 9.27(2) 9.39(2) 9.47(3) 
25 8.70(2) 8.79(3) 8.87(2) 9.Oq2) 
40 8.26(2) 8.32(2) 8.38(2) 8.5q2) 
10 6.21(2) 6.39(l) 6.48(2) 6.60(l) 
25 5.99(2) 6.07( 1) 6.18(l) 6.29(l) 
40 5.70(3) 5.77(l) 5.78(l) 6.03(2) 

L-+H+=[HL]z*=2 
10 9.52(2) 9.52(2) 9.53( 1) 9.53(l) 
25 9.08(l) 9.07( 1) 9.08(2) 9.08(2) 

4.86(2) 
4.68(2) 
4.50(l) 
5.36(5) 
5.16(3) 
5.04(2) 

11.37(3) 
10.85(2) 
10.31(2) 
6.51(2) 
6.23(2) 
5.94(2) 

10.52(2) 
10.02( 1) 
9.51(2) 

9.56(3) 
9.12(2) 
8.64(2) 
6.71(l) 
6.44(l) 
6.13(2) 

9.58(2) 
9.14(l) 

40 8.75(l) 8.69( 1) 8.69(l) 8.70( 1) 8.72(l) 

*The 95% confidence interval of the mean (C.1) is ‘ven in parentheses [e.g., 4.52(3) = 4.52 f 0.09, and 
was estimated by using the equation C.I. = st/ J n, where s is the standard deviation of the mean value 
of log KY (log It;” values were calculated separately for each titration), r is the Student-t value for 
p = 0.95, and n IS the number of titration curves. 

I and I’ represent the actual and reference ionic 
strengths, respectively; z * = 2( 1 - z -j) for the re- 
action [H, _ , L]’ +I- ’ + H+ = [H,L]‘+J (z is the charge 
on L); C and D are parameters experimentally deter- 
mined. 

Considering that A N 0.5 and B N 1 S, equation (1) 
can be simplified, since small errors in A and B are 
absorbed in the linear ternP 

The experimental values of C and D [equation (2)] 
are in general’-3 a simple function of z*: 

C=c,,+c,z*, D =dz* (3) 

If z * = 0 (for reactions involving uncharged ligands, 
such as L + H+ = [HL]+ or [HL] + H+ = [H,L]+), 
substituting the values of C and D from equation (3) 
into equation (2) yields 

log K”(Z) = log K”(Z’) + c,(Z - I’) (4) 

Over the temperature range used, for all the ligands 
considered the coefficient c, can be expressed as a 
function of temperature by 

Table 2. Thermodynamic parameters for the protonation of the ligands under study, calculated 
for 25°C and I = 0.25; the 95% confidence interval is indicated by the figure in parentheses [e.g., 

6.10(3) = 6.10 k 0.031 

-AG, -AH, AS, 
Ligand j log KY kcallmole kcallmole cal.mole-‘.&g-l 

2,2’-Bipyridyl 1 4.47(2) 6.10(3) 3.8(2) 8(l) 
1, IO-Phenanthroline 1 5.00(2) 6.82(3) 4.3(3) 9(2) 
1,3_Diaminopropane 1 10.67(3) 14.55(4) 14.8(4) -l(2) 

2 8.88(2) 12.1 l(3) 13.0(5) - 3(2) 
L-Histidine 1 9.07(2) 12.37(3) 11.1(2) 4(l) 

2 6.07( 1) 8.28(2) 7.2(2) 4(l) 
Histamine 1 9.85(2) 13.44(3) 13.6(3) -l(2) 

2 6.15(2) 8.39(3) 8.2(3) l(2) 
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c,, = 0.23 - 0.0013 (7’ - 25) (5) The thermodynamic parameters AH and AS are 

With the c, value calculated from equation (5), 
collected in Table 2. These values can be considered 

analysis of the data in Table 1 for reactions with 
to be in agreement with the literature values,’ 

Z* # 0 leads to the following values for c, and d [see 
especially if it is taken into account that the 

equation (3)]: 
protonation constants were determined at only three 
different temperatures. 

T, “C d 
10 Of;6 -0.185 
25 0.23 -0.165 (6) 
40 0.19 -0.13 

If log K& is the protonation constant (z* = 0) 
calculated from equations (4) and (5), the mean 
deviation sx= log K& - log K& is: 

E = 0.05 1 I - 0.25 ) (7) 

For the other protonation constants (z* # 0) the 
mean deviation and the values of parameters c, and 
d, which define the dependence on ionic strength, are 
in agreement with our previous findings,’ if allowance 
is made for the higher c, values found here. 
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Summary-Six cupric thiosemicarbazonates have been studied by differential pulse polarography and their 
formation constants calculated by the DeFord and Hume method and by a modification of this method 
applicable to quasi-reversible and irreversible processes. Comparison of the values found by both 
procedures shows the validity of the suggested modification. 

Of the polarographic methods for calculation of 
complex formation constants, the one by DeFord 
and Hume’ is undoubtedly the most widely used. In 
an earlier paper’ we used this method, not in its 
original form but as the modification suggested by 
Heath and Hefter for differential pulse polarography 
(dpp)3 with all its implicit approximations. An addi- 
tional modification suggested by us involved taking 
into account not the theoretical number of electrons 
transferred but the product of the number of elec- 
trons and the transfer coefficient; the product was 
taken into account for each particular experiment 
and calculated in addition to Z, (peak intensity) and 
EP (peak potential) by a computer program [FO(I)] 
based on applying a weighted least-squares method 
to the equation of the Tomes lines for a.c. polar- 
ography and dpp.’ In the same paper2 three computer 
programs for the calculation of the formation con- 
stants of chelates were suggested, and their applica- 
bility demonstrated for the cadmium-chloride,3 
cadmium-thiocyanate’ and zinc-pyridine4 systems. 
The suggested modification and programs have more 
recently been applied to the Bi(IIIkazomethine 
2-benzoylpyridine derivative systems,6 which give ir- 
reversible reduction processes. 

We now apply the modification and two of the 
programs to six Cu(II)-thiosemicarbazone systems. 

EXPERIMENTAL 

Apparatus 

A Metrohm E-505 polarograph and E-506 recording 
system, with Ag/AgCl electrodes as reference and auxiliary 
electrodes, in conjunction with conventional dropping mer- 
cury and hanging drop electrodes. A Beckman 3500 pH- 
meter wtth combined calomel-glass electrode. An HP-85 
microcomputer (32 kbyte). 
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Reagents 

Acetone solutions (5 x 10m3M) of the thiosemicarba- 
zones of the following carbonyl compounds: benzaldehyde 
(BAT), picolinaldehyde (PAT), 6-methylpicolinaldehyde 
(6Me-PAT), biacetyl monoxime (BAMT), salicylaldehyde 
(SAT) and p-hydroxybenzaldehyde (pHBT). Aqueous solu- 
tions (I .OM) of sodium perchlorate, potassium chlorate and 
potassium chloride, and 0. 1M tetramethylammonium bro- 
mide. B&ton and Robinson buffers (pH 1-12). Gelatine 
solution (1%). Aqueous standardized copper(R) solution 
(0.167M). More dilute solutions were prepared as required. 
All solvents were of analytical grade. 

RESULTS AND DISCUSSION 

The behaviour of the six systems is simultaneously 
discussed. Unless otherwise specified, the working 
conditions were as follows: initial potential, -0.2 V; 
scan-rate, 5 mV/sec; drop-time, 0.6 set; pulse- 
amplitude, 50 mV; rate of mercury flow, 0.8083 
mg/sec; height of the mercury head, 60 cm; tem- 
perature, 25”; [Cu(II)], 2 x 10m4M; [ligand], 
1.5 x 10_3M. 

The effect of type of supporting electrolyte was 
examined with sodium perchlorate, potassium chlo- 
rate, potassium chloride and tetramethylammonium 
bromide solutions. The concentration of organic 
solvent (acetone in all cases7-9) was below 4% for all 
the systems, since higher concentrations make the 
reduction processes more irreversible. Study of the 
effects of pH, temperature, drop-time and pulse am- 
plitude showed that the processes were 
diffusion-controlled; the optimal values of these vari- 
ables are summarized in Table 1. 

The ligand concentration was changed between 50 
and 100 times the cupric ion concentration for each 
thiosemicarbazone. The application of the FO(I) 
program allowed calculation of the na, Z, and Z$ data 
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Table 1. Optimal values of vari- 
ables 

Supporting 
Ligand electrolyte pH 

BAT NaClO, 11.0 
PAT KC1 _ 9.7 

6MePAT KC1 10.6 
BAMT NaClO, 11.5 

SAT KC1 11.5 
pHBT KC1 11.7 

Temperature 25”, pulse amplitude 
50 mV, drop-line 0.6 set (except 
for 6 MePAT, for which it was 
0.8 set). 

from each polarogram. The formation constants for 
each Cu(II)-thiosemicarbazone system were calcu- 
lated by programs GIP II and FOW,2 taking into 
account the theoretical number of electrons ex- 
changed in the process (n = 2), that is, the Heath and 
Hefter modification3 (Table 2) and also taking into 
account2 the product net (Table 3). 

The values of the formation constants obtained by 
our modification (Table 3) are all smaller than those 
found by the Heath and Hefter method because ec was 
always < 1. The divergence between the values found 
by the two methods is a measurement of the irre- 
versibility of the process. 

The values of the formation constants for all the 
systems were very similar, except for the Cu(II)-PAT 
system. The great divergence in /I values as well as in 

the number of formation constants obtained by both 
methods for the Cu-SAT and Cu-pHBT systems 
may be attributed to the marked degree of adsorption 
of the hydroxylic ligands on the electrode surface,‘O 
which dramatically disturbs their electrode behav- 
iour. 

In the Cu(IIkSAT system the occurrence of a 
ligand reduction which overlaps that of the com- 
plexed Cu(I1) prevents the peak-width measurements 
necessary for calculating the na values. 

Once again the suitability of this modification for 
quasi and irreversible processes is emphasized. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 
9. 

10. 
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Table 2. Conditional formation constants of the Cu-thiosemicarbazone systems as calculated 
by the DeFord and Hume method 

Ligand 

BAT 

PAT 

B, 82 

(13.4 * 1.7) x 10’5 (7.8 k 2.7) x 10” 
(11.3 f 1.2) x 10’5 (22.3 f 4.8) x lOI 
(2.2 * 0.1) x 10’2 (2.2 f 0.5) x 10’4 

(21.0 f 1.0) x 10” (18.5 f 2.0) x 10” 

6MePAT (8.3 f 1.9) x lOI (7.0 + 2.2j x 101~ 

(10.1 + 2.0) x 10’5 (7.1 + 1.0) x 10’6 

DAMT (4.9 +3.oj x loI5 (2.2 Io.3j x ioi8 

(2.7 + 0.8) x lOu’ (2.8 k 0.1) x 10’s 

SAT 
(1.3*0.1)x 10’6 (5.4 f 0.7) x 10’S 
(13.2 k 0.8) x lOI (4.9 f 0.5) x 10’8 

pHBT (2.9 & 0.3) x lOI (3.0 f 0.4) x 10” 
(3.5 * 0.3) x 10’5 (2.6 k 0.2) x 10” 

B3 
(4.1 & 2.0) x 10’9 
(3.6 f 0.3) x lOI 
(1.7 k 0.6) x lOI 

(14.5 + 1.7) x 10’4 
(4.8 + 1.8) x 10’s 
(4.5 f 0.4) x 10’8 
(19.2 k 2.2) x lOI 
(17.6 + 0.7) x lOI 
(1.8 + 0.4) x 102’ 
(1.5 + 0.2) x 102’ 
(1.8 k 0.4) x lOI 
(1.6 + 0.1) x lOI 

Program 

FOW 
PIG II 
FOW 

PIG II 
FOW 

PIG II 
FOW 

PIG II 
FOW 

PIG II 
FOW 

PIG II 

Table 3. Conditional formation constants of the Cu-thiosemicarbazone systems as calculated 
by the suggested modification 

Ligand 8, 82 83 Program 

BAT 
(3.0 * 1.0) x 10” (3.8 + 1.2) x 10” (2.2 f 0.9) x 10’4 FOW 
(4.4 f 0.4) x 10” (3.3 f 0.2) x 10” (2.0 f 0.1) x lOI PIG II 

PAT 
(7.1 * 1.8) x 10’ (5.4 + 2.5) x 10“ (3.6 + 2.3) x 10” FOW 
(7.0 f 1.5) x 10’ (4.6 + 1.1) x lo9 (3.1 * 0.7) x 10” PIG II 

6MePAT (5.6 k 1.7) x lo9 (4.4 + 1.8) x 10” (2.7 + 1.4) x 10” FOW 
(6.7 + 1.5) x lo9 (4.1 * 0.7) x 10” (2.4 + 0.3) x 10” PIG II 

DAMT (1.6 & 0.9) x 10” (6.5 f 0.7) x 10” (5.4 * 0.5) x 10’5 FOW 
(7.5 + 2.0) x 10” (7.8 k 2.7) x 10” (5.0 * 0.2) x 10’5 PIG II 

SAT 
FOW 

(1.3 f 1.2, x 10’0 
PIG II 

pHABT 
(2.9 f 1.6) x lo8 FOW 
(2.7 f 0.9) x lo8 (1.0 + 0.2) x IO’O (5.5 + 0.7) x 10” PIG II 
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Summary--The system of orthophosphate, magnesium and hydrogen ions in aqueous solution at 25” and 
I = 0.2M chloride has been characterized by means of glass-electrode potentiometry. Protonation 
constants for orthophosphate species and formation constants for the complexes MgH,PG:, MgHPG,, 
MgPO; and MgGH+ are reported. 

We are currently developing a metal speciation model 
for urine along similar lines to our blood plasma 
model’ and for this we require formation and pro- 
tonation constants applicable to an ionic strength of 
0.2M and a temperature of 37” for all the 
metal-ligand-proton complexes that can potentially 
be formed. The latter include complexes between 
magnesium, orthophosphate and hydrogen ions but 
the literature data2-I0 for this system cover ionic 
strengths sufficiently far removed from our require- 
ments for us to be concerned about the reliability of 
applying theoretical corrections to the relevant con- 
stants. Furthermore, there is a variation in the range 
of magnesium complexes postulated, some author?” 
giving MgHPO, as the only one whereas others3*4 
include MgPO; and/or MgH,PO$. For these 
reasons, we decided to investigate the magnesium- 
phosphate-proton system further, at an ionic 
strength of 0.2M but at a temperature of 25”. This 
temperature was chosen in preference to 37” to avoid 
condensation problems inside the titration assembly 
and because it was considered that correction over as 
small a temperature range as 12” by using the van’t 
Hoff equation and assuming constant enthalpies of 
reaction would not introduce errors of unacceptable 
magnitude for our urine model. 

EXPERIMENTAL 

Sodium hydroxide solutions (O.lM) were freshly prepared 
at frequent intervals, by dilution of the contents of Merck 
ampoules, under nitrogen, and standardized against potas- 
sium hydrogen phthalate (Merck). The 0. IA4 hydrochloric 
acid used was also prepared by use of Merck ampoules, and 
standardized with the sodium hydroxide solutions. Ortho- 
phosphoric acid solutions (O.Ol-O.lM) were prepared from 
the Merck concentrated acid and standardized with the 
sodium hvdroxide solutions. Magnesium chloride solutions 
(0.04M) were prepared by dissolving high-purity mag- 
nesium ribbon (BDH) in hvdrochloric acid after initial 
cleaning with thk acid, washing with glass-distilled water 
and drying in a vacuum oven at 40”. The acid content of the 
magnesium chloride solutions was determined by titration 
with standardized sodium hydroxide. Sodium chloride solu- 

tions (0.2OOM) were prepared from Merck ampoules. All 
the solutions mentioned were prepared with boiled-out 
glass-distilled water. The sodium hydroxide, hydrochloric 
acid and orthophosphoric acid solutions were prepared with 
a total chloride concentration of 0.2OOA4, by addition of 
sodium chloride from Merck ampoules. 

Equilibrium constants for the protonation of ortho- 
phosphate and the complexation of orthophosphate by 
magnesium were determined by potentiometric titrations in 
a Metrohm EA876-20 titration vessel maintained at 25”. The 
electrodes were Metrohm EA109 glass electrodes, and 
Metrohm EA404 calomel electrodes containing 5M sodium 
chloride as electrolyte. During the titrations, a purified 
nitrogen atmosphere was maintained in the titration vessel. 

In the determination of the protonation constants, solu- 
tions containing orthophosphoric acid and sodium chloride 
were titrated with sodium hydroxide/chloride solution 
added from a Metrohm Dosimat E635 piston-burette con- 
trolled by a Metrohm Titroprocessor E636, which also 
measured and recorded the emf of the cell. The data 
obtained were used to calibrate the electrodes and determine 
the protonation constants simultaneously. 

Three types of titration procedure were followed to 
investigate the complexation equilibria. Solutions contain- 
ing orthophosphoric acid, magnesium chloride and sodium 
chloride were titrated with sodmm hydroxide/chloride solu- 
tion or a solution containing sodium hydroxide, ortho- 
phosphate and chloride. In the latter type of titration, the 
solutions were prepared in such a way that the ortho- 
phosphate concentration in the titration solution remained 
constant. In the third type of titration, the magnesium 
concentration was maintained at a constant level by titrating 
with solutions containing hydrochloric acid, magnesium 
chloride and sodium chloride. Concentration adjustments 
could be made before or during each titration by adding 
sodium chloride solution from a calibrated Metrohm 
E274-50 piston-burette. 

The orthophosphate protonation constants and the elec- 
trode calibration parameters were determined by applying 
the MAGEC” and MINIQUAD” programs alternately to 
the relevant titration data, following the procedure 
described in reference 11. The complexation-titration data 
were processed initially by ZPLOT” in order to obtain 
formation curves and subsequently by MINIQUAD in 
order to obtain best-fitting chemical models and refined 
formation constants. The validity of the finally chosen 
chemical model and “best” formation constants was 
checked by supplying the latter as input to PSEUDO- 
PLOT,14 which generated theoretical formation curves. The 
degree of matching between the experimental and 
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theoretical formation curves gave a sound measure of the 
validity or accuracy of the chemical model. 

As a further check, attempts were made to determine the 
formation constants by processing the constant-ligand and 
constant-metal titration data according to the method of 
t)sterberg,‘5.‘6 but the conditions were found to be unsuit- 
able 

RESULTS AND DISCUSSION 

Two protonation titrations were done with an 
initial orthophosphoric acid concentration of about 
O.OlM and two with an initial concentration of about 
0. 1M. Converging values were obtained for the elec- 
trode parameters and the protonation constants over 
a pH range of about 2-12. Satisfactory statistical fits 
between the parameters and the data were indicated 
by reasonable values obtained for the MAGEC 
objective function (0.016 cm6), the MINIQUAD 
R-factor (0.0007) and x2 (23.7). Values found for the 
protonation constants, together with corresponding 
literature data, are presented in Table 1. Allowing for 
the variation in background medium and tem- 
perature, the agreement between our protonation 
constants and the literature data is acceptable. The 
value we find for the ionic product of water also 
appears to be acceptable. 

Ten complexation titrations were done with initial 
conditions covering wide ranges of component con- 
centration, namely 0.003-0.022M for orthophos- 
phate and 0.0024.008M for magnesium. Ligand to 
metal ratios ranged from 0.5: 1 to 10: 1. The pH 
ranged from 3 to 10. When MINIQUAD was applied 
in order to obtain consistent chemical models to 
explain the entire set of titrations, the data were 
divided into two groups, namely those for pH > 8 
and for pH < 8. The first group was used to refine the 
constants for the species MgPO; and MgOH+, and 
the second for MgHPO, and MgH,PO:. The equi- 
librium constants obtained, together with standard 

10r 

Fig. 1. PSEUDOPLOT curve calculated from the 
orthophosphate-proton and orthophosphate-magnesium 
formation constants in Table 1, plotted on a selection of the 
experimental formation values. Initial concentrations (mM) 
of orthophosphate and magnesium respectively were: 22.5 
and 7.6 (A); 11.3 and 2.1 (m); and 6.4 and 3.0 (a). 
A = constant [orthophosphate] titration; n = constant 

[magnesium] titration. 

deviations, the MINIQUAD R-factors, x2 values and 
corresponding literature data, are presented in Table 
1. The R and x2 values indicate satisfactory fits of 
the data to the chemical model proposed and the 
corresponding formation constants. In Fig. 1, the 
individual points represent a selection of the for- 
mation function values (obtained from ZPLOT) plot- 
ted against the negative logarithm of the free HPO:- 
concentration. Superimposed are theoretical for- 
mation curves generated by PSEUDOPLOT from the 
refined constants listed in Table 1. The good match 
between the curves and the points confirms the 
validity of the chemical model and the constants in 
Table 1. Figure 2 shows the species distribution 
for the magnesium-orthophosphate-proton system, 
computed from the constants in Table 1, for total 
concentrations of orthophosphate and magnesium 
both equal to O.OlM. 

Table 1. Logarithms of formation constants (K) for proton and magnesium complexes of orthophosphate at 25” and 
I = 0.2M [Cl-] 

Reaction 
Literature data: log K (temp., I. 

logK d n R x2 [medmm])E’ 

- 13.72 (25”, 0.1 [NaCl]).” 
11.30 (37”, 0.15 [KNO,]).’ 
6.70 (37”. 0.15 [KNO,]),’ 6.279 (25”. 
3 [NaCI0,]).3 

H20+H+ + OH- - 13.449 0.001 174 0.0007 23.7 
H+ + PO:-=HPO:- 11.179 0.001 174 0.0007 23.7 

H+ + HPO:-+H,PO; 6.401 0.001 174 0.0007 23.7 

H+ + H,PO;=H,PO, 1.684 0.002 174 0.0007 23.7 

M$+ + PO:-+MgPO; 3.13 0.01 109 0.0009 53 
Mg2+ + HPO$- + MgHPO, 1.94 0.08 387 0.0012 392 

Mg2+ + H,PO; =MgH,I’O$ 1.51 0.05 387 0.0012 392 

Mg*+ + OH-$MgOH+ 3.07 0.04 47 0.0004 19 

1.95 (37”, 0.15 IKNO,]),’ 1.879 (25”, 
3 ~EklO,]).’ - -- 
3.4 (37”. 0.15 IKN0,1k4 
1.8 (37”; 0.15 [KNO;jj,” 1.42 (25”, 
3 [NaC10,]),3 2.5 (25”, O),’ 2.87 (38”, 0),6 
1.52 (30”, 0.2 [KCl]),’ 2.74 (30” O),* 
1.85 (25”, 0.2 [(n-CjH,),N+CIm]),9 
1.78 (15”, 0.1 [KCl]).‘” 
0.60 (37”, 0.15 [KNO,]): 
0.16 (25”. 3 [NaClO,]). 
2.58 (25”, O).” 

H+ represents the sum of all forms of hydrated protons; d = standard deviation of log K; n = number of observations; 
R = Hamilton R-factor, from MINIQUAD output; x2 indicates deviation (from normal dlstnbution) of residuals in 
total concentrations from MINIQUAD output. 
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-log CH+l 

Fig. 2. Concentrations of the complexes present, as a 
function of -log[H+] for the orthophosphate-magnesium- 
proton system when the total concentrations of ortho- 

phosphate and magnesium are both 10 mM. 

The agreement between our constants for the mag- 
nesium complexes and the corresponding literature 
values is generally satisfactory, taking into consid- 
eration the differences in temperature and ionic back- 
ground medium. The most commonly reported con- 
stant in the literature is for the species MgHP04.5“0 
Several of the authors concerned give this as the only 
magnesium complex, possibly because of the limited 
pH-range examined by these authors, and also be- 
cause of the predominance of MgHPO,, as illustrated 
in Fig. 2. In contrast, the reliability of our proposed 
model and constants is given weight by the good 
match, shown in Fig. 1, between the theoretical 
formation curves and the formation function points, 
even though the system is only weakly complexing 
and hence difficult to characterize quantitatively. 

Attempts made to apply the method of 
t)sterberg’5*‘6 to the titrations with constant ligand 
but varying metal concentration and with constant 

metal but varying ligand concentration were not 
fruitful. This evidently stems from our inability to 
achieve, experimentally, the appropriate ranges of 
conditions required for application of the t)sterberg 
method. 
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Summary-Instrumental and classical methods have been used to characterize some industrial 
di(alkylphenyl)dithiophosphoric acids. The “P-NMR chemical shifts of di(nonylphenyl)dithiophosphoric 
acid and its herivatives are summarized. 

Various dialkyldithiophosphoric acids and their 
derivatives have been investigated by several authors, 
and the NMR (3’P and ‘H), and infrared spectral 
data, pK values, methods of separation, etc., have 
been given in the literature. Almost all the acids 
examined were dialkyldithiophosphoric acids with at 
most four carbon atoms in the alkyl chains. There are 
only a few data for di(alkylphenyl)dithiophosphoric 
acids. 

In this paper, the identification and determination 
of the compounds formed during the product- 
ion of industrial di(nonylphenyl)dithiophosphoric 
acid are described. All industrial di(nonylpheny1) 
dithiophosphoric acids contain similar compounds as 
impurities, sometimes only in traces. Products from 
a pilot plant were monitored to find several especially 
irregular samples containing various components in 
sufficient quantity for study. 

EXPERIMENTAL 

Mass spectrometry of di(nonylphenyl)dithiophosphoric acid 
samples 

A high-resolution double-focusing mass spectrometer 
with Herzog-Mattauch geometry and equipped with a 
direct sample-inlet system was used at an ionization 
potential of 15 eV. The mass spectra of the various 
di(nonylphenyl)dithiophosphoric acids examined show the 
presence of several compounds characterized by molecular 
ions. Table 1 gives the data for the compounds identified. 

Three mam groups of compounds can be identified: 
alkylphenols, and various acids and neutral molecules con- 
taining phosphorus. 

To find suitable analytical methods for determining the 
different groups of compounds, infrared and NMR (r’ P and 
‘H) spectrometry, potentiometnc titration and classical 
methods were tried. 

Infrared spectrometry 

Infrared spectrometry is often used to examine di- 
alkyldithiophosphoric acids, their derivatives and their 
metal salts. Nyquist,’ Zimina,* and Mark and Van Wazer’ 
have established the characteristic bands for the pure com- 
pounds. 

The same groups in the different kinds of di(alkyl- 
phenylkhthiophosphoric acids and their derivatives give 
similar infrared spectra. Therefore infrared spectrometry is 
not suitable for differentiating the individual compounds 

present in industrial di(nonylphenyl)dithiophosphoric acid 
samples. However, any alkylphenols present can be deter- 
mined by infrared spectrometry, by means of the intensity 
of the vou band at 3620 cm-’ in carbon tetrachloride 
solution. Table 3 (see later) shows the alkylphenol content 
of some of the acids examined. 

’ H-NMR spectrometry 

The diazomethane derivatives of the acid compounds in 
industrial di(nonylphenyl)dithiophosphoric acid samples 
give characteristic NMR signals for SCH, and C&CH,, but 
as Kabachnik et al.4 have pointed out, the products from 
dithiophosphoric acids are mixtures of isomers, and the 
thione-thiol equilibrium of the derivative is different from 
that for the parent acid. Hence use of ‘H-NMR spec- 
trometry with these derivatives is not suitable for examining 
the composition of di(nonylphenyl)dithiophosphoric acid 
samples. 

Potentiometric titration 

Dialkylthiophosphoric acids exhibit a tautomeric 
equilibriums’ as follows: 

(RO), 
i s 

-OH G (RO),P=O 

thione thiol 

Kabachnik and co-workers4,8 used potentiometric titration 
to study the tautomeric equilibrium of dialkyldithiophos- 
photic acids. Brazier and Elliott9 titrated di(4-methyl- 
pentyl-2)dithiophosphoric acid. The titration curve showed 
two distinct inflections which could be attributed to the 
thione-thiol tautomerism 

RO S RO 0 

Di(nonylphenyl)dithiophosphoric acid samples were 
titrated in methanol with methanolic potassium hydroxide 
solution in our laboratory, and also gave two distinct 
inflections, from which the amount of the acids can be 
calculated (Table 3). 

Kabachnik and co-workers4,’ established that the tauto- 
merit equilibrium of dialkyldithiophosphoric acids depends 
on the solvent used. In water the thiol form is dominant, and 
the thione in ethanol. 

We have found that different industrial di(nonylphenyl)- 
dithiophosphoric acid samples of similar composition show 
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different tautomeric equilibria under the same conditions. 
This seems to show that the tautomerism can be affected by 
the preparation conditions. 

Iodometric titration 

Bode and Amswald” determined the concentration of 
diethyldithiophosphoric acid by iodometric titration. This 
method is convenient for determining the acids containing 
a thiol group (Table 3). 

Extraction method for determination of neutral molecules 

The sample (about 1 g) was dissolved in 30 ml of 
petroleum ether (b.p. 40-70”). An equivalent amount of 2M 
sodium hydroxide in methanol was added and the sodium 
salt was extracted with 30 ml of water (methanol prevents 
foaming of the aqueous phase). The petroleum ether phase 
was washed three times with water and the ether was 
distilled off. The residue contained the neutral molecules. 
The purity of the ether phase and the absence of neutral 
molecules in the aqueous phase were checked by mass 
spectrometry. Table 3 shows the neutral-molecule content of 
some of the samples examined. 

Dyrssen”.‘2 established that the dimerization of di-n- 
butyl phosphate depends on the solvent used. In hydroxyl- 
containing solvents the dimerization is almost negligible. 
Potentiometric titration in methanol and extraction of the 
neutral molecules mto petroleum ether does not result in 
dimerization of the acids (Table 3). 

” P-NMR spectrometry 

The “P-NMR results are interesting and suitable for 
identifying several components of the di(nonylphenyl)- 
dithiophosphoric acids samples examined. The “P-NMR 
spectra were recorded at 8000 Hz on a commercial NMR 
spectrometer operating in the pulse-Fourier transform 
mode. The samples were diluted with deuterochloroform. 
All “P-NMR chemical shifts were referred to Merck 
reagent-grade 85% orthophosphoric acid as internal 
standard. 

Figure 1 shows the “P-NMR spectra of one of the 
di(nonylphenyl)dithiophosphoric acid samples examined. 
Identification of the chemical shifts of the compounds was 
facilitated by separating the components of the acid sample 
by gel-permeation chromatography and using some general 
considerations. 

Harris et al.” confirm that the magnitudes of the 
chemical shifts for (RO),P(O)O-+(RO),P(O)S and 
(RO),P(S)O-+(RO),P(S)S are similar for compounds 
containing these groups. 

Most of the chemical shift data available refer only to 
diethyldithiophosphoric acid and its derivatives. These data 
were compared with the data for the compounds examined 
here. Table 2 shows the chemical shifts for diethyl- 
dithiophosphoric acid and di(nonylphenyl)dithiophosphoric 
acid and their denvatives. The data given without a litera- 
ture reference were determined in our laboratory. As can be 
seen, structures that are similar but have different hydro- 
carbon moieties have chemical shifts of similar magnitude in 
their 3’ P-NMR spectra. 

The chemical shifts of the sodium salts of the acids and 
their derivatives were selected on the basis of the results of 
the chemical shifts measured on the aqueous phase contain- 
ing the neutral molecules extracted as described above. The 
neutral molecules were identified by mass spectrometry. 
There are no chemical shift data in the literature for 
structure (C,H,~-C,H,-0)2P(0)SP(O)(C,H,,-C,H,-0)2 
(VIII). The mass spectra showed a large amount of a 
compound with the same empirical formula as VIII in the 
extracted phase of some acid samples. The 3’P-NMR spec- 
tra contained only one unidentified peak of high intensity, 
which could therefore be assigned to this structure. 
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Fig. 1. “P-NMR spectrum of a di(nonylphenyl)dithiophosphoric acid sample. 
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Fig. 2. Elution curve of a di(nonylphenyl)dithiophosphoric 
acid sample. 1 = tetra(nonylphenyl)pyrophosphates; 2 = tri- 

(nonylphenyl)phosphates; 3 = acids; 4 = alkylphenols. 

Gel-permeation chromatography (GPC) 

The alkylphenols, acids and neutral molecules ;n indus- 
trial di(nonylphenyl)dithiophosphoric acids can be deter- 
mined by GPC. The functional groups of the acids are 
destroyed on the surface of the gel, so GPC is not directly 
usable, but the methyl derivatives obtained by reaction with 
diazomethane are suitable for separation. Although the 
derivatives are mixtures of isomers: the molecular weights 
of the isomers are unchanged. 

All separations were done on a 20-cm column (14 
mm diameter) of 25-100 pm Sephadex LH-20. Dichloro- 
methane-methanol mixture (9: 1 v/v) was used as eluent at 
a flow-rate of 1.0 ml/min and a temperature of 25.0 f 0.2”. 
A 3-mg sample reacted with diazomethane in dichloro- 
methane was loaded on the column. The absorbance of the 
eluate was measured at 278 nm. 

The neutral molecules were eluted first, followed by 
diazomethane derivatives of the acids and finally the 
diazomethane derivatives of the alkylphenols. 

The elution volume is approximately a linear function of 
the logarithm of the molecular weight. Figure 2 shows the 
elution curve from an acid sample. 

CONCLUSIONS 

Table 3 shows the amounts of the components of 
some di(nonylphenyl)dithiophosphoric acid samples, 
found by different methods. The most information 
was given by “P-NMR spectrometry for the com- 
pounds containing phosphorus. 

The phenols were determined by infrared spec- 
trometry. The acid content of the samples was 
titrated potentiometrically and also measured on the 
basis of the peak intensities of the 31 P-NMR spectra. 

Acids with an SH group were titrated 
iodometrically after formation of the sodium salts, 
and also determined directly from the “P-NMR 
spectra. These results are not in agreement, however, 
because the tautomeric equilibrium in alkaline sol- 
ution is different from the equilibrium in the original 
acid sample. However, the amounts determined by 
“P-NMR spectrometry of the sodium salts show 
good agreement with the results of the iodometric 
titration. 

The amounts of the neutral molecules determined 
by the extraction method are in agreement with the 
total amount of these molecules calculated from the 
31 P-NMR spectra. 

The total amounts of the groups of compounds in 

Table 4. Reproducibility of methods for determination of components of a 
di(nonylphenyl)dithiophosphoric acid sample (mean + s.d., % w/w) 

Method Alkylphenol Acid Neutral molecules 

IR 
GPC 
Potentiometric titration 
Iodometric titration 
Extraction 
3’P-NMR 

10.2kO.5 - 
9.7 * 0.5 81.6k4.1 6.9 k 0.4 

82.3 k 1.6 - 
- 83.0 k 2.5 
- - 8.7 k 0.7 
- within * 5% relative for 

each components 
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industrial di(nonylphenyl)dithiophosphoric acids 
were determined by GPC; Table 3 shows the results. 

Different industrial di(nonylphenyl)dithiophos- 
phoric acid samples contain the detected components 
in different quantity. The methods described here are 
convenient for determining the components of any 
industrial di(nonylphenyl)dithiophosphoric acid sam- 
ple. 

The reproducibility of the analytical methods was 
tested by making 10 determinations of the com- 
ponents of an industrial di(nonylphenyl)dithiophos- 
phoric acid; Table 4 shows the results. 
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ANNOTATION 

OCCURRENCE OF CONSISTENT nA4 LEVELS OF 
PHOSPHATE IN DOUBLY DEMINERALIZED 
AND DEMINERALIZED-DISTILLED WATER* 

VINCENT P. GUTSCHICK 

Environmental Science Group, LS-6, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A. 

(Received 12 May 1984. Accepted 17 July 1984) 

Summary-A double demineralization system and a demineralization-distillation system operated over 
several months consistently delivered water that was approximately 30 nM in phosphate, as determined 
by a molybdenum blue spectrophotometric method. Silicate and hydrolysed polyphosphate in the water, 
and contaminants in the analytical reagents, were eliminated as sources of error in the determination. 
Caution is suggested in preparing blanks and dilutions in analyses of samples of natural waters or plant 
nutrient solutions, when either of these types of purification system IS used. 

Recent studies of plant nutrition’.* and of dissolved 
nutrients in both fresh water3 and sea-water4 have 
established that the most frequently occurring and 
important range of phosphate concentration is below 
1 +%f (P < 3 1 p g/l.), and often below 0.1 PM. Various 
extractive spectrophotometric analytical methods5,6 
are in use for these water samples, as are double 
demineralization and demineralization4istillation 
systems to provide water for blanks, standards, and 
sample dilutions. 

In the course of a current Los Alamos study of 
plant nutritional stress, it was found that phosphate 
blanks of either type of purified water routinely lay 
in the region of 50nM (P N 1.5 pg/l.). Such high 
blank values complicated the nutrient-level control 
and the uptake analyses in the plant nutrition experi- 
ment, which extended over several months. Con- 
tamination by trace phosphate in the analytical re- 
agents was ruled out as the source of the error, when 
samples of plant nutrient solution inadvertently con- 
taminated by a modest algal growth showed results 
equivalent to only 5nM phosphate. Several other 
possible sources for the high phosphate content of the 
other samples were eliminated, including desorption 
of phosphate from analytical equipment or storage 
containers, and photometric interference by silicate 
incompletely removed by the water purification sys- 
tems. Phosphate appears to pass through the water 
purifiers in fairly consistent and significant traces, in 
monomeric form. 

EXPERIMENTAL 

Water puriJication 

The double demineralization system consisted of a single 
Calgon mixed-bed resin in a 9-in. (23-cm) diameter steel 

*Work performed under the auspices of the U.S. De- 
partment of Energy. 

vessel, followed by a Vaponics four-cartridge purifier (or- 
ganic removal cartridge, two mixed-bed demineralizers, and 
a particulate filter). The specific resistance of the outflow 
from the Calgon resin and of the final outflow attained the 
theoretically limiting value of 18 MR (automatically cor- 
rected to 20”), within the resolution of the monitor. The 
demineralization-distillation system consisted of a similar 
Calgon mixed-bed resin, followed by a low flow-rate mixed- 
bed resm (Ion X Changer Research) and a Comina.AG-3 
all-glass still. The systems are thus ‘typical of high-quality 
reagent-grade water supply systems. 

Analytical methodr 

For sub-@! concentrations, a modification of the molyb- 
denum blue method of Gibson et aLs (to be discussed in a 
future publication) was used. To a I-litre sample were added 
30 ml of concentrated hydrochloric acid, then 20 ml of 
molybdate reagent [50 g of (NH&Mo70,,.4H,O per litre 
in 3.4 N hydrochloric acid], 2 ml of 1% potassium antimony1 
tartrate solution, and 5 ml of 10% ascorbic acid solution, in 
that order. The solution was extracted successively with 30, 
20 and 20 ml of methyl isobutvl ketone. with shaking for 
10 min each time. The- volumes of extract and the absorb- 
antes at 882 nm in a l-cm cell were recorded and the sum 
of the three absorbance-volume (AV) products was calcu- 
lated. 

For higher concentrations of phosphate and sdicate, as 
used during tests of silicate cross-reactivity, a scaled-down 
version of the method was used, with a 50-ml sample and 
a single extraction with 10 ml of the ketone. 

All reagents were ACS analytical reagent grade, or better. 

Samples 

Samples of the water purifier outputs were taken directly 
in the analytical glassware used or stored for up to several 
weeks in bottles of either high- or low-density polyethylene. 
The bottles had been washed with phosphate-free detergent 
and hydrochloric acid and then rinsed seven or more times 
with the purified water. The plant nutrient solution samples 
were also taken in polyethylene bottles and then kept 
refrigerated for up to several months; most were acidified to 
pH 2 with sulphuric acid within 1 hr of collection in order 
to prevent loss of nitrate, which was also determined in the 
plant nutritional studies. 

Calibration graphs for the analysis were constructed by 
sequential dilution of a weighed potassium dihydrogen 
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phosphate standard. The graphs were linear from 1pM 
down to O.lpM phosphate or lower, with a standard 
deviation equivalent to 5nM. 

RESULTS AND DISCUSSION 

Fifteen blank samples from the two water purifiers 
obtained over a four-month period gave analytical 
readings in the range ZZA, V, = 0.641.69 ml, corre- 
sponding to phosphate concentrations of 47-125nM 
if it is assumed that the true blank value is zero. One 
other blank gave a reading corresponding to 15nM. 
The higher blank readings were attributed to residual 
phosphate on the molybdate reagent dispenser bottle; 
after a second filling of the bottle, no blank corre- 
sponded to a concentration above 75nM. 

Three non-acidified but refrigerated samples of 
plant nutrient solution that showed algal con- 
tamination gave readings of ZA, V, = 0.07-0.09 
ml, corresponding to phosphate concentrations of 
5-7nM. All properly preserved nutrient solution 
samples corresponded to 67nM concentration or 
above, with a single exception of 33nM. 

It is known that properly adapted plants and algae 
can deplete phosphate down to a “compensation 
concentration” at least as low as 1OnM.’ This was 
taken to indicate that the algal-contaminated samples 
were close to a true blank, with the finite spec- 
trophotometric reading attributable primarily to re- 
agent contamination, and that measurable phosphate 
(or silicate) existed in both types of purified water. 
Phosphate contamination of the analytical glassware 
was eliminated as a possibility because the algal- 
contaminated low-reading samples were analysed in 
the same glassware. Similarly, phosphate con- 

tamination of the sample storage bottle was elimi- 
nated; also, direct delivery of purified water into the 
analytical apparatus gave very similar results to those 

from use of bottle-stored water for blanks. 
Interference of silicate contaminants in the samples 

in the molybdenum blue analysis was a possible 
source of the blank reading, because at least one of 
the water purification systems used a glass holding 
tank, and because the Los Alamos County water 
input to the purifiers contains the equivalent of 
approximately 80 pg/ml SiO,.’ The performance of 
the Calgon demineralizers may reduce this to perhaps 
20 ng/ml SiO, (300 nM). Extraction with ketones that 
are selective for phosphomolybdate relative to 
silicomolybdate’ might decrease the spectro- 
photometric signal from this amount of silicate to 
that of the observed blank readings. In any case, 
polymeric silica, the form dominant in all the blanks 
and samples, is a much less significant interference 
than is monomeric silica. Indeed, both tap water and 
silica standards up to 30~ M in concentration reacted 
negligibly. Even a 1-hr hydrolytic pretreatment with 
ammonia at pH 12 gave spectrophotometric results 

equivalent to a phosphate concentration only 2% of 
that of the silicate concentration. Furthermore, use of 
I-butanol as extractant in order to favour extraction 
of silicomolybdate’ gave results not significantly 
different from those obtained with methyl isobutyl 
ketone. Thus, the silica content of the blanks and 
samples could not explain the high blank readings 
obtained under the analytical conditions used. 

It might be expected on chemical grounds that 
phosphate should be removed more efficiently than 
was observed. Polyphosphates are more likely than 
simple phosphates to penetrate the demineralizer 
resin beds. However, polyphosphates are unstable to 
hydrolysis and attain significant concentrations only 
when added intentionally and recently. The Los 
Alamos County water supply has no added poly- 
phosphates for inhibiting pipe corrosion. 

CONCLUSIONS 

Double demineralization and demineralization- 
distillation water purification systems of two com- 
mon types appear to pass phosphate at trace levels 
that can be significant in preparing and analysing 
plant nutrient solutions or in analysing natural water 
samples. For concentrations much below lpM, cor- 
rections may often be necessary for dilution of sam- 
ples below the standard volume of analysis and for 
calibrations and blanks, when these operations are 
done with such purified water. The use of separate 
anion- and cation-exchangers and the use of nuclear- 
grade resins may lower the phosphate contamination 
level, though probably not very near to a true zero 
(personal communication from resin manufacturers). 
The use of polyphosphates for pipe-corrosion in- 
hibition in municipal water supplied to the purifiers 
may exacerbate the problem. 
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CALCULATION OF EQUILIBRIUM CONSTANTS FROM 
MULTIWAVELENGTH SPECTROSCOPIC DATA-I 

MATHEMATICAL CONSIDERATIONS 

HARALD GAMPP, MARCEL MAEDER, CHARLES J. MEYER and ANDREAS D. ZUBERB~~HLER 
Institute of Inorganic Chemistry, University of Basel, CH-4056 Basel, Switzerland 

(Received 19 June 1984. Accepred 20 September 1984) 

Summary-Multiwavelength spectrophotometric and spectroscopic data in general contain considerably 
more information about complexation equilibria than potentiometric data do. With the construction of 
a fully automatic titration set-up built into a high-precision spectrophotometer, the problems related to 
the wider use of this method have shifted from the quality of the primary data to the complexity of their 
numerical treatment. Matrix algebra is used to show how these problems can be overcome. An algorithm 
is described for calculation of stability constants and absorption spectra, together with the associated 
standard errors, at a reasonable expense of computer time. Problems in finding the minimum in a 
multidimensional parameter space are reduced by elimination of the molar absorptivities from the 
algorithm for the iterative refinement. Numerical safety and speed of calculation are improved by use of 
analytical instead of numerical derivatives. The number of data to be fitted is decreased by principal- 
component analysis. 

It is still a widespread belief that spectrophotometric 
data are inherently less precise than potentiometric, 
with standard errors of f 0.003 units at best for single 
absorbance values.’ Consequently most equilibrium 
constants are determined by means of potentiometric 
titrations, and only a few general programs are 
available at present for processing spectro- 
photometric data” (cJ5-” for reviews of the older 
literature). 

Some time ago we developed a fully automatic 
titration set-up9 which gives data with standard errors 
as low as 2-5 x 10m4 absorbance units.‘.” The spec- 
trophotometric data from this unit have been shown 
to have a reproducibility similar to that of poten- 
tiometric titrations. In addition, spectrophotometric 
titrations have been found to be superior in discrim- 
inating between different models for a complexation 
equilibrium,“~‘2 even for rather complicated systems. 

Because of the availability of large quantities of 
high-quality data, a fast, reliable and user-friendly 
program for the numerical treatment was needed. 
Here we wish to describe the mathematical features 
which have been used to achieve this in our new 
program SPECFIT.” 

In theory, any general non-linear least-squares 
program can be used for calculation of stability 
constants from spectrophotometric data obtained at 
a single wavelength. However, for all but the most 
simple equilibrium systems this straightforward ap- 
proach does not really work and several problems 
have to be overcome. 

(i) Even for data obtained at a single wavelength 
there are two adjustable parameters for each un- 
known species, viz. the stability constant and the 
molar absorptivity. Convergence properties tend to 

deteriorate rapidly with the number of parameters. 
This problem is overcome by the elimination of the 
molar absorptivities from the process of iterative 
refinement, effectively reducing the number of 
parameters to the number of unknown stability con- 
stants, as is the case with data from potentiometric 
titrations. 

(ii) Because of the correlations between stability 
constants and molar absorptivities, and also between 
stability constants themselves, numerical difficulties 
can arise in the algorithm for the refinement of the 
stability constants (non-linear parameters). This can 
be eased by the use of analytical derivatives in the 
calculation of the Jacobian matrix, increasing not 
only numerical safety but also the speed of calcu- 
lation. 

(iii) In systems with more than two or three 
absorbing species it is unlikely that a single wave- 
length will be sufficient to differentiate between all the 
species. This is especially true for the electronic 
absorption spectra of transition metal complexes, 
which are often broad, rather unstructured, and 
strongly overlapping. Data from a large number of 
wavelengths should then be used, and factor analysis 
leads to a considerable reduction of the number of 
data points required to be subjected to the least- 
squares treatment. 

In SPECFIT, the features described in (iHiii) are 
combined with the efficient Marquardt algorithm’4*‘5 
to ensure convergence. Points (i)-(C) will now be 
considered in turn. Matrix notation is used and 
schematic illustration is added whenever this is felt to 
be helpful. Most of the algorithms used in this paper 
have been described before in one form or another. 
Normally this was done in a highly abstract mathe- 

95 



96 HARALD GAMPP et al. 

matical way, out of the chemical context, and the 
different features have never been combined to give 
the complete picture. Here, we wish to describe the 
problems specifically for chemical equilibrium sys- 
tems and in terms which should be understandable to 
the chemist with an elementary knowledge of matrix 
algebra and having some familiarity with equilibrium 
calculations. 

SYMBOLS 

Bold-face lower-case letters v represent column 
vectors [v(l), . . . p(i), . . . ,v(l)]’ and upper case let- 
ters M general matrices with elements M(i, j) consis- 
ting of J columns and I rows. M’ and v’ are transposes 
of M and v, respectively. Differentiation of vectors 
and matrices with respect to parameters p or a single 
variable p will be denoted by Dv and DM. The trace 
of a matrix will be indicated by tr(M). Appropriate 
subscripts, e.g., q,,,, or DM, are added in cases of 
ambiguity. Dimensions of vectors and matrices are 
given in brackets. 

a [Kl 

acalc WI 

A K Kl 

a [K, Jl 
B [Jl 

c WI 
c wf, Sl 

Analytical (total) concentrations, experi- 
mental values 
Analytical (total) concentrations, calcu- 
lated values 
Partial derivatives of a_,c with respect to 
C 

Stoichiometric coefficients 
Equilibrium constants, fixed or 
adjustable 
Actual concentrations of components 
Concentrations of absorbing species, 
identical with partial derivatives of r 
with respect to e 
Concentrations of absorbing species 
with fixed spectra 
Concentrations of absorbing species 
with unknown spectra 
Kronecker delta, & = 1; 6, = 0 for i #j 

Molar absorptivities at a single 
wavelength 
Molar absorptivities of species with fixed 
spectra 
Molar absorptivities of species with un- 
known spectra 
Elements of fitting (model) function 
Number of species with fixed spectra 
Identity matrix of appropriate 
dimensions 
Number of significant eigenvectors in 
factor analysis 
Jacobian matrix, partial derivatives of f 
with respect to p 
Number of species in solution 
Number of components in equilibrium 
mixture 
Significant linear coefficients used in 
refinement 

Significant eigenvalues 
Y’ Y, second-moment matrix of absorb- 
antes 

M 

N 

P, AP [Nl 

P W, Ml 
Q var 

r Ml 
s [Jl 

Number of measurements (equilibrium 
mixtures) 
Number of non-linear parameters (equi- 
librium constants) 
Non-linear parameters (equilibrium con- 
stants) with shifts 
Projector matrix 
Hessian matrix of variable dimensions, 
e.g., C’ C 
residuals, f - y 
Concentrations of species in a given 
mixture 

S 

SQ 
T W, Ul 
tJ Pf, VI 

Number of absorbing species 
Sum of squares of residuals 
Upper triangular matrix 
Matrix with orthogonal columns, 
U’U=I 

U 

v, 14 WI 

W 

Y WI 
Y” [Ml 

Number of species with unknown 
spectra 
Eigenvectors corresponding to 
significant eigenvalues 1 
Number of wavelengths 
Experimental absorbances 
Absorbances due to species with un- 
known spectra 

Note: F, R, Y and E are the multiwavelength 
analogues of f, r, y and e, dimensions [M,W] and 
[S, W], respectively. L and V are the hypothetical 
analogues of L, and V,, assuming full rank of Y. 

Standard non -linear least -squares method 

Given a set of M measurements y = b(l), . . , 
Am), . . . ,y(M)r, it is the goal of any least-squares 
calculation to find the elements of a fitting function, 
f, such that the length of the vector of residuals r 
(weighted if necessary) is minimized. 

SQ =r’r=(f-y)‘(f-y)=minimum (1) 

In the case of determination of stability constants 
from spectrophotometric data, the elements f(m) for 
a chemical model with a total of S absorbing species 
are obtained from Beer’s law: 

f(m) = 5 ets)Ctm, s) or f=Ce (2) 
.s= 1 

Here e contains the molar absorptivities of the S 
absorbing species and C is the matrix of concen- 
trations of only the absorbing species. C can be 
calculated from the analytical concentrations of the 
components [ligand(s) and metal ion(s 
a = [a(l), . . . ,a@), . . . ,a(K)]‘, and the known or es- 
timated set of stability constants /I, see below. The 
molar absorptivities, e, are also, in general, un- 
knowns and thus the minimum of SQ would have to 
be found in a parameter space of N (equilibrium 
constants) plus S (absorptivities) dimensions. 
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Elimination of linear parameters 

The molar absorptivities (linear parameters) can, 
however, be replaced non-iteratively by their least- 
squares estimates & for a given concentration matrix 
c: 

c = (C’ C)-’ C’ y (3) 

This possibility has been described for the numeri- 
cal treatment of kinetic data, e.g., the resolution of a 
sum of exponentials.‘6 It is also used in SQUAD* and 
in ELORMA,4 where a detailed description may be 
found. The main points are briefly summarized here. 
By making use of equation (3), the fitting function f 
and the vector of residuals r can be described as a 
function of the concentration matrix C or, indirectly, 
of the set of stability constants (non-linear parame- 
ters) /I alone [equation (4)]. The dimensionality of the 
parameter space is thus reduced to the number of 
unknown equilibrium constants, N, as would be the 
case if data from potentiometric titrations were used. 

Jacobian matrix J thus obtained, calculation of a 
shift vector Ap by solving the Gaussian normal 
equations (7) being the simplest possibility. 

Ap = -(J’ J)-’ J’ r (7) 

However, whenever feasible, the use of analytical 
instead of numerical derivatives greatly increases 
numerical safety and in general decreases com- 
putation time. Analytical expressions for the Ja- 
cobian matrix J based on partial derivatives have 
been derived’8*‘9 in a highly sophisticated mathe- 
matical approach, on the assumption that C is 
a general matrix, with the only condition being the 
differentiability of its elements. Here, we describe the 
problem specifically for chemical equilibrium systems 
and in terms which should be understandable to the 
chemist. In addition, the description is as close as 
feasible to the algorithm used in SPECFIT.” 

The differentiation of a product of matrices A B 
follows the normal rules of differentiation. 

r=f-y=C C-y=C (Ct C)-’ C’y-y (4) D(A B)=(DA)B+A(DB) (8) 

As also discussed previously,“ numerical safety can 
be significantly increased by decomposition of C into 
a matrix U with orthogonal columns, (Ut U = I, 
I = identity matrix), and an upper triangular matrix 
T. 

C=UT (5) 

Then equation (4) can be transformed to give 

r = {U T [(U T)’ U T]-’ (U T)’ - I}y 

= {U T T-’ (U’ U)-’ (T’)-’ T’ U’ - I}y 

=(U ut-I)y (6) 

We therefore obtain the nth column of the Jaco- 
bian matrix J by differentiation of the vector of 
residuals [equation (4)] with respect to the n th un- 
known non-linear parameter, p(n) [equation (9)]: 

Dr, = D(C 6) = (DC)6 + C(D&) (9) 

For the calculation of DC we need an algorithm for 
D(C’ C)-’ . By abbreviating C’ C to Q and again 
making use of equation (8) we obtain equations 
(10x12). Substitution into equation (3) gives equa- 
tion (13) and then the final expression for Dr,,, 
equation (14). 

The use of equation (6) instead of equation (4) 
proved essential in ELORMA4 when this program 
was implemented on a single-precision hobby com- 
puter, but equation (4) may be sufficient in SQUAD, 
which is written for a mainframe machine and makes 
use of the double precision facility. In fact, about half 
as many significant digits are lost by using equation 
(6) instead of equation (4),” so that single precision 
and (6) give similar performance to double precision 
and (4). 

DQ=D(C’C)=DC’C+C’DC 

=DC’C+(DC C)t (10) 

D(Q-’ Q)=D(I)=O=DQ-’ Q+Q-’ DQ (11) 

DQ-’ = -Q-l DQ Q-’ (12) 

D? = D[(C’ C)-’ C’ y] = DQ-’ C’ y 

+ Q-’ DC’ y 

= -Q-’ DQ Q-’ Cty 

+ Q-’ DC’ y 

Parameter rejinement with use of analytical derivatives 

When the effective number of parameters 
p = b(l), . . . s(n), . . . ,p(N)]’ has been reduced to 
that of the unknown equilibrium constants /I, the 
next step in parameter refinement is compilation of 
the Jacobian matrix J, i.e. the partial derivatives of 
the elements of the fitting function with respect to 
the non-linear parameters, J(m, n) = af(m)/ap(n) = 
ar(m)/ap(n). Based on either equation (4) or (6) this 
is straightforward when numerical derivatives are 
used, as has also been discussed in the description of 
ELORMA.4 Any of the standard procedures of least- 
squares refinement can be applied to the approximate 

=-Q-l DQ &+Q-’ DC’ y (13) 

Dr,=DC@-CQ-‘DQ& 

+CQ-‘DC’y=DCS 

+CQ-‘(DC’y-DQ8) (14) 

The result [equation (14)] obtained so far is rather 
general and can be applied to any least-squares 
problem with a combination of linear and non-linear 
parameters, i.e., a problem which can be described by 
an equation of type (4). Since Q-‘. DQ, and e are 
simply functions of C (and y), all we need for the 
calculation of the vector of residuals, r, and the 
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Jacobian matrix J, is the knowledge of C and its 
derivative DC with elements X(m, s)/+(n) (see 
below). For further reference we also note that C is 
identical with the partial derivative of r with respect 
to e and thus part of the total Jacobian matrix J, 
which is obtained without elimination. Equally, Q 
would be part of the total Hessian Q, = J: J, (see 
calculation of standard errors, below). 

Inclusion of species with known spectra 

Occasionally, the molar absorptivities of some of 
the complexes are already known from independent 
measurements and refinement is not desired. In this 
case, expressions analogous to equations (4) and (14) 
can be obtained for the residuals and the Jacobian 
matrix by subdividing C and 6 into C, and C, for 
species with fixed or unknown absorptivities 6, or &,, 
respectively, followed by subtracting the con- 
tributions of Cf from y. 

YU = Y - Cr & (15) 

Equations (3) and (4) can then be transformed into 
(3a) and (4a), but for the calculation of the Jacobian 
matrix, we have to take into account that now y, itself 
also is a function of the stability constants, 
Dy,= - DCf i$ [equation (14a)]. 

C, = (C: C,)-’ C; y, = Q;’ C: yU (3a) 

rU=CU (C: C,)-’ CL yU-yyu 

=C, Q;’ C: Y,--YY, 

= C” 8, - Y” 

Dr,,=DC,C,+C, DC,-Dy, 

= DC, &, + C, (DQ;’ C: yu 

+ Q;’ DC: YU + Q;’ C: DY,) 

(44 

+ DC, 8, 

=DCC+C,Q;‘(DC:y, 

-DQu 6,-C: DCF&) (W 

Obviously, yU [equation (1 S)] has to be recalculated 
in each iterative cycle of parameter refinement, since 
Cr is also a function of the equilibrium constants. 

Analytical derivatives of the species concentrations 

For the calculation of stability constants from 
spectrophotometric data, DC consists of the partial 
derivatives of the concentrations of the absorbing 
species with respect to the equilibrium constants or, 
preferably,*’ their logarithms. 

The use of analytical derivatives in the numerical 
treatment of solution equilibria was introduced by 
Bugaevsky et al. *’ More recently, this has been dis- 
cussed for the treatment of potentiometric data** and 
incorporated into TITFIT*’ for the calculation of 

amlcalc la ln /Lh, the partial derivatives of the amount 
of base consumed with respect to the logarithms of 
the equilibrium constants. In a somewhat analogous 

way DC can be obtained after calculation of all the 
species concentrations s = [s(l), . . . ,s(j), . . . ,s(J)]’ 
by the usual Newton-Raphson method.23 

O=AAc+h,C-a 

Ac=A-‘(a-a,,,); c,,+, =c,+Ac (16) 

In equation (16), a contains the set of analytical 

(total) concentrations describing the chemical com- 
position, c gives the actual free concentrations of the 
components, and AC the corrections in the n th iter- 
ative cycle of refinement. The values in 
a,,= = [a(l)_,,, . . . ,a(k),,,c, . . . ,a(K),,,]’ are the total 
concentrations calculated for a given set of equi- 
librium constants and component concentrations c 
[equation (17)] with the aid of the stoichiometric 
coefficients cx(k, j), indicating the number of entities 
of component k contained in species j. 

m(k, j) /3(j) fi c(i)“(‘j) (17) 
,=I 

The array A is made up finally from the partial 
derivatives of qalc with respect to the component 

concentrations, A(k, i) = aa(k) /&z(i) and can 
readily be calculated from equation (17). Since the 
construction of r and J is actually done point by 
point, the subscript m is dropped for the present. It 
may be noted that one row of the concentrations of 
the absorbing species, C, and the concentrations of 
the components, c, are both subsets of s, and also that 
the non-linear parameters p are a subset of ln /I. 

After calculation of s, c, and A from equations 
(16) and (17), the elements of DC = 
X(rn, j)/&Sp(n) = as(j)/8 In b(n) are obtained at lit- 
tle extra cost from equation (18): 

as(j) = !!!!J? b(n) = s(j)S,,” a ln B(n) W(n) 
K as(j) &(k) 

+,;,ac(k)InB(n) 
(18) 

In equation (18), Sj, is the Kronecker delta and the 

partial derivatives of the species concentrations with 
respect to the concentrations of the components 
[equation (19)] are already known from the 
Newton-Raphson procedure. The derivatives of the 
components with respect to In /l(n) are finally ob- 
tained by a simple matrix manipulation: 

aa (k Llc 
-=O=a(k,n)s(n) 
a In B(n) 

K aa(kL W) 
+C----p 

(=, &(i) a In /I(n) 

or 

D acalc,n = 0 = s,,~ + A DC, 

DC, = -A-’ sol.” 
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The elements of DC are now obtained by simple 
substitution of the results from equations (19) and 
(20) into equation (18). It should be noted that the 
complete derivative of C with respect to the unknown 
parameters p is in fact a tensor with dimensions 
M x S x N and that the derivatives with respect to 
all N parameters are obtained by making repetitive 
use of equations (18)-(20). With the knowledge of 
both C and DC we now obtain r and J from 
equations (4) and (14), so we are back to the standard 
situation of non-linear least-squares refinement. The 
elements of J can also be obtained by starting from 
equation (6), i.e., after orthogonalization of C. How- 
ever, this increases computing time and proved to be 
unnecessary when analytical instead of numerical 
derivatives were used. This possibility was therefore 
not included in the final version of SPECFIT. 

Multiwavelength data-factor anaIysis 

Data obtained at W different wavelengths are 
conveniently written as a matrix Y and the expression 
for the calculation of the residuals [equation (4)] is 
transformed into equation (21): 

R=F-Y=C(C’C)-‘C’Y-Y=PY (21) 

F, R, and Y are all matrices with M columns and W 
rows. The data can, however, be treated exactly as 
described by applying equations (4) and (14) [or (4a) 
and (14a)], by using successively the individual col- 
umns of Y in the placz of y. For a given wavelength 
w, the residuals r,+ and the Jacobian matrix J, do not 
depend on corresponding elements from other wave 
lengths. Therefore, SQ as well as J’ J and J’ r, which 
are needed for the iterative refinement, are all simply 
the sums of the corresponding elements obtained at 
the individual wavelengths, c$ equations (l), (4) and 
(14) respectively. 

If, however, the number of wavelengths, W, is large 
compared to the number of absorbing species, S, the 
repetitive application of equations (1) (4) and (14) 
can become unnecessarily cumbersome. The demand 
on computer time can then be significantly reduced 
by applying the technique of factor analysis to Y.24,25 

mn q 
Y = L V (22) 

Since V is made up by the eigenvectors of Y, its 
rows are orthonormal, V V’ = I. When equations (21) 
and (22) are combined, the sum of squares, SQ, can 
be written as: 

SQ = 5 g R(m, w)‘=tr(R’R) 
In=, w=, 

=tr(RR’)=tr(PYYP’) 

=tr(PLVV’L’P’)=tr(PLL’P’) (23) 

In other words, instead of calculating R from 
equation (21), we obtain the same SQ for a given C 
(and thus P) by using the linear coefficients L in place 
of the original data Y: 

R = P L (24) 
Now, all the essential information concerning the 

data is contained in the first Z (shaded) columns of L, 
that is, in L,. In fact, in the absence of experimental 
error, the rank of Y could not exceed the number of 
absorbing species, S, and at most S non-vanishing 
columns of L would be obtained. The right (un- 
shaded) part of L thus contains only noise and does 
not have to be considered in the calculation. There- 
fore, the dimensions of L and R are reduced from 
M x W (typically M x 30) to M x Z (typically 
M x 5) and the effect increases with the number of 
wavelengths included. The complete iterative 
refinement is now done on the reduced matrix L, 
instead of on Y. 

It may be noted that the number of columns Z in 
L, is neither uniquely defined nor very critical. As 
mentioned, experimental noise will increase the num- 
ber of non-vanishing columns. On the other hand, 
spectra of some of the absorbing species may be 
essentially linear combinations of others, thus reduc- 
ing the effective rank of Y to Z < S. 

Decomposition of Y into L and V can be accom- 
plished in many ways. Practically all of them make 
use of the second-moment matrix M. 

M=;(Y’ Y) 

In the present case, only a few eigenvectors with the 
largest Z eigenvalues are needed, and the simple 
method of vector iteration” proves to be faster than 
general library routines which calculate all the eigen- 
vectors of M. This technique yields the rows of 
V in decreasing order of the eigenvalues 
k = [i(l), . . . J(i), . ,1(Z)]‘. 

Factor analysis also gives an indication of the 
number of relevant eigenvectors, Z, or components in 
a given set of data, which is actually the most 
common application of factor analysis to chemical 
problems,2”29 which can be made by comparing the 
estimated instrumental standard deviations of the 
absorbance measurements, X-t with the residual er- 
rors of the decomposition, SD,24 [equation (26)]. 

SD=&0 (26) 

We may assume that all relevant factors have been 
found if SD < SA. 

The linear coefficients L, which are needed in the 
iterative refinement are finally obtained from 

L,=Y v: (27) 
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where V, is the I x W matrix of Z relevant eigen- 
vectors. While the exact determination of Z for the 
model-free deduction of the number of absorbing 
species 2G29 is by no means trivial and in many cases 
ambiguous, its choice for the present purpose of data 
reduction is uncritical. If I is made too small, some 
information may be lost, but the effect on the final 
values of the equilibrium constants is normally al- 
most negligible. Too large values of I increase the 
computing time with little effect on the results. In 
addition, we note that the large (M x M) matrix P 
is never actually calculated. The residuals R, and thus 
SQ are in fact obtained from 

R, = C (C’ C))’ C? L, - L,; SQ = tr(Ri R,) (28) 

which needs less computer space and time if done in 
the proper order. 

In the case of strongly structured (e.g., EPR3’) 
spectra, it may be useful to obtain data at a rather 
large number of wavelengths, W>>M. Then the sec- 
ond moment matrix M [equation (25)] with dimen- 
sions W x W may be unduly large and an alternative 
route for the calculation of L, is preferable: 

M*=$VY’ (29) 

L, = (V:)’ F; F(i, j) = a,, dm (30) 

This method for calculation of L, is somewhat sim- 
pler than the use of equations (25) and (27), and is 
therefore preferred whenever W 2 M. 

Since equation (28) is identical in structure with 
equations (21) and (4), the calculations of SQ (1) and 
the Jacobian matrix (14) as well as the refinement of 
the equilibrium constants [equation (7)] proceeds 
exactly as with the original data. Fixed spectra fir are 
easily included, if they are first represented in the 
vector space spanned by the eigenvectors V: 

e,, = er VL (31) 

I% and &,v are matrices with W and I columns, 
respectively. After this transformation, the columns 
of the Jacobian matrix may again be obtained from 
equation (14a) instead of (14) if some species with 
known spectra are present. In equation (28) the 
molar absorptivities I? of the absorbing species are 
not immediately available at the end of the iterative 
refinement. By analogy with equation (3a) they are, 
however, readily obtained from the original data and 
the previously calculated arrays Q;’ and C: [equation 

(3211. 

e, = Q;’ C: Y, (32) 

Estimation of standard errors 

The standard errors of the refined parameters (and 
if desired the complete covariance matrix”) are ob- 
tained through equations (33) and (34) where J, is 
the total Jacobian matrix with respect to both non- 
linear and linear parameters. 

Q, = 4 J,; Q,., = Q;’ (33) 

e(i) = Jet,, 6 i) 4~) (34) 

The elements of Q,,, can be obtained without first 
constructing J, and Qt, however. Following ideas 
developed earlier,3’ we can subdivide Q, and Q,,, 
according to equation (35). 

Qt=Ki ; Q,,,=Ki (35) 

In equation (35), Q, and Q,,, refer only to the 
equilibrium constants, Q2 and Q,,2 belong only to the 
molar absorptivities, and QJ and Q,,3 contain mixed 
terms. By applying the least-squares condition to 
both linear and non-linear parameters, the expres- 
sions (36H38) can be derived.3’ 

Q,,, = (Jt J)-’ (36) 

Q;, = D% Q,,I (37) 

Q1.2 = Q;’ + Q2, De:, (38) 

In equation (36), J is the Jacobian matrix associ- 
ated with the non-linear parameters after elimination 
of the linear ones. Thus Q,,, is already known [equa- 
tion (7)]. Equally, Q;’ = Q;’ = (CL C,)-’ has been 
calculated before [equation (3a)]. Finally De,, is the 
matrix of partial derivatives of the molar absorp- 
tivities with respect to the N unknown equilibrium 
constants and thus consists of N columns of DC?, [cJ 
equation (13)]. Therefore, all elements of Q,,, are 
obtained at very little cost and the information 
available at the end of the refinement is identical to 
that obtained without elimination and without factor 
analysis. 

CONCLUSIONS 

By a combination of appropriate elementary ma- 
trix manipulations, the calculation of equilibrium 
constants from multiwavelength spectrophotometric 
data is greatly simplified. Equations (3) and (4) 
reduce the number of parameters in the iterative 
refinement to the number of unknown stability con- 
stants. The use of analytical derivatives [( 14) and (18)] 
increases the numerical safety and speed of the 
calculation. Computer time and memory are saved by 
doing the iterative refinement in an orthogonal vector 
space spanned by the eigenvectors of the original 
absorbance matrix [equation (28)]. The standard er- 
rors of all parameters are readily obtained without 
ever calculating the full Jacobian matrix [equations 
(36x38)]. For the iterative refinement of the non- 
linear parameters, any modification to the solution of 
the Gaussian normal equations [equation (7)] may be 
applied, as in standard non-linear least-squares data 
reduction. A comprehensive computer program 
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SPECFIT which combines the ideas above with the 13. H. Gampp, M. Maeder, C. J. Meyer and A. D. Zuber- 

efficient Marquardt algorithm’.‘4.‘5*20 and is written in biihler, Talanra, submitted. 

standard FORTRAN 77, will be described in a later 
14. D. W. Marquardt. J. Sot. Ind. Appl. Math., 1963, 11, 

431. 
paper. 15. P. R. Bevington, Data Reduction and Error Analysis for 

the Physical Sciences, McGraw-Hill, New York, 1969. 
16. W. H. Lawton and E. A. Sylvestre, Technomerrics, 1971, 
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SIMULTANEOUS DETERMINATION OF ARSENIC, 
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Summary-A procedure is described for simultaneous determination of arsenic, selenium, tin and mercury 
in aqueous solution by non-dispersive atomic-fluorescence spectrometry. Radiofrequency-excited EDLs, 
100% modulated in the kHz region, were used for atom excitation. Sodium tetrahydroborate was used 
as reductant and a hydrogen-argon miniflame as atomizer. In the optimized procedure, which uses 1 ml 
of sample, the limits of detection (three times the standard deviation of the blank) were 0.04, 0.08, 0.1 
and 0.1 ng/ml for arsenic, selenium, tin and mercury respectively. The linear dynamic range was greater 
than three decades’ for all analytes and the precision was better than 7% (typically 3%) for 
concentrations 2 1 ng/ml. Results for mutual interference effects are reported. Copper, nickel, lead and 
cobalt interfered only with selenium (5 ng/ml), when present in at least 200-fold weight ratio to it. Using 
5 ml of sample improved the limits of detection for selenium and arsenic (0.01 and 0.02 ng/ml respectively), 
but at the expense of greater interference. Recovery from spiked natural water samples was better than 
95% at the ng/ml level, except for selenium in sea-water, when the recovery was only 85%. Determination 
of the four elements, including standard-addition and background measurements, requires about 10 min. 

Non-dispersive atomic-fluorescence spectrometry 
(NDAFS) has proved to be superior to dispersive 
atomic-fluorescence and atomic-absorption spec- 
trometry on account of its potential for simultaneous 
multielement analysis and its lower detection limit 
and larger dynamic range.lm5 

In a previous paper,6 describing a new instrument 
for simultaneous determination of elements by 
NDAFS, attention was mainly focused on the char- 
acteristics of the optical and electronic components 
and optimization of the signal to noise ratio (SNR). 
The present paper describes use of that instrument for 
simultaneous determination of arsenic, selenium, tin 
and mercury at sub-ng/ml levels, with sodium tet- 
rahydroborate as reductant for generation of the 
volatile species measured. 

EXPERIMENTAL 

Apparatus 

Radiofrequency-excited electrodeless discharge lamps 
(RFEDL) (Perkin-Elmer) were used in the four-channel 

I . 

excitation system.6 Individual modulation of the RF power 
of each channel in the range 6-8 kHz allowed approximately 
100% modulation of the light-beam, with a low (d.c.) 
background level. 

An argon-hydrogen entrained air miniflame’ was pre- 
ferred because of its optical transparency and low noise as 

*Presented in part at the “ lo Convegno Incontri di Chimica 
Analitica dell’Ambiente”, Genoa, Italy, 23-24 May 
1983. 

well as its chemical inertia and the absence of memory 
effects (which often occur with electrothermal atomizers8). 
The flame was supported on a glass tube (4 mm bore) and 
obtained, unless otherwise specified, with flow-rates of 0.35 
l./min for hydrogen and 1 .O l./min for argon, the latter also 
serving as the carrier gas. Ball flowmeters (Sho-Rate 150, 
Brooks) were used to measure the flow-rates. The 70-ml 
reaction vessel was constructed as described by others.‘s9 
Disposable micropipettes were used for adding the tetra- 
hydroborate and for sample injection. 

Reagents 

As(III), Se(N), Sn(IV) and Hg(I1) stock solutions (1000 
pg/ml) were prepared from pure As,O,, SeO,, Sn and Hg. 
Working standards were prepared just before use. The 
sodium tetrahydroborate solution was stabilized with so- 
dium hydroxide (0.1%) and filtered.‘O Erba RLE sodium 
tetrahydroborate (powder) was preferred because of its high 
purity and low cost. Merck “Suprapur” hydrochloric acid 
and sodium hydroxide were used. 

Procedure 

One ml of 2% sodium tetrahydroborate solution was 
placed in the reaction vessel and a disposable micropipette 
containing the sample (0.2-1.0 ml) was placed in the injector 
port. Argon was then passed through the reaction vessel 
until stable base-lines were obtained. The sample was then 
injected and the signals were recorded. For a sample volume 
of 5 ml, the procedure was modified. The sample was placed 
in the reaction vessel and stirred (magnetic stirrer) with 
argon passing through the vessel, then 1 ml of sodium 
tetrahydroborate solution was added through the injector 
port. The connecting tubing and the glass burner were 
conditioned with 3M hydrochloric acid before mea- 
surements, whenever determination of selenium was re- 
quired. 
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1 2 3 

Acidity (Ml 

Fig. 1. Effect of sample acidity (HCl) on the atomic- 
fluorescence signals of arsenic, selenium, tin and mercury, 
each present at a concentration of 10 ng/ml. The arrows 
indicate the sample acidity proposed by Thompson and 
Thomerson? Conditions: l-ml sample, 1 ml of 2% NaBH, 
solution, observation height 15 mm, H, 0.35 I./mitt, argon 

1 .O l./min. 

RESULTS AND DISCUSSION 

E$ect of gas flow-rates 

In agreement with the findings of Tsujii and Kuga,’ 
the hydrogen flow-rate was found to affect the SNR, 
depending on the acidity and volume of the solution 
injected into the reaction vessel. With 0.6M hydro- 
chloric acid sample medium and different sample 
volumes, the best SNR was obtained with the follow- 
ing hydrogen flow-rates: 0.25 l./min for 0.2 and 0.5 ml 
samples, and 0.35 and 0.45 l./min for 1 and 5 ml 
samples respectively. 

An argon flow-rate of 1.0 + 0.2 l./min resulted in 
relatively large (7-9 set) reproducible peak widths at 
half peak-height. It was therefore possible to use a 
relatively high time-constant (10 set) at the output 
low-pass filter, with consequent gain in SNR. 

E#ect of acidity 

Figure 1 shows, for each element, the effect of 
acidity on the signal peak heights. The arrows show 
the acid concentration giving maximal response, as 
obtained by Thompson and Thomerson9 by AAS 
with a quartz furnace atomizer, other conditions 
being the same. For the elements for which the 
comparison is possible, the highest signals are 
reached at lower acidities in our procedure. This can 
be attributed to the fact that when the argon- 

hydrogen miniflame is used, the enhancement of the 
signal caused at increasing acidity by the increased 
rate of hydrogen production and faster stripping of 
volatile species, is offset by the change in geometry 
and stoichiometry of the flame, which decreases the 
degree of atomic excitation. 

Anomalous behaviour was observed for selenium. 
If the glassware and tubing were not preconditioned, 
strong and reproducible signals were obtained only 
when the sample acid concentration was 1.2M hydro- 
chloric acid. For instance, when successive l-ml 
samples in 0.6M hydrochloric acid medium were 
injected, a progressive decrease in signal peak height 
was observed (Fig. 2). We attribute this to the 
relatively high acidity of hydrogen selenide 
(K, = 2.2 x lo-‘), resulting in its reacting along the 
walls of the transfer line with basic impurities re- 
sulting from decomposition of the sodium tetra- 
hydroborate and carried away by the transport gas. 

A 

0 

ii 

C 

D 

!N 

E 

L 

Fig. 2. Effect of acid preconditioning on the signal from 1 
ml of 2-ng/ml selenium solution. Signals A-E were obtained 
with non-preconditioned apparatus, and signals A,-E, with 
acid-preconditioned apparatus. Signals A and A, were 
obtained with 1.2M HCl sample medium. Signals B, C, D, 
E and B, , C, , D, , E, were obtained with 0.6M HCl medium, 
injected straight after A and A, respectively. Other condi- 
tions: 1 ml of 2% NaBH, solution, H, 0.35 I./mitt, argon 1 .O 

l./min, observation height 15 mm. 
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Fig. 3. Effect of observation height on atomic-fluorescence 
signal of arsenic, selenium, tin and mercury, each present at 
IO-ng/ml concentration. Conditions: 1 ml of sample in 0.6M 
HCl, 1 ml of 2% NaBH, solution, H, 0.35 l./min, argon 1.0 

l./min. 

Preconditioning with 3M acid prevented this effect, 
and reproducible signals were obtained (Fig. 2) for 

several successive injections of sample. 
For multielement determination, a sample acidity 

of 0.6M hydrochloric acid provides maximal sensi- 
tivity for arsenic and selenium and only a l&20% 
loss in sensitivity for mercury and tin. 

Effect of observation height 

The optimum position for the optical path of the 
EDL light-beams is 15 mm above the burner top, 
which gives the highest sensitivity for arsenic and tin, 
and about 70 and 90% of maximum sensitivity for 
mercury and selenium respectively (Fig. 3). 

ESfect of amount of sodium tetrahydroborate 

Figure 4 shows that the highest fluorescence signals 
were obtained for arsenic, mercury and selenium with 
1 ml of 2% sodium tetrahydroborate solution. The 
signal for tin was 90% of the maximal value (reached 
with 1 ml of 4% sodium tetrahydroborate solution). 

Effect of sample volume 

The influence of sample volume on some of the 
performance characteristics is summarized in Table 1. 
Changing the sample volume changes the pH reached 
by the solution after the addition of tetrahydroborate 
(the change being biggest for the smallest sample 
volume), and the procedure must be changed when a 
5-ml sample is used. The blank signal, S,, is assumed 
to be due to the analyte present in the reagents. The 
detection limit C, is taken as three times the standard 
deviation of the concentration in the blank, C,. The 
peak-to-peak noise measured for the background 
near the signal, which is sometimes used for calcu- 

lation of C, in AFS, was practically devoid of 
meaning in this work, since the nature and size of the 
noise signal before and during the tetrahydroborate 

reaction were quite different. 
Table 1 shows that the C, values tended to decrease 

with increasing sample volume for all four elements, 
but with different patterns according to whether the 
impurities were mainly present in the acid or in the 
tetrahydroborate. In the case of selenium it is evident 
that the hydrochloric acid in the sample does not 
contribute to the size of C,, since the product VC, is 
fairly constant. The slope of the calibration graph 
would be expected to remain constant for constant 
yield of atomic events per unit volume of sample, i.e., 

m/V should be constant. This was found to be 
approximately the case for arsenic over the whole 
sample volume range and for selenium in the l-5 ml 
range, but for tin and mercury the yield decreased 
consistently with sample volume. 

Since the decrease in detection limit when the 
sample volume is increased from 1.0 to 5 ml is very 
significant only for selenium, the use of 1 ml of 
sample is suggested, especially as interferences are 
higher with 5 ml of sample than with 1 ml, as will 
appear later. 

in d 
I I I I 

1 2 3 4 

NaBH, concentratw7 (% w/v 1 

Fig. 4. Effect of concentration of NaBH, solution on blank 
signal and on atomic-fluorescence signal of arsenic, sele- 
nium, tin and mercury, each present at IO-ng/ml concen- 
tration. Conditions: 1 ml of sample in 0.6M HCl, 1 ml of 
NaBH, solution, H, 0.35 l./min, argon 1.0 I./min, obser- 

vation height 15 mm. 
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Determination of As, Se, Sn and Hg by AFS 

Table 3. Mutual interelement effect on precision* 

Precision9 
Analyte 

(1 ng/ml) Precision? As Se Sn Hg 

Arsenic 5.0 - 5.1 4.1 5.0 
Selenium 7.0 8.2 - 5.8 5.8 
Tin 4.8 6.1 6.2 - 5.5 
Mercury 5.2 7.3 4.8 6.2 - 

*Conditions: as for Table 2. 
iRelative standard deviation of ten replicate measurements 

in absence of interferent. 
§Relative standard deviation of ten replicate measurements 

in presence of a 500 ng/ml concentration of interferent. 

10 IO2 lo3 lo4 

Tin (ng/ml) 

Dynamic range and precision 

Table 2 shows that the precision was between 2 and 
7% for all four elements at the 1-ng/ml level and 
improved with concentration, except for mercury, for 
which it was almost constant. The precision was 
unaffected by the presence of the other three elements 
in 500-fold w/w ratio to the analyte (Table 3) though 
there were some effects on signal height (Table 4, see 
below). 

Interferences 

2 30 

- 20- 
S 
‘- 
‘0 

10 

z 
c 0 -__P_____O__~_b__----_--__ 

00 
E 

-10 - 

i -20 - 00 z % 8 

: 

-x)- 

-40 - (II) 

I I I 

10 102 103 lo4 

Arsenic ( ng/ml 1 

In the preceding paper6 the instrumental cross-talk 
was measured separately from chemical and optical 
effects and was calculated to be at least 68 dB. 

Fig. 5. (I). Interference effect of tin(IV) on arsenic signal for 
1 ml of sample: As 25 ng/ml (0) and 250 ng/ml (0). (II). 
Interference effect of arsenic(II1) on tin signal for 1 ml of 

sample: Sn 25 ng/ml (0) and 250 ng/ml (0). 

Mutual interferences. Varying the sample volume 
but using a constant amount of sodium tetra- 
hydroborate was found to affect the size of the 
interference effects, except for mercury (Table 4). 
Mercury is the only one of the four elements which 
does not form a hydride, so the interference probably 
arises in the hydride formation. 

With 1 ml of sample, mercury interferes with the 
selenium signal only when present at concentrations 
higher than 5 pg/ml. Arsenic and tin present a 
peculiar mutual effect: the arsenic peak is enhanced 
by tin concentrations > 0.5 pg/ml with maximal in- 
crease at tin > 2 pg/ml. Arsenic affects the tin 
response with a similar but negative effect. The 
mutual arsenic-tin effect depends mainly on the 

concentration of the interferent and not on the 
concentration of analyte or the analyte/interferent 
concentration ratio (see Fig. 5). With 5 ml of sample, 
the effect of arsenic on the tin signal was the same as 
for 1 ml, but the effect of tin on the arsenic signal is 
evident at tin concentrations above 0.03 pg/ml. 
Mutual effects, not observed with 1 ml of sample, 
were found for the selenium-tin pair at interferent 
concentrations higher than 2 pg/ml and for the 
arsenic-selenium pair at interferent concentrations 
higher than 5 pgg/ml. 

Other interferences. Copper was considered as a 
typical example of an element which strongly inter- 
feres in the hydride generation of many elements.8*“J2 
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Table 4. Mutual interelement interference effect on signal peak height 

Change in peak height, %* 

0.05 pg/ml 0.5 pg/ml 2.0 pg/ml 5.0 pg/ml 
Analyte 

(5 ngiml) As Se Sn Hg As Se Sn Hg As Se Sn Hg As Se Sn Hg 

Arsenic? - 0 0 0 - 0+10 0 - 0+30 0 - 0+30 0 
Arsenic5 - 0+20 0 - 0+45 0 - -10 +45 0 - -15 +35 0 
Selenium? 0 - 0 0 0 - 0 0 0 - 0 0 0 - 0 +15 
Seleniums 0 - 0 0 0 - 0 0 0 - 0 0 -15 - -15 -10 
Tint 0 0 - O-20 0 - O-20 0 - O-20 0 - 0 
Tins 0 0 - O-20 0 - O-20 0 - o-25-15 - 0 
Mercury? 0 0 0 - 0 0 0 - 0 0 0 - 0 0 0 - 
Mercurys 0 0 0 - 0 0 0 - 0 0 0 - 0 0 0 - 

*Expressed as per cent change with respect to signal for each analyte in pure solution, for four interferent levels. 
Variations less than twice the s.d. were not taken into account. 
iSample volume 1 ml, 0.6M HCl. See text for procedure. 
@ample volume 5 ml, 0.6M HCl. See text for procedure. 
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-80 II) 
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1 10 102 lo3 
Interference concsntmtim I *g/ml J 

0 - 

‘,. 
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Fig. 6. (I). Interference effects on signal for selenium (5 
ng/ml). Effect of copper(H) and tin(N) as observed in 
present work: (0) copper, 1 ml of sample; (0) copper, 5 ml 
of sample; (A) tin, 1 ml of sample; (A) tin, 5 ml of sample. 
Curves a and h refer to the effect of copper and tin on 
selenium (10 ng/ml> as observed by Welz and Melcher’ 

(curve a) and Verlinden and Deelstrai2 (curve 6). 
(II). Interference effect of selenium(IV) on signal for arsenic 
(5 ng/ml) as observed in the present work with 1 ml (0) 
or 5 ml (a) of sample, and as observed by Welz and 

Melcher’ (curve a). 

With 1 ml of sample, each analyte at the 5-ng/ml 
level, and the copper concentration varied in the 
range 0.005-5 pgg/ml, no interference with the signals 
of arsenic, tin and mercury was found. With sele- 
nium, copper did not interfere up to 1 pg/ml (Fig. 6). 
With 5 ml of sample and the same concentration of 
selenium, copper interfered at concentrations down 
to 0.2 pig/ml. 

The effect of nickel, cobalt and lead (tested in the 
0.005-S pg/ml range) on the selenium signal for 1 ml 
of sample was then studied. It was found that nickel 
and cobalt exhibited the same behaviour as copper, 
whereas lead did not interfere. 

The interference effects could be compared with the 
literature only for arsenic and selenium, for which 
data obtained under similar experimental conditions 
were available.8,” The difference ih pattern from the 
literature data was essentially due to differences in the 
time elapsing between mixing of the reactants and 
stripping of the volatile hydrides from the cell, and 
to variation of the sample volume with constant 
tetrahydroborate volume. The interference threshold 
shifts towards higher interferent concentrations as the 
sample volume is decreased. It is the sample volume 
which is the more likely to play the decisive role. 
Decreasing the sample volume should increase the 
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rapidity of mixing the sample and reagent solutions 
and give a higher reagent concentration, thus reduc- 
ing the risk of incomplete analyte hydride formation 
on account of side-reactions with interferents. In this 
respect it is interesting that no mutual interference 
effects between arsenic, selenium and tin were re- 
ported in a study of their automatic continuous-flow 
hydride-generation, even at very high interferent 
concentrations.‘3.‘4 

Application to water samples 

The natural concentration levels’s2’ of mercury 
and tin in uncontaminated waters being lower than 
the detection limits, only selenium and arsenic can be 
determined in such samples without precon- 
centration. For potable or polluted waters the 
method can indicate whether the four elements are 
above or below the allowable limits. Depending on 
the analyte, the simultaneous determination may give 
speciation information, or only the total concen- 
tration. Under the experimental conditions used, 
inorganic arsenic and methylarsenic acids are reduced 
to the corresponding arsines, which give the same 
analytical response;‘7,22 inorganic mercury, methyl- 
mercury, ethylmercury and phenylmercury are all 
reduced to mercury metal;23 tin(H) and tin(IV) give 
the same response,24 but some alkyltins found in 
natural waters cannot be quantitatively determined, 
owing to the high boiling point.of the alkylstannanes 
generated by tetrahydroborate reduction.20,2’ Only 
selenium(IV) reacts with tetrahydroborate to give 
hydrogen selenide, and is practically the only form 
present in natural water. 25*26 If the presence of Se(VI) 
or Se(H) is suspected (as in polluted water) the sample 
must be chemically pretreated to transform all the 
selenium species into Se(IV).27*28 Total selenium and 
tin must therefore be determined by single-mode 
procedures.2’,27.28 With the four-channel detector, the 
determination of arsenic, mercury, selenium and tin 
(including standard-addition and reagent back- 
ground correction) requires about 10 min. This 
significant shortening of operation time allows repli- 
cate analysis of the same sample or analysis of a 
larger number of samples, with a consistent im- 
provement of the statistical meaning of the analytical 
data. The accuracy of the method was tested by 
analysis of spiked samples. At the l-2 ng/ml level the 
recovery was better than 95% except for selenium in 
sea-water, for which it was only 85% (Table 5). The 
relative standard deviation for five replicate mea- 
surements was better than 10%. 

CONCLUSIONS 

Arsenic, selenium, tin and mercury can be deter- 
mined simultaneously at sub-ng/ml levels by non- 
dispersive atomic-fluorescence spectrometry com- 

bined with the vapour-generation technique with 
sodium tetrahydroborate as reductant. Sample vol- 
umes from 0.2 to 5 ml can be used. The lowest 
detection limit is obtained with 5 ml of sample for 
selenium and arsenic and either 1 or 5 ml of sample 
for mercury and tin. Except for determination of 
selenium and arsenic at concentrations near the de- 
tection limit, 1 ml of sample is to be preferred because 
the interferences are then minimal. The relative stan- 
dard deviation is then less than 7% for each of the 
four analytes within their dynamic ranges and down 
to 1 ng/ml, regardless of the presence of high concen- 
trations of the other three analytes. The linear dy- 
namic ranges cover more than three orders of mag- 
nitude for all four analytes. 
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SEPARATION AND DETERMINATION OF ARSENIC(V) 
AND ARSENIC(II1) IN SEA-WATER BY SOLVENT 

EXTRACTION AND ATOMIC-ABSORPTION 
SPECTROPHOTOMETRY BY THE HYDRIDE- 

GENERATION TECHNIQUE 

SAMUEL A. AMANKWAH and JAMES L. FASCHING* 
Department of Chemistry, University of Rhode Island, Kingston, RI 02881, U.S.A. 
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Summary-Arsenic(V) and arsenic(II1) in sea-water have been separated by complexing the arsenic(II1) 
with ammonium pyrrolidinedithiocarbamate (APDC) in the range 4.Gl.5 and extracting the complex with 
chloroform. The organic phase is then wet-ashed with a 1: I mixture of concentrated nitric acid and 
perchloric acid to get rid of all organics, and the arsenic(II1) is determined by hydride generation and 
atomic-absorption spectrophotometry. Total arsenic is determined by first reducing arsenic(V) to 
arsenic(III) with potassium iodide and then applying the method used for arsenic(W). The arsenic(V) 
content is determined by difference. The low detection limit of 0.031 ng/ml and the high sensitivity and 
precision make the method suitable for analysis of open ocean waters. 

Currently, four basic methods are used for the in- 
vestigation of arsenic speciation: ion-exchange chro- 
matography,‘-’ differential pulse polarography,4 
selective hydride evolution,s.6 and solvent extraction 
followed by flame’ or graphite-furnace’ atomic- 
absorption spectrophotometry or neutron activa- 

tion.’ 
Although the investigation of arsenic speciation 

by solvent extraction followed by graphite- 
furnace/atomic-absorption spectrophotometry gives 
good sensitivity, interference by trace elements in the 
sample matrix is a problem and tends to cause 
unreliable results, as has been observed in our labora- 

tory. 
Differential pulse polarography does not give the 

required detection limit for the determination of 
arsenic in sea-water.4 Several attempts by us to repeat 
the experiments by Aggett and Aspell’ involving 
selective hydride evolution did not prove successful. 

The problem of interference can be solved by using 
a method based on solvent extraction, wet-ashing to 
eliminate organic interferences, and selective deter- 
mination of arsenic(II1) by the hydride-generation 
technique. Complexation with ammonium pyr- 
rolidinedithiocarbamate (APDC) and extraction into 
chloroform is the preferred separation step. The 
optimum pH and reagent concentration, and the 
accuracy, precision, sensitivity and detection limits of 
the method have been determined. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model 403 atomic-absorption spec- 
trophotometer equipped with an electrothermal quartz-cell 
furnace, a chart-recorder and an arsenic electrodeless dis- 

charge lamp powered by an 8-W supply was used for all 
analyses. The Perkin-Elmer MHS-10 mercury/hydride gen- 
eration system was connected to the quartz cell through two 
traps containing calcium chloride to remove water vapour. 
The carrier gas was argon, and the flow-rate was regulated 
by a flowmeter. Figure 1 shows the assembly of the system. 

The electrothermal quartz cell was I .7 cm in diameter and 
18.8 cm long, with open ends. Graphite sleeves were used for 
heat dissipation. A sufficient length (about 4 ft) of nichrome 
wire (diameter 0.0254 in., resistance 1 njft) was wound 
round the tube for a temperature of about 900” to be 
reached by resistance heating. To insulate the tube and 
maintain uniform temperature distribution round it, the 
tube was wrapped first with asbestos and then with 
fibre-glass cloth. Power to the resistance wire was supplied 
by a variable transformer. 

Reagents 

All solutions were prepared from analytical grade chem- 
icals. Distilled demineralized water was used for making all 
solutions. 

Standard arsenic(III) solution (I mg/ml). Prepared by 
dissolving 1.322 g of primary standard As,O, in 100 ml of 
alkaline solution. 

Standard arsenic(V) solution (1 mgiml). Prepared by dis- 
solving 4.165 g of Na,HAsO,. 7H,O and diluting to 1000 ml. 

Sodium borohydride solution (5%). Prepared by dissolving 
5 g of sodium borohydride powder in 100 ml of demin- 
eralized water, followed by addition of 1 pellet of potassium 
hydroxide. The resulting turbid solution was filtered 
through a 0.45~pm membrane filter to obtain a clear 
solution. This solution was prepared once every two weeks, 
following the procedure of Byelo and of Knechtel and 
Fraser.” 

Concentrated nitric acid and hydrochloric acid were 
redistilled in a Pyrex still before use. All cleaned Pyrex glass 
was assumed to be free from arsenic impurities.‘* 

Synthetic sea-water. Prepared by dissolving 254.0 g of 
NaCl, 105.0 g of MgCI,.6H,O, 39.1 g of Na,SO,, 11.0 g of 
CaCl,. 2H,Oi 7.2 g df I&l, 203 g of &Cl,, 0.27 g of H&O, 
and 19.2 g of NaHCO, in 10 litres of demineralized water. 

Ammokm acetate buffer. pH 4.5. Equal volumes of 4M 
sodium acetate and 4M acetic acid were mixed. 
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I- 

Fig. 1. I&kin-Elmer atomic-absorption spectrophotometric MHS-10 hydride-generation assembly: la, 
argon gas cylinder; lb, Aowmeter; 2, Perkin-Elmer MHS-10, 2a, sodium borohyd~de container; 2b, 
reaction vessel; 2c, plunger; 3a & b, contain calcium chloride pellets to remove water vapour; 4, 
Perkin-Elmer atomic-absorption spectrophotometer 403; 4a, arsenic electrodeless discharge lamp; 4b, 

electrothermal quartz-cell furnace; 4c, monochromators and detector. 

Ammonium acetate buffer, pH 6. I. Concentrated ammonia 
solution (470 ml) was slowly added to 430 ml of glacial 
acetic acid, cooled in an ice-bath. 

Atomic-absorption standby. Stock standards for lead 
(996 ppm), iron (1013 ppm), cobalt (998 ppm), zinc (1000 
ppm), cadmium (1000 ppm), copper (lOq0 ppm), mercury 
(1000 ppm) and nickel (997 ppm) were obtained from Alpha 
Analytical Laboratories. These solutions were prepared 
from the chlorides except for the lead, nickel and mercury 
solutions, which were made from the nitrates. Each stock 
standard solution was diluted to the desired concentration 
before use. 

Ammonium pyrrolidinedithiocorbamate (A PDC) solution 
(1%). One g of APDC was dissolved in 100 m1 of demin- 
eralized water, and the solution was filtered through a 
0.45~pm membrane filter, then extracted with chloroform to 
purify it. The purified APDC solution was prepared as 
needed. The chloroform was used as received. 

Procedure 

All glassware was cleaned by washing several times with 
4M nitric acid and then rinsed in demineralized water until 
the washings were neutral to litmus paper. 

The synthetic sea-water was spiked with an appropriate 
concentration of arsenic(V) and arsenic(II1). 

Natural sea-water was collected from Narragansett Bay 
and filtered through a 0.45-urn membrane filter (Millipore) 
to remove any particulate matter. Analysis of the filter 
showed no retention of arsenic. The pH was lowered to 2 
with hydrochloric acid and the solution stored in a poly- 
ethylene bottle (following the recommendation by 
Robertson”). It was assumed that the As(III)/As(V) ratio 
did not change at the pH value used. To study the two 
oxidation states of arsenic, a IO-litre sea-water sample 
(either synthetic or natural) was divided into two equal 
parts. To one aliquot about 100 g of potassium iodide was 
added to reduce all arsenic(V) to arsenic(II1). The resulting 
solution was used for the total arsenic determination. The 
other aliquot was used for arsenic(II1) determination. 

A 300-ml sea-water (synthetic or natural) sample was 

placed in a SOO-ml separatory funnel and brought to a pH 
within the range 4.0-4.5 with the ammonium acetate buffers. 
Ten ml of purified 1% APDC solution were then added, 
followed by 25 ml of chloroform. The mixture was shaken 
for 20min on a horizontal mechanical shaker. After sepa- 
ration of the layers, the chloroform layer was drained into 
a 150-ml erlenmeyer flask. The aqueous layer was discarded. 
The chloroform layer was wet-ashed as follows. Ten ml of 
concentrated nitric acid and 10 ml of 70% perchloric acid 
were added, with some glass beads to prevent bumping and 
spattering, and the flask was fitted with a short-stemmed 
funnel. The mixture was boiled on a hot-plate until dense 
white fumes of perchloric acid were evolved. The flask was 
cooled, lOm1 of deminerali~d water were added, and the 
evaporation to dense white fumes of perchloric acid was 
repeated. The solution was then cooled to about 40”, and 
about 1 g of potassium iodide was added to reduce 
arsenic(V) to arsenic(II1). The solution was made up to 
volume in a 50-mi standard flask with 1 M hydrochloric acid. 
Arsenic(If1) was then determined by the hydride-generation 
technique and atomic-absorption spectrophotometry with 
15-ml portions of this solution, and the standard-addition 
method. The exact experimental procedure followed for the 
hydride generation procedure was that given in the manual 
for the Perkin-Elmer MHS-10 Mercury/Hydride system. 
Synthetic sea-water was used as the blank in all experiments. 

RESULTS AND DWXJSSION 

E&ct of $7 

The reaction between arsenic(II1) and ammonium 
pyrrolidinedithiocarbamate is pH-dependent. The 
complex is extractable into organic solvents. Figure 2 
shows the effect of pH on the complexation and 
extraction in the method developed, and indicates 
that the optimal pH-range is rather narrow, 4.5-4.6, 
but the pH range 4.043 gives adequate precision for 
the purpose. 
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Fig. 2. Absorbance vs. pH of sample solution (in APDC 
preconcentration step). 

Dependence of APDC concentration 

Figure 3 shows the effect of APDC concentration 
on the efficiency of extraction of 50 ng of As(III) from 
300 ml of synthetic sea-water at the optimum pH of 
4.0-4.5. The extraction is constant and maximal 
when 10 ml of l-2’% APDC solution are used. Use of 
a 1% solution is recommended. 

Sensitivity and detection limit 

The sensitivity was obtained from the reciprocal of 
the mean slope of three graphs (plot of per cent 
absorption vs. concentration in ng/ml). The value of 
0.140 ng/ml obtained (s.d. 0.006 ng/ml for triplicate 
analyses) is comparable to values reported for other 
methods involving the use of solvent extraction.14 

The detection limit (D.L.) was determined from the 
relationship D.L. = X +_ 3 ob,, according to Zief and 
Mitchell,” where X is the average value of ten 
determinations of the blank and ub, is the standard 
deviation. 

The detection limit of 0.031 ng/ml (s.d. 0.005 ng/ 
ml, triplicate analyses) is based on use of precon- 
centration to a volume of 50 ml, from which lo-ml 
aliquots are taken for the analysis. This value is very 
low and indicates that the method can be used for 
sea-water analysis. 

Accuracy and precision 

Tables 1 and 2 show the results for recovery and 
precision, obtained by the standard-addition method. 

APDC (%I 

Fig. 3. Absorbance VS. APDC concentration. 

Recoveries ranged from 95 to 106%. The precision 
data were obtained from analyses done on different 
days and the relative standard deviation of O&0.8% 
shows the good reproducibility of the method. 

Analysis of natural sea-water 

The method was applied to the analysis of samples 
from Narragansett Bay. One sample was analysed on 
different days to assess the precision, and the results 
in Table 3 indicate that there was no change in 
the As(III)/As(V) ratio. The standard deviation for 
As(III) was the same as that for the synthetic sea- 
water samples, but that for As(V) was rather higher. 

Interferences 

Sea-water contains traces of metals such as Cu, Ni, 
Fe, Pb, Co, Zn, Cd and Hg. APDC forms complexes 
with all these elementsI and they are therefore likely 
to be co-extracted and mineralized along with the 
arsenic. Severe interference by Cu and Ni in the 
hydride-generation determination of arsenic has also 
been reported.” The effect of traces of copper and 
nickel on the arsenic determination was therefore 
examined, and no interference was found from these 
species when present at below the 4-pg/ml level 
(Table 4). Since their concentration in sea-water is 
normally below 5 /*g/ml,’ they should not interfere in 
hydride-generation methods for arsenic, though they 
may be a problem in graphite-furnace analyses. No 
interference was found from Fe(III), Pb, Co(II), Zn, 
Cd and Hg(I1) at the 1000 p g/ml level. 

APDC and pyrrolidine were found to interfere 

Table 1. Recovery of arsenic(II1) and arsenic(V) 

Sample 

1 
2 
3 
4 
5 

As(W) 
added, ng 

30 
300 

30 
40 
10 

As(V) 
added, tzg 

30 
300 
40 
10 

Total 
A~(111 + V) 

recovered, ‘A 

103.3 
99.4 
98.8 
95.0 

105.0 

As(M) 
recovered, o/0 

103.3 
100.6 
100.0 
95.0 

105.5 

As(V) 
recovered, % 

96.7 
98.7 
95.0 

100.0 
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Table 2. Precision for arsenic(III) and arsenic(V) in syn- 
thetic sea-water for a 300 ml sample 

As(II1) As(V) As(II1) As(V) 
Sample added, ng added, ng found, ng found, ng 

__-~I 
150 150 148 146 
150 150 146 145 
150 150 148 148 
150 150 148 147 

Mean 147.5 146.5 
-- 

Standard 
deviation 0.9 1.2 

RSD, % 0.6 0.8 

Table 3. Precision of arsenic(III), arsenic(V) and total 
arsenic in natural sea-water for a 300 ml sample 

As(II1) Total As As(V), ng 
Analysis found, ng found, ng (by difference) -~-____ __ .-- I._- 

1 15 144 129 
2 14 140 126 
3 15 145 130 
4 16 140 124 

.“-. Mean 1.5 142.3 127.3 
_ll____l__._ 
Standard deviation 0.82 2.4 2.8 

._.__ ._...._ - 
RSD. % 5.4 1.7 2.2 

Table 4. Interference of Cu and Ni 

Added ion 
concentration, pg/mi 

_.~ 
0 

: 
3 
4 
5 

10 
100 
200 

As absorbance 

Cu(I1) 

0.880 
0.875 
0.875 
0.874 
0.874 
0.594 

-- 
0.484 
0.440 

Ni(I1) 

0.877 
0.870 
0.867 
0.865 
0.867 
0.560 
0.440 
0.165 

0.011 

severely at trace levels. Besides being reduced to 
gaseous products by sodium borohydride, pyrrolidine 
complexes with arsenic to form an arsenic-amid0 
derivative” if the arsenic is stripped from the 

As-APDC complex with concentrated nitric acid; 
since this derivative is more soluble in chloroform 
than in aqueous medium, much of the arsenic would 
be lost from the aqueous layer before its deter- 
mination by hydride generation. Wet-ashing was 
therefore used to eliminate this problem. 

CONCLUSlONS 

The method has the following advantages. (a) The 
combination of wet-ashing and hydride generation 
makes the method free From interferences: (b) the 
detection limit of 0.031 f 0.005 ng/ml is lower than 
values reported for other methods;R.‘9.20 (c) twelve 
samples can be analysed per day, which makes the 
method economical for routine analysis of sea-water 
samples. 
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Summary-Nitrate and nitrite in natural waters are determined spectrophotometrically by passage 
through an amalgamated zinc reductor at pH 3.4 into iron(IIItFerrozine solution. Interference by high 
levels of nitrite is eliminated by treatment with azide. Levels as low as 0.2 pg/ml (expressed as nitrogen) 
can be determined with a precision of k3y’. 

Because the determination of nitrite and nitrate in 
natural and waste waters is of ecological importance, 
numerous analytical methods have been proposed 
and some are presented as either accepted or tentative 
methods in the publication of the American Public 
Health Association.’ These methods, in general, can 
be classified as based on use of: 

(i) direct spectrophotometric measurements in the 
ultraviolet.2-6 

(ii) speckc ion electrodes;7-9 
(iii) spectrophotometric measurement involving 

use of brucine,‘S’2 chromotropic acid,13 Methylene 
Blue,14 2,4-xyleno1,‘S’7 or nitron;’ 

(iv) reduction of nitrate to nitrite, followed by 
diazotization and coupling to form a coloured 
dye;‘&” 

(u) reduction of nitrate and nitrite to ammonia.22-2s 

Nitrite in the presence of nitrate is determined 
spectrophotometrically by a diazotization reaction 
and formation of an azo dye.2628 It can also be 
determined by electrochemical methods.29 In a similar 
manner nitrate can be reduced to nitrite and then 
determined electrochemically.30,3’ When small 
amounts of nitrite are accompanied by large amounts 
of nitrate the nitrite is determined first, then the 
nitrate is reduced by hydrazine or a cadmium reduc- 
tor, the total of nitrate plus nitrite is determined, and 
the nitrate is obtained by difference. However, if there 
is more nitrite than nitrate, the latter can be deter- 
mined only after elimination of the nitrite. 

In this paper we present a rather simple col- 
orimetric procedure for the determination of nitrate 
alone and in the presence of nitrite, involving reduc- 
tion of nitrate and nitrite to hydroxylamine by the 
zinc amalgam reductor (Jones reductor) at pH 3.4 
and reoxidation of the product with iron(II1) in the 
presence of Ferrozine. Large amounts of nitrite are 
eliminated by a preferential reaction with sodium 
azide.32 

EXPERIMENTAL 

Apparatus 

A Cary 14 spectrophotometer and a Corning Model XII 
pH-meter were used. The zinc amalgam reductor was pre- 
pared by treating analytical grade 20-mesh metallic zinc 
with acidified mercuric chloride by the procedure described 
by Kolthoff er ~1.‘~ A shortened 50-ml burette was filled with 
enough amalgamated zinc to produce a 15-cm column. The 
reductor was copiously washed with water and then with the 
monochloroacetatesodium chloride buffer solution. When 
not in use, the metal in the reductor was always kept covered 
with water. All glassware was washed with 6M hydrochloric 
acid and demineralized water. 

Reagents 

All chemicals were analytical or primary standard 
grade. Ferrozine, 3-(2-pyridyl)-5,6-diphenyl-1,2,4_triazine- 
p,p’-disulphonic acid disodium salt trihydrate (Aldrich), was 
used as a stock solution prepared by dissolving 2.55g in 
250 ml of demineralized water. An approximately 0.003M 
iron(II1) stock solution was prepared by dissolving 0.363 g 
of reagent-grade ammonium ferric sulphate dodecahydrate 
in approximately O.lM sulphuric acid and diluting with 
water to 250 ml. A stock 0.002M solution of sodium nitrite 
was prepared daily by dissolving exactly 69.0 mg of dry 
sodium nitrite in 500 ml of water; this corresponds to 
28 pg/ml as nitrogen. Sodium nitrate solution was prepared 
by dissolving exactly 85.0 mg of sodium nitrate in 500 ml of 
water, corresponding to 28 pg/ml as nitrogen. Standard 
solutions were made by diluting the stock solutions. 

A pH-3.2 buffer solution was prepared by dissolving 
28.5 g of monochloroacetic acid in 900 ml of demineralized 
water, adjusting to pH 3.2 with concentrated sodium hy- 
droxide solution, then diluting with water to 1 litre. An 
eluent solution was prepared by mixing 300 ml of this buffer 
with 100 ml of IM sodium chloride. 

A 0.4% aqueous sodium azide solution was prepared. 

Procedures 

Determination of nitrate or nitrite alone and in mixtures. 
Working nitrate and nitrite solutions were prepared by 
diluting 10 ml of the 0.002M stock solutions to 100 ml with 
demineralized water. Test solutions of nitrate or nitrite, 
alone or mixed, were prepared by taking from 1.0 to 10 ml 
of the working solutions and diluting to 100 ml with the 
eluent solution. The reductor column was prewashed with 
approximately 35 ml of the solution to be analysed, then 
filled with the solution, 20 ml of which were passed through 
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the column at a rate of 24-30 drops/min. Any gas bubbles 
produced were eliminated by tapping the burette. The eluent 
was collected in a 25-ml standard flask containing 2 ml of 
0.003M iron(III) and 1.5 ml of 0.02M Ferrozine. The con- 
tents were diluted to the mark and the absorbance was 
measured at 562 nm after 15 min. A blank sample contain- 
ing neither nitrate nor nitrite was prepared and treated in 
the same way as the test solution and all absorbance values 
were corrected for the blank absorbance. 

Elimination of nitrite interference by treatment with azide. 
A sample containing nitrate and nitrite but no eluent buffer 
was transferred to a IOO-ml standard flask. Then approxi- 
mately 0.5 ml of 0.06M sodium azide was added followed 
by 0.05 ml of 1M sulphuric acid. The solution was stirred 
vigorously for 15 min. Hydrazoic acid was eliminated by 
passage of nitrogen for approximately 5 min. The solution 
was then diluted with the eluent buffer solution and anal- 
ysed as for nitrate alone. 

Determination of total nitrate and nitrite in natural waters. 
Natural or waste-waters were first filtered through a fine 
filter paper, then a 20-ml portion of the filtrate was trans- 
ferred into a 25-ml standard flask containing Ferrozine and 
a small amount of ascorbic acid and buffer solution, to 
determine the amount of iron present. If the amount was 
small (commonly the case for Lake Michigan), then this 
absorbance was used as a blank correction in the nitrate and 
nitrite determination. Also 80 ml of the filtrate were placed 
in a lOO-ml standard flask and diluted to volume with a 
buffer containing chloride. However, if the blank absorb- 
ance was high, the filtered water was passed through a 
strong acid cation-exchanger (Dowex 500-10 x 4; sodium 
form) the first 35 ml being used to precondition the ion- 
exchanger (and discarded) and the next 80ml being col- 
lected in a lOO-ml standard flask and diluted to the mark 
with the buffer sdution containing chloride, and used for 
analysis. The Jones reductor was preconditioned with ap- 
proximately 35 ml of the filtered and diluted solution and 
then a 20-ml portion of the effluent from the reductor was 
collected in a 25-ml standard flask containing 2 ml of 
iron(II1) solution and 1.50 ml of Ferrozine solution, and 
diluted to the mark with demineralized water. The absorb- 
ance was then measured at 562nm, and corrected for the 
reagent and iron blank as described above. 

The amount of total nitrate plus nitrite in natural waters 
was also determined by the standard addition method. Two 
80-ml samples of filtered natural water were taken. The first 
sample was directly diluted with the buffer solution to 
1OOml. and 0.500ml of 0.002M sodium nitrate was added 
to the’second sample before the dilution with the buffer 
solution. Both samples were then passed through the Jones 

reductor and analysed as described above. The observed 
absorbances were corrected for the blank values and were 
used in the calculation of the total amount of nitrate plus 
nitrite nitrogen present in the original sample. 

RESULTS 

Synthetic samples containing nitrate and/or nitrite 
were first analysed for total nitrate plus nitrite and 
then, after the elimination of nitrite with azide, for 
nitrate. Results for an average of four determinations 
are summarized in Table 1. In each case blank 
absorbance values were determined in the presence 
and absence of azide. 

Natural and synthetic sea-water samples were also 
analysed for total nitrate plus nitrite: the results are 
summarized in Table 2. 

DISCUSSION 

The method is based on hydroxylamine (resulting 
from initial reduction of nitrate or nitrite) reducing 
iron(II1) to give the intensely coloured iron(IIt 
Ferrozine complex, the absorbance of which is pro- 
portional to the original amount of nitrate (or ni- 

trite). The apparent molar absorptivity in terms of 
nitrate (or nitrite) is 4.21 x lo4 l.mole-‘.cm-‘. 

The reduction of nitrate and nitrite is affected 
significantly by the pH, as shown in Fig. 1. In the pH 
range 3.2-3.5 nitrate and nitrite are both reduced 
primarily to hydroxylamine and to some extent to 
ammonia. Hydroxylamine, in this determination, is 
oxidized by iron(II1) to nitrous oxide, whereas am- 
monia is not oxidized. The amount of hydroxylamine 
produced decreases substantially at pH >4.5 and 
also at pH ~2.7. At high pH, reduction of nitrate in 
particular is incomplete, and at low pH formation of 
ammonia is favoured. Thus, the pH must be kept 
between 3.2 and 3.5 and controlled to within f 0.1. 
In addition, it is advisable to add sodium chloride. 
This provides a higher ionic strength and gives more 
reproducible results. 

Table 1. Determination of nitrate and nitrite in svnthetic water samoles* 

Amount taken, Nitrogen Nitrogen 
10-7mole taken, Observed Total NO; + NO, found& 

NO; NO; Pg Method? absorbance5 found, 10-7mole$ Pg 

0.00 0.00 0.00 0.120 + 0.005 0.00 0.00 
3.02 0.00 4.23 0.635 f 0.008 3.06 4.28 f 0.08 
3.02 0.00 4.23 NT 0.633 f 0.008 3.05 4.26 z 0.08 
0.00 3.03 4.24 - 0.640 + 0.008 3.09 4.32 + 0.08 

0.00 3.03 4.24 N, 0.120 I - 0.005 0.00 0.00 
0.40 3.03 4.80 0.700 + 0.008 3.44 4.82 + 0.08 
0.40 3.03 4.80 NY 0.193 * 0.005 0.43 0.60 + 0.04 
1.01 2.02 4.24 0.640 k 0.008 3.09 4.32 + 0.08 
1.01 2.02 4.24 N; 0.295 k 0.006 1.04 1.45 & 0.05 
2.02 1.01 4.24 0.640 + 0.008 3.09 4.32 f 0.08 
2.02 1.01 4.24 N, 0.470 + 0.008 2.08 2.91 + 0.07 

*An appropriate aliquot of synthetic sample (in the concentration range 0.2-20 x 10-5M) 
passed through the reductor is diluted to 25 ml. 

tRemoval of nitrite with azide. 
gAverage and standard deviation of four determinations. 
SCalculated from 25(A,,, - &,,,)/4.21 x 104. 



Determination of nitrate and nitrite 

Table 2. Total nitrate and nitrite found in natural and synthetic sea-water* 

Amount found 

Sample 
Nitrogen added,? Observed 

IO- 7mole absorbance 

in the original sample 

pmol/ml$ N wiml 

Reagent blank 0.00 0.090 * 0.003 - - 
Lake Michigan (blank) 0.00 0.005 * 0.001 - 
Lake Michigan 0.00 0.525 * 0.007 0.0161 0.226 k 0.005 
Lake Michigan 10.10 0.860 + 0.008 0.0163 0.229 k 0.005 
Lagoont 0.00 0.155 + 0.004 0.024 0.34 f 0.010 
Lagoon1 80.80 0.425 + 0.006 0.025 0.35 f 0.010 
Synthetic sea-water 
Blank 0.00 0.165 k 0.004 - 
Sample 1 10.40 0.512 f 0.006 0.0103 0.14 + 0.005 
Sample 2 5.20 0.338 k 0.005 0.0052 0.73 * 0.004 

*An 80-ml portion of the lake water was diluted to 100 ml with a buffer solution and a 20-ml aiiquot 
of this solution was passed through an amalgamated zinc reductor into a 25-ml standard flask. 

tAmount of nitrate added to 80ml of the water before the dilution to 1OOml. 
$Calculated from 25(A,,, - A,,,) x 100/4.21 x IO4 x 80 x aliquot volume (ml). 
$A 2.00-ml aliquot of the diluted lagoon water was taken for analysis. 
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Fig. 1. Absorbance of iron(IIkFerrozine after the reaction 
of iron(II1) with the reduced products of nitrate and nitrite 
as a function of pH: nitrate concentration 1.60 x IO-‘M; 

nitrite concentration 1.63 x 10m5M. 

The degree of reduction depends also on the 
flow-rate through the reductor and on the length of 
the reductor. More ammonia is produced with a 
longer column than with a shorter one. Doubling the 
Ilow-rate through the reductor decreases the absorb- 
ance for nitrate (obtained at pH 3.3) by only approx- 
imately 3%. In general, the flow-rate is less critical for 
the pH range 3.2-3.5 than for higher pH values: 
between 1 and 1.2 ml/min is satisfactory. At higher 
pH the flow-rate has a greater effect on the amount 
of hydroxylamine produced. As shown in Fig. 1, 
nitrite is reduced somewhat faster than nitrate at 
pH 4, while in the pH range 3-3.5 nitrate is reduced 
as readily as nitrite. Also, in the optimum pH-range 
reduction of nitrate and nitrite is not affected by 
temperature variations of 20”, indicating that the 
reduction proceeds exclusively to hydroxylamine. 

Nitrate in the presence of large amounts of nitrite 
is determined after the elimination of the nitrite with 
azide.32 This reaction requires the pH to be less than 

2.0 and is complete in less than 5 min. The excess of 
azide is eliminated as hydrazoic acid by passing a 
stream of nitrogen through the solution. Small 
amounts of hydrazoic acid remaining in solution do 
not interfere with the reduction of nitrate. The reduc- 
tion of nitrite is ensured by adding an approximately 
5-lo-fold molar excess of azide. It is important, after 
elimination of hydrazoic acid, to adjust the pH before 
passing the solution through the reductor. The 
amount of nitrite is obtained by subtracting the 
nitrate value from the total amount of nitrate plus 
nitrite. 

Interference by iron can be removed by passing 
the filtered solution through a cation-exchanger (in 
sodium form), but small amounts of iron can be 
tolerated if the sample absorbance is corrected for the 
absorbance of a blank obtained by running an equal 
volume of sample solution through the procedure, 
without reduction with the amalgamated zinc. 

This method is particularly suitable for the deter- 
mination of nitrate in the presence of large amounts 
of nitrite and of chloride, at levels as low as 0.1 ppm 
(when 1 -cm cells are used) with a relative precision of 
better than 3%. The synthetic sea-water samples 
yielded consistently high blank values, which were 
primarily due to the nitrate impurities in the reagent 
grade sodium and potassium chlorides used for pre- 
paring the samples. 
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DETERMINATION OF SILVER IN DORE METAL 
BY WEIGHT TITRATION WITH EQUIVALENCE- 

POINT DETECTION BY DIFFERENTIAL 
ELECTROLYTIC POTENTIOMETRY 
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Summary-Use of weight titrimetry, with differential electrolytic potentiometry for detection of the 
equivalence point, instead of gravimetry, has been critically tested for the determination of silver in dare 
metal. The electrode response in the presence of possible interferences (Sb, As, Se, Cu, Ni, Fe, Pb and 
Co) was studied by voltammetry. Titration curves for six different samples were obtained and their 
differences from those for pure silver were interpreted. Positive errors were found to occur in the presence 
of 0.1% Fe(W) and Se(W) but not in the presence of 1% Cu(I1). The results obtained by gravimetry and 
weight titrimetry were compared. The imprecision of the proposed method was between 0.03 and 0.05% 
(relative standard deviation); that of gravimetry was between 0.05 and 0.08%. The absolute difference from 
the gravimetric results was between +0.05 and +0.08x. The time for analysis of one sample was between 
60 and 80min. 

The dort metal obtained from the anodic sludges 
produced during the electrolytic refining of copper, 
obtained from the Chilean copper ore Chuquicamata, 
has a silver content of about 97-99x plus some other 
precious metals in small quantities. Its commercial 
value is mainly determined by its silver content. 

The silver is currently determined gravimetrically 
by precipitation of silver chloride, with a precision of 
f0.05%.’ Although other gravimetric methods24 
could be used, all of them are time-consuming. 
Volumetric titration methods, although faster, do not 
provide the required precision. 

Weight titrimetry5 appears a possible alternative if 
a proper method for end-point location is chosen. 
Photometric, potentiometric and amperometric end- 
point detection, among others, have been reported,“8 
but not applied to this system. We have demonstrated 
recently’ that the combination of weight titrimetry 
with end-point location by differential electrolytic 
potentiometry can be applied successfully to the 
determination of silver in samples of pure silver and 
can replace the classical gravimetric method with 
advantage. 

The purpose of the present work was to assess the 
validity of that method in analysis of dare metal 
samples, by study of possible interferences and com- 
parison of the results with those of gravimetry. 

Apparatus 
EXPERIMENTAL 

All the equipment used for the voltammetryiO and weight 
titrations’ has been described previously. 

*To whom correspondence should be addressed. 

Reagents 

All chemicals were of analytical reagent grade. Standard 
solutions were prepared as described by Smith and Par- 
sons.” Samples of dare metal (six different batches) were 
purchased from Codelco-Chile, and spectrographically 
analysed by Centro de Investigation Minera y Metalurgica 
(CIMM). The determination of the copper and iron content 
was done by atomic-absorption spectrophotometry at the 
Centro de Servicio Externo in our Faculty. The deter- 
mination of the selenium content was done by neutron- 
activation analysis at the Comision Chilena de Energia 
Nuclear. The composition of the samples is shown in 
Table 1. 

Procedure 

Samples of dare metal (1 g for gravimetry and 0.5 g for 
weight titrimetry) were weighed to +O.l mg in IOO-ml 
beakers. They were dissolved by adding 2 ml of nitric acid 
(1 + 1), covering with a watch-glass and heating on a 
hot-plate to eliminate nitrogen oxides. The insoluble metal- 
lic residue was filtered off with a medium porosity fritted- 
glass crucible, and washed with distilled water. _ 

For the gravimetric determinations the ASTM E56-63 
standard method was then followed. 

For the gravimetric titrations, the filtrate and washings 
were combined in a lOO-ml beaker, then concentrated by 
evaporation on a hot-plate to a final volume of l&l5 ml. 
Solid barium nitrate (2 g) was added and the solution 
titrated with standard potassium bromide solution. The 
concentration of the titrant was adjusted so that about 
50 g would be needed for the titration. 

The twin silver-electrodes, activated as previously de- 
scribed,9 were immersed in the sample solution only when 
the titration was 95-98x complete. The titration was 
stopped when the first decrease in potential difference was 
observed. 

RESULTS AND DISCUSSION 

Voltammetry 

The possible interference of the minor elements 
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Table 1. Composition of dare metal samples (referred to solid samples) 

Sample Spectrography, Atomic Neutron 
code X-ray fluorescencet absorption& y0 activation& y0 

R-300; Au, Ag, Al, As, B, Bi, 
Ca, Co, Cu, Fe, Mg, MO, 
Na, P, Pb, Si, V, Pd, Ir 

H-333 Ag, Cu, Al, As, Ca, Co, Cu 0.62 Se 0.003 
Fe, Mg, MO, Na, Ni, Si, Fe 0.004 

V, S 

H-337 Ag, Al, As, Au, Ca, Co, cu 0.43 Se 0.005 
Cu, Fe, Mg, MO, Na, Ni, Fe 0.003 
Si, V, Pd, Zn, S 

H-338 Ag, Cu, Al, As, Au, Ca, cu 0.85 Se 0.007 
Co, Fe, Mg, MO, Na, Ni, Fe 0.002 
Si, V, Ir 

H-339 Ag, Cu, Al, As, Au, Ca, cu 0.93 Se 0.002 
Co, Fe, Mg, MO, Na, Ni, Fe 0.003 
Si, V, S 

H-340 Ag, Al, As, Au, Ca, Co, CuO.64 Se 0.008 
Cu, Fe, Mg, MO, Na, Ni, Fe 0.003 
Si, V, Pd, Zn, S 

H-341 Ag, Cu, Al, As, Au, Ca, Cu 0.60 Se 0.022 
Co, Fe, Mg, MO, Na, Ni, Fe 0.004 
Si, V, S, Pd, Zn 

Elements italicised: estimated content >O.l%. 
*Insoluble residue after sample dissolution in HNO, (1 + 1). 
ton solid samples. 
§On solutions after sample attack and silver precipitation as AgCl. 

present in dort metal, such as Sb, As, Se, Cu, Ni, Fe, 
Pb, Co, was studied by voltammetry. Results ob- 
tained are summarized in Fig. 1. Although all the 
species tested (except Co2+, Ni*+ and Pb2+) showed 
electrochemical activity, not all of them represent a 
potential hazard. They give reduction waves at par- 
ticular electrode potentials, but the question is 
whether these electrochemical reactions actually oc- 
cur at the silver electrode during the titration. 

In our previous work,’ we determined the range of 
electrode potentials of the anode and cathode in the 

I OlM HNOJ 

0 

0 -100 -200 -3oo -400 -500 -600 -700 -800 

E, mV vs. Hg/Hg,SO, (said.) 

Fig. 1. Voltammetric behaviour of the silver electrode in the 
presence of different substances. Solution: 50 ml of 0.1 M 
HNO, + Xnl of O.lM stock solution, as follows: X = 80 for 
As, Sb, Se; X = 100 for Cu, Fe, Ni, Co, Pb. For Or, the 

solution was saturated with air. 

end-point region of the titration. These are shown in 
Fig. 1 by the vertical dashed lines. 

If the impurities present in the solution are reduced 
at a potential more negative than -350 mV, there 
should be no interference with the indicator elec- 
trodes. This means there should be no interference by 
As(III), Sb(II1) and Cu(I1). Dissolved oxygen does 
not interfere either.’ 

The presence of Cu(I1) has a slight effect on the 
electrode response well after the end-point, however. 
Reduction of Cu(I1) at the silver cathode is possible, 
but this is expected to have no effect on the end-point 
location. 

Se(IV) and Fe(II1) were found to interfere severely. 
With both, a clear reduction wave was observed just 
between the potential limits indicated in Fig. 1. 
Se(IV) is reduced with consequent depositon of Se on 
the silver electrode. This is an irreversible reduction 
which interferes very severely with the electrode 
response, and the electrode is rapidly fouled. 

Fe(II1) is easily reduced at the silver cathode, 
introducing an imbalance between the twin indicator 
electrodes, which is greater the larger the polarizing 
current used. Silver ions generated at the anode 
would not be reduced at the cathode, but Fe(II1) 
would be instead. 

Titration curves 

The results obtained by voltammetry encouraged 
us to study the titration curves for six different 
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Volume of 0 18M KBr 

Fig. 2. Titration curves for samples of dart metal. Curves 
are vertically shifted for convenience. Polarizing current 
density: 2 PA/cm*. Electrodes: silver wire, 0.5 cm2 area. 

samples of dort metal. The results obtained are 
shown in Fig. 2. 

Two distinct differences from the curves obtained 
with pure silver’ were found. The peaks have a 
broader base and the potential difference 

AE = Eanade - Ecathode becomes negative well after the 
end-point. Neither effect alters the width at half 
peak-height, which remains about 25~1, and neither 
has any influence on the end-point location. The 
end-point can be determined with the same precision 
as that for pure silver.’ 

The presence of Cu(I1) in the solution was proved 
to be responsible for AE becoming negative after the 
end-point. Neither effect alters the width at half 
peak-height, which remains about 25 ~1, and neither 
Ag + Br-+AgBr + e- would occur at a more nega- 
tive potential than the cathodic reaction 
Cu2+ + 2e---Cu. 

The effect of Fe(III), Se(IV) and Cu(I1) on the 
titration curves was studied separately. Synthetic 
samples of silver plus 0.1% of iron and selenium and 
1% of copper were prepared. A dramatic reduction in 

peak height with slight positive shift of peak location 
was observed in the case of Fe(II1) and Se(IV). 
Fortunately these two elements are present only at 
trace level in dori metal samples (see Table l), so 
their effect is not expected to have any real im- 
portance. The titration curves shown in Fig. 2 
confirm this. Cu(I1) in the dare metals tested was 
always present in amounts large enough for the 
sample solutions to be pale blue before titration (see 
Table 1). Fortunately its effect is observed only well 
after the end-point, as predicted by voltammetry. 

Weight titrations 

Synthetic samples were first analysed by weight 
titrimetry in order to determine the effect of inter- 
ference by Fe(III), Se(IV) and Cu(I1). The results 
obtained, shown in Table 2, are the averages of five 
determinations (except for pure silver, for which ten 
determinations were done). It is clear that the pres- 
ence of Fe and Se introduces only a small positive 
error when they are present at the 0.1% level (which 
is high for this type of material: real samples may 
contain these elements, but only at trace level). Cu(I1) 
is definitely not an interference even at 1% level. 

These results encouraged us to analyse real sam- 
ples. We made ten determinations of silver by gravim- 
etry and ten by weight titrimetry, on each of the six 
different samples of dare metal, in order to assess the 
reproducibility and accuracy of the proposed 
method. From the results, which are summarized in 
Table 3, we can conclude that the proposed method 
can be at least as good as gravimetry. 

Five determinations were performed on each sam- 
ple by two analysts, as indicated. There was a clear 
difference between the titrimetric and gravimetric 
results obtained by each analyst. Analyst A obtained 
a closer agreement than analyst B. If an F-test is 
applied to the sets of results produced by analyst A 
and B separately, the dispersion of results obtained 
by analyst B shows no significant difference between 
the two methods for the six samples analysed. How- 
ever, the dispersion of the results obtained by analyst 
A shows a significant difference at the 95% confidence 
level for three of the six samples analysed (H337, 
H338, H340). If the whole set of ten determinations 
is considered, an F-test shows a significant difference 
between the two methods for three of the six samples 
analysed (this time H337, H339, H340). Nevertheless, 
it is clear that the dispersion of results obtained in our 
laboratory is less for the proposed method than for 
the classical gravimetry. 

Table 2. Effect of interferences on the silver determination by weight titration; amount of Ag 
found 

Pure Ag* Ag + 0.1% Fe(III)t 

B 99.95 100.04 
X % 0.04 0.03 

*Average of ten determinations. 
TAverage of five determinations. 

Ag + 0.1% Se(IV)t 

100.03 
0.03 

Ag + 1% Cu(II)t 

99.94 
0.04 
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Table 3. Determination of silver in dare metal: comparison between gravimetry and weight titrimetry 

Gravimetry (G) Weight titrimetry @VT) Differences 

Sample 
Analyst* Analyst* AX = X(WT) - X(G) 

code A B Total? A B Total? A B Totalt 

H-333 s, % 
S> % 

H-337 1, % 
S, % 

H-338 x,% 
X % 

H-339 R,% 
S> % 

H-340 1, % 
S, % 

H-341 1.Y 

98.86 98.79 98.82 98.86 98.91 
0.08 0.05 0.07 0.06 0.03 

98.94 98.91 98.93 98.97 99.00 
0.06 0.05 0.05 0.01 0.03 

98.52 98.47 98.49 98.51 98.59 
0.06 0.05 0.06 0.02 0.04 

98.40 98.31 98.36 98.43 98.44 
0.08 0.05 0.08 0.04 0.03 

98.77 98.70 98.74 98.78 98.81 
0.11 0.04 0.08 0.02 0.04 

98.73 98.68 98.70 98.76 98.81 , ,” 

s % 0.05 0.05 0.05 0.03 0.02 

98.88 0.00 +0.12 +0.06 
0.05 

98.98 +0.03 +0.09 +o.os 
0.03 

98.55 -0.01 +0.12 +0.06 
0.05 

98.43 f0.03 +0.13 + 0.07 
0.03 

98.79 +0.01 f0.11 +0.05 
0.03 

98.78 +0.03 +0.13 +0.08 
0.04 

*Set of five samples analysed by each analyst. 
TValues for the whole set of ten samples. 

If results given by gravimetry are accepted as 
correct and no previous calibration with reference 
material is used, the error of the proposed method is 
indicated in Table 3 as Ax. Values are shown for both 
analysts separately and for the whole set of ten 
determinations. There is a clear positive error of 
0.05-0.08% with the proposed method, because the 
end-point location requires a certain degree of over- 
titration. If a drop of titrant typically weighs 5 mg, 
and 50 g of titrant are needed, overtitration by one 
drop means an error of +O.Ol%. The higher results 
obtained by analyst B suggest a higher degree of 
overtitration. On the other hand the gravimetric 
results obtained by analyst B show a trend towards 
lower results. These two effects result in analyst A 
getting better agreement between the two methods 
than analyst B, but an F-test shows that analyst B’s 
results should be more reliable than those of analyst 
A. 

The only difficulty found with the proposed 
method was the need to introduce the indicator 
electrodes only when the titration is 95-98% com- 
plete. Otherwise they become coated with precipitate, 
which interferes with the electrode response. This 
degree of titration is easily judged by an experienced 
analyst from the amount of precipitate or turbidity 
observed after each titrant addition (made without 
stirring). 

Another problem was the presence of insoluble 
metal residues from samples of dare metal. We tried 
to perform the titration with the residue present, but 
potential spikes developed each time a metallic par- 
ticle struck the silver-wire electrodes (contact poten- 
tials). Although the titration was still possible if very 
gentle stirring was used, mixing of the solution was 
not good when a large quantity of precipitate was 
present. That is why we decided to filter the solutions 
and then concentrate them by evaporation, but these 
additional operations can increase the time for analy- 
sis of a single sample by 3&50 min, depending on the 
degree of dilution caused by washing the filter. 

Finally, we mentioned in the previous paper’ the 
possibility of automation. We now have to add, that 
anticipation of the end-point, which is needed for an 
automatic titration, can easily be achieved with this 
technique. All we have to do is to increase the 
polarizing current density by a factor of ten. The 
titration curves will broaden and fast addition of 
titrant be possible until the end-point region is 
reached. The titration can then be completed by 
decreasing the polarizing current density to the rec- 
ommended value of 2 PA/cm’. This implies that the 
problem of the electrode becoming covered with 
precipitate has to be solved in a different way, so that 
the twin silver electrodes can be introduced into the 
solution from the start. 
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Summary-A very simple reaction-rate thermometric technique is used for determination of iodide 
(S-20 ng/ml), based on its catalytic action on the cerium(IV~arsenic(II1) reaction, and for determination 
of mercury(I1) (1.5-10 ng/ml) and silver(I) (2-10 ng/ml), based on their inhibitory effect on this reaction. 
The reaction is followed by measuring the rate of temperature increase. The method suffers from very 
few interferences and is applied to determination of iodide in biological and inorganic samples, and Hg(I1) 
and Ag(I) in pharmaceutical products. 

A common method for determination of traces of 
iodide is based on its catalysis of the redox reaction 
between cerium(IV) and arsenic(III), first studied in 
detail by Sandell and Kolthoff.‘,’ 

The reaction has been applied to the determination 
of iodide in waters3-’ and thyroid hormones,*-” and 
of inhibitors of the reaction, such as mercury and 
silver.“,i2 Osmium’*~‘-’ and rutheniumI also catalyse 
the reaction and have been similarly determined. The 
reaction has been used as an indicator reaction in 
catalytic titrations. ‘z-l9 The end-point can be detected 
spectrophotometrically, potentiometrically,‘6~20 bi- 
amperometrically,*’ or thermometrically.‘9 A flow 
enthalpimeter has been used to determine 
O.Ol-10pLM iodide by measurement of the tem- 
perature rise in the Ce(IV)-As(II1) system.22s23 In the 
sense that the heat “pulse” detected by this method 
is the integral of the heat generated by the catalytic 
reaction in a specific time (determined by the flow 
characteristics) these were kinetics determinations, 
and in principle an initial-rate method was used. So 
far, however, measurements of the reaction rate do 
not seem to have been used as the determination 
technique. Generally, the principal advantages of 
reaction-rate methods (particularly the initial-rate 
method) are speed and precision. Very few examples 
of the use of calorimetry in reaction-rate methods for 
determination of inorganic species have been 
reported2”26 and the method has been mainly used in 
biochemical analysis2’,** 

EXPERIMENTAL 

Reagents 

Stock solutions included 0.1 M ceric ammonium sulphate 
in 1 M sulphuric acid, 0.1 M sodium arsenite in 1 M sulphuric 
acid, potassium iodide solution (iodide 0.983 g/l.), mercuric 
nitrate solution (mercury 0.972 g/l.) and silver nitrate solu- 
tion (silver 0.960 g/l.). 

Apparatus 

The temperature-monitoring system consisted of a rapid- 
response thermistor, a Wheatstone bridge, and a recorder 
(Goerz, Servogor RE 511) (Fig. 1). The thermistor was 
sealed in glass and has a resistance of 100 kR at 25”. The 
e.m.f. for the Wheatstone bridge was supplied from a 7.85-V 
stabilized source. At the sensitivity setting used, the therm- 
istor bridge yielded a temperature response of 60.6 mV/deg 
and full-scale deflection on the recorder was 2 mV (20 cm). 
This temperature-monitoring system is part of a thermo- 
metric titrator built according to the design of Lumbiarres 
et ~1.~~ An adiabatic cell (Fig. 1) was used. The solution in 
the cell was stirred with a magnetic stirrer. Rigid tem- 
perature control is essential. 

Fig. 1. Diagram of circuitry and apparatus used in reaction- 
rate thermometric analysis. A, polystyrene insulators; B, 
plastic beaker; C, magnetic stirrer; D, thermistor; E, Hole 
for pipette F, Dewar flask; G, Wheatstone bridge; H, 

recorder. 
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Fig. 2. Temperatur&ime curves for (A) 0, (B) 5, (C) 10, (D) 
14 and (E) 20 ng/ml of iodide The recommended procedure 

was used. 

Procedure 
For iodide determination the following were placed in the 

cell compartment: 10 ml of O.lM ceric sulphate, 10 ml of 
O.lM sodium arsenite and enough sulphuric acid to give a 
concentration of 1M and a final volume of 50 ml. The 
recorder (chart speed 3 cm/mm) was switched on. When the 
temperature-time curve was horizontal, the necessary vol- 
ume of sample to give a final iodide concentration between 
5 and 20 ng/ml was added. From the resulting curve, the rate 
of reaction was calculated by the initial-rate (tangent) 
method. All solutions were brought to 22” beforehand, in a 
thermostat. 

To determine mercury(U) or silver, the same procedure 
was used, except that a suitable amount of the cation 
(75-500 ng for mercury, IOO-500ng for silver) was intro- 
duced before the sulphuric acid, and finally 1 pg of iodide 
was added. 

RESULTS AND DISCUSSION 

Examples of the temperature-time curves for de- 
termination of iodide are shown in Fig. 2. The slope 
of the curve should correspond to the temperature 
change due to catalytic reaction. To obtain rapid 
stabilization (horizontal temperature-time curves) 
before the addition of the iodide, all solutions must 
be brought to the same temperature (which must be 
the room temperature, so it is convenient to keep this 
as constant as possible). It has been found that the 
rate of initial thermal stabilization is remarkably 
favoured by eliminating the free air space above 
the solution in the inner part of the adiabatic cell 
(Fig. 1). 

Characteristics of the iodide determination 

Owing to the shape of the temperature-time curves 
the initial-rate method was the only one applied for 
preparing the semi-logarithmic calibration graph 
(Fig. 5). The relative standard deviation was 1.1% 
(n = 11,o: = 0.05). 

The selectivity has been examined, and the results 
in Table 1 show there are few interferences. 

0.4 

c) 0.3 

s 

- 0.2 

Minimal background is attained in the 
temperature-time curves by efficient stirring, and 
precise control of this variable is important. 

0.1 

Effect of reaction conditions CCe(IV)l, [As (III) 1, M 

To optimize the conditions for determination of Fig. 4. Effect of As(III)-Ce(IV) concentrations on the initial 
iodide, the effect of the sulphuric acid, arsenite and rate: [H2S04] = lM, [I-] = 10 ng/ml. 
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Fig. 3. Effect of sulphuric acid concentration on the 
initial rate: [Ce(IV)] = 1 x lO_rM, [As(III)] = 1 x IO-*M, 

[I-] = 70 ng/ml. 

ceric sulphate concentrations on the reaction rate 
was studied (Figs. 3 and 4). The optimum concen- 
trations are those at which the initial rate is maximal 
and the relative standard deviation minimal. These 
will be the concentrations at which the order of 
reaction with respect to these variables is as near zero 
as possible, since small variations in the concen- 
trations will not affect the initial reaction rate. For 
this reason a sulphuric acid concentration of 1M and 
ceric sulphate and arsenite concentrations of 0.02M 
are considered optimum. 

Under these conditions, there was a linear re- 
lationship between the logarithm of the initial reac- 
tion rate and the iodide concentration in the range 
5-20 ng/ml in the final solution. The reaction order 
for iodide, obtained from the corresponding 
logarithmic plot, was 3 (u,,= k[II13 for 3.9 x 
lo-‘M <[I-] < 1.6 x lo-‘M). 
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5 10 15 20 2.5 50 7.5 10.0 25 5.0 7.5 10.0 

I-(ng/ml) Hg (If) (ng/ml) Ag(1 )(ng/ml) 

Fig. 5. Calibration graphs for I-, Hg(II) and Ag(1). 

Determination of mercury and silver 

The inhibitory effect of mercury(I1) and silver on 
the iodide catalysis of Ce(IV)/As(III) system has been 
used to develop reaction-rate methods for the deter- 
mination of these cations. A fixed iodide concen- 
tration is used and the decrease in initial reaction- 
rate, caused by the presence of the inhibitor, is 
measured. As shown by Fig. 5, with an iodide 
concentration of 20 ng/ml the calibration graph is 
steep and linear for 1.5-10 ng/ml mercury and 
2-10 ng/ml silver concentrations. The relative stan- 
dard deviation for the 5-ng/ml level (n = 11, 
CL = 0.05) was 1.3% for mercury and 1.5% for silver. 

Applications 

To test the applicability of the proposed methods, 
they were applied to the determination of iodide in 
urine, sea-water and analytical-reagent grade sodium 
chloride, and of mercury(I1) and silver in pharma- 
ceutical products. In all instances, the standard- 
addition method was employed. The recovery was 
calculated by comparing the results obtained before 
and after the standard additions. 

Iodide in urine was determined both before and 
after mineralization of the sample. The value ob- 
tained without mineralization was 7.0 fig/ml. To de- 

stroy organic matter and liberate the organically 
bound iodine the sample was evaporated to dryness 
on a hot-plate after addition of sodium carbonate, 
and then heated for 3 hr at 600” in a muffle furnace.30 
The cooled residue was dissolved in a minimum of 
2M hydrochloric acid and diluted with water to the 
original sample volume. The value obtained was 
13.6pgg/ml. These results were compared with those 
obtained by Acland’s spectrophotometric method,3’ 
which uses As(II1) and Ce(IV) as reagents and gave 
a value of 12.1 pg/ml for total iodide. 

Iodide in sea-water was determined without pre- 
vious treatment of the sample. The value obtained 
was 0.10 pg/ml. That found by the Acland method 
was 0.12 pg/ml. 

The sodium chloride sample was dissolved in dis- 
tilled water and the iodide determined. The value 
obtained was 0.0015% (reported maximum value, 
0.0020% I-). 

Mercury was determined in a commercial pharma- 
ceutical product (Resorpil, Reig Jofre) after dilution 
of the product with distilled water. The value ob- 
tained was 149 pg/ml (reported value, 150 pg/ml). 

Silver was similarly determined in a commercial 
pharmaceutical product (Argentofenol, Bucca). The 
value found was 12.6% (reported value 12.7%). 

Table 1. Concentrations of foreign ions tolerated (error d 1.1%) for 20 
ng/ml iodide 

Ion added Amount tolerated 

Ca(II), Mg(II), Sr(II), Ba(II), Cd(II), 
Sn(II), MO(W), Co(II), Cu(II), Bi(III), 
V(V), Cr(III), Ni(II), Zn(II), Sb(III), 
Pb(II), Al(III), Cl-, F-, 
Br-, CN-, PO:-, AcO-, SCN- 
Mn(I1) 
Fe(II1) 
IO; 
Hg(II) 
MI) 
*Largest amount examined. 

20* p g/ml 
2t pg/ml 
28 pg/ml 
0.2t fig/ml 
I§ w/ml 
1 .Sg ng/ml 

tHigher concentrations increase the initial rate. 
§Higher concentrations decrease the initial rate. 
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WITH FERRIC CHLORIDE-AN ALTERNATIVE TO 

THE ANDREWS TITRATION 
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Summary-The iodide content of simple and complex iodides can be extracted as iodine after dissolution 
of the sample with acidified ferric chloride solution. Most iodides can thus be decomposed in 3M 
hydrochloric acid medium. A suitable extraction flask is described. Information on the cation oxidation 
state can be obtained by titrating the released ferrous ions in situ. A precision of 0.2% for l-5 mmoles 
of iodide is attainable. 

During an investigation into the electrical properties 
of some simple and complex iodides we needed to 
confirm their stoichiometry and hence required a 
reasonably precise and widely applicable analytical 
method. The Andrews titrimetric method’ was only 
partly suitable. The strongly acid conditions help to 
dissolve water-insoluble iodides, but the method be- 
comes non-specific when the complex contains a 
cation that is oxidizable with iodate under the condi- 
tions used. We have therefore developed an altema- 
tive and specific method based on use of acidic ferric 
chloride solution as oxidant, followed by solvent 
extraction of the iodine formed. The iron(H) content 
of the extracted solution can also provide informa- 
tion on any cation oxidation. 

EXPERIMENTAL 

Apparatus 

A standard (250-ml, B24 ground-glass neck) conical flask 
is modified by attaching a glass stopcock to the bottom 
(Fig. 1). A PTFE key is not recommended, because it 
ob&res the phase interface during separation. (In effect the 
tap of a conical separating funnel is being shifted from the 
apex to the base and the funnel inverted.) 

Reagents 

FeCI, (O.lM). Dissolve 27 g of FeCl,.6H,O in the volume 
of concentrated hydrochloric acid corresponding to the acid 
molarity required, and dilute to 1 litre. 

iVu,S,O, (0.05M). Prepared by weight.2 
K,Cr,U, (0.02M). Prepared by weight. 
Extractants. Benzene-carbon tetrachloride, 60/40 v/v, 

and 50/50 v/v, or pure carbon tetrachloride. 

Samples 

Iodides not readily available were prepared from the 
elements or by precipitation. SnI, and AsI, were 
recrystallized from purified chloroform and vacuum-dried. 
SnI, and TiI, were purified by vacuum sublimation. 

Procedure 

By means of a long weighing tube (Fig. l), place at the 
bottom of the extraction flask an amount of the solid iodide 
corresponding to not more than 5 mmoles of iodide. (If 

other oxidizable species are present, reduce the quantity 
correspondingly, e.g., for SnI, the maximum quantity is 1.25 
mmoles of SnIJ. Add 50 ml of O.lM ferric chloride solution, 
stopper the flask and stir the mixture magnetically until the 
solid has dissolved and the iodine been liberated. Then add 
25 ml of solvent and extract the iodine by moderate stirring. 
At this stage add a few drops of a dilute detergent solution 
to detach any solvent floating at the water-air interface and 
to enable water in the side-tube to be easily displaced. Hold 
a magnet under the flask to keep the internal magnet in 
place when the flask is tilted to fill the side-tube with the 
organic phase. Remove the stopper and run the lower 
organic layer into another conical flask containing about 50 
ml of water. (The organic liquid in the capillary can be 
almost completely displaced, and the liquid remaining in the 
capillary runs back into the flask when that is uprighted.) 
Wash the capillary through with water before closing the 
tap. Perform three further extractions in the same way with 
25-ml portions of solvent. Titrate the combined extracts 
with thiosulphate (starch as indicator) after adding some 
potassium iodide to help back-extraction. Titrate the 

I I3 24 

Yd@ 
MAGNET 

0 
Fig. 1. Extraction flask and weighing tube. 

127 



128 M. CARTWRIGHT and A. A. WOOLF 

Table 1. A comparison of the ferric chloride method with silver iodide gravimetry 

Sample Weight, mg, determined by 
[HCI], taken, 

Compound M mg I, extraction Fe’+ formation AgI precipitation 

KI 2.5 
2.5 
6 
6 

Cd& 3 
3 
4.5 
6 
- 

ASI, 3 
3 
4.5 
4.5 

360.3 
313.2 
333.2 
375.2 
402.8 
413.3 
389.4 
321.4 
324.2 
391.5 
582.5 
399.1 
132.6 
213.2 
191.5 
152.0 
317.1 
251.1 

359.5 360.6 
313.0 314.2 
333.6 
374.5 

383.9 
317.4 
323.5 
398.1 

324.7 

581.2 
399.2 

132.2 
212.7 
190.4 
151.8 152.0 

316.9 
250.6 

403.1 
413.6 

iron(I1) in the original flask with potassium dichromate after 
diluting to a hydrochloric acid concentration of about l.SM. 

RESULTS AND DISCUSSION 

Distribution ratios, defined as the ratio of concen- 
tration of iodine extracted into the organic phase to 
concentration of residual iodine in the aqueous 
phase, were measured after each extraction in a few 
experiments. The solubility of iodine in hydrochloric 
acid, and in acidic metal chloride solutions, after 
equilibration for three days, was determined by 
taking weight aliquots of the filtrates, diluting with an 
equal volume of water and titrating with thio- 
sulphate. 

Some results are collected in Tables 1 and 2. For 
those in Table 1 the thiosulphate and dichromate 
titrations are equivalent since the cation in the salt is 

not oxidized. A direct comparison with conventional 
silver iodide gravimetry is possible with these water- 
soluble iodides. 

The iodides in Table 2 are insoluble in water and 
some of the cations are oxidizable. Thus with a mole 
of CuTiI,, four moles of Fe(H) arise from I- ox- 
idation, and two moles from the Cu(I)+Cu(II) and 
Ti(III+Ti(IV) oxidations. The silver iodide esti- 
mation is included merely to show that even the 
extremely insoluble iodides can be handled at high 
acidities. 

The relative efficiency of different extractants was 
examined. One consideration was that the efficiency 
of mixing of the phases with gentle stirring should be 
enhanced by minimizing the density difference be- 
tween the phases. Another consideration was to 
increase the distribution ratio by changing the sol- 
vents. Mixtures of benzene and carbon tetrachloride 

Table 2. Ferric chloride method for water-insoluble iodides 

Compound 

Sample Weight, mg, determined by 
WY, taken, 

M mg I, extraction Fe’+ formation 

SnI, 
SnI, 

TiI, 

TiI, 
GUI 

W, 

3 
3 
3 

10 

PbI; 3 
TII 6 

AsIt 10 
CuTiI,G 3 

361.4 360.8 361.0 
254.6 253.5 256.0 
251.9 251.3 
99.2 98.8 

148.7 148.4 
246.2 247.0 
197.6 197.6 
308.1 307.9 
159.5 160.7 
220.6 220.0 
441.3 443.1 
284.9 286.4 286.1 
200.0 199.4 
206.3 206.1 205.8 

* 100 ml of oxidant used to keep PbCl, in solution. 
tl.35 g of HgCl, added to dissolve AgI, and extraction for 20 hr. 
§An independent copper determination by electro-deposition gave 10.20% 

(theory 10.26%). 
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Table 3. Iodine extraction and distribution data 

Degree of extraction of iodine. “/, 

AsI, KI HgI, Distribution 
Partition CdI, ratio (average) of 
number (1) (2) (3) (4) (5) (6) (7) (8) (9) exnts. (1). (2). (3) 

1 88.6 86.7 88.9 84.6 90.3 19 31.9 35.0 44.2 14.7 
2 98.2 97.7 98.4 97.4 98.8 29.7 45.7 65.4 70.3 10.5 
3 99.6 99.6 99.7 99.5 99.8 32.2 49.6 92.2 96.8 8.6 
4 100.0 100.0 100.0 100.0 100.0 33.2 51.4 91.0 99.8 - 

(1) (2); (3) O.lM FeCl,, 4.5M HCl, C,H,/CCI, 60/40 
(4) O.lM FeCl,. 3M HCl. CCL 
(Sj, (6) O.lM geCl,, 3M &I, CC,H,/CCI, 5oj50 
(7) O.lM FeCl,, 6M HCl, C,H,/CCl, SO/SO 
(8) 0.25M FeCl,, IOM HCl, Ccl, 
(9) 0.25M FeCl,, IOM HCl, C,H,/CCl, 50/50 

which had a density about 0.1 g/ml greater than that 
of the hydrochloric acid phase were chosen and these 
were more efficient than carbon tetrachloride alone in 
the first three partitions. Because four partitions were 
needed to complete the extraction there was no 
preference for use of the mixed solvent, except for 
mercuric iodide, for which more than four extractions 
were required if carbon tetrachloride was used alone. 

Although not all iodides were examined, the scope 
of the method can be predicted from the general 
principles of periodicity. The iodides can be divided 
into three classes for analytical purposes. The water- 
soluble ionic iodides of Groups I, II and IIIB, which 
exist as the metal iodide or monomeric complexes 
such as MI+, will behave like potassium or cadmium 
iodide. In these instances there is no advantage over 
the argentimetric or oxidimetric methods apart from 
specificity. A second class of more or less covalent 
iodides (e.g., TiI,, TiI,, AsI,, SnI,, SnI,) hydrolyses to 
give hydriodic acid and for this class, which covers 
Groups II-IV of the non-transition elements as well 
as transition elements from d2 to about d’, the ferric 
chloride method has definite advantages. First it can 
provide additional information on the oxidation 
states of the elements, and secondly it is possible to 
keep the iodides in solution with hydrochloric acid 
but not necessarily with the oxy-acids required in 
other methods. The water-insoluble iodides formed 

by some d8 and d9 transition metals constitute the 
third class of iodides. Apart from PdI, and AgI, 
which are the standard weighing forms anyway, these 
can be estimated conveniently by the ferric chloride 
method, though the difficulty increases with decrease 
in the solubility of the iodide. The method could 
obviously be extended to small quantities of iodides 
although the extractions would become more difficult 
as the Cl-/I2 ratio increased (see later discussion). 

The combination of a suitable redox couple with a 
selective solvent extraction provides a general method 
specific for iodide. Previous methods used ferric 
chloride in sulphuric acid as the oxidant, followed by 
a steam distillation of the iodine,3 or a stronger 
oxidant such as MnO;, Cr,O:-, or MnO, followed 
by extraction of the liberated iodine into chloroform.4 
Insufficient details were given for the applications or 
accuracy of the methods to be assessed. 

The basis of the method described is the selective 
oxidation of iodide by the ferric ion. The small 
difference in redox potential for the two reactions 

Fe+’ + e-Fe*+ 0.17 V 

f1, + e-+- 0.53 v 

gives an equilibrium constant of cu. lo4 for the 
reaction 

Fe’+ + I- = Fe2+ + ‘1 
22 

Table 4. Solubilities of iodine in 2.86M hydrochloric acid containing 
metal chlorides, at 24.5” 

Metal chloride 
(O.lM) 

Solubility of iodine,* 
mg / 100 g of solution 

Change in solubility 
on salt addition, % 

None 198, 192 

CrCI, 156 
MnCl, 201 
FeCl, 194 
NiCl, 194 
CUCl> 196 
ZnCl, 165, 168 
CdCl, 187, 187 

HgCl, 52t, 3215 

*Solubility in water is 33.6 mg/lOO g at 25”. 
tBy direct titration of diluted aqueous solution. 
§By extraction into organic solvent before titration, 

- 

-20 
+3 
-0.5 
-0.5 
+0.5 
-15 
-4 
+65 
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which means that the reaction is only about 99% 
complete unless the equilibrium is shifted to the right. 
When used for determination of ferric ion the reac- 
tion is brought to completion by making the iodide 
to iodine ratio large by use of a large excess of iodide 
and the removal of the liberated iodine by the titration 
with thiosulphate. In our method the equilibrium is 
shifted towards complete reaction by repeated extrac- 
tion of the iodine into an organic phase. Solvent 
extraction prevents interference by some other spe- 
cies, such as sulphides, oxidized by the ferric ion. The 
decrease in redox potential for the iron(III)/iron(II) 
system by ferric ion complexing agents such as 
fluoride or EDTA is overcome by increasing the ferric 
chloride concentration. 

Hydrochloric acid plays a key role in the method. 
It prevents hydrolysis of ferric chloride, increases the 
rate of dissolution of the less soluble iodides (Tables 
2 and 3) and increases the solubility of iodine in 
aqueous media (Table 4) which prevents separation 
of solid iodine and loss by sublimation. 

The solubility of iodine in 3M hydrochloric acid is 
about 6 times that in water, probably because of the 
formation of IrCll. The occurrence of this species can 
be inferred from previous analytical experience. Thus 
the solvent extraction of micro-amounts of iodine is 
inhibited by chlorides but not by sulphates,’ iodine is 
retained on anion-exchange resins in the chloride 
form,6 and the solubility of iodine in water goes 
through a maximum on addition of magnesium chlo- 
ride.’ 

The di-iodochloride anion has been isolated in the 
salt N(CH,): .I,CI-, which slowly loses iodine at 
room temperature and rapidly disproportionates into 
the more stable ICI; and I; ions in acetonitrile 
solution8 The structure of I,Cll is not known but is 
likely to resemble that of the I$- ion, in which the 
I-I and I-Br bonds are longer and weaker than in 
iodine or iodine bromide. 

The formation constant for I, + CI-Z$I,CI- is 
likely to be of the same order as that of Br,Cl- (1.14) 
and much less than that of I; (740 at 25”).9 Hence it 
is understandable that the solubility of iodine in- 
creases with hydrochloric acid concentration, as the 

equilibrium is moved to the right. The decrease in 
distribution ratio as iodine is extracted also illustrates 
the effect of mass action as the Cl-/I, ratio increases 
(Table 3). This would lead to more of the residual 
iodine being present as the complex ion in solution 
and to greater difficulty in extracting the whole of the 
iodine. 

The metal ion can also affect the solubility and 
extractability of iodine and this is particularly 
noticeable for zinc, cadmium and mercury(I1) (Table 
4). For these chlorides the effects vary from an 
appreciable salting-out effect with zinc chloride to the 
large increase with mercuric chloride, which corre- 
sponds to an uptake of one I, molecule per 20 Hg2+ 
ions. It is possible that these effects are determined by 
the ternary metal-iodine-chloride interactions rather 
than the simple binary metal-halogen ones. Thus 
mercuric chloride, which in hydrochloric acid is 
predominantly complexed as HgCl:- and HgCl:-, 
could produce ions such as [Cl,HgCl . . . I . 112- or 
[Cl,Hg I. . I. . . Cl]‘- in the presence of iodine. It is 
interesting to note that iodine can be extracted from 
mercuric chloride solutions in 3M hydrochloric acid 
but not from mercuric iodide solutions at the same 
acidity. In the latter solution formation of the most 
stable adduct’O [CI,Hg . . I . . . I . . . 112- could pre- 
vent oxidation and extraction (in view of the greater 
stability of I; compared to that of I,Cl-). 
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Summary-The effect of organic colloids, such as humic and fulvic acids, on the ASV signals of Cd, Pb 
and Cu in acetate-buffer media has been investigated. Owing to their ability to adsorb metal ions, or form 
complexes (some sparingly soluble), the presence of the organic acids caused the magnitude of the signal 
peaks to decrease, the effect increasing with increase in organic acid: metal-ion ratio, and pH (from 5 to 
8). Analysis before and after filtration through a 0.45-pm membrane indicated that most of the Cd 
retained was labile; in the Pb and Cu system less than half of the sorbed metal ion was labile, though 
a further fraction was displaced in the presence of Chelex 100 resin. The magnitude of the interference 
effect varied with the molarity of the medium and the presence of diverse anions (e.g., chloride, bromide) 
in the system. Cu displayed the most anomalous behaviour, with the stripping peak tending to broaden 
and split, particularly in the presence of humic acids. This behaviour was enhanced when the contact time 
with the preformed Hg film before the deposition/stripping cycle was increased above 5-10 min. This effect 
has been attributed to reduction (and subsequent oxidation) of Cu-humate species adsorbed on the 
mercury film. 

Colloidal particles are believed to play an important 
role in the movement and distribution of metal ions 
within an ecosystem.’ Transport in streams is accom- 
panied by redistribution between the aqueous and 
mobile solid phases, whilst flocculation of particu- 
lates (e.g., in estuaries) promotes incorporation of the 
metals into the base sediments. Clarification of this 
role has been hindered, however, by the complexity 
of natural systems and limited understanding of 
many of the chemical equilibria involved. 

Combination of anodic-stripping voltammetry 
with selective preliminary steps (such as membrane 
filtration, passage through a Chelex column and 
destruction of organic complexes) has been used to 
subdivide the metal-ion content of waters into several 
different categories, and it has been demonstrated, 
inter ah, that a significant fraction can be associated 
with colloidal organic matter.2-7 

There are differing views, however, on the effect of 
organic compounds on ASV signals. For example, 
the addition of “fresh water” humic acid concentrate 
to synthetic sea-water was observed8 to cause both 
enhancement and suppression of individual metal ion 
peaks (depending on the pH of the system) but there 
were no significant changes in the peak positions. 
With a different base electrolyte at pH 6.8, addition 
of humic acid was found to alter both peak height 
and position.’ The size, shape and position of Cu, Pb 
and Cd peaks has been showns-‘3 to be sensitive to the 
presence of a wide range of organic species (including 
surfactants), and as with the humic acids, the changes 
induced tend to be random in nature. 

The lability of metal ions associated with organic 
species has not been clearly resolved. This situation 
is complicated by the fact that bonding modes (e.g., 
with humic acids) tend to vary with pH, relative 

concentrations and type of functional groups in- 
volved.‘5*‘6 Extraction studies” indicate that a high 

proportion of the sorbed material is ion- 

exchangeable, and accordingly may be labile in ASV. 
The acid-soluble, lower molecular-weight, compan- 
ion species, fulvic acid, is considered to form soluble 
metal complexes. The conditional formation con- 
stants reported vary with pH and the material 
used,‘G24 and under some conditions, sparingly solu- 
ble species have been isolated.25~26 The apparent sta- 
bilities of the complexes formed when metal ions are 
added to natural waters are often similar to those 
quoted for metal fulvate complexes.’ 

In an attempt to provide additional basic informa- 

tion, the effect of both humic and fulvic acids on the 
ASV signals of Cd, Pb and Cu has been re-examined. 

EXPERIMENTAL 

Apparatus 

An ESA Anodic Stripping Analyzer Model 2014, and a 
Rikandenki fast-response recorder (Model B-181 H) were 
used. Each of the four operating cells contained a wax- 
saturated graphite rod (precoated with a thin mercury film), 
a platinum counter-electrode and an Ag/AgCl reference 
electrode (S.R.E.) separated from the 5 ml of test solution 
by a porous Vicar” sheath. As the cell geometries differed 
slightly, all comparison studies were based on single-cell 
operation. A nitrogen flow (monitored by an in-line ball 
flowmeter) was used to remove dissolved oxygen and stir 
each test solution. 

At the end of each working week, the existing thin 
mercury film was removed by gently stroking the polished 
electrode tip with the dampened edge of a tissue towel. A 
new film was then deposited overnight from a non-stirred 
solution containing 4 pmoles of mercury(II) chloride, at a 
cathode potential of - 500 mV us. the S.R.E. The electrode 
tips had geometric surface areas of 4.1 cm2, hence this 
procedure yielded films having an average thickness of 
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around 145 nm. To compensate for mercury lost during the 
analytical sequences, at the end of each working day the film 
was augmented by plating out the metal present in 5.0 ml of 
3.2 x 10m4M mercury(H) chloride. Control samples, run as 
part of each analytical sequence for comparison purposes, 
yielded Cd and Pb peaks which varied only marginally in 
size (4-j”/, R.S.D.) over the working week. 

For a ‘mixture containing 100 pg/i. each of Cd, Pb and 
Cu, the precision of five successive ASV scans was normally 
< 2% R.S.D. for Cd and Pb and i 6% R.S.D. for Cu. The 
poor reproducibility for Cu arose because the peak in- 
creased with each successive analytical cycle, a pattern of 
behaviour noted in other ASV studies. 

Base solutions and particulates 

Acidified 100~pg/ml stock solutions of metal ions (Cu, 
Cd, Pb) were prepared from the analytical grade salts, and 
diluted as required with demineralized water. 

The base electrolyte used in most studies was 1M sodium 
acetate, adjusted to pH 5 by addition of acid. Metal ion 
impurities in this solution were reduced to a minimum by 
using an electrolytic reagent-cleaning system (ESA Model 
2014P). In other study sequences, the pH of the base 
electrolyte was adjusted to 6.35 or 8.0, or the concentration 
was varied between 0.05 and 0.7M. In other cases, salts 
(NaCI, NaF, KBr or K,CO,) were added at the 0.2M level. 
For comparison purposes, some studies were also made with 
sodium citrate as the base electrolyte. 

The organic acid particles which were added to the test 
solutions varied in type from pure salicylic acid to technical 
grade “natural” products. The humic acids marketed by 
Fluka AC (HAI) and Aldrich (HAII) were widely studied. 
Both contained traces of Cu and Pb (corrected for by blank 
subtraction) and required pH > 8 for dissolution. At pH 5, 
the reportedI sorptive capacities (mole/kg) are Cdr+, 0.5 
(0.25); Cur+, 0.8 (0.5); Pb*+, 1.0 (0.7), the Aldrich values 
being given in brackets. Two other humic acids (THA-1 and 
THA-4), extracted from forest soils, had lower ash contents, 
and dissolved at pH > 6. The acid-soluble fulvic acid 
(molecular weight < 1000) was obtained from Contech 
Ltd., Ottowa. 

ASV operating conditions 

The ASV analytical cycle was based on a 5-min de- 
aeration period (with a 40ml/min nitrogen flow) and a 
IO-min electro-deposition, followed by a stripping scan at 
50 mV/sec to cut-off at - 50 mV. For simultaneous deter- 
mination of Cu, Pb and Cd, the deposition potential used 
was -900 mV (acetate base) or - 1.0 V (citrate base). 
Longer deaeration periods in the presence of the Hg film 
resulted in distorted Cu peaks. 

Procedure 

Each test solution (containing 5.0 ml of base solution and 
lOOpg/l. Cd, Pb and Cu) was subjected to five successive 
ASV deposition/stripping cycles, and mean values were 
calculated for peak current ($) and peak potential (Es). 
Then 2 mg of finely divided sohd were added to the cell and 
the procedure was repeated. Variations subsequently in- 
vestigated included the effect of different weights of solid 
(0.5-IOmg), changes in the concentration of metal ion 
(20-100 pg/l.) or the concentration of electrolyte in the base 
solution- t&05-lM), and the presence of diverse anions 
(0.2M Cl-, Br-. F-. COi-) or chelating resin (6ma of 
Chelex 100) or added Hg(Nb,), (0.25-0.8~rnole). - 

To ascertain the total amount of sorption, one group of 
samples was filtered through 0.45~pm membranes before 
analysis of the filtrate by ASV. The Cd and Cu results were 
confirmed by atomic-absorption spectroscopy (AAS). 

Cold vapour AAS was used to determine the mercury 
present in the acetate base solutions as a result of extended 
stirring of the solution in contact with the thin film elec- 
trode.. 

RESULTS AND DISCUSSION 

Operational parameter eflects 

Numerous authors*‘,** have emphasised the im- 

portance of controlling the pH of the base electrolytes 

used in ASV studies, and for this investigation an 
acetate buffer system was selected because of the high 
lability*’ and relatively low stability29 of metal 
acetate-complexes. 

In this medium a cut-off potential of -50 mV 
yielded a clearly defined Cu peak but released only 
small amounts of Hg(I1) into solution on standing 
(e.g., 5.5 ng of Hg detected after 7 min, 11 pg after 

25 min). The presence of 2 mg of humic acid (which 
strongly sorbs Hg2+)30 increased the Hg found in 
solution to 1Opg (7 min) and 5Opg (25 min). Re- 
deposition of this mercury in the next analytical cycle 
tends to provide the equivalent of an “in situ” film, 
a technique modification reported to yield enhanced 
peak currents.” With the conditions used in our 
investigation, the addition of 0.25, 0.5 and 0.8 pmole 
of Hg(I1) to the test solution increased the Cu peak 
current by 60,73 and 87%, respectively, and only part 
of this change can be attributed to thickening of the 
preformed (4 pmole) film. These additional amounts 
of mercury may have increased the metal volume 
(and hence the current) by 6, 12 and 20% and in fact, 
with 2mg of humic acid present, the enhancement 
was of this order (11-19x). 

Variations in film droplet size arising from partial 
dissolution and redeposition in repeated cycles 
provide a tenuous explanation for the continual 
increase in Cu stripping currents (noted by several 
authors.“,‘3,3’) The humic acid result, on the other 
hand, suggests that sorbed Hg(II) has limited lability. 

As the role of the supporting electrolyte is to 
reduce the solution resistance and vary the chemical 
form of the reducible species, dilution or composition 
changes affect both the plating and stripping stages 
and yield variations in ASV responses, such as those 
indicated in Fig. 1 and given in Table 1. 

Dilution of the 1M pH-5 buffer solution (curves a, 
Fig. 1) led to anodic peak shifts and changes in peak 
current (particularly at <0.2M CH,COONa; with 
< 0.05M electrolyte the peaks became very broad and 
of minimal height). In a second series, varying 
amounts of sodium acetate were added to 0.2M acetic 
acid, yielding solutions having pH values between 3.8 
and 5.5 (curves b). In these base solutions, the 
changes induced in peak size and position were 
relatively small (e.g., N 30 mV) except with Cu and 
<0.2M sodium acetate. Adding 2 mg of humic acid 
to these base solutions resulted in no significant shift 
in peak positions (curves c), but there were changes 
in stripping currents, attributable to metal-ion sorp- 
tion by the solid, an effect which declined at pH < 4 
as protons competed for the sorption sites. 

It has been reported previously that Cu, Pb and Cd 
peak currents are almost independent of pH changes 
(between 4 and 7) when acetate base solutions are 
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Table 1. Effect of base solution (and humic acid) on ASV peaks (deposition potential 
-9OOmV. IOOuall. M2+) 

Base solution 

Cadmium 

+HA 

Lead 

+HA 

Copper 

+HAt 

A. Peak positions, mV vs. S.R.E. 
(1M) + (0.2M) 

NaOAc/HOAc (PH 5) -793 -797 -636 -641 
+ K,CO, - 793 - 793 -638 -641 
+ NaF - 790 -192 - 636 -638 
+ NaCl -799 -807 -647 - 654 
+ KBr -809 -810 -636 -640 

Narcit + Hcit - 827* -827 -693* -705 
Na,cit + KNO, - 827* -827 -684* -685 

B. Peak currents, pA 
NaOAc/HOAc (PH 5) 162 167 119 91* 

+ K,CO, 177 153* 131 89* 
+ NaF 174 137* 127 49* 
+ NaCl 122 113 109 55* 
+ KBr 169 155 117 81* 

Na,cit + Hcit 4* 4 60 53 
Na,cit + KNO, 12* 12 64 60 

-193 
-186 
-186 
-292* 
-3592 
-264* 
- 270* 

161 67’ 
204 102, 
256 91* 
128 44’ 
108* 102 
40 39 
66 41 

-217* 
-2OO* 
-213* 
-356* 
-365 
-270 
-289 

*Indicate major changes. 
Walues for the cathodic component, companion peak _ 100 mV more anodic. 
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Fig. 3. Effect of pre-plating film-contact time and pH on the size of Cd and Pb ASV peaks in the presence 
of organic acids: 2 mg of solid acid, 5 ml of 1M NaOAc/HOAc buffer solution, 100 pg/l. M*+, deposition 
at -900 mV. FA, fulvic acid; HA1 and HAII, humic acids; THA-1 and THA-4, forest soil humic acids; 

Tan. A, tannic acid; Sal. A, salicylic acid. 



Effect of organic colloids on ASV signals 

Peak pOfenflai (mV) 

I THA-1 (cl I THA- ICI Tonnic acid (c) 

Peak porenrlal (mV) 

Fig. 4. Effect of pre-plating film-contact time and pH on the size of Cu ASV peaks in the presence of 
organic acids: 2 mg of solid acid, 100 yg/l. Cu *+, deposition at -900 mV; 5 ml of buffer solution-(a) 1M 
NaOAc/HOAc, pH 5; (b) 1M NaOAc/HOAc, pH 6.35; (c) 1M NaOAc, 0.2M NaCl, pH 5. Contact time 
(min) in parentheses. Vertical dotted line--Cu peak position, organic acids absent. A. Influence of HA1 

(-) and HA11 (---). B. Effect of part-soluble THA-I and THA-4, and tannic acid. 
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used,28~32 but several other studies3’,33-36 have indicated 
distinct pH effects, particularly at pH < 7. In our 
investigation, increasing the pH from 5 to 6.35 re- 
sulted in slight peak enhancement (< 10%) and small 
cathodic peak shifts (- 8 mV, Cd, Pb; - 30 mV Cu). 
At pH 8, the extent of peak shifting doubled and 
current flows were suppressed (ca. 10% for Cd; 25% 
for Pb; 40% for Cu). With Cu, the plot indicated two 
partially resolved peaks, an effect which has been 
attributed3’s36,34 to adsorption of Cu(I1) hydroxy com- 
pounds or the formation of some Cu(1) species. In the 
presence of humic acid (Table 1) this double peak 
became very low and broad, with almost complete 
loss of the larger peak (i.e., E, was similar to that for 

the more cathodic component). With Cd and Pb, the 
addition of organic acids at pH 8 resulted in little 
change in Ep, but significant depression of peak 
currents (- 33% for Cd, -66% for Pb). Adsorption 
of metal ions by humic acids increases with pH,14 up 
to the point where dissolution begins, and this ex- 
plains most of the observed peak changes. 

Diverse anion efects 

Cu signals are known3’,32*37 to be depressed by the 
presence of even low levels of chloride (e.g., 
<O.O5M), but the effect levels off at ~0.1 M, and 
inclusion of sodium chloride at the 0.2M level in 
acetate base solutions has been recommended. This 
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Table 2. Effect of filtration (0.4.5pm) on ASV peak heights for metal ion-humicacid 
mixtures: lOOpg/l M’+, 2 mg of solid humic acid; 5 ml of 1M NaOAc, pH 5 or pH 

8 (values in parentheses) 

$,, p.4 Bonding of M2+ on solids, % 

Organic acid Metal Non-labile ASV 
present Suspension Filtrate ion [Chelex] ASV Labile 

Nil 154(120) 144 (100) 
Fulvic 
HA1 
HA11 

Nil 
Fulvic 
HAI 
HA11 

Nil 
Fulvic 
HAI 
HA11 

156(116) 
144 (80) 
1.53 (76j 

84 (70) 
69 (28) 
55 (22) 
65 (24) 

164(130) 
54; 49 (34) 
33; 70 (40) 

33; 105 (29) 

97 (62) 
114 (64) 
144 (56) 

83 (47) 
43 (18) 
43 (20) 
44 (2oj 

165 (70) 
50; 38 (18) 
39; 47 (20) 
41; 59 (30) 

Cd 1510 (3) 
11016 (33) 
PI 0 (37) 

Pb [51 17 (60) 
[l 1] 34 (68) 
WI 22 (66) 

cu* [18137t (74) 
[20138t (69) 
1201 15-Y (78) 

33 (35) 
15 (3) 
6 (9) 

31(14) 
14 (3) 
22 (6) 

10 (5) 
lO(15) 
24 (0) 

*pH 5 dual peak, pH 8 broad peak. 
tBased on sum of on peak heights. 

excess of chloride swamps trace effects arising from 
chloride diffusing from the reference half-cell or 
introduced with the reagents, and it has been found 
to sharpen Cd and Pb peaks. All the previously 
described chloride effects were confirmed in our 
studies, e.g., when the influence of diluted 
acetate/chloride base solutions was investigated. The 
effect of chloride on Cu behaviour has been attri- 
buted to the existence of two poorly resolved disso- 
lution processes, namely, Cu + 2C1- Z$ CuCl, + e -, 
plus some oxidation to Cu(I1) at a more positive 
potential, i.e., Cu + 3Cl- z$ CuCl; + 2e. The sta- 
bility of the chloro-complexes shifts the peak by 
N 100mV; formation of the more stable bromo- 
species results in a greater shift (- 170 mV). Discern- 
ible shoulders appear in the presence of both anions, 
but only in the case of Cl- does the addition of some 
humic acid result in further cathodic shift (N 65 mV) 

(Table 1). 
The introduction of fluoride or carbonate ions had 

little effect on Cd, Pb or Cu peak positions, which 
confirmed the greater stability of the acetate-metal 
complexes in these mixtures. The addition of 2 mg of 
HA11 resulted in no significant change in Cd or Pb 
peak positions, and with Cu the change was small 
(lo-20 mV). 

The major cathodic shifts observed for citrate base 
electrolyte solution are consistent with the citrate 
complexes of the three metal ions being more stable 
but less labile (smaller peaks) than other complexes 
examined in this study. The limited lability hindered 
uptake by humic acid particles (as shown by the small 
+HA effect). The peaks in citrate base solutions were 
reasonably broad, reflecting the ability of this ligand 
to form a sequence of complexes of varied stability,29 

Sorption of organic compounds on the electrode 
can also result in peak broadening and lower ip 
values, but this interpretation has been rejected since 

sorption is usually accompanied by anodic peak- 
shifts. In addition, ip increased when the deposition 
potential was successively raised from -0.9 to 
-0.95, - 1.0 and - 1.1 V. 

Sorption by suspended particles 

The removal of metal ions from solution on the 
addition of fulvic or humic acids was clearly demon- 
strated when the cloudy test solutions were analysed 
before and after filtration through a 0.45~pm mem- 
brane (Table 2). The ASV readings were lower after 
filtration, which implies that part or all of the sorbed 
material was labile. With Cd and Pb there were only 
small shifts in EP after the filtration, but with copper, 
both peaks shifted anodically (-20 and 30 mV). 
Carbon cup AAS analysis for Cd confirmed the 
filtrate analysis value (i.e., no non-labile soluble 
complexes were identified). The acetate base inter- 
fered with Cu and Pb determinations by the car- 
bon cup method, but confirmatory Cu solution levels 
were obtained by flame AAS (with maximum scale 
expansion). 

The splitting of the Cu peak complicated calcu- 
lation of the labile fraction, but the approximate 
values reported are consistent with the data derived 
from electrolyte displacement” and adsorption stud- 
ies. Both Cu and Pb form sparingly soluble fulvates 
at around pH 5,25 and the humic acids have a much 
greater affinity for Cu and Pb than for Cd.14 The 
apparent high mobility of Cd associated with organic 
species present in natural waters has been noted 
previously.6,38*39 

The loss on filtration of suspensions with a pH of 
8 was greater than that for suspensions at pH 5, a 
change attributable to partial precipitation of metal 
hydroxy species, in addition to a higher degree of 
metal chelation with the organic acids. 
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When test solutions were equilibrated overnight 
with a mixture of 2mg of organic acid and 6mg of 
Chelex 100 resin, Cu was totally removed from 
solution, and the Cd and Pb values were halved. In 
the absence of humic acid, addition of Chelex re- 
moved 50% of the Cd, 60% of the Pb and 80% of the 
Cu present, and these values were used to calculate 
the fractions retained by the organic acid, from which 
were derived the apparent non-labile fractions, 
Chelex method ([I in Table 2). Comparison of these 
results with the ASV data indicates that about 20% 
of the Cu and Pb may be classified as moderately 
labile. 

ASV studies provide only an indication of the 
lability of complexed or sorbed metal ions, since the 
peak currents recorded reflect both the experimental 
conditions chosen (e.g., applied potential, system pH) 
and the type of bonding involved. 

Another approach to stability studies involves ad- 
ding increasing concentrations of metal ion to a fixed 
amount of ligand, or increasing amounts of ligand to 
a fixed amount of metal ion. 

Figure 2(A) summarizes the ASV peak heights 
observed for test solutions of varied concentration, 
on addition of 2 mg of humic acid. It can be observed 
that the degree of current suppression varied with the 
metal ion involved and the organic acid used, and was 
in the order Cu > Pb > Cd. 

This sequence was again evident when the weight 
of solid acid added was increased [Fig. 2(B)]. The 
addition of > 3 mg of solid acid reduced the Cu ASV 
signals to near zero, with a small (5-10 mV) cathodic 
shift in peak position and the appearance of a more 
prominent shoulder. The change in Ep is attributed to 
a higher proportion of the copper being bound in 
non-labile complexes. If formation of a stable soluble 
complex were involved, a response similar to that 
obtained with salicylic acid would be expected. 

The ability of humic acids to sorb metal ions 
strongly from their aqueous solutions at mg/l., con- 
centration was demonstrated in an earlier studyI 
which utilized AAS as the monitoring technique. The 
amount sorbed was found to vary with pH and the 
humic acid sample studied, with maximum removal 
of metal ion occurring within distinct pH regions 
(e.g., pH 5.5-7 for Cu, Pb). The relative affinity order 
was Cu, Pb > Zn, Cd. Pb, and to a lesser extent Cu, 
Cd and Zn, have been found to form sparingly 
soluble metal fulvates2’ within narrow pH regions 
(e.g., Pb, pH 5-7; Zn, pH 6.5-8). 

In qualitative terms, these studies indicate that the 
three metal ions belong to different “lability” catego- 
ries: 

(i) strongly sorbed or bound, low lability-Cu; 
(ii) firmly sorbed, intermediate lability-Pb; 
(iii) weakly sorbed, high degree of lability-Cd. 

Less predictable is the observation that adding 
< 1 mg of organic acid leads to enhanced Cd and Pb 
peaks. Some surfactants also promote peak enhance- 

ment,‘) and it has been suggestedw that in such 
systems electrostatic attraction between metal ions 
and adsorbed dipolar surfactant molecules may lead 
to acceleration of the discharge reaction at the elec- 
trode. Alternatively, the positive effects of dissolution 
of the mercury film in the presence of solids (dis- 
cussed earlier) may exceed the sorption losses. 

Mercury film effects 

Enhancement of Cu and Pb peaks and formation 
of dual Cu peaks were also observed when the 
colloidal suspensions were left in contact with the 
MTFE for longer periods, prior to deposition and 
stripping analysis (cJ Figs. 3 and 4). These changes 
did not occur when the colloid-metal ion mixtures 
were retained in vials for various periods prior to 
transfer to the ASV cell, so the peak changes cannot 
be attributed to slow achievement of sorption equi- 
libria, and must involve the mercury film. 

With Cd and Pb, there were no changes in peak 
position but the peak height increased more or less 
linearly with the square root of the contact time 
(5-45 min). This time relationship implies that the 
slow step is probably a diffusion process. For exam- 
ple, gradual build up of an adsorbed organic layer 
could bring with it sorbed metal ions, leading to an 
elevated surface concentration and proportionately 
greater metal ion deposition. Alternatively, the film 
build-up may promote oxidation of the mercury, with 
redeposition in a more active form at the start of the 
deposition cycle. Disturbing the system, e.g., by 
introducing a fresh base solution between the deposi- 
tion and stripping cycles, led to much smaller current 
flows, which suggests that the film may consist of fine 
droplets of mercury, loosely attached to a more 
coherent base layer. 

Peak sizes were also smaller when a pH of 6.35 was 
used (c$ Fig. 3), reflecting some change in bonding 
mode, but the contact time effect persisted. At both 
pH 5 and 6.35 the magnitude of the change varied 
with the type of organic material added (cJ Figs. 3 
and 4) and the element being examined. 

The behaviour of copper was far more anomalous. 
When a deposition potential of - 800 mV was used, 
peak changes were relatively small, but when a 
voltage of -900 mV was applied (to ensure deposi- 
tion of Cd) the peak characteristics became a definite 
function of film contact time (cJ Fig. 4). 

A d.c. polarogram for an acetate base solution (pH 
5) of copper (2 mg/l.) containing 10 mg of acid ex- 
hibited two distinct reduction steps. The first 

(E,,, * -60 mV) matched the wave obtained in the 
absence of the organic solid. The slope of the second 
wave was more gradual, indicating an irreversible 
or kinetically controlled reduction process (E,,, 
_ -900 mV), most probably direct reduction of a 
copper-humate complex. The anodic shift of the 
Cu(Hg) * Cu2+ stripping peak with increased con- 
tact time thus probably indicates adsorption of or- 
ganic matter on the electrode, whereas the cathodic 
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component of the dual peak possibly represents 
oxidation of Cu(I), present as a stable, poorly labile 
complex. Increasing the pH appears to increase the 
fraction of adsorbed copper present as a less labile 
chelate and so reduces the amount retained by elec- 
trostatic forces only, i.e., the main contributor to ip. 

Further investigations of the electrode phenomena 
are planned. 

ANALYTICAL AND ENVIRONMENTAL ASPECTS 

It has now been clearly established that both 
dissolved organic compounds and colloidal particles 
influence the size of the Cd, Pb and Cu ASV peaks 
and accordingly experimental conditions need to be 
carefully controlled if accurate data are to be 
recorded. Some of the inherent problems (e.g., anion 
effects) can be minimized by proper selection of the 
base electrolyte, but others (e.g., film contact-time 
effects, peak enhancements) require standardization 
of operating parameters and calibration by standard- 
additions. Separate determination of copper, at a 
much lower deposition potential, may be regarded as 
another wise precaution. 

The study also emphasises the desirability of hav- 
ing an appreciation of the limitations of the technique 
and some knowledge of the system chemistry, before 
embarking on speciation studies. For example, it is 
standard practice to filter waters through a 0.45pm 
membrane before analysing both filtrate and solid for 
total metal content, but omission of a third test, viz. 

analysing the water as collected (and thus deter- 
mining the labile fraction attached to the isolated 
solids) may result in loss of evaluation of an im- 
portant biologically active fraction. Similarly, anal- 
ysing the filtrate by two techniques (e.g., AAS and 
ASV) should readily allow the contribution of stable 
non-labile complexes to be assessed. The case for 
more detailed subdivision can then be based on this 
preliminary information. 

The results of this ASV study also indicate that 
some of the published data on metal-organic acid 
complex stability may be in error because due allow- 
ance has not been made for the presence of sparingly 
soluble reaction products or sorption by colloidal 
particles. 

An important environmental consideration is the 
high proportion of sorbed metal ion which is ASV- 
labile, and displaceable by electrolytes. The values 
determined by different approaches are not directly 
comparable, but each confirms that a portion of each 
colloidal particle load is destined to be conveyed 
directly to the sediments, while another fraction can 
be repeatedly cycled between phases. Preliminary 
studies have shown that a significant fraction of the 
metal ions sorbed by clays is also ASV-labile and that 
electrolytes displace ions from hydrous oxides (e.g., 
Mn00H),40 so ASV studies on unfiltered and filtered 
natural waters should provide interesting information 
on average overall lability or availability. 
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ANALYTICAL APPLICATIONS OF COPPER(I1) AND 

COPPER(I) IN ACETONITRILE: POTENTIOMETRIC 

AND SPECTROPHOTOMETRIC DETERMINATION OF 
DITHIOCARBAMATES 

B. C. VERMA*, SAROJ CZHAUHAN, ANZTA SOOD, D. K. SHARMA and H. S. SIDHU 

Chemistry Department, Himachal Pradesh University, Shimla-171005, India 

(Receitjed 9 January 1984. Accepted 14 September 1984) 

Summary-The use of copper(H) perchlorate and tetra-acetonitrilocopper(1) perchlorate (in acetonitrile) 
for the potentiometric and spectrophotometric determination of dithiocarbamates in acetonitrile medium 
is described. The proposed methods are simple, accurate and reliable and show promise of wide 
applicability. They are recommended for routine determination of dithiocarbamates. Their advantages 
over the carbon disulphide evolution method, commonly employed for the determination of these 
compounds, are discussed. 

Dithiocarbamates find extensive use as agricultural 
fungicides and as vulcanization accelerators in the 
rubber industry. Because of the wide commercial 
importance of these compounds, their determination 
has received much attention. A variety of techniques 
has been used for the determination of these materials 
but the usual approachid involves hydrolysing them 
with hot mineral acids to the corresponding amines 

obviate the time-consuming degradation of the 
sample and the distillation step. These methods are 
based on oxidation of the dithiocarbamate with 
copper(H) perchlorate in acetonitrile. This system 
was chosen for the following reasons. 

(i) Dithiocarbamates are easily oxidized to the 
corr~ponding thiuram dis~phides (I), but this is best 
done in non-aqueous medium, first because of the 

(R = alkyl group; R’ = hydrogen atom or alkyl group) 

and carbon disulphide, either of which may be deter- tendency of these compounds to undergo decom- 
mined. position with acids’,* (which serve as the media for 

RtN-C-S- -t- H+--+R,NH + CS2 

1 
Usually carbon disulphide is selected and measured 
either by the xanthate method (for macro/semimicro 
determination) or colorimetricaily (for micro deter- 
mination). The method in either case is tedious, and 
requires both special apparatus and careful control of 
ex~rimental conditions if evolution of carbon disul- 
phide is to be quantitative. There is, therefore, a need 
for a method which, besides being accurate and 
precise, should also be rapid. We have developed 
potent~omet~c and spectrophotometric methods that 

most conventional redox titrations) and secondly 
because of the interference’,” of the water-insoluble 
oxidation products (I) in neutral aqueous medium. 

(ii) Acetonitrile, because of its high dielectric con- 
stant and resistance to oxidation and reduction, is a 
promising solvent for non-aqueous redox titrations.” 

(iii) Copper(I1) in acetonitrile is a powerful and 
stable oxidizing agent.“.‘* 

The following observations were made. 
(i) The potentiometric titrations show two welf- 

defined breaks at copper(II):dithiocarbamate ratios 
of 0.5 and 1 .O, corresponding to the oxidation mech- 
anism: 

4RR’N-C-S- + 2Cu*+ -+RR’N-C-S-S-C-NR’R + 2RR’N-C-SCu 

FY l 4 ! 

0) (II) 
2RR’N-C-SCu + 2Cu*+ + 16CH,CN_tRR’N-C-S-S-C-NR’R + 4[Cu(CH,CN):] 

! 1 l 

(I) 

*Author for correspondence. 
(ii) The solution is initially colourless but becomes 

increasingly yellow [owing to the formation of cop- 
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per(I) dithiocarbamate] as the reagent is added, until 
a maximum is reached at a molar ratio of 0.5, then 
the colour starts decreasing again (thiuram disul- 
phides are colourless) and finally becomes colourless, 
which substantiates the mechanism shown above. 

These observations reveal that in acetonitrile 
medium, copper(I1) and copper(I) salts could serve as 
useful reagents for the determination of dithiocar- 
bamates. Consequently, we have been able to evolve 
simple, accurate and reliable methods, potentiometric 
and spectrophotometric, of wide applicability for the 
determination of dithiocarbamates with acetonitrile 
solutions of copper(I1) perchlorate and tetra- 
acetonitrilocopper(1) perchlorate as reagents. The 
most attractive feature of these reagents is their 
excellent stability. Copper(I1) has a higher redox 
potential in acetonitrile than in aqueous medium 
because the copper(I) produced is stabilized by 
solvation”-‘4 and is resistant to aerial oxidation and 
does not disproportionate. The conditional potential 
of the couple in acetonitrile is slightly higher than 
that of the hexanitratocerate couple in the same 
solvent.‘3 The potentiometric titrations with tetra- 
acetonitrilocopper(1) perchlorate as titrant are based 
on stoichiometric formation of the copper(I) dithio- 
carbamates. 

RR’N-C-S- + Cu+ +RR’N-C-SCu 

1 ! 

To make the platinum electrode responsive to dithio- 
carbamate concentration, a drop of dilute iodine 
solution in acetonitrile is added to generate a trace of 

Dithiocarbatnates. Sodium diethyldithiocarbamate was 
recrystallized before use. Sodium salts of n-propyl, n-butyl, 
set-butyl, n-pentyl, dimethyl, di-n-propyl, di-n-butyl, di-n- 
pentyl and di-n-hexyl dithiocarbamic acids were prepared 
and purified by known methods.‘~‘s Alkylammonium alkyl 
dithiocarbamates were prepared by the method of Anchutz” 
by mixing primary or secondary amines with carbon disul- 
phide in dry ether. Monoalkylammonium monoalkyl dithio- 
carbamates (RHN.CS.SNH,R with R as methyl, n-propyl, 
n-butyl and n-pentyl) and dialkylammonium di- 
alkyldithiocarbamates (R,N.CS.SNH,R, with R as methyl, 
n-propyl and n-butyl) were prepared and kept in a vacuum the corresponding thiuram disulphide. 

2RR’N-C-S- + I,--rRR’N-C-S-S-C-NR’R + 21-. 

Photometric titration procedures have also been 
developed for the micro-determination of dithio- 
carbamates with either the copper(I1) or copper(I) 
reagent. The titrations are monitored at 430 nm, the 
wavelength of maximum absorbance of copper(I) 
dithiocarbamates. With either reagent, the absorb- 
ance increases up to the end-point, then decreases in 
titrations with copper and remains constant in 
those with copper(I). 

For determination of traces of dithiocarbamates, 
the yellow colour resulting from their reaction with 
copper(I) perchlorate in acetonitrile can be measured; 
the colour develops immediately and is stable for at 
least 24 hr. 

Apparatus 
EXPERIMENTAL 

Potentiometric titrations were performed with a bright 
platinum wire as indicator electrode and a modified calomel 
electrode (saturated methanolic potassium chloride used 
instead of aqueous solution) as reference. 

Reagents 

Acetonitrile. Distilled twice from phosphorus pentoxide 

(5 g/l.). 

A sharp jump in potential is observed at the equiv- desiccator. The purity of each dithiocarbamate was checked 
alence point at a 1: 1 copper(I):dithiocarbamate ratio. by non-aqueous titration with iodine monobromide.*’ 

Table 1. Potentiometric determination of dithiocarbamates with cop- 
per(U) perchlorate in acetonitrile 

Mean and s.d. of 10 determinations 

Amount found,* Amount found,? 
Dithiocarbamates mg mg 

Sodium salts 
n-Propyl 
n-Butyl 
nPenty1 
Dimethyl 
Diethyl 
Di-n-propyl 
Di-n-butyl 

Mono/dialkylammonium salts 
nPropyl 
n-Butyl 
n-Pentyl 
Dimethyl 
Di-n-propyl 
Di-n-butyl 

*Amount taken, 4mg. 
tAmount taken, 10 mg. 

3.98,0.028 10.04,0.082 
3.96,0.032 9.94,0.092 
4.05,0.029 10.08,0.088 
3.98,0.027 10.06,0.076 
3.97,0.030 9.92,0.062 
4.04,0.031 10.10,0.054 
3.99,0.032 9.89,0.062 

4.04,0.028 9.98,0.058 
3.95,0.029 9.96,0.068 
4.02,0.032 10.00,0.072 
4.00,0.028 10.02,0.082 
3.96,0.032 9.98,0.066 
3.98,0.030 9.96,0.058 
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Hydrated copper(U) perchlorate solution in acetonitrile 
(0.02 M). Prepared and standardized as described earlier.*’ 

Tetra-acetonitrilocopper(I) perchlorate solution in aceto- 
nitrile (0.02 M). Solid CuC10,.4CH,CN was prepared by a 
method similar to that reported by Hathaway et al.** To a 
solution of copper(H) perchlorate in acetonitrile, an excess 
of copper powder (99.9% pure) was added and the solution 
stirred vigorously. Complete reduction was indicated by the 
solution becoming colourless. The solution was then quickly 
filtered while hot. White crystals separated as the solution 
cooled and were recrystallized from anhydrous acetonitrile 
and dried under vacuum. Standard solutions were prepared 
by dissolving a little more than the calculated amount of the 
compound in acetonitrile and standardized by titration with 
ammonium hexanitratocerate(IV) in aqueous sulphuric acid 
with ferroin as indicator. 

Procedures 

Potentiometric titrations with copper(U) perchlorate. Ali- 
quots of acetonitrile solutions of each dithiocarbamate are 
diluted to 30 ml with acetonitrile and titrated poten- 
tiometrically at room temperature (N 25”) with the standard 
(0.02M) copper(H) perchlorate solution. The results as 
calculated on the basis of the first break for di- 
alkyldithiocarbamates and the second break for mono- 
alkyldithiocarbamates are given in Table 1. The poten- 
tiometric titration curves a and b (Fig. 1) are typical of the 
listed monoalkyldithiocarbamates and dialkyldithiocar- 
bamates respectively. 

Potentiometric titrations with terra-acetonitrilocopper(I) 
perchlorate. The procedure is the same as that above except 
that a drop of 0.001 N iodine solution in acetonitrile is added 
before the titration. The results are given in Table 2. 
Titration curve c (Fig. 1) is typical of the listed dithio- 
carbamates. 

Photometric titrations. Aliquots of acetonitrile solutions 
of each dithiocarbamate are diluted to 8 ml with acetonitrile 
and titrated photometrically at 430 nm with copper(I1) 
perchlorate solution in acetonitrile, with magnetic stirring. 
Dilution correction is applied and the titration curve plotted 
in the usual way. The results are recorded in Table 3 and a 
typical titration is represented by curve a in Fig. 2. 

Alternatively, similar titrations are performed with cop- 
per(1) perchlorate in acetonitrile. The results are given in 
Table 4 and a typical titration is represented by curve b in 
Fig. 2. 

Spectrophotometric determination. A suitable ahquot 
(0.1-2.0 ml) of dithiocarbamate solution in acetonitrile or 

06 

aBb 1 b . 

! 

I I I 

1 2 3 

Volume of titrant added (ml) 

Fig. 1. 
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chloroform is transferred to a IO-ml standard flask and 
diluted to between 8 and 9 ml with acetonitrile. Copper(I) 
perchlorate in acetonittile (1 ml, O.OlM) is added and the 
solution diluted to the mark with acetonitrile. The absorb- 
ance at 430 nm is measured against a reagent blank. A 
calibration curve is constructed by taking standards through 
the same procedure. Working ranges and molar absorp- 
tivities are given in Tables 5 and 6 respectively. 

RESULTS AND DISCUSSION 

Dithiocarbamates readily undergo decomposition 
with acids,‘** so oxidative determinations are notably 
lacking in the literature. The iodimetric method used 
in neutral aqueous medium suffers from difficulty in 
detection of the starch-iodine end-point in the pres- 
ence of the thiuram disulphides which precipitate 
during the titration. Use of extraction of thiuram 

Table 2. Potentiometric determination of dithiocarbamates with tetra- 
acetonitrilocopper(1) perchlorate in acetonitrile 

Mean and s.d. of 10 determinations 

Amount found* Amount found? 
Dithiocarbamates mg mg 

Sodium salts 
nPropy1 4.96,0.028 12.02,0.078 
n-Butyl 4.98,0.028 12.06,0.064 
Isobutyl 5.02,0.032 12.08,0.064 
n-Pentyl 5.04,0.026 11.98,0.062 
Dimethyl 4.98,0.028 11.87,0.080 
Diethyl 4.95,0.030 11.96,0.072 
Di-n-propyl 4.98,0.031 11.90,0.080 
Di-n-butyl 5.05,0.026 12.13,0.068 

Mono ldialkylammonium salts 
n-Propyl 4.98,0.028 11.98,0.062 
n-Pentyl 4.96,0.032 11.90,0.064 
Dimethyl 5.02,0.030 12.12,0.072 
Di-n-propyl 5.04,0.026 12.06,0.070 
Di-n-butyl 5.02,0.028 11.95,0.068 

*Amount taken, 5 mg. 
tAmount taken, 12 mg. 
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Table 3. Photometric titrations of dithiocarbamates with copper 
perchlorate in acetonitrile 

0.K) - 

025- 

g 0.20 - 

x 
k 015- 
:: 
< 

010 - 

Mean and s.d. of 10 determinations 

Dithiocarbamates 
Amount found* Amount found? 

mg mg 

Sodium salts 
nPropy1 
n-Butyl 
Isobutyl 
n-Pentyl 

Alkylammonium salts 
n-Propyl 
n-Butyl 
n-Pentyl 

0.301,0.002 0.594,0.004 
0.297,O.OOl 0.602,0.003 
0.298,0.001 0.604,0.003 
0.302,0.002 0.599,0.005 

0.300,0.002 0.605,0.004 
0.298,O.OOl 0.593,0.003 
0.302,0.002 0.602,0.004 

*Amount taken, 0.3 mg. 
tAmount taken, 0.6 mg. 

Volume of titrant added (ml) 

Fig. 2. 

disulphides to overcome this difficulty’.” makes the 
method tedious. These problems can be avoided by 
use of non-aqueous redox titrimetry, and accurate 
and precise results obtained. The maximum relative 
standard deviation calculated from the pooled data 
of all the titrations performed with 4 and 10 mg of 
each dithiocarbamate with the copper(I1) system was 
0.7%. The same with 5 and 12 mg of each dithio- 
carbamate for copper(I) system was 0.6%. For 
photometric titrations, the relative standard devi- 
ations from the pooled data for all the titrations of 
0.3 and 0.6 mg of each dithiocarbamate were 0.3% 
and 0.5% respectively for the first end-point of the 

Table 5. Calorimetric determination of dithiocarbamates 
with tetra-acetonitrilocopper(1) perchlorate in acetonitrile; 

working range 

Concentration range 
Dithiocarbamates pgglml 

Sodium salts 
Dimethyl 0.8-12.6 
Diethyl l.cL12.0 
Di-n-propyi 0.9-9.9 
Di-n-butyl 0.68.4 
Di-n-pentyl 0.5-10.0 
Di-n-hexyl 0.4 f 8.8 

Dialkylammonium salts 
Dimethyl l.&lO.O 
Di-n-propyl 0.8-12.0 
Di-n-butyl 0.684 

Table 6. Molar absorptivities of copper(I) dialkyl- 
dithiocarbamates at 430 nm. 

Compound 
6 

I.mole-‘.cm-’ 

Copper(I) dimethyldithiocarbamate 
Copper(I) diethyldithiocarbamate 
Copper(I) dipropyldithiocarbamate 
Copper(I) dibutyldithiocarbamate 
Copper(I) dipentyldithiocarbamate 
Copper(I) dihexyldithiocarbamate 

1.30 x 10’ 
1.6 x 10) 
1.7 x 103 

2.40 x 10’ 
2.60 x 10’ 
2.80 x 10) 

Table 4. Photometric titrations 
acetonitrilo-cooper(I) perchlorate m acetomtnle 

of dithiocarbamates with tetra- . 

Mean and s.d. of 10 determinations 

Dithiocarbamates 
Amount found,* Amount found,? 

mg mg 

Sodium salts 
Dimethyl 
Diethyl 
Di-n-propyl 
Di-n-butyl 
Di-n-pentyl 
Di-n-hexyl 

Dialkylammonium salts 
Di-n-propyl 
Di-n-butyl 
Di-n-pentvl 
Di-n-hexyi 

0.396,0.003 0.791,0.006 
0.400,0.004 0.804,0.007 
0.398,0.002 0.805,0.006 
0.404,0.003 0.808,0.005 
0.399,0.002 0.796,0.005 
0.400,0.003 0.798,0.006 

0.398,0.002 0.798,0.004 
0.404,0.004 0.795,0.008 
0.401,0.003 0.798.0.018 
0.398,0.002 0.802,0.005 

*Amount taken, 0.4 mg. 
tAmount taken, 0.8 mg. 
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copper(I1) titrations and 0.8% for the copper(I) sys- 7. 
tern (0.4 and 0.8 mg samples). For the spectro- 
photometric method, the relative standard deviation 8. 

9 
’ of the pooled data was 1.5% and the average error 

was + 1.3%. 10. 

11. 
12. 
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SHORT COMMUNICATIONS 

RUTHENIUM DETERMINATION IN SYNTHETIC 
PUREX WASTE SOLUTIONS BY AAS 
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Summary-A method for the determination of ruthenium in synthetic Purex waste solutions by flame AAS 
is described. With the usual flames and a lanthanum buffer, only cerium interference in the air-acetylene 
flame need be considered under the conditions applied. Ruthenium nitrosyl nitrate, ruthenium(IV) 
hydroxychloride and alkaline ruthenate samples gave identical results, showing that the extraordinarily 
stable Ru-NO bond does not hinder atomization. The preparation and standardization of the ruthenium 
nitrosyl solutions, and the alkaline fusion, are briefly described. 

Besides technetium, neptunium, and zirconium/ 
niobium, ruthenium is one of the troublesome ele- 
ments in the reprocessing of irradiated fuels. During 
the extraction of fuel solutions in nitric acid with TBP 
(Purex process) it is particularly the nitrate complexes 
of ruthenium nitrosyl that enter the organic phase 
and accompany uranium and plutonium. Problems 
arise from the diversity of existing ruthenium nitrosyl 
compounds, their different extraction coefficients and 
the sensitive equilibria between all the compounds.‘*2 

The elucidation of the extraction behaviour of all 
these species in nuclear fuel reprocessing, including 
ruthenium recovery from fission product solutions, 
requires efficient analytical methods for this element. 
Ruthenium in nuclear fuel solutions is usually deter- 
mined radiometrically, by measurement of the 
gamma radiation of the nuclides ‘03Ru and ‘“Ru. 
However, depending on the intermediate storage 
time, much of the ruthenium activity may be lost3 
(Table 1). Therefore, conventional methods are also 
useful for low-activity samples, particularly for model 
experiments. 

EXPERIMENTAL 

Apparatus 

All atomic-absorption measurements were done with a 
Carl Zeiss (Jena) AA spectrometer, type AAS IN, equipped 
with a Beckman ruthenium hollow-cathode lamp. The lamp 
current was 10 mA, and the slits were set to give 0.12 nm 

spectral bandwidth. The air-acetylene flame (5-cm triple- 
slot burner) was used as well as a nitrous oxide-acetylene 
flame (5-cm single-slot burner). The instrument allows single 
and triple beam-passage through the flame, and it was shown 
that for ruthenium both modes are suitable, with either 
flame. The spectrophotometric determinations were done in 
l-cm cells with a Carl Zeiss Specord. 

Reagents 

The powdery ruthenium metal used was 97.65% pure 
according to mass spectrometric analysis, and contained 
also 1.38% Pt and 0.66% Ir. All other reagents were of 
analytical grade. For AAS a lanthanum buffer was prepared 
by dissolution of 56.4 g of La(N03),.6H20 in 670 ml of 
12M hydrochloric acid and dilution to 1000 ml. 

Preparation and standardization of Ru solutions 

The ruthenium nitrosyl nitrate solutions were prepared as 
described by Gorski and Foersterling.4 Ruthenium metal 
was oxidized in three stages to RuO,, K,RuO,, and RuO,, 
respectively, and the last was absorbed in NO-saturated 
nitric acid. The ruthenium nitrosyl nitrate stock solutions 
were adjusted to 8M nitric acid concentration and kept 
under nitrogen in the dark. Their Ru content was deter- 
mined gravimetrically according to Heinig and Foer- 
ster1ing.j Aliquots were evaporated to dryness and the 
residue reduced to the metal with hydrogen at 300” or, in a 
double determination, transformed into RuO, at 350”, 
weighed, and then reduced to the metal. 

Ruthenium(IV) hydroxychloride solution was prepared 
by distilling ruthenium tetroxide into 6M hydrochloric acid. 
The ruthenium content was determined after Banks and 
0’Laughlin6 by pipetting 4-ml aliquots into porcelain boats, 
carefully evaporating to dryness in an oven at 110” and 
reducing the residue to the metal with hydrogen at 300”. The 

Table 1. Specific activity of fission ruthenium arising from ‘O’Ru and 
‘“Ru depending on intermediate storage time for the thermal neutron 
fissio; of *)jU (thermal neutron flux: 2.5 x 10”n .cnm2. see-‘, irra- 

diation time: 3 years) 

Storage time 

3 days 
1 year 
4 years 

10 years 

Specific activity 
(G&/g Ru) 

1.80 x 104 
9.80 x IO* 
1.22 x 102 
1.97 X 100 

Fraction of stable 
I;u isotopes, % 

97.3 
99.2 
99.9 

100 
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Table 2. Composition of the synthetic 
Purex waste solution 

Concn., Concn., 
Species gll. Species gll. 

Rtl’+ 0.49 Cr3+ 0.04 
Sr2+ 0.17 Ni2+ 0.02 
Zr4+ 0.70 U6+ 0.04 
Mo6+ 0.62 Al’+ 0.002 
Rh’+ 0.11 Ce’+ 0.54 
BaZ+ 0.39 La’+ 0.28 
Na+ 0.78 Sm’+ 
Rb+ 0.07 Nd’+ 
cs+ 0.78 EU3+ 1.55 
Fe’+ 0.20 
Pd’+ 0.32 

Y3+ 
I 

ruthenium content of the stock solution was 
2.80 f 0.08 mg/ml. 

Potassium ruthenate solution was prepared by heating 10 
mg of Ru metal, 150 mg of potassium hydroxide and 50 mg 
of sodium peroxide at 55&570” in a nickel crucible for 1 hr, 
with further addition of another 100 mg of sodium peroxide, 
then dissolving the cooled melt in warm water and diluting 
acc*Jrately to 100 ml. The completeness of reaction was 
tested by measuring the absorbance of the orange-red 
K,RuO, at the 465-nm absorption maximum. 

The synthetic Purex waste solution was prepared acoord- 
ing to Suess.’ Its composition (Table 2) corresponded to a 
burn-up of 35,000 MWd/t and a 5-year intermediate storage 
time. 

RESULTS AND DISCUSSION 

All publications on ruthenium determination by 

flame AAS show that it is characterized by serious 
interferences and instabilities in all types of flames. In 
an air-acetylene flame most interferences can be 
controlled by using a copper/cadmium buffer accord- 
ing to Rowston and Ottaway.* Scarborough’ elimi- 
nated strong disturbances caused by MO, Pd, and Rh, 
by means of a massive addition of uranium. Mont- 
ford and Cribbs” were also successful with uranium 
addition (except for interference by Ti), and so were 
Mallett et al.,” who also proposed use of vanadyl 
chloride. Heinemann” gave optimum analytical con- 
ditions for AAS determination of noble metals with 
maximum precision, but did not consider matrix 
phenomena. El-Defrawy et ~1.‘~ successfully used 
cyanide solutions, and Harrington and Bramstedt14 
used a titanium buffer. Schwab and Hembree” exam- 
ined ruthenium determination in nitric acid solutions 
of nuclear fuels and controlled instabilities by mixing 
samples with an equal volume of a buffer consisting 
of 0.13M lanthanum nitrate in 8M hydrochloric acid. 

Table 3. Ru signal (air 730 l./hr; Ru 81.7 pg/ml) in presence 
of cej+ 

ICe-‘+l. uelml 0 350 524 1050 

C,H,: 130 l./hr* 0.225 0.223 0.223 0.212 
C,H,: 140 I./hrt 0.0854 0.0833 0.0814 0.0747 
C,H,: 100 l./hrt 0.117 0.117 0.117 0.113 

*Triple beam-passage. 
tSingle beam-passage. 

Lanthanum offers considerable enhancement in sensi- 
tivity, compensating for the dilution effect. Kolonina 
et ~1.‘~ used lanthanum at lower concentrations. 

Interference study 

Each of the fission elements in the Purex waste 
solution was tested for interference in the ruthenium 
determination. The ruthenium absorbance was mea- 
sured with and without the addition of each element 
listed in Table 2, at a concentration three times that 
in an average Purex solution. An additional com- 
parison was made between a synthetic Purex solution 
and a pure ruthenium solution with precisely the 
same Ru concentration. To bring them into the linear 
range of the ruthenium calibration curve, samples 
were fivefold diluted with 4M nitric acid and then 
mixed with an equal volume of the lanthanum buffer. 

Under these conditions, with the nitrous 
oxide-acetylene flame, none of the fission products 
caused an effect exceeding the experimental error of 
+_2%. The same was true for the air-acetylene flame 
except for cerium, which caused a significant depres- 
sion, the magnitude of which depended on the flame 
stoichiometry and number of beam-passages, and 
increased with cerium/ruthenium ratio (Table 3). 
Furthermore, at a fixed Ce/Ru ratio, the relative 
depression depended on the absolute concentrations 
(Table 4), and on the oxidation state of the cerium. 

Ruthenium determination 

The air-acetylene flame gives good sensitivity but 
there is interference from cerium; however, this effect, 
which in practice amounts to - loA, can be easily 
compensated by adding cerium to the calibration 
solutions. Use of the nitrous oxide-acetylene flame is 
free from interferences but gives lower sensitivity (by 
a factor of 2.5) and a poorer signal to noise ratio; 
there is also a tendency for the single-slot burner to 
become blocked, owing to the high salt content. 

Table 4. Concentration-dependent Ru absorbance depression (25.6-fold Ce excess; 
air, 730 l./hr; C,H,, 130 I./hr; triple beam-passage) 

WI> pgglml 15.3 30.6 61.2 122.5 245 
A (no Ce) 0.055 0.107 0.190 0.378 0.722 
[Ccl, pgglml 393 786 1570 3140 6284 
A (Ce’+) 0.054 0.105 0.170 0.338 0.599 

(- 1.8%) (- 1.9%) (-10.5%) (-10.6%) (-17.0%) 
A (Ce4+) 0.056 0.102 0.184 0.360 

(+ 1.8%) (-4.7%) (-3.2%) (-4.8%) 
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Table 5. Results of some ruthenium determinations in several solutions 

Solution 
Taken, 
flgcnlml 

Found, pg/ml 

AAS Spectrophotometry 
Ru(IV) hydroxychloride 28.0 27.8 - 
Potassium ruthenate 19.5 19.0 19.2 

29.3 28.6 28.3 
39.1 39.0 37.9 
48.8 49.7 47.8 
58.6 58.5 57.5 

Synthetic Purex waste solution 492 494 
492 501 
492 491 
492 495 
492 497 - 
492 488 

All the ruthenium nitrosyl nitrate test samples were 
4M in nitric acid, with a ruthenium concentration of 
3&70pg/ml, and were mixed with the lanthanum 
buffer. For the triple beam-passage in the 
air-acetylene flame a characteristic concentration of 
1.7pg/ml (for 1% absorption) and a detection limit 
of 0.1 pg/ml were found; for the nitrous 
oxide-acetylene flame the values were 4.4 and 
0.35 pg/ml, respectively. The air-acetylene flame 
should also be preferred because of the better pre- 
cision (r.s.d. 1.5%). Some results are shown in 
Table 5. 

The ruthenium calibration standards (4M nitric 
acid) stored in borosilicate glass were found to be 
stable for months even without protection by a 
nitrogen atmosphere. The analysis of ruthenium(IV) 
hydroxychloride in 6M hydrochloric acid gave excel- 
lent agreement with the theoretical values. Further- 
more, the determination is also possible, starting 
from alkaline rnthenate instead of nitrosyl nitrate 
solutions. To avoid systematic errors, the samples 
must be made 4M in nitric acid before the lanthanum 
addition. The analyte should be pipetted into nitric 
acid to avoid precipitation of ruthenium dioxide by 
local neutralization, and then the buffer is added. 

The identical results from ruthenium nitrosyl, ru- 
thenium chloride and ruthenate compounds prove 

that the atomization process in the flame is not 
influenced by the unusually strong Ru-NO bond. 

1. 

2. 
3. 
4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 
13. 

14. 

15. 

16. 
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Summary-A simple extractive photometric method for the determination of tetramisole hydrochloride 
in pharmaceutical preparations is described. The method uses the formation of coloured complexes of the 
drug with reagents such as Solochrome Dark Blue, Solochrome Black T, Bromocresol Purple, Bromo- 
thymol Blue, Bromophenol Blue and Bromocresol Green in an acidic buffer. The ion-pair complexes 
formed are quantitatively extracted into chloroform under the experimental conditions. 

Tetramisole hydrochloride is an anthelmintic drug 
with antidepressant activity. Holbrook and Scales’ 
have determined it in animal tissue extract polaro- 
graphically. Mourot et al.’ have determined it by 
HPLC in the routine analysis of veterinary an- 
thelmintics. In the present communication an extrac- 
tive spectrophotometric method for its determination 
is described. The method is rapid and sensitive. It is 
based on our observation that tetramisole hydro- 
chloride forms ion-pair complexes in acidic buffer 
with dyestuffs such as Solochrome Dark Blue (SDB), 
Solochrome Black T (SBT), Bromocresol Purple 
(BCP), Bromothymol Blue (BTB), Bromophenol 
Blue (BPB) and Bromocresol Green (BCG) and these 
complexes are quantitatively extracted into chloro- 
form under the reaction conditions used. 

EXPERIMENTAL 

Reagents 

The dyestuffs were used as 0.08% solutions of BCP, BTB, 
BPB and BCG, a 0.2% solution of SDB and a 0.1% solution 
of SBT, all in distilled water; 1 ml of 0. 1M sodium hydrox- 
ide was added to the SBT solution before its final dilution. 

Buffer solutions were prepared by dissolving l&20 g of 
potassium hydrogen phthalate (accurately weighed) in 
1000 ml of distilled water, to give a solution of pH 4.01, 
portions of which were then adjusted with dilute hydro- 
chloric acid or sodium hydroxide solution to pH 2.0, 2.5, 
2.8, 3.5, 4.0 and 6.0. 

The purity of the tetramisole hydrochloride used was 
checked by non-aqueous titration and found to meet the 
normal criteria for purity. Standard tetramisole hydro- 
chloride solution (100 rg/ml) was prepared by accurately 
weighing 25 mg of the drug, dissolving it in distilled water 
and diluting to volume in a 250-ml standard flask. 

Analytical grade chloroform was used. 

Determination of optimum reaction conditions 

The optimum conditions were established by a series of 
preliminary experiments, the results of which are sum- 
marized in Fig. 1. 

General procedure 

In each of a series of 125-ml separating funnels place 5 ml 
of buffer solution (PH as indicated in Table 1) and 5 ml of 
dye solution. To each funnel add an appropriate volume of 
working standard solution for construction of a calibration 
graph. Add 10 ml of chloroform when the dye is BCP, BTB, 
BPB or BCG and 25 ml when it is SDB or SBT. Shake the 
funnels vigorously for 2min, then let them stand for clear 
separation of the phases. Measure the absorbance of the 
organic phase at 420 nm when BCP, BTB, BPB and BCG 
are used and 520 nm for SDB and SBT, against a reagent 
blank similarly prepared. The calibration graphs are linear 
over the concentration ranges given in Table 1. The colour 
is stable for at least 2 hr. 

Application to pharmaceutical preparations 

Weigh ten tablets accurately and grind them. Weigh a 
portion of the thoroughly mixed powder equivalent to 
25 mg of the drug, dissolve it in distilled water and dilute the 
solution to volume in a 250-ml standard flask after filtration. 

Table 1. Results of analysis for tetramisole hvdrochloride 

Reagent 

Solochrome 
Dark Blue 

Solochrome 
Black T 

Bromocresol 
Purple 

Bromothymol 
Blue 

Bromophenol 
Blue 

Bromocresol 
Green 

&n,> 
pH nm 

4.0 520 

Beer’s law 
range, 

pgglml 

2-14 

2.0 520 2-16 

6.0 420 5-50 

2.8 420 2.520 

2.5 420 2.5-10 

3.5 420 2.512.5 

Molar 
absorptivity, 

IO’l.mole~‘.cm-’ 

15.7 

13.2 

3.9 

10.1 

23.1 

18.3 

Coefficient 
Recovery, of variation, 

% % 

98.6 1.2 

100.4 1.4 

99.9 1.6 

98.7 1.4 

99.1 1.2 

99.5 2.1 
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n 
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Fig. 1. Absorption spectra and optimization of conditions 1, BTB; 2 BPB; 3, BCG; 4, BCP; 5, SDB; 
6, SBT. 

Analyse the solution by the general procedure with an 
appropriate volume of sample solution. 

Recovery 

To study the precision and accuracy of the proposed 
method, a statistical study was made. Three series of fixed 
volumes of sample solution were taken and three different 
levels of standard drug solution were added, each level being 
repeated seven times. The total amount of the drug was 
determined by the proposed method. The recovery was 
calculated by regression analysis of the results. 

A plot of the concentration of drug found against the 
concentration of drug added has an intercept which repre- 
sents the concentration of the drug in the sample. Any 
deviation of the slope of the plot from unity indicates 
interference by a component of the pharmaceutical sample. 

DISCUSSION 

This is the first calorimetric method for the deter- 
mination of tetramisole hydrochloride. It is simple, 
fast and sensitive and does not suffer interference 
from common excipients such as starch, talc, etc. 

There is no pharmacopoeia1 method described by the 
B.P., U.S.P. and I.P. for the determination of tetra- 
misole hydrochloride in pharmaceutical formu- 
lations. The methods given in the literature’** require 
mg quantities of the drug but the proposed method 
can be applied to a few hundred pg. The recoveries 
are between 98 and 100% and the coefficient of 
variation is l-2% (Table 1). The proposed method 
can be successfully employed for the routine deter- 
mination of tetramisole hydrochloride in pharma- 
ceutical preparations. 
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Summary-A new spectrophotometric method for nitric oxide is proposed, based on formation of the 
nitrosyl-ethylenediaminetetra-acetatoiron(I1) complex [Fe(II)N&dta] by absorption of NO in Fe(II)edta 
solution and spectrophotometric determination of the NO; produced by oxidation of the Fe(II)NOedta 
complex by potassium bromate. The oxidation is easily performed completely and the absorption 
efficiency for 10.1-102.0 ppm NO (flow-rate, 100 ml/min) is nearly 100%. The detection limit is about 
3 ppm for a sampling absorption time of 30 min. 

Since the German patent was published in 1967,’ it 
has been known that nitric oxide is effectively 
absorbed by a solution of the ethylenediaminetetia- 
acetatoiron(I1) complex [Fe(II)edta] to form a 
nitrosyl-ethylenediaminetetra-acetatoiron(I1) com- 
plex [Fe(II)NOedta]. We have already proposed an 
indirect analytical method for NO in which the 
Fe(II)NO-edta complex is determined directly by 
spectrophotometry’ and controlled potential 
coulometry3 but the sensitivity is rather low and the 
absorption efficiency for low concentrations of NO 
was not examined. 

We now report that the Fe(II)NO-edta complex 
can be oxidized by bromate to the Fe(III)edta com- 
plex and NO,. This could form the basis for a more 
sensitive determination of the Fe(II)NO-edta com- 
plex and hence of NO by spectrophotometric deter- 
mination of the NO; produced by the oxidation. In 
the customary method,4,s nitric oxide has to be 
oxidized to NO2 by oxidizing agents such as per- 
manganate or ozone in a liquid-gas or a gas system, 
and the complete oxidation is rather difficult and 
time-consuming. Moreover, the “Saltzman factor” 
has to be used in calculating the amount of NO. 

In contrast, in the method described here, the 
chemical conversion of the co-ordinated NO into 
NO, is easily done in a liquid phase, and the 
Saltzman factor is not needed. 

EXPERIMENTAL 

A double-beam spectrophotometer (Hitachi Model 
100-50) was used with l-cm glass cells, The absorption 
system was made from two 200-ml Erlenmeyer flasks con- 
nected in series with Teflon tubing. A sintered-glass filter 
(porosity 3) and a gas flowmeter with needle valve were used 
to bubble NO through the absorbent at constant rate. 

Reagents 

Standard nitric oxide mixtures with nitrogen (10.1, 30.4, 
70.2 and 102.0 ppm concentration) were obtained from 
Nihon Sanso. 

The Saltzman colour-forming solution was that described 
by Fisher and Becknehs All chemicals used were reagent 
grade. 

Procedure 

The appropriate weights of ferrous ammonium sulphate 
and ethylenediaminetetra-acetic acid needed to give 200 ml 
of a O.OlM solution of the complex were dissolved in 1M 
acetic acid-sodium acetate buffer (pH 4.0) purged with 
nitrogen. Then 1.00 ml of 2 x 1013-2 x 10Z2M sodium 
nitrite was added to this solution to give an Fe(II)NOedta 
solution of concentration I x 10-5-1-x 10m4M by’means of 
the reactions. 

NO; + Fe(II)edta + 2H++Fe(III)edta + NO + H,O 

NO + Fe(II)edta+Fe(II)N@edta 

A lo-ml portion of this solution was treated with 4 ml of 
O.OlM potassium bromate for 5 min, the Fe(III)edta com- 
plex and NO; being produced. Finally, 1 ml of this oxidized 
solution was reacted with 6 ml of Saltzman solution for 15 
min, and the absorption spectrum was measured with a 
double-beam spectrophotometer. A calibration graph 
relating absorbance to amount of Fe(II)NO-edta complex, 
and hence of NO, was prepared. 

To determine the absorption efficiency for NO, a standard 
gas mixture containing NO was bubbled into Fe(II)edta 
solution in the absorption system. The NO complex formed 
was oxidized, the colour reaction applied and the absorption 
efficiency calculated. 

To investigate analysis of an NO and NO, mixture, a 
Teflon three-way stopcock was used to mix a gas containing 
100 ppm of NO, (flowing at 40 ml/min) with the standard 
NO mixtures (flowing at lOOml/min) to give a total 
flow-rate of 140 ml/min. The mixture of gases was bubbled 
first through Saltzman solution and then through Fe(II)edta 
solution, contained in absorption flasks connected in series. 
After the absorption, the Saltzman solution was diluted 
tenfold with additional Saltzman solution and the absorb- 
ance of this diluted solution was measured. The NO com- 
plex formed in the second flask was measured by the 
oxidation procedure already described. 

RESULTS AND DISCUSSION 

Oxidation and colour formation of the NO complex 

The absorption spectra of 1 x 10-rA4 
Fe(II)NO-edta complex ( -) and of the solution 
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oxidized by bromate (---) are shown in Fig. 1. This 
result shows that the NO complex has two absorption 
peaks, at about 440 and 620 nm; a similar result has 
been reported by Ogura and Ozeki.6 The oxidation 
destroys the NO complex completely, and only the 
spectrum of the Fe(III)edta complex is observed. 

The absorption spectra of 5 x 10-5M NO complex 
solution and of the solution obtained by oxidation 
and reaction with Saltzman solution are shown in 
Fig. 2. The two peaks in the NO-complex spectrum 
could not be detected in this concentration range. The 
absorption spectrum of the coloured product has a 
maximum at 545 nm, in fair agreement with that 
obtained in the conventional Saltzman method. The 
molar absorptivity of this peak is about 100 times 
that of the NO complex at 620 nm, so the oxidative 
method is much more sensitive than direct spec- 
trophotometric determination of the NO complex. 

The effect of the volume of Saltzman solution 
added is shown in Fig. 3. Initially, the absorbance 
increases with amount of Saltzman solution, but then 
decreases with larger volumes because of dilution. 
The largest absorbance was obtained when 2 ml of 
Saltzman solution were added to 1 ml of oxidized 
solution, but the azo-dye was unstable if the total 
volume was less than 5 ml, so we chose to add 6 ml 
of Saltzman solution. 

The stability of the absorbance (at 545 nm) as a 

10 r 

ol ,Aj , 
700 Km 500 400 

Wavelength (nm) 

Fig. 1. Absorption spectra of 1 x lO_jM Fe(II)NO-edta 
complex solution (-) and the oxidized solution (---). 

Wavelength (nm) 

Fig. 2. Absorption spectra of 5 x 10m5M Fe(II)N&dta 
complex solution (---) and the oxidized solution after 

colour development (-). 

o- 
123456 

V (ml) 

Fig. 3. Effect of the volume of added Saltzman solution on 
the absorbance of the coloured product from 5 x lo-‘M 

Fe(II)N@edta complex solution. 
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Fig. 4. Time-dependence of the absorbance of the coloured 
Droduct from 5 x 10-‘&f FeWjNO-edta comDlex solution 
iat 545 nm) as a function of I&O, concentration. [KBrO,]: 

a, O.lM; b, O.OSM; c, O.OlM. 

function of bromate concentration used is shown in 
Fig. 4, for O.OlM Fe(II)edta concentration. When 
O.OlM bromate was used, the absorbance became 
constant within about 12 min, and was stable for a 
further 30 min, so this concentration was selected for 
use. 

NO absorption 

The calibration graph for the NO complex was 
iinear over the Fe(II)N@edta concentration range 
from 1 x lo-’ to 1 x 10m4M, and was used to calcu- 
late the absorption efficiency for NO. The slope of 
this calibration curve was 35% lower than that in the 
conventional Saltzman method,’ which suggests that 
the NO co-ordinated in the complex is oxidized to 
some other species besides NO;, so the anion species 
obtained were determined by ion chromatography.8 
It was found that there was 65% conversion of NO 
into NO; and 35% into NO;, which accounts for the 
lower slope. 

The effect of the concentration of Fe(II)edta com- 
plex is shown in Fig. 5. The absorbance becomes 
maximal and constant with an Fe(II)edta concen- 
tration above about 0.005M. 

Table 1 shows that NO was absorbed in the first 
absorption flask with 100% efficiency. The solution in 
the second absorption flask gave zero absorbance, 
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Table 1. Efficiency of absorption of NO by O.OlM Fe(II)edta during 
passage of 3 litres of sample gas at 100 ml/min 

Concentration Absorption Coeff. of 
of NO gas, ppm Absorbance efficiency*, % variation, oA 

10.1 
30.4 
70.2 

102.0 

*Mean of five results 

0.024 100 4.3 
0.073 100 4.0 
0.166 99.4 1.3 
0.243 99.6 3.1 

.y 

.-•-- / . 
; 02:y-=-~ x 01 

f 

01 
1xw4 txw3 1 x10-2 

Concentration of Fe(II)edto (MI 

Fig. 5. Effect of the Fe(II)edta concentration in the 
absorbent, on the absorbance obtained: [NO] o-102.0 

ppm, o-70.2 ppm; flow-rate, 100 ml/min. 

0 b& 1:o I I 
200 250 

Flow rote of 102.0 ppm NO gas ( ml/mm 1 

Fig. 6. Effect of sample flow-rate (102.0ppm NO) on 
absorption efficiency. 

Concentrotlon of NOgas(ppm1 

Fig. 7. Separative determination of NO and NO, in a 
mixture. l NO (flow-rate lOOml/min); 0 NO, (100 ppm, 

flow-rate 40 ml/min). 

the second absorption flask gave zero absorbance, con- 
firming complete absorption of NO in the first flask. 

The effect of flow-rate on the absorption efficiency 
at the 102-ppm NO level is shown in Fig. 6. Absorp- 
tion is complete if the flow-rate does not exceed about 
130 ml/min. 

From these results, it is seen that the method has 
the merits that NO can be completely absorbed and 
reproducibly (though not completely) oxidized to 
NO,. The detection limit of the method is about 
3 ppm for a sample size of about 3 litres of air; the 
analysis takes about an hour, half of this time being 
needed for sampling. No “Saltzman” type conversion 
factor is needed, since the fractional conversion of 
NO into NO; is compensated for in the calibration 
procedure. 

Nitrogen dioxide is also absorbed by the Fe(II)edta 
solution to form the Fe(II)N@edta complex and 
NO; in weakly acidic media,‘,” so NO* might be 
expected to interfere in the determination of NO. 
However, NO2 can be removed from its mixture with 
NO by selective absorption with Saltzman solution, 
and the NO then absorbed in Fe(II)edta solution. A 
series of mixtures of a fixed level of NO, and various 
concentrations of NO was analysed in this way, and 
gave the results shown in Fig. 7. The NO, gave 
practically constant absorbance on reaction with the 
Saltzman solution in the first flask, and the correct 
values were found for the NO collected in the second 
flask. Thus both oxides can be determined in the same 
sample. 

Acknowledgements-We thank Mr. M. Komiya and Miss F. 
Takenouchi for their experimental assistance. 

REFERENCES 

1. German Patent, No. 1251900, 1967. 
2. S. Uchiyama, K. Nozaki and G. Muto, Bunseki Kuguku, 

1977, 26, 219. 
3. Idem, ibid., 1977, 26, 224. 
4. B. E. Saltzman, U.S. Pub. Heallh Rept., 999-AP-11, 

PCI-c7. 
5. G. E. Fisher and D. E. Becknell, Anal. Chem., 1972.44, 

863. 
6. 

7. 
8. 

9. 

10. 

K. Ogura and T. Ozeki, J. Inorg. Nucl. Chem., 1981,26, 
877. 
B. E. Sal&man, Anal. Chem., 1954, 26, 1949. 
H. Small, T. S. Stevens and W. C. Bauman, ibid., 1975, 
47, 1801. 
S. Uchiyama and G. Muto, Bunseki Kagaku, 1981, 30, 
251. 
0. Hamamoto, S. Uchiyama, K. Nozaki and G. Muto, 
ibid., 1979, 28, 118. 



Talanro, Vol. 32, No. 2, pp. 153-154, 1985 0039-9140/85 $3.00 + 0.00 
Printed in Great Britain Pergamon Press Ltd 

COMPLEXOMETRIC DETERMINATION OF CITRIC 
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Summary-A method is presented in which citrate is determined by complexation with excess of 
copper( followed by back-titration with EDTA. Small amounts of citrate can be determined by this 
method in the presence of large amounts of most organic acids present in natural products. Interfering 
reductants are removed by treatment with permanganate, amino-acids with nitrous acid, and metal ions 
with a cation-exchanee resin. The indicator used for end-point detection is Szechromotrope, 
4,4’-sulphonyl-bis(azob&zene) dichromotropic acid 

The use of 4,4’-sulphonyl-bis(azobenzene) dichro- 
motropic acid as a metallochromic indicator for 
calorimetric and complexometric determination of 
small amounts of copper(H) was reported earlier.’ 
This paper presents a method in which this indicator 
is used in the determination of citrate by addition of 
excess of copper(H) and back-titration with EDTA. 
Citric acid can be determined by this method with 
high precision in the presence of other acids if 
interfering amino-acids are removed by treatment 
with nitrous acid, reductants by treatment with per- 
manganate, and metal ions by treatment with a 
cation-exchange resin. 

Standard O.OlM and O.OOlM EDTA. 
Buffer solution. Ammonium chloride (lM)/sodium acc- 

tate (lM), adjusted to pH 7.5 with dilute ammonia solution 
or hydrochloric acid. 

Tetra-amminocuprate(If) solution. Prepared by mixing 10 
ml of O.OlM copper sulphate with 40 ml of the buffer. 

Procedures 

The use of copper(I1) for complexation and deter- 
mination of citric acid has been reported before,*-* 
but our method has advantages of simplicity and 
reliability, can be performed without expensive in- 
struments, and can also be used for micro-amounts 
of citrate. 

Detection and estimation. Transfer about 5 ml of water 
into a small flask or large test-tube, add 0.25 ml (5 drops) 
of amminocuprate solution and 1 drop of indicator solution 
and mix. Add nearly neutral sample solution slowly from a 
graduated pipette, continuously shaking the vessel until the 
colour changes from blue to violet, which corresponds to the 
presence of about 0.1 mg of citric acid in the volume of 
sample solution added. A colour change to pink indicates 
the presence of larger amounts of citric acid. Repeat the 
estimation with a more dilute sample solution if a colour 
change is observed after addition of only a few drops of 
sample. Interfering substances must be removed before- 
hand. 

The indicator was synthesized in our laboratory by 
diazotizing 4,4’-sulphonyldianiline and coupling it 
with chromotropic acid. It has been recommended as 
a reagent for the calorimetric determination of 
boron.’ The indicator (C,2H,,N,0,8Na,) is a 
brownish-red powder, easily soluble in water to give 
a pink solution with molar absorptivity 5.8 x IO4 
l.molee’ .cm-’ at &,,,,, = 538 nm. A blue copper 
complex forms instantly at pH 6.8-7.6 (molar ab- 
sorptivity 4.2 x IO4 1. mole-’ .cm-’ at A,,,,, = 384 nm). 
Aqueous solutions of the reagent and its complexes 
are stable. No blue colour develops with other uni-, bi- 
or tervalent metal ions. The reagent is commercially 
available under the trade name Szechromotrope, 
from Gammatest Ltd, Ben-Gurion University of the 
Negev, Beer-Sheva 84110, Israel. 

Determinations. (A) Transfer an amount of sample solu- 
tion containing l-8 mg of citric acid into an Erlenmeyer 
flask and dilute it to about 100 ml. Add exactly 5 ml of 
O.OlM copper sulphate, 2 drops of indicator solution, and 
if necessary O.lM ammonia or hydrochloric acid until the 
colour turns blue (pH 6.8-7.6). Add 5 ml of buffer solution 
and titrate the excess of copper with 0.01 M EDTA until the 
colour changes to pink. 

(B) Transfer an aliquot of sample solution containing 
0.2-3 mg of citric acid into an Erlenmeyer flask and dilute 
it to about 50 ml. Add exactly 2 ml of O.OlM copper 
sulphate, 1 drop of indicator solution, and if necessary 0. I M 
ammonia or hydrochloric acid until the colour becomes blue 
(uH 6.7-7.6). Add 2 ml of buffer solution and titrate the . . 
excess of copper with O.OOlM EDTA until the colour 
changes to violet, then slowly until it becomes pink. 

RESULTS AND DISCUSSION 

Interferences 

Reagents 
EXPERIMENTAL 

Aqueous indicator solution, 0.1%. 
Copper sulphate solution, O.OlM, standardized by EDTA 

titration. 

Only a few of the organic acids present in natural 
products interfere in the detection, estimation and 
determination of citrate ions by the procedures 
above. Up to 1000 ppm of tartaric, succinic, malic, 
hydroxyacetic, lactic, salicylic and quinic acids have 
no influence on the precision, nor do phosphoric or 
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nitric acids or univalent metal ions. Determinations 
performed in the presence of up to 5 g of glucose and 
up to 20 ml of ethanol in 100 ml of sample solution 
showed no bias. Interference by reducing acids such 
as ascorbic, oxalic, fumaric and sulphurous was 
prevented by the addition of O.lN permanganate. 
Metal ions were removed by treatment with a cation- 
exchange resin. Interference from amino-acids was 
eliminated by addition of sodium or potassium nitrite 
to acidified solutions. 

The reliability and precision were determined by 
repeated analysis. An accurately prepared 20-mg/ml 
citric acid stock solution was prepared with anhy- 
drous citric acid dried at 110” to constant weight; a 
lo-ml aliquot of this solution was diluted, neutralized 
and made up to 200 ml: 1 ml = 1 mg of citric acid. 
Various mixtures were also analysed. 

Sample I. A 5-ml aliquot of the 1-mg/ml solution 
was diluted to about 100 ml and analysed by pro- 
cedure (A). In 5 determinations an average of 2.40 ml 
of EDTA solution was used for titration of the excess 
of copper, with a maximum deviation of kO.02 ml 
(0.8%). The amount of citric acid was calculated from 
citric acid = (5 - a) x 1.92 mg where a = ml of 
O.OlM EDTA used (found: 4.99 mg). 

A 5-ml aliquot of the 1-mg/ml solution was diluted 
accurately to 100 ml and a lo-ml portion of this 
solution was titrated with O.OOlM EDTA by pro- 
cedure (B). In 5 determinations an average of 17.40 
ml of EDTA was used, with a maximal deviation of 
fO.1 ml (0.6%). The amount of citric acid was 
calculated from citric acid = (20 - a) x 0.192 

mg = 0.499 mg. 
Sample II. Citric acid, 0.02 g; malic acid, 0.50 g; 

tartaric acid, 1.00 g; glucose 10.0 g; ethanol, 20 ml; 
water to 100 ml. Samples of 10, 25, and 50 ml were 
taken. The lo-ml sample was diluted to about 50 ml, 
treated by procedure B, and titrated with O.OOlM 
EDTA (14.9 ml). Citric acid found =0.98 mg. The 
25- and 50-ml samples were diluted to about 100 ml 
and titrated with O.OlM EDTA. Citric acid found 
=2.53 mg (25-ml sample) and 4.90 mg (50 ml). 

Sample III. Citric acid, 0.05 g; calcium chloride, 1 .O 
g; magnesium chloride, 0.50 g; urea, 5.0 g; water to 
100 ml. A 50-ml portion was treated with Amberlite 
IR 120 cation-exchange resin, neutralized, and di- 
luted to 100 ml. Three aliquots (25 ml each) were 
diluted to about 100 ml, treated by procedure A and 
titrated with O.OlM EDTA (1.76, 1.80 and 1.78 ml). 
Citric acid found =6.18 mg, corresponding to 49.4 
mg in 100 ml of sample III. 

Sample IV. Citric acid, 0.50 g; ascorbic acid, 0.25 
g; oxalic acid, 0.05 g; water to 100 ml. Ten ml were 

diluted to about 50 ml and 1 ml of 0.1 N hydrochloric 
acid was added, and then 0.1 N permanganate (drop- 
wise). The excess of permanganate was removed by 
adding 1 drop of 0.1 N thiosulphate. The solution was 
then treated with the cation-exchange resin, neutral- 
ized, and diluted to about 100 ml, treated by pro- 
cedure A, and titrated with O.OlM EDTA (2.40, 2.42 
and 2.42 ml). Citric acid found =4.79 mg, corre- 
sponding to 0.479 g in sample IV. 

Sample V. Citric acid, 0.50 g; lactic acid, 5.0 g; 
glutamic acid, 1 .O g; water to 100 m. To 25 ml of this 
solution 5 ml of concentrated hydrochloric acid and 
0.5 g of sodium nitrite were added. The solution was 
mixed and heated to about 70” until no more gas was 
evolved. The neutralized solution was diluted to 100 
ml. Three 5-ml aliquots of the sample solution were 
diluted to about 100 ml, treated by procedure A, and 
titrated with O.OlM EDTA (1.74, 1.72 and 1.74 ml). 
Citric acid found =6.28 mg, corresponding to 0.502 
g in sample V. 

Though there are several indicators for complex- 
ometric determination of copper( which can also 
be used in our method, the indicator recommended 
has several advantages. Murexide, though widely 
used, is less stable, the colour change from yellow to 
violet is less sensitive, and it is more difficult to 
maintain the desired pH. The nitrosochromotropic 
acid indicator”.” gives a colour change comparable 
to that of our indicator, but its solution, which has 
to be freshly prepared for each assay, is less stable. 
Also, two different pH ranges were recommended by 
the authors (pH 7.25-8.80 and 5.8-6.5) without 
explanation. 
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Summary-Germanium(W) can be separated by reversed-phase extraction chromatography with TBP as 
stationary phase on a column of silica gel, with 6M hydrochloric acid as the mobile phase, and stripped 
with various eluents. Germanium can thus be separated (by selective extraction) from those elements 
which are not extractable with TBP, and (by selective stripping) from elements that ore extractable. 

Reversed-phase extraction chromatography offers a 
promising separation of germanium at tracer concen- 
tration from associated elements. Trioctylamine has 
been used as the stationary phase (“Corvic” as 
support) for separation of germanium from arsenic, 
indium, manganese, cobalt, copper and zinc.’ Here 
we describe the use of tributyl phosphate as the 
stationary phase (on silica gel) for separation of 
germanium from iron, gallium, antimony_ and lead. 

EXPERIMENTAL 

Reagents 

Stock germanium solution was prepared by fusing 1.27 g 
of pure germanium dioxide with an equal amount of sodium 
hydroxide in a platinum crucible, cooling, extracting with 
water, neutralizing, and diluting to 250 ml with water, 
standardized gravimetrically,2 and diluted appropriately as 
required. 

Gum arabic solution was prepared by dissolving 0.5 g of 
the powder in 50ml of hot water. 

Phenylfluorone solution was prepared by dissolving 0.03 g 
in 50 ml of ethanol and 5 ml of sulphuric acid (1 + 6). 

Silica gel was rendered hydrophobic and coated with 
tributyl phosphate (TBP) as described earlier,’ and a 2-3 g 
portion of the coated gel was slurried with 25 ml of distilled 
water and used to make a 6 x 0.8 cm column. The column 
was washed with 6M hydrochloric acid, pre-equilibrated 
with TBP. 

RESULTS AND DISCUSSION 

Germanium can be quantitatively extracted 
25% TBP in toluene from 3M hydrochloric 

with 
acid 

containing 2M magnesium chloride as salting-out 
agent4 and with pure TBP from 1.5M hydrochloric 
acid only in the presence of salting-out agent, but for 
the present extraction chromatographic study salting- 
out agents were not used. The retention of germa- 
nium on the column was measured for various con- 
centrations of hydrochloric acid (1-6M) in the eluent. 
The retention increased with acid concentration, 
maximum extraction occurring from 5-6M hydro- 

chloric acid. The degree of extraction was found to 
depend on the flow-rate of the mobile phase. Experi- 
ments with 4, 5 and 6M hydrochloric acid and 
flow-rates of 0.5, 1.0 and 2.0 ml/min showed that 
germanium was quantitatively retained from the 6M 
acid at a flow-rate of 0.5 ml/min (Fig. 1). The 
maximum uptake of germanium was also found to 
depend on the flow-rate (Table 1). 

A portion of solution containing 64 pg of germa- 
nium was made 6M in hydrochloric acid and passed 
through the column at a flow-rate of 0.5 ml/min, 
then the germanium was stripped with an eluent, 
ten 2-ml fractions being collected and analysed 
spectrophotometrically with phenylfluorone,’ with 
measurement at 510 am. Hydrochloric acid 

16 
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!z I yoxis lcm=3.2rraGe 

e I 
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Fig. 1. Effect of flow-rate and eluent concentration on 
retention of Ge. 
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Table 1. Effect of flow-rate on column 
capacity (mobile phase 6M HCI) 

Flow-rate, Column capacity, 
ml/min m&71&? 

0.2 2.41 
0.5 1.25 
0.7 0.71 
1.0 0.30 

(O.OOl-3M), nitric acid (0.5%2M), sulphuric acid 
(OS-2M), lithium chloride (0.2-1M) and water all 
gave quantitative elution (Table 2). 

Separation of germanium from mixtures 

Ions which are not extracted from 6M hydro- 
chloric acid by TBP will pass through the column 
unsorbed, and germanium can be separated from 
them by retention on the column and then elution 
with O.OOlM hydrochloric acid. Germanium can thus 

be separated from alkali and alkaline-earth metals, 
aluminium, yttrium, zirconium, vanadium(IV), chro- 
mium(III), manganese(II), cobalt, nickel, copper(H), 
zinc, bismuth and lead, by this technique, with 
99.4-100% recovery. 

Germanium can be separated from elements 
extractable by TBP from 6M hydrochloric acid by 
exploiting the differences in distribution coefficient at 
various concentrations of hydrochloric acid. Thus 
germanium can be separated from a mixture with 
thallium(III), chromium(V1) or mercury(U), by mak- 
ing the mixture 1M in hydrochloric acid before 
passing it through the column, where germanium is 
unextracted whereas the other species are retained 
and can subsequently be eluted with O.lM hydro- 
chloric acid containing 4% thiourea. Similarly germa- 
nium can be separated from gallium, iron(III), in- 
dium or antimony(III) by using 4M hydrochloric acid 
medium, the germanium again passing through. 

Table 2. Elution of Ge(IV) (64pg) 

Eluent 

Peak elution Total 
Concentration, volume, volume, Recovery, 

M ml ml % 

HCl 

HNO, 

LiCl 

Water 

0.001 
0.5 
1.0 
2.0 
3.0 
0.5 
1.0 
1.5 
2.0 
0.5 
1.0 
1.5 
2.0 
0.2 
0.4 
0.6 
1.0 

2 12 100.5 
2 15 100.2 
4 15 100.0 
4 30 100.1 
8 30 99.4 
2 15 99.9 
4 15 99.6 
6 30 100.2 
6 30 100.2 
2 16 99.8 
4 16 100.2 
4 16 100.1 
6 20 100.2 
2 12 100.2 
2 14 100.1 
4 16 101.1 
4 16 100.3 
2 10 100.1 

Table 3. Separation of Ge(IV) from multicomponent mixtures 

Bed Eluent 
Taken, Found, height, Flow-rate, WA, 

Mixture Pg Pg cm mllmin M 

Ge(IV) 64.3 64 6 1 3 
Fe@) 100.1 100 1 
Cr(V1) 200.3 200 0.001 

Ni/Bi 300.8 301 4 0.5 6 
Ge(IV) 128.7 129 1 
Cr(V1) 400.6 401 0.001 

Co/Cr(III) 200.3 200 4 0.5 6 
Ge(IV) 128.7 129 3 
Fe(II1) 510.3 511 0.5 

V(IV) 300.6 301 4 0.5 5 
Ge(IV) 64.3 64 2 
Fe(II1) 510.3 511 0.5 

Al 70.3 70 5 0.5 6 
Ge(IV) 64.3 64 3 
Fe(II1) 100.1 100 1 
Cr(V1) 200.3 201 0.001 
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Separation from multicomponent mixtures 

When a mixture of germanium, iron(II1) and chro- 
mium(V1) in 3M hydrochloric acid is passed through 
the column, germanium comes out first, with no 
extraction. Iron(II1) can then be eluted with 1M 
hydrochloric acid and finally chromium(V1) with 
O.OOlM hydrochloric acid. 

When a mixture of germanium with cobalt, chro- 
mium(II1) and iron(II1) in 6M hydrochloric acid is 
passed through the column, the cobalt or chro- 
mium(II1) will pass through. Germanium can then be 
eluted with 3M hydrochloric acid, followed by elut- 
ion of iron(II1) with 0.5 or 1M hydrochloric acid. 

These separation schemes can obviously be ex- 
tended to cover mixtures of germanium with both the 
extractable and non-extractable groups of ions. Some 
results for analysis of some typical mixtures are 
shown in Table 3. The elements were determined 
either titrimetrically6 or spectrophotometrically’. 

The separation of germanium from copper, zinc, 
gallium, lead and antimony is important as they are 
associated with it in various minerals. The proposed 

method is simple, rapid and selective. The total time 
required for separation and determination is just 3 hr. 
The results are reproducible within + 1.1%. How- 
ever, it was found impossible to separate germanium 
from cadmium (which is also associated with it in 
minerals). 

Acknowledgement-We are thankful to the Council of 
Scientific and Industrial Research, New Delhi, India, for 
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authors (S.N.B.). 
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ANALYTICAL DATA 

STUDIES ON FLUORESCEIN-II* 
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CONSTANTS OF FLUORESCEIN IN WATER SOLUTION 
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Summary-The solubility of yellow fluorescein and of red fluorescein as a function of pH has been 
measured in water at ionic strength 0.10. The pH of minimum solubility is the same for both, 3.28. The 
intrinsic solubility, defined as the solubility of the undissociated species, H,Fl, and assumed to be constant 
and independent of pH, was calculated from the observed solubilities on the low-pH side of the minimum: 
si,yellow = 3.80 x 10-4M: S,~, = 1.45 x 10m4M. The first dissociation constants were evaluated from the 
intrinsic solubilities and the observed solubilities on the low-pH side: both fluoresceins yielded the same 
value, pKH,” = 2.13. In using the observed solubilities on the high-pH side of the minimum to evaluate 
the intrinsic solubility and the second dissociation constant it was necessary to modify the existing 
theoretical approach by taking into account the presence of the fully dissociated anion. Appropriate 
mathematical treatments were devised to handle the more complex equations. Both fluoresceins yielded 
the same value for the second dissociation constant, pK,,,, = 4 44. . Both fluoresceins give the same yellow 
colour in saturated solution and the results just reported for the pH of minimum solubility and for the 
dissociation constants also indicate that for each of the three prototropic forms of fluorescein present in 
solution, H,Fl+, H,Fl, and HFI-, only one structure exists. 

During 1980 we advanced structures for the three 
solid forms of fluorescein,’ viz. for the colourless solid 
the lactone structure (I), for the red solid the p- 
quinonoid structure (III), and for the yellow solid a 
zwitterion structure with a positive charge distributed 
over the oxygen-bearing ring (II). We have now 

measured the solubilities of the yellow and red solids 

IU p-Qulnonoid strucIure, 
red form 

as functions of pH. As pointed out in the earlier 
paper, the colourless lactone solid exists in solution 
only in dry organic non-polar solvents such as dioxan 
and, on contact with water, changes quickly to the 
yellow zwitterion form; it therefore plays no part in 
the present discussion. 

I Loctone structure, 

colourless form 

IT Zwltterion structure, 

yellow form 

Fluorescein is characterized by three acid dis- 
sociation constants. For clarity, and to emphasize the 
amphoteric nature of fluorescein, we have adopted 
the designation HIFl for fluorescein (the “free acid”) 
and for the respective dissociation constants the 
symbols: 

Reaction Constant 

H,Fl+ = H+ + H,Fl K H3F, = [H+l W,FMW~+I (11 

H,Fl = H+ + HFl- K H2F, = IH+l WF1-I/W,F11 (2) 

HFI- = H+ + F12- KHF, = [H+] [Fl*-]/[HFl-] (3) 

We have determined the first two of the three acid 
dissociation constants from data on the solubilities as 
a function of pH, for both the yellow and red solids, 

*Part I-Tulanfu, 1980, 27, 937. 
by a modification of the procedure of Krebs and 

TPresent address: Ames Laboratory, Iowa State University, Speakman.’ The concentration of fluorescein in the 

Ames, Iowa 50011, U.S.A. various saturated solutions was determined by mea- 
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suring the fluorescence of an aliquot brought to pH 
11. 

As in the earlier paper, we worked with fluorescein 
prepared from diacetylfluorescein and verified the 
purity of the materials by titration with alkali; we 
thus avoided certain faults which adversely affected 
certain earlier studies. 

EXPERIMENTAL 

Materials 

Diacetylfluorescein, yellow fluorescein and red fluorescein 
were prepared as described earlier.’ 

Buffers with pH-values in the range l-6 were prepared 
from O.lOM hydrochloric acid, potassium hydrogen ph- 
thalate and potassium hydroxide. Dilutions were made with 
O.lOM potassium chloride to maintain the ionic strength. 
The pH of the buffer solutions was measured before and 
after saturation with the fluorescein, with a Corning Model 
10 pH-meter, with a Beckman glass electrode and a satur- 
ated calomel electrode as reference electrode. The pH-meter 
was standardized with a standard buffer solution of pH 4.01, 
prepared from potassium hydrogen phthalate according to 
the NBS specification. 

Preparation of calibration graphs 

Highly purified yellow and red fluorescein were dried at 
IO&l 10” for 3 hr, and 100.0 mg of each were dissolved in, 
and diluted to exactly 1 htre with, 0. IOM potassium hydrox- 
ide. Stock solutions containing 1 .O ppm of fluorescein were 
prepared by diluting 1.00 ml of these solutions to 100.0 ml 
with O.lOM potassium hydroxide. Volumes of 1, 3, 6, IO, 15 
and 20 ml of these solutions were taken and diluted to 100.0 
ml with O.lOM potassium hydroxide for fluorimetric mea- 
surement. The calibration curves for the yellow and red 
fluoresceins were identical. 

Measurement of fluorescence 

Relative fluorescence was measured with a Turner Model 
110 Fluorometer. A Corning No. 58.50 filter was used as a 
primary filter to isolate the blue portion of the excitation 
radiation. A combination of a Corning Yellow 2A- 15 filter 
and a Wratten N. D. Filter 10 per cent l.O!_l was used as the 
secondary filter. The calibration graphs were measured at 
three different sensitivity settings of the fluorometer. This, 
in combination with variations in the size of aliquots and 
final volumes, provided maximum accuracy. 

Solubility measurements 

Approximately 25 ml of each buffer solution was placed 
in a 600-ml plastic bottle provided with a screw cap. Into 
each bottle sufficient red or yellow fluorescein was added to 
ensure saturation of the resulting solution. Bottles and 
suspensions were then shaken mechanically for 72 hr at 
room temperature, 23.0 k 0.5”. Each solution was sub- 
sequently filtered through a sintered-glass crucible, and the 
final pH was measured. A 50%ml aliquot of each solution 
was diluted to 100.0 ml with potassium hydroxide and the 
relative fluorescence of the solution was measured. The 
results are given in Table 1. 

EVALUATION OF THE INTRINSIC SOLUBILITY OF 
THE YELLOW AND RED FLUORESCEINS 

As will be seen on examination of Table 1 and 
Fig. 1, the solubilities of both the yellow and red 
forms of fluorescein exhibit a minimum at pH 3.28. 
The solubility increases on the low-pH side owing to 
protonation to form H,FI+ [equation (l)] and on the 
high-pH side owing to dissociation to form HFll 
[equation (2)]. Such amphoteric behaviour is typical 
of zwitterions, and the dissociation constants can be 
evaluated from the solubility data by a method 
originated by Krebs and Speakman.’ 

The solubility of the free acid, the intrinsic solu- 

bility, S,, is assumed to be constant and independent 
of pH: 

S, = [H,Fl] 

The solubility at any pH below the minimum is given 

by 

S, = [H,Fl+] + [H,Fl] (5) 

and that at pH values above the minimum, S,,, is 
given by 

S, = [H,Fl] + [HFl-] (6) 

It is also assumed that over the pH range immediately 
above the minimum the concentration of F12- is 

Table 1. Solubility of yellow and red fluorescein as a function of pH; ionic 
strength 0.10 

Yellow fluorescein Red fluorescein 

Initial pH Concentration, Concentration, 
of buffer Final pH M Final pH M 

1.00 1.10 7.22 x 10-l 1.05 2.41 x 10-j 
1.49 1.53 2.11 x 10-j 1.51 6.92 x 1O-4 
2.00 2.07 7.82 x lo-” 2.05 2.59 x 10m4 
2.28 2.33 6.62 x 1O-4 2.35 2.50 x 10m4 
2.64 2.69 5.29 x 1O-4 2.65 1.87 x 10m4 
2.98 3.01 4.81 x 1O-4 3.01 1.69 x lO-4 
3.40 3.39 3.85 x 1O-4 3.43 1.50 x IO-4 
3.90 3.92 4.45 X IO-4 3.92 1.62 x 10m4 
4.35 4.37 5.84 x lo-“ 4.36 2.17 x 1O-4 
4.90 4.90 1.40 x 10-3 4.90 5.06 x 1O-4 
5.17 5.18 2.15 x 1O-3 
5.35 5.34 3.31 x 10-j 5.35 1.25 x 10m3 
5.55 5.53 4.72 x 10m3 5.55 1.90 x 10-3 
6.04 6.03 1.80 x 1O-2 6.06 6.95 x lo-’ 
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Fig. 1. Solubility of yellow fluorescein (curve A) and of red 
fluorescein (curve B) as a function of pH at 23”. 

negligible (the validity of this assumption is examined 
below). 
Combination of equations (1) and (4) yields 

K H$l = [H+lsi/t,i(sj - W (7) 

Rearrangement of equation (7) gives 

S, = Si + [H+]Si/KuIm (8) 

and 

-log](SJSJ - II= -P&+I + PH (9) 

According to equation (8) a plot of S, vs. [H+] yields 
a straight line, the intercept of which at [H+] = 0 is 
S,. According to equation (9) the plot of 
-log[SJSJ - l] vs. pH yields a straight line of unit 
slope, the intercept of which is pK,,,. 

Similarly, combination of equations (2) and (4) 
yields 

K HzFI = W+l (sh - S)/% (10) 

Rearrangement of equation (10) gives 

Si, = S, + KH&/[H ‘I (11) 

or 

log](Sh/SJ - 11 = -PKH*FI + PH (12) 

According to equation (11) a plot of S,, vs. l/[H+] 
yields a straight line, the intercept of which at 
l/[H+] = 0 is Si. According to equation (12) a plot of 
lOg[(S,/Si) - l] as. pH gives a straight line of unit 
slope, the intercept of which is -pKH*“. 

Thus, the intrinsic solubility can be evaluated from 
two sets of data, on the low-pH side of the minimum, 
equation (8), and on the high-pH side, equation (11). 
For yellow fluorescein, the two approaches yielded 
somewhat different values, as shown in Table 2. 
Least-squares treatment of the 6 data points on the 
low-pH side yielded S, = 3.795 x 10m4 + O.O579[H+] 
with R (correlation coefficient) = 0.997 (Fig. 2 curve 
A); hence S,,YcllOW = 3.80 x 10m4M, and KH,H~ye,,ow, = 
6.55 x 10m3. For red fluorescein, the corresponding 
values were sj = 1.45 x 10m4 + O.O175[H+], R = 
0.994 (Fig. 1, curve B), Si,rrd = 1.45 x 10e4M, and 
K H,F,crcdj = 8.30 x lo-‘. 

Least-squares treatment of the data on the high-pH 
side of the minimum, equation (1 l), yielded intercepts 
which varied with the number of data points used: 
3.23 x 10-4M (n = 4), 3.49 x 10-4M (n = 5), 3.12 x 
10-4M (n = 6), 3.22 x IO-‘M (n = 7), -0.347 x 
10m4M (n = 8); although the successive plots (as n 
increased) were linear with high correlation coef- 
ficients (Fig. 3 curve A, for n = 7, for which least- 
squares gave S, = 3.22 x 10m4 + 1.309 x 10e9/[H+]; 
R = 0.9962), only a likely average (disregarding 

4 I I 1 I I 
0 1 2 3 4 

Hydrogen ion concentration ([Htlx104) 

Fig. 2. Determination of the intrinsic solubility, Si, of 
yellow fluorescein (curve A) and of red fluorescein (curve B) 
from solubility data on the low-pH side of the minimum 

solubility [equation @)I. 

Table 2. Values for the intrinsic solubility, Si, of yellow and red fluorescein (ionic 
strength 0.10) 

Data used 
Yellow fluorescein, Red fluorescein, 

10-4M 10-4M 

Low-pH side of minimum: 
equation (8) 

High-pH side of minimum: 
equation (1 1)* 
equation (16)$ 

first treatment* 
second treatment* 

3.80 1.45 

3.277 1.2l.t 

3.42 1.24 
3.48 1.30 

*By least-squares treatment. 
tvariable, depending on the number of data points included; see text. 
§Correction made for the presence of Fl*-. 
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Rec~procol of hydrogen m concenrratlon 

C(l/[H+l )x10-? 

Fig. 3. Determination of the intrinsic solubility, S., of 
yellow fluorescein (curve A) and of red fluorescein (curve B) 
from solubility data on the high-pH side of the minimum 

solubihty [equation (1 I)]. 

n = 8) could be chosen: Si,ye,,ow = 3.27 x 10e4M 
(Table 2). In general, the inclusion of the data at 
pH 6 (6.03 for yellow and 6.06 for red fluorescein) 
seriously distorted the results; it was suspected that at 
this pH (well above the pH, 5.5, at which the neutral 
form is completely dissociated) the systems did not 
conform to the assumptions made, so these data were 
not used in obtaining results by the unmodified Krebs 
and Speakman procedure. 

For red fluorescein, corresponding treatment again 
yielded a value for the intercept which varied with the 
number of data included: 1.24 x 10m4M (4) 1.23 x 
10-4M (5), 1.16 x 10-4M (6), 0.018 x 10-14M (7), 
e.g., Fig. 2, curve B (for n = 6, for which least- 
squares gave S, = 1.16 x 10m4 + 4.97 x 10-9/[H+], 
R = 0.99965); again only a likely average (omitting 
the data for pH 6.06) could be chosen: Si,red = 1.21 x 
10m4M (Table 2). 

The variability and the drift in the values for the 
intrinsic solubilities obtained on the high-pH side of 
the minimum indicated that some additional factor 
was involved. 

Since we knew from other work that the difference 
between the second and third dissociation constants 
is small (about 1.5-1.8 pK units) we realized that a 
significant amount of the doubly-charged anion must 
be present and of course increases with rising pH. The 
solubility on the high-pH side is then given by 

S,, = [H,Fl] + [HFI-] + [Fl*-] (13) 

Introduction of equations (l)-(3) into (13) and as- 
suming the solubility of the undissociated species to 
be constant and independent of pH, so that 
[H,Fl] = Si, gives 

S, = S,{l + K~zd[H+l+ KH,F&FI/W+I*I (14) 

This is an awkward form for evaluation of Si, and we 
adopted an approximation approach. The values best 
known at the time for the three constants in the third 
term within the braces were used to calculate the 
value of this term at each experimental pH, and this 
was applied as a correction to the solubility observed: 

k Reciprocal of hydrogen ion concentrotton 

Ci1/~H+l)x10-51 

Fig. 4. Determination of the intrinsic solubility, S,, of 
yellow fluorescein (curve A) and of red fluorescein (curve B) 
from solubihty data on the high-pH side of the minimum 
solubility, with correction applied for the presence of F12-; 

[equation (16), second approximation treatment]. 

For yellow fluorescein, the constants used in this 
treatment were pKHZF, = 4.73, pKHF, = 6.36, Si,Yc,,oW = 
3.80 x 10m4M. The correction was zero at the data 
points near the minimum but became significant at 
higher pH-values. The plots of S,, - KHzF,KHF, S,/[H+]* 
vs. l/[H+] were linear and led to an essentially 
constant value for the intrinsic solubility as the 
number of sets of data included was increased. The 
value obtained was Si,YelloW = 3.42 x 10m4M, Table 2. 
This value was then used in equation (12), as de- 
scribed in the next section, to obtain a new value for 
the second dissociation constant; this new value 

(PKHJFI = 4.52) and the corrected S, value were then 
used in a second approximation. The plot was linear 
(Fig. 3, curve A) and least-squares treatment yielded 
S, - KH+,KHF,Si/[H+]* = 3.48 x 10m4 + 1.198 x 
lo-‘/[H+], giving Si Yc,lOW = 3.48 x 10m4M, practically 
the same as that from the first approximation. 

For red fluorescein, the constants used in the first 
approximation treatment were pKHIFl = 4.73, pKHF, 
= 6.36, S,,_, = 1.16 x 10-4M, and gave Si,_,, = 1.24 
x 10m4M (Table 2). This value was used in equation 
(12) to obtain pKHZF, = 4.52, and the second approx- 
imation treatment gave a linear plot (Fig. 4, curve 

Table 3. Values for the dissociation constants, Ku,r, and 
K H2F,, of yellow and of red fluorescein as determined from 

solubility data (ionic strength 0.10) 

Yellow Red 
Constant fluorescein fluorescein 

!%FI 
low-pH side of minimum 
equation (9) 

PKWI 
high-pH side of minimum 
equation (1 2)b 

2.15 2.11 

4.44c.d 4.42’,d 
equation (18j 4.4Y 4.4Y 

“By least-squares with slope forced to be equal to 1.000. 
“From intercept on pH-axis. 
‘Including the data at pH 6.03. 
“By least-squares; same value obtained by forcing slope to 
be 1.000. 
‘Including data point at pH 6.06. 
‘Slope of least-squares line was zero; direct averaging of the 
value on the ordinate of the plot gave: yellow fluorescein, 
pK 4.43, red fluorescein, pK 4.42. 
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PH PH 

Fig. 5. Evaluation of the dissociation constants, Ku,, and 
K “IF,, of yellow fluorescein. Curve A, from solubility data on 
the low-pH side; -log[(S,/&) - l] vs. pH [equation (911; 
curve B, from solubility data on the high-pH side; 
log&,/&) - l] vs. pH [equation (12)J. For both straight 
lines the slope has been forced to be 1.000 in the least- 
squares treatment. The intersection point, pH 3.29, is the 

pH of minimum solubility. 

Fig. 6. Evaluation of the dissociation constants, KHln and 
K “2FlV of red fluorescein. Symbols and method as for Fig. 5. 
The point of intersection, pH 3.27, is the pH of minimum 

solubility. 

The astonishing feature is that yellow fluorescein and 
red fluorescein yield practically the same value for the 
first dissociation constant. We believe that the vari- 
ous protonated species in water exist in only one 
structural form and accordingly average the values 
2.152 and 2.113, and propose 

W: si, - &+LFI ~i/[H’]* = 1.30 X 1O-4 + 4.42 X 

10-9/[H+]. Thus S,,, = 1.30 x 10w4M (Table 2) was 
again little changed from the first approximation. 

EVALUATION OF THE FIRST AND SECOND 
DISSOCIATION CONSTANTS OF YELLOW AND RED 

FLUORESCEIN 

To obtain values for the dissociation constants, it 
is convenient to place the two plots, -log[(S,/&) - l] 
US. pH [equation (9)] and log [(S,,/S,) - 1] U.S. pH 
[equation (12)] on the same graph, as in Fig. 3 for 
yellow fluorescein and Fig. 4 for red fluorescein. The 
values obtained are given in Table 3. 

For both fluoresceins, the values for the intrinsic 
solubility used in equation (9) were those found by 
evaluating the data on the low-pH side as described 
above: Si,yc,,aw = 3.80 x lo-4M; S,,, = 1.45 x lo-4M. 
Least-squares treatment of data from equation (9) 
gave for both yellow fluorescein (Fig. 5, curve A) and 
red fluorescein (Fig. 6, curve A) straight lines of slope 
close to the theoretical value of one, and intercepts on 
the pH-axis which were not greatly changed by the 
number of sets of data included. We also used a 
least-squares treatment in which the slope was forced 
to be 1 .OOO, and consider the values so obtained to be 
the best: 

Number of sets of data included 
Yellow fluorescein 

Intercept on pH-axis 
Slope 
R 

Red fluorescein 
Intercept on pH-axis 
Slope 
R 

K “+I = 7.41 x lo- 3 ; pKH,” = 2.13 (16) 

To evaluate the second dissociation constant from 
the data on the high-pH side of the minimum, both 
equations (12) and (17) were used; for both equations 
a value must be selected for the intrinsic solubility 
(Table 2). When the S, value was that obtained by 
equation (1 l), the values for KHIF, [the intercept of 
equation (12)] varied with the number of data points 
included, for both fluoresceins. On the other hand, 
when the Si value was that obtained by equation (15), 
second approximation, concordant values were ob- 
tained, with little variation with the number of sets of 
data included, and incorporated the high-pH data 
smoothly. 

Thus application of equation (12) to yellow 
fluorescein, with use of S,,YcliOw = 3.48 x 10m4M and 
least-squares treatment forcing the slope to be 1.000 
for all 8 sets of data in Fig. 5 curve B, gave 
pKHIR = 4.43. Similarly for red fluorescein, with 
S,,, = 1.30 x 10m4M and all 7 sets of data from 
Fig. 6 curve B, and a forced slope of 1.000, 
pKHlr, = 4.42. 

5 6 I Forced slope 

2.212 2.231 2.155 2.152 
1.048 1.019 1.2416 1.000 
0.9900 0.99049 0.975 

2.090 2.090 2.212 2.113 
0.9961 0.9955 1.0429 1.000 
0.9713 0.9853 0.9910 
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Fig. 7. Evaluation of the second dissociation constant, 
K , of yellow fluorescein from solubility data on the 
hizl&H side of the minimum solubility, with correction for 
the presence of the doubly-charged anion [equation (17)]. 

Equation (12) is based on the assumption that only 
the neutral species and the singly-charged anion are 
present, although a correction for the presence of the 
double-charged anion was made in arriving at the 
value of the intrinsic solubility used. A more rigorous 
treatment followed next, starting with the assump- 
tions in equations (13)-( 15). Equation (15), on re- 
arrangement, yields 

[(&/SJ - lI[H+l = KH+I + KH~FIKHFIIW+I (17) 

A plot of [(S,,/SJ - l][H+] us. the reciprocal of the 
hydrogen-ion concentration for yellow fluorescein, 
again using Si,ye,,aw = 3.48 x 10m4M, is shown in Fig. 
7; least-squares treatment gave [(S,,/S,) - l][H+] = 
3.496 x lO-5 + 1.103 x IO-“/[H+], for all 8 sets of 
data (R = 0.68511), i.e., KHzFI = 3.496 x 10m5. The 
slope of almost zero makes equation (17) an inter- 
esting function, since the left-hand side is essentially 
independent of pH. A consequence of this is a low 
correlation coefficient of the least-squares line [for 
yellow fluorescein, R = 0.01739 for 4 sets of data, 
increasing to R = 0.1492 (6 sets), and to R = 0.68511 
(8 sets, including the set at pH 6)]; thus, not sur- 
prisingly, the eight values for [(SJS,) - l][H+] 
yielded, on simple averaging, an intercept of 
3.757 x lo-‘, and thus pK,,, = 4.43. Note that equa- 
tions (12) and (17) yielded the same value for the 
second dissociation constant from the data for yellow 
fluorescein. Basically, then, the approach in equa- 
tions (13)-( 15) and (17) appears correct. 

Application of equation (17) to red fluorescein, 
using S,,, = 1.30 x 10e4M, yielded a linear plot (Fig. 
8); least-squares treatment gave [(S,/Si) - l][H+] = 
3.690 x lo-’ + 5.73 x 10m’2/[H+], so pK,,, = 4.33. 
As with yellow fluorescein, the slope was close to 
zero; a simple averaging of the seven values for 
[(S,,/S,) - l][H+] yielded 3.841 x 10m5, i.e., p&r, = 
4.42. 

As reported above and in Table 3, equations (12) 

and (17) yielded the same values for the second 
dissociation constant for both the yellow and red 
fluoresceins. We therefore reiterate our belief that 
only one structure is present in the various proto- 
tropic forms of fluorescein existing in water solution 
and accordingly we average the results for both 
fluoresceins and propose KHzF, = 3.63 x lo-’ 

(PG,Fl = 4.44). 

Comment on the pH of minimum solubility 

Addition of equations (9) and (12) gives 

lOg](& - Q/Csj - 91 

= 2pI-T - P&F, - P&I (18) 

At the point of minimum solubility, the dis- 
proportionation of the undissociated species, the only 
species theoretically present, would produce equal 
amounts of the cation and the singly-charged anion: 

2H,Fl= H3Fl+ + HFl- (19) 

and 

s, = s, (20) 

At this pH, the left-hand side of equation (18) 
becomes zero, and 

PHmin.soly = ~P&=I + P&~FI (21) 

For the values presented in equations (16) and (18) 

PHmin.sary = f(2.13 + 4.44) = 3.28. 

RESULTS AND DISCUSSION 

The U-shaped curves of solubility as a function of 
pH, Fig. 1, for the yellow and red fluoresceins, are not 
expected to be symmetrical about the pH of min- 

i 
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Fig. 8. Evaluation of the second dissociation constant, 
K HzFI, of red fluorescein from solubility data on the high-pH 
side of the minimum solubility, with correction for the 

presence of the doubly-charged anion [equation (17)]. 
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imum solubility, inasmuch as the branches are 
defined by different equations [(8) and (1 I)] and 
constants. The intrinsic solubility, however, is given 
the same definition, equation (4), in both equations 
and is assumed to be a constant independent of pH. 
Thus, the evaluation of the intrinsic solubility by 
equations (8) and (1 l), the first phase of the Krebs 
and Speakman treatment, would be expected to yield 
the same values, but failed to do so for the solubilities 
of the two fluoresceins. The treatment on the low-pH 
side of the minimum was straightforward, the linear 
least-squares treatment of the plots, Fig. 2, curves A 
and B, having high correlation coefficients, and the 
intercepts and slope showing essentially no variation 
with the number of sets of data used. The values 
found were: S,,ye,low = 3.80 x 10m4M; S,,, = 1.45 x 
10-4M (Table 2). These values, when used in conjunc- 
tion with the observed solubilities of the yellow and 
the red fluoresceins in the second phase of the Krebs 
and Speakman treatment [equation (9)] gave an iden- 
tical value for the first dissociation constant 
K - 7.41 x 10e3 (pKHJF, = 2.13) (Table 3). H,Fl - 

For both fluoresceins the data on the high-pH side 
of the minimum, however, gave by equation (11) 
significantly lower values for the intrinsic solubilities 
than those obtained from the data on the low-pH 
side, and moreover, gave values which shifted with 
the number of data points used. A similar effect was 
observed for the values of the second dissociation 
constants [equation (12), Krebs and Speakman sec- 
ond phase]. The supposition that the results were 
being distorted by the presence of appreciable 
amounts of the doubly-charged anion, F12-, proved 
to be correct. The values for pKH2r, and pKHF, differ 
by only 1.5-1.8 and the dissociation of HFl- is 
significant even at pH 4.5; at pH 5.5 it is completely 
dissociated and it is not surprising that the system 
does not conform to the assumption of the Krebs and 
Speakman approach. 

The new theory, in which all three species (H,Fl, 
HFl- and F12-) are assumed to be present [equations 
(13)-(17)], proved to be successful. Because of the 
nature of the equations involved, it was necessary to 
evaluate the intrinsic solubility by an approximation 
procedure. In practice, the second approximation was 
all that was necessary and the results from use 
of equation (15) conformed nicely to the theory 
and smoothly incorporated the data at high pH 
(pH > 6, data discarded in the simpler approach). 
The values found were S,,Ye,,OW = 3.48 x 10d4M; 
&,, = 1.30 x 10m4M (Table 2). 

The second phase, the evaluation of the second 
dissociation constant, proved interesting. From the 
value for the intrinsic solubility obtained by use of 
equation (15) with the presence of F12- taken into 
account, the same value for the second dissociation 
constant was obtained by both equation (12) (Krebs 
and Speakman) and equation (17) (new approach), 
for both yellow fluorescein and red fluorescein 
(Table 3); pKH+, = 4.44. 

That sets of data on the solubility of two solid 
forms of the same chemical material should yield 
identical values for the pH of minimum solubility 
and for the two sets of dissociation constants is 
remarkable. The conclusion is that only one structure 
exists for fluorescein in water solution, for all three 
(and probably four) prototropic forms. Because the 
solutions at all pH values are yellow, the structure is 
probably the zwitterion structure II, with a positive 
charge located on the central oxygen-bearing ring 
and with protons and negative charges distributed 
about the periphery as determined by the prevailing 

PH. 
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Summary - ~-{~-[2-(6-Dimethylamino)benzofuranyl]phenyL)maleimide (DBt%), has been 

synthesized and found to give fluorescent products when reacted with certain thiols. 

The reaction is very sensitive, and concentrations as low as IO-'M can be detwted. 

Recently, several examples of thiol-selective reagents bearing the maleimide ring have been 

reported. 
2-7 

For the development of sensitive and useful iluorogenic thiol reagents, our 

attention has been directed to the synthesis of Z-phenylhenzofuran derivatives, which might 

be expected to be strongly fluorescent owing to the presence of a latent trans-sti!!wne 

skeleton. 

In the work described here, a new fluorogenic reagent for thiols, DBPM (I'-{2-[2-(6- - 

dimethylam~no)henzofuranyl]phenyl)maleimide), has been syi'thesized, and its applicatlorl LO 

the determination of glutathione (GSH), as a representative thiol, investigated. 

The synthesis of DBPM (5) is shown. Treatment of the henzyl ether (2) r,!,:.ained hy 

the reaction of the aldehyde (I) with i-nitrohenzylhromide, with sodium methoxide, gave the 

nitro compound (3). 

CHo + BrH2C ON02 

CHO 
KOH 

- 
Me2N OH 56% 0-CH2 

(1) (2) 

Me Nm~~2 FeC13e6H20 + NHZNHz*H~~N~N~2 s 

C/MeOH-benzene 

2 
(3) 

84% 
(4) 

(5) (6) DBPM 
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Reduction of (2) to (A), followed by treatment with maleic anhydride, and cyclization yielded 

DBPM. DBPM when combined with thiols shows strong fluorescence, with the emission maximum 

at 457 nm, and excitation at 355 nm, whereas the reagent itself is practically non-fluor- 

escent. The large difference (ca. 100 nm) between the excitation and emission maxima makes - 

the reagent advantageous for practical use. l-Acetyl-L-cysteine (taken as a representative 

thiol) reacts with DBPM to give a 1:l adduct (m.p. 119-121'), the structure of which is 

under further investigation. 

We have examined the application of DBPM to the determination of thiols, especially GSH, 

and have established the following procedure. To a standard solution (0.5 ml) of GSH 

(5 2 x 10e5fl) in 0.02! EDTA, is added a buffer solution (pH 8.5, O.lM borate-carbonate, 

2.0 ml) and a solution of DBPM in CH3CN (8 x 10V6E, 2.5 ml). The well-mixed solution is 

heated for 30 min at 60°, cooled to room temperature, and then the relative fluorescence 

intensity (RFI) is measured at 457 nm with excitation at 355 nm. The RF1 remains constant 

for 24 hr. The conditions given were chosen after examination of the effect of varying the 

DBPM and CH3CN concentrations, pH, and reaction time. Maximal RF1 is obtained with a final 

concentration of 4@ DBPM and SO-60% v/v CH3CN over the pH range 8-10.5. The reaction of 

DBPM with thiols goes essentially to completion within 20-30 min at 60". 

The relationship between GSH concentration and RF1 was linear over the range 2- 2OOOnE 

(relative standard deviation 2.4% for 2OOntj GSH, 10 replicates). Oxidized glutathione 

(GSSG) can be quite easily reduced to GSH by means of KBH4 within 5 min at 40" and determined 

by the proposed method. The excess of KBH4 is easily removed with HP03. The calibration 

curve is linear over the GSSG concentration range 5- lOOOnl+J (r.s.d. 2.4% at the 200 nE level). 

DBPM reacts with various thiol compounds, as shown in Table 1, which also gives the 

relative fluorescence yields. Cystine can be determined (after reduction to cysteine with 

KBH4) l-lOOOnE (r.s.d. 2.4% at the ZOOny level). 

Table 1. The reaction of thiol compounds with DBPM* 

Compound RF1 

GSH 100 

GSSG 13.2 

Cysteine 109.4 

Cystine 0 

l-Acetyl-L-cysteine 83.8 

Methionine 0 

Coenzyme A 74.2 

* The reaction and the measurement of the fluorescence 

intensity were performed according to the procedure 

described above. The final concentrations of the 

reaction products were 2 ulj. 

DBPM is easily prepared from commercially available materials and both its reactivity 

with thiols(reaction time 20-30 min at 60") and the fluorescence stability of the reaction 

products (stable up to 24 hr) are rather superior to those of the known maleimide reagents. 
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Unl ortunatel y , selective determination is not possible, because the fluorescence wave- 

lengths of the reaction products from the thiols tested are almost identical. However, the 

proposed method has been successfully applied to the determination of total thiol group in 

rat tissue. The detailed results will be reported elsewhere. Use of DBPM after HPLC is 

being explored for determination of thiols in biological samples. 
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DETERMINATION OF THE NUMBER OF COMPLEX SPECIES 
BY FACTOR ANALYSIS OF POTENTIOMETRIC DATA 
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Summary-The number of complex species in solution may be determined by a computer-assisted factor 
analysis of a set of potentiometric titration curves, by finding the rank of the normalized data matrix. 
An application of the program SPECIES is demonstrated for some examples of titration data. The method 
is limited in that it can discriminate only between species with differing degrees of polymerization. 

In the study of solution equilibria, it is not only 
necessary to determine the stoichiometry and stability 
constant of each complex species, but also to find out 
how many such species are present. This number can 
emerge from a careful least-squares treatment which 
seeks to find the best chemical model. One method is 
to use a species selector’ in which the various com- 
plexes are tested and the best combination of them is 
determined. Such a treatment was first used for 
potentiometric data analysis by Sill& in the program 
LETAGROP,‘+’ and a new species selector was in- 
cluded recently in the program PSEQUAD.3 The 
problem of species selection and determination is also 
discussed in a forthcoming publication.4 With spec- 
trophotometric data, the number of species in solu- 
tion can be determined as the rank of the second 
moment of the absorbance matrix. This can be found 
by matrix-algebra operations5 or by factor analysis.“* 
Principal-component analysis’*” has been used to 
find the number of components from mass spec- 
tra,“+‘* fluorescence data,” etc. The use of the method 
in spectrophotometry is reviewed in a forthcoming 
monograph.‘4 

and the corresponding overall stability constant are 
given by 

pA + qB + rCeA&.$C, (1) 

Bpqr = ~~,~,~,I/~~~lpt~l’~~l’~ (2) 
The equation for the potentiometric titration curve 
must be transformed into the form of normalized 
variables 2 =f(pA) where the free equilibrium con- 
centration of component A is usually measured po- 
tentiometrically as pA = -log[A] (e.g., pH) and Z 
represents the average number of one component (for 
example A) bound per B or C. 

Z = (CA - LWca = CB 

where c,, cs and cc, are the total analytical concen- 
trations of A, B and C, [A] is the free equilibrium 
concentration of A, and n, is the number of complex 
species in solution. 

This paper describes a factor-analysis method for 
finding the number of species present in a system 
studied by potentiometric titration. As with spectro- 
photometric data, the rank of the matrix constructed 
from normalized potentiometric data is shown to be 
less than or equal to the number of species in 
solution. 

Each curve Z = F(pA) has n, points, and curves 
may be measured for n,, total concentrations of either 
B or C (or both), to give finally an n, x n, matrix Z 
[(Zk,,, k = 1, nJ, j = 1, n,,]. Equation (3) may be 
written as 

Z = 5 e, c, 
,=l 

THEORY where e, = p,/cg, or in matrix notation 

Matrix analysis of normalized potentiometric data 

Consider the complex-forming equilibria of com- 
ponents A, B and C; the general reaction equation 

*Part VI: Talanta 1984, 31, 1083. 
tAuthor for correspondence. 

Z=EC (5) 

where matrix Z is (n, x n& E is (nB x n,) and the 
concentration matrix C is (n, x n,). 

Equation (5) is analogous to the generalized form 
of the Beer-Lambert law for unit path-length, and 
element ej of E is analogous to the molar absorptivity. 

(3) 

(4) 
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The rank of matrix Z may be obtained from the 
equation 

rank(Z) = min[rank(E), rank(C)] 

5 mm@,, n,, n,) (6) 

If we now arrange experimentally that ala > n, and 
n, > n, we obtain 

rank(E) $ n, [rank(E) = min(n,, n,)] (7) 

rank(C) $ n, [rank(C) = min(n,, n%)] (8) 

so 

rank(Z) 5 n, (9) 

Thus, the rank of Z gives directly the number of 
complex species in solution. The treatment is anal- 
ogous to the factor analysis of absorbance matrices 
by Kankare6 and Wernimont.‘5 The “spectra” of the 
solutions in this case are replaced by the functions 
2 =f(c,) or 2 =f(c,). 

In continuance of the analogy with absorbance 
matrix analysis,6 the matrix Z may be subjected to 
factor analysis. Thus, the second moment matrix M 
is defined by 

M = (l/n,).Z Z= (10) 

where ZT denotes the transpose of Z. From equation 

(9), 

rank(M) 5 n, (11) 

This implies that matrix M has at most n, non-zero 
eigenvalues. Because of experimental errors, the 
actual number of non-zero eigenvalues is min(n,, n,). 
Let the eigenvalues of M be r, and suppose that there 
are k independent components in the equilibrium 
system. Then the residual standard deviation of Z is 
given by 

St(Z) = [(U(M) - !;)/@a - k)]‘i’ (12) 

where tr(M) is the trace of M. Let the precision of 
estimation of Z be s,,,~(Z); then it may be concluded 
that if s&Z) <s,,,,(Z) it is probable that n, < k. 
Values for the eigenvalues r,, and the standard devi- 
ation of Z, sk(Z), and also for the relative variance 
(expressed as a percentage), RV, the cumulative 
percentage relative variance, CRV, and the Malin- 
owski factor indicator function,‘6 IND, are calculated 
and printed by the program SPECIES. 

RV (%) = [r,/tr(M)] x 100 (13) 

CRV (“/,) = i r, x lOO/tr(M) (14) 
r=l 

IND = sk(Z)/(nB - k)’ (15) 

The higher the value of the variance RV, the higher 
the contribution of the corresponding eigenvalue to 
the trace, and thus the more significant the eigen- 
value. Eigenvalues with variance < 0.01% are re- 
garded as negligible. Similarly, consideration of the 

CRV shows how 100% variance is approached as 
more eigenvalues are included. If inclusion of a 
certain eigenvalue brings the CRV to 99.99%, the 
remaining eigenvalues should be assumed to be of 
ne l& . igible significance. The Malinowski factor indi- 
cator function IND should reach a minimum when 
the correct number of factors (i.e., species) has been 
chosenI 

PROPOSED PROCEDURE 

For various possible integer values of the rank of 
Z the standard deviation, sk(Z), is calculated from 
equation (12). The graph of Q(Z) =f(k) where k is 
an actual value of the rank, consists of two nearly 
linear parts which intersect on extrapolation. The 
point of intersection should lie near to the experi- 
mental standard deviation value, s,,,,(Z). The co- 
ordinate k on the rank-axis for this intersection is the 
value sought for the rank of the matrix, and is equal 
to the number of complex species in solution (Fig. 1). 
At the same value of k, Q(Z) should be $ s,,,,(Z), the 
CRV should reach almost 99.99x, the variance of 
any remaining eigenvalues should be negligible 
( < 0.1%) and IND should reach a minimum. How- 
ever, these criteria may not all be met at the same 
value of k. 

Limitation of the method 

The situation for potentiometric data is not strictly 
analogous to that for spectrophotometric data, in 
that the method is applicable only when a change in 
the total analytical concentration of component B or 
C, ca or c,, leads to a set of different curves for 
Z, =f(pA) or Zc =f(pA). That is, the complexes 
that can be detected must not be mononuclear (in B 
or C). For mononuclear complexes the curves of 
Z, =f(pA) are identical; thus there is just one curve, 
and the rank of Z is one. The method cannot be used, 
therefore, to find the number of differently pro- 
tonated species of a weak acid H,L. [In such cases the 
number of species may be indicated by the number of 
inflection points on the Z =f(pH) curve.] 

In the case of metal-ligand equilibria, curves for 
varied metal or varied ligand concentrations should 
be measured. The matrix Z is then obtained by taking 
vertical sections at constant pH values, or by taking 
horizontal sections at constant Z values. Only species 
with differing p, indices can be distingnished. 

Computation 

Computations were done with use of a mainframe 
computer EC 1033. The program SPECIES is avail- 
able, with specimen data, on request. 

DISCUSSION 

The program SPECIES was validated by use of 
literature titration data and simulated data sets. 
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Fig. 1. Graphical determination of the number of com- 
plexes. The &-co-ordinate of the point of intersection of the 
two linear parts of s,(Z) =f(k) gives a good estimate of the 
matrix rank, and the s,(Z)-co-ordinate should be close to 

the value of s,,(Z) (data from Table 2.). 

Baldwin and‘ Wiese” studied polymolybdate equi- 
libria in 1M magnesium perchlorate solution and 
found three H&Moo,), species with (p, q) values (2, 
l), (8, 6) and (9, 8). The normalized Z values for 
various pH values at different total concentrations of 
molybdate were taken from Fig. 1 in that paper and 

the matrix 2 was constructed (Table 1). On the 
assumption that the precision of -reading Z-values 
from this graph is smrt(Z) x 0.02, the rank of the 
matrix should be three. It may be concluded that 
there are 3 polynuclear complexes in solution. 

Sasaki and Sillen” studied the hydrolysis of 
molybdate in 3M sodium perchlorate and found eight 
H,(MoO,), species with indices (1, l), (2, l), (8, 7), 
(9,7), (10,7) and (11,7). The Z values were read from 
Fig. 1 in that paper with precision s,“,(Z) x 0.02 for 
various pH values in the range 1.50-7.50. The re- 
sulting matrix Z was treated by program SPECIES 
(Table 2). The rank of the matrix is 5, in agreement 
with the five polynuclear species (with differing pi 
indices) among those found in solution by the 
authors. 

Biedermann and Ciavattai9 found three complexes, 
Y(OH)*+, Y,(OH):+, and Y,(OH):+ in hydrolysed 
solutions of Y(II1) in 3M perchlorate. The matrix Z 
was constructed from the data of their Fig. 2 with 
precision s,,,(Z) x 0.02 (Table 3). The matrix rank is 
found to be 2, in accordance with the two polynuclear 
hydrolytic products formed in solution. 

A data set was simulated for a metal-ion hydrolysis 
based on a study by Ahlberg*O of Hg(I1) in 3M 
perchlorate. Five species, HgOH+, Hg(OH)*, 
Hg*(OH)‘+, Hg,(OH):+ and Hg,(OH):+ were found. 
The Z =f(pH) curves were simulated by the program 
POLET:’ then the Z values were loaded with a 
random error SO that Si”,(Z) = 0.001. Program 
SPECIES showed the rank of Z to be 2, which 

Table 1. Determination of the number of complexes in a polymolybdate system 
from the potentiometric data of Baldwin and Wiese” 

Part 1. Matrix Z (dimensions n, = 10, na = 8); s,,~ (Z) = 0.02 

13.25 11.07 9.86 8.603 7.299 5.947 4.545 3.088 

5.25 0.25 0.14 0.11 0.06 0.04 0.03 0.02 0.02 
5.00 0.55 0.46 0.38 0.32 0.26 0.20 0.10 0.05 
4.75 0.82 0.77 0.74 0.70 0.65 0.58 0.40 0.25 
4.50 1.02 0.99 0.97 0.90 0.88 0.86 0.79 0.65 
4.25 1.15 1.14 1.13 1.11 1.10 1.09 1.04 0.98 
4.00 ~- 1.24 1.23 1.23 1.23 1.23 1.23 1.22 1.21 
3.75 1.35 1.35 1.35 1.33 1.32 1.31 1.30 1.30 
3.50 1.46 1.45 1.41 1.40 1.38 1.36 1.35 1.35 
3.25 1.60 1.50 1.46 1.44 1.42 1.41 1.39 1.38 
3.00 1.70 1.60 1.55 1.50 1.48 1.48 1.42 1.41 

Part 2. Values of eigenvalues, r, percentage relative vari- 
ance, RV, percentage cumulative relative variance, CRV, 
residual standard deviation, +(Z), and Malinowski indi- 
cator function, IND, for various postulated values of matrix 

rank, k; Trace = 9.722430 

k r RV CRV S‘(Z) IND 

1 9.671622 99.477 99.477 0.085195 0.001739 
2 0.046129 0.474 99.952 0.027924 0.000776 
3 0.004098 0.042 99.994 0.010777 o.tnXl431 
4 0.000330 0.003 99997 0.007922 0.000495 
5 0.000187 0.002 99.999 0.004616 0.000513 
6 0.000034 0.000 100.000 0.003865 0.000966 

Estimated rank 4 3 3 3 
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Table 2. Determination of the number of complexes from a potentiometric study of molybdate 
hydrolysis by Sasaki and Silli?n” 

Part 1. Matrix 2 (dimensions n, = 11, n, = 10); s,,(Z) = 0.02 

160 80 40 20 10 5 2.5 1.25 0.62 0.31 

6.5 0.60 0.27 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6.0 1.01 0.89 0.68 0.34 0.06 0.01 0.00 0.00 0.00 0.00 
5.5 1.13 1.09 1.02 0.91 0.73 0.44 0.12 0.04 0.03 0.03 
5.0 1.19 1.18 1.17 1.12 1.08 0.96 0.81 0.54 0.20 0.10 
4.5 1.23 1.22 1.21 1.21 1.20 1.18 1.12 1.03 0.78 0.66 
4.0 1.30 1.30 1.29 1.29 1.29 1.29 1.29 1.26 1.23 1.15 

:I 1.45 1.38 1.38 1.45 1.375 1.45 1.375 1.45 1.37 1.45 1.37 1.45 1.37 1.45 1.365 1.45 1.45 1.36 1.36 1.45 
2.5 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 
2.0 1.68 1.62 1.60 1.57 1.56 1.55 1.55 1.55 1.55 1.55 
1.5 1.80 1.78 1.75 1.73 1.72 1.72 1.72 1.71 1.71 1.70 

Part 2. Trace = 14.724625 

k r 

1 14.255160 
2 0.386226 
3 0.063890 
4 0.014082 
5 0.004849 
6 0.000321 
7 0.000076 

Estimated rank 

RV 

96.812 
2.623 
0.434 
0.096 
0.033 
0.002 
0.001 

6 

CRV %i(z) 

96.812 0.228392 
99.435 0.102004 
99.869 0.052574 
99.964 0.029626 
99.997 0.009131 
99.999 0.004904 

100.000 0.002582 
5 5 

IND 

0.002820 
0.001594 
0.001073 
0.000823 
0.000365 
0.000306 
0.000287 

(7) 

Table 3. Determination of the number of complexes in the 
hydrolysis of Y(III), from normalized potentiometric data 

of Biedermann and Ciavatta19 

Part 1. Matrix pH (dimensions n, = 8, ny = 7); slo,,(Z) = 
0.002 

\ 
cy, lo-3M 

Z 0.98 0.50 0.30 0.20 0.10 0.05 0.025 

0.10 5.45 5.55 5.65 5.75 5.83 5.91 6.00 
0.20 5.61 5.74 5.82 5.89 6.00 6.12 6.21 
0.40 5.76 5.90 6.00 6.08 6.21 6.32 6.42 
0.60 5.86 5.99 6.10 6.16 6.29 6.41 6.53 
0.80 5.92 6.06 6.15 6.22 6.36 6.50 6.60 
1.00 5.99 6.10 6.20 6.28 6.41 6.53 6.66 
1.20 6.02 6.13 6.24 6.31 6.45 6.58 6.70 
1.40 6.06 6.16 6.27 6.34 6.49 6.61 6.72 

Part 2. Trace = 265.732100 

k r RV CRV s,(pH) IND 

1 265.731066 99.999 99.999 0.013126 0.000365 
2 0.000710 0.000 100.000 0.008050 0.000322 
3 0.000162 0.000 100.000 0.006362 0.000398 

Estimated rank 1 1 2 2 

corresponds to the two polynuclear species with 
different p, indices (Table 4). 

CONCLUSIONS 

The graphical procedure for examination of 
sk(Z) =f(k) appears to yield results in agreement 

with the literature,‘“” as shown in Tables l-4. The 
commonly used methods for estimation of matrix 
rank in factor analysis, viz. IND, the Malinowski 
factor indicator function, and CRV, the cumulative 
relative variance, do not appear to be so reliable as 
criteria, at least for this particular application of 
factor analysis. 
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Table 4. Determination of the number of complexes from simulated potentiometric data 
for hydrolysis of Hg(II), based on the stability constants determined by Ahlberg” 

Part 1. Matrix Z (dimensions n, = 9, nB = 10); imposed random error, s,,,(Z) = 0.001 

0.75 0.027 0.018 0.014 0.011 0.008 0.004 0.003 
1.00 0.053 0.034 0.026 0.020 0.014 0.008 0.005 
1.10 0.071 0.044 0.034 0.026 0.019 0.010 0.007 
1.20 0.095 0.059 0.045 0.034 0.024 0.013 0.009 
1.30 0.127 0.079 0.059 0.045 0.031 0.017 0.012 
1.40 0.166 0.105 0.079 0.059 0.041 0.022 0.015 
1.50 0.212 0.139 0.106 0.079 0.055 0.029 0.020 
1.60 0.262 0.181 0.140 0.106 0.073 0.038 0.027 
1.75 0.341 0.255 0.206 0.160 0.112 0.058 0.041 

1000 750 500 200 100 50 5 2.5 

0.002 0.002 0.001 
0.004 0.003 0.003 
0.005 0.004 0.004 
0.007 0.005 0.005 
0.009 0.007 0.007 
0.012 0.009 0.009 
0.016 0.012 0.012 
0.021 0.016 0.016 
0.032 0.025 0.025 

Part 2. Trace = 0.067746 

k r RV CRV Sk(Z) IND x IO5 

1 0.067600 99.783 99.783 0.004039 4.9864 
2 0.000145 0.214 99.997 0.000473 0.7391 
3 0.000002 0.002 100.000 0.000196 0.4000 
4 0.000000 0.000 100.000 0.000164 0.4555 
5 0.000000 0.000 100.000 0.000117 0.4680 

Estimated rank 3 2 2 3 
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CHARACTERIZATION OF SEDIMENT REFERENCE 
MATERIALS BY X-RAY PHOTOELECTRON 

SPECTROSCOPY 

M. SOMA, H. SEYAMA and K. OKAMOTO 
National Institute for Environmental Studies, Tsukuba, Ibaraki 305, Japan 

(Received 17 September 1984. Accepted 5 November 1984) 

Summnry--The chemical composltion of surface layers of three sediment reference materials, Pond 
Sediment (Japan NIES CRM No. 2), River Sediment (US NBS SRM 1645) and Estuarine Sediment (US 
NBS SRM 1646), has been studied comparatively by X-ray photoelectron spectroscopy (XPS). The 
composition of River Sediment as determined by XPS is peculiar in that the concentration of Cr is much 
higher but that of Si is much lower than that expected from the bulk composition of the sample. This 
can be attributed to the structure of the sediment particles, which consist of silica-rich cores covered by 
surface layers rich in Cr(II1). Organic substances are predominant in the surface layers of all three 
materials, as indicated by the C 1s and N 1s lines. The elemental composition of the surface layers can 
be reasonably related to the origin of the sediments. The bonding states of some elements in the sediment 
samples, deduced from the photoelectron binding energies, are briefly discussed. 

It is well established that X-ray photoelectron spec- 
troscopy (XPS), as a tool for analysing the elemental 
composition as well as the chemical state of surface 
layers of solids,’ is applicable to a wide variety of 
solid materials, including those of geochemical and 
mineralogical interest.* However, in spite of its excel- 
lent capability for analysing solids of widely varied 
compositions, which may play important roles in 
environmental problems,3 its application to environ- 
mental samples has been practically confined to the 
study of the surface chemical composition of aerosol4 
and fly-ash particles5 

In this report, an attempt has been made to 
characterize three reference sediment materials by 
XPS. It will be shown that, although there are 
difficulties in the quantification of XPS measurements 
made on such complex heterogeneous materials, the 
average elemental compositions of the surface layers 
of those materials, as determined by XPS, can deviate 
significantly from those given by total analysis (bulk 
composition), and reflect the origin and/or the history 
of the samples. Information obtained from the chem- 
ical shifts for certain elements will also be discussed. 
A brief account of the XPS of Pond Sediment has 
already been published.6 

Materials 

EXPERIMENTAL 

The three reference materials studied are U.S. National 
Bureau of Standards (NBS) standard reference material 
(SRM) 1645 “River Sediment”.7~s NBS SRM 1646 “Estu- 
&ine Sediment”,g and Japan Naiional Institute for Environ- 
mental Studies (NIES) certified reference material (CRM) 
No. 2 “Pond Sediment”.6.‘o,” They were chosen because 
their properties and elemental comp&itions are well charac- 
terized, and they are in a form suitable for XPS mea- 
surements. 

XPS measurement 

The electron spectra were recorded on a Vacuum Gener- 
ators ESCALAB 5 apparatus. The powdered sediment 
sample, as received, was fixed by double-sided adhesive tape 
on a stainless-steel sample holder IO mm in diameter. The 
sample was irradiated by Al Ku or Mg Ka radiation from 
a twin anode. The typical measuring conditions were: X-ray 
power, 13 kV and 10 mA; electron pass-energy through the 
analyser, 50 eV; width of the analvser entrance slit. 4 mm. 
The ;nstrumental resolution determined by the pass-energy 
and the slit-width was 1.25 eV. To determine the intensities 
of weak transItions, signals for narrow range scans were 
accumulated on a Nicolet 1070 signal averager until an 
acceptable signal-to-noise ratio was attained. For most 
elements measured, the electron emission intensity was 
stable enough for long exposure to the X-rays. However, the 
carbon and nitrogen lines of organic origin sometimes 
changed their intensities considerably during prolonged 
measurement (several hours) at room temperature. This 
instability was made negligible by cooling the sample with 
a continuous flow of liquid nitrogen through the specimen 
manipulator. 

The electron binding energies were standardized against 
the Au 4f7,* line (83.8 eV) of a gold film evaporated onto the 
sample. The uncertainty in the determination of binding 
energy for most of the emission lines was f0.2eV. 

The quantitative analysis was based on the relative atomic 
sensitivity factors for the photoelectron and Auger electron 
emissions tabulated in Table 1. These were determined 
either by integrating the experimental line intensities for the 
compounds of known stoichiometry or by theoretical esti- 
mation. The theoretical estimation was done by the pro- 
cedure described by Seah,‘* with use of the theoretical 
ionization cross-section” and the asymmetry factorI given 
by Scofield and by Reilman et al., respectively. 

The reproducibilities in the determmation of the relative 
area intensities for sediment samples, as examplified by 
Pond Sediment, have been shown to be within 1O%.6 The 
uncertainty in determining the elemental composition by 
XPS largely arises from the application of the atomic 
sensitivity factor to samples with different matrices, as has 
often been pomted out. I2 Our empirical estimation is that 
the error may be as large as 20x, but would rarely exceed 
this figure. 
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Table 1. Relative atomic sensitivrty of the elements 
(Si 2s = 1) 

X-ray source 

Element Line Al Ka Mg Ku Note 

Al 2D 0.520 0.74 a 
Fe fP 10.2 11.0 b 
Miz KL,,L,,Auger 8.0 C 

Ca 2P 4.64 5.75 c 
Na KL,,L,,Auger 5.08 6.69 c 
K 2P 3.94 4.98 
Ti 2P 4.81 5.95 t; 
Cr 2P 7.19 8.73 
0 Is 1.83 2.19 ZJ 
C IS 0.70 0.87 d 
N IS 1.24 1.51 d 
P 2P 1.15 1.50 d 

a Based on the measurement of halloysite, molecular sieve 
4A and 13X. The given sensitivity was proved to reproduce 
the Al/Si ratio in NBS standard reference materials 97a (flint 
clay) and 98a (plastic clay) within ;O%. 
b Based on the measurement of K,[Fe(CN)J and 
UFe(CN)d. 
c Based on the measurement of fluoride, sulphate and 
chloride. 
d Theoretical estimatron (see text), but also substantiated by 
the experimental measurement of reference materials. 

RESULTS AND DISCUSSION 

Elemental composition 

Figure 1 shows the XPS spectra of the three 

sediment reference materials, excited by Al Ku radi- 
ation. Since all the materials contain at least about 
20% of silicon, the spectrum of River Sediment is 
evidently anomalous. Its silicon peaks (2p and 2s) are 
very weak, whereas the C 1s and Cr 2p lines are 
prominent. At first glance it would be presumed that 
the sample is a mixture of carbonaceous material and 
oxides of chromium and iron. Such survey spectra, 
obtained by scanning a wide energy range within a 
short time (N 60 eV/min in the present case), give a 
rough idea of the relative abundance of the major 
elements (> 1% w/w) and reveal the existence of the 
minor elements (-0.1% w/w). For environmental 
samples, in our experience, most of the useful infor- 
mation can be provided at this stage of the mea- 
surement if preliminary knowledge of the bulk com- 
position is available. In addition to the inorganic 
components, the elements of organic origin, such as 
carbon and nitrogen (see below), can be easily seen, 
although care must be taken with the carbon lines, 
because carbon contamination layers accumulated on 
the surface of the samples during the experimental 
procedures (especially from pump oil) always con- 
tribute carbon lines. 

From the integrated intensities of the relevant 
emission lines and the atomic sensitivity factors listed 
in Table 1, the relative atomic compositions for the 
sediment samples were determined. Table 2 gives the 
atomic abundances of selected elements relative to Si, 
and Fig. 2 depicts the compositions in weight per cent 
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Fig. 1. X-Ray photoelectron spectra of (a) Pond Sediment, 
(b) Estuarine Sediment and (c) River Sediment. 

and compares them with the corresponding analytical 
values for the bulk compositionL9 In representing 
the XPS results in weight per cent, the contribution 
of hydrogen is not considered, since it is not deter- 
mined by XPS. The amount of carbon includes the 
contribution from contamination. However, for 
Pond Sediment as an example, the C/N ratio (16.4) 
determined by XPS is comparable to that (14.8) for 
the bulk composition, and therefore the contribution 
of the carbon contamination is not significant. 
Though various factors (e.g., the probe depth in XPS, 
which depends both on the kinetic energy of the 
photoelectron and on the composition of the individ- 
ual particles,‘2.‘5 and the structure of the surface in an 
actual sample’““) complicate evaluation of the re- 
lation of elemental composition determined by XPS 
to the true average surface composition, the result 
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Table 2. Atomic composition of the sediment reference materials, determined by XI% 
(Si = 1)* 

Source 
Element Line target NIES No. 2 NBS 1645 NBS 1646 

Al 2P Al 0.82(1.5) 0.80 (8.8) O/40(1.9) 
Fe 2P Al 0.26(1.6) 1.7 (7.0) 0.13 (2.5) 

Mg KLz3L,,Auger Al 0.030 (0.59) 0.52 (4.5) 0.11 (2.8) 
Ca 2P Mg 0.026 (0.96) 0.89(11) 0.0091 (0.48) 
Na KL,,L,,Auger Al 0.010 (0.30) 0.25 (8.8) 0.090(1.1) 
K 2P Al 0.048 (1.5) 
Ti 2P Mg 0.017 (0.94) q 
Cr 2P Al - 3.1 (46) x 
P 2P Al 0.01 (1.7) - 0.041 (2.6) 

*Relative to Si. For Si, the 2s line was used. The numbers in parentheses are the ratios to 
the corresponding value for the bulk composition.@ 
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Fig. 2. Elemental composition of (a) Pond Sediment and (b) River Sediment in weight per cent. The inner 
circle represents bulk composition and the outer circle represents the composition determined by XPS. 

may be regarded as representing the apparent surface 
composition “seen” by the X-ray flux. The peculiar 
features in the composition of River Sediment, as 
determined by XPS, are more clearly seen. As shown 
in Table 2, the atomic abundances of the major 
elements relative to Si, determined by XPS, are higher 
than those for the bulk composition, and the Cr/Si 
ratio is exceptionally large. 

Since the finer particles are expected to contribute 
relatively more to the surface area seen by the X-ray 
flux (the contribution should be inversely propor- 
tional to the particle diameter if the particles are 
randomly arranged in the sample layer for the XPS 
measurement), we examined how the Cr/Si ratio 
determined by XPS depended on the particle size. 
Sieving of River Sediment powder revealed that it 
consisted of a 105-180pm (particle diameter) frac- 
tion (80% in weight), a 44105 pm fraction (20%) and 
a small amount of a finer portion. Table 3 shows the 
Cr/Si ratio of the coarser fraction is small but still 
more than an order of magnitude larger than the bulk 
ratio. Fine particles may be attached to coarse par- 
ticles to form composite particles, and may not be 

separated by sieving. When the coarsest portion 
(105180pm) was subjected to ultrasonification in 
water, fine particles were dispersed. The coarse pre- 
cipitate was separated and washed repeatedly (with 
ultrasonification) until no turbidity was visible in the 
supematant liquid. The Cr/Si ratio (XPS) of the 
precipitate (Table 3) is significantly smaller than that 
for the sample before washing, but still far exceeds 
the bulk value. It can be concluded from these 
observations that in the River Sediment particles, 

Table 3. Particle-size dependence of Cr/Si 
ratio for NBS 1645 River Sediment 

CrlSi 

(1) xps 
44-105 Pm 
105-180 Pm 
105-180Pm washed 

with ultrasonification 

(2) Bulk total 

*From mfs. 7 and 8. 

3.6 
2.1 

0.86 

0.067* 
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Fig. 3. Changes in the Xl% spectra of River Sediment in the Si 2s, S 2p and Cr 2p regions after the powder 
has been ground in an agate mortar. 

Si-rich particle cores are covered with Cr-rich surface 
layers, which include attached fine particles, and that 
Si is depleted in the surface layers. At least a part of 
the surface layers cannot be removed by physical 
methods such as ultrasonification. 

Such a distribution of Cr and Si suggests that Cr 
was introduced into the river as a pollutant and 
deposited on the surface of the originally silica-rich 
sediment particles. The reported ease of acid extrac- 
tion of Cr from River Sedimentm is consistent with 
such a composition of the sediment particles. As Fig. 
2b shows, carbon (and nitrogen) is most enriched in 
the surface layers, i.e., the surface is rich in organic 
substances. Sulphur is also more abundant in the 
surface layers (1.8% w/w) compared to the bulk 
composition (cu. 0.5% as determined with a Carlo 
Erba 1108 Elemental Analyzer). 

For other elements (Al, Fe, Mg, Ca, Na) in River 
Sediment, the amounts relative to Si are significantly 
larger in the surface than those in the bulk com- 
position, because of the depletion of Si in the surface, 
but the amounts in terms of weight per cent are only 
slightly less than those in the bulk, owing to the 
diluting effect of organic substances in the surface. 
That is to say, unlike Si, they are mixed in the organic 
and chromium-rich surface layers. 

Figure 3 shows the changes in the spectra when the 
sample of River Sediment was ground in a mortar 
(agate or alumina). The intensity of the Si 2s line 
relative to the lines of other elements increased 

remarkably after the grinding. This demonstrates 
that Si is exposed in the surface by grinding and that 
the Si-rich particles are covered by the surface over- 
layers in the original preparation. 

In contrast to River Sediment, the deviation of the 
composition determined by XPS from that of the 
bulk for Pond Sediment (NIES No. 2) is much less 
pronounced (Fig. 2a). However, organic components 
(C, N) are again rich in the surface layers, as is also 
the case for Estuarine Sediment. Thus XPS offers 
direct evidence for the surface predominance of or- 
ganic substances in soil or sediment particles.2’ The 
weight content of Si in the surface of Pond Sediment 
is about two-thirds of the bulk content, whereas the 
contents of Al and Fe in the surface are comparable 
to those in the bulk. As shown in Table 2, Na is 
depleted in the surface (one-fifth of the bulk content). 
K is also depleted in the surface, although the 
quantification is difficult because the energy-loss sat- 
ellite of the C 1s line interferes with the weak K 2p 
lines. The depletion of alkali elements in the XPS 
analysis is also observed for a sample from the 
sedimentation pond of a water purification plant. 
Thus, it is probable that leaching causes the depletion 
of the alkali-metal elements from the surface On the 
other hand, Al, Fe and P had the same concentration 
levels in the surface as in the bulk. There must be 
certain mechanisms, such as deposition from the 
aqueous phase, keeping the surface concentrations of 
those elements at a comparable level to the bulk 



Characterization of sediment reference materials 181 

concentration, in spite of the diluting effect of organic 
substance. 

The deviation of the surface elemental composition 
from the bulk composition for Estuarine Sediment is 
not as large as that for River Sediment but larger 
than that for Pond Sediment. The latter fact can 
be attributed to the mixing of river and sea-water 
causing more extensive reorganization of the surface 
composition for estuarine sediments.2’ The surface 
enrichment of Al and Fe relative to Si may thus be 
attributable to the deposition of these elements in the 
estuarine region.” The surface enrichment of Mg and 
depletion of Ca are also notable, but whether this is 
general behaviour for estuarine or coastal sediment is 
uncertain at the present stage. 

Characterization of the bonding states of elements 

We summarize here the information obtained from 
the photoelectron binding energies for the three 
reference materials. The peak positions of C 1s 
(284.7 f 0.2 eV) and N 1s (399.8 + 0.2 eV) indicate 
that the carbon and nitrogen are of organic origin, 
the latter being mainly due to the amino-group. The 
binding energies of Si 2s (153.6, 153.7 and 153.1 eV 
for Pond Sediment, Estuarine Sediment and River 
Sediment, respectively) are compatible with a range 
of silicate minerals.2’ They depend on the OjSi ratio 
and on the negative charge in the silicate skeleton. As 
can be seen in Fig. 3, the peak position of Si 2s for 
River Sediment shifted to 153.9 eV when the sample 
powder was ground. The binding energy after grind- 
ing was close to that for quartz (SiO*, 154.2 eV).22 
This fact supports the preceding argument that the 
chemical composition of the surface layer of River 
Sediment is significantly different from that of the 
average (bulk) composition. Figure 3 also demon- 
strates that S6+ (168.5 eV; SOi- should be the main 
species) and S2- (163.5 eV) can be distinguished. As 
the latter energy is slightly higher than those observed 
for metal sulphides, we attribute it to organic sul- 
phide(s). A comparison of the Cr 2p3,2 binding energy 
found in River Sediment (577.2 eV) with those of 
chromium compounds (Cr203, 576.6; CrCl,, 577.0; 
K2Cr207, 579.6 eV) shows that the chromium in the 
surface layers of River Sediment particles is tervalent. 
Since its binding energy is slightly higher than that for 
the oxide, the species is considered to be probably the 
hydrous oxide or Cr(III) adsorbed on minerals.23 
Similarly, the Fe 2p3,, binding energies for Pond 
Sediment (711.2 eV) and River Sediment (711.4 eV) 
are slightly higher than that of ferric oxide (cc-Fe,O,, 
710.8 eV) and are consistent with hydrous oxides 
such as goethite24 or Fe(II1) adsorbed on minerals.23 
The Fe 2p3,2 binding energy for Estuarine Sediment 
(712.4 eV) is significantly higher and can be attrib- 
uted to Fe(III) incorporated into clay minerals23 or to 
amorphous ferric hydroxide.23,24 
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Summary-Fluorimetrically determined pH-titration curves have been obtained for twelve purines and 
pyrimidines at room temperature, in aqueous solution. The pK, values for these compounds have been 
determined fluorimetrically and potentiometrically. Except for 6-mercaptopurine and uric acid, there is 
close agreement between the two sets of p& values, but a large difference for the corresponding excited 
singlet-state values, pKz’, which were calculated previously. This indicates that the excited singlet-state 
proton-transfer rate is much slower than the fluorescence-decay rate of purines and pyrimidines in our 
experimental conditions. A direct, simple, pH-controlled fluorimetric method is proposed for the 
determination of purines and pyrimidines. The limits of detection vary between 60 ng/ml and 5.4 pg/ml. 

In recent years, fluorimetry has been demonstrated to 
be a simple and relatively accurate method for the 
determination of dissociation constants of organic 
acids and bases.‘” For those cases in which excited- 
state proton-transfer takes place during the 
fluorescence lifetimes of acids and conjugate bases,“8 
instrumental and chemical means have been pro- 
posed to overcome its interference with the fluori- 
metric measurement of the ground-state pK, 
values.‘-9 However, for most nitrogen- and oxygen- 
containing heterocyclic compounds, with pK, values 
in the range 3-10, the rate of deactivation of the 
excited singlet-state was found to be much larger 
than that of excited-state proton-exchange, result- 
ing in fluorimetrically determined pK, values that 
were in good agreement with absorptiometrically 
or potentiometrically measured ground-state pK, 
values.‘~S5~‘o,” The effect of pH also has important 
consequences for the sensitivity and selectivity of the 
fluorimetric determination of acids and bases, owing 
to the large differences in fluorescence spectra and 
quantum yields between the various dissociated and 
undissociated species. For this reason, pH-dependent 
fluorimetry has recently aroused considerable inter- 
est.4,‘.8 

However, there have been relatively few reports 
concerning the pH effects on the fluorescence of 
purines and pyrimidines. ‘*Mu BBrresen’* found that 
the fluorimetrically determined dissociation constants 
of purine and guanine were significantly higher than 
the ground-state values obtained by potentiometric 
titration, whereas for adenine there was no difference 
between the pK, values measured fluorimetrically and 
potentiometrically. The existence of a highly 
fluorescent tautomer was postulated by BGrresen13 to 

*Author to whom all correspondence should be addressed. 

explain the broadening and red-shift in the 
fluorescence of protonated adenine derivatives rela- 
tive to that of the corresponding neutral species, and 
confirmed recently by Knighton et a1.l4 Finally, dis- 
sociation constants of purines and pyrimidines in the 
excited singlet-state were determined very recently by 
Parkanyi et a1.,15 using the Fiirster cycle method. 
These authors found that in the excited singlet-state 
the basicity of most of the purines and pyrimidines is 
increased for the equilibria between the cationic and 
neutral species, but for the equilibria between the 
neutral and anionic species, all purines and pyrimi- 
dines are more acidic.” 

In the present work, we wish to report on the 
fluorimetric measurement of the dissociation con- 
stants of some purines and pyrimidines, and to 
evaluate the performance of a pH-controlled method 
of fluorescence analysis for the determination of these 
compounds. 

Reagents 

EXPERIMENTAL 

Purine and guanine were purchased from CDC Chem- 
icals, adenine, 6_chloropurine, 6_mercaptopurine, hypoxan- 
thine, cytosine, and 5-fluorouracil from US Biochemical 
Co., theobromine and uric acid from Eastman Kodak, and 
thymine and uracil from Aldrich Chemical Co. Distilled 
water, hydrochloric acid and sodium hydroxide were used 
for preparing solutions in the pH range l-10. 

Instrumenlation 

A Turner model I11 fluorometer, an ultraviolet lamp 
model 1 lo-855 (which gives an excitation band between 270 
and 340 nm), 7-54 excitation and 2-A emission filters, and 
10% and 1% neutral density filters. A Metrohm model E520 
pH-meter. 

Procedure 

The pK, values were determined from the inflection points 
of the fluorimetric-titration plots of relative fluorescence 
intensity (IF) us. acidity (PH or Hammett function H,). The 
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excitation wavelength used was an isobestic wavelength of 
the pH-dependent absorption spectrum to ensure that the 
same amount of radiation was absorbed at all points of the 
titration curve. For some compounds, the pK, values were 
also calculated from the equation:‘.’ 

pK, = pH -log (‘;;;y+) 
F F 

where I! and 1E”i+ are the relative fluorescent intensities of 
the free base and the conjugate acid respectively. 

The pKzN values are those for the equilibria (2a) and (2b) 
between the cationic and neutral species of purines and 
pyrimidines: 

R = R 

0 
The pKrA values refer to the equilibria (3a) and (3b) 

between the neutral and anionic species: 

R = R 

0 

Note that B is the neutral species in equilibria (2a) and (2b) 
but the anionic species in equilibria (3a) and (3b), and BH+ 
is the cationic species in (2a) and (2b) but the neutral species 
in (3a) and (3b). 

RESULTS AND DISCUSSION 

Effect of pH on fluorescence intensity 

The fluorescence intensity of purines and pyrim- 
idines changes drastically with pH, as can be seen in 
Figs. 14, which give some examples of fluorimetric 
titration curves. In the case of purine (Fig. l), 
6-chloropurine, thymine (Fig. 3, curve b), and 
Muorouracil (Fig. 4), the fluorescence intensity in- 
creases strongly between pH 6 and 11, because of the 
formation of the anionic species, which generally 
have a larger fluorescence quantum yield than neutral 
molecules. ’ ’ At higher sodium hydroxide concen- 
trations (pH > 12) the fluorescence of the anions of 
purine and thymine is partially quenched (Fig. 1 and 
Fig. 3, curve b). 

In the case of adenine, cytosine (Fig. 3, curve a), 
and uric acid (Fig. 2, curve b), the fluorescence signal 
increases at around pH 4, which corresponds to the 
dissociation of the cationic species into the neutral 
molecule. Between pH 7 and pH 11, the titration 
curves level off, and the fluorescence is partially 
quenched in more alkaline solution (pH > 12). In the 
case of cytosine, there is a second inflection point at 
about pH 12, which corresponds to the neutral 
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Fig. 1. Fluorimetric titration curve of purine. 

A fluorimetric titration curve with two inflection 
points at around pH 3.9 and pH 8.9 is also found for 
guanine (Fig. 2, curve a). The first inflection point, 
characterized by a decrease in fluorescence intensity 
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Fig. 2. Fluorimetric titration curves of guanine (curve a) and .., . . 

molecule-anion equilibrium (3b), (Fig. 3, curve a). uric acid (curve 6). 
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Fig. 3. Fluorimetric titration curves of cytosine (curve a) 
and thymine (curve b). 
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Fig. 4. Fluorimetric titration curve of S-fluorouracil. 

between pH 2 and pH 5, is due to the deprotonation titration curves, and also the ground-state dissoci- 
of the cation, while the second, showing a strong ation constants determined potentiometrically and 
increase in the fluorescence signal between pH 8 and absorptiometrically. Our findings show that, for most 
pH 10.5, results from the formation of the more of the compounds, the values of pK obtained fluori- 
fluorescent anionic species of guanine. metrically agree very well, within experimental error, 

Fluorimetric &termination of p K,, 
with the ground-state pK, value; the difference 
between the fluorimetric and the ground-state pK, 

Table 1 summarizes the pK, values of the purines values is generally less than 0.2. There is also a good 
and pyrimidines, calculated from the fluorescence agreement between the pK, values calculated from 

Table 1. Dissociation constants (PK,) of purine and pyrimidine cations and neutral molecules, calculated from fluorimettic, 
absorptiometric and potentiometric data 

Species” 

Fluorimetry Absorptiometry Potentiometry 

Literature This Literature 
Inflection point Equation (1) values work values 

pKab PK,’ PK: P&= PK,~ PK,~ 

Purine 8.2 + 0.2 8.5 9.2 8.95 9.0 f 0.2 8.93 
Adenine cation 4.1 f 0.2 - 4.2 - 4.1 f 0.2 4.25 
6Chloropurine 8.3 f 0.2 7.5 - 7.85 7.7 f 0.2 7.88 
6-Mercaptopurine 7.0 f 0.2 - - 7.77 7.7 f 0.2 7.77 
Guanine cation 3.4*0.1 3.2 3.4 - 3.5 f 0.25 3.0 
Guanine 8.9 + 0.1 9.0 9.3 9.35 8.8 f 0.3 9.35 
Theobromine _h - - 10.04 9.6 + 0.2 10.00 
Uric acid 4.2 f 0.2 4.9 - 5.45 5.3 *0.1 5.46 
Cytosine cation 4.6 f 0.2 4.7 - 4.7 f 0.3 4.65 
Cytosine 12.15 kO.1 - - 12.24 - 12.15 
Thymine 9.5 f 0.2 - - 9.86 9.75 f 0.2 9.94 
5-Fluorouracil 7.4 f 0.4 7.6 - 7.98 7.6 0.3 f 8.04 

‘Neutral molecule, when not specified in the table. 
bMean values calculated from 3 or 4 fluorimetric curves. 
cMean values calculated from 3 or 4 points on each fluorimettic curve. 
dValues taken from BBrresen.‘r 
‘Values determined absorptiometrically at 293 K.” 
‘Mean values determined potentiometrically in triplicate at 298 K. 
rValues taken from Albe~?.‘~*” 
‘No meaningful pK, value could be determined from the unusually flat portion of the fluorimettic titration curve of 

theobromine in the pH region 7-12. 
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Table 2. Statistical treatment of the fluorimetric analytical curves and detection hmits 
of purines and pyrimidines 

LDR,* Correlation LOD,$ 
Compound pH M Slope? Intercept? coefficrent pgglml 

Purine 10 5 x 10-6-10-3 0.68 4.19 0.993 0.9 
Adenine 10 5 x lo---lo-3 0.52 3.33 0.996 5.4 
6-Chloropurine 10.3 lo-h-10-3 0.35 2.43 0.984 0.07 
Guanine 11 8 x 10-c-4 x 10-5 0.47 3.29 0.962 0.09 
Hypoxanthine 9.5 10-5-5 x 10-d 0.70 3.90 0.987 0.2 
Theobromine 10 10-5-10-3 0.26 2.13 0.950 0.1 
Uric acid 10 10-5-10-3 0.27 1.83 0.978 1.1 
Cytosine 6.5 10-6-10-3 0.21 2.03 0.989 0.06 
Thymine 11 10-6-10-4 0.36 2.83 0.991 0.06 
SFluorouracil 12 10-6-10-4 0.35 2.75 0.993 0.08 

*LDR = linear dynamic range, defined by the concentrations between which the log-log 
analytical curve is linear. 

tValues calculated by the statistical treatment of 9-12 measurements for each analytical 
curve. 

§LOD = limit of detection, defined as the concentration (in pg/ml) of compound giving 
a fluorescence signal equal to three times the fluctuations of the background 
fluroescence signal. 

the inflection point of the fluorescence titration curve 
and from equation (1). 

In contrast, the pK, values obtained fluorimetri- 
tally present large differences from the corresponding 
excited singlet-state dissociation constants (pK$), 
calculated earlier” by the Forster cvcle method. For 
example, for adenine a pKzNsl value of 10.03 was 
found,i5 which is much higher than the fluorimetric 

pK,CN value of 4.10; for thymine the pK,NAsSl valueI 
was 3.85, whereas the pKrA value determined 
fluorimetrically is 9.50. This results from the fact that 
the rate of excited singlet-state proton-transfer is 
much slower than the rate of fluorescence decay of 
the purine and pyrimidine cations, anions and neutral 
species; therefore, the prototropic equilibrium is not 
attained during the lifetime of the S, state, and the 
inflection points of the fluorimetric titration curves 
correspond to the ground-state pK, values. Similar 
behaviour has been observed for other nitrogen- and 
oxygen-containing heterocycles, with pKzl values in 

the range 3-10.‘,3.7.‘o,” 
Two exceptions are 6-mercaptopurine and uric 

acid, for which the fluorimetric pKFA values (7.0 and 
4.2 respectively) differ by more than 0.7 from the 

ground-state pKyA values (Table 1). For 6-mercapto- 
purine, the fluorimetric value is closer to the excited- 

state pKrA,S’ value” of 7.29, while for uric acid the 
fluorimetric value is between the excited-state pKrA,S1 
value15 of 0.05 and the ground-state pKrA value of 
5.3. This may be due to partial establishment of the 
prototropic equilibrium in the lowest excited singlet- 
state of both compounds. 

Quantitative analytical applications 

The fluorimetric titration curves also have im- 
portaut consequences for the determination of 
purines and pyrimidines. They have allowed us to 
select, for each compound, the optimal pH region 
corresponding to the maximum sensitivity of 
fluorimetry. We found that, except for cytosine, the 

anionic species gave larger relative fluorescence in- 
tensities than the neutral molecules, the fluorescence 
signal generally being maximal at around pH 10, 
which corresponds to the predominant presence of 
the anionic species. This is in agreement with our 
previous results for the relative fluorescence quantum 
yields of neutral and anionic species of some 
purines.‘5 Pyrimidines have also been found to be 
much more phosphorescent in basic than in neutral 
media.” 

Although purines and pyrimidines are generally 
considered to be relatively weak fluorophores,” most 
of the compounds studied here were shown to have 
analytically useful fluorescence signals when our pH- 
controlled fluorimetric technique is used. Table 2 
gives the pH values used, the statistical characteristics 
of the fluorimetric calibration curves, and the limits 
of detection (LOD). The linear dynamic ranges 
(LDR) are relatively large since they cover 2-3 orders 
of magnitude. However, the slopes of the log-log 
curves are much smaller than unity, indicating non- 
linearity for non-logarithmic calibration plots. This is 
thought to be due to concentration-independent 

secondary Rayleigh scattering intensity at wave- 
lengths longer than 500 nm for most purines and 
pyrimidinest5 which results in interference in the 
fluorescence measurements under the instrumental 
conditions used. 

The limits of detection, defined here as the concen- 
tration giving a signal-to-noise ratio equal to 3, 
ranged between 60 ng/ml and 5.4 pg/ml. depending 
on the particular compound. Specially low LOD 
values (all lower than 90ng/ml) were obtained for 
6-chloropurine, guanine, cytosine, thymine, and 
5-fluorouracil. It was only for adenine and uric 
acid that the LOD values were larger than 1 pg/ml 
(Table 2). 

Purine and pyrimidine bases and nucleotides have 
been detected and separated, often in biological 
media, by chromatographic methods such as 
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TLC *O-*’ GC22,23 and HPLC.2’26 The use of low- 
tempkature phosphorimetry (LTP)18,27.28 and fluori- 
metry of derivatives *%” has also been reported for 
the determination of these compounds, with LOD 
values in the low ng/ml range. In spite of their high 
sensitivity, both techniques suffer from some limi- 
tations. LTP needs cryogenic equipment,34*35 and 
preparation of highly fluorescent derivatives of 
purines and pyrimidines is time-consuming and often 
complicated. ” Therefore, pH-controlled fluorimetry 
offers a convenient alternative method which, though 
sometimes less sensitive than the other technqiues, 
presents the great advantage of permitting direct, 
simple, and rapid determiantion of purines and 
pyrimidines. 
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Summary-A spectrophotometric method for the determination of trace amounts of Nb(V) based on the 
formation of a ternary complex with Bromopyrogallol Red (L) and cetylpyridinium bromide (CPB) in 
1M hydrochloric acid/l5% dimethylfonnamide medium has been developed. The ternary 1:2: 2 
NbL-CPB complex is formed. The absorbance maximum is at 645 nm, the molar absorptivity being 
(4.00 + 0.04) x lo4 l.mole-’ .crr-‘. The relative standard deviation is 1.9% and Beer’s law is obeyed up 
to 1.4 pg of Nb(V) per ml. The application of the method to the determination of Nb in pyrochlore- 
bearing rocks is described. A possible mechanism of interaction of the surfactant with the Nb-L complex 
is discussed. 

The characteristics of analytically useful anionic 
metal complexes are known to be modified by the 
addition of cationic surfactants. The charged micelles 
(through their large superficial electrostatic potential 
and hydrophobic forces) are able to promote for- 
mation of “new” complexes which exhibit markedly 
improved spectrophotometric properties, viz. higher 
molar absorptivities, stability over a wider pH range, 
larger bathochromic shifts in comparison with the 
binary complex, and so on.’ 

These unique properties of micellar systems have 
been extensively exploited,‘,’ mainly for improving 
the sensitivity of analytical methods (“surfactant- 
sensitized reactions”). Less attention has been paid, 
however, to the solution chemistry involved in this 
kind of reaction. 

It is well known that surfactant molecules in 
aqueous solution associate upon reaching the so- 
called “critical micelle concentration” (c.m.c.) to 
form micelles capable of solubilizing a great variety 
of organic-like solutes (which otherwise would be 
insoluble in water). In this context, a binary chelate 
complex solubilized (or incorporated) in a micelle is 
exposed to a microenvironment quite different from 
that in bulk water. In fact, a micellar medium is best 
characterized as a mixed aqueous-organic solvent,3 
where reaction rates, spectral characteristics, redox 
processes, etc. of a given complex may change 
drastically. 

The principles which are operative in the effects of 
micelles in analytical reactions are poorly known. No 
satisfactory theory exists so far to explain the possible 
mechanism(s) associated with sensitized reactions. 
Therefore, a better understanding of the nature of 
surfactant sensitization is a major goal of research in 
our laboratory.M 

The ternary system Nb(VkBPR-EDTA has been 
used to determine niobium in steels in a cetyl- 
trimethylammonium medium of pH 4.5.’ The object 

of the present paper is a detailed study of the 
niobium-Bromopyrogallol Red complex in micellar 
media. Some special features of using mixed solvents 
are discussed and attempts are made to extend some 
physico-chemical observations of micellar systems to 
s&a&ant-sensitized analytical reactions. 

As a result, a mechanism for the reaction of Nb(V) 
with Bromopyrogallol Red and cetylpyridinium bro- 
mide is proposed, and the analytical characteristics of 
a new “sensitized” spectrophotometric method for 
Nb(V) determination are given. The method has been 
successfully applied to the determination of the metal 
in pyrochlore-bearing rocks. 

EXPERIMENTAL 

Reagents 
Nb(V) stock solution (200 pgglml). Prepared as described 

elsewhere.’ Diluted further with 2% tartaric acid solution as 
required, immediately before use. 

Cetylpyridinium bromide (CPB) solution, 0.2%. Prepared 
by dissolving the solid in water by warming, and standard- 
ized by titration.* 

Bromopyrogallol Red solution, 0.1%. Prepared by dis- 
solving 0.1 g of BPR in water containine 0.5 ml of O.lM 
sod& hydroxide and diluting accurateI; to 100 ml with 
water. 

All reagents were analytical-reagent grade and distilled 
demineralized water was used to prepare all solutions. 

Pipette standard-Nb(V) solution (up to 12 pg of the 
metal) into a series of IO-ml volumetric flasks already 
containing the following, added in the order shown and 
mixed after each addition: 0.5 ml of the reagent solution, 1.5 
ml of dimethylformamide (DMF), 1.7 ml of 6M hydro- 
chloric acid and 0.5 ml of CPB solution. Mix thoroughly 
and dilute to the mark with distilled demineralized water. 
After about 60 min measure the absorbance at 645 nm 
against a reagent blank. 

Determination of Nb in pyrochlore-bearing rocks 
Decompose the rock samples as described elsewhere,9 and 

prepare a known volume of stock solution. Transfer a 
suitable aliquot (< 2 ml) containing 2-14 pg of Nb(V) into 
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Fig. 1. Absorption spectra of: A, reagent blank against 
water as reference; B, Nb(V)-Bromopyrogallol Red-CPB 
complex measured against water as reference; C, 
Nb(~Bromopyrogallo1 Red-CPB complex against reagent 
blank. [Nb(V)] = 1.07 x 10msM; [BPR] = 5.37 x IO-‘M; 

[CPB] = 2.53 x lO_OM. Medium, 1M HCl-15% DMF. 

a lOO-ml separatory funnel and dilute with 11 ml of 
concentrated hydrochloric acid. Add 10 ml of isopentyl 
acetate and shake the mixture vigorously for 10 min. Allow 
the layers to separate and discard the aqueous lower layer. 
Then-add 3 ml of 2% tartaric acid solution, shaking the 
funnel for 10 min. Transfer the aqueous layer to a lo-ml 
standard flask which already contains the reagents (0.5 ml 
of 0.1% BPR solution, 1.5 ml of DMF, 0.2 ml of concen- 
trated hydrochloric acid and 0.5 ml of 0.2% surfactant 
solution). Wash the remaining organic layer with 2 ml of 1 M 
hydr~hlo~c acid to collect any suspended water droplets; 
add this aqueous portion to the IO-ml standard flask. Dilute 
to the mark with distilled water and mix thoroughly. After 
60 min measure the absorbance of the solution at 645 nm 
against a reagent blank prepared in the same way (2 ml of 
“blank ore” solution). 

Prepare the calibration curve by treating independent 
portions of dilute standard niobium solution according to 
the method above. 

In Fig. 1, curves A and B show the absorption 
spectra of Bromopyrogallol Red and its Nb(V) com- 
plex in the presence of CPB in 1M hydrochloric acid. 
The maximum absorbance difference (curve C) for 
the NbfV) complex is observed at 645 nm. Figure 2 
shows that the spectrum of the ternary complex is 
very different from that of the binary 
Nb-Bromopyrogallol Red complex. The spectrum of 
the binary complex shows peaks corresponding to the 
1: 1 and 1: 3 (Nb : BPR) complexes (see below). 

Water-miscible solvent e&et. Increasing turbidity 
and fading of the colour takes place on standing. A 
large surfactant concentration eliminates the precip- 
itation, but also undesirably reduces the absorbance. 
Therefore, several water-soluble solvents were tested 
for stabilization: methanol, acetone, dimethyl- 
sulphoxide and ~,~‘-dimethylfo~amide (DMF). 
A final DMF concentration of 15% proved to be 
most suitable. 

Mixing order and standing time. The absorbance 
was independent of the order in which the com- 
ponents of the reaction mixture were mixed, but in 
practice the order dye, DMF, acid, surfactant and 
Nb(V) solution was followed. Maximal constant ab- 
sorbance was obtained in 60 min and remained 
unchanged for at least 12 hr. 

Ionic strength effects. Callahan and Cook’O have 
reported the effects of added electrolytes on the 
E&Chrome Azurol S complex sensitized by ce- 
tyltrimethylammonium bromide: the molar absorp- 
tivity increases with addition of salt and the wave- 
length of maximum absorbance is shifted to a 
wavelength 12-14 nm longer. 

The influence of the ionic strength (I) on the 
complex fo~ation of Nb(V) and BPR in presence of 
CPB micelles was studied in the range 1.43M by 
adding increasing amounts of 4M sodium chloride. 
The results show that the shape of the spectrum 
remains practically unchanged but the turbidity (as 

RESULTS AND DISCUSSION 

Spectral characteristics 

The nature of the complex species formed in the 
presence of CPB depends on the acidity of the 
medium: in more acidic media (0.3-1.6M hydro- 
chloric acid) a complex predominates which has its 
absorption maximum in the region 645-650 nm; 
as the pH increases a second complex with A,,, 
at 62&625 nm starts to appear and predominates 
between pH 2 and 6. 

As 1 M hydrochloric acid medium provides similar 
sensitivity to that observed at higher pH values, but 
higher selectivity, this medium was used in sub- 
sequent studies. 

X (nm) 

Fig. 2. Absorption spectra of the binary and ternary com- 
plexes measured against a reagent blank, in 1M NC1 
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Table 1. Determination of niobium in natural and synthetic samDies* 

Nb found. “/, 

Sample 
Dichloro-oxine 

Nb expected, “/, Proposed method method 

OKA- No 82t 0.36 f 0.01 0.35 + 0.04 0.35 f 0.02 
OICA-2 No 56t 0.36 f 0.01 - 0.36 + 0.02 

A§ 0.117 kO.01 - 0.12+0.01 

: 0.705 1.010 * f. 0.01 0.01 0.71 - + 0.03 0.70 1.05 f * 0.02 0.02 
DI 1.248 f 0.01 1.28 + 0.04 - 

*Each value is the average of four separate determinations. 
tcalcite-base pyrochlore ores from Oka (Canada). 
&Synthetic samples. 

absorbance measured at 800 nm) increases with I 
(Fig. 3). No turbidity was observed in the reagent 
blanks. 

In the light of our observations it seems that a high 
electrolyte level may have a profound effect on the 
properties of the micellar medium. It is known that 
at high salt concentrations the shape of the micelles 
changes,” and that when the micelles change from 
spherical to rod-like, the viscosity increases 
markedly.12 

Changes in viscosity, due not only to changes of 
the micellar structure but also to a higher salt con- 
tent, could affect the solubility of the solutes. In this 
context, the turbidity observed in the Nb system 
could be attributed to the NbBPR-CPB complex 
becoming more insoluble as the salt concentration 
increases, but it is hard to draw any general conclu- 
sion, since it would be difficult to disentangle the 
effects due to changes in the medium viscosity from 
those due to influence of the micellar structure on the 
solubilizing capacity. 

~urfuct~~t concentration. The c.m.c. of CPB in a 
1M hydrochloric acid medium was found to be 

1 I I I I I 

560 620 680 740 800 

Xhnf 

Fig. 3. Spectra of Nb(wBPR-CPB complex in 1M 
HCl-15% DMF medium with (a) no salt (b) 0.8M NaCl and 
(c) 2M NaCl. [Nb(V)] = 1.07 x 10-5M; [BPR] = 8.95 x 

10-5M; [CPB] = 2.73 x 10-4M. 

4.96 x 10T41M, as determined by surface-tension 
measurement; the presence of 15% DMF lowered the 
c.m.c. to 2.39 x 10m4M. This trend seems to be 
related to the solubility of the DMF in the micelles, 
which affects the hydrophobic forces in the miceliar 
surface.13 

During the study of the influence of surfactant 
concentration (in the presence of 15% DMF) we 
observed no precipitation of the ternary ion- 
association complex at surfactant concentrations be- 
low the c.m.c., whereas precipitation in such condi- 
tions is usually observed in many sensitized systems6 
The formation of premicelles (mixed micelles) be- 
tween DMF and surfactant monomers seems to play 
an important role; these mixed-micelles should be 
responsible for solubilization of the chelate- 
surfactant ion-association complex to give a clear and 
stable solution, even at low surfactant concentrations 
(DMF acts as a co-surfactant). 

As shown in Fig. 4, the absorbance of the ternary 
system increases linearly with increasing CPB concen- 
tration up to a sharp break [at about 11-fold molar 
excess of surfactant relative to Nb(V)], after which, 

04 

cmc .a 

03 

T 

02 ~~ 

tCPB 1 (4.6 x IO+ A# 1 

Fig. 4. Effect of cetylpyridinium bromide concentration on 
the NbBPR complex in 1M HCI-15% DMF medium. 
Wavelength, 645 nm. mb(V)] = 1.07 x lo-‘M; [BPR] = 

8.95 x 10-5M. 
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the absorbance remains virtually constant. For CPB 
concentrations above the c.m.c. a further increase in 
surfactant concentration produces a progressive de- 
crease in absorbance. 

Analytical characteristics 

Beer’s law, sensitivity andprecision. The calibration 
graph was found to obey Beer’s law in the Nb(V) 
range 0.1-1.4 pg/ml. At 645 nm the molar absorp- 
tivity was (4.00 f 0.04) x lo4 l.mole-‘.cm-‘. Ab- 
sorbance measurements on ten independent 0.6 
pgg/ml solutions gave a relative standard deviation of 
1.9%. 

Interferences. The selectivity was investigated by 
determination of 0.8 pg/ml Nb(V) in the presence of 
a series of other ions. An ion was considered to 
interfere only if it produced a change of at least 2% 
in the absorbance obtained for niobium alone. 

The following ions did not interfere: 400 pg/ml B; 
80 pg/ml Si(IV), Ni, Co(II), Mn (II), Ca, Pb, Ce(III), 
U(V1); 40 fig/ml Cu(II), Al, Cr(II1) and Sb(II1); 0.8 
fig/ml Fe(III), V(V) and Hg(II). The interference of 
0.8 pg/ml Zr was eliminated by the addition of 
EDTA. The other interferences are dealt with by 
preliminary extraction of the Nb(V), see below. 

Large amounts of common masking agents for 
Nb(V), viz. phosphate (up to 2.37M), EDTA 
(O.O03M), citrate (O.OSSM), ascorbate (0.23M), 
fluoride (0.42M), oxalate (0.009M) and tartrate 
(0.053M) did not interfere. 

Although the proposed method has lower sensi- 
tivity than that of the method reported by Jadhav and 
Venkateswarlu,’ it is rather more selective; of 22 
cations and 7 anions only Ta(V), Mo(VI), W(VI), 
Sn(IV) and Ti(IV) interfered. These interferences can 
be easily overcome by selectively separating Nb(V) 
before its determination, as in the surfactant-free 
method of Ramakrishna et a1.l4 (see procedure for 
determination of Nb in pyrochlore-bearing rocks). 

Nature of the sensitized reaction 

Composition of the species formed. The continuous- 
variation method indicated that in the absence of 
surfactant two binary complexes were formed be- 
tween Nb(V) and BPR in 1M hydrochloric acid 
medium, with Nb/L ratios of 1: 1 (&,,,, = 524 nm) and 
1:3 (1,,,= 645 nm). In the presence of excess of CPB 
two complexes were again found, but of composition 
1: 1 and 1: 2 (Nb/L). 

Figure 4 shows that sensitization starts at well 
below the c.m.c. of CPB, indicating that a true 
ternary complex Nb: BPR: CPB of the type 1: 1 :a or 
1: 2: b might be responsible for the observed spectral 
changes on addition of surfactant. If this is so, a fixed 
stoichiometric ratio of chelate to surfactant is to be 
expected.’ 

To establish the values of a and b, equimolar 

solutions of surfactant and chelate (NbL or NbL,) 
were prepared. Continuous-variation plots indicated 
a 1: 1 chelate : surfactant ratio for the NbL system and 
a 1: 2 ratio for NbL,. In other words, at the relatively 
high dye concentrations used in the analytical pro- 
cedure a 1: 2: 2 ternary complex seems to be formed. 
Complete formation of this complex, however, ap- 
parently necessitates an excess of surfactant (Fig. 3). 

Reaction mechanism. The sensitization by the cat- 
ionic surfactant appears to be the result of concur- 
rently electrostatic and hydrophobic interactions. 

Formation of the ion-association ternary complex 
NbL$- (CP’), is attributable to electrostatic inter- 
actions through the sulphonate group of the dye. This 
kind of interaction alone, however, is not sufficient to 
explain the spectral changes observed on addition of 
CPB, because non-micelle-forming counter-ions, viz. 
diphenylguanidinium or tetraethylammonium, did 
not change the spectral characteristics of the binary 
complexes at all. In fact, simple ion-pairing between 
the sulphonate group of the dye and a quaternary 
ammonium counter-ion does not perturb the chro- 
mophore.‘5 Therefore, surface-active agents do not 
simply act as counter-ions but clearly change the 
microenvironment of the chromophore (hydrophobic 
interactions), bringing about remarkable spectral 
changes. 

Hydrophobic interactions, then, have to be consid- 
ered: even at stoichiometric concentrations of the 
CPB, sensitization is observed and such hydrophobic 
interactions must then occur. As shown previously’ 
the cationic surfactant electrostatically bound to the 
chelate would originate, probably by twisting of its 
long hydrocarbon chains towards the inner complex, 
a special microenvironment in which the physical 
properties (dielectric constant, viscosity, solubility, 
etc.) must be different from those of bulk water. This 
is more probable in our case where the ion- 
association complex is solubilized by 
surfactant-DMF premicelles. The more this micro- 
environment approaches that existing in the micelles 
of CPB the bigger is the sensitization observed (which 
would explain that maximum sensitization is ob- 
served around the c.m.c., see Fig. 3). 

In any case, the overall effect of the cationic 
surfactant is quite involved and it cannot be attrib- 
uted only to the addition of the electrostatic and 
hydrophobic contributions. Adding to the NbL, 
complex a mixture formed of a bulky non-micelle- 
forming cation (to provide the electrostatic con- 
tribution) and a non-ionic surfactant (Triton X-100, 
which would provide the hydrophobic effect) does 
not sensitize the binary complex. 

Now, let us consider what happens if we secure 
maximum sensitization as in the analytical procedure 
(at CPB concentration around the c.m.c.): in this case 
the binary complex is incorporated into the Stern 
layer through the sulphonate groups.” This incorpo- 
ration facilitates the reorientation of water molecules 
around the metal ion, and owing to the lower di- 



Nb(V)-Bromopyrogallol Red complexes in micellar media 193 

electric constant near the micellar surfaceI the weak- 
ening of the hydration forces would make it possi- 
ble for the central ion to co-ordinate more dye 
molecules (there would be an increase in the co- 
ordination number). This is a general trend observed 
in micellar systems.” In our systems, an NbOL3 
binary complex was detected: the presence of micelles 
should favour formation of this complex instead of 
the 1: 1 or 1:2 complexes. Experiments showed, 
however, that the 1: 2 complex was favoured by the 
presence of CPB micelles. This proves that exceptions 
to the rule above are quite common.‘* In our case, the 
CPB micelles seem to shift the equilibria towards the 
formation of the more stable complex, as it is 
knownI that the NbOL, binary complex is very weak 
even at pH 6. The low stability of these binary 
complexes could be due to the effect of stereo- 
chemical factors. 

Determination of niobium in pyrochlore-bearing rocks 

The proposed method has been applied to the 
determination of Nb(V) in certified and synthetic 
rocks (synthetic samples were prepared from calcite- 
based Canadian pyrochlores by mixing them with 
pure Nbr 0, powder). 

Table 1 summarizes the results obtained by the 
present method and by an independent solvent- 
extraction method using dichloro-oxine.’ 
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~~~y-Etc~ng procedures for separation of thin layers of InAs (up to 1.4 pm thick) have been 
developed and optimized. A solid-state microtome has been used for cutting layers thicker than 1 pm. 
AAS/ETA methods for determination of traces of Ag, Au, Bi, Cd, Sn, and Tl have been developed. The 
matrix interferences of nitric acid, hydrobromic acid, and As3+ or In3+ m nitric or hydrobromic acid have 
been studied. The main causes of the matrix interference are the formation of diatomic molecules between 
the trace and matrix components, and the effect of the evaporation processes. By use of the platform 
technique with special platforms some matrix interferences could be minimized For the determination 
of traces of Sn, matrix modification with Ni(NO& as additive gave the best analytical values. For the 
trace dete~ination of Au, separation of In from Au by evaporation of InBr, from 0.6M HBR medium 
in the AAS ashing phase was developed. The detection limits are in the lOI atoms/cm’ region for Iayers 
of 1 pm thickness and surface area 1 cm*. 

For thin-layer and layer-by-layer analysis of semicon- 
ductor materials reproducible methods of layer sepa- 
ration and very sensitive methods for trace analysis 
of microsamples are needed. So far we have in- 
vestigated the possibility of determining doping ele- 
ments in thin layers of GaAs,’ and InSb,’ separating 
the layers by anodic oxidation followed by chemical 
etching, by chemical etching alone, and by mechani- 
cal separation with a diamond knife in a solid-state 
microtome. The anodic oxidation procedure gave the 
best depth resolution. For the determinations we used 
atomic-absorption spectrometry with electrothermal 
atomization (AAS/ETA). 

The purpose of the present work was to extend 
these researches to thin layers of InAs. We have 
proved that chemical etching and mechanica sepa- 
ration are both useful for the purpose and have 
developed sensitive determination methods for trace 
amounts of Ag, Au, Bi, Cd, Sn, and Tl by AAS/ETA. 
The influence of the matrix substances was in- 
vestigated. 

*Part VI, Talonta, 1982, 29, 577. 

~ateriais 
InAs monocrystals with 111 B surface; “suprapur” In, As, 

hydrobromic acid and nitric acid; acetone (quartz-distilled), 
purified paraflin, and doubly quartz-distilled water. Stock 
O.l-mg/ml solutions of Ag, Au, Cd, Bi, Sn, T1 in nitric acid 
or a mixture of nitric and hydrochloric acids were used, and 
for the analytical investigations were diluted with O.IM 
nitric acid (Ag, Bi, Cd, Sn, Tl) or 0.6M hy~obromi~ acid 
(Au). Purified Ni(NO& solution (IM) was used as matrix 
modifier. 

Apparatus 
A Jarrell-Ash 8 11 atomic-absorption spectrometer, and 

Beckmann 1268 graphite cuvette, with background compen- 
sation by the two-line method, and a Perkin-Elmer 303 
atomic-a~so~tion spectrometer and HGA 74 graphite tube 
atomizer, with background correction by continuous light- 
source, were used. 

Chemical etching and mechanical separation 
InAs with an appropriate plane-polished surface was 

washed with distilled acetone to remove traces of grease. 
The non-planar surface was coated with pa&in to avoid 
any etching effects. Then 0.15 ml of etching reagent was 
placed on 1 cm2 of the InAs surface. After an etching time 
of about 3 min this solution was removed with a Teflon 
capillary and used for the analytical determinations. 

195 
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Table 1. Exnerimental conditions for the determination of trace elements bv AASiETA 

Wavelength Temperatures, “C 
for 

background atomization phase1 
Wavelength, corr., drying phase ashing phase t =5-15 set 

Element nm nm t = 30-60 set t=15_30sec with gas stop 

Ag 328.1 326.2 (Sn) 150 500 2400* 3OOot 
Au 242.8 242.1 (Sn) 150 150 2550* 3000t 

& 306.8 228.8 307.3 231.1 (Hf) (Sb) 150 150 400 750 2100* 2000* 2600t 26Oot 
SnO 224.87 226.8 (Sn) 160 1200 3300t 

286.3 200 1150 2400’ 
Tl 276.8 277.9 (Ga) 150 150 2150* 26Oot 

‘Perkin-Elmer AA spectrometer 303/HGA 74. 
tJarrell-Ash AA spectrometer 811 /Beckman GC 1268. 
IThe temperature differences are due to the different electrical conditions. 
@Sensitivity of AA with Sn EDL twice as good. 

For separation of layers > 2 pm thick chemical etching is 
very time-consuming, but such layers can be separated in 
l-pm steps by use of a diamond knife in a solid-state 
microtome. The powder separated was collected, weighed, 
and dissolved in dilute nitric acid. 

Determination of added traces 
The etching solutions or nitric acid solutions were evapo- 

rated to dryness under infrared radiation at a temperature 
not exceeding 60”. For determination of Ag, Bi, Cd, Sn, and 
Tl, 0.1 ml of 1M nitric acid was added to the dry residue and 
evaporated to dryness to remove residues of hydrobromic 
acid. This step was repeated, then the residue was dissolved 
in O.lM nitric acid (0.1-1.0 ml, accurately measured, de- 
pending on the amount of residue). For the determination 
of Au the dry residues were dissolved in 0.1-1.0 ml of 
0.6M hydrobromic acid (accurately measured). Finally a 
20-~1 portion of the solution was placed in the graphite 
tube. The optimal working conditions for the AAS/ETA 
determination are shown in Table 1. 

For the investigations using the L’vov platform technique 
we made special 10 x 6 mm platforms from normal graphite 
tubes. These platforms are chamfered to fit snugly on the 
inner surface of the graphite tube (I$ L’vov et aL3). 

RESULTS AND DISCUSSION 

Optimization of the separation method 

First we tested some polishing reagentsG for etch- 
ing properties, but none was suitable for etching 
purposes. The polishing reagent proposed by Luft et 
a1.6 was based on sulphuric acid, which is a very bad 
reagent for use in AAS/ETA. We therefore tried 
other mixtures of acids and finally found the combi- 
nation of hydrobromic and nitric acid to be the best. 
The etching properties of this reagent are due to the 
elemental bromine formed by oxidation. For etching 
of layers between 0.1 and 1.4 pm thick the reagents 
used were mixtures of concentrated hydrobromic 
acid, nitric acid and water in the ratios 20: 1:40, 
20: 1:60 and 20: 1:80 v/v. Before use the mixtures 
must stand for at least 2 hr, during which a brown 
colour due to bromine develops. The solutions are 
usable for 14 days. 

The results of etching the 1llB surface of InAs are 
shown in Fig. 1. The etching rate and depth depend 
on the water content of the etching solutions. In all 

cases a constant etch depth is achieved in 2-3 min, 
and increases with decreasing water content. Figure 
1 shows that the etch depth can be varied by adjusting 
the acid concentration or the etching time. The first 
is recommended. 

Ellipsometric measurement of the roughness of the 
etched surfaces showed a relative standard deviation 
of 10% for the depth. The mean depths of replicate 
etches had a relative standard deviation of 6%. 

Effect matrix substances on the AASIETA results 

Hydrobromic acid. Figure 2 shows the effect of 
hydrobromic acid concentration on the deter- 
mination of Ag, Au, Bi, Cd, Sn, and Tl traces by 
AAS/ETA, at a fixed 0.1 M nitric acid concentration. 
Use of the special platforms decreases this matrix 
effect (cf. Table 2) especially for Cd. The deter- 
mination of Bi, Sn and Tl in 1.2M hydrobromic acid 
medium is practically impossible, even with use of the 
special platforms. There is no matrix effect on the 
signal for Ag when the platform is used, but the 
signal for Au is doubled at hydrobromic acid concen- 
trations > 0.6M. 

1.6 
t 

1 2 3 4 5 

t (mm) 

Fig. 1. Quantitative characteristics of the etching of 
InAs (1ll)B with 1, HBr:HNO,:H,O=20:1:80; 2. 
HBr:HNO,:H,O = 20:1:60; 3. Hbr:HNO,:H,O = 20:1:40. 

The double arrow shows the uncertainty for P = 95%. 
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Fig. 2. Influence of the concentration of hydrobromic acid 
on trace element determinations by AAS/ETA, normalized 
to the signal for O.lM HNO, medium: l with platform; 0 
without platform; l-Au, 2-Ag, I-Cd, 4-Sn, 5-Bi, 

&Tl. 

Table 2 gives the improvement factors achieved by 
using the platform technique for both nitric and 
hydrobromic acid media. Except for the tin deter- 
mination the improvement factors are small for nitric 
acid medium. With hydrobromic acid medium the 
signal improvement is significant for Ag and Cd trace 
determinations. The improvement in the deter- 
mination of tin and thallium is very great, because 
there is zero signal if no platform is used (Fig. 2). The 
depression of the signals can be explained in terms of 
the thermal properties of the compounds which are 
probably formed in the hot tubes. Some of these are 
shown in Table 3. 

The strong depression of the Bi and Sn signals by 
hydrobromic acid is due to the formation of the 
low-boiling bromides BiBr, (b.p. 461”) and SnBr, 
(b.p. 208”) which volatilize in the ashing phase. The 
signal for Tl is also strongly depressed, because of 
formation of sparingly soluble and easily volatilized 
TlBr. Katzkov’ showed that in the AAS deter- 
mination of Tl in nitric acid solution the Tl volatilizes 
as the metal in the temperature range 1200-1500”. 
The metal is formed from the salts by reaction with 
the hot graphite tube surface. This process is theor- 
etically possible at high temperatures in presence of 
bromide but the TlBr will already have been lost by 
volatilization in the ashing phase and the beginning 
of the atomization phase. In earlier work on molecu- 

lar absorption’ we showed that in the vapour phase 
TlBr is a stable diatomic molecule (dissociation 
energy 3.4 eV) and exists at high temperatures in the 
gas phase inside the graphite tube. Its molecular 
absorption can be used for determination of traces of 
bromide, and the existence of TlBr molecules in the 
gas phase under the conditions used in this work was 
established by light-absorption measurements at 
342.9 nm9. 

In principle, bromide should also influence the 
AAS determination of silver. In acid media the 
sparingly soluble AgBr is formed, which volatilizes at 
comparatively low temperature, with incomplete dis- 
sociation. We could detect the AgBr molecule by its 
light-absorption at 318.4 nm in hot graphite tubes.’ 
The dissociation energy of this molecule is smaller 
than that of TlBr (3.2 eV). This fact and the incom- 
plete dissociation on volatilization lead to the situ- 
ation that all the silver species dissociate in the 
high-temperature gas phase before the AgBr has 
disappeared by diffusion. 

The explanation for the depression of the Cd signal 
by hydrobromic acid is less well defined. Sturgeon et 
al.” showed that the atomization of Cd takes place 
by dissociation of gaseous Cd0 if nitric acid medium 
is used and by dissociation of gaseous CdCl if 
hydrochloric acid medium is used. The appearance 
temperature for Cd atoms in hydrochloric acid me- 
dium is 50” lower than that in nitric acid medium. 

In presence of hydrobromic acid the appearance 
temperature is still lower than in hydrochloric acid 
medium because the b.p. of CdBr, is about 100” lower 
than that of CdCl?. As we have shown,” hydrochloric 
acid has much less influence than nitric acid on the 
Cd AAS signals. From these facts we can conclude 
that the depressive effect of hydrobromic acid arises 
from the high volatility of CdBr, and diffusion of 
undissociated CdBr particles. This opinion is 
confirmed by the marked change when the platform 
technique is used, since the CdBr molecules are more 
extensively dissociated in a given atomization time by 
the higher temperature of the gas phase in the 
tube/platform system. 

The improvement of the Au signals by hydro- 
bromic acid can be explained as due to better and 
faster volatilization, with increased dissociation of 
AuBr particles. 

Table 2. Influence of the platform technique on the AA deter- 
minations 

Element and concentration, Ratio of improvement* 

i%glml Ptr/JO PI O.lM HNO, 0.2M HBr 

Ag 0.004 80 I 1.6 
Au 0.012 240 1.4 1.1 
Bi 0.1 2000 1.2 1.3 
Cd 0.001 20 1.1 1.8 
Sn 0.2 4000 2.5 
TI 0.1 2000 1.4 

*Ratio of improvement = 
AA signal with platform 

AA signal without platform ’ 
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Table 3. Melting and boiling points of trace metals, In, and their 
compounds 

Element or m.p., b.p., Element or m.p., b.p., 
compound “C “C compound “C “C 

Ag 960 2167 In 156.2 2020 
AgBr 424 700 (d) InBr 285 687 
AgW 209.1 300 (d) InBr, 420 371 (s) 
Ago 100 (d) InBr, 197 633 
Ag,O 200 (d) In,0 - 700 (s) 
Au 1063 2677 In& 1910 
Bi 271 15.52 Sn 232 2260 
BiBr, 218 461 SnBr, 208 
B&O, 825 1890 SnO 

10;: 
(d) 

Cd 321 766 SnO, 2000 2500 
CdBr, 568 865 Tl 303 1475 
CdCl, 568 960 TlBr 460 815 
Cd0 1560 (s) Tl,O 300 1800 

TV% 717*5 - 

(d) = decomposition. 
(s) = sublimation. 

Effect of As(III) on AAS determination of Ag, Bi, Cd, 
Sn and TI 

The influence of the matrix As(II1) formed from 
the InAs by oxidation with nitric acid and partly by 
the etching process, was investigated, for traces of Bi, 
Sn and Tl in only the nitric acid medium and for 
traces of Ag, Au and Cd in both nitric and hydro- 
bromic acid media. It was found that As concen- 
trations between 0.05 and 4 mg/ml have no influence 
on the AAS signals of these elements. Considering 
that up to 85-95x of the arsenic is lost during the 
evaporation of the etching solution (mixture of hy- 
drobromic and nitric acids), this means that the 
residual arsenic does not influence the AAS deter- 
minations of Ag, Bi, Cd, Sn, Tl and Au. In the case 
of Au the evaporation of the arsenic is complete 
during drying of its solution in hydrobromic acid in 
the graphite tube. 

Injhence of In 3 + on the AAS determination of Ag, Au, 

Bi, Cd, Sn and Tl 

In nitric acid medium the presence of In3+ in 
concentrations up to 5 mg/ml does not affect the 
height of the signals for Ag, Bi, Cd, Sn and Tl, but 
the non-specific background for the determination of 
Bi, Cd and Tl is very high and cannot be compen- 
sated by use of a deuterium lamp. Use of the platform 
technique improves the background by fractional 
volatilization. The effect of the matrix substances is 
stronger in hydrobromic acid medium than nitric acid 
medium. 

The AAS signals of Bi, Sn and Tl are completely 
depressed, and those of Ag and Cd are up to Y&90% 
depressed, even when the platform technique is used 
(Fig. 3). Comparison of Figs. 2 and 3 shows that the 
influence of the combination of In’+ and hydro- 
bromic acid is much stronger than that of the acid 
alone. 

The influence of the In3+/HBr combination is due 
to InBr, being formed in the drying and ashing 
processes in the graphite tube, and only incompletely 

thermally decomposed at high temperatures. There 
are some losses of volatile InBr species in the ashing 
phase (Table 3), but the bulk of the indium bromide 
volatilizes only in the atomization phase. At the high 
temperatures of the atomization phase the indium 
bromide is partly dissociated (dissociation energy 4.2 
eV)* into In and Br atoms. This leads to a high Br 
concentration in the graphite cuvette, which affects 
the complete (Bi, Sn, Tl) or incomplete but strong 
(Ag, Cd) formation of the diatomic metal bromides 
in the graphite tube, cf. Layson and Holcombe.‘2 The 
strong influence of In 3+ in hydrochloric acid medium 
is caused in the same way and was described by us 
earlier.” 

The signal enhancement by the platform technique 
is caused first by the fractionated volatilizations and 
secondly by the increased dissociation at the higher 
temperatures achieved. 

When the mixed matrix In-‘+/As(III)/HBr is 
present in the determinations, there is a small im- 
provement in the AAS determinations, caused by 
volatilization of part of the bromide as AsBr, and by 
the fact that the weak but volatile arsenious acid 
forms InAsO, at higher temperatures. The extent of 

Fig. 3. Influence of the In’+ concentration in 0.2M hydro- 
bromic acid on trace element determinations by AAS/ETA, 
normalized to the signal for 0.2M HBr medium: 0 with 

platform; 0 without platform; I-Au, 2-Ag, 3-Cd. 



Trace analysis of AiuB” semiconductors-VII 199 

Fig. 4. Influence of sulphuric acid concentration on deter- 
mination of Sn by AAS/ETA: signal for O.lM HNO, 

medium = 100%. 

these reactions also depends on the nitric acid con- 
centration in the medium (cf. Dittrich et al.“). 

Optimization of the Sn determination by matrix 
mod$cation 

The determination of Sn traces by AAS/ETA in 
hydrobromic acid medium is impossible, and in nitric 
acid medium is not very sensitive. The improvement 
of the sensitivity in both media by use of the platform 
technique shows the strong influence of the vapor- 
ization and dissociation processes on the deter- 
mination.12 To improve the sensitivity of the Sn 
determination we first tried sulphuric acid medium. 
The results are shown in Fig. 4. Low concentrations 
of sulphuric acid strongly depress the Sn signal by 
formation of the stable diatomic molecule SnS (dis- 
sociation energy 4.8 eV). We tried to detect this 
molecule in the gas phase in the graphite cuvette. The 
result is shown in Fig. 5, which shows characteristic 
differences in the molecular absorbance of Sn species 
in presence and absence of sodium sulphide, cj 
Dittrich and Vorberg. I3 We therefore investigated 
some marix modifiers.14 The results shown in Fig. 6 
indicate that some metal nitrates improve the Sn 
signals significantly. It could also be shown that the 
parent acid and base, e.g., nitric acid or barium 
hydroxide, also improve the analytical results when 
present at higher concentrations. 

The salts are more effective however, stabilizing the 
easily volatilized and easily decomposed SnO by 
formation of the metal stannites and stannates, which 

I I I I 

250 300 350 
"Ill 

Fig. 5. Molecular absorption spectra of Sn species vol- 
atilized in the graphite tube in presence and absence of S: 

-with S (as Na,S); ---without S. 

400 - 

xx)- 

$I 

Lo (NO,), 

-HN03 

10-S 10-Z 10-l 1 
Additive IM) 

Fig. 6. Influence of various substances on AAS/ETA Sn 
signals. 

are thermally stable and non-volatile. The metal 
stannites can also be formed in the presence of only 
the metal ion, but in presence of nitric acid only SnO, 
can be formed. The stannates are more stable than 
Sn02 and the stannites, so the analytical results are 
best in the presence of metal nitrates. We also 
suppose that a high concentration of the metal nitrate 
influences the surface of the graphite. The direct 
contact of reducible substances with graphite at high 
temperatures leads to reduction processes. It is possi- 
ble that active carbon centres on the surface are 
removed by oxidation by nitrates. 

The truth of our hypothesis was demonstrated by 
the fact that the appearance temperatures for Sn are 
much higher in presence of metal nitrates: 800-1000” 
in the absence and 1500-1700” in the presence of 
metal nitrates such as Ni(NO,), or Ba(NO,),, irre- 
spective of whether nitric or hydrochloric acid me- 
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Fig. 7. Influence of the ashing temperature on the vapor- 
ization of indium in different media when platforms are 
used. 1-0.2M HBr, 2-0.2M HCI, 3-O.W HNO,; 

RSD Q 15%. 
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Fig. 8. Influence of the ashing temperature on the AA 
signals of Au in the AAS/ETA atomization phase: Au 40 

pg/ml in 5% v/v HBr solution; RSD d 4%. 

dium is used. In the absence of metal nitrates the Sn 
signal is lower for hydrochloric acid medium than for 
nitric acid medium. In presence of metal nitrates the 
Sn signals are the same for both media. Hence the 
improvement of the signals by metal nitrates is 
relatively greater for hydrochloric acid medium. 

Use of the platform technique as well, brings no 
further improvement. The best results were achieved 
by using Ni(NO,), as matrix modifier, but Ba(NO,), 
and La(NO,), also gave good results. For the Sn 
determination by AAS/ETA we used 0.2-0.5M 
Ni(NO,), . The analytical signals were then greater by 
a factor of 4 than these in the absence of Ni(NOS),. 

Interference of In ‘+ in the Au determination, and 

optimization of the &termination 

As shown in Fig. 2 the AAS signal for Au in 0.6 M 
hydrobromic acid was twice that for Au in O.lM 
nitric acid. We found that in presence of In’+, 
irrespective of the medium (nitric, hydrochloric or 
hydrobromic acid), there was a high background at 
both 242.8 and 261.6 nm. The background absorp- 
tion was directly proportional to the In’+ concen- 
tration. Background compensation by use of a con- 
tinuous light-source, e.g., a deuterium lamp, 
improves the situation, but accurate measurement of 
the Au atomic absorption is impossible. For example, 
at low concentrations of Au we found “negative” AA 
signals. Hdhn and Jackwerth’j investigated the rea- 
son for this interference in hydrochloric acid medium. 

Table 4. Detection limits of the trace element 
determinations in thin layers of InAs (area 1 

cm’) by AAS/ETA 

Thickness, Detection limit, 
Element ~WI atoms/cm3 

4.s 1.4 8 x lOI 
5 2 x 10’5 

Au 1.4 1 x 10’6 
5 3 x 10’5 

Bi 1.4 2 x 10’6 
5 6 x lOI 

Cd 1.4 1 x 10’5 
5 3 x 10’4 

Sn 1.4 6 x 10” 
5 2 x 10’5 

Tl 1.4 2 x 10’6 
5 6 x lOI 

In the vaporization phase most of the indium13 
volatilized as InCl (or InBr or InO, depending on 
the medium, cf. earlier results8,9,‘6. These molecular 
species absorb light in this 240-270 nm range very 
strongly. Because the absorption bands are strongly 
structured (pseudo line spectra), accurate compen- 
sation of the background is not possible. The Au 
absorption line at 267.6 nm lies between two rota- 
tional lines for the InCl molecule. The reason for the 
“negative” results is the inaccurate compensation. 

Because it was necessary to determine traces of Au 
in InAs we tried to avoid the interference of In 
compounds. Table 3 shows that the b.p. of InBr, is 
very low, and we hoped to separate the matrix and 
the trace element by optimization of the chemical and 
thermal conditions. Therefore we studied the vapor- 
ization of 80 pg of In’+ from different acid media by 
use of the platform technique. After the appropriate 
thermal treatment the platforms were treated with 
nitric acid to dissolve any residual In’+, and the In’+ 
content of these solutions was determined by flame 
AAS. 

Figure 7 shows the results. It can be seen that 
indium volatilizes completely from hydrobromic acid 
medium at temperatures >750”, but in nitric acid 
medium the vaporization of indium is low and incom- 
plete up to 1000”. 

We also investigated whether the combined pres- 
ence of hydrobromic acid and In’+ depresses the Au 
signal. Figure 8 shows that up to ashing temperatures 

Table 5. Accuracy of trace determination in thin layers of InAs by 
AAS/ETA 

Amount added 
in the etching Absolute standard 

step, Amount found, deviation, ng 
Trace ng n&I (P = 95%) 

4s 1.5 1.4 0.15 
Au 5 4.9 0.5 
2 0.2 5 0.2 5.2 0.02 0.4 

Sn 20 22 3 
Tl 10 10.5 0.5 
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of 750” there is no loss of Au. Therefore it is possible 
to separate In in hydrobromic acid medium (0.6M) 
from Au traces by using the optimal ashing tem- 
perature of 750”. The analytical results could be 
improved by this procedure. 

Analytical results 

The thin-layer or layer-by-layer analysis of InAs 
can be done in the following way. Etching with 
HBr/HN03/Hz0 mixtures is used for removal of 
layers up to a thickness of 1.4 pm, and for thicker 
layers a solid state microtome is used, in steps of 1 
pm, to obtain the desired thickness. The residue from 
evaporation of the etching solution, or the product 
from the microtome sectioning, is dissolved in O.lM 
nitric acid for the determination of Ag, Bi, Cd, Tl, in 
O.lM HN03/0.2-0.5M Ni(N03)* medium for deter- 
mination of Sn, and in 0.6M hydrobromic acid for 
Au determination by AAS/ETA, with 20-~1 samples. 
Table 4 gives the analytical results. The accuracy of 
the results was established by the standard-addition 
method. Table 5 shows that the analytical results are 
accurate within the limits of the reproducibility. 
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FLUORIMETRIC DETERMINATION OF SULPHATE BY 
TERNARY COMPLEX FORMATION WITH ZIRCONIUM 
AND BIACETYLMONOXIME NICOTINYLHYDRAZONE 

S. RUBIO, A. GOMEZ-HENS and M. VALCARCEL 
Department of Analytical Chemistry, Faculty of Sciences, University of Cbrdoba, Cbrdoba, Spain 

(12eceioed 30 April 1984. Accepted 14 September 1984) 

Summary-A fluorimetric procedure for the determination of sulphate (0.5-6pg/ml) based on the 
formation of a ternary complex with biacetylmonoxime nicotinylhydrazone and zirconium(IV) is 
described. The excitation and fluorescence maxima are at 415 and 505 nm, respectively. The method is 
rapid and the procedure reproducible. The precision is f 2% near to the middle range of the calibration 
curves. There is no interference from most common ions. Phosphate and fiuoride are tolerated at NO-fold 
molar ratio to sulphate. The method has been applied to the dete~ination of sulphate in a variety of 
water samples. 

Fluorimetric methods for determining sulphate are 
mainly based on the ability of this anion to liberate 
an organic reagent (e.g., sa~~yl~uorone,’ ~avonolz or 
morin3) from its complex with thorium. The 
salicylfluorone method is the most sensitive. Only one 
fluorimetric method based on a complex formation 
reaction has been proposed.4 Although it was neces- 
sary to use a considerable (100-1000 molar ratio) 
amount of the sulphate ion to obtain a linear cali- 
bration graph, the authors suggest the probable 
existence of a 1: 1: 1 ternary complex, but this cannot 
be proved. 

Several applications of these fluorimetric methods 
have been described. Vlasov et aLS” used the 
thorium-morin method to determine sulphate in 
weakly mineralized waters and Nasu’ used it to 
analyse snow and river waters. Nasu et ai.’ have also 
used the thorium-flavonol system to determine sul- 
phate in lake, river and mine waters and snow. The 
thorium-salicylfluorone system has been proposed 
for determining sulphate in germanium dioxide’ and 
distilled water.* These methods are subject to serious 
interference from ions such as phosphate and fluoride 
and also several other ions, and it is generally impos- 
sible to determine sulphate in the presence of phos- 
phate ions?,5-7 

In this paper, a direct fluorimetric determination of 
sulphate, based on the formation of a 1: 2: 1 ternary 
complex between zirconium(IV), biacetylmonoxime 
nicotinylhydrazone (BMNH) and sulphate, is de- 
scribed. BMNH has been used previously as a 
fluorimetric reagent for the determination of ti- 
tanium, zirconium and hafnium.’ It was found that 
the ad~tion of sulphate to the ~rconium-BMNH 
and hafnium-BMNH complexes resulted in an en- 
hancement of the fluorescence intensity and the stoi- 
chiometry of the ternary complexes found to be 
formed was evaluated by the continuous-variation 

and molar-ratio methods. We now describe an in- 
vestigation of this effect, and its use for the deter- 
mination of sulphate. Although the methods based 
on substitution reactions’” are more sensitive, they 
are also less selective. Interference by phosphate and 
fluoride is eliminated by addition of tartrate and 
aluminium respectively. Sulphate can be determined 
in the presence of lOO-fold amounts of these ions. The 
method has been applied to water analysis. 

EXPERIMENTAL 

Reagents 
All experiments were performed with reagent-grade 

chemicals and pure solvents. 
3iacetylmonox~ n~cot~yl~ydra~one 

5.5 x 10e4M solution in ethanoi. 
(LMhW)9, 

Zirconium solution, O.OlM. Prepared by dissolving 3.22 g 
of ZrOCl, ’ 8H,O in 1 litre of 3.W hydrochloric acid. This 
solution should not polymerize on storage.‘O Lower concen- 
trations were obtained by dilution with 3M hydrochloric 
acid. 

Standard suiphate solution, - 0.0 1 M. Anhydrous sodium 
sulphate (1.40 g) was dissolved in 1 like of distilled water 
and the solution was standardized gra~rnet~~1ly by precip- 
itation with barium chloride. 

Apparatus 
A Perkin-Elmer fluorescence spectrophotometer, model 

MPF-43A, fitted with l-cm quartz cells and a xenon arc 
source was used. Because of day-to-day variations in lamp 
in~ns~ty, it is necessary to run two or three standards with 
each batch of unknowns, as in all single-beam fluorimetric 
procedures, to establish the position and slope of the 
calibration curve. The slit-widths were adjusted to give a 
6-nm band-width, both in the excitation and the emission 
monochromators. 

Procedure 
To a sample solution containing 12.5-150 Pg of sulphate, 

in a 25-ml standard flask, add 0.25 ml of 2 x 10a4&f 
zirconium, 6 ml of 5.5 x IO-“M BMNH and enough 1M 
hydrochloric acid to make the pH of the final solution 
between 1.75 and 2. Mix, dilute to volume, and measure the 
fluorescence intensity (& 415 nm, ;1,, 505 nm) at 20 * 0.1”. 
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Fig. 1. Uncorrected excitation (A) and emission (B) spectra, 
showing the effect of the sulphate ion on the 1:2 
Zr(IVtBMNH and Hf(IVkBMNH complexes. Broken 
lines: Hf(IV), complexes, bold lines: Zr(IV) complexes. 
Sulphate concentration: curves 1: 0, curves 2: 10 pg/ml, 
curves 3: 100 pg/ml. [Zr(IV)] = [Hf(IV)] = 50 ng/ml, 

[BMNH] = 10-4M. 

Apply a correction for a reagent blank. Prepare a cali- 
bration graph in the same way. 

RESULTS AND DISCUSSION 

Spectral characteristics 

BMNH reacts with zirconium(IV) and haf- 
nium(IV) in mineral acid medium to produce 
fluorescent 2: 1 BMNH-metal complexes. Sulphate 
enhances the fluorescence of these complexes but 
causes no changes in the wavelengths of the ex- 
citation or emission maxima and 2:1:1 
BMNH-metal-sulphate ternary complexes have been 

b 

100 

formulated? A comparative study has been made to 
decide which system is the more sensitive for sulphate 
determination. Figure 1 shows the uncorrected ex- 
citation and emission spectra of solutions containing 
BMNH, zirconium or hafnium, and sulphate at three 
levels (0, 10 and 100 pg/ml). The zirconium system 
gives a much greater sensitivity of response for 
sulphate levels < 10 pg/ml, and is therefore preferred. 
Maximum fluorescence intensity is reached in 10 min 
and remains constant for at least 3 hr. 

Influence of variables 

The effect of acidity was studied with use of sodium 
hydroxide and hydrochloric acid for adjustment. The 
fluorescence intensity was maximal and independent 
of pH in the range 1.7-2 (Fig. 2a). The effect of the 
type of buffer was examined. Phthalate and mono- 
chloroacetate buffers gave a fluorescence intensity for 
the ternary complex that was about half that ob- 
tained with hydrochloric acid (although there was no 
effect on the fluorescence intensity of the binary 
complex). Therefore, hydrochloric acid medium is 
preferred. 

Increasing the zirconium concentration raised the 
fluorescence intensity of the ternary complex (Fig. 
2b), the effect being maximal over the range 0.17-0.22 
pg/ml. A level of 0.2 pg/ml was chosen. 

As BMNH is insoluble in water, various solvents 
were tested. Ethanolic media gave the highest 
fluorescence intensity, which was independent of the 
ethanol content over a wide range. The fluorescence 
intensity was found to increase linearly with BMNH 
concentration in the range l-5 x 10m5M and then 
remain constant from 5 x lO-‘M up to at least 
2.2 x 10e4M (Fig. 2~). 

Variation in the ionic strength or in the order of 
mixing of the solutions had no influence on the 
fluorescence. 

A temperature coefficient of about - 1%/C was 
found over the range of 15-35”, so the temperature 
should be controlled to within l-2”. Under the 
recommended conditions, the system is stable for at 
least 2 hr. 

60 

I I I I I I I I I 

02 06 1.0 4 10 16 22 

PH [Zr(lY)l pg /ml C BMNHI x IO5 

Fig. 2. Influence of (a) the acidity and the concentrations of (6) Zr(IV) and (c) BMNH on the effect caused 
by the sulphate ion on the Zr-BMNH complex. 
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Table 1. Effect of various ions on the determination of 3 &ml of sulohate 

Ion added, 
(mole ratio of 
ion/sulphate) 

Cl- 
NO; 
BrO; 
co:- 
ClO; 
S,O:- 
Acetate 
Tartrate 
Br- 

I- 

F- 

B,O;- 

SCN- 

NO; 

so:- 

c,o:- 
PO:- 
s2- 

AsO; 

AsO:- 

(1W 0 

(1W 0 
(1W 0 
(1W 0 

uw 0 
(100) 0 
(1W 0 

(1W 0 

(1f-w -12 
(75) 0 

(100) -25 
(75) 0 
(75)* 0 
(50) 0 

(100) -42 
(25) 0 

(100) -16 
(75) 0 

(100) -8 
(75) 0 
(10) +40 

(1) +4 
(1) +100 

uwt 0 
uw -48 
(10) 0 

(100) -27 
(25) 0 

(100) -100 
(10) -22 
(1) 0 

Interference, 
Ion added, 

(mole ratio of Interference, 
% ion/sulphate) % 

MOO;- 

wo:- 

vo; 

Cd2+ 
Ni2+ 
Ca2+ 
M$+ 
Zn2+ 
co2+ 
SlJ+ 
Be2+ 
A13+ 
Gal+ 
cu*+ 

MnZ+ 

Pb*+ 

Fe2+ 

Fe’+ 

(10) 
(5) 
(1) 

(;:; 
(10) 
(1) 

(100) 
(1W 
(1W 
UW 
(lo@ 
UW 
(1W 
(1W 

It:; 
(1W 
(75) 

(1W 
(50) 

(1W 
(75) 
(20) 
(5) 
(1) 

-45 
-15 

0 
-100 

0 
-37 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-5 
0 

-22 
0 

-4 
0 

-100 
0 

-28 

*Plus aluminium nitrate (Al’+/F- molar ratio = 1). 
iPlus tartrate (tartrate/PO:- molar ratio = 2). 

Characteristics of the method 

The calibration graph was linear over the sulphate 
concentration range 0.5-6 pg/ml. The relative stan- 
dard deviation for 3 pg/ml (P = 0.05, n = 11) was 
+ 2%. 

Interferences 

The influence of various ions likely to interfere by 
forming complexes or precipitates with zirconium, 
BMNH or sulphate was examined. The results are 
summarized in Table 1. The most serious cationic 
interference found was that of iron(III), caused by 
strong absorption of both the excitation and the 
emission radiation by the Fe(III)-BMNH complex. 
Reduction to iron(I1) permitted the direct deter- 
mination of sulphate in the presence of a 5-fold molar 
ratio of iron. Oxalate interferes at the same level as 
sulphate, probably owing to the formation of a 
fluorescent ternary complex with zirconium and 
BMNH. The positive interference caused by sulphite 
can be attributed to its oxidation to sulphate in dilute 
solutions. It is not regarded as a reaction of the 
sulphite ion itself, since addition of sulphite to a 
deoxygenated sulphate-free medium did not cause 
any effect. 

It is important to emphasize the effect of fluoride 
and phosphate, since they are serious interferences in 
all fluorimetric methods proposed for the deter- 
mination of sulphate. Fluoride does not interfere at 
50-fold molar ratio to suiphate. Higher ratios yield 
low recoveries but Al(II1) can be used as a masking 
agent. Phosphate causes very serious negative error 

0 

-100 

g -200 

w 

\” 0 -300 

-400 

r’, I I I I 1 I I 
0.2 0.6 1.0 1.4 1.8 2.2 2.6 30 

Tortrate/PO:- malar ratio 

Fig. 3. Effect of the tartrate ion on the phosphate inter- 
ference in the determination of sulphate. All the samples 
have lo-‘M phosphate, and the PO:-/SO:- molar ratios 

are: curve 1:20, curve 2:33, curve 3: 100. 
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Table 2. Recovery of sulphate added to water samples 

Sulohate 

Sample 
Sample volume, Added, Found,* Expected, Recovery, 

ml pg pg fig % 

River water 

Mineral water 

Tap water 

Stream water 

Well water 

Pond water 

Reservoir water 

0.5 32 
25 62 
50 80 
75 106 

100 137 
2.0 - 25 

25 48 
50 71 
75 105 

100 111 
1.0 27 

25 54 
50 81 
75 98 

100 135 
0.5 33 

25 54 
50 86 
75 108 

100 131 
0.3 - 32 

25 53 
50 84 
15 109 

100 128 
0.3 30 

25 57 
50 74 
75 104 

100 127 
0.2 22 

25 43 
50 70 
75 101 

100 123 

- 
57 
82 

107 
132 
- 
50 
15 

100 
125 

52 
71 

102 
127 

58 
83 

108 
133 

51 
82 

107 
132 

109+2 
98 & 4 
99 * 3 

104+4 
- 

96 + 3 
95 & 1 

105 + 5 
89 k 3 

- 
104+4 
105k6 
96+ 1 

10652 
- 

93 + 5 
104*4 
lOOk 
98 + 3 

- 
93 f 3 

102+5 
102+3 
91+4 

55 104k6 
80 93 * 3 

105 99 f 4 
130 98+4 

47 91+4 
72 97*2 
97 104k6 

122 101 + 3 

*Mean of six determinations. 

by reducing the zirconium concentration. Common 
methods for the elimination of this error are precip- 
itation of this ion with magnesium or lanthanum, its 
retention on a weak-base anion-exchange resin etc., 

but these procedures are time-consuming. In our 
method, tartrate is used to eliminate the phosphate 
interference. The use of tartrate as masking agent for 
phosphate is mentioned in Table 3.3 of Perrin’s 
monograph. ‘I Initially a zirconium-phosphate com- 
plex is formed, but the tartrate ions destroy this 
complex. The fluorescence intensity is measured when 
it has reached a maximum. Figure 3 shows the error 
obtained for different PO:-/SO:- molar ratios, as the 
tartrate/PO:- molar ratio changes. From this graph 
it can be inferred that: (a) the interference increases 
with PO:-/SO:- molar ratio for a fixed tartrate/POj- 
molar ratio; (b) as the tartrate/PO:- ratio increases, 
the error is reduced, reaching zero when this ratio is 
about 2. In this way, sulphate can be determined in 
the presence of a loo-fold molar ratio of phosphate. 

Applications 

To test the applicability of the procedure to the 
determination of sulphate in water samples, various 
amounts of sulphate were added to each sample. The 

results obtained are shown in Table 2. The recoveries 
were calculated by comparing the results obtained 
before and after the addition of standard sulphate 
solutions. The data obtained show the precision of 
the method over a wide range. 
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9. 

10. 
11. 
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Summary-Trace amounts of bismuth have been determined by atomic-absorption spectrophotometry 
after adsorption of the 2-mercaptobenzothiazole complex on naphthalene. The method has been applied 
to the determination of bismuth in aluminium alloys. 

2-Mercaptobenzothiazole forms water-insoluble 
complexes with various metals. The bismuth complex 
is not extractable into the usual organic solvents such 
as chloroform, benzene, nitrobenzene and methyl 
isobutyl ketone. Several metals have been separated 
by adsorption of their complexes on microcrystalline 
naphthalene,‘-5 and this technique can be applied to 
the 2-mercaptobenzothiazole of bismuth. 

EXPERIMENTAL 

Reagents 

Standard bismuth solution, 20 ppm. 
2-Mercaptobenzothiazole solution in ethanol, 2%. 
Acetic acid/ammonium acetate buffer, lM, pH 4.5. 
Naphthalene solution in acetone, 20%. 

Procedure 

Pipette a volume of sample containing 2G200 pg of 
bismuth into an 80-ml stoppered Erlenmeyer flask and 
dilute with water to about 35 ml. Add 4.0 ml of 2% 
2-mercaptobenzothiazole solution and 2.0 ml of buffer. Mix 
and let stand for a few minutes. Add 2.0 ml of 20”/, 
naphthalene solution and shake the mixture vigorously fi; 
30 sec. Filter through a Dauer (e.a.. No. 5C. TOYO Roshi 
Co., Japan) placed iat on aperfor&d Teflon disc (3 cm in 
diameter) in an ordinary filter funnel, or a sintered glass 
filter (porosity 2). Wash with water, then add dimethyl- 
formamide to the filter to dissolve the naphthalene and 
bismuth complex, and collect the solution in a lo-ml 
standard flask. Aspirate the solution into an air-acetylene 
flame and measure the absorbance at 223.1 nm, using a 
bismuth hollow-cathode lamp as light-source. 

RESULTS AND DISCUSSION 

The optimum pH range for the adsorption step is 
2.2-6.4 (Fig. 1). Adsorption of the bismuth complex 

is quantitative when l&6.0 ml of 2-mercapto- 
benzothiazole solution and l-5 ml of buffer are used. 
Formation of the complex is complete in a few 
minutes. For complete adsorption of the complex 
0.5-4.0 ml of the naphthalene solution is enough. The 
adsorption is very fast. Varying the aqueous phase 
volume from 30 to 100 ml has no effect on the 
bismuth absorbance measured but the absorbance 
decreases with larger volumes of aqueous phase. 
Beer’s law is obeyed for bismuth concentrations up to 
20 pgg/ml in the final dimethylformamide solution. 
For ten replicate determinations of 100 pg of bis- 
muth, the relative standard deviation found was 
1.1%. The concentration giving 1% absorption was 
0.34 pg/ml. The mixture of complex and naphthalene 
is soluble in dioxan, dimethylformamide, propylene 
carbonate and dimethyl sulphoxide, but dimethyl- 

Fig. 1. Effect of pH, Bi, 100 pg; 2% 2-mercaptobenzo- 
thiazole solution, 2.0 ml; 20% naphthalene solution, 2.0 ml; 
shaking time, 30 set; wavelength, 223 nm; reference, reagent 

blank. 
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Table 1. Effect of diverse ions 

Salt 
Tolerance 

limit Ion 
Tolerance 

limit 

KI 
NaCIO, 
KNO, 
CH,COONa.3H,O 
NaCl 
NH&I 
Sodium tartrate 
Na, SO, 
KSCN 
NaF 
Sodium citrate 
Na&Q 
KH,PO, 
KCN 
Disodium EDTA 
Na, CO, 
Thiourea 
Na, SO, 

70 mg 
lg 
2 g* 
lg 
9 mg 

80 mg 
10 mg 
80 mg 

lg 
50 mg 

1 mg 
2 mg 
8 mg 
1 mg 
8 Pg 
0.1 g 

lg 
500 mg 

Wf 
MW$) 

;fi’+’ 
Pb2+ 

Cr(V1) 
Hg2+ 
V(V) 

Pt(IV) 
Ni*+ 
Cd2+ 
Al’+ 
cu2+ 
Zn2+ 
Fe’+ 
car+ 

Ti(IV) 
Sn2+ 
Sb’+ 

2 w 
10 mg 
2 mg 

50 Icg 
2 mg* 
2 mg* 
1.5 mg 
2 mg 

500 pg 
2 mg 

500 pg 
300 pg 
150 mg 

1.8 mg 
1 w 
1.5 mg 

200 pg 
300 pg 
200 pg 
200 pg 

*Maximum value tested. 

Table 2. Analysis of alloys for bismuth 

Sample 
Composition 

% 

Bismuth Bismuth*, % 
certified 
value, “/, Present method Direct AAS 

Si:0.4l,Fe:0.54,Cu:0.27 

” 
0.03 0.026 + 0.001 N.K.K. 

No. 916 
alummium alloy 

N.K.K. 
No. 1021 
aluminium alloy 

Sumitomo Co. 
M-2-l 
aluminium alloy 

Sumitomo Co. 
201 l-4 
aluminium alloy 
Aluminium alloy 

Mn:O.l1,Mg:0.10,Cr:0.05 
Ni:0.06,Zn:0.30,Ti:O.l0 
Sn: 0.05,Pb:0.04,V:0.02 
Zr:O.O5,Ga:0.03,Co:O.03 
Sb:0.01,B:0.0006,Ca:0.03 
Si: 5.56,Fe:0.99,Cu:2.72 
Mn : 0.20,Mg: 0.29,Cr: 0.03 
Ni:O. 14,Zn: 1.76,Ti:0.04 
Sn:0.10,Pb:0.18,V:0.007 
Zr:0.01,Sb:0.01,Ca:0.004 
Si:0.29,Fe:0.071,Cu:O.O042 
Ti:0.14,Mn:0.025,Mg:4.90 
Cr:0.23,Zn:0.040,Be:0.0013 
B:0.0002 
Si:0.030,Fe:0.063$~:6.58 
Ti: 0.050,Mn : 0.003,Ni: 0.048 
Pb:0.30,Zn: 0.003 

0.01 0.009 + 0.001 

0.022 0.022 f 0.001 

0.32 0.30 * 0.01 

0.55 f 0.03 0.56 

*Mean of five determinations. Adsorption at pH 3.5. 500 mg of thiourea added. 

formamide is the most suitable for the atomic- agreement with the certified values of those obtained 

absorption measurements. by direct AAS determination. 
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DETERMINATION OF CERTAIN ANTIPYRETIC 

AND ANTIRHEUMATIC DRUGS 

A. S. ISSA, Y. A. BELTAGY, M. GABR KA~SEM and H. G. DAABEES 
Pharmaceutical Chemistry Department, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt 

(Received 10 February 1984. Revised 10 July 1984. Accepted 5 November 1984) 

Summary-Heating paracetamol in strongly alkaline medium with Cnitrosoantipyrine gives a red colour 
with maximum absorption at 515 nm. Mefenamic and flufenamic acids can be determined calorimetrically 
after extraction as ion-pairs with Methylene Blue. 

Paracetamol can be determined spectrophoto- 
metrically by reaction with sodium nitrite’.* or sodium 
cobaltinitrite,3 or can be hydrolysed top-aminophenol 
which is then either condensed with aldehydes” or 
diazotized and coupled with phenols.‘O,” Titration 
with sodium nitrite’2-‘4 or ceric sulphate’>” has also 
been reported. Fluorimetric and HPLC techniques 
are also used.‘“** 4-Nitrosoantipyrine gives coloured 
products with a-naphthylamine, naphthalene-1,5- 
di-isocyanate and 8-amino-1-naphtholdisulphonic 
acid.*’ Mefenamic and flufenamic acids are deter- 
mined alkalimetrically,24~25 fluorimetrically26 or by 
atomic-absorption,*’ and also with Fast Red Salt B.2* 
Methylene Blue was first used by Jones29 for deter- 
mination of surfactants and has been used for the 
determination of probencid, saccharin, penicillins, 
some organic acids and sodium lauryl sulphate.*33 

Here we describe the use of Cnitrosoantipyrine and 
Methylene Blue for the determination of some anti- 
pyretic and antirheumatic drugs. 

EXPERIMENTAL 

Reagents 

4-Nitrosoantipyrine reagent. 23 Dissolve 1 g of antipyrine 
in 20 ml of acetic acid (1 + I), add 0.6 g of sodium nitrite 
and let stand for 10 min. Then add 0.75 g of sulphamic acid 
and dilute to 150 ml with acetic acid (1 + 1). 

Sodium hydroxide solution, 40%. 
Methylene Blue solution, 0.5%. 
Buffer, pH 6.8.” Mix 50.8 ml of 0.0667M potassium 

dihydrogen phosphate with 49.2 ml of 0.0667M disodium 
hydrogen phosphate. 

Procedure for paracetamol 

Dissolve 10-50 mg of paracetamol (accurately weighed) in 
25 ml of O.lM sodium hydroxide and dilute accurately to 
1000 ml with water. Transfer 5 ml of this solution to a 25-ml 
standard flask, add 3 ml of 40% sodium hydroxide solution 
and 0.3 ml of 4nitrosoantipyrine reagent, heat in a boiling 
water-bath for 15 min, cool, dilute to volume with ethanol, 
then allow to stand for 100 min. Measure the absorbance at 
515 nm against a reagent blank treated in the same way. 

Procedure for tablets. Weigh and powder 20 tablets. 
Weigh out a quantity of powder equivalent to 30-40 mg of 
the drug, into a 100-ml standard flask, and shake it for 15 
min with 25 ml of O.lM sodium hydroxide, then dilute to 
volume with water and filter. Dilute 10 ml of the filtrate to 

100 ml with water, then analyse 5 ml of this solution as 
described above. 

Procedure for liquid preparations. Dilute a known volume 
of syrup or drops with water to a volume large enough to 
give a final paracetamol concentration of 0.03&0.04 mg/ml. 
Transfer 5 ml of this solution to a 25-ml standard flask and 
analyse as above. 

Procedure for mefenamic and flufenamic acids 

Dissolve 1-3 mg of the drug in 5 ml of chloroform, and 
dilute accurately to 100 ml with methylene chloride. Trans- 
fer a known volume containing 0.05-o. 15 mg of the drug to 
a lOO-ml separatory funnel, add 20 ml of buffer (pH 6.8) and 
1 ml of Methylene Blue solution, and extract with three 
lo-ml portions of methylene chloride, shaking for 5 min 
each time. Dry the combined extracts with anhydrous 
sodium sulphate and transfer to a 50-ml standard flask. 
Wash the sodium sulphate with 10 ml of methylene chloride, 
transferring the washings to the flask, and dilute to 
volume with the same solvent. Measure the absorbance at 
658 nm against a blank prepared by the procedure. 

Procedure for capsules. Empty 20 capsules, mix the con- 
tents and weigh. Transfer a weighed quantity equivalent to 
about 20 mg of mefenamic or flufenamic acid to a 50-ml 
standard flask, add 30 ml of chloroform, shake the flask for 
15 min, then dilute to volume with chloroform. Transfer 5 
ml of the clear solution to a lOO-ml standard flask and dilute 
to volume with methylene chloride. Transfer 5 ml of the 
solution to a IOO-ml separatory funnel and analyse as 
described above. 

RESULTS AND DISCUSSION 

The Cnitrosoantipyrine procedure involves the use 
of a high alkali concentration to hydrolyse the drug 
to p-aminophenol, which is then condensed with 
4-nitrosoantipyrine to give a red colour. Heating the 
reaction mixture and the addition of an alcohol are 
essential for colour formation. Methanol gives an 
unstable colour and isopropyl or n-butyl alcohol 
gives only a faint colour and is immiscible with the 
alkaline solution. Ethanol gives a stable colour and 
is completely miscible. Absolute ethanol gives the 
best colour development and stability. The common 
tablet fillers such as lactose, talc, starch and mag- 
nesium stearate do not interfere, nor do the other 
drugs present in paracetamol compound tablets (sal- 
icylamide, caffeine, aspirin, codeine phosphate and 
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Table 1. Results of determmation of paracetamol by the cl-nitrosoantipyrine and 
B.P. 1980 methods 

Drug form 

Paracetamol 
Paracetamol tab.M 

(500 mg/tab.) 
Asco tabletC 

(200 mg/tab.) 
Vegaskin tab.* 

(200 mg/tab.) 
Pyral dropsK 

(10 g/100 ml) 
Paracetamol syrupM 

(120 mg/S ml) 
Pyral syrupK 

(120 mg/S ml) 

4-Nitrosoanti-pyrine B.P. 1980 

Mean Sample wt., Mean* 
recovery, o/o mg recovery, y0 

100.1 f 0.9 300 100.0 f 0.4 

95.9 * 0.3 150 96.7 f 0.2 

98.7 * 0.9 - 

100.6 k 0.8 

95.8 + 0.6 - 

100.9 * 0.7 - 

100.5 + 1.0 

*Mean and standard deviation (6 results) calculated with respect to nominal 
content in sample. 

M = Misr company; C = Cid company; A = Alexandria company; K = Kahira 
company. 

Asco contams 200 mg of paracetamol, 250 mg of sahcylamide, 60 mg of caffeine, 
7 mg of codeine phosphate and 15 mg of phenyltoloxamine dihydrogen citrate 
per tablet. 

Vegaskm contains 200 mg of paracetamol, 300 mg of aspirin and 10 mg of 
codeine phosphate per tablet. 

phenyltoloxamine dihydrogen citrate). Beer’s law is 
valid over the concentration range 0.2-1.0 mg/lOO 
ml. Results are shown in Table 1. The applicability of 
the method to some commercial preparations was 
compared with the B.P. 1980 method (Table 1). 
Efficient extraction of Methylene Blue ion-pairs into 
methylene chloride was achieved with Ssrensen’s 
pH-6.8 phosphate buffer. The use of methylene chlo- 
ride gives higher sensitivity and better stability than 
use of chloroform does. The reacting ratio was found 
to be 1:l by the mole-ratio method, indicating that 
the carboxylic group of the drug and not the imino 
group is involved in the reaction. Beer’s law is valid 
over a concentration range of 0.12-0.28/100 ml; 
results are shown in Table 2. The method is applica- 
ble to some preparations (Table 2). 
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Summary-A conductance electrode consisting of carbon “pultrusion” rod embedded in PTFE has been 
shown to have similar characteristics to those of the traditional platinum-on-glass type. The new electrode 
has the advantages of being both robust and inexpensive and could prove particularly useful in Karl 
Fischer analyses of biological material where maceration of the sample is required. 

In our recent conductometric studies’ into the effect 
of ultrasonic irradiation on chemical reactivity, the 
traditional platinum-on-glass electrodes were found 
to suffer occasional irreversible mechanical break- 
down (i.e., foil chipping) owing to the hostile ultra- 
sound environment. This difficulty was overcome by 
using an electrode system in which disks of carbon 

l-D-4 

+a---* 

I 
Fig. 1. Electrode assembly. I, longitudinal section; II, lower 
end view. (1) Electrical connections, (2) carbon “pultrusion” 
rod (3 mm section), (3) standard taper (1 in lo), (4) Teflon 
body. Dimensions (mm): A, 12; B, 1.5; C, 3; D, 14; E, 20; 

F, 75 (not critical). 

fibre composite (5 mm diameter “pultrusion” rod2) 
were embedded in Perspex.3 The design proved a 
suitable replacement for the traditional electrode in a 
number of routine conductance measurements4 with 
the exception of water determination by the Karl 
Fischer method. In this instance, although the elec- 
trode responded adequately, its repeated use led to 
physical breakdown due to attack by the Karl Fischer 
reagent on the adhesive used in fabrication. 

We report here a new and simpler design (Fig. 1) 
which has proved to have both improved solvent 
resistance and better performance than the previous 
model.5 In addition it has been found that neither 
the response nor the reproducibility of the system 
was affected by the application of ultrasound either 
during, or prior to, the Karl Fischer determination. 
This suggests a potential application to Karl Fischer 
analyses of biological material where the hostile 
environment of high-speed maceration or ultrasonic 
disruption may’cause damage to traditional electrode 
systems. 

The general performance of the electrode in a 
number of conductometric experiments has also been 
assessed and compared with that of platinum. Since 
the techniques used are all well known, experimental 
details have been kept to a minimum. 

EXPERIMENTAL 

Reagents 

The following reagents were used as received: sodium 
lauryl sulphate and magnesium sulphate from BDH, barium 
chloride (analytical grade) from Fisons. Solutions of these 
salts (approximately 0. lM, O.OlM and 0.02M respectively) 
were prepared with demineralized water. 

Stock solutions (OSM) of all acids and bases were 
prepared by dilution of the appropriate concentrated solu- 
tions (BDH amnoules). Further dilution provided anproxi- 
mately O.lM solutions for analysis. _ 

__ 

Karl Fischer reagent (1 ml = 5 mg of water) and standard 
methanol (1 ml = 5 mg of water) were used as supplied by 
BDH. 

Cells and measuring devices 

The new assembly (Fig. 1) consists of two lengths of 3 mm 
diameter “pultrusion” rod (supplied by Carbon Fibres 
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Division, Courtaulds Ltd), push-fitted through a drilled 
PTFE plug machined from a 14mm diameter rod. 

The dimensions were such as to give a cell constant of 
approximately 2.5. A conventional (dip-type) platinum-on- 
glass conductance cell, of cell constant 1.0, was used for 
comparison. 

A Portland conductance meter (P335) was used to mon- 
itor the conductance changes in the acid-base and precip- 
itation titrations, and in the determination of critical micelle 
concentration (CMC). A Coming 109 mV/pH-meter was 
employed for the Karl Fischer determination. 

General procedures 

Conductometric titrations. In all cases 20 ml of the reagent 
under investigation, together with 50ml of demineralized 
water to minimize dilution effects, were added to the 
titration vessel. Titrant was delivered in 0.2-ml ahquots 
from a lo-ml microburette. The solutions were stirred 
magnetically. 

CMC. Sodium lauryl sulphate (O.lM) was added in 
0.5ml aliquots from a 25ml burette to continually stirred 
demineralized water (100 ml) at 25 f 0.1”. 

Karl Fischer. The dead-stop method was employed. The 
stability of the assembly was assessed by subjecting the 
system to ultrasonic irradiation (4min) prior to a deter- 
mination, and also by continuous irradiation during the 
course of a determination. A Heat Systems Inc. W-225R 
Sonicator, operating at 60% power and 20 kHz, with a tin. 
probe, was used as the ultrasonic source. 

Speed of response and reproducibility of the electrode 
systems. Two methods were employed for comparing the 
response times of the systems to rapid changes in conduc- 
tance. In the first, the electrodes, after drying, were rapidly 
dipped into an aqueous solution of hydrochloric acid. The 

Table 1. Comparison of platinum (Pt) and carbon rod (C) 
electrodes in conductometric titrations 

End-point, ml Rel. std. devn., % 

System* Pt C Pt C 

HCl/NaOH 4.54 4.48 0.8 0.5 
HOAc/NaOH 3.98 3.96 1.0 1.1 
NH,OH/HCl 3.88 3.88 0.9 1.3 
NH,OH/HCl 3.80 3.80 1.0 1.0 
BaCl,/MgSO, 3.92 3.92 1.0 0.5 

*In all cases the first reagent is the titrand (0. IM), and the 
second is the titrant (0.5M). 

Table 2. Comparison of platinum (Pt) and carbon rod (C) 
electrodes m other determinations 

End-point, ml Rel. std. devn., e< 

Determination Pt C Pt C 

CMC 9.85 9.75 0.5 0.7 
Karl Fischer* 11.5 11.8 1.3 1.1 
Karl Fischert - 11.9 4.6 

*Without ultrasound. 
tWith ultrasound. 

conductance change was monitored on a chart recorder 
(Rikadenki, DBEI) and the response time taken to be the 
difference between the time of electrode insertion and the 
attainment of a constant conductance value. In the second, 
each electrode, after being washed and dried, was inserted 
into 50 ml of demineralized water, then 1 ml of O.lM 
hydrochloric acid was rapidly injected with a syringe and the 
response recorded as previously. 

RESULTS AND DISCUSSION 

Titrations 

The results in Tables 1 and 2 are the means of 6 
determinations and demonstrate that the carbon rod 
assembly is a good inexpensive replacement for the 
traditional platinum model. The reproducibility of 
the results, even in the presence of ultrasonic irra- 
diation, suggests that leakage around the joints (even 
after repeated usage) is not significant under the 
reaction conditions used. 

i’ 

t I I 

4 8 12 

Time (set) 

Fig. 2. Electrode response to change in conductivity: A, 
platinum cell, full-scale deflection = 1000 pmho; B, carbon 

rod cell, full-scale deflection = 300 pmho. 

Table 3. Response and reproducibility of the electrode systems (8 replicates) 

Constant 
Response Rel. std. devn., conductance Rel. std. devn., 

Method time, set % value, pmho % 

Pt c Pt C Pt c Pt C 

Electrode 0.5 0.7 31 40 530 200 0.1 0.6 
immersion 

Solution 
addition 

8.0 3.6 7 3 548 210 0.5 1.0 
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Response and reproducibility solution. Both electrode systems gave constant con- 

Table 3 demonstrates that the speeds of response ductance values (f 0.5%) over periods of 2 hr. 

of both systems to changes in conductance are simi- 
lar. The slightly longer response time of the tradi- 
tional model to addition of a conducting solution is 

1, 

due mainly to its design, which is not conducive to 2. 
efficient mixing. Typical response curves are given in 
Fig. 2. 

Surface adsorption 3. 

At the reagent concentrations examined, no evi- 
4. 

dence was seen for the adsorption of species from 5. 

REFERENCES 

T. J. Mason, J. P. Lorimer and B. P. Mistry, Tef- 
rahedron Left. 1983, 24, 4371. 
“Pultrusion” rod consists of Gratil E/A-S fibre (10,000 
filaments) sized with approximately 0.5% w/w of an 
epoxy resin. Process details were presented at the Sym- 
posium “Fabrication Techniques for Advanced Rein- 
forced Plastics”, University of Salford, April 1980. 
Brit. Pat. Appl. 83-30073. 
J. P. Lorimer and T. J. Mason, Educ. VI Chem., 1984, 
21, 46. 
Brit. Pat. Appl. 84-08351. 



Talanfa, Vol. 32, No. 3, pp. 215-217, 1985 0039-9140/85 $3.00 + 0.00 
Pnnted m Great Bream All rights reserved Copyright CI 1985 Pergamon Press Ltd 

INDIRECT DETERMINATION OF TRACE PHENOL 
IN WATER BY ATOMIC-ABSORPTION 

SPECTROPHOTOMETRY 

Xv Bo-XING, Xu TONG-MING, SHEN MING-NENG and FANG Yu-ZHI 
Department of Chemistry, East China Normal University, 3663 Chung Shan Road (N.), Shanghai, 

People’s Republic of China 

(Received 30 March 1984. Revised 1 I August 1984. Accepted 24 October 1984) 

Summary-An indirect method for determination of trace phenol in water by atomic-absorption 
spectrophotometry (AAS) is described. The phenol is brommated in acidic solution with KBrO,-KBr 
solution at room temperature. The excess of bromine is reacted with KI and the I2 produced is extracted 
into cyclohexane and then reduced back to I- with ascorbic acid. The I- is then complexed with Cd2+ 
in sulphuric acid medium and the complex extracted into MIBK. The extract is analysed by flame AAS 
for Cd (and hence indirectly for phenol). The linear concentration range for determination of phenol is 
6 x lo-‘-0.9 x 10m5M in aqueous solution. Several foreign ions and organic substances do not interfere. 

The determination of trace phenol is difficult but 
important in monitoring water quality. The methods 
usually used include bromination,’ colorimetry2 and 
gas chromatography.’ The recommended method is 
calorimetry, but it is time-consuming because of the 
distillation step needed to remove interferences. Bro- 
mination is the traditional titrimetric method, but it 
cannot be used for phenol concentration < 10 mg/l. 
We have made an attempt to determine trace phenol 
in water samples by AAS, as part of a programme of 
indirect determination of organic compounds by 
AAS. 

Indirect determinations of phenol by AAS have 
already been reported. Yamamoto et aL4 determined 
pentachlorophenol by AAS determination of iron 
after extraction of the iron(III)-pentachlorophenol 
ion-pair complex into nitrobenzene. Mitsui and 
Fujimura’ reacted nitrosated phenol with sodium 
cobaltinitrite to form nitrosophenol which further 
reacts with cobalt (III) to form a cobalt-phenol 
complex, which can be extracted into methyl isobutyl 
ketone (MIBK) and determined by AAS. 

The present method is based on the bromination of 
phenol to form tribromophenol. The excess of bro- 
mine is then reacted with iodide, and the iodine 
formed is extracted into cyclohexane and reduced 
back to iodide, which is then reacted with cadmium 
in sulphuric acid solution to form H,CdI,, which in 
turn is extracted into MIBK. This extract is aspirated 
into an air-acetylene flame to be analysed for Cd. 

Bromine can react with several other classes of 
organic compounds, such as unsaturated organic 
acids, aniline, etc. Therefore, it is first necessary to 
remove these interferences by solvent extraction of 
the phenol with 1: 1 v/v chloroform/ether mixture at 
pH 8-9, which can be done with nearly 100% 
efficiency.6 At this pH the organic acids are not 
extracted. The extracted phenol is then stripped with 

O.lM potassium hydroxide, and the aniline remains 
behind in the organic solvent. In this way the phenol 

can not only be preconcentrated but also freed from 
interferences. This paper shows that the method is 
highly sensitive and can be used to analyse for 
relatively low concentrations of trace phenol in water. 

EXPERIMENTAL 

Reagents 

Use demineralized water and analytical grade reagents 
throughout. 

Phenol stock solution (I g/l.). Dissolve 0.1 g of freshly 
distilled phenol in 100 ml of water, and standardize the 
solution by iodometry. Prepare a working solution 
(I x 10m5M), just before use, by diluting 1 ml of the phenol 
stock solution to 100 ml and then diluting 10 ml of this 
solution to 100 ml with water. 

Bromate-bromide solution (5 x 10m4M Br2). Dissolve 
2.78 g of dried potassium bromate and 10 g of potassium 
bromide in 1000 ml of water, then before use, dilute 1 ml 
of this solution to 100 ml with water. 

Potassium iodide solution (1.0 x IO-‘M). Dissolve 1.66 g 
of potassium iodide in 100 ml of water and dilute 1 ml of 
this solution to 100 ml with water. 

Cadmium working solution (1.37 x lo-‘M). Dissolve 38.5 
mg of CdS04.4H,0 in 100 ml of water. 

Ascorbic acid solution, 0.01 M. 
Mixed solvent. Mix equal volumes of chloroform and 

diethyl ether. 

Procedure 

In a 60-ml separatory funnel place 10 ml (or more) of the 
water sample (depending on the phenol concentration), 
adjust the pH to 8-9 with O.lM potassium hydroxide, and 
add 2 ml of mixed solvent (the amount of solvent should be 
increased in proportion to the volume of the sample. Shake 
the funnel for 2 min. Transfer the organic phase to a 25ml 
separatory funnel, add 2 ml of O.lM potassium hydroxrde, 
shake the funnel for 1 min, separate the organic phase and 
add the following solutions to the aqueous phase in the 
order given: 0.3 ml of bromate-bromide solution, 0.5 ml of 
cyclohexane and 2 ml of 2M hydrochloric acid, mix well and 
leave to stand for 20 min, then add 0.5 ml of lO-)M 

21s 
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Table 1. Effect of foreign ions on determination of 1.13 pg of phenol in 10 ml 
of water 

Foreign ion Added, pg Phenol found, pg Error,% 

Fe’+ 200 1.15 +2 
Cr’+ 220’ 0.99 -12 
Zn2+ 100 1.11 -2 
Al’+ 50* 1.21 +7 

$I 
loot 1.23 f9 
loot 1.10 -3 

Mg2+ 1OOt 1.13 0 
s2- 500 1.11 -2 
co:- 200 1.11 -2 
Acetate 500 1.18 +4 
EDTA 1000 1.09 -4 
Oxalate 200 1.25 +11 
Citrate 200 1.05 -1 
Urea 200 1.22 +8 
Nitrobenzene 200 1.23 +9 
Aniline 50 1.17 +4 
Methylbenzene 200 1.12 -1 
Aminophenylsulphonic acid 300 1.13 0 

*After addition of 200 pg of EDTA. 
tAfter addition of 1000 pg of EDTA. 

postassium iodide and shake the funnel for 1 min. Separate 
the aqueous phase and add to the cyclohexane layer 0.1 ml 
of O.OlM ascorbic acid and 0.2 ml of 1.37 x lo-‘M cad- 
mium solution, shake, then add 1 ml of 10M sulphuric acid 
and 1 ml of MIBK. Shake the funnel for 1 min, then run 
off the aqueous phase. Aspirate the mixed cyclo- 
hexane/MIBK phase directly into the air-acetylene flame 
for determination of cadmium under the following condi- 
tions: 

Wavelength 
Cd lamp current 
Band-width 
Air flow 
Acetylene flow 

228.8 nm 
10 mA 
1.3 nm 
9.4 l./min 
2.3 l./min 

RESULTS AND DISCUSSION 

Bromination 

The initial reaction between bromine and phenol is 
rapid in acid solution, but the trisubstitution is slower 
and so a waiting period is needed to avoid negative 
errors; on the other hand, if this period is too long, 
side-reactions can take place and cause positive 
errors. From the data presented in Fig. 1 it can be 
seen that l&20 min is a suitable period. 

The hydrochloric acid concentration is fairly 
critical-it affects both the generation of bromine and 
the rate of bromination of phenol. The results shown 

in Fig. 2 indicate that the optimum acid concen- 
tration is 1M. 

Extraction 

Cadmium reacts with iodide in acid solution to 
form the iodide complex, which can be extracted into 
certain organic solvents, such as the 
MIBK/cyclohexane mixture used here, with high 
efficiency. The data plotted in Fig. 3 suggest that the 
1:4 complex is extracted, presumably as H,CdI,; Fig. 
4 shows that the sulphuric acid concentration must be 
at least 7M for extraction to be complete. 

Interferences 

The effect of various ionic species on the complete 
procedure was investigated. The results are sum- 
marized in Table 1. Some metal ions can cause 
problems by hydrolysing and precipitating when the 
pH is raised to 8-9 for the clean-up extraction of the 
phenol, and some phenol may then be lost by ad- 
sorption on the surface of the precipitate. The effect 
may be minimized by adding EDTA to keep the 
metal ions in solution. 

Calibration and performance 

The calibration graph is linear up to 2.3 pg of 
phenol in the original sample, and with a lOO-ml 

Table 2. Determination and recovery of phenol (5 determinations) 

Sample volume, Phenol added, Phenol found, R.S.D., Recovery, 
Sample ml K? M % % 

Huang Pu 10 1.09 8 
river water 10 0.23 1.32 100 

Industrial area 5 1.47 6 
waste water 5 0.57 2.11 112 

Laboratory 2 0.32 5 
waste water 2 0.51 0.88 98 
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Table 3. Bromination efficiency 

Efficiency of 
bromination,’ 

Compound % 

Distilled water 0 
Phenol 100 
o-Chlorophenol 46 
p-Chlorophenol 35 
2,CDinitrophenol 2 
2,4,6-Trichlorophenol 6 
Pentachlorophenol -1 
o-Methvlohenol 87 
m-Methyiphenol 108 

*Referred to phenol as 100%. 

sample, the limit of detection is 1.2 pg/l. For 7 
determinations of 1.13 pg of phenol the relative 
standard deviation was 3.3% and the recovery 
98-l 12%. The result for the determination of phenol 
in three water samples are shown in Table 2. They 
indicate that method is sensitive and useful for low 
levels of phenol, though of course other phenolic 

compounds would interfere and to different extents, 
depending on the nature of their bromination reac- 
tions. Some apparent efficiencies of bromination of 
various phenols (at the 10-‘&f level) under the condi- 
tions given in the procedure are listed in Table 3, and 
indicate which substituted phenols would interfere. 

Acknowledgement-We are very grateful to Professor Hsu 
Chung-Gin for his enthusiastic help in finishing this work. 

REFERENCES 

I. A. I. Vogel, Elementary Practical Organic Chemistry, 

2. 

3. 
4. 

5. 

Part 3, pl686. Longmans, London, 1958. 
Standard Metho& for the Examination o] Water and 
Waste Water, 13th Ed., p. 507. American Public Health 
Association, New York, 1971. 
Ibid., p. 510. 
Y. Yamamoto, T. Kumamaru and Y. Hayashi, Talanta, 
1967, 14, 611. 
T. Mitsui and Y. Fujimura, Bunseki Kagaku, 1974, 23, 
1303. 

6. Shi Ming-Shui, Fenxi Huaxue, 1980, 8, 511. 



Talanra. Vol. 32, No. 3, pp. 218-220. 1985 
Printed m Great Bntam. All rights reserved 

0039-9140/85 $3.00 + 0 00 
Copyright ‘r‘m 1985 Pergamon Press Ltd 

CATALYTIC TITRATION OF IODIDE, BROMIDE 
AND THIOCYANATE BY USE OF THE 

SILVER CATALYSED PHLOXIN-PERSULPHATE 

REACTION 

C. SANCHEZ-PEDRE~~O,* M. HERNANDEZ CORDOBA and P. VISTAS 

Department of Analytical Chemistry. University of Murcia. Murcia, Spain 

(Received 12 March 1984. Rewed 19 September 1984. Accepted 5 October 1984) 

Summary-A method for the catalytic titrimetric determinatton of iodide, bromtde and thtocyanate IS 
described, based on the inhibitory effect of these anions on the silver-catalysed oxidatron of phloxin by 
persulphate in the presence of 2,2’-bipyridyl. The end-point is determined photometrtcally by measuring 
the absorbance at 537 nm. Amounts of iodide. bromide and throcyanate m the 0.01-7.94. 0.114.73 and 
0.12-3.59 mg ranges, respecttvely, are titrated with a relative error of about 19;. 

The oxidation of phloxin by persulphate, catalysed 
by silver in the presence of 2,2’-bipyridyl as an 
activator, has recently been described.’ Iodide, bro- 
mide and thiocyanate have an inhibitory effect on the 
catalytic reaction and the phloxin-persulphate system 
can be used for indication of the end-point in their 
titration with silver nitrate. When the inhibitor has 
been titrated, the first excess of the tltrant will 
immediately accelerate the indicator reaction, and 
this effect can be used to locate the end-point. 

Catalytic reactions were first applied for end-point 
determination in titrimetric analysis by Weisz et a1.2-5 

and later studied in depth by Mottola.’ Titrimetric 
procedures with visual,’ spectrophotometric,‘,3,‘m’5 
potentiometric,4+’ biamperometric7~‘0~‘h and 
thermometric5~7~9~‘7?’ catalytic indication of the end- 
point have been used for the determination of several 
inorganic and organic compounds. 

Although some titrations of iodide with silver, 
based on use of different catalytic indicator systems, 
have been descrtbed,‘.2’m’5 we have found only two 
references to similar determination of bromide and 
thiocyanate.2,7 

This paper describes a semi-automatic method for 
the determination of iodide, bromide and thio- 
cyanate, based on their inhibitory effect on the silver- 
catalysed phloxin-persulphate reaction. 

EXPERIMENTAL 

Reagents 

All inorganic chemrcals used were of analytIca reagent 
grade and the solutions were prepared with doubly dtstilled 
water. 

Phloxin so&ton. An aqueous 5 x 10-4M solutron was 
prepared from the commercial product (Geigy) wtthout 
further purificatton. 

*Author for correspondence. 

Bromide. iodide and thiocyanate solutions, 0.02M. These 
were prepared from the potassium salts and standardized 
wtth standard silver nitrate solutron. Dilute solutions were 
prepared Just before the measurements. 

Other reagent stock solutions were 1M acetate buffer (pH 
5) and 0.003M 2,2’-bipyrtdyl. A 0.15M potassium per- 
sulphate solution was prepared daily. 

Apparatus 

A Metrohm 616 photometric titrator was coupled to an 
Ommscribe recorder and an ABU 12 Radiometer automatic 
constant-rate burette. 

Procedure 

Fill the automatic burette with standard silver nitrate 
solutton of concentration appropriate to that of the titrand 
in the sample. Set the wavelength of the photometrtc titrator 
at 537 nm, the rate of tttrant addition at about 0.3 ml/mm 
and the chart-speed at 0.5 in./min. To the titration vessel, 
add the reactants in the following order: 1 ml of 5 x 10-4M 
phloxin, 10 ml of 1M acetate buffer (pH 5) 10 ml of 0.003M 
2.2’-bipyridyl. the sample contammg the inhibitor ion, and 
10 ml of 0.15M potassmm persulphate. Dilute to 50 ml with 
doubly distilled water. Stir the solution with the magnetic 
stirrer. Switch on the recorder and the autoburette stmulta- 
neously and record the absorbance-volume curve. 

Obtain the end-point by extrapolation of the linear 
segments of the curve and calculate the titrand concen- 
tration by simple proportton from the results for the sample 
and a standard titrand solutton. 

RESULTS AND DISCUSSION 

The reaction is followed by monitormg the de- 
crease in absorbance at 537 nm. During the precip- 
itation process, the photometric signal decreases 
slowly. When the equivalence point is reached, the 
first excess of silver catalyses the indicator reaction 
and a sharp decrease in absorbance is recorded. There 
is always a blank because a small excess of silver is 
needed to start the indicator reaction. There is also a 
contribution to the absorbance from the scattering of 
incident radiation by the precipitate produced. The 
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ml Ag(I) 
Fig. 1. Catalytic spectrophotometric titration of iodide, 
thiocyanate and bromide with O.OlM silver nitrate. Curve a, 
without inhibitory ion; b, 1.589 mg of I-; c, 0.957 mg of 

SCN-; d, 0.898 mg of Br-. 

blank value and the sharpness of the end-point 
depend on the concentration of the reagents, and the 
concentration of the titrant and its rate of addition. 
When all these variables are kept constant, the blank 
is highly reproducible. 

The effect of varying the reagent concentrations 
was studied, and the optimum values (indicated in the 
procedure) were found to be the same as those’ for 
maximum rate of the catalysed reaction in the ab- 
sence of inhibitor. The catalytic reaction starts before 
the equivalence point, but because of the dynamic 
nature of the titration system, does not become fast 
enough to give a large signal until the equivalence 
point is reached. 

Titration curves obtained for iodide, thiocyanate 
and bromide are shown in Fig. 1. 

The end-point indication is obviously sharper for 
iodide because the solubility of silver iodide is lower 
than that of silver thiocyanate or bromide, and the 
indicator reaction does not begin until nearer the 
end-point. Chloride cannot be titrated by this pro- 

-0.443 ml 

0.0 I 
ml Ag (I) 

Fig. 2. Influence of the rate of addition of titrant for the 
determination of 2.641 mg of iodide with 0.05M silver 
nitrate. Chart-speed 1 in./min. Rate of addition, ml/min; a, 

0.0712; b 0.1425; c, 0.285; d 0.570. 

cedure because the indicator reaction is completed 

before the equivalence point is reached. 
The influence of the rate of titrant addition on the 

determination of iodide is shown in Fig. 2. The 
addition rates ranged from 0.071 to 0.570 ml/min and 
the recorder was run at 1 in./min. To obtain optimal 
results, an addition rate of 0.285 ml/min was selected. 

Since phloxin is a fluorescein derivative which has 
been used as an adsorption indicator,26 several 
titrations were performed in the absence of per- 
sulphate to decide whether an adsorption mechanism 
is involved. The results indicate that the catalytic 
process is responsible for the sharp decrease in ab- 
sorbance at 537 nm. 

Results and performance characteristics for the 

catalytic titration of iodide, bromide and thiocyanate 
with silver nitrate are shown in Tables l-3. 

Table 1 shows that iodide can be titrated over a 

wide range of concentrations. The average error was 
l%, with an average coefficient of variation of 0.7%. 
The best results were obtained with 10m3 and 10m2M 

Table 1. Results for notassium iodide (5 determinations at each level) 

Standard Coefficient of 
bWO,I> I- taken, I- found, Error, deviation, variation, 

M mg mg % P&r % 

1 x lo-’ 0.0106 0.0109 +2.8 0.4 3.6 
0.0265 0.0267 +0.8 0.6 2.1 
0.0530 0.0525 -0.9 0.1 0.2 
0.1060 0.1054 -0.6 0.2 0.2 
0.1590 0.1601 +0.7 0.5 0.3 
0.2120 0.2103 -0.8 0.6 0.3 
0.2650 0.2626 -0.9 1.4 0.6 

1 X 10-Z 0.106 0.105 -0.9 1.0 1.0 
0.265 0.266 +0.4 1.6 0.6 
0.530 0.535 +0.9 1.9 0.4 
1.059 1.068 +0.9 3.1 0.3 
1.589 1.600 +0.7 3.5 0.2 
2.118 2.090 - 1.3 7.4 0.4 
2.648 2.600 -1.8 14 0.6 

5 x 10-z 2.648 2.614 -1.3 63 2.4 
5.295 5.213 -1.6 41 0.8 
7.943 7.855 -1.1 81 1.0 
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Table 2. Results for potassmm thiocyanate (5 determinations at each level) 

SCN- SCN- Standard Coefftcient of 
LW’W, taken, found, Error, deviation, variation, 

M *g *g % IQ? % 

1 X IO-’ 0.120 0.120 0 2.6 2.2 
0.239 0.236 -1.3 2.7 1 1 
0.479 0.474 -1.0 3.5 0.7 
0.718 0.712 -0.8 6.8 1.0 
0.957 0.950 -0.7 5.1 0.5 
1.196 1.178 -1.5 4.2 0.4 

5 x 10-Z 1.196 1.209 +1.1 23 1.9 
2.392 2.386 -0.3 21 0.9 
3.589 3.562 -0.8 39 1.1 

Table 3. Results for sodium bromide (5 determinations at each level) 

[AgNO,I, 
M 

1 X 10-Z 

5 x 10-Z 

Br- Br- Standard Coefficient of 
taken. found, Error, deviation, variation. 

*g *g 0, /D fig 0, 0 

0.112 0.113 -t-o.9 4.9 4.4 
0.224 0.221 - 1.3 3.7 1.7 
0.449 0.453 +0.9 3.7 0.8 
0.673 0.665 -1.2 6.2 0.9 
0.898 0.881 -1.9 9.3 1.1 
1.122 1.100 -2.0 13 1.2 
1.577 1.592 fl.0 21 1.4 
3.154 3.201 +1.5 52 1.6 
4.731 4.857 +2.7 98 2.1 

silver nitrate as titrant. The concentration of iodide 
in the reaction vessel must be kept below 10e3A4. 
More concentrated solutions produce abundant pre- 
cipitates and location of the end-point becomes 

difficult. 
For the thiocyanate determination the average 

error was 0.9% and the coefficient of variation 1.1%. 
Similar results were found in the catalytic titration of 
bromide. The titrand concentration must be in the 
range 3 x 10-5-10-3M for the titration of thio- 
cyanate or bromide. More dilute solutions cannot be 
titrated because the catalysis then takes place at a 
considerable rate before the equivalence point is 
reached. 

As always in the use of chart-recorded titration 
curves, errors can arise from extrapolation, line thick- 
ness, variation in chart-speed etc., and this is reflected 
in the higher coefficients of variation for the lower 
levels of analyte. 
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Summary-Cysteine has an inhibitory effect on the silver-catalysed phloxin-persulphate reaction at pH 
5. When the cysteine/silver ratio is < 1, a decrease in the reaction rate is the only observed effect. However, 
when the ratio is > 1, an induction period appears. The length of the induction period is proportional 
to the cysteine concentration and allows the quantitative determination of cysteine and silver. 

Many kinetic determinations of microquantities of 
inorganic ions have been reported, but few for or- 
ganic compounds.’ Recently, some kinetic methods 
for amino-acid determination based on inhibition of 
a given catalytic reaction have been proposed.“’ 

We have reported earlier* the kinetic determination 

of silver by means of its catalytic action on the 

phloxin-persulphate system, with 2,2’-bipyridyl as 
activator. We have found that cysteine has an in- 
hibitory effect on this reaction. A similar action of 
cysteine on a silver-catalysed reaction has already 
been reported by Alexiev and Angelova, but in our 
work a different process is involved, since the nature 
of the inhibitory effect depends on the cysteine/silver 
ratio, resulting in either an induction period (with a 
length related to the cysteine/silver ratio) or reduction 
in the reaction rate. Based on this, a new method has 
been developed for the determination of cysteine in 
the presence of various amino-acids. 

EXPERIMENTAL 

Apparatus 

A Pye Unicam SP8-100 double-beam spectrophotometer 
with l-cm cells and constant-temperature cell-holder was 
used for recording absorbance-time curves. 

Reagents 

All chemicals used were analytical-reagent grade and the 
solutions were prepared with doubly distilled water. Aque- 
ous 5 x lo-“A4 phloxin solution was prepared from the 
commercial product (Geigy), without further purification, 
by dissolving 0.2074g in 500ml of water. A 5 x IO-‘M 
cysteine stock solution was prepared in O.OlM hydrochloric 
acid in order to stabilize it. The solution was prepared every 
week and stored in a dark bottle. 

Other reagent stock solutions were: 1M acetate buffer, 
pH 5. 3 x lo-‘M 2,2’-bipyridyl and O.OlM silver nitrate. 

Working solutions of silver, cysteine and 0.15M potas- 
sium persulphate were prepared daily. 

*Author to whom correspondence should be addressed. 

Procedure 

In a 25-ml standard flask place 1 ml of 5 x 10e4M 
phloxin, 5 ml of 1M acetate buffer, 5 ml of 3 x lo-)M 
2,2’-bipyridyl and appropriate volumes of silver nitrate and 
cysteine solutions. Keep the flask in a thermostat at 
25.0 + 0.1” for 30 min and then add 5 ml of 0.15M 
potassium persulphate solution and dilute to volume with 
water, but do not mix. Turn on the recorder, mix the 
solution by vigorous shaking, transfer it to the spec- 
trophotometer cell (kept at 25.0 + 0. I”) and record the 
absorbance-time curve. Evaluate the length of the induction 
period by extrapolation of the two segments of the reaction 
curve, and measurement of the elapsed time corresponding 
to the pomt of Intersection. Prepare a calibration graph by 
the same procedure. 

RESULTS AND DISCUSSION 

The oxidation of phloxin by persulphate is cata- 
lysed by silver, in presence of 2,2’-bipyridyl as activa- 
tor. The reaction can be followed spec- 
trophotometrically by measuring the change in 
absorbance at 531 nm.* 

When cysteine is present in this system, the cata- 
lytic effect of silver is decreased because the silver is 

bound by the thiol group of the cysteine, which thus 
acts as an inhibitor. The nature of the inhibitory 
effect depends on the cysteine/silver ratio in the 
sample. 

Influence of the cysteine concentration 

At cysteine/silver ratios < 1 the only effect is a 
decrease in the reaction rate. At cysteine/silver ratios 
> 1, however, an induction period appears (Fig. l), 
which increases in length with increase in cysteine 
concentration. 

Figure 2 shows the dependence of the induction 
period on the pH. A pH of 5 was selected for use 
because it maximizes the catalysed reaction rate and 
gives adequate length of the induction period for a 
given concentration of cysteine and silver. 
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Fig. 1. Absorbance-ttme curves for [Cys]/[Ag] > 1: 
2 x lO~‘M phloxin, 0.2M acetate buffer (pH 5), 6 x 10e4M 
2,2’-bipyndyl, 4.82 x lO_‘M Ag+, 0.03M potassium per- 
sulphate. 25”, 1 537 nm. [Cys]: (1) 0.6 x 10-6M, (2) 
1.0 x IO-CM, (3) 1.4 x 10_6M, (4) 2.0 x lo-6M, (5) 

3.0 x 10-6M, (6) 4.0 x 10m6M. 

The other experimental variables were also chosen Thus, the cysteine can be determined by mea- 
to give maximum rate of the catalysed reaction and surement of the induction period. Obviously, the 
hence sharper indication of the end of the induction measurable cysteine concentration range varies ac- 
period.8 They were: 2 x 10e5M phloxin, 0.2M acetate cording to the silver concentration in the medium. 
buffer (pH 5), 6 x 10m4M 2,2’-bipyridyl, 0.03M Figure 3a shows two calibration graphs for the 
potassium persulphate and temperature 25 + 0.1”. kinetic determination of cysteine by this procedure. 

The following mechanism for the inhibitory effect The relative error for ten measurements of 
is proposed. When the cysteine/silver ratio is below 1, 1.6 x 10e6M cysteine in the presence of 4.82 x lo-‘M 
some of the silver is bound by the thiol group of the silver was + 2.8%. A value of t = 0.47 was obtained 
amino-acid, so the concentration of the catalytically in a Student’s t-test, showing the absence of a 
active Ag-bipyridyl complex is decreased, and con- systematic error in the method (the tabulated t-value 
sequently so is the rate of oxidation of phloxin. for the 95% confidence level is 2.26). 

The presence of excess of cysteine produces an 
induction period, however. Presumably all the silver 
is bound as the catalytically inactive Ag-cysteine 
complex and the persulphate acts on the excess of 
amino-acid. When all the free cysteine has been 
oxidized, the oxidant acts on the Ag-cysteine com- 
plex, releasing the metal ion, which can then combine 
with the activator so the induction period ends and 
the catalytic cycle starts. 

If the cysteine concentration is kept constant, the 
length of the induction period decreases with increase 
in silver concentration, and calibration graphs for 
silver determination can be obtained (Fig. 3b). 

Interference studies 

The influence of the most important amino-acids 
on the determination of 1.5 x 10m6M cysteine was 
studied, and the results are summarized in Table 1. 
The tolerance limit was taken as the concentration 
which causes an error of not more than 5% in the 
cysteine determination. 500 - 
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Fig. 2. Variation of the inductton period with pH 
2 x 10-5M phloxin, 6 x IO-“,%4 2,2’-bipyrtdyl, 9.64 x 
lo-‘IW Ag+, 2 x 10-6M cysteine, 0.03M potassmm per. 
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Fig. 3. Calibration graphs for cysteine and silver deter- 
mination by the induction-period method. (a) Cysteine; (1) 
4.82 x IO-‘M Ag+, (2) 9.64 x IO-‘M Ag+. (b) Silver; (1) 

10m6M cysteine, (2) 2 x 10m6M cysteine. 

The effect of adding greater amounts of interfering 

amino-acids is always to increase the length of the 
induction period. 

Table 1. Interference of the most important amino-acids on 
the determination of 1.5 x 10-6M cysteine 

Limiting 
molar ratio 

[Amino-acid]/[Cys] Amino-acid 

200; 

12 
4 

Glycine, alanine, valine, leucine, 
isoleucine, threonine, serine, 
histidine, proline, lysine, 
asparagine, glutamine, aspartate, 
glutamate. argmine, phenylalanine 
Methionine 
Cystine 

0.5 Tjptophan, tyrosine 

*Maximum ratio tested. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
FLUORIDE IN FLUORIDE-BEARING MINERALS 

AFTER DECOMPOSITION BY FUSION WITH 
SODIUM HYDROXIDE 
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and F. BOSCH REIC 

Department of Analytical Chemistry, Faculty of Chemistry, University of Valencia, Burjasot (Valencia), 
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Summary-The decomposition of highly insoluble minerals (fluorspar and cryolite) by fusion with molten 
alkah-metal hydroxides is studied. The introduction of additives such as aluminium compounds or sodium 
peroxide to obtain total liberation of fluoride from calcium fluoride samples, is tested. The fusion is done 
in a silver crucible with a Bunsen burner. The cooled melt is easily soluble, giving solutions suitable for 
spectrophotometric fluoride determination by the Zr(IVtfluoride-Erichrome Cyanine R method. 

The difficulty of decomposing highly insoluble 
fluoride compounds such as fluorspar or cryolite for 
fluoride determination is well-known. Most methods 
employ fusion with silica and alkali-metal carbonates 
to bind the fluoride. Adolph uses an equimolar ratio 
of silica to fluoride, and a 6-fold molar ratio of 
sodium-potassium carbonate mixture,’ whereas 

Hawley says that a 4-fold ratio of the carbonate is 
enough.’ Treadwell recommends mixing the sample 
with twice its weight of silica and six times its weight 
of sodium-potassium carbonate, and Shehyn a 
weight ratio of 0.2:4:0.7 for CaF?, NaKCO, and 
SiOz.3 Shell and Craig4 and Grimaldi et ~1.~ advise 
addition of zinc oxide to the mixture. Even so, the 
residue from the fusion must still be distilled by using 
the Willard and Winter method6 or one of its 
modifications.7m9 Distillation without previous car- 
bonate fusion has been used but is slow and needs 
complicated apparatus. I&‘* Other methods use pyro- 

hydrolysis, I3 fusion with vanadium pentoxide14 or 
treatment with aluminium chloride solution.‘5 

In the opening-out of cryolite samples, 
sodium-potassium carbonate and silica in various 
ratios,3,6 or potassium carbonate and silica,” are used 
for the fusion. 

Although molten alkali-metal hydroxides are 
powerful decomposition agents, according to Bogen, 
they are little used because platinum crucibles cannot 
be employed, and gold, silver or nickel crucibles 
become damaged, .I8 this is a pity, because they com- 

pletely retain even highly volatile elements such as 
arsenic.” Fusion with these hydroxides has been used 
to decompose compounds containing fluoride such as 
fluorinated minerals.‘b’2 silicate materials,23-25 zinc 
concentrates” and even organic compounds.27 

The effectiveness of molten alkali-metal hydroxides 
in the decomposition of fluoride compounds and its 

improvement by introduction of some chemicals 
which have an influence on the solvent action are 
studied in this paper. A silver crucible is used, as 

recommended earlier by us’*.‘* because the melt is 
less contaminated.” Fluoride can then be determined 
spectrophotometrically by the Zr(IV)-F--Erio- 
chrome Cyanine R method.“,” 

EXPERIMENTAL 

Reagenls 

Erlochrome Cyanine R solution. 0.1845. 
Zirconium solurron. Dissolve 0.2650 g of ZQCl,. 8H20 in 

700 ml of concentrated hydrochloric acid and dilute to 
I litre. 

Fluoride solulron. Dissolve 0.2210 g of sodium fluonde m 
distilled water and dilute to 1 litre. Store in a polyethylene 
bottle. 

Procedures 

Alkaline fusion. In a silver crucible fuse I g of sodium 
hydroxide pellets. Allow to cool, shaking the crucible so that 
the melt solidifies on the bottom and walls. Add 0.1 g of 
cryolite or fluorspar sample (for the latter also add 0.1 g of 
sodium peroxide or an aluminium salt or alumina). Heat 
gently with a moderate flame until the alkali is molten, 
swirling the crucible to assist dissolution. Then heat more 
strongly, increasing the intensity of the flame, and continue 
heating for 2min. Cool to room temperature. Leach the 
melt with small portions of hot water, transferring them to 
a 250-m] polyethylene beaker. dilute to 100 ml and cool. 
Add 0.2 g of boric acid or 0.1 g of an aluminium salt If a 
fluorspar sample has been decomposed in the presence of 
sodium peroxide. Add 3M hydrochloric acid dropwise with 
vigorous stirring to expel the carbon dioxide released, until 
a clear solution is obtained. Transfer to a 250-ml standard 
flask and dilute to the mark. 

Fluoride determination. Transfer a 2-ml aliquot of the 
solution to a IOO-ml standard flask and dilute to volume. 
Pipette a IO-ml aliquot mto a 50-ml standard flask (If 
aluminium is present add one drop of 0. lo,; phenolphthalein 
solution and then 0.1 M sodium hydroxide dropwise until 
the colour changes). Add 5 ml each of the Eriochrome 
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Cyanine R and zirconium solutions. Dilute to the mark, 
mix, wait for 15-20 min. and read the absorbance at 
527-528 nm against a reference prepared with 10 ml of 
Eriochrome Cyanine R solution and 7 ml of concentrated 
hydrochloric acid, diluted to 100 m13* 

Prepare a calibration curve with aliquots of standard 
fluoride solution to cover the fluoride range 0.2-l .2 ppm in 
the solution measured. 

RESULTS AND DISCUSSION 

Determination of juoride 

The suitability of the changes in the spec- 
trophotometric method has been checked for samples 
that contain interfering elements arising either in the 
sample or in its treatment. 

Boron. Boric acid is added to avoid loss of fluoride 
from fluorspar samples when the solution of the 
alkaline melt is acidified. Because of the ready com- 
plexation of boron with fluoride, its influence on the 
Zr(IV)-F--Eriochrome Cyanine system was studied. 

Solutions containing 0, 10, 20, 30 and 40 ppm of 
boric acid and 1 ppm of fluoride were found to give 
the same absorbance (which was stable) provided 
that the measurements were taken after 5-10 min. 

Aluminium salts. Aluminium will be present in 
cryolite analyses as a component of the sample, and 
in fluorite analyses because it is added to ensure 
complete decomposition and/or to avoid loss of 
fluoride by volatilization when the solution of the 
cooled melt is acidified. 

Aluminium interferes in the spectrophotometric 
determination of fluoride by retarding the formation 
of the zirconium-fluoride complex, so the modifi- 
cation proposed by Megregian is used.30 The toler- 
ance level for aluminium was tested with 1 ppm of 
fluoride and 0, 10, 20, 30 and 40 ppm of aluminium. 
For up to 20 ppm of aluminium the results were 
satisfactory if the absorbance was measured after a 
development time of 15 min; for 30 ppm a stable 
reading may be obtained after 45 min, but the delay 
time increases with aluminium concentration and for 
40 ppm even an hour is not long enough for complete 
reaction. 

Sulphate does not produce appreciable 
interference3’ when potassium alum is used as the 
additive, because its concentration is low. 

Decomposition of the sample 

The molten alkali appears to dissolve the whole 
sample, giving a clear fluid which may contain 
greyish-white suspended matter, principally calcium 
oxide.33 The suspension does not affect the sub- 
sequent analytical treatment. 

The trials performed are shown schematically in 
Table 1. The use of potassium hydroxide, recommen- 
ded by some authors,26 proved not to be advisable, 
because it causes greater attack on the crucible but 
does not give better decomposition than sodium 
hydroxide does. 

The low recoveries obtained with potassium nitrate 
as additive seem to indicate that sodium peroxide 
does not produce only an oxidative effect. 

The aluminium compounds tested as auxiliary 
agents were the nitrate, chloride, potassium alum and 
the oxide. 

In all cases the effect of fusion time and amount of 
sodium peroxide or aluminium added was studied. 
The optimum working conditions found are included 
in the procedure. 

Fluoride determination 

Fluorspar andfluorite. Table 2 shows the results for 
calcium fluoride recoveries for the samples studied. 

The accuracy of the proposed method when ap- 
plied to a BCS standard fluorspar (certificate value 
97.2%CaF2) was studied for both decomposition 
procedures (i.e., with sodium peroxide or aluminium 

compounds as auxiliary agents). If the fusion is done 
with added sodium peroxide, then boric acid or 
aluminium salts are added after the fusion, to retain 
fluoride. The mean values were statistically the same 
as the certificate values (t-test), with no systematic 

error (95% probability level). The relative standard 
deviation was 0.2%. Analysis of the standard by the 
reference method gave a mean CaF2 content of 
96.9x, relative standard deviation 0.2% (10 repli- 
cates). All r.s.d. values were calculated34 as U/Z&. 

Table 1. Effect of additives on completeness of decomnosition 

Alkaline fusion 

Hydroxide 

NaOH 
KOH 

NaOH + KOH* 
NaOH 

Auxiliary 
agent 

- 

H,BO, 

Cryolite 

q.d.t 
q.d. 
q.d. 

NaOH 
NaOH 
NaOH 
NaOH 

Si02 
Na20z - 

KNO, - 
Al(II1) - 

CaF, 

Prectpitated Natural 

q.d.t 1.d.t 
q.d. i.d. 
q.d. i.d. 
q.d. i.d. 
q.d. i.d. 
q.d. q.d. 
q.d. 1.d. 
a.d. a.d. 

*Eutectic mixture. 
tq.d., quantitative decomposition; i.d., incomplete decomposition. 
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Table 2. Determination of fluoride in minerals: precision of the methods used (n = 10) 

Fusion with alkali-metal hydroxide Reference fusion* 

CaF2 Na,AlF, Relative CaF, Na,AIF, Relative 
Sample (No.) found, S; found, % s. % std. devn., “/b found, % found, % s, ‘A std. devn., y0 

Fluorspar ( 1) 97.1”’ 0.2 0.2 
(standard BCS, 97.2”l 0.2 0.2 
97.2% certif.) 97.3b 0.2 0.2 

Fluorspar (2) 98.9”’ 0.3 0.2 98.3 0.3 0.2 
(violet) 98.8”2 0.3 0.2 

98.6b 0.2 0.2 

Fluorspar (3) 99.1 a’ 0.2 0.2 98.7 0.3 0.2 
(colourless) 99.0”2 0.2 0.2 

99.2b 0.2 0.2 

Fluorite (4) 24.6”’ 0.2 0.6 24.3 0.3 0.9 
(mineral) 24.8”* 0.2 0.6 

24.5b 0.2 0.6 

Fluorite (5) 96.5”’ 0.2 0.2 96.1 0.3 0.2 
(precipitated) 96.4”2 0.2 0.2 

96.9b 0.2 0.2 
96.0” 0.2 0.2 
96.2” 0.3 0.2 

Cryolite (6) 99.w 0.2 0.2 98.5 0.3 0.2 

a,, auxiliary reactant sodium peroxide, boric acid added; a*, idem, alumimum compounds added. 
b, auxiliary reactant aluminium compounds. 
c, without auxilary reactant; c,, idem, boric acid added; c2, zdem, aluminium salts added. 
*Samples (1-5): sodium carbonate (1.75 g) + potassium carbonate (2.25 g) + silica (0.7 g)/O.2 g of sample; (6): sodium 

carbonate (2.2 g) + potassium carbonate (2.8 g) + silica (1 .O g)/O.5 g of sample. 

A statistical study34 showed that both decom- 
position methods were equally effective. The relative 
standard deviations for calcium fluoride recovery 
ranged between 0.2 and 0.6 (95% probability level). 
The mean values obtained by the proposed method 
and a reference method gave t-values indicating no 
significant difference in performance. This was 
confirmed by the Snedecor F-test, but the proposed 
method always gave better precision. 

Cryolite. The cryolite sample was decomposed by 
fusion with molten sodium hydroxide, auxiliary 
agents not being necessary. Additives for retention of 
fluoride during acidification are not required, because 
there is already aluminium in the solution, from the 
cryolite itself. The recoveries obtained by the pro- 
posed method and a reference method3 are shown in 
Table 2. The proposed method gave a relative stan- 
dard deviation of 0.2% (95% probability level). 

The mean values obtained by both procedures were 
statistically comparable (r-test and F-test), but the 
proposed method gave better precision). 
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DETERMINATION OF 
N-ACETYLMURAMOYL-L-ALANYL-D-ISOGLUTAMINE IN 

LIPOSOMES BY HPLC 
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Laboratoires de contrdle de qualit&* et de mise au point galeniquet, Pharmacie Centrale des Hopitaux 
de Paris, 7. rue de Fer a Moulin, 75221 Paris Cedex OS, France 

(Recewed 9 August 1984. Accepted 5 October 1984) 

Summary-A method using reversed-phase high-pressure liquid chromatography (with spectrometric 
detection at 218 nm) is described for the determination in new pharmaceutical preparations (liposomes) 
of a new immunostimulating agent (N-acetylmuramoyl-L-alanyl-D-isoglutamine). Separation was achieved 
with a p-bondapak column and phosphate buffer @H 2.5tmethanol mixture (93:7 v/v) as eluent, at a 
flow-rate of 2 mljmin. Sodium acetate was used as an Internal standard. The detector response at 218 nm 
was linear in the range IO-170fig/ml. The method is simple and accurate. 

N-Acetylmuramoyl-r_.-alanyl-D-isoglutamine (MDP) 
is a combination of a dipeptide and an N- 
acetylosamine. It is a new compound marketed as a 
lyophilisate (Institut Pasteur production). MDP is 
characterized by marked adjuvant activity, and thus 
can be a helpful substitute for Freund’s complete 
adjuvant immunotherapy.‘-3 

“,C 
COOH 

0 CONHl 

MDP 

Administered in aqueous solution, MDP increases 
non-specific immunity of mice after Klebsiella pneu- 

moniae injection.& Even oral administration is 
effective. In this study MDP encapsulated in lipo- 
somes has been tested. Many antitumoral drugs are 
currently proposed in this pharmaceutical form.’ 

Using such a vehicle for MDP seems to be of 
interest for various reasons: plasmatic wash-out de- 
creases, but drug activity increases,’ and liposomes 
have shown a specific tropism toward the tumoral 
CellS.‘“” 

Direct analytical techniques (spectroscopy, polar- 
imetry) cannot be applied because of the nature of the 
liposome constituents (phospholipids, sterols, ions) 
and the structure of MDP. Therefore a liquid chro- 
matography technique has been chosen to separate 
the MDP from the vehicle. Liquid chromatography is 

widely used in peptide determination,‘2-‘4 and is 
simple, specific and sensitive. This technique can also 
be applied to the control of pharmaceutical prepara- 
tions containing MDP. 

EXPERIMENTAL 

Apparatus 

The chromatographic system was equipped with a pump 
(Chromatem-Model 330), a universal injector (Rheodyne 
7125, 20~11). a stainless-steel column (15cm long, 4.6mm 
bore) packed with p-bondapack (5pm) (Touzart et Mat- 
tgnon) and a variable wavelength detector (Schoffel GM 70). 

Standards 

Internal standard solution. A I-mg/ml aqueous sodmm 
acetate solution (solution A). 

Standardpreparation. Made by weighing 170 mg of MDP 
mto a lo-ml standard flask and dissolving and diluting to 
volume. 

Sample preparation 

Solution B. Liposome “suspension” containing 4Oflg of 
MDP per ml. 

So&ion C. Lyophilisate containing 2 mg of MDP and 
10 mg of lactose. This lyophilisate was dissolved and diluted 
to volume in a 50-ml standard flask with eluent. 

Solutions D and E. Solutions B and C were diluted tenfold 
to give D and E respectively. 

Chromatographic conditions 

The eluent was a 93:7 v/v mixture of pH-2.5 phosphate 
buffer (O.lM phosphoric acid/O. 1M disodium phosphate) 
and methanol. 

The detector was set at 218 nm, and a 20-~1 portion of 
solution D or E was injected into the column and eluted at 
a flow-rate of 2ml/min. The chromatographic peaks were 
recorded and integrated. Quantitative analysts was accom- 
plished by use of a peak area calibration graph obtained 
by use of standard preparations (170. 85, 42.5 and 21.25 
pglml). 

RESULTS AND DISCUSSION 

As shown in Fig. 1 the two anomeric forms of 
MDP (pyranose or furanose form of the c1 or fi 
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Fig. 1. HPLC analysis of MDP injection (42.5 pg/ml). 1. 
internal standard; 2, U-D anomer. 3, B-0 anomer. 

osamine) and sodium acetate as an internal standard 
were distinctly separated under the conditions used. 
having retention times of 4.11, 2.86 and 2.05 min, 
respectively. Blank samples tested by the same pro- 
cedure showed no significant interfering peaks. It is 
of interest to separate these two anomeric forms; 
since the pharmacological activity of each form has 
yet not been studied. 

The precision and accuracy of the method were 
demonstrated by replicate analyses of the lyophilisate 
and liposome suspension containing known concen- 
trations of MDP. The overall relative standard devi- 
ations ranged from 2.1 to 4.0% (Table 1). 

Table 1. Reproducibility of replicate stan- 
dards at four concentrations 

NW+ ~.cglml RSD (n = IO). 9; 

170 4.0 
85 2.5 
42.5 2.1 
21.2 3.2 

The limit of detection (10 fig/ml) could be 
improved by using a more concentrated internal 
standard solution. For example, with a 5-mg/ml 
sodium acetate solution, solutions B or C could be 
diluted only twofold with solution A. 

During the development of the method, a number 
of variations were tested. Methanol and acetomtrile 
performed equally well as the mobile phase; methanol 
was chosen because it has lower abso~tivity at 
218 nm. The pH, buffer concentration and methanol 
concentration were chosen to give retention times 
< 6 min and good resolution. The absorption max- 
imum of MDP is at wavelength shorter than 200 nm, 
but the absorbance at 218 nm is high enough to allow 
evaluation by liquid chromatography with ultraviolet 
detection. Sodium acetate was chosen as the internal 
standard, first because of its rapid elution under the 
conditions used and secondly because Its absorbance 
is similar to that of MDP at 218 nm (Table 2). 

Further investigations showed that the chro- 
matographic system is not only suitable for the 
determination of the relative amounts of each com- 
ponent but also for determination of the lyophilisate 
stability. There are no reports in the literature which 
discuss the decomposition products of MDP. Knowl- 
edge of its Iiquid-chromatography behaviour might 
provide valuable insight into the decomposition of 
MDP. 

Liquid chromatography allows the easy separation 
and determination of both anomeric forms of MDP, 
which would not be easily achieved by direct spec- 
troscopic methods. It thus provides information com- 
plementary to that from direct spectroscopy. It 
appears to have considerable value as a rapid and 
sensitive method to be used as a routine procedure, 
and should help in the analysis of MDP pharma- 
ceutical preparations. 
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Summary-An automated flow-injection system is described, with a computer-controlled sample changer, 
injection device and photometer. The modular software package is understandable, flexible and easily 
adaptable to different computers. 

Flow-injection analysis is a widely used, reliable and positions of the disk and the sampler arm is read in 
versatile routine method for the determination of by the parallel input. Thus the computer may take 
various chemical constituents, such as nitrate, phos- over all the functions of the sample changer. In the 
phate, chloride, glucose.’ An automated version is “internal mode” these connections are non-effective 

attractive for processing large numbers of samples, and the sample changer is manually operated. In a 
because it offers the possibility of on-line calibration similar way the injection valve is rotated by the 
and evaluation of unknown samples.2 Our aim was to computer. The BCD-output of the photometric de- 
develop a system which is able to function for some vice is connected to the parallel input of the computer 
hours without supervision. (12 bits for 3 digits). 

The system described below uses a computer for 
the execution of some basic tasks, such as control of 
the sample changer, control of the injection valve, 
and registration of the signal. The program can easily 
be extended to other tasks such as data-processing 
and report-generation. 

An example of an automated flow-injection system 
is depicted in Fig. 1. The interface connections be- 
tween the computer and the instrumental set-up are 
shown in Fig. 2. 

Software 

Hardware 

The entire system comprises: 

(1) an HP9845B desk-top computer with a real- 

time clock; 
(2) a 16-bit parallel I/O interface (HP98032A); 
(3) a BIFOK FIA 05 flow-injection device 

equipped with LlOO-1 valve; after the injection the 
valve returns to its normal position within an adjust- 
able time period; 

The software package comprises ten subroutines 
and functions written in BASIC. The program is 
written in a top/down structure, meaning that the 
more advanced routines are found at the highest 
level, and call lower-level routines, down to the most 

(4) a BIFOK FIA 06 photometer with electronic 
equipment provided with a 3-digit BCD parallel 
output (O-l V); 

(5) a Gilson Minipuls II pump; 
(6) a Skalar Sampler 1000 sample changer. 

Hz0 20 
W 

The following modifications have been made. The 
sample changer is connected to the I/O interface of 
the computer. In the “external mode” the switches 
for the wash, turntable disk, and two sampler arm 
motors (left and right) are controlled by the parallel 
output. The status of the microrelays indicating the 

Hg lSCN j2 

Fe3+ 2 0 

Fig. 1. Scheme of the flow-injection system for the deter- 
mination of chloride with Hg(SCN), and Fe3+. The hard- 
ware consists of a peristaltic pump P, an automatic sample 
changer S, an injection valve I, the waste W, a reaction coil 
C, a photometric detector D (set at 470 nm) and an inter- 

faced computer HP. *Author for correspondence. 
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HP 16 bit I/O 

000 

DO1 

DO2 

DO3 

CO4 

DO5 

/ DO6 

FIAOJ m,ett 

SAMPLER left SAMFLER 

right 3013 3113 !_ rqnt 
motors 

3114 ; 
retois 

dsk DO14 d,Ilr 

wash -- DO15 D114 I 

Rg. 2. Scheme of the most important connections of the computer, sample changer, injection device and 
photometer. The different functions are explained in the text. 

primitive ones. The user has only to deal with the Wash: switches the wash motor either on or off. 

highest levels and to initialize some strings and Disk (Step): steps the disk a given number of places 

variables. forward. 
The program structure is as follows: 

level 2: main section; 
level 1: subroutines Init, Check, Plot, Read_bed, 

Inject, Wash, Disk and Sampler; 
level 0: subroutine Output and function FNInput. 

Sampler: the sampler arm is moved to the right- 
hand position when the arm is in the left-hand 
position, and vice versa. 

Output (Bit): switches and masks the desired bit to 
the parahel output. 

In the main section, after initiali~tion the program 
checks the status of the system and asks for the 
number of samples. Thereafter, the samples are re- 
peatedly taken, injected and measured and the results 
are plotted. The disk and sampler arm are manipu- 
lated in between other operations, to economise in 
time, 

FNInput (Bit): returns the required bit from the 
parallel input. 

The parameters involved are as follows, 

Y(*): is an array in which the measurements are 
stored. 

The lower level routines can be described briefly as 
follows. 

Init: defines and initializes the connections of the 
l&bit parallel I/O interface, i.e., clock, input, output, 
inject, left motor, right motor, disk and wash. 

Check: the status of the interface card and the 
position of the disk and sampler arm are checked for 
a proper start; if they are not correct, the routine will 
signal and ask for action. 

Plot lY(*),NamesS,Number,Ymax]: performs the 
layout for the graphics and plotting on the screen. 

Read_bcd ~(*),Number,Delay]: reads a number of 
measurements, each with a given delay time, from the 
photometric device and converts the BCD code into 
a decimal value. 

Inject: rotates the injection valve that introduces 
the sample into the flow system. 

Fig. 3. An example of a digitized peak as displayed by the 
graphics part of the software package. Number = 600 and 

Delay = 40. 
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Number: denotes the number of data-points to be surement at 470 nm. The photometric signal is sam- 
measured. pled 600 times during 24 set and the time for plotting 

Delay: denotes the time between measurements of the measurements, inclusive of taking the sample 
(msec). into the injection loop (100 pl), is about 16 set, so for 

Names: is the heading text used in the graphics each sample a total of 40 set is required. An example 
plot. of the graphics plot of a flow-injection peak for a 

Ymax: is a scaling variable to plot the mea- lo-ppm sample is shown in Fig. 3. 
surements. Although the package was developed for use with 

Step: is the number of steps the disk moves for- a professional computer, a similar set-up should be 
ward. possible with a low-cost personal computer. The 

Bit: is the required I/O-line of the parallel interface. software package is flexible and may easily be ex- 
tended to advanced data-processing techniques. 

Implementation 
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A SOFTWARE PACKAGE FOR A FLOW INJECTION SYSTEM 

WRITTEN BY: Leon Prop & Pierre ThiJssen 
Analytical Chemistry 
Faculty of Science 
Toemooiveld 
Nijmegen (Netherlands) 

COM Input,Output,Clock,Inject,Left,Right,Disk,Wash 
COM IO mask, Disk position 
DIM Y(i: 6OO),Name%1991 
READ i\lame$,Number,delay,Ymax,Step 

Data:DATA “FLOW INJECTION ANALYSIS”.600.40.1.1 ,, 
CALL Init 

Again: INPUT “GIVE NUMBER OF SAMPLES?“,Samples 
CALL Check 
FOR I = 1 TO Samples 
CALL Inject 
CALL Sampler 
CALL Read bcd(Y*),Number,Delay) 
CALL Disk(Step) 
CALL Sampler 
CALL Plot(Y(+),Name%,Number,Ymax) 
NEXT I 
GOT0 Again 
END 

INITIALIZATION OF I/O-VARIABLES 

SUB Init 
COM Input,Output,Clock,Inject,Left,Right,Disk,Wash 
COM IO 
Input = 5 

mask,Disk_position 

output = 5 
Clock = 3 
Inject = 7 
Left = 12 
Right = 13 
Disk = 14 
Wash = 15 
CALL Output( - 1) 
OVERLAP 
Disk position = 0 
CALL Check 
SUBEND 
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500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 
620 
630 
640 
650 
660 
670 
680 
690 
700 
710 
720 
730 
740 
750 
760 
770 
780 
790 
800 
810 
820 
830 
840 
850 
860 
870 
880 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 

1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 

! 
! CHECK SYSTEM FOR START 

SUB Check 
COM Input,Output,Clock,Inj~t,Left,~ght,Disk,Wash 
COM IO mask,Disk position 

Check interfa%e: STATUS 0utput;A 
IF A = 292 THEN GOT0 Check-disk 
BEEP 

DISP “STATUS 5 = “;A;” SWITCH INTERFACE TO ‘S’“; 
INPUT A 
GOT0 Check mterface 

Check disk : IF N@I’ FNInputfDisk) THEN Check-sampler 
BEEP 
INPUT “PRESS CONTINUE TO START DISK”,A 
CALL Output(Disk) 
IF FNInnut(Disk) THEN 660 
CALL Output(Disk) 

Check samnler : IF NOT FNInmmLeft) THEN SUBEXIT 
BEEP ‘ 

. . 

INPUT “PRESS CONTINUE TO SUCK SAMPLE”.A 
CALL Output(Left) 
IF FNInput(~ft) THEN GOT0 720 
CALL Output( Left) 
WAIT 15000 
SUBEND 

FAST PLOT ROUTINE 

SUB Plot(Y~*).Name$,Num~r,Ymax) 
PLOTTER IS l3,“GRAPHICS” 
SCALE 1 ,Number,O,Ymax 
GRAPHICS 
AXES 100,.2,1,0 
LORG 5 
MOVE Number/t,. 9*Ymax 
LABEL NameS 
PENUP 
FOR Count = I TO Number 
PLOT Count,Y(Count) 
NEXT Count 
WAIT 6000 
SUBEND 

READ SIGNAL OF PHOTOMETER 

SUB Read bcd(Y(*),Number,Delay) 
COM Inpt&Output,Clock.Inject,Left,Right,Disk,Wash 
COM IO mask,Dtsk position 
OUTPUT Delay$ USING “ # ,DDDDD”;Delay 
OUTPUT Clock;“AUl = OlUlP”&Dela.y$ 
ON INT #Clock GOT0 Read 
CONTROL MASK Clock; 128 
count = t 
Bed mask = 212-l 
OUTPUT Clock;“U IG” 

Next: CARD ENABLE Clock 
Wait: GOT0 Wait 
Read: WAIT READ Input,4;A 

B = BINEOR(BINAND(A,Bcd mask).Bcd mask) 
YfCount = B DIV 256*100 + B-MOD 256-DIV 16*10 + B MOD 256 MOD 16 
Count = Count + I 
IF Count < = Number THEN Next 
MAT Y = Y( ,001) 
SUBEND 

INJECT THE SAMPLE 

SUB Inject 
COM Input,Output,Clock,Inject,teft,Right,Disk,Wash 
COM 10 mask.Disk oosition 
CALL Output(Inject)* 
CALL Output(Inject) 
SUBEND 
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I 

! SWITCH WASH 

SUB Wash 
COM Input,Output,Clock,Inject,Left,Rlght,Disk,Wash 
CALL Output(Wash) 
SUBEND 

STEP WITH THE DISK 

SUB Disk(Step) 
COM Input,Output,Clock,Inject,Left,Right,Disk,Wash 
COM Io_mask,Disk_position 
CALL Output(Disk) 
Count = MAX( 1 ,Step) 
Disk position = (Disk position + Count) MOD 40 
IF N%T FNInput(Di&) THEN GOT0 1400 
IF FNInmdDiskj THEN GOT0 1410 
Count = ‘Coint-1 
IF Count THEN GOT0 1400 
CALL Output(Disk) 
SUBEND 

SWITCH THE SAMPLER 

SUB Sampler 
COM Input.Output,Clock,Inject,Left,Right,Dlsk,Wash 
Target = 0 
IF NOT FNInput(Left) THEN Target = Right 
IF NOT FNInput(Right) THEN Target = Left 
IF Target < =o THEN Error - 
CALL Output(Target) 
IF FNInput(Target) THEN 1560 
CALL Output(Target) 
SUBEXIT 

Error: BEEP 
DISP “SAMPLER POSITION ERROR ! ! !” 
PAUSE 
SUBEND 

i BIT MASK OUTPUT 

SUB Output(Bit) 
COM Input,Output,Clock,Inject,Left,Rlght,Disk,Wash 
COM 10 mask,Disk position 
IF Bit < 0 THEN GOT0 Zero 
Power = 2’Bit 
IF Bit = 15 THEN Power = -Power 

IO-mask = BINEOR (Io_mask,Power) 
GOT0 1750 

Zero: 10 mask = 0 
RESET Output 
WRITE BIN Output;BINEOr((Io_~ask,iInject) 
CONTROL MASK Output;2 5 + 2 4 
CARD ENABLE Output 
SUBEND 

BIT MASK INPUT 

DEF FNInput,(Bit) 
COM Input,Output,Clock,InJect,Left,Right,Disk,Wash 
COM 10 mask,Disk position 
WAIT RfEAD Inputy4;A 
RETURN BIT(A,Bit) 
FNEND 
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Summary-The titration of ethylenediaminetetra-acetic acid in fluoride medium with Cu(II) solution with 
the Orion Cu(I1) ion-selective electrode as indicator, results (after several titrations) in a broad end-point 
which is unsatisfactory for exact analytical purposes. This effect has been found to arise from an enhanced 
rate of response to changes in EDTA concentration when the electrode has been exposed to an 
EDTA/NaF medium for prolonged periods. 

In 1979, the Canadian Certified Reference Materials 
Project (CCRMP) initiated a programme to confirm 
the homogeneity of a suite of seven zinc-aluminium 
alloys (Al 7-30x). For aluminium, a method was 
developed in which an excess of ethylenediamine- 
tetra-acetic acid (EDTA) was added to the sample 
and the mixture was boiled to form the Al-EDTA 
complex; the uncomplexed EDTA was titrated with 
standard Cu(I1) solution. The Al-EDTA complex 
was then decomposed by the addition of fluoride and 
boiling; the EDTA released was also titrated with the 
Cu(I1) solution. The end-points were detected with an 
Orion Cu(II)-selective electrode.’ 

The quality of the response of this electrode was 
found to deteriorate on continuous use, until a single 
sharp end-point was not obtained unless the electrode 
was permitted sufficient recovery time in water or 
Cu(I1) solution between titrations. This paper reports 
the results of an investigation on the reduced re- 
sponse of the Orion Cu(II)-selective electrode 
(Ag,S/CuS homogeneous membrane) under the con- 
ditions used in the determination of aluminium in 
these alloys. 

EXPERIMENTAL 

Apparatus and titration procedure 

Titrations of EDTA with standard Cu(I1) solution were 
performed with a Mettler Automatic Titrator equipped with 
an Orion 94-29 Cu(I1) ion-selective electrode and a calomel 
reference electrode. All data were collected and mathe- 
matically treated by a home-made dedicated micro- 
processor. The titrations were of 6.00 ml of O.lOOOM EDTA, 
10.00 ml of nH 5.20 acetate buffer (75.0 a of sodium acetate 
and 8 ml of glacial acetic actd ‘per iitre) and 84.0 ml 
of water and were performed in a water-jacketed vessel 
maintained at 25”. Copper titrant (O.lOOOM) was added in 
0.5 or 1 ml increments until the total volume added was 5.5 
ml or greater than 6.5 ml. Within this range, however, 
titrant was added either at the minimum continuous rate 
possible, 0.003 ml/set or in an “equilibrium” titration mode, 
wherein O.l-ml increments were added at 3-min intervals. 

Crown copyrights reserved. 

The end-points of the titration were calculated by the 
method of Wolf.* 

General conditions 

EDTA solutions, 10m2, lo-’ and 10m4M, containing 
10.0 ml of acetate buffer per 100 ml were prepared in order 
to establish electrode calibration graphs. To simulate the 
effect of continuous titration in a fluoride-medium,’ the 
Cu(II)-selective electrode was stored for various periods in 
a mixture of 6 ml of 0. 1M of acetate buffer, 54 ml of water 
and 25 ml of sodium fluoride solution (42 g/l.). 

RESULTS AND DISCUSSION 

Storing the Cu(II)-selective electrode in a solution 
similar to the titration samples containing fluoride 
hastened the degradation of the end-point response 
of the electrode. Indeed a 16-hr or longer storage 
period makes the electrode ineffective as an end-point 
indicator in EDTA/Cu(II) titrations. Figure 1 shows 
the titration curves and corresponding AE/AV vs. V 
curves for the titration of EDTA with Cu(II), with 
end-point detection by use of the Cu(II)-selective 
electrode in (a) polished condition and (b) after 
treatment for 24 hr with EDTA/NaF solution. The 
earlier break in the titration curve when the treated 
electrode is used is typical whenever the AE/A V vs. V 
curve displays multiple peaks or appreciable broad- 
ening. 

When the titration data are presented as plots of 
electrode potential vs. either log [EDTA] or log 
[Cu(II)], linear plots are obtained for the region 
where the potential increases after the first few addi- 
tions of Cu(I1) titrant. Figure 2 illustrates this for the 
titration data in Fig. 1. Table 1 summarizes the slopes 
of such plots for different treatments of the 
Cu(II)-selective electrode. It must be pointed out that 
the electrode potentials, particularly those near the 
end-point in titrations, do not necessarily attain a 
steady value before the next addition of titrant. For 
most applications, this does not have a significant 
effect on the accuracy of the titration. 

235 
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Fig. 1. Titration and AE/AV us. V curves obtained by 
continuous addition of titrant, with detection by use of (a) 
the polished electrode and (b) the electrode stored in 

EDTA/NaF solution. 

The major point of interest in Table 1 is that 
storing the electrode in EDTA/NaF solution appears 
to increase its sensitivity to changes in [EDTA]. Since 
the rate of titrant addition was the same in these 
titrations, the electrode sensitivity is in effect the rate 
of electrode response to changes in [EDTA] before 
the end-point and to changes in [Cu(II)] after the 
end-point. To study the effect of response time, 
several “equilibrium” titrations of EDTA with Cu(I1) 
solution were performed in which there were 3-min 
intervals between additions of titrant, to allow the 
potential of the electrode (in polished condition) to 
reach a steady value. Figure 3a shows a typical 
titration curve for these “equilibrium” titrations. It is 
evident that the break in the curve occurs earlier than 
when the continuous-addition procedure is used. The 
corresponding AEIAV us. V peak is broadened and 
can be resolved into two peaks. These observations 
are best explained as due to the rate of response of 
the polished electrode to changes in [EDTA] being 
appreciably slower than that to changes in [Cu(II)]. 
The rate of electrode response to relative changes in 
[EDTA] is not important until the end-point is closely 
approached because such changes are small for a 
given increment of Cu(I1) titrant. Very near the 
end-point, however, the relative changes in [EDTA] 
become large for a given increment of titrant, but in 
a continuous-addition titration the electrode cannot 

Fig. 2. Plot of electrode potential log [EDTA] and log 
[Cu(II)] for the curves of Fig. 1: O-polished electrode, 

O-electrode stored in EDTAiNaF solution. 

give full response unless complete response is instan- 
taneous. The result is a potential increase that is 
delayed and smaller than expected. Indeed, the end- 
point has been passed and the electrode is responding 
to free Cu(I1) before it has been able to respond fully 
to EDTA. The steep potential increase associated 
with the single end-point suggests that in a 
continuous-addition titration the polished electrode 
responds only in a minor fashion to change in 
[EDTA] and essentially reflects changes in [Cu(II)]. In 
“equilibrium” titrations, however, the electrode has 
time to respond fully to changes in [EDTA] before the 
end-point and to changes in [Cu(II)] after it. That 
there appear to be two end-points where only one 
true end-point exists suggests that the electrode can- 
not respond instantaneously to free Cu(I1) immedi- 
ately after the end-point. This delay is analogous to 
the time required for the electrode to reach a stable 
potential on a change in sample composition. The 
existence of such a delay is also strongly implied in 
continuous-addition titrations of EDTA with Cu(II). 
In 29 titrations of O.lOOOM EDTA with O.lOOOM 
Cu(II), the concentration of EDTA in the reagent 
solution was calculated to be 0.1008M (CT = 0.002M) 
if [Cu(II)] = O.lOOOM. With the same reagents, the 
reverse titration, where the electrode responds ini- 
tially to decreasing [Cu(II)] gave the EDTA concen- 
tration as O.lOOOM (c = 0.0002M) for 11 runs. The 
titration of EDTA with Cu(II) has a small bias that 
is consistent with a delay in the response of the 
Cu(II)-selective electrode to the initial free Cu(II) 
immediately after the end-point in titrations of 
EDTA. 

Table 1. Slopes of plots of titration curves 

Slope, m V/decade 

Electrode condition log [EDTA] log [Cu(II)] 

Polished -7.8 29.1 
Stored in EDTA/NaF for 24 hr - 10.0 29.8 
Stored in EDTA/NaF for 48 hr -126 30.0 
Stored in EDTA/NaF for 96 hr - 15.4 30.4 
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Fig. 3. Titration curves for continuous-addition and “equi- 
librium” procedures with (a) the polished electrode and (b) 

the electrode stored for 48 hr in EDTAiNaF solution. 

The similarity in the curves for the “equilibrium” 
titrations with the polished electrode and for the 
continuous-addition titrations with the electrode 
treated with EDTA/NaF solution, strongly suggests 
the same cause. Storage or continuous use of the 
electrode in EDTA/NaF medium results in an en- 
hanced rate of response to changes in [EDTA]. Figure 
3b compares the titration curves of EDTA with 
Cu(II), using the electrode treated for 48 hr with 
EDTA/NaF solution, by the continuous-addition 
and “equilibrium” procedures. The strong similarity, 
especially in the end-point region, substantiates the 
contention that the EDTA/NaF treatment of the 
electrode leads to an enhanced rate of response to 
changes in [EDTA] before the end-point. Neither 
titration gave a satisfactory single end-point. 

The treatment of the Cu(II)-selective electrode with 
EDTA/NaF solution has been postulated to form a 
sparingly-soluble fluoride compound, because the 
normal response of the electrode is readily restored 

by light polishing of the surface.’ The physical pres- 
ence of such a compound has not been unequivocally 
established. There is, however, a visually detectable 
dulling of the lustre and a corresponding slight 
decrease in the specular reflectance (in the region 
5100-6000 A) of the electrode surface on treatment 
with EDTA/NaF. The results of this investigation 
nevertheless do indicate that the surface of the elec- 
trode is affected by storage in EDTA/NaF solution. 

This effect of storage in EDTA/NaF solution was 
investigated for two Orion 94-29 Cu(I1) electrodes. 
The first, purchased in 1976 but used very infre- 
quently until 1980,’ displayed an immediate sensi- 
tivity to storage or continuous use in EDTA/NaF 
solutions. This electrode was accidentally broken 
during the initial stages of the present study. The 
second electrode, obtained in March 1983, remained 
unaffected by EDTA/NaF solutions for approxi- 
mately two weeks but thereafter rapidly developed a 
sensitivity to EDTA-NaF comparable to that ob- 
served for the first electrode. This report summarizes 
the experimental results for the second electrode. 

It should be emphasized that the findings of this 
study should not be taken to mean that all EDTA 
titrations with Cu(I1) are unsatisfactory. Indeed, the 
opposite is true for all but very exact analysis. The 
phenomenon discussed here is observed primarily 
because of the resolving power of an up-to-date 
microcomputerized collection and reduction of data. 
Without it, the end-point in the titrations of EDTA 
with Cu(I1) and of Cu(I1) with EDTA could not have 
been determined with sufficient precision to show the 
slight differences observed. Indeed, the analyst must 
wonder if, in practical terms, there is any difference. 
The degeneration of the sharpness of the end-point in 
titrations of EDTA with Cu(I1) after the electrode 
has been used or stored in EDTA/fluoride medium 
may not be noticed at all under less favourable 
conditions, and only be observed as a reduction in the 
reproducibility of the end-point. 
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Summary-Paracetamol (N-aeetyl-4-aminophenol) has been determined spectrophotometrically by its 
oxidation with iodylbenzene in acetone to produce the yellow-orange N-acetyl-1,4-benzoquinoneimine, 
which attains maximum colour intensity within 1 min and absorbs maximally at 430 nm. The maximum 
molar absorptivity is 1.58 x 10’ I .mole-’ .cm-‘. The method is simple and rapid and has been found to 
be unaffected by the presence of salicylamide, oxyphenbutazone, acetylsalicylic acid, dipyrone and a 
number of other excipients. 

Paracetamol (acetaminophen, N-acetyl-4-amino- 
phenol) is an extensively employed antipyretic anal- 
gesic drug. Dipyrone (analgin), oxyphenbutazone, 
acetylsalicylic acid and salicylamide are found along 
with it in various pharmaceutical preparations. These 
substances interfere severely in one or another of the 
currently available methods of determining para- 
cetamol. The titrimetric methods involve the reaction 
of either the phenolic group with a base in dimeth- 
ylformamide medium’,2 or of the aromatic amino 
group (formed by hydrolysis) with nitrite,3 but there 
is interference with the acid-base method by sali- 

cylamide, oxyphenbutazone and acetylsalicylic acid 
(which are also acidic), and any free 4-aminophenol 
present (which is a product of decomposition). In the 
other method, Vitamin C, dipyrone and 
4-aminophenol will all consume nitrous acid. Hydro- 
lysis of paracetamol to 4-aminophenol which is then 
reacted with a substituted benzaldehydeM or 
4-dimethylaminocinnamaldehyde’ to form coloured 
Schiffs bases is naturally affected by the presence of 
4-aminophenol and phenetidine (formed by hydro- 
lysis of phenacetin). The nitrosation and chelation 
reaction’ of paracetamol is also given by 
salicylamide’ and oxyphenbutazone.’ Indophenol 
formation’O.” constitutes a simple spec- 
trophotometric determination, but it is based on the 

oxidative coupling of 4-aminophenol with alkaline 
phenol, so dipyrone (being a strong antioxidant) 
interferes and causes low results for paracetamol. 
Determinations based on ultraviolet absorption’2 and 
its change with pH13 are too sensitive to be of general 
use for compound drug tablets. 

A rapid and highly selective spectrophotometric 
method for the determination of paracetamol in drug 
formulations is now reported. Iodylbenzene (io- 
doxybenzene) is insoluble in common organic sol- 
vents but its suspension in acetone brings about 
specific oxidation of paracetamol to a yellow-orange 
substance that shows maximum absorption at 430 

nm. The colour is stable for about an hour and obeys 
Beer’s law over a wide range of paracetamol concen- 
tration. 

EXPERIMENTAL 

Reagent 

Iodylbenzene was synthesized by the procedure described 
by Fieser and Fieser,14 and by the bromate oxidation 
method of Banerjee et ~1.‘~ modified as follows. 

To a mixture of 20 g of iodobenzene, 200 ml of 40% v/v 
sulphuric acid and 50 ml of glacial acetic acid, heated on a 
boiling water-bath, slowly add a solution of 15 g of potas- 
sium bromate in 150 ml of warm water during a period of 
30 min with vigorous stirring (in a fume-chamber). Continue 
the heating for 90 min, during which all the bromine evolved 
is removed. Cool to room temperature, decant the super- 
natant liquid, wash the product (oily owing to unreacted 
iodobenzene) with water, macerate it with 50 ml of chloro- 
form, filter it off and wash it with chloroform to furnish a 
silky white solid, m.p. 222’ (decomposition). The product 
obtained in this way (12 g, 50% yield) was found to be 98% 
pure, by iodometric analysis.16 

Samples 

A high-purity sample of paracetamol. found to be 98.8% 
pure by the mdophenol methodlo and 98.6% pure by the 
nitrosation method,* was used. All drug samples tested were 
fresh. 

Procedure 

Preparation of calibration graph. Into a 50-ml calibrated 
flask accurately weigh 10 mg of paracetamol, dissolve it in 
acetone and make up to the mark with the same solvent; mix 
l-5 ml portions of this solution with about 20 mg of finely 
powdered iodylbenzene in lo-ml beakers, dilute each to 
about 5 ml with acetone and stir for 1 mm. Filter the 
coloured solution through a small fluted Whatman No. 41 
filter paper into a IO-ml standard flask, washing the residue 
and makmg up to the mark with acetone. Measure the 
absorbance at 430 nm in a l-cm cell against acetone. 

Drug samples. Grind a known number of tablets, accu- 
rately weighed, into a fine powder, weigh out a portion 
containing about 10 mg of paracetamol and stir it with 
20 ml of acetone. Filter off the residue on a fluted Whatman 
No. 41 filter paper, wash it with three successive 5-ml 
portions of acetone and make up filtrate and washings to 
volume with acetone in a 50-ml standard flask. Treat a 2-ml 

238 



portion of this solution by the procedure 
preparation of the calibration graph. 

RESULTS AND DISCUSSION 
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described for give any colour with iodylbenzene, led us to believe 
that the colour reaction is: 

- - 
HO+NHCOCH, + @)-IO, - 

Iodylbenzene is insoluble in the commonly used 
organic solvents, but a suspension of it in acetone 
oxidizes paracetamol to a yellow-orange product that 

00 NCOCH, + @IO + H,O 

has maximum absorption at 430 nm. The reaction is The colour develops almost instantaneously and 
reversible, the product being decolorized on addition remains stable for about 1 hr. There is a 10% decrease 
of ascorbic acid and reoxidized to the coloured in colour intensity after 2 hr. Other common 
product by iodylbenzene. The observation that io- oxidizing agents, e.g., iodosobenzene diacetate or 
dosobenzene does not yield a colour reaction and that dichloride, chloramine-T and N-bromosuccinimide, 
paracetamol acetylated at the phenolic group fails to do not produce a colour, perhaps because the 

Table 1. Determination of paracetamol in drugs 

Paracetamol, mg/rablelt 

Maker’s Present CV, Comparison 
Drug* specification method % method 

Laboratory-made 
tablet 
No. 1’ 258 263 0.4 
No. 2” 504 502 0.2 
No. 3”’ 246 244 0.3 

Crocin 500 538 0.2 
Metacin 500 497 0.2 :0y 
Panjon” 150 142 0.3 139§ 
Arumin’ 200 181 0.4 
Malidens” 250 267 0.4 2718 
Arthopa? 500 512 0.5 
Actimol”“’ 500 475 0.3 4803 
Canapar* 250 225 0.5 
Neogene” 250 236 0.5 243 + 
Flamar-P” 250 210 0.3 
Parazolandin”“’ 500 506 0.4 5103 
Panbin”’ 150 138 0.3 1355 
Reducin A”’ 650 596 0.4 
Paramide”” 250 284 0.3 2785 
Vikoryl”“’ 120 140 0.2 139§ 
Ultragin” 250 228 0.2 2328 
Corbutyl”” 650 600 0.4 612$ 
Contac-CC” 450 409 0.4 4161 
Prydonnal”” 400 415 0.5 4055 
Spasmindon”‘” 250 246 0.2 2485 

Other substances present include the following: (i) Caminophenol(50 
mg); (ii) dipyrone (250 mg) and salicylamide (100 mg); (iii) 
oxyphenbutazone (100 mg) and acetylsalicylic acid (150 mg); (it)) 
acetylsalicylic acid (300 mg) and caffeme (30 mg); (L’) oxy- 
phenbutazone (500 mg). dried aluminmm hydroxide gel (750 mg) 
and magnesium trisilicate (500 mg); (vi) salicylamtde (250 mg) and 
caffeine (25 mg); (vii) oxyphenbutazone (100 mg) and diazepam 
(2.5 mg); (viii) phenylbutazone (500 mg); (ix) dipyrone (250 mg) 
and cafferne (25 mg); (x) dipyrone (250 mg). caffeine (30 mg), 
codeine phosphate (7.5 mg) and chlorpromazine hydrate (7.5 mg); 
(.yi) oxyphenbutazone (100 mg); (xii) salicylamide (200 mg). meth- 
aqualone hydrochloride (20mg), caffeine (20 mg) and chlor- 
pheniramine (2 mg); (xiii) phenylephrine hydrochloride (5 mg), 
salicylamide (200 mg) and chlorpheniramine maleate (2 mg); (xic) 
dextropropoxyphene hydrochloride (65 mg); (xc) noscapine (15 
mg) and phenylpropanolamme hydrochloride (25 mg); (xvi) hy- 
oscyamine sulphate (0.22 mg), scopolamine hydrobromide (0.02 
mg), atropine sulphate (0.02 mg) and phenobarbitone (30 mg); and 
(xvii) phenylisopropyl pyrazolone (150 mg), dicyclomine hydro- 
chloride (10 mg) and ethylmorphine hydrochloride (11 mg). 

tMean of 6 replicates; CV = coefficient of variation. 
§Method in reference 10. 
IMethod in reference 8. 
*Method in reference 1. 
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Fig. 1. Absorption spectrum of paracetamol-iodylbenzene 
reaction product (paracetamol 40 pg/ml). 

oxidation continues beyond the N-acetyl-1,4- 
benzoquinoneimine. The visible spectrum of the 
chromogen is shown in Fig. 1. The molar absorptivity 
is 1.58 x lo3 l.mole-‘.cm-’ at 430 nm. The method 
is more rapid and simple than the existing pro- 
cedures, and Beer’s law is obeyed over a wide range 
of paracetamol concentration, O-100 pg/ml in the 
final solution. The absorption spectrum is unaffected 
by the use of as high as lOO-fold molar excess of 
iodylbenzene. 

A large number of pharmaceutical preparations 
containing paracetamol have been analysed by the 
method and the results are given in Table 1 together 
with comparative values obtained by using estab- 
lished methods. Dipyrone, oxyphenbutazone, acetyl- 
salicylic acid, salicylamide, vitamin C, phenacetin 
and caffeine do not affect the results. Other sub- 
stances which can be tolerated are listed in a footnote 

to Table 1. 4-Aminophenol is a product of decom- 
position of paracetamol and interferes in almost all 
available methods for determining paracetamol, but 
the present method is free from this interference. 
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MOLYBDOANTIMONYLPHOSPHORIC ACID AND 

POLYURETHANE FOAM 
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Summary-Preconcentration of phosphate as molybdoantimonylphosphoric acid on polyurethane foam 
has been combined with X-ray fluorescence measurement of antimony for the indirect determination of 
phosphate. The extraction is optimum between pH 1 and 3.6 and no interference is observed from silicate. 
The precision is 5% RSD at the 0.25+g/ml level and the detection limit is 20 ng/ml for 100 ml of sample 
solution. 

The most widely used spectrophotometric procedures 
for the determination of phosphate in aqueous solu- 

tions are based on the formation of 

1Zmolybdophosphate in reduced or non-reduced 
forms. At the trace level, the reduced (heteropoly 
blue) form is preferred, owing to the higher absorp- 
tivity. The Murphy and Riley method,’ using as- 
corbic acid and potassium antimony tartrate as the 
reducing agent, has become one of the standard 

procedures’ for phosphate determination. Going and 
Eisenreich,’ have established the stoichiometry of the 
reduced heteropoly product as PSb, MO,, 0,. Besides 
the traditional spectrophometric methods,4 the deter- 
mination of phosphate can be based on extraction of 
molybdoantimonylphosphoric acid (PSb,Mo,,O,) 
into isobutyl acetate and measurement of the anti- 
mony content in the extract by atomic-fluorescence 
spectrophotometry.5 

X-Ray fluorescence (XRF) has also been employed 
for phosphate determination. Phosphate has 
been extracted6 as 12-molybdophosphoric acid 
(H,PMo,,O~) into ethyl acetate, the organic layer 
then being coated onto a specially treated silica gel, 
pressed into pellets and analysed for molybdenum. 
Dube et aI.’ have estimated phosphate directly by 
XRF after precipitating it as quinine molybdo- 
phosphate. 

Recently polyurethane foam has been used for the 
preconcentration and in situ XRF determination of 
trace elements. 8,9 In an earlier communication,‘0 we 
reported the indirect XRF determination of phos- 
phate after its extraction as molybdophosphoric acid 
into polyether foam. Further study has shown that 
molybdoantimonylphosphoric acid can be used simi- 
larly, and gives a selective and more sensitive method. 

EXPERIMENTAL 

Apparatus 

The energy-dispersive XRF unit used to measure the 
intensity of the antimony K, line included an annular OS-Ci 

*Author for correspondence. 

241Am source (New England Nuclear) coupled with an Si(Li) 
detector, a Nuclear SemiConductor 512 amplifier and a 
Tracer Northern TN1705 pulse-height analyser. A 
thermostatically-controlled multiple automatic squeezer was 
used for squeezing the foam in the sample solutions. 

Reagents 

The stock solutions of molybdate, phosphate and anti- 
mony were prepared by dissolving the required amounts of 
sodium molybdate, potassium dihydrogen phosphate and 
potassium antimony tartrate. A 1% solution of ascorbic acid 
was prepared daily. 

A mixed reagent was prepared as described by Going and 
Eisenreich? except that half of the recommended amount of 
potassium antimony tartrate was used. Sodium molybdate 
dihydrate (2.12 g) was dissolved in 150 ml of water, and 
20.8 ml of concentrated sulphuric acid were added slowly 
with continuous starring. The solution was cooled to room 
temperature, 0.344 g of potassium antimony tartrate was 
added, and the volume was made up to 250 ml. This solution 
was usable for several weeks. 

All chemicals were of reagent grade. and doubly distilled 
and demineralized water was used for dilutions. The phos- 
phate, molybdate and mixed reagent solutions were stored 
in plastic bottles. Extran “300” (B.D.H.), a phosphate-free 
cleaning agent, was used to clean all glassware. 

Foam discs, approximately 2 cm in diameter and 0.8 cm 
in thickness were cut from a sheet of polyether-based 
polyurethane foam obtained locally and washed according 
to a procedure described earlier.” 

Procedure 

An aliquot of phosphate solution, containing not more 
than 0.1 mg of phosphate, was transferred into a lOO-ml 
standard flask, followed by 2.5 ml of the mixed reagent and 
1 ml of ascorbic acid solution. This solution was diluted and 
mixed and after 10-15 min was equilibrated with a foam disc 
in an extraction cell for 30min. The foam disc was then 
removed from the solution, washed with water and finally 
dried by squeezing between paper towels. The dried foam 
disc was placed on Mylar film, which was then stretched 
across the X-ray source and analysed for 200 sec. The area 
under the antimony K, peak was obtained by integration 
with the TN1705 unit. 

RESULTS AND DISCUSSION 

Using the procedure recommended by Going et al4 
for the extraction of molybdoantimonyl phosphate 
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Fig. 1. Extraction of molybdoantimonylphosphoric acid as 
a function of initial molybdate concentration. 

into organic solvents, it was found by absorption 
spectrophotometry that the extraction of molyb- 
doantimonyl phosphate (MSbP) by polyurethane 
foam is quantitative. Initial experiments also showed 
that the extraction efficiency remains almost constant 
if the squeezing time is 15 min or more. In all later 
studies, the foam discs were squeezed in the sample 
solutions for half an hour or more to ensure equi- 
libration. 

The effect of molybdate concentration on the ex- 
traction was tested by squeezing foam discs in a series 
of solutions, 100 ml in volume, 1.5 x 10m5M in 
phosphate, 4 x lo-‘M in antimony and containing 
varying amounts of molybdate and sufficient acid to 
maintain the H+/Mo ratio at 75. It has been estab- 
lished that the formation of MSbP is maximal under 
these conditions.’ From the results shown in Fig. 1, 

it is clear that a 20-fold excess of molybdate is 
sufficient for optimal extraction of MSbP. Similar 
results were obtained for the extraction of 
12-molybdophosphoric acid by polyurethane foam,‘* 
but more molybdate is necessary for the quantitative 
extraction of molybdoarsenate.‘3 It is most likely that 
the excess of molybdate is necessary to ensure com- 
plete formation of the particular hetero- 
polymolybdate rather than to maximize the extrac- 
tion efficiency. 

The optimal pH range for the extraction was 
studied with a series of solutions (100 ml) with fixed 
concentrations of phosphate (1.5 x 10m5M), anti- 
mony (4 x lo-‘M) and molybdate (1 x 10m3M). 
Figure 2 shows that pH l-3.6 is optimal. Similar 
results have been reported by Going et aL4 The 
optimum range for extraction of 12-molybdophos- 
phate by polyurethane foam is pH l-2,‘* owing to 
PSb,Mo,,O,, being stable over a wider pH range 
than the PMo,,O,, complex is. 

The effect of the SbjP ratio was also studied. The 
results indicate that at least a 2:l ratio is necessary 
for the efficient extraction of MSbP (since this con- 
centration is required stoichiometrically), but a large 
excess of antimony results in precipitation. 

It is evident that the extraction of MSbP by 
polyurethane foam is optimal under the conditions 
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Fig. 2. Extraction of molybdoantimonylphosphoric acid as 
a function of solution acidity. 

for maximum complex formation. For this Going 
and Eisenreich’ recommended use of a mixed reagent 
containing sufficient molybdate, antimony and acid. 
Use of this mixed reagent was examined and it was 
found that 2 ml will suffice for the extraction of 100 
/*g of phosphate from 100 ml of sample solution. 

The X-ray response was studied with lOO-ml sam- 

ples containing O-100 pg of phosphate, 2.5 ml of 
mixed reagent and 1 ml of ascorbic acid solution. It 
was linear over this concentration range (correlation 
coefficient 0.998). The detection limit (X) defined as 
the mean blank value (R) plus three standard devi- 
ations (a) of the blank value, (i.e.. X = R + 30), is 20 
ng/ml for lOO-ml sample solutions. The detection 
limit can be improved by usmg a more sensitive X-ray 
instrument or larger sample volumes. 

The precision (relative standard deviation) was 

evaluated from replicate analyses for 25 pg of phos- 
phate, and found to be 5”/;. As the extraction of 
MSbP by polyurethane foam is quantitative under 
the conditions used, it is most likely that the X-ray 
measurement is the major source of uncertainty. 

The effect of As, Si and Ge was evaluated by 
analysing a series of lOO-ml sample solutions contain- 
ing 50 pg of phosphate and various amounts of the 
interfering elements. It was found that silicon did not 
interfere even when present in large excess (up to 10 
mg) whereas only 250 pg of germanium and less than 
50 pg arsenic can be tolerated. Although the solution 
chemistry of these systems has not been reported in 
the literature, it seems likely that germanium and 
arsenic also form mixed heteropoly complexes con- 
taining antimony. Since the heteropolymolybdate 
complexes of germanium and arsenic are extractable 
by polyurethane, I4 these mixed complexes are proba- 
bly also extractable and thus give positive inter- 
ference. 

The X-ray fluorescence technique in conjunction 
with foam extraction can be used for the deter- 
mination of phosphate, with a performance compara- 
ble to that of the existing solvent extraction methods, 
and should produce greater sensitivity when used 
with better X-ray equipment. The technique has 
several advantages over the previous method based 
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on molybdenum determination.” The antimony de- 
termination has a detection limit of 0.02 ppm com- 
pared with 0.10 ppm for molybdenum, and is more 
selective since phosphate can be determined even in 
the presence of large amounts of silicon, and also the 
optimal pH-range is wider. 
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Rbsum&Le programme basic MICMAC a ktt dirveloppk pour I’ajustement sur micro-ordinateur de 
constantes d’kquilibre g partir de mkthodes physiques trk varikes. Le programme utilise la mtthode 
particulitrement fiable de Gauss-Newton-Marquardt et permet l’ajustement multiparamttrique de 
fonctions non lintaires. Hautement interactif, d’utilisation aiske et de conception modulaire, il fait 
intervenir une pond&ration rigoureuse et peut prendre en compte des erreurs systtmatiques. Ce programme 
autorise la r&solution de probltmes od interviennent plusieurs variables dtpendantes, indkpendantes et 
plusieurs s&es de mesures. Quelques exemples traitant de polarographie, pH-mbtrie et RMN, illustrent 
la gtnCralit& du programme MICMAC et donnent lieu $ une ktude comparative avec des programmes 
rkents 

Depuis les premiers travaux de SillCn,’ de nombreux 
programmes permettant la d&termination de con- 
stantes de stabilitt ont vu le jour*.’ et les r&solutions 
graphiques tendent $ &tre remplactes de plus en plus 
par des techniques numkriques fond&es sur la mith- 
ode des moindres carrb. Cependant, en dCpit des 
avantages que prksentent ces techniques (estimations 
objectives des incertitudes selon des crittres statisti- 
ques, aptitude g traiter des probl&mes complexes sans 
recourir $ des approximations parfois discutables ou 
etre conduit B lirkariser a tout prix les tquations 
descriptives du modkle), il est assez surprenant de 
constater que de nombreux travaux r&cents con- 
tinuent $ faire appel aux r&solutions graphiques. 
Nous pensons que cet Ctat de fait, d l’heure od tant 
de programmes ont CtC publiks, peut s’expliquer de la 
faGon suivante: 

d’une part, la familiarisation avec des pro- 
grammes gkkraux, tel LETAGROP-VRID: exige 
un effort assez considtrable et leur exkcution nkcessite 
de gros moyens informatiques; 

d’autre part, la plupart des programmes exis- 
tants ne permettent de traiter qu’un seul type 
d’expkience: potentiomttrie (SCOGS,j MINI- 

QUAD,6 BEST,’ TITFIT,’ MUCOMP9), spectro- 
photomktrie (MINISPEF,” DCLET,” SQUAD”), 
rksonance magrktique nucltaire (PHFIT13), polaro- 
graphie (POLAG14). 

11 nous semble que la demande du chimiste ana- 

lyticien est de pouvoir disposer d’un programme 
d’utilisation aisCe (i.e., interactif, ne nkessitant pas 

*Auteur pour correspondance. 

de connaissances informatiques approfondies et ix& 
cutable sur micro- ou mini-ordinateur) et d’une gkn- 

Craliti telle qu’il puisse s’adapter B diffkents types 
d’exptriences. En effet, devant un problkme chim- 
ique, le choix primordial quant g la technique expkri- 
mentale doit etre un choix chimique (il n’est pas 
souhaitable qu’un seul type de manipulation soit 
systkmatiquement utilisk quel que soit le probkme 
envisagk). Ce choix ne pourra etre fait librement que 
si l’on est assure de disposer d’une mkthode de calcul 
approprike. Ainsi, la seule dtmarche valable est 
d’adapter un programme B l’expkience, et non de 
concevoir l’expkrience en fonction du programme 
dont on dispose. En clair, le plus important est 
d’assurer le libre choix des manipulations. Qui plus 
est, il arrive que pour une expkrience donde des 
modtles difkents conduisent g des ajustements com- 
parables. La discrimination entre les modkles ntces- 
site alors d’autres approches expkimentales; il est 
done important de pouvoir traiter diffkents types de 
don&es. 

Ces diverses constatations now ont conduits a 
itcrire un programme d’utiksation gknPrale pouvant 
s’adapter 21 l’exploitation de rtsultats expkrimentaux 
acquis par diverses techniques. L’investissement ntc- 
essaire i l’utilisation de ce programme sera done 
largement rentabilisk par ses applications multiples. 
Le programme MICMAC, Ccrit en BASIC standard 
(Microsoft) est Cxtcutable sur micro-ordinateur. 

Ce programme est congu de faGon $ ce que tout 
paramttre exptrimental puisse itre rendu ajustable 
sans difficultk. Jusqu’ici, seuls des programmes 
comme LETAGROP,4 DALSFEK,” TITFIT’ et 
MUCOMP9 permettent de rendre ajustables certains 
paramttres autres que les constantes d’tquilibre. 
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TRAITEMENT MATHEMATIQUE 

Pour un modtle don&, la variable observke est 
fonction des paramttres oc,(j = 1,. . . n) et des vari- 
ables indtpendantes x,(l = 1, k) 

y =f(4, . %,Xl,...,Xk) (1) 

(Pour la clartk de l’exposir, nous nous limitons i une 
variable dkpendante. L’extension au cas de plusieurs 
variables se fait sans difficult&) 

Le but est d’obtenir les “meilleures” estimations 
des paramttres (au sens des moindres car&s), 
c’est-$-dire de minimiser la somme des car& des 
rksiduels: 

u = f wi[Yi(eXp) -l-(4, . a,, xi,, . . . xik )I’ (2) 
i=l 

od IV, reprisente le poids du point i (i = 1 $ m, 

nombre de mesures). 
Cette somme doit ttre rendue minimum par rap- 

port g chacun des paramktres ajustables, ce qui 
conduit $ un systtme de n tquations 

au 
-=oo;j=1g, 

au, 
La fonctionfest dtveloppie en sCrie de Taylor, en 

rkgligeant les termes d’ordre supkrieur. Si yp rep+ 
sente la valeur calculke de y, $ partir d’un jeu de 
paramttres initiaux a:, le dkveloppement en sCrie de 
Taylor de f s’krit: 

i=lAm 

j=l$n 

soit 

11 est plus facile pour la programmation d’utiliser 
la notation matricielle selon laquelle l’kquation (4) 

s’tcrit 

Ay = J.Au (5) 

Ay reprksente l’incrkment sur la fonction J; produit 
par l’incrkment Act sur les paramktres aj. J est la 
matrice jacobienne dont les Clkments sont dkfinis par 

JV=g; i=l&m, j=l$n. 
/ 

Soit E le vecteur des rksiduels dont les klCmen,ts E, 
correspondent g la diffkrence (y+,) - yf), yp Ctant 
calculi $ partir du jeu de paramitres estimks. La 
fonction U 6 minimiser devient: 

u = [x].W+ - J.Acr] (6) 

od W dtsigne la matrice de pondkration (le 

symbole - dksigne la transposke de la matrice consid- 
er&e). La condition de minimisation (3) s’Ccrit alors: 

au 
zGj= -2c.W.J+2;i;;.j.W.J=0 

d’oh l’on tire la relation, aprks transposition: 

A.Au = S (7) 

Oil 

A=J.W.J est le Hessien 
S = 3. W ‘E le vecteur des seconds membres. 

L’expression des dkplacements sur les paramktres 
(Act,) est done: 

Act = B.S (8) 

oti B = (3.W. J)-’ reprtsente l’inverse du Hessien A 
et peut &tre calcult lorsque celui-ci n’est pas singulier. 
Le problkme n’ttant gCnCralement pas lirkaire, la 
nouvelle estimation des paramktres cz, = $ + Am, ne 
conduit pas directement au minimum de U; un 
ajustement itkatif est ntcessaire, et le calcul prCct- 
dent est rCp6tC g partir des nouvelles estimations 
jusqu’i convergence. Chaque it&ration conduit idtal- 
ement g une valeur plus faible de la variance sur y: 

CT2 = & c W,(Yi(exp) -Y~wcd2 (9) 
I 

La variance sur chaque paramktre est obtenue B 
partir des ClCments diagonaux de la matrice de 
variance-covariance Ba2 et la racine carrte de ses 
Cltments conduit g la dtviation standard sur le para- 

mktre correspondant. 
Enfin, la matrice de corrklation C s’obtient en 

normalisant la matrice B selon 

(10) 

LE PROGRAMME MICMAC 

Caractkristiques du programme 

Les Cquations mathkmatiques &rites ci-dessus per- 
mettent de constater que la mtthode des moindres 
carrCs n’est nullement restrictive. L’essentiel du trai- 
tement mathkmatique est indkpendant de la forme de 
la fonctionf(a,, . . . , a,, x,, . . . ,x,), qui le plus sou- 
vent ne sera pas connue de fagon explicite. Nous 
avons cherchk g exploiter cette qualit en Ccrivant un 
programme qui soit, lui aussi, le plus indkpendant 
possible quant $ la forme de $ 

Un choix correct de la variable y sur laquelle est 
effectut l’ajustement est primordial. I1 nous parait 
nature1 que la grandeur ajustke soit la grandeur 

mesurte. 11 est ainsi possible d’interprkter en termes 
chimiques le dtroulement du calcul. Les rksidus ont 
une signification directe et peuvent ?tre immtdi- 
atement compares a une estimation de l’erreur exptri- 
mentale. L’ttude des &carts observks Dourra consti- 
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tuer pour l’experimentateur un guide precieux darts sa 
recherche d’un modele plus satisfaisant. Dans le cas 
ou existent des erreurs systematiques, leur detection 
sera facilitee par l’examen critique des deviations sur 
telle ou telle fraction des valeurs calculbes de y. De 
plus, lorsque l’ajustement se fait sur la grandeur 
mesuree, la ponderation en l/a2 est aisement ttablie, 
et peut a l’occasion dtre prise Cgale a I’unite. Par 
contre, I’utilisation de fonctions indirectes impose 
une ponderation plus complexe qui doit tenir compte 
de la propagation des erreurs, afin que l’analyse 
statistique demeure rigoureuse.‘6 Ainsi, lorsque l’on 
utilise 6, les expressions mathematiques deviennent 
rapidement inextricables.” 

Dans le cas d’analyse de dosages pH-mttriques par 
exemple, la minimisation de Z(PH,,,~ - PH,,,)~ con- 
stitue, comme l’affirment les auteurs de BEST,’ le bon 
choix tant au sens chimique que mathematique. Dans 
ce cas, la pond&ration etablie en tenant compte des 
erreurs sur la mesure du pH et le volume de titrant 
est necessaire, afin de ne pas donner une importance 
dangereuse aux zones de plus grande pente. 

11 faut remarquer que la distinction introduite 
prtcedemment entre variables indtpendantes (x) et 
parametres ajustables (Q) est purement arbitraire. 11 
est d’un grand int6rCt que cette distinction soit faite 
par l’utilisateur en fonction de ses besoins, et non 

impode par la structure du programme. Une carac- 
tiristique majeure de notre programme est la banal- 
isation de toutes les grandeurs utiles a la definition de 
J Chacune de ces grandeurs, selon qu’elle sera de- 
Clarke fixe ou ajustable au moment de l’execution, 
jouera le role d’un x ou dun tl. Ceci permet de 
prendre en compte d’eventuelles erreurs system- 
atiques, comme le preconisent Sillin’* et Wentworth 
et ~1.‘~ De telles erreurs sont souvent compensees par 
l’introduction d’une esptce artificielle, qui devient 
inutile lorsque l’erreur est corrigee. La correction des 
erreurs systematiques permet done une analyse plus 
fine du modele et autorise une plus grande confiance 
dans la detection d’especes mineures. Bien entendu, la 
valeur ainsi ajustee dun paramttre ne pourra etre 
retenue que si elle est raisonnable; l’examen des 
nouveaux coefficients de correlation infirmera ou 
confirmera l’opportunite dune telle demarche. En 

effet, si la correlation de ce nouveau parametre avec 
chacun des parametres initiaux est grande, il est 
indispensable de proctder a d’autres mesures expiri- 
mentales selon un nouveau protocole. 

Afin de maintenir au programme un haut degre de 
generalite, nous avons opt6 pour la dhivation numtr- 
ique. L’obtention d’un code compact et plus lisible est 
une consequence avantageuse de ce choix. L’icriture 
de programmes generaux utilisant la derivation ana- 
lytique est possible,20 mais ntcessite une capacite- 
memoire supplementaire. 

Pour la recherche des coordonntes du minimum de 
U, la methode de Gauss-Newton, facile a mettre en 
oeuvre, converge rapidement a partir d’estimations 
initiales satisfaisantes. Lorsque celles-ci sont trop 

eloigntes de la solution, la fonction U n’est plus 
correctement approximee par le developpement en 
strie de Taylor limiti au premier ordre, et il n’est pas 
rare que le calcul diverge. Nous avons done introduit 
la modification proposte par Marquardt,2’ qui com- 
bine l’approche prkcedente avec la mithode du gra- 
dient (connue pour Ctre plus sure, mais extrimement 
lente lorsque l’on approche de la solution). 
L’algorithme de Gauss-Newton-Marquardt permet 
d’assurer la convergence a partir d’estimations ini- 
tiales m&mes mediocres, tout en conservant la rap- 
idite de la mithode de Gauss-Newton. L’iquation (7) 
est remplacte par 

A*.Ag* =S* (11) 

A* est le Hessien normalise selon: 

A* = &I* = &_A. (12) 

S* est le nouveau vecteur des seconds membres 

s*=(s,)*=p& (13) 

L’expression des d&placements sur les parametres 
devient 

Aa, = (Act,)*/& (14) 

Le facteur de Marquardt c est alors introduit dans 
1’Cquation (11): 

(A*+cI).Aa*=S* (15) 

L’algorithme est construit de facon a ce que c aug- 
mente lors d’une iteration divergente, et diminue 
jusqu’a tendre vers zero lorsqu’il y a convergence. 
Cette methode s’avtre remarquablement efficace, et 
confere au programme une grande fiabilitt. 

L’hypothhe fondamentale de la methode des 
moindres car& repose sur le caracttre aleatoire des 
erreurs et leur distribution gaussienne. L’emploi de 
cette methode impose done que chaque observation 
soit affectee d’un poids qui reflete exactement l’erreur 
commise. Le point a Cte largement discute par Went- 
worth.‘6.‘9*22 11 est toutefois surprenant de constater 

que beaucoup de programmes se limitent a la ponder- 
ation unitk3 D’autres n’introduisent que les variances 
sur les observables, ce qui est parfois insuffisant, les 
variances sur les variables independantes n’ttant pas 
toujours negligeables. La theorie de la propagation 
des erreurs permet d’kcrire, pour plusieurs observ- 
ables et plusieurs variables independantes: 

(16) 

(i-tme mesure, j-i&me observable). 
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La somme des carrts des rksiduels s’krit done: 

u = c c Wij(Yij,,,, - Y&J2 (17) 

La matrice de pond&ration obtenue est une matrice 
diagonale d’ordre m x n (m = nombre de mesures, 
n = nombre d’observables). Quand plusieurs obser- 
vations sont faites sur une mtme solution (spectro- 
photomktrie $ plusieurs longueurs d’onde en particu- 
lier), il est thkoriquement nkessaire de faire inter- 
venir les termes de covariance. Cependant, Lingane et 
Hugus ont dt?montrt que, lorsque les mesures sont 
prtcises, la covariance peut Ctre ntgligke sans incon- 
vknient. 

Toutes les caractkistiques que nous venons de 
mentionner sont inhkrentes au programme principal. 
11 est bien sfir nkessaire d’introduire un module 
spkifique (MOSP) g chaque type d’exptrience. 

-Ce module, dont la longueur n’excbde pas quel- 
ques dizaines de lignes, inclut la dkfinition de la 
fonctionf, ainsi que l’expression adkquate du facteur 
de pondtration dans les cas oti les poids calculis selon 
l’expression (16) ne sont pas adapt&s. Notre schkma 
girkral de pond&ration suppose en effet que la vari- 
ance sur les x et les y est constante. Dans le cas oti 
cette hypothtse n’est pas vtrifike, il est nkessaire 
d’introduire une estimation de la variance en chaque 
point expkrimental. Cette option d’une expression 
spkcifique de la pondkration pourra kgalement itre 
utiliste dans le cas d’un changement de variables 
(Fig. 1). 

-Dans la plupart des cas, le calcul des concen- 
trations des constituants sous forme libre, i partir de 
leur concentration analytique est une &tape ntces- 
saire. Les tquations de conservation de la masse sont 
introduites dans le module MOSP selon 

T, = t, + a,, c, + . . . + a,n c, (18) 

oti 7; reprksente la concentration analytique du con- 
stituant j, avec u,! = nombre d’atomes de ce consti- 
tuant dans l’espke i, c, = concentration de l’espice i 
dtfinie B partir des constantes /?( ou K,. 

Xe module pourra Cgalement inclure une cor- 
rection sur les y, utile notamment en potentiomktrie 
(par exemple, correction de l’erreur alcaline de 
l’tlectrode de verre), ou permettre un changement de 
variables (Fig. 1). 

Cette conception permet une konomie apprkiable 
de m&moire centrale et une plus grande rapiditk 
d’exkcution; elle autorise Cgalement une grande soup- 

lesse. Ainsi, I’Ccriture de l’expression des bilans (I@, 
selon qu’elle fera intervenir /?, log/l, K ou pK, en- 
trainera l’ajustement sur ces m&mes grandeurs. Le 
probltme est en effet communtment post.’ 
L’ajustement sur log p, frtquemment employ&, con- 
duit $ des ordres de grandeur comparables des 6lC- 
ments du Hessien. Toutefois, il arrive que celui-ci soit 
alors ma1 conditionne.‘8,24 L’ttape de normalisation 

du Hessien (12) permet de s’affranchir de ces consid- 
krations et d’ajuster directement sur les constantes. 

En ce qui concerne l’utilisation des constantes 
globales de formation /I ou des constantes successives 
K, nous n’avons pas observk de difkence 
significative sur les valeurs obtenues lors de l’emploi 
de l’une ou l’autre de ces constantes. Cependant, 
l’utilisation d’un micro-ordinateur peut orienter le 
choix en faveur des constantes K; il n’est pas rare, en 
effet, de rencontrer des valeurs de fi supkrieures 1 lo)*, 
dont la reprisentation en virgule flottante est impos- 
sible sur la plupart des micro-ordinateurs. Ce fut le 
cas lors de nos Ctudes sur les titra-azamacrocycles.25,26 
Cependant, nous avons parfois observi un ab- 
aissement notable des coefficients de corrklation lors 
de l’emploi de constantes 8. Ainsi, il n’y a pas de r&gle 
g&kale quant & l’utilisation de l’une ou l’autre des 
constantes, le choix qui conduit aux coefficients de 
corrtlation les plus faibles dCpend du degrC de re- 
couvrement des Cquilibres. 

Tous les appels entrainant le calcul des diverses 
fonctions dtfinies dans le module MOSP sont g&s 
exclusivement par le programme principal; aucune 
modification de celui-ci n’est nkessaire. 

La r&solution du systkme d’kquations non linkaires 
(18) utilise la mkthode de Newton-Raphson. Si cette 
mkthode est gkniralement satisfaisante, on observe 
parfois une absence de convergence, notamment B 
l’itquivalence et dans son voisinage oti les concen- 
trations calcultes en un point ne constituent pas une 
bonne approximation pour le point suivant. Pour 
remtdier B cet inconvknient majeur, nous limitons 
l’accroissement relatif de la concentration d’un con- 
stituant ce qui assure igalement que les concen- 
trations restent positives. Cet accroissement relatif, 
correspondant dans le programme au “facteur pour 
Newton-Raphson”, doit &tre compris entre 0 et 1; la 
valeur 0,8 est gknttralement satisfaisante. Cette tech- 
nique peut s’avkrer parfois insuffisante; une seconde 
modification, apparent&e $ la mkthode de la cible 

mouvante,27 est alors introduite automatiquement. 
Une cible intermkdiaire est choisie suffisamment pro- 
the du point initial de telle sorte que l’itirration soit 
convergente. En se dCpla$ant ainsi de proche en 
proche vers la cible finale, la convergence peut tou- 
jours &tre for&e. Lors des cycles d’itCrations sui- 
vants, on dispose d’approximations satisfaisantes, et 
la mkthode de Newton-Raphson s’avtre alors trts 

efficace. La modification de cette mkthode propoke 
par Marquardt” ne semble pas intkressante pour le 
calcul des concentrations, probablement en raison 
d’une trop forte corrklation. 

Utilisation de BASIC 

L’utilisation d’un micro-ordinateur pksente de 
nombreux avantages. Parmi ceux-ci, il faut noter le 
faible colt du mattriel, sa disponibilitt: constante et 
la familiarisation rapide avec la machine en raison de 
sa simplicitk d’utilisation. BASIC est le langage le 
plus largement rkpandu sur ce type de mattriel. D’un 
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apprentissage a&, il permet l’tcriture de programmes 
lisibles et hautement interactifs. Ces avantages nous 
paraissent compenser largement les inconvenients 
inherents a ce langage, au nombre desquels il faut 
compter la lenteur d’execution. 

L’introduction dun module approprie au prob- 
leme trait6 entraine bien entendu la necessitt de son 
icriture en BASIC, done une connaissance minimale 

du langage. D’autre part, le module doit dtre par- 
tiellement rtecrit quand le modtle est modifit. Afin de 
limiter ces contraintes, nous avons tcrit un pro- 
gramme BASIC interactif GENPROG, qui permet de 
generer facilement le module nkcessaire pour le 
probltme le plus courant: l’analyse de courbes 
pH-mttriques ou potentiometriques. A partir de la 
description du modele (nomenclature des esptces, 
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stoechiomttrie, definition des constantes), le code 
engendre est tris proche de l’ecriture chimique et se 
resume a quelques expressions algebriques (bilans, 
equations). Aucun constituant ne joue de role partic- 
ulier; leur nombre, ainsi que celui des espkces for- 
mees, n’est limite que par la capacite mtmoire du 
systtme. Le BASIC itant interpret&, le probltme de 
la compilation du nouveau module ne se pose pas. 
Celui-ci vient simplement s’ajouter au programme 
principal. 

Mise en oeuvre 

L’bxecution dtbute par la lecture sur disquette du 
module MOSP et son chargement en memoire cen- 
trale a la suite du programme principal. L’entree des 
don&es et le choix des differentes options se font de 
man&e interactive, les messages suivants sont 
affiches a l’ecran. 

l-Simulation (O/N)? 
2-Nombre de variables independantes et de vari- 

ables mesurtes? 
Nom du ficher des mesures? 

Impression des couples (O/N)? 
3-Nombre de points lus: m 

Nombre de points a eliminer? 
&Nom du fichier des parametres: 

Corrections? 
Nom du fichier des paramttres a creer: 

5-Impressions intermediares 
Mise au point? 
Edition du tableau valeurs calculees? 
Edition des concentrations? 
Edition de la courbe? 

&Valeurs initiales des concentrations: 
7-Valeur initiale du facteur de Marquardt: 

Facteur pour Newton-Raphson: 0.8 
Facteur pour dtrivation/parametres: 1.001 
Facteur pour derivation/concentrations: 1.001 

Precision: 10 
OK? 

8-Nombre maximum de cycles? 
Calcul du Hessien tous les N cycles? 

9Xorrection sur les Y,/Changement de variable? 
l&Deviation standard sur les var. dependantes? 

Deviation standard sur les var. independantes? 
Ponderation (ENTER si poids igaux)? 
Pond&ration speciale? (ENTER = non). 

Point I-Si la reponse est oui, le calcul des observ- 
ables conformement au modile est fait a partir des 
valeurs fournies, l’ttape de minimisation n’est pas 
effect&e; a l’issue de ce calcul, l’utilisateur est appele 
a modifier tout ou partie des paramttres d’entree, ce 
qui lui permet d’en evaluer l’incidence. Cette option 
pourra itre utile notamment pour obtenir des 
approximations initiales satisfaisantes. Elle permet 
tgalement d’evaluer l’interet potentiel dune mani- 
pulation envisagee. 

Point 2-Le fichier des mesures a ete tree au- 

paravant a l’aide d’un programme auxiliaire SAISIE 
V6. Ce programme est un iditeur de texte simplifie et 
adapt& a la saisie des mesures, il Cvite le recours a un 
Cditeur de texte standard. 

Point kS’i1 existe deja, le fichier des paramttres 
est lu. Sinon, la saisie se fait au clavier, elle est guidee 
par les informations presentes dans le module MOSP 
(la designation de chaque paramttre s’affiche a 
f&ran). L’utilisateur repond en fournissant une va- 
leur qu’il declarera fixe ou ajustable. Une procedure 
de correction est prevue, et les donnees definitives 
sont Cventuellement copiees dans un fichier. 

Point 5-Ces diverses options assurent un controle 
des impressions des rtsultats intermediaires. 

Point bl’utilisateur fournit les valeurs des esti- 
mations initiales necessaires au premier calcul des 
concentrations. 

Point 7-Aprb avoir fourni une valeur initiale du 
facteur de Marquardt, (generalement 0.01) 
l’utilisateur peut, s’il le souhaite, modifier les valeurs 
par defaut des facteurs repertories. La constante 
introduite a la question “precision” est un terme 
multiplicatif qui controle la precision demand&e sur 
les concentrations. Ainsi, la valeur typique 10 conduit 
a une precision lo-‘M. 

Point 8-Lorsque l’on est proche de la solution, un 
gain de temps appreciable peut frequemment etre 
obtenu en n’effectuant le calcul du Hessien que tous 
les deux ou trois cycles d’iteration. Dans tous les cas, 
le Hessien sera calcule lors de l’iteration finale. 

Point 9-Une reponse positive entraine le calcul de 
la correction ou du changement de variables dtfinis 
dans le module MOSP. 

Point It&-L’utilisateur est appele a introduire les 
deviations standards sur les differentes variables de- 
pendantes et independantes. Si l’option par defaut est 
retenue, un poids unite est affect6 a chaque point. 
Sinon, l’evaluation des poids est faite selon 
l’expression generale (16) dans le programme prin- 
cipal, ou selon les modalites definies si l’option 
pondtration speciale a CtC retenue. Le calcul des 
dtrivees partielles (16) au point i se fait en calculant 
les coefficients dun polynbme du second degre ap- 
proximant la courbe aux points de rang (i - 1), i, 
(i + 1); on en deduit la valeur de la dtrivte au 
point i. 

L’essentiel des donnees est rappel6 sur 
l’imprimante au fur et a mesure de la saisie. A l’issue 
de celle-ci, on entre dans la boucle iterative principale 
(Fig. 1). En chaque point sont calcules les valeurs de 
Y et le residue1 correspondant en appelant RAPH, 
routine de calcul des concentrations selon 
Newton-Raphson. Cette routine incorpore les in- 
structions d’appel du module MOSP qui fournit les 
expressions algebriques necessaires au calcul des bi- 

lans. La somme pond&e des carres des residuels 
SIGMA est alors calculee. 

Si le SIGMA ainsi obtenu est inferieur a la valeur 
de la prectdente iteration (a la premiere iteration, la 
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comparaison se fait avec lO’o), les estimations des 
paramttres sont actualisees. On calcule le Jacobien, le 
Hessien, puis la matrice des coefficients de cor- 
relation. Le Hessien est inverse dans la routine 
MINV utilisant la mtthode du pivot maximal, et les 
variances sont calculees. La somme des carrts des 
rtsiduels SIGMA, la matrice de correlation et les 
variances sont imprimtes a chaque iteration. 

Dans le cas d’une iteration divergente, le facteur de 
Marquardt est augment&. Le systeme des equations 
normales modifiees (15) est a nouveau resolu et un 
nouveau SIGMA calcule. Loperation est repetee 
jusqu’d obtenir une iteration convergente. Lorsque 
l’amelioration relative sur SIGMA devient inferieure 
a 0.001, le calcul se termine. Sinon, on procede a 
l’ivaluation des seconds membres des equations nor- 
males, et de nouveaux d&placements sont calculb. 

Les systemes liniaires sont resolus par la methode 

de Gauss-Jordan dans la routine GAJO. 
Le dtveloppement de ce programme a et& realist 

sur un TRSSO Model I Level II (48 K) equip6 de deux 
unites de minidisquettes travaillant en double densite 
SOUS NEWDOS-80 V2 0. Le programme occupe 20 
koctets (5 koctets sont dfis aux commentaires): 18 
koctets sont done utilisables pour les don&s. TOUS 

les calculs sont executes en simple precision. Un 
listing du programme est disponible aupres des au- 
teurs qui envisagent de realiser une version utilisable 

sous CP/M 2.0. 

RESULTATS 

Afin d’illustrer quelques-unes des possibilites du 
programme MICMAC et d’en apprecier la validite, 
nous avons effectut une etude comparative avec des 
programmes rtcents traitant de problemes divers. 

Polarographie 

Les travaux de Heath et Hefterz8 sur la dtter- 
mination des constantes de stabilitt des complexes 

cadmium-chlorure ont et6 exploit& par Leggett14 a 
l’aide du programme POLAG, puis plus recemment 

par Gomez-Nieto et al. 29 I1 nous a done semble 
interessant d’analyser a notre tour les mesures de 

Heath et Hefter. 
L’ajustement sur la grandeur mesuree Ep conduit a 

minimiser l’expression: 

U = 1 (Egk - E;“)* 

avec 

Oi 

M est solution des deux equations: 
M,=M+M.L.8,+M.L2.B2+M.L’.B3 

metal total 

L,=L +M.L./?, +2M~L2~~,+3~M~L’~j?, 

ligand total 
11 est egalement possible d’utiliser le traitement de 
DeFord et Hume”’ qui conduit a minimiser: 

avec 

u = 1 (FOC”” - F@=“)* 
, 

MT FO’“k = _ 

M 

FOexP = exp $T (EE - E,) + log + 
P 1 

Nos resultats, ainsi que ceux de la litterature, sont 
rassembles dans le tableau 1. 

Nos valeurs de constantes sont identiques a celles 
obtenues par Gomez-Nieto et al. B l’aide des pro- 
grammes FOW et GIP II. 

Les differences observtes avec Leggett ne peuvent 
s’expliquer par la simple lecture de son article. Par 
contre, l’examen de son listing permet de constater 
des erreurs dans les donntes (lo-‘M en cadmium au 
lieu de 4 x IO-‘M, ainsi que I,, = 1.40 au lieu de 7.37 

Tableau 1. Systeme cadmium<hlorure (I = l,OM; T = 25°C; [Cd2+], = 4,0 x 10-5M; 
p, = 22,5 k 05; & = 56 f 1; & = 35 f 3)28 

FO 

EP 
Grandeur ce travail ce travail Gbmez et ~1.~~ 

ajustee ce travail* Leggett14 W#l W=l W# 10 G6mez et a1.29$ 

BI 21,o 21,4 21,o 21,3 21,o 21,2 
s.d.t O,2 0,2 O,4 033 O,3 

82 552 54,5 55,2 54,4 55,2 54,4 
s.d.t 1,O 190 1,3 130 0,s 

B, 31,8 32,7 31,8 32,4 31,7 32,4 
s.d.t 131 173 OY9 038 036 

*Pente thtorique 29,579 mV. 
tDt%iation standard. 
SProgramme FOW. 
SProgramme GIP II. 
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Tableau 2. Valeurs calcultes du pH pour le 
systeme PXBDE, en, Co’+ et 0, 

Volume, 
ml PH,,, 

R&duels calculks 

BEST MICMAC (W = 1) 

0,200 
0,400 
0,600 
0,800 
1,000 
1,200 
1,400 
1,800 
2,000 
2,200 
2,450 
2,700 
2,950 
3.200 
3,400 
3,600 
3,800 
4,000 
4,200 
4,400 
4,600 
4,800 
5,000 
5,200 
5,400 
5,600 
5,800 
6,000 
6,200 
6,400 
6,850 
6,900 
7,130 

2,634 0,003 
2,717 0,007 
2,812 0,005 
2,932 0,003 
3,092 - 0,007 
3,346 -0,031 
4,233 - 0,060 
6,162 -0,030 
6,265 -0,012 
6,322 - 0,006 
6,373 -0,001 
6,413 0,002 
6,448 0,004 
6,482 0,006 
6,502 0,002 
6,529 0,005 
6,553 0,004 
6,576 0,003 
6,600 0,001 
6,627 0,002 
6,654 0,002 
6,68 1 - 0,000 
6,711 -0,001 
6,748 0,002 
6,785 0,003 
6,824 0,002 
6,862 - 0,006 
6,917 - 0,003 
6,975 - 0,007 
7,048 -0,011 
7,169 - 0,024 
7,367 - 0,066 
8,927 - 0,082 

5,47 x lo-4 

0,004 
0,008 
0,007 

- 0,004 
- 0,024 
-0,018 
-0,027 
- 0,009 
- 0,002 

0,003 
0,005 
0,007 
0,010 
0,006 
0,009 
0,009 
0,007 
0,005 
0,006 
0,006 
0,004 
0,004 
0,003 
0,007 
0,007 
0,004 

-0,001 
0,002 

- 0,002 
- 0,005 
-0,017 
- 0,056 
-0,Ol I 

2-02 x 10m4 

pour [Cl-], = 0.4M). Nous ne mettons pas en cause 
le programme POLAG puisque, en introduisant ces 
m&mes don&es, nous retrouvons des rbsultats identi- 
ques B ceux publiks par Leggett. 

11 est assez remarquable de constater que les rC- 
sultats obtenus en ajustant sur la grandeur mesurite 
EP, sont identiques g ceux obtenus par ajustement 
pondCrt, sur FO, mettant ainsi en Cvidence la ntces- 
sit& de pondkrer lorsque I’on n’ajuste pas sur la 
grandeur mesurke. Dans ce cas prkis, nous avons 
estimC que l’erreur sur les concentrations ktait nkgli- 

geable. L’expression du poids est done: 

pH-mktrie: comparaison avec BEST 

BEST’ est I’un des rares programmes B ajuster sur la 
grandeur mesurke, ici le pH, se p&ant ainsi particu- 
likrement bien g une ktude comparative, d’autant plus 
que les auteurs fournissent un tableau des rksiduels. 

Complexes du cobalt. L’Ctude Porte sur les com- 
plexes du cobalt en prtsence de deux ligands sous 
atmosphkre d’oxygtne; le systt+me ne comporte pas 
moins de vingt-quake esptces. Nous avons CtC satis- 
faits de constater I’excellent accord avec les auteurs 
de BEST, les rksiduels obtenus $ partir des mCmes 
paramktres Ctant strictement identiques. Les auteurs 
soulignant I’existence d’un ICger dtsCquilibre des con- 
centrations en acide et en base, nous avons entrepris 
d’ajuster conjointement le titre en acide et la con- 
stante &, de I’espke 24. Les rCsultats sont ras- 
sembks dans les tableaux 2 et 3. 

L’ajustement simultank du titre en acide et de la 
constante amkliore les rksidus (u2 divisC par 2,5), les 
&carts autour des stoechiomktries 1 et 5 sont moin- 
dres. La valeur 1.5009 x lO-‘M obtenue pour I’acide 
est proche de la valeur initiale 1.5002 x IO-‘M, 

la variance est tris faible et la corrklation entre les 
deux paramkes ajustks est de 0,2. L’ajustement du 
titre en acide nous parait done justifii: et satisfaisant. 

Nous avons d’autre part effect& les calculs avec et 
sans poids (a, = 0.02 ml; 6,. = 0.002 pH). I1 apparait 
que les deux valeurs sont compatibles entre elles, celle 
obtenue avec pond&ration se rapprochant davantage 
de celle de BEST; on peut cependant regretter que les 
auteurs ne donnent pas d’incertitude sur leur con- 
stante. 

Dans le cadre de cette &de, nous avons pu vtrifier 
I’efficacitt: de la mkthode de la cible mouvante sans 
laquelle le calcul des concentrations diverge aux 
stoechiomttries 1 et 5. Les auteurs de BEST, quant 
i eux, introduisent de nouvelles estimations initiales 
aux points critiques. 

Base de SC/@ Le systkme Ctudiir comporte treize 
espkces, l’ajustement Porte sur les constantes de for- 
mation de la base de Schiff et de ses trois formes 
protontes. Comme prCcCdemment, I’introduction des 

Tableau 3. Rksultat de l’ajustement 

BEST MICMAC 

Titre en 1,5002 x 10m2M* I,5009 x IO-*A4 + 8,09 x 10m7Mt 
acide 

W=l 

PKXD 6.71 6,739 %+ 
0,022g o:olo~ 

ciz 5,47 x IO-4 2,02 x IO-4 4,2 x lO-5 

*Valeur fixe. 
tValeur ajustke. 
$Dkviation standard. 
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Tableau 4. Formation de base de Schiff 

253 

W=l W#l W=l W#l Ref. 1 

1% BllO -6,0 -4,0 - 0,l 
s.d.* 10 13 

log Bill 11,Sl 11,86 11,85 11,87 l1,98 
s.d.* 0,06 0,06 0.02 0.02 

log 8112 18,75 18,80 18,83 18,82 19.00 

s.d.* 0,14 0,12 0,05 0304 

log Pill 24,69 24,X 24,76 24,16 24,90 
s.d.* 0,ll 0,09 0,04 0,03 

a2 1,253 x lo-’ 3,23 x lO-4 9,17 x 1O-4 3,00 x lO-4 1,356 x lo-’ 

0 0,0303 0,0368 

*Ditviation standard. 

paramktres obtenus par BEST donne des rksiduels 
identiques. Par contre, l’ajustement nous conduit g 
des conclusions diffkrentes (Tableau 4). 

Que ce soit avec ou sans pond&ration, la constante 
de formation de la base de Schiff fill,, est rejetk par 
le programme (valeurs nkgatives, dtviations stan- 
dards dkmesurtes, corrklation importante). Nous 
avons done repris les calculs en Climinant cette espkce; 
l’ajustement est meilieur et les dkviations standards 
diminuent de faGon significative. L’influence du poids 
est plus particulitrement sensible iorsque cette esptce 
(110) est prise en compte: la colonne 1 se distingue des 
colonnes 2, 3 et 4 oti les rksultats obtenus sont trks 
voisins. 

Au vu de ces rksuitats, nous concluons que la base 
de Schiff totaiement d&proton&e n’existe pas et que 
le programme MICMAC semble $ mime de dkter- 
miner ie minimum avec plus de prkision. Cette 
diffkrence est peut-Ctre imputable au fait que BEST 
utilise un aigorithme de type heuristique. 

pH-mPtrie: comparaison avec TITFIT’ 

Le systtme Ni*+ -giycine a ttk trts largement ttudik 
ces dernitres anntes. 11 constitue done une bonne 
base de comparaison. Nous avons repris les mesures 
des auteurs de TITFIT $ partir des don&es figurant 
dans leur listing (ces donnkes correspondent aux trois 
courbes de la figure 2 de leur article*). La compar- 
aison nous parait d’autant plus inttressante que 
TITFIT rkalise l’ajustement sur les volumes de base 
titrante, alors que notre ajustement Porte sur le pH. 

Dans un premier temps, nous avons ajustk sur 
chacune des courbes les concentrations de i’acide fort 
ajoutt et de la base titrante; cette dtmarche est 
anaiogue B l’ajustement des grandeurs Exac et EQ 
effect& par les auteurs.8 L’ajustement des constantes 
a ensuite ttC rCalisk en traitant simultantment les trois 
courbes et en utiiisant ies concentrations en acide et 
en base prbc6demment calcultes (Tableau 5). 

Nous sommes satisfaits de constater que deux 
programmes utilisant des d&marches diffkentes con- 
duisent $ des valeurs de constantes identiques $ partir 
des m&mes donntes. Dans ce cas prkcis, les rksiduels 
sont trks faibles, y compris au voisinage des points 
d’kquivaience; la pond&ration faisant intervenir (T,, et 

apH n’a done que peu d’influence. D’autre part, nous 
sommes en accord aves ies auteurs de TITFIT 
lorsqu’ils rejettent l’hypothbe d’un complexe 
hydroxyit Ni(gly)OH. En effet, l’introduction d’un 
tei compiexe n’entraine aucune amklioration de 
I’ajustement. 

RPsonance magnktique nuclhaire du carbone- 

La rksonance magnktique nucltaire, largement em- 
ploy&e g des fins d’identification, a suscitk relative- 
ment peu d’ttudes quantitatives; cette mtthode se 
p&e pourtant bien i la d&termination des constantes 
de stabilitt, comme ie montre l’ktude men&e par 
Surprenant et al.” sur la protonation de la iysine 
(programme PHFIT). Ne disposant pas de leurs 
donntes originales (couples dtpiacement chimique- 
pH), nous avons choisi de gknirer des courbes syn- 
thitiques $ partir des rtsuitats publiks par les auteurs 
(constantes d’aciditk, dtpiacements chimiques des 
espkces libres et proton&es). Nous avons ensuite 
ajoutC aux dkplacements chimiques ainsi calcuks des 
erreurs altatoires normalement distribuies afin 
d’obtenir des pseudo-valeurs expkrimentales. 
L’ajustement Porte sur les dtplacements chimiques 
des deux carbones: C=O et Cd, qui sont les plus 
influencts en pksence de proton. La fonction 21 
minimiser est: 

Tableau 5. Systkme Ni*+-glycine (log &,, = 9,57; log 

&,I = 11.99) 

Ref. 8 Ref. 31 W=l W# lt 

log IL0 5,58 5,638 5,569 5,514 
s.d.* 0,071 0,006 0,005 

log 8120 IO,30 10,391 10,298 10,296 
s.d.* 0,089 0,010 0,008 

log Bl30 13,75 13,922 13,741 13,142 
s.d.* 0,191 0,021 0,020 

02 1,8 x 1O-4 2,6 x 1O-5 

Moyenne - I,5 x 10-j 1,3 x 10-3 

*Deviation standard. 
ta, = lo-’ ml; 0). = 2 x lo-’ pH.j2 
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Tableau 6. Protonation de la lysine 

GOt CS 

PK? PG PK: Zo Z, z2 Z, &I 4 z2 z, 

Reference 13 I,87 9,38 II,17 175,53 173,84 166,48 164,55 27,60 22,94 22,24 22,07 
This work§ I,87 9,37 11,18 175,54 173,81 166,49 164,56 27,64 27,64 22.24 22,04 
Standard 

dCviation 0,03, O,OO, 0701 I Wl, 0,034 O,Ol, 0,04, 0,020 0,020 O,Ol, w2, 

*Valeurs des constantes de dissociation de la lysine triprotonte. 
tZ,,, Z,, Z,, Z3 = d&placements chimiques (en ppm) des formes libres, mono-, di- et tri- proton&es de la lysine par rapport 

au TMS. 
Qo2 = 7,87 x 10e4; distribution des erreurs sur le pH: moyenne 0, diviation standard 0; sur Z: moyenne 0, dtviation 

standard; 0,05 ppm. 

avec 

od F, = fraction molaire de l’esptce i et 6, son dC- 
placement chimique. Les paramktres ajustables sont 
les trois constantes d’aciditk de la lysine et, pour 
chaque carbone, les diplacements chimiques des es- 
p&es libres et proton&es, soient onze paramttres 
ajustables. Nos rtsultats sont rassemblks dans le 
Tableau 6. 

Les estimations des paramktres sont t&s proches 
des valeurs exactes et la variance obtenue est infkri- 
eure g la valeur attendue, ce qui indique un excellent 
ajustement. De plus, les &carts entre valeurs exactes 
et valeurs calculkes sont en plein accord avec les 
estimations des dkviations standards. 

Cet exemple illustre la capacitk du programme B 
effectuer l’ajustement de nombreux paramttres (onze 
ici) sur deux grandeurs observies. Des mesures 

spectrophotomktriques $ deux longueurs d’ondes, qui 
conduisent B des Equations de m&me forme, peuvent 
&tre traities de manike similaire. 

Cette Ctude comparative dkmontre la validit& du 
programme MICMAC et illustre sa trks grande gin- 
&alit& et son aptitude $ traiter des probltmes t&s 
divers, puisque nous avons pu montrer la capacitt de 
ce seul programme B traiter des sujets rkcessitant cinq 
programmes spkifiques. De plus, MICMAC semble 
dans certains cas B m&me de cerner le minimum avec 
plus de prkcision. 

DISCUSSION 8. 

Le programme MICMAC exploite les avantages 
lks $ l’utilisation d’un micro-ordinateur sans sacrifier 
aucunement g la rigueur du traitement statistique. 
Son champ d’applications est potentiellement trts 
vaste et nous avons fait en sorte qu’il n’y ait aucune 
limitation (autre que la capacitk-mkmoire) dans la 
complexitt: du probl&me envisagk. Ce programme 
knit diverses caractkristiques qui nous semblent 
particulikrement importantes: ajustement sur la gran- 
deur mesurte, prise en compte des erreurs systkm- 
atiques, expression rigoureuse de la pondkration, 
utilisation de la mCthode de Marquardt, estimations 
des erreurs. A notre connaissance, aucun programme 

publiC $ ce jour, except& DALSFEK,” n’offre simul- 
tantment ces possibilitk 

Cette approche g&ukale n’est vraisemblablement 
pas la plus efficace pour l’ktude spectrophoto- 

mktrique $ plus de trois ou quatre longueurs d’onde. 
Le programme de Maeder et Gampp3* est dans ce 
cas plus performant. Par contre, le programme 
MICMAC est bien adapt& au traitement simultant de 
plusieurs variables dtpendantes (absorbance et pH 
par exemple $ quelques longueurs d’onde). 

En conclusion, le programme MICMAC offre de 
nombreuses possibilitks dans le domaine de la dkter- 

mination des constantes de stabilitk. 11 est tgalement 
applicable B la ditermination de concentrations lors 
de l’analyse des solutions par diffkrents moyens. De 
plus, son c&k. hautement interactif et le fait qu’il 
permette une approche heuristique le rendent util- 
isable g des fins d’enseignement. 
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Summary-The basic computer program MICMAC has been developed to fit equilibrium constants to 
various types of experimental data with a microcomputer. The program uses the very efficient 
Gauss-Newton-Marquardt algorithm for non-linear least-squares multiparametric refinement. Highly 
interactive, convenient to use and of modular design, it allows for a rigorous weighting scheme, and it 
takes account of possible systematic errors. This program is useful for solving problems with several sets 
of experimental data. Some examples dealing with polarography, pH-metric titration and ‘)C-NMR are 
given, illustrating the versatility of MICMAC. Comparison is made with some recently published 
programs. 
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Summary-A new program (SPECFIT), written in HP BASIC or FORTRAN 77, for the calculation of 
stability constants from spectroscopic data, is presented. Stability constants have been successfully 
calculated from multiwavelength spectrophotometric and EPR data, but the program can be equally well 
applied to the numerical treatment of other spectroscopic measurements. The special features included 
in SPECFIT to improve convergence, increase numerical reliability, and minimize memory as well as 
computing time requirements, include (i) elimination of the linear parameters (i.e., molar absorptivities), 
(ii) the use of analytical instead of numerical derivatives and (iii) factor analysis. Calculation of stability 
constants from spectroscopic data is then as straightforward as from potentiometric titration curves and 
gives results of analogous renroducibilitv. The sDectroscopic method has proved, however, to be superior _ _ 
h discrimination between chemical models. 

Spectrophotometry has long been used for analysis of 
chemical equilibria,lm3 but generally only for relatively 
simple systems which can be described by linearized 
functions, as for example in the Benesi-Hildebrand 
method.4 This may be partly due to the still wide- 
spread belief that spectrophotometric measurements 
are inherently less precise than potentiometric ones,5 
though this is definitely not the case with suitable 
instrumentation.6 The paucity of reliable general 
computer programs that could deal successfully with 
spectrophotometric data for more complicated equi- 
librium systems2~3~7~s may be another reason. 

As discussed in Part I of this work,’ three main 
features have been combined in our program SPEC- 
FIT with the Marquardt algorithm”,” for the non- 
linear least-squares refinement of the unknown equi- 
librium constants. (i) The molar absorptivities (8) are 
replaced by their least-squares estimates (e^), making 
the matrix of the residuals (R) a function of only the 
species concentrations (C) and the measured absorb- 
antes (Y):12-15 

R=F-Y=Ce-Y=Ck-y 

= C(CTm’C’Y - Y (1) 

R, F and Y all are M x W matrices for M solutions 
measured at W wavelengths. (ii) The numerical deriv- 
atives generally used in previous programs for the 
treatment of spectrophotometric data’~‘~” are re- 
placed by the exact analytical expressions in the 
calculation of the Jacobian matrix J (the partial 
derivatives of the fitting function F with respect to the 
unknown equilibrium constants): 

J=DR=DF=D(CI)=DCs^+CDE^ (2) 

*Part I: Talanta, 1985, 32, 95. 

J and DC are tensors with dimensions M x W x N 

and M x S x N, respectively (S = number of absorb- 
ing species, N = number of unknown stability con- 
stants). 

Analytical derivatives have been used in the calcu- 
lation of equilibrium constants from potentiometric 
data’“19 and a general expression for functions con- 
taining both linear and non-linear parameters as in 
equation (1) has been discussed,20 but the algorithm 
implemented in SPECFIT does not seem to have been 
previously applied to the determination of equi- 
librium constants from spectroscopic data. (iii) The 
original data matrix Y is subjected to factor analysis: 

Y=LV=L,V, (3) 

where V contains the eigenvectors of the second 
moment matrix Y’Y and L is the matrix of the 
corresponding linear coefficients, and parameter 
refinement is then done with the M x I matrix L, 
instead of Y in equations (1) and (2). Factor analysis 
has been used to find the number of linearly indepen- 
dent absorbing species in a chemical system2’-24 and 
applied to the determination of equilibrium constants 
from spectrophotometric data.25s26 In the absence of 
experimental errors, the number of significant eigen- 
vectors, I, would be identical with the mathematical 
rank of Y. Replacement of Y by L, saves a lot of 
computer space without significant loss of informa- 
tion from multiwavelength data. 

SPECFIT-HP 9835 VERSION 

We have long advocated use of desk-top com- 
pUters,15.19.27.28 and as we collect all our data on- 
line,6,28 our first (and preferred) version of SPECFIT, 
which is analogous to TITFIT,19 was developed for 
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Fig. 1. Flow diagram for the program SPECFIT. 
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a 128-K Hewlett-Packard HP 9835 calculator. It routine, the residuals and their dot product (sum of 
performs nine different tasks, shown in Fig. 1. squares, SQ) are calculated. 

Our experimental data are read through an RS-232 
serial interface (task 5) from our data-acquisition 
system,6z’5 but data can also be input through the 
keyboard (task 9). In both cases, the number of 
wavelengths (W) and spectra (M), the maximum 
wavelength (Lm) and the interval between the wave- 
lengths used for absorbance readings (DI) are read 
first, followed by the arrays of absorbances, proton 
activities and analytical concentrations of metal and 
ligand. The data are then stored on tape and can be 
retrieved by task 1. 

The least-squares fitting can be done on the origi- 
nal data, but the absorbances are usually first sub- 
jected to factor analysis (task 8). Data from up to 6 
experiments are combined into a single array and the 
maximum number of eigenvectors Ne is entered. The 
program then tries to obtain the Ne most significant 
eigenvectors by vector iteration.29 If the residual 
standard error falls below a prespecified limit or no 
convergence is obtained after 50 cycles for a given 
eigenvector, the calculation is terminated and the 
number of eigenvectors is set accordingly. The appro- 
priate model is then defined (task 4) and the eigen- 
vectors, their linear coefficients, and the chemical 
model are stored on tape. All the tasks are indepen- 
dent and can be accessed in any logical order by 
stopping execution of the program at any time, and 
executing CONTF from the keyboard. 

If manual adjustment of parameters has been 
selected, the program now asks for their change and 
repeats the calculation. Normally, however, the 
refinement is done fully automatically, the Jacobian 
matrix J = DF [equation (2)] being calculated in the 
subprogram Deriv and the Hessian3’ J’J as well as 
J’R built; calculation of the parameter shifts and the 
iterative refinement then proceed, essentially as in 
TITFIT.19 Again it is advantageous to introduce the 
Marquardt correction only in the case of divergence, 
and to change the Marquardt parameter by less than 
a factor of 10. There is no unique optima1 strategy, 
but increase by a factor of 5 for divergence and 
decrease by a factor of 3 for convergence perform 
satisfactorily. When the final set of parameters has 
been found or manual adjustment abandoned, the 
spectra of all absorbing species are calculated and all 
species concentrations, equilibrium constants and 
molar absorptivities are printed, with their standard 
errors. Finally, &,,,, and E,,,._ are calculated by 
quadratic interpolation and all parameters and 
species concentrations are stored on tape. 

When task 4 is called, the current model is dis- 
played on the screen. Each species is defined by a 
number, the value of the stability constant 
&,,, = [M,L,H,]/[M]“[L]‘[H]“, the defining code (e.g., 
11 - 2 for MLH_2 ), an index (0 for fixed parameters, 
1 for variable parameters, 2 to eliminate the species 
from the model), and whether the species is absorbing 
(Y) or not (N). An example is given in Table 1. 
Species may be added or deleted in any given order. 
After correction the mode1 is stored on tape and a 
flag set to indicate whether the mode1 or only the 
stability constant values had been changed. 

Various plotting routines are available for graph- 
ical presentation of the results. Task 3 can plot 
experimental data and calculated titration curves for 
any selected wavelength(s) or can print out the com- 
plete matrix of residuals, R, and/or its graphical 
representation. For economy in memory Newraph is 
destroyed if this last option is selected, and is auto- 
matically reconstructed before further calculation of 
equilibrium constants. 

Task 6 calculates the species distributions between 
pH 2 and 12 for a given chemical model and associ- 
ated equilibrium constants, for any selected analytical 
(total) concentrations of the components. Again, 
Newraph is destroyed and then rewritten for further 
calculations. 

The least-squares refinement is done in task 2, as 
already described in detail for TITFIT.19 A simplified 
flow diagram of the minimization routine Min is also 
given in Fig. 1. In Newraph, the M x S concentration 
matrix C is established along with the tensor of 
partial derivatives DC with M x S x N elements 
dC(m, s)/a log/I,. Back in the main minimization 

Task 7 automatically plots the spectra of all the 
absorbing species from the latest calculation. In our 
HP 9835 version of SPECFIT, C and e are kept on 
tape for only the latest calculation, for purely eco- 
nomic reasons; this can easily be changed by re- 
writing three or four lines of program code, or C and 
8 can be recalculated in a single iterative cycle with 
the final complexation model. 

This version of SPECFIT provides for the handling 
of up to 125 spectra with 9 absorbing species and 16 

Table 1. Disolav of defining model for Cu2+/L-alaninamide 

No. Formula Value 
Parameters 

log K* fixed/variable log[(K + s)/K]* Colour 

1 011 1.510 X 108 8.18 0 0.0000 N 
2 110 1.800 x IO5 5.26 1 0.0000 Y 
3 120 1.900 x IO9 9.28 1 0.0000 Y 
4 11 - 1 2.000 x IO-2 - 1.70 1 0.0000 Y 
5 12- 1 2.400 x IO2 2.38 1 0.0000 Y 
6 12 - 2 1.800 x 1O-6 -5.74 1 0.0000 Y 

*Taken care of by the program. 
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equilibrium constants. Since the matrices can be 
redimensioned, more spectra can be handled with 
models made up of fewer species, and vice versa. 
SPECFIT is about 30 kbytes long and needs 2-4 
additional kbytes for Newraph, but not all dimen- 
sions can be set simultaneously at their maximum 
values without producing memory overflow. The 
M x S x N tensor DC [equation (2)] is the most 
problematic in this respect (the other tensor J is 
needed only column by column in SPECFIT). For 
100 spectra, 9 species, 9 unknown equilibrium con- 
stants and normal precision (10 bytes per data vari- 
able) DC would occupy 81 kbytes of memory, which 
is not allowed, since no single array may occupy more 
than 64 kbytes of memory. The situation can be eased 
by using the SHORT notation (6 bytes per variable) 

but some restrictions remain. Because of the vari- 
ability of the program code and the size of many 
matrices it is impossible to give exact limits. The 

complexation of Cu*+ with L-alaninamide (L), see 
below (62 spectra, 17 wavelengths, 7 eigenvectors) 
could be handled in the normal way for the model 
Cu*+, L, LH+, CuL*+, CuL;+, CuLH+,, CuL,H’, 
and CuL,H_, with 6 (5 unknown) equilibrium con- 
stants, but the SHORT notation was necessary with 
the additional species CuLH_,. 

Space may also be saved by loading only those 
parts of the program which are actually needed, or by 
continuous shuffling of data between memory and the 
data cartridge. A calculator of the HP 9835 type has 
its limits, however, and the algorithm developed for 
SPECFIT9 can handle bigger problems. 

SPECIFIT-FORTRAN 77 VERSION 

For the reasons just given, SPECFIT has been 
rewritten in standard FORTRAN 77 and imple- 
mented on a UNIVAC 1100/61 computer. Only 
standard instructions were used, and the program 
should run with almost any version of FORTRAN 
IV with a minimum of alterations. Our data are 
transferred directly from an APPLE II (which is used 
as an intelligent terminal; cf. task 5 in Fig. 1) and 
tasks 1, 2, 4, 8 and 9 are performed under remote 
control through a DIGITAL VT 132 terminal. Plot- 
ting routines are not implemented, but otherwise the 
interactive facilities of this program are practically 
identical with the HP 9835 version. However, the 
program is not easily transferable to other computers 
or usable without the necessary on-line facilities. We 
have therefore developed a third and easily transfer- 
able version designed to operate in batch mode. The 

FORTRAN programs differ from the HP 9835 ver- 
sion in several points. (i) The number of components 
(metal ions and ligands) is not restricted to two. (ii) 
A completely general subroutine is used for calcu- 
lation of the concentration matrix C and its deriva- 
tive DC. (iii) Known spectra may be included and 
kept constant as described earlier.’ (iv) Dimensions 
have been set at 6 components, 10 absorbing species 

and eigenvectors, 20 equilibrium constants (10 ad- 
justable), 15 fixed spectra, 150 measurements at 50 
wavelengths, all changeable by simple modification of 
the PARAMETER statements, to allow for more 
involved models or less powerful computer systems. 
Data input differs from the interactive versions, 
because all the options must now be defined at the 

Listings of both the HP 9835 and the FORTRAN 
77 version are available from the authors upon 
request. The programs may also be provided on an 
HP 200 data Cartridge, in the form of punched cards, 
or on tape (FORTRAN version), together with the 
sample data for the complexation of Cu*+ by 
3,6,9_triazaundecane. Detailed input instructions will 
be provided with the FORTRAN 77 version. 

RESULTS AND DISCUSSION 

SPECFIT has been successfully used both for 
spectrophotometric3’-” and for EPR36,37 titration 
data. Over 30 equilibrium systems have been studied. 
Complexation models containing between two32 and 
ten3’ absorbing species (l-9 equilibrium constants) 
were successfully fitted to the experimental data. 
Additional results have been obtained with the pre- 
cursor of SPECFIT, ELORMA.‘5.38~o In all cases 
which permitted direct comparison, the spec- 
trophotometric method was equal to or better than 
potentiometric titration in discriminatory power be- 
tween different models,34,35@ with comparable re- 
producibility and estimated standard errors. Spec- 
trophotometric titrations have the additional 
advantage of providing valuable structural informa- 
tion through the spectra of the individual species, 
which is not possible by potentiometry. 

Some aspects of practical interest will now be 
discussed, namely the ability of SPECFIT to find the 
correct parameters, starting from poor estimates; the 
usefulness of SPECFIT for discrimination between 
several chemical models of complexation; the appli- 

cation of SPECFIT to rather complicated equi- 

librium systems. 
(i) In order to test the ability of the program to find 

the best set of parameters, starting from poor esti- 
mates, a spectrophotometric titration of Cu*+ and 
3,6,9_triazaundecane (diethyldien, DED) was se- 
lected. In this system, which has been studied both 
potentiometrically and spectrophotometrically, 
the complexes CuLH3+, CuL*+ and CuLHI, 
[ = CuL(OH)+] are formed.34 Under the experimental 
conditions (cJ footnote to Table 2) CuLH3+ is never 

more than 10% of the total, with a maximum at 
around pH 4, which makes the system reasonably 
critical. In Table 2 the results of systematically vary- 
ing the estimates are given. The same parameters and 
sum of squares of residuals are calculated, even if the 
estimates are out by a factor of 1000 in either 
direction. A factor of 1000 is in fact close to a blind 
guess and substantially better estimates can normally 
be obtained even without inspection of the actual 
data. For instance, the deprotonation of CuL’+ to 
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Table 2. Results of varying the estimates of the non-linear parameters for the 
titration of CU*+ and 3,6,9_triazaundecane (DED)* 

Initial estimates? Number of iterations required with 

B 110 B III 811-1 j-=2 f=lO j-=100 ~=lOOO 

X f xf Xf 9 8 11 33 
Xf If 

"L: If 

4 16 12 36 

;; X If f 4 4 18 I 29 9 30 10 
1.03 x 10’5 xf 1.85 x 105$ 3 14 30 11 
1.03 x 1ou /f 1.85 x 105$ 3 3 3 3 

*Experimental conditions: [Cu*+] = 4mM, [DED] = SmM, [H+] = 1OmM; 31 
spectra between pH 2 and 12 were taken at IO-nm intervals between 800 
and 550 nm.M 

tAs initial estimates, the least-squares estimates Bl10 = 1.04 x lOIS, 
/I,,, =3.79 x 1018,andP,,_, =2.21 x 105,wereusedandmultiplied(x)or 
divided (/) by the factorjI The overall standard deviation of the data is 
oY = 0.0008. 

$For Bl10 and &, _ , the results of the calculation without taking into account 
CuLH3+ (1.03 x lOI and 1.85 x lo’, respectively) were used as estimates. 
The reduced model gave try = 0.004. 

form the hydroxo complex CuLHI, must occur 
around pH 9-10, while pKH-values of 6 and 12 are 
equally absurd for this complex with an N,O set of 
donor atoms. As one iteration takes 62.5 set on the 
HP 9835, even with the poorest and quite unrealistic 
estimates the calculation does not take more than 
about 30 min. 

A remarkable fact shown in Table 2 is that the 
number of iterations is not strongly correlated to the 
quality of the estimates unless ail of them are. chosen 
too small. However, starting from low estimates still 
seems to be the best approach since the number of 
iterations is always less than for any other combina- 
tion. 

Of course, more realistically the calculation would 
first be done with a reduced model, where only Bl10 
and pi, ~, (corresponding to the major and primarily 
expected species34) are refined. CuLH3+ would only 
be introduced at a later stage, when it had become 
obvious that the simple model was unsatisfactory. 
The corresponding results are summarized in Table 2 
(last two lines) and show that the best strategy is to 
start from estimates which are likely to be too small 
(i.e., assuming a low stability of the complex), if an 
additional species has to be introduced. This consis- 
tently requires only three iterations, even if the 
estimate is out by three orders of magnitude, whereas 
with too large a starting value for &, , the use of good 
estimates for the other parameters is of no advantage. 

(ii) The fact that spectrophotometric titrations are 
superior to potentiometric ones with respect to 
differentiation between several models of complex- 
ation has already been demonstrated for several 
systems.34~35~40 Here we want to show that EPR ti- 
tration data also allow an easy distinction between 
chemical models and are useful for the calculation of 
equilibrium constants. As an example we discuss the 
equilibria between Cu(I1) and the ligand 
4,7,10-triazatridecane-1,13-diamine (AMINE).37 The 
experimental conditions are given in the caption to 
Fig. 2. The data set consisting of 31 spectra at 50 

magnetic field strengths was first subjected to an 
eigenvector analysis. Representing the data by three 
eigenvectors resulted in a standard deviation of 1.7%. 
Including a fourth eigenvector reduced this value to 
1.0% of the average measured signal (median of the 
first derivative of the intensity with respect to the 
magnetic field strength) as is to be expected for a 
representation of the data within the limits of the 
experimental error. 36 Therefore, it can be concluded 
that four paramagnetic species occur in the chemical 
system, in accordance with the results of a combined 
potentiometric and spectrophotometric study34 which 
revealed the paramagnetic species CU*+, CuLH:+, 
CuLH3+ and CuL*+. Nevertheless, we first tried to 
omit CuLH:+ (a complex which is never more than 
30% of the total, with a maximum at around pH 3.5 
under the experimental conditions). The standard 
deviation thus obtained was 6.0% and the parameters 

logBiro and logBm were calculated to be 20.91 
( f 0.07) and 30.55 (+ 0.02), respectively. Including 
the species CuLHj+ reduced the overall standard 
deviation by a factor of five to 1.1% and gave 
log/?-values of 21.63, 30.58 and 33.78. The standard 
error in the calculated parameters was decreased to 
0.01 in each case. The satisfactory description of the 
data by the complete model is nicely demonstrated by 
the respective plots of the residuals, Fig. 2. With the 
complete model a rather smooth error surface is 
obtained (Fig. 2a), but this is not at all the case if the 
complex CuLH:+ is omitted (Fig. 2b), the errors then 
being much larger and also by no means randomly 
distributed, but obviously giving a spectrum-like 
distribution, corresponding to the missing species. 
This illustrates how clearly we can distinguish be- 
tween different chemical models, even in cases where 
not all the complexes are formed to a major extent. 

It is also satisfying to note the easy adaptation of 
the method to use of data other than spec- 
trophotometric, especially EPR, which so far has 
hardly been used for the numerical analysis of com- 
plexation equilibria involving several species.36,4’ 
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Fig. 2. Three-dimensional plot of the residuals from EPR titration of the Cu2+/AMINE system. A mixture 
of Cuz+ (19.4mM), AMINE (20.OmM), and HCI (20.0mM) was titrated with NaOH (0.5M) at 25”, 
I = 0.5M; (a) complete model, including Cu2+, CuLH:+, CuLHj+ and CuL2+; overall standard error 
1.1% (= 0.4 arbitrary units) (b) same without CuLHi+; overall standard error 6% (= 2.0 arbitrary units). 

(iii) Spectrophotometric data have been success- 
fully used to deal with rather complicated systems 
described by six,4o seven,@ or even ten” absorbing 
species. We may cite the performance of SPECFIT in 
elucidating the equilibria between Ct.?+ and 
L-alaninamide. A previous potentiometric study had 
shown the existence of Cu2+, CuL*+, CuLHZ,, 
cuL:+, CuL,H?, and CuL2H_*, i.e., six cupric 
species3’ Because the 1: 1 and 1:2 complexes co- 
exist the stability constants cannot be determined 
from a single experiment, and two titrations with 
metal:ligand ratios of 0.46 and 0.25 were combined 
for the calculation. 

The data set consisted of 62 spectra recorded at 17 

wavelengths, between 460 and 780nm, i.e., 1054 
absorbance data. Representing the measured spectra 
as a linear combination of 7 eigenvectors reduced the 
number of data to be handled in the least-squares 
calculation to 7 x 62 = 434. Even if the data had been 
collected at many more wavelengths, the eigenvector 
representation would have reduced the data set to 
this same number. 

With the model suggested by potentiometry, an 
overall standard deviation of 0.0009 for the absorb- 
ance was calculated. Although this value indicates a 
satisfactory fit of the data (corresponding to 0.35% of 
the maximum measured absorbance, or to 0.9% of 
the average of the data), the calculated logarithmic 
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Table 3. Stability constants for the Cu*+/L-alaninamide system with standard 
PrrnrP 

Stoichiometry 
MLH log Gh log B ;t,h log Bta 
110 5.06 (0.009) 5.07 (0.004) 5.08 (10.02) 
120 8.85 (0.020) 8.93 (0.009) 8.99 (10.02) 
11-l -2.13 (0.023) -2.14(0.010) -2.14(0&t) 
12- 1 1.84 (0.025) 1.95 (0.011) 2.01 (10.02) 
12-2 -6.3 1 (0.027) -6.19 (0.012) - 6.14 (I 0.02) 
11-2 - 10.87 (0.046) 

*From spectrophotometry, without CuLH_,, uY = 0.0009. 
tFrom spectrophotometry, complete model, uY = 0.0003. 
$From potentiometry.” 

stability constants of the 1:2 complexes were on 
average smaller than the corresponding poten- 
tiometric values by 0.16, as shown in Table 3. Inclu- 
sion of the species CuLH_,, a species which is to be 
expected from chemical reasoning (but could not be 
found potentiometrically), significantly improves the 
fit of the data. As shown in Table 3, the overall 
standard deviation of the absorbance is reduced to 
0.0003 and the discrepancy between the logarithmic 
stability constants obtained by the two methods 
becomes 0.06. Surprisingly, although CuLH_, 
significantly improves the fit to the data, it forms no 
more than 2% of the total, as can be seen from the 
distribution curves in Fig. 3. 

The standard error of the logarithmic stability 
constants (cJ Table 3) is 0.01; only for log p,, _2 
is a larger value (0.05) obtained. In contrast, 
potentiometry34 did not suggest a species CuLH_, 
and even the error for p,, _ , was relatively large. That 
spectrophotometry leads to a more complete descrip- 
tion of this complicated system is indicated not only 
by statistical criteria. The calculated stability of 
CuLH_, corresponds to the formation of this species 
at pH 8.73, which is as expected for a Cu2+ complex 
containing the N202 donor set, with one amino and 
one deprotonated amide group.42 The spectra of the 
individual species (Fig. 4) are typical for Cu(II), and 

their characteristics are readily understood in terms 
of the expected structures.34 Even the spectrum of 
CuLH_, is reasonably well defined. Because of the 
small concentration of this species, it is not a perfectly 
smooth curve, however. 

Thus, equilibrium constants calculated from poten- 
tiometric or from spectrophotometric data compare 
very well in the system Cu(II)-L-alaninamide. Again, 
spectrophotometry has proved superior in its discrim- 
inatory power between different chemical models of 
complexation. It should be noted that determination 
of CuLH_, with a maximum formation of 2% is close 
to the limits of the spectrophotometric method in our 
laboratory. In fact, overall standard deviations of 
0.0003 for the absorbance cannot be obtained consis- 
tently for the combination of two or more titrations. 
As working criteria, errors of 0.000~.0009 in the 
absorbances and a minimum of 5% complex for- 
mation would be more realistic. This has, however, 
nothing to do with the performance of SPECFIT, but 
is simply a question of the quality of the experimental 
data. 

In conclusion, we state that with use of SPECFIT 
the evaluation of spectroscopic titrations is com- 
pletely straightforward. Both versions are easily han- 
dled because the programs can be used as black boxes 
and only estimates for the stability constants are 

I I I I I I 
4 6 6 10 12 

PH 

Fig. 3. Species distribution as a function of pH for the Cu*+/L-alaninamide system. + Ct$ , x CuLr+, 
j, CuL:+, I CuLHf,, I CuL,H?,, IJ CuL,H_,, 0 CuLH_,. The results are given as the percentage of 
the total metal present and are calculated for [Cu*+] = 5.5mM and [L] = 12mM) with the stability 

constants obtained spectrophotometrically (cJ Table 3). 
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Fig. 4. Absorption spectra in the Cu*+/L-alaninamide system (symbols as in Fig. 3). 

required. Owing to the eigenvector representation, 

both computer memory and time requirements are 

minimized, and rather complicated systems can be 

treated even by a chemist who has no access to a 

mainframe computer. 
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Summary-A graphical method, based on logarithmic concentration diagrams, for construction, without 
any calculations, of complexometric titration curves is examined. The titration curves obtained for 
different kinds of unidentate, bidentate and quadridentate ligands clearly show why only chelating ligands 
are usually used in titrimetric analysis. The method has also been applied to two practical cases where 
unidentate ligands are used: (a) the complexometric determination of mercury(I1) with halides and (b) 
the determination of cyanide with silver, which involves both a complexation and a precipitation system; 
for this purpose construction of the diagrams for the HgC12/HgClf/Hg2+ and Ag(CN),/AgCN/CN- 
systems is cbnsidered in detail. 

In the teaching of titrimetric analysis, titration curves 
are effective illustrations of the sharp jump in certain 
parameters (pH, pM, pL, etc.) in the vicinity of the 
equivalence point, which allows detection of the 
end-point by means of chemical indicators or instru- 

mental methods (e.g. potentiometry). 
For complexometric titrations, however, the usual 

textbooks give calculations of points on the 
theoretical titration curve only for the chelating 
ligands which form ML complexes, whereas for 
unidentate and bidentate ligands forming compounds 
of type ML, only the graphs of the corresponding 
titration curves are shown, without details of the 
calculation. The reader may therefore miss the reason 
why the curves for titration with unidentate or bid- 

entate ligands do not generally show sharp jumps in 
pM or pL in the region of the points corresponding 
to the individual complexes which are formed 
stepwise. 

The logarithmic concentration diagrams developed 
and popularized by Scandinavian chemists have been 
used for solving graphically several problems related 
to equilibria in solution and/or titrimetric analysis, 
e.g., in the determination of the sharpness index at 
the equivalence point of acid-base titrations,’ evalu- 

ation of the solubility of hydrolysable salts,2 esti- 
mation of titration errors in acid-base titration,) and 
the theoretical feasibility of complexometric back- 
titrations.4 The graphical method has several times 
been applied to construction of complexometric 
titration curves,s8 but has either been used only for 
chelating ligands,5,6 or has failed to prove of general 
application.‘,* 

The present paper reports the use of logarithmic 
concentration diagrams for obtaining complexo- 
metric titration curves for several types of ligand, 
and its application to some particular cases, such as 
the determination of mercury(I1) with halides and the 
titration of cyanide with a standard solution of a 
silver salt. 

TITRATION CURVES OF METAL IONS 
WITH LIGANDS 

Let us consider a metal ion M with a co-ordination 

number of 4, and unidentate, bidentate and quad- 
ridentate ligands (L), which form different complexes 
with it, all of them having the same value of the 

overall formation constant, /$ = fiz = fi4 = 10”. We 
will use the values employed in Skoog and West’s 
textbook.9 Charges are omitted, for both clarity and 
generality. 

Quadridentate ligand 
M + L+ML K, = wL]/[M][L] = 10” (1) 

Bidentate ligand 
M + L$ML K, = [ML/[M][L] = lOI (2) 

ML + L+ML, K2 = [ML,]/[ML][L] = lo8 (3) 

Unidentate ligand 
M + L=ML K, = [ML]/[M] [L] = 10’ (4) 

ML + L+ML, K2 = [ML,]/[ML][L] = lo6 (5) 

ML, + L=ML, Kj = [ML,]/[ML,][L] = lo4 (6) 

ML, + L=$ML, K4 = [ML,]/[ML,][L] = lo2 (7) 

To conform with practical use, these equilibrium 
constants, K,, should be considered to be conditional 
stability constants, K:. 

Example 1. Quadridentate ligand 

The concentrations of the various species can be 
expressed for different concentrations of L by the 
following equations, obtained by combining the mass 
balance,c,‘= [M] + [ML], with equation 

log [M] = log C~ - log (1 + K, [L]) 

log [ML] = log cM + log K, 

- pL - log (1 + K, [L]) 

(1): 

(8) 

(9) 
265 
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Fig. 1. Logarithmic concentration diagram of system 
ML/M, cr., = lo-‘M, log K, = 20. 

The master variable is the free ligand concentration 
[L], expressed as pL = -log [L]. On the basis of these 
equations, graphs of log [M] and log [ML] us. pL can 
be drawn by the usual procedure.‘h’3 The logarithmic 
concentration diagram of system ML/M for 
cM = 10-2M and log K, = 20 is shown in Fig. 1. 

The titration curve of pM us. X, where X = 100 
cL/cM is the degree of titration expressed as a per- 
centage, is easily obtained from the logarithmic dia- 
gram in the way discussed by various authors.5-8 In 
Fig. 1, several values of X (point A, X = lx, pM = 2; 
point S, X = SO%, pM = 2.3; point B, X=99%, 
pM=4; . pointC,X=lOO%,pM=ll;...point 
D, X = 200x, pM = 20) are shown on lines ML, M 

and L of the diagram, and from them the titration 
curve of pM us. X is plotted, as shown in Fig. 2. 

Example 2. Bidentate ligand 

The concentration of the various species can be 
expressed in a similar way as for the case of the 
quadridentate ligand, for different concentrations 
of L, by the following equations, which are 
obtained by combining the mass balance, 
cw = [M] + [ML] + [ML,], with equations (2) and (3). 

log [M] = log cN - log (1 + K, [L] 

+ K,K,]L12) (10) 

log [ML] = log cr,, + log K, [L] 

- log (1 + K,[L] + K, K2[L12) (11) 

log [ML,] = log chl + log K, K,[L]’ 

- log ( 1 + K, [Ll + K &[Lld (12) 

Equations (lo)-(12) yield a family of curves, the 
shapes of which depend on the ratio of the two 
formation constants. The logarithmic concentration 
diagram of system ML,/ML/M for +, = IO-‘M and 
log K, = 12, log K2 = 8, is shown in Fig. 3. 

The graphical method outlined above may be 
extended to obtain the titration curve of pM us. X. 
The first part of the titration, corresponding to the 

formation of the complex ML, will be similar to that 
for the quadridentate ligand (X = lx, pM = 2; 
X= lo%, pM=2; X=50%, pM =2.3; X=90%, 
pM = 3) (see Fig. 3). The crossing point A corre- 
sponds to the equality [M] = [ML,], so the equi- 
librium 2ML+M + ML, gives 

[ML] = cM - [Ml - [ML21 = cM - 2WL21, 

and 

[ML] = cr - 2[ML2] - [L] - c,_ - 2[ML,J. 

Thus, chl = ct and therefore X = 100x, so at the first 
equivalence point, PM,, ,W = 4. 

The formation of the complex ML, occurs mainly 
after the first equivalence point, according to the 
reaction ML + L+ML,, and the corresponding val- 
ues of X and pM are obtained in an analogous way 
(X = 1 IO%, pM=5; x = 150x, pM = 6.3; 
X = 1907& pM = 8; X = 199x, pM = 10) (see Fig. 3). 
The crossing point B corresponds to the equality 
[ML] = [L] = lo-‘M, and [M] = 10m12, so 

[ML,] = C~ - [ML] - [M] - cu, 

and 

c,_ = [L] + [ML] + 2[ML,l- 2[ML,l- 2c,, 

so X = 200%, and at the second equivalence point 

pMX=200”6 = 12. 
After the second equivalence point, there is excess 

of free ligand and therefore the values of X and pM 
(X = 20x, pM = 14; X = 2107& pM = 16; X = 300x, 
pM = 18) (see Fig. 3) are obtained analogously to 
those for the quadridentate ligand. 

I I l- 

L I I I I I 
0 100 200 300 400 500 

50 100 150 200 250 
50 100 

X 

Fig. 2. Titration curves, pM US. X%, of IO-*M metal ion M 
with monodentate (4: l), bidentate (2: 1), tetradentate (1: 1) 

ligands. 



Graphical evaluation of complexometric titration curves 267 

PL 
0 2 4 6 6 10 12 14 16 

-6 

-16 

Fig. 3. Logarithmic concentration diagram of system ML,/ML/M, cM = IO-*M, log K, = 12, log K, = 8. 

With the set of values of X and pM shown in 
Fig. 3, the titration curve is easily plotted, as shown 
in Fig. 2. 

Example 3. Unidentate ligand 

The concentrations of the various ions can be 
expressed for different concentrations of L by the 
following equations, which are obtained by com- 
bining the mass balance 

CM = [Ml + M-1 + [ML,1 + [MU + [MU 

with equations (4)-(7). 

log [M] = log cM - log A (13) 

log [ML] = log cu + log K,[L] - log A (14) 

log [ML,] = log chl + log K,K,[L]2 - log A (15) 

log [ML,] = log cH + log K,K2&[L13 

-log A (16) 

log [ML,] = log cr., + log K, K2K,K,[L14 

-log A (17) 

where 

A = (1 + K,[L] + K,K2[L]* + K,K2K3[L13 

+ K, &WW-14) 

Equations (13)-(17) yield a family of curves, the 
shapes of which depend on the ratios of the successive 
formation constants. The logarithmic concentration 

diagram for the system ML4/ML3/ML2/ML/M for 
C~ = lo-*A4 and log K, = 8, log K2 = 6, log K3 = 4, 
log K., = 2, is shown in Fig. 4. In this case, because 
of the closeness of the values of Ki and Kc,+,), 
equations (13)-( 17) cannot be simplified and hence 

PL 
0 2 4 6 8 10 12 

-6 

J 

Fig. 4. Logarithmic concentration diagram of system 
ML,/ML,/ML,/ML/M, c,= IO-*M, log K, =8, log 

K2 = 6, log K, = 4, log K4 = 2. 
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log c, would be given by curves for the whole range 
of values of pL. For convenience of plotting, and 
since we are mainly interested in knowing the vari- 
ation of -log [M] = pM during the course of the 

titration, only the variation of log [M] with pL is 
plotted in Fig. 4. 

The same procedure as for quadridentate and 
bidentate ligands can be used to obtain the titration 
curve of pM vs. X (for X up to 250%) from Fig. 4. 

Thus we have X = Ox, pM = 2; X = SO%, pM = 2.3; 
X = 100x, pM = 3; X = 150x, pM = 4.3; X = 200x, 
pM =6; X=250%, pM =8.3. For values of 
X = 300, 400, 500x, however, the values of pM are 
obtained in a different way, since the concentration of 
L is of the same order as the concentrations of ML, 
or ML,, as can be observed in Fig. 4. Thus, for 
X=300%, we have cr= 3c, =3 x 10~2M, and 
substituting these values in the mass balance gives 

cL = [L] + [ML] + 2[ML,] 

+ 3[ML,] + 4[ML,] (18) 

cH = [M] + [ML] + [ML,] 

+ [ML,1 + [ML1 (19) 

From (18) and (19) we obtain 

[L] + [ML,] = 3[M] + 2[ML] + [ML,] 

- [ML21 (20) 

In this equation [M] and [ML] are neglected, owing 
to the predominance of [ML,] in the range log 
K4 < pL < log K3, as can be observed in Fig. 4. Let 
us suppose that for X = 300’%, the graphical pro- 
cedure were followed as for X = 100 or 200%; then 
we would reach the condition [ML,] = [ML,], and the 
value PM_~,,~ = 11 read from the diagram would 

be incorrect. The graphical solution of equation (20) 
can be achieved by putting [L] - [ML,], and thus 
obtaining the condition log [L] + 0.30 = log [ML,], 

which allows us to obtain graphically the value 
PM,_,, = 10.5 

At the fourth equivalence point, X =400x, we 
have cr = 4c, = 4 x IO-*M, and substitution of these 
values in the mass balances gives, after some re- 
arrangements, 

[L] = 4[M] + 3[ML] + 2[ML,] + [ML,] 

- W-J (21) 

Here [Ml, [ML] and [ML,] are neglected because of 
the predominance of ML, in the range pL - log &, 
as can be observed in the diagram. The condition 
[L] - [ML,] yields graphically the value 

pM,zW = 13.5. 
For X=500%, we have cr= 5c, = 5 x 10m2M, 

and with a first approximation of [L] - 10-2M, the 
diagram yields the value pMxzsM, = 14.6. 

If instead of using the graphical method just de- 
scribed, we consider the exact solution of the system 
of equations which results from combining the mass 

balances 

cc = [L] + [ML] + 2[ML,] + 3[ML,] + 4[MLJ, 

and 

c,,, = 10-2M = [M] + [ML,] + [ML,] + [ML,], 

with equations (4)-(7) we obtain the fifth degree 
polynomial equations 

102O[L]’ + (5 - a)10’BL4 + (3 - a - 10-2)10’6[L]3 

+ (2 -a - lo-4)10’2[L]2 

+ (1 -a - lo-6)106[L] - lo-2a = 0 (22) 

where a = cL/cM = 0, 1, 2, . . 5. 
This equation can be evaluated with a computer or 

a programmable calculator, e.g., a Hewlett-Packard 
HP97. Once the value of [L] has been obtained we 
can evaluate [M] by using the equation: 

[M] = +,/(I + lO’[L] + 10’4[L]2 

+ 10”[L13 + lO”[L]‘) (23) 

In this way, we obtain the table 

a ~Meamputed PM,,,,,, 
1 3.08 3 
2 6.08 6 
3 10.65 10.5 
4 13.62 13.5 
5 14.82 14.6 

The agreement between the graphically evaluated pM 
values and those obtained by computer calculations 
is good. 

DISCUSSION 

The analysis shown in these examples gives us the 
fundamentals for a systematic and rapid approach 
for obtaining titration curves from the logarithmic 
concentration diagrams. The values of X are marked 
on the corresponding log ci lines, and from them we 
can obtain directly the values of pM or pL. Note that 
the values of X = 10,90, 190, 210% etc., can be found 
on the respective log c, lines, at log c, = log cM - 1.0. 
Analogously, the values of X = 1, 99, 199, 210x, etc., 
can be found on the log c, lines, log ci = log c,,, - 2.0, 
and so on. The values of X = 50, 150, 250% etc., are 
at the crossing points of log [M] and log [ML], log 
[ML] and log [ML,], log [ML,] and log [ML,], etc., 
for values of pL = log K,, log K2, log K,, etc. Finally, 
the values of X = 100, 200, 300% etc., can be found, 
in general, for the maximum concentration of species 
ML, ML,, ML,, etc., respectively, and are easily 
obtained according to the stoichiometry at the succes- 
sive equivalence points. 

This graphical treatment does not take dilution 
into account, however. The effect of dilution on the 
pM and pL values at the end-point of the titration 
depends on the equilibrium constants and the stoichi- 
ometry of the complex ion. If we use equimolar metal 
and ligand solutions, we will have two-, three- and 
five-fold dilution by the end of the titration, for 
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quadridentate, bidentate and unidentate ligands re- 
spectively, which will correspondingly shift log chl by 
-log 2, -log 3 and -log 5. The new pM and pL 
values so obtained will be: pM = 11.15, 12 and 12.4, 
pL = 11.15, 5.25 and 2.8 respectively (compared with 
pM = 11, 12 and 13.5, pL = 11, 5 and 2.2 if the 
dilution is ignored). The dilution effect on the pM 
and pL value is only significant for a unidentate 
ligand. 

The titration curves of pM us. X for the different 
kinds of ligand are plotted in Fig. 2. Note that in the 
case of unidentate ligands, there is no sharp jump at 
any of the four equivalence points and therefore they 
cannot be commonly used in complexometric deter- 
mination of metal ions. For the bidentate ligand two 
jumps are observed, the first of them moderate, but 
the second sharp enough to allow a potentiometric 
determination of metal ion. Finally, with the quad- 
ridentate ligand there is a big jump in pM in the 
vicinity of the equivalence point, which allows an 
accurate determination and explains why the chelat- 
ing ligands which form stable 1: 1 chelates with metal 
ions are the most often used in complexometric 
titration. 

THE USE OF UNIDENTATE LIGANDS IN 
COMPLEXOMETRIC TITRATIONS 

Metal ions form several complexes with most of the 
unidentate ligands, and even when exactly stoichio- 
metric amounts of metal ion and ligand have been 
mixed, there is not a rapid enough change in the 
concentration of any of the species to indicate an 
end-point. Only when one species of a family of 
successive complexes is very much more stable than 
any of the others, is a successful titrimetric deter- 
mination possible. Examples are the titration of 
mercury(I1) with halides (and vice versa) and the 
titration of cyanide with a standard solution of silver 
or nickel (and uice versa), with either potentiometric 
or visual detection of the end-point. The calculation 
of the titration curves is not generally included in 
textbooks, so let us consider the application of loga- 
rithmic concentration diagrams for the purpose. 

Example 1. Titration of Hg(II) with X- (Cl-, Br-, 
I-, CN-, SCN-) 

Plotting the titration curve. To illustrate the ap- 
proach, the curve for titration with chloride will be 
considered. In this case, the equilibrium constants 
are: 

Hg2+ + Cl- +HgCl+ 

K, = [HgCl+]/[Hg*+][Cl-] = 106.74 (24) 

HgCl+ + Cl- $HgCl, 

K2 = [HgCl,]/[HgCl+][Cl-] = 106.@ (25) 

HgCl, + Cl- +HgCl; 

K, = [HgCl;]/[HgCl,][Cl-] = lOo.85 (26) 

HgCl; + Cl- $HgCl:- 

K4 = [HgCl:-]/[HgCl;][Cl-] = lo’.@’ (27) 

By substitution of these values of K, into equations 
(13)-(17), the corresponding family of curves of log 
ci us. pC1 can be obtained. Nevertheless, given the 
values of log K3 = 0.85 and log K4 = 1.00, it is clear 
that at low chloride concentrations meaningful 
amounts of the complexes HgCl; and HgCl:- will 
not be formed, so these will not be taken into account 
in the following discussion. Hence, by combining the 
mass balance cHg - [Hg”] + [HgCl+] + [HgCl,] and 
equations (24) and (25) we obtain: 

log [Hg”] = log tug - log A (28) 

log [H&l+] = log cHg + log K, [Cl-] 

-log A (29) 

log [HgCl,] = log cHg + log K, K2[Cl-I2 

-log A (30) 

where A = 1 + K, [Cl-] + K, K2[Cl-12. Equations 
(28)-(30) are valid only when pC1 is z-log K3. 

The construction of the logarithmic concentration 
diagram for the system HgC12/HgCl+/Hg2+ needs an 
additional explanation, because although equations 
(28)-(30) have the same mathematical form as equa- 
tions (lo)-(12) respectively, they cannot be simplified 
to give straight lines for the range pC1 = log k, N log 
K2, and so the curves must be plotted point by point. 
However, we can obtain approximate plots of these 
curves, if we take into account that two singular 
points exist; one point, S,, corresponds to the maxi- 
mum concentration of the complex ion HgCl+. By 
expressing the mass-balance equation, 

C “g = IO-*M = [Hg”] + [HgCl+] + [HgCl,] 

as a function of [HgCl+], and equating its first 
derivative to zero, we obtain [HgCl+],,, at pC1 = i 
log K,K2 = 6.61. The other singular point, S2, corre- 
sponds to the equality [HgC12] = [H$+] and by intro- 
ducing this value into the evaluation of f12 = 
K,K2 = 10’3.22, we obtain pC1 = 13.2212 = 6.61. Con- 
sidering now the expressions for the mass balance and 
the value of K,, and operating with [Cl-] = 10-6.6’M 
and [HgCl,] = [Hg”], we obtain [HgCl+] = 10-2.40M 
and [HgCl,] = [Hg*‘] = 10-2.53M. Therefore, the 
two singular points are S, (PC1 = 6.61, log 
[HgCl+] = -2.40) and S2 (pC1 = 6.61, log [HgCl,] = 
log [Hg2’] = -2.53). The two singular points S, and 
S, , and the simplified linear relationship of equations 
(28)-(30) for pC1 > log K, and log K3 < pC1 < log K,, 
allow us to draw readily the logarithmic diagram of 
the system HgC12/HgClf/Hg2+ for cHg = lo-*M, as 
shown in Fig. 5. 

Figure 5 also shows the values of X from which the 
corresponding values of pHg and pC1 can be ob- 
tained. In Fig. 6 the titration curves pHg us. X and 
pC1 us. X are plotted. Note that the first equivalence 
point, X = lOO%, cannot be distinguished on the 



210 JOSE L. GUINON 
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0 2 4 6 8 10 
n ’ I I I I 1 Silver reacts with cyanide to form a series of 

species: 
-2 

AgCN,,,+Ag+ + CN- 

K, = [Ag+][CN-] = 1O-‘592 (31) 

c, 
o -6 A&N,,, + CN- +Ag(CN); 
9 

K, = [Ag(CN),]/[CN-] = 104.62 (32) 

Ag(CN), + CN- =Ag(CN):- 

K3 = [Ag(CN);-]/[Ag(CN);][CN-] = lo’.” (33) 

I I \u 
Ag(CN):- + CN- +Ag(CN):- 

Fig. 5. Logarithmic concentration diagram of system 
HgC1,/HgCl+/Hg2+, cHg = 10-2M, log K, = 6.74, log 

K4 = [Ag(CN):-]/[Ag(CN):-][CN] = 10°.‘” (34) 

To obtain the curve for titration of CN- with Ag+, 
we must first plot the logarithmic concentration 
diagram of the system Ag(CN);/AgCN,,,/CN- for 
ccN = lO_*M, with pAg as master variable. In this 
diagram, the higher complexes Ag(CN):- and 
Ag(CN):- need not be represented, since from the 
values of K3 and K4 it is clear that with sufficiently 
dilute cyanide solutions only the complex Ag(CN); 
will be formed. 

K2 = 6.48. 

titration curve and that there is only one sharp jump 
in pHg or pC1, at the second equivalence point. The 
curves for titration of Hg(I1) with Br-, II, CN- or 
SCN- can be obtained analogously. 

Practical examples. Practical examples of titration 
of Hg(I1) with X-, with use of the graphical method, 
can be presented as a laboratory exercise. For in- 
stance, 20 ml of 10-*M mercuric nitrate, acidified 
with nitric acid, can be titrated potentiometrically 
with lo-*M MX, where MX can be NaCl, KCl, KBr, 
KI, KCN or KSCN. The reference electrode can be 
an Hg/Hg,SO, electrode, or a calomel electrode (used 
with an auxiliary salt-bridge for titration with Cl- 
and Br). As indicator electrode an ion-selective 
electrode for Cl-, Br, I-, CN- or SCN-, as appro- 
priate, or a silver electrode can be used. The experi- 
mental titration curves can then be compared with 
the curves for pHg vs. X or pX vs. X obtained 
from logarithmic diagrams of the system 
HgXJHgX+/Hg*+ for cng = IO-*M. It will be found 
that the first equivalence point can hardly be dis- 
tinguished on the titration curve, but the sharp jump 
of potential is similar to the jump of pX and pHg in 
the vicinity of the second equivalence point. 

(a) For pAg > log p2 + log ccN, if 1>>8cc,/l,[Ag+], 
the series expansion of the square-root term gives the 
approximation value (1 + 4ccNp2[AgC]), and substi- 
tution into (35) and (36) gives [CN-] = ccN and 

It is interesting to note that because the equilibrium 
constant for HgX,(,,+ HgX,(,,, is > 1 O-* for X = Cl -, 
Br, CN- and SCN-, the species HgX, formed 
during the titration of lo-*kf mercury(I1) will not be 
precipitated. However, when X = II, this equilibrium 
constant is 10-3-88. This means that in the logarithmic 
diagram, the line corresponding to this equilibrium, 
log [HgI,] = -3.88, is a straight line independent of 
p1, which intercepts the line log [HgI,],, = log 
cng + log K, K2 - 2~1, at p1 = 12.85, a value very close 
to log K, (12.87). As outlined above, when 
pX=pI=log K,, the degree of titration is X = 
SO%, so we conclude that precipitation of HgI, 
theoretically begins close to the first half-titration 
point. In the experimental titration of 20 ml of 10m2M 
mercury(I1) with 10m2M potassium iodide, the first 
turbidity due to precipitation of HgI, is observed at 
a somewhat larger degree of titration (about 70%). 

Fig. 6. Titration curves, pC1 US. Xx, pHg us. Xx, of 10e2M __1, . . . .~ 

Example 2. Titration of CN- with Ag’ 

The log c, lines can be obtained as follows, If 
we consider the mass balance cc., = l0-2M = 

[CN-] + 2[Ag(CN),] and the expression for the 
overall formation constant for Ag(CN), 1 
/I2 = K2/Ka = 1020.54, we obtain: 

[CN-] = 
- 1 + (1 + 8cc,B,[Ag+])“2 

%k+l 
(35) 

[Ag(CN)_] = ]- 1 + (1 + &-,P2~Ag+1)“*1’ 
2 

lW,[Ag+l 
c361 

Equations (35) and (36) can be simplified to linear 
relationships when (a) pAg > log /I2 + log cc.,, (b) 

p& < 1% 82 + 1% CCN. 

Hg” with chlonde as tltrant. 
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Fig. 7. Logarithmic concentration diagram of system Ag(CN);/AgCN,/CN-, ccN = lo-‘M, log 
Ka = - 15.92, log K2 = 4.62. 

[Ag(CN);] = &&[Ag+]. Therefore, for a total 
concentration ccN = lo-*M, log [CN-] = log 

ccN = -2, and log [Ag(CN);] = 2 log ccN + log 
fi2 - pAg = 16.54 - pAg. 

The plot of log [Ag(CN); us. pAg is a straight line 
of slope - 1 and when extrapolated reaches the point 
P, (pAg = 16.54; log [Ag(CN);] = 0) (see Fig. 7). 

(6) For pAg < log /I2 + log cCN, 1~ 8cc,/I,[Ag+]. 
Substituting in (35) and (36), we obtain 

[CN-] = {cCN/2/12[Ag+]]“’ and [Ag(CN),] = ccN/2. 
Hence for ccN = IO-*M, log [CN-] = flog ccN = flog 
2 -f log /I2 + ipAg = 11.42 + :pAg, and log 
[Ag(CN);] = log ccN - log 2 = -2.3. 

The plot of log [CN-]us. pAg is a straight line of 
slope +O.S and when extrapolated reaches the point 
P, (pAg = 22.84; log [CN-] = 0) (see Fig. 7). 

When pAg N (log /$ + log cc.,), however, equa- 
tions (35) and (36) cannot be approximated by linear 
relationships and the points on the curves must be 
calculated pointwise. Nevertheless, an approximate 
diagram can be obtained if we know the crossing 
point, S, of the lines for log [CN-] and log 
[Ag(CN);]. For this purpose, we consider the 
cyanide mass balance and the overall formation 
constant p2, and operating with [CN-] = [Ag(CN);], 
we obtain [CN-] = [Ag(CN);] = 10-2.48M and 
[Ag+] = 10-‘*.“M. Therefore, the coordinates of 
point S are pAg = 18.06; log [CN-] = log 
[Ag(CN);] = -2.48 (see Fig. 7). 

If, once Ag(CN); is completely formed, we con- 
tinue to add successive amounts of Ag+, pAg 
decreases and the precipitation reaction 

Ag(CN); + Ag + + Ag,(CN),(,, (or 2AgCN,,,) takes 
place, for which the effective equilibrium constant 
is K = K,K2 = 10-“,3. Therefore, in the range of 
pAg where AgCN,,, precipitates, the line for 
log [Ag(CN);] has the equation log [Ag(CN);] = 
- 11.3 + pAg, slope + 1, and when extrapolated 

reaches the point P, (pAg = 11.3; log [Ag(CN); = O]) 
(Fig. 7). 

The logarithmic diagram for the system 
Ag(CN);/AgCN,,,/CN- for ccN = lo-*Mis shown in 
Fig. 7 and from this the titration curve pAg us. X can 
be obtained, as for the preceding examples. Note that 
in the first titration, the one corresponding to the 

reaction 2CN- + Ag+ $ Ag(CN); , the degree of 
titration is X = 2OOc,,/c,,, so the values of 
X = . . 0.1, 1, 10% shown on the log Ag(CN); line 
will be situated at . . . 3.3, 2.3, 1.3 logarithmic units 
below log ccN. It is interesting that before the first 
equivalence point, given by the condition 
[CN-] = 2[Ag+], i.e., log [CN-] = log [Ag+] + 0.30, 
point A (pAg = 7.8), is reached, precipitation 
begins according to the reaction Ag(CN); + 

Ag+G 2AgCN,,, 3 since in the vicinity of the first 
equivalence point [Ag(CN);] _ 0.5 x 10m2M and the 

I I I I 
0 100 
-X- 

0 100 x’ 2,oo 

Fig. 8. Titration curve of pAg US. X% for 10-ZM cyanide ion 
with silver as titrant. 
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[Ag+] necessary to begin the precipitation will be 
10-“~3/10-2~3 = 10V9M, point B (pAg = 9.0). 

The second stage of the titration corresponds to the 
precipitation reaction of a solution of Ag(CN); of 
initial concentration -0.5 x 10m2M. The titration 
plot of pAg vs. X’, where X’= 100 c,,/c,,(~~), can 
easily be obtained from the logarithmic diagram in 
an analogous way to that for the complexometric 
titration.@ 

In Fig. 7 the several values of X and X’ and the 
corresponding values of pAg are shown, and the 
titration curve deduced from them is plotted in Fig. 
8. Theoretically, the first end-point (at the break 
point at pAg = 9) could be detected by means of the 
turbidity due to precipitation of AgCN,,,, but a slight 
excess of silver nitrate would have to be added to 
yield a perceptible turbidity. Both end-points can be 
detected potentiometrically, with a cyanide-selective 
or silver electrode as indicator electrode and an 
Hg/Hg,SO, reference electrode. 

2. 
3. 
4. 
5. 
6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 
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Summary-The determination of ionic nickel and cobalt in simulated PWR coolant at concentrations 
below 1 pg/l. by differential pulse stripping voltammetry at a hanging mercury-drop electrode has been 
investigated. The high sensitivity for these ions results from the adsorptive accumulation of their 
dimethylglyoximate complexes on the mercury drop. Boric acid does not interfere and if the samples are 
adjusted to pH 9 with an ammonia-ammonium chloride buffer, both nickel and cobalt can be determined 
in the same run. The relative standard deviations at concentrations below 2 pg/l. are of the order of 5-7x 
and the limits of detection for nickel and cobalt are about 8 and 2 rig/l.. respectively. These performance 
statistics show that this method is the most sensitive method currently available for determination of 
soluble nickel and cobalt in PWR coolant and it should prove to be most valuable in any corrosion studies 
of the materials of construction of the primary circuit of a PWR. 

The coolant used in the primary circuit of a pressur- 
ized water reactor (PWR) is a dilute solution of boric 
acid and lithium hydroxide to which hydrogen gas 
has been added. The concentrations of these additives 
are carefully controlled and operational experience 
has shown that only slight corrosion of the materials 
of construction occurs. It is necessary, however, to 
confirm the efficacy of the chemical treatment by 
periodic analysis of the coolant for corrosion prod- 
ucts of the materials of construction, and nickel and 
cobalt derived from stainless steels are two of the 
principal elements of interest. Hitherto, the deter- 
mination of these elements has involved either a 
lengthy accumulation on ion-exchange filters, or con- 
centration, followed by y-ray spectroscopy and/or 
electrothermal atomic-absorption spectrometry. This 
paper describes the determination of ionic nickel and 
cobalt in simulated PWR coolant by differential pulse 
stripping voltammetry after adsorptive accumulation 
of their dimethylglyoximate (DMG) complexes at a 
hanging mercury-drop electrode. Pihlar et al.’ used 
this technique for the determination of nickel in 
natural waters, and Meyer and Neeb* used it for the 
determination of nickel and cobalt in ashed plant 
samples. The reported limits of detection of a few 
rig/l.. were much lower than those obtained with the 
same reagents by differential pulse polarography at a 
dropping mercury e1ectrode.r~’ The increased sensi- 
tivity arises from the adsorptive accumulation of the 
metal DMG complexes on the mercury drop during 
a period in which the potential at the drop is held at 
a value more positive than that required for reduction 
of the complexes. This accumulation step is followed 
by a differential pulse voltammetric stripping scan 
during which the accumulated complexes are re- 
duced. 

EXPERIMENTAL 

Reagents 

All the reagents used were analytical reagent grade or 
better and, for accurate determinations below the I-pg/l. 
level, all the reagents were purified. 

Dimethylglyoxime. Analytical reagent grade dimethyl- 
glyoxime was recrystallized twice from methanol, and dried 
at 40”. A 1% solution was prepared in “Spectrosol” ethanol. 

Boric acid. A standard solution containing 6000 mg of 
boron per litre was prepared from “Aristar” boric acid. It 
contained a small amount of nickel, but this could be 
substantially removed by adsorption on manganese dioxide 
powder.6 Solutions containing lower concentrations of boric 
acid were prepared by dilution with demineralized water. 

Ammonia-ammonium chloride buffer. Pure hydrochloric 
acid and ammonia solutions were prepared in polythene 
vessels by isothermal distillation, and mixed in 1:2 molar 
ratio (acid: base) to give a final concentration of 0.5M 
ammonium chloride at a pH of 9.2 k 0.1. 

Standard nickel and cobalt solutions. These were prepared 
by sequential dilution of IOO-mg/l. Ni and Co solutions 
prepared from Ni(NO,),.6H,O and CoSO,.7H,O respect- 
ively. Solutions with metal-ion concentrations of 0.1-10 
rg/l. were prepared by micropipette additions of IOO-pg/l. 
solutions directly into the lo-ml portions of analysis 
solution taken in the polarographic cell. 

Demineralized water. Prepared by circulating a bulk 
supply of water continuously through a mixed cation/ 
anion-exchange column to give a final product with a 
conductivity of 0.060.07 pS/cm at 25”. The best quality 
water was obtained from a unit which had a microfilter and 
an activated-carbon column after the ion-exchange column. 

Storage of reagents. Polythene containers were used exclu- 
sively, but cleaning by filling with O.lM hydrochloric acid, 
leaving for a week, then washing thoroughly was shown to 
be inadequate. A cleaning procedure based on that de- 
scribed by Moody and Lindstrom’ was therefore used, in 
which the bottles were filled with hydrochloric acid (1 + l), 
let stand for a week, emptied, rinsed and refilled with nitric 
acid (1 + I), let stand for a further week at room tem- 
perature, then subsequently rinsed and left filled with de- 
mineralized water, the water being changed every day for a 
week. 

273 
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Polarograph and voltammetric conditions 
An EG&G Princeton Applied Research model 264 

polarographic analyser in conjunction with a model 303 
mercury electrode assembly and a model REO089 X-Y 
recorder was used. The polarograph incorporates a micro- 
processor which was programmed for differential pulse 
stripping analysis, involving deaeration of the sample solu- 
tion, suspension of a mercury drop, a deposition period and 
a voltage sweep between preset values. The deaeration 
period necessary to reduce the background current over the 
voltage range from -0.9 to -1.0 V was 12 min for 
concentrations above 1 pg/l. and 16 min for lower concen- 
trations. The purge gas used was 99.999% pure nitrogen, 
further purified by bubbling through pyrogallol solution. In 
the deposition period, the metal complexes are adsorbed 
onto the hanging mercury drop; for concentrations below 
0.1 bug/l. a 200~set adsorption time was used, and 100 set for 
higher concentrations. %he voltage was held at -0.75 V 
durine. this ueriod. and then scanned to - 1.25 V. Although 
some-advantage in sensitivity can be gained by increasing 
the drop-size and the voltage scan-rate the best compromise 
between resolution and sensitivity was obtained by using 
either a medium (2.5 mg) or small (1.25 mg) drop and a 
scan-rate of 5 mV/sec. In all cases 50-mV pulses were 
applied at a rate of 2 per sec. 

The standard reference half-cell supplied with the model 
303 dropping mercury assembly has a “Vycor” frit liquid 
junction. Experiments indicated that the prolonged washing 
necessary to reduce the nickel response for blank solutions 
was largely associated with this junction. Washing for 2 hr 
was required after two days of disuse. Comments on nickel 
and cobalt contamination from Vycor frits have been made 
by Mart.* An experimental junction (Fig. 2) was constructed 
from a borosilicate glass tube and a crack-junction was 
formed by controlled local heating applied to a surface 
scratch. The resistance of this junction, when the reservoir 
was filled with 3M potassium chloride, was 5-6 kR. No 
prolonged washing was necessary with this junction. 

I I I I 
-0.75 -095 -115 -135 

Voltage 

Fig. 1. Typical voltamperograms from precision experi- 
ments: (a) NC *+ = Co2+ = 0.4 pg/l., (b) blank (plus 10 pg of 
Co*+ per litre). Scan-rate, 5 mV/sec; pulse amplitude, 50 
mV; drop size, medium; deposition time (a) = 100 set, 

(b) = 200 set; applied voltage vs. Ag/AgCl (3M KCl). 

Most experiments were done at room temperature 
(25 + 2”) but for accurate temperature control a glass cell 
fitted with a water-jacket was used, with water circulated 
‘from a constant-temperature water-bath. 

RESULTS 

Preliminary experiments 

In previously reported work on linear sweep 
voltammetric determination of nickel’ and of nickel 
and cobalt4 by adsorption of the dimethylglyoxime 
complexes on a mercury drop, an ammonia- 
ammonium chloride electrolyte was added to the 
sample. The pH of the test solution was found to 
affect the sensitivity, particularly for cobalt, which 
gave optimal response over only a narrow range of 
PH.~ 

Solutions containing 5 pg each of nickel and cobalt 
and 1000 mg of boron (as boric acid) per litre and 
buffered to pH 8.7, 9.0 and 9.4 with ammonia- 
ammonium chloride buffer were prepared. Voltam- 
perograms of these solutions were recorded and the 
peak currents for the reduction of the metal ion 
complexes measured. The nickel peak was relatively 
unaffected (< 5% change) by the variation in pH. The 
cobalt peak was reduced by 13% when the pH was 
changed from 9.0 to 9.4 and it was therefore decided 
to control the pH at 9.0 rf: 0.1. Under these conditions 
the peaks for reduction of the nickel and cobalt 
complexes were separated by about 130 mV (Fig. 1). 
The nickel peak was at -0.93 V and the cobalt peak 
at - 1.06 V vs. the silver-silver chloride (3M potas- 
sium chloride) reference electrode. 

The peak heights for reduction of the complexes 
increase with increasing concentration of dimethyl- 
glyoxime but above a certain excess no further advan- 
tage is gained.3 In our experiments an approximately 
lOOO-fold molar excess of DMG was added, and at 
this level essentially all the metal was complexed. 

Adsorptive accumulation of nickel and cobalt 

The adsorptive accumulation of the metal com- 
plexes on a hanging mercury drop is dependent on a 
number of factors and a closer examination was 

Rubber 0-ring se01 

Vycor frit junctton Crack junction 

Fig. 2. Standard (a) and experimental (b) reference junc- 
tions. 
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Fig. 3. Peak current US. time curves for nickel at 25”: wi*‘], 

pg/l.-_O 2.5; A 5; x 5 (in presence of Co’+, 5 pg/l). 

made of the effects of deposition time and tem- 
perature on the peak current, with metal : DMG mole 
ratio 1:103, pH 9.0, and llOO-mg/l. boron concen- 
tration (as boric acid). 

The effect of deposition time was investigated at 
25”. The results for solutions containing only nickel 
(2.5 and 5 pg/l.) are shown in Fig. 3. The peak 
currents initially increase linearly with time, then 
approach a constant value asymptotically and the 
genera1 form is analogous to an adsorption isotherm. 
The corresponding plots for cobalt (Fig. 4) were 
similar in the initial stages, but a constant value was 
not reached in a reasonably short accumulation time. 

When nickel and cobalt were both present there 
was a significant difference in behaviour. The values 
of ir, for nickel were suppressed (see Fig. 3) and passed 
through a maximum, whereas the values for cobalt in 
the same solution (Fig. 4) were significantly higher 
than in the absence of nickel, but there was no 
obvious stoichiometric relationship between the 
simultaneous changes in iP for nickel and cobalt. The 
mutual effects of nickel and cobalt obviously change 
the slopes of the calibration graphs. 

The effect of temperature was investigated at 15,25 
and 35”. In solutions containing only nickel or cobalt 

407 
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Fig. 4. Peak current US. time curves for cobalt at 25”: [Co’+] Fig. 6. Effect of temperature on i, US. time curves for a 

pg/l.-_O 2.5; A 5; x 5 (in presence of Ni’*, 5 pg/l.). solution containing both nickel and cobalt at 5 pg/l. 
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Fig. 5. Effect of temperature on i, vs. time curves for 5-pg/l. 

nickel and 5-pgg/l. cobalt solutions. 

(Fig. 5), the slope of the initial linear portion in- 
creased with temperature. For nickel, the values at 
35” passed through a maximum. 

The major difference when nickel and cobalt were 
both present was shortening of the linear portion of 
the plots for nickel, and at 35” there was no useful 
linear range (Fig. 6). 

For analytical purposes it is preferable to operate 
within the linear portion of the iP vs. time plot. At the 
concentrations of interest in this paper, suitable 
adsorptive accumulation will be obtained at room 
temperature with deposition times of IO&400 sec. 

Calibration graphs 

Preliminary experiments indicated that calibration 
graphs for nickel in the presence of boric acid were 
linear over the range 0.1-10 pg/l. Detailed calibration 
data were obtained at concentrations < 3 pg/l., the 
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most pertinent region for PWR coolant. Portions of 
nickel nitrate solution were added by micropipette to 
a mixture of 10 ~1 of 1% DMG solution, 2 ml of 
ammonium chloride buffer and 8 ml of simulated 
coolant containing boric acid at a concentration 
equivalent to 1100 mg of boron per litre. The volt- 
amperograms were recorded and the peak currents 

corrected for that for a reagent blank. Peak current 
data for nickel in the concentration range 0.12-2.4 
pg/l. were obtained at scan-rates of 5, 10 and 20 
mV/sec. Linear regression analysis gave correlation 
coefficients, r*, > 0.999 for all these sets of data. The 
sensitivity at 20 mV/sec was about twice that at 5 
mV/sec but the gain in sensitivity was offset by a loss 
of resolution. This is a very important consideration 
when cobalt and nickel are both being determined 
since their peaks are separated by only 130 mV. For 

5-mV/sec scan-rate, ip (nA) was equal to 1.51 
+ 53.7c,,, where cNi was the nickel concentration in 

/Jg/l. 
Linear calibration graphs, r2 > 0.999; $, = 0.09 + 

96.9 cCa, were similarly obtained for cobalt over the 
concentration range 0.13-l .l 1 pg/l. The sensitivity 
for cobalt was about 70% greater than that for nickel. 

Blank-corrected calibration graphs prepared with 
solutions containing equal w/v concentrations of 

nickel and cobalt were linear (r’ > 0.999, ir 
=0.65 + 51.4 cNi and i, = 0.01 + 105.7 ccO), but 
significant day-to-day variation in slope was found, 
making the use of permanent calibration graphs 
impractical. In addition, the slope of the cobalt 
calibration graph (c$ 86.9 cc0 and 105.7 ccO) is 
dependent on the nickel:cobalt ratio. For these 
reasons calibration by standard addition is recom- 
mended. 

Interferences 

The effect of other metal ions expected to be 
present in the primary coolant because of corrosion 
of the materials of construction was investigated. The 
principal ions expected are iron, chromium and man- 
ganese. The presence of Fe(II1) (40 pg/l.), Mn(I1) (10 
pg/l.) and Cr(II1) (10 pg/l.) had no significant effect 
(95% confidence level) on the peak heights for nickel 

(0.8 pg/l.) and cobalt (0.2 pg/l.). 
The effect of oil was investigated by recording 

voltamperograms for nickel (0.2 pg/l.) and cobalt 
(0.1 pg/l.) in demineralized water saturated at 25” 
with a pump oil typical of those used in reactor 
feed-pumps, and for equivalent solutions prepared 
from uncontaminated demineralized water. A deposi- 
tion time of 200 set was used. There was no 
significant difference for nickel, but in the presence of 
oil the cobalt peak was largely obscured by a broad 
asymmetric peak and no determination was possible. 
Voltamperograms of the oil-saturated water contain- 
ing no added metal ions did not have this broad peak 
and it was concluded that the oil interfered with the 
adsorption of the cobalt complex at the metal surface 
but not that of the nickel. 

Precision 

The standard deviations of the peak heights corre- 
sponding to the reduction of the nickel and cobalt 
complexes were determined for concentrations of 5 
and 0.4 pg/l., and for blanks (six replicates). The 
results are given in Table 1, and typical traces are 
shown in Fig. 1. The relative standard deviations of 
nickel and cobalt were about the same at both levels 
and were in the range 5-7%. For the blanks, prepared 
with solutions purified as described, the voltam- 
perograms always displayed a small peak for nickel 
but none for cobalt. A small amount (- 10 ng/l.) of 
cobalt was added to the blank, which was estimated 
to contain about 10 rig/l.. nickel, and it was assumed 
that the standard deviation at this level (Table 1) 
would be typical of that for a blank. The statistical 
limit of detection was calculated (95% confidence 
level) as 4.65 times the standard deviation of the 
blank. For nickel, the limit of detection was 8 rig/l.. 
and for cobalt 2 rig/l.. 

Recovery tests on synthetic samples 

Synthetic PWR coolant was prepared at two levels 
of boric acid and lithium hydroxide; B 2000 mg/l., Li 
2.2 mg/l., and B 1100 mg/l., Li 2 mg/l., and known 
amounts of nickel and cobalt were added. The re- 
sulting solutions were analysed by the standard- 
addition technique. First the voltamperogram (peak 
current is) for V ml of a solution consisting of 8 ml 
of sample, 2 ml of buffer, and 10 ~1 of DMG solution 
was recorded. A small known volume, a,, of standard 
metal solution of concentration cA was then added 
and a second voltamperogram recorded (peak current 
is + *). The concentration, cs, of the determinand in 
the test solution was then calculated from: 

is 6AcA 
cs = 

k+AhA + (is+, - 4)v’ 

The original concentration of the metal in the sample 
before addition of the buffer was then 1.25 cs. The 
results for solutions containing a number of different 
proportions of nickel and cobalt are given in Table 
2. The recoveries were mainly in the range 100 f 10% 
and the variations between duplicate values were 

3-6x. 

Table 1. Precision of nickel and cobalt determinations in 
the presence of boron (1100 mg/l.) 

Standard deviation 
Metal concentration, 

IGIl. nA Ml/. % 

Nickel 
5 16 0.24 4.8 
0.4 2.4 0.024 6.1 
Blank 0.33 0.0017 - 

Cobalt 
5 36 0.34 6.7 
0.4 3.2 0.023 5.8 
Blank* 0.15 0.0004 - 

*With added Co (10 ng/l.) 
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Table 2. Recovery of nickel and cobalt from simulated PWR coolant by 
standard addition 

Coolant composition, Concentration added, Concentration found, 
mgir. MI. Mgll. 

B Li Ni co Ni co 

2000 2.2 0.1 0.05 0.088 0.043 
2000 2.2 0.4 0.2 0.38 0.17 
1100 2.0 0.1 0.05 0.090 0.051 
1100 2.0 0.4 0.2 0.39 0.20 
1100 2.0 - 0.2 0.21 
1100 2.0 0.4 0.4 0.41 0.37 
1100 2.0 0 0.4 0.97 0.40 

A water sample obtained from a rig operating 
under simulated PWR coolant conditions was anal- 
ysed by the standard-addition technique and the 
nickel content was found to be 0.37 pg/l. and 
the cobalt content 0.014 pg/l. Analysis of the 
same sample by electrothermal atomic-absorption 
spectroscopy gave the nickel content as < 1 pg/l. 
and no cobalt was detectable. No alternative method 
of analysis was available for comparison with the 
voltammetric results at these very low levels. 

DISCUSSION 

Adsorption process 

A characteristic of the differential pulse stripping 
voltammetry for nickel and cobalt is the higher 
sensitivity for the latter under identical analytical 
conditions. This is unexpected in view of the simi- 
larity of their complexes with dimethylglyoxime.’ In 
addition, the ip us. time plots for nickel and cobalt 
present in the same solution are considerably 
different from those obtained for separate solutions 
of the two. In every case, for the mixed solution the 
cobalt signal is enhanced while the nickel signal is 
reduced (see the broken lines of Figs. 3 and 4). Figure 
3 shows the value of ip for nickel was reduced to zero 
if the collection time was long enough, suggesting 
that the complex had been completely displaced from 
the surface. These observations indicate a far from 
simple adsorption process at the electrode surface. 

This interaction of cobalt and nickel was not 
observed when similar experimental conditions were 
used, but with a dropping mercury electrode,” and 
in DPP experiments only small differences in the 
slopes of the nickel and cobalt calibration graphs 
were detected. Figure 7 shows a polarogram and a 
voltamperogram of a solution containing nickel and 
cobalt (both at the 5-pgg/l. level) and the ratios of the 
peak currents i,(Ni): i,(Co) were 0.8 : 1 in the former 
and 0.43: 1 in the latter. 

Purity of reagents 

At the determination levels discussed here, the 
purity of the reagents is critical. The quality of the 
demineralized water has already been emphasized, 
and the water obtained after passage through an 

activated carbon bed after the ion-exchange did not 
have the broad peak (from -0.85 to - 1.0 V) other- 
wise present. Similar broad peaks were associated 
with the presence of oxygen, and extensive deoxy- 
genation (for 16 min) was necessary. 

Appreciable blanks were found even for Aristar- 
grade reagents, and the boric acid, dimethylglyoxime, 
ammonia and hydrochloric acid all required 
purification. Purification of boric acid solutions by 
adsorption of trace metals on a manganese dioxide 
suspension was very successful and the cobalt content 
of a lOOO-mg/l. boron solution was reduced from 
about 20 to ~2 rig/l.. Dimethylglyoxime was readily 
recrystallized from methanol, but tended to give an 
unidentifiable voltammetric peak after storage of the 

Nickel 

Drop time. 0.5 s*c 

Drop size, medium 
Scan rote, 5mV/sec 
Pulse amplitude, 5OmV 

V 
Differential pulse 
polarogmphy 

100 nA 

Nickel 

Deposition time, 
50 set 

Drop size, medium 

Scan mte, SmV/sec 
Pulse amplitude, 

50 mV 

Differential pulse 
sfripping voltammetry 

-1.0 -1.2 -1.4 

Voltage 

7. Comparison of relative peak heights for solution 
containing 5 pg/l. each of nickel and cobalt. 
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1% ethanol solution in a polythene bottle for approx- 
imately two weeks. This was perhaps due to dis- 
solution of the plasticizer from the bottle. The iso- 
thermal distillation of hydrochloric acid and 
ammonia was entirely successful. In blank solutions 
containing boric acid and prepared from these 
purified reagents no cobalt could be detected and the 
nickel levels were l&15 rig/l.. The nickel was consid- 
ered to be present in the water used and reduction of 
its concentration was not attempted since the sensi- 
tivity was satisfactory for the immediate applications. 

Analytical precision and limits of detection 

It has been shown” that boric acid does not affect 
the determination of nickel and cobalt by differential 
pulse polarography provided consideration is given 
to the change in pH brought about by the weak acid. 
The same was found for the differential pulse strip- 
ping voltammetry. Of the substances normally ex- 
pected in PWR coolant only the transition metal ions 
were considered as possible interferents and excesses 
of these were shown to have no significant effect. 

Because of the interaction of nickel and cobalt in 
the adsorption step, a fixed calibration graph is 
impractical when the Ni : Co ratio varies from sample 
to sample. The standard-addition method gives re- 
coveries of 88103% for nickel and 86105% for 
cobalt, which are considered satisfactory for the very 
low levels investigated. The relative standard devi- 
ations are in the range 5-7% for determination of 
nickel or cobalt (each in the absence of the other) in 
simulated PWR coolant. In any determination using 
a single standard-addition, the standard deviation 
will be greater, since the calculation involves a ratio 

as well as a sum and difference of measurements, and 
an overall relative standard deviation in the range 
l&14% would be more appropriate. The limits of 
detection were calculated from the standard devi- 
ations for blank solutions which contained only 
traces of the two metals. At the 95% confidence level 
the limits of detection for nickel and cobalt were 
about 8 and 2 rig/l.. respectively. These levels are very 
much lower than those obtainable by electrothermal 
atomic-absorption spectrometry, thus making this 
form of stripping voltammetry the most sensitive 
method for trace determinations of these metal ions 
in PWR coolant. 
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MONITORING OF AROMATIC AMINES BY HPLC WITH 
ELECTROCHEMICAL DETECTION 

COMPARISON OF METHODS FOR DESTRUCTION OF 
CARCINOGENIC AROMATIC AMINES IN LABORATORY WASTES 
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Summary-A new chemical method for destruction of carcinogenic aromatic amines in laboratory wastes 
has been developed. The method is based on enzymatic oxidation of the amines in solution (with hydrogen 
peroxide and horseradish peroxidase), followed by oxidation of the solid residues with permanganate in 
sulphuric acid medium. To monitor the efficiency of destruction, a reversed-phase HPLC system has been 
developed, with voltammettic detection with a carbon-fibre detector, which is substantially more sensitive 
(detection limits from a few ng down to a few pg of amine) than the commonly used ultraviolet 
photometric detection. It has been demonstrated that the proposed method of destruction is highly 
efficient (> 99.8% destruction). 

Many aromatic arnines are known or suspected to be 
carcinogenic towards humans,’ and therefore must be 
effectively destroyed in industrial and laboratory 
wastes before these are disposed of. Solution of this 
problem requires first a sufficiently effective, simple, 
cheap and rapid procedure for conversion of the 
carcinogens into harmless products, and secondly a 
reliable analytical method to check the completeness 
of destruction. 

Several methods have been proposed’ for the de- 
struction. The most useful involves oxidation with 
permanganate in sulphuric acid medium,3 but is 
unsuitable for wastes containing oxidizable solvents, 
such as methanol or ethanol, or large amounts of 
other oxidizable substances. Decontamination of 
large volumes of aqueous solution is also incon- 
venient, as large amounts of permanganate are re- 
quired. 

A very promising method has been proposed by 
Kalibanov and Morris,4 based on oxidation of the 
aromatic amines by hydrogen peroxide, catalysed by 
horseradish peroxidase, to give the corresponding 
aromatic amine free radicals, which diffuse from the 
enzyme active site into the solution, where they 
polymerize. In contrast to the monomers the poly- 
mers are virtually insoluble in water, and can be 
separated by sedimentation, filtration or centrifu- 
gation. Unfortunately, the solid residues have been 
found to be mutagenic.5 

The present work deals with the combination of 
these two methods, the enzymatic oxidation to pre- 
concentrate the carcinogens from large volumes of 

*Author for correspondence. 

wastes, and the permanganate treatment to destroy 
the solid residues. Representative aromatic amines 
were selected for the study (see Table 1). 

Various methods can be used to determine trace 
concentrations of aromatic amines, and hence to 
monitor the effectiveness of their destruction.6 
Titration and spectrophotometric methods are 
insufficiently selective for analysis of complex 
samples, and better results are obtained by com- 
bining spectrofluorimetric determination with TLC 
separation.’ Gas chromatography has been widely 
used6 but mostly requires use of derivatives, which 
complicates the determination and increases the 
error. HPLC is therefore most suitable, as direct 
determination of the aromatic amines is then poss- 
ib1e.6*“‘5 With ultraviolet photometric detection, a 
detection limit of 5 x lo-“M has been achieved.3 The 
sensitivity can be considerably improved by use of 
electrochemical detection.“’ In view of the polar 
character of amines, non-polar stationary phases 
(e.g., C,s bonded phases) are suitable in combination 
with aqueous solutions of methanol or acetonitrile; to 
increase the electrical conductivity of the mobile 
phase, aqueous buffers or salt solutions are used. 
Amines are readily oxidized at solid electrodes, 
monoamines at potentials close to + 1 .O V (us. SCE), 
diamines at around +0.5 V (us. SCE). 

In the present work, the conditions for HPLC 
determination of selected aromatic amines in a 
reversed-phase system with a C,, chemically bonded 
stationary phase and a methanol-aqueous buffer 
mobile phase, with combined ultraviolet photo- 
metric and voltammetric detection were studied. The 
method was then applied to monitor the effectiveness 
of degradation of some amines. 
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Table 1. Characteristics of the substances studied, and their detection limits 

Detection limit, ng 

No. Substance pK$ pK: 1, ,,,a,,‘s nm Et,* (K,), v Photometric Electrochemical 

1 Benzidine 4.1 3.7 268 +0.36 3 0.003 
(4,4’-diaminobiphenyl) 

2 o-Dianisidine 
(3,3’-dimethoxybenzidine) 

3 3,3’-Dichlorobenzidine 
4 3,3’-Diaminobenzidine 
5 o-Tolidine 

(3,3’-dimethylbenzidine) 
6 CAminobiphenyl 
7 4Nitrobiphenyl 
8 I-Naphthylamine 
9 2-Naphthylamine 

10 2,5-Diaminotoluene 
11 MOCA [4,4’-methylenebis- 

(o-chloroaniline)] 

4.7 3.6 212; 303 

285t 
211; 224; 278 

4.7 3.7 282 

4.2 278 
222; 305 

4.0 243; 318; 328 
4.2 237; 259; 291; 
5.1 3.3 294 
3.5 3.0 247: 298 

+0.29 (+ 1.23) 

(+0.51) 
+0.17 
+0.33 

(+0.58) 
- 0.73 (DME) 

(f0.51) 
337 (f0.58) 

+0.45 
+0.29 (+0.63) 

4 

16 

4 

10 
12 
11.4 
11.4 
12.2 
5 

0.05 

0.45 
0.05 
0.03 

1.1 

1.4 
9.0 
0.06 
4.6 

*pK, values for the conjugate acids of the bases; pK,, refers to the singly protonated base, pK,, to the doubly protonated 
base. 

tThe value recommended in Castegnar0.r 

EXPERIMENTAL Procedures 

Apparatus 

The polarization curves of the substances were obtained 
with a PA-3 polarographic analyser (Laboratomi Piistroje, 
Czechoslovakia) with a glassy-carbon rotating disk elec- 
trode or a dropping mercury electrode. For determination 
of the conditional dissociation constants of the amines, an 
ABU13/TTT60/REC61 automatic titrator (Radiometer) 
was used. The pH values in mixed water-methanol media 
were not corrected. 

Determination of the conditional dissociation constants of 
the conjugate acids. A 20-ml portion of a lo-‘M solution of 
amine in a 1: 1 mixture of methanol and 0.2M aqueous 
sodium perchlorate was potentiometrically titrated with 
O.OlM hydrochloric acid standardized with sodium tetra- 
borate. The pK, values were taken as the pH corresponding 
to half-neutralization. The values given in Table 1 are 
averages of two determinations. 

The chromatographic system included a Pye Unicam 
LC-XP liquid chromatograph with a TZ4200 dual-line 
recorder (Laboratomi Piistroje), a stainless-steel column 
25 cm long, 3 mm bore, packed with 10 pm Partisil ODS 
(Pye Unicam), an LC-UV variable-wavelength photometric 
detector (Pye Unicam), and a carbon-fibre voltammetric 
detector constructed by the authors and described else- 
where.” The two detectors were connected in series by a 
short (5 cm long, 0.2 mm bore) stainless-steel capillary. On 
the basis of published data, 2,‘* the photometric detector was 
operated at 280 nm, and the voltammetric detector (see 
Table 1) at a potential of f0.6 V for a mobile-phase pH of 
co. 7 and a potential of +0.9V for a PH of cc. 3.5. The 
samples were injected through a 20-~1 ioop. 

Determination of the half-wave (peak) potentials. The 
polarization curves were obtained by using a three-electrode 
circuit with a 1: 1 v/v mixture of methanol and aqueous 
O.lM ammonium acetate, with an SCE (aqueous inner 
solution) as reference; no correction was made for liquid- 
junction potential. The solution was deaerated by passage of 
purified nitrogen. 

Decontamination of laboratory wastes 

Simple permanganate method. About 9 mg of test amine 
was dissolved in 10 ml of 0. 1M hydrochloric acid (10 ml of 
glacial acetic acid for substances Nos. 6 and 1 l), then 5 ml 
of 0.2M potassium permanganate and 5 ml of 2M sulphuric 
acid were added and the mixture was allowed to react 
overnight. The solution was then subjected to HPLC anal- 
ysis to check the completeness of degradation. 

The mobile phase was deaerated by continuous passage of 
helium. The measurements were made at laboratory tem- 
perature and all the potentials were measured vs. the SCE. 

Reagents 

The aromatic amines were of analytical purity and 
obtained from Fluka (benzidine), Merck (3,3’-dimethoxy- 
benzidine and 3,3’-dichlorobenzidine), Sigma (2-naphthyl- 
amine, 1-naphthylamine, 4-aminobiphenyl, 2,5-diamino- 
toluene and- Cnitrobiphenyl), Lachkma,- Czechoslovakia 
(3.3’-diaminobenzidine) and Serlabo. France 14.4’-methvl- _ 
dnebis(o-chloroaniline)]. The substances were dissolved -in 
O.lM hydrochloric acid to give 5 x 10m3M concentration. If 
necessary, the dissolution was hastened by sonication. 

Horseradish peroxidase (hydrogen peroxidase oxido- 
reductase), from Sigma, was used as a salt-free. powder with 
a specific activity of 175 purpurogalhn units per mg. 

Ah other solvents and chemicals used were of analytical 
purity. 

The mobile phase consisted of O.lM ammonium acetate 
containing various amounts of methanol; the pH was 
adjusted with perchloric acid and sodium hydroxide. 

Combined enzymatic andpermanganate oxidation. The pH 
of the waste solution (containing up to 100 mg of an 
aromatic amine per litre and up to 20% v/v methanol or 
ethanol) was adjusted to pH 5-7 with sodium hydroxide or 
sulphuric acid, and 3.5 ml of 3% hydrogen peroxide solution 
and 1000 units of horseradish peroxidase (i.e., ca. 6mg) 
were added per litre of waste solution. After 3 hr, the 
precipitate formed was filtered off with a porosity-4 frit. The 
frit and precipitate were then immersed in a mixture of 50 ml 
of 0.2M potassium permanganate and 50 ml of 2M sul- 
phuric acid and stirred magnetically overnight. The precip- 
itate was thus completely dissolved, and the solution was 
then subjected to HPLC analysis. 

HPLC analysis 

Solid ascorbic acid was gradually added to an aliquot of 
the solution from the permanganate oxidation until the 
solution became colourless, then the pH was adjusted to 
about 8 with IOM sodium hydroxide and the solution was 
centrifuged. One ml of the supernatant liquid was diluted 
with 3 ml of methanol and centrifuged, and 20~1 of the 
supernatant solution were injected into the column. The 
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separation was done with a mobile phase consisting of 40% 
methanol and 60% aqueous O.lM ammonium acetate, pH 
354.0, at a flow-rate of 1 ml/mitt. The detectors were 
operated at 280 nm and +0.9 V respectively and the amine 
concentration was determined from the voltammetric peak 
height by the standard-addition method (standard amine 
solution added to the sample immediately after the ascorbic 
0&i) 

RESULTS AND DISCUSSION 

HPLC of aromatic amines 

The substances studied are listed in Table 1, and 
the conjugate acids had very similar conditional 
dissociation constants in water-methanol mixtures. 
The pK, values of substances Nos. 3 and 4 could not 
be measured by the technique used, because the 
substances were available only as the hydrochlorides. 

The absorption maxima*,‘* given in Table 1 indi- 
cate that the optimal wavelength for detection of the 
studied substances is around 280 nm. 

All the substances studied, except 4-nitrobiphenyl, 
are readily oxidized at a glassy-carbon electrode. The 
values given in Table 1 were obtained for a 1: 1 
mixture of methanol and aqueous O.lM ammonium 
acetate, pH 7.1. With some substances (Nos. 3, 6, 8 
and 9) there is strong adsorption of the oxidation 
products on the electrode surface, leading to pro- 
nounced drops in the limiting currents; the polar- 
ization curves then appear as peaks rather than 
normal waves and in these cases the peak potentials 
are given in Table 1 instead of the half-wave poten- 
tials. It follows from Table 1 that a potential of ca. 
+0.6 V is sufficient for the detection of all the 
substances (except No. 7) at pH 7.1. However, the 
anodic waves shift to more positive potentials with 
decreasing pH, by about 80mV/pH. Therefore, the 
working electrode potential of the detector must be 
made more positive than +0.6 V when working at 
lower pH. To maximize the signal-to-noise ratio, the 
working electrode potential should be as low as 
possible (to suppress the background current); the 
best compromise is a potential of f0.9V and a 
mobile-phase pH of 3.5. 

AS 4-nitrobiphenyl is not oxidized at carbon elec- 
trodes, it cannot be voltammetrically determined. 
However, as seen from Table 1, it can be reduced at 
a dropping mercury electrode and thus can be de- 
tected polarographically. 

With the mobile phase used, methanol/aqueous 
ammonium acetate, the separation efficiency and 
resolution can in principle be modified by varying the 
methanol content and the pH. The dependence of the 
capacity factors on the methanol content of the 
mobile phase is given in Fig. 1. The dependences are 
similar for all the substances studied and thus it is 
impossible to attain a substantial improvement in the 
separation by changing the methanol content. To 
optimize the absolute values of the capacity factors 
(between ca. 1.0 and lO.O), a methanol content of 
40% v/v is most suitable. 

With a 40% v/v methanol mobile phase, the 
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Fig. 1. Dependence of log k’ on the methanol content in the 
mobile phase. Substance: l-0, 2-0, %x , 4-A, 
S--A, 6--V, 7--v, 8-0,9-H, lO--*, 1 l-+. Condi- 
tions: O.lM aqueous ammonium acetate +xX v/v meth- 
anol, pH 7.1; flow-rate, 1 ml/min. For list of substances see 

Table 1. 

dependences of log k’ on pH were then measured 
(Fig. 2). Although the pK, values of the studied 
substances are similar, the pH-dependence of the 
capacity factors varies more significantly than the 
methanol-dependence. The greatest changes occur 
between pH 3 and 5, corresponding to the pK, values 
of most of the substances. A decrease in the pH leads 
to a greater protonation of the amines, i.e., to an 
increase in their polarity (and solubility), and thus to 
a decrease in their retention times. With some sub- 
stances the elution order is also changed (Nos. 1, 5, 
6 and 7). As follows from Fig. 2, the optimal mobile- 
phase pH for the separation is about 3.5-4.0. 
However, the detector electrode potential must be 
increased accordingly, see above. 

The optimal conditions for the separation and 
determination are: a mobile phase consisting of 40% 
methanol + 60% aqueous 0. l&f ammonium acetate, 
pH 3.5-4.0; photometric detector wavelength 280 nm; 
detector electrode potential, +0.9 V us. SCE. 

The response of the two detectors to the studied 
substances was measured under these conditions for 
various amounts injected. The detection limits (for a 
signal equal to twice the absolute noise value) are 
given in Table 1. It can be seen that for most of the 
substances the voltammetric detector is substantially 
more sensitive than the photometric detector and the 
lowest detection limit is a few picograms. The greatest 
difference in sensitivity between the two detectors is 
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Fig. 2. Dependence of log k’ on the mobile phase pH. For 
list of symbols see Fig. 1. Conditions: O.lM aqueous ammo- 
nium acetate +40”% v/v methanol; flow-rate, 1 ml/min. For 

list of substances see Table 1. 

for substances Nos. 1, 2, 4, 5 and 10, for which the 
voltammetric detector is 2-3 orders of magnitude 
more sensitive than the photometric detector; the 
difference is cu. one order of magnitude for sub- 
stances Nos. 3, 6 and 8, and the sensitivities are 
similar for substances Nos. 9 and 11. 

It follows that the voltammetric detector is clearly 
preferable for use in trace analyses. The calibration 
data show that the linear dynamic range of the 
voltammetric detector extends from the detection 
limit to cu. 50 ng. The calibration graphs exhibit good 
linearity (correlation coefficients ranging from 0.9996 
for I-naphthylamine to 0.9978 for 2-naphthylamine) 
and satisfactory precision (the relative standard devi- 
ations of the peak height amount to only a few per 
cent and do not exceed l&12% (5 replicates, 95% 
limits) even at the lowest measured concentrations. 
Therefore, the method can be used to monitor the 
effectiveness of the degradation treatment. A chro- 
matogram of the solution after degradation of 
3,3’-diaminobenzidine is shown in Fig. 3. 

Chemical degradation of the amines 

Typical results for the degradation procedures, as 
monitored by HPLC with electrochemical detection, 
are summarized in Table 2. The degradation methods 
are highly efficient and lead to destruction of more 
than 99.95% of most of the substances tested. The 
efficiencies found by electrochemical detection are 
higher than those found by photometric detection3 
because of the higher sensitivity. The apparently less 
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2llA such degradation procedures, but also for trace anal- 

yses for these important substances in general. 
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Fig. 3. Chromatogram of 3,3’-diaminobenzidine after the 
decomposition of the waste solution (a) and the same with 
a standard addition corresponding to 7.65 x lo-‘,44 concen- 
tration (b). Conditions: O.lM aqueous ammonium acetate 
+ 40% v/v methanol; pH 3.7; flow-rate 1 ml/mm, voltam- 

metric detection at +0.9 V. 

favourable values for substances Nos. 9 and 11 are 
probably due to the poorer detection sensitivity (for 
substances Nos. 2, 3,9 and 11 the detection limit was 
higher than the residual amine concentration). The 
enzymatic method cannot be used for 
2,5-diaminotoluene, as no precipitate is formed. For 
all the other amines tested, the permanganate ox- 
idation is a highly efficient method for destruction of 
the solid mutagenic residues. It has been founds that 
the resulting solutions have no mutagenic effects and 
are thus environmentally harmless. It can be con- 
cluded that the method combining the enzymatic and 
chemical oxidation is suitable for large volumes of 
wastes containing small amounts of aromatic amines, 
and in the presence of oxidizable solvents and other 
oxidizable substances, where the simple per- 
manganate method fails. The combined method is 
also somewhat more efficient than the simple per- 
manganate method (see Table 2). 

The HPLC method with electrochemical detection 
is suitable not only for monitoring the effectiveness of 
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FLUORIMETRIC DETECTION OF TAUTOMERIC 
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Summary-The I-methylquinolinium cations derived from 8-aminoquinoline and 8-amino-6- 
methoxyquinoline were prepared by methylation of the corresponding nitroquinolines and reduction of 
the nitro-compounds. The dissociation constants of the protonated species of these compounds are almost 
identical to those of doubly-protonated I-aminoquinoline and 8-amino-6-methoxyquinoline, respectively, 
suggesting that the parent quinolines are exclusively first protonated at the ring nitrogen atom. However, 
the molar absorptivities of the l-methyl derivatives at their longest-wavelength absorption maxima are 
substantially greater than the corresponding absorptivities of the unmethylated aminoquinolines, a result 
which suggests tautomerism of the singly-protonated parent quinolines, with a proportion of the 
population protonated at the amino group. Fluorescence spectroscopy reveals a single emission from the 
I-aminod-methoxy-1-methylquinolinium ion and two excitation-wavelength-dependent fluorescences 
from the 8-amino-6-methoxyquinolinium ion, confirming the occurrence of tautomerism and supporting 
choice of the absorptiometric approach rather than the titrimetric approach as the preferred method for 
the detection of tautomerism and the calculation of tautomeric equilibrium constants. 

The aminoquinolines have long been known to form 
singly-charged cations by protonation of their ring 
nitrogen atoms. ‘~4 The assignments of the pro- 
tonation sites were based on the red-shift of the 
ultraviolet and visible region spectra of the neutral 
aminoquinolines on protonation. However, the aryl- 
amino groups and the ring nitrogen atoms have 
inherently comparable basicity. If the amino groups 
in some of the molecules and the heterocyclic nitro- 
gen atoms in the others were protonated, there would 
be a tautomeric equilibrium (Fig. 1). While pro- 
tonation of a ring nitrogen atom should indeed cause 
a red-shift of the electronic absorption spectrum, 
protonation of an amino group would cause a blue- 
shift. If both phenomena occurred as a result of 
tautomerism, the red-shift would be the more obvious 
because the long-wavelength side of the spectrum 
would shift into regions which would be devoid of 
absorption bands for the neutral molecule. The blue- 
shift would be much less obvious, especially if the 
tautomeric equilibrium favoured protonation of the 
ring nitrogen atom. 

To test the possibility of tautomerism in amino- 

quinolines the pH-dependence of the absorption 
spectra of 8-aminoquinoline and 8-amino-6- 

methoxyquinoline and their ring N-methylated cat- 
ions was examined. Two methods commonly used to 
detect and measure tautomeric equilibria, one ti- 
trimetric and the other spectroscopic, were used to 
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analyse the data. Since these approaches gave 
conflicting results, a third method, fluorescence spec- 
troscopy, was used to establish the existence of the 
tautomeric equilibria. 

EXPERIMENTAL 

8-Aminoquinoline was recrystallized from n-hexane and 
stored under nitrogen. The purified material gave a single 
spot (R, = 0.71) on a silica gel TLC plate with methanol as 
the mobile phase and had m.p. (corrected) 64-65” (dec.) 
(literature value5 65”). 8-Amino-6-methoxyquinoline was 
purified by column chromatography on silica gel, with 1: 24 
v/v acetone-benzene solution as mobile phase. The com- 
pound was collected as a yellow oil which gave a single spot 
on a silica gel TLC plate with 15 : 85 v/v acetone/benzene as 
the mobile phase (R, = 0.6). Crystals were obtainable from 
the oil only on standing for two months at -10”. The 
crystals were stored under nitrogen and had m.p. 49-50 
(literature values of 38”, and 53”,’ have been reported). 
However, the red-shift (followed by a blue-shift) in the 
absorption spectrum with decreasing pH, together with the 
agreement of the proton NMR spectrum (CDCI,), with the 
literature, as well as the TLC check for purity seems 
convincing evidence that the compound isolated was 
8-amino-6-methoxyquinoline. 

8-Amino-I-methylquinolinium perchlorate was prepared 
by methylating I-nitroquinoline with dimethyl sulphate and 
then reducing the l-methyl derivative with iron and glacial 
acetic acid according to the method of Deady and Yusoff.’ 
The product had m.p. 159-160”, in excellent agreement with 
the literature.9 I-Amino-6-methoxy-1-methylquinolinium 
perchlorate was similarly prepared from 6-methyl-S- 
nitroquinoline; the product was recrystallized twice from 
ethanol and obtained as orange crystals which decomposed 
at 165” to a brown material which melted sharply at 193”. 
The proton NMR spectrum (d6-DMSO) corresponded to 
that predicted for the 8-amino-6-methoxy- 1 -methyl- 
quinolium ion. 
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Fig. I. Dissociation scheme for doubly-protonated (D) 8aminoquinoline (R = -H) and 8-amino-6- 
methoxyquinohne (R = - OCH,). Kn, and K,, are the equilibrium constants for the dissociation pathways 
to M, and M,, the amino-protonated and ring-protonated singly-charged cations, respectively. K, is the 
macro-equilibrium constant for dissociation of D to all singly-charged species. KM, and KM2 are the 
respective dissociation constants for M, and M, dissociating to the neutral molecule (N). K2 is the 
macro-equilibrium constant for dissociation of all single-charged cations to A and KT is the tautomeric 

equilibrium constant for Mz e M,. 

Absorption spectra were taken on a Beckman DB-CT 
spectrophotometer. Fluorescence spectra were taken on a 
Perkin-Elmer MPF-2A fluorescence spectrophotometer 
with monochromators calibrated against the xenon line- 
emission spectrum and its output corrected for instrumental 
response by means of a Rhodamine-B quantum-counter. All 
pH measurements were made with an Orion 801 pH-meter 
with a Sargent-Welch combination Ag/AgCl-glass elec- 
trode. 

Sulphuric acid solutions were prepared by dilution with 
distilled, demineralized water and those with pH < 2 were 
calibrated by the H, acidity scale of VeteSnik et al.‘!’ 
Solutions used for absorption and fluorescence spectroscopy 
were ca. 2 x IO-‘M. All spectral measurements were made 
at 25.5 + 0.3”. 

RESULTS AND DISCUSSION 

The dissociation constants of %aminoquinoline, 
8-amino-6-methoxyquinoline and their protonated 
I-methyl derivatives, determined absorptiometrically, 
are presented in Table 1. Representative titration 
curves for 6-methoxyguinoline and its l-methyl deriv- 
ative are shown in Figs. 24. The pK, of singly- 
protonated 8-aminoquinoline is in excellent agree- 

ment with the literature value.5 The pK, of 
doubly-protonated 8-aminoquinoline reported 
previously” was based on calculations using an H,, 
acidity scale for the moderately concentrated acid 
solutions employed in the determination. In the 
present study, the H, scale was used to determine 
pK,, because the conjugate base is singly positively 
charged. The value obtained is in good agreement 
with that reported previously.” To the best of our 
knowledge the dissociation constants of protonated 
8-amino-6-methoxyquinoline have not been reported 
previously. 

The dissociation constants, pK,, of the protonated 
I-methylated aminoquinolines are for all intents and 
purposes identical to those of the doubly-protonated 
8-aminoquinolines. According to Ebert’s method,12 
which identifies the pK of the protonated N- 
methylated derivative (D in Fig. 5) with pK,, in Fig. 
1, the 8-aminoquinolines do not measurably exist in 
tautomeric forms but rather are singly-protonated 
exclusively at the heterocyclic nitrogen atoms. If 
tautomerism of the protonated 8-aminoquinolines did 

Table I. Dissociation constants of the doubly (pK,) and singly (pK,) 
charged cations derived from 8-aminoquinoline, 8-amino-6-methoxy- 

quinohne and their respective l-methyl perchlorates, at 25.5” 

Parent compound PK, PK, 

8-aminoquinoline -0.12 f 0.02 3.91 f 0.01 
8-amino-1-methylquinoiinium - 0.14 * 0.02 
8-amino-6-methoxyquinohne -0.51 & 0.02 3.90 f 0.02 
8-amino-6-methoxy-1-methylquinolinium -0.56 + 0.02 
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Fig. 2. Absorbance US. pH/H+ for 1 x IO-‘M g-amino- 
6-methoxyquinoline in dilute sulphuric acid at two anal- 

ytical wavelengths (A 249 nm, 0 268 nm) at 25.5”C. 

A ” 
“. 

0.10 I I 
5 10 

nCI 

Fig. 3. Absorbance US. pH for 1 x 10m5M 8-amino-6- 
methoxyquinoline in water at two analytical wavelengths 

(A 250 nm, 0 272 nm) at 255°C. 
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Fig. 4. Absorbance US. pH/H+ for 1 x IOm5M g-amino- 
6-methoxy-I-methylquinolinium perchlorate, in dilute 
sulphuric acid at two analytical wavelengths (A 250 nm, 

0 273 nm) at 25.5”C. 

D M2 

Fig. 5. Dissociation scheme for protonated (D) 
8-amino-I-methylquinolinium cations (R = -H or -OCH,) 

to the singly-charged cations (Ml). 

occur, the pK values of the doubly-protonated 
Saminoquinolines and of the singly-protonated 
1 -methyl-8-aminoquinolines should differ by at least 
0.3. 

The molar absorptivities of the longest-wavelength 
absorption bands of the aminoquinolines and their 
l-methyl derivatives are presented in Table 2 and give 
information about the tautomerism of the 
8-aminoquinolines which is in conflict with that from 
the titrimetric approach (Ebert’s method). At pH 1.9, 
where 8-aminoquinoline and 8-amino-6-methoxy- 
quinoline are more than 99% in their singly- 
protonated forms, the absorbance, AM, at some 
chosen analytical wavelength is given (if tautomerism 
occurs) by 

A, = A,, + AH* (1) 

where A,, and AM, are the absorbances due to the 
amino-protonated and ring-protonated singly- 
charged cations, respectively. Equation (1) may be 
rewritten 

+v,[Ml~ = G,,MI~ + +G,#W (2) 
where [M,] and [M,] are the equilibrium concen- 
trations of the amino-protonated and ring- 
protonated species, respectively, cM, and cM2 are the 
corresponding molar absorptivities and I is the opti- 
cal path-length. Equation (2) can be rewritten as 

G,[MII+~M[MJ =~.,,[M,l+dMzl (3) 

so if the tautomeric ratio (equilibrium constant) is 

K, = [M, l/PM (4) 

then 

K, = (cM> - cM)/(cM -CM,) (5) 

According to equation (5) a non-zero numerator 
would imply the occurrence of tautomerism. In the 

Table 2. Molar absorptivities and tautomeric ratios (K,) of the singly charged cations at 25.5” and pH 
1.8 

Cation I marr nm emaX, 1031.mole-‘.cm-’ 

8-aminoquinohnium 383 1.19~0.01 
I-amino- 1 -methylquinolinium 393 1.93 f 0.02 
8-amino-dmethoxyquinolinium 382 1.49 * 0.01 
8-amino-6-methoxy-1-methylquinolinium 392 1.70 + 0.02 

*K, = [amino-protonated ion]/[ring-nitrogen protonated ion]. 

K,* 

0.62 k 0.03 

0.14 + 0.02 
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systems of interest here, cM would be the apparent 
molar absorptivity of 8-aminoquinoline or 
8-amino-6-methoxyquinoline measured at pH 1.9, 
and cM2 could be estimated from the corresponding 
spectral features of the l-methyl derivatives. A partic- 
ularly useful analytical wavelength to use in each case 
would be that of the maximum of the longest- 
wavelength absorption band in each compound. Not 
only would these wavelengths correspond to the same 
spectral features in the aminoquinolines and in their 
ring-methylated derivatives, but the use of these 
spectral bands would also obviate the necessity to 
prepare the trimethylammonium derivatives of the 
aminoquinolines. It is assumed that the methylated 
and non-methylated cations have equal transition 
probabilities and that because the band-widths at half 
peak-height are almost identical, the molar absorp- 
tivities at A,,, will also be the same. Because of the 
shift of the absorption spectra of amino-aromatics to 
shorter wavelengths on protonation of the amino 
group, at the long-wavelength absorption maxima of 
the ring-protonated or methylated aminoquinolines 

CM, = 0. Equation (5) then becomes 

K, = (G+ - EM )I+,, (6) 

Also presented in Table 2 are the values of K, for the 
8-aminoquinolinium and 8-amino-6-methoxyquino- 
linium singly-charged cations. The spectroscopic 
method just described and the data of Table 2 
indicate that there is substantial tautomerism 
between the two singly-charged cations for both 
8-aminoquinoline and 8-amino-6-methoxyquinoline. 
These results are clearly in conflict with those ob- 
tained by Ebert’s method.‘* 

In order to resolve the apparent dilemma it was 
decided to find whether the various tautomeric spe- 
cies in question are fluorescent. For g-amino- 
quinoline, no fluorescence could be found at any pH, 
in agreement with an earlier investigation of this 
compound. I3 Nor could fluorescence from the 
g-amino- I-methylquinolinium ion be detected in 

60- 
I I I 

-2 0 2 
pH/H+ 

Fig. 6. Fluorescence intensity US. pH/H+ for 1 x lO~‘M 
8-amino-6-methoxy-1-methylquinolinium ion in dilute sul- 

phuric acid (A,, = 316 nm., I,, = 435 nm) at 25.5% 

I 

5 

PH 

I 

10 

Fig. 7. Fluorescence intensity US. pH for 1 x 10-4M 
8-amino-6-methoxyquinoline in water (A, I,, = 354 nm, 
I,, = 460 nm; 0, A_ = 280 nm, A,,,, = 365 nm) at 25.5”C. 

aqueous solutions at any PH. The 
8-amino-6-methoxy-1-methylquinolinium ion, how- 
ever, did demonstrate a single moderately intense 
fluorescence band with a maximum at 440 nm at pH 
l-10. The excitation spectrum or this species had 
maxima near the absorption maxima of the methyl- 
ated derivative at 393,338 and 272 nm. At pH < 1 the 
emission at 440 nm increased in intensity (Fig. 6) and 
shifted to 435 nm. Presumably, the latter emission 
originated from the doubly-charged cation. The 
fluorescences of the singly- and doubly-charged 
8-amino-6-methoxy-1-methylquinolinium ions are 
both close to the fluorescence maximum of pro- 
tonated 6-methoxquinoline, which lies at 438 nrn.14 
This would certainly be expected for the doubly- 
charged cation, in which the protonated amino group 
can have almost no effect on the position of the bands 
in the electronic spectra. The similarity of the 
fluorescence of the singly-charged ring-nitrogen 
methylated cation to that of protonated 
6-methoxyquinoline indicates that either the inter- 
action of the lone-pair of the amino group with the 
aromatic ring does not appreciably affect the state 
from which the emission originates, or that the 
interaction leads to an emitting state which is acci- 
dentally essentially isoenergetic with the emitting 
state of protonated 6-methoxyquinoline. 

At pH 1.9, 8-amino-6-methoxyquinoline has two 
fluorescence bands, at 365 and 460 nm. As the pH is 
varied, both bands increase in intensity and coalesce 
to give a single fluorescence band which at high pH 
is centred at 380 nm. The inflection region of the 
fluorescence vs. pH graph is centred at pH 3.9 (Fig. 
7), corresponding to pK for dissociation of the singly- 
charged species. This suggests that the emissions at 
both 365 and 460 nm arise from the singly- 
protonated species. Moreover, at pH < 1 the two 
emissions decrease and give way to a single 
fluorescence band at 435 nm, presumably that of the 
doubly-charged cation. The inflection for this change 
is centred at H, = -0.5, corresponding to the pK of 
the doubly-charged cation. 
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The fluorescence bands of 8-amino-6-methoxy- 
quinoline at pH 1.9 have different excitation spectra. 
That at 460 nm has excitation peaks near 380, 333 
and 269 nm, similar to the excitation spectrum of the 
l-methyl derivative, and the emission at 365 nm has 
excitation peaks near 325 and 272 nm, not unlike the 
excitation spectrum of neutral 6-methoxyquinoline.‘4 
The fluorescence at 365 nm is, moreover, close to the 
emission maximum of neutral 6-methoxyquinoline,i4 
which lies at 362 nm. The fact that the two 
fluorescence bands which seem to originate from 
singly-protonated 8-amino-6-methoxyquinoline have 
very different excitation spectra indicates that there 
are two ground-state species of substantially different 
electronic structure, rather than a single species giv- 
ing two emissions. The most likely explanation for 
this would be that there are two tautomeric forms of 
the singly-charged cation. One, protonated at the ring 
nitrogen atom, would have emission and excitation 
spectra similar to those of the 8-amino-6-methoxy- l- 
methylquinolinium ion in which the l-methyl group 
is similar to a “non-dissociating proton.” The other, 
protonated at the 8-amino group, would have emis- 
sion and excitation spectra similar to those of un- 
charged 6-methoxyquinoline (protonation of the 
amino group alone would effectively prevent it from 
having a substantial effect on the aromatic portion of 
8-amino-6-methoxyquinoline, and give it essentially 
the electronic structure of 6-methoxyquinoline). Pre- 
sumably, singly-protonated 8-aminoquinoline also 
exists as two tautomers. Unfortunately, the 
fluorescence approach, though qualitatively indi- 
cating the occurrence of tautomers, requires the 

specification of too many parameters for the acquisi- 
tion of quantitative information about the tautomeric 
ratios. It may be concluded, however, that the use of 
the absorption spectra of alkylated model com- 
pounds to evaluate tautomeric equilibria is more 
accurate than the evaluation of the tautomeric equi- 
libria by comparison of the dissociation constants of 
the model compounds with those of the substances in 
question. 
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SENSITIVE FLOTATION-SPECTROPHOTOMETRIC 
DETERMINATION OF GOLD, BASED ON THE 
GOLD(I)-IODIDE-METHYLENE BLUE SYSTEM 
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Department of Analytical Chemistry, Technical University, Warsaw, Poland 
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Summary-The gold(Ikiodide-Methylene Blue (MB) system is suitable for flotation separation and 
spectrophotometric determination of gold. Under the optimum conditions [(MB+)(AuI; )]. 3[(MB+)(I; )] 
is formed, and floated with cyclohexane. The product is dissolved in methanol and its absorbance 
measured. The molar absorptivity is 3.4 x lo5 l.mole-‘.cm-’ at 655 nm. The proposed method is more 
than three times as sensitive as the Rhodamine B method. Pt, Pd, Ag and Hg interfere seriously, and Ir, 
Rh, Bi and Cd to a smaller extent. Preliminary separation of gold by precipitation with tellurium as a 
collector is recommended. The method has been applied to determination of gold traces (about 
1 x 10-4%) in a copper sample. 

We have used the sparingly soluble ion-association 
compounds formed by some anionic complexes of 
platinum metals with appropriate basic dyes to de- 
velop very sensitive flotation-spectrophotometric 
methods for determination of all six platinum 
metals.‘-’ The molar absorptivities (E) are in the range 
1.740 x lo5 l.molee’.cm-‘, because one atom of 
metal is associated with 2-5 dye molecules. The 
sparingly soluble compounds accumulate at the phase 
boundary or on the wall of the separatory funnel 
when the aqueous phase is shaken with a suitable 
solvent of low polarity. The washed precipitate is 
dissolved in a polar solvent and the absorbance of the 
solution is measured. In this modification of flotation 
separation, droplets of the low-polarity solvent, dis- 
persed in the aqueous phase by shaking, act like inert 
gas bubbles and cause flotation of the precipitate.‘,” 
The ion-association compounds formed with the 
basic dyes are hydrophobic, which makes it useless to 
add surfactants to the system. 

This paper describes extension of the technique to 
spectrophotometric determination of gold. Some of 
the most sensitive spectrophotometric methods of 
gold determination yet reported are based on the 
extraction of ion-pairs of AuCl; or AuBrq with 
univalent basic dye cations,“-” the Rhodamine B 
method (E = 9.7 x 104) being the best known; the 
determination with thio-Michler’s ketone’8s’9 
(E = 1.2 x 105) is slightly more sensitive. 

EXPERIMENTAL 

Reagents 

Gold(III) standard solution (1 mglml). Dissolve 0.1000 g 
of pure gold in 4 ml of aqua regiu. Evaporate the solution 
almost to dryness on a water-bath. Add 4 ml of concen- 
trated hydrochloric acid, evaporate to half the volume, and 
dilute to the mark with water in a lOO-ml standard flask. 
Dilute further with O.lM hydrochloric acid as required, 

Methylene Blue hydrochloride (MB) (Merck) solution, 
I x IO-‘M. 

Potassium iodide, 0.01 M solution. 
Potassium iodate, 5 x IO-‘M solution. 
Iodine-125, as sodium iodide, in 0. I M sodium hydroxide. 

Procedure 

Place the sample solution (in about OSM hydrochloric 
acid, containing not more than 4 pg of gold) in a separatory 
funnel, and add 2 ml of iodide solution and 2 ml of iodate 
solution, with swirling, followed by enough hydrochloric 
acid to give OSM concentration. Then add 1.5 ml of 
Methylene Blue solution and shake with 10 ml of cyclo- 
hexane for 1 min. After separation of the phases, remove 
the aqueous phase and wash the precipitate and organic 
solvent by shaking (for 1 min) with 20 ml of water. After 
separation of the phases, remove them carefully, and dis- 
solve the precipitate off the wall with methanol. Dilute the 
solution to volume with methanol in a IO-ml standard flask 
and measure its absorbance at 655 nm against a reagent 
blank prepared in the same way. 

RESULTS AND DISCUSSION 

Preliminary investigations 

The extraction of the anionic complexes of gold 
with chloride, bromide, iodide, thiocyanate, thio- 
sulphate and oxalate by means of Methylene Blue, 
Toluidine Blue, Methylene Green, Azure II (thiazine 
dyes), Capri Blue, Meldola Blue, Nile Blue A (ox- 
azine dyes), Crystal Violet, Brilliant Green, Mal- 
achite Green (triphenylmethane dyes), Rhodamine 
6G and Rhodamine B (xanthene dyes) from various 
media (ranging from pH 3 to 3M hydrochloric acid 
or sulphuric acid) into benzene, toluene, xylene, 
cylcohexane and di-isopropyl ether was examined. 

Only the iodide, bromide and thiocyanate systems 
gave flotation, mainly with the azine dyes. Most of 
the systems (but not thiosulphate and oxalate sys- 
tems) gave products extractable into the organic 
phase. 
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Fig. 1. Effect of the iodide and iodate concentrations on 
formation and flotation of the gold compound. Concen- 
tration of IO;: curve 1, 6 x 10m6M; 2, 5 x l0-6M; 3, 
3.5 x 10e6M (absorbance measurements against the blank). 
Blank values (curves I’, 2’, 3’) measured against methanol, 

The iodide/Methylene Blue system was the most 
promising and was investigated further. 

Formation and flotation of the gold compound 

When dilute hydrochloric or sulphuric acid con- 
taining gold (as AuCl; ), is mixed with iodide and 
Methylene Blue, and shaken with cyclohexane, a dark 
precipitate, containing all the gold, accumulates on 
the wall of the separatory funnel. The absorbance of 
a methanolic solution of the precipitate indicates that 
several dye molecules are associated with each gold 
atom, but this high absorbance is achieved only if 
iodine was also present in the aqueous phase. 

It is knowni that in acid medium gold(II1) is 
reduced to gold(I): 

AuCl; + 41--+AuI; + I, + 4Cl 

and it appears that the simple ion-pair 

2 4 6 6 10 

CM, lx 105) 

Fig. 2. Dependence of the absorbance of the methanol 
solution of the gold compound on the Methylene Blue 
concentration: curve 1, absorbance of the gold compound 
solution measured against the blank; 2, blank absorbance 

measured against methanol. 

1 c-:_- 2 

I I I I I 

0.2 0.4 0.6 0.6 1.0 

HCI (M) 

Fig. 3. Effect of the hydrochloric acid concentration on 
formation and flotation of the gold compound: curve 1, 
absorbance of the gold compound solution measured 
against the blank; 2, blank absorbance measured against 

methanol. 

[(MB+)(AuI;)] may be associated with the tri- 
iodide/dyestuff ion-pair [(MB+)(I,)]. 

Reproducible and maximal absorbances are ob- 
tained if the aqueous phase, before the flotation, 
contains a fixed iodine concentration that is stoichio- 
metrically smaller than the amount of dye added 
afterwards. The amount of iodine can be controlled 
by adding a known amount of potassium iodate and 
a suitable excess of potassium iodide. The solution 
should be protected from direct sunlight to avoid 
photochemical oxidation of the iodide. From Fig. 1, 
it is evident that at an iodate concentration of 
5 x 10m6M, the iodide concentration should be 
1.0-1.3 x 10_3M. 

A Methylene Blue concentration of 6 x lo-‘M 
(60-80-fold molar excess with respect to 2 pg of gold) 
gives maximal absorbance (Fig. 2). The optimum 
acidity range is rather narrow: 0.3-0.6M hydrochloric 
acid (Fig. 3). From a practical point of view, hydro- 
chloric acid medium is more convenient than sul- 
phuric acid medium, and gives lower blank values. 
Cyclohexane appears to be the best organic phase, its 
use resulting in maximum dye:metal molar ratio. 

The precipitate accumulates on the wall of the 
separatory funnel above the liquid-phase level when 
the shaking has been completed, if the separatory 
funnel is opened, and presumably the precipitate 
clings to the wall as the thin film of organic solvent 

evaporates. Complete separation requires shaking of 
the phases for about 1 min. The volume of organic 
solvent is not critical and may be much smaller than 
that of the aqueous solution. 

The precipitate, after removal of the liquid phase, 
must be washed free from excess of dye. A single 
washing with 20 ml of water (shaking for 60 set) gives 
reproducible results, and the absorbance of the re- 
agent blank is about 0.10. 

The washed compound is readily dissolved in 
methanol or acetone but the methanolic solution is 
more stable. There is a small shift of about 5 nm in 
i,,, for the gold compound relative to the dye 
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Fig. 4. Determination of the Au:MB molar ratio in 
the floated compound: curve 1, single washing; 2, double 

washing. 

solution, which can be attributed to the influence of 
1, and AuI; on the dyestuff ions. 

Composition of the gold compound 

The molar ratio of metal to Methylene Blue in the 
complex was found to be 1:4 (on the basis of the ratio 
of the absorbance of the gold compound in the 
methanol to the absorbance of the solution of the free 
dye. This ratio was confirmed by the Bent and French 
methodZo (line 1 in Fig. 4). 

Additional shaking (for 60 set) of the precipitate 
with a second portion of water leads to a compound 
in which the gold:dye ratio is only 1: 1 (line 2 in 
Fig. 4). Shaking for at least 45 set is necessary to 
ensure complete conversion into the 1: 1 complex. 

Attempts were made to determine radiometrically, 
with 12’1, the ratio of gold to iodine in the precipitate 
separated by flotation. From 9 tests, it was found that 
on average one gold atom corresponds to 11 or 12 
iodine atoms (the range of results was 9.7-13.2). 
Taking into consideration the limited precision of the 
method, this ratio may be postulated to be 1: 11, 
which would correspond to the precipitate separated 
and washed with one portion of water being an 
adduct of two ion-association complexes: 

This adduct is rather unstable and decomposes 
during the second washing. The dye and iodide (I-) 
pass to the aqueous phase and the iodine (12) to the 
residual cyclohexane present. The remaining com- 
pound is the simple ion-association complex 
[(MB+)(AuI;)]. From the analytical point of view, 
only the first compound is of interest, because it leads 
to a very sensitive spectrophotometric method for the 
determination of gold. 

It must be emphasized that in contrast to the 
flotation-spectrophotometric methods for the deter- 
mination of platinum metals’-* and other methods of 
this kind, based on ion-association complexes, the 

basis of the present method is a compound which 
does not contain a multivalent anionic complex of the 
element to be determined. 

Determination of gold 

The calibration graph obtained according to the 
procedure obeys Beer’s law up to a gold concen- 
tration of 0.4 pg/ml. The molar absorptivity is 
3.4 x lo5 l.mole-‘.cn-’ at 655 nm. The method is 
therefore about 3.5 times as sensitive as the com- 
monly used Rhodamine B method. 

The method has been used for determination of 
gold at three concentration levels. The statistical 
evaluation of the results is presented in Table 1. The 
results for determination of trace amounts of gold in 
the presence of certain elements are listed in Table 2. 
Platinum, palladium, silver and mercury interfere 
considerably. Small quantities of iridium, rhodium, 
bismuth and cadmium can be tolerated. Copper does 
not interfere at lOOO-fold weight ratio to gold, and 
tellurium practically does not interfere at all. It 
follows that before traces of gold are determined by 
the method, they can be separated by precipitation 
with tellurium as collector.“-‘3 

The method was applied to determination of trace 
amounts of gold in copper. The sample was dissolved 
in 2-3M nitric acid, then diluted, some filter-paper 
pulp was added, and filtered off, washed with dilute 
nitric acid and water, then ignited. The residue from 

Table 1. Statistical evaluation of the results (7 deter- 
minations) for gold 

Gold Relative Confidence 
Standard standard limits 

added, found, deviation, deviation, (probability 
p&Y &z p&Y % level 0.95) 

0.80 0.84 0.06 7.2 0.84 If: 0.06 
2.00 2.06 0.08 3.9 2.06 f 0.08 
3.50 3.48 0.09 2.6 3.48 + 0.09 

Table 2. Effect of some elements on the determination of 
gold (2 pg) with Methylene Blue 

Mass Gold Mass Gold 
ratio recovery, ratio recovery, 

Metal M:Au % Metal M:Au “/, 

Pt 0.1 115 113 Hg 0.2 104 
0.2 130 132 0.5 116 
0.5 177 170 1 147 

Pd 0.1 109 107 Bi 10 99 
0.2 125 127 50 124 
0.5 144 142 200 135 

Ir 5 102 103 Cd 50 103 
10 105 110 200 109 
50 152 152 1000 111 

Rh 5 100 101 cu 200 100 
10 107 105 1000 107 
50 130 128 5000 143 

Ag 0.4 129 128 Te 50 97 
1 148 144 500 100 

106 
118 
147 

100 
121 
137 

105 
109 
112 

107 
107 
138 

100 
101 

5 220 215 2000 103 105 
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Table 3. Determination of Au in copper 

Sample Gold Gold Au content 
weight, added, found, in copper*, 

g Pg Pg x 10-S% 

2.99 2.55 9.2 
3.00 2.60 9.3 
3.00 2.65 9.5 

1.51 1.35 9.6 
1.50 1.25 9.0 
1.51 1.50 10.4 

3.00 1.50 4.05 9.4 
3.00 1.50 3.85 9.2 
3.01 1.50 4.00 9.3 

1.50 1.50 2.65 9.6 
1.50 1.50 2.80 9.8 
1.51 1.50 2.80 9.8 

*Statistical data: ? = 9.5 x 10-so/O; s = 0.47 x 1O-5oA; s, = 

5.00/. 0, &js = (9.5 * 0.31) x 10-5o/. 0 

the ignition was dissolved in aqua regia and the 
solution was evaporated to dryness. Hydrochloric 

acid was added to the residue and the solution again 
evaporated to dryness, and this step was repeated 
twice more. The residue was taken up in 1.5M 
hydrochloric acid and the gold was precipitated with 
tellurium as collector and hydrazine as reductant.‘3 
The precipitate was filtered off, washed with l.SM 
hydrochloric acid and water and ignited. The product 
was dissolved in aqua regia, 20 mg of sodium chloride 
were added, and the solution was evaporated to 

dryness on a boiling water-bath. The evaporation was 
repeated after addition of hydrochloric acid. Gold 
was then determined according to the procedure 
given. Table 3 gives the results. The recovery of a 
known amount of gold added was 9&95x. The same 
result was obtained for the gold content of the copper 
by the Rhodamine B method. 
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Smmnary-Two liquid-membrane electrodes, one sensitive to Cur+ and the other to Ag+, were used for 
the determination of various sulpha-drugs with pK, > 6 (as the sodium salts) by potentiometric titration 
with CuSO, and AgNO,. The construction and basic characteristics of these two electrodes are discussed. 

For the determination of sulpha-drugs with the aid 
of ion-selective electrodes, the literature so far gives 
only two methods. The first uses electrodes sensitive 
to sulphamerazine and sulphisomidine.’ These elec- 
trodes are based on a nitrobenzene solution of 
the ion-association complex of the iron(II)- 
bathophenanthroline chelate and the respective 
sulpha-drug. The second,* which is more rapid and 
accurate, is based on the well-known ability of these 
compounds to form highly insoluble mercury(I1) 
compounds.3A For the determination, an Hg*+- 
selective electrode and a commercial silver sulphide 
crystal electrode were used. Recently, new results for 
the determination of some sulpha-drugs by using 
Ag+- or Cu2+- membrane electrodes have been re- 
ported.&’ 

In this paper, we report our further researches in 
the field of sulpha-drug determination with ion- 
selective electrodes, dealing with their determination 
in alkaline medium, in which they are found as 
sodium salts. We have chosen this direction for 
research because the injectable solutions of these 
sulpha-drugs are prepared by dissolving the sulpha- 
drug in 20% sodium hydroxide solution. The deter- 
mination method we are proposing is based on the 
metathetic reaction: 

z(R-SO,-N-Na) + ML+ 

R 
+ (R-SO,-N-)M’+ + zNa+ 

IL 

(MI+ = Cu*+, Ag+) 

*To whom correspondence may be sent. 

The copper and silver salts of the sulpha-drugs are 
insoluble, so the sulpha-drugs may be determined by 
direct titration with copper sulphate or silver nitrate. 

We have used both commercially available Cu*+- 
and Ag+-selective electrodes, and two electrodes of 
our own construction. The literature mentions nu- 
merous Cu2+- and Ag+-selective electrodes, having 
membranes which consist of copper or silver com- 
plexes, dissolved in suitable organic solvents.“” 

The electrodes prepared by us have membranes 
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Fig. 1. Infrared spectra of the HRI ligand and Cu(RI), 
complex - HRI. ----- Cu(RI),. 
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S 

CH,-CH, -CN 

(HRI) 

made with the copper and silver complexes of two 
derivatives (HRI and HRII) of aza-uracil.” 

The functional groups of these compounds react in 
the thiol form, binding the metal to nitrogen and 
sulphur atoms; this is confirmed by the infrared 
spectra (Fig. 1). The characteristic band for thio- 
carbonyl (C = S) which appears in the ligand spec- 
trum at 1113 cm-’ (as a shoulder), disappears in the 
spectra of the complexes. Further proof of co- 
ordination of the metal ion to the ligand in thiolic 
form is the disappearance of the vNH stretching band 
at 3100 cm-‘. 

The proposed composition of the Cu*+ and Ag+ 
complexes was confirmed by elementary analysis of 
the compounds obtained in the solid state 

(CutheW = 9.52%; Slh_ = 2 1.14%; CwO,,, = 9.86%; 
S found = 21.2%: Agfheov = 24.43%; St,_, = 14.50%; 
Agfound = 24.0%; Sfound = 14.8%) and by deter- 
mination of the combining ratios (1:2, 1: 1) by the 
method of continuous variations. 

EXPERIMENTAL 

Apparatus and reagents 

The e.m.f. values were measured at room temperature in 
stirred solutions, with an MV-87 digital pH/mV-meter 
(Pricitronic, East Germany). The potentiometric titration 

I 

CH2 -CH2-CN 

(HRII) 

Construcrion of electrodes 

The construction of the electrodes has been described 
previouslyzO and consists of impregnating the support mate- 
rial (a graphite rod 15 mm long, 6.5 mm in diameter, made 
water-repellent) with Cu-HRI or Ag-HRII solution in 
chloroform. The internal reference electrodes were elimi- 
nated by using a stainless-steel wire introduced into the 
graphite rod. The electrodes were stored in the appropriate 
organic phase and washed with distilled water between 
measurements. 

Procedures 

Pofenfiomelric lifration. The pair of electrodes (Cuz+- or 
Ag+-selective as indicator electrode and SCE as reference) 
were placed in the sample solution (20-30 ml, concentration 
ca. IO-*M). The sample was titrated with O.lM C&O, 
and/or ‘J. 1M AgNO, solution. The end-point corresponds to 
the maximum slope on the E us. volume titration curve. 

Injectable aqueous solution of sulphamethoxidiazine. The 
contents of an ampoule were transferred with distilled water 
into a 25-ml standard flask and diluted to volume. A volume 
of 2.5 ml of this solution was transferred to a 50-ml beaker 
and 20 ml of distilled water were added. The solution was 
potentiometrically titrated with 0.1 M C&O, and/or 0.1 M 
AgNO, solution, as above. 

RESULTS AND DISCUSSIONS 

The electrode function, E-PM:+ 

The e.m.f. measurements were made with the 
electrochemical cell: 

M’+-selective 
membrane electrode 

M’+ (Cc,,+, CA,+) 
I = 0.4M KNO1 for Cu2+ 
I = O.lM KNO, for Ag+ 

SCE (I) 

I 

curves were recorded with an automated outfit composed of 
a Radiometer TTT2 titrator, ABU 12 autoburette and SBR 
2c recorder. A saturated calomel electrode (Radiometer K 
401) was used as reference electrode. The pH measurements 
were made with a glass-calomel electrode pair (Radiometer 
types G 202 C and K 401). 

All reagents used were of analytical grade, except HRI 
and HRII, which were obtained and purified by Cristescu.‘9 

Preparation of the Cu’+-selective membrane 

Ten ml of lo-*M CuSO,.5H,O were shaken in a sepa- 
rating funnel for 5 min with 15 ml of chloroform containing 
0.0406 g of HRI, then the phases were separated and the 
organic layer was dried by passage through anhydrous 
sodium sulphate, transferred to a IOO-ml standard flask and 
diluted to volume with chloroform. The concentration of 
the complex in this solution was 5 x 10-4M. 

Preparaiion of the Ag +-selective membrane 

Ten ml of lO-lM AgNO, were mixed with 10 ml of 
chloroform containing 6.68 mg of HRII and shaken for 10 
min. The phases were separated and the organic layer was 
dried and diluted to 100 ml as described above. The 
concentration of the complex in this solution was IO-)M. 

where Cc,,, and CAg+ represent the Cu2+ and Ag+ 
concentrations, respectively, varied in the range 
10-6-10-‘M. The measurements were made at con- 
stant ionic strength (0.4M for Cu*+ and O.lM for 
Ag+ adjusted with potassium nitrate) and the junc- 
tion potential was kept constant. The variation of 
e.m.f. with pM ‘+ is presented in Fig. 2. 

For the Cu*+-selective electrode, the linear re- 
sponse range is 10-5-10-‘M with a slope of 
30.6 mV/decade and for the Ag+-selective electrode 
the linear response range is smaller (10-4-10m’M) but 
the slope is nearly Nernstian (59.7 mV/decade). The 
inability to obtain a better detection limit with this 
electrode is probably due to the adsorption of Ag+ 
ions at the end of the electrolyte bridge and on the 
surface of the glass vessel. 

Extrapolation of both lines to pM’+ = 0 leads to 
values of Ei = 400 mV for the Cu2+-selective elec- 
trode and EA = 548 mV for the Ag+-selective elec- 
trode. 
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Table 1. Effect of solvent on sensitivity of the Ag+-selective membrane electrode 

Solvent 

Nitrobenzene 
1,2-Dichloroethane 
Chloroform 

Dielectric Slope, Concentration range of 
constant m V/decade linear response, M 

34.8 59.7 lo-‘-lo-’ 
10.4 60 lo-r-lo-’ 
4.8 61 lo-‘lo-’ 

The linear response range of the Ag+-selective 
electrode is reduced to 10-3-10-‘M when 
1,2-dichloroethane or chloroform is used as solvent 
for the liquid membrane (Table 1). 

Influence of PH. The pH range in which the poten- 
tial remains constant is 3-7 for the Ag+-selective 
electrode and 3-5.5 for the Cu2+-selective electrode. 
The direct potential measurements for calibration of 
both electrodes were done at pH 5. 

Response time. The response characteristics of the 
electrodes were evaluated by introducing them into 
copper sulphate and silver nitrate solutions, as appro- 
priate, of different concentrations but identical acid- 
ity (pH 5) and recording the e.m.f. values as a 
function of time. The response time of the electrodes 
in dilute solutions (PM’+ = 4 and 5) is about 4 min, 
and in concentrated solutions only a few seconds. 

Selectivity. The selectivity coefficients KM1 +,Mz’+ 
were calculated by the method of Srinivasan and 
Rechnitz2’ from the relation: 

4, - 4 
log &:+,.,1.+ = 7 

+ log [M’+] - log [M”+]Z”’ 

where S is the slope of the electrode function, E, is the 
e.m.f. of cell (I) for Ch12+ = O.OlM and E,, is the e.m.f. 
of an electrochemical cell of the type: 

550 E’= 548 

\ 
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Fig. 2. The electrode functions of (a) the Cu*+- and (b) 
Ag+-selective electrodes. 

M”+ (CM:.+ = 10-2M 
M’+-selective Z = 0.4M for Cu2+ 
membrane electrode Z = O.lM for Ag+ 

where M”+ represents the main metal cations that 

SCE (II) 

form more or less stable compounds with HRI and 
HRII. With the exception of copper, all cations tested 
were in the form of the nitrates, at pH 3. The values 
of the selectivity coefficients may be seen in Table 2. 
The cations which interfere in the Cu2+-selective 
electrode response are Ag+ and Hg’+, and Hg2+ also 
interferes in the response of the Ag+-selective elec- 
trode. 

Applications to sulpha-drug determination 

All the sulpha-drugs listed in Table 3 could be 
directly titrated (as the sodium salts) with CuSO, 
and/or AgNO, solutions. 

The potentiometric jumps at the equivalence point 
are big enough for the maximum error of deter- 
mination to be 0.5% with the Ag+-selective electrode 
and 1.9% with the Cu2+-selective electrode. The 

amounts of sulpha-drug taken for determination 
varied from 25 to 87 mg. 

Table 3 also lists the values of the acidity constants 
of the sulpha-drugs. The proposed method is applica- 
ble only to sulpha-drugs with pK, > 6. Sulphafurazol 

Table 2. Selectivity coefficients, KM*+,+.+ 

1% KM, +.~i’+ 
Interferent cation 

(M”+) Cu2+ electrode Ag+-electrode 

Ni2+ - 5.42 -2.76 
Pb2+ -5.13 -2.19 
Zn*+ -5.23 -2.47 
Hgr+ 3.86 -0.15 
Al’+ - 3.22 -2.25 
cu*+ - -4.99 
Aa+ 3.93 - 
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Table 3. Sulpha-drugs determined with membrane-electrode 

Cu*+ electrode Ag+ electrode 

Sulpha-drug 
(name and formula) 

Sulphadiazine 

PK, 

Sulphamerazine 

Sulphamethoxidiazine 

H,CO 

Sulphadimidine 

Sulphapyridine 

8.3 

NHz 

taken, found, error, taken, found, error 

mg mg % mg mg % 

25.5 25.1 1.6 
32.0 31.4 1.0 
40.4 39.8 1.5 
87.1 86.9 0.2 
30.0 29.8 0.7 
34.0 34.7 0.9 
33.3 33.2 0.3 
41.2 41.2 0.0 

119.5 119.2 0.3 
39.8 40.0 0.5 
45.7 45.5 0.4 
50.3 50.5 0.4 
54.4 54.6 0.4 
74.7 74.6 0.1 

37.3 37.2 
43.0 42.8 
56.5 56.5 
57.2 57.3 

21.6 21.5 
39.6 39.5 
45.8 45.9 
55.0 54.9 

0.3 
0.5 
0.0 
0.2 

0.5 
0.3 
0.2 
0.2 

38.6 38.5 
42.7 42.6 
59.8 59.8 

37.3 37.1 
50.9 50.7 
72.0 72.1 

20.7 20.7 
26.8 26.9 
28.9 28.8 

30.0 30.0 
36.4 26.5 
47.6 47.6 

31.3 31.2 
41.5 41.4 
77.9 77.8 

0.3 
0.2 
0.0 

0.5 
0.4 
0.1 

0.0 
0.4 
0.4 

0.3 
0.3 
0.0 

0.3 
0.2 
0.1 

1OmV 

i 
x V, -Sulpha-drug titration 

/ / 
x V, -Titration of ingredients 

(NaOH, NoHS03, 
H,N-lCH,),-OH) 

I 
x V,-Sulpha-drug tltratlon I I 

(pK, = 5.5) does not form insoluble salts with CuSO, 
or AgNO,. 

Further, the determination of sulphamethoxidi- 
azine (Sulphametin, Bayerena) in injectable solutions 
for veterinary use was examined. These solutions 
contain the sulpha-drug dissolved in 20% sodium 
hydroxide solution, together with NaHSO, and eth- 
anolamine. All these ingredients can form salts or 
complexes with both CuSO, and AgNO,. The poten- 
tiometric titration curves obtained are presented in 
Fig. 3; two significant potential jumps are obtained. 

In the titration with CuSO,, all the ingredients are 
titrated together in the first step of the titration curve, 
whereas in the titration with AgNO,, the first poten- 
tial jump corresponds to the sulpha-drug and the 
second to the other ingredients. For this reason we 
prefer the titration with AgNOj for determination of 
sulphamethoxidiazine in injectable solutions. The 
method is not applicable to formulations containing 
more than one titratable sulpha-drug. 

Fig. 3. Potentiometric titration of an injectable solution of 
sulphamethoxidiazine with the (a) Cu*+-selective electrode; 

1. N. Hazemoto, N. Kamo and Y. Kobatake, J. Pharm. 
Sci., 1976, 65, 435. 

(b) Ag+-selective electrode. 

2. M. S. Ionescu, S. Cilianu, A. A. Bunaciu and V. V. 
Cogofret, Talanta, 1981, 28, 383. 

ml, titront 
(CuSO, O.lM, AgNO, O.lM) 
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SPECTROPHOTOMETRIC DETERMINATION OF 
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Summary-A simple, sensitive and selective spectrophotometric method has been developed for deter- 
mination of aliphatic primary and secondary amines. It is based on a reaction with excess of 
p-benzoquinone in ethanol whereby 1: 1 (amine:quinone) coloured products are obtained, which have 
maximum absorption at 5lOnm and El&, m the range 400-650. The effect of solvent, temperature, 
concentration of quinone and the presence of water have been kinetically investigated by the initial rate 
method. The conditions for monitoring amine concentrations as low as 0.1 pg/ml are optimized in the 
light of the kinetic data. Results with an average recovery of 98.5% and mean standard deviation of 1.9% 
are obtained with 9 different amines without interference from tertiary amines, ammonia, amides, imides, 
anilides, hydrazines and a-amino-acids. 

Existing methods for the spectrophotometric deter- 
mination of aliphatic primary and secondary amines 
are based on reactions with nitro compounds substi- 
tuted with active halogen or sulphonic groups, car- 
bony1 compounds, organic dyes and inorganic re- 
agents. In this connection, chromogenic reagents 
such as 2,4-dinitrofluorobenzene,’ nitrophenylazo- 
benzoyl chloride,* dinitrobenzyl chloride,3 dinitro- 
benzenesulphonyl chloride: and trinitrobenzenesul- 
phonic acid’ have been suggested. A method based on 
the reaction of aliphatic amines with picric acid and 
l%crownd-ether to yield a 1: 1: 1 complex, followed 
by extraction of the complex and absorbance mea- 
surement at 377 nm, has been proposed.6 Reaction of 
cis-a$-dinitrostilbene with aliphatic amines, and 
subsequent treatment with alkali, gives a coloured 
product with maximum absorption at 410 nm.’ Many 
of these methods, however, entail a time-consuming 
extraction step, involve the use of water-sensitive 
reagents and suffer from lack of selectivity. 

Aliphatic amines have also been spectrophoto- 
metrically determined by reaction with 1 ,Znaphtho- 
quinone-Csulphonic acid,8 salicylaldehyde,9~‘0 acetyl 
chloride and iron(III),” Methyl Orange,” Bromo- 
thymol Blue,13 Chrome Azurol-S and aluminium,14 
alcoholic copper(I1) chloride,15 ascorbic acid and 
dimethylformamide,‘6 and cobalt(H) thiocyanate.” 
The initial rate of colour development with chlor- 
anil,‘* and the depressive effect of amines on the 
absorbance of the copper-EDTA complex in aqueous 
and non-aqueous solvents’5.19.20 have been adapted 
for the determination of some aliphatic amines. 

*Author for correspondence. Current address: Department 
of Chemistry, Qatar University, Doha, Qatar. 

Many of these methods suffer serious interference 
from metal ions, amines and a-amino-acids. 

On the other hand, quinones have long been 
known to react with amines to give coloured prod- 
ucts. Some of these reactions have been utilized for 
qualitative and quantitative determination of some 
quinones2’-24 and amines. The present work dem- 
onstrates that the fairly simple reaction of aliphatic 
primary and secondary amines with p-benzoquinone 
under optimized conditions is suitable for deter- 
mination of low levels of amines without interference 
from many compounds containing nitrogen and hy- 
drogen. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade unless other- 
wise stated. Doubly distilled water and solvents were used 
throughout. The aliphatic amines (purity 4 97%) were 
obtained commercially and used without purification. 
Ethanolic stock solutions (10-3M) were prepared and stan- 
dardized by potentiometric titration with copper.28 p- 
Benzoquinone was purified by repeated sublimation and a 
lo-‘M stock solution in ethanol prepared. 

Procedures 

Kinetic measurements. Stock solutions (l-25 x 10m4M) of 
piperidine and of p-benzoquinone in ethanol, acetonitrile 
and dioxan, and the pure solvents were brought to the 
required temperature (25, 30 or 35 k 0.1”) by standing them 
in a water-bath for 20 min. Then 1.00, 1.50, 2.00, 2.50, 3.00, 
4.00 and 5.00 ml portions of p-benzoquinone solution were 
transferred to 25-ml standard flasks (brought to the same 
temperature) and containing 1.00-5.00 ml of piperidine 
solution and enough solvent to bring the mixture to the 
mark, and the solutions were mixed. The quinone:piperidine 
molar ratio covered the range from 1: 5 to 5: 1. A portion of 
the mixture was immediately transferred to a l.OO-cm silica 
cuvette placed in the constant-temperature cell- 
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Fig. 1. Absorption spectra of the reaction product of 
p-benzoquinone with piperidine in: (0) pure ethanol; (0) 

50% v/v water-ethanol mixture. 

compartment of the spectrometer. The absorbance at 
510 nm was monitored as a function of time, against a blank 
similarly prepared without piperidine. From the 
absorbance-time curves, the initial slopes (dA /dt), initial 
rates, rate constants and thermodynamic parameters were 
calculated by standard methods.29.g0 

Determination of aliphatic amines. Portions (0.05, 0.10, 
0.50, 1.00, 2.00, 3.00 and 5.00 ml) of 10m3A4 standard amine 
solution in ethanol were transferred into lo-ml standard 
flasks, followed by l.O-ml portions of 10e2&f ethanolic 
p-benzoquinone. Each test was run in triplicate. The flasks 
were left for 30 min in a water-bath kept at 50 +_ 5”, then 
cooled, diluted to the mark with pure ethanol and mixed. 
The absorbance was measured at 510 nm in a matched set 
of 1 .OO-cm silica cuvettes against a blank prepared similarly 
but without the amine. A calibration graph was drawn for 
each amine and used for subsequent measurement of un- 
known concentrations. 

RESULTS AND DISCUSSION 

p-Benzoquinone has a maximum absorption at 
430nm with El&, - 2, and readily reacts with ali- 
phatic primary and secondary amines in various 
water-miscible organic solvents to give an intense 
colour with maximum absorption at 5 10 nm and E I& 

in the range 400-650. In the presence of >20% v/v 
water or low concentrations of the quinone reagent, 
two absorption maxima, at 370 and 510 nm, are 
obtained (Fig. 1). The nature, stability and rate of 
colour development are mainly dependent on the 
reactivity of the amines, nature of the solvent, con- 
centration of quinone and presence of water. 

01 I I 1 I 
06 08 10 12 14 

4+ log c, 

Fig. 2. Relationship between logarithmic initial rate of 
colour development (R,) at 30” and logarithmic initial 
concentration (C,) of: (0, A) p-benzoquinone and (o,A) 
piperidine in (0, 0) pure ethanol and (A, A) 50% v/v 

water-ethanol mixture. 

Efect of solvent 

The slopes of log-log plots of initial concentration 
of piperidine or p-benzoquinone vs. initial rate of 
colour development in pure ethanol are both unity, 
indicating first-order kinetics with respect to the 

amine and quinone, and that the overall reaction is 
second-order.29-!0 Similar results were obtained with 
50% v/v water-ethanol mixture, and pure dioxan and 

acetonitrile as media. Thus the rate-determining step 
involves an equimolar ratio of the reactants. 

The kinetic data (Table 1) show that the rate of 
reaction decreases in the order: ethanol > aceto- 
nitrile > dioxan. The reaction in dioxan requires an 

induction period of at least 22 min, and the rate 
constant is two orders of magnitude less than that for 
ethanol medium. This is probably due to the low 
dielectric constant and polarity of dioxan and also to 
solvent-solute interaction. Dioxan solvates piper- 
idine and thus deactivates it in the reaction with 
p-benzoquinone. This was confirmed from the in- 
frared spectra of piperidine, dioxan and a mixture of 
both. The N-H stretching absorption band at 
3450 cm-’ in the spectrum of pure piperidine appears 
at 3400 cm-’ in the spectrum of piperidinedioxan 
mixture but not in the spectra of piperidine in either 
ethanol or acetonitrile, where the band-shift did not 
exceed 10 cm ‘. 

Table 1. Kinetics and thermodynamic parameters of the reaction of p-benzoquinone with piperidine 
in different pure solvents 

Solvent 

Ethanol 
Acetonitrile 
Dioxan 

K2, I.mole-‘.sec-’ 
AE”, AHQ, AS*, AGX, 

25°C 3o“c 35°C kcaljmole kcaljmole cal.mole-’ deg -’ kcallmole 

0.46 0.70 1.22 16.0 15.4 -8.4 18.0 
0.33 0.54 0.85 17.2 16.6 -5.1 18.1 
0.017 0.026 0.045 19.1 18.5 -9.2 21.9 
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Fig. 3. Effect of p-benzoquinone concentration on the absorption spectrum of piperidine in pure ethanol 
at 30”. Piperidine:quinone molar ratios were: (0) 1:s; (A) 1:lO; (A) 1:30; (0) 1:4&1:60. 

The activation parameters at 30” were calculated 
by the Arrhenius equation.29,30 AG * in ethanol was 
very close to that in acetonitrile and both were less 
by about 4 kcal/mole than that in dioxan, indicating 
that dioxan is a less favourable medium. In ethanol, 
however, AH #, AS #and AE * are all smaller. 

Effect of water and quinone concentration 

In ethanolic solutions containing 2&80% v/v wa- 
ter, the products from all the amines investigated 
display two maxima, at 510 and 370nm. Although 
the order of the reaction is not affected by the 
presence of water, the rate of colour development 
substantially increases to a maximum and constant 
value (k2 = 4.5 1 1. mole-’ set- ’ at 30”) in 50-80% v/v 
water-ethanol mixtures. The stoichiometry of the 
reaction of piperidine with p-benzoquinone at a total 
molar concentration of 2.5 x 10m4M and temperature 
of 30” was examined in pure ethanol and 50% v/v 
aqueous ethanol by the continuous-variations 
method,)’ with measurement at 510 and 370 nm. 
Maximum absorbances were obtained at mole ratios 
of about 2:1 and 3:2 (quinone:piperidine) in the 
pure and aqueous ethanolic solutions, respectively. 
No evidence for formation of other species was 
noticed when the amine and quinone concentrations 
were varied in the range 0.65.0 x 10m4M. Mole-ratio 
plots confirmed these conclusions. 

The effect of quinone concentration on the nature 
of the spectra was also investigated by varying the 
piperidine:p-benzoquinone mole ratio (in pure eth- 
anol) from 1: 5 to 1:60. Figure 3 shows only one 
maximum (at 510nm) when the quinone:piperidine 
mole ratio is greater than 30. As the mole-ratio of 
the quinone decreases, a band at 370 nm begins to 
appear and increases in intensity with decrease in 
quinone:piperidine mole ratio. The product when 
the reaction is done in ethanolic solutions containing 
>20% v/v water has an absorption spectrum with 
two maxima at 510 and 370 nm, irrespective of the 

quinone:piperidine mole ratio. These data indicate 
the possible formation of two different chromogens. 
Further studies showed that absorbance measure- 
ment at 370 nm, though sensitive for most amines, is 
not analytically useful, owing to irreproducible read- 
ings and poor precision. 

Nature of the reaction and products 

The chromogen produced by reaction of piperidine 
with excess of p-benzoquinone (quinone:piperidine 
mole ratio N 30) in pure ethanol was isolated as red 
crystals, m.p. 140”. The elemental analysis corre- 
sponded to formation of piperidyl-p-benzoquinone. 
The absorption spectrum of the compound displays 
maximum absorption at 510 nm. The infrared spec- 
trum confirms the identity of the product, showing 
absorption bands at 2930, 1635, 1645, 880 and 
8 10 cm-‘, due to the stretching vibrations of piperidyl 
C-H, quinonoid carbonyl, conjugated double bonds, 
and wagging vibrations of one isolated and two 
adjacent aromatic hydrogen atoms, respectively. 
Another chromogen was isolated as brown crystals 
(m.p. 177”) from an aqueous ethanolic reaction mix- 
ture containing an equimolar ratio of both reactants. 
This product has only one absorption maximum, at 
370 nm, and both the elemental analysis and infrared 
data agree with the formation of 2,5_bis(dipiperidyl)- 
p-benzoquinone. 

It is possible to suggest that the reaction of amines 
with p-benzoquinone in pure ethanol proceeds by 1,4 
addition of one mole of amine to one mole of quinone 
to give piperidylhydroquinone, which on oxidation 
with a second mole of quinone gives piperidyl-p- 
benzoquinone (1:2 amine-quinone reaction). The 
latter product adds a second mole of amine in the 
presence of water or low concentrations of the qui- 
none, to give 2,5-bis(dipiperidyl)-p-hydroquinone, 
which on further oxidation with a third mole of 
quinone yields 2,5-bis(dipiperidyl)-p-benzoquinone 
(2:3 amine-quinone reaction). Water probably en- 
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hances the reactivity and polarizability of the quinone 
carbonyl group by increasing the dielectric constant 
of the reaction medium. The reaction can thus be 
represented by the following scheme: 

0 

i;- 

N 

I I 3 + n 
0 B 

HASAN et al. 

range 0.1-20 pg/ml. Linear regression analysis of the 
calibration data for some amines gave the values 
shown in Table 2 for the relation A = a + bc where 
A is the absorbance at 510 nm in a l.OO-cm cell, a and 

OH 

I n 
Slow 

. 
rd s. 

fast 

OH 

fast 

OH 

N 
3 

OH 

Optimum reaction conditions 

The time required for maximum colour devel- 
opment at 510 nm by reaction of various aliphatic 
amines with > 30-fold mole ratio of p-benzoquinone 
in pure ethanol at 30” is -2 hr. At 50 f Y, the 
colour intensity reaches 95% of its maximum after 
N 30 min (Fig. 4). The presence of up to 15% v/v 
water has no significant effect on the absorbance and 
1 ml of lo-‘M ethanolic p-benzoquinone solution is 
adequate for the determination of various amines in 
the concentration range 0.1-20 pg/ml. These condi- 
tions give reproducible results and small vari- 
ations in timing, quinone concentration, temperature 
and water content introduce no significant error. The 
intensity and nature of the colour are independent of 
pH in the range 7.5-10. At pH -C 5, no reaction takes 
place, probably because of the low nucleophilicity of 
the protonated amines. 

Determination of amines 

The colour developed at 510 nm with primary and 
secondary aliphatic amines under the optimized con- 
ditions is stable after 1 hr, and remains so for at least 
24 hr. Beer’s law holds over the amine concentration 

b are respectively the intercept and slope of the 
calibration graph, and c is the concentration of the 
amine @g/ml) in the final solution. The relative 
standard deviation (5 replicates) for l-10 pg/ml con- 
centration of the amines was 1.9%, and the average 
recovery 98.2%. 

I I I I I 
0 20 40 60 80 

Time (min) 

Fig. 4. Effect of time on the absorbance of the colour 
developed by reaction of 9.4 pg/ml piperidine with excess of 

p-benzoquinone in pure ethanol at 50”. 
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Table 2. Statistical analysis of the calibration graphs (A = (I + bc) and results for the determination of some aliphatic 
amines by reaction with p-benzoquinone in pure ethanol at 50°C 

Mean Standard 
Correlation [Amine] taken, c, recovery,8 deviation, 

Amine Intercept, u* Slope, bt coefficient pgglml % % 

Benzylamine 0.002 0.027 0.999 2.0-30.0 98.5 2.1 
n-Butylamine 0.003 0.042 0.999 2.0-25.0 97.3 1.8 
Dibutylamine 0.009 0.048 0.999 l&28.0 99.3 2.2 
Diethanolamine - 0.006 0.035 0.999 l&30.0 98.3 2.0 
Di-isopropylamine 0.007 0.065 0.998 1.0-20.0 98.0 1.6 
Dipropylamine 0.013 0.046 0.999 1 .O-30.0 99.0 2.0 
Ethanolamine - 0.046 0.039 0.998 1 .O-20.0 98.2 1.8 
Morpholine -0.044 0.059 0.999 1.0-22.0 96.9 2.0 
Piperidine 0.009 0.047 0.996 1.0-20.0 98.5 1.8 

*Absorbance. 
tAbsorbance.ml.pg-‘. 
§The calibration graphs were prepared by use of amine solutions standardized by potentiometric titration with copper 

sulphate; the recovery values are based on nominal concentrations of amines assumed to be 100% pure. 

Aromatic primary amines under the same condi- 
tions give a less intense colour, which depends on 
both the nature and position of the substituent group. 
Electron-attracting groups tend to give lower colour 
intensity than electron-repelling groups do. This 
effect decreases with substitutional position in the 
order para > meta > ortho. The Ef& values at 
510 nm for aniline and its p-Cl, m-Cl, o-Cl, p-NO,, 
m-NO,, p-CH,, m-CH, and o-CH, derivatives are 
380, 280, 170, 90, 50, 130, 450, 360 and 340, re- 
spectively. No interference is caused by up to 1 mg/ml 
of ammonia, tertiary amines (e.g., tripropylamine), 
amides (e.g., benzamide, acetamide), imide (e.g., suc- 
cinimide), anilides (e.g., acetanilide, benzanilide), 
a-amino-acids (e.g., glycine, alanine) and hydrazines 
(e.g., phenylhydrazine, methylhydrazine). 

It can be seen that the present method offers the 
advantages of: (a) reagent availability and stability; 
(b) reasonable selectivity in the presence of many 
other NH-containing compounds; (c) less time con- 
sumption and fewer manipulation steps; (d) higher 
sensitivity than many of the most commonly 
usedS~s~9~” or recently proposed6~7~‘4 spectrophoto- 
metric procedures. 
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Summary-A solid-state computer-controlled system has been developed for the measurement of 
corrosion currents under potentiostatic anodic conditions. The system applies a potential step and 
measures the resulting current for a variable number of cycles. Data are stored and manipulated by the 
computer. Tests show that corrosion behaviour of metals in various environments can be evaluated. 

Potentiostatic current-time curves have been used to 
study the attack on the passive surface of steel by 
chloride ions.‘,* Similar studies on aluminium were 
reported subsequently,’ and various aspects of the 
measurements involved have been discussed. In all 
cases the metal surfaces were passivated anodically in 
sulphuric acid medium and then disturbed by the 
addition of an aggressive anionlm3 or by mechanical 
means.4 

reference electrode, was used for the measurments. The cell 
contained 40 ml of solution and had a water jacket for 
temperature control. It was closed from the atmosphere by 
a standard titration-cell lid. A solid-state potentiostat and a 
current-measurement circuit were custom-built on a single 
board and interfaced to an Apple IIe microcomputer. The 
interface circuitry was included on the same board. 

The similar technique of potential-step chrono- 
amperometry with a clean surface is well-suited as an 

alternative procedure for the comparative evaluation 
of the corrosive behaviour of different environments 
on metals. The metal electrode is subjected to an 
anodic potential step and the resulting current is 
monitored for a period of about 30 sec. Depending 
on the nature of the metal and its environment, the 
current varies in a characteristic manner during this 
relatively short time. The potential preceding the 
anodic step must be sufficiently cathodic to prevent 
premature attack on the metal. 

In principle, these measurements may be done with 
a potentiostat linked to a chart recorder. In such an 
arrangement, however, some readings within the first 
second of the potential step may be missed because 
of recorder lag. Furthermore, it may be difficult to 
eliminate the noise that invariably arises.’ 

The present paper describes a microcomputer- 
controlled system comprising a solid-state poten- 
tiostat and a synchronized current-measurement cir- 
cuit. Current readings are taken at a rate of 4 per set, 
and data manipulation, such as plotting, smoothing 
and storing, is done quickly and easily by the com- 
puter. Relevant calculations can be done con- 
veniently on the stored data. The system was tested 
with representative chronoamperometric mea- 

surements involving mild steel and two stainless steels 
in a variety of electrolyte solutions. Comparative 
assessment of corrosion and passivation behaviour 
appears to be possible. 

Apparatus 
EXPERIMENTAL 

A standard three-electrode cell, comprising a steel work- 
ing electrode, a platinum counter-electrode and a calomel 

Circuit construction 

The circuit is shown in Fig. I. The computer interface is 
based on a Motorola 6821 peripheral interface adaptor 
(PIA), which has two peripheral registers, PA and PB, each 
comprising an g-bit bus. The buses function independently 
and may be configured for either input or output. They are 
accessed through a bi-directional data bus, which is linked 
directly to the corresponding data lines in the computer 
input/output (I/O) slot. Register selection in the PIA is 
achieved by means of two “Register Select” lines, RS-0 and 
RS- I. These lines are controlled by the two least significant 
bits (Isb; A0 and Al) of the computer address bus. While 
all I6 bits of the address bus appear in the I/O slot, only the 
12 most significant ones are involved in slot addressing, 
leaving the 4 Isb free for interfacing use. The circuit 
construction allows for PIA register selection in every 
address directed at the I/O slot. _ 

The PIA is enabled bv means of three “Chio Select” (CS) 
lines and the Read/Write selection is made thrbugh the k/G 
bit. These controls are manipulated with the “Dev’ and 
“R/W” bits in the I/O slot. The DEZZI line pulses low when 
the I/O slot is addressed and the R/W line assumes the state 
corresponding to either input or output. The signals are 
decoded as shown in Fig. 1, the PIA being enabled only 
when the I/O signals are true, during the 300-nsec period 
following an I/O address. This lay-out eliminates the possi- 
bility of accidental decoding of random I/O signals. 

In the oresent application, the PA-bus is configured for 
input and’the PB-his for output. The PB-bus is linked to an 
8-bit digital-to-analoeue converter (DAC-08, PMI),6 which 
generates the potenti step. It is connected to an adder-type 
solid-state potentiostat’ and controls the potential applied 
to the counter-electrode. The reference electrode is included 
in Ihe feedback loop of the control amplifier, which also 
contains a voltage follower for impedance matching. The 
current at the working electrode is converted into a voltage 
by a current follower with adjustable feedback resistance. 
For the duration of the measurement the voltage is held 
constant by a sample-and-hold amplifier (SMP-II, PMI) 
with a gain of unity. 

The analogue signal is digitized with a 12-bit analogue-to- 
digital converter (ADC 7109, Intersil). This is a dual-slope 
integrating converter, operating on a ~-MHZ time base 
provided by an external crystal oscillator. Completion of a 
conversion is indicated by a “Status” line, which is used to 
interrupt the computer. 
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Fig. 1. Potentiostat and corrosion measurement circuit. WE = working electrode; CE = counter- 
electrode; RE = reference electrode; CA = control amplifier; CF = current follower; VF = voltage fol- 

lower. 

The interrupt signal is processed through the PIA (CA-2 
line), giving a negative transition on the IRQ line on 
activation. It was found that direct application of this signal 
to the I/O interrupt line was not satisfactory: it invariably 
caused the program to crash after a few cycles. This problem 
was eliminated by the inclusion of a 7474 flip-flop as shown 
in Fig. 1. The flip-flop is clocked with the Apple @O clock, 
allowing the interrupt to pass only after completion of a 
timing cycle. 

The ADC output comprises 12 bits, as well as an over- 
range and a polarity bit. This necessitates a 2-part reading 
protocol for each conversion, the Apple data bus being only 
8 bits long. This is facilitated by the provision of separate 
enabling lines on the ADC: LIEN for the 8 lower bits and 
HBEN for the 4 higher, and the over-range and polarity 
bits. All these are 3-state outputs, so enabled and disabled 
lines can simply be connected together to allow for 14-to-8 
bit multiplexing. 

Enabling control is achieved with a PIA control line 
(CB-2), which is in turn controlled through internal regis- 
ters. The bits in these registers, and hence the CB-2 output, 
can be changed with a single computer command. As shown 
in Fig. 1, high-byte and low-byte enabling are mutually 
exclusive. 

A further ADC input, the “Run/F&Id” line, is controlled 
by the CA-2 output of the PIA. This output is similar to 
CB-2 and can be similarly accessed. The ADC is configured 
with external RC-components to give the maximum reading 
of 4095 for a working electrode current of 3 mA. 

Circuit operation 

The relatively slow reading speed required for the experi- 
ments allows for various circuit operations to be performed 
under software control. The first step consists of the appli- 
cation of a starting potential to the counter-electrode. This 
is achieved by placing the appropriate byte on the DAC. 

Next, by the same method, the potential is stepped an- 
odically to a value at which current flows. The DAC has an 
output settling time of 85 nsec and the 741 operational 
amplifier has a rise time of less than 0.5 psec, so the circuit 
responds virtually instantaneously relative to the experi- 
mental time scale of 4 readings per second. 

During these manipulations the ADC is in the HOLD 
mode, switched by the software-controlled CA2 line of the 
PIA. Following the potential step, the ADC RUN mode is 
instituted by a high transition on CA2. The same line is used 
to put the SMP-11 in the HOLD mode, to prevent changes 
of signal during the measurement. Completion of a con- 
version is signalled by the status line and used to interrupt 
the computer. The program responds by switching the ADC 
to the HOLD mode and reading the output. 

The high-byte and low-byte readings thus obtained are 
each temporarily stored as a variable. During each cycle, the 
contents of the two variables are combined to give a single 
decimal number. This number is stored in an array for later 
manipulation. The process is repeated for a software- 
controlled number of cycles. The conversion speed of the 
ADC depends to some degree on the magnitude of the 
signal. However, comparative tests revealed that in this 
circuit the differences involved are negligible. 

A flow chart of the control program is shown in Fig. 2. 
The data obtained are filed on a floppy disk for future 
reference. A program for data manipulation and plotting 
current/time curves was written. This includes Savitsky- 
Golay smoothing,s curve-area determination by Simpson’s 
rule integration, and passivation time and charge calcu- 
lations. Hard copies of plots can be obtained on a dot 
matrix printer. 

Sample preparation 

The steels used in this study were mild steel, 409SS 
stainless steel and 316L stainless steel. The compositions of 
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Fig. 2. Flow-chart of circuit control program. 

the stainless steels are given in Table 1. The steels were 
formed into cylindrical electrodes and polished to optical 
smoothness. The electrode areas exposed to the solution 
were 79.8 mm2 (mild steel), 153.15 mm2 (409SS) and 157.87 
mm2 (316L). After each run the electrodes were thoroughly 
cleaned with ultrafine emery paper. 

The deaerated solutions used in certain measurements 
were prepared by passage of high-purity nitrogen for 
20 min. 

RESULTS AND DISCUSSION 

Mild steel 

The results of measurements taken with mild steel 
are summarized in Table 2. The height of the poten- 
tial step was limited by the maximum allowable 
corrosion current (3 mA). However, depending on 
the passivation characteristics of the system under 
investigation, the anodic voltages employed gave rise 
to significant currents. Figure 3 shows a number of 
current/time curves for non-passivating systems. 

It can be seen that the aggressive sodium chloride 
solution gave a steadily rising current after an initial 
decrease. This decrease probably arose because the 
very first reading was high, owing to a brief capacitive 

surge accompanying the potential step. The sulphate 
solution gave a similar curve, but with a more gradual 
initial rise. Moreover, from measurements taken over 
a longer time, it was found that the current in the 
sulphate solution reached a steady value after about 
50 set, whereas the current in the chloride solution 
continued to rise after 90 sec. This is consistent with 
pitting corrosion and hence progressive surface-area 
enlargement in the chloride solution. 

The fluoride solution gave a constant current after 
20 set, whereas in the thiocyanate solution the cur- 
rent first fell and then rose slowly. Interestingly, in the 
latter solution the current still continued to rise after 
100 sec. This indicates that thiocyanate, too, has a 
surface-roughening effect. 

After the initial surge, the current in the 
perchlorate solution first rose, resembling that in 
sulphate medium, but then gradually decreased. It 
reached a relatively high constant value after about 
22 sec. 

The curve for the passivating nitrate solutions is 
shown in Fig. 4. Clearly, the current decreased 
strongly in the passivation process. If, for the present 
purpose, “passivity” is defined as the situation in 
which the current has fallen to 3% of its initial 
maximum value, then the passivation time was 6 sec. 
The area under the curve was integrated and the 
charge involved in passivation was found to be 2.02 
mC. This corresponds to 25 pCC/mm*. Nitrate concen- 
trations of 0.1, 0.25 and OSM gave similar pas- 
sivation times and charges. 

Table 1. Compositions of stainless steels 
(%) 

Element 409ss 316L 

C 0.025 0.024 
S 0.11 0.004 
P 0.018 0.024 
Mn 0.89 1.25 
Si 0.63 0.55 
cu 0.08 0 
co 0.08 0.08 
Ti 0.24 0 
MO 0.08 2.05 
Cr 11.12 16.41 
Ni 0.33 16.08 

Table 2. Passivation behaviour of mild steel in various 
solutions 

Solution (1M) 

NaCl 
Na,SO, 
NaClO, 
KF 
LiCl 
KSCN 
KNO, 
NaClO, 
Ca(NO,), 

Potential step, 
Observation V us. SCE 

No passivation -0.7 to -0.45 
No passivation -0.7 to -0.3 
No passivation -0.7 to -0.45 
No passivation -0.3 to -0.11 
No passivation -0.55 to -0.3 
No passivation -0.55 to -0.4 

Passivation -0.3 to +0.63 
Passivation -0.55 to -0.06 
Passivation -0.55 to +0.6 
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Fig. 3. Current/time curves for mild steel in non-passivating 
solutions (all 1M). Potential step from -0.55 to -0.2 V OS. 

SCE. 

Passivation was also observed with chlorate solu- 
tions (Fig. 4). The initial currents involved were 
about a quarter of those found for nitrate solutions. 
At these low currents, passivation (3% criterion) was 
reached after 16 sec. However, in absolute terms, a 
current similar to that flowing at passivity in the 
nitrate solution (0.09 mA) was reached after only 4.7 
sec. The anodic range of voltages which led to 
passivation was larger for nitrate solutions than 
chlorate solutions. With nitrate, passivity resulted 
even with potential steps from -0.55 to f0.67 V. In 
chlorate medium it was no longer reached at anodic 
potentials of 0.03 V and higher (all voltages vs. SCE). 

Phosphate and benzoate are known corrosion in- 
hibitors. It was found that 1M sodium chloride 
prepared in pH-7 phosphate and benzoate buffers 
gave current-time curves closely resembling those 
obtained in nitrate solutions. Initial current densities 
were generally below 13 pAA/mm2. 

Dissolved oxygen 

The role of oxygen in passivation was monitored 
chronoamperometrically. A 1M potassium nitrate 
solution was saturated with oxygen by passage of the 
gas for 20 min. Immediately after this, the deter- 

004 

hk NoC IO3 

0 

Time (set) 

Fig. 4. Current/time curves for mild steel in passivating 
solutions (IM). Potential step from -0.55 to -0.2 V vs. 

SCE. 

Table 3. The role of oxygen in passivation of 
mild steel in IA4 KNO,; potential step from 

-0.55 to +0.08 V vs. SCE 

Time after Passivation Passivation 
oxygenation, min time, set charge, mC 

0 5 0.71 
15 I 1.01 
30 9 2.40 
45 12 5.11 

Deaerated 14 7.00 

Table 4. The effect of temperature on passivation of mild 
steel in 1M KNO,; potential step from -0.55 to +0.08 V 

us. SCE 

Temperature, Passivation time, Passivation charge, 
“C set mC 

6 2 0.16 
15 6 1.65 
20 8 3.31 
31 14 6.22 
41 No passivation 
50 No passivation 
60 No passivation 

minations were done as described above. Further 
measurements were taken at approximately 15-min 
intervals and finally the solution was deoxygenated 
with nitrogen. The results are shown in Table 3. 

Clearly, passivation times and charges decreased 
with increasing oxygen content of the solution. As 
noted elsewhere,4 however, passivation still occurred 
in deaerated nitrate solutions. Oxygenation of chlo- 
ride solutions did not lead to passivating behaviour. 

Temperature 

The effects of temperature on mild steel passivation 
in 1M potassium nitrate are shown in Table 4. As 
expected, passivation time and charge increased with 
temperature. Above 41’ no passivation was observed, 
although the current-time curves retained their orig- 
inal shape. At these higher temperatures the corro- 
sion currents still initially decreased with time, but 
then settled to a relatively high constant value (e.g., 
8 PA/mm2 at SOO). 

Stainless steel 

Table 5 shows that the stainless steels were pas- 
sivated more rapidly than mild steel in 1M potassium 
nitrate and 1M sodium chlorate. Passivation charges 

Table 5. Passivation times (set) for stainless steels in various 
solutions 

Potential step, 
Solution ( 1 M) 409ss 316L V vs. SCE 

KNO, 2 2 -0.55 to -0.06 
NaClO, 1 2 -0.55 to -0.06 
NaClO, 9 6 -0.55 to +0.08 
NaCl No passivation 5 -0.55 to -0.06 

NaCl (60 C) No passivation 10 -0.55 to -0.06 
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Fig. 5. Current/time curves for 409SS stainless steel in 1M 
NaCl. Potential steps: A, from -0.55 to +0.08 V; B, from 

-0.55 to -0.06 V vs. SCE. 

were relatively low. In both cases passivation 
occurred at temperatures up to 60”. However, in 1M 
sodium chloride the 409SS steel did not become 
passivated, but gave a current-time curve similar to 
that for mild steel. Figure 5 shows the corrosion 
currents for two different potential steps. In contrast, 
the 3 16L steel was passivated in 1M sodium chloride 
at temperatures up to 60”. 

The results show that the system and method 
described can be used for comparative evaluation of 
corrosion behaviour. Advantages include quickness 
and convenience of measurements, as well as the 
relatively low price of the system. Importantly, a 
potentiostat and an X-Y recorder are not needed. 

5. 

6. 
I. 

8. 
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Summary-Iron-52 can be separated from solutions of chromium cyclotron targets by eluting chromium, 
copper and radioactive impurities with 9.OM hydrochloric acid from a column containing 1.0 g of 
AGl-X2 anion-exchange resin. Iron-52 is retained and can then be eluted with 6.OM hydrochloric acid 
containing 0.05M hydrogen iodide or O.OSM sodium iodide. The separations are sharp and quantitative. 
Less than 2 pg of chromium will remain with the iron-52, from 2.0 g originally present. 

Iron-52 is a radioisotope which is useful in nuclear 
medicine.rA It has a short half-life (t,,r = 8.27 hr), 
permitting studies to be repeated at short intervals. 
The decay is by positron emission (56x, 0.80 MeV) 
and electron capture.s Both decay modes involve 
de-excitation solely through a 169-keV level into 
manganese-52m (t,,r = 21 min). 

Many nuclear reactions can be utilized for the 
production of iron-52: 50Cr(4He, 2n)52Fe, S2Cr(3He, 
3n)52 Fe, ” Mn(p, 4n)‘* Fe and p-spallation. Some 
experimental methods and results have been dis- 
cussed by Atcher et aL6 The energy and type of 
accelerated particles available determine the method 
chosen for production. The reaction should be one 
that yields a maximum amount of iron-52 and a 
minimum amount of iron-55, because iron-55 
(t,,* = 2.6 yr) adds significantly to the radiation dose 
received by the patient.’ In the Pretoria cyclotron 
natural chromium is bombarded with 32-MeV ‘He 
particles to obtain iron-52. 

The preparation of chromium cyclotron targets*,9 
and the separation of iron-52 from chromium 
targets 6*7,9-‘4 have been described by several authors. 
Solvent extraction and ion-exchange methods or a 
combination of both have been applied. In this 
laboratory a solvent extraction method has been 
used, the iron-52 being extracted with di-isopropyl 
ether from 8M hydrochloric acid. 

The most common impurities found in the final 
iron-52 fractions are residual amounts of copper and 
chromium (from the target), zinc-65 (t,,2 = 244 d), 
gallium-66 (t,,* = 9.4 hr), gallium-67 (t,,* = 78.3 hr), 
copper-64 (t,,* = 12.70 hr), manganese-52 (I,,~ = 5.6 
d), manganese-54 (t,,2 = 312.2 d), manganese-56 
(t,,* = 2.58 hr) and chromium-51 (t,,* = 27.70 d), de- 
pending on the nuclear particles used for irradiation. 
In the Pretoria cyclotron some of these radioisotopes 

are formed by the reactions 65Cu(3He,n)67Ga, 
65Cu(3He, 2n)@Ga and 63Cu(3He,p)65Zn. In order to 
obtain a product of high purity the separation pro- 
cedure should make provision for the removal of all 
these impurities. Our extraction method separated 
iron-52 from chromium, copper and zinc-65, but not 
from the radioactive gallium isotopes, and small 
amounts of the first two also remained with the iron. 

Furthermore, copper, zinc-65 and the gallium 
radioisotopes are not completely separated from 
iron-52 when anion-exchange chromatography on 
AGl-X8 resin is applied at hydrochloric acid concen- 
trations ranging from 4 to 12M. However it has been 
shown that the anion-exchange separation of iron- 
(III) from copper at high concentrations of hydro- 
chloric acid can be considerably improved by using 
the 4% cross-linked anion-exchanger AGl-X4 instead 
of the usual 8% cross-linked resin AGl-X8.15 Addi- 
tional studies conducted in this laboratory indicated 
that separation of iron(II1) from copper is further 
improved by use of a 2% cross-linked resin, and 
quantitative separation of zinc also becomes possible. 

Di‘stribution coefficients were determined for cop- 
per, zinc, gallium, manganese, iron(II1) and chro- 
mium(II1) with the 2% cross-linked anion-exchanger 
AGl-X2 in 9.OM hydrochloric acid. From the results 
obtained a separation procedure was developed to 
purify iron-52 from large amounts of chromium and 
copper and from radioisotope impurities of man- 
ganese, zinc and gallium, by a single-column pro- 
cedure. 

EXPERIMENTAL 

Reagents and apparatus 

Analytical-reagent grade chemicals were used and 
purified from iron by anion-exchange chromatography. 
“Suprapur” hydrochloric acid was used. Water was distilled 
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Table 1. Analytical methods used 

Zn 

Mn 

Ga 

Fe 

Cr 

Method 

complexometric titration with DCTA at pH 5.5 in acetate 
medium; Methylthymol Blue plus, 1, lo-phenanthrohne as 
indicator 

complexometric titration with EDTA at pH 5.5; Xylenol 
Orange as indicator 

complexometric titration with DTPA at pH 10.0 in 
presence of ascorbic acid; Methylthymol Blue as 
indicator 

complexometric titration, excess of DCTA and 
back-titration with thorium at pH 2.5-3.0; Xylenol 
Orange as indicator 

oxidation to Fe(III) with bromine water; 
complexometric titration, excess of EDTA and 
back-titration with bismuth at pH 2.5-3.0; Methyhhymol 
Blue as indicator 

atomic-absorption spectrometry; air-acetylene flame at 
351.9 nm 

and then passed through an Elgastat demineralizer. Hy- 
driodic acid was obtained by passing a solution of potas- 
sium iodide through a cation-exchanger (H+ form) and 
eluting with water. The resin used was AGl-X2 polystyrene 
anion-exchanger with quaternary ammonium exchange 
groups, (Bio-Rad Laboratories, Richmond, California). A 
borosilicate glass tube (10 mm bore and 350 mm long) fitted 
with a fused-in porosity-i glass sinter and a tap, was used 
as a column. It was filled with a slurry of resin until the 
settled resin reached a mark at 4.4 ml ( = 1.0 g dry resin). 
The resin was then equilibrated with 10 ml of 9.OM hydro- 
chloric acid. 

Cyclotron-produced gallium-66, gallium-67 and zinc-65 
were used to simulate the separation of gallium and zinc 
radioisotope impurities from iron-52 made by bombarding 
a chromium cyclotron target with 3He particles. 

Atomic-absorption measurements were made with a 
Varian-Techtron AA-5 instrument. An automatic fraction- 
ator was used to collect fractions for construction of the 
elution curve. A 4096-channel analyser, coupled to a Ge(Li) 
detector, was used to identify the radioisotopes and to 
measure their activities. 

Distribution coefficients 

The resin was dried at 60” over anhydrous silica gel in a 
vacuum pistol and stored over the same drying agent in a 
desiccator. 

Distribution coefficients were determined by equilibrating 
2.500 g of dry resin with 250 ml of 9.OM hydrochloric acid 
containing one of the following: 1 .O mmole of copper, zinc 
or manganese(II), or 0.67 mmole of gallium, chromium(II1) 
or iron(II1). The mixture was shaken for 24 hr at 20” in a 
mechanical shaker. After equilibration the resin was filtered 
off with a short borosilicate glass tube, and blown dry. The 
adsorbed fraction was then eluted with 150 ml of 0.5OM 
hydrochloric acid (150 ml of 1.OM nitric acid for zinc) and 
determined by appropriate analytical methods (Table I). 
The mass equilibrium distribution coefficients 

mass of element on resin 
Kd= 

mass of element in solution 
x 100, 

were calculated (Table 2). 

Elution curves 

Cu-Cr(ZZZ)-Fe(ZZZ). Hydrochloric acid (9.OM, 100 ml) 
containing 2.0 g of chromium(III), 100 mg of copper and 1 .O 
mg of iron(II1) was passed through an equilibrated AGI-X2 
resin column as described above, and the resin washed with 
small portions of 9.OM hydrochloric acid; chromium and 

copper were eluted with more 9.OM hydrochloric acid (300 
ml in total). Iron was then eluted with 100 ml of 0.5M 
hydrochloric acid; 20-ml fractions were collected and a 
flow-rate of 5.5 + 0.3 ml/min was maintained throughout. 
The 9.OM hydrochloric acid fractions were evaporated to 
dryness on a steam-bath and the residues dissolved, each in 
20 ml of 0.5M hydrochloric acid. These solutions were 
analysed by atomic-absorption spectrometry, with an 
air-acetylene flame and the 357.9, 324.8 and 248.3 nm lines 
for chromium, copper and iron, respectively. The elution 
curve is presented in Fig. 1. 

Mn-Zn-Fe(ZZZ)-Ga. Figure 2 shows an elution curve for 
a mixture containing 2.0 mg of manganese, 2.0 mg of zinc, 
1.0 mg of iron(II1) and 1.0 mg of gallium, dissolved in 50 
ml of 9.OM hydrochloric acid. Zinc and manganese were 
eluted with 250 ml of 9.OM hydrochloric acid, and iron with 
100 ml of 6.OM hydrochloric acid/O.O5M hydriodic acid 
(freshly prepared), gallium being retained on the column. 
The mixed acid was then displaced with 20 ml of 6.OM 
hydrochloric acid and gallium was eluted with 100 ml of 
0.5M hydrochloric acid/l% sodium sulphite, to reduce any 
iodine to iodide. The flow-rate was again 5.5 & 0.3 ml/min 
and 20-ml fractions were collected throughout. Manganese, 
zinc and iron were determined in each fraction by atomic- 
absorption spectrometry (air-acetylene flame) at the 279.5, 
213.9 and 248.3 nm lines for manganese, zinc and iron, 
respectively. For gallium the acetylene-nitrous oxide flame 
and the 294.4 nm line were used. 

Separation of iron-52 from chromium and other impurities 

A cyclotron target was prepared by electroplating a 
chromium layer onto a water-cooled copper base. It was 
bombarded in the cyclotron with 32-MeV a-particles for 8 
hr at a beam current of 95 PA, and “cooled” for 2 hr to let 
the short-lived radioactive impurities decay. Chromium was 
etched from the surface of the target with lo-ml portions of 

Table 2. Distribution coefficients on 
anion-exchange resin AGl-X2 in 9.OM 

hydrochloric acid 

Element & 

Ga(II1) 2570 
Fe(II1) 1660 
Zn(I1) 39.9 
Mn(I1) 4.5 
Cu(I1) 3.4 
Cr(II1) 2.7 
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Fig. 1. Elution curve for Cu-Cr(III)--Fe(II1). 

hot concentrated hydrochloric acid to which 1 ml of concen- 
trated nitric acid had been added. After all the chromium 
had dissolved, accurately measured gallium-66, gallium-67 
and zinc-65 activities were added to the combined portions, 
which were then evaporated to 50 ml, and the activities of 
52Fe, 5’Cr, “Mn, %Mn, 6SZn, “Ga and 67Ga were measured. 
The solution was then evaporated to dryness and the 
nitrates were converted into chlorides. These were dissolved 
in 100 ml of 9.OM hydrochloric acid and the solution was 
passed through an equilibrated AGl-X2 resin column as 
described. Chromium and other impurities were eluted with 
9.OM hydrochloric acid (200 ml in total) and the solution 
was evaporated to 50 ml. Finally, iron-52 was eluted with 
three 50-ml portions of 6.OM hydrochloric acid/O.O5M 

;q” 9.OMHCI 

sodium iodide. Gallium isotopes were retained by the resin. 
‘*Fe activities were measured in the “iron-52 eluates and 
the results are presented in Table 3. The combined iron-52 
fractions were evaporated almost to dryness, then treated 
with nitric acid to expel iodide, and the nitrates were 
converted into chlorides. The salts were dissolved in 50 ml 
of O.lM hydrochloric acid and the activities of the radio- 
isotope impurities, 5’Cr, “Mn, 56Mn, 65Zn, &Ga and 67Ga, 
were measured, the results are presented in Table 4. 

RESULTS AND DISCUSSION 

According to the distribution coefficients of the 
elements on AGl-X2 (Table 2) chromium, copper 

6.OM 
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j6.OMHCI I 1 OJMHCI 1 

I I 1 OOSMHI 1 Il%Na& 
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(IOmgl 

X Mn 

cl Zn 
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q GU 
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Fig. 2. Elution curve for Mn-Zn-Fe(III)-Ga, 
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Table 3. Separation of iron-52 from chromium cyclotron-target 
material on anion-exchange resin AGl-X2 

‘*Fe activity*, Recovery, 
Fraction counts/200 set % 

Solution (before separation) 

“Other element” eluate 
(eluted with 9.OM HCl) 

First “52 Fe” fraction (eluted 
with 6.OM HCI + 0.05M NaI) 

Second “52Fe” fraction (eluted 
with 6.OM HCI + 0.05M NaI) 

Third “52Fe” fraction (eluted 
with 6.OM HCI + 0.05M NaI) 

7766 ( + 5%) 

3O(k5%) 0.4 

6887 ( f 5%) 88.7 

430 ( f 5%) 5.5 

244 ( f 5%) 3.1 

*All measurements on a volume of 50 ml in a lOO-ml beaker, and 
corrected for decay. 

and manganese should easily be eluted with 9.OM 
hydrochloric acid. This was confirmed by the elution 
curves (Figs. 1 and 2). Although zinc has a relatively 
large distribution coefficient (K,, = 39.9) on AGl-X2 
resin in 9.OM hydrochloric acid, 2.0 mg of zinc were 
completely eluted with 9.OM hydrochloric acid. This 
is because the 2% cross-linked resin has exchange 
kinetics much superior to those of the 8% cross- 
linked resin. Zinc also has a distribution coefficient of 
cu. 40 on AGl-X8 resin in 12M hydrochloric acid, 
but cannot be eluted completely and shows serious 
tailing. 

In ion-exchange procedures gallium behaves simi- 
larly to iron(II1). For this reason iron(II1) is usually 
reduced to iron(I1) before separation from gallium. 
Hydriodic acid is especially effective as a reducing 
reagentI and does not introduce foreign solids, but 
has to be freshly prepared because free iodine forms 
very easily. For medical purposes iron-52 is usually 
prepared in an isotonic solution and hydriodic acid 
can be replaced by sodium iodide. 

Less than 2 pg of chromium, copper, zinc, man- 
ganese or gallium was found in the “iron-52” fraction 
when 2.0 g of chromium, 100 mg of copper, 2.0 mg 
of manganese, 2.0 mg of zinc and 1.0 mg of gallium 
were present originally. In most cases the amounts of 
chromium in the iron fraction were below the 
detection limit of the atomic-absorption method (ca. 
0.05 pg/ml). It can be expected that the amounts of 
chromium found in the iron fraction will further 
decrease with decreasing amounts of total chromium, 
though not linearly. Less than 50 pg of iron was 

found in the “iron-52” fraction after a separation 
done without iron-52 radiotracer. This iron was 
apparently present as a trace component in the 
reagents used. 

Table 3 shows that the recovery of iron-52 is better 

than 90% in a typical separation. The product is of 
high purity, as indicated by Table 4. The amounts of 
gallium-66, gallium-67 and zinc-65 activities origi- 
nally present, 3.6, 215 and 0.7 MBq, respectively, are 
much higher than would be encountered in practice, 
and were used merely to demonstrate the efficiency of 
the separation. The time for the total procedure 
including the target etching, is between 2 and 3 hr. An 

advantage is that the whole operation can easily be 
performed behind a lead shield in a fume cupboard. 
This considerably reduces the irradiation dose re- 
ceived by the operator, compared with that received 
when the di-isopropyl ether extraction of iron-52 is 
used. In addition the product contains considerably 
fewer impurities. The procedure is less tedious and 
more reliable, and has completely replaced the sol- 
vent extraction procedure for the production of iron- 
52 at the Pretoria Cyclotron. The purified iron-52 can 
also be used as a 52Fe/ 52mMn generator, by selective 
elution of manganese-52m from an anion-exchange 
resin column with 8 or 9M hydrochloric acid.‘* 
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Summary-This paper suggests a handy method of obtaining equations to predict the fundamental 
parameters of an FIA peak-travel time, baseline-to-baseline time, peak height and appearance time of 
the maximum for a simple configuration-by performing a small number of preliminary experiments in 
the region in which FIA system usually operates. 

The theory of FIA has not yet been definitively 
established, particularly that of the profile of the 
signal peak. Up till now, three different approaches 
have been taken. ROiiEka and Hansen use the tradi- 
tional tanks-in-series model.‘,2 The theoretical expres- 
sions derived from this model are basically related to 
the height of the peak, expressed in terms of the 
dispersion coefficient.3 Vanderslice et ~1.~ examined 
the breadth of the peak, developing expressions to 
define the travel time and baseline-to-baseline time, 
deduced from numerical solutions of the general 
diffusion and convection equations for the conditions 
normally employed in FIA.4 Painton and Mottola’ 
considered the chemical contribution to the dis- 
persion coefficient. 

The theoretical approaches mentioned above must 
be judged not only in terms of the agreement given 
with experimental results but also in terms of the 
ability to predict the behaviour of any FIA manifold. 
The expression that relates the dispersion coefficient 
to various experimental parameters has the practical 
drawback of including the Levenspiel and Smith 
dispersion number,6 which prevents its immediate 
application. One of the shortcomings of the expres- 
sions given by Vanderslice et aL4 is the existence of 
the accommodation factor which, as shown in this 
paper, has to be experimentally calculated before- 
hand for each FIA manifold. 

Our aim was to develop a simple alternative to the 
theoretical approaches taken by Vanderslice et al. 

and RdiiEka et al. It requires a simple experimental 
programme which allows development of expressions 
relating the characteristics of the manifold to the 
factors determining an FIA peak: travel time, appear- 
ance time of the maximum, and baseline peak-width. 
We have found that the equations of Vanderslice et 

al. do not always agree with the experimental results 
and that the accommodation factors are not con- 
stant. The expressions given here are applicable to 
simple FIA configurations without confluence points 

and in which no chemical reaction occurs during the 
transport process. 

EXPERIMENTAL 

Reagents 

A Bromocresol Green stock solution was prepared 
by dissolving 0.400 g of the dye in 25 ml of 96% 
ethanol and diluting to 100 ml with 0.01 M borax. The 
working solution was prepared by mixing 1 ml of the 
stock solution with 199 ml of O.OlM borax. The 
carrier stream was O.OlM borax. 

The diffusion coefficient of the monitored sub- 
stance was calculated by a traditional method.’ 

Apparatus 

A Pye Unicam SP-500 spectrophotometer, 
equipped with a Hellma 178.12 QS flow-cell (inner 
volume 18 ~1) was used. Gilson Minipuls 2 and 
Ismatec S.840 peristaltic pumps, a Tecator L 100-l 
injection valve and a Tecator TM III “chemifold” 
were employed. 

As can be seen from Fig. 1, the experiments were 
monitored with a Hewlett-Packard HP-85 micro- 
computer with built-in tape-cartridge drive, equipped 
with an HP-IB interface connected to the detector by 
an HP-3478A digital multimeter. A program for data- 
acquisition control was written in BASIC. The pro- 
gram was self-documented and easily operated. The 
input data necessary were L (the system length, cm), 
q (flow-rate, ml/min), d (tube internal diameter, mm), 
D (diffusion coefficient of the monitored substance, 
cm2/sec), and A * (the maximum absorbance obtained 
when the sample, without carrier, is passed through 
the flow-cell). The program allowed use of up to 1500 
data points (absorbance, time) per sample. From 
these points the parameters such as peak area, resi- 
dence time, statistical residence time, equivalent 
length, accommodation factors, co-ordinates of the 
maximum, travel time and baseline-to-baseline time 

319 



320 

ml /min-’ 

052s gs493 

MIGUEL ANGEL GOMEZ-NIETO et al. 

‘Pl mm 

50~,$200 035dd s 070 

CARRIER 

INTERFACE 

HP-IB 

Fig. 1. Microcomputer system and interfacing to flow system (for details see text). 

were calculated. The recorded signals were corrected 
for the background signal, taken as the average of 
three measurements. The system permitted plotting 
of the FIA peak by means of an X-Y recorder 
connected in parallel to the microcomputer. 

RESULTS AND DISCUSSION 

Corroboration of the Vanderslice et al. equations 

Vanderslice et aL4 reported equations which, ac- 
cording to them, can predict two characteristic and 
very important parameters of an FIA peak: travel 
time, tA, and dispersion or baseline-to-baseline time, 
At,. These equations are: 

t 

A 

At 
B 
= 35.4u2f L OA4 

-- 
D 0.36 

I I 4 

where D is the diffusion coefficient of the injected 
sample, L the length (cm) and a the inner radius (mm) 
of the tubing, q the flow-rate (ml/min) and f the 
accommodation factor, which according to these 
authors is characteristic for each system and depends 
on the bore of the tubing. 

In order to test these expressions we have per- 
formed series of experiments in which both the flow- 
rate and the length and inner diameter of the tubing 
were changed. Some results are given in Table 1, in 
which the calculated data, such as theoretical travel 
time, baseline-to-baseline time, mean residence time 
and statistical residence time are also listed. The 
accommodation factors are denoted by f,, for expres- 
sion (1) and fA,, for expression (2), since they are 
different. Thus, 

frA = (tA)crprimcntal' fAtB = 
(At, )experimenta~ 
(Ate )calcu,ated 

These factors were calculated for each run from the 
experimental values of tA and At, and from those 
calculated from expressions (1) and (2) with f taken 
as unity. As seen from Table 1, values for the two 

factors are not constant, but vary markedly as a 
function of the parameters of the system. 

To test equations (1) and (2) we made a regression 
analysis of ln(tA/a2) and ln(At,/a2) us. In (L/q). 
Theoretically we should have obtained straight lines 
with slopes of 1.025 and 0.64, respectively, but in fact 
we did not. There are two fundamental reasons for 
this. 

(a) The working conditions used by Vanderslice et 
al. are very extreme. These authors used very low 
flow-rates (q < 0.1 ml/min) and very small injection 
volumes (2 ~1). Generally higher flow-rates (l-4 
ml/min) and larger sample volumes (20-100 ~1) are 
used in FIA. (b) The accommodation factors are not 
identical. The variation of the calculated accommo- 
dation factors with the length and bore of the tubing 
and flow-rate is plotted in Fig. 2. From the data in 
Table 1 and from these plots it is obvious that f,, and 
fAte are different, and affected differently by the three 
variables. 

The concept of “equivalent length”, which takes 
into account connections, injection valves and irregu- 
larities in diameter throughout the whole manifold, 
besides the reactor length, allows us to eliminate the 
Vanderslice accommodation factor from expressions 
(1) and (2) by substitution of this parameter (L,,) for 
the tube length. 

For calculating the equivalent length in an FIA 
system, it is necessary to know the statistical resi- 
dence time (t,)st, deduced from integration of the 
peak, by means of the Levenspiel-Smith equation:* 

s 

cc 
tCdt 

(t,)st = + 

f 

(3) 

Cdt 
0 

where C is the molar concentration of the monitored 
substance at time t. Then L,, can be obtained from 

Since ii = 4q/nd2 is the mean linear velocity of the 
fluid. 

In the regression analysis of ln(tA/a2) us. ln(L,,/q ) 
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Table 1. Experimental and calculated data obtained for the FIA system in Fig. 1. 

Experimental Calculated 

q,ml/min d,mm L,cm tAsec T A* Awec UA),,sec f,, @rB),,sec .fArB t,,sec (t,),,,sec f 

0.52 0.50 104.0 
0.52 0.50 104.0 
0.52 0.50 104.0 
0.52 0.50 104.0 
1.14 0.35 104.0 
1.14 0.35 104.0 
1.14 0.35 104.0 
1.14 0.50 54.0 
1.14 0.50 54.0 
1.14 0.50 54.0 
1.14 0.50 104.0 
1.14 0.50 104.0 
1.14 0.50 154.0 
1.14 0.50 154.0 
1.14 0.50 154.0 
1.14 0.50 204.0 
1.14 0.50 204.0 
1.14 0.50 204.0 
1.14 0.70 104.0 
1.14 0.70 104.0 
1.14 0.70 104.0 
2.07 0.35 104.0 
2.07 0.35 104.0 
2.07 0.35 104.0 
2.07 0.35 104.0 
2.07 0.35 104.0 
2.07 0.50 54.0 
2.07 0.50 54.0 
2.07 0.50 54.0 
2.07 0.50 104.0 
2.07 0.50 104.0 
2.07 0.50 104.0 
2.07 0.50 104.0 
2.07 0.50 104.0 
2.07 0.50 154.0 
2.07 0.50 154.0 
2.07 0.50 154.0 
2.07 0.50 154.0 
2.07 0.50 204.0 
2.07 0.50 204.0 
2.07 0.70 104.0 
2.07 0.70 104.0 
2.07 0.70 104.0 
2.95 0.70 104.0 
2.95 0.70 104.0 
2.95 0.70 104.0 
2.95 0.70 104.0 
3.07 0.35 104.0 
3.07 0.35 104.0 
3.07 0.35 104.0 
3.07 0.50 54.0 
3.07 0.50 54.0 
3.07 0.50 54.0 
3.07 0.50 54.0 
3.07 0.50 54.0 
3.07 0.50 54.0 
3.07 0.50 104.0 
3.07 0.50 104.0 
3.07 0.50 104.0 
3.07 0.50 154.0 
3.07 0.50 154.0 
3.07 0.50 154.0 
3.07 0.50 204.0 
3.07 0.50 204.0 
3.07 0.50 204.0 
4.93 0.50 104.0 
4.93 0.50 104.0 
4.93 0.50 104.0 

18.54 33.15 0.248 
18.54 33.15 0.248 
19.00 34.70 0.271 
19.95 34.50 0.278 
8.64 15.78 0.335 
8.51 15.83 0.332 
8.39 15.59 0.333 
7.14 13.41 0.302 
7.11 13.31 0.299 
7.26 13.71 0.300 

11.73 20.16 0.272 
11.81 20.25 0.273 
17.26 27.06 0.272 
16.73 26.58 0.262 
17.08 27.02 0.277 
21.33 32.61 0.248 
21.06 32.46 0.244 
21.15 32.55 0.245 
15.68 23.85 0.246 
15.48 24.11 0.231 
15.51 23.93 0.237 
4.44 8.06 0.373 
4.43 8.06 0.372 
4.43 7.89 0.378 
4.43 8.06 0.372 
4.44 8.06 0.373 
4.13 7.66 0.362 
4.31 7.61 0.386 
3.99 7.56 0.353 
6.59 10.43 0.285 
6.59 10.74 0.282 
6.76 11.56 0.311 
6.59 10.74 0.282 
6.59 10.43 0.285 
9.98 15.09 0.314 
9.83 14.83 0.316 
9.94 15.18 0.318 
9.94 15.18 0.318 

12.44 18.16 0.302 
12.26 18.06 0.299 
8.73 14.14 0.258 
8.86 14.28 0.258 
8.89 14.39 0.258 
6.24 8.93 0.297 
6.13 8.94 0.300 
6.53 9.54 0.391 
6.24 8.93 0.297 
3.08 5.74 0.426 
3.19 5.78 0.426 
3.22 5.78 0.417 
3.03 5.24 0.428 
2.98 5.20 0.418 
2.98 5.20 0.418 
3.16 5.29 0.422 
3.16 5.29 0.422 
2.98 5.20 0.418 
4.89 7.88 0.370 
5.03 7.93 0.370 
5.10 8.06 0.369 
6.56 9.96 0.320 
6.45 9.75 0.300 
6.46 9.71 0.295 
9.03 12.16 0.352 
8.93 12.18 0.349 
8.91 12.04 0.352 
2.74 4.53 0.374 
2.58 4.33 0.352 
2.66 4.41 0.348 

115.8 11.34 0.61 
115.8 11.34 0.61 
108.0 11.34 0.59 
103.2 11.34 0.56 
63.6 2.48 0.28 
65.6 2.48 0.29 
64.3 2.48 0.30 
68.0 2.59 0.36 
68.0 2.59 0.36 
67.3 2.59 0.35 
70.6 5.07 0.43 
70.2 5.07 0.42 
74.8 7.58 0.43 
75.7 7.58 0.45 
75.7 7.58 0.44 
75.6 10.12 0.45 
77.4 10.12 0.48 
76.6 10.12 0.47 
73.2 9.94 0.63 
76.7 9.94 0.64 
76.4 9.94 0.64 
32.8 1.34 0.30 
33.6 1.34 0.30 
33.2 1.34 0.30 
33.6 1.34 0.30 
32.8 1.34 0.30 
36.7 1.40 0.34 
35.8 1.40 0.32 
37.2 1.40 0.35 
43.1 2.75 0.41 
43.8 2.75 0.41 
38.9 2.75 0.40 
43.8 2.75 0.41 
43.5 2.75 0.41 
40.0 4.11 0.41 
40.8 4.11 0.41 
49.9 4.1 I 0.41 
49.9 4.11 0.41 
38.6 5.49 0.44 
38.1 5.49 0.44 
43.3 5.39 0.61 
44.6 5.39 0.60 
43.2 5.39 0.60 
27.6 3.75 0.60 
23.3 3.75 0.61 
24.6 3.75 0.57 
27.6 3.75 0.60 
19.6 0.90 0.29 
19.7 0.90 0.28 
19.8 0.90 0.27 
19.9 0.93 0.30 
20.0 0.93 0.31 
20.0 0.93 0.31 
19.4 0.93 0.29 
19.4 0.93 0.29 
20.0 0.93 0.31 
24.3 1.83 0.37 
22.6 1.83 0.36 
22.5 1.83 0.36 
20.6 2.74 0.41 
21.6 2.74 0.42 
21.7 2.74 0.42 
22.5 3.66 0.40 
22.3 3.76 0.41 
22.9 3.66 0.41 
12.3 1.13 0.41 
12.1 1.13 0.43 
12.2 1.13 0.42 

61.8 1.87 23.56 
61.8 1.87 23.56 
61.8 1.74 23.56 
61.8 1.67 23.56 
18.3 3.47 5.26 
18.3 3.58 5.26 
18.3 3.50 5.26 
24.6 2.76 5.58 
24.6 2.76 5.58 
24.6 2.74 5.58 
37.4 1.88 10.74 
37.4 1.87 10.74 
48.1 1.55 15.91 
48.1 1.57 15.91 
48.1 1.57 15.91 
57.5 1.31 21.08 
57.5 1.34 21.08 
57.5 1.33 21.08 
73.3 1.00 21.06 
73.3 1.04 21.06 
73.3 1.04 21.06 
12.5 2.62 2.90 
12.5 2.68 2.90 
12.5 2.65 2.90 
12.5 2.68 2.90 
12.5 2.62 2.90 
16.8 2.18 3.07 
16.8 2.13 3.07 
16.8 2.21 3.07 
25.5 1.68 5.91 
25.5 1.71 5.91 
25.5 1.52 5.91 
25.5 1.71 5.91 
25.5 1.68 5.91 
32.8 1.21 8.76 
32.8 1.24 8.76 
32.8 1.21 8.76 
32.8 1.21 8.76 
39.3 0.98 11.61 
39.3 0.97 11.61 
50.0 0.86 11.60 
50.0 0.89 11.60 
50.0 0.86 11.60 
39.9 0.69 8.14 
39.9 0.58 8.14 
39.9 0.61 8.14 
39.9 0.69 8.14 

9.7 2.01 1.95 
9.7 2.02 1.95 
9.1 2.02 1.95 

13.0 1.52 2.07 
13.0 1.53 2.07 
13.0 1.53 2.07 
13.0 1.48 2.07 
13.0 1.48 2.07 
13.0 1.53 2.07 
19.8 1.22 3.99 
19.8 1.14 3.99 
19.8 1.13 3.99 
25.5 0.80 5.90 
25.5 0.84 5.90 
25.5 0.84 5.90 
30.5 0.73 7.82 
30.5 0.72 7.82 
30.5 0.75 7.82 
14.6 0.83 2.48 
14.6 0.82 2.48 
14.6 0.82 2.48 

47.4 0.49 
47.4 0.49 
46.3 0.50 
45.7 0.51 
23.1 0.22 
23.1 0.22 
23.2 0.22 
22.3 0.25 
22.3 0.25 
22.3 0.25 
28.4 0.37 
28.2 0.38 
35.4 0.45 
35.4 0.45 
35.4 0.45 
40.3 0.52 
40.7 0.51 
40.3 0.52 
33.4 0.63 
33.9 0.62 
33.8 0.62 
16.5 0.17 
16.7 0.17 
16.2 0.17 
16.7 0.17 
16.5 0.17 
15.9 0.19 
15.4 0.20 
14.7 0.20 
19.7 0.30 
19.4 0.30 
19.8 0.30 
19.4 0.30 
19.7 0.30 
23.1 0.38 
25.0 0.35 
27.3 0.32 
27.3 0.32 
24.6 0.47 
25.5 0.45 
23.2 0.49 
24.5 0.47 
23.8 0.49 
12.1 0.67 
11.7 0.69 
12.3 0.66 
12.1 0.67 
11.8 0.17 
11.4 0.17 
11.7 0.17 
7.18 0.29 
7.26 0.28 
7.26 0.28 
7.23 0.29 
2.73 0.29 
7.26 0.28 
10.5 0.38 
10.0 0.40 
10.2 0.39 
11.7 0.50 
11.7 0.50 
11.8 0.50 
18.4 0.42 
20.5 0.38 
17.5 0.45 
6.01 0.41 
5.55 0.45 
5.64 0.44 

*A, = 0.845. 
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Fig. 2. Behaviour of accommodation factors US. FIA variables. (a) d = 0.50 mm, q = 1.14 ml .min-‘; (b) 
L = 104cm, q = 1.14ml.min-‘; (c) L = 104cm, d =OSOmm. 

we found that the slope was very close to 1.025, the 
value suggested by Vanderslice et al., confirming that 
our equation for L,, gives results in agreement with 

L, = (~t”beLJ’~025~ 
However, this alone does not advance or improve 

the theory and practice of FIA, since to be able to 
predict the travel time it is first necessary to calculate 
the equivalent length of the system (which depends on 
physical factors, such as q, d and the dimensions of 
the experimental manifold) and also to integrate the 
experimental FIA peaks, to calculate the statistical 
residence time (t,),, 

We must therefore examine f&,. Qualitatively, f,, 
and fA,, both depend on L and on d, but in different 
ways. The influence of these variables is roughly 
similar for f;, and l/j& but that of q on l/f& is 
considerably different from that onf,, (Fig. 2). The 
error in the measurement of (t,),,, and hence off,, 

andf,,,, is higher than that of the travel time, owing 
to the shape of the FIA peaks. Vanderslice et al. did 
not report the uncertainty in the exponents of the 
variables, and we predict that these exponents should 
be higher than those in equation (1). From regression 
analysis of the data obtained in our experiments, 
values very different from those reported by Van- 
derslice et al. were found, together with uncertainties 
in the values, which leads us to conclude the inap- 

plicability of equation (2) under the general working 
conditions of FIA. 

Accommodation factor f. 

A new factor, f, is therefore defined here as the 
ratio of the mean residence time, (t,, calculated from 
geometric considerations) to the statistical residence 
time, (t,)st, deduced from equation (3). 

The influence of L and d on f is qualitatively 
similar to that on f,, and l/fblg, but is closest to that 
on l/fb,,. On the other hand, the influence of the 
flow-rate on f;, and f’ is similar, but very different 
from that on l/fA,,. 

The dependence of these accommodation factors 
on the diffusion coefficients has not been taken into 
account, since all the experiments were done with the 
same compound. Nevertheless, we can predict that its 

effect will be minimal, owing to the small value of its 
exponents. The varied influence of the dimensional 
parameters of an FIA system on the f values consid- 
erably restricts the application of the Vanderslice et 
al. equations. It is not possible to predict the features 
of an FIA peak from them since it is necessary to 
know the value of the f factors, which can only be 
found experimentally. 

A NEW METHOD OF DEVELOPING 
EQUATIONS TO DESCRIBE A 

GIVEN FIA MANIFOLD 

The experimental data obtained in the runs 
(Table 1) were statistically analysed as follows. 

First the variables were grouped in various combi- 
nations, and by multiple regression analysis the ex- 
ponents of these variables were calculated. In this and 
subsequent analysis the diffusion coefficient was not 
regarded as an independent variable, since a single 
compound was used. However, the equations tested, 
such as: 

did not give satisfactory results. 
The problem was therefore approached in a 

different manner. The multiple regression analysis 
was performed directly with the original variables for 
two cases: (a) equations with two parameters, (b) 
equations with three parameters, i.e., with (L/q) 
considered as one variable [case (a)] or as two 
independent ones [case (b)]. 

The same behaviour was found for the travel time 
in both cases, so for simplicity the two-parameter 
system was chosen, and gave the following equation: 

L 0850 
t A = 0.465 do.95o - 

I I 
(5) 

4 

This equation correctly predicts the travel time for 
more than 85% of the experiments performed, with a 
relative error of less than 10%. 

To predict the baseline-to-baseline time the three- 
parameter model is necessary, since there is rather a 
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large error when the two-parameter model is used. must adapt these equations to his own system, by a 
The following equation is proposed: few simple operations, as follows. 

*t, = 56.7 8.293 ~0.107 ql.057 
(6) 

This equation predicts the results of more than 85% 
of the experiments, with a relative error of less than 
15%. 

Neither equation involves the diffusion coefficient, 
which is taken as constant as already explained, and 
its influence is included in the intercept of both 
equations, along with that of the type of FIA mani- 
fold. 

(1) Running experiments in which the values of L, 
d and q are varied between the limits to be used in 
applications. At least 5 points in triplicate must be 
obtained for each variable, whilst the other two are 
kept constant. 

It should be pointed out that in both equations 
only variables known beforehand are used; for this 
reason the equations are suitable for predicting the 
two time-parameters (travel time and dispersion-time) 
for an FIA run, with an error similar to that of the 
measurement. 

(2) From the runs in (1), the data for travel time, 
baseline-to-baseline time, peak height and appear- 
ance time of the maximum are obtained. 

(3) Multiple regressions for the logarithmic forms 
of equations (5)-(8) are performed. From the 
coefficients, the exponents of the variables and the 
intercept are obtained. 

Equations (5) and (6) define characteristic parame- 
ters of an FIA peak that provide information about 
the time characteristics of this peak. In order to define 
the peak fully, two other parameters are necessary: 
the appearance time of the maximum and the peak 
height. A statistical procedure similar to the one 
already used was applied to find two equations that 
permit prediction of these parameters. The equations 
obtained are as follows: 

By this method and in a short time, with a few runs 
and the aid of multiple regression analysis [either 
manual or by computer (software packages are com- 
mercially available)] the experimenter can work out 
the equations for his own FIA system. From these 
equations the features of the FIA peaks obtained can 
be predicted for future experiments with an error of 
less than 10%. 

CONCLUSIONS 

D _ 2 _ 2.342 ~0.167 q-O.2O6 do.496 (7) 

t max = 0.840 ~0.~0 do.683 4 
-0.977 

(8) 

where D is the dispersion, C the concentration of the 
test substance monitored at time t, and Co the 
concentration of test substance monitored for zero 
dispersion. 

Both equations predict the results of over 85% of 
the experiments with an error of less than 10%. As in 
equations (5) and (6), the diffusion coefficient and the 
injected volume have not been taken into account; 
both are kept constant throughout the experiments 
and their influence is included in the intercept of both 
equations. 

These expressions are partially justified by the 
dispersion model deduced by Levenspiel,’ but as he 
has demonstrated, the shape of the curve obtained is 
dramatically influenced by the methods of injection 
and the measurement of the tracer concentration. 

These four expressions (5)-(8) provide sufficient 
information to characterize an FIA system, with the 
advantage that the features of a peak can be pre- 
dicted. Obviously, from one FIA system to another, 
the injection valve, detector, coils and type volume of 
sample are likely to be changed, so the coefficients in 
the four equations will vary, but the variation will not 
be appreciable since it will mainly affect the intercepts 
of the expressions, since all the modified factors (L, 
d, q) are included in it. Therefore, the experimenter 

The equations of Vanderslice et al. are not suitable 
for predicting the travel time and dispersion time of 
an FIA peak obtained under normal working condi- 
tions, because of the dependence off,, and fA,, on L, 
d and q and the need to perform preliminary runs for 
the calculation offi, orfbrs or equivalent length (since 
the equations are only fulfilled by this parameter, and 
not by the tube length). 

Nor is the Ramsing et al. equation3 related to the 
peak height practical for predicting the dispersion, 
since it is necessary to find experimentally the 
Levenspiel-Smith dispersion number, which is a 
function of the shape of the curve. 

The dispersion volume, A VB, can be predicted from 
equation (6). Since AVs = qAte, the following expres- 
sion is obtained: 

L\ vB = 56.7 do.293 LO.107 
4 

-0.057 
(9) 

The equations reported in this paper permit the 
prediction of the fundamental parameters of an FIA 
peak with relative errors of under lo%, and a simple 
method is proposed for adapting them to the features 
of any given FIA system. 
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SPECTROPHOTOMETRIC DETERMINATION OF SACCHARIN 
IN DIFFERENT MATERIALS BY A SOLVENT 

EXTRACTION METHOD USING NILE BLUE AS REAGENT 
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Summary-In a slightly acidic medium (sodium acetate-acetic acid buffer, pH 4) saccharin and Nile Blue 
form an ion-association compound which is extractable into methyl isobutyl ketone and allows the 
spectrophotometric determination of saccharin. At 630 nm Beer’s law is obeyed over the saccharin 
concentration range 0.1-3.5 pg/ml in the aqueous phase and the apparent molar absorptivity is 5.8 x lo4 
1. mole-‘. cm-‘. The method shows good selectivity and can be applied to the determination of saccharin 
in artificial sweeteners, soft drinks and toothpastes. 

Saccharin and its salts are widely used as non- 
fattening sweetening agents. Several methods for 
their determination have been proposed.‘-6 Some are 
time-consuming and others need costly equipment. 
The formation and extraction of ion-association 
compounds of saccharin with basic dyes may offer a 
simple alternative for rapid spectrophotometric de- 
termination of saccharin, and thiazine dyes,7-9 Basic 
Fuchsin” and phenazines” have been proposed for 
the purpose, but some of the methods have lim- 
itations in sensitivity and selectivity. We have there- 
fore examined a large number of ion-association 
systems, looking for a compromise between min- 
imum blank reading and maximum extraction of 
saccharin, with the aim of developing a rapid, highly 
sensitive and selective spectrophotometric method for 
the determination of saccharin. Nile Blue is the best 
of the reagents tested. 

Reagents 
EXPERIMENTAL 

All inorganic chemicals used were of analytical reagent 
grade and doubly distilled water was used throughout. 

Saccharin solution. A stock solution was prepared by 
dissolving 200 mg of the sodium salt in water and diluting 
to 200 ml. Working solutions were prepared daily by further 
dilution. 

Sodium acetate-acetic acid buffer. A pH 4 buffer was 
prepared by mixing 90 ml of 1M sodium acetate and 410 ml 
of 1M acetic acid. 

Nile Blue solurion. An aqueous solution of the dye (Basic 
Blue 12, C.I. 5 1180) (Carlo Erba) was prepared and purified 
as follows before use. In a separating funnel, 375 ml of 
2 x lo-‘A4 dye solution, 50 ml of 1M acetate buffer (pH 4) 
and 75 ml of water were mixed and shaken for 10 min with 
100 ml of methyl isobutyl ketone (MIBK). The organic layer 
was discarded and the aqueous phase, to be employed in the 
analysis, was filtered through filter-paper. 

General procedure 

Place the sample saccharin solution (no more than 9 ml, 
containing up to 35 pg of saccharin) in a separating funnel, 

*Author to whom correspondence should be addressed. 

add 1 ml of the purified and buffered dye solution and dilute 
to 10 ml with water. Add 5 ml of MIBK, shake the funnel 
vigorously for about 2 min and allow the phases to separate. 
Transfer the organic layer into a centrifuge tube and 
centrifuge it. Measure the absorbance of the organic layer 
at 630 nm against a reagent blank prepared in a similar way. 

Prepare a calibration graph by applying the procedure to 
different volumes of standard saccharin solution. Beer’s law 
is obeyed over the concentration range l-35 pg of saccharin 
per 10 ml of aqueous phase. 

Procedure for tablets and liquid sweeteners 

Weigh accurately 10 saccharin tablets and grind them to 
a fine powder in an agate mortar. Transfer an accurately 
weighed amount of the powder, containing about 50 mg of 
saccharin, into a lOO-ml standard flask. Dissolve with water 
and make up to the mark. Dilute 5 ml of this solution 
accurately to 100 ml with water. Take a l-ml aliquot and 
apply the general procedure. 

For the analysis of liquid sweeteners pipette 1 ml of the 
sample into a IOO-ml standard flask and make up to the 
mark with water. Dilute 1 ml of this solution accurately to 
100 ml with water. Apply the general procedure to a l-ml 
aliquot of this solution. 

Analysis of soft drinks 

Remove carbon dioxide from the sample by repeated 
shaking. Take up to 10 ml of sample containing no more 
than 35 pg of saccharin, and transfer it into a separating 
funnel, add 1 ml of IN sulphuric acid and 9 ml of 0.5M 
potassium sulphate, shake with 5 ml of MIBK for about 2 
min, allow the phases to separate and discard the aqueous 
phase. Add 1 ml of the dye solution and 9 ml of water and 
shake for about 2 min. After separation of the phases 
measure the absorbance of the organic layer as described in 
the general procedure. Prepare a calibration graph with 
different amounts of saccharin treated in the same way. 

Analysis of toothpastes 

Extract a l-g sample with water, filter, and dilute the 
filtrate to volume in a lOO-ml standard flask. Transfer up to 
5 ml of the solution into a separating funnel and add 10 ml 
of 0.5M potassium sulphate. Extract with 5 ml of MIBK 
and discard the organic layer. Add 1 ml of 1 N sulphuric acid 
and extract with 5 ml of MIBK. Discard the aqueous phase, 
add 1 ml of the dye solution and 9 ml of water and shake 
for about 2 min. Measure the absorbance of the organic 
layer. Prepare a calibration graph, by treating different 
amounts of saccharin in the same way. 

325 



326 SHORT COMMUNlCATlONS 
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Fig. 1. Absorption spectra of extracts into MIBK: (A) 
reagent blank; (B) in the presence of 28 pg of saccharin. 

RESULTS AND DISCUSSION 

In the preliminary experiments several basic dyes 
(phenosafranine, Acridine Yellow, Acridine Orange, 
Rhodamine B, Pyronine G, Ethyl Violet, Malachite 
Green, gallocyanine, new Methylene Blue, Brilliant 
Cresyl Blue and Nile Blue) were tested at different pH 
values as ion-pairing reagents for the extraction of 
saccharin (Sac-). Chloroform, carbon tetrachloride, 
benzene, toluene, isobutyl acetate, ethyl acetate, iso- 
amyl acetate, cyclohexanone, isobutyl alcohol and 
methyl isobutyl ketone were tried as the solvents. 

None of these systems showed better results than 
the Nile Blue (NB+) and methyl isobutyl ketone 
(MIBK) system. The absorbance of the reagent blank 
is not high and this system gave the highest degree of 
extraction of saccharin. 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
ion-pair [NB+, Sac-] extracted into MIBK and of 
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Fig. 2. Influence of pH: (A) reagent blank; (B) and (C) with 
20 pg of saccharin (B, reference reagent blank; C, reference 

the reagent blank, obtained as described in the pro- 
cedure. The spectra are very similar in shape to the 
absorption spectrum of an aqueous solution of the 
dye, and all three spectra have maximum absorption 
at 630 nm. 

Effect of pH and Nile Blue concentration 

Figure 2 shows that the absorbance is maximal and 
constant over the pH range 3.24.8. The decrease in 
the absorbance at pH < 3.2 may be attributed to 
protonation of the saccharin anion, and at pH > 4.8 
to conversion of Nile Blue into neutral form. 

The extraction is also affected by the dye concen- 
tration. Figure 3 shows that maximal and constant 
absorbance is obtained by use of at least 1 ml of 
10e3M Nile Blue. It was found that better re- 
producibility and a lower reagent blank were 
achieved if the dye was purified by extraction with 
MIBK. 

Characteristics of the ion -pair 

The continuous-variations method with mea- 
surement at three different wavelengths showed that 
the ion-pair [NB+, Sac-] is the only compound 
extracted into MIBK under the recommended condi- 
tions. 

The extraction efficiency was about 65%. However, 
a single extraction is recommended, because further 
extractions would complicate the procedure and the 
increased volume of organic phase would reduce the 
sensitivity. Hence accurate volume measurement is 
essential. 

There were no measurable changes in the absorb- 
ance of the extract even after standing for 8 hr in a 
glass-stoppered tube at room temperature. Shaking 
times ranging from 1.5 to 5 min produced no change 
in absorbance, so a 2-min shaking time was selected. 

Calibration graph 

The calibration graph is linear in the range l-35 pg 
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Fig. 3. Effect of Nile blue concentration: (A) reagent blank; 
(B) and (C) with 20 pg of saccharin (B, reference reagent 

water). blank; C, reference water). 
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Table 1. Effect of various species on the determination of 5 
pg of saccharin 

Tolerance 
Species added limit*, pg 

Ascorbic acid, gelatin, gum acacia, starch, 10,000 
talc, caffeine, maltose, fructose, sucrose, ga- 
lactose, lactose, glucose, sodium citrate?, so- 
dium tartrate?, sodium hydrogen carbonate?, 
sodium dodecyl sulphatcj 
Sorbic acid?, acetylsalicylic acid& benzoic 1000 
acid? 
Sodium cyclamate? 400 

*Amount causing an error of no more than *3x. 
tUsing previous extraction with MIBK in acidic medium. 
§Using previous extraction with MIBK from 0.5M potas- 

sium sulphate solution at pH 4. 

of saccharin per 10 ml of aqueous phase. The appar- 
ent molar absorptivity at 630 nm is 5.8 x lo4 

1. mole-’ .cm-‘. The precision was estimated from 10 
analyses for 9-ml aliquots of 7.2 x 10m6M saccharin. 
The standard deviation of the absorbance and the 
relative standard deviation were 0.006 and 1.3% 
respectively. The standard deviation of the absorb- 
ance of the reagent blank was less than 0.005. 

E#ect of foreign substances 

The tolerance limit for permissible foreign sub- 
stances was taken as the concentration which caused 
an error of not more than f 3% in the absorbance for 
5 pg of saccharin in the sample. The selectivity can 
be enhanced by a previous separation of saccharin 
with MIBK from 0.1 N sulphuric acid medium. In 
that way, 6 pg of dodecyl sulphate, 50 pg of acetyl- 
salicylic acid, 400 pg of cyclamate, 1000 pg of sorbic 
acid and benzoic acid and 10 mg of tartrate, citrate 
and bicarbonate can be tolerated. Even with the use 
of this separation step, sodium dodecyl sulphate and 

Table 2. Determination of saccharin in artificial 
sweeteners 

Saccharin content, mg/tnblet 
or g/l. 

Sample Label claim Found* 

Tablets A 5 4.92 
B 1.5 15.0 
C 25 24.4 
D 30 30.1 

Liquids A 12 11.8 
B 226.8 227 
C 125 123 
D 15 15.9 

*Average of four determinations. 

Table 4. Determination of saccharin in toothpastes 

Sample Label claim, % Saccharin found, %* 

1 0.3 0.31 
2 0.1 0.98 
3 0.2 0.21 
4 0.05 0.06 

*Average of four determinations. 

acetylsalicylic acid are serious interferents, but their 
interference is easily overcome if the sample is treated 
with a large excess of potassium sulphate (OSM) and 
extracted at pH 4 with MIBK. Potassium dodecyl 
sulphate and acetylsalicylate are transferred into the 
organic layer and the saccharin remains in the aque- 
ous phase. Experimental results are given in Table 1. 

Determination of saccharin in samples 

The method has been successfully applied to the 
determination of saccharin in tablets and liquid 
sweeteners, soft drinks and toothpastes, by the pro- 
cedures given. The results are given in Tables 24. 

Some of the soft drinks assayed did not contain 
saccharin and a known amount of saccharin was 
added to these to assess the recovery. 

Conclusion 

In comparison with the earlier spectrophotometric 
methods using ion-pairing reagents,7-” the extraction 
with Nile Blue reported here is highly sensitive and 
selective for the determination of saccharin, and is 
suitable for routine analysis. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 
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Soft drink 

Table 3. Recovery of saccharin from various soft drinks 

Saccharin found Saccharin found 
without addition, BE/ml with 2.0 tifirnl added Recovery “/’ . n 

Tonic - 2.06 103 
Cola - 1.98 99 
Cola (non-caloric) 88 90.1 105 
Bitter 1.9 3.95 102 
Soda - 1.96 99 
Ginger ale - 2.00 100 

*Average of four determinations. 
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ANNOTATIONS 

CADMIUM- 113 AND CARBON- 13 NUCLEAR MAGNETIC 
RESONANCE SPECTROMETRY OF CADMIUM 

PEPTIDE COMPLEXES 

S. M. WANG* and R. K. GILPINT 

Kent State Universtiy, Kent, Ohio 44242, U.S.A 

(Received 14 November 1983. Revised 24 October 1984. Accepted 4 December 1984) 

Summary-The cadmium complexes of glycylglycine, glycylglycylglycine, glycyl-y-aminobutyric acid and 
/3-alanylglycine (/I-Ala-Gly) have been investigated by ‘oCd and “C nuclear magnetic resonance 
spectrometry. The minima observed in plots of the “‘Cd chemical shift vs. pH are consistent with cadmium 
binding first at the carboxylic site and then at the amino-group site. The chemical shift vs. pH profile for 
the B-Ala-Gly system is different from that for the other peptides, and is interpreted as suggesting 
formation of a five-membered chelate between Cd(H) and glycyl residues at the N-terminal groups and 
not at the C-terminal groups. The data further indicate that the NH groups of the peptide linkages are 
probably not involved in complexation with cadmium. Finally, a reported pH-dependent ‘13Cd resonance 
for parvalbumin has been reassigned. 

The role of several trace metals in living organisms 
has been designated as either structure-promotion or 
enzyme activation/deactivation. For elements such as 
zinc, cadmium and mercury, general complexation 
studies are important in obtaining a more funda- 
mental understanding of the biochemical systems. 
However, because zinc, cadmium and mercury have 
completely filled d-orbitals, ultraviolet spectrometry 
is unsuitable for investigating their complexation, 
and hence other techniques such as nuclear magnetic 
resonance (NMR) spectometry have become popular, 
especially for acquiring information at the molecular 
level. 

The ‘13Cd nucleus, with its chemical shift range 
of over 800 ppm, gives an NMR sensitivity five 
times that of the ‘)C nucleus’ and thus is better 
suited for probing metal-ligand interactions. In 
addition to metallothionein,2-7 a cadmium-induced 
metalloprotein, a variety of metalloproteins and 
metalloenzymes have been examined by “‘Cd NMR 
techniques. 

NMR studies with cadmium as the probe ion have 
been used to elucidate the nature of metal binding in 
zinc-activated metalloenzymes,*-‘8 and in metallo- 
proteins modulated by calcium.‘s25 Also, Sudmeier 
et a1.25*26 have studied zinc and calcium binding sites 

in insulin. 
Although considerable amounts of data on various 

cadmium systems have been collected, wide vari- 
ations in results have been reported,“,” which may 

*Present address: GAF Corporation, Wayne, NJ 07470, 
U.S.A. 

tTo whom correspondence should be addressed. 

often be ascribed to the effect of changes in solution 
parameters, or to exchange of co-ordinated solvent 
molecules. As summarized in Table 1, the chemical 
shift of ‘13Cd is especially sensitive to changes in pH 
and the counter-ions studied. As a result, systematic 
fundamental investigations of model compounds 
and systems are needed before the nature of more 
complex interactions such as metal binding in 
metalloproteins can be pictured clearly. 

Combined “Cd and 13C NMR studies of a 
homologous series of cadmium-amino-acid com- 
plexes have already been reported,27 and interpreted 
as suggesting that five-membered chelate rings 
form between cadmium and molecules similar to 
glycine. In aqueous solutions, the highest complex 
formed with glycine was found to be CdGly, . Similar 
results for supercooled aqueous solutions have been 
reported by Jakobsen and Ellis.*’ 

To extend our earlier work, cadmium binding with 
selected peptides has been studied. Such studies are 
important in establishing general models for protein 
systems and as aids in elucidating specific properties 
such as the biological activity of carboxypepidase A, 
which breaks up polypeptide chains from the C- 
terminal end to give the consituent amino-acids*’ and 
also catalyses the hydrolysis of esters. The first of 
these properties is attributed to increase in the sus- 
ceptibility of the peptide linkage to hydrolysis, owing 
to binding of the C-terminal group of the peptide to 
the zinc atom at the active site of the enzyme. 
Replacement of zinc by cadmium, lead or mercury 
results in partial loss of the catalytic activity for 
cleavage of the C-terminal amino-acid residue, but 
the modified enzymes still catalyse the hydrolysis of 
esters3’ Indeed, with the cadmium-substituted car- 

329 
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Table 1. “‘Cd chemical shifts of various metalloproteins 

Metalloproteins Ligand Chemical 
and binding 

metalloenzvmes sites* 

Alkaline phosphatase 

Calmodulin 
Carbonic anhydrase 

Carboxypeptidase A 

Concanavalin A 

Dehydrogenase 

Insulin 

Metallothionein 
Parvalbumin 
Superoxide dismutase 
Troponin C 

3N 
1 substrate 
60 
3N 
1 substrate 
2 N, 1 0 
1 substrate 
60 
5 0, I N 
2 S, 1 N 
1 substrate 

! :, 3 0 (H,O) 
4s 
60 
3 N, 1 0 
40 
2 various 

Counter-ion- shift, 
pH-sensitive? sensitive? PPm 

yes yes 55-170 

-88.5,-115 
yes yes 145-241 

410 
yes yes 240,217 

no no -125.-132 19,20 

yes yes 483,519 
751 

no -36 
201 

614670 
no no -9o,-100 
no no 310-330 

-llO.-107 

Reference 

9,lO 
15,16 
24,25 
9-14 

8,9 

17 

25 
26 
2-7 

21,22 
18 
23 

*0 = Oxygen binding; N = Nitrogen binding; S = Sulphur binding. 

Table 2. ‘i3Cd chemical shifts and pH,,, values for 
cadmium-peptide complexes 

Peptide P&* P&Z* ppmt PH,& P&Z - PH,i” 

Gly-Gly 3.161 8.237 -13.88 3.8 4.4 
Gly-Gly-Gly 3.22$ 8.097 - - - 
Gly-y-ABA 4.171 8.257 -17.41 3.9 4.4 
B-Ala-Gly 3.257 9.38y -16.97 5.4 3.8 

*First and second acid dissociation constants of ligands. 
tchemical shift for curve minimum. 
§pH value of curve minimum (pH,,,). 
IReference 37. 
11 Reference 38. 

boxypeptidase A, the hydrolysis is even faster than 
with the natural enzyme. 

In the current investigation, binding of cadmium 
with glycylglycine (Gly-Gly), glycylglycylglycine 
(Gly-Gly-Gly), glycyl-y-aminobutyric acid (Gly-y- 
ABA) and j3-alanylglycine (/I-Ala-Gly) has been 
examined by use of ‘13Cd and 13C NMR. 

Reagents 
EXPERIMENTAL 

Fisher buffers, pH 4.00, 7.00 and 10.00, were used as 
calibration standards. Gly-Gly, Gly-Gly-Gly, Gly-y-ABA 
and p-Ala-Gly (Sigma) were used as received. 

The deuterium oxide (Merck Isotope) was NMR spectro- 
scopic grade. All additional chemicals, unless otherwise 
specified, were reagent grade. 

Solid chemicals were weighed directly into standard 
flasks, and dissolved and diluted to volume with triply 
distilled water, which was degassed by boiling. These solu- 
tions were stored under nitrogen. The cadmium perchlorate 
solutions were standardized either titrimetrically with 
EDTA or by atomic-absorption spectrometry. 

Measurements 

All pH and NMR measurements were made at 25” as 
described earlier,2’ with the following exceptions. All the “C 
measurements except those for b-Ala-Gly were made with 
a Varian FT-80 NMR spectrometer using a 25” flip angle 

and a 1.20-set acquisition time. The “C spectra of fi-AI-Gly 
and its cadmium complex were measured at 50.3 MHz on 
a Varian model XL-200 NMR spectrometer at 25’. 

For the “-‘Cd measurements, an aqueous l.OM solution 
of cadmium perchlorate was used as an external standard, 
but all reported chemical shifts are referred to O.lM cad- 
mium perchlorate, for which the signal is 1.87 ppm upfield 
from that of the l.OM solution. Chemical shifts at higher 
and lower frequencies than the reference value are reported 
as positive and negative values respectively. No bulk sus- 
ceptibility correction was applied, since it was negligible. 

RESULTS AND DISCUSSION 

Figure 1 shows the ‘13Cd chemical shifts plotted us. 
pH for the cadmium-peptide systems. Because of 

solubility problems, data could not be collected for 
solutions with pH values below 4.5 or above 7.6 for 
the Cd-Gly-Gly-Gly complex or for Cd-Gly-Gly, 

4 8 

PH 

Fig. 1. ‘13Cd chemical shift for mixtures of 0.3M Cd(ClO,), 
with 0.6M peptides, US. pH. Gly-Gly (a), Gly-Gly-Gly (B), 

Gly-y -ABA (A), fi -Ala-Gly (a). 
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4 10 

PH 

1 

c5 

G c3 

4 10 

PH 

Fig. 2. “C chemical shift of carbonyl carbon atoms for 0.6M 
peptides alone (0, A, 0) and with 0.3M Cd(CIO.& (0, A, 
n ), vs. pH. Symbols as for Fig. 1. A. C, and C, carbons of 
Gly-Gly. B. C,, C, and C, carbons of Gly-Gly-Gly. C. C, 
and C, carbons of Gly-y-ABA. D. C, and C, carbons of 

/I-Ala-Gly. 

Cd-Gly-y -ABA and Cd-y -Ala-Gly at pH above 8. 
As the pH is increased, there is first a negative shift, 
and then a positive shift, and this is consistent with 

cadmium binding initially at the carboxylate site, and 
then at the amino site analogously to the simpler 
amino-acid systems already reported,27 but the min- 
imum in the curve is sharper. 

The difference between the profiles of the curves for 
Gly-Gly and Gly-y-ABA at low pH is not un- 
expected, since the C-terminal group of the latter 
contains a longer alkyl chain, cf. the simple 
cadmium-amino-acid complexes.27 The minima on 

the curves (pH,,,) for Cd-Gly-Gly and 
Cd-Gly-y-ABA were at pH 3.8 and 3.9 respectively, 
cf: Cd-glycine. 27 The difference between pK,, and 
pH,,,. for these two peptides was 4.4, (Table 2) 
significantly smaller than that obtained for 
Cd-glycine (5.9) and suggests that the cadmium does 
not promote deprotonation of the amide groups in 
the peptides. Further, within experimental error, the 
chemical shift profiles for the three complexes were 
superimposable at pH > 5, which is reasonable since 
all three peptides contain an N-terminal glycyl group. 

The curves for Cd-Gly-Gly and Cd-B-Ala-Gly 
were superimposable at lower pH. Both compounds 
contain the C-terminal glycyl group. Also of interest 
is the difference (Fig. 1) between the profile for the 
b-Ala-Gly system at pH > 4 and those for the other 
two systems. The chemical shift minimum was 

broader for the /I-Ala-Gly system, in which there is 
a longer carbon chain at the N-terminal end. The pH 
for the chemical shift minimum was close to that 
reported for the /I-alanine system,27 and the smaller 

value of pK,, - pH,,, (Table 2) suggests the absence 
of a chelate ring. The chemical shift profiles also 
demonstrate that chain-lengthening has a more 
significant effect when it occurs at the N-terminal 
position (e.g., Cd-Gly-y-Gly) than it does when at 
the C-terminal position (e.g., Cd-Gly-y-ABA). The 
results suggest that five-membered chelates of cad- 
mium with glycyl residues may form only at the 
N-terminal groups of peptides. 

Figure 2 shows the 13C chemical shift vs. pH for the 
carbonyl carbon atoms of the free peptides and their 
complexes. Usually, for dipeptides which have large 
differences in consecutive pK, values, assignments of 
NMR peaks to carbon atoms can be made directly 
from the pH-dependence of the “C resonances. How- 
ever, for Gly-Gly-Gly the assignment is no longer 
straightforward. We have to make two assumptions 
in making assignments. First, that the chemical shifts 
for the carboxylate carbon atom of Gly-Gly-Gly 
before and after deprotonation are similar to those 
for Gly-Gly, 174 and 177 ppm. Secondly, that the 
changes in chemical shifts of the N-terminal carbonyl 
group, 8 ppm, due to the deprotonation of the 
protonated amino group, are similar for all glycyl 
groups in the N-terminal position, e.g., in Gly-Gly, 
Gly-Gly-Gly, and Gly-y -ABA. A method adapted 
from Feeney et al.” was also used to help make 
assignments. In solutions, exchange of solvent with 
the peptide-linkage proton is slower than that with 
quarternary amino-group protons or carboxylic- 
group protons. Therefore, in a 1: 1 v/v mixture of 
H,O and D20, the slow exchange of solvent with the 
peptide-linkage protons gives rise to doublet reso- 
nances for neighbouring carbonyl carbon atoms and 
a-carbon atoms, but singlets for carboxylic-group 
carbon atoms and other more remote groups. As 
shown in Fig. 3A, at pH 6.5, a doublet was observed 
at 171.8 ppm for Gly-Gly-Gly. Since the /I-peptide 
proton is exchanged more quickly than the c( -peptide 
proton,32 the doublet was assigned to the C, carbon 
in the a-peptide linkage of Gly-Gly-Gly (numbering 
is shown in Fig. 4). A doublet was also observed for 

Cd-Gly-Gly-Gly at pH 5.5 under similar conditions. 
Figure 3B shows the full spectrum of Gly-Gly-Gly. 

Another problem arises from 13C resonance cross- 
over, which occurs as the solution pH is altered. This 
leads to serious ambiguities in using the chemical 
shift data to construct a titration curve. In the current 
studies cross-over ambiguities were minimized by 
collecting spectra at closely spaced pH values or 
by fitting the data to the Henderson-Hasselbalch 
equation, 

pH=pK,+w 

Sobs = XHAbA + (1 - XHAPA 
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A. 

pH=5.5 D,O : H,O (50 : 501 

4 2 

6 

B. r 
100% H,O 

1 j’ 6,412 

-400 Hz--( 

Fig. 3. A. “C spectrum of Gly-Gly-Gly in 50% D,O, at pH 
6.5, carbonyl region only. B. “C spectrum of Gly-Gly-Gly 
in 100°~ H,O; r is dioxan (as reference, 67.39 ppm from 
TMS); C,-C, correspond to the carbon atoms numbered in 

Fig. 4. 

where HA and A- are a peptide and its conjugate 
base, respectively, xHA is the mole fraction of the 
undissociated form of the peptide, 6,, and 6,_ 
are the chemical shift values before and after 
dissociation, respectively, and Bobs is the observed 
chemical shift value. 

The assignments made for the 13C data by these 
methods are shown in Fig. 2. At low pH cadmium is 
bound weakly with the carboxylic groups of Gly-Gly 
(C,), Gly-y-ABA (C,) and /I-Ala-Gly (C,). The pH 
shift caused by binding was approximately -0.9. 
Because of the solubility problem previously men- 
tioned, the NMR behaviour of Gly-Gly-Gly could 
not be observed in this pH region. 

In the pH range 4-10, the pH shift caused by the 
binding is -2.5 for Gly-Gly and Gly-y-ABA, -2.1 

Gly-Gly 

0 0 
II 

“.N-CH,-i-NH-C&C-OH 

1 2 3 4 

Gly-Gly-Gly 

0 0 0 
II II II 

for Gly-Gly-Gly, and -2.0 for /I-Ala-Gly. Although 
all of these shifts are smaller than that for the 
Cd-glycine complex (- 3.8) they are similar to that 
for Cd-/?-Ala (-2.5).” This may be taken as indi- 
cating that the cadmium binding in these complexes 
does not involve deprotonation of the protonated 
amino group. Since a six-membered chelate ring is 
less stable than a five-membered ring, the pH shift on 
binding is smaller for P-Ala-Gly than for Gly-Gly 
and Gly-y-ABA. Nearly the same chemical shifts 
were obtained from the C, atoms in free and com- 
plexed Gly-Gly-Gly, which implies that the a-peptide 
linkage does not serve as a binding site. 

In the pH region 4-8 where cadmium binding 

occurs through the amino-group of the peptide, the 
small changes in chemical shifts observed for the 
C-terminal carboxylic group suggest simultaneous 
co-ordination with cadmium. However, from molec- 
ular models it seems unlikely that the amino nitrogen 
atom, the carbonyl oxygen atoms of the a- and 
/I-peptide linkage and the carboxylate group for 
Gly-Gly-Gly can all be co-ordinated to the same 
metal ion. Although the amino nitrogen atom, the 
carbonyl oxygen atom of the p-peptide linkage and 
carboxylate group could be brought together, only 
the first two would form a thermodynamically stable 
structure, since the carboxylate group would be 
involved in a chelate ring with at least 10 mem- 
bers, which would be thermodynamically unstable. 
Therefore, it seems more likely that simultaneous 
co-ordination of the amino and the carboxylate ends 
would involve binding by metal ions to form poly- 
nuclear complexes. Likewise, competition for the 
metal co-ordination sites by the amino end poten- 
tially explains the reduced binding at the carboxylate 
end. As a result, smaller changes in the shifts of the 
C, carbonyl groups were observed at higher pH 
values. 

Evidence for such polynuclear complexes has been 

reported, e.g., by Kim and Marte11,34 who used 
‘H-NMR to study copper and nickel complexes of 

H,N-CH,-C-NH-CH,-C-NH-CH,-C-OH 

12034a56 

Gly--y-ABA fl-Ala-Gly 

0 0 0 0 

II II II II 

H,N-CH,-CC-NH-CH,-CH,-CH,-C-OH HzN-CH,-CH,-C-NH-CH,-C-OH 

1 2 3 4 56 123 4 5 

Fig. 4. Numbering of formulae of Gly-Gly, Gly-Gly-Gly, Gly-y-ABA and fl-Ala-Gly. 
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glycine peptides, and by Rabenstein and Libich’* who 
reported on heavy metal complexes of the same 
peptides. 

It has been suggested that Co(II), Ni(I1) and Pb(I1) 
can cause deprotonation of the peptide linkage,35*36 
but the present work gave no evidence for this. The 
plots of 13C shift vs. pH were all simple S-shaped 
curves, not multi-stepped. 

The a-peptide proton of Gly-Gly-Gly has been 
reported as being labilized by metal ions such as 
Zn(I1) and Cd(I1). 32 However, in the presence of 
cadmium the exchange between solvent and an 
a-peptide proton is slow on the NMR time scale, 
which is indicated by a doublet when 50% D,O 
medium is used. In addition, the competition from a 
more stable five-membered chelate ring forming be- 
tween cadmium ion and the N-terminal group, makes 
the C-terminal co-ordination become less likely at 
higher pH. The activity of carboxypeptidase A may 
thus be decreased in the presence of cadmium. 

The results reported here provide at least partial 
explanation of the literature data for metalloproteins 
and metalloenzymes summarized in Table 1. For 
parvalbumin, in addition to the two signals (at -90 
and - 100 ppm) which correspond to the EF site and 
the CD site respectively, a pH-dependent signal was 
also observed. This resonance shifted from 0 to 
67 ppm as the solution pH was changed from 4 to 8. 
This signal was assigned by Drakenberg*’ to the 
result of excess of cadmium complexing with the 
glycyl residues of parvalbumin. However, that chem- 
ical shift profile does not fit the curves obtained in the 
present study for either the C-terminal glycyl or the 
N-terminal glycyl group. Additionally, the current 
study shows that the binding between cadmium and 
the peptide linkage of the glycyl group is minimal. 
Therefore, the pH-dependent “‘Cd signal reported by 
Drakenberg*’ might be attributed to complexation of 
excess of cadmium with the Tris buffer used (p& for 
Tris is 8.5). 
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Gomez-Nieto et al. have correctly concluded that the 
equations derived by Vanderslice et al.’ for flow in 
small capillary tubes do not apply to their system. 
They also infer, incorrectly, that the equations are 
inappropriate for any flow-injection analysis studies. 
However, these equations were derived under certain 
restrictive conditions,2 and were obtained by numer- 
ical solution of the convection-diffusion equation for 
laminar flow in straight cylindrical tubing, on the 
assumption that the heights of peaks for components 
eluted at different times would all be 80 + 5% of 
full-scale deflection on the recorder chart. The scaling 
factor, A was introduced’ to allow for the fact that 
experimenters would not necessarily adjust the 
recorder sensitivity to achieve this relative constancy 
of signal height. The initial purpose of the study was 
to elucidate what was happening at the molecular 
level in capillary tubing. In our laboratory, the 
equations do predict reasonably well not only the 
appearance times, t,, and the baseline-to-baseline 
times, At,, for simple systems, but also the peak 
shapes; they have also been used by others for 
accurate determination of diffusion coefficients for 
molecules of biochemical interest.3 

To see why our equations would not apply to the 
system used by Gomez-Nieto et al. we have only to 
look at their experimental parameters for each of the 
twenty different configurations they studied and con- 
sider two imaginary situations: (1) where the bolus 
retains its original shape and moves down a straight 
tube at the average flow-rate, q; (2) where a true 
laminar situation exists with no diffusion, and the 
sample at the centre of the tube moves ahead of the 
bolus at a maximum flow-rate, q,,,..xr which is twice the 
average velocity. For these two imaginary situations, 
the initial appearance times would be for case 1, 
t, (set) = (60dL)/q and, for case 2, t2 (set) = 

(30na2L)/q. These times, together with the experi- 
mental appearance times given by Gomez-Nieto et al. 
are given in Table 1. Also shown are the appearance 
times, t,, calculated from our original expression 
withf = 1. Note that t, is much smaller than t,,,, and 
t, is also smaller than t,,,e,, in three-quarters of the 
cases. Note also that tA is very close to t2, as it should 

*Talunta, 1985, 32, 319. 

be, since the effect of axial diffusion is small under 
these conditions4 

What are we to conclude from these results? First, 
as far as appearance times are concerned, the experi- 
mental conditions are such that they do not all 
resemble laminar flow systems. Secondly, the mea- 
sured initial appearance times more nearly corre- 
spond to a non-distorted slug moving at the average 
flow-rate q; even here, in about three-quarters of the 
experiments, the slug seems to be moving at less than 
the average flow-rate. Such results are hardly com- 
patible with laminar flow in a straight tube. It may 
be that the flow-injection system used contained one 
or more unsuspected mixing volumes which would 
tend to slow down the movement of sample. If so, this 
would also tend to increase At, and indeed, the 
measured At, values were larger than expected in 
three-quarters of the configurations studied. If the 
measured peak heights were not kept at similar 
values, this would introduce more uncertainty into 
the meaning of the measured t, and At,. 

It is our experience that our proposed expressions 
for t, and Ate, when used under the stated2 re- 

Table 1. Peak appearance times calculated on different 
assumptions 

(1. d, L> t,,,,, t,> 12, I,> 
ml/min mm cm set set set set 

0.52 0.50 104.0 18.54 23.54 11.77 11.34 
1.14 0.35 104.0 8.64 5.26 2.63 2.48 
1.14 0.50 54.0 7.14 5.58 2.79 2.59 
1.14 0.50 104.0 11.73 10.73 5.37 5.07 
1.14 0.50 154.0 17.26 15.89 7.95 7.58 
1.14 0.50 204.0 21.33 21.05 10.53 10.12 
1.14 0.70 104.0 15.68 21.05 10.53 9.94 
2.07 0.35 104.0 4.44 2.90 1.45 1.34 
2.07 0.50 54.0 4.13 3.07 1.53 1.40 
2.07 0.50 104.0 6.59 5.91 2.96 2.75 
2.07 0.50 154.0 9.98 8.75 4.38 4.11 
2.07 0.50 204.0 12.44 11.59 5.80 5.49 
2.07 0.70 104.0 8.73 11.59 5.80 5.39 
2.95 0.70 104.0 6.24 8.14 4.07 3.75 
3.07 0.35 104.0 3.08 1.95 0.98 0.90 
3.07 0.50 54.0 3.03 2.07 1.04 0.93 
3.07 0.50 104.0 4.89 3.99 2.00 1.83 
3.07 0.50 154.0 6.56 5.90 2.95 2.74 
3.07 0.50 204.0 9.03 7.82 3.91 3.66 
4.93 0.50 104.0 2.74 2.48 1.24 1.13 
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strictions and applied to simple laminar flow systems, 
will give approximate values for these times over a 
wide range of experimental parameters. It it becomes 
necessary to determine a value for the scaling factor, 
f, then the instrument can be calibrated with a 
substance of known diffusion coefficient, as shown by 
Gerhardt and Adams3 We would prefer this method 
to the procedure proposed by Gomez-Nieto et al. It 
seems to us that these authors have taken laminar- 
flow expressions designed for simple systems and 
attempted to apply them to situations for which they 
were not designed. A sounder approach, it seems to 
us, would be to start with the simplest of systems and 
perturb it by adding connectors, mixing volumes, 
etc., in a step-by-step sequence to see what effect each 
would have on the measured times. In this way, 
guidelines might be obtained developing practical 
working systems which, at present, are well-nigh 
impossible to design theoretically. One caveat is in 

order, however. With departure from simple laminar- 
flow systems, it becomes more difficult to determine, 
unambiguously, molecular parameters such as 
diffusion coefficients and rate constants.*.’ 

No apologies have to be made for the fact that our 
expressions are restricted to simple systems, for if we 
do not know what is happening at the molecular level 
in such systems, it is going to be impossible to 
understand what is occurring in more complicated 
ones. 
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The basis of many fluorescence-producing reactions of analytical importance is the 

displacement of a quenching and labile halogen moiety from an inherently fluorescent 

molecule. The quenching effect is assumed to involve an increase in the rate of internal 

conversion for the compound in question. Most of these reactions' involve the breaking of 

halogen-carbon or halogen-sulphur bonds. We wish to report fluorescence production from 

the cleavage of a halogen-nitrogen bond. 

It was observed in our laboratory that though acridone sulphonamide in aqueous solution 

exhibited an intense blue fluorescence, chlorination of the nitrogen moiety in basic solution 

gave a non-fluorescent oxidizing agent. Reaction of the latter with a variety of reductants 

returned the fluorescence, presumably by reformation of the sulphonamide. 

The sulphonamide was synthesized by heating acridone with an equimolar amount of 

pyrosulphuryl chloride (prepared2 from sulphur trioxide and carbon tetrachloride) in a ten- 

fold excess of chlorosulphonic acid for 1 hr at 110". The cooled mixture was poured onto 

ice to precipitate the sulphonyl chloride, 
3 

which was converted into the sulphonamide in 30% 

yield by dissolution in concentrated ammonia solution, removal of residual ammonia under 

reduced pressure, and precipitation with excess of dilute acid. Thin-layer chromatography 

(TLC) on silica gel4 gave two spots having blue fluorescence, indicating the probable 

presence of the isomeric 2- and 4-sulphonamides. 

The N,N-dichloroacridone sulphonamide was prepared by dissolving the acridone sulphon- -- 

amide in dilute base, and passing chlorine through the solution. The precipitate was 

collected and dried, yielding a yellow powder which was found to be essentially insoluble in 

water. Stored in a freezer, the substance remained stable for extended periods. 

Several media for application of the reagent to the determination of trace amounts of 

reducing agents were studied. Fluorescence rapidly developed when the compound was 

dissolved in acetone-water (9:l v/v) or in acetonitrile ("Spectra" grade) or was formed 

directly on a silica-gel TLC plate. Greater sensitivity was obtained in a procedure in 

which the solid was shaken with aqueous test solution. Thus, when 0.1 mg of the solid was 

shaken for 1 min with 1 ml of aqueous 0.5 ppm sodium sulphide solution, a noticeable blue 

fluorescence was produced. Similar behaviour at this concentration was-shown by sodium 

thiosulphate, sodium sulphide, ascorbic acid, hydrazine hydrochloride and pentamethylene 

sulphide, among others. Therefore, the reagent may have applicability to trace analysis 

for certain reducing agents in water samples or in the atmosphere. In this connection, 

further studies are being made on the purification and utilization of this novel reagent. 
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LETTER TO THE EDITOR 

REPLY TO THE COMMENTS BY VANDERSLICE AND BEECHER* 

SIR, 

The aim of our work' was not to refute the expressions proposed by Vanderslice et al. 
2 

and by Ramsing et al 
3 

-*g but rather to develop a simple and practical method for predicting 

the behaviour of an FIA system under the usual working conditions of this technique and hence 

to establish a relationship between the set of parameters (L, 9, d) defining the flow system 

and those defining the FIA peak (Lo, At%, Lax and D). 

The experimental facts and therefore the contribution of the injection system, 

connectors, flow-cell geometry, etc. to the dispersion of the injected plug have been taken 

into account. 

Vanderslice et al. state later4 that their expressions were obtained (and are valid) 

for seven restrictive conditions,and in this respect their work differs from ours, because 

our method is subject to no restriction and should therefore be applicable to any FIA system. 

The less restrictive (and so the more in accord with general practice) the working 

conditions, the more significant is the f. factor. Vanderslice et. do not enlarge on the 

importance of this factor, and do not indicate that it is different for the t 
-A 

and At 
% 

expressions. Nor do they clearly indicate its critical dependence on the experimental 

variables of the FIA configurations. The conclusions obtained in our paper do not differ 

appreciably from those reported by Painton and Mottola. 
5 

The fact that the Vanderslice expressions are adequate for the determination of 

molecular diffusion coefficients 
6 

does not imply that the f. factor is insignificant, since 

those experiments were always performed with the same FIA system and under the same working 

conditions, I.e., with a constant r. 

The table in the comment by Vanderslice and Beecher is an excellent corroboration of 

how divergent the theoretical values are from the experimental data. This discrepancy was 

the main cause for development of our work. Furthermore, the correspondence between the t2 

values (second theoretical situation) and the $ values (from the general expression in wllich 

f. = 1) should not be at all surprising. Both are calculated from what are essentially 

almost identical theoretical expressions. 

We agree with Vanderslice and Beecher that the usual working conditions in FIA distort 

the results in such a manner that a purely laminar flow cannot be considered. These systems 

themselves have distorting effects which contribute in a decisive way to the dispersion, thus 

increasing the appearance time values. 

The method proposed by us, which is based on the experimental facts, can also be applied 

to more complex configurations (several channels with splitting and confluence points, etc.) 

which, like the simple ones considered in our work, will show a deviation from the theoret- 

ical behaviour at molecular level in a laminar flow, owing to the influence of these design 

factors, but the appropriate correction (or accommodation) factors can easily be assessed, 

as described in our paper. 
1 

* Talanta, 1985, 3J, 334. 
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DIFFERENTIAL DETERMINATION OF ANTIMONY(II1) 
AND ANTIMONY(V) BY SOLVENT EXTRACTION- 
SPECTROPHOTOMETRY WITH MANDELIC ACID 

AND MALACHITE GREEN, BASED ON THE 
DIFFERENCE IN REACTION RATES 

SHIGEYA SATO 

Faculty of Education, Kumamoto University, 2-4&l, Kurokami, Kumamoto 860, Japan 

(Received 6 June 1984. Revised 29 December 1984. Accepted 1 I January 1985) 

Summa~-Highly sensitive and reproducible extraction-s~trophotomet~c methods for differential 
dete~ination of ant~mony(II1) and ~timony(V) were investigated. It was found that antimony(II1) reacts 
easily with mandehc acid to form a complex anion extractable into chlorobenzene with Malachite Green 
from weakly acidic media (pH 2.2-3.5) at room temperature, whereas antimony(V) reacts only slowly, 
and heating for 15 min at 45” is needed to obtain maximum sensitivity. The significant difference between 
the rates of reaction of mandelic acid with antimony(II1) and antimony(V) was applied to the differential 
determination of these two species. The calibration graph was linear over the range 0.15-6.0 pg for 
antimony(W), and 0.2@10 fig for antimony(V). 

A number of spectrophotometric determinations of 
antimony have been reported.‘-’ Most of them are 
based on the extraction of antimony as SbCl;, pre- 
pared by the addition of an oxidizing agent such as 
cerium(IV) in acidic medium (6M hydrochloric acid), 
but often suffer from poor reproducibility.8,9 Few 
studies have been made of the determination of 
antimony(II1) or the differential determination of 
antimony{~II) and antimony(V) by spectrophotom- 
etry, although several atomic-absorption studies have 
been made.‘@14 

We have recently reported that antimony(III) re- 
acts with mandelic acid to form a complex anion 
extractable into chlorobenzene with Malachite Green 
from weakly acidic media at room temperature.ls In 
further work, it was found that antimony(V) reacts 
simiiarly with mandelic acid on heating for 15 min at 
45”, to give a complex extractable into chloro- 
benzene, but the rate of reaction of antimony(V) with 
mandelic acid at room temperature is very slow 
compared with that of antimony(II1). This difference 
in reaction rate can be used for determination of both 
antimony(II1) and antimony(V). In this differential 
method, no redox reagents are necessary and the 
reproducibility is very good because of the stability of 
the antimony complex at low acidity. 

EXPERIMENTAL 

Reagents 

Standard antimony(i~I) solution, l~~glrn~. Prepared by 
dissolving potassium antimony tartrate in demineralized 
water; working solutions were prepared by suitable dilution. 

Standard antimony(V) solution, 1000 pglml. Prepared by 
dissolving potassium pyroantimonate in water; working 
solutions were prepared by dilution. 

Malachite Green (MG) solution, 1 x 10-W 
Mandelic acid (MA) solution, 0. IOM. Adjusted to pH 3.0 

with sodium hydroxide. 

standard procedure A 

Transfer 1.0 ml of the sample solution containing up to 
6.00 pg of antimony to a stoppered lO-ml test-tube. and add 
0.2 ml of the manhelic acid solution, 1.0 ml of hlalachite 
Green solution and dilute to 4.0 ml with water. Shake the 
solution with 4.0 ml of chlorobenzene for 5 min. After phase 
separation, measure the absorbance of the organic phase at 
628 nm. in a IO-mm glass cell, against a reagent blank as a 
reference. 

Standard procedure B 

Transfer 1.0 ml of the sample solution contaming up 
to 6.00 pg of antimony to a stoppered lo-ml test-tube, add 
0.2 ml of mandelic acid solution, heat the solution for 15 
min at 45, then follow the extraction method given in 
procedure (A). 

RESULTS AND DISCUSSION 

Reaction conditions 

Various complexing agents, dyes and solvents were 
tested for dete~ination of antimony(II1): glycollic 
acid, lactic acid, Z-hydroxyisobutyric acid, 2-hydroxy- 
2-methylbutyric acid, 2-hydroxyisocaproic acid and 
mandelic acid as complexing agents; Ethyl Violet, 
Methyl Violet, Crystal Violet, Brilliant Green, Mal- 
achite Green, Rhodamine B, Methylene Blue and 
fuchsin as dyes; 1 .Zdichloroethane, dichloro- 
methane, o-dichloro~n~ne, chlorobenzene, ben- 
zene, toluene, chloroform, carbon tetrachloride, 
n-hexane and cyclohexane as solvents. 

With each acid, different combinations of solvents 
and dyes were examined. From the apparent molar 
absorptivity (E) of the extracted complexes and the 

341 



342 SHIGEYA SAKI 

06- 

COnCentmOn of mandellc acid taken (MI 

Fig. 1. Effect of mandelic acid concentration (0.2 ml of 
solution added). (1) Reagent blank. (2) Net absorbance 
[Sb(V) = 5.0 rg], Malachite Green 2.5 x 10m4 M; pH 3.0. 

absorbances of the reagent blanks, it was concluded by heating the mixture at various pH values, then 
that the mandelic acid-Malachite Green-chloroben- adjusting the pH to 3.0 for the extraction. The 

zene system was the most useful for determination of optimal range for complex formation was found to be 
antimony(II1) because it gave the highest sensitivity 2.2-3.5. Mandelic acid solution adjusted to pH 3.0 
and lower reagent blank. was chosen for use. 

In the previous workI a phosphate buffer was 
used, but the mandelic acid solution (pH 3.0) has 
some buffering ability, and it was found that use of 
a phosphate buffer made no significant difference. 

The experimental variables for the determination 
of antimony(V) with mandelic acid and malachite 
Green were similarly examined. The reaction rate was 
very slow at room temperature. The effect of the 
mandelic acid concentration in procedure B was 
examined and Fig. 1 shows that increasing it led to 
increased absorbance of both the reagent blank and 
sample extract, but maximum constant extraction 
was obtained with more than 0.2 ml of O.lM man- 
delic acid, when the reagent blank was used as 
reference. Accordingly, 1 .O ml of sample solution and 
0.2 ml of 0.1 M mandelic acid were used, to keep the 
reagent blank as low as possible. 

Dichloromethane, chloroform, chlorobenzene, 
benzene and toluene were tested as solvents for the 
extraction, and Ethyl Violet, Crystal Violet, Methyl 
Violet, Brilliant Green, Malachite Green and 
Methylene Blue as the cationic dyestuffs. As shown in 
Table 1, the Malachite Green-chlorobenzene system 
gave the highest molar absorptivity. The net absorb- 
ance reached a constant plateau with Malachite 
Green concentrations exceeding 2.0 x 10e4M, and a 
concentration of 2.5 x 10m4M was selected for use. 
The effect of pH on the extraction was examined and 
the range 2.2-3.5 found optimal. A pH of 3.0 is 
therefore convenient for both the complex formation 
and the extraction. An extraction time of about 3 min 
was found necessary for constant absorbance to be 
obtained. It was fixed at 5 min for safety. 

The effect of reaction temperature and time on the 
complex formation were also examined. Figure 2 

shows that use of higher reaction temperatures con- 
siderably shortens the reaction time needed, from 
more than 60 min at room temperature (20”) to only 
10 min at 45”. Once formed, the complex was stable 
for at least two weeks. Accordingly, heating the 
mixture of antimony(V) and mandelic acid at 45” for 
15 min was chosen. The effect of pH was examined 

Reaction mechanism 

To confirm that antimony(V) is not reduced to 
antimony(II1) by heating with mandelic acid, the 
Brilliant Green methodI for antimony(V) was ap- 
plied to a mixture of antimony(II1) and antimony(V) 
heated with mandelic acid for various times. It was 
found that no antimony(II1) or mandelic acid was 
extracted with Brilliant Green, and that the degree of 

5 

t 

L 

0 30 60 
Standing time (mln) 

Fig. 2. Effect of standing time. Sb(V) = 5.Opg; mandehc 
acid 5.0 x 10-ZM; Malachite Green 2.5 x 10e4M; pH 3.0; 
reference chlorobenzene: l ---@ at 2W. O-0 at 30’, 

0-O at 45’. 

Table 1. The apparent molar absorptivity (E) for antimony(V) and the reagent blank with 
selected catronic dyes and solvents 

Cationic dye 

Ethyl Violet 
Crystal Violet 
Methyl Violet 
Brilliant Green 
Malachite Green 
Methylene Blue 

8, 
Solvent 1 maxr nm 1041.mole-‘.cm -’ Blank absorbance 

Toluene 610 2.74 0.13 
Benzene 610 1.27 0.27 
Benzene 605 2.50 0.34 
Chlorobenzene 633 2.05 0.26 
Chlorobenzene 628 4.31 0.18 
Chloroform 649 1.17 0.23 
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Table 2. Permissible amounts of interfering ions in the 
determination of antimony(V) and (III)* 

Permissible amounts? 

Ion Added as SW) Sb(III) 

Cl- NaCl 14405 2900$ 
Br- NaBr 60 125 
I- NaI 2.0 4.0 
CIO; NaClO, 0.1 0.2 
SCN- KSCN 0.1 0.2 
NO; NaNO, 12 26 
H,BO; H,BD, 0.1. 0.3 
As(II1) As&‘, 58 120 
Fe’+ Fe-alum lO$ 251 
Sn2+ SnCl, 0.7 2.1 
Sn4+ SnCl, 10 20 

*Sb(V) 5.0 pg/4 ml; Sb(II1) 2.5 pg/4 ml. 
tPermissib1e amounts (ion/Sb weight ratio) corresponding 

to the concentration that gives ~5% positive error. 
52% positive error. 
35% negative error. 

extraction of antimony(V) was not changed even 
when the heating time was as long as 60 min. 

Further evidence was obtained by heating anti- 
mony(V) with mandelic acid and applying ammo- 
nium pyrrolidinedithiocarbamate/chloroform extrac- 
tion at pH 5, followed by atomic-absorption 
spectrometry’0,‘4 to detect any antimony(II1) formed; 
no antimony(II1) was found. Antimony(V) at about 
the 10M5M level exists mainly as Sb(OH); in weakly 
acid media,” and the reaction of antimony(V) with 
mandelic acid is probably very slow because of the 
inert nature of the hydroxo-complex. The com- 
position of the Sb(V)-MA-MG species extracted 
could not be determined by the continuous-variations 
and mole-ratio methods, because of the large excess 
of complexing agent and dyestuff required for its 
formation. It is suggested that a complex anion 
[Sb(MA),(OH),]- is formed and extracted as its 
ion-pair with Malachite Green. The antimony(II1) 
species extracted is most likely the ion-pair 
[Sb(MA),]-[MG]+. 

Calibration graph 

At 628 nm Beer’s law was obeyed over the range 
0.20-10.0 pg of antimony(V). The apparent molar 

Table 4. Recovery of antimony(II1) and 
antimony(V) in sample solutions 

Taken, pg Found,* pg 

Sb(II1) Sb(V) Sb(III) Sb(V) 

6.00 0.00 5.98 0.08 
5.00 1.00 5.02 1.04 
4.00 2.00 3.98 1.98 
3.00 3.00 3.01t 3.025 
2.00 4.00 1.93 4.06 
1.00 5.00 0.91 4.99 
0.00 6.00 0.02 6.01 

*Average of eight determinations. 
tStandard deviation + 0.07 pg. 
&Standard deviation 0.05 pg. 

absorptivity [sv& calculated from the slope of the 
graph was 4.31 x lo4 l.mole-‘.cm-‘. The absorb- 
ance of the reagent blank was 0.175 with chloro- 
benzene as reference, and the coefficient of variation 
was 2.8% for ten runs with 5.00 pg of antimony(V). 
The absorbance of the organic phase did not vary 
during at least 60 min. If the volume of extracting 
solvent was halved, the apparent molar absorptivity 
was increased by a factor of 1.8, but the absorbance 
of the reagent blank increased to only 0.318. 

Effect of other ions 

The permissible amounts of foreign ions which 
strongly interfere with the determination of anti- 
mony(V) and antimony(II1) are shown in Table 2. 
Borate gives a positive error because it reacts with 
mandelic acid to form an extractable complex anion. 
Iodide, perchlorate, thiocyanate and nitrate, which 
are bulky and of low surface charge-density, cause 
positive errors even when present at low levels. 
Arsenic(II1) gives a positive error when present in 
58-fold w/w ratio to antimony(V), and iron(II1) gives 
a negative error when present in lo-fold ratio to 
antimony(V). These errors seem likely to be due to 
formation of an extractable anionic arsenic complex 
and the adsorption of antimony by iron(II1) hydrox- 
ide, respectively. Tin(I1) gives rise to a positive error 
for the determination of antimony(V) because of the 
reduction of antimony(V) to antimony(III), whereas 
the interference of tin(IV) is not as severe as that of 
tin(I1). 

Table 3. Effect of other ions on determination of Sb(V) and Sb(III)* 

Ion 
Added 

as 
Amountst 

Recovery, % Added Amountst Recovery, % 

added, fig Sb(V) Sb(II1) Ion as added, pg Sb(V) Sb(II1) 

So’,- Na,SO, 19600 

F;$+O” KH,PO, PbCl, 20000 600 
Zn2+ ZnSO, 600 
Cd’+ CdCl, 2000 
Mn2+ MnCl, 200 

1000 
Te4+ TeCl, 600 

100 99 cu*+ cus0, 
98 100 coz+ COCI, 
99 100 Ni2+ NiCl, 

101 98 Ca*+ CaCl, 
95 97 Mg*+ MgCl, 

101 98 Ba*+ BaCl, 
108 110 Al’+ K-alum 
102 100 Bi’+ BiCl, 

1400 100 99 
1200 102 100 
1200 98 98 
800 100 102 
500 98 102 

2800 103 102 
560 102 102 
500 100 99 
840 92 87 

*Sb(V) 5.0 pg/4 ml; Sb(II1) 2.5 pg/4 ml. 
tAmounts added per 4ml. 
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The effect of other ions is shown in Table 3, where 
recovery of antimony(V) or antimony(W) is de- 
scribed. Sulphate and phosphate do not interfere 
even at very high concentrations. Most cations do 
not interfere when present in IOO-fold ratio to 
antimony(V) or antimony(III). 

The most characteristic difference between the 
methods for antimony(II1) and antimony(V) was the 
rate of reaction with mandelic acid. Antimony(III) 
reacts quickly irrespective of the temperature, but 
antimony(V) reacts very slowly at room temperature 
(207, but rapidly on heating. Therefore, anti- 
mony(III) and (V) can be differentially determined by 
means of this difference in reaction rate. The method 
previously reported” for antimony(W) was modified 
to give standard procedure A, with which the cali- 
bration graph was linear over the range 0.1 S-6.00 pg 

of antimony(III), and the apparent molar absorp- 
tivity (s,r,) was 6.88 x IO4 I .mole-‘.cm-i, and the 
coefficient of variation 2.8% for ten runs with 2.50 pg 
of antimony(W). Under the same conditions the 
apparent molar absorptivity [~v,~~ ,] for antimony(V) 
was 4.60 _t 0.14 x lo3 l.molee’.cm-‘. 

Calibration graphs for antimony(V) were prepared 
by procedures A and B for antimony(V) in the range 
O-10 pg, in the presence of fixed amounts of anti- 
mony(III) up to 5.00 pg. Linear graphs were obtained 
and the apparent molar absorptivities calculated 
from the slopes were the same irrespective of the 
antimony(II1) concentration. Similarly, the apparent 
molar absorptivity of antimony(II1) was found not to 
be affected by the concentration of antimony(V). 
Consequently, the concentrations of antimony(II1) 
and (V) can be calculated from the total absorbances 
(Ab, and Ab,) obtained by procedures A and B 
respectively: 

AbA = MWW + +20 ,[WV)l 

Abs = d.Sb(W + &vw ,[WVI 

WM’)I = 6% - AbA)/h,.c j - hco ,I 

[WIII)I = (4 - ~~20 ,IWW/‘~,,v 
Recovery tests showed (Table 4) that the combina- 
tion of the recommended procedures gave satis- 
factory resutts. 
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Summary-Ion-exchanger phase absorptiometry is based on the direct measurement of the degree of 
light-absorption by an ion-exchange resin phase which has sorbed a sample component. Direct application 
of the method makes it possible to determine trace elements in natural water samples without 
preconcentration. In this paper, all systems hitherto developed are reviewed and the theoretical 
background of solid-phase absorptiometry is described. 

Although a number of chemical methods have been 
employed for the determination of chemical com- 
ponents present in solution at low levels, absorptio- 
metry is most frequently used because of improve- 
ments in instrumental design and the development of 
more sensitive and selective chromogenic agents. 
Direct application of absorption spectrophotometry 
to the determination of trace elements in natural 
water samples is, however, difficult. Preliminary con- 
centration procedures such as solvent extraction or 
ion-exchange have been used in some cases. With 
solvent extraction, a high phase-volume ratio to give 
an effective concentration of the traces cannot be 
adopted, because of difficulties in phase separation 
and mutual solubility. Ion-exchange concentration 
may often be more convenient, but the chemical 
components sorbed on the ion-exchanger usually 
have to be eluted for spectrophotometric measure- 
ment, leading to an undesirable dilution of the com- 
ponent. A higher sensitivity can be expected if the 
sorbed sample species is determined directly in the 
solid phase by absorption spectrophotometry. 

A spot-test using ion-exchange resin beads and a 
visual observation of the coloured component on the 
ion-exchanger was proposed by Fujimoto’ and by 
Kakihana and Murase.’ Although this test has been 
proposed as a highly sensitive method of detection, it 
cannot be considered as a reliable calorimetric 
method for quantitative or even semi-quantitative 
analysis, because of interference by other coloured 
substances and difficulties in expression of colour 
intensity. 

Measurement of the resin phase colour with a 
spectrophotometer was first suggested by US.~ We 
found a linear relation between the resin-phase light- 
absorbance and the sample-component concentration 
in the initial solution. Ion-exchanger phase absorp- 
tion spectra of metal complexes with inorganic Ii- 

gands had been reported earlier4 and have since been 

used for various investigative purposes5-’ The first 

analytical application was for the sensitive deter- 
mination of chromium, iron, copper and cobalt in 
water. Even with a resin layer only 1 mm thick the 
sensitivity obtained was much higher than with the 
corresponding solution spectrophotometry. Several 
further systems have been developed for the analysis 
of natural water samples (see Table 1). 

A technique for rapid collection of the resin beads 
and preparation of the sample resin layers for mea- 
surement has been proposed,’ and the spectral range 
has been extended from the visible to the ultraviolet 
region by the use of aliphatic ion-exchangers.g Fur- 
thermore, the employment of thicker ion-exchanger 
layers (e.g., 1 cm) is being investigated in order to 
enhance analytical sensitivity.” Another technical 
approach, based on analyses of differential spectra, 
has been tried to give more certain measurement in 
ion-exchanger phase absorptiometry.” Solid-phase 
spectrophotometry can also be applied with other 
types of sorbent’* and other spectroscopic methods 
such as fluorimetry.13 

All the systems developed are listed in Table 1 and 
described in the individual sections below. 

Procedure for colour development in the ion -exchanger 
phase 

There are three ways of developing the colour in 
the ion-exchanger phase, depending on the nature of 
the individual sample component and the chromo- 
genic agent. 

(1) The ion-exchanger is added to the sample 
solution together with the chromogenic agent. This 
procedure can be applied when the colour reaction 
is highly specific for the analyte and the complex 
formed can be sorbed on the ion-exchanger. 
Examples are the systems: chromium-diphenyl- 
carbazide,3.8.‘4.‘5 iron-l, 10-phenanthroline,3’6 iron- 
bathophenanthroline,” iron-Ferrozine,‘8 cobalt- 
thiocyanate.3.‘9 copper-tetrakis(4-N-methylpyridyl)- 
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porphine, 2° bismuth-iodide, 2~ bismuth-chloride, 22 
uranium-thiocyanate, 9 phosphate-molybdate,  23,24 
and sulphide-N,N-dimethyl-p-phenylenediaminefl 5 

(2) The chromogenic agent, presorbed on the ion- 
exchanger, is added to the sample solution. This 
procedure is applied when the coloured complex 
cannot be directly sorbed from the sample solution. 
The chromogenic agent should be sorbed irreversibly 
on the ion-exchanger under conditions such that it is 
retained on the exchanger during the equilibration 
with the sample solution. In this case the ion- 
exchanger behaves like a chelating resin. Examples 
are t h e  systems: nickel-PAN, 26 copper-Zincon, 3 
copper-TAN-3,6-disulphonic acid, 27 silicate-molyb- 
date, 2s and phosphate-molybdate. 29 

(3) The analyte is first sorbed on the ion-exchanger 
from solution and then the chromogenic agent is 
added. This procedure is applied when the chromo- 
genic agent has poor selectivity for the analyte, for 
example zinc 3° or cadmium n (as complex anions) or 
hexacyanoferrate 32 can be concentrated on an anion- 
exchanger and then reacted with Zincon, PAR and 
ammonium iron(II) sulphate, respectively, to give the 
coloured species. 

Light-absorption measurement 

Some of the ion-exchanger containing the coloured 
sample species is packed as a slurry into a quartz cell 
(with or without an appropriate transparent spacer), 
after most of the equilibrated solution has been 
decanted or filtered. The sedimentation and col- 
lection may be accelerated by adding finely powdered 
oppositely-charged ion-exchanger as coagulant. In 
this case the coagulated particles are collected on a 
filter paper under suction, to make a uniform thin 
layer. The cell containing the ion-exchanger is set in 
a spectrophotometer and the light transmitted 
through the cell is measured. When necessary, a 
reference ion-exchanger layer or a perforated metal 
plate may be inserted in the reference beam to cancel 
out the scattering background in the spectrum. 

Here the term "attenuance" is conveniently intro- 
duced instead of "absorbance", because in the solid- 
particle layer both absorption and scattering of light 
contribute to the attenuation of the incident radiation 
intensity. The overall attenuance of the sample layer 
is given by 

A = ARC Jr Asoln + A R -'}- ARL (1) 

where ARC represents the net absorbance by the 
complex species in the solid phase, Aso~, the absorb- 
ance of the interstitial solution between the solid 
beads, ARK the absorbance of the free chromogenic 
agent in the solid phase and A R the background 
attenuance due to light scattering and absorption by 
the matrix material itself. Of course, Aso] n may be 
neglected when the distribution ratios of the sample 
components are very high. AR is a function of the 
packing in the cell and the values of ARC and ARL also 
depend on the packing. In an ideal case, ARc could 

be obtained directly by measuring the absorbance at 
the wavelength characteristic of the sample species, 
with a reference layer containing no sample com- 
ponent and prepared under exactly the same condi- 
tions. In general, however, complete cancellation of 
the background attenuance cannot be expected, and 
it is more reliable to compare the difference (AA) 
between the values measured at the wavelength char- 
acteristic of the coloured species and at a wavelength 
at which the sample species does not absorb, with the 
difference (AArer) measured at the same two wave- 
lengths for the reference layer, as shown in Fig. 1. 
Then, if ARL = 0, 

AA * = AA -- AAre f = ARC + (A R -- A~) 

-- (AR,ref-- A ~,ref) (2) 

where attenuance at the non-absorption wavelength 
is identified by a prime. In most cases, the ion- 
exchanger background spectra are parallel provided 
that the packing is not greatly different. Accordingly, 
(A R -- A h ) -  (AR,re f -  A~.rer) = 0 to a first approxi- 
mation and AA * = ARC. The use of a reference layer 
may be omitted if the spectral behaviour of the 
ion-exchanger layer is completely known, i.e., 
( A R -  A~) in equation (2) is a known constant. The 
sample attenuance may then be measured against air, 
which simplifies the procedure. 

The sample concentration can be evaluated by 
means of a calibration graph or the standard- 
additions method. 

If m g of ion-exchanger are equilibrated with V ml 
of sample solution, the concentration of sample 
species sorbed, CRC (mole/kg), is 

Coy 
CRc (3) 

my(1 + V/Dm) 

where Co is the initial concentration in the sample 
solution (mole/l.), v the equilibrated ion-exchanger 

2.5~ 

AAref 1.5] 
T , 

5OO 

~RC ~.a 

A R A' R 

I 
600 700 

Wavelength (nm) 

Fig. 1. Absorption spectra of Dowex 50W-X2 resin contain- 
ing chromium diphenylcarbazide complex: - - -  assumed 
resin background of sample; . . . . .  reference resin spectrum. 
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volume per unit weight (ml/g) and D the distribution 
ratio of the sample component (ml/g). The net ab- 
sorbance due to the sample species sorbed, ARc, is 
given by 

ARC = eRC/'R CRC = eRcIRC 0 V/[mv(1 + V/Dm)] (4) 

where eRC is the molar absorptivity of the sample 
species in the ion-exchanger phase and IR the mean 
light-path length through the solid phase (which is 
different from the cell length). A good linear re- 
lationship is often found between Aac and Co. 

Sensitivity 

Equation (4) indicates that high sensitivity is 
attained by use of large eac , V/mv, D and IR values. 
In general, a sensitive reagent for conventional solu- 
tion absorptiometry may also be satisfactory for the 
ion-exchanger method, provided that the resulting 
complex is strongly retained by the ion-exchanger. 
For example, porphyrin has been proposed 2° for the 
determination of copper at concentrations less than 
1 ng/ml by ion-exchanger spectrophotometry. 

In a heterogeneous method the sensitivity depends 
on the volume ratio of the phases. Using a high V/my 
ratio leads to enhancement of sensitivity provided 
that a sufficiently high D value can be attained. 
Therefore it may be desirable to use just enough 
ion-exchanger to provide the sample layer in the cell. 
The use of a large sample volume increases the time 
required for equilibration and is inconvenient for 
handling, so the practical limit may be a few litres. 

A further way of increasing the sensitivity is to use 
a thicker sample layer to increase la. However, 
measurements at very large values of la may be made 
difficult by the large light loss due to scattering and/or 
background absorption. So far, it has been custom- 
ary to use a l-ram cell for ion-exchanger spec- 
trophotometry, but it has recently been found that 
increasing the cell length gives only a moderate 
increase in the background attenuance (in con- 
tradiction to Lambert's law). 33 On the other hand, 
increasing the cell length gives a proportional (or 
sometimes even greater) increase in the absorbance of 
the sample species. This suggests that it is advan- 
tageous to use the longest cell length compatible with 
accurate absorbance measurement. To minimize the 
light-loss by scattering, the cell can be set as close as 
possible to the light detector window to give the best 
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C h r o m i u m  c o n c e n t r a t i o n  in so lu t i on  (x 1 0 - 8 M )  
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v 

0 .05  

< 

Fig. 2. Comparison of calibration graphs for the chromium- 
diphenylcarbazide system: A, conventional absorptiometry; 
B and C, ion-exchanger absorptiometry. Sample volume 1 
litre; resin AG 50W-X2-H + (200-400 mesh), 0.50 g; stirring 
time 30 rain; cell length, A 10 mm, B 1 mm, C 10 mm. 

geometry for light-collection, or a slotted cylinder, 
with its inner surface a mirror, can be placed between 
the cell and the detector to collect to some extent the 
light scattered from the layer. With these 
modifications a cell length of 1-2 cm is the limit for 
reliable measurements with a commercial spec- 
trophotometer. A longer cell requires use of more 
ion-exchanger, of course, and hence of a propor- 
tionately larger volume of sample solution to preserve 
high sensitivity. Use of spacers so that only the 
light-path is occupied by the resin, or use of a narrow 
black-sided cell has been tried to reduce the amount 
of ion-exchangers required.I° 

In these ways, ion-exchanger spectrophotometry is 
made 100-1000 times more sensitive than the corre- 
sponding solution methods, provided that the anal- 
ysis is performed with a l-cm cell and a l-litre sample 
volume and that high distribution ratios are achieved. 
A typical comparison is given in Fig. 2, for the 
chromium~liphenylcarbazide system. 

Precision 

It might be thought that the precision of the 
ion-exchanger spectrophotometric method, involv- 
ing as it does, an unorthodox solid-phase optical 
medium, would be inferior to that obtainable with 
conventional solution spectrophotometry. However,  
the analytical data given in Table 2 show that the 
errors are not serious for such low sample concen- 

Table 2. Reproducibility of measurements 

Cell 
Sample Concentration, Volume, length, 
species M ml mm ARC References 

Cr(VI) 1.0 × 10 -7 1000 1 0.384 _ 0.013 (n = 10) 15 
Cu(II) 7.9 x 10 -9 1000 1 0.162 _ 0.011 (n = 5) 20 
Zn(II) 1.1 x 10 -6 t000 1 0.530_ 0.023 (n = 10) 30 
Bi(III) 8.9 x 10 -8 1000 1 0.083 _ 0.004 (n = 5) 21 
U(VI) 1.7 x 10 -6 200 1 0.432 + 0.02 (n = 3) 9 
P(V) 3.2 x 10 -8 50 0.3 0.148 _ 0.005 (n = 3) 24 
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trations, for which the conventional solution method 
is inapplicable. 

Determination of trace concentrations in solution 

Silicate. Silicic acid in solutions at pH 3-9 was 
sorbed on an anion-exchange resin in the molybdate 
form. ~olybdos~ii~te in the resin phase was reduced 
to “molybdenum blue” and the resin phase absorb- 
ance at 700 nm measured.** Sephadex gels strongly 
retain this blue species and this has been utilized as 
a new solid-phase calorimetric method for trace 
determination of silicate in industrial waters of high 
purity.‘* 

Phosphate. Anion-exchange resins in the molyb- 
date form can concentrate phosphate as molyb- 
dophosphate from 0.2-1M acid. The blue colour 
obtained on reduction has been measured for the 
determination of phosphate, although the sensitivity 
is not very high. 29 As an alternative, the reduced 
moly~ophosphate was rapidly sorbed on a finely- 
divided macroreticular anion-exchanger, Amberlyst 
A-27 (0.2-30 pm), and the resin particles were coag- 
ulated by adding a finely-divided cation-exchanger, 
Amberiyst 15 (0.2-30 pm). After filtration, the co- 
agulated resin was immersed in a solution containing 
sulphuric acid, ascorbic acid and potassium anti- 
monyl tartrate. The orthophosphate or total phos- 
phate (including organophosphates) at ng/ml levels in 
environmental water samples such as rain, snow, lake 
and sea waters was determined.23,24 

&&hide. Sulphide ions were converted into 
Methylene Blue by reaction with ~,~-dimethyl-~- 
phenyIenediamine (DPDA) in the presence of 
iron(H). The coagulation technique has been em- 
ployed to concentrate the resulting coloured species.25 

Chromium. Diphenylcarbazide selectiveiy forms a 
soluble red-violet cationic complex with chro- 
mium(V1) and the complex can easily be concentrated 
with cation-exchangers. 3.8~‘4 Total chromium can also 
be determined by oxidizing chromium(II1) to chro- 
mium(V1) with ceric sulphate.15 Only copper(I1) at 
ten times the chromium level interferes, Chro- 
mium(V1) in urinei and total chromium in natural 
waters” have been determined without precon- 
centration. 

Iron. Ion-exchanger sp~trophotometry for 
iron was developed with i,10-phenanthroline3.‘6 
and 4,7-diphenyl-l,lO-phenanthroline (bathophenan- 
throline). ” Total iron could be determined after 
reduction of iron(III) to iron(H) with hydroxylamine. 
If citrate is used to mask iron(III), only iron(H) is 
determined. I6 Copper interferes considerably in the 
l,lO-phenanthroline method. The bathophenan- 
throline complex of iron(I1) can also be strongly 
retained by finely divided cation/anion-exchange 
resin mixture. In this case copper does not interfere 
even in 40-fold amount relative to iron.” 

~exacya~o~rrate(ZrI). Hexacyanoferrate was con- 
centrated on an anion-exchange resin and a coagu- 
lation technique was employed. The sorbed species 

I 
400 500 600 700 

Wavelength (nmf 

Fig. 3. Absorption spectra of isothiocyanato complexes 
of cobalt(I1): - solution spectra, A, O.?M NH,SCN 
+ Co(U); B, 844 NH,SCN -t Co(I1); C, 0.7M NH,SCN 
+ Co(II), in 1: 1 acetone-water; -‘-.- resin-phase spectrum 
(equilibrated with solution A), resin Dowex 1-X2-Cl- 

(100-200 mesh). 

was converted into Turnbull’s Blue by treatment with 
ammonium iron sulphate.32 

Cobalt. Figure 3 shows the absorption spectrum of 
cobalt(II~thiocyanate complexes sorbed on the 
anion-exchanger Dowex l-X4.3 The complexes 
formed in thiocyanate solution are also shown for 
comparison. It was found that the absorption spectra 
for the anion-exchanger correspond to the complexes 
formed at much higher ligand concentrations than 
those in the equilibrating solution. The sorbed com- 
plex is taken to be Co(NCS):- . This enhancing effect 
on ligand number when anion-exchangers are used 
has often been observed in inorganic complex systems 
and is advantageous in view of analytical sensitivity. 
The calibration graph is linear in the range 1-15 pg 
of cobalt in 40 ml of sample.” Interference by 
iron(II1) or copper(H) can be removed by masking 
with fluoride or EGTA. 

Nickef. I-(2-~ridylazo)-2-naphthol (PAN) shows 
high sorbability on a cation-exchange resin from an 
acidic alcohol solution. The PAN cannot be desorbed 
from the resin with aqueous solutions and therefore 
the resin behaves as a chelating resin. The resin phase 
develops a colour (A,,, 566 nm) with a very small 
amount of nickel. Copper and zinc, which form 
coloured complexes with PAN in the resin phase, can 
be completely stripped with a masking solution com- 
posed of EDTA and thioglycollic acid (pH 7.8). 
Cobalt can be determined in the presence of nickel by 
measurement at 628 nmF6 

Copper. Both o-~2-[~-(2-hydroxy-5-sulphophenyl- 
azo)-benzylidene]hydrazino~benzoic acid (Zinconf3 
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and 1-(2-thiazolylazo)-2-naphthol-3,6-disulphonic 
acid (TAN-3,6S)*’ are irreversibly sorbed on anion- 
exchange resins. These reagent-loaded resins have 
been utilized for ion-exchanger colodmetry of cop- 
per, The mechanism of copper sorption from mixed 
solvents was deduced from the dependence of sorp- 
tion rate on particle size and on the nature and 
content of the organic sot~ent.z7 The sorption of 
copper is controlled by the diffusion of copper ions 
through the film surrounding the ion-exchange resin 
particle, 

The porphyrin a$,y,&tetrakis(4-N-methylpyri- 
dyl)porphine p(4-MPy)P] has also been used as the 
chromogenic agent. After complex&ion at pH 4.5 
and 40”, the surplus ligand was converted into the 
protonated species by addition of sulphuric acid. The 
complex and the ligand were easily sorbed on the 
cation~exchange resin because of their high positive 
charge. The resin-phase attenuance of the complex 
species at 424 nm and of the background at 510 nm 
were used for the measurements. There were no 
interferences by the foreign ions expected to be 
present in natural waters. ” The copper contents of 
ground-waters in the Akiyoshi-dai karst area (Japan) 
were determined by this method.34 The content in a 
ground-water dissolving only Akiyoshi limestone 
could be calculated to be 0.03 ng/ml from the average 
content of copper of the limestone, and this value was 
in good agreement with the lowest content of copper 
in the ground-waters. 

Zinc. Zinc in water samples can be determined by 
its sorption onto an ~ion~xchange resin from 2M 
chloride solution, followed by transformation into a 
coloured complex with Zincon.M The Zincon com- 
plex of zinc has an absorption maximum at 650nm 
in the resin phase, but at 620nm in solution. This 
complex is stable in the pH range 8.5-9.5. The 
zinc:Zincon ratio of the complex in the resin phase 
was found to be 1: 1 by the molar-ratio method, the 
same as that in solution. The difference between the 
absorption spectra in the two phases may be due to 
Zincon in the resin phase being deformed owing to 
spatial restriction and subject to non-electrostatic 
interaction with the resin skeleton. 

~~~~~~. ~~2-~~dylazo)reso~~ol (PAR) forms 
solubie complexes of very high absorptivity with 
many metal ions, and is not selective for cadmium. 
Therefore cadmium in a water sample was first 
concentrated selectively as iodo-complexes on an 
anion-exchange resin, by sorption from O.OlSM po- 
tassium iodide solution, and thereafter PAR was 
applied to the resin phase. Only copper and lead 
interfere (when present in concentrations greater than 
that of cadmium). By use of an anion-exchange resin 
column cadmium can be concentrated as chloro- 
compIex anions and separated from the interfering 
ions. The combination of preliminary column oper- 
ation and ion-exchanger calorimetry makes it possi- 
ble to determine cadmium at ngjml concentrations, 
or below, in natural water samples.3i 

Bismuth. The yellow bismuth-iodide complexes are 
specifically and strongly sorbed on an anion- 
exchange resin in the sulphate form, with D > 10’. 
The spectrum of the resin phase indicates that the 
absorption maximum significantly shifts to ionger 
wavelengths (492 nm), corresponding to the for- 
mation of higher ligand-number complexes than 
those formed in solution. This can be attributed to 
the effective ligand concentration being much higher 
in an anion-exchange resin than in solution. Bismuth 
in the ng/ml-pg/ml range can be determined without 
interference, except in the presence of a large amount 
of copper( silver and lead.*’ Very recently, ultra- 
violet spectrophotometry was applied to the ion- 
exchanger system af bismuth, chloride and QAE- 
Sephadex. ** By use of a cell of long path-length 
(10 mm), ng/ml levels of bismuth could be deter- 
mined. 

URZ&ZZFZ. Ion-exchanger phase ultraviolet spec- 
trophotometry was used for the dete~~nat~on of 
uranium.g Although aromatic ion-exchange resins 
show very high absorption background in the ultra- 
violet region, crosslinked dextran-type ion- 
exchangers, such as Sephadex ion-exchangers, have a 
much lower background. Isothiocyanato complexes 
of the uranyl ion are sorbed on Sephadex anion- 
exchanger and have an absorption maximum at 
about 300 nm. The difference between the attenu- 
antes at 300 or 330 and 600 nm is linear up to a 
uranium concentration of 0.5 ppm in the sample 
solution. 

2,4,6-Trinitrototuene~~~e {TNT). The fluorescence of 
the ion-exchanger phase was used for the micro- 
determination of TNT. The fluorescence of 
fIuorescein sorbed on Dowex 2-X10 (cyanide form; 
35-60mesh) was quenched by traces of TNT. The 
resin, in a Pyrex U-tube, was subjected to ultraviolet 
radiation and the fluorescence measured with a 
photomultiplier. The detection limit was 70 ng/ml.13 
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Summary-A flow-injection spectrophotornetric method has been developed for the accurate, continuous 
determination of silicon in silicate rocks. A rock sample solution is prepared by fusion with a 1: 1 mixture 
of lithium carbonate and boric acid and subsequent dissolution of the cake in 1 M hydrochloric acid. The 
preparation technique is the same as that used for the determination of total iron, alummium, calcium, 
titanium, and phosphorus in silicate rocks by flow-injection spectrophotometry. Because of the marked 
polymerization of silicic acid in acid solution, silicic acid is depolymerized in alkaline medium after a 
simple cation-exchange column filtration of the rock sample solution and then determined by a static or 
an FIA spectrophotometric method. The FIA system consists of two channels which carry the carrier 
solution and molybdate reagent, and allows the colour reaction to proceed under controlled conditions. 
The FIA system permits high throughput of 70 samples per hour. The procedure has been applied to a 
variety of standard silicate rocks of the U.S. Geological Survey and the Geological Survey of Japan, and 
gave satisfactory agreement with the recommended values. 

Flow-injection analysis (FIA) has been widely used 
for automatic continuous analysis in agricultural, 
clinical, pharmaceutical and environmental chem- 
istry, etc., owing to the high throughput and cost 
performance. We have been attempting to apply FIA 
to the determination of major and minor elements in 
silicate rocks, and have already reported on alumi- 
nium and iron,’ titanium,2 calcium’ and phosphorus4 
The work has now been extended to silicon. Little 
information is available about the determination of 
silicon by FIA. Spectrophotometric methods based 
on silicomolybdic acid have been reported5,6 and 
recently the determination of reactive silicate in sea- 
water has been automated by FIA, with use of the 
molybdenum blue method. A flow-injection voltam- 
metric method has been worked out for the deter- 
mination of soluble silicate and total phosphate in 
commercial washing powders.* Since FIA is con- 
cerned with liquid samples, we decided to use the 
same rock sample solution as in our earlier work.‘-’ 
A simple cation-exchange column filtration was used 
before the FIA, in order to isolate silicic acid, which 
was then depolymerized in alkaline medium to allow 
its photometric determination as yellow silico- 
molybdic acid. FIA is advantageous in that the 
critical conditions in silicomolybdic acid method, 
including reaction time, temperature, reagent con- 
centrations, etc., can be precisely controlled, so 
reproducible, continuous, rapid determination of 
silicon can be achieved. 

EXPERIMENTAL 

Reagents 

Stock &icon solution, 1000 pgg/ml in 0. I M sodium hydrox- 
ide. A piece of high-purity silicon was crushed between 

nickel plates, digested with IM hydrochloric acid. and then 
washed with distilled water and ethanol; 0.05 g of the 
crushed silicon was fused with a mixture of 0.45 g sodium 
carbonate and 0.05 g of potassium nitrate for I5 min. The 
cooled melt was dissolved in 0. I M sodium hydroxide and 
diluted to exactly 50ml with the same base. 

Molybdate reagent. For the FIA work, 5.0 g of ammo- 
nium heptamolybdate, (NH,),Mo,O,,.4H,O was dissolved .” I__ _ 
in 0.2M sulphuhc acid and diluted to 500 ml with the same 
acid, and used after standing overnight. For the con- 
ventional spectrophotometry 5.0 g of the ammonium 
molybdate was dissolved in distilled water to yield 100 ml 
of solution. 

Flux solution. Lithium carbonate and boric acid mixture 
( I : I, 600 mg) was fused for I5 min at ca. 1000’. The cooled 
cake was dissolved in I M hydrochloric acid and the solution 
diluted to 100 ml with the same acid. 

Apparatus 

The FIA system is shown in Fig. I. It consisted of a 
reciprocating pump (plunger type, KHU-W-104, Kyowa 
Seimitsu), six-way sample-inlection valve (NV-5086M. Ni- 
hon Seimitsu), spectrophotometer (UV-180, Shimazu) with 
a flow-through cell (volume 8 pl, I mm bore, IO mm long), 
an analogue/digital converter data-processor (Chromatopac 
C-RIA, Shimazu) and a thermostatic water-bath. The flow 
line was made from I.O-mm bore Teflon tubing, except for 
the back-pressure coil (0.5 mm bore). 

Procedures 

Decomposition. Weigh out about 100 mg of rock sample 
into a platinum crucible and mix it with 600 mg of 1: 1 
mixture of lithium carbonate and boric acid. Fuse the 
mixture for 15 min at 1000’. Dissolve the cooled melt in 1 M 
hydrochloric acid (with magnetic stirring) and dilute to 
exactly 100 ml with the same acid. Store in an air-tight 
polyethylene bottle. 

Pretreatment of sample solution. Take a 2.5-ml ahquot of 
sample solution, add 2.5 ml of distilled water and load the 
mixture into a cation-exchange column (Bio-Rad AC 
5OW-X8, hydrogen form, 100-200 mesh; bore 8 mm, bed 
30 mm long). Wash the column with five 2-ml portions of 
0.5M hydrochloric acid, collecting all the effluent in a 50-ml 
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Fig. 1. Flow diagram. C, carrier (O.IM NaOH); R, reagent solution (1% ammonium molybdate in 0.2~ 
sulphuric acid); S, sample (318~1); Cd, damper coil; A. confluence point; Cm, mixing coil; D, 

spectrophotometer; Cb, back-pressure coil; P, pump; W, waste. 

Teflon beaker. Add 4 ml of 2.5M sodium hydroxide to the 
combined effluent. Heat the mixture at 80” for 20 min to 
depofymerize the silicic acid. Cool and transfer to a 25-ml 
polypropylene standard Aask. For FIA dilute this solution 
to the mark with distilled water, but for conventional 
s~ctrophotometry use a 50-ml polypropylene standard 
flask and proceed as described below. 

Determination 

Conventional spectrophotometry. Add 10 ml of a 1: 1 v/v 
mixture of the 5% molybdate reagent and 1 M sulphuric acid 
to the standard flask. Dilute to the mark with distilled water. 
Let stand for 20 min and measure the absorbance at 440 nm 
against distilled water as reference. For calibration place 
2.5 ml of the flux solution, 10 ml of 0.5M hydrochloric acid, 
4 ml of 2SM sodmm hydroxide and appropriate amounts 
of standard silicon solution into 50-ml standard flasks, and 
proceed as just described for samples. 

Ffow-injection analysis. Use the flow system illustrated in 
Fig. 1. Inject the pretreated sample solution (3 18 ~1) into 
the carrier solution (O.IM sodium hydroxide) Bowing at 
4.0 ml/min and merging at A with the molybdate reagent 
stream (R) flowmg at the same rate. Allow the sample slug 
to pass through a mixing coil Cm in a water-bath kept at 
So”, to accelerate the colour-forming reaction. Read the 
absorbance in the flow-through cell at 440 nm against air as 
reference. Prepare a series of standard solutions by placing 
2.5 ml of flux solution, 10 ml of 0.5M hydrochloric acid, 
4 ml of 2.5M sodium hydroxide solution, and appropriate 
amounts of silicon stock solution in 25-ml polypropylene 
standard flasks and diluting to the mark with distilled water. 
Injected these into the carrier solution, as for sample 
solutions, before and after the sample run. 

RESULTS AND DISCUSSION 

There are many papers describing the spectro- 
photometric determination of silicon, but almost all 
are variations of two basic methods, i.e., the yellow 
silicomolybdate and the molybdenum blue methods. 
The conditions for colour development in the yellow 
silicomolybdate method are rather critical and poly- 
silicic acids react more slowly at higher degrees of 
polymerization, and at a certain degree of poiy- 
merization do not react at all with molybdate.9 
Formation of polysilicic acid is dependent on acidity 
and other conditions,‘*” and proceeds rather rapidly 
even in IM hydrochloric acid.12 Since it is essential in 
this work to determine all species of silicic acid in the 

sample solutions (which are in 1M hydrochloric 
acid), the solution is made alkaline (0.13M in sodium 
hydroxide) and heated to depolymerize the polysilicic 
acid. Addition of EDTA to prevent precipitation of 
hydroxides was examined, and it was found that for 
iron-rich silicate rocks some brownish precipitate 
always appeared, and somewhat low results for sil- 
icon were obtained. We therefore decided to remove 
heavy metals and magnesium by cation-exchange 
before depolymerization of the silicic acid. This can 
simply be accomplished by passing the sample solu- 
tion (diluted with distilled water to be OSM in 
hydrochloric acid) through a small cation-exchange 
column (hydrogen form). Results thus obtained for 
the recovery of silicon in the presence of iron and 
ma~esium are quoted in Table 1. Though the data 
are somewhat scattered, the overall recovery of sil- 
icon is 99.5 f 1.7% (n = 16), and there is no indi- 
cation that silicate is adsorbed on the magnesium and 
iron forms of the resin that are formed during the 
ion-exchange. 

Special attention should be drawn to possible error 
arising from use of commercially available standard 

Table 1. Recovery of silicon after cation- 
exchange on AG 5OW-X8 

Foreign ion, Si present, Sr found?, 
pg M fig 

FefIIIf 528 970 975 
264 991 
132 954 
528 49.5 482 
264 487 
132 478 
528 198 203 
132 193 

MgUI) 707 990 987 
353 996 
118 990 
701 495 485 
353 490 
118 502 
707 198 196 
118 199 

TAverage recovery of silicon = 99.5 + 1 .?yo. 
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Fig. 2. Colour development of yellow silicomolybdate as a 
function of time. I: Rock sample (andesitc AGV-1); rock 
solution treated as described in procedure. XI: Silicic acid 
alone; standard solution of silicic acid treated as described 
in procedure without addition of flux solution. III: Silicic 
acid + flux solution; processed as described for the prepara- 

tion of calibration standards in procedure. 

silicon solutions for a~o~c-a~s~r~~io~. When used 
as received, silicon standards (nominal Si contents 
1003,9QO, 1000 ppm) obtained from three companies 
yielded apparent contents of 958, 927 and 756 ppm 
when used instead of our standard prepared as 
described above. This is partly because of poly- 
merization of the silicic acid, which can occur even in 
weakly alkaline media”+‘* as well as in acid media. 

To obtain accurate rnsu&s, matrix matching of 
samples and standards is of primary importance in 
the yellow sili~omoly~ate method. When an appro- 
priate amount of silicon stock solution was diluted 
with O.lM sodium hydroxide to yield a working 
standard, and aiiquots of this solution and of a 
standard rock sample solution (prepared as described 
in the procedure) were taken, the colour was devel- 
oped, and the absorbance of both solutions was 
plotted as a function of time (Fig. 2), the colour 
development for the silicon standard was much 
slower than that for the rock sample. This could 

Table 2. Effect of foreign ions on the dete~i~at~o~ of 
silicon (623 gg) 

Ken _~.~..“. 
Fe(III) 
Al(III) 
Ca(II) 
Mg(II) 
Ti(IV) 
Mn(II) 
P(V) 

Amount Si found, % 
present, 

_._.- 

itg Spectrophotometric FIA 
II. “~ 

528 100.1 IOl., 
436 loo., IOl., 
450 lOl., loo., 

1190 99.2 IOl., 
80 IOl., 99.* 
11 loo+ IOl., 
14 loo., 99.0 

VCV) 2 99.; KB., 

Five ml of sotution O.LW in hydrochloric acid, which 
contained 2.5 mf of the tfux sob&on, 623 l-1~ of Si and 
a varied amount of foreign ion, was G&d on the 
column in accordance with the procedure, and the silicon 
in the efIh.rent was determined. 

Table 3. Effect af phosphorus on the deter- 
mination of silicon (spectrophotometric method) 

Si taken, P taken, 
K? NJ Si found, % 

594 6.7 151.6 i51.3 99., 
13.5 loo., X)5., RX?., 
26.9 151.4 155.s 105.s 
40.4 IOi., 99.3 99.3 

891 6.7 105,s 98.8 99.5 
13.5 KKI,, 99.6 99.X 
269 too., 99.i loo., 
40.4 100.r loo., 99.* 

See Table 2, footnote, for the conditions. For a 
2.5 mg sample in a s-ml aliquot, 40.4 pg of P 
corresponds to 3.7p/; P,O,. 

obviously cause a systematic error for silicon deter- 
mination since the absorbance is measured within an 
hour. If the working standard is prepared in the same 
way as the rock sampIes, however, &our devel- 
opment proceeds at the same rate for both standards 
and samples (Fig. 2). Therefore, the presence of the 
flux solution is of importance for obtaining accurate 
results in the silicomoiybdate method. 

Interferences 

The effect of foreign ions on the determination is 
summarized in Table 2. Five-ml portions of 0.M 
hydrochloric acid, which contained silicic acid, flux, 
and either a major or a minor element were analysed 
for silicon in accordance with the full procedure. 
These elements do not interfere. A more de&fed 
study of phosphorus was made (Tabie 3). For two 
levels of silicon (equivalent to 50.8 and 76.3% SiO, in 
rocks), 6.7-40.4 yg of phosphorus (equivalent to 
O&3.7% P,O, in rocks) do not interfere. The phos- 
phorus content in igneous rocks ranges up to about 
2% P,O,. The abundance in common sediments, 
sedimentary rocks and metamorphic rocks seldom 
exceeds OS’% P,Os. Therefore the method can be 
applied to analysis of silicate rocks without inter- 
ference from phosphorus. The reason seems to be 
that the molybdate method is not sensitive to phos- 
phorus in the conditions used. 

To assess the accuracy the s~~trophotome~~ 
method was applied to 12 U.S. Geological Survey 
standard rocks and two standard rocks of the Geo- 
logical Survey of Japan. Results are given in Table 4. 
The values refer to individual rock samples, each 
processed completely. Agreement of the results with 
the literature values is excellent, showing that the 
method is applicable to at least the rock types 
represented by these standard rocks. The rock sample 
solutions G2, GSP-1, AGV-1 and XX-1 were pre- 
pared 10 months before the determinaiion of silicon. 
The results indicate that the rock sample solutions are 
very stable, and able to serve as master solutions 
for the dete~ination of other major and minor 
elements. 
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Table 4. Determination of silicon in standard rocks 

Sample 

AGV- 1 andesite 
BCR-I basalt 
DTS-1 dunite 
G-2 granite 
GSP-1 granodiorite 
PCC-1 peridotite 
BHVO- I basalt 
MAG-I marine mud 
QLO-1 quartz latite 
RGM- 1 rhyolite 
SDC-1 mica schist 
SGR-1 shale 
JB- 1 basalt 

SO, found, % 

Spectrophotometric FIA 

58.9, 58.8 59.1, 59.0 
54.7. 53.8 54.4, 54.8 
41.1, 40.9 40.6, 40.1 
69.2, 68.5 70.0, 68.9 
67.2, 67.5 68.0, 67.2 
41.3. 41.4 42.3, 41.9 
50.0. 49.9 50.4, 50.3 
49.6. 49.6 50.0. 50.5 
65.5, 65.9 64.4. 65.7 
72.6. 72.9 73.0, 73.0 
66.5, 66.1 65.8, 65.3 
28.3, 28.2 28.9, 28.2 
52.2, 51.9 52.7, 51.9 

1980 usable 
1972 values, * values, 
Flanagan’-’ Abbey I4 

59.00 (r) 59.61 
54.50 (r) 54.53 
40.50 (r) 40.61 
69.11 (r) 69.22 
67.38 (r) 67.32 
41.90 (m) 42.10 

49.9? 
50.9? 
65.5? 
73.4? 
66.0? 
28.3? 

52.09 (av) 52.60? 
JG-1 granodlorite 72.1, 72.5 72.5, 71.8 72.24 (a”:) 72.36 

*r = recommended value; av. = average; m = 

Determination of silicon by FIA 

The FIA colour development system was designed 
to reproduce the spectrophotometric method with 
respect to acidity, reagent concentration, etc. How- 
ever, as shown in Fig. 2, the colour formation 
reaction is rather slow at room temperature. Hence, 
the reaction was accelerated by raising the tem- 
perature of the water-bath containing the mixing coil 
Cm (Fig. 1) to 50” (35” at the outlet of Cm). The 
stopped-flow signal for these conditions is given in 
Fig. 3. As can be seen, the colour formation reaction 
is complete at this temperature, below which the 
reaction proceeded more or less incompletely. 

Secondly, the effect of mixing-coil length was tested 
as a function of the flow-rate of the carrier and the 
reagent solution (both these being the same). The 
result is illustrated in Fig. 4. The peak height is 
maximal with 200-cm coil length, over the flow-rate 
range tested. The variation of peak height is some- 
what larger for shorter coil lengths (100, 200 cm), so 
a length of 300 cm was finally chosen, with a flow-rate 
of 4.0 ml/min, which gives a sufficiently high through- 
put, with good precision. The effect of concentration 
of molybdate reagent is also shown in Fig. 4, as a 
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Fig. 3. Stopped-flow signal (A) and normal FIA peak (B) 
obtained with the flow system. 

function of the flow-rate, with the mixing coil length 
fixed at 300 cm. As 1% and 2% molybdate solutions 
yield almost the same response, we decided to use 
1.0% molybdate solution for economy. 

The sample injection volume also has a significant 
effect on the peak height. Injection (214, 318, 406 ~1) 
of standard silicon solutions of various concentration 
(5-40pg/ml), gave results which showed that larger 
sample volumes led to higher peak heights, and for 
each injection volume a linear working curve passing 
through the origin was obtained over the silicon 
concentration range tested. We chose an injection 
volume of 318 ~1, taking into account the through- 
put. 

0 20 

0 18 [ 

\.Bb’ I 

Ab 

\ 

008 
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Fig. 4. Effect of flow-rate, mixing coil length and molybdate 
reagent concentration on peak height (absorbance). Coil 
length: A, 100cm; B, 200cm; C, 300cm; D, 500cm. Con- 

centration: a, 0.5%; b, 1.0%; c, 2.0%. 
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Under the optimized conditions the colour devel- 
opment reached completion, and the dispersion D, 
defined by D = Ho/H,,,, where H,, is the peak height 
for the undiluted coloured species and H,,, is that for 
the coloured slug in the flow system, was 2.2, i.e., 

there was medium dispersion. 
The FIA method described here gave good pre- 

cision (0.5% relative standard deviation) and accu- 
racy, and a throughput of 70 samples per hour, with 
no carry-over, and is applicable to a wide range of 
silicon content. It is particularly convenient to be able 
to use the method with a master sample solution 
prepared for determination of iron, aluminium, 
titanium, phosphorus and calcium in silicate rocks. 
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Summary-The inhibitory effect of selected metal ions [Ag(I), Hg(II), Cu(II), Cr(VI), V(V), Au(III), Tl(I) 
and Zn(II)], on the xanthine oxidase (XOD) catalysis of xanthine oxidation, has been investigated with 
reference to the XOD catalysis of oxidation of NADH. Hg(II), Ag(I), Zn(I1) and Au(II1) act as inhibitors, 
Tl(1) has no effect and Cu(II), Cr(V1) and V(V) act as activators. The formation of OF during XOD 
cataiysis of oxidation of either xanthine or NADH has also been studied. All the metal ions considered 
act as inhibitors with respect to 0; production when the reducing substrate is xanthine, but only a few 
of them when the substrate is NADH, the others showing no effect whatsoever whether or not they activate 
NADH oxidation in the course of the same reaction. Vanadium (V) has an anomalous effect: it inhibits 
xanthine oxidation but considerably increases NADH oxidation, and thus appears to modify the catalytic 
properties of the enzyme. This behaviour appears promising as the basis for a kinetic method for 
determination of V(V). 

Xanthine oxidase (E.C. 1.2.3.2 XOD) is a complex 
enzyme containing four different prosthetic groups 
in each subunit: one molybdenum atom, a flavin 
adeninedinucleotide molecule (FAD), and two 
ironlsulphur centres. 

The enzyme catalyses the oxidation of xanthine to 
uric acid, molecular oxygen acting as electron ac- 
ceptor and being reduced to hydrogen peroxide and 
the superoxide radical anion 0;. 

The overall reaction is very complex and can be 
subdivided into two half-reactions: the enzyme reduc- 
tive step, that takes place at the molybdenum active 
site, leading to the formation of uric acid,’ and the 
oxidative half-reaction, at the flavine site, leading to 
the formation of H,O, and Or.24 

The fully reduced enzyme is reoxidized by a four- 
step six-electron mechanism. During the first and 
second steps electrons are transferred in pairs to 
oxygen molecules, producing two H20, molecules, 
and in the third and fourth steps only one electron at 
a time is transferred, with consequent reduction of O2 
to O$. according to the scheme: 

In a previous paper5 we reported on the influence 
of metal ions on the XOD-catalysed oxidation of 
xanthine to uric acid and the inhibitory action of 
Ag(I), Hg(II), Cu(II), Cr(VI), V(V), Au(III), and 
Tl(1). In the present work we have concentrated our 
attention on the interactions of these inhibitors with 
the flavin site of the enzyme, studying their effects on 
the XOD-catalysed NADH -+ NAD + oxidation. 

We have also examined the influence of the same 
species on the formation of 0~ during the catalytic 
action of XOD, because of the importance of this 
radical in the biological context. The superoxide 
radical, reacting with the H20, formed in reaction 
scheme (I), may originate other highly reactive inter- 
mediates,6 such as the hydroxyl radical .OH, in the 
presence of metal chelates as catalysts,7-9 and singlet 
oxygen Or (‘Ag).‘“~” All these species are extremely 
toxic and have profound effects on biological struc- 
tures, and especially on ma~romol~~ar systems such 
as nucleic acids and biomembranes.‘* The oxygen free 
radicals are involved in several pathological pro- 
cesses,‘j’6 but on the other hand they may also be 

- 

XOD, * XOD, * ‘*XOD, + ’ * XOD, * XOD, (I) ( 

where the subscript to XOD stands for the number involved in the defence mechanisms of the or- 
of electrons used in reduction of the original enzyme ganisms;“,” hence the importance of the factors 
(XODo). affecting the production of 0;. 

*Work done with the financial support of the Minister0 EXPERIMENTAL 

della Pubblica Istruzione (Italy), for research of national Reagents 
interest, no. 11835. Xanthine oxidase, Grade I, speciftc activity 0.76 U/mg of 

?Author to whom correspondence should be addressed. protein at 25”; NADH @-nicotinamide adenine dinu- 
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cleottde, reduced form, disodium salt) Grade III; cyto- 
chrome C. type IV. from horse heart, Trizma base and 
Trizma-HCl. were obtained from Sigma Chemical Co. 
Xanthine was from U.S. Biochemical Corp., Cleveland, 
Ohio, and the salts of the metal ions were Merck analytical 
grade reagents. All solutions were prepared wtth doubly 
distilled demineralized water (conductance = 1 x 10-b mho 
at 25 ‘). The 0.05M Tris-HCl buffer (pH 7.4 at 37”) xan- 
thine. and metal ion solutions were prepared as described 
earher.” 

The followmg solutions were prepared daily in Tris-buffer 
and stored at 4’. 

NADH. The concentration (1 x lO_‘M) was checked 
spectrophotometrically on the basis of a molar absorptivity 
of 6.2 l.molee’.cm-’ at 340 nm; thts solution gave a ratio 
42.3 for the absorbances at 260 and 340 nm, as recommen- 
ded.” 

Cytochrome C, 1.5 x 10-4M. 
Xanthine oxidase. Concentration 0.37 mg/ml for the 

experiments with xanthine alone as reducing substrate, and 
3.0 mg/ml when NADH was also present. 

Analytical procedure 

The reactions were momtored spectrophotometrically, 
with a Perkin-Elmer 554 double-beam spectrophotometer, a 
microcomputer-drtven recorder, and constant-temperature 
IO-mm quartz cells. 

All experiments were done with 0.05M Tris-HCl buffer 
(or Tris-HNO, if Ag+ was present), pH 7.4 at 37 k O.l”, 
iomc strength O.O4M, final volume 3 ml, as reaction 
medium, containing all the reagents except the enzyme. The 
reaction mixture was brought to 37”, then the reaction was 
started by adding the enzyme. 

The oxidation of NADH to NAD+ was monitored by 
measuring the decrease in absorbance at 340 nm. The 
NADH concentration was 1 x 10-4M; the reaction was 
started by additton of 50 ~1 of 3-mg/ml XOD solution (final 
enzyme concentration in cell = 50 pg/ml, corresponding to 
about 1.7 x lo-‘M). 

The formation of the superoxide anion radical was exam- 
ined by following at 550 nm the reduction of cytochrome 
C Fs,,,l~ (1 x 10-5M m the cell) by the reaction: 

Or + cytochrome C,,,,,, + 0, + cytochrome CF4,,r 

When NADH was the reducing substrate the procedure 
was similar to that for NADH oxidation, except that 
cytochrome C was present in the reaction mixture. 

When xanthine was the reducing substrate, its concen- 
tration was 6 x lO_‘M: the reaction was started by adding 
20 ~1 of 0.37-mg/ml XOD solution to give a final enzyme 
concentration in the cell equal to 2.5 pg/ml (corresponding 
to about 8.9 x 10m9M). 

Absorbance readings were taken against a reagent blank 
contaimng no enzyme; the kmetic behaviour was studted by 

means of the initial-rate method.‘O Plots of absorbance cs. 
time were used to determine the imtial reaction rate r0 
expressed as AA/mm. m the presence or absence of metal 
ions. 

In order to minimize errors due to possible loss of acttvity 
of the enzyme, the relative activtty u was used: 

c0 in presence of interfering metal ion uO, 
Ct= 

~1~ m absence of interfering metal ion ~1~ 

RESULTS AND DISCUSSION 

Inzuence of metals on NADH oxidation 

The possibility of the Aavin group being the active 
site for interaction with the metals which inhibit the 
XOD-catalysed xanthine oxidation, was explored by 
studying the XOD-catalysed oxidation of NADH to 

PCM 

Fig. 1. Effect of various metal ions on the rate of the 
XOD-catalysed NADH + NAD+ oxidation (u), vs. metal 
ion concentration (PC,). G( = u~/v~; PC, = -log[metal]. 
[NADH] = 1 x 10m4M; [XOD] = 50 pg/ml. x Hg(I1); 0 
Ag(1); n Zn(I1); A Au(II1); + Tl(1); 0 Cu(I1); 0 Cr(VI); 

A V(V). 

NAD+. NADH, in fact, directly interacts with the 
flavin site of the enzyme, *I.22 instead of acting on the 
molybdenum site, as other reducing substrates such 
as xanthine do. In this way, the transfer of electrons 
is from NAD to FAD to molecular oxygen, and the 
remaining prosthetic groups of the enzyme are not 
involved. 

Some of the metal ions examined and found to be 
inhibitors of xanthine oxidation5 exhibit a different 
effect on NADH oxidation (Fig. 1). Tl(I) has no effect 
on the reaction, whereas Cu(II), Cr(V1) and V(V), 
particularly the last,” are activators. 

The effect of V(V) is proportional to its concen- 
tration when this is > 1 x lO~‘M, but Cu(I1) and 
Cr(VI), for which the threshold concentrations are 
1 x lo-’ and 1 x lo-‘M respectively, show a plateau 
region at 1 x 10-5M. 

Hg(II), Ag(I), Zn(II), and Au(III), in low concen- 
tration (< 1 x 10-6M). inhibit the XOD-catalysed 
NADH oxidation [Zn(II) behaves as an inhibitor of 
xanthine oxidation only at concentrations higher 
than 1 x IO-‘Ml. 

The inhibiting effect of these metals in the XOD- 
catalysed NADH oxidation suggests the presence of 
an essential thiol group, presumably close to the 
flavin site, with which the metal can interact. The 
presence of such a group would be a prerequisite for 
oxidation of NADH to be catalysed by the enzyme. 

Iiffluence of metal ions on Ozr formation 

The effect of the metal ions which inhibit uric acid 

formation in the XOD-catalysed xanthine oxidation,’ 
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Fig. 2. Effect of various metal ions on the rate of formation of 0~ during XOD-catalysed conversion 
of xanthine into uric acid (a), vs. metal ion concentration @CM). OL = u&,; PC, = -log[metal]. 
[Xanthine] = 6 x 10e5M; [XOD] = 2.5 pg/ml; [cytochrome C] = 1 x 10m5M. x Hg(I1); 0 Ag(I); A 

Au(II1); 0 Cu(I1); + TI(1); A V(V); 0 Cr(V1). 

was studied-with the same reaction-with reference 
to OF formation. 

All those tested behave as inhibitors (see Fig. 2), 
although the inhibitory strength, related to 0; for- 
mation, shows values and sequences different from 
those observed for uric acid formation. 

The sequence of inhibitory power was found to be 

Hg(II) 3 Ag(I) >>> Au(II1) > Cu(I1) > Tl(1) 

> V(V) > Cr(V1) 

with respect to the formation of O;, whereas it was 

Ag(I) > Hg(II) >z- Cu(I1) > Cr(V1) 

> V(V) > Au(II1) > Tl(1) 

in the case of uric acid formation.5 
The difference in sequence can be explained by 

assuming that the metal ion might act directly on 
the active site (flavin) at which the superoxide is 
produced; this action might influence the one- or 
two-electron reduction of O2 (see introduction), con- 
sequently varying the ratio of H202 to 0; formed. 

The influence of the same metal ions on the rate of 
0; production during NADH oxidation is shown in 
Fig. 3. It can be seen that all the metal ions examined 
act as inhibitors, except TI(I), which has no effect on 
the 0; formation. 

The inhibition curves show a complex behaviour, 
which could be due to the effect of the metal ions on 
the successive reactions of newly formed 02, such as 
its spontaneous dismutation;12 however, the possi- 
bility of interference in the 0; detection system 
[Or + cytochrome C,,,,,,, + 0, + cytochrome C,,,,,J 
cannot be ruled out. 

It deserves mention that Cu(II), Cr(V1) and V(V), 
which are activators of NADH oxidation (see Fig. l), 
either have no effect at all or inhibit OF formation in 
this reaction (see Fig. 3); this is particularly evident 
in the case of V(V). A possible explanation of this 
behaviour would be that these ions are capable of 
oxidizing NADH directly, e.g., in Tris-buffer (pH 7.4) 
there is slight oxidation of NADH by V(V) concen- 
trations higher than O.lM. 

However, the enzyme-bound NADH (in an 
enzyme-substrate complex) might be more sus- 
ceptible to oxidation occurring at lower metal con- 
centrations by direct electron-transfer from nucleo- 
tide to the metal ion. The normal electron transfer 
sequence NADH -+ FAD -P O2 would thus be inter- 
rupted, which would explain the increased oxidation 
of NADH and the concomitant decrease of OF 
formation. 

Another explanation could be formation of an 
NADH-metal ion complex which would render the 

0.6 - 
0 

04- 

Fig. 3. Effect of various metal ions on the rate of OF formation during XOD-catalysed NADH oxidation 
(a), vs. metal ion concentration (PC,). a = u&,; PC, = - log[metal]. [NADH] = 1 x 10e4M; FOD] = 50 
pg/ml; [cytochrome C] = 1 x lo-‘M. 0 Ag(1); x Hg(I1); A Au(II1); A V(V); m Zn(I1); l Cu(I1); 0 

Cr(V1); + Tl(1). 
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nucleotide easily oxidizable by 0~. with consequent 
decrease of the radical levels, and a simultaneous rise 
in NAD+ formation. 

In conclusion, all the metals tested are either 
inhibitors or have no effect on 0; formation during 
the enzymatic catalysis of XOD, with both xanthine 
and NADH as reducing substrates, but some are 
activators of NADH oxidation. 

It should be pointed out that V(V) inhibits xan- 
thine oxidation,’ but at the same concentrations is a 
strong activator of NADH oxidation (see Fig. 2), 
substantially modifying the catalytic properties of the 
enzyme. This differential behaviour can be used for 
kinetic determination of V(V).24 
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ETUDE PAR SPECTROSCOPIE RAMAN DU 
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RCsum&Les spectres Raman complets du chlorhydrate de cocaine B I’ttat polycristallin et en solution 
aqueuse saturte ont Ctt enregistrks B temptrature ambiante de 0 g 4000 cn-’ et g 9 K de 0 & 200 cm-’ 
(pour Y&tat polycristallin). Une attribution des raies observie est propoke. Elle montre que la cocaine 
(mtthyl benzoyl ecgonine) de structure bicyclique (noyau tropane) peut etre caractkiske par les klkments 
suivants: la prksence du noyau tropane peut etre affirmte essentiellement par les raies intenses 
apparaissant B 851 et 786 cm-’ pour la partie pipkidinique et par les raies observbs ?I 896 et 870 cm-’ 
pour la partie pyrrolidinique (ces raies sont attribukes aux vibrations vc- des cycles); les fonctions esters 
qui se manifestent par les raies sit&es g 1713 cn-’ (v =a) et 1203 cm-’ (v,,,); la prbsence du noyau 
benzknique qui marque particulikrement le spectre du chlorhydrate de cocdine et dont les raies les plus 
spkifiques se trouvent & 616, 990, 1000, 1026 et 1596 cm-‘. Une mention particuliitre a ktk faite en ce 
qui concerne les ttudes rkaliskes dans le domaine des basses frkquences g tempkrature ambiante et B 9 
K, et les ttudes de polarisation en solution aqueuse saturke entre 700 et 1726 cm-‘. Ces rksultats forment 
un ensemble de caractkistiques analytiques destintes A itre utiliskes A des fins d’identifications tox- 
icologiques et montrent les multiples possibilitbs de la spectromttrie Raman dans ce domaine. 

Ce travail s’inscrit dans le cadre d’une etude par 
spectromttrie Raman de composts polycycliques A 
proprittks thkrapeutiques dont le but initial Ctait la 
constitution d’un catalogue de spectres Raman 
destinks B des fins d’identifications toxicologiques 
utilisant des moyens informatisis. Cependant il nous 
est apparu indispensable de complkter ce travail en 
proposant d’une part une attribution des frtquences 
caractkristiques des produits concern&s et d’autre part 
de mettre en Cvidence l’intCr&t de la spectromktrie 
Raman dans l’ttude de tels cornpods. 

Nous prtsentons et discutons dans cet article les 
spectres Raman complets en phase solide et en phase 
liquide d’un composk bicyclique B propriCtC 
anesthtsique locale dkrivant du noyau tropane: le 
chlorhydrate de cocaine. L’importance de ce noyau 
est considkrable puisque cette structure est non seule- 
ment retrouvie chez les alcaloides du groupe de la 
coca’ine mais aussi chez les alcaloides du groupe de 
l’atropine $ proprittks parasympatholytiques. I1 est 
par ailleurs important de prkiser que les indications 
thkrapeutiques de l’atropine sont extrkmement nom- 
breuses ce qui a induit la recherche de sucddants de 
synthkse d’od le dkveloppement extrimement intense 
de cette s6rie. 

Avant d’entreprendre la description de la partie 
expkrimentale et l’expost des rksultats obtenus il nous 
a semblC nkcessaire de faire succintement le point des 
Cttudes diverses rtaliskes pour itablir la structure de la 
cocaine. 

CONSIDERAnONS GENERALES SIJR LA 
STRUCTURE DE LA COCAINE 

La structure g&kale du noyau tropane est con- 
stitute par la fusion de deux hktkrocycles, l’un pip&r- 
idinique et l’autre pyrrolidinique, avec une charnitre 
commune de trois atomes, dont l’atome d’azote 
central est mCthyM. 

La cocdine est un dtrivt d’esterification de 
l’ecognine (acide tropanol carboxylique) par mkthyl- 
ation et benzoylation. 11 existe quatre stkrkoisomtkes 
de l’ecgonine diffkrant par les orientations des deux 
substituants hydroxyle et carboxyle par rapport $ 
l’azote. Dans les alcalo’ides naturels, ces deux fonc- 
tions sont en position cis par rapport g l’azote. 

La configuration stkkochimique de la I-ecgonine 
et de la I-cocai’ne fut Clucidte avec certitude entre 
1954 et 1956.’ Enfin en 1963 les travaux de Gabe et 
Barnes’ sur la structure cristalline du chlorhydrate de 
I-cocaine, ont donnt une preuve directe de la 
configuration stirkchimique de la molkcule: 

-1e cycle pipkidinique a la forme chaise avec un 
groupement CH, sur l’atome d’azote; 
-la chaine la&ale benzoxy en C3 est en position 
Cquatoriale; 
-la chaine carbomtthoxy en C2 est en position 
axiale. 

Par conskquent les substituants en C, et C, sont en 
position cis vis-kvis d’eux-mimes et de l’azote. 
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C&I,, NO4 HC I 

Cl-4 -N 3 

Fig. I. Structure tridimensionelle de la cocaike. 

La figure 1 montre la structure tridimensionnelle de 
la cocaine. 

PARTIE EXPERIMENTALE 

fippareillage 

Les spectres Raman ont & enregistrits sur un spec- 
trom&re Coderg T&i0 ~omprenant un triple mono- 
chromateur de 800 mm de distance kale, &quip& de trois 
rkseaux plans gravk (1800 traits par mm) qui permet 
d’enregistrer toute la gamme spectrale (O-4000 cm-‘) en une 
seule fois sans changement de spectrom&re. 

Le principe actif est introduit, soit SOUS forme de poudre 
polycristalline dans un tube capillalre, soit sous forme de 
soluhon aqueuse saturte dans une cellule adequate. 

Un laser I argon ionis (514,5 nm), Spectra-Physics 
mod&e 165 03, dtlivre 500 mW sur I’kchantillon solide et 
1100 mW sur l’kchantillon liquide. 

L’utilisatron d’un cryostat i hklium liquide a btC n&es- 
saire pour la prrse des spectres de basses friquences g 9 K. 

M&hode 

Le chlorhydrate de cocake uttlisk a &k purifiC par re- 
cristallisation z% pa& de l’kthanol absolu. 

Les spectres Raman de ce compoi sous forme de poudre 
polycnstallme ou en solution aqueuse saturke ont Ctb en- 
registris B la vitesse de 25 cm-‘/mm awe une rksolution 
spectrale de 2 cm-‘. Cette vitesse a 6th choisie de faGon B 
pointer les raies avec la meilleure prktsion. Elle peut &tre 
augmentbe lors d’Ctude de routine pour devenir comparable 
ri celle couramment employ&e en spectromktrie infra rouge. 
I.es valeurs moyennes (Tableau 1) sont obtenues ri partlr de 
deux enregistrements par khantlllon. 

Bien que les deux types de spectroscopic IR et Raman 
solent complkmentanes, la spectromktrle Raman prksente 
un certain nombre d’avantages dont certains ont dkjji &i 
d&its dans un p&&dent article.’ Cependant dans le cadre 
d’une ktude adapt&e aux problemes blologiques et tox- 
icologiques 11 en est un incontestable, dCcouiant du principe 
msme de la spectromttne de diffusion Raman: les modes de 
vibrations actifs dam ce type de spectroscopic sont accom- 
pagnk d’tme variation dans la polarisabilitk de la moltcule, 

il en rksulte que l’eau est un faible diffuseur et par voie de 
consiquence un solvant Idial des ichantillons. 

Enfin dans le cas des solutions aqueuses, en utllisant une 
lame demi onde qui permet la rotation du champ Clectrique 
incident et en plaGant un polariseur ainsi qu’un “scrambler” 
ou bien une lame quart d’onde il a ttk possible d’analyser 
les composantes I,, et 4 de la lumikre diffusie. Si le 
mouvement de transition et le vecteur blectrique de la 
radiation polariske sont pe~endi~ul~res l’un 1 l’autre, 
aucune raie de diffusion ne peut &tre observke. Par eontre, 
s’ils sont parall&les, la diffusion est maximum. Entre ces 
deux extremes une transition graduelle a lieu ce qui permet 
en outre d’apprkcier le taux de polarisation des ;a&&. 

Cette Ctude a & faite dans la r&ion 7OCkl726 en-’ en 
enregistrant successivement deux spectres Raman avec le 
plan de polarlsation de la radiation excitatrice re- 
spectivement perpendiculaire et parallele g la direction 
d’observation. 

RESULTATS ET DISCUSSION 

La substance itudiCe prksente une structure poly- 
cyclique sur laqueile se trouve deux chaines latirales 
estkrifikes en position cis. Nous Ctudierons done dans 
un premier temps les vibrations de la partie bicy- 
clique, et dans un deuxi&me temps les vibrations de 
la partie estkrifike. 

Les rksultats sont rassembk dans le tableau 1 06 
figurent Ies frkquences observkes dans les spectres 
Raman du compost sous forme polycristalline et en 
solution aqueuse saturke qui ont servi de base P 
l’attribution. Nous donnons Cgalement les frkquences 
infrarouge des divers composis. La discussion por- 
tera essentiellement sur les spectres Raman de la 
forme polycristalline du composk A temptrature am- 
biante et $9 K pour les basses frkquences. Cependant 
quelques commentaires seront kits A propos du 
spectre obtenu avec ia solution satur6e. Les taux de 
dCpolarisation n’ont pas Cti don&s, car dans une 
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Tableau I. Chlorhydrate de cocaine: frequences observees (cm - ‘) 

Raman 
Temperature ambiante 9K 

Solution Poudre - _- Poudre 
aqueuse polycrlstalline ~lyc~stalline 

i i* z I* ? I’ 
~-“.-- 

310 f 

325 f 

368 f 

396 f 

486 

518 

555 ff 

589 

619 

m 

f 

680 f 

780 

813 

m 

f 

832 f 

19 
29 
34 

54 
73 

85 

100 

118 

175 
198 
209 
235 
275 
284 
307 

321 
334 

374 
394 

427 

456 

492 

547 

567 

585 

616 

639 

683 

730 

754 

7% 

817 

830 

FF 20 m Tt 
mF 
mF 

mF 
ep 

F 

m 

m 

f 
m 

32,5 f 
39 f 
50 f 
59 F 
7s m 
81 
93,5 lz 

Ill m 
120 m 
133 F 

I.R. 
Temperature ambiante 

i I 

T-+-RI 

TtR Vibrations du 
reseau cristalhn 

R 
+ 

R vibrations 
R intramoltculaires 

de basse frequence 
R 

R+T 

m 
f* Cycle benzenique 16a 

deformation hors du plan 

410 f 
425 f 

f+ 
450 f 6 (C,N+) 

ff+ 
470 f 
480 f 
490 f 

f 
500 f 
522 f 

f 527 f 
550 f 

f 565 f 
582 f 

m 

1 

~~fo~ation du cycle d&i&e 
Pi de la vibration 6b du 

benzene 
620 f 

f* S(O-C=O) deformation dans 

640 f { le plan (a&ate} 

mi 

m 

m 

685 f 
730 FF 
750 f 

cycle benzenique 4 
hors du plan 

FF< 
790 F 

v(C-C) cycle pipkidinique 

rn* v(C-N”) 
820 f 

m+------ 830 - f v(C-CHJ acetate elongation 

850 m Tableau I--s&e 
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Tableau I--suite 

A. P. GAMOT et al. 

Raman 
Temperature ambiante 9K 

Solution Poudre Poudre 
aqueuse polycristalline polycristalline 

v I* 

853 m 

887 FF 

918 f 

966 f 

989 ep 

1000 FF 

1012 
1018 
1024 

FF 

;; 

1055 

1080 

1123 

1144 

1163 

1181 

1232 

1260 

1276 

1316 

f 

f 

ff 

ff 

f 

f 

f 

F 

F 

f 

I* v I* 

_ 
F 

851 

870 

896 

924 

953 

981 

990 
1000 
1009 

1021 

1026 

1057 

1077 

1106 

1139 

1152 
1161 

1168 

1185 

1203 

1223 

1233 

1266 
1275 

1297 

1314 

1330 

rn, 

FF4 

v(C-C) cycle piperidimque 
(elongation du cycle) 

{ 

v(C-C) cycle pyrrohdinique 
(elongation du cycle) 

898 f 

v(C-C) respiratton du cycle 
pyrrolidinique. 

f 
925 f 

f 
960 F 

980 m 
m 

. 
t% 
F 

s(C-H) 5 
respiration trigonale du 
cycle benzenique v(C-C) 

1010 m 

FFt 

FF+ 

1025 F 

P(CH,) 

{ 

s(C-H) (benzene) deformation 
dans le plan d&iv&e de la 18a 

m 
1060 m 
1075 F 

m 

f 
1110 FF 

1130 m 
m 

rn* 
1150 m 

6(CH) benzene 15 
m 

rn* 6(CH) (benzene) eza 9a 
1175 m + r(CW 

f 

1210 

v(C-0) ester 

r(C,H,--C) 
m 

f 
1230 F 

f 

FF< 
FF 

1250 ep 

1275 FF 
w(CH,) 

1280 ep 
m 

1300 ep Y (cycle benzenique) b2, 14 + 
m- vibration de torsion et balancement 

[ des methyl&es des substituants 
1320 m 
1325 m 

f 

Tableau I--s&r 
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Tableau l-suite 

Raman 
Tempkrature ambiante 9K 

Solution Poudre ~ Poudre 
aqueuse po~yG~stalline polyc~s~~line 

~_ ._-_. - -_-..~ 
? I’ F I* + I+ 

-_-. -~ 

1385 f 

1452 m 

1490 f 

1598 FF 

1712 

2892 

2952 

2978 

3067 

FF 

f 

F 

F 

F 

1353 

1374 

1395 

1428 

1456 

1487 

I596 

1713 

2840 
2874 

2897 

2935 

2956 

2968 

2986 
3021 

3034 

3068 

fc 
1365 m 

f 
1375 m 

QGH,) 

m 
1400 m 
1425 F 

m 
1450 F 

rnr 

mt 

6(CH,) dbformation symkique 
dans ie plan (acittate) + 8, (CH3 
Y (cycle benz~~iq~e) e,, 19a, 19b 

F 

v(C-C) cycle ~nz~nique 
ezg (8~ 8b) 

FF+ 

1730 FF 

v(C=O) klongation 
a&ate 
benzoate 

2550 m 
2650 f 
2700 m 
2775 m 

f 
f 

F+ 

FFt 
2900 

v(C-H) pi~~dinique 
m 

v(C-H) pipkidinique 

2955 m 
FF< v(C--H) pyrrolidinique 

2965 m I 
F+ vJCH,) NH+-CH, 

I 
FF 
F 

mc 

FFI 

3025 m I 
v,(CH,) NH +-CH, 

I 
v(C-H) cycle ben&nique 

3420 f 

*f E faible; ep = ipauiement; FF = t&s forte; mF = moyennem~t forte; F = Forte; m = moyenne; 8= t&s faible; 
I = intensit& tT = translation; R = rotation. 

moltkule de faible symktrie comme le chIorhydrate de plus performant que celui cid dans la r&f&fence 
cocdine, ceux-ci ont une valeur limit&e. prkbdente. 

I1 sera souvent fait rkfkrence au tours de l’exposk 
au spectre Raman du tropanol frans (alcool dkrivant 
du noyau tropane), seul dtrivC tropanique figurant B 
notre connaissance dans la littkrature4 en prkisant 
toutefois: 

Enfin la nomenclature adoptke pour les modes de 
vibration du noyau henzCnique de la chaine latkrale 
esttrifi&e est celie de Wilson.s 

--que la coca%ze d&rive du ~seudotropane ou tro- 
pan01 ctr, 
--et que le spectromttre que now avons utilisk est 

Vibrations de la par& bicyclique 

Cette partie derive, comme cela a dkj$ Cd signal&, 

de la fusion de deux hCti?rocycIes, I’un pipiridinique 
et l’autre pyrrolidinique (Fig. 1) avec une charnike 
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F’g. 2. Chlorhydrate de cocai’ne dam KBr spectre d’absorption infrarouge. 

commune de trois atomes dont I’atome d’azote cen- 
tral est methyl& 

L’attribution des frequences fondamentales sera 
faite essentiellement par analogie avec la pyrrolidine, 
la N-methyl pyrrolidine; la piptridine, la N-methyl 
pip&dine ainsi qu’avec d’autres heterocycles et com- 
posts cycliques voisins. Enfin il sera propose une 
attribution des frequences caracteristiques de la par- 
tie bicyclique (noyau tropane). 

Nous analyserons successivement: 

-1es vibrations du squelette carbone dans le domaine 
des moyennes et basses frequences; 
-1es vibrations des atomes d’hydrogene; 
-1es vibrations du groupement alkyl ammonium. 

Vibrations du squelette carboni. La cocaine peut 
Ctre consider&e comme derivant, soit de la N-methyl 
pip&dine substituee en 2 et en 3, avec un pont 
-CH,-CH,- reliant les atomes de carbone 1 et 5, 
soit de la N-methyl pyrrolidine avec un pont a trois 
chainons CH, dont deux sont l’objet de substitutions. 
La fusion de deux heterocycles qui permet d’obtenir 
un ensemble bicyclique introduit des tensions addi- 
tionnelles qui modifieront, de facon plus ou moins 
grandes, les frequences de base observees pour 
chaque heterocycle pris separement. 

Les vibrations les plus affectees seront 

vraisemblablement celles qui sont communement 

appelees “respiration des cycles” constitutes essen- 
tiellement par un mouvement de valence C-C sym- 
Ctrique d’espece a,g. 

Ces vibrations d’intensite Clevee qui apparaissent 
respectivement a 900 et 898 cm-’ dans le cas de la 
pyrrolidine et de la N-methyl pyrrolidine6 sont 
retrouvees avec une diminution importante de 
l’intensite des raies a 904 et 896 cm-’ pour le tropanol 
et le chlorhydrate de cocai’ne. 

Beaucoup plus perturbees sont les vibrations du 
cycle a 6 sommets traduisant la respiration: en effet 
dans le cas du cyclohexane elle apparait avec une 
intensite forte a 802 cm-‘, a 815 cm-’ pour la 
piperidine. passe a 774 cm-’ pour la N-methyl piper- 
idine.’ En ce qui concerne les derives bicycliques cette 
vibration est retrouvee respectivement a 744 cm-’ et 
786 cm-’ pour le tropanol et le chlorhydrate de 
cocaine. 

Parmi les autres vibrations correspondant a 
l’elongation des cycles la raie situee a 872 cm-’ de 
forte intensite pour la pyrrolidine et la N-methyl 
pyrrolidine est retroude dans les spectres du tro- 
panol et du chlorhydrate de cocaine respectivement a 
873 et 870 cm-‘. Enfin la vibration d’elongation du 
cycle situeee a 858-856 cm-‘,* et 860 cm-‘,9 pour la 
piperidine et son derive N-methyle est retrouvee a 858 
cm-’ pour le tropanol et a 851 cm-’ pour le chlor- 
hydrate de cocaine. Cette difference en frtquence est 
sans doute due a la presence de chaines laterales sur 
le cycle a 6 sommets de la piperidine. 

Les spectres Raman de basses frequences (< 250 
cm-‘) sont tres caracteristiques de la structure d’un 

compose et sont tres utiles pour leur identification. 
En effet les bandes observies sont tris intenses, en 
particulier a basse temperature (9 K). 
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Dans cette region spectrale on observe gtntr- 
alement des raies dues aux vibrations de reseau 
cristallin (cas des ~hantillons sous forme de poudre 
cristalline) en plus des raies intenses dues a des 
mouvements de torsion (rotation interne) et & des 
mouvements du squelette de la molecule, done d’un 
grand interet darts l’etude de composes polycycliques. 
Neanmoins ~att~but~on reste t&s difiicik et n&cessite 
I’emploi de techniques variees telles la spectroscopic 
d’absorption du rayonnement infra rouge lointain, 
I’etude de la potarisation des raies Raman observees 
sur un monocristal ainsi que le calcul a priori des 
frequences de vibration du cristal. Un tel travail sur 
le chlorhydrate de cocaine a ite publie par notre 
equipe.9.‘0 

Si le spectre de basses frequences ii temperature 
ambiante est deja tres caraeteristique de la structure 
de la molecule de part la position et l’intensid des 
raies observQs (notons au passage la raie intense $ 
13 cm-“) Ie spectre obtenu $ 9 K pest encore pfus. 
L’abaissement de temperature a pour effet de figer les 
molecules. Les raies observees sont beaucoup plus 
fines et mieux resoiues d’une part et d’autre part ii est 
possible de noter des glissements vers des frequences 
plus ilevees et des modifications d’intensiti pour 
certaines d’entre elles. 

Dans le tableau 1, il est propose une attribution 
giobaie pour certaines frbquences observees. Le detail 
de cette attribution sort du cadre de cet article, nous 
nous bornerons a pr&ciser que pour la &aIiser un 
traitement en coordonnte normale utilisant le modele 
de ~approximat~on du corps rigide a iti: utilise.‘* 

Iiibration &s g~~~p~~~~~~ ~~~~~~r~o~~. Les vi- 
brations de valence v(CH) apparaissent en Raman 
dans I’intervalle 3000-2700 cm” ‘. Ces vibrations sont 
intenses et plus ou moins faeiles a attribuer 
sp~~ifiq~ement. Cependant il a Cte observk un certam 
nombre de similitudes entre les derives du noyau 
tropane et les hiterocycles azotes qui composent ce 
noyau. Une attribution sera done proposee sur ces 
bases. 

Parmi les vibrations les plus caracteristiques citons: 

-celie qui apparait intensement d 2956 cm”-’ dans le 
tropanol et ie c~orhydrate de cocdine et que l’on 
retrouve a 2957 cm-’ dans le spectre de la pyr- 
rotidine; 
-_ceile sit&e i 2935 cm-’ pour les deux derives du 
noyau tropane et $ 2936 cm-’ pour la piperidine 
(2933 cm--’ pour le cyclohexane). 

Ce groupe de vibrations pourrait done Ctre attribut 
dans le cas des groupements methylenes a des vi- 
brations antisymetriques. 

Enfin citons la vibration Y(CH) 6 2897 cm-’ que 
I’on peut comparer a celle de la pip&dine ii 2890 
cm-’ attribuee comme vibration d’eiongation sym- 
etrique et que i’on retronve d’ailleurs a 2897 cm-’ 
dans fe cydohexane, compose pour lequel la vi- 
bration a 2933 cm-’ ainsi que cehe citee pre- 
cedemment sont caracteristiques de la farme chaise. 

Notons enfin que dans le cas du compose bicy- 
clique Ctudie, la contribution des vibrations sym- 
itriques est apparemment discrete. 

L’attribution specifique des vibrations de defor- 
mation reste delicate du fait des possibilites de re- 
couvrement de certaines raies. Dans l’intervalle itroit 
147551450 en-’ les speetres Raman peuvent 
presenter des bandes relativement Barges dues a la 
contribution de plusieurs types de vibration des 
groupements CH, et CH2. La plus caractiristique du 
chlorhydrate de cocame semble dtre Ale qui appar- 
ait a 1456 cm-’ deja attribute a la vibration de 
deformation symetrique de CH3 du groupement ace- 
tate et qui peut aussi Ctre attribuee a la vibration de 
cisaillement des groupements CH, du systeme bicy- 
clique. Signalons que cette derniere est retrouGe” a 
1450 cm-’ pour le cyclohexane /lOOu/, 6, (CH,)], a 
1448 cm-’ pour la pyrrolidine et la N-methyl piper- 
idine et B 1451 cm-’ pour la pi~~djne. Notons enfin 
qu’etie apparait B 1455 cm-’ dans te cas de cycles 
~ntagonaux et hexagonaux (~y~lopentane, cyclo- 
hexane). Ceci est done en accord avec le fait que la 
cyclisation produit une leg&e diminution de M- 
quence par rapport ii celle observee pour les alkanes 
non cycliques correspondant (vers 1468 cm-‘). 

Parmi les vibrations de va et vient o(CH,) citons: 

-1es raies sitdes a 13.50 et 1353 cm-’ pour les 
composes bicycliques (tropanol et ~hlorhydrate de 
cocame) que I’on retrouve” i 1349 et 1353-55 cm-’ 
dans le cyclohexane forme chaise; 
-celles sit&es a 1260 et 1266 cm-’ (composes bicy- 
cliques) retrouvke a 1264 cm-’ dans le cas de la 
pip~~d~ne. 

Les vibrations de torsion t(CH)Z sont attribuees 
aux raies apparaissant a 1 i68 cm-’ (chlorhydrate de 
cocame) par analogie aver la piperidine 1166 cm-’ et 
1268 cm-’ (cyclopentane). 

Les vibrations de balancement p(CH,) sont carac- 
terisees essentiellement par la raie a 1021 cm-’ (tro- 
panol 1023 cm-‘) que l’on retrouve avec des in- 
tensites comparables dans la piperidine et la pyr- 
rolidine (1023 cm-’ et 1021 cm-‘). 

V~~r~ij~~~ du groupement alkyd ~~~~ni~ inclw 
dim un q&e ( > NH “---(7H,). ~attr~butjon sera faite 
essentieftement d’apres les spectres Raman du chlo- 
rure de polym~thy~ammonium rapport& par EdsaW 
et interpretis par Ebsworth et Sheppard.13 Parmi les 
raies Ies plus caracteristiques dans le eas du chlor- 
hydrate de cocaine &tons les vibrations r,,(CH3) B 
3034 cm-’ et v,(CH,) a 2968 cm-’ qui representent la 
contribution du groupement mithyle. En ce qui 
concerne les vibrations de l’atome d’azote qua- 
ternaire inclus dans le cycle pyrrolidinique ou pip&r- 
idinique les vibrations v(-C-N+) a 817 cm-’ et 
v(CXN+) A 427 et 456 cm-’ sont les plus importantes. 

V~~r~?j~~~ de /a partie est&+e 

Cette partie est obtenue par est~rj~cat~on de la 
fonction acide et de la fonction alcool de i’ecgonine 
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(Fig. I), respectivement par mtthylation et benzoyl- 
ation. 

Les deux chaines laterales 

\ 

et 

CH-CO-o-a-& 

I 

\ 
CH-O-CO--C,H~ 

/ 

sont caracterisees par le groupement C=O qui se 
traduit pour le spectre Raman de la cocai’ne par une 
settle bande tres intense a 1713 cm-’ attribuee a la 
vibration d’tlongation v(C=O). Ceci pe*t 
s’expliquer pour les alkyl esters satures dont fe car- 
bone adjacent au gtoupement C=O est inclus dans 
un cycle ce qui diminue les frequences ou cette 
vibration est le plus souvent observee (1734 cm-‘) de 
15 ii 20 cm-‘. En ce qui concerne les esters insatures 
et en particuiier les esters aromatiques, la frequence 
correspondant a la vibration C=O est abaissee dans 
les mimes proportions par effet de conjugaison. 
Signalons enfin la bande caracterisant 1’8iongation de 
la liaison C-O a 1203 cm-‘. 

La vibration S(O-C=O) de deformation dans 
le plan est caracteriste par une raie faible situ&e a 
639 cm-‘. Plus spicifique de l’ester m~thyIiq~e sont 

*les bandes d’intensite moyenne apparaissant & 830 
cm-’ et 1456 cm-’ qui correspondent respectivement 
5 la vibration ~~iongation v(C--C&) et & la 
vibration de d~fo~at~on dam ie plan 6(CH& 

La presence d’un noyau aromatique dans la partie 
esterifiee confere a la molccufe un moyen 
d4dentification aisee en Raman de part le nombre et 
I’intensite des raies observees. En effet pour le cycle 
benzenique monosubstitue 24 vibrations sont essen- 
tiellement independantes du substituant attache au 
noyau, les 6 autres sent sensibles aux substitutions 
puisque dans ces modes le substituant vibre avec une 
amplitude apprcciable.3 

II y a 5 vibrations de valence des C-H dont Ies 
frequences tombent dans l’intervaile 3 1~3~~ cm - ‘. 
Pour le compose Ctudie la plus caract~ristiqu~ est celle 
qui apparait avec tme intensiti t&s forte ;i 3068 cm-’ 
v(CH aromatique). ElIe peut &tre accompagnee 
suivant les cas de 2 ou 3 cpaulements. 

La raie degeniree eZg (Tableau 1, 8a, 8b) corre- 
spondant a i’eiongation du cycle n’est pas fortement 
perturb&e par la substitution, de sorte que la fre- 
quence risuitante apparait ici a la meme frequence 
que cclle observee pour le benzene (1596 cm-‘). Cette 
vibration intense indique la presence dun noyau 
aromatique mais ne permet pas de distinguer le type 
de substitution. Cependant, signalons que iors de 
I’etude en solution aqueuse entre 700 et 1726 cm-’ 
cette raie est la seule qui soit d&polar&&e ce qui 
co&me I’attribution. 

La vibration digeneree e,, du benzene $ 1487 cm-’ 
peut aussi Mater en deux bandes (Tableau 1, i9a, 
19b) qui sont trts proches de la frequence primitive. 
Dans le cas du ch~orbydrate de cocame la vibration 
r&&ante est sit&e a 1487 cm-‘. 

La vibration bPu (13 10 cm- ‘) d’ilongation du cycle 
(Tableau 1, 14) est seulement I~g~rement decaite par 
la substitution et apparait avec une intensiti moyenne 
(1314 cm-‘) pour Ie composi: CtudiC: dans I’intervalie 
de frequence couvert par les vibrations de torsion 
et de baiancement des mcthyitnes des substituants 
alkyle. Eile peut done difficilement itre attribuee seuie 
a la vibration b,,. 

La vibration d’elongation du cycle monosubstitue 
(992 cm-‘) correspondant a la vibration (Tableau 1, 
If a,, du benzene est sensible aux substituants et seion 
Varsaynii4 doit se trouver dans I’intervalle 11~1060 
cm-’ pour les substituants lourds {masse > 25) et 
dans i’intervalie 830-620 cm-’ pour les substituants 
lcgers (masse < 25). Nous n’avons pas pu sur nos 
spectres caracteriser avec precision cette vibration. 

Pius intiressante est la vibration correspondant a 
la d~fo~ation du cycle dans le plan ou respiration 
trigonale du cycle. Elle d&rive de la vibration b,, du 
benzene (Tableau 1, 12) (1010 cm-‘) et donne lieu 
pour ies benzenes monosubstituis a une intense 
bande Raman sit&e dans I’intervalie 1010-990 cm-‘. 
Cette bande trcs caracteristique s’est manifest&e sur 
les spectres du compose a 1000 cm-‘. 

Pour les benzenes monosubstitues une autre 
vibration de deformation du cycfe d&v&e de la 
vibration du benzene (6b) (606 cm-‘) donne lieu 
I une bande d’intensiti moyenne aux environs de 
618 cm-‘. Elle s’est manifest&e d 616 cm-’ dune 
facon intense sur les spectres du chlorhydrate de 
cocaine. 

La frequence de vibration 6a des benztnes mono- 
substitues est assez variable par consequent ii n’a pas 
CtC fait de tentative d’attribution. 

Des vibrations de deformation des C-H dans le 
plan (3, 9a, 9b, 15, 1 Xa, 18b) c’est ceiie qui derive de 
la 18a qui est la plus utile pour ~jdenti~~~on; eile se 
traduit par une bande intense en Raman dans 
I’intervalie 1030-1018 cm-‘, de plus elie est carac- 
tiristique de la monosubstitution. Cette bande a aussi 
une intensiti: &levee en infrarouge. Elle a tte reperee 
sur ies spectres a 1026 cm-’ en Raman et ;i 1025 cm-’ 
en infrarouge. 

La bande issue de la 18b devrait Ctre comprise 
dans l’intervalie 10132-1065 cm-’ mais son intensite 
trts faible aussi bien en Raman qu’en infrarouge 
n’a pas permis de la situer dans I’intervaiie cite pre- 
ctdemment en raison de la presence d’autres bandes 
d’intensite moyenne. 

La vibration eQ degen&+e (9a, 9b) i 1178 cm e-i est 
perturb&e et donnerait une bande specifique en 
Raman g 1180-l 170 cm-’ (9a) et une bande non 
sp~cifique $ 410-160 cm-’ (9b). La premiere de ces 
bandes a Cte observee sur les spectres B i 168 cm-‘. 

La vibration 15 (1160-l 150 cm-‘) s’est manifest& 
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Tableau 2. Raies les plus caract&istiques du chlorhydrate de cocaiine (t, cm -‘) 

Noyau Fonction Noyau 
tropane ester benzknique 

&fo~emres $-iquences 896 I713 616 
870 1203 990 
SSI IO00 
786 1026 

I.596 
3~sses fr~q~ence~ 

Vibration r&au cristalhn 
+ squeilette de la moltxule 
Temp&rature ambiante 19 

29 
34 
54 
73 
85 

9K 20 
59 
75 
94 

I33 
174 

371 

par une bande faible sit&e a I I52 cm-‘. La vibration 
3 (1330-1250 cm-‘) est tres faible et n’est pas apparue 
sur les enregistrements de maniere significative 
d’autant plus que cet intervalle est couvert par des 
bandes d’intensite moyenne et deux bandes de tris 
forte inter&e a 1266 cm-’ et 1275 cm- ’ dont 
I’attribution a 6% propos&e das la premiere partie de 
cet article. 

Les vibrations de deformation du cycie hors du 
plan ~int~nsit~ moyenne 4 (700-68Q cm-‘> et 
d’intensite faible 16a (420-390 cm.-‘) sont apparues 
respectivement a 683 et 394 cm-‘. 

Pour les vibrations de deformation des C-H hors 
du plan du cycle settle la vibration 5 donne lieu en 
Raman a une bande tres intense (1000-970 cm-‘) qui 
est caracterisee par un epaulement du cbti des basses 
frequences. Cette bande et son tpaulement sit&s 
respectivement a 1000 et 990 cm-’ sont attribue a la 
respiration trigonale du cycle. Enfin signalons que la 
bande d’intensite moyenne observite B 1203 cm-’ 
pourrait etre caracteristique du groupe C,H,--C. 

Les principaux r&hats permettant de caracteriser 
le chiorhydrate de cocame sont consignis dans le 
tableau 2. La partie bicyclique de ce compose peut 
etre mise en evidence grace aux raies intenses appar- 
aissant dans le domaine des moyennes frtquences. De 
plus le domaine des basses frequences ii temperature 
ambiante et a 9 K presente lui aussi un grand inter&t 
pour les molecules poiycycliques puisque les raies 
observees sont specifiques de la mol&cule et dues aux 
vibrations du reseau cristallin (cas des khantillons a 
l’etat poiycr~stallin), aux mouvements de torsion (ro- 
tation interne) et aux mouvements du squelette de la 
molecule; cet ensemble constitue une veritable fiche 
d’identite du compoi. 

Le reste de la molecule est surtout caracterise par 
la presence du noyau benzenique qui se manifeste sur 
les spectres par de nombreuses raies intenses et par les 
deux fonctions esters. 

Les spectres en solutions aqueuses satnr&es, outre 
certains glissements de frequences, ont montre lors de 
t’etude de potarisation que se&e Ia raie situee 5 1598 
cm-’ correspondant a ia vibration ezg du benzene est 
depolarisee. 

Ce travail montre done I’intbret de la spectrom~t~e 
Raman dam I’itude &ah&e d’une part grace a la 
commoditi d’obtention des spectres a p&tat poly- 
cristalhn et en sotution aqueuse dans un intervdle 
spectral de 0 ii 4000 cm-’ et d’autre part grace ii 
I’importance des caracteristiques analytiques four- 
nies. Rappelons que cette etude preliminaire est des- 
tin&e a etre utilisee a des fins d’identification tox- 
icologique utilisant des moyens informatises et une 
microsonde Raman ce qui permet de descendre la 
limite de detection dun compose aux environs du 
picogramme. 
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Summary-Raman spectra of cocame hydrochloride in the polycrystalline state and in saturated aqueous 
solutions have been recorded at room temperature from 0 to 4000 cm-’ and at 9 K from 0 to 200 cm-’ 
(only for the polycrystalhne state). They show that cocaine can be characterized by the following proposed 
assignments. For the tropane nucleus the frequencies 851 and 786 cm-’ (piperidine) and 896. 870 cm-’ 
(pyrrolidme); these frequencies are assigned to ring carbon stretching vibrations vcc. Bands for the ester 
functional groups can be observed at 1713 cm-’ (v& and 1203 cm-’ (vco*). The benzene nucleus 
is also important in characterization of cocaine hydrochloride because of its bands at 616, 990, 1000, 1026 
and 1596 cm-‘. Special reference is made first to the work in the low-frequency range at room temperature 
and 9 K and secondly to the polarization studies of saturated aqueous solutions in the range 700-1726 
cm-‘. The results constitute a pool of analytical characteristics whtch can be used for toxicologtcal 
investigations, and also show all the possibilities of Raman spectroscopy in this field. 
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ETUDE PAR SPECTROMETRIE RAMAN DE 
CORTICOSTEROIDES DERIVES DE LA FLUOCORTOLONE: 

TRIMETHYLACETATE ET CAPROATE 

A. P. GAMOT,* G. VERcioTEN,t M. SAUDEMON et G. FLEURYt 
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(ReCu le 18 juillet 1983. RevisP le 30 novembre 1984. Accept6 le 19 decembre 1984) 

R&urn&Les spectres Raman de trois corticostkro’ides: fluocortolone base, trimithylacCtate et caproate 
de fluocortolone (TMAF et CAF) ont Ctt enregistrks g 1’6tat polycristallin entre 150 et 4000 cn-‘. Une 
attribution des raies observkes est proposke. Elle a montrk la complexitt du problkme post 6 savoir la 
diffkrenciation de trois composks de structure trts voisine. Cependant quelques intervalles de frkquences 
contenant des raies sptcifiques sont susceptibles d’itre utilisks afin de permettre I’identification des 
composks ttudiks. II convient en premier lieu de distinguer tout particulikrement les raies sit&es entre 1500 
et 1800 cm-‘. Dans I’intervalle 1580-1690 cm-’ celles-ci sont intenses et spitcifiques de la structure 
conjuguke A1.4 3-one des corticostkroides ce qui permet de distinguer la classe de mkdicament g laquelle 
appartiennent les substances itudites. La zone de Mquence comprise entre 1690 et 1750 cm-’ ttmoigne 
non seulement de la prksence d’une fonction cktonique sur la chaine la&ale mais aussi de l’existence d’une 
fonction ester suivant que l’on y trouve respectivement une ou deux raies (fluocortolone base 1701 cm-‘; 
TMAF 1728, 1745 cm-‘; CAF 1723, 1745 cn-‘). La fluocortolone base prisente g 1635 cm-’ une raie 
qui n’est pas retrouvke chez les d&iv&s est6rifiCs. En second lieu, nous retlendrons les zones spectrales 
reprksentatives des chaines latbrales estkifites fixkes sur le carbone C,,: chaine trimbthylacktate 340-360, 
570-610, 750-810 cn-’ (dans cette demitre r&ion commune au caproate et au trimtthylacktate la 
difkenciation des deux compok se fait grke & la raie g 796 cn-’ absente dans le spectre du caproate); 
chaine caproate 1310-1350 cn-’ (dans cet intervalle, le caproate prksente un profil trks particulier avec 
trois raies d’intensitk voisine). Cet ensemble de rtsultats doit etre utilisi. pour identifier ces substances par 
spectroscopic Raman sur des quantities de l’ordre du picogramme provenant d’kluat d’HPLC. 

Ce travail s’inscrit dans le cadre de notre programme 
d’ktude par spectromitrie Raman de composks B 
propriktks thkrapeutiques. Son but initial ttait la 
constitution d’un catalogue de spectres Raman dont 
les don&es devaient permettre I’identification infor- 
matiske des substances Ctudiies. Cependant il nous 
est apparu indispensable de rendre ce travail plus 
complet en proposant une attribution des frkquences 
caractkistiques des composks polycycliques con- 
cern&s. 

Nous prksentons et discutons les spectres Raman 
en phase solide de trois corticostkroides: la 
fluocortolone base et ses esters trimkthylacktique et 
caproique. Les rksultats permettront de dkfinir les 
caractkristiques de chaque ester afin de les identifier 
spbcifiquement i 1’Ctat de trace (lo-l2 g) g partir 
d’une forme gaknique, apris une stparation prC- 
alable par chromatographie liquide haute pression. 
Ces travaux dkj$ rkalisks seront publies pro- 
chainement. 11s sont en quelque sorte la suite logique 
du travail prkliminaire prtsentk ici. 

PARTIE EXPERIMENTALE 

Appareiilage 

Les spectres Raman ont ttt enregistrks sur un spec- 
tromttre Coderg T 800 comprenant un triple mono- 
chromateur de 800 mm de distance focale, Bquipt de trois 
rkeaux plans gravks (1800 traits par mm). Ce mono- 

chromateur est caracttrist par un taux de lumikre parasite 
trks faible qui permet I’observation de raies Raman dans le 
domaine des tr& basses friquences. Un laser I argon ionisi 
(514,5 nm), Spectra-Physics modile 165.03. dklivre 600 mW 
sur l’khantilion. _ 

L’ensemble d&it est &quip& d’un microordinateur Apple 
II permettant l’accumulation de don&es et la gestion du 
spectromktre. 

Methode 

Les principes actifs &talons sont introduits sous forme 
de poudre polycristalline dans un tube capillaire sans 
purification suppltmentaire. Leur puretk a i3 contrBlbe B 
l’issue de leur synthtse par le fabricant. Les spectres Raman 
des composbs corticostbroidiques ont ktt enregistrks B la 
vitesse de 25 cm-‘/mn avec une rtsolution spectrale de 
2 cm-‘. Les valeurs moyennes des frkquences du tableau 
1 sont obtenues g partir de deux enregistrements par 
Bchantillon. 

RESULTATS ET DISCUSSION 

Les sttroi’des constituent une classe de composks 
abondamment rkpandus dans la nature (rkgne vtgktal 
et animal) dkrivant du squelette du per- 
hydrocyclopentanophknanthr&ne (Fig. 1) et portant 
en outre diverses fonctions ou insaturations, ainsi que 
des chaines latkrales sur le carbone 17. 

Dans l’esprit d’une identification, l’attention doit 
Ctre port&e sur la chaine la&ale fixke sur le carbone 
17 (Fig. 2). En effet, celle de la fluocortolone base 

373 
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4 6 

Fig. 1. Squelette du perhydrocyclopentanophenanthrtne. 

comprend une fonction &tone en C,, avec une fon- 
ction alcool primaire terminale en C,,. Cette chaine 
est esttrifite par I’acide trimethylacetique pour le 
premier derive et par l’acide capro’ique pour l’autre. 
C’est-a-dire une chafne ramifiee dans le premier cas 
et une chaine lineaire dans le second cas. Pour les 
deux esters, la differentiation ne portera que sur ce 
caractere et sur le nombre d’atomes de carbones et 
d’hydrogenes presents apt& la fonction ester. 

Par consequent un tel travail constitue un reel 
probleme analytique, probleme qui ne peut etre solu- 
tionne que par la connaissance parfaite des spectres 
Raman dont une attribution est proposee sur les 
spectres etablis a partir des substances Ctalons. 

I1 nous a semble logique de concevoir cette attri- 
bution non pas par regions spectrales mais plutdt en 
presentant les elements permettant d’identifier la 
classe de medicaments en se rapportant done a la 
structure commune, puis par la suite en prtsentant 
ceux qui permettront d’identifier chaque substance. 

ETUDE DES SPECTRES DES PRODUITS PURS 
SOUS FORME POLYCRISTALLINE 

Les raies correspondant aux spectres des trois 
composes sont repertorites dans le tableau 1. 

Ces spectres ont Ctt enregistres en continu entre 
150 et 3100 cm-‘. Leur interpretation a Cte rendue 
possible en partie grace aux travaux de Schrader et 
Steigne? qui ont etudit les vibrations les plus 
caracteristiques du noyau stero’idique ainsi que les 
variations possibles lors d’adjonction de substituants 
ou de deshydrogenation B I’interieur du noyau per- 
hydrocyclopentanophenanthrene. 

Nous citerons Cgalement, dans le domaine des 
stero’ides en spectrometrie Raman, un travail 

*‘CH2- OR 

Fig. 2. Structure des corticostkroides etudits: R=H, 
fluocortolone base; R = -(CO)C(CH,),, fluocortolone 
trimtthylacitate; R = -_(CO)(CH,)@,, Ruocortolone 
caproate. Fluocortolone base = 6a fluoro-16a m&thy1 A’.4 

pregnanedierie 1 I/3, 21 dial-3.20 dione. 

d’interpretation du spectre de basses frequences que 
nous avons effect& a basse temperature sur le capro- 
ate de fluocortolone.5 Cet aspect que nous ne devel- 
opperons pas dans ce travail merite cependant d’etre 
signale puisque les raies observees sont trb intenses 
d’une part, et d’autre part, celles-ci sont dues essen- 
tiellement aux vibrations du reseau cristallin en plus 
des raies dues a des mouvements de torsion et a des 
mouvements du squelette de la molecule. Elles con- 
stituent done une “fiche d’identite” trb specifique de 
la molecule. Neanmoins, dans ce domaine de fre- 
quence, l’attribution est difficile et necessite l’emploi 
de techniques variees telles que la spectroscopic 
d’absorption du rayonnement infrarouge lointain, 
l’etude de la polarisation des raies Raman observees 
sur un monocristal ainsi que le calcul a priori des 
frequences de vibration du cristal. 

Vibrations des Pkments de structure communs aux 
trois corticosttroi‘des 

Une forte modulation de la polarisabilitt apparait 
avec les vibrations localisees sur des liaisons riches en 
electrons; c’est pourquoi il est possible de prevoir que 
les raies Raman les plus intenses apparaitront pour 
des vibrations dues aux liaisons multiples. Les steroi- 
des etudies presentent en commun cette particularite 
de structure dite A’.4 3-one. 

Par ailleurs, les vibrations “en phase” du squelette 
carbone donneront aussi des vibrations intenses car- 
acteristiques. 

Enfin la fonction cetonique en 20 est ausst un 
element d’identification important dans cet ordre 
d’idee. 

Structure A ‘,4 3-one. La vibration d’elongation 
d’une double liaison v (C=C) isoke (1620-1672 cm-‘) 
presente une tres forte intensite en spectroscopic 
Raman. Une liaison C=O isolie possede normale- 
ment une vibration d’elongation plus faible que celle 
de C=C. En Raman, deux doubles liaisons isolees 
C=O et C=C peuvent vibrer au m&me nombre 
d’onde, ainsi qu’en infrarouge od la vibration tres 
importante du C=O peut masquer completement 
la vibration du C=C. Par contre, pour des haisons 
conjuguees C=O et C=C, on obtiendra un systeme 
tres caracteristique avec autant de raies qu’il existe de 
doubles liaisons. La place de ces doubles liaisons peut 
2tre aisiment determinCe en s’inspirant des travaux de 
Schrader. Des raies supplementaires dans la region 
spectrale 900-1300 cm-’ peuvent aider a la con- 
firmation des resultats. 

I1 apparait avec toutes les molecules de ce type, 
trois raies caracteristiques vers 1600-1620 et 1660 
cm-‘. Si l’on considere des molecules plus simples 
comme: 

-1e cyclohexene qui presente une vibration 
d’elongation due a la liaison C=C a 1656 cm-‘;” 

-1e 1,4 cyclohexadiene, molecule parfaitement 
symetrique a deux doubles liaisons qui ne donne 
qu’une seule raie tres intense situee aux alentours de 
1675 cm-‘;’ 
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-la cyclohexanone pour laquelle en spectromttrie 
Raman n’est observke qu’une raie moyenne rep&en- 
tative de la vibration d’klongation v(C=O) vers 
1710 cm- ’ pour les alkyls-&tones;* par des effets de 

conjugaison, cette raie peut se diplacer vers de plus 
faibles nombres d’onde comme par exemple avec la 
1,2 cyclohexane dione qui prksente une raie 
d’intensitt moyenne $ 1658 cm-‘; 

-la parabenzoquinone qui montre trois raies 
d’intensitks difftrentes: deux moyennes g 1610 et 
1680 cm-’ et une raie intense $ 1655 cm-‘.” 

I1 est done possible de penser que la prksence d’une 
fonction cktonique s’intercalant dans un systkme de 
deux doubles liaisons et Ctablissant de ce fait un 
systeme conjugui. fera apparaitre des raies d’un profil 
trts particulier; l’ensemble constituant un moyen 
d’identification de la molkule en caractkrisant la 
structure A’,4 3-one. La position des raies, du fait des 
diffkrentes interactions existantes, se trouve modifibe 
par rapport aux valeurs de frbquences d&rites prC- 
ckdemment pour des moltcules plus simples. 

L’ktude des profils de raies dans l’intervalle 
150&1700 cm-’ donnk par Schrader4 confirme les 
observations faites $ propos des trois corticoides 
&tudiCs dans ce travail. La raie situ&e vers 1600 cm-’ 
dans le cas des A’ 3-one et A4 3-one stkroi’des se 
d&double ce qui permet d’observer dans le cas des A’.4 
3-one sttrdides trois raies caractkristiques dans cette 
zone de friquences (voir tableau 1). 

Signalons par ailleurs que le passage d’un A’ 3-one 
stiroide k un A4 3-one stkroi’de fait apparaitre en 
spectromttrie Raman un dkdoublement de la raie 
situ&e d 1662 cm-’ (tableau 2). 

Groupements CH, CH, du cycle et CH, substituPs. 
Parmi les vibrations de valence v(CH) les plus 
caractkistiques des stkroi’des, il faut titer celles du 
cycle A correspondant aux vibrations C-H des carbo- 

nes doublement lits qui apparaissent dans l’intervalle 
3030-3070 cm-‘. Les trois composCs prtsentent ce 
type de raies B 3046 pour la fluocortolone base (F), 
3045 pour le trimtthylacktate (TMAF), 3048 pour le 
caproate (CAF) et 3066 (F), 3067 (TMAF), 3069 
(CAF) et reflttent l’insaturation du cycle.” En 
dessous de 3000 cm-’ sont retrouvkes les vibrations 
v(CH) correspondant aux groupements CH2 et CH,. 
Les valeurs observkes g&kralement attributes dans 
l’ordre croissant des frtquences avec en premier lieu 
les vibrations symktriques v, puis les vibrations anti- 
symttriques v,. 

Des informations suppkmentaires sur le squelette 
de la molkule stkrdidique peuvent Ctre obtenues en 
considerant les intensitb des bandes dans diffkentes 
rkgions du spectre. 

Notamment la r&ion 1440-1460 cm-’ montre une 
bande intense attribuke aux vibrations de dkfor- 
mation 6, des groupements CH, et CHj et que l’on 
retrouve dans les spectres de tous les sttroides.’ Cette 
bande a CtC observke pour les sttroi’des CtudiCs re- 
spectivement a 1454 (F), 1452 (TMAF) et 1450 cm-’ 
(CAF). L’intensitC de cette bande cornparke g celle 
des bandes sit&es de part et d’autre permet par 
ailleurs d’obtenir des informations concernant le type 
de stCro:de ktudik. En effet: 

-pour les sttroi’des saturCs la vibration a 1450 
cm-’ correspond B la bande la plus intense, 

-pour ceux prCsentant des systtmes de doubles 
liaisons conjuguCes, intracycliques ou branch&es sur 
les cycles, les bandes situkes au-dessus et en dessous 
sont plus intenses; ce fait a Ct& nott pour les stCro’ides 
que nous avons Ctudiks, 

-pour les systBmes non conjugu&s, des bandes de 
forte intensitt: sont observCes & des frCquences plus 
ClevCes que 1450 cm-‘, 

-pour les stitrdides comprenant des cycles aro- 

Tableau 1. Frkquences observ&es pour les trois compo3s (cm - ‘) 

Base TrimCthylacCtate Caproate 

Infrarouge Raman Infrarouge Raman Infrarouge Raman Essais d’attribution 

3142 
3421 3478 3464 

3225 
3075 f 
3066 f 3067 f mf 

3058 
m 3045 _I 

Vibrations de valence v(C-H) des 

Xf 3048 f carbones doublement liirs du cycle A 

3043 
3023 

3014 f 

2985 m 2988 

2961 m 2954 
2945 F 

2929 
2921 

2912 FF 

2874 F 2870 2876 ep 

3011 ep 

2985 
2974 ep 
2960 ep 2960 

2945 
2932 FF 

2925 
2907 ep 

3024 f 
2996 f 
2988 f 
2912 ep 
2962 ep 
2940 ep 

2927 FF 
2911 ep 
2899 ep 
2871 F 

l 

l 

v.ACH,) 

V,(W) 

WW 

v&H,) 

Tableau l--suite 
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Tableau I--suite 

Base Trlmtthvlac&ate Caoroate 

Infrarouge Raman lnfrarouee Raman Infrarouge Raman Essais d’attribution 

2869 2867 ep 

1738 
1706 
1701 

1660 

1622 
1602 

1558 
1541 
1523 
1505 

1666 FF 1660 

#? 
1625 f 1625 
1606 f 1604 

1560 
1542 
1524 
1507 
1478 

1450 
1457 

1454 f 
1449 

1406 

1389 
1374 

1364 

7 1 1409 
1394 

1315 

1295 
1274 

1253 

1229 

1203 
1183 
1172 
1155 
1146 

1094 
1082 

1065 

&ff 1378 

1366 
1340 f 
1319 f 

1315 
1304 ff 

1284 
1276 f 

1255 ff 1253 

1232 m 1229 

1205 f 

1169 f 
1154 

1149 f 
1117m 1111 

1100 
1085 

1069 m 1067 m 1066 

1043 
1051 
1040 

986 
1006 f 1007 

989 

964 966 m 966 

2869 ep 2866 
2857 ep 
2786 ff 
2731 ff 
1782 ff 
1745 m 1746 

1728 m 1719 

1668 ep 
1662 FF 

1656 

1629 FF 1619 
1608 FF 1601 

1585 
1562 
1541 

1465 ep 

1452 F 1456 
1448 

_f 1411 
1399 ff 

1385 
1377 f 1378 

1370 f 
1336 F 

1317 F 1315 
1302 f 
1294 f 1297 
1274 m 1276 

1268 
1254 ff 

1247 
sff 1233 

1204 m 
1191 m 
1174m 1172 
1156 ep 1160 
1149 m 
1115 FF 1113 

1100 
1090 m 1085 

1054 ep 1053 
1038 f 1040 
1028 f 1026 
1010 
1001 f 1006 

986 
969 

972 m 

959 m 

2859 ep 

Ef Elongation v(C=O) des fonctlons esters 

1723 f -v(C=O) en CJO des deux esters 
-v(C=O) en CzO de la fluocortolone base 

1660 7 raies caracttristlques 
rencont&s pour tous 

1623 m 
les st&oYdes prisentant 

1604 m 
la structure A’,4 3-one 

1465 ep --6(CH,) (scissoring) du CAF 
mf -&(CH,) du CAF 
1450 f _ --6,(CHJ et 6,(CH,) des mbthylines 
1443 f intracvcliaues et mCthvles branches 

directiment sur le cycle. 
1417 f -dkformation du CH2 en a de la &one. 

1379 f -d&formation symCtrique o(CH,) (wagging) 
du m&thy1 en G( de la double liaison 1-2. 

1335 m 
1325 m --6,(CH,) (wagging) du CAF 
1315 m 
1304 f 
1294 f 
1277 f 

1252 ff 

1235 m -vibrations d’Clongation du squelette 
et vibrations de d&formation des C-H. 

1203 f 
1189 f 
1175 f 

1150 m tlongation antisymttrique v,(C-CO-C) en CzO 
1119 F -vibrations d’tlongation du squelette 
1094 ff et vibrations de d&formation des C-H. 
1087 ff 
1073 ep 
1067 f 
1062 ep 
1057 ep 
1043 ff 
1029 ff 
1012 f 
1007 f 
990 ff -v(C-C) du CAF 
971 ep 
965 -vibrations du squelette et d&formation des 

C-H. 
v(C-C) du TMAF et 6, (rocking) des deux 

esters. 

Tableau I--suite 
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Tableau l-suite 

Base Trimethylacetate Caproate 

Infrarouge Raman Infrarouge Raman Infrarouge Raman Essais d’attribution 

933 

912 
897 

857 

837 

821 

770 

738 

716 
705 

672 

629 

589 

547 

517 
504 
488 

460 

423 
418 

933 933 

924 ep 
915 

898 ff 897 
886 ff 
873 ff 871 
861 ff 

856 

839 f 839 

820 ff 821 
794 

774 
m 
769 ep 

739 

717 m 715 
705 ff 

674 f 670 
658 

643 645 
Ef 633 

625 
607 
594 
584 
572 
558 

550 m 550 _ 
532 ff 
518 ff 523 
507 ff 514 
489 ff 485 

475 - 
461 f 458 

451 

437 ff 427 
419 ff 417 

409 

401 m 
384 f 
363 f 

302 f 
289 ff 
258 f 
235 f 

937 934 
928 m 

919 

893 ff 902 
882 ff 881 

861 f 866 
857 
849 

842 m 
829 

825 f 

E 
778 

774 ep 
770 770 

751 
741 f 

729 
_ 719 717 F 

699 
614 f 670 

657 
643 f 637 
628 f 629 

619 

595 f 594 

562 
w 549 
531 f 531 

517 
506 f 506 
sf 486 

470 
462 f 460 

453 
44s 

Kff 429 
417 ff 419 

411 
403 

398 403 

370 m 
Kf 
322 f 
302 F 
285 ep 
250 m 
223 m 
193 f 
175 f 
145 m 
131 ff 

936 
930 m 
921 ep 
910 f 
904 f 
883 ff 

868 ff 
859 ff 

839 ff 

822 ff 

772 m -elongation symetrique v,(C-CO-C) en CzO 

740 ff 

720 f 
712 f 
699 ff 
674 ff 

Wf -Deformation dans le plan S(C-CO) en CrO 

* 
535 ff 
520 ff 
508 ff 
cff 
*ff 

-vibrations du squelette et deformation 
des C-H. 

-v(C-C) et Y, du groupe en C, (TMAF) 
deformation dam le plan du groupement 

(0-C=O) ester 

-Vibrations de deformation du squelette. 

-Vibrations de deformation du squelette. 

Deformation hors du plan a(C-CO) en C,, 

Kff 
420 ff 

Deformation dans le plan 6(C-CO-C) en C, 

402 f 
380 f 
368 f 

-Deformation (C-C-C) du TMAF 
317 f 
304 f 

259 f 
225 f 
191 m 
181 m 
147 m 

*f = farble. 
m = moyen. 
ep = epaulement. 
F = fort 
FF = t&s fort. 
ff = trbs faible. 
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Tableau 2. Comparaison A ‘J 3-one A’ 3-one, A4 3-one dans I’intervalle 1550-1700 cm-’ , 

A’,4 3-one 

0 

& / 
0 1 

A’ 3-one 
0 

A’ 3-one 
0 

Base 
v, cm-’ - v, cm-’ 
1606 1625 

v; cm - ’ 
1666 

TrimtthylacCtate 1608 f629 1662 

Caproate 1604 1623 1660 

Selon 
Schrader6 1612 

SchradeP 1614 

1662 

1650 

1::9 

matiques, les bandes les plus intenses se tfouvent en 
dessous de 1450 cm-‘. 

En ce qui concerne ies frtquences inferieures a 
1450 cm-‘, I’intervalle 1360-1390 cm-’ montre pour 
les trois composes une bande situ&e ii 1374 (F), 
(TMAF), 1379 (CAF) qui peut correspondre a la 
deformation symetrique o(CH,) du groupement CH, 
Porte par le carbone en a de la double liaison en l-2,” 
bien que le phenomene d’exaltation escompte 
n’apparaisse pas de faGon significative. 

Parmi les autres bandes, citons les plus intenses qui 
se situent d 1232 (Ff, 1233 (TMAF), 1235 (CAF), 
1117 (F), t 115 (TMAF), 1119 (CAF) et qui sont 
caract~ristiques des composes Ctudies. II en est de 
meme pour les raies observees a 966 (F), 972 
(TMAF), 965 (CAF) et 933 (F), 937 (TMAF), 936 
(CAF). Toutes ces raies sont difficilement attri- 
buables, en effet dans la region 1350-800 cm-’ on 
trouve’ les vibrations d’tlongation du squelette de la 
molCcule en meme temps que les vibrations de defor- 
mation hors du plan, symttrique (wagging) et anti- 
symttrique (twisting), ainsi que les vibrations asym- 
Ctriques dans le plan (rocking) des liaisons C-H. Elles 
constituent cependant une bonne “empreinte digi- 
tale” de la molecule. 

Enfin, parmi les bandes observees entre 800 et 200 
cm-‘, les plus ~aract~r~stiques sont situ&es a 717 (F), 
717 (TMAF), 720-712 (doublet, CAF) et 550 (F), 551 

(TMAF), 551 (CAF). Elles correspondent aux dtfor- 
mations du squelette de la molecule et peu d’entre 
elles peuvent etre attributes directement. 

Fonction chfonique en Cz, Des deux fonctions 
citoniques fix&es sur la molecule steroidique, nous 
avions envisage la possibilite de distinguer celle 
provenant du systeme conjugue A’.4 3-one donnant 
lieu a un ensemble trts particulier de trois raies entre 
1500 et 1690 cm-‘. 

L’autre fonction cetonique, appartenant a la 
chaine laterale fixee sur le carbone C,, va pouvoir gtre 
differenciee de la precedente de par son caractere 
aliphatique. En effet, la frequence de la vibration 
~~longation v(C=O) d’une c&one de type 
R-CO-R a pour valeur moyenne 1715 cm-‘.” 
Cette valeur peut varier pour ce groupement dans 
l’intervalle 1705-1725 cm-‘.‘4.‘S 

Le spectre de la fluocortolone base montre une raie 
a 1701 cm-’ pour la vibration v(C=O). Celle-ci est 
d’ailleurs retrouvee B 1699 cm-’ dans le spectre 
Raman d’un A3 20-one steroi’de,’ comprenant une 
double liaison isolee et un groupement dtonique 
isole sur une chaine aliphatique. Par ailleurs d’autres 
A’.4 stCroYde? comme le A’.4 pregnadigne 3,20-dione, 
posskdant une chaine acetyle (CH,-CO-) en C,,, 
presente cette raie a 1700 cm-‘. 

Par con&e pour les esters de la fluocorto~one, ia 
vibration v(C=O) est deplacee vers de plus hautes 
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frkquences: 1728 cm-’ (TMAF) et 1723 cm-’ (CAF). 
Ce phtnomene pourrait itre induit par la presence 
dans les chaines la&ales d’une fonction carbonylte 
de type ester. 

Parmi les autres vibrations caracttristiques de cette 
&tone, on peut titer: 

-une vibration d’elongation antisymetrique v, 
(C-CO-C) d’intensite moyenne dans la zone allant 
de 1110 a 1170 cm-’ et que nous pourrions attribuer 
aux raies a 1149 cm-’ (F), 1149 cm-’ (TMAF) et 
1150 cm-’ (CAF);” 

brations CH, CH, et CH, du noyau stero’idique. Du 
fait de ces recouvrements possibles, il sera tres difficile 
d’attribuer avec certitude les differentes bandes 
spectrales retrouvees. 

TrimPthylacPtate. Le groupement ter - 
butyl-C(CH,), du trimethylacetate devrait the- 
oriquement presenter des raies caracteristiques dans 
les zones spectrales hachurees sur la figure 3. 

Sur les spectres, nous avons observe les raies 
suivantes, specifiques du trimethylacetate: 

-une vibration d’elongation symetrique v, 
(C-CO-C) vers 770 cm-‘;‘6 

-une vibration de deformation dans le plan de 
S(C-CO) vers 630 cm-‘;” 

-une vibration de deformation hors du plan attri- 
buable h l’une des deux raies sit&es dans la zone 
460-490 cm-‘;” 

-une vibration de deformation dans le plan de 
l’ensemble C-CO-C dans la region allant de 390 a 
430 cm-‘,” et que nous n’avons pu discerner parmi 
les trois raies communes sit&es dans cette zone; 

-une raie a 959 cm-’ legtrement decal&e vers les 
plus hautes frtquences par rapport a ce que I’on peut 
observer avec un 2,2,3,3_tCtramethylbutane ou un 
2,2,3 trimethylpentane od cette raie se situe entre 930 
et 940 cm-‘;2’~22 cette raie correspond a un mode 
couple: elongation v(C-C) et 6,(CH,) (rocking); 

-une raie a 796 cm-’ diie a une elongation 
v(C-C)*~ et a l’ensemble elongation symetrique du 
groupe en C,;23 

-enfin, une raie qui n’est pas specifique dune 
c&one mais qui en decoule, a pu ttre mis en evidence. 

II s’agit de la deformation du CH2 en a de la &tone 
qui varie peu quelque soit le type de &tone et qui se 
situe entre 1405 et 1420 cm-‘.‘s.‘6 

Vibrations caractPristiques de la fonction ester 

-une raie a 595 cm-’ qui est prtsente uniquement 
dans le trimithyladtate mais qui ne semble pas 
provenir du groupement terbutyl; 

-de par les groupements methyles, on retrouve des 
vibrations d’elongation antisymetriques vers 2960 
cm-’ et symetriques vers 2870 cm-‘. 

Caproate. En raison de sa chaine la&ale lintaire en 
CH, et CH,, le spectre de ce produit presente de 
nombreuses raies specifiques: 

La raie la plus caracteristique est celle qui est due 
a la frequence d’elongation v(C=O) sit&e entre 1730 
et 1750 cm ~‘.‘8~‘9 Quant a la raie correspondant a 
l’elongation de la liaison -C-O-, inexistante en 
Raman, elle presente comme attendue une forte 
intensiti vers 1150-1160 cm-’ en spectroscopic in- 
frarouge. Une autre raie bien definie, situee a 782 
cm-’ peut itre attribuee a une vibration de defor- 
mation dans le plan du groupement 0-C=0.‘8 

Habituellement, dans le cas des esters, on peut 
trouver de nombreuses bandes entre 1000 et 1300 
cm-’ qui forment une “empreinte digitale” per- 
mettant d’identifier le type d’ester.20 Nous n’avons 
pas pu mettre en evidence, dans nos spectres, de raies 
qui puissent etre communes, dans cette region, aux 
deux seuls esters. 

Vibrations caracthistiques de la chaine IatPrale 

-un epaulement qui semble se situer vers 1465 
cm-’ et qui est attribue a la vibration de cisaillement 
du groupement methylene 6(CH2);24 

-a 1459 cm-‘, une vibration de deformation 
asymetrique du groupement methyle 6,(CH3);24 

-une raie trts caracteristique a 1325 cm-’ prov- 
enant de la vibration de balancement 6,(CH,);25 

-une autre Cgalement tres sptcifique a 990 cm-’ 
qui est une elongation C-C;25 

-a 948 cm-‘, une raie attribuee a la vibration 
&(CH,) d’un groupement methyle terminal;25 

-comme pour le trimethylacetate, le spectre 
presente des vibrations d’elongation symetriques et 
antisymetriques dans les m&mes zones, avec en plus 
des raies a 2927 cm-’ d’intensitt forte et 2859 cm-’ 
d’intensite moyenne, responsables respectivement des 
elongations antisymitriques et symetriques des 
groupements CH2.26 

Les chaines laterales, constituees par des CH, et Base: groupement alcoolique primaire en Czr. Dans 
CH,, presenteront de trb nombreuses raies de vi- le paragraphe qui suit, quelques informations d’ordre 
bration, que ce soit d’elongation ou de deformation. general seront indiquees pour la fluocortolone base. 
Elles vont se retrouver dans plusieurs regions du Rappelons tout d’abord que seuls les deux derives 
spectre, bien souvent en association avec les vi- esterifies entrent dans la composition de la pripara- 

17 16 15 14 13 '1‘2 11 10 9 8 ; 6 5 4 3 2 

cm-’ (x 100) 

Fig. 3. Frkquences caracttristiques d’un groupement terbutyL2’ 
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tion galinique pour laquelle l’etude prealable en 
spectrometrie Raman avait et8 envisagee. 

Par rapport a ses derives d’esterification, la 
fluocortolone base ne presente que le groupement 
hydroxyle en C2, comme element possible de 
differentiation. L’hydroxyle du cycle C en 11 present 
sur les molecules des trois corticoides ajoutera sans 
aucun doute un element de complexiti au probleme. 

De plus, la vibration d’elongation v(O-H) est tres 
peu intense en spectrometrie Raman (environ vingt 
fois moins que le massif correspondant aux vibrations 
v(C-H).~’ C’est pourquoi dans ce cas p&is la 
spectrometrie d’absorption infrarouge se revele plus 
demonstrative par l’intensite et la position des bandes 
observees. 

Sans envisager de facon exhaustive le probleme des 
differents types de liaisons hydrogene, qui necessi- 
terait une etude plus complete, il a ete possible de 
noter pour la fluocortolone base une bande intense a 
3421 cm-’ avec un Cpaulement a 3529 cm-‘. Les deux 
autres esters presentent une bande d’intensite mo- 
yenne a 3478 cm-’ avec un Cpaulement a 3357 cm-’ 
(TMAF) et une raie fine intense a 3464 cm-’ (CAF). 
Ces bandes et cette raie peuvent &tre attribuees a la 
vibration v(O-H) des groupements hydroxyles en 11 
pour les esters et dans le case de la fluocortolone base, 
la bande intense et large temoignerait de la con- 
tribution du groupement hydroxyle en 11 (group- 
ement alcoolique secondaire cyclique) et du group- 
ement alcoolique primaire en CZ,. 

La region spectrale 1000-1075 cm-’ qui signale 
l’existence des vibrations v(C-0) des groupements 
alcooliques, primaire aliphatique et secondaire 
cyclique28 reste difficile a interpreter pour ce type de 
compose. 

Par contre, la vibration v(C=O) des composes 
esdrifies apparait de facon trb intense a 1154 cm-’ 
(TMAF) et 1160 cm-’ (CAF) alors que l’on ne la 
retrouve pas pour la fluocortolone base. Son absence, 
ainsi que la presence a 3421 cm-’ d’une 
bande d’elongation v(O-H) peuvent confirmer une 
fonction alcoolique primaire non esttrifiee. 

ETUDE DES INTERVALLES DE FREQIJENCES 
UTILISABLES POUR LA CARACTERISATION 

DE CHAQUE SUBSTANCE 

Le paragraphe precedent concernant l’etude des 
spectres des produits purs sous forme polycristalline 
et les essais d’attribution, a montre la complexite du 
probleme post, a savoir la differentiation de trois 
composes polycycliques de structure tres voisine. 
Cependant quelques intervalles de frequences sont 
cusceptibles d’etre utilises afin de permettre 
I’identification de la fluocortolone et de ses derives 
dans les Cluats receuillis en sortie de colonne HPLC. 

En premier lieu, il convient tout particulierement 
de distinguer les raies sit&s entre 1500 et 1800 cm-’ 
(Fig. 4): 

-dans l’intervalle 1580-1690 cm-‘, il a Cte de- 
montre qu’elles sont intenses et specifiques de la 

n 

BASE 

CAF 

Fig. 4. Spectres Raman; region 1500-1800 cm-‘. 

structure conjugee A 1.4 3-one des steroides, ce qui 

permet de distinguer la classe a laquelle appartien- 
nent les substances etudiees; 

-la zone de frequences comprise entre 1690 et 
1750 cm-’ temoigne non seulement de la presence 
d’une fonction cetonique sur la chaine laterale mais 



Spectres Raman de corticosteroides 

EASE 

381 

TMAF 

CAF 

Fig. 5. Spectres Raman; region 340-810 cm-’ permettant de caracteriser le trimithylacetate. 

aussi de l’existence dune fonction ester suivant que 
l’on y trouve respectivement une ou deux raies; 

-rappelons que la fluocortolone base presente a 
163.5 cm-’ une raie qui n’est pas retrouvee chez les 
derives esterifiCs. 

En second lieu, now retiendrons igalement les 
zones spectrales representatives des chaines laterales 
estdrifiees fix&es sur le carbone 21: 

--chaine trimethylacetate (Fig. 5): 340-360 cm-‘, 
570-610 cm-‘, 750-810 cm-‘; dans cette derniere 
region, commune au caproate et au trimtthylacetate, 
la differentiation des deux composes se fait grace a la 
raie a 796 cm-’ absente dans le spectre du caproate; 

--chaine caproate (Fig. 6): 1310-1350 cm-‘; dans 
cet intervalie, le caproate prtsente un profil tres 
particulier avec trois raies d’intensite voisine. 

CONCLUSION 

Ce travail portant sur l’etude par spectromttrie 
Raman d’esters de la fluocortolone (TMAF) (CAF) 

a montre qu’il etait possible de caracteriser aisement 
cette classe de medicaments corticostbo’idiques 
marques par leur structure A’,“ 3-one. Nous avons 
par ailleurs apporte des elements permettant de 
differencier dune part la fluocortolone base de ses 
deux esters et d’autre part chacun des deux esters. Ces 
elements essentiels ont et& regroupis dans cette pub- 
lication et sont destines a ttre utilises comme nous 
l’avons annonct dans l’introduction, pour un travail 
d’identification fine par microspectrometrie Raman 
permettant d’atteindre la limite du picogramme. 
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Summary-Raman spectra of a series of three corticosteroid drugs: fluocortolone and Its trimethylacetate 
and caproate esters (TMAF and CAF) in the polycrystalline state have been recorded from 150 to 
4000 cn-‘. Assi~ment of the observed frequencies is proposed. The problem is complex because the drugs 
have the same polycyclic structure, but frequency ranges with specific bands can be used to characterize 
the compounds. We first mention the frequencies observed between 1500 and 1800 cm-‘: m the range 
1580-1690 cm-’ strong and specific bands assigned to the A ‘.4-3-one conjugated structure of corti- 
cqsteroids characterize the class of drugs; the frequencies in the range 1690-1750 cm-’ characterize not 
only a ketone group on the side-chain but also an ester group, which gives one or two bands (flu~rtolone 
base 1701 cm.-‘; TMAF 1728, 1745 cm-‘; CAF 1723, 1745 cm-‘). Fluocortolone base shows a band at 
1635 cm-’ which is not found in the spectra of the esters. Secondly we mention the specific spectral ranges 
of the esterified side chain on CZ,: trimethylacetate chain 340-360. 570-610, 750-810 cm-’ (this last range 
1s common to the two esters, and differentiation is made with the band found at 796 cm-‘, which 1s absent 
from the caproate spectrum); caproate chain 1310-1350 cm-’ (m this range, caproate shows a spec~tic 
pattern with three bands of the same intensity). These results can be used to characterize these compounds 
by Raman spectroscopy of pg quanttties in HPLC eluates 
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Summary-Non-dispersive atomic-fluorescence spectrometry combined with hydride-generation has been 
developed for lead determination. A radiofrequency-excited electrodeless discharge lamp was used as 
lighi-source and a small argon-hydrogen flame as atomizer. The detection limit was 0.06 ng/ml and the 
linear calibration graph was linear up to 300 ng/ml, with a precision of 54% over the dynamic range. 
Interference studies and optimization of the experimental parameters are reported. Severe suppression of 
the lead signal was observed in presence of Cu, Se or Te. An empirical equation was obtained for 
predicting the effect of copper on the lead signal at various con~ntmtion ratios. The strong effect of 
complexing agents such as EDTA was removed by addition of zinc saIts. 

Over the past ten years the spectroscopic deter- 
mination of lead with use of sodium tetrahydroborate 
for generation of plumbane (PbH,) has been at- 
tempted by several authors,‘-* but because of the poor 
reaction efficiency the method was unsuitable until 
Fleming and Ide’ and Vijan and Wood3 discovered 
that the efficiency can be consistently enhanced by 
addition of an oxidant before injection of the 
tetrahydro~rate. It was assumed that Pb(IV) is 
obtained in the oxidation step and is much more 
suitable than Pb(I1) for formation of WH,. 

Various oxidants and acids have been proposed as 
the reaction matrices,2-8 but use of 10% hydrogen 
peroxide and O.l-0.12M perchloric or nitric acid 
in the sample solution appears to be the best com- 
promise in terms of sensitivity, reagent blank and 
interference effects. 

Atomic-absorption spectrometry (AAS) was used 
in all the studies mentioned, except that by Ikeda et 
al.,* who used inductively-coupled plasma atomic- 
emission spectrometry (ICP-AES). Owing to the 
variation in the definitions of sensitivity and detection 
limit, the merits of the different procedures are 
difficult to compare. In the AAS methods, a typical 
sensitivity was an absorbance of 0.0044 for a lead 
concentration of 1 ng/ml. Taking the blank concen- 
tration as l-2 ng/ml and the instability of the output 
of a commercial instrument as an absorbance of at 
least 0.003, a realistic estimate of the standard devi- 
ation, based on a small set of observation data, would 
be 0.004 absorbance at the blank concentration level. 
This corresponds to a detection li,mit (three times the 
standard deviation) of 34 ng/ml. 

This value is comparable with those recently ob- 
tained by Sthapit’O and Omenetto” by microwave- 
EDL or laser-excited atomic-fluorescence spec- 

trometry with direct aspiration of the sample into the 
flame. 

To achieve a lower detection limit and extend the 
linear dynamic range, we have tested the use of 
non-dispersive atomic-fluorescence spectrometry 
(NDAFS) with the instrument described previously.9 

EXPERIMENTAL 

Apparatus 

A home-made non-dispersive atomic-fluorescence spec- 
trometer with multielement capabihties was used, in the 
single-channel mode. The light-source was a Perkin-Elmer 
electrodeless discharge lamp (EDL) operating at 10 W mean 
power. The input power was square-wave modulated at 
7500 Hz with 100% amplitude modulation and 0.5 duty 
cycle (duty cycle = pulse width/pulse period). Details of the 
non-dispersive apparatus and EDL behaviour are reported 
elsewhere.9 

A hydride-reaction vessel (70 ml in volume) similar to 
those reported by other authors’~” was constructed from 
borosilicate glass. It had two ports, for the injection of the 
oxidizing and reducing solutions. 

Disposable micropI~ttes (0.5 and 1 ml) were employed 
for manual injection of the reagents. The atomizer was a 
small argon-hydrogen/entmined-air flame” obtained with 
flow-rates of 0.3 l./min for the hydrogen and 1.0 I./min for 
the argon. Argon also acted as the carrier for volatile 
hydrides.. The flame was supported on a simple glass tube 
(8.5 mm bore). A summary of the experimental conditions 
is reported in Table 1. 

Reagents 

A stock solution of lead (1000 fig/ml) was prepared from 
lead nitrate. More dilute solutions were prepared just before 
use. Demineralized doubly-distilled water was used in all 
operations. 

All reagents were high purity products (Merck, “Supra- 
pur” grade), un$ss otherwrse specified. 

Hydrogen peroxide solution (10% wow) was used as 
oxidant. Sodium tetrahydroborate solution (IOO/,) was used 
as reductant and prepared by dissolving the sotid reagent 
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Table I. Experimental conditions 

Radiofrequency power 
for EDL 

Power m~ulat~on 
for EDL 

sensation frequency 
Phatomultipiier voltage 
Focusing height 
Gas flow-rates 
Sample size 
Acidity 
oxidant 
Oxidation trme 
Reductant 
KC time-constant 

10 W (expressed as mean power) 

Square-wave, 0-iO0~ amplitude 
modulation, 0.5 duty cycle 

7500 Hz 
750 v 
8 mm above the burner top 
Hydrogen 0.3 l./min, argon 1.0 I./min 
5 ml 
0.1&W Hct 
0.5 ml of 10% H20Z solution 
40-50 set 
I ml of 10% NaBH, solution 
10 see 

(BDH, reagent for AAS, pellets} in 0.1 A4 sodrum hydroxide 
and filtering with a 0.4%pm filter. 

Lead-free sodium chforide solution (SM) was obtained by 
co-precipitatingi lead with lanthanum hydroxide at pH 
10-11 (by addition of sodium hydroxide), filtering, and 
neutralizing the filtrate with dilute hydrochloric acid. 

Procedure 
Five ml of sample or standard solution were transferred 

into the reaction vessel. Two micropi~ttes, one eonta~ning 
0.5 ml of hydrogen peroxide solution and the other 1 ml of 
tetrahydroborate solution, were placed in the injection 
ports. Argon was then allowed to flow through the reaction 
vessel. Once the baseline was stabilized, the peroxide was 
injected and 40 set later the tetrahydroborate; no stirring 
was used. The standard-additions method should be used 
(with correction for the bfank), and if complexing agents 
snch as EDTA are thought to he present, 0.05 mf of IO-“M 
zinc solution should be added before injection of the 
peroxide. All the other experimental conditions are sum- 
marized in Table 1. 

RFZSULTS AND DISCUSSION 

Burner. Observation at 8-10 my above the burner 
top was found to give the best signal to noise ratio 
(SNR) and the highest signal. By increasing the 

c 

I I I 

4 E; 8 

Burner djameter (mm) 
Fig. 1. Effect of glass burner internal diameter on lead 
signal. Conditions: see Table 1, hydrogen 0.4 (-a--_) and 
0.3 f--O-) l./min, lead 10 ng/ml. Flame extinguished , ~ 

burner bore, the path-length of the optical ceil and 
the signai are enhanced, but the enhancement is not 
a linear function of the burner bore (Fig. I). With a 
burner bore larger than 6 mm the hydrogen flow-rate 
can be reduced to 0.3 I./min without the flame being 
extinguished after the tetrahydroborate injection. 

Argon. Changing the argon flow-rate in the range 
0.9-I .2 I./min does not affect the signal. At an argon 
flow of 1.0 l./min the peak-width of the signal at 
half-height was about 12 set, so using a IO-set 
time-constant at the output of the lock-in amplifier 
gives a further increase in SNR. 

Hydride generation. The effect of sample acidity, 
and peroxide aud tetrah~droborate concentrations 
was studied in order to achieve higher sensitivity. 
Patterns similar to those observed by Vijan and 

Wood3 were found (see Figs. 2-4). The maximal 
sensitivity was obtained with O.l-0.12M hydrochloric 
acid, S-10% hydrogen peroxide and 10-l 2% sodium 
tetr~ydroborate solution. 

The chemical parameters involved in the hydride 
generation were also optimized for 0.5M sodium 
chloride medium, in view of a possible application to 
sea-water analysis. The effect of sodium chloride is 
discussed below. 

When magnetic stirring was used, a 7074 sup- 
pression of the signal was always observed. 

1 I I I i 

010 012 014 Ql6 018 

HCI (M) 

Fig. 2. Effect of sample acidity on lead signal. Conditions: 
see Table 1, lead 10 ng/ml; in absence (-8-j and in 

(----)_ presence of OSM NaCl f-U--f. 
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Fig. 3. Effect of concentration of added H,O, solution. 
Added volume 0.5 ml. Conditions: see Table 1, lead 10 
ng/ml; in absence (-¤--) and in presence of 0.5M NaCl 

(-0-L 

Detection limit, dynamic range and precision 

Blank signal. To identify various contributions to 
the blank, the signal was recorded (a) before the 
addition of borohydride; (b) after its addition to a 
reagent blank solution; (c) as in (b) except for the 
presence of 2 pg/ml of copper and the absence of 
peroxide, to suppress the plumbane formation. It was 
found that the EDL light reflected by the sur- 
roundings onto the photomultiplier was responsible 
for the continuum component (14% of the peak 
amplitude for the blank), and that the flame con- 
tributes about Sy,, the solution droplets dispersed in 
the flame 15%, and the lead present in the reagent 
about 63% of the blank. A silaned glass-wool filter 
placed before the atomizer retains the solution drop- 
lets and suppresses their effect. 

With the present purity of available reagents, the 
reagent blank was found to be 0.35 ng/ml, with 6% 
RSD (n = 10). The calculated detection limit (three 
times the RSD of the blank) was 0.06 ng/ml. 

Calibration graphs and precision. Calibration 
graphs were linear up to 300 ng/ml (4 decades). The 

10 - 
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f 
e 
2 
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./= ,- 
I I I I I I 

4 6 6 10 12 14 

NaBH, t%w/v) 

Fig. 4. Effect of concentration of added NaBH, solution. 
Added volume 1 ml. Conditions: see Table 1, lead 10 ng/ml; 
in absence (-¤--) and in presence of 024 NaCl (--c]--). 

Lead (ng/ml) 

Fig. 5. Precision diagram for lead determination. Condi- 
tions: see Table 1. 

relative standard deviation over the range 0.0&300 
ng/ml was given by 

RSD = [(0.06SJ2 + (0.05S,)2]“2/S,, 

where Ss was the blank signal, S, the signal relevant 
to concentration i and 0.06 and 0.05 were the relative 
standard deviations (n = 10) of Ss and S, respectively. 
The precision is shown in Fig. 5. The intercept in the 
(S, + S,) US. C, plot, obtained from the experimental 
points in the lead range O-5 ng/ml was equivalent to 
0.4 ng/ml. The fairly good agreement with the value 
calculated in the direct measurement of the blank 
shows that SB is constant in the concentration range 
tested. 

Eflect of foreign compounds 

Anions. Chloride (KCl, NaCl) and bromide (KBr) 
were found to enhance S, by up to 50%. Figure 6 
shows the effect of increasing concentration of chlor- 
ide on the peak amplitude of lead. The effect was 
found to be independent of the lead concentration 
within the dynamic range. In the absence of hydrogen 
peroxide the small signal due to the quantity of PbH, 
produced by direct reduction of Pb(II) was further 
decreased by the presence of chloride. These effects 
can be explained by considering that Pb(IV) forms 
more stable complexes than Pb(II) with chloride, so 
the redox reaction: 

PbCl: - 2)- + 2H202 + 4H + + ‘& PbClr - 4)- + 4H20 

10 

t 

m-m-._ 
* 

; ./. 
/ 

L 

2 
3 05 

c 
0 
En 
L% 
IL 

a 

05 

NaCl (MI 

10 

Fig. 6. Effect of sodium chloride present in the sample. 
Conditions: see Table 1, lead 10 ng/ml. 
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Table 2. Interference effect of foreign elements (200 na/ml)* 

Interference, Interference, 
Element % Element % 

As(II1) -50(-45)t Cd(I1) O(0) 
SWIIII 
Bi(IIIj 

-25(-25) 
-13(O) 

Co(H) 
Ni(II j 

O(O) 
oioj 

Sn(IV) O(0) Cu(I1) -85(-85) 
Se(IV) -78(-68) Cr(II1) O(0) 
Te(IV) -77(-65) Fe(II1) O(0) 

*Expressed as percentage variation with respect to the signal 
of lead alone. 

iInterference effect in presence of 0.5M NaCL 
Conditions: see Table 1, lead 5 ng/ml. 

is shifted toward the right and the yield of PbH, in 
the subsequent reaction with borohydride is in- 
creased. 

Sulphate (5 x lo-‘M), perchlorate (0.2M), phos- 
phate (2 x 10e3M) and EDTA (5 x IO-‘M; 0.2 
ppm) do not affect the signal for a 5-ng/ml level of 
lead. EDTA at 2 ppm level does not affect the signal 
for lead at 5-ng/ml level if the solution is made 10w5M 
in zinc 

Interferences. Several elements which are reported 
to have a strong effect on plumbane generation2-’ 
were studied. The effect of these elements at the 
200-ng/ml level on the signal for 5-ng/ml lead is 
reported in Table 2. More detailed information on 
copper, selenium and tellurium interference is given 
in Tables 3 and 4. 

An empirical equation which allows prediction 
of the signal decrease as a function of lead and 
copper concentration was found to be: “/g decrease = 
l.l5C,,/C”,,” (C expressed in ng/ml). Thus for any 
matrix composition the problem is how much the 
detection limit and linearity of the calibration graphs 
are affected by interferents. Whenever a fairly linear 
calibration graph is obtained for a real sample, it is 
necessary to calculate the value of S;-the blank 
signal in the presence of interferences-in order to 
calculate S,. Sb is given by SL = S, m’/m, where m’ 
and m are the sensitivities in the presence and absence 
of the interferences, respectively. It was found that in 
presence of copper at the 50-ng/ml level, the 
standard-addition procedure gives a linear plot for 
lead from 0.2 to 7 ng/ml, which allows determination 
of an initial lead concentration in the range from 

about 0.2 to 2 ng/ml. 

Table 3. Concentration interference effect of 
Se. Te and Cu* 

Interferent Interference, “A 
concentration, _____ 

nglml Se(IV) Te(IV) Cu(I1) 

2.5 0 0 0 
5 0 -12 0 

10 -10 -20 0 
50 -25 -25 -45 

200 -78 -77 -82 

*Expressed as percentage variation with re- 
spect to the signal of lead alone. 

Conditions: See Table 1, lead 5 ng/ml. 

Table 4. Copper interference effect: dependence on copper 
to lead ratio* 

Interference, 7, 

Pb, ng/ml lt 2t 5t lot 20t 40t 
0.2 0 0 0 0 - -28 
1 0 0 0 0 -20 -42 
5 0 0 -8 -45 - -82 

10 0 -10 -23 -65 - - 
100 -12 -35 - -85 - -100 

*Expressed as percentage variation with respect to the signal 
for lead alone. 

tCu/Pb mass concentration ratlo. 
Conditions: see Table I. 

Experiments are in progress for comparison of the 
results obtained by this procedure with those ob- 
tained by anodic-stripping voltammetry in analysis of 
sea-water. 

Conclusions 

Non-dispersive atomic-fluorescence spectrometry 
combined with hydride-generation has proved to be 
superior to hydride generation and AAS or 
ICP-AES”* in terms of detection limits and dynamic 
range, although the most sensitive fluorescence line of 
lead (at 405.1 nm) lies outside the spectral response 
of the solar-blind photomultiplier used in the present 
work. 

Proper modulation of the EDL source,9 adjustment 
of the burner parameters, and careful choice of the 
experimental conditions in the hydride generation 
step are essential for obtaining a low detection limit. 

Chloride and bromide enhance the lead signal, but 
the enhancement is independent of the lead concen- 
tration. The depressant effects of other interferents 
are comparable with those observed in the 
continuous-flow automatic generation of the lead 
hydride.’ 
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Snmmary-l-(2-Quinolylazo)-2,4,5-trihydroxybenzene has been proposed as a sensitive chromogenic 
reagent for the simultaneous determination of iron and copper in presence of thiosemicarbazide. The 
molar absorptivities are 1.86 x lo4 l.mole-i .cn-’ at 510 nm for iron and 2.54 x IO4 l.mole-‘.cm-’ at 
550 nm for copper. Trace levels of these two metals have been determined in some foodstuffs, body tissues 
and milk samples. 

Iron and copper are widely distributed in foods of 
plant and animal origin, but are present in very low 
concentrations in milk. In the northern areas of 
India, adults as well as infants are dependent on a 
milk diet. Excess of copper is objectionable in milk as 
it oxidizes the ascorbic acid content and causes an 
off-flavour.’ These two metals are also distributed in 
blood and body tissues in the human system, and in 
some cases can be a pointer to various diseases (e.g., 
copper, in Wilson’s disease). 

In an earlier publication2 we described use of 
a new reagent, l-(Z-quinolylazo)-2,4,5-trihydroxy- 
benzene (QATB), for determination of manganese in 
foodstuffs, and now extend its use to determination 
of iron and copper. 

EXPERIMENTAL 

Reagents 

QATB was synthesized* as described earlier, and used 
as a 2 x 10W3M solution prepared by dissolving 0.562 g in 
1 litre of ethanol. Solutions more than a week old were 
discarded. Stock solutions (O.OlM) of iron and cop- 
per(B) were prepared by dissolving appropriate amounts of 
analytical grade ferrous ammonium sulphate hexahydrate 
and copper sulphate ~tahydrate in doubly distilled water 
and were standardized with EDTA.3 A 2% solution of 
thiosemicarbazide was prepared in water. 

All other reagents were of analytical grade and doubly 
distilled water was used throughout. 

Procedures 

Calibration graphs. To each of a series of l-ml aliquots 
(taken in dry IO-ml standard flasks) containing 4-28 pg of 
iron(H) or 3-30 pg of copper(B), add 2 ml of 2 x 10e3M 
QATB, 1 ml of 1M sodium acetate and dilute to volume 
with 1: 1 v/v water-ethanol mixture. Record the absorbance 
at 510 nm for iron and 550 nm for copper(I1) against a 
reagent blank prepared under similar conditions. Draw the 
calibration graphs. 

determination of iron in presence of copper( To 
1 ml of sample solution (taken in dry IO-ml standard flask) 
containing not more than 28 pg of iron and 100 pg of 
copper( add 1 ml of 2% thiosemicarbazide solution and 

after a minute, 2 ml of 2 x IO-‘&f QATB, 1 ml of lM 
sodium acetate and 1 ml of ethanol. Dilute to volume with 
1: I water-ethanol mixture. Measure the absorbance at 
510 nm against a reagent blank and deduce the amount of 
iron(B) from the calibration curve. 

Determination of iron and copper( Treat 1 ml of 
sample solution containing not more than 30 pg of iron(I1) 
and/or copper(I1) as just described, and measure the absorb- 
ance at 510 and 550 nm (readings 1 and 2, respectively) 
against a reagent blank. Repeat the procedure without 
adding the thiosemicarbazide, but measure only the absorb- 
ance at 550 nm (reading 3). Absorbance I gives the iron 
concentration from the calibration graph for iron(H). The 
difference between absorbances 2 and 3 gives the copper 
indentation from the calibration graph for copper(B). 

RESULTS AND DISCUSSION 

QATB immediately gives a very stable dark 
brown complex with iron(I1) and a red complex with 
copper in the neutral pH range, but corres- 
ponding precipitates when the ethanol concentration 
is below 40%. At ethanol concentrations >40% the 
precipitates dissolve. Higher ethanol levels do not 
affect the absorbance of the complex. Figure 1 shows 
the spectra of the complexes in 50% VJV aqueous 
ethanol solution buffered with sodium acetate (final 
concentration 0. lM), the optimal conditions. Table 1 
records the physicochemical characteristics of the 
complexes. Both complexes have 1: 2 metal : ligand 
molar ratio. 

In sodium acetate medium only iron@) and 
copper(I1) produce colour reactions with QATB; 
other transition metals only form coloured complexes 
in either concentrated sodium hydroxide medium or 
at above pH 10. Addition of l-2 ml of 2% thio- 
semicarbazide solution completely prevents inter- 
action of copper(I1) with QATB but has no effect on 
formation of the iron(H) complex. The iron com- 
plex has considerable absorbance at 550 nm, at which 
the copper complex has maximum absorbance, but 
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Wavelength (nm) 

Fig. 1. Absorption spectra of (a) iron-QATB (b) copper- 
QATB complexes, (c) mixed in equal concentration (d) 
copper-QATB complex in presence of thio~micarba~ide, 
measured against reagent blank in sodium acetate medium; 

Fe 1.1 ppm, Cu 1.3 ppm, QATB 4 x 10”4~. 

this can be corrected for as described in the pro- 
cedure, by measuring the absorbance at 550 nm in the 
presence and absence of ~iosemi~arba~de, for equal 
aliquots of sample. 

Iron(I1) also forms a coloured complex with QATB 
at neutral pH. When iron(U) is oxidized to iron(lI1) 
with nitric acid or persulphate and the pH is adjusted 
to 7.0-8.0, QATB produces a dark brown 1: 2 com- 
plex with molar extinction coefficient of 1.8 x lo4 
1 .mole-’ *cm-’ at 510 nm, but hydrogen peroxide 
prevents the colour formation when it is used For 

oxidation purposes. Iron can, therefore, be deter- 
mined in either of the oxidation states with the same 
accuracy at pH 8.0. 

In the determination of iron(H) and copper(I1) at 
the 1.12 @g/ml and 1.27 pg/ml level respectively, 
fluoride, chloride, bromide, iodide, thiocyanate, 
nitrate, nitrite, sulphite, suiphate, alkaline-earth met- 
als, lanthanides, alumini~m, indium, antimony(III), 
bismuth, chromium(IIi), platinum metals [except 
palladium(H)], thorium, cerium and tin(H) do not 
interfere. Cyanide, EDTA, nickel, cobalt(I1) and 
vanadium(V) interfere seriously in both cases, even in 
1: 1 mole ratio to the analyte. Sulphide and phos- 
phate also interfere in the iron determination. 
Certain metal ions are precipitated at the pH used 
and the precipitates shouid be removed by centri- 
fugation. For other ions, the tolerance limits, defined 
as the concentration @g/ml in the final solution) 
causing a deviatron of less than +2% in the absorb- 
ance, are as follows. For iron(I1): thiosulphate, 200; 
citrate, 50; moly~enum(VI), tungsten(VI), 40; 
oxalate, borate, uranium(VI), cadmium, mercury(H), 
palladium(II), 20; copper(I1). silver (both masked by 
thiosemicarbazide), 10. For copper(I1): sulphide, 
thiocyanate, citrate, tartrate, 100; phosphate, oxalate, 
molybdenum(VI), tungsten(M), 40; borate, 25; cad- 
mium, mercury(II), 20; palladium (II), silver (without 
masking), 10 (masking with thiocyanate and iodide 
respectively), 25; zinc, manganese(II), 5. 

Table 1. physicochemical and analytical characteristics of the complexes 

Characteristic Fe-QATB Cu-QATB ~.. 
R mnrV nm 510 550 
pH range 8.&10.0 7.0-9.0 
Moles of reagent required per mole of 6 10 

metal ion for complete complexation 
Beer’s law validity range, ppm O-3.0 O-3.0 
Ringbom optimum concentration range, ppm 0.65-2.7 0.36-2.4 
Molar absomtivitv at L,., I. mole -’ cm -’ 1.86 x IO4 2.54 x lo4 

Table 2. Results for quadruplicate determinatton of iron in foodstuffs 

Sample Fe 
Food ashed, found, 

sample 8 irg -..--II____ 
Wheatflour 5.0 3.75, 3.68, 

3.70, 3.55 
Rice 5.0 9.57. 9.50, 

9.48, 9.64 
Potato-chms 4.0 3.30, 3.40. 

Fe Total Fe Range of 
added, recovered, recovery, 

!G h&r .._. ._L____ 
11.2 15.0, 14.5, 97.5-101.2 

14.8, 14.9 
11.2 21.5, 21.0, 95.7-103.7 

19.8, 21.2 
11.2 15.0, 14.3, 96.9-103.5 

3.38, 3.25 15.0, 14.0 
ADD&S 5.0 16.1. 16.2. 10.2 26.9. 26.2 98.2-102.2 

‘I 

Banana 

Tomato 

Peas 

5.0 

5.0 

3.0 

16.0, 15.2 26.4.’ 25.0 
8.09, 8.24 11.2 19.5. 18.9, 97.2-100.8 
8.18, 8.12 19.4, 19.1 
13.7, 13.1, 11.2 25.4, 25.2, 99.2-103.5 
13.8, 13.8 24.8. 25.2 
5.26, 5.30, 11.2 16.9, 16.5, 99.7-102.6 
5.18, 5.10 16.6. 16.0 
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Table 3. Results for quadruplicate determination of copper in 
foodstuffs (5-g samples) 

Food 
sample 

Wheatflour 

Rice 

Tomato 

Cabbage 

Apple 

Banana 

Cu found, 
pg 

2.89, 2.82, 
2.19, 2.94 
8.16, 8.26, 
8.20, 8.09 
5.00, 5.09, 
5.05, 5.15 
6.85, 6.81, 
6.93, 6.89 
5.58, 5.51, 
5.49, 5.41 
3.38, 3.32, 
3.43. 3.29 

CU 
added, 

M 

12.7 

12.7 

12.7 

12.7 

12.7 

12.7 

Total Cu 
recovered, 

KS 

15.8, 15.3, 
16.0, 15.0 
21.4, 21.2, 
20.5, 19.5 
17.2, 17.6, 
18.0, 18.2 
20.0, 19.1, 
19.0, 18.7 
18.0, 18.7, 
18.5, 17.7 
16.5, 16.2, 
15.8. 16.0 

Range of 
recovery, 

% 

97.0-102.2 

93.5-102.6 

97.3-102.5 

95.5-102.3 

97.1-102.7 

98.9-102.7 

APPLICATIONS 

Some foodstuffs and fruits which contain negligible 
amounts of cobalt and nickel in comparison to iron 
or copper were selected for analysis. Body tissues are 
also found to contain negligible amounts of cobalt 
and nickel, but fair amounts of iron and copper. Milk 
contains very little iron, so only copper was deter- 
mined in the milk samples. 

Determination of iron and copper in foodstufls 

Wet-ash 5 g of food or fruit (dried for -24 hr at 
-70” in an oven) with nitric and perchloric acids.4,5 
Take up the ash with 5 ml of hydrochloric acid 
(1 + 9) and evaporate to dryness; repeat this step. 
Dissolve the dry residue in water, filter the solution 
into a 25-ml standard flask, add 1 or 2 drops of 
concentrated hydrochloric acid and make up to 
volume. Analyse l-ml aliquots as already described, 
adjusting the pH to 7-8 with dilute sodium hydroxide 
solution. 

Determination of iron in body tissues 

Wet-ash 5-g sample with a 1: 1 mixture of nitric 
acid and perchloric acids.6.7 Evaporate the solution to 

dryness and ash the residue at 300”. Dissolve the ash 
in 2 ml of 1M sulphuric acid, make up to volume in 
a 25ml standard flask and determine iron as already 
described, adjusting the pH to 7-8 with dilute sodium 
hydroxide solution. 

Determination of copper in milk samples 

The amount of natural copper present in fresh raw 
milk is rather low and the “oxidized” flavour of milk 
is correlated with the copper content.’ Excess of 
copper is objectionable and is indicative of con- 
tamination. Hence its determination in milk is of 
importance during processing. Milk samples are usu- 
ally dry-ashed for copper determination, and though 
time-consuming, this method is considered to be the 
most accurate.8,9 

Add 100 ml of milk dropwise to a heated crucible 
to evaporate it without frothing. After the moisture 
has been removed, heat strongly to 450-500”. Cool 
and add 1 ml of concentrated nitric acid. Evaporate 
to dryness and ignite again at 450-500” for - 1 hr. 
Take utmost care to avoid loss by sputtering. Dis- 
solve the white ash in the minimum of dilute nitric 
acid and make up to volume in a lo-ml standard 
flask. Pipette a l-ml aliquot and determine the copper 

Table 4. Contents of iron m body tissues (quadruplicate 5-g samples) 

Aliquot Fe Total Fe Range of 
taken, Fe found, added, recovered, recovery, 

Sample ml PlT Pi? P&T :/, 

Prostate 1.0 6.77, 6.57, 11.2 18.4, 18.0, 98.4-102.4 
6.48, 6.32 17.4, 17.0 

Benign enlargement 0.5 12.9, 12.8, 11.2 24.2, 23.5, 97.8-100.6 
of prostate 12.8, 12.7 23.8, 23.6 

Table 5. Recovery of copper from various milk samples by the 
dry-ashing procedure (quadruplicate analyses) 

cu cu Range of 
Cu found, added, recovered, recovery. 

Sample M M fig % 

Cow milk 4.06, 4.09, 12.7 16.5, 17.1, 96.8-101.9 
4.08, 3.39 16.2, 16.2 

Buffalo milk 3.86, 3.94, 12.7 16.4, 16.9, 98.9-101.7 
3.58, 3.73 16.6, 16.1 
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contents as already described (in all cases adjust the 
pH to 7-8 with dilute sodium hydroxide). 

Results for these analyses are given in Tables 2-5. 
Recovery experiments with spiked samples gave 
95-104x recovery for iron and 93-1037; for copper. 
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Summary-A simple and rapid preconcentration technique, based on collecting trace elements on a 
membrane filter and dissolving the membrane filter in an organic solvent, has been applied to the 
spectrophotometric determination of phosphorus in water. Phosphorus, OS-7 pg in 50-500 ml of water 
sample, is collected as phosphomolybdenum blue on a nitrocellulose or acetylcellulose membrane in the 
presence of n-dodecyltrimethylammonium bromide, the membrane is dissolved in 5 ml of dimethyl- 
sulphoxide (DMSO), and the absorbance of the DMSO solution is measured at 710 nm against a reagent 
blank. Moderate concentrations of silicate, anionic and non-ionic surfactants and high concentrations of 
sodium chloride do not interfere. Interference from arsenate can be eliminated by reducing the arsenate 
to arsenite. Condensed and organic phosphates can be determined if they are first converted into 
orthophosphoric acid by digestion with persulphate. The limit of determination is 0.002 pg of phosphorus 
in 100 ml of sample. 

Adsorption on hydrophobic adsorbents is a simple 
and reliable means of preconcentrating trace elements 
from water.’ We have proposed the use of (&-bonded 

glass beads, &-bonded silica gel and polypropylene 
wool for this purpose. Traces of metals, phosphorus 
and arsenic can be adsorbed as coloured complexes 
on these adsorbents, eluted with a small volume of 
eluent, and determined either by spectrophotometry, 
inductively-coupled plasma atomic emission spec- 
trometry or anodic stripping voltammetry.2-9 

Recently we have proposed a simpler and faster 
preconcentration technique,” which is based on col- 
lecting trace elements as complexes on a membrane 
filter and dissolving the filter in a small volume of 
organic solvent. This technique was applied to the 

spectrophotometric determination of phosphorus. 
The phosphorus was collected as phosphomolyb- 
denum blue on a nitrocellulose or acetylcellulose 
membrane in the presence of n-dodecyltrimethyl- 
ammonium bromide, and the membrane was dis- 
solved in a small volume of dimethylsulphoxide 
(DMSO). The absorbance of the DMSO solution was 
measured at 710 nm against a reagent blank. A 
lOO-fold enrichment could easily be achieved and 
pg/l. levels of phosphorus determined with satis- 
factory precision. Because our earlier paper was only 
a preliminary report, we now present the method in 
more detail. 

Reagents 
EXPERIMENTAL 

Ammonium molybdate so1ution.l’ Dissolve 6 g of ammo- 
nium heptamolybdate tetrahydrate and 0.24 g of potassium 
antimony1 tartrate in 500 ml of 3M sulphuric acid. 

L-Ascorbic acid solution.” Dissolve 7.2 g of L-ascorbic 
acid in 100 ml of water. Prepare fresh daily. 

Mixed reagent.” Mix 50 ml of the ammonium molybdate 
solution and 10 ml of the L-ascorbic acid solution. Prepare 
fresh daily. 

Standard phosphorus solution. Prepare by dissolvmg an 
appropriate amount of potassium dihydrogen phosphate m 
water. 

n-Dodecyltrimethylammonium bromide (C,,TMAB) solu- 
tion. Dissolve 0.08 g of C,,TMAB in 100 ml of water. If 
necessary, remove any phosphate m this solution m the 
following manner:‘* add 0.5 ml of 10% aluminium sulphate 
solution to 100 ml of the C,?TMAB solution, adjust the pH 
to 8.5 with aqueous ammonia, stir for about 15 mm, and 
filter off the aluminium hydroxide formed. 

Reducing agent. Prepared as described by Schouwenburg 
and Walinga” and modified bv Johnson.“’ Mix 20 ml of 
1.75M sulphuric acid, 40 ml of -14% sodium metabisulphite 
solution and 40 ml of 1.4% sodium thiosulphate solution. 
Prepare fresh daily. 

Membrane jilters and holder 

Most of the data presented in this paper were obtained 
with Toyo TM2 membranes (25 mm in diameter, 0.45-pm 
pore size, nitrocellulose membrane), but other membranes 
can be used equally satisfactorily as long as they are made 
of mtrocellulose or acetylcellulose. A Toyo KG-25 filter 
holder (effective filtration area 1.3 cm*) was used. 

Procedure 

Take 100 ml of sample solution, containing less than 7 pg 
of phosphorus, add 8 ml of the mixed reagent, set aside for 
at least 15 min in a water-bath controlled at 2&W, then 
add 1 ml of C,,TMAB solution (samples up to 500 ml in 
volume can be used if 8 ml of mixed reagent and I ml of 
C,,TMAB solution are added per 100 ml of sample). Filter 
off the phosphomolybdenum blue on the membrane filter, 
and wash the membrane with about 20 ml of water. Dissolve 
the filter in 5 ml of DMSO, and measure the absorbance of 
the DMSO solution at 710 nm against a reagent blank. 
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392 SkmxRu TAGuCHl et al. 

RESULTS AND DISCUSSION 

Optimum conditions for colour development 

The conditions for the formation of the phos- 
phomolybdenum blue” and the masking of 
arsenic(V)“,‘4 are similar to those reported by earlier 
workers. The volumes of reagents added are varied in 
proportion to the sample volume. A 15-min reaction 
time is sufficient for complete colour development. 

Cationic surfactant 

The collection of phosphorus as phos- 
phomolybdenum blue on membrane filters was 
originally proposed by Hiiro et al.,15 but was not 
quantitative, and the fraction retained on the filter 
varied widely, depending on the manufacturer and 
the pore size of the membranes used. 

During the course of our study, our attention was 
drawn to a paper by Ohashi et al.,‘” stating that the 
addition of zephiramine, a cationic surfactant, greatly 
enhanced the extractability of phosphomolybdenum 
blue. This led us to examine the use of cationic 
surfactants to enhance the adsorption of phos- 
phomolybdenum blue on membrane filters. Of those 
tested, dodecyltrimethylammonium bromide 
(C,,TMAB) was the most satisfactory. 

Figure 1 shows that the absorbance of the DMSO 
solution increases with increasing amount of 
C,,TMAB added and reaches a constant value with 
at least 0.5 ml of 0.08% solution per 100 ml of sample. 

Membrane jilter for collection 

Several filters of different sorts and pore-sizes were 
examined for their usefulness for collecting phos- 
phomolybdenum blue. Nitrocellulose and acetyl- 
cellulose membrane filters are suitable because they 
readily dissolve in DMSO. Although any nitro- 
cellulose membrane filter with pore sizes between 0.2 
and 0.45 pm can be used, 0.45~pm filters are recom- 
mended because of their higher filtration rate. 
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h’ 0.6 
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- I i 

1’ . 
1 I , I 

0.0 0.5 1.0 1.5 

0.08 % C,,TMAB added (ml) 

Fig. 1. Effect of C,,TMAB on the absorbance from 7.3 pg 
of P per 100 ml. 
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Fig. 2. Effect of different solvents on the absorbance and 
stability of phosphomolybdenum blue (P 4.17 pg). 

Solvent 

Several water-miscible organic solvents were tested 
as solvents for the wet membranes. DMSO, 
NJ-dimethylformamide (DMF) and acetone readily 
dissolve the nitrocellulose and acetylcellulose mem- 
branes, but acetone is not recommended, because of 
its high volatility. 

Figure 2 shows the stability of the colour of 
phosphomolybdenum blue in DMSO and DMF. The 
colour intensity decreases slightly with time in DMF, 
but only very slowly in DMSO. If the membrane is 
washed with water before being dissolved in DMSO, 
the colour intensity is stable for at least 3 hr. Other 
water-miscible solvents, such as ethanol, methanol 
and acetonitrile, will not dissolve the membrane at 
room temperature. 

Absorption spectrum 

The visible-region absorption spectrum of phos- 
phomolybdenum blue in DMSO is shown in Fig. 3. 
There are two absorption maxima: one at 710 nm and 
the other at 875 nm. The first was chosen for use, in 
view of the useful wavelength range of most spec- 
trophotometers. Beer’s law is obeyed for 0.5-7 /*g of 
phosphorus in 5 ml of DMSO at both wavelengths. 

Sensitivity and precision 

Table 1 shows that microgram quantities of phos- 
phorus in 5&500 ml of sample can be determined 

0.01 I t I , I 

0 600 700 800 900 1000 

Wavelength Inm) 

Fig. 3. Absorption spectrum of phosphomolybdenum blue 
in DMSO (P 0.834 pg/ml). 
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Table 1. Collection of phosphorus from different sample volumes 

Volume 
of aqueous 

P taken. sample, P concn., C.V.,? No. of 

Fg Nts;/. mt Absorbance at 710 nm 7; detns. 

0.522 500 1.04 0.062 2.2 5 
200 2.61 0.062 I.8 5 
100 5.22 0.062 1.1 5 

2.09 200 10.4 0.255 0.8 5 
50 41.7 0.251 a.9 5 

3.13 IO0 31.3 0.316 0.7 IO 

4.17 100 41.7 0.517 ::: 5 
50 83.4 0.517 5 

7.30 100 73.0 0.898 0.6 5 
50 146 0.889 0.7 5 

*Filter dissolved in 5 ml of DMSO. 
~Coe~~ie~t of variation. 

with satisfactory precision. The lower limit of deter- 
mination (taken as three times the standard deviation 

of the blank) is about 0.002 pg ofphosphorus per 100 
ml of sample. 

EJikiency of c~l~ec~io~ 

The coliection efficiency was estimated by deter- 
mining the phosphorus on the membrane after 
digestion of the membrane in a mixture af nitric and 
perchloric acids.” The results indicated that more 

Table 2. Effect of foreign substances on the 
determination of 3. f 3 Pg of phosphonts in 100 ml 

of sample 

Concn., Absorbance Error, 
Substance W If. at 710 nm y0 

None - 0.386 - 
Silic$e loo 0.389 +0.7 

(as SiO,) 
SSS’ 0.5 0.384 -0.5 

1.0 0.378 -2.1 
Triton X-loot 1.0 0.393 + 1.8 
As(V) 0.1 0.716 +85 

1.0 0.3931 + 1.Q 
5.0 O.@Q t4.75; 

NaCi OSM 0.389 fO.7 

*Sodium dl~Z~thylhexyl)sulphosu~~~nate; an- 
ionic su~a~tant. 

axon-ionic surfactant. 
$In the presence of 10 ml of reducing agent 

than 99% of the phosphorus was retained on the fifter 
from 100 ml of water containing 3 pg of phosphors. 

Silicate, arsenate and germanate also form moly- 
bdenum blues. Of these, germanate is not likely to be 
present in concentrations high enough to cause 
significant interference. Table 2 shows the effects of 
commonly occurring substances on the determination 
of phosphorus. It is clear that moderate concen- 
trations of silicate and anionic and non-ionic surfac- 
tants, and high concentrations of sodium chloride, do 
not interfere. 

Arsenate causes large positive errors even when 
present at very low concentrations, but this inter- 
ference can be eliminated by reducing the arsenate to 
arsenite, as shown in Table 3. 

Phosphorus in the forms of condensed phosphates 
and organic phosphorus compounds can be deter- 
mined after conversion into orthophosphoric acid. A 
common procedure for this step is to heat the sample 
with potassium persulphate in an autoclave.tS The 
environmental Agency of Japan uses this as the 
official method. Table 3 shows results for the deter- 
mination of pyrophosphate, tripolyphosphate and 

Table 3. Determination of condensed and organic phosphates after 
treatment with potassium persulphate (sample v&me 100 ml) 

Phosphate 
P taken, P found, Recovery, 

C% LW! 0’ I” 

Sodium pyrophosphate 2.0 1.98 
4.01 4.08 
6.01 6.02 

Sodium t~polyphosphate 2.00 1.96 
4.00 3.90 
6.00 5.86 

Sodium phen~lphosphai~ 2.00 2.03 
4.01 4.06 

99 
102 
100 

98 
98 
98 

101 
101 

6.01 5.98 IO0 
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Table 4. Analyses of rover water and sea-water 
samples (50 ml) and recovery tests 

Recovery of P added, 
P added, P found, 

Fcg /% Fg 0. ‘0 

Sea-water 
none 1.67 - 

1.04 2.71 1.04 100 
2.09 3.69 2.02 97 
3.13 4.73 3.06 98 

River water 
none 2.82 
1.04 3.83 1.01 97 
2.09 4.90 2.08 100 
3.13 6.01 3.19 102 

phenylphosphate after persulphate digestion. It is 
clear that our proposed method can be applied 
successfully to samples digested with persulphate. 

Application to rioer water and sea-water 

The proposed method was applied for the analysis 
of river water and sea-water samples filtered through 
a 0.45~pm membrane filter. Table 4 shows the anal- 
yses of original samples and samples to which known 
quantities of phosphorus had been added. Recovery 
of the added phosphorus was nearly quantitative as 
shown in this table. 

CONCLUSION 

Solvent extraction is the commonest of the tech- 
niques used for the preconcentration of trace ele- 
ments,lw2’ but can be tedious and time-consuming, 
and solubility of the organic solvents in the aqueous 
phase poses limitations on the enrichment factor 
which can be achieved. 

The preconcentration technique proposed in the 
present paper is simple and very rapid. Once the 
phosphorus has been converted into phos- 
phomolybdenum blue, collection on a membrane 
filter and the measurement of the absorbance can be 
completed in less than 5 min. An enrichment factor 
of 100 can easily be attained. The proposed technique 

may find many other applications for the deter- 
mination of trace elements in water samples. 
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A METHOD FOR THE DETERMINATION OF VANADIUM 
AND IRON OXIDATION STATES IN NATURALLY 

OCCURRING OXIDES AND SILICATES 
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Summary-A valence-specific analytical method for determining V3+ m ore minerals has been developed 
that involves two steps: dissolution of a mineral sample without disturbing the V3+/Vt0’ ratio, followed 
by determination of V3+ in the presence of V4+. The samples are dissolved in a mixture of hydrofluoric 
and sulphuric acids at 100” in Teflon-lined reaction vessels. Tervalent vanadium is then determined 
calorimetrically by formation of a V 3+-thiocyanate complex in aqueous-acetone medium. Fe3+ is 
measured semi-quantitatively in the same solution. The method has been tested with two naturally 
occurring samples containing vanadium and iron. The results obtained were supported by those obtained 
by other methods, including electron spin resonance spectroscopy, the~ogravimet~c analysis, and 
MSssbauer spectroscopy. 

In natural systems, vanadium is present in minerals 
and waters in the + 3, +4 and + 5 oxidation states. 
This fact may be advantageously applied in the 
determination of the redox state of an entire system. 
For instance, the presence of tervalent vanadium is an 
indication of an extremely reducing environment,‘” 
whereas the quadrivalent and quinquevalent states 
predominate in systems of intermediate and high 
oxidation potential, respectively. Many analytical 
techniques have been developed for the deter- 
mination of total vanadium in rock samples,“’ but 
no techniques have been reported whereby one 
vanadium oxidation state in a mineral sample is 
measured in the presence of another. This paper 
presents an analytical procedure that has been devel- 
oped to detect tervalent vanadium in minerals in the 
presence of quadrivalent vanadium. Tervalent iron 
in the minerals is also measured. The method has 
been tested with samples of the mineral roscoelite, a 
vanadiferous mica, and of a vanadium oxide phase 
from a sandstone-hosted vanadium-uranium ore- 
body from the Colorado Plateaus. The results should 
aid in the inte~retation of the processes of ore 
genesis and contribute to our understanding of the 
importance of redox processes in ore genesis. 

EXPERlMENTAL 

Sample collection and handling 

Vanadium(II1) is unstable in the presence of oxygen. 
Therefore, all sample handling must be done in an inert 
atmosphere. In this study, high-purity nitrogen containing 
<SO ppm of oxygen was used. Roscoelite samples were 
obtained from an inactive mine at Placerville, Colorado. 
Samples of vanadium oxide were collected from freshly 
exposed faces in the Tony M mine, near Hanksville, Utah. 
The samples were stored in Mason jars flushed with nitrogen 
immediately after sample collection. 

Once the samples had been collected and brought back to 
the laboratory, all sample handling (grinding, size and 

density separation) was done under nitrogen in a glove-bag. 
All reagents which were to contact the samples were purged 
with nitrogen for at least 30 min. The efficiency of this 
purging process was verified by Winkler titration.’ Heavy- 
mineral separations were performed with fresh bromoform 
which had been purged with nitrogen for ~2 hr, and the 
samples were then rinsed with nitrogen-purged acetone. All 
size and density fractions were dried in a vacuum desiccator 
and stored in nitrogen-purged desiccators. 

Although the roscoelite samples were not collected from 
freshly exposed mine fz&es, repeated analyses over the 
course of several months showed no change in the V3+/Vto1 
ratio. Similar experiments on the vanadium oxide mineral 
showed that after several weeks significant oxidation had 
occurred. Typical results (vanadium oxide sample TM-5 
from the Tony M mine) are shown in Fig. 1. The analysis 
at zero time corresponds to a fresh sample stored under 
nitrogen. After one week of exposure to air, the V3+/Vtot 
ratio was virtually unchanged from the initial value of 0.82. 
After 6 weeks, the ratio had dropped to a value of 0.46. A 
split of the sample was stored in a cloth bag to allow 
complete exposure to air. Analysis of this split after 22 
months exposure to air gave a V3+/V“” ratio of 0.10, 
assumed to be the lowest achievable value. It is interesting 
to note that two of the four analyses reported by Weeks et 
af.8 on the vanadium oxide mineral montroseite yielded 
V3+/Vtot ratios of approximately 0.15, and a third showed 
no V3’. These values are close to our “infinite time” value 
of 0.10, suggesting that the earlier analysesa were performed 
on oxidized material. 

Reagents 

Ammonium thiocyanate solution (2.5OM) in acetone. Dis- 
solve 28.5 g of reagent-grade ammonium thiocyanate in 150 
ml of acetone. Prepare fresh daily. 

Stock vanadium solution (0.05OM). Dissolve 0.585 g of 
reagent-grade ammonium metavanadate, NHYO,,- in 
100 ml of 6M hydrochloric acid. On standing for about 
2 months, this solution will turn bright blue as quin- 
quevalent vanadium is reduced to the quadrivalent form, 
with liberation of chlorine. 

Procedure 
Introduce the samples (appro~mately 0.1 g) into the 

reaction vessels. Add to each 5.0 ml of 5M sufphuric acid 
and 5 ml of concentrated hydrofluoric acid, and seat the 
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Fig. 1. Effect of time on the oxidatron of the vanadium 
oxide sample TM-5 collected from the Tony M mine. The 
data point at 660 days represents the V3+/Vfot ratio of the 

sample stored in air. 

bombs. Heat the bombs at 100 for 3 hr in a vacuum oven. 
Prepare standard solutions of V3+ in 25-ml standard flasks 
by mixing portions of V“+ stock solution (2, 5, 10 and 
25 ~1) with 2 ml of concentrated hydrochloric acid and 
adding about 50 mg of crystalline stannous chloride 
dihydrate, and leave for an hour to reduce the V4+ quan- 
titatively to V3*. Prepare two reagent blanks, one with and 
one without stannous chloride. Set aside two standard flasks 
for each sampte, one with and one without stannous chlo- 
ride. On comptetion of the 3-hr digestion period, quench the 
bombs and put them m a glove-bag filled with nitrogen. 
Withdraw 5 ml of solution from each of the bombs and 
accurately dilute each to 50 ml with saturated boric acid 
solution. Using an automatic pipette, transfer pairs of 
1.0”ml portions of these solutions to the pairs of sample 
flasks. Add I5 ml of thiocyanate solution to each flask, and 
dilute to volume with distilled water. Quickly measure the 
absorbance of the unreduced solutions at 475 and 395 nm. 
Calculate the V3+ content from the calibration graph for the 
standards measured at 395 nm. Determine the Fe3+ content 
from the drfTerences in absorbance at 475 nm for the pairs 
of unreduced and reduced solutions. Use distilled water as 
reference, and correct the sample absorbances for the ab- 
sorbance of appropriate reagent blanks. Determine the total 
V and Fe concentrations by atomic-absorption spectroscopy 
or some other method. 

RESULTS AND DISCUSSION 

Sample decomposition and analysis 

The samples were decomposed in Teflon-lined re- 
action vessels similar to those described by Bernas.” 
The Teflon liners were found to be somewhat porous. 
To avoid oxidation by residual air in the pores during 
sample dissolution, all the Teflon liners were kept for 
at least 3 days in a vacuum oven at 100” prior to use. 
Experiments in which a V3+ solution was kept in the 
degassed bombs for the normal digestion period 
showed that no oxidation then occurred. Therefore, 

the three-day purging process is sufficient to remove 
all air. 

Initial dissolution experiments involved heating 
with a 1: 1 mixture of 5M hydrochloric acid and 
concentrated hydrofluoric acid at 100” for 3 hr. The 
results were widely scattered and did not vary system- 
atically with any of the controlled variables (tem- 
perature, duration of decomposition, etc.). In sub- 
sequent experiments, this acid mixture was found 
to reduce V4i to V3” spontaneously under the con- 
ditions of the dissolution. ‘I This reduction seems to 
be catalysed by iron, and the varied concentrations of 
iron in the samples (and subsequent solutions) may 
have been the cause for the wide scatter in the data. 
After this finding, the acid mixture was replaced by 
a 1: 1 mixture of 5M sulphuric acid and concentrated 
hydrofluoric acid in all further experiments. “Blank” 
decompositions done with a V4+ or V’+ solution in 
the new acid mixture verified that no oxidation or 
reduction occurs as a result of redox reactions be- 
tween vanadium and the acids used. Approximately 
0.1-0.2 g of sample was used with 10 ml of the acid 
mixture. The mineral samples were completely dis- 
solved by heating for 3 hr at 100”. 

After formation of the strongly coloured vanadium 
thiocyanate complex, the solutions were analysed 
calorimetrically. This method was first proposed by 
Furman and Garner.iz Crouthamel et aLI3 modified 
the method by using an acetone-water (3:2 v/v) 
medium. We have further modified the technique 
as described below, to remove the interference by 
ferric iron, which is present in the samples and 
also forms a strongly coloured thi~yanate complex. 
The absorbance maximum, a,,, for the V’+- 
thiocyanate complex is at 395 nm, and 1,,, for the 
Fe3+-thiocyanate complex is at 475 nm. 

The Fe3+-thiocyanate complex absorbs signifi- 
cantly at the A,,,,, of the V3+-SCN complex. This 
interference may be easily removed by the addition of 
a small amount (-50 mg) of crystalline stannous 
chloride. The ferric iron is immediately reduced to the 
ferrous state, which has no coloured thiocyanate 
complex, but the V3’ is not affected. Any V4+ in 
solution is also unaffected during the time needed for 
the analysis (< I hr after preparation of the solu- 
tions). To prove this point, V4+ solution was added 
to a test solution containing V3+ and stannous chlo- 
ride. The absorbance was monitored for about 1 hr, 
and no change was detected. The absorbance of the 
V3+-thiocyanate complex at i,,, for the 
Fe3+-thiocyanate complex is minimal and auto- 
matically compensated in the procedure, since it 
should be identical for the reduced and unreduced 
solutions, and the difference between the absorbances 
gives the absorbance of the ferric iron complex. 

The V3+ complex obeys Beer’s law at 395 nm up 
to a V3+ concentration of 5 x fOP3M. The ferric 
complex obeys Beer’s law up to an Fe3+ con- 
centration of 3.6 x 10--%4. The concentration of 
thiocyanate is kept constant at ISOM. The molar 
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absorptivities are 1.2 x lo4 1 .mole-’ .cm-’ for the 
V’+-complex at 395 nm and 2.3 x lo4 for the ferric 
complex at 475 nm. The limit of detection for V3+ 
is approxima~ly 5.0 x 10-‘&f, and that for Fe3+ 
is approximately 3.6 x lo-‘M. Repeated runs gave 

V3+/Vfof ratios that agreed within 50.07. The 
technique was validated as described below. 

Typical concentrations of V”’ in the sample solu- 
tions ranged from 0.2 to 4.0 x 10m5M, and Fe3+ 
concentrations in the same solutions ranged from 
0.72 to 7.2 x 10e6d4. The vanadium oxide minerals 
had V3+/Fe3+ molar ratios between 2 and 7, and the 
vanadiferous clays had ratios close to unity. 

The stoichiometry of the V3+-thiocyanate complex 
is somewhat uncertain. Furman and GarnerI’ applied 
Job’s method and found the complex was probably 
1: 1, but the Job plot indicates that the complex is 
quite weak and does not preclude the existence of 
higher complexes. The ferric thiocyanate complex is 
1: 1, as determined by a variety of techniques.‘4,‘s 

Validation of the procedure 

Various simple experiments were run in order to 
show that the results are not affected by any redox 
reactions that occur during the decomposition or 
analysis. In addition, samples were analysed by 
the procedure developed and the results compared 
favourably with those of other techniques that do not 
require sample decomposition prior to analysis. The 
advantage of the technique reported here is that it 
does not require any exotic apparatus or expensive 
electronic equipment. 

Three sets of experiments were performed to ascer- 
tain that no redox reactions occur during the decom- 
position procedure. In the first set, a solution of V3+ 
was added to the sulphuric/hydrofluoric acid mixture 
and heated for 3 hr at 100”; all the V’+ was recovered, 
i.e., no oxidation of V3+ had occurred. A correspond- 
ing run with V4+ verified that no reduction of V4+ 
took place. Finally, in a run with V4+ and a known 
mixture of ferrous and ferric iron no V3+ was pro- 
duced, and the initial and final ferrous/ferric ratios 
were identical. The samples that were to be analysed 
by this and other independent methods contained 
tervalent vanadium and iron, so there was the possi- 
bility of a redox reaction between them to produce 
V4+ and Fe*+, Test runs were performed in which 
known amounts of Fe’+ or V3+ were added to the 
reaction vessel with a sample. In all cases, the addi- 
tional V’+ or Fe’+ was recovered, verifying that no 
redox reactions occur. A possible reason for this is 
the formation of fluoride complexes of V’+ and Fe3+, 
which would tend to inhibit any such reaction, 
though the fluoride present should be almost all in the 
protonated form at the acidity used. 

The validity of the method when applied to 
minerals was established by analysing two standard 
samples and comparing the results with those of 
independent techniques. 

The first standard was roscoeiite, a vanadiferous 

mica, from Placerville, Colorado. Roscoelite from 
other localities has been reported to contain predom- 
inantly tervalent vanadium.‘“‘* In the sample used in 
this study, 85% of the vanadium was found to be in 
the tervalent state. The presence of a small amount 
of quadrivalent vanadium was confirmed by electron 
spin resonance (ESR) spectroscopy, but the result 
was not quantitative. The V3+/Vfof ratio (0.85) was 
also supported by thermogravimetric analysis (TGA). 
The TGA was run from 20” to 900” in two phases. 
The first phase was executed under an atmosphere of 
high-purity nitrogen. The sample was observed to 
lose weight as adsorbed water, structural water, and 
structural hydroxide ions were lost. The apparatus 
was then cooled, and the TGA was rerun under an 
oxygen atmosphere. The sample gained weight as V3 + 
was oxidized to V4+, and then to V5+, and as Fe’+ 
was oxidized to Fe3+. After correction for the weight 
gain due to Fe*+ oxidation, the calculated V3+/Vt0’ 
ratio was approximately 0.5. Assuming the oxygen 
content of the high-purity nitrogen to be 50 ppm (the 
maximum value specified) it was calculated that the 
amount of oxygen that would have flowed past the 
sample during the first heating period would have 
been sufficient to cause complete oxidation of V3+ to 
V5+. Therefore, the calculated V3+/VLo’ ratio of 0.5 
was taken as a minimum value, consistent with the 
result of the chemical determination. but somewhat 
inconclusive. The Fe-‘+/Fe’“’ ratio was found to be 
approximately 0.05 by our technique, near the de- 
tection limit for Fe3+. This result compares favour- 
ably with the value of 0.10 found by Mijssbauer 
spectroscopy.‘g 

The second sample (TM-l) was a vanadium oxide 
mineral collected in the Tony M mine near 
Hanks~lle, Utah. The sample was collected as 
already described. The V3+,N“” ratio found by our 
method was 0.37 and the Fe3+/Fe’“’ ratio 0.75 + 0.08. 
The Fe3 + /Fe”‘* ratio determined by Miissbauer 
spectroscopy19 was 0.75 f 0.05. The V3+/Vtot ratio 
was not checked by independent methods. The results 
of four replicate analyses of sample TM-l (Table 1) 
are fairly close, and the Fe”+/Fe”’ ratio agrees very 
well with the Mijssbauer result, indicating that 
the analysis is reliable. Similar precision was obtained 
for replicate analyses of the roscoelite sample. The 
presence of V3+ and Fe3+ in the same sample indi- 
cates a narrow range of redox conditions that could 
have prevailed during formation of the Tony M 
orebody. Work is continuing to explore further the 
implications of this for the ore-forming processes. 

Table 1. Rephcate analyses of the vanadmm 
oxide sample TM-l collected in the Tony M 

mine 
v3+/vtor Fe)+ /Fef”’ V’“jFe’“’ 

0.41 0.76 - 4.4 
0.39 0.83 4.3 
0.37 0.72 4.1 
0.31 0.68 4.3 
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Summary-Various metal thiocyanate complexes in aqueous solution were sorbed on solid cellulose 
acetate polymers. The sorption selectivity increased in the order Zn’+ > Fe-‘+ z Cu*+ > Co2+ > Ni*+. The 
sorption behaviour followed a Langmuir-type adsorption isotherm, and the maximum adsorption capacity 
was 6.1 x 10m5 mole of complex per g of polymer under optimum conditions. The zinc species sorbed 
appear to be NH,Zn(H,O)(SCN), or (NH,),Zn(SCN), according to analysis of the sorption equilibrium. 
The ion-association species formed by the complex zinc anion and the ammonium ion was supposed to 
be sorbed (or “extracted”) onto the polymer matrix. As an application of sorption of metal complexes, 
a new hy~~ltration process was proposed for selective separation of metal ions. Thus, a mixture of metal 
thiocyanate complexes was hy~rfiltered through cellulose acetate membranes. Permeation of certain 
metal complexes was preferred, and the selectivity was found to be similar to the sorption selectivity. These 
findings lead to a generalized idea that hyperfiltration separation of ionic species, particularly anionic 
metal complexes, can be attained by using polymer membranes which selectively adsorb or extract such 
ionic species as ion-association complexes onto the polymer matrix. 

It is known that metal thiocyanate complexes are 
effectively extracted in the form of ion-association 
complexes into oxygen-containing organic solvents,‘,* 
and this has been widely used for the separation of 
metals,3 but the volatility and toxicity of organic 
solvents sometimes pose problems in the practical 
operation of the process. The sorption behaviour of 
solid polymers has recently been studied, and poly- 
mers such as polyurethane foam are found to be 
effective substitutes for organic solvents for the sorp- 
tion or “extraction” of some ion-association com- 
plexes. 4*5 Several metal thiocyanate complexes are 
effectively extracted by solid polymersG9 

Metal-selective separation by solid polymer mem- 
branes under hydraulic pressure is one of the future 
membrane technologies yet to be explored. To date, 
only a few studies have been made of this aspect,‘@‘3 
and the sorption of ion-ass~iation complexes may be 
important in the development of solid membranes 
which selectively reject metal species or are permeated 
by them. The principle is that the active membrane 
phase acts as a “polymer solvent” for the extraction 
of ion-association complexes and the extracted metal 
species are transported through the membrane by 
some coupling processes with a solvent flow under 
hydraulic pressure. Metal species which lack affinity 
for the active membrane phase do not permeate it. 

The aim of the present study was to examine and 
verify these ideas. The sorption of metal thiocyanate 
complexes by polymer membrane materials was stud- 
ied, and the permeation selectivity of the complexes 
under hyperfiltration conditions is discussed in the 
light of the equilibrium sorption behaviour. 

EXPERIMENTAL 

Reagents 

Cellulose acetate (acetyl content 39.8x, ASTM viscosity 
3 set), cellulose acetate butyrate (acetyl content 29.5x, 
butyryl content 17x, ASTM viscosity 15 set) and cellulose 
acetate hydrogen phthalate were purchased from Eastman 
Kodak Co. Poly(ethylene glycol) succinate, ~ly~neo~ntyl 
glycol) succinate (for gas chromatography) and penta- 
acetyl-j?-o-glucose were purchased from Tokyo Kasei 
Co. Cellulose (100-200 mesh) and poly(viny1 chloride) 
(n = 1100) were obtained from Toyo Roshi Co. and Wako 
Pure Chemical Co., respectively. Polyacrylonitrile was gtfted 
by Mitsubishi Reiyon Co. All these polymers were used 
in powder form (finer than 50 mesh). Other reagents 
were reagent-grade commercial products and used without 
further purification. 

Stock solutions of metal nitrates (in 0.1 M nitric acid), 
ammonium thiocyanate and ammonium nitrate were stored 
in polyethylene bottles. Concentrations of metal complexes 
were determined by atomic-absorption spectrophotometry 
with a Japan Jarrel Ash Co. AA-l instrument. 

Sorprion experimeni 

Metal thiocyanate solutions were prepared by mixing and 
diluting the stock solutions. An appropriate amount of 
polymer (2.0 g) was suspended in the solution and the 
mixture was shaken on a mechanical shaker for 90 min at 
25”. The residual metal-ion concentration in the bulk solu- 
tron was then measured by atomic-absorption spec- 
trophotometry after centrifuging or filtering. A preliminary 
3-hr study indicated that shaking for 90 min was sufficient 
for evaluation of the equilibrium sorption behaviour. The 
effect of polymer degradation (e.g., by hydrolysis) was 
neglected. Prolonged shaking (l&15 hr) caused a small 
increase (-5%) in sorption, but a compromise was made 
between achieving complete ~uilibration and risking a 
possible structural change of the polymer matrix during an 
extended experiment. In addition, the 90-min ~uilibratIon 
data were better related to the hyperfiltration study, since 
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Table 1. Sorption of metal thiocyanate complexes on solid polymers* 

No. Polymer Felt Co?+ Ni’+ CuZ+$ Zn?+ 

1 Cellulose acetate 398 (CA-398) 63.4 9.6 1.2 47.2 92 2 
2 Poiyacrylonitrile (PAN) 18.0 6.8 0.8 13.8 57.6 
3 Cellulose (CE) 0.0 0.0 0.0 5.6 0.4 
4 Poly(vinyl chloride) (PVC) 0.0 0.0 0.0 0.0 0.0 
5 Penta-acetyl-p-p-glucose (PAG) 1.2 0.0 00 0.0 1.6 

*Polymer (2.0 g, powder) was suspended in 20 ml of aqueous solutron containmg 0.5M 
NH,SCN. O.lM HNO,, and 0.5mM M”(NO,), or M”‘(NO,),. 

§Prolonged contact of cupric ion with thiocyanate ion leads to the formation of cuprous 
species. The extent of this reaction was difficult to assess under the soration 
condrtions used. The solution, however, remained completely homogeneous. 

the permeation data in the latter were collected m the period 
from 40 min to 4 hr after the membrane had been set up in 
the permeation cell (see below). 

The sorption behaviour of the complexes were evaluated 
from the degree of sorption (E) and the distribution ratio 
(I)): 

E = [Ml, - [Ml, x 1oo 

WI, 

where [Ml, and fM]r are the initial and final metal concen- 
trations, respectively, in the solution; VW is the volume of 
solution (ml), and W, the weight of polymer (g). 

Membranes 

Cellulose acetate (CA) membranes were prepared by 
either the casting or the coating method. The cast CA 
membrane was an asymmetric membrane for reverse os- 
mosis, similar to that described earlier” (membrane an- 

nealmg temperature U’, membrane thickness, 3640 pm). 
Coated CA membranes were prepared by dissolving 0.2 g of 
cellulose acetate in 40 ml of acetone, spraying the solution 
onto a “Fluoropore” membrane (pore-size 0.1 pm, Sum- 
rtomo Denki Co.) and drying at room temperature, the 
procedure being repeated until a polymer phase of appropri- 
ate thickness was formed (0.3-0.4 mg of CA per cm’) I3 

Hyperjltratron 

A batch type hyperfiltration cell of 16.6 cm’ effective 
membrane area and 300 ml feed capacity (Atsuryoku Kiki 
EngInee~ng Co., Tokyo) was used. The cell was s~cific~ly 
designed for the present purpose. It was protected from 
corrosion by using either Teflon or dense polyethylene as 
inner cell material. Permeation experiments were performed 
at 20 atm and 25”. Before and after each experiment, the 
membrane was tested for water flux with pressurized pure 
water, and the absence of any damage or deterioration 
during the experiment was confirmed. 

The permeation expenments were done with 250 ml of 
feed solution. The first 5 ml of solution permeated were 

No. 

Table 2. Sorption of zinc(U) thiocyanate complexes on solid polymers* 

Polymer ET, Structure 
--- -_ 

I Cellulose acetate 398 (CA-398) 89 - 

2 Cellulose acetate butyrate 22 
172-15 (CAB-171-15) 

3 Cellulose acetate hydrogen 50 
phthalate (CAHP) No. 1 R = -H, -COCH, 

4 Cellulose (CE) I 2 -H. -COCH,, -COC,H, 
3 -H. -COCH,, -COC,H,COOH 

46; -(C& CH$ : 
Penta-acetyl-fi-n-glucose (PAG) 
Polyacrylonitrile (PAN) 

7 Poly(viny1 chloride) (PVC) 

8 Poly(neopenty1 glycol 52 --(OcH2C(CH,),CH,0CCH@,C-),-- 
succinate) (PNGS) 

a il 

9 Poly(ethylene glycol 76 -_(OCH,CH20CCHzCH,C-),- 
succinate) (PEGS) 

K tl 

*Polymer (2.0 g, powder) was suspended in 20 ml of aqueous solution (pH = 1) contaming 0.5M NH,SCN, 0.1 M HNO,, 
and ImM Zn(NO,h. 
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discarded, and the second 5 ml were collected for analysis. 
Further fractions were usually not collected, since they were 
similar to the analysed fraction in composition. The perme- 
ability (P) for metal ions was defined as follows: 

P= 
concentration of metal ion in the permeate 

concentration of metal ion in the feed (3) 

RESULTS AND DISCUSSION 

Sorption of metal complexes 

Sorption of metal thiocyanate complexes on some 
typical solid polymers is summarized in Table 1. 
Sorption of zinc thiocyanate complexes was studied 
in detail for other varieties of polymer or “monomer” 
sorbents, and the results are summarized in Table 2. 
It is seen that a hydrophilic polymer such as cellulose 
and a hydrophobic polymer such as poly(viny1 chlo- 
ride) show no sorption capabilities. Metal thio- 
cyanate complexes are sorbed only by polymers with 
inte~ediate polarity, such as cellulose acetate and 
polyacryIonitrile. Cellulose acetate has by far the 
highest sorption capability. As metal thiocyanates are 
not sorbed on the monomeric sorbent penta-acetyl 
glucose, a polymer environment or some micro- 
structure of the solid polymer matrix seems to be of 
vital importance for sorption to take place. 

The degree of sorption of metal thiocyanate com- 
plexes on cellulose acetate polymer increases in the 
order Zn2+ > Fe3+ > CU*+ > Co*+ > Ni2+. Under 
our conditions, cobalt was not effectively sorbed. It 
has also been reported that cobalt(I1) and iron(II1) 
thiocyante complexes are not sorbed on polyester 
type polyurethane foam.‘*r4 On the other hand, it is 
reported that polyether-type polyurethane foam suc- 
cessfully sorbs these complexes6 It is interesting that 
the chemical structure of the polymer material has 
such a subtle effect on the sorptivity of metal com- 
plexes, analogous to that in metal extraction by 
organic solvents of various structure and polarity. 

Figure 1 shows the effect of thiocyanate concen- 
tration on the sorption of zinc. The degree of sorption 
(E) increases with thiocyanate concentration. This 
suggests that complexes such as (NH~)~_~Zn(SCN)~ 
are the main species involved in the sorption. 

The effect of the medium on the sorption of zinc 
thiocyanate complexes was studied for cellulose poly- 
mers. Addition of ethanol to the bulk aqueous solu- 
tion first tended to increase the sorption, but further 
addition caused a strong decrease in the sorption. 
Thus, plots of E vs. ethanol content in the bulk 
solution show maxima at an ethanol weight fraction 
of about 0.20-0.25 (Fig. 2). Addition of a small 
amount of ethanol is considered to promote the 
formation of sorption-active species (lipophilic ion- 
association complexes) in aqueous solution. It is also 
expected that ethanol brings about a sort of swelling 
effect and increases the effective surface area of 
the polymer for the sorption of such metal species. 

a a- 
tu 

I I I 

0 05 IO 

CSCN-I, M 

Fig. 1. Effect of thiocyanate concentration on the sorption 
of zinc on cellulose acetate: 20 ml of aqueous 
NH,SCN-HNO, solution @H 1.6) containing OSmkf 
Zn(NO,), were used; total concentration of ammonium ion 
adjusted to 0.794 with NH,NO,. Cellulose acetate: 1.0 g 

(a), 2.0 g (0). 

These effects seem to explain the increase in sorption 
(Fig. 2) when a small fraction of ethanol is added to 
the aqueous metal salt solution. However, excess 
of ethanol reduces the dielectric constant of the 
solution, bringing the polarities (or environments) of 
the bulk aqueous solution and the polymer matrix 
closer to each other. This in effect reduces the sorp- 
tion of ion-association complexes onto the polymer 
matrix. This behaviour seems to be especially marked 
in the case of cellulose acetate butyrate. 

The effect of pH on the sorption of zinc thio- 
cyanate complexes is shown in Fig. 3. Since the 
solutions were not well buffered, the pH values were 
measured immediately after sorption equilibrium was 
attained. It is seen that sorption of zinc was constant 
in the pH range l-6. It is known that cellulose acetate 
contains a small amount of carboxyl functional 
groups, and there is a possibility that sorption of zinc 
is partially due to cation-exchange at the carboxylate 
sites of the polymer matrix. However, the results in 

100 

-kg 3 

EtOH/(H,O+EtOH), werght tkhon 

Fig. 2. Effect of ethanol content on the sorption of zinc 
thiocyanate complexes: 20 ml of solution containing 0.25M 
NH,SCN, 25mM HCI, and 0.5mM Zn(NO,)l were used. 
Polymers: cellulose acetate, 0.5 g (a}, 2.0 g (0); cellulose 

acetate butyrate, 2.0 g (A). 
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Fig. 3. Effect of pH on the sorption of zinc thiocyanate 
complexes; 20 ml of 0.25M NH,SCN solution containing 
OSmM Zn(NO,), were used. The pH was altered by adding 
HCl or KOH. The amount of cellullose acetate was 2.0 g. 
The apparent sensitivity (peak height) of atomic absorption 
for O.SmM Zn(NO,), in 0.25M NH,SCN solutidn is shown 

in the upper figure as a function of pH. 

Fig. 3 indicate that the contribution from the ion- 
exchange mechanisms is negligible. The decrease in 
zinc sorption at pH > 7.5 was found to be due to 
hydrolysis of the metal ions in the bulk solution. This 
is also experimentally reflected in the decrease of 
sensitivity in the atomic-absorption measurements 
(Fig. 3). 

Langmuir-type adsorption isotherm 

When (i) there is no interaction between the sorbed 
species, (ii) the polymer “surface” is homogeneous 
and has the same sorption characteristics, and (iii) 

only monolayer sorption takes place, the sorption of 
metal thiocyanate complexes should follow a 
Langmuir-type adsorption isotherm: 

1 1 1 
-= 
A KdAwl(NH,),~,M(SCN),I, + A, 

(4) 

where Kd is the equilibrium constant for adsorption 
of metal complexes from the bulk solution onto the 
polymer surface, A is the amount of metal species 
adsorbed (mole/g), and A, the maximum adsorption 
capacity (mole/g). The sorbed species are assumed to 

l/C(Zn),l, xl0~'(ml/mole) 

Fig. 4. Langmuir plots for the sorption of zinc thiocyanate 
complexes on cellulose acetate; 20 ml of solution containing 
Zn(NO,), in various concentrations were shaken with 
0.5-2.0 g of cellulose acetate. The solution contained 
NH,SCN in concentrations of 0.25M (1, O), 0.25M (2, A; 

25 wt% EtOH), 0.50M (3, a), and 0.75M (4, 0). 

have the compositions (NH,),_,M(SCN), (M is a 
bivalent metal; n = 24; co-ordinated or solvation 
water molecules are not shown). 

When the concentration of ammonium thiocyanate 
in the bulk solution is kept constant, the concen- 
tration of complexed species is proportional to the 
total concentration of metal ion in solution. Thus, 

KNHdn-2M WW, = a,KMM, (5) 

where [(M),], is the total concentration of metal and 
a, is a conditional proportionality constant for the 
nth species. Substitution of equation (5) into equa- 
tion (4) gives equation (6). Plots of l/A vs. l/[(M),], 
should be linear if a Langmuir-type isotherm is 
followed (e.g., Fig. 4). 

Though the slopes and the intercepts varied with 
conditions, the plots were all linear within experi- 
mental error. The values of a,K, and A, obtained 
from the plots are listed in Table 3. Increasing the 
ammonium thiocyanate concentration increases the 
A, values (Nos. 1, 3, 4). The A, value also increases 
when ethanol is added (Nos. 1, 2). This change 1s 
considered to be related to the change in aggregation 
of the polymer chains at the surface of cellulose 

Table 3. Parameters of Langmuir plots for the sorption of zinc 
tluocyanate complexes on cellulose acetate 

No. [NH&N], M [EtOH], MY% a,& x 10e6 A, lo-’ mole/g 

1 0.25 0 1.6 1.9 
2 0.25 25 0.5 5.7 
3 0.50 0 2.3 4.4 
4 0.75 0 3.5 6.1 
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Polymer 
phase 
Aqueous 
phase 

/Scheme I. Sorption equilibrium of metal thiocyanate complexes 

acetate. Increase in ammonium thiocyanate concen- 
tration also leads to increased u, Kd values. This effect 
is most probably related to increase in cr, rather than 
in Kd since formation of the ion-association com- 
plexes is favoured by higher thiocyanate concen- 
trations. 

Scheme I shows a simplified expression of the 
sorption equilibrium, where the sorbent polymer is 
supposed to be present in sufficient excess for sorp- 
tion to take place. The sorption and association 
constants, K; and K,, respectively, are defined in the 
following equations, where the suffixes p and a refer 
to the polymer and aqueous phases, respectively: 

G = [(NH&-2M (SCN)“]~/[(NH~)~-~M (SCNU (7) 

K, = [(NH,),-,M (SCN),I,/[Ml,[NH,I::-2[SCNl: (8) 

The metal distribution ratio (D’) and the stepwise 
metal complex formation constants in aqueous solu- 
tion are defined conventionally as follows: 

D’ = NNH&2M WW,I,/KW,I, (9) 

M(SCN),,_, + SCN+M(SCN), 

K, = [M(SCNXI/[M(SCN),-,I[SCNl 1 (1’4 
(charges are omitted for simplicity). The concen- 
tration of free metal ion in aqueous solution is written 
as 

where 

/3 = 1 + K, [SCN] + K, K2[SCN]’ + . . 

+K,K,... KntSCW (12) 

Appropriate substitution and rearrangement leads to 

/?D’ = K;1KJNH$*[SCN]; (13) 

When ammonium and thiocyanate ions are present in 
large excess, i.e., [(NH,),],, [(SCN)~]*>>[(M)~]~, equa- 
tion (13) is more conveniently expressed as 

1ogBD ’ = (n - WdWLhl, 

+ ~log[(SCN)~l~ + 1ogK; Ks (14) 

Equation (14) indicates that the co-ordination 
number n can be determined from log-log plots of 
j?D’ vs. thiocyanate concentration. The plot for zinc 
thi~yanate sorption is linear with a slope of n = 
3.5.” Thus, NH,Zn(SCN), or (NH,),Zn(SCN), (or a 
mixture of the two) seems to be the main sorption 

species. This result also verifies that the sorption of 
zinc thiocyanate complexes occurs by sorption of the 
ion-association complex on the polymer matrix. 

The uptake of the ion-association complex by the 
solid polymer may be considered as due to sta- 
bilization of either the cationic or the anionic part of 
the complex through some specific interaction with 
the polymer matrix, Hamon et al. recently proposed 
the “cation chelation mechanism” in extraction with 
polyether-type polyurethane foam, where a counter- 
cation-selective extraction of metal thiocyanate com- 
plexes was observed.16 This was a particular case in 
which a cation-matrix interaction (polyether oxygens 
atoms acting as electron-donors to cations) domi- 
nated. However, the sorption of a neutral complex 
such as M(SCN)2 could occur, depending on experi- 
mental conditions, as reported elsewhere.‘.” 

In the present sorption study, specific interaction 
(in the sense above) between the ammonium ion and 
the cellulose acetate is yet to be investigated. How- 
ever, such sophisticated considerations may not be 
needed here. According to the established principles 
of conventional ion-pair extraction3 a change in the 
ionic components or extraction solvents exercises a 
considerable effect on the extraction behaviour be- 
cause of the difference in the lipophilicity of the ions 
or the difference in ion-solvent interaction. In this 
sense, the polymer surface may well be deemed a 
pseudo-solvent, and the sorption is a solvent extrac- 
tion which uses the polymer as solvent. It would be 
pertinent to note in this connection that the Lang- 
muir isotherm cannot be a critical basis for discrim- 
inating between sorption (or adsorption) phenomena 
and conventional solvent extraction equilibria, in the 
present type of study. An adsorption study is usually 
made under conditions where the loading of sorbed 
species on the surface is relatively high and the 
saturation effect has to be taken into account in terms 
of the Langmuir isotherm. If the adsorption condi- 
tions are such that only a small fraction of the surface 
is covered by the sorbed species (i.e., the saturation 
effect is unimportant), the Langmuir isotherm can 
effectively be replaced by the Nernst distribution law, 
on the basis of which conventional extraction equi- 
libria are formulated. Thus, under low-loading condi- 
tions, equilibria of sorption on polymer matrix may 
well be treated in the same manner as those of 
extraction by an organic solvent. 

The actual nature of the “polymer solvent” de- 
pends not only on the chemical structure of the 
monomer unit of the polymer but also on the state of 
aggregation of the polymer chain, which may be 
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Scheme II. Selective permeation of metal species on the basis of ion- 
association extraction. 

classified in a simplified manner into crystalline and 
amorphous. It would be reasonable to suppose that 
the amorphous region is the site responsible for 
extraction of the ion-association complex. Tables 1 
and 2 show that cellulose acetate is an effective 
sorbent whereas the chemically related penta-acetyl- 
/?-D-glucose is not. The latter forms a well-defined 
crystalline solid, and the lack of an amorphous 
polymeric region is certainly the cause of its poor 
extraction capability. 

A change in the particle size of the sorbent material 
had little effect on the results in Table 1 and 2. This 
suggests that the sorption is related not to the appar- 
ent macrosurface obtained by simple physical grind- 
ing but to the microsurface or microstructure of the 
polymer material. The importance of the polymer 
microstructure for the sorption of lipophilic chemical 
species has also been exemplified by studying the 
sorption behaviour of organic dyes in aqueous solu- 
tion on asymmetric polysulphone ultrafiltration 
membranes.18 The sorption obeyed the Langmuir 
isotherm, and took place preferentially on the “active 
side” or “skin layer” of the membrane. 

Hyperfiltration 

As an application of the idea of ion-association 
extraction by solid polymers, selective hyperfiltration 

7 
_k 
1 

-20 L 

0 
0 05 10 

CNH,SCNl,M 

Fig. 5. Permeation of zinc thiocyanate complexes through 
cellulose acetate membranes; coated (a, A) and cast (0, 
0); cellulose acetate membranes; feed solution, 250 ml 
of NH,SCN-HCI solution (PH 2.0) containing 1 mA4 
Zn(NO,),; applied pressure, 20 atm at 25°C. Pz,, perme- 

ability of zinc ion; F, flux of permeate solution. 

separation of metal species in solution may be envis- 

aged as taking place according to Scheme II. There- 
fore, cellulose acetate membranes were prepared by 
the casting or the coating method, and the perme- 

ation behaviour of the metal thiocyanate complexes 
under hydraulic pressure was investigated. 

The effect of ammonium thiocyanate concentration 

on the permeation by zinc is shown in Fig. 5. The 
permeability increases with the increase in thio- 
cyanate concentration. Such behaviour is particularly 
pronounced for coated membranes, which have 
effectively a much thicker polymer solvent phase than 
the cast membranes. This is also reflected in the lower 
permeation flux for coated membranes. A com- 
parison experiment with the uncoated support 
material showed that there was no sorption on the 
support. 

Permeability of metal thiocyanate complexes was 
also investigated in two-component systems by using 
zinc as the reference ion (Table 4). Selective per- 
meation by metal thiocyanate complexes was 
observed, with permselectivity in the order 
Zn*+ > Cu*+ > Fe3+ > Co*+ > Ni*+. It should be 
noted that the permselectivity is the same as that 
obtained for sorption experiments, except for copper 
(for which there is some ambiguity about the complex 
species in solution; see footnote to Table 1). This 
strongly indicates that selective separation of ionic 
solutes by hyperfiltration is made possible by use of 
the principle of ion-association extraction by solid 
polymers. 

Finally, it is to be added that the mechanism of 
permeation of solutes is not fully elucidated by the 

present study. Not only the sorption on the mem- 

Table 4. Permeation selectivity of metal thiocyanate 
complexes* 

Cast membrane Coated membrane 

F, F, 
Metal P P/Pz, I.hr-‘m-’ P P/Pz, I.hr-‘m-’ 

Zn2+ 0.44 1.00 0.90 1.00 
cu2+ 0.42 0.96 15.8 0.78 0.84 2.4 
Ni2+ 0.12 0.32 14.6 0.21 0.24 2.2 
coz+ _ - - 0.29 0.33 2.2 
Fe3+ 0.22 0.50 14.3 0.51 0.55 2.4 

*Feed solution, 250ml of solution containing 0.5M 
NH,SCN, O.lMHCl, 1mM Zn(NO,)z, and M(NO& 
@H = 1); applied pressure, 20 atm at 25’C. 
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brane matrix but also the coupling with solvent flow 
through the membrane seem to be contributory fac- 
tors. The nature of the permeation process is now 
under study. 

Conclusion 

Transition-metal thiocyanate complexes $e(III), 
Co(H), Ni(II), Cu(II), Zn(II)] in aqueous solution are 
sorbed on various solid polymers. Polymers with 
relatively high polarity, particularly cellulose acetate, 
are effective sorbents. The sorption involves ion- 
association complexes formed between cations 
(ammonium ion) and anionic metal thiocyanate 
complexes. The process is well described as ion- 
association extraction by “polymer solvents”. Such a 
polymer solvent is useful not only as a substitute for 
conventional extraction solvents but also as basic 
material for preparing ion-selective separation mem- 
branes. Lamination of the polymer into 
hy~~ltration-tie membranes is useful for such 
purposes. The metal permeation selectively follows 
essentially the metal sorption selectivity on the poly- 
mer material. These findings open a new prospect for 
developing metal-selective hyperfiltration membranes 
for separating metals in solution. 
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Sag-An indirect polarographic method has been developed for the dete~ination of zirconium by 
fo~ation of moly~o~rconophospho~~ acid, its extraction with MIBK or a mixture of diethyl ether and 
I-butanol, stripping with alkali and measurement of the MO(W) by its catalytic effect on the 
polarographic reduction of hydrogen peroxide. Depending on the extractant, a detection limit of 2.5 or 
8.9 pg/l. can be achieved. 

Zirconium is a non-electroactive element which gives 
refractory oxides, so a determination based on its 
direct reduction is not possible, and the AAS meth- 
ods, when used at trace level, achieve poor results.’ 
Until the advent of the spectroscopic methods with 
plasma source, which give lower zirconium detection 
limits,’ the only possibility for dete~ning zirconium 
at trace ievei was by sp~trophotome~c mea- 
surement of zirconium complexes with organic3” or 
inorganic5.6 reagents. The detection limits of these 
methods all are around 1 mg/ml. 

Electrochemical determination of zirconium is only 
possible by means of an indirect procedure, as pro- 
posed by Harto and Sanchez Batanero,’ who used 
stripping and coulometric techniques, or by Ye Hua- 
Li and He You-Hua, based on the adsorption polar- 
ographic wave of a Zr-oxalic acid-cupferron- 
diphenylguanidine complex.8 

In this paper we describe an indirect method based 
on formation of moly~o~rconophospho~c acid 
(MZrPA), its extraction with an organic solvent, 
stripping with alkali and dete~ination of the re- 
sulting Mo(V1) by means of its catalytic effect on the 
polarographic reduction of hydrogen peroxide.’ The 
method is thus a variant of that used earlier for the 
indirect determination of phosphorus.‘0 The de- 
tection limit for the zirconium determination is 
significantly lowered because of the combination of 
release of 11 molybdenum atoms per zirconium atom 
in the MPZrA, and the sensitive Mo(V1) deter- 
mination used. We have obtained a detection limit of 
2S~g/i., very simiIar to that of the plasma tech- 
niques. 

Because the Mo(VI) determination is non-specific 
with respect to parent molybdenum species, it is 
necessary to remove all these except the MZrPA 
before the stripping step. This is done by selective 
extraction of the molybdophosphoric acid (MPA) 
with ethyl acetate, followed by selective extraction of 
the MZrPA, the isopolymolybdic acid(s) being left in 
the aqueous phase. The molybdenum in the MZrPA 
can then be stripped with alkali and determined 

polarographically. Because of the number of condi- 
tions to be optimized a simplex technique”-‘S was 
preferred to the more tedious classical approach. 

The optimized procedure has been applied to a 
certified zirconium-containing aluminium sample 
with good results. 

Apparatus 

A Radiometer PO4d polarographic analyser was used 
with a dropping mercury electrode and a saturated calomel 
reference electrode. The sweep rate was 100 mV/min and 
deaeration of the test solution was not required. The 
temperature was controlled by using a double-wall polar- 
ographic cell and a Selecta thermoregulator. 

Reagents 

Molybdure solufwn, 0.1 M. Dissolve 24.20 g of sodium 
molybdate dihydrate in 1 litre of water. 

Phosphate solutron, 2.0 x 10e3 M. Dissolve 0.240 g of 
sodium dihydrogen phosphate in 1 litre of water. 

Standard zirc~n~~, solution 1.00 x lob2 M. Dissolve 
2.86 g of zirconium oxychlo~de hexahydrate, dried at 1 IO”, 
in i litre of 2M perchloric acid. Prepare less concentrated 
solutions by dilution. 

All reagents were of analytical grade and demineralized 
water was used throughout. 

Procedures 

Standardization of zirconium solution. Adjust an aliquot to 
contain about 10% of sulphuric acid by volume. Add a 
50-fold excess of 10% diammonium hydrogen phosphate 
solution and readjust the acidity to 10% acid content, 
adding I ml of concentrated sulphuric acid per ml of 
phosphate solution added. Digest the precipitate at 45” for 
3 hr. Filter off the precipitate on an ashless paper and wash 
it with cold 5% ~monium nitrate solution until the wash- 
ings are free from phosphate. Dry and ignite to ZrP,O, in 
a platinum crucible at lOOO”, cool and weigh. 

Zirconium determination. Transfer 1 ml of O.lM molyb- 
date, 2 ml of 2 x IO-rM phosphate and 1.3 ml of 6004 
perchloric acid into a separating funnel. Add a known 
volume of the zirconium sample and dilute with water to 
25 ml. Add 25 ml of ethyl acetate, shake the mixture for 
3 min and remove the organic phase 20 min later. If diethyl 
ether-1-butanol (2: I v/v) mixture is used for the MZrPA 
extraction, shake the aqueous phase with 15 ml of it for 
3 min, remove the aqueous layer 20 min later, wash the 
orgamc phase with three IO-ml portions of 0.5M perchloric 
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Table 1. Simplex optimization progress (centroid and reflected vertexes not shown; 
[Zr] = 2.00 x 10e6M throughout) 

Reagent amounts, ml 
Retained 

Vertex Simplex vertexes HClO, MO P i,, pA Response 

1 1 1.30 1.00 2.00 9.46 
2 1 1.80 1.00 2.00 8.12 
3 I 1.50 3.00 2.00 8.10 
4 1 1 so 2.00 10.00 6.18 
5 2 l,3,4 0.62 4.20 10.60 1.30 
6* 3 1,2.4 1.43 1.98 8.00 7.30 
7 4 1,634 1.40 2.06 4.57 9.65 
8 5 1,7,4 1.40 1.70 5.45 9.30 
9* 6 1,736 1.40 1.68 5.52 8.90 
1-F 6 1,796 1.30 1.00 2.00 9.56 

10 7 l,7,9 1.34 1.48 2.57 9.72 
11 8 1.7.9 1.37 1.58 4.01 10.90 
12 9 1,7,11 1.37 1.42 4.28 6.70 
7t 9 1,7,11 1.40 2.06 4.57 9.55 
13 10 1.7.11 1.32 0.86 1.64 9.50 

*“Next-to-worst” rule” used. 
t”n + 1” rule” violated; point re-evaluated and mean value taken. 

0.899 
0.256 
0.450 
0.548 
0.029 
0.342 
0.960 
0.522 
0.589 
0.930 
0.377 
0.908 
0.504 
0.920 
0.905 

acid, shaking for 3 min each time, to remove any iso- 
polymolybdic acid(s), then strip Mo(V1) from the organic 
phase by shaking it for 1 min with 25 ml of 1M sodium 
hydroxide. If methyl isobutyl ketone (MIBK) is used as the 
extractant for the MZrPA, add 5 ml of 60% perchloric acid 
to the aqueous phase from the ethyl acetate extraction, 
shake it with 15 ml of MIBK for 3 min, remove the aqueous 
phase 20 min later, wash the organic layer with two lo-ml 
portions of 2M perchloric acid, then strip the MO(W) as 
before. 

Acidify the alkaline solution containing the stripped 
molybdenum to pH 2.5 with 4M sulphuric acid, then add 
2.5 ml of 4M sulphuric acid and 5 ml of 0.2M hydrogen 
peroxide and dilute to volume in a 50-ml standard flask with 
water. Transfer an aliquot of this solution into the polar- 
ographic cell and run a d.c. polarogram between 0.40 and 
0.00 V (z’s, SCE). Deaeration is not required but the 
temperature must be kept constant (25.0 k 0.1”). Measure 

the current at 0.20 V and a run a blank solution through the 
whole procedure. Find the zirconium concentration of the 
sample from a calibration graph constructed by use of 
standard zirconium solutions under the same conditions. 

Analysrs of aluminium samples. Place a 0.5-g sample, 
accurately weighed, in a Teflon bomb with 3 ml of concen- 
trated nitric acid, 2 ml of concentrated hydrofluoric acid and 
1 ml of 30% hydrogen peroxide. Tightly seal the bomb and 
heat it at 100” for 15 min. After cooling, transfer the sample 
solution into a platinum crucible and evaporate it to 
dryness; add 2 ml of 60% perchloric acid and evaporate to 
fumes, repeating this step at least 5 times to ensure removal 
of all silicon and fluoride. Dissolve the residue in water 
adding the necessary perchloric acid amount to ensure its 
complete dissolution and make up to known volume. Adjust 
the pH of an aliquot with sodium hydroxide to pH 3 and 
analyse the solution by the procedure above, with MIBK as 
extractant for the MPZrA. 

(a) (b) 
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Fig. 1. Calibration graph for zirconium determined by using the 2: 1 v/v diethyl ether-l -butanol mixture 
as extractant. (a) Polarograms; (b) calibration line. 
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Table 2. Interference of some elements in the zirconium 
determination 

Maximum allowed values 

Species 

Arsenic(V) 
Silicon 
Germanium 
Vanadium(V) 
Thorium 
Titanium 
Iron(IIIj 

Molar ratio to 
Concentration, M zirconium* 

5.2 x 10-S 104 
5.3 x 10-e 11 
1.9 x 1o-4 380 
2.0 x lo-6 4 
9.0 x 1o-6 18 
6.0 x 1O-6 12 
3.5 x 1om4 700 . , 

*Assuming a mean zirconium concentration of 5.0 x lo-‘M. 

RESULTS AND DISCUSSION 

The experimental conditions to be optimized are 
(a) the pH, molybdate and phosphate concentrations, 
order of addition of the reagents and the reaction 
time for formation of MZrPA, (b) the solvent and pH 
for extracting the MPA, (c) the solvent and acidity 
for extracting the MZrPA, and the washing sequence 
for removal of isopolymolybdic acid(s), (d) stripping 
of Mo(V1) from the MZrPA and its polarographic 
determination. 

The conditions for steps (b) and (d) have already 
been optimized and reportedlo so details need not be 
repeated here. The extractants for the MZrPA were 
chosen after a literature search and some preliminary 
spectrophotometric studies. Johnson et ~1.‘~ con- 
cluded that ternary molybdophosphoric acids are 
best extracted with mixtures of oxygen-containing 
solvents, for example diethyl ether, mixed with ali- 
phatic alcohols such as 1-butanol, 3-methylbutanol 
or 1-pentanol. Our previous work indicated that 
MIBK would also be suitable, so we selected 2: 1 v : v 
diethyl ether-1-butanol mixture and MIBK for the 
purpose. 

Although most of the conditions needed were 
already known, so many still needed to be optimized 
that a simplex method was used for economy of 
effort. 

Simplex optimization was first proposed by Spend- 
ley et nl.” and later modified by Nelder and MeadI 
and Routh et al.‘-’ These methods, usually referred to 
as Simplex, Modified Simplex (MS) and Super 
Modified Simplex (SMS) respectively, involve the 
movement of a simplex [an (n + 1)-point geometrical 
figure] through n-dimensional space, n being the 
number of experimental factors involved in the sys- 
tem studied. Each corner of the simplex (called a 
vertex) represents a different combination of the 
experimental factors and therefore gives a different 
response. The goal is to maximize (or minimize in 
some cases) the response, and some simple rules 
(depending on the variety of simplex) are used to 
move from regions of poor response towards regions 
of improved response and eventually to an optimum. 
We used the SMS variety.13 

The response to be optimized was the ratio of net 
signal to blank signal for the currents obtained in the 
measurement step. The blank is due to any zirconium 
in the reagents and to any non-zirconium-containing 
molybdenum species that escape separation from the 
MZrPA, and must be corrected for. The order of 
addition of the reagents, and the reaction times were 
known from previous work so only the amounts of 
phosphate and molybdate (expressed as ml of reagent 
solution) and the acidity (expressed as ml of 60% 
perchloric acid) for formation of MZrPA needed 
optimization. To simplify the overall procedure, the 
two extractions were done at the acidity used for 
formation of the MZrPA, and the same acidity was 
used for washing the MZrPA extract. 

The experimental procedure was similar to that 
given in the experimental section, with appropriate 
variations in the amounts of reagents added. Table 1 
shows the progress of the optimization for the mixed 
solvent system. The optimization was stopped at 
simplex no. 10 because at this stage all the vertices 
retained had a similar amount of perchloric acid and 
a molar ratio of about 50: 1 for MO: P. An attempt 
to improve the response by varying the acidity for 
step (c) produced no advantage. For simplicity, the 
conditions chosen were the ones corresponding to 
vertex no. 1. Figure 1 shows a calibration graph 
obtained for zirconium under these conditions, to- 
gether with the polarograms recorded. The linear 
range was from 5.0 x lo-‘M (46 pg/l.) to 5.0 

x 10e6M (466 pg/l.). The sensitivity was 3.28 
A.l.mole-’ and the calculated detection limit 
8.9 pg/l. The mean recovery of zirconium in the 
whole procedure was only 40 + 4”%. Although this 
low value is compensated for by running the stan- 
dards through the whole procedure, we also studied 
the use of MIBK as extractant, but not by simplex 
optimization. The conditions for the mixed extractant 
system were tried first but also gave very poor 
recovery. It was found that the recovery could be 
increased to 81 + 2% by adding 5 ml more 60% 
perchloric acid before the extraction, as described in 
the procedure. The calibration graph obtained was 
linear from 1.0 x IO-‘M (9 pg/l.) to 1.3 x 10e6M 
(120 pg/l.). The sensitivity was 9.6 A. 1. mole-’ and 
the calculated detection limit 2.5 pg/l. MIBK was 
therefore used in all subsequent studies. 

Interference may be expected from all those ele- 
ments which give binary and/or ternary hetero- 
polymolybdic acids and therefore, if they accom- 
panied MZrPA throughout, could increase the final 
Mo(V1) concentration, giving a positive error. The 
determination of zirconium can only be made selec- 
tive by choice of conditions and not by choice of 
organic solvent, since all those commonly used for 
these systems can extract all the isopoly and hetero- 
polymolybdic acid species to some extent. The 
method (with MIBK as extractant) was therefore 
applied to solutions containing arsenic, silicon, ger- 
manium, vanadium, thorium and titanium. Table 2 
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lowed in “real samples”. Ciencia. 

As zirconium is often determined in metallic sam- 
ples, the study was extended to metals likely to be 
present in such samples, and also to several anions to 
cover various methods of sample disso’tution. Of the 
metals, only iron(III) gives jnterference, but this can 
be eliminated by initial reduction to iron(I1) with 
hydroxylamine hydrochloride.‘o No interference by 
anions was found except for fluoride and sulphate, 
which produce negative errors by complexation of 
zirconium, and must be absent. 

PRACTICAL APPLICATIONS 

The recommended MIBK procedure was applied 
to dete~ination of zirconium in a certified alumi- 
nium sample. The certified value of zirconium is 
0.027: and all the interfering elements were at levels 
below their tolerance limits, except for silicon, which 
was removed as indicated in the experimental section. 
The result obtained was 0.0204 + 0.0002% (mean of 
5 determinations, 95% confidence level), which 
confirms the validity of the procedure. The sensitivity 
is greater than that of previous methods for deter- 
mination of zirconium. 
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7. 
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9. 

10. 
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Summary-A simple, inexpensive, fully automated spectrophotometric system for flow-injection pseudo- 
titrations is used to perform acid-base, redox, complexometric and catalytic “titrations”. Peak widths (in 
time units) in the range l(r100 set can be measured with a precision of better than 0.3% in most cases. 
Strong and weak acids in the range 5.0 x 10-4-l.0 x lo-*M are measured by using sodium 
hydroxide_Bromothymol Blue ‘%&ant”. Ascorbic acid (1 x 10e4-1 x IO-*M) is “titrated” with 
2,6-dichlorophenolindophenol, and calcium (5.0 x 10e4-5.0 x IO-‘M) with EDTA, with calmagite as 
indicator in the presence of magnesium. Aminopolycarboxylic acids (5 x lO-6-l x 10-zM) are measured 
by use of catalytic indication based on the manganese-catalysed periodate-diethylaniline reaction. The 
ascorbic acid method has been applied to analysis of pharmaceutical preparations, and the calcium 
method to water analysis. 

Since its introduction in 1975,‘3* flow-injection anal- 
ysis (FIA) has aroused considerable interest amongst 
analysts developing high-speed routine analytical 
methods in various fields.3-7 During the rapid evo- 
lution of the new approach, in only a few years, many 
classical techniques used in the batch mode of anal- 
ysis have been adapted to the continuous mode using 
FIA. 

The FIA titration technique is attractive and has 
been studied and used in several applications.8-20 One 
important difference between flow-injection pseudo- 
titrations and other FIA procedures is the use of 
peak width rather than peak height as the analytical 
measurement. As shown by RdiiEka et &a the peak 
width measured in time units is linearly related to the 
logarithm of the analyte concentration: 

At,, = k,ln 2 + k, 
t 

where A& is the “equivalence” time for pseudo- 
titration, Cz the original concentration of analyte, Cp 
the original concentration of titrant, and k, and k2 are 
constants of the FIA system used. When peak width 
is used as the parameter to be measured, a large 
dispersion of the injected sample in the carrier- 
reagent stream is advantageous for increasing pre- 
cision. This is achieved by placing a mixer between 

*To whom correspondence should be addressed. 

the sample injector and the detector. However, it has 
recently been suggested that the mixer is not neces- 
sary. The dispersion of the sample during its move- 
ment through the tubular reactor provides a mixing 
stage which is capable of serving the same function 
as the mixing chamber. 

Pardue and Fields*’ have discussed in great detail 
various continuous-flow pseudotitrations and sug- 
gested that very dilute carrier solutions (or even a 
pure water stream) should be used in order to in- 
crease sensitivity. They also emphasized the variable- 
time kinetic view of this procedure and suggested that 
it is most accurately described as a “kinetic titration”. 
The term FIA titration or pseudotitration” is widely 
used, however. 

Stewart and Rosenfeld’* pointed out that FIA 
titrations are part of a more general approach in 
unsegmented flow systems, where exponential dilu- 
tion chambers are used for scale expansion in FIA. 

Spectrophotometry is the most used detection tech- 
nique in FIA titrations because of the large number 
of visual indicators available for neutralization, com- 
plexometric and redox titrations. Potentiometry with 
glass and ion-selective electrodes*’ has also been used. 

The most serious drawback in FIA titration is the 
logarithmic relation between the time interval mea- 
sured and the analyte concentration. Highly accurate 
and precise measurements of time are required, in 
conjunction with high precision of the flow-rate and 
the sampling. 

411 
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Fig. I Schematic diagram of the automated flow injection pseudotitration system. 
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Fig. 2. Diagram of the measurement and control interface. 
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Microcomputers’7.‘8.23 and an electronic system22 
have been used to increase the precision of the 
measurement step. In this paper, we demonstrate the 
flexibility of the technique, and develop automated 
pseudotitrimet~c acid-base, redox and complexo- 
metric determinations. The usefulness of the new 
concept is shown in “titrations” where secondary 
reactions are involved, such as the catalytic indicator 
reaction in aminopolycarboxylic acid determination. 
A simple, inexpensive, fully automated spec- 
trophotomet~c system is used, based on an AIM 65 
microcomputer to control all the steps-sampling, 
injection, time measurement and calculation. 

EXPERIMENTAL 

Appmltus 
A block diagram of the automated system used (which is 

similar to previously reported systems”,‘4 is shown in 
Fig. 1. 

The sample injection system consists of a Cway Teflon 
rotary valve (Rbeodyne Type 50) operated by a pneumatic 
two-position actuator (Rheodyne model 5001). An optional 
sampler (Hook and Tucker, England, model A40, modified 
for automatic control) is used for fully automated oper- 
ation. A l-ml capacity mixing chamber made from Plexiglas 
is used for sample dispersion, and the reaction and mixing 
coils are made from Teflon tubing, 0.8 mm bore. 

The spectrophotometer used is the inexpensive Bausch 
and Lomb Spectronic 21 model, incorporating an IS-n1 
flow-cell with a N-mm light-path. The spectrophotometer 
output signal [l.OOO V for 100% transmittance (T)] is fed to 
the micr~mputer interface and to an optional chart- 
recorder. 

The microcomputer used is the Rockwell AIM 65, with 
visual display and a thermal printer. Input/output oper- 
ations are performed through an on-board peripheral chip, 
the R6522 Versatile Interface Adapter (VIAjcontaining two 
S-bit uarallel I/O norts [DOI? A BA) and nort B (PBN. 
Progr& are &&en in Basic, as. a series df subroutines 
performing selected tasks and stored in a tape-recorder 
cassette. 

The control and measurement interface is shown m Fig. 
2. It was built with the Analog-Digital Designer” (E & L 
Instruments, model ADD 8000) provided with various 
useful and versatile circuit cards, ‘power supplies and a 
voltage reference source (VRS). The control interface con- 
sists of two identical circuits which control the load and 
injection solenoids associated with the pneumatic actuator. 
The two control signals (low output), loud and injection, are 
provided from outputs PBO and PBI. The modified sampler 
is controlled by output PB2. 

The measurement interface consists of two operational 
amplifiers. OA 1, acting as an inverter, amplifies the pho- 
tometer output fivefold. The amplified signal (-5 V for 
100% T) is then fed to OA 2 which acts as a wmparator 
with positive feedback to avoid oscillation of the oper- 
ational amplifier output, caused by transient signals in the 
transition region. By use of the feedback signal, the com- 
parison voltage is divided at the amplifier input by a factor 
of two. In order to start the measurement at one preselected 
%T level, the VRS comparison voltage is set to the value 
calculated from the equation: 

v =-5X2X%T 
rrf 100 

The comparator output is fed to the PA0 input of the 
microcomputer. This input is high during the measurement 
time for pseudotitrations in which the transmittance in- 

creases, and low for those in which the transmrttance 
decreases. 

Software and system operation 
The interactive routine program, written in Basic, IS 

capable of running a series of standards and samples 
without attention by the operator. A selected number of 
standards are run, after which a complete least-squares 
analysis of the data is performed. This calibration curve is 
then used for determination of the analyte m any sample 
that is subsequently measured. Imtially the operator pro- 
vides the measurement parameters for the standards and 
samples that follow. The injection time (varied from 1 to 5 
see, depending on the sample volume and the flow-rate), the 
load time (required for the washing out of the previous 
sample), the number of standards and samples, the number 
of runs per standard and sample, and the standard concen- 
trations are required. The direction of the titration peaks 
(increasing or decreasing transmittance) is also provided to 
the program so that it can select the appropriate statements 
in the measu~ment subroutine. After calibration of the 
spectrophotometer and stabilization of the base-lme, a 
manual injection is used to select the appropnate trans- 
mittance level for triggering the time-measurement step. 
Half peak-height was found to be the optimum. 

After each injection the program passes to the time- 
measurement subroutine, waiting for the transmittance to 
Increase or decrease to the preselected trigger level, and 
making the PA0 input high or low respectively. The timing 
procedure is accurate to 0.01 see, as tested by usmg a 
square-wave signal generator. After the “equivalence” time 
measurement and printing, the program waits for a pre- 
selected “load” time to ensure complete washing of the flow 
system before injection of the next sample. This time, 5-30 
set, depends on the sample size and the flow-rate. 

EVALUATION OF THE SYSTEM 

The automated system has been evaluated with 
typical neutralization, redox and complexometric de- 
terminations, along with determinations requiring 
secondary reactions such as catalytic titrations with 
end-point indication reactions. 

Neutralization titrations 

The model system chosen was the titration of 
hydrochloric acid with 1 x 10-4iU sodium hydroxide, 
with Bromothymol Blue as indicator, added directly 
to the sodium hydroxide carrier stream (at a level of 
8 x 10W5M). As the carrier is blue, the detector, set 
at 600 nm, provides a steady base-line at 8% trans- 
mittance level. During each pseudotitration the indi- 
cator goes through two transitions (blue-yellow- 
blue), resulting in a peak, the width of which 
increases with the concentration of the acid injected. 
Once the indicator has turned either completely blue 
or yellow, the detector reaches a limiting level, and 
therefore all the recorded curves have a common 
base-line as well as a common top level, regardless 
of the concentration of the acid titrated. In the 
experiment described, a transmittance level of 50% 
was chosen as the triggering level, corresponding to 
about half the peak height. 

The reagent was stored in a well-stoppered poly- 
ethylene flask provided with an Ascarite-filled guard- 
tube to prevent absorption of carbon dioxide from 
the air. A pumping rate of 5.0 ml/min was found to 
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Fig. 3. Flow-injection pseudotitratlon curves for HCI. 
Carrier reagent: NaOH 1 x 10V4M, Bromothymol Blue 
8 x 10e5M. Flow-rate 5 ml/min; sample volume 200 ~1; 
I 600 nm. HCI concentrations: (a) 1 x 10m3M, (b) 
5 x 10mSM, (c) 1 x 10m2M, (d) 1 x lo-‘M. Times measured: 
10.68-59.72 set, RSD 0.8-0.3% (n = 5). Calibration curve: 

At (set) = 84.32 + 24.56 x log C, r = 0.99994. 

be optimum, giving a compromise between good 
precision and high sample-throughput. Typical flow 
injection titrations of hydrochloric acid, along with 
the reproducibility and the calculated calibration 
curve, are shown in Fig. 3. 

Three weak acids, benzoic, salicylic and citric, were 
also determined. The peaks were similar to those for 
the strong acid titration except that the falling edge 
was less abrupt because of the buffer-system gener- 
ated during the reaction. The results obtained for 
calibration curves are similar in precision and linear- 
ity to those for hydrochloric acid in Fig. 3. 

Redox titrations 

The titration of ascorbic acid with 
2,6-dichlorophenolindophenol (DCPI) was exam- 
ined. The carrier stream consisted of 3 x lO-‘M 
DCPI in 210-mg/l. sodium bicarbonate solution and 
was pumped at a rate of 5 ml/min through the mixing 
chamber; the spectrophotometer was set at 522 nm 
(the isosbestic point of DCPI). The coloured carrier 
solution had a transmittance level of 62%, which 
served as the base-line. The triggering level was set 
arbitrarily at 75% transmittance so that the 
pink-colourless-pink transitions were observed. 
Typical titration curves for 1 x 10e4-l x lO_*M as- 
corbic acid standards (in 0.05M oxalic acid to prevent 
oxidation), along with the statistical treatment, are 
shown in Fig. 4. The automated method was applied 
to the determination of ascorbic acid in pharma- 

ceutical preparations, and the results obtained were 
compared with those of the official titrimetric pro- 
cedure (Table 1). 

Complexometric titrations 

The titration of calcium with EDTA-Mg*+ com- 
plex in ammonia buffer at pH 10, with calmagite as 
indicator, was studied as an example. The com- 
position of the carrier stream was 5.x lO-‘M EDTA, 
5 x IO-‘M Mg*+ (i.e., equivalent to 5 x 10-5M 
EDTA-Mg*+) and 1.3 x lo-‘M calmagite indicator 
in 1M NH,/NH,Cl buffer. The carrier stream, 
pumped at 5 ml/min, was monitored at 520 nm. The 
base-line was set at 100% transmittance for the blue 
carrier stream (the colour of the free indicator). The 
triggering level was set at 92% transmittance (half the 
peak height), so monitoring of the indicator 
transition started when about 50% of the indicator 
was bound by the magnesium liberated from the 
EDTA-Mg*+ complex by the calcium, to give the 
pink calmagite-Mg*+ complex. Typical “titration” 
peaks for calcium in the range 5 x 10-4-5 x IO-*M 
are shown in Fig. 5 along with the statistical 
treatment of data used for the calibration curve. 
The method was also applied to determination of 
total hardness in synthetic and real water samples 
(Table 2). 

Catalytic titrations 

In catalytic titrations, 25 the catalyst is used as the 
titrant, and the solution titrated contains the reagents 
for the indicator reaction which is catalysed by the 
titrant, and also an inhibitor of this reaction. The 
inhibitor is the species that is to be determined, and 
it reacts stoichiometrically with the catalyst faster 
than the catalyst reacts with the indicator mixture. 
Catalytic titrations are especially useful for the deter- 
mination of minute amounts of substances, for which 
conventional titrimetric methods are difficult to use, 
particularly in the case of complexometric titrations, 
where metallochromic indicators are ineffective for 
concentration ranges much below 10m4M. 

Fig. 4. Flow-injection pseudotitration curves for ascorbic 
acid. Carrier reagent: dichlorophenolindophenol 
3 x lO-5M. Flow-rate 5 ml/mm; sample volume 200 pl; i 
522 nm. Ascorbic acid concentrations: (a) 1 x 10d4M, (b) 
5 x 10-4M, (c) 1 x lO-jM, (d) 5 x lo-‘M. (e) 1 x IO-‘M 
Times measured: 9.2549.29 set, RSD 0.3-0.06% (n = 5). 
Calibration curve: Ar (set) = 89.96 + 20.10 x log C. 

r = 0.9997. 
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Table 1. Determination of ascorbic acid in pharmaceutical prepara- 
tions 

Found 

Preparation FIA method* Official method? 

Ampoules A 101.8 * 0.1 mg/ml 
(500 mg/S ml) B 100.8 f 0.2 mg/ml 

Effervescent A 988 i 1.6 mg/tablet 
tablets (1 g/tablet) B 973 + 6.4 mg/tablet 

*Average of three measurements. 
tAverage of two measurements. 

101.2 mg/ml 
101 .O mg/ml 
986 mg/tablet 
978 mg/tablet 

Fig. 5. Flow-injection p~udotit~tion curves for calcium. 
Carrier reagent: M$+-EDTA 5 x 10w5M, Calmagite 
1.3 x 10w5N, pH 10. Flow-rate 5 ml/min; sample volume 
200 ~1; I 520 nm. Calcium concentrations: (a) 5 x 10e4M, 
(b) 1 x 10-3M, (c) 5 x 10-3M, (d) 1 x lo-*1M (e) 
5 x IO-*M. Times measured: 24.33-76.54 set, RSD 
0.2-0.08% (n = 5). Calibration curve: Ar (set) = 109.96 + 

25.82 x log C, r = 0.9998. 

The catalytic titration of aminopolycarboxylic 
acids (EDTA,’ EGTA, DCTA, and DTPA) with 
Mn2+ as titrant and the manganese-catalysed 
~~odat~iethylaniline reactionz6*” as indicator re- 
action, has been developed to demonstrate the use- 
fulness of FIA titration in catalytic titrimetry. The 
analytical manifold is shown in Fig. 6. The titrant 
and indicator reaction reagents are mixed in a lOO-cm 
mixing coil and the mixing chamber and then allowed 
to react in a 3-m reaction coil. The product of the 
manganese-catalysed reaction is monitored at 470 
nm, and gives a stable base-line at 32% transmittance 
for 1 x 10w6M Mn2+ and 3% for 1 x 10eSM Mn’+. 

When an aminopolycarboxylic acid sample (200 ~1) 
is injected into the reacting flow-stream, the catalysis 
is inhibited by formation of the manganese-amino- 
polycarboxylic acid complex, and the uncatalysed 
reaction is monitored, resulting in the transmittance 
being increased to 75%. The result is a peak with 
a width which depends on the aminopolycarboxylic 
acid concentration. 

The ex~~mental parameters were optimized to 
give the maximum difference in transmittance for the 
catalysed and uncatalysed reactions, high sample 
throughput, and high precision. Two manganese and 
periodate concentrations were chosen: 1 x 10T6M 
Mn2+ and 7 x 10--3M periodate for the amino- 
polycarboxylic acid range 5 x 10S6-5 x 10m4M, and 
1 x lo-‘M Mn2+ and 3.5 x 10d3M periodate for the 
1 x 10e4-l x IO-‘M range. The triggering levels were 
set at 60% and 20% transmittance respectively for the 
two ranges. 

A series of typical peaks for EDTA titration are 
shown in Fig. 7 and results for the calibration in 
Table 3. Identical results were obtained with EGTA, 
DCTA and DTPA. 

DISCUSSION 

The system described is a simple, relatively inex- 
pensive means of automating flow-injection pseudo- 
titrations. A sample throughput of 60 samples per 
hour can be obtained in most cases, with small 

Table 2. Total hardness det~ination in water samples 

Total hardness 
calculated or Total hardness 

determined by found by 
other methods, FIA titration, 

Sample mg CaCO,/l. mg CaCOJl. (n = 3) -1-- 
1. Synthetic, Ca*+ 4 x IO-‘M 400 394 f 0.6 
2. Synthetic, Ca*+ 5 x 10s3M 500 491 f 2.7 
3. Synthetic, Mg2+ 5 x lo-‘M 500 490 2.0 rf: 
4. Synthetic, Ca2+ 2 x 10m3M 500 507+0.1 

Mg*+ 3 x IO-‘M 
5. Commercial 

table water A 375* 392 rt: 1.5 
6. Commercial 

table water B 389* 394 f 4.0 
7. Water from well 595t 591 0.2 i: 

*Ca and Mg determined by AAS. 
tTota1 hardness determined by classical complexometric method. 
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NalO, 

Mn 2+ 

DEA 1~10-~M 

pH = 70 

Fig. 6. Analytical mamfold for catalytic pseudotitrations of ammopolycarboxylic acids. 
DEA = diethylaniline; W = waste, V = rotary valve, M = mixer; [NaIO,] 7 x 10m3M or 3.5 x IO-‘M, 

[Mn*+] 1 x IO-‘M or 1 x IO-‘M. Buffer pH 7.0; citrate O.O07M-phosphate 0.014M. 
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Fig. 7. Flow-injection pseudotitration curves of EDTA, obtained with the manifold shown in Fig. 6. 
[MnZ+] 1.0 x 10e5M, [IO;] 3.5 x lo-‘M; [EDTA] (a) 1 x lo-4M, (b) 3 x lo-4M, (c) 1 x lo-‘M, (d) 

5 x lo-“M, (e) 1 x 10-2M. 

sample and reagent consumption. Any kind of con- 
ventional titration which can be monitored spec- 
trophotometrically can be performed with excellent 
precision (less than 0.3% relative standard deviation 
in most cases) and accuracy. The logarithmic relation 
of the time measured to the concentration of the 
analyte can be an advantage when a wide range of 
sample concentrations is expected. A closed system is 
used for the titration, so unstable titrants can be 

prepared in situ and used in special analytical pro- 
cedures. 

The adaptation of catalytic titrations to the 
flow-injection technique provides a very fast and 
simple way to determine low concentrations of anal- 
ytes without the tedious addition of the indicator 
reaction reagents and the time-consuming graphical 
estimation of the end-point. The automated mea- 
surement of the peak width in time units is simpler 

Table 3. Results for the FIA titration determination of EDTA 

[EDTA], M At, see RSD, (n = 5), Yb 

A 
5.0 x 10-e 23.58 1.38 
1.0 x 10-5 31.00 0.72 
5.0 x IO-5 47.87 0.03 
1.0 x 10m4 55.07 0.28 
5.0 x 10-d 71.57 0.19 

Calibration curve: At (set) = 150.94 + 24.0 x 1ogC; r = 0.99997 
Md+ “titrant” concentration: 1.0 x 10mbM 

B 
1.0 x IO-4 6.212 0.14 
3.0 x IO-4 21.41 0.32 
1.0 x 10-J 37.61 0.28 
5.0 x 10-j 59.24 0.04 
1.0 x 10-J 68.43 0.19 

Calibration curve: AI (set) = 130.71 + 31.08 1ogC; r = 0.99998. 
Mn’+ “titrant” concentration: 1.0 x 10-5M. 
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Sunuaary-A method is described for the sequential determination of phosphorus, arsenic and silicon at 
n&ml levels by d.c. polarograpby. These elements are converted into their hetero~lymoly~ates and 
separated by selective solvent extraction. Determination of the molybdenum in the extract gives an 
enhancement factor of 12 for determination of the hetero-atom. A further enhancement by a factor of 
40 is achieved by determining the molybdenum by catalytic polarography in nitrate medium. Charging- 
current compensation is employed to improve precision and the detection limit. The detection limits for 
phosphorus, arsenic and silicon are 0.5, 4.7 and 3.1 l(g/l., respectively and the relative standard deviation 
is 2-2.5%. 

Indirect methods for the estimation of phosphorus, 
arsenic and silicon may be based on the formation of 
the heteropoly molybdic acids (HPMA), extraction 
into an organ&z solvent and detonation of the 
moly~en~ in the extract either directly or after 
stripping into aqueous soh~tion,‘~ 

This approach increases the sensitivity because 12 
molybdenum atoms per hetero-atom become avail- 
able for measurement. The sensitivity can be still 
further increased by choosing a highly sensitive 
method of measurement, such as the catalytic polar- 
ographic wave given by molybdenum under suitable 
conditions. The sensitivity of the catalytic polar- 
ographic wave is at least 40 times that of the corre- 
sponding diffusion wave. We have reported earlier 
the use of this approach for determining arsenic, 
~hosFhor~ and silicon at n&ml levet by d.c. potar- 
ography.7-9 Height er al. have similarly used 
differential pulse polarography for the determination 
of phosphorus. ” Here we present a procedure for the 
sequential determination of phosphorus, arsenic and 
silicon in a mixture. 

Insfrumenfafion 

The polarograph used incorporates compensation for 
charging-current and was described earlier.“.‘* A Metrohm 
polarographic ceU with a mercury pool as counter-electrode 
and an SCE as reference electrode was used with a 3-set 
Sargent capillary, the drop-time being kept at 0.5 set by an 
elec~omech~i~iIy controhed knocker. The water-jacketed 
polarographic cell was maintained at 34 i 0. I”. SoIutions 
were deaerated by passage of purified hydrogen for 20 min. 

Reagents 
Analytical grade chemicals were used throughout, 

Doubly distilled water was collected and stored in a poly- 

propylene container and all reagent solutions were stored in 
polypropylene containers to avoid contamination with sil- 
icon. 

Standard molybden~ sQh&ion (1tV2M). Dissolve 2.420 g 
of Na,MoO,*ZH,O in 2M sulnimric acid and make UD to 
1 lit& with-the same acid. 6ake further dilutions with 
0.25M sulphutic acid. 

Standardphosphorus solution (25 pgglnd). Dissolve 0.929 g 
of ammonium dihydrogen phosphate in 1 litre of distilled 
water. 

Standard arsenic solution (100 pg/ml). Add 10 ml of 
concentrated nitric acid to 0.1320 g of As@, in a 100-ml 
beaker, heat to dissolve, and dilute to I htre with water. 

St~~rd s&on solution (IO0 pggiml). Fuse 0.1070 g of 
pure dry precipitated silica with 1 g of anhydrous sodium 
carbonate in a platinum crucible. Cool the melt, extract with 
water and dilute to 500 ml. Prepare working standard 
solutions by appropriate dilution of the stock solutions. 

Wash solution for phQSphQrU& Equilibrate 2h4 hydro- 
chIoric acid with isobutyl acetate, then discard the organic 
phase. 

Wash solution for arsenic. Equilibrate 2M hydroch~~~c 
acid with a 1: 1 (v/v) mixture of I-butanol and ethyl acetate, 
then discard the organic phase. 

Wash solufion for silicon. Equilibrate 2M hydrochloric 
acid with methyl isobutyl ketone (MIBK), then discard the 
organic phase. 

C&#e so&ion. Dissolve 100 g of citric acid in about 80 
ml of distihed water, adjust to pH 3.2 with sodium hydrox- 
ide, then dilute to 1 litre with water. 

Supporting electrolyte. Dissolve 85 g of sodium nitrate in 
0.25M sulphuric acid and dilute to 1 litre with the same acid. 

Ammonium heptamolybdate tetrahydrate solution, 5%. 

Procedure 

Take ID mI of sample or an ahquot containing up to 5 l(g 
each of phosphorus, arsenjc and silicon and diluted to 10 ml 
with distiiied water. Add 2 ml of ammonium molybdate 
solution and adjust to pH 0.7 with dilute nitric acid. 
Transfer ta a separatory funnel and let stand for 20 min. 

Determination of phosphorus. Add 10 ml of isobutyl 
acetate and shake the funnel for 1 mm. When the phases 
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have separated, carefully transfer the lower (aqueous) phase 
(A) into another separatory funnel and reserve It for 
determination of arsenic and silicon. Wash the organic layer 
three times with IS-ml portions of phosphorus wash solu- 
tion (shaking time 30 set), discarding the washings. Add 10 
ml of OSM sodium hydroxide to the organic layer and shake 
for 1 min. When the layers have separated collect the lower 
layer in a %-ml standard flask. Add 6.7 ml of 2.3M 
sulphuric acid and 4.25 g of sodium nitrate and make up to 
the mark. If there is less than 0.6 gg of phosphors in the 
original aliquot, transfer the solution to the polarographic 
cell and record the polarogram. If there is more, dilute the 
solution suitably with supporting electrolyte and then 
record the polarogram. Run a blank determination simulta- 
neously and subtract the blank value. 

Determination of arsenzc. To the aqueous phase (A) or, in 
the absence of phosphorus, the sample plus ammonium 
molybdate and adjusted to pH 0.7, add 5 ml of 1:1 v/v 
1-butanol/ethyl acetate mixture and shake for 1 min. Add 
5 ml of isoamyl acetate and shake again for 30 sec. Allow 
the phases to separate and dram the aqueous phase (R) mto 
another funnel for the determmation of silicon. Add exactly 
5.00 ml of cylcohexane to tke organic phase and wash, 
shaking vigorously for 30 set each time, with three 1%ml 
portions of the arsenic wash solution. Discard the washings. 
Strip the molybdenum from the organic layer and complete 
the determination as for phosphorus. Further dilution is 
only necessary for > 8 p g of arsenic. 

Determination of silicon. Adjust the aqueous phase (A or 
B), or the sample if arsenic and phosphorus are absent, to 
pH 1.2-1.3 with silicon-free ammonia. Wait for 10 mm, then 
add 2 ml of 7M nitric acid and wait for 10 min. Add 2 ml 
of citrate solution and wait for 10 min. Transfer quan- 
titatively into a separatory funnel with the minimum of 
water. Add 10 ml of MIBK and shake for I min. Allow the 
phases to separate and discard the lower phase. Wash the 
organic phase by shaking it vigorously for 30 set each time 
with three lo-ml portions of silicon wash solution, dis- 
carding the washings. Strip the moly~enum and complete 
the dete~ination as for phosphors, but adding a suitable 
aliquot of the 50 ml of final solution to 20 ml of supporting 
electrolyte, for the polarography. 

Calihrufion graphs. Prepare these by applying the pro- 
cedure to standard solutions containing o-O.8 pg of phos- 
phorus, 0.5-8 pg of arsenic and OS-5 pg of silicon. 

RESULTS AND DISCUSSION 

Polarographic determination of the molybdenum 

Catalytic currents are given by molybdate in 
perchlorate,’ nitrateI and chlorate” solutions and 
some arguments still remain about the character of 
the wave and the species involved in the catalysis.‘6 
Optimum conditions for the dete~ination of molyb- 
denum in this way have been reported.t7,‘s Figure I 
shows the d.c. polarograms for 7.7~PC/l. molyb- 
denum solution in nitrate and perchlorate media with 
and without charging-current compensation. 

The wave is better and larger in the nitrate me- 
dium, which was therefore used for further work. 
Figure 1 also shows that charging-current compen- 
sation flattens the base-line and improves the pre- 
cision of measurement. 

The chosen concentrations of nitrate (IM) and 
sulphuric acid f0.25M) agree with those reported 
eariier.‘J7 The catalytic wave is highly temperature- 
dependent, and more sensitive at higher tem- 
peratures. Hence temperature control is imperative 
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Fig. 1. Polarograms of 7.7-,ug/l. molybdenum in (1) 
perchlorate medium with CCC (charging-current compen- 
sation), (2) perchlorate medium without CCC, (3) nitrate 
medium with CCC, and (4) nitrate medium without CCC. 

and our experiments were done at 34 f 0.1” unless 
otherwise stated. 

Figure 2 shows typicai polarograms used to con- 
struct the calibration graph for molybdenum. A 
sensitivity of 2 nA.ml.ng-’ was obtained at 34‘; under 
the same conditions, the diffusion-controlled wave of 
molybdenum in 0.25M sulphuric acid gives a sensi- 
tivity of only 50 nA.ml+g-‘. 

The high blank problem. Whichever analytical tech- 
nique is employed to determine the molybdenum 
stripped from the organic layer, a major problem is 
the high blank due to the simuItaneous extraction of 
isopoIymoIy~ic acid (IPMA), especially in the opti- 
cal methods, where the large blank value may shift 

;i 
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Fig. 2. Polarograms which were used for construction of the 
calibration graph for estimation of moly~enum m 0.25M 
sulphuric acid and IM sodium nitrate. [MO]. ng/ml: (1) 0; 

(2) 47.5; (3) 94.1; (4) 140; (5) 184.6; (6) 230.7. 
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Volume of cyclohexane (ml) 

Fig. 3. Variation of blank and blank-corrected sample 
values with the addition of cyclohexane to the organic layer 
for 48 pg/l. arsenic. B = blank, S - B = blank-corrected 

sample values. 

the sample absorbance to the non-linear region of the 
calibration graph. This shift does not arise in polar- 
ography because the calibration graph is linear up to 
a molybdenum concentration of lo-‘M (- 1 fig/ml), 
but high blank values will necessitate operating the 
polarographic recorder at low current sensitivity, 
resulting in loss of overall sensitivity. Generally the 
organic layer is given an acidic wash to remove traces 
of IPMA, but the treatment varies considerably.‘0.‘g,20 
Chromatographic separation of IPMA has also been 
tried.20 

A systematic study was undertaken to decrease this 
blank and it was found that the addition of small 
amounts of hydrocarbons (such as benzene or cy- 
clohexane) to the organic layer, after extraction of the 
heteropoly acids, followed by a rigorous acidic wash, 
removed most of the IPMA from the organic layer. 
However, washing the isobutyl acetate extract of 
phosphomolybdic acid thrice with 2M hydrochloric 
acid was found to remove most of the IPMA and give 
maximum signal to blank ratio. Any effort to remove 
the residual IPMA was found to decrease the signal 
value as well. 

In the case of arsenic, addition of hydrocarbons 
followed by an acid wash had a profound effect in 
decreasing the blank value. Figure 3 shows that 
addition of 5 ml of cyclohexane to the organic layer 

and then three washes each with 15 ml of 2M 
hydrochloric acid (30 set shaking) was optimal. 

In the case of silicomolybdic acid, addition of the 
citrate solution minimized the simultaneous extrac- 
tion of IPMA, and acid washing still further de- 
creased the blank value. The blank for silicon deter- 
mination was quite high compared with that for 
arsenic and phosphorus, however, probably because 
of the presence of silicon as an impurity in the 
reagents used. 

Extraction and stripping. The extraction conditions 
are based on earlier work’.2’ and give good sequential 
separation of the three heteropoly acids. For con- 
venience, the same acidity can be used for extraction 
of phosphomolybdic acid and arsenomolybdic acid. 

For silicon it is better to add the acid in two 
portions, first to form the HPMA and then to 
protonate it for extraction.22*23 Although silico- 
molybdic acid is not formed at high acidity (> 0.7M 
H+ ), once formed at lower acidity it remains quite 
stable on further acidification and is extractable even 
from 1M acid. Methyl isobutyl ketone (MIBK), 
I-butanol, diethyl ether/l-pentanol (5: l), 1-pentanol 
and isoamyl alcohol were tested as solvents. The 
lowest blank values were obtained with the diethyl 
ether/pentanol mixture, but the best signal to blank 
ratio was obtained with MIBK, which was therefore 
chosen for the extraction. Shaking the organic phase 
for 1 min with 10 ml of OSM sodium hydroxide gave 
complete stripping for all three heteropoly acids. 

Simultaneous determination of phosphorus, arsenic and 

silicon 

The procedure was employed for the sequential 
determination of phosphorus, arsenic and silicon and 
the results are shown in Table 1. 

Interference studies 

Foreign ions may interfere at two stages: in the 
formation and extraction of the HPMA, and in the 
polarography. The first type of interference has al- 
ready been studied’ and confirmed by our obser- 
vations. The second type of interference was in- 
vestigated in this study and it was found that none of 
the reagents used in the procedure caused any inter- 
ference. The shapes of the polarograms were also not 
distorted. This is clearly seen in Fig. 4, which shows 
typical polarograms for determination of arsenic, 
silicon and phosphorus. 

Table 1. Determination of phosphorus, arsenic and silicon in the 
presence of each other 

Phosphorus, pg Arsenic, pg Silicon, pg 

taken found taken found taken found 

0.020 0.017 0.50 0.52 0.50 0.55 
0.050 0.058 2.00 2.17 3.00 3.15 
0.50 0.51 3.00 2.94 2.00 2.03 
0.20 0.25 5.00 5.04 1.00 0.94 
1.00 0.98 1.00 1.10 5.00 4.90 
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Table 2. Sensitivity and detection limit for the estimation of phos- 
phorus, arsenic and silicon 

Element 

Detection limit 
Inherent Inherent obtained by the 

sensitivity, detection limit, present procedure, 
mA.I.pg-’ pgglt. pglt. 

Phosphorus 80 0.1 0.5 
Arsenic 8.5 0.94 4.7 
Silicon 65 0.12 3.0 

Fig. 4. Polarograms of stripped molybdenum equivalent to 
(1) 9.3 pg/l. arsenic; (2) 1.9 pg/l. silicon; (3) 0.8 pg/l. 

phosphorus. 

Precision 

The relative standard deviations were established 
(eight determinations) and were 2.3% for phosphorus 
(0.5 pg), 2.4% for arsenic (5.0 pg) and 2.3% for 
silicon (4.0 kg). 

Sensitivity and detection limit 

The sensitivities and detection limits are sum- 
marized in Table 2. Inherent sensitivity means the 
slope of the calibration graph. The values given were 
obtained from polarograms recorded at a recorder 
sensitivity of 40 nA/cm. The concentration which 
would give a wave-height of 8 nA (i.e., twice the noise 
level of the instrument used) is called the inherent 
detection limit. The practical detection limits ob- 
tained by the present procedure were 5 times the 
inherent detection limit for phosphorus and arsenic, 
but 25 times that for silicon because of the high blank 
values and necessity to operate the recorder at lower 
sensitivity. 

Conclusions 

It is shown that the combination of two methods 
of increasing the sensitivity makes it possible to 
determine phosphorus, arsenic and silicon at ng/ml 

levels by d.c. polarography. The methods proposed 
give greater sensitivity than any of the other indirect 
methods reported earlier for determination of these 
elements. 
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Summary-The fundamental properties of the polyhedral sandwich dicarbollylcobaltate(II1) anion 
{[x-(3)-1,2-B,C,H,,],Co(III)}- are given, together with results for extraction of alkali-metal, alkaline-earth 
metal and some other cations (e.g., H+, Pb2+, Pd2+ and Ce3+) into nitrobenzene and corresponding 
analytical applications. Considerable attention is paid to charge-transfer through the water-nitrobenzene 
interface in the presence of this hydrophobic anion. 

The complex dicarbollylcobaltate(II1) anion 
{[K-(3)-1,2-B&H,,]$o(III)}- may be prepared by 
the original method’.* or more advantageously by its 
modification3 according to the following scheme: 

1,2-B,,C2H,2 KoHiCHloH [(3)-1,2-B,C,H,,]- (1) 

{[n-(3)-1,2-B,C~H,,l,Co(III)}- (2) 

The surface of this voluminous anion, the sym- 
metric sandwich structure4 of which is presented in 
Fig. 1, is formed of hydrogen atoms, which increase 
the hydrophobic character of the anion, and there- 
fore the solubility of salts of this anion in non- 
aqueous solvents, e.g., nitrobenzene, nitromethane, 
2,2’-dichlorodiethyl ether, is relatively high. 

Dicarbollylcobaltate(II1) is a member of the group 
of polyhedral heteroborane anions that do not 
possess a free electron pair for binding a proton, 
so the compound H+{[n-(3)-1,2-B,CzH,,]~Co(III)}- 
is totally dissociated in aqueous as well as in nitro- 
benzene solutions and is one of the strongest acids at 
present known. 

The anion {[n-(3)-1,2-B,C2H,,],Co(III))- is con- 
sidered to have a sandwich-type spatial configuration 
in which the central cobalt atom is in the formal 
oxidation state +III, with two hexaelectron ligands 
[(3)-l,ZB,C,H,,]*- n-bonded to it. Six vacant 
orbitals of the central Co(II1) atom are supposed 
to be filled with the 2 x 6 binding electrons of 
the two [(3)-1,2-B,C,H,,]*- ligands so that the 
&-configuration of Co(II1) is completed to give stable 
18-electron valence shell. At the same time, each of 
the two supposed twelve-vertex fragment units of 
Co(III)B,C,H,, (see Fig. 1) exhibits a stable>’ closed 

*This has found application in a registered patent for 
caesium isolation16 (e.g., from irradiated nuclear fuel), 
that is shortly to be put into operation on at least a 
pilot-plant scale. 

structure with 2n + 2 (n = 12) skeletal electrons and 
consequently with the maximum delocalized electron 
density! In accord with that, the skeleton of this 
voluminous diamagnetic anion is highly resistant to 
radiation,+13 heat,14 and strong acids and 
oxidation-reduction agents.* 

These properties of the dicarbollylcobaltate(II1) 
anion, together with its low specific charge, make this 
anion and some of its halogen derivatives excellent 
agents for the extraction of cations from aqueous 
solutions into some organic solvents, especially polar 
ones (e.g., nitrobenzene), or their mixtures. 

Extraction of cations from the aqueous phase into 
nitrobenzene 

The dicarbollylcobaltate(II1) anion (henceforth re- 
ferred to as DCC-), in the form of the acid (HDCC) 
was first utilized by Rais et aLI as an agent mainly 
suitable for the extraction of caesium* or other large 
cations from water into organic solvents containing 
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Fig. 1. Structure of dicarbollylcobaltate anion (symbols 0 
and 0 denote groups CH and BH, respectively). 
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nitro-group (nitro~nzene, nitromethane. nitro- 
propane). As the eq~librium distribution ratio of 
DCC- between nitrobenzene and water in the HDCC 
extraction system did not depend (within experi- 
mental error) on the initial concentration of HDCC 
in the organic phase, the distribution of HDCC in 
this system may be expressed as a two-phase equi- 
librium 

H+(w) + DCC-(w) 4’(H+‘DCC--)h 

H+(nb) + DCC-(nb) (3) 

where log K&H+, DCC-) z 3.1; symbols w and nb 
refer to the aqueous and nitro~nzene phases, re- 
spectively. The exchange extraction constants Kg 
(M = Li, H, Na, NHI, K, Rb) reported,” correspond- 
ing to the reaction 

es+(w) + M+(nb) s Cs’(nb) + M+(w) (4) 

were in good agreement with those determined ear- 
lier.17 The selectivity of the extraction separation of 
alkali-metal cation pairs Cs+/M +, estimated from 
the KE value, did not depend on the particular 
DCC- derivative used. 

MacaSek et al.” found that the exchange extraction 
constant Kg was practically the same whether the 
organic phase used was nitrobenzene-bromoform 
(4: 1 v/v), ~trobenzene-tetrachloromethane (3:2 v/v) 
or nitrobenzene. 

On the basis of the assumption that the AG values 
for transfer of tetraphenylarsonium cations (TPA+) 
and tetraphenylborate anions (TPB-) from water 
into nitrobenzene are equal, individual extraction 
constants of several derivatives of DCC- have been 
determined radiometrically (see Table 1).19 These 
constants (KX_) express in principle the affinity of the 
anion for the nitrobenzene phase and are therefore a 
quantitative measure of the hydrophobicity of the 

anion. From compa~son of the values for tetra- 
phenylborate or dipicryIaminate (DPA-) anions (log 
K&B- = 6.3, log K’,,,- = 6.9)” with the values in 
Table 1 it follows that the DCC- anion and especially 
its derivatives are still more hydrophobic than the 
TPB- and DPA- anions. 

Skarda et al.” proved by conductivity mea- 
surements that the salts of the type MDCC 
(M+ = Li+, Hi, Na+, K+, Rb+, Cs+, Tl” and 
Et,N+) were totally dissociated in nitrobenzene satur- 
ated with water, to the corresponding solvated ions 
M+ and DCC-, in contrast to the dipicryIaminates, 
tetraphenylborates and tl-hexylates of alkali or 
alkaline-earth metals, which form ion-pairs in nitro- 
benzene.21-23 The hydration numbers (h) of these 
univalent ions (mean number of water molecules 
co-extracted per cation in the equilibrium nitro- 
benzene phase) were determined:*’ 

h L,+ = 6.5, hn+ = 5.5, hNa+ = 3.9, hk+ = 1.5, 

h Rbf = 0.8, hc,+ = 0.5, hEUN+ = h,,- = 0.0. 

It follows that the degree of hydration of these ions 
in the non-aqueous phase decreases with increasing 
affinity of the ions for the nitrobenzene phase. For the 
tetraethylammonium cation, no evidence of hy- 
dration was found expe~mentally.20 It was also found 
that the degree of hydration of Li’ and H+ in 
2,2’-dichlorodiethyl ether saturated with water was 
practically identical with that in water-saturated 
nitrobenzene, whereas in nitromethane saturated 
with water it was much higher.20 

From a large number of experimental data it was 
found24-26 that the extraction of both trace and 
weighable amounts of Ba*+ and Ce3+ from aqueous 
solutions of nitric or perchloric acids into nitro- 
benzene (in the presence of HDCC) could be satis- 

Table 1. Individual extraction constants WA_) of some di- 
carbollvlcobaltate(III~ anions in the water-nitrobenzene systemi at 298 f I K 

Anion log Kh- 

[(B,C,H,,),Co]-: 3,3’-commo-bis(undecahydro- 
1,2-dicarba-3-3-cobalta-close-dodecaborate) 8.8 

[(B,C,H,,Br),Co]-; 3,3’-comma-bis(8-bromoundecahydro- 
1,2-dicarba-3-cobalta-close-dodecaborate) 10.0 

[(B,C,H,,I),Co]-; 3,3’-commo-bis(S-iodoundecahydro- 
1,2-dicarba-3-cobalta-close-dodecaborate) 10.2 

[(B,C,H,Br,)$Yo]-; 3,3’-comma-bis(8,9,12-tribromoundecahydro- 
l,Z-dicarba-3-cobalta-c~o.~odod~aborate) 10.7 

[C~H~(~~C~H,~)~Co]-; S,~[o-phenylene]-3,3’-commo- 
bis(undecahydro-l,2dicarba-3-cobalta-~~o~ododecaborate) 9.3 

[C~H*(CH~)~(B~C~H~o)~Co]-; 8,8’[o-xylylenel-3,3’- 
commo-bis(undecahydro-l,Z-dicarba-3-cobalta-cfoso-dodecaborate) 9.8 

[C,H,(CH,),(B&H,&Co]-; 8,8’[p-xylylenel-3,3’-commo- 
bis(undecahydro-1 ,Z-dicarba-3-cobalta-close-dodecaborate) 9.8 

[C,oH,0(B9C2H,o)ZC~]-; 8,8’[tetrahydronaphthylene]-3.3’- 
commo-bis(undecahydro-l,2-dicarba-3-cobalta-closo-dodecaborate) 9.9 

[C,H,-C,H3(B,C,H,,),Co]-; 8,8’[phenyl-o-phenylenel-3,3’- 
commo-bis(undecahydro-l,2-dicarba-3-cobalta-closo-dodecaborate) 10.2 
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factorily described by the eq~lib~a: 

Ba’+(w) + ZH+(nb) s Ba*+(nb) + 2H+(w) (5) 

Ce3+(w) + 3H+(nb) $% Ce3’(nb) + 3H+(w) (6) 

It was proved experimentally that the hydration 
number h,, increases with increasing concentration 
of HDCC in the non-aqueous phase as well as with 
decreasing acidity of the aqueous phase; in the 
two-phase nitric acid/HDCC-nitrobenzene and 
perchloric a~id/HDCC-nitrobenzene systems with 
identical initial mineral acid concentration and iden- 
tical HDCC content in the initial organic phases, hH+ 
was always higher in the nitric acid system. The mean 
hydration numbers of Ba*+ and Ce3+ in nitrobenzene 
saturated with water were also determined 

(h &2+ = 11.5 + 1.0, ha,+ = 16.2 & 2.0) together with 
the extraction constants (log K’,,*+ = - 10.5 f 0.1, 
log K&J, = - 15.8 f 0.2). The logarithms of the ex- 
traction constants of the alkali-metal cations, the 
proton, and Ba2+ and Ce3+, decrease linearly with 
the hydration number of the ions extracted into the 
nitrobenzene phase.24-26 

Extraction of tervalent actinide and lanthanide 
ions from acidic aqueous solutions by means of 
HDCC or H~B,*C~H~~Cl,Co] in nitrobenzene was 
studied by BeneSov6 et al.27 To increase the difference 
between the densities of the aqueous and organic 
phases, the nitrobenzene was diluted with tetra- 
chloromethane or bromoform. The distribution 
ratios of the actinides and lanthanides are very 
similar, so these elements cannot be efficiently sepa- 
rated by extraction. The tertalent cations can be 
stripped from the organic phase with a sufficiently 
high concentration of nitric acid or sodium nitrate 
solution, or with some basic compounds (e.g., 
I-propanol, hydrazine, urea).” 

Thiourea complexes of t~hnetium (most likely 
cationic) have been extracted from nitric acid into 
nitrobenzene-bromoform (4: 1 v/v) mixture with 
HDCC;28 this has been employed for separation of 
99mTc from 9sZr-95Nb nuclide decay products. 

Equilibrium distribution ratios > lo2 have been 
found for palladium in the nitric acid/nitrobenzene- 
H[(B,C,H,,Br),Co]-l,lO-phenanthroline (or CI,CI’- 
bipyridyl) systems. 29 These systems seem to be 
potentially useful for the isolation of palladium 
even from highly radioactive solutions, because 
I,1 O-phenanthroline in particular is very stable 
towards radiation. 

Rais et aL30 observed a large synergic effect during 
the extraction of microamounts of Ca2+, ST’+, Ba2+ 
or Pb2+ into nitrobenzene with hydrophobic anions 
(DCC-, polyiodides, dipicrylaminate, tetraphenyl- 
borate) in the presence of polyethylene glycols with 
molecular weights of 200, 300, 400, 600 and 1000 
(PEG 200, PEG 300, PEG 400, PEG 600, PEG 1000). 
This effect was ascribed to increase in the cation 
hydrophobicity caused by polyethylene glycol. 

Sebesta et aL3’ studied the distrjbution of Ba2” and 
Ra2+ between hydrochloric acid and nitrobenzene in 
the presence of HDCC and PEG 1000. The presence 
of 0.1% PEG 1000 in the aqueous phase gave the 
highest distribution ratios for both elements when the 
initial concentration of HCl in the aqueous phase 
(c”,-,) was O.lM and the initial concentration of 
HDCC in nitrobenzene was O.OlM. In the hydro- 
chloric acid concentration range O.l- 1 .OM (under 
otherwise unchanged conditions), the synergic effect 
of the PEG 1000 increased the distribution ratios by 
a factor of about 104, whereas at cHC, < O.lM the 
dist~bution ratios decreased with decreasing acidity 
down to cHcl w 0.01&f, at which an antagonistic effect 
began. No explanation of this effect of PEG 1000 has 
been found. Experiments in our laboratory indicate 
that the original duration of shaking used was 
insufficient for equilibrium to be reached in the low 
acidity systems, and the apparent decrease in degree 
of extraction may have been due to a lower rate of 
equilibration. 

Vaiiura et aL3’ studied the extraction of micro- 
amounts of %r in the presence of PEG 400 with 
DCC from water into nitrobenzene. Maxima on 
plots of the dist~bution ratio of strontium as a 
function of the analytical ~on~ntration of poly- 
ethylene glycol in the aqueous phase was attributed 
to competitive action between the charged complex 
SrPEG’+ and the protonated polyethylene glycol 
HPEG’ as counter-ions of DCC- in the organic 
phase. Theoretical relations were derived for the 
shape of these plots and also for the effect of the 
concentration of DCC- in the organic phase on the 
shape of the plots and the positions of the maxima. 
The theoretically derived relationships were in accord 
with the experimental data. 

The following equilibria characterize the distribu- 
tion of microamounts of *%r*+ or i33Ba2+ in the 
perchloric (or nitric a~d)~nitro~nzen~PEG-HDCC 
system3*.33 

M2+(w) + 2H’fnb) s M’+(nb) + 2H+(w) (7) 

L(w) & L(nb) (8) 

L(w) $ H+(nb)a HL+(nb) 

M2+(w) + L(w) + 2H+(nb)m 

(9) 

ML2+(nb) + 2H+(w) (10) 

where M*+ = Sr2’ or Ba2+, L = PEG 200, PEG 300 
or PEG 400, log K&Sr2+) = 0.70 and log &(Ba’+) = 
0.85. The values of the other equilibrium constants 
are collected in Table 2. The hydration numbers 
decrease with increasing stability of the complexes.33 
Similar conclusions apply34 to the hydration of com- 
plex cations of the ML+ type, where M+ = Li+, Na+, 
NH:, K+, Rb+ and Cs+. 

These results3e33 demonstrate that polyethylene 
glycols are effective synergic agents, especially in the 
extraction of alkaline-earth metals. This property of 
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Table 2. Values deduced from the data for the M*+-mineral 
acid-L/nitrobenzene-HDCC systems” 

nitrobenzene phase and may be taken as a “simple” 
transfer.43.44 

PEG 200 PEG 300 PEG 400 --- 
k-D 1.6 x 10-3 1.5 x IO.--3 1.3 x 10-S 
Iog Q.(HL+) 1.72 2.51 2.87 
log kl,(SrLZ+) 6.96 8.29 8.84 
Iog &(RaL2+) 8.98 IO.19 IO.76 
Iog B(HL*) 4.52 5.33 5.75 
log p (srLj+) 9.06 IO.41 11.03 
log fi (BaL?+) 10.93 12.17 12.80 

t;+ 
3.7 2.9 2.3 
2.8 2.0 I.6 

heat_:+ 1.7 I.3 1.0 

polyethylene glycols and of some similar compounds 
has been utilized for extractive separation of 
strontium35 and radium 36 from aqueous solutions. 

Electr~cbe~ic~~ study of the charge transfer across the 
~~ter/~itrobenzene interface 

The fundamental principies, concepts, and general 
relations that characterize the transfer of ions across 
the interface between two immiscible electrolyte solu- 
tions, studied by means of elec~oanalytical methods 
(polarography with the dropping electrolyte elec- 
trode, cyciic voltammetry, chronopotentiometry), to- 
gether with applications and the demands made on 
the measuring technique and equipment, have been 
reviewed.37%3R 

As with classical electrochemical methods, it is 
necessary for both phases to be practically immiscible 
and to contain background electrolytes in sufficiently 
high concentrations. Very hydrophilic electrolytes 
suitable for the aqueous phase include the chlorides, 
bromides and sulphates of the alkali metals and 
magnesium. The background electrolyte of the 
organic phase must be very hydrophobic, and tetra- 
butylammonium (TBA +). tetraphenylarsonium 
(TPA+), tetraphenylborate (TPB-) and di- 
carbollylcobaltate(II1) compounds are suitable com- 
ponents. Tetrabutylammonium dicarbollylcobaltate 
(TBADCC) has been employed in several studies39-42 
but was probably contaminated with anionic im- 
purities and these attempts to extend the “potential 
window”3s were not successful Only the use of 
sufficiently pure TBADCC or TPADCC led to this 
aim being achieved. 

In contrast to the tetraphenylborate anion (until 
recently the anion most often used for the purpose, 
generally as TBATPB), which decomposes under the 
influence of light and mineral acids, DCC- is com- 
pletely inert towards strong acids (except fairly con- 
centrated solutions of nitric acid) and light, and is 
also relatively thermally stable as well as not much 
affected by radiation. As HDCC and MDCC (M+ is 
an alkali-metal cation or TI+) are completely dis- 
sociated in nitrobenzene saturated with water,” the 
use of TBADCC or TPADCC as background electro- 
lyte in the nitrobenzene phase ensures that transfer of 
protons and IW across the waterjnitrobenzene inter- 
face is not complicated by ion-association in the 

The transfer of caesium and tetramethyl- 
ammonium (TMA+) ions across the water-LiCI/ 
nitroben~ne-TBADC~ interface has been studied 

by cyclic voltammetry.43 The temperature- 
dependence of the polarographic half-wave potentials 
for the transfer of Cs+ and TMA+ across the inter- 
face, together with some thermodynamic data pub- 
lished earlier,‘7”5*46 made it possible to determine the 
enthalpy and entropy changes of transfer of certain 
ions from the aqueous into the nitrobenzene phase4’ 
(see Table 3). Transfer of the hydrophilic cations Li+, 
Na+ and I-I* is endothermic, the “endothermicity” 
increasing in the order H+ < Na+ < Li+. Conversely, 
the transfer of K+, Rb+, Csc and TMA+, similarly 
to transfer of the hydrophobic dipic~laminate anion 
(DPA-) from the aqueous phase into nitrobenzene, is 
always exothermic. From the the~~ynamic point 
of view it is significant that the transfer of the 
univalent ions listed in Table 3 is always accompanied 
by an entropy decrease (ASt:;w--r”b < O), which means 
that each of these ions is in a more ordered environ- 
ment in the nitrobenzene phase than in the aqueous 
phase. It is interesting4) that the absolute values of the 
entropy changes 1 AS&‘“““” 1 increase in the order 
Li+ < Nat < II+ < K+ but decrease in the order 
K+ > Rb+ > Cs+ > TMA+ > DPA-. 

If TBATPB is the supporting electrolyte used in the 
nitrobenzene phase, then Cs+ is transferred from the 
aqueous into the organic phase at a more negative 
Galvani potential difference, Azb# = C$ (w) - r# (nb), 
than when the electrolyte is TBADCC. This effect has 
been explained as due to formation of the ion-pair 
Cs’ TPB- in the nitrobenzene phase? 

Cs+(nb) -I= TPB-(nb) & Cs+TPB-(nb) (11) 

The following relation was derived for the polar- 
ographic half-wave potential E{$ for the reversible 
transfer of Cs+ from the aqueous into the organic 
phase, in which the ion-pair Cs+TPB- is formed? 

+ n,,,,,K,csp”~-)(l + E;c$)] (12) 

where A%4 &+ is the standard Galvani potential 
difference for the Cs+ cation between the aqueous 

Table 3. The~odynamic vaIues’7,43 for transfer of some 
univalent ions in the mutually saturated water-nitrobenzene 

system at 298 K 
AG l.w-nb 

tr.x 

Ion kJ/mole’ 

Aff *.v-nb 
tr.1 

kJ/moie’ 
AS,$W-n” 

J.W&-‘.1;-’ 

Li+ 38.2 37.1 -3.6 - 
Na’ 34.2 25.6 -28.9 
Hf 32.5 16.8 - 52.7 
K’ 23.4 -8.1 - 105.6 
Rb+ 19.4 -7.8 -91.1 
Cs’ 15.4 - 10.3 -86.3 
TMA’ 3.4 -9.3 -42.6 
DPA- - 39.4 -44.3 - 16.6 
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and nitrobenzene phase,37,47 D&+ and DE!+ are the 
diffusion coefficients of Cs+ in the aqueous and 
nitrobenzene phases respectively, DE&, is the 
diffusion coefficient of the ion-pair Cs+TPB- in the 
nitrobenzene phase, c$~_ is the initial analytical 
concentration of TPB- in the nitrobenzene phase, 
and K, is the association constant corresponding to 
equilibrium (11). For the polarographic half-wave 
potential E$ of a “simple” reversible transfer of the 
Cs+ ion from water into nitrobenzene, uncomplicated 
by the formation of an ion-pair or by chemical 
reactions in both phases: 

E\:\ = A:&&+ + (RT/2F) In (D&+/D;:+) (13) 

Relation (13) follows from (12) when K, = 0. The 
difference AE,,, between E$h and E\\i is 

AE,,, = E@ - E”’ l/2 

= (RT/2F) In { 1 + (1 + 6)K,c$- 

+ SK:[c$]*} (14) 

wheie 6 = Df&.e/D;!+ x D&/D~~+. Relation (14) 
was employed when calculating the individual K, 
values in the temperature interval between 278 and 
338 K from experimentally determined AE,,, values. 
From the linear dependence of log K, on l/T, the 
value of AH for reaction (11) was found to be - 17.2 
kJ/mole (for the temperature range 293-338 K). The 
voltammetric measurements gave a value of 1 x lo2 
for K, at 298 K (corresponding to AG = - 11.4 
kJ/mole), which does not significantly differ from the 
value K, = 1.2 x 10M2, obtained from extraction mea- 
surements at 298 + 1 K. The corresponding entropy 
change is AS = - 19.5 J. mole-‘. K-‘. 

It was also proved by cyclic voltammetry that 
proton transfer across the water/nitrobenzene inter- 
face, facilitated by an electroneutral ligand L 
(L = 18-crown-6) in the nitrobenzene phase (Fig. 2, 
System 1) or by DPA- present as TPADPA in the 
non-aqueous phase (Fig. 2, System 2), is in any case 
a very fast process controlled by diffusion of L or 
DPA- to the interface.48-50 The results can be used 
to determine the values of P(HL+) and K for the 
equilibria (15) and (16) in the nitrobenzene phase of 
Systems 1 and 2. 

H +(nb) + L(nb) _ B(HL+) HL+(nb) (15) 

H+(nb) + DPA-(nb) & HDPA(nb) (16) 

For the polarographic half-wave potentials El,* and 
Eii2 corresponding to reversible transfer of protons 
from the aqueous into the nitrobenzene phase, the 
following relations hold48-50 (a general relation for 
cation transfer facilitated by an electroneutral ligand 
was first published by Koryta”): 

-f&,2 = &#‘“H+ - (I?T/F) In [fl(HL+)$] (17) 

E;,z = AnW~oH+ - (RT/F) In (KcaY) (18) 

where Arb~;+ = 0.337 V is the standard Galvani 

aqueous nitrobenzene 1 aqueous nitrobenzene 
phase phase 1 phase phase 
HCl TBADCC ( HCI TPADCC 

(TPADCC) ( TPADPA 
L I 

c;: >>p c;: >>c~;pA- 
System 1 System 2 

Fig. 2. Two-phase systems for electrochemical study of 
proton transfer across the water/nitrobenzene interface; 
TBADCC (or TPADCC) is the supporting electrolyte in the 
nitrobenzene phase; c$:, cyb and c$_ denote the initial 
concentrations of protons, L and DPA- in the aqueous (w) 

or nitrobenzene (nb) phase. 

potential difference for protons between the aqueous 
and nitrobenzene phases,“s4’ found from extraction 
data.” Relations (17) and (18) are based on the 
simplifying assumption (evidently justified) that the 
diffusion coefficients of L and DPA- in the nitro- 
benzene phase do not differ substantially from those 
of their protonated forms, i.e., DFb z DkbL+ and 
D;PPA- x D;poPA. From the experimentally determined 
half-wave potential E,,, and the known values of 

A&#%+ and ci?$, the value log /J (HL+) = 5.9 was 
determined by means of relation (17). The value log 
K = 6.9 was similarly calculated from equation (18). 

Hung5’ found that synthetic DL-a-lecithine 
(C,H,,N09P) dissolved in the nitrobenzene phase 
considerably slowed down both the simple transfer of 
the picrate anion and several cations (Cs’, TMA+, 
Li’, TBA+), and also the transfer of Na+ (facilitated 
by dibenzo-18-crown-6) from the aqueous into the 
nitrobenzene phase (in the presence of TBADCC). 
This effect most likely resulted from the existence of 
a compact lecithine monolayer at the interface. The 
effect decreased with increasing temperature, which 
may be explained as a result of transition of the rigid 
crystalline structure of the monolayer to a liquid 
crystal structure or as a result of thermal increase of 
the disorder of the lecithine monolayer.5’ Lecithine 
has also been observed to slow down interfacial 
electron transfer between the [Fe(CN),]3-/[Fe(CN),]4- 
couple in the aqueous phase and ferrocene dissolved 
in nitrobenzene.5’ Conversely, the transport of 
alkaline-earth metal cations (Ca2+, Sr2+ and Ba2+) 
across the waterlnitrobenzene interface was facili- 
tated by lecithine in the organic phase, probably by 
formation of lecithine complexes of the bivalent 
cations.5’ 

Kolicine E, dissolved in the aqueous phase slows 
down transport of Cs+ across the water-LiCl/ 
nitrobenzene-TBADCC interface.52 

Analytical application of extraction systems with the 
dicarbolIylcobaltate(III) anion 

Stefek et al.53 found that the extraction system 
Sr*+-PEG 400-H+{[7r-(3)-1,2-B9C2H~Br3]2Co(III)}-- 
waterlnitrobenzene is not suitable for sub- 
stoichiometric determination of strontium but can be 
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used for its determination by the concentration- neously ensure both high separation selectivity and 
dependent distribution method, which could be sufficient yield of 13’Cs, and it was made the basis of 
combined with isotopic dilution to allow the deter- the rapid routine isolation of 13’Cs from milk,59 
mination of strontium in the presence of barium and urine,60 faecesm and biological materials” con- 
calcium. taminated with a mixture of radionuclides. 

A rapid method of separation of 90Sr and 13’Cs 
from a solution of long-lived fission products has 
been developed for radioanalytical purposes.54 The 
13’Cs is extracted from a solution containing 
diethylenetriaminepenta-acetic acid (DTPA) and ci- 
trate (pH = 8) by HDCC solution in nitrobenzene, 
followed by extraction of the strontium at pH 4 by 
HDCC solution in nitrobenzene in the presence of 
PEG 400. The separation factors for the couples 
Cs/Sr and Sr/fission-products exceeded 104. 

Selucky et aL5’ have developed a rapid extraction 
separation of radium from acidic solutions of 
thorium and its decay products. The radium is extrac- 
ted with HDCC solution in nitrobenzene in the 
presence of p-nonylphenylnonaethylene glycol 
(Slovafol909). The radium can easily be stripped into 
aqueous solution after dilution of the organic phase 
with di-isopropyl ether. This method may be used for 
the preparation of 224Ra stock solutions. 

HDCC or its chlorinated derivative 
H[C4B,8H,5C17Co] can be used for the extraction of 
trace amounts of 13’Cs from nitric acid containing 
some radionuclides (l”Ce, @Co, ‘06Ru-‘06Rh, 
95Zr-95Nb, 65Zn) into nitrobenzene.5” Microamounts 
of 13’Cs were found to be extracted nearly quan- 
titatively, especially at low acidities of the aqueous 
phase; lo6Ru and 95Zr passed into the organic phase 
only in small amounts, and ‘“Ce, 6oCo and 65Zn were 
practically not extracted at all. The equilibrium distri- 
bution ratios of these radionuclides decreased with 
increasing nitric acid concentration in the aqueous 
phase, but the separation factors for isolation of 13’Cs 
from the other radioisotopes increased with in- 
creasing nitric acid content in the initial aqueous 
phase, except for that from ‘06Ru (which did not 
change much). 

Finally, a rapid and selective method for extractive 
isolation of radiostrontium from urea by using a 
nitrobenzene solution of HDCC in the presence of 
PEG has been developed.62 

Conclusions 

The dicarbollylcobaltate(II1) anion and some of its 
halogen derivatives are very useful reagents for the 
extraction of alkali-metal cations (especially Cs’), 
and also (in the presence of polyoxyethylene com- 
pounds) for the extraction of Sr*+ and Ba*+ from 
aqueous solution into an organic phase consisting of 
pure nitrobenzene or its mixtures with some less polar 
solvents (e.g., Ccl,, CHBr,), both under laboratory 
conditions for purely theoretical or analytical pur- 
poses, and on the technological scale for the sepa- 
ration of some high-activity isotopes in the re- 
processing of irradiated nuclear fuel. 

The dicarbollylcobaltate(II1) anion, when em- 
ployed as a component of the supporting electrolyte 
in the organic phase, has also found application in 
electrochemical studies on the processes taking place 
at the water/nitrobenzene interface. The results of 
these studies provide important information on the 
processes taking place in biological membranes and 
also in classical liquid-liquid extraction, especially in 
the water-nitrobenzene system. 
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Summary-Samples can be reproducibly injected into flow-streams by timed swltchmg of a sample stream 
with a miniature solenoid valve and timer circuit. The device is simpler to assemble and use than the 
standard rotary valve and a direct comparison under the same operating conditions shows that the 
solenoid valve is an adequate replacement for the rotary valve. 

Samples are generally introduced into flow-analysis 
systems by means of rotary valves with fixed-volume 
loops.’ Such valves are expensive because they 
require careful construction to ensure alignment of 
the fine bores in the stators and rotors. Also a 
continuous variation in sample size is not possible. A 
change in sample size requires a change in the loop 
or rotor. 

An economical timed solenoid valve is described 
which can provide samples in a continuous range of 
sizes at any time intervals desired. It can be readily 
assembled from “off the shelf” components and can 
be adapted for more complicated flow regimes. In 
essence it uses temporal, as opposed to spatial, 
control of injections. The performance of the timed 
solenoid valve has been compared with that of a 
standard rotary valve in a typical flow analysis. the 
determination of phosphate. 

EXPERIMENTAL 
Apparatus for phosphate determination 

This was based on RUiEka and Hansen’s manifold’ 
illustrated in Fig. 1, labelled according to their conventions. 
Different injectors were inserted at S. The rotary valve 
shown by REEka and Hansen’ was improved by insettmg 
four O-rings (5 mm inner diameter, 8 mm outer diameter) 
around the bores on the inside faces of the stators, and 
clamping the assembty with four peripheral bolts rather 
than a central one. Rotary friction was reduced because the 
discs rotated on the small bearing surface of the compressed 
O-rings and not on the whole disc areas. This enabled us to 
dispense with the difficultly machmable polytetrafluoro- 
ethylene stator and to use only polystyrene discs. The 
quality of the surface finish of the polystyrene could also be 
lowered without causing leakage. 

ml /mw’ 
ASCCX%K _ 
ACID 05 ---____ 

MOLYEXIATE 
REAGENT 05 

L.i -----___ 

WATER 127 -s 

Rg. I. Manifold for phosphate analysis. 

The alternative injector was a three-way solenord valve 
[Lee No. LFAA 1200118A]3 of overall size 33 x 12 mm. The 
actual working volume of fluid is only 100 ~1 and the 
valve-rubber travel about 1 mm on activation. At 12 V d.c. 
and 23 mA the solenoid will work against a pressure 
differential of 0.69 atm and at 19 V d.c. against a differential 
of up to 2 atm. The inlet and outlet had a bore of 0.8 mm 
and could be inserted into the l-mm bore manifold tubmg 
without use of special seals. This valve was attached at S as 
shown in Fig. 2: A simple timer circuit, which can turn the 
coil current on and off at fixed Intervals, is shown in Fig. 3. 
The start switch Initiates a sequence which leaves the 
solenoid inactive for 5-250 see intervals, adjustable by 
means of R,, followed by activation for 0.1-100 set mter- 
v&s, adjustable with R,. The sequence carries on without 
resetting. The sample stream was run at a suitable flow-rate 
through a restricting coil to give a steady positive insertion 
pressure. 

Reproducibl~li,v tess on solenoid valve 

The water emerging from the carrier-stream line during a 
time-period corresponding to 40 “valve open” cycles was 
collected and weighed. The difference between this weight 
and that of the water emerging from the carrier-stream line 
in the same period of time with the valve permanently closed 
gave the weight (and hence volume) of 40 samples. Times 
were not measured accurately, but set to approximately the 
required value by adjusting the timer resistances. 

Dispersion measurements 

Dispersions were measured with Bromothymol Blue indi- 
cator as described by Rtiieka and Hansen.4 Residence times 
were obtamed from the recorder traces and chart-speed, 

RESULTS AND DISCUSSION 

The mean relative deviations for injections of 380, 
65.0 and 26.5 ~1 with the solenoid valve were 0.3, 
0.3 and 1.2% respectively. The injection time for the 
last set of measurements was about 0.4 sec. The 
reproducibilities obtained with the solenoid valve 
were better than the range of timing error. The “555” 
timer has a sbecified maximum error of O.ST.(/,, and for 
the larger volumes, averaged over 40 samples, the 
mean deviations were about half this value. For the 
smallest samples the deviations increased because the 
response time of the valve, quoted as 3 msec, became 
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F1g. 2. Solenoid valve Injector. Solenoid off. 0’ closed; solenoid on, 0’ closed 

an appreciable fraction (0.75%) of the time the valve 
was open. Smaller samples could be injected with the 
same accuracy as larger ones by reducing the sample 
flow-rate. 

for the solenoid valve is given by:5 

17.0=7c(O.O5)~ L 
13 4 

- ~ 
17Qc +17Qo > 

30cm 0 5mm ID 

The sample residence time within the manifold was 
less when the solenoid valve was used, because of the 
higher flow-rate during injection (Table 1). A simple 
calculation shows that there is no appreciable change 
in resistance to flow on substituting the new valve. 
The equivalent-reststance length L of 1 mm tubing 

12v 

22K 

I ovA 

c 

t 

IOK I--- 9” 

m-OOK 

1 555 I---- 

20K 
ov 

IK 

1 8 

, , 4, 
555 , 0 

--4 5 4 5- 

where Q, and Q, are the carrier and sample stream 
flow-rates. with the valve closed and open 
respectively. This gives L = 154 cm for the solenoid 
valve. compared with L = 151 cm, calculated for the 

rotary valve at the Q0 rate, with the valve closed for 

, 

jN4148 

Fig. 3. Timer circuit. Start switch (I); reset switch (2); on. off and contmuous cycle posItIons on 
switch (3). 
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Table 1. Comparison of dispersions and residence times with 
rotary valve (R) and solenoid valve(s) 

Sample size, PI Residence time, XC Dispersion, D * 

340 (S) 16.3 2.33 
289 (S) 17.0 2.47 
285 (R) 19.2 2.69 

*D = CT/Cmax where C’ is the undiluted dye concentration 
and Cm”” the concentration recorded at the peak maxi- 
mum. 

13 set and open for 4 sec. The actual length of tubing 
used was 150 &- 1 cm. 

The dispersion obtained was about 9% less with the 
solenoid valve, probably because the faster flow 

produces a shorter residence time. The absorption 
peaks recorded when the solenoid valve was used 
were still non-Gaussian (Fig. 4). If the peak width at 
half-height is taken as 20, the sampling rate can be 
between 110 and 170 samples/hr for peak separations 
of 6t~ and 40 respectively. The solenoid valve was 
operated at 105 samples/hr without any peak overlap 
resulting. This contrasted with only 77 samples/hr 
possible with the rotary valve. For both valves peri- 
staltic pump pulsations were observed on the trace 
recorded at 50 mm/min, but were not detectable at 
the normal recording rate of 5 mm/min. Such 
fluctuations have been found not to be eliminated by 
using a pulse-damping device.‘j 

The overall reproducibility of peak heights is mar- 
ginally inferior when the solenoid valve is used (the 
average deviation is about 0.6% more than for rotary 
valve injection) (Table 2). It should be noted that 
almost half of the standard deviation results from 
errors in measuring peak heights. These readings 
were accurate to 0.3 mm which is 1.2, 0.6 and 0.4% 
of the heights of the 1, 2 and 4 ppm peaks 
respectively. Other inaccuracies arose from variations 
in sample volume (- 0.3%) and colour development. 
The calibration graph obtained by use of the solenoid 

valve could be made less curved by adjusting par- 
ameters such as sample size or flow-rate. 

Further miniaturization of solenoid-valve injection 
IS an obvious development, since integrated-circuit 
timers accurate to 0.01% and smaller valves with fluid 
volumes as small as 10 ~1 are available, but for 

R 

- 

20 set 

Fig. 4. Profile of absorption-time curves for rotary (R) and 
solenoid (S) valves. 

normal flow-injection analysis the unmodified device 
is a satisfactory replacement for the rotary valve. 
Timed-injection solenoid valves could also replace 
the multiple injection valves used in merging-zone 
flow analysis.’ 

1. 

2. 
3. 

4. 
5. 
6. 
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Table 2. Comparison of calibration data for phosphate determinations with 
rotary (R) and solenoid (S) valves 

Valve S R 

Sample size, ~1 380 285 
Cont.. ppm 1 2 4 1 2 4 
Mean peak height, mm 25.1 47.7 76.2 25.1 45.9 87.1 
Number of readings 12 11 11 11 10 10 
Sampling rate/hr - ’ 105 77 
Standard deviation, mm 0.6 0.8 1.1 0.4 0.4 1.0 
Relative std. devn., y0 2.4 1.7 1.4 1.7 1.0 1.1 
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Summary-The effect of container material (polyethylene, polypropylene, polystyrene, borosilicate glass 
and flint glass), storage time (O-86 days), and temperature (22” and 4”) on the cadmium content found 
by graphite-furna~ atomic-absorption spectrometry for spiked and unspiked urine samples has been 
studied. No loss of cadmium occurred for at least 10 and 28 days when unspiked and spiked samples 
respectively, were stored in polyethylene containers at 22”. For storage up to 3-4 days at 22”, 
polypropylene, polystyrene, herosilicate glass and flint glass containers were also found suitable. Storage 
at 4” was not effective in preventing loss of cadmium. 

The detection of cadmium in human urine may be 
used for identifying groups at risk of cadmium tox- 
icity.’ Sensitive and selective methods capable of 
determining ng/ml levels of cadmium in human urine 
are now available,2 but the data obtained by their use 
are meani~~ul only if the various factors affecting 
the accuracy and precision of the dete~inatio~ have 
been identified and controlled. Some of these factors 
are: (i) type of container material used for collecting 
and storing the urine samples; (ii) temperature of 
storage; (iii) duration of storage. In spite of the 
importance of these factors no studies seem to have 
been made of the stability of cadmium in urine on 
storage. In view of this, it was thought advisable to 
study the effect of container type, storage time and 
temperature on the levels of cadmium in unspiked 
and spiked human urine samples. The findings of this 
study are reported here. 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model 603 atomic-absorption spectro- 
photometer equipped with an HGA-500 graphite furnace, 
a deuteriilm-arc background-corrector and a Hamamatsu 
hollow-cathode lamp operated at 10 mA and a resonance 
wavelength of 228.8 nm (spectral band-pass 2.0nm) was 
used for the determination of cadmium. Nitrogen was used 
as the purge gas and its flow was interrupted during the 
atomization step. 

The containers used for storing the spiked and unspiked 
urine samples were: (i) poiyethylene bottles, 250-ml capac- 
ity, with Teflon-lined plastic screw-caps (cat. no. 
FlO610-~8, Canus Plastics, Ottawa, Ontario); (ii) sterile 
polystyrene urine specimen containers, 90-m] capacity, with 
white plastic screw-caps (cat. no. CS841-57, Starpiex, 
Scientific, Mississauga, Ontario); (iii) sterile polypropylene 

urine specimen-contamers, 115ml capacity, with poly- 
ethylene screw-caps (cat. no. C8841-201, Canadian Labora- 
tory Supplies); (it)) borosilicate glass serum bottles, loo-ml 
capacity (cat. no. B7761-100, Canadian Laboratory Sup- 
plies); (v) flint glass bottles, 12%ml capacity, with poly- 
propylene screw-caps (cat. no. B7772-125, Canadian Labo- 
ratory Supplies). The red rubber stoppers recommended by 
the manufactu~r for the glass serum bottles were found to 
be contaminated with cadmium, so they were replaced with 
parafilm closures. 

All the containers were cylindrical in shape and were 
purchased from Canadian Laboratory Supplies Limited, 
Ottawa, Ontario. Before use, all the containers were freed 
from traces of cadmium as described earlier,) by a detergent 
wash, tap-water rinse. soaking in 2% ultrapure nitric acid 
for 24 hr, distilled water rinse (6 times) and ultrapure water 
rinse (6 times). After the cleanmg operation, any containers 
found to give blanks when filled with ultrapure water 
acidified to pH 1.0 with ultrapure nitric acid having no 
detectable levels of cadmium, were rejected. 

Hip-purity water was obtained by passing tap water 
through a cellulose adsorbent and two mixed-bed ion- 
exchange columns, and finally distilling in a Coming AG- I I 
unit. The quality of the water conformed to ASTM Type I 
specification.4 In addition, the cadmium level in the water 
was below the graphite-furnace atomic-absorption (GFAA) 
detection limit (3 times the standard deviation of the blank) 
of 0.1 ng/ml. 

A certified atomic-absorption standard containing 
IOOOmg of cadmium per litre was obtained from Fisher 
Scientific. Fresh working standards of lower concentrations 
were prepared daily by serial dilution of the stock solution 
with high-purity water. 

A 10% aqueous solution of diammonium hydrogen phos- 
phate (Baker Analyzed Reagent) was prepared and purified 
as described elsewhere.5 

Ah other reagents and solutions used were of the highest 
purity available. 
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Sample collectton and storage 

For studies with unspiked urine a 24-hr sample was 
collected from a laboratory volunteer, in a 2-litre Nalgene 
linear polyethylene bottle fitted with a polyethylene screw- 
cap, previously freed from traces of cadmium as described 
above. The pooled urine was homogenized by vortex mixing 
and its cadmium content immediately determined by 
graphite-furna~ atomic-absorption spectrometry with addt- 
tion of diammonium hydrogen phosphate and nitric acid as 
matrix-modifiers.* The measurement was done in quin- 
tuplicate. 

From the homogemzed pooled sample, Z-ml aliquots 
were pipetted into the polypropylene (PP). polystyrene (PS), 
borosilicate (BS), and flint glass (FG) containers. and 50-ml 
aliquots into polyethylene (PE) containers. The surface area 
of contact of the urine with the various containers was 
(cmZ): PP, 96; PS, 82; BS, 99; FG, 89; PE, 111. The 
containers were then stored at room temperature (22”) in a 
Class 100 clean hood and also at refrigerator temperature 
(4”). Each combination of container and temperature was 
run in trrplicate. The samples from each container were then 
analysed on days 0, 1, 2. 4, 6. 10, 16. 20, 28. 58 and 86. 
Before analysis the refrigerated sampies were allowed to 
attam room temperature, and all the samples in the various 
contamers were thoroughly homogenized by vigorous vor- 
tex mixing. 

For the studies with spiked urine, another 24-hr sample 
was collected from the same donor. The sample was vigor- 
ously vortex-mixed and spiked to give an added cadmium 
concentration of approximately 5 ng/ml. The same storage 
procedure was used and the sample were analysed on days 
0, 1, 3, 7, 11, 14. 21, 28, 42, 59 and 66. 

Analytical procedure 

The concentration of cadmmm in the unspiked urine 
sample was monitored by using the procedure developed 
earher.2 For each container, a OS-ml aliquot of sample was 
pipetted into a precleaned l-ml Pyrex standard flask, fol- 
lowed by the addition of 20 pl each of lO”/d diammonj~ 
hydrogen phosphate solutron and IO”,; v/v nitric acid. The 
solution was made up to the mark with high-purity water 
and viuorouslv vortex-mtxed for 30 sec. A IO-~1 aliquot of 
this sohrtion &as introduced into the graphite ‘furnace wrth 
an Eppendorf pipette fitted with a disposable polypropylene 
tip which had been decontaminated as described elsewhere.3 
The cadmium in the sample was atomized by raising the 
temperature to 120” m 20 set and holding at that tem- 
perature for 30 set (drying), heating to 550” in 10 set and 
holding there for 30 set (ashing), heating to 2100” in 1 set 
and holding for 5 set (atomization) and finally heating to 
2500’ in 1 set and holdmg for 2 set (cleaning). The peak 
absorbance values for four replicate injections were aver- 
aged. A duplicate was run for each container at each 
temperature. The cumulative averages of the duphcates 
from each of the three container at each temperature (ie., 
the average of 24 measurements) were then used to calculate 
the recovery of cadmium as a function of time. 

The amount of cadmium in the urine sample immediately 
after pooling (time “zero”, in fact approxtmately 60 min), 
and on the various days of storage. were calculated by use 
of a calibration graph prepared from a cadmium-free con- 
trol urine (Product no. 2934-80. Level I, Ftsher Scientific) 
spiked with various amounts of cadmium (0.5, 1.0 and 
2.0 ng/ml) and the matrix modifiers as already described. A 
blank containing only the matrix modifiers, and a urine 
control spiked with 1.0 ng/ml cadmium and the matrix 
modifiers, were run once every 30 min durmg the analytical 
measurements to compensate for any small changes in the 
working graphs, resulting from conditions beyond the ana- 
lyst’s control. Also, a fresh mat~x-matched calibration 
graph was prepared on each day the sample were tested. In 
additton, the blank and the 1-ng/ml spike prepared on day 

0 (zero) were re-analysed on other days of sample mea- 
surement, to obtain the day-to-day prectsron. 

The procedure for the spiked unne sample was bastcally 
the same as that above except that the sample and the 
control were diluted five-fold (i.e., 0.2 ml of urme plus 20 ~1 
of each matrix modifier, diluted to 1 mf with hrgh-purity 
water). 

RESULTS AND DISCUSSION 

The atomic-absorption method has been fully 
described elsewhere, and gave within-run and 
between-day precision values, expressed as coefficient 
of variation (% CV), within 3-l I:/, at cadmium 
concentrations of 0.5-2.4 ng/ml in human urine.? In 
the present study the within-run and day-to-day CV 
were found to be 3.5 and 5.0:/, respectively, for a 
cadmium concentration of 2.17 ng/ml in the pooled 
24hr urine sample, and 3.4 and 3.8% respectively, for 
the urine control containing a cadmium spike concen- 
tration of 1.0 ng/ml. In the earlier work. the overall 
mean analytical recovery of cadmium from five urine 
samples (native contents ranging from 0.5 to 
2.7 ng/ml, supplemented with 0.4-l .O ng of Cd per 
ml) was 103.24 + 4.3%. The method has a detection 
limit (concentration corresponding to 3 times the 
standard deviation of the blank) of 0.1 ng/ml and a 
linear range of O-3 ng/ml. These analytical figures of 
merit demonstrate the suitability of the procedure’ 
for the stability study conducted here. 

Storage s&c+ 

Preliminary studies showed little change in the 
cadmium concentration of a spot urine sample stored 
in PE, PP, PS BS or FG containers at 22’ or 4” for 
at least a two-day period. Therefore it was decided to 
use a 24-hr collection from the same donor for the 
stability study. 

The initial cadmium concentration (i.e., value on 
day “zero”) in the unspiked and spiked urine com- 
posite were 2.17 k 0.08 and 7.06 + 0.11 ng/mi re- 
spectively (the latter includes a spike of approxi- 
mately 5.0 ng/ml). In the ensuing discussion these 
values are designated as 100%: the values on sub- 
sequent days are calculated as a percentage of the 
level on day 0 (zero). 

Table 1 shows the recovery of cadmium from the 
unspiked urine as a function of time. No significant 
change occurred for at least 10 days of storage at 22’ 
for any of the containers except the polystyrene ones. 
At refrigeration temperature significant loss of cad- 
mium occurred even on the second day of storage 
from all the containers except those made of poly- 
propylene, for which no loss was found for at least 
4 days. 

Table 2 shows the corresponding results for the 
spiked urine. At 22” no loss of cadmium occurred 
from any of the containers for at least 3 days, whereas 
at 4” there was no loss for 7 days except from the flint 
glass containers. At room temperature, by the 7th 
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Table 1. Effect of container material, time and temperature on cadmium levels in unspiked 
human urine 

Recovery range of cadmium at various storage times (days), % 

Container* OY&I 2 4 6& 10 16 & 20 28 58 86 

Room temperature (22”) 
PE %110 90-100 90-110 90-110 7581 68-80 16-20 13-15 

K 9%110 90-110 90-110 9@-110 90-110 90-110 9*110 81-85 75-77 79-81 69-73 69-75 16-20 15-19 11-15 12-16 
BS 90-110 90-110 99-100 9&110 83-91 65-77 20-24 13-15 
FG 90-110 w-l10 90-110 9&110 82-86 74-76 15-17 14-16 

Refrigeration temperature (4”) 
PE 9&l 10 83-91 SO-86 SO-84 6c--68 57-63 4650 37-41 
PP 90-110 90-110 90-110 75-83 64-72 63-65 49-51 39-43 
PS 90-I 10 79-85 74-80 7&78 63-69 63-65 43-49 32-34 
BS 90-110 85-91 81-87 68-76 60-72 53-63 53-55 3341 
FG 90-l 10 82-92 69-8 1 61-69 64-72 56-60 53-59 38-44 

*PE = polyethylene; PP = polypropylene; PS = polystyrene; BS = borosilicate glass; FG = flint 
glass. 

?“O” days corresponds to measurement within 60 min of sample poohng. 

day of storage, losses had occurred from all the 
containers except those made of polyethylene or 
polystyrene. The urine stored in polyethylene showed 
no loss of cadmium for at least 28 days. 

For the unspiked samples the losses at refrigeration 
temperature were higher than those at room tem- 
perature for at least 28 days. For the spiked samples 
the pattern was not so simple, but in general the loss 
at refrigeration temperature was lower than that at 
room temperature for at least 28 days, except for the 
samples stored in polyethylene containers. 

From the results, storage of urine samples in PE at 
room temperature is seen to be best because no loss 

of cadmium occurred for at least 10 and 28 days 
respectively, when unspiked and spiked samples were 
stored in this material at 22”. For storage up to 3-4 
days at 22” all five types of containers are suitable. 
Storage at refrigeration temperature did not improve 
the stability of the samples with respect to cadmium, 
the loss, especially from unspiked samples, being 

greater than at 22”. The reason for this is not ciear. 
The loss of cadmium species from urine may occur by 
a number of mechanisms which could be chemical, 
physical or microbiological in nature. For example, 
urine is clear when voided but often precipitation (of 
uric acid and the oxalates, urates and phosphates of 
alkali and alkaline-earth metal ions) occurs on cool- 
ing.6 Such crystalline substances are known to be 
surface-active and to remove metal ions by ad- 
sorption, occlusion and inclusion.’ During refrig- 
eration the extent of precipitation is generally greater, 
resulting in an increased loss of cadmium. 

The loss of cadmium increases with storage time. 
On storage the urea in the urine samples is sfowly 
converted into ammonium carbonate with release of 
ammonia and a consequent increase in PH.~ It is 
generally known that the amount of trace metals 
adsorbed on surface increases with increasing PH.~ 
Thus, one of the reasons for the increased loss of 
cadmium with increasing storage time could be the 

Table 2. Effect of container material, time and temperature on cadmium levels in spiked urine* 

Recovery range of cadmium at various storage times (days), % 

Contamert O&% l&3 7 11 & 14 21 &28 42 59 66 

Room temperature (22”) 
PE 90-l 10 90-l 10 90-I 10 90-l 10 78-82 69-77 62-78 
PP 90-l 10 81-93 71-77 58-66 55-65 49-55 51-53 
PS 9&l 10 90-l 10 69-77 65-69 51-65 49-53 45-51 
BS 9(tllO 70-78 44-52 54-56 W-56 47-5 1 40-48 
FG 9t&llO 77-83 49-59 52-56 42-52 43-45 32-40 

Refrigeration temperature (4”) 
PE 90-110 90-l 10 78-90 78-82 64-72 43-49 30-36 
PP 90-l 10 9&-l IO 78-86 72-74 55-59 23-3 1 14-16 
PS 9&l 10 90-110 78-86 6872 55-59 30-38 23-27 
BS 9&l 10 90-l 10 81-87 58-62 44-48 26-28 13-17 
FG 9&l 10 81-91 SO-86 55-61 44-46 20-24 15-21 

*The cadmium concentration of the spiked unne pool was 7.06 f 011 ng/ml. 
tPE = polyethylene; PP = polypropylene; PS = polystyrene; BS = borosilicate; FG = flint glass. 
Q’O” days corresponds to measurement within 60 min of sample preparation. 



438 ANNOTATION 

increased adsorption and co-precipitation of the 
metal, resulting from the increase in pW. 

The cadmium concentration of urine is subject to 
temporal and diurnal variation but the average calcu- 
lated for consecutive 24-hr collections shows little 
change.’ Thus, Z4-hr urine collection should be used 
for screening programmes and for identifying groups 
at risk of cadmium toxicity. The present study shows 
further that it is desirable to analyse the 24hr sample 
either immediately or within ten days of collection. 
Storage in polyethylene containers at room tem- 
perature is found to be the most suitable. Finally, the 
observation that acidification and addition of bacte- 
ricidal agents to urine samples are no longer a 
prerequisite, at least for ten days of storage in PE 
containers, may facilitate speciatian studies under- 
taken to improve our knowledge of the nature of 

urinary cadmium compounds and cadmium metabo- 
lism. 
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Summary-An experimental design is proposed for the verification of the accuracy and precision of an 
analytical method by its application to certified reference materials. 

The importance of certified reference materials, 
CRMs, in analytical chemistry is widely accepted. 
There are at least 130 producers of CRMs of all types 
in the Western World alone.’ If only compositional 
CRMs such as ores, rocks and metal alloys are 
considered, there are at least 39 producers, who 
together offer approximately 250 reference ores, con- 
centrates, rocks, soils and cements and over 2400 
metal alloys. 

CRMs are widely applied for quality control of 
analytical data by their use for the direct calibration 
of methods and instruments, verification of the pre- 
cision, accuracy and sensitivity of methods used in 
control analyses, and the development and evaluation 
of new or reference methods. In spite of this, no 
general guidelines for the use of CRMs have been 
published. To remedy this, REMCO, the Council 
Committee on Reference Materials of the Inter- 
national Organization for Standardization, initiated 
the preparation of such a guide in September 1983.2 

In the present paper we are not concerned with the 
appropriateness or the mechanics of the use of CRMs 
for these applications, but only the statistical transfer 
of the stated uncertainty in the certified value(s) and 
the application of this uncertainty by the analyst. 

The use of CRMs in the direct calibration of 

methods and instruments has been studied by Oster 
et al. (France)’ and by Mashiko et al. (Japan)4 and is 
currently being expanded by Eberhardt (U.S.A.)’ as 
contributions to the forthcoming REMCO guide. 
The use of CRMs in the determination of precision 
and accuracy and the sensitivity of methods, estab- 
lished or new, may have greater significance for the 
readers of analytical journals dedicated to the im- 
provement of methodology. Most issues of such 
journals include one or more papers where CRMs are 
applied in this manner. A comparison of such papers 

*Crown copyrights reserved. 
tThis experimental design has also been submitted by 

CCRMP to REMCO. 

readily shows that there is a variety of procedures for 
validating a modified or new method by applying it 
to CRMs. These vary from those based on statistical 
concepts to those based on subjective considerations. 
The latter approach has the potential danger that 
after the assessment with a CRM a user-analyst 
striving for high accuracy and precision may have 
doubts about his method that prove unfounded if 
the uncertainty in the certified values is taken into 

account. 
To make analysts more aware of the concepts 

behind the use of CRMs, the Canadian Certified 
Reference Materials Project (CCRMP), on the basis 
of the experience of 13 years in the preparation of 
reference ores and related materials,‘j*’ proposes the 
following experimental design for the use of CRMs in 
determination of the accuracy and precision of anal- 
ytical methods?. The use of the proposed design 
should of course, do away with subjectivity. 

Nature of CRMs 

CRMs can be liquid, gaseous, or solid (as pure or 
mixed powders or individual artifacts). Regardless of 
their physical state, CRMs are packaged either in 
individually certified units or, more commonly, in 
units which are all assumed to be representative of a 
larger lot. In the latter case, the between-unit homo- 
geneity is generally acceptable for all but the most 

exacting analytical purposes. Some CRMs however 
cannot be made truly homogeneous; the use of such 
materials will not be considered in this paper. 

Certification 

There are basically three types of analytical pro- 
grammes for certification of a reference material. The 
first is by interlaboratory consensus,* a minimum of 
10 laboratories analysing in replicate one or more 
units of the reference material for the elements of 
interest. A one-way analysis of variance is performed 
on the data. In one version of this programme the 
participating laboratories use the method of their 
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choice. The following statistical parameters are then 
usually reported on the certification document. 

A, = the certified value for the content of an 
element. A, is usually the overall mean of 
the results of the certification pro- 
gramme (or the mean of the laboratory 
means) but is sometimes some other 
central value such as the geometric mean 
or the median. 

V[A,] = the variance of A,, a measure of pre- 
cision of the estimate of the consensus 
value. Alternatively, the precision may 
be expressed in terms of a confidence 
interval (usually 95%, which means that 
if the interlaboratory programme is re- 
peated 100 times, it is expected that 95 of 
the resultant consensus means will fall 
within this confidence interval). 

SLc = the between-laboratories standard devi- 
ation when each laboratory uses the 
method of its choice. 

S, = the within-laboratory standard deviation 
when each laboratory uses the method of 
its choice. 

In the second version of the programme, the 
participating laboratories use the same well- 
established widely-accepted analytical method. The 
statistical parameters usually reported are A,, V[A,], 

defined as above, and uLc and rrrc. 

(I Lc = the between-laboratories standard deviation 
when all laboratories use the same method. 

tr, = the within-laboratory standard deviation 
when all laboratories use the same method. 

Certification by interlaboratory consensus is the most 
frequently encountered type of programme. 

The second type of programme is met in certain 
specialized fields where it is impossible or impractical 
to arrive at a consensus value by a full inter- 
laboratory programme. A small number of “expert” 
laboratories analyse the candidate reference material 
and the certified value A, is arrived at by accepting 
the consensus value or taking into account “meth- 
odological” considerations.’ There is no formal sta- 
tistical evaluation of the analytical results. The uncer- 
tainty of the certified value of an element is based on 
chemical considerations. 

In the third type of programme the certification is 
done by a single laboratory using a definitive method, 
i.e., a method that is based on first principles, has 
high precision and for which the limits of uncertainty 
can be stated with a high degree of confidence.” In 
addition to accepting that the definitive method is the 
best available, the user assumes that the method is 
applied without bias. This assumption is usually 
made when the producer laboratory is a national or 
industrial reference laboratory where “superior” re- 
sources are available, or when the analysis involves a 
certain “art”. and specialized skill is required. The 

statistical parameters reported are A, and 0, of the 
definitive method as performed by the “expert” certi- 
fying laboratory. Some producers of reference ma- 
terials also report an evaluation of any systematic 
error not included in grc. 

Validation of analytical methods 

The concept presented here, of using CRMs to 
determine the precision and accuracy of an analytical 
method, rests on three basic premises. First, that the 
certified value of an element in a reference material 
is the best estimate of the true value. Second, when 
tested with a reference material certified by inter- 
laboratory consensus, an analytical method is vali- 
dated if the results are sufficiently precise and accu- 
rate to qualify for inclusion in the calculation of the 
statistical parameters for the interlaboratory pro- 
gramme for the CRM. That is, in statistical terms, 
they belong to the distribution used to characterize 
the CRM. Third, the relationship between the within- 
laboratory and between-laboratories standard devi- 
ation found to hold for reference materials certified 
by interlaboratory consensus, would also apply to a 
reference material certified by an “expert” certifying 
laboratory using a definitive method, if that material 
were certified by interlaboratory consensus. This last 
assumption is necessary because very few users can 
expect to achieve the same accuracy and precision as 
an “expert” certifying laboratory. In principle a 
between-laboratories variation must exist for every 
method. 

Use of CRMs 

All analytical methods have inherent errors. Ran- 

dom error is always present and may be accompanied 
by systematic error (bias). It is therefore highly 
unlikely that the result obtained by a method being 
tested will be exactly the same as the certified value 
of a CRM; an acceptable tolerance limit must there- 
fore be defined for each CRM. This limit will depend 
partly on the mode of certification. The following 
criteria are proposed in assessing an analytical 
method by applying it to a CRM. 

Precision. An analytical method is sufficiently pre- 
cise if it produces results for a CRM that are statis- 
tically as precise as the within-laboratory precision 
stated in the certification document. 

Accuracy. An analytical method is sufficiently ac- 
curate if it produces results for a CRM that do not 
differ from the certified value by more than can be 
accounted for by within- and between-laboratory 
statistical fluctuations. 

GENERAL PROCEDURES FOR APPLYING AN 
ANALYTICAL METHOD TO A CRM 

Validation of the CRM 

Before a CRM is used, the following should be 
checked. 



Use of certified reference materials 441 

CertiJicate-certified value, precision, method of 
characterization, suggested sub-sample weight, and 
expiration date of certification (particularly for a 
relatively unstable CRM). 

Visual check-segregation, discoloration and 
quantity. 

Analysis of the CRM 

Perform replicate determinations (on separate sub- 
samples) by the analytical method to be tested; n 
should be at least 10. For a periodic check of 
accuracy of an analytical method, duplicate analysis 
on each occasion is sufficient, but the total number of 
replicates should be at least 10. 

Outliers 

Use an outlier test such as the Dixon test to decide 
whether any of the results may be regarded as 
outliers. If an outlier is found, investigate possible 
physical causes for it. If an excessive number of 
results are found to be outliers and no physical cause 
can be identified, reinvestigate the analytical pro- 
cedure. 

Mean and standard deviation 

Compute the following statistics for the results 
remaining after rejection of outliers. 

B = i X,/n = mean 
*=I 

Sw=@g 
= estimated within-laboratory standard devi- 

ation, i.e., precision of the method 

Check of precision 

This can only be performed if S, or o,, the 
certified within-laboratory standard deviation, is 
given in the certificate, otherwise the precision should 
be judged by chemical considerations. 

Compute 

F = (SW)* 

(SC)* 

and compare F with the value of F, = F095,n_,,DF, 
(obtainable from any statistics book). If the number 
of degrees of freedom DF, for the CRM certification 
tests is not given in the certificate, use DF, = 60. If 
F < F,, the analytical method is sufficiently precise; if 
F > F,, the analytical method is not as precise as 
those used for certification of the reference material. 

Check of accuracy 

If the between-laboratories standard deviation S, 
or eLc is reported for the CRM, i.e., it was certified 
by interlaboratory consensus, then the following test 
should be used. If 

IR-A,/ <2SL, or [R-A,/ <2e, 

then the analytical method is sufficiently accurate. 
Otherwise it is not considered to be as accurate as 
those used by the laboratories participating in the 
certification programme. 

For reference materials certified by interlaboratory 
consensus for which the between-laboratories stan- 
dard deviation is not reported, or by a partial inter- 
laboratory programme, or by interlaboratory con- 
sensus on the basis of one widely-accepted method 
that is not the same as the method being tested, or by 

Table 1. Relation between the number of replicates (n) and the chance 
(8) that an analytical method will be accepted as valid, when the ratio 
of its standard deviation to the within-laboratories standard deviation 
of the CRM (at G( = 0.05) is greater than the tabulated value (calcu- 
lated from data in Handbook of Tables of Probability and Statistics, 

2nd Ed., p. 299, CdC, Cleveland, Ohio, i968) 

CY = 0.05 

n-l p = 0.01 p = 0.05 p =O.l /I = 0.5 

I 159.5 31.3 15.6 2.73 
2 17.3 7.64 5.33 2.08 
3 6.25 4.71 3.66 1.82 
4 5.65 3.65 2.99 1.68 
5 4.47 3.11 2.62 1.59 

6 3.80 2.77 2.39 1.53 
7 3.37 2.55 2.23 I .49 
8 3.07 2.38 2.11 1.45 
9 2.85 2.26 2.01 1.42 

IO 2.67 2.15 I .94 I .40 

I2 2.43 2.01 1.83 1.36 
15 2.19 I .85 1.71 1.32 
20 1.95 1.70 1.59 1.27 
24 1.83 1.62 1.52 1.25 
30 1.71 1.54 I .46 1.22 

40 1.59 1.45 1.38 I.19 
60 1.45 1.35 1.30 I.15 

120 1.30 1.24 I.21 I.11 
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Table 2. Perrmsstble tolerance (2S,,) values and S,/S, ratios for CCRMP 
reference materials 

RM 
Certified 
species 

CT-i 
BH-1 
TLC- 1 
BL-I 
BL-2 
BL-3 
BL-4 
BL-5 
ecu-1 
ecu-I 
CO-1 
ecu-1 
ecu- 1 
ecu-1 
CCU-1 
ecu-1 
CD-l 
CD-1 
CPB-1 
CPB-1 
CPB- 1 
CPB-1 
CPB- 1 
CPB-1 
CPB- 1 
CPB-I 
CPB- I 
CPB- 1 
CPB- 1 
CPB- 1 
CPB-1 
CZN- 1 
CZN- 1 
CZN-1 
CZN- I 
CZN-1 
CZN-1 
CZN- 1 
CZN- 1 
CZN- 1 
CZN-1 
CZN- L 
CZN-I 
DH-1A 
DL-1A 
DL-iA 
HV-1 
HV-1 
KC-l 
KC-I 
KC-I 
KC-l 
KC-l 
MA-l 
MA-2 
MP-1 
MP-I 
MP-I 
MP-1 
MP-1 
MP-1 
MP-1 
MP-1 
MP-1 
MP-IA 
MP-IA 
MP-IA 
MP-IA 

Tungsten, % 

Tungsten, % 
Tungsten, 7; 
Uranium, % 
Uranium, “/, 
Uranium, ?< 
Uranium, % 
Uranium, % 
Silver, pg/g 
Alumina, % 

Gold, pg/g 
Copper. % 
Mercury, w/g 
Lead, % 
Silica ‘, ? lo 
Zinc, % 
Antimony, % 
Arsenic, T/, 
Silver, pg/g 
Alumina, % 
Arsenic, 7; 
Bismuth, % 
Cadmium, % 

Copper, “/; 
Iron, “/; 
Mercury. Icgin 
Lead, % 
Sulphur, % 
Antimony, p; 
Sthca, 96 
Zinc 4’ 1 10 
Silver, ggjg 
Alumina. “/, 
Arsenic, % 
Cadmium ?’ , 0 
Copper, Y, 
Iron, 4; 

Mercury, lrgig 
Manganese, “/, 
Lead, 9; 
Sulphur, Y0 
Antimony. “/, 
Zinc, 9: 
Thorium “j 3 ,o 
Uranium. y0 
Thorium, “4 
Copper, “, 
Molybdenum, g 
Lead. p; 
Copper, “,; 
Tin, 4; 
Silver, 7, 
Zinc, “/, 
Gold, c/ton 
Gold, @g/g 
Tin, o/0 
Copper, ‘4 
Lead, Y0 
Molybdenum~ P;, 
Indium, 7; 
Bismuth, “/, 
Arsenic, “6 
Silver, fig/g 
Zinc, ?a 
Zinc, P,; 
Tin, “/; 
Copper, “/: 
Lead, :d 

1.04 1.3 0.066 
0.422 1.6 0.0285 
0.083 2.0 0.0140 
0.022 1.2 0.0016 
0.453 1.1 0.0137 
1.02 0.9 0.024 
0.173 1.2 0.0099 
7.09 1.0 0.152 

139 3.6 15.3 
0.247 1.1 0.0217 
7.5 1.8 1.05 

24.71 1.3 0.231 
61 2.0 7.8 

0.106 2.1 0.0236 
2.61 2.5 0.260 
3.22 2.6 0.173 
3.57 2.3 0.152 
0.66 2.3 0.66 

62.6 1.9 26.4 
0.28 1.8 0.039 
0.056 1.5 0.0136 
0.023 2.0 0.0040 
0.0143 1.5 0.0016 
0.254 1.8 0.0167 
8.43 2.5 0.251 
5.15 1.4 1.59 

64.74 2.2 0.586 
17.8 2.2 0.41 
0.36 2.4 0.045 
0.74 1.7 0.109 
4.42 1.9 0.191 

93 2.4 10.2 
0.25 2.2 0.043 
0.026 2.5 0.0089 
0.132 1.7 0.0085 
0.144 2.2 0.0138 

10.93 2.7 0.284 
43 2.3 11.9 

0.219 3.0 0.0258 
7.43 1.6 0.246 

30.2 2.8 0.78 
0.052 1.9 0.0081 

44.74 2.2 0.573 
0.091 2.7 0.0101 
0.0116 1.2 0.0013 
0.0076 2.0 0.0016 
0.522 1.1 0.0201 
0.058 1.0 0.0047 
6.87 2.0 0.222 
0.112 2.1 0.0097 
0.67 3.2 0.700 
0.112 2.2 0.0064 

20.07 1.3 0.209 
0.519 0.7 0.0224 
1.86 1.6 0.244 
2.43 1.6 0.313 
2.09 2.3 0.113 
1.88 1.7 0.105 
0.014 0.9 0.0028 
0.069 1.7 0.0067 
0.024 1.9 0.0069 
0.77 2.6 0.080 

57.9 3.1 6.72 
15.90 1.4 0.236 
19.02 1.7 0.417 

1.28 2.6 0.137 
1.44 1.5 0.037 
4.33 2.8 0.140 
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RM 
Certified 
species 

MP-IA 
MP-IA 
MP-IA 
MP-IA 
MP-IA 
MP-2 
MP-2 
MP-2 
MP-2 
MW-1 
MW-I 
MW-I 
MW-I 
MW-I 
MW-1 
MW-I 
MW-1 
OKA-I 
PD- 1 
PD-I 
PD-1 
PR-1 
PR-1 
PR-1 
PR-1 
PTA-l 
PTC-I 
PTC-1 
PTC-1 
PTC-I 
PTM-I 
PTM-1 
PTM-1 
RU-1 
RU-I 
RU-I 
RU-1 
SL-1 
SL-I 
SL-1 
SL-I 
SL-1 
SL-1 
su-1 
su-I 
SU-1A 
SU-IA 
SU-IA 
SU-IA 
SU-IA 
SU-IA 
TAN- I 
UM-1 
UM-I 
UM-1 
SCH- 1 
SCH-1 
SCH- 1 
SCH-1 
SCH-I 
SCH-1 
SCH-I 
SCH- 1 
SCH- 1 
SCH-1 
SCH- 1 

Molybdenum, % 0.029 3.3 0.0044 
Indium, % 0.033 2.2 0.0042 
Bismuth, % 0.032 3.3 0.0062 
Arsenic, % 0.84 2.1 0.070 
Silver, pg/g 69.1 2.5 6.94 
Silver, pg/g 4.9 2.3 1.0 
Bismuth, % 0.246 3.8 0.0210 
Molybdenum, % 0.281 3.5 0.0386 
Tungsten, % 0.65 3.3 0.070 
Iron, % 66.08 1.4 0.210 
Iron( % 1.36 1.5 0.107 
Alumina, % 0.30 2.7 0.042 
Silica, % 4.60 2.5 0.216 
Lime, % 0.053 1.2 0.0095 
Magnesia, % 0.034 2.2 0.0079 
Phosphorus, % 0.011 2.4 0.0031 
Potassium, % 0.011 2.3 0.0024 
Niobium, % 0.37 3.7 0.047 
Lead, % 2.75 3.0 0.287 
Arsenic, % 0.77 2.2 0.118 

Mercury, pglg 389 2.0 66.6 
Molybdenum, % 0.594 3.1 0.0450 
Bismuth, % 0.111 1.4 0.0102 
Iron, % 1.244 1.9 0.0522 
Sulphur, % 0.793 2.6 0.0522 
Platinum, oz/ron 0.089 0.2 0.0065 
Palladium, oz/ton 0.37 0.8 0.073 
Platinum, oz/ton 0.087 0.7 0.0194 
Rhodium, oz/ron 0.018 1.2 0.0038 
Gold, ozlton 0.019 0.8 0.0083 
Gold, ozlron 0.052 1.0 0.0131 
Palladium, ozjron 0.24 1.1 0.051 
Platinum, ozjton 0.17 0.9 0.023 
Zinc, % 2.24 2.4 0.084 

Copper, % 0.85 1.8 0.035 
Iron, % 24.40 2.2 0.322 
Sulphur, % 21.71 2.5 0.454 
Silica, % 35.73 1.7 0.466 
Lime, % 37.48 2.5 0.773 
Magnesia, % 12.27 2.4 0.686 
Alumina. % 9.63 1.1 0.266 
Iron, % 0.72 1.5 0.106 
Sulphur, % 1.26 2.1 0.094 

Copper, % 0.87 1.7 0.035 
Nickel, % 1.51 1.1 0.053 
Nickel, % 1.233 1.8 0.0327 

Copper, % 0.967 1.3 0.0224 
Cobalt, % 0.041 1.3 0.0039 
Platinum, pg/g 0.41 1.9 0.148 
Palladium, pg/g 0.371 1.7 0.062 
Silver, fig/g 4.3 1.3 0.76 
Tantalum 0.236 1.1 0.0217 
Copper, % 0.43 1.7 0.021 
Nickel, % 0.88 1.5 0.038 
Cobalt, % 0.035 1.9 0.0039 
Iron, % 60.73 2.2 0.396 
Silicon, % 3.78 2.0 0.173 
Aluminium, % 0.509 1.6 0.0390 
Calcium, % 0.029 2.9 0.0097 
Magnesium, % 0.020 1.9 0.0053 
Manganese, % 0.777 1.9 0.0377 
Titamum, % 0.031 1.7 0.0072 
Sulphur, % 0.007 2.0 0.0026 
Phosphorus, % 0.054 1.2 0.0102 
Sodium, % 0.019 2.6 0.0090 
Potassium, % 0.026 2.6 0.0096 
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one “expert” laboratory using a definitive method, 
the following test is suggested. If 

IR-A,I<4S, 

then the analytical method being tested is sufficiently 
accurate. 

STATISTICAL JUSTIFICATION 

A significance level of LY = 0.05 is used for all 
statistical tests. 

Number of replicate determinations, n 

The number of replicate determinations to be 
performed directly affects the precision of the esti- 
mate of the within-laboratory precision, S,. Table 1 

shows the relation between it and the maximum ratio 
of the standard deviation of the analytical method 
and the within-laboratories standard deviation for 

the CRM, S,/S,, at various values of /I, and 
c( = 0.05, fi being the probability that the method will 
be accepted if the standard deviation is greater than 
the ratio times the certified value of S, For example, 
at p = 0.05 for n = 10, if the analytical method has 
passed the appropriate F-test, there is no more than 
a 5% chance that it has a standard deviation in excess 
of 2.26&. 

CRMs for which S,, is reported 

There are two factors to consider: the uncertainty 
of the certified value and the uncertainty of the 
analytical method. The following formula can be 
used as the criterion for acceptance. 

IB-A,(<2J~; (1) 

where e $ is the uncertainty associated with the 
certified value and crb is the uncertainty associated 
with the analytical method being examined. The 
factor 2 is an approximation for the fractile of 
Student’s t-distribution for 95% probability. This 
assumption, although somewhat crude, has been 
widely accepted and used in various IS0 standard 
methods. The value of UC depends on the method of 
certification of the reference material. 

For certification by interlaboratory consensus 
from use of several methods: 

cr; = (St, + S;Jn,)/Nc (2) 

For certification by interlaboratory consensus by 
use of one method: 

cr; = (0: + &/n,)/Nc (3) 

where N, is the number of laboratories which pro- 
duced results used in certification of the reference 
material, and n, is the average number of replicate 
determinations performed by each participating lab- 
oratory for the certification programme. For most 
certifications by interlaboratory consensus, N, is usu- 
ally > 10, so 06 is small enough in relation to of, to 
be neglected. and then 

o~=o~+SZ,/n or SA+S2,/n 

depending on the type of CRM used. For n = 10, 
S&/n becomes small and equation (1) can be 
simplified to 

CRMs for which S,, is not available 

Experience in interlaboratory consensus 
grammes based on use of one method, by 

(4) 

pro- 
IS0 

Technical Committee 102 on iron ores, shows that an 
analytical method is considered to be well standard- 
ized if trLc/cr,, < 2. On this basis. S, can be replaced 
by 20, and the criterion for acceptance is: 

I R - A, I < 4a, (5) 

Table 2 reports the value of Sk/S, for 135 elements 
and constituents that have been certified by CCRMP 
by interlaboratory consensus based on use of multiple 
methods. Of these, 77 show Sk/S,, < 2.0 and all but 
22 show Sk/S,, or ok/arc < 2.5. These data suggest 
that the criterion Sk/S, or crLc/~rc < 2.0 is too harsh 
for most mterlaboratory consensus programmes. but 
nevertheless is reasonable, particularly in view of the 
fact that some estimate of the between-laboratories 
standard deviation is required before the CRM can 
be used for validation of an analytical method. On 
this premise, S, can be replaced by 2S,, and the 
criterion for acceptance becomes: 

IX-A,1 <4s,, (6) 

An analytical method can be verified for accuracy 
by use of equation (5) or (6) provided the value of crTL 

or S,, for the CRM is reported. We propose, however, 
that the accuracy of the method can equally well be 
judged by: 

IX-A,1 <4s, (7) 

if the precision of the method can be verified as stated 
above, i.e., 

in which case 4S,., is statistically equal to 4a,, or 4S,, 
i.e., the upper limit of 1 T? - A, 1 for acceptance of the 
method is not significantly raised. The advantage in 
the use of equation (7) is that, to be accepted, a 
method with higher precision must also have greater 
accuracy, i.e., give a lower value of I 8 - A, 1, than 
would be necessary if equation (5) or (6) were used 
as criterion. 

In use of CRMs for which rrrc or S,, is not reported, 
we propose the use of equation (7) to test accuracy. 
The acceptability of the value of S, must be decided 
by the analyst on chemical grounds. 

EXAMPLES OF USE OF CRMs 

Table 3 summarizes the results of the validation of 
some analytical methods by their application to some 
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CRM 

Element 

Certification 

4 
SIX. CLC 
SIC, 0, 

Method 
R 

& 

Precision check 

Accuracy check 

I J? - A, I 
2S,, or 2~,, or 4S, 

DL-la SU-la SCH-I 

Th co Na 

Interlaboratory, 
multiple methods 

0.0076% 
0.0008 
0.0004 

Interlaboratory, 
multiple methods 

0.041% 
0.0020 
0.0013 

Interlaboratory, 
single method 

0.0186% 
0.0045 
0.0017 

Colorimetry 
0.0080~~ 

10 
0.0005 

Atomic-absorption 
0.0474% 

10 
0.0005 

Same as above 
0.0201% 

10 
0.0006 

F = 1.563 
F 0 95.9.60 = 2.04 

-accepted 

F = 0.148 
F 0 95.9.60 = 2.04 

-accepted 

F = 0.125 
F 0 95.9.M = 2.04 

-accepted 

0.0004 0.0064 0.0015 0.003 
2S,, = 0.0016 2s, = 0.0040 20, = 0.0090 4sw = 0.013 

-accepted -failed -accepted -accepted 

BL-2a 

U 

Definitive method, 
volumetric umpire 

0.426% 
- 

0.0015 

Neutron activation 
0.423% 

45 
0.0033 

F = 4.84 

CRMs from the CCRMP. The examples are taken 
from CCRMP certification programmes. For DL- 
la,12 SU-la13 and SCH-1,14 the method illustrated was 
used by one laboratory participating in the inter- 
laboratory programme. In all three instances, the 
method is capable of acceptable precision in com- 
parison with the overall results of the interlaboratory 
programme. The atomic-absorption method used to 
determine cobalt in SU-la, as used by a particular 
laboratory, does not give acceptable accuracy. Indeed 
the results from this laboratory were designated as 
outliers and rejected for use in the interlaboratory 
programme. 

BL-2a15 was certified for uranium content solely on 
the basis of the results obtained by the volumetric 
umpire method performed at the Canada Centre for 
Mineral and Energy Technology. The neutron- 
activation method being validated was applied by a 
commercial laboratory to confirm the between-unit 
homogeneity of BL-2a. A precision check for this 
type of CRM is not recommended but has been 
performed for illustrative purposes. A definitive 
method is sufficiently precise for almost all other 
methods to fail the precision check. The acceptance 
of the accuracy is contingent on a value of 
SW = 0.0033 being acceptable to the experimenter. 

Caveat 

For certain reference materials internationally 
available, no certified values are given, and only 
“best” or “usable” values are supplied, for which 
uncertainties are not reported. These values are often 
based on very few results or on results in relatively 
poor agreement. The reference rocks available from 

many sources are a typical example. The validation 
of the accuracy of an analytical method, by use of 
such reference materials and the experimental design 
proposed here, should be performed with caution, 
and only for elements and constituents for which the 
reported value, V, is well defined. The criterion of 
accuracy is then, of course, ) R - V ( < 4&,. 
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Summary-A very simple and sensitive extraction method using mandelic acid and Malachite Green has 
been applied to the determination of boron and antimony in steels (carbon and low-alloy). When 
chlorobenzene is used as the solvent, boron and antimony are simultaneously extracted as ion-pairs of 
their mandelates with Malachite Green from weak acidic media, but only the boron compound is extracted 
in the presence of tartrate. Antimony is determined from the difference in absorbance of the extracts. In 
the case of benzene, boron alone was extracted and determined. Large amounts of iron(H) and other metal 
cations do not interfere, so the steel samples are dissolved in dilute sulphuric acid. Very low boron 
(0.0009-0.0091%) and antimony (0.002-0.02%) contents m steel are easily determined without any 
pretreatment. 

Many spectrophotometric methods for determination 

of boron in steel have been reported. The methods 

using Methylene Blue’-3 or curcumin- have been 
widely used routinely, but involve rather troublesome 

and time-consuming procedures. 
Recently, methods based on extraction of ion-pairs 

formed by boron complex anions and large coloured 
cations have been developed and applied to steels.‘-* 

These methods have advantages such as high sensi- 
tivity and selectivity, but again the procedures are 
complicated and analysis of steel samples requires 
pretreatment to avoid interference by iron. Most 
methods for the spectrophotometric determination of 
antimony are based on the extraction of antimony(V) 
as hexachloroantimonate with cationic dyes such as 
Rhodamine B9 and Crystal Violet,” but often suffer 

from poor reproducibility;“,” they may be 

complicated’3 and problems may arise in the con- 
version of antimony(III) into SbCl; ,14.15 and with the 
stability of the latter in strong acidic media.16 Few 
studies have been made of the spectrophotometric 
determination of antimony(III), however, and for the 
determination of antimony in steel and various 
metals the Rhodamine B method” has been widely 
used, although the procedures are as troublesome as 
those for the boron determination. 

It has recently been found that boronI and anti- 
mony(III)” both react with mandelic acid to form 
complex anions which are extractable as ion-pairs 
with Malachite Green into organic solvents from 
weakly acidic media at room temperature, and deter- 
mined spectrophotometrically. These methods have 
now been combined and applied to analysis of low- 
alloy and carbon steels. The proposed method is very 

simple, rapid and reproducible; removal of the iron 
and the addition of redox reagents are not necessary, 

and the complex anion formed with mandelic acid is 
very stable in weakly acidic media. 

EXPERIMENTAL 

Reagents 

Standard boron solution, 0.02M. Prepared from boric 
acid; working solutions are prepared by suitable dilution. 

Standard antimony(111) solution, O.OlM. Prepared by 
dissolving antimony potassium tartrate in water; working 
solutions are prepared by dilution. 

Malachite Green solution. 10 -%I. 
Mandelic acid solution, O.IM. Adjusted to pH 3.0 with 

sodium hydroxide solution. 
Tartrate solution (pH 4.8). Prepared from O.lM tartaric 

acid and sodium hydroxide solution. 
Sodium acetate solution, 0.1 M. 
Use demineralized water throughout. 

Preparation of the steel sample solution 

Weigh the steel sample (up to 0.8 g) into a IOO-ml silica 
flask, and dissolve it in 20 ml of sulphuric acid (I + 6) by 
heating under reflux. Cool, rinse the condenser with 5 ml of 
water, and filter off any residue on a small filter paper (fine 
and ashless, Toyo Roshi, No. SC) in a polyethylene funnel, 
and wash the paper with water. Transfer the filtrate and 
washings to a silica beaker, adjust to pH 1.8-2.0 with 8M 
sodium hydroxide, transfer the solution into a IOO-ml 
standard flask and make up to volume with water. 

Procedure A for boron 

Transfer 1 .O ml of sample solution into a stoppered IO-ml 
test-tube. Add 1.0 ml of mandelic acid solution and 0.5 ml 
of Malachite Green solution; if necessary, adjust to pH 
2.2-3.0 with sodium hydroxide solution. Dilute to 4.0 ml 
with water and shake the solution with 4.0 ml of benzene for 
10 mm. After phase separation, measure the absorbance of 
the organic phase at 633 nm. in a IO-mm glass cell, against 
benzene as reference. 

Procedure B for the sum of boron and antimony 

Transfer 1.5 ml of sample solution into a stoppered IO-ml 
test-tube. Add 0.2 ml of mandelic acid solution and 0.5 ml 
of Malachite Green solution, and adjust to pH 2.2-3.0 by 
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adding 1.0 ml of 0. IM sodium acetate. Dilute to 4.0 ml with 
water, and shake the solution with 4.0 ml of chlorobenzene 
for 10 min. After phase separation, measure the absorbance 
of the organic phase at 628 nm, m a lo-mm glass cell, 
against chlorobenzene as reference. 

Procedure Cfor boron, in the presence of tartrate 
Apply procedure B, but with 1.0 ml of O.lM tartrate 

solution (pH 4.8) instead of the O.lM sodium acetate. 

RESULTS AND DISCUSSION 

As described previously,‘.’ both borate and anti- 
mony(II1) react with mandelic acid to form complex 
anions extractable with Malachite Green into an 
organic solvent from weakly acidic media (pH 
2.2-3.5) at room temperature, and can be determined 
by measurement of the absorbance of the extract. 

In further work on these systems, it has been found 
that iron(H) does not interfere at concentrations up 
to cu. 0.07M if the extraction is done at pH <3.0. 
When benzene is used as the solvent (procedure A), 
the sensitivity for boron is high (apparent molar 
absorptivity E = 6.52 x lo4 1. mole - ’ . cm ‘), where- 
as that for antimony is lower (E = 1.27 & 0.04 
x 104). With chlorobenzene as solvent (procedure 
B), the opposite is the case, sSb = 6.08 f 0.19 x 104, 
Ed = 1.12 + 0.04 x 104. Antimony at concentrations 
~2.00 x 10m41M (25 mg/l.) cannot be extracted in the 
presence of tartrate (2.5 x lo-*iM), procedure C, 
whereas boron can (ss = 1.32 _+ 0.03 x 104). Accord- 
ingly, the three methods can cover determination of 
a range of boron and antimony contents in low-alloy 
and carbon steels. 

Dissolution of steel sample 

In spectrophotometric determination of boron in 
steels, sulphu~c acid2*23 and sulphuric-phosphoric 

acid mixtures have been widely used for dissolvmg 
the samples, and so have hydrochloric acid-hydrogen 
peroxide mixturesa and aqua regia.14 However, when 
the last two mentioned are used, the excess of hydro- 
gen peroxide or nitric acid must be removed by 
heating, or they interfere in the dete~ination of 
boron. In the Japanese Industrial Standards method 
for determination of antimony,*’ it was concluded 
that sulphuric acid was a suitable solvent for low- 
alloy and carbon steels, so it was chosen for use in the 
present method, without any auxiliary oxidizing 
agents. 

Most steels give some silicic acid and undissolved 
carbides when dissolved in dilute sulphuric acid. The 
residues from selected steels were therefore collected 
and analysed for boron and antimony. Each steel 
sample was treated as described in the procedure and 
the filter paper and residue were dried at 1 IO”, then 
ignited in a platinum crucible at 600”. The ignition 
product was fused with 2.0 g of sodium carbonate, 
then the melt was cooled and dissolved in 8 ml of 
sulphuric acid (1 + 6). The solution (filtered if neces- 
sary) was transferred into a silica beaker, adjusted to 
pH 1 S2.0 with 8M sodium hydroxide, transferred to 
a 50-ml standard flask and diluted to volume. This 
solution was analysed for boron and antimony by 
procedures A and B. No significant amounts were 
found to be present, so it is concluded that any 
residue from the dissolution step can safely be dis- 
carded, 

It is known that boron is susceptible to vol- 
atilization during the dissolution of steel in acid, and 
antimony to reduction to a volatile hydride under 
reducing conditions. Possible loss of boron and anti- 
mony was therefore examined by dissolving the steel 
together with known amounts of boron, antimony 
and various metals and testing the recoveries. Table 

Table 1. Recovery test of boron and antimony obtained by procedures B and C 

Present in sample Added Found$ 

Sample Sample _..._._ _-. . 

(Certified weight, Sb, B. Sbt, Bt, Sb, Recovery. B, Recovery, 
value, %) g 1% tcg fig IQ? Metals &g “; !% % 

JSS 361-l 0.3801 3.4 6.5 9.8 99 # 
(B 0.0009) 0.8018 7.2 6.5 13.9 101 # 

JSS 175-3 0.199s* 39.2 18.2 43.2 38 98 60.0 98 
(B 0.0091) 0.1999* 39.2 18.2 100 138 99 17.8 98 
(Sb 0.0196) 0.2055 40.3 18.7 100 142 101 18.5 99 

0.3093 60.6 28.1 100 159 99 28.3 101 
0.4127 80.9 37.6 100 181 100 34.3 97 

0.2005 39.3 18.3 100 AI 142 102 18.5 101 
0.2007 39.3 18.3 100 Zn 138 99 17.9 98 
0.2007 39.3 18.3 100 CO 139 100 19.1 104 
0.2004 39.3 18.2 100 cu 142 102 17.9 98 
0.2002 39.2 18.2 100 Mn 141 101 18.6 102 
0.1987 39.0 18.1 100 Pb 137 99 18.4 102 

*Dissolved m 5 ml of suiphuric acid (1 + 6). 
TAdded as solution before dissolution of sample. 
$Mean of 8 determinations. 
$Added as metal (-20 mg, Al, Zn, Co, Mn) or solution (equivalent to -20 mg of Cu, Pb) before 

dissolution of sample. 
# Measured by procedure A. 
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Table 2. Determination of boron in steel 

Procedure A Procedure C 

Sample Sample Boron Boron Boron Boron 
(Certified solution,* found,? content, found,t content, 
value, %) gper 100ml /Ig % Ix % 

JSS 175-3 
(B = 0.0091) 
(Sb = 0.0196) 

JSS 173-3 
(B = 0.0033) 
(Sb = 0.0048) 

JSS 172-3 
(B = 0.0022) 
(Sb = 0.0020) 

JSS 361-1 
(B = 0.0009) 

NBS 362 
(B = 0.0025) 
(Sb = 0.013) 

0.2000 0.180 0.00900 0.265 0.00884 
0.3002 0.274 0.00913 0.409 0.00909 
0.4000 0.363 0.00908 0.537 0.00895 

0.2012 0.064 0.00317 0.102 0.00336 
0.4000 0.136 0.00341 0.192 0.00320 
0.4009 0.130 0.00325 0.206 0.00343 
0.5992 0.200 0.00334 0.288 0.00321 

0.4020 0.0875 0.00216 0.1361 0.00226 
0.4060 0.091 0.00224 0.128 0.00210 
0.7995 0.173 0.00216 0.272 0.00227 
0.8000 0.166 0.00207 0.278 0.00232 

0.4004 0.035 0.00087 
0.7960 0.066 0.00083 
0.8000 0.073 0.0009 1 
0.8024 0.075 0.00093 

0.;‘02 O.&S5 
0.112 0.00094 
0.105 0.00087 

0.2018 0.050 0.00246 0.079 0.00266 
0.2251 0.058 0.00256 0.085 0.00260 
0.3025 0.074 0.00246 0.108 0.00238 
0.3004 0.074 0.00247 0.118 0.00262 
0.4023 0.104 0.00259 0.147 0.00244 

*l.O ml of 1.5 ml of sample solutton was analysed by procedure A or C, 
respectively. 

iMean of ten determinations. 
IStandard deviation 0.0028 pg. 
$Standard deviation 0.0015 pg. 
# Not measurable. 

Table 3. Determination of boron and antimony in steel by the combina- 
tion of procedures B and C 

Sample Sample Boron Boron Antimony Antimony 
(Certified solution,* found,? content, found,? content, 
value, %) g per 100 ml pg % Pg % 

0.0205 JSS 175-3 
(B = 0.0091) 
(Sb = 0.0196) 

0.1005 
0.2000 
0.3002 
0.4000 

0.131 
0.265 
0.409 
0.537 

0.00869 
0.00884 
0.00909 
0.00895 

0.309 
0.597 
0.906 
1.15 

0.0189 
0.0201 
0.0192 

JSS 173-3 
(B = 0.0033) 
(Sb = 0.0048) 

JSS 172-3 
(B = 0.0022) 
(Sb = 0.0020) 

NBS 362 
(B = 0.0025) 
(Sb = 0.013) 

0.2000 0.092 0.00306 0.134 0.00446 
0.2012 0.102 0.00336 0.154 0.00512 
0.4009 0.206 0.00343 0.299 0.00496 
0.4000 0.192 0.00320 0.288 0.00480 
0.5992 0.288 0.00321 0.422 0.00470 
0.5994 0.287 0.00319 0.432 0.0048 1 

0.4020 0.136 0.00226 0.128 0.00213 
0.4060 0.128 0.00210 0.144 0.00237 
0.7995 0.288 0.00240 0.257 0.00215 
0.8000 0.278 0.00232 0.278 0.00232 

0.2018 
0.3025 
0.4023 
0.5006 
0.6418 

0.079 
0.108 
0.147 
0.1905 
0.233 

0.00260 
0.00238 
0.00244 
0.00253 
0.00242 

0.8000 0.305 0.00254 

*I.5 ml of sample solution was analysed. 
tMean of ten determinations. 
IStandard deviation 0.017 pg. 
§Standard deviation 0.0036 pg. 

0.385 0.0127 
0.570 0.0126 
0.803 0.0133 
0.955# 0.0127 
1.28 0.0133 
1.53 0.0127 
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1 shows that no loss of boron or antimony was 5. 

observed. 6. 

Analysis of steel samples 

Table 2 shows that the values obtained for boron 

by procedures A and C are in good agreement with 
the certified values. Procedure A can be used for 
steels containing up to 0.01% of boron without 
interference by up to 0.02% antimony. In analysis for 
antimony and boron, their sum is determined by 
procedure B and the boron by procedure C, and the 
antimony is calculated by difference. Table 3 shows 
the results are in good agreement with the certified 
values. 
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Summary-The acid dissociation constants of the metal chelates H,CuDTPA, H,NiDCTA, HCrEDTA, 
HCoHEEDTA. HNiHEEDTA and HCuHEEDTA were determined bv noteniiometric titration. The 
constants determined at an ionic strength of 0.1 were pK, , = 2. I; p.K=:? = 2.8 and pK,,, = 4.75 for 
H,CuDTPA (296 K), pK,,, = 2.16 for HCrEDTA (298 K); pi(,,, = 1.6 and PK.,~ = 2.0 for H,NiDCTA 
(298 K); pKa,, = 2.24 for HCoHEEDTA, pK,,, = 2.47 for HCuHEEDTA and pK,,, = 1.73 for HNi- 
HEEDTA. At high pH the formation of ternary hydroxo-complexes was observed for the chelates 
CrEDTA- @K,., = 7.35; pK,,, = 12.35), CoHEEDTA- (pK,,, = 11.74) NIHEEDTA- (pK,., = 12.44) and 
CuHEEDTA- (pK,,, = 10.45). 

The ligands EDTA4-, HEEDTA3-, DCTA4- and 
DTPA5-t form very stable chelates with transition 
metal ions.‘.2 The stability constant is defined by: 

(1) 

In strongly acid and strongly alkaline solutions these 
chelates dissociate and free metal ions or hydroxide 
complexes are formed.’ In weakly alkaline regions 
there is the possibility of ternary complex formation 
according to: 

ML’- + H,OzML(OH)‘“+“- + H+ (2) 

ML(OH)(“+‘)- + H,O+ML(OH)$“+‘)- + H+ (2a) 

The stability constants are defined by: 

KOH 
[MLOH] 1 

MLoH = [ML][OH] = K,(MLOH) 
(3) 

where kb (MLOH) is the basic dissociation constant 
of MLOH. In order to determine the composition of 
aqueous solutions of these complexes at various pH 
values, in kinetic experiments4 the stability constants 
were determined by using a titration procedure. 

EXPERIMENTAL 

Preparalion of the complexes 

H,CuDTPA.JH,O was prepared according to a 
modification of the method of Sievers and Bailar:’ 7.65 
mmoles of H,DTPA and 9.65 mmoles of C&O,. 5H,O were 
dissolved in 60 ml of water. The pH was brought to 10 with 
sodium hydroxide solution and the copper hydroxide pre- 
cipitate was filtered off. The pH of the filtrate was brought 

TEDTA = ethylenediaminetetra-acetate; 
HEEDTA = hydroxyethylethylenediaminetriacetate; 
DCTA = diaminocyclohexanetetra-acetate; 
DTPA = diethylenetnaminepenta-acetate. 

to 1.7 with dilute sulphuric acid. After reduction of the 
volume to 8 ml by use of a rotary evaporator, 4.5 ml of 
absolute ethanol were added slowly to the hot solution 
(348 K), with stirring. After cooling, the blue solid product 
was collected by filtration. It was washed with 2 ml of 
absolute ethanol. By further reduction of the volume a 
second crop was obtained after addition of 2 ml of absolute 
ethanol. The product was recrystallized from pure water and 
dried at 353 K. 

HCr(UI)EDTA .2H,O was prepared by dissolving 
4.27 mmoles of KCr(SO&. 12H,O and 4.27 mmoles of 
H,EDTA m 25 ml of water. After 1 hr of refluxing, the 
volume of deep purple solution was reduced to 10 ml by 
evaporation. To the hot solution (353 K), 15 ml of absolute 
ethanol were added. The mixture was cooled to room 
temperature, then the precipitate was collected and washed 
with 5 ml of absolute ethanol. This product was dissolved 
in 50 ml of water. The volume was reduced to 25 ml by 
evaporation and 20 ml of tert-butanol were added. After the 
solution had stood for several days at 268 K. purple-black 
crystals formed. These were collected, washed with absolute 
ethanol and dried over silica gel. 

H_&iDCTA .4H,O. About 7 g of H,DCTA was dissolved 
in 100 ml of water by stirring and addition of sodium 
hydroxide pellets. The pH was kept at about Il. Sub- 
sequently the stoichiometric amount of nickel perchlorate 
was added, and when this had dissolved the solution was 
deep blue and the pH was about 2. The solution was filtered. 
After a few days standing at room temperature light green- 
blue crystals formed. The crystals were recrystallized once 
from pure water and dned over phosphorus pentoxide. 

HCo(II)HEEDTA H,O: HNiHEEDTA H,O; HCu(II)- 
HEEDTA .H,O. These were all formed by the same 
method: 9 mmoles of cobalt perchlorate, 18 mmoles of 
nickel perchlorate or 18 mmoles of Cu(II) as CuCO,. 
Cu(OH), were dissolved in 100 ml of water together wtth the 
stoichiometric amount of H,HEEDTA. After the reaction 
the volume was reduced by evaporation to 25 ml. After the 
solutions had stood for a few days at room temperature, 
pink, blue, or light-blue crystals formed. These were re- 
crystallized once from pure water. 

Analyses. The results of the elemental analysis are given 
m Table 1. These values were determined at the Organisch 
Chemisch Instituut TNO, Zetst, The Netherlands. 
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The data ind::dte that the water of crystalhzairon is only 
loosely bound and that tt can be released during the 
analysis. All the results are consistent with the stoichiomet- 
ric formulae except those for HNtHEEDTA.H,O. How- 
ever, the titration results (Table 2) indicate that the 
composttion of this compound does not differ very much 
from the theoretical value. Thus, the results found for 
NiHEEDTA by elemental analysis should be treated with 
reservation. 

Tttration procedure 

The pH was measured with a Philips CA-11 combined 
glass electrode fitted to a Philips PW9408 digital pH-meter, 
readable to kO.01 pH. The system was calibrated with 
freshly prepared reference buffers: 0.25M Na,HPO,/ 
KH:PO,, pH = 6.86 at 298 K, and O.OlMNa,B,O,. lOH,O, 
pH = 9.18 at 298 K.6 

The titrant was O.lM sodmm hydroxide, prepared wtth 
CO>-free water. Titrations were done in a lOO-ml closed 
vessel flushed with mtrogen, a Metrohm precrsron burette 
being used. The solutions were prepared by dissolving 
0.2-0.5 mmole of the acid complex in 0.1 M sodium chloride. 
Durmg the dtssolutron and the titration, nitrogen was 
continuously bubbled through the solution. The tem- 
perature was not controlled but remamed constant within 
0.5 K during each expertment. The titrant was standardized 
against potassium hydrogen phthalate that had been dried 
at 393 K for 2 hr. The correlation between pH readmg and 
[H+] and [OH-] was established by a titration of hydro- 
chloric acid under the same conditions. These correlattons 
gave an experimental value for pK, which was used for the 
conversion of pK, values into pK, values. 

RESULTS AND DISCUSSION 

We report the equilibrium constants as acid or base 
dissociation constants defined by: 

(44 

(4b) 

K,(HA) = w 

K,,(BOH) = ‘B;;l;-l 

Equations (4a) and (4b) refer to concentrations rather 
than activities and thus the reported pK values are 
valid only at the particular ionic strength used for the 
experiment. For a comparison of the results with 
literature values activity coefficients should be taken 
into account: these can be estimated by using the 
Debye-Hiickel limiting law.’ Unfortunately, it is not 
always clear whether the constants reported in the 

I I 

5 ‘10 

Volume ( ml J 

Fig. I. Titration of 0.2129 mmole of H,CuDTPA wtth 
0.1125M NaOH. Temperature 296 K, tonic strength 0.1 
(NaCI). The curve was calculated by takmg pK, values of 

2.1. 2.8 and 4.75. The points are the observed values 

literature are activity constants or concentration con- 
stants. Moreover, at high ionic strengths (>O.l) 
activity coefficients cannot be calculated accurately.’ 

From the present experiments it appeared that 
equilibrium (2) is not important for pH < 12 in the 
case of CuDTPA3-, NiHEEDTA- and NiDCTA2-. 
Equilibrium (2a) was significant only for CrEDTA-. 
A compilation of the results is given in Table 2. Some 
titration curves are shown in Figs. 1 and 2. 

H,CuDTPA 

This complex is very stable, even at low pH. When 
the free ligand is in the form HzDTPA3- there are 
still six ligand atoms available for co-ordination to 
the copper ion. The stability constant K,“:ETi$i_ has 
been given as 10’02. It was calculated that at pH 2 and 
a total complex concentration of 2mM, the degree of 
dissociation tcu is less than 1%. Consequently. the 
only equilibria taken into account for our experiment 
are: 

H,CuDTPA$H+ + H,CuDTPA- (5) 

H,CuDTPA-+H+ + HCuDTPA2- (6) 

HCuDTPA’-+H+ + CuDTPA-‘- (7) 

Table 1. Analyses of the compounds 

Found “/’ ) 0 Calculated, p, 

Compound C H N 0 C H N 0 

H,CuDTPA.3H20 34.3 4.8 8.5 38.0 33.04 5.35 8.25 40.87 
HCrEDTA’2HsO 32.3 4.3 1.5 40.9 31.84 4.54 7.42 42.41 
H,NiDCTA’4H,O 38.0 4.9 6.3 34.6 35.39 5.94 5.89 40.42 
HCoHEEDTA.H,O 33.9 5.1 7.8 36.2 34.01 5.14 7.93 36.25 
HNiHEEDTA.H20* 30.2 5.1 7.1 41.4 34.03 5.14 7.93 36.27 
HCuHEEDTA.H?O 33.6 5.1 7.7 35.8 33.57 5.07 7.83 35.77 

*The results for this compound are unsatisfactory; it is possible that combustion 
was incomplete, resulting in carbon monoxide bemg formed as well as carbon 
dioxide. From other evidence (Table 2) we believe the formula is correct. 
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I I 

10 20 

Volume (ml 1 

Fig. 2. Titration of 1.190 mmole of HCuHEEDTA with 
0.1126M NaOH. Temperature 298 K, Ionic strength 0. I 
(NaCI). The curve is calculated by taking pK, values of 2.44 

and 10.44. 

From literature data,3 the pK, values for equilibria 
(6) and (7) can be calculated: 

[H+][HCuDTPA*-] = [H+J[HDTPA4-] 

[H*CuDTPA-] [H2DTPA3-] 

[HCuDTPA*-] [Cu2+][H2DTPA3-] 

x [HDTPA4-] [Cu’+] ’ [H,CuDTPA-] 

Thus 

pK,(H2CuDTPA-) = 8.59 - 15.7 + 10.2 = 3.09. 

Similarly,3 

pK,(HCuDTPA’-) = 4.75. 

We tried to compute a curve to fit the experimental 
points by using these pK, values, but the fit was 
not good around pH 3 for any value of pK, 
(H,CuDTPA). By using the graphical methods de- 
scribed by Schwarzenbach et u/.,~ the approximate 
values 

and 

pK,(H,CuDTPA) = 2.2 f 0.2 

pK,(H?CuDTPA-) = 2.7 f 0.2 

were calculated. The values giving the best fit to the 
experimental points were then deduced to be 

pKa(H,CuDTPA) = 2.1 f 0.2 

and 

pK,(H2CuDTPA-) = 2.8 _+ 0.2 

taking pK,(HCuDTPA2-) as 4.75 (Fig. 1). 

From the experimental points in the alkaline region 
it was estimated that pK, for the complex CuDTPA3- 
is 2 13. 

HCr(III)EDTA 

Dissociation of the complex CrEDTA- into Cr3+ 
and the free ligand is of no importance even at pH 
2 (c(n <0.01x), because of the high stability of the 
complex. The stability constants are KFzv-i_ = 1O234 
and K$$p!i = lOI ‘.3 

The following equilibria were taken into account: 

HCrEDTA+H+ + CrEDTA- (8) 

Hz0 + CrEDTA-+H+ + CrEDTA(OH)*- 

(9) 

H,O + CrEDTA(OH)‘-$H+ + CrEDTA(OH):- 

(10) 

The agreement between our experimental values and 
the literature data’.’ is reasonable, especially since the 
lowest and the highest pK, values lie outside the 
experimental pH range. 

H2NiDCTA 

From the acid dissociation constants of H,DCTA 
and the stability constants3 Keel&_ and KEiF$i_ 
it can be estimated that s1o of the NiDCTA*- chelate 
is about 6% at pH 2 and about 1% at pH 2.5. This 
dissociation was neglected in our calculations. As a 
consequence the calculated pK, values will be slightly 
too high. However, this systematic error is smaller 
than the experimental error, which we estimate at 
about 0.2 pK unit. The pK, values were calculated 
according to the graphical method,’ leading to the 
approximate values 1.6 and 2.0 (at ionic strength 0.1). 
In the literature the values 1.8 and 2.74 are reported 
at ionic strength 1.25 and 25”.” 

There seems to be a large discrepancy, as it is 
expected that concentration dissociation constants 
should increase with ionic strength; i.e., the pK, 
values decrease. The discrepancy, however, is not 
real, as the pK, values reported by Margerum and 
Bydalek” are neither concentration constants nor 
activity constants. When the activity coefficient of 
H+ is taken into account (according to the Debye- 
Hiickel theory) smaller pK, values are found. 

HCo(HEEDTA), HNi(HEEDTA ) and 

HCu(HEEDTA) 

In the acid region the important equilibrium is: 

HM(HEEDTA)$H+ + M(HEEDTA)- (11) 

For the calculation of the acid dissociation constants, 
it was assumed that no significant dissociation of 
M(HEEDTA)- occurred. The validity of this as- 
sumption was checked after the calculation of the pK, 
values for equilibrium (11). It was found to be 
justified for nickel (an < 196) and copper (a, < 0.4%). 
In the case of cobalt, con < 15% only at the lowest pH, 
so the calculated value for pK, (HCoHEEDTA) may 
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Table 2. Hydrolysis reactions of some acid metal chelates studied by potentiometrlc titration; the pK, and pK, values refer 
to concentration constants; the medmm IS O.lM NaCI; pK, = 13.89 k 0.01; the values for n in parentheses are the numbers 
of experimental pomts on which the calculations of the pK values are based; if no value is given, all the experimental points 

were used 

Compound 

Molecular weight 

Theor. Expt. C,, mM pK values 
Werature values 

(reference) 

508.9 505.4 2.129 pK,,, = 2.1 + 0.3 (296 K) 
pK,,: = 2.8 + 0.2 
pK,,, = 4.75 * 0.05 

PKU G 1 
HCrEDTA’2H:O 

H2NiDCTA.4H20 

317.3 373.5 4.144 

415. I 478.5 4.80 

pK,,, = 2.2 + 0.2 (n = 12) (298 K) 
pK,,? = 7.35 If: 0.01 (n = 8) 
pK,,, = 12.35 + 0.05 (n = 15) 
pK,,, = 1.6 If: 0.2 (298 K) 
PK.,, = 2.0 f 0.1 

PKW G 1 
HCoHEEDTA.H20 353.2 355.9 5.811 

HNiHEEDTA.HzO 353.0 349.3 6.112 

HCuHEEDTA.H,O 357.8 358.6 2.998 

pK,,, = 2.2 + 0.2 (n = 10) (297 K) 
pKb,, = 2.14 f 0.05 (n = 24) 
pK,,, = 1.73 f 0.03 (n = 22) (298 K) 
pK,,, = 1.46 f 0.1 (n = 16) 
pK, , = 2.51 f 0.05 (n = 5) (297 K) 

358.1 Il.90 

- I.. 

pKh,, = 3.42 f 0.03 &I = ‘20)‘ ’ 
pK,,, = 2.44 IO.02 (n = 19) (298 K) 
pK, , = 3.46 k 0.02 (n = 34) 

- 
3.09 (3) 
4.15 (3) 
- 

2.04’” 2.27qb 
7.40’,‘7.419b 

12.2’ 
I .801ti 
2.74’Oc 

- 
- 
2.54” 
- 

2.32” 

- 

a Calculated from data given in Ref. 3. 
b Values measured at 18°C and ionic strength 0.15 (spectrophotometry). 
’ Values measured at 25’C and Ionic strength 1.25 (potentlometry). 

be somewhat high, as the free ligand takes up two or 
three protons in this pH region. This systematic error 
should be less than 0.1 pK unit. Table 2 shows that 
HNiHEEDTA appears to be a stronger acid than 
HCuHEEDTA, contrary to the results of Bydalek 
and Margerum.” Their values do not refer to concen- 
tration constants, which can be obtained by taking 
the activity coefficient of H+ into account. 

complexes. Bhat and Krishnamurthy13 reported con- 
centration pK,, values at 25” and ionic strength 1. 
They gave pK, =0.83 for COEDTA(OH)~~, 
pK, = 0.48 for NiEDTA(OH)3- and pK, = 2.40 for 
CUEDTA(OH)~-. 

However, this cannot explain the discrepancy men- 
tioned. Thermodynamic data reported by Brunetti et 
aLI show that HNiEDTA- is a somewhat weaker 
acid than HCoEDTA and HCuEDTA-, the re- 
spective pK, values being 3.23, 3.01 and 3.01. In view 
of these results and the elemental analysis results for 
HNiHEEDTA (Table 1). our pK, and pK, values for 
HNiHEEDTA appear to be doubtful (Table 2). 

In alkaline solutions a ternary complex with OH- 
IS formed: 

The order of base strength is similar to that 
for the MHEEDTA(OH)‘- chelates (Table 2). Re- 
calculation of the pK, values reported by Bhat 
and Krishnamurthy to ionic strength 0.1, according 
to the Debye-Hiickel limiting laws7 (although only 
an approximate procedure), leads to pK, values 
for the MEDTA(OH)3- chelates that are smaller 
by about 0.5. Thus it is concluded that the 
MHEEDTA(OH)2- species are much weaker 
bases than the corresponding MEDTA(OH)3- 
species. This implies that Beck’s ruleI is valid: the 
more stable chelate forms the less stable ternary 
complex (Table 3): 

MHEEDTA- + OH-z$MHEEDTA(OH)~- (12) K!&, > K&z+ KG,,, < K;,_>x (13) 

The pK, values for these equilibria (Table 2) may be The validity of Beck’s rule has also been demon- 
compared with those for the corresponding EDTA strated for other cases in recent publications.‘6.‘7 

Table 3. Relative stabilities of the HEEDTA and EDTA chelates of 
cobalt. mckel and copper and their ternary hydroxo-complexes 

Metal log {K%%,/K;~~%~ log IK~~~TA,oH,IK~~~HHEE~~*,~“,} 

co 1.7” x - l.Sh 
Ni 1.4” z - l.5h 
cu 0.9” z - 1.5* 

“Values taken from Ref. 15. 
*Approximate values-see text 
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Summary-A new chelating ion-exchange resin containing thiosemicarbazide as functional group and 
based on macroreticular polystyrene-divinylbenzene (8%) has been prepared. Its sorption characteristics 
for palIadium(II), platinum(N), rhodium(M), ruthenium(M) and indium(III) have been studied. These 
platinum metal ions can be quantitatively separated by sorption on this chelating resin and selective 
elution. The resin is highly stable in acid and alkaline solution. 

Thiosemicarbazide forms chelate compounds with a 
number of metal ions. 1.2 Its incorporation in a resin 
matrix was therefore deemed of interest in connection 
with concentration and separation of platinum met- 
als. This paper deals with the synthesis and sorption 
characteristics of a macroreticular polystyrene-based 
resin containing thiosemicarbazide as a functional 
group, with special reference to separation and con- 
centration of platinum metals. 

EXPERIMENTAL 

Synthesrs of the resin 

Air-dried styrene-divinylbenzene copolymer beads (5 g, 
IO&l20 mesh) were first nitrated and reduced to the amino 
form.’ This resin was then converted into the isothiocyanate 
derivative4 by a two-step process. In the first step a 250-ml 
two-necked flask equipped with a powerful mechanical 
stirrer was cooled in a freezing mixture of ice and salt, and 
30 ml of pure carbon disulphide and 50 ml of concentrated 
ammonia solution were introduced into it. The mixture was 
stirred and the amino-resin added. The stirring was con- 
tinued for 6 hr, and the product was then filtered off. In the 
second step the product obtained was agitated with aqueous 
lead nitrate solution (20%) for I2 hr, to form the iso- 
thiocyanate derivative. The product was collected and the 
lead sulphide formed in the reaction was removed from it 
by repeated washmg with hot hydrochloric acid (1 + 2) until 
the washings were free from lead ions. The product was 
finally washed with water. 

The isothiocyanate derivative thus obtained was then 
refluxed with 25 ml of 99% hydrazine hydrate solution for 
30 hr. a further 5 ml of the hydrazine hydrate solution being 
added every 5 hr. The final product, the chelating resin 
containing thiosemicarbazide as functional group, was 
filtered off and washed with demineralized water, then 
extracted in a Soxhlet extractor with a 1: I v/v alcohol and 
benzene mixture for 3 days. Finally it was washed with 
dilute hydrochloric acid and then with demineralized water, 
air-dried, and sieved. the particles of lO(r200 mesh size 
being retained for use. 

Resin characrenzation 

Stabilify. The resin is stable towards alkalis and non- 
oxidizmg acids. A 0.5-g portion of the resin was shaken with 

50 ml of acid or alkali for 1-7 days, filtered off, washed with 
water until the washings were neutral, dried, and analysed 
for nitrogen and sulphur. 

Stability in the sorption-desorption cycle was examined 
by shaking 0.5 g of-the resin with 5d ml of O.lM pal- 
ladium(II1 in 1M hvdrochloric acid for 24 hr. filterinp off 
and el&g palladi;m by shaking with 4M hydrochj~~~ 
acid for 24 hr. The palladium content was determined 
spectrophotometrically. This loading and acid washing cycle 
was repeated 25 times, and the results were studied to assess 
the resin stability. 

Water regain. The dry resin was allowed to stand in 
demineralized water for 48 hr, then filtered off, pressed 
between filter papers, weighed, dried at 100” for 48 hr and 
reweighed. 

Chemical analysu of the resin. The sulphur content of the 
resin was determined as sulphate after fusion with potas- 
sium carbonate, and the nitrogen coptent was determined by 
the Dumas method. 

Exchange capacity. Palladmm(II), platinum(W), rho- 
dmm(III). ruthenium(II1) and iridium(III) solutions, 0. I M, 
were prepared by dissolving the chlorides 
(Johnson-Matthey) in dilute hydrochloric acid. Ten-ml 
portlons were adJusted to various acidities ranging from 5M 
hydrogen-ion concentration to pH 6.0 with hydrochloric 
acid and sodium acetate solution (10%) and each was 
equilibrated with 0. I g of air-dried resin for 24 hr. The resin 
was filtered off and washed with a solution of the same 
acidity as the test solution until the washings were free from 
metal ions. Palladium(I1) and platinum(W) were desorbed 
with 4M hydrochloric acid; rhodium(III) and ruthe- 
niumlII1) were eluted with 9M hydrochloric acid. The metal ____._. . , 
ions were determmed by ihe N,N-diphenylthlourea 
method.5 

Equilibration rate. The time required for 50% uptake 
of palladium(U), platinum(W), rhodium(II1) and ruthe- 
nium(III) was determined at the acidity for maximal sorp- 
tion. 

Column operation. A glass tube (35 cm long, 9 mm bore) 
was filled with a 2l-cm long bed of swollen resin (prenared _--- -- 
by standing 5 g of air-dried-resin in demineralized water for 
24 hr); the bed volume was 13 ml. The resin bed was 
thoroughly washed with 1M hydrochloric acid and then 
with demineralized water until free from acid. The sorption 
and elution characteristics of palladium(II), platinum(IV), 
rhodium(W) and ruthenium(II1) were then studied. 

457 
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Separation procedures 

To separate the five platinum metal ions examined, l-ml 
portions of their 20-ppm solutions were mixed and diluted 
to 25 ml with l.OM hydrochloric acid. The column was 
equilibrated with 1M hydrochloric acid and the mixture 
passed through the column at 1.0 ml/min. For larger 
quantities of the metal ions it was found necessary to recycle 
the solution to ensure complete sorption. Iridium(II1) 
passed through the column unsorbed, but the other four 
metal species were completely sorbed. Palladium(H) 
was selectively eluted with 15 bed-volumes of 5% 
N,N-diphenylthiourea solution in ethanol at a flow-rate of 
1 ml/min, and the column was freed from the reagent by 
repeated washing with ethanol. Next platinum(W) was 
eluted with 20 bed-volumes of 4M hydrochloric acid and 
then rhodium(II1) and ruthenium(II1) with 9M hydrochloric 
acid. These last two were separated by adding 10 ml of 10% 
hydroxylamine hydrochloride solution to the eluate contain- 
ing them, adjusting the acidity to IM, and passing the 
solution through the column (conditioned by passage of 1M 
hydrochloric acid); the rhodium(II1) was sorbed but not the 
ruthenium. The rhodium was then desorbed with 15 bed- 
volumes of 9M hydrochloric acid. 

The metal ions in the effluents were determined spec- 
trophotometrically wtth NJ-diphenylthiourea in ethanol. 

RESULTS AND DISCUSSION 

Synthesis and characterization of resin 

The method of preparation of the thio- 
semicarbazide resin is shown schematically below. 

The nitrogen content of compound V was 9.0% 

and that of VI 7.6x, the sulphur contents being 6.2% 
and 2.7% respectively. Calculation shows that there 
should be 0.84 mmole of sulphur per gram of dry 
chelating resin. The maximal exchange capacity for 
palladium(H) was found to be 0.78 mmole/g. The 
resin-metal complexes therefore probably have 1: 1 
stoichiometry; steric factors are probably responsible 
for the exchange capacities being lower than the- 
oretical (Table 1). No decrease in nitrogen and 
sulphur content was observed after treatment of the 

HNO, + 
H2S04 

I 

T @a SnC12/HCl * 
n NO2 

Table 1. Exchange capacities and uptake times 

Maximal capacity. Time required for 
Metal ion mmole /g 50% uptake. min 

Pd(I1) 0.78 (PH 0) 32 
Pt(IV) 0.71 (pH 0) 35 
Ru(II1) 0.685 (1.5M HCI) 40 
Rh(III) 0.61 S (2M HCI) 45 

resin with 1-6M acid or 0.1 M sodium hydroxide, but 
sulphur was formed after treatment with 1M nitric 
acid for 2 hr or with 1 M sodium hydroxide for 3 days. 
The resin was completely stable in the 25 metal 
uptake-elution cycles, in 1M hydrochloric acid 
medium. 

The infrared spectrum of the chelating resin has a 
band at 1612 cm-’ which may be assigned6,’ to the 
C-N stretching mode in the -N-C=S grouping, 
a band at 1500 cm-’ due to the C-N stretching 
mode, and a band at 1340 cm-’ due to C=S stretch- 
ing vibrations corresponding to the “Amide I” band. 

The time required for 50% uptake of the metal ions 
by the H+ form of the resin is shown in Table 1. 
From the equilibrium rate study, the resin seems 
suitable for column operation if the flow-rate is low 

enough. 
The water regain of the resin (0.48 g/g) is quite 

satisfactory. 

Sorption and desorption of metal ions 

The sorption behaviour of palladium(II), plat- 
inum(IV), rhodium(II1) and ruthenium(M) in the 
batch method is shown in Fig. 1. The capacities are 
maximal in I-2M hydrochloric acid medium, in 
which these platinum metal ions form stable 
complexes.*-” Sorption of silver(I) is zero at pH 0 
but increases with increase in pH. Gold(II1) and 
osmium(V1) are instantaneously reduced to the 

6 NH3 CS, 
* 

freezlng 

m NH 2 m’X’“re 

T 
N2"4 H20(excess) 

Q- reflux 

pIINH-C=S 

I 

Ip NHC 
\ 

S NH, 

Pb I NO3 I2 

7 

6 

T N=C=S 

NHNH., + PbS+ HNO 3 + NH, NO, 



Separation of platinum metal ions 

6 5 4 3 2 190 1 2 3 4 5 6 

HCI (A’) PH 

Fig. 1. Total exchange capacity of the thiosemicarbazide resin for different platmum metal ions. 

metals by the resin. Base metal ions such as 
copper(U), bismuth, mercury(H), iron (III), vana- 
dium(V), aluminium and uranium(V1) are not sorbed 
under the experimental conditions. The resin does not 
sorb iridium(II1) at pH 0, which makes its separation 
from the other platinum metals easy. If the concen- 
tration ratio of palladium to the other platinum 
metals exceeds 10, the resin preferentially sorbs the 
palladium (Table 2), and a separate column is neces- 
sary for the separation of the others. In the normal 
case, after elution of palladium(I1) and platinum(IV), 
the rhodium and ruthenium are eluted together with 
9M hydrochloric acid, and the ruthenium is reduced 

Table 2. Separation of Pd(II), Pt(IV), Ru(III) 
and Rh(III) from mixtures 

Samnle Metal ion Taken, pe Found, DE 

Pd(I1) 200 

1 Pt(IV) 20 
Ru(III) 20 
Rh(II1) 20 

Pd(II) 20 

2 
Pt(IV) 200 
Ru(II1) 20 
Rh(II1) 20 

Pd(I1) 20 

3 
Pt(IV) 20 
Ru(II1) 200 
Rh(III) 20 

Pd(II) 20 

4 
Pt(IV) 20 
Ru(III) 20 
Rh(II1) 200 

200 
0 
0 
0 

20.0 
199 

19.9 
19.8 

20.0 
19.9 

199 
19.8 

20.0 
19.9 
19.9 

198 

with hydroxylamine hydrochloride to ruthenium(II),5 
which is not sorbed by the resin. The rhodium(II1) 
can be separated from the ruthenium(U) by sorption 
on the resin from 1M hydrochloric acid and elution 
with 9M hydrochloric acid. 

The recovery of platinum is 95.5% with 15 bed- 
volumes of eluent, and 99.5% with 20 or more 
bed-volumes; the recoveries of the other metals are 
between 99.5 and 100% (Table 2). 

Results for separation from base metals are given 
in Table 3, which also shows the reproducibility. 

Scheme for concentration and analysis of native Pt, 
Rh-Ir, Ir and most other alloys”~” 

Mix the weighed sample with ten times its weight 
of sodium chloride in a porcelain boat. Place the boat 
in the centre of a clear fused-quartz tube and put the 
tube into an electric furnace for dry chlorination. 
Attach a receiver train, place 10 ml of water saturated 
with sulphur dioxide in the first receiver and 6M 
hydrochloric acid saturated with sulphur dioxide in 

Table 3. Separation from a mixture of Au(III), Ag(I), 
Bi(III), Hg(II), Fe(III), V(V), Al(III), and Cu(II), (2Opg 

each) 

Metal determined 

(20 w) 

Pd(I1) 
Pt(IV) 
Ru(II1) 
Rh(II1) 

Relative Standard 
mean error, deviation, 

% NT 

0.1 0.09 
0.2 0.09 
0.4 0.08 
0.6 0.08 
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the other three receivers. Heat the tube to 700’~’ and 
pass dry chlorine through it for 7-8 hr. Cool, and 
displace the chlorine with nitrogen. Detach the re- 
ceivers, wash the chlorinated product out of the tube 
with about 10 ml of hot 1M hydrochloric acid, into 
a beaker, taking care that no residue is left. Combine 
the contents of the receivers in a beaker and evapo- 
rate the solution to about 5-10 ml. Transfer it to- 

gether with the main solution to a 500-ml distillation 
flask with water. Connect the flask to a distillation 
unit containing a trap for perchloric acid vapour, a 
condenser and three receiver in series. Distil the 
ruthenium and osmium by heating to fuming with 
70% perchloric acid, collecting the tetroxides in con- 
centrated hydrochloric acid.13 Combine the solutions 
from the receivers in a beaker and evaporate the 
mixture slowly (Solution I). Solution I is then allowed 
to pass through the column at pH 0 (after condi- 
tioning at the same pH). Osmium will be reduced to 
the metallic state and ruthenium will be sorbed on the 
column and may be eluted with 9M hydrochloric acid 
(Solution II). 

Transfer the residue from the distillation flask to a 
beaker, add concentrated nitric acid and evaporate to 
dryness. Repeat the addition of concentrated hydro- 
chloric acid and the evaporation several times. Cool, 
add aqua regia and digest on a steam-bath. Convert 
into the chloride by repeated evaporation with con- 
centrated hydrochloric acid. Take up the residue with 
3M hydrochloric acid. Gold will be present as AuCld~, 
platinum as PtCIi-, iridium as IrCli- (partly as 
IrCli-), rhodium as RhCli-, iron and copper as their 
corresponding chlorides. 

Removal of‘ gold’4 

Dilute the solution and adjust the pH to 1.5 with 
dilute sodium hydroxide solution. Heat and add 
10 ml of 10% sodium nitrite solution. Gold is precip- 
itated. Filter off the precipitate and wash it with water 
and then with hot dilute nitric acid. 

Evaporate the filtrate and washings to dryness. 
Add concentrated hydrochloric acid and evaporate 
on a steam-bath; repeat this step three times. Dissolve 
the residue in 1M hydrochloric acid. 

If gold is not completely separated then cycle the 

solution through the resin column (conditioned at pH 
0) at the rate of 1 ml/min. The gold will be reduced 
and remain in the bed. Run 9M hydrochloric acid 
through the column. Collect the effluent and concen- 
trate it (Solution III). Mix solution II and solution 
III, and dilute to 100 ml. 

Analysis for Pd, Pt, Rh, Ru, Ir 

Take an aliquot (the amount of platinum metal 

should not exceed 3 mg) and add 1 ml of ethanol. 
Adjust the acidity to 1M hydrochloric acid and cycle 
the solution through the resin column (conditioned 
with 1M hydrochloric acid) at a flow-rate of 1 ml/min. 
Palladium(II), platinum(IV), rhodium(II1) and ruthe- 
nium(II1) will be sorbed, and iridium(II1) will pass 
through. First elute palladium(I1) and then plat- 
inum(IV) as discussed above. Finally separate rho- 
dium(II1) and ruthenium(II1) as discussed earlier. 
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Summary-The calculation of dissociation constants from the chemical shifts of ‘% NMR spectra leads 
to a complicated non-linear equation. Two different mathematical methods for solution of this equation 
have been chosen-an iterative step method and a matnx pseudo-inversion method. When the iteration 
method is used the initial guesses for the parameters, the initial value of the step size and the escalation 
of the iteration must be optimized. For comparison the matrix pseudo-inversion method was used because 
it gives a unique result. With the optimized step method the results were as accurate or even better than 
those obtained with the matrix method. Although it takes time to optimize the system, the step method 
is the more suitable method of solving the problem. The matrix inversion can be done only with a 
computer with I3 significant digits and exponent capacity larger than +38. 

In the case of strongly overlapping ionization pro- p = V-k-,A’-IW+l’. 
cesses, i.e., ApKa < 2.7,’ it has been difficult with 

I 
WA ’ 

i=l,...,n 

classical methods to determine the dissociation con- 
stants of polyprotic acids.2 Computers have proved &=K,K2...K,= fi K, 
their worth for resolving this problem. The purpose ,=I 

of this paper is to show that complicated non-linear The total concentration of the acid is 
least-squares minimization problems can be solved 
even with micro-computers. Ca=[H,A]+[H,_,A-]+...+[A”-] 

An organic tribasic acid, 6-(4-carboxy-2-oxa- 
butyl)d-ethyl-4,8_dioxaundecanedioic acid, C,5H2609. 
with both ApK,, values -0.6, has been examined as 

= ,+-,A’-1 (2) 

an example. and from the expressions for the dissociation con- 
stants, 

FORMULATION OF THE PROBLEM 

The chemical shifts in the NMR spectra of acids 
[H,_,A’-] = $$ 

and bases are a function of PH.~ For systems in- 
volving several ionized species the observed chemical 

By substitution of these concentrations in equation 

shift is 
(2) and rearrangement, the concentration of un- 
dissociated acid is found to be 

&bs = Cd, (1) 

where for the ith species x, is the mole fraction and 
6, the chemical shift relative to the standard.4 To 
calculate the mole fractions it is first necessary to 

i: [K,A’-1 
[H,A]= ‘=’ n 

1 + c B,lW+l’ ,_ I 
derive the concentrations of the species. For an acid 
with n dissociable hydrogen ions the following equi- Use of these expressions easily gives a general expres- 

libria exist: sion for the mole fractions: 

H,A$H+ +H,m,A- [H+]n-’ fi K, 

H,A+2H+ +H,_,A*- 
,=o 

H,A tijH+ + H,m,A’- 
‘=;O(IH+y-,fiK,y J =” “‘.” 

. 
. 

H,Atini;+ +A”- 
where & is defined as unity for convenience in 
notation, and x0 is the mole fraction of undissociated 

The corresponding cumulative dissociation constants acid. Substitution of the mole-fraction expressions 

are into equation (1) gives 
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After rearrangement, equation (3) can be written in 
the form 

(4) 

MATHEMATICAL TREATMENT OF 
EQUATION (4) 

Optimized iterative step method 

To solve equation (4) two programs have been 
written in FORTRAN, program NDISS for the 
cumulative dissociation constants and program 
KDISS for the corresponding stepwise constants. 
Subprogram ST60@ was chosen for iteration and 
subprogram QUEN06 for error calculation. The 
optimization has been done by changing the initial 
guesses of the parameters, the initial step size and 
the escalation* of the iteration. The optimization 

criterion is minimization of the sum of the squares of 
the differences between the observed and calculated 
chemical shifts: 

F = ~&bs - &IIC)* 

The calculations were run with an APPLE II+ 
(Apple Computer Inc., California) equipped with a 
CP/M-FORTRAN translator in addition to the stan- 
dard Applesoft BASIC interpreter. The FORTRAN 
translator uses 6 or 7 significant digits and the 
exponent capacity is less than k38. 

Error estimation 

The standard deviations of the parameters were 

estimated by Quenouille’s method,6 

s(B) - J n-l n 
T,F; (a --J*; a =k,$ 5, 

where n denotes the number of data-points, and zi, is 
the value of a parameter when function F has been 
minimized with omission of the ith data-point. To 
find the errors of the p/3- and pkl-values the variance’ 
of an arbitrary function, Z = $(a, b), must be used: 

var(Z) = si 

to yield 

log e ( > ’ 
var(pp) =x$ = - ___ 

B 
si 

*Escalation refers to the multiplication factor used in the 
Iteration. It is sometimes called the magnification. 

and 

Matrh pseudo-inversion method 

For comparison with the iteration method the 
matrix method was used because it gives a unique 
result. The program was written in BASIC and the 
computer used was a WANG 2200 (Wang Labora- 
tories, Massachusetts) with 13 significant digits and 
exponent capacity f99. Equation (4) must be 
changed into the matrix form 

Nb=h (5) 

where h is a column vector of ones, N is a k x n 
matrix, k is the number of parameters, n the number 
of data-points and b is a column vector of the 
parameters. 

Because N is not a square matrix, when n > k, N 
must be multiplied by its transpose, NT. The matrix 
NTN is then a square matrix and the solved form of 
equation (5) is 

b = (N’N) ’ NTb (6) 

where (NTN)-‘NT is the pseudo-inverse’ of N. 

Error estimation9 

For the matrix equation (5) it is possible to write 
the covariance matrix 

cov(b) = cov[(NTN)- 

According to the theorem 

cov(AX) = Acov(X)A’ 

we can write 

‘NTh] 

cov(b) = (NTN))‘NTcov(b)[(NTN))‘NT]T 

= (NTN)-‘N’cov(b)N(N”N)‘. 

It is assumed that the error is normally distributed, 
with mean zero and variance 6’. and h, elements are 
independent with equal errors, so 

cov(h) =,fI 

wherej’= sum of squares/degrees of freedom and I is 
the identity matrix. 

Thus 

cov(b) = (NTN)NTjIN(NTN)-’ 

and 

,f = @ - WT(h - Nb) 
n-k 

The errors of the p/?- and pK-values have been 
calculated in the same way as in the iteration method. 

EXPERIMENTAL 

The ‘jC NMR-titrations were done at 298 k 1 K on a Jeol 
FX-60 FT NMR spectrometer operating at 15.03 MHz, 
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CH -0-CH,CH,COOH 2 

‘CH,-0 - CH,CH,COOH 

Fig. 1. The structural formula of the acid C,sH,,O,. 

using 8000 data-points with a precision of k0.06ppm. 
Aqueous samples were placed in a lo-mm probe inside 
which was a 5-mm probe of DzO + DSS as an external 
standard. 

Potenliometric system 

Values of pH were measured at 298 k 0.5 K with a 
Radiometer ABL-3 potentiometer equipped with an Orion 
model 91-03-00 combined semimicro glass electrode assem- 
bly, standardized with NBS buffer solutions (pH 4.008 and 
6.865 at 298 K). 

Sample preparation 

The concentration of the acid was 0.0501M 
(k4 x 10-4M). The samples were delivered by micro- 
pipettes to give a total volume of 1.5 ml and the titrant used 
was a standard 0.9989M (+ 6 x lo-“M) CO,-free potassium 
hydroxide solution (Merck “Titrisol”). The volume change 
has no effect on the chemical shift.“’ 

RESULTS AND DISCUSSION 

The structural formula of the acid is shown in Fig. 
1 and the ‘)C NMR spectrum of the acid is shown in 
Fig. 2; numbering of the peaks refers to the scheme 
in Fig. 1 and the external standard peaks are marked 
with an x. The chemical shifts of the carboxyl 
groups-peak number 7-were the object of this 

study. 
The chemical shifts of species H,A and A3- were 

measured in highly buffered solutions and 6(H,A-) 
and 6(HA*-) were calculated by the second method 
devised by Loewenstein and Roberts.” The 13C NMR 
titration curve, 6 us. pH, is plotted in Fig. 3. In Tables 
1-3 it is quite easy to find the optimal values for the 
calculations of the dissociation constants: they are 

PH 

Fig. 3. ‘jC NMR titration curve, chemical shift US. pH. 

denoted by asterisks. The optimum values of the 

initial guesses for the parameters were 10m4, 10m9 and 
10-14, with initial step sizes of lo-“, lo-l5 and lo-*’ 
respectively. For the optimum escalation of the 
iteration two values were found, lo3 and lo’, which 
both gave the minimum value 0.12154 for the 
function F; the lower value (103) was chosen for the 
final calculations. 

The optimization of the system suggests that the 
error function is very complicated, so the observed 
data were treated by graphical analysis.” The error 
function used in the iteration process is drawn as 
contour plots and three-dimensional surfaces in 
Figs. 4 and 5. The function F splits into many 
minima, but the global minimum is clearly dis- 
tinguishable from the local ones. The optimization of 
the iteration is necessary, otherwise the iteration may 
lead into a wrong pit and give erroneous results. 

In Table 4 the results calculated by the three 

different methods are collected together. The calcu- 
lated p/?- and pK-values are very close to each other 
and stay within the error limits. In the matrix method 
the error of the first dissociation constant is smaller 
than in the other methods, but the errors of the 
second and third constants are one and a half times 

6 

7 

Fig. 2. “C NMR spectrum of the acid CISHz60.+ 
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Table 1. Effect of the initial guesses of the dissociation constants when the inittal step size is IO-“‘, lO-‘5 and 1O-*0 
respecttvely for each parameter and the escalation of the iteration is lo3 

Initial guess Computed parameters 

PI 82 P? 104 x 8, lo9 x Bz lOI x & pK, PK, PK, F ._ 
10-j IO-” IO-” 1 652 4.940 3.069 3.782 4.525 5.207 0.47827 
]O-4 IO-’ lom’J 1 255 3.812 2.360 3.901 4 517 5.208 0.12154* 
10-z 10-‘O lo-l5 1 250 3.810 2.361 3.903 4 517 5.208 0.12247 
lo-6 lo-” 10-lh 1.130 3.450 2.143 3.947 4.514 5.208 0.16241 
lO-4 5 x 10m9 lo-” 1.219 3.712 2.301 3.914 4.516 5.208 0.12586 
lo-4 4 X lo-’ 1.652 4.940 3.069 3.782 4.524 5.207 0.47827 
lO-4 5 X lOmY 

; ;;I:: 
E 1.614 4.828 2.997 3.792 4.524 5.207 0.41325 

Table 2. Effect of the inittal step size when Initial guesses are 10m4. 10m9 and lo-l4 respectively for each parameter 
and the escalation of the Iteration is 10’ 

Imttal step size 

PI BZ B, 

lo-5 lo-‘0 ,0-u 
lo-6 lo-” lo-‘0 
IO-’ 10-I’ 10-J’ 
10-R 10-P 10-18 
lo-9 lo-l4 
lo-‘0 lo-‘5 

;;I::: 

lo-” 10-I” ]O_” 
,0-l> IO-” ,0-X 
lo-” lo-‘* 10-P 
lo-‘4 lom’v 10-24 

Computed parameters 

IO4 x B, 10’ X 81 10’” x & pK, PK, pK3 ..~ 
F 

0.5072 1.693 1.041 4.295 4.476 5.211 1.46573 
0.5074 1.693 1.041 4.295 4.477 5.21 I 1.46567 
0.5074 1.693 1.041 4.295 4.477 5.211 1.46565 
0.5087 1.693 1.041 4.293 4.478 5.211 1.46544 
1.239 3.767 2.332 3.907 4.517 5.208 0.12254 
1.255 3.812 2.360 3.901 4.517 5.208 0.12154* 
1.227 3.73 I 2 310 3.911 4.517 5.208 0.12421 
1.249 3 795 2.349 3.903 4.517 5 208 0.12178 
1.178 3.593 2.224 3.929 4.515 5.208 0.13777 
1.000 1.452 1 .ooo 4.000 4.838 5.162 44 22171 

Table 3. Effect of the escalation of the iteration when imtial guesses are 10m4. lO-9 and lo-“’ 
and initial step stzes are IO- . “’ lO_” and lo-” respectively for each parameter 

Computed parameters 

Escalatton IO4 x /I, IO9 X /I2 lOI x /I? PK, PK, PK, F 

10 1.249 3.795 2.349 3.903 4.517 5.208 0.12178 
10’ 1.227 3.731 2.310 3.91 I 4.516 5.208 0.12421 
10’ 1.255 3.812 2.360 3.901 4.517 5.208 0.12154* 
IO4 1.239 3.767 2.332 3.907 4.517 5.208 0.12254 
IO5 1.255 3.810 2.359 3.901 4.517 5.208 0.12154* 
lo6 1.087 3.335 2.063 3.964 4.513 5.209 0.19335 
10’ 1.224 3 722 2.304 3.912 4.517 5.208 0.12477 
10X 1.075 3.299 2.041 3.969 4.513 5.209 0.20403 
10Y 1.177 3.590 2.222 3.929 4.516 5.208 0.13827 
10”’ 1 149 3.510 2.172 3.940 4.515 5.208 0.15130 

Fig. 4. Contour plot of the logarithm of the error function Fig. 5. Three-dtmenstonal surface for the logarithm of the 

as a function of the cumulative drssociation constants /I, and error function. The lowest contour hne is -0.95 and the 
8,: fi3 IS fixed at the opttmal value 2.36 x 10m’4. htghest 5.35: the distance between the lines IS 0.2. 

log F 
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Table 4. Cumulative and stepwise dissociation constants, with standard devtattons computed 
with different programs 

Programs 

Parameters NDISS KDISS Matrix method 

;, ; s;;;; (1.25,f0.12) X 10-d 1.25, x 1o-4 (1.25,+0.11)X 10-a 

sl f &,) 

(3.81? 5 0.18) x 1O-9 3.82, x 1O-9 (3.82, _+ 0.32) x 1O-9 
(2.36,+ 0.13) x lo-l4 2.36, x IO-l4 (2.36, _+ 0.20) x IO-l4 

PB, + s(pP,) 3.901 * 0.041 3.900 3.899 + 0.039 
P/lz + s(p82) 8.418 + 0.018 8.417 8.417 + 0.036 
P& * S(PP,) 13.627 + 0.013 13.626 13.625 _+ 0.037 

K, f s(K,) 1.25, x IO-” (1.25,f_O.17) x IO-” 1.25, x 10-a 
Kz + s(Kz) 3.03, X 10-S (3.03, +_ 0.16) x IO-’ 3.03, x 1om5 
Kj + s(K,) 6.19, x 10-h (6.19, & 0.05) x lo-” 6.19, x 10m6 

PK, * ~(PK,) 3.901 3.900 * 0.059 3.899 
pK, * .s(p&) 4.517 4 517 * 0.022 4.517 
PK, +_ s(pK,) 5.208 5.208 +_ 0.035 5.208 

as great as in the iteration method. It is thus obvious 

that the iteration method is quite useful after opti- 
mization. The matrix method is more rapid than the 
iteration method, but requires a computer capable of 
inverting a matrix with its elements distributed over 
a large number of orders of magnitude, and also 
requires great precision of calculation. 
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ASYMMETRIC DERIVATIVES OF CARBOHYDRAZIDE AND 
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Summary-The synthesis and analytical properties of two asymmetric derivatives of carbohydrazide and 
thiocarbohydrazide with pyridine and phenol have been studied. The compounds tested are 
1-(2-pyridylmethylideneamino)-3-(salicylideneamino)urea and I-(2-pyridylmethylideneamino)-3-(sali- 
cylideneamino)thiourea. The analytical utility of these reagents is outlined. A spectrophotometric method 
for determining the formation constants of the complexes is described.. 

Carbohydrazones and thiocarbohydrazones have 
been little used in analytical chemistry. Most of the 
work on their use has been done in our Department, 
and all of those studied were symmetric derivatives-’ 

The present paper deals with the synthesis and 
analytical study of two asymmetric derivatives 
with pyridine and phenol: I-(2-pyridyl- 
methylideneamino)-3-(salicylideneamino)urea (PSU) 

following results 

PSU. HCl, C,,H,,N,02.HCI C H N Cl 
Theory, % 56.60 4.41 21.90 11.09 
Found, % 52.9 4.5 22.1 10.7 

PST. HzO, C,,H,,N,OS.HzO C H N S 
Theory, % 52.98 4.76 22.07 10.1 
Found, 7; 52.7 4.5 22.2 10.3 

Attempts to obtain the diaminoguanidine denvatlve were 

and 1-(2-pyridylmethylideneamino)-3-(salicylidene- made but were unsuccessful 
amino)thiourea (PST) 

CH=N-NH-C-NH-N=CH 

II 
0 

PSU 

CH=N-NH-C-NH-N=CH 

II 
S 

PST 

EXPERIMENTAL 

Reagents 

Synthesis. The reagents were obtained in two steps. First, 
the salicylaldehyde monoderivatives were obtained, by the 
method described by Brown et ~1.~ The yields were higher 
than 80% and the microanalytical results in accordance with 
the empirical formulae. In the second step, these derivatives 
weie condensed with 2-pyridinecarboxaldehyde in the usual 
way for Schiff’s bases with some modifications. For PSU, 
to I g of mono(salicylidene)carbohydrazone, dissolved in 
100 ml of boiling absolute ethanol, 2 ml of concentrated 
hydrochloric acid and 0.8 ml of 2-pyridinecarboxaldehyde 
were slowly added. The yellow product obtained was filtered 
off and washed with absolute ethanol and ether. The reagent 
was obtained as the monohydrochloride (m.p. 241-243”, 
decomp.). For PST, to 1 g of mono(salicylidene)thiocarbo- 
hydrazone, dissolved m 100 ml of boiling ethanol, 2 ml of 
glacial acetic acid and 0.7 ml of 2-pyridinecarboxaldehyde 
were added and the mixture was refluxed. After 1 hr, 200 ml 
of hot water were added and the mixture was cooled to 
room temperature. The yellow product was recrystallized 
from ethanol. This reagent was obtained as the mono- 
hydrate (m.p. ISO-182”, decomp.). 

The punty of both reagents was checked by thin-layer 
chromatography on silica gel. Microanalysis gave the 

Other reagents. Salts and solvents were of analytical 
grade. All metal-ion solutions were standardized. Distilled 
water was used throughout. 

Procedures 

Evaluation of acid-dissociation constants. A l-ml aliquot 
of a lo-‘A4 solution of PSU in 50% v/v aqueous ethanol, 
or a 0.75-ml aliquot of lo-‘M PST solution in ethanol, was 
placed in a 25-ml standard flask, and enough ethanol to 
make its final concentration 10% v/v was added. The ionic 
strength was fixed at 0.1 with potassium chloride and the pH 
adjusted with potassium hydroxide solution and hydro- 
chloric acid. The solutions were then diluted to the mark 
with distilled water and mixed, and the absorbance, at five 
different wavelengths, and the pH were measured. The 
pH-absorbance curves were plotted for each reagent, and 
the pK, values were evaluated by the two methods of 
Maroni and Calmon”’ (parallel straight lines and concurrent 
straight hnes methods) and by Sommer’s method.” The 
stability of the aqueous ethanol solutions at different pH 
values had been checked earlier. 

Spectrophotometric study of reagent-metal ion reactions. 
The spectra of the chelates were recorded for samples with 
the reagent in excess (> IO-fold). The pH-absorbance curves 
were obtained, measurements being made at three wave- 
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lengths, and the buffers also servmg to maintain the ionic 
strength at 0.01. The stoichiometry of the complexes was 
established by the continuous variation12 and moie-ratio’3 
methods, applied at a suitable pH, obtained with a buffer 
whrch also fixed the ionic strength at 0.01. The conditional 
overall formation constants were evaluated from the mole- 
ratio data by the method described below. For some 
complexes, the mod;fication’4 of the Holme and Langmhyr 
method and the Asmus methodI were also applied. 

RESULTS AND DISCUSSION 

infrared sperrtru 

The infrared spectra of the reagents (KBr discs) are 
complicated because the bands overlap. However, the 
assignments for the spectra of pyridine’&‘* and 
phenol’g-2’ are well established, and so are those for 

decreases, the wavelengths for maximum absorption 
become longer and the molar absorptivities decrease, 
The same effect was previously observed with 
symmetric derivatives of carbohydrazide and 
thiocarbohydrazides24 and is characteristic of n+n * 
transitions. 

Acid-base equilibria 

The spectra of aqueous solutions of both reagents 
are pH-dependent. The changes can be attributed to 
protonation of the pyridine nitrogen atom in acid 
medium, the dissociation of the imidol or thioimidot 
group in neutral or weakly alkaline medium, and the 
dissociation of the phenol group in alkaline medium, 
as shown in the scheme: 

CH =N -NH-C-NH-N==CH 

X 

CH=N-NH-C-NH-N=ZCH 

II 

C-J- O CH=N-NH-C--N-N=CH 

N 
I 
XH 

CH=N-NH-C=N-N=CH 

I 
X- 

CH=N-NH-C=z=N--N=CH 

H3L+ 

H2L 

f-f2 L 

HL- 

2- 
L 

carbohydrazide22 and thio~bohydrazide.2~ On the 
other hand, comparison of the spectra of the salicyl- 
aldehyde monoderivatives of carbohydrazide (I) and 
thiocarbohydrazide (II) shows that these have several 
absorption bands in similar regions. The principal 
bands and their assignments are listed in Table 1. 

Ultraviolet spectra 

The results obtained are given in Table 2. In 
general, as the dielectric constant of the solvent 

The molar absorptivity of the fully protonated 
species H,R + of PSU could not be found experi- 
mentally because of the instability of this reagent in 
acid medium (pH <2), nor could the molar absorp- 
tivities of the HR- species for both reagents, because 
rCg, and Kaj are too close together. The dissociation 
constants were therefore evaluated by using graphical 
methods in which the values of those molar absorp- 
tivities are not needed.“,” The piu, values obtained 
are collected in Table 3. 

I 

Table 1. Infrared spectra 

Frequency, cm -I 

PSU II PST “--. Assignment -.~ 
3350 m 3450 m 3280 s 3280 m 
3050 w 3070 w 3140 w 3120 w 

2920 w 2960 w 2960 w 2960 w 
1685 s 1700 s 
1640 s 1620 s 1640 s 1630 s 

1580-1490 s 1.580-1460 s 1.595-1460 s 1590-1470 s 
1160 s 1150 s 

820-600 s 835-606 s 850-600 s 880-600 s 

N-H and N=H2 stretch 
-OH intramolecular hydrogen 

bond 
aromatic C-H stretch 
C=O stretch 
C=N stretch 
aromatic C=C stretch 
C=S stretch 
C-H in mane deformation 
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Table 2. Ultraviolet spectra of the reagents in common solvents 

PSU PST 

Dielectric I,,,, s, I max, s, 
Solvent constant nm IO4 I.mole-‘.cm-’ ntn Iti I.mole-‘.cm-’ 

Water 78.5 320 2.40 335 3.05 
Dimethylsulphoxide 46.7 318 2.25 338 3.00 
Dimethylformamide 37.6 318 2.45 338 3.60 
Methanol 32.6 320 2.50 338 3.85 
Ethanol 24.3 320 2.50 338 3.85 
Acetone 20.7 326 2.00 350 1.50 
Methyl isobutyl ketone 13.1 330 2.10 340 3.50 
Chloroform 4.8 322 2.15 340 3.50 
Ether 4.3 318 2.35 340 3.20 
Benzene 2.4 324 1.95 344 3.65 
Dioxan 2.2 318 2.35 356 2.70 
Carbon tetrachloride 2.2 328 1.75 345 2.55 

Table 3. pK, values of the reagents* 

Reagent Method PK,, PK,, PK,, 

PSU Parallel straight lines”’ 3.8 I k 0.05 9.58 f 0.09 
Concurrent straight linesI 3.77 + 0.05 9.57 &- 0.09 
Sommer” 3.81 + 0.06 9.57 f 0.08 

Mean value 3.80 + 0.05 9.57 k 0.08 
PST Parallel straight lines” 3.19 f 0.04 7.80 f 0.05 

Concurrent straight lines”’ 3.20 f 0.03 7.81 f 0.08 
Sommer” 3.20 + 0.05 7.79 + 0.05 

Mean value 3.20 k 0.04 7.80 f 0.06 

*Mean of five determinations; medium containing 10% ethanol; p = 0.1. 

12.86 & 0.08 
12.89 + 0.08 
12.87 & 0.09 
12.87 f 0.08 
12.17 f 0.08 
12.23 k 0.10 
12.23+0.11 
12.21 * 0.09 

Infuence of oxidizing and reducing agents 

Both reagents are readily oxidized or reduced 
(Table 4), but the products were not identified. No 
catalytic effect on the oxidation with hydrogen per- 
oxide at pH 4.8 was exerted by Fe(III), V(V), Cu(I1). 
Zn(II), Co(II), Ni(II), UO,(II), Mn(I1) or Ti(IV) at 1 
ppm level. Hydroxylamine gives the well-known ex- 
change reaction with the C=N group. 

Fluorescence spectra 

Both reagents showed weak fluorescence in ethanol 
and in aqueous media at pH >7; that for PSU is the 
more intense. The fluorescence spectra were not 
changed by addition of metal ions (at 1 .O ppm level), 
except for Fe(I1) and Fe(III), which decreased the 
fluorescence intensity by about 20%. 

COMPLEX FORMATION EQUILIBRIA 

Reactions with metaI ions 

Comparison of the absorption spectra of the 
PSU-metal ion complexes with those of the corre- 
sponding complexes with the symmetric derivatives 
of carbohydrazide with salicylaldehyde (SAU) and 
2-pyridinecarboxaldehyde (PMAU) and those of the 
PST-metal ion complexes with those of the corre- 
sponding complexes of the thiocarbohydrazide deriv- 
atives of salicylaldehyde (SAT) and 2-pyridine- 
carboxaldehyde (PMAT), indicates the effect of the 
asymmetric reagent structure on the reactivity with 
metal ions. 

The results obtained with acetate-buffered medium 
are summarized in Table 5. The data for the Fe(II1) 
complexes are not included because these complexes 
are very unstable and the spectra change to those of 
the Fe(I1) complexes. Both reagents act as general 
chromogenic ligands and are only selective for 
iron( which gives a complex that absorbs at much 
longer wavelengths than the other complexes. The 
PSU complexes show similar spectrophotometric 
characteristics to the SAU and PMAU complexes, 
but PST is a better spectrophotometric reagent than 
SAT and PMAT because the complexes have higher 
molar absorptivities and generally absorb at longer 
wavelengths. 

Table 4. Effect of oxidizing and reducing agents on 
the absorption spectra of the reagents (decrease in absorb- 

ance, %I 

PSU PST 

Agent* pH at 1 hr at 24hr at 1 hr at 24hr 

PW,W, 4.7 7.1 40.0 31.1 95.1 
10.5 12.7 44.4 31.1 100 

H,O, 4.7 4.0 21.6 14.1 81.2 
10.5 25.0 78.6 65.8 100 

NH,OH. H,SO, 4.7 21.7 47.8 16.9 58.5 
10.5 3.3 25.0 44.2 86.0 

Ascorbic acid 4.7 5.0 21.1 3.1 16.9 
10.5 2.9 17.1 13.6 36.4 

*Concentration of (NH&$O, 1.4’/ concentration of the 
other agents 0.12%. 
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Influence qf pH, and the st~ichi~metr~ 

For both reagents, the pH-absorbance curves of 
the complexes were obtained at three different wave- 
lengths (one of them always &,,,,), buffers being used 
to ensure that the sample and the blank always had 
identical pH values. The stoichiometry was also 
evaluated at three wavelengths and at a pH in the 
optimum range. The medium used was 32% dimethyl- 
formamide (DMF) for the PSU complexes, and 40% 
DMF for the PST complexes. 

The results are given in Tables 6 and 7. All the PSU 
complexes were destroyed at pH ~3, and showed 
only one plateau at the three wavelengths tested. The 
graph for the Ni(II)-PSU complex was different from 
the others, because at pH 4 an additional band 
appeared m the spectrum (&,, 440 nm), without 
affecting the band at 380 nm. The 2: 1 (M : L) stoichi- 
ometry found for the Cu(II)-PSU complex appears 
to indicate the presence of a polynuclear complex. 

The graphs for the PST complexes differed from 
those for the PSU species. The Co(H) and Pd(II) 
complexes showed two pH-independent zones, but 
there were no changes in the stoichiometry, so these 
zones probably reflected a change in the co- 
ordination. The Cu(I1) complex showed 1: 1 stoichi- 
ometry, but there was also evidence of a 2 : I (M : L) 
complex, analogous to the Cu(II)-PSU complex. The 
absorbances of the Co(II), Cu(I1) and Bi(II1) com- 
plexes remained unchanged at pH ~2. whereas the 
absorbance of the other complexes decreased, but 
owing to the high absorbance of the reagent in acid 
medium, that pH-range is not useful for analytical 
purposes. 

Er~aluation of ooerall formation constants 

The conventional methods of determining equi- 
librium constants from potentiometric or solvent- 
extraction experiments are time-consuming. Many 
spectrophotometric methods are based on Job’s 
method, but they are extremely tedious and can result 
in erroneous values.25 Sommer’s method uses spectro- 
photometric data obtained from pH-absorbance 
curves,“.z63’ but because it is based on linear extra- 
polation it requires careful experimental work to 
ensure that reliable results are obtained. We have 
developed a method based on the experimental data 
obtained by the mole-ratio method. The principles 
involved are summarized below. 

The foilowing symbols are used: 

A$: total metal and ligand concentrations re- 
spectively 

a,h : free metal and ligand concentrations re- 
spectively 

clg: side-reaction coefficient for the ligand 

&I: mole fraction of the AB, complex 

B*: overall formation constant of complex AB, 
h: free hydrogen-ion concentration 
E: absorbance 
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Table 6. Spectrophotometric characteristics of the PSU complexes* 

Cation 

Co(H) 
Cu(II) 
Pd(I1) 
Zn(I1) 
Ni(I1) 
Fe(I1) 
VW) 

L, Optimum 
nm pHt 

445 4.5-7.0 
370 3.84.7 
370 4.7-6.0 
385 6.7-7.5 
380 4.0-7.0 
5505 5.5-7.5 
380 5.0-7.0 

-5 

IO3 I.mole-‘.cm-’ 
Stoichiometry 

(M:L) 

11.0 I:]; I:2 
8.0 2:l 

14.5 1:l 
21.0 I:2 
17.0 I:1 
3.0 1:l; 1:2 
9.0 I:1 

*Medium containing 32% dimethylformamide. 
tAll the pH values given are corrected. 
&Shoulder; in the presence of asborbic acid. 
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Table 7. Spectrophotometric characteristics of the PST complexes* 

3, marr Optimum E, Stoichiometry 
Cation no pHt 10’ I.mole-‘.cm-’ (M:L) 

Co(II1) 

Cu(I1) 
Pd(I1) 

Zn(I1) 
Ni(I1) 
Fe(I1) 
V(V) 
Bi(II1) 
In(II1) 

410 2.Wl.5 53.0 
460 6.5-8.0 59.0 
410 2.&6.0 20.0 
400 4.2-5.5 28.0 
500 7.510.0 16.0 
410 4.5-6.7 65.0 
405 4.2-6.5 51.0 
6354 4.g10.5 5.6 
400 3.5-6.5 16.0 
415 2.0-6.0 57.5 
415 4.c5.5 63.0 

1:l; 1:2 
1:l; 1:2 
2:l; 1:1 
l:l; 1:2 
1:l; 1:2 

1:l 
1:l; 1:2 
1:l; 1:2 

1:l 
1:3 
1:l 

HgW 400 4.G6.0 60.0 1:l; 1:2 

*Medium containing 40% dimethylfonnamide. 
tAl1 the pH values given are corrected. 
§Second maximum; in the presence of ascorbic acid. 

The mole fraction expression for a complex AB, 
can be written as a function of the overall formation 
constants /3,, b2 . . . pN and of the free ligand concen- 
tration b as follows: 

(j -[AB,I_ /MN 
N A 1 +&b + pzb2 + . . . + flNBN 

or 

-+;‘bN+~,/?;lbl~N 
N 

+ fizpi’b2-N + . . + pN_,fl;‘b + 1 

and on rearranging: 

b = p;‘b’-N + /?,p;‘b2-N 

+ p2fl,y’b3-N + . . + fiN-,b~’ (1) 

If the absorbance is measured against a reagent 
blank and it is assumed that the metal ion makes no 
contribution to the absorbance, the mole fraction +N 
can be experimentally obtained from the relation: 

c,+ 
mllx 

where E,,,,, is the maximum absorbance obtained, 
which corresponds to the total complexation of A as 
AB,, and ,!$ is the absorbance of the system in the 
range in which B/A > (N - 1) but EI < E,,,,,. 

If it is further supposed that the ligand undergoes 
side-reactions only with the hydrogen ion, the free 

ligand concentration B is given approximately by: 

b = (B - N[AB,J)/a, = (B - N4NA)/a, 

where the side-reaction coefficient G(~ is: 

in which 

fl” - &Bl 

If the following substitutions are made in equation 

(1): 

lvi’ =PA 

-l+N=n; 

b-’ =x, 

we obtain: 

y =plJx”+p,x”-’ +p2x”-2+. . . +p. 

From the experimental data of the mole-ratio 
method a set of (xy) values can be calculated, and 
by means of a least-squares proceddre the p, values 
can be obtained. From these, the overall formation 
constants can be directly evaluated. The fi values 
obtained are “coarse”, and can be refined by min- 
imization of S in the equation: 

Table 8. Conditional overall formation constants of the 
PSU complexes* 

Cation PI-I 

Co(I1) 5.1 
Pd(I1) 5.5 

Zn(I1) 6.5 

Ni(I1) 4.8 

Fe(I1) 5.5 
V(V) 5.5 

1oglJ; log B; 

4.22 _+ 0.01 11.27+0.10 
5.38 + 0.03 
5.46 k 0.30t 
4.67 f 0.118 
4.50 f 0.02 11.70+0.19 

11.56 k 0.33t 
9.48 5 O.lO$ 

5.1520.07 
5.04 + 0.07t 
4.41 +_O.lS§ 
4.39 * 0.04 11.55 f 0.04 
4.68 f 0.03 
4.86+0.16? 
4.01 * 0.16 

*Medium containing 32% (v/v) in dimethylfotmamide. 
Mean of three evaluations. p = 0.01. 

tBy the modified Holme and Langmhyr method. 
§By the Asmus method. 
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The best p, value, ,!?F, is given by: CONCLUSIONS 

p,*=p, 1oAJ PST is clearly the more useful of the two reagents, 
as it forms highly coloured complexes at lower pH 

where A is a positive or negative constant and J a than PSLJ. It is also a better spectrophotometric 

counter. reagent than the symmetric derivatives of thiocarbo- 
Thus, if by successive iterations S is calculated for hydrazide with 2-pyridinecarboxaldehyde or salicyl- 

every J value, J = J* when S is a minimum, and the aldehyde, probably because it combines the best 
refined /?, values can evaluated from the expression: characteristics of both: the co-ordinative grouping 

of PMAT (pyridine) and the chromophore grouping 

/?: = /?, 1o‘+J* of SAT (Zphenol). The reagent appear to be a 
terdentate ligand, through the pyridine nitrogen 

We have written a BASIC program to evaluate the 
atom, the nitrogen atom at position 1 (see structure 

overall formation constants for 1: 1, 1:2 and 1: 3 
below) and the sulphur atom. In acetate-buffered 

complexes, by use of a TOSHIBA T-100 personal 
medium, most PST complexes are uncharged. 

computer. Figure 1 shows the flow logic used in the 
The high molar absorptivity of the PST complexes 

can be explained by assuming that in the thio-enol 
program. 

This program was used to evaluate the /?: values 
form, the double bond is preferentially formed with 

for the PSU and PST complexes in water-dimethyl- 
the nitrogen atom at position 4 and not with the one 

formamide mixtures. For some complexes, the con- 
at position 2. So the conjugated system of n-electrons 

stants were also evaluated by the Asmus” and the 
is connected with the phenol ring, as shown in the 

modified Holme and Langmhyr14 methods, which 
structure: 

also use data from the mole-ratio method. The results 
obtained are summarized in Tables 8 and 9. There is 
good agreement with the results obtained by the @- 0 Cl&N -2NH -2 4. ---5N=CH 

N\ L-S 
1 -P 

0 
modified Holme and Langmhyr method, but the HO 

Asmus method consistently gives low values because Hence half the molecule is involved in the co- 
it takes the free ligand concentration as equal to the ordination, and the other half is responsible for the 
total ligand concentration, which is a good approxi- colour. Further experiments in which the 2-phenol 
mation only for very weak complexes (for which it ring is replaced by other aromatic groups confirm this 
was originally developed). hypothesis. 

Table 9. Conditional overall formation constants of the PST complexes* 

Cation PH log 8; 1% B; log & 

Co(I1) 

Pd(II) 

Zn(I1) 

Ni(I1) 
Fe(I1) 
V(V) 
Bi(II1) 
In(II1) 

WII) 

4.5 
7.1 
4.5 
9.0 
4.7 

4.5 
4.5 
4.5 
4.5 
4.18 

4.5** 

4.5 

5.23 _t 0.01 
5.28 f 0.02-f 
5.57 + 0.05 

10.69s 
4.69 f 0.01 
4.56 + 0.033 
4.29 + 0.03 # 
5.58 + 0.24 
4.25 f 0.22 
6.09 f 0.08 
6.54+0.15 
5.05 f 0.09 
5.04 f 0.121: 
4.6O:O.l8;gt 
5.25 5 0. IO 
5.24 f 0.17f 
4.72 k 0.18 # 
6.43 k 0.09 

12.35 k 0.17 
I I .56 + 0.04t 
12.97 + 0.36 

16.85§ 

12.21 kO.19 
10.23 & 0. I5 

14.60 f 0.26 21.70 f 0.34 

12.31 f 0.12 
12.85 f 0.32t 

*Medium containing 40% dimethylformamide. Mean of three values unless otherwise 
stated; p = 0.01. 

tMean of two values. 
§Single determination. 
SModified Holme and Langmyhr method. 
# Asmus method. 
BSuccinate buffer. 
**Acetate buffer. 
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The sensitivity of PST is analogous to that of 7. J. R. Bonilla Abascal, A. Garcia de Torres and J. M. 

dithizone, a classical reagent for determination of Cano-Pavon, ibid., 1983, 28, 132. 

metal ions, but PST exhibits some advantages be- 8. J. L. Gomez Ariza, F. J. BarragLn de la Rosa and M. 

cause (i) the reagent solutions are stable for several 
T. Montaiia Gonzalez, Mikrochim. Acta, in the press. 

9. A. C. Brown, E. C. Pickering and F. J. Wilson, J. Chem. 
weeks; (ii) it is not necessary to extract the complexes Sot.. 1927. 107. 
since they are soluble in water-dimethylformamide 
mixtures; (iii) the absorbance of the reagent blank is 
very low at A,,,,, of the complexes (about 0.050 at 400 
nm US. distilled water); (iv) it is more selective, since 
it does not react with Ag(I), Mn(II) or Sn(I1); (v) its 
Pd(I1) and Hg(I1) complexes can be formed in EDTA 

medium. 

On the basis of these characteristics, PST is an 
interesting analytical reagent. 

The method developed for evaluating overall for- 
mation constants is less tiresome and time-consuming 
than the potentiometric or solvent-extraction meth- 
ods, and far superior in accuracy to Job’s method and 
related procedures. Furthermore, it is easy to use and 
does not need as many experimental results as 
Sommer’s method does. 32 Also, the mole-ratio data 

on which this method is based are needed anyway, to 
establish the nature of the complexes. 

REFERENCES 

1. F. J. Barragan de la Rosa, J. L. Gomez Ariza and F. 
Pino, Tulunta, 1983, 30, 555. 

2. Idem, Mikrochim. Acta, 1983 II, 455. 
3. Idem, ibid., 1983 III, 159. 
4. Idem, ibid., 1984 I, 171. 
5. M. T. Montana Gonzalez and J. L. Gomez Ariza, Anal. 

Quim., 1984, 80, 129. 
6. Idem, Microchem. J.. 1982, 27, 290. 

10. 

11. 

12. 
13. 

14. 

15. 
16. 

17. 
18. 

P. Maroni and J. P. Calmon, Bull. Sot. Chim. France, 
1964, 519. 
L. Sommer, Folia Fat. Sci. Nat. Univ. Purkynianae, 
Brno, 1964, 5. 1. 
P. Job, Ann. Chim., 1928, 9, 113. 
J. H. Yoe and A. L. Jones, Ind. Eng. Chem., Anal. Ed, 
1964, 16, 11. 
J. C. Jimenez Sanchez, J. A. Mtinoz Leyva and M. 
Roman Ceba. Anal. Chim. Acta. 1977. 90, 223. 
E. Asmus, Z.’ Anal. Chem., 1960, 178, 104. 
L. Corssin. B. J. Fax and R. C. Lord, J. Chem. Phys.. 
1953, 21, 1170. 
C. H. Kline and I. Turkevich, ibid., 1944, 12, 300. 
J. K. Wilmshurst and H. J. Bernstein, Can. J. Chem.. 
1957, 35, 1183. 

19. I. M. Hunsberger, J. Am. Chem. Sot., 1950, 72, 5626. 
20. R. A. Friedel, <bid., 1951, 73, 288 1. 
21. R. B. Barnes. U. Liddel and V. Z. Williams. Ind. Enp. 

22. 

23. 
24. 
25. 

26. 
27. 
28. 
29. 
30. 

Chem., Anal. Ed., 1943, 15, 659. 
Sadtler Research Laboratories Inc., Sadtler’s Standard 
Spectra Catalogue, No. 570. Philadelphia. 
F. Kurzer and M. Wilkinson, Chem. Rev.. 1970,70, 111. 
F. J. Barragan de la Rosa, Ph. D. Thesis, Sevilla, 1982. 
F. J. C. Rossottt and H. Rossotti, The Determination of 
Stability Constants. pp. 47-51. McGraw-Hill, New 
York, 1961. 
M. HniliEkova and L. Sommer, Talanta, 1966, 13, 667. 
V. Chromy and L. Sommer. ibid., 1967. 14, 393. 
L. Sommer and M. HniliEkova, ibid., 1969, 16, 83. 
L Sommer and V. M. Ivanov, ibid., 1967, 14, 171. 
L. Sommer, V. M. Ivanov and H. Novotna, ibid., 1967, 
14, 329. 

31. L. Sommer and H. Novotna, ibid., 1967, 14, 457. 
32. D. Betteridge and D. John, Analyst. 1973, 98, 390. 

._ 



Talanta. Vol 32, No 6. Pp. 475478, 1985 
Prlnted in Great Britain 

0039-9140/85 $3.00 + 0.00 
Pergamon Press Ltd 

REMOVAL OF IRON INTERFERENCES BY SOLVENT 
EXTRACTION FOR GEOCHEMICAL ANALYSIS BY 

ATOMIC-ABSORPTION SPECTROPHOTOMETRY 
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Summary-Iron is a common interferent in the determination of many elements in geochemical samples. 
Two approaches for its removal have been taken. The first involves removal of iron by extraction with 
methyl isobutyl ketone (MIBK) from hydrochloric acid medium, leaving the analytes in the aqueous 
phase. The second consists of reduction of iron(II1) to iron(I1) by ascorbic acid to minimize its extraction 
into MIBK, so that the analytes may be isolated by extraction. Elements of interest can then be determined 
using the aqueous solution or the organic extract, as appropriate. Operating factors such as the 
concentration of hydrochloric acid, amounts of Iron present, number of extractions, the presence or 
absence of a salting-out agent, and the optimum ratio of ascorbic acid to iron have been determined. These 
factors have general applications in geochemical analysis by atomic-absorption spectrophotometry. 

Iron has been recognized as one of the major inter- 
fering elements in geochemical analysis, owing to its 
abundance and widespread occurrence in geological 
materials. The complex spectrum and chemical prop- 
erties of iron can cause spectral as well as other 
matrix interferences in the determination of elements 
by atomic-absorption spectrophotometry.‘,2 

There are two approaches to deal with the problem 
of iron interferences in geoanalysis. The first involves 
the long-known procedure for the solvent extraction 
of ferric iron from hydrochloric acid mediums5 be- 
fore the analytes are determined. The chlorides of 
aluminium, magnesium, lithium, and ammonium 
have occasionally been added as salting-out agents in 
the extraction of iron into organic solvents.7m9 The 
second approach consists of using ascorbic acid’to 
reduce iron(II1) to iron so that only the analytes 
to be determined are extracted into the organic 
solvent. This technique has been successfully em- 
ployed in the determination of a number of metals by 

both flame and furnace atomic-absorption spec- 
trophotometry.‘t’6 

Although both approaches have been applied satis- 
factorily to remove iron interferences in the analysis 
of geological materials, there has been a clear lack of 
systematic studies on the quantitative relationships 
among operating factors such as the concentration of 
hydrochloric acid, amounts of iron present, number 

of extractions, the presence or absence of a salting- 
out agent, and the optimum ratio of ascorbic acid to 

*Geochemist, The Institute of Geophysical and Geochem- 
ical Prospecting, Beijing, China. 

tTo whom correspondence should be addressed. 
SUse of brand names in this paper is for descriptive 

purposes only, and does not constitute endorsement by 
the U.S. Geological Survey. 

iron. Based on results obtained by using synthetic 
iron solutions, this report is aimed at contributing 
information for some general applications in geo- 
chemical analysis by atomic-absorption spectro- 
photometry. 

EXPERIMENTAL 

Reagents 

Iron solution, IO%. Dissolve 10.00 g of “Specpure” iron 
powder in 53 ml of concentrated hydrochloric acid in a 
covered beaker, with heating on a hot-plate, and then slowly 
add 5 ml of 50% hydrogen peroxide to oxidize the iron(I1). 
Heat the solution to remove the excess of peroxide, cool, 
and dilute it to volume with water in a 100-ml standard 
flask. This solution is approximately IM in hydrochloric 
acid. 

Ascorbic acid solution. Prepare fresh daily. 

General procedure 

A series of 20-ml portions of solutions containing 
different amounts of iron (IO, 25, 50 and 100 mg) were 
shaken with 10 ml of methyl isobutyl ketone on a mechan- 
ical shaker for 1 min. After centrifugation, the organic phase 
was discarded and an ahquot of the aqueous phase was 
diluted at least 2000-fold for iron determination, so that the 
concentration of iron would fall within the range of the 
calibration graph. 

Operating factors examined Included the concentration of 
hydrochloric acid, number of MIBK extractions, the pres- 
ence of lithium chloride as a saltmg-out agent, and the effect 
of reduction of Fe(II1) to Fe(H) by ascorbic acid. 

Determination of won 

Residual iron in the aqueous phase after the MIBK 
extraction was determined by atomic-absorption, with a 
Perkm-Elmer 272 spectrophotometer$ with a lean 
au-acetylene flame. In the fuel-lean flame, iron(I1) and 
iron(W) gave the same signal.” The instrument settings 
were: wavelength. 248.2 nm; lamp current, IO mA; band- 
pass, 0.2 nm; air flowmeter reading, 40; fuel flowmeter 
reading, IO. 

The iron calibration graph was prepared daily with 0, 1, 
5 and 10 pg/ml iron solutions. 
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Fig. 1. Extraction of Fe (0.5 mg/ml) by MIBK as a function of the concentration of HCl, HCl + LiCl 
(equimolar concentrations), and LiCl in the aqueous phase. Number of extractions: 1, 2, and 3. 

RESULTS AND DISCUSSION 

Effect of acid concentration and the presence of lithium 
chloride 

Because the extraction curves for different iron 
concentrations at various acidities and in the presence 
or absence of lithium chloride show similar trends, 

only those for 0.5 mg/ml and 5 mg/ml iron concen- 
trations are presented, in Figs. 1 and 2. The degree 
of extraction of iron by MIBK is related to the 
concentration of hydrochloric acid in the aqueous 
phase (Figs. la and 2a). In order to remove more 
than 95% of the iron in the first extraction, an acidity 
equivalent to 6M hydrochloric acid in the aqueous 
phase is required. However, the degree of iron re- 
moval is also determined by the amount of iron 
present. While removal is 96.4% complete from 4M 
hydrochloric acid for the OS-mg/ml iron level, a 
second extraction is needed to reach a similar degree 
of removal for the 5-mg/ml iron level. Extraction 
from >6M hydrochloric acid may cause miscibility 
of the phases, as observed by Menis and Rains.4 
Nearly complete removal of iron from solutions with 
an acidity <6M hydrochloric acid can be accom- 
plished if the extraction is repeated (Figs. 1 and 2). 

HCI, M 

Lithium chloride at concentrations equivalent to 
those of hydrochloric acid is not as efficient as a 
salting-out agent for iron removal by extraction with 
MIBK. The decreasing order of extraction of iron 
from the three systems is: HCl > HCI + LiCl > LiCl 
(Figs. 1 and 2). For example, for the 0.5-mg/ml iron 
level the degree of removal of iron in the first 
extraction from 4M background electrolyte medium 
is 96.4, 93.6, and 71.6% for the three systems re- 
spectively. The corresponding degree of removal at 
the 5 mg/ml iron level is 90.0, 82.4 and 48.0%. The 
comparative extraction efficiency of the three systems 
is readily seen by referring to Fig. 3 for the removal 
of iron at the 2.5 mg/ml level from the aqueous phase. 
Apparently a high hydrogen-ion concentration is 
essential for efficient extraction of iron. In the extrac- 
tion of iron from various concentrations of hydro- 
chloric acid by isopropyl ether, Dodson et al3 postu- 
lated that the chemical formula for the extracted iron 
chloro-complex might be HFeCl,. If for some reason 
high acidity is not permissible, lithium chloride can be 
used as a salting-out agent to increase the efficiency 
of extraction of iron. 

From the discussion above, it is evident that the 
extraction of iron by MIBK is influenced by the 

I 
3 

2 4 8 0 2 4 8 8 
HCltLiCI. M LiCI, M 

Fig. 2. Extraction of Fe (5 mg/ml) by MIBK as a function of the concentration of HCl, HCl+ LiCl 
(equimolar concentrations), and LiCl in the aqueous phase. Number of extractions: 1, 2, and 3. 
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hydrochloric acid concentration in the aqueous solu- 
tion, the number of extractions, the amount of iron 
to be extracted, and the presence of lithium chloride. 
Lithium chloride alone can be used if in sufficiently 
high concentrations and/or enough extraction steps 
are performed. Luke5 has observed that iron(II1) can 
be quantitatively extracted from 7M lithium chloride 
with MIBK. 

Efect of ascorbic acid 

Ascorbic acid can eliminate iron interference in the 
determination of various elements in geochemical 
analysis by virtue of its ability to reduce and complex 
iron so that the response of iron to solvent extraction 
and other chemical operations is altered. The 
amounts commonly used for this purpose range from 
an ascorbic acid/iron weight ratio from twoI to ten.19 
Alternatively, ascorbic acid is added in increments 
until the iron colour fades to a light yellow or 
completely disappears. In this study, several iron 
levels (0.5, 1.25, 2.5 and 5 mg/ml) were treated with 
increasing amounts of ascorbic acid before MIBK 
extraction of iron from 1M and 2M hydrochloric 
acid. Only the results obtained for the highest iron 
level are presented in Fig. 4, as those for lower iron 
levels exhibit similar trends. 

The degree of extraction of iron is inversely related 
to the amount of ascorbic acid added, but directly 
related to the acidity of the aqueous phase. While 200 
mg of ascorbic acid is sufficient to prevent MIBK 
extraction of 100 mg of iron (weight ratio = 2) from 
1M hydrochloric acid, 400 mg is necessary (weight 
ratio = 4) to do the same from 2M hydrochloric acid. 
In geochemical analysis, it is customary to digest the 
sample with mixed acids and evaporate to dryness. 
The residue may then be dissolved in dilute hydro- 
chloric acid. It would be desirable to use less concen- 
trated acid, such as lM, for dissolution of the residue, 
so that a lower amount of ascorbic acid can be used 
to eliminate the iron interference. The highest iron 
level used in this work (5 mg/ml) is equivalent to 
20.0% Fe or 28.6% Fe,O, in the sample if a 0.5-g 
sample is taken for analysis. 

P I II / I 
w 
6 so- 

z 
w” 40- * HCI 

,IL” 0 HCt+LiCI 

* 20 - 
x LiCl 

I 
OO 

I 1 1 I 
2 4 6 8 
HCI, HCWiCl OR LiCI, M 

Fig. 3. Comparative efficiency of extraction for Fe (2.5 
mg/ml) by MIBK as influenced by HCl, HCl + LiCl (equi- 
molar concentrations), and LiCl in the aqueous solution. 

ASCORBIC ACID, mg 

0 1 2 4 8 8 
,I# fi I 

ASCORBIC ACID/Fe WT. RATIO 

Fig. 4. Effect of different amounts of ascorbic acid on the 
extraction of Fe (5 mg/ml) by MIBK from 1M and 2M HCI. 

From the reasoning above, geochemical samples 
can be analysed by atomic-absorption spec- 
trophotometry for various elements in a hydrochloric 
acid medium, without iron interference, by use of the 
combination of reduction with ascorbic acid and 
solvent extraction. 

Iron in hydrobromic acid medium behaves simi- 
larly toward extraction by MIBK.*’ Hubert and 
Chao*’ have taken advantage of this combination to 
circumvent iron interference in the determination of 
gold, indium, tellurium, and thallium in a single 
sample solution of geological materials, by atomic- 
absorption spectrophotometry after a two-step sol- 
vent extraction. Gold and thallium are first quan- 
titatively extracted into MIBK from O.lM 
hydrobromic acid; the extraction of iron is minimal. 
The aqueous phase is then made 3M in hydrobromic 
acid and the indium and tellurium are extracted with 
MIBK, after reduction of iron by ascorbic acid. 
Before the development of this scheme, the four 
elements were individually determined in separate 
samples. 13,15,22,23 

Conclusions 

Quantitative information has been provided in this 
paper for the removal of iron interference, by solvent 
extraction, in geochemical analysis. Based on the 
information given, adjustments can be made in 
procedures, either to extract the iron with MIBK 
from the aqueous solution adjusted to a certain 
concentration of hydrochloric acid, or to reduce 
Fe(II1) to Fe(I1) with ascorbic acid to prevent extrac- 
tion of the iron into MIBK. The elements of interest 
can then be determined in the aqueous phase or the 
organic extract as appropriate by atomic-absorption 
spectrophotometry. 
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Summary-Magnesium-Eriochrome Black Tin ethylenediamine medium gives a polarographic adsorptive 
wave at -0.7 V (vs. an Ag/Hg electrode). It gives a limit of detection for magnesium of 2 x 10-8M. It 
is made the basis of a method for determmation of magnesium in serum, water and various salts, wrthout 
any pretreatment. The method is very rapid, sensitive and convenient for sermn analysrs. 

Magnesium ions are very difficult to reduce at the 
dropping mercury electrode in aqueous solution, but 
give a polarographic wave at -2.2 V (us. SCE) in 
tetramethylammonium chloride supporting electro- 
lyte solution.’ Richardson2 determined magnesium in 
calcium carbonate by polarographically reducing the 
magnesium complex of Solochrome Violet R. S. at 
pH 11 in a piperidine buffer. In his method, calcium 
and iron were removed by precipitation and extrac- 
tion. The detection limit for magnesium was lo-“M. 
Luo and Zhao’ determined magnesium in hair 
by using the polarographic adsorption wave of 
the magnesium meso-tetra (4-trimethylammonium- 
phenyl)porphine complex in a methylamine buffer 
solution. In their method, the solution had to be 
heated at 100” for 50 min to form the complex. The 
detection limit was 10-‘&f. 

In this report, we describe an adsorption wave for 
the magnesium-Eriochrome Black T complex in 
aqueous ethylenediamine medium. It can be used to 
determine magnesium in serum, water and chemical 
reagents, without any pretreatment. 

Magnesium in serum is usually determined by 
flame photometry, atomic-absorption spectroscopy 
or spectrophotometry after appropriate sample 
pretreatment. Because of its sensitivity and good 
selectivity, our method can be used to determine 
magnesium in serum rapidly and conveniently. 

EXPERIMENTAL 

Apparatus 

A single-sweep polarograph with three electrodes and a 
type 82-l polarograph (made in Fuzhou University), with an 
Ag/Hg reference electrode. A PTFE polarographic cell was 
used. 

Reagents 

Standard magnesium solution. Magnesium oxide was tg- 
nited at 800” and 1.658 g of it was dissolved in 30 ml of 2M 
hydrochloric acid and the solutton was diluted to 1000 ml. 
This 1000-pgg/ml stock solution was further drluted as 
required. 

Eriochrome Black T (EBT) solutton, 5.0 x 10-4M. Pre- 
pared in water as solvent. The solution was stable for two 
days. 

Ethvlenedramine, 10% aqueous solutron. Demineralized 
water was used in all experiments. 

All solutions were stored in polyethylene bottles, and 
contact between the solutions and glass vessels was avorded 
as much as possible. 

Procedure 

Transfer the magnesium solution into a 25-ml quartz 
standard flask, add 5ml of 10% ethylenediamine solution 
and 3 ml of 5 x 10m4M EBT and dilute to the mark with 
water. Pour all the solution into the PTFE polarographic 
cell and record the dertvative polarogram, starting the 
potential scan at -0.4 V. The temperature should be kept 
below 2CY’. 

RESULTS 

Oscillogruphic polarograms 

In 2% ethylenediamine solution, EBT gave a reduc- 
tion wave P,, with a maximum at -0.53 V, and a 
derivative-peak potential of -0.50 V (see Fig. la,b). 
When magnesium ions were added, P, decreased and 
a new maximum P? appeared at a more negative 
potential, -0.72 V, and the derivative-peak potential 
was -0.70 V. The derivative mode is preferred 

because of its better resolution. 

Dependence of peak current on the ethvlenediamine 
concentration 

The magnesium-EBT complex gives no wave in 
either acidic or ammoniacal medium, but does in the 
presence of ethylenediamine. The dependence of peak 
current on the concentration is shown in Fig. 2. The 
peak current reaches a maximum at 1% ethylene- 
diamine and then remains constant, so 2% was 
chosen as the working concentration. 

Dependence of peak current on the EBT concentraion 

Magnesium does not give any reduction wave in 
ethylenediamine solution in the absence of EBT, but 
the Mg-EBT complex gives a polarographic wave at 
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Fig. 1. Bngle-sweep polarograms: (a) 2% en + 6 x 1W’M EBT, normal wave; (b) derivative wave; 
fc) a + 8 x 10m61M Mg*+, normal wave; (d) derivative wave. 

-0.7OV. As sItawn in Fig. 3 the peak current 
remains maximal and constant for the EBT range 
1.5 x IO-5-S x IOm51trf: 5 x 10-5M EBT was chosen 
as the working ~on&entration. 

Figure 4 shows that the peak current was indepen- 
dent of temperature between 4” and 20”, so it is only 
necessary to keep the temperature below 20”. 

Under the optimum conditions chosen, the peak 
current is proportional to the magnesium concen- 
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Fig. 2. Dependence of peak current on the concentration of 
e~ylenediamine: 5 x IO-&M Mg*+ -+ 6 x IOm5itf EBT. 

EBT x ?0-5iM) 

Fig. 3. Dependence of peak current on the concentration of 
EBT: 2% ethylenediamme + 5 x 10A6M Mg*+. 
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Fig 4. EfTeect of temperature on the peak current. 
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Relation between peak current and rest-time 

The dependence of the maximum peak current on 
the rest-time was investigated with a hanging mercury 
drop electrode. For aqueous ethylenediamine solu- 
tions the peak currents for both reagents and com- 

\ 

; 

37 

: 35 
I 

plex increased with prolongation of the rest-time, 
l -*, .' 

"/ 
which allowed much more reagent and complex to be 

./* 

adsorbed at the electrode. The conclusion from this 

330- 
experiment agreed with that from the electrocapillary 

1.0 curves. 

-E (VI Relationship between peak current and voltage scan- 

Fig. 5. Electrocapillary curves: (A) 2% ethylenediamine, (B) 
rate 

A+ 6 x IO-‘M EBT, (C) A + 1.8 x 10-4M EBT, (D) 
A + 1.5 x 10-6M Mg2+, (E) B + 1.5 x 10-6M Mg2+. 

The peak current iP for the reagent and the complex 
varied with scan-rate I’. The plot of ip vs. I”/’ is 
shown in Fig. 6 for scan-rates from 125 to 350 

tration in the range 5 x 10-8-9 x 10m6M, and the 
mV/sec: the plot is not linear, as it should be for a 

limit of detection is 2 x 10m8M. 
diffusion-controlled process, but is distinctly curved. 
Such deviations from the Randles-Se&k equation 

Effect of foreign substances 
have been explained by Anson. 

It is evident from the experiments described that 
The effect of foreign substances was studied with both reagent and complex are strongly adsorbed on 

2 pg of magnesium in 25 ml of solution. The amounts surface of the electrode. This has the effect of giving 
of other ions which did not interfere (error < 10%) a significant increase in sensitivity. 
are as follows: large amounts of K, Na, 5 mg of Ca, 
Ba, Sr; 2 mg of Ge; 1 mg of Bi(II1); 0.6 mg of W(VI), CycIic voltammetry 

V(V); 0.4 mg of Mo(VI), Ag, Al; 0.3 mg of Zn; 0.2 
mg of Be, Tl(III), As(II1); 0.1 mg of Sn(II), SC; 60 p g 

The cyclic voltammetry of the system was in- 

of In; 40 pg of Sb, Gd, Cr(V1); 30 pg of Pb, Cu(I1); 
vestigated with the Type 82-l polarograph. Cyclic 
voltammetric curves for aqueous ethylenediamine 

20 pg of Ga, Ti(IV); 6 fig of Mn(I1); 4 pg of Ni, 
Co(I1); 1 pg of Fe(II1). Fe(II1) interfered by giving a 

solutions are shown in Fig. 7. EBT gives a cathodic 

peak at -0.67 V, but the interference of 200 pg could 
peak at -0.5 V, owing to its reduction. If magnesium 

be eliminated by adding sodium sulphite (1 g per 25 
ions are present, a second peak appears at -0.7 V, 

ml). Sodium cyanide present at 0.2% concentration 
due to reduction of the ligand in the complex. 

masked up to 80 pg of Fe(III), 100 pg of Co(I1) or 
No anodic peak was observed, from which we 

conclude that the reduction of EBT and of the 
Ni, and 20 pg of Mn(I1). 

Small amounts of surfactants did not interfere, e.g., 
Mg-EBT complex is irreversible. 

1 .O ml of 0.02% polyoxyethylene alkylphenol, 0.5 ml Composition of the electroactive complex 

of 0.02% cetylpyridinium chloride, or 2.0 ml of 0.02% 
sodium dodecyl benzenesulphonate. 

The composition of the complex was examined by 
the linear’ and continuous-variations methods and 
found to be 1: 1, as expected. The conditional stability 

MECHANISM constant (2% ethylenediamine medium, pH = 11.8) 

Electrocapillary curves 
was found to be 1.1 x 10’. 

Eriochrome Black T is a hydroxyazo dyestuff, and 
would be expected to be easily adsorbed at the 
mercury electrode. As shown in Fig. 5, the electro- 
capillary curves were considerably influenced by the 
presence of EBT, which was adsorbed very strongly 
at -0.50 V, resulting in the surface tension being 
reduced and the adsorption becoming stronger with 
increasing EBT concentration. 

When magnesium ions were added they reacted 
with the EBT to form a red complex which was 
adsorbed at the electrode to give a reduction peak at 
-0.7 V. Curve A was the same as D, B the same as 
E, so we conclude that the adsorption depended 
mainly on the ligand EBT in the complex, and that 
the magnesium itself had little effect on the ad- 

Fig. 6. Relationship between iP and V: (I) 2% 
ethylenediamine + 6 x 10-5M EBT, (II) I + 7.5 x 10-5M 

sorption. Ma’+. 

Polarography of Mg-EBT complex 481 



482 AN JINGRU et al 

-E(V I -E(V) 

Fig. 7. Cychc voltammetric curves. 

APPLICATIONS Table 1. Determination of Mg in water and serum 

Determination of magnesium in water ad serum Mg found by 
Ma found bv thus method AAS 

Transfer 2.5 ml of water into a 25-ml standard 
flask, then add 5 ml of 10% ethylenediamine and 3 ml Sample Pg PPm a PPm 

of 5 x 10e4M EBT and dilute to the mark with water. Water 2.0 0.8 2.0 0.8 
Measure the peak current at -0.7 V. Serum A 2.26 22.6 2.21 22.1 

Transfer 0.1 ml of serum, without any pre- Serum B 1.83 18.3 1.72 17.2 

treatment. into a 25-ml standard flask, and continue 
Serum C 2.24 22.4 2.18 21.8 

Table 2. Analysis of various salts for Ma 

Sample 
Mg added, Mg found, Recovery, Content, 

ng K? % % 

Potassium nitrate, 200 mg 0 0.360 
0.2 0.564 102 0.00018 

Potassmm chloride, 200 mg 
0 0.408 
0.2 0.600 96 0.000204 

Barium nitrate, 0.8 mg 0 0.204 
0.3 0.498 98 0.025 

Stronnmm mtrate, 0.6 mg 
0 0.276 
0.2 0.474 99 0.046 

*Calcmm chloride, 0.3 mg 0 1.25 
I.0 2.25 100 0.42 

*For this sample, a chemically pure grade, the standard deviation (11 deter- 
minations) was 0.01 I pg, coefficient of variation 0.9%. The other samples were 
analytrcal-reagent grade. All the results are the means of 3 determinations. 

as for a water sample. Determine the magnesium by 
the standard-additions method. 

The results shown in Table 1 agreed satisfactorily 
with those obtained by atomic-absorption spec- 
troscopy. 

Determination of magnesium in salts 

Transfer a weighed amount of salt to a 25-ml 
standard flask, dissolve it in water, then add the 
ethylenediamine and EBT solution as before and 
dilute to the mark with water. Record the derivative 
polarogram and measure as before. 

1. 

2. 
3. 

4. 

5. 
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Summary-Methods for simulating titration data, includmg various types of corrections for changes in 
activity, hquid-junction potential and ion-selectivity of electrodes are described. These form the basis of 
a new library of computer programs, called ESTA (Equilibnum Simulation for Titration Analysis). They 
permit the range of titration conditions employed in the determination of formation constants to be 
usefully extended. Simulations have been performed to illustrate the extent to which the effects mentioned 
above are manifest in many titrations of practical importance. 

SYMBOLS 

T: = calculated total concentration of component I 
T: = real (analytical) concentration of component i 

[X,] = free concentration of component i 
[C,] = concentration of complex j 
[S,] = concentration of species i (component or com- 

plex) 
{S,} = activity of species i (component or complex) 

{S:}, {SF} = activity of species i in the test solution and 
bridge solution, respectively 

y, = activity coefficient of species i 
/I, = thermodynamic formation constant of com- 

plex j 
r,, = stoichiometric coefficient of component i in 

complex j 
NC = number of components appeanng in 

complexes 
NI = total number of components (including inert 

ions, such as from background electrolyte, 
not appearing in complexes) 

NJ = number of complexes 
NB = number of burettes 
CT = initial concentration of component i in ti- 

tration vessel 
CL = concentration of component i in solution in 

burette m 
~1, = volume added from burette tn 
V” = initial volume in vessel 
Ek = electrode potential k 
Ei = electrode response intercept 

EU = liquid-junction potential 
E”‘= contribution of sodium ions to electrode 

potential 
s, = electrode response slope 

C, = empirical constant for H in liquid-junction 
term 

Co, = empirical constant for OH in liquid-junction 
term 

Kkr = selectivity coefficient of component i 
2, = charge on species i 

*Author for correspondence. 

R = the gas constant 
T = absolute temperature 
F = Faraday constant 
I = ionic strength 

2: = ionic conductance of species i m the test 
solution 

n! = iomc conductance of species i in the bridge 
solution 

6 = ionic size parameter 
A, B = parameters m the Debye-Htickel equation 

The procedures developed by Sill& and his col- 
leagues over twenty years ago’ are still widely ac- 
cepted as the most accurate way of determining 
formation constants potentiometrically. Experi- 
mental conditions were specifically chosen to mini- 
mize the adverse effects of various assumptions that 
had to be made in the analysis of their data. In 
particular, very high concentrations of supporting 
background electrolytes were employed to obviate 
such difficulties as the characterization of activity and 
liquid-junction potential changes.* 

However, for many common applications, it is 
inappropriate to measure formation constants under 
such conditions. For instance, many biological solu- 
tions such as natural waters (e.g., lakes, rivers and 
soil solutions) and physiological fluids (e.g., plant 
xylem sap and blood plasma) have much lower ionic 
strengths, so that the relevant measurements ought to 
be performed in concentrations of background elec- 
trolyte less than, say, 0.2M. Under these conditions, 
the assumption of constant ionic strength throughout 
a titration is less valid and can lead to significant 
errors. Moreover, many systems have formation con- 
stants that require measurements to be made at pH 
values at which it is known that the effects of 
liquid-junction potentials and alkaline errors can be 
of a worrying magnitude. 

483 
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Although a multitude of computer programs have 
been developed for the analysis of potentiometric 
titration data, only a few approach the problem in a 
generalized way. Of these, SCOGS3 and, especially, 
MINIQUAD have gained widespread popularity. 
However, neither of these accommodates variations 
in ionic strength, changes in liquid-junction potential 
or imperfect ion-selectivity of electrodes. Some pro- 
grams, such as LETAGROP,5 do permit simulation 
of changes in liquid-junction potential, albeit in a 
restricted way, but none allows corrections to be 
made for all three kinds of effect. 

Each of these effects is well known and has been 
extensively studied in its own right. This paper de- 
scribes how corrections for each may be applied in 
generalized computer programs for the analysis of 
potentiometric titration data. Although it is not 
possible to simulate electrode behaviour entirely 
satisfactorily for all practical circumstances, the pro- 
posed approach satisfies two paramount objectives, 
namely to improve the interpretation of certain ob- 
served data and to provide mathematical forms for 
the corrections that allow them to be simplified, or 
even neglected, if that is thought to be appropriate. 
In this way, the useful range of titration conditions 
can be extended, the necessity for corrections can be 
investigated and different forms of the equations used 
for correction can be readily compared. 

THEORY 

Mass -balance 

The conditions of mass-balance are imposed in the 
standard way by equating calculated total concen- 
trations with real (analytical) concentrations: 

T:=T;, i=l,...,NC (1) 

where 

(2) 
J==I “=I 

c:v”+ y c;v, 
T; = 

m-1 

V” + F v, 
(3) 

m=l 

I-,= Eyp ( >i y,. 
“=I 

(4) 

Electrode equation 

In general, the equation relating the potential of an 
electrode to the activity of the electrode ion can be 
written in the form 

E,=E;+E;‘+E,U (5) 

where Ei is the electrode response intercept. For the 
purpose of formation-constant determination, EL’ is 
usually given by 

E;s = s,log{x,} = s,logy, + Sk log&] (6) 

Some program@ assume that both the liquid- 
junction term, E,)‘, and the activity coefficient of the 
electrode ion, yk, are constant. The resulting electrode 
equation is 

where 

E, = E;,.,’ + s,log[X,] (7) 

Erst = E; + s,logy, + E,U. 

Others’-” assume that yk is constant and that Ep 
is a linear function of the free proton and hydroxide 
ion concentrations. The electrode equation is thus 

Ek = .Y’ + +Jog[x,l + dX,I + Kv~m/[X~l (8) 

where EP,” = Ei + s,logy,. 

Electrode selectivity 

None of the above programs accommodates the 
well-known effects of interfering ions. It is possible 
to extend the useful range of detection by several 
orders of magnitude if these effects can be taken 
into account. However, the simple Nikolskii” 
equation (9), 

KY = &log({XJ + &,{XJ) (9) 

often invoked to describe how the electrode response 
is ultimately dominated by the interfering ion, is 
unsatisfactory for this purpose. This is because it 
describes a very sharp transition in response whereas, 
in fact, the change is generally much more gradualI 
As a result, even if equation (9) is used in an entirely 
empirical way, corrections in the region that is most 
important, i.e., when the effect is first manifest, can 
never be more than a very small fraction of the effect 
itself. 

At least in the case of glass electrodes, the behav- 
iour observed in the presence of one univalent inter- 
fering ion is better described by the Eisenman equa- 
tion:‘) 

EL’ = s,log({X,}“” + K,,{X,}““) (10) 

where tl and Kkr are empirical parameters. Although 
a corresponding general multi-ion equation has not 
been formulated, I4 this has been done in the case of 
the Nikolskii equation, leading to 

ELS = s,log({X,} + 1 KL,{X,)--k”i (11) 

where the charges z, have the same sign as zI.” For 
the purpose of titration-data simulation, we therefore 
propose that an equation of the following form 
should be used: 

Eks = s,log[{X,}“” + c (Kk,{X,}rk’--,)“z]cr (12) 

This has the advantage that equations (6), (10) and 
(11) can all be accommodated by making suitable 
choices for u and the Kk, values. 
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Liquid-junction potential 

It is common for the liquid-junction coefficients of 
equation (8) to be obtained empirically. An extension 
which reduces to this linear form at low concen- 
trations of acid is that derived from the Henderson 
equationI by Biedermann and Sillen.’ It has the form 

Ei” = --(RT/F) In (1 + d[X,]/Z) (13) 

where I is the concentration of the background 
univalent electrolyte. This equation has been used to 
correct for liquid-junction potential changes in the 
calibration of glass electrodes.” The Henderson 
equation itself, equation (14), predicts potentials 
across junctions of different univalent electrolytes at 
constant ionic strength, with reasonable success.” It 
has also been shown to be useful in calculation of 
potentials across constant-ionic-medium junctions 
through potentiometric titrations.” 

Much less is known about the applicability of the 
Henderson equation to salt bridges that have higher 
concentrations than that of the test solution, al- 
though Bates *’ has tabulated some typical values 
predicted for bridges containing saturated potassium 
chloride solution. Whilst such bridges clearly violate 
one of the principle tenets of the Henderson equation 
(namely that activity coefficients remain constant 
across the junction), they do serve to reduce the size 
of the junction potential, thus making relative errors 
in its characterization less significant. However, it 
remains to be seen whether the equation can be used 
effectively to simulate changes in the liquid-junction 
potential when high-concentration salt bridges are 
involved. 

Although equation (14) predicts absolute liquid- 
Junction potentials, these can be observed experi- 
mentally only as a difference in potentials. It is 
conventional to have this difference increasingly 
manifest towards the extremes of pH. 

This property can be preserved by definmg Ey as 
follows. 

ELJ = EL" _ EL-h 
k !, r( (15) 

where E:“J is the liquid junction potential [calculated 
from equation (14)] between the bridge solution and 
a solution containing the bridge ions only (i.e., at pH 
7) at the reference ionic strength (i.e., that at which 
the electrode constants Ef”““’ and q are applicable). 
This results in a calculated Ek’ that tends to a 
constant value (usually small or zero) as the pH tends 
to 7. Note that with a “constant ionic strength” 

bridge, i.e., one containing electrolyte ions of the 
same type and concentration as the background 
medium, Ep = 0 and its size increases with the 
concentration of the bridge electrolyte. The advan- 
tage of equation (14) for the purpose of simulating 
titration data is that its general form permits further 
investigation of liquid-junction-potential phenom- 
ena. yet, by an appropriate choice of the ionic 
conductivities for each ion, it can be used to accom- 
modate the simpler equation (13) when that is applic- 
able. For example, with univalent electrolytes and a 
constant-ionic-strength junction of the type 

I(AB) II [X,I(HB),I(AB) 

equation (14) reduces to equation (13), with 

d = (I.,, - &)I(& + &). 

There is evidence that liquid-junction potentials cal- 
culated from the Henderson equation are generally 
overestimated, especially for high ionic-strength 
bridges. 2’.‘2 However, for any given background- 

electrolyte and salt-bridge concentrations, there is 
often only one ion that has an appreciable effect on 
changes in the liquid-junction potential.‘3 Hence, for 
junctions involving H +, AH can be empirically ad- 
justed, either at the level of equation (13) or at that 
of equation (14). 

Actirit_y coeficients 

For the calculation of activity coefficients the most 
common extension to the Debye-Hiickel formula has 
the form 

(15) 

where c is an empirical constant. Guggenheim24 
simplified this by choosing h = l/B and, under this 
condition, DaviesZs proposed that c = 0.3Az2. The 
latter proposal is the IUPAC recommended equation 
for formation-constant work’” and is widely used 
in geochemical equilibrium calculations.27.2* Others 
have used Kielland’s29 values for d and empirically 
determined values for c.~‘,~’ 

Equation (16) seems a particularly sensible choice 
to incorporate in a computer program since the 
parameters d and c for each ion can be chosen such 
that all of the approaches above can be accommo- 
dated. The constants A and B can be calculated 
within the program from 

A = 1.8249 x lO”/D’, B = 50.293/D 

where 

D = (3686.2~I”- 135.15Z-)“2. 

Although the coefficients depend on the particular 
values chosen for the dielectric constant of water, 
these formulae yield results which are more than 
adequate for the present purpose over the tem- 
perature range O-100”. 
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At low concentrations of background electrolyte, 
variations in ionic strength occur during a titration, 
owing to changes in complexation. By using equation 
(16), corrections should be made to all the formation 
constants at each titration point so that they refer to 
the calculated ionic strength at the point. Corrections 
of this kind over a large range of ionic strength (say, 
from I = 0.0 to 0.2) may not be adequate in precise 
potentiometric work; however, in the majority of 
cases, variations in ionic strength, although 
significant, are su~~iently restricted to ensure that 
corrections with equation (16) are wholly saiis- 
factory. 

Conversion into thermodynamic constants 

Equations (2), (12) and (14) require “thermo- 
dynamic” values of the parameters & E,“, K,,, 2; and 
A::, i.e., those that are defined with respect to a 
standard state based on reactions occurring at infinite 
dilution in water at zero ionic strength. However, it 
is established practice to work with conditional con- 
stants (I/?,, ‘Ei. ‘Kkr. ‘A:, ‘2.:) which refer to some 
other ionic strength (I). Such constants, therefore, 
need to be converted into the corresponding thermo- 
dynamic values in the following way: 

‘I, is defined as in equation (4). 
Expressing equation (12) in terms of concen- 

trations, and rearranging, yields 

EiS = qlog’y, 

Hence, the supplied value of ‘I$ and the ion- 
selectivity coefficients are converted into thermo- 
dynamic values as follows. 

El = ‘E; - s, log ‘vk 

K,, = ‘Kd~&,)l”~‘~) 

The supplied ionic conductivities to be used in the 
calculation of EkJ are treated similarly: 

parameter (such as u,, & C;, C$,, or 7’:) can be 
calculated. Consequently, the procedures for solution 
of the m.b.e. falls into two categories. In the first, 
these equations are solved for NC free concentrations 
without any reference to the electrode equation. The 
electrode potential can subsequently be obtained by 
substitution into equations (S), (12) and (15). In the 
second category, it is necessary to solve the electrode 
equation to obtain the free electrode-ion concen- 
tration, [x,J, (given an observed potential, &), before 
solution of the m.b.e. Solving the electrode equation 
for [x,) requires a knowledge of ail the free concen- 
trations so it is necessary to implement an iterative 
solution of this equation and the m.b.e. 

A Newton-Raphson procedure is generally the 
most efficient way to solve the m.b.e. The correspond- 
ing set of linear equations has the form 

AS=& (17) 

where 

A,m = F=;;Ti’li. 

m=l I.‘., NC: i=l ,.a.* NC. 

s,, = AX;, = shift to mth unknown = .u;+’ -.x2. 

h, = T:(F) - T$?‘), 

and 
z” = ,,th iteration estimate of the unknowns. 

The equations can be set up in terms of the 
absolute values of unknowns except for the free 
concentrations, [XI], and formation constants, p,, for 
which natural logarithms are more convenient. The 
equations (17) can then rapidly be solved by forward 
and backward substitution using the Gout factors 
for A (obtained by using partial pivoting).j2 Scaling 
of the shift vector Z is only required when particularly 
large shifts are predicted or if 6’.b increases. If a 
failure in the Newton-Raphson procedure occurs in 
those tasks for which the only unknowns are free 
concentrations, the slower but more robust secant 
method13 can he used to solve the equations. 

a; = ‘Ayy:; a; =‘a;,$; Initial estimates 

Whether Debye-Htickel corrections are to be invoked 
or not, only conditional constants thus need to be 
supplied by the program user. In either case, the same 
values (say, for electrode potential) are calculated for 
any point in the titration which actually has the 
reference ionic strength. 

So&ion qf mass-balance equations 

The NC mass-balance equations (m.b.e.), equation 
(11, can, in principle, be solved for any NC unknowns 
as long as all remaining parameters are known. In 
particular, there are NC free concentrations that can 
be determined. On the other hand, if one of the free 
concentrations has been measured experimentally, 
the remaining free concentrations and one other 

It is well known that the efficiency of the 
Newton-Raphson method is considerably improved 
if good initial estimates can be obtained for the 
unknowns. Here, there are two classes of unknowns 
to consider. The first consists of the free concen- 
trations of the components. Unless such concen- 
trations can be obtained from electrode equations, 
they are very difficult to estimate. Secondly, there are 
those unknowns which are experimental parameters 
such as total titrand and titrant concentrations and 
titration volumes. Formation constants can also be 
included in this class. Generally it is possible to 
estimate reasonable initial values. 

At the first and second points, initial estimates for 
the unknowns of the second kind can readily be 



Table 1. Formation constants used in 
the simuiations~6 

Species fog B ~_-.I__. 
I. OH - 13.380 .-- 
2. HCys 10.110 
3. H,Cys 18.078 
4. H,Cys 20.050 
5 ZnCysz 17.905 
6. ZnHCys 14.604 
7. ZnHCys? 24.114 
8. Zn,Cys, 42.278 
9. Zn,HCys, 48.313 

10. Zn,H$Jys, 54.082 

provided from the experimental values. If measured 
electrode potentials are available, initial estimates of 
the corresponding free electrode-ion concentrations 
can readily be calculated from the simple electrode 
equation (7). At the first titration point, estimates of 
the other free concentrations can be obtained from a 
proportional formula of the kind used in COMICS34 
and ECCLES.IS Initial estimates for these concen- 
trations at the second point can then be taken as the 
values obtained for the solution of the equations at 
the first point. 

Initial estimates of all parameters at the third and 
each subsequent point of a titration are best obtained 
by linear extrapolation of the solution from the 
previous two points. This can, in principle, be based 
on the change in either the observed electrode poten- 
tials or the titration volumes. Experience has shown 
that, when they are availabLe, the potentials are the 
more effective, It is found that the number of 
Newton-Raphson iterations required to solve the 
m.b.e. at each point can be reduced by as much as 
50% by this technique, compared with one which uses 
the solution of the previous point for the initial 
estimate. As storage and extrapolation of two pre- 
vious solutions mvolves considerably less work than 
the application of a number of Newton-Raphson 
iterations, a correspondingly marked decrease in exe- 
cution time is obtained. Quadratic extrapolation has 
also been investigated but proved to be less satis- 
factory, in part because the extra calculation over 
three points does not always lead to a decrease in the 
number of Newton-Raphson iterations required to 
solve the m.b.e. 

RESULTS AND DISCUSSON 

The ability to apply the more general electrode 
equation [see equations (5), (12) and (15)J and to 
correct for activity changes, forms the basis of a 
generalized computer library called ESTA (Equi- 
librium Simulation for Titration Analysis) which is 
currently being developed in this department.* The 

copies of these programs by writmg to PMM. 

~~~_.-.--_.-__-_~ 

*Interested readers can obtain details of how to acquire 

Table 2. Initial volumes (ml), concen- 
trations (M), electrode parameters (mV) 

and sekctivitv narameters used 

Titration 
&‘CYS zn/cys 

20.0 0.055 20.0 0.050 

0.015 - 0.015 0.014 
0.15 0.15 
0.125 0.102 
0.2 0.2 

0.35 0.15 0.15 0.35 

400.0 400.0 
61.54 61.54 

3.27 3.27 
4.17 x 10-16 4.17 x IO-‘6 
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major objective of this project is to provide a flexible 
computing tool for investigating phenomena associ- 
ated with chemical interactions in solution and for 
their quantitative characterization. 

Although liquid-junction potential, sodium-ion 
interference and activity changes have long been 
individually characterized, they have been widely 
neglected in the context of poten~ometric titrations. 
As no computer program for analys~ng titration data 
has hitherto incorporated all of these corrections, 
their importance has been difficult to assess and, as 
a result, has tended to be ignored. To illustrate the 
extent to which each effect is typically manifest in 
many titrations of practical importance, two simu- 
lations have been performed. These relate to the 
dete~ination of proton and zinc formation con- 
stants of cysteine. 36 The titration conditions and 
parameters are shown in Tables 1-3. The Davies 
equation” was used to simulate activity-coefficient 
changes. Values for the formation constants, ionic 
conductivities and sodium-eon selectivity parameters 
were estimated from the literature, unless otherwise 
indicated. 

The results of the simulations are shown in Tables 
4 and 5. Dist~butions of the complexes during the 
titrations, as a percentage of total cysteine and total 

Table 3. Ionic conductivities 

Constant-I Satd. KCI 
bndge (I= 0.15) bridge (I = 4.2) 

kidge Na 
-~___ 

53 - 
K - 36 
Cl -83 -39 

Test Na 53 53 
solution K - 81 

Cl -83 -83 
CYs -10 -10 
Ii 375 125* 
OH -200 - 100* 

*Empirical values estimated ex~~mentaliy.37 
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Table 4. Simulated liquid-Junction potenttals, sodium-ion Interference 
and tonic-strength changes for a typical cystemate protonation 

titration 

Volume O<, of total Cys 
added. m species I p.’ , ‘EL’. E”‘. I, 

ml -log:H: 2 3 4 mV mV mV M 

0.0 1.92 0 40 60 -5.5 0.7 0.0 0.150 
0.4 2.02 0 46 54 -4.4 0.8 0.0 0.150 
0.8 2.14 0 53 47 -3.3 0.8 0.0 0.150 
1.2 2.29 0 61 39 -2.4 0.8 0.0 0.150 
1.6 2.49 0 71 29 -15 0.9 0.0 0.150 
2.0 2.78 0 83 17 -0.8 0.9 0.0 0.150 
24 3 52 0 96 4 -0.1 0.9 0.0 0.150 
2.6 6.94 7 93 0 -0.1 0.9 0.1 0.151 
2.8 7.49 20 80 0 -0.2 0.8 0.2 0 153 
3.2 8 02 46 54 0 -0.4 0.8 0.3 G. 156 
3.6 8.49 71 28 0 -0.7 0.8 0.4 0.160 
4.0 9.15 85 8 0 -0.9 0.7 0.6 0.163 
4.4 9.79 72 1 0 - 1.0 0.7 0.9 0.169 
4.x 10.21 50 0 0 - I.1 0.7 1.2 0.175 
5.2 10.58 30 0 0 - 1.1 0.7 1.6 0.180 
6.0 11.19 10 0 0 -05 0.7 2.4 0.187 
6.8 11.51 5 0 0 05 0.8 3.0 0.193 
7.4 11.65 4 0 0 1.1 0.9 3.4 0.196 
7.8 11.72 3 0 0 1.6 0.9 3.6 0.199 

zinc respectively, are also given. The magnitude of 
changes in ionic strength that commonly occur in 
titrations of this kind can be seen, emphasizing the 
need to correct formation constants to the appropri- 
ate ionic strength at each point. Secondly, the effect 
of sodium ion interference towards higher pH (Es”), 
even at the concentrations which occur in these 
titrations, is significant. Moreover. as temperatures 
and sodium-ion concentrations increase. this effect 
will increase dramatically.3x It is thus interesting to 
note that corrections of this kind are also important 
when higher concentrations of background electro- 
lyte are employed to minimize ionic-strength and 

liquid-junction potential changes. For example, in 

3.OM sodium perchlorate at 25 , errors of 1.0 mV 
may occur at pH values as low as 8. 

The tables also show the liquid-junction potentials 
calculated from the Henderson equation for both 
constant ionic strength (‘I?‘) and saturated potas- 
sium chloride (‘EL’) bridges. For titrations at these 
ionic strengths it is evident that constant-ronic- 
strength bridges may give rise to significant and 
somewhat irregular changes in liquid-junction poten- 
tials over the whole pH range. This is due to the 
opposing effects of hydrogen and hydroxide ions on 
the one hand and the steadily increasing concen- 
tration of sodium on the other. The saturated potas- 
sium chloride bridges are much less problematical in 

Table 5. Stmulated liquid-Junction potentials, sodium-ton interference and ionic- 
strength changes for a typtcal zmc cysteinate titratton 

Volume 
added, 9, of total Zn in species ‘EU, ZEL’ p.%’ 

L 
ml -log{Hj 5 6 7 8 9 10 mV mV’ rni M 

0.0 2.04 0 0 0 0 0 0 -2.1 1.1 0.0 0.164 
0.4 2.17 0 0 0 0 0 0 - 1.7 1.1 0.0 0.164 
0.8 2.33 0 0 0 0 0 0 -0.7 1.1 0.0 0.164 
1.2 2.54 0 0 0 0 0 0 0.2 1.1 0.0 0.163 
1.6 2.88 0 0 0 0 0 0 0.9 1.1 0.0 0.163 
2.0 3.93 0 3 0 0 0 0 1 5 1.1 0.0 0.162 
2.4 4.87 0 15 1 0 0 4 1.3 I 1 0.0 0.160 
28 5.07 0 15 3 0 2 14 1.1 1.1 0.0 0.159 
3.2 5.25 0 14 4 1 5 23 0.8 1.0 0.0 0.157 
3.6 5.44 1 I1 5 2 10 29 0.6 1.1 0.0 0.157 
4.0 5.68 1 8 5 6 18 28 0.4 0.9 0.1 0.156 
4.4 6.00 2 5 5 17 25 19 0.2 0.9 0.1 0.157 
4.8 6.55 4 2 3 46 18 4 -0.1 0.9 0.1 0.160 
5.2 10.70 6 0 0 72 0 0 0.1 0.9 1.7 0.164 
6.0 11.39 6 0 0 72 0 0 1.2 1.0 2.7 0.170 
6.8 1163 6 0 0 71 0 0 2.2 1.0 3.2 0.175 
7.4 11.74 6 0 0 71 0 0 2.8 1.1 3.5 0.179 
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this respect. Thus, a choice must generally be made 
between the better characterized constant-ionic- 
strength bridge and the smaller, but not so well 
characterized, effects of saturated potassium chloride 
bridges. In either case, more experimental work is 
probably required to match the values of these par- 
ameters to the accuracy of modern research poten- 
tiometers. However. it is clear that with saturated 
potassium chloride bridges, under normal circum- 
stances, errors from changes in the liquid-junction 
potential are likely to be much less than those arising 
from other sources.3” They do not, therefore, justify 
the use of pH buffers4’ in preference to internal 
calibration of glass electrodes. 

As is well known, the values of liquid-junction 
potentials and single-ion activity coefficients calcu- 
lated as described here do not have any absolute 
significance. They cannot be measured experi- 
mentally and, as a corollary, they cannot, in 
themselves, be meaningfully interpreted in any data 
analysis. However, the effects of dzflerences in these 
quantities can have an experimental reality and thus 
can validly be taken into account, either theoretically 
or empirically. 

Although the approaches developed in this paper 
allow for large changes in liquid-junction potential, 
ionic strength and sodium-ion interference, it obvi- 
ously remains desirable to design experiments which 
minimize these effects whenever possible. Never- 
theless, it is envisaged that programs which apply 
such corrections will help to establish the extent 
to which titration conditions can be extended 
beneficially. This will permit a wider variety of equi- 
librium systems to be satisfactorily characterized. A 
major advantage in this respect will lie in the ability 
to integrate and quantify, simply and rapidly, ex- 
pected effects in the actual context of each application. 

This will provide an insight, for the system under 
investigation, which has hitherto often proved elusive 

in practice. 
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Summary-Two methods for the determination of polyethylene glycols (PEGS) in aqueous solution by 
precipitation with iodine have been developed. For PEGS with molecular weight 4 x lo’-2 x IO” the excess 
of iodine is titrated with thiosulphate, and for PEGS with average m.w. > 2 x lo4 turbidimetric 
measurement is used. Both methods are relatively simple and give accurate and reproducible results. 

Polyethylene glycols (PEGS) are non-toxic water- 

soluble polymers of ethylene oxide which have found 
wide application in the pharmaceutical,’ biomedical’ 
and many other sciences3 Most methods for their 
determination are based on precipitation of the 
Ba-PEG complex with sodium tetraphenylborate 
and determination of the precipitate by gravimetric4 
potentiometric5 coulometric6 or thermometric’ anal- 
ysis. The precipitates formed by the Ba-PEG com- 
plex with silicotungstic or phosphomolybdic acid can 
be determined gravimetrically’ and the phos- 
phomolybdic acid precipitate has also been deter- 
mined calorimetrically.’ Turbidimetry has been used 
for determination of the PEG-tannic acid 
precipitate” and of that of the Ba-PEG complex with 
trichloroacetic acid,’ and nephelometry for the pre- 
cipitate formed by reaction of PEG with Nessler’s” 
or Mayer’s’* reagent. The oxidation of PEG with 
dichromate in acid solution’0,‘3 and splitting of the 
ether function with hydriodic acidI have also been 
used for the determination of PEGS. 

We have developed two new and simple methods 
based on the reaction of PEG with iodine. In the first, 
the excess of iodine is titrated with thiosulphate after 
removal of the I,-PEG precipitate, and in the second 
the turbidity of the I,-PEG suspension is measured 
photometrically. 

EXPERIMENTAL 

Reagents 

PEGS (Hoechst, Brussels), m.w. 20&20000, were “DAB 
8” grade. I5 The other reagents were of analytical-reagent 
grade. 

Iodine (I,) solution, O.MM. Made by dissolving 3.173 of 
iodme in a solution of 6.34 g of potassium iodide m about 
50ml of water and making up to 250ml with water, and 
standardized with 0.1 A4 sodium thiosulphate. 

Sodium thiosulphate solution, 0.1 M. Standardized by 
titration with potassium bromate. A O.OlM solution was 
made by appropriate dilution. 

*To whom all correspondence should be addressed. 

Apparatus 

The turbidity of the I?-PEG suspension was measured 
with a single-beam Coleman 55 spectrophotometer. 

Procedures 

Determination of iodine excess after filtration. Pipette 
10 ml of PEG solution (10&200 mg/l.) into a 25-ml 
Erlenmeyer flask. Add 2 ml of 0.05M I, solution and mix 
carefully. Add 6 ml of 3M sulphuric acid and mix again. 
Filter off the precipitate on about 150 mg of glass wool 
placed on top of a sintered-glass filter (pore diameter 
20-4Okm) and collect the filtrate in a 50-ml Erlenmeyer 
flask. Rinse the 25-ml flask and the glass wool with two 
IO-ml portions of 1M sulphuric acid and combine these with 
the filtrate. Titrate the iodine in the filtrate with O.lM 
thiosulphate, adding 1 ml of 1% starch solution near the end 
of the titratton. 

Determination of iodine excess after centrifugafion. Pipette 
5 ml of the PEG solution into a dry IO-ml centrifuge tube. 
Add 1 ml of O.OSM I, solution and 3ml of 3M sulphuric 
acid, mixing after each addition. Centrifuge for 5 min and 
pipette 3 ml of the clear supernatant liquid into a 50-ml 
Erlenmeyer flask. Add 20 ml of 1M sulphuric acid and 
titrate with O.OlM thiosulphate, adding 1 ml of 1% starch 
solution near the end of the titration. _ 

Turbidity of the 12-PEG suspension. Pipette 25 ml of 0.0 1 M 
I, solution into a 50-ml beaker and add 5 ml of PEG 
solution (60-3000 mg/l.) dropwise, with vigorous magnetic 
stirrine during addition of the PEG solution and for 3 min _ I 

more. Then immediately transfer part of the suspension into 
a l-cm glass cuvette and measure the absorbance at 750 nm 
after 5 min. 

RESULTS 

Titration method 

On addition of iodine to a PEG solution a green 
(300 < m.w. < 2000) or brown (4000 < m.w. < 20000) 
precipitate is formed,16 and becomes blue-black on 
acidification with sulphuric acid. The supernatant 
liquid is clear yellow and the iodine in it can be 
titrated with thiosulphate, with starch as indicator. If 
the titration is done in the presence of the precipitate 
an easily seen end-point is obtained, but within a few 
seconds iodine is released from the precipitate and the 
starch-iodine colour reappears. Very slow titration 
shows that all the iodine present can be released from 
the complex. It is therefore necessary to remove the 
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Table 1. Determination of PEGS by preclpitatlon with 1,; parameters of 
the linear relation J’ = a + bx (_v = mole of Iz and .Y = mg of PEG) 

Filtration method Centrlfugation method 

PEG Slope f SD. Intercept f S.D. Slope & S.D. Intercept f SD. 

400 4.58 + 0.14 - 4.0, * 0.5, 
4000 10.43 k 0.23 1 .o, * 0.7, 10.25 * 0.25 o.32 k 0.4, 
6000 10.39 + 0.49 O.l,+ 1.6, 9.87 f 0.26 1.2, f 0.4? 

10000 10.28 + 0.18 -0.1, + 0.6, 9.72 f 0.25 1 .o, + 0.4, 
20000 10.51 f 0.30 - 1 .o, + 0.9, 10.40 & 0.33 -0.5, * 0.5, 

precipitate before the titration. The initial precipitate 
(before acidification) is so finely divided that it can 
only be separated by centrifugation at high centrifu- 
gal force, but the floes formed by addition of sul- 
phuric acid can be separated easily by filtration or 
centrifugation (at low centrifugal force). 

The amount of iodine bound is linearly related to 
the amount of PEG. The regression equation data are 
summarized in Table 1. The reaction is much less 
sensitive for PEG 400 than for the PEGS of higher 
m.w. A t-test was applied to compare the regression- 
line slopes obtained for the filtration and centrifu- 
gation methods. The variance of the differences be- 
tween the four pairs of slopes was 0.0398 and the best 
estimate of the population standard deviation was 
0.23. The calculated t-value of 2.97 was smaller than 
the tabulated t-value of 3.182 (3 degrees of freedom, 
P = 0.05); the slopes were thus not significantly 
influenced by the separation method. The titration 
results were analysed statistically in more detail ex- 
cept for PEG 400 (excluded because it reacts very 
differently). Factorial analysis of variance” was ap- 
plied to determine the influence of the following three 

factors on the amount of iodine bound to the PEG 
(pmole/mg): 

M. 

S, 

C. 

the average molecular weight of the PEG 
(4000, 6000, 10000, 20000); 
the method of separating the precipitate 
(filtration or centrifugation); 
the concentration of the initial PEG solution 
(100. 200, 300, 400 or 500 mg/l.). 

In all the determmations 0.2 ml of 0.05M Iz solution 

was added per ml of PEG solution. There were 40 
combinations (2 x 4 x 5) and each combination was 
executed twice, so 80 results were obtained. 

The results of the analysis are summarized in Table 
2. The variance estimates associated with the second- 
order (M-S-C) and first-order interactions (M-S, 
M-C and S-C), the separation method (S) and the 
PEG concentration (C) are not significantly greater 
than the residual variance estimate (P = 0.05). These 
results are in agreement with the conclusions drawn 
from the data in Table 1, where the linear relation 
indicated a constant IJPEG ratio and a t-test indi- 
cated that the slopes were not influenced by the 
separation method. However, the variance estimate 
associated with the molecular weight of the PEGS is 
significantly greater than the residual variance esti- 
mate (at P = 0.01). Since the separation method and 
the PEG concentration have no influence on the 
I?/PEG ratlo found, all results obtained for one 
specific PEG molecular weight were considered to 
belong to the same population. Thus 4 populations, 
each containing 20 results, were obtained (see Table 
3). The “Studentized Range Procedure”‘* was used to 
see which means differed from the others. The pooled 
variance 

i 

r=i 

P=-&- 1)s: 1 (n,-k) 
,=I 

was 0.421 and the “So,;, allowance” for n, samples and 
n, methods 

Table 2. Factorial analysis of variance to assess the influence of various 
parameters on the I,/PEG ratlo (pmole/mg) 

Source of 
variance 

Sum of Degrees of Variance 
squares freedom (df) estimate 

M* 6.264 
St 0.160 

C: 1.367 
M-S 1.424 
M-C 2.607 
s-c 1.041 
M-S-C 6.743 

3 2.088 4.86711 
I 0.160 0.37311 
4 0.342 0.79711 
3 0.475 0.9739 

12 0.217 0.4455 
4 0.260 0.5335 

12 0.562 I .207 

F Probability 

--P = 0.01 

NSl 
NST 

NST 
NW 
NST: 
NSf 

Residual 18.628 40 s’ = 0.4669 

*Molecular weight of PEG. 
TSeparation method 
$PEG concentration m solution. 
0.~’ = 0.488 (df = 52), calculated successively according to Moroney. 
l),s2 = 0.429 (df = 71). calculated successively according to Moroney. 
TNot slgmficant. 
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Table 3. I,/PEG (mole/mg) and EOU/I, 
(mole/mole) ratios as a function of the PEG 

molecular weight 

PEG m.w. 4000 6000 10000 20000 
I, /PEG (mole lma ) 

-’ mean* 10.3 10.1 10.4 10.0 

SD 0.55 0.84 0.53 0.63 
cvt 

means 
SD 

5.1 7.9 5.1 
EOU/I, (mole/mole) 
2.11 2.12 2.18 
0.11 0.17 0.11 

6.3 

2.26 
0.14 

*Any two means underscored by the same line 
do not differ statistically at P = 0.01 (1% 
allowance = 0.56). 

tcoefficient of variation. 
§Mean and standard deviation of 20 deter- 

minations. 

was 0.54 (Q = 3.74 for 76 degrees of freedom and 
P = 0.05). In Table 3 any two means underscored by 
the same line do not differ statistically at P = 0.05 
(difference smaller than 0.54). The I,/PEG ratios for 
PEG 4000,600O and 10000 do not differ at P = 0.05. 
The I,/PEG ratio for PEG 20000 is significantly 

smaller (P = 0.05) than the ratio for PEG 4000 and 
6000 but does not differ from the ratio for PEG 
10000. The EOU/I, molar ratios of the different 
PEGS are summarized. The EOU (ethylene oxide 
unit) concentration for a given quantity of PEG is 
calculated as weight of PEG per mole of EOU. The 
ratio is 2 for PEGS 4000< m.w. < 20000, but 6 
for PEG 400 (not included in Table 3) at PEG 
concentrations greater than 300 mg/l. 

Turbidity method 

As already mentioned, the I,-PEG precipitate is 
very fine, so the particles settle slowly. Therefore 
turbidimetric measurement of the I,-PEG suspension 
was investigated, but only for the PEG 20000 (which 
is frequently used in our laboratory). The absorbance 
was measured at 750 nm because iodine at the con- 
centration in the assay mixture (about 8.3 x 10-3M) 
does not absorb light at this wavelength. For re- 
producible absorbances to be obtained the sus- 
pension has to be formed by adding the PEG solution 
dropwise to the iodine solution and not vice versa. 

The absorbance was recorded as a function of time, 
after the initial standing time of 3 mitt, and Fig. 1 
shows that the absorbance (measured for an optical 
path through the lower part of the cuvette) increases 
with time, on account of sedimentation. Hence the 
absorbance must be measured at a fixed time after 
transfer of the suspension into the cuvette. The 
reproducibility of the absorbance for five different 
PEG concentrations was studied; the absorbance was 
recorded immediately after transfer to the cuvette and 
after a time-lapse of 5 min. Each measurement was 
duplicated. An F-test (F = 31.2) indicated that the 
variance of the differences between duplicates is 
significantly smaller (P = 0.01) for the absorbances 
measured after 5 min. 

0 30 k 
I I I 

0 50 100 150 

Time (mm) 

Fig. 1. Absorbance of an 12-PEG suspension at 750 nm, as 
a function of time. 

The calibration graph is linear over the range 
60-24OOmg/l. in the final solution, which is much 
wider than that for the nephelometric determination 
of PEG 4000 with Nessler’s reagent” (20-80 mg/l.) 
and the turbidimetric determination of the 
PEG-tannic acid precipitate (20-34 mg/l.). The 
results indicate that the turbidimetric method gives a 
simple and accurate determination of PEG 20000. 

CONCLUSIONS 

A novel, simple and rapid method for the accurate 
determination of PEG with iodine is presented. Only 
simple equipment is needed for the titrimetric 
method. In the turbidimetric method the order of 
addition of the reactants is important and so is the 
time-lapse between filling the cuvette and reading the 
light intensity. The concentration range for linear 
response is larger than for other methods. 

In contrast to other methods in which the EOU/I, 
ratio found is 6, the ratio found here is 2; no 
explanation can be offered for the difference. An 
EOU/I, ratio of 6 was also found, but only for PEG 
400 at concentrations > 300 ml/l. 
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Summary-Thin-film XRF and ICP-AES analytical procedures for the determination of the rare-earth 
elements (REE) in rocks, involving preconcentration by ion-exchange and co-precipitation with Fe(OH), 
for thin-film preparation, and matrix modification, are described. The REE in five international reference 
rocks have been determined, with correction for spectral line overlap whenever necessary. The results 
obtained by using X-ray fluorescence spectrometry compare well with those of Inductively-coupled plasma 
atomic-emission spectrometry, and with other values reported in the literature. 

Several techniques have been used for determining 
the rare-earth elements (REE) in geological samples 
at the ppm level. Both inductively-coupled plasma 
atomic-emission spectrometry (ICP-AES)‘” and 
electrothermal atomic-absorption spectrometry 
(AAS)’ have been used for REE determinations. REE 
values determined by other techniques, such as 
neutron-activation analysis (NAA)” and mass spec- 
troscopy (MS)9 have also been documented. 

X-Ray fluorescence (XRF), available in many 
analytical laboratories, has also been used for REE 
determinations,“,” but matrix effects and line inter- 
ferences are two of the major problems associated 
with REE determinations by this method. To cope 
with these problems, a thin-film technique was in- 
vestigated in our laboratories, with Lu(OH), as an 
internal standard and Fe(OH), as the carrier for 
preconcentration. This, combined with a matrix 
modification, improved the sensitivity, accuracy and 
precision of the determinations. 

The thin-film technique has long been used in XRF 
analysis. Gunn12 demonstrated the linear relationship 
between fluorescence intensity and concentration of 
various elements in the thin film. Chung13 examined 
the effect of the thickness of thin films on matrix 
effects. The great success of the technique is attrib- 
uted to the reduction of matrix effects by use of the 
thin film and to the efficiency of preliminary separ- 
ation and quantitative recovery of REE, using an 
internal standard and co-precipitation, similar to 
Miller’sI procedure using fluoride precipitation. 

The most important step in the procedure is the 
ion-exchange separation, in which the REE are sep- 

*Current visiting Research Fellow from Baiyin Mining and 
Metallurgical Research Institute, Lanzhou. China. 

tTo whom correspondence should be addressed. 

arated from major elements in the rocks prior to 
XRF determination. According to the distribution 
coefficients for 5OW-X8 resin,‘s.‘6 most rock-forming 
cations [Fe(III), Ti, Al, Ca, Mg, Mn(II), Na, K] and 
some other heavy metal ions [Cu(II), Ni, Co, Cr(III), 
Zn, Cd, Ga, In, Tl, Bi, Au, Hg(II), Pb, U and v] are 
eluted quantitatively by 1M hydrochloric acid, 2M 
nitric acid and 1M sulphuric acid. 

This paper presents a procedure suitable for deter- 
mination of REE by ICP-AES or the XRF method. 
It involves sample decomposition by fusion with 
sodium peroxide and hydroxide, and separation of 
the REE by ion-exchange. For the XRF deter- 
mination a further preconcentration by co- 
precipitation with Fe(OH), and production of a thin 
film on a Millipore filter is necessary, but this is not 
required for the ICP-AES method. Results are given 
for five international reference samples and compared 
with other published values. 

EXPERIMENTAL 

Apparatus and operating parameters 

For XRF determinattons a Siemens sequential SRS-1 
X-ray fluorescence spectrometer with ten-position sample 
changer was used. Between the primary and secondary 
beams home-made extra apertures were installed to mask all 
but the radiation from the 16-mm diameter sample surface. 

For ICP-AES determinations a 34-channel direct-readmg 
Applied Research Laboratories ICP spectrometer, which 
contamed 6 REE channels for comparison with the XRF 
results, was used. The instrumental parameters are sum- 
marized in Tables 1 and 2. 

Ion-exchange columns. All ion-exchange columns pre- 
pared in the laboratory were made of borosilicate glass 
tubes (18 mm bore, I70 mm long) with a reservoir at the top 
(57 mm diameter, 130 mm long, ca. 330 ml volume). 
Bio-Rad AC 50 W-X8 polystyrene cation-exchange resin 
(ca. 22 g). 2oo-400 mesh, was used in the hydrogen form. 
A flow-rate of l-2 ml/min was obtained by constricting the 
plastic outlet tube (0.7 mm bore) with a screw-clamp. 
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Table 1. XRF Instrument parameters 

X-Ray spectrometer SIEMENS SRS-I 
X-Ray generator: CRYSTALLOFLEX 4 type H4 
X-Ray tube target: Au 
Power: 40 kV; 60 mA 
Collimator: 0.15’ divergence 
Analysmg crystal LiF (220) 
Detector: F.P.C. with P 10 gas 
Counting time. fixed time, 60 set 
Pulse height selection: x.517 v 
Sample changer. IO-position, under vacuum 

Reagenrs 

The eluents used (1M and 5.5M hydrochloric acid, 2M 
nitric acid and 1 M sulphuric acid) were made by dilution of 
the analytical-grade concentrated acids with distilled demin- 
erahzed water. 

Stock solutions of the rare earths (1000 ppm) were 
prepared from the high-purity oxides (Johnson-Matthey) 
and 20”” v/v mtric acid except for the cermm solution, which 
was made up with sulphuric acid (307: v/v). Mixed rare- 
earth standard solutions (containing 10 ppm of Lu and 4 
ppm of each of the rest) were prepared from the IOOO-ppm 
stock solutions and IO’, v/v hydrochloric acid (note: x”/, v/v 
means .Y ml of concentrated acid diluted to 100 ml with 
water). The Milhpore filters were either type GS with 0.22 
pm pore size or GA-6 with 0.45 pm pore size (Millipore Co., 
Bedford, Mass.. USA). All reagents were carefully checked 
for REE impurities, by applying the procedure to high- 
purity silica. 

Procedures 

Sample decomposition. The sample (1 g) was transferred 
mto a nickel crucible and mixed with 3 g of sodium peroxide 
and 3 g of sodium hydroxide. The mixture was fused over 
a Meker burner at about 600’ for 10 min and allowed to 
cool for 1-2 min. The crucible and hd were placed in a 
150-m] beaker containing 20 ml of water to leach the fusion 
cake. After 10 min. the contents of the crucible were 
transferred to a lOO-ml plastic centrifuge tube and centri- 
fuged at 2000 rpm for 5 min. The supernatant liquid was 
decanted into another IOO-ml centrifuge tube, and 1 ml of 
1% ferric chloride solution was added to ensure that any 
REE m solution would be co-precipitated with hydrous 
ferric oxide, and the mixture was centrifuged. The super- 
natant hqmd. containing most of the sodium sihcate, WS 

then discarded. The precipitates were dissolved in 10 ml of 
water and 5 ml of 6M hydrochloric acid, with heating on a 
steam-bath. The acid content of the solution was kept to a 
mmimum (2M) to avoid precipitation of any residual sihca 
The solution was then transferred to the ton-exchange 
column. 

Ion-exchunge sepurution. Once the sample solution had 
passed through, the column was washed successively with 
150 ml of 1M hydrochloric acid, 170 ml of 2M nitric acid, 

Table 2. ICP instrument parameters 

ICP spectrometer: ARL 34000 
RF generator: air-cooled, 3 kW rating, 27.12 MHz 
Incident power: 1600 W 
Torch: quartz. 18 mm outer diameter. 

two-turn coil surroundmg the torch 
Gas (Ar), coolant, 10.5 I./mm 

plasma: 1.5 I./mm 
carrier: 1.0 l./min 

Grating: 1080 rulings/mm 
Primary slit-width 20 pm 
Pre-Integration time. 25 set 
Integration time’ 10 set 
Integration cycle: 3 

120 ml of IM sulphuric acid. 120 ml of 1M hydrochloric 
acid and 300 ml of 5.5M hydrochloric acid. Between each 
acid wash, the column was washed with 15 ml of water. The 
final eluate (300 ml of 5.5M hydrochloric acid), contaming 
the REE, was collected in a 400-ml beaker. and evaporated 
to dryness on a hot-plate. The residue was dissolved in a 
small quantitity of water and 0.5 ml of IOM mtric acid. This 
solution was then diluted to approximately 100 ml with 
water, for thin-film preparation. For ICP-AES measure- 
ment, dilution to 20 ml was found to be adequate. 

Thin-film preparation for XRF. To each sample solution 
300 pg of iron(II1) (as carrier) and 50 pg of lutetium(II1) (as 
internal standard) were added for co-precipitation of the 
rare-earth elements by addition of 10 ml of concentrated 
ammonia solution to raise the pH to > 12. The thm film for 
XRF measurement was then made by filtering off the 
precipitate on a Millipore filter. A reference thin-film disk 
was made by running 5 ml of a working multi-element 
standard solution (containing 50 pg of Lu and 20 pg of each 
of the other REE) directly through the column as described 
above for ion-exchange separation, and processing the REE 
fraction as above. A blank disk, containing only the iron 
and lutetmm, was prepared by applying the whole pro- 
cedure to 1 g of pure silica. For identification of overlapping 
spectral lines, thin-film disks were prepared for the indivtd- 
ual REE. 

Constructing the calibrarron line. The REE peak and 
background intensities for a blank disk containing only 
Fe and Lu were measured and the correspondmg 
peak/background ratios calculated. Multiplication of 
measured sample and standard backgrounds by these ratios 
produced the background intensity under the peaks. 

Line overlap corrections were made by measurmg the 
mtenstty of interfering lines at the appropriate analyte 
wavelengths, for a disk containing a known amount of an 
Interfering element. This gave counts per unit quantity 
of interfering element, making it possible to subtract the 
mterfering-element count from the analyte count for the 
multi-element standard disk. An alternative is to calculate 
and subtract the amount of analyte equivalent to the 
interfering-element concentration (see Table 3). 

The final net counts obtained for the blank and the 
multi-element standard were expressed as ratios to the 
internal standard count and used to calculate calibration 
factors, on the assumption that the XRF count was a linear 
function of analyte concentration. 

By these preparation, measurement and calculation pro- 
cedures the calibration is fixed indefinitely, without any 
subsequent standard measurement. If a new batch of chem- 
icals is used for sample preparation, it is only necessary to 
prepare and measure a new blank disk. 

All XRF measurements were based on a fixed countmg 
time of 60 sec. with sequential countmg of hne and back- 
ground for each rare-earth element. The analytical lmes, 
background measurement positions and lower limit of de- 
tection (L.L.D.) are summarized in Table 4. 

ICP-AES analysis. The six rare-earth elements measured 
by ICP-AES were determmed at the followmg wavelengths 
(nm) La 398.85, Ce 394.28, Sm 442.43, Eu 381.97. Gd 
376.84. Yb 369.42. under the operatmg conditions outlined 
in Table 2. 

ICP-AES calibration was done with a series of REE 
standards prepared in 5”,, v/v nitric acid. 

Table 3. Line overlap interferences and required corrections 

Interferent Analyte apparent increase. 
Analyte ( 100 wm) wm 

Eu Pr 12.4 
Tb Yb 44 
Gd Ce 5.8 
Gd Nd 0 19 
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Table 4. Measurement positions and detection limits by 
XRF 

Background-peak 
Analyte Line 20,* degrees L.L.D., ppmt 

La -% -2.590 0.06 
Ce LPI - 1.378 0.14 
Pr LB, + 1.008 0.16 
Nd La, -2.398 0.08 
Sm LB, +0.816 0.21 
EU La, + 1.784 0.15 
Gd La, - 1.938 0.1 I 
Tb LB? +0.720 0.42 

DY LB, -0.682 0.27 
Ho LB, -0.406 0.29 
Er LII, +o.s21 0.3 1 
Yb La, + 1.250 0.14 
LU Lu, -0.730 

*Background position relative to measured peak. negative if 
background 28 lower than peak 20. 

tPeak and background countmg time is 1 min and the 95% 
confidence limtt is 20. L.L.D. from counting 
statistics = standard concentration x 3 x &/(N,, - Ns) 
where N, and Nb = total counts for peak position and 
background. 

RESULTS AND DISCUSSION 

The results for five international reference samples 
are given in Table 5. The recovery of REE by elution 
with 5.5M hydrochloric acid was found satisfactory, 
though Fe(III), Al, Si, Ca and Ni produced a small 
tail. This was not found to be serious, since Fe(III) 
was purposely added as a carrier to collect the REE. 
The interference of Ni with the Ho L/3, line was 
expected, but the problem was overcome by co- 
precipitating the REE with Fe(OH), by adding am- 
monia instead of sodium hydroxide, so that nickel 
remained in solution as the tetra-ammine complex. 
Silica particles, if present above trace level in the film, 
may present serious problems, as they do not adhere 

firmly to the filter. In that case, an additional column 
wash with 1M hydrochloric acid before the final 
elution with SSM hydrochloric acid is necessary to 
remove most of the silica in order to produce a 
perfect film. Blank level determinations made by a 
similar procedure were below the L.L.D. given in 
Table 4. 

A series of ICP-AES determinations for six rare- 
earth elements in the range S&10000 pg indicated 
100% recovery after the ion-exchange. The quantity 
of REE co-precipitated with Fe(OH), was found to 
be greater than 99.7% provided the pH of the solu- 
tion was above 12. 

All the REE were determined by XRF except Tm 

and Lu, which are usually present at sub-ppm levels 
and below the detection limits specified in this report. 
Lutetium was therefore used as an internal standard 
in this study. It has similar behaviour to the analyte 
elements, so it is more efficient than non-REE 
elements as an internal standard for correcting for 
chemical yield, mechanical losses and instrumental 
deviations. Substantial errors will only be encoun- 
tered if the lutetium in the sample is present at more 
than sub-ppm level. When the lutetium content is 
high then generally so will be that of the other REE 
and they may be determined directly without 
preconcentration. 

The lines for the determination of REE in this 
study were chosen on the basis of the spectrum 
resolution and sensitivity shown in Fig. 1, for 1 g of 
NIM-G standard rock (same disk as in Table 5). As 
can be seen, most of the rare-earth lines are well 
resolved, except Tb LB2 which is overlapped by Yb 
Lcr,, Eu Lcr, overlapped by Pr Lbz, and Gd Lx, 
overlapped by both Ce Ly, (not shown) and Nd LB,. 

The procedure allows the rare-earth elements to be 

separated from the bulk of other constituents in the 

Pr 

i i 

Gd 

Sm 

d 

Yb 

Fig. 1. XRF spectrum of REE, using NIM-G standard, scanning speed 0.5“/mm, arrows show measured 
background positions, other parameters as in Table 1. 
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rock. The accuracy of measurement of the rare-earth 
elements is improved by reducing the spectral cor- 
rection errors for both ICP-AES and XRF deter- 
mination. Matrix errors in this procedure were found 
to be negligible in comparison with the possible 
errors associated with direct analysis of geological 
material. 

The accuracy was shown to be satisfactory, by 
comparing two independent final analytical pro- 
cedures (XRF, ICP-AES), as well as two independent 
types of standard (natural and synthetic). 

The results presented in Table 5 show good agree- 
ment with those previously obtained by using either 
XRF or ICP-AES, or other analytical procedures 
such as neutron activation or mass spectrometry. 
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SHORT COMMUNICATIONS 

INDIRECT DETERMINATION OF THALLIUM BY 
DIFFERENTIAL-PULSE POLAROGRAPHY* 

ALI H. BAZZI and BRIAN R. KERSTEN 

Department of Natural Sciences, University of Michigan-Dearborn, Dearborn, MI 48128, U.S.A. 

(Rewired 6 June 1984. Revised 15 Nooember 1984. Accepted 21 January 1985) 

Summary-The method is based on the separation of T](I) as T~,HPMo,~O,,, stripping of the molybdate. 
and measurement of the peak current m differential-pulse polarography of the molybdenum. The 
calibration graph is linear over the range 2-12 ppm of thallium. The relative standard deviation is 1.2% 
(7 replicates each contammg 500 pg of thallium). The current due to reduction of the molybdenum is three 
times that for reduction of the equivalent amount of T](I) m the thallous phosphomolybdate prectpitate. 
making the indirect approach more sensitive than direct polarographic determmatton of the T](I). 

The development of new methods for determination 

of thallium is of importance because of the toxicity of 

the element.’ The polarographic behaviour of thal- 

lium in pyridine and in different buffer solutions and 
supporting electrolytes has long been investigated.‘m5 
The determination of thallium by d.c. polarography 
in succinic acid medium has been reported.h Thallium 
has been determined in the presence of large amounts 
of copper and cadmium by means of the effect of the 
adsorption of camphor on the DME.’ Other methods 
used include a.c. polarography, stripping analysis and 
differential pulse polarography.‘-” 

The present work deals with indirect determination 
of thallium by differential-pulse polarography. TI(I) 
is separated as the phosphomolybdate and the 
molybdenum and TI(I) in the preciprtate are deter- 
mined polarographically. The ratio of molybdenum 
to thallium in the precipitate has been shown to be 
6: 1.” 

EXPERIMENTAL 

Chemicals 

Stock thallium solution (I mgjml). Dissolve 1.304 g of 
pure TINO, in distilled water and dilute to the mark in a 
I-litre standard flask. Transfer to a polyethylene bottle. 

Standard thallrum so&ion (100 pg/ml). Transfer 50 ml of 
the stock solution to a 500-ml standard flask and dilute to 
the mark with distilled water. Store in a polyethylene bottle. 

Basic borate buffer. Transfer 15 ml of SOY, sodtum 
hydroxide solution to a 1-litre flask. Add about 300 ml of 
distilled water and 48.0 g of boric acid. Swirl to dissolve and 
dilute to the mark with distilled water. Store in a poly- 
ethylene bottle. The pH of this solutton is 8.9. 

Perchloric acid. 0.5M. Add 43 ml of concentrated (72%) 
perchloric acid to about 200 ml of distilled water, cool and 
dilute to 1 litre. Store in a polyethylene bottle. 

Perchloric acid, 4.OM. Add 86 ml of concentrated (72%) 

*Presented m part at the Pittsburgh Conference on Ana- 
lytical Chemistry and Applied Spectroscopy, 7 March 
1984. Atlantic City, N.J., U.S.A. 

perchlortc acid to about 100 ml of distilled water, cool and 
dilute to 250 ml. Store in a polyethylene bottle. 

Phosphomolybdic acid solution. IO?,. Dissolve 10 g of 
phosphomolybdtc acid in 100 ml of water. Filter the solu- 
tion through a fine-porostty sintered-glass crucible and 
transfer into a polyethylene bottle. 

Apparatus 

Differenttal-pulse polarograms were obtamed with an 
EC&G PAR 174 Polarographic Analyzer equipped with a 
model 303 static mercury-drop electrode and a Houston 
model RE0089 X-Y recorder. 

Procedure 

Transfer a sample containing between 100 and 600 pg of 
thallium(I) into a 30-ml centrifuge tube, acidify with 2.0 ml 
of 4.OM perchlortc acid and dilute to 10 ml with distilled 
water. Add 5.0 ml of 10% phosphomolybdic acid solution 
and wait for 10 min for complete formation of the thallous 
phosphomolybdate precipttate. 

Centrifuge for 10 min at about 16,000 rpm. Remove and 
discard the supernatant liquid. Wash the precipitate wtth 
10.0 ml of 0.5M perchlortc acid, being sure to start washmg 
at the top of the tube and work down to ensure removal of 
any phosphomolybdic acid adhering to the sides of the tube. 
Centrifuge for 5 mitt, then remove and discard the wash 
solution. Add 25 ml of the borate buffer to the prectpitate, 
directing the stream of the buffer at the precipitate, and wait 
for dissolution to become complete. Transfer the solution to 
a polyethylene beaker containing 0.62 g of citric acid 
monohydrate, and nnse the tube with distilled water into the 
beaker. Rinse the tube again, with 5 ml of borate buffer, and 
transfer the washings to the beaker. Transfer the contents 
of the beaker to a 50-ml standard flask, dilute to the mark 
with distilled water, and mix. 

Transfer a portion of the solutton into a polarographic 
cell and record the differential-pulse polarogram, scanning 
from -0.2 to - 1.5 V t9.y. Ag/AgCl, at 5 mV/sec, using a 
modulation amplitude of 50 mV, with medium drop-size, a 
drop-time of 0.5 set, and a purge time of 4 mm. 

RESULTS AND DISCUSSION 

The effect of the acidity used in precipitation of 
T12HPMo,,0,, was studied with samples containing 
400 ng of TI(I). Table 1 shows that between 1.0 and 
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Table 1. Effect of acidity on the formation of Tl,HPMo,zOso 
[400 pg of TI(I), scan-rate 2 mV/sec, drop time 1.0 sec. 

modulation amplitude 50 mV1 

4.OM HCIO, added, 
+,C*), PA 

ml Direct. TlUI Indirect. molvbdate 

0.5 1.89 4.18 
1.0 1.93 4.45 
1.5 1.90 4.35 
2.0 1.93 4.45 

*Mean of three values. 

2.0 ml of 4.OM perchloric acid can be used; 2.0 ml was 
chosen for the recommended procedure. 

The voltage at which the peak of Tl(1) appears in 
the polarogram is rather insensitive to pH, and is 

about -0.4 V (us. Ag/AgCl) at both pH 8.8 and 6.1. 
If the precipitate is decomposed in the pH-8.78 borate 
buffer without addition of citric acid, only TI(I) is 
reduced, at -0.4 V (Fig. 1). If the acidity is adjusted 
with 0.62 g of citric acid monohydrate, both Tl(1) and 
the released molybdate are reduced, with good reso- 
lution between the two peaks. The pH of the resulting 
solution is 6.07, and this was chosen as the optimum 
pH. At a much lower pH the resolution is not 

adequate. The addition of the buffer serves two 
purposes: the first is to dissolve the precipitate, and 
the second to decompose the phosphomolybdate. The 
addition of citric acid also serves two purposes: the 
first is to adjust the pH, and the second to complex 
the molybdate to prevent re-formation of phos- 
phomolybdate. For seven replicate determinations 
of 500 pg of thallium(I) by the procedure given, 
the thallium(I) peak gave EP -0.413 f 0.002 V. iP 
2.29-2.43 PA, and the molybdate peak gave E, 
- 1.245 f 0.005 V, ip 7.04-7.32 PA. 

A typical differential-pulse polarogram at pH 6.1 
is shown in Fig. 2. It exhibits two peaks, the first 
(at -0.4 V) due to reduction of Tl(1) and the second 
(at - 1.2 V) due to reduction of the molybdate. Thus, 
the heights of the two peaks can be used for the 
simultaneous direct and indirect determination of 
thallium with the one polarogram. 

The precision was estimated by analysing seven 
samples each containing 500 pg of thallium. The 
average current for the thallium peak was 2.33 PA 
and the relative standard deviation 2.6%, and the 
average current for the molybdate peak was 7.19 p A. 
relative standard deviation 1.2%. Hence mea- 
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Fig. 1. A differential pulse polarogram of a sample containing 400 pg of TI(I), pH = 8.78, without citric 
acid addition. Drop time = 1.0 sec. Scan-rate = 2 mV/sec. 
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Fig. 2. A typical differential pulse polarogram of a sample containing 500 pg of Tl(I) at pH = 6.07. with 
citric acid addition. 
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Table 2. Effect of the presence of foreign ions on determination of 400 pg of Tl(1) 

Tl peak MO peak 

Amount of Current?, RE,§ Current?, RE,§ 
Ion Added as* ion added, pg PA % PA % 

Ag+ AgNO, 100 1.90 +2.2 5.50 -1.3 
Ag+ AgNO, 200 1.88 +1.1 5.52 -0.9 
Ag+ AgNO, 400 1.88 +1.1 5.67 +1.8 
Pb’+ PbNO, 400 1.83 -1.6 5.43 -2.5 
Cd’+ CdClz 100 1.85 -0.5 5.53 -0.7 
Cd’+ CdCI, 200 1.88 fl.1 5.58 +0.2 
Cd’+ 
Ba’+ 

CrOi- 
wo;- 
CL?+ 
Hg’+ 
Ni?+ 

Fe’+ 
NH: 
NH: 
NH: 

CdCI; 400 
Ba(NO,)> 400 
K2Cr0, 400 
Na2W0,.2H,0 400 
Cu(NO,)>. 2 fHZO 400 

Hg(NO,), 400 
NiCI,.6H,O 400 
Fe(NO,), :9Hz0 400 
NH&I 100 
NH&I 200 
NH,CI 400 

.87 -0.5 5.60 

.84 - 1.1 5.48 
1.83 - 1.6 5.52 
1.83 - 1.6 5.45 
1.79 -3.8 5.46 
1.80 -3.2 5.52 
1.87 +0.5 5.53 
1.85 -0.5 5.48 
.88 + 1.1 5.67 
.85 -0.5 5.88 

1.85 -0.5 6.13 

+0.5 
- 1.6 
-0.9 
-2.2 
-2.0 
-0.9 
-0.7 
- 1.6 
+ 1.8 
+5.6 

+10.1 

*Solutions were made m distilled water. except for Hg(NO&, which was dissolved in 0.032M 
HNO,. 

tEach value is the average from three separate samples. 
gThe relative error (RE) is calculated relative to 1.86 PA for the Tl current and 5.57 PA for 

the MO current. 

surement of thallium by means of the molybdate peak 

is more sensitive and precise. 

Calibration graphs with good linearity are ob- 

tained for thallium in the range 2-12 pg/ml in the 
final 50 ml of solution, for both the thallium and 
molybdate measurements, the slope of the “molyb- 
date” plot being about 3 times that of the “thallium” 
plot. Both plots give an intercept on the concen- 
tration axis at about 0.7 pg/ml thallium concen- 
tration, which implies a solubility of about 
6 x 10e6M for T&HPMo,,O, at the acidity used for 
the precipitation. 

A study was made of the degree of interference by 
100-400 pg amounts of various ions at the 400~pg 
Tl(I) level. Table 2 summarizes the results. The only 
significant interference is from the ammonium ion 
when present in amounts above about 100 pg, but 
even then only for the indirect determination, since it 
is due to precipitation of ammonium phos- 
phomolybdate, which naturally results in a higher 
molybdate peak. The direct method is applicable in 
the presence of at least 400 pg of ammonium ion. 
Although thallous chromate is only sparingly soluble, 
its precipitation is prevented by the acidification of 
the sample with perchloric acid, because of con- 
version of the chromate into dichromate. Organic 
bases, rubidium and caesium were not tested, but 
would be expected to interfere in the indirect (but not 
the direct) determination because they form insoluble 
phosphomolybdate salts m acidic medium.“-” 

The final test solution IS fairly stable and there is 
a change of only + 1.1% in peak current if the 

solution is kept for 24 or 48 hr before the direct 
measurement, and + 1.3% (24-hr storage) and 
+2.2x (48-hr storage) in the peak current for the 
indirect measurement, for thallium at the 400~pg level 
(mean of three replicates). 
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FLUOROMETRIC DETERMINATION OF BIACETYL 

A. J. MAROULIS*, A. N. VOULGAROFWJLOS and C. P. HAD~IANTONIOU-MAROULIS 

Department of Chemistry, Umversity of Thessaloniki, Thessaloniki, Greece 
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Summary-The fluorometric determination of biacetyl is described. 3,4-Diaminoanisole reacts with 
biacetyl in alkaline ethanol-water solution to give strongly fluorescing 2,3-dimethyl-6-methoxy- 
quinoxaline. Variables such as solvent composition, quenching by acetic and sulphuric acid, heating time 
and interference by other carbonyl compounds present are discussed. The method may be suitable for the 
determination of biacetyl m foodstuffs. 

Biacetyl constitutes an important natural flavour 
component of a great variety of foodstuffs. Moreover 
it is a potential adulterant of frequently consumed 
products. As a consequence a great number of meth- 
ods have been reported for its determination. The 
methods proposed during the past decade or so can 
be generally classified as those using chromatography 
(GLC and HPLC),‘-’ ultraviolet and visible absorp- 
tion spectroscopy,‘-‘” polarography”,‘2 and miscel- 
laneous techniques such as amperometric titration” 
and atomic-absorption spectrophotometry.‘4 

However, none of these methods has the many 
advantages offered by fluorimetry and in particular 
its superior sensitivity and specificity.” Since biacetyl 
does not exhibit a significant native fluorescence’6 a 
method of developing fluorescence in the otherwise 
non-fluorescent biacetyl solutions had to be devised. 

Here we describe a simple fluorimetric method for 
the estimation of biacetyl in water-ethanol solutions, 
which is based on formation of the strongly 
fluorescing 2,3-dimethyl-6-methoxyquinoxaline. 

EXPERIMENTAL 

Reagents 

3,4-Diaminoanisole (DA) and its dichloride (DAD). These 
were synthesized m accord with established procedures from 
4-aminoanisole, but the reagent can also be obtained com- 
mercially. 

2,3-Dimethyl-6methoxyqumoxahne (DMQ). This was 
obtained in crude form by refluxmg equimolar amounts 
(0.013 mole) of 3,4-diaminoanisole and biacetyl in 80 ml of 
ethanol containing 1 ml of glacial acetic acid, for 1.5 hr, 
and then removmg the solvent. Further purification by 
repeated recrystalhzation from ethanol yielded colourless 
crystals. m.p. 100.5-101.0” (literature value” 99-100”). 

_ 

*Author for correspondence. 

Biacetyl (Fluka puriss.). Distilled before use. 
All other reagents were obtained from Merck and were 

pro analysi grade. The water was distilled twice and stored 
in polyethylene vessels. 

Reagent solutions 

3,4-Diaminoanisole solution. A IO-‘M solution was pre- 
pared by dissolving 0.0053 g of the dihydrochloride in 2 ml 
of 0.5M aqueous sodium hydroxide and diluting the solu- 
tion to 25 ml with 10 ml of absolute ethanol and I3 ml of 
distilled water. 

Biacetyl standard solutions. Prepared by weighmg freshly 
distilled biacetyl, dlssolvmg It in ethanol-water mixture, and 
dilutmg to known volume with the solvent mixture. Portlons 
of these solutions were diluted with the solvent mixture to 
give the test samples. The ethanol-water mixture was pre- 
pared by diluting 400 ml of absolute ethanol to I litre with 
distilled water. 

Procedure 

In a 50-ml round-bottomed flask place 2.5 ml of sample. 
containing 0.3-1.9 pg of biacetyl, and add 1 ml of DA 
solution and IO ml of absolute ethanol. Fit a condenser and 
reflux the mixture for 40 mm. cool, then transfer the 
contents of the flask quantitatively to a 25-ml standard flask 
and dilute to the mark with ethanol-water mixture. Measure 
the fluorescence at 395 nm, using an excitation wavelength 
of 345 nm. Prepare a blank in the same way and measure Its 
fluorescence. 

Apply the procedure to three more 2.5-m] portions of the 
sample, to which have been added two, four and SIX times 
the amount of biacetyl in the initial sample (estimated 
by a calibration graph procedure). Use a plot of fluor- 
escence intensity us. added amount to compute the initial 
concentration. 

RESULTS AND DISCUSSION 

Characteristics of the fluorophore and the reagent 

DMQ (III) is the product of the condensation 
reaction between DA (I) and biacetyl (II): 
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Fig. 1. Corrected excitation and emission spectra of 

o 1 Emlotion , [Emission , \ 

250 350 450 

Wavelength (nm) 

_i 
550 

2,?-dimethyl-6-methoxyquinoxaline in ethanol-water solu- 
tion. Excitation wavelength 345 nm. Emission wavelength 

400 nm. 

DMQ exhibits strong fluorescence not only in the 
ethanol-water solvent system used but also in pure 
ethanol, benzene and cyclohexane. Changing from 
the most to the least polar solvent shifts the I,,, of 
emission to longer wavelengths, with a concomitant 
decrease in fluorescence intensity. 

The increased fluorescence observed in the hy- 
droxylic solvents may be due to interchange of the 
lowest n, rr* and ?I, I[* excited singlet states in going 
from the hydrocarbon to the hydroxylic solvents.” 

At this point it is worth mentioning that the 
presence of an electron-donating substituent such as 
the methoxy group in the 6-position of the quin- 
oxaline ring is absolutely necessary, since the 
2,3-dimethyl, 2,3,6-trimethyl and 2,3,6,7_tetramethyl 
quinoxalines (which we have also synthesized for this 
work) do not display significant fluorescence. 
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Fig. 2. Effect of the concentration of sulphuric (A) 
and acetic acid (0) on the fluorescence intensity 
of 2,3-dimethyl 6-methoxyquinoxaline in ethanol-water 

solutions. 
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Fig. 3. Effect of solvent composition on the fluorescence 
intensity of 2,3-dimethyl-6-methoxyquinoxaline in ethanol- 

water solutions. 

The corrected excitation and emission spectra of 
DMQ are shown in Fig. 1. 

Our reagent (DA) does not fluoresce when excited 
at 395 nm in ethanol-water medium and therefore 
does not interfere. It does fluoresce, however, when 
excited at a shorter (i.e., 304 nm) wavelength, dis- 
playing a maximum at cu. 360nm. 

Effect of added acid or base 

Addition of various amounts of sulphuric or acetic 
acid to a solution of DMQ (0.11 x lo-’ M) resulted 
in a decrease in fluorescence intensity (Fig. 2). Since 
addition of sodium hydroxide did not affect the 
fluorescence intensity we decided to use an alkaline 
medium to avoid the need for accurate pH control. 
There was no adverse effect on the rate or equilibrium 
of the condensation reaction. 

Effect of solvent composition 

As can be seen in Fig. 3, ethanol exerts a quenching 
effect which (fortunately) reaches a plateau when the 
ethanol concentration is larger than 40% v/v. We 
chose this particular solvent system so that deter- 
mination of biacetyl in wine distillates would require 
minimum adjustment of the method. 

Efect of reflux time 

Prolonging the reflux time from 40 min to 5 hr did 
not affect the fluorescence development. 

Stability of DMQ in solution 

We submitted an analysis sample to extreme condi- 
tions (fully open excitation monochromator shutter 

Table 1. Determmation of biacetyl by 
standard-addition in ethanol-water solu- 

tion 

[Biacetyl], M 

Taken Found Std. devn., M 

1.01 X IO-6 1.10 X 10-b 0.04 X 10-e 
1.0 x IO-’ 1.05 X 10-7 0.04 X 10-7 
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Table 2. Fluorescence excitation and emis- 
sion maxima for carbonyl compounds 

subjected to the procedure 

Excitation Emission 
maximum*, maximum*. 

Compound nm nm ._ __~ 
Biacetyl 345 395 
Glyoxal 345 422 
Benvl 433 547 
Acetone 432 544 
Benzophenone 440 545 

*Taken from the uncorrected spectra, for 
ethanol-water solution, ketone con- 
centration cu. 1 x 10v5 M. 

and longer exposure times than required for the 
actual measurement), but no photodecomposition 
occurred. 

Precision of the determination 

The precision was estimated by preparing two sets 
of solutions, each containing five identical samples 
and a blank. 

The fluorescence intensity was measured twice in 
each determination. The results in Table 1 show that 
biacetyl was determined with fair precision. 

A calibration graph can also be used. In pre- 
liminary experiments we found that the response was 
linear over the concentration range from 1 x lo-* to 
1 x 10-5 M. 

Fluorescence from other carbonyl compounds 

Other ~-dicarbonyl compounds such as glyoxal 
and benzil also exhibit fluorescence under the condi- 
tions employed, presumably because the correspond- 
ing (i-methoxy- and 2,3~diphenyl-6-methoxyq~n- 
oxalines are formed. Fluorescence is also observed 
when monocarbonyl compounds such as benzo- 
phenone and acetone are treated with DA according 
to our procedure. However, with the exception of 
glyoxal, these compounds (Table 2) have different 
fluorescence characteristics and thus do not interfere 

in the determination of biacetyl when excitation at 
345 nm is used. 

Since glyoxal can easily be oxidized to oxalic acid, 
the proposed method can readily be adapted for 
determination of biacetyl and glyoxal in samples 
containing both substances. Moreover, it can be used 
for the determination of acetoin, since this yields 
biacetyl on oxidation. 

Glucose, fructose and sucrose give no fluorescence 
in the procedure and do not quench that due to 
2.3-dimethyl-6-methoxyquinoxaline. 
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COMPLEX FORMED IN THE PRESENCE OF TRITON X-305 

AND EMULSIFIER OP 
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Summary-A highly sensitive method for the spectrophotometric determination of titanium with 
phenylfluorone (PF) in the presence of Triton X-305 and emulsifier OP has been developed. In acid 
medium (pH 1.4-2.2) Ti(IV) forms red-violet complexes with PF, Triton X-305 and OP. The complex 
exhibits maximum absorption at 540 nm. The molar absorptivity is 1.63 x IO5 Lmole-‘.cm-‘. The Ti:PF 
ratio in the complex is 1:2. Beer’s law is obeyed in the titanium concentration range 0.2 pg/ml in the 
final solution. Fluoride and EDTA interfere. The method has been used for the rapid direct determination 
of microamounts of Tl(IV) m soils and cereals with satisfactory results. 

Hydrogen peroxide’ and diantipyrylmethane (DAM)’ 
have long been used for spectrophotometric deter- 
mination of microamounts of titanium. These 
methods have low sensitivity but high selectivity. 
Attempts have been made to enhance the sensitivity 
by addition of thiocyanate and use of solvent extrac- 
tion,’ but the methods are laborious and the 
sensitivity still not high. 

Phenylfluorone (9-phenyl-2,3,7-trihydroxy-6- 
fluorone) (PF) yields intensely coloured complexes 
with a number of metals and has frequently been used 
for their spectrophotometric determination.&13 Many 
of these determinations also utilize cationic surfac- 
tants such as cetyltrimethylammonium bromide 
(CTAB),4.‘.*.‘* cetylpyridinium bromide (CPB),9,‘0.‘3 
tetradecylbenzyldimethylammonium chloride (Zeph)6 
and so on. The molar absorptivity of the products 
obtained may exceed 10’ l.molec’ .cm-‘. 

We have discovered that some non-ionic surfac- 
tants such as Triton X-305 or the emulsifier “OP”* 
may be used as solubilizing agents for the Ti-PF 
binary complex. It is of interest to note that a 
combination of Triton X-305 and OP has a very 
strong solubilizing effect. This paper reports an in- 
vestigation of the conditions for formation of the 
Ti-PF-Triton X-305-OP complex in aqueous solu- 
tion and the application of the system to direct 
determination of trace amounts of titanium in soils 
and cereals. 

Reagents 

EXPERIMENTAL 

All chemicals were of analytical reagent grade. 
Standard titanium solution. Prepared by dissolving 0.1668 g 

of high-purity titanium dioxide with 20 ml of concentrated 

*oP 1s (CH,),C CH,. C(CH&. C,H,(OCH, .CH,),,OH. 

sulphuric acid and 10 g of ammonium sulphate, heating till 
fuming, cooling and diluting accurately to 1 litre with 
demineralized water. Working solutions are prepared by 
accurate dilution of the stock solution. 

PF solution, 0.03%. Prepared by dissolving 0.3 g of PF in 
absolute ethanol and 50 ml of sulphuric acid (1 + 1) and 
diluting to 1 litre with absolute ethanol. The working 
solution (0.01%) is prepared by mixing 150 ml of stock 
solution with 300 ml of absolute ethanol and adding 3 ml 
of concentrated sulphuric acid. It is stored in a brown bottle. 

Mixed surfactant solution. Add 5 g of Triton X-305 to 
2 ml of OP dissolved m 100 ml of water, and heat until it 
is completely dissolved. 

Procedure 

Transfer a portion of standard solution containing 5 pg 
of titanium into a 25-ml standard flask, add 5 ml of 0.025M 
hydrochloric acid, 4 ml of 0.01% PF solution and 3 ml of 
mixed surfactant solution. Dilute to volume with demin- 
eralized water. After 7 min measure the absorbance at 540 
nm in a I-cm cell against a reagent blank. 

RESULTS AND DISCUSSION 

Absorption spectra and effect of pH 

Figure 1 shows that the Ti-PF complexes have 
maximum absorption at 540 nm, and the PF blanks 
at 470 nm, irrespective of the presence or absence of 
the surfactants. The absorbance is maximal and 
practically independent of pH in the range 1.4-2.2. 
A pH of 1.6 was selected for use. 

Effect of PF concentration 

The absorbance at 540 nm is constant when the 
volume of 0.01% PF used is varied between 3.8 and 
4.2 ml, and decreases with higher or lower volumes. 
Hence 4 ml of 0.01% reagent solution was chosen for 
use. 

Choice of non-ionic surfactants 

Triton X-305, OP, Triton X-100, gelatin and poly- 

507 



508 SHORT COMMUNICATIONS 

1 6 k Table I. Influence of non-tome surfactants on 
Ti-PF complex colour reaction (pH 1.6) C 

14 B 
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Y 08 h A 

/I \ C' 
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8’ 

04 

02 k A’ 

440 500 560 620 

Wavelength ( nm 1 

Ftg 1. Absorption spectra (pH 1.6) of: A, PF reagent blank; 
B, PF-OP reagent blank; C, PF-Triton X-305-OP reagent 
blank, measured against water. A’, Ti-PF complex: B’, 
TI-PF-OP complex: C’, TiLPF-Trrton X-305%OP complex, 
measured against a reagent blank [T](W) 5 pg. pH 1.6, l-cm 

cell]. 

(vinyl alcohol) were tested but only the first two 
showed any strong effect on the solubilization or 
sensitivity. Triton X-305 was better than OP, but a 
synergic effect was observed when both were used 

together (Table 1). 
The effect of changing the concentration of Triton 

X-305 or OP is shown in Fig. 2. Maximum and 
constant intensity can be obtained with 2-4 ml of S”d 
Triton X-305 or 2% OP. Thus all further measure- 
ments were made with 3 ml of Triton X-305-OP 
mixture in the final solution. 

Composition of the complex 

The concentration of the Triton X-305%OP mixture 
was kept constant and a large excess was used, and 
the ratio of Ti(IV) to PF in the complex was deter- 
mined by Job’s method and found to be 1: 2. Similar 
results were obtained from a molar ratio plot. 

Calibration, sensitkity and precisron 

Beer’s law is obeyed over the titanium concen- 
tration range O-O.2 pg/ml in the final solution. The 
molar absorptivity is 1.63 x IO’ l.molee’.cm~‘. The 
complex is formed quickly and its absorbance at 

E. 

Reaction system 10J I. mole ’ cm I 

Ti-PF 3.4 
Ti-PF-OP 10.8 
Ti-PF-Tnton X-305 12 9 
Ti-PF-Triton X-3055OP 16.3 

06 c 0 

ml 

Ftg. 2. EtTect of non-iomc surfactant concentratton: u. 5”” 
Triton X-305; b. 2”” OP. 

540 nm remains stable for at least 40 min for deter- 
mination of 3 pg of Ti(IV). The standard deviation 
is 0.021 pg and the coefficient of variation 0.7%. 

The method is much more sensitive than any of 
the methods using cationic surfactants, but similar in 
sensitivity to other methods based on fluorones (as 
shown in Table 2). 

Eflect of foreign ions 

The effect of the most commonly encountered 
cations and anions was investigated. The tolerance 
limit was taken as the concentration of a foreign ion 

which caused an error of not more than 34; in the 
determination of 3 pg of Ti(IV). Up to at least 0.5 mg 
of the following did not interfere: zinc, nickel, copper, 
cadmium, cobalt(III), aluminium, lead. Man- 
ganese(VII), chromium(VI), vanadium(V), iron(III), 
zirconium(IV) and molybdenum(V1) interfere, but 
the interference of Fe(III), V(V), Cr(V1) and Mn(VI1) 
can be eliminated by reduction with ascorbic acid, 
and their tolerance levels are then 10.0. 0.03. 0.5 and 
0.5 mg respectively. Up to 0.3 mg of zirconium does 
not interfere if masked with EDTA. Up to 25 pg of 
Mo(V1) will not interfere if reduced with hydroxyl- 
ammonium chloride and then masked with EDTA. 

Table 7. Compartson of micellar solubilization spectrophotometrtc reagents for 
Ti(IV) 

Colour system* Acidity range 
i l&i, 8. 

nm IOJ I.moie-‘.cm-’ Ref. 

Ti-PF-Triton 
x-305-OP 

Ti-SAF-CTAB 
TipPF-CPB 
TI-PFPCTAB 

pH 1422 540 16.3 Thts paper 
0.1-O 3N H,SO, 540 16.4 IO 
0.08-0.2M HNO, 535 14.6 II 
pH 1 2-2 0 540 12.1 12 

TI-SPF-CPB pH 1.0 610 12.0 13 

*SAF = salicylfluorone; SPF = sulphenylfluorone. 
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Table 3. Results for determination of Ti(IV) by the proposed and DAM 
methods 

Relative standard, DAM 
Proposed method,* deviation, method, 

Samoles Y X “/, 

Red soil 0.343 0.34 0.349 
Black soil 0.316 0.55 0.324 
Yellow soil 0.323 0.36 0.337 
Alluvial soil 1 0.217 0 0.218 
Alluvial soil 2 0.294 0.72 0.310 
Violet soil 0.238 1.75 0.239 
Rice 2.2 x 10-b 2.62 2.4 x 1O-4 
Wheat 2.4 x 1O-4 2.41 2.5 x 1O-4 

*Average of three determinations. 

Chloride, nitrate, sulphate, oxalate, phosphate, tar- 
trate, ascorbic acid and hydroxylammonium chloride 
do not interfere, even in large amounts. Fluoride 
interferes but can easily be removed by fuming with 
concentrated sulphuric acid. Up to 2 mg of EDTA 
can be tolerated. The amount of chloride added in the 
procedure is enough to mask up to 20 pg bismuth. 

Application of method 

The method was applied to the determination of 
Ti(IV) in soil and cereal samples. The samples were 
freeze dried and ground (soil to 100 pm, cereal to 
40 pm particle size) before analysis. 

A 0.100-g soil sample was placed in a lOO-ml 
conical beaker, 8 ml of concentrated sulphuric- 
phosphoric acid mixture (1 + 1) were added, and the 
beaker was heated on a hot-plate until the evolution 
of white fumes ceased. The beaker was cooled, 2 ml 
of concentrated nitric acid were added and heating 
was continued until the soil digest solution became 
colourless and dense fumes of sulphur trioxide ap- 
peared. After cooling, the residue was taken up with 
water and transferred into a lOO-ml standard flask 
and the solution made up to volume. Some of the 
solution was filtered through a dry paper and 1 ml of 
filtrate was pipetted into a 25-ml standard flask. One 
drop of 0.1% p-nitrophenol solution and 2.2 ml of 4 
g of sodium hydroxide and 4 g of sodium chloride in 
100 ml of water were added, followed by 1M hydro- 
chloric acid until the solution just became colourless. 
Five drops more of the acid were added, and 2 ml of 
5% ascorbic acid solution, followed by 4 ml of 0.01% 
PF solution and 3 ml of mixed surfactant solution. 
The mixture was diluted to volume with water and 

91 _ 92% for cereal. 

REFERENCES 

1. 

2. 
3. 
4. 
5. 
6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

I.U.P.A.C., Spectrophotometric Data, Butterworths, 
London, 1963. 
L. Ya. Polyak, Zh. Analit. Khim., 1962, 17, 206. 
M. M. Tananaiko, Zavodsk. Lab., 1962, 28, 263. 
Zhan Caiqing, Chemrcal World (China), 1982, 8, 237. 
I. Mori, Bunseki Kagaku, 1973, 22, 1061. 
S. Sakuraba and M. Kojima, Nippon Kagaku Kaishi, 
1976, 2, 345. 
Hu Keren, Physical Testrng and Chemical Analysis 
(China), 1982, 6, 7. 
Y. Shrjo and T. Takeuchi, Bunseki Kagak, 1967, 16, 51. 
M. Yamazaki, I. Mori and T. Enokt. ibid.. 1973. 22. ., 
112. 
She Hanxi and Wang Zhenqing, Fenxi Huaxue. 198 1,6, 
665. 
Wu Taibai, Chen Xianfu and Chen Xinzhen, ibid., 1983, 
7, 529. 
Liu Shaopu and Liu Zhonafana, Chemical World _ _ 
(China), 1982, 4, 107. 
V. V. Belodsova and R. K. Chernova. Zh. Analit. 
Khim., 1977. 32, 1669. 

after 7 min the absorbance was measured at 540 nm 
in a l-cm cell against a reagent blank. 

For analysis of cereals, a 2.0-g sample was placed 
in a lOO-ml conical beaker, 10 ml of nitric- 
sulphuric-perchloric acid mixture (8 : 1: 1 v/v) were 
added and the mixture was allowed to stand for at 
least 12 hr at room temperature (to avoid foaming on 
subsequent heating). The procedure for the soil 
digestion method was then applied. 

Table 3 gives the results obtained for Ti(IV) in the 
samples tested. The results are in good agreement 
with those obtained by the DAM method. The results 
for the recovery tests were 82-94”/, for soil and 
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ANNOTATIONS 

A NOTE ON THE APPLICATION OF SIGNIFICANCE TESTS 
BASED ON THE R-FACTOR RATIO TO THE SELECTION 

OF SPECIES IN COMPLEX-FORMATION EQUILIBRIA 

MARIUSZ JASK~LSKI and LECHOSEAW ZOMOZIK 
Faculty of Chemistry, A. Mickiewicz University, ul. Grunwaldzka 6, 60-780 Poznari, Poland 

(Received 15 November 1984. Accepted 24 January 1985) 

Summary-The use of the significance test based on the R-factor ratio for the selection of species in 
complex formation equilibria studied by least-squares analysis of potentiometric titration data IS 
&cussed. 

The significance test based on the R-factor ratio 
originally developed for crystallographic applications 
by Hamilton’ was first applied to the selection of 
species in complex-formation equilibria by Vacca, 
Sabatini and Gristina’ (hereafter VSG). However, in 
practical applications, VSG seem to have used the 
test incorrectly, and this weakened the power of the 
test and led in certain situations to wrong conclu- 
sions. Therefore, we decided to demonstrate the 
correct method of use of this test and to illustrate its 
application with a practical example. 

The R-factor ratio test allows a decision to be 
made about whether the extension of a model to 
include additional parameters results in a signl$cant 
improvement in the agreement between the observed 
and calculated quantities. 

When complex-formation equilibria are in- 
vestigated by least-squares analysis of potentiometric 
titration data, it is common practice to try various 
models and to compare the agreements between the 
experimental observations and the quantities calcu- 
lated from the various models. A convenient measure 
of the agreement between the observed data and 
the values calculated by the least-squares fit is 
the generalized R-factor.’ If there is no corre- 
lation between the data the R-factor has the 
form: R = [XW,(F~~~ - F~“)*/CW,(F~~~)~]‘~~, where F 

stands for the quantities to be compared and w, is the 
weight associated with each observation (and equal 
to the inverse of the variance of the observation). 
Usually, the model that gives the best fit with the 
observations (lowest R value) is considered to be 
correct. However, as pointed out by Hamilton,’ it is 

always possible to improve the agreement by includ- 
ing extra parameters in the model. Here, we describe 
the use of the R-factor ratio test to decide whether 
the inclusion of extra complex species in a model 
results in signiJicantly better agreement between the 
values calculated from the model and the obser- 
vations. 

Suppose that a complex formation equilibrium can 
be described by two models: A and B. Let model A 

consist of mA and model B of m, complex species. Let 
the corresponding generalized R-factors be R, and 
R, and the number of observations (titration points) 
n. Let A be a subset of B, and mA <m,. 

Model A can therefore be said to be restrained with 
respect to model B since some of its formation 
constants have been set to zero (non-existent species). 
We want to test the following hypothesis: 

H,,: model A is correct. 

The hypothesis is linear since it imposes linear 
relationships on the parameters of the model. The 
relationships are of the form 

with 

pk=O; k = I,...b (1) 

b =mB-mA 

Since the equations (1) are linearly independent, the 

dimension of the hypothesis is b. In practice, b will 
usually be a small integer. The approach adopted by 
VSG was incorrect in assuming that b = m,. More- 
over, their m, included the free metal and free ligand 
concentrations at each titration point, which led to 
unrealistically large dimensions of the hypotheses. 

We want to compare the R factors for the re- 
strained model A, corresponding to the hypothesis, 
and the unrestrained model B, by calculating 

.%‘= R,/R, 

From the table of significance points for the R-factor 
ratio’ we find a value z%?,,(~ msj,p, where p is the level 
of significance and (n - m,) is the number of degrees 
of freedom calculated as (number of obser- 
vations) - (number of parameters in the unrestrained 
model B). If 
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we can reject the hypothesis at the p level. This is 
equivalent to saying that the probability of error if 

the hypothesis is rejected is less than p. Therefore, p 

should be as low as possible. In practice, one will not 

reject the HO hypothesis if the p level for which (2) is 
fulfilled is greater than Sy/,. 

The practical example discussed is taken from 
VSG. For the system copper + N,N,N’,N’- 
tetramethylethylenediamine, six different models 
were tried. The lowest R factor (R,, = 0.00141) was 
obtained for a model comprising six complex 
species. The other models yielded: R, = 0.00242, 
Rz = 0.00184, R, = 00200, R, = 0.00194, R, = 

0.00159. The corresponding d values are: B, = 1.716, 
&‘? = 1.305, d, = 1.418, W, = 1.376, d, = 1.128. VSG 
do not give the compositions of the systems l-5 
explicitly, but we can assume that they were obtained 
by excluding one or two species from model 0. The 
number of degrees of freedom given by VSG is 145. 
If we pessimistically assume that models l-5 in- 
cluded only one species then the dimension of each of 
the five hypotheses (H,,: model i is correct; i = 1.. . .5) 
is 5. From the R-factor ratio tables we find 
2 5.145.0 005 - - 1.059. Therefore, by comparison of the 
models l-5 with the unrestrained model 0 we can 

reject the hypotheses that any of the models l-5 is 
correct, at the 0.5y0 level. Consequently, we are 
justified in accepting model 0 as correct. 

In the example above, VSG used b = 308 which 

resulted in d 308,,45,0 05 = 1.848 for p as high as 5% and 
led to the wrong conclusion that there is no 
significant difference between the six models. 

A word of caution may be appropriate. We 
strongly recommend that model selection should not 
be based on a single criterion only. In particular, it 
might be dangerous to try to reach conclusions about 
the chemical model from the R-factor alone. The 
R-factor ratio test can be, as illustrated in the exam- 
ple above, a very useful aid in making a decision in 
ambiguous situations. However, it should always be 
regarded as an auxiliary tool and used in connection 
with other tests. We shall discuss the problem of the 
various possible criteria for model selection in a 
forthcoming paper. 
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EFFECT OF ACIDITY ON THE EXTRACTION AND 
KINETIC STABILITY OF THE COPPER(II)/APCD/IBMK 

SYSTEM IN STRONGLY ACIDIC MEDIA 
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Summary-The extraction of copper(H) from strongly acidic solution (O.Ol-8M hydrochloric acid) with 
ammonium I-pyrrolidinecarbodithioate in isobutyl methyl ketone has been investigated. The shaking time 
needed for quantitative extraction decreases as the acidity is Increased. The effect of the mutual solubihty 
of the organic solvent and the aqueous phase is significant when the acidity of the aqueous phase is 
increased. The acidity of the aqueous phase mainly affects the kinetic stability of the chelate during the 
shaking period, rather than the decomposition of the chelating agent. The kinetic stability of the chelate 
apparently depends on the mole ratio of reagent to copper, the half-lives for the chelate extracted from 
4M hydrochloric acid being 29.0. 40.0 and 85.0 mm for reagent: metal mole ratios of 10, 100 and 1000. 
respectively. 

Generally, solvent extraction of metal chelates re- 
quires pH adjustment and does not work at very low 
pH (< l), because the complexation is largely 
affected by the hydrogen-ion concentration of the 
aqueous phase. However, it has been reported’.2 that 
Cd, Pb, Ni and Co(H) can be extracted at low pH 
(< 1) with ammonium I-pyrrolidinecarbodithioate 
(APCD) into isobutyl methyl ketone (IBMK). More- 
over, the hydrogen-ion concentration was said to 
affect the decomposition of the chelating agent rather 
than the formation of the metal chelate. It was also 
reported that the kinetic stability of the extracts in 
IBMK decreases as the pH is decreased. 

In the preceding paper,3 we reported on the extrac- 
tion of Cu(I1) from strongly acidic solution (O.Ol-6M 
hydrochloric acid) into IBMK with APCD. We 
found that the copper chelate can be extracted quan- 
titatively even from the 6M acid if the extraction is 
done rapidly and the extract is stabilized by washing 
with water. Although several reportsk9 have com- 
mented on the kinetic stability of metal-APCD 
chelates in IBMK, they have merely discussed, from 
a practical point of view, the effect of pH in the 
stability. 

Therefore, we have systematically investigated the 
kinetic stability of the extracts and determined the 
optimum conditions for the extraction. 

EXPERIMENTAL 

Reagents 

All chemicals used were of reagent grade. Water was 
redistilled from all-glass apparatus. Stock 100~ygiml 
copper solution was prepared from 99.99% pure copper 
metal, then adjusted in acidity to O.OlM hydrochloric acid, 
and diluted IOO-fold with water to give the IO-~(g/ml 
working solution. 

APCD solution (1.6 x lo-*M) was prepared by dis- 
solving 0.13 g of ammonium I-pyrrolidinecarbodithioate in 
50 ml of water containing 0.5 ml of 0.1 M ammonia solution, 
and stored in a refrigerator; it was stable for at least 1 
month. All solvents were used without further purification. 

Procedure 

Transfer 40 ml of hydrochloric acid of the desired concen- 
tration, and 5 ml of lo-pg/ml copper solution, to a lOO-ml 
separatory funnel, add 25 ml of IBMK and 5 ml of APCD 
solution, and mechanically shake the mixture vigorously. 

Measure the absorbance of the IBMK phase at 435 nm, 
in a lo-mm silica cell against IBMK as reference. 

RESULTS AND DISCUSSION 

Effect of shaking time 

The effect of shaking time on the degree of extrac- 
tion with a lOO-fold reagent:copper molar ratio was 
studied at various acidities. After its separation, the 
organic phase was washed by shaking for 300 set with 
50 ml of water, then its absorbance was measured at 
435 nm. The amount of copper left in the aqueous 
phase was checked by flame atomic-absorption spec- 
trometry, but none was found. 

Figure 1 shows that for each acidity there is an 
optimum shaking time (all curves have been nor- 
malized to make the maximum absorbance 1.0). The 
small variation between the maximum absorbances is 
attributed to the effect of increasing acidity on the 
mutual solubility of the two phases. 

The minimum shaking time for quantitative extrac- 
tion decreases as the acidity is increased: 300 set for 
pH 7.5, 120 set for O.OlM acid, 60 set for O.lM acid 
and 30 set for 4M acid. These findings disagree with 
these reported by Irving and Williams,” who stated 
that the rate at which the metal chelates are formed 
and extracted decreases as the pH is reduced. 
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Fig. 1. Effect of shaking time on the extraction of Cu(II) with APCD: pH 7.5 (O), O.OlM HCl (a), 
0.1 M HCI (0). 4M HCl (0); aqueous phase 50 ml; organic phase 25 ml; [Cu(II)] 1.5 x 10m5M; 

[APC3] 1.5 x lo-‘M. 

The absorbance was found not to decrease even 
with a 20-min shaking period under the proposed 
conditions. Hence a 300-set shaking period is selected 
as optimum for extraction from O.Ol-4M hydro- 
chloric acid. 

Effect qf APCD concentration 

The effect of acidity on the concentration of APCD 
needed for quantitative extraction was studied. First 
we studied the decomposition rate of free APCD in 
0.01 and 4M hydrochloric acid, and found no 

II 

060 
t 

-: 2 

Mole ratlo L APCD / Cu’+) 

Fig. 2. Effect of APCD concentration on the extraction of 
Cu(I1): (a) O.OlM HCl, (b) 4M HCI; aqueous phase 50 ml; 
organic phase 25 ml; [Cu(II)] 1 5 x lO_‘M: shakmg time 300 

sec. 

difference in the half-life for decomposition (26.9 and 
25.6 min for 0.01 and 4M acid respectively). This 
agrees with the report by Aspila et al.” that the 
decomposition rate of dithiocarbamic acid is not 
dependent on pH when this is less than 2. 

The effect of APCD concentration on the degree of 

extraction under acidic conditions was then studied. 
Figure 2 shows the results. If the metal chelate is 
practically undissociated, the absorbance will in- 
crease linearly with APCD concentration until the 
ligand is just in excess, and then abruptly become 
constant. This is the case for O.OlM hydrochloric 
medium (Fig. 2a), even though free APCD slowly 
decomposes at this acidity. Extrapolation of the 
linear portions of the plot gives an intersection at 
[APCD]: [Cu] = 2: 1, indicating that the predominant 
complex is Cu(PCD),. 

For 4M hydrochloric acid medium, however, the 
curve is much more rounded in the region of the 
intersection (Fig. 2b) indicating that there is appre- 

Table 1. APCD/IBMK extraction of 
Cu(I1) from 8M HCl 

Shaking time. 
set A at 435 nm 

300 0.142 
120 0.179 
60 0.264 
30 0.72 1 
10 1.124 

[Cd+] 1.5 x 10-5M, [APCD] 1.5 x 
lo-‘M. 
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Fig. 3. Kinetic stability of Cu(IIkPCD chelate extracted from 4M HCI: [APCD] 7.5 x IO-‘M (O), 
1.5 x 10m4M (A), 1.5 x IO-‘M (O), 1.5 x 10m2M (0); [Cu(II)] 1.5 x IO-‘M; shaking time 300 sec. 

ciable decomposition of the complex during the shak- 
ing period. However, extraction is complete at mole 
ratios of ligand to metal 6: 1, presumably because the 
excess of ligand is large enough to restore the com- 
plexation equilibrium in spite of the decomposition of 
APCD in the complex. 

In the earlier work,3 we observed that the copper 
chelate was not extracted from 8M hydrochloric acid 
even with 10 times as much APCD as copper, because 
of decomposition of the chelate during the 60-set 
shaking period. We have therefore attempted to 
extract the copper chelate from 8M hydrochloric acid 
with a very large excess of reagent (lOOO-fold ratio to 
copper). The shaking time was varied from 10 to 
300 set, and the copper remaining in the aqueous 
phase was determined by flame atomic-absorption 
spectrophotometry. Table 1 shows that the absorb- 
ance decreases with increase in shaking time, which 
suggests that the decomposition of the chelate occurs 
during the shaking period. Moreover, although ex- 

Table 2. Half-life (t,,*) for Cu(IltPCD chelate extracted 
from 4M HCl 

t112 
[APCD] 

M Untreated With wash With filtration 

7.5 x 10-S 11.5 min 
1.5 x 10-d 29.0 min 88.0 min 44.0 min 
1.5 x 10-I 40.0 min >24 hr >24 hr 
1.5 x 10-Z 85.0 min 

[Cu’+] I.5 x 10m5M, shaking time 300 sec. 

traction of the chelate from 8M hydrochloric acid is 
incomplete (considerable amounts of copper are 
found in the aqueous phase), the absorbance of the 
organic phase is much higher (1.124) than that for 
extraction from 4M hydrochloric acid (0.635) for the 
same amount of copper. This is due to the remarkable 
decrease in volume of the organic phase. Irving and 
Rossotti’2 reported that the solubility of IBMK in 
hydrochloric acid increases considerably as the acid- 
ity is increased. 

Hence IBMK is unsuitable for extraction from 
strongly acidic media, such as 8M hydrochloric acid. 

Kinetic stability of extract 

The kinetic stability of the chelate extracted from 
4M hydrochloric acid into IBMK was studied as a 
function of reagent concentration, with various treat- 
ments of the extract, viz. with or without washing 
with water, and filtration of the organic phase 
through a dry filter paper after the extraction. The 
stability was determined by measuring the change of 
absorbance at 435 nm with time, the samples being 
kept in the spectrophotometer throughout. The tim- 
ing was started when the reagent was added to the 
aqueous phase. 

The variation of absorbance with time, when the 
extract is not washed with water, is shown in Fig. 3. 
Characteristically the absorbance is constant for a 
certain time, and then suddenly drops. Table 2 gives 
the time (tli2) needed for the absorbance of the extract 
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to decrease to half its original value, under various 
conditions; t,,z was found to depend on the concen- 
tration of the reagent added and on the treatment of 
the extract. Like washing,3 filtration stabilizes the 
extract. When 1.5 x 10-‘M APCD (lOO-fold ratio to 
copper) was used, the extract exhibited excellent 
stability (Table 2). 

It is considered that decomposition of the extract 
is suppressed by removal of the free acid remaining 
in the separated IBMK, by means of washing or 
filtration (the separated IBMK phase tends to be 
turbid, containing fine droplets of the aqueous 
phase). 

When the copper(APCD chelate is extracted 
from strongly acidic solution, the kinetic stability of 
the chelate is a most important factor, and several of 
the conditions to be used should be selected accord- 
ing to their influence on the stability. The following 
conditions are recommended for extraction of the 
copper chelate from O.OlG4M hydrochloric acid: a 

large excess of reagent (> 100-fold molar ratio to 
copper), 180-300 set shaking time, rapid phase 
separation, and washing of the organic phase with 
water. 

The kinetic stability of the copper chelate in IBMK 
after extraction from a strongly acidic aqueous phase 
is highly dependent on the concentration of APCD 
added, so a direct comparison of results reported by 
various authors is useless unless the concentrations of 
chelating agent and copper used are the same for the 
methods compared. 
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Summary-Enthalpies for the reaction of borate with 1 ,Zethanediol, l,Zpropanediol, 1,2,3-propanetriol 
and o-mannitol have been determined by thermometric titrimetry. From these enthalpies and equilibrium 
constants taken from the literature, corresponding entropies have been calculated. The data refer to 
aqueous solutions at 25” and I = l.OM (NaNO,). The results indicate reasons for the differences in the 
stabilities of the complexes. 

The remarkable complex-forming ability of the bor- 
ate ion with polyhydroxy compounds (polyols) in 
aqueous solution is well known. Biot,’ as early as 
1842, reported that a solution of boric acid became 
acid to litmus upon addition of sugars. Thomson’ 
found that boric acid could be determined by ti- 
tration in the presence of various polyhydroxy com- 
pounds, with phenolphthalein as indicator. More 
recently, these reactions have been shown to be not 
only of analytical but also of biological interest, as 
several compounds of biological importance, such as 
vitamins and coenzymes, can react with borate in the 
same manner. 

The stoichiometry and stability of these complexes 
have been studied by various workers,‘-’ but values 
for the enthalpies and entropies of formation are 
both scarce and inconsistent. In fact only one cal- 
orimetric enthalpy value is available, which refers to 
the borate complex with mannitol.’ It must be noted, 
in this connection, that there is serious disagreement 
between the - 18.62 kJ/mole for the first step of 
reaction with mannitol, obtained by calorimetry, and 
the -33.68 kJ/mole obtained from values of the 
equilibrium constant at different temperatures5 The 
two methods give such inconsistent values for the 
entropy that these differ even in sign: AS; = -27.2 
J. mole-’ K-’ (ref. 7) and +36.0 J. mole-’ . K-’ 

(ref. 5). 
Taking into account these observations, and also 

considering the value of thermodynamic quantities in 
elucidating the structures of the complexes formed, it 
was thought of interest in the present work to deter- 
mine by thermometric titrimetry the enthalpies, and 
hence entropies, of the reaction of borate with 
1,2-ethanediol (ethylene glycol), 1,2-propanediol 
(1,2-propylene glycol), 1,2,3_propanetriol (glycerol) 
and D-mannitol. 

Reagents 
EXPERIMENTAL 

Analytical grade reagents were always used (Erba RPE), 

ciz. boric acid (~99.8% pure); ethylene glycol and 
1,2-propylene glycol (z 99.5%); glycerol and o-mannitol 
(>99%). All solutions were prepared immediately before 
use. The background electrolyte was sodium nitrate. 

Equipment 

Calorimetric measurements were made at 25” with an 
LKB 8700-2 Precision Calorimetry System and an 
LKB 8726-l IOO-ml titration vessel, provided with a 
standard resistor (50 0) and a thermistor (2000 a). The 
accuracy of the instrument was checked by measuring 
the molar enthalpy change of the reaction between 
tris(hydroxymethyl)methylamine and hydrochloric acid m 
aqueous solution. Fuller details of the instrument cali- 
bration have been reported.8 The temperature of the titrant 
was kept at that of the calorimeter by immersing (for at least 
12 hr before the measurement) the Teflon titrant reservoir in 
the thermostatic bath containing the calorimetric cell. The 
calorimeter was also equipped with a Radiometer ABU 12b 
autoburette for the addition of titrant. The calorimetric 
experiments were performed in a room kept at a tem- 
perature constant within +0.3x. 

Procedure 

At least three series of measurements were made for each 
polyol-borate system, each series being performed in the 
following manner. Successive portions of 2.507 f 0.002 ml 
of sodium borate solution were added to 88.00 ml of polyol 
solution in the calorimetric cell, and the heat liberated on 
each addition was measured (for the borate and polyol 
concentrations, see Table 1). The pH of all solutions was 
brought to 11.0 +0.2 by addition of sodium hydroxide 
before each measurement, and the ionic strength adjusted to 
1 .OM by addition of sodium nitrate. The corresponding heat 
of dilution was measured by adding the same amounts of the 
sodium borate solution to 88.00 ml of l.OM sodium nitrate 
at pH 11 .O, without any polyol. From these experiments the 
following conclusions can be drawn. (a) There is negligible 
association between the B(OH); ion (which is the reacting 
species) and the proton, since the pK, of boric acid is so high 
(8.69 at I = I.OIV).~ (b) There is negligible dissociation of 
the polyols. since the pK, values are all above 14.“’ (c) 

Complex species containing more than two molecules of 
polyol per borate ion are not present: their absence has been 
demonstrated6 for polyol: borate ratios up to 200: 1. (d) The 
contribution to the measured enthalpies from dissociation 
of polyborate species was negligible: since the borate con- 
centration was lower than 0.025M at the end of the mixing 
process. it must have reacted’ in the monomeric form and, 
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Table I. Experimental data for the mixing of aqueous solutions of polyols (L) and sodium 
borate at 25”* 

Ligand 
CL, XV,, [M-l, [BL;l, H-1, ZQc, 
M ml 10m3M IO-‘M M J 

Ethylene glycol 2.000 2.507 4.73 0.755 1.938 
5.014 9.18 1.42 1.880 
7.521 13.4 2.01 1.825 

10.028 17.3 2.53 1.773 
I ,ZPropylene 1.000 2.507 3.87 1.67 0.965 

glycol 5.014 7.54 3.15 0.932 
7.521 11.0 4.45 0.901 

10.028 14.3 5.60 0.872 
Glycerol 0.205 2.507 4.47 1.29 0.192 

5.014 8.71 2.36 0.180 
7.521 12.7 3.23 0.170 

10.028 16.5 3.94 0.160 
D-Mannitol 0.060 2.507 2.74 4.13 0.047 

5.014 6.18 7.14 0.036 
7.521 10.4 8.93 0.027 

10.028 15.3 9.51 0.019 

11.25 
22.0 
32.2 
41.8 
10.6 
20.6 
30.2 
39.5 

8.76 
16.8 
24.5 
31.65 
21.0 
39.9 
56.6 
69.8 

Inittal concentration of borate in the titrant solution: 0.250&f 

moreover, the heat of dissociation of any polyborates which 
may be present in the initial solution is counterbalanced by 
an equal heat effect during the dilution experiment, so that 
it is eliminated m the calculatton of the corrected heat (see 
below). (e) Thermal effects from the neutralization reactton 
between H+ and OH- and for changes in the opttcal 
rotatory properties of certain polyols m the presence of 
borate are negligible; m particular the latter process is 
extremely slow if compared with the time required for a 
calorimetric measurement.‘,“.” 

Treatment of the experimental data 

Some experimental data are collected, as an example, in 
Table 1’ the initial concentration of polyol in the calori- 
metric vessel (C,); the cumulative volume of titrant added 
to the calorimetric vessel (XV,); the concentrations of the 
complex species and of free polyol ([BL-1, [BL;], [L]) after 
each addition of titrant; the mean cumulative heat, cor- 
rected for dilution (ZQ,). 

Molar enthalpies of association were determined from the 
experimental heats (ZQ,) and the concentrations of the 
complex species: the latter were calculated from values of 
the corresponding stability constants determined poten- 
tiometrically by PaBIb (see Table 2) under the conditions of 
temperature and ionic strength used in the present work. No 
contraction in volume was found (in the limits of the 
instrumentation used) on mixing the reagents. The AH” 
values, with the corresponding standard deviations, were 
calculated by two different methods: (a) the numerical 
method of minimizing the sum of the squares of the 
deviattons for each measurement;‘) (b) a graphical method 
derived from the equations of Leden and Fronaeus.“’ These 

two methods gave results in good accordance. In order to 
check the enthalpy values, the experimental heats were 
recalculated by using the AH” values obtained. Entropy 
values were calculated by means of the equation 
AC” = AH - TAS”. 

RESULTS AND DISCUSSION 

The molar thermodynamic quantities for the first 
two steps of complex formation of borate with poly- 
01s are collected in Table 2. For ethylene glycol, 
values for only the first step are listed. In this case, 
in spite of the excess of polyol, the concentration of 
the BL; species was too low to give reliable AH” 
values for the second step. 

The present enthalpy and entropy values are in 
only partial agreement with those reported pre- 
viously.5 For mannitol, the entropies are in complete 
disagreement: -54 and +36 J . melee’ Km’ in the 
cited paper,s and -7.9 and -50 from the present 
work, for the first and second steps, respectively. In 
any case, poor agreement between calorimetric values 
and those obtained from variation of an equilibrium 
constant with temperature5 is fairly frequent. In 

general, calorimetric values are considered more 
reliable.15 However, the present enthalpy data for 
mannitol are in fairly good accordance with those 

Table 2. Thermodynamic parameters for complexation reactions of polyols (L) with the borate ion (B-): BL,: , + L + BL,-, 
in aqueous solution at 25” and I = l.OM* 

L i log Kf 

Ethylene glycol 1 0.23 + 0.01 
1,2-Propylene 1 0.46 k 0.01 

glycol 2 -0.35 * 0.04 
Glycerol 1 1.30 * 0.02 

2 0.18+0.05 
D-Mannitol 1 3.04 k 0.08 

2 1.50 f 0.09 

AG; AH; AS; AHAnon, AH,w, 

- 1.30 & 0.08 -5.8 kO.5 -15k2 -7.4 1.6 
- 2.64 k 0.08 -9.3 f 0.6 -22*2 - 10.2 0.9 

2.0 + 0.2 -38.9 f 1.7 -138k4 -30.1 -8.8 
-7.41 & 0.12 - 10.2 * 0.5 -9.6 k 1.6 - 12.3 2.1 

- 1 .o + 0.3 -28.9 * 1.7 -92k4 -23.9 -5.0 
- 17.3 * 0.5 - 19.7 * 0.2 -7.9 k 1.6 -219 2.2 

-8.5 f 0.5 -23.4 f 0.5 -5Ok2 -22.0 -1.4 

*Gibbs function and enthalpies are expressed in kJ/mole, AS‘ in J.molee’.K-‘. 
tSee reference 6. The uncertainty given in each case is the estimated standard deviation. 
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obtained by Evans et al. calorimetrically:’ 
- 18.62 f 0.25 and - 19.9 _+ 0.5 kJ/mole for AH: 

and AH; respectively, in comparison with - 19.75 
f0.25 and -23.4 f 0.5 (Table 2). It is interesting to 
note that the standard deviations indicate that the 
data obtained by the two different calorimetric meth- 
ods (i.e., thermometric titrimetry in the present case, 
and continuous flow calorimetry’), have similar re- 
producibilities. 

Examination of the results in Table 2 for the first 
step of reaction shows that the AC: values, in both 
sign and relative magnitude, are determined by AH:. 
The ASP values, on the other hand, are unfavourable 
to the complexation process, and are not very 
different from zero. These facts seem to indicate a 
greater influence of direct solute-solute interactions 
rather than external factors on the formation of the 
1: 1 complexes. In order to verify this conclusion, and 
for a better interpretation of the enthalpy values, the 
latter have been divided into electrostatic (AH& and 
non-electrostatic (AHc,,,)) parts, following the calcu- 
lation method proposed previously.‘6,‘7 The electro- 
static contribution to the enthalpy is a measure of 
long-range electrostatic interactions, depending on 
the dielectric constant of the medium; the non- 
electrostatic part is a measure of covalent, short- 
range interactions. The values obtained for AHc,,,) 

and AH(,,, are listed in Table 2. They confirm that 
electrostatic contributions are almost non-existent, 
and that the direct covalent borate-polyol inter- 
actions are the controlling factors affecting AH”, and 
consequently AC’. Moreover, AH: and AH,(,,,, be- 
come more favourable from ethylene glycol to man- 
nitol; this seems to indicate the presence of 
progressively stronger solute-solute bonds. In fact, in 
propylene glycol, besides the two hydroxy-groups of 
ethylene glycol, a methyl group is present, which 
enhances the bond-forming properties with borate by 
inductive effects. In glycerol a third hydroxy-group is 
present, which can form hydrogen bonds with borate. 
Finally, the possible formation of a third C-O-B 
bond has been suggested for mannitol.6 

The thermodynamic parameters for the second 
reaction step are remarkably different from those of 
the first step. AH; (again mainly due to AH,,,,,) is 
more favourable than AH;; AS;, on the other hand, 
is strongly negative. These values confirm, at least 
partially, the hypothesis of PaaL who suggested a 
much lower degree of hydration of borate in the 1:1 
glycol-borate complex than in the uncomplexed 
form. Consequently, fewer borate-solvent bond rup- 
tures would take place when the second molecule of 

polyol enters the complex. More particularly, the 
smallest difference between log K, and log K2 is found 

for propylene glycol, together with the greatest 
difference between AH: and AH; and between ASP 
and AS;. This seems to confirm the hypothesis that 
the greatest desolvation of borate is caused by the 
methyl group of propylene glycol, as a consequence 
of its strong shielding properties6 In contrast, the 
greatest difference between log K, and log K2 is found 
for mannitol, for which AH; is also the most un- 
favourable and very similar to AH:. This is in 
accordance with a possible formation, by the first 
polyol molecule, of a third C-O-B bond, which 
would hinder the binding with the second molecule of 
mannitol. It must be noted, in this connection, that 
in the previously mentioned calorimetric work on 
mannitol-borate complexation’ the constancy of the 
corresponding AH: and AH; values was discussed. 
This constancy was justified by means of the general 
hypothesis of Poulsen and Bjerrum, according to 
which, for reactions with electrically neutral ligands, 
heats of successive steps will be approximately con- 
stant, variation in stability being mainly determined 
by the entropy changes. The data in Table 2, on the 
contrary, indicate that constancy of the AH” values 
for mannitol is peculiar to this compound and is not 
typical of the enthalpy data for the other polyols. 

1. 
2. 
3. 

4. 

5. 
6. 
7. 

8. 
9. 

10. 

11. 
12. 

13. 
14. 
15. 

16. 
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Summary-Traces of beryllium in platinum have been determined by graphite-furnace atomic-absorption 
spectrometry, the graphite furnace being coated with lanthanum or titanium carbide. The coating 
improves the reproducibility, sensitivity and detection limit. Platinum interferes in the beryllium 
determination, and an ion-exchange separation is used in the determination of beryllium in Pt-Be alloy. 

The determination of beryllium by atomic-absorption 
spectrometry (AAS) is difficult, whether flame or 
electrothermal atomization is used.‘-” There are nu- 
merous interferences in the flame atomization meth- 
ods, even when the high-temperature reducing ni- 
trous oxide-acetylene flame is used,4 and because of 
the formation of beryllium carbide the graphite fur- 
nace gives rather poor reproducibility and sensi- 
tivity.‘-” According to the literature,7~s*‘0*” however, 
the reproducibility, sensitivity and determination 
limit may be considerably improved by coating the 
graphite furnace with a carbide or with pyrolytic 
graphite. 

When we were asked to determine beryllium in 
Pt-Be alloy we decided to use AAS with electro- 
thermal atomization (ETA) in graphite tubes coated 
with lanthanum or titanium carbide. We found there 
was spectral interference from platinum, and that the 
deuterium background corrector could not compen- 
sate for the high background absorption due to the 
platinum, so to avoid this matrix effect, we used 
ion-exchange to separate the beryllium. 

EXPERIMENTAL 

Instrumentation 

Perkin-Elmer models 300 and 403 atomic-absorption 
spectrophotometers, equipped with the HGA model 72 and 
74 graphite-furnace atomizers respectively, and a Beckman 
model 1272D atomic-absorption spectrophotometer 
equipped with a Unilam 1288 burner and a Pye-Unicam 
GRM 1268 graphite-furnace atomizer were used. The oper- 
ating conditions are given in Tables 1 and 2. The Beckman 
instrument was also used for flame AAS determination 
of beryllium (wavelength 234 mm, band-pass 0.14 nm, lamp 
current 12 mA). 

Carbide coating. A lanthanum chloride solution (La 
1 mg/ml, 100 ~1) or titanium sulphate solution (Ti 1 mg/ml, 
200 ~1) was injected into the tube and a heating programme 
was applied. The procedure was repeated two or three times, 
depending on the apparatus, for the lanthanum coating, and 
twice for titanium. For lanthanum the programme was 
heating at loo” for 100 set, at 1100” for 30 set and at 
maxiGum temperature for 10 sec. For titanium, the heating 
sequence was 100” for 120 set, 1650” for 180 set, 2850” for 
20 sec. 

Reagents 

Standard beryllium solution. Beryllium (spectral grade, 
OSO86g) was dissolved in 2M hydrochloric acid and the 
solution was diluted to 250ml. This solution was further 
diluted as required. 

Standard platinum solution. Prepared by diluting a solu- 
tion of H,PtCl,, standardized gravimetrically by precip- 
itation of the ammonium salt. 

Ion -exchange columns 

The columns were made in tubes 25 cm long, 8 or 5 mm 
in bore, with a stopcock at the end. They were packed with 
Dowex 50W x 8, 20-50 mesh, sodium form. 

Ion -exchange separation of platinum from beryllium 

Static studies. Dowex 50W x 8 (sodium form, 400 mg) 
was mixed with 20 ml of beryllium solution containing 
326 fig of Be(U) and the nH was adiusted with sodium 
hyd;oGde sol;&. The m&ure was shaken for 8 hr, then 
the concentration of beryllium was measured by graphite- 
furnace AAS. The results are given in Table 3. 

Column studies. To establish optimum conditions for the 
column separation of beryllium from platinum, an in- 
vestigation was made of the effects of thd amount of resin 
used. Recoverv of 8 ME of Be was 99.2. 100.0, 99.9 and 
93.5% compleie, with use of 200, 400, 806 and 1200 mg of 
resin respectively. The efficiency of hydrochloric, nitric and 
citric acids as eluents was investigated, and 4-6M hydro- 
chloric acid was chosen as the most efficient. 

Procedure 

A 5-ml portion of solution containing 2.5 x 10m4 mg of 
Be(II) and 7.14 mg of Pt(IV), adjusted to pH 3.5, was 
introduced into the Dowex column (bed height 3.5 cm, 
400 mg of resin) and the platinum (as PtCl:-) was washed 
through with 25 ml of water and collected in a M-ml 
standard flask. The beryllium was eluted with 25 ml of 6M 
hydrochloric acid, into a 50-ml standard flask. Both eluates 
were diluted to the mark with water, and analysed by AAS 
according to the conditions given in Table 1. Blanks were run 
and appropriate corrections applied. The concentrations of 
Pt(IV) and Be(I1) were obtained from calibration graphs. 

Analysis of Pt-Be aZloy. The alloy sample (0.741 g) was 
dissolved by heating with 20 ml of aqua regia. The solution 
was evaporated to dryness, a few ml of concentrated 
hydrochloric acid were added, and the evaporation was 
repeated, almost to dryness; this was repeated twice. The 
residue was dissolved in dilute hydrochloric acid and the 
solution was transferred into a lOO-ml standard flask, and 
made up to volume. A 5-ml aliquot was adjusted to pH 3.5 
and introduced into the Dowex column (sodium form). 
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Table 1. Operating conditions for determination of beryllium by flameless atomic- 
absorption spectrometry 

Perkin-Elmer Perkin-Elmer Beckman 
3OO/HGA 72 403/HGA 74 1272/GRM 1268 

Wavelength, nm 234.9 234.9 234.84 
Band-pass, nm 0.7 0.7 0.6 
Drying temperature, “C 100 100 120 
Drying time, set 25 25 30 
Charring temperature, “C 1200 1200 1100 
Charring time, set 30 30 30 
Atomization temperature, “C maximum maximum (2650) 2850 
Atomization time, set 12 12 20 
Cleaning temperature, “C 2850 
Cleaning time, set 3 
Injection volume, ~1 20 20 20 
Argon flow-rate, I./min standard 50 standard 

Platinum was removed from the column by washing with 
25 ml of water. Beryllium was eluted with 25 ml of 6M 
hydrochloric acid, the eluate being collected in a 50-ml 
standard flask and diluted to volume. The flow-rate was 
0.5 ml/min. Beryllium was determined by AAS according to 
the conditions given in Table 1, by use of the graphite 
furnace coated with titanium carbide; the results were 
corrected for the blank. 

RESULTS AND DISCUSSION 

As shown in Fig. 1 the calibration graphs are linear 
only over a certain concentration range, and above a 
certain beryllium concentration there appears to be a 
memory effect when the lanthanum coating is used, 

Table 2. Operating conditions for determination of 
platinum by flameless atomic-absorption spectrometry 

Wavelength, nm 
Band-bass, nm 
Drying temperature, “C 
Drying time, set 
Charring temperature, “C 
Charring time, set 
Atomization temperature, ’ 
Atomization time, set 
Injection volume, ~1 
Argon flow-rate, l./min 

‘C 

266; 273.4 
0.7; 0.2 

103 
30 

1370 
35 

2650 
30 
20 

standard 

Table 3. Retention of beryllium on Dowex 
50W x 8 as a function of pH 

Be retained Be retained 
PH on resin,* y0 on column,t % 

0.9 76.6 77.5 
2.0 98.8 98.8 
3.5 100.0 100.0 
5.Q 99.7 99.9 

11.9 77.9 85.0 

*Batch method, 326 pg taken; after equi- 
libration the solution was diluted, 
acidified to pH < 4 and analysed by 
AAS. 

0 50 2 

0 40 3 
q 0 30 

0 20 

010 

k 1 

0.1 0.3 0.5 07 

Betng) 
tColumn method, 16.28 mg taken; the col- 

umn was washed with 100 ml of water 
and the total effluent was diluted to 
200 ml, acidified to pH < 4 and anal- 
ysed by AAS. 

Fig. 1. Beryllium calibration graphs, with furnace (1) un- 
treated, (2) coated with lanthantim carbide, (3) coated with 
titanium carbide; (a) HGA 72, 300 pg of La; (b) HGA 74, 
2OOpg of La; (c) Beckman spectrometer and GRM 1268, 

@Precipitate observed. 3OOpg of La or 4OOpg of Ti. 

but not with the titanium coating. The memory effect 
is due to incomplete volatilization of Be in the firing, 
as shown by an absorption peak appearing during the 
cleaning step. The titanium carbide coating enhanced 
the absorbance from 0.1 to 0.25 for 0.2 ng of beryl- 
lium when the Pye-Unicam GRM 1268 furnace was 
used. Use of more than 4OOpg of titanium for the 
coating gave slightly lower results. 

A char temperature of 1200” applied for 30 set was 
chosen for use with the Perkin-Elmer spectrometers 
and 1100” for 30 set for the Beckman instrument 
(Fig. 2). Lower8 and higher’* temperatures have been 
recommended in the literature. 

Be ( ng 1 

II/ I I 

002 010 0 16 

Be ( ng ) 
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With the Perkin-Elmer spectrometers the max- 
imum attainable temperature was used as the atom- 
ization temperature, in agreement with the literature 
recommendations, but with the Beckman spec- 
trometer an atomization temperature of 2750” (which 
is below the maximum) was chosen, since it gave a 
more linear calibration curve with the titanium coat- 
ing (Fig. 3). 

The conditions used for platinum determination 
were those established earlier.‘* Platinum was found 
to have a marked effect on the beryllium signal (Fig. 
4), and this could not be eliminated by use of the 
deuterium-lamp background-compensator. It there- 
fore seemed necessary to separate the traces of beryl- 
lium to avoid interference from the platinum matrix, 
and ion-exchange was chosen for the purpose. 

The retention of beryllium on Dowex 5OW x 8 was 
found to be maximal at pH N 34 (Table 3). The 
beryllium could be eluted from the column with 
4-6M hydrochloric acid. Other eluents were also 
investigated; nitric acid interferes in the beryllium 
determination by AAS, and citric acid appears to be 
less efficient than hydrochloric. 

To shorten the analysis time the conditions for 
column separation were investigated (as described 
above). As a result, a very short resin bed (3.5 cm 
long, 400 mg of resin) was used. The optimum 
flow-rate appears to be 0.5 ml/min. At higher 
flow-rates 25 ml of 4-6M hydrochloric acid will not 
be enough to elute the beryllium quantitatively. The 

600 1009 1200 1400 1600 

r ChD, 1°C) 

c Deposit of 4OOpg of Ti 

0 20 
-.-.-.-_ 

-* 

I I I I I 

600 1000 1200 1400 MOD 

r char (‘C) 

Furnace untreated 

0 (0 -.-.-.. 
. 

q 
0 05 

. 

800 1DOD 1200 1400 1600 

r CkO, (‘C) 

Fig. 2. Absorbance of Be as a function of charring 
temperature (Beckman spectrometer, T,,,, = 2850°C 

C, = 0.01 ppm). 

05 
04 Furnace untreated 

Betng) 

01 03 0.5 07 
Be(ng) 

05t- Deposit ot ~OO/UJ al Ti 

BeIngI 

Fig. 3. Absorbance of Be as a function of atomization 
temperature with furnace (a) untreated, (b) treated with 
lanthanum, (c) treated with titanium; Beckman spec- 
trometer. O-O-O- 2600°C; x - x - x - 2750°C; O-O-O- 

2850°C. 

optimum conditions for retention and elution of 
beryllium were adopted for the separation of plat- 
inum and beryllium and found to give good results 
(Table 4). The method was applied to the Be-Pt alloy 
which was the reason for the investigation and gave 
0.0018 f 0.00015% (mean and 95% confidence limits) 
for four AAS measurements in each of six separate 
determinations. 

Our investigation confirmed that the sensitivity, 
reproducibility and detection limit of the beryllium 

0 10 100 1000 loo00 

0 10 100 IOOD lOODD 

Fig. 4. Effect of R on Be determination. (a) with furnace 
untreated (curve 1) and treated with lanthanum (curve 2); 

(b) by flame AAS. 
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Table 4. Separation of beryllium from platinum on Dowex 5OW x 8 
(Na+) 

Taken, mg 
Pt Be Pt 

Found*, mg 
Be 

1 3.57 + 1.6 x lo-* 0.025 + 1.6 x lo-’ 
2 
3 3.57 0.025 

3.60 k 3.7 x 1O-2 0.024 + 1.0 x 1O-3 
3.55 * 3.3 x 10-l 0.024 + 1.0 x 1O-3 

4 3.59 + 1.6 x 10m2 0.026 + 1.6 x 10-J 

1 7.15 + 1.0 x 1o-2 0.26 & 1.6 x 1O-2 
2 

7.14 0.25 
7.14 * 1.0 x 10-2 0.24 k 1.0 x 1O-2 

3 7.11 _+ 1.6 x 1O-2 0.25 _+ 1.6 x 1O-2 
4 7.15 f 1.6 x 1O-2 0.025 + 1.6 x 1O-2 

*Each result is the mean and range (95% confidence limits) of four 
determinations. 

For the first group of experiments 20 ml of test solution were passed 
through 2.0 g of resin and the column was washed with 50 ml of 
water to elute Pt. The Pt eluate was diluted to 250 ml for analysis. 
Be was eluted with 25 ml of 4M HCl and the eluate diluted to 50 ml 
for analysis. For the second group, 5 ml of test solution was passed 
through 400mg of resin, and the Pt was eluted with water (total 
volume of eluate 50 ml; subsequently diluted for analysis). Be was 
eluted with 25 ml of 6M HCI and the eluate diluted to 50 ml for 
analysis. 

Table 5. Detection limit and sensitivity (for 0.0044 absorbance) for determination of Be with different spectrometers and 
methods 

Perkin-Elmer 300* Perkin-Elmer 403* Beckman 1272D* 
HGA-72 HGA-74 Pye-Unicam GRM-1268 

With La With La With La With Ti 
Without deposit Without deposit Without deposit deposit 
coating (3OOfig) coating (2OOyg) coating (300 p(p) (400 pg) 

Beckman 1272D 
Unilam 1288 

Detection limit, ng/ml 9.8 0.72 0.56 0.053 0.24 0.016 0.013 3 
Pg 196 14 11 1.0 4.8 0.33 0.25 

Sensitivity, &ml 0.11 1.0 1.7 0.30 0.59 0.24 0.19 29 

Ei/rnl 
2200 4.4 34 6.0 12 4.9 3.8 

Reproducibility,? *3 * 0.22 kO.30 kO.016 kO.18 +0.29 20.29 +12 

*2Opl of test solution introduced into furnace. 
Tf20. 

determination are improved if the graphite furnace is 
provided with a carbide coating, but also showed that 
these quantities depend on the apparatus used (Table 
5). The improvement seems to be greater with the 

titanium coating. 
For comparison, flame AAS with a reducing ni- 

trous oxide-acetylene flame was used (conditions in 
Table 2), but as expected, it gave higher detection 
limits and poorer sensitivity than the flameless AAS 
(Table 5). 

Our results were similar to” or better thanI those 
in the literature. 

It seems that the optimum amount of carbide 
coating depends on the size of the furnace. The HGA 
74 is smaller than the others. 
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Summary-An experimental study of the current efficiency in the coulometric generation of Ti(III), as a 
function of electrolyte composition, current density and electrode material, has been performed. The 
cathodes investigated include platinum, mercury and graphite. The first two are suitable for high-precision 
determination of uranium. The graphite surface is readily poisoned, rendering it useless for high-accuracy 
work. The use of mercury requires thorough removal of chloride from the system. The precision and error 
obtained are comparable for both the mercury and platinum cathodes, and are of the order of 50 ppm. 

In aqueous solutions titanium(II1) is a powerful 
reductant, and was first introduced as a coulometric 
titrant by Arthur and Donahue.’ E” for the 
Ti(IV)-Ti(II1) couple, + 0.1 V, is very nearly equal to 
that of hydrogen. Hence, in any coulometric experi- 
ment there is a possibility of co-reduction of hydro- 
gen ion along with Ti(IV), resulting in a significant 
loss of current efficiency. A high current efficiency for 
the electrogeneration of titanium(II1) can easily be 
obtained if mercury, which has a high hydrogen 
overpotential, is used as the cathode, and the 
hydrogen-ion concentration in the supporting elec- 
trolyte is low. 

For these reasons, Lingane and Iwamoto2 cou- 
lometrically titrated uranium(V1) with titanium(II1) 
electro-generated at a mercury-pool cathode in 
0.2-1M citrate medium, containing 0.08M titanium 
tetrachloride, at pH 0.5-1.5 and 85”. The elevated 
temperature was required to increase the rate of 
reduction of U(V) with Ti(III), because at room 
temperature (25”) the rate is impracticably low. Later, 
Kennedy and Lingane successfully determined ura- 
nium(V1) by using a platinum cathode, which is more 
convenient to use than a mercury cathode. In their 
work, a medium of 6-9M sulphuric acid and 0.6M 
titanium(IV) was used as the supporting electrolyte. 
Under these conditions, titanium(II1) can be gener- 
ated with 100% efficiency for current densities as high 
as 3 mA/cm2, but at elevated temperatures the 
efficiency decreases.’ Kennedy and Lingane also 
found that iron(H) catalyses the reduction very 
effectively, eliminating the need for elevated tem- 
peratures.’ 

Takeuchi et ~1.~ determined uranium(V1) in ura- 
nium(IV) oxide by use of Kennedy and Lingane’s 
method. Marinenko et aLs improved the method and 

*Guest worker at the National Bureau of Standards from 
Science University of Tokyo, Department of Industrial 
Chemistry, Kagurazaka, Shinjuka-Ku, Tokyo, 162 Ja- 
pan. 

tTo whom correspondence should be addressed. 

applied it to the analysis of Standard Reference 
Material (SRM) 960 Uranium Metal, issued by the 
National Bureau of Standards (NBS). 

The generation of titanium(II1) in a sulphuric acid 
medium, at a platinum cathode, is known to be less 
than 100% efficient. s*6 Bishop and Hitchcock’ in- 
vestigated the electrode processes occurring at the 
platinum cathode during the reduction of ti- 
tanium(IV) and found that trace impurities in the 
sulphuric acid can cause electrode poisoning, and 
emphasized the need not only to activate or condition 
the electrode, but also to purify the sulphuric acid. 
With 0.6M titanium(IV) sulphate/7M sulphuric acid 
purified by electrosorption, the loss of current 
efficiency is only 1 ppm at a current density of 59.2 
mA/cm2. However, according to Bishop and 
Hitchcock’ it is difficult to purify sulphuric acid, and 
furthermore, after purification, the acid is soon 
recontaminated even when it is kept in an all-glass 
apparatus. 

As mentioned above, the current efficiency for 
generation of titanium(II1) has been extensively stud- 
ied for the platinum cathode but not for other 
cathodes. Hence, systematic study of the efficiency of 
coulometric generation of titanium(II1) at platinum, 
mercury and graphite electrodes was undertaken. 

Coulometric generation eficiency for titanium(ZZZ) 

The Ti(IV)-Ti(II1) couple is reversible in 1-15M 
phosphoric acid,* but the Ti(IV) concentration can- 
not exceed O.OlM because of solution instability. 
Such a low concentration of Ti(IV) makes the system 
unusable for the coulometric generation of Ti(II1) 
titrant. The titanium couple is also reversible in 
L 4M sulphuric acid,* which is a preferred support- 
ing electrolyte in cathodic titrations. Hydrochloric 
acid has also been employed as the medium for the 
generation of titanium(III), but the titanium couple 
is less reversible than in the same concentration of 
sulphuric acid.8 Furthermore, both uranium(V1) and 
titanium(IV) are reduced by mercury in hydrochloric 
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Table 1. Electrode potentials (V vs. SCE) on different cathodes, as a function of current density* 

Current Hg Graphite Pt 

density 
mA/cm2 E”, V E’, V AE, V , E” V E’, V AE, V E”, V E’, V 

1O-4 +0.25 -0.35 0.60 WO.25 +0.05 0.20 +0.35 -0.10 
10-j i-O.23 -0.13 0.96 +0.20 -0.40 0.60 f0.25 -0.15 
10 +0.15 -0.90 1.05 0.00 -0.65 0.65 0.00 -0.18 

*E’ determined in 9M H,SO,. E” determined in 9M H,SO,/lM Ti(IV). 

BE, V 

0.45 
0.40 
0.18 

acid.’ In perchloric acid the titanium couple is 
irreversible’ because titanium(II1) immediately re- 
duces perchlorate to chloride. Consequently, of all 
the common acids considered, only sulphuric acid is 
suitable for the investigation. 

The coulometric titration cell used throughout this 
work has already been described in detail.5*‘0v” Plat- 
inum gauze, high-purity mercury and spectrographic 
grade graphite rod were employed as the cathode 
materials. The areas of these electrodes were 80, 12 
and 1.5 cm2, respectively. The graphite rod was pol- 
ished with fine Carborundum paper and then rubbed 
with filter paper before each use. The anode was a 
piece of platinum gauze. The potential of the cathode 
was measured with respect to a saturated calomel 
electrode (SCE). All the work was done with 100 ml 
of electrolyte solution, containing 100 mg of ferrous 
ammonium sulphate hexahydrate as catalyst for the 
uranium(V1) titration, and stirred at constant rate 
with a Teflon-coated magnetic bar. The electrode 
potentials for the three types of cathode in different 
electrolytes, at three levels of current density (10e4, 
10-i and 10 mA/cm2), are listed in Table 1. 

10' 1 

I I 1 I I I , 

0.4 0.2 0.0 -0.4 -0.6 -0.6 -1.0 

E ca,hod. vs. SCE (V) 

Fig. 1. Potential of the platinum cathode as a function of 

I 

The current density us. working electrode potential 
diagrams obtained are shown in Figs. l-3, and the 
current efficiency for the generation of Ti(III) from 
Ti(IV) can be readily estimated from them. 

The current due to the reduction of other species 
in the supporting electrolyte (e.g., of protons) is 
subtracted from the total current to compute the 
current efficiency. For example, consider the curves a 
and b in Fig. 2. At a current density of 20 mA/cm2 
the potential of the graphite cathode in 9M sulphuric 
acid/l M titanium,(IV) is - 0.05 V vs. SCE (point x on 
curve b). At the same potential the corresponding 
current density in the absence of titanium(N) is 
3 x 10e3 mA/cm* (point x’ on curve a). Then 

current efficiency = 

(20 mA/cm*) - (3.0 x 10m3 mA/cm2) x 1oo 

20 mA/cm2 

= 99.985% 

Current efficiencies calculated for different elec- 
trodes, different current densities and various electro- 
lyte compositions are summarized in Table 2. 

IO2 k 

IO’ - 

- 100 q 
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!t 16 I 
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?! 
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I I I I I I I I I 
0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.6 -1.0 -1.2 

E c,,,hod, vs. SCE (VI 
current density: (a) 2M H,SO,; (b) 2M H,S04/0.2M Ti(IV); 
(c) 9M H,SO,; (d) 9M H,SO,/O.SM Ti(IV); (e) 9M Fig. 2. Potential of the graphite cathode as a function of 

H,SO,/l .OM Ti(IV). current density: (a) 9M H,SO,; (b) 9M H,SO,/l .OM Ti(IV). 
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E ca,“*Ys. SCE (VI 

Fig. 3. Potential of the mercury cathode as a function of 
current density: (a) 2M or 9M H,SO,; (b) 2M H,SO,/O.ZM 

Ti(IV); (c) 9M H,SOJO.SM Ti(IV). 

It is of interest to consider the potential of each of 
the cathodes investigated, at various current densi- 
ties, for reactions in 9M sulphuric acid in the presence 
and absence of titanium(IV) (1M). In the latter case 
the primary potential-determining reaction is the 
reduction of protons to hydrogen gas (potential E’), 
and in the former it is the reduction of titanium(W) 
(potential E”). A summary of the current- 
density/potential data is given in Table 1, and indi- 
cates that, between current densities of 10e4 and 
10 mA/cm2, AE = (E” - E’) increases dramatically 
for Hg and graphite cathodes (by 0.45 V). For 
platinum, under the same conditions, AC\E decreases 
by 0.27 V. The reason is evident from the values of 
E’. On both the mercury and graphite cathodes, the 
hydrogen overvoltage increases very markedly as a 

function of current density (0.55 V on mercury and 
0.70 V on graphite), whereas on the platinum cath- 
ode the overvoltage increases by only 0.08 V over the 
same current-density range. The increase in over- 
voltage for the reduction of titani~(I~ on all three 
cathodes is comparable: 0.10 V for mercury, 0.25 V 
for graphite and 0.35 V for platinum over the 
10-4-10 mA/cm* current-density range. On the basis 
of only these data, mercury is the preferred cathode 
for 100% efficient generation of Ti(II1) from ti- 
tanium(IV) sulphate electroiyte, followed by graphite 
and platinum in order of decreasing efficiency. How- 
ever, other considerations make platinum at least as 
attractive as the other two materials. As noted earlier, 
use of the mercury cathode results in significant 
titration errors when halides are present in the elec- 
trolyte. The addition of uranium(V1) chloride causes 
spontaneous oxidation of mercury to form merc~~us 
chloride, in a reaction which is not reversible under 
these experimental conditions, so results for U(V1) 
are low. The graphite electrode used in our experi- 
ments became “poisoned” after a 30-min electrolysis 
and gave copious liberation of hydrogen with a 
concurrent loss of current efhciency. Thus, graphite 
was abandoned as cathode material for generation of 
Ti(II1). For 1M titanium(IV) sulphate in 9M sul- 
phuric acid the results obtained with the platinum 
cathode agree with those of Kennedy and Lingane.3 

It was found earlier by Kennedy and Lingane3 that 
the slow reaction between U(V1) and Ti(III) at room 
temperature can be accelerated by the addition of 
small amounts of iron(H), but even then the reaction 
is quite slow as long as U(W) is in excess. Only when 
excess of Ti(II1) is present does the reaction proceed 
rapidly to completion. 

This point is illustrated in Fig. 4 by three indicator- 
current curves measured in the equivalence-point 
region of the uranium titration. For each curve, 
10~~eq of Ti(II1) were coulometrically generated in 
the electrolyte [9M sulphuric acidjIM titanium(IV) 
sulphate containing 1 mg of ferrous ammonium 
sulphate hexahydrate per ml]. Curve 1 corresponds to 

Table 2. Current efficiency of generation of Ti(II1) on different electrode materials 

Platinum Graphite 
Current 

Mercury 
___ 

density, [H,SOJ 2M 9M 9M 9M 9M 2M 2M 9M PM 9M 
mA/cmZ II?(W)] 0.2M 0.5M 1M 0.1M iit4 O.iM 0.2M O.lM 0.5M 1M 

0.01 100 100 100 100 100 100 
0.05 100 100 
0.1 
0.5 100 100 100 

1 100 99.98 100 100 100 
3 99.33 99.98 99.91 99.999 
5 95 100 100 99.84 99.994 
8 36.25 99.77 99.96 

10 15 99.13 99.94 
20 99.997 99.49 99.87 
30 99.996 98.50 99.72 99.72 100 100 
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Fig. 4. Amperometric indicator current due to Ti(III), as a function of time. Electrolyte composition: 
PM H,SO.,/lM Ti(IV)/l-m&ml Fe(NHJ,(S0&.6H,O, (1) 10 peq Ti(III) + 5 peq U(V1); (2) 10 ,ueq 

Ti(II1) + 10 peq U(X); (3) 10 yeq Ti(II1) + 15 peq U(V1). 

the region after the equivalence point. This curve was 
obtained by adding 5peq of U(VI) to the 10peq of 
Ti(III) generated. It can be seen that equilibrium is 
reached quite rapidly. The initial exponential decay 
of the indicator current reaches a constant value after 
24 min. At the equivalence point (curve 2), the rate of 
reaction is significantly lower when 10 peq of U(V1) 
are added to the generated 10 peq of Ti(III), equi- 
librium being reached 7 min after addition of the 
U(V1) aliquot. Before the equivalence point (curve 3), 
the reaction rate when 15 peq of U(W) are added to 
the generated 10 peq of Ti(III) is impracticably slow. 

It is clear that, for stoichiometric reaction mea- 
surements, the system must be overtitrated to allow 
equilibration to take place at a reasonable rate and 
then the excess of titrant must be determined. On the 
basis of these studies the following experiments on 
the coulometric assay of uranium were performed. 

EXPERIMENTAL 

Coulometric assay qf uranium metal 

The instrumentation for coulometric generation of the 
t&rant was similar to that described meviou~l~.~~‘~~” The 
electrolysis cell was also of the type described earlier,5*‘o*” 
with a few m~ifications. A silicic acid plug was cast in the 
bottom of the anode chamber to cover the glass frit. The 
remainder of the chamber was filled with 2M sulphuric acid 
and a glass tube with its bottom closed by a glass frit and 
a silicic acid alug. and filled with 2M sulphuric acid. The 
platinum anode and the SCE were immeised in the tube. 

The end-point of the titration was determined am- 
perometrically with a platinum foil indicator electrode (area 
approximately 1.2 cm? immersed in the cathode chamber. A 
polarograph was used to apply a constant potential between 
the&indicator electrode and the SCE, and to record the 
indicator current. Argon, purified by passage through chro- 
mium(I1) chloride and then PM sulphuric acid, was used to 
purge oxygen from the cell and the electrolyte. The Faraday 
constant was taken as 96486.5 C/~uivalent and the atomic 
weight of uranium as 238.0289. 

Analytical-grade chemicals were used without further 
purification. Titanium(IV) sulphate solution was prepared 
by slowly adding 50% titanium tetrachloride solution to 
concentrated sulphuric acid, and removing all the hydro- 
chloric acid by purging the solution overnight with argon. 

The final concentrations in the stock solution were 1M 
titanium(IV) and 9N sulphuric acid. 

Uranium sample solution was prepared from uranium 
metal (NBS SRM 960) cu into approximately l-g pieces. 

L Immediately before the sa ple was weighed, the surface 
oxide was removedt2 by dipping the pieces in warm nitric 
acid (1 + 1) for 10 min, rinsing with distilled water, etching 
in hydrochloric acid (1 + 3) for 5 min, rinsing with distilled 
water again, immersing in acetone, air-drying for a few 
minutes, then placing them in a vacuum desiccator. The 
sample was weighed to the nearest microgram before any 
significant amount of surface oxide could form (i.e., within 
30 min), and the weight was corrected for air buoyancy. The 
sample was then dissolved in hydr~hlo~c acid (1 + 1) in an 
inclined 125-ml Erlenmeyer flask (10 ml of acid per g of 
sample). After dissolution was complete, 0.5-l ml of 30% 
hydrogen peroxide was added slowly to ensure that all 
uranium was in the hexavalent state and to dissolve any 
traces of black residue (ostensibly I&O&. The solution was 
then evaporated nearly to dryness under infrared lamps, the 
residue was taken up with water and the evaporation was 
repeated, to destroy the excess of hydrogen peroxide. Five 
ml of concentrated sulphuric acid were then pipetted slowly 
down the wall of the flask and the solution was evaporated 
till fuming. Finally the solution was diluted to about 15 ml 
with distilled water and then titrated. Reagent blank sam- 
ples were prepared by the same procedure. 

Titration procedure 

The procedure was similar to that developed for the assay 
of NBS SRM 960 Uranium Metal by Marinenko et al.* 

About 75 ml of titanium(IV) sulphate catholyte and 100 
mg of ferrous ammonium sulphate hexahydrate were placed 
in the cathode chamber of the cell. Argon, purified from 
traces of oxygen by passage through chromous chloride 
solution, was passed through the contents of the cell for 
about 30 min, the solution being vigorously stirred with the 
magnetic stirrer. After purging, the catholyte was permitted 
to flow into the intermediate compartments of the cou- 
lometric cell until it just covered the bottom of each 
compartment. A current-voltage curve was run before each 
titration to determine the optimum potential for the indi- 
cator system. 

For pretitration, ea. 10 peq of Urania were added to 
the cathode chamber and titrated at 3.22 mA by passage of 
small increments of charge, each corresponding to 1 peq. 
After a slight excess of titanium(II1) had been generated, as 
evidenced by the indicator-current increase, the solution was 
allowed to equilibrate for 30min. Additional amounts of 
titanium(II1) were then generated and the indicator current 
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was measured after each charge increment. The linear 
portion of the indicator-current curve was extrapolated 
graphically, and its intersection with the zero-current line 
taken as the end-point. 

After the pretitration, the intermediate cell compartments 
were rinsed by repeated emptying and filling with catholyte, 
by suction or argon pressure. The final reading of the 
indicator current was used to establish the amount of 
overtitration. 

Next the intermediate compartments were filled with 
catholyte and the sample was transferred from the Erlen- 
meyer flask to the cathode chamber. The major part of 
the titration was then done at a constant current of about 
102 mA for a precalculated time corresponding to a few peq 
in excess of the theoretical amount. The intermediate com- 
partment and the sample flask were then rinsed three times 
with the titrated solution, by suction or argon pressure. 
After equilibration of the solution for 30 min. the end-point 
was located by the procedure used for the pretitration. 

ANALYTICAL RESULTS AND 
DISCUSSION 

In view of the studies of the efficiency of generation 
of Ti(II1) at different types of cathode it was of 
interest to verify independently the performance of 
the various cathodes in coulometric titrations. Hence, 
NBS SRM 960 Uranium Metal was analysed by the 
procedure of Marinenko et aL5 

As mentioned earlier, work with the graphite cath- 
ode was abandoned because hydrogen was liberated 
and the current efficiency decreased. The results of 
analyses with the platinum cathode are shown in 
Table 3. The oxidimetric assay value is 99.981% 
(s = 0.0048). When this value is corrected for the iron 
and vanadium present, which are titrated along with 
uranium, the assay becomes 99.970% U, which is in 
excellent agreement with the certified value of 
99.975%. It should be noted here that though the 
titration procedure was the same in this work as for 
the certification, the current densities were different 
(2.5 mA/cm’ for certification, 1.27 mA/cm* in this 
work). The agreement of the results obtained at 
current densities differing by a factor of 2 is further 
evidence of the consistency of the titration process 
under selected conditions. Both current densities 
should provide 100% efficient generation of Ti(II1) 
according to the data in Table 1. 

Table 3. Coulometric assay of NBS SRM 960 Uranium 
Metal at a platinum cathode (supporting electrolyte IM 
titanium(IV) sulphate/9M sulphuric acid; current density 

I .27 mA/cm’) 

U metal, mg 

Taken 

865.384 
1033.580 
1028.656 
1075.75, 
990.340 

1033.714 
1287.81, 

Found Assay, % w/w 

865.22, 99.98 1 
1033.42, 99.984 
1028.49, 99.984 
1075.60, 99.986 
990.10, 99.977 

1033.43, 99.973 
1287.60, 99.984 

Average 99.981 
Std. dev. 0.004, 

As a further test of the accuracy of the current 
efficiencies predicted from the current 
density/potential diagrams, uranium metal SRM 960 
was coulometrically titrated with Ti(II1) electro- 
generated at the mercury cathode at a current density 
of 8.3 mA/cm2. The electrolyte was O.lM ti- 
tanium(IV) sulphate/9M sulphuric acid. At a current 
density of 8.3 mA/cm*, the predicted current 
efficiency is 99.96%. The assay of the uranium metal 
was 99.999%, which is O.Ol’% higher than the value 
obtained under 100% efficient generation conditions 
with a platinum cathode. The uranium assay ex- 
pected from the current density data alone should be 
100.029%. However, the titration “efficiency” should 
be higher than the current efficiency because uranium 
is directly reduced in the initial stages of the titration. 

When the Ti(IV) concentration in the electrolyte 
was increased to 0.5h4, the uranium assay was 
99.987% (n = 3, s = 0.0087%). The current-density 
studies indicate that this electrolyte should provide 
100% efficient generation of Ti(III), which is borne 
out by the uranium assay. 

A set of uranium metal samples, ranging in weight 
from 30 mg to 1.2 g, was analysed with the mercury 
cathode system with 0.2M titanium(IV) sulphate/9M 
sulphuric acid electrolyte. The results are presented in 
Table 4. The assay value for Uranium SRM 960 
obtained with the platinum cathode system (99.981%) 
is in excellent agreement with the value obtained with 
the mercury cathode system (99.982x), under experi- 
mental conditions which are significantly different 
with respect to not only the nature of the cathode 
material but also the electrolyte composition and 
current density. 

A word of caution is in order regarding the use of 
the mercury cathode for uranium determination. The 
use of the mercury cathode requires that great care be 
taken in preparing the supporting electrolyte. The 
absence of chloride is essential. When the 9M sul- 
phuric acid supporting electrolyte contains chloride, 

Table 4. Coulometric assay of NBS SRM 960 Uranium 
metal at a mercury cathode, (0.2M titanium(W) 
sulphate/9M sulphuric acid; current density 8.3 mA/cn?) 

U metal, mg 

Taken Found Assay, % w/w 

1078.13, 1077.91, 99.980 
I 176.48, 1176.30, 99.985 
1169.49, 1169.30, 99.984 
1180.50, 1180.25, 99.979 

Average 99.982 
Std. dev. 0.003, 

504.45, 504.36, 99.984 
421.31, 421.27, 99.991 
235.43, 235.40, 99.989 
136.66, 136.64, 99.983 
70.23, 70.21, 99.977 
33.00, 32.99, 99.966 

Average 99.982 
Std. dev. 0.009, 
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the introduction of uranium(V1) causes the spontane- excellent agreement with the certified value of 
ous oxidation of mercury to form mercurous chloride 99.975%. 
on the surface of the cathode. In principle this is 
reversible, i.e., Hg(1) is reduced back to metallic 
mercury, and should not cause any loss of generation 
efficiency as far as charge balance is concerned, but 
in practice complete electrochemical reduction of the 
calomel is not feasible. Thus, in the presence of 
chloride, the uranium assay is low. 
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Summary---The effect of halide ions on copper ion-selective electrodes is connected with complexation and 
redox reactions, with the formation of amorphous sulphur, which by blocking the surface causes instability 
of potential response. It may be eliminated by addition of sodium thiosulphate solution. The electrode 
behaviour has been explained on the basis of the diffusion model. An equation is proposed for 
linearization of the calibration curve. The parameters of the semiempirical model which describes the 
electrode behaviour agree well with the physical meaning presented by the diffusion model. The treatment 
given enables analytical measurements of copper concentration to be made even in the presence of 
significant concentrations of chloride or bromide. 

Copper-selective electrodes with membranes com- 
posed of copper(I1) sulphide mixed with silver sul- 
phide or of pure copper(I) sulphide show a rapid and 
Nemstian response (i.e., 29.6 mV/decade at 25”) over 
a broad range of copper(I1) concentration, but appli- 
cations of these electrodes to real analytical samples 
often reveal non-Nernstian behaviour.’ Such effects 
were observed when the Orion 94-29 electrode was 
used for measurements of copper concentrations in 
sea-water2 or lake water.3 Such facts have diminished 
the attraction of copper-selective electrodes as anal- 
ytical tools, but at the same time have attracted the 
attention of scientists interested in electrode-response 
mechanisms, as the electrode behaviour could not be 
explained by existing theories.4 Attempts to elucidate 
the super-Nemstian electrode slope, attributed to the 
presence of chloride ions, have been made in a number 
of papers. In some of theiu the source of anomalous 
electrode behaviour was considered to be exchange 
reactions occurring at the electrode surface:@ 

Ag,S + 2Cu2 + + 2n Cl - + CuS + ZAgCl:, -n (1) 

cuzs + cu*+ + 2nCl- Q= cus + 2CuCI’ -” n (2) 

Others”’ have attributed the behaviour to redox 
reactions with participation of the membrane mate- 
rial: 

Ag,S + 2Cu* + + 4nCl- e 2CuCIi-” 

+ 2AgCl;-” + S (3) 

cu2s+2cu2+ +4nCl-*4cuc1’-“+s ” (4) 

cus+cu2+ +2nCl-G=2CuCl~-“+S (5) 

However, most papers do not offer a detailed 
explanation of the electrode response. Ross’s 
interpretation4 does not assume the occurrence of 
super-Nernstian slope, but indicates only that silver 

chloride is formed in the case of the CuS/Ag,S 
membrane [reaction(l)]. The formation of electro- 
active AgCl has been experimentally confirmed by 
Moody and co-workers. 5~‘2 Lanza’ suggests that the 
electrode interference is connected with the presence 
of Ag,S and is due to reaction (1). His conclusions are 
not unequivocally confirmed by his own experimental 
data. There is also no explanation for super- 
Nernstian slope in the absence of chloride, and for 
electrodes which do not contain Ag2S. Hepel,’ ex- 
tending the views of other authors, assumes reaction 
(2) to be the main reason for the interference. In his 
considerations, based only on potentiometric data, he 
neglects the role of redox processes in spite of some 
earlier remarks9*‘s15 about their importance. The 
influence of the redox reaction (5) has been discussed 
by Westall et ~1.~ Their theoretical considerations 
were well supported by experiments, but these cov- 
ered only a relatively narrow concentration range, 
namely pCu from 3.5 to 5.0, because according to the 
authors’ statement this reaction is hindered by for- 
mation of AgCl at the membrane surface. They did 
not confirm the presence of sulphur at the membrane 
surface, but this has been reported independently.“,” 

No complete explanation has so far been given, 
then, for the non-Nernstian electrode behaviour, 
especially the variation of slope between 0 and 
120 mV/pCu in the pCu range from 2 to 5. In this 
paper we attempt to give a more general description 
of the interferences with copper electrodes in solu- 
tions containing copper-complexing anions, and pro- 
pose a method for elimination of this interference and 
for practical utilization of the super-Nemstian slope. 

EXPERIMENTAL 

Measurements of the e.m.f. were made with Radiometer 
pHM 64 and Radelkis OP-206 instruments, with a Radio- 

531 
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meter K-401 saturated calomel electrode as reference. All 
solutions were kept at 25 + 1”. The indicator electrodes 
tested were an Orion 94-29A (CuS/Ag,S), a CuS membrane 
electrode prepared as described earlierlo and a Cu,S single- 
crystal electrode prepared according to Hepel.’ 

All reagents were of analytical grade and doubly quartz- 
distilled water was used throughout. 

RESULTS AND DISCUSSION 

Electrode response in presence of chloride and bromide 
ions 

Although the behaviour of several electrodes has 
been well documented, the response of the CuS/Ag,S, 
CuS and Cu,S electrodes was retested under com- 
parable conditions. All measurements were per- 
formed in acetate buffers at pH4.5. The solutions 
were not stirred during measurements, to ensure 
predominence of diffusion to and from the electrodes. 
The e.m.f. was recorded until its drift was less than 
1 mV/hr. The results obtained (Figs. 1 and 2) indi- 
cated differences in the behaviour of various elec- 
trodes. A stable e.m.f. was reached first with the 
CuS/Ag,S electrode (approx. 10 min), whereas for the 
two other electrodes stable e.m.f. values were ob- 
tained only after much longer times, even up to 
several tens of hours. The electrode potential drifted 
towards more positive values. Its reproducibility for 
the Orion electrode was better than 5 mV. The slope 
of the electrode response was found to be dependent 
on the concentrations of copper ion and interferent. 
The slope was constant only for the Orion electrode 
in the range pCu 3.5-5.0, which is in agreement with 
the findings of Westall et aL9 

To obtain information on the state of the electrode 
surface, the dependence of the potential on pC1 or 
pBr was investigated after each series of mea- 
surements. After treatment of the membrane with 
l-3M potassium chloride or 1M potassium bromide, 
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Fig. 1. Calibration graphs for copper electrodes in 1M 
potassium chloride. Curve 1-CuS membrane, curve 

2--Cu,S membrane, curve 3-Orion 94-29 electrode. 
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Fig. 2. Calibration graphs for copper electrodes in IA4 
potassium bromide. Curve I-CuS membrane, curve 

2-Cu,S membrane, curve 3-Orion 94-29 electrode. 

this function was linear only for the Orion electrode. 
For the other two electrodes (and also for the Orion 
electrode after previous exposure to 2 or 3M potas- 
sium bromide) such linearity was not observed. This 
indicates that in most cases no electroactive sub- 
stances with composition different from that of the 
membrane are precipitated on the membrane surface. 
It may also suggest formation of soluble copper or 
silver complexes. The exceptional behaviour of the 
Orion electrode in the above-mentioned solutions 
indicates that in this case solid AgCl (or AgBr) has 
been formed. This process also seems to be re- 
sponsible for the plateau of curve 3 in Figs. 1 and 2 
for concentrations above pCu 3.5. 

On the basis of previous data5 and the results of 
this study the following interference mechanisms may 
be proposed for the various types of electrode: 

Ag,S + 2Cu2+ + 4nX- + 2AgXi-” 

+2cux:-“+s (6) 

CuS+Cu*+ +2nX-*2CuX1,-“+S (7) 

Cu2S+2Cu2+ +4nX-*4CuXi-“+S (8) 

These reactions explain the interference processes on 
the membrane surface, and the poor reproducibility 
and the instability of potential response are due to the 
formation of elemental sulphur. Considering the em- 
pirically established fact that electrochemical corro- 
sion is stimulated by chloride and bromide ionsI it 
seems reasonable to suppose that the rapidly formed 
amorphous sulphur mechanically blocks the elec- 
trode surface” and causes the irreversibility of reac- 
tions (6), (7) or (8). It becomes obvious that direct 
determination of copper in the presence of high 
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Table 1. Eauilibrium constants used in calculations 

Species Constant Values Reference 

cus* 18,19 
cu,s* k: 

;;I:“,: 18,19 
Ag,S K sO.%s 
CuCl; $’ 

20 
21 

CuBr; 
2 

lO592 21 
cus,o, 
Cu(S,W - ;: 

lOUI.’ 21 
101229 21 

Cu(S*W - 
5: 

10’286 21 
AgS,Q- 10’OW 21 
Ag(S@J: - I% 10” 36 21 

*Calculated from thermodynamic data given in the litera- 
ture. 

concentrations of chloride or bromide ions is impos- 
sible. 

Optimization of conditions for potentiometric deter - 
mination of copper 

It may be expected that addition of a reagent which 
binds copper( copper(I) and silver(I) more 
strongly than chloride or bromide does may act 
advantageously in the determination of copper(I1). 
Thiosulphate was chosen as such a reagent, since it 
is known to diminish the strongly corrosive action of 
halide ions on copper and silver. The stability of the 
relevant thiosulphate complexes is greater than that 
of the halide complexes (Table 1). The reducing 
properties of thiosulphate (E$_,S20:- = 0.15 V) are 
also advantageous. Those properties suggest that the 
halide ions will not participate in the redox reactions, 
and that these will proceed at lower rate. Therefore 
formation of crystalline sulphur instead of 
amorphous’7 is more probable, and the whole process 
becomes more reversible. In these experiments the 
Orion 94-29 electrode was used because its properties 
are well known and the response in halide solutions 
is the most reproducible. 

The potential of the copper electrode in solutions 
containing thiosulphate depends significantly on the 
thiosulphate concentration (Fig. 3). Below a certain 
thiosulphate concentration the electrode potential is 
practically constant, but decreases linearly with 
higher thiosulphate concentrations. It also depends 
on the copper concentration. A thiosulphate concen- 
tration of O.O4M, in the middle of the linear decrease 
range, was used for further studies. Such a concen- 
tration is sufficient to mask the halide effect but is not 
large enough to cause rapid membrane dissolution. 

For all the solutions containing both halide and 
thiosulphate ions the copper calibration curves are 
well reproducible, and so are the potential values. 
Measurement in 0.04M thiosulphate solution gave 
better results than that in 0.4M thiosulphate medium 
because with the latter the slope of the electrode 
response is lower for smaller copper concentrations 
(Fig. 4). The tangent to the calibration curve always 
has super-Nernstian slope, but the curves are not 
linear in any range. This behaviour can be explained 
by considering linearization of the standard curve. 

IOQ cs,o:- 
Fig. 3. Dependence of potential response of the Orion 94-29 
electrode on thiosulphate concentration at various total 
copper concentrations in 2M KNO,. Curve a-10-47M 
Cu2+, curve b-10-42M Cu*+, curve c-10-33M Cu*+, 

curve d-10-22M Cu*+. 
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Fig. 4. Calibration graphs for Orion 94-29 electrode in 
solutions containing halide and thiosulphate ions. Curve 
a-0.04M sodium thiosulphate, curve b-O.4M sodium 
thiosulphate. Solid lines for 1M potassium chloride, dashed 

lines for 1M potassium bromide. 
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Linearization of the calibration graph 

The linearization function is based on the diffusion 
model6 with the following assumptions: (a) the elec- 
trode potential depends on the main-ion concen- 
tration at the membrane surface; (b) the concen- 
trations of various species are different at the 
membrane surface and in the bulk solution; (c) 
concentrations at the membrane surface are con- 
trolled by rapid and reversible reactions at the 
membrane-solution interface; (d) these reactions do 
not change the bulk composition of the solution. 

Because the electrode potential may be governed 
by the reactions of both components of the electrode 
the processes pertaining to each of them have been 
considered separately. 

When CuS is the potential-defining species, then 
for the potential given by the equation 

where D’ and D” represent the diffusion coefficients 
of the copper(I) and copper(I1) complexes, re- 
spectively, and if [Cu(S,O,):-] = 0, the concentration 
of copper(I) at the membrane surface is given by 

ow4): -10 = ; (Dds*o,):- I 

- P$Wd: -10) (16) 

It is also reasonable to accept that the surface concen- 
tration of Cu(S,OJ- is negligible compared to the 
bulk concentration, so 

[cu(s,o,):-1, = 2; [Cu(S,O&] (17) 

By substitution of this expression into equation (14) 
and setting D”/D’ = B, the surface concentration of 
the ligand can be evaluated: 

E=EP,,+gln[Cu2+], (9) 
]SrO: -10 = CsZ~ - - 4B tCu(S20J- I (18) 

or, assuming that the predominant form of copper(I1) 
the concentration of copper ions at the membrane in the solution is its complex: 
surface ([Cu’+],) in the presence of thiosulphate is 
controlled by the redox reaction 

cu(s20,):- + cus + 2sro: - = 2cu(s,o,>: - + s (10) 

Taking into account the stability constants of the 
thiosulphate complexes (Table 1) it is not a bad 
approximation to consider that at a total thio- 
sulphate concentration of 0.04M the predominant 
species are the bis-complexes. 

The equilibrium constant of reaction (10) is: 

[cu(s203): - 1; 
K1 = [cu(s,o,): -10 [s,o: - 1; 

= ~:.~cu~s~o3~:-l~sg(c”~s~ = 10’,8 

P K 
(11) 

2,ICu(S203): - 1 ticus) 

LO: -I,, = Cs,,; - - 4BCc,2 + (19) 

The surface concentration of the ligand (19) and the 
concentration of Cu(S,O&- expressed in terms of 
the stability constant /I2 and equation (11) can be 
used to calculate the potential-governing concen- 
tration of copper(H): 

[Cu2 +I0 = 
4Pc2 CU2 + 

W32Ws2+- - 4B&+ )2 
(20) 

Thus the equation for the electrode potential (9) 
may be written in more extended form: 

RT C 
E = E”’ + -jF In (C,**_ -%C,.,+)’ (21) 

where the subscript 0 refers to concentrations at the where 
membrane surface. E”’ = EisE + $ In & (22) 

In the bulk of the solution thiosulphate is present 
as free ions and as copper(I1) complexes whereas at When Ag,S is the potential-governing electrode 

the membrane surface where copper(I) is formed, the component, the concentration of copper(I1) ions is 

copper(I) complexes must also be taken into account. controlled by the reaction 
For the bulk solution concentration the mass balance 2Cu(S,OJ- + Ag,S + 4S20: - + 2Cu(S,O,); - 
is given by the equation: 

cs,;- = [S,Oi-] + 2[cu(s,o,):-] 

whereas at the membrane surface 

(12) 
+ 2Ag(S,OJ: - + S (23) 

occurring at the membrane surface, for which the 
equilibrium constant is 

C s& - = F2G - lo + w3(s20,): - lo 

+ ~~C~(S2W - lo 
but at equilibrium the last term is negligible 
pared to the others, so 

G,o: - = r320: -10 + w3m20,x - lo 

K 

(13) 
2 

= KuC3203): - lo LWWd: - lo = 102.g 

Ku(S20& - lo [S*G - 1; 
c24j 

com- The mass balance for the ligand is expressed as 

Cs& - = K320: -10 + m3(s,w: -10 

(14) + ‘WW32W: - lo + %WWd: -lo (25) 

Assuming the fluxes of both thiosulphate complexes 
to be equal, than from equation (10): 

and the stationary state is described by equality of the 
corresponding fluxes 

2D”(]Cu(S20,):- I- P$WJ:-lo) D "WW2W: - I- FWS2W: - lo) 

= D’Wu@,O,):- lo - PWS,W-I) (15) = WtCu(S,W: - lo - [Cu@,O,): - I) (26) 
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and 

D”(rCu(S,o,): - 1 - D&w: - lo) 

= ~A*@WW,): -10 - MW,>: -1) (27) 

When [Cu(%Wi-10, [WW&-1 and [Ag(%O,):-l 
are negligible in comparison with the respective con- 
centrations in the equations above, then the concen- 
trations in equation (24) may be expressed as 

[Cu(S,O,): - lo = BC,,z + (28) 

hdS,O,): - lo = GG,z+ (29) 

and 

[S,O:-I, = Csz$- - 2(B + G)&+ (30) 

where G represents D/‘/DAB. 
Substitution into equation (24) gives the following 

expression for the potential of the copper ion- 
selective electrode: 

E=EO+sln 
C CuZ+ 

F (CR+- - 2(B + G)Cc,,+)* (31) 

where 

(32) 

Some doubts may arise about the degree of reduc- 
tion of copper in the bulk of the solution. The 
equilibrium constant of this reaction is probably not 
larger than 5 x 102, as can be evaluated on the basis 
of known redox potentials. This reaction has a large 
activation energy, however, and also the copper(I) 
complexes can be oxidized in the presence of oxy- 
gen.” To obtain experimental evidence on this, the 
copper(H) solutions were titrated with thiosulphate. 
When the reduction and complexation occur in the 
bulk, the consumption of titrant should be 3 moles of 
thiosulphate for 1 mole of copper(H); 

2Cu2 + + 6S,O: - * 2Cu(S,O&- + s,o; - ; (33) 

otherwise only 2 moles of thiosulphate should be 
consumed in the complexation reaction: 

cu2 + + 2s,o: - Z$ cu(s,o,); - (34) 

In the experiment, about 2.2 moles were found to be 
consumed, which indicates that a small amount of 
reduction proceeds in the solution. 

If the reduction is assumed to be complete, then 
[Cu(S,OJ-] equals the total copper concentration 
and the potential should be interpreted only on the 
basis of the reaction stoichiometry. In such a case the 
final equation would have the form: 

RT C 

E = E0 + y7 In (Cs&- ?l&+,2 (35) 

where from the stoichiometry 2 = 3, which is close to 
2(B + G) = 3.5, found experimentally as a best fit for 
the Orion-type electrode. 

In order to check the agreement of the proposed 
model with the experimental data, equations (21) and 

(31) were written in the semi-empirical form with 
“constant”, S and A, as the equation parameters: 

C 
E = constant + Slog (cs20:_ T:ccUZ+)r (36) 

The “constant”, S and A, were calculated by the 
following numerical linearization procedure. 

(a) For the set of (PC,,,,), values corresponding to 
the set of E, values for a fixed A, value, the values n, 
for 

(CCu2+h 

n’ = log [Cszq- - A,(Cc,z+)J2 
(37) 

were calculated. 
(6) The E, and n, values were correlated by the 

least-squares method and the values of the “con- 
stant,” S and r2 were obtained (r is the correlation 
coefficient). 

(c) The A, value was changed by steps of 
AA, = 0.1, starting from A, = 0, and the calculations 
were repeated until the best correlation coefficient 
was obtained (Table 2). 

When the thiosulphate concentration was 0.4M, 
only potential values for total copper concentrations 
larger than lo-‘M were taken into account, whereas 
for 0.04M thiosulphate concentration only potential 
values for total copper concentrations less than 
2 x lo-‘M were used. This was done to avoid exces- 
sive membrane corrosion in the first case and incom- 
plete conversion of Cu(I1) into Cu(1) in the second. 
Neither of the linearized calibration curves for 0.04M 
and 0.4M thiosulphate media covers the whole anal- 
ytical range (Fig. 5), but the linear parts are com- 
plementary and together cover the pCu range from 2 
to 5. Two scales are shown on the abscissa, the linear 
scale n and the non-linear scale pCu. Their inter- 
relation changes according to the thiosulphate con- 
centration. 

The experimentally found parameters of equation 
(36) should have a physical meaning which follows 
from the model presented for the interference mech- 

Table 2. Numerical calculation of the parameters of equa- 
tion (36) 

Medium const. S r2 A 

2M KNO, 
1M KC1 
2M KC1 
3M KC1 
IM KBr 
2M KBr 
3M KBr 

2M KNO, 
1M KC1 
2M KC1 
3M KC1 
1M KBr 
2M KBr 
3M KBr 

OMM S,O:- 
- 136.3 59.2 0.999 3.5 
- 138.7 59.1 0.999 3.5 
- 144.8 59.3 0.999 3.5 
- 149.6 59.6 0.999 3.5 
- 143.4 57.5 1.000 3.5 
- 159.9 55.2 1.ooo 3.5 
- 182.9 51.5 0.999 3.5 

0.4M S,O:- 
- 184.8 57.1 0.994 3.5 
- 185.2 57.4 0.995 3.5 
- 198.3 57.4 0.997 3.5 
- 196.0 56.5 0.999 3.5 
- 187.7 57.4 0.999 3.5 
- 195.7 56.9 0.999 3.5 
- 198.6 57.4 0.999 3.5 
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Fig. 5. Corrected calibration graphs for Orion 94-29 elec- 
trode in solutions containing halide and thiosulphate ions: 
a-O.04M sodium thiosulphate, b-O.4M sodium thio- 
sulphate. Solid lines for 1 M potassium chloride, dashed lines 

for 1M potassium bromide. 

anism. The parameter A, = 4D”/D’ cannot be exactly 
calculated, because of lack of precise values for the 
diffusion coefficients. However, they may be evalu- 
ated by taking into account that in the absence of 
complexing ligands the ratio of the diffusion 
coefficients for copper(I1) and copper(I) species is 
0.45.23 It is known that complexation increases this 
value2435 and it may be assumed that it approaches 
unity.26 Therefore the value of A, should fit in the 
range 1.8-4 for linear diffusion transport, or even in 
the narrower range 2.54 when convection is taken 
into account2’ The experimentally found value of 3.5 
fits well in this range. 

The constant corresponding to the standard poten- 
tial E” can be calculated on the basis of equations (21) 
and (31), with the parameter B calculated from the 
experimentally found value of A,. Assuming the 
activity of sulphur in the membrane to be unity 
(sulphur-rich electrode), the expected E” should be 
- 57 mV us. SCE. Assuming the activity of silver to 
be unity (silver-rich electrode), then E” = - 192 mV 
vs. SCE. The values of the “constant,” given in Table 
2, are nearly bracketed by these two values, so they 
seem to be physically sound. 

The slope of the linearized curve should be 
Nernstian, and the values in Table 2 are all, except 
for the 3M potassium bromide system, within the 
reasonable limits of 55.s59.5 mV/pCu. 

CONCLUSIONS 

The interferences caused by the presence of chlo- 
ride and bromide ions in the response of copper 
ion-selective electrodes are manifested by insufficient 
reproducibility, long response time, narrow range of 
linearity of electrode response and variable slope in 
the pCu range from 2 to 5. Such effects may be 
effectively counteracted by the addition of a proper 
concentration of thiosulphate, the strongly complex- 
ing and reducing properties of which can eliminate 
the membrane corrosion caused by halides and pre- 
vent precipitation of the slightly soluble silver halides. 
The exchange reactions at the membrane/solution 
interface are also stabilized, which permits the anal- 
ytical utilization of the super-Nernstian electrode 
slope. 

It may be suggested that a similar procedure may 
be applied for elimination of interferences with other 
solid-state ion-selective electrodes. 

Acknowledgement-This study was financially supported 
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Summary-The simultaneous determination of tin(E) and lead(E) as well as of indium(III) and 
cadmium(E) by second-harmonic a.c. voltammetry using a semi-stationary mercury electrode with a 
drop-time of 240-300 set (the long-lasting sea&-drop mercury electrode) has been investigated. Under 
the best experimental conditions, concentration 
1:15<c,,:c~< 151 can be determined. 

ratios in the ranges 1:12gcs,,:c,g15:l and 

The half-wave potentials for the reduction of tin(I1) 
and lead(U), and of indium(II1) and cadmium(II), in 
the commonly used electrolytes, are very close and 
thus simultaneous polarographic determination of 
these pairs of elements is hindered. Various organic 
complexing agents or special solutions have been 
suggested as the supporting electrolytes for the deter- 
mination of these elements. Kasagi and Banks’ in- 
vestigated the polarographic determination of small 
amounts of indium(II1) in the presence of large 
amounts of cadmium(II), lead(I1) and tin(II), using a 
solution of potassium iodide as the supporting elec- 
trolyte. 

Metzger et al. 24 determined tin(I1) and lead(I1) by 
employing a mixture of hydrochloric acid and an 
alcohol (from C, to C,) as solvent. In these support- 
ing electrolytes the half-wave potentials of tin(I1) and 
lead(I1) are better separated and so the simultaneous 
determination of these ions is possible. Cinquantini 
et aL5 determined tin(I1) and lead(H) in 1M tri- 
ammonium citrate medium at pH 4-7. Jacobsen and 
Tandberg6 determined indium(II1) and cadmium(I1) 
in citrate buffer at pH 3.5 by d.c. and a.c. polar- 
ography. Perone and co-workers’s’ and Bond and 
Grabaricg used microprocessor-controlled polar- 
ographs for the simultaneous determination of two 
species with overlapping polarographic waves. Fag- 
ioli et ~1.‘~ employed second-harmonic a.c. polar- 
ography for the simultaneous determination of indi- 
um(II1) and cadmium(I1) in 1M hydrochloric acid 
with a conventional dropping mercury electrode. This 
work has now been extended to the simultaneous 
determination of tin(I1) and lead(I1) and of indi- 
um(II1) and cadmium(I1) by second-harmonic a.c. 
voltammetry by use of a semi-stationary mercury 

electrode with a drop-time of 240-300 sec.” This 
technique makes it possible to shorten the analysis 
time and gives lower detection limits than those 
attained by conventional a.c. polarography. 

EXPERIMENTAL 

Apparatus 
Current vs. potential curves were recorded with an AMEL 

model 471 Multipolarograph equipped with a 291/LF stirrer 
and a 452/T timer. The three-electrode system consisted of 
a long-lasting sessiledrop mercury electrode as the working 
electrode, a saturated calomel reference electrode (SCE) and 
a platinum auxiliary electrode. The voltammetric cell was 
kept at 25.0 f 0.5”. The solutions were deaerated by passage 
of pure nitrogen before analysis, and during the polar- 
ography a nitrogen atmosphere was maintained above the 
solution, and the solution was stirred with a magnetic 
stirrer. 

Reagents and reference solutions 
Hydrochloric acid and all other chemicals were Merck 

“Suprapur” grade. Intermediate reference solutions of var- 
ious concentrations were prepared from BDH lOOO-mg/l. 
stock solutions of Sn, Pb, In and Cd. The water used was 
demineralized and then twice distilled from potassium per- 
manganate. The Teflon cell was periodically rinsed with 
concentrated nitric acid to eliminate contamination. Stan- 
dard additions were made with Eppendorf micropipettes 
with disposable plastic tips. 

RESULTS AND DJSCUSSION 

The voltammetric behaviour of the tin(II)-lead(I1) 
and indium(III)+admium(II) pairs was studied by 
first and second harmonic a.c. polarography. 

Calibration curves for tin(IZ) and leud(ZZ) 

Hydrochloric acid (1M) was chosen as supporting 
electrolyte. The measurement conditions used are 
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Table 1. Experimental conditions for the determination of 
tin(I1) and lead(H) by a.c. voltammetty 

Parameter* Sn(I1) Pb(I1) 

4 V vs. SCE -0.200 -0.200 

;E,dr set mV/sec 180 10 180 10 
f HZ 100 100 
AE mV 10 10 
&l-St degrees 270 + 80 270 + 89 

degrees 270 + 67 270 -t 72 

*Ei = initial potential; rd = delay time for growth of drop 
before recording; dE/dt = potential scan-rate; 
f = frequency; AE = amplitude of a.c. voltage; 
4 = demodulation phase angle. 

listed in Table 1. The demodulation phase angle 4 
was carefully set, since if properly chosen it can 
almost completely eliminate the capacitive current. 

The polarographic wave parameters are reported 
in Table 2. The peak-width measured at half-height 
of the fundamental harmonic polarographic curve is 
W,,z = 90/n mV where n is the number of electrons 
involved in the electrode process. This relationship 
together with the equation p-p = 68/n mV, where 
p-p is the peak-to-peak separation of the potentials 
of the second harmonic a.c. polarographic cuNe,iz 
are the simplest tests for the polarographic revers- 
ibility of an electrode reaction. The experimental 
half-peak widths and peak-to-peak separations of 
potential indicate that the polarographic reactions for 
both electroactive species are reversible. The half- 
wave potentials are also in excellent agreement with 
the literature values reported in the same Table. 

The calibration curves for the determination of 
tin(I1) and lead(I1) were prepared for both first and 
second harmonic a.c. voltammetry. In all cases the 
standard addition method was used and each point 
was the mean of five readings. The second harmonic 
a.c. calibration curves were plotted on the basis of the 
cathodic peak current for tin(I1) and the anodic peak 
current for lead(II).13 The correlation coefficient is 
very satisfactory for all the regression functions re- 
ported in Table 3, while the relative standard devi- 
ation s, is reasonably low. The corresponding de- 
tection limit is also reported for each calibration 
curve. 

Simultaneous determination of tin(IZ) and lead(ZZ) 

The simultaneous determination of tin(I1) and 
lead(I1) was studied over the concentration ranges 
covered by the individual calibration curves. The 
voltamperograms were recorded under the experi- 
mental conditions reported in Table 1. The second 
(curve a) and the fundamental (curve b) harmonic 
a.c. voltamperograms of mixtures of tin(I1) and 
lead(II) are shown in Fig. 1. The second harmonic 
a.c. voltamperogram indicates good resolution of the 
two electroactive species, whereas in the first har- 
monic a.c. voltamperogram the peaks for the two 
elements are not separated, and the combined peak 
has a half-width >9O/n mV. 

Under the experimental conditions reported in 
Table 1, the simultaneous determination of tin(I1) 
and lead(I1) is possible in the range of concentration 
ratios 1: 12 < csn:cpb Q 15: 1. The data were processed 
by univariate and bivariate analysis. The regression 

Table 2. Polarographic wave parameters of tin(I1) and lead(I1) 

Parameter* Sn(I1) Pb(I1) 

E P&t V vs. SCE - 0.480 f 0.005 -0.440 f 0.005 
harmO”lC 

E I saood V vs. SCE - 0.485 + 0.005 -0.445 f 0.005 
h_0llW 

WI,2 mV 45 f 5 50 f 5 
P-P mV 35 f 5 35+5 
E l/2 V vs. SCE - 0.470 -0.435 

(1 M HCl medium14) 

*EP = peak potential; E, = reversible potential; W,,, = peak-width at half height; 
p-p = peak-to-peak separation of potentials; El,* = reversible potential of 
electroactive species. 

Table 3. Calibration curves for tin(I1) and lead(II)* 

Sn(I1) 

First harmonic 
iP = 0.02 + 0.02 + (1.244 f 0.004) X 1O’C 
r = 0.9999; s, = 1.1%; D.L. = 3.2 x lo-‘it4 

Pb(I1) 

First harmonic 
iP = 0.03 k 0.03 + (1.846 f 0.094) x 10% 
r = 0.9990; s, = 3.1%; D.L. = 2.2 x lo-‘M 

Second harmonic Second harmonic 
iP = 0.001 f 0.001 + (1.378 f 0.012) x 104~ 
r = 0.9998; s, = 2.8%; D.L. = 2.9 x 10m6M 

iP = 0.01 f 0.01 + (1.950 + 0.026) x 10% 
r = 0.9995; s, = 2.4%; D.L. = 2.1 x 10m6M 

Range of concentrations Range of concentrations 
O-5 x lO-rM O-3 x IO-SM 

*The limit of detection, D.L., is expressed according to the IUPAC recommendationi (99% probability). The units are 
PA for iP and M for c. 
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Fig. 1. Alternating current voltamperograms of tin(H) and lead(I1): c, = 5.85 x 10-‘&f; 
c,, = 8.33 x 10-6M. Curve (I: second harmonic a.c. voltamperogram pb(II): peak 1, Sn(I1): peak 21. Curve 

b: first harmonic as. voltamperogram. Experimental conditions: Table 1. 

I I ,, I I 
0.6 0.7 " 0.6 07 

-E(Vvs.SCE) 

Fig. 2. Alternating current voltamperograms of indium(II1) and cadmium(I1): c,, = 3.15 x 10e6M; 
c, = 1.54 x lo-‘M. Curve a: second harmonic a.c. voltamperogram [In(III): peak 1, Cd(I1): peak 21. 

Curve 6: first harmonic a.c. voltamperogram. Experimental conditions: Table 5. 

functions calculated on the basis of the respective 
peak current values for tin(U) and lead(H) in mix- 
tures are reported in Table 4. The univariate analysis 
neglects the presence of the interfering element, while 
the bivariate analysis takes into account the con- 
tribution of the interfering element as well. It is 
noteworthy that the slopes of the bivariate regression 
equations for both elements are practically equal to 
those of the individual calibration curves (cJ Table 3) 
and the univariate regression line. This proves that in 

the range of concentration ratios considered, the 
mutual interferences of tin(I1) and lead(I1) are negli- 
gible. The precision of the method, expressed as the 
relative standard deviation s,, is 2-3x and the accu- 
racy, expressed as relative error e, is l-2%. 

Calibration curves for indium(ZZZ) and caahium(ZZ) 

The technique used for tin(I1) and lead(I1) deter- 
mination was also employed for the a.c. voltammetric 
determination of indium(II1) and cadmium(I1). The 
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Table 4. Analvsis of tin-lead mixtures* 

Determination of tin(I1) in 
the presence of lead(I1) 

Univariate analysis 
ip = 0.01 + 0.02 + (1.403 + 0.010) x 104c 
r = 0.9991; s, = 2.9%; e = + 1.8% 
D.L. = 2.9 x 10-6M 

Bivariate analysis 
i,, = 0.0015 + (1.372 f 0.006) x lo%,,, + (16 + 35)~~ 
r = 0.9996; s, = 2.0%; e = -0.5% 
D.L. = 2.9 x 10-6M 

Determination of lead@) in 
the presence of tin(I1) 

Univariate analysis 
ip = -0.01 f 0.01 + (1.985 f 0.021) x 104~ 
r =0.9991; s,=2.4”/, e = +1.8x 
D.L. = 2.0 x 10-6M 

Bivariate analysis 
ip = 0.000085 + (1.982 f 0.008) x lO%, + (35 f 127)c, 
r = 0.9996; s, = 2.2%; e = + 1.6% 
D.L. = 2.0 x 10-6M 

*D.L. and units are defined in the footnote to Table 3. 

Table 5. Experimental conditions for the determination of Simultaneous &termination of indium(III) and cad- 
indiumCII1) and cadmiumCI1) by a.c. voltammetry mium (ZZ) 

Parameter* In(II1) Cd(I1) 

Ei V vs. SCE -0.400 - 0.400 

:Ejdr set tn V/set 180 10 180 10 
f HZ 100 100 
AE mV 10 10 
4 hnt degrees 0 + 0.5 o+o 

270 + 65 270+64 

*See footnote to Table 1. 

experimental conditions are reported in Table 5 and 
the polarographic wave parameters in Table 6. 

It is apparent that the literature and experimental 
data are in excellent agreement. The calibration 
curves and other statistical parameters for indi- 
um(II1) and cadmium(I1) are given in Table 7. 

For the second harmonic a.c. calibration curves the 
cathodic peak current of cadmium(I1) and the anodic 
current of indium(III)13 were measured. The relative 
standard deviation (l-2%) is again low. 

Indium(II1) and cadmium(I1) were simultaneously 
determined in the concentration ranges covered by 
the individual calibration curves. One example of the 
second and fist harmonic a.c. voltamperograms of 
indium(II1) and cadmium(I1) mixtures in 1M hydro- 
chloric acid is shown in Fig. 2. In the second har- 
monic a.c. voltamperogram (curve a), the peaks for 
the species are separated, but in the first harmonic 
a.c. voltamperogram (curve b), they are not. Under 
the experimental conditions in Table 5, the deter- 
mination of indium(II1) and cadmium(I1) is possible 
in the range of concentration ratios between 1,5: 1 and 
1: 15. The regression functions relating to indium(II1) 
and cadmium(I1) mixtures are summarized in Table 
8. The slopes of the bivariate functions for both 
elements are practically equal to the slopes of the 
individual calibration curves and of the univariate 
analysis, showing that the mutual interference is 
negligible. The relative standard deviation and the 
relative error are both 2-3x. 

Table 6. Polarographic wave parameters of indium(II1) and cadmium(I1) 

Parameter* In(II1) Cd(I1) 

E niirsst V vs. SCE -0.595 f 0.005 - 0.640 f 0.005 
lWlIiOrUC 

E r secmcl hUIlWUC V vs. SCE -0.595 f 0.005 -0.645 * 0.005 
WI,2 mV 35*5 48 f 5 

p,_ 
mV 25*5 35*5 

l/Z V vs. SCE -0.597 - 0.642 
(1 M HCl medium14) 

*See footnote to Table 2. 

Table 7. Calibration curves for indium(II1) and cadmium(II)* 

In(II1) 

First harmonic 
ip = 0.001 f 0.002 + (1.040 f 0.030) x 10% 
r = 0.9988; s, = 2.3%; D.L. = 1.9 x lo-‘M 

Second harmonic 
ip = 0.003 f 0.004 + (1.860 + 0.035) x 10% 
r = 0.9990; s, = 2.1%; D.L. = 1.1 x 10-6M 

Range of concentrations 
O-l x 10-5M 

*D.L. and units are defined in the footnote to Table 3. 

Cd(I1) 

First harmonic 
ip = -0.002 f 0.003 + (1.372 f 0.017) x 10’~ 
r = 0.9995; s, = 1.4%; D.L. = 1.5 x lo-‘M 

Second harmonic 
ip = 0.001 + 0.001 + (2.110 f 0.030) x 10’~ 
r = 0.9994; s, = 2.8%; D.L. = 0.9 x 10b6M 

Range of concentrations 
O-1 x 10-5M 
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Table 8. Analysis of indium-cadrnium mixtures* 

Determination of indium(II1) in Determination of cadmium(H) in 
the presence of cadmium(I1) the presence of indium(II1) 

Univariate analysis Univariate analysis 
‘p = 0.001 + 0.002 + (1.843 f 0.012) x 10% ip = 0.001 * 0.001 f (2.099 + 0.010) x 10% 
r = 0.9994; s, = 2.2%; e = - 1.9% r = 0.9997; s, = 2.7%; e = - 1.0% 
D.L. = 1.1 x 10-6M D.L. = 1.0 x lO+M 

Bivariate analysis Bivariate analysis 
i,, = 0.0014 + (1.840 fr 0.015) x 104c,, + (50 + 122)cc, ip = 0.0015 + (2.104 * 0.012) x 104~~ + (109 + 9O)c,, 
r=0.9994; s,=l.l%; e=-1.1% r = 0.9997; s, = 2.2%; e = -0.3% 
D.L. = 1.1 x 10-6M D.L. = 1.0 x 10-6M 

*D.L. and units are defined in the footnote to Table 3. 

Both the selectivity and the sensitivity of the mea- 5. A. Cinquantini, T. Garai and J. Devay, Hung. Sci. 

surements with the semi-stationary electrode showed znstr., 1975, 34 7. 

a definite improvement over those obtained with the 6. E. Jacobsen and G. Tandberg, Anal. Chim. Acta, 1969, 

conventional dropping mercury electrode. This is due 
47, 285. 

to the larger surface area of the semi-stationary 
7. S. P. Perone and W. F. Gutknecht, Anal. Chem., 1970, 

42, 906. 
electrode and to the elimination of the noise of the 8. S. P. Perone and L. B. Sybrandt, ibid., 1971, 43, 382. 

dropping mercury electrode capillary at low concen- 9. A. M. Bond and B. S. Grabaric, ibid., 1976, 48, 1624. 

trations. 
10. F. Fagioli, F. Dondi and C. Bighi, Ann. Chim. (Rome), 

1978, 68, 111. 
11. R. Andruzxi and A. Traxza, Talanta, 1981, 28, 839. 
12. A. M. Bond, Modern Polarographic Methods in Anal- 

REFERENCES ytical Chemistry, Dekker, New York, 1980. 

M. Kasagi and C. V. Banks, Anal. Chim. Acta, 1964,30, 
13. F. Fagioli, T. Garai and J. Dtvay, Ann. Chim. (Rome), 

1974, 64, 633. 
248. 
L. Metxger, G. G. Willems and R. Neeb, Z. Anal. 

14. L. Meites, Polarographic Techniques, p. 629. Inter- 

Chem., 1977, 288, 
science Publishers, New York, 1965. 

35. 15. 
Z&m, ibid., 1978, 292, 20. 

International Union of Pure and Applied Chemistry, 

Idem, ibid., 1978, 293, 16. 
Analytical Chemistry Division, Spectrochim. Acta, 
1978, 33B, 219. 



Talanta, Vol. 32, No. I, pp. 54S548, 1985 
Printed in Great Britain 

DETERMINATION OF NEODYMIUM 

0039-9140/85 S3.00 + 0.00 
Pergamon Press Ltd 

AND BORON IN 
IRON-NEODYMIUM-BORON ALLOYS BY DIRECT-CURRENT 

PLASMA ATOMIC-EMISSION SPECTROMETRY 

NOEL M. POTTBR and HARRY E. VERGOSEN, III 

Analytical Chemistry Department, General Motors Research Laboratories, Warren, Michigan 48090, 
U.S.A. 

(Received 20 September 1984. Revised 30 November 1984. Accepted 31 January 1985) 

Summary-Rapid, accurate methods for the determination of neodymium and boron in 
iron-neodymium-boron alloys are presented. The procedure involves dissolution of the alloy with nitric 
acid and measurement of the elemental concentrations by direct-current plasma atomic-emission 
spectrometry. Lithium is added in the determination of neodymium, to control interferences. The relative 
standard deviations are approximately l%, and the accuracies comparable to those obtained by classical 
chemical methods. 

Current efforts in the development of improved 
permanent-magnet materials have been focused on 
various rare earth-transition metal alloys. Recently, 
an iron-neodymium-boron alloy which exhibits su- 
perior magnetic qualities was reported.’ As part of 
the programme to characterize these alloys, analytical 
methods were required to determine the bulk concen- 
trations of neodymium and boron. 

Neodymium can be determined by classical gravi- 
metric methods, such as precipitation with oxalate.’ 
This method, however, suffers from the slight solu- 
bility of the oxalate, and iron contamination of the 
precipitate. The method is also not specific for neo- 
dymium and the precipitate will include any rare 
earths present as impurities. Instrumental methods 
have been used successfully to determine neodymium, 
e.g., neutron-activation analysis3*4 and inductively- 
coupled plasma atomic-emission spectrometry 
(ICP-AES).5,6 

Boron can be determined in a wide variety of 
materials by classical chemical methods.7 Titration of 
boric acid in the presence of mannitol is precise and 
accurate, but subject to interferences.* Spec- 
trophotometric methods are commonly used to mea- 
sure boron at low wncentrations,9 but are usually 
slow, and preliminary sample treatment, such as 
distillation of methyl borate, may be necessary before 
they can be applied. lo Instrumental methods have 
included direct-current plasma atomic-emission spec- 
trometry (DCP-AES).” 

In view of the reported use of ICP-AES to deter- 
mine neodymium and of DCP-AES to determine 
boron, we investigated DCP-AES methods for the 
determination of both elements in the 
iron-neodymium-boron alloys. With these methods, 
interferences are minimal, and no extractions or other 
chemical techniques are required. 

EXPEBIMBNTAL 

A SpectraSpan V plasma atomic-emission spectrometer 
(Spectrametrics, Inc., Andover, MA) equipped with a 
Model DBC-33 background corrector was used. Operating 
conditions are listed in Table 1. 

All chemicals were ACS reagent grade unless stated 
otherwise. A neodymium standard solution (3000 ng/ml) 
was prepared with neodymium oxide ignited at 750” for 16 
hr to decompose any carbonate: 3.499 g was added to 100 
ml of demineralized water, then 100 ml of concentrated 
nitric acid and 2 drops of 30% hydrogen peroxide solution 
were added and the mixture was swirled until the neo- 
dymium oxide had dissolved. The solution was diluted 
accurately to 1 litre and mixed. 

A 25-ml aliquot was diluted to 250 ml and this solution 
was used to prepare calibration solutions. An iron stock 
solution (0.7 mg/ml) was prepared by dissolving 700 mg of 
pure iron in 50 ml of demineralized water plus 50 ml of 
concentrated nitric acid, and the solution was diluted to 1 
litre and mixed. A lithium stock solution (10 mg/ml) was 
prepared by dissolving 53 g of lithium carbonate in 220 ml 
of nitric acid (1 + 1) and diluting to 1 litre. 

Neodymium calibration solutions (15, 30 and 45 yg/ml) 
were prepared by adding 10.0 ml of iron stock solution, 20.0 
ml (added by pipette) of the lithium stock solution and 10 
ml of con&&&d nitric acid to each of three standard 
lOO-ml flasks, followed bv 5.0. 10.0 and 15.0 ml of the 
diluted neodymium standard solution, diluting to volume 
and mixing. 

A boron standard solution (100 pg/ml) was prepared by 
dissolving 0.5720 g of boric acid in 1 litre of demineralized 
water. This solution was stored in a plastic bottle. A 
3-mg/ml neodymium stock solution was prepared by dis- 
solving 1.5 g of neodymium metal (boron-free) in 50 ml of 
demineralized water and 20 ml of concentrated nitric acid, 
then adding 230 ml of concentrated nitric acid and diluting 
to 500 ml. An iron stock solution (7 mg/ml) was prepared 
from 3.5 g of iron metal by using the same procedure used 
to prepare the neodymium stock solution. 

Calibration solutions containing 5, 10 and 15 ng of boron 
per ml were prepared by placing 10 ml each of the neo- 
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Table 1. DCP operatine. conditions - _ 
Wavelength-neodymium, nm 386.341. 489.693 
Wavelength-boron, nm 
Entrance slit, pm 
Exit slit, pm 
Integration time, set 
Sleeve argon pressure, arm 
Nebulizer argon pressure, atm 
Sample flow-rate, mllmin 

208.893; 249.678 
50x300 
50x300 
30 
3.4 
1.9 
-2 

dymium and iron stock solutions in lOO-ml standard flasks, 
adding -30 ml of water, cooling to room temperature, 
adding appropriate volumes of the 100~pg/ml standard 
boron solution and diluting to volume with water. 

Procedure 
All glassware and plastic ware was cleaned with nitric acid 

(1 + 1) and rinsed with demineralized water before use. 
Weighed portions of crushed sample material (250 mg) were 
put into 250-ml plastic standard flasks, 50 ml of demineral- 
ized water and 25 ml of concentrated nitric acid were added, 
and the flasks were lightly capped. 

The samples dissolved completely within 1 hr at room 
temperature. The flasks were not heated, because of the 
potential volatilization of boron compounds. The solutions 
were then diluted to volume and mixed. Boron was deter- 
mined in these solutions. For the determination of neo- 
dymium, IO-ml aliquots of these solutions were placed in 
lOO-ml standard flasks; 10 ml of concentrated nit&acid and 
20.0 ml (added by Dinette) of lithium solution were added. 
and the solutions-were diluted to volume with water. By use 
of this procedure the calibration and sample solutions all 
contain similar concentrations of iron, neodymium and 
boron, for alloys nominally containing 70% iron, 30% 
neodymium, and OS-1.5% boron. 

Sample measurement 
The neodymium emission lines at 386.341 and 489.693 nm 

and boron emission lines at 208.893 and 249.678 nm are 
satisfactory for use with this method. The boron line at 
249.773 nm is not used, because there is a weak iron line at 
249.772 nm. The instrument was calibrated with the 15- and 
45pg/ml neodymium calibration solutions and the 5- and 
15-fig/ml boron calibration solutions, as the calibration 
graphs were found to be linear over these ranges. To 
compensate for instrumental drift, an integration time of 30 
set was used; frequent calibration checks were made. The 
calibration solution closest in concentration to the sample 
solutions was measured before and after each three sample 
solutions. The amount of drift in the response of the 
calibration solutions was calculated, and the sample solu- 
tion responses were corrected accordingly. If the relative 
drift was >5”/,, the instrument was recalibrated before 
proceeding. Adequate precision (- 1% relative) was ob- 
tained when each sample solution was measured three times, 
and the results were averaged. 

RESULTS AND DISCUSSION 

Selection of standards 

Neodymium oxide was used to prepare the neo- 
dymium standard solutions. The metal was not used, 
because it is too easily oxidized. Neodymium oxide 
samples from three sources were examined by DCP 
and X-ray fluorescence, and the one considered to be 
of highest purity was used in this work. 

Sample preparation 

The dissolution at room temperature with dilute 
nitric acid (1 + 2) proceeds rapidly. Concentrated 
nitric acid is not used, because the heat generated 
during dissolution could cause volatilization of 
boron. No contamination with boron was observed 
when solutions were kept in borosilicate glass for up 
to 24 hr, but, to exclude all risk, plastic standard 
flasks were used. 

Spectral interferences 

Neodymium. Boron and iron at the concentrations 
normally encountered in the alloy solutions gave no 
spectral interferences with the neodymium lines at 
386.341 and 489.693 nm. Cerium, lanthanum and 
praseodymium (which are potential impurities in the 
neodymium used to make the alloys), when present at 
the same concentration as the neodymium, gave only 
small signals in the vicinity of the neodymium lines 
(2x, or less, of the neodymium signal). 

Boron. For the boron lines selected, interference 
from neodymium at 208.896 nm and iron at 249.653 
nm could occur. However, no effect on the boron line 
at 208.893 nm appeared to be caused by iron and 
neodymium at the concentrations normally encoun- 
tered in the alloy solutions. The iron line at 249.653 
nm was adequately resolved from the boron line at 
249.618 nm, so did not interfere. 

Non-spectral interferences 

Neodymium. Because chemical interferences can be 
troublesome in DCP techniques, calibration solutions 
are usually matrix-matched to the samples. A pre- 
liminary study was made of the possibility of direct 
measurement of neodymium in the solutions used for 
the boron determination, with matrix-loaded cali- 
bration solutions (0.7 mg/ml iron, 8 pg/ml boron, 
10% v/v nitric acid). Although the first results ag 
peared favourable, the apparent neodymium concen- 
tration was found to vary according to the iron 
concentrations. For example, a 50% change in the 
iron concentration caused a 5% change in the neo- 
dymium result. Hence, another approach was re- 
quired to eliminate the need for exact matrix- 
matching of the calibration and sample solutions 
(which requires a preliminary approximate analysis). 

To minimize chemical effects in DCP emission 
spectroscopy, lithium may be added to the sample 
and calibration solutions. Addition of lithium was 
found also to cause a considerable increase in neo- 
dymium response (Fig. 1). 

Solutions containing more than 5000 pg of lithium 
per ml were not examined, because of considerable 
plasma disturbance. A lithium concentration of 2000 
pg/ml was selected because it gave no disturbance of 
the plasma. In addition, at this concentration (2000 
pg/ml) small errors in addition of the lithium ( f 1%) 
caused only about + 0.3% change in the neodymium 
response. The lithium solution was therefore added 
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Fig. 1. Relative DCP response from solutions containing 
neodymium (30 rg/ml) and varying amounts of lithium. 

by pipette. To facilitate the addition of lithium to the 
calibration and sample solutions and to allow use of 
the sample solutions used to determine boron, all the 
sample solutions were diluted tenfold. This dilution 

also minimized memory effects (caused by the DCP 
sample-delivery system) noted at higher neodymium 
concentrations. 

With matrix-matched calibration and sample solu- 
tions, all containing 2000 fig of lithium per ml, 
changes of &-50x in the concentrations of iron and 
nitric acid caused no change in the neodymium 
responses. Boron had no effect on the neodymium 
response and was therefore not added to the cali- 
bration solutions. 

Boron. Calibration solutions for the determination 
of boron were matrix-matched to the samples. All the 
solutions were adjusted to contain 10 ml of concen- 
trated nitric acid per 100 ml, but no change in 
response was observed when the nitric acid concen- 
tration was varied by +50x. 

The iron-neodymium alloy used in this work nom- 
inally contains 70% iron and 30% neodymium, so the 
calibration solutions (0.7 mg/ml Fe, 0.3 mg/ml Nd) 
were made up to match this composition. When the 
iron and/or neodymium concentrations were varied 
by *SO%, no variations in response were noted 
except when the iron concentration was 1.05 mg/ml, 
which caused the boron response to increase by about 
1%. Hence, addition of lithium to the solutions used 
for the determination of boron was not required. 

Table 2. Precision data obtained with iron-neodymium-boron alloy 

Neodymium Boron 

386.341 nm 489.693 nm 208.893 nm 249.678 nm 

Average concentration found*, % 30.8 30.8 0.88, 0.88, 
Relative standard deviation, % 1.1 0.7 0.9 0.7 

*Average from nine samples. 

Table 3. Analyses of solutions containing known amounts of iron, neodymium and 
boron 

Found, % 

Added, %* 

Neodymium Boron 

Neodymium 

DCP Gravimetrict DCP 

Boron 

Spectrophotometric~ 

29.8 0.599 30.0 30.0 
29.8 0.596 29.7 29.8 

*Balance is iron. 
tPrecipitation as oxalate.* 
#Spectrophotometric quinalizarin method.” 

0.603 0.595 
0.600 0.594 

Table 4. Comparison of results for iron-neodymium-boron alloys 

Neodymium found, % Boron found, % 

Alloy DCP Gravimetric* DCP Spectrophotometrict 

A 27.8 27.0 0.77 0.75 

: 31.0 29.0 29.2 30.7 0.75 0.75 0.72 0.75 
D 30.2 29.1 0.85 0.84 
E 28.4 27.9 0.81 0.83 
F 28.5 28.0 0.87 0.83 
G 28.2 27.6 0.84 0.79 

*Precipitation as oxalate2. 
jSpectrophotometric quinaliaarin method.12 
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Precision and accuracy 

Calibration solutions were analysed before and 
after each set of three sample solutions, and the 
responses were used to correct for instrumental drift. 
All sample solutions were measured three times to 
improve the precision. 

A relative standard deviation of about 1% was 
obtained for both boron and neodymium in a sample 
containing 0.88% boron and 30.8% neodymium 
(Table 2). Nine replicates were run, each on a sepa- 
rate day, and fresh calibration solutions were pre- 
pared for each. 

To evaluate accuracy, several iron-neodymium- 
boron alloys and two solutions containing known 
amounts of iron, neodymium and boron were anal- 
ysed by the proposed method and also by classical 
chemical methods, neodymium being determined 
gravimetrically by oxalate precipitation,* and boron 
spectrophotometrically as the quinalizarin complex.‘2 
The results for the solutions (Table 3) show agree- 
ment within 1% relative, and those for the alloys 
(Table 4) show an average relative deviation (from 
the results for the reference method) of 1.7% for 
neodymium and 3.0% for boron. 

A final advantage of the DCP methods is that ten 
samples, including sample preparation, can be ana- 
lysed in 1 day, compared to the 2-3 days required for 
the chemical methods. 
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Summary-Precipitation and redox catalytic titration curves, obtained by both volumetric and coulo- 
metric addition of the titrant, have been simulated, taking into account the equilibrium concentration of 
the catalyst during the titration. The influence of several factors on the shape of the simulated catalytic 
titration curves has been investigated and is discussed in detail. Simulations of the blank titrations have 
also been made. 

In previous papers we have described simulation of 
complexometric catalytic titration curves’ and com- 
pared them with the experimental curves.2 In con- 
tinuation we now describe simulation of precipitation 
and redox catalytic titrations with both volumetric 
and coulometric addition of the titrant, taking into 
account, as before,‘s2 the equilibrium concentration of 
the catalyst during the entire course of the titration. 
The effect of a number of parameters (the solubility 
product and equilibrium constant, respectively, order 
of the indicator reaction, rate constants for both the 
spontaneous and the catalysed reaction, etc.) on the 
shape of the simulated titration curves has been 
investigated and is discussed. Blank titrations have 
also been simulated. Further, we have determined the 
conditions allowing usage of the approximative equa- 
tions with satisfactory accuracy.’ 

Detailed information on catalytic titrations can be 
found in several reviews.&” 

The procedure for deriving the expressions for 
simulation of precipitation and redox catalytic 
titration curves consisted in setting up an equation 
for the equilibrium concentration of catalyst during 
the titration, introducing it into the corresponding 
equation for the rate of the indicator reaction, 
and integrating that for the limiting conditions. To 
simplify the mathematics we assumed the same ap- 
proximations as in our previous work,’ namely: 

(1) titrant is added to an ideally stirred solution; 
(2) temperature changes during titration do not 

affect the thermodynamics and kinetics of the reac- 
tions; 

*Part I-Talanta, 1984. 31, 987. 

(3) the indicator reaction has an induction period 
short enough to be neglected; 

(4) the rate constant of the titration reaction is high 
enough not to need to be taken into account; 

(5) changes caused in the measured parameter by 
the titration reaction are negligible compared to the 
changes due to the indicator reaction. 

SLMULATION OF PRECIPITATION 
CATALYTIC TITRATIONS 

To obtain an expression for the equilibrium con- 
centration of the catalyst during the titration, we 
started from the solubility product, lu, (for an AK 
type of compound), characterizing the reaction 
product: 

lu, = c (K)c ‘(A) (1) 

where c(K) is the molar concentration of catalyst K, 
and c’(A) that of inhibitor A. Introduction of the 
appropriate expression for c’(A) into (1) gives a 
relation for the equilibrium concentration of catalyst 
during the titration. 

Volumetric addition of titrant 

The inhibitor concentration, c’(A), during volu- 
metric addition of the titrant is given by the equation: 

c’(A) = 
Kc(A) -MT 

V,+jt 
+coc) (2) 

where c(A) is the initial molar concentration of the 
inhibitor, i.e., of the Wand before the titration is 
started, c(T) the concentration of the titrant, V, the 
initial volume of the titrated solution (l.), j the rate of 
addition of titrant (I./se-c), and r is time (set). 
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Introducing expression (2) into (1) gives an equa- 
tion for the catalyst concentration during titration: 

I 

c(K) = c(T& - Y,c(A$W;)+ Fp” + G,t’)r (3) 

r 
where 

Er, = I’T[c2(A) + 4KJ; 

Fp = 2V,j[4K, - c(A)c(T)]; 

GP =j2[c2(T) +4&J. 

First-order indicator reaction. After introduction of 
expression (3) into the equation for the rate of a first 
or pseudo-first order indicator reaction 

-T = [k; + k;c(K)]c(X) + +$ (4) 
r 

where k: is the rate constant for the first-order 
spontaneous reaction (see-I), k; the rate constant for 
the first-order catalysed reaction (1. mole-’ . set-I), 
c(x) the molar concentration of the indicator reac- 
tion component, and after integration for the limiting 
conditions c(X) = c,(X) and t = 0, it follows that the 
concentration of component X at time t is given by 

v, 
c(x) = c,(X) - 

V,+jt 
exp ( - Mp) (3 

where c,(X) is the initial molar concentration of the 
indicator-reaction component, and 

M,=[k:+q t -F [c(A) + c(T)] 

where 

R, = [Ak + B,( V, +jt) + C,,( V, +jt)2]i 

-(AL+BpVr+CpV;$+ 

B 
2C,(V, +jt) + BP + 2(CJA, + B&V, +jt) , 

-+ x In 
+ C,(V, + jt )‘]}r 

2Crr 2C& + BP + 2[C,(A, + B& + C,Q’ 

V,{2{A,[A, + B&I/, +jt) + C&K + jt)2]}f 

- Akt x In 
+ B,(V,+jt)+2A,} 

(V,+jt){2[A,(A,+ B,V,+C,V?)]f 
+ B& + 2Ak) 

(7) 

in which 

Al, = (V&(A) + 4W2; 

BP = -2V,c(T)[c(A) + c(T)]; 

C, = c’(T) + 4K,. 

Analogously, for the concentration of product L, 

c(L) = c,(x) & 11 - exp (-WI. (8) 
r 

Second-order indicator reaction. If expression (3) 
for the catalyst concentration is introduced into 
the expression for the rate of the second-order indi- 
cator reaction [when the initial concentrations of 
the indicator reaction components are equal, i.e., 
c(X) = c(Y)], then: 

- y = [k. + ~,c(K)]c(X)~ + $$ (9) 
r 

where k, is the rate constant for the second-order 
spontaneous reaction (1. mole-’ . set-‘), and kk the 
rate constant for the second-order catalysed reaction 
(12. mo1ee2. set-‘); integration gives the following 
equation for the concentration of component X at 
time t: 

co(X) K 
‘(‘)=[l +c,(X)Q,](V,+jt) 

(10) 

where 

in which 

s 
P 

= -[Ak+Bp(V,+jt)+Cp(V,+jt)2]~ 

V,+jt 

+ (A, + B,V, + C,V$ + 

V, 

2Cp(Vr + jt) + BP 

Cpi x In 
+ 2{C,[A, + B,(V, +jt) + C,CK +jt)‘$ 

2CpV, + BP + 2[C,(A, + B,V, + C,V:)lf 

VrP@JAk,+ B,tK +iO + C,CK 
B -3 I x In 

+jt)2]}~+ B,(V,+jt)+2A,} 

2Ak2 (V, + jt) {2[A,(A, + BpV, + C,V:)]f ’ 
+ B/r + 2Ak) 

(12) 

For the concentration of product L, 

c(L) = 
cS)QpVr 

tl + c,o<>QplK +_N’ 
(13) 

Coulometric addition of titrant 

The inhibitor concentration, c’(A), in coulometric 
addition of the titrant is given by 

c’(A)=c(A)-& + c(K) (14) 
r 

where I is the generating current (A), F the Faraday 
constant (C/eq) and n the number of electrons in the 
half-reaction for electrochemical generation of the 
titrant. Introducing expression (14) into (1) gives a 
relation for the catalyst concentration during the 
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titration: 

c(K) = 
Ii - nW,c(A) +(E; + F;f f G;t$ (Isj 

, 

where 

$ = WW2 [c*(A) + 4&l; 
= - tnFV,ic(A); 

G; = z2. 

First-order indicator reaction. If the indicator reac- 
tion is of fhst or pseudo-first order, then putting 
expression (15) into the expression for the rate of the 
indicator reaction gives 

-T = [k: + &c(K)]@) (16) 

and after integration for the limiting conditions 
c(X) = c,(x) and t = 0, the following equation is 
obtained for the ~n~ntration of component X at 
time t: 

where 

(13 

in which 

R, = (2G;t + Ep)(E; + Fit + G;t’)k - F;(E$ 
P 4G; 

+ 4E;G; - (F;)” 
.? 

@G3 

x ln 2[G;(E; + F;t + G;t’)+ + 2G;t + F; 

2(G;E$ + F; 
. WI 

For the concentration of product L, 

c(L) = cO(X)[l - exp(--M;)], (20) 

Second-order indicator reaction. Taking into ac- 
count the rate for the second-order indicator reaction 
in coulometric addition of the titrant [c(X) = c(Y)] 

-F = [k, + k,c(K)]c(x)’ w 
and expression (15) describing the catalyst concen- 
tration during the titration, gives, after integration of 
equation (21) for the limiting conditions c(X) = c,(X) 
and t = 0, the following relation for the concen- 
tration of component X at time t: 

Cfx)=: 
%tW 

1 + cotWQ;- 
(22) 

For the ~ncen~ation of product L, it follows that 

c(L) = 
+>Q; 

1+ GNQ; 
(231 

where Q; is analogous to M; in equation (18) but 
with constants k, and kk instead of k: and k;. 

SPOON OF REBOX CATAWTIC TITRATIONS 

The starting point in deriving suitable expressions 
for simulation of redox catalytic titration curves was 
the equation for the ~~lib~urn constant, ii;, for the 
redox couple n,A, + n2Kox=n,Ao~ f n2KRd, where 
n, = n,, viz. 

%= 
4LMAOx) 
4%t&(KOx) 

(24) 

where c(A& is the molar inhibitor concentration, 
c(K,) the catalyst concentration, and c(K& and 
c(b) are the molar con~ntrations of the redox 
reaction products. 

On the basis of expression (24) and the correspond- 
ing expressions for the rate of the indicator reaction, 
the suitable equations for simulation of redox cata- 
lytic titrations have been derived. 

Volumetric addition of titrant 

In volumetric addition of the titrant, the concen- 
trations of the inhibitor, c(A&, and of the reaction 
products c(A& and c(K,), respectively, are given 

by 

jfcCT) 
mox) = 6&d) - vr +jr -- -4Kox) (25) 

Kc(A) $+-I c(Ax& =- -- 
V,+jr r 

v +jt + @ox). (24) 

Introducing expressions (25) and (26) into (24) 
gives a relation describing the catalyst concentration 
during the titration: 

c(KoJ = 

c(T)@& - 2)jt - s?&i + (E, + F,t t- Grr2$ 

2K - WV, +jt) 
(27) 

where 

g, = [% V’c(A)l*; 
F,=2&;V,c(Al.M)(2-&K,); 

G, = I~~;c(T)]~. 

First-order indicator reaction. Introducing expres- 
sion (27) into equation (4) for the rate of an indicator 
reaction of first or pseudo-first order, and integrating 
for the limiting conditions c(X) = c,(X) and t = 0, 
gives an expression for the concentration of com- 
ponent X at time t: 

v, ctw = dw - 
V,+jt 

exp ( - MJ (28) 

where 

x in- K+it+ k; 
V, 2% - llj 

R, 

(29) 

where R, is analogous to RI, in equation (7) but with 
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constants A,, B, and C, instead of Ak , B,, and CP, in 
which 

For the concentration of product L, 

c(L) = c*(x) & El - exp(-W)l. (30) 
r 

Second-or&r indicator reaction. Introduction of 
expression (27) for the catalyst concentration into 
relation (9) for the rate of a second-order indicator 
reaction [at c(X) = c(Y)] gives, after integration, the 
following expression for the concentration of com- 
ponent X at time t: 

where 

in which S, is analogous to S, [equation (12)] but 
with constants A,, B, and C,, instead of AL, BP and 

cP. 
For the concentration of product L, it follows that 

c(L) = [I + c,(x)Q,](V, i-jt)’ 
(33) 

Coulometric addition of titrant 

Taking the expressions for the concentrations of 
inhibitor c(A,) and of the products of the indicator 
reaction, c(A,) and c&J, in a coulometric addi- 
tion of the titrant: 

c(Ac3 = c(&J = & - c(Ko3 (34) 
r 

4%w) = c(A) - & + 4kd (35) 
r 

and introducing them into relation (24), gives the 
following expression for the catalyst concentration 
during the titration: 

c&J = 

(K, - 2)Zt +;(&&‘j:,” + G:12){ (36) 

r e 

where 

E; = [nFV,c(A)K$; 
F; = 2nFVrc(A)KJ(2 - &); 
G ; = (KJ)‘. 

First-order indicator reaction. Introducing expres- 
sion (36) into the corresponding relation for rate of 
the first-order indicator reaction [expression (1611 and 
integrating for the limiting conditions c(X) = c,,(X) 
and t = 0, gives the following expression for the 
concentration of component X at time f: 

where 

cOc)=c,(X)exp(-W) (37) 

k;(k;, - 2)It2 k;c(A)&t 

M: = kit + 4fiFV*(& - 1) - 2(x; - 1) 

4 
+ 2nFV& - 1) 

R: (38) 

in which Ri is analogous to Rb in equation (19) but 
with constants E:, F: and Gi, instead of Ei, F;I and 
G;. 

For the concentration of product L, it follows that 

c(L)=c,(x)[l -exp(-M:)]. (39) 

Second-order indicator reaction. If the indicator 
reaction is of second-order type, then introducing 
expression (36) into the contending expression for 
the rate of the indicator reaction [at c(X) = c(Y)], 
[expression (2111, and integrating rrjves the concen- 
tration of component X at time t as 

(40) 

where Q: is analogous to M: in equation (38) but 
with constants k, and kk, instead of ki and k;. 

For the concentration of product L, 

c(L) = 
c%WQ: 

1 + cc.WQ:’ 
(41) 

SIMULATION OF THE BLANK TJTRATIONS 

By employing the approach above it is also pass- 

ible to write a mathematical expression describing the 
blank titrations. In this case, the catalyst concen- 
tration, c(K), is a linear function of time, since there 
is no titrand in the reaction vessel. IIere also, the two 
modes of titrant addition were considered. 

Volumetric addition of titrant 

The catalyst con~n~ation is given by 

jfc (T) 
c(K) = -. 

V,+jt 

First-order indicator reaction. Putting expression 
(42) into (4) and integrating gives, for the concen- 
tration of component X at time t : 

VC 
C(x)=GAW- 

V,+jt 
exp -[k:, f k;c(T)]t 

+ k;V,cP’) ln V, +jt - - 
j V, 

(43) 
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and for the concentration of product L: structure of the program, written in FORTRAN IV, 

K 
( I 

was similar to that used in simulation of the com- 

c(L) = co(x) - 
V,+jt 

1 - exp -[&+kic(T)]t plexometric catalytic titration curves.‘*2 

+&P&T) ,n V, +jr RESULTS AND DISCUSSION 
- 

j K 1) 
. WI 

After deriving the equations for simulation of 
Second-order indicator reaction. If the indicator precipitation and redox catalytic titration curves we 

reaction is second-order, then introducing expression investigated the effect of a number of parameters on 
(42) into the expression (9) for the rate of the the shapes of the curves, and present and discuss the 
indicator reaction gives a relation for simulation of results below. 
the blank titration, expressed through the concen- 
tration changes of component X: Eflect of the equilibrium constant of the titration 

cm K 
reaction 

c(x)=[l +c,(X)R*](V,+jt) 
(45) Eflect of the solubility product. From Fig. 1 it can 

where 
be seen that the titration end-point may be deter- 
mined (under the other working conditions men- 
tioned) satisfactorily if the solubility product for the 
compound AK is Q 5 x lo-” (curves 3-6). However, 

and expression (47) if it is the concentration changes 
for higher solubility product values, determination of 

of product L that are monitored: 
the titration end-point is difficult (curve 2), or even 
impossible (curve 1). If the rate constant for the 

dOoR * K 
c(L)= [l + c,(X)R*](V, + jt)’ 

(47) 
catalytic and spontaneous reactions were lower and 
the concentrations of the titrant and titrand higher, 
it would be possible to determine the titration end- 

Coulometric addition of titrant point satisfactorily even with solubility products 

In coulometric addition of the titrant the catalyst 
>5 x lo-“. Further, it can be seen that curves 5 

concentration is given by 
and 6 practically do not differ, i.e., for a solubility 

c(K) =-$. 
r 

First-order indicator reaction. Starting from expres- 
sions (48), and (16), integration gives a relation for 
the concentration of component X at time t: 

c(X)=c,(X)exp 
k;It2 

-k;t -- 
2nFV, 

(49) 

and for the concentration of the indicator reaction 
product L: 

)I . (50) 
Second-order indicator reaction. On the basis of 

expression (21) for the rate of the second-order 
indicator reaction, expression (48) and integration for 
the limiting conditions given above, the following 
expression is obtained for the concentration of com- 
ponent X at time t: 

2nFVJl + k,c,,(X)t] + k&(x)zt* 
(51) 0 2 4 6 a 10 

Concentration of indicator 

and for the concentration of product L: reaction product (16’ MI 

c(L) = 
c:(X)(Zk#FV,t + kkIt2) 

(52) 
Fig. 1. Effect of solubility product, I&,, on the shape of the 

2nFVJl + k,c,(X)t] + k,C,(x)zf *’ 
simulated volumetric precipitation catalytic titration curves 
employing a first, or pseudo-first, order indicator reac- 

Calculations 
tion, and under the following conditions: V,= 3 x lo-‘1.; 
q_(X)= IO-‘M; R;= 10-3sec-‘; /cl= 1031.mole-‘.5x-‘; 

As can be seen, the equations obtained are rather 
c(T) = 5 x lo-JM; c(A) = 5 x IOW4M; j = lo-’ l./sec. 

complex. Therefore, for numerical treatment of data 
Values for K are: (1) 5 x lo-“; (2) Wio; (3) 5 x IO-“; 

we used a Delta 340 computer (PDP 1134). The 
(4) 10-l’; (57 lo-‘*; (6) 5 x IO-“. Equivalence point: ^^^ . 3.w ml. 
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0 2 4 6 6 10 

Concentration of Indicator 

reaction product ( 10e4M) 

Fig. 2. Effect of equilibrium constant, &, on the shape of 
the simulated curves of volumetric redox catalytic titrations, 
obtained in case of the first, or pseudo-first, order indicator 
reaction under the following conditions: V, = 3 x 10e2 1.; 
c,(X) = 10m3M; /rA = lo-) set-‘; ki = 10” 1 .mole-’ . set’; 
c(T) = 5 x lo-3M; c(A) = 5 x 10m4M; j = 10-51./sec. 
Values for Ir; are: (1) 10; (2) 102; (3) 10’; (4) 10’; (5) 105; 

(6) 5 x 10’. Equivalence point: 3.OOml. 

product below lo-l2 (under the conditions men- 
tioned) the equilibrium concentration of catalyst 
before the equivalence point can be neglected. That 
means it is possible to simulate the titration curves 
with the approximative expressions.’ 

Effect of the redox equilibrium constant. The equi- 
librium constant for the redox reaction on which the 
determination is based, has a significant effect on the 
shape of the catalytic titration curve (Fig. 2). As can 
be seen, the titration end-point can be determined 
satisfactorily if K, is 2 10“ (under the given con- 
ditions, curves 4-6). For lower values of the equi- 
librium constant, determination of the titration end- 
point is difficult (curve 3), or even impossible (curves 
1 and 2). Under the same conditions, as already 
mentioned, it is possible to determine the end-point 
satisfactorily in precipitation titrations provided the 
solubility product is <5 x lo-“, and in complex- 
ometric catalytic titrations’ if the instability constant 
of the complex is < lo-‘. These three conclusions are 
in good agreement, since for the stated values of the 
equilibrium constants of the titration reactions the 
equilibrium concentrations of catalyst in the solution 
are almost the same. 

For somewhat lower values of the rate constant for 
both the spontaneous and catalysed reaction, and 
lower concentrations of the titrand and titrant, it 
could be possible to determine the titration end-point 

with & values slightly below 104. From the same 
figure, it can be seen that between curves 5 and 6 
there is practically no difference, which means that 
for equilibrium constants above 105, it is possible to 
neglect the equilibrium concentration of the catalyst 
before the end-point, i.e., it is possible to use the 
approximative expressions for simulation of the 
titration curves,’ as in the case of precipitation 
titrations. 

For this reason we have investigated the wide range 
of conditions under which it is possible to neglect the 
equilibrium concentration of the catalyst in simu- 
lation of precipitation and redox catalytic titrations. 
Figures 3 and 4 show these conditions for precip- 
itation reactions, and Figs. 5 and 6 those for redox 
titrations (in both cases a first-order indicator reac- 
tion is assumed). The graphs in Figs. 3 and 5 give the 
conditions under which the approximation error does 
not exceed 0.03cJX) and Figs. 4 and 6 those for an 
error below O.O5c(L). For all conditions on the 
left-hand side of the figures it is more correct to use 
the complete expressions, while for those on the 
right-hand side it is possible to use the approximative 
expressions. Similar graphs are obtained irrespective 
of the mode of titrant addition, and also for a 
second-order indicator reaction except that the scale 
for the ordinate must be greatly expanded. 

A comparison of Figs. 3 and 5 with Figs. 4 and 
6 reveals certain differences. While the span of 
applicability safisfying the approximation error of 
O.O3c,(X) (Figs. 3 and 5) depends only to a small 
extent on the rate constant of the spontaneous reac- 
tion, the same does not apply to Figs. 4 and 6, where 
the approximation error was preset not to exceed 
O.O5c(L). The difference can be easily explained if we 
assume that in the latter case the error is directly 
proportional to the concentration of the indicator 
reaction product, which is largely dependent on the 
value of the rate constant of the spontaneous reac- 
tion. 

6 

2 
9 10 11 12 13 14 15 16 17 

-log KIp 

Fig. 3. Range of applicability of approximative equations 
for simulation of coulometric precipitation catalytic titra- 
tions with an approximation error not exceeding O.O3c,(X) 
(first-order indicator reaction) under the following con- 
ditions: V, = 3 x 10m21.; c,(X) = lo-)M; n = 1. - c(A) 
= 5 x 10-3M; I = 4.4 x 1O-2 A, --- c(A) = 5 x 10-4M; 
I=4.4x lo-‘A; -.-.- c(A) = 5 x 10-sM; I = 4.4 x 
lo+ A; ..... c(A) = 5 x 10-6M; Z = 4.4 x lo-' A, (1) 
k; = lo-’ set-I; (2) k; = 10M4 set-‘; (3) /z; = lo-’ set-‘. 
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6- 

Fig. 4. Range of applicability of approximative equations for simulation of coulometric precipitation 
catalytic titrations with an approximation error not exceeding 0.0%(L) (first-order indicator reaction) 
under the following conditions: V, = 3 x lo-‘1.; c,,(X) = 10m3M; n = 1. - c(A) = 5 x lo-‘M; 
I = 4.4 x 1O-2 A; --- c(A) = 5 x 10-4M; I = 4.4 x lo-) A; -‘-.- c(A) = 5 x lo-‘M; I = 4.4 x 10-4& 
..... c(A)=5 x 10-6M; 1=4.4x 10-5A, (1) ki= 10-3se-‘; (2) k:,= 10-4sec-‘; (3) k;= 10-ssec-‘. 

If Figs. 3 and 4 are compared with Figs. 5 and 6, 
some substantial differences are discernible. These 
arise from the different dependence between the 
concentration of the titrant and the titrand, on the 
one hand, and the equilibrium concentration of the 
catalyst during titration, on the other, which will be 
discussed below. 

2 3 4 5 6 7 6 9 

log K. 
Fig. 5. Range of applicability of approximative equations 
for simulation of volumetric reclox catalytic titrations with 
an approximation error not exceeding 0.03cJX) (first- 
order indicator reaction); under the following conditions: 
V, = 3 x IO-* 1.; c,(X) = lo-‘M; j = 1O-5 l&c. - c(A) 
= 5 x 10-3M; c(T) = 5 x IO-*M; --- c(A) = 5 x 10-4M; 
;r_(&’ x 10-3M; -.-.- c(A) = 5 x lo-‘M; c(T) = 5 x 

. ..... c(A) = 5 x 10-6M; c(T) x 1OWM; (1) k:, = 
10” set-I; (2) ki = 10-4sec-‘; (3) ki = lo-‘set-i. 

Efsect of the rate constant for the catalysed reaction 

From Fig. 7 it can be concluded that the end-point 

of the redox titration (with a second-order indicator 
reaction) can be determined satisfactorily provided kk 
(under the given conditions) is > 10“ 12. mole-*. see-’ 
(curves 1-3). However, if the scale on the ordinate 
axis is expanded, it is possible to determine the end- 
point even for kk as low as 10’ l*.mole-*.sec-‘. With 
a first-order indicator reaction the titration end-point 
can be determined satisfactorily if kk > 10 l.mole-‘. 
set-‘. For precipitation titrations the corresponding 
condition is KIP G lo-“. However, the changes in the 
concentration of the indicator reaction product are 
not instantaneous in the vicinity of the equivalence 
point, which necessitates graphical extrapolation of 
the linear segments of the titration curve before and 
after the equivalence point, for determination of the 
end-point. The results thus obtained are somewhat 
higher than the true values, and it is necessary to 
correct them for the results of the blank titrations 
(Fig. 8). It is evident from Fig. 8 that the shape of the 
blank titration curve is not identical to that for 
titration of a sample, after the equivalence point. This 
is understandable if it is taken into account that in the 
titration of a sample the indicator reaction takes 
place from the beginning of the titration, so that the 

6 

2 
2 3 4 5 6 7 6 9 10 11 

log K. 

Fig. 6. Range of applicability of the approximative equations for simulation of volumetric redox catalytic 
titrations with an approximation error not exceeding O.O5c(L) (first-order indicator reaction), under the 
following conditions: 
c(T) = 5 x lo-2M; 

V, = 3 x lo-* 1.; c,(X) = lo-‘M; j = 10-sI./sec. l-3 c(A) = 5 x 10-3M; 
l’-3’ c(A) = 5 x 10-4M; c(T) = 5 x lo-‘M; 1”_3” c(A) = 5 x 10-5M; 

c(T) = 5 x 10-4M; 1”‘-3”’ c(A) = 5 x lO+M; c(T) = 5 x 10-sM; 1, l’, I”, I”‘+, = 1O-3 WC-‘; 2,2’, 2”, 
2’“~_k:, = lO-4 se,=‘; 3, 3’, 3”, 3’“-k:, = lo-*m,~-‘. 
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Concentration of indicator 

reaction product (10v4M) 

Fig. 7. Effect of rate constant for the second-order catalysed 
reaction, k,, on the shape of the simulated curves in volu- 
metric redox catalytic titrations obtained under the follow- 
ing conditions: V, = 3 x lo-* 1.; c,(X) = lO_IM; k, = lo-’ 
l.mole-‘.sec-‘; c(T) = 5 x lo-‘M; c(A) = 5 x 10-4M; 
j = 10e5 I./set; K, = 10’. Values fork, (I*. molem2. see-‘) are: 
(1) 10’; (2) 106; (3) 105; (4) 104; (5) 103. Equivalence point: 

3.00 ml. 
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Fig. 8. Effect of rate constant for the second-order catalysed 
reaction, k,, on the shape of the simulated volumetric 
blank titrations obtained under the following conditions: 
V, = 3 x 1O-2 l., c,(X) = 10e3M; k, = 10m3 1 .mole-’ . set-‘; 
c(T) = 5 x lo-‘M; j = lo-’ l./sec. Values for kk (12. mole-*. 

set-‘) are: (1) 10’; (2) 106; (3) 10’; (4) lo’; (5) 103. 

concentration of the indicator reaction product at the 
equivalence point is generally higher than that at the 
start of the blank titration. The difference in shape of 
the curves is the greater: (i) the larger the rate 
constants for both the spontaneous and the catalysed 
reactions, (ii) the higher the equilibrium catalyst 
concentration before the equivalence point, and (iii) 
the longer the time interval between starting the 
titration and reaching its equivalence point. The last 
quantity depends on the concentrations of the titrand 
and of the titrant (or the value of the generating 
current, for coulometric titration) and the rate of 
titrant addition. However, in volumetric addition of 
the titrant, another effect comes into play, namely the 
volume change of the reaction mixture. This is more 
pronounced for a real titration (causing a significant 
decrease in the concentration of the reaction product) 
than for a blank, but the error due to this difference 
in shape of the titration curves is obviously less than 
that which occur if no blank titration correction were 
made. 

It should be pointed out that the blank titration 
curves are the same for all types of catalytic titrations, 
which is understandable since there is no titrand 
present in the reaction mixture, and furthermore are 
the same irrespective of the value of &, Ksp, KN , etc. 
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Fig. 9. Effect of concentration of titrant, c(T), and titrand, 
c(A), on the shape of simulated volumetric precipitation 
catalytic titration curves employing a first-order indicator 
reaction, under the following conditions: V, = 3 x 10e2 1.; 
c,(X) = 10-3M; k:, = lo-’ set-I; k; = 10’ 1. mole-‘. set’; 
j = 10-51./sec; KIP = 10-13. Values for c(T) and c(A) (M) 
are: (1) 5 x 10m2 and 5 x 10W3; (2) 5 x 10e3 and 5 x 10e4; 
(3) 5 x 10e4 and 5 x 10m5; (4) 5 x 10e5 and 5 x lo-$ (5) 

5 x 10e6 and 5 x lo-‘. Equivalence point: 3.00 ml. 
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Fig. IO. Effect of concentration of titrant, c(T), and titrand, 
c(A), on the shape of simulated volumetric redox catalytic 
titration curves employing a first-order indicator reaction, 
under the following conditions: v, = 3 x IO-2 1.; 
c,(X) = lo-‘M; k: = 10T5 set-I; ki = 10’ l.mole-‘.sec-‘; 
j = lo-’ l&c; k, = 104. Values for c(T) and c(A) (M) are: 
(I) 5 x 10m2 and 5 x IO-‘; (2) 5 x 10-j and 5 x 10e4; (3) 
5 x 10e4 and 5 x 10m5; (4) 5 x 10e5 and 5 x 10m6 (5) 

5 x 10W6 and 5 x lo-‘. Equivalence point: 3.00 ml. 

Effect of concentration of the titrant and titrand 

The effect of the concentration of the titrant and 
titrand on the shape of the titration curves is 
markedly different in the precipitation (Fig. 9) and 
redox (Fig. 10) catalytic titrations. In precipitation 
catalytic titrations, a decrease in concentration of 
both titrant and titrand causes an increase in the 
equilibrium concentration of the catalyst before the 
equivalence point, and at the same time, in the rate 
of indicator reaction. On the other hand, in redox 
catalytic titrations, an increase in concentration of 
the titrant and titrand is accompanied by an increase 
in the equilibrium concentration of the catalyst, thus 
giving rise to an enhanced rate of the indicator 
reaction during the whole titration. These differences 
can be easily explained by considering expressions (1) 
and (24). It follows that if more concentrated solu- 
tions are to be titrated then precipitation titrations 
are best, whereas for more dilute solutions redox 
titrations would be more advantageous (under the 
given conditions). It is also implied by these two 
figures that the lowest concentrations allowing satis- 
factory location of the titration end-point are 
5 x lo-‘M and 5 x 10m6M for the titrant and titrand, 
respectively (Figs. 9 and 10, curve 4). By expansion 
of the ordinate axis it would be possible to employ 

even more dilute solutions in redox catalytic ti- 
trations. The titration end-point is determined by 
extrapolation of the linear parts of the titration curve 
before and after the equivalence point. The extiapo- 
lation is especially needed for lower titrant concen- 
trations in precipitation titrations, and for higher 
concentration in redox catalytic titrations. Also, the 
results have to be corrected for the blank titration. 
Catalytic titration of more dilute solutions by pre- 
cipitation reactions, or of more concentrated solu- 
tions by redox reactions could be achieved in several 
ways: (i) by employing a solvent in which the solu- 
bility of the titration reaction product is lower, or the 
redox equilibrium constant higher; (ii) by choosing a 
titration reaction giving a product with a lower 
solubility product, or a higher redox equilibrium 
constant, and (iii) by choosing an indicator reaction 
having a low rate constant for the spontaneous 
reaction and a high one for the catalysed reaction in 
precipitation titrations, and a low rate constant for 
the catalysed reaction in redox catalytic titrations. 
However, lower titrant concentrations necessarily 
correspond to a smaller change in the indicator- 
reaction product (i.e., in the measured parameter 
intensity) in both kind of titrations, and necessitate 
the use of a more sensitive measuring instrument. 
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Fig. Il. Effect of generating current (I), and concentration 
of titrand, c(A), on the shape of simulated coulometric 
precipitation catalytic titration curves employing a first- 
order indicator reaction, under the following conditions: 
V, = 3 x 1O-2 I.; c,(X) = IO-‘M; k:, = 1O-5 xc-‘; k; = 10) 
I. mole-‘. WC’; n = 1; Ksp = lo-“. Values for I and c(A) 
are: (1) 4.82 x lo-2-A and 5 x 10-‘M; (2) 4.82 x lo-)A 
and 5 x 10e4M; (3) 4.82 x 10m4A and 5 x 10-5M; (4) 
4.82 x IO-’ A and 5 x 10m6M; (5) 4.82 x 10m6A and 

5 x 10-‘M. Equivalence point: 300.3 sec. 
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Eflect of the mode of titrant addition 

If we compare the simulated curves obtained 
for precipitation catalytic titrations with volumetric 
(Fig. 9) and coulometric (Fig. 11) addition of the 
t&ant, it can be seen that they are, contrary to the 
analogous redox titrations, almost identical up to the 
equivalence point. Afterwards, they differ signifi- 
cantly, as described in more detail in the previous 
paper.’ This great similarity of the precipitation 
curves before the equivalence point is due to two 
effects. In volumetric p~ipitation ~trations the vol- 
ume changes of the reacting mixture cause an increase 
in the catalyst concentration during titration, which 
is the opposite to the case for redox catalytic ti- 
trations. On the other hand, the concentration of the 
indicator reaction product diminishes.Since the two 
effects act in opposite directions in the pr~ipitation 
titration, the net effect is a titration curve that is 
almost independent of the mode of addition of the 
titrant in the period before the equivalence point. 
This effect will be more pronounced as k& and the 
rate constant kk increase. 

Other erects 

The effect of the following parameters has also 
been studied: the rate constant of the spontaneous 
reaction, the initial concentration of the indicator 

reaction components, the rate of titrant addition, the 
magnitude of the generating current, and the number 
of electrons involved in the electrochemical gener- 
ation of the titrant. The effect of all these parameters 
on the shape of simulated curves for pr~pi~tion 
and redox catalytic titrations is independent of the 
titration reaction employed, so conclusions similar to 
those for complexometric catalytic titrations can be 
drawn.’ 

Acknu~~edgeme~ts-me authors thank the SIZ for Re- 
search of SAP Vojvodina for partial tnnrncial support of the 
work. 
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Summary-Neutralization catalytic titrations of weak monoprotic acids and bases with both volumetric 
and coulometric addition of the titrant (strong base/acid) have been simulated by taking into account the 
equilibrium concentration of the catalyst during the titration. The influence of several factors on the shape 
of the simulated catalytic titration curve has been investigated and is discussed. 

In continuing our investigations on catalytic 
titrations’-3 we now consider the simulation of neu- 
tralization catalytic titrations of weak monoprotic 
acids and bases. The mathematical modelling is done 
for both volumetric and coulometric addition of the 
titrant (strong base/acid), taking into account the 
equilibrium concentration of the catalyst during the 
titration. The necessary relations are derived and 
results calculated by a procedure similar to those 
employed in Parts I and II’,’ of this series. The effect 
of various parameters on the shape of the simulated 
titration curve was investigated and is discussed. 
Also, the conditions under which it is possible to 
employ approximate equations (with the equilibrium 
concentration of the catalyst neglected) have been 
established. Catalytic titrations have been extensively 
reviewed.“* 

THEORY 

Neutralization catalytic titrations have been em- 
ployed mainly for determination of weak and very 
weak acids and bases.“” Hence, we shall consider 
only simulation of these titrations. The mathematical 
procedure consists in setting up the equation for the 
equilibrium concentration of the catalyst during the 
titration and its introduction into the corresponding 
expression for the rate of the indicator reaction, 
followed by integration for the limiting conditions. 
The same assumptions on titrant addition, effect of 
temperature, and properties of the indicator reaction 
and titration reaction have been made as in our 
previous articles.‘,3 

SIMULATION OF CATALYTIC TITRATIONS OF WEAR 
MONOPROTIC ACIDS WITH STRONG BASE 

When a weak acid HA (inhibitor) is titrated with 

*Part II--Tulunta, 1985, 32, 549. 

strong base S- (catalyst) in an amphiprotic solvent 
HS according to the reaction: 

HA + S-=A- + HS 

the concentration of catalyst (S-) is one of the roots 
of the cubic equation: 

2(S) + c(a) -b + 2 c2(S-) 
HA 1 

-f&S I+; e(S-)+=0 [ 1 (1) 
HA HA 

where KHA is the acidity constant of weak acid HA, 
given by: 

K 

HA 
= cW,S+k(A-) 

c(HA) ’ 

KHs is the autoprotolysis constant, expressed as: 

KHs = c(H$+)c(S-), 

c(a) is the analytical (molar) concentration of weak 
acid HA, and b the concentration of strong base S-. 

The expressions describing c(a) and b depend on 
the mode of titrant addition, as will be shown below. 

Volumetric addition 

The parameters c(a) and b in volumetric addition 
of the titrant are: 

Vrc (4 c(a) = - 
V,+jt 

where c(A) is the initial molar concentration of the 
inhibitor (titrand), c(T) the concentration of the 
titrant, V, the initial volume of the titrated solution 
(I.), j the rate of addition of titrant (I./set) and t is 
time (set). 

By introduction of expressions (2) and (3) into (I) 

559 
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it is possible to derive the relation for the catalyst 
concentration, c(S), during the titration. However, 
the expression thus obtained is rather complex, so its 
introduction into the relation for the rate of first or 
pseudo-first and second-order indicator reactions 
would result in a very complicated differential equa- 
tion. For this reason the numerical tangent methodI 
is employed for solving the third-order equation (1) 
(see Appendix). 

First-order indicator reaction. If into the expression 
for an indicator reaction of first or pseudo-first order: 

-T = [k; + k;c(K)]c(X) + e (4) 
r 

where k; is the rate constant of the first-order spon- 
taneous reaction (see-‘), k; the rate constant of the 
first-order catalysed reaction (1. mole-‘. set-I), c(K) 
the molar concentration of catalyst [in this case it is 
c(S)], c(X) the concentration of the indicator reac- 
tion component, we introduce the corresponding root 
of equation (1) and then integrate (employing 
Romberg’s numerical method14) for the limiting con- 
ditions c(X) = co(X) at t = 0, the resulting expression 
describes catalytic titration of a weak acid for the case 
when concentration changes in the indicator reaction 
component X are monitored: 

cm = coo<) - 
V, +jt 

exp( - k;t - k; Y,) (5) 

where Y, is the numerical solution of the integral the numerical integration for the limiting conditions 

J&(S-)dt, and co(X) th e initial molar concentration of c(X) = c,,(X) at t = 0 leads to an expression for the 
the indicator reaction component. concentration of component X at time t: 

If, however, the concentration changes of product 
L are monitored, the following expression holds: 0) = cdWexp(-kht - 6 Yd (14) 

where Y,,, is the numerical solution of the integral 
&c(S-)dt. c(L) = Gm & [I- evt-k;t - k;Y,)l (6) 

r 

Second-or&r indicator reaction. Similarly, starting 
from the corresponding root of equation (1) and the 
expression for the rate of the second-order indicator 
reaction [for co<) = c(Y)] 

-y = [kO + kkc(K)]c(X)2 + $$ (7) 
r 

where k,, is the rate constant for the second-order 
spontaneous reaction (1. mole-‘. see-‘) and kk the 
rate constant for the second-order catalysed reaction 
(12. molee2. ser.-‘), and integrating, we can obtain an 
expression for simulation of catalytic titrations when 
the concentration changes of component X are to be 
monitored: 

(8) 

where 

and Y,, is the numerical solution of the integral 

s 

I c(S-) 

o (Vr+jt)dr’ 

The concentration of product L is: 

&JOQ. K 
c(L)=[l +c,,(X)Q,](V,+jt) 

(10) 

Coulornetric addition 

In the coulometric mode of titrant addition, quan- 
tities c(a) and b are given by: 

c(a) = c(A) (11) 

(12) 

where Z is the generating current (A), F the Faraday 
constant (C/equivalent), and n the number of elec- 
trons in the half-reaction for the electrochemical 
generation of the titrant. 

For the same reasons as in volumetric titrations, 
the Romberg’s numerical method is employed for 
solving equation (1). 

First-order indicator reaction. If the corresponding 
root of equation (1) is introduced into the expression 
for the rate of the indicator reaction of first or 
pseudo-first order: 

-y = [k; + k;c(K)]c(X) (13) 

The concentration of product L is: 

c(L)=c,,(X) [l -exp(-k;t -k;Y,,,)] (15) 

Second-order indicator reaction. By introduction of 
the corresponding root of equation (1) into the 
expression for the rate of the second-order indicator 
reaction [at c(X) = c(Y)]: 

-F = [k, + kkc(K)]c(X)2 (16) 

and numerical integration for the limiting conditions 
c(X) = co(X) at t = 0, an expression is obtained for 
the concentration of component X at time t: 

G-3 = 
Co(x) 

1 + co(X)Q: 
(17) 

where Qk = k,t + kkY,,,. 
On the other hand, the concentration of product L 

is: 

+ k,VrY,, (9) (18) 
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SIMULATION OF VOLUMETRIC AND 
C&JLOMETRIC CATALYTIC TITRATIONS 

OF WEAK MONOPROTIC BASES 
WITH STRONG ACID 

In the titration of a weak base B (inhibitor) with 
strong acid HzS+ (catalyst) according to the reaction: 

B + H$++HB+ + HS 

the catalyst concentration is one of the roots of the 
third-order equation: 

c’(H,S+) + c(b) -a + 9 c*(H$+) 
B 1 

-KHS l+; c(H,S+)-%=O 
[ 1 (19) 

B B 

where KB is the base constant of weak base B, defined 
as: 

K 

B 
= c(HB+MS-) 

c(B) 
c(b) is the analytical (molar) concentration of weak 
base B and a the concentration of strong acid HzS+. 

The expressions describing a and c(b) again de- 
pend on the mode of titrant addition. 

In volumetric titrations they are: 

jtc (T) 
a=--_ 

V,+jt 

and in the coulometric titrations: 

It 
a=- 

nFV, 

(20) 

(21) 

(22) 

c(b) = c(A) (23) 

The mathematical procedure and expressions ob- 
tained for simulation of catalytic titrations of weak 
bases are analogous to those for the titrations of 
weak acids, both in volumetric and coulometric addi- 
tion of the titrant. However, the concentration of 
HzS+ is involved instead of that of S-, since the 
former ion is the catalyst in the reaction. For this 
reason the initial values (parameters) in the approxi- 
mate solutions of equation (19) are of different form 
(see Appendix). 

RESULTS AND DISCUSSION 

By employing the expressions derived it is possible, 
in a relatively simple way, to choose the optimal 
conditions for catalytic titrations of weak monoprotic 
acids and bases. The effects of a number of par- 
ameters on the shape of the titration curve and the 
results of the determination will be discussed below. 

Effect of the acid (base) constant 

As can be expected, the shape of the catalytic 
titration curve for a weak acid (Fig. 1) is very 

I I I I 

2 4 6 8 

Concentrotlon of lndlcator reactton 

product ( lo- 4 M ) 

Fig. 1. Effect of acidity constant, KHa, on the shape of the 
simulated curves for neutralization catalytic titrations of a 
weak monoprotic acid, with coulometric addition of titrant 
and a first or pseudo-first order indicator reaction, under the 
following conditions: V, = 3 x 10m2 1.; c,,(X) = lo-‘M; 
k; = 10-s set-‘; k; = 10’ l.mole-‘.sec-‘; I = 4.82 x 
lo-‘M; c(A) = 5 x IO-‘M; n = 1; KHs = IO-“. Values for 
Km are: (1) lOma; (2) 5 x 10w8; (3) lo-‘; (4) 5 x lo-‘; (5) 

10-2 (6) 10m4. Equivalence point 300.3 sec. 

dependent on the value of the acidity constant (the 
same also holds for the basicity constant of a weak 
base). It is clear that (other conditions being un- 
changed) the titration end-point can be satisfactorily 
determined provided KHA (or KB) is not lower than 
lo-’ (curves 3-6, for aqueous solutions). If another 
solvent, having a lower autoprotolysis constant, were 
used, it would be possible to titrate an even weaker 
acid, as described below. As in the other cases 
discussed previously,‘*3 by selecting an indicator reac- 
tion with lower values of the rate constants for both 
the spontaneous and catalysed reaction it would be 
possible to determine the titration end-point even for 
K,, (K,) below lo-‘. However, a proportional 
change in the concentration of the titrant and titrand 
(in the generating current in coulometric titrations) 
does not essentially affect (owing to the buffer effect) 
the titration curve in the period before the equiv- 
alence point. Therefore, unlike the situation for pre- 
cipitation and redox titrations,’ it is not possible to 
extend the limit in such a way toward lower values of 
KHA (KS). Further, it is evident that curves 5 and 6 
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7 6 5 4 

-1ogK, (Ke) 

Fig. 2. Range of applicability of approximative equations 
for simulation of volumetric neutralization catalytic ti- 
trations with an approximation error not exceeding 
O.O3c,(X) (first-order indicator reaction) under the following 
conditions: V, = 3 x IO-* 1.; q,(X) = IO-‘M;j = 10e5 I./W; 
F_;= 10-14. l-3 c(A) = 5 x 10-‘&f; c(T) = 5 x lo-%4; 
I , c(A) = 5 x lo-“M; c(T) = 5 x 10-“&f; l”-3” 

c(A) = 5 x 10-‘&f; c(T) = 5 x l0-4M; l,l’, I”-& = lo-’ 
see-‘; 2,2’, 2”-k; = lO-4 set-‘; 3,3’, 3”--k; = 1O-S set-I. 

(Fig. 1) are identical, which means that under the 
given conditions and KHA > 1O-5 it is possible for the 
equilibrium concentration of the catalyst to be 
reached before the equivalence point, i.e., the approx- 
imate expressions’ can be employed. 

In Figs. 2 and 3 are shown the broad-range cor- 
relations of the characteristic parameters for a 
first-order indicator reaction with volumetric addi- 
tion of the titrant. For all the conditions on the 
left-hand side of the graphs it is more correct to use 
the complete expression, and the approximate one 
can be employed with sufficient accuracy for those on 
the right-hand side. Similar graphs are obtained for 
coulometric addition of the titrant, as well as for the 

-1og KHB( K, 1 

Fig. 3. Range of applicability of approximative equations 
for simulation of volumetric neutralization catalytic ti- 
trations with an approximation error not exceeding O.OSc(L) 
(first-order indicator reaction) under the following condi- 
tions: V, = 3 x lo-’ 1.; co(X) = lo-‘M; j = 10e5 1./S%; 
KHs = lo-“‘. l-3 c(A) = 5 x lo-)M; c(T) = 5 x IO-*M; 
l’-3’ c(A) = 5 x 10-4M; c(T) = 5 x 10-3M; 1”-3” c(A) = 
5 x 10_5M; c(T) = 5 x lo-4M; l,l’, I”-& = 10-r se&; 

27, 2”-k;, = 1O-4 set-‘; 3,3’, 3”-k;, = 1O-5 se-‘. 

Concentration of Indicator reachon 

product (10w4M) 

Fig. 4. Effect of autoprotolysis constant, KHs, on the shape 
of the simulated coulometric neutralization catalytic ti- 
tration curves for a weak monoprotic acid, with a first or 
pseudo-first order indicator reaction, under the following 
conditions: V, = 3 x lo-* 1.; q,(x) = 10-‘&f; k;, = 10m3 
set-‘: kl = IO-’ l.mole-‘.sec-‘: I = 4.82 x lo-‘M: c(A) = 
5 x lb-;M; a = 1; KHA = 10-s. values for KHs are: (1) i6-‘3; 

(2) 10-14; (3) 10-u; (4) 10-16. 

second-order indicator reaction. It should be noted 
that in the latter case the ordinate is about 1000 times 
longer if the same scale is used. A comparison of 
Figs. 2 and 3 shows that the position of the curves is 
only slightly dependent on the magnitude of the rate 
constant for spontaneous reaction when the approx- 
imation error is O.O3c,(X). The same is not the case 
if the approximation error is O.O5c(L). This can be 
explained in the same way as before.‘,3 In addition, 
the effect of the concentration of both the titrant and 
titrand on the shape of titration curves is not 
significant, as mentioned above. Finally, the curves in 
Figs. 2 and 3 are similar to those for the complex- 
ometric titrations,’ which indicates a similar de- 
pendence between the catalyst concentration and the 
parameters influencing the shape of the titration 
curves for these two groups of catalytic titrations. 

Effect of the autoprotolysis constant 

The effect of the solvent autoprotolysis constant on 
the shape of the titration curve of a weak acid is 
illustrated in Fig. 4. It is evident that for a fixed KHA, 
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the concentration changes of the indicator-reaction 
product at the titration end-point are more pro- 
nounced if KHs is lower. It follows from Figs. 1 and 
4 that the titration end-point can be determined 
satisfactorily provided the ratio K,,IK,.,, or K,.,,IK, is 
< 10-7. 

Other effects 

We have also studied the effect of the following 
parameters: rate constants for both the spontaneous 
and catalysed reactions, initial concentration of the 
indicator reaction components, rate of titrant addi- 
tion, magnitude of the generating current, and the 
number of electrons involved in the electrochemical 
generation of the titrant. The effect of all these 
parameters on the shape of simulated curves for 
catalytic titrations is independent of the titration 
reaction employed, so similar conclusions can be 
drawn as for complexometric,’ precipitation’ and 
redox catalytic titrations. We have also studied the 
effect of concentration of both the titrant and titrand, 
as well as of the mode of addition of titrant. These 
effects are the same as for complexometric catalytic 
titrations,’ i.e., a proportional change in the concen- 
tration of the titrant and titrand has no significant 
effect on the shape of the titration curve before the 
equivalence point. On the other hand, the difference 
in effect of the mode of addition of the titrant lies 
only in the decrease of the concentration of the 
reaction product due to dilution in volumetric ti- 
tration. 
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APPENDIX 

Numerical determination of the root of the third-order 
equation by the tangent method (Newton’s method)” 

f (X”) 
%+I =-% -f(x3 x = c(F) or c(H,S+) 

n=O, 1, 2 . . . 

The following values for x0 are employed: 
(a) in catalytic titrations of weak acids 

b=O c(S) = Kns[Kuac(a)]-1’2 
c(a) > b c(S) = 2&$(-(b + Knd + {(b + KW)2 

+4&,&(a) - b]}‘12) 
c(a) = b c(S-) = [Knsc(a)/&K,J”2 
c(a) -c b c(S-) = b -c(a) 

(b) in catalytic titrations of weak bases 

a=0 c(H,S +) = Kns[K,c (b)] - “2 
c(b) > a c(H,S+) = 2Kus/( -(a + KB) + {(a + K,,)* 

+4K,[c(b) - a]}‘j2) 
c(b) = a c(H,S+) = [Kasc(b)/KrJ’/2 
c(b) < a c(H,S+) = a - c(b) 
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Summary-Rubidium is extracted quantitatively at pH 3.0-7.0 by O.OlM dicyclohexano-18-crown-6 in 
methylene chloride from O.OlM picric acid, stripped with 2M nitric acid and determined by flame 
photometry or atomic-absorption spectrometry. It can be separated from the most alkali and alkaline- 
earth metals, but the tolerance levels for potassium, ammonium and barium are rather low. The common 
anions, including those of some organic acids, are tolerated in fairly high amounts. The method has been 
applied to analysis of chloride schist rock and lepidolite for rubidium. The analysis takes an hour. 

The crown ethers have been extensively used for the 
extraction of alkali-metal ions, and these methods 
have been reviewed.’ Dibenzo-lS-crown-6 extracts 
alkali-metal ions from picrate media,z rubidium 
showing the highest degree of extraction. 12-Crown-4 
in benzene’ has also been used as the extractant. 
Several uni- and bivalent metal picrates have been 
extracted with dibenzo-24crown-8, which has least 
selectivity for univalent metals; barium shows the 
highest extractibility.4 Several bis-(crown ethers) 
form sandwich-type ion-pair complexes.5 Dibenzo- 
18-crown-6 in nitrobenzene-toluene mixture extracts 
alkali-metal ions, potassium and rubidium being the 
most extractable.6 In synergic extraction with 
12-crown-4 or 15-crown-5 and tributyl phosphate’, 
the formation constant of the complex increases with 
increase in the number of donor oxygen atoms, Other 
crown ethers have also been used to extract alkali and 
alkaline-earth metal ions.* The complexes of rubid- 
ium and caesium with crown ethers have also been 
characterized.“’ Crown dinitrophenylazophenol has 
been used for the photometric determination of 
rubidium and caesium.” 4-Picrylaminobenzo- 
15crown-5 has also been used for the extractive 
photometric determination of alkali metals, including 
rubidium.‘2 

No systematic work has been done on the extrac- 
tive separation of rubidium with macrocyclic poly- 
ethers. Such studies are reported in this paper and a 
method for determination of rubidium has been 
developed and applied to a rock sample and lepido- 
lite. 

EXPERIMENTAL 

Apparatus and reagents 
The apparatus used was similar to that described earlier.’ 

A stock rubidium solution was prepared by dissolving 1.767 
g of rubidium chloride in 250 ml of demineralized water and 
standardized gravimetrically.‘3 A working standard solution 

(rubidium 250 pg/ml) was prepared by appropriate dilution. 
Methylene chloride solutions (O.OlM) of dicyclohexano-ll- 
crown-6, 18-crown-6, dibenxo-18-crown-6 and 15-crown-5 
were prepared. A pi& acid solution (0.05M) was prepared 
by dissolving 2.864 g of reagent in 250 ml of demineralized 
water and standardized by titration with standard alkali. 

Procedure 
To an aliquot of solution containing 250 pg of rubidium, 

2 ml of 0.05M picric acid were added, the pH was adjusted 
to 2.0-8.0 with O.OlM lithium hydroxide or O.OlM picric 
acid, and the solution was diluted to 10 ml. It was then 
transferred to a separatory funnel, 10 ml of O.OlM crown 
ether solution were added, and the mixture was shaken on 
a wrist-action flask shaker for 10 min. The two layers were 
allowed to settle and the organic phase was separated and 
equilibrated with 10 ml of 2M nitric acid to strip the 
rubidium, which was then determined by the flame emission 
method (at 780 nm). The concentration of rubidium was 
computed from a calibration graph. 

RESULTS AND DISCUSSION 

Extraction as a function of pH 

The pH range for the quantitative extraction of 
rubidium was found to be 3.0-7.0 for dicyclohexano- 
18-crown-6. The pH was adjusted with O.OlMlithium 
hydroxide or picric acid. The highest degree of extrac- 
tion with the other reagents in the pH range tested 
was 90% with 15-crown-5, 48% with 18-crown-6 and 
80% with dibenzo-18-crown-6 (Table 1). Thus only 
dicyclohexano- 18crown-6 was suitable for quan- 
titative extraction of rubidium. 

EfSect of dicyclohexano-18-crown-6 concentration 

Rubidium was extracted at pH 3.0 from lo-‘M 
picric acid medium with various concentrations of 
dicyclohexano-18-crown-6 in the range 2.00- 
100 x 10V4M, with methylene chloride as diluent. 
The extraction was 90% complete with 3 x 10e4M 
crown ether and quantitative with 270 x 10M4M 
crown ether. The concentration used for further work 
was 10m2M. 
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Table 1. Degree of extraction (“/.) of rubidium as a function of pH 

UH 15-c-5 ! 8-C-6 DB- 18-C-6 DC-18-C-6 

2 90 48 80 98 
3 80 34 76 100 
4 80 34 72 100 

: 
80 34 68 100 
80 66 100 

7 80 :: 60 100 
76 28 56 96 
74 26 54 94 

Efect of picric acid concentration 

Extraction of rubidium at pH 3.0 with O.OlM 
dicyclohexano-l&crown-6 in methylene chloride was 
70% complete with 8 x 10-4M picric acid, and quan- 
titative with 4-10 x 10e3M picric acid. A O.OlM 
concentration of picric acid was used in further work. 

Choice of diluents 

Rubidium was extracted at pH 3.0 from O.OlM 
picric acid with O.OlM dicyclohexano-ig-crown-6 in 
various solvents as diluents. The extraction was 
quantitative only with methylene chloride as diluent 
(Table 2). 

Choice of stripping agent 

The rubidium extracted under the conditions 
chosen as described above was stripped from the 
organic phase with various acids. The stripping was 
quantitative with l.O-5.Oh4 hydrochloric acid, 
1 .O-8.OM nitric acid or 3.0-6.OM perchloric acid but 
not with sulphuric or acetic acid. For practical appli- 
cation 2M nitric acid was chosen as it permits direct 
flame photometric determination of rubidium. 

Equilibration period 

Rubidium was found to be 92% extracted in 1 min, 
98% in 3 min and 100% in 4 min. A shaking period 
of 10 min was therefore chosen for safety. 

Nature of the extracted species 

The probable composition of the extracted species 
was established from a plot of log D us. log [crown 
ether] at fixed picric acid concentration (O.OlM) and 
log D us. log [picric acid] at fixed dicyclohexano-18- 
crown-6 concentration (O.OlM). The slopes were 1.2 
and 1.4 respectively, so the extracted species is proba- 
bly 1: 1: 1 in composition in agreement with earlier 
work.” 

Table 2. Effect of various diluents 

Diluent E, % 

Benzene 80 
Toluene 78 
Xylene 76 
Carbon tetrachloride 40 
Chloroform 90 
Methylene chloride 100 
Ethylene chloride 94 

E@xt of other ions 

About 250 pg of rubidium was extracted in the 
presence of several elements, including alkali and 
alkaline-earth metals. The tolerance hmit was set as 
the amount of foreign ion showing not more than 
f20/, error in recovery of rubidium (Table 3). 

It was noted that certain s-block elements such as 
lithium, beryllium and magnesium showed neither 
co-extraction nor spectral interference. Therefore 
they were tolerated in higher ratio. 

Elements such as sodium, calcium, strontium and 
barium were co-extracted along with rubidium at pH 
3.0-7.0 with dicyclohexano-1%crown-6 but none of 
them showed spectral interference.14 The wavelength 
for their measurement was different from that for 
measurement of rubidium: sodium (589 nm), calcium 
(423 nm), strontium (461 nm), barium ‘(554 nm), 
~bidium (780 nm). 

Table 3. Tolerance limits for diverse ions in determination 
of 0.25 mg of Rb 

Foreign Tolerance 
ions Added as limit, mg 

Li+ LiCl 6.5 
*Na+ NaCl 2.5 
*K+ KC1 0.20 
gz: CSCI 

BefNW, 
2.5 5.3 

MgZ+ MgCl, 4.2 
*Cal+ CaCl, 3.5 
*s13+ SrovO, )2 2.1 
*NH; NH,Cl 0.15 
*Ba*+ BaCNWr 1.9 
uo;+ uo2(Nw* 3.1 
Pb*+ PbfNW, 4.5 
Hg*+ HgG 5.0 
Cl- HCl 5.1 
Br- HBr 5.5 
I- HI 6.5 

NO; HNOr 5.0 
so:- HzSQ 6.0 
PO:- HP04 6.2 
GO,- HCIO, 6.5 

CH,COO- CH, COOH 6.0 
c,o:- H&Q 5.8 

Tartrate Tartaric acid 2.5 
Ascorbate Ascorbic acid 3.0 

EDTA EDTA 2.5 

*Co-extracted along with rubidium. 

Ratio 
to Rb 

1:26 
1:lO 
1:l 
I:21 1:10 

1:17 
I:14 
1:8 
1:0.6 
1:8 
1:12 
I:18 
I:20 
1:20 
1:22 
1:26 
I:20 
1:24 
1:25 
I:26 
1:24 
I:23 
1:lO 
1:12 
1:lO 
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Potassium was co-extracted and also gave spectral 
interference (emission line at 767 nm). It could be 
tolerated only in 1: 1 ratio. At a potassium:rubidium 
ratio of 2: 1 the rubidium was only 96% extracted. 

Although caesium was also co-extracted with 
rubidium it could be tolerated in 1O:l ratio, as no 
major spectral interference was encountered (emis- 
sion line at 852 nm), and the rubidium was 100% 
extracted. 

Ammonium ion interferes by competitive complex 
formation, as expected from its similarity to rubidium 
in ionic radius, but cannot cause spectral interference, 
of course. 

Uranium, lead, mercury and various anions are 
tolerated at higher ratios to rubidium. Acids present 
can be neutralized with lithium hydroxide, and their 
ions are not extracted. 

Determination of rubidium in geological samples 

The proposed method was applied to deter- 
mination of rubidium in a chloride schist rock and 
lepidolite. About 1 g of sample was dissolved in a 
mixture of 5 ml each of concentrated nitric acid and 
hydrofluoric acid in a platinum crucible. The solution 
was evaporated almost to dryness. Then 5 ml of 
concentrated nitric acid were added and the solution 
was evaporated again, and the residue was dissolved 
in demineralized water and the solution diluted to 
known volume. For the chloride schist sample the 
solution was used directly for the solvent extraction, 
but for the lepidolite the sample solution was first 
passed through a 20 x 1.4 cm Dowex 5OW-X8 cation- 
exchange column (H+-form) at a flow-rate of 2 
ml/min. Potassium was eluted first with 1M hydro- 
chloric acid in 40% ethanol, then rubidium with 2M 
hydrochloric acid. Is The rubidium eluate was evapo- 
rated to dryness, the residue was taken up with water 
and the rubidium extracted as in the general pro- 
cedure. The rubidium found was 0.029% for the 
chloride schist (certificate value 0.03%) and 1.31% in 
the lepidolite (certificate value 1.3%) from triplicate 
analysis. 

Comparison with existing methods 

The extraction methods involving use of tetra- 
phenylborate,i6 dipicrylaminate,” 4-set-butyl-Z 
(a-methylbenzyl)phenol (BAMBP)i6 and 2-thenoyl- 
trifluoroacetone’q suffer from several limitations. 
The extraction of rubidium with tetraphenylborate is 
quantitative only with freshly prepared reagent solu- 
tion, and large amounts of the other alkali metals 

decrease the extraction of rubidium. The extraction 
with dipicrylaminate is not satisfactory as caesium is 
co-extracted and interferes, though this would not 
matter if AAS were used for the final determination. 
With BAMB in cyclohexane, lithium gives very 
strong interference, and the presence of other ions 
decreases the extraction of rubidium. In the extras 
tion with 2-thenoyltrifluoroacetone a highly alkaline 
solution is required for extraction of rubidium, and 
the alkaline-earth and other alkali-metal ions show 
strong interference. The method proposed here 
permits extraction and flame photometric or atomic- 
absorption determination of rubidium in the presence 
of most of the alkaline-earth and alkali metals. 
The common sequestering agents such as tartrate, 
ascorbate, oxalate, EDTA and halides are tolerated 
in high ratio to rubidium. 

The method is simple, rapid, reproducible and 
fairly selective. The total time required for extraction 
and flame photometric determination of rubidium is 
just one hour. 
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DETERMINATION OF GOLD, INDIUM, TELLURIUM AND 
THALLIUM 

GEOLOGICAL 
SPECTROSCOPY 

IN THE SAME SAMPLE DIGEST OF 
MATERIALS BY ATOMIC-ABSORPTION 
AND TWO-STEP SOLVENT EXTRACTION 

A. E. HUBERT and T. T. CHAO 
U.S. Geological Survey, Box 25046, MS 955, DFC, Denver, Colorado 80225, U.S.A. 
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Summary-A rock, soil, or stream-sediment sample is decomposed with hydrofluoric acid, aqun regia, and 
hydrobromic acid-bromine solution. Gold, thallium, indium and tellurium are separated and concentrated 
from the sample digest by a two-step MIBK extraction at two concentrations of hydrobromic acid. Gold 
and thallium are first extracted from O.lM hydrobromic acid medium, then indium and tellurium are 
extracted from 3M hydrobromic acid in the presence of ascorbic acid to eliminate iron interference. The 
elements are then determined by flame atomic-absorption spectrophotometry. The two-step solvent 
extraction can also be used in conjunction with electrothermal atomic-absorption methods to lower the 
detection limits for all four metals in geological materials. 

Gold, indium, tellurium and thallium are present at 
very low concentrations in geological materials. The 
abundance in the earth’s crust is estimated to be 
0.001-0.0035 ppm for gold,‘** 0.1 l-0.14 ppm for 
indium,3,4 0.001 ppm for telluriums*6 and 0.3-1.3 ppm 
for thallium.’ A method for determining the abun- 
dance of all four elements in the same sample digest 
of geological materials is particularly advantageous 
in geochemical prospecting, with respect to economy 
and speed of analysis, detection as ore elements in 
rocks or weathering products, use of the elements as 
a pathfinder for various types of mineral depositPO 
and the study of elemental associations.’ 

The flame atomic-absorption method described 
here provides a relatively fast and simple procedure 
for determining gold, indium and tellurium at con- 
centrations much higher than the crustal abundance 
(anomalous concentrations) and thallium at both 
crustal and anomalous levels. The special feature of 
the procedure lies in a two-step solvent extraction 
whereby gold and thallium are first separated from 
sample solution adjusted to be O.lM in hydrobromic 
acid, and then indium and tellurium are extracted 
from 3M hydrobromic acid medium, with ascorbic 
acid added to eliminate iron interference. If electro- 
thermal atomic-absorption methods are used, the 
detection limits for all four analytes are considerably 
lowered. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 603 atomic-absorption spectro- 
photometer was used. It was equipped with an automatic 
gas-control unit, a variable nebulizer, a IO-cm three-slot 
burner, a simultaneous background corrector, and an 
electrodeless-discharge lamp (EDL) power supply. 
Electrodeless-discharge lamps were used for tellurium and 
thallium, and hollow-cathode lamps for gold and indium. 

The instrumental and operating conditions were those rec- 
ommended by the manufacturer, and an air-acetylene flame 
was used. 

Reagents 

All chemicals used were of reagent grade. 
Aqua regia. A 1: 3 v/v mixture of concentrated nitric acid 

and concentrated hydrochloric acid, prepared fresh when 
needed. 

Hydrobromie acid, concentrated (48%). 
Hydrobromic acid-lo% bromine solution. Dilute 10 ml 01 

bromine to 100 ml with concentrated hydrobromic acid. 
Iron solution, 4”/,, in 3M hydrobromic acid. Dissolve 4 g 

of pure iron powder in concentrated hydrobromic acid, add 
1 ml of bromine, and evaporate to dryness. Add 34 ml of 
concentrated hydrobromic acid, heat to dissolve the residue, 
and dilute to 100 ml. 

Gold, indium, tellurium and thallium individual stock solu- 
tions, I 000-ugglml. Dissolve 1 .OOO g of pure gold, indium or 
thallium, or 1.250 g of tellurium dioxide (TeO,) in 20 ml of 
hydrobromic acid-lo% bromine solution, heat gently to 
expel excess of bromine, and make up to volume in a 
lOOO-ml standard flask with concentrated hydrobromic acid. 
The solution has a hydrobromic acid concentration of 
approximately 9M. 

Gold and thallium working standards in MIBK. Prepare a 
series of 20-ml solutions containing 0.0,0.5, 1.0,2.5, 5.0 and 
10.0 pg of Au or Tl by serial dilution of the stock solution 
with distilled water, and addition of hydrobromic acid so 
that the acidity of the final solution is equivalent to O.lM 
hydrobromic acid. Shake the solution with 5 ml of methyl 
isobutyl ketone (MIBK) for 5 min. Centrifuge to separate 
the MIBK phase. 

Indium and tellurium working standards in MIBK. Prepare 
standard solutions for indium and tellurium in the same 
concentration range as for gold and thallium, but in 3M 
hydrobromic acid containing 200-pg of iron as the bromide 
in 20 ml of the solution (0.1 ml of 4”% iron solution per 
20 ml of solution). Add 1 g of ascorbic acid to reduce the 
iron and make the the solution light yellow. Extract the 
solution with 5 ml of MIBK and centrifuge. 

The concentrations of Au, Tl, In and Te in the MIBK 
working standards correspond to 0.00,0.25, 0.50, 1.25, 2.50 
and 5.00 ppm of the metal in a 2-g sample. 
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Fig. 1. Extraction of Au, In, Te and Tl(5 pg of each analyte 
in 20 ml of aqueous solution, extracted into 5 ml of MIBK) 
as a function of HBr concentration in the aqueous solution. 

Procedure 
Weigh a 2.00-g pulverized (< IOO-mesh) rock, soil or 

stream-sediment sample into a Xl-ml Teflon beaker. Wet the 
sample with 1 ml of distilled water and slowly add 10 ml of 
aqua regia. Add 10 ml of concentrated hydrofluoric acid and 
let stand on an oscillating hot-plate at room temperature for 
2 hr to dissolve the sample. Then evaporate the solution to 
dryness at 100-110”. Cool and add 5 ml of concentrated 
hydrobromic acid. Again evaporate to dryness at 100-l 10”. 
Cool and add 0.22 ml of hydrobromic acid-loo/, bromine 
solution and 5 ml of distilled water. Warm, stir to dissolve 
the residue, wash the solution into a 25 x 2004nm screw-can 
test-tube with distilled water, and make up to a volume of 
20 ml. Add 5 ml of MIBK. cam the tube. and shake it for 
5 min. Centrifuge to separate the layers and use the MIBK 
layer for the determination of gold and thallium. 

Remove and discard the remaining MIBK layer. Add 10 
ml of concentrated hydrobromic acid to the aqueous solu- 
tion and mix. Add 1 g or more of ascorbic acid to reduce 
the iron and change the colour of the solution from brown 
to light yellow. Extract the solution with 5 ml of MIBK as 
above and use the organic solution for the determination of 
indium and tellurium. 

Determine the absorbances for the four analytes in the 
organic extracts of the standards and samples, by measuring 
the peak heights. 

RESULTS AND DISCUSSION 

Sample decomposition 

Aqua regia is a strongly oxidizing acidic reagent 
that is commonly used to dissolve elements from 
secondary weathering products such as soils and 
altered rocks. Hydrofluoric acid is added to the 
digestion mixture to decompose silicate minerals or 
other siliceous materials. Sighinolfi et al.” have used 
the combination of aqua regia and hydrofluoric acid 
for sample decomposition, in determining tellurium 
in geological materials by flameless atomic- 
absorption spectroscopy. Treatment with hydro- 
bromic acid-bromine solution will further ensure 
complete dissolution of the four analytes, as shown 

by Thompson and Nakagawa’* and Meier” for gold, 
Hubert and Lakini4 for indium and thallium and 
Chao et al.” for tellurium. Therefore, analytical 
values obtained with this digestion step in the pro- 
cedure should represent the total concentrations of 
the four elements in the samples. 

Solvent extraction 

In this procedure, the characteristics of MIBK 
extraction of the four analytes from hydrobromic 
acid were examined first. Figure 1 shows that gold 
and thallium can be extracted completely from 
0.1-W hydrobromic acid whereas the extraction of 
both indium and tellurium is complete only when the 
acidity is greater than 2.5M. 

Iron is the major interfering element in the deter- 
mination of the four analytes in geological materials. 
Prior removal of iron by solvent extraction, reduction 
of iron by ascorbic acid, stripping the co-extracted 
iron, and selective extraction of the analyte may be 
used to eliminate the iron interference. Because iron 
is practically unextracted into MIBK at low concen- 
trations of hydrobromic acid,16 gold and thallium can 
be separated from iron by MIBK extraction from a 
sample solution adjusted to O.lM hydrobromic acid 
concentration. It is for this reason that the procedure 
uses the two-step extraction to isolate gold and 
thallium first for determination. 

Both indium and tellurium can be extracted into 
MIBK from 3M hydrobromic acid, but an appre- 
ciable amount of iron is also extracted,i6 and inter- 
feres in both indium and tellurium determination.“*” 
Addition of ascorbic acid to reduce iron removes the 
interference completely, as shown in Fig. 2. There- 
fore, the extraction of indium and tellurium after 
addition of ascorbic acid constitutes the second phase 
of the two-step solvent-extraction procedure. 
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Fig. 2. Extraction of Au, In, Te, and Tl (5 pg of each 
analvte in 20 ml of aqueous solution) from 3M HBr in 
pres&e of various amounts of Fe, by 5 ml of MIBK after 

addition of ascorbic acid. 
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Table 1. Replicate analysis (n = 6) for Au, Tl, In and Te in six geochemical reference samples 

Element GXR-1 GXR-2 GXR-3 GXR-4 GXR-5 GXR-6 

Au Mean, ppm 3.1 * * 0.43 * * 

Lit. value,? ppm 3.0 0.35 
RSD, % 4.3 11.9 
Recovery,5 % 100,98 96, 98 

Tl Mean, ppm * 1.2 3.9 3.5 0.32 2.5 
Lit. value,1 ppm 1.2 3.8 3.5 0.35 2.5 
R.S.D., % 4.2 1.6 2.4 12.5 2.0 
Recovery,! % 96, 100 90, 102 

In Mean, ppm 0.53 * * * 0.32 * 

Lit. value,11 ppm 0.39 0.11 
R.S.D., % 9.7 12.9 
Recovery,5 % 102, 98 96, 96 

Te Mean, ppm 9.3 0.83 * 0.92 * * 

Lit. value,T[ ppm 8.7 0.88 1.0 
R.S.D., % 7.3 6.2 4.5 
Recovery& % 96, 90 96, 95 

*Below detection limit, 0.1 ppm for Au and Te, 0.2 ppm for Tl and In. 
tMeier.‘r 
§For 0.5, 1.0 pg of the element, added to the sample. 
SAllcott and Lakin’s 
I/Zhou ef al.” 
YChao er al.” 

Though the extraction of gold is not affected by Conclusion 

ascorbic acid, probably because of the formation of 
strong gold-bromide complexes in 3M hydrobromic 

The proposed two-step solvent extraction for iso- 

acid, the extraction of thallium is drastically de- 
lation of the analytes from sample matrices can be 

creased (compare Figs. 1 and 2). For this reason, 
used to determine a wide range of concentrations of 

thallium is extracted along with gold from O.lM 
Au, Tl, In, and Te in geochemical samples when 

hydrobromic acid in the first phase of the two-step 
coupled with flame or furnace atomic-absorption 
methods. 

extraction. 

Sensitivity 

For a 2.00-g sample, the practical lower range of 
concentration that can be accurately determined is 
0.1 ppm Au, 0.2 ppm Tl, 0.2 ppm In, and 0.2 ppm 
Te (0.1 ppm if 2.5 ml of MIBK are used). Thus both 
anomalous and background levels of thallium can be 
determined, but only anomalous samples can be 
analysed for gold, indium and tellurium. However, 
the extraction procedure can also be used in conjunc- 
tion with electrothermal atomic-absorption methods 
to enhance the sensitivity for gold, indium, and 
tellurium. The MIBK extract is analysed for gold by 
the method of Meier (with a lower limit of deter- 
mination of 0.001 ppm),13 for indium by the method 
of Zhou et al. (limit of determination 0.025 ppm)” 
and for tellurium by the method of Chao et al. (limit 

of determination 0.004 ppm).” 

Results for geological samples 

The method was applied to six U.S. Geological 
Survey geochemical exploration reference samples,‘8 
with the results presented in Table 1. The values for 
gold, thallium and tellurium are in good agreement 
with those reported in the literature. There is some 
difference of the two indium values from those re- 
ported by Zhou et af.,” but the two sets of values are 
still of the same order of magnitude. Overall recov- 
eries for the four metals added to various samples 
ranged from 90 to 102% with an average of 97%. 
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FOR THE DIRECT DETERMINATION OF BISMUTH 

IN COPPER BY ATOMIC-ABSORPTION SPECTROMETRY 
WITH HYDRIDE GENERATION 
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Summary-A simple atomic-absorption method for determining trace bismuth in copper metal is 
described. Interference from the matrix is eliminated by masking copper with thiosemicarbazide in acidic 

The hydride-generation atomic-absorption method 
provides one of the most widely used methods for the 
sensitive determination of bismuth, but suffers severe 
interference effects from various metal ions. Smith’ 
studied the effects of 48 elements and reported that 
there was always some interference from copper. We 
also have found serious suppression of the bismuth 
signal by copper. 

B&lard and Kerbyson2 reported that bismuth in 
copper could be determined by co-precipitation of the 
bismuth with lanthanum hydroxide in ammoniacal 
medium, dissolution of the precipitate in nitric acid, 
and atomic-absorption determination of bismuth hy- 
dride generated in the usual way. Donaldson3 used 
diethyldithiocarbamate extraction or co-precipitation 
with hydrous ferric oxide from ammoniacal medium, 
for determination of bismuth in ores, concentrates 
and non-ferrous alloys. 

Various masking methods have been proposed for 
eliminating the interferences. For example, 
Drinkwater suggested that addition of EDTA com- 
pletely overcomes the matrix interference for the 
determination of low concentrations of bismuth in 
nickel-base alloys. One of the problems in application 
of masking to the hydride-generation technique is the 
limited choice of masking agent on account of the 
high acidity (generally, pH < 1) normally required for 
hydride generation. 

In this paper thiosemicarbazide is proposed as 
masking agent for copper in the determination of 
bismuth at ppm levels in copper metal. 

EXPERIMENTAL 
Apparatus 

A Nippon Jarrell-Ash Model AA8500 atomic-absorption 
spectrometer equipped with a IO-cm single-slot 
air-acetylene burner and a home-made hydride-generator 
(Fig. 1) was used. The apparatus for hydride generation and 
atomization consisted of the hydride generation and col- 
lection system with a “by-pass” and “sweep”, and a quartz- 
tube atomizer. The reaction vessel was a %-ml conical flask. 

A glass syringe and two tubes at the top of the flask served 
for introducing the reducing agent solution and flushing 
with carrier gas, respectively. The quartz tube atomizer 
(inner diameter 10 mm) was T-shaped, the horizontal arm 
being 160 mm long, aligned with the optical axis of the 
spectrometer system and heated by a wide-path 
air-acetylene burner. 

Reagents and sample preparation 
All reagents except the sodium tetrahydroborate were of 

analytical-reagent grade. Sodium tetrahydroborate powder 
(98% pure, Nisso-Ventron) was dissolved in 0.1% sodium 
hydroxide solution. This solution was filtered through a 
fine-pore filter paper (No. 131, Toyo Roshi) and was usable 
for a few days. A standard bismuth solution (1000 pg/ml) 
was prepared by dissolving 0.1000 g of the pure metal in 5 
ml of 2M nitric acid, evaporating to dryness, dissolving the 
residue with a small amount of 1M hydrochloric acid, 
transferring the solution into a 100~ml standard flask and 
making up to the mark with 1M hydrochloric acid. This 
solution was diluted as required, with 1M hydrochloric 
acid. An aqueous 0.15M thiosemicarbazide solution was 
prepared. 

Procedure 
A lo-ml portion of test solution was placed in the reaction 

vessel, which was then connected to the hydride generation 
and collection system. The air in the reaction vessel was 
flushed out with nitrogen with the three-way stopcock in the 
“sweep” position. This cock was then turned to the “by- 
pass” position and the two-way stopcock was closed. The 
magnetic stirrer was switched on and 1 ml of reducing agent 
was injected into the reaction vessel from the glass syringe. 
The hydride generated was collected in the reaction vessel 
for 6Osec, and the three-way stopcock was then turned to 
the “sweep” position and the two-way stopcock immedi- 
ately opened. In this way the flame and air backgrounds 
were virtually eliminated and better accuracy was achieved. 
All measurements were done under the following instrumen- 
tal conditions: wavelength 223.1 nm; lamp current, 10 mA; 
air flow-rate, 6.5 l./min; acetylene flow-rate, 1.25 l./min; 
carrier gas flow-rate, 1.0 l./min. 

RESULTS AND DISCUSSION 

Optimizing the bismuth hydride generation 

The effect of the sodium tetrahydroborate concen- 
tration on the hydride gweration efficiency was stud- 
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Fig. 1. Schematic diagram of apparatus: A, atomizing tube; Cr, two-way stopcock C,, 
stopcock; D, detector; G, glass tube, GS, gas-tight syringe; L, light-source; M, magnetic 

polyethylene tube, R, reaction vessel; S, silicone-rubber septum. 

three-way 
stirrer; P, 

ied. One ml of reductant solution (of varied concen- 
tration) was added to 10 ml of 1M hydrochloric acid 
containing 40 ng of bismuth. The absorbance in- 
creased with reductant concentration up to OS%, 
became constant for the range OS-2.0% and then 
decreased again at higher reductant concentrations 
(2-3x) because of the high pressure developed in the 
hydride generation system by the larger volume of 
hydrogen evolved during the reaction period, which 
caused a faster flow of bismuth hydride through the 
atomizer tube. For this reason, 1 ml of 1% sodium 
tetrahydroborate solution was chosen for use. 

The effect of hydrochloric acid concentration was 
investigated in the presence and absence of Cu(II). A 
3Oql portion of standard bismuth solution (1 fig/ml) 

Fig. 2. Effect of acidity on the absorption intensity from 30 
ng of Bi in the presence and absence of Cu(II); (a), without 
Cu(II); (b), with 2 mg of Cu(II). All other conditions are as 

in Table 1. 

and 0.2 ml of Cu(I1) solution (10 mg/ml) were added 
to the reaction vessel containing 5.0 ml of hydro- 
chloric acid, and finally 5.0 ml of 0.15M thio- 
semicarbazide were added just before the reducing 
agent. The resulting test solutions contained 30 ng of 
bismuth, 2 mg of Cu(II), 0.75 mmole of thio- 
semicarbazide [i.e., 25-fold mole ratio to copper( 
and had a hydrochloric acid concentration between 
0.1 and 4.OM. The results are shown in Fig. 2, and 
O.lM hydrochloric acid medium was selected for use. 

The collection time for the generated hydride (time 
period between adding the reducing agent and sweep- 
ing the generated gases into the atomizer) was found 
to be critical, and the optimum time at room tem- 
perature was found to lie in the range from 60 to 130 
sec.5 A collection time of 60 set was chosen. 

Effect of masking 

The optimum thiosemicarbazide concentration was 
found by varying the volume of 0.15M masking agent 
added from 0 to 6.0 ml, with 1.0 ml of 1 M hydro- 
chloric acid, 50 ~1 of standard bismuth solution, and 
0.2 ml of Cu(I1) solution (10 mg/ml) present and the 
final total volume made 10 ml with distilled water. 
The resulting test solutions contained 50 ng of bis- 
muth, 2 mg of Cu(I1) and 0, 0.15, 0.30, 0.45, 0.60, 
0.70 and 0.90 mmole of masking agent, in 0.1M 
hydrochloric acid medium. 

The results are shown in Fig. 3. When no masking 
agent was present, practically no bismuth was found. 
A finely divided dark brown precipitate was produced 
by reaction of the reducing agent with the copper 
present. This precipitate was filtered off, dissolved in 
a small amount of 5M nitric acid and the solution 
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0 10 

moles of thiosemicarbazide / moles of Cu(II) 

Fig. 3. Effect of thiosemicarbaxide on the absorption in- 
tensity from 50 ng of Bi in the presence of and absence of 
Cu(II); 0, with 2 mg of Cu(II); 0, without Cu(I1). All other 

instrumental conditions are as in Table 1. 

was tested directly by atomic-absorption spew- 
trometry, and copper was detected. It is thought that 
this precipitate results from reduction of cupric ions 
to the metal. Marked enhancement of the bismuth 
signal was observed on increasing the mole ratio of 
thiosemicarbazide to Cu(II), and a constant signal 
was obtained at mole ratios > 25. Thus, the inter- 
ference of 2 mg of copper was removed by addition 
of 5 ml of 0.15M thiosemicarbazide. 

Procedure for analysis of metal samples 

Dissolve about 200 mg of sample, accurately 
weighed, in 5 ml of SM nitric acid and heat the 
solution for about 7 min, then evaporate it to dryness 
on a boiling water-bath. Dissolve the residue in a 
small volume of 0.2M hydrochloric acid, transfer the 
solution into a loo-ml standard flask and dilute it to 
volume with 0.2M hydrochloric acid. Transfer a l-ml 
aliquot of this solution to the reaction vessel, add 4 
ml of 0.2M hydrochloric acid and 5 ml of 0.15M 
thiosemicarbazide and immediately attach the reac- 
tion vessel to the generation apparatus. Prepare a 
calibration graph with standard solutions containing 

Table 1. Experimental conditions 
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Table 2. Results of analysis of copper metals 

Calibration Coefficient Standard 
curve of addition 

method,* variation, method,? 
Sample IGIg % IGIg 

S-l 4.1 rto.1 1.8 4.4 
s-2 20.5 f 0.3 1.9 20.0 
s-3 10.4 f 0.5 4.4 11.8 

*Mean of 5 results. 
tMean of 2 results. 

Table 3. Precision and accuracy of the method 

Final cont. of Coefficient 
Bi added to 2 mg Bismuth of 

of Cu(II), found, variation, Recovery, 
Irglg rcglml % % 

5 5.0 2.2 100 
10 9.8 1.8 98 
20 21.2 2.7 106 

bismuth (10, 30, 50 and 70 ng) in O.lM hydrochloric 
acid without Cu(I1) present. The optimum experi- 
mental conditions are given in Table 1. 

Applications 

To test the reliability of the method, it was applied 
to the analysis of synthetic samples and of copper 
samples obtained from Nippon Mining. The 
standard-addition method was also tried. The results 
are given in Table 2, and agreed closely. The accuracy 
and precision were checked by analysis of synthetic 
standard solutions (6 replicates of each). The results 
are shown in Table 3. The linear calibration range 
was O-70 ng of bismuth. The method is simple to use, 
no preseparation from the matrix is necessary and it 
is possible to analyse several samples within 90 min. 
Though the method is not recommended for samples 
with a very low bismuth content, it is suitable for 
samples containing 1 ppm or more of bismuth. It is 
also applicable to nickel and other non-ferrous 
metals. 

1 ml 
4 ml 
5 ml 
1 ml 

1.0 l./min 
60 set 

6.5 l./min 
1.25 l./min 

cu. 830 
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Summary-A chelating sorbent was obtained by deposition of I-(2-pyridylazo)-2-naphthol on Amberlite 
XAD-4. The analytical characteristics of the sorbent were established and optimum sorption conditions 
for Cu, Zn, Fe, Cd, Ni, and Pb under static and dynamic conditions were determined. The sorbent was 
applied to analysis of river water. After group separation of traces of metals on the sorbent and subsequent 
elution with hydrochloric acid, the metals were determined in the effluent by atomic-absorption 

Styrene-divinylbenzene copolymers with a large sur- 
face area and macroporous structure, such as Amber- 
lite XAD, are capable of adsorbing water-soluble 
organic substances. This property has been success- 
fully utilized for separation of various organic com- 
pounds in analysis of water,lA as well as for prepara- 
tion of chelating sorbents by deposition of chelating 
reagents on Amberlite XAD as substrate. The 
method has been applied for preparation of a 
dithizone-coated resin (which was then used for 
isolation of mercury from sea-water)5 and of a resin 
coated with ferroin-type compounds.6 

In this work Amberlite XAD4 was used as a 
substrate for deposition of l-(Zpyridylazo)- 
2-naphthol (PAN), a heterocyclic azo compound 
capable of forming complexes with many metal ions. 
Polyurethane foams coated with PAN have already 
been reported as good sorbents for trace metals.7-9 

EXPERIMENTAL 

Reagents 

Standard I-mg/ml stock solutions of Fe, Pb, Ni, Cu, Zn 
and Cd were made by dissolving appropriate salts in 
distilled water suitably acidified to Drevent hvdrolvsis. and 
were further diluted ai required. PAN was u&d as-a 6.45% 
solution in methanol. 

Preparation of the sorbent 

The copolymer was kept for one day in methanol, then 
filtered off and air-dried. PAN was deposited on the co- 
polymer by two methods. In the first, a saturated solution 
of PAN in methanol (10 ml per g of resin) was passed at 1 
ml/min through a column of Amberlite XAD-4, and the 
column was then washed with 5 bed-volumes of doubly 
distilled water. In the other, the resin was kept for 1 hr in 
a solution of PAN in methanol, with occasional stirring. 
The resin was then filtered off, washed with water, and 
air-dried. 

The amount of PAN deposited on the resin was estimated 
by determining spectrophotometrically the amount of PAN 
left in the solution and washings. It was found that 78% of 
the PAN had been retained in the resin, which corresponds 
to 0.054 mmole per g of dry Amberlite XAD-4. 

Procedures 

The so&ion of various metals was studied under static 
conditions by shaking a solution of the metal with a weighed 
quantity of the sorbent in a separating funnel, and under 
dynamic conditions by passing a solution of the metal 
through a column of the sorbent. 

The static method was used in determination of the 
capacity and stability of the sorbent, the optimum sorption 
conditions (kinetics and pH), and the desorption conditions 
(stripping agent, its concentration, and shaking time). 

The dynamic method was applied in determining the 
optimum pH, flow-rate, and sample volume. 

The degree of sorption was found by atomic-absorption 
spectrophotometric determination of the test element in the 
effluent from the column and in the solution obtained by 
desorption. An air-acetylene flame was used under the 
conditions recommended by the instrument manufacturer, 
and the wavelengths (nmj used were: Cd-228.8, Cu- 
324.7. Fe-248.3. Ni-232.0. Pb-217.0. Zn-213.9. 

Sorption kinetics (static c&ditions). A lo-ml portion of 
copper solution containing 75 peg of Cu at pfi 8.5 was 
shaken for 30. 60, and 90min with 1 e. of the sorbent in a 
separating fudnel.’ 

Desorption conditions. One-g portions of resin were 
shaken for 60min with lo-ml portions of copper solution 
(75 pg of Cu, pH 8.5), and then stripped by shaking for IS 
min with 10 ml of 2, 3 and 4M hydrochloric acid. 

Effect of pH on degree of sorption. Fixed amounts of the 
metals (Cu-75 pg, Fe+-66 pg, Cd-130 pg, Ni-70 pg, 
Zn-75 pg, Pb-100 pg) in 10 ml of solution, at pH 2-10 
for copper and pH 5-10 for the other metals, were shaken 
with l-g portions of resin for 60 min. 

Total sorption capacity. This was determined at pH 8.S 
(assumed to be optimal for group separation of the test 
elements) with shaking for 60 min. The resin was separated, 
washed with water at pH 8.5, and stripped with 4M 
hydrochloric acid. The metals in the strippings were then 
determined by atomic-absorption spectrophotometry 
(AAS). 

Sorption under dynamic conditions 

Two columns, 9 and 6 mm in diameter respectively, were 
made with 2 g of the sorbent. A 200-ml portion of test 
solution at pH 8.5 and the concentration used in the static 
tests was passed through the resin, which was then washed 
with water at pH 8.5 and stripped with 10 ml of 4M 
hydrochloric acid. The metal stripped was determined by 
AAS. 
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Table 1. Total sorption capacity of the 
sorbent 

Element fig mmole 

CU 127 0.002 
Fe 168 0.003 
Ni 176 0.003 
Zn 131 0.002 
Cd 337 0.003 

The effect of flow-rate on the sorption of copper was 
studied for the range 1.5-20 ml/min. The influence of the 
solution volume on copper sorption was studied by passing 
200, 500, 1000 and 2000 ml volumes of copper solution 
through the column at a constant rate of 10 ml/min. 

Analysis of water samples 
Water samples (1 or 2 1.) were filtered, adjusted to pH 8.0, 

and passed at 5 ml/min through a column of 10 g of the 
chelating sorbent. The sorbed metals were eluted with 10 ml 
of 4M hydrochloric acid. The eluate was collected in a 25ml 
standard flask, diluted to volume and analysed by AAS, 
after dilution if necessary (e.g., for iron and zinc). 

RESULTS AND DISCUSSION 

Characteristics of the sorbent 

Preparation of the sorbent is easy and quick; the 
batch method gives more uniform deposition of the 
reagent. The sorbent is highly stable. All attempts to 
remove the PAN from the Amberlite XAD-4 with 
organic solvents failed. The stability is confirmed by 
the fact that the sorbent can be repeatedly used: eight 
successive sorptions on the same sorbent gave almost 
identical results. The total sorption capacity is not 
very high (Table l), which is typical for sorbents of 
this type. 

Sorption under static conditions 

The study of the sorption kinetics showed that 
shaking for 1 hr is necessary for equilibrium to be 
reached. Figure 1 shows that pH g-9 is optimal for 
sorption of the elements studied. Under the batch 
conditions used, copper and iron are almost quan- 
titatively sorbed, whereas lead, nickel, cadmium and 
zinc are only W-85% sorbed. 

All the elements retained by the sorbent are easily 

/.-.-._ 

PH 

Fig. 1. Relationship between sorption and pH of solutions: 
l-Fe, 2-01, 3-Zn, 4-Cd, 5-Pb, 6-Ni. 

stripped by shaking it with 4h4 hydrochloric acid for 
15 min. 

Column method 

Table 2 shows that the column method gives more 
efficient overall sorption than the static method. 
Experiments with copper showed that varying the 
flow-rate in the range 1.5-20 ml/min did not affect the 
degree of sorption, which is advantageous for large 
volumes of sample, since a high flow-rate can be used 
to shorten the analysis time. The sample volume also 
does not affect performance with a fixed amount of 
resin and fixed total amount of metal. This is im- 
portant for application to water analysis. 

Application to analysis of water 

Naturally occurring waters contain considerable 
amounts of sodium, potassium, magnesium and cal- 
cium salts, mainly the chlorides and sulphates. The 
influence of the major salts found in natural waters 

Table 3. Group column sorption of metals in presence of 
other elements (synthetic drinking water, 200 ml, pH 8.5) 

Added, Sorbed, Sorption, 
Element M IQ? x 

cu 30 21 70 
Cd 52 36 69 
Ni 42 30 71 
Pb 50 40 80 
Zn 30 22 73 
Fe 66 48 73 

Table 2. Column sorption of metals (as a group in 200 ml of solution, pH 
8.5) 

Amount sorbed 

Flow-rate 10 ml/min Flow-rate 15 ml/min 
Added, 

Element Irg I PET % Pg % 
cu 30 29.0 97 28.0 93 
Fe 25 24.5 98 23.0 92 

2 30 52 28.0 45.0 93 87 27.0 47.0 90 90 
Pb 100 90 90.0 90 
Ni 28 90 25.0 90 
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Table 4. Group column sorption of metals in presence of other elements (synthetic 
drinking water) at different pH values (200 ml of solution, flow-rate 5 ml/min) 

pH 8.5 pH 8.0 pH 7.0 

Added, Sorbed, Sorption, Sorbed, Sorption, Sorbed, Sorption, 
Element ~8 1(8 % Ix % pg % 

CU 30 21 70 26 87 23 77 
Fe 66 48 73 62 94 64 97 
Ni 42 30 71 31 74 12 30 
Zn 30 22 73 25 83 21 70 
Cd 52 36 69 44 84 16 31 
Pb 50 40 80 40 80 32 64 

Element 

Zn 
CU 
Cd 
Fe 
Ni 
Pb 

Table 5. Analysis of river water 

Found,* pgcgll. 

l-l. sample after 
l-l. sample 2-l. sample mineralization 

56.3 56.0 56.5 
2.1 2.0 2.0 

<1 <1 <I 
215 200 215 

7.2 7.5 7.5 
5.5 5.2 5.0 

*Mean of 3 determinations. 

on the sorption of metals on the PAN-XAD4 sor- 
bent was therefore examined, with a synthetic water 
(formulated on the basis of the acceptable limits for 
drinking water) having the composition: Na+ 30, K+ 
8, Mg*+ 40, Ca*+ 110, Cl- 248, and SO:- 158 mg/l. 
A lOO-ml portion of the synthetic water, to which a 
mixture of the elements under study had been added, 
was adjusted to pH 8.5 and passed at 5 ml/min 
through a column (9 mm diameter) of the sorbent. 

It was found (Table 3) that the degree of sorption 
was lower than that in the absence of the salts present 
in the synthetic water. This was thought to be due to 
competitive sorption of calcium and magnesium. 
Further examination showed that at pH 8.5 the 
degree of sorption is 35% for magnesium, and 25% 
for calcium, and it decreases with decreasing pH. 
Since the concentration of these two elements in 
water can be very large compared with that of the 
trace elements, they can easily block the active centres 
of the sorbent. This effect can in principle be counter- 
acted by using a lower pH for sorption of the trace 
elements, and/or by using more sorbent. The sorption 
experiment was therefore repeated with the synthetic 
water/trace element mixture at pH 7.0 and 8.0 with 
4 g of sorbent. The results (Table 4) show that use of 
pH 7 is not profitable because of the considerably 
decreased sorption efficiency for all the trace metals, 
especially nickel and cadmium. Use of pH 8.0 and 
even more sorbent seemed a reasonable compromise. 
Under these conditions the sorption of the trace 
elements is sufficiently effective, and the sorption of 
calcium is reduced to 15% and of magnesium to 22%. 

The procedure has been applied to analysis of river 
water (from the Jeziorka river). The water samples (1 

and 2 1.) were passed through the column either 
directly after filtering or after preliminary mineral- 
ization by boiling with 15 ml of concentrated nitric 
acid for 30 min. 

The results obtained are given in Table 5 show that 
preliminary mineralization is not necessary. This fact 
may be attributed to the elements being sorbed from 
organic as well as inorganic compounds. The simi- 
larity of the results obtained for the two sizes of 
sample proves that the sorption capacity of the 
amount of resin used (10 g) was sufficient for the 
purpose. The cadmium content was so low that even 
after concentration from 2 litres of water its amount 
was below the limit of determination. The iron and 
zinc contents were high enough for their deter- 
mination after 2-fold and 5-fold dilution, re- 
spectively, of the final solutions. 

1. 

2. 

7. 

8. 
9. 
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Summary-A packed-column gas-chromatograph/mass-spectrometer (GC/MS), Hewlett-Packard 5982, 
was modified to accommodate fused silica capillary columns. The original GC/MS interface and 
chemical-ionization sample-line in the ion-source were changed to allow the end of a fused silica capillary 
column to enter the ion-chamber directly. For chemical-ionization operation, the reagent gas was brought 
into the MS through the direct-insertion probe port. The calibration compound was introduced through 
the electron-impact sample-inlet, which simplified the operation. The modified system yields higher 
sensitivity and more efficient separation, as well as simpler operation, without sacrificing any original 
instrument functions. 

In the past decade, the demand for more efficient 
separations of analytical samples has accelerated 
developments in gas-chromatograph column tech- 
nology, which has advanced from packed columns, to 
glass capillary columns, to flexible fused-silica capil- 
lary columns,‘~* yielding higher sensitivity and 
efficiency.3 While we have benefited from these ad- 
vances, we are also faced with the rapid obsolescence 
of expensive instruments. The Hewlett-Packard 5982 
gas-chromatograph/mass-spectrometer @C/MS), 
which uses packed columns, is a case in point. We 
have modified this instrument to accommodate fused- 
silica capillary columns for trace organic analyses. 

EXPERIMENTAL 

Capillary column installed through the chemical-ionization 
sample-inlet 

An SGE on-column injector and a fused-silica capillary 
column (J and W DB-5,30 m long x 0.25 mm bore, 0.25~pm 
film) were installed on the gas chromatograph. The carrier 
gas used was helium, at a flow-rate of 0.6ml/min. 

In the ion-source assembly, the chemical-ionization 
sample-line was replaced with a stainless-steel guide tube 
(1.66 mm outside diameter, 0.5 1 mm bore, 15 cm long). Two 
stainless-steel sleeves (2.77 mm outside diameter, 1.66 mm 
bore, 3 mm long) were press-fitted on the two ends of the 
guide tube. The guide tube was placed in the ion-source 
assembly in such a way that the two sleeved ends were seated 
securely in the two chemical-ionization sample-holes, one in 
the sealing shoe and the other in the ion-chamber assembly. 
Gentle bends were made as needed so that the guide tube 
did not come into contact with any part of the source 
assembly, and the fused-silica capillary column could slide 
through the tube. 

The two transfer lines, together with the jet separator and 
the two isolation valves between the GC and MS were 
removed. Instead, a simple stainless-steel tube, 3.18 mm 
outside diameter, 36 cm long (i in. x 14 in.) was used as the 
support tube for the capillary column. One end of the 
support tube was reduced to 2.77mm outer diameter over 
a length of 1 cm, to produce a shoulder that allowed a snug 

fit into the chemical-ionization sample-inlet hole on the 
ion-source flange. 

To introduce the fused-silica capillary column into the 
ion-chamber, the following procedure was used. First, the 
end of the support tube without the shoulder was inserted 
into the GC oven. Before the end with the shoulder was 
fitted into the chemical-ionization sample-inlet hole, the 
column was slid through the support tube until it emerged 
from the shouldered end. This end of the column was then 
guided a distance of 18 cm through the chemical-ionization 
sample-inlet hole on the flange, through the guide tube in 
the ion-source and into the ion-chamber. The shoulder of 
the support tube was then fitted into the chemical-ionization 
sample.-inlet hole on the flange, and the column was securely 
held in the support tube with a 3.18 mm x 1.59 mm 
(iin. x &in.) Swagelok reducing union in the GC oven. 

Use of electron-impact sample-inlet for calibration compound 

A kin. (1.59 mm) outside diameter stainless-steel tube 
was used to bring the calibration compound into the MS 
through the electron-impact sample-inlet on the ion-source 
flange. The end of this sample line was assembled in a 
similar way to the batch-inlet probe, which introduces the 
calibration compound perlluorotributylamine (PFTBA). 
PFTBA was contained in the glass sample-bulb attached to 
a probe flow-valve. A shut-off valve for the supply of 
PFTBA was placed between the probe flow-valve and the 
electron-impact sample-inlet. 

Chemical-ionization operation 

Operation of the MS in the chemical-ionization mode for 
analysis of capillary GC effluents does not usually use 
reagent gas as the carrier gas. Hence the direct-insertion 
probe (DIP) port was used to provide the reagent gas. 

The reagent-gas cylinder was connected to the GC carrier- 
gas inlet. After passing through one of the flow-rate control- 
lers, the gas flowed through a h in. (1.59 mm) stainless-steel 
tube connected to a tin. (6.35 mm) stainless-steel tube which 
formed the insertion portion of the batch-inlet probe. 
The reagent gas was introduced into the MS by inserting the 
probe into the DIP port. A 5 x 10e4mmHg ion-source 
manifold pressure was maintained by means of the flow-rate 
controller. 

RESULTS AND DISCUSSION 

*Author for correspondence. 
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The separation efficiency of the modified system is 
much higher than that of the original packed-column 
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Fig. 1. Chemical-ionization mass spectra of nitrobenzene, 
with methane as reagent gas: (a) from modified capillary 

GC/MS; (b) from original packed-column GC/MS. 

GC/MS. For example, for a GC run with the oven 
temperature starting at 60” and programmed to rise 
at 32”/min for the first 2.5 min, then at 4”/min to 
280”, the total ion chromatogram shows complete 
separations for the isomeric pairs of phenanthrenel 
anthracene and benzo(e)pyrene/benzo(a)pyrene. At 
the same time, the sensitivity is also enhanced by an 
order of magnitude. 

The constant flow of helium into the MS raises the 
ion-source manifold pressure to 6 x 10e6 mmHg, but 
does not have any adverse effect on the MS per- 
formance. 

Introducing the calibration compound through the 
electron-impact sample-inlet simplifies calibration 
procedures. Once the probe flow-valve is adjusted to 
give a PFTBA pressure of l-2 x 10m6mmHg, 
PFTBA can be injected into the MS by simply 
opening the shut-off valve. Therefore, the frequent 
insertion of the batch-inlet probe through the DIP 
port is avoided. Such insertions tend to degrade the 
vacuum and wear out the Teflon seals and O-rings in 
the DIP port. This arrangement is applicable to any 
other pure volatile-liquid samples. 

The chemical-ionization mode for capillary GC 
effluents was operated by introducing reagent gas 
through the DIP port. The GC flow-rate controller 
successfully regulated the reagent-gas intake, giving 
rise to an ion-source manifold pressure in the mid- 
range of 10m4 mmHg. Similar chemical-ionization 
spectra for nitrobenzene were obtained from the 
present modified GC/MS and the original packed- 
column GC/MS4 as shown in Fig. 1. There is no 
degradation of spectral quality. 

The modified Hewlett-Packard 5982 GC/MS is 
being used for complex trace organic pollutant anal- 
ysis, which requires higher sensitivity and separation 
efficiency than those available with the original sys- 
tem. 
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Sunnnary-A method is described for extraction of chlorinated hydrocarbons (DDTs and PCBs) from 
fish samples with sulphuric acid of various concentrations. The results are better than those obtained by 
an official method using Soxhlet extraction with n-hexane, especially with 9.5-13M sulphuric acid. The 
relative standard deviation is about 12% for analysis of portions of a homogenized single sample taken 
from the dorsal flesh of the same fish. Drawbacks and advantages in comparison with other methods are 
discussed. 

The basic principles and practices of pesticide residue 
analysis have been summarized by various authors.ld 
The analytical procedure consists of (1) extraction, 
(2) extract clean-up, (3) separation of the com- 
ponents, (4) identification and measurement. The first 
and third steps are the most critical, exhibiting higher 
uncertainty and inaccuracy in interlaboratory com- 
parisons. 

Components that have very similar gas chro- 
matographic retention times are generally separated 
by column chromatography. We have already studied 
the effect of pore size (4, 6 and 10 nm) on the 
behaviour of silica gel in such separations, and have 
obtained very good separations and recoveries for 
fortified biological samples.5 

For the initial extraction, organic solvents of vari- 
ous polarities can be used, either hot or cold. Stanley 
and Le Favoure6 used a glacial acetic acid/perchloric 
acid mixture at temperatures above 90”, and back- 
extracted the chlorinated hydrocarbons with two 
portions of n-hexane. Smodlaka et al.’ compared that 
method with Jensen’s,’ which extracts chlorinated 
hydrocarbons from macerated and homogenized 
samples with cold n-hexane, and found the results 
obtained from the two methods were comparable. 

Norheim and E&land9 have described a rapid 
extraction method for some persistent chlorinated 
hydrocarbons (such as hexachlorobenzene and octa- 
chlorostyrene) in cod samples obtained from the 
Norwegian area. The samples (about 0.3% fat con- 
tent) were treated with 95-97x sulphuric acid at 60” 
for 4 hr and, after cooling, extracted with heptane. 
The authors claim to have obtained very good recov- 
eries for each component. The reproducibility was 
5.5% for* hexachlorobenzene and 9.5% for octa- 
chlorostyrene. 

Veierov and Aharonson” have described a rapid 
procedure for extraction of various organochlorine 
pesticides in milk, utilizing sulphuric acid to precip- 
itate the lipids. The organochlorine pesticides were 
subsequently extracted with petroleum ether. The 
method was applicable at the 5-10 pg/kg residue level 

and the recoveries were comparable with those ob- 
tained by widely used procedures such as the one by 
De Faubert Maunder ef al.” 

Because of the good results obtained with concen- 
trated sulphuric acid and the simplicity of both the 
procedures described above, we thought it worth 
evaluating the behaviour of this acid at various 
concentrations and temperatures. 

EXPERIMENTAL 

Gas chromatographic analysis was performed with a 
Varian 2440 Aerograph Gas Chromatograph equipped with 
a tritium electron-capture detector and two glass columns, 
one containing 3% OV-101 on Chromosorb W-HP (SO-100 
mesh), and the other 5% QF-1 on the same support. Both 
columns were 1.8 m in length and 3 mm in internal diameter. 

Glass 250-ml Erlenmeyer flasks were used for sample 
digestion and 2%ml glass separatory funnels with PTFE 
(polytetrafluoroethylene) stopcocks for extractions. The 
chromatographic columns were made of glass, 10 mm bore, 
300 mm long, and fitted with coarse fritted discs and PT’FE 
stopcocks at the bottom. The columns for clean-up had an 
internal diameter of 8mm and length 150 mm. 

Reagents 

Sulphuric acid, anhydrous sodium sulphate, Florisil 
(60-100 mesh, ASTM), and Kieselgel 40 (70-100 mesh, 
ASTM), were all obtained from Merck. The n-hexane, 
benzene and diethyl ether (also from Merck) were distilled, 
and checked by gas chromatography. Analytical grade 
materials were used when ever possible. 

The chlorinated hydrocarbons for standard solutions 
were p,p’-DDT, p,p’-DDD and p&-DDE (all from Riedel- 
de Haen, and > 99% pure). The ~lychlorhrated biphenyls 
(PCBs) were Fenclor 54 (similar to Aroclor 1254) (contain- 
ing 52-54’/, chlorine) and Fenclor 64 (similar to Aroclor 
1260) (containing 61% chlorine) (both from Caffaro, Milan, 
Italy). 

Procedure 

Various samples from bonito caught in the Ligurian Sea 
were subjected to analytical investigation. They were taken 
from the dorsal muscle of the same fish, homogenized and 
freeze-dried (3% maximum water content, found by drying 
at 105”). 

Chlorinated hydrocarbons were extracted by digesting 3 g 
(dry weight) of sample in an Erlenmeyer flask with 60 ml of 
sulphuric acid of 6, 8, 9.5, 11 or 13M concentration for 
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Table 1. Recovery of DDTs and PCBs (ng/g, dry weight) from bonito fish samples (mean and range of 
three results) 

Soxhlet Cold extraction, [sulphuric acid] 
Chlorinated extraction with 

hydrocarbons hot n-hexane 6M 8M 9.5M llA4 13M 

p,p’-DDT 38k4 14k8 30* 15 52f9 91*11 15 + I 
p,p’-DDD 41 +6 19 * 10 31* 12 55f9 119+ 14 86&7 
p,p’-DDE 63 + 5 20 + 8 49 + 8 89 f 14 130 f 10 115*9 
PCBs 1410 + 71 330 + 97 870 f 212 1551 f 250 2430 f 190 2086 f 170 

12 hr, and then equilibrating with three 30-ml portions of 
n-hexane in a 250-ml separatory funnel. The combined 
n-hexane fractions were evaporated to 3 ml, and cleaned-up 
and dehydrated on a glass microcolumn packed with 3 g of 
Florisil (activated by heating for 8 hr at 140”), topped with 
a 20-mm bed of anhydrous sodium sulphate. Chlorinated 
hydrocarbons were then eluted with 40 ml of 15% v/v solu- 
tion of diethyl ether in n-hexane. The eluate was evaporated 
to 3 ml and chromatographed on a column of Kieselgel 40 
(about 7 g dry weight, activated by heating for 12 hr at 200” 
and deactivated with 1.5% of water 5). 

Identification and measurement were done by gas chro- 
matography with columns packed with liquid phases of 
different polarity, such as OV-101 (methylsilicone) and 
QF-1 (fluorosilicone). The carrier-gas was high-purity re- 
search grade nitrogen further purified by magnesium 
perchlorate and molecular-sieve filters, and used at a 
flow-rate of 60 ml/mm. The reference standards were n- 
hexane solutions of the determinants at the following con- 
centrations: p,p’-DDT 0.4 ng/pl; p,p’-DDD 0.2 ng/yl; 
p,p’-DDE 0.1 ng/pl; a mixture of Fenclor 54 and Fenclor 
64, each 1.0 ng/yl. The PBC mixture reproduced satis- 
factorily enough the gas chromatographic pattern obtained 
from fish sample extracts. 

The purity of the reagents was checked and their con- 
tribution to the gas chromatographic peaks of the DDTs 
and PCBs was found to be insignificant. 

RESULTS AND DISCUSSION 

Table 1 compares the recoveries obtained by the 
sulphuric acid method with those obtained by the 
n-hexane Soxhlet extraction technique, which is one 
of the official methods of the FDA’ and one of the 
most frequently employed for pesticide-residue anal- 
ysis of marine organisms. 

The recoveries, both for DDTs and PCBs, are 
strongly influenced by the sulphuric acid concen- 
tration. The best results are obtained with >9.5M 
acid. The low recoveries obtained with more dilute 
acid are probably due to incomplete digestion of the 
sample within the fixed time limit (12 hr). 

The fat content can also influence the efficiency of 
the method. The extractable organic material of the 
fish samples used in this work was 8.2% (dry weight 
basis). No experiments were done on samples with 
higher fat contents, but the samples used have a 
notably higher fat content than the average for fish. 
The samples used by Norheim and f&land9 con- 
tained only about 0.3% fat. 

The influence of temperature on the extraction is 
shown in Fig. 1. With 11M sulphuric acid the best 
recoveries are obtained at room temperature (N 20”). 

It should be noted that when DDTs and PCBs were 
added as spikes to biological materials, both methods 
gave similar recoveries of the added material (92-98x 

r (‘C 1 

Fig. 1. PCBs and DDTs @g/g dry weight) extracted from 
bonito fish with 1lM sulphuric acid at various temperatures. 

temperatures. 

by the hexane method, 89-100% by the 11M sul- 
phuric acid method). 
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ANALYTICAL DATA 

PHOSPHORUS-31 NUCLEAR MAGNETIC RESONANCE 
CHEMICAL SHIFTS OF PHOSPHORIC ACID DERIVATIVES 
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!&rmmary-“P nuclear magnetic resonance chemical shifts of alkyl and alkylaryl phosphates, condensed 
phosphates, phosphoric acids and their salts, are reported. These are listed by classes of compounds so 
that relationships between chemical shifts and the substituent groups on phosphorus atoms can be 
recognized. These relationships are useful for qualitative identification of the specific compounds listed 
and of related compounds by extrapolation. 

Correlation of the structure of the hydrocarbon 
moiety and the sulphur:oxygen atomic ratio of 
different alkyl or alkylaryl phosphates, condensed 
phosphates and phosphoric acids, with their chemical 
shifts in the “P NMR spectrum, have been in- 
vestigated on the basis of literature data and 
measurements in our laboratories. 

The 3’P NMR spectra were obtained on a Varian CFT-20 
high-resolution sfkctrometer. Chemical shifts are reported 
in Darts oer million (DDm) of the aDDlied field, with 85% 
orthophdsphoric acid as ‘reference standard (zero shift): 
Upfield shifts are denoted by a plus sign, downfield shifts by 
a minus sign. Chemical shifts from the literature are given 
in the same way. 

RESULTS AND DISCUSSION 

The chemical shift depends most strongly on the 
nature of the atoms directly bonded to the phos- 
phorus atom and on the type of bond involved. 

The basic principle used to divide phosphoric acids 
and condensed phosphates into classes on the basis 
of their 3’P NMR chemical shifts’“’ is the rule given 
by Stothers and Robinson.s The magnitudes of the 
chemical shifts change in the order (RO),P(O)O- < 
(RO),P(O)S- < (RO),P(S)O- c (RO),P(S)S- and 
are similar for compounds cont~ning the same 
groups. The chemical shifts of investigated com- 
pounds can be assigned according to this rule. 

For a given member of the above-mentioned series 
the chemical shifts of salts of univalent cations are 
independent of the kind of cation, and those of salts 
of bivalent cations may also be independent of the 
kind of cation. The “P NMR chemical shifts of 

> P(O)SM and > P(S)OM isomers (M = univalent or 
bivalent cations) are equal, although in some cases 
only the >P(O)SM form may exist. The latter state- 
ment seems to be in agreement with Kabachnic 
er a1.6*7 who reported that the tautomeric equilibrium 
in salts is shifted towards the >P(O)SM isomer. 

There is a difference of lo-15 ppm between the 
chemical shifts of the salts of univalent and bivalent 
cations, the chemical shifts of the bivalent cation salts 
being further downfield. 

It is clear that changes in the environment of the 
second phosphorus nucleus in the condensed phos- 
phates have a relatively small effect on the resonance 
of the phosphorus nucleus being considered. A wn- 
densed phosphate can be considered as a molecule 
consisting of two acids with a common sulphur or 
oxygen atom. The chemical shift (or shifts in the case 
of an asymmetric molecule) can be predicted from 
their structures. 

On the basis of the Stothers and Robinson rule, 
the chemical shifts of the phosphates’v2s4 can also 
be written in the order (RO),P(O)OR c 
(RO),P(O)SR < (RO),P(S)OR < (RO),P(S)SR. The 
chemical shifts of the other “mixed” compounds can 
be fitted to this rule as follows: (RO),P(O)OR 
< (RO)lP(0)SR < (RS),P(O)OR 5 (RS),P(O)SR <, 
(RO),P(S)OR < (RO),P(S)SR N (RS),P(S)RS. 

Substitution at some distance from the phosphorus 
atom has a relatively small effect. The effect on the 3*P 
NMR chemical shifts when the alkyl groups are 
changed is small except when R = methyl (chemical 
shift downfield from the average chemical shift for 
the compounds with different hydrocarbon moieties, 
for a given member of the Stothe~-Robinson series). 
In the case of an aryl group the chemical shifts of the 
different compounds generally change upfield from 
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Fig. 1. ,‘P NMR chemical shifts of phosphoric acids and their salts. 

Fig. 2. ,‘P NMR chemical shifts of condensed phosphates. 

the average value for similar compounds containing 
alkyl groups. 

In Figs. l-3 the “P NMR chemical shifts of the 
different phosphoric acids, condensed phosphates 
and phosphates are represented, independently of the 
hydrocarbon moiety, in a very simple way. These 
figures are useful for qualitative identification of these 
specific classes of compounds. 

REFERENCES 

1. V. Mark, C. H. Dungan, M. M. Crutchfield and J. R. 
Van Wazer, Topics in Phosphorus Chemistry, Vol. 5. ,‘P 

IROl,PO 

) (R012(RS)P0 

, CR0 l(RS)2P0 

(RO13PS ( 
(RSj3P0 

I 
I 

/ 
I 

lRO)2(RSIPS 1 (RS$PS 

I 
/ I 
I I 

Fig. 3. 3’P NMR chemical shifts of phosphates. 

Nuclear Magnetic Resonance. M. Grayson and E. I. 
Griffith (eds.), Interscience, London, 1967. 

2. E. F. Mooney, Annual Reports on NMR Spectroscopy, 
Vol. SB, Academic Press, London, 1973. 

3. Zs. Wittmann and E. Pudmer, ASLE Trans., in the 
press. 

4. Zs. Wittmann, Z. D&y and E. Pudmer, Talanta, 1985, 
32, 86. 

5. J. B. &others and J. R. Robinson, Can. J. Chem., 1964, 
42, 967. 

6. M. J. Kabachnik and T. A. Mastryukova, Zh. Obshch. 
Khim., 1955, 25, 1924. 

7. M. J. Kabachnik, T. A. Mastryukova and N. P. Radio- 
nova, E. M. Popov, ibid., 1956, 26, 120. 



Talanta, Vol. 32, No. 8A, pp. 583-599, 1985 0039-9140/85 $3.00 + 0.00 
Printed in Great Britain Pergamon Press Ltd 

BACKPLANE BUS STRUCTURES AND SYSTEMS 
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Summary-A general survey is given of developments in the design of personal computers and 
implementation of their use in laboratory instrumentation and data handling etc. An extensive guide to 
commercial sources of hardware and software is given. 

The advent of large-scale integration (LSI) devices, 
very large-scale integration (VLSI) devices, and the 
microprocessor in particular, has had a tremendous 
impact on the nature of scientific and electronic 
instrumentation that is just beginning to be felt. 
Microprocessors are replacing small- and medium- 
scale integration designs in the way that integrated 
circuits replaced discrete transistors more than a 
decade ago, and microcomputers have given instru- 
mentation systems impressive intelligence capabilities 
quite inexpensively. 

Most laboratory projects involving micro- 
computers, however, usually underestimate the com- 
puting power required, more from failure to realize 
the increased computing demand as a project devel- 
ops than from a poor estimate of the computer’s 
capabilities. Expandability is an important factor in 
the integration of a microcomputer system into the 
laboratory environment. 

Most laboratory microcomputer systems are &bit 
designs, and because of limitations in speed, arith- 
metic and addressing power, often cannot accommo- 
date the increasing needs that arise in development of 
applications. No matter how good today’s I-bit or 
16-bit CPUs are, users are demanding more pro- 
cessing power, more powerful input/output (I/O) 
structure, a wealth of special function integrated 
circuits and megaword addressing capability. 

The major obstacle to successful laboratory auto- 
mation is frequently non-availability of interfaces 
between the computer and the experiment, or the 
inherent inability of a particular computer system to 
accommodate specific needs. Traditionally, comput- 
ers were built with little or no regard for an intended 
application. The new generation of scientific instru- 
ments demands an “open-ended” computer architec- 
ture that can be tailored to fit specific needs. Modem 
laboratory applications require easily expandable 
computer systems with advanced data gathering and 
processing capabilities which provide both informa- 
tion management and information processing fea- 
tures. Bus-based systems are capable of satisfying 
these new demands. 

BUS-BASED SYSTEMS 

A bus can be defined as a set of conductors with 

a common function, providing communication be- 

tween elements of a computer system (as shown in 

Fig. 1) and can be labelled according to its function, 

e.g., as a data, address, or control bus. It can also be 
defined as an electrical connection between two or 
more digital system elements (Fig. 2). 

The data bus transmits binary data between 
memory or I/O devices and the CPU, and is bidirec- 
tional. The address bus specifies the source or the 
destination of data and is unidirectional. The control 
bus synchronizes peripheral devices with the CPU 
and is bidirectional. (For more information and a 
glossary references 1 and 2 should be consulted.) 

Buses can also be classified according to the hier- 
archical levels they occupy within the system.’ At the 
lowest level is the component bus, which connects 
various integrated circuits (as in Fig. l), and may be 
thought of as confined to a single printed-circuit 
board. 

At the next level, the bus connects various modules 
(as in Fig. 2). The modules are usually printed-circuit 
boards that directly plug into the bus (as shown in 
Fig. 3). Physically, the bus is a baseboard (or “back- 
plane”) with connectors and a card-cage or mother- 
board carrying the slots for the modules to be 
plugged in. Table 1 lists selected mechanical and 
electrical specifications for selected bus structures. 
Modules are usually classified according to function, 
e.g., memory, CPU, I/O or special function. A CPU 
board, for example, may contain a CPU, support 
logic (such as clock and/or transceivers), some local 
ROM, RAM and the appropriate bus interface. Such 
modules can be used to construct a modular bus- 
based computer system. 

The backplane usually contains no active com- 
ponents. It merely provides the physical link between 
modules. Modules can be combined to meet the 
requirements of a specific application, giving a com- 
puter system that can be tailored to the user’s needs. 
Motherboards containing active components such as 
CPU, memory and I/O, supervised by a single oper- 
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Data Bus 
n 

CPU Address Bus 

Control Bus 

Memory Input/Output 

Fig. 1. Block diagram of a typical microcomputer system. 

ating system, are often called “smart backplanes” 
and are used in microcomputer systems such as the 
Apple II and IBM PC. Smart backplanes are dis- 
cussed in more detail elsewhere.4,5 

At a higher level yet, system buses connect “racks” 
of computer systems together, and serial interface 
buses are usually used to link networks of computer 
systems. Further, parallel interface buses, such as the 
IEEE-488 GPIB (General Purpose Interface Bus), 
provide a communications path between instruments 
or peripheral units and a computer system. Buses can 
also be distinguished as local or global (Fig. 4). 

Although all computer systems involve a bus struc- 
ture at some level, the term “bus-based system” is 

usually applied to systems designed around back- 
planes. 

Some of the most sophisticated desk-top comput- 
ers are now designed to be so generally applicable 
that paradoxically they are unable to handle specific 
laboratory tasks. Furthermore, the general design6 on 
which instruments are currently based must fre- 
quently include the microcomputer as a component 
in order to be successful. 

For such a general plan to be effective, a micro- 
computer with different architectural features may 
have to be designed every time a unique application 
arises. Although for most laboratory applications the 
design of such a microcomputer system from discrete 

Memory 
Board(s) 

+ + 

I/O 
Board(s) 

CPU 
Board 

Fig. 2. Block diagram of a typical bus-based system. 
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Fig. 3. Typical backplane bus. 

components is prohibitive in terms of cost, time, and 
expertise, it can easily be realized as a bus-based 
system using commercially available modules. Such 
modules can be treated as single-function or multi- 
function components and selected in the same way as 
integrated circuits. 

Advantages of modular bus-based systems 

The major advantage is the modularity itself, since 
the modules can easily be interchanged (or replaced 
when they malfunction) or new ones added as re- 
quired. In modular systems both hardware and soft- 
ware can be optimized for a specific task, and usually 
become less complicated. 

Consider a system that controls several experi- 
mental parameters. If needs change, additional pa- 
rameters can be controlled by simply adding more 

I/O boards. If one processor is not sufficient, more 
processors or intelligent I/O boards can be added to 
optimize response time. The modular design allows 
ready reorganization or expansion of a micro- 
computer system, making it more flexible and ver- 
satile. Such a system can be wheeled around the 
laboratory to provide intelligence and computing 
power whenever and wherever needed.’ 

As technology advances, more powerful ICs be- 
come available, for example, the new signal- 
processing ICs, arithmetic processors, high per- 
formance 16- and 32-bit CPUs and high-density 
memory chips. Each new crop of ICs usually creates 
new opportunities for design of higher performance 
systems. Ironically, these opportunities can lead to a 
system’s obsolescence, often well before the end of its 
economic life. A modular system not only minimizes 

+ + 
Global Bus 

T T 

c-P cc 
Fig. 4. Block diagram of a typical tightly coupled multiple processor system. 
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development cost, but also allows expansion with 
minimal disruption. 

Invariably, some portion of a non-modular system 
eventually presents a bottleneck that forces replace- 
ment of the entire system. With modular designs, this 
portion of the system can be easily modified or 
upgraded (so the system can grow as technology 
progresses) and its lifespan is extended. 

In many applications, the CPU limits the per- 
formance of a system. Bus-based systems can be 
designed to use several processors, making more 
computing power available at lower cost. 

A good example of an analytical instrument with 
a high degree of modularity is Microsensor Tech- 
nology’s micromonitor,* a portable gas-analyser no 
bigger than a portable oscilloscope. It can carry up 
to five gas-chromatography modules, plugged into its 
backplane. Each module consists of a complete gas 
chromatograph, including valves, a capillary column 
and a thermal conductivity detector, integrated into 
a single 3-in. silicon wafer.9 A library of such modules 
can be built, which can be combined to provide for 
analysis of various mixtures of gases. The instrument 
also gives direct concentration read-out. 

Disadvantages 

Assembling a system from off-the-shelf modules is 
a simple task requiring little or no experience in 
computer technology. A set of well-written manuals, 
although not common in the computer industry, is 
usually sufficient. However, writing software for such 
a system is not a casual undertaking, especially if the 
system supports several processors. To make soft- 
ware development easier, a bus that supports a 
well-known operating system is highly recommended. 

The complexity of systems rises almost ex- 
ponentially from the simple bus-based systems to 
more sophisticated backplanes, and so does the com- 
plexity of custom-designed interfaces. 

Ideally, the design of a bus-based system should 
allow a free choice of technology, processors, and 
equipment-manufacturers. With the proliferation of 
vendors, compatibility between boards and buses 
becomes a major consideration. 

Compatibility 

As laboratory applications become more soph- 
isticated, users have to buy components from more 
than one source and a possible mismatch of various 
boards and systems becomes a serious problem. 

One solution is to use “standard” interfaces, which 
have specifications set out either by an authoritative 
standards-making organization (such as the IEEE 
microcomputer standards committee, ISQ, EIA, 
WIT or ANSI) or a manufacturer who imposes a de 
facto standard on the market, as is the case with the 
DECs Q-bus. Interfaces are then designed according 
to such standards. 

An obvious advantage of a single set of standards 
is that without it there is no assurance that two 

boards designed for the same backplane, but by two 
different manufacturers, will work together. It should 
be emphasized that several of the backplane bus 
standards appearing in Table 1 are still only pro- 
posals (hence the designation “P” in their title) and 
as such are subject to change.‘O It is the mechanical 
and electrical characteristics of backplane buses that 
are standardized. Several of the specifications appear 
in Table 1 and are discussed in detail below. 

BACKPLANE BUS CHARA~EBISTICS 

Mechanical specifications 

These refer to factors such as board size and 
connector type. Pin-type connectors are believed to 
be more reliable than edge-type connectors, especially 
in high-vibration environments. 

Board size, often called form factor, is an im- 
portant consideration in determining the capabilities 
and functions of a system. Small boards carry only a 
few functions per board, so board area and power are 
not wasted on unused functions. Consequently small 
boards are cheaper but give lower performance, and 
more are required for a complete system. The small 
size also means that usually no auxiliary functions are 
carried, so more traffic is carried on the backplane 
bus, resulting in lower system throughput. Boards 
designed with the newer, higher density ICs should 
give increased throughput, however. 

Examples of buses supporting small boards are the 
STD and similar buses such as the RM-65. Because 
communication is simple with these buses, specialized 
interfaces can be built relatively easily. 

For high-performance systems, buses supporting 
medium size or large boards must be used, such as the 
Multibus or VME-bus and VERSAbus. These larger 
boards carry more functions and also high-speed 
local buses, providing high throughput and per- 
formance, but there may be difficulty in finding 
boards providing only the functions required for a 
particular application, so they may not be cost- 
effective. 

Because of the complexity of high-performance 
systems, interfaces are difficult to design. This prob- 
lem can be alleviated by selecting boards that provide 
breadboarding area for the user, or are compatible 
with more than one bus, such as the Multibus and the 
IEEE-488 GPIB bus, in which case interfaces are 
built externally to the board and communications 
with the bus-based system are established through the 
GPIB bus. The latter approach, however, has limited 
applicability to sophisticated designs or high- 
performance systems. 

Backplanes carrying small boards are well suited 
for simple data-acquisition and control applications, 
for portable instrumentation, and are in accord with 
the current trend towards miniaturization in ana- 
lytical chemistry. Backplanes supporting medium to 
large boards are recommended for high-performance 
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systems and are best suited for applications de- bus is recommended, even if only a small portion of 
manding a multiple processor system. the bus may be utilized initially. 

Electrical specifications 

These can be conveniently divided into power 
supply requirements and type of information ex- 
change. The first is a major factor in the cost of a 
bus-based system, but does not affect the per- 
formance, and will not be discussed. The way infor- 
mation is exchanged between the various modules of 
a bus-based system is the important factor in the 
performance and complexity of the system. 

Bus type (timing). The bus timing characteristics 
determine a system’s throughput and complexity, and 
can be synchronous or asynchronous. 

Data-bus width. Data-bus width is probably the 
most important single factor where system through- 
put is concerned. A 16-bit data-bus width can be 
considered the minimum for high-performance sys- 
tems. For lower-performance systems, backplanes 
providing 8-bit data-bus widths can be used to sup- 
port ldbit CPUs. This can be achieved by utilizing 
two data transfers per ldbit word. System through- 
put, however, is reduced and programming becomes 
more complicated and inefficient. Because of their 
inherent limitations, I-bit buses are selected only for 
their simplicity, ease of interfacing and programming 
of low-level data-acquisition and control applica- 
tions. 

For synchronous operation, all processors and 
peripheral devices must be operated by the same 
clock. Synchronous operation provides high data- 
transfer rates because signals such as “bus request”, 
“bus request acknowledge”, and “bus grant” are not 
required. System throughput, however, is determined 
by the speed of the slowest module on the bus. 
Synchronous operation at bus level can impose lim- 
itations on the flexibility and expandability of the 
system by confining users to employing a specific 
family of CPUs and peripherals, but its simplicity 
makes software development easier. 

Bandwidth. Bandwidth can be defined as the max- 
imum data-transfer rate of a bus or communications 
link. It is an important figure of merit, especially 
when system throughput is the prime consideration. 
With the possible exception of the STD-bus, max- 
imum clock rate depends on memory-access time. 
For applications requiring fast response, a high-speed 
CPU supported by memory chips with short access 
time is recommended. 

A backplane bus operating asynchronously is more 
flexible and can easily adapt to the speed of different 
modules, although much tighter bus control is re- 
quired for the successful operation of asynchronously 
operating modules within the system. There is usually 
advanced handshaking between several bus control 
signals. Such signals usually provide functions that 
could conceptually be termed “bus request”, “bus 
request acknowledge” and “bus grant”. Because of 
the handshake involved, asychronous systems can be 
slower than their synchronous counterparts. Also, 
asynchronous buses can “hang” if there is no re- 
sponse to a request. Consider, for example, an 
attempt to access a non-existent memory location or 
memory-mapped I/O device; the bus will hang for a 
short period of time, after which the bus and a “bus 
error” signal will be activated. Synchronous buses do 
not hang, but there is no indication that an error has 
occurred; this can be avoided by adding more soft- 
ware, but this imposes more load on the system. 

Number of loadr supported. This determines the 
maximum number of boards that can be plugged in 
on a particular backplane. The backplanes listed in 
Table 1 are not likely to present any limitations, even 
for the most sophisticated applications. For applica- 
tions demanding a larger number of boards than the 
backplane can support, a backplane that provides a 
bus-linking facility is recommended. This permits 
users to link two or more buses in such a way that 
one bus can address a device on the other as if they 
were on the same bus. The only bus that provides this 
facility is Eurobus. ‘I For Multibus-based systems, 
two systems can be linked through a high-speed 
remote I/O bus.” 

Supported processors 

The type and number of processors supported by 
a backplane bus is a fundamental criterion of its 
success. There are several reasons for this, mainly 
concerned with independence of the processors, 
which is important in the following connections: 

Address-bus width. Memory requirements increase 
more rapidly than any other hardware requirement. 
Computer systems demand wide memory resources 
to accommodate large application programs and 
more sophisticated operating systems. Consider, for 
example, UNIX or the >ZMbyte operating system 
for Apple Lisa. Manufacturers have been unable to 
integrate sophisticated operating systems on &bit 
microcomputers because of the limited addressing 
capability of such systems. Because the memory- 
processor bottleneck is becoming increasingly im- 
portant, a backplane that supports a wide address 

(a) For applications in which a particular CPU 
must be selected either for its architecture, speed, 
instruction set or the availability of a specific oper- 
ating system. Consider, for example, applications 
requiring extensive assembly-language programming. 
A CPU supporting an extensive instruction set or 
providing specialized instructions is best suited for 
these applications. Operating speed is important for 
real-time applications or when the system has to 
respond rapidly to external events. In such a case a 
fast CPU may necessarily be selected instead of a 
slow one. 

(b) In a laboratory environment where a bus-based 
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system must be frequently modified to accommodate 
the needs of various experimental configurations. 
This is particularly true for research laboratories, 
where the experimental set-up is dismantled after the 
data have been collected or when the use of a 
dedicated system cannot be justified. 

(c) When the use of a specific CPU is dictated by 
peripheral controllers or specialized integrated cir- 
cuits designed to mate with it (e.g., signal-processing 
ICs, memory-management units, timer/counters). 

(d) Because software has become more expensive 
than hardware, a particular CPU may be selected not 
because of its architectural characteristics or any 
other attributes but simply because a particular soft- 
ware package can run on it without modification. 

Since use of independent CPUs enhances a sys- 
tem’s modularity, versatility and flexibility, a back- 
plane bus that supports a wide variety of CPU boards 
is highly recommended. 

Multiple bus masters 

For any given bus cycle, a bus master is a device 
that can take control of the bus;” that is, it can 
activate an information transfer by generating all the 
signals necessary for initiation and execution of bus 
cycles. Only one bus master can take control of the 
bus at any given time, according to its priority. Bus 
mastership is retained until either the bus master 
resigns or another potential bus master requests the 
bus by implementing a handshake. 

Bus masters are often classified as permanent or 
temporary. A permanent master has highest priority 
in a system, while a temporary master may request 
the bus from a permanent master for an arbitrary 
number of bus cycles and then return control of the 
bus to the permanent master. The maximum number 
of masters supported by a bus-based system depends 
on the arbitration scheme used. Depending on the 
way control responsibility is distributed the modules 
can be organized in a master-master or a 
master-slave configuration. 

Bus slaves monitor the bus status for all bus cycles 
but cannot activate a transfer. If addressed during a 
particular bus cycle, they accept or send the required 
message under control of the current bus master. The 
bus interface circuitry is much less complicated for a 
slave than it is for a master. Further, a system may 
or may not have a supervisor. A supervisory element 
monitors all bus transactions and can modify them. 
The IEEE P896/Futurebus, for example, has such a 
provision.14 

Although this and the following sections attempt 
to utilize the most frequently used definitions, termi- 
nology often varies according to the literature used. 
To complicate matters, it is not unusual for a “vested 
interest” to create its own definitions to suit its own 
purpose. Because of such lack of clarity, good docu- 
mentation becomes a very important issue in selecting 
commercially available bus-based systems. 

The ability of a bus to support multiple bus 
masters becomes especially important when multiple 
processor configurations are being considered. 

MULTIPLE PROCESSOR SYSTEMS 

As the number of applications with more elaborate 
computational demands increases, high-performance 
CPUs become increasingly important. There are 
definite limits, however, to the extent and type of 
improvements possible with the existing CPUs. Even 
the newer stand-alone personal computers must in- 
corporate more than one CPU or MCU to provide 
high performance. Consider, for example, the IBM 
PC and XT,’ which incorporate an 8088 CPU and an 
8048 single-chip microcomputer, the DEC Rainbow 
100,15~16 which uses a dual processor architecture 
(Z80A and 8088 CPUs), and the Apple Lisa with its 
five microprocessors. In fact, all but one of the I/O 
cards on the Lisa include a microprocessor. 

Bus-based systems supporting multiple processors 
can provide appropriate solutions to the demands for 
higher program execution speed and for additional 
computing or control power. With the development 
of fabrication technology, it is peripherals and not 
processors which are the most expensive part of a 
computer system. Because multiple processor systems 
allow resource sharing, they provide better cost 
efficiency. 

Fault tolerance can be defined as the ability of a 
computer system to recover automatically from fail- 
ures and continue processing. According to Manuel,” 
the main characteristics of fault-tolerant computer 
systems are redundancy, failure detection, diagnosis 
and repair, and software recovery after failure. Al- 
though the implementation of these characteristics 
may vary from system to system, multiple processors 
are used to provide for processor redundancy and, 
consequently, fault tolerance. Taking this concept 
one step further, why not implement (on similar 
principles) fault-tolerant analytical instrumentation, 
especially for on-line real-time process control in an 
industrial environment? 

Multiple processor systems also offer high pro- 
cessing power and throughput. Throughput, how- 
ever, does not increase linearly with the number of 
processors used, because of problems of inter- 
processor synchronization and communication.” 
This can be dealt with by constructing parallel pro- 
cessing systems, which usually consist of identical 
processors. These processors are able to work syn- 
chronously and perform the same operation simulta- 
neously, or are able to support a large number of 
parallel processes. Array processors and super- 
computers are examples of systems providing parallel 
processing capabilities.19 

It is often claimed that the need for high: 
performance computers with very high speed com- 
putational capabilities induces a shift towards paral- 
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lel processing. In such a system, the one 
processor-per-task approach is replaced by the 
several processors-per-task concept. Is there a funda- 
mental limit imposed by the classical computer archi- 
tecture that forces designers to use parallel-processor 
architectures? Basic computer architecture has not 
changed in the 35 or so years since its conception by 
von Neumann. The shortcomings of such highly 
serial architecture can be avoided by utilizing parallel 
processing in a multiple processor environment where 
many things are happening at once.2o 

To take full advantage of the computing power 
offered by multiple processor systems, a task might 
have to be partitioned between two, four, eight or 
more processors, but the algorithm required should 
be independent of the number of processors involved. 
The major difficulty is how to schedule a single task 
concurrently among several CPUs. Clearly, such sys- 
tems require both sophisticated software and an 
advanced communications protocol. Moreover, be- 
cause all existing software has been written for inher- 
ently sequential machines, new software will have to 
be developed for parallel systems. The shift from 
sequential to parallel processing appears to be a 
non-trivial task. 

Until recently, only mainframes or supercomputers 
used parallel processing in order to provide high 
throughput. Cray, the designer of the fastest super- 
computer, is utilizing this concept in his new designs. 
Cray-3, scheduled to be delivered in 1986, is expected 
to have up to 16 parallel processors designed with 
GaAs chips. Cray-2, due sometime in 1984, is ex- 
pected to have a Cnsec clock cycle and to house up 
to four processors. Parallel processing is neither 
unique to a mainframe environment nor foreign to 
“microcomputerland”: it has already been incorpor- 
ated into modern CPUs and implemented at the chip 
level. 

In traditional microprocessors that do not facili- 
tate “pipelining”, a complete sequence of instruction 
fetching, decoding and execution must take place 
before the next instruction can be operated on. In 
modern CPUs such as Intel’s iAPX 286 (often re- 
ferred to as the 80286), these operations are per- 
formed in parallel. To put matters in perspective, an 
80286 operating at 10MHz offers three times the 
performance of an 8086 operating at the same speed, 
or ten times that of the same processor operating at 
5 MHz.*’ Similar features have also been incorpo- 
rated into Intel’s 8086 and 80186 CPUs as well as 
National’s 16000 and Motorola’s 68000 CPUs. 

Although the processors just mentioned offer im- 
proved performance, it should be emphasized that 
they do not provide a “true” parallel-processing 
environment. Their architecture can be considered as 
a hybrid between serial and parallel. Because these 
processors execute only one instruction at a time, 
their major bottleneck still lies in the serial nature of 
their architecture. 

Another way to avoid the limitations imposed by 

classical architecture is to use an entirely different 
one. The TMS 320, a 32-bit signal-processor chip 
from Texas Instruments, may be the first VLSI device 
designed with other than von Neumann architecture. 
Based on a modified Harvard architecture, the TMS 
320 provides separate locations for programs and 
data. Since it can fetch information from both 
memory areas in parallel, it is able to fetch and 
execute instructions at the same time. Because of such 
built-in capabilities, the TMS 320 can execute a single 
instruction in 200 nsec, which means an operating 
speed of 5 MIPS (million instructions per second), 
faster than that of many mainframes of the last 
decade. 

Perhaps the most important current development is 
the vast amount of information pointing toward the 
design of multiple processor systems. Three basic 
trends can be distinguished. The first involves the 
incorporation of multiple CPUs in desk-top and 
bus-based systems. The second involves parallel pro- 
cessing, and its significance is stressed by the fact that 
parallel processing capabilities, though on a small 
scale, have already been included in commercially 
available CPUs, and “exotic” designs which attempt 
to incorporate several processors on the same IC are 
currently under development. The third deals with 
the realization of multiple processor architectures. 

Although there seem to be innumerable ways of 
tying several processors together, multiple processor 
systems can be classified, based on the degree of 
physical coupling, as loosely, moderately and tightly 
coupled.22 This classification is utilized in the follow- 
ing discussion. Several authors classify multiple pro- 
cessor systems only as tightly coupled and loosely 
coupled, because the distinctions between tightly and 
moderately coupled systems are not well defined. 

Tightly coupled systems 

Tightly coupled systems, also known as multi- 
processor systems, 23 can be defined as those with two 
or more processing elements with similar capabilities, 
where all processors have access to common memory, 
I/O, control units and peripheral devices, and which 
are co-ordinated by a single operating system. 

The most promising configuration for tightly 
coupled systems involves allocation of local re- 
sources, such as memory and I/O on each CPU 
board,24 as shown in Fig. 4. Such boards are also 
known as “intelligent I/O” boards. Their ability to 
support a local bus and resources allows the CPUs to 
run concurrently and use the system bus only when 
specific information is required from global re- 
sources. A portion of the memory on such boards is 
“dual ported”, i.e., it can be accessed, asyn- 
chronously, by any of the processors on the back- 
plane. This allows processors to pass “messages” to 
one another, a significant feature especially when 
advanced co-ordination for process control applica- 
tions is needed. Because the global bus is utilized only 
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Fig. 5. A three-level hierarchical system. 

when communication with global resources is re- 
quired, bus throughput is increased. 

To take care of special functions, “intelligent 
slaves” have also been developed. An intelligent slave 
is a board with local CPU, memory, I/O and dual- 
ported RAM. It cannot arbitrate for the system bus, 
however, and therefore has limited access to global 
resources. 

For laboratory applications, tightly coupled sys- 
tems may be utilized when sophisticated information 
and data-processing algorithms are implemented. 
Applications ranging from chemometrics to artificial 
intelligence and pattern recognition could also be 
included. 

Moderately coupled systems 

Moderately coupled systems are often referred to 
as distributed intelligence systems.is They involve 
computer systems close together and communicating 
via parallel or high-speed serial buses. Such systems 
do not usually give rise to general purpose micro- 
computer systems but are well suited for specialized 
applications. Applications are split up into relatively 
independent tasks, with local autonomy provided by 
assigning a processor or intelligent I/O for each task. 
The one processor-per-task concept utilized in such 
systems results in modular hardware and software 
and provides increased reliability through redun- 
dancy. Because distributed intelligence systems have 
resource-sharing capabilities, their cost-performance 
ratio decreases. 

Although several topologies are possible, a hier- 
archical configuration seems to be the simplest and 
most promising for laboratory applications. Such a 
system, as its name implies, consists of a pyramidal 
structure of microcomputers assigned tasks of 
different complexity (Fig. 5). Its most important 
advantage is that routine or mundane tasks can be 
handled by subsidiary microcomputers or 
microprocessor-based designs at the bottom of the 
pyramid, and more complex tasks by processors at 
higher levels. As the number of levels increases, 
however, the response time becomes longer. 

Loosely coupled systems 

The current concept of distributed data-processing 
appears to be more closely related to loosely coupled 
than moderately coupled systems. 

Loose coupling refers to widely separated multiple 
processor systems with resource-sharing capabilities. 
Each processor is an autonomous computer system 
utilizing local resources and providing on-site com- 
putation, control and storage capability. The inter- 
processor communications bandwidth is usually nar- 
rower than that provided by tightly coupled and 
moderately coupled systems. In addition, communi- 
cations are message-oriented and operating systems 
are usually independent. Loose coupling character- 
izes computer networks, and because these have been 
extensively discussed in the literature26*27 they will not 
be dealt with here. 

SYNCHRONIZATION 

Multiple processor systems sharing common re- 
sources, such as shared memory or peripherals, re- 
quire some form of synchronization that co-ordinates 
the sequence of operations on common resources or 
on multiple tasks. A popular method of syn- 
chronization by software uses semaphores. A sema- 
phore can be thought of as a “gate” to a restricted 
area or a critical section of software, thus protecting 
shared data or I/O. It is usually implemented by 
setting a memory bit which indicates that a resource 
is in use. 

To avoid the shortcomings of this implementation, 
some form of mutual exclusion must be utilized. This 
enables a processor or a task to prevent access to a 
shared resource by other processors or tasks when it 
is in a critical section. 23 The way in which mutual 
exclusion is implemented depends on the particular 
bus-based system. 

Interrupts 

Microprocessor-based designs synchronize their 
operation with externally occurring events by means 
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Fig. 6. Typical serial daisy-chained interrupt-acknowledge scheme. 

of interrupts. For bus-based systems, the operations 
of various modules within the system must also be 
synchronized with each other. Ideally, each module 
has its own interrupt line, each line having different 
priority. The number of interrupting devices allowed 
is determined by the number of interrupt lines avail- 
able. For bus-based systems supporting several mod- 
ules and several interrupt levels, this approach is not 
practical, because it requires a large number of 
interrupt request lines. To avoid these shortcomings 
a serial scheme has been devised, which allows several 
modules to share a single interrupt-request line. 

An interrupt-acknowledge signal passes through 
all modules on the shared interrupt line in a daisy- 
chain fashion, where each device connection is 
analogous to a link in a chain.28 The 
interrupt-acknowledge output of the module with 
the highest priority is connected to the 
interrupt-acknowledge input of the module with the 
next highest priority and so on. Priority is then 
determined by the physical location of each module 
on the backplane, where the module closest to the 
processor has the highest priority. Although this 
implementation requires a small number of interrupt 
request lines, it spoils the positional independence of 
boards on the backplane. 

A conceptual diagram of a daisy-chain 
interrupt-acknowledge scheme is shown in Fig. 6. Its 
exact implementation, however, depends on the back- 
plane in question. Backplane bus structures utilizing 
daisy-chained interrupt-acknowledge schemes in- 
clude the STDbus, VERSAbus and the VMEbus. 

Bus arbitration 

In a bus-based system providing DMA (direct 
memory access) facilities or one supporting a multi- 
processing environment, the bus can be considered as 
time-shared among several bus masters. Only one bus 
master, however, is allowed to use the bus at any 
given time. If more than one processor attempts to 
use the bus at the same time, conflicts arise which can 
be resolved by implementing a communications pro- 
tocol in the form of an arbitration scheme.29 

Bus arbitration can be defined as “the procedure 
by means of which nodes may request and obtain 
exclusive usage of the bus”.23 More simply stated, a 
bus-arbitration unit “decides” which processor gets 
the bus and which has to wait. To avoid the possi- 
bility of a high-priority master monopolizing the bus, 
“fairness schemes” can be included in the priority 
mechanism.i4 Several bus-arbitration schemes are 
possible, although serial and parallel ones seem to be 
the most common.3o 

Parallel bus arbitration is the faster but requires 
more signal lines and external logic for its 
implementation. In this, all bus requests are usually 
routed into a bus-arbitration module which assigns 
priority and grants the bus to the chosen master. 
Serial daisy-chained bus arbitration is implemented 
in a similar fashion to a daisy-chained 
interrupt-acknowledge scheme and priority is as- 
signed to the arbitrating module by virtue of its 
position on the backplane. The primary drawback is 
the logic delay experienced by the bus-grant signal as 
it travels down the chain. To avoid excessive delays, 
the number of modules on the backplane that can 
arbitrate for the bus must be limited. For Multibus- 
based systems to avoid excessive delays, there can be 
no more than 3 bus masters on the backplane when 
a serial scheme is utilized. With a parallel bus- 
arbitration scheme, up to 16 bus masters can be 
supported.” 

Backplanes such as the VERSAbus and the 
VMEbus support parallel daisy-chain bus arbi- 
tration.3’*32 This implementation allows bus masters 
to share common bus-request lines, without the ex- 
cessive delays imposed by true daisy-chain arbi- 
tration. 

BUS-BASED STRUCTURES AND SYSTEMS 

Bus selection 

Several electrical and mechanical specifications 
that can influence bus selection have been discussed 
thus far. Non-technical issues, however, cannot be 



ignored. Consider, for example, standardization in 
which the electrical and mechanical specifications of 
a proposed bus standard may be redefined before 
they become an adopted IEEE standard. This can 
give rise to incompatibility between the backplane 
and boards having a design based on the “new 
standard” specifications. Boards are often designed 
to fit both older and newer versions of the same 
backplane, as is the case with the S-100 bus and 
CompuPro’s CPU Z board. This board is advertised 
as being “compatible with most S-100 mainframes”, 
but there is no guarantee that it will be compatible 
with a particular user’s system. Incompatibility can 
quickly lead to obsolescence and therefore to ex- 

, pensive replacements. 

The STD-bus.“A joint effort between Pro-Log 
Corp. and Mostek Corp. has resulted in the devel- 
opment of the STD-bus, a simple, compact, versatile, 
cost-effective but partially processor-independent bus 
for I-bit microprocessors. Its specifications were an- 
nounced at the 1978 Weston, and the IEEE micro- 
computer standards committee allocated the project- 
authorization task P961 to the STD-bus in 1981. The 
STD-bus signals can be grouped into three sets of 
signal lines (the data bus, the address bus, and the 
control bus) and two sets of power lines (the logic 
power bus and the auxiliary power bus). 

There is, however, a catch to the selection of 
adopted bus standards. Because standards take years 
to develop and mature, by the time they become 
widely accepted and endorsed by a standards-making 
organization they are no longer adequate for the 
newest applications. Consider, for example, Multi- 
bus. Although it is an adopted bus standard, it is 
unable to support CPUs with 32-bit data-bus widths. 
Moreover, proponents of the VMEbus, almost solely 
on the basis of Multibus’s inability to support wide 
data paths advocate that Intel should use the 
VMEbus instead of the Multibus. Intel claims that a 
16-bit data bus width is adequate for present needs, 
but is also working on Multibus II, a 32-bit Multibus- 
compatible version. 33 The ability to upgrade to 32 
bits is becoming increasingly important for future 
laboratory applications. 

The electrical and mechanical specifications of the 
STD-bus are discussed by Elsmore’O who also pro- 
vides some insights into the bus’s future. Cummings” 
concentrates on the bus’s specifications and also 
includes a list of vendors of compatible boards, and 
Wilson” offers a guide to the STD-bus. Hanger36 
discusses tools available for software development for 
the STD-bus. Interfaces for the STD-bus are simpler 
and easier to build than those for high-performance 
16- or 32-bit buses. Titus et aL3’ provide details of 
STD-bus interfacing. 

Competitive supply is another important criterion 
because it gives lower prices and wider selection. 
Board availability is probably as important as soft- 
ware in selection of buses. What is available today is 
often more important than what will become avail- 
able tomorrow, especially if a particular application 
requires immediate attention. Several backplanes do 
have the capability of supporting 32-bit CPUs, but 
currently there is neither a variety of 32-bit CPU 
boards nor applications software available for them, 
and 32-bit peripheral boards are non-existent. This 
current lack of hardware and software dictates the 
use of ldbit boards in such backplanes and, as a 
consequence, users may have to pay “32-bit prices” 
to run, at least initially, 16bit processors and soft- 
ware. However, because 32-bit backplanes are de- 
signed for the future, they are “here to stay”. In the 
meantime, the user has been caught in the middle of 
a 16-bit vs. 32-bit controversy. The selection of a 
bus-based system is confusing at best, and essentially 
depends on the intended use. 

At least one company3* offers a complete, desk-top, 
STD-based microcomputer system, and a portable 
microcomputer designed around an 8-slot STD- 
backplane recently became available.39 The Labtech 
70,40 described by Putnam et a1.,4’ follows a different 
approach. This 14-slot STD-bus microcomputer is 
specifically designed for laboratory applications, 
offering real-time operation, networking capability, a 
65-kHz data-acquisition rate, and process-control 
software. 

The STD-bus can be used both as the main bus or 
in conjunction with other buses or personal comput- 
ers. MassComp Inc.,” for instance, has developed a 
multiple CPU system designed around the Multibus, 
the STD-bus, and a proprietary bus. RMAC Corp.43 
is marketing an interface which links the IBM PC 
with the STD-bus and allows the PC to act either as 
a controller, i.e., no intelligence is included on the 
bus, or as a development system for the same bus. 

Communications Technology Corp.& offers a 
CMOS board with an interface to the Hewlett- 
Packard Interface-Loop (HP-IL). This board is built 
around National Semiconductor’s NCSSOO CMOS 
microprocessor and directly plugs into the CIMbus 
(CMOS Industrial Microcomputer bus), an STD-like 
bus developed by National. Both the CIMbus and the 
HP-IL are intended for small battery-operated sys- 
tems which can withstand harsh environments, such 
as industrial plants. 

Comments 

Although no draft standards have been published 
for more than two years, the volume of information 
on activities leading to the present bus-baaed systems 
is overwhelming. Only a small fraction of it is 
uresented in the short discussion that follows. 

The plethora of interface boards and data- 
acquisition subsystems available for the STD-bus, 
along with its inherent simplicity, compactness, small 
size and low cost, make it particularly attractive for 
certain laboratory or process-control applications, 
and for the design of distributed intelligence systems. 
However, the STD-bus imposes certain limitations. 
The processor- or timing-dependence prevents inter- 
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changeability of boards and therefore confines users 
to a specific family of CPUs and peripherals, and 
hence compatibility is referenced with respect to the 
CPU board utilized, for example, STD-ZIO-I/O, 
STD-6800-I/0. 

Although the STD-bus is I-bit, 8/16-bit CPU 
boards designed around Intel’s 8088 microprocessor 
are available for it. To accommodate the 20-bit 
address generated by the 8088, the higher-order ad- 
dress bits are multiplexed with the data bus, thus 
providing a l-Mbyte addressing capability. The most 
important feature of this board, however, is that it 
provides compatibility with IBM PC software. 

Even though the possibility of designing true 16-bit 
CPU boards for the STD-bus is under investigation, 
the bus is likely to remain “g-bits wide”. An effort is 
being made to standardize a higher performance 
STD-bus, often referred to as the STE-bus. This bus 
is based on the Eurocard Format; it supports up to 
21 slots and implements full bus arbitration. 

Because of the renewed interest in g-bit buses, the 
STD-bus and buses like it are expected to survive into 
the 1990s. 

The S-100 bus. The S-100 bus has evolved, since its 
introduction in 1975, from an g-bit “hobby bus” into 
a ldbit high-performance bus for personal comput- 
ers, and despite its initial difficulties, in December 
1982 became the IEEE 696 bus standard. The back- 
plane itself carries between 2 and 22 slots which now 
support both 8- and 16-bit processors and up to 16 
Mbytes of memory, a considerable improvement over 
the original g-bit, 64-kbyte version. The S-100 bus 
signals can be grouped into eight sets of signal lines 
(data, address, status, control output, control input, 
TMA access control, interrupt and utility) and a set 
of nine power lines. The eight TMA (temporary 
master access) signals allow a single bus-master and 
up to 16 temporary bus-masters to co-exist in a single 
system. 

Perhaps the most important change from the orig- 
inal S-100 bus specifications was the addition of a 
mechanism for performing ldbit data transfers. The 
data bus consists of two unidirectional g-bit buses for 
byte transfers, in which different paths are followed 
for data input and output. These buses are combined 
to form a ldbit bidirectional bus, which means that 
the bus can easily support both 8- and 16-bit pro- 
cessors. Almost every type of microprocessor, from 
the early 8085 to the latest NS16032, is available for 
the S-100 bus, which further contributes to its popu- 
larity. There are more than 100 active manufacturers 
marketing over 500 boards for this bus, according to 
one estimate.4s This proliferation of vendors accounts 
for S-100 bus-based systems being cheaper than those 
designed with other high-performance buses. Only a 
limited number of such boards have been specifically 
designed for laboratory or industrial applications, 
but there is a trend towards the design of data- 
acquisition, signal-processing, and control boards. 
Probably the major advantage of these systems is in 

the large number of application programs, operat- 
ing systems and languages available for use with 
them. 

By virtue of its design, tke S-100 bus cannot 
support multiprocessing, which appears to be the 
reason why a variety of dual CPU boards, ranging 
from an 8085/8088 pair to a 68000/280 combination 
have been introduced, a concept pioneered by God- 
bout’s CompuPro.46 Other vendors47-50 are also mar- 
keting desk-top, S-100 based microcomputer systems, 
and Computershop Inc.s’ offers one of the first 
portable S-100 based systems. 

Garetz,45*52 the chairman of the IEEE committee, 
traces the history of the S-100 bus and discusses some 
of its specifications. He also discusses CompuPro’s 
S-100 based multiuser systems. Wilson” discusses the 
electrical and mechanical specifications of this bus 
and describes several interface boards for it, and 
Cruce and Alexande?’ describe a hard-disk inter- 
face. Interface projects and reviews of S-100 systems 
appear in several microcomputer magazines, but 
Microsystems,s8 the CP/M user’s journal, offers 
several such articles in every issue. 

Bursky’s book,‘Y despite its title, provides a general 
but ou’rdated view of microcomputer systems, and 
mentions the S-100 bus only in passing; it is included 
here because its appendices provide detailed sche- 
matic diagrams of commonly used S-100 boards and 
it incorporates a section on S-100 bus vendors. Poe 
and Goodwin’s book@ also has only minimal dis- 
cussion of the S-100 bus. Libes and Garetz6’ give 
several interface projects for the bus. It should be 
emphasized, however, that some of the bus’s 
specifications have been redefined since these books 
were published, and have become the IEEE-adopted 
696 standard.62@ 

The major advantages offered by S-100 bus systems 
are wide hardware support, a variety of software 
resources, and lower cost than other high- 
performance buses. However, the S-100 bus appears 
to have been completely defined and standardized a 
little too late. To accommodate 32-bit processors the 
bus may have to be redefined either by using RFU 
(reserved for future use) pins or by multiplexing data 
and/or address lines. In the meantime, the pressures 
exerted by Multibus and the emergence of the 
VMEbus may severely limit its growth. 

Multibus. Just as the S-100 bus became a standard 
for personal computers, the Intel-developed and rede- 
signed Multibus is becoming the dominant bus for 
scientific and engineering applications. The IEEE 
microcomputer standards committee officially ap- 
proved Multibus as the IEEE 796 standard in Decem- 
ber 1982. Long before this recognition, however, 
Multibus had established itself as a de facto industry 
standard. 

The Multibus backplane supports 24 address lines, 
16 data lines, 12 control lines, 9 interrupt lines and 6 
bus-exchange lines, divided between two connectors. 
The primary connector (PI) contains all Multibus 
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signal lines except four of the address lines, which are 
routed onto the auxiliary connector (P2). The P2 
connector supports the iLBX local bus extension 
which provides the ability for a processor to 
communicate with up to four memory boards with- 
out tying-up the Multibus. In other words, memory 
is considered to be logically on the board, but 
physically separate. This memory can be dual-ported; 
that is, it can be accessed either by the iLBX (P2 
connector) or by the Multibus (Pl connector). The 
iLBX bus provides access for up to 16 Mbytes of 
local system RAM; it can handle 16-bit data-transfers 
and offers up to 19 Mbyte/set data-rates. 

The iSBX bus was the first major extension to 
Multibus’s architecture. It meets the specifications of 
the IEEE-P959 draft standard and allows users to 
add a limited number of small-size “daughter” 
boards to a full-size board. The multichannel DMA 
(direct memory access) I/O bus was created to satisfy 
the need for high-speed I/O. It supports up to 16 I/O 
devices located up to 15 m away, provides 8- and 
16-bit data-transfers, and provides a maximum 
throughput of 8 Mbyte/set. The 16 I/O devices are 
classified as supervisors, controllers, talkers or listen- 
ers, in a manner similar to the IEEE-488 bus. The 
multiplicity of buses within the Multibus provides 
architectural flexibility unparalleled by any other 
high-performance bus. 

The development of Multibus from its inception in 
1974 until 1982 is traced by Boberg,bl who also 
provides some details about its electrical and mechan- 
ical specifications. Wilso# provides a wealth of 
up-to-date information on Multibus, including 
specifications, and describes a limited number of 
boards available for it. Intel’s Multibus data book65 
provides a survey and further details of the Multibus 
system architecture. 

Several commercially available computer systems 
have been designed around Multibus. Mayers et aLa 
describe the Plexus P/40, a multiple-processor system 
based on Zilog’s 28000 CPUs. This system is assem- 
bled from off-the-shelf modules and operates under 
UNIX. Callan Data System&’ market a series of 
Multibus-based desk-top microcomputers, and Log- 
ical Microcomputer68 offers the Megamicro, a virtual- 
memory microcomputer based on National Semicon- 
ductor’s NS16032 microprocessor. One of the 
advantages offered by multiple-processor systems is 
increased reliability as a result of redundancy. August 
300 is an example of a Multibus-based fault-tolerant 
computer system. 6q Portable Multibus-based com- 
puter systems are also available,‘O and ELAN,” 
an inductively-coupled plasma-mass spectrometry 
(ICP-MS) system, is one of the tirst analytical instru- 
ments with computing power derived from a 
Multibus-based system. 

An adapter which makes an IBM PC or XT 
compatible with Multibus has recently become avail- 
able.72 This adapter allows the PC or XT to be used 
either as a bus-master or as a co-processor in a 

Multibus environment. Taking a different approach, 
SysteMathica73 offer a board compatible with the 
IBM PC and the Multibus. This single-board com- 
puter offers a triple bus structure: a PC-compatible 
internal bus with on-board or off-board expansion 
capabilities; a Multibus interface; and a dual-ported 
memory bus which communicates with the intemal- 
system bus and the Multibus. Such developments 
allow users to take advantage of popular software 
and provide access to applications that would nor- 
mally require two sets of hardware. 

Multibus is one of the most successful high- 
performance buses available to date. According to 
Intel Corp. there are more than 150 vendors market- 
ing over 1000 boards for this bus. Ironoak C~rp.‘~ 
has compiled a complete up-to-date guide to Multi- 
bus manufacturers. The next step in the evolution of 
this bus standard is the introduction of Multibus II. 

Multibus II is a multiplexed bus providing full 
32-bit address and data paths and supporting the 
Eurocard format. The Multibus II specification 
defines five buses, three of which are new. The 
parallel system bus (iPSB) is the main bus supporting 
8-, 16-, 24 and 32-bit data-transfers and a 32-bit 
address bus. In the burst mode the bus can sustain a 
40 Mbyte/set bandwidth. The local bus extension 
(iLBX) provides access for up to 64 Mbytes of local 
RAM and offers a 48-Mbyte/see bandwidth. The 
serial system bus (iSSB) can be extended up to 10 m, 
is l-bit wide, and runs at 2 MHz. Finally the iSBX 
I/O bus and the multichannel direct memory access 
(DMA) bus have been borrowed from the Multibus 
I architecture. Multibus II is described in some detail 
by Beaston.” Although Multibus II’s bus structures 
have been designed to meet the needs of future 
high-performance bus-based systems, its effect on 
such systems and its compatibility with Multibus I 
still remain to be seen. 

VERSAbus and VMEbus. The VERSAbus and the 
VMEbus, its Eurocard counterpart, are two different 
implementations of a very similar bus. They both 
support ldbit and 32-bit processors, 32-bit data 
paths, multiple bus-masters and slaves, and incor- 
porate a wide address bus which permits a direct 
addressing capability of over 4 Gbytes. Both back- 
planes consist of the data-transfer bus (DTB), a 
priority interrupt bus, the DTB arbitration bus and 
a utility bus. 

The VMEbus (Versa Module Europa bus) 
specifications are a joint effort of Mostek, Motorola 
and Signetics/Philips Corp. The bus provides full 
32-bit address and data lines in an asynchronous 
environment and supports the Eurocard format and 
DIN connectors. Although its functional character- 
istics have not changed since October 1981, the 
VMEbus specifications now define three separate and 
independent buses: the VMEbus, the VMXbus and 
the VMSbus. The VMEbus is used as the global bus. 
The VMXbus extends the local bus from the pro- 
cessor board to the adjacent boards so that the 
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Table 2. Attributes of multiple processor systems 

Advantages Disadvantages 

High processing power 
High throughput 
Increased reliability 
Fault-tolerance 
Increased versatility 
Improved cost/nerfonnance ratio 

Increased software complexity 
Increased communications complexity 
Expensive 

processor can access additional memory without the 
need to arbitrate for the global bus. The VMSbus is 
a serial bus utilized to pass messages among boards 
on either the backplane or separate card racks. 

Although the VMEbus has only recently been 
introduced, the IEEE committee P1014 began its 
standardization in March 1983, and several micro- 
computer systems have been designed around it. An 
example of a VMEbus-based system is the Consul- 
tant,76 an early NS16032-based or NS32032-based 
desk-top computer which provides high-resolution 
graphics, multiprocessor capability, and a multi-user 
operating system. The computer’s CPU board is 
equipped with an NS 16082 memory-management 
chip, an NS16081 floating-point processor, a real- 
time clock/calendar, three 16-bit programmable in- 
terval timers and 7 levels of interrupt. Another 
example is Motorola’s VME/lO desk-top computer.77 
The basic VMEjlO system consists of three elements: 
the system-control unit, the keyboard, and a video 
display unit. The system-control unit contains an 
MC68010 and MC68451 MMU-based module, 5- or 
15-Mbyte Winchester disk drive, and a 6%kbyte 
floppy disk. A choice of two card cages permitting 
different expansion capabilities is also provided. This 
system operates under VERSAdos, Motorola’s real- 
time operating system. Willot7* briefly describes the 
Victory Spirit, a system designed around the 
VMEbus and supporting CP/M-80 and CP/M-86 
operating systems. 

The VERSAbus is a proposed standard (P970) 
currently under review by the IEEE microcomputer 
standards committee. Perkin-Elmer’s model 7500 is 
an example of a laboratory computer which has been 
designed around this bus. 79 Also, Varian’s XL-NMR 
spectrometer is supported by two isolated VERSA- 
buses communicating with each other through serial 
ports.” UNI/VERS, an interface that links any 
VERSAbus-based system to a host PDP-11 or VAX 
is described by Russ. *’ The major advantage of this 
type of interface is that it merges features of two 
radically different families and offers expansion capa- 
bilities which broaden the user’s range of options. 

Additional information on the electrical and 
mechanical specifications of the VERSAbus and the 
VMEbus is given by DeBock,8* and the VERSAbus 
is discussed in detail by Balph et a1.83 The VMEbus 
is described by Kaplinski’* and Mackenna et aLM 
Lobelle presents a case study of the interfacing of a 
6809-based subsystem to the VMEbus. 

The VERSAbus and VMEbus provide for the 
design of high-performance systems. Because of their 
ability to support 32-bit processors, they have the 
potential to become the dominant buses of the future. 
The VMEbus, because of its form factor, is a likely 
candidate for the design of high-performance desk- 
top computer systems or for the design of the “super- 
microcomputer” of the future. 

Futurebus. Although no CPU or peripheral boards 
have been designed for the IEEE P896/Futurebus, it 
is included in Table 1 because it attempts to antici- 
pate future needs in bus design and, apriori, influence 
the development of new bus standards. Despite the 
rejection of draft 5.2 by the IEEE microprocessor 
standards committee, the currently accepted 6.2 draft 
standard introduces several new concepts in bus 
design. 

The Futurebus project is aimed at the development 
of a backplane bus architecture for use with the 
emerging 32-bit microprocessors and promotes multi- 
processing and fault-tolerance. The bus is capable of 
performing 10 million 32-bit data-transfers over an 
asynchronous 32-bit data-bus. Both the address and 
data buses are multiplexed to make room for a 
redundant bus that can take over if the first one fails. 
The bus also provides fully distributed control with- 
out the need for a central master. Several papers that 
describe the Futurebus have appeared in the litera- 
ture 1486.87 

National Semiconductor Corp. has committed 
itself to produce the new trapezoidal transceivers 
(the DS3896 and DS3897) required to drive this 
high-speed bus. Because of the interest shown in 
the P896 project, it is expected that several com- 
panies will soon start offering boards for the 
Futurebus. 

Other backplane bus structures. A trend toward the 
introduction of both standard and proprietary bus 
structures is evident in the microcomputer industry. 
In the following discussion only the most prominent 
bus structures will be presented. The FASTBUS88,89 is 
a development of the NIM Committee, National 
Bureau of Standards, as an upgraded version of the 
CAMAC (computer-automated measurement and 
control) bus standard.90 There are several CAMAC- 
related standards adopted by the IEEE.9L-94 Although 
the FASTBUS was originally developed for nuclear 
physics apparatus requiring high data-rates, it is 
general enough to support a wide range of data- 
acquisition and control applications. The bus is based 
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on emitter-coupled logic, supports multiple bus- desired functional modules to be plugged-in when- 
masters, and provides a flexible bus architecture. ever and wherever needed. Such modules include not 
Larsen9s provides background information on the only hardware, but also software-oriented hardware 
FASTBUS and reports on developments of this bus devices such as electrically erasable PROMS and 
standard. Laboratory applications of the CAMAC silicon-based software, such as ROM-based oper- 
and the FASTBUS can be found in J. Nucl. Instrum., ating systems. The final outcome is vast computing 
Methodr in Physics Research and IEEE Trans. Nucl. power based on VLSI technology and bus-oriented 
Sci., and a symposium report.96 solutions. 

The Eurobus”” is a general-purpose backplane 
bus standard developed by the U.K. Ministry of 
Defence and Ferranti Computer Systems Ltd. Euro- 
bus is one of the few general-purpose buses that can 
be operated as a data bus without the need for a 
processor to act as a bus-controller. The bus supports 
8-, 16- and 32-bit data paths; the address bus is two 
bits wider in each case, and the data and address 
buses are multiplexed. To date, the major imple- 
mentation of Eurobus is in Ferranti’s military com- 
puter. Although the bus has its origins in the military 
sector, it is well suited for laboratory and industrial 
applications. 

A step towards the implementation of uncon- 
ventional bus structures has been taken by Philips 
Corp., which has developed two serial data buses, the 
Inter-Integrated-Circuit bus (FC-bus) and the 
Digital-Data-Bus (D’B). By having the interface logic 
incorporated into the chip, single-chip micro- 
computers (derived from Intel’s 8OC48 and 8OC51 
series) act both as a network interface and as a 
processor or a controller, while support ICs or mod- 
ules simply clip into the bus.‘” 

Perhaps one of the most important proprietary bus 
structures is Digital Equipment Corporation’s Q- 
bus.9* This is the slowest but most commonly used 
backplane bus structure. More than 300000 CPU 
boards compatible with the Q-bus have been sold 
since 1975, according to one estimate.99 The bus has 
already undergone three stages of evolution. It began 
with a 16-bit address bus and one level of interrupt. 
It then moved to 18-bit addressing and 4 levels of 
interrupt and is currently supporting a 16-bit stan- 
dard, 22-bit extended address bus and 4 levels of 
interrupt. In order to provide for higher throughput, 
DEC has recently announced several DMA enhance- 
ments for this bus. An M68000/UNIX combination 
is also available for this bus. 

The basic idea for both buses is quite simple. The 
bus provides the facilities of a small-area serial 
network within a single computer system or an 
instrument. Small-area networks are typical of local 
area networks. Their characteristics are somewhere 
between those of a simple serial-data link, such as the 
RS-232C or RS-422 and Ethernet. In the I*C-bus 
implementation, each IC has a slave address and 
recognizes an ID code in order to respond. The D*B 
implementation takes the I*C-bus approach even 
further. It is designed to connect racks of equipment 
or computer systems together and thus is well suited 
for distributed intelligence applications. The D*B 
concept can be thought of as the serial equivalent of 
the IEEE-488 bus. 

The Q-bus is currently defined as an asynchronous, 
multiplexed, single CPU bus. Its future, however, 
may be determined by the J-l 1 chip set which imple- 
ments the complete PDP 11/70 instruction set, but 
requires a much faster bus than the Q-bus in order to 
provide for high throughput. Although the Q-bus 
appears to be on the verge of change, it still remains 
a widely used backplane because of the large number 
sold. 

Hewlett-Packard is taking a different approach by 
developing the HP-interface 10op,‘~‘-‘~~ a two-wire 
link that turns the HP41C handheld calculator into 
a powerful test, measurement, control, and data- 
analysis tool. ‘04*105 Texas Instruments is following a 
similar path in the development of HEXBUS, a Cbit 
bus designed for communication between a calculator 
or a computer and intelligent peripherals. Such devel- 
opments suggest that both the emerging and the next 
generation of proprietary bus structures will become 
“application driven” and, therefore, will no longer 
conform to traditional bus designs. 

What does the future hold? 

Undoubtedly, the microcomputer industry is un- 
dergoing a trend towards more powerful computer 
systems. The trend of functional architecture is to- 
wards computer systems made up of functional mod- 
ules, resulting in a user-definable architecture. When 
such modules become popular enough, VLSI imple- 
mentations will become available and ICs will replace 
boards as basic system-building blocks, as with Intel’s 
iAPX 186 CPU “board on a chip”. To the user there 
is another advantage besides higher performance at 
lower cost: these ICs can be chosen from “menu 
books” similar to a TTL (transistor transistor logic) 
data book, and advanced bus structures allow the 

Undoubtedly, the future of high-performance com- 
puter systems supporting an open-ended user- 
definable architecture is bus-oriented, although the 
character of such systems is only vaguely defined. 
One thing is clear: those configured to operate in the 
laboratory environment will support multiple CPUs, 
sophisticated data-acquisition and control boards, 
special signal-processing boards, boards improving 
the quality of the man-machine interface, wide 
memory resources, vast mass storage, and multi- 
processing and/or distributed processing. 

Examples of specialized boards include the FFT- 1, 
a single fast Fourier transform (FFT) processor 
board from DSP Systems. This Multibus-compatible 
board can perform a 1024-point complex FFT in 8.2 
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msec.‘06 Multibus or Q-bus imaging boards, such as 
the Datacubes VG123 board providing 768 H x 512 
V pixel resolution 8-bits deep, are available for 
medical imaging or robot vision.io7 Floating-point 
processors for the Multibus or Q-bus and array 
processors for the Q-bus, VERSAbus and Multibus 
are also available. ‘08 Such developments open new 
horizons for image-processing applications and are 
expected to affect many areas from spectroscopy to 
robot vision. This brief summary cannot mention all 
vendors marketing specialized signal-processing 
boards. For information concerning boards available 
for bus-based systems the Microcomputer Systems 
D.A.T.A. booklw is recommended. 

Clearly, the type of bus-based system just described 
out-performs many minicomputers. Are mini- 
computers dying? The evolution of the 32-bit super- 
minicomputer is progressing from boxes to boards 
and will eventually progress to a few chips or even 
one. Data General’s new microEAGLE chip set, for 
example, promises low-cost systems with per- 
formance nearly half that of the Eclipse MV8000, a 
32-bit supermini. Developments of this type point in 
a single direction. Superminicomputers will even- 
tually become small enough and cheap enough to be 
marketed as desk-top models, and today’s mini- 
computers will have been sentenced to death by 
micros. 

Although the next generation of personal comput- 
ers will provide increased performance and 16-bit 
solutions, it cannot match the capabilities offered by 
“super-microcomputers”. The plethora of existing 
off-the-shelf modules that convert personal comput- 
ers into programmable test and measurement equip- 
ment, however, suggests that their importance in the 
laboratory will not diminish. Because of the wide 
software resources, the variety of hardware modules 
available to them, and their low cost, personal com- 
puters have earned themselves a permanent place in 
the laboratory. 

Currently, computer-system design is one of the 
fastest growing domains in the computer industry. To 
keep pace with the increasing power and performance 
of microcomputers, the design philosophy behind 
traditional measurement systems is changing, and the 
concept of an isolated stand-alone instrument 
appears to be fading. Emerging is an integrated 
“analytical work station” with capabilities never 
before thought possible. 

In complementary developments, the new gener- 
ation of silicon sensors which respond to more than 
one physical input, and the new domain-conversion 
ICs which provide an analogue or digital output in 
response to chemical stimuli (i.e., chemical sensors), 
offer capabilities for new types of measurements. The 
new generation of ICs and microsensors is expected 
to play an increasing role in the laboratory, lead to 
a wider dissemination of electronic intelligence within 
analytical instrumentation, and help realize labora- 
tory automation. Furthermore, semiconductor tech- 

nology and silicon micromachining offer the basic 
framework for microminiaturization in analytical 
chemistry. 

Finally, Kowalski’s scenario,“’ in which a highly 
computerized instrument runs samples automatically, 
shortens execution times of algorithms and comments 
on the results, has not yet been completely imple- 
mented in a single instrument, but most of the 
modules exist for its implementation. It is believed 
that when sophisticated hardware, flrrnware and soft- 
ware modules are blended with novel microstructures 
and combined with innovative “thinkware”, the na- 
ture of analytical instrumentation and laboratory 
computing will be altered, offering new and exciting 
possibilities. 
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Summary-A comprehensive account is given of the characteristics of the Apple II family of personal 
computers, and the wide range of hardware and software available for it from various manufacturers. 
Pertinent books, magazines and journals are also listed. 

From sources as diverse as hobby computers and 
minicomputer systems, a new generation of personal 
computers that can easily be adapted to the labora- 
tory environment has emerged, ranging from profes- 
sional versions of yesterday’s “primitive” hobby ma- 
chines to sophisticated bus-based systems that often 
outperform minicomputers. 

Although laboratory automation has a lot to learn 
from office automation, it cannot follow exactly the 
same path. Some office computers are so specialized 
that they are not useful for anything but their as- 
signed task, even some of the most sophisticated ones 
such as the Apple Lisa and the Xerox Star. For 
laboratory automation a different class of micro- 
computer system is required. 

Although the descendants of hobby computers 
usually retain their ancestor’s straightforward archi- 
tecture, several trends can be distinguished, including 
wider data paths, more memory, “standard” oper- 
ating systems, and use of a backplane bus on the 
motherboard. Motherboards containing active com- 
ponents such as CPU, memory and I/O in addition 
to a bus structure are often called “smart” or “intel- 
ligent” backplanes. Because they support a bus they 
give rise to microcomputer systems that can be 
adapted to some extent for specific needs. Though 
not offering the flexibility and performance of bus- 
based systems,’ smart backplanes can be easily 
adapted to diverse applications. 

The backplane bus structure in a personal com- 
puter motherboard is a key element for its successful 
use in the laboratory. For example, the Commodore 
PET has never had the success of the Apple II in the 
laboratory, a main reason being its lack of a back- 
plane bus structure. Instead, the PET and its later 
versions relied primarily on the IEEE-488 interface 
for expansion and modification.’ We purchased a 
PET long before an Apple II, but no longer use it. 
The backplane bus structure of the Apple II was 
undoubtedly very significant in its evolution as the 
most versatile computer of its type yet developed. 
This backplane constitutes a platform where devices 
ranging from co-processors to IEEE-488 interfaces 

can be added to the system. Because of this signifi- 
cance of the backplane bus in personal computer 
systems, this and the companion article’ focus on the 
bus structure of such systems. The mechanical and 
electrical characteristics of each bus are presented 
after a brief survey of the system. 

Boards and vendors have proliferated alongside 
the personal computer systems. The benefits include 
lower cost, a wide choice of boards and a better fit 
to specific requirements. There is only one problem. 
The information available about such boards is so 
massive that it would require volumes to present it 
completely. For this reason the section on boards 
compatible with the Apple II does not attempt to be 
all inclusive: the examples presented are indicative of 
the types of board commercially available, and are 
supplemented by a section on where to find addi- 
tional information. 

At the 1984 Pittsburgh Conference’ it appeared 
that the two personal computers most widely used for 
laboratory applications were the Apple II+ and the 
IBM PC. The backplane bus structure of the latter is 
discussed in a companion article.4 

THE APPLE II FAMILY OF 
PERSONAL COMPUTERS 

From the original Apple I (a kit introduced in 
1975) to the latest Apple Lisa, Apples has come a 
long way. Apple II deserves its success for three 
main reasons: reliable design, complete documen- 
tation and a plethora of secondary source software 
and hardware. 

Having avoided the mistakes that the mainframe 
and minicomputer giants made, namely unreadable 
documentation and “user-hostile” design, Steven 
Jobs and Steve Wozniac designed Apple II, probably 
under the influence of what was to become the IEEE 
696/S-100 bus, as the first semi-reconfigurable, well 
documented personal computer system. 

Both Apple II and its newer version, the Apple 
II+, have an 8-slot backplane bus on the main 
printed-circuit board, as shown in Fig. 1. The bus 
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Fig. 1. Apple II+ printed-circuit board. 

accepts any combination of peripheral boards with 
the exception of slot zero. Furthermore, Apple en- 
couraged vendors to develop additional hardware 
and software for its systems, which has resulted in a 
variety of peripheral boards to choose from, a back- 
plane bus to plug them into and software to support 
them. A system can be easily expanded or recon- 
figured as specific needs develop. This is of para- 
mount importance for users with diverse needs, such 
as those found in a laboratory. No other system has 
had more software written for it than the Apple II + . 
It comes as no surprise that the Apple II+ is one of 
the most popular microcomputers for laboratory 
applications and among instrument manufacturers. 

The standard Apple II+, though not the most 
modern design, is very reliable. Though its 6502 8-bit 
CPU with its 64-kbyte addressing capability imposes 
certain limitations, expansion to 128 kbytes can be 
achieved by bank-switching techniques, but this 
requires extensive software supervision and is not 
easily implemented for systems without memory- 
management capabilities. Integration of word pro- 
cessing with data-base management for automatic 
report writing is difficult because of the limited 
addressing capability. For such integration to be 
successful the Apple II+ must rely on disk I/O; one 
way to avoid the shortcomings of this is to utilize a 
“pseudodisk”. The BUDDISK,6s7 for instance, is a 
128-kbyte memory board designed around Intel’s 

7110-4 bubble memory chips. This board allows the 
Apple II + to access data at much higher speeds than 
by disk I/O. 

Developments of this type could result in “diskless 
computer systems . ” “Soft disks” or “disk emulators” 
utilizing RAM chips offer an alternative to bubble 
memory-based mass-storage for high-speed data re- 
trieval. Gilbert* describes four RAM disk emulators 
available for the Apple II. 

The Apple II + showed its age in 1982, when newer 
microcomputer designs appeared, and obviously 
buyers were choosing it not for its hardware but 
because of the software and add-on features available 
for it. Apple therefore introduced (early 1983) the 
Apple IIe,P an enhanced Apple II+ version. It has 
fewer parts, 64kbyte memory easily upgradable to 
128 kbytes, a 63-key keyboard with built in upper/ 
lower case capability and special function keys. The 
main features of II+ and IIe are summarized in 
Table 1. The main differences are internal. The main 
printed circuit (pc) board of Apple IIe has been 
completely redisigned, and two custom-designed ICs, 
the IOU and the MMU, reside on the pc board. The 
Input Output Unit (IOU) and the Memory Manage- 
ment Unit (MMU) generate all memory addressing 
and I/O decoding signals. The IOU generates several 
other signals, including video (according to both 
American and European standards), video timing 
and keyboard control signals. 
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Table 1. Selected Apple II+ and Apple IIe features 

Aunle II+ ADDk Ik 

Processor 
Clock, MHz 
Selected add-on processors 

Arithmetic processors 
Memory, min; max, kbytes 
Disk-drive, standard 
Keyboard 
Upper/lower case 
Function keys 
Extras required? 
Screen format: 

Text 
SO-column display 
Low-resolution graphics 
High-resolution graphics 

Peripheral slots 
Connectors 

6502 
1 MHz 
280, 8088, 6809, 6502C, 
68000, 8073 
9511, add-on module 
48, 128*, 
140-kbyte, $-in, floppy 
53-key, QWERTY 
Optional plug-in module 
No 
Monitor (B/W) 

4OHx24V 
Optional plug-in module 
48Hx4OV, 16colours 
192 H x 200 V, 6 colours 
8 
Games I/O connector 

6502 
same as II+ 
same as II+6 

same as II+g 
64, 128* 
same as II+ 
63-key, QWERTY 
Built-in 
Yes 
same as II+ 

same as II+ 
same as II+ 
same as II+ 
same as II+ 
7$ 
Games I/O connector, 
auxiliary connector 

Operating systems DOS, CP/M-80, Pro-DOS1 same as II+ 

*Because it cannot address all memory at once, it cannot be considered as 128 kbytes. 
tMinimum configuration. 
JFor more details see R. Malloy, Byte, 1984, 9, No. 2, 252. 
§Most Apple II+ boards are claimed to be compatible with Apple IIe. 

Apple IIe supports a ‘I-slot backplane bus. Pins, 
signals and backplane connector are identical with 
the ones found in Apple II + . The former slot zero 
is no longer present. The new auxiliary connector can 
be used in a variety of ways, including the interfacing 
of special test equipment. Most of the peripheral 
boards available for Apple II+ are claimed to be 
compatible with Apple IIe. The software situation is 
more complicated, however. Although high-level lan- 
guages, such as BASIC or Pascal are compatible with 
both systems, the redesigned monitor can cause prob- 
lems for programs containing assembly language 
subroutines or “strange” monitor calls. The new 
data-base management (Quickfile IIe) and the new 
word-processing software (Applewriter IIe) are com- 
patible, meaning that word-processing software can 
access data-base management files, an important 
feature for automatic report-writing software. 

Since all members of the Apple II family (II, II+ 
and IIe) have the same backplane bus structure, the 
term Apple II will be used hereafter to refer to the 
entire family. 

THE APPLE II PERIPHERAL I/O BUS 

This bus is an I-slot (numbered from 0 to 7) 
backplane supporting a wide variety of I/O and 
memory boards. Peripheral I/O pins and signals are 
listed in Table 2, and a diagram of a peripheral slot 
is shown in Fig. 2. With BASIC, peripheral boards 
can be placed in any slot except slot zero (which is 
reserved for memory expansion). Apple II Pascal, 
however, is a slot-dependent language. For example, 
a super serial card supporting an RS-232C interface 

should be connected to slot 1 for communication with 
a printer or slot 3 for terminal emulation. 

Bus characteristics 

Since Apple II is a 6502-based design, its back- 
plane bus supports all the signals delivered by that 
particular CPU. A line is also available for DMA 
operations. The bus accommodates non-maskable 
interrupts and provides daisy-chain maskable inter- 
rupt capability. 

The bus is synchronous and non-multiplexed. The 
data-bus width is 8 bits, and the address-bus width 
16 bits. 

Sixteen memory locations are reserved for I/O for 
each of the peripheral slots, and are selected when the 
DEVICE SELECT signal becomes active. A 256-byte 
page is also reserved on every peripheral slot with the 
exception of slot zero. These memory locations are 
accessed by making the I/O SELECT line low. 

Each peripheral slot can also support a 2-kbyte 
ROM, that usually holds the board’s driving sub- 
routines. This allows such routines to be placed on 
the peripheral card instead of being “patched” into 
the operating system later. This increases the re- 
liability and ease of use of the peripheral board and 
the compatibility of Apple II with its interfaces. 
However, only one ROM can be active at a given 
time and each ROM must have an “enable” flip-flop, 
which is enabled (and disabled) by the DEVICE 
SELECT signal. ROM selection is achieved by com- 
bining the DEVICE SELECT and the I/O STROBE 
signals. In addition, there are 64 memory locations 
(8 bytes per slot) reserved in the system’s RAM for 
use as scratch-pad memory. 
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Table 2. Peripheral I/O signals 

Pin Signal I/O 
number name Description function 

1 I/O SELECT Derived from address decoders it can be used as a chin-select sianal. This sianal 

2-17 A&Al5 
18 RF 
19 SYNC 
20 I/O STROBE 

becomes active (low) on a particular slot when any of-the 256 &mory locations 
assigned to this slot are addressed. The signal is not present on slot 0. It can drive 
up to 10 LSTTL loads.* 
Buffered address bus. Each line can drive up to 5 LSTTL loads.* 
Buffered Read/Write “Not” signal. This line can drive up to 2 LSTTL loads.* 
Available only on slot 7 and is connected to the video SYNC signal. 
This signal is common to all periperal slots. Becomes active during 40 when a 
memory location between SC800 and SCFFF is addressed. This line can drive up 
to 4 LSTTL loads.* 

21 RDY 
22 DMA 

23 INT OUT 

24 DMA OUT 

Ready signal derived from 6502 CPU.? 
Direct Memory Access control line.7 Any peripheral board can active this line 
and thus gain access to the computer’s buses. Data, address and R/W lines are 
floated and the 40 clock is inhibited. 
Daisy-chain interrupt output? to lower priority devices. Slot 0 has the highest 
priority, while slot 7 has the lowest. Any board not using interrupts must pass 
the INT IN to INT OUT to prevent a break in the chain. 
Daisy-chained Direct Memory Access output? to lower priority devices. If not 
used on a particular board, it should be connected to the DMA IN pin to avoid 
a break in the chain. 

25 +5v 
26 GND. 
27 DMA IN 
28 INT IN 
29 NM1 

30 IRQ 

+ 5 V d.c. regulated power supply providing up to 500 mA.$ 
System ground. 
Daisy-chained DMA input from higher priority devices. 
Daisy-chained interrupt input from higher priority devices. 
Non-Maskable Interrupt. When this line becomes active (low), the processor 
begins an interrupt cycle and executes an interrupt handling routine. Memory 
locations $3FB, $3FC and $3FD hold the jump instruction to the NM1 handling 
routine. 

31 
32 
33 
34 
35 
36 
37 

RES 
INH 
-12v 
-5v 
COLOUR REF 

6”;” 

38 41 
39 USER 1 

40 

41 

40 

DEV SELECT 

Interrupt Request. When this line becomes active (low), the processor begins an 
interrupt cycle only if the Interrupt Disable (I) status flag is reset. In such a case 
the processor executes the interrupt handling subroutine whose address is stored 
in locations %3FE and S3FF. 
Microprocessor’s RESET line. 
When the inhibit line becomes active (low)?, it disables all on-board ROMs. 
- 12 V d.c. regulated power supply providing up to 200 mA.1 
- 5 V d.c. regulated power supply providing up to 200 mA.3 
The 3.580-MHz Colour Reference line is available only in slot 7. 
Provides a 7.159-MHz timing signal. 
An asymmetrical, general-purpose timing signal operating at twice the frequency 
of the system clock. This line can drive up to 2 LSTTL loads.* 
Phase 1 system clock, 1.023-MHz, complement of 40. 
Used in conjunction with the USER 1 jumper. When the jumper is connected and - 
pin 39 becomes active (low), all internal I/O decoding is disabled. The I/O 
SELECT and DEV SELECT lines remain high for as long as USER 1 is high, 
regardless of the status of the address bus. 
Phase 0 (or microprocessor’s 4 2 clock), 1.023-MHz, complement to 4 1. This tine 
can drive 2 LSlTL loads.* 
The Device Select signal is derived from address decoders. It becomes active on 
a particular slot when any of the 16 bytes reserved for the same slot are addressed. 
This line can drive 10 LSTTL loads.* 

4249 DO-D7 Buffered bi-directional data bus. Each line can drive one LSTTL load.* 

0 

0 
0 
0 
0 

I 
I 

0 

0 

I 
I 
I 

I 

I 
I 

0 
0 
0 

0 
I 

0 

0 

I/O 
50 +12v + 12 V d.c. regulated power supply providing up to 250 mA.1 

*Loading limits refer to each peripheral board. 
tThis line is held high by a 3-m resistor. 
$For all peripheral boards. 

A comprehensive guide to Apple II hardware 
and firmware organization that provides specific in- 
formation on more than 2000 memory locations or 
blocks of memory, including I/O memory allocation, 
has been written by Luebbert.” The programmers’ 
gazette that accompanies this book provides listings 
for all named memory locations of the Apple II 
system, arranged in alphabetical order. The Apple ZZ 

monitors peeled manual’ provides descriptions of 
several routines that reside in the monitor and in- 
cludes address tables that allow programmers to 
make use of routines in the monitor for their pro- 
grams. Both the guide and the monitors peeled 
manual are recommended. 

A daisy-chain interrupt (IRQ) and a non-maskable 
interrupt (NMI) are available on all slots. Whitti’ has 
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GND 

DMA In 

INT In 

NMI 
im 
RES 
INH 

-12v 
-5v 

NC 
7 MHZ 

g 

User 1 

m 
Device Select 

D7 
D6 

D5 

D4 

03 
D2 
Dl 
DO 

+12v 

26 
27 
26 
29 
30 
31 
32 
33 
34 
35 
36 
37 
36 
39 
40 
41 
42 
43 
44 
45 
46 
47 
46 
49 
50 

L- O 

25 + 5v 

24 DMA Out 
23 INT Out 
22 DMA 
21 RDY 
20 I/O Strobe 

19 16 F% 

17 Al5 
16 Al4 

15 Al3 
14 Al2 
13 All 

12 A10 
11 A9 
10 A6 
9 A7 
6 A6 
7 A5 

6 A4 
5 A3 
4 A2 

3 Al 
2 

1 

Fig. 2. Apple II peripheral connector. 

discussed in detail how to use interrupts on the 
6502-based Apple II. 

The backplane connector has 25 contacts per side. 
The number of loads supported is limited by the 

number of slots available on the backplane. If still 
more slots are needed, an expansion chassis” must be 
utilized. 

The signal line lengthI is confined within the 
backplane or the backplane-expansion chassis com- 
bination. 

Processors supported 

Since the introduction of the original 16-kbyte 
6502-based Apple II, new advanced CPUs have been 
introduced. To take advantage of these new chips and 
especially their vast software resources, various pro- 
cessor boards have been developed. Coffey” in an 
interesting, though slightly dated, article, compares 
several add-on processors available for the Apple II. 

The “softcard”.” The softcard was the first add-on 
processor card to be introduced for Apple II. Because 
it supports a 280 CPU, it allows the Apple II to run 
a variety of programs written for CP/M. Although 
the softcard adds extra flexibility, it does not make 
the Apple II much faster. The computer’s 6502 
CPU must be utilized when access to I/O devices is 
required. The new softcard, specifically designed for 
Apple IIe, also provides 80-column upper-lower case 

video signals. The design of the softcard was inno- 
vative; it has been widely accepted and has initiated 
a trend. Since its introduction, add-on processor 
boards have been made available for almost every 
microcomputer on the market. 

6502C Board.” This 6502C CPU supporting board 
is not intended for multiprocessing applications. 
Because it supports a much faster CPU, operating at 
3.6MHz as opposed to the standard I-MHz 6502 
CPU found on the Apple II, the 6502C board exe- 
cutes Apple software approximately 3.5 times faster. 
Although no software modification is necessary for 
successful operation of this board, extra boards pop- 
ulated with memory chips having shorter access times 
are required in order to take advantage of its speed. 
A 6502C board with its own 64-kbyte RAM on board 
is also available.ls 

8088 Boards.‘6,‘7 Boards supporting an 8088 CPU 
permit the relatively new, though powerful and in- 
creasingly popular, CP/M-86 to be implemented on 
Apple II, thus allowing users to utilize the extensive 
CP/M-86 software library. The ALF 8088 board, for 
example, comes with software that makes Applesoft 
run 24 times faster. It requires, however, a 16-kbyte 
RAM card in slot zero. 

6809 Board.‘* This 6809 CPU supporting board 
allows software developed for a 6809-based system 
(i.e. the TRS-80 colour computer) to run on Apple II. 
The board comes with its own operating system 
(OS-g) and a version of the BASIC language. The 
operating system includes Unix-like features such as 
multi-tasking and hierarchical file directories, while 
the language is a hybrid between BASIC and Pascal. 
It is claimed that the board increases Apple’s 
throughput by approximately 25%. 

68000 Boa&. The “Dtack grounded board”” de- 
signed around Motorola’s 68000 CPU, is aimed at 
sophisticated programmers who want the speed and 
power of a 16/32-bit CPU. The board does not fit 
inside the Apple case; it resides outside the computer 
and is connected to it by a ribbon cable. The package 
comes with a modified DOS version. 

68000-based boards that fit inside the Apple II case 
are also available.2W22 It is claimed2’ that such boards 
can increase Apple II’s computational speed by a 
factor of 2-20. The PDQ II board,2O for example, 
comes with 256-kbyte RAM, DOS 3.3 and UCSD 
p-system interpreter. The iBS board2’ supports a 
~-MHZ processor, a 14-bit timer and 128-kbyte 
RAM. Software for this board includes an Editor/ 
Assembler and Forth for 68000, Pascal, BASIC and 
FORTRAN compilers for 68000 and CP/M-86K 
with C-compiler. Both boards have provisions for 
memory expansion up to 1 Mbyte. 

A plug-in board that includes appropriate software 
allowing the Apple to act as a low-level development 
system for Assembly-language programming for the 
68000 series of CPU’s is also available.22 The board 
employs a 68008 CPU, an 8-bit data-bus version of 
the 68000. It can be plugged into any slot and can 
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share all of the Apple II’s I/O facilities, including the 
display. The processor may be started, stopped or 
interrupted from the keyboard. When executing, the 
68008 runs simultaneously with the 6502, permitting 
l-MHz operation. With its own ldkbyte RAM 
(on-board expandable to 32 kbytes) the 68008 runs 
at 7 MHz. A SO-pin expansion connector attached to 
the board provides for peripheral or memory expan- 
sion. 

Single board microcomputers. Microbasics is mar- 
keting “Boothware”, a set of hardware and software 
tools that facilitate program development for the 
National Semiconductor INS8073 processor. Booth- 
ware’s hardware consists of a ~-MHZ, 8073 CPU with 
Tiny BASIC included on chip, 8 kbytes of static 
RAM and a Universal asynchronous receiver-trans- 
mitter (UART). Although this board can be directly 
connected to a teletype for software development, the 
board must be connected to one of the Apple II’s 
expansion slots in order to take full advantage of 
Boothware’s software development tools. Apple-to- 
Boothware driver and development software is in- 
cluded on floppy disk. The software allows Apple II 
resources to be used for program development for 
the 8073. 

All of the 8073’s pins are available as wire-wrap 
pins, and the board provides a prototyping area for 
custom-designed interfaces. The board also supports 
vectored interrupts, external reset, and communica- 
tion with the Apple through the UART. Up to six 
Boothware boards can be plugged into an Apple II. 
Such multiple boards can be used to monitor and 
control fully independent processes in the laboratory, 
thus forming an exciting low-level, low-cost multiple 
processor environment around the Apple II. The 
board can also function as a stand-alone single- 
board microcomputer system. Once the appropriate 
interfaces have been designed, the program(s) can 
be burned into an EPROM and the board can 
be removed from the Apple, connected to a 
+ 5 V power supply and used as a dedicated micro- 
computer. 

Arithmetic processor-the 9511 board.24 The 
MicroSPEED board houses a 9511, an Advanced 
Micro Devices floating-point processor chip. This 
board can be used to speed up the Apple II, especially 
for applications requiring extensive arithmetic. All 
data transfers, including commands and status infor- 
mation as well as operands and results, take place 
over an 8-bit bidirectional data bus. The board can 
fit in any slot, except slot zero, and comes with good 
documentation and extensive software, including 
BASIC, Pascal and Forth compatibility. The oper- 
ator’s manual that accompanies the board provides a 
detailed discussion of Forth. Although the 9511- 
Forth combination provides better performance than 
BASIC, programming and debugging in Forth is 
certainly more difficult than programming in BASIC. 
The 9511 can perform single (ldbit) and double 
(32-bit) precision arithmetic. However, it provides 

only seven decimal-digit precision as opposed to 
nine-digit precision provided by Applesoft BASIC. 

For time-consuming functions such as sine, cosine 
or square roots, the 951 l-6502 combination forms a 
winning team. It can be up to 100 times faster than 
plain Applesoft BASIC. For less complicated func- 
tions, such as multiplication and division, no real 
gain is realized. This is because format incompat- 
ibilities between the 9511 and the 6502 require a 
time-consuming conversion to be perfomed before 
any operation can take place. Finally, other 
951 l-based boards are also available.2s*26 

Power supply 

Apple II’s power supply provides + 5 V and f 12 V 
to the backplane. No more than 1.5 W should be 
drawn per board. An expansion chassis must provide 
its own power supply. 

PERIPHERAL BOARDS 

Prototyping boar& 

Boards for custom-designed interfaces and proto- 
type development are commercially available. It is 
recommended that data, addresss and several control 
lines be buffered in order to avoid loading. 

Data-acquisition and control boards and subsystems 

The following is not intended to be an all-inclusive 
review of what is available for the Apple II and its 
backplane. Examples ranging from simple peripheral 
boards to specialized systems are chosen to represent 
the variety available. 

For simple data-acquisition, interfaces such as the 
Interactive Structures.** 16-channel, I-bit ADC 
board (the AI02), or the AI13, a 16-channel, 12-bit 
ADC front-ended with a programmable-gain ampli- 
fier can provide solutions to several laboratory prob- 
lems. For more demanding applications, complete 
data-acquisition and control systems packaged on 
separate expansion chassis, such as Cyborg’s ISAAC 
data-acquisition system,29 can be utilized. This parti- 
cular system has been described in the literature quite 
extensively. Hall and Winterlin3’ for example, de- 
scribe how the ISAAC system has been used in the 
acquisition of chromatographic data, and Kramer3’ 
describes the same system and discusses, in some 
detail, how it can be used to upgrade an X-ray 
diffractometer, a mass spectrometer, and a graphite- 
furnace atomic-absorption spectrometer. 

A unique modular data-acquisition system has 
recently been introduced’* by Acrotechnology.33 The 
Acrosystem 800 is controlled by its own 8088 CPU 
and comes with Apple-compatible software. The 
system’s modules interlock to form a single unit that 
supports up to eight I/O modules. Keithley’s DAS 
500 measurement and control system34 is another 
recent introduction compatible with an Apple II (or 
IBM PC). This modular system is built around a card 
cage which supports up to 272 channels of analogue 
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input, 50 channels of analogue output, 160 channels 
of digital I/O, and AC/DC device-control. The max- 
imum data-acquisition rate for the Apple II version 
is set at 27 kHz. Dynamic Solutions Cotp3’ is 
marketing yet another system which provides a 160- 
channel, 12-bit ADC and offers a 20-kHz data- 
acquisition rate. Software accompanying this system 
includes signal averaging, smoothing, peak detection, 
noise filtering and FFT (fast Fourier transform), 
among others. Further, a version of this software is 
available for Cyborg’s ISAAC system. Interactive 
Microware is marketing a data-acquisition and con- 
trol system specifically designed for chromatography. 
This system can simultaneously control up to four 
GCs or HPLCs, support a gradient programmer 
which controls two pumps, and offer an event- 
controller for digital I/O. 

Of course, other stand-alone data-acquisition and 
control systems, i.e., systems providing their own 
intelligence and I/O and communicating with the host 
through serial or IEEE-488 interfaces, such as the 
Taurus systems,37 can be easily coupled to an Apple 
II. Serial or IEEE-488 interface boards3* are readily 
available and fairly inexpensive. Thornsod has 
briefly described automation of a laboratory 
temperature-control system with an Apple II and 
IEEE-488 interface. Sample software listings were 
provided. 

Boards capable of turning an Apple II into a 
storage oscilloscope,N such as the aScope4’*42 have 
been available for quite some time. RC Electronics” 
have taken this idea one step further: their computer- 
scope can act as a user-programmable multifunction 
instrument. It can function as signal averager, digital- 
storage scope, spectrum analyser, programmable 
function-generator and strip-chart recorder. Software 
that provides high-resolution multiple trace display 
and histogram analysis is also included. 

Boards accommodating specialized applications, 
such as pulse-height analysis,45 or subsystems con- 
verting the Apple II into a real-time audiospectrum 
analyser,44 have also been developed. Moreover, 
boards supporting digital I/O (serial or parallel), 
temperature sensors or even voice I/O, are just a part 
of the inventory of every “self-respecting” computer 
store. 

Advanced interface boar& 

Since a personal computer usually functions both 
as the “main-processor” and as the “man-machine” 
interface processor, the way the computer presents 
data to the operator (i.e., the graphics) or the way the 
operator presents control information to the com- 
puter (i.e., task allocation in a menu-driven system) 
becomes increasingly important. Several boards that 
increase the quality of the man-machine interface 
have been developed for the Apple II. Computer 
Technology Associates,46 for example, market a 
touch-sensitive display for Apple II, based on infra- 
red emitter-sensor technology and offering a 96 x 64 

point resolution. The interface card plugs into any of 
the peripheral slots. When an operator is busy doing 
several things at once, such as monitoring a process 
and a video display or a number of controls and 
indicators, voice data-entry and automatic speech- 
recognition become viable alternatives. Such systems 
are also commercially available.47s48 It is worth noting 
that speech-recognition systems, although not based 
on Apple II, have already been incorporated into 
commercially available analytical instrumentation 
systems.4q 

The field of optical character- or object-recognition 
has been the subject of extensive research in the past 
several years. Optical recognition systems, however, 
have been quite expensive. The introduction ,of the 
IS32 optic RAM chip,‘O a 64kbyte light-sensitive 
dynamic RAM assembled in a standard 16pin cara- 
mic DIP package sealed with a glass window on top 
of the light-sensitive elements, is expected to affect the 
entire optical recognition field quite dramatically. 
The IS32 is organized into two rectangles of 
128 x 256 pixels each and runs at 2-5 frames/set in 
typical room lighting. A maximum operating speed of 
15 frames/set can be achieved with 64 x 128 resolu- 
tion. Its spectral sensitivity covers the range from the 
visible to the near-infrared. A fairly inexpensive 
(< $300) board, including the optic RAM, a standard 
TV-camera lens and software that produces grey- 
scale high-resolution images, is available.50*5’ 

Ciarcias2,” has provided a detailed description of 
the hardware and software needed to interface a 
camera based on the IS32 optic RAM to an Apple II. 
Wieland” describes the Microneye, a commercially 
available camera” based on the same optic RAM 
chip and suggests possible applications. However, he 
fails to mention some of the most exciting uses of the 
optic RAM chip, such as robotic vision systems, 
which could be utilized in an industrial environment 
to guide assembly-line robots or in the laboratory as 
an integral part of a sample-preparation station. 
Sample preparation and laboratory automation can 
benefit from inexpensive robots, such as Microbot’s 
Alpha or Teachmover. ” Taking a different approach, 
Rogers Labs56 have recently introduced a robotics- 
development subsystem which can be utilized in 
diverse laboratory applications requiring two-axis 
motion control. This subsystem consists of an Apple 
II compatible plug-in board, a dual-axis driver board 
and a stepper motor. The board can also receive input 
pulses from rotary encoders or other position- 
measuring devices. For analytical applications, how- 
ever, a board that provides an interface to a balance 
is at least as important as a robot or as a robot’s 
“vision”. Goegelman and Petrucelli5’ describe the 
“softweigh”, a two-channel balance-interface which 
is designed to mate Mettler” balances to an Apple II. 
This paper also provides several “how-to” examples. 
It should be noted that Mettler balances can also be 
interfaced to personal computers through an IEEE- 
488, RS-232C, or BCD interface.@ 
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The notion that a picture is worth a thousand 
words has led to the design of modern data- 
presentation software and to hardware supporting 
high-resolution graphics. Number Nine Computer 
Engineering, l4 for example, market a high-resolution 
board that more than doubles the resolution pro- 
vided by the standard Apple II. The board provides 
a 16-colour, 512 x 512 pixel resolution. Most of its 
functions, such as zoom, scroll and plane selection 
are software-controlled. Polaroid6’ market the Polar- 
oid pallet, an interactive film recorder that produces 
quality 35-mm slides and instant photographs of 
computer graphic images, either from black and 
white or from a colour monitor. It connects to the 
computer through the video monitor and an RS- 
232C interface. The package also includes appropri- 
ate software. 

Networks supported 

One of the first “local area networks”62 to be 
introduced was the Corvus Constellation network.63 
Its “star” topology supports up to 64 microcom-- 
puters. Corvus now offers Omninet,64 a l-Mbit@ 
baseband carrier-sense multiple-access network, con- 
necting many popular computers (e.g., Apple, IBM 
PC, Corvus and DEC LSI-11) over a single twisted- 
pair cable meeting the RS-422 standard. As many as 
64 microcomputers or peripheral devices, each with 
an intelligent interface installed, can be supported. 

The Cluster/One network65s66 uses a 16-wire cable 
to link up to 64 Apple II microcomputers. Because of 
its non-restrictive topology, it can support any 
configuration within a limit of 1000 ft of network 
cable. The network runs at 240 kbit/sec and utilizes 
carrier-sense multiple access with collision detection. 
The Plan 400065 is now replacing the older Cluster/ 
One. It is a 2.5-Mbit+ baseband token-passing 
LAN designed to connect up to 255 Apple IIs, Apple 
111s and IBM PCs. 

A GLIMPSE OF APPLE II’S 
INFORMATION BASE 

The information available for the Apple II is so 
massive that no one could hope to cover every single 
article or book ever written for it. What follows, 
however, is an attempt to direct users to where to find 
information related to Apple II. 

Magazines 

Traditionally, every successful persona1 computer 
system has had at least one magazine dedicated to it. 
The self-proclaimed reference magazine for Apple 
computing is Nibble.67 This monthly publication con- 
tains a wealth of information concerning Apple II 
hardware and software. The InCider, a monthly 80 
Micro sister publication, is also dedicated to Apple II 
hardware and software. 

Although most personal computer magazines carry 
hardware and software reviews, Peelings ZZ@’ is dedi- 

cated to Apple hardware and software evaluation. 
Some of its product reviews and comparisons are 
quite critical. 

Call-A.P.P.L.E.“’ is a monthly publication dealing 
only with software. It contains easy-to-follow articles 
on programming techniques and Apple II firm- 
ware. It also publishes user-developed software. Pro- 
grams appearing in Call-A.P.P.L.E. are available in 
Source.” 

There are over 20 magazines and newsletters dedi- 
cated to Apple’s microcomputers. Included are: 
A+,‘* the magazine for Apple microcomputing; 
Apple Orchard, 73 featuring articles on applications, 
peripherals and software; Softalk for Apple Com- 
puters,” a software-oriented publication. Other 
monthly publications carrying, in every issue, articles 
on Apple II or reviews of Apple II hardware and 
software, include: Compute,7s a 6502 resource maga- 
zine publishing general interest articles; Creative 
Computing, 76 the magazine of persona1 computer 
applications and software; Micro,” the 6502/6809 
resource magazine; and Byte,78 a respected small- 
systems magazine. 

Interfacing 

Despite the variety of data-acquisition and control 
boards commercially available for the Apple II, cer- 
tain laboratory applications require the construction 
of custom-designed interfaces. Selected books and 
articles dealing with Apple II interfacing are consid- 
ered next. 

The book by Gayler” is recommended for those 
who want to master Apple II’s hardware. It provides 
a detailed circuit description of all Apple II mother- 
boards, including the keyboard and power supply. 
An interesting book on Apple II interfacing, by Titus 
et al.,80 includes several well-documented data- 
acquisition and control projects and provides listings 
of driving subroutines for all the interfaces described. 
This book, however, assumes that the user already 
has some experience with assembly language pro- 
gramming. Coffron’s books’ is one of the few written 
for the novice. Its primary focus is on software and 
hardware required to control external devices. The 
book by Ha11gren8* includes several well-thought-out 
interfacing projects. Unusual interfacing projects are 
included in a book by Hofacker et al.” Although it 
introduces several advanced interfacing concepts, 
most of the projects discussed are not suitable for 
implementation in laboratory applications. 

An interface providing a 27 psec analogue to digi- 
tal conversion utilizing Analog Devices” integrated 
circuits (e.g., the AD 582 sample-and-hold amplifier 
and AD 571 ADC) is described by Seeds,8s while a 
simple interface of an x-y plotter with an Apple II 
is discussed by Hallgren. 86 Digital I/O is discussed by 
Ciszewski,87 who also provides the interface sche- 
matics and driving subroutines for Motorola’s 6821 
chip. How to turn an Apple II into a storage oscil- 
loscope is described by Korba.88 Finally, five articles 
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dealing with real-world interfacing capabilities of 
microcomputers (including the Apple II) appeared in 
the April 1984 issue of Byte. 

Several of the articles reviewed here provide de- 
tailed information, so the interfaces described can be 
fairly inexpensively built in the laboratory. Construc- 
tion of such boards, however, is recommended only 
to those who want to gain experience with interfacing 
techniques. 

Laboratory applications 

Numerous examples can be found in the scientific 
literature of incorporation of an Apple II into a 
measurement system. A few examples are provided in 
this section. Chorniksg provides a detailed hardware 
description of an interface between an Apple II and 
a Varian Auger spectrometer, including changes that 
had to be made in the original spectrometer to fit 
specific needs. The use of an Apple II in infrared 
work, for instrument control, data logging and data 
analysis has been presented by Adams et aLW The 
computer is interfaced with dispersive and Fourier- 
transform spectrometers and its performance is com- 
pared with that of commercially available instru- 
ments. Meiri et al.” provide the details of an Apple 
II controlled flash-photometry system with sub- 
microsecond resolution and of a Raman spectroscopy 
experiment. The interfacing of the two spectrophoto- 
metric systems is described in detail. Apple II’s DMA 
(direct memory access) capability is also explained. A 
multichannel system for recording, viewing and plot- 
ting of multichannel analogue signals is described by 
Lee,‘* and Evansg3 describes the design and construc- 
tion of a multiple photodiode-array direct-reading 
spectrometer controlled by an Apple II. 

Bordes et a1.94 describe, in detail, a system based on 
a commercially available black-and-white TV camera 
and an Apple II microcomputer. Although the system 
is capable of real-time image analysis, the resolution 
offered (40 x 48 pixels) is poor. Russ et al.” describe 
an Apple II system capable of feature-discrimination 
and counting of images produced by techniques 
ranging from laboratory microscopy to aerial photo- 
graphy. This particular system is based on the 
ImagePlus + automatic image analyser.% It utilizes 
video and graphics tablet input, offers a 256 x 256 
pixel resolution, and provides 64 levels of grey-scale. 

Baadenhuijsen et al. ” have designed a stand- 
alone read-out system for peak-recognition, data- 
processing and result-presentation, for a continuous- 
flow analyser. Deininger et al.98 provide the details of 
an interface between an Apple II and a Technicon 
“AutoAnalyzer”. Microcomputer software for data- 
acquisition and manipulation with an Apple II as the 
target system is discussed by Walling et a1.,99 who 
briefly discuss signal-conditioning electronics, and 
describe in some detail applications ranging from gas 
chromatography to Raman spectrometry. Dydula et 
al.lW provide a set of guidelines for personal- 
computer selection for the clinical laboratory and 

discuss several practical examples based on an Apple 
II. 

Gour-Salin et al.‘O’ have interfaced a spec- 
trophotometer, an automatic titrator and a liquid 
chromatograph to an Apple II, using commercially 
available modules. The hardware and software used 
are described and a list of vendors is provided. 
Finally, Owens and Eckstein”’ describe the con- 
struction and performance of a robotic sample- 
preparation station, consisting of an Apple II micro- 
computer, a robot arm, a pipette/burette, a solvent 
dispenser, a pH-meter and a balance. Although their 
approach to sample manipulation is somewhat sim- 
plistic, it allows for total automation of a pH- 
titration, from standards preparation and calibration 
to final-report generation. Such an approach could be 
expanded to include sophisticated sample prepara- 
tion, thus leading the way to a “complete” sample- 
preparation station. 

Software 

For most laboratory applications, there is a need 
for applications-specific software. The synopsis (by 
Poole et a1.‘03) of Apple II manuals is highly recom- 
mended to both experienced and inexperienced pro- 
grammers: it can be used as a guide complementing 
these manuals. DOS version 3.3 is the focus of a book 
by Worth et al. ‘04 This book is a valuable tool to 
those who wish to understand the structure and 
intracacies of Apple II’s Disk Operating System 
(DOS). Other “bookware”, such as “What’s Where 
in the Apple”‘O and the Apple II monitors peeled 
manuaLs as mentioned earlier, can help programmers 
take full advantage of the Apple II’s power. 

Several books specifically written for Apple II 
BASIC’os”o address the need for custom-designed 
software. Books providing “ready-to-run” general 
purposelll.l12 or scientific and engineering pro- 
grams,“3*“4 may help programmers get started or 
may aid the novice in taking first steps in pro- 
gramming. For applications requiring faster exe- 
cution than that provided by an interpreter BASIC, 
the use of a compiler BASIC is recommended. 
Taylor”’ sets the guidelines on how to choose a 
compiler and compares five compilers available for 
the Apple II. Callamaras’u reviews the Einstein com- 
piler,“’ which, in addition to speeding up Applesoft 
BASIC, provides statistical information on the pro- 
grams compiled and can function as a debugging 
tool. 

BASIC is not the only language that can be used 
with the Apple II. Pascal is gaining increasing popu- 
larity among users. Several reference texts are avail- 
able for Apple II Pascal.““‘*’ FORTRAN, however, 
has never had the success BASIC enjoys in use of 
personal computers. Blackwood et al.,‘** in a poorly 
written’ book, attempt to aid the beginning pro- 
grammer wishing to learn Apple II’s version of 
FORTRAN 77. A detailed discussion of the LOGO 
programming language, which has become famous 
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for its turtle graphics, is included in a book by 
Abelson.‘23 

Assembly language programming, though not the 
favourite of many programmers, is essential when 
speed is the prime consideration. DeJong’” has 
written an interesting book on Apple II assembly- 
language programming. It assumes that the reader 
has some working experience with the topic and 
places special emphasis on control applications. 
Both Scalcon’s’25 assembly-language exercises, and 
Laventhal’s’26 assembly-language subroutines include 
several well written and documented subroutines that 
can be incorporated in a variety of progams. How- 
ever, both books are best suited for experienced 
assembly-language programmers. Unlike these vol- 
umes, Hyde’s booki2’ is recommended to beginners. 
It is intended for use with LISA, a disk-based assem- 
bler marketed by the book’s publisher. The book by 
Inman et al.“* can be consulted on Apple II machine- 
language programming, but it partially relies on the 
use of the mini-assembler which is available on the 
Apple II but not on the Apple II + . Finally, for those 
interested in a more specific presentation of 6502 
assembly language topics, several books are avail- 
able '29-133 

The incorporation of graphics is an important 
feature for data display. Roybal’” discusses Apple 
II’s high-resolution features, and Lancaster’35 sug- 
gests various ways of mixing text with high- and 
low-resolution graphics, including three-dimensional 
representations. Pickholtz ‘36 discusses the theory of 
perspective as a means of understanding and re- 
producing three-dimensional graphics, and Sokol”’ 
provides special routines that link Apple’s graphics 
tablet to UCSD Pascal for a computer-aided drafting 
project. Finally, books describing Apple II’s graphic 
capabilities are also available.‘38*‘39 

File manipulation and word processing are im- 
portant for laboratory data-base management and 
report-generation software. Millerlm discusses vari- 
ous ways of Iile manipulation, and Finkel et a1.14’ 
provide a self-teaching guide to file manipulation in 
Apple BASIC. Eyes’42 describes how to use binary 
format for number storage on Apple II’s disk, and 
Matthews’43 discusses how to exchange information 
between DOS and Pascal files. Poling’” provides 
an in-depth, though not complete, survey of word 
processing with the Apple II. This book presents 
an examination of nine word-processing and two 
spelling-correction programs for the Apple II. How- 
ever, “integrated software” packages are not in- 
cluded, because they did not appear until after the 
book was published. Carlson et ~1.‘~~ also critically 
review word processors (four) for the Apple II. 

Although last year’s software was claimed to be 
“user friendly”, many programs proved difficult to 
master. The currently fashionable adjectives for the 
new generation of software are “integrated” and 
“supportive of multiple windows”. Arktronics’46 
market one of the first programs for Apple II that 

integrate list management, word processing and 
spreadsheet facilities within a single package. This 
program is accompanied by a “mouse” and an 
interface card. 

Software that allows users to perform simulated 
experiments, such as VisiCalc’47’” can be used in the 
laboratory as a data-analysis tool or for forecasting. 
O~chi’~’ has used VisiCalc and Apple II to simulate 
chromatography experiments. It should be noted that 
VisiCalc is the most popular software package ever 
developed. More than 700,000 copies have been sold 
since its introduction in 1979. Clearly, part of Apple 
II’s success is due to software packages such as 
VisiCalc. 

Product directories 

Undoubtedly more hardware and software pack- 
ages are available for the Apple II than for any other 
personal computer on the market. Ironically, the 
plethora of products compatible with Apple II makes 
it impossible for the individual to keep track of what 
is commercially available for this personal computer. 
Because of this information overload, or “informa- 
tion pollution” as it is often called, product direc- 
tories become indispensable tools for the user. The 
new edition of the Apple Blue Book,lm for example, 
is a well-documented where-to-find-it guide to pro- 
ducts compatible with Apple II. The entries are 
categorized by function and by vendor. Approxi- 
mately 10% of them are not software-oriented; these 
include boards, accessories, peripherals, and a limited 
number of books and magazines. Vanloves Apple 
ZZ/ZZZ Software Directory,“’ includes over 2300 
entries, classified under subject headings. It also 
features a cross-referenced list of vendors, listings of 
user groups and software publishers, and a glossary 
of computer terms. Although it proclaims itself the 
most comprehensive of Apple product directories, 
the lack of a comprehensive alphabetical index 
makes information retrieval difficult. Unlike the 
Blue Book or the Addison-Wesley Directory, the 
Vanloves directory omits both the hardware require- 
ments and the price of each individual software 
package, thus providing an incomplete picture of the 
product in question. 

Entries in the Addhon-Wesley Software Direc- 
tory,lS2 are grouped into four major categories: busi- 
ness, education, utilities, and games. Listed for each 
software package are the vendor, the program lan- 
guage, the suggested retail price, and availability. 
Unlike Vanloves and the Blue Book, where the text 
accompanying an entry is often a direct copy of 
the vendor’s promotional material, each item listed in 
the Addison-Wesley book appears to have been 
thoroughly tested, rated according to several criteria, 
and assigned a final score. This directory includes 
only five hundred entries. The number of non- 
software entries in both the Vanlove and Addison- 
Wesley directories is much smaller than that in the 
Blue Book. 



The Apple II 611 

The Software Express ls3 lists over 800 software 
titles for personal computers, including the Apple 
II. This directory has a section for each computer, 
with each section divided into several categories. A 
short narrative describes each program, while an- 
other section lists the computer model, memory 
requirements, disk format and peripherals required 
for the program to run successfully. A directory of 
over 800 educational software packages for the Apple 
II is also available.‘” Finally, current issues of micro- 
computer magazines, especially those devoted exclu- 
sively to Apple II, constitute the best sources of 
information concerning interfaces and software com- 
patible with Apple II. 

COMMENTS 

Undoubtedly, Apple II is one of the most popular 
personal computers ever built, with more than two 
million sold world-wide. The backplane-bus concept, 
an idea popularized on the Apple II, has become 
standard practice, while Apple II’s backplane has 
itself long been an Apple-imposed standard. For 
number of boards and subsystems available, the 
Apple II has not yet been surpassed by any other 
personal computer, although the IBM PC has be- 
come a very strong competitor. As far as software is 
concerned, no other system has had more written for 
it. To take advantage of Apple II’s resources, a 
program allowing the TRS-80 to run Apple II soft- 
ware has recently been published.“’ Also, Quadram 
Corp.‘% market Quadlink, a multifunction board 
which allows most Apple II software to run on an 
IBM PC and XT. Taking even further advantage of 
Apple II’s popularity, several “me, too” companies 
have introduced low-priced, Apple II compatible or 
“look-alike” microcomputers. 

Perhaps one of the most important Apple II fea- 
tures is its wide information base. Furthermore, 
several measurement and control systems based on 
Apple II are well documented in the scientific litera- 
ture, and the Apple II is probably the most widely 
used microcomputer in the laboratory. 

Despite all this success, Apple has remained, for 
the most part, a one-product company. An accept- 
able Apple III system, a business-oriented micro- 
computer, was marketed a little too late. It has never 
had the success of Apple II, and probably never 
will. After a long gestation period, in January 1983, 
Apple finally released Lisa (Local Integrated Soft- 
ware Architecture), an advanced desk-top computer 
system designed around the Motorola 68000, 
16/32-bit CPU and supported by a total of five 
microprocessors or single-chip microcomputers.‘s7-‘59 
In spite of its advanced software concepts, which are 
perhaps ahead of their time, Lisa is designed for a 
limited audience. Its limited success to date suggests 
that it has been introduced a little too early. Several 
companies, however, are beginning to market Lisa- 
like software for other personal computers, although 

such packages attempt to do solely with software 
what firmware accomplishes in Lisa. In practice, 
almost every new integrated software package at- 
tempts to incorporate Lisa-like features. Without a 
doubt, Lisa’s innovative concepts will become an 
industry standard for the next generation of micro- 
computers. In spite of all this innovation, Lisa has so 
far been a great computer that not very many wanted 
to buy. To remedy the situation, Apple introduced, in 
January 1984, Lisa-2,“‘O a cost-effective version of 
Lisa, which is expected to be more successful than its 
predecessor. 

For the last year or so, there have been rumours 
and speculation about the introduction of yet another 
Apple-computer, code-named “Macintosh”, which 
was finally released in January 1984.‘6’,‘62 This 
second-generation, easily transportable Lisa-like 
desk-top computer derives its power from a Motorola 
68000, 16/32-bit CPU. It also supports a 128-kbyte 
RAM, 64 kbytes of ROM, an integral 3$in. Sony 
disk drive (the 400-kbyte storage capacity disk is 
encased in a rigid plastic housing), two high-speed 
serial ports, a “mouse”, a detachable keyboard (with 
its own single-chip microcomputer), and an integral 
g-in. monitor which offers 512 x 342 pixel resolution. 
Macintosh’s main printed circuit board has only 
5OICs, including eight custom-designed PAL (pro- 
grammable array logic) chips. Such a low number of 
ICs increases reliability and reduces size and cost. 
Although Macintosh behaves like Lisa-2, and in fact 
“Mac” software will run on Lisa-2, there are several 
differences from it, including higher clock-rate, lower 
memory capacity, inherent inability to allow more 
than one major application program to be active at 
any given time (with one exception), and no back- 
plane bus structure. 

Interestingly, the Macintosh is deviating from the 
backplane bus concept, which Apple itself has helped 
to establish. Instead of backplane slots and peripheral 
devices, the Macintosh has what Apple calls the’ 
“virtual slot” concept, which is implemented on 
high-speed (up to 1 Mbit/set) serial ports. The rea- 
soning behind this concept is that peripherals have 
become “smart enough” not to need to “tie-up” the 
processor. Indeed, the current trend is for local 
“intelligence” to be developed in all sorts of periph- 
eral devices. This, however, requires an efficient com- 
munications link between the processor and the 
peripheral devices. 

Communications and networking are emerging as 
areas crucial to the next generation of computer- 
related projects, not only in the laboratory, but in all 
segments of an information-driven society. Applica- 
tions that utilize Macintosh’s “virtual slot” concept, 
smart peripherals and multiple-processor systems 
that are moderately or loosely coupled, are not hard 
to envision within the realm of laboratory auto- 
mation. 

Undoubtedly, a related evolution is under way in 
software. The Macintosh can provide unique solu- 
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tions to several software-related laboratory needs. Of In the meantime, the Apple II family is aging rapidly. 
particular significance is the unique capability of Newer personal computer designs, such as the IBM 
current Macintosh software to integrate text and PC, are taking away Apple II’s lead in the market, 
graphic information with exceptional ease of inter- while the Macintosh severely limits the II’s audience. 
facing with the operator. In a way, this represents a However, Apple II’s hardware and software re- 
small step towards the “Fifth Generation” concept of sources, along with its wide information base, guar- 
computer systems. antee its survival through the 80s. 

Clearly, the Macintosh has leap-frogged the cur- 
rent capabilities of personal computers with 
significant new hardware and software concepts and 
capabilities, and represents both an opportunity and 
a challenge for use in the laboratory. It has the 
potential not only to become a very powerful com- 
puter in the scientific world but also to trigger a major 
evolutionary change in the philosophy behind labora- 
tory interfacing and computing. 

NOTE ADDED IN PROOF 

Macintosh’s information base is also expanding 
rapidly. MacWorld magazine’63 and several Mac- 
intosh books are currently available. In summary, 
Macintosh has no backplane bus structure or colour 
graphics capability and so far only limited software 
is available, but its cost/performance ratio, the qual- 
ity of its Human Processor Interface, its technological 
innovation, and the fact that it does not place heavy 
demands on the user’s “computer literacy”, offer it a 
promising future. 

In April 1984, Apple introduced the IIc (c for 
compact), a 21-IC portable microcomputer.‘” The IIc 
merges features of two radically different personal 
computers: the IIe and the Macintosh. While it is 
claimed to be 90-95% software-compatible with the 
IIe, it supports Lisa-like features, such as “icons” and 
a mouse, much like those found on the Macintosh. 
Interestingly, the IIc uses the virtual slot concept 
instead of a backplane bus structure. 

The following summarizes Apple-related devel- 
opments which have occurred since the paper was 
first written. Although this is not a complete sum- 
mary, it will aid the interested reader in keeping 
abreast of developments in Apple’s family of personal 
computers. Apple’ have released Apple Works for the 
Apple II, an integrated software package incorpo- 
rating word-processing, data-base mat.agement and 
electronic spreadsheet. They have also released 
AppleMouse II and MousePaint, allowing Apple II 
users to utilize Lisa-like features. Finally, they have 
introduced the previously rumoured enhanced ver- 
sion of the Macintosh (often referred to as the “Fat 
Mac”) which supports 512 kbytes of random access 
memory, a high-speed laser printer, and AppleTalk, a 
Local Area Network (LAN) which supports up to 
32 nodes. Both the LAN and the laser printer are 
briefly discussed by Markoff and Robinson.L66 Also 
available are several languages such as BASIC, 
Pascal, Modula-2, FORTH, C, and Assembler; soft- 
ware packages, such as Microsoft’s’3 Chart and 
Multiplan, Tk! Solver,‘67 Thinktank16* and Lotus’s 
Jazz;‘69 and a limited number of hard disks.‘“,“’ 

The IIc has 128 kbytes of RAM, 16 kbytes of ROM 
(including Applesoft BASIC and mouse-controlled 
icons) a $-in. floppy-disk drive, a 63-key keyboard 
and the ProDOS165 operating system. It also has 
built-in 80-column display capability, two RS-232 
serial ports, two video ports (a 16-colour and a 
monochrome) providing 560 x 192 pixel resolution, 
an external disk-drive port and a combination 
mouse/joystick port. Thus, IIc users have access to 
functions that require as many as six of the Apple II’s 
slots. 

With respect to hardware interfaces,‘O tech Inc.‘72 
have introduced an IEEE-488 interface which is 
expected to help the Macintosh migrate into labora- 
tory use. Finally, a 144-page section of the December 
1984 issue of Byte magazine’* was devoted to Apple’s 
family of personal computers. 
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Summary-A comprehensive account is given of the characteristics of the IBM PC personal computer and 
of the range of hardware and software available for it from various manufacturers, together with a list 
of books, magazines and journals of interest to the user. 

With the possible exception of the operational 
amplifier (OA) no electronic device has affected ana- 
lytical instrumentation as much as the micro- 
processor has. In fact, microprocessors are now 
replacing OAs as the basic building blocks in 
the laboratory, and microcomputers and micro- 
processor-based designs (along with semiconductor 
technology) figure largely on the chemist’s work 
bench. 

Until recently, design of personal computers was 
left to hobbyists, small firms and “garage-founded” 
companies. The introduction of the IBM PC marks 
the beginning of an era in which the significance of 
personal computers is recognized by traditional 
mainframe giants and mirocomputers are no longer 
considered as toys. Three and a half years after its 
introduction, the IBM PC has a broad range of 
scientific, engineering and industrial applications. Its 
success is attributed to its open architecture. 

The idea of plugging a board into a personal 
computer’s backplane bus to enhance or change its 
functionality is not new. Until recently, however, 
such boards had to be provided with tailored pro- 
grams. Software which turns personal computers into 
multifunctional programmable test and measurement 
equipment is now becoming available. It is usually 
based on interactive menus and is often more 
thorough than that written by the user. Because the 
user can take advantage of data-processing, word- 
processing, data-base management, graphics, com- 
munications and control capabilities offered by per- 
sonal computers, the marriage between traditional 
instrumental functions and personal computers does 
not result in just another piece of equipment but 
powerful, multifunctional instruments. 

Without doubt, the trend to make instruments 
more “intelligent” will continue, and can only be 
paralleled by the shift from an industrial to an 
information-based society.2 Future instruments will 
become information-driven: “the only way to handle 
information is by matching technology to the appli- 
cation”.= A personal computer’s backplane bus is a 

unique structure for the application-driven expansion 
of microcomputer based instrumentation. 

THE IBM PC FAMILY 

At present, the most widely used personal com- 
puter backplanes are those of the Apple II3 and the 
IBM PC. Both have become industry-imposed stan- 
dards and, because of the variety of data-acquisition 
and control boards available from other suppliers, 
the IBM PC is becoming increasingly popular for 
laboratory applications. 

Owing to the PC’s success, IBM has expanded its 
personal computer family to include both “senior” 
(such as the PC XT, the XT/370 and the 3270-PC) 
and “junior” members (such as the PCjr). 

The IBM PC 

This, introduced in August 1981, is typical of 
modem desk-top computers, offering basic arith- 
metic, word processing, high-resolution graphics and 
a backplane bus structure. The PC has become 
successful because of its modular design, good docu- 
mentation, and the variety of hardware and software 
modules available for its backplane bus. 

For users requiring extensive arithmetic capability, 
a socket on the main printed circuit (PC) board is 
available for Intel’s 8087 arithmetic processor. The 
PC’s five-slot backplane, which is also on the main pc 
board, allows several boards to be plugged in, making 
the PC particularly attractive to users with diverse 
applications. The scientific/engineering market ap- 
pears to be as important as the business/home market 
for the PC, and currently the PC overshadows the CS 
9000>’ a 68000-based laboratory computer devel- 
oped by IBM Laboratory Instruments division. 

The PC consists of three major units: a detachable 
keyboard (with its own single-chip microcomputer), 
the main system unit (which has room for two $-in. 
floppy-disk drives mounted horizontally in the front 
of the cabinet), and the monitor. The PC originally 
came with roughly the same memory as the now 
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defunct Radio Shack model I. IBM soon realized this 
drawback and corrected it in later versions. The 
current version provides 256-kbyte memory capacity 
on the motherboard itself, and can be expanded up 
to 640 kbytes with the aid of memory expansion 
boards. However, expanded memory is too large to 
accommodate on a single floppy disk, and a disk- 
drive supporting higher capacity floppy disks is 
needed. 

Since there are only five slots on the PC’s back- 
plane, they may all be occupied by basic boards, and 
the user may have to introduce some multifunction 
boards. The keyboard is probably the most contro- 
versial of the PC’s units. Its non-standard layout, the 
size of the ENTER key and the lack of indicator 
lamps for Caps Lock and Number Lock keys are but 
a few of the complaints. The remedy comes in the 
form of programs that redefine the keyboard. Al- 
though the PC supports a cassette interface (an 
obsolete feature), its motherboard is equipped with 
neither serial nor parallel ports. The lack of a serial 
port has been partially corrected on the PC XT 
version. The PC has had some further problems, most 
of which seem to have been corrected in the new PC 
XT version. Selected PC and PC XT features are 
summarized in Table 1. 

The PC can be easily upgraded to a 3270-PC, as 
discussed in a later section, or to a PC XT. The 

requirements for the PC to be upgraded to an XT are: 
128 kbytes of RAM, a floppy-disk drive, a com- 
munications card, a hard-disk interface and a hard 
disk. Although housing all this in the PC’s cabinet is 
not impossible, an expansion chassis equipped with a 
hard disk provides a better alternative to upgrading 
the PC to a PC XT. Glinert-Cole6 in an interesting 
article reviews three such expansion chassis. It should 
be noted that upgrading a PC to a PC XT is often 
cheaper than purchasing a PC XT. 

The IBM PC XT 

The IBM PC XT (XT for short), released in the 
spring of 1983, is an enhanced version of the IBM 
PC. It looks like the PC, except for its hard disk 
which replaces one of the two floppy disks available 
on the original PC, and its logo. Selected features 
are summarized in Table 1. The XT has the same 
three basic units as its predecessor. The basic unit, 
however, supports a 360-kbyte double-sided, double- 
density floppy-disk drive and a lo-Mbyte Winchester 
disk-drive. A cassette interface, an obsolete feature 
on the PC, is not present. Although the standard XT 
has 128-kbyte RAM, the redesigned motherboard 
supports up to 256-kbyte RAM based on 64-kbit 
DRAM chips instead of the 16-kbit DRAMS found 
on earlier PC versions. With expansion boards the 

Table 1. Selected IBM PC and PC XT features 

IBM PC IBM PC XT 

Processor 
Clock, MHz 
Selected add-on processors 

Arithmetic processors 

Memory mitt, max, kbytes 
Disk drives 

Hard disk 
Keyboard 

Function keys 
Extras required* 

Screen format 
Text 

Medium-resolution graphics 
High-resolution graphics? 

Peripheral slots 
I/O ports, standard 
Selected operating systems 

Intel 8088 
4.77 
280, 8086, 80286 
68000, 16032 
Intel 8087, socket 
available on pc board 
80287, 16081 add-on modules 
64, 640 
Up to two 320-kbyte $-in. 
floppies 
Optional 
83-key QWERTY, non-standard 
detachable, adjustable, 
includes numeric keypad 
10 
Video adapter board, 
monitor 

40 H x 24 V or 
80 H x 24 V, 
16 colours 
320 H x 200 V 
64OHx2OOV 
5 
None 
PC-DOS, CP/M-86 
USCD p-system 
MP/M-86, XENIX 
Oasis 16. RTOS 
Concurrent CP/M-86 
Venix, QNX 

Same as PC 
Same as PC 
Same as PC 

Same as PC 

128, 640 
One, 360-kbyte $-in. floppy 

IO-Mbyte Winchester 
Same as PC 

Same as PC 
Same as PC 

Same as PC 

8 
Serial port 
Same as PC 

*Minimum configuration. 
tSee text. 
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XT’s memory capacity can be brought up to 640 
kbytes. 

The motherboard supports eight expansion slots 
(the PC has only five). Although PC and XT have the 
same backplane bus structure, not all slots are 
“equal” on the XT. Two of them are behind the 
floppy-disk drive and thus provide enough room for 
only half-length boards. One of these smaller slots, 
J8, which differs significantly from the other seven 
(more stringent timing requirements, and a “card 
select” signal must be generated when the board is 
selected), already carries an asynchronous com- 
munications board-a standard XT feature. 

Because the XT’s expansion slots are closer to- 
gether than those on the PC, the six slots which can 
take full-length boards occupy the same space as the 
five slots on the PC and certain double-width boards 
or boards supporting “piggy-back” ICs are not likely 
to fit in. To provide the power required for the extra 
boards and the hard disk, the XT has a 130-W power 

SUPPlY. 
At the time the XT was introduced, a new RGB 

(Red-Green-Blue) monitor, a new disk operating 
system (DOS) version 2.00, and a new version of 
BASIC were also introduced. However, not all pro- 
grams written under PC-DOS version 1.10 will run 
under PC-DOS version 2.00. Some of the intricacies 
of PC-DOS 2.00 as it is used within the XT are 
discussed by Archer,’ who also provides a short but 
interesting review of the XT. Several descriptive 
reviews of the XT can be found in microcomputer 
magazines (e.g., those by Machrone**9). 

In summary, the standard XT comes with 128 
kbytes of RAM, 40 kbytes of ROM where the BASIC 
interpreter and DOS I/O software are stored, a 
floppy-disk drive, a lo-Mbyte hard disk, a 50-9600 
bites/set asynchronous communications adapter, 
and disk adapters which take up three of the eight 
expansion slots. 

The IBM XT/370 

The once distinct boundaries between micro, mini 
and mainframe computer architectures are now 
blurred because of advances in very large scale inte- 
gration technology. The recently introduced (late 
1983) XT/370, ‘O,” breaks down some of the barriers 
to concentrating “mainframe power” on a personal 
computer and thus officially marks the beginning of 
the “micro-mainframe” era. 

The XT/370, as its name implies, has been designed 
to emulate the IBM System/370 mainframe. Exter- 
nally it looks no different from an XT, internally, 
however, there are three additional boards. One 
provides 512 kbytes of RAM and, although this can 
be considered hardly adequate for System/370 emu- 
lation, the XT/370 also supports up to 4 Mbytes of 
virtual memory, which should provide ample re- 
sources for most users. The second board allows the 
XT/370 to act like an IBM 3277 terminal for com- 
munication with a host. The third contains two 

processors (a standard Motorola 68000 and an IBM- 
designed 68000) and an arithmetic processor (Intel 
8087). This board emulates most of the mainframe’s 
instruction set, but some of the System/370 specific 
instructions have not been included. IBM claims that 
the XT/370 executes most of the software written for 
the 370 at a speed nearly half that offered by a 4300 
series mainframe. It also claims that versions of the 
FORTRAN, Pascal and COBOL compilers will run 
on the XT/370 without modification. 

Further, a version of the System/37O’s VM/CMS 
(Virtual Memory/Conversational Monitor System), 
called the VM/PC (Virtual Memory/Personal Com- 
puter) has been developed for the XT/370. The 
VM/PC software runs under PC-DOS. When the 
VM/PC is invoked from within PC-DOS, the 8088 
CPU remains idle until I/O is requested. The user 
can easily switch to “normal” XT mode and execute 
PC software. Although the XT/370 can still function 
as an ordinary PC, it is not a system for the novice 
and VM/CMS is not as friendly as PC-DOS. Clearly, 
the XT/370 places heavy demands on the user’s 
“computer literacy”. Moreover, IBM is keeping the 
System/370 hardware for the XT proprietary, which 
may signal IBM’s final enhancement of the PC family 
and the end of the PC’s open architecture. It may also 
mark the beginning of new rumour and speculation 
about the next generation of IBM’s personal com- 
puters. 

Finally, the XT/370 is expected to affect mainframe 
software radically, although software issues have 
been overshadowed by the announcement of the 
XT/370 hardware. Mainframe software is usually 
expensive; it often costs more than the XT/370 itself. 
How is such software going to become available to 
the end-user? Despite the number of software-related 
questions that have yet to be answered, less than 
$15000 can supply a miniature System/370 and thus 
provide the capability to run mainframe software at 
a fraction of mainframe cost. 

The IBM PCjr 

For several months in mid-1983 there was mount- 
ing conjecture about the introduction of yet another 
IBM personal computer, code-named “Peanut”. In 
late 1983 IBM introduced the PCjr, which is thought 
to be the long-awaited “Peanut”. 

Two PCjr configurations are available. The basic 
one offers 64 kbytes of RAM (expandable to 128 
kbytes), 64 kbytes of ROM, standard colour graph- 
ics, several connectors for peripheral devices, game 
connectors, and a cassette interface. The enhanced 
version has 128 kbytes of RAM, a $-in. floppy-disk 
drive (mounted horizontally in the front of the main 
system cabinet), and advanced graphics capabilities. 
At the same time as the PCjr, PC-DOS 2.10 was 
introduced, which incorporates all the features of 
PC-DOS 2.00 and also allows the PCjr to access data 
stored in ROM cartridges and to access the disk 
drive. Cassette BASIC (a ROM-based version of the 
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PC’s cassette BASIC) and Cartridge BASIC (a 
ROM-cartridge version of the PC’s Advanced 
BASIC), are the major languages supported by the 
PCjr. Perhaps the most important feature of the PCjr 
is its compatibility with most, but not all, of the PC’s 
software. 

The PCjr magazineI offered in its tirst issue a table 
of PC-compatible software, and reviews of several 
programs (mainly for computer games) specifically 
written for the PCjr. Seger et ~1.‘~ and Vose er ~1.‘~ 
also provide relatively extensive tables of PC- 
compatible software. 

Like the PC, the PCjr consists of three major units: 
the main system unit, the keyboard and the display. 
Its motherboard supports an 8088 CPU operating at 
the same clock-rate (4.77 MHz) as that of the PC, but 
this is where the similarities end. The PCjr’s main 
system unit is about one-third the size of the PC’s 
main system unit, and the Intel 8087 arithmetic 
processor is not present, nor are provisions made for 
it. There is no need for a video display adapter card: 
the colour graphics circuitry, designed around a 
proprietary gate-array chip, is built into the mother- 
board. An RF-modulator, four sources of sound, and 
an RS-232-compatible port are also built into the 
PCjr’s motherboard. Finally, the keyboard can com- 
municate with the main system unit by an infrared 
link. 

The PCjr supports a variety of expansion con- 
nectors. Two cartridge slots in the front of the cabinet 
allow ROM cartridges to be added, and three expan- 
sion slots reside on the main pc board (one for a 
64-kbyte RAM board, one for a disk-drive interface 
and the third for a modem). The main-board slots 
are neither PC-compatible nor interchangeable, how- 
ever. Additional expansion can be made through the 
bus extension connector. Although both connector 
and pin assignments are different from those on the 
PC, their electrical specifications and functionality 
are claimed to be the same as for the PC. Such 
an arrangement, complicated even further by the 
junior’s small power supply (33 W as opposed to 63.5 
W for the PC), is not likely to allow the PCjr to take 
advantage of the variety of PC-compatible boards, 
unless an expansion chassis is utilized. 

A few months after introduction of the PCjr, other 
vendors announced new products that enhance its 
capabilities, including a six-slot expansion chassis 
which accepts standard PC-compatible peripheral 
boards,” a 512-kbyte RAM boardI and a board that 
turns the PCjr into an Apple II + .I7 

The detachable battery-operated QWERTY key- 
board supports 62 small rectangular keys. The most 
interesting feature of this otherwise poor keyboard is 
that it can communicate with the processor by an 
infrared optical link. An optional keyboard cable is 
also available. Everything about this keyboard sug- 
gests that a vigorous market for keyboard replace- 
ments will develop. In fact, the May 1984 issue of 
PCjr magazine devoted several articles to the PCjr’s 

keyboard, and described two replacements available 
for it. 

PCjr literature appears to be expanding quickly. At 
least three magazines12~‘**‘9 are already available, and 
Microsoft20 have published three books on PCjr. 

From the information available to date,‘4*‘7*2’~u the 
PCjr appears to be a hybrid between a personal 
computer and a home computer. However, because 
of its inadequate keyboard, its limited expansion 
capabilities-unless an expansion chassis is added- 
and its inability to run some of the more sophisticated 
PC software, it cannot be considered an up-to-date 
personal computer. As a home computer, it is cur- 
rently more expensive than others with comparable 
capabilities. Finally, in the laboratory, the PCjr may 
be utilized either as a front-end processor that han- 
dles a variety of tasks for a PC or XT, or as a 
stand-alone microcomputer for low-level data- 
acquisition and control applications. 

The IBM 3270-PC 

To satisfy the growing demands for micro- 
to-mainframe communication, IBM introduced 
(Autumn 1983) the IBM 3270-PC, a microcomputer 
designed to serve both as a PC and a terminal.23 It 
supports a variety of protocols and can emulate the 
IBM 3178, 3278 and 3279 terminals. Because the 
3270-PC is not expected to contribute to laboratory 
automation, it will not be further considered here. 

Comments 

Despite the massive amount of information avail- 
able on recently introduced microcomputers, most of 
it is vague, and more (even that concerning the older 
microcomputers) is in a state of flux. The information 
presented here represents the latest, but not the final, 
views of the authors. 

Finally, since all members of the IBM PC family 
(PC, XT, XT/370) and the recently introduced por- 
table PC24.25 share the same backplane bus structure, 
the generic term “IBM PC” or just “PC” will be used 
hereafter to refer to the entire family. 

BACKPLANE BUS STBUCXJBE 

The PC has a five-slot backplane bus, as shown in 
Fig. 1. The peripheral slots are identical and can house 
any combination of I/O and memory boards. The 
peripheral I/O pins and signals are listed in Table 2, 
and a diagram of a peripheral slot is shown in Fig. 2. 

Bus characteristics 

The backplate bus is a demultiplexed and enhanced 
version of the 8088 microprocessor bus. Enhance- 
ments are delivered to the bus by Intel’s 8257 (DMA 
controller), 8259 (priority-interrupt controller) and 
8253 (interval-timer/counter), and include six. levels 
of interrupt, three channels of direct memory access 
(DMA), control lines for memory and I/O read or 
write, a dynamic memory-refresh signal, a channel- 
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check line for parity error detection, and several clock 
and timing signals. 

Although the PC’s 8088 CPU represents current 
8/l 6-bit microprocessor design, advanced interfacing 
schemes often require peripheral boards to take 
control of the bus. This is facilitated by Intel’s 8257 
DMA controller chip which resides on the main 
printed circuit (PC) board. The controller provides 
for three channels of bus-request arbitration and 
therefore allows up to three master modules to be 
present on the peripheral bus. 

Bus type. Synchronous, non-multiplexed. 
Bus timing. If stretching of the clock is not re- 

quired, then all CPU-originated read or write oper- 
ations require four clock cycles, while all I/O read or 
write operations require five clock cycles. Finally, all 
DMA-transfers require five clock cycles per transfer. 
A typical 4.77-MHz operation corresponds to 210 
nsec per clock cycle. 

Data bus width. Eight bits. 
Address bus width. Twenty bits. 
I/O memory allocation. Five hundred and twelve 

memory locations (512 bytes) are reserved on all 

peripheral slots. Each peripheral slot should provide 
its own address decoding. 

Interrupt structure. Six levels of interrupt are avail- 
able on the PC’s backplane bus, which are managed 
by Intel’s 8259 interrupt-controller chip. Dunford26*27 
describes how to use interrupts on the PC. 

Backplane connector. The PC’s backplane bus sup- 
ports 62-contact connectors, as shown in Fig. 2. 

Loads supported. The number of peripheral boards 
supported depends on the number of slots on the 
backplane. If there are not enough slots available at 
any given time, an expansion chassis should be 
utilized. Several expansion chassis are commercially 
available.‘*‘5,“31 A hard disk’* designed to mate with 
an expansion chassis,28 or an expansion chassis incor- 
porating a hard disk’*15 can be used to upgrade a PC 
to an XT. 

The PC13’ takes a different approach to provide 
expandability and portability. It is a hybrid between 
a PC and an expansion chassis, and includes a power 
supply, a 12-in. monochrome display and two 5$in. 
double-sided doubledensity 320-kbyte half-height 
disk-drives, all housed in a cabinet no larger than a 
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Table 2. IBM PC peripheral I/O pins and signals 

I/O 
Pin number Signal name Description function 

Al 
w 

I/O channel check; when active, a parity error has occurred. 
AZ-A9 Data lines. 1;o 
A10 I/O CH RDY I/O channel ready. Used for stretching clock cycles. It should not be active for I 

more than 10 clock cycles. 
All AEN Address enable. When active, the DMA takes control of the bus. 
A12-A31 A19-A0 Address lines, A19 (MSB) to A0 (LSB). 
Bl, BlO, B31 GND Ground 
B2 RESET DRV Reset driver. Traditional CPU reset signal. 
B3, B29 +5 v +5 V d.c. power supply. 
B4 IRQ2 Highest priority interrupt request. 
B5 -5 v -5 V d.c. power supply. 
B6, B16, B18 DRQ DRQS, DRQ3, DRQl. DMA request, channels l-3. 
B7 -12 v - 12 V d.c. power supply. 
B8 Reserved 
B9 +12v 12 V d.c. power supply. 
Bll MEMW Memory write. Active (low) on a memory write cycle. 
B12 Memory read. Active (low) on a memory read cycle. 
B13 m I/O write. Active (low) when a peripheral device is written into. 
B14 I/O read. Active (low) when a peripheral device is being read. 
B15, B26, &, DMA request acknowledge. m is used for dynamic memory refresh. 
B17, B19 

z% 
B20 clock System clock. 
B21-B25 IRQ7-IRQ3 Interrupt request. IRQ7 has the lowest priority. 
B28 ALE Address latch enable. 
B30 osc Hiah-sneecl (14-MHz) clock. 

0 
0 

0 

I 

I 

0 
0 
0 
0 
0 

0 
I 
0 
0 

portable oscilloscope. For true portability, a battery 
pack that provides lf hr of operation is also available. 

Signal line length. Confined within the constraints 
of the backplane bus or the backplane bus/expansion 
chassis combination. 

Processors and systems supported 

Co-processors. Applications that demand micro- 
processors do too much, too fast, increase at an 
accelerating pace. One way to enhance a micro- 
processor’s computational power without increasing 
its chip size or its complexity is by off-loading 
computational tasks onto dedicated peripheral de- 
vices such as arithmetic processors, or co-processors, 
as they are often called. 

Intel’s 8087 NPX (numeric processor extension), 
for instance, has been designed to mate with the 8086 
and 8088 CPUs. When an 8087 NPX is interfaced to 
a host, then it is called a numeric data processor 
(NDP). The 8087, whatever it is called, has an go-bit 
internal architecture, performs 16-, 32- and 64-bit 
integer, ll-bit binary coded decimal (BCD) and 
go-bit floating-point arithmetic and conforms to 
IEEE-standards. The 8087’s architecture, instruction 
set and data format, along with its performance and 
interfacing to an 8086 or 8088 CPU, have been quite 
extensively discussed in the literature.3”3g 

The PC’s motherboard includes a socket for an 
8087. Once the 8087 has been plugged in, it can be 
immediately accessed, provided that the proper in- 
structions have been issued, i.e., appropriate software 
must be written to take advantage of the 8087’s 

GND Bl 
Reset DVR 82 

+5v 83 
IRQ2 B4 

-5v 05 
DRQP B6 
-12v 87 

Reserved B6 
+12V BQ 
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arithmetic capabilities. Fielda offers several inter- RAM and offers games, and parallel and serial I/O 
esting comments about the 8087 NDP as it is used in ports. A ZSO-based add-on processor board allows 
the PC, and includes software utilities that make it PC users to run CP/M-80 software. Welchs5 lists nine 
easier to use with Assembly language. He also4' such boards, some of which include, in addition to a 
provides software utilities that can speed up most standard 64-kbyte RAM, serial and parallel ports. 
Pascal programs by a factor of about three. Field’s The I/O processor,M for example, provides two serial 
software utilities are also available on a floppy disk.” ports, one parallel port and a real-time clock. 
MicroWare” offer a set of software tools for the IBM has taken a different approach in designing 
8087, that run on the PC, including Maxpack, a set add-on processors for the XT. Throughout the years, 
of subroutines designed for matrix manipulation microprocessor architects have borrowed, modified, 
(written in Assembly language) and several versions and incorporated mainframe concepts into their de- 
of assemblers and high-level language compilers that signs. Until recently, however, the ability to emulate 
support the 8087. Hauppauge Computer Works” mainframes had been a continuing challenge. The 
also offer Pascal, FORTRAN and Macro compilers S/370 is a set of three add-on proce.ssaLhaards 
that support the 8087. Admittedly, the performance designed to emulate IBM System/370 mainframe’s 
of IBM’s FORTRAN compiler is poor. However, the instruction set and thus provide the capability of 
new FORTRAN compilers that take advantage of running mainframe software on a microcomputer. 
the 8087 are fast, and can even be recommended for Because the S/370 set has been discussed in conjunc- 
use in laboratory applications,45 but to take advan- tion with the XT/370 system, it will not be dealt with 
tage of the PC’s high-resolution graphics, some FOR- here. 
TRAN compilers must be accompanied by graphics Systems. There are several examples where the PC 
software.& has been utilized as the “main processor” or a 

Add-on processors. As the number of PC’s installed “front-end” processor. Advanced Digital C~rp.,~~ for 
increased, the PC found its way into many applica- example, market a board that allows the PC to 
tions for which it was not initially designed. More- control up to five terminals. Analogic Corps8 offer a 
over, the performance requirements for some of those stand-alone general purpose computer with an array 
applicatons revealed limitations of the PC that had to processor architecture. A typical configuration of this 
be overcome. To satisfy these new performance re- “APL-speaking machine” involves, among others, a 
quirements and take advantage of the newer and CMbyte array processor, a 124-Mbyte hard disk and 
more powerful CPUs available, several add-on pro- an IBM PC serving as the programmer’s work sta- 
cessor modules have been developed. Included are tion. The system can execute as many as 10’ 
modules containing CPUs (such as i8086, i80286, floating-point operations per second and can display 
MC68000 and NS16032), accompanied by up to 10 concurrent tasks on overlapping windows. 
floating-point co-processors (such as i8087, i80287 Even the minimum configuration of this system, 
and NS16081), and supported by memory- however, is expensive (about $44000). At least one 
management unitn47*4s An MC68000-based board company59 is marketing a less expensive (<%5000) 
capable of running the Xenix 3.0 Operating System, array processor for the PC. 
which is Microsoft’s version of Unix System III from The PC can also be used in conjunction with 
Bell Laboratories, is currently available.47 The same bus-based systems. * Such combinations allow users 
MC68000 board, under the RM/COS Operating Sys- to take advantage of the modularity, flexibility, 
tem, turns the PC into a multi-user COBOL-oriented versatility and computing power offered by bus-based 
computer particularly suited for business applica- systems, and also to exploit the PC’s wide software 
tions.4p resources. For example, an adaptor that links the PC 

The Accelerator PC5’ is a board designed around with the IEEE 796 (Multibus) backplane bus recently 
a IO-MHz 8086 processor. It supports 128-kbyte became available.6’ The PC can be used either as a 
RAM expandable to 640 kbytes, with a memory bus master or as a co-processor that stores, processes, 
piggy-back option. This board is claimed to increase and displays Multibus-acquired data. The PC’s 
the PC’s execution speed by a factor of about three. Macro-assembler and debugging facilities can be used 
The Turbo- 186 board” reportedly increases the PC’s to develop 8086 or 8088 software for use with the 
execution speed 3-lo-fold depending on the program Multibus. The adaptor consists of two boards inter- 
being run. The board contains an ~-MHZ 80186 connected by a flat-ribbon cable: one board fits inside 
processor, 128 kbytes of RAM, and comes with the PC and the other inside the Multibus card cage. 
appropriate software. Ciarcia5* describes the hard- Themost impormm&atureofthis interfaceis that 
ware and provides the diagrams required for the it allows users to take advantage of the bigh- 
construction of a IO-MHz, Z8001-based add-on pro- performance boards available for Multibus. 
cessor board that holds up to 512 kbytes of RAM. In complementary developments, RMAC Corp.62 
This board is also commercially available.53 market an adaptor that links the PC with the STD- 
Quadlink 16-g is a simulated Apple II computer that bus (IEEE P961 backplane bus standard). This 
allows most of Apple II’s software to be used with the adaptor also consists of two boards interconnected 
PC. This multifunction board also provides 64-kbyte with a flat-ribbon cable: one fits inside the PC and the 
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other fits inside the STD-bus card cage. The link 
allows the PC to act either as an STD-bus controller 
or as a development system. The STD-bus can also 
use DMA operations to access data directly from the 
PC’s memory. An interface that links the IBM PC 
and the CAMAC backplane bus and allows the PC 
to take advantage of the high-speed data-acquisition 
and signal-processing plug-ins available for this back- 
plane bus, has also been developed.63 

Power supply 

The PC’s power supply provides f 5 V and & 12 V 
to the motherboard and to the backplane bus. An 
expansion chassis should provide its own power 

supply. 

PERIPHERAL BOARDS AND SUBSYSTEMS 

Undoubtedly, part of the PC’s success is due to the 
availability of a large number of PC-compatible 
boards, subsystems, and software packages. It has 
been estimated that by mid-1983 there were over 3000 
hardware and software products for the PC; this 
number was expected to grow to more than 6000 by 
the end of 1984.@ Simple arithmetic suggests that an 
average of five new PC-compatible products have to 
be introduced daily to reach this projected number. 
Although such numbers seem quite high, it seems 
likely that users will have even more software and 
peripheral boards at their disposal in the future. The 
following examples have been chosen to illustrate the 
type of boards and subsystems currently available. 

Multifunction boar& 

One of the most widespread criticisms of the PC’s 
backplane is that it can easily be filled up with basic 
cards and therefore does not provide enough slots for 
application-driven expansion. For instance, a slot is 
needed for the disk-controller board, another for the 
display board and a third for a serial and/or parallel 
interface card. Adding memory to the fourth slot 
leaves only one to satisfy all of the expansion require- 
ments, and more often than not that is simply not 
adequate. To remedy the situation, several vendors 
have developed either separate expansion chassis or 
multifunction boards. Although several combina- 
tions of functions are available on such boards, serial 
and parallel ports, RAM and a clock are the most 
common. 

To provide a multiplicity of functions, some boards 
are designed to accept piggy-back modules. Although 
such boards are designed so that they will not inter- 
fere with other boards plugged in on the PC’s back- 
plane, they may not fit on the XT’s backplane. 
Gleckler6’ provides helpful tips on how to choose a 
multifunction board, pinpoints some common prob- 
lems (e.g., software incompatibility, outdated docu- 
mentation), and reviews sixteen such boards. WelchSS 
has compiled a list of over 80 vendors marketing 
multifunction boards for the PC. He also provides the 

functionality included on each board and lists the 
board’s retail price. It should be noted that the XT’s 
backplane, since it offers eight expansion slots, no 
longer imposes expansion limitations for most appli- 
cations. 

Memory-expansion boar& 

Although the PC’s 8088 CPU can address up to 1 
Mbyte of memory, the basic PC is still equipped with 
only 64-kbyte RAM. Many application programs, 
however, require more than 64 kbyte of RAM to run 
on the PC. The solution comes in the form of 
memory-expansion boards. Welch” lists over 50 ven- 
dors marketing memory-expansion boards for the 
PC. Memory capacity, disk-emulation capability and 
the board’s price are also included. 

Although semiconductor memories offer short ac- 
cess times, they cannot retain their contents after the 
power is switched off. Therefore, they are only useful 
for temporary storage. There are two alternatives 
available: CMOS battery boards with battery back- 
up (a concept of limited applicability) or non-volatile 
mass-storage. 

Magnetic-bubble memories have found their niche 
in portable computers, portable terminals and, be- 
cause of their reliability and noise immunity, in 
military and industrial applications where semicon- 
ductor memories or disk drives cannot survive. In 
personal computers, bubble memories can be used to 
supplement non-volatile mass-storage, to replace 
conventional floppy-disk drives, or as disk emulators 
that allow fast access of disk data. A disk emulator 
is “a marvellous trick whereby you convince your 
computer that a lot of memory is really a disk drive”. 

Bubble-memory storage lies somewhere between 
RAM and disk storage. Like RAM, bubble memories 
offer solid-state storage. Unlike RAM, they provide 
non-volatile storage, but are slow [typically 40-50 
msec access times, as opposed to 50-350 nsec for 
RAMS, and almost sub-nanosecond performance by 
use of ECL (emitter coupled logic)]. Like floppy 
disks, they offer non-volatile mass-storage, but are 
faster, require less power (about a third of that for a 
floppy-disk drive) and provide a much longer average 
time between failures. 

Ecosea Technologies@’ market two bubble-memory 
boards (of 128- and 512-kbyte capacity) that directly 
plug into any of the PC’s expansion slots. Other 
512-kbyte bubble-memory boards are also avail- 
able.67@ These boards are designed around Intel’s 
7110-4, l-Mbit bubble memories and include all the 
appropriate interface circuitry. Hi Comp68 has also 
developed a 512-kbyte and a l-Mbyte bubble- 
memory subsystem controlled by its own micro- 
processor. This subsystem, designed for applications 
requiring high reliability or for hostile environments, 
allows personal computers to be used in harsh 
industrial environments. It can be interfaced to any 
microcomputer in two ways: it can be directly con- 
nected to the host disk controller and emulate an 
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industry standard gin. floppy disk, or it can commu- 
nicate with the host through an RS-232C interface. 

In summary, bubble memories are expected to find 
their way into applications in which reliability, non- 
volatility and speed are critical. Despite their speed 
and the expected increase in their capacity, however, 
both bubble and random access memories still re- 
quire back-up. 

Mass-storage subsystems 

The XT utilizes the built-in floppy disk for hard- 
disk back-up, but about 30 floppy disks are required 
for the entire hard disk. A tape-based mass-storage 
device, though not always a cost-effective solution, is 
well suited for such back-up. For example, a cartridge 
tape system offering 13.4-Mbyte or 16-Mbyte storage 
capacity6’ and a 20-Mbyte cassette tape system” are 
commercially available. IBEX Corp.” market a i-in. 
9-track magnetic storage device for the PC, which 
offers a 42-Mbyte storage capacity on a single reel. 

Regardless of how much storage capacity modem 
mass-storage devices offer, the problem of waiting for 
the disk drive to respond still remains: even the 
speedier floppy-disk drives or Winchesters are not 
fast enough for some I/O-intensive applications. To 
boost the speed of disk-based mass-storage devices, 
semiconductor memories are again employed. A 
lOO-fold improvement over a floppy disk’s response 
time is not unusual,‘* but the improvement can vary 
considerably, depending on the type of semicon- 
ductor memory and the mass-storage device used. 

Current laboratory applications requiring wide 
mass-storage resources include data-base manage- 
ment and data filing. In the future, mass-storage 
will become increasingly important for the imple- 
mentation of pattern-recognition algorithms and 
for systems offering knowledge-management and 
information-processing capabilities. Although several 
hard disks are available for the PC,73-‘8 applications 
such as those mentioned above may require mass- 
storage capacity greater than that provided by con- 
ventional Winchester disks. 

Interface Corp’s SMD PC-80 controller,7g for 
example, enables the PC to take advantage of 
fast high-density disk drives using the storage- 
module-device (SMD) interface. This board packs 
the necessary circuitry (including a microprocessor 
and specially designed ICs) on a single board that 
handles up to two SMD units,s0 and allows data rates 
up to 20 Mbyte/SW. The PC-80 board allows the PC 
to control approximately 1 Gbyte of mass-storage 
(about 4 x 10’ pages of text). Clearly, developments 
of this type pave the way for new laboratory applica- 
tions that have thus far required a minicomputer or 
a mainframe for their implementation. 

Data-acquisition boar& and subsystems 

Owing to the existence of a backplane bus and the 
variety of data-acquisition and control boards avail- 
able, the PC can easily be configured as a pro- 

grammable instrument that can perform tests, display 
and record measurements, and help analyse the re- 
sults. The following section, which lists several exam- 
ples of such boards, does not attempt to be all- 
inclusive; the examples chosen are considered to be 
representative of the types of interfaces available. 

Data Translation*’ market two data-acquisition 
and control boards (the DT2801 and DT2805) which 
directly plug into any of the PCs expansion slots. 
These single boards perform digital and analogue 
I/O through the use of an on-board microprocessor. 
The DT2801 offers a 1Zbit ADC front-ended with a 
programmable-gain amplifier (gain settings 1, 2, 4 or 
8) and achieves a IfkHz throughput. It also offers 2 
analogue output channels, 16 digital I/O lines and a 
programmable clock. The DT2801-A offers the same 
features as the DT2801 but provides a 27.5-kHz 
throughput. The DT2801/5716 is a 16-bit, 2.5-kHz 
throughput version of the DT2801. Because of the 
on-board lirmware and microprocessor, the board’s 
functions can be controlled by three BASIC state- 
ments.B2 The DT2805 board offers 12- or 16-bit 
resolution and software-programmable gain. 

Perhaps the broadest range of boards for labora- 
tory and industrial applications is marketed by Tec- 
mar.” A few examples of such boards are presented 
below. The digital to analogue and digital input/ 
output (DADIO) board provides four independent 
channels of 1Zbit DAC and 24 parallel I/O lines. The 
Lab Master provides up to 256 channels of analogue 
to digital conversion (ADC) with 12-, 14- and 16-bit 
resolution and offers a 30-, 4O- or 100-kHz 
conversion rate. The Lab Master also includes 2 
independent IZbit DACs, 5 independent 16-bit 
timer/counters, 24 programmable I/O lines and an 
optional programmable-gain amplifier. Gatess3 de- 
scribes how the Lab Master has been used in conjunc- 
tion with a polarograph and in an undergraduate 
course. Listings of Assembly language subroutines 
required to drive the Lab Master, and of BASIC 
programs, are also provided. The Lab Tender is a 
data-acquisition and control card combining several 

functions on a single board, including 32 channels of 
8-bit ADC with a 50-kHz conversion rate, 16 ana- 
logue output channels of 8-bit resolution, 24 I/O lines 
and 5 independently programmable timer/counters. 
The Labpack software-support package is a set of 
subroutines which eliminate the need for tailored 
machine-language programming for the Lab Tender 
and Lab Master boards. This software package also 
allows users to handle both “foreground” and “back- 
ground” tasks. 

The IEEE-488 interface board implements Intel’s 
GPIB chip set and provides the facilities of talker, 
listener and controller. The board is capable of 
DMA-controlled data transfers, and offers pro- 
grammable data-transfer rates and selectable soft- 
ware interrupts. The stepper-motor controller board 
allows simultaneous independent control of two 
stepper motors by utilizing two Cybernetic Micro 
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Systems CY512 Intelligent Positioning Stepper Mo- 
tor Controller chips. 

More sophisticated applications could require self- 
contained designs, such as Gould’s DASA 9000 data 
acquisition and signal analysis system.*4 This modu- 
lar system consists of a PC, an 8-channel front-end 
signal conditioner and digitizer (with 8 kbits of 
RAM allotted to each channel). The front-end ana- 
logue subsystem has a 50 mV-500 V input range, a 
frequency response from d.c. to 500 kHz, and a 
user-selectable sampling rate. The software that ac- 
companies the system allows it to act as either an 
oscilloscope or a transient recorder. 

In parallel developments, Keithley”’ have recently 
introduced the Series 500 work-station measurement 
and control system that can be interfaced with either 
the PC or the Apple II. The system offers a 31.4-kHz 
data-acquisition rate and is equipped with mea- 
surement and control software which extends BASIC 
by adding new data-acquisition and control state- 
ments. Finally, the Link 110s6 is intended for indus- 
trial data-acquisition and control applications. This 
subsystem can be expanded to support 64 analogue 
inputs, 32 analogue outputs and 256 digital I/O lines. 

For the past few years, several newcomers have 
dominated the “plug-compatible” market for both 
the Apple II and the IBM PC, while traditional 
instrument manufacturers have been looking over 
their shoulders. The trend to increase the per- 
formance of an instrument through personal comput- 
ers is reinforced by the introduction of personal 
computer-based test and measurement equipment by 
well-known instrument makers, such as Keithley and 
Gould. In complementary developments, personal 
computer-like instruments equipped with engineering 
software are also beginning to appear. 

Advanced interface boar& and subsystems 

As PC-based test and measurement equipment 
moves into software-intensive areas, the benefits of 
using microprocessor-based intelligence. become 
rather obvious. An example of integration of the PC’s 
computational and graphic capabilities with data- 
acquisition modules comes from Ariel CotpE7 Its 
real-time spectrum analyser, the RIA 3 11, consists of 
a PC-compatible board and a separate box that 
contains the analogue filter. The spectrum analyser 
divides the audio spectrum, from 20 Hz to 20 kHz, 
into 31 one-third octave bands, which are displayed 
in the PC’s CRT as a bar-graph. The RTA 311 can 
also store more than 20 set of I-bit audio signal in 
512-kbyte memory. The stored signal can be dis- 
played on an oscilloscope through an on-board 8-bit 
DAC. The spectrum analyser also includes a pink- 
noise generator and appropriate software. 

Data acquisition and control are not the only 
instrument functions which take advantage of the 
PC’s intelligence. Northwest Instrumentss8 model 
2200 interactive timing analyser (ITA), for example, 
is a testing device that pinpoints faults as micro- 

processor or microcomputer systems are designed. 
When the ITA and the company’s previously intro- 
duced model 2100 interactive state analyser (ISA) are 
housed on the PAnalyst model 2000 chassis, they 
create a powerful logic-analyser system. Other PC- 
based software or hardware debugging tools are also 
available.8p 

Using a 256 x 128 bit optical RAM chip and 
menu-driven software, Micro-D Cam,3*90~p’ a digital 
image sensor, can interpret, store or enhance images 
through a personal computer. Micro-D Cam inter- 
faces are available for the PC, the Apple II and any 
RS-232C-supporting microcomputer. Imaging 
Technologiesp2 and Datacopy Corp’sp3 subsystems 
can also be used for image processing. 

Tecmar’s” Video Van Gogh board is a video 
digitizer interface that accepts TV camera signals. It 
provides 255 x 255 pixel resolution with an 8-bit 
intensity value and is capable of 256 levels of grey- 
scale. The main areas of application of this board are 
expected to be microscopy, signature recognition, 
pattern recognition and robotic vision. Von 
Stackelberg% discusses some problems encountered 
with robotic vision systems and comments on papers 
presented in the “Graphics Interface 83” conference. 
Feeley et a1?5 present a model for an elaborate 
robotic vision and display system based on the PC. 

Human-processor interface 

Because the interface between the operator and the 
computer has taken several steps forward in the past 
few years, “last year’s” personal computers were 
invariably self-proclaimed as “user-friendly”, al- 
though some of them were not so friendly after all. 
Undoubtedly, a successful human-processor inter- 
face (HPI) results in user-friendly systems. 

Hardware. Perhaps the most important of all HPIs 
is the “user interface”, which is that part of a 
program that bridges the gap between the computer 
and the operator. However, software alone cannot 
provide all the solutions. On the hardware side,p6 
pointing devices such as a mouse, touch screens,” 
joysticks, trackballs, light pens and graphic input 
devices’“‘” in association with voice I/O boardsI 
and high-resolution graphics can simplify the com- 
munication between the user and the PC. Also, the 
use of colour displays can simplify the differentiation 
and interpretation of complex information. 

The introduction of low-cost voice I/O boards has 
already opened the door to speech-activated word 
processing and file searching. Clearly, speech recog- 
nition is an idea for which the time is ripe. Super- 
Soft,‘O’ for example, offer a voice-activated electronic 
spreadsheet. The mouse, so named because of its 
physical resemblance to the real thing, is a hand-held 
pointing device which controls cursor movement-a 
concept popularized on Apple’s Lisa. Several “mice” 
are available for the PC,45*‘02*‘03 and Peters’” has 
described Microsoft’s mouse in some detail. Mouse 
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technology is at an important stage, and it appears 
that it may provide a long-term solution for non- 
keyboard based input devices. Currently, an in- 
creasing number of system designers have jumped 
into Lisa-like technology, and designed systems 
which employ high-resolution graphics, icons, 
windows and a mouse. It is worth mentioning that 
windows and mice are both the result of research 
done at Xerox Corp’s Palo Alto Research Center 
(PARC) during the early 70s. 

Graphics. To date, high-resolution graphics are one 
of the most important of all HPIs in the laboratory.‘05 
Ironically, one of the major limitations of most 
personal computers used in the laboratory is their 
lack of high-resolution graphics. It appears that IBM 
did not, at least initially, place particular emphasis on 
the PC’s graphics capabilities. While, for instance, the 
original PC was provided with a colour graphics 
board which offered a 640 x 200 pixel resolution, 
there was no colour monitor available for it. In fact, 
an RGB monitor was introduced only at the time the 
XT was announced. Several vendors seized this mar- 
keting opportunity and fllled the gap. Welch,55 for 
example, lists over 10 vendors marketing high- 
resolution boards for the PC. Thanks to the resolu- 
tion offered by such boards, the PC can now be used 
as a work station for computer-aided design (CAD) 
projects.‘06 

Field”’ briefly compares the features of a mono- 
chrome and a colour monitor and provides an easily 
modifiable program that takes advantage of both 
monitors’ capabilities, and Waldow’08 describes the 
“Hercules” high-resolution board. In other graphics- 
related developments, Digital Research Corp.‘@’ re- 
cently released the graphics software extension (GSX) 
which extends PC-DOS to include graphics 
input/output functions. Vectrix Corp,“O have devel- 
oped a high-resolution colour graphics subsystem 
that can be interfaced with many personal computer 
systems. This subsystem consists of an 8088 pro- 
cessor, an NEC 7220 graphics processor and 348 
kbytes of graphics RAM, and can simultaneously 
display 512 colours. Finally, several books which 
describe the PC’s graphics features are currently 
available.“‘-“3 

Soffware. If last year’s software was “user- 
friendly”, this year’s software is claimed to be “inte- 
grated”. Although integrated software means 
different things to different people, such software 
usually includes data-base management, word pro- 
cessing, electronic spreadsheet, high-resolution 
graphics and communications facilities, all in a single 
software package. Integrated software packages 
range from a number of application programs de- 
signed to work togethtr, exchange information with 
one another, and share the same data files, to com- 
plete operating system environments that can handle 
and display several tasks simultaneously (they do 
windows, too!), and share the same data base. Most 
of these software packages, however, require wide 

memory resources, ample mass-storage and high- 
resolution graphics. 

Because the PC meets these key requirements, 
some of the most sophisticated integrated software 
packages were either developed or are available for it. 
Included are: Lotus 1-2-3,“4 which integrates data 
base, spreadsheet and graphics facilities; T/Maker 
ZZZ,“5 which combines word processing, list pro- 
cessing, spreadsheet and graphics facilities; and 
A4BA,‘16 which incorporates data-base, word pro- 
cessing, spreadsheet, graphics and communications 
facilities in a single package. Ouchi”’ describes 
how Lotus’s software package has been used in the 
laboratory. 

Some software developers feel, however, that inte- 
grated software should function as an integral part of 
the operating system, and Microsoft calls this “Oper- 
ating Software”. Software packages that follow this 
philosophy include Microsoft’s Windows,45 Visi- 
Carp’s V&i-on “s9”9 and Quarterdeck’s DesQ pack- 
age. lzo Micropro’s StarBurst’2’~‘22 takes a different 
approach by allowing users to link applications- 
software (such as WordStar, MailMerge, SpellStar, 
DataStar, ReportStar, VisiCalc, SuperCalc, dBASE 
ZZ or Z-2-3) into a menu-driven system. Su~uy’~~~‘*~ 
combines pattern-recognition software, a pro- 
gramming language, a program generator for data- 
base management and a set of business applications 
software. When integrated software is supplemented 
with relational data bases,‘25-‘2B it can result in a PC 
with information-management capabilities or PC- 
based “expert systems”.‘29~‘30 

In conclusion, although a user-friendly system is 
currently easier to imagine than to describe, it is 
believed that when HP1 hardware is combined with 
integrated software and blended with concepts such 
as “desk-top metaphors” (i.e., symbolic represent- 
ation of a desk top on a computer display), icons and 
windows, the result may be paperless offices or 
laboratories and truly user-friendly computer 
systems. 

Communications and networking 

Communications and networking are emerging as 
areas crucial to the next generation of computer 
projects, not only in the laboratory but in all sectors 
of an information-driven society. Although the 
significance of communications has not yet been 
recognized by many, it is not accidental that one of 
the characteristics of the entire PC family is its 
communication capability. Indeed IBM promotes 
schemes involving PCjrs, PCs and XTs or XT/37Os 
linked together. A general treatment of the applica- 
tion of PC in data communications and a detailed 
discussion of local area networks (LANs) is offered 
by Jordan et al. 13’ Jordan”* also gives a short course 
on communications software and briefly compares 12 
communications-supporting programs. 

Modems. Until recently, microcomputers and 
mainframes served separate spheres. Currently, ad- 
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vanced communication schemes provide the neces- 
sary tools for micro-to-mainframe connection and 
allow personal computers to access information 
banks by telephone. Modems are the major tools for 
such implementations. Welch5’ lists over 13 vendors 
marketing PC-compatible modems, and Powers’33 
reviews four such modems. 

Currently, the so-called “dumb” modem is being 
replaced by “intelligent” ones that incorporate mi- 
croprocessors, local memory and advanced commu- 
nications ICs. Some of the new-generation modems 
also offer voice and data-handling capabilities, allow 
the PC to operate unattended, or users to run the PC 
by remote control. Durham’” discusses some of the 
features of “high IQ modems”. “Intelligent” modems 
accompanied by appropriate software are expected 
to 8nd their way into applications ranging from 
central data-base access to remote diagnostics. 
Jordan13’ provides an introduction to remote and 
unattended software and briefly compares’36 six com- 
mercially available packages that facilitate its oper- 
ation. 

Following the same concept, but implementing a 
different design, Vynet C~rp.‘~’ have developed a 
board that provides a unique solution to computer 
communications, by allowing multiple users to en- 
gage in two-way communication with the PC through 
a push-button telephone. It also allows users to call 
or be called by the PC and receive spoken informa- 
tion. Clearly, developments of this type open the way 
to unattended laboratory operations. 

Networks. Although the tools for the creation of 
two-way links between personal computers have long 
been developed, there is neither a standard topology 
for a personal computer network nor standard 
network-accessing techniques. Despite all the stan- 
dardization difficulties, however, current literature 
suggests that “personal computers that stand alone 
no longer stand a chance”. Because of the significance 
of local area networks in the laboratory, a brief 
discussion of selected LANs available to PC users 
follows. 

The PCnet,5’ one of the first LANs to be 
specifically designed for the PC, is a low-cost, 
medium-performance, carrier-sense multiple-access 
with collision-detection (CSMA/CD) network. Infor- 
mation is transmitted through a coaxial cable of a 
maximum length of 7000 ft. Unlike many LANs, the 
PCnet does not incorporate a hard disk, but provides 
users with a choice of disk drives. 

3 Corn’s Etherseries’3”‘4’ comprised of EtherLink, 
EtherShare, EtherPrint and EtherMail, allows as 
many as 100 PCs to communicate through coaxial 
cables not longer than 2100 ft. Repeaters can increase 
this distance and, in addition, allow up to 1000 PCs 
to be linked to the network. The peripheral boards 
required for this network have been designed around 
Seeq’s Ethernet chips.‘” Members of this high- 
performance CSMA/CD network can exchange data 
at a rate of 10 Mbit/set. 

Although the debate to “Ethernet or Ethernot” 
rages on, Ethernet still remains one of the most 
widely used networks. Churchill’” briefly discusses 
Ethernet and lists several vendors offering Ethemet- 
based networks for the PC. Recognizing Ethernet’s 
significance, the editors of Electronics awarded the 
1983 achievement award to Robert Metcalfe, co- 
designer of Ethernet, formerly at Xerox’s PARC and 
currently chairman of 3 Corn Corp. 

Polynet”4 is a ring-topology token-passing net- 
work that utilizes a twisted-pair cable to support its 
10 Mbit+ ring. The network can support up to 254 
nodes with a maximum internode distance of 150 ft. 
The Standard Microsystems’4s ARC-PC board pro- 
vides a simplified interface between the PC and a 
modified, Datapoint-developed, token-passing ring. 
The board, which supports up to 255 nodes, includes 
the standard Microsystems single-chip COM 9026 
LAN controller and COM 9026 ArcNet LAN trans- 
ceiver chip. The Plan 4000146-“‘r is a 2.5-Mbit/set 
baseband token-passing LAN designed to connect up 
to 255 PCs, Apple 11s and Apple 111s. PerCom Data 
Carp’s interface card,‘49 designed around Western 
Digital’s WD2840 network-control processor, links 
254 PCs to a l-Mbit@ LAN. Several other PC- 
compatible networks are also available.‘“-‘52 

Along with the unveiling of the Portable PC (PPC), 
IBM announced a hardware and software scheme 
(the Personal Computer Cluster Program) aimed at 
connecting up to 64 PCjrs, PCs, PPCs and XTs to a 
bus-structured network. This CSMA/CD network 
transmits data at 375 kbits/sec over a coaxial cable of 
maximum length 3280 ft. 

Finally, inexpensive schemes that facilitate Apple 
II-IBM PC communication (i.e., fle transfers) are 
either commercially available’“*‘54 or discussed in the 
literature.‘$’ 

Terminal emulation. Because of the number of 
mainframes installed worldwide, a number of appli- 
cations for the PC have involved its use as a terminal 
emulator. In fact, the release of the IBM 3270-PC 
attempts to satisfy these demands. In addition to 
IBM, AST ResearchIs offers a variety of 
hardware/software products that allow the PC to 
emulate IBM 3274, 3278, 3270 terminals and IBM 
2780/3780 RJE work stations. Further, software”’ or 
hardwareIs* for IBM 3278 terminal emulation, or 
software for DEC VT52 or VT100’s9*‘60 and Tek- 
tronix 4010’6’ terminal emulation are also commer- 
cially available. 

Prototyping boar& 

Because experiments frequently demand creativity 
and novelty, they often require functions which are 
not provided by any of the commercially available 
boards. Several prototyping boards,5$ which come in 
all shapes and sizes, are available for tailor-made 
interfaces. Backplane bus signals and supply voltages 
are provided to the board by means of a 2 x 31 pin 
edge-type connector. IBM recommmends that data, 
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address, and some control signals should be buffered 
in order to avoid loading. It also provides simple 
address-decoding schemes for use with the proto- 
typing board. 

A GLIMPSE OF THE PC INFORMATION BABE 

The volume of IBM PC-related information is 
overwhelming. At least 150 books on the IBM PC 
were published in 1983 alone, and 1500 abstracts are 
indexed in the PC Abstracts.‘62 Because of the mas- 
sive amount of information, the PC Magazine,16’ 
which contains over 500 pages per issue, became a 
fortnightly in 1984. This means that a subscriber can 
expect to receive about 13000 pages of PC related 
information per year, approximately a twentieth of 
the number of pages in Chemical Abstracts in 1983, 
and this is only one publication! There are at least 15 
others published monthly. Consequently, keeping up 
with PC developments can easily become a full-time 
job. Because the amount of material is so vast, it is 
possible to present only a small fraction of it in what 
follows. 

The theme of the November 1983 issue of Byte IM 
was the IBM PC. The issue contained over twenty 
PC-related articles. Lemmon’s article16’ is a good 
starting point for beginners. Though slightly dated 
and highly descriptive, it raises several points of 
particular interest to new PC users. For more ad- 
vanced users, Williams’s’66 comprehensive review is 
recommended, and Field’s article’67 is more technical 
but of limited scope. Howson’” describes how to use 
PEEK and POKE commands on the PC and also 
develops subroutines ‘69 which transfer the parameters 
of a BASIC program into the BIOS (basic 
input/output system) and store BIOS results in 
memory. 

There are over 20 books which describe the PC’s 
hardware and operating system and provide “how- 
to” information. Also the well-written PC technical 
manual is a source of detailed hardware information. 
Ashton-Tate’s IBM PC Reference Encyclopedia,‘70 
updated twice a year, is a two-volume work that does 
not quite seem to live up to expectation. DeVoney’s”’ 
and Lewis’s”’ books offer a survey of the PC and are 
well suited to beginners. Several books are useful to 
the experienced user.‘73-‘76 Works explaining the intri- 
cacies of the PC’s Assembly language’77-‘79 and of 
interfacing’80~‘8’ have also been published. 

Understanding the PC’s operating system 
(PC-DOS) results in improved programming 
efficiency. King’82 explains in detail how to use 
PC-DOS. Field”’ briefly discusses PC-DOS 2.00 
(IBM’s version of MS-DOS 2.00) and explains why 
device drivers are important and how they work on 
the PC; Archer7 presents PC-DOS 2.00 in conjunc- 
tion with the IBM XT. Microsoft’s MS-DOS is 
described in some detail by Peterson,‘w and LarsonIs 
discusses MS-DOS 2.00. Roscosis6 describes how to 
write device drivers for MS-DOS 2.00 and provides 

an example. Norton”’ provides an introduction to 
both MS-DOS and PC-DOS. Finally, Guzaitis’88 
briefly explains Concurrent CP/M. 

A personal computer’s ability to support several 
languages means that users may not have to be 
retrained in another language. BASIC, Pascal, FOR- 
TRAN, FORTH, APL and COBOL are some of the 
compilers available for the PC. Currently, mod- 
ula-2,‘8”93 and C language compilers are being intro- 
duced at an accelerated rate. Whether modula-2 will 
replace Pascal still remains to be seen.‘% 

The virtues of the C language have been discussed 
elsewhere.‘95 Phraner ‘% in an interesting article, com- 
pares nine C compilers for the PC. Houston et a1.19’ 
compare several C compilers for CP/M-86, Kern19’ 
compares five C compilers for CP/M-80, and Clark’% 
compares two recent versions of C for CP/M-80. 
Despite such developments and the fact that it has 
become rather fashionable to denigrate BASIC, most 
of today’s software for microcomputers is still written 
in BASIC. 

Artificial intelligence (AI) is probably the most 
controversial area in computer science. Intelligent 
supercomputers and Japan’s “Fifth Generation Com- 
puter Project”, the “Japanese Computer Sputnik”, 
are being widely publicized, from scientific journals 
to the popular press. An added reason for this 
popularity is the commercial availability of tools for 
the development of AI-based software on micro- 
computers: Prolog”” and Lisp20’-203 compilers are 
currently available for the PC. Wang”“’ reviews 
three Lisp implementations for the PC, and the 
Tk!soIver,2a5~206 an expert system in the area of 
numerical-problem solving, is implemented in a Lisp- 
like language. Without a doubt, AI software and 
AI-based expert systems will become increasingly 
important in the analytical laboratory. 

Several attempts, besides the AI main-stream, have 
also been made in order to provide a framework for 
PC-assisted problem-solving in specific areas. 
SPSS/PC’Q’ is a menu-driven PC-version of the 
SPSS-X mainframe statistical analysis and data- 
management package. A PC or XT with 320 kbytes 
of RAM, a hard disk and an 8087 are necessary. 
Thinktank,ZOssMg a self-proclaimed idea-processor, is 
nothing but a word processor with data-base man- 
agement capabilities which can be used as an out- 
lining and organizing tool. Finally, the Lab Manage- 
ment System ‘lo is specifically designed for use in the 
analytical laboratory. It offers data-base manage- 
ment, statistical analysis of results, and report- 
generation. 

Magazines 

PC Magazine,‘63 an independent guide to IBMs 
personal computers, features low-level articles on 
hardware, software, communications, and applica- 
tions. Regular columns include news, product an- 
nouncements and the “PC Blue Book”, a short guide 
to PC suppliers and services. PC World2” also fea- 
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tures low-level articles, news and product announce- 
ments and the “PC World Directory”, which con- 
tains listings of PC-related services and products. 
Beginning with the March 1984 issue, the PC World 
also includes the PCjr World, a detachable supple- 
ment devoted to the PCjr. The PC Tech Journal2’z is 
aimed at sophisticated programmers and users who 
want to develop special interfaces for the PC. Some 
of its articles are quite advanced. 

Softalk for the IBM PC”’ provides information on 
hardware, software and applications. It also includes 
tutorials and software reviews. Personal Computer 
Age214 features general interest articles on hardware, 
software and peripherals. PC Disk Magazine”* offers 
ready-to-run general interest programs for the PC. 
Each issue is accompanied by a floppy disk and a 
user’s manual. Two IBM-specific electronic maga- 
zines, the IBM PC Gazette and Real Times Magazine 
are available in The Source.2’6 Finally, several other 
microcomputer magazines and trade journals feature 
PC-related articles; they include Creative 
Computing2” and Byte.lM 

Product directories 

The most important advantage offered by a multi- 
plicity of vendors, besides lower cost, is that both the 
instrument manufacturer and the end-user do not 
have to waste their efforts “re-inventing the wheel”. 
Such competition, however, appears to be a mixed 
blessing when it comes to finding out what is com- 
mercially available. The answer to this question 
comes in the form of product directories. 

Znfosource fir the IBM PC:18 for example, is a 
monthly publication providing information about 
new PC-compatible hardware, software and acces- 
sories. The Buyers Guide for the IBM PC2’9 is a 
short-form catalogue published every six weeks. PC: 
The Product Directory2” is a bi-annual publication 
describing PC-compatible hardware, software, and 
peripherals. Vanloves CPIM and PC Software 
Directory ‘~0 is an annual publication which offers 
software information of interest to CP/M and PC 
users. The Directory of Independent IBM PC Hard- 
ware and Software2” contains descriptions and evalu- 
ations of more than 400 PC-compatible products. 
The Book of IBM Software 1984222 claims to be “the 
first consumers’ guide to IBM PC/XT and compatible 
software”. Programs included are graded on an A-F 
scale according to several criteria such as ease of use, 
visual appeal, reliability, and error handling. Several 
programs for IBM PC-compatible equipment are also 
reviewed and rated. 

The PC Buyers Guide,223 collated by the publishers 
of PC Magazine, offers over 500 pages of PC- 
compatible hardware, software and accessories. The 
1983/1984 PC World Annual Software Review, col- 
lated by the publishers of PC World,2” provides short 
descriptions of more than 1200 software packages. 
Programs in this 480-page edition are listed under 
two general classifications (system software and ap- 

plications software), which are further subdivided 
into several categories. The Software Guide for the 
IBM PC/XT,z24 which is updated four times a year, 
is a IOOO-page publication describing PC-compatible 
software. The Ratings Newsletter,22s published ten 
times a year, compares and rates PC-compatible 
software. The Electronic Catalog for IBM PC Own- 
ers,226 is a $-in. single-sided floppy disk that provides 
access to menu-driven information concerning a wide 
range of PC-compatible hardware, software and ac- 
cessories. 

Finally, current issues of microcomputer maga- 
zines, especially those exclusively devoted to the IBM 
PC, can serve as further sources of information 
concerning new IBM PC-compatible hardware or 
software. 

COMMENTS 

The IBM Personal Computer’s backplane has be- 
come a de facto industry standard, as demonstrated 
by the number of other vendors marketing PC- 
compatible peripheral boards and software packages. 
Moreover, millions of PCs have been sold world- 
wide and the PC is currently outselling the Apple 
IIe. 

The PC has helped establish Intel’s 8086/8088 
family as a standard personal-computer micro- 
processor. Although the 8088 is a fully modern 
8/16-bit design, IBM did not go far enough in 
selecting a microprocessor for the PC family. Though 
it has been suggested that microprocessors will skip 
a generation or two and will directly move from 8- to 
32-bits, IBM’s choice along with Apple’s MC68000 
choice suggests that the evolution toward 32-bit data 
paths will be more gradual. 

With the exception of the S/370 boards for the XT, 
there are no innovative concepts introduced by the 
PC family, and “technological elegance is an appar- 
ent irrelevance on the PC”. Fastie227 in the first issue 
of the PC Tech Journal, concludes that the PC is 
neither a sophisticated nor an advanced system. 
Could millions of PC users be wrong?” There is no 
doubt that the PC’s name plate has played a vital role 
in its success. The growing list of PC imitators 
suggests that the PC will represent the standard 
personal-computer architecture for some time to 
come, but it also suggests that this influence in the 
personal computer community is “stifling innovation 
because so many companies are mimicking Big 
Blue”. 

Personal computers become successful not only 
because of their hardware features, but mostly be- 
cause of the software available for them. There are 
approximately 2000 application programs running 
under PC-DOS,&2 which favourably compares with 
the more than 3000 software packages available for 
Apple II. Most of the new applications software is 
being written for the IBM PC. To widen further the 
PC’s applications-software base, IBM has set up a 
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Personal Computer Software DepartmentZZa which 
accepts user-written software and markets it on a 
royalty basis. IBM’s software contracts, however, do 
not seem to be very appealing to many authors.22g 

Cashing in on the PC’s success, several companies 
offer personal computers that are “a little better and 
a little cheaper” but essentially the same as the PC. 
Giant companies such as Sperry (Sperry PC: 
7.16-MHz, 8088-based), ITT (ITT XTra: 7.16-MHz, 
8088-based), Tandy (Tandy 2000: ~-MHZ, 
80186-based) and Texas Instruments (T.I. Profes- 
sional: ~-MHZ, 8088-based) also offer personal com- 
puters running under MS-DOS Imitations of the 
IBM PC may provide a cheaper alternative for the 
same computing power, but that is not to say that 
they are recommended, only that they can be consid- 
ered as an alternative. 

NOTE ADDED IN PROOF 

A brief update of developments since this paper 
was first written is presented in the following. Al- 
though this is by no means complete, it will aid the 
interested reader in keeping abreast of developments 
in the IBM PC family of personal computers. IBM’ 
have released extensive colour-graphics hardware and 
software, a host of data-acquisition boards and a 
network for the PC. Haugdah12M offers an updated 
review of Local Area Networks for the PC. IBM’ have 
also released the AT (Advanced Technology), a 
~-MHZ, 80286-based personal computer. The Decem- 
ber 1984 issue of PC Tech Journa1212 includes several 
articles describing the AT. Also Byte magazine has 
devoted a special issue to the IBM PC family.23’ 

In software-related developments, Macmillan Soft- 
ware co.232 have released the ASYST, a scientific 
software package which integrates data-acquisition, 
data-processing (i.e., curve-fitting, least-squares, con- 
volution, integration, differentiation, smoothing, fast 
Fourier transform) and data-display capabilities. 
Laboratory Technologies Corp’s233 Notebook takes a 
similar approach to software design for scientific 
applications. This general-purpose menu-driven pro- 
gram supports several commercially available data- 
acquisition boards and subsystems, and easily inte- 
grates with Lotus’s l-2-3 or Symphony.“4 It offers 
real-time data-acquisition, control and graphics data- 
display and can handle both foreground and back- 
ground tasks. Some of its other functions include fast 
Fourier transform, curve-fitting, statistics, data-base 
management and report-generation. This type of 
software is expected to increase the performance of 
analytical instrumentation while reducing the tedium 
of software development. 
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Summary--Tributyltin in sea-water is preconcentrated by extraction into toluene and determined by 
enhanced graphite-furnace atomic-absorption (GFAAS) at ultratrace concentrations (as low as 1.0 pg/l.) 
equal to or lower than the toxic limits for aquatic organotins. Toluene is preferred to MIBK, chloroform 
or hexane as the solvent. Sea salts, in concentrations as low as O.l%, critically interfere with GFAAS tin 
determinations, and must be removed by washing the extract with demineralized water. Signal enhance- 
ment effected by inserting L’vov platforms in the graphite furnace tubes or by adding ammonium 
dichromate to the analyte solution is nearly additive when both methods of enhancement are combined. 

The determination of organotin species in sea-water 
at trace and ultratrace concentrations (from ng/ml to 
pg/ml) is becoming increasingly important as man- 
made sources of organotins increase in quantity 
relative to natural sources.’ 

Antifouling paints incorporating the toxic tributyl- 
tin moiety are finding widespread and increasing 
usage on ocean-going ships, buoys, and wooden 
pilings for long-term protection from marine micro- 
organisms.2A 

Tributyltin compounds mixed with elastomers also 
serve as molluscicides, notably for the control of 
tropical parasites.’ From an engineering standpoint, 
control of the kinetics and mechanisms by which 
organotins are released into saline waters is needed, 
in order to generate criteria for the performance and 
durability of such materials, as well as to evaluate the 
environmental impact of the species released. The 
solubility of the major organotin biocides, tributyltin 
chloride (TBTC) or tributyltin oxide (TBTO), in 
sea-water is about 10 pg/ml or less. This concen- 
tration far exceeds the toxic levels of the bioactive 
solvated tributyltin cation produced from either com- 
pound.6 Consequently, reliable analytical data at 
ng/ml levels are necessary to characterize early- 
release rates from commercial “sustained-release” 
materials containing organotins. The concentration 
range of environmental importance extends below the 
ng/ml level, since certain non-target marine species 
are sensitive to tributyltin in concentrations of 
0.6-1.5 ng/ml.4 

*Portions of this work were presented at the 186th National 
Meeting of the American Chemical Society, Washing- 
ton, D.C., 28 August-2 September 1983, paper ANYL 
095. Contributions from the National Bureau of 
Standards are not subject to copyright. 

All such studies have been hampered by the 
difficulty of determining heavy metals in saline waters 
at very low concentrations,6 and these problems 
are exacerbated by the volatility and unusual 
decomposition behaviour of organometallics during 
analysis.’ Graphite-furnace atomic-absorption spec- 
troscopy (GFAAS) has the specificity and sensitivity 
needed to determine nanograms of tin in either 
organic solutions or in demineralized water,’ but 
suffers sensitivity losses when the sample matrix 
contains salts. Moreover, special precautions may be 
required for reducing tin volatilization during the 
atomization procedure. Attempts to determine tin in 
sea-water by alternative methods gave highly erratic 
results, with apparent recoveries ranging from 50% to 
over 300% under the same experimental conditions, 
when applied to organic extracts from sea-water 
spiked with organotin at ng/ml level.4 

Our results presented here spring from two novel 
developments. We have increased the sensitivity of 
GFAAS for organotins by chemical enhancement of 
the tin-specific GFAAS signal,* and have demon- 
strated the critical importance of removing salts, even 
at pg/ml levels, from the organic extract before 
measurement by GFAAS. 

The extraction procedure described here is a 
sensitive method for determination of the levels 
of extractable tin compounds present in aqueous 
saline samples. As current analytical interest centres 
on the toxic tributyltin cation and its degradation 
products, di- and monobutyltin, efforts have been 
made to optimize the recovery of these species. 
However, to realize maximum information from 
samples showing the presence of tin, further analysis 
by a method designed for speciation of tin 
compounds is required. 

633 
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EXPERIMENTAL” 

Instrumentation 
The graphite-furnace atomic-absorption spectrophotom- 

eter svstem used was a Perkin-Elmer Model 460 equipped 
with a tin EDL. A wavelength of 224.6 nm was u&l. 
Pyrolytically coated graphite-furnace tubes of two types 
were employed: regular tubes, and L’vov type tubes fitted 
with a graphite platform insert9 The GFAAS programme 
consisted of drying for 20 set at lOO”, charring with a 
temperature ramp from 100 to 1000” in 10 set, and atom- 
ization for 6.5 set at 2700”. The gas flow (argon, 400 
ml/min) was interrupted during atomization. 

The demineralized water (specific resistance greater than 
10 megohm-cm) was prepared with a Culligan reverse- 
osmosis Reagent Water System. Extraction of aqueous 
organotin solutions with organic solvent was performed 
either manually or with a high-speed mechanical mixer 
(Vortex Genie, Scientific Industries, Bohemia, NY 11716). 

Reagents 
Artificial sea-water with a salinity of about 36 g/kg and 

dilutions thereof, were prepared from demineralized water 
and salts of reagent-grade purity in the molar concen- 
trations: NaCl, 0.4106; MgCl,, 0.0298; MgSO,, 0.0284; KC], 
0.0093.“’ Natural estuarine water exhibits a considerable 
range of salinity. Measurements made in Chesapeake Bay 
showed that the salinity ranges from virtually open-ocean 
levels at the southern mouth of the Bay to only l-2 g/kg at 
the northern end where the major fresh water influx occurs. 
Consequently, a sequence of diluted salt solutions, with the 
concentrations indicated in Fig. 1, was used to evaluate 
more realistically the estuarine salt concentration effects on 
the GFAAS background signal intensity. 

All organic solvents were obtained commercially and were 
of reagent-grade purity, or better. Reagent grade ammo- 
nium dichromate dissolved in demineralized water was used 
for enhancement of GFAAS signals. Tributyltin chloride 
and dibutyhin dichloride (Alfa Products, Danvers, MA 
01923) and monobutyltin trichloride (M & T Chemicals, 
Rahway, NJ 07065) were dissolved in “spectrograde” 
methanol at concentrations of approximately 1000 pg/ml 
and diluted with various solvents to provide organotin 
solutions of known concentration. 

Samples 
Samples of relatively uncontaminated Chesapeake Bay 

water were obtained at flood tide at a point near the centre 
of the Bay off the mouth of the Choptank River, from a 
depth of 6 m, by submerging acid-cleaned (10% nitric acid 
warmed overnight at 60”) Pyrex glass bottles from which the 
stoppers were removed at the measured depth.” Additional 
samples of estuarine water were obtained similarly at a 
depth of 1 m from the Inner Harbor area of Baltimore, 
Maryland, a water area of dense ship and motorboat tragic, 
also affected by urban-industrial waste-water. 

To prepare samples spiked with organotin species at the 
desired concentrations, 50 ~1 of a methanolic organotin 
solution (1 g/l.) was diluted to a total volume of 50 ml to 
give a I-pg/ml solution. Aliquots of the latter solution were 
added to specific volumes of solvents to provide the lower 
concentrations of organotin, e.g., 400 ~1 added to 400 ml of 
sea-water provided reliable spiked solutions containing tin 
at 1 ng/ml concentration. Several measurements of or- 

*Certain commercial equipment or material is identified in 
this paper in order to specify adequately the experi- 
mental procedure. In no case does such identification 
imply recommendation or endorsement by the National 
Bureau of Standards, nor does it imply that the material 
or equipment identified is necessarily the best available 
for the purpose. 

ganotin in demineralized water were made with and without 
extraction of the organotin species. 

The saline solutions containing tin at 1 pg/ml concen- 
tration were prepared fresh each day. From such solutions, 
extraction of triorganotin into an aromatic solvent (ben- 
zene) is almost complete, and the aqueous solutions of 
Bu,Sn+ and Bu,SnZ+ are stable over a period of several 
weeks.‘* Spiked samples of much lower tin concentration 
were usually extracted within a few minutes after addition 
of the organotin. For comparison of recovery from sea- 
water by toluene extraction, tri-, di-, and monobutyltin 
species (4 ng/ml) were extracted individually from 50-m] 
portions of artificial sea-water. Determinations were nor- 
mally completed within 15 min of doing the extraction. 

Extraction 

The extraction procedure used depended on the concen- 
tration of the organotin. For the range O-l ng/ml, 400 ml 
of sea-water were vigorously shaken manually with 2 ml of 
toluene in a 500-ml separatory funnel for 5 min, and allowed 
to stand for at least 10 min before all but 10 ml of the 
aqueous phase was drained off. The organic phase and the 
small amount of aqueous solution retained were transferred 
to a smaller (30-m]) separatory funnel, for removal of the 
remaining sea-water by washing the organic phase three 
times with 6-ml portions of demineralized water. For or- 
ganotin concentrations in the range O-50 ng/ml, or higher, 
the high-speed mechanical mixer was used to extract smaller 
portions of solution with toluene, with 3 cycles of vigorous 
mixing (1 min) and standing (30 set), before separation and 
washing of the organic phase. 

Atomic-absorption (AA) measurements 
For AA measurements, 20-p] aliquots were transferred 

automatically by a Perkin-Elmer AS-l Autosampler from 
polyethylene cups into the graphite furnace. The optimized 
atomization programme was used. To each cup was added 
0.1 ml of O.lM ammonium dichromate in water, 0.6 ml of 
2-propanol and 0.3 ml of toluene extract, resulting in a 
single-phase solution with a final dichromate concentration 
of O.OlM. For each concentration measured, 6 replicate AA 
measurements were made and the mean standard deviation 
is reported. 

RESULTS AND DISCUSSION 

Chemical enhancement 

Figure 1 illustrates the effect of signal enhancement 
on detection of tributyltin in demineralized water by 
GFAAS. Ammonium dichromate is introduced into 
the furnace, together with analyte, in a single 20-p] 
aliquot. The GFAA signal intensity is a linear func- 
tion of the tributyltin concentration for solutions 
containing between 0 and 5 ng of tin per aliquot in 
solutions O.OlM in ammonium dichromate. How- 
ever, Beer’s law is not obeyed at the higher organotin 
concentrations. The diminishing molar ratio of di- 
chromate to tin may partially account for the devi- 
ation from linearity.* However, the range of or- 
ganotin concentrations of interest in the present work 
requires measurement of less than 2 ng of tin, well 
within the linear range for tributyltin in demin- 
eralized water. 

Background interference in the direct deter- 
mination of heavy metals, including tin, in sea-water 
has necessitated inclusion of a variety of separation 
procedures in other methods: electrochemical deposi- 
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Fig. 1. GFAAS detection of tributyltin in demineralized 
water with and without chemical enhancement. Samples 
were prepared by diluting methanol stock solution (1 &ml) 
with water. Numbers along the abscissa represent quantities 
of atomized tin. Linear portion of the curve calculated 
between 0.0 and 5.0 ng (I = correlation coefficient; 

m = slope, PV. sec. ng-‘; b = intercept, PV. WC). 

tion of metals on refractory materials capable of 
withstanding high temperatures, followed by the vol- 
atilization of analytes for atomic-absorption spec- 
troscopy;‘3 solvent extraction processes aided’2*‘4.” or 
not aided’5*‘6 by complexation; and volatilization of 
organotin compounds as their hydrides or alkyls.” 
Blair et a/.‘* attempted to determine tin at pg/ml 
levels directly in samples of artificial sea-water during 
a kinetic, controlled-release experiment in which 
wooden piles impregnated with tributyltin and meth- 
acrylate polymer released the tributyltin moiety over 
a period of several days. However, they noted low 
precision for replicate determinations and poor cor- 
relations of tin concentration with time. Ward et al4 
measured 14C TBTO radiometrically over a period of 
58 days in sea-water containing test fish, but there 
was unexplained scatter in their results, which ranged 
from 45 to 300% of the nominal concentrations. 

In view of the successful GFAA enhancement 
methods discovered for lead and tin,* we decided to 
investigate whether sea salts would also interfere in 
the detection of tin in the presence of ammonium 
dichromate as enhancing agent. 

In the absence of dichromate ions, the slope cor- 
relating GFAAS signal with tin content in demin- 
eralized water (Fig. 1) exceeds by a factor of three 
that for tin in sea-water (Fig. 2). With dichromate, no 
enhancement at all is obtained in the presence of sea 
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Fig. 2. Interference by sea salts in tin-specific GFAAS of 
varied concentrations of tin (r, m and b have same meanings 

as in Fig. 1). 

salts. The apparently negative slope is probably an 
artifact of the high intercept and poor linear cor- 
relation. 

Figure 3 illustrates the suppression of the GFAAS 
signal caused by increasing concentrations of sea salts 
when the organotin concentration is held constant at 
20 ng per 20-~1 aliquot, and the total salt concen- 
tration is increased from 0 to 36.7 mg/ml (O-734 pg 
per 20-~1 aliquot). In the absence of added salts, the 
GFAAS signal intensity for tin is enhanced by di- 
chromate by a factor of seven. The salts suppress the 
GFAAS signal intensity much more strongly in the 
absence of dichromate. As a net result, the enhance- 
ment factor increases to about 15 for a salt concen- 
tration of 0.03 mg/ml (0.6 mg per 20-,ul aliquot). 
Thus, as little as 0.01% of the salt concentration 
typical of sea-water is sufficient to cause maximum 

r 

Not enhanced 

Salt concentration (g/I. 1 

Fig. 3. Suppression of tin-specific GFAAS by sea salts. Tin 
concentration: 1 pglml(20 ng per specimen atomized). Salt 
concentration varied up to 36 g/kg (typical of sea-water). 
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Table 1. Determination of tin as Bu,SnCl in demineralized water by 
GFAAS 

Conditions 

Regular GFAA tube 
without dichromate 
with dichromate* 

L’vov tube 
without dichromate 

Detection 
Slope,t Intercept, limit, 

pV.sec.ng-’ pV.sec ng 

2030 650 0.41 
5550 1470 0.28 

3790 810 0.25 
with &chromate* 6800 1370 0.34 

*O.Ol M (NH&Cr,O,. 
TRange O-20 ng of tin. 

suppression of the tin signal in the absence of dichro- 
mate. 

We may infer from these results that dichromate 
ions prevent the formation of volatile tin species at 
temperatures below that of atomization, but the 
molecular process is unclear. As the tin : chlorine ratio 
is about 1:25 at the point of maximum suppression, 
no simple chemical mechanism or direct stoichi- 
ometry between tin and chloride concentrations pro- 
moting formation of volatile species such as SnCI, 
can be deduced. The progressive suppression of the 
GFAAS signal with increasing salt concentrations in 
the presence of dichromate may indicate competition 
for tin between dichromate ions and, probably, 
chloride. Alternatively, chromyl chloride may be 
formed and volatilized, which would decrease the 
amount of dichromate available for enhancement 
purposes. In either case, it is critically important in 
organotin determinations to separate the covalent 
tin-bearing species from the chlorides in sea-water. 

PhysicaI enhancement 

A recent development in GFAAS involves in- 
serting graphite platforms, usually referred to as L'VOV 
platforms, into the conventional furnace tubes. 
Analyte volatilization is thus delayed because the 
elevated platform reaches maximum temperature 
somewhat more slowly than the furnace tube itself, 
and the probability that analyte will be volatilized 
before the absorption signal is measured is 
significantly diminished. The utility for determination 
of low-boiling covalent compounds, typified by or- 
ganometallics is obvious. L’vov has reported an 
enhancement factor of two or three for lead, man- 
ganese and cadmium when platforms are used instead 
of ordinary pyrolytically coated furnace tubes.’ Our 
results summarized in Table 1 demonstrate for tribu- 
tyltin species in demineralized water a signal enhance- 
ment of 1.9 attributable to use of the L’vov platform. 
Dichromate provides even greater enhancement, with 
or without the platform, and the enhancement effects 
of both platform and dichromate when these are used 
together are approximately additive. Consequently, 
the minimum detectable concentration of tin in water 
is lowest for the combination of L’vov platform and 
enhancing agent. We cannot affirm whether or not 

relative enhancements for other specific organotin 
compounds, and other organometallics for that 
matter, will be as satisfactory, since preliminary 
results for a series of organotins indicate individual 
differences.8 

Reduction of interference in the direct deter- 
mination of metals in sea-water when L’vov tubes are 
employed has been reported.‘9*20 However, our at- 
tempts to determine tin as tributyltin species in 
sea-water, by using L’vov tubes, with and without 
dichromate, gave highly erratic results, with frequent 
electrical shorting of the graphite furnace tubes owing 
to copious deposition of sea salts. The technique was 
therefore abandoned in favour of an improved ex- 
traction procedure. 

Extraction coupled with enhancement 

Table 2 summarizes a comparison of the effec- 
tiveness of several organic solvents for the extraction 
of tributyltin in quantities ranging from 0.0 to 0.8 ng 
per 20-~1 GFAAS aliquot and concentrations of 
O-40 pg/l. in sea-water. A relatively weak AA re- 
sponse is obtained for the organotin dissolved in 
chloroform, again suggesting that a volatile tin 
chloride is the product thermally favoured and lost 
during the atomization cycle. Although tin in 
n-hexane generates a much stronger GFAAS signal, 
n-hexane extracts only about 50% of the amount of 
organotin dissolved in the sea-water. Methyl isobutyl 

Table 2. Comparison of solvents for extraction of tribu- 
tyltin from sea-water 

Slope, Intercept, 
Solvent pV. see. ng-’ pV. set r* 

Hexane 
Solution 11.12 x 103 43 0.997 
Extract 5.20 x 10’ 570 0.885 

CHCl, 
Solution 6.19 x lo3 76 0.986 

MIBK 
Solution 11.10 x 10’ 715 0.993 
Extract 13.90 x 103 500 0.965 

Toluene 
Solution 13.50 x 10’ 980 0.994 
Extract 11.10 x 10’ 560 0.973 

*Correlation coefficient. 
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Fig. 4. Determination, by enhanced GFAAS, of tributyltin 
in spiked artificial sea-water in the range O-40 ng/ml. 

ketone (MIBK) is a much more effective extractant 
than hexane, but it forms a partial emulsion with 
sea-water, so phase separation is slow and incom- 
plete. Toluene extracts 83% or more of tributyltin 
added to sea-water, with rapid separation and no 
apparent emulsification. 

Figures 4 and 5 present results for the deter- 
mination of tin in toluene and in toluene extracts 
from artificial sea-water, performed on successive 
days. To the artificial sea-water were added quantities 
of tributyltin sufficient to give the same concen- 
trations of extracted tin as in the toluene control 
solutions, provided that extraction was 100% 
efficient. The volume of sea-water was varied to give 
concentrations of tin in the ranges O-l or O-40 pg/l. 
The results show the effectiveness of the procedure 
for both extracting trace amounts of tributyltin and 
removing interference by sea salts. The recovery 
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Fig. 5. Determination, by enhanced GFAAS, of tributyltin 
in spiked artificial sea-water in the range O-l ng/ml. 

of 90% for tin in the range O-40 pg/l. is slightly 
greater than that (77%) for tin in the range O-1 .O pg/l. 
(Table 3). The detection limit in ng, conservatively 
estimated2’ at the 95% confidence level, is approxi- 
mately the same for each range of tin concentrations 
in sea-water. For the lower range in sea-water, the 
lowest detectable tin concentration is 0.1 ng/ml. The 
extraction method coupled with the AA enhance- 
ments reported here appears suitable for environ- 
mental measurements of tributyltin as total tin. 

Environmental application 

Ward et aL4 reported a 21-day median lethal 
concentration (LC 50) of tributyltin for sheepshead 
minnows, a tin-sensitive aquatic organism, of 
0.64 f 0.23 ng/ml. Results of toxicity experiments 
conducted with larvae of other marine organisms 
(Table 4) show similar sensitivities to TBTO,** based 

Table 3. Detection of tin as tributyltin (0.0-1.5 ng) in control solution (toluene) and extracts of spiked 
artificial sea-water 

Sample 

Aqueous Detection limit 
concentration Organotin 

I 
95% (95% confidence), 

range,* range, t Slope, Confidence 
nglml W flV.sec.ng-’ r interval naEj nalmlt 

Toluene - 0.0-1.5 13.50 x 103 0.994 600 
Sea-water 0.0-1.0 0.0-1.5 9.13 x 1Or 0.985 1340 
Toluene - 0.0-1.5 12.10 x 103 0.996 370 
Sea-water 0.0-30.0 0.0-1.5 11.18 x 10” 0.966 1300 
Toluene - 0.0-1.5 14.90 x 10’ 0.999 1020 
Choptank water 0.0-1.0 0.0-1.5 9.59 x 103 0.969 2990 
Choptank water 0.0-50.0 0.0-I .5 11.15 x 103 0.998 780 

*Based on concentration and volume of spike solutions added to the water. 
‘IQuantity of tin introduced into GFAAS furnace per 20-p] aliquot. 
$In water sample. 
§In aliquot introduced into furnace. 

0.11 - 
0.15 0.13 
3.03 - 
0.13 4.33 
0.07 - 
0.31 0.26 
0.07 2.33 
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Table 4. Toxicity of TBTO to larvae of five marine organisms 

Species 
48-hr LCSO, 96-hr LC50, 

Common Name nglml nglml 

Crassostrea gigas Japanese oyster 1.6 
Mytilus edulis Blue mussel 23 1 
Crangon crangon Grass shrimp 6.5 1.5 
Carcinus maenas Shore crab 110 10 
Solea solea Flat fish 8.5 2.1 

on which a maximum allowable concentration of 0.64 
ng/ml for tributyltin in water in shipyards has been 

proposed. In view of the analytical sensitivity of the 
method described here, we chose to examine, for a 
first trial, estuarine samples from both pristine and 
polluted locations in the Chesapeake Bay. 

Similar sensitivities and detection levels were ob- 
tained for the determination of tributyltin dissolved 
in toluene and for the toluene extraction procedure 
applied to spiked samples of relatively clean bay 
water (Fig. 6, Table 3). With spikes in the lower 
concentration range of 0.0-1.0 ng/ml the detection 
limit (0.26 ng/ml) in clean bay water is only slightly 
higher than that for tin in artificial sea-water in the 
same range (Table 3) and is substantially lower than 
the toxic threshold of approximately 1 ng/ml sug- 
gested by the work of Ward et aL4 and of Thain.23 
Thus, the method should be useful for monitoring 
tributyltin concentrations in environmental samples 
of non-polluted sea-water. 

The results for the extraction of organotins from 
samples taken from Baltimore’s Inner Harbor are 
very different. We found a tan, oily emulsion in the 
toluene layer, which dissolved on dilution with two 
parts of 2-propanol to one part of the toluene extract, 
indicating the presence of a polar, organic pollutant 
in these waters. The lower curve in Fig. 6 displays the 
GFAAS response to samples of this water spiked 
with tributyltin chloride in the range 0.0-1.0 ng/ml. 
The slope indicates an apparent recovery of only 18% 
of the added tin; the detection limit of 0.67 ng/ml 
suggests that, with these samples, ammonium dichro- 
mate does not give any pronounced enhancement of 
the GFAAS signal. The high intercept probably 
indicates environmental tin contamination, as pre- 
viously noted for the area.24 These results underscore 
the difficulty inherent in ultratrace measurements on 
environmental samples. Even though the present 
method is capable of determination within the con- 
centration ranges significant for marine organisms, it 
may be limited by specific sampling-site conditions. 
Molecular speciation with complementary separatory 
strategies such as complexation with morin” and 
chromatographic techniques (size-exclusion chromat- 
ography or ion-exchange chromatography coupled 
with GFAAS) is critically important in order to 
resolve fully the true nature of the organotin species 
present. The degradation products of tributyltin chlo- 
ride in natural environments presumably include the 
much less toxic di-, and mono-butyltin species.25 As 

shown in Table 5, tin-specific GFAAS with dichro- 
mate enhancement gives signals of statistically equal 
intensity for these three organotin species in equal 
concentrations in toluene. Moreover, both dibutyltin 
and tributyltin are extracted from sea-water by tolu- 
ene with nearly 100% recovery at concentrations of 
around 4 ng/ml, and monobutyltin is extracted by 
toluene containing tropolone.25 The present results 
point the way to a unified HPLC technique for 
determination of all three species in saline waters. 

Conchsions 

Tributyltin in sea-water is detectable by GFAAS at 
concentrations as low as 0.1 ng/ml, following toluene 
extraction to separate the organotin species from 
interfering salts. The tin-specific GFAAS signal is 
strongly enhanced by dichromate ions in the absence 
of sea salts. In the absence of dichromate, the tin- 
specific GFAAS signal is totally suppressed by a 
0.2 pg/ml concentration of sea salts. In the presence 
of O.OlM dichromate, signal suppression by sea salts 
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Fig. 6. Determination, by enhanced GFAAS, of tributyltin 
in spiked samples of relatively clean (Choptank) and rela- 
tively polluted (Inner Harbor) estuarine water. The 
tin recoveries are: Choptank (0.0-1.0 ng/ml) 64 + 20%; 
Choptank (0.0-50.0 ng/ml), 75 If: 5%; Inner Harbor (0.0-l .O 

ng/ml), 18 k 9%. 
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Table 5. Extraction of Btr_,,Sn”+ from sea-water as determined by 
tin-snecific GFAAS enhanced bv Cr,O!- 

Organotin* 

_ _. 
GFAAS signals, mV. set 

Control Extractt 

5 s.d. f s.d. 

BuSn’+ 1.48 x 104 1.8 x 10’ 3.65 x 10’ 0.70 x lo-’ 
Bu,Sn*+ 1.20 x lo4 1.6 x 10’ 1.16 x 104 1.5 x 10” 
Bu,Sn + 1.67 x 104 3.5 x 10’ 1.70 x 104 1.4 x 103 
Bu,Sn 1.02 x 104 0.4 x 10’ 1.32 x IO” 1.3 x 10’ 

*0.6 ng per 20-~1 aliquot for GFAAS. 
t4 ng/ml, as tin. 
§Mean (2) and standard deviation (s.d.) for 5 determinations. 

is much less pronounced but increases continuously Badran and F. M. Hilaly, 7th International Symposium 

with salt concentration up to the 35 mg/ml typically on Controlled Release of Bioactive Materials, Ft. 

found in sea-water. Lauderdale, FL, 1980, p. 141. 

Toluene is preferred to MIBK, chloroform or 
6. T. M. Florence and G. E. Bailey, Talanta, 1975,23, 179. 
7. F. E. Brinckman. W. R. Blair, K. L. Jewett and W. P. 

n-hexane as the extractant. MIBK forms an emulsion Iverson, J. Chromatog. Sci., 1977, 15, 493. 

with sea-water that only slowly separates into two 8. K. L. Jewett, C. S. Weiss and F. E. Brinckman, I83rd 

phases. Hexane extracts only about 50% of the National Meeting of the American Chemical Society, 

tributyltin present. Chloroform solutions of tribu- 
Division of Analytical Chemistry, Abstract No. 40. 28 

tyltin give a relatively weak GFAAS signal, which 
March-2 April 1982, Las Vegas, NV. 

9. B. V. L’vov. Soectrochim. Acta. 1978, 33B. 153. 
indicates that volatile tin-containing species form and 10. Department’of’ Microbiology, University of Maryland, 
are lost before atomization of the tin. College Park, MD, personal communication. 

Reportedly harmful concentration of tin (as tri- 11. J. A. Jackson. W. R. Blair, F. E. Brinckman and W. P. 

butyltin) in sea-water range from 0.6 ng/ml to the 
solubility limit of about 10 pg/ml. Thus, the present 
method is capable of determining tin within the 
significant concentration ranges, but may be limited 
by environmental factors. For example, heavy con- 
centrations of unknown oily substances in harbour 
waters heavily traversed by ship and motorboat 
traffic and receiving polluted run-off reduced the 
sensitivity and increased the limit of detection 
substantially above the 0.1 ng/ml level, which indi- 
cated the need for additional separatory strategies 
(complexation and/or chromatography) for polluted 
waters. 
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Iverson, Environ. Sci. Technol., 1982, 16, 110. 
H. A. Meinema, T. Burger-Wiersma, G. Versluis-de- 
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Summary-A discrete sample nebulization technique was employed to determine trace metals in nuclear 
grade zirconium and Zircaloy by flame atomic-absorption spectrometry. With 10% (w/v) sample solutions, 
detection limits for Cd, Cu, Mn, Ni, and Pb were 0.6, 2, 1, 3, and 10 pg/g. Micro standard-addition 
procedures and background correction were employed to minimize matrix interferences produced by the 
high salt content of the aspirated solutions. 

Zirconium alloys (Zircaloy) employed as cladding 
materials in nuclear power reactors must fulfil strict 
purity specifications. Numerous analytical pro- 
cedures have been developed to determine metallic 
contaminants present at the ppm and sub-ppm level.’ 
Atomic-emission spectrographic and spectrometric 
methods’-3 are commonly used for routine quality 
control in production plants. However, because of 
the relative nature of those techniques, based on cali- 
bration standards of known composition, indepen- 
dent determination procedures are necessary to main- 
tain adequate levels of accuracy. 

Methods for trace determination of calcium, cop- 
per, lithium, sodium and zinc in zirconium and its 
alloys by atomic-absorption spectrometry have been 
described by Elwell and Wood.’ For copper and 
sodium, these authors recommended standard- 
addition calibration, with direct nebulization of 20% 
(w/v) sample solutions, and background correction. 

Schlewitz and Shields4 used atomic absorption to 
determine chromium, copper, iron, nickel and tin in 
Zircaloy-2 and Zircaloy4. They investigated inter- 
ferences arising from the dissolution medium 
(hydrofluoric acid) and interelement effects between 
the analytes and the zirconium matrix. Solutions 
containing 1% (w/v) metal were nebulized directly. 
Only nickel and copper, of those elements deter- 
mined, were present at the ppm level. 

The present paper deals with the direct deter- 
mination of cadmium, copper, manganese, nickel and 
lead in zirconium and Zircaloy4 by flame atomic- 
absorption spectrometry. Because of the high salt 
content of the aspirated solutions (necessary to attain 
low detection limits) and because of the corrosive 
nature of the acids employed to dissolve zirconium- 
containing materials, a discrete sample nebulization 

*Author for correspondence. 

technique5 was investigated. Microstandard-addition6 
and background correction were used to minimize 
matrix interferences. 

EXPERIMENTAL 

Reagents and apparatus 

All chemicals and reagents were of analytical reagent 
grade. Demineralized water redistilled in quartz was used. 
Plastic or Teflon laboratory ware was used throughout. 

Stock analyte solutions (1 mg/ml) were Merck “Titrisol”. 
High-purity zirconium and various Zircaloy metals were 
used to prepare matrix solutions for background-absorption 
and interference studies. 

A model 82-500 Jarrell-Ash atomic-absorption and emis- 
sion spectrometer connected to a chart-recorder was em- 
ployed. The spectrometer was operated at maximum sensi- 
tivity with an air-acetylene flame (premix burner) and 
single-element hollow-cathode lamps. Analytical wave- 
lengths are listed in Table 1. Non-specific background 
absorption at or near the analyte wavelengths was measured 
by using non-absorbing lines from the hollow-cathode 
lamps or the continuum from a hydrogen discharge lamp. 

A Teflon microsampling cone (2 & diameter, 2& 
height, 1 cm deep), similar to that described bv Frv of 02.~ 

d - -d -- --. 

was employed to nebulizc small volumes of solutions (up 
to 250 ~1, measured with Eppcndorff micropipettes). 

Procedures 
Zirconium and Zircaloy-4 metal samples (5.0 g weighed 

to 1 mg) were dissolved in a mixture of 20 ml of hydro- 
chloric acid (1 + l), 10 ml of concentrated hydrofluoric acid 
and 2 ml of concentrated nitric acid, and finally diluted to 
50 ml with water. Teflon beakers and plastic standard flasks 
were used. Blank solutions were prepared with similar 
amounts of the acids. Sample and blank solutions were 
stored in plastic (Nalgene) bottles. 

Initial studies were made in order to optimize operating 
conditions, in particular the volume and flow-rate of the 
nebulized solutions and the response time of the spec- 
trometer recording system. The absorbance of a 2-pg/ml 
copper solution at 324.7 nm was measured as a function of 
the volume injected into the microsampling cone (20-250 
pl), for different rates of liquid aspiration (2.8, 3.7 and 5.1 
ml/min) and for two settings of the instrument damping 
control, corresponding to recorder full-scale response times 
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Table 1. Analytical tines and background correction procedures 

Element lamp and wavelength for 
Analytical line, background correction, 

Element nm nm 

cd 228.8 Cd 228.8’ 
cu 324.1 Cu 323.1 
Mn 219.5 H continuum 279.5 
Ni 232.0 Ni 231.4 
Pb 283.3 Pb 280.1 (or H continuum 283.3) 

*Background absorbance measured with a high-purity Zr solution 

of 2 and 4 set respectively. The absorbance when the same 
solution was continuously nebulized under the same oper- 
ating conditions was measured for comparison. 

The wavelength distribution of the non-specific absorp- 
tion was studied with the continuum from a hydrogen 
discharge lamp. The monochromator band-pass was set at 
0.8 nm. Absorbances were measured at 10 nm intervals 
between 200 and 350 nm for nebulization of 100-~1 volumes 
of loo/, (w/v) zirconium or Zircaloy solutions. 

To perform the analytical calibration, a trial run was 
required to give a preliminary estimate of the concentration 
of each element in the sample solution. The instrument was 
set to the optimized conditions and a 100~~1 portion of 
sample was pipetted into the microsampling cone and 
aspirated by inserting the plastic nebulizer capillary into the 
cone. The peak absorbance was recorded and compared, 
after background correction. with that obtained similarly 
for an aqueous standard analyte solution of suitable concen- 
tration. An approximate concentration of analyte in the 
sample solution was then estimated. 

Accurate calibration was subsequently performed for 
individual elements by a microstandard-addition procedure. 
A lo-p1 volume of water was pipetted into the cone, 
followed by 100 ~1 of sample solution delivered rapidly to 
ensure complete mixing, and the mixture was aspirated. At 
least three replicates were recorded at the analytical wave- 
length. The procedure was repeated with the same volume 
of sample and lo-p1 volumes of standard analyte solutions 
of increasing concentration. Usually, three calibration 
points were used. To correct the individual absorbances for 
non-specific absorption, a mean background absorbance 
was estimated at the appropriate wavelength (Table 1) by 

(0) 
0 

_ .o- 

A 

. 

averaging the data from replicate injections of water-sample 
solution mixtures. 

Background absorption for cadmium was estimated by 
measuring the absorbance of a lo”/, (w/v) solution of 
high-purity zirconium at the cadmium analytical line. A 
similar procedure was applied to the reagent blank solution 
in order to estimate any possible residual amount of analyte. 

Calibration points were fitted to a straight line by a 
least-squares procedure and confidence limits for the extrap- 
olated value were calculated by the method of Larsen et al.’ 

RESULTS AND DISCUSSION 

Optimization of sample volume injected 

When micro volumes of solutions are injected into 
premix burner systems, the atomic-absorption re- 
sponse signal increases until a plateau, which corre- 
sponds to the steady signal obtained by continuous 
nebulization, is eventually reached. 

Several operating parameters which are known to 
influence the shape of the absorbance vs. injected- 
volume curves were investigated in order to decide 
the minimum volume suitable for the determinations. 
The results of a study performed with a 2qg/ml 
copper solution can be summarized as follows. 

(i) An increase of about 8% in the measured peak 
absorbance was observed when the length of the 
plastic capillary was reduced from 23 to 3 cm. 

I (b) 

I? I I I I I ,, 1 

10x) 50 70 100 200 ant 

Nebulized volume I p I ) 
Fig. 1. Variation of absorbance with volume of sample nebulized, for recorder response times (a) 2 set 
(b) 4 set, and solution aspiration rates (A) 2.8 ml/min; (0) 3.7 ml/n&; (0) 5.1 ml/min. Sample solution: 

Cu 2 &ml in water: cont. means continuous nebulization. 
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(ii) Plots of absorbance vs. volume of sample 
injected, for variable solution aspiration rates, and 
response times (t,) of the signal recording system, are 
shown in Fig. 1. With the lower damping setting 
(t, = 2 set), a plateau (constant absorbance, 100% 
signal recovery) was reached for volumes larger than 
100 ~1 only when the solution aspiration rate was 
maintained at 2.8 ml/min. For the other two rates 
tested, the absorbance increased steadily with vol- 
umes up to 200 ~1, the signal recoveries for injected 
volumes of 200 /rl being 95 and 89% for aspiration 
flow-rates of 3.7 and 5.1 ml/min respectively. The 
highest peak absorbance values were obtained for 
injections of 200 ~1 at a solution aspiration rate 
of 3.7 ml/min. 

(iii) The relative standard deviation (rsd) of the 
peak absorbance measurements decreased as a func- 
tion of volume nebulized. For volumes greater than 
70 ~1, a constant rsd of about 2% was observed. 

On the basis of these experiments, we selected 
injection volumes of 100-200 ~1, the minimum damp- 
ing setting and a solution aspiration rate of 3.7 
ml/min for routine work. 

Matrix background interferences 

It is well known that non-specific background 
absorption interferences are found when solutions 
containing a relatively large amount of dissolved 
salts, i.e., more than 5% (w/v), are nebulized into an 
air-acetylene premixed flame.8*9 Such interferences, 
which are critical when the standard-addition tech- 
nique is to be used for calibration, are particularly 
severe for elements with analytical lines at short 
wavelengths. 

The same phenomenon was observed for the sys- 
tem under study because of the high matrix (zir- 
conium) concentration in the solutions to be anal- 
ysed. Background absorption was measured for 
zirconium and Zircaloy solutions at different wave- 
lengths, by use of a hydrogen continuum source. 
Results are shown in Fig. 2. For the wavelengths 
>220 nm the absorbance closely follows the inverse 
dependence on wavelength characteristic of Rayleigh 
scattering by solid particles in the light-beam. At 
shorter wavelengths the observed background ab- 
sorbance is anomalously low; no explanation has 
been found for this. It can be seen from Fig. 2 that 

0 06 c 

I , I I I I I I I 

220 240 260 280 300 320 340 360 

Wavelength (nm) 

Fig. 2. Variation of background absorbance with wave- 
length for 10% (w/v) solutions of (0) zirconium, (A) 

Zircaloy. Volume nebulized 100 ~1. 

background correction is also necessary at rather 
longer wavelengths such as 327.4 nm for copper 
determination. However, checks on background ab- 
sorbance at even longer wavelengths, made at 370.96 
nm (Ne) and 495.14 nm (Pr) with a praseodymium 
hollow-cathode lamp, showed negligible absorption, 
even when continuous nebulization was used. 

Signal to noise ratios were evaluated for back- 
ground absorbance measurements made at the anal- 
ytical wavelengths by using the hydrogen continuum 
source, and at nearby wavelengths by employing 
non-absorbing lines generated by the hollow-cathode 
lamps. Table 1 summarizes the analytical lines and 
background wavelengths which gave the best results. 
Average background absorbances agreeing within 
+ 5% for the two measurement methods (continuum 
and line-source) were obtained for all the analytes 
studied, with the exception of cadmium. 

A further investigation was made of the back- 
ground near the Cd 228.8 line. Absorbances at 228.8 
nm and 226.5 nm (non-absorbing line) were obtained 
for 10% (w/v) solutions of high-purity zirconium and 
Zircaloy-4 by means of the hollowcathode lamp, and 
the values compared with those obtained at 228.8 nm 
by using the hydrogen continuum. 

For both solutions the average absorbances mea- 
sured in the first case were 0.040 and 0.041 for the 
analytical and non-absorbing lines, respectively, and 
the value of 0.046 obtained with the hydrogen con- 

Table 2. Limits of detection 

Sample volume Detection limit 
injected, 

Element PI W Kzlg 

Cd 110 7 0.6 
cu 100 20 2 
Mn 120 12 1 
Ni 120 36 3 
Pb 110 110 10 

*For nuclear grade Zircaloy-4. 

Specification limit,* 
IGIg 

0.5 
50 
10 
70 

130 

TM.. 32/8A--E 
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Table 3. Analysis of zirconium and Zircaloy-4 reference samples: levels of trace metals @pm) 

Zirconium Zirealoy-4$ 

NBS 1210 X-868 NBS 1239 X-869 

Element NBS This work Wah-Chang NBS$ This work NBS This work Wah-Chang This work 

Cd n.r.* - 10.2 n.r. CO.6 nr. <0.6 <0.2 <0.6 
CU 107 9*2 83 60 74+13 30 35+4 36 33+3 
Mn 5 4+1 51 60 49*9 50 38 k 10 47 62&11 
Ni 8t 9+3 146 100 109k22 45 45* 13 88 46kll 
Pb n.r.* - 101 80 76k28 30 32+ 13 44 35 f 15 

*No reported values. 
tcertified values. 
§Samples NBS 1239 and Wah Chang X 869 are different cuts from the same original material. 
$Results reported under designation NBS 1238 for a different cut of the same original material. 

tinuum indicated a small but measurable over- analysed. Results are shown in Table 3, together with 
correction probably originating in extremely weak available concentration values (non-certified) re- 
zirconium absorption lines falling within the mono- ported by NBS and Wah-Chang. Analytical cali- 
chromator spectral band-pass. These results showed bration was done by the standard-addition method as 
the convenience of estimating the background by described and the precision was estimated for each 
using a high-purity zirconium solution of the same individual determination as the confidence limits 
concentration as the sample solutions, with mea- (95% probability) for the concentration value calcu- 
surement at the cadmium absorption line. It is worth lated by extrapolation. Agreement between the 
mentioning that this procedure could only be applied “official” values and those found is reasonable for 
successfully for cadmium determination because of some of the trace elements, but for others the 
the availability of zirconium materials containing differences seem to be significant, and might suggest 
very low concentrations of this element (less than 0.2 inhomogeneity of the sample from which the different 
pg/g, estimated by emission spectrography). subsamples were originally taken. 
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Summary-Determination of the degree of substitution, D.S., of purified sodium carboxymethylcellulose, 
CMC, by potentiometric titration has been studied. Different mathematical descriptions of the acid-base 
properties of polyelectrolytes were tested on the titration curve. It was found that the extended 
Henderson-Hasselbalch equation reproduced the measured data well. It was therefore used as a basis for 
evaluating D.S. by the simplex method. The influence of ionic strength, I, on the shape of the titration 
cnrve was investigated and the effect of I on the precision of the titrations was evaluated. The titrations 
showed a precision of kO.004 D.S.-units and the results were in agreement with those obtained from a 
dry-ashing method, within & 0.02 D.S.-units. The whole method, including preparation of solutions and 
titration, showed a precision of kO.01 D&units. 

Sodium carboxymethylcellulose is a bulk chemical CMC. Since polycarboxylic acids are fairly strong, 
with wide applications in the cellulose and food evaluation of the equivalence volume directly from 
industries, for instance. Its trade name is CMC or the titration curve can be expected to be imprecise. 
cellulose gum. By varying the length of the cellulose Numerical methods have been used to determine 
chain and the degree of substitution, D.S., CMC with equivalence volumes from titrations of low 
different properties can be obtained. The D.S. is molecular-weight acids and bases with unfavourable 
defined as the number of carboxymethyl groups per pK,-values.’ A numerical evaluation of the titration 
glucose unit. The highest theoretical value is 3, but curve of a polyelectrolyte might also be possible, if a 
for commercial products the D.S. is usually much sufficiently accurate mathematical description of the 
lower, 0.6-0.8. shape of the titration curve could be found. 

A number of methods for the determination of 
D.S. have been reported. In some of them CMC is 
quantitatively precipitated by multivalent metal ions: 
Cu2+,’ UO:+,2 or Pb2+.3 Two methods have been 
proposed by ASTM.4 One is based on a non-aqueous 
acid-base titration. In the other, CMC is first con- 
verted into the insoluble acid form, separated, and 
dissolved in an excess of sodium hydroxide, and 
finally the excess of base is determined. The D.S. can 
also be determined by conductometric titration,3.5 
colorimetryS and by infrared spectrophotometry.3 
The methods are applicable only to purified samples 
of CMC or include a purification step in the anal- 
ytical procedure. 

THEORY 

Equations for description of the acid-base proper- 
ties of polyelectrolytes have been proposed by Tan- 
ford.’ For a macromolecule with identical binding 
sites and electrostatic interaction between the sites, 
the following expression was derived. 

k = koeYi 

or, in logarithmic form, 

(1) 

CMC has been used as a model substance in studies 
of the acid-base properties of polyelectrolytes by the 
potentiometric titration technique, but the method 
has not been used for the determination of D.S. The 
slightly soluble acid form of CMC reacts slowly with 
added base and the shape of the titration curve is 
markedly affected by the speed of the titration.6 
Hence titration of the acid form cannot be used for 
any analytical purpose. The determination of D.S. 
must therefore be based on an acidimetric titration of 

In k = In k,, + yi (2) 

where k is the mean acidity constant of the sites at a 
particular ph, calculated in the usual way from ph 
(defined below) and the concentrations of dissociated 
and undissociated sites; i is the average charge of a 
site, and is proportional to the degree of dissociation, 
cc; y is a constant for a given fixed environment for 
the reaction, provided that the macromolecule does 
not change its conformation. In this equation Ink 
and i are both very sensitive to experimental errors; 
thus a linear evaluation of equation (2) requires that 
both Ink and d are weighted. 
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Another expression for description of the proto- a proper root, the value of P must not exceed a 
lytic properties of polyelectrolytes is the extended critical value given by 
Henderson-Hasselbalch eauation. which was nro- . 
posed by Katchalsky et al.; 

k-1 
Ph =pK?+n log[HAl (3) 

where [A-] and [HA] are the concentrations of 
dissociated and undissociated substituent, re- 
spectively, and can be found from knowledge of the 
total concentration of the substituent and [H+]; n is 
an empirical parameter which is equal to 1 for a low 
molecular-weight acid and larger than 1 for a poly- 
electrolyte. 

The ph, which is defined by ph = -log[H+], is 
measured by the glass electrode and calculated from 

E=E,+glOg[H+]+Ej (4) 

where E = measured potential (mV), g = @T/F) 
In 10 = 59.16 mV (at 25”), and E, = liquid-junction 
potential (mV). _I?, is an empirical function of [H+]: 
E, = K,,[H+]. Equation (3) can then be tested by 
plotting y = log([A-]/[HA]) against ph. The values 
of pK, and n should be evaluated by a weighted linear 
regression since the variance of y is dependent on ph. 
The following estimate of I* may be used in the 
weighting scheme. 

a*(Y) = {[H;;;_l} 
x ;:>$ (AV)* + (&>’ (LIE)*} (5) 

where [A]* is the total concentration of substituent, 
V, the initial volume, V the volume of added titrant 
of concentration Cu, and AV and AE are the esti- 
mated errors in the volume added and the potential, 
respectively. The influence of [OH-] was neglected in 
the derivation of equation (5). 

Equation (3) appears to be applicable only when 
no changes in conformation occur. If this is not the 
case, models using more parameters must be resorted 
to.10 

Equivalence volumes from injection points of titration 
curves obeying equation (3) 

If the titration curve has an inflection point, the 
condition d* (ph)/d V* = 0 must be fulfilled somewhere 
along the curve. At the points where the second 
derivative is zero the following relationship can be 
shown to be valid for the titration of a polybasic acid 
obeying equation (3). 

(1 - a)a”+’ 1 
an+’ + PnZ(l - ar-’ =T (6) 

As before, a is the degree of dissociation, P = KJC, 
and C, is the total concentration of acidic groups. 
The contributions from [OH-] and from dilution 
have been neglected in the derivation of equation (6). 
It can further be shown that for the equation to have 

P= &(n +3-~)2(J7G-n) 

For a low molecular-weight acid this value is l/27. 
For polymeric acids the limiting value of P is smaller 
because of the larger value of n. The difference 
between the inflection point and the equivalence 
point is shown in Table 1 for a few values of P and 
n. The data show that it is more difficult to evaluate 
a titration curve of a polymeric acid than of a 
monomeric one with the same acidity constant. 

Calculation of the equivalence volume, V,, from a 
titration curve obeying equation (3) 

The following relationship between the experi- 
mental quantities V and [H+], and the parameters K,, 
n and V,, can be derived from equation,(3) and the 
expressions for the total concentrations of substitu- 
ents and protons. 

G 
‘= ve(C,-[H+]){l +(K,/[H+I)““} 

vow+1 @) 
+C,-[H’] 

It can be fitted to the measured data by the simplex 
method.” The sum of squared residuals, 
U=~(V,,,- V,,c)2, is minimized. 

EXPERIMENTAL 

Chemicals 
The CMC used in the experiments was supplied by 

Billerud Uddeholm AB. Four types of CMC with different 
viscosities were titrated (see Table 2). The samples were 

Table 1. The difference, A, between the equivalence point 
and the inflection point of a titration curve, for some values 

of n and P = KJC.; @ = V/V, at the inflection point 

P 

10-r 0.964 0.849 3.6 15.1 
lo-’ 0.997 0.966 0.3 3.4 
1o-4 1.000 0.990 0.0 1.0 

Table 2. Viscosity for 2% 
solutions of CMC in water, 
according to specifications 

from the manufacturer 

Type 
of CMC 

uv 

LV 
MV 
HV 

Viscosity, 
CP* 

2&50 
90-200 

4W800 
12W2500 

*SI equivalent of the centi- 
poiseis IO-rN.sec.m-*. 
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,L 
‘0 

Volume (ml) 

Fig. 1. Titration curve for a CMC sample of type UV. The 
curve is calculated from equation (8) with parameters from 

the simplex optimization. V, = 4.20 ml and I = 0.20M. 

purified according to the method described below. The D.S. 
was determined by dry-ashing the CMC and titrating the 
resulting sodium carbonate with hydrochloric acid. 

All other chemicals were of p.a. grade. Potassium nitrate 
was recrystallized before use. Nitric acid solutions were 
prepared from the concentrated acid by dilution and stan- 
dardized against tris(hydroxymethyl)aminomethane. 

Purification of CMC 

The CMC samples had a specified purity of 97-99x. The 
main impurities were sodium chloride, glycollate and car- 
bonate. Carbonate was removed by treatment with acid. 
Then the sample was dissolved in sodium hydroxide solu- 
tion and small amounts of undissolved material were re- 
moved by centrifugation. The CMC was reprecipitated with 
ethanol and washed with 70% v/v ethanol on a glass filter. 
CMC has very low solubility in this solvent, whereas sodium 
chloride and glycollate are quite soluble. Washing was 
continued until chloride could not be detected in the wash- 
ings. Water was removed by washing with absolute ethanol 
and finally ether was passed through the CMC, which was 
then dried by sucking air through it. CMC is hygroscopic 
and the final product was equilibrated in a hygrostat to have 
a moisture content of about lOy& Glycollate and chloride 
ions could not be detected in the final product (i.e., less than 
0.05% of either was present). 
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Titrations 

The titrations were done with a laboratory-built auto- 
matic titrator. An Ingold type 201 glass electrode was used 
as indicator electrode and a Metrohm Ag/AgCl electrode as 
reference electrode. The salt bridge contained 3M potassium 
nitrate. The emf was measured with a digital voltmeter to 
*O.Ol mV. 

The titrations were performed in a constant ionic medium 
to keep the activity coefficients constant. Before each ti- 
tration the glass electrode was calibrated as follows. The 
ionic medium was titrated with 25.OOmM nitric acid to pH 
2. The parameters E,, and Kh in equation (4) were evaluated 
from a plot of E -g log[H+] as a function of [H+], with 
E, as the intercept and & as the slope of the straight line. 
It was found from these titrations that sodium chloride and 
nitrate, which are usually employed as ionic media, often 
contain acidic or alkaline impurities. Therefore potassium 
nitrate, which is easier to obtain pure, was used as the ionic 
medium in all experiments. 

CMC solutions (1 g/l.) were titrated with 25.OOmM nitric 
acid to pH 2. The experiments were done at 25.0”, with a 
protective atmosphere of nitrogen. 

RESULTS AND DISCUSSION 

The titration curve 

A typical titration curve of CMC is shown in Fig. 
1. No inflection point can be discerned visually and 
the equivalence volume must therefore be evaluated 
by a numerical method. To test the compatibility of 
our data with equations (2) and (3) the relevant 
quantities were calculated by using the values of D.S. 
obtained by the dry-ashing method (see experimental 
section). 

Figure 2 gives a plot of -log k versus a. The plot 
is linear over most of the range of a values, but 
substantial deviations occur at low LX. Since the 
calculated values of LY and k are very sensitive to 
experimental errors, it is difficult to decide whether or 
not Tanford’s equation fails to reproduce. the 
acid-base properties of CMC. No explicit expression 
can be obtained from equation (1) for either [H+] or 
V. This makes the equation less suitable as the basis 
for numerical evaluation of the equivalence volume 
and hence no attempt was made to use it for deter- 
mination of V,. 

The extended Henderson-Hasselbalch equation, 
equation (3), reproduces the data well in the range 

Fig. 2. Evaluation of a titration according to equation (2). [CMq = 1 g/l., D.S. = 0.79, I = 0.20,~. 
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log IAI/CHAI 

Fig. 3. Evaluation of a titration according to the extended 
Henderson-Hasselbalch equation. [CMC] = 1 g/l., D.S. = 

0.79, I = 0.20M. 

- 1 < log([A-]/[HA]) < 1, as demonstrated by Fig. 
3. Outside this interval the quotient [A-]/[HA], 
(where both concentrations are the experimental val- 
ues) becomes increasingly sensitive to errors in E and 
V. The good fit of the data to a straight line led to 
the use of equation (8) for evaluation of V, by the 
simplex method. 

As will be detailed later the values of n and K, in 
equation (3) are about 1.3 and 3 x 10e4M, re- 
spectively. With a CMC concentration of 1 g/l. and 
a D.S. of 0.8, the value of P in equation (6) becomes 
0.08. This P-value is larger than that given by 
equation (7) and shows that the titration curve has no 
inflection point, thus confirming the visual obser- 
vation. 

Influence of ionic strength on the titration curve 

The ionic strength, Z, affects the shape of the 
titration curve of a polyelectrolyte. The influence of 
Z on pK, and n has therefore been studied. The 
titrations were done with a CMC-sample of type UV 
with a D.S. of 0.79 and evaluated by weighted linear 
regression. The weights were calculated from equa- 
tion (5) with Al’= 0.01 ml and AE = 0.1 mV. 

The results are presented in Table 3. An increase in 
Z leads to a decrease in the values of n and p&, a 
result in agreement with other investigations.“*” An 
explanation of this behaviour has been given by 
Oosawa’4 in terms of the screening effect of the ions 

Table 3. The influence of the 
ionic strength, I, on pK, and n 
for a CMC sample of type UV; 

D.S. = 0.79, [CMC] = 1 g/l. 

I. mM PK, n 

500 3.37 1.17 
200 3.46 1.26 
100 3.55 1.34 

50 3.68 1.40 
25 3.82 1.43 
12 3.96 1.57 

from the low molecular-weight salt on the charges on 
the polyelectrolyte chain. As a consequence n will 
approach unity when Z rises, and pK, will decrease 
when the attraction of protons to the macromolecule 
is weakened. 

An evaluation has also been made of the effect of 
the ionic strength on the precision in the titrations. It 
was found that the results obtained in 0.1-0.2M 
potassium nitrate media best agreed with equation 
(3), yielding R*-values > 0.9998. For Z > 0.2M the 
solubility of CMC decreases, and at Z below 0.1 M the 
liquid-junction potentials are large and difficult to 
determine with high precision. Hence 0.2M potas- 
sium nitrate was chosen as medium for the deter- 
mination of D.S. by titration. 

Determination of D.S. by the simplex method 

The D.S. was found by fitting equation (8) to the 
titration data by the simplex method with K,, n and 
V, as the adjustable parameters. The values of D.S. 
obtained for the four different CMC-samples in- 
vestigated are presented in Table 4 and compared 
with the values obtained from the dry-ashing method. 
The difference between the two methods is less than 
f0.02 D.S. units. 

As shown by the results in Table 5, the values of 
K, and n obtained by the simplex method agree 
closely with those found by fitting the same titration 
data to equation (3) by weighted linear regression. In 
the latter calculations the D.S.-values from the dry- 
ashing method were used. The final result from the 
simplex optimization was independent of the starting 
values of the parameters. A bad initial guess merely 
results in many more iterations being required for the 
final values of K,, n and I’, to be reached. The method 
was, however, found to be very vulnerable to system- 
atic errors in the data, e.g., arising from poor cali- 
bration of the electrodes. 

Titrations of two different total concentrations of 
CMC, 1 g/l. and 2 g/l., indicated that the values of 
K,, n, and D.S. are independent of the total concen- 

Table 4. Determinations of D.S. for different types of CMC; 
I = 0.2M, [CMC] = 1 g/l. 

Type 
of CMC D.S. from dry-ashing D.S. from simplex 

uv 0.794 0.789 
LV 0.716 0.734 
MV 0.779 0.780 
HV 0.772 0.783 

Table 5. Comparison between values of pK, and n obtained 
by simplex optimization and bv weiahted linear reeression 

Type P% PK, n n 
of CMC (simplex) (lin. reg.) (simplex) (lin. reg.) 

uv 3.47 3.46 1.26 1.27 
LV 3.42 3.44 1.25 1.20 
MV 3.45 3.44 1.27 1.26 
HV 3.43 3.43 1.27 1.26 
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tration. The fit of the evaluation model to the mea- 
sured data can be seen in Fig. 1. The curve is 
calculated from equation (8) with parameters from 
the simplex optimization. 

The precision of the titrations was f0.004 D.S. 
units, and the precision for the whole method, includ- 
ing titration and preparation of solutions, was + 0.01 
D.S. units. The substantial increase in imprecision for 
the whole procedure is mainly due to the difficulties 
of handling and transferring CMC samples. The 
results show that potentiometric titration with sim- 
plex optimization to evaluate the titration curve is a 
feasible method for the determination of the D.S. of 
purified CMC samples with high precision. 
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SHORT COMMUNICATIONS 

COLORIMETRIC DETERMINATION OF TWO FENAMATES 
IN CAPSULE DOSAGE FORM 
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Faculty of Pharmacy, University of Alexandria, Alexandria, Egypt 
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Summary-The calorimetric determination of mefenamic acid and flufenamic acid with potassium 
ferricyanide in sodium hydroxide medium is described. The orange product is measured at 464 nm. The 
molar absorptivities are 1.9 x lo3 and 2.9 x 10’ 1 .mole-‘.cm-’ for mefenamic acid and flufenamic acid, 
respectively. The method has been applied successfully to the determination of these drugs in capsules. 

Mefenamic acid (2,3-xylyl-N-anthranilic acid) and 
flufenamic acid [(cr,cq-trifluoro-m-tolyl)-N-anth- 
ranilic acid] are potent non-steroidal analgesic and 
anti-inflammatory agents, extensively used in the 
management of rheumatoid arthritis. Titrimetric,‘~2 
spectrophotometric,35 colorimetric,6 and fluori- 
metric7-9 methods have been reported for the analysis 
of fenamate drugs. The official method” involves 
direct alkalimetric titration for the bulk drugs and 
capsule dosage forms. 

The purpose of this work is to describe a simple 
and accurate calorimetric method for the deter- 
mination of mefenamic acid and flufenamic acid by 
use of potassium ferricyanide in sodium hydroxide 
medium. The procedure has been applied to deter- 
mination of these drugs in capsules. 

Reagents 
EXPERIMENTAL 

Potassium ferricyanide solution, 1.5%. 
Sodium hydroxide solution, 0.2N and SM. 
Test substances. Authentic samples of mefenamic acid and 

flufenamic acid were obtained from Nile Pharmaceuticals, 
Cairo, Egypt. 

Standard solutions. A 20-mg portion of the drug (accu- 
rately weighed) was dissolved in 50 ml of ethanol and the 
solution made up to volume in a lOO-ml standard flask with 
distilled water. 

All chemicals and reagents used were of analytical- 
reagent grade. 

General procedure 
Transfer 1, 2, 3,4, S-ml portions of the standard solution 

into lo-ml standard flasks. Add to each flask 1 ml of 
potassium ferricyanide solution (by pipette), followed by 1 
ml of 0.2M sodium hydroxide for mefenamic acid or 1 ml 
of SM sodium hydroxide for flufenamic acid. Mix well, 
allow to stand for 3 min and dilute to volume with water. 
After 15 min, measure the absorbance at 464 nm, against a 
corresponding reagent blank. 

For capsules. Weigh accurately a quantity of the mixed 
contents of 20 capsules, equivalent to about 20 mg of the 
drug, and transfer it into a lOO-ml standard flask. Add 50 
ml of ethanol, shake for 20 min and make up to volume with 
water. Filter, transfer 5 ml of the filtrate into a N-ml 
standard flask and complete the assay by the general 
procedure. 

RESULTS 

Absorption spectra 

Figure 1 shows the absorption spectra of the 
reaction products of potassium ferricyanide with 
mefenamic acid and flufenamic acid and of potassium 
ferricyanide in alkaline medium. The orange product 
from the fenamates exhibits an absorption maximum 
at 464 nm, and the alkaline solution of ferricyanide 
displays only slight absorption at this wavelength. 
Ferrocyanide shows no absorption in 464nm region. 
Hence use. of a carefully measured constant volume 
of ferricyanide solution and measurement against a 
reagent blank gives a linear calibration graph for the 
fenamates. The similarity of &_CSj for both fenamate 
reaction products suggests indicates that the products 
formed have similar structures. 
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Fig. 1. Absorption spectra of the coloured products of: A, 
flufenamic acid; B, mefenamic acid; and C, reagent blank 
measured against distilled water. [Fenamate] = 100 pg/ml in 

each instance. 
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Fig. 2. Effect of alkalinity on the absorbance at 4, of the 
coloured product of mefenamic acid. [Fenamate] = 100 

pglml. 

E&ct of reagent c~~centrat~o~ 

It was found that addition of 1 ml of 0.2&f sodium 
hydroxide solution and 1 ml of 5M sodium hydroxide 
solution for mefenamic acid and flufenamic acid, 
respectively, gave a stable orange colour. Higher 
concentrations of sodium hydroxide resulted in in- 
creasing the intensity of the colour but slightly de- 
creasing its stability (Figs. 24). 

It was also found that I ml of 1.5% potassium 
ferricyanide solution in the total volume of 10 ml 
gave the most pronounced effect (Fig. 5). 

Ardytical data 

Under the experimental conditions described, 
Beer’s law is obeyed over the concentration range 
20-100 fig/ml. The molar absorptivities at 464 nm 
were 1.9 x lo3 and 2.9 x IO3 l.mole-‘.cm-’ for 

021 

125 5 00 8 75 

Molartty of lml of sodturn hydroxide 

solution added 

Fig. 3. Effect of alkalinity on the absorbance at ,J_ of the 
eoloured product of flufenamic acid. penamate] = 100 I . 

061 I I I 1 I I 

0 5 10 15 20 25 30 

Time (mm) 

Fig. 4. Effect of alkalinity (addition of 1 ml of N&H of 

concentration shown) on stability of the coloured products 
of: A, flufenamic acid; B, mefenamic acid. [Fenmate] = 100 

pg/ml in each instance. 

mefenamic acid and flufenamic acid respectively. The 
coefficients of variation (ten dete~inations) were less 
than 0.5%. 

Results for determination of mefenamic acid and 
flufenamic acid in commercial capsules are giien in 
Table 1, and are in good agreement with those 
obtained by using the BP method.“’ Application of 
the Student t-test and the %test13 indicated no 
significant difference in the accuracy and precision of 
the two methods. 

Interferences 

Frequently encountered excipients such as starch, 
lactose, talc and magnesium stearate did not inter- 
fere. 

Mechanism 

Mefenamic acid and flufenamic acid are N- 
phenylant~~c acid derivatives. In acid medium, 
they are oxidized by many oxidants such as potas- 
sium dichromate, ceric ammonium sulphate, ammo- 
nium vanadate or potassium ferricyanide to unstable 
blue-green products. Mechanistic studies of the ox- 
idation of N-phenylanthranilic acid in acid medium 

2 06 
4 t 

05 10 15 20 

Concentration of 1 ml of potasswm 

ferricyanide solutton added f Q / 100 ml ) 

Fig. 5. E&et of reagent concentration on the reaction of 
fenarnates with potassium ferrlcyauide. A, flufenamic acid; 
and B, mefenamic acid. [Fenamate] = 100 agjml in each . 

m/ml. msrance. 



SHORT COMMUNICATIONS 653 

have been reported.14 The well-known but little un- 
derstood use of potassium ferricyanide to assist in the 
nucleophilic displacement of hydrogen atoms in aro- 
matic systems has been studied.15 Accordingly, we 
postulate that in the present investigation the orange 
colour obtained by the interaction of fenamates with 
potassium ferricyanide in alkaline medium is a nu- 
cleophilic displacement of the p-hydrogen atom in 
the phenyl substituent of anthranilic acid, with sub- 
sequent oxidation of the intermediate enolate to the 
orange quinone-imine structure (see scheme below). 

0 

qulnone - ImIne 

d R” 

Mefenomlc ocld CH, CH3 

Flufenomic acid H CF3 

Scheme 1. 

This postulate is substantiated by the fact that a 
similar orange product is obtained on oxidation of 
the two fenamates with potassium persulphate in 
alkaline solution. Electron-donating substituents 
(e.g., CH,) facilitate the nucleophilic displacement, 
whereas electron-attracting groups (e.g., CF3) have 
the opposite effect. The stabilization of the quinone- 
imine structure depends mainly on the pH of the 
medium. It was found that the colour is stable in 
alkaline solution and disappears in acid medium i.e., 
the reaction is reversible, as shown in the scheme. 

Table 1. Results for the determination of fenamates in pure 
form and in caosules 

Found* f SD.% 

Drug 
Proposed BP 
method method G&t FcakS 

Mefenamic acid 99.4 f 0.5 99.0 f 0.8 0.67 2.56 
powder 

Ponstane 102.9 f 0.7 102.0 f 1.1 1.49 2.51 
caPSuk% 

Flufenamic acid 100.4 + 0.5 101.0 f 0.8 1.58 2.56 
powder 

Arlef@ 101.8 +0.6 102.6 a 1.0 1.54 2.78 
cansules # 

*Average of 10 determinations. 
tTheoretica1 value 2.1 (p = 0.05). 
$Theoretical value 3.2 (p = 0.05). 
&abelled to contain 250 mg of mefenamic acid per capsule 

(Parke Davis). 
# Labelled to contain 100 mg of flufenamic acid per capsule 

(Parke Davis). 
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3. 
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Summary-The response of two types of solid-state copper ion-selective electrodes with homogeneous 
membranes of CuAgSe and Cu,_,Se has been investigated in copper(I) solutions, prepared electro- 
chemically by in situ generation from a copper anode in chloride medium. The selectivity coefficient 
&% cuz+ for both types of electrodes has been determined. It is lo-” for the copper selenide sensor, and 
1O-63 for the copper silver selenide one. These values are very close to that calculated for an exchange 
reaction proceeding on the electrode surface. The similarity in Kr;+,c,l+ values for different chalcogenide- 
based sensors suggests a common potential-generating mechanism. High chloride concentration does not 
interfere with the electrode response towards Cu(I), but distorts the electrode response to Cu(II). 

Investigation of the behaviour of copper(H) ion- 
selective electrodes in copper(I) solutions over a 
sufficiently wide concentration range is important 
both for the elucidation of some theoretical prob- 
lems, and from a purely analytical standpoint. The 
difficulties in such studies result from the instability 
of copper(I) in aqueous solutions-a problem which 
is aggravated as the copper(I) concentration de- 
creases. These difficulties have been surmounted by 
some authors by using a non-aqueous medium’.2 
which stabilizes copper(I). A more convenient ap- 
proach is to generate copper(I) electrochemically in 
situ, which offers the possibility of retaining the 
aqueous medium, and the experimental data can be 
used for the evaluation of important electrode char- 
acteristics.3,4 

The present paper offers the results obtained dur- 
ing the investigation of the response of two types of 
solid copper(H) ion-selective electrodes in copper(I) 
solutions, prepared by coulometric generation. 

EXPERIMENTAL 

Radelkis OP-Cu-7113 electrodes with a pressed mem- 
brane of ternary CuAgSe,‘s6 and thin-film Cu,_,Se 
electrodes prepared electrochemically,’ were used in the 
investigations. The emf was measured with a Radelkis 
OP-208 pa-meter vs. a saturated calomel reference elec- 
trode. 

The copper(I) solutions were prepared in situ, within the 
concentration range 5 x 10m6-5 x IO-*M by potentiostatic 
anodic dissolution of a copper anode (purity 99.99%) in 2M 
potassium chloride-O.OO5M acetate buffer supporting elec- 
trolyte (pH 4.7) at anodic potentials within the range from 
- 150 to - 100 mV vs. SCE. A Radelkis coulometric titrator 
type. OP-404 was used, with which the quantity of electricity 
passed (mC) could be checked directly. T’he anodic dis- 
solution yield of copper(I) under these conditions was tested 
by coulometric titration of a standard vanadium(V) solu- 
tion, and the results confirmed a current efficiency above 
99.8%. 

RESULTS AND DISCUSSION 

The corresponding couple of ion-selective and 
reference electrodes was immersed in the anodic 

compartment of the coulometric cell, containing an 
accurately measured volume of the supporting elec- 
trolyte, deaerated beforehand with argon. The poten- 
tial of the supporting electrolyte was checked, and 
then the copper-anode was immersed in the solution. 
Copper(I) was generated in increments, the potential 
of the ion-selective electrode and the quantity of 
electricity passed being checked after each. The total 
copper(I) concentration was evaluated on the basis of 
the total quantity of electricity passed, and that of the 
free copper(I) (i.e., not bonded into chloride com- 
plexes) by using the equation 

Ku’1 = [Cu’l,,,/~1 + B,[Ll+ B&l2 + B3[L13) (1) 

where [L] = chloride, with log 8, = 2.7, log b2 = 5.19 
and log & = 5.7.’ 

The experimental scheme of a single experimental 
run is given in Table 1. These experiments were 
repeated many times during a relatively long period 
of time, in order to confirm the reproducibility, which 
was within f3 mV for E&,,, measured over a 
one-month period. 

The coulometric generation allows calibration of 
the electrodes over the concentration range 
10m5 - 5 x 10-2M total Cu(1). The lower limit is 
determined by the blank potential in presence of the 
copper anode, and the upper by the solubility of the 
cuprous chloride complexes. Under these conditions 
the Radelkis electrodes displayed a linear Nernstian 
response with a slope of 58.6 mV/decade, and the 
thin-layer Cu,_,Se electrodes a slope of 59 
mV/decade. 

An interesting experimental fact is that the high 
chloride concentration does not distort the electrode 
response towards copper(I), as it does for pure 
copper(I1) solutions. The slope of the calibration 
graph for copper(I1) changes from 29 to 60 
mV/decade in presence of 2M potassium chloride, in 
the same manner as observed for other copper ion- 
selective electrodes.9,‘0 This suggests that the chloride 
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Table 1. Experimental data from a single coulometric calibration run for each 
electrode, with Cu(1) 

Quantity, of 
electricity, 

mC E us. SCE, mV PCu, 
CuAgSe CU, _,Se CuAgSe Cu,_,Se CuAgSe Cur_,Se Cu.&Se Cur-,Se 

- - 
50 99 

137 303 
445 786 
758 2,030 

1,364 7,825 
5,500 10,580 

10,457 30,061 
22,026 61,089 
50,002 77,960 
78.563 119.397 

- 107.8 - 139.2 
- 86.0 -78.8 
-66.3 - 53.9 
-36.4 -33.2 
-23.7 -9.1 
-8.9 +25.5 

+26.2 +33.0 
i42.7 f59.9 
+ 62.0 +76.5 
-t 79.0 +81.4 
+84.4 + 86.4 

- - - - 
5.24 4.94 11.9 11.6 
4.80 4.46 11.5 11.1 
4.29 4.04 10.9 10.7 
4.06 3.63 10.7 10.3 
3.80 3.04 10.5 9.7 
3.20 2.91 9.9 
2.92 2.46 9.6 ?P 
2.60 2.15 9:3 8.8 
2.24 2.04 8.9 8.7 
2.04 1.86 8.7 8.5 

interference follows an identical mechanism for both 
types of electrode, and does not depend on the 
chemical composition of the membrane material, i.e., 
it is not due to blocking of the electrode surface as 
was assumed initially,” and is displayed only in the 
presence of copper(I1) in the solution. 

The two electrodes were separately calibrated with 
respect to copper(I1) by using the multiple standard- 
addition method (potassium nitrate was used as ionic 
strength adjuster in this case). The data for copper(I) 
and copper(I1) calibration for each type of electrode 
offer the possibility of determining experimentally the 
selectivity coefficient, KpJ+.cU2+, by the separate solu- 
tions method. For the intersection point of the ex- 
trapolated linear parts of the calibration graphs, 
where the conditions Ecu, = E,-,+ and 
[Cu’] = [Cu’+] are simultaneously fulfilled (Fig. l), it 
follows that 

The values of log Kgt+,CU2+ found are -5.7 and 
-6.2 for the Cur _,Se and CuAgSe sensors re- 
spectively. Since the Nernstian relationship is fol- 
lowed for both copper(I) and copper( these values 
are not affected by changes in the copper concen- 
trations. It is impressive that the selectivity 
coefficients for the two types of selenide sensors are 
quite close to each other and to the value found for 
the Curs-sensor3 and the mixed sulphide Orion 
sensor,2 thus suggesting that similar processes are 
responsible for the electrode responses. 

As seen from the selectivity coefficients, both elec- 
trodes are far more sensitive towards copper(I) than 
copper( and consequently their behaviour is de- 
scribed more accurately by the extended Nikolskii 
equation: 

E = E” + 5 In {acu+ + Kg+.cU2+ (ucU2+ )‘12} (2) 

According to the concepts of Buck,12 and of pun- 
gor and Toth, I3 the selectivity coefficients for solid 
ion-selective electrodes are related to the equilibrium 

constant of the exchange reaction which proceeds on 
the electrode surface. In the case of a Cu, _ ,Se sensor, 
using the notation proposed by Hepel et al4 for 
expressing the composition of a non-stoichiometric 
(n -s) phase, we may write 

[Cu,_,Se] = [(l -x)C~~Se(~-~)xCuSe(,_,,] 

and hence for the exchange reaction: 

Curse,, _ s) + Cu2+ *CuSe(, _ sf + 2Cu + (3) 

The equilibrium constant of this reaction is 
+2 

Kx = Ku I IPJ 
2+ 1 = Kp(we) Kp(Cuse) I and the gen- 

eral expression derived for the relation between KFz, 
and the selectivity coefficient is: 

“2 (4) 

where Ksp is the solubility product of the species 
indicated by subscript. From equation (4), the value 
-6.4 is obtained for log K&‘+,cuZ+. 

I I I I I 

12 10 6 6 4 2 

PCU 

Fig. 1. Calibration curves for copper(I) (0, A) and cop- 
per(I1) (0, A) with the CuAgSe electrode (A, A) and 

Cur_ .Se electrode (0, 0). 
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17 15 13 11 9 7 5 3 
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Fig. 2. Curve A, the theoretical emf calculated from equa- 
tion (2) for the Cu,_,Se electrode for different equimolar 
concentrations of copper(I) and copper(H). Curve B, linear- 
ity limit of copper(I1) dependence on the copper(I) surface 

activity. 

By analogy, the composition of the ternary copper 
silver selenide membrane may be represented by 

[2CuAgSel= KCu,Se)(, - ,(Ag,Se)(, - ,,I 

and consequently equation (3) will be valid for the 
exchange reaction in this case too. Hence, the the- 
oretical value for K&‘;,Cuz+ will also be the same. The 
very good agreement between the experimentally 
determined and theoretically calculated values for the 
selectivity coefficients gives support to the Pungor 
model. Other models4v’4 also deserve attention and 
experimental check. Unfortunately, Hulanicki’s 
diffusion model” leads to a very complicated expres- 
sion for the selectivity coefficient for our membranes, 
difficult to interpret. 

The experimental data also offer a possibility for 
determination of another very important electrode 
characteristic--E” in the extended Nikolskii equation 
(2). It was found that E” = 565 f 3 mV for the 

CuAgSe membrane, and E” = 571 li: 3 mV for the 
Ctr__$e membrane, both values vs. SCE. By use of 
the E” and Kg4 cuz+ data for each type of electrode, 
the limit of sensitivity towards copper(I1) could be 
determined as a function of the copper(I) activity 
(Fig. 2). 

CONCLUSIONS 

The present investigation shows that both types of 
ion-selective electrode offer a very sensitive and selec- 
tive determination of copper(I) in the presence of a 
substantial excess of copper(I1). This in turn provides 
the possibility of successful use of these electrodes for 
quantitative evaluation of equilibria involving cop- 

per(I). 
The fact that both electrodes are much more 

selective towards copper(I) must always be taken into 
account if very low copper(I1) activities are to be 
measured, since besides the extrinsic impurities, the 
electrode membrane itself is a generator of copper(I), 
at concentrations much higher than those expected 
on the basis of solubility data. 
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APPLICATION OF SOME COLORIMETRIC METHODS 
FOR THE SPECTROPHOTOMETRIC DETERMINATION 
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Summary-Two methods for determination of phenylbutazone and oxyphenbutazone are described. In 
the first, naphthoquinone reacts with the product of acid hydrolysis of phenylbutazone or oxy- 
phenbutazone to give an orange colour, having maximum absorption at 480 and 465 nm respectively. In 
the second, lead tetra-acetate reacts with the hydrolysis product of phenylbutazone (he&dine) to develop 
a green colour which on heating or addition of excess of reagent changes to yellow, with maximum 
absorption at 340 nm. Oxyphenbutazone gives a yellow colour with the reagent in the cold, with maximum 
absorption at 359 nm. 

Several methods have been reported for the 
calorimetric determination of phenylbutazone and 
oxyphenbutazone. Oxyphenbutazone has been deter- 
mined through its reaction with sodium nitrite,’ 
sodium cobaltinitrite,* diazotized sulphanilic acid, or 
diazotized o-nitroaniline.3*4 The acid hydrolysis prod- 
uct of oxyphenbutazone has been condensed with an 
aromatic aldehyde and determined spectrophoto- 
metrically.5 Phenylbutazone yields benzidine on acid 
hydrolysis, and this has been diazotized and coupled 
with different phenolic compounds.@’ Benzidine has 
also been oxidized with potassium ferricyanide and 
measured spectrophotometrically.9 Phenylbutazone 
has been determined spectrophotometrically after 
reaction with a mixture of phosphomolybdic and 
phosphotungstic acids or with a,a’-bipyridyl and 
ferric chloride,” or with potassium permanganate 
in alkaline medium.‘**” Other methods such as 
titrimetry’e’* and gas or high-pressure liquid 
chromatography”**’ have been reported for the deter- 
mination of phenylbutazone and oxyphenbutazone. 

EXPERIMENTAL 

Reagents 
Sodium I,2-naphthoquinone-4-sulphonate. A 0.2% solu- 

tion in 50% aqueous ethanol. 
Potassium carbonate solution, 10%. 
Borax solution, 1%. 
Lead tetru-acetate reugent (LTA).*lJ2 Heat 100 ml of 

glacial acetic acid to about 70” on a water-bath, then 
gradually add 3 g of lead dioxide. Stir the mixture for 30 min 
while keeping the temperature at 70”. Cool and filter the 
solution and store it in a dark bottle. 

Procedure using naphthoquinone as reagent 
For phenylbutazone and oxyphenbutazone powder. Weigh 

about 30 mg of phenylbutazone or oxyphenbutazone into a 
small round-bottomed flask, add 2 ml of concentrated 
hydrochloric acid and 1 ml of glacial acetic acid, heat under 
reflux, in a boiling water-bath, for 30 mitt, then cool. 
Transfer the contents of the flask with ethanol to a IOO-ml 

standard flask and dilute to volume with ethanol. Transfer 
25 ml of this solution to a 50-ml standard flask, add a small 
piece of litmus paper and neutralize by dropwise addition of 
loO/, potassium carbonate solution, then dilute to volume 
with ethanol. Transfer an aliquot containing 0.075-0.75 mg 
of the drug to a 25-ml standard flask and add 4 ml of borax 
solution and 5 ml of naphthoquinone reagent. Let stand at 
room temperature for 30 min, then dilute to volume with 
ethanol. Measure the absorbance at 480 mn for phenyl- 
butazone and 465 nm for oxyphenbutazone, against a 
reagent blank. 

For tublets. Weigh and powder 20 tablets of phenyl- 
butazone or oxyphenbutazone. Weigh out a quantity of the 
powder equivalent to about 150 mg of the drug and extract 
successively with 30, 10 and 10 ml of warm acetone, filtering 
each portion into a lOO-ml standard flask. Cool and dilute 
to volume with acetone. Transfer 20 ml of this solution to 
a small round-bottomed flask and evaporate to dryness. 
Apply the procedure described above. 

For phenylbutazone sodium ampoules. Mix the contents of 
10 ampoules, transfer a volume containing about 600 mg of 
phenylbutazone to a 100-m] standard flask and add acetone 
up to the mark. Treat 5 ml of this solution, in a small 
round-bottomed flask, by the procedure for the powder. 

Procedure using lead tetra-acetate (LTA) as reagent 

For oxyphenbutazone powder. Prepare accurately a 0.03 
mg/ml solution of oxyphenbutazone in glacial acetic acid. 
Transfer a suitable number of portions (l-5 ml) of the 
solution into IO-ml standard flasks, add 1 ml of LTA 
reagent to each and dilute to volume with glacial acetic acid. 
After 15 min measure the absorbance at 359 nm against a 
reagent blank, and construct a calibration graph. Analyse 
samples analogously. 

For phenylbutuzone powder. Weigh accurately about 100 
mg into a small round-bottomed flask and add 10 ml of 
concentrated hydrochloric/acetic acid mixture (1: 4 v/v). 
Heat under reflux in a boiling water-bath for 30 min, then 
cool. Transfer the contents of the flask to a 50-ml standard 
flask with glacial acetic acid, dissolve about 4 g of mercuric 
acetate in the solution and dilute to volume with glacial 
acetic acid. Accurately dilute 5 ml of this solution to 50 ml 
with glacial acetic acid, then transfer portions containing 
0.2-0.8 mg of the drug into lO-ml standard flasks and add 
3 ml of LTA reagent to each. Heat in a boiling water-bath 
for 15 min then cool and complete to volume with glacial 
acetic acid. Measure the absorbance at 340 nm against a 
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Drug form 

Table 1. Analysis of phenylbutazone and oxyphenbutazone products 

Napthoquinone method Lead tetra-acetate method B.P. 1980 method 

Mean* Mean* Mean* 
Taken, mg recovery,% Taken, mg recovery,% Taken, mg recovery,% 

Phenylbutazone powder 
Phenylbutazone tabletsD 

(200 mg/tablet) 
Adcobutazone ampoulesD 

(1 g/5 ml) 
Oxyphenbutazone powder 
Tanderil tabletsG 

(100 mg/tablet) 
Bhumaxin tablets* 

0.3-2.4 99.1 f 0.1 2.0-8.0 100.2 * 0.6 500.0 100.1 f 1.1 
0.3-2.4 85.1 * 1.0 2.0-8.0 85.3 k 0.4 500.0 86.7 + 0.9 

0.3-2.4 103.7 * 0.7 2.0-8.0 102.8 f 0.9 - 

0.6-3.0 100.4 f 1.0 0.3-1.5 100.5 + 1.3 500.0 100.3 f 1.0 
0.6-3.0 95.7 f 0.4 0.3-1.5 99.7 + 1.4 500.0 94.3 f 0.9 

0.6-3.0 100.5 + 0.9 0.3-1.5 100.6 + 1.1 500.0 96.0 + 1.3 
(100 mg/tablet) 

Oxyzone tabletsN 0.6-3.0 91.4kO.5 0.3-1.5 98.5 f 1.1 500.0 
(100 mg/tablet) 

D = Adco Company. G = Geigy Company. A = Alexandria Company. N = Nile Company. 
*Mean and standard deviation (6 results) calculated with reference to nominal content in sample. 

92.0 + 1.3 

reagent blank and construct a calibration graph. Analyse agreement with those obtained by using the B.P 1980 
samples analogously. method. 

Fcr tablets. Weigh and powder 20 tablets of phenyl- 
butazone or oxyphenbutazone. Transfer a quantity of pow- 
der equivalent to about 40 mg of oxyphenbutazone or 500 
mg of phenylbutazone to a lOO-ml standard flask, shake it 
with 50 ml of glacial acetic acid for 10 min, then dilute to 
volume with glacial acetic acid and filter. 

For oxyphenbutazone accurately dilute 10 ml of this 
sample solution to 100 ml with glacial acetic acid, and treat 
3 ml of this solution with 1 ml of LTA reagent in a lo-ml 
standard flask, efc., as described above. 

For phenylbutazone add 2 ml of concentrated hydro- 
chloric acid to 10 ml of the filtered sample solution in a small 
round-bottomed flask, then continue as described above, 
starting with heating for 30 min. 

For phenylbumzone sodium ampoules. Mix the contents of 
10 ampoules and transfer a known volume containing about 
1 g of phenylbutazone to a 50-ml standard flask and dilute 
to volume with glacial acetic acid. Transfer 5 ml of this 
solution to a small round-bottomed flask and complete by 
the procedure for phenylbutazone powder. 

RESULTS AND DISCUSSION 

The naphthoquinone procedure involves hydro- 
lysis of phenylbutazone or oxyphenbutazone to 
benzidine or a substituted benzidine, which was then 
condensed with naphthoquinone to give an orange 
product. The conditions given are those found to give 
maximal absorbance. The reacting ratio between the 
reagent and the hydrolysis product is 2: 1, as found 
by the continuous-variations method. 

In the LTA procedure oxyphenbutawne reacts in 
the cold to give a yellow colour that reaches maxi- 
mum intensity in 15 min, but phenylbutazone must 
first be hydrolysed to benzidine, and heating is 
essential for complete colour development. Mercuric 
acetate is added before addition of the LTA reagent 
to prevent precipitation of lead chloride. 

The two procedures were applied to the assay of 
tablets and ampoules (Table 1) and gave results in 
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Summary-A new liquid molybdenum(VI)-sensitive electrode with a membrane based on a solution of 
the molyhdenum(VI)-N-benzoyl-N-phenylhydroxylamine chelate is proposed and its electrochemical 
behaviour and applicability have heen critically investigated. The transfer of molyhdenum(V1) across the 
water-organic solvent interface and across the membrane has been studied by use of sodium molybdate 
labelled with 99Mo, and the response mechanism of the electrode is discussed. 

The development and application of ion-selective 
electrodes continue to be exciting and expanding 
areas of analytical research. Only a few attempts have 
been made to find a membrane material suitable for 
a molybdenum-selective electrode.‘** Unfortunately, 
these electrodes have a narrow operational range, 
poor selectivity and limited lifetime, and therefore are 

not used in practical analysis. 
In view of the correlation between the selective 

electrode response of liquid membranes (based on 
solvent extraction systems) and the corresponding 
extraction constants, metal chelates are an obvious 
choice as membrane components in liquid ISEs.’ This 
report contains some results from the recent in- 

vestigation of a new molybdenum(VI)-selective elec- 
trode which uses a solution of the molybdenum(VI)- 
N-benzoyl-N-phenylhydroxylamine (BPHA) com- 
plex as the liquid membrane. 

EXPERIMENTAL 

BPHA forms with molybdenum(V1) a highly stable com- 
ulex MoO,(BPHAj, (log B =26.3X4 We have studied the 
extraction -of mol~bde&n from ’ aqueous solution with 
BPHA dissolved in various organic solvents and found that 
it can be rapidly and quantitatively extracted with high 
distribution coefficients (log D = 2.4, 2.5, 2.8, for chloro- 
form, 1,Zdichloroethane and nitrobenzene respectively, at 
22 f 1” and pH 2). Therefore, we have chosen the chelate of 
molybdenum with BPHA as the membrane component for 
a molybdenum(VI)-sensitive electrode. 

The liquid membranes were prepared in the usual way by 
solvent extraction: 1 ml of 4 x lo-*M BPHA in an organic 
solvent was shaken with a twofold molar excess of sodium 
molybdate solution at pH 2. These membranes were incor- 
porated into an Orion liquid-liquid membrane electrode 
body and also into a home-made one of RtiiiEka type. A 
potentiometric investigation showed that both types of 
electrode had similar characteristics. The internal solution 
of the electrode was 1 x 10m3M sodium molybdate/ 
1 x lo-‘M potassium chloride saturated with silver 

chloride. The electrode potential was measured at 22 f 1” 
against a double-junction Ag/AgCl reference electrode 
(Orion model 90-02), with a salt-bridge filled with O.lM 
sodium sulphate. All potential measurements were made 
with an Orion model 801A digital instrument. 

RESULTS AND DISCUSSION 

The electrodes were systematically checked for 
response slope and linear range, with pure solutions 
of sodium molybdate. Figure 1 shows the dependence 
of the electrode potential on the concentration of 
Mo(V1) for the electrodes in which 5 x 10m3M solu- 
tions of MoO,(BPHA), in various organic solvents 
were used as the membranes. The results clearly 
demonstrate that all three membranes are sensitive to 
Mo(VI), but the sensitivity is strongly dependent on 
the solvent used. 
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Fig. 1. E us. PM, for the liquid membranes consisting of the 
lo-‘M solutions of chelate MoO,(BPHA), in nitrobenzene 
(2), 1,Zdichloroethane (3), chloroform (4), and for the pure 

solvents (1). 
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Fig. 2. Kinetics of the migration of %Mo across liquid 
membranes consisting of pure nibrobenzene (1), and the 
MoO,(BPHA), complex in 1,Zdichloreethane (2), or nitro- 
benzene (3). The concentration of Na, MOO, in the aqueous 

phase was 1 x 10e2M. 

Increase in the dielectric constant of the solvent 
increases the linear range and slope of the electrode 
response. The distribution coefficients of the 
Mo-BPHA complex also increase with dielectric con- 
stant of the solvent. With nitrobenzene the electrode 
response is linear and practically Nernstian over the 
concentration range from 1 x lo-‘M to 1 x lo-‘M, 
and this electrode has a more stable potential and 
better dynamic parameters than the others. 

The electrode gives correct response in the pH- 
range 4-l 1. At lower pH the electrode response 
sharply increases, which may be mainly attributed to 
the effect of protons on the nature of the isopoly 
molybdate species and on the behaviour of the 
chelate in the membrane. 

Since some other metals can also be quantitatively 
extracted as chelates with BPHA, their effect on the 
electrode response was tested. The values of the 
selectivity coefficients determined by the mixed- 
solution method are given in Table 1 and demon- 
strate that the electrode shows good selectivity to- 
wards molybdenum. Bivalent and multivalent anions 
do not affect the electrode potential. Anionic inter- 
ference is caused only by lipophilic univalent anions. 

Although several studies concerning the mech- 

Table 1. Potentiometric selectivity coefficients of the liquid 
MoO,(BPHA), membranes; ion-exchanger concentration 

1 x Io-rM, c,, 1 x lo-*M 

Interfering ~Jkir.ie P&W 
ion nitrobenzene 1,Zdichloroethane 

Na 1.5 x 10-e - 

Co(H) 3.9 x lo-4 8.0 x lO-4 
YVI) 1.7 x 10-4 5.1 x lo-4 
Fe(II1) 9.8 x lO-4 7.5 x 10-r 
Cu(I1) 1.2 x 10-r - 
Mn(I1) 2.0 x 10-3 - 
Ni(I1) 3.9 x 10-r - 

V(v) 1.7 x 10-r 2.5 x 10-r 

Table 2. The conditional radiotracer-exchange rate- 
constants(r) of %Mo at the water/membrane interface; 

chelate concentration 1 x 10m3M 

r x 102, mine’ 

PH nitrobenzene 1,2-dichloroethane 

2.8 5.7 6.0 
7.0 4.8 5.2 

11.0 4.8 5.2 

anism of the chelate-type membrane electrodes have 
been published’ we thought it interesting to make a 
radiotracer investigation of the migration of 99Mo at 
the water-membrane interface and through the mem- 
branes consisting of MoO,(BPHA), in organic sol- 
vents of different polarity (Figs. 2 and 3) and to 
discuss the correlation between the ion-transport data 
and the electrode function. 

The results obtained by both procedures clearly 
confirm the permeability of the MoO,(BPHA), liquid 
membrane to molybdenum(V1) species, in contrast to 
membranes consisting of the pure solvents, which 
give practically no diffusion of molybdenum. The 
extent of ion-exchange and the mobility of the molyb- 
denum ions in the membrane decrease with decrease 
in the dielectric constant of the solvent. The data in 
Table 2 indicate the effects of the membrane solvents 
and pH of aqueous phase on the conditional 
radiotracer-exchange rate-constants for 99Mo. The 
values of the trans-membrane diffusion coefficients 
were found to be of the order of lo-’ cm*/sec. 

A possible transport mode in such membranes is 
shown in Fig. 4. The electrode response mechanism 
is not fully understood, but it is evident that the 
electrochemical properties of these systems are deter- 
mined by the rate of exchange of molybdenum ions 
with the chelate at the membrane-aqueous solution 
interface. 
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Fig. 3. Kinetics of the migration of 99Mo at the aqueous 
solution/membrane interface for liquid membranes consis- 
ting of the chelate MoO,(BPHA), in 1,2-dichloroethane (I), 

and nitrobenzene (2). 
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Fig. 4. The possible mode of transport for the liquid MoO,(BPHA), membrane. 
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Summary--A rapid and precise X-ray fluorescence method is proposed for the simultaneous determination 
of trace amounts of copper, lead and zinc in cements. The method is based on prior removal of iron by 
extraction with methyl isobutyl ketone from 6M hydrochloric acid, followed by collection of copper, lead 
and zinc on a membrane filter as their hexamethyleneammonium hexamethylenedithiocarbamate com- 
plexes to give a thin layer suitable for X-ray fluorescence measurement. The use of an internal standard 
(nickel) improves the precision for the determination of copper, zinc and lead. 

Various methods have been published for the deter- 
mination of trace amounts of copper, lead or zinc in 
cements: spectrophotometric and atomic-absorption 
methods for copper,‘4 an atomic-absorption method 
for lead,5 and polarographic, fluorometric, spec- 
trophotometric and atomic-absorption methods for 
zinc.G9 The spectrophotometric methods, however, 
have complicated procedures. Only atomic- 
absorption’0 has been applied to successive deter- 
mination of the three elements in cements. 

The present paper describes precipitation, followed 
by X-ray fluorescence spectrometry, for the simulta- 
neous determination of trace amounts of copper, lead 
and zinc in cements. To separate and preconcentrate 
these trace elements from a cement solution, on a 
membrane filter, hexamethyleneammonium hexa- 
methylenedithiocarbamate (HMA-HMDC) is used 
as precipitant, since it does not react with the major 
elements in cements (except iron) but forms stable 
insoluble complexes with the elements to be deter- 
mined. Iron, which interferes, is extracted beforehand 
with MIBK from 6M hydrochloric acid medium. 
Nickel is used as an internal standard. 

The HMA-HMDC complexes are collected on a 
membrane filter and the Ka or La, fluorescence 
intensity of each element is measured. The calibration 
graphs are linear up to 100 pg for copper and lead, 
and 200 pg for zinc. The coefficients of variation 
found were 0.3, 0.6 and 1.1% respectively, for 50 pg 
of copper, lead and zinc. The results of analysis of 
cement samples by the proposed method agree with 
those obtained by atomic-absorption spectro- 
photometry. 

Apparatus 

EXPERIMENTAL 

The X-ray fluorescence measurements were made with a 

Regaku-Denki KG-X type instrument equipped with a 
Philips tungsten target tube, a lithium fluoride (2d = 4.028 
A) analysing crystal, an NaI(Tl) scintillation counter and a 
pulse-height analyser. Toyo Roshi Co. TM-80 membrane 
filters (25 mm in diameter, 0.8 pm pore size) were used. 

Reagents 

Copper, lead and zinc standard solutions, IOOOppm. Com- 
mercial standard solutions (Wake Junyaku Co.) were used. 

Nickel standard solution, 1000 ppm. Prepared by dis- 
solving nickel metal (99.9% pure) in hydrochloric acid .__ _ 
(1 + 1) and diluting with water. 

HMA-HMDC solution in ethanol. 0.5%. The 
HMA-HMDC was synthesized by Busev’s method.” 

All other chemicals used were of analytical-reagent grade; 
demineralized distilled water was used throughout. The 
stock standard solutions were diluted as required. 

Procedure 

Weigh a 1-g sample of the pulverized cement into a 
platinum crucible, add a mixture of 2 ml of 60% perchloric 
acid, 2 ml of water and 5 ml of concentrated hydrofluoric 
acid, and evaporate to dryness on a sand-bath. Heat the 
residue with 10 ml of hydrochloric acid and evaporate to 
dryness. Repeat this step, then take up the residue by 
heating with 10 ml of the acid. Filter off any residue 
(calcium fluoride) and wash it with hot water. Cool the 
filtrate and washings, and dilute to volume in a 50-ml 
standard flask with water. Transfer 20 ml of the solution 
and 20 ml of concentrated hydrochloric acid into a lOO-ml 
separatory funnel, and shake the mixture for 3 min with 10 
ml of methyl isobutyl ketone to extract iron. Separate the 
aqueous phase and transfer an aliquot of it (containing less 
than 100 pg each of copper and lead, and less than 200 pg 
of zinc) into a beaker, add 50 peg of nickel as internal 
standard and dilute the solution to about 50 ml with water. 
Adjust the pH to 4 with ammonia solution (1 + 3). Add 2 
ml of 0.5% HMA-HMDC solution in ethanol, and let stand 
for 20 min at room temperature. Collect the precipitate on 
a 0.8-pm membrane filter, wash it with a small amount of 
water and dry it at room temperature. Fix the thin film of 
the complexes by covering it with a 6-pm Mylar film and 
a titanium mask, and place it in an aluminium holder. 
Measure the X-ray intensities of the Ku lines for copper 
(26 = 45.02”) zinc (20 = 45.81”) and nickel (20 = 45.647, 
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Current (mA) 

Fig. 1. Effect of voltage and current on X-ray intensity ratio; 
L,,/I,,. (1) 45 kV, (2) 40 kV, (3) 35 kV. 

and the La, line for lead (20 = 33.92“) three times, for 20 sec. 
each time, with vacuum-path X-rays, at 40 kV and 20 mA. 
Correct the background intensity of each element for the 
blank, measured in the same way as the sample. Calculate 
the amounts of copper, lead and zinc in the cement sample, 
from the calibration graphs. 

RESULTS AND DISCUSSION 

Choice of precipitant 

Of the organic reagents commonly used for 
copper, lead and zinc, viz. cupferron,‘* 2-mercapto- 
benzothiazole (MBT),13 sodium diethyldithiocar- 
bamate (DDTC)14 and HMA-HMDC,” cupferron 
also forms complexes with aluminium and iron, 
which are major elements in cement, MBT does not 
react with the major elements in cement and forms 
complexes with copper, lead and zinc in neutral or 
slightly alkaline media, but cannot be used because of 
its low reactivity with zinc, and DDTC forms stable 
complexes with iron, copper, lead and zinc in alkaline 
medium but is unstable in slightly acidic medium, 
which makes the complexes also less stable. However, 
HMA-HMDC forms stable complexes with these 
trace elements in acidic medium and does not react 
with the major elements (other than iron) in cement. 

7000 

! 

(I 1 

6000 m 

5000 t 

I I I I I.1 I I I I 

0 12 3 4 5 6 7 8 91Oll 

PH 

Fig. 2. Effect of pH on the formation of HMA-HMDC 
complexes. (1) Ni, (2) Zn, (3) Cu. (4) Pb. 

The iron can be removed by prior extraction from 
6M hydrochloric acid solution with MIBK. 
HMA-HMDC was therefore chosen as the complex- 
ing agent. 

Effect of voltage and current on X-ray intensity ratios 

The X-ray intensity ratios of copper, lead and zinc 
to nickel were examined with amounts of the 
HMA-HMDC complexes each containing 50 pg of 
the metal. The operating voltages and currents were 
varied in the ranges 3545 kV and 14-32 mA re- 
spectively. The results shown in Fig. 1 indicate that 
a voltage of 40 kV and current of 20 mA would be 
optimal. 

Precipitation conditions 

Figure 2 shows that a pH range of l-l 1 is suitable 
for precipitation of copper and nickel and 2-l 1 for 
that of lead, but only the narrow range 3-5 was found 
suitable for zinc. A pH of 4 was therefore selected as 
optimal for the group separation. 

The optimum amount of HMA-HMDC for pre- 
cipitation of 50 pg each of copper, lead, zinc and 
nickel was found by use of 50 pg each of the metals 
and varied amounts of reagent. The X-ray 
fluorescence intensity was constant and maximal with 
use of 3 ml or more of 0.1% HMA-HMDC solution, 
but too large an amount produced a very finely 
divided precipitate, which made the filtration more 
time-consuming. Use of 2 ml of 0.5% HMA-HMDC 
solution is therefore recommended. 

Varying the aging time at room temperature in the 
range 5-60 min made no difference to the results, and 
an aging period of 20 min was selected, but 5 min 
could be used if speed is important. 

Calibration graphs 

The solutions for making the calibration graphs 
contained 10-l 00 pg each of copper and lead, l&200 
pg of zinc, and 50 pg of nickel as internal standard. 
Plots of the ratios of X-ray intensities for the three 
elements to those for nickel were all linear. 

Precision, detection limit and recovery 

The coefficients of variation for determination of 
50 pg each of copper, lead and zinc, and the detection 
limits calculated as the amount of element giving 
three times the standard deviation of a 200~set back- 
ground count, are summarized in Table 1. 

A solution containing 100 pg each of copper, lead 
and zinc, and 5000 pg of iron(III), was made 6M in 

Table 1. Precision and detection limits 

Metal Metal Coefficient Detection 
added, found, of variation,* limit, 

Metal pg lx % UJ? 

cu 50.0 50.0 0.3 0.09 
Pb 50.0 49.8 0.6 0.1 
Zn 50.0 50.1 1.1 0.01 

*For five determinations. 
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Table 2. Copper, lead and zinc @pm) in cements (200-mg sample) 

cu Pb Zn 

Sample XRF AAS XRF AAS XRF A AS 

Portland cement 151 151 55 57 657 659 
Blast furnace 

cement A type 121 124 41 43 826 835 

Blast furnace 
cement C type 85 90 49 47 621 628 

Sample taken: 200 mg. 

hydrochloric acid and the iron was extracted with 
MIBK.16 The copper, lead and zinc in the aqueous 
phase were then determined by the proposed pro- 
cedure, and recoveries of 99.2-100% were obtained. 

Eflect of other elements 

Of the major elements in cement, only iron forms 
a complex with HMA-HMDC and it can be removed 
by extraction with MIBK. The other elements present 
were found not to cause interference by absorption or 
emission, and there was no need to correct the mass 
absorption coefficients of the three elements deter- 
mined, since less than 200 pg of each was present and 
measurements were made on a membrane thin film. 

Analysis of cements 

The method was applied to determination of trace 
amounts of copper, lead and zinc in some cement 
samples. The results agreed with those obtained by 
atomic-absorption spectrometry, as shown in Table 
2. The zinc content of the cements was 5-20 times 
that of copper and lead, so a 200-mg sample was 
adequate. The calcium fluoride residue was analysed 
by X-ray fluorescence, and found not to cause loss of 
copper, lead and zinc by adsorption or co- 
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EFFECT OF CYCLODEXTRIN CAVITY SIZE ON 
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PHOSPHORESCENCE OF BIACETYL 
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(Received 8 January 1985. Accepted 5 March 1985) 

Summary-The triplet-triplet energy-transfer reactions of several polynuclear aromatic compounds are 
enhanced to different degrees in u-, B-, and y-cyclodextrin (CD) media when biacetyl is used as the 
acceptor species. The phosphorescence intensity of biacetyl increases as the size of the CD cavity increases. 
The CD cavities have specific dimensions which place constraints on the number of donor and acceptor 
molecules that can be included in them. The larger the cavity, the better it is able to include the reactants 
and, apparently, position them to increase the rate of triplet-triplet energy transfer. Compounds such as 
chrysene and triphenylene, which are unresponsive as biacetyl sensitizers in a-CD and /I-CD, are excellent 
sensitizers of biacetyl in the larger y-CD. Typically, limits of detection of 1 x 10m6, 5 x lo-’ and 
1 x lo-‘M were found with a-CD, B-CD and y-CD, respectively. 

In recent years, studies in our laboratory and by 
other workers have demonstrated that many excited 
phosphorescent compounds, when associated with 
micellar assemblies’,’ or included in cyclodextrin 
(CD) cavities,3.4 are deactivated in fluid solution at 
room temperature by triplet-state emission. An alter- 
native method for studying molecular triplet-state 
processes is by energy-transfer interactions. Sensi- 
tized phosphorescence involves triplet-triplet energy 
transfer according to the equatiod 

D(T, ) + A(%) * D(S,) + A(T,) (1) 

where D is the donor molecule (analyte of interest), 
A the acceptor molecule, and S,, and T, are the 
ground state and excited triplet state, respectively. 

Sensitization of the room-temperature phos- 
phorescence of biacetyl has been observed to be 
enhanced through spatial organization of the reac- 
tants by various compounds.6 Micelles of sodium 
dodecyl sulphate (SDS), and hosts such as B-CD were 
shown to enhance the energy-transfer reaction, pre- 
sumably by organizing the donor-acceptor pair into 
a smaller reaction volume and thereby producing 
higher effective concentrations of both the acceptor 
and the donor. The sensitivities of the systems were 
dependent on the solubility of the donor in SDS, or 
on the ability of the donor to fit physically into the 
/?-CD cavity, as well as on the nature of the hydro- 
phobic and van der Waals interactions between the 
analyte and sensitizer and the host species. Indeed, 
large polynuclear aromatic compounds (PNAs) such 
as triphenylene and chrysene did not exhibit any 
measurable sensitization of the biacetyl phos- 
phorescence in /?-CD, although they do sensitize it in 
SDS micellar solution. A recent study by Cromwell 

*Author for correspondence. 

et al. on the energetics of adamantanecarboxylate 
inclusion as a function of cyclodextrin cavity size 
found that the match in cavity size and ligand size 
was a very important factor in the strength of bind- 
ing.’ Inclusion by B-CD was the most energetically 
favoured (AC’ = -5.85 kcal/mole) and exothermic 
(AH = -4.85 kcal/mole), whereas the y-CD inter- 
action was endothermic. They also found that the 
neutral form of CD binds better than the anionic 
form. 

This paper reports the photophysical and anal- 
ytical characteristics of biacetyl room-temperature 
phosphorescence when sensitized by PNAs included 
in cyclodextrin hosts. The triplet-triplet energy- 
transfer reactions of several PNAs were evaluated in 
a-, /?- and y-CD, and found to be dependent on the 
size of the CD cavity. The larger the cavity, the 
greater the enhancement of the sensitized biacetyl 
phosphorescence intensity. In addition, compounds 
such as chrysene and triphenylene, unresponsive as 
sensitizers in cr-CD and B-CD, were very responsive 
in the larger y-CD. Analytical limits of detection for 
selected donor molecules in the three cyclodextrins 
are reported. 

EXPERIMENTAL 

Reagents 
Chrysene, triphenylene (both from CHEM Services, Inc.), 

phenanthrene (Aldrich), and biacetyl (Merck) were used 
without further purification. Naphthalene and biphenyl 
(both from MCB Reagents) were recrystallized once from 
ethanol. a-CD and y-CD (both from Aldrich) were used as 
received. /i-CD (Aldrich) was recrystallized once from boil- 
ing water. 

Apparatus 

Phosphorescence spectra were obtained with a Fluorolog 
2 + 2 spectrotluorometer (Spex Industries, Metuchen, NJ) 
with double excitation and emission monochromators. The 
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instrument was equipped with a 450-W xenon continuous 
light-source and a Peltiercooled Hammamatsu R928 pho- 
tomultiplier tube. The Spex Datamate computer was used to 
correct all spectra for lamp intensity and photomultiplier- 
tube response. Print-outs of the spectra were produced by 
a Houston Instruments x-y digital plotter. 

Procedure 
All glassware was rinsed with “spectrograde” methanol 

(Fisher) before use, and stock solutions (0.01&f) of the 
donors and biacetyl acceptor were prepared in spectrograde 
methanol. The biacetyl solution was stored in an amber 
bottle away from direct light to minimize photodegradation. 
Inclusion complexes were prepared by adding aliquots of 
solutions of the donor of interest and biacetyl to a standard 
flask, followed by dilution to vollhne with O.OlM aqueous 
cyclodextrin solution. Blank samples were prepared in the 
same manner, but without the donor species present. The 
solutions were placed in a standard fluorescence cuvette 
equipped with a Teflon stopper, and deaerated by passage 
(for 20 min) of high-purity nitrogen that had first been 
passed through a elf-indicating oxygen trap (Alltech Asso- 
ciates, Inc.). 

Limits of detection 

The analytical limits of detection were determined by 
extrapolating a plot of sensitized biacetyl phosphorescence 
intensity at 522 nm us. donor concentration and finding the 
concentration at which the signal was equal to three times 
the noise, taken as the standard deviation of at least 5 
measurements of the response of the biacetyl blank, mea- 
sured at 522 nm. 

RESULTS AND DISCUSSION 

The cyclodextrins evaluated in this study were the 
01, fl and y forms, made up of six, seven and eight 
glucose units, respectively.* Coupling of the glucose 
monomers produces rigid, conical structures with 
inner cavity sizes of approximately 0.5 nm diameter 
for a-CD, 0.7 nm for B-CD, and 0.9 nm for y-CD.-’ 
The interior of the cyclodextrin molecules is hydro- 
phobic and contains water molecules (although this 
is thermodynamically unfavoured) and these can be 
displaced by more hydrophobic species which satisfy 
the size criterion of at least partially fitting into the 
cavity.’ For the sensitized phosphorescence to be 
enhanced, both the donor and acceptor must fit at 
least partially into the CD at the same time. Favour- 
able enthalpy changes give all three cyclodextrins the 
ability to form stable inclusion complexes with a wide 
variety of compounds9 

The five polynuclear aromatic molecules studied 
were selected to show the effect of systematic increase 
in donor size on the inclusion process, and the 
subsequent effects on the intensity of the sensitized 
biacetyl phosphorescence emission. For example, ad- 
dition of an aromatic ring to naphthalene produces 
phenanthrene, and the addition of two aromatic rings 
produces chrysene. In this manner, the size is se- 
quentially changed with little change in other molec- 
ular properties such as charge and polarity. Donor 
molecules larger than chrysene would not provide 
additional information since they would not fit in the 
TV- and /?-CD cavities. In addition, the choice of 

2 50E04- 
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Fig. 1. Corrected phosphorescence emission of 1 x 10e4M 
biacetyl sensitized by 1.2 x 10m5M naphthalene in (A) 
y-CD, (B) b-CD, and (C) a-CD, all CD concentrations are 
O.OlM; excitation wavelength = 276 nm; slits, 14.4 nm for 
both excitation and emission; scan-rate = 1 nmjsec; 470 

cut-off filter used. 

PNAs that can be studied is limited by the ability to 
sensitize biacetyl phosphorescence. 

Figure 1 shows the phosphorescence spectra of 
biacetyl sensitized by naph~aIene in (A) y-CD, (B) 
&CD, and (C) a-CD solutions, showing an increase 
in intensity as the cavity size is increased. In order to 
separate the effects of cyclodextrin physical size from 
solvent-dependent effects on the biacetyl phos- 
phorescence efficiency, OF=, the ratio of the relative 
intensity at the phosphorescence wavelength max- 
imum (522 nm) to that at the fluorescence wavelength 
maximum (490 nm) for a O.OlM solution of biacetyi 
was calculated for each of the three dextrins.5 The 
values obtained are listed in Table 1. The similarity 
of the @FX ratios found for the dextrins suggests that 
the increase in the sensitized signal, apparent in Fig. 
1, is related to CD cavity-size, and not to any 
differences in the microenvironment provided by the 
three hosts. Thus, it may be generalized that for 
triplet-triplet energy transfer from a donor species to 
biacetyl, the larger the cavity, the greater the en- 
hancement of the energy-transfer reaction. 

Figure 2 shows the phosphore~ence spectra of 
biacetyl sensitized by triphenylene in (A) y-CD, (B) 
&CD, and (C) cl-CD media. No measurable signal 
was obtained for this species in the CL- or /I-cyclo- 
dextrins, but an intense signal was observed when the 
y-CD medium was used. Most likely there was exclu- 
sion of this PNA and,/or the biacetyl from the r-CD 

Table 1. Ratio of phos- 
phorescence intensities (I,) at 
522 nm to fluorescence in- 
tensities (I,) at 490 nm for . ., 
O.OlM biacetyl excited at 41.5 
nm in O.OlM a-. O- and Y-CD 

CD ZJZ, 

3.1 
3.0 
3.2 
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Table 2. Phosphorescence excitation and emission wavelengths and sensitized limits of detection 
(LODs) for selected polynuclear aromatic compounds in a-, /I- and y-CD solutions 

LOD,§ M 

Compound &,* nm &,t nm a-CD /J-CD y-CD 

Biphenyl 272 476 2.3 x 1O-6 5.4 x 10-7 4.1 x 10-7 
Naphthalene 276 513 5.6 x 1O-6 3.6 x lo-’ 2.9 x 1O-7 
Cbrysene 295 513 not detected not detected 2.6 x 1O-6 
Triphenylene 295 432 not detected not detected 2.9 x 1O-6 
Phenanthrene 295 501 3.2 x 1O-6 9.5 x 10-7 5.0 x 10-7 

*Excitation wavelength of donors; precision f 1 nm. 
tconventional phosphorescence wavelength of maximum intensity of donors in b-CD with 

0.58M 1,Zdibromoethane added.‘” 
§Measured at 522 nm with a typical precision of + 0.2 x 10-“&f. 

and /I-CD cavities, owing to size limitations. How- 
ever, the larger y-CD cavity allowed inclusion of both 
molecules, enhancing the energy-transfer reaction. 
Table 2 lists the limits of detection (LODs) for several 
PNAs in the three different cyclodextrin media. The 
LODs increased with choice of cyclodextrin in the 
order y-CD < B-CD < a-CD. 

It is somewhat surprising that molecules which fit 
easily into a-CD or /I-CD produce further enhance- 
ment in their spectroscopic effects when used with the 
larger y-CD. This may result from inclusion of more 
than one biacetyl molecule into a single CD cavity. 
The concentration of biacetyl was always greater 

than that of the donor, so this could occur. Also, the 

o ooEoo~~_~._$. \ 
400 550 700 

Wavelength (nm) 

Fig. 2. Corrected phosphorescence emission of 1 x 10e4A4 
biacetyl sensitized by 5.0 x 10d5M triphenylene in (A) 
y-CD, (B) /?-CD, and (C) or-CD, excitation wavelength = 

495 nm. Other conditions as for Fig. 1. 

CD might position the donor and acceptor in specific 
spatial configurations that would enhance the energy 
transfer; this may be easier in a larger cavity. These 
results can be rationalized on the basis of the data in 
reference 7, which showed that the better the match 
in size between the included species and the cavity, 
the stronger the binding constant. However, we have 
no estimate of the size of included species, not 
knowing how many biacetyl and donor molecules are 
included within the CD. Generally, it might be ex- 
pected that many other types of photophysical reac- 
tions would be enhanced in cyclodextrin media, al- 
though any cavity-size effects might differ from those 
found here. 
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ANALYTICAL DATA 

DISSOCIATION CONSTANTS AND REACTIONS OF 
3-PHENYL AND 3-CYCLOHEXYL-2- 

MERCAPTOPROPENOIC AND 3-PHENYL-2- 
MERCAPTOPROPANOIC ACIDS 

A. IZQUIJZRDO and N. GARRIGA 

Department of Analytical Chemistry, University of Barcelona, Barcelona, Spain 

(Received 1 March 1985. Accepted 20 March 1985) 

Summary-The dissociation constants of 3-phenyl- and 3-cyclohexyL2-mercaptopropenoic acids have 
heen determined spectrophotometrically (I = 0.01&f) in aqueous medium, and potentiometrically for both 
reagents and for 3-phenyl-2-mercaptopropanoic acid in water-ethanol medium. The analytical properties 
of the three compounds have been studied and also the compositions of some of their insoluble metal 
chelates. 

3-Aryl-2-mercaptopropenoic acids studied previously 
include the 2-furyl,’ 2-pyrrolyl, 2-thienyl and 
2-hydroxyphenyl,’ and styryl and I-naphthyP com- 
pounds. These react with many ions and only small 
differences occur on changing the heteroatom of the 
aromatic ring or extending the unsaturated chain. 

In the present work, 3-phenyl-2-mercaptopropenoic 
acid (3PH2MPE), 3-cyclohexyl-2-mercaptopropenoic 
acid (3CH2MPE) and 3-phenyl-2-mercaptopro- 
panoic acid (3PH2MPA) were studied to examine the 

effects of a non-aromatic substituent in position 3 
and of the absence of the conjugated double bond 
between the carboxyl and aryl groups. 

3PH2MPE 3CH2MPE 

r-l n n 

O.OlM) were prepared as described by Perrin.“ The ionic 
medium was prepared from potassium nitrate (Merck R. A.) 
recrystallized twice from water. 

Carbonate-free potassium hydroxide solutions were stan- 
dardized against potassium hydrogen phthalate, and nitric 
acid stock solution was standardized against borax and 
against potassium hydroxide by the Gran method.5 

The mercapto acids were dissolved in deaerated ethanol 
(Merck). 

Reagents 

Compounds I and II were obtained by the method 
described by Campaigne and Cline6 by condensation of 
benzaldehyde or cyclohexylaldehyde with rhodanine, then 

3PH2MPA 

fel 
vcH=i-COOH vcH=c-CCQOH wcH,-CH-CooH 

I 
SH 

I II 

The dissociation constants were determined spec- 
trophotometrically and potentiometrically, the reac- 
tions with metal ions were studied, and the com- 
positions of some insoluble metal chelates were 
established. 

Instruments 
EXPERIMENTAL 

A Beckman Acta M-VII spectrophotometer (l-cm cells) 
was used for spectrophotometric measurements. A Beck- 
man IR-20A infrared spectrophotometer (KBr discs) and a 
Perkin-Elmer 12A NMR spectrophotometer were used. 
Crison Digilab 517 and Radiometer PHM 84 pH-meters 
were used with a Radiometer G202B glass electrode and a 
Radiometer K401 calomel reference electrode. 

Solutions 

Buffer solutions for spectrophotometry (ionic strength 

BH BH 

III 

hydrolysis in alkaline medium and acidification with mineral 
acid. Recrystallization from benzene or petroleum ether 
(b.p. 50-70”) yielded products with m.p. 134-135” (I) and 
139-140” (II). For 3PH2MPE, analysis gave: C 60.3x, 
H 4.5x, S 17.6%; C,H,O,S requires C 59.98x, H 4.47x, 
S 17.79%. For 3CH2MPE, analysis gave: C 57.9x, H 7.7x, 
S 17.1%; C,H,,O,S requires C 58.03x, H 7.57x, S 17.21%. 

3PH2MPA was prepared from I by reduction of the 
double bond with sodium amalgam,’ acidification, and 
extraction with diethyl ether. Recrystallization from petro- 
leum ether (b.p. 30-50”) yielded a product with m.p. 4748”. 
For 3PH2MPA, analysis gave: C 59.3x, H 5.5x, S 17.5%; 
CJ-l,,O,S requires C 59.32x, H 5.53x, S 17.59%. 

The purity of all the reagents was examined by thin-layer 
chromatography and determined by potentiometric titration 
of the carboxyl group with sodium hydroxide and io- 
dometric titration of the mercapto group (purity > 99.5%). 

The solubilities (g/100 ml of solution at 25”) were deter- 
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mined by the Wittenberger technique* and were (I, II, III): 
water (0.02, 0.04, OS), ethanol (25.1, 25.0, 80.7), benzene 
(2.28, 5.58, 68.6), 3-methylbutan-l-01 (3.06, 16.6, v.s.), 
methyl isobutyl ketone (16.8, 14.5, v.s.), diethyl ether (28, 
26.6, v.s.) (v.s. = very soluble). 

The electronic spectrum of I was in accordance with the 
literature6 and II shows a band at 263 nm. The infrared 
spectra (KBr discs) had characteristic bands (cm-‘) at 1265 
(C-O), 1420 (O-H), 1665 (C=O) and 2585 (S-H) for I; 

1260 (C-O), 1420 (O-H), 1675 (C=O) and 2590 (S-H) 
for II; 1250 (C-O), 1420 (O-H), 1710 (C=O) and 2590 
(S-H) for III. The NMR spectra had the S-H peak for 
I (6 = 4.62 ppm) and II (6 = 3.85 ppm) further downfield 
than that for III (6 = 2.07 ppm) 

Procedures 

Acidity constants. The pK, values of I and II were 
determined spectrophotometrically9 with use of a 10e4M 

Fig. 1. Spectra for the determination of pK,, (above) and pK,, (below) of 3PH2MPE. 
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mercapto acid solution in aqueous medium containing 1% 
ethanol, at O.OlM ionic strength and 25”, and calculated 
from the pH and the relationship between the absorbames 
of the solution and of the molecular and ionized forms. The 
pK, values for III could not be determined by this procedure 
because it did not have a suitable spectrum. 

The dissociation equilibria of the three reagents were also 
studied by titration”’ at 25’ with potassium hydroxide, in 
30% v/v water-ethanol (because the compounds are poorly 
soluble in water) at ionic strength 0.1 M, with potassium 
nitrate as ionic medium. Before and during the titration 
pure nitrogen was bubbled through the solution to remove 
dissolved oxygen. 

Reactions with metal ions. These were investigated by the 
Benedetti-Pichler” technique for the whole pH-range, with 
a 1% ethanolic solution of the reagent and 1 g/l. solutions 
of the metal ions. The solubilities of the complexes in 
benzene, chloroform, diethyl ether, 3-methylbutan-l-01 and 
methyl isobutyl ketone were tested. 

The insoluble metal chelates were prepared by reacting 
aqueous solutions of the metal ions with ethanolic solutions 
of the reagents, in various ratios. The precipitates were 
filtered off, washed with water, ethanol and acetone, and 
dried under reduced pressure over calcium chloride. Their 
elemental compositions and infrared spectra were deter- 
mined. 

RESULTS AND DISCUSSION 

The dissociation constants for I and II were deter- 
mined spectrophotometrically in aqueous medium 
(1% ethanol), at low ionic strength and low concen- 
tration, in order to obtain experimental pK, values 
close to the thermodynamic ones and to compare 
them with those for other 3-aryl-2-mercapto- 
propenoic acids. Figures 1 and 2 show the spectra of 
3PH2MPE and 3CH2MPE solutions at various 
pH values. Table 1 shows the analytical wavelengths 
used for the measurements, and the results obtained; 
these are comparable with those found for similar 
compounds.‘-’ 

Dissociation constants for the three acids were also 
determined potentiometrically in water-ethanol me- 
dium. Gran’s method5 was used to determine E”’ and 
E, so that the hydrogen-ion concentration h could be 
found from E, the measured potential by means of 

E(mV)=E”‘-59.157logh+E, 

Also, the ionic product of the medium was deter- 
mined, and found to be pK, = 14.20 + 0.01. The 
protonation constants were then determined by use 
of the Bjerrum function ii:‘* 

n= 
HT-h+K,/h B,h + 282 h* 

AT =l+/?,h+/?*h* 

which is calculated from the experimental quantities 
h, the total concentration of titratable hydrogen-ion 
HT and the total reagent concentration A,. Figure 3 
shows a typical example of the theoretical curve (ti vs. 
log h) and the experimental points for titrations done 
at several reagent concentrations. The pK, values 
were determined from the overall protonation con- 
stants fl, and /I2 calculated by the linearization 

Table 1. pK, values in aqueous medium at 25” and 
I = O.OlM 

3PH2MPE 3CH2MPE 

PK,, 3.36 + 0.03 (325 nm) 3.74 + 0.02 (275 nm) 
PK, 8.34 + 0.02 (330 nm) 9.14 f 0.03 (280 nm) 

Table 2. pK, values in water-ethanol 
medium at 25” and I = O.lM 

PK,, PK,, 

3PH2MPE 3.77 f 0.01 8.98 + 0.01 
3CH2MPE 4.12 f 0.01 9.71 f 0.01 
3PH2MPA 3.96 f 0.01 10.53 k 0.01 

method of Irving and Rossotti13 and the experimental 
data were treated by the least-squares program 
MINIPOT.14 Table 2 shows the results obtained. 

The differences between the mercapto group con- 
stants show the influence of the conjugated double 
bond; the greater acidity of I probably results from 
resonance of S- with the aromatic ring; II, with no 
aromatic substituent, has lower acidity, and III can- 
not tautomerize, so has a high value of pK,,, similar 
to those obtained for saturated mercapto acids.‘j 

The reactions of 3PH2MPE and 3CH2MPE are 
similar to those of-other 3-aryl-2-mercaptopropenoic 
acids. They form insoluble compounds with many 
cations, and some coloured complexes with transition 
metals, which are readily extractable with polar or- 
ganic solvents. Notable reactions of 3PH2MPE are 
the production of a red colour with titanium(W) in 
acetic acid-acetate medium (pD = 7) and the reaction 

20 

1.5 

c 

1.0 

0.5 

3 5 7 9 
-log h 

Fig. 3. Formation curve for 3PH2MPE (solid line = 
theoretical curve) A, [3PH2MPE] = 1.827 x IO-‘M; 0, 
[3PH2MPE] = 2.598 x 10-3M; 0, [3PH2MPE] = 4.086 x 

10-3M; 0, [3PH2MPE] = 4.864 x 10-3M. 
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Table 4. Insoluble metal chelates of 3PH2MPE and 3PH2MPA 

Stoichiometry 

MR 

M2R 

MR 

Complex 

3PH2MPE-Ag 
3PH2MPA-Ag 

3PH2MPE-2Ag 

3PH2MPE-Pb 
3PH2MPE-Cd 
3PH2MPA-Pb 
3PH2MPA-Cd 

Asymmetric C=O band, Symmetric C=O band, 
cm-’ cm-’ 

Reagent Complex Reagent Complex 

1265 1265 
1250 1250 

1265 1345 

1265 1340 
1265 1380 
1250 1360 
1250 1395 

1665 1665 
1710 1710 

1665 1550 

1665 1515 
1665 1520 
1710 1570 
1710 1550 

with nickel in alkaline medium (pD = 6.3). Table 3 
shows the most sensitive reactions of the three mer- 
capto acids. The sensitivity of the reactions is ex- 
pressed in terms of pD [i.e., -log (dilution limit, M)]. 

The lower sensitivity of the reactions of 3CH2MPE 
suggests that the non-aromatic substituent in position 
3 decreases the stability of the complexes, but has no 
influence on the reactivity of the functional group. 
Finally, 3PH2MPA gives similar insoluble com- 
pounds, but its soluble complexes are not strongly 
coloured and it does not react with titanium(IV). The 
differences in the reactivities of the three compounds 
can be related to the differences in the pK values of 
the mercapto groups. 

The insoluble compounds of silver, lead and cad- 
mium with 3PH2MPE and 3PH2MPA are 1: 1 com- 
plexes, although for 3PH2MPE and silver the Ag,R 
compound can also be obtained, if the appropriate 
conditions are used for precipitation. The infrared 
spectra of these compounds always show the disap- 
pearance of the mercapto group band and some show 
also a shift of the symmetric and asymmetric 
stretching bands of the carboxyl group. On this basis, 

the complexes can be divided into two groups, as 
shown in Table 4. 
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THERMODYNAMICS OF FORMATION OF MAGNESIUM, 
CALCIUM, STRONTIUM AND BARIUM COMPLEXES 

WITH 2,2’-BIPYRIDYL AND l,lO-PHENANTHROLINE, AT 
DIFFERENT IONIC STRENGTHS IN AQUEOUS SOLUTION 
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and ROSARIO SCARCELLA 
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Summary-The formation constants for the complexes of Mg*+, Car+, Sr*+ and Ba*+ with 2,2’-bipyridyl 
and l,lO-phenanthroline have been determined from pH measurements in aqueous solution, at lo,25 and 
40” and various ionic strengths in the range 0.05-0.95M. The species [M(L)]*+ was found in all systems. 
The dependence on ionic strength was calculated for all the stability constants, and AH” values have been 
calculated from the temperature dependence of the stability constants. The formation constants are in the 
order MgL*+ > CaL*+ > SrL*+ > BaL*+, and M-l,lO-phenanthroline > M-2,2’-bipyridyl. 

Recently some of us have been concerned with deter- 
mination of the thermodynamic parameters for the 
formation of the complexes of alkali and alkaline- 
earth metal with low molecular-weight ligands,‘-’ and 
with the dependence of the formation constants on 
ionic strength. >’ We now describe a potentiometric 
study of the thermodynamic properties of the com- 
plexes of Mg*+, Ca*+, Sr*+ and Ba*+ with 
2,2’-bipyridyl and l,lO-phenanthroline, in aqueous 
solution at various ionic strengths. The aims were (a) 
to elucidate the complexing capacities of alkaline- 
earth metal ions with respect to imines (few thermo- 
dynamic data are reported in the literature” and 
sometimes the alkaline-earth imine complexes are 
said not to exist, as in the case of 2,2’-bipyridyl”); (6) 
to confirm previous findings on the dependence of the 
stability constants for cationic species on ionic 
strength;’ (c) to verify the reliability of a simple 
pH-measurement method in determining all the 
thermodynamic properties of systems in which weak 
complexes are formed. 

EXPERIMENTAL 

2,2’-Bipyridyl and 1, IO-phenanthroline (Fluka puriss.) 
were used without further purification; the purity, by 
titration with acid, was 299.5%. Magnesium, calcium, 
strontium and barium chlorides (Fluka purum p.a.) were 
standardized by EDTA titration.12 Hydrochloric acid and 
potassium hydroxide solutions were prepared by diluting 
concentrates (C. Erba or BDH). Potassium chloride (C. 
Erba R.P.) was used to adjust the ionic strength. Grade A 
glassware and doubly distilled water were used throughout. 
The apparatus and procedure were as previously reported.r4 
Some experimental details of the potentiometric mea- 
surements are reported in Table 1. 

The protonation formation constants were expressed as 
(c = free concentration): 

KH = cHL/cHcL 

KM = cML/cMcL 

The evaluation of K”’ (by K”‘, we mean the conditional 
protonation constant, calculated without allowing for com- 
plex formation), K”, the purity of the ligands and E” was 
done by the non-linear least-squares computer programs 
ACBA” and ESAB.14 The formation constants of weak 
[M(L)l*+ complexes were calculated by the non-linear least- 
squares computer program WECO’ (see also next section). 
In all the calculations, the pK, values from reference 3 were 
used. 

RESULTS AND DISCUSSION 

Table 1 gives the log K”’ values. It can be seen that 
increasing the values of the concentration of M2+ 
leads to lowering of the conditional protonation 
constants; since log KH =f(Z) is a linear function 
with positive slope,’ this behaviour indicates complex 
formation. The formation constants can be calculated 
from the equation? 

or 

log K” = log KH’ + log (1 + K”cM) (1) 

KM = [lOc’%fl-i%@“) _ l]& (2) 

The calculations were done by the computer pro- 
gram WECO,’ which allows the simultaneous deter- 
mination of formation constants together with the 
parameters for the dependence on temperature and 
ionic strength.’ Table 2 shows the log K values at 10, 
25 and 40” and Z = 0.25M, and AH” and AS” values 
at 25” and Z = 0.25M. The ionic-strength dependence 
was found to be, as previously reported for pro- 
tonation constants,9 a simple linear relation: 

log KM(Z) = log K”(Z’) + c,, (I - I’) (3) 

where I’ is a reference ionic strength (within the range 
studied here, I’ = 0.25M) and c, is a constant de- 
pending on temperature. The analysis of all the 
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Table 1. Conditional protonation constants and experimental details of potentiometric measurements* 

1 , lo-Phenanthroline$ 2,2’-Bipyridylg 

M 0 chfs 10 25” 40 10” 25” 40 

W’ 

Ca*+ 

Sr*+ 

Bar+ 

0.05 14 4.81 f 0.02 4.71 f 0.02 4.61 + 0.01 4.45 + 0.02 4.35 f 0.01 4.24 + 0.01 
0.15 47 4.60 k 0.02 4.51 * 0.01 4.39 f 0.01 4.49 + 0.02 4.35 f 0.01 4.26 + 0.01 
0.29 93 4.43 f 0.03 4.33 f 0.01 4.23 f 0.01 4.48 + 0.02 4.37 + 0.01 4.25 + 0.01 
0.29 47 4.65 f 0.01 4.53 + 0.01 4.42 f 0.01 4.54 + 0.01 4.42 + 0.01 4.28 f 0.01 
0.58 93 4.50 * 0.01 4.39 f 0.01 4.25 + 0.01 4.57 * 0.02 4.44 f 0.01 4.33 & 0.01 
0.85 280 4.12 f 0.01 4.02 + 0.01 3.91 + 0.01 4.49 * 0.01 4.36 + 0.01 4.24 + 0.01 
0.95 187 4.29 + 0.01 4.17 * 0.01 4.07 f 0.01 4.62 f 0.02 4.47 + 0.01 4.31 f 0.01 

0.05 13 
0.15 46 
0.29 93 
0.29 46 
0.58 93 
0.85 282 
0.95 187 

0.05 14 
0.15 47 
0.29 94 
0.29 47 
0.57 93 
0.86 282 
0.95 188 

0.05 14 
0.15 46 
0.29 93 
0.29 46 
0.57 93 
0.86 282 
0.95 187 

4.85 f 0.06 
4.79 + 0.03 
4.68 k 0.02 
4.83 + 0.04 
4.77 + 0.01 
4.50 &- 0.01 
4.65 f 0.01 

4.92 f 0.06 
4.86 + 0.04 
4.83 k 0.02 
4.94 * 0.02 
4.93 * 0.02 
4.71 f 0.01 
4.82 + 0.02 

4.90 + 0.09 
4.92 f 0.04 
4.86 If: 0.08 
4.97 * 0.03 
5.02 + 0.02 
4.90 f 0.02 
5.00 f 0.02 

4.79 If: 0.02 
4.70 f 0.01 
4.63 + 0.02 
4.73 + 0.02 
4.66 f 0.01 
4.42 + 0.01 
4.56 & 0.01 

4.81 f 0.03 
4.76 f 0.02 
4.74 * 0.02 
4.83 + 0.03 
4.79 If 0.03 
4.61 f 0.02 
4.75 f 0.02 

4.82 f 0.02 
4.81 f 0.02 
4.82 + 0.02 
4.87 + 0.02 
4.85 + 0.02 
4.77 f 0.02 
4.88 k 0.02 

4.69 f 0.02 
4.59 * 0.01 
4.55 f 0.01 
4.67 + 0.02 
4.59 f 0.02 
4.34 + 0.02 
4.49 + 0.01 

4.71 f. 0.01 
4.68 f 0.02 
4.62 k 0.01 
4.72 + 0.02 
4.71 * 0.02 
4.54 * 0.02 
4.64 * 0.01 

4.72 f 0.01 
4.69 k 0.01 
4.71 f 0.02 
4.76 + 0.02 
4.75 * 0.02 
4.65 f 0.01 
4.77 f 0.02 

4.46 k 0.06 
4.49 * 0.02 
4.49 * 0.04 
4.57 + 0.02 
4.63 + 0.02 
4.62 + 0.01 
4.70 * 0.01 

4.48 + 0.01 
4.52 f 0.01 
4.55 + 0.01 
4.58 f 0.01 
4.66 + 0.01 
4.66 k 0.01 
4.73 * 0.01 

4.47 f 0.02 
4.51 * 0.02 
4.55 * 0.02 
4.57 * 0.02 
4.65 k 0.01 
4.67 f 0.01 
4.75 * 0.01 

4.36 f 0.01 
4.38 k 0.01 
4.42 &- 0.01 
4.43 + 0.01 
4.51 + 0.01 
4.51 f 0.01 
4.56 f 0.01 

4.35 + 0.01 
4.40 f 0.01 
4.44 + 0.01 
4.45 * 0.01 
4.51 * 0.01 
4.52 + 0.01 
4.60 + 0.01 

4.37 f 0.01 
4.38 f 0.01 
4.44 f 0.01 
4.47 f 0.01 
4.51 * 0.01 
4.54 f 0.01 
4.61 f 0.01 

4.26 + 0.01 
4.26 k 0.01 
4.30 * 0.01 
4.32 rt 0.01 
4.37 f 0.01 
4.37 f 0.01 
4.45 f 0.01 

4.25 + 0.01 
4.28 + 0.01 
4.29 k 0.01 
4.32 + 0.01 
4.40 f 0.01 
4.40 * 0.01 
4.47 + 0.01 

4.24 f 0.01 
4.24 f 0.01 
4.32 f 0.01 
4.33 * 0.01 
4.38 f 0.01 
4.40 + 0.01 
4.48 k 0.01 

*Initial volume: 30ml; titrant O.lM KOH; 30-40 data points for each titration. 
tIonic strength, M. 
$Free concentration of cations, mM. 
#Value f 3 standard deviations. 

Table 2. Thermodynamic parameters at I = 0.25M (AG” and AH’ in kcalimole, AS” in Cal. mole-‘. K-‘) 

1, 1 0-Phenanthroline 2,2’-Bipyridyl 

M T.“C log K -AG” -AH” AS” Ref. M T,“C log K - AG” -AH” AS” Ref. 

H+ 

Mg2+ 

Car+ 

Sr*+ 

Ba*+ 

10 5.15 
25 4.99 6.81 
40 4.83 
25 5.00 6.82 
20 4.95 6.75 

10 1.61 
25 1.55 2.11 
40 1.49 
20 1.2 

10 1.21 
25 1.09 1.49 
40 0.97 
20 0.7 

10 0.93 
25 0.82 1.12 
40 0.71 

10 0.66 
25 0.57 0.78 
40 0.48 

4.3 

4.3 
4.0 

H+ 10 4.60 
8.5 25 4.46 6.08 3.8 8 

9 
9 

1.7 1 

3.3 -6 

3.0 

2.4 

-7 

-5 

[91 
P5H 

MgZ+ 

1111t 

Ca*+ 

v11t 
Srz' 

Ba*+ 

40 4.32 

25 4.47 6.10 3.8 8 [91 
20 4.52 6.17 3.7 8 115lt 
25 4.46 6.08 3.5 9 116lt 

10 0.38 
25 0.32 0.44 1.5 -4 
40 0.26 

10 0.09 
25 -0.05 - 0.07 3.8 -13 
40 -0.19 

10 -0.02 
25 -0.16 -0.22 3.7 -13 
40 -0.30 

10 -0.10 
25 -0.24 -0.33 3.9 -14 
40 -0.38 

*Standard deviations: 
Protonation: log K f 0.015, AG” &- 0.02, AH” f 0.3, AS” + 1; 
M*+ complex formation: log K f 0.05, AG” k 0.07, AH” + 1.3, AS’ f 5. 
tz=o.lM. 
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formation constant data reported here allowed us to 
calculate: 

c, = 0.26 - 2.0 x 1O-3 (T - 298) 

where T is the absolute temperature. 

(4) 

From equations (3) and (4), bearing in mind the 
van’t Hoff equation, we can write equations for the 
dependence of the thermodynamic parameters on 
ionic strength (at 25”): 

log K(Z) = log K(0.25) + 0.26(1- 0.25) (5) 

AG (I) = AG (0.25) + 0.35(1- 0.25) kcal/mole (6) 

AH (I) = AH (0.25) - 0.8 1 (Z - 0.25) kcal/mole (7) 

AS(Z) = AS(O.25)- 1.2(1-0.25)cal.molee’ .K-’ 

(8) 

Note that equations (SHS) are valid for all reac- 
tions, including protonation: this is in agreement with 
the hypothesis’-9 that the dependence of formation 
constants on ionic strength can be expressed (within 
experimental error) as a general equation valid for all 
reactions having the same stoichiometry. Moreover, 
the values of c,, and &,/aT agree quite well with 
previous findings.’ A value of c, = 0.3 was also found 
for the first protonation constant (at 25”) of ethylene- 
diamine.17 

The formation constants show that the 
1, lo-phenanthroline complexes have greater stability 
than the 2,2’-bipyridyl complexes [the ratio between 
the formation constants KM (phen)/ZP (bipy) is 17 
for Ca*+ and 6 for Ba*+]. For both ligands, the 
stabilities of the complexes follow the order 
MgL*+ > CaL*+ > SrL*+ > BaL*+. The very low sta- 
bility of the M*+-2,2’-bipyridyl complexes explains 
the lack of published data. In fact, for 0.025M Ca’+, 
the logarithm of the apparent protonation constant is 
lowered by ~0.01. In practice, this means that the 
constant ionic-strength medium method cannot be 
used for low ionic strengths. However, our experi- 
mental method, which does not require a constant 
value of Z, allows the determination of very low 
stability constants, down to KM N 0.5, for Z = &l&Z. 
Our stability constant values for the Mg*+- and 
Ca*+-l,lO-phenanthroline complexes are in fairly 
good agreement with those of Anderegg.” The AH” 
and AS” values show that the M*+ complexes are 
stabilized by the enthalpy term, for both ligands. 

It should be noted that it was assumed in the 
calculations that the chloride ion does not form 
complexes with M *+ There are several literature . 
reports of studies of M*+-chloride complexes’g25 but 
the formation constants differ by as much as an order 
of magnitude. For example, for MgCl+ at 25” and 
Z =O, the reported values range from 0.04 to 0.8. 
Calculation shows that if there were 10% association 
of M*+ with Cl- the value of log KH’ would be 

increased by 0.05. For 0.28M MCI, (the maximum 
concentration used) 10% association would require 
&’ to be GO.14 for the change in log KH’ to be 
GO.05. We therefore feel that until the stability 
constants for the MCI+ complexes have been 
definitively measured, the necessary correction can 
either be neglected or assigned an arbitrary value. In 
principle, if the conditional constants for the ML*+ 
complexes were accurately known, it should be possi- 
ble to calculate the precise values from them and the 
experimental conditions. 
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HENRY FREISER 

HORACIO A. MOTTOLA 
Department of Chemistry, Oklahoma State University, Stillwater, Oklahoma 74078, U.S.A. 

A native of New York, Henry Freiser was born on 
August 27, 1920. He earned his Bachelor of Science 
degree in 1941 from the city College of New York 
where later he would be a lecturer (1945). His Master 
of Science and Doctor of Philosophy degrees are 
from Duke University; he earned them in 1942 and 
1944, respectively. His academic career started as 
chairman of the Department of Physical and Anal- 
ytical Chemistry at North Dakota State College 
(1944-1945). After a year as research fellow at the 
Mellon Institute of Industrial Research, Freiser 
joined the faculty of the University of Pittsburgh as 
associate professor (19461958). In 1958 his move to 
the west took him to the University of Arizona, 
Tucson, as professor and head of its Department of 
Chemistry. It was there that Freiser brought to 
realization his remarkable capabilities as a re- 
searcher, as a teacher, and as an administrator. He 
has been at Arizona since then, stepping down as 
head in 1968 to dedicate more time to his hobby of 
research in analytical chemistry, with short tenures as 
visiting professor at the University of California, Los 
Angeles (Fall, 1968) Kyoto University (Spring, 1972) 
and California Institute of Technology (Spring 1979). 
Freiser’s professional activities are numerous; far too 
many to list here. Worth singling out, however, are 
his efforts in pioneering a meeting recognized globally 
as the single major gathering of analytical chemists: 
the Pittsburgh Conference. He has served in prac- 
tically all capacities on its organizing committees, and 
he is still active today as a member of its programme 
committee. Also deserving mention are his services to 
different aspects of the activities and committees of 
the American Chemical Society, the National 
Research Council of the USA, and the International 
Union of Pure and Applied Chemistry. He has been 
on the Advisory Boards of Analytical Chemistry and 
Talanta and is a member of the Separation Science 

and Technology Editorial Board. His list of public 
appearances presenting lectures, short courses, and 
workshops all over the United States and in most of 
the world is too lengthy to include here. He loves to 
learn languages and it is no surprise that he has 
conducted courses in Spanish at the Universidad 
Autonoma de Guadalajara, Mexico. The large num- 
ber of nationalities represented by those who have 
been associated with Henry Freiser as postdoctoral 
fellows can testify to his eagerness to learn about 

*Reference numbers from list of publications. 

other people, other lands, other cultures, other lan- 
guages. It is also an indication of his worldwide 
contributions to education and research in chemistry, 
particularly analytical chemistry. 

His list of more than 260 publications is another 
mark of his enrichment of our subdiscipline with 
journal research articles, chapters, monographs, and 
books that are continuously cited and serve as inspi- 
ration in generating new research and in broadening 
the understanding of underlying principles for key 
analytical methodologies. 

Professor Freiser started his graduate career in 
organic chemistry, receiving his M.S. degree for work 
on the direct fluorination of organic compounds. For 
his Ph.D. degree, which was in physical chemistry, he 
studied dielectric polarization of aromatic fluorine 
compounds (2),* thus displaying for the fist time 
what became his lifelong interest in molecular struc- 
tural influences on chemical behaviour. In the early 
part of his career he continued to use dipole moments 
for the elucidation of structural influences, in a series 
ofpapers (1, 3-5,8, 10, 11,28,29,39,41,73,130) that 
clarified structural details of some heterocyclic nitro- 
gen and sulphur compounds as well as of some 
organosilicon and organometallic compounds. The 
work provided early evidence for the free rotation of 
the cyclopentadienyl rings around the central iron 
atom in ferrocene (41) and made significant headway 
in the interpretation of dipole moments of metal 
chelates by providing a means of compensating for 
the unusually large contribution of atomic polar- 
ization encountered with chelates (10,130). 

Freiser’s interest in metal chelates and organic 
analytical reagents stems from his use of co- 
ordination compounds to purify and isolate hetero- 
cyclic nitrogen compounds (4,6). This work brought 
Professor Freiser closer and closer to the field of 
analytical chemistry. Around 1950 he began a wide 
ranging study of structure-behaviour correlations of 
organic chelating agents used in the determination of 
metal ions. He was perhaps the first analytical chem- 
ist to recognize the importance of the use of metal 
chelate formation equilibrium constants as a founda- 
tion for the evaluation of organic analytical reagents 
(12). Among the interesting findings by Freiser and 
his students are the following. 

1. The recognition that the highly specific nickel 
reagent, dimethylglyoxime, does not owe its reputa- 
tion to an anomalously high stability for the complex 
[for example, Cu(I1) typically forms more stable 
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chelates than Ni(I1) and this is also true for dimeth- 
ylglyoxime (35)], but rather to the unusually low 
aqueous solubility of the nickel chelate (84). 

2. The discovery that steric hindrance in 
2-substituted-8-quinolinol chelates is significant 
for the bivalent-metal complexes (decreasing with 
increasing ionic radius) as well as in the case of 
Al(II1) (36). Similar findings were reported for the 
sulphur-analogue, 8-mercaptoquinoline (129). Other 
important studies of steric factors in chelate for- 
mation included an examination of the role of chelate 
ring size (34,37) and the equivalence of one sulphur 
atom to two carbon atoms in such matters (52,64). 

3. The systematic study of the effect of substituting 
sulphur [and selenium (99,l lo)] or oxygen as a bond- 
ing atom in producing reagents of greater selectivity 
as well as acid strength [as reflected by their ability 
to form chelates in more strongly acidic media 
(13,52,63,64,98,109,115,129,135,142,152]. 

4. The recognition that though crystal-field sta- 
bilization (CFS) plays a major role in the energetics 
of transforming gaseous transition metal ions into the 
hydrated metal ions (SO-SO kcal/mole), the con- 
tribution of CFS to the stability of metal complexes 
in solution is small (2-3 k&/mole) and fairly inde- 
pendent of ligand type (57). However, ligand type 
does exert a considerable influence on the extent of 
complex-stability increase from manganese to zinc; 
the less electronegative and more polarizable the 
bonding atoms, the greater the increase in stability 
(122). 

5. The recognition that metal chelation can, by its 
effect on electron-density distribution, affect the 
chemical reactivity of the organic ligand. For exam- 
ple, metal chelation was found to increase the acidity 
of imidazole protons, to an extent that paralleled the 
stability of the metal chelate (42). Metal chelation 
was also found to affect profoundly the keto-enol 
tautomeric equilibria of various chelating agents, 
such as riboflavin (59), chelidamic acid (87), pyridine- 
2,6-dialdoxime (96) and various hydroxyquinaldinic 
acids (103). In a related area, metal ions were found 
capable of inducing molecular rearrangements in 
originally non-chelating compounds to form a chelat- 
ing isomer (111,112). Work in these areas is of value 
in providing explanations of the role of trace metals 
in metabolism as well as in analytical chemistry. 

6. The value of applying modern structural meth- 
ods to problems of metal chelate chemistry. Freiser 
was among the first to use infrared spectroscopy with 
metal chelates and to observe a relation between the 
shift of a C-O stretching band in 8-hydroxy- 
quinoline chelates and the fundamental chelating 
parameters (44). Electron spin resonance was inge- 
niously applied to resolve controversies in 8-mer- 
captoquinoline (102) and dithizone (16 1) chemistry. 
More recently, ESCA has been employed to assign 
unequivocal oxidation numbers to metal ions in 
chelates, where previous work had left some con- 
fusion (186). X-Ray crystallography was used to 

determine the structures of nickel (160) and zinc ( 168) 
dithizonates. This work not only served to define the 
atomic make-up of the chelate ring but the relation 
of the adjacent phenyl ring to it. From observations 
of the solution chemistry of these compounds, Freiser 
had suggested earlier (109) that in the case of nickel 
the phenyl ring would be perpendicular to the chelate 
ring while with zinc the two rings would be coplanar. 
This turned out to be the case. Explanations of 
electronic spectra, particularly in the case of low-spin 
nickel chelates, have been used to elucidate structure 
(154) as well as to provide a basis for new analytical 
methods (150). 

7. Over the last thirty years, a great deal of effort 
has been devoted to the determination of metal 
chelate formation constants for a wide variety of 
metal ions and ligands and to the use of such data to 
obtain information about the role of various molecu- 
lar structural parameters that affect chelate for- 
mation. Until recently, there has been no attempt to 
deal with any but a restricted series of compounds 
and metal ions rather than examine the rich data base 
available. Freiser and co-workers have applied pat- 
tern recognition techniques to three sets of metal 
chelate stability data, a sample population far larger 
than previously considered (201). For the stability 
constant data for the bivalent metal chelates of (a) 
fl-diketones, (b) 8-quinolinols and (c) poly- 
aminocarboxylic acids (such as EDTA), pattern- 
recognition computer programs were run which 
yielded linear equations with which stability con- 
stants could be predicted with (depending on the 
ligand family) a correlation coefficient of 0.95-0.98, 
by utilizing less than ten of the more than twenty 
structural parameters introduced at the beginning of 
the run. Further, it was found possible to maintain a 
correlation coefficient of 20.93 even when the num- 
ber of structural parameters used as independent 
variables was reduced to three, namely the pK, 
values of the ligands, the second ionization potential 
of the gaseous metal ion, and a third which differed 
according to ligand family. The results of this appli- 
cation of pattern recognition to chelate chemistry are 
encouraging and strongly suggest the value of this 
approach to problems of reagent design. 

Freiser’s contributions to analytical chemistry ex- 
tend over several interconnected areas. For instance, 
in the course of his study of metal chelate stabilities 
and their role in improving the evaluation of organic 
analytical reagents and the development of reagent 
design principles, several interesting and useful new 
reagents were developed, such as o-hydroxyphenyl- 
benzoxazole (20) for the determination of cadmium 
in the presence of zinc, o-hydroxyphenylbenz- 
imidazole as a selective reagent for mercury (23) 
quinoline-&selenol(82,90,101) and others (25,32,50). 

Professor Freiser has made significant con- 
tributions in the field of solvent extraction. He co- 
authored (with G. H. Morrison) the first book on the 
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principles and practices of solvent extraction in anal- 
ytical chemistry (49), currently under revision, which 
even today is widely consulted and used through- 
out the world (translated into Russian, Chinese, 
Japanese, Czech, Polish). The Extraction Review 
appearing biennially since 1958 in the annual reviews 
issue of Analytical Chemistry (54,68,81,104,125,145), 
has served to update in almost encyclopaedic fashion 
the vast and still expanding literature in this field, at 
least part of which can be said to have derived 
inspiration from the work of Freiser and his students. 
Many other chapters and reviews on solvent extrac- 
tion have appeared over the same period 
(65-67,79,80,82,89,90,126,163). In addition, Freiser 
and his students have conducted fundamental studies 
of various solvent extraction systems with a view to 
determining the contributory equilibrium constants, 
e.g., for acetylacetone (33,46,60,74), &hydroxy- 
quinolines (74,76), and pyridylazonaphthol (PAN) 
(95). Together with Stary, Freiser has compiled a 
volume of extraction equilibrium parameters of 
chelating extractants (195) as a supplement to the 
IUPAC Stability Constants. 

Freiser developed a simple extraction method for 
study of the kinetics of fast reactions and its applica- 
tion to the mechanism of metal chelate chemistry. 
Structure-behaviour relations are often not fully 
explorable by equilibrium studies alone and attention 
is turned toward kinetics and mechanisms. Motivated 
by such considerations Freiser developed a unique 
and simple means of obtaining kinetic information 
about reactions having very high rate coefficients and 
applied his technique to the study of chelation reac- 
tions of analytical significance (83,114,136,139,155, 
164). He and his students and associates found that 
under controlled conditions, the rate of the chelation 
extraction process was dependent on homogeneous 
chemical reactions in the aqueous phase and that 
extraction rates could therefore, be used to find 
reaction-rate coefficients of these rate-determining 
steps. The finding that, for most metal ions, the 
formation of the 1: 1 chelate is rate-determining is 
interesting and corroborates testimony obtained with 
water-soluble chelate reaction-systems. They also 
found that the metal reaction-rate sequence 
(analogous to metal stability sequence) was essen- 
tially independent of the nature of the chelating 
agent, with Cd >Zn >Co >Ni the rate order 
observed with about ten extractants in the dithizone 
family, as well as several 8-mercaptoquinolines. This 
sequence paralleled that found by Eigen for the rate 
of loss of water in the first co-ordination sphere of the 
metal ion. The importance of water was further 
emphasized by the finding that when metal ions such 
as zinc or nickel have had one co-ordinated water 
molecule replaced, even by an anionic ligand 
(which reduces the positive charge and presumably 
part of the driving force for combining with the 
anionic chelating ion), the rate of extraction usually 
increases. Thus it would appear, that for these metals, 

at least, the “first water to be replaced is the 
hardest”. 

The extraction technique developed by Freiser is 
the only way to study the kinetics of extremely 
water-insoluble chelate systems, and also represents 
a simple and convenient alternative to more 
sophisticated methods such as “stopped-flow,” etc. 
By use of the extraction technique, the Ni(II)- 
phenanthroline (and bipyridyl) systems were in- 
vestigated (194) and each of the stepwise formation 
and dissociation rate constants was experimentally 
determined, with results that were in good agreement 
with values obtained by the stopped-flow method. 
The solvent extraction technique is superior to the 
stopped-flow technique when secondary reactions of 
the ligand might be rate-determining under the ex- 
perimental conditions required. Since its development 
in 1962, the solvent extraction kinetic technique 
has been used with increasing frequency in other 
laboratories. 

Freiser has also tackled the question of the mech- 
anism of back-extraction, or stripping. Using nickel 
dithizone in chloroform as a model system, he has 
shown that back-extraction can be catalysed better by 
such metal ions as Ag(1) and Hg(I1) and by ligands 
such as cyanide and EDTA than by hydrogen ions 
(224). This work led naturally to the study of the 
kinetics of extraction of the commercially available 
chelating extractants of hydrometallurgical interest. 
Although some work by others (Flett, Spink, 
Atwood) had indicated that the extraction of 
Cu(I1) by LIX65N (5-nonyl-2-hydroxybenzophe- 
none) proceeded by mechanisms involving slow 
chemical reactions taking place at the interface, 
Freiser demonstrated that LIX65N, significantly less 
hydrophobic than dithizone, reacted, as did 
dithizone, through a slow aqueous homogeneous 
chemical reaction (216). In response to critics of this 
work, Freiser conclusively settled the argument by 
repeating the Cu(II)-LIX65N kinetic study in seven 
organic solvent-aqueous solvent pairs in which it was 
shown that, in quantitative agreement with the pro- 
posed mechanism, the observed reaction rates 
changed over three orders of magnitude as predicted 
from the change in the distribution constants of 
LIX65N (239). An analogous study of the 
Ni(II)-LIX65N system served to further emphasize 
the validity of the mechanism (241). 

Freiser then turned his attention to the search for 
extraction systems in which the interface would play 
a part and, just as importantly, for experimental 
techniques that would be suitable for such studies. 
The latter problem was ingeniously solved by using 
a microporous Teflon membrane that permitted clean 
separation of very small (N 100-200 pm diameter) 
organic solvent droplets from a highly agitated 
aqueous-organic solvent mixture (245). For the first 
time, therefore, extraction equilibria and kinetics 
could be studied under conditions in which there was 
a very large interfacial area. The search for inter- 
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facially active systems was also successful. Anions of 
dialkylated dithizones were shown to be selectively 
adsorbed into a water-like interface that resulted in 
changes of as much as five orders of magnitude [in the 
case of dihexyldithizone (246)] in heterogeneous 
acid-base equilibrium constants, induced by high- 
speed stirring. Understanding the selective ad- 
sorption of the extractant anion helps explain that the 
rate of metal-chelate formation in the interface is 
essentially the same as in bulk water (247). The 
Freiser group also demonstrated that the anion of 
Kelex 100 was adsorbed in the_i@erface but that 
the neutral extractant was not (252). They are cur- 
rently pursuing the opportunity afforded by their 
novel experimental approach, to study the un- 
supported liquid-liquid interface. 

Most chelate-extraction equilibrium studies de- 
voted to structural-behaviour considerations are di- 
rected toward elucidation of the effect of structural 
modification on metal chelate stability. Among the 
few workers who recognize the importance of under- 
standing the influence of structural factors on the 
physical properties (distribution constants) of the 
extractants and their metal chelates, Freiser has 
undertaken a systematic study of the effect of substit- 
uents and the role of non-specific interactions on Kn 
values (123,134). In particular, he and his associates 
have brought recognition of the importance of the 
solubility parameter [of the organic solvent and of the 
distributing solute(s)] on K,, values. He was the first 
to observe that the solubility parameter, rather than 
dielectric constant or vaguely expressed “polarity” of 
the organic solvent was paramount in defining the 
extraction equilibrium constant of ion-association 
complexes as well as of neutral compounds (153). 

Freiser and his group have conducted a broadly 
based study of extraction equilibria of ion-association 
complexes which resulted in the discovery of an 
extractability sequence for organic and inorganic 
anions (174). He has been able to correlate solvent 
extraction parameters with ion-selective electrode be- 
haviour (174) and is on the way to employing novel 
electrochemical means of studying solvent extraction 
systems. He has also shown the broad analytical 
utility of highly coloured extractable ion-pair com- 
plexes in trace analysis (144, 179). 

Initially through his interest in solvent extraction, 
Freiser and his group became involved with ion- 
selective electrodes of the liquid-membrane type. In 
the course of this work they developed the first 
organic anion-selective electrodes (148,15 1) including 
those involving amino-acid anions (162) and were 
able to clearly define the role of solvent extraction 
parameters in the selectivity of liquid-membrane ion- 
selective electrodes (174). He and his group discov- 
ered the novel coated-wire ion-selective electrode 
(197) which has great application potential in envi- 
ronmental and clinical as well as general analysis, 
because of its rugged simplicity and capability of 
miniaturization (18 1). Coated-wire electrodes (CWE) 

have been successfully applied to the determination 
of cations such as calcium (170), and potassium (188), 
as well as a wide series of organic and inorganic 
anions (175). Applications of coated-wire electrodes 
to atmospheric pollutant analysis for NO, (178) and 
carbon disulphide (192) as well as in water analysis 
(189) have been developed. In more recent CWE 
work, the Freiser group has developed and studied a 
series of highly selective cation-responsive electrodes 
which permit the determination of drugs of abuse 
such as cocaine and phencyclidine (PCP or “angel 
dust”) (217,219,235), as well as the new generation of 
pharmaceuticals for heart-disorder treatment (243). 
Freiser has also edited two volumes of a widely 
praised series dealing with ion-selective electrodes 
(221,222). 

As further testimony to the vitality of Freiser’s 
imaginative approach to research, mention can be 
made of his unique application of current-scan polar- 
ography in an organic-aqueous immiscible solvent- 
pair system to the study of transport of both ionic 
and neutral species across the liquid-liquid phase 
boundary. With the ascending water electrode (aque- 
ous drops rising through the denser organic solvent, 
such as dichloroethane or nitrobenzene-so-named 
in analogy with the well-known dropping mercury 
electrode of classical polarography) Freiser has been 
able to demonstrate that, in the case of phen- 
anthroline and similar extractants, the extractant 
diffuses into the aqueous phase, reacts with either a 
proton or a metal ion, and that the protonated or 
complexed extractant is transported back to the 
organic phase (258). 

These experiments, as well as those currently un- 
der way, provide a powerful new approach to the 
study of both equilibrium and kinetic aspects of 
mass-transfer processes, that are capable of gener- 
ating new insights into the role of the interface and 
other fundamental factors influencing such processes. 

Although Freiser has not published extensively in 
the field of chromatography, he provided the first 
example of liquid adsorption-chromatography sepa- 
ration of metal chelates (14) and was the first to 
publish an application of gas-liquid chromatography 
to the separation of metal ions (61,72). 

More recently, he has developed a novel reversed- 
phase liquid chromatography, termed dye-assisted 
chromatography, in which a dye such as Methylene 
Blue or Brilliant Green is incorporated in a polar 
eluent, and permits the separation and detection of a 
large number of individual compounds of various 
families of uncharged organic compounds: alcohols, 
aldehydes, ketones, esters, amides, etc. (228,244,249). 
Dye-assisted chromatography is particularly useful 
for compounds without chromophores, which now 
can be detected at much lower concentrations. 

Freiser has also been active in the use of catalytic 
reactions for trace analysis. He and his group have 
applied metal-catalysed oxidation-reduction reac- 
tions to the determination of trace levels of various 
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complexing agents. By means of this approach meth- 
ods for submicrogram quantities of EDTA (137), 
cysteine and other mercaptans, phenanthroline (146), 
cyanide (147), and arsenic (190) have been developed 
and applied to various environmental analytical 
problems. 

In recognition of his leadership in the field, and 
confidence in the large contributions that he has yet 
to make, the University of Arizona in 1983 funded a 
research programme proposed by Professor Freiser, 
called the Strategic Metals Recovery Research Facil- 
ity (SMRRF). SMRRF is designed to study new 
metal-recovery processes that are more economical, 
energy-efficient, and environmentally compatible. 
Professor Freiser, the chairman of SMRRF (or 
“Papa SMURF”) has a research group of about 20 
students, postdoctoral research associates, and vis- 
iting scholars and professors from all over the world. 

In conclusion, Freiser’s research record displays an 
interesting synthesis of the theoretical and the prac- 
tical. The broad range of topics with which he has 
dealt mark him as one of the few “generalists” in 
analytical chemistry. 

As for Freiser the man, he is always pictured to 
those with whom he has been associated, as a smiling 
face, a cunning intellect, a dynamic friend. This 
youngster of 65 years of age jogs every day, and put 
to shame and amazed younger colleagues during the 
First International Symposium on Kinetics in Anal- 
ytical Chemistry (Cordoba, Spain, 27-30 September 
1983) with his flamenco dancing and his request for 
more oil and garlic sauce for his chicken “a la 
Sevillana” when the rest of them were reaching for 
the bottle of anti-acid. 

This informal reminiscence of Freiser’s accom- 
plishments should not be closed without mentioning 
a unique contribution to analytical chemistry, one for 
which his charming wife, Eddie, should claim major 
recognition. This unique contribution is Ben Freiser, 
their youngest son, who has recently received the 
ACS Award for outstanding contributions in basic 
chemistry. The ingenuity and charm of the Freisers 
can also be seen in their other two children: Debbie, 
a talented artist, and Manny, artist and entrepreneur. 
This special issue of Talunta is offered to him as a 
token of recognition from those whose life has been 
greatly benefited by their association with Henry 
Freiser, the scientist and the man. 
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Summary-Recent developments in our laboratory involving both software and hardware modifications 
of the Nicolet FTMS-1000 Fourier-transform mass spectrometer now enable us to conduct research in 
what can be termed a “complete gas-phase chemical laboratory.” Selected ions of interest can be mixed 
with various reagents and their detailed chemistries monitored through a series of as many as eight 
reaction sequences. At any point in these sequences, ion structures can be elucidated and fundamental 
kinetic and thermodynamic parameters of the reactions can be determined. In particular we have been 
applying these powerful new techniques to the examination of the gas-phase chemistry and photochemistry 
of metal ions, metal clusters and metal complexes, which have a bearing on the fundamentals of 
organometallic chemistry and catalysis. This paper presents some highlights of this work. 

Over the last few years our laboratory has been 
working extensively in two main areas: (1) devel- 
opment of Fourier-transform mass spectrometry 
(FTMS) as a means of performing both analytical 
mass spectrometry and fundamental ion-molecule 
reaction chemistry and (2) study of bare metal ions, 
metal-ion complexes and metal-ion clusters. These 
two areas have been intimately related, in that new 
instrumental developments in FTMS have permitted 
increasingly sophisticated experiments to be per- 
formed. The desire to extend our knowledge of the 
chemistry of metal ions in the gas phase has often 
required the development of such new methodology. 
In this paper some highlights of this work are 
presented in the hope of providing the reader with a 
basic understanding and appreciation of both the 
methodology and the chemistry. 

LASER GENERATION OF 
METAL IONS 

The application of a pulsed laser source in our 
laboratory has proved to be a convenient and power- 
ful method of generating metal ions for subsequent 
gas phase studies.’ As shown schematically in Fig. 1, 
focusing the beam of a high-powered pulsed laser 
onto a metal target causes ejection of a plume of 
material from the surface. This phenomenon, known 
as “laser ionization” when ions are produced or 
“laser ablation” in general, gives what is seen visually 
as a “spark” and is attributed to the rapid heating of 
the surface.’ The process is dependent on the laser 
power, with a threshold of the order of lo’-lOa 
W/cm’, but is apparently independent of wavelength 
and is readily produced, for example, by the funda- 
mental, doubled, tripled and quadrupled energy 

beams of an Nd:YAG laser, at 1066, 533, 355 and 
267 nm, respectively. Although the plume consists 
predominantly of neutral metal atoms, these species 
rapidly condense on the first surface they strike and 
are not observed during the time taken by our 
experiments, as discussed below. By far the most 
abundant positive ion produced is the monatomic 
singly-charged metal ion, and the electron is the 
predominant negatively-charged species generated. 
Atomic metal anions, M-, as well as metal cluster 
ions, M,+ and M,, have also been produced by using 
laser ionization3,4 but, unfortunately, are not pro- 
duced in sufficient abundance to be studied by 
FTMS. 

Laser ionization thus provides a convenient 
method for generating virtually any positive metal 
ion from the pure metal for subsequent gas-phase 
chemical studies, and has a number of clear advan- 
tages over other commonly used techniques. Electron 
impact on a volatile metal carbonyl such as Fe(CO),, 

Fig. 1. Schematic depiction of laser ablation. 
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produces not only Fe+ but also high abundances of 
Fe(CO),+ (n = 1 - 5).5,6 In addition, in a study of 
the chemistry of Fe+ with an organic substrate, the 
neutral carbonyl, which is highly reactive with the 
ions present, can obscure the chemistry. Finally, a 
convenient volatile complex of a more exotic metal 
may not be available. Surface ionization of metal 
atoms, produced by heating metal salts, has also been 
used quite successfully in ion-beam studies7-9 but 
requires a somewhat cumbersome changing of the 
metal salts if different metals are to be studied. In 
addition, some of the more exotic metal ions are 
again difficult to produce by this method. In sum- 
mary, while these other techniques continue to be 
quite useful, laser ionization offers a “clean” and 
convenient source of metal ions, the selection of 
which is rapidly accomplished by simply focusing the 
laser on a different target. 

Our interest in studying metal ions is twofold. 
First, fundamental studies of metal ions in the gas 
phase provide kinetic, mechanistic and thermo- 
dynamic information of relevance to a broad range of 
areas, such as organometallic chemistry, atmospheric 
chemistry, corrosion chemistry and catalysis. Second, 
metal ions hold promise as selective chemical ioniz- 
ation reagents, as described below. 

METAL IONS AS SELECTIVE 
CHEMICAL IONIZATION REAGENTS 

In addition to the spectacular instrumental devel- 
opments in mass spectrometry over the past two 
decades, there has also been a growing interest in the 
“chemistry taking place within the ionization cham- 
ber”. In particular the ion source can be thought of 
as a reaction chamber in which chemical reactions 
can provide selectivity greater than that given by the 
instrumentation itself. The beginnings of this more 
chemical approach can be traced to the landmark 
paper by Munson and Field in 1966, introducing 
chemical ionization.” The most commonly recog- 
nized ionization method in mass spectrometry is 
electron impact, in which a sample is bombarded with 
electrons (usually at 70 eV). Electron impact on 
compound AB, for example, produces the fragments 
A+ and B+, and in fortunate cases, the molecular 

AB= A+, B+, AB+ (1) 

ion AB+(reaction 1). It is both an advantage and a 
disadvantage of electron impact that it is a universal, 
non-selective ionization method whereby any sample 
that can be volatilized can be ionized. While under 
many circumstances this may be desirable, clearly a 
complex mixture will produce a complex spectrum. 
Furthermore, it is often the case that electron impact, 
especially at 70 eV, imparts too much energy to the 
parent molecular ions, causing decomposition and 
hence their absence from the spectrum. Chemical 
ionization on the other hand is a two-step process in 

which the first step involves the generation of a 
reagent ion, R+, generally by electron impact on a 
reagent gas, R (reaction 2). 

R; R+ (2) 

The second step is that the reagent ion then 
undergoes an ion-molecule reaction with the sample, 
AB, to produce product ions (reaction 3). 

R+ + AB - product ions (3) 

The sample is not ionized by electron impact, but by 
chemical reaction. Careful choice of the reagent ion 
can, in theory, permit this reaction to be as selective 
or universal as desired. A number of reagent gases 
have been used for chemical ionization, but most of 
them come into the categories of either proton- or 
charge-transfer reagents.“,‘2 In contrast, we felt that 
the array of metal ions available would exhibit a far 
wider variety of reactivities, which would be particu- 
larly useful for selective chemical ionization. Thus, 
we set about a systematic study of reactions of metal 
ions with various classes of organic molecules. The 
goal of this research was to identify trends in reac- 
tivity, i.e., to find reaction mechanisms useful in 
interpreting the chemical ioniation spectra of un- 
known compounds and to test for the functional- 
group selectivity of the various metal ions. We have 
demonstrated the feasibility of these goals, thus far, 
in extensive studies of Cu+ with esters and ketones,13 
Fe+ with ethers, ketones and hydrocarbons,‘4 Ti+,15 
Rhf,16 V+,” and Y+,18 with hydrocarbons, and of 
Fe+ and Co+ with sulphur-containing compounds.” 
Results have also been reported from a number of 
other laboratories.G9 Chemical ionization with Co+, 
for example, has been applied to bifunctional com- 
pounds,20 and in an elegant recent experiment Fe+ 
was found to be useful for locating double bonds in 
a variety of long-chain compounds.2’ Finally, in view 
of the large data sets generated from the variety of 
metal ions and organic species studied, we have 
begun to apply pattern-recognition techniques as a 
powerful means for data analysis.22 

FOURIER-TRANSFORM MASS SPECTROMETRY 

Our work on metal-ion chemistry was greatly 
facilitated when we obtained the prototype Nicolet 
FTMS-1000 Fourier-transform mass spectrometer in 
198 1. Before this, all our studies had been performed 
on a conventional ion cyclotron resonance (ICR) 
spectrometer. FTMS is based on the principles of 
ICR and, in fact, is also referred to as FTICR as 
originally named by its inventors, Marshall and 
Comisarow. As first pointed out by these authors,23 
all the advantages of the Fourier-transform method 
achieved in NMR and infrared spectroscopy are also 
realized for ICR, with a few additional advantages as 
discussed below. 
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Recelvlng 
plates 

Fig. 2. Modified cubic trapping cell. 

The heart of the FTMS instrument is the cubic 
trapping cell shown schematically in Fig. 2. Because 
of the applied electric and magnetic fields, the cell 
acts as an “electromagnetic bottle” in which ions may 
be stored for up to several seconds-much longer 
than the microsecond residence times available with 
conventional mass spectrometers. It is this feature 
which makes FTMS ideally suited for studying the 
chemistry and, photochemistry of ions in the gas 
phase. The cell shown in Fig. 2 was constructed in our 
laboratory and is a 5.2-cm cube. The tolerances for 
the cell are not critical and the fin. hole drilled in one 
of the plates to permit laser irradiation does not affect 
its performance. Several metal targets are spot- 
welded onto the back receiving plate, and are easily 
accessible for laser ionization. The entire cell is in a 
vacuum enclosure which is operated at between 1O-8 
and lo-’ mmHg pressure and placed between the 
pole faces of a 9-kG electromagnet. 

The basis of FTMS can be described in relatively 
simple terms. Z&30 An ion in a magnetic field is con- 
strained to move in a circular orbit perpendicular to 
the field, at a characteristic frequency proportional to 
the magnetic field and inversely proportional to its 
mass-to-charge ratio (m/z). If the ion is then placed 
between two plates and a radiofrequency field (i.e., an 
oscillating electric field) having the same frequency as 
the cyclotron frequency of the ion is applied to the 
plates, there is a resonance effect and the ion absorbs 
energy, causing its orbital radius and velocity to 
increase. Ions of the same mass all orbit at the same 
frequency prior to excitation but are in different 
spatial positions in the orbits, and thus are out of 
phase with each other. After an excitation (RF) pulse, 
not only have the orbital radii and velocities increased, 
but the ions are all moving together coherently. It is 
this coherent motion that gives rise to a signal. The 
“packet” of ions attracts electrons to whichever plate 
it is approaching, and an “image” current is estab- 
lished between the two plates. As shown in Fig. 3, this 
image current provides the time-domain information 

which is then digitized and subjected to fast Fourier- 
transformation to yield the frequency-domain spec- 
trum. A complete mass spectrum is obtained by 
applying a (rl MHz RF pulse, referred to as an RF 
“chirp”, for about 0.1 msec. This excites all the ions 
in a coherent fashion, producing an image current 
consisting of all the superimposed frequencies. The 
Fourier transform yields the frequency spectrum and 
thus the mass spectrum. The intensities of the peaks 
are directly related to the concentrations of the ions 
present. A particularly interesting feature is that the 
width of a peak, and hence the resolution, is limited 
by the uncertainty principle, in that the longer the 
image-current transient is sampled, the higher the 
resolution. The decay of the image-current signal 
arises mainly because of ion collisions with the neu- 
tral gas molecules present. A collision of one of the 
ions in the packet results in that ion no longer moving 
coherently with the remainder of the ions in the 
packet. Thus with a high pressure in the cell, the 
signal decays rapidly (in times of the order of msec), 
producing a low-resolution spectrum, while at low 
pressures (especially, for example, on the space- 
shuttle) the transient may last for tens of seconds, 
producing an ultra high-resolution spectrum. It is 
interesting to note that the intramolecular relaxation 
mechanism for NMR, as opposed to the inter- 
molecular process in ICR, is the reason that, unlike 
FTICR, there is no gain in resolution on going from 

I 
FREQUENCY - 

Fig. 3. Schematic depiction of the basic principles of FTMS. 
Coherent motion of ions in the cell produces an image- 
current signal which is digitized and then Fourier- 
transformed, resulting in a frequency or mass spectrum. 
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64 65 66 
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Fig. 4. (a) High-resolution spectrum (FWHH = 6 x 104) of Cu+. (b) Mass spectrum (FWHH = 1.7 x 10’) 
indicates the presence of two isobars at integral mass 86 [reactions (4) and (5) in text]. 

NMR to FTNMR. A resolution of lo8 has been 
reported3’ at mass 18, which in theory could resolve 
He+ in its ground state from He+ in its tirst excited 
state, i.e., the resolution is equivalent to the mass of 
a 21-eV photon! Conceivably, the gain of another 
order of magnitude in resolution could allow bond 
energies to be obtained directly from mass-defect 
measurements. A mass resolution of lo8 at the 
present time, however, is still by no means routine, 
although resolutions of the order of 104-lo6 are easily 
achievable. Figure 4a shows a spectrum of Cu+ at a 
resolution of 6 x lo4 obtained in the presence of only 
background gas at 10e8 mmHg. Addition of a sample 
gas does degrade performance but, as shown in Fig. 
4b, a resolution of 1.7 x lo4 is sufficient to determine 
that both reactions (4) and (5) occur for Ni+ and 
butanone at -5 x lo-’ mmHg. 

NiCO+ + C,H, (4) 
Ni+ + CH3COC2Hs 

-c NiCzH4+ + CrH40 (5) 

MS/MS BY FKWS 

One of the techniques currently in the forefront of 
mass spectrometry research is MS/MS (mass 
spectrometry/mass spectrometry) by analogy with 
GC/MS.32-34 Figure 5 illustrates one of the basic 
differences between performing the MS/MS experi- 
ment with the more conventional tandem instrument, 
and doing it by using FTMS. In a tandem MS/MS 
experiment the ions are manipulated in space. An ion 
generated in the source is selected by using the first 
mass spectrometer (sector or quadrupole), MS,, and 
undergoes a collision in the reaction chamber. The 

product ions from that collision are analysed by using 
a second mass spectrometer, MS*. This is also the 
basis of the popular triple quadrupole instrument as 
well as those instruments employing magnetic and 
electrostatic analysers. Clearly, additional sectors or 
quadrupoles would be required for MS/MS/MS or 
further combinations. In contrast, in FTMS the ions 
are constrained in space and the experiments are 
carried out in time. A typical pulse-timing sequence 
is shown in Fig. 5. In our experiment the ion- 
formation pulse triggers the laser to generate metal 
ions. Following ion formation, a series of radio- 
frequency pulses (often referred to as double reso- 
nance pulses) of varied amplitude, frequency and 

Sector MS/ MS 

I 

S lr TiEi l-&h G-3 

J 
----------------_ 

v I l-l4 
-III 

PI 

-lP[ 

63 

Fig. 5. Comparison of a generalized tandem mass spec- 
trometer and a Fourier-transform mass spectrometer. Also 

shown is a typical FTMS pulse timing sequence. 
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duration occur to manipulate the ions (as discussed 
below), and finally a detection pulse permits a “snap 
shot” of the products generated. This pulse sequence 
is readily modified by teletype commands and, there- 
fore, different experiments require changes only in 
software as opposed to hardware. 

All the ra~of~q~~ pulses are generated from a 
frequency synthesizer which is under computer con- 
trol. This device literally calculates voltage as a 
function of time to achieve the desired frequency, and 
sends the signal to the cell. The radiofmquency from 
the synthesizer is used for three functions: (1) for 
detection as described above, (2) for ejection and (3) 
for collision-induced dissociation (CID). Ejection is 
achieved when a hip-amplitude radiofrequency 
signal is applied at the cyclotron resonance frequency 
of an ion, causing its orbit to expand rapidly and 
resulting in the annihilation of the ion against one of 
the cell plates.3’*36 A single frequency can be applied 
to eject one ion selectively or a swept frequency can 
be applied to eject several ions. The spectrum shown 
in Fig. 6 illustrates the power of this technique to 
determine reactant-ion/product-ion relationships. 
Laser ionization of a titanium target in the presence 
of water vapour generates Ti+ and TiO+. Because 
titanium is such a reactive metal, it is not clear 
whether the TiO + arises from a gas phase reaction of 

46T~ + 

m/z 

6T!‘%+ 

Fig. 6. Spectrum obtained from reaction of Ti+ and H,O. 

Ti+ with HiO, or is being generated directly from the 
surface as a result of a surface reaction. Titanium has 
several isotopes and while the ions at lpllz 46 and m/z 
50 are observed, during this experiment the isotopes 
at m/z 47-49 are continuously ejected. Not only are 
these species absent from the spectrum in Fig. 6, but 
the ~~~pon~ng oxide ions are also missing. This 
provides unambiguous evidence that the TiO+ is a 
result of the gas phase reaction (6), and is not due to 
direct formation from the surface, since in the latter 
case ejection of Ti+ would have had no effect on 
TiO+. 

Ti+ + H,O 3 TiO+ + H2 (6) 

In collision-induced dissociation (CID), an ion is 
accelerated into a target gas, causing the ion to 
fragment and thus yield its mass spectrum. Collision- 
induced dissociation is readily accomplished in a 
Fourier-transform mass spectrometer by once again 
applying a ~~of~~cy pulse at the frequency 
appropriate for an ion of a particular mass.37*38 With a 
pulse of moderate amplitude, the kinetic energy of the 
ion and the radius of its orbit increase at such a rate 
as to favour collisions with a target gas (usually argon 
at -5 x 100~ mmHg) rather than ejection. CID is 
one of the most powerful and certainly most widely 
used tools in mass spectrometry for ion-structure 
dete~ination.32-~ This technique has been particu- 
larly useful in our work, where a knowledge of the 
product-ion structure yields an insight into the reac- 
tion mechanism. CID, for example, was used to 
dist~n~sh the four isomeric NiC,,H$ ions generated 
in reactions (7)-(10).jg 

Ni+ + nC,Hlo -+ Ni(C,H,)$ + H, (7) 

Ni+ + n-CsH1.++ NiC,H,CH=CHt 

+ C& (8) 

CH,CH 
Ni++ 1 \ 

CH,CH,/ 
CH2CH2\Ni’ + CO (9) cl---+ I 
CH,CH;/ 

Ni+ + (CH3)&! -+ Ni(CH,),C!=CH: 

+CH4 (10) 

As shown in Table 1, the bis-ethene product in 
reaction (7) loses one and two ethenes upon CID, 
while the butene complex in reaction (8) loses H2 to 
form a stable butadiene complex, and so on. The 
particular significance of these results is that they 
provide direct evidence for initial C-C insertion as 
opposed to C-H insertion, in direct contrast to the 
behaviour observed for bare metal atoms and transi- 
tion metal complexes in solution. 

In addition to structure elucidation, we have found 
CID to be a powerful and convenient tool for syn- 
thesizing unusual ions in situ. We have employed this 
technique extensively to generate and study 
transition-metal atomic anions which could not be 
formed reproducibly or in sufficient yields by direct 
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Table 1. Neutral losses from CID of NiC,H,+ complexes*? 

Structure H, C,H, GH, 

NGH4)C X X 
NiC,H,CH=CH$ X X 

y2\Ni+ 

CH,CH,/ 
X X X 

Ni(CH,),C=CH: X 

*CID fragments observed at 15 eV kinetic energy. 
tArgon added to give total pressure of 1 x IO-’ mmHg. 

laser ionization.M Figure 7 demonstrates this capabil- 
ity for generating Cr. This example shows the 
results of a study of Cr(CO), which, like most metal 
carbonyls, has a large cross-section for dissociative 
electron-capture and produces a large signal for 
Cr(C0);. Next, CID results in the sequential loss of 
CO ligands, producing a variety of products, 
including Cr. The Cr- is isolated by ejecting all the 
other species present. It is evident from Fig. 7 that 
there is a strong signal for Cr- for subsequent study. 

r 
(al 

cr tco1; 

PULSED VALVR CHRMI!3TRY: STUDY 
OF MX+ (X=LIGAND) 

Thus far, the study of atomic metal-cations and 
anions has been discussed. A logical extension was to 
investigate the influence of various ligands on the 
chemistry observed. To perform this experiment 
properly, however, we needed to develop a method 
for manipulating the concentrations of neutral spe- 
cies with as much ease as we were able to manipulate 
the ion concentrations. Because the cell was in a 
single vacuum chamber, the use of differential pump- 
ing was not feasible. It become apparent, however, 
that since the entire experiment was pulsed, neutral 
gases could be pulsed in as we11.4’ Figure 8 illustrates 
this idea. We have tried to draw an analogy between 
this concept and a conventional experiment in an 
organic or inorganic laboratory. The experiment 
begins with a synthesis step to generate the desired 
metal-ligand complex, followed by a separation step 
in which that ion is isolated from all others, a reaction 
step, and finally a product-analysis step. Thus, with 
this flexibility we have dubbed the FT mass spec- 

Cr- 
(b) 

Fig. 7. Multi-step synthesis of Cr-.40 
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Reagent gos A pulse 

Ion ejectlon 
CID 

excltotlon DetectIon Quench 

1 Synthesis Seporo t ions Product I 
I Anolysls 

I structure I 
I determlnotlon i 

i- Reoctlon time ----I 

Fig. 8. Sequence of events for pulsed-valve addition of reagent gas for the FTMS txperiment. 

trometer “the complete gas-phase chemical labora- 
tory”. 

The effect of sulphur on metal-ion reactivity is of 
particular interest, since sulphur has been found both 
to enhance and reduce the reactivity of selected 
catalysts. Figure 9 shows a sequence of reactions in 
which CoS+ is generated and its reactions with 
butane are studied. I9 In the first step, ethylene sul- 
phide is pulsed into the instrument concurrently with 
the laser generation of Co+. Co+ undergoes a series 
of reactions of the type shown in equation (11) to 
produce CoS+, CoS$, Cost and CoS:: 

CoS,+ + C*H,S + CoS,= , + C2H4 (n = &4) (11) 

The CoS+ is then isolated by ejecting all the other 
ions present. The CoS+ is then permitted to react 
with butane, reactions (12) and (13): 

-c 

CoC.,H,+ + H,S (12) 
CoS+ + n-C,H,, 

CoC.,H,+ + H$ + Hz (13) 

By this time, all of the ethylene sulphide has been 
pumped out of the system, as evidenced by the 
absence of any polysulphide ions. Finally, the 
CoC,H,+ product is isolated and collisionally acti- 
vated. The products, shown in the bottom spectrum 
of Fig. 9, arise from the loss of H, and C4Hs and are 
indicative of a butene-metal ion structure. The results 

Thus 98% of the reaction products from bare Co+ are 
due to initial C-C insertion, whereas 100% of the 
reaction products from CoS+ can be attributed to 
C-H insertion. 

Figure 10 provides another striking example of 
multi-step chemistry using FTMS, in which NiD+ is 
generated and its reactions with 2-methylpropane are 
studied.42 In spectrum (a), CD,ONO is pulsed into 
the instrument concurrently with laser generation of 
Ni+. The 58Ni+ isotope has been selected and a 
variety of primary and secondary reaction products 
are observed. Next, in spectrum (b), all but a selected 
group of ions have been ejected from the ceil. In 
particular, one of these ions corresponds to 
NiOCD:, generated by reaction (20). 

Ni+ + CD30N0 -+ NiOCD: + NO (20) 

Selective CID of NiOCD: is evidenced by its absence 
in spectrum (c) as well as the appearance of two 
product ions from reactions (21) and (22). 

NiOCD: 
CID 

c 

NiD+ + CD,0 (21) 
Ar 

Ni+ + CD20 + D (22) 

The NiD+ is isolated, spectrum (d), and permitted to 
react with a background of 2-methylpropane, spec- 
trum (e). Interestingly, the metal-containing products 
from reactions (23) and (24) show a complete loss of 
label. 

--c NiC, H: + CH3 D + H2 
NiD+ + (CH,),CHCH, 

NiC4H++ + HD + H2 

of this study are summarized by reactions (14)-(19). 

(23) 

(24) 

CoS + + n-C4Hlo 
$E;;*;* 1; i 

4 8 2 0 

Co+C4Hi, + H$ 
CoS+ + n-C4HI0 

c Co+C,H, + H,S + H2 > 

(14) 

C-C process (15) 

(16) 

C-H process (17) 

(18) 
C-H process 

(19) 
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cos; + C2H4S - CoS,f,, + C2 H, (n=O-4) 

During the high pressure pulse 

CoS+ Moss selected 

Reaction of Cost 
with butane 

Structure determinotlon 
of CoC,H,+ 

m/z 

Fig. 9. Multi-step synthesis and reaction of CoS+.19 

It is probably fair to say that at this stage virtually 
any small ligand can be prepared from suitable 
precursors. A representative sample of some of the 
metal complexes of special interest that have been 
generated and reagent gases used, is listed in Table 2. 

PHOTODISSOCL4TION OF MX+ 

An alternative method for obtaining structural 
information about ions is by examining their absorp- 

tion spectra. Unfortunately, since the concentration 
of the ions in the trapping cell is only of the order of 
10mmi14, a direct absorption spectrum obviously can- 
not be obtained. By monitoring the disappearance of 
AB+ or the appearance of A+ in reaction (25) as a 
function of wavelength, however, the photo- 
dissociation spectrum of AB+ can be derived, and 
this mimics the direct absorption spectrum.4~ 

AB+ +/iv-A+ +B (25) 

Table 2. Recommended reagent gases for pulsed-valve synthesis of metal-ion complexes 

Metal ion 
Applicable metal ion* 

complex Reagent gas Ti+ V+ Fe+ Co+ Ni+ Rh+ 

MO+ oxygen + + 
nitrous oxide + 
ozone + + 

MS+ ethylene sulphide + + + + + 
methyl mercaptan + 

MOH+ nitromethane + + 
HMOCH: methyl nitrite + + + 
MCO+ acetone + + + 
MC+ norbomadiene + 
MCH; 1,3$cycloheptatriene + + + 

ethylene oxide + 
MCH,+ methyl iodide + + 
MC,H: cyclohexene + + + + + + 
MC,H,+ butane + + + 

l- and 2-butenes + + + 
MCzH4f ethane + + 

* + in the table indicates the simplest route known to occur with good yield; blanks indicate 
less efficient routes or reactions which have not been studied or do not occur. 
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NiD+ 

(d) 

NiC,H: 

I NiC,HG 

60 60 100 120 

m/z 

Fig. 10. Multi-step synthesis and reaction of NiD+. 

Preliminary results from our laboratory suggest that 
a wide variety of metal complexes will in fact photo- 
dissociate in the visible and near ultraviolet regions. 
Three representative examples which undergo reac- 
tion (26) are shown in Fig. 11 .47 

FeX++hv-+Fe++X (26) 

X = CO, CIH4 or OH 

Surprisingly, each of the spectra shows two maxima 
at about 290 and 340 nm, suggesting that the transi- 
tions are localized mainly on the metal. Of particular 
interest is the threshold observed for FeOH+ at about 
390 nm, not observed for the other two ions. This 
threshold can be attributed directly to the bond 
energy of Fe+-OH. The threshold at 390 nm corre- 
sponds well to an estimated bond dissociation energy 
of about 76 kcal/mole. Therefore, even though the 
ion may absorb at longer wavelengths, the photons do 
not have enough energy to cause dissociation. Photo- 
dissociation of FeCO+ and FeC,H: at wavelengths 
longer than 600 nm is in accord with the fact that the 
bond energies are less than 40 kcal/mole. 

SYNTHESJS OF MIXED-METAL 
CLUSTEB IONS BY 

MslMslMS~S 

One of the most exciting areas in metal chemistry 
today is the study of small metal clusters, because of 
their relevance to catalysis. Despite this intense inter- 
est, relatively few studies on small metal cluster ions 
have appeared because of difficulties in generating 
and studying these species. Perhaps no other 
example, therefore, better illustrates the potential of 
FTMS than its application to the in situ synthesis and 
study of mixed-metal clusters, recently reported.“s,49 
Metal ions undergo the clustering reaction (27) with 
Fe(CO), in the gas phase, eliminating one or more 
carbonyl groups. 

M+ + Fe(CO), -+ MFe(CO):_. + xc0 (27) 

Subsequent CID of the product ions strips off the 
remaining CO groups to produce MFe+, reaction 

(28). 

MFe(CO):_ z 3 ‘ID MFe(CO)$_ x 

CID 
_co. * MFe+ (28) 

A similar reaction with Co,(CO), yields the bare 
trimer ion.” Figure 12 provides an interesting exam- 
ple. Spectrum (a) shows the reaction of Co+ with a 
mixture of I-pentene and Fe(CO),. The CoFe(C0): 
[generated by reaction (2711 is isolated, spectrum (b). 
Subsequent application of CID [reaction (2811 and 
isolation of the product CoFe+ results in spectrum 
(c). The CoFe+ then reacts with the neutral gas 
mixture, but it is evident from spectrum (d) that it 
reacts more readily with l-pentene [reactions (29) and 
(3011 than with Fe(CO),. One of the products, 
CoFeC,,H& is isolated, spectrum (e), and then col- 
lisionally activated, spectrum (f). 

CoFe+ + C,H,CH=CH, 3 CoFeC,H: + H2 (29) 

CoFeC,H: + CjH,CH=CH, + 

CoFeC,,H:, + 2H, (30) 

The products observed in reactions (31)-(33) corre- 
spond to metallocenes. 

CID 
CoPe(C,0H,4)+----r* CoFeC,,H& + 2H, (31) 

Ar 
CoGoH&, + 2H2 + Fe (32) 

l-+ FeC,,H$, + 2H2 + Co (33) 

Interestingly, the process of converting linear pen- 
tenes into cyclic products, termed dehydro- 
cyclization, is analogous to that observed on surfaces. 
Finally, it is instructive to compare the simplicity of 
this FTMS experiment with the complications in- 
volved in performing an equivalent experiment with 
a generalized tandem instrument. It is clear from Fig. 
13 that the final metallocene products are the result 
of (MS)4 or MS/MS/MS/MS. 
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Fig. 11. Photodissociation spectra of (a) FeOH+, (b) FeCO+ and (c) FeC,H:?’ 

CONCLUSION 

Fourier transform mass spectrometry is an emerg- 
ing technology which holds tremendous potential for 
the future. Its unusual ability to store gaseous ions 
for periods of seconds, together with the ease with 
which both ion and neutral populations may be 
manipulated under computer control, makes a Fourier 
transform mass spectrometer a highly versatile instru- 

ment and FTMS a method of choice for studying 
fundamental ion-molecule reaction chemistry. In ad- 
dition, the advantages of speed, signal averaging and 
high resolution, all bode well for the development of 
the instrument as a state-of-the-art analytical mass 
spectrometer. 

The combined laser ionization-FTMS provides a 
convenient and powerful method of generating and 
studying metal ions in the gas phase. By using this 
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Fig. 12. Multi-step synthesis and reaction of CoFe+.4* 

Fig. 13. Generalized tandem mass spectrometer for 
MS/MS/MS/MS required to perform an experiment eqmv- 
alent to that shown in Fig. 12. The squares indicate collision 
regions and the triangles indicate sector or quadrupole 

mass-selectors. 

*Strategic Metals Recovery Research Facility. 

coCloH:o 

technique, thermodynamic, kinetic and mechanistic 
information on atomic metal cations and anions, 
metal-ion complexes and metal-ion clusters can now 
be obtained. It is hoped that ultimately these studies 
will provide a better understanding of the funda- 

mental controlling factors in organotransition metal 

chemistry and catalysis. 

Dedication-It is a personal honour and pleasure to be a 
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forward to writing another paper for “Papa SMRRF*” on 
his ninetieth birthday! 
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Summary-The modified simplex method is a well-known method of optimization. In this study several 
changes have been made to it. These include an adaptive weighted centroid and a Lagrange interpolation 
procedure. The latter is used to get a better value of the reflected point when a contraction succeeds or 
an expansion fails. The new method, called the composite modified simplex method (CMS) has been 
rigorously evaluated by means of mathematical functions, maps and chemical experimentation. The effect 
of the starting point and the size of the simplex have been investigated in detail. For flow-injection analysis 
it has proved possible to optimize 2-12 variables. The method has proved most suitable for rapid and 
effective optimization of polarography, flow-injection analysis and chemical synthesis. This paper 
describes the evaluation procedures and reviews the results obtained. 

The simplex method of optimization, devised by 
Spendley et al.’ and later modified by Nelder and 
Mead,* has proved of great value to analytical chem- 
ists, as shown by the many studies’ which have 
followed the early work of Long4 and Morgan and 
Deming.’ The basic method is not completely satis- 
factory, however, as is evidenced by the number of 
proposals for further modification.62o We have devel- 
oped and evaluated a simplex algorithm which com- 
bines many of the modifications previously proposed, 
and described it here. Because it is difficult to arrive 
at acceptable criteria for evaluation of a method of 
optimization as general as the modified simplex, three 
different methods of evaluation have been employed. 

The lirst uses mathematical formulae. This pro- 
cedure is commonly used as the basis of evaluation. 
It has the advantage that it is exact and rapid, but the 
disadvantage that it has no experimental basis, is 
usually free from noise, and is difficult to visualise. 

The second makes use of contour maps and thus 
has a high visual content, but is limited to two 
variables. 

The third is an experimental evaluation based on 
chemical systems such as polarography, synthesis, 
and especially flow-injection analysis (FIA). This last 
is a very versatile form of continuous-flow analysis 
which can simulate many process systems and in 
which the number of variables studied can be altered 
with ease. In this study 2-12 variables have been 
used. 

A common problem in this area is drawing general 
conclusions from too few systems. It is hoped that by 

*Author for correspondence. 
tTJanta, 1985, 32, 723. 

use of such a large variety of response surfaces this 
difficulty will be minimized. 

The paper is presented in two parts. The first gives 
an account of the chemical experiments and mathe- 
matical tests which have been used to evaluate the 
algorithm, and the second critically discusses the 
various modifications of the simplex method which 
have been proposed and compares the simplex 
method with other optimization procedures. 

EXPERIMENTAL 

Composite modijied simplex method 
The method used in this work is based on that of Nelder 

and Mead,2 but includes some of the better modifications 
suggested recently and also a few that we have found 
advantageous. It is called the composite modified simplex 
(CMS). or referred to by the program name “OPTIMA”. It 
has been implemented on a t&ber of microcomputers, in 
particular the Commodore PET, APPLE and CP/M ma- 
chines. 

The algorithm employed is shown in Fig. 1. A detailed 
consideration of it is deferred to Part IIt 

METHODS OF EVALUATION OF CMS 

Use of mathematical functions. The performance of the 
CMS was investigated by applying it to the maximization of 
a number of functions, some of which had been used by 
other workers.‘** The functions are of a type that can be 
solved by iteration. The role of the simplex procedure is to 
reduce the number of iterative steps required. It follows that 
the final result depends critically on the initial estimates of 
the terms of the function. However, since the optimization 
procedure for a function is purely computational, it is 
possible to perform numerous optimixations from different 
starting points without taking up much time. In all, 500 
optimixations were performed for each function. Simplex 
sixes of 50, 20, 10, 5 and 2.5% of the specified search 
domains, and variable ranges were used, 100 optimizations 
from different starting points being done for each size. The 
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Fig. 1. Flow diagram of the CMS method-the OPTIMA program. 
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best response obtained after 20 and 40 experiments was 
noted for each function optimization. Other workers have 
rejected or omitted the results of some optimizations from 
their findings, to simplify the mathematical analysis of their 
methods.‘** In this paper, all results obtained are included. 

Since the current CMS version maximizes the response of 
systems, and other workers’,s used minimizing algorithms, 
we used the negative of some of the functions (marked 
“min”). All functions were scaled so as to give a percentage 
response, R, which was C$A for the worst case and 100% for 
the best case (optimum). This allowed easy comparison of 
the performance of the algorithm for the various surfaces 
and can be related more directly to the requirements of 
chemical optim~ations, namely reliability and rapid ap- 
proach to the optimum. The transform used was:- 

R(%) = lOO[F(worst) - F(i)l/[F(worst) - F(best)] 

where F(worst) is the worst value of the function within the 
allowed ranges of the variables, -F(best) the o&mum value. 
and F(i) the value for the ith ~si~ple~ point 

In the rare event that the simplex became trapped in an 
unfavourable orientation and a direction for further im- 
provement could not be found, the optimization was termi- 
nated. If this occurred before the preset number of experi- 
ments had been completed, the simplex was restarted from 
the best point obtained up till then by using the initial 
simplex size, and run for the remaining number of experi- 
ments. If more than one termination occurred, then the 
simplex size used was halved so as to prevent reinv&tiga~on 
of the same series of points. 

The functions used were as follows. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

A 2-variable paraboloid’s8 

r=x;+x: 

- looocx,,x*~ 1000 

A leasr -squares function ‘,a.21 

A, and t, are a set of experimental data given in 
Morgan and Deming’s paper” 

(min) Y = E (Ai- X,(1 -exp[ - X*tJ)* 
r-l 

O<X,,X,62 

Rosenbrock’s vailey7%“2’ 

(min) Y = 100(X, - X:)2 + (1 - X,)’ 

-25<X,,X,~25 

A mod~cation of~e~c~r a& Powell’s helical valieyg*2z 

(min) Y = 100(X, - 1O8)2 

+ (Jm--l)=+xif 

- 1ooax,,x*a 100 

X > 0: B = (l/Zx)tan-‘(XJX,) 

X < 0: 0 = (1/21t)[n + tan-‘(X4X,)] 

A Svariable paraboloid7~8 

(min)Y = 2 Xf 
1=, 

-5<x,<5 

A sharp straight rising ridge 

This function is similar to the IIameGonization detector 
response surface obtained experimentally by Routh et 
aL6 Other workers have applied an interpolation pro- 
cedure to the experimental data.‘*s 

XG6:(max)Y=._/7(6-X,)*+X; 

X>6:(max)Y=X,+X,-6 

O<X,,X*<25 

(7) A complex surface with three equal maxima, as given by 
Himmelblau.‘4 

(8) A IO-variable constant-gradient system 

(max)Y=fX, 
&=I 

09x,< 10 

Use of contour mqps. Mount Egmont, New Zealand 
(Fig. 2) was chosen as a test surface. Its volcanic origin has 
given it properties which are ideally suited to this applica- 
tion, namely (i) it is well deiined and fairly smooth, (ii) it 
has one main maximum (8260 fl) with a suboptimal max- 
imum (subsidiary top, 4590 ft) to the north-west of this, and 
(iii) there are several features (knolls, cliffs, river beds etc.) 
which would have a similar effect on the algorithm as that 
of “noise” or operator error in a chemical optimization. 
Maps and photographs were readily available. 

The search was restricted to the area bounded by grid 
references 400400, ~7~, 9oo400, 900700, and the pre- 
cision of measurement in each variable (latitude and longi- 
tude) was taken as 1 unit in east or north co-ordinates (i.e. 
l/l0 of the side of a grid square). The optimum was 
therefore one point in 150000. Optimizations were started 
from a randomly chosen point (4~23) situated on the 
lowland to the south-west of the main peak. Both the 
starting point and the suboptimal maximum therefore lay to 
the west of the main peak. Simplex sizes of between 50% and 
2.5% of the specified ranges were used. The “response” 
optimized was height. 

Where a point fell between two contour lines the height 
was estimated by interpolation, taking appropriate account 
of any local features. 

For comparison, several univariate optimizations were 
performed, as were opti~~tions by earlier versions of the 
CMS algorithm, and by the CMS algorithm with some 
modifications removed. 

Use of chemical systems. Four analytical systems of widely 
different types were selected and optimized. 

(1) Uptirn~at~o~ of the s~it~ity of the catalytic wave of 
the uranium ( VZ)/nitrate system 23.24 

Polarograms for uranium(V1) in the presence of various 
concentrations of nitric and hydrochloric acids were ob- 
tained with a Radiometer PO-4 polarograph. Table 1 shows 
the initial data entered into the microcomputer to start the 
simplex operation. 

For each experiment the potential was varied from -0.6 
to - 1.8 V, the working solution being 10-6M uranium(V1) 
solution with hydrochloric and nitric acid concentrations as 
requested by the modified simplex program. 

Improvement in sensitivity alone was not sufficient as an 
optimization criterion since, under the more acidic of the 
conditions tried, the definition of the uranyl catalytic wave 
became unacceptable: the uranyl wave became partially 
merged with the hydrogen discharge wave. Figure 3 shows 
some waves typical of those obtained. Waves 2 (flat limiting 
current) and 3 (peak formation) are well defined, and would 
be suitable for an analytical method. Wave 17, on the other 
hand, while more sensitive, is poorly defined and un- 
acceptable. Clearly a wave-definition weighting factor had 
to be included in the optimi~tion criteria. 

The response function chosen was R = h cos(s) where h 
is the height of the catalytic wave and s the angle between 
the horizontal and the tangent to the top of the wave. For 
waves 2 and 3, s = 0 and cos(s) = 1, giving R = h. For wave 
17, s > 0 and cosfs) < 1, therefore R < h, and the function 
discriminates against this poorly defined wave. 

(2) Optimization of the reaction between PAR and per- 
manganare (4 variables)24 
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Fig. 2. Mount Egmont, New Zealand (8260 ft). 

In an earlier studyZS it had been noted that there is a 
colour-forming reaction between PAR and permanganate. 
The mechanism of the reaction was unclear and the condi- 
tions under which it took place were ill-defined. It was 
decided to investigate the optimum conditions for the 
reaction. 

The four variables studied were reaction time, PAR 
concentration, pH and temperature. Various sets of these 
experimental conditions were tried, generated by the 
modified simplex optimization program. The optimization 
was for maximum sensitivity (absorbance) and was started 
from the best set of conditions found previously. 

A phosphate buffer solution (0.667M) of the required pH 
was prepared by using an appropriate combination of 
phosphate and phosphoric acid solutions. A PAR working 
solution (O-10-3M) was prepared by appropriate dilution of 
a IO-‘M stock solution. The test solution used was com- 
posed of 10 ml of 10M4M permanganate, 10 ml of phosphate 
buffer and 10 ml of PAR working solution. The blank 
solution was the same as the test solution, but with 10 ml 
of distilled water instead of the permanganate solution. 

When the solutions were at the required temperature the 
PAR solution was added to the permanganate plus buffer 
and the timing started. As closely as possible to the time 
requested by the modified simplex program the absorbance 
was measured at 500 nm, and the time elapsed from the 
PAR addition was noted. Finally the pH was checked again. 
These values, and the absorbance obtained, were entered 
into the microcomputer, and the conditions for the next 
experiment were generated by the program. 

(3) Optimization of the FIA determination of boprenaline 
(4 and 5 variables)26 

The oxidation of isoprenaline by ferricyanide, which 
forms the basis of a manual spectrophotometric deter- 

Table 1. Initial data required by the OPTIMA program 
for optimization of the catalytic wave of the uranium(W)/ 

nitrate system 

Variable From To Precision % Origin 

WNO,I 0 1OOmM O.lmM 5 2.OmM 
[HCl] 0 lOOn O.lmM 5 10.4mM 

mination of isoprenaline, was adapted to a flow-injection 
analysis system and optimized. The experimental work for 
this system has been reported in detail elsewhere.X 

(4) Optimization of the solvent extraction/FIA deter- 
mination of wanium( VI) (I.2 variables) 

The system investigated was the flow-injection analysis of 
solutions of uranium ore, in which uranium(W) is extracted 
from the ore solution with tributyl phosphate, and then 
reacted with PAN after suitable changes in the pH have 
been made. The procedure is based on the one described by 
Babanz7 and is similar to that reported by Lynch et al.‘* An 
important practical difference was the use of a displacement 
method for pumping the organic solvent. 

The apparatus was set up as in Fig. 4. A carrier stream 
of concentrated altinium nitrate solution, propelled by a 
peristaltic pump, was divided at a T-piece. One stream then 
passed through the sample valve, where the sample was 
injected into it. The other stream by-passed the valve, and 
passed through a coil before rejoining the sample-containing 
line at a second T-piece. This arrangement ensured uniform 
mixing of nitrate and injected sample, and minimized the 
pulsation effect of switching the valve. 

A stream of tributyl phosphate (TBP) in chloroform then 
joined the sample stream at another T-junction. The TBP 
stream was propelled by the same peristaltic pump as the 
nitrate, but through a displacement tank. (This allowed the 
organic stream to be pumped with standard tubes, which 
would otherwise be attacked by the organic solvents.) 

The aqueous and organic solutions are immiscible, so a 
segmented aqueous/organic stream resulted. This passed 
through a second coil, where the selective solvent extraction 
of uranium(V1) into the organic phase took place. 

The segmented stream then passed on to the separator, 
which was as designed by Cockshott et al.29 and used by 
Baban.*’ The aqueous component was bled off to waste, a 
needle valve being used to control the aqueous flow, as 
suggested by Rowles.M In analytical practice, interfering 
metals also pass to waste in the aqueous stream. 

The organic phase, containing the uranium(VIkTBP 
complex, then continued on and mixed with the colour- 
forming reagent solution, of PAN in pyridine and chloro- 
form, which was directly pumped by a second peristaltic 
pump using “Acidflex” tubing resistant to organic solvent. 
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1 

POTENTIAL/VOLTS 

Fig. 3. Catalytic polarographic waves from the optimization of the uranium(VI)/nitrate system. Points 
l-3 show the initial simplex, point 17 a loss of definition, and point 23 the tlnal optimum. 

The stream then entered a third coil, in which the colour- function. As stated earlier, the responses shown are 
forming reaction took place. scaled percentage optimum values. 

The coloured PAN-uranium(W) complex was detected 
photometrically at 565 nm, downstream of the coil, with an 
inexpensive light-emitting diode/phototransistor type of 
flow-through detector.” 

The system was optimized for 12 variables. It is important 
in modified simplex methods to specify the limits of experi- 
mental precision accurately, and to maintain them during 
the experimentation. Consideration of 12 variables and the 
concomitant large number of experiments indicated the need 
for extra special experimental care. 

It can be seen that for all 8 functions (a total of 
4000 optimizations), and in virtually all cases, the 
CMS procedure reached nearly 100% response within 
the allowed number of experiments. 

Contour maps 

RESULTS 

Mathematical functions 

The results of the five optimizations by the CMS 
are given in Table 3. In each case the optimum was 
found. The 20% simplex size optimization became 
attached to the suboptimal maximum. The algorithm 
terminated, restarted and brought the simplex back 
to the main peak. 

Table 2 summarizes the performance of the CMS 
for each initial simplex size and for each mathe- 
matical function. It shows the values for the best 
points obtained by individual optimizations after 20 
and 40 “experiments” (evaluations). Each row in the 
table shows the complete spread and distribution of 
“best” responses found for that simplex size of the 

The results of several univariate optimizations are 
given in Table 4. If, as is common practice in 
laboratory optimizations, each variable is considered 
once only, then the maximum heights found are 
900-1100 ft. Moreover, analysis of the full set of 
results would leave the user none the wiser as to the 
existence of either major peak. If an iterative uni- 

Table 2. Results of mathematical function optimizations; values shown are % of 
optimum for respective surfaces and limits; columns marked with an asterisk show 
that, e.g., 50 of the 100 optimizations gave best values 3 the % optimum shown. 

2.1 Optimization of a .?-variable paraboloid 

After 20 experiments 

Initial 
simplex 
size, “/, 

Distribution of best values obtained for 100 optimizations 

Best 50 > * 90 > * 95 > * 99 > * Worst 

50 
20 
10 
5 
2.5 

99.999 997 99.99 99.95 99.9 99.8 99.8 
100 99.99 99.92 99.8 99.5 99.4 
99.999 99 99.99 99.5 98.5 97.5 97.2 
99.999 999 99.97 99.1 98.5 94.8 92.6 
99.999 999 99.5 95.4 92.9 88.1 85.9 

After 40 experiments 

Initial 
simplex 
size, ‘A 

Distribution of best values obtained for 100 optimizations 

Best 50 > * 90>* 95 > * 99 3 * Worst 

50 100 99.999 996 99.999 8 99.999 99.99 99.98 
20 100 99.999 996 99.999 7 99.999 99.7 99.7 
10 100 99.999 99 99.998 99.99 99.96 99.8 
5 100 99.999 98 99.996 99.99 99.97 99.9 
2.5 100 99.999 6 99.95 99.9 98.5 94.0 
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Table 2. (cont.) 
2.2 Optimization of a least-squares function 

After 20 exneriments 

Initial Distribution of best values obtained for 100 optimizations 
simple 
size, “/, Best 50>* 902* 95 > * 992 * Worst 

50 
20 
10 

5 
2.5 

Initial 
simple 
size, y0 

99.999 7 99.9 99.8 99.7 99.7 96.9 
99.999 8 99.8 99.7 99.7 96.9 96.9 
99.999 98 99.8 99.7 96.9 96.9 96.9 
99.999 99 99.8 99.7 99.7 96.9 96.9 
99.999 95 99.8 99.7 99.7 99.6 96.9 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50 2 * 902* 95 3 + 99 > * Worst 

50 99.999 99 99.99 99.9 99.7 99.7 96.9 
20 99.999 993 99.98 99.8 99.7 96.9 96.9 
10 99.999 995 99.98 99.8 96.9 96.9 96.9 

5 99.999 995 99.94 99.8 99.7 96.9 96.9 
2.5 99.999 995 99.9 99.7 99.7 99.7 96.9 

2.3 Optimization of Rosenbrock’s valley 

After 20 experiments 

Initial Distribution of best values obtained for 100 optimizations 
simple 
size, y0 

50 
20 
10 
5 
2.5 

Best 50 z * 90>,* 95 > * 99>* Worst 

99.999 998 99.999 95 99.999 99.998 99.995 99.992 
100 99.999 92 99.998 99.994 99.95 99.95 
100 99.999 9 99.99 99.94 99.93 99.93 
100 99.999 8 99.97 99.94 99.93 99.91 

99.999 999 2 99.999 99.96 99.92 99.9 99.9 

Initial 
simple 
size, y0 

50 
20 
10 
5 
2.5 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50>* 90>* 952* 99 >, * Worst 

100 99.999 98 99.999 7 99.999 3 99.996 99.996 
100 99.999 98 99.999 7 99.999 3 99.997 99.997 
100 99.999 99 99.999 8 99.997 99.94 99.94 
100 99.999 99 99.999 95 99.999 3 99.998 99.98 
100 99.999 99 99.999 9 99.999 99.97 99.94 

2.4 Optimization of modjied Fletcher and Powell’s helical valley 

After 20 experiments 

Initial Distribution of best values obtained for 100 optimizations 
simple 
size, “/, Best 508* 902. 95 > * 99,. Worst 

50 99.999 9 99.97 99.8 99.7 99.6 99.6 
20 99.999 1 99.96 99.6 99.4 99.3 99.2 
10 99.999 99.9 99.3 99.2 99.0 99.0 
5 99.997 99.8 99.1 99.0 98.7 98.7 
2.5 99.999 95 99.7 98.9 98.8 98.7 98.4 

Initial 
simple 
size. Y 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50>* 90>* 95>* 99 > * worst 

50 99.999 94 99.999 99.97 99.92 99.8 99.8 
20 99.999 996 99.997 99.97 99.95 99.6 99.4 
10 99.999 98 99.996 99.9 99.7 99.1 99.0 
5 99.999 96 99.995 99.8 99.7 99.5 99.1 
2.5 99.999 95 99.99 99.4 99.1 98.8 98.8 
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Table 2. (cont.) 
2.5 Optimization of J-variable paraboloid 

After 20 experiments 

Initial Distribution of best values obtained for 100 optimizations 
simple 
size. Y Best 50 > * 90 2 * 95 > * 99 > * Worst 

50 
20 
10 

5 
2.5 

Initial 
simple 
size, “/, 

99.8 98.8 97.2 96.9 96.1 95.9 
99.8 97.4 94.5 92.6 88.6 88.0 
99.8 97.2 94.2 91.4 86.8 85.4 
99.8 97.4 92.1 90.8 86.8 86.6 
99.8 96.8 91.1 89.4 85.0 83.9 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50 2 * 90 2 * 95 2 * 99 3 * Worst 

50 99.99 99.9 99.7 99.5 99.4 98.7 
20 99.99 99.4 98.5 97.5 94.4 94.2 
10 99.93 98.5 95.8 93.8 90.8 88.7 
5 99.9 97.8 93.1 92.2 87.7 87.2 
2.5 99.8 97.1 91.4 90.5 86.5 85.3 

Initial 
simple 
size, % 

2.6 Optimization of a sharp rising ridge 

After 20 experiments 

Distribution of best values obtained for 100 optimizations 

Best 50,* 90>* 95 > * 99 2 * Worst 

50 99.99 99.3 95.4 93.9 87.0 86.4 
20 99.999 99.5 98.1 97.4 94.5 94.1 
10 99.997 99.3 96.6 95.7 87.3 84.8 
5 99.98 98.8 95.0 93.6 78.3 74.0 
2.5 99.994 98.3 87.3 80.3 75.3 64.6 

Initial 
simple 
size, % 

50 
20 
10 
5 
2.5 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50 > * 90 > * 95 > * 99 2 * Worst 

99.999 97 99.992 98.8 97.2 95.8 92.9 
99.999 9 99.98 99.3 99.1 96.3 94.1 
99.999 7 99.99 99.5 98.3 94.5 88.1 
99.999 998 99.98 99.1 98.1 96.2 95.9 
99.999 8 99.97 98.1 96.1 88.9 88.4 

2.7 Optimization of a complex surface with three equal maxima 

After 20 experiments 

Initial Distribution of best values obtained for 100 optimizations 
simple 
size, y0 Best 50,* 90 > * 953+ 99 > * Worst 

50 99.994 99.3 95.4 93.3 92.5 90.4 
20 99.999 4 99.92 98.9 96.5 93.8 93.8 
10 99.999 92 99.98 99.2 98.7 96.3 94.9 
5 99.999 93 99.95 97.0 96.2 92.3 90.3 
2.5 99.999 9 99.9 98.2 94.6 89.1 88.7 

Initial 
simple 
size, % 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50 2 l 90 > * 95 > * 99 > * Worst 

50 99.999 997 99.97 99.1 98.0 97.7 97.0 
20 100 99.999 6 99.9 99.7 99.1 98.7 
10 100 99.999 96 99.96 99.92 99.4 96.1 
5 100 99.999 9 99.99 99.93 98.9 96.6 
2.5 100 99.999 8 99.8 99.1 89.8 88.8 
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Table 2. (cont.) 
2.8 Optimization of a IO-variable constant gradient system 

After 20 experiments 

Initial 
simple 
size, y0 

50 
20 
10 
5 
2.5 

Distribution of best values obtained for 100 optimizations 

Best 50,* 909. 95 > * 99 2 * worst 

100 100 loo 99.8 96.3 96.0 
100 97.4 92.7 91.4 89.7 86.8 
88.5 79.2 71.0 68.3 65.6 65.2 
82.0 63.8 54.5 52.6 45.9 42.5 
75.4 57.8 46.1 43.0 35.6 31.2 

Initial 
simple 
size. “/, 

After 40 experiments 
Distribution of best values obtained for 100 optimizations 

Best 50>* 90>,* 95>,* 99 > * Worst 

50 100 100 100 100 99.7 99.7 
20 100 100 100 100 100 99.993 
10 100 100 100 100 100 100 
5 100 100 100 100 99.999 8 99.999 6 
2.5 100 100 100 100 100 99.999 

variate approach is taken, then matters improve Chemical systems 
somewhat, giving best values of 2850,725O and 7250 
ft. These are still substantially lower than the true 

(1) The pokographic analysis 

maximum (8260 ft). 
Figure 3 showed the points of the initial simplex 

This very limited study indicates that the univariate 
(points l-3), a large but poorly defined wave (point 

approach is ill-suited to this surface and inferior to 
17) and the best wave found (point 23). The full set 

multivariate methods. This is in agreement with the 
of results is given in Table 5 and plotted as a 

findings of a comparison of 4- and 5-variable FIA 
three-dimensional graph in Fig. 5. This shows the 

systems.26 
response surface to have its maximum on a very 

In a limited study with Mt. Egmont as a test 
sharp diagonal ridge. 

surface, previous versions of the CMS, and those with 
The response obtained rose from 12 mm (point 1) 

modifications removed, all proved to be less reliable 
to 610 mm (point 23). In all, 26 experiments were 

in obtaining the optimum and did not exhibit any 
performed 

substantially faster rate of climb. Removal of the (2) The PARjpermanganate reaction 

Lagrange fit led to a definite loss in performance. For Table 6 shows the 15 experiments done. Points l-5 

brevity, these results and the versions used are not are the initial simplex. The response (product absorb- 

discussed here. anoe) rose from 0.065 (point 1) to 0.435 (point 11). 

Table 3. Climbing Mt. Egmont (8260 ft) by CMS: heights (ft) obtained after various 
numbers of experiments for several initial simplex sizes 

No. of experiments 
Initial 

simplex to reach to terminate 
size, y0 10 20 30 40 50 60 70 summit algorithm 

50 5500 7000 7900 8260 - - - 35 44 
20 1850 4100 45Oo* 6500 7700 8100 8260 66 71 
10 1030 3250 6000 6000 8000 8260 - 56 64 
5 1900 1900 3400 7100 8000 8260 - 57 62 
2.5 680 1250 4500 7800 8000 8260 - 57 66 

*Simplex found sub-optimal maximum first. 

Table 4. Climbing Mt. Egmont (8260 ft) by the iterative univarlate method: heights 
(0) obtained after various numbers of experiments for several step sizes 

Step 
size 
“/, 10 

No. of experiments Best height obtained 
(no. of 

20 30 40 50 60 experiments) 

20 900* 2850 - - - - 2850 (13) 
10 700 9OOf 4500 7250 7250 - 7250 (38) 
5 600 700 920 1100* 3800 6100 7250 (100) 

*Maximum Peak heights that would have been obtained in a standard univariate 
optimization with each variable considered once only. 
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SAMPLE 

SEGMENTED PAN 

BYPASS COIL 
COLOUR 

FORMING 

Al (NO,), 

IN WATER 

WATER 
I 
I 
I 

TBPICHCI, 

AQUEOUS WASTE 

DETECTOR T: ORGANIC 
WASTE 

PAN IN 
-----II I; PYRIDINE 

/CHCI, 
L-__-_ 

I/I 

PUMP No.2 

NOTE: HATCHED ENCLOSURE DENOTES PRESENCE OF 
THERMOSTATICALLY CONTROLLED WATER BATH 
OR JACKET 

Fig. 4. Apparatus used for the optimization of uranium(V1) determination by FIA, including a solvent 
extraction stage. 

(3) The koprenaline FIA system 
When four variables (reaction-coil length, flow- 

rate, pH and reagent concentration) were taken into 
account, the response rose from 35 mm to 168 mm 
in 34 experiments. When a fifth variable (sample size) 
was included, and the optimization restarted from the 
original conditions, the response rose from 35 mm to 
192 mm in 37 experiments. Studies using the iterative 

univariate method of optimization, starting from the 
same conditions, took 88 and 168 experiments re- 
spectively to achieve the same improvement. 

The full data sets for the four optimizations are 
given elsewhere. 26 The rate of approach to the opti- 
mum and the sequential decrease in the standard 
deviation of the peak heights of the current simplex 
are illustrated in Fig. 6. 

Table 5 

Expt. [HNO,], FCl], Response, Best, 
no. Cycle Operation mM mM mm mm 

1 1 Origin 2.0 10.4 12 12 

2 7.0 10.4 75 

3 4.5 14.7 24 75 

4 2 Reflection 10.8 12.5 125 

4 Expansion 15.2 13.5 216 216 
6 3 Reflection 21.7 10.7 108 
7 4 Reflection 27.7 14.7 90 
8 Contraction 22.6 13.7 71 
9 5 Reflection 4.5 14.7 24 

10 Contraction 17.4 11.7 360 360 
11 6 Reflection 11.4 14.1 150 
12 Contraction 14.0 13.2 260 
13 7 Reflection 16.7 11.2 248 
14 Contraction 16.4 11.7 320 
15 8 Reflection 19.9 10.2 362 
16 Expansion 22.8 8.7 530 530 
17 9 Reflection 24.8 8.1 110 
18 Contraction 18.5 10.8 396 
19 Fit 19.3 10.5 415 
20 10 Reflection 25.1 7.3 126 
21 Contraction 19.3 10.5 415 
22 Fit 19.8 10.3 399 
23 11 Reflection 23.2 8.5 610 
24 Expansion 25.2 7.5 595 
25 Fit 23.8 8.2 161 610 
26 12 Reflection 26.7 6.7 132 



Reflections on the modified simplex-I 119 

Table 6. Optimization of the PAR/permanganate system by CMS (4 variables) 

Expt. Time, PAR, Temperature, Rest 
no. min ml PI-I “C Absorbance absorbance 

1 11.0 20.0 6.9 
2 20.0 20.0 6.9 
3 15.0 28.65 1.1 
4 16.6 22.9 7.6 
5 15.5 22.9 1.3 
6R 10.0 32.1 1.6 
IE 6.0 38.15 1.8 
8R 8.5 46.1 8.4 
9E 1.6 60.0 9.15 

1OL 8.2 53.1 8.1 
11R 4.1 58.45 8.8 
12E 1.0 16.25 9.4 
13L 6.3 51.5 8.4 
14R 0.6 83.0 9.4 
15R 0.9 86.3 10.3 

20 
21 
21 
21 
28 
24 
24 
26 
30 
28 
22 
18 
21 
23 
24 

0.065 0.065 
0.030 
0.125 
0.110 
0.076 0.125 
0.166 
0.115 0.175 
0.224 
0.223 
0.165 0.224 
0.435 
0.170 
0.195 0.435 
0.110 
0.275 

R = reflection; E = expansion; L = Lagrange fit. 

(4) The solvent extraction/FIA system optimization a 30% improvement in sensitivity was 
Table 7 shows the experiments done and the re- obtained by using an injection-valve by-pass coil to 

sponses obtained. Each set of conditions was in- obtain mixing of sample with nitrate, instead of the 
vestigated with between 7 and 10 consecutive repli- 1.5-m mixing coil used previously.” The resultant 
cate injections to check that stable repeatable peak height was 107 mm. Peak heights of up to 171 
analytical results could be obtained. mm were obtained during the optimization, but 

The experimental conditions initially used were the under these conditions the repeatability was un- 
best found by Baban. ” Before the modified simplex acceptable. 

600 

[HN03]. il4 
Fig 5. Three-dimensional graph of modified simplex experiments for the uranium(W) polarographic 

analysis. 
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DISCUSSION 

The results above show that the CSM works well 
on all the test systems. It has been found versatile and 
easy to apply to a wide range of mathematical, 
geographical and analytical systems. It is superior to 
univariate methods, and compares favourably with 
previous versions, and those we have tried with 
modifications removed. 

The one system which gave difficulty was the 
solvent extraction of uranium. Study of the system 
has emphasized the importance of correct choice of 
response or response function. Box considered the 
consequences of propagation of errors in multi- 
variate systems and concluded that, if the systems 
were linear, the errors tended to cancel. However, if 
the systems were non-linear, uneven behaviour re- 
sulted. Sometimes the errors cancelled, but at others 
they compounded so as to give instability.32 This was 
encountered experimentally in the extraction system, 
and had the effect of slowing down the simplex. One 
practical solution to the problem is to change the 
starting point of the simplex if instability occurs and 
try a different route, in the hope that it is a stable one. 
Another solution, which has been used elsewhere,23 is 
to optimize a response function which heavily penal- 
izes instability. 

-. .-* __&-.-5-*st~ d=v 

0 10 20 30 40 

Experiment No. 

Fig 6. Rate of approach to the optimum and sequential 
decrease in the standard deviation of the peak heights of the 

current simplex for the isoprenaline determination. 

The conditions of experiment 14 (peak height 113.5 
mm) proved not only to give better sensitivity than 
the starting conditions, but very much better stability 
as well, giving a 1Pfold improvement in signal to 
noise ratio relative to the previous system.” 

It was found that some sets of experimental condi- 
tions requested by the simplex procedure were unsta- 
ble and not suitable as the basis for an analytical 
method. In particular, it was found that the separator 
ceased to function acceptably when the flow-rate of 
the incoming segmented stream exceeded 2 ml/min. 
The unstable experiments, marked “a”, were there- 
fore assigned a response of 0 mm. Other experiments, 
marked “b”, were then known to be unstable too, 
and therefore were not performed but were assigned 
a response of 0 mm. Polynomial-fit experiments were 
not done for cycles which included experiments 
marked “a” or “b”. In experiment 18, the tem- 
perature used was fitted to the lower working bound- 
ary by the simplex. In experiment 22, the master flow 
and TBP tube-size suggested by the program were 
known to lead to instability. These were therefore 
decreased by the operator to the values (marked “d”) 
shown. In experiment 26, the operator increased the 
sample size and nitrate concentration values. A fur- 
ther improvement in sensitivity was obtained, but 
repeatability was unacceptably poor. 

It therefore became apparent that, for this system, 
sensitivity was the wrong parameter to optimize. 
Table 7 also shows the standard deviations (s.d.) of 
the heights of the consecutive replicate peaks (typi- 
cally 7), and the values for an alternative response 
function: 

R = (mean peak height)/[s.d. + l] 

This function correctly reflects the merit of each set 
of results, since it places appropriate emphasis on 
both sensitivity and repeatability, and should have 
been used instead of peak height alone. 

‘Talanta, 1985, 32, 723. 

721 

Further discussion of the details of the algorithm 
and of specific points raised by these results is 
deferred to Part II+ of this paper. 
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Summary-This paper discusses the details of the composite modified simplex, critically compares it with 
other simplex methods, and reviews the value of this type of optimization procedure. 

Simplex optimization has proved to be a simple and 
effective means of optimizing chemical systems which 
have several variables. In recent years, much effort 
has gone into obtaining improvements in both the 
speed and reliability of the method. Figure 1 shows 
the history of the many modifications which have 
been suggested.‘-*’ We have embodied several of these 
published modifications, and some of our own devis- 
ing, into an algorithm called the composite modified 
simplex (CMS). This attempts to overcome the short- 
comings that Nelder and Mead recognized in their 
“modified simplex” method (MSM),’ whilst main- 
taining its many advantages. Its primary use has been 
in the optimization of chemical systems.‘7~‘g~22”’ 

Part I of this work” described the use of the CMS 
for the optimization of a number of known surfaces, 
both mathematical and geographical, and of a wide 
variety of chemical and analytical systems. The re- 
sults presented show that the CMS works well, and 
is capable of reliably giving acceptable levels of 
optimization with relatively few experiments. The 
results are in accordance with those of other workers 
for modified simplex methods in general, yielding 
their best performance when large initial simplex sizes 
are used.‘0’4.‘6 In this part of the work, the rationale 
of the method is described in detail and comparisons 
are made with other simplex methods and alternative 
methods of optimization. 

COMPARISON OF CMS FEATURES WITH 
THOSE OF OTHER SIMPLEX 

PROCEDURES 

Figure 2 shows the initial simplex @NW) for a 
two-variable system. It also defines Q, which indi- 
cates the positional co-ordinates for points on the 
current line of search. This facilitates easier descrip- 
tion of the various operations. A reflection, R, has 
Q = 1. Expansion points, E, normally have Q = 2, 

*Part I--Talanta, 1985, 32, 709. 
TAuthor for correspondence. 

and contractions, C, and CR, normally have 
Q = -0.5 and Q = 0.5 respectively. 

Initial simplex 

All simplex methods first involve performance of 
the experiments corresponding to the n + 1 vertices 
of the initial simplex in n-dimensional space. They 
then rank the vertices in order of the responses 
obtained. For our two-dimensional example we refer 
to these as B (best), N (next best) and W (worst). 

Rejection 

All the simplex methods considered in 
detail’*3~‘2~‘7.20.2’ initially generate a “reflection”, R, of 
the point with worst response, W, through some 
point, P, on the side opposite it. The value of Q = 1 
for reflection is common to all the simplex methods 
considered. It was retained for the CMS on the basis 
of the findings of Nelder and Mead.3 

Most of the methods, including the CMS, evaluate 
the response at the reflection point. Some make an 
approximation to it, without performing the experi- 
ment. This practice is discussed later. 

Weighted centroid 

Most of the methods considered take P as the 
centre of the line BN. In the general n-variable case, 
this is the centroid of all the current simplex points, 
excluding W. It was Umeda and Ichikawa’ who first 
suggested using a centroid weighted towards the 
better point(s) (e.g., P’ in Fig. 2). This has the 
advantage of giving a faster climb to the region of the 
optimum and decreases the problems that simplex 
methods usually have with sharply rising ridges. Its 
disadvantage is that the simplex becomes more dis- 
torted and loss of a dimension through narrowing of 
the angle of search may result if adequate protection 
features are not incorporated.‘4 Ryan et a1.l4 found 
the weighted centroid approach to be beneficial in 
exploring response surfaces to find the region of the 
optimum, but that Nelder and Mead’s unweighted 
approach3 was better in the region of the optimum, 

TAL 32,8%D 723 
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1980 
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1983 VAN DER WIEL(201 

1984 SAEATF! I TOMdS (211 -I 
(IT~RATIYE EXPANSION) 

Fig. 1. A history of simplex optimization, 1962-1984. 

where (with the exception of some cases where the 
obtainable optimum lies on an experimental bound- 
ary) the gradient is usually smaller. They also found 
that weighted centroid methods performed better 
than the MSM for optimizations which used the 
hundreds of experiments needed to satisfy high- 
precision convergence criteria. 

Ryan et aLi used the difference between point 
responses and the current worst response in calcu- 
lating the weighting factor to be used. The CMS also 

uses a controlled weighted centroid but, by using a 
weighting calculated from actual response values 
(rather than differences), it attempts to combine the 
advantages of both methods so that the amount of 
weighting decreases as the point responses become 
closer together. In this way it is also made less prone 
to error (caused by experimental noise) in choice of 
the direction of search. The weighting function used 
is 

WWO = 1 - [RP~,~I(RP(I~ + Rmdl (1) 
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B Best response point 
N Next best response pomt 
W Worst response pomt 

Gvc, Contractlons 
I? ReflectIon 
I.? Expansion 

P “Centrold of opposite face” 

P’ Exomple welghted centroid 

Fig. 2. Possible vertex positions for a modified simplex in two dimensions. 

where WF(i) is the weighting factor and R,,, the 
response for the ith point, and Rp(,) is usually the 
response at B, the best point in the current simplex. 
A weighting limit, WL, is defined to guard against 
degeneracy (i.e., loss of the ability to search in all 
directions in the parameter space) when R,,, < Rp(,). 
WF(i) is not allowed to be less than WL. In our work 
WL was set equal to 0.1, although in other circum- 
stances this might be too low a value. 

P’, the weighted centroid to be used, is then given 
by: 

P’=P(l)+-& x f WF(i) x [P(i) - P(l)] (2) 
i-2 

Here P(n + 1) is the point being reflected, usually 
W. 

Expansion 

All the modified simplex algorithms in common 
use allow expansion of the simplex and have an 
expansion coefficient of Q = 2, as originally tested 
and used by Nelder and Mead.3 The work of Sabate 
and Tombs allows several expansion steps to be made 
(Q = 2, 3, 4 etc.).2’ 

Nelder and Mead3 showed that as the expansion 
coefficient for their test function was increased (to 3 
or 4) the efficiency of their method became 
progressively worse. An expansion coefficient of 
Q = 2 was therefore retained in the CMS. 

Contractions 

Nelder and Mead’s values of Q = -0.5 and 
Q = 0.5 for contractions have proved to be effective. 
Use of these values is similar to the commonly used 
“binary search” procedure in which the area of 
search is halved with each successive approximation. 
This is known to be very efficient.32 In view of this, 

and since there have been no studies using other 
values, these values were retained in the CMS. The 
other modified methods also use these values, with 
the exception of that of SabatC and Tombs2’ which 
makes no mention of any contraction at all. Nelder 
and Mead’s algorithm also featured a “massive con- 
traction”, which decreased the simplex size by a 
factor of ten when highly unfavourable circumstances 
were encountered.’ This was first removed by King et 
al.” and does not feature in other modified simplex 
algorithms. It was not included in the CMS because 
in typical analytical systems there would be a danger 
of degeneracy for some variables, and all experi- 
mental studies agree that large simplexes are the most 
eficient_‘“~l4~l6~l9 

Comparison of expansion and re$ection responses 

Like the method of Aberg and Gustavsson,‘6 the 
CMS compares the response at an expansion point, 
E, with that at its reflection point, R, rather than with 
that at B. This guarantees retention of the highest 
response found. 

“Next-to-worst” rule 

The CMS adopts the approach suggested by 
King,” which was present in Spendley’s original 
method,’ but neglected by others. If a line of search 
(called a “cycle”) fails to give an improvement over 
the point with next-to-worst response, then a new 
cycle is started, with the next worst point treated as 
though it were the worst. In this way oscillation 
between two points is prevented. 

In evaluation of the weighted centroid for such 
cases the point being rejected is exchanged for 
P(n + 1). If the point being rejected is B, the current 
best, then N, the point of next best response, is used 
in place of B in equations (1) and (2). 



726 D. BEITERIDGE et al. 

In the CMS, once a cycle giving an improvement 
has been obtained, the best point from that cycle is 
retained and the worst point discarded. 

The algorithm terminates if no line of search gives 
an improvement. 

Polynomial jit 

Nelder and Mead observed that their method (the 
MSM) was better than quadratic methods for obtain- 
ing a fast rise to the region of the optimum, but that 
in that region, quadratic methods had the advantage.3 

The super-modified simplex method (SMS) was the 
first to incorporate a quadratic fitting facility into the 
modified simplex approach.13 This is of obvious 
utility when the simplex straddles a ridge or maxi- 
mum. The SMS requires three experiments per cycle, 
these being at the centroid, P, the reflection, R, and 
a fit point, F. This last is a point on the line passing 
through W, P and R which corresponds to the 
maximum of the curve given by a quadratic fit to the 
responses at W, P and R. Routh et al. extrapolated 
the fit to Q-values outside the normal limits of 
- 1 < Q < 2, but did not state the boundaries of the 
extended range they used.13 If the maximum lies 
within the allowed range, but is not within a given 
safety interval of P (degeneracy can occur if F is too 
close to P), then the response for these conditions is 
evaluated, and retained as the new vertex if an 
improvement is found. If there is no maximum within 
the extended range, then the new vertex is taken as 
whichever boundary of the extended range is pre- 
dicted will give the higher response. The method has 
been shown to work well, and has formed the basis 
of more recent further modified methods.‘5.20 

Despite Nelder and Mead’s findings that large 
expansions were not beneficial, the SMS has been 
shown to be more efficient than the MSM in a 
chemical optimization.‘3 

In this work we have assumed that extrapolations 
outside the range of the current simplex are less likely 
to give an improved response than interpolation 
within it. The CMS algorithm incorporates a La- 
grange polynomial fit, which is used only when the 
local response topography indicates that a maximum 
lies within the interval of the current simplex, i.e., 

when a failed expansion or successful contraction has 
occurred. In this event, a quadratic equation is fitted 
to the responses at W, R and the point corresponding 
to the expansion or contraction. The maximum is 
found and an experiment at this point, L, is only 
performed if the Q value of L differs by at least 0.1 
from that of the points already evaluated. If L were 
too close to P, and were accepted, then degeneracy 
would occur. Therefore a safety interval 
(-0.25 < Q < 0.25) is set and if L lies within it, the 
boundary of the interval that is nearer to L is used 
as the new vertex. The response is evaluated and the 
vertex retained if an improvement is found, otherwise 
the reflection or contraction already evaluated is 
retained. 

Variable number of points per cycle 

The MSM is more flexible than the SMS in one 
respect: the number of experiments per cycle is al- 
lowed to vary with local response surface topo- 
graphy. If a “good” direction of search has been 
chosen, the MSM cycle will consist of two experi- 
ments, a reflection and an expansion. If it is a “bad” 
direction, then again two experiments will be done, 
these being a reflection and a contraction (either CR 
or C,). If the direction chosen yields a response 
which is neither “good” nor “bad” then the cycle is 
restricted to one experiment only, viz. the reflection, 
since neither expansion nor contraction is likely to 
give further improvement. 

The SMS algorithm always uses three experiments 
per cycle. Although the response at P is always 
evaluated, this point can never be retained in the 
resultant simplex because degenerac;r would be 
caused. 

We have assumed that the flexible approach of the 
Nelder and Mead algorithm is likely to minimize the 
number of experiments which are unlikely to (or 
cannot) give a direct improvement, and have retained 
the principle given by these authors. The typical cycle 
for the CMS algorithm is therefore of one, two or 
three experiments. We have found the average num- 
ber of experiments required per cycle to be about two, 
and that it depends on the nature of the surface and 
the initial simplex size. 

Fitting to boundaries 

In many systems there are experimental boundaries 
beyond which the user does not wish the simplex to 
venture. These may be physical constraints imposed 
by the apparatus or chemistry involved. 

The SMS was the first widely used method to 
advocate fitting to a boundary, and was demon- 
strably more efficient than other methods which do 
not allow this.13 

The CMS algorithm again follows the SMS ex- 
ample and allows fitting to boundaries, but it also 
retains the full moves in the variables which remain 
within their allowed ranges, shortening only the 
moves of those variables which would otherwise 
violate their boundaries. This leads to a distortion of 
the simplex, but guards against premature con- 
traction in the more significant variables. 

Squashing to boundary 

Nelder and Mead noted that if all the points in the 
current simplex are set at the same value for one 
variable, the simplex is constrained to search in one 
dimension less.3 Parker et al. showed that this had no 
adverse affect on the search in the remaining dimen- 
sions.33 The loss of one dimension can sometimes be 
a desirable feature of the system.2g The CMS allows 
the simplex not only to explore points along a 
boundary, but where the system dictates it to be 
desirable, to flatten itself out along it. 
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Fig. 3. Suboptimal redirection succeeds in relocating 
simplex onto one of the maxima. 

the 

Suboptimal redirection 

It is known that simplex methods can have prob- 
lems with surfaces containing more than one maxi- 
mum. In the development of the CMS by use of 
contour maps, a circumstance similar to that in Fig. 
3 arose. The algorithm, as it stood, would have 
become stranded between the two peaks. A pro- 
cedure, known as “suboptimal redirection” was 
therefore suggested by which the algorithm could 
escape onto one or the other, choosing the one more 
likely to be higher. This is shown in Fig. 3, which is 
explained as follows. 

Reflecting away from W gave R, which was worse 
than W. C, was still no better, so the next line of 
search was tried. Reflecting N gave R’ (no better) and 
the subsequent contraction again gave no im- 
provement. On most surfaces reflection of B (the next 
and final line of attack) is very unlikely to give an 
improvement, so before attempting R”, the sub- 
optimal redirection, S, was tried. This corresponds to 
a Q value of -2 on the final line of search, and the 
approach is similar to the extended range argument 
used by the SMS in every cycle. If S is successful, then 
N is rejected, rather than W or B, since N is the point 
most likely to be situated on the second maximum. 
This leaves the new simplex, WBS, correctly oriented 
to climb the maximum on which B was lying. This 
approach is also of obvious value when a surface 
contains a sharply rising ridge, a feature on which 
simplexes can fail.34 If S fails, then R” is tried. If R” 
fails, and the subsequent contraction also fails, then 
the optimization terminates, and B is taken as the 
best value obtainable. 

Precision Iimiting 

It was thought advantageous to limit the precisions 
of the variables manipulated by the CMS to the levels 
actually measurable in the experimental system being 
optimized. The measurement precisions are entered 
into the microcomputer as part of the initial data. 
This limiting not only makes the output clearer and 
more intelligent but also enables a “projected point 
check” to be made. 

Projected point check 

When the simplex size approaches the precisions to 
which the variables are measured, it is possible that 
the next experiment to be done (R, E, C,, C,, L or 
S) has effectively the same co-ordinates as a point 
already in the current simplex. If this were accepted, 
then degeneracy would result. In the CMS this is 
detected and the experiment is not (re)tried, but the 
cycle is terminated prematurely. 

Premature cycle termination 

When R results in a point on one or more of the 
experimental boundaries it is necessary to terminate 
the cycle prematurely. If the reflection is successful, 
it is accepted and the cycle terminated, since an 
expansion point, E, would lie even further over the 
boundary and result in an even greater distortion of 
the simplex. If the reflection fails, then C, is auto- 
matically chosen, rather than C,. If C,., is successful 
then no boundary fit is made. 

The cycle is also terminated prematurely when an 
expansion which has been fitted to one or more of the 
experimental boundaries has failed. The fit experi- 
ment is not done since W, R and E are usually no 
longer collinear. 

Retesting of old points 

One feature of Spendley’s method’ which was 
retained in the SMS,i3 but neglected by the other 
algorithms, is the periodic re-evaluation of the re- 
sponse at points which have been resident in the 
simplex for a number of cycles. This is of great utility 
in locating responses that are falsely high owing to 
equipment instability or experimental error and helps 
the simplex to avoid getting stuck on a “false maxi- 
mum”. This should really have been included in the 
CMS, and was an omission on our part. In experi- 
mental optimizations we have tended to restart the 
simplex from the best point found so far once the rate 
of improvement suggests a maximum (false or other- 
wise) has been located.‘* Also, when replicate experi- 
ments have been rapid and easy to do, the average 
response of several replicates has been used.‘8J9 

Setting up the initial simplex 
The CMS software allows users either to define 

their own initial simplex in terms of individual experi- 
ments or to use the geometric method of Spendley et 
al.’ A design for an initial simplex based on either 
approach is given in Table 1. 
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Table 1. Design of the initial simplex 

Experiment 
Variable 

No. 1 2 3 4 5 6 7 

I 0 0 0 0 0 
2 
3 

IIt --‘+ooo 0 0 0 0 

4 -I- 0 0 
5 ---_-+0 

6 + 

Key: - 1st level; 0 intermediate level; + 2nd 
level. 

Termination of the algorithm 

Various criteria for termination of multivariate 

optimizations have been suggested.3’5 The ones used 
here are generally of rather more empirical nature 
than mathematical convergence, and are probably 
more applicable to analytical chemistry.‘* They in- 
clude terminating the algorithm once the observed 
rate of improvement is considered not to be worth the 
experimental effort or cost involved, and terminating 
after a prespecified number of experiments or cycles. 

Aids to performance 

Even the best modified simplex algorithms can 

sometimes fail on noisy or very complex response 
surfaces. Various approaches, such as filtering,36 aver- 

aging,” use of definition-weighted” or noise- 
weightedI response functions, retesting old pointsI 

and restarting optimizations from the current best 
point with a larger than current simplexI have been 
suggested as means of countering this. Although not 
the complete answer, these methods can greatly mini- 
mize the problem. 

Experimental noise in response and variable values 
is the major cause of failure of modified simplex 
methods. Studies in the literature have investigated 
the effect of “white” (“shot”) noise on the modified 
simplex.‘4,‘6 In systems where this is the main type of 
noise (e.g., ultraviolet/visible spectrophotometers), 
response-value precision can be improved by aver- 
aging a number of readings.‘8,37 In many mea- 
surement systems, “flicker” (“l/f “) noise and “inter- 
ference” noise are also likely to be present.38 If l/f 
noise (or worse) predominates, as is the case with 
some inductively-coupled plasma optical-emission 
spectrometers, averaging will not improve precision, 
and may even decrease it.37,39 Precautions should 
therefore be taken to limit noise and improve experi- 
mental precision as much as possible. 

COMPARISON OF MODIFIED 
SIMPLEX PROCEDURES 

The main features of the main modified simplex 
algorithms are listed in Table 2. 

Since no complete study exists of the performance 
of all the modified simplex methods for a larger 
number of systems, and indeed could not practicably 
be undertaken, no completely accurate comparison is 

Table 2. A profile of various modified simplex algorithms (Y = yes) 

Method BSM MSM KDM SMS MS3 CWC OJWC AGM CMS 

Reflection (Q = 1) 
Weighted centroid 
Expansion (Q = 2) 
Contraction (Q = kO.05) 
E > R Comparison 
Reject next worst 
Polynomial fit 
Variable points/cycle 
Fit to boundary 
Squash to boundary 
Suboptimal redirection 
Precision limiting 
Point present check 
Own initial simplex 
Retest old points 

Tested on: 
Chemical systems 
Mathematical functions 
Map surfaces 

Y Y Y Y Y Y Y Y Y 
- - - - - Y Y - Y 
- Y Y Y Y Y Y Y 
- Y Y Y Y Y z y’ y' 
Y - Y Y - ? ? Y Y 

y - - - - y 
- Y Y - Y Y Y Y Y 
- - Y - ? ? ? Y 

Y - ? - ? Y 
Y 

- - Y 
- - Y 
- - 
y--y__--: 

Y Y Y Y Y ? Y 
Y Y ? Y ? Y z z Y 
- - - - - - _ Y 

BSM: basic simplex method of Spendley, Hext and Himsworth.’ 
MSM: modified simplex method of Nelder and Mead.3 
KDM: method used by King, Deming and Morgan.” 
SMS: super modified simplex method of Routh, Swartz and Denton.13 
MS3: MS3 modified method tested by Routh, Swartz and Denton.” 
CWC: controlled weighted centroid method of Ryan, Barr and Todd.14 
OJWC: orthogonal jump weighted centroid method of Ryan, Barr and Todd.r4 
AGM: method of Aberg and Gustavsson.r6 
CMS: composite modified simplex method of Betteridge, Howard and Wade.‘“‘9 
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possible. The efficiency and reliability of each method 
will vary from surface to surface and so comparisons 
based on just a few systems are prone to error. 
However, a number of tentative conclusions can be 
reached from the literature. 

1. All modified simplex methods have proved to be 
of utility in experimental optimization.‘“‘~33~34 

2. The MSM is a robust multivariate optimization 
procedure.3,‘s’5 

3. The method of King et al.” is an improvement 
on the MSM. 

4. The SMS exhibits a faster initial rate of climb 
than the MSM, King’s method and MS3 
algorithms.‘3 

5. Weighted centroid methods give a faster rise to 
the region of the optimum, and are usually more 
efficient when evaluating the position of a maximum 
with high precision (using a large number of experi- 
ments).14 

6. Aberg and Gustavsson’s methodI may be a 
small improvement on the controlled weighted cen- 
troid algorithm of Ryan et ~1.‘~ 

Comparisons are made more difficult by the wide 
range of possible measures for the merit of each 
method. 

Comparisons of several modified simplex methods 
by use of mathematical function optimizations have 
appeared in the literature.‘4*‘6 These define 
“efficiency” in terms of the number of experiments 
required to get within a given tolerance of optimum, 
and show “reliability” by the numbers of “critical” 
and “non-critical” failures to reach this target. The 
initial size and orientation of the simplex has an effect 
on the speed of convergence to the optimum) and 
these studies’4,‘6 take this into account. They consider 
several surfaces, and several initial simplex sizes, 
using 100 randomly chosen starting points for each. 
The results are summarized in Tables 3 and 4. The 
functions referred to are those used in Part I of this 
paper,” with the exception of function 6, the 

Table 3. Comparison of efficiency of the 
MSM, SMS, CWC and OJWC modified sim- 

nlex orocedures bv use of 5 functions* 

Average number of evaluations 

Function MSM SMS CWC OJWC 

1 89 147 99 82 
2 52 161 46 54 
3 371 435 385 484 
5 174 231 139 130 
5t 162 222 110 108 
6 111 171 114 106 

Average 160 228 149 161 

For each function the number of evaluations 
shown is the average over eight simplex 
sizes and 100 optimizations per size.14 

*For meaning of acronyms see footnotes to 
Table 2. 

tconvergence criteria relaxed. 

Table 4. Comparison of the efficiencies of Aberg 
and Gustavsson’s methoda’ (AGM) and the con- 

trolled weighted centroid method” (CWC) 

Average number of evaluations 

Function AGM CWC 

1 85 92 
2 65 57 
3 180 189 
4 142 156 

Average 118 124 

For each function the number of evaluations 
shown is the average over eight simplex sizes 
and 100 optirnizations per size.16 

flame-ionization detector response surface. For this, 
Routh et al., used experimental data and an inter- 
polation program. I3 We have used a mathematical 
function having a similar response surface. There has 
been no study of comparable size which makes use of 
chemical systems. 

Routh et al. made experimental comparisons of 
several modified simplex methods for the opti- 
mization of the performance of a computer- 
controlled Ilame spectrophotometer.‘3 They found no 
failures (critical or otherwise) for any of the methods 
they tried, although differences in the rate of ap- 
proach to optimum were demonstrated. They evalu- 
ated method efficiency in terms of numbers of experi- 
ments and of cycles (a cycle is the number of 
experiments required to obtain a translation from one 
simplex to the next), needed to reach the optimum. 
They found SMS to be the most efficient method, the 
ratios of average number of evaluations needed by 
the test method to average number by the SMS me- 
thod being 1.11 for MSM, 1.08 for KDM and 1.17 for 
MS3 (for identification of the methods see footnotes 
to Table 2). The values may be compared with those 
in Table 3. In comparing methods, the number of 
cycles needed to get within a given tolerance of 
optimum is not the most helpful measure, since in 
most modified simplex methods the number of ex- 
periments performed per cycle is variable, and experi- 
mentalists would prefer to know how many experi- 
ments they have to perform. 

All the simplex methods considered are of use in 
rapidly improving an experimental response. For the 
CMS in the examples considered here, it can gener- 
ally be noted that acceptable levels of improvement 
are obtained within relatively few experiments, and 
that the additional effort required to reach the abso- 
lute optimum would often not be justifiable. 

Comparisons of efficiency in reaching a target and 
of failure rate are certainly useful. However, from an 
experimentalist’s point view a more complete mea- 
sure of merit would also include the initial rate of 
improvement and the capability for dealing with 
noise. For this, one number might well be insufficient, 
and therefore the full range of results ought to be 
shown. These would then give grounds for confidence 
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that acceptable improvements can be obtained within 
a limited predefined number of experiments on the 
vast majority of (unknown) experimental surfaces. 

Relative eficiencies 

The results in Tables 3 and 4, and those quoted by 
Routh et al.,” show that each group of workers has 
grounds for claiming its own algorithm to be “the 
best”. The results of Routh et al.,13 and Ryan et a1.,14 
appear to differ regarding the relative merit of the 
SMS and MSM algorithms. Routh et al. were dealing 
with a real experimental system and so based their 
conclusions on optimizations of only 40 experiments. 
In contrast, the function optimizations by Ryan et 

a1.,14 and Aberg and Gustavsson’6 (Table 4) were run 
for up to 500 evaluations, with an average of well 
over 100 evaluations. Since no information is given as 
to the performance of the methods for the functions 
after 20 and 40 evaluations (or indeed on the chem- 
ical system after more than 100 experiments per 
method!), it is difficult to draw any real conclusions 
as to how the methods would compare in laboratory 
optimizations. We think it likely, however, that the 
SMS is indeed capable of a more rapid initial climb 
than the MSM type approaches. We have been 
unable to investigate this experimentally, but would 
suggest that this may be due to the quadratic fitting 
procedure it employs, this enabling a better approxi- 
mation to the position of a maximum or a ridge on 
the current line of search. 

EVALUATION OF THE CMS 

Since the CMS was designed specifically for experi- 
mental use, the number of evaluations used per 
optimization and the mode of evaluation procedure 
differ markedly from those used by other workers.‘4,‘6 
The evaluation procedures were reported in Part I of 
this paper.” We believe our approach to be more 
applicable to the development of analytical methods 
for laboratory use, whereas the approach reported 
elsewhere is more suited to theoretical branches of 
chemistry where optimization can be done solely by 
computer calculation, without the need for time- 
consuming sequential chemical experimentation. We 
give the following justifications for this statement. (i) 
Following the experimental example of Routh et al.,13 
we used a maximum of 40 evaluations (experiments) 
per optimization rather than up to 500 evaluations 
per optimization as used elsewhere.‘4,‘6 For routine 
laboratory use, optimizations requiring more than 
about 40 experiments are usually impractical. (ii) The 
other workers reported their results in terms of the 
average number of evaluations required to obtain the 
optimum within a given tolerance. In optimization of 
chemical systems the true optimum value is often not 
known, and it cannot be known when a value reached 
is within the tolerance range of the optimum neces- 
sary to terminate the optimization. We therefore 
report the full range and distribution of best values 

obtained after a prespecified number of experiments. 
(iii) The tolerances specified in the other papers 
correspond to a small fraction of 1% of the response 
range lying within the chosen boundaries. In the 
laboratory, a system reaching 99% of optimum would 
be warmly received, and figures as low as 90x, if 
economically achieved, are often perfectly acceptable. 
(iv) In real situations it is usually not worth the extra 
experimentation to slowly obtain the last fractional 
improvement, and in any case such experiments are 
less likely to succeed because of the increasing size of 
the experimental noise relative to the improvement 
left to by achieved. (v) In real systems, fractions of 1% 
may correspond to very small changes in the values 
of critical variables, and these changes may be smaller 
than can practically and reproducibly be achieved. 
(vi) Our results show the full range and distribution 
of best values found; the other papers quote numbers 
of “critical failures”, without saying just how critical 
the failures were! For these reasons then, we feel that 
a modified approach to the evaluation of opti- 
mization methods for experimental optimization is 
required, and the method suggested in these papers is 
one possibility. 

COMPARISON OF THE CMS WITH OTHER 
METHODS OF OPTIMIZATION 

Although many methods of optimization exist,40,4’ 
Murray4’ felt that there was still a long way to go 
before any one computer program could claim to be 
able to provide effective and efficient solution for 
even the majority of current optimization problems. 
This was thought likely to remain the situation for 
some time. He felt it necessary to first acquire back- 
ground knowledge of the problem if an appropriate 
choice of optimization algorithm was to be made.36 

Optimization methods are used primarily to find 
the best set of conditions, rather than investigate and 
model the complete response surface. There is there- 
fore a trade-off inherent in any optimization, i.e., that 
of speed of improvement vs. detailed knowledge of 
the system. It has been shown that a reasonable 
understanding of system behaviour can be obtained 
from the results of a CMS modified simplex opti- 
mization.” 

Optimization by trial and error 

Even today, many laboratory “optimizations” are 
done by the “finger in the wind” method. Variables 
are altered in either a random fashion or in accord- 
ance with assumed relationships between individual 
variables and system response, and the best set of 
conditions found is taken as “optimum”. It has been 
recognized for some time that this approach is worse 
than use of univariate methods.6 The efficiency and 
reliability of such an approach is heavily dependent 
on the expertise of the operator. Interaction between 
variables may be complexn’ and can easily be missed 
or misinterpreted, even by experts. For systems which 
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are not totally understood (the vast majority), a more It is clear that the CMS is greatly superior to 
systematic method of search, such as the CMS or univariate and iterative univariate optimization, both 
other modified simplex algorithm, should be used. in terms of efficiency and reliability. 

Grid search 

By investigation of a large number of points dis- 
tributed regularly over the response surface, an idea 
of its contours can be obtained. For a two-variable 
system, with a k x k grid pattern for the search, a 
typical value of k is 8, requiring 64 experiments. Even 
then the optimum would only be known to within 
12% of the range of each variable. The major disad- 
vantage of this method is the number of experiments 
required. An n-variable system would need k” experi- 
ments. This clearly is impracticable for many systems. 
Also, some systems have very sharp maxima which 
could lie between known points and so be missed 
altogether. 

Univariate or iterative univariate optimization with 
polynomial approximation 

The number of experiments required may be re- 
duced somewhat by interpolating between known 
points to locate a maximum more accurately. This 
still, however, does not alter the strictly univariate 
nature of the data, and so the method will still be 
prone to error due to interactions. The quintic equa- 
tions obtained for peak height, P, for the first round 
of a four-variable univariate optimization’8 are given 
in Table 6. It is evident that no physical under- 
standing of the system can be gained from these. 

Multivariate techniques 

Univariate optimization 

The results given in Part I of this paper” and 
elsewhere’8 indicate that this commonly used method 
has difficulty in coping with interaction of variables 
and may lead to erroneous conclusions being made 
(see Table 5). This is in agreement with the obser- 
vations of Morgan and Deming.” 

From the discussion above we conclude that uni- 
variate optimization procedures are unreliable and 
often lengthy, and that grid searches can be ruled out 
whenever more than 3 variables are involved, or the 
optimum needs to be known to high precision. This 
leaves multivariate methods. 

Iterative univariate optimization 

Considering each variable several times does im- 
prove reliability, but dramatically increases the num- 
ber of experiments required.” 

Table 5 compares the univariate, iterative uni- 
variate and CMS methods for the systems we studied. 

Of the many multivariate methods,aA’ the 
modified simplex approach is by far the most widely 
applied to experimental optimization.42 This is largely 
due to the simple principles on which it is based, and 
the energy with which Deming and Morgan (in 
particular) have investigated it since the early sev- 
enties.‘~‘2*33*34 We have found the modified simplex to 
be good with experimental systems, although there is 
general agreement that it is worthwhile to apply an 

Table 5. Comparison of performance of univariate, iterative univariate 
and CMS modified simnlex ontimization methods 

Svstem: Mount Egmont contour mao ootimization (2 variables) 

Size* Method Experiments Response 

20% 
10% 
5% 

20% 
10% 
5% 

50% 
20% 
10% 
5% 

2.5% 

Univariate 
Univariate 
Univariate 

10 
20 
40 

900 
900 

1100 

Iterative univariate 20 2850 
Iterative univariate 50 7250 
Iterative univariate 100 1250 

CMS modified simplex 35 8260 
CMS modified simplex 66 8260 
CMS modified simplex 56 8260 
CMS modified simplex 57 8260 
CMS modified simplex 57 8260 

System: Optimization of FIA determination for isoprenaline 

Method Experiments Response 

With 4 variables: 

Univariate 
Iterative univariate 
CMS modified simplex 

With 5 variables: 
Univariate 
Iterative univariate 
CMS modified simplex 

*Initial size as fraction of range. 

28 85 
80 162 
31 162 

43 127 
150 192 
34 192 
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Table 6. Equations modelling first univariate optimization of the FIA determination for 
isoprenaline 

Variable a, a, a2 a3 a4 a5 
1 22.12 0.23 - 1.74 x lo-’ 8.08 x 1O-6 - 1.79 x lo-* 1.49 x lo-” 
2 22.39 43.13 -22.88 4.97 -0.50 0.02 
3 52.89 170.03 - 135.75 35.29 -3.79 0.15 
4 37.07 76.66 -45.95 12.86 -1.69 0.08 

Peak height (mm) = i aJ’. 
i-0 

Variables and ranges were: 1, reaction coil length (50-450 nun); 2, flow-rate 
(1.51-5.21 ml/tnin); 3, pH of carrier stream (3.91-8.21); 4, concentration of potassium 
ferricyanide in carrier stream (0.24-6.08 mM). 

experimental design in the vicinity of the “opti- 
mum”.6.42 

Other multivariate methods may well be applicable 
to experimental optimization, but have not been 
widely accepted by the analytical community. The 
“Quasi-Newton” is one such method.4~43 This is more 
difficult to understand than the modified simplex 
since it is mathematically complex. It still relies on 
differences between response values (which will be 
noisy, of course). 

Van Terheyden” has pointed out that where alge- 
braic solutions are possible, these should be consid- 
ered first. Simplex comes into its own where these 
techniques “cannot” be used, such as for experi- 
mental systems for which no algebraic approximation 
exists. 

Optimization by moaklling 

Simulation and modelling of chemical analysis 
systems is an area currently receiving greater 
attention4H7 and is an alternative strategy for opti- 
mization. In this a mathematical model of the system 
is constructed and then optimized by either non- 
linear programming or a guided search procedure. 

The main pitfall is that while a model may accu- 
rately fit the experimental data obtained, it may not 
be representative of the whole surface. For example, 
by combination of the univariate equations given in 
Table 6, a “system” model of 21 terms can be 
constructed which closely fits the experimental data 
(all values within an uncertainty range from + 1.5 
mm to - 1 mm). It gives a maximum of 85.3 mm, and 
fails to predict the true optimum (192 mm) since it 
takes no account of interactions of variables. A better 
approach would be to use data from a truly multi- 
variate search procedure and allow cross-terms 
(x1.X2, X2.X3 etc) in the system model equation. 

Alternatively, the example of Emi and Muller4* 
could be followed. They combined relevant 
flow-rates, concentration changes, mass- and 
flow-balance equations, etc., to model a continuous- 
flow analysis system. A few experiments were under- 
taken to obtain values for model constants. Non- 
linear programming was then used to optimize the 
model. A 15-fold improvement in response was fore- 
cast. The actual improvement obtained was lo-fold. 

In flow-injection analysis (FIA), modelling is com- 
plicated by the dispersion process. It is insufhcient to 
modify Erni and Muller’s equations to include phys- 
ical dispersion, since the degree of mixing and sample 
dispersion interact with the chemical kinetics in a 
complex manner.49 

Painton and MottolaSo have suggested a model for 
FIA, based on a set of differential equations. Opti- 
mization of FIA systems with such a model is not a 
trivial problem, but may yield useful information. 

Betteridge et a1.49 have proposed a stochastic model 
for simple FIA systems, using a random walk ap- 
proach. This has recently been extended to include 
merging-zones FIA systems.5’ This is a simple ap- 
proach which has been most useful in obtaining 
insight into the effect of the mixing process and gives 
a highly visual output. The major disadvantage is 
that, since it deals individually with the movements of 
large numbers of molecules, the calculations take a 
long while to run on a microcomputer. 

FURTHER WORK 

Through the CMS has been proved a reliable and 
efficient means of experimental optimization, there 
still exists room for improvement. The potentially 
hazardous effects of one noisy result could be mini- 
mized by a method of direct-search optimization 
making use of all available data when calculating the 
next point to try, rather than just the points of the 
most recent simplex. Since experimental systems are 
prone to drift and need frequent recalibration, the 
validity of individual results will decrease with age.52 
Weighting should therefore be given to the age and 
uncertainty of each value. Analytical science would 
benefit greatly from having an optimization pro- 
cedure able to produce some mathematical model or 
set of local models for the system as the optimization 
progresses. Some form of pattern recognition ap- 
proach would probably be used to highlight the 
effects of each variable and identify major inter- 
actions.53 Such information would allow intelligent 
judgements to be made on possible trade-offs to 
obtain, for example, improved economy in reagents 
without substantially decreasing sensitivity. From a 
system model it should be possible to estimate values 
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for other untried sets of conditions, and give 
confidence levels for these, based on the regularity of 
the surface fitted to the measured data and the 
distance from known values. 

CONCLUSIONS 

Nelder and Mead’s modified simplex method is of 
great utility in achieving rapid and reliable opti- 
mization of multivariate systems. Modifications to 
their method have been shown to improve the 
efficiency in some instances. The test procedures used 
in these papers (maps, mathematical functions and 
chemical systems) should be de rigeur. 

In investigation of the performance of an opti- 
mization procedure, the mode of evaluation should 
be decided upon as a consequence of, and in relation 
to, the intended use of the method. This should 
determine the number of experiments to be used per 
optimization. 

For comparisons using function optimizations 
done by computer, a large number of test surfaces 
should be used. Each surface should be representative 
of those likely to be optimized by the final method. 
Several initial simplex sizes should be used with at 
least 100 optimizations for each, on each surface. 
Those wishing to follow this path would do well to 
heed the words of Hockings4 when he states that the 
value of a particular method can only be established 
by its performance in practice, and cautions potential 
investigators to examine the magnitude of the re- 
quired computation before proceeding. 

Acknowledgement-The authors would like to thank The 
British Petroleum Company for a research studentship to 
APW, which made this work possible. 

REFERENCES 

1. W. Spendley, G. R. Hext and F. R. Himsworth, Tech- 
nometrics, 1962, 4, 441. 

2. J. W. Gorman and J. E. Hinman, ibid., 1962, 4, 463. 
3. J. A. Nelder and R. Mead, Computer J., 1965, 7, 308. 
4. M. J. Box, ibid., 1965, 8, 42. 
5. R. R. Ernst, Rev. Sci. Instrum. 1968, 39, 998. 
6. D. E. Long, Anal. Chim. Acta, 1969, 46, 193. 
7. T. Umeda and A. Ichikawa, Ind. Eng. Chem. Process 

Des. Develop., 1971, 10, 229. 
8. D. M. Himmelblau, Applied Non-linear Programming, 

McGraw-Hill, New York, 1972. 
9. D. L. Keefer, Ind. Eng. Chem. Process Des. Develop., 

1973, 12, 92. 

39. 

40. 

41. 

42. 

43. 
44. 

45. 

P. F. A. van der Wiel, Anal. Chim. Ac?a, 1980, 122,421. 
E. R. Aberg and A. G. T. Gustavsson, ibid., 1982, 144, 
39. 
D. Betteridge, A. P. Wade, E. A. Neves and I. Gutz, An. 
Simp. Bras. Electroquim. Electroanal., 3rd, 1982,2,411. 
D. Betteridge, T. J. Sly, A. P. Wade and J. E. W. 
Tillman, Anal. Chem., 1983, 55, 1292. 
D. Betteridge, A. G. Howard and A. P. Wade, Talanta, 
1985, 32, 709. 
P. F. A. van der Wiel, R. Maassen and G. Kateman, 
Anal. Chim. Acta, 1983, 153, 83. 
L. G. Sabatk and X. Tom& J. High Res. Chromatog. 
Chromatog. Commun., 1984, 7, 104. 
A. P. Wade, Anal. Proc., 1983, 20, 108. 
G. C. M. Bourke, G. Stedman and A. P. Wade, Anal. 
Chim. Acta, 1983, 153, 277. 
R. M. Belchamber. D. Betteridee. P. Y. T. Chow, T. J. 
Sly and A. P. Wake, ibid., 1983,‘1!%, 115. 
A. P. Wade, Anal. Proc., 1983, 20, 523. 
D. Betteridge, A. F. Taylor and A. P. Wade, ibid., 1984, 
21, 373. 
R. M. Belchamber, D. Betteridge, J. Cruikshank, P. 
Davison and A. P. Wade, Spectrochim. Acta, in the 
press. 
T. P. Lynch, N. J. Kemoghan and J. N. Wilson, 
Analyst, 1984, 109, 843. 
S. Al-Najafi, A. P. Wade, C. A. Wellington, T. J. Sly 
and D. Betteridge, ibid., in the press. 
D. Betteridge, T. J. Sly and A. P. Wade, Anal. Chem., 
in the press. 
J. J. Kosman, J. E. Thompson and A. W. Varnes, 
Internal Report, Warrensville Laboratory, The Stan- 
dard Gil Company, Cleveland, USA, 1983. 
E. S. Page and L. B. Wilson, Information Representation 
and Manipulation in a Compuier, 2nd Ed.,. Cambridge 
University Press, London, 1979. 
L. R. Paiker, S. L. Morgan and S. N. Deming, Appl. 
Spectrosc., 1975, 29, 429. 
S. N. Deming and S. L. Morgan, Anal. Chem., 1973,45, 
278A. 
M. J. D. Powell, Computer J., 1964, 7, 155. 
T. Lilley, Anal. Proc., 1984, 21, 147. 
R. M. Belchamber and G. Horlick, Spectrochim. Acta, 
1982, 37B, 71. 
H. V. Malmstadt, C. G. Enke, S. R. Crouch and G. 
Horlick, Optimization of Electronic Measurements, Ben- 
jamin, California, 1974. 
R. M. Belchamber and G. Horlick, Spectrochim. Acta, 
1982, 37B, 17. 
W. Murray (ed.), Numerical Methoa!s for Unconstrained 
Optimization, Academic Press, London, 1972. 
G. R. Walsh, Methodr of Optimization, Wiley, New 
York, 1979. 
S. N. Deming and S. L. Morgan, Anal. Chim. Acta, 
1983, 150, 183. 
J. Creighton, Ph.D. Thesis, Dundee University, 1980. 
G. Van Terheyden, private communication, September 
1984. 

46. 

10. L. A Yarbro and S. N. Deming, Anal. Chim. Acta, 1974, 
73, 391. 47. 

11. P. G. King, S. N. Demmg and S. L. Morgan, Anal. 
Lett., 1975, 8, 369. 

12. S. L. Morgan and S. N. Deming, Anal. Chem., 1974,46, 
1170. 

13. M. W. Routh, P. A. Swartz and M. B. Denton, ibid., 
1977, 49, 1422. 

48. 

49. 

H. H. Willard, L. L. Merritt, Jr., J. A. Dean and F. A. 
Settle, Jr., Instrumental Methods of Analysis, 6th Ed., 
pp. 43 l-564. Van Nostrand, New York, 198 1. 
C. J. Suckling, K. E. Suckling and C. W. Suckling, 
Chemistry Through Models. DV. 26&266. Cambridee 
Universiiy Press,-Cambridge,*f978. 
D. N. Burghes and M. S. Borrie, Modelling with 
Differential Equations, pp. 7&71, 130-133. Horwood, 
Chichester, 1982. 
P. K. Erni and H. Muller, Anal. Chim. Acta, 1978, 103, 
189. 
D. Betteridge, A. P. Wade and C. Z. Marczewski, ibid., 
1984, 165, 227. 

14. P. B. Ryan, R. L. Barr and H. D. Todd, ibid., 1980, 52, 50. C. C. Painton and H. A. Mottola, ibid., 1984, 158, 67. 
1460. 51. C. D. Crowe, H. Levin, D. Betteridge and A. P. Wade, 

15. 
16. 

17. 

18. 

19. 

20. 

21. 

22. 
23. 

24. 

25. 
26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 
36. 
37. 

38. 



734 D. BETTERIDGE et al. 

Proc. FACCS 1 I Conf., Paper 291, Federation of Anal- 53. R. M. Belchamber, D. Betteridge, P. Y. T. Chow, T. 
ytical Chemistry and Spectroscopy Societies, Philadel- Lilley, M. E. A. Cudby and D. G. M. Wood, J. Acoustic 
phia, USA, 1621 September 1984. Emission, in the press. 

52. B. G. M. Vandeginste, unpublished results, 1984. 54. R. R. Hocking, Biometrics, 1976, 32, 1. 



Talanta, Vol. 32, No. 8B, pp. 135-743, 1985 0039-9140/85 $3.00 + 0.00 
Printed in Great Britain. AU rights reserved Copyright 0 1985 Pergamon Press Ltd 

ANALYTICAL USE OF SOLVENT EXTRACTION 
WITH ACETONITRILE/WATER/CHLOROFORM AND 

l-PROPANOL/WATER/CYCLOHEXANE MIXTURES 

T. HORI* 

Department of Chemistry, College of Liberal Arts and Sciences, Kyoto University, Kyoto 606, Japan 

T. FUJINAGA 

Professor Emeritus of Kyoto University, Kyoto University, Kyoto 606, Japan 

(Received 12 October 1984. Accepted 12 February 1985) 

Summary-To obtain an organic phase containing acetonitrile or I-propanol from aqueous acetonitrile 
or aqueous I-propanol solution, the effect of chloroform and cyclohexane as auxiliary solvents has been 
investigated. Use of such ternary systems offers an alternative to the so-called salting-out method, in which 
inorganic salts or hydrophilic organic materials are used to separate organic phases from otherwise 
miscible solvent mixtures. It also seems preferable for solvent-extraction procedures, since only a small 
amount of auxiliary solvent is needed instead of the usually large amount of a salt (impurities in which 
may cause undue contamination); also, the volume and composition of the organic phase can be predicted 
from phase diagrams and the overall composition of the solvent mixture. Volume-fraction diagrams are 
especially easy to use. Furthermore, equilibrium is attained in solvent mixtures more rapidly than in 
salting-out systems. The utility of the ternary solvent systems has been demonstrated for extraction of 
intermediate molybdophosphate complexes which are specifically formed in aqueous acetonitrile solutions. 

When aqueous solutions are extracted with organic 
solvents, certain solvents such as acetonitrile and 
acetone cannot be used as extracting solvents because 
they are miscible with water in all proportions. For 
the same reason, methanol, ethanol, dimethylsulph- 
oxide, hexamethylphosphoramide, etc. are omitted 
from use as extractants from aqueous solution, al- 
though their high dielectric constants, donor num- 
bers, and solubility parameters would make them 
especially useful if they could be employed. If some 
means could be found to separate these solvents as 
organic phases from aqueous solutions, the versatility 
of solvent extraction would be greatly increased. 

An attempt to separate acetone as an organic phase 
was made by Matkovich and Christian,‘*’ by using 
the salting-out effect, and the acetone phase thus 
obtained served not only to extract certain metal 
chelates but also to increase the sensitivity in the 
subsequent determination of the metals by 
flame-emission or atomic-absorption spec- 
trophotometry. Of 79 salts tested, these authors 
recommended calcium chloride and sucrose as suit- 
able agents for salting-out of acetone, but the metal 
impurities in the calcium salt and the high viscosity 
in the aqueous phase given by the sucrose caused 
problems in practical analysis. 

Nagaosa= and Fujinaga and Nagaosa’ separated 
an acetonitrile phase by salting-out, and extracted 
various ion-pairs and metal chelates, which were then 
measured directly in the extract by polarography, 
after addition of suitable supporting electrolytes. 
More recently,8 they extended salting-out to the 

*Author for correspondence. 

separation of such solvents as dioxan, tetrahydro- 
furan, ethanol and I-propanol. 

Kofanov and Nevinnaya9 employed such methods 
for the extractive concentration of traces of hydro- 
philic materials present in natural waters. 

In work on the partition behaviour for a given 
compound between a pair of solvents, e.g., 1-butanol 
and water or 4methyl-2-pentanone and water, we 
had earlier sought suitable means of minimizing the 
mutual solubilities of the solvents and found”,” it 
very effective to add an auxiliary solvent such as 
cyclohexane to the binary solvent system. It was 
noted in particular that even a completely miscible 
solvent pair such as acetonitrile and water could be 
separated into two phases by addition of chloroform 
as an auxiliary solvent.‘* 

Although such auxiliary solvents need to be found 
empirically, once a suitable one has been found and 
the phase diagrams for the ternary system have been 
constructed, the phases obtainable by use of various 
ternary solvent compositions can be used for solvent 
extraction as easily as the solvent pairs in con- 
ventional solvent extraction systems. 

We describe in this paper the acetonitrile/water/ 
chloroform and I-propanol/water/cyclohexane sys- 
tems and report on their possible uses for extraction 
analysis of aqueous samples. A way to search for 
other ternary systems which would separate other- 
wise miscible solvents will also be discussed by intro- 
ducing simulated phase diagrams. 

Reagents 
EXPERIMENTAL 

Acetonitrile, cyclohexane and I-propanol were G.R. 
grade reagents from Wako Pure Chemicals Co. and purified 
by distillation ‘his for use in establishing the phase diagrams. 

735 
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Chloroform, G.R. grade, was washed three times with 
water, just before use, to remove ethanol present as sta- 
bilizer, and dried over anhydrous sodium sulphate. 

Tris(trifluoroacetylacetonato)iron(III), Fe(TFA),, was 
synthesizcd16 by adding an aqueous solution of ferric chlo- 
ride dropwise to a methanol solution of TFA and extracting 
with chloroform. The crude chelate was purified by re- 
crystallization from methanol-hexane mixture. 

j-Molybdophosphate, PMo,,Ok, was prepared in a 
medium consistine of O.OSM Mo(VI)/l.2M hvdrochloric 
acid/40”/, v/v acet&itrile as described”previoudy, and the 
yellow complex anion was electrolytically reduced to phos- 
phomolybdenum blue.“.‘* 

Apparatus 

A Shimadzu model GC-4C gas chromatograph equipped 
with thermal conductivity detectors was used. The column 
was a 1.0 m x 3 mm bore stainless-steel coil packed with 
Polapak Q (SO-100 mesh). The ovens for the column, 
injection port and detectors were maintained at 170”, 170” 
and 200”, respectively. Helium was used as carrier gas at a 
flow-rate of 50 ml/mitt. 

Volume-fraction phase diagram for the acetonitrile/water/ 
chloroform system 

Into lo-ml (or 20-ml, if necessary) graduated centrifuge 
tubes (with standard-taper glass stoppers and previously 
calibrated), were placed V, ml of acetonitrile, V, ml of 
water, and V, ml of chloroform, all at 25”, the sum of the 
volumes being kept constant at 10 (or 20) ml, i.e., 
VO = V, + Ve + V, = 10 (or 20) ml, and the composition 
varied from sample to sample. The tubes were tightly 
stoppered and shaken well. The samples were left for 
approximately 1 hr in a bath kept at 25 + O.l”, and shaken 
occasionally. When equilibrium had been attained, the total 
volume and the volumes of the lower and the upper layers 
of the sample (VT, V,, and Vu respectively) were read. The 
organic and aqueous phases in this solvent system change 
their relative positions according to the chloroform content 
of the phases, so the layer which was the organic phase was 

identified, and hence the volume of the organic phase, VO_. 
Then R_ = I’,/ V, was calculated for each sample and the 
values were plotted in equilateral triangle co-ordinates, 
expressed in terms of volume-fractions of the component 
solvents. Finally, a smooth line was drawn through the 
points which had equal values of &s (when necessary, 
approximating by interpolation). 

Such a diagram is shown in Fig. 1, for A,,, (thin lines) 
from 0.1 to 0.9. The solubility curve is shown by the thicker 
line in Fig. 1, and indicates the boundary between the 
single-phase and two-phase regions of the ternary system. 
The broken line indicates the critical compositions at which 
the two phases change position: for the region above the 
broken line the organic phase is the lower layer and for the 
region below the line the organic phase is the upper layer. 
The organic phase can be identified either by means of its 
interface being convex towards the aqueous phase, or by 
adding certain organophilic coloured materials (as shown in 
Plates 1 and 2). At the critical composition, the two phases 
(being of equal density) will not separate into two layers, the 
organic phase remaining suspended in the other phase, 
and extractions at these solvent compositions are thus 
impracticable. 

Points P, Q, and R on line AB of the triangle are 
introduced to facilitate description of the characteristics of 
this ternary system, as described later. Three series of points 
(a-f, g-l, m-r) are shown on lines PC, QC, and RC, 
respectively, and series of solvent extractions were per- 
formed with the solvent compositions indicated by these 
points, as described later. 

Weight-fraction phase diagram 

Besides measurement of the volumes of the separated 
phases, their phase compositions were obtained by gas 
chromatography. The results are shown in Fig. 2 in terms 
of weight-fractions of the components. The solubility curve 
and the tie-lines are shown with a thick line and thinner 
lines, respectively. As usual, the points at the ends of the 
tie-lines show the composition of the two phases in equi- 
librium, the full circles indicating that the phase fonned is 

Volume froctlon 

Fig. 1. A phase-separation diagram for the ternary system of acetonitrile (A)/water(B)/chloroform (C) at 
25°C. The values for ROg, i.e., volume-ratios of V,,JV,, where V, = V, + V, + V,-, are presented as a 
function of the total compositions of the component solvents. Lines PC, QC, and RC, and points a-f, 

g-l, and m-r are introduced to explain the phase-separations shown in Plates l-3. 
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Fig. 2. A weight-fraction phase diagram for the ternary system of acetonitrile/water/chloroform at 25°C. 
Points P, Q, and R on line AB, and points a-f, g-1, and m-r in the triangle are transferred from Fig. 

1. Details for other lines and points are described in the text. 

the lower layer and the open circles that the phase is the 
upper layer. The broken tine shows the critical tie-line at 
which the specific gravities of the equilibrated phases are 
identical. The plait point in the system, which was approxi- 
mated by extrapolation, is marked with a cross on the lower 
branch of the solubility curve. Points P, Q and R on line AB 
and the series of points a-f; g-1; m-r inside the triangle, are 
transferred from Fig. 1 by converting the volume-fractions 
into weight-fractions by using specific gravities’9 of 0.777, 
0.997 and 1.480 (at 25”) for pure acetonitrile, water and 
chloroform, respectively. 

RESULTS AND DISCUSSION 

Formation of organic phases from aqueous acetonitrile 
solutions by addition of chloroform 

Plate 1 shows the effect of adding increasing 
amounts of chloroform to a mixture of 10 ml of water 
and 10 ml of acetonitrile containing about 10 mg of 
Fe(TFA), to indicate the organic phase formed, and 
equilibrating at 25”. Addition of only 0.2 ml of 
chloroform causes no phase separation, but 0.4 ml 
results in approximately 5 ml of organic phase being 
separated, into which the chelate is extracted almost 
quantitatively. Obviously the organic phase in tube b 
is almost entirely acetonitrile, and does not increase 
much in volume on further addition of chloroform 
(tubes c-f), but the phases change position when the 
chloroform content is changed from 1.6 to 2.2 ml. 

Similar experiments with 6 ml of water and 14 ml 
of acetonitrile are illustrated in Plate 2. Sample h 
shows that more than 14 ml of organic phase is 
obtained by addition of as little as 0.8 ml of chloro- 
form, and it might be said that the aqueous phase is 
squeezed from the aqueous acetonitrile solution by 
the chloroform. It is interesting that addition of 

1.2 ml of chloroform (sample i) results in a slight 
decrease of the organic phase volume. 

The addition of chloroform is thus very effective 
for separating an organic phase from aqueous ace- 
tonitrile, although the volume of the organic phase 
changes in a rather complicated manner, depending 
not only on the volume of chloroform added but also 
on the initial composition of the aqueous acetonitrile 
solution. In general, it is difficult to predict, by 
non-empirical means, the volumes as a function of 
the composition of the ternary mixtures. It is for this 
reason that ternary (or even more complicated) sol- 
vent systems have not been extensively investigated 
for solvent extraction, and only a few applications 
have been reported so far (e.g., by Mitra and Mitra,20 
Natusch and Tomkins2’). 

On the other hand, it is fairly easy to measure such 
phase volumes empirically and represent them quan- 
titatively on phase diagrams, according to thermo- 
dynamic procedures, as shown in Fig. 1. In Fig. 1 
point P corresponds to a 1: 1 v/v mixture of ace- 
tonitrile and water. As chloroform is added, the total 
(volume) composition of the ternary mixture moves 
from point P towards C along line PC. The phase 
separations in Plate 1 are, therefore, interpreted 
according to the line PC, the samples a-f correspond- 
ing to the points a-f in Fig. 1. 

Conversely, when such a diagram as Fig. 1 is 
provided and the volumes of chloroform to be added, 
Vc , are properly chosen, the volume of organic phase 
obtained can be calculated. For each value of Vc , we 
can calculate the volume fraction of chloroform in 
the ternary mixture (since VA = Ve = 10 ml) and read 
&r from line PC. As V, = VA + V, + Vc and 
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Table 1. Volumes and compositions of organic phases attained from mixtures of acetonitrile (A) and 
water (B) by addition of chloroform (C) at 25°C 

Composition of equilibrium 
Total compositiont org. phase, wt. fraction$ 

Sample Vc, ml* A B C VorsY ml§ A B C 

a 0.20 

b 0.40 

C 0.80 

d 1.60 

e 2.20 

f 2.60 

g 0.60 

h 0.80 

i 1.20 

j 2.80 

k 3.60 

1 4.40 

0.10 

0.20 

0.40 

1.00 

1.50 

2.00 

0.495 
0.431 
0.490 
0.424 
0.481 
0.410 
0.643 
0.386 
0.450 
0.370 
0.444 
0.360 

0.680 
0.613 
0.673 
0.603 
0.660 
0.584 
0.614 
0.518 
0.593 
0.430 
0.574 
0.465 

0.398 
0.339 
0.396 
0.336 
0.392 
0.332 
0.381 
0.316 
0.372 
0.305 

[VA = 10.0 ml, VB = 10.0 ml]l 
0.495 0.010 
0.553 0.016 
0.490 0.020 
0.544 0.032 5.06 

0.481 0.039 
0.527 0.063 6.72 

0.643 0.074 
0.496 0.118 8.32 

0.450 0.099 
0.475 0.155 10.2 

0.444 0.111 
0.462 0.178 

10.6 

[VA = 14.0 ml, VB = 6.0 ml]d 
0.291 0.029 
0.337 0.050 - 
0.288 0.034 
0.332 0.066 

14.2 

0.283 0.056 
0.321 0.095 

13.9 

0.263 0.123 
0.285 0.197 

15.5 

0.254 0.153 
0.270 0.240 

16.3 

0.246 0.180 
0.256 0.279 

17.5 

[V, = 8.0 ml, Vs = 12.0 rnl]l 
0.597 0.005 
0.653 0.008 - 

0.594 0.648 ;g 0.75 (0.95)# . 

0.588 0.637 ii;; 2.07 (2.64)# . 

0.571 
0.609 8::; 4.08 (6.36) # 

0.558 
0.587 4.93 (7.14) # 

0.364 0.545 0.091 
0.294 0.566 o . 14o 6.45 (8.06)# 

- - 

0.657 0.258 

0.670 0.167 

0.629 0.104 

0.569 0.075 

0.538 0.060 

- 

0.627 

0.666 

0.629 

0.604 

0.558 

0.300 

0.213 

0.104 

0.088 

0.071 

- - 

0.657 0.258 

0.657 0.146 

0.604 0.088 

0.558 0.067 

0.521 0.050 

- 

0.085 

0.163 

0.267 

0.356 

0.402 

- 

0.073 

0.121 

0.267 

0.308 

0.371 

- 

0.085 

0.197 

0.308 

0.375 

0.429 

*Volumes of chloroform added. 
tUpper value is the volume-fraction, lower value is the weight-fraction. 
§Volumes of organic phases calculated by reading &r values from the phase-separation diagram 

(Fig. 1) and using the relation Vors = I& x Vo, where V, = VA + V, + V,. 
SValues read off from the phase-diagram (Fig. 2). 
YBinary mixtures subjected to phase separation by addition of chloroform. 
#Values in parentheses are those attained in the aqueous acetonitrile medium composed of 0.05M 

Mo(VI)/ 1.2M HC1/40% v/v acetonitrile. 

&a = V,,/V,, for any composition on the triangle, the chelate concentration was low enough not to 
V,, can be found by solving these equations with the disturb the phase equilibrium in the ternary system. 
given value of V,. Representative results calculated The composition of the organic phase can be read 
for Vorg are listed in Table 1, and explain the volumes from the phase diagram in Fig. 2 by using the tie-line 
observed in the experiments shown in Plate 1, since and the solubility curve, and these results are also 

Plate 1. Phase-separations from 50% v/v aqueous acetonitrile medium by addition of chloroform. From 
left to right, the volume of chloroform increases: 0.2, 0.4, 0.8, 1.6, 2.2 and 2.6 ml. The organic phases 

separated are indicated by the partition of Fe(TFA),. 

Plate 2. Phase-separations from 70% v/v aqueous acetonitrile by chloroform. From left to right, the 
chloroform volume increases: 0.6, 0.8, 1.2, 2.8, 3.6 and 4.4 ml. 

Plate 3. Extraction of an intermediate molybdophosphate (B-molybdophosphate) in the yellow (oxidized) 
state. The complexes were formed in O.OSM Mo(VI)/l.2M HC1/40”/, v/v acetonitrile medium, and 

extracted by adding increasing amounts of chloroform (0.1, 0.2, 0.4, 1 .O, 1.5 and 2.0 ml). 

Plate 4. Extraction of the blue reduced /I-molybdophosphate. Conditions as for Plate 3. 





Extraction with ternary solvent mixtures 141 

0 A B A 

Fig. 3. Ternary solvent systems available for the phase-separation of otherwise miscible solvents. For 
generalized ternary systems consisting of solvents A, B and C, weight-fraction phase diagrams, (i) and 
(iii), and volume fraction, (ii) and (iv), phase-separation diagrams were simulated by supposing that each 
component solvent has a specific gravity of unity and that their specific volumes are unchanged on mixing. 
The positions of the plait points and the slopes of the tie-lines in (i) and (iii) are well characterized by 

the R, curves in diagrams (ii) and (iv). 

listed in Table 1. As can be seen in the last three 
columns of the table, the organic phase produced by 
relatively small amounts of chloroform contains ace- 
to&rile as the main component. Such systems could 
be said to correspond to virtual extraction into 
acetonitrile. 

The extractions shown in Plate 2 can be similarly 
interpreted, by using line QC in Fig. 1, where AQ: QB 
is 3: 7, which corresponds to the aqueous acetonitrile 
solution used. The volumes and compositions of the 
organic phases are again summarized, in Table 1, as 
a function of the added volume of chloroform, Vc. 

It is obvious that the compositions of the organic 
phases for both the 50 and 70% aqueous acetonitrile 
solutions simply change according to the same solu- 
bility curve and the increase in volume of chloroform 
added. Thus it is made possible to use acetonitrile as 
an extracting solvent even from aqueous solutions. 

Application of the ternary system to extraction of an 
intermediate molybdophosphate complex. 

The ternary solvent system described above was 
used for extraction of an intermediate molybdo- 
phosphate complex which is known to form nei- 
ther in purely aqueous nor in purely acetonitrile 
medium, but in aqueous acetonitrile medium.” 

The volumes of organic phase to be separated from 
the 40% aqueous acetonitrile medium used were first 
calculated, as before, for various amounts of chloro- 
form (points m-r on line RC in Fig. 1) and are given 
in Table 1 along with the compositions of the organic 
phase (read from Fig. 2). As can be seen, organic 
phases containing acetonitrile would be expected to 
form. 

The extractions of the molybdophosphate complex 

are demonstrated in Plate 3 (for the complex in the 
yellow oxidized state) and Plate 4 (for the blue 
reduced state). The complex in either state can be 
quantitatively extracted into the organic phase, in 
which acetonitrile is the operative solvent, as chloro- 
form is known not to extract the complex at all. 

Other ternary systems for phase separation of other- 
wise miscible solvents 

The ternary system of acetonitrile/water/chloro- 
form can be symbolized as in Fig. 3(i). As can be 
deduced from (i), for good phase separation the 
solubility curve has to be close to sides AB and AC 
of the triangle. The closer the two branches of the 
solubility curve approach to AB and AC, the smaller 
the addition of component C needed to give effective 
phase separation. The position of the plait point of 
the system is also important. Two extreme cases can 
be considered, as shown in Fig. 3(i) and (iii); in (i) 
the plait point appears on the lower branch of the 
solubility curve and very close to line AB, whereas in 
(iii) it is on the opposite branch close to line AC. 
Obviously (i) represents a ternary system such as 
acetonitrile/water/chloroform and (iii) would repre- 
sent such a system as ethanol (A)/water 
(B)/2,2,4_trimethylpentane (C), which was reported 
by Hube? in his studies on solvent mixtures for 
liquid-liquid chromatography. These two phase dia- 
grams are the same with respect to efficiency of phase 
separation by addition of the same small volume of 
the third component C, but differ considerably in 
terms of the composition of the equilibrated phases. 
In such a system as that shown by (i), the slopes of 
the tie-lines show that the organic phase. should 
contain fair amounts of component A, whereas in the 
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Fig. 4. Phase-separation diagram for the ternary system of I-propanol (A)/water (B)/cyclohexane (C) at 
25°C. 

other system, (iii), the organic phase mainly contains 
component C and is rather poor in component A. 
Hence if the organic phase is desired to be rich in 
component A, the third component should be one 
that gives a diagram of type (i). 

The volume-fraction diagrams (ii) and (iv) in Fig. 
3 were obtained by simulating types (i) and (iii), 
on the assumptions that every component solvent has 
a specific gravity of unity and their specific volumes 
are unchanged on mixing, but that the two phases 
will separate into layers. As shown in (ii) and (iv), the 
simulated R,, curves merge towards the plait point of 
the system and approximate well to the weight- 
fraction phase diagrams (i) and (iii). For detailed 
discussion of the thermodynamic properties of the 
system, of course, it is necessary to establish the 
weight- or molar-fraction phase diagrams, but the 
volume-fraction diagrams are sufficient to reveal 
the characteristics for phase separations in solvent 
mixtures. 

Numerous solvent systems investigated in 
liquid-liquid phase-equilibria studies have been com- 
prehensively reported. 23,24 In addition to such experi- 
mental data, theoretical calculations based on the 
NRTL, UNIFAC and UNIQUAC equations” have 
been successfully used for predicting the phase equi- 
libria in various ternary solvent systems, even though 
the systems include highly non-ideal components 
such as water and alcohols. Reference to these empir- 
ical and/or theoretical results will suggest suitable 
media for exploration in selective extraction. As 
indicated above, the acetonitrile/water/chloroform 
system has considerable potential in this field. 

Similarly, the ternary system of l- 
propanol/water/cyclohexane26*27 would be another 

choice, since it readily provides a propanol-rich phase 
from aqueous I-propanol solutions on addition of 
cyclohexane. That is to say, solvent extractions with 
1-propanol could be conducted practically, even with 
aqueous samples. 

Recently, we measured the volume-fraction phase 
diagram for l-propanol(A)/water(B)/cyclohexane(C). 
AS shown in Fig. 4, the pattern of R_ curves 
resembles that in diagram (ii) in Fig. 3, confirming 
that this solvent system promises formation of a 
useful propanol-rich organic phase from 
I-propanol/water mixture by addition of cyclo- 
hexane, but we have not yet worked out any practical 
applications. 

Acknowledgement-The authors’ thanks are due to Mr. A. 
Shuhara for measuring phase-separation diagrams for the 
ternary solvent systems cited in this report. 
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Summary-Luminescence probe studies of sulphonated Teflon and sulphonated polyethylene ionomer 
membranes are described. These studies have shown that the micropolarities of the ionic clusters within 
these ionomers are quite dynamic, varying with the nature of the chain material and the membrane water 
content. These studies also suggest that polymer chain material intrudes into the ionic cluster phase. 

Ion-containing polymers, or “ionomers”,‘s* are used 
in a variety of chemical and electrochemical processes 
and devices, including fuel cellq3 solar-energy con- 
version systems,4 batteries,r chemically modified 
electrodes6 and industrial electrolytic processes.’ Be- 
cause of their technological importance, a broad 
range of chemical methods is currently being used to 
study the chemical and morphological properties of 
these polymers. &‘* This research effort has shown 
that the charged groups in ionomers can aggregate to 
form micelle-like domains called ionic clusters. The 
structural and chemical details of these micro- 
domains have not yet been elucidated. 

Because luminescence probe methods have proved 
useful in studies of micelles13 and other chemical 
microdomains, we and others have been using lumi- 
nescence methods to study ionomers.‘6’6 We have 
recently examined the micropolarity of the ionic 
clusters in Nafion, a perlhrorosulphonate ionomer, by 
following changes in the luminescence properties of 
incorporated probes. I6 The micropolarity varied 
significantly, depending on the water content and the 
type of counter-ion.‘6 These results are valuable in 
that the polarity of Nafion, as indicated by the 
luminescent probe, can be used to predict the chem- 
ical properties of the microenvironment around other 
molecules or ions (e.g., electroactive species, cata- 
lysts, diffusants) incorporated into the membrane. 
These data can in turn aid in the prediction or 
interpretation of the rates and courses of chemical 
and electrochemical processes occurring within the 
membrane.16 For example, by using the results of 
luminescence probe experiments, we have recently 
succeeded in changing the redox potential of ferro- 
cene in a Nafion film at an electrode surface, by 
adjusting the film polarity through incorporation of 
a hydrophobic counter-ion.‘6 

*Author for correspondence. 

Ionomers prepared by grafting styrenesulphonate 
side-chains onto sheets of hydrocarbon or fluoro- 
carbon polymers are proving to be important mem- 
brane materials.” For this reason, we have used 
luminescence probe experiments to study the 
chemical and morphological properties of styrene- 
sulphonate-grafted Teflon and polyethylene mem- 
branes. The results of these studies are reported here. 

EXPERIMENTAL 

Materials 

Sulphonated polyethylene (PE-SS, 700 g per mole of 
-SO,H) and sulphonated polytetrafluoroethylene (PFE-SS 
850 g per mole of -SO,H) were donated by RAI Research 
Corporation (Hauppage, NY). These polymers are prepared 
by radiation-grafting styrene side-chains onto preformed 
Teflon or polyethylene sheets; the side-chains are then 
sulphonated by use of sulphuric acid.” S-Dimethylamino- 
naphthalene-1-sulphonamidoethyltrimethylammonium per- 
chlorate (DAClO,) was obtained from Sigma. 
Ru(bpy),Cl, .6H,O (bpy = 2,2’-bipyridine) was obtained 
from G.F. Smith. Pyrene (Py) (99 + % pure) and caesium 
hydroxide were obtained from Aldrich. All other chemicals 
were of reagent grade. Water was either triply distilled or 
circulated through a Milli-Q water-purification system (Mil- 
lipore Corp.). 

Procedures 

PFE-SS was cleaned ultrasonically in ethanol for 4 hr. 
PE-SS was cleaned ultrasonically in 1 :l ethanol-water 
mixture for 1 hr. After cleaning, all membranes were boiled 
in water for 4 hr. Membranes in various counter-ionic forms 
were prepared by soaking the H+-form membranes in 
concentrated solutions of the appropriate metal hydroxide. 
Excess of base was then removed by stirring the membranes 
in several portions of pure water. The luminescent probes 
[py, DA+, Ru(bpy):+] were incorporated (loaded) by stir- 
ring the membranes in aqueous solutions of the probes. The 
quantity of probe incorporated was determined spec- 
trophotometrically;‘6 loading levels were kept low [DA+ and 
Ru(bpy):+ less than 3 probe ions per 100 -SO; sites, Py 
cu. 3 probe. molecules per 1000 -SO; sites] so as to minimize 
the effect of the probe on the membrane microenvironment. 

The effects of membrane water content on the emission 
characteristics of the probes were investigated by gradually 
drying the membranes, first by exposure to air, then in a 
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desiccator, and finally in a vacuum oven (temperature 
~70”). The water content of each membrane was deter- 
mined from the average of weights recorded immediately 
before and after each spectrum was acquired. The water 
content is reported as per cent by weight (100 x wt. of 
H,O/wt. of dry polymer) and as the number of water 
molecules per -SO; site. Membranes dried in a vacuum 
oven at 100” for l-3 days served as “zero” water-content 
references.i6 

Spectroscopy 

Emission spectra were obtained with a Spex Fluorolog 2 
spectrofluorometer. The Spex solid-sample holder with 
front-surface viewing geometry was used. Excitation wave- 
lengths for Py, Ru(bpy):+ and DA+ were 310,445 and 340 
nm respectively, unless otherwise noted. Emission mono- 
chromator band-widths of 0.8 mn (Py spectra) and 4.1 nm 
[Ru(bpy):+ and DA+ spectra] were used. Absorption speo 
tra were recorded on a Reckman 26 spectrophotometer. The 
PFE-SS did not absorb light of wavelengths longer than 350 
nm and no PFE-SS emission was detected when the ex- 
citation wavelengths stated above were used. In contrast, the 
PE-SS absorbed light of wavelengths shorter than 400 nm 
and showed an absorbance maximum at 374 nm. PE-SS also 
gave a weak emission when excited at any of the wave- 
lengths used in these studies. 

The spectroscopic characteristics of the PE-SS were both 
enigmatic and undesirable. A polyethylene film containing 
styrenesulphonate groups would not be expected to absorb 
light at wavelengths longer than cu. 300 nm, so it seems 
likely that some impurity was present. This impurity could 
not, however, be cleaned from the membrane by using 
conventional membrane pretreatment procedures.‘4*‘6*‘* This 
suggests that the impurities might be covalently attached 
and result from damage incurred during the grafting or 
sulphonation steps. The spurious absorbance/emission of 
the PE-SS was undesirable because it caused interference in 
the analysis of the probe’s luminescence data. This inter- 
ference precluded the use of Py as a probe in PE-SS and 
make it difficult to interpret the effect of drying on emission 
by DA+ in PE-SS. 

RESULTS AND DISCUSSION 

Luminescent probes 

Three luminescent molecules, Py, DA+ and 

Ru(bpy):+, were chosen as probes of the micro- 
environments within the radiation-grafted mem- 
branes. As discussed in detail in our previous paper,16 
these probes were chosen because the effects of 
environment polarity on their emission character- 
istics have been extensively studied. Briefly, emission 
spectra of pyrene contain partly resolved vibronic 
bands, which have relative intensities that vary with 
solvent polarity. I9 In general, an increase in solvent 
polarity results in a decrease of the ratio of the third 
and first vibronic band intensities (ZJZ,).” Deriva- 
tives of dimethylaminonaphthalenesulphonate (DNS) 
such as DA+ have been used as polarity probes for 
a number of chemical systems.20 The wavelengths of 
maximum emission intensity Q.,,,,,,) for 1,5-DNS de- 
rivatives are sensitive to solvent polarity, giving a 
blue shift with decreasing polarity.20 The fluorescence 
quantum yields for 1,5-DNS derivatives are also 
solvent-sensitive, with water producing one of the 
lowest quantum yields.” 

The emission characteristics of the excited species 
Ru(bpy):+’ have been studied extensively.*’ 

Ru(bpy):+’ emission energies do not correlate well 
with solvent polarity. I6 However, our luminescence 
probe studies of aqueous solutions of Nafion poly- 
electrolytes have show that increasing emission ener- 
gies and quantum yields result when Ru(bpy):+ is 
taken from a purely aqueous environment into an 
environment where interaction with fluorocarbon 
chain material is possible.‘5 A similar effect is ob- 
served when Ru(bpy)$+ is placed in fluorocarbon 
micelIes** or in Nafion membranes.‘4s’6 In contrast, 
the emission energies of Ru(bpy)$+* in long-chain 
alcohols or hydrocarbon micelles are less than that 
for Ru(bp y): + l in water. These results suggest that 
Ru(bpy):+ is sensitive to the nature of its chemical 
environment and, of particular interest to this study, 
can discriminate between hydrocarbon- and 
fluorocarbon-containing environments. The effects of 
various solvents on the emission characteristics of the 
probes used here are shown in Table 1. 

Emission from fully hydrated membranes 

Luminescence probe studies of Nafion membranes 
have shown that the polarity of the micro- 
environment around a probe molecule or ion is an 
average of contributions from the components which 
constitute the microenvironment.‘4*‘6 Hence, if the 
environment around a probe is essentially aqueous, 
the probe should give a I,,, or Z,/Z, ratio equivalent 
to that for the probe in water. Conversely, if the 
immediate environment contains both water and 
chain material, an environment polarity significantly 
lower than that of a bulk aqueous phase will be 
experienced and reported by the probe. This was the 
case when the probes used here were incorporated 
into Nafion.16 

Table 2 shows that the water contents of the fully 
hydrated (boiled for 4 hr) PE-SS membranes are 
extremely high, much higher than those for both 
Nafion (40% H20u’) and PFE-SS. In spite of these 
very high water contents, I,,, for DA+ in PE-SS is 
smaller than A,,,,, for DA+ in water; however, the 
extent of the blue shift is much less than that ob- 
served for DA+ in Nafion, PFE-SS or a relatively 

Table 1. Wavelengths of maximum emission intensity (1,) 
for DA+ and Ru(bpy):+ and 1,/I, for Py in various solvents 

a. maX,m 
Solvent DA+ Ru(bpy):+ Z?, 

Water 571 613 0.58 
Ethylene glycol 544 - 0.79 
Methanol 534 610 0.72 
Ethanol 526 606 0.80 
Butanol 522 608 0.94 
Pentanol 519 616 0.98 
Decanol 513 622 1.24 
Hexane - 1.50 
p -Xylene - 0.95 
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Table 2. Emission characteristics of probes in fully hydrated PFE-SS and PE-SS 

PFE-SS-H+ 
PFE-SS-Na+ 
PFE-SS-K+ 
PFE-SS-Cs+ 
PE-SS-H+ 
PE-SS-Na+ 
PE-SS-K+ 
PE-SS-Cs+ 

WA % 
21 
19 
19 
19 

118 
116 
107 
102 

H,O/SO, 

13 
9 
9 

10 
46 
46 
44 
42 

1 -,nm pY9 
DA+ IWPY):+ wz* 

510 608 
509 - 
510 - 0.865 
510 - 0.9% 
- 628 - 
559* - - 
543+ - - 
544t - - 

*Excitation 1= 360 nm. 
TExcitation Iz = 380 run. 
$Excitation 1= 335 nm. 

non-polar hydrocarbon solvent (see Table 1). These 
data suggest that, as was the case in Nafion, DA+ is 
experiencing an effective microenvironment polarity 
which is made up of contributions from water and 
chain material, and because of the relatively high 
water contents, the polarity is much higher than that 
for DA+ in either Nafion or PFE-SS. 

The PFE-SS studied here contains significantly 
more -SO,H sites per gram than Nafion does. It is, 
therefore, somewhat surprising that PFE-SS contains 
much less water than Nafion. This lower water 
content may result from the higher crystallinity of the 
Teflon-based PFE-SS membrane.23 In perfect agree- 
ment with the arguments presented above, both DA+ 
and Py indicate PFE-SS microenvironment polarities 
which are much lower than those for these probes in 
either PE-SS or Nafion.16 In the case of Py this 
agreement may be fortuitous, because drying experi- 
ments have shown that the microenvironment of Py 
in PFE-SS is insensitive to changes in water content 
(Vi& infra). 

As noted above, Ru(bpy):+ can apparently 
differentiate between a hydrocarbon and a 
fluorocarbon environment. This is evident in the data 
shown in Table 2 in that the emission from Ru(bpy):+ 
is red-shifted (relative to water) in PE-SS and blue- 
shifted in PFE-SS. These data again indicate that the 
probe has access to the chain material. More im- 
portantly, the PFE-SS data indicate that Ru(bpy):+ 
interacts with the fluorocarbon main chain more 
extensively than with the aromatic hydrocarbon side- 
chain. 

Experimental evidence suggests that, by analogy 
with Nafion and other ionomers,24 the -SO; sites, 
their counter-ions and the water of hydration for 
each are aggregated into ionic clusters in PFE-SS.25J6 
Most recent models of ionomer clustering predict 
clusters which are devoid of chain material and which 
are lined with the ionic sites.*“* The hydrocarbon 
side-chains in PFE-SS, which contain the -SO< 
groups, are of sufficient length (3-10 repeat uni@) 
for a cluster having a structure of this type to have 
hydrocarbon walls. This would preclude or at least 
greatly hinder Ru(bpy):+-fluorocarbon interactions. 
The Ru(bpy):+ emission data from PFE-SS 

strongly suggest, then, that chain material intrudes 
into the ionic cluster. It is of interest to note that 
Eisenberg has proposed a model which allows for 
main-chain penetration into the clusterM and that 
both infrared’* and transport6 studies of Nafion 
provide evidence which supports this model. 

Effect of water content on microenvironment polarity 

If the properties of a probe’s microenvironment are 
determined by the relative concentrations of water 
and chain material, then the polarity of this environ- 
ment should decrease as water is removed from the 
membrane. All the probes used here indicated de- 
creasing microenvironment polarities when water was 
removed from Nafion membrane.16 In contrast, the 
polarity changes observed on removal of water from 
PFE-SS and PE-SS depended on the probe used. 
DA+ in PFE-SS and Ru(bpy):+ in both PFE-SS and 
PE-SS behaved in the expected manner. As water was 
removed from PFE-SS, the J.,,, values for both DA+ 
and Ru(bpy)i+ were blue-shifted (Fig. 1, A and B) 
and the Ru(bpy):+ emission intensity increased 
(Fig. 1, C). All these effects indicate a less polar 
microenvironment for these probesI The A,,,, val- 
ues for DA+ in the driest PFE-SS membranes studied 
here (cu. 498 nm) are very similar to the I,, values 
obtained for very dry Nafion membranes (cu. 
503 nm).16 Reference to Table 1 suggests that it would 
be difficult to dissolve DA+ in homogeneous solvents 
of low enough polarity to produce a 1, value of 
498 nm. This is an interesting point, because it sug- 
gests that a microenvironment which would be im- 
possible to create in homogeneous solution can be 
created in the PFE-SS membrane. 

As water is removed from PE-SS, A,,,,, for 
Ru(bpy):+ is red-shifted and the emission intensity 
increased (Fig. 2, A and B). As noted above, the 
red-shift indicates that, as water is removed, 
Ru(bpy):+ is interacting more strongly with the hy- 
drocarbon chain material. 

In contrast to the spectral changes observed for the 
other probes, the Z3/Z, ratio for Py was essentially 
unchanged when water was removed from PFE-SS 
(Fig. 3). This suggests that the Py is located in some 
region of the membrane which is inaccessible to 
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Fig. 1. Emission characteristics of probes us. PFE-SS wal :er 
content. A, DA+ I,, in Na+-form PFE-I SS. B, Ru(bdf+ ’ :-‘- 
I,, in H+-form PFE-SS. C, Ru(bpy):+ relative intensity in 

H+-form PFE-SS. 

H,O/SO; 
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IA I I I I 

% H,O 

Fig. 2. Emission wavelength maxima (A) and relative in- 
tensities (B) of Ru(bpy):+ US. water content of PE-SS, 

H+-form. 

I I I I 
0 10 20 30 

% H,O 

1 

Fig. 3. Py I,/I, OS. water content of PFE-SS, H+-form. 

water. One possible explanation is that Py is par- 
titioned into the polymer chain-material phase which 
separates the ionic clusters. This seems unlikely, 
however, in that if Py were dissolved in a 
fluorocarbon phase, ZJZ, would be expected to be 
close to 2.0.19 Another possibility is that Py is par- 
titioned into an interfacial region as described by 
Yeager and Steck?’ Further study of the effects of 
water and of counter-ion”’ on the emission from Py 
in PFE-SS will be required. 

Conclusions 

These studies have shown that the micro- 
environment experienced by a probe within sul- 
phonated ionomer membranes is determined by the 
nature of the polymer chain material and by the 
membrane water content. The microenvironment can 
be quite dynamic, in general, becoming much less 
polar as water is removed from the membrane. 
Furthermore, these studies have shown that micro- 
environments can be created in the ionomer mem- 
brane which, because of solubility limitations, would 
be difficult to create in homogeneous solutions. These 
results corroborate the conclusions of analogous 
studies conducted on the perlluorosulphonate iono- 
mer Nafion.16 

Luminescence data from Ru(bpy):+ in PFE-SS 
suggest that chain material intrudes into the ionic 
cluster. This conclusion is supported by both 
transport6 and spectroscopic’* data. This is an im- 
portant issue because intrusion of chain material into 
the cluster phase undoubtedly has the deleterious 
effect of retarding the rate of transport through the 
membrane. We are therefore conducting further stud- 
ies of the extent of chain-material penetration. 

Finally, it is important to note that all the probes 
studied here are relatively hydrophobic, so they un- 
doubtedly seek out the more hydrophobic parts of 
the ionic cluster. It is not surprising, then, that these 
probes indicate that the microenvironments are 
rather non-polar. To complement these data from 
hydrophobic probes, we are currently studying the 
emission characteristics of hydrophilic probes (e.g., 
lanthanide ions) in ionomer membranes. 
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Sammary-Three open tubular glass capillary chromatographic columns containing poly(vinylbenzo-lS- 
crown-5), vinylmethylsila-17-crown-6, and vinylmethylsila-14wn-5 have been prepared and character- 
ized. The silacrown-ether stationary phases were polymerized inside the capillary and copolymerized with 
a methacryloxysilane bound to the inner surface. The poly(vinylbenxo-l%crown-5) was prepared and used 
as a coating in a capillary which had been roughened and deactivated. Characterixation was performed 
by use of gas chromatography and included determination of column bleed character, phase transition 
changes, polarity and selectivity. Differential scanning calorimetry continned the phase transition 
temperature of the poly(vinylbenxo-15-crown-5) phase. The polarity and selectivity of these phases are 
comparable to those of Carbowax 20M. 

Crown ethers have found several applications in 
analytical chemistry: (1) as solvent extraction re- 
agents for separation and isolation of alkali and 
alkaline-earth metal ions, (2) in membranes for ion- 
selective electrodes, and (3) as stationary phases or 
mobile phases in liquid chromatography.‘” Crown 
ethers constitute unique components of stationary 
phases, with a highly polar site localized within the 
centre of the ring formed by the crown-ether oxygen 
atoms. 

Polar compounds, including alcohols, amines, car- 
boxylic acids, and compounds which have methyl 
groups attached to electron-withdrawing groups, 
such as acetonitrile or nitromethane, and alkali and 
alkaline-earth metal ions are capable of interaction 
with the localized polarity provided by a crown 
ether.4 

The preparation and characterization of three glass 
capillary columns containing the crown ethers shown 

*Present address: Lorillard. Research Center, P.O. Box 
21688, Greensboro, NC’27420, U.S.A. 

tpermanent address: CONOCO. Inc.. Ponca City. __ 
OK 74601, U.S.A. 

SAuthor to whom correspondence and reprint requests 
should be addressed. 

in Fig. 1 are discussed in this paper. Columns con- 
taining vinylmethylsila- 17-crown-6 (VMSil7C6) and 
vinylmethylsila-14crown-5 (VMSi14CS) were pre- 
pared by polymerization of the crown ether inside the 
capillary. Before this in situ polymerization, the cap- 
illary was treated with y-methacryloxypropyl- 
trimethoxysilane (MAPTMS). This silane provides 
methacryloxy groups which copolymerize with the 
vinylsilacrown ether. Hydrolysis of the methoxy 
groups provides silanols which bond to the glass 
surface. Another column containing poly(vinylbenzo- 
15-crown-5) (PVB15C5) was prepared by statically 
coating the inside of a roughened, deactivated capil- 
lary with the polymer. Roughening was achieved by 
etching with ammonium hydrogen flouride.5 This was 
followed by deactivation of the capillary with a thin 
non-extractable film of Carbowax 20M.6 Gas chro- 
matographic characterization was accomplished by 
comparing the retention behaviour of a mixture of 
alcohols on each column. Phase transitions obtained 
by “inverse phase gas chromatography”’ were 
studied and provided explanations for anomalies in 
the chromatographic behaviour occurring when the 
column temperature was decreased. “Inverse phase 
gas chromatography” implies determining the prop- 

Vmylmethylsila-IT’-crown -6 Vinylmethylsila-14-crown-5 Polyvlnylbenzo-15-crown-5 

Fig. 1. Structures of crown ethers used in this work. 
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erties of the stationarv nhase by using known molec- heated at 60” for 72 hr. It was then attached to a buffer 
ular probes, whereas conventional chromatography 
utilizes a well-characterized stationary phase to deter- 
mine the properties of unknown solutes. Minimum 
and maximum operating temperatures were deter- 
mined for each column. In addition, the differences in 
retention of homologous series of alkanes, alcohols, 
and diols on the PVBlX5 column provided select- 
ivity information for this type of crown-ether station- 
ary phase. 

EXPERIMENTAL 

Instrumentation 

A Hewlett-Packard 5880A gas chromatograph equipped 
with level 4 integrator and computing system, capillary split 
injection, and a flame-ionization detector was used for the 
chromatographic evaluation. Pyrex glass capillaries were 
drawn on a Hewlett-Packard 1045A capillarydrawing ma- 
chine. A Shimadzu MCI-IA micro-c&mm treating stand 
was used to apply stationary phases to the glass capillary 
columns. Characterization of some species used or prepared 
was bv NMR soectrometrv lvarian XL-100 and Varian 
XL-3do spectrometers] and ‘infrared spectrophotometry 
[Perkin-Elmer 681 IR spectrophotometer]. A Du Pont 
differential scanning calorimeter with a single-crucible cell 
and scanning rate of lO”/min was used to determine phase 
transitions of poly(vinylbenzo-15-crown-5). 

column and the liquid was pushed out at a linear velocity 
of 5 cm/mitt. Conditioning was accomplished by heating at 
Z”/min up to 200” and then holding at that temperature for 
3 hr, with a helium flow maintained at 5 ml/min. In addition 
to these silacrown-ether columns, two further capillaries 
were prepared, with the treatment stopped at different 
stages, the first after the acid leach and dehydration, the 
second after the MAPTMS coating and drying. 

PVBlSCS column preparation 

The capillary containing the PVB15C5 polymer was 
prepared in a different manner. Following a hydrochloric 
acid leach and dehydration, an ammonium hydrogen 
fluoride etch was performed as described by Peters.’ After 
another hydrochloric acid leach and dehydration, the col- 
umn was deactivated with Carbowax 20M.6 The capillary 
was then statically coated with a l-pm thick film of 
PVB15C5 by the procedure described by Grab.‘* Column 
conditioning consisted of heating at 2”/min from 60” up to 
220” and holding at that temperature for 2 hr. The helium 
flow was maintained at 3 ml/min. 

RESULTS AND DISCUSSION 

Separation of alcohols 

Initial column characterization was performed by 
injecting a mixture of fourteen alcohols into each 
column. Comparison of chromatograms obtained 
from the HCl-leached and MAPTMS-silaned col- 

Reagents. umns IFig. 2. (a) and (b)l with the chromatograms 

and Chemalog (Chemical Dynamics‘ Corporation, South 

Vinylmethylsila-17-crown-6 (VMSi17C6) and vinyl- 

Plainfield, NJ, U.S.A.). The y-methacryloxypropyltri- 

methylsila-lCcrown-5-(VMSi14C5) were obtained from 

methoxysilane (MAPTMS) was obtained from Dow Cor- 
ning (Midland, MI, U.S.A.). All other chemicals used for 
preparation or characterization purposes were analytical 

Petrach Systems, Inc. (Bristo, PA, U.S.A.) and were used 

reagent grade. 

without further purification. Benzo-15-crown-5 was 
obtained from Parish Chemical Co. (Orem. Utah. U.S.A.) 

Synthesis 

Poly(vinylbenzo- 15-crown-5) was prepared by a synthetic 
route described bv KODO~OW~, with the first step replaced by 
a higher yielding-reaction which used benzo-15-crown-5 as 
starting material.’ 

silanation is reduced after the silacrown-ether treat- 
ment. The silacrown ethers increase the efficiency and 

f 

capacity of the stationary phase and may also deacti- 
vate the surface silanols left on the capillary wall after 

rom the iwosiiacrown-ether columns (Figs. 3 and 4) 

the MAPTMS treatment. Interaction of the polar 

shows that it is the silacrown ether that allows 

ends of the silanol chain with the oxygen atoms in the 
crown-ether ring can prevent polar solutes from 

separation of the alcohols. The severe adsorption 

interacting with the surface silanol and thereby re- 
duce tailing. 

which results after the acid leach and MAPTMS 

VMSil7C6 and VMSil4C5 column preparation 

Capillaries containing the silacrown ethers were prepared 
in the same manner. Pyrex capillaries were first leached by 
filling 92% of the capillary with hydrochloric acid (1 + 4), 
sealing, and heating at 180” for 16 hr.” After flushing with 
one column volume of distilled water, the capillary was 
dehydrated at 300” for 1 hr with a helium flow of 5 ml/min. 
The capillary was then dynamically coated with a 0.50% v/v 
MAPTMS solution. Before introduction into the column, 
the silane was hydrolysed by adding it to distilled water 
acidified to DH 3.7 with acetic acid.” This solution was left 
in the capillary for 1 hr before being pushed out at a linear 
velocity of 3 cm/min. A long buffer column at the end of the 
treated column and a crimped metal restrictor at the front 
of the column were used to maintain this linear velocity. 
After removal of the solution, the column was dried at 115” 
for 15 min while being flushed with helium flowing at 
1 ml/min. A solution of 20% v/v VMSi17C6 or VMSil4C5, 

(a) 

(b) 

I I I I I I 
0 2 4 6 8 10 12 

Time ( mm 1 
0.50% v/v divinylbenzene, and O.lOo/, w/v 2,2-axo-bis- 
(isobutyronitrile) in benzene was deaerated by reducing the Fig. 2. Chromatograms of an alcohol mixture on (a) an 
pressure with a water aspirator and agitating with an HCl-leached capillary column; (b) an MAPTMS and HCl- 
ultrasonic bath. After all but 8% of the capillary had been leached capillary column. (For temperature programme and 
filled with this solution, the capillary was sealed and components of alcohol mixture see Fig. 3.) 
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13 

1. Methanol 
2 Ethanol 

3. 2-Propanol 

4. Z-Methyl -2 - propanol 

5 I - Propanol 

6. P-Eutanol 

14 7 2-Methyl-2-butanol 

6. 2-Methyl-1-propanol 

J-Methyl - I- buranol 

11. 1 -Pentanol 

12. I- Hexanol 

13 1 -tieptane 

14. 1 -0ctonol 

0 2 4 6 6 10 

Time (mu-t ) 

Fig. 3. Chromatogram of an alcohol mixture on VMSi17C6 capillary column. Linear carrier velocity (He 
at 60”) 38.4 cm/set. Volume injected: 0.10 ~1 of a mixture of alcohols (equal volumes of each). Split ratio 
l/31. Attenuation 26. Temperature programme: hold at - 10” for 3 min then heat at lO”/min to 30”, S”/min 

to 65”, 3O”/min to lOO”, and hold at 100” for 1Omin. 

A temperature programme over the range used in 
the silacrown-ether columns could not be used for 
separation of the alcohol mixture on the PVB15CS 
because of severe band broadening and tailing at low 
temperatures. Isothermal chromatograms obtained at 
130” and 180” (Fig. 5) show that column tem- 
peratures above 130” are required for well-resolved 
peaks to be obtained. Possible reasons for this tem- 
perature effect can be found in the phase transitions 
occuring in the column. 

Phase transition studies 

To determine the phase transition temperatures for 
each phase (see Table l), the partition ratio, k’, of 
each probe was calculated at 10” intervals. Figure 6 

I 0 
1 I I 

0 2 4 C 0 10 12 

13 

14 

Time ( mm 1 

Fig. 4. Chromatogram of alcohol mixture on VMSil4CS 
capillary column. Linear carrier velocity (He at 60”) 
26.1 cm/set. Volume injected 0.10 ~1. Split ratio l/57. Atten- 
uation 26. (For temperature programme and alcohol mix- 

ture see Fig. 3.) 

shows the log k’ vs. l/T plot for I-pentanol on the 
VMSi17C6 and VMSil4CS columns. Changes in the 
slope at 70” for VMSi17C6 and at 58” for VMSi14C5 
correspond to phase changes in the columns. These 
phase changes may be liquid-liquid transitions rather 
than melting transitions. The rationale for this is seen 
in Figs. 3 and 4 where reasonably good chro- 
matographic peaks are obtained throughout the tem- 
perature programme. If solid-liquid transitions were 
occurring, adsorption of solutes, as evidenced by 
peak tailing and broadening, would dominate at 
temperatures below the transition temperatures. Fig- 
ure 7 shows the log k’ vs. l/T plot for acetonitrile, 
when chromatographed on the PVBl SC5 phase. Ac- 
etonitrile was chosen as a phase-transition probe 
because of its solubility in polystyrene and in poly- 

(a) 

- 
I I I 

0 2 0 2 

Time (min 1 

Fig. 5. Chromatograms of alcohol mixture on PVB15CS 
capillary column at (a) 130” and (b) 180”. Film thickness 
1 pm. Linear Carrier velocity 29.0 cm/set. Volume injected 
0.20 ~1 of mixture of O.lWA v/v mixture of I-pentanol, 
I-hexanol, I-heptanol and 1-octanol in hexane. Split ratio 

l/140 at 180”. 
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Fig. 6. Plots of log@artition ratio) against inverse of abso- 
lute temperature for I-pentanol on VMSil7C6 (0) and 

VMSil4CS (0) capillary columns. 

Fig. 7. Plots of log(partition ratio) against inverse of abso- 
lute temperature for acetonitrile on PVBlXS capillary 
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ethylene glycol. It also provides acidic methyl group 
protons which can interact with several of the crown- 
ether oxygen atoms at the same time.4 Changes in the 
retention behaviour of acetonitrile on PVB15C5 OC- 
cur at 73” and 155”. These transitions occur at 
temperatures which may correspond to a softening or 
glass-phase transition and a liquid-liquid transition. 
Chromatography at temperatures below the glass- 
phase transition at 73” is characterized by severe 
tailing. Above this transition temperature the tailing 
diminishes, although broadening such as that seen in 
Fig. 5a is present. The transition at 155”, which is 
evidenced by the increase in efficiency (in Fig. 5b) 
may correspond to a liquid-liquid phase transi- 
tion.“.” Such transitions, which have been observed 
in atactic polymers, including polystyrene, by 
Fourier-transform infrared spectroscopy and 
differential scanning calorimetry, may be related to 
temperatures where a liquid of fixed structure be- 
comes a true liquid. 

Differential scanning calorimetry (DSC) of the 
PVBl5C5 polymer shows that a second-order phase 
transition in the polymer occurs at an extrapolated 
onset temperature of 60”. The mid-point of the phase 
transition occurs at Sl”, which correlates well with 
the phase-transition temperature of 73” determined 
by gas chromatography. The DSC did not reveal, 
however, a transition at 155”. A possible explanation 
for this could be that the attendant change in the heat 
capacity of the polymer was too small to be detected 
by DSC. Transitions in the polymer that results in 
small changes in heat capacity could cause larger 
changes in the polarity of the polymer, which would 
easily be detectable through the change in retention 
behaviour. 

Further comparisons of the crown-ether stationary 
phases 

Tables 1 and 2 show some parameters of interest 
in the comparison of the crown-ether stationary 
phases reported here. The minimum operating tem- 
perature for each of the three phases was taken as the 
highest phase-transition temperature. Though this 
temperature provides a good lower working limit for 
the PVBl5C5 phase (Fig. 5), the silicrown-ether 
phases exhibit reasonable gas chromatographic be- 
haviour even at temperatures below the observed 

Table 1. Comparison of column dimensions, phase-transition temperatures, minimum 
and maximum operating temperatures 

Phase- MinJmax. 

Stationary phase 

Vinylmethylsila- 17-crown-6 
Vinylmethylsila-14crown-5 
Poly(vinylbenro-15-crown-5) 

Bore (mm)/ transition operating 
length (m) temperatures, “C temperatures, “C 

0.42/B 70 > 70/100 
0.40/16 58 > 58/154 
0.32120 73(66, 81)* 551220 

155 

*Onset and mid-point transition temperatures determined by differential scanning 
calorimetry. 
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Table 2. Partition ratios (k’), retention indices (I), McReynolds’ constants (AZ) and average polarity for tbe McReynolds’ 
probes on each of the crown ether capillary columns, along with the retention indices and McReynolds’ constants for 

Carbowax 20M16 

VMSi17C6 

VMSi14C5 

PVB15C5 

Carbowax 
20M 

McReynolds’ probes Average 
Benzene n-Butanol 2-Pentanone Nitropropane Pyridine polarity 

AZ 342 553 373 491 472 448 
Z 1OOCj 1143 looo_ 1141 1176 

k’ 0.008 0.030 0.008 0.030 0.038 

AZ 243 398 280 378 359 321 
Z 896 988 907 1030 1058 

k’ 0.019 0.036 0.020 0.048 0.056 

AZ 382 564 439 648 595 526 
I 1035 1154 1066 1300 1294 

k’ 0.225 0.426 0.264 0.959 0.923 

AI 322 536 368 572 510 462 
I 975 1126 995 1224 1209 

transition temperatures. This is evident frpm the 
chromatogram for alcohols in Figs. 3 and 4. For each 
of these phases the practical lower working limit is, 
therefore, below the observed transition temperature. 

The maximum allowable operating temperature 
(MAOT) of each column was determined by identi- 
fying the temperature at which a shift in baseline of 
1.2 x 10-i’ A occurred during application of a tem- 
perature programme. For the flame-ionization de- 
tector of the Hewlett-Packard 5880A GC this corre- 
sponds to a 10% baseline shift at an attenuation of 2’, 
at which the sensitivity is 1.2 x lo-” A full scale. A 
carrier-gas linear velocity of 25cm/sec and tem- 
perature programme starting at 60” with a S”/min 
temperature ramp were used in each case. This 
method is based on setting an arbitrary baseline shift 
as the criterion for acceptable bleed of stationary 
phase. The MAOT values for the silacrown-ether 
phases (100” and 154”) are lower than expected, 
probably because of incomplete polymerization of 
the vinyl groups in the silacrown ether. The low 
MAOT results from bleed of unpolymerized ether. 
Although NMR spectroscopy of the monomer solu- 
tion emptied from the column containing VMSi 17C6 
after the heat treatment showed no evidence of a 
polyethylene backbone, this does not preclude the 
possibility that copolymerization occurred with 
MAPTMS on the column wall. The PVB15C5 phase 
showed much higher MAOT, owing to the stability 
of the polystyrene backbone, which was confirmed by 
NMR spectroscopy. 

Measures of selectivity and polarity of the crown 
ether phases are given by the McReynolds’ constants 
(AZ), retention indices (I), partition ratios (k’), and 
average polarity, in Table 2. The column temperature 
for these retention parameters was 120” for the 
VMSil4C5 and PVB15C5 columns and loo” for the 
VMSi17C6 column. The lower column temperature 
was necessary in order to obtain a measurable par- 
tition ratio for the McReynolds’ probes. Calculation 
of the McReynolds’ constants for this column, by 
using the absolute retention indices of squalene at 
120” instead of loo”, should introduce errors of only 

l-3% in each AZ value. is Though the temperatures 
used for determining the retention indices of the 
VMSi17C6 and VMSil4C5 were above the transition 
temperatures, the temperature for determination of 
the indices on the PVB15C5 phase was below the 
phase transition temperature (155’). Consequently, 
the McReynolds’ constants for PVB15C5 were deter- 
mined at a temperature at which the stationary phase 
was present as a fixed liquid. 

Comparison of the values of the McReynolds’ 
constants and the average polarity for the three 
crown-ether phases with other stationary phases in 
the McReynolds’ tablei shows that the crown-ether 
phases have an average polarity similar to that of 
Carbowax 20M. The McReynolds’ constants, reten- 
tion indices, and average polarity of Carbowax 20M 
are given in Table 2 for comparison. Of the three 
crown-ether phases, PVB15C5 has the highest polar- 
ity, owing to the induced dipole interactions con- 
tributed to the overall polarity by the aromatic rings. 
The lower polarity of the silacrownether phases is 
due to the weaker induction interactions of non- 
polymerized vinyl groups which may be present and 
to weak dispersion interactions of the methyl 
groups. The increased number of ethyleneoxy link- 
ages in the crown ring results in the VMSi17C6 
phase having higher polarity than the VMSil4C5 
phase. 

The retention indices also indicate that the 
PVB 15C5 phase elutes the McReynolds’ probes in the 
same sequence as Carbowax 20M does. The 
silacrown-ether phases differ from this sequence. in 
that I-nitropropane and pyridine switch elution order. 
The polarity and selectivity of the PVB 15C5 phase is 
also evident in Fig. 8 where log k’ IIS. boiling point 
is plotted for homologous series of diols, alcohols, 
and alkanes. In addition to the expected linearity 
within each homologous series, the plot shows selec- 
tive retention of compounds which have the same 
boiling point but differ in polarity. This behaviour is 
typical of polar columns where retention of com- 
pounds is determined more by their polarity than 
their boiling point. 
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It is of interest to note the usefulness of gas 
chromatographic characterization of stationary 
phases in its ability to detect phase changes not 
observable by differential scanning calorimetry. Gas 
chromatography revealed three transitions for the 
PVB15C5 phase whereas differential scanning cal- 
orimetry revealed only one of them. 
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CONCLUSIONS 

In summary, the three crown-ether stationary 
phases reported here exhibit average polarity similar 
to that of Carbowax 20M and appear more suited for 
liquid than for gas chromatographic separations. The 
gas chromatographic separations of alcohols and 
alkanes which were obtained on capillary columns 
containing the phases reported here show, however, 
that there is some potential for use of crown ether 
phases in GC. These separations and the phase- 
transition studies point to the incorporation of crown 
ethers into polymers with low melting points (e.g., 
polysiloxanes or polyethylene glycols) as providing 
more promising systems for phases to be used in gas 
chromatography. 
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Summary-A purely geometrical investigation of ligand patterns systematically derived and documented 
by use of graph theory is described, as a means for designing future ligands. Various kinds of graphs 
represent the ligand patterns. The simple ligand graphs are most practical and useful for ligand design, 
and all of them are systematically derived from simpler patterns, although there remains difficulty for 
expressing certain ligands. Whereas the complex ligand graphs can exactly express the structures of all 
the ligands, they are so complicated that their derivation is much more difficult than that of the other 
types of graph. Several methods of deriving such ligand graphs are developed, and the merits and demerits 
of these representations are discussed. 

A ligand can be regarded as a dress for a metal. The 
chemistry of complexes has had several fashion 
periods, analogous to the fashions in ladies’ dresses. 
When complexometric titration was being developed, 
many complexone-type ligands were prepared; just 
after the remarkable discovery of ferrocene, various 
sandwich-bonded complexes were synthesized; since 
the applications of crown-ethers were exploited, a 
great many such compounds have been proposed; 
now studies of macrocyclic ligands are in fashion. 

The conventional and easy way to design new 
ligands is to consider some analogues or derivatives 
of an already well established ligand. However, this 
way of developing new ligands is so short-sighted that 
it seems to have little connection with the creative 
discovery of ligands. As the properties and reactions 
of metal complexes are closely related to their geo- 
metrical structure, for designing the most suitable 
chelating reagent for a certain purpose it seems an 
obviously useful approach would be to look at all the 
geometrical patterns of ligand structure. 

There are some reviews’.’ on ligand design, and 
that by Black and Hartshorn’ beautifully collects and 
systematically classifies the various ligands prepared 
up to the present, but these reviews give little guid- 
ance to planning future ligands and their topological 
diagrams are mathematically incomplete. Graph 
theory and the computer have been successfully 
applied to the enumeration and documentation of the 
chemical isomers and homologues of some organic 
compounds. This paper extends this approach and 
introduces a few purely geometrical studies on the 
representation and derivation of ligand patterns in 
order to design future ligands, and also provides 
some comments on topological treatments and 
graph-theory methods because many readers may be 
unfamiliar with them. Further details of graph theory 
may be obtained from monographs.3*4 

THEORY AND METHODS 

Simple ligand graph 

A graph in graph theory is defined as a set of m 
points together with n lines joining certain pairs of 
these points. A ligand can be considered as a set of 
donor atoms joined by carbon chains capable of 
forming medium-sized chelate rings. Then a “simple 
ligand graph” L(m,n) can be defined for a ligand, its 
points and lines corresponding to m donor atoms and 
n carbon chains respectively.’ Each of these carbon 
chains is called a “chelate path”, which starts from 
one donor atom and ends at another after passing 
through two (or three) carbon atoms, if the chelate 
ring consists of five (or six) members, including a 
metal ion (or atom). Then it is obvious from the 
denticity of the donor atoms that the degree of each 
point is one, two or three (the degree of a point is the 
number of lines incident on it). 

Some examples of simple ligand graphs for various 
ligands are shown in Fig. 1. Since any carbon atoms 
which do not participate in chelate rings are ne- 
glected, almost all bidentate ligands such as glycine, 
oxalate, dimethylglyoxime, 1, IO-phenanthroline, 
acetylacetone, 8-quinolinol, are represented by the 
same simple ligand graph L(2,l). A graph in the 
narrow sense of the word does not include multiple 
lines; that is, two points may be joined by only one 
line. Piperazine (Fig. l), however, is represented by a 
graph with double lines L(2,2), because it has two 
chelate paths between two nitrogen atoms. Triple 
lines are not needed, however, for such a donor atom 
would have lone-pair electrons oriented in opposite 
directions and could not form a chelate ring. To 
avoid complicating the design no multiple line is 
included in this simple ligand graph. If necessary such 
double line derivations can be easily produced by 
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Fig. 1. Graph representation of ligands. 

joining a pair of adjacent points, of degree one or 
two, in a simple ligand graph. 

However complicated the ligand graph may be, it 
is a planar graph; that is, all its lines can be drawn 
on a plane so that no two lines cross each other. 
According to graph theory such a graph is identical 
with a spherical graph. To be spherical the criterion 
is that the chelate paths do not cross each other on 
a co-ordination sphere, because chelate paths are too 
short to be able to make detours. 

All the simple ligand graphs with m < 8 can be 
systematically derived from fifteen basic patterns by 
adding points and/or side-chains, and the basic pat- 
terns are also obtainable, one by one, by starting 
from a circle and a segment. Each structure can then 
be documented by a code of eight figures.5 The 
numbers of simple ligand graphs thus designed, and 
of their double-line derivatives, are summarized in 
Table 1. 

Extension of ligand graph 

There remains consideration of the graphical repre- 
sentation of hgands which have chelate paths 
branched at their carbon atoms. Such ligands form 

some fused chelate rings with a metal, because several 
of the chelate paths have parts in common. There are 
various ways to represent such ligands, and examples 
are shown in Fig. 2. 

Extended ligand graph. An “extended ligand 
graph” is a set of several points corresponding to the 
donor atoms, which are joined by several single, 
double or triple lines, according to the number of 
chelate paths.6 This is just an extension of the simple 
ligand graph, but the degree of a point may exceed 
the valence.of the donor atom. 

Donor-atom graph. A “donor-atom graph” is a set 
of several points corresponding to the donor atoms 
and several single lines corresponding to the chelate 
paths without regard to their numbers6 This is also 
quite similar to the simple ligand graph, and the 
degree of a point may again sometimes exceed the 
valence of the donor atom. Donor-atom graphs can 

Table 1. Number of ligand graphs 

Donor atoms 2345618 

Simple ligand graphs 1 2 6 IO 28 63 187 
Double-line derivatives 1 2 6 12 37 102 318 
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Fig. 2. Representations with diverse ligand graphs. lA-4A: Ligands. lB-4B: Extended ligand graphs. 
lC-4C Donor-atom graphs. lD-4D: Composite graphs. lE-4E: Complex ligand graphs. 

be systematically derived from some basic patterns 
similarly to the simple ligand graphs. The extended 
ligand graphs are also derivable from the donor-atom 
graphs by substitution of a multiple line for a single 
line. Neither type of graph, however, expresses the 
geometrical structure of complicated ligands well 
enough for them to be discriminated. For example 
the ligands 1A and ?A in Fig. 2 are expressed by the 
same extended ligand graph 1B and 2B, and donor- 
atom graph 1C and 2C. In order to correct this 
defect, a complex graph, a new concept in graph 
theory, should be introduced. It is a set of main 
points and main lines, where each main line is also a 
graph composed of sub-points and sub-lines. 

Complex ligand graph. A “complex ligand graph” 
is a set of several main points joined by sub-lines, 
where the main point, subpoints, and sub-lines corre- 
spond to donor atoms, carbon atoms becoming 
chelate members, and chemical bonds among these 
atcms, respectively.6 Examples of complex ligand 

graphs are given as (lE)-(4E) in Fig. 2. The degree 
of the main points is 1-3, whereas that of the 
subpoints is 2 or 3, since no carbon atom can be an 
end-point. The complex ligand graph contains no 
multiple sub-line. Naturally, each chelate path has 
two or three sub-points between two main points. 
The complex ligand graphs can faithfully express the 
original ligand structure, but are so complicated that 
their systematic derivation is much more difficult 
than that of previous ligand graphs. 

A method of deriving complex ligand graphs is to 
start from the donor-atom graph. Let us neglect 
three- and four-membered carbon-rings, for sim- 
plicity. When each line of a donor-atom graph is 
replaced by one of the six unit graphs in Fig. 3, the 
complex graph thus obtained is called a “composite 
graph”, as shown in Fig. 2, lD-4D. By various 
combinations of the six kinds of unit graphs, many 
composite graphs are obtained from a particular 
donor-atom graph. 
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Fig. 3. Unit graphs. 

Next, a new concept of “fusion” should be intro- 
duced.6 It means a partial fusing of two patterns or 
graphs, as when the fusion of two benzene rings 
produces the naphthalene structure. Several adjacent 
unit graphs may be partially fused, then some sub- 
points and sub-lines are united. The fusion results in 
relieving the congestion of carbon chains, and in 
reducing the degree of the main points. Then a 
complex ligand graph is derived from a composite 
graph by fusing its adjacent unit graphs, as Seen in 
Fig. 2. Sometimes one sub-point of degree two on 
each chelate path in the complex ligand graph thus 
obtained may be omitted, because every chelate path 
of a unit graph has three sub-points. Because of steric 
restrictions fusion is not always possible. All the 
combinations of adjacent unit graphs which are 
impossible to fuse have been checked in detail. That 
study will be published separately. 

Ligand design for a given co-ordination structure 

The derivation method given above for complex 
ligand graphs is sufficiently systematic, but these 
graphs do not necessarily fit a particular co- 
ordination structure. First, it should be confirmed 
that the original donor-atom graph can fit the desired 
co-ordination. A donor-atom graph for any planar 
co-ordination is always a linear or a circular graph, 
and the unit graphs in its composite graph cannot be 
fused. In other words, such a composite graph is 
identical with the corresponding complex ligand 

graph. 
Parent graph. For a given co-ordination structure, 

a complex ligand graph to which no more sub-points 
or sub-lines can be added, i.e., a complex graph of the 
highest density, is called a “parent graph”. If all of 
these are found, the other complex ligand graphs for 
such a co-ordination can be derived as their “daugh- 
ter graphs” by neglecting some sub-points and/or 
removing some sub-lines. 

Both unit graphs (5) and (6) in Fig. 3 are identical 
and give only one parent graph for the bidentate 
ligand, whereas both 3E and 4E in Fig. 2 are parent 
graphs for the terdentate ligand. There are four kinds 
of parent graphs for square planar co-ordination, and 
nine kinds for tetrahedral co-ordination.6 

It is much more difficult, however, to find all the 
parent graphs for octahedral co-ordination, which is 
the most popular one, and such a task can be 
executed only by use of the electronic computer. The 
donor-atom graph of the complete cage for octa- 
hedral co-ordination is naturally an octahedron (a 

complete cage means a spherical graph in which every 
adjacent pair of points is joined). There are 6’* 
( = 2,176,782,336) permutations of six kinds of unit 
graphs placed on twelve edges of an octahedron, 
including symmetrical duplications. The computer 
examines each of these permutations, (a) to see 
whether they meet the conditions for becoming the 
parent graph, (b) to find whether the unit graphs can 
be fused and (c) to exclude duplication of structures. 
A “canonical name”, which is a numerical code 
expressing the characteristic pattern of a graph, 
should be defined for the computer process. A com- 
posite graph, from which a complex ligand graph is 
derived, can be expressed by a code consisting of 
twelve figures, each of which represents the number 
of unit graphs on a parficular edge and is placed in 
a definite order in the code. Twenty-four codes are 
possible for the same structure, because a definite 
order of edges may be started from any of the six 
vertices and in any of four directions. The canonical 
name of a structure is therefore defined as the code 
which gives the greatest sum of the component 
figures. Thus it is found that as many as 1055 kinds 
of parent graphs for octahedral co-ordination can 
exist, even if chiral isomers are excluded. The detailed 
computer process will be described elsewhere. 

Simple cage graph. As the parent graphs are too 
complicated, simpler complex ligand graphs for octa- 
hedral co-ordination are sought. A “single cage 
graph” is a complex ligand graph where every pair of 
adjacent main points is jointed by one chelate path; 
consequently, both its donor-atom graph and its 
composite graph are octahedra. Since the degree of 
every vertex on an octahedron is four, at least one 
adjacent pair of unit graphs (1) in Fig. 3 at every 
vertex must be fused so that the degree of every main 
point becomes three. As there are four adjacent pairs 
of four edges at each of six vertices, the permutations 
come to 46 (=4096), including symmetrical dupli- 
cations. Then a canonical name is defined as the 
minimum total of the six figures, each of which is l-4. 
The computer has been used to check each structure 
of all the permutations above, and 90 chiral isomers 
and 12 achiral graphs are found for the simple cage 
graphs. 

DISCUSSION 

The representation of ligand patterns by a set of 
points and lines is a useful method for documenting 
and classifying a number of ligands, so that we can 
look over and compare all of them even though such 
ligands have never been synthesized. Since any atoms 
which cannot become members of medium-sized 
chelate rings are entirely neglected, the topological 
expression might abstract the chelating functions 
from a complicated ligand and explicitly illustrate 
them. As any donor atoms from the nitrogen- and 
oxygen-group elements may be located at any main 
points of these ligand graphs, ligands with mixed 
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Fig. 4. Simple ligand graphs for m = 6. 

donor atoms can also be expressed, and the lines may 
represent not only hydrocarbon chains but also 
boron, silicon and any other mixed or unmixed 
chains. 

Since the simple ligand graphs are plainly defined 
and all of them can be systematically derived one by 
one, their representation is sufficiently practical and 
useful for general design purposes, although some 
considerations remain on some special ligands con- 
taining branched chelate paths. 

All the simple ligand graphs with m = 6 are illus- 
trated in Fig. 4. Looking over these various patterns 
of sexidentate ligands, we see that complexation 
chemistry has always pursued the use of only a 
quarter of these twenty-eight patterns. Accordingly it 
might be forecast that further and possibly more 
interesting ligands, having quite diverse structures, 
will be developed in the future. 

At least one face on most regular polygons is an 
equilateral triangle. Hence the trigonal ligand 
1,4,7-triazacyclononane should fit well in octahedral 
co-ordination, in terms of the length of its chelate 
paths and the three directions of its lone-pair elec- 
trons. As expected, it has been proved that of all the 
triamine ligands this forms the most stable metal 
chelates.’ Furthermore, its complexone-type deriva- 
tive, 1,4,7-triazacyclononane-N,N’,N”-triacetic acid’ 
of type (13), and its bivalve-like derivative, 
1,2-di( 1,4,7-triazacyclononane- 1-yl)ethane’ of type 
(28), are extremely strong chelating agents, although 
their complexation rates are very slow because of 
their rigid structures. 

Ligands IA and 2A in Fig. 2 are also very suitable 
for facial co-ordination and able to form three fused 
six-membered chelate-rings with a metal ion.“r3 
Hence, their three-limbed sexidentate derivatives can 
form quite stable metal chelates.“” 

Since type (27) in Fig. 4 has a cage structure and 
all the lone-pair electrons of its donor atoms are 

directed towards the centre of an octahedron, no 
metal ion would enter inside or co-ordinate it. How- 
ever, if such ligands could be synthesized around a 
metal ion by a template reaction, the metal ion should 
be encapsulated within the network and a highly 
hydrophobic spherical cation would be produced. 
Sargeson and co-workers’“23 synthesized very inter- 
esting complexes similar to these. As the ligands have 
branched chelate paths, they belong to type (27) not 
as a simple ligand graph but as a donor-atom graph. 
Type (27) is not yet a complete-cage depth graph, as 
above mentioned. If a genuine complete-cage ligand 
could be synthesized round a metal ion the cation 
should be entirely confined within the network, no 
matter how weak the chelate bonds. 

The complex ligand graphs can exactly express the 
ligand structures, but they are too complicated for all 
of them to be derived or enumerated. Especially when 
the number of donor atoms exceeds four, the system- 
atic derivation of the daughter graphs from the 
parent graphs is practically impossible because there 
are so many complicated parent graphs. However, 
the ligands which will be synthesized in the near 
future will not have such complicated networks as 
those parent graphs. Hence it would be better for the 
ligand design to start from simpler graphs, e.g., the 
simple cage graphs, the number of which is only a 
tenth of that of the parent graphs for octahedral 
co-ordination. The setting of proper restrictions on 
the complex ligand graphs would be the key to the 
solution of design problems. Thus, the topological 
conception, applied practically to ligand design, 
should lead to the finding of new and useful ligands. 
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Smnmar-A number of factors related to the metal-ion reactivity of silica-bound complexing agents are 
discussed. The metal-uptake capacity of alkylamines immobilized on silica is shown to be redu@ by 
hydrolysis of bound ligand from the surface, by protonation in aqueous buffers, and by an apparent air 
oxidation of the amine group or other deactivation process. A onestep silylation reaction using 
triethoxysilylpropyl-p-nitrobenxamide is shown to produce nitrobenxamide silica gel (NBSG) and 
axe-coupled material equivalent to that obtained by the former two-step process. Significant time saving 
is realized. Organic solvent washing of the NBSG, and the axo-couphd chelating agents derived from it, 
removes organic matter from the surface. Adsorbed or weakly bound polymers or oligomers present in 
the original silane or formed during the silylation are apparently dissolved slowly by these washing 
solvents. Finally, metal uptake (and presumably surface coverage), expressed as pmole/m2, of a series of 
lquinolinol controlled-pore glasses was found to decrease with decrease in pore size. 

Chemically-modified silica materials have become 
important in several areas of science in recent years, 
for example as catalyst supports and as stationary 
phases in both gas and liquid chromatography. Silica 
modifications are typically effected by some type of 
silylation reaction, perhaps followed by one or more 
other reactions to produce the desired chemical char- 
acter. Though there is a large body of data on silica 
modifications and the subsequent reactivity of these 
materials,’ new applications are continually de- 
manding further information. 

Our primary interest in this field is in the use of 
chelating agents immobilized on silica, as stationary 
phases for the liquid-chromatographic separations of 
trace metal2 and organic species,3 but aspects of the 
preparation and characterization of these packings 
are also of concern, especially as they may have 
significant effects on chromatographic behaviour. 
For example, the chemical resistance of the 
covalently-bound moieties to hydrolysis is important 
in maintaining constant column characteristics. 
Should the bound group be an alkylamine, significant 
hydrolytic instability may exist, as has been suggested 
for some systems. 4*5 We report here further evidence 
of this instability for several amine phases. 

When the intention is to produce a chemically 
complex material, several reactions may be needed to 
arrive at the tinal modified silica, and increased 
efficiencies of preparation are desirable. A significant 
reduction in the time necessary to prepare silica- 
bound, azo-coupled chelating agents has recently 

*Author for correspondence 

been reported by Marshall and Mottola6 and we 
describe here an alternative, equally short, method of 
making these materials. 

The physical character of the silica support mate- 
rial may also play a part in determining the qualities 
of the modified stationary phase. For example, the 
pore size of the base silica can have an effect, for good 
or ill, on the liquid chromatography of various 
organic species.’ Further, it has recently been sug- 
gested that pore-size has an effect on the ligand- 
loading of I-quinolinol silica-gel.r9 As chro- 
matographic retention is normally directly 
proportional to surface coverage by the stationary 
phase, metal-ion retention on a bonded chelating- 
agent as stationary phase will then be affected by the 
pore-size of the native silica used to prepare the 
column packing. We report here corroborative evi- 
dence of the relationship of pore-size to coverage with 
azo-coupled ligand. 

EXPERIMENTAL 

Apparatus 

A Hitachi 100-80 spectrophotometer and a Reckman 1301 
or PerkiwElmer 272 atomic-absorption spectrophotometer 
were used. 

Adsorbosil-LC, W-pm silica gel (70 A pore-sine, specific 
surface area 480 m2/g) was obtained from the Applied 
Science Division of the Milton Roy Company. The 
37-75-nm controlled-pore glasses (CPG) were purchased 
from Pierce Chemical Company, Rockford, IL.- Polygosil 
6&20, ?O-rcrn silica gel (60 A nore-size. 500 m2/d manu- 
factured by Macher&N&el, was obta&d froG Rainin 
Instrument Company, Wobum, MA. 

763 
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The 3-(2-aminoethyl)aminopropyltrimethoxysilane (Cor- 
ning Z-6020) and the trimethylchlorosilane (TMCS) were 
purchased from PCR Research Chemicals, Gainesville, FL, 
the 3-aminopropyltriethoxysilane was from Pierce Chemical 
and the trimethylsilylimidazole (TMSI) and 
triethoxysilylpropyl-p-nitrobenzamide were from Petrarch 
Systems Inc., Bristol, PA. The silanes were stored in a 
refrigerator and used as received. The N-(l- 
naphthyl)ethylenediamine dihydrochloride was obtained 
from Aldrich Chemical Co. All other chemicals were of 
reagent grade and used without further purification. Tolu- 
ene and dimethvlformamide (DMF) were dried over a 4 A . , 
molecular sieve before use. 

Syntheses 

All silica materials were dried in an oven or under vacuum 
at 110” or higher temperature before silylation. The silica 
was cooled and subjected to vacuum to remove air from the 
pores before the silane solution was addecL8 

The silylated silica gels were prepared by refluxing with 
5% toluene solution of the silane, unless otherwise noted. 
Aminopropyl silica gel (APSG) was prepared by using 20 g 
of Adsorbosil, 150 ml of the aminopropyltriethoxysilane 
solution, and 4 hr reaction time. The amino- 
ethylaminopropyl silica gels (AEAPSG) were obtained by 
using 5 g of Polygosil, 70 ml of a toluene solution of 
aminoethylaminopropyltrimethoxysilane, and 2.5 hr reac- 
tion time, one batch being made at room temperature and 
the other at 73”. Non-refluxing conditions were used to 
make the AEAPSGs in order to reduce the surface cov- 
erages by this very reactive silane and so make them 
comparable to that of the APSG. 

Nitrobenzamide-modified silica gel (NBSG) was obtained 
with 15 g of Adsorbosil, 100 ml of a toluene solution of the 
triethoxysilylpropyl-p-nitrobenzamide (a waxy solid) and 
refluxing for 7 hr. The nitrobenzamide-modified controlled- 
pore glass (NBCPG) preparation used 4 g of CPG which 
had been rinsed with 78 ml of O.lM hydrochloric acid and 
70 ml of water, and was refluxed for 3 hr with a 2% toluene 
solution of the nitrobenzamide silane. 

After silylation the modified material was filtered off by 
suction, washed with 5&100 ml of toluene then S&100 ml 
or more of methanol. and cured overnight in a vacuum oven 
at 70-80”. 

End-capping of the APSG was performed by using tri- 
methvlsilvlimidazole (TMSI) for selective deactivation of 
residual Hilanol groups, but not of the amine function. 
About 4 g of APSG was reacted overnight with 50 ml of a 
slightly warm 2% TMSI solution in DMF. The solid was 
filtered off and washed with 50 ml of dimethylformamide 
(DMF) and 5&100 ml of methanol. 

The nitrobenzamide-modified Adsorbosil was end-capped 
by refluxing about 16 g of it with 100 ml of a toluene 
solution of trimethylchlorosilane for 5 hr, followed by 
filtration and washing with toluene and methanol. 

All silylation reactions were protected from atmospheric 
moisture either by performing them in a sealed system, or, 
if refluxing conditions were used, by a “Drierite” trap on the 
reflux column. 

The nitrobenzamide-modified materials were reduced to 
the aminobenzamide form by boiling about 4 g of the NBSG 
or NBCPG in 50 ml of 5% aqueous sodium dithionite 
solution for about 30 min. As the end-capped NBSG was 
extremely hydrophobic, it was necessary to wet the material 
with methanol before adding the dithionite solution. The 
water used to dissolve the dithionite was first deaerated with 
nitrogen to minimize oxidative decomposition of the di- 
thionite. The aminobenzamide modified material was 
filtered off. washed with water, and added to 50 ml of 2% 
sodium nitrite solution in 2M hydrochloric acid and the 
mixture was left for 30 min in an ice-bath. The light yellow 
diazonium salt-modified material was filtered off and 

washed with 50 ml of cold water. The damp product could 
be immediately coupled or frozen for later use.* 

The I-quinolinol-modified controlled-pore glass was ob- 
tained by coupling the material bonded with the diazonium 
salt, in 60 ml of 1% 8-quinolinol solution in 95% ethanol, 
stirring for 30 min, filtering off and washing with ethanol, 
methanol and finally water. 

N-(1-NaphthyBethylenediamine-modified silica gel was 
prepared by coupling 3 g of the Adsorbosil-based diazonium 
salt in 75 ml of 2”/, aqueous solution of the diamine 
dihydrochloride for 30 min. As discussed below, extensive 
water rinsing was required before the filtrate was free from 
the red colour produced. 

Batch copper-uptake 

About 100-200 mg of the modified silica was placed in a 
vial, 10 ml of O.lM copper(H) solution were added and the 
mixture was shaken for at least 30 min. The solid was 
filtered off, washed with SO-100 ml of water to remove 
excess of metal ion, and the extracted copper(H) was 
stripped with hydrochloric acid. At first O.lM hydrochloric 
acid was used, but to ensure complete copper removal6 1M 
acid was employed in later stages. A 25-ml water rinse 
followed. The stripped copper and rinsings were made 
up accurately to 50 or 100 ml and copper was determined 
by atomic-absorption spectroscopy. 

Column copper-uptake 

A 15 cm x 4.6 mm stainless-steel column was slurry- 
packed with about 1.4 g of the appropriate silica gel at about 
4000 psig pressure by using a Haskel pneumatically- 
amplified pump with methanol as the slurrying and packing 
solvent. 

A typical copper-uptake cycle involved successive passage 
of 15 ml of water, 70-90 ml of O.OlM acetate buffer (PH 5), 
25 ml of 0.02M copper(I1) nitrate (an excess), 10-30 ml of 
water, 20-30 ml of nitric acid @H 1.8) to elute the extracted 
copper, 15 ml of water and 15 ml of methanol. The first two 
of the five cycles employed 10 ml of 0.05M copper solution 
instead of 25 ml of the 0.02M solution, and 30-40 ml of 
nitric acid (pH 2.1) before the stripping step using nitric acid 
at pH 1.8. The more concentrated acid was employed to 
ensure complete removal of copper from the APSG. All 
solutions were pumped through the column at 1.0 ml/min. 
The appropriate solution was chosen by using a six-port 
selection valve on the low-pressure side of the Beckman 
110A pump. The amount of copper stripped was determined 
by atomic-absorption spectroscopy. 

RESULTS AND DISCUSSION 

Stability of alkylamine silicas 

Silica-bound complexing agents are being in- 
creasingly used for trace-metal preconcentration and 
both metal-ion and organic liquid-chromatographic 
separations. A class of ligands that seems promising 
for these uses is the alkylamine group, as much is 
known about their homogeneous solution chemistry. 
In a chromatographic study using aminopropyl silica 
gel (APSG) and aminoethylaminopropyl silica gel 
(AEAPSG) in our laboratory, it was found that 
retention times for the transition metals were unrea- 
sonably short when sulphate and acetate mobile 
phases were used. This finding suggested deactivation 
or a loss of complexing ligand from the stationary 
phase. 

The occurrence of hydrolytic cleavage of bound 
alkylamines from the surface of silica gel has been 
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Table 1. Metal-uDtake and surface coverage of aminoethvlaminoDroDvl silica gel* 

Ligand coverage, from 
Copper(I1) uptake, pmole/g N determination, wolelg 

After 
After extensive Unused, extensive 

Material Freshly prepared column use Cmonth old column use 

AEAPSG- 231 22 264 89-V 
batch 1 

AEAPSG- 310 I - - 
batch 2 

suggested by recent studies by Gimpel and Unger4 
and Waddell et ~1.~ To investigate this possibility, two 
different columns packed with AEAPSG and used 
extensively for metal-ion separation studies were 
emptied and the copper(uptake of the packings 
was measured by the batch method (Table 1). One 
batch, which had an original capacity of about 230 
pmole/g yielded a capacity of only about 16-30 
pmole/g for the used stationary phase, the lower 
value being for material taken from near the column 
inlet, the higher value for that near the outlet. The 
second batch of AEAPSG, originally displaying a 
metal-uptake capacity of 310 pmole/g, yielded a 
value of 7 pmole/g after use in the column. Silica- 
bound ligand freshly synthesized in non-aqueous 
solvent is unprotonated and reacts readily with cop- 
per(II), whereas column material which has been 
subjected to aqueous buffers in the pH range 2-5 is 
probably protonated and therefore less reactive to- 
ward metal complexation, which may result in low 
copper uptake values. lo Another possibility is chem- 
ical deactivation (e.g., oxidation) of the bound amine, 
which would also preclude reaction with metal-ions. 

These results may also indicate, however, that 
ligand was hydrolysed from the silica surface by the 
aqueous mobile phases used in the chromatographic 
studies. That this indeed occurred was confirmed by 
the elemental analysis of AEAPSG taken from the 
first column, which gave a nitrogen content of 0.2x, 
corresponding to a ligand coverage of about 90 
pmoles of diamine per gram (Table 1). This is to be 
compared with the diamine coverage of 264 pmole/g 
based on the nitrogen content of unused four-month 
old material. As the stoichiometry of the cop- 
per(II)-AEAPSG complex(es) is not known for these 
low coverages, the 89 y mole/g value cannot be 
converted into a metal-uptake capacity with any 
certainty. Furthermore, as the absolute precision of 
nitrogen determinations is itself f O.l%,” strict com- 
parison with the metal-uptake value is not warranted. 
Any bound but unreactive nitrogen would also lead 
to poor comparison. In any case, the important point 
is that the ligand coverage and metal uptake have 
been reduced to about 30% and 10% respectively, of 
their original values. 

A more detailed study of the fate of APSG during 
column use was made, modelled on that by Waddell 

et a1.j The on-column uptake of copper(I1) was 
monitored during repeated cycling of acetate buffer 
and several other mobile phases. The usual cycle 
consisted of successive passage of portions of water, 
O.OlM acetate buffer (pH S), 0.02M copper(I1) solu- 
tion, water, nitric acid (pH 1.8) to strip the copper, 
then water, and finally methanol. Five cycles were 
performed. The results are given in Table 2. As can 
be seen, the uptake capacity decreased from the 240 
pmole/g batch-mode value for the unused material to 
between 50 and 60 pmole/g after only one cycle, with 
a levelling-off at around 10-15 pmole/g after the 
third cycle. The results were similar for both APSG 
and APSG which had been TMSI-end-capped to 
deactivate residual silanol groups and are also qual- 
itatively similar to those of Waddell et al.,’ although 
the reduction in uptake capacity was greater in the 
present study. 

The experiment on column uptake of copper(I1) 
was repeated with a fresh APSG column, the only 
difference being that 10 ml of water preceded the first 
copper loading, and 40 ml of buffer the second. The 
uptake values were 262 and 72 pmole/g respectively 
for these two cycles (Table 2). The initial uptake was 
greater than that in the five-cycle study in which the 
first copper-loading was preceded by passage of pH-5 
acetate buffer. 

The APSG and capped APSG, which had been 
used in the five-cycle column study, were also subjec- 
ted to a batch copper(uptake study after removal 
from the column, yielding values of 10 pmole/g in 

Table 2. Effect of mobile-phase cycling on APSG metal- 
uptake 

Copper(H) uptake, mole/g 

After cycle numbert 
Material Original value 1 2 3 4 5 

APSG* 2405 61 34 5 17 13UO)j: 
262 72 - - 

APSG 147 53 32 11 12 15(10)$ 
end-capped 

*>SiCH2CH,CH,NH,. 
tThe first two cycles employed 11 ml of 0.05M copper( 

30-40 ml of pH 2.1 HNO,, followed by pH 1.8 HNO,. 
§Batch copper-uptake value for unused material. 
$Batch copper-uptake values on material removed from 

column after fifth cycle are shown in parentheses. 
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Table 3. APSG elemental nitrogen determination 

Ligand coverage, 
N % 

Metal uptake, 
wlelg lunole lg 

After After After 
Material Unused cycles Unused cycles Unused cycles ‘% Decrease 

APSG 1.66 1.26 1186 900 593 450 24 
APSG 1.35 1.01 964 721 482 360 25 

end-capped 

*Based on a stoichiometry of metahligand = 1: 2, calculated from ligand coverage values. 

both cases, in good agreement with the last three 
column values (Table 2). Another portion of the 
cycled APSG was treated with 0.1 A4 ammonia buffer 
@H 10) for 30 min, thoroughly washed with water, 
dried and then used for a batch study, in which a 
copper uptake of 117 pmole/g was obtained. 
Evidently, the very low column uptake values were 
primarily the result of protonation of the amine 
functional group in the stripping step of the cycle, 
rather than of massive hydrolysis of ligand from the 
surface. The pH-5 acetate buffer simply maintained 
the APSG in the protonated state. This protonation 
effect was also observed qualitatively for the cycled 
APSG. The material from the column remained white 
(no copper uptake) when subjected to O.lM cop- 
per(U) solution, but after brief contact (30 set) with 
pH-10 ammonia buffer, and a thorough water rinse, 
the material was turned light blue by copper(I1) 
solution, and the colour remained even after exten- 
sive water rinsing. 

The unused and cycled APSG and capped APSG 
were also analysed for nitrogen, and the results are 
given in Table 3. Whereas the cycling study showed 
nearly total loss of copper-uptake capacity after 
several cycles, mostly due to protonation of active 
amine sites as mentioned above, the nitrogen deter- 
mination revealed the disappearance of about a quar- 
ter of the original ligand coverage after only five 
cycles. This loss must be due to leaching of the ligand 
from the surface of the silica. The more extensive loss 
of ligand from the AEAPSG, discussed above, re- 
sulted from the longer use of that column for chro- 
matographic studies. An observation that implies 
that substantial hydrolysis of ligand from the silica 
surface does indeed occur, is that the column effluent 

collected early in the cycling runs contained some 
sticky, polymer-like material after standing for a day 
or so. Although this material was not characterized 
further, we surmise that the aminopropylsilane hy- 
drolysate polymerized in the aqueous acetate buffer. 

However, on comparing the values in Tables 2 and 
3, it is seen that metal-uptake values calculated from 
the nitrogen content, on the assumption of saturation 
with metal in 2: 1 ligand-metal complexes,‘0 are much 
higher than the experimental copper-uptake results, 
even for the unused materials. Protonation of the 
amine groups could account for some of this discrep- 
ancy for the used material, but not for the unused. 
There are apparently metal-inactive nitrogen groups 
bound to this material even when it is in the unused 
state, perhaps as a result of using a silane which was 
over a year old. Presumably oxidation or some other 
reaction of the amine groups ouurred which deacti- 
vated the amine with respect to metal complexation. 
Similar (but smaller) disagreement between results 
based on copper-uptake and on calculation from 
carbon or nitrogen contents has previously been 
reported’“*‘2 (relatively fresh or distilled silane solu- 
tions were used in the earlier work). Interestingly, 
there is also some indication that the copper-uptake 
capacity of APSG decreases on standing, as the 
uptake values of stored material continuously de- 
creased with time (Table 4). Again, this could be due 
to oxidation of the amine functional group, but more 
investigation is required before this can be firmly 
established. The 21-month value for APSG (168 
pmole/g) was obtained after treating the material 
with pH-10 ammonia buffer for 30 min, and indicates 
that protonation is not the cause of this gradual loss 
of copper(II)-uptake capacity for unused material. 

Table 4. Copper(II)-uptake capacities of alkylamine silica gels as a function of storage time 

APSG End-cavned APSG AEAPSG 

Capacity, 
wiole In 

Months after 
preparation 

__ 
Capacity, Months after Capacity, Months after 
nmoleln preparation flmole in preparation 

356 0 333 0 310 0 
240 17 147 17 249 4 
199 19 145 19 
173 20 110 20 
168 21 
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It is clear that much of the metal-uptake capacity 
of the freshly prepared alkylamine silica gels is 
quickly lost when these materials are subjected to 
treatment with low-pH aqueous media. The bulk of 
this loss early in the column use is due to protonation 
of the amine group, rendering it unreactive toward 
metal ions at low pH. Treatment with basic buffers is 
necessary to deprotonate the amines and restore 
reactivity. This may be a slow process in dilute 
medial0 and cause further hydrolysis of ligand from 
the surface. 

The nitrogen determination results suggest that 
true removal of ligand groups from the surface also 
occurs, significant loss (25%) occurring after only five 
of the cycles used in this study, and loss of as much 
as two-thirds of the original coverage after extended 
column use. Whether this results from true hydrolysis 
at the more accessible sites, leaching of adsorbed or 
hydrogen-bonded oligomers, or a combination of 
both is not known. It seems clear, however, that the 
alkylamine silicas are not suitable for long-term use 
with aqueous solutions because of protonation or 
other deactivation of amine groups and loss of ligand 
from the surface. Even commercial amine columns 
should be used with these findings in mind. 

Stability of naphthylethylenediamine silica gel 

In an attempt to prepare a stable alkylamine silica, 
a more rigid system was sought. Phenylazo-coupled 
N-( I-naphthyl)ethylenediamine was bound to the 
silica gel, by use of the shortened preparation of 
nitrobenzamide silica gel described below, followed 
by the usual nitro-group reduction, diazonium salt 
preparation and coupling procedure. However, even 
this bulky aromatic-substituted amine exhibited 
bleeding. As the final silica-bound material is highly 
coloured (red), like most azo-coupled chelating 
agents, any leaching of ligand can be observed visu- 
ally, as well as spectrophotometrically. Aqueous ace- 
tate buffers, especially in the pH range 3-5, caused 
extensive bleeding of pink solution from a column 
packed with this material. Sulphate solution at pH 3 
seemed to halt the bleeding, as did lowering the pH 
to 1.5, at which both nitrogen atoms of the ethyl- 
enediamine moiety are protonated. Non-aqueous sol- 
vents such as dimethylsulphoxide and 1-propanol 
also caused bleeding. Methanol-water solutions (1: 1 
v/v) caused the most extensive bleeding, however, as 
observed earlier for 8-quinolinol silica gel3 

The fact that non-aqueous solvents washed col- 
oured material out of this column implies that some 
leaching process other than normal surface hydrolysis 
is taking place (see below). However, the pH- 
dependence of the bleeding (the leaching is less at low 
pH) implies conventional hydrolysis. In spite of all 
the washing done, however, the material retained its 
deep red colour, implying that only a small portion 
of the overall coverage was lost. It appears that two 
types of bleeding occur, normal hydrolysis with aque- 

ous buffers, and dissolution of possible oligomeric 
material from the surface by non-aqueous solvents. 
More extensive studies are required to determine 
whether this aromatic amine is indeed more stable 
than the alkylamines described above. Initial results 
are promising, however, as extensive washing seemed 
to remove all leachable material, no further colour 
appearing in subsequent washings. 

Improved synthesis of azo-coupled materials 

While a number of alkylamine silanes are commer- 
cially available and make possible the one-step at- 
tachment of a complexing group to the surface of 
silica gel, the incorporation of other ligands may 
require further modification of the bound alkylamine. 
One productive route has been the preparation of 
azo-coupled ligands. *J~J~ In the past this has required 
a multi-step process beginning with alkylamine sil- 
ylation, amide formation by use of p-nitrobenzoyl 
chloride, reduction of the aromatic nitro group to the 
amine, formation of a diazonium salt and finally 
coupling to the ligand of interest. Marshall and 
Mottola6 recently reported the use of p- 
aminophenyltrimethoxysilane which, in effect, com- 
bined the first three steps of the synthesis into one, 
thus eliminating the 48-hr acid-chloride reaction 
needed to produce the amide. This makes preparation 
of the azo-coupled ligand materials much more con- 
venient. The modified silica obtained differs from 
those prepared in ealier studies in that it lacks the 
propylamide grouping between the silica surface and 
the aromatic function, which is present if amino- 
propylsilane is used to begin the synthesis. This 
presumably provides a smaller and more rigid silica- 
bound moiety, allowing somewhat higher surface 
coverages than those achieved in the past.6 However, 
there are a number of reasons why azo-coupled 
ligands containing the propylamide grouping may be 
desired. First, all of the earlier work with these 
materials included this group and, for purposes of 
comparison with new work, the same surface-bound 
moiety should be present. Secondly, there may be 
some instances in which a more flexible attached 
group is needed, or a higher organic content desired 
for HPLC purposes. A third reason arises from the 
desirability of trimethylsilyl end-capping of these 
materials at the nitrobenzamide stage of the syn- 
thesis. When the initial silylation step produces the 
aminophenyl ~pecies,~ there is a danger that end- 
capping will deactivate the amino group as well as the 
undesirable residual silanol groups. 

Accordingly we have developed a more efficient 
route to the azo-coupled materials, which uses 
triethoxysilylpropyl-p-nitrobenzamide as the sil- 
ylating agent. Use of this silane results in nitro- 
benzamide silica gel (NBSG) containing the pro- 
pylamide spacer group between the surface and the 
benzene ring, as did the earlier syntheses. As with the 
Mottola procedure,6 the lengthy acid-chloride reac- 
tion step is eliminated. Unlike the Mottola approach, 
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an additional step to convert the aromatic nitro 
group into the amine is required, but this involves 
only a 30-min reduction with sodium dithionite, and 
causes no difficulty. 

Elemental nitrogen determinations on several 
batches of NBSG have revealed surface coverages 
ranging from 230 to 250 @moles of the benzamide 
moiety per gram of modified silica gel. This is consid- 
erabfy less than the coverage which results from an 
initial silylation with an alkylamine reactant such 
as aminopropylsilane. 8*‘4,‘5 The smaller coverage is 
probably due to the steric effect of the bulky nitro- 
benzamide group, which hinders further surface reac- 
tion once a certain coverage is achieved. Of course, 
a larger number of residual silanol groups will remain 
than in the case of alkylamine silica gels, and the 
necessity to end-cap these silanol groups, if HPLC 
stationary phases are being prepared, is obvious. This 
underscores the advantage of being able to perform 
the end-capping reaction at the NBSG stage of the 
procedure. 

After the NBSG has been end-capped it is clear 
that there are indeed more residual silanol groups 
present in it than in the same type of material 
prepared by the earlier procedure. Whereas the 
NBSG itself can be easily wetted with water after 
preparation, this is not the case after the end-capping 
reaction. The t~methylsilylation of residual silanol 
groups creates a moderately hydrophobic surface 
which is wetted only with difficulty. This hydro- 
phobicity was not observed for capped NBSG pre- 
pared by the old procedure, as fewer silanol groups 
were present in it, owing to the greater initial alkyl- 
amine coverage. 

Though the initial silylation reactions yield a 
greater coverage with alkylamine than nitro- 
benzamide groups, the final amount of ligand which 
is coupled through the azo linkage is at least as 
great as that obtained by the earlier approach. 
The S-quinolinol silica gel (QSG) derived from 
NBSG prepared by our new procedure exhibits 
copper-uptake capacities of up to 175 ,umole/g. Steric 
effects apparently limit the amount of 8-q~nolinol 
(and presumably other bulky ligands) which can be 
azo-coupled to the surface of silica ge1,8,9 so greater 
coverage of the surface at earlier stages of the reac- 
tion sequence serves no useful purpose. In fact, 
greater coverage may result in unsubstituted bonded 
moieties being left, which can lead to unwanted 
interactions in chromatography, as well as causing 
steric effects which can limit reactions later in the 
sequence. 

Other than the increased hydrophobicity, the 
NBSG prepared by the new procedure did not differ 
in reactivity from material prepared by the longer 
method. Infrared spectra of pellets of NBSG pre- 
pared by both methods were essentially identical.* All 
reactions were qualitatively similar to those reported 
earlier,’ and the colours of the reaction inte~ediates 
and final products all agreed. 

Leaching studies 
An earlier study of NBSG and QSG prepared from 

APSG base material revealed that organic species 
continued to bleed from these materials long after the 
normal washing.3 The effluent from QSG columns 
was red when methanol, acetonitrile, and especially 
50% aqueous solutions of these solvents were used as 
eluents, and after the column had been stored with 
these solvents for extended periods. Ultraviolet spec- 
tra of these washings revealed absorption in the 
aromatic region, around 260 nm. Washings of NBSG 
exhibited a broad band around 265 nm and a sharp 
one around 195 nm. These bands matched those of 
a methanol solution of p-nitrobenzoyl chloride, the 
reagent used to obtain NBSG from APSG. Water 
washings had no colour or ultraviolet absorption. It 
was argued that adsorbed acid chloride, or alkyl- 
amine polymers or oligomers adsorbed or weakly 
bound to the surface and subsequently converted into 
the nitrobenzamide derivative, were slowly removed 
by the organic eluents. Likewise, Unger reported the 
presence of slightly soluble oligomeric sulphonated 
benzyl siloxanes in an extraction solution of a silica- 
based cation-exchanger.‘6 

Because the NBSG used in the present study was 
prepared by the new method described above, with 
triethoxysilylpropyl-p-nitrobenzamide, and because 
of the existing information on Ieaching of organic 
species from modified silica gels,3*‘6 the new materials 
were subjected to various washing procedures. The 
ultraviolet spectra of the washings were recorded for 
comparison. 

A methanol solution of the silylating reagent itself 
exhibited an enveiope of abso~tion bands in the 
aromatic region, around 265 nm, and also a sharp but 
much smaller peak near 210 mn, as expected. The first 
methanol wash of NBSG (after a SO-100~ml toluene 
rinse) yielded a spectrum qualitatively similar to that 
of the silylating reagent itself. On further washing, 
however, the longer wavelength band decreased sub- 
stantially, while the shorter wavelength band did not. 
The spectrum of a methanol solution of a different 
batch of the ni~o~n~des~ane exhibited peaks at 
265 and 207 nm which were of the same height. These 
facts seem to imply that these two bands are due to 
different species and that differences in the commer- 
cial silanes may exist from batch to batch. However, 
methanol washings of NBSG prepared from this 
second batch of silane yielded solutions having spec- 
tra which were similar to those of washings of NBSG 
prepared from the first batch of silane, implying that 
the NBSG produced was the same in both cases. 
Again, the longer wavelength band decreased more 
rapidly on washing than the shorter wavelength 
band. 

One batch of NBSG was washed inter~ttently 
with methanol over a 3-month period. Organic mate 
rial was always removed. For example, after standing 
overnight in methanol, the NBSG was f’Iltered off and 
washed immediately with 25 ml of warm methanol; 
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the ultraviolet spectrum of this wash exhibited a peak 
at 210 nm, with an absorbance greater than 1.0. 
Repetitive methanol washing caused the absorbance 
of this peak to decrease to less than 0.4. The NBSG 
was allowed to dry, and one week later this experi- 
ment was repeated, and gave the same results. These 
findings parallel those obtained earIier,3 and also in 
the present study, with azo-coupled ligands, such as 
g-quinolinol silica gel (QSG). Columns packed with 
the QSG stationary phase were washed until the 
eluent was colourless. They were then filled with 
methanol, and after standing for several days were 
washed with methanol; the first few ml of the effluent 
were again slightly coloured. 

Another batch of NBSG was washed with cyclo- 
hexane after the original toluene rinse, because of the 
suggestion i7 that methanol may cause some hydro- 
lysis of silane from the silica surface. The ultraviolet 
spectrum of the cyclohexane washes was almost 
qualitatively identical with that of the nitro- 
benzamidesilane itself in methanol. Both the peak in 
the aromatic region (255 mu) and that at the shorter 
wavelength (2 15 nm) had absorbance values, above 2. 

These findings and earlier results3 suggest that 
hydrolysis is not involved here. Washing with water 
does not remove organic material from the surface; 
the column effluents are colourless and their ultra- 
violet spectra exhibit little or no absorption. Meth- 
anol, acetonitrile, 50% aqueous solutions of these 
solvents, cyclohexane and hexane all remove substan- 
tial amounts of organic matter. The fact that con- 
secutive washings with methanol remove less and less 
organic material, but subsequent overnight standing 
of the modified silica in methanol removes more 
material than the previous washes did, suggests slow 
“softening” or dissolving of weakly bound or ad- 
sorbed small polymers or oligomers, or a 
diffusion-controlled removal of material from deep 
within the pores of the silica gel. Eventually, columns 
packed with, for example. QSG, yield no more col- 
oured effluent on flushing with methanol. It seems 
then, that some polymeric material forms during the 
silylation reaction despite our best efforts at drying 
the solvents and silica, and preventing introduction of 
moisture during the reaction, or that the silanes 
themselves contain polymerized material which is 

adsorbed on the silica surface.i2 However, the type of 
hydrolysis seen for the alkylamine-modified silicas 
does not occur with these aromatic-substituted mate- 
rials. Once the polymeric material has been finally 
removed, very stable materials result. 

In an effort to compare further methanol washing 
with cyclohexane washing, three batches of NBSG, 
one prepared from 60 A pore-size Polygosil, the 
second from 240 A controlled-pore glass (CPG) and 
the third from 500 A CPG, were each divided into 
two equal parts. One portion of each batch was 
washed thoroughly with methanol, the other with 
cyclohexane. All portions were then used to prepare 
QSG or QCPG, and the copper-uptake of 
each product was measured. The results are given in 
Table 5. 

It would appear that the polar methanol was a 
more effective washing solvent than the non-polar 
cyclohexane, except in the case of the smallest pore- 
size material, although the 7% lower capacities of the 
methanol-washed CPGs may not be significant. 
Much more extensive controlled studies will be neces- 
sary to determine whether any real difference exists 
between the effect of polar and non-polar washing 
solvents. The importance of these washing studies is 
the finding that organic material bleeds from the 
modified silica gels even when these are made with the 
usual preparative precautions to prevent polymer 
formation. However, the azo-coupled ligand columns 
eventually stabilized, leaving moderately high and 
constant capacity values, unlike other products in 
which there is total hydrolysis of the alkylamines 
from the surface. 

Pore-size effects 

An aspect of silica materials which can have an 
effect on the reactivity and metal-uptake capacity of 
bound chelating agents is the pore-size of the base 
silica gel. Roumeliotis and Unger found that the pore 
diameter and pore volume were reduced by up to 50% 
and 40% respectively, after reaction with hexa- 
decyldimethylchlorosilane.‘* Roumeliotis also found 
that coverage of the surface decreased as the surface 
area of bound groups increased in a series of silanes.” 
Jezorek et al.* postulated that steric blockage of 

Table 5. Effect of washing-solvent polarity on metal-uptake of QSG* 

Copper(I1) uptake, pmole/m* 

Washing solvent 60 A Polygosil 240 A CF’G 500 A CPG 

methanol 0.16 0.41 0.62 
cyclohexane 0.16 0.44 0.66 

*8-Quinolinol silica gel, 
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Table 6. Physical characteristics and copper(H)-uptake of 
8-quinolinol-modified controlled-pore glass 

Copper(I1) uptake 
capacity 

Specific surface area, 
Pore size, rP m%? pmole/m2 mole/g 

40 190 0.26 48.6 
240 130 0.40 52.5 
500 70 0.62 43.1 

reacting 8-quinolinol, by groups already present on 
the surface, was the reason why the amount of this 
ligand coupled through the azo-bond was only 
25-50x of the original coverage of the silica by the 
aminopropyl moiety. ‘*I3 These investigators also spec- 
ulated that the actual pore-size of the silica gel itself, 
for a given bound group such as 8-quinolinol, would 
affect the maximum amount of that group which 
could be bonded to the silica. 

Recently, Marshall and Mottola provided evidence 
that this is indeed the case.9 A series of base materials 
of various pore-sizes resulted in the production of 
phenylazo-8-quinolinol silica gels of varying capacity. 
Because the specific surface area of the silica gels 
decreases as the pore-size increases, an optimum 
metal-uptake capacity, expressed as pmoles of 
8-quinolinol per gram of modified silica, was ob- 
served for 60 A pore-size material. For materials with 
pore diameters smaller than 60 A, the coverage was 
found to drop dramatically, owing to steric blockage 
of the pores. A similar result was previously found by 
Jezorek et al. for 22 A pore-size material.’ 

In this paper we provide further evidence of this 
pore-size effect. To silylate the silica the nitro- 
benzamidesilane was used instead of the amino- 
phenylsilane used by Marshall and Mottola,’ so the 
steric bulk of the attached group was even greater. 
The base material used was controlled-pore glass. 
Table 6 shows the pore-size, specific surface area 
and copper-uptake capacity of three 8-quinolinol- 
modified controlled-pore glasses. The metal uptake 
by this bound propylamide-substituted phenylazo-8- 
quinolinol (expressed in pmole/m*), increases with 
pore size. In fact, for the limited study of three 
pore-sizes reported here, the capacity, and by impli- 

cation the surface density of the bound chelating 
group, seems to increase linearly with pore-size with 
a slope of 7.8 x 1O-4 pmole. m-2 .A-‘, an intercept of 
0.22 pmole/m2 and a correlation coefficient of 0.9996. 
However, only three pore-sizes were employed and 
this apparent linearity might not be found if a greater 
number of pore-sizes were used. The intercept of 0.22 
pmole/m* may correspond to a limiting coverage, 
sterically controlled by the bulk of the bound moiety, 
which would be obtained for a non-porous material 
or one with very small pores. 
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Summary-The extraction of the ion-association complexes formed by Mn(II), Fe(B), Co(H), Ni(II), 
cU(II), Zn(I1) and Cd(II)-4,7diphenyl-l,lO-phenanthroline (BP) chelates and perchlorate ions into 
1,2dichloroethane has been investigated. Extraction equilibrium for MI@), Cu(II), Zn(I1) and Cd(H) is 
reached within 1 hr, but equilibration for Fe(II), Co(I1) and Ni(I1) is very slow; the equilibration rate 
depends on the structure of the chelating agent, the nature of the organic solvent, and pH. In the extraction 
equilibrium of Co(H) the rate-determining step seems to be the complexation of hydrated Co(H) by BP 
in the aqueous phase. 

In general, the extraction equilibria of ion-pair 
complexes are attained within a few minutes.‘-3 
However, an ion-pair extraction system involving 
pinacyanole and tetraphenylborate has been 
reported which takes over an hour to reach equi- 
librium.4 During an investigation into the extraction 
of Mn(II), Fe(H), Co(U), NifJI), Cu(II), Zn(I1) and 
Cd(H) with 4,7-diphenyl-1,Wphenanthroline into 
1 ,Zdichloroethane in the presence of perchlorate, we 
have found that the rate of extraction of Fe(II), 
Co(I1) and Ni(I1) is quite slow. 

In this paper, the role of the central metal ion, the 
chelating agent, the extracting solvent, and the pH on 
the rate of extraction is reported. Furthermore, to 
identify the rate-determining step, the kinetics 
and mechanism of the Co(II)-4,7-diphenyl- 1, lo- 
phenanthroline-1,2dichloroethane extraction system 
in the presence of perchlorate have been investigated 
and are discussed in detail. 

EXPERIMENTAL 

Apparatus 
A Hitachi 170-50 atomic-absorption spectrophotometer, 

and Hirama 6 and Union Giken SM-401 spectrophoto- 
meters were used. Other apparatus was the same as 
previously described.‘-’ 

Materials 
All the reagents used were guaranteed-grade materials. 

The organic solvents, such as 1,2_dichloroethane, carbon 

tetrachloride and nitrobenxene, were used without further 
purification. Distilled water was further purified by passage 
through an ion-exchange column. The chelating agents, 
4,7-diphenyl- 1,l O-phenanthroline (bathophena&roline, 
BP), 4,7dimethyl- 1,l O-phenanthroline (DMP), and 
1 ,10-phenanthroline (OP), were obtained commercially. 
Manganese(II), iron(H), cobalt(H), nickel(II), zinc(H) and 
cadmium(H) stunhates were dissolved in 5 x l0-3M sul- 
phuric acid’to $ve 2 x lo-*M aqueous solutions. sodium 
perchlorate was dissolved in purified water to make a 1M 
solution. A series of O.Ol-O.lM anion solutions was pre- 
pared by dissolving sodium or potassium chloride, nitrate, 
acetate, sulphate and phosphate in purified water. A series 
of buffer solutions @H 1.5-4.5) was prepared by mixing 
0. 1M phosphoric acid and 0. 1M sodium dihydrogen phos- 
phate solution. These but&r solutions had no specific 
influence on the extractability of the metals. 

Extraction and stripping 
The extraction procedure was as follows: 4.5ml of 

O-O.OlMperchlorate adjusted to the desired pH (1.67-4.37), 
0.5 ml of 10m3M metal-ion solution, and 5 ml of lo-‘A4 
phenanthroline derivative in organic solvent were placed in 
a 30-ml glass-stoppered centrifuge tube and agitated on a 
shaking machine for O-4 hr. After separation of the phases, 
the amount of metal ion in the aqueous phase was deter- 
mined by atomic-absorption spectrophotometry (AAS), and 
the pH of the aqueous phase was measured again. To 
determine the amount of metal ion in the organic phase, a 
4-ml portion was pipetted into a test-tube and the solvent 
evaporated under reduced pressure. The residue was de- 
composed by evaporation to dryness with a 1: 1 mixture of 
nitric and perchloric acids, and the residue was taken up in 
0.5M hydrochloric acid for determination of the metal-ion 
by AAB. The stripping procedure was as follows. A 4-ml 
portion of organic extract containing known amounts of 
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metal ion, phenanthroline derivative and perchlorate was mixed with 5 ml of 10e3M BP in 1,2dichloroethane and 0.5 
prepared by the extraction procedure. This organic phase ml of 10e3M Co(I1) solution. The tubes were shaken at 300 
was shaken for 1 hr with 4 ml of an aqueous solution 
adjusted to the desired pH and containing a known amount 

strokes/min for various times at 1 g-20”. After separation of 

of perchlorate and phenanthrohne derivative. Tire amount 
the phases, the amount of Co(U) in each was determined by 

of metal ion in both phases was determined by AAS as just 
AAS as already described, and the pH of the aqueous phase 
was measured again. 

described. The pH and the amount of perchlorate in the 
aqueous phase were measured again after the stripping All 
experiments were performed at N-20”. 

THEORY 

Determination o~~r&h~or~te3 
Extraction equ~l~br~u~ 

One ml of O.OlM l,lO-phenanthroline, 1 ml of The extraction equilibria for a bivalent metal ion 
with BP in the presence of perchlorate can be sum- 

GH)+ +*- -&.H)_AI (~~~~+t~~~~~~~~*-)~ 

*s. 
-l”rh 

I[ 

11 
Kr 

11 
K---- k. 

(BP*H)+ +A- & (BP.H)+A- (M+P,)~+ + 2A- & (h+B~,)r+ (A-)* 

BP + Hi& (BP*H)+ M2+ + 3BPL _ (M .BP,)‘+ 

& - [J3plo; 
WI 
[(BP*H)+A-) 

’ = [(BP-H)+] [A-]’ 

K = [@P*W+A-I,. 
r [(BP.H)+A-] ’ 

K E [WWzSWM,. 
[(M.BP,)*+(A-),I ’ 

k _ [=‘I [H+l . 
= - [(BP.H)+]’ 

[(BP+H)+A-1, [(M.BP,)‘+l KM*BPJ*“(A-)J 
CL’ = ~(BP,H)+]~ [A-],; ’ = [M*+J [BPl3 ; ’ = [~*BP~)z+][A-J2’ 

[W*BP,)*+(A-M, 
Ye = [@I.BP3)2+] [A-]; ’ 

[M2+lo,tota, 
DM = [M2+]r,ia, ; 

2.5 x 10e3M ferrous ammonium sulphate, 2 ml of I&f 
sodium acetate (adjusted to pH 4X--8.0), 2 ml of perchlorate 
solution of appropriate concentration and 4 ml of distilled 
water were placed in a stoppered glass tube (30- or 50-ml), 
and 5 ml of nitrobenzene were added. The mixture was 
shaken for 5 min, then left to stand for about 30 min. The 
organic phase was then transferred into a test-tube contain- 
ing 1 g of anhydrous sodium sulphate, and shaken vigor- 
ously to remove entrained water. The absorbance of the 
nitrobenxene phase was measured at 510 nm. 

Determination of the l,lO-phena~~throline derivative 
The 1,l~phenanthroline derivatives in the organic phases 

after equilibration were determined as follows. A l-ml 
portion of organic phase was pipetted into a test-tube, and 
the excess of solvent evaporated under reduced pressure. 
The residue was dissolved in a mixture of ethanol and 
5 x 10V4;cI ferrous ammonium sulphate in 2O:l volume 
ratio, and left to stand for about 30 min. The absorbance 
of the solution was then measured at 510 nm for OP. 512 
nm for DMP, and 533 nm for BP. A check was run by 
obtaining the residue from another l-ml portion, dissolving 
it in absolute ethanol and measuring tbe absorbance at 265 
nm for OP and DMP, and 273 nm for BP. The phen- 
anthroline derivatives in the aqueous phases were deter- 
mined by mixing an appropriate volume with 1M sodium 
acetate and 5 x 10e4M ferrous ammonium sulphate, leaving 
to stand for about 30 min, then measuring the absorbance 
at 510 nm (OP), 512 nm @NIP) and 533 nm (BP). If the 
amount of the phenanthroline derivative in the aqueous 
phase was very small, a 25-ml portion was shaken with 5 ml 
of 1,Zdichloroethane for 2 hr. After separation of the 
phases, a 4-ml portion of the organic phase was analysed for 
phenanthrohne derivative as above. 

Kinetics of extraction 
In 30-ml glass-stoppered centrifuge tubes 4.5-ml portions 

of O-10e3M perchlorate adjusted to pH 1.67-4.37 were 

where A- and M2+ stand for perchlorate and the 
metal-ion, respectively, and [ ] and [ ID designate 
the concentrations of the chemical species in the 
aqueous and organic phase, respectively. 

The extraction equilibrium for BP and perchlorate 
in the absence of Mz+ can be treated as follows: 

A- f BP,, + H+s (BP.H)+A-, (1) 

Equation (2) can be rewritten as 

log DA = - PH + log [BP],, + log K&, (3) 

The extraction ~uiIib~~ of M2+ with BP in the 
presence of perchlorate can be represented by the 
equations: 

M2+ + 3BP,,, + 2A- 3 (M - BP,)2+(A-)2(0j (4) 

Equation (5) yields the equation 

log D, = 3 log [BP], + 2 log [A-] + log I&, (6) 

Rate of extraction 

The rate of extraction of M2+ with BP in the 
presence of perchlorate at a fixed pH may in general 
be represented by the following equation: 

-d w*+]/dt = k [M*+l” [BP]: [ClOo,] (7) 



Extraction of bivalent metal ions 773 

When BP and perchlorate are in large excess relative 
to M2+, the rate equation can be written as 

-d [M=+]/dt = q w=+] 03) 

where q is equal to k [BP]: [ClO;p, and the concen- 
trations of BP in the organic phase and of perchlorate 
in the aqueous phase are kept constant in any given 
series of experiments. When the reaction order of the 
extraction system is unity with respect to the concen- 
tration of M ‘+, the following equation will apply: 

-log [M2+] = 2.3 qt + const. (9) 

In order to obtain the reaction order, b, a qeP value 
can be defined by 

log qeP = log k [ClO;p + b log [BP], (10) 

where the concentration of the perchlorate ion in the 
aqueous phase is kept at a constant known value. 
Likewise, a qA value can also be defined in order to 
obtain the reaction order, c: 

log qA = log k [BP]: + c log [ClO;] (11) 

where the concentration of BP in the organic phase 
is kept at a constant known value. Then the reaction 
order of this extraction system, b, may be obtained 
from the slope of the log qBP us. log [BP], plot. The 
value of c can be determined in the same way as b. 
By use of these values, the rate constant in the 
extraction system at a Iixed pH, k, can be calculated 
from equation (7). 

RESULTS AND DISCUSSION 

Effect of metal ion 

Mn(II), Fe(H), Co(II), Ni(II), Cu(II), Zn(I1) and 
Cd(I1) form 1:3 complexes with l,lO-phenan- 

corn NI (II) 

A--O 

throline.@ As a preliminary test we checked the 
recovery of the metals in the extraction and stripping 
procedures as follows. The extraction was done by 
shaking 5 ml of 10m4M metal solution and 5 ml of 
O.OlM perchlorate with 5 ml of 10e3M BP in 
1,Zdichloroethane for 1 hr. The stripping was done 
as already described. At pH 1.67 the degrees of 
extraction of Cu(II), Ni(II), Co(I1) and Fe(I1) were 
100, 0, 45 and 80x, respectively, and no metal was 
stripped in the back-extraction. This suggests that 
only the nickel system reaches equilibrium in 1 hr (or 
that it reacts at an imperceptible rate). The extraction 
and stripping curves (as a function of pH) for Mn(II), 
Zn(I1) and Cd(I1) were mirror images, indicating that 
for these metals equilibrium was reached within 1 hr. 
At pH 4.37 the degree of extraction of Ni(I1) was 
45x, but it still was not stripped at this pH. 

Effect of perchlorate concentration 

The extraction and back-extraction behaviour of 
Co(II), Ni(I1) and Zn(I1) was examined by varying 
the perchlorate concentration. The extraction and 
stripping curves are given in Fig. 1. The symbols 
A-+0 and O-+A denote the extraction and stripping 
of chemical species, respectively and [ ] and [ 1, 
designate the concentrations in the aqueous and 
organic phases, respectively. The extraction and strip- 
ping curves for Zn(I1) are mirror images, and we 
again conclude that extraction equilibrium is reached 
within 1 hr. On the other hand, the extraction and 
stripping behaviour of Co(I1) and Ni(I1) is quite 
different; the degree of extraction of Ni(I1) increases 
with increase in [ClO;], but that of Co(I1) remains 
constant. Neither is stripped under the conditions 
used. The rate of extraction varies considerably and 
generally seems to increase in the order 
Ni(I1) < Co(I1) < Fe(I1) < Zn(I1) c Cd(I1) < Cu(I1) 
as shown in Fig. 2. 

A--O 

O-A 

J--A .-... L._,.L. 
-5 -4 -3 -2 

Fig. 1. Effect of concentration of perchlorate on the extraction and back-extraction of Co(B), Ni(II) and 
Zn(I1) with BP in 1,Zdichloroethane. [ClO;] = concentration of perchlorate ion in aqueous phase after 
extraction; [BP]o,mitlal = 10m3M; lM(II)],, = 10m4M; pH 1.67 for Co(II) and Zn(II), 4.39 for Ni(I1); 

O-extraction; O-back-extraction. 
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-* 1 

Time 1 hr) 

I I I I 
2 4 6 6 

Time (mm) 

Fig. 2. Effect of shaking time on the extraction of Fe(H), Co(I1) Ni(II), Cu(II), Zn(I1) and Ccl(I1) with 
BP in 1,Zdichloroethane in the presence of perchlorate, [M(II)],,, = 10e4M; [BP],,initial = lo-‘M; 

[ClO;],, =9 x 10-4M; pH 1.67 for Fe(II), Co(II), Cu(II), Cd(I1) and Zn(II), 4.37 for Ni(I1). 

Effect of l,lO-phenanthroline derivatives 

Since the rates of extraction of Fe(II), Co(I1) and 
Ni(I1) in the BP-perchlorate-l ,Zdichloroethane 
system were found to be low, it was decided to 
investigate the effect of substituted 1,l O-phenan- 
throlines on the rate of extraction of Co(I1) as a 
representative metal species under the conditions 
shown in Fig. 3. The extraction and stripping curves 
for Co(I1) with OP and DMP are mirror images and 
the results show that extraction equilibrium was 
reached within 1 hr. 

Effect of extracting solvent 

A binary mixture of carbon tetrachloride and 
1 ,Zdichloroethane was used with the 
Co(II)-BP-perchlorate system. The extraction curves 
shown in Fig. 4 show that the rate of extraction 
increases remarkably as the volume ratio of carbon 
tetrachloride to 1,Zdichloroethane increases. This 

Time (hr) Time (mm) 

100 - 
OP 

A-O 

:: 

ti= 

0 

s 
b 

50 - 

111 

s r= 
! 

\ l , O-A 

f 

o- ’ &_A_ 

t 

\ 
O-A 

+A -.-:- 
-4 -3 -2 -4 -3 

log cao,-1 

Fig. 3. Effect of perchlorate concentration on the extraction 
and back-extraction of Co(I1) with OP or DMP in 
1,Zdichloroethane. [Co(II)],,, = lo-“M; [OP],,,, and 
[DMP],,,, = 10e3M; shaking time 1 hr, pH 1.67 for DMP 

and 3.18 for OP; @-extraction, @-back-extraction. 

pH 4.36 

Fig. 4. Effect of shaking time on the extraction of Co(H) with BP in a mixture of carbon tetrachloride 
and 1,Zdichloroethane. Composition of extracting solvent (CCl.&,2-C,H,Cl,, v/v); (1) 4/l, (2) 2.5/2.5, (3) 

l/4, (4) O/5; [Co(H)],,, = 10-4M; [BP],,,, = 10-3M; [ClOJ,,,, = 9 x 10-4M. 



Extraction of bivalent metal ions 

II- lu SC 
s 

C , I I I I I 
1 2 

P3H 

4 3 

Fig. 5. Effect of pH on the extraction of Co(U) with 
4,7diphenyl- 1 , 1 0-phenanthroline in 1 ,Zdichloroethane in 
the presence of perchlorate. [CO(II)]~, = 10-‘&f; 
[BP],,titi = lo-‘M; [CIO;ltiti = 9 x 10m4M; shaking time 

20 min. 

may be due to the decreasing polarity favouring 
ion-association complex extraction. 

Effect of pH on extraction equilibrium of the reagent 

Experiments involving extraction of cobalt at 
different pH values with different shaking times have 
shown that pH affects both the extent of extraction 
(once equilibrium has been attained), and the rate at 
which the system reaches equilibrium, as shown in 
Fig. 2 and Fig. 5. A rigorous analysis of the data is 
very complex. The protonated phenanthrolines them- 
selves are extracted as ion-pairs with perchlorate very 
rapidly and the distribution is pHdependent. Plots of 

log &agent us. pH for the three reagents are shown in 
Fig. 6 and the apparent K,, values calculated from 
these results and the pK, values from the literature” 
are listed in Table 1. The extraction and stripping 
curves for perchlorate in the absence of the transition 
metal ions, as a function of pH, were mirror images 
(with equilibration for 30 min). The dependence of 
the distribution on the perchlorate concentration 
[equation (3)] is demonstrated by the linearity of a 
plot of log D, us. pH, which has a slope of - 1 and 
log D, = 0 at pH 2.0. 

Stoichiometry 

Cobalt was extracted from an aqueous solution at 
pH 4.37 (so as to avoid extraction of BP+ClO;) and 
containing a known concentration of perchlorate into 
1 ,Zdichloroethane containing a known concen- 
tration of BP. Then the organic phase contained BP 
(excess, free) with negligible HBP+ClO; + CoBP, 
(ClO,),, and the aqueous phase contained Cl0~ 
(excess), negligible Co and BP. The excess of BP in 
the organic phase was determined as the 
Fe(II)(BP),(ClO,), ion-association complex, since 

5 

4 

3 

2 

0 

H 

1 

C ,- 

. 
7 -o- 

0 

J 
9’O 

PH 

Fig. 6. Effect of pH on the distribution of BP, OP and DMP 
between 1,2dichloroethane and aqueous solution. 
O-l,lO-phenanthroline, e-4,7-dimethyl- 1, IO-phenan- 

throline, W-4,7,diphenyl-l,lO-phenanthroline. 

Fe(I1) will not displace Co(I1) from its BP complex. 
The excess of perchlorate remaining in the aqueous 
phase was determined by extraction as the red 
Fe(OP),(ClO.,), ion-association complex. These anal- 
yses showed how much BP (from the organic phase) 
and per-chlorate (from the aqueous phase) had com- 
bined with the cobalt, and proved the chelate ion- 
association complex to be (Co-BP,)*+(ClO;),, and 
justified the use of equations (2) and (5). We next 
tried to find which was the rate-determining step in 
the extraction process. The transfer of BP between 
the phases is rapid, and in our experiments, its initial 
concentration in the organic phase was kept constant. 
However, when cobalt was extracted into the mixed 
solvent, the rate of extraction increased as the pro- 
portion of carbon tetrachloride added to the dichlo- 

Table 1. Acid dissociation constants of BP, OP, and DMP, 
and their apparent distribution constants between 
1,Zdichloroethane and aqueous solution in the absence of 

perchlorate 

Reagent pK, (ref.) Kd* 

1 . 1 0-Phenanthroline 5.0X9) 2.0 
4;7-Dimethyl- 1,l O-phenanthroline 6.04(9j 3.0 
4,7-Diphenyl-l,lO-phenanthroline 3.4* 4.3 

*Apparent values from distribution curves without regard 
to protonation of species in aqueous solution. 
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Table 2. Apparent distribution ratio of BP between a 
carbon tetrachloride/ 1,2-dichloroethane mixture and aque- 

ous solution at fixed pH in absence of perchlorate 

&* 

CCl,/l,2-C,H,Cl,, D/U pH 1.67 pH 4.31 

5/O 21.7 3.5 x 103 
4/l 123 8.5 x 10’ 

2512.5 281 1.57 x 104 
l/4 429 1.58 x lo4 
015 435 1.57 x 104 

*Without regard to protonation of species in aqueous 
solution. 

roethane was increased. The data in Table 2 show 
that DBp is lower for higher proportions of carbon 
tetrachloride, so the level of BP in the aqueous phase, 
although small, is greater than when pure dichlo- 
roethane is used. This suggests that an initial 
bimolecular complex formation reaction, 
Co*+ + BP + (CoBP)*+, could be the rate- 
determining step, in agreement with the kinetic data 
fitting equation (13). Presumably, once the symmetry 
of the aquo-ion Co(H,O)i+ has been lost, it is then 
easy (and fast) to add the second and third BP 
molecules, to give the stoichiometry arrived at by 
chemical analysis. 

Rate of extraction and its rate-controlling step 

Co(I1) was again extracted with BP and 
perchlorate into 1,2-dichloroethane at pH 4.37. The 
plots of log [Co(II)] vs. t were initially linear, indi- 
cating that the extraction is first-order with respect to 
[Co(II)]. The slope of the log qeP vs. log [BP], plot 
[equation (9)] was about unity, whereas that of log qA 
vs. log [ClO;], equation (lo), was zero. Thus the 
reaction order with respect to BP in the organic 
phase, b, is unity, while that with respect to 
perchlorate in the aqueous phase, c, is zero. There- 
fore, equation (7) may be rewritten as 

-d [Co*+]/dt = k [Co*+] [BP], [ClO;]” 

= k [Co*+] [BP], (12) 

The rate constant at pH 4.37 in the present extraction 
system was computed as k = 6.39 x lo-* 1. mole-’ 
min-‘. The distribution constant for BP, 
K,, = [BP],/[BP] can now be combined with the kinetic 
expression in equation (12), to give 

-d [Co*+]/dt = k Kd [Co”] [BP] (13) 

The slow rate of extraction of Co*+ is due to the low 
concentration of free BP in the aqueous phase. 

The extraction of Mn(II), Ni(II), Fe(II), Cu(II), 
Zn(I1) and Cd(I1) with BP in 1,2-dichloroethane is 
also dependent on the shaking time, as described in 
the previous section. All the plots of log [Mz+] vs. t 
were linear, and the results suggest that the extraction 
rates are all first order with respect to w2+]. The 
relative rates of extraction are shown in Table 3, 
along with the rate of dissociation of water of hy- 

dration from the aquo-ions, k,,, reported by Eigen 
and Tamm.” From these values, it is deduced that the 
higher the k,, value, the higher the rate of extrac- 
tion, confirming the choice of formation of M. BP*+ 
as the rate-determining step. The addition of 
perchlorate to form the ion-association complex 
would be expected to be very fast, and therefore not 
rate-determining, which is in keeping with the ob- 
served zero rate-order with respect to perchlorate 
concentration. The mixed-solvent effect on the rate 
was then examined in more detail. The plot of log qBP 
or log qA vs. log [BP],,,, gave a straight line with a 
slope of about unity. At low pH (I 1.4, since 
pK, = 3.4 for BP), we can approximate 

W-La, = [BP-H+]. Then (13) becomes 

d [Co*+] 
-~ = kK,, KaE[Co2+] 

dt 
(14) 

Thus we would expect a plot of apparent rate con- 
stant qH+ given by 

d [Co*+] -~ 
dt 

= qH+ [Co*+] (15) 

A plot of log qH+ vs. pH would be expected to give 
a straight line of slope 1. However, the result shows 
a somewhat smaller slope of about 0.7. This suggests 
that the formation of protonated species’2-‘4 such as 
(phen)H+, (phen),H+ and @hen),H+, which would 
decrease the free reactant concentration, may not be 
negligible in the present extraction. The earlier obser- 
vation that cobalt was extracted very much more 
rapidly with phenanthroline (OP) and its dimethyl 
derivative (DMP), than with the diphenyl compound 
(BP) is now explainable in terms of the & values, 
which are concerned with the concentration of the 
free reactants in the aqueous phase and their salting- 
in effects.15 However, a rigorous analysis of the data 
is very complex, as shown in Table 4. At any rate, it 
is evident that the formation of the aqueous complex 
Co(BP)*+ is the rate-determining step in this extrac- 
tion system, although more detailed information 
must be obtained before a definite conclusion can be 
reached. 

Table 3. Relative rate of extraction of bi- 
valent ions with BP into 1,Zdichloroethane in 

the presence of perchlorate 

Ion Relative rate? kH& set-’ 

Ni(II)* 0.30 1.4 x 104 
Co(H) 1.0 2.2 x 105 
Fe(H) 2.3 1.4 x lo6 
Mn(I1) - 5.0 x lo6 
Zn(I1) 34 2.8 x 10’ 
Cd(I1) 54 1.8 x lo8 
Cu(II) 540 4.5 x 10s 

[M(II)] = 10-4J4, [BPlo,mua, = lo-‘M, 
[ClOi],, = 9 x 10-4A4, pH 1.67 (O.lM 
H,PO,), 4.37 (0.1 M NaH2P04). 

*pH 4.37 (O.lM NaH, PO,). 
tSlope of log [M(H)] US. time plot, relative to 

that for Co(H). 
$From Eigen and Tamm.” 
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Table 4. Effect of pH on the apparent distribution 
coe8icient of BP between 1,2_dichloroethane and aqueous 

solution in absence of perchlorate 

PH: W’l,‘xa,~ ~4 [BPl,+ M 1% m 
1.48 2.22 x 1o-6 2.7 x 10-g 4.56 
1.90 1.79 x 10-6 5.6 x 10-s 4.25 

2.47 3.0 x 10-7 3.5 x 10-s 4.46 
2.97 1.5 x 10-s 5.6 x lo-* 4.25 

3.42 4.5 x 10-S 4.5 x 10-s 4.35 
3.98 4.5 x 1o-8 4.5 x 10-s 4.35 

4.32 5.0 x 10-s 5.0 x 10-s 4.30 

1. 

2. 

3. 

4. 

5. 

r 

[BP], initial = 10-3M; pls, = 3.4. 
*Without regard to protonation 

solution. 
tApparent distribution coefficient, 
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Sununary-Retention times for various species in separator columns packed with Zipax SAX, Vydac SC, 
and MicroPak AX-10 anion-exchange resins were compared with those obtained with Dionex separator 
column for anions. The MicroPak column was found to separate organic cliearboxylic acids, and the 
logarithm of the retention time of the acids of a homologous series was found to bear a simple relationship 
to the number of methylene groups between the carboxylic groups. A modified c&nnn system, consisting 
of a post-separator column packed with Vydac CX cation-exchange resin placed between a Dionex 
separator column for cations and a suppressor column, was able to separate a nine-component mixture 
of Na+, K+, NH:, methylamine, ethylamine, propylamine, butylamine, dimethylamine and tri- 
methylamine, a separation that is not possible with any other current column system. 

In recent years ion-chromatography has provided a 
reliable method for the rapid identification and simul- 
taneous quantitative analysis of mixtures of inorganic 
and organic anions or cations in dilute aqueous 
solutions. It is a form of ion-exchange chro- 
matography which utilizes (1) a separator column, (2) 
a background-ion suppression column, (3) various 
eluents, and (4) a conductivity detector. Immediately 
after its introduction in 1975,’ a commercial instru- 
ment, the Dionex “Ion Chromatograph”, was mar- 
keted. A multitude of applications, focusing almost 
entirely on inorganic ions, was quickly developed.” 
As the technique began to mature, many workers 
considered it in more detail in an effort to improve it. 
Fritz and co-workers%’ have worked on the retention 
behaviour of separator column resins and also on the 
effect of eluents. Stevens and Davis’ have developed 
alternative suppressor columns. Slanina et uL9 have 
developed methods for fast determination of ions by 
computerized ion-chromatography with multiple de- 
tectors. 

The Dionex separator columns permit good resolu- 
tion of many anion mixtures with high sensitivity and 
have, therefore, found wide application, especially in 
the analysis of environmental pollutants. Organic 
dicarboxylic acids, which are found in airborne par- 
ticulate matter as products of photochemical smog, 
have thus far not been identified by ion- 
chromatography though they have been detected by 
electron-impact and chemical-ionization mass spec- 
trometry.‘O 

Qualitative and quantitative analysis for ammonia 
and lower alkylamines in ambient air is difficult at the 
levels at which they can be detected by smell.” Ion 
chromatography has been used to detect trace 
amounts of ammonia, methylamine (MA), dimeth- 

ylamine @MA) and trimethylamine (TMA) in 
dimethylformamide’2J3 and automobile exhaust 
fumes,14 but the separator columns currently in use 
have poor resolution. From a Dionex separator 
column, potassium, MA, DMA and n-propylamine 
(PA) are eluted together. Therefore, to achieve better 
resolution and separation, the column systems have 
been modified as described here. 

This paper describes several separator columns 
packed with different types of anion-exchange resins 
for simultaneous determination of organic di- 
carboxylic acids, and compares them with a Dionex 
separator column. When a MicroPak column is used, 
the logarithm of the retention time of dicarboxylic 
acids bears a simple relationship to the number of 
methylene groups between the carboxylic groups. 
This is perhaps the first ionchromatographic 
identification of the anions of a homologous series of 
organic dicarboxylic acids. 

The paper also records the modification of a 
column system to separate a number of protonated 
lower alkylamines and of Na+, K+ and NH: ions. A 
short post-separator column packed with Vydac CX 
resin is placed between a Dionex separator column 
and a suppressor column. Results are presented 
showing the separation of a nine-component mixture 
of Na+, K+, NH:, MA, EA, PA, n-butylamine (BA), 
DMA and TMA on the modified column system. 

EXPERJMENTAL 

Apparatus 
A Dionex model 10 Ion Chromatograph connected with 

a 7101 BM strip-chart recorder (Hewlett-Packard) was used 
to collect retention data. The chart-speed was 30 cm/hr 
throughout. 

Separator columns. Glass columns (250 mm x 3 mm bore) 
were used as separator columns in most cases. A 250 
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mm x 6 mm bore column packed with Vydac CX resin was 
used for alkyl- or arylamine analysis. Columns (50 mm x 3 
mm bore) packed with Zypax resins were used as pre- 
columns. The Dionex separator column and precolumn 
were used as supplied. No precolmnn was used with Vydac 
or MicroPak separator columns. 

Suppressor column. A 250 mm x 9 mm bore glass column 
was used as suppressor column. 

Post-separator column. A 40 mm x 4 mm bore glass 
post-separator column was packed with Vydac CX resin and 
introduced between the Dionex separator column and the 
suppressor column. 

Ion -exchange resins 

Four kinds of ion-exchanger served as the stationary 
phase of the separator column used for obtaining retention 
data for organic dicarboxylic acids. Zipax SAX (Du Pont, 
Wilmington, DE, U.S.A.) anion-exchange resin (bead size 
25-37 irn, capacity 0.01 meq/g), Vydac SC (U.S. Universal 
Scientific Inc.. Atlanta. GA. U.S.A.) anion-exchange resin 
(bead size 30-44 pm, capacity 0.1 &eq/g) and M&oPak 
AX-10 (Varian Associates, Palo Alto, CA, U.S.A.) anion- 
exchange resin (head size 10 pm, capacity 2 meq/g) were 
used to pack separator columns in the laboratory. The 
columns were used when a steady-state pressure had been 
established at the desired flow-rate. The fourth resin, the 
standard Dionex-packed column material (Dionex Corp., 
Sunnyvale, CA, U.S.A.), was an anion-exchange resin (bead 
size 20-30 pm, capacity 0.02 meq/g). 

Bio-Rad AG 50 W x 12 (2oo-400 mesh, hydrogen-form) 
strong cation-exchange resin (Bio-Rad Laboratories, Rich- 
mond, CA, U.S.A.) was used for preparation of the sup 
pressor column for dicarboxylic acid analysis. 

Zipax SCX (bead size 15-37 pm, capacity 0.005 meq/g) 
and Vydac CX (bead size 30-44 pm, capacity 0.1 meq/g) 
cation-exchange resins were used to prepare separator col- 
umns in the laboratory for determination of amines. A 
standard Dionex cation-exchanger (bead size 20-30 pm, 
capacity 0.02 meq/g) packed column was also used for the 
same purpose. 

Bio-Rad AG 1 x 10, a strong anion-exchange resin 
(200-400 mesh, hydroxide form) was used in the suppressor 
column for cation analysis. 

Eluents 

Sodium carbonate and sodium bicarbonate of analytical 
reagent grade were used to prepare the 0.003M 
NaHCO,/O.O024M Na,CO, eluent for dicarboxylic acid 
analysis. 

Dilute nitric or hydrochloric acid is usually used as the 
eluent to separate univalent inorganic and organic cations. 
However, acidifying samples with nitric acid increases the 
peak height, shortens the elution time, and prevents vol- 
atilization of amines more effectively than acidification with 
hydrochloric acid does. Therefore O.OlM nitric acid was 
used as the eluent for alkylamines. Because this acid depletes 
the suppressor column fairly rapidly, this column was 
regenerated every 4 hr. 

Sample solutions 

All solutions were made up with demineralized water. 
Standard solutions of oxalic, malonic, succinic, glutaric, 
adipic and pimelic acids and of various amines were pre- 
pared from the reagent grade chemicals. Standard cation 
solutions were prepared from reagent grade chlorides. All 
glassware and plastic ware was thoroughly rinsed and 
soaked in demineralized water before use. 

RESULTS 

Table 1. Retention times of organic anions on different 
separator columns 

Retention time, min 

Acid Dionex Vydac Zipax MicroPak 

Oxalic 20.86 3.15 9.64 10.20 
Malonic 14.40 4.40 7.00 9.10 
Succinic 12.20 4.50 6.84 10.30 
Glutaric 11.50 4.40 6.44 12.50 
Adipic 12.20 4.20 6.36 14.20 
Pimelic 15.10 7.60 6.64 16.40 

each of succinic, glutaric and adipic acids, and 50.0 
ppm of pimelic acid were prepared in order to collect 
retention data on all columns, with a sensitivity of 
10 pmho, under identical flow-rate (30% of max- 
imum). In the case of the MicroPak column, the 
flow-rate was “IO%“, because of the high pressure 
developed due to the lo-pm particle size. Table 1 
records the retention behaviour of the ions. 

The type and capacity of the anion-exchange resin 
are important variables in anion-chromatography, as 
reflected in Table 1. The retention time was shortest 
on the Vydac column and longest on the Dionex 
column, the order being Vydac < Zipax < 
MicroPak < Dionex. 

On the Vydac column, the peak heights were low 
and the peaks broad. A mixture of all the acids gave 
two bands; all but the pimelic acid were grouped 
together. The pK values of this series of dicarboxylic 
acids were rather close, except for oxalic and malonic 
acid, owing to their molecular structure, and this 
made separation difficult. However, the retention 
data cannot be explained on the basis of the pK 
values (see Table 2). 

The chromatogram of a mixture of the acids on a 
Dionex column had three bands: succinic, glutaric 
and adipic acid were eluted first; malonic and pimelic 
acid formed another overlapping band; oxalic acid 
was eluted last. The retention time was very long. 
Here also, neither the acidity nor the molecular 
structure of the acids can explain the retention behav- 
ior. The peaks were broad, preventing clear-cut sepa- 
ration of all the acids. 

The chromatogram of a mixture of the acids on a 
Zipax column was a single peak, broad at the base, 
with no separation. However, the peaks obtained for 
the acids chromatographed individually were much 

Table 2. Retention data for organic anions on a MicroPak 
column 

Acid PK, pK2 

Oxalic 1.27 4.30 
Malonic 2.80 5.70 
Succinic 4.21 5.64 
Glutaric 4.30 5.22 
Adipic 4.41 5.28 
Pimelic 4.49 5.43 

R y R tv 
mm min 

5.10 8.97 
4.55 8.45 
5.15 9.01 
6.25 9.39 
7.10 9.90 
8.20 11.58 

Organic anions 

Solutions containing 5.0 ppm oxalic acid, 10.0 ppm 

Eluent 0.003M NaHCO,/O.O024M Na,CO,. For Rt the 
flow-rate was 10% and the pressure 680 psig. For 4, the 
flow-rate was 6% and the pressure 480 psig. 
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. 6 

. 12 
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Fig. 1. Retention characteristics of organic dicarboxylic 
acids: n = 1, malonic; n = 2, suecinic; n = 3, glutaric; n = 4, 
adipic; n = 5, pimelic acid. Flow-rate 10 or 6%; pressure 680 

or 480 psig, respectively; sensitivity 10 pmho. 

sharper and higher than any of those obtained on the 
other columns. A lo-ppm pimelic acid solution gave 
a higher and sharper peak on this column than 
a 50-ppm solution gave on the other columns. 
The retention data revealed that as ApK 
(ApK = pK, - pK,) increases, the retention time in- 
creases. 

Examination of the retention data for the Micro- 
Pak column revealed several characteristics. Reten- 
tion time gradually increased with molecular weight, 
except for oxalic acid. This exception may be due to 
the structure of oxalic acid, which can assume a 
hydrogen-bonded form after loss of the first proton, 
thereby increasing the retention time. The peaks were 
broader at the base. Because of the small particle size 
(10 pm) and irregular shape of the resin beads, the 
column pressure was high for the ion- 
chromatograph, even at low flow-rate. The retention 
data for a 250-mm column with 10% and 6% flow 
rates are given in Table 2. A plot of log R, 
(Rt = retention time) vs. the number of methylene 
groups between the carboxylic groups was linear 
(Fig. 1). As the flow-rate increased, the retention time 

decreased and the slope of the straight line increased. 
This result means that for the first time a homologous 
series of compounds has been identified by ion- 
chromatography. 

Separation of amines 

The separation described represents a notable ap- 
plication of ion-chromatography in the deter- 
mination of trace ammonia and organic lower alk- 
ylamines at ppm concentrations. The retention 
behaviour of these amines is indicative of the speed 
and resolution attainable with Zipax, Vydac and 
Dionex separator columns. The multicomponent cat- 
ion mixtures were chromatographed to establish the 
feasibility of the separation rather than to optimize 
the analysis. These chromatograms helped to achieve 
the desired modification of the separator column 
system, leading to clear separation of the components 
of the mixtures. 

The retention characteristics of a six-component 
mixture of four primary lower alkylamines, methyl- 
amine (MA), ethylamine (EA), n-propylamine (PA), 
n-butylamine (BA), a secondary amine, dimethyl- 
amine (DMA) and a tertiary amine, trimethylamine 
(TMA), were studied on Zipax, Vydac and Dionex 
separator columns. The retention data are recorded 
in Table 3. Except for TMA and BA, which are eluted 
together, the amines are eluted separately on both 
Zipax and Vydac columns in the elution order: 
MA < EA < DMA < PA < TMA % BA. The reten- 
tion behaviour is rather different on the Dionex 
column. The retention times of amines with the same 
empirical formula are approximately the same, and 
the retention times gradually increase with increasing 
carbon number of the compounds. Thus EA and 
DMA are eluted together, as are PA and TMA. The 
retention times are in the order MA < EA x 
DMA < PA x TMA < BA. On the Zipax column the 
peaks are broader and retention times longer (except 
for MA and EA) than on the Vydac column. Figures 
2-4 show the chromatograms of the six-amine mix- 
ture on Zipax, Vydac and Dionex columns re- 
spectively. 

The elution behaviour of Na+, K+ and NH: on 

Table 3. Retention data for six-amine mixture on different column systems 

Amines 

Zipax* 

Cont., R,, 
ppm min 

Vydact 

Cont., R,, 
ppm min 

Dionexg 

Cont., R,, 
ppm min 

Modified 
column$ 

Cont., R,, 
wn min 

Methyl 1.5 6.44 1.5 9.50 0.17 6.04 0.75 7.60 
Ethyl 3.0 12.50 3.0 13.04 0.33 6.90 1.50 9.46 
n-Propyl 10.0 25.54 10.0 21.14 1.11 8.30 5.00 13.16 
n-Butyl 20.0 42.86 20.0 32.76 2.22 12.30 10.00 19.94 
Dimethyl 3.0 19.00 3.0 16.16 0.33 6.90 1.50 10.86 
Trimethyl 10.0 42.86 10.0 32.76 1.11 8.30 5.00 16.80 

*Flow-rate = 184 ml/hr, pressure = 650 psig. 
tFlow-rate = 230 ml/hr, pressure = 400 psig. 
§Flow-rate = 184 ml/hr, pressure = 430 psig; 4 x 50 mm precolumn. 
$Flow-rate = 184 ml/hr, pressure = 460 psig. 
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II I 11 11 11 1 ’ 11 1 ’ I 
0 4 6 12 16 20 24 26 32 36 40 44 46 52 56 60 

Time tmin) 

Fig. 2. Chromatogram of six amines on a Zipax column (250 mm x 3 mm): flow-rate 40%; 680 psig; eluent 
0.01&f HNO,; x 3 attenuation. 

Zipax, Vydac and Dionex columns is given in Fig. 5. interfere with elution of MA from either of these 
NH: and K+ are eluted together from the Vydac columns. From the Dionex column, however, NH: 
column. Though NH: and K+ are eluted separately and K+ are eluted separately, but K+ is eluted 
with 0.005M eluent from Zipax, they are eluted together with MA. The Dionex column offers sensi- 
together with O.OlM eluent. NH: and K+ do not tive detection, with sharper peaks and lower retention 

I I I I I 1 I I I I I J 
0 4 6 12 16 20 24 26 32 36 40 44 

Time (min) 

Fig. 3. Chromatogram of six amines on a Vydac column (250 mm x 6 mm): flow-rate 50%; 380 psig; eluent 
O.OlM HNO,; x 3 attenuation. 



Trace organic acids and amines 783 

I 1 1 I I I 

0 4 6 12 16 20 

Time (mud 

Fig. 4. Chromatogram of six amines on a Dionex column 
(250 mm x 4 mm): flow-rate 40%; 430 psig; eluent = O.OlM 

HNO,; x 3 attenuation. 

times than those for Vydac, but resolution of K+ and 
MA, of EA and DMA, or of PA and TMA is not 
possible on this column. 

a) Zlpax b) Dionex 

I I I I I , 

2 4 6 8 1012 

Development of post-separator column 

Though the elution pattern is similar with both the 
Zipax and Vydac columns, the latter gives much 
better sensitivity and resolution as well as faster 
elution. Only trimethylamine and n-butylamine are 
eluted together from the Vydac column, but they are 
eluted separately from the Dionex column. A combi- 
nation of these columns was therefore tried. Since the 
peaks are sharper and the elution time shorter with 
the Dionex system, the Dionex column should be 
used as the separator column. The use of a short 
Vydac column as either a pre- or post-column should 
achieve the desired separation. Use as a precolumn 
did give the separation pattern of the Vydac system 
but the sensitivity and sharpness of the Dionex 
system was lost. Use of a 4 x 40 mm Vydac column 
as a post-column, however, gave good separation of 
the six-component amine mixture. Retention times 
are given in Table 3. 

Potassium ions interfere in methylamine deter- 
mination on Dionex, and NH: and K+ are always 
eluted together from the Vydac column, but the 
coupled column system gave separation of all six 
amines, Na+, K+ and NH:, as shown in Fig. 6. 

DISCUSSION 

The retention time data (Table 1) for the di- 
carboxylic acids show that the MicroPak column 
allows identification of organic dicarboxylic acids 
(malonic to pimelic) in a homologous series by ion- 
chromatography. The resolution increases with in- 
creasing flow-rate (Fig. 1). The retention time in- 
creases with increasing ApKa as well as increasing 

I I I I I I 

2 4 6 8 10 12 Id 

c) Vydoc Na+ 

I I I I ! I I I I , 

2 4 6 6 10 12 14 16 16 20 

Time (min) 

Fig. 5. Separation of Na+, NH: and K+. (a) Zipax 250 mm x 3 mm separator (SC), 50 mm x 3 mm 
precohmm (PC); (b) Dionex 250 mm x 4 mm SC, 50 mm x 4 mm PC; (c) Vydac 250 mm x 6 mm SC, 
150 mm x 3 mm PC. Concentrations: (a) and (b) Na+, 0.5 ppm; NH:, 0.5 ppm; K+, 1.0 ppm; (c) Na+, 
5.0 ppm; NH:, 5.0 ppm; K+, 10.0 ppm. Eluent 5.OmM HNO,. Detector sensitivity 10 pmho. Flow-rates 

(a) and (b) 138 ml/hr; (c) 230 ml/hr. 
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I I I I I I 

6 12 16 20 24 26 

Time (mm1 

Fig. 6. Separation of Na+, NH:, K+ and six amines on the modified column. Flow-rate 40%; 460 psig; 
eluent O.OlM HNO,; x 3 attenuation. 

molecular weight. It is also evident that the particle- 
size, capacity and type of resin are important in 
preparation of a column that will achieve separation. 
Incorporation of suitable functional groups in the 
resin may induce appropriate hydrophilic ion-pair 
formation which will result in separation of the ions. 

When a sample is injected into the column, the 
sample cations replace the eluent cations from the 
cation-exchange resin at the top of the column. The 
displaced eluent cations, together with the sample 
anions, move with the solvent front to the conduc- 
tivity detector. If these cations and anions give a 
greater conductance than that of the eluent, there will 
be a positive peak. If the conductance is less than that 
of the eluent background a negative peak will result. 
In the examples cited in this paper, positive peaks 
were obtained. Negative peaks were obtained for 
purines and pyrimidines (DNA-bases) with potas- 
sium hydrogen phthalate or ammonium hydrogen 
o-sulphobenzoic acid as eluents (unpublished results). 
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Summary-Partition coefficients for the copper chelates of trifluoroacetylacetone and 
~enoylt~fluoroa~~ne in eleven organic sotvent-0. IOM aqueous perchlorate solution systems have been 
determined at 25”. The effect of the organic solvents can be readily explained in term of the concept of 
regular solutions. The effect of water is discussed in terms of a modified equation based on the regular 
solution theory and also evaluated by the scaled particle theory. It is suggested that the partition coefficient 
of the copper@ chelates is lowered by specific solvent effects of water, such as direct ~-ordination to 
the central metal ion, and hydrogen-bonding to the ligands in the chelate. 

The extractability and separability of metal chelates 
are governed by both the magnitude of the chelate 
formation constant in aqueous medium and the 
partition coetticient of the chelate formed. In most of 
the systematic and theoretical studies on chelate 
extraction, most attention has been focused on the 
former and little on the latter. Only a few data on the 
partition coefficients of metal chelates are listed in a 
monograph on extraction equilibrium constants.’ In 
our laboratory, work on liq~d-iiq~d partition of 
@-diketones and their metal chelates has been con- 
tinued since the pioneering work in which the effect 
of organic solvents was successfully elucidated by 
means of the regular solution theory.” As the par- 
tition coefficient is essentially governed by the 
difference between the evolution energy of a sofute 
in an organic phase and that in an aqueous phase, the 
role of water in the partition should be considered 
in addition to the organic solvent effect. In our 
preceding paper,’ the partition coefficient of 
bis(acetylacetonato)opper(IZ) was evaluated by a 
modified equation based on the regular solution 
theory, and the significance of specific inter- 
action between the solute and solvents was pointed 
out. 

In the present study, the partition coefficients of the 
copper(I1) chelates of trifluoroacetylacetone (Htfa) 
and thenoyltrifluoroacetone (Htta) are determined in 
various organic solvent-O. 1OM aqueous perchlorate 
solution systems. These /S&ketones have similar acid 
dissociation constants and metal-chelate formation 
constant& The results are discussed with the aid of 
the modified regular solution theory and the scaled 
particle theory. The present approach is demon- 
strated to be a powerful one for evaluating the 
partition coefficient of uncharged solutes.7-i0 

EXPEREMENTAb 

Reagents and apparatus 
T~fluoroa~la~tone (l,i,l-~~noro-2,epentanedione) 

and thenoyltrifluoroacetone ~I-(~-thienyl)-4,4,~t~fluoro- 
1,3-butanedione) were obtained from Dojindo Laborato- 
ries, and further purified by distillation and vacuum 
sub~ation respectively. The copper chelates were 
synthesized in the usual way and recrystallized from meth- 
anol, and their identity established by elemental analysis. 

Carrier-free 67Cu was produced by photonuclear reaction 
as described in the preceding paper5 An appropriate portion 
of %u was added to an aliquot of a standard solution of 
copper perchlorate; the mixture was evaporated to dry- 
ness, and the residue dissolved in O.OlM perchloric acid. 
Other reagents and the apparatus were the same as those 
described previously.’ 

Procedures 
Partition. An aqueous copper(I1) solution (10-7-i0-4M, 

labelled with mCu) in 0. 10M sodium per&orate at pH l-8 
was shaken for 0.5-I hr with an equal volume of an organic 
solution of 0.05-0.1M /Miketone at 25 5 0.5”, then centri- 
fuged. A 0.1-3 ml fraction was very carefully pipetted from 
each phase and the y-activity of each was measured with an 
Nal(T1) well-type. scintillation counter, and the distribution 
ratio (D) of copper@) was calculated. The ~~lib~~ pH 
value was measured with a glass electrode. Attainment of 
partition equilibrium was checked by extraction and strip- 
ping experiments. 

To determine the partition coefficient of the &diketones 
&a) a portion of 10-4-10-3M fl-diketone solution in 
organic solvent was shaken with 0. 10M sodium perchlorate 
at pH 2-3 and the equilibtium concentration of @&ketone 
in the organic phase was measured from the absorbance at 
282 and 300 nm for Htfa and at 318 nm for Htta. 

Sohbility. The solubilities of the coppcr(Ipfl-diketone 
chelates in an organic solvent saturated with water and in 
an aqueous solution saturated with the organic solvent weltt 
measured simultaneously as follows. To 10-100 mg of the 
copper chelate labelled with 67Cu were added a 0.05M 
organic solution of the /l&ketone and O.lOM aqueous 
sodium perchlorate solution at pH 6-8. The mixture was 
shaken for 24-48 hr at 25 f 0.5” and then centrifuged. A 
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portion of each saturated solution was pipetted after pas- 
sage through a filter paper, and its y-activity was measured. 
Comparison of this activity with that of the total amount of 
labelled chelate taken gave the sohtbility. It was ascertained 
that the soiubi~ty found was independent of the quantity of 
labelled chelate used. 

RESULTS 
Typical extraction curves for copper(B) with Htfa 

in benzene and Htta in heptane and toluene are 
shown in Fig. I; the concentration of j?-diketone 
anion in the aqueous phase was calculated by using 
the acid dissociation constant and partition 
coefficient for the /I-diketone. The partition 
coefficient of the copper(I1) chelate(Km,) was deter- 
mined as the limiting value of the distribution ratio 
in the plateau region and ascertained to be indepen- 
dent of the copper(H) concentration in the range 
10-6-10-5M. However, the partition coefficient of 
Cu(tta), in solvents other than alkanes was too high 
to be accurately measured by this technique. The 
partition coefficient I&, is simply connected with the 
dist~bution ratio by K,, = D/(/?,[A-1’). This means 
that if we know & accurately, Km, for any organic 
solvent can be determined by plotting log D us. 
log[A-] and using the linear section which has a slope 
of two. As KDM in alkane solvent systems cart be 
determined directly as described above, the chelate 
formation constant, j3*, can be determined from the 
distribution ratios in these systems; the values of & 
for Cu(tfa), and Cu(tta)z were thus found to be 1Oq.14 
and lOg.3o respectively. These values are close to each 
other as expected from the small difference between 
the acid dissociation constants of Htfa (lO-“.W) and 
Htta (10-623).6 The average values and standard 
deviations of the partition coefficients, obtained from 
more than four separate measurements, are listed in 
Table 1 together with some literature values for the 
/I-diketones. 3*9~11 The reliability of the partition 
coefficients determined here was further checked by 
comparing them with those obtained from the solu- 
bilities of the chelates in both phases. The partition 
coefficient can be considered to be equal to the ratio 
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Fig. 1. Dist~butio~ ratio of copper@) us. concentration of 
fl-diketone anion in the aqueous phase. Initial concen- 
tration of fl-diketone, O.OS-O.lM; PHI-8. 

@Htta-heptane, OHtta-toluene, HHtfa-benzene. 

of the solubility in the organic phase to that in the 
aqueous phase provided the solubility is low enough 
for the solutions to be regarded as dilute. The solu- 
bilities of the copper(H) chelates in some organic 
phases and an aqueous phase are given in Table 2 
along with the solubility ratios. Most of the solubility 
ratios are in agreement with the ~rr~~nding par- 
tition coefficients in Table 1, within experimental 
error. The partition coefficient of Cu(tt& is remark- 
ably higher than that of Cu(tfa), for all the organic 
solvents tested. This may be due to the remarkably 
low solubility of Cu(tta), in aqueous solution. 

Since j%-diketones exist in the keto and enol forms 
in solution, the partition coefficients for the 
@diketones listed in Table 1 are the apparent values 
(i.e., a weighted mean of those for the two tautomeric 
forms). The partition coefficient of the enol (Kne) 
form (which is known to have a ring structure 
through intramolecular hydrogen-bonding) is calcu- 
lated from the equation K,, = ~*~~~~~~o~, where 
folB andf, are the enol fractions in the organic and 

No. 

Table I. Partition coefficients of pdiketones and their copper chelates at 25°C 

Solvent Htfa Cu(tfa), Htta Cu(tta), 

1 Hexane 
2 Heptane 
3 Octane 
4 Dodecane 
5 Carbon tetrachloride 
6 Isopropylbenzene 
7 Toluene 
8 Benzene 
9 Chloroform 

10 Dichloromethane 
1 I Dibutvl ether 

3.17 x lo-‘* 
(2.67 4 0.00,) x 10-l 
(2.39 f 0.00,) x 10-l 
1.72 x lo-‘4 
7.18 x lo-‘* 
(6.68 f 0.01) x 10-l 
1 .oz f 0.02 
1.28* 
1.95* 
2.51* 

2.23 & 0.05 
2.01 f 0.02 
1.58 +. 0.09 
1.11 f 0.12 

(1.77 f 0.02) x 10 
(2.40 _I 0.08) x 10 
(9.26 & 0.09) x 10 
(I .os f 0.03) x IO2 
(1.46kO.02) x 10r 
(3.97 & 0.19) x loz 
(5.25 f 0.10) x 10 

4.79t 
3.72f 
4.05 f 0.28 
3.19*0.11 
2.00 x lot 
2.34 x 1Of 
4.02 x 107 
4.20 x IO? 
5.33 x 107 
6.84 x 107 

(1.24f0.11) x 10’ 
(1.11 &O.OS) x 103 
(1.18 4 0.07) x IO3 
(8.03 f 0.56) x lOs 
(3.71 f 0.20) x lti$ 
(9.10 4 0.56) x 104$ 
(4.44 + 0.07) x 105s 
(3.08 -1: 0.75) x 105$ 
(1.73 f 0.16) x 105$ 
(5.98 + 0.14) x lOs$ 
(1.67 & 0.03) x lO’$ 

*Reference 3. 
t Reference 11. 
$Reference 9. 
$Calculated from Km, = 0j@2[A-]2). 
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Table 2. Solubility of the copper(/?&ketone chelates at 25°C 

Solvent S* or Rt Cu(acac), Cu(tfa), Cu(tta), 

Heptane# S (6.9 f 0.4) x lo--> (1.2 f 0.1) x lo-’ (4.0 f 0.2) x lO-5 
R (1.6 f 0.1) x IO-’ 1.1 *0.1 (1.0 * 0.2) x 10’ 

Toluene$ S (1.9 k 0.1) x lO-3 (7.2 + 0.1) x lO-2 (2.4 f. 0.2) x lO-2 
R 4.4 f 0.4 (6.5 f 0.6) x 10 (5.9 f 1.4) x 10s 

Water$ S (4.3 + 0.3) x lo-’ (1.1 f 0.1) x lo-3 (4.1 f 0.9) x 10-r 

*Solubility (M). 
j’Ratio of the solubility in the organic phase to that in the aqueous phase. 
&aturated with water; fi-diketone concentration 0.01-0.03M. 
SSaturatcd with heptane; sodium perchlorate concentration, O.lOM. The following condi- 

tions were used for each chelate; Cu(acac),, 0.03M Hacac, pH 8.4; Cu(tfa), ,O.O4M Hffa, 
pH 6.0; Cu(tta),, 0.03M Htta, pH 6.5. 

aqueous phases respectively. The numerical values 
for the enol fraction were taken from the literature;12 
& is 0.011 and 0.016 for Htfa and Htta, andf,, in 
benzene is 0.97 and 0.94 for Htfa and Htta re- 
spectively. In the four alkanes and carbon tet- 
rachloride, f,, was assumed to be unity, and in the 
other solvents to be equal to that for benzene solu- 
tion. 

Figure 2 shows the plots of KDM and KDE vs. the 
molar volume of each solute, together with those for 
the acetylacetone system.’ The molar volumes of the 
copper(I1) chelates were estimated from an empirical 
relation between those of 8-diketones and their 
zirconium(IV) chelates,3J3 viz. 223 cm3/mole for 
Cu(tfa)2 and 304 cm3/mole for Cu(tta),. The value for 
Cu(tta), agreed within 5% with that of the partial 
molar volume for bis(thenoyltrifluoroaceton- 
ato)beryllium(II), reported recently.” The partition 
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Fig. 2. Partition coefficients of enols and the copper(U) 
chelates us. molar volume. The numbers correspond to those 
in Table 1. OHtta, lJHtfa, AHacacS l Cu(tta),, 

n Cu(tfa),, ACu(acac), .5 

coefficient of a series of /I-diketone enols increases 
with increase in the molar volume of these solutes, 
viz. acac < tfa < tta. The same is true for the cop- 
per(I1) chelates of these B-diketones. 

DISCUSSION 

The partition coefficient, expressed as a molar 
fraction, can be written by using the modified equa- 
tion based on the regular solution theory:’ 

In Kg, = >i [C, - C, + 2 (C,, - Cb)] (1) 

where V and C are the molar volume and cohesive 
energy density respectively, and the subscripts 2, w 
and o denote the solute, water and organic solvent 
respectively. The parameter CW2 involves the cor- 
rection terms for specific interactions between the 
solute and water molecules. If the interaction between 
the solute and the organic solvent molecules is mainly 
due to their dispersion forces, the geometric mean 
approximation for the solubility parameters, 6, is 
valid, i.e., Cm2 N 6, S2. Equation (1) can be rewritten as 

71, KL2 + C, = 2S26, + C, - 2Ck2 (2) 
2 

Plots of the left-hand side of equation (2) vs. the 
solubility parameter 6,( = G), which is calculated 
from the heat of vaporization of the solvent, are 
expected to be linear. The apparent solubility param- 
eter of the solute (6,) and the interaction term with 
water (C, - 2Ch,) can be obtained from the slope 
and the intercept respectively. Figure 3 shows the 
plots for the enols and the copper(I1) chelates. For 
the enol and chelate of the trifluoroacetylacetone and 
thenoyltrifluoroacetone systems, good linear re- 
lationships hold for almost all non-polar organic 
solvents. It seems that the organic solutions of these 
solutes can be taken as apparently regular solutions 
and the solvent effects can be quantitatively evaluated 
by means of equation (2). However, quite large 
deviations from straight lines are found for the 
chloroform and dichloromethane/acetylacetone sys- 
tems, and these are ascribed to specific interaction 
between the solutes and the solvents, such as 
hydrogen-bonding.’ Such deviations for the 
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Fig. 3. Evaluation of partition coefficients with equation 
(2), based on the regular solution theory. The numbers 
correspond to those in Table 1. OHtta, OHtfa, AHacac,’ 

*Cu(tta),, @Zu(tfa),, &Si(acac),.S 

j-diketones may be interpreted by considering the 
electron density on the oxygen atoms in these 
B-diketones; a strong negative inductive effect of the 
t~fluoromethyl group in the tfa and tta ligands 
remarkably decreases the electron density and con- 
sequently the strength of hydrogen-bonding to the 
ligand oxygen atom. The large deviation found for 
dibutyl ether in the copper(H) chelate systems is 
ascribable to another type of specific interaction, such 
as direct co-ordination of the basic solvent to the 
central metal ion. The magnitudes of the deviations, 
Cu(tfa)* N Cu(tta), > Cu(acac), are in reverse order 
of the trend in the formation constants of these 
chelates and in accord with the normal tendency 
toward additional co-ordination of Lewis bases. 

The parameters of equation (2) were determined by 
the least-squares method from the plots, except for’ 
some solvent systems having the specific interactions 
described above and shown in the second and 
third columns in Table 3. The enols of 
trifluoroacetylacetone and thenoyltrifluoroacetone 
have similar values for 6, and C, - 2C&, and this 

2 4 

log KiE 

6 

Fig. 4. Relationship between the partition coefficients of the 
copper(H) chelates and the enols. l Cu(tta),, n Cu(tfa),, 

ACu(acac), ? APd(acac), ? 

suggests that they have similar solute-solvent inter- 
actions with organic solvents and with water. On the 
other hand, the values of these parameters for the 
cop~r(I1) chelates differ appreciably and are also 
larger than those of the enols. In particular the 

Gw- 2C& parameters of the aeetylacetonate and 
trifluoroacetylacetonate chelates have very negative 
values, which suggests a strong interaction between 
the solutes and water, as discussed later. 

Since equation (2) holds for the partition of neutral 
solutes (and hence for both the chelate and the enol) 
the following relation is derived: 

Vkl 2VM 
InK~,=ylnKB,+-(S,-_S,)6, 

E RT 

+ 2 (Gs - G”) (3) 

Figure 4 shows the logarithmic plots of K& vs. Kg,, 

for the copper(I1) chelates, together with those for the 
palladium(I1) acetylacetone chelate.9 The plot of 
Pd(acac), is close to the solid line (with slope two) 

Table 3. Parameters from the regular solution theory and the scaled 
oarticle theory* 

Solute 

Ha~~(enol) 10.4 
Htfa(enol) 10.0 
Htta(eno1) 10.2 
Cu(acac), 11.6 
Cu(tfa), 11.2 
Cu(ttah 11.0 

*Heptanewater system. 

-77 3.69 - 2.63 
- 68 4.22 -2.33 
-68 5.21 -1.98 

-116 5.16 -6.78 
-104 6.64 -6.23 
-91 8.37 -4.21 
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Wavelength t nm ) 

Fig. 5. Absorption spectra of Cu(tfa), in various solvents. 
a, benzene; b, dibutyl ether; c, water containing 0.013M 

tfa- . 

passing through the origin, whereas the plots for the 
copper(U) chelates are in a much lower region. This 
difference can be understood by comparing the values 
of the third term in the right-hand side of equation 
(3). Here, we can use (C,, -2CQ from Table 3 
instead of (C&s - C&,) in equation (3). The param- 
eter C;,, which expresses the solute-water inter- 
action, is much larger for the copper(I1) chelates than 
the respective enols. One of the possible interactions 
between copper(I1) chela:e and water may be direct 
co-ordination of water to the central metal ion. 
Figure 5 shows the electronic spectra of Cu(tfa), in 
different media. The spectrum for the benzene solu- 
tion is not influenced by the water content in that 
solvent and is almost the same as that for solutions 
in other inert solvents such as heptane and carbon 
tetrachloride, but the spectra for the dibutyl ether and 
water solutions are significantly different from those 
for solutions in inert solvents. The same was also 
observed for Cu(acac),.’ This phenomenon suggests 
the direct co-ordination of the central metal ion with 
such polar solvent molecules containing a donor 
oxygen atom. However, in view of the lower tendency 
for direct co-ordination of a polar solvent to the 
central metal ion in Cu(acac),, the more negative 
value of the interaction parameter for Cu(acac), 
cannot be due only to the direct co-ordination of 
water. In addition to direct hydration another type of 
specific interaction with water must be considered, 
such as the hydrogen-bonding of water to the acetyl- 
acetonate ligand in the chelate. This type of inter- 
action was throughly discussed in connection with a 
chloroform anomaly in the acetylacetone system.5 
Pd(acac), has a stable planar structure, and no adduct 
formation with bases has been reported, so it has 
practically no specific interaction with water or polar 
solvents, as shown in Fig. 5. 

The solute-water interaction parameter included in 
equation (2) is useful as a comparative parameter, but 
it is difficult to discuss the strict physical significance 
of its absolute value, partly because this equation 
is based on the simple regular solution concept. 
Hence the partition coefficient of the copper(H) 
chelates is further discussed below with the aid of the 
scaled particle theory (SPT), which is applicable to 

aqueous solutions and was recently used in the 
evaluation of the liquid-liquid partition of halo- 
benzenes, haloalkanes and metal chelates in our 
laboratory.“” 

The free energy for the liquid-liquid partition or 
the transfer free-energy from an aqueous to an or- 
ganic phase is represented by the difference in the free 
energy for the dissolution of the solute in both 
phases, 

RT In KD2 = - (AG,, - AG,,). (4) 

The dissolution process can be divided into two steps; 
the creation of a cavity of a suitable size to accommo- 
date the solute molecule in the solvent, followed by 
the interaction of the surrounding solvent molecules 
with the solute introduced into the cavity. Equation 
(4) can be rewritten by using the free energies corre- 
sponding to these two steps in each phase: 

RT In KDI = (%v - ‘$,o) + @,,,, - G,,,,) (5) 

where Gc and Gi denote the cavity-formation energy 
and interaction energy respectively. The cavity- 
formation energy can be calculated by using the 
scaled particle theory:15 

cc= -RTln(l -y)+RT- - 
0 (1 -y) 01 

+ RT,+$ +;[&3;,c;j2 

(6) 

where cr, and e2 are the molecular diameters of the 
solvent and solute respectively, NA is Avogadro’s 
number, P is the pressure, p is the number density of 
the solvent and y is the packing fraction, 
0, = 7rpaz/6). The molecular diameter of the solutes 
was estimated from the molar volume by using an 
empirical correlation, a(A) = 1.356 VI3 - 0.8268, 
which was found to hold for 36 kinds of solvents, 
such as alkanes, benzenes, alcohols and water, in the 
data from the literature.‘s*‘6 

Figure 6 shows the transfer free energies of the 
solutes (RT In KD2) and the difference in the cavity- 
formation energies (i=,,W - G& in both phases as a 
function of the cavity diameter. The transfer free 
energies of the enols of Hacac, Htfa and Htta increase 
with increase in a2 and lie close to the solid line 
calculated from the WT. This means that the 
difference in the interaction energies for 
solute-heptane and solute-water is not so large for 
the three b-diketones. This result is similar to that 
obtained for halobenzenes.’ On the other hand, the 
transfer free energies of the copper(I1) chelates, es- 
pecially the acetylacetonate and trifluoroacetylace- 
tonate chelates, are remarkably lower than the values 
expected from the WT. This means that the inter- 
actions of these solutes with water molecules are 
much stronger than those with heptane solvent 
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regular-solution theory. The peculiar effect of water 
on the partition coefficient can thus be elucidated in 
terms of both theories without inconsistency. 

4 6 0 10 

a, ( lO+cm 1 

Fig. 6. Comparison of transfer free energy of enols and the 
copper(H) chelates with the cavity formation energy in 

heptane-water system. 

molecules. If the cavity-formation energy calculated 
in the present way is valid, the interaction term, 
G,,, - c,,_,, for each solute can be estimated from 
equation (5). The value is shown in Table 3 together 
with the cavity-formation energy. Good correlation is 
seen between the interaction term obtained from the 
SPT and the parameter C_ - 2C& from the modified 
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MULTIELEMENT PRECONCENTRATION OF TRACE 
METALS WITH meso-TETRA(p-SULPHONATOPHENYL) 

PORPHINE 
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Department of Chemistry, McMaster University, Hamilton, Ontario, Canada 
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Suuunary-Meso-tetra(p-sulphonatophenyl)porphine reacts with several metal ions in ammoniacal 
aqueous solution. The resulting complexes are extractable into methyl isobutyl ketone with tri- 
caprylmethylammonium chloride. The distribution ratios for the metal ions range from 8 for Mn(I1) to 
about 1400 for Cd(H), corresponding, respectively, to single-stage extractions of 33-99% with a 
phase-volume ratio VW/V,, = 18. A procedure has been developed for the multielement preconcentration 
of several trace metals (Mn, Co, Ni, Cu, Cd, Pb) from sea-water and their subsequent determination by 
graphite-furnace AAS. 

Recently, synthetic porphines have been increasingly 
used as analytical reagents, primarily because the 
very intense absorption of the Soret band in the free 
or complexed porphine permits the measurement of 
trace amounts of analyte species. The spectrophoto- 
metric determination of low levels of carbon mono- 
xide is an example.’ Most of the applications, how- 
ever, have involved the determination of metal ions 
at ng/ml concentrations. *-I* The range of bivalent 
metal ions determined includes Mg, Mn, Co, Cu, Zn, 
Pd, Cd, Hg and Pb, usually measured individually 
but occasionally in groups of two or three.3.4 Both 
cationic and anionic water-soluble porphines have 
been employed, mainly as spectrophotometric re- 
agents, although the fluorescence of some porphines 
and complexes has also been used to advantage.2 The 
reaction of the porphines with metal ions is generally 
slow and heating is normally required for quan- 
titative complexation. The insertion of Mn(I1) into 
the central cavity of the porphine is catalysed by 
Hg(I1) and Cd(R) and this effect has been exploited 
in kinetic methods for the latter two ions.8*9 

In the present study, the anionic porphine, 
meso-tetra(p-sulphonatophenyl)porphine (TPPS,), is 
shown to react simultaneously with several ions in 
hot ammoniacal aqueous solution. The resulting an- 
ionic chelates are extracted into methyl isobutyl 
ketone (MIBK) as ion-association complexes with 
tricaprylmethylammonium chloride (Aliquat 336) to 
effect a multielement preconcentration. Distribution 
ratios for the extraction of metal ions from aqueous 
saline solution are reported and the preconcentration 
method is applied to synthetic test solutions and a 
sea-water sample. 

*Present address: Dow Chemical Limited, Samia, Canada. 
TPresent address: Ontario Hydro Research, Toronto, 

Canada. 

EXPERIMENTAL 

Reagents 
Distilled demineralized water (DDW) was used through- 

out. Butfer and sodium chloride solutions were purified 
before use by passage through a Chelex-100 (Bio-Rad, 
200-400 mesh) column to remove any trace metals. All other 
common reagents were of analytical reagent grade or better 
(e.g., Baker Instra-analyzed nitric acid and aqueous ammo- 
nia solution). Metal-ion solutions were prepared by dilution 
of Fisher 1OOfLppm standard solutions. 

Radioisotopes for the determination of distribution ratios 
were prepared from the metal nitrates by (n, y) reactions 
performed in the McMaster Nuclear Reactor. 

Tetraphenylporphine (TPP) was synthesized from ben- 
xaldehyde and freshly distilled nvrrole bv the method of 
Adler hr ~1.‘~ It was purified on a col& (2.5 x 45 cm) of 
Brockmann Activity I neutral alumina with chloroform as 
the mobile phase. The purple band of purified TPP was 
collected. 

The ammonium salt of TPPS,, (NH,),TPPS,, was prc- 
pared by the procedure of Fleischer et aLI4 with some 
modification. After removal of unmatted TPP, the mixture 
was cooled in an ice-bath and a 6: 1 v/v mixture of methanol 
and concentrated aqueous ammonia solution was added 
carefully until the colour of the mixture changed from green 
to purple. The ammonium sulphate produced was removed 
by filtration, the filtrate was reduced to about 100 ml, about 
550 ml of absolute methanol was added and the mixture 
was then filtered to remove a further portion of ammonium 
sulphate. The volume was again reduced to about 100 ml 
and the (NIQ4TPPS4 was precipitated by addition of 200 ml 
of acetone, filtered off, and further purified by chro- 
matography. ‘r Additional purification involved three pre- 
cipitations from methanol by addition of acetone. It was 
then dissolved in DDW and passed through a 2.5 x 30 cm 
column of Dowex 1, 100-200 mesh, hydroxide form. This 
procedure converted residual ammonium sulphate into 
aqueous ammonia solution; the (NH,),TPPS, was recovered 
by evaporation. Because the ammonium salt slowly loses 
ammonia on prolonged storage, it was converted into 
NaJ’PPS, bv ~assae throunh a 2.5 x 30 cm column of 
A&e&e CGi20, ~00-200 mesh, sodium form. Drying 
overnight at 120” in uacuo produced the anhydrous salt but 
final traces of acetone could be removed only by drying for 
about a month. The structure was confirmed by proton 
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NMR14 and elemental analysis showed that the product was 
of high purity. 

Solutions were prepared and stored in polypropylene 
containers and standard flasks. As much as possible, labor- 
tory operations were conducted at a laminar-flow clean-air 
work station. Spectrophotometric measurements were made 
with a GCA/McPherson Super 700 ratio-recording instru- 
ment interfaced with a Monroe 1860 programmable calcu- 
lator for spectrophotometer control and data acquisition. 
Hellma Spectrosil Quartz cells (l- and S-cm) were used. 

Atomic-absorption measurements were made with a 
Perkin-Elmer Model 373 instrument equipped with an 
HGA-2200 eranhite furnace and a Hitachi Perkin-Elmer 
056 recorder. The wavelengths, slit-widths and lamp cur- 
rents used were those recommended in the applications 
manual. The temperature programme was drying at 150” for 
30 set (75 set for Co and Ni); charring at 600” (50 set) for 
Mn and Cu, 600” (75 set) for Co and Ni, ,500” (50 set) for 
Pb, 300” (50 set) for Cd; atomization at 2700” for 7 set for 
Mn, Co, Ni and Cu, 2100” for 7 set for Cd, 2000” for 7 set 
for Pb. During atomization, the argon gas “interrupt mode” 
was used because of the very low metal concentrations 
involved. Sample volumes of 10 or 25 pl were injected, 
except for Co and Ni, which required 75 ~1. 

Measurements of y-radiation were made with a Ge/Li 
APTEC detector equipped with a Canberra Series 30 multi- 
channel analyser and Teletype Model 43. All counts were 
corrected for background radiation and half-life. 

Procedures 
Reactivity. The general reactivity of TPPS, towards metal 

ions was tested in approximately neutral solution (PH 58) 
and at pH 10 (ammonia/ammonium acetate buffer). Final 
test solutions were 5 x IOm5M in TPPS, and 5 x 10e4M in 
metal ion. The solutions were heated on a steam-bath for up 
to 20 hr. Evidence for complexation was obtained by 
comparing spectra of the test solutions and of TPPS, in the 
intense Soret region, 400-450 mn (molar absorptivities. E, 
N lo5 l.mole- .cn-‘), and in the 500-700 nm region 
(s _ 103). In the presence of a tenfold excess of metal ion, 
the concentration of unreacted TPPS, was low when com- 
plexation occurred, and its spectral interference was min- 
imized. 

The stability of those metalloporphyrins which formed 
was tested over the pH range 2-14 by removing aliquots of 
the pH-10 test solutions, readjusting the pH and monitoring 
the absorbance of the complex at the appropriate wave- 
length. 

The times required for maximum complex formation at 
low concentrations of the metal ions (50-200 ng/ml) was 
determined at DH 10. The concentration of TPPS, was 
1.0 x 1O-5M. The test solutions were heated in poly- 
propylene flasks to 90-98” for periods of time ranging from 
10 to 100 min. Spectrophotometric measurements were 
made in 5-cm cells. In most cases, the Soret band of the 
individual metalloporphyrins could be used to monitor 
comnlex formation. The Soret band (412 nm) of TPP& did 
not -seriously interfere. The solutions contained sodium 
chloride (0.75M) to approximate the saline nature of sea- 
water. 

Extraction. Aqueous saline solutions (50 ml) of selected 
TPPS, complexes, containing 20-100 ng of metal per ml, 
were batch-extracted by shaking for 2 min with 5 ml of a 
10% solution of tricaprylmethylammonium chloride (Ali- 
auat 336. General Mills) in MIBK; (before use the Aliquat 
336 was washed successively with 2M hydrochloric acid and 
2M aqueous ammonia to remove any trace metals present). 
The phases were separated and the aqueous phase was 
extracted a second time. The degree of extraction (E, “/,) was 
measured as E = lOOA,/(A, + A&, where A, and A, are the 

Soret absorbances of the complex in the two organic 
extracts. After the second extraction the aqueous phase 
appeared colourless to the eye. 

The composition of the extracted copper complex was 
determined by extracting 50-ml aliquots of saline solutions 
containing 30 ng of Cu (as the CuTPPS, complex) per ml 
with 5-ml volumes of MIBK solutions of Aliquat 336 
ranging in concentration from 5.4 x 10e4 to 1.4 x lo-‘M. 
The concentration of CuTPPS, remaining in the aqueous 
phase was obtained by measurement of the Soret 
absorbance and reference to a calibration graph for stan- 
dard saline solutions of CuTPPS,. The concentration in the 
organic phase was determined similarly. Values of the 
distribution ratio DR were calculated for each concentration 
of Aliquat 336. 

The E and D, values were measured for the overall 
chemical procedure, which involves reaction of the metal ion 
with TPPS, in the aqueous phase and subsequent extraction 
of the TPPS, complex. The aqueous phase (90 ml) was 
0.75M in sodium chloride, 2 x 10-6M in TPPS, and con- 
tained 5-20 ng/ml of a radioisotope of the metal ion 
(TPPS,:metal-ion molar ratio N 6-25, depending on atomic 
weight and concentration of metal ion). The solution was 
heated to 90-98” for 1 hr in a water-bath and then extracted 
once with 5 ml of Aliquat 336 solution. The activity of the 
aqueous phase was measured before and after extraction. 
The activity of the organic phase was also measured, and 
good mass balance was obtained. 

Application to sea-water. The use of TPPS, as a group- 
reagent for metal ions was tested on a synthetic saline 
solution containing 1 ng/ml each of Co, Ni, Cu, Zn and Pb 
and 0.1 ng/ml of Mn(I1) and Cd. The procedure was then 
applied to sea-water samples obtained from Sandy Cove 
Bay, Nova Scotia. These samples were filtered through 
0.45~urn filters, acidified with ultrapure nitric acid to pH 1.7 
and stored in clean 10-l. polypropylene bottles. The 
standard-addition method was used for trace-metal deter- 
mination. 

To four 90-ml aliquots of acidified sea-water in loo-ml 
standard flasks were added a combined metal-ion spike, 200 
~1 of 95% hydrazine, a few drops of concentrated ammonia 
solution (to give pH -8), and a small volume of 
ammonia/ammonium acetate buffer (4M ammonia, 0.4M 
acetate) to bring the solution to about pH 10. TPPS, (N 200 
pg) was then added (final concentration, -2 x 10m61M) and 
the stoppered flasks were sealed with Teflon tape, wrapped 
in aluminium foil, and heated for 1.5 hr in a water-bath at 
90-98”. The solutions were cooled, presaturated with 1 ml 
of MIBK, extracted with 5 ml of the Aliquat 336/MIBK 
solution (-2 min of vigorous shaking, one batch- 
extraction), and the phases were left for 1 hr to separate and 
clarify completely. The organic phases were withdrawn from 
the necks of the flasks and stored in capped polypropylene 
centrifuge tubes until ready for GFAAS measurement. 

Blanks, prepared with 0.75M sodium chloride, were run 
in the same manner, always in duplicate. Good re- 
producibility of the blank was achieved. 

RESULTS AND DISCUSSION 

Reactivity 

Of 33 ions tested at pH 10, evidence for reaction 
was obtained for only 11 bivalent ions and for silver 
(Table 1). The alkaline-earth metal ions and all 
tervalent and quadrivalent cations tested did not 
react under the conditions used. In neutral solution, 
evidence for reaction of Pb and Cd was uncertain. 
Below pH 6-7, the Pb and Cd complexes decompose 
completely. The Hg complex is stable only in the pH 
range 11-13. Below pH 10, decomposition is essen- 
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Table 1. Reactivity of TPPS, with metal ions, pH 10 

Reaction observed No reaction observed 

Mn2+ Pd2+ Be2+ Cr’+ Gd’+ Th4+ 
Fe’+ Mgz+ Fe’+ Ho’+ Uq+ 
co2+ $2: Ca2+ La”+ E$+ vo2+ 
Ni2+ HgZ+ 

B”s 
Ce3+ In3+ 

Sn2+ Nd’+ SC’+ 
Pb2+ Al’+ Eli’+ Y’+ 

tially quantitative. Ni appears to react very slowly, 
especially in neutral solution. The remaining com- 
plexes are more stable; in particular, the Zn complex 
persists to pH 3 before decomposing and the Sn(II), 
Co(I1) and Cu(I1) complexes remain stable at pH 2. 
All the complexes are stable up to at least pH 12. 

The non-reactivity of TPPS4 with the more highly 
charged ions appears to be due to kinetic rather than 
thermodynamic effects. Fe(III), for example, was not 
observed to react and has been reported elsewhere to 
react only extremely s10wly.‘~ Once formed, however, 
the Fe(II1) complex is very stable. By comparison, 
Fe(I1) reacts quickly but its electronic spectrum is the 
same as that for the Fe(II1) complex, which is consis- 
tent with the observation that the higher oxidation 
state is stabilized in metalloporphyrins.” The same 
behaviour obtains with Sn(I1) and Sn(IV).‘7J8 The 
low reactivity of the more highly charged ions is 
probably a combined result of hydrolysis and the 
requirement for simultaneous removal of several wa- 
ter molecules from the ion before its insertion into the 
porphine cavity can occur. 

The reactions of TPPS, with metal ions are much 
slower than those involving familiar organic anal- 
ytical reagents and require application of heat if they 
are to proceed at practical rates. It was therefore 
necessary to determine the time required for at- 
tainment of equilibrium, particularly at low metal-ion 
concentrations. This study was done at pH 10 since 
the complexes (except for that of Hg) are stable at 
this pH. The acetate present served to reduce hydro- 
lysis and prevent precipitation of lead chloride. A 
highly saline matrix was used with a view to later 
application to sea-water analysis. Equilibrium was 
assumed to have been established when the absorb- 
ance had reached a constant maximum. The group of 
ions (bivalent) tested included Cd, Co, Cu, Mn, Ni, 
Pb and Zn. Except for Ni, maximum constant ab- 

Table 2. Extraction of preformed 
MTPPS, complexes from saline 
solution (pH 10) with Aliquat 336 

Metal %E* Da 

Mn 96.7 3x loz 
co 98.5 1.1 x 103 
Ni 99.7 3.5 x 10’ 
cu 99.4 1.7 x 10’ 
Zn 99.6 2.7 x 10’ 

*VW/V, = 10, ionic strength = 0.75. 

sorbance was attained within 60 min. The addition of 
a few drops of fresh hydrazine effected much more 
rapid insertion of Ni, and constant absorbance was 
attained within 60 min. The use of auxiliary ligands 
to increase the rate of metal-ion insertion has been 
known for some time,lg but the same ligand may 
affect different metals in different ways, which makes 
it difficult to choose optimum conditions for a group 
separation, such as that done here. In the present 
study, ammonia and acetate were present in the 
reaction solution, together with hydrazine, as auxil- 
iary ligands. The Cd complex was found to be 
sensitive to light; accordingly, in subsequent work, 
the reaction flasks were wrapped in aluminium foil. 

Extraction 

Because of the presence of the four sulphonate 
groups in TPPS,, its metal complexes are anionic and 
therefore it was expected that they could be extracted 
as ion-association complexes with large cations. The 
extraction data for standard solutions of several 
preformed TPPS4 complexes extracted with a 10% w/v 
solution of Aliquat 336 in MIBK are summarized in 
Table 2. The extractions are extremely facile. In 
preliminary experiments, E was found to be indepen- 
dent of the Aliquat concentration if this was >S%, 
and 10% concentration was selected for practical use. 
The number of tricaprylmethylammonium (TCMA) 
cations associated with the extracted CuTPPS, com- 
plex was determined from the slope of the linear 
portion of a plot of log D, us. logBCMA]. Two 
determinations yielded a value of 3.98 f 0.01 for the 
slope. It is reasonable to assume that four TCMA 
cations are also associated with the other TPPS4 
complexes extracted. 

The high values of E and D, for the preformed 

complexes show only that the complexes, once 
formed, are readily extracted. More significant are 
the E and D, values that represent the overall process 
involving the reaction between metal ion and TPPS, 
in the aqueous phase, and the extraction, i.e., 

M*+ + H,TPPS4- 4 + MTPPSi- + 2H+ (aqueous) 

4R,MeN+ + MTPPSi- 

+ (R,MeN+),(MTPPS-) (organic). 

The E values for the overall process are best deter- 
mined by use of radioisotopes. In Table 3, some 
experimental details and extraction results are given 
for several metal ions. The E values are lower, 
significantly in some cases, than those in Table 2. The 
D, values are also lower than the corresponding 
values in Table 2, although still highly favourable (for 
most ions) for analytical purposes. The reduction in 
E resulted from incomplete reaction in the aqueous 
phase, partly on account of the slow rate of metal- 
loporphyrin formation but also because of some 
adsorption of metal ions on the vessel walls. Low 
levels of activity due to residual adsorbed metal were 
detected in acid washings of the vessels, after the 
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Table 3. Reaction/extraction of metal ions as TPPS, complexes in saline 
solution IDH 10) 

7-W 
e=w, Cont. used, VW/V, for 

Isotope keV &ml 4% DH w%E 
%Mn 841 4 33 8 - 

1811 
@Co 1332.5 4 60 21 - 
Ni* - 20 94 2.8 x loz 30 
WU 511 10 96.9 5.6 x 10r 60 
tiZn 1115 20 93.6 2.65 x 10r 30 

’ ‘Wd 934.1 5 98.7 1.4 x 10’ 150 
““=‘Ag 657.7 10 98.5 1.3 x 103 150 

884.7 
Pb* - 20 97 5.8 x loz 65 

*Radioisotopes of Pb and Ni could not be produced in the reactor. E was 
obtained by GFAAS measurement, from E = lOOA,/(A, + AJ %. 

tBased on the experimental VW/V, ratio, 18. 

experimentation. The low E values for Mn and Co 
are mainly due to incomplete reaction with TPPS,; 
the amount of adsorption on the vessel walls was too 
small to be significant. Once formed, the Mn and Co 
complexes are very extractable. 

The values of DR were calculated from E = 
lOOD,/(D, + VW/V,). With these experimental values, 
the attainable preconcentration factors, calculated on 
the assumption that 90% extraction is acceptable, 
are given in the last column of Table 3. Difficulties 
in working with large phase volume ratios (e.g., 
V,/ V,, = 150) would limit their attainment in practice, 
however. 

Application to sea-water 

Application of the procedure to the synthetic sea- 
water sample gave excellent values (not reported 
here) for the trace metals present; the method was 
therefore applied to the sea-water sample. Results for 
the determination of total (soluble) trace metals in 
Sandy Cove sea-water are reported in Table 4. The 
values in the last column were obtained indepen- 
dently in another laboratory, by extraction with 
ammonium pyrrolidinedithiocarbamate (APDC) and 
measurement by GFAAS. Agreement between the 
TPPS, and APDC procedures is good. The advantage 
of the APDC procedure is the faster reaction between 
the reagent and metal ions; the disadvantage is the 
instability of the reagent in the aqueous phase and of 

Table 4. Analysis of sea-water sample by TPPS, procedure 

TPPS, method,* APDC method,? 
Trace metal aglml xglml 

Mn 0.83 f 0.07 0.68 + 0.05 
co 0.018 * 0.007 0.015 f 0.007 
Ni 0.42 f 0.02 0.31 * 0.04 
cu 0.82 f 0.02 0.96 f 0.04 
Cd 0.025 f 0.002 0.027 f 0.003 
Pb 0.22 f 0.02 0.22 f 0.06 

*Results represent the mean of 3-5 determinations and the 
standard deviation. 

tResults reported by independent laboratory. 

the extracted metal chelates in the MIBK phase.20~2’ 
Fe(II1) is not extracted in the TPP& system, which 
could prove advantageous for plasma atomic- 
emission multielement measurements. The long 
phase-separation time in the TPPS, extraction system 
is a drawback, the 1-hr period was allowed for safety, 
separation usually being complete in 30 min. The use 
of hexane or xylene instead of MIBK with Aliquat 
336 did not lead to any improvement. 

In preliminary work with a sea-water sample that 
was not acidified, the trace element concentrations 
were found to be unreasonably low, and ultraviolet 
irradiation was required to release additional 
amounts of trace metals. The results were not re- 
producible, however. The most consistent results for 
metal-ion concentrations were always obtained when 
the sea-water samples had been acidified to pH 1.6. 
On adustment of the pH to 10, any recomplexation 
of metal ions with naturally occurring ligands will 
affect the standard metal-ion spikes in the same way 
as the analytes, providing automatic compensation 
(provided the spike concentration does not exceed the 
natural ligand concentration). 

Results for Zn (not reported) were not re- 
producible even when samples were prepared and 
processed in a clean-air station. The concentration of 
Hg was not measured because of the effect of pH on 
the stability of the complex and the low sensitivity of 
GFAAS for this element when it is directly injected 
into the furnace. The extraction of Mn and Co is not 
quantitative (Table 3) but the standard-additions 
method provides the necessary compensation, though 
the sensitivity is reduced. 

Conclusions 

TPPS, is an effective reagent for multielement 
preconcentration of Mn, Co, Ni, Cu, Cd and Pb from 
sea-water. TPPS, reacts slowly with metal ions and 
prolonged heating is required for metalloporphyrin 
formation. The reagent and the complexes of the 
metals above are stable, except for CdTPPS, (which 
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is light-sensitive). The complexes are very readily 8. 

extracted by t~~aprylmethy~ammon~um chloride into 

MIBK. 
9. 
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!%mnary-A new thiacrown compound in which the picrylamino group is introduced as the chromo~~c 
group, 4’-picrylaminobenzo-1,4,&l I-tetrathiacyclopentadec-13-ene (4’~PicNHBz-TTCP), has been suc- 
cessfully synthesized and its characteristics as an extracting and spectrophotometric reagent have bean 
examined. This compound (HL) forms ion-pair complexes (M+L-) with univalent class b metal ions (MC) 
such as silver and copper(I). The M+L- species can be extracted into l,Z-dichloroethane and spec- 
trophotometrically determined. Not only class a and nb metals but also bivalent class b metals such as 
mercury(H) and palladium(H) are not extracted at all. As silver and copper(I) ions are effectively extracted 
at pH above 8.0, a suitable maskine. agent such as tartrate is used in order lo prevent the formation of 
hydroxides of foreign metals, if n&s&. 

The chemistry of thiacrown ethers, in which sulphur 
atoms replace the oxygen atoms in crown ethers, has 
been mainly advanced in the fields of co-ordination 
chemistry and analytical chemistry during the past 
fifteen years, since Rosen and Bush synthesized and 
studied the properties of some typical thiacrown 
ethers and their transition metal complexes.’ Thia- 
crown ethers have the characteristics of poly- 
thioethers, and hence formation of their complexes 
with metal cations may be primariiy at~buted to the 
affinity of the metal ion for sulphur atoms. In general, 
organic reagents in which the sulphur atom is present 
as the mercapto group (R-SH) act as soft Lewis 
bases, and hence react with soft Lewis acids such as 
class ab and b metals. Thiacrown ethers, however, 
contain sulphur atoms in the thioether group 
(R-S-R’) so will act as softer Lewis bases than the 
reagents containing a mercapto group, and con- 
sequently will react with softer Lewis acids, mainly 
class b metals. The difference in the affinities of the 
thioether group for various groups of metals is 
particularly interesting in connection with the selec- 
tive separation of class b metals from class a and ub 
metals, especially from the first-row transition metals. 
In addition, the separation of class b metals from 
each other by solvent extraction might be made more 
selective by the relative sizes of the metal ion and the 
cavity of the macrocyclic compound, the choice of 
anion for formation of the ion-pair, and the type of 
extraction solvent. 

Recently, it was shown that the perchlorates and 
picrates of class b metals such as silver, copper(I), 
palladium(H) and mercury(I1) are selectively extrac- 

*Present address: Puhiic Health Research Institute of Kobe 
City, Minatojima, Chuo, Kobe 650, Japan. 

ted with a 1,2-dichloroethane solution of the 
thiacrown ether 1,4,&l I-tetrathiacyclotetradecane 
(TTCT).2 Furthermore, the extraction and spec- 
trophotometric determination of copper and silver 
with TTCT by the use of an appropriate coloured 
anion, such as Bromocresol Green or picrate, was 
reported.3 

If a group which can act both as a counter-anion 
to form ion-pairs and as a chromophore is introduced 
into a thiacrown compound, the product should be 
able to extract class b metals selectively without the 
need for an auxiliary counter-anion, and to give a 
compound suitabIe for dete~ining the metal by 
spectrophotometry after extraction. Moreover, if the 
group functions as a univalent counter-anion, the 
reagent should serve as a selective extracting and 
spectrophotometric reagent for univalent class b met- 
als, and even be specific for a certain metal. Recently, 
new chromogenic crown ethers into which picryl- 
amine or one of its derivatives is introduced have 
been synthesized, and their use for extraction and 
spectrophotometric dete~nation of alkali metals 
has been reported.4-7 

In the present study a new chromogenic thiacrown 
ether, 4’-picrylaminobenzo- 1,4,8,1 l-tetrathiacyclo- 
pentadec-13-ene (~-Pic~Bz-~CP), which has one 
dissociable proton in the picrylamino group, was 
synthesized and its properties as an extracting and 
spectrophotometric reagent were examined. 

EXPERIMENTAL 

Synthesis of 4’-PicNfiBz-TTCP (Scheme I) 
4’-Nitrobenzo-1,4,8,1l-tetrathiacyclopentadec-13-ene (4’- 

NU$z-ZTCP) (III). In 700 ml of absolute ethanol, under 
nitrogen, 1.02 g (44 mmoles) of sodium metal was dis- 
solved. To this solution 5.02 g (22 mmoles) of 
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iI (II1 (IU) 

TTU 

Pd/C,N,H,H,O 

CH,OC, l-&OH 

(lx.) 

4’- NH,Bz -TTCP 

Scheme 1. 

(P) 

4’- Pit NH Bz - TTCP 

1,4,8,1 I-tetrathiaundecane (‘MU) (I) dissolved in 200 
ml of benzene and 6.80 g (22 mmoles) of 
a,a’-dibromo-Cnitro-o-xylene (II) dissolved in 200 ml of 
benzene were simultaneously added dropwise during 5 hr, at 
room temperature. After stirring overnight, the precipitate 
was filtered off and washed with benzene. The filtrate and 
washings were combined and evaporated under reduced 
pressure. The residue was dissolved in chloroform and 
water, then the organic layer was separated, washed with 
water and dried. The solvent was removed again under 
reduced pressure and the residual oil was chromatographed 
on a silica-gel column with benzene-dichloroethane (1: 1 
v/v) mixture. The first of two major bands was collected and 
on recrystallization from chloroform-ethanol gave col- 
ourless curdy crystals, m.p. 102-3”, yield 4.97 g (61%). 
Found: C 47.9x, H 5.7%, N 3.7%; C,,Hr,NO,S, requires C 
47.97x, H 5&o/,, N 3.73%. The infrared spectrum (KBr) 
had bands at 1510, 1350 cm-‘(NO,), but no absorption by 
SH at 2550 cm-‘. ‘H NMR (CDCl,) gave 6 1.80 (2H, m, 
CH,CH,CH& 2.50-3.00 (12H, overlapping t and s, 
CH,CH,CH,, CHrCH,), 4.05 (4H, s, CHrPh), 7.30-8.40 
(3H, m, aromatic H). 

4’-Aminobenzo-l,4,8,1l-tetrathiacyclopenta&c-13-ene (4’- 
NH,Bz-TTCP) (IV). Into 90 ml of 2-methoxyethanol 
1.5 g (4 n-moles) of 4’-NO,Bz-TTCP (III) was mixed and the 
reaction was started by addition of 0.2 g of 10% Pd/C 
catalyst and 10 ml of hydrazine monohydrate. After 
refluxing for 1 hr the hot reaction mixture was filtered and 
evaporated under reduced pressure. Recrystallization from 
ethanol gave colourless needles, m.p. 122-3”, yield 1.24 g 
(90%). Found: C 51.9% H 6.7x, N 4.2%; C,,H,NS, requires 
C 52.13x, H 6.71x, N 4.05%. The infrared spectrum (KBr) 
had bands at 3430, 3350 cn-’ (NH&. Mass spectrometry 
(MS) (70 eV) gave m/z (relative intensity) 345 (M+, 9), 150 
(100). ‘H NMR (CDCl,) gave S 1.90 (2H, m, CH,CH,CHJ, 
2.60-3.00 (12H, overlapping t and s, CH,CH,CH,, 
CH,CH,), 3.65 (2H, br. s, NH,), 3.90 (4H, CHrPh), 
6.40-7.25 (3H, m, aromatic H). 

4’- Picrylaminobenzo- 1,4,8,11 -tetrathiacyclopentadec- 13- 
ene (4’-PicNHBz-TTCP) (V). 4’-NH,Bz-TTCP (IV) (1.04 g, 
3 mmoles) was mixed with 400 ml of absolute ethanol and 
a solution of 0.74 g (3 mmoles) of picryl chloride in 100 ml 
of absolute ethanol was added dropwise at 40”. To the 
solution 0.41 g of sodium carbonate was added. After 15 
min the reaction mixture was poured into chloroform, and 
the organic layer was separated and washed with water. The 
organic solvent was then evaporated under reduced pressure 
and the residual yellow crystals were recrystallized from 
benzene-ethanol mixture. The product had m.p. 161-2”, 
yield 1.3 g (80%). Found: C 45.40/ H 4.3x, N 10.0% 
C2,HZ4N406S4 requires C 45.31x, H 4.35x, N 10.06%. The 

infrared spectrum (KBr) had bands at 1530, 1510, 1350 
cm-‘(NOJ. MS (70 eV) gave m/z (relative intensity) 556 
(M+, 3) 361 (89) 167 (59), 106 (100). ‘H NMR (DMSO-da 
gave 61.80 (2H, m, CH,CH,CH,), 2.80 (4H, s, 
CH,CH,CHJ, 3.30 (8H, s, CHrCH,), 3.95 (4H, s, CH,Ph), 
6.9c7.45 (3H, m, aromatic H), 9.00 (2H, s, aromatic H). 

Reagents 

Reagent solution. A 5 x 10m5M 4’-PicNHBz-TTCP solu- 
tion in 1,2dichloroethane was prepared. 

Metal solutions. Metal sulphates of guaranteed-reagent 
grade were used to prepare 1 x 10W2M stock solutions, 
which were standardized by EDTA titration. 

Dichloroethane. 1,2-Dichloroethane was shaken three 
‘times with 2M potassium chloride and three times with 
water, dried over anhydrous magnesium sulphate and dis- 
tilled. 

Dioxan. Commercial dioxan was treated with hydro- 
chloric acid and metallic sodium and then distilled, the 
fraction boiling at 102.5-105.5” being collected. 

Other reagents. The other reagents used were reagent 
grade where possible. 

Apparatus 

A Taiyo M incubator was used for shaking the stoppered 
50-ml glass cylindrical tubes. A Seiko SAS-725 atomic- 
absorption spectrophotometer was used for the deter- 
mination of silver and copper. Absorption spectra were 
measured with a Shimazu UV-240 recording spec- 
trophotometer, and the pH of aqueous phases was measured 
with a Hitachi-Horiba H-5 pH-meter. 

Determination of acid dissociation constant 

In an 800-ml water-jacketed vessel controlled at 25”, 600 
ml of 5 x 10msM 4’-PicNHBz-TTCP (V) solution in 50% 
dioxan-water mixture were adjusted to pH 4.0 with sul- 
phuric acid. The absorption spectrum was measured in the 
range 21G600 nm, with a small portion of the solution in 
a l-cm quartz cell. The solution was returned to the 800-ml 
vessel and the pH was raised a little by addition of sodium 
hydroxide solution of suitable concentration (l-lOM, ac- 
cording to the pH required). The spectrum was again 
recorded. By repetition of this procedure, the absorption 
spectra of the reagent over a wide range of pH values were 
measured. The volume change on addition of the hydroxide 
solution could be neglected. The acid dissociation constant 
of the reagent, K,, was calculated from pK, = pH - 
log[L-]/[HL] = pH - log(s - .sr-)/(&nr - E) where ~~~ and 
er- are the molar absorptivities of pure HL and L- solution 
at a selected wavelength and E is the apparent molar 
absorptivity calculated from the absorbance of the mixed 
solution at various pH values. When E is equal to 



Extraction of univalent class b metal ions 

Table 1. Degree of extraction of various metals with 4’-PicNHBz-TTCP in 
1,2dichlorc&haue 

Classification 4’-PicNHBz-TTCP l-TCT§ 
of metal by 

Metal ion Ahrland et al.* a Value? pH E, % PH E, % 

Z$++ a a 0 0 10.3 10.3 0 0 5.4 5.4 0 0 
Mn2+ ab 0 10.3 0 5.4 0.8 
co2+ ab 1.39 10.3 0 5.8 0.8 
Ni2+ ab 1.41 10.3 0 5.4 0.7 
Zn2+ ab 1.25 10.3 0 5.4 0.5 
cu2+ ab 1.64 10.3 0 5.4 5.9 
Cd2+ b 1.66 10.3 0 5.4 0.8 
cu+ b 3.92 7.4 99.5 5.4 99.4 

3.6 15.4 
Ag+ b 3.60 8.3 99.8 5.4 99.9 

3.5 8.0 
Pd2+ b 5.33 10.3 0 5.4 14.3 
Hg2+ b 5.83 10.3 0 5.1 89.5 

*!I. Ahrland. J. Chatt and N. R. Davies, Quunr. Rev. Chern. Sot., 1958,12,265. 
tRef. 7 
§Ref. 2. 
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(eHL + cL-)/2, the pH value is equal to PK. The values of 
E at 450 run were plotted against pH and the values of pK, 
deduced. 

Liquid-liquid extraction of metals 
An aliquot (10 ml) of aqueous solution containing the 

metal ion (5 x 10-5M) and sodium hydroxideborax buffer 
solution (1 x 10w2M) was taken in a stoppered 50-ml glass 
cylindrical tube. The ionic strength was kept at 0.1 with 
sodium sulphate. To obtain a copper(I) solution, enough 
hydroxylammonium sulphate was added to copper(B) sul- 
phate solution to give a O.lM solution. After the addition 
of 10 ml of 2.5 x 10w3M 4’-PicNHBz-TTCP solution, the 
mixture was shaken for 30 mitt at 200 strokes/mm and 
25.0 f 0.1”. The mixture was then centrifuged for 5 min, the 
pH of the aqueous phase was measured and the absorbance 
of the organic phase was measured at 510 nm against a 
reagent blank. When the degree of extraction was very high, 
as in the case of silver and copper(I), the metal concen- 
tration in the aqueous phase was measured by atomic- 
absorption spectrometry. 

RESULTS AND DISCUSSION 

Synthesis of reagent 

The reagent, 4’-PicNHBz-TTCP, was synthesized 
in three steps as shown in Scheme 1. Benzo-1,4,&l i- 
tetrathiacyclopentadec- 13-ene (Bz-TTCP) could not 
be used as the starting material, because the nitration 
of Bz-TTCP with nitric acid to obtain 
4’-NO,Bz-TTCP (III) oxidizes the thioether group in 
the Bz-TTCP, although Bz-lS-crown-5 is easily ni- 
trated.4 Therefore, TTU (I), which was synthesized 
by Bush and co-workers,‘T8 and a,a’-dibromo- 
4-nitro-o-xylene (II) synthesized by Kleinschmidt and 
Braeuniger,9 were used as starting materials. The 
cyclization reaction of the dithiol (I) and the di- 
bromide (II) was performed by the high-dilution 
method, with sodium ethoxide in absolute ethanol. 
The cyclic polythioether, 4’-NO,Bz-TTCP (III) was 
separated by silica-gel column chromatography, with 
benzene-dichloroethane. The reduction of the nitro 
group of (III) to the amino group of 4’-NI-&Bz-TTCP 
(IV) was successfully performed by use of Pd/C as a 

catalyst and hydrazine monohydrate as reducing 
agent, without inhibition of the catalysis by sulphur 
atoms. The final product, 4’-PicNHBz-TTCP (V), 
was obtained by the reaction of (IV) and picryl 
chloride. The compounds obtained at each step of the 
synthesis were identified by elemental analysis, in- 
frared spectroscopy, mass spectrometry and ‘H 
NMR. 

4’-PicNHBz-TTCP, when recrystallized from 
benzene-ethanol, gives orange needles. It is soluble 
in benzene, chloroform, 1,2-dichloroethane, MIBK, 
acetone and dioxan, sparingly soluble in ethanol and 
methanol and insoluble in water. 4’-PicNHBz-TTCP 
is stable in air for at least a month when dissolved in 
organic solvents, or in acidic or neutral (but not 
alkaline) aqueous solutions of solvents miscible with 
water. 

Liquid-liquid extraction of various metals with 
4’-PicNHBz-TTCP 

The following ions were examined: Na+ and Mgz+ 
(class a), Mn’+, Ni*+, Co*+, Cu*+ and Zn*+ (class 
ah), and Cu+, Ag+, Hg*+ and Pd*+ (class b). The 
results are shown in Table 1 along with those for 
extraction with TTCT.* Na+ and Mg*+ were not 
extracted at all, with either reagent. Mn*+, Ni*+, 
Co*+, Cu*+ and Zn*+ were not extracted with 
4’-PicNHBz-TTCP but slightly extracted with TTCT. 
Only Ag+ and Cu+ (of the species tested) were well 
extracted with 4’-PicNHBz-TTCP (E > 99%). Bi- 
valent class b ions such as Hg*+, Cd*+ and Pd2+ were 
not extracted at all, although they are well extracted 
with TACT. 4’-PicNHBz-TTCP, which has only one 
dissociable proton, will form intramolecular ion-pair 
metal complexes only with univalent class b metals. 

Absorption spectra of 4’-PicNHBz-TTCP 

The ultraviolet and visible absorption spectra of 
5 x 10eSM 4’-PicNHBz-‘ITCP in 50% v/v 
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Fig. 1. Absorption spectra of 4’-PicNHBz-TTCP in 50% v/v dioxan-water mixture. Concentration of 
4’-PicNHBz-TTCP: 5 x 10W5M, pH: l-11.10, 10.72; 2-10.33, 10.10, 9.86; 3-9.64; 69.46; 5-9.20; 

68.96; 7-8.72; 8-8.50; 9-8.27; l@-8.01; 11-7.42; 12-5.50; 4.75-4.35, 4.30. 

dioxan-water mixture in the pH range 4Sll.O are 
shown in Fig. 1. In acidic media (pH 4.3), absorption 
maxima appear at 253 and 380 nm. The absorption 
maximum at 380nm decreases with increase in pH 
and a new absorption maximum appears at 445 nm. 
In alkaline media (pH > 1 l.O), absorption maxima 
exist at 253 and 445 nm. The absorption maximum at 
253 nm exists in both acidic and alkaline media, 
although it becomes less intense in alkaline media. 
Three isobestic points are found, at 264, 308 and 
400 nm. These changes in the electronic absorption 
spectra on change of pH indicate the existence of the 
acidic form, HL and basic form, L-, due to the acid 
dissociation equilibrium of the amino group in 
4’-PicNHBz-TTCP. 

Acid dissociation constant of 4’-PicNHBz-TTCP 

It was necessary to evaluate the dissociation con- 
stant of 4’-PicNHBz-TTCP in order to select the 
optimum pH for extraction of univalent class b 
metals, and to determine the effect of complexation 
on the apparent (conditional) dissociation constant. 

The acid dissociation constant was determined 
spectrophotometrically, in 50% v/v dioxan-water 

Table 2. Acid dissociation constants of 4’PicNHBz-TTCP 
(HL) in 50% v/v dioxan-water mixture 

V-$1, 

5 x lo-’ 
5 x 10-S 
5 X 10-5 
5 x 10-z 
5 x 10-5 
5 x 10-S 

[Silver], Mole ratio, 
M HL:Ag pK, 

0 l:o 9.70 
1.66 x 10-S 3:l 9.20 
3.33 x 10-z 3:2 8.76 
5.00 x 1o-5 1:l 8.57 
1.00 x 1o-4 1:2 8.55 
2.00 x 10-d 1:4 8.5 

mixture, and the effect of Ag+ on pK, was also 
examined. The results are shown in Table 2. In 
general, the proton of a secondary amine is difficult 
to dissociate. The inductive effect of the nitro groups 
on the picrylamino group results in a pK, value of 
9.74. This value is decreased in the presence of silver, 
reaching a practically constant value of 8.8 when the 
[Ag+]/[HL] ratio is > 1.0. 

Liquid-liquid extraction behaviour of silver and 

cower (1) 

The absorption spectra of the reagent and its silver 
and copper(I) complexes in 1,Zdichloroethane 
medium are shown in Fig. 2. The absorption band of 
HL has its maximum at 380 nm (&nL = 
1.40 x 10“ 1. mole-‘. cm-‘) and is almost the same as 
that in 50% dioxan-water medium. The absorption 
maxima of the extracted silver and copper(I) species 
are at 450 nm (sH+r- = 2.30 x lti l.mole-‘.cn-I). 

1 ‘.O - 10 

2 

00 
400 500 600 

QO 

Wavelength ( nm ) 
Fig. 2. Absorption spectra of 4’-PicNHBz-TTCP and its 
silver and copper(I) complexes in 1,Zdichloroethane. Con- 
centration of 4’-PicNHBz-TTCP 5 x 10-5M. Dashed lines: 

HL and L- species in 50% v/v dioxan-water mixture. 
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Fig. 3. Plots of log D vs. pH. Initial concentration of silver 
and copper(I): 5 x lo-SM. Concentration of 

4’-PicNHBz-TTCP in 1,2_dichloroethane: 2.5 x IO-‘M. 

The absorption spectra of the two complexes are 
identical and very similar to the spectrum of the 
anion of the reagent, L-, in 50% dioxan-water 
mixture. These facts seem to indicate that the de- 
protonated amino group in the reagent does not bond 
with silver or copper(I) but provides internal charge- 
compensation to form an intramolecular ion-pair in 
which the silver or copper(I) is co-ordinated with 
sulphur atoms of the macrocyclic polythioether. 

If a univalent class b metal ion M+ reacts with HL, 
the extraction equilibrium is generally represented by 
the equation 

M+ + nHL,+ M+L-(HL),_ Ijo + H+ (1) 

The extraction constant is given by 

K = W+L-O-W,- ,,lo[H+l 
x 

FI+1[Hu 
(2) 

The distribution constants for the complex and 
reagent are KD, = [M+L-],/[M+L-] and KDR = 
[HL],/[HL] respectively, and the formation constant 
for the complex and the adduct are 
k; = [M+L-]/[M+][L-] and Kadd = FI+L-(ML), _ , I/ 
[M+L-],[HL]z-’ respectively. The extraction con- 
stant can be written as 

K, = K%K&oJ& (3) 

The distribution ratio of the metal ion is given by 

D= FI+L-wJ,- I,10 
[M+] + w+L-] + [MHL+] 

(4) 

As the aqueous phase is completely colourless, the 
concentrations of the metal complexes M+L- and 
MHL+ in the aqueous phase must be negligibly 
small, and the relationship between the distribution 
ratio, D, and the extraction constant, &, therefore 
gives the logarithmic expression 

log D = log K, + n log[HL], + pH (5) 

Plots of the logarithmic distribution ratio for silver 
and copper(I) us. the pH of the aqueous phase are 

-4 -3 -2 

log C HLI, 

Fig. 4. Plots of log D us. log WL], at pH 7.5 for silver and 
pH 6.2 for copper(I). Concentration of silver and copper(I): 

5 x IO-SM. 

shown in Fig. 3. A linear section with a slope of + 1 
was obtained for both silver and copper(I), as ex- 
pected from equation (5). 

For extraction of silver, log D becomes constant at 
pH > 8, but log D for copper(I) becomes maximal at 
pH N 7.5 then decreases at higher pH. Such decreases 
in log D on the alkaline side may be attributed to the 
formation of hydroxo-complexes of copper(I). As 
seen in Fig. 3, copper(I) is extracted at lower pH than 
silver. The values of PH,,~ (pH at log D = 0) are 5.5 
for silver and 4.2 for copper(I). The values of the 
parameter t1,” representing the softness of the metals, 
are 3.9 for copper(I) and 3.6 for silver, as shown in 
Table 1. It would be expected that the affinity for a 
polythioether (i.e., the bonding to the sulphur atoms 
of the polythioether), would be stronger for copper(I) 
than for silver. Consequently, formation of the 
copper(I) complex cation with the polythioether will 
facilitate dissociation of the proton on the amino 
group more readily than formation of the silver 
complex does. 

Plots of the logarithmic distribution ratio of cop- 
per(1) and silver us. the logarithm of the ligand 
concentration in the organic phase at constant pH 
[7.5 for silver and 6.2 for copper(I)] are shown in 
Fig. 4. Straight lines with slopes of 1 .l and 0.97 were 
obtained for silver and copper(I) respectively. Putting 
n = 1 in equation (5) yields 

M+ + HL,,=M+L,, + H+ (6) 

and shows that silver and copper(I) form the (1: 1 
complex M+L- without formation of an adduct. 

Effect of masking agents on extraction of silver 

The univalent class b metal ions, silver and 

copper(I), were completely extracted with 
4’-PicNHBz-TTCP into 1,2-dichloroethane from 
aqueous solution at pH > 8.0. At such a pH, many 
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Fig. 5. Plots of log D vs. pH. Initial concentration of silver 5 x lW5M; --C-: no masking agent, -_O-: 
O.lM EDTA, -a- O.lM tartrate. 

Table 3. Effects of diverse ions 

Concentration, Absorbance 
Ion M PH at5OOnrn E,% 

None - 9.60 0.588 loo.0 
MnZ+ 1.0 x IO-2 9.63 0.570 96.7 
co2+ 1.0 x 1OP 8.80 0.592 loo.7 
Ni*+ 1.0 x 10-Z 8.83 0.590 loo.3 
cll2+ 1.0 x 10-Z 8.56 0.590 loo.3 
Zn2+ 1.0 x 10-Z 9.32 0.595 101.2 
ccP+ 1.0 x 10-Z 9.30 0.584 99.3 
Fe3+ 1.0 x lo-2 9.63 0.586 99.7 

Concentration of silver: 5 x 10m5M. 

foreign transition metal ions will precipitate as their 
hydroxides, and interfere in the extraction of silver 
and copper(I). Consequently, if large amounts of 
foreign transion metals are present, they must be 
masked by a suitable complexing agent. Hence, the 
effects of EDTA and tartrate on the extraction of 
silver were examined. The results are shown in Fig. 
5. The presence of O.lM EDTA shifts the extraction 
curve by about 5 pH units (PH,~ = 10.8). This pH 
effect may be due to formation of the silver-EDTA 
complex, with an accompanying decrease in the free 
silver ion concentration, though it is diIIicult to see 
why, since the silver-EDTA complex has maximum 
stability at about this pH, but lower stability as the 
pH is decreased. On the other hand, O.lM tartrate 
does not produce so large an effect on the extraction 
curve for silver (pH,,, = 5.8), so O.lM tartrate will 
serve as a suitable masking agent. 

Effect of foreign ions on extraction of silver 

The interference from Mn(II), Co(II), Ni(II), 
Ct.@), Zn(II), Cd(I1) and Fe(II1) in presence of 0.1 it4 
tartrate as masking agent was examined, with a 
shaking time of 5 min for extraction of silver. The 
results are shown in Table 3. Co’+, Ni2+, Cu2+, Zn2+, 
Cd2+ and Fe3+ in a 200-fold amount relative to silver 
do not interfere, and Mn2+ decreases the absorbance 
by only 3.1%. A 5 x lo-‘M silver solution containing 
MnZi, Co2+, Ni’+. Cu2+, Zn2+, Cd’+ and Fe’+, each 
at 1 x 10m2M concentration, was successfully anal- 
ysed, with 0.W tartrate as masking agent, the silver 
recovery being 98.6%. 
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Summary-A method for the separation of trace levels of Zn(II), Fe(H), Ni(I1) and Co(I1) by on-column 
formation of their complexes with 4-(2-pyridylaxo)resorcinol and subsequent separation of the complexes 
by reversed-phase liquid chromatography is described. Either acidic or buffered mobile phases can be used. 
For the separation using acidic mobile phases the role of the mobile-phase pH, concentration of PAR, 
and type of stationary phase is described. For buffered (slightly acidic) mobile phases it is shown that 
the complexing ability of the buffer can be used to influence the separation. Data on the use of this system 
for quantitative analysis are included. 

In recent years ion-chromatography-‘-3 has proven to 
be a convenient means of separating metals at trace 
levels. However, the separation of metals as metal 
chelates is a technique which offers some potential 
advantages. Reversed-phase systems generally per- 
form with higher efficiency than ion-exchange sys- 
tems. Because of the improved efficiency offered by 
the reversed-phase separation of metal chelates it may 
be possible to achieve otherwise difficult separations. 
Furthermore, the use of chelating agents that give 
high sensitivity for the determination of metals 
should result in good sensitivity for the separation of 
metal chelates. For these reasons the separation of 
metals as chelates has received modest but steady 
attention. 

An extensive review on the high-pressure liquid 
chromatography of metal chelates has recently been 
published: covering the separation of metal chelates 
with /I-diketones, B-ketoamines, thiosemicarbazones, 
thiobenzohydrazones, hydrazones, dithizone, di- 
thiocarbamates, 8-hydroxyquinolines, bipyridyl, 
1, lo-phenanthroline, crown ethers, macrocyclic ami- 
nes, porphyrins and organophosphorus complexes, 
and both normal phase and reversed-phase sepa- 
rations. 

One reagent which possess characteristics which 
make it attractive as a chelating agent in metal 
analysis is 4-(2-pyridylazo)resorcinol (PAR). PAR is 
water-soluble and forms soluble chelates with a large 
number of metals5 PAR chelates have high molar 
absorptivity, which makes it possible to determine 
them at very low concentrations. The chelation of 
metals by PAR is rapid and the stability constants are 

large,6 but very little work has been reported7*8 on the 
use of PAR as a chelating agent for the separation of 
metals. This paper reports on the use of PAR as an 
on-column chelating agent for the separation of 
metals by reversed-phase high-pressure liquid chro- 
matography (HPLC). 

EXPERIMENTAL 

An Altex Model 420 liquid chromatograph (Altex 
Scientific Inc., Berkeley, CA) with a Schoeffel Instruments 
Spectroflow Monitor SF770 variable-wavelength detector 
(Schoeffel Instruments Corp., Westwood, NJ) and a Waters 
Model M-6000 pump with a Model UK-6 injector (Waters 
Associates, Milford, MA) were used to obtain chro- 
matograms of the metal complexes. A Hewlett-Packard 
Model 710lB strip-chart recorder (Hewlett-Packard, Avon- 
dale, PA) was used to record the chromatograms. A 25-cm, 
5-pm Alltech C-18 and C-8 column (Allte-ch Inc., Deerfield, 
IL) and a 15-cm, 5 pm Chromega C-2 column (ES Indus- 
tries, Marlton, NJ) were used to separate the metals. A 
Whatman 37-pm ODS guard column (Whatman Inc., 
Clifton, NJ) was used with the C-18 column. 

HPLC grade methanol (Fisher Scientific) was used to 
prepare the mobile phase. Phosphate, acetate and tartrate 
buffers were passed through a glass column packed with 
Chelex 100 (100-200 mesh) to remove traces of metals. All 
other reagents were analytical-reagent grade and used as 
received. All solutions were prepared from doubly-distilled 
demineralized water and filtered through 0.5~pm mem- 
branes before use. 

Procedure 

Chromatograms were obtained at ambient temperature in 
the usual manner. The column was conditioned by pumping 
the mobile phase containing PAR until a stable base. line 
was recorded. Samples were directly injected into the mobile 
phase. Sample volumes were 20 pl in all cases. In general, 
mobile phases were buffered with a single buffer system 
(bisulphate, acetate, tartrate or phosphate). For some ex- 
periments bisulphate-acetate mixed buffers were used. 
These were prepared by mixing the appropriate amount of 
1M pH-5 acetate buffer with a known volume of 1M pH-2.4 
bisulphate buffer to obtain the desired pH. The samples 
consisted of trace levels of metals in demineralized water. 
The metal-PAR complexes were monitored at 525 nm 
unless otherwise stated. The chromatographic system was 
rinsed with methanol at the end of each experiment and 
stored filed with methanol when not in use. 

803 
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RESULTS AND DISCUSSION 

This study investigated the reversed-phase sepa- 
ration of metals chelates on silica-based bonded- 
phase columns. Use of these phases is limited to the 
pH range between 2 and 8.9 Over this range metals 
form either 1: 1 or 1:2 metal:PAR complexes. Many 
more metals form PAR complexes at pH > 4 than at 
pH < 4. The separation of metals as PAR complexes 
was investigated for both pH regions. 

Separations performed in the pH range 2-4 are 
characterized by good analytical selectivity, because 
few metals form PAR complexes under acidic condi- 
tions. Also, these metal complexes have shorter reten- 
tion times. Figure 1 shows the effect of pH (< 4) on 
the retention of the Zn(II), Fe(H), Ni(II) and Co(I1) 
complexes. Two different types of behaviour are 
evident. For Fe(I1) and Ni(I1) the capacity factor is 
independent of mobile-phase pH. For Co(I1) and 
Zn(I1) the capacity factor increases as the pH in- 
creases. 

These data seem related to the type of complex 
formed. All four metals form 1:2 complexes with 
PAR, but the cobalt complex is positively charged 
owing to the formation of CO(III).~*~~~” This makes it 
much more polar than the uncharged cobalt complex, 
so it should be less easily retained than the uncharged 
complex by the non-polar stationary phase. When 
the pH of the mobile phase is increased, the 
Co(III)(PAR)+ complex can be converted into un- 
charged Co(III)(PAR), which will be retained more 
strongly. This would explain the observed increases in 
retention for cobalt with increase in pH. 

The behaviour of the zinc complex is due to the 
comparatively low stability constant (log fi2 = 19). 
Although zinc chelates are usually more stable than 
the corresponding iron(I1) chelates (Irving-Williams 
order’*), this is not always the case, because iron(I1) 
complexes can be stabilized by formation of a low- 
spin complex. I3 This effect has been observed indi- 
rectly in studies involving PARI and other similar 
ligands.15 The increased retention of zinc with in- 
crease in pH (Fig. 1) is due to an increase in the 
degree of formation of the neutral PAR complex, 
since the conditional stability constantI will increase 
as the pH of the mobile phase increases. 

A second factor which was found to be important 
for the separation of metals as PAR complexes was 
the concentration of PAR in the mobile phase. Figure 

10 - 
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Fig. 1. Effect of pH on retention of metal-PAR complexes. 
Mobile phase methanol-O.OlM bisulphateacetate buffer 
mixture (55:45 v/v), PAR concentration 1.0 x 10e4M 

Co(II), 0; Zn (II) A; Ni(I1) 0; Fe(I1) a. 

Fig. 2. Influence of the concentration of PAR on the 
retention of metal-PAR complexes. Mobile phase 
methanol-pH-2.54 O.OlM bisulphate buffer (55:45 v/v). 

Symbols same as for Fig. I. 

2 shows the effect of PAR concentration on the 
retention of the metals studied. For Zn(II), Fe(I1) and 
Ni(II) the capacity factor increases as the concen- 
tration of PAR in the mobile phase increases. This is 
consistent with an increased degree of formation of 
the 1:2 complexes in accordance with the law of mass 
action. When there is an excess of metal ion the 
charged 1: 1 complexes will be formed,5 which will be 
relatively poorly retained. Since the only difference 

Table 1. Chromatographic data from use of different non-polar stationary phases 
(mobile phase as for Fig. 3) 

Stationary phase 

C-18 C-8 c-2 

Metal k HEPT. mm k HETP. mm k HETP. mm 

Zn 0.88 2.14 0.59 2.87 0.29 1.80 
Fe 3.56 0.10 5.96 0.07 3.23 0.11 
Ni 5.98 0.10 9.01 0.19 4.33 0.22 
co 11.56 0.76 2.13 0.12 1.75 0.40 
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Fig. 3. Separation of metals with an acidic mobile phase on 

Zn(I1) 80 ng; Fe(U) 10 ng; Ni(I1) 20 ng; Co(I1) 40 ng. 

a C-18 column. Mobile phase methanol-pH-2.54 O.OlM 
bisulphate buffer (52:48 v/v). PAR concentration 
5 x W4M. Flow-rate 1.0 ml/min. Detector setting 525 nm. 

between these three complexes is in their stability, 
they should behave in a similar manner, as observed. 

For Co(I1) the retention decreases as the PAR 
concentration increases. This cannot he explained at 
present, but could he due to increase in degree of 
complexation and hence of degree of oxidation to the 
less strongly retained charged Co(II1) complex. 

Table 1 shows the data obtained for the separation 
of test metals under identical conditions but on 
different stationary phases. The most interesting as- 
pect of this is the change in elution order with 
different stationary phases. Cobalt is eluted last from 

Table 2. Effect of buffer on the capac- 
ity factor 

Metal Acetate Tartrate 

Fe 5.10 2.45 
Ni 6.25 3.40 

Separation performed on a C-18 col- 
umn, mobile phase as for Fig. 5. 

NI 
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Fe 
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Fig. 3. 

Fig. 4. Separation of metals with an acidic mobile phase on 
a C-2 column. Detector setting 546 nm. Zn(I1) 24 ng; Co(I1) 
12 ng; Fe(I1) 21 ng; Ni(I1) 7 ng. Other conditions as for 

the C-18 column and second from the C-8 and C-2 
columns. There is also a marked improvement in the 
theoretical plate height for cobalt when it comes 
earlier in the elution order. 

The change in elution order and efficiency with 
different stationary phases may indicate differences in 
the separation mechanism of the metals on the 
different phases. It is important to note that the 
elution order of the metals on the C-8 and C-2 
columns parallels the order of stability of the metal 
complexes.6J0~‘4~‘5 This would support the idea that 
the separation is controlled mainly by the degree of 
formation of the metal complex. The unexpectedly 
long retention time for cobalt on the C-18 column 
indicates that some other factor also contributes to 
the retention process. Two possibilities are increased 
retention due to poor mass transfer of the Co-PAR 
complex in the C-18 bonded phase, and adsorption 
on the residual silanol sites on the column. 

Figures 3 and 4 show chromatograms obtained for 
the separation of trace levels of Zn(II), Fe(II), Ni(I1) 

Table 3. Calibration data for trace analysis (mobile phase and column as for 
Fig. 3) 

Abs. det. limit, 
Metal Slope Intercept r RSD, % ng* 

Zn 0.37 0.23 0.996 7 20 
Fe 1.91 12.3 0.997 7 1 
Ni 3.01 5.4 0.993 5 2 
co 2.38 42.6 0.995 9 8 

*Estimated for a signal/noise ratio of 2. 
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Fig. 5. Separation of metals with a slightly acidic mobile 
phase on -a C-18 column. Mobile phase methanol-pH-5 
O.OlM acetate buffer. (50:50 v/v). PAR concentration 
1.0 x 10m4M. Flow-rate ‘1.0 ml/&. Detector setting 525 

nm. Co(I1) 1.2 ng; Fe(I1) 4 ng; Ni(II) 8 ng. 

and Co(II), on the C-18 and C-2 columns re- 
spectively, with an acidic mobile phase. The short- 
chain stationary phases, which can produce similar 
chromatograms, give good separations with short 
analysis times and good sensitivity. 

Separations of metal-PAR complexes by use of a 
slightly acidic mobile phase (pH > 4) are character- 
ized by low analytical selectivity since many metals 
form complexes, but high chromatographic select- 
ivity since many of the complexes are strongly 
retained in this pH range. Figure 5 shows the sepa- 
ration of Co(H), Fe(I1) and Ni(I1) by use of a pH-5 
acetate buffer. 

In the slightly acidic pH range it is possible to use 
complexing buffers not only to control pH, but also 
to influence the separation through competition with 
PAR for the metal. This is not possible with acidic 
mobile phases because the acidity will prevent com- 
plex formation between the metal and the buffering 
anion unless the stability is very high. This is not 

Table 2 shows a comparison of the influence of 
acetate and tartrate buffers on the capacity factors for 
Fe(I1) and Ni(I1) at pH 5. The tartrate buffer system, 
which is capable of forming complexes with transi- 
tion metals, reduces the retention of both metals. 
Unfortunately, tartrate also lowers the efficiency of 
the system. The number of theoretical plates for the 
separation of Fe(I1) and Ni(I1) decreases by about 
30% on changing from the acetate to the tartrate 
buffer. 

On-column chelation of metals with PAR is suit- 
able for trace analysis. Table 3 shows the linear 
regression data, relative precision and estimated de- 
tection limits for the test metals. Linear calibration 
curves over at least one order of magnitude were 
obtained. 

Separation of trace levels of Zn(II), Fe(II), Ni(I1) 
and Co(I1) is possible by using on-column chelation 
with 4-(2-pyridylazo)resorcinol and reversed-phase 
chromatography. The most important factors to con- 
sider are the mobile-phase pH and the type of 
stationary phase. The ability to control the elution 
order of the metals by proper selection of either could 
be advantageous in some situations. 
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Summary-In the optimum configuration of any flow-injection analysis system there is a maximum 
experimentally attainable sampling rate. Any attempt to increase this sampling rate will result in 
overlapping output peaks. Use of deconvolution techniques to separate the overlapping peaks allows the 
sampling rate to be increased. Fourier-transform deccnvolution and an iterative curve-fitting deeon- 
volution technique have been compared with simulated as well as experimental data. It has been shown 
that the iterative curve-fitting technique is less sensitive than the Fourier-transform deconvolution to 
random noise. 

Unsegmented continuous-flow analysis or flow- 
injection analysis, FIA,’ is an established analytical 
technique in many clinical and environmental labora- 
tories in which large numbers of samples have to be 
analysed daily. The major advantage of FIA is that 
small sample volumes 011) can be. analysed with a 
minimum expenditure of time and reagents. The 
procedure involves the injection or “intercalation”* 
of a small sample volume into a flowing carrier 
stream. The sample and carrier streams mix and a 
chemical reaction occurs between the components of 
the sample and carrier streams. Usually, one of the 
products formed in this chemical reaction is mon- 
itored with a detector located downstream. The mix- 
ing that occurs results in an increase in the sample 
volume’ and consequently a broadening of the output 
peak. In conventional applications of FIA the sam- 
pling rate is limited by the requirement that succes- 
sive output peaks should not overlap. If this max- 
imum sampling rate is exceeded, the peak broadening 
will give rise to overlapping output peaks. The infor- 
mation contained in the overlapping peaks can be 
retrieved by using deconvolution techniques that 
mathematically remove the effect of peak broadening. 
The objective of this work was to develop a meth- 
odology for deconvolution of overlapping peaks ob- 
tained in FIA systems with rapid sampling, and to 
examine the factors that affect the accuracy and 
reproducibility of the results obtained by decon- 
volution. The FIA system was assembled from com- 
ponents available in our laboratory and the system is 
therefore not optimized for this investigation. As a 
consequence, the reproducibilities reported are 
probably poorer than the optimum values. 

THEORY 

The successive injection of a series of sample 
volumes into a flowing carrier stream results in the 

*Author for correspondence. 

introduction of a corresponding series of narrow 
sample plugs into the carrier stream. A combination 
of the injection rate and the sample concentrations 
constitutes the input function of the FIA system. The 
narrow sample plugs become broadened, for a variety 
of reasons, while they are being carried towards a 
detector and this broadening is the response function 
of the FIA system. The detector response, therefore, 
is the convolution of the input function with the 
response function (Fig. 1). The requirement that 
successive sample volumes do not mix with each 
other during their journey to the detector sets an 
upper limit on the rate at which the samples can be 
injected into the carrier stream. This upper limit can 
be calculated from the width of the response function. 

Time - 

Fig. 1. Convolution of the input function with the response 
function in an FIA system. A, input function; B, response 
function; C, convolution of A and B to give the FIA output 

function. 
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If the peak broadening (the response function) can be 
deconvoluted from the output (the detector re- 
sponse), the rate of injection can be increased eonsid- 
erabiy and be limited only by the mechanical methods 
available for injection or intercalation of sample 
volumes in rapid succession into a carrier stream. 
Useful analytical data can be obtained, however, only 
if the output can be successfully analysed mathe- 
matically. 

The feasibility of deconvoluting the response func- 
tion from the output was examined first with a set of 
simulated data generated for this purpose. Several 
investigators have proposed various models and 
mathematical functions to explain the effect of dis- 
persion on peak profiles in FIA systems.4~s In this 
work an empirical mathematical function that de- 
scribes the peak profile obtained in an FIA system’ 
was used to represent the response function of the 
system. The concentration at the detector, C(t), when 
time t has elapsed after the initial injection, is repre- 
sented by: 

1 tN-’ 
C(r)=?; T 

0 

1 -e-I/T 
(N - l)! 

where T and N are constants. 
The simulated data were generated for N = 3 and 

T = 10 and values of C(r) were calculated for I-set 
time intervals. Simulated output data sets were gener- 
ated by convoluting this response function with input 
functions representing two discrete injections of equal 
analyte con~ntration. The input function is 
Y(t) = C,,, where C, is the initial sample concen- 
tration for every value of t at which an injection is 
made; for all other values of t, Y(t) = 0. A 50-set 
separation between the two injections was chosen to 
give convolution results that showed a significant 
overlap of the adjacent output peaks. The con- 
volution can be expressed as con(r), the time- 
averaged or integrated product of the input function, 
Y(t), and the response function C(t), where t is the 
relative displacement.6 

YQ)C( - t _t T)df 

A Fourier-transform deconvolution and an iter- 
ative convolution curve-fitting technique4 were the 
two methods investigated for de~nvoluting the re- 
sponse function from the output. The Fourier- 
transform deconvolution was performed by first tak- 
ing the Fourier transforms of the response function 
and the output function and dividing the second by 
the first. The inverse transform of the resulting 
function then represented the original input func- 
tion.7 In the iterative convolution curve-fitting 
method, a trial input function was convoluted with 
the response function. The results of the convolution 
were compared with the original data and the good- 
ness of fit was evaluated by a chi-squared test. The 

b 

(signal /noise) 

Fig. 2. Effect of signal:noise ratio on deconvolutions: a, 
Fouler-tr~sfo~ d~nvolution; b, ~nvoIutio~ curve- 

fitting. 

parameters of the trial input function (time of injec- 
tion and sample concentration), were then iteratively 
adjusted until a minimum value for x2 was obtained.* 
The application of these deconvoiution techniques 
should yield, in principle, an input function that 
represents two discrete injections of equal concen- 
trations (or the corresponding peak heights). The 
variables investigated in this work were the effect of 
random noise and variation of the signahnoise ratio 
(from 20 to 2000) on the applicability of the two 
deconvolution techniques. The effect of the sig- 
nal:noise ratio was determined by comparing the 
relative difference between the peak height, Speak 
height (1) - peak height (2)]/(average peak height), 
for the two injections, obtained after deconvolution 
by the Fourier transform and by the iterative con- 
volution curve-fitting technique (Fig. 2). The results 
suggest that although the Fouler-transfo~ decon- 
volution may provide better results at high sig- 
nal:noise ratios, the iterative method is much less 
sensitive to noise when the time intervals between 
sample injections are relatively long. 

These initial calculations with simulated data have 
shown that it is feasible, within certain limitations, to 
deconvolute an FIA output consisting of overlapping 
peaks. The next phase of this work was designed to 
identify the experimental variables in the FIA system 
that cause random noise and decreased signal:noise 
in the output, and therefore tend to invalidate the 
d~onvolution technique selected. 

EXPERIMENTAL 

Instrumentation 
The FIA system shown in Fig. 3 consisted of a Cole- 

Palmer “Masterflex” peristaltic pump (#7014), an Altex 
pneumatic injection valve with a sample loop (80 ,ul volume) 
and a mixing coil, 3 m in length and 0.8 mm in diameter, to 
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Fig. 3. Schematic representation of the FIA system used for the generation of overlapping peaks. 

provide the dispersion normally encountered in FIA experi- 
ments. A Gilford 240 spectrophotometer fitted with a 
cylindrical flow-through cuvette with a capacity of 0.08 ml 
and l-cm path length (NSG Precision Cells # 513) was used 
as the detector. A flow-rate of 3.8 ml/min was used and the 
absorbance of the permanganate ion was monitored at 
525 mm. 

The data were collected and processed with the aid of a 
Digital Equipment Corporation LSI 1 l/O2 microcomputer. 
The analbgue output- voltage from the Gilford -spec- 
troohotometer was digitized by a Data Translations 2781 
analogue I/O system & at f 1.0 V full scale. The DT278 1 
utilizes a 1Zbit A/D converter with the 12th bit a sign bit. 
The D/A converter of the DT2781 was used to control the 
Altex injection valve. 

RESULTS 

Deconvolution of overlapping peaks 

Several sets of experiments were performed in 
order to determine the practical limitations within 
which the overlapping peaks in the output could be 
deconvoluted. The simplest possible experimental 
conditions were selected for this initial study; the FIA 
system consisted of a single carrier stream into which 
was injected a species such as permanganate which 
absorbs in the visible region of the spectrum. This 
obviates the requirement for a chemical reaction 
between the injected sample and a component of the 
carrier stream, and thereby simplifies the system 
considerably. 

In the first set of experiments, constant volume 
samples of a potassium permanganate solution 
( N 4 x 10m3M) were injected in rapid sequence into a 
flowing carrier stream of distilled water. The rate of 
sample injection was such that the absorbance of the 
carrier stream monitored by the detector at 525 nm as 
a function of time, i.e., the output, consisted of a 
series of overlapping peaks. When a sample volume 
of 80 ~1, a flow-rate of 3.8 ml/mm and a mixing coil 
3 m long and 0.8 mm in diameter were used, the time 
between the first appearance of a peak and the return 
to within 1% of peak height from baseline was found 
to be 25 sec. A sample injection rate of one every 
10 set was used to provide a series of overlapping 
peaks as shown in Fig. 4A, in which the maximum 
peak height of each peak was influenced to a 
significant extent by the presence of adjacent peaks. 
A single injection of the permanganate solution into 
the carrier stream under these conditions gave an 
output (Fig. 4B) which was the response function of 
the system. This response function was used in the 

convolution curve-fitting method for a deconvolution 
of the overlapping peaks. 

The composition of the carrier stream had a pro- 
nounced effect on the results obtained from the 
deconvolution. The height of the initial peak was 
always the lowest value in the set of peak heights. 
Some improvement in the overall precision of the 
results was achieved by the addition of an inert 1: 1 
electrolyte, such as potassium chloride, to the carrier 
stream. It was observed that the concentration of the 
electrolyte in the carrier stream could either increase 
or decrease the overall precision of the results. The 
best results, in which the peak height of the initial 
peak was not significantly lowered, were obtained 
when the concentration of the 1: 1 electrolyte was 
slightly greater than that of the permanganate solu- 
tion. 

A second set of experiments was conducted to 
determine the effect of varying sample concentration 

Time 6 

Time- 

Fig. 4. Multiple overlapping peaks in the FIA output. A, 
output from six consecutive injections of the same concen- 
tration; B, response function obtained from a single 

injection. 
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Fig. 5. Multiple overlapping FIA peaks obtained with 
different concentrations. A, output from consecutive injeo 
tions of varying concentration; B, response function of the 

FIA system. 

on the precision of the results obtained by the 
deconvolution technique. Pairs of alternately low 
(2 x 10e3M) and high (4 x 10F3M) concentrations of 
permanganate were injected into the carrier stream 
(2.3 x lo-‘M potassium chloride), and the resulting 
output is shown in Fig. 5A. The response function 
was obtained by injecting a single sample volume of 
the 4 x 10T3M permanganate solution into the carrier 
stream (Fig. 4B). The deconvolution of the output 
gave an average peak height ratio of 1.98 for the two 
concentrations of permanganate used in this experi- 

The effect of varying the sample injection rate on 
the precision of the peak heights obtained by the 
deconvolution technique was evaluated. When the 
interval between sample injections was 30 set the 
output consisted of well-separated peaks under the 
experimental conditions described above. The rela- 
tive standard deviation of the peak heights obtained 
by deconvolution increased perceptibly when the time 
interval between sample injections was decreased 
from 30 to 10 sec. When this time interval was 
decreased from 10 to 7 set the standard deviation was 
quadrupled. Although the output consisted of mul- 
tiple peaks that were readily apparent with sample 
injection every 7 set, the number of experimental 
points was insufficient for acceptable results to be 
obtained by the deconvolution technique. This situ- 
ation could be remedied, if necessary, by increasing 
the A/D sampling rate. 

These results have demonstrated that rapid sam- 
pling with an FIA system in conjunction with an 
appropriate deconvolution technique is a useful addi- 
tion to the methodology available for the study of the 
kinetics of moderately fast reactions. The method is 
especially useful for the automated sampling of the 
liquid phase in heterogeneous reaction systems in 
which the determination of initial rates is important. 
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Summary-The behaviour of nickel di-o-tolylmbazonate and nickel di-o-tolylthiocarbazonate with 
organic nitrogen bases has been examined with a view to better understanding of the effect of different 
donor atoms in adduct formation. The adducts formed vary remarkably in composition and stability, and 
there are some interesting steric effects. 

di-o -tolylcarbazonate, Ni(OTC)2, is dia- 
magnetic, in contrast to the nickel chelates of 
diphenylcarbazone, di-m -tolylcarbazone, and di- 
p-tolylcarbazone, which are paramagnetic.’ The spec- 
trum of Ni(OTC)2 is remarkably different from the 
spectra of most other metal di-o-tolylcarbazonates, 
which closely resemble those of the nickel di-o- 
tolylcarbazonate adducts of phenanthroline or other 
nitrogen bases. This resembles the behaviour of 
nickel dithizonates towards nitrogen bases.2 Much 
work has been done on the evaluation of factors such 
as ligand basicity, solvent, steric effects and metal 
chelate acidity in the study of adduct formation from 
metal chelates.W In this report, we give some results 
of a study of the adducts of nickel chelates of 
di-o-tolylcarbazone, Ni(OTC)2 (I), and its sulphur 
analogue, di-o-tolylthiocarbazone, Ni(OTTC)2 (II), 
with different nitrogen bases. The comparative study 
of adducts of Ni(OTCX and Ni(OTTC),, both of 
which have square planar structures, may lead to a 
better understanding of the behaviour of different 
donor atoms in the formation of adducts. 

EXPERIMENTAL 

Apparatus 

Absorption spectra were measured with a Bausch and 
Lomb Spectronic 2000 recording spectrophotometer. 

Reagents 

Di-o-tolylthiocarbazone was prepared by the method 
described by Hubbard and Scott,’ involving persulphate 
oxidation of di-o-tolylcarbazide, and purified by the method 
suggested by Ghosh and Ray.‘O Di-o-tolylcarbazide was 
synthesized by heating o-tolylhydrazine and guaiacol car- 
bonate for 3 hr at 160” as suggested by Noller.” The melting 
point of the di-o-tolylcarbazone was 137”. Pyridine (Fisher), 
picolines (Eastman), lutidines (B.D.H.), collidine (Fluka) 
and ethylenediamine (B.D.H.) were dried over solid potas- 
sium hydroxide and distilled. Constant-boiling fractions 
were collected and used. 2,2’-Bipyridyl (Eastman), 
l,lO-phenanthroline (G. Frederick Smi& Ci.), n&cupro&e 
(B.D.H.), nickel perchlorate (Fisher Reagent Grade), 
chlorofdrm (Merckj and carbon ietrachloride<Merck) we& 
used as received. 

Preparation of nickel di-o-tolylcarbazonate 

A slight excess of 0.01 M nickel perchlorate buffered with 
1 M ammonia and 1 M ammonium chloride was added to an 
alcoholic O.OlM solution of di-o-tolylcarbazone at room 
temperature. The mixture was stirred and the precipitate 
formed was collected under suction and washed several 
times with water and fmally with ethanol. The complex was 
dried at room temperature over phosphorus pentoxide 
under vacuum. The nickel content of the complex was found 
to be 9.87% by the phenanthroline-dithizone method devel- 
oped by Math et al.‘* (theory requires 9.91%). 

Preparation of nickel di-o-tolylthiocarbazonate 

A slight excess of O.OlM nickel perchlorate was added to 
O.OlM di-o-tolylthiocarbazone solution in l+dioxan. The 
mixture was diluted with water and the precipitate obtained 
was filtered off, washed several times with water and finally 
with carbon tetrachloride. The product was dried over 
phosphorus pentoxide under vacuum at room temperature 
for 12 hr. Its nickel content was found to be 9.10% by the 
phenanthroline-dithizone method’* (theory requires 9.39%). 

Determination of equilibrium constants 

Known volumes of chloroform solutions of the given 
nickel complex were pipetted into standard flasks containing 
various amounts of the nitrogen base (dissolved in chloro- 
form) and the mixtures were diluted to the mark with the 
solvent. The absorption spectra of the solutions were ob- 
tained in the range 400-700 nm, with an optical path-length 
of 10 mm. The absorbance values at 630 and 665 nm were 
found to be suitable for study of formation of the Ni(OTC), 
and Ni(OTTC), adducts, respectively, the difference in 
absorbance between chelate and adduct being largest at 
these wavelengths. The absorbances were found to be 
constant for at least 1 hr unless otherwise stated. Typical 
plots are shown in Figs. 1 and 2. The absorbance values 
were also used to obtain mole-ratio plots (e.g., Fig. 3). 

RESULTS AND DISCUSSION 

Chloroform solutions of Ni(OTC), are slate-blue, 
with two absorption bands in the visible region at 630 
nm (~~~~2.1 x lo4 l.mole-‘.cm-‘) and 465 nm 

(s46s N 1.4 x 104 1 .mole-’ .cm-‘), in contrast to most 
of the other metal-OTC complexes, e.g., those of Zn, 
Co, Cu, which each have a single absorption band at 
about 550 nm. The absorption spectrum of Ni(OTC), 
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Fig. 1. Absorption spectra of Ni(OTC), + 2,2’-bipyridyl mixtures in chloroform. [Ni(OTC)d: 3 x 10e5M. 
[2,2’-bipy] ptM: (a) 0.0, (b) 1.34, (c) 2.69, (d) 4.03, (e) 5.38, cf) 6.72, (g) 8.07, (h) 9.41, (i) 10.76,(j) 12.10, 

(k) 13.45, (1) 14.79. 

also differs from that of the nickel complexes of 
diphenylcarbazone and di-p -tolylcarbazone, which 
have a single absorption band at around 500 nm. The 
spectrum of Ni(OTC), undergoes a profound change 
on addition of certain nitrogen bases, giving a single 
absorption band at around 520 nm with E = 2.5 x lo4 
1. mole-’ . cm- ‘. This closely resembles the behaviour 
of the nickel dithizonate adducts with nitrogen 
bases2 There are two isosbestic points in the visible 
region for the Ni(OTC)r adduct systems, at around 
570 and 465 nm. In some cases the isosbestic points 
are not sharp, however, as the Ni(OTC)r itself is not 
stable in solution, and its colour slowly fades. 

The absorption spectrum of the brown chloroform 
solution of Ni(OTTC)r also has multiple absorption 
bands (A,, =665, 550 and 420 mn with 
E N 2.2 x 104, 2.5 x lo4 and 2.0 x lo4 l.mole-‘.cn-’ 
respectively), unlike those of other metal o- 
tolylthiocarbazonates (Hg, Co, Cd, Zn etc.) which 
have a single absorption bandI at around 500 nm. 
On addition of nitrogen bases the multiple peaks of 
Ni(OTTC)2 also coalesce to give a single band at 
around 500 nm, as might be expected from the 
behaviour of nickel dithizonate and Ni(OTC),. 

The change in the spectra of nickel complexes on 
the addition of heterocyclic nitrogen bases could be 
used to determine the equilibrium constants of the 
adducts. The overall formation constants /Iid of the 
adduct for the reaction of the nickel chelate, NiL,, 

with n molecules of base, B, to form the adduct, 
NiL,B, is given by: 

WLAI 
“’ = [NiL,][B] (1) 

when n is 21. 
If the initial concentrations of the chelate and base 

are C$ and Co, respectively, then 

CEb = [NIL,] + [NiLrB,,] (2) 

and 

Co, = [B] + n [NiL,B,] (3) 

The absorbance A at a wavelength at which both the 
adduct and the nickel chelate absorb radiation is 
given by: 

A = .sJNiL2] + .sad[NiL,BJ (4) 

for l-cm path-length, ach and E,~ being the molar 
absorptivities of the chelate and adduct respectively. 
Substitution and rearrangement gives 

%h c:h - A 
“” = (A - E&‘~)[B] 

Since the absorbance ( Ach) in the absence of base and 
the absorbance (A,) in the presence of a large excess 
of base (i.e., when all the complex is in the adduct 
form) are given by A,, = echCzh and A, = E,~C~~, 
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Fig. 2. Absorption spectra of Ni(OTTC), + l,lO-phenanthroline mixtures in chloroform. [Ni(OTTC)J: 
3 x 10-5M. [l,lO-phen], IO-‘M: (a) 0.0, (b) 1.67, (c) 3.35, (d) 5.02, (e) 6.70, cf) 8.37, (g) 13.40, (h) 26.80. 

equation (5) can be rewritten in logarithmic form as 

(4-A) 
log /Cd = - n logPI + log (A _ Aad) (6) 

The concentration of free base at equilibrium, [B], 
is calculated by using the relation: 

fBl = ci - n 
(A - w% 

(E,d - &J (7) 

The second term on the right-hand side of equation 
(7) corresponds to the base bound to the chelate to 
form the adduct. When the adduct is weak, a large 
excess of base must be added to form the adduct, but 
only a small fraction is actually bound, so [B] can 
conveniently be taken as equal to Co,, and logbid can 
be taken as equal to -n logC0, when 
(AC,, - A)/(A -A,) is equal to unity. The stoichi- 
ometry of such adducts was eatablished by Job’s 
and/or mole-ratio methods (Table 1). Because of the 
instability of the Ni(OTC)2 solutions (mentioned 
above), accurate values for @:d can be obtained only 
by making accurately timed absorbance measure- 
ments, and corrections to allow for the fading of the 
Ni(OTC), colour, and this has not yet been achieved. 

For the adducts of Ni(OTC)* with unidentate 
bases, the approximate logbid values increase linearly 
with pK, for the conjugate acid of the base. These 
adducts contain two moles of base as shown by the 
slope of 2 for the plots of log (A,, - A)/( A - A,) us. 

-log[B]. This accounts for six co-ordination sites 
around nickel. It is interesting that the pink adducts 
of Ni(OTCX with unidentate bases such as pyridine, 
or 3- and 4-picolines are unstable and rapidly decom- 

pose, whereas the adducts with 2-picoline, 
2,6-lutidine, 2,4-lutidine and 2,4,6_collidine, which 
have sterically hindering groups, are stable for at least 
1 hr. We have been unable to establish the reasons for 
this behaviour. 
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6 0.3 
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Jij 0.2 
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0.1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Mole ratio, Cbipy 3, / CNi (OTC& 

Fig. 3. Mole-ratio plot showing adduct formation between 
Ni(OTC), and 2,2’-bipyridyl. 
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Table 1. Adduct formation from Ni(I1) chelates 

Base 

Ni-di-o-tolylcarbazonate adducts Nidi-o-tolylthiocarbazonate adducts 

log&? &lax, logBF?+t a-max log&3 Lx, 
n* (in CHCI,) nm n* (in CC&) nm n* (in CHCl,) run 

Pyridine 
2-Picoline 
CPicoline 
2,6-Lutidine 
2,CLutidine 
2,4,6Collidine 
Aniline 
2,2’-Bipyridyl 
1 , 1 0-Phenanthroline 
2,9-Neocuproine 
Ethylenediamine 
Dimethylformamide 
Dimethylsulphoxide 

- - -- - 2 -1.8 615 
2 2.2 520 2 2.4 No adduct formation 

- -- 2 -1.2 615 
2 1.4 520 2 1.8 520 No adduct formation 
2 2.7 520 2 3.3 No adduct formation 
2 3.6 520 2 4.1 520 No adduct formation 
2 1.2 530 2 2.1 530 No adduct formation 
0.5 - 510 0.5 - 510 1 3.2 505 
0.5 - 510 0.5 - 510 1 4.4 505 
0.5 - 515 - - No adduct formation 
0.5 - 520 0.5 - 520 1 2.3 615 
- - - 2 1.8 520 - - 

- - 2 3.2 520 - - - 

*n = number of molecules of base per chelate molecule; n = 0.5 means 2:l ratio of nickel chelate to base. 

It is interesting that when carbon tetrachloride [a 
poorer solvent than chloroform for Ni(OTC),] is used 
as the solvent, the values of log/?: are uniformly 
greater, which may reflect interaction between the 
nickel chelate and chloroform. DMF and DMSO 
form adducts with the chelate in carbon tetrachloride 
but not in chloroform, again suggesting interaction 
between the nickel chelate and chloroform. 

Nickel di-o -tolylcarbazonate forms more stable 
adducts with bidentate bases, namely 2,2’-bipyridyl, 
1 , 1 0-phenanthroline, neocuproine and ethylene- 
diamine, and the mole-ratio and Job’s methods have 
clearly shown the ratio of chelate to base to be 2:l 
(Fig. 3). Therefore, equation (6) cannot be used for 
calculation of the adduct formation constants. In 
principle the stability constants could be calculated 
from the absorbance data: 

B = KNiL)2WWU2[Bl (f-9 

CE,, = PJiL,], + 2[(NiL,),B] (9) 

A = dNiL21 + MNiLZPl (10) 

= s,h[NiL2] + fs,(CL - [NiLg (11) 

Again, however, the instability of the Ni(OTC), 
solution causes difficulty and no values for the adduct 
formation constants can be deduced from the data so 
far available. The behaviour of Ni(OTC), towards 
bidentate heterocyclic bases cannot be explained by 
assuming that the base acts as a bridging ligand 
between two chelate molecules, because the geometry 
of reagents such as l,lO-phenanthroline does not 
permit such a possibility. We therefore suggest that 
two molecules of chelate react with one molecule of 
phenanthroline to form an ion-pair which is soluble 
in chloroform: 

2Ni (0TC)r + phen Z$ Ni(OTC)phen+ + Ni(OTC); 
$ Ni (OTC)phen+ . Ni (OTC), 

The formation constants of Ni(OTTC), adducts, 
calculable by using equation (6), are also given in 

Table 1. It seems that most of the unidentate bases 
do not readily form adducts. Ni(OTTQ in highly 
concentrated solutions of pyridine and Cpicoline 
given isosbestic points at around 515 and 650 nm 
respectively. The use of relation (6) gave a slope of 2 
and the log/I;* values were obtained as twice the 
value of -log [B] at log( AC,, - A)/( A - Aad) = 0. Ex- 
tremely low &” values for these bases are expected 
because of the o-methyl group in the benzene ring 
(which itself is perpendicular to the chelate plane”) of 
the ligand. This results in crowding around the 
central nickel atom, which will interfere with the 
interaction of the base with the chelate. This is clearly 
seen when Ni(OTTC)* fails to exhibit any kind of 
reaction towards bases having sterically hindering 
substituents, e.g., 2-picoline. 

The behaviour of Ni(OTTC), towards bidentate 
nitrogen-bases differs from that of Ni(OTC)2. It 
forms 1: 1 adducts, which is clearly demonstrated by 
the slope of the plot of log(A,, - A )/(A - A,) US. 

-log [B] and by the mole-ratio experiments, and this 
is in accordance with the hexaco-ordination of the 
nickel complex. The possibility of adduct formation 
arises as a result of the reorientation of di-o- 
tolylthiocarbazone molecules, which were in a plane, 
so as to provide a c&position for bidentate bases 
such as 1 , 1 0-phenanthroline and 2,2’-bipyridyl. The 
jIyd values for these bases with Ni(OTTC)I are lower 
than those for the corresponding adducts of 
nickel-dithizone complexes,’ probably because of the 
steric influence of the o-methyl group of the reagent. 
Furthermore, neocuproine does not form an adduct 
with Ni(OTTC)2, demonstrating the adverse steric 
effect of the methyl groups ortho to the donor 
nitrogen-atoms, which introduce steric strain. 

The adduct formation constants for Ni(OTTC), 
are significantly lower than those for its oxygen 
analogue Ni(OTC),. In general, it seems that the 
adducts of nickel chelates with sulphur and nitrogen 
as donor atoms, e.g., Ni-dithizone,’ Ni-8- 
mercaptoquinoline,* nickel chelates of hydrazine- 
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S-methyldithiocarboxylate type Schiff’s bases,’ are 
considerably weaker than the adducts of chelates 
with oxygen and nitrogen donor atoms, e.g., 
Ni-8-hydroxyquinoline,’ probably reflecting the 
strong preference of sulphur donor atoms for a 
square planar structure. 

We plan to investigate further why with bidentate 
bases Ni(OTC)I behaves differently from all other 
nickel chelate adducts studied hitherto, and to obtain 
better values for the adduct formation constants. 
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EFFECT OF STIRRING ON THE ION-ASSOCIATION 
EXTRACTION OF COPPER AND ZINC 

4,7-DIPHENYL- 1 , 1 0-PHENANTHROLINE COMPLEXES 

HITOSHI WATARAI 
Department of Chemistry, Faculty of Education, Alcita University, Al&a 010, Japan 

(Received 3 December 1984. Revised 22 March 1985. Accepted 29 March 1985) 

Summary-The effect of high-speed stirring on the extraction of 4,7-diphenyl-l,lO-phenanthroline (L) 
complexes into chloroform was examined for the copper(II)/perchlorate, copper(II)/chloride and 
xinc(II)/perchlorate systems. A significant reversible decrease in the organic phase concentration in all the 
systems was caused by stirring, but most evidently in the copper/perchlorate system, where the effect 
depended on the stirring rate, concentration of L, and metal-ion concentration. The phenomena are 
primarily explained in terms of an interfacial adsorption of the extracted complex, according to the 
Langmuir adsorption isotherm. 

The role of the interface in solvent extraction has 
become one of the most stimulating subjects in the 
field of solvent extraction chemistry.’ Although the 
interface has often been suggested to have an 
influence on the extraction mechanism, experimental 
evidence to confirm this has rarely been obtained, 
because of experimental difficulties. Thus a new tech- 
nique is required as an alternative to the common 
methods such as measurement of interfacial tension 
and interfacial potential.* In this context, the recently 
reported two-phase stirring method for the mea- 
surement of interfacial adsorption) seems promising 
as a novel technique for examination of interfacial 
phenomena in solvent extraction systems. The stir- 
ring method, combined with spectrophotometry, has 
the advantages of permitting identification and deter- 
mination of the species adsorbed by the interface, and 
allowing the estimation of the interfacial area of the 
stirred system. This method can be successfully used 
for kinetic studies of solvent extraction.4 In the 
present study, the effect of two-phase stirring on the 
chloroform extraction of ion-association species 
formed by copper(I1) and zinc 4,7-diphenyl-1, lo- 
phenanthroline complexes with chloride and 
perchlorate was examined; the aqueous phase con- 
tained excess of the metal ion. The effect of stirring 
on the distribution of 1, lo-phenanthrolines between 
chloroform and an acidic aqueous phase was deter- 
mined earlier, and it was suggested that there is 
interfacial adsorption of the reagents owing to pro- 
tonation at the interfaoz5 The present study demon- 
strates the interfacial adsorption of the ion- 
association complexes in the dispersed-solvent 
extraction systems. 

EXPERIMFNTAL 

Reagents 

4,7-Diphenyl-1, IO-phenanthroiine (L) (general reagent 
grade) was used as purchased. Stock solutions of copper 

were prepared by dissolving general reagent grade cupric 
oxide or cupric chloride dihydrate in the appropriate acid. 
Zinc metal (general reagent grade) was dissolved to make 
the zinc stock solution. The general reagent grade chloro- 
form was washed three times with water before use. Demin- 
eralii and distilled water was used throughout. Hydro- 
chloric acid, perchloric acid, sodium hydroxide and other 
reagents were all analytical grade. The 1M stock solutions 
of sodium chloride and sodium perchlorate were washed 
with concentrated L solution in chloroform and then with 
fresh chloroform to remove trace impurities in the salts. 

Extraction studies 

Preliminary experiments showed that the metal ions were 
fairly completely extracted from the copper/O.1 M 
perchlorate, copper/O. 1 M chloride and zinc/O. 1 M 
perchlorate systems with a tenfold excess of L in chloro- 
form, but from the xinc/O.lM chloride system only 10% of 
the zinc was extracted. When an anion concentration lower 
than 0.1 M was employed, the extractability was decreased, 
suggesting that the extracted species was an ion-association 
complex, as expected from charge considerations. Hence, 
only the first three systems were examined further. A dilute 
chloroform solution of L was shaken for 30 min at 25 f 1” 
with an aqueous solution containing excess of copper or 
zinc, in order to produce the ion-association complex in the 
organic phase. The spectral changes in the chloroform 
phases, due to the complex formation, were measured with 
a Hitachi 200-20 or Uvidec 430 spectrophotometer. The 
metal-species concentrations in the organic phase were 
determined by spectrophotometry after addition of 
2.3 x lo-‘M I-(2-pyridylaxo>2-naphthol (PAN) in ethanol 
and O.lM ethanolic ammonia instead of the ethyl- 
enediamine recommended by Bhat et ~1.~ The molar absorp- 
tivities of the Cu-PAN and &r-PAN complexes in the 1:2 
v/v mixed solvent of chloroform and ethanol were estimated 
to be 4.2 x 1O’and 5.4 x lo4 l.mole-‘.cn-’ respectively, at 
550 mn. 

Stirring experiments 

The effect of stirring on the ion-association complex 
concentration in the chloroform phase was examined by 
means of the two-phase stirring apparatus described else- 
where in detail.4.5 Fifty ml of 1.5 x 10-6-3.4 x 10-5M L 
solution in chloroform and an equal volume of 
2.0 x lo-%9 x lo-“M copper or 2.0 x 10-5-l.9 x 10-2M 
zinc solution at pH 3.9-4.7 were stirred in the dispersion 
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Fig. 1. A typical example of the stirring effect. The definition 
of AA is also illustrated in this figure. 

cell, which was kept at 25 +_ 0.1”. The organic phase was 
pumped out through a Teflon phase separator and circu- 
lated through a lOO+l flow-cell (lo-mm light-pass) at a 
flow-rate of 7.5 ml/min. Change in the absorbance or 
spectrum of the complex was recorded. A typical example 
of the stirring effect is shown in Fig. 1, in which the 
absorbance of the Cu2+-L complex decreases soon after the 
start of stirring and is restored to the original after the 
stirring has been stopped. The decrease in absorbance, AA, 
defined as AA = A -A’ where A and A’ are the absorb- 
antes before stirring and during stirring respectively, de- 
pends on the stirring rate, as shown in Fig. 2. A stirring rate 
of 4700 rpm was therefore adopted for the further studies. 

06 

: 04 

02 

0 

0 

0 

0 4700 rpm 

I I I I I J 
1 2 3 4 5 6 

r pm 10m3 

Fig. 2. Dependence of AA observed at 288 run on the stirring 
rate; [4,7DPP] = 3.4 x lo-‘M, [Cuz+] = 1.0 x 10m4M, 

RESULTS AND DISCUSSION 

Ultraviolet spectra of the extracted species 

When 2.87 x 10e5M L in chloroform was shaken 

with aqueous metal ion solutions of various concen- 
trations, the ultraviolet spectrum of L (1,, = 275 
nm) shifted toward longer wavelengths, depending on 
the metal concentration and the counter-ion. The 
spectra of both anion systems were independent of 
copper concentration > 10m4M, but showed charac- 
teristic absorption maxima depending on the counter- 
anion: 292 nm for the chloride system and 288 nm for 
the perchlorate system (Fig. 3). The extracted zinc 
complex showed a constant spectrum at zinc concen- 
trations > lo-‘M, with the absorption maximum at 
285 nm. The greater wavelength shift observed for the 
copper/chloride system may be due to co-ordination 
of chloride to copper rather than ion-association. In 
the aqueous phase, no absorbance due to complex 
formation was observed. The distribution of L into 
the aqueous phase is negligible since the distribution 
constant is about 1O7.5 Therefore, all the L in the 
organic phase was assumed to react with metal ion. 
Determination of the metal in the chloroform phases 
by the PAN method allowed calculation of the mean 
numbers of molecules of L co-ordinating to the metal 
ion; 3.05, 2.58 and 2.17 for the 10V4M, 10-‘&f and 
lo-*M copper/perchlorate systems, 1.49 and 1.16 for 
10e4M and lo-‘M copper/chloride systems, and 3.14 
for the lo-‘M zinc/perchlorate system. Hence, the 
compositions of the complexes extracted under the 
conditions described in Fig. 3 were assumed to be 
CuLC12, CuL(C10J2 which may co-exist with 
CuL3(ClO&, and ZnL3(ClO&. 

Stirring e$ect 

The decrease in the organic phase absorbance 
caused by stirring depended on the metal concen- 

,- - NO metal bon 

1 ‘\ -- [c"2+l:ooolM.Cclo~j.o ,M 

---CC"~+l=OOOlM,[Cl-].OlM 

..,! . . . . . Czr?+l.0O1M,CCIO~I.O1M 

250 300 350 

Wovelength ( nm ) 
Fig. 3. Changes in the ultraviolet spectra of 2.87 x 10m5M, 
4,7DPP in chloroform, resulting from ion-pair formation in . 

[CIOJ = 0. 1M. the organic phase. 
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Fig. 4. Variation in A and AA observed at maximum absorption wavelengths, with metal ion 
concentration. [4,7DPP] = 1.54 x 10-sM. 

tration differently for the two anion systems, as 
shown in Fig. 4. In the copper/chloride system, a 
maximum in AA appeared for around 10m4M copper, 
whereas in the perchlorate system AA continued to 
increase with metal-ion concentration up to 10v3A4 
copper or lo-‘M zinc. AA values were also measured 
for tlxed 10m3M copper and IO-‘M zinc concen- 
trations and [L] varied over the range O-3 x 10W5M. 
Figure 5 illustrates the results, as plots of AA and 100 
AA/A vs. [L]. The percentage decrease in absorbance 
is highest in the copper/perchlorate system and goes 
up to 95% for 3.9 x 10m6M L, implying 95% of the 
copper complex is removed from the bulk organic 
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Fig. 5. Variations in AA and (AA /A) x lo* (%) with 4,7DPP 
concentration. 
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phase by stirring. The shape of the spectrum of the 
organic phase during stirring was essentially the same 
as that before stirring. Hence, it is unlikely that the 
decrease in absorbance is caused by decomposition or 
conversion of the complexes in the organic phase. 

The dependence of AA on the stirring rate and the 
concentration of L seems to suggest participation of 
the interface. Assuming that the decrease in absorb- 
ance of a complex ML,, is due to inter-facial 
adsorption, the mass-balance equation for L can be 
written as 

[L], = n [ML,,], + n [ML,], 7 

where subscripts t, o and i indicate total (added 
initially to organic phase), organic and interfacial 
concentrations (the last in units of mole/cm2), n the 
mean ligand numbers co-ordinated to the metal ion 
M, Ai (cm? is the total interfacial area during stirring 
and V (ml) is the volume of the bulk organic phase. 
In this equation and the following equations, the 
charges and counter-ions of the extracted ion- 
association complexes are omitted. As we are dealing 
with kinetic effects, the adsorption equilibrium of 
ML, may be assumed to conform to the Langmuir 
adsorption isotherm, 

FILAi = 
cd [ML I, 

1+ ~W+Io 
(2) 

where a and b are constants, a corresponding to the 
saturated interfacial concentration and ab to the 
adsorption equilibrium constant K’ defined by, 

ab=K'= lim FrLnli 

FIbJ-+O [ML,I,’ 
From these equations, and A’ = &[ML,], and 
AA = .s{([L]Jn) - NLJ,}, where E is the molar 
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Fig. 6. Analyses of the 4,7DPP concentration dependences 
shown in Fig. 5. The keys in this figure are the same as those 

in Fig. 5. 

absorptivity, the equation 

can be derived. 
The observed dependences on [L] shown in Fig. 5 

were analysed according to equation (4). The plots of 
l/AA against l/A’ for the copper/chloride and 
zinc/perchlorate systems gave straight lines, as shown 
in Fig. 6, with correlation coefficients r = 0.998 and 
r = 1.000, respectively, but the plot for the 
copper/perchlorate system was decidedly non-linear. 
The slopes of the straight lines allow the estimation 
of K’A,, which is thought to be a measure of the 
interfacial activity of ML,; they are 0.053 for the 
copper/chloride system and 0.065 for the 
zinc/perchlorate system. For the copper/perchlorate 
system the value for a least-squares linear fit is 1.2,, 
but is not very reliable. The interfacial activity of 
CuLCI, may be small if this species is a mixed-ligand 
complex which behaves as a non-electrolyte, and that 
of ZnL,(ClO& may be small since the hydrophilic 

central ion is symmetrically surrounded by the large 
hydrophobic ligands. The large apparent value for 
the copper/perchlorate system may correspond to the 
higher interfacial activity of CUL~(C~O,)~. The poor 
linearity in this system may be caused by variability 
in the area of the interface as a result of the effect of 
amount of adsorbed copper complex on the rate of 
coalescence of the dispersed drops. 

The dependence of AA on the metal concentration 
(Fig. 4) may also be explained by the interfacial 
adsorption mechanism. The maximum in the 10m4M 
copper/chloride system may be due to a higher 
fraction of CuL,Cl+.Cl- which is expected to be 
more interfacially active than CuLCl,. 

The surge after the stirring is stopped, shown in 
Fig. 1, may be due to localized adsorption of droplets 
at the interface. If the stirrer speed is slowly decreased 
instead of the stirrer being switched off, the OSC& 

lation in absorbance is not observed. 
The significant effect of the interface demonstrated 

in the present study seems to require an alternative 
mechanism for extraction of ion-association com- 
plexes, taking account of adsorption equilibria at the 
interface. 
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SHORT COMMUNICATIONS 

PROPERTIES AND ANALYTICAL APPLICATION OF A 
THALLIUM(I) ION-SELECTIVE ELECTRODE 

C. J. COETZEE 

Department of Chemistry, University of the Western Cape, Bellville 7530, South Africa 

(Received 16 October 1984. Accepted 23 January 1985) 

Summary-A liquid-membrane electrode for the potentiometric determination of thallium(I) ions is 
described. Use as an indicator electrode in potentiometric titration of thallium(I) is outlined. 

The use of commercial ion-selective electrode barrels 
for the preparation of various liquid membrane ion- 
selective electrodes has been described by Coetzee 
and Freiser.’ Several types of ion-selective electrode 
for thallium(I) have been described. These include 
thallium(I) salts of hetero$oly acids, supported in an 
epoxy resin membrane,*-5 PVC-membrane electrodes 
based on bis(crown ethers),6 polycrystalline mem- 
brane electrodes,’ and a liquid ion-exchanger con- 
taining thallium 0,O ‘-didecyldithiophosphate.” Fogg 
et ~1.~ have reported the use of water-insoluble basic 
dye salts for the preparation of thallium ion-selective 
electrodes. 

In contrast to a previously reported liquid 
membrane” in which thallium(I) tetrakis(m-tri- 
fluoromethylphenyl)borate was used as the active 
material, the procedure for the preparation of the 
active material (and hence the electrode) described 
here is much simpler. 

Reagents 
EXPERIMENTAL 

The solvent 4-ethylnitrobenzene was distilled under re- 
duced pressure. Thallium(I) cyanotriphenylborate was pre- 
pared by precipitation from an aqueous 1% thallium(I) 
nitrate solution with 1% sodium cyanotriphenylborate solu- 
tion. The precipitate was washed with cold water, separated 
by centrifugation and dried at 120” for 3 hr. 

All other chemicals used were of analytical reagent grade. 

Electrode construction 
Orion electrode barrels (Model 92-20, kindly supplied by 

J. W. Ross of Orion) were used, with Orion 92-20 mem- 
branes as separators for the organic and aqueous phases. 
The organic phase consisted of a saturated solution of 
thallium(I) cyanotriphenylborate in Cethylnitrobenzene. 
The aqueous phase was a O.lOM solution of thallium(I) 
nitrate saturated with thallium(I) chloride. After prepara- 
tion the electrode was conditioned by immersion in O.lOM 
thallium(I) nitrate for at least 1 hr, and stored in this 
solution when not in use. 

Apparatus 
A Radiometer PHM 64 pH-meter fitted with the neces- 

sary adaptors and a Beckman 39170 saturated calomel 
electrode was used for all e.m.f. measurements. Because of 

the possibility of thallium(I) chloride precipitation caused 
by leakage of chloride from the calomel electrode, agar salt 
bridges (1% ammonium nitrate) were used. An Orion model 
607 pH-meter equipped with an Orion 91-05-00 gel-filled pH 
electrode was used for pH measurements. 

RESULTS AND DISCUSSION 

Characteristics of the electrode 

Linear response range. The electrode gave linear 
calibration graphs for thallium(I) in pure nitrate 
solutions in the concentration range 10-4~5-10-‘M. 
The graphs could be used to determine thallium 
concentrations as low as 10m5M. Activity coefficients 
were calculated from the extended Debye-Hiickel 
equation log f = - 0.51 z$ I/‘/( 1 + p ‘12). The slope of 
the calibration graphs for three different electrodes 
were 58.3, 58.0 and 58.0 mV/pTl at 25”. The useful 
lifespan of the electrodes was found to be 4-6 weeks, 
after which the organic phase turned dark yellow, 
probably because of oxidation of the organic solvent. 

Response time. The response times for e.m.f. mea- 
surements were not studied in detail. With 
10-3-10-‘M solutions stable readings were obtained 
within 30 set; with more dilute solutions a 1-3 min 
period was required to obtain stable readings. Mea- 
surements were more stable with slow than with fast 
stirring. 

Effect of pH. The pH-dependence of the electrode 
was studied for the pH range 1-12, adjusted by 
addition of nitric acid and sodium hydroxide solu- 
tions having the same thallium(I) concentration as 
the test solution. The results indicate the working 
range of the electrode to be between pH 2 and 11. The 
e.m.f. readings were the same over that range for 
lo-‘, 10e2 and 10e3M thallium(I) solutions. 

Selectivity. A systematic examination was made 
of interference by sodium, potassium, rubidium, 
caesium, ammonium and silver ions. Calibration 
graphs for the primary ion in the presence of a fixed 
concentration (10e2M) of the interfering ions were 
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Table 1. Selectivity coefficient 
(k$&) values for the thallium(I) 

electrode 

Cation k% 
Na+ 4.1 x 10-Z 
K+ 4.0 x 10-l 
Rb+ 9.2 x 10-l 
CS+ 5.3 
NH: 2.2 x 10-l 
Ag’ 3.5 x 10-l 
Mg2+, Ca2+, Sr*+ < IO-2 

prepared. Selectivity coefficients krh were calculated 
from these curves by means of the equation 

kr;;;E, = ( 10AE’S - l)fz,/(a,)“z 

where AE is the change in e.m.f. in the presence of the 
interfering ion M’+, S is the slope of the calibration 
graph for the primary ion, and ur, and uM 
are the activities of the primary and the interfering 
ions respectively. The values obtained are shown in 
Table 1. 

Bivalent ions do not have any appreciable influence 
on the electrode behaviour. The general response 
order is 

Cs+ > Tl+ > Rb+ > K+ > Ag+ > NH: > Na+. 

The values quoted in Table 1 also suggest the 
possibility of using the electrode as an indicator in 
potentiometric titrations of caesium and rubidium, as 
well as of thallium. 

ANALYTICAL APPLICATIONS 

Standard addition potentiometry 

If the sample and standard solutions are prepared 
so that the ionic strength is kept high and almost 
constant, the liquid-junction potential and the activ- 
ity coefficient of the analyte ion will not change 
appreciably. As the slope of the calibration graph for 
the primary ion is used in calculations, this technique 
can only be applied for the determination of thal- 
lium(1) ion at concentrations on the linear part of the 
graph, i.e., above 5 x lo-‘M. This method was used 
successfully to determine thallium(I) concentrations 
varying between 0.2 and 2.0 mg/ml [at constant ionic 
strength O.lM magnesium nitrate]. 

Precipitation titrations 

A series of potentiometric precipitation titrations 
was performed in which the electrode was used as 
the indicator electrode. Standard solutions of the 
following salts were used as titrants: sodium tetra- 
phenylborate, sodium cyanotriphenylborate, sodium 
chromate, sodium iodide, sodium bromide, sodium 
chloride, potassium chromate and potassium iodide, 
standardized where necessary by potentiometric 
titration with standard silver nitrate solution, an 
Orion 94-16A silver ion-selective electrode being used 
as indicator electrode. During these titrations no 

1 I I I 

0 5 10 15 

01160M NaBr (ml) 

Fig. 1. Titration curve for the titration of 179 mg of 
thallium(I) with 0.1160M sodium bromide. 

pH or ionic strength adjustments were made. All 
titrations were done with sample solutions varying 
between 40 and 60 ml in volume. A typical titration 
curve is shown in Fig. 1. The other titrants gave 
similar titration curves the steepness of the “potential 
jump” being inversely dependent on the solubility 
product as usual. 

I I I 
5 10 15 

OIOOM KI (ml) 

Fig. 2. Theoretical curve for the titration of 163.5 mg of 
thallium(I) with O.lOOM potassium iodide (-); (0) 

experimental points. 
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Table 2. Solubility products for some insoluble thallium(I) salts at 
25°C (reference in brackets) 

Salt PK, 
TlI 7.24* 7.24 (1l)t 7.27 (12)t 7.19 (13) 
TlBr 5.40* 5.47 (14) 5.42 (15) 5.41 (13) 
TlCl 3.592 3.75 (16) 3.66 (17) 3.74 (13, 18) 
T&CrG, 12.17* 12.01 (19) 11.70 (20) 12.07 (13) 
TlB(CN)(C,H,), 10.5 * 
TlB(C.H,H,), 9.54* 

*This work. 
T20”C. 

Most of the titration curves have the classical 
shape, the exception being those for potassium salts 
as titrants. In the latter titrations the potential in- 
creases again after the equivalence point has been 
reached, as a result of the electrode response to the 
potassium ions introduced by the titrant solution. 
Figure 2 shows a theoretical titration curve (full line) 
for titration with a potassium salt, together with the 
experimental points observed. 

Solubility products at 25” were calculated from 
single titration curves and are listed, together with 
some literature values, in Table 2. 
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Stockholm, for helpful discussion of calculation of the- 
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Summary-A study has been made of carrier-mediated transport of uranium(W) by a liquid membrane 
of 7-dodecenyl-8-quinolinol (Kelex 100). Uranium is transported across the membrane and concentrated 
in a stripping acid. The apparent rate constant of uranium transport increases slightly with increase in 
carrier concentration and in the pH of the feed solution. Uranium can be effectively recovered from spiked 
sea-water through the liquid membrane without any preliminary treatment. 

The use of liquid membranes has become of interest 
in recent years as a new technique for concentration 
and recovery of metal ions in analytical and process 
separation.‘.2 A membrane consisting of a carrier 
liquid supported on a hydrophobic polymer seems 
attractive, because the metal species can be trans- 
ported through it against a concentration gradient, in 
a single step. Its utility for separation of metal ions 
will be governed by the choice of carrier. Several 
extracting reagents have been tried as carriers for the 
uranyl ion. 36 Recently, 7-dodecenyl-8-quinolinol 
(Kelex 100) has been employed for uranium extrac- 
tion by Zhu and Freiser.’ From its high distribution 
constant and low acid dissociation constant,’ this 
reagent could be expected to act as a carrier up to 
around pH 10 without carrier losses due to dis- 
solution in the aqueous phase. 

This paper describes several variables affecting the 
transport of uranium from dilute solution by a liquid 
membrane containing Kelex 100 as the carrier. 

EXPERIMENTAL 

Materials 

7-Dodecenyl-8-quinolinol, Kelex 100 (Sherex Chemical 
Co.) was purified as reported elsewhere.’ 

Uranium-237 (t,,, = 6.75 d) was produced by the 
238U(y,n)237U reaction, and purified as previously de- 
scribed. ” 

A porous polytetrafluoroethylene film, Fluoropore FP- 
045 (Sumitomo Electric Ind.), was employed as the solid 
support. It was 80 pm thick and 74% porous and had an 
average pore size of 0.45 pm. 

Procedure 

Transport experiments were performed as already de- 
scribed.6 The liquid membrane was prepared by impreg- 
nating the support with a kerosene solution of Kelex 100, 
and was attached to the bottom of the inner vessel. The 
uranium solution, containing 237U as a tracer, was poured 
into the outer vessel, and its pH was adjusted to an 
appropriate value with IO-*M acetate buffer solution. 

The vessels were shaken at 150 strokes/min in a water- 
bath controlled at 25”. At various time intervals, the concen- 
tration of uranium was determined by measuring the activ- 
ity of the 237U with an NaI(T1) scintillation detector. 

RESULTS AND DLSCUSSION 

Transport of uranium 

The transport of uranium through the supported 
liquid membrane (SLM) of Kelex 100 is shown in Fig. 
1. The pH of the feed solution was adjusted to 4.7 
with acetate buffer solution to enhance the extraction, 
and O.lM nitric acid was chosen as the stripping 
solution, on the basis of the equilibrium data for the 
corresponding liquid-liquid extraction.’ The fraction 
of uranium in the feed solution decreased with shak- 
ing time, while that in the product solution gradually 
increased. When O.lM Kelex 100 was used, more 
than 99% of the uranium was moved across the SLM 
against its concentration gradient, and was concen- 
trated into the small volume of product solution by 
continuous permeation. When a high carrier concen- 
tration (1M) was used, the fraction of uranium in the 
feed side smoothly decreased to nearly zero with 
shaking time, but that in the product side remained 
slightly less, than 1.0, a small portion of uranium 
being retained in the SLM. 

10 

3 

z 
5 i 0.5 

t 

0 100 200 300 400 

Time (mln) 

Fig. 1. Transport of uranium, through an SLM of Kelex 
100. Feed loo‘ ml of 10-5A4 uraniumj10-2M acetate buffer 
solution, pH 4.7; product solution 10 ml of O.lM HNO,; 
(0, 0) b:lM Keldx 100, (A, A) 1M Kelex 100. The open 
and closed symbols indicate the feed and product, re- 

spectively. 
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Fig. 2. Effect of the carrier concentrations on kabs. Experi- 
mental conditions as for Fig. 1. 

Effect of carrier concentrations 

The apparent rate constant of uranium transport, 
koh (XC’), was obtained from the slope of the linear 
plot of In([~r,/[&,) against shaking time t ([UJ is 
the concentration in the feed solution). The kobs value 
slightly increased with an increase in the carrier 
concentration, as shown in Fig. 2. Though from the 
kinetic point of view it is desirable to work with high 
carrier concentration, increasing the carrier concen- 
tration beyond a certain value might cause 
insufficient stripping. Thus, the optimum value was 
an intermediate concentration around O.lM. 

Effect of hydrogen-ion concentration 

In order to move uranium across the membrane, it 
is necessary to maintain the hydrogen-ion concen- 
tration gradient between both sides of the membrane. 

The kobs value was found to increase with in- 
creasing pH of the feed solution, e.g., from 1.9 x 1O-4 
at pH 4 to 5.5 x 10m4 at pH 6. 

The effects of change in stripping solution are 
summarized in Table 1 for the transport of uranium 
from a feed solution initially lo-‘M in uranium. 
Changes in the kinds of acid and their concentrations 
over a wide range from O.OlM to 1M had little effect 
on the koba values. 

After 5 hr shaking, the uranium concentration in 
the feed was only 2% of its initial value, and the 
uranium recovery in the product solution was over 
95x, with a few exceptions. The concentration ratio 

Time (hr) 

Fig. 3. Extraction of uranium from sea-water by an SLM of 
O.lM Kelex 100. Feed-sea-water (Pacific Ocean at the 
shore at Miyagi, Japan) spiked with 10m6M U, 100 ml; 

product solution--O. 1M HNO,, 10 ml. 

of the product to the feed ([U]r/[Ujr) reached 400 in 
5 hr. Further shaking for a long time would result in 
almost quantitative recovery of uranium. The re- 
sidual uranium in the SLM after 20 hr shaking was 
found to be less than 0.5% of the total amount 
present. 

Effect of the feed volume 

To concentrate uranium from dilute solutions, a 
high volume ratio, Vf/ VP, of feed to product solution 
is desirable, because it yields the limiting concen- 
tration factor ILT],,,/[U&,,. The kObs value is found to 
be inversely proportional to the feed volume. Thus we 
should make the volume of the product solution as 
small as possible in order to obtain a high concen- 
tration factor, and use a large membrane area to 
enhance the transport rate. This can be achieved by 
means of a tubular or hollow fibre type support for 
the carrier liquid. 

Extraction of uranium from sea-water 

Extraction of uranium from sea-water has recently 
become of interest both in analysis and in recovery of 
energy resources. In the extraction of uranium from 

Table 1. Effect of strinnina acid on uranium transport (5 hr shaking time) 

Concn., lO%,,, 10’Wlf,ss 9 mJlp,,h T [VI,,, 
Acid M see-’ M M MW -I 0.01 3.68 2.4 9.3 4x 102 

HNO, 0.1 3.47 1.6 9.6 6x lo2 
1.0 2.00 2.0 9.8 5 x 102 

1 
0.01 3.00 1.9 9.7 5 x lo2 

H,SO, 0.1 3.52 1.9 9.8 5 x 102 
1.0 3.39 0.7 9.9 1.4 x 103 

{ 
0.01 3.60 0.9 8.5 9 x 102 

HCl 0.1 3.30 2.4 9.6 4x102 
1.0 3.36 1.7 9.0 5x 102 

V,= 100 ml; VP = 10 ml; w], = 10-5M; IO-*A4 acetate buffer solution (pH 
4.7). 
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sea-water, the carrier-containing membrane must Aid of Scientific Research of the Ministry of Education, 
have high stability in sea-water at pH around 8.2. An Science and Culture. 
SLM of Kelex 100 is well suited for this purpose, and 
was therefore tested with a O.lM Kelex 100 mem- REFERENCES 
brane and natural sea-water. The results are illus- 
trated in Fig. 3. The sea-water was initially spiked 
with 10m6M uranium containing 237U. The transport 
rate was rather low, but an essentially complete 
(N 99%) extraction was achieved by shaking for 20 
hr. Extraction of elements other than uranium was 
not examined in this work. No interferences from 
matrix species such as alkali-metal ions and halides 
were observed, and uranium could be effectively 
concentrated into the acid solution from sea-water 
without any supplementary treatment such as pH 
control. Thus, the supported liquid membrane 
method is rather simple and efficient for the purpose. 
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Summary-The potentiometric behaviour of a sodium ion-selective glass electrode in aqueous ethanolic 
media was studied. The electrode was then used to determine sodium ion concentrations in aqueous 
ethanolic samples by standard-addition potentiometry. 

The application of ion-selective electrodes in media 
other than water is still somewhat limited, although 
there were some applications in the early days of 
these sensors.‘A Reasons for this slow progress are 
many, and some are listed by Kakabadse.’ 

Little difficulty is encountered in the use of the 
glass pH-electrode in ethanol-water mixtures con- 
taining less than 90% w/w ethanol. At higher concen- 
trations of alcohol and in water containing Xi--90% 
acetone some contraction of the linear portion of the 
emf-pH curve has been found, as well as variation of 
the potential with time.6 

Since a change in solvent may cause changes in the 
thermodynamic as well as the kinetic properties of the 
ions present and of exchange sites in ion-selective 
membranes, it is to be expected that the sensitivity, 
selectivity and response time of ion-selective elec- 
trodes might be dependent on the nature of the 
solvent. 

The reproducibility of potentiometric mea- 
surements made in wholly or partially aqueous sol- 
vents is generally better than that for those made in 
pure non-aqueous solvents, because traces of water 
present in the non-aqueous solvent itself do not pose 
a problem in the mixed solvent systems, since they 
will seldom (if ever) be large enough to affect the 
overall water concentration significantly. 

The behaviour of the reference electrode in the 
solvent used must also be known. The reference 
electrode most commonly used in non-aqueous sys- 
tems is the aqueous calomel electrode, the use of 
which is very convenient. Its liquid-junction potential 
is evidently generally sufficiently constant for elec- 
trode potentials in non-aqueous or partly non- 
aqueous solutions to be measured with high pre- 
cision.’ 

If a glass electrode is to be used in non-aqueous or 
partly non-aqueous media it must be soaked in the 
appropriate solvent so that the electrode surface layer 
obtained has a constant vacancy-concentration char- 
acteristic of the solvent.’ 

The use of the standard-addition technique in 
application of ion-selective electrodes is well 
known.g,‘0 In this work a sodium ion-selective glass 
electrode was employed for determination of the 
sodium ion concentration in aqueous ethanol sam- 
ples, by the standard-addition method. 

Because of variations in the non-aqueous contents 
of the samples the technique was not simple to apply 
and various precautions had to be taken to standard- 
ize the conditions under which determinations could 
successfully be done. 

One of the more important prerequisites is that the 
ionic strength of the solution to be analysed should 
be the same as that of the added standard. Also, the 
concentration range covered by the standard addi- 
tions must fall within the linear part of the calibration 
graph for the electrode. In addition, if a partially 
aqueous solvent is used the added standard should 
have the same solvent composition as the sample in 
order to cut out any effects from heat of mixing. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical-reagent grade. 
Sodium chloride was dried at 120” overnight. 

Apparatus 

A Radiometer PHM-64 pH-meter was used for all poten- 
tiometric measurements. The sodium ion-selective glass 
electrode used was a Beckman 39278. The manufacturers 
recommend that the pH of test solutions should be 
>pNa + 4 if sodium measurements are to be made.” The 
reference electrode was a Beckman 39170 fibre-junction 
saturated calomel electrode. 

Preliminary experiments 

The following experiments were planned and done in 
order to establish the effect of all the variables, before the 
standard-addition method for the determination of sodium 
concentration in ethanolic solutions was attempted. 

1. Calibration of the electrode at 25” in sodium solutions 
containing from 0 to 50% v/v ethanol. 

2. Repetition of the calibrations with the ionic strength 
adjusted to 0.1 M with 0.1 M magnesium sulphate. This was 

827 



828 SHORT COMMlJNlCATlONS 

necessary as the standard-additions technique calls for Table 1. Slopes of calibration graphs for 
working with a constant ionic strength medium to minimize sodium in 50’4 v/v water-organic solvent 
junction-potential effects. media 

3. Repetition of the calibration with sodium solutions in 
50% v/v aqueous dimethylformamide, dioxan, acetone, eth- 
anol, dimethylsulphoxide, methanol and 1-propanol media 
to obtain an overall picture of the response of the electrode 
in various aqueous/non-aqueous solvent mixtures. The glass 
electrode used was preconditioned in the appropriate sol- 
vent mixture for 24 hr before use. 

On the basis of the preliminary experiments, 15% v/v 
ethanol solution was chosen as the medium for the 
standard-addition determinations with the glass electrode 
preconditioned in 15% v/v ethanol solution. 

Solvent 

Water 
I-Propanol 
Methanol 
Dimethylsulphoxide 
Ethanol 
Acetone 
Dioxan 
Dimethylformamide 

Slope, 
mV/pNa 

58.6 
56.5 
56.8 
58.7 
58.7 
52.4 
56.5 
57.2 

Standard-addition procedure 

The alcohol content of the sample was first determined by 
density determinationi at 20” and the solution was adjusted 
to IS% v/v ethanol content and O.lM ionic strength with 
magnesium sulphate. The sample size was normally 25 ml. 
The ionic strength of the standard solutions was also 
adjusted to O.lM with magnesium sulphate when necessary, 
and the solutions were prepared in 15% v/v ethanol medium. 
Their sodium concentration ranged between 5.00 x lo-‘M 
and O.lOOOM. Fixed volumes of sample were mixed with 
various volumes of standard and diluted to a fixed 
volume with 15% v/v aqueous ethanol at ionic strength 
O.lM (MgSO,), the sodium activities were measured with 
the sodium electrode, and the usual graph was drawn and 
interpreted. When necessary the pH was adjusted to 
pNa + 4 by addition of a drop or two of 3M ammonia 
solution. 

Table 2. Determmation of the sodium content of aqueous 
ethanol solutions 

Original ethanol [Na+] found, M 
content, 
% t’lu Potentiometry Flame photometry 

12.0 0.0196, 0.0196 
12.0 0.0196, 0.0196 
15.0 0.0123, 0.0124 
15.0 0.0085, 0.0086 
15.0 0.0082, 0.0083 
15.0 0.0159, 0.0159 
15.0 0.0168, 0.0168 
21.0 0.0193, 0.0194 
18.0 0.0057, 0.0058 
16.0 0.0125, 0.0126 
14.0 0.0252, 0.0252 

RESULTS AND DISCUSSION 

The calibration graphs for various sodium solu- 
tions in aqueous ethanol were linear between pNa 1 
and 4.5. Stable potential readings were obtained 
within a minute. Figure 1 shows a selection of these 
graphs. The slopes of the linear sections were all in 
the range 58.3-58.7 mV/pNa. The general trend of 
increase in potential with increasing ratio of organic 
solvent was also found by Chaudhari and Cheng” for 
the response of a lead ion-selective electrode. 

100 1 

o- 

Fig. 1. Calibration graphs for a sodium ion-selective glass 
electrode in (1) water, (2) 10% ethanol, (3) 25% ethanol, (4) 

50% ethanol. 

At the ionic concentrations and solvent com- 
positions used there does not seem to be any problem 
due to ion-pair formation. 

The results show, however, that knowledge of the 
ethanol content of the sample is necessary before a 
potentiometric determination can be done either by 
direct measurement or by the standard-additions 
method. 

It is also necessary that the ethanol content of both 
the sample and the standards be the same. 

The slopes of the calibration graphs for the O.lM 
ionic strength (MgSO,) solutions also agreed within 
0.5 mV, but there is a small parallel shift of the graphs 
with change in ionic strength, so close matching of 
the ionic strength of the unknown and standard 
solution is necessary. 

Table 1 gives the slopes of the calibration graphs 
for the sodium electrode in the various 50% v/v 
aqueous/non-aqueous solvent mixtures tested. The 
graphs were linear over the sodium concentration 
range lo-‘-3 x 10m5M. 

All the slopes except that for the acetone medium 
are within 3 mV of the value for purely aqueous 
medium. The cell emf depends on the solvent, and 
becomes more positive with change of solvent in the 
descending order given in the table. The shift does not 
have a direct correlation with the dielectric constant 
of the organic component of the solvent medium. It 
may probably be attributed to a combination of 
increase in activity of the cation, change in junction 
potentials, and dielectric constant effects. 
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Table 2 gives the results of a number of sodium 
determinations, in which the ethanol content of the 
sample was adjusted to 15% v/v. The sodium contents 
of the samples were also determined by 
flame-emission spectrometry and these results are 
listed for comparison. A set of 20 determinations of 
sodium covering the range 0.10-2.0 mg/ml gave an 
average recovery of 99.9$% with a standard deviation 
of 0.3%. 

These results show that with necessary precautions 
it is possible to use a sodium-selective glass electrode 
to determine the sodium content of aqueous ethanolic 
solutions successfully. The selectivity coefficients 
listed by the manufacturer indicate that only lithium, 
silver and hydrogen ions could interfere, and in most 
samples likely to be tested (e.g., wines), the first two 
species are unlikely to be present in more than traces, 
and the pH adjustment will take care of the third. 
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Summary-Iridium in sea-water has been measured (after isolation from the saline matrix by reduction 
with magnesium) by neutron bombardment, radiochemical purification and high-resolution y-ray 
spectroscopy. The concentration obtained in a Pacific coastal water was 1.02 + 0.26 x lo-“‘g per g of 
sea-water. At such extremely low concentrations, seawater is an extremely unlikely source for anomalously 
high iridium concentrations measured in the Cretaceous-Tertiary boundary layer of deep-sea sediments. 

Among the platinum-group elements only palladium 
has been detected in sea-water.‘** Interest in oceanic 
iridium has been aroused by recent investigations of 
the distribution of iridium in the earth’s crust. For 
one location where the amount of iridium was anom- 
alously large, an upper concentration limit for iri- 
dium in sea-water, 4 x lo-l3 g/g, was used to reject 
the possibility of dissolved iridium as the source.3 

It appeared the time was appropriate to measure 
iridium in sea-water. In the study to be presented 
here, iridium was removed from sea-water by reduc- 
tion with magnesium and then bombarded with 
neutrons. A series of post-irradiation separations was 
performed to remove long-lived interferences, and 
then the y-radiation of iridium-192 (l,,, = 74.2 d) was 
measured to establish the mass of the precursor 
element. 

EXPERIMENTAL 

Isolation of iridium from sea-water 

Since iridium has been reported to be quantitatively 
precipitated by reduction with magnesium4 or by heating 
under pressure with magnesium or zinc,’ conditions for 
recovery of iridium-192 tracer [dissolved as (NH,),IrCl,] 
from sea-water were investigated. Although the speciation 
of iridium in sea-water is unknown, the presence of irid- 
ium(II1) in sea-water samples is unlikely since it is aeri- 
ally oxidized in basic 0.50M sodium chloride solutions.6 

Quantitative separation of the tracer from 1.5litre vol- 
umes of sea-water was achieved by initial pH adjustment to 
4, followed by continuous stirring with 75 mg of magnesium 
powder at 80” for a period of 2 hr. The stirring time was 
extended to 4 hr for the analyses. 

Samples and sample treatment 

Sea-water samples were collected close to the southern tip 
of Pt. Loma, CA, at a point 250 m from the shore line, 2 m 
above the sediment and, at mean-tide, 3m from the water 
surface. Both 1- and 1.5~litre volumes of sea-water were 
passed through 0.4~pm Nuclepore filters immediately after 
collection. The filters were discarded and the iridium col- 
lection procedure immediately started. 

The sea-water was discarded after collection of the reduc- 
tion products and undissolved magnesium on a Nuclepore 
filter. The filter was washed with demineralized water, the 

magnesium was dissolved in the minimal amount of 8M 
nitric acid, and the solution was passed through the filter. 
The filter was then rinsed with additional small volumes of 
8M nitric acid, the volume of combined filtrate and wash- 
ings being 40ml. This solution was evaporated to about 
0.1 ml, then diluted to 2 ml with demineralized water, and 
evaporated again to about 0.1 ml. This final solution was 
transferred to a quartz vial and diluted to 2 ml, and the vial 
was sealed. 

Irradiation and post -irradiation procedure 

Samples, reagent blanks and standards (0.1 and 1 .O ng 
of Ir) were irradiated in the University of Missouri 
nuclear reactor for 166 hr at a flux of 1.8 x 10” neu- 
trons . cn-* set-‘. 

After a one-month cooling period, the vials were un- 
sealed. The irradiated solutions were washed into beakers 
with nitric acid, and 10 mg of iridium carrier [as hexa- 
chloroiridate (IV)], 10 mg of cobalt (II) carrier and 3 ml of 
concentrated sulphuric acid were added. Studies of the 
recovery of magnesium-reduced iridium-192 tracer by the 
procedure to be described below, but without the separation 
steps to remove other y-emitting nuclides, showed quan- 
titative recovery of the tracer and carrier and thus indicated 
that carrier-tracer exchange was essentially complete. 

The diluted irradiated solutions were heated to boiling 
and evaporated to fumes of sulphuric acid. This step was 
repeated after cooling and addition of nitric and hydro- 
chloric acids. The intensely blue solutions were diluted to 
20-25 ml and concentrated hydrochloric acid was added 
dropwise to the boiling solutions until a colour change to 
amber was noted. After further dilution to 150 ml, three 
successive precipitations with a-nitroso-b-naphthol were 
performed, with additional cobalt carrier introduced after 
the first and second precipitations. The y-ray spectra of the 
cobalt precipitates were examined to confirm that decon- 
tamination from cobalt-60 was complete. 

The excess of a-nitroso+-naphthol in the final filtrate 
from the cobalt separation was destroyed by heating with 
nitric acid. This was followed by addition of 2 mg of silver 
carrier, dilution to 30 ml and precipitation of silver chloride 
by addition of sodium chloride. 

-The silver chloride filtrates were treated with 1 mg of 
iron(III) carrier. heated. and adiusted to uH 7.2-7.6 with 
ammonia to precipitate hydrous ferric oxide. The iron 
precipitates were filtered off and washed, and the filtrates 
were acidified, and the precipitations repeated after addition 
of a further 1 mg of iron(III) carrier to each. At least three 
such precipitations were necessary. The y-ray spectra of the 
successive hydrous ferric oxide precipitates were recorded 
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and compared, first to document the removal of high-energy 
y-emitters which would contribute to the Compton back- 
ground of the sample, and secondly to minimize the number 
of iron(II1) scavenges, since these could entail loss of 
iridium. Iridium losses of SOo/, or more were incurred at 
pH 7.6. 

Ammonia, ammonium ions and chloride, which reduce 
the recovery of iridium oxide, were then expelled from the 
final filtrates from the iron-scavenges by heating first with 
sodium hydroxide and then with excess of concentrated 
nitric acid, and finally to fumes of sulphuric acid. Before 
volatilization of the nitric acid, 5 mg of chromium(II1) 
carrier and 5 mg of zinc carrier were added to each of the 
samples. After the heating till fuming the solutions were 
diluted to 50 ml and heated, then sufficient potassium 
bromate was added to convert the chromium(II1) into 
chromium(V1). The pH was raised to 5 with sodium bicar- 
bonate and additional potassium bromate was introduced to 
precipitate the iridium.’ 

The iridium dioxide produced was collected on a Nucle- 
pore filter, and washed first with 0.05M acetate-acetic acid 
buffer (PH 5) and then with demineralized water. 

Measurements 
The 296,308,316 and 468 keV photopeaks of iridium-192 

were counted with a 75-cm3 Ge(Li) detector coupled to a 
102~channel pulse-height analyser. After it had been 
verified that the relative intensities of the four peaks were of 
the correct order, the counting data for the 468 keV peak 
were corrected for Compton background and radioactive 
decay. 

Iridium carrier recoveries 
Sample and blank iridium dioxide precipitates and 0. I-mg 

iridium comparison samples were transferred to l&ml 
polyethylene vials. The vials were irradiated for 30min in 
the “lazy Susan” compartment of the TRIGA nuclear 
reactor-at the University of California, Irvine, operated at 
40 kW. The original 19’Ir activities were corrected for chem- 
ical yield by comparison of the counting rates of samples 
and standards. 

REXJLTS AND DISCUSSION 

Among the principal long-lived induced nuclides 
that appeared with the iridium recovered from sea- 
water were 6oCo, 65Zn, “Cr, ?Sc and 59Fe. Small 
amounts of other nuclides such as “OAg were 
identified. Since iridium-carrier losses could be 
> 50% in the iron(II1) separation steps and lesser 
losses were incurred in other radiochemical steps, the 
iridium-carrier chemical yields ranged between 10 
and 30%. Counting periods were 72 hr or more and 
for samples of low activity the counting error was 
15%. 

The concentrations of iridium found in reagent 
blanks and replicate sea-water samples are presented 
in Table 1. The iridium concentration in six of the 
sea-water samples, after subtraction of the reagent 
blanks, averaged 1.02 + 0.26 x 10-‘4g/g. The other 
sample, no. 3, was omitted from calculation of the 
mean; the high value was presumed to be the result 
of contamination. 

The mean value found for iridium is only a twen- 
tieth of the value reported earlier for palladium, 
2.2 x lo-” g/g, in the same waters.’ This Ir/Pd ratio 
falls between the ratios calculable for the upper 
continental crust and deep-sea sediments. The crustal 

Table 1. The concentration of iridium in reagent blanks and 
sea-water samples corrected for blanks 

Iridium 

Pg fglg 

Blanks 
40ml of con. HNO, 
75 mg of Mg 

Samples * 
1 

1.0 
2.0 

12.4 
11.0 
29.7t 
07.8 
08.4 
13.7 
07.6 

*Samples 14 were I-litre volumes; samples 5-7 were 
1.5~litre volumes. 

jOmitted from calculation of the mean. 

abundances (Ir 0.025 rig/g and Pd 1.05 ng/g), give a 
value of l/42, while for deep-sea sediments the corre- 
sponding abundances, 0.31 and 3.5 rig/g,, give an 
Ir/Pd value of l/l l.* 

The iridium anomaly for the deep-sea sediments 
has been ascribed by some9 to a change in oceanic 
chemistry that resulted in precipitation of the dis- 
solved species and prompt transport to the ocean 
bottom. If the concentration of iridium in sea-water 
reported here is correct, and the entire quantity of 
dissolved iridium in a water column of average ocean 
depth (4000m) were suddenly transported to the 
sediment, it would result in a value of 4 x 10m9 g/cm2. 
The average concentration of iridium in nine pelagic 
sediments is 64 x 10T9 g/cm2.‘0 Thus, even if some 
remarkable oceanic chemical condition occurred 65 
million years ago, the consequence of such an event 
would not account for the quantities of iridium found 
in the sediments that were laid down at that period 
of time. 
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Summary-Various metal oxinates readily form adducts either with the reagent or other organic bases, 
and the adduct formation results in a synergic effect on the extraction of these oxinates into organic 
solvents. The nature of the adducts has been extensively explored but is still not completely understood. 
This paper surveys current knowledge of this field 

An adduct may be defined as a co-ordination com- 
pound in which there is addition of one or more 
molecules of a Lewis base (the donor) to one mol- 
ecule of a Lewis acid (the acceptor), without any 
proton displacement. Formation of an adduct of a 
metal complex often supplies information about the 
co-ordination number of the metal ion and the 
structure of the complex. Formation of such adducts 
has been exploited for increasing the extractability of 
the metal complexes into organic solvents. 

The metal complexes which form adducts are 
usually complexes of bidentate ligands and are co- 
ordinatively unsaturated, i.e., the number of ligand 
anions required to neutralize the charge on the 
central metal ion is insullicient for all the co- 
ordination sites on the metal ion to be occupied by 
the donor atoms of the ligand, and the remaining sites 
are occupied by water molecules in the parent com- 
plex, or by other neutral ligands in the adduct. 

Neutral co-ordinatively saturated complexes, 
which are in effect metal ions encased in an organic 
sheath, with no net charge, are readily soluble in 
solvents of low polarity but not in water, whereas 
neutral co-ordinatively unsaturated complexes are 
insoluble in both water and organic solvents, because 
there is no ion-dipole interaction with water to confer 
solubility, but equally there is suIIicient inter- 
molecular interaction between the water molecules of 
hydration of the complex to prevent dissolution in 
non-polar solvents. To extract these “insoluble” com- 
plexes, it is necessary to displace the water molecules 
with a co-ordinating solvent such as butylcellosolve,’ 
or by neutral organic donor molecules, such as 
butylamine* or the neutral ligand species itself. 

For example, the strontium complex of I-quin- 
olinol (oxine&hydroxyquinoline, HQ), SrQ,*2H,O, 
is insoluble in chloroform, whereas the adduct 
SrO,.HQ is extractable into chloroform containing a 
sufficiently high concentration of 8-quinolinol.3 Starjr 

has studied the 8-quinolinol complexes of 32 metal 
ions, and their formation of adducts with the re- 
agent.4 Substituted 8-quinolinols give similar behav- 
iour in general, but modifications can be caused by 
steric effects or inductive effects, and the extensive 
work on this topic by Professor Freiser and his school 
is the main theme of this paper. 

Adduct formation is usually inferred from equi- 
librium extraction data, and there are few instances@ 
of the extracted species being isolated and character- 
ized,’ and their absorption spectra measured.*s9 The 
formation constants of many adducts have been 
determined, mainly by spectrophotometry’O*” and 
solvent extraction,‘2,‘3 and the methods of calculation 
have been described.““’ 

In their work, Freiser and his school have used a 
series of metals and substituted 8-quinolinols to 
examine inductive and steric hindrance effects on the 
formation of adducts with the reagent itself (self- 
adducts) and with various pyridines. Pyridine and 
various of its methyl derivatives were used to in- 
vestigate more closely the effect of steric hindrance by 
the donor and of donor basicity. The value of this 
approach was evident from the earlier reports that 
4-methylpyridine forms more stable adducts than 
pyridine does with copper(I1) /I-diketonate com- 
plexes, because of its higher basicity,“v*’ and that 
copper(I1) ethylacetoacetate can be crystallized as a 
di-adduct with the solvent from pyridine or 
4-methylpyridine but not (presumably because of 
steric hindrance) from 2-methylpyridine or 
2,6-dimethylpyridine.‘9 

The self-adduct NiQ,*HQ (where HQ represents 
8-quinolinol or one of its derivatives) is extracted in 
all the systems so far investigated, except the 
2-methyl-8-quinolinol system, where only the simple 
1:2 chelate is extracted, which can be. attributed to 
steric hindrance.‘* This steric effect must presumably 
also extend to hydration of the chelate itself. Steric 
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Table 1. Equilibrium constants* for nickel chelates of 8-quinolinols’* at 28” f 1°C (reproduced from 
K. S. Bhatki, A. T. Rane and H. Freiser, Indian J. Chem., 1977, WA, 983, by permission, Copyright 1979, 

Indian Chemical Society1 

Species 
Ligand extracted log &X log &II log &c PK., + p&t log &,a8 

I-Quinolinol NiQ,.HQ -5.50 2.95 0.58 14.90 2.64 
tMethyl- NiQz -9.55 No adduct 1.25 15.90 3.22 
4-Methyl- NiQ,=HQ -5.10 3.10 1.14 15.66 3.27 
S-Chloro- NiQ,.HQ - 5.65 2.85 1.40 13.00 3.32 
%Nitro- NiQ,.HQ -3.20 3.40 0.5.5 8.79 2.64 

*K, = extraction constant; 4, = ~iQ,~nHQl,[H+]2/[NiZ+][HQ1;;+2. 
iu, = adduct formation constant in organic phase; KA, = ~iQ,.nHQ~/~iQzlo[HQl;;. 
K, = distribution constant for NiQ2; K, = ~iQ,]&‘NiQ1l. 
KDR = distribution constant for reagent; KDR = wQ]&-IQ]. 
K, = formation constant of chelate in aqueous phase; K, = [NiQ2]/[Ni2+][Q-J2. 
t Reference 17. 
§Reference 27. 

log Kr 

18.24 
18.10 
23.80 
19.40 
20.20 

hindrance in complex formation is usually caused 
when a bulky group is attached either to the donor 
atom or is near enough to it to cause mutual 
repulsion between the ligands, weakening the 
metal-ligand bonds and making the sterically 
crowded complex unstable. Thus substitution in the 
chelating molecule may not only alter its basic 
strength (and hence the stability of the complex) but 
also introduce steric effects which can further weaken 
the complex. This is well shown by the difference in 
the extraction behaviour of nickel with 2-methyl- and 
~methyl-8-quinolinol.‘* 

Healy” has suggested that during adduct for- 
mation some of the bidentate chelating ligands may 
break one bond to the metal ion and become uni- 
dentate ligands, thus freeing co-ordination sites for 
addition of adduct-forming donors. The simplest and 
most direct ways to form adducts are by direct 
addition of the donor to the central metal ion, 
increasing its co-ordination number, or by substi- 
tution for water ligands. “JZ The first is exemplitied23 
by addition of a ligand S to UO,(HX), to form a 
highl!, extractable adduct UO,(HX),‘S, with an in- 
crease in co-ordination number from 6 to 7, and the 
second by formation of an extractable adduct of zinc 
trifluorothenoylacetonate, Zn(TTA),, with tri-n-octyl 
phosphate (TOP)?” as shown by NMR studies: 

Zn(TTA),=2H,O + %%%+Zn(TTA),‘TOP + 2H,O 

where the bars indicate the organic phase. 

SELF-ADDUCI’ FORMATIOIV IN VARIOUS 
E-QUINOLINOL SYSTEMS 

In aqueous solution, nickel forms the dihydrate 
NiQ2. 2H,O with 8-quinolinols (except the 2-methyl 
derivative). X-Ray diffraction studies on the zinc2526 
and copper2’ complexes have shown that the two 
water molecules are trans to each other in a hexa- 
co-ordinated octahedral structure. The zinc, cad- 
mium, cobalt, nickel and lead complexes are iso- 
morphous. 

When the logarithms of the formation constants 

of the nickel” or zinc17*28 chelates of various 
8-quinolinols are plotted against the overall pK, 
values (piu, being the sum of plil,, and p&* for 
dissociation of protons from the protonated 
%quinolinol), a linear relationship is found (since pK, 
represents the basicity of the ligand). The logarithms 
of the adduct formation constants are also a linear 
function of the pK* values but are almost the same as 
each other. This is because the chelating agent plays 
two roles, in which its basicity has opposing effects. 
Increased basicity increases the donor power of the 
reagent in adduct formation, but this is offset by a 
reduction in the acceptor power of the chelate com- 
plex, since the greater stability of the complex 
(because of the higher basicity of the ligand) results 
in a lower “residual Lewis acidity” of the chelate. 
Similar results are found for the cobalt(I1) 
complexes29 but manganese(I1) does not form a self- 
adduct with 8-quinolinols, only the simple 1: 2 chelate 
being extracted.” 

Table 1 summarizes the equilibrium data for the 
nickel complexes. These values were all obtained by 
solvent extraction studies, and it was thought inter- 
esting to see what happens when the anhydrous solid 
chelates are treated with the adduct-forming species 
in an organic solvent, and to apply spectrophoto- 
metric methods to the investigation. In formation of 
chelates with 8-q~nolinols there are bath~hromic 
shifts of the absorption bands of the ligands.3’ 
Further change might be expected on adduct for- 
mation. The spectrum of the anhydrous nickel 
8-q~nolinol complex in chloroform medium” has 
absorption bands at 455 and 340 nm. The band at 
455 nm decreases gradually on addition of 
8-quinolinol, and the band at 340 nm shifts to 
323 nm, with a large increase in absorbance. The 
5-nitro-8quinolinol complex in chloroform in the 
absence of free ligand has bands at 480, 430 and 
345 nm. The weak band at 480 nm decreases on 
addition of the ligand; the other two show a large 
increase in absorbance and the 345~nm band shifts to 
355 nm. These changes have been used to determine 
the adduct formation constants (by plotting 
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Adduct-formation constants for various pyridine adducts of nickel-8-quinolinolates” at 28” f 1°C (reproduced 
S. Bhatki, A. T. Kane and H. Freiser, Znorg. Chem., 1978,17, 2215; Copyright 1978 American Chemical Society) 

Base PK’ I-Quinolinol 

Pytidine 5.20 3.12 
2-Picoline 5.90 2.25 
2,CLutidine 6.72 2.50 
2,4,6Collidine 7.50 2.92 

2-Methyl- CMethyl- 5-Chloro- 5-Nitro- 
8-quinolinol lquinolinol I-quinolinol I-quinolinol 

2.70 2.76 4.50 5.14 
1.90 2.04 3.10 4.34 
2.24 2.36 3.56 4.84 
2.55 2.80 4.25 4.60 

*Dissociation constant for the protonated base. 

log& - AI/A us. log[HQ], A, and A being the max- 
imum and variable absorbances respectively)32 
and the results obtained were in agreement with those 
obtained by solvent extraction.” It had been shown 
earlier33 that the chelate does not exist as a polymer, 
so only formation of a monomeric adduct was 
considered. 

There was no change, however, in the visible- 
region spectrum of the 2-methyl-8-quinolinol chleate 
on addition of free ligand, and this was attributed to 
steric hindrance by the 2-methyl group. Similar work 
with the 4-methyl-8-quinolinol and 5-chloro-8- 
quinolinol complexeP showed that di-adducts 
NiQ,. 2HQ are formed in the chloroform solution, in 
contrast to the mono-adducts found in the solvent 
extraction study.‘* Thus nickel can form two types of 
self-adducts with 8-quinolinols, depending on the 
conditions. 

ADDUCTS WITH OTHER NITROGEN BASES 

Because 2-methyl-8-quinolinol does not form an 
adduct with its nickel complex,‘* it was of interest to 
examine the effect of steric hindrance caused by the 
adduct-forming donor. For this purpose the effect of 
pyridine and a series of methyl-substituted pyridines 
on the extraction of the 2-methyl-8-quinolinol com- 
plex was examined. 34 Similar experiments were done 
with the 8-quinolinol and 4-methyl-8-quinolinol com- 
plexes for comparison. In all the systems studied, 
except the 2-methyl-&quinolinol system, adducts of 
the type NiQ,.2B were found (where B is the nitrogen 
base). Since the chelates formed in aqueous medium 
were the dihydrates, the nitrogen base obviously 
increases the extractability by replacing the water 
molecules with ligands that are more compatible with 
an organic solvent medium of low polarity. 

Substitution of a methyl group in pyridine in- 
creases the basicity of the nitrogen atom,35 but substi- 
tution in the 2- or 6-position can adversely affect the 
co-ordination to a metal ion, by steric hindrance. 
Thus pyridine is expected to form more stable ad- 
ducts than 2-picoline does. The addition of a second 
methyl group in the Cposition results (as expected) in 
a further increase in basicity and hence in the adduct 
formation constant KAD, but not enough to offset 
entirely the adverse steric influence of the 2-methyl 
group, as shown in Table 2. The effect of the basicity 

of the adduct-forming base and of that of the chelat- 
ing ligand is seen to be in agreement with that 
predictable from the adduct-formation constants of 
the self-adducts (Table 1), viz. that for a series of 
chelates the smaller the residual Lewis acidity of the 
acceptor (i.e., the higher the basicity of the ligand and 
hence stability of the chelate), the lower the adduct 
formation constant for a particular base, and the 
higher the basicity of the donor, the higher the 
adduct-formation constant for a particular chelate, 
except, of course, for the 2-methyl-8-quinolinol 
series, where the steric effect is dominant. This study 
confirmed the earlier findings by Willis and Mellor36 
and Pate1 et al.” that these adducts are octahedral 
with the two nitrogen-base ligands in trans-positions 
(except for the 2-methyl-8-quinolinol systems). 

When the spectrophotometric approach3’ was 
applied to examination of these adducts,3s-40 the 
results listed in Table 3 were obtained, which show 
that the behaviour is as expected from the obser- 
vation above, lower adduct stability being observed 
whenever steric hindrance is encountered. Thus the 
constants for the 2-methylpyridine (Zpicoline) ad- 
ducts are lower than those for the corresponding 
pyridine adducts, and those for the 2-methyl-8- 
quinolinol adducts lower than those for the corre- 
sponding 4-methyl-8-quinolinol products. If more 
methyl groups are introduced in positions where they 
can exert steric hindrance, as in 2,6-lutidine or 
2,4,6_collidine, the resultant crowding that would 
occur on adduct formation can also have an adverse 
effect. That is seen when the methyl-8-quinolinol 
complexes (either 2- or 4) are treated with 
2,6-lutidine; no spectral shifts are seen in either case, 
indicating the absence of adduct formation. 

An interesting situation arises when a second sub- 
stituted quinolinol is used as the adduct-forming 
base. Since 5-nitro-8-quinolinol is considerably the 
least basic and 4-methyl-8-quinolinol the most basic 
of the 8-quinolinols tested, an adduct with the 5-nitro 
chelate as the acceptor and Cmethyl reagent as the 
donor should be the strongest, and that with the 
4-methyl chelate as acceptor and the 5-nitro com- 
pound as donor the weakest. This prediction was 
examined spectrophotometrically by adding 
4-methyl-8-quinolinol to a solution of the anhydrous 
5-nitro chelate in chloroform and measuring the 
decrease in absorbance at 480 nm.4’ The value of log 
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Table 3. Adduct-formation constants of nickel(I1) chelates of I-quinolinols with various bases by direct addition in 
chloroform medium 

Base 

log Km 
2-Methyl- CMethyl 5-Chloro- S-Nitro- 

pK* 8-Quinolinoateq 8quinolinolate3* 8-quinolinolate 38 8-quinolinolate40 8-quinolinolate3’ 

Pyridine 
2-Picoline 
CPicoline 
2,CLutidine 
2.6-Lutidine 
2;4,6-Collidine 
Ethylenediamine 
2,2-Bipyridyl 
1,lOPhenanthroline 
2,9-Neocuproine 

5.20 
5.90 
6.08 
6.12 
4.95 
7.48 
6.84 
4.31 
4.95 
5.85 

4.33 
1.35 
5.16 
0.43 

No adduct 
1.67 
9.00 
9.35 
9.20 
6.88 

0.65 3.40 
- 0.48 0.05 

0.94 
-0.33 

No adduct 
-0.18 

2.87 
3.13 
3.23 
2.15 

*Dissociation constant for protonated base. 

KAD for the mixed adduct was 4.60, which may be 
compared with log K,,,, = 3.35 for the self-adduct, 
and shows that the behaviour is as predicted. This 
observation should also apply to the solvent extrac- 
tion system, and Freiser has suggested that addition of 
a small amount of 4-methyl-8-quinolinol should give 
a synergic increase in the extraction of the nickel 
S-nitro-8-quinolinol chelate. 

Similar effects have been found for the zinc2* and 
cobalt4* quinolinol complexes, with pyridines as 
donors. With manganese, however, pyridine forms a 
mono-adduct of the 8-quinolinol complex.30 
2-Picoline and 2,6-lutidine produce the expected 
steric hindrance. The stability of the adducts is also 
a function of the atomic number of the central metal 
ion, and increases in the order Mn < Co < Ni. 

The indium system has also been examined.43 It is 
not surprising that the simple anhydrous 1: 3 chelate 
is extracted in the absence of pyridines. Addition of 
a pyridine, however, results in a synergic increase in 
extraction, with formation of a di-adduct InQ,.2B. 

STRUCTIJREOFTHEADDUCTS 

Though the structure of the di-adducts is known, 
there being octahedral co-ordination with the two 
donor groups trans to each other, that of the mono- 
adducts has not been conclusively established and is 
open to conjecture. The possibilities seem to be either 
an octahedral structure with the two chelating ligands 
rearranged so that they are no longer planar as in the 
dihydrates, with the donor group also forming a 
chelate ring with the central metal ion, or a penta-co- 
ordinated system with the two chelating ligands 
forming the square base of a pyramid, with a 
unidentate donor group occupying the apex of the 
pyramid, the second water molecule in the original 
dihydrate being forced out of the co-ordination 
sphere. All the thermogravimetric evidence obtained 
points to the absence of a water molecule in the 
adduct, but of course gives no information about the 
structure. The only direct structural evidence seems 
to be from the X-ray study by Rane and Ravi,& but 

3.13 
0.28 

No adduct 
1.65 
8.47 
8.65 
8.47 
- 

3.90 3.42 
1.43 2.63 
4.50 4.05 
0.87 2.00 

No adduct No adduct 
2.05 2.91 
7.41 9.90 
6.83 10.20 
1.01 9.11 
5.86 4.50 

unfortunately they do not seem to have worked out 
the structure yet. Their report says that the anhy- 
drous, dihydrate and self-adduct forms of the nickel 
8-quinolinol complex are all monoclinic, and that the 
X-ray pattern for the adduct is different from that of 
the dihydrate. They propose a penta-co-ordinated 
square pyramidal structure for the adduct, on the 
basis of a reference to a review“’ that does not appear 
to mention this particular adduct. The general opin- 
ion of those who have worked on these adducts is 
that the structure is the postulated square-based 
pyramid, but confirmation must await a definitive 
structural analysis. 
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Summary-The potential-time transient in potentiometric stripping analysis with a rotating mercury-film 
electrode is simulated digitally by means of the finite-difference Cranck-Nicolson method. Good 
agreement with experimental results is obtained. The relations between peak shape and signal duration 
for reversible analyte systems are discussed, and it is shown that severe peak overlap gives rise to 
distortions of the composite signal. 

In potentiometric stripping analysis (PSA)‘,* or chem- 
ical stripping analysis,3 trace analytes are precon- 
centrated by potentiostatic deposition on a working 
electrode and subsequently re-oxidized chemically by 
oxidizing agents present in the solution, with the 
potential-time behaviour of the working electrode 
being monitored in open circuit. With amalgamation 
of the analytes on thin-film mercury electrodes, PSA 
has proved useful for the accurate determination of 
several trace metals in a wide variety of media and 
materials, e.g., sea-water,4 beverages,5 body fluids,6.7 
digested biological substances’ and fly-ash.‘.” 

In PSA, if two analytes are redissolved at similar 
potentials, there is a risk of interanalyte interference 
due to overlap of the signals. The degree of overlap 
is partly determined by the separation of the peak 
potentials and by the amplitudes of the individual 
peaks. Generally, for reversible systems, the peak 
amplitudes and potentials are governed by factors 
which are well understood, and much can be done to 
minimize interference problems, for example by care- 
ful selection of the medium and the conditions for 
analyte deposition. The degree of overlap is, however, 
influenced even by the widths and general shapes of 
the individual stripping signals. Thus the chances of 
eliminating peak overlaps are better if the factors 
which govern the peak shape are equally well under- 
stood. Nevertheless, this aspect has so far received 
very little attention. “,‘* The present paper demon- 
strates how digital simulation can be used to provide 
a theoretical description of the waveform obtained 
with PSA under convective stripping conditions. 
More specifically, the reversible case is chosen for 
study. The proposed model is validated by com- 
parison of theoretical and experimental data, and the 
results of the simulation are evaluated with respect to 
the applications of PSA. 

To comply with the experimental conditions most 

frequently used in computerized batch PSA, the 
theoretical investigation assumes that analyte strip- 
ping as well as analyte deposition takes place under 
forced convective conditions at a mercury-coated 
rotating disk electrode (RDE), and, accordingly, the 
experimental study was done with this type of elec- 
trode. This forced-convection stripping scheme has 
one disadvantage: in PSA the sensitivity depends 
strongly on the hydrodynamic conditions, and a 
decrease of sensitivity results if the electrode rotation 
is not interrupted towards the end of the deposition 
period.13 Consequently, if forced convection is main- 
tained throughout the experiment, longer deposition 
periods will frequently be required, but this drawback 
is usually fully compensated by the improved pre- 
cision and accuracy. 

The rotating electrode creates a well-defined hy- 
drodynamic pattern in the vicinity of its surface, 
which is stable towards mechanical disturbances in 
the cell. Therefore, electroactive species are trans- 
ported to and from the surface in a highly re- 
producible manner, which eventually is reflected in 
improved precision of the analytical results. Under 
convective conditions, the flux of oxidant towards the 
electrode will respond rapidly to changes of electrode 
potential and will almost instantaneously reach a 
steady-state value which is proportional to the bulk 
concentration of the oxidant. Consequently, the flux 
of oxidant will be independent of the time spent at 
any particular potential. This facilitates application 
of the background subtraction method,’ and with the 
RDE, an accurate correction for the capacitance 
contribution to the primary stripping signal can 
usually be achieved: a reliable estimate of the capac- 
itance contribution can be obtained from a separate 
plating/stripping cycle using a deposition period of 
negligible duration. Once the flux of oxidant is con- 
stant in time, the electrode discharge proceeds at 
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equal rates in the two plating/stripping cycles. Hence 
a mutual scaling of the two signals’* is no longer 
necessary, and the capacitance correction amounts to 
a simple subtraction of the capacitance signal from 
the primary stripping signal. Apart from this 
simplification, stripping at an RDE is particularly 
advantageous when samples contain electroactive 
substances which can be reduced to water-soluble 
species. Under convective conditions, such sub- 
stances are much less likely to interfere in the deter- 
mination of species which can be plated.14 

THEORY 

Principle of digital simulation 

The basic equation describing the convective 
diffusional mass-transport of a species to or from the 
RDE in the absence of homogeneous reactions in the 
solution is given by:15 

(1) 

where D is the diffusion coefficient of the species, V, 
is the convective velocity of the solution normal to 
the electrode surface, and x is the distance from the 
electrode. V, can be expanded into a power series in 
terms of x; however, when phenomena close to the 
electrode surface are studied, the first term suffices: 

v I = - 0.510 03/*1, -‘/2 x* (2) 

where w is the angular velocity of the electrode in 
radians/set, and v is the kinematic viscosity of the 
medium. To bring equation (1) into dimensionless 
form, the following variable transformation is 
defined:16 

X =x/S, T = Dt/h2, C = c/c,,,,, 

where 6 is the diffusion layer thickness: 

6 = 1 612~‘l~,,‘“~-“* 

and equation (1) becomes: 

(3) 

(4) 

ac a*c 
FT =,,+2.139x*; 

In the finite-difference approach to solution of 
partial differential equations, the time and space 
variables are divided into discrete intervals of AT and 
AX, respectively. In this study, the derivatives in 
equation (5) have been thus divided by use of the 
implicit Cranck-Nicolson scheme, which is dis- 
tinguished by great numerical stability. In particular, 
the simulation parameter 1 = (AT)/(AX)2 need not be 
less than 0.5, which is the stability limit by the explicit 
finite-difference method, and large savings in com- 
putation time can be achieved. 

Boundary conditions and initial values 

During the plating step in PSA, the electrolysis 
potential is normally chosen so that the rate of 
analyte deposition is limited by mass transport. In 

such cases, the surface concentration of analyte is 
essentially zero. With these boundary values and 
initial conditions (i.e., C(X,O) = 1 for all X, 
C(O,T) = 0 for T > 0 and C(X,T) = 1 for X + co, 
T > 0), the solution of equation (5) is trivial,” and a 
steady-state concentration profile is rapidly reached. 
This concentration profile can be calculated once and 
for all and serves as the initial value when the 
simulation of the stripping step is performed. Fur- 
thermore, it is assumed that the redox potentials of 
the analyte and the oxidant are sufficiently well 
separated to ensure that mass transport limits the flux 
of oxidant at the redissolution potential of the amal- 
gamated analyte. With the analytes investigated in 
the present study [lead(II), cadmium(I1) and indi- 
um(III)] and the oxidant applied (dissolved oxygen), 
this requirement is fulfilled, and the boundary condi- 
tion at the electrode surface becomes: 

ac ( I Y-i7 =K 
\“A /x=0 

Here, C refers to the analyte concentration, and K is 
a negative constant supplied as input to the simu- 
lation routine. As regards the digital simulation, PSA 
is therefore identical to constant-current chrono- 
potentiometry. 

The description of the mercury film during the 
stripping step is uncomplicated since it has been 
shown theoretically’8 that concentration gradients of 
amalgamated species within the film are important 
only at the very beginning of the stripping phase. 
Even for a relatively thick film (5 pm), this transition 
period lasts less than 1 msec, and is negligible on the 
time scale of a typical stripping signal. Hence the 
mercury film remains virtually uniform, and the 
concentration of dissolved metal decreases linearly 
with time during the redissolution process. In the case 
of reversible oxidation of an amalgamated metal M, 
which is the subject of this study, the electrode 
potential is governed by the Nernst equation: 

RT [M”+],=, 
E=E”+nFInp 

MfWl 
The thickness of the mercury film can be fixed 

arbitrarily, since a different choice merely shifts the 
stripping signal on the potential axis. This 
simplification, however, only applies to reversible 
behaviour. 

When two analytes are re-oxidized at similar po- 
tentials, the boundary condition at the electrode 
surface is somewhat modified. The flux of newly 
oxidized material from the electrode surface must 
balance the constant supply of oxidant, which can be 
expressed in dimensionless form as: 

(i$_. + (~),=, = K (*I 
where C2 = CZ/C~~ML~ and Cl = c,nlD,lc2~b,lk,n2D2. An 
additional boundary condition arises from the fact 
that the Nernst equation must be fulfilled for both 
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analytes i.e., E = E, = E2. At the canning of the 
simulation, it is assumed that only the species with 
the most cathodic redox potential is re-oxidized, 
and the simulation proceeds as a single-component 
simulation until the con~ntration gradient of the 
second species becomes negative at the electrode 
surface, indicating the onset of oxidation of the 
second component. 

Chronopotentiomet~c responses of amalgamate 
metals simultaneously undergoing re-oxidation from 
thin-film mercury e1ectrode.s have been calculated 
previously.” However, only stripping in stationary 
solutions was considered, and the semi-analytical 
approach employed in the calculation of the diffusive 
mass transport is not readily extendable to systems 
involving convection. 

EXPERIMENTAL 

For dam-acquisition and experimental control, a comput- 
erized instrument was employed.to During the stripping 
phase in the PSA, the potential of the working electrode was 
sampled at constant frequency and recorded as a potential 
dist~bution, the stripping of an ~alg~at~ metal appear- 
ing as a peak. The background signal obtained with zero 
plating time was subtracted from the primary poten- 
tiograms. During all experiments, the data-acquisition rate 
was 6.7 kHz. 

The electrochemical cell comprised a Metrohm 628-50 
rotating disk electrode unit mounted with a 16mm* glassy- 
carbon electrode (GCE) and equipped with a 50-ml beaker. 
The reference electrode was a Radiometer Kg01 Ag/AgCl 
electrode, and the counter-electrode was a glass-fitted plat- 
inum rod (1 cm long, 0.5 mm thick). The RDE was operated 
at a speed of 1500 rpm. Prior to measurements, the GCE 
was polished with O.&m diamond paste and rinsed with 
ethanol. The GCE was preplated in 8 x lo-‘M mercury (II) 
solution in 1 M sodium acetate/hydr~hlo~c acid buffer by 
electrolysis for 120 see at -400 mV vs. Ag/AgCI. 

Reagents 

Triply distilled water and analytical grade chemicals were 
used in all experiments. Stock solutions of the analytes were 
10m2iM, made with triply distilled water and lead and 
cadmium nitrates and indium sulphate. 

Experimental procedure 
The medium used in ah experiments was an acetate buffer 

prepared by adjusting 1M sodium acetate to pH 4.7 with 
concentrated hydrochloric acid. The solutions were not 
deaerated prior to PSA, and dissolved oxygen served as the 
oxidizing agent. Analytes were added as small aliquots of 
standard solutions from microlitre pipettes. 

The lead signals reported were recorded after pre- 
electrolysis at - 750 mV vs. Ag/AgCl. To obtain signals of 
widely differing magnitudes, the pre-electrolysis time was 
varied between 7.5 and 360 set, and the lead concentration 
between 2.0 x IO-’ and 1.6 x 10e6M. 

In the investigation of additivity of overlapping PSA 
signals, the cadmiumiindium system was chosen for studv. 
Pm-electrolysis was done for- 60 set at - 1300 mV a>. 
Ag/AgCI. First, 50 ml of blank buffer was divided equally 
between two identical beakers; cadmium solution was added 
to the first beaker, to give a level of 8.0 x IO-‘M and indium 
solution to the second to give a level of 1.6 x 10m6M. The 
cadmium signal was recorded, then the beakers were ex- 
changed and the indium signal was recorded. During the 
exchange, the GCE was disconnected, and the electrodes 
were rinsed thoroughly. Finally, cadmium was added to the 

second beaker, again to give 8.0 x lO-‘M con~ntration and 
the overlapping cadmium/indium signals were recorded. 
Each potentiogram was recorded three times. 

Compuraiion 
All programs were written in FORTRAN-77 and run on 

the deoartmental VAX 111780 computer. Simulated voten- 
tiograms were displayed in the multichannel mode to facil- 
itate comparison with the experimental results. Copies of the 
programs are available on request. 

RESULTS AND DISCUSSION 

Single peak shapes 

In quantitative PSA, the oxidant must always be 
present in large excess relative to the analyte, in order 
to control the oxidation rate and to eliminate inter- 
analyte interferences [e.g., ZTI+ + Cd(Hg)-+ 
2Tl(Hg) + Cd’+]. Hence the flux of oxidized analyte 
from the working electrode in the stripping phase is 
much larger than the opposite flux during precon- 
centration. The simulations showed that for 
c o.ldan,/Cana,yr~ > 30 (assuming equal diffusion 
coefficients of oxidant and analyte), the concentration 
profile of analyte during stripping is entirely domi- 
nated by the flux from the electrode, and the steady- 
state concentration profile present at the commence- 
ment of stripping can be neglected. When equation 
(5) is solved with these boundary conditions, i.e.. 
C(X,T) = 0 for T = 0 and (X(X,T)/aX),=, = K for 
O< TlT,,, the solution for the concentration 
profile will be proportional to K in any time step. 
Owing to the logarithmic form of the Nernst equa- 
tion, it can thus be. concluded that the shape of the 
potential-time transient is governed by the duration 
of the stripping phase, T&r, whereas the absolute 
values of the oxidant concentration and the pre- 
electrolysis time are unimportant. For instance, if 
both of the latter quantities are doubled in an experi- 
ment, no change in the shape or size of the PSA signal 
should be observed. 

If the stripping phase lasts longer than T = 2.5 

(called T,, in the following), a steady-state concen- 
tration profile of m-oxidized analyte is established at 
the working electrode. At this point, the 
Cranck-Nicolson calculation of the concentration 
profile in the next time-step can be omitted, and a 
considerable saving in computational time is 
achieved. Inspection of the steady-state concentration 
profile showed that the effect of the electrode process 
is negligible at a distance of X = 3 from the electrode 
surface; hence consideration of the space axis beyond 
that point is redundant. 

If simulated and experimental PSA signals are to 
be compared, the conversion factor between the 
physical and the dimensionless variable must be 
known. The transformation formulae can be written 
explicitly as: 

T = 0.3858D”3 v-i/r cot (9) 
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Since D and v enter these expressions with low 
powers, the accuracy with which they are known is 
not critical. Typical values are v = 0.01 cm’jsec for 
aqueous media and D = 10m5 cm2/sec for non- 

complexed metal ions in such media.” With the 
applied rotation rate of w/2n = 1500 rpm, the con- 
versions become: x = 1.3 x 1 0e2X mm and t = 0.17 T 
sec. 

In Fig. 1, simulated PSA curves corresponding to 
a reversible two-electron stripping process are dis- 
played. For short stripping times, in which the 
steady-state concentration profile of analyte is not 
reached [curves (A) and (B)], the peak shape is 
relatively symmetrical and independent of the strip- 
ping time. With longer stripping times [curve (C)l, a 
steady state is reached during the stripping phase, 
and the peak is sharper. Finally, when TStr,,, is so long 
that steady-state conditions prevail during most of 

the stripping phase [curve(D)], a very sharp and 
asymmetrical peak with a steeper cathodic branch is 
obtained. In quantitative PSA, the analytical signal 
usually evaluated is the stripping time, i.e., the area 
of the peak when this is recorded in multichannel 
mode; however, it has also been reported* that the 
peak height is proportional to the analyte concen- 
tration when stripping is performed in a stationary 

A 

ll 
550 450 

B 

Lk_ 
550 450 

-E CmV) 

Fig. 1. Simulated PSA signals of an amalgamated analyte 
undergoing reversible oxidation at the mercury film RDE. 
The curves have been normalized to equal areas. TsrrlP is (A) 
0.09; (B) 0.72; (C) 2.88; (D) 23.00. Simulation parameters: 
n = 2, E” = - 500 mV, [M(Hg)],=, = 10000, AT = 

2 x 10-4, AX = 2 x 10-2. 

Fig. 2. Relative peak height of simulated PSA signals at the 
mercury film RDE as a function of Tstnp. The ordinate has 
been normalized to 100 for Tstnp = 0.09. Same conditions 
and simulation parameters as in Fig. 1. Note the loganthmtc 

abscissa. 

solution. To examine whether this relation is valid for 
the RDE system as well, the peak height relative to 
r,,,,, is plotted against TstrlP in Fig. 2. Proportionality 
should result in a horizontal line; however, it is seen 
that when T,,,,, > 1, the peak height grows dis- 
proportionately fast in accordance with the observed 
sharpening of the peak (Fig. 3). Under the experi- 
mental conditions of this study, Tsfrlp = 1 corresponds 
to 170 msec in real time, and transition times in trace 
analysis by computerized PSA are usually well below 
this limit. Thus, for most practical applications, the 
peak height can be taken as the analytical response. 
This method of signal evaluation is particularly useful 
when neighbouring peaks overlap to some extent, 
and complete base-line resolution of the signals is 
then not required. 

In Fig. 4, calculated and experimental PSA curves 
for lead are compared. Since the mercury film thick- 
ness and the exact value of the conditional redox 
potential are not known, the position of the simulated 
signal on the potential axis is indeterminate, cJ 
equation (7), so the theoretical curves were shifted 
along the potential axis until the best fit to the 
experimental data was obtained. Within the wide 
range of signal magnitudes covered, the agreement is 

; 30- 

E 

I 20- 

5 
IL 10 - 

Fig. 3. Full width at half maximum height of simulated 
PSA signals at the mercury film RDE. Same conditions and 
stmulation parameters as in Fig. 1. Note the logarithmic 

abscissa. 
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C 

450 350 

-E (mV vs Ag/AgCI ) 

Fig. 4. Comparison of experimental (0) and simulated (0) 

AX = 2 x 10e2. For experimental detarls, see text. 

PSA signals of lead. The curves are scaled to equal areas. 
The stripping time (set) is: (A) 0.044; (B) 0.092; (C) 0.412; 
(D) 2.95. Simulatron parameters: n = 2, AT = 4 x 10m4, 

good, and it can thus be concluded that the model 
proposed for the simulation of a PSA experiment is 
essentially correct. 

Shapes of overlapping peaks 

When the oxidation potentials of two amalgam- 
ated analytes are too close, oxidation of the second 
component will commence before oxidation of the 
first component is complete. If the extent of the 
resulting overlap is considerable, the potential distri- 
bution calculated as the sum of component signals 
will differ from that of the composite signal, and the 
waveform in PSA is no longer additive. As shown in 
Fig. 5, the peak height of the component stripped 
most cathodically is increased at the expense of the 
signal from the other component. The explanation of 
this finding is simply that during the time spent at the 
dissolution potential of the first component, a 
significant fraction of the second component is also 
oxidized. In Fig. 6, the fraction of the total oxidant 
flux consumed in the stripping of each component is 
plotted against the electrode potential, and it is seen 
that both oxidation processes take place in the 
potential range between the dissolution potentials of 
the analytes. The distortion of overlapping PSA 
signals was verified experimentally for the 
cadmium/indium system (Fig. 7). Whereas the sum of 
the cadmium and indium peak areas agreed with the 
area of the composite peak within experimental error, 
the potential distribution of the latter is clearly 
changed in the way predicted by the digital simu- 
lation. 

Although severely overlapping PSA signals have 
been resolved numerically with satisfactory accuracy 
by the use of the generalized standard-addition 
method,2’ the applicability of this approach will 

eventually be limited by the lack of additivity of 
overlapping PSA signals. Therefore, it is recom- 

600 500 

-E (mV) 

WD-WI~=o = ~OOOO. 

Fig. 5. Simulation of the peak overlap interference in PSA. 
(0) = sum of single-component signals, (0) = signal ob- 
tained when both species are present simultaneously. 
Simulation parameters: n, = nz = 2, Trtnp,,) = Trtnp(rj = 1.4, 
Ey = -500 mV, Ei = - 535 mV, [M,(Hg)]T=O = 

00 575 550 525 500 

-EImV) 

Fig. 6. Fraction of the total oxidant flux consumed by the 
oxidation of each analyte during the stripping of an over- 
lapping two-component system in PSA: (0) =j,&,,, 

(0) =j2/j,,,,~,. Srmulation parameters as in Fig. 5. 

700 600 500 

-E ImVvs Ag/AgCI 1 

Fig. 7. Distortion of the waveform in PSA caused by severe 
peak overlap: (0) sum of Cd- and In-signals when measured 
separately, (0) signal obtained with both analytes present. 

For experrmental details, see text. 
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mended that the interfering peaks should be resolved 
by instrumental or chemical means (e.g., by matrix 
modification) whenever possible. 

CONCLUSIONS 

With the theoretical model proposed, an accurate 
description of the waveform in PSA in the case of a 
reversible electrode process can be obtained by digital 
simulation. In practical analysis, the theoretical sig- 
nals are useful as diagnostic tools, since compli- 
cations in the electrode process (e.g., saturation of the 
amalgam electrode, accompanying homogeneous 
solution reactions or irreversible electrode kinetics) 
will lead to distortions of the peak shape. Conversely, 
if a species is known to behave reversibly under given 
experimental conditions, deviations from the the- 
oretical values (particularly peak broadening) are 
indicative of poor instrumental performance. 

A major advantage of the finite-difference ap- 
proach in digital simulation is the ease by which 
kinetic effects are incorporated into the model, and it 
is our intention to expand the simulation of PSA 
signals to cover more complicated cases in the future. 
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Summary-Flow gradients controlled by a variable hydrostatic head have been employed in FIA for the 
first time. The influence of these gradients on the most characteristic parameters of an FIA recording have 
been studied in svstems with and without a chemical reaction. The potential of this technique for 
enhancing the applications of FIA is shown. 

Gradient techniques in flow-injection analysis (FIA), 
defined as those that make use of peak measurement 
before or after the residence time, date from 1977, 
when RdiiEka et al. described their FIA titrations.’ A 
year later Betteridge and Fields2 suggested the first 
simultaneous determinations by use of a pH-gradient, 
and then new techniques followed, such as use of 
concentration-gradients established in the double 
carrier-sample-carrier interface, gradient dilution,’ 
electronic calibration3 stopped-flow methods,4,6 
three-dimensional FIA scanning’ and FIA systems 
with a gradient chamber. 8.9 All these are techniques 
based on concentration gradients, and up till now no 
gradient techniques based on hydrodynamics have 
been developed for FIA, although programmed-flow 
systems have been used in HPLC”’ which, modifying 
the retention times through successive changes of the 
flow-rate, afford better resolution in elution of the 

solutes. 
In the work described here we studied the effect of 

a flow-rate gradient (flow-gradient) in FIA. The 
change in flow-rate from sample injection to exit 
through the detector results in substantial alterations 
in the parameters of the peaks obtained, which may 
be taken advantage of for several purposes. More- 
over, when the FIA involves a chemical reaction, 
there will be a considerable effect of the reaction 
kinetics on the dispersion” as well as on the param- 
eters which define the peak, and a flow-gradient 
allows manipulation of these parameters thanks to 
the possibility of controlling the degree of reaction 
that has occurred by the time the peak reaches the 
detector. The simplest way of creating a flow- 
gradient (used by us) is by controlled variation of a 
hydrostatic head. In earlier works’2-‘4 flow-rate con- 
trol was obtained by use of a fixed hydrostatic head, 
with a reservoir of carrier solution at a given height. 
In our work the reservoir is raised or lowered to 
change the flow-velocity, thus creating a 
flow-gradient. We have studied the effect of the 
gradient in a system in which no chemical reaction 

takes place (injection of Bromocresol Green) and 
systems in which chemical reaction occurs at a mod- 
erate rate (ascorbic acid-potassium dichromate and 
cobalt-pyridoxal thiosemicarbazone) and for which 
the disappearance or appearance of a species is 
monitored. 

A flow-rate gradient, Q, may be defined as the 
variation of the flow-rate, q, over a given period of 
time: 

Q=$Z 
(1) 

II 

where qO, q and r,,, t are the initial and final flow-rates 
and times, respectively. 

Apparatus 
EXPERIMENTAL 

The device used, Fig. 1, has a vertical column (2 m high) 
with a tray which can be moved up and down by a 
mechanical drive mechanism, at a controllable rate, the rate 
being set by means of a rheostat. The reservoir is connected 
by tubing to the injection valve of the FIA system, and the 
outlet from the flow-through cell of the detector is length- 
ened by tubing to end 50 cm below the base of the column, 
so that there is no return flow when the reservoir is at the 
base of the column. The flow-rates are adjustable in the 
normal range for FIA (0.76 and 2.42 ml/min) with our 
apparatus. 

FIA manifold 

This was very simple, consisting of a single channel for the 
carrier solution, into which the samples are injected in the 
usual way. A microcomputer (Hewlett-Packard HP-85) was 
used to collect the absorbance values from the spec- 
trophotometer through an interface (HP-IB) every 0.2 sec. 

Reagents 

Bromocresol Green. A stock solution was prepared by 
dissolving 0.400 g of the dye in 25 ml of 96% ethanol and 
diluting to 100 ml with O.OlM borax. The working solution 
was prepared by mixing 0.5 ml of the stock solution with 
99.5 ml of O.OlM borax. The carrier stream was O.OlM 
borax. 

Potassium dichromate solution, I x IO-‘M (PH varied). 
Ascorbic acid solution, 5 x IO-‘M, pH 5.45. 
Pyridoxal thiosemicarbazone’5 (PT) solution. In 1: 4 v/v 

ethanol-water mixture, pH 5.74. 

845 
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t 
W 

I I 
COMPUTER 

Fig. 1. Scheme used to establish a gravity-flow and FIA manifold. 

Co(U) solutions (10 pg/ml). In 1: 4 v/v ethanol-water 
mixture (pH varied). 

Procedure for data collection 

Injection and start-up of the microcomputer and recorder 
were simultaneous. A program was written in Basic to 
provide the following information for each peak: flow-rate 
gradient (Q); flow-rates at the start (yO). end (qr), slgnal 
appearance (qa), peak maximum (q7) and half peak-height 
for the rise (q,,,,) and fall (qw2) of the peak; the appearance 
time (t,), residence time (i.e., time from injection to appear- 
ance of the peak maximum) (t,), baseline-to-baseline (At), 
and peak-width at half-height (At,,2); the absorbance at the 
maximum (A,); the peak area (A). The flow-chart of the 
program is shown in Fig. 2. 

RESULTS AND DISCUSSION 

The study was started by determining the most 
characteristic FIA parameters when the reservoir was 
kept at different heights. For our apparatus the 
equation relating the flow-rate to the height was 
found to be: 

qc,,,,,,, = O.O0832h,,, + 0.764 

SYSTEM INVOLVING NO CHEMICAL 
REACTION 

First, the signal provided by the injection of a dye 
(Bromocresol Green) into an aqueous carrier (with 

-TIMER (every 0. 2 set) 
-DATA TABLE ELABORATION 

(tlme,absorbance, flow - rate) 

DATA OUT: 

Q 

A A 

ram, f:,Af, Ah,, 

DATA OUT, 

Q 

4, ~~,/&l,~Tr%Z~~t 

&,A 
f a ,‘, ,A? ,A?,/, 

Fig. 2. Flow-chart of program. 



both solutions at the same pH so that no chemical 
reaction occurred) was monitored and the FIA par- 
ameters were obtained. The flow-gradient was varied 
by changing the rheostat setting (Pr), to which Q was 
linearly related by the equations: 

Q >O:Q =O.O278Pr-0.5812 for 35sPrs80 

Q < 0: Q = -0.0286Pr + 0.0256 for 20 2 Pr 2 60 

Figure 3 shows the peaks obtained with four of the 
Q values, together with the gradients. The changes in 
t,, t, and At with Q are more remarkable for positive 
than for negative gradients. 

Washing effect 

An immediate application of the flow-gradient in 
FIA is the washing effect,‘6,‘7 by which a higher 
sampling frequency is obtained. If a positive 
flow-gradient is established at t, (i.e., at the maximum 
of the signal), the peak-tail can be dramatically 
diminished; the time to return to the baseline is 
shorter and the time lapse between consecutive injec- 
tions if cross-contamination is to be avoided is min- 
imized (Fig. 4). 

SYSTEMS INVOLVING A CHEMICAL 
REACTION 

Monitoring the disappearance of a reactant 

The ascorbic acid-potassium dichromate system, 
employed by Painton and Mottola” to study the 
contribution of the chemical kinetics to the dis- 
persion, was used in these experiments. This redox 
reaction is very suitable because its rate is dra- 
matically affected by pH: 

Cr,O:- + 3C,H,O, + 8Hf+2Cr3+ 

+ 3C,H,O, + 7H,O 
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00 04 06 12 16 20 

0 (ml /md) 

Fig. 4. Influence of Q on various peak parameters. The 
flow-rate gradient (positive) is established at time I, to take 
advantage of the washing effect. The effect is shown for 
Bromocresol Green. The effect of Q on At,,* IS small, 
whereas on At and AT it is very pronounced 

[AT = At - (r, - r,)]. 

The rate of disappearance of the dichromate ion at 
different pH values was monitored photometrically 
(at 352 nm) by injecting samples sequentially into an 
ascorbic acid stream at pH 5.45. 

When no flow-gradient is present the variation of 

the chemical dispersion, D,, (D, = D,,,, - Dphyslcal) 
with q is described by curves similar to those found 
by Painton and Mottola I’ for this system. When a 

flow-gradient is established the dispersion is dra- 

matically affected by Q, especially if Q is > 0 (Fig. 5). 
The effect of the pH of this system on parameters 

(b) 

Time 

Time 

such as D,, t, and At when different flow-gradients are 
established is interesting. Figure 6 shows plots of D, 

and At vs. pH, which are the most significant. In 
general, as might be expected, the introduction of a 
flow-gradient between two extreme q-values produces 
values of the characteristic parameters between those 
corresponding to the minimal and maximal flow-rate. 

We have attempted to use the apparatus to mea- 
sure the reaction-rate of the disappearance of dichro- 
mate (k) as a function of pH, on the basis of the 
differences (AD and AA) in the total dispersion and 
area, respectively, for the peak obtained in the pres- 
ence (R) and absence (NR) of a chemical reaction 
(AD = D, - D,,; AA = A,, -AR). Obviously, AD, 
AA and k must be directly related. We have plotted 
AD vs. AA for different q and pH values in the 
absence of a flow-gradient, obtaining straight lines 
with slopes which increase as the pH decreases (i.e., 
as the degree of reaction increases). These slopes, 
representing proportionality constants between AD 
and AA, must equal k, the intrinsic rate-constant of 
the FIA system as a function of pH: AD = k AA + C, 

Fig. 3. FIA recording obtained by injection of 27.2~1 of 
Bromocresol Green under different flow conditions (dashed 
lines): (a) and (d) without a flow-gradient (q = 0.764 and 
2.420 ml/min, respectively); (b) and (c) with a positive 
gradient (Q = 0.392 and 1.639 ml/min2, respectively); (e) 
and (f) with a negative gradient (Q = -0.831 and - 1.582 

mUmin*. resnectivelvj. I L ,I where C is the intercept of the straight line at AA = 0. 
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Fig. 5. Influence of the flow-gradient on the chemical disperston at several pH values (ascorbic 

acid-potassium dichromate reaction); NR = no chemical reaction. 

When a flow-gradient is established and the plots 
are recorded for different Q values, the straight lines 
obtained show slopes slightly smaller than those 
found in the absence of a gradient, except when the 
reaction rate increases sharply with decrease in pH, 
i.e., at pH < 2.4, in which case &,,,) > kca,o) > k,, <0), 
Fig. 7. This means that when the reaction-rate is 
maximal the differences in dispersion and peak area 
corresponding to the occurrence and absence of a 

reaction are maximized by a positive flow-gradient 
and minimized by a negative gradient. 

Monitoring of formation of a product 

The complex-formation reaction between cobalt 
and pyridoxal thiosemicarbazone (PT’)” was chosen 

80 

60 
a” 

for studying the influence of a flow-gradient on the 
profile of the peak obtained: 

CoZ.+ 02 - Co3+ s Co(PT):+ + H+ 

Because we start with Co(I1) in solution the overall 
reaction is slow owing to the oxidation step, which is 
highly influenced by pH. The reaction can be photo- 
metrically monitored at 435 nm, the carrier being a 
solution of the ligand (see experimental section) at 
pH 5.75, into which lo-hg/ml Co(U) samples at 
different pH values are injected. 

As the concentration of the complex is unknown, 
the dispersion cannot be calculated, but can be 
indirectly assessed from the maximal absorbance of 
the peaks. 

1 5 

- 10 

E 
G 

05 

PH PH 

Fig. 6. Variation of the chemical dispersion and baseline-to-baseline time as a function of pH for the 
ascorbic acid-potassium dichromate system. A and F without a flow-gradient (q = 0.764 and 2.420 
ml/min, respectively); B and C with a positive gradient (Q = 0.529 and 1.917 ml/minr, respectively); D and 

E with a negative gradient (Q = - 1.973 and -0.831 ml/minr, respectively). 
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2 3 4 

PH 

Fig. 7. Variation of k with the pH of the potassium 
dichromate sample in the ascorbic acid system with and 
without flow-gradients: A, positive gradient; B, without 

gradient; C, negative gradient. 

When the reaction product is monitored, the reac- 
tion rate and dispersion have opposing effects on the 
peak profile: increase in reaction rate increases the 
transient signal, whereas increase in the dispersion 
decreases it. Therefore, the maximal absorbance of 

I (A) 

the peaks is less affected by the change in q than it 
is in the ascorbic acid-dichromate system. 

When a flow-gradient is established the maximal 
absorbance for a fixed pH is only slightly affected by 
Q; A and At are the most significantly affected 
parameters. In this case, negative gradients have a 
greater influence on A (Fig. 8, A, B) and At (Fig. 9). 
For positive gradients the increase in Q diminishes A 
and At, whereas for negative gradients increase in Q 
increases A and At. 

The variation in A and At with sample pH for 
different Q-values (Fig. 8, C and D, Fig. 9) gives 

curves similar to the plots of reaction-rate vs. pH 
obtained by a manual photometric method, but 
slightly shifted towards higher pH-values, possibly 
owing to the fact that the slower the reaction-rate, the 
more pronounced the effect of the dispersion on the 
signal. 

CONCLUSIONS 

The study performed allows the following conclu- 
sions to be drawn. 

(1) The establishment of a flow-gradient in an FIA 
system modifies the peak profiles to give shapes 
between those obtained by use (at Q = 0) of the initial 
and final flow-rates of the gradient tested. 

(El 

Time 

CC) IV (D) 

Time 

Fig. 8. FIA recordings for the C-PI system: (A) and (B) at pH 4.18 and different flow-conditions; (C) 
with a positive gradient and (D) a negative gradient at different pH values. (A): I, without a gradient 
(q = 0.764 ml/min); II, III and IV with a positive gradient (Q = 0.529, 1.084 and 1.361 ml/min2, 
respectively). (B): I, without a gradient (q = 2.420 ml/min); II, III and IV with a negative gradient 
(Q = -0.831, -1.117 and -1.402 ml/min*, respectively). (C): I, with a positive gradient (Q = 0.529 
ml/mir?) at different pH values: 3.25 (I); 3.63 (II); 4.85 (III) and 6.77 (IV). (D): With a negative gradient 

(Q = -0.688 ml/min2) at the same pH values as (C). 
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PH 

Fig. 9. At us. pH of the injected Co(H) sample, for different 
flow-rates (Co-PT system). A and F without a flow-gradient 
(q = 0.764 and 2.420 ml/min, respectively); C and E with a 
positive gradient (Q = 0.529 and 1.084 ml/min2, re- 
spectlvely); B and D with a negative gradient (Q = - 1.117 

and -0.688 ml/min2, respectively). 

(2) Positive or negative flow-gradients affect the 
parameters of an FIA peak differently according to 
whether a chemical reaction occurs or not, and in the 
first case the effect also depends on whether the 
species monitored is a reactant or a product. 

When no chemical reaction takes place, the most 
significant influence of the gradient is on parameters 
such as At and A, and is stronger for positive 
gradients. 

When the system involves a chemical reaction, use 
of a flow-gradient allows the degree of reaction at the 
instant of detection to be increased or decreased at 
will. When the disappearance of a reactant is mon- 
itored, the total dispersion is the parameter most 
significantly affected by Q, especially for positive 
flow-gradients. Both the reaction-rate and the dis- 
persion decrease the transient signal when they in- 
crease. If formation of a product is monitored an 
increase in the dispersion decreases the signal, 

whereas an increase in the reaction-rate increases it. 
Thus, the effect of Q is more important for A and At, 
and negative flow-gradients exert the strongest 
influence. It is interesting that a positive flow-gradient 
significantly reduces the analysis time (Fig. 8) without 
an appreciable loss of sensitivity. 

The practical advantages derived from the use of a 

flow-gradient in FIA are of two types: (a) increase in 
the sampling rate, based on the washing effect; (b) 
resolution of mixtures by differential kinetics, based 
on use of flow-gradients which initially favour the 
faster reaction and then enhance the slower one. 

The most important limitation of the hydro- 

dynamically controlled system is its limited ver- 
satility, since only a narrow range of flow-variation 
can be established and it may be used only in 
single-channel FIA systems, the length and inner 
diameter of which are also limited. The chief aim of 
this paper is to show the potential of this new 
technique in FIA; the limitations could be overcome 
by using electronically-controlled impulsion systems 
to achieve a wide range of flow-variation during the 
time in which the sample is within the system. 
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Summary-The kinetic determination of copper, cobalt and nickel in binary and ternary mixtures without 
prior separation is described. The methods are based on the difference in the reaction rate of interchange 
of ;C==N- groups between thiosemicarbazide and 6-methylpicolinaldehyde azine in the presence of 
these ions at pH 4.5. Through these reactions the corresponding metal thiosemicarbazone complexes are 
formed. Various ratios of these ions at the 10-5M level can be determined photometrically by either the 
logarithmic extrapolation method or a combined initial-rate and fixed-time method proposed here for the 
first time. 

Several analytical applications of the interchange 
reactions of >C=N- groups have recently been 
described by us. ‘-’ These reactions have been used 
previously in organic4-6 and inorganic7-9 chemistry, 
but were first used in analytical chemistry by Pino 
and ValcBrcel.” 

The interchange reaction:” 

R\~N-X + Y-NH Z 

R” 

* R\CLN-Y + X-NH 2 
/ 

R” 

consists of exchange of X for Y by means of the 
action of excess of the amine on an azomethine 
compound. These reactions occur at reasonable speed 
in aqueous medium at an appropriate pH and are a 
cause of the instability of the ligands in solution.‘2 

In this work we have made use of the reaction 
between 6-methylpicolinaldehyde azine (6-Me-PAA) 
and thiosemicarbazide. 

6-Me-PAA 

This reaction occurs at different rates in the presence 
of copper(I), cobalt(II) or nickel(H), and the corre- 
sponding metal thiosemicarbazone complexes are 
formed in situ in the reaction medium. This permits 

the application of differential kinetic methods for the 

simultaneous determination of these cations. How- 

ever, a synergic effect with these mixtures limits use 

of the methods of differential kinetic analysis, only 

one of which can be employed: the traditional loga- 
rithmic extrapolation method. However, we have 
developed a new technique that consists of a combi- 
nation of the initial-rate and fixed-time methods for 
the kinetic determination of a single species (“com- 
bined initial-rate and fixed-time” method). 

Several differential rate methods for the analysis of 
mixtures of metals by use of redox reactions,‘3-‘7 
catalysed reactions, ‘s-21 ligand-exchange reactions22-3’ 

and complex-formation reactions32,33 have been re- 
ported.34 The : C=N- interchange reactions are 
here used for the first time in differential kinetic 
methods of analysis, and a method is presented for 
analysis of mixtures when a synergic effect is present. 

Reagents 
EXPERIMENTAL 

All solvents and reagents were of analytical grade. The 
6-methylpicolinaldehyde azine was easily synthesized by the 
condensation of 6-methylpicolinaldehyde with hydrazine.‘5 
The standard copper(H), cobalt(II) and nickel(H) solutions 
were prepared from the mtrates, standardized by atomic- 
absorption spectroscopy, and diluted as required before use. 
A sodium acetate-acetic acid buffer (total concentration 
1.4M, pH 4.5) was prepared. 

Apparatus 

A Perkin-Elmer 575 spectrophotometer with I .O-cm glass 
cells and equipped with an electrothermal thermostat 
(Peltier effect) was used for the kinetic measurements. 

Procedure 

To a solution (in a calibrated lo-ml standard flask) 
containing up to 56 pg of copper and/or 20 pg of cobalt 
and/or 47 pg of nickel, add I.5 ml of 0.1% 6-Me-PAA 
solution in ethanol (0.5 ml for copper-nickel mixtures), 4 ml 
of buffer solution and an appropriate volume of distilled 
water so that when 0.4 ml of 0.05M thiosemicarbazide 
solution is finally added (0.5 ml for copper-nickel mixtures), 
the total volume will be 10.0 ml. Add the thiosemicarbazide, 
mix, transfer a portion to a l.O-cm cell and record the 
absorbance-time curve at 20 &- 0. I” and 410 nm (396 nm for 
copper-nickel mixtures). Let the mixture stand until the 

reaction is complete and measure the final absorbance (A,). 
Treat the data as indicated below. 

851 
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RESULTS AND DISCUSSION 

Kinetic and photometric characteristics of metal-ion/ 
6Me-PAA/thiosemicarbazide systems 

Photometric study. Spectrophotometric monitoring 
of solutions containing the metal ion, 6-Me-PAA and 
thiosemicarbazide shows that an excess of thio- 
semicarbazide relative to 6-Me-PAA at pH 3-7 in the 
presence of copper, cobalt or nickel leads to the 
> C=N- interchange reaction and formation of the 
metal thiosemicarbazone complex. The spectro- 
photometric characteristics of these complexes, at 
pH 4.5, are listed in Table 1. Copper will be com- 
plexed as Cu(I), owing to reduction by 6-Me-PAA, 
which also forms a chelate with it (&,,,,480 nm). 
Complex-formation reactions between cobalt or 
nickel with 6-Me-PAA are not observed photo- 
metrically under these conditions. 

In the absence of the metal ions, the exchange 
reaction occurs at acidic pH values, but not at 
pH > 7. At pH 4.5 the reaction takes place easily 
(maximum rate). The reaction in the presence of 
copper is very interesting, since whereas 6-Me-PAA 
reacts with copper(I) selectively because it is a 
ligand of “cuproine” type,‘6 the exchange product 
6-Me-PAT, even though it still contains the “cup- 
roine” group, is not selective for copper(I), probably 
because of preferential reaction of the copper with the 
thiosemicarbazide group in the 6-Me-PAT molecule3’ 
[copper(I) is classified by Ringbom in the B group,3* 
as co-ordinating more favourably with sulphur than 
nitrogen]. However, we have proved that a cop- 
per(I)-thiosemicarbazide complex is also formed at 

PH 4.5 (L,,, 315 nm). This means that two reaction 
mechanisms are possible, depending on the relative 
concentrations of thiosemicarbazide and azine 
(Scheme 1 and Scheme 2). 

Thus, for thiosemicarbazide/azine ratios < 3 there 

Table 1. Spectrophotometric characteristics of the metal 
ion/6-Me-PAT* complexes 

Molar 
Wavelength, absorptivity?, 

Complex nm x IO’ I.mole-’ .cm-’ 

Cu(I)/6-Me-PAT 395 8.65 
Co(II)/6-Me-PAT 410 11.20 
Ni(II)/6-Me-PAT 396 7.68 

*6-Me-PAT = 6-methylpicolinaldehyde thiosemicarbazone. 
tobtained by “in situ” technique. 

is direct transformation of the copper(I)-azine com- 
plex into the copper(I)-thiosemicarbazone complex 
(mechanism l), whereas for ratios >4 we propose 
mechanism 2, since the free-copper(I)/complexed- 
copper(I) concentration ratio in the equilibrium for 
the complexes involved is in agreement with the 
ligand-exchange reactions indicated. At ratios be- 
tween 3 and 4 there is presumably participation of 
both mechanisms. 

Kinetic study. The absorbance-time curves for the 
6-Me-PAT complexes were recorded at the wave- 
lengths indicated in Table 1. The reaction in the 
absence of metal ions was also studied at 323 nm (in 
situ formation of 6-Me-PAT). The partial orders of 
the reaction were calculated for each system by 
plotting log (initial rate) vs. log concentration, and 
the proposed rate equations at pH 4.5 are those in 
Table 2, where the rate constants [calculated by 
plotting log (A, - A,) against time, where A, = final 
absorbance and A, = absorbance at time t], and the 
activation energies (obtained from the Arrhenius 
plot) are also given. 

According to the rate equations, the reactions are 
pseudo first-order with respect to copper(I), co- 
balt(I1) and nickel(I1). These ions can be determined 
kinetically under these conditions, but the deter- 
minations are not of great interest, whereas the 
simultaneous determinations are more important. 

The difference in rate for the 
6-Me-PAA/6-Me-PAT transformation reaction in 
the presence and in the absence of cations was 
increased by the metal ions in the order 
Co(H) > Ni(I1) > Cu(1). The reaction in the presence 
of copper(I) is less favoured owing to the complex- 
formation reactions with both 6-Me-PAA and 
thiosemicarbazide at pH 4.5. In the reactions with 
cobalt(I1) or nickel(I1) neither the 6-Me-PAA nor the 
thiosemicarbazide complex is observed photo- 
metrically under these experimental conditions. The 
interchange reaction in the presence of cobalt(H) is 
the most favoured because the pH-value for max- 
imum rate is the same as the optimum pH for the 
complex formation with 6-Me-PAT. 

D@erential kinetic analysis of binary mixtures 

Effect of experimental variables. The pH affects the 
three systems similarly (Fig. 1). The initial rate of the 
reactions is maximal at pH 4-5; at pH > 7 there is no 
interchange reaction. The ionic strength has little 

Table 2. Kinetic parameters for the metal ior+Me-PAA/thiosemicarbazide systems (PH = 4.5) 

Rate Activation 
constant, energies*, 

System Rate equation IO-’ see-’ kcal/mole 

6-Me-PAA/TSCt v’ = k’[6-Me-PAA][TSC]“2 4.18 5.27 
Cu(I)/6-Me-PAA/TSC V = k[Cu+][6-Me-PAA]“2[SC]“* - V’ 1.86 10.86 
Co(II)/6-Me-PAA/TSC V = k[Co2+][6-Me-PAA]“2[SC]1’2 - V’ 8.27 3.07 
Ni(II)/6-Me-PAA/TSC V = k [Ni2+][6-Me-PAA]1’Z[TSC] - V’ 3.44 8.80 

*Values obtained by plotting log k against l/T, (T in Kelvin; Arrhenius equation). 
tTSC = thiosemicarbazide. 
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30 40 50 60 

PH 

Fig. 1. Influence of pH on initial rate of interchange 
reactions in the presence of 4.9 fig/ml copper(I) (O), 2.9 

pg/mI cobalt(U) (A), and 3.8 pgg/ml nickel(H) (+). 

influence on the rates (Fig. 2a), but increase in the 
ethanol concentration decreases them (Fig. 2b). 

The effect of temperature was studied in the range 
15-45”, and for each pair of the three cations 
the ratio of the rate constants was maximal at 20” 
(Fig. 3). 

(a) 

T-+---- 

01 02 03 
tKCXl(M) 

c (b) 
50 b + 
40 

\, 

30 

20 $ \ + 

70 

0 10 20 30 40 
Ethanol(%) 

Fig. 2. Variation of initial rate with ionic strength (a), and 
ethanol concentration (b); for 3.5 pg/ml copper(I), 1.0 

#g/ml cobalt(I1) and 2.0 ,og/mI nickeI(I1). 

I I I I I I I 

15 20 25 x) 35 40 45 

T (‘Cf 

Fig. 3. Variation of the rate constants with temperature for 
interchange reactions in presence of copper(I) (0). 
cobalt(H) (A) and nickel(I1) (+); concentrations as for 

Fig. 1. 

lo-" 

7 

- :L % 
” 
-* +,+ +---+- 

10-3 

I I I I 

0 1 2 3 

C H,NNHCSNH, 1 10-3(M) 

Fig. 4. Variation of the rate constants with concentration of 
tbio~icarbazide for interchange reactions in presence of 
copperf1) (01, cobaltfII) (A), and nickel(I1) (+); concen- 

trations as for Fig. 1. 

The optimum 6-Me-PAA concentration for the 
copper-cobalt and copper-nickel mixtures was 
6 x 10-4M, and 2 x 10e4M for the copper-nickel 
mixture. 

The thiosemicarbazide concentration is the most 
significant variable for the simultaneous deter- 
minations (Fig. 4). Increasing it results in increased k 
(rate constant) for the cobalt(H) and nickel(H) sys- 
tems, but decreased k for the copper(I) system. This 
is in accordance with the rate constants and activa- 
tion energies (Table 2). Cobalt and nickel form 
complexes only with &Me-PAT, whereas the cop- 
per(I)-thiosemicarbazide complex [together with the 
copper(I)-azine complex] is also formed. The in- 
crease is greater for cobalt than nickel because of the 
lower activation energy for the interchange reaction. 

The effect of the relative concentrations of the 
metal ions on the rate-constant ratios is shown in 
Fig. 5. 

Proposed methods. Only the logarithmic extrapo- 
lation and the “combined initial-rate and fixed-time” 
methods are satisfactory for the analysis of binary 
mixtures of the three metals, on account of the 
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(a) (b) (c) 

CCo’+l pg/ ml C Ni**l pg/ml 

-388 1.0 - 

-w--o 4.85 
1 I I I I I I I I 

10 2.0 30 40 50 10 20 3.0 40 10 20 30 40 50 60 

I Cu+ 3 pg/ml CCu+lj4g/ml C Nl*+l H/ml 

Fig. 5. Variation of the rate-constant ratios with the relative concentrations of the metal ions: (a) 
copper(I)-cobalt(H) (b) copper(I)-nickel(II), and (c) cobalt(II)-nickel(I1). 

synergism exhibited (as evidenced by the non- 
additivity of the absorbances and reaction rates). 

The logarithmic extrapolation method” plots log 
(A, - A,) against time (Fig. 6) and gives two straight- 
line segments. Extrapolation of the second segment to 
t = 0 yields the concentration of the slower reacting 
component, and the concentration of the other is 
calculated by difference from the final absorbance, 
A 3c. Thus, for 

A+R%P 

B+RqP 

where k, $ k,, the concentrations of A and B are 
calculated from [B] = ~O”/E, and [A] = (A, - 10”)/sA, 
where sA and .sa are the respective molar absorptivities 
of the complexes and n is the intercept at t = 0. This 
method is applied to the copper-cobalt and 
cobalt-nickel mixtures, since according to MottolaM 
it can be applied even when there is synergism. 

The “combined initial-rate andfixed-time” method, 
proposed by us for the first time, is based on the fact 
that small amounts of copper(I) do not affect the 

initial rate of the Co(II)/6-Me-PAA/H,NNHCSNH, 
or Ni(II)/6-Me-PAA/H,NNHCSNH, systems. 

osoo !- 

7500 - 

2 4 6 6 10 12 14 

t(mln) 

Fig. 6. Logarithmic extrapolation method for the simulta- 
neous determination of copper(I) and cobalt(H). Concen- 
trations 0.97 pg/ml cobalt(H) and (A) 0.93 (B) 1.40, and (C) 

1.86 pg/ml copper(I). 

Therefore, this method is applied only to 
copper-cobalt and copper-nickel mixtures. 

The concentration of cobalt(I1) or nickel(I1) in the 
mixture can be obtained by the initial-rate method 
(Fig. 7a) and the copper(I) concentration by the 
fixed-time method at 5 min (copper-cobalt) or 7 min 
(copper-nickel). However, since the absorbance is 
not additive, owing to the synergism, it is necessary 
to draw calibration graphs for copper(I) in the pres- 
ence of different amounts of cobalt or nickel (Fig. 
7b). Extrapolation of the calibration lines to 
[Cu(I)] = 0 gives a set of values which are a linear 
function of the cobalt or nickel concentration over a 
certain range (e.g., Fig. 7~). Once a straight-line 
equation of absorbance vs. copper concentration is 
defined, it is possible to calculate the concentration of 
copper(I) in the mixture. Thus, the experimental 
magnitudes for each mixture are the initial rate (V) 
and the absorbance (A) measured at 5 min 
(copper-cobalt) or 7 min (copper-nickel), and the 
equations obtained by us for the analysis of 
copper-cobalt and copper-nickel mixtures by this 
method, according to the arguments indicated above, 
were as follows (concentrations in pg/ml, velocity in 
pg.ml-‘.sec-‘). 

Copper(I)-cobalt(II) mixtures: 

V = 452[Co*+] + 15 

A = - o.ol13[cu+][co*+] + 0.045 [Cu’] 

+ O.l82[Co*+] - 0.005 

Copper(I)-nickel(H) mixtures: 

V = 1 5.6[Ni2+] + 6.2 

A = O.O035[Cu+][Ni*+] + O.O31[Cu+] 

+ O.O64[Ni*+] + 0.03 1 

The equations for the absorbance, containing the 
concentrations of both metal ions involved, show 
the similarity of the proposed method to the 
proportional-equations method suggested by 
Worthington and Pardue,4’ but the factors containing 
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Fig. 7. Combined initial rate and fixed-time method for simultaneous determination of copper(I) and 
cobalt(H). (a) Calibration graph for cobalt(I1) determination by the initial rate method (b) calibration 
graphs for copper(I) determination in the presence of different amounts of cobalt(I1) (c) plot of intercept 

(at [Cu] = 0) VS. cobalt(I1) concentration. 

the product of both concentrations show 
mathematically the synergic effect in these systems. 
Furthermore, by this method, only one experiment is 
needed for the simultaneous determination of both 
components of the mixture. 

Copper-cobalt mixtures 

The logarithmic extrapolation and ‘“combined ini- 
tial rate and fixed time” methods can be employed for 
the determination of copper(I) and cobalt(I1) in 
mixtures. Some examples are given in Table 3. The 
logarithmic extrapolation method is more favourable 
for copper/cobalt concentration ratios > 1, whereas 
for ratios c 1, the “combined initial rate fixed time” 
method gives the lowest errors. 

Copper-nickel mixtures 

Copper(I)-nickel(H) mixtures cannot be analysed 
by the logarithmic extrapolation method because 
k,, > k,, (Fig. 5), but the “combined initial rate and 
fixed time” method gives acceptable results provided 
the [Cu]/[Ni] ratio is greater than * 1 (Table 4). If 
[Cu]~[Ni] is substantially Iess than 1, an accurately 
known amount of copper can be added to make the 
ratio > 1 and an appropriate correction made to the 
results. 

Cobalt -nickel mixtures 

Only the logarithmic extrapolation method can be 
used for the analysis of mixtures of cobalt and nickel. 
Table 5 shows that the error is lowest for 
[Co]/pi] -=z 1. 

In ferferences 

Tests were made with concentrations of 300 pug/ml 
for anions and lOO~~g/ml for cations. The most 
important interferences can be classified as follows. 

(a) Species which react with the azine (generally 
oxidizing it): 

IO;, S@-, Cr,O:- and MnO,-. 

(b) Species which complex the metal ions: 
EDTA, citrate, tartrate. 

(c) Species which give coloured solutions: 
Fe(II), Pd(II), Pt(IV) and VO;. 

(d) Other interfering species: 
Ag(I), Hg(II), Cd(II), Cr(II1) and MOO:-. 

Comparison of resuffs 

Table 6 summarizes the range of appli~tion of the 
methods and the relative standard deviations 
(R.S.D.) calculated from 22 determinations. The 
logarithmic extrapolation method is more precise 

Table 3. Analysis of some synthetic mixtures of canner(I) and cobalt(H)* 

Combined initial rate and 
Logarithmic ext~~lation method fixed-time method 

Added, Found, Relative error, Found, Relative error, 
Pgglml iuglml % YgJml % 

Copper Cobalt Conner Cobalt Copper Cobalt Copper Cobalt Copper Cobalt 

0.93 0.49 0.92 0.48 -1.1 -2.0 1.10 0.45 18.0 -8.2 
1.86 0.97 1.80 I .02 -3.2 5.2 1.73 1.01 -6.9 4.1 
0.93 0.97 1.00 0.94 7.5 -3.1 0.88 1.04 - 5.4 7.2 
0.47 1.46 0.59 1.40 25.0 -4.1 0.43 1.45 -8.5 -0.7 
0.47 0.97 0.54 0.92 14.0 -5.2 0.44 1.05 -6.3 8.2 

*Each result is tbe average value of three separate determinations. 
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Table 4. Analysis of mixtures of copper(I) and nickel(H) by the combined 
initial rate and fixed-time method* 

Added, Found, Relative error, 
pgcglml pgcglml % 

Copper Nickel Copper Nickel Copper Nickel 

0.93 0.48 0.86 0.50 -7.5 4.1 
3.73 1.92 3.75 1.91 0.5 -0.5 
1.86 1.92 1.93 1.93 3.7 0.5 
0.93 1.44 I .30 1.45 32 0.7 
0.93 1.92 1.60 1.91 64 -0.5 

*Each result is the average value of three separate determinations. 

Table 5. Analysis of synthetic mixtures of cobalt(II) and nickel(H) by the 
logarithmic extrapolation method* 

Added, Found, Relative error, 
figglml flglml % 

Cobalt Nickel Cobalt Nickel Cobalt Nickel 

0.97 0.48 0.88 0.46 -9.2 -4.1 
1.46 0.48 I .43 0.44 -2.1 -8.3 
0.49 0.48 0.45 0.48 -8.2 0.0 
1.46 1.44 1.49 1.53 2.1 6.2 
0.49 0.96 0.47 0.97 -4.1 1.0 
0.97 4.70 0.98 4.72 I.0 0.4 

*Each result is the average of three separate determinations. 

Table 6. Summary of analytical characteristics of the analysis of binary mixtures of copper(I), 
cobalt(II) and nickel(II) 

Mixture 

Cu(I) + Co(H) 

Method 
employed 

Logarithmic 
extrapolation 

Combined initial 
rate and fixed-time 

R.S.D.,* Application range, 
% pglml 

Copper 1.4 0.5-5.0 
Cobalt 0.8 0.5-1.0 
Copper 2.3 0.5- 2 5.0 
Cobalt 0.9 0.5-1.5 

Cu(I) + Ni(II) Combined initial 
rate and fixed-time 

Copper 
Nickel 

0.5 0.9-5.6 
0.4 OS-l.9 

Co(H) + Ni(I1) 
Logarithmic 

extranolation 
Cobalt 1.0 0.5-1.9 
Nickel 0.6 0.5-4.7 

*For 1.40 r&?/ml copper(I), 0.97 pg/ml cobalt(R) and 1.44 pg/ml nickel(R). 

than the “combined” method for copper-cobalt mix- 
tures, but the “combined” method has the following 
advantages: (a) it is faster; (6) it does not require such 
high k/k’ ratios as the logarithmic extrapolation 
method does; (c) the application range is slightly 
wider; (d) it takes synergism explicitly into account. 

Analysis of ternary mixtures of copper(I), cobalt(U) 
and nickel(Zi) 

First the copper concentration is determined pho- 
tometrically by the complex-formation reaction with 

6-Me-PAA?’ then the cobalt and nickel concen- 
trations are determined by logarithmic extrapolation 
method. The method is therefore a combination of 
both photometric and kinetic determinations. 
6-Me-PAA is a selective photometric reagent for 
copper(I); cobalt(I1) and nickel(I1) in concentrations 
similar to that of the copper do not interfere. Small 
concentrations of copper(I) do not interfere in the 

simultaneous determination of cobalt and nickel by 
the logarithmic extrapolation method. 

We have analysed several Cu/Co/Ni ternary mix- 
tures by this technique and the accuracy and pre- 
cision for a mixture containing 1.40 p g/ml copper(I), 
0.97 pg/ml cobalt(II) and 2.88 pg/ml nickel(H) are 
given in Table 7. As expected, the precision is best for 
the copper(I) determination, but all the values are 
within acceptable limits. 

Table 7. Accuracy and precision in the 
analysis of ternary mixtures of copper(I), 

cobalt(H) and nickel(I1) 

Relative error, R.&D., 
Ion % % 

Copper(I) -2.1 0.5 
Cobalt(H) -3.2 1.3 
Nickel(I1) 1.4 1.0 
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CONCLUSION 20. I. I. Alekseeva, L. P. Ruzinov, L. M. Chemysheva and 
E. G. Khachaturyan, Izu. Vyssh. Ucheb. Zaved., Khim. 

A new analytical application of >C=N- inter- Khim. Tekhnol., 1974, 16, 1445. 

change reactions has been developed, providing a 21. C. M. Wolff and J.-P. Schwing, Bull. Sot. Chim. France, 

further use for it in analytical chemistry. As the 

reactions are not instantaneous, they are mainly of 

kinetic interest, and their use in differential rate 

methods for the simultaneous determination of metal 

ions without prior separation holds clear advantages. 

We have also shown how to exploit the synergic effect 

in the reaction of some cation mixtures. 

1976, 1, 679. 
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Summary-Three types of chelating agents immobilized on glass were compared with Chelex 100 for 
removing and preconcentrating trace Cu 2f from laboratory-prepared solutions. Columns of immobilized 
N-propylethylenediamine (diamine), its bis(dithiocarbamate) (DTC) and immobilized S-hydroxyquinoline 
(S-HQ) quantitatively remove Cu2+ (l&200 pg/l.) from buffered solutions at pH 6.00. Addition of isolated 
natural organic matter at concentrations typical of organic-rich fresh waters (25_100mg/l.) complexed 
CL?+ and hindered the performance of Chelex and the immobilized chelating agents. In the presence of 
organic matter the DTC performed very well, removing about 98% of the Cu*+. However, the Cu2+ 
removed could not be readily recovered from the column. Chelex gave the poorest results, removing only 
62 and 75% of Cu*+ at the two levels tested. The other immobilized reagents gave results that were strongly 
dependent on their contact time with the solution. Longer columns and slower flow-rates tended to 
improve results. Overall, the immobilized 8-HQ is probably the most suitable of the materials tested for 
preconcentration work. A batch titration of 8-HQ with Cu2+ monitored by ion-selective electrode 
indicated a conditional stability constant of 6.2 x IO’, which is larger than the corresponding value for 
the complex with non-immobilized 8-hydroxyquinoline, measured under the same conditions. 

Determination of trace or ultratrace levels of metal 
ions in natural waters is often preceded by a precon- 
centration step to increase the analyte concentrations 
to levels that are easily and reliably measured. One 
commonly used method is to pass a large volume of 
sample through a column of a cation-exchange or 
chelating ion-exchange resin which will retain the 
trace metal ions. The metal ions can then be recov- 
ered in a much smaller volume by elution with acid, 
which gives a preconcentration factor equal to the 
ratio of the volume of sample to the volume of eluent. 
This is typically done before determination by flame 
atomic-absorption spectrometry (a.a.s.), which does 
not have low enough detection limits to be suitable 
for direct determination of environmental levels of 
many important trace metals. Other atomic spec- 
trometric techniques (electrothermal a.a.s. and 
plasma atomic emission) can also benefit from pre- 
concentration and isolation of trace metals from 
difficult matrices. 

Chelex 100, a chelating resin with iminodi- 
acetic acid functional groups anchored to a 
styrene-divinylbenzene copolymer support,’ is used 
for trace metal preconcentration because it has been 
reported to be capable of quantitative sequestering of 
trace metals.2,3 More recent work by different groups 
has shown that Chelex is ineffective for quantitative 
separation of many metal ions from water samples 
containing appreciable amounts of naturally occur- 

*Author for correspondence: present address, Edgerton 
Research Laboratory, New England Aquarium, Central 
Wharf, Boston, MA 02110, U.S.A. 

ring fulvic and humic acids.435 This natural organic 
matter binds metals and competes with the Chelex, 
making it necessary to use additional sample treat- 
ments such as irradiation with ultraviolet light.6 

This research investigated use of certain immo- 
bilized chelating agents for recovery and precon- 
centration of trace Cu*+ from media containing 
natural complexing agents. The chelating agents used 
are covalently anchored to a rigid glass support and 
offer a high degree of specificity for transition metal 
ions relative to alkali-metal and alkaline-earth metal 
ions, and increased mechanical strength for work at 
high pressures and flow-rates. 

The immobilized chelating agents used included 
N-propylethylenediamine (diamine) and its bis- 
(dithiocarbamate) (DTC), which have been studied 
extensively by Leyden and co-workers”” and 
others.‘2v’3 In addition immobilized Shydroxy- 
quinoline (8-HQ) was tested.‘S’9 

EXPERIMENTAL 

Materials 

For most of the experiments described here Porasil B 
spherical porous silica beads (Waters Associates) were used 
as a support for immobilizing the chelating agents. This 
support is 8&100 mesh (125-177pm diameter), has a 
surface. area of 125-250 m*/g and an average pore diameter 
of lo(r200 A. Initial experiments employed controlled-pore 
glass (CPG) (Pierce Chemical Co.) of 20&400 mesh with 
40-A pores and about the same surface areas as Porasil B. 

The support was prepared for synthesis by cleaning with 
each of the following liquids in succession: distilled water, 
IM hydrochloric acid, distilled water, 1M ammonia solution 
and finally distilled water. Each washing step consisted of 
stirring the slurry of support for 15 min with a motor-driven 
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paddle-type stirrer, allowing the beads to settle and decant- 
ing the solution. Each distilled-water washing step was 
followed by drying the silica beads on a watch-glass at 180”. 
Care was taken in every step to avoid undue agitation or 
mechanical force that would cause breakage of beads. 

Natural organic matter was modelled with a soil-derived 
fulvic actd (SFA) that had been well characterized with 
respect to chemica12”~*’ and metal-ion binding properties.z2~2s 
These studies demonstrated that the concentrations of Cu2+ 
(l&200 pg/l.) and SFA (25 or 100 mg/l.) used here at 
pH 6.00 produce nearly complete complexation of the Cu.‘+ 

Immobilization of diamine 

Two procedures were used for the silylation reaction. 
The aqueous preparation which was normally used em- 
ployed a mixture of 9.0 ml of glacial acetic acid and 36 ml 
of distilled water. Exactly 5.0 ml of 3-(2aminoethylamino)- 
propyltrimethoxysilane (Coming Z-6020, Petrarch Systems) 
was added slowly with stirring.‘.Y As much as 35 ml of 
cleaned and dried silica was added to this mixture, stirred 
for 1Omin and filtered off on a medium glass frit. Some 
reactions were done under a reduced pressure of 40 mmHg 
to remove air trapped in the pores of the glass beads. 

Dithrocarbamates 

The bis(dithiocarbamate) derivative (DTC) of the immo- 
bilized ethylenediamine was synthesized according to the 
procedure of Leyden and Luttrell.’ A monodithiocarbamate 
of the diamme was prepared according to Hercules et al.” 
under conditions which suffice only for reaction of a 
primary amine group and result in attachment of a single 
terminal dithiocarbamate group. 

8-Hydroxyquinoline 

An immobilized I-hydroxyquinoline material was pre- 
pared by the method of Hilli with certain modifications. 
The immobilized diamine was used as the starting material 
and was reacted with p-mtrobenzoyl chloride in freshly 
distilled chloroform. Distilled triethylamine was added to 
neutralize the hydrogen chloride produced in the reaction 
and to help solubilize the acid chloride. In addition a few 
drops of 2,4,6_trimethylpyridine were usually added as a 
catalyst. 26 Typical concentrations of the reagents were 
0.27M p-nitrobenzoyl chloride and 0.36M triethylamine 
with II%1 5 g of the diamine. The reaction was conducted at 
50” for about 48 hr. The product, nitrobenzoylated silica, 
was filtered off, washed with chloroform and allowed to dry 
in air. The immobilized nitro group was reduced to the 
amine by reacting with 100ml of a 5% solution of sodium 
dithionite in distilled water. This aminophenyl derivative 
was diazotized with 100 ml of 2% sodium nitrite solution in 
l%v/v acetic acid at 5” for 35 min. The silica was then 
filtered off, washed with cold distilled water and added to 
50ml of a 2% solution of 8-hydroxyquinoline in absolute 
ethanol. The final product, 8-hydroxyquinoline immobilized 
on silica, was filtered off from the reaction mixture and 
washed consecutively with ethanol, distilled water, 1M nitric 
acid and distilled water. 

Copper titrations of 8-HQ 

An accurately weighed portion of the 8-HQ chelate 
(0.3-0.4 g) was titrated in duplicate with Cu*+ at pH 5. The 
titration was conducted under a nitrogen atmosphere in 
O.lM potassium nitrate and was monitored with a copper 
ion-selective electrode and a pH electrode. The results were 
analysed by a Scatchard plot2’ to determine the end-point 
and stability constant. 

Column methods 

Chelating agents immobilized on Porasil B and the chelat- 
ing ion-exchange resin Chelex 100 (Bio-Rad Laboratories, 
100-200 mesh) were used in 7-mm bore borosilicate glass 
columns with polypropylene end-caps and a 35-ym pore- 
size polypropylene fret (Bio-Rad Econo Columns). Solution 

reservoirs were I-litre polyethylene wash-bottles, and the 
3-way valves were made of polypropylene, with Teflon 
stopcocks. Tygon tubing was used for all connections. 
Column flow-rates were maintained with a peristaltic pump 
(Sigmamotor, model TGS). All reagents were analytical- 
reagent grade except the nitric acid, which was Alfa “uhra- 
pure HNO,“. 

The immobilized chelating agents and Chelex 100 were 
slurry-packed into columns and washed with distilled water. 
Chelex 100 was cleaned of trace metals and converted into 
the calcium form by the method of Figura and McDuffie.5 
The 8-HQ and diamine columns were also washed wtth 1 M 
ultrapure nitric acid prior to use. All columns, including the 
DTC, were then buffered to a pH of 6.00 k 0.05-with 
100-200 ml of dilute citrate buffer of O.OlM ionic streneth.** 
The DTC-copper chelate has been shown to be staGe at 
pH 6.00’ and ah the chelating hgands used, including Chelex 
100, sequester metal ions at this DH’~‘~*~“‘~~~ which makes it 
appropriate for this comparison study. Buffered sample 
solutions (pH 6.00 f 0.05 -and I = O.Oi) containing Cu2+ 
(IO-200 ~g/l.) or Cu*+ and SFA (25 or lOOma/l.) were then -. 
passed through the columns at known flow-rates and the 
efluents were collected in standard flasks. All solutions 
containing both metal ion and SFA were allowed to equil- 
ibrate overnight before use. The columns were then elutcd 
with IM ultrapure nitric acid, the eluates being collected in 
25- or 50-ml standard flasks. 

Buffer, acid and sample solutions as well as column 
effluents were analysed for Cu’+ by differential-pulse 
anodic-stripping voltammetry (a.s.v.) with Princeton Ap- 
plied Research models 174A, 315 and 303. Solutions con- 
taining SFA were acidified to 0.1M with ultrapure nitric 
acid and subjected to ultraviolet irradiation in quartz cells 
overnight before analysis, to destroy organic matter.29 Acid 
eluents were analysed by a.a.s. 

Ahorption of organic matter on the immobilized chelating 
agents 

In preliminary studies it was observed that a significant 
amount of organic matter was adsorbed on the immobilized 
chelating agents. To study this phenomenon further, as a 
function of chelating functional group and support medium, 
a series of columns was prepared with I ml each of untreated 
CPG, untreated silica gel, diamine on silica gel, DTC on 
silica gel and the monodithiocarbamate on CPG. Through 
each of these columns were passed 50ml of 20-mg/l. SFA 
solution at pH 6.0. The absorbance of these solutions before 
and after passage through a column was measured at 
260 nm with a Cary 14 spectrometer. 

RESULTS AND DISCUSSION 

Column rest&s 

Table 1 shows the results of the Chelex 100 experi- 

ments with Cu*+ solutions and 25-mg/l. SFA. Re- 
moval of Cu2+ was incomplete even when a fairly 
long column of Chelex (30 cm) was used. These 
results agree with those of Figura and McDuffie30 and 
Pakalns et aL3’ Chelex did not give quantitative 
results for waters containing natural ligands. Others 
have also reported that in column operation Chelex 
only removes a certain labile fraction of metal ion in 
equilibrium with natural organic matter.32.33 The fact 
that Chelex removed a lower percentage of Cu2+ 
when a longer column and slower flow-rate were 
employed (Table 1) is probably a function of the 
lability of the Cu2+ present. Since less total Cu2+ was 
used, a higher fraction was complexed by stronger 
binding and potentially less labile sites. This has the 
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Table 1. Chelex separations of CU*+ from 25mg/l. soil- 
derived fulvic acid solutions at pH 6.00 

Column Flow- Cu2+ in cu2+ 
height, rate, Cu*+ taken 

~~I~. ’ 
effluent, removed, 

CM mllmin Ml/ % 
IO 3 100 25.0 75.0 
30 2 27.8 10.6 61.9 

overall effect of reducing the effectiveness of the 
Chelex separations. 

The results obtained for the immobili~d diamine 
are shown in Table 2 and are similar to those for 
Chelex 100. With no SFA present essentially all the 
Cu2+ was removed from solution. However, in the 
presence of SFA incomplete recovery was observed. 
The diamine is not an extremely strong ligand, so 
these results are not surprising. In addition a large 
amount of SFA was adsorbed on the chelate (see 
below). 

The DTC gave better rest&s in some respects and 
these are summarized in Table 3. Quantitative re- 
moval of Cu’+ was achieved from solutions with SFA 
levels as high as 100 mg/l. A problem encountered 
with the DTC was that the Cu2+ could not be eluted 
from the column by l-M4 nitric acid, presumably 
because of the high stabiiity of the complex even 
under highly acidic conditions.” 

Results were more promising for the 8-HQ chelate 
and are shown in Table 4. Cu2+ removal was com- 
plete from solutions containing only metal ion, but 
25-mg/l. SFA solutions posed a more diI?icuIt prob- 
Iem and only 37% of the Cu2+ was removed under the 
same conditions but in the absence of SFA. However, 
use of longer columns and lower flow-rates gave 
much better results: 91-940/, removal. 

SFA loss to COINS 

Preliminary experiments with some of the immo- 
bilized chelating agents and the untreated supports 
demonstrated that the amine functional groups 
caused loss of SFA. Table 5 shows that untreated 
supports had little or no effect on SFA passing 
through the column, as shown by the absorbance. 
The DTC also retained no SFA. However, the di- 
amine removed practically all the SFA and the 
monodithi~arbamate removed more than half of it. 
This was probably due to simple charge attraction 
between protonated amine groups and the anionic 

Table 2. Column separations of Cu2+ at pH 6.00 with 
immobili~ ethylen~amine 

Bead Flow- 
Sample 

Cu2+ in cur+ 
weight, rate, cu2+ SFA, effluent, removed, 

g mllmin k&l. mgll. IGIl. % 
0.5 IO 223 0 I.51 99.3 
1.0 10 90.3 0 1.77 98.0 
0.4 10 100 25 23.0 77.0 
1.0 4.3 100 100 15.4 84.6 

Table 3. Column separations of Cu2+ with the immobilized 
bi~~thi~arbamate) at pH 6.00 

Bead Plow- Sample Cu2+ in cut+ 
weight, rate, cu2+, SFA, effluent, removed, 

&I mllmin Mll. w/l. MO. % 
0.5 3.6 100 0 1.6 98.4 
1.0 4 100 100 1.3 98.7 
4.0 10 11.0 25 0.3 97.6 

SFA. The monodithiocarbamate has a secondary 
amine group that removes some SFA, but not as 
much as the diamine does. The DTC does not contain 
nitrogen atoms that can be protonated at pH 6, so it 
does not remove SFA. 

When solutions containing both SFA and Cu2+ 
were passed through columns of the immobiii~ 
chelating agents, a loss of colour occurred even for 
the DTC column. Table 6 shows the degree of loss of 
colour for different experiments with 8-HQ and DTC. 
Also included are the data for Cu2+ removal. As can 
be seen, the loss of colour increases as the degree of 
Cu2+ removal by a given chelating agent increases. 
We therefore believe that adsorption of SFA on the 
column occurs owing to the formation of a mixed 
l&and complex of the Cu” with the immobilized 
chelating agent and SFA. 

Potentiometric titration of 8-HQ 

The titration of the immobilized 8-HQ with Cu2+ 
was conducted exactly as if the ligand were in solu- 
tion. A titration curve obtained by monito~ng free 
Cu*+ potentiometri~lly with an ion-selective elec- 
trode is shown in Fig. 1 and is very similar to one for 
a solution phase complexometric titration. The end- 
point for 1: 1 complexation calculated by the second 
derivative method is 1.3 x IOisM Cu’+, correspond- 
ing to a capacity of 9.5 x lo-’ moles of Cu2+ per g 
of immobilized reagent. This is significantly higher 
than the early results reported for this system.“” The 
reason for this higher value is that the diamine was 
used as the starting material for immobiii~ng the 
8-HQ. Previous reports mentioned above used a 
monofunctional amine starting material. The diamine 
could potentially have twice the capacity for 8-HQ, 

Table 4. Column separations of Cut+ with the immobili~ 
8-hydroxyquinoline at pH 6.00 

Bead Flow- 
Sample Cu2+ in cu2+ 

weight, rate, cur+, SFA, effluent, removed, 
g ml/min Misll. mgll. wll. % 

0.5 10 197.8 0 5.3 97.4 
0.5 10 198.4 0 0.6 99.7 
0.5 10 10.5 0 * 100.0 
0.5 30 10.5 0 * 93.9 
0.5 30 11.2 25 * 30.4 
0.5 10 11.2 25 * 37.1 
1.7 5 24.8 25 1.5 93.9 
2.7 5 26.8 25 2.4 91.0 

*Not determined. Results based on a.a.s. of acid eluent. 
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Table 5. Adsorptron of soil fulvic acid (SFA) on chelates and untreated 
supports at pH 6.00 

SPA 
Species passing through 

immobilized Support column, %- 

Monodithiocarbamate 
- 

Diaminet 

DTCB 

Untreated CPG* 97.7 
CPG 46.9 

Untreated silica gel 101.1 
Silica gel 2.7 
Silica gel 103.4 

*CPG is Controlled Pore Glass (Corning). 
tDiamine is immobrlized ethylenediamine. 
§DTC is immobilized bis(dithiocarbamate). 

but this is not fully achieved, because certain steps in 
the reaction sequences may not go to completion. An 
effort to optimize each step in the synthesis of the 
diamine13 has resulted in rather high capacity values. 
Alternative synthetic routes35 and supports with 
larger surface area 36 have also given high capacity 
values for immobilized 8-hydroxyquinoline. 

The titration results were also analysed by the 
Scatchard method,” yielding a conditional stability 
constant of 6.2 x lo7 at pH 5 for the 1: 1 complex (this 
stoichiometry was assumed in calculating the end- 
point). This conditional stability constant is 
significantly higher than that calculated (2.8 x 10’ at 
pH 5) from the thermodynamic stability constant and 
the acid dissociation constant.37 One reason for this 
is that the 8-HQ is immobilized by reaction at its 
5-position with a substituted diazobenzene, and thus 
is chemically different from 8-hydroxyquinoline. The 
substituted phenylazo-8-hydroxyquinoline is consid- 
erably more acidicI and this will increase the stability 
of the Cu*+ complex. The change in electron 
configuration, caused by the substitution, is evi- 
denced by the red colour of the immobilized species. 

One problem encountered in titrating the immo- 
bilized chelating agent was that very long equi- 
libration times were needed in order to get constant 
potential readings from the Cu*+ electrode. This 
behaviour is in contrast to the fairly rapid uptake 
kinetics reported by Kvitek et a1.,38 and may be due 
to slow uptake of the metal ion by binding sites that 
are not readily accessible. Even with vigorous stirring 
of the system, there will be an unstirred layer around 
and in the pores and polymeric coating of each bead, 
through which the Cu*+ ions must diffuse. This 
diffusion was so slow and the equilibration time so 

Table 6. Loss of soil fulvic acid (SFA) to 
immobilized reagent 

Species Loss cur+ 
rmmobdized of SFA, % removed, % 

8-HQ 5.1 37.1 
8-HQ 59.2 85.1 
8-HQ 70.9 93.9 
DTC 74.9 90.0 
DTC 93.3 97.6 

long that completion of a titration took a period of 
days. No difficulty was encountered with electrode 
stability over this time period. The pH electrode was 
removed from the titration cell and recalibrated 
regularly and the Cu *+ electrode was calibrated be- 
fore and after the titration. Both calibrations showed 
very good Nernstian response. 

CONCLUSIONS 

Practically any ion-exchange or immobilized che- 
lating group can remove Cu*+ from simple aqueous 
solutions at an appropriate pH. The real test of these 
materials, however, is in their performance for solu- 
tions containing competing ligands or high total ion 
concentrations, such as are encountered in many 
analytical problems. The results reported here show 
that immobilized chelating agents such as 8-HQ 
and DTC can give better results than Chelex 100 
when a competing ligand is present in solution. The 
immobilized diamine was not very effective against 
the competing ligand SFA. All the immobilized re- 
agents tested adsorbed a substantial quantity of this 
natural ligand. However, the adsorption phenom- 
enon does not cause a problem for most applications, 
as it does not seem to seriously degrade performance. 

260 - 

230 - 

50 I I 
00 2.5 5.0 

Total ‘A’+ (lo-’ M) 

Fig. 1. Potentiometric titration curve for titratron of immo- 
bilized I-hydroxyquinoline with copper at pH 5.00. 
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19. R. E. Sturgeon, S. S. Berman, S. N. Willie and J. A. H. 

Desaulniers, Anal. Chem., 1981, 53, 2337. 

release the bound Cuz+. However, it is possible to 20. J. H. Weber and S. A. Wilson, Water Res., 1975, 9, 

recover the sequestered Cu*+ by complete destruction 1079. 

of the support, as done by Barnes and co-workers3w’ 
21. S. A. Wilson and J. H. Weber, C/rem. Geol., 1977, 19, 

for DTC immobilized on an organic resin. 
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Summary-For a group of catechol amino-acids varying widely in acid strength and hydrophobicity, the 
effects of mobile phase composition, pH and ionic strength on their reversed-phase chromatographic 
separation have been determined, with phosphate buffer as mobile phase. Retention data were measured 
for 18 catecholamine derivatives. The retardation factors and retention behaviour of all the compounds 
tested could be explained in terms of the acid dissociation and tautomeric constants. 

Catecholamines and their derivatives are widely dis- 
tributed in living systems, and their separation and 
determination are essential for understanding of their 
physiological importance.‘,* High-pressure liquid 
chromatography (HPLC) has been successfully em- 
ployed for this purpose. 3.4 We have reported the 
determination of methoxy derivatives of 
3,4_dihydroxyphenylalanine (DOPA), including 
3-hydroxy-4-methoxyphenylalanine (4-O-methyl- 
DOPA), in plasma by HPLC.‘s6 Recent chro- 
matographic work has suggested a close relationship 
between the retardation factor and the acid dis- 
sociation constant of these compounds,‘ss but the 
chromatographic retention mechanism has not been 
established. For this reason we have studied the 
relationship between the retention values and struc- 
tures of 18 such compounds. The results allow predic- 
tion of the elution order in reversed-phase chro- 
matography as well as identification of these 
compounds. 

Reagents 

EXPERIMENTAL 

Noradrenaline (NA), adrenaline (A), normetanephrine 
(NMN), metanephrine (MN), 3,4_dihydroxymandelic 
acid (DOMA) and 3-methoxy-4-hydroxymandelic acid 
(VMA) were purchased from Nakarai Chemical Co., 
Kyoto. The following materials were synthesized: 4-O- 
methylnoradrenaline (4-0-methyl-NA) and CO-methyl- 
adrenaline (4-0-meth)l-A);9 3kdimkthoxynoradrenal~ne 
and 3,4-dimethoxyadrenaline.“‘.” Other reagents were ob- 
tained as described previously.5 Potassium phosphate 
buffers (O.O5M, pH 2.6-8.5) with and without 15% of 
methanol present were prepared. The ionic strength was 
adjusted in the range 0.01-1.0 with potassium chloride. 

Chromatographic conditions 

A Yanagimoto L-2000 high-speed liquid chromatograph 

equipped with a Yanagimoto VMD 101 detector was used 
for determination of the catecholamines. Yanapak ODS (10 
pm) was packed in a 250 mm x 4.0 mm bore stainless-steel 
column; the flow-rate used was 0.58 ml/min. The working 
electrode was set at 0.9 V us. an Ag/AgCl reference elec- 
trode. The chromatographic system was programmed for 6 
min elution with the purely aqueous phosphate buffer, then 
for 30 min with a linearly increasing methanol concentration 
up to 15% in the buffer, and finally with the 15% methanol 
buffer. Organic solvents were HPLC grade. The chro- 
matographic peaks were characterized by the retardation 
factor, k’, calculated from k’ = (tR - t&,, where to and t, 
are the retention times of a completely unretained solute and 
the test solute, respectively. Equation (1) shows that k’ 
depends on the dissociation constant of the compound and 
the pH of the mobile phase.12 K, and K2 are the dissociation 
constants of the amino and/or phenol groups. For zwit- 
terions 

k,x~o+h(y)++$ (1) 

~+[H’l+K, 
K, [H+l 

where k,, k, and k_, are the retardation factors for the 
zwitterion, cationic and anionic forms, respectively. 

Procedure 

The electrochemical detection method was tested for 18 
catecholamine derivatives. The operating potential was in- 
creased stepwise from 0.3 to 0.9 V for each compound, and 
the signal produced by the electrochemical oxidation at each 
potential was displayed on the recorder and the peak current 
was noted. For each compound the peak current was plotted 
against the applied potential. 

pH-titration 

The titration procedure described in a previous paper” 
was employed. Catechol amino-acids are relatively stable in 
acidic solution but oxidized slowly at high pH. Therefore, 
the titrations were done with the solution in an atmosphere 
of nitrogen to prevent oxidation. 

865 
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Determination of the macroscopic proton dissociation con- Determination of the microscopic proton dissociation con- 

stants (macro-constants) stants (micro-constants) 

The macro-constants of the compounds were calculated The micro-constants were determined as described in the 
according to the method of ~hwarzenbach.14 calculation of the micr~onstants of tyrosine.” The acid- 

CH, 0 

-0 Q- Cl+---- CH, 

I I 
kt 
/ 

R1 Rt k 
\ 12 

CH-CH ---"NH 

CM30 

I 2 I” 
II Kt -0 

CH-Cl-$-NH 

I I 

R, R2 & k21 
R, R* 

Cl-l-CH2-NH 

I I 
RI % 

H 

H 

OH 

OH 

OH 

OH 

t! 

i-l 

CH3 

CH3 

H 

H 

IiD 

Ct$O 4x- 0 

CH30 

Ho 0 ?I-- 

HO 

C”j0 0 kl- 

K, = k, + k2 

I 
- = f k12C k;,V k k 
x2 

12 21 

K,K2=k,k,2=kZ k,, 

*2 Xl2 
K1=-'7 

k1 21 

Fig. 1. Scheme of ionization equilibrium of catecholamine derivatives. 
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Applied potentlol (Vvs Ag/AgCI ) 

Fig. 2. Current-potential curves for catecholamine deriva- 
tives. The half-wave potential (I&) is determined as the 
voltage at which the current produced by the oxidation is 
half of the limiting current. 3, DOMA: 9, VMA; 17, VPA; 

18. VLA. 

dissociation scheme is shown in Fig. 1. To determine the 
micro-constants of a catecholamine, the macro-constant of 
the methoxyphenyl derivative was conveniently used for k,, 
which corresponds to proton dissociation from -NH:. 

RESULTS AND DISCUSSION 

Electrochemical detection of the compounds and efect 
of ionic strength on their retention 

The current-potential curves obtained from the 
chromatographic peak currents at each potential are 
shown in Fig. 2. It has been reported that the limiting 
current of a catecholamine reaches a plateau at about 
0.5 V vs. AgjAgCl,” but for DOMA, VMA, 
3-methoxy~-hydroxyphenyl-lactic acid (VLA) and 
3-methoxy-4-hydroxyphenylpyruvic acid (VPA) the 
plateau is reached at 0.5, 0.7, 0.8 and 0.8 V vs. 
Ag/AgCI, respectively. The half-wave potentials 
(E,,,,) were determined as the potentials at which the 
peak current reached half its limiting value, as shown 
for DOMA (0.37 V) in Fig. 2, and are listed in Table 
1. The correlation between chemical structure and 
half-wave potential is clearly seen: NA, A and DA, 
and the three catechol derivatives (DOPA, N-methyl- 
DOPA and DOMA) have lower E,,* values (about 
0.35 V us. Ag/AgCl) and the monohydroxy com- 
pounds have higher E,,, values (0.58-0.6 V vs. 
Ag/AgCl). This result can be used to identify the type 
of compound. 

The electrochemical-detector signal showed a de- 
pendence on the ionic strength of the buffer (Fig. 3). 
The maximal response was obtained at ,u = 0.05M 
for the phosphate buffer, for all compounds tested, 
and this was therefore used throughout. 

k’-pH rezatjonsh~ps 

A mobile phase consisting of 0.05N phosphate 
buffer at various pH values was used for the sepa- 
ration of catecholamine derivatives. A chromatogram 
for pH 3.1 is shown in Fig. 4 as an example of the 
separation achievable, and the effects of pH on k’ are 
shown in Figs. 5 and 6, Figure 5 suggests that the 
retardation behaviour depends largely on the type of 
functional group and the pK, values of the compound 
as well as on the pH of the eluent. The pKa values are 
listed in Table 2, where pK, and plu, correspond to 
the dissociation of the amino and/or phenol groups, 
and the dissociation constants of the carboxylic 
group are represented by pKcoor_, . From Fig. 5, three 
general conclusions can be drawn. (a) The re- 
tardation factors of the catecholamines (NA, A, DA, 
NMN, MN, 3-O-methyl-DA, 4-O-methyl-DA, 
4-O-methyl-NA and 4-O-methyl-A) that have no 
carboxylic group, are independent of the pH of the 
eluent up to 5.5. This is as expected, since their pK* 
values are higher than 6.0, and these compounds 
therefore carry the same charge from pH 2.6 to 
5.5. The elution order (retardation factor) of these 
compounds in the pH range 2.6-5.5 is NA< 
A < NMN < 4-0-methyl-NA < DA < MN < 4-O- 
methyl-A < 3-O-methyl-DA c 4-O-methyl-DA. This 
order may be understood on the basis of the hydro- 
phobicity of the compounds, as suggested pre- 
viously. I8 NA is the most polar catecholamine in the 
present study and hence has the lowest retardation 
factor. DA is more hydrophobic than NA and re- 
tained longer than NA. (b) The a- hydroxycarboxylic 
acid derivatives, especially VLA, VMA and DOMA, 
are strongly retarded compared with the correspond- 
ing amino-acids. This can be explained by the finding 
that ion-pair fo~ation increases with increase in 

E 
6 

z 
L 

z 4 

I 

2 -18 
/ 

t t I I I t 1 ’ ’ 1 

0 02 04 06 08 10 

Ion&c strength of phosphate buffer 

Fig. 3. Relationship between current-potential curve and 
ionic strength. 4, NMN; 14, 3-O-methyl-DA; 15, 

4-O-methyl-DOPA; 16, 4-O-methyl-DA; 18, VLA. 
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Table 1. Half-wave potentials for catecholamines and amino-acids 

Compound Abbreviation E ,,z> v us. &l&&l 

Hz&H2-cH*-NH: 
HHO 0 4IF F-- CHz-NHr 

OH 

Hz& CH2- Y-I- CooH 
NH:--CH, 

HO\ 

CH--CH,--NH.$--CH, 

6H 

Hb 
cH2--CItCooH 

NH; 

F--“““” 
OH 

CH,O, 

GHi--CH2- NH: 3-O-methyl-DA 0.59 

N-methyl-3-G 
methyl-SPA 

0.59 

NH;- CHs 

CH2-Y-cmH 
NH] 

CH,O 

OH 

OH 

CH,O, 

DA 0.34 

NA 

N-methyl-DOPA 

0.35 

0.35 

A 

DOPA 

DOMA 

0.36 

0.36 

0.37 

3-O-methyl-DOPA 0.58 

~~-methyl-DOPA 0.61 

NMN 0.61 

4-~-methyl-NA 0.63 

HO--@+COOH VMA 0.63 

OH 
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Table 1 (cont.) 

Compound Abbreviation E ,,,, Y US. An/A&l 

YH-CHz-NH,‘-CH, 

OH 

CH, CH2-- CHz- NH: 

CH~~~HH2-,,,;-CH, 

OH 

OH 

CH2- CO- COOH 

MN 0.64 

0.65 

4-O-methyl-A 0.65 

VLA 0.65 

VPA 0.66 

protonation of the carboxylic group (i.e., as the pH at least 90% in the carboxylate COO- form at pH 
decreases).“.20 (c) For DOPA, ~-methyl-SPA, >3.6. The compounds having pKc,oH values >3.3 
3-O-methyl-DOPA, ~-methyl-3-5-methyl-DOPA, should show a pronounced increase in retardation 
4-5 -methyl-DOPA and VPA, the retardation factor factor as the pH falls below pK,-,, + 1, and the 
changes slightly with pH up to 3.5 and at pH 3.5-5.5 carboxylate group becomes progressively protonated. 
is almost constant. For these compounds, which have This is clearly shown for the three groups of com- 
pKcooH values ~2.62, the carboxylic groups are pounds consisting of a-hydroxy (VLA, VMA, 

1 T 

L 
0 

I 

10 
I I I 1 1 

20 30 40 50 60 

Retentron time ( rnln 1 

Fig. 4. Chromatograms of standard mixture containing catecholamine derivatives. InjectIon sample: 10 
pl of solution containing 1 ng each of compounds. Column, Yanapak ODS; flow-rate, 0.58 ml/min; 
temperature 25°C; eluent, O.OSM phosphate buffer (pH 3.1) for the first 6 min, then a linear gradient of 
increasing methanol concentration in the buffer from 6 to 36 min. Peaks: I, NA; 2, A; 3, DOMA; 4, NMN; 
5, N-methyl-DOPA; 6, 4-O-methyl-NA; 7, DOPA; 8, DA; 9, VMA; 10, MN; 11, 4-O-methyl-A; 12, 
3-O-methyl-DOPA; 13, N-methyl-3-O-methyl-DOPA; 14, 3-O-methyl-DA; IS, 4-0-methyl-DOPA; 16, 

CO-methyl-DA; 17, VPA; 18, VLA. 

TAL 3219-C 
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Fig. 5. pH-dependence of the retardation factor of the compounds. ~romatogmphic condttions as m Fig. 
4. 1, NA, 2, A; 3, DOMA; 4, NMN; 5, ~-methyl-DOPE 6, 4-~-methyl-NA; 7, DOPA, 8, DA, 9, VMA; 
10, MN; 11, 4-O-methyl-A; 12, 3-0-methyl-ROPA; 13, ~-methyl-3-Omethyl-SPA; 14, 

3-O-methyl-DA, 15, 4-O-methyl-DOPA; 16, 4-O-methyl-DA; 17, VPA; 18, VLA. 

DOMA), monohydroxy (VPA, 4-U-methyl-DOPA, it can be seen that MN, 4-O-methyl-A, 
N -methyl-3-0-methyl-DOPA, 3-0-methyl-DOPA) 3-O-methyl-DA, 4-O-methyl-DA, 3-O-methyl- 
and dihydroxy compounds (~-methyI-DOPA, DOPA and 4-O -methyl-DOPA were always retarded 
DOPA) in the pH region 2.4-5.5. For all the groups more strongly than the corresponding catecholamine 
a clear relationship between elution order and the and DOPA compounds. 
pKcoou values is shown in Table 3, and from Fig. 5 A marked increase in the retardation factor was 

Table 2. Dissociation constants of catecholamine derivatives 

Compound ~Kcoou PK, 

VLA 3.80 & 0.02 10.09 * 0.06 
VMA 3.45 i: 0.03 9.96 f 0.05 
DOMA 3.40 r4: 0.03 9.53 f 0.04 
VPA 2.62 & 0.03 10.11 f 0.08 
4-0-nlethyl-DOPA 2.34 k 0.03 8.95 f 0.01 
N-methyl-3-0- 2.28 f 0.04 8.91 + 0.04 

methyl-DOPA 
3-0-methyl-DOPA 2.24 rt 0.03 8.89 4 0.01 
N-methyl-DOPA 2.32 + 0.02 8.70 4 0.03 
DOPA 2.29 4 0.05 8.76 4 0.06 
4-0-methyl-NA - 8.80 * 0.02 
NMN - 8.82 f 0.01 
4-O-methyl-A - 8.95 4 0.02 
MN 8.98 &- 0.03 
4-O-methyl-DA - 9.34 4 0.01 
3-O-methyl-DA - 9.45 4 0.01 
A - 8.63 +- 0.03 
NA .- 8.56 $0.01 

pK2 PK, Ref. 

- - 
- - 

11.97&-0.04 - 
- 

10.23 f 0.01 - 16 
10.29 + 0.06 - 

10.25 + 0.01 - 16 
10.08 + 0.05 12.21 & 0.06 
9.96 k 0.02 12.14 + 0.08 16 
9.90 & 0.01 
9.93 & 0.02 

10.11 + 0.03 
10.03 * 0.02 
IO.49 * 0.02 - 17 
10.58 k 0.02 - 17 
9.96 + 0.05 12.07 + 0.09 
9.64 f 0.05 12.03 f 0.07 

DA -- 9 05 1.0.04 10.52 IO.02 11.98+0.06 17 



Retention behaviour of catechol amino-acids 871 

Fig. 6. pH-dependence of the retardation factor of the 
compounds. Chromatographic conditions as in Fig. 4. 4, 
NMN; 6, 4-O-methyl-NA; 10, MN; 11, CO-methyl-A; 12, 
3-O-methyl-DOPA; 13, N-methyl-3-0-methyl-DOPA; 14, 

3-O-methyl-DA; 16, CO-methyl-DA. 

found for certain compounds when the pH of the 
mobile phase was raised from 4.5 to 8.5 (Fig. 6). This 
behaviour is probably due to the increase in avail- 
ability of phosphate anionic species that can form 
ion-pairs with NMN, MN, 3-O-methyl-DA, 

Table 3. Relationship between proton dissociation constants 
and retention behaviour of mandelic acid derivatives 

DOMA VMA VLA 

~Kcoou 3.40 3.45 3.80 
k’* 1.4 4.9 15.9 
Retention time,” min 7.4 11.5 - 
Retention time,2’ min 3.2 5.5 
Retention time,** min - 6.0 20.0 
Retention time,** min 5.2 18.8 
Retention time,*) min G 1.3 6.4 
Retention time,24 min 4.5 10.0 

*This work, separation chromatogram at pH 3.1. 

I I I I I I 

2 4 6 8 10 12 

PH 

Fig. 7. Retardation factors for normetanephrine as a func- 
tion of pH, with k,, k, and k_, calculated by equation (1) 
and a non-linear least-squares fit. For normetanephrine 

k, = 23.71, k, = 3.63 and k_, = 2.00. 

4-O -methyl-DA, 4-O -methyl-NA and 4-O-methyl-A, 
which have no carboxylic group. On the other hand, 
the retardation factors of 3-0-methyl-DOPA and 
N-methyl-3-0-methyl-DOPA, which have a carbox- 
ylic group, are independent of eluent pH in this 
region. The correlation between elution order and 
pK, values for NMN, MN, 3-O-methyl-DA, 
4-O-methyl-DA, 4-0-methyl-NA and 4-O-methyl-A 
was estimated as before, but no clear relationship was 
found. It is assumed that the reason for this is that 

these derivatives can dissociate the first proton from 
either the ammonium or the hydroxy group in 
the same pH range, as has been shown for tyramine 
and octopamine.‘3 To obtain further information 
on the deprotonation of the six derivatives 
(NMN, 4-O-methyl-NA, MN, 4-O-methyl-A, 
3-O-methyl-DA and 4-O-methyl-DA), the micro- 
constants and l/K, values were calculated (Table 4). 
The concentration ratios of the two intermediates, 
represented by the l/K, values, show a definite trend, 
the l/K, values being 0.66, 0.74, 0.81, 0.95, 1.75 and 
2.57 for NMN, 4-O-methyl-NA, MN, 4-O-methyl-A, 
3-O-methyl-DA and 4-O-methyl-DA, respectively. 
The l/K, values and retention times for these com- 
pounds, listed in Table 5, suggest a relationship 
between the l/K, values and elution order: as the l/K, 

Table 4. Microscopic acid dissociation constants and tautomeric 
constants of catecholamine derivatives 

114 
Compound k, k, k 12 k 21 (k,lkd 

NMN 9.22 9.04* 9.71 9.89 0.66 
CO-methyl-NA 9.17 9.04’ 9.53 9.66 0.74 
MN 9.33 9.24t 9.68 9.77 0.81 
CO-methyl-A 9.26 9.24t 9.80 9.82 0.95 
3-O-methyl-DA” 9.65 9.8% 10.38 10.14 1.75 
4-O-methyl-DA” 9.48 9.8% 10.35 9.94 2.57 

*Dissociation constant of 3,4_dimethoxynoradrenaline (9.04 + 0.05). 
tDissociation constant of 3,4-dimethoxyadrenaline (9.24 + 0.03). 
§Dissociation constant of 3,4-dimethoxyphenethylamine (9.89 + 0.01). 
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PH 

OH 

CH-CtQ-NH2 

OH 

A CH-CH2- NH; I 

OH 

. 

OH 

Fig. 8. Relative concentration of various ionic fonns of 
normetanephrine. 

value increases so does the retention time, except for 
MN 21.2930 

The relationship between the retardation factor 
and the pH-dependent distribution of the chemical 
species of the compound was examined. Figure 7 
shows a plot of the experimentally determined k’ 
values for the reversed-phase HPLC of NMN as a 
function of pH (5.5-8.5) at controlled ionic strength. 
High pH values could not be tested because of the 
effect on the ODS stationary phase used. The values 
of k,, k, and k_, for NMN were calculated from the 
experimental points by equation (1)12 and a non- 
linear least-squares fit, and the back-calculated 
k’=f(pH) function for pH 0.5-12 is shown as the 
continuous line and shows that the retardation factor 
should reach a maximum at pH 9.5. The distribution 
of the various ionic forms of NMN as a function of 
pH is shown in Fig. 8. The fractions in tautomeric 
zwitterion or phenol forms, and their sum, are max- 
imal at pH 9.5, which corresponds well with the 
maximum of the retardation factor (Fig. 7). The same 
trends were also seen for MN, 3-O-methyl-DA, 
4-O-methyl-DA, 4-O-methyl-NA and 4-O-methyl-A. 
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Figures 7 and 8 suggest that the relative concen- 
trations of the tautomeric forms as a function of pH 
are closely related to the retardation behaviour. 
Knowledge of the distribution of the tautomeric 
forms as a function of pH could prove valuable as an 
aid to prediction of chromatographic retardation 
behaviour. 
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Summary-Benzidine, aniline, 4-aminobiphenyl (4-ABP) and 4-aminoazobenzene are determined at trace 
levels in the colour additive FD&C Yellow No. 5 by diazotization and coupling with disodium 
3-hydroxy-2,7-naphthalenedisulphonate (R-salt). The products are separated and determined by reversed- 
phase HPLC. Ail four amines were found in a survey of commercial colours. CABP is determined with 
4,5-dihydro-5-oxo-l-(4-sulphophenyl)-lH-pyrazole-3-carboxylic acid as the coupling agent. Calibration is 
done by spiking a reference commercial colour at several levels. 

FD&C Yellow No. 5 (Tartrazine, Colour Index No. 
19140) is a synthetic colour that is permitted in the 
United States for colouring foods, drugs and cos- 
metics.’ It is synthesized by diazotization of 
4-aminobenzenesulphonic acid (sulphanilic acid), fol- 
lowed by coupling with pyrazolone-T (Fig. 1). Com- 
mercially prepared FD&C Yellow No. 5 is rarely 
pure, because of impurities in the reactants and the 
occurrence of side-reactions during manufacture. The 
impurities include unsulphonated aromatic amines at 
trace levels. The method presented determines the 
aromatic amines in the dyestuff by diazotization and 
coupling followed by high-pressure liquid chro- 
matography (HPLC) of the products. 

EXPERIMENTAL 

The method used for determination of the aromatic 
amines was the one already described for D&C Red No. 33,* 
modified as follows. 

(a) The 254-nm signal from the detector was recorded 
only on the integrator. 

(b) A 5-g sample was used. 
(c) For calibration it was not necessary to use a specially 

purified reference sample, since a sufficiently pure commer- 
cial batch was available. 

(d) Pyrazolone-T was used as the coupling agent to 
confirm the presence of 4-aminobiphenyl (4-ABP) in some 
samples. 

The pyrazolone-T coupling solution was prepared by 
dissolving 0.5 g of purified pyrazolone-T hydrochloride and 
0.9 g of anhydrous sodium carbonate in 100 ml of water. A 
I-ml portion was used in the same way as the R-salt solution 
in the procedure for D&C Red No. 33.* 

RESULTS AND DISCUSSION 

An aqueous alkaline solution of the FD&C Yellow 
No. 5 is extracted into chloroform, the solvent is 
evaporated and the extract is dissolved in dilute acid, 

*Author to whom requests for reprints should be ad- 
dressed. 

diazotized and coupled with R-salt. The coloured 
products are separated by reversed-phase HPLC with 
detection at 510 and 254 nm. 

Extraction 

FD&C Yellow No. 5 dissolves completely in the 
aqueous phase used, so there should be no loss of 
aromatic amines by occlusion in undissolved solids. 
Some samples may form agglomerations, but these 
are easily broken up by stirring. The chloroform 
extracts of most samples tested were essentially col- 
ourless, but a few were more or less strongly 
coloured. In nearly all the analyses, the extract 
residue was completely soluble in acid; only one or 
two left a visible residue on the walls of the flask. 

The amount of sodium nitrite added is sufficient to 
diazotize the equivalent of 1.33 mg of aniline (266 
ppm in the S-g sample) and is adequate to ensure that 
an excess of nitrite is always present. 

HPLC 

It was discovered that some newly received HPLC 
columns used in the investigation did not separate the 
coupling products sufficiently to permit deter- 
mination of aniline and benzidine. A slight change in 
column characteristics may have caused this change 
in resolution from that reported in the earlier work.2 
Although the work reported here was completed with 
the same column, future work may require the use of 
a different column or a change in the gradient 
programme. Investigation suggests that a Nova-Pak 
C-18 steel column (Waters Associates) provides ade- 
quate separation of the benzidine and aniline coup- 
ling products. 

Calibration 

The calibation was done by applying the method to 
separate 5-g samples of a specially selected (low 
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FD 8 C YELLOW NO.5 

Fig. 1. Manufacturing procedure for synthesis of FD&C 
Yellow No. 5. 

amine content) FD&C Yellow No. 5, with the four 
aromatic amines added at six or seven concentration 
levels. 

The responses obtained for the amines (corrected 
for the contribution from the matrix reference mate- 
rial itself) were treated statistically to calculate the 
regression equation and evaluate the performance of 
the method.3 The results of the regression analysis are 
shown in Table 1. The calibration data show good 
linearity (r > 0.98) and reasonably low intercepts. We 
consider the results to be excellent for trace analysis. 
The lower correlation coefficient for benzidine per- 
haps reflects the incomplete resolution of the ben- 
zidine and aniline products. The statistical data indi- 
cate reliable determination of benzidine and the other 
amines at the rig/g level in FD&C Yellow No. 5. 

Analysis of dyes 

A total of 25 commercial FD&C Yellow No. 5 
samples were analysed for aromatic amines. The 

results are shown in Table 2. The samples were 
selected so that the major domestic manufacturers of 
the dyestuff were represented by two or more lots and 
the remaining manufacturers by at least one lot. 
Included in the survey was a sample from a pharma- 
cology batch (sample G) used in animal feeding 
studies. Most of the samples were analysed once. The 
sample used as matrix reference in the calibration, 
sample E, was analysed three times. The re- 
producibility of the method was checked by analysing 
sample V five times. 

Benzidine was found in five of the samples, but 
only one sample was found to contain more than 1 
rig/g.. The response for the benzidine coupling prod- 
uct in this analysis was confirmed by performing the 
HPLC with the detector wavelength set at 610 nm.2 
Under these conditions, only the benzidine product 
produces a response (Fig. 2). 

All the samples contained measurable levels of 
aniline (mean 67 ng/g). The highest amount found 
was 487 rig/g in sample 0 (mean of results at 254 and 
510 nm). 

4-AAB was found in 10 of the samples, up to a 

level of 439 rig/g (in sample H; mean of results at 254 
and 510 nm). Most of the high levels of 4-AAB were 
found in the batches manufactured by the same 
company. The pharmacology sample (sample G) 
contained 62 ng 4-AAB per g. 

Most of the samples analysed in the survey pro- 

duced an HPLC response corresponding to the 
4-ABP/R-salt coupling product, but the absorption 
spectra of the products, obtained by use of a rapid- 
scan diode-array spectrophotometer, did not match 
the spectrum obtained for the authentic material. 
This suggested the presence of an interferent response 
that could augment the response from the 4-ABP 
actually present in the sample. This problem was 
dealt with by using pyrazolone-T as the coupling 
agent, as discussed below in detail. 

The HPLC of the coupling products also produced 
a number of responses due to components other than 
the four aromatic amines of interest. The variation in 
the composition of the samples is illustrated in Fig. 
3, which shows some of the chromatograms. Exam- 
ination of the chromatograms obtained suggested 

Table 1. Regression analysis’ of calibration data for aromatic amines in FD&C Yellow No. 5 

No. of 
data Range, Wavelength, Regression X,oJ 

Amine points fK/g nm equation* rt nslg 

Benzidine 6 2.9-14.5 254 Y =48.6X-13.0 0.9825 5 
510 - 

Aniline 7 1 l-535 254 Y = 57.2X + 7.2 1 .oooo 6.5 
510 Y=464X-651 0.9999 13.5 

4-Aminobiphenyl 7 2.g20.2 254 Y = 37.2X - 27.6 0.9973 3.0 
510 Y = 338X - 206 0.9972 3.0 

4-Aminoazobenzene 7 2. I-20.8 254 Y = 20.2x - 4.5 0.9953 4.0 
510 Y = 284X + 60 0.9971 3.0 

Y = Integrator counts, X = concentration in standard (rig/g))) 
tcorrelation coefficient. 
fLD = hmit of detection with 95% confidence. 
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Table 2. Results at 254 and 510 nm for analysis of FD&C Yellow No. 5 for aromatic amines 

Aniline, rig/g CABP,t nglg 4AAB nglg Remaining 
Benzidine,’ responses calculated 

Sample Maker agig 254 510 254 510 254 510 as CABP, rig/g 

A I 
B I 
C 2 
D 2 
E 3 

Gi 4 3 

H 4 
I 4 
J 4 
K 5 
L 5 
M 6 
N 6 
0 7 

6 8 9 
R IO 
S II 
T I2 
U I3 
V I4 
W I5 
X I6 
Y I7 

I 43 44 
ND 67 65 
ND IO II 
ND 34 35 
ND I2 I3 
ND I7 I8 

I 60 59 
I 57 57 

ND 179 I69 
ND I9 -11 
ND 9 IO 
ND 54 54 
ND 24 24 
ND 31 32 
I3 491 483 
ND 51 50 

I IO I2 
ND 43 42 
ND 85 82 
ND 54 53 
ND 5 7 
ND I05 103 
ND 93 93 
ND 20 22 
ND 76 77 

- 
- 

64 
- 

ND 
ND 
ND 
<2 
Q5 

ND 

<4 
- 
- 

ND 
<6 
<5 
- 

ND 

NW 
ND 

2 
ND 
ND 
ND 
62 

448 
Ill 
ND 
ND 
ND 
ND 
ND 

2 
3 

ND 
ND 
ND 

2 
ND 
I3 
6 
I 

ND 

ND 29 
ND I2 

I II6 
ND 20 
ND I4 
ND IS 
62 708 

431 633 
Ill 990 
ND 
ND 7 
ND 23 
ND 35 
ND 45 

2 241 
104 

ND 76 
ND 204 
ND 107 

I 311 
ND 32 
I3 28 
6 I7 

- - 

ND 617 

*Determined at 254 nm. 
tSee discussion of 4-ABP in text. 
$ND = none detected, r.e., no response was present. 
§Pharmacology sample. 
TResponse was present but was not detected by integrator. 

P 

510 nm 

B 

A 
610 nm 

L I I I I I I 

0 5 10 15 20 25 30 

Time ( min 1 
Fig. 2. HPLC chromatograms from analysis of FD&C Yellow No. 5 sample 0 (Table 2), illustrating the 

detection of the benzidine/R-salt coupling product at 610 nm. 
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that the colour additive manufacturers produce fairly additive produced by Manufacturer 4 contained a 
consistent products with characteristic qualitative large number of HPLC responses in addition to those 
HPLC profiles. For example, for both samples from corresponding to the four aromatic amines. These 
Manufacturer 1 some of the FD&C Yellow No. 5 responses were observed at both 254 and 510 nm, and 
migrated into the chloroform phase during the ex- probably indicate the presence of aromatic amines 
traction. This can occur if surfactants are used during other than benzidine, aniline, 4-ABP and 4-AAB. The 
production of the &our additive; the presence of a amounts of these additional components can be 
cationic surfactant during the extraction would lead estimated if we calculate “molar absorptivities” for 
to extraction of the colour additive as an ion-pair into the coupling products from aniline, 4-ABP and 
the chloroform. The chromatogram of the colour 4-AAB at 510 nm by multipIying the slopes of the 

A. A. LA_ 

i! 
i . 

k h* 

1 
0 

I 

5 
I 

IO 
I I I I 
15 20 25 30 

Time t mrn ) 
Fig. 3. 
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F 

I 1 I I I I I 

0 5 10 15 20 25 30 

Time ( mm 1 

Fig. 3. HPLC chromatograms obtained at 510 nm from analysis of commercial samples of FD&C Yellow 
No. 5, using R-salt as the coupling agent: (A) sample A, (B) sample C, (C) sample G, (D) sample I, (E) 

sample K and (F) sample Y. 

regression lines by the molecular weights of the 
products. The values for the other two are within 
about 20% of the value for the 4-ABP product, and 
similar behaviour would be expected for other amine 
coupling products if all the absorption spectra have 
similar maxima. In fact, scanning with the diode- 
array spectrophotometer showed that the spectra of 
the other coupling products were indeed similar to 

those for the aniline, CABP and 4-AAB products. 
The levels of the other coupling products can then be 
estimated by summing the peak-height measurements 
reported by the 510-nm channel of the integrator, 
subtracting the contribution from known amine 
products, and calculating the remainder as CABP. It 
should be noted that the integrator is programmed to 
report only data collected after 15 min, to eliminate 
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Table 3. Reproducibility results 

Aniline 4-ABP 4-AAB 

Analysis 254* 510* 254* 510* 254* 510’ 

Sample VT 
xv wig 100 101 5.4 5.9 12.6 12.6 
s* wig 3.0 2.0 0.2 0.3 0.3 0.3 
cv, % 3.0 2.0 3.1 4.4 2.4 2.1 
Sample E f 
R, wls 11.5 12.9 2.3 2.8 - - 
S, w/g 0.7 0.35 0.06 0.15 - - 
CV, x 6.2 2.7 2.5 5.4 - - 

*Wavelength of measurement (nm). 
TFtve replicates. 
$Reference sample, three replicates. 

the responses from the reagents used in the method 
and from any FD&C Yetlow No. 5 carried over (see 
above). The values thus calculated are reported in the 
last column of Table 2, and indicate the degree to 
which the colour additive is contaminated with ex- 
tractable (presumably unsulphonated) amine constit- 
uents other than the four aromatic amines identified. 
There is, however, no indication of the number of 
components that make up the additional con- 
tamination. Examination of Table 2 shows that some 
samples are almost completely free from such con- 
taminants, whereas in others there is a total of more 
than 1 fig/g. 

The precision of the method was measured by 
replicate analysis of a sample selected so that it 
contained significant levels of aniline, 4-ABP and 
CAAB (although it did not contain benzidine). Mul- 
tiple analyses were also performed on the sample used 

as matrix for the calibration. The results, presented in 
Table 3, shows good repr~ucibility for trace anal- 
ysis. 

Spectra of coupling products 

The coupling products were characterized for the 
purpose of confirming peak identity by obtaining the 
electronic absorption spectra as the compounds were 
eiuted from the HPLC column, as described earlier.’ 
The benzidine coupling product obtained during the 
analysis of sample 0 produced an absorption spec- 
trum identical to that obtained from authentic mate- 
rial, thus confirming the presence of benzidine in this 
sample. Aniline was similarly confirmed in samples 
G, H and 0, and 4-AAB in samples G and H. 

As previously mentioned, attempts to confirm the 
identity of the product giving the “CABP” response 
failed because the absorption spectrum obtained did 

1 
240 400 

Wovelength ( nm ) 
Fig. 4. Ultraviolet/visible spectral scan of the 4-ABP/R-salt coupling product in sample G: (A) authentic 

product, (B, C, D) leading edge of peak and (E, F, G) trailing edge of peak. 
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not match that of authentic material. Careful scan- monitored only at 254nm, since the spec- 
ning of the entire CABP peak obtained during the trophotometer was connected to the system. Chro- 
analysis of sample G, including the leading and matogram A in Fig. 5 illustrates the HPLC sepa- 
trailing edges as shown in Fig. 4, suggested that some ration obtained for the four aromatic amines when 
4-ABP was present, but its level could not be mea- they are coupled with pyrazolone-T instead of R-salt. 
sured. In an attempt to remove the interference and It is noteworthy that the elution order for the aniline 
determine the levels of 4-ABP present in FD&C and benzidine products is reversed and that these two 
Yellow No. 5, the procedure was modified by substi- components are well resolved. Chromatograms B-E 
tuting pyrazolone-T as the coupling agent. Otherwise are for some of the samples that were found to 
the procedure was exactly the same as when R-salt contain relatively high levels of 4-ABP when R-salt 
was used. The eluate from the HPLC column was was used as the coupling agent (samples G, H, S and 

‘L-L 
254 nm 

1 I I I I I I 
0 5 IO 15 20 25 30 

Time ( min) 

Fig. 5. 
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I 
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E 
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0 5 10 15 20 25 30 

Time ( min 1 

Fig. 5. HPLC chromatograms obtained at 254 nm from analysis of commercial samples of FD&C Yellow 
No. 5, using pyrazolone-T as the coupling agent: (A) qualitative mixture of aniline, benzidine, CABP and 

4-AAB, (B) sample G, (C) sample H, (D) sample S and (E) sample T. 

T). These chromatograms show no significant re- 
sponse for the 4-ABP/pyrazolone-T coupling prod- 
uct. The sensitivity of the analysis was increased by 
concentrating the solutions containing the coupling 
products and analysing the concentrates by HPLC in 
an attempt to obtain the absorption spectra. The 
spectra obtained closely resembled the spectrum of 
the authentic coupling product, but the intensity was 
very weak and, therefore, identification was not 
definitive. On the basis of these results, the level of 
4-ABP in these four samples are actually quite low, 
probably less than 1 rig/g.. The other samples in the 

survey were not examined to confirm the identity of 
the 4-ABP coupling products. The values shown in 
Table 2 are those obtained with R-salt as the coupling 
agent and are reported as upper limits because of the 
likelihood of a co-eluted interference. 
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Summary-This paper describes the utihxation of the in~b~tion of ~-f~~ofurano~da~ by Hg(H) during 
the hydrolysis of saccharose, for the dete~ination of Hg(I1) in waters and drinks. The mercury levels 
in the samples tested ranged from 100 to 270ng/l. 

Enzyme-catalysed methods based on the effect of 
additives such as metal ions, anions and organic 
compounds on enzyme activities are amongst the 
most sensitive in trace analysis, allowing deter- 
mination at concentrations below lo-* M. 

Inhibition effects on enzymes have been used for 
the determination of many compounds and ions, such 
as pesticides, antibiotics, organic acids, metal ions 
(e.g., Mn2+, Zn2+, M$+, Co*+, Ca2+) and anions 
(e.g., S&, CN-, S2-, F-).‘-3 

Enzyme-catalysed methods have also been used for 
the determination of Hg(I1) by its inhibition of 
enzymes such as xanthine oxidase,4 urease,’ glu- 
cosidase,6 glucose oxidase,’ alcohol dehydrogenase’ 
and ~-f~ctofuranosidase.9 /I-Fructofuranosidase has 
also been used for the dete~ination of II, S2-, 
CN-,I0 and Ag(1) and thiocarbamide.” 

In this work we have used semipurified 
/I-fructofuranosidase (invertase-EC 3.2.1.26) to de- 
termine traces of mercury in samples of soft drinks. 
This enzyme catalyses the hydrolysis of 
~-fructofuranosides, including saccharose, as shown 
below, where R is 1-a-glucopyranosyl, 

no CH2, , 

EXPERIMENTAL 

Reagents 

Water triply distilled in a glass unit, an acetone prepara- 
tion of invertase extracted from yeast, O.lM acetate buffer 
(pH 4.8), an aqueous solution of saccharose (as substrate), 
Fohn-Ciocalteu reagent,‘3 cupric reagent for protein deter- 
mination,‘3 cupric reagent for sugar determination,‘4 Nel- 
son’s phosphomolybdic acid reagent,i4 soluble casein 
(BDH), and anhydrous glucose (Polfa, Cracow). The stock 
solutions of salts were O.OlM solutions of the chlorides or 
nitrates; more dilute solutions were obtained by appropriate 
dilution. Analytical grade chemicals were used for preparing 
2.OM and O.OOlM hydrochloric acid, 6% potassium per- 
manganate solution and a loo/, solution of anhydrous 
sodium sulphite. 

Cupric reagent for protein determination.” A 50-ml por- 
tion of 2% anhydrous sodium carbonate solution in O.lM 
sodium hydroxide is mixed with 1 ml of 0.5% sohrtion of 
copper sulphate pentahydrate in 1% sodium citrate solution, 
half an hour before use. 

Cupric reagent for sugar determination.14 Four g of copper 
sulphate pentahydrate and 16 g of sodium bicarbonate are 
added to a solution of 24 g of anhydrous sodium carbonate 
and 12 g of sodium potassium tartrate in 250 ml of water. 
A separate solution of 180 g of anhydrous sodium sulphate 
in 500 mi of water is boiled to remove dissolved air. The two 

HO CH, I 

OH 

HO CH,OH 

OH 

In solution the highest activity is exhibited by 
invertase between pH 4 and 5 (the optimum value lies 
near pH 4.8). The enzyme is stable to heat. Heavy 
metal ions such as mercury(H), mercury(I) and sil- 
ver(1) are strong inhibitors of invertase, and cop- 
per(II), cadmium, zinc(II) and uranium(V1) are 
weaker ones. The inhibition is competitive and 
reversible-the activity recovers after dialysis or the 
addition of complexing agents. Acetone, glycerol, 
ethanol (in high concentrations), aromatic amines 
and some dyesI are organic inhibitors of this enzyme. 

solutions are mixed, and the mixture is diluted to 1 litre with 
water, and filtered after standing for two days. 

Preparation of vessels 

The gIass vessels used were washed with chromic acid 
cleaning mixture, rinsed with water, washed with a 0.~1% 
solution of dithizone in carbon tetrachloride, then with 
acetone and again with water, to eliminate all traces of 
metals from the surface. 

Preparation of inverlase in acetone I5 
Five g of baker’s yeast were finely ground in a mortar, 

mixed with water and centrifuged. The supernatant liquid 
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was fivefold diluted with purified”’ and cooled acetone, and 
centrifuged. The precipitate obtained was dissolved in 20 ml 
of water and filtered. The preparation thus obtained was 
stored at 4” and was stable for several weeks. 

Determination of protein content 

The protein in the enzyme preparation was determined by 
the method of Lowry et al.” The invertase solution was 
diluted tenfold with water and 0.4 ml of the diluted solution 
was pipetted into a test-tube and 2 ml of the cupric reagent’) 
(prepared 30 min before use) were added. After 10 min, 0.2 
ml of Fohn-Ciocalteu reagent twofold diluted with water 
was added and the whole was quickly mixed. The absorb- 
ance was then measured at 650 nm against a reagent blank. 
The protein content was read from the calibration graph 
prepared in the same way with soluble casein standards, 
covering the range 5-lOOpg/ml. 

Determination of the invertase activity 

Somogy’s and Nelson’s methodI was used. In this, 0.5 ml 
of 0.2M saccharose was incubated at 37” for 50 min with 0.5 
ml of 2000-fold buffer-dilution of the enzyme preparation 
plus 2 ml of acetate buffer. The reaction was then stopped 
by addition of 1 ml of the cupric reagent for sugar deter- 
mination and the sample was heated for 10 min on a boiling 
water-bath, then cooled, and 1 ml of the phosphomolybdic 
acid reagent was added and all was stirred. The mixture was 
diluted to volume in a lo-ml standard flask with water and 
the absorbance was measured at 520 nm against a reagent 
blank (3 ml of acetate buffer) after 20 min. A calibration 
graph was prepared with glucose, covering the range 5-80 

pglml. 
The activity was calculated from the equation: 

activity = nx/tp 

when n is the sugar content read from the calibration graph, 
x is the dilution factor, t is the reaction time (min) and p the 
protein content of the preparation. The results are in activity 
units, viz. the amount of enzyme catalysing, under defined 
conditions, the conversion of 1 pmole of substrate in a 1 min 
period by 1 mg of protein.” 

Investigation of invertase inhibition by metal catiohs 

The decrease in the activity of invertase caused by incu- 
bation for 30 min with a salt solution was examined. The 
composition of the mixture incubated was 1 ml of buffer 
solutton, 1 ml of the buffered salt solution, 0.5 ml of the 
enzyme preparation; after the 30-min incubation 0.5 ml of 
saccharose solution was added and the determination com- 
pleted as for the activity measurements. The reference blank 
was run with 0.5 ml of the buffer instead of the 0.5 ml of 
enzyme preparation. 

Cahbration graph for Hg(II) 

This graph (log enzyme activity vs. pHg) covered the 
mercurv concentration ranee from 5 x lo-” to 5 x lo-‘M, 
with mercuric chloride asihe standard, the activity being 
measured as described above. 

Sample preparation 

In order to decompose organic mercury compounds 1 
litre of the sample of water or carbonated drink was 
acidified with 200 ml of concentrated hydrochloric acid, and 
50 ml of 6% potassium permanganate were added. The 
mixture was kept in a stoppered round-bottomed flask in a 
water-bath at 70” for 2 hr, then cooled. The excess of 
nermanganate was reduced with 10% sodium sulphite solu- 
tion, then the sample was filtered and passed through a 
column (26 cm x 1 cm’) of Dowex 1 x 8 (SO-100 mesh in 
the chloride form) at 2 ml/min. Under these conditions the 
mercury is present as the tetrachloro-complex and bound by 
the anion-exchanger. The mercury is eluted with 100 ml of 
O.OOlM hydrochloric acid at 2 ml/min and is accompanied 
only by any Au, Te, Sb and platinum metals present.‘* The 

mercury recovery is only 87% but is reproducible and is 
automatically compensated for if all standards are treated in 
the same way as samples. For analysis, 1 ml of eluate, 1 ml 
of water, 1 ml of acetate buffer and 0.5 ml of the enzyme 
preparation solution were mixed. After 30 min 0.5 ml of the 
solution of saccharose was added and the procedure con- 
tinued as for the activity determination. The absorbance was 
measured against that of a reference sample containing 1 ml 
of hydrochloric acid instead of the test sample. Finally 500 
ml of O.OOlM hydrochloric acid were passed through the 
anion-exchange column to remove residual mercury(I1). 

RESULTS 

Because a different /I-fructofuranosidase prepara- 
tion and a different method for determining the 
enzyme activity were used, it was impossible to utilize 
the results obtained by Mealor and Townshend.g The 
effects of reaction time, temperature, and protein 
concentration in the enzyme preparation on the 
inhibition of invertase by mercury(H) were in- 
vestigated to find the optimum conditions. 

A pH of 4.8 was chosen as optimum.‘* Figure 1 
shows that the amount of glucose released is a linear 
function of time in the reaction period from 10 to 40 
min, and maximum release is obtained at between 50 
and 60 min reaction time. A 50-min period was 
chosen for use. The effect of temperature is shown in 
Fig. 2. The effect of Hg(I1) on the enzyme activity 
increases with the temperature, and the assays per- 
formed at 37” are more precise and reproducible than 
those done at lower temperatures. Figure 3 shows 
that if the protein content in the preparation is 
decreased and the specific activity is simultaneously 
increased, the sensitivity of the inhibition is increased. 
This is probably due to the fact that in preparations 
of lower specific activity mercury(H) also couples 
with other proteins besides p-fructofuranosidase, so 
the concentration ratio of mercury to the enzyme is 
lower. Therefore, preparations of high specific activ- 
ity are the most suitable for Hg(I1) determination at 
very low levels. A log-log plot of activity us. mercury 
concentration, obtained with the preparation (a) 
referred to in Fig. 3, applied at 37”, is linear from 

‘“t //= 

T!me (mln) 

Fig. 1. Change in amount of reducing sugars liberated with 
duration of reaction: a, free enzyme; b, enzyme 
+ 2.5 x IO-*M Hg*+. Preparation with 0.588 mg/ml protein 

content, temperature 20”. 
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Fig. 2. /I-Fructofuranosidase activity as a function of Hgr+ 
concentration (preparation with 0.588 mg/ml protein): incu- 

bation at a, 37”; b, 30”; c, 20”. 

Fig. 4. /3-Fructofuranosidase activity as a function of Z&r+, 
Co*+ Fe’+ Cd’+ and Hg2+ concentration (0.255 mg/ml 
protein) &-Znz+ , x --Co2+, &-Fe’+, + -Cd2+, 

O-Hgr + 

0 
5 6 7 8 9 10 

Fig. 3. /?-Fructofuranosidase activity as a function of Hg*+ 
concentration for preparations with different protein con- 
tent (and activity): a, 0.225 mg/ml (17.9); b, 0.588 mg/ml 

(15.4); c, 1.025 mg/ml (7.9). 

Table 1. Statistical evaluation of the method (6 deter- 
minations, preparation with 0.588 mg/ml protein content) 

Mean Confidence 
specific Standard interval, 
activity, deviation, (I.U. 

Wi$1,1 r, Q.U. s,, Q.U. (,?I = R f ts,) 

2.5 x 1O-8 11.2 0.3 11.2 + 0.9 
5.0 x 10-s 10.6 0.3 10.6 f 0.9 
2.5 x IO-’ 2.9 0.3 2.9 + 0.8 
5.0 x lo-’ 2.3 0.3 2.3 f 0.8 
2.5 x lO-6 1.8 0.3 1.8 + 0.8 
5.0 x 10-h 0.2 0.3 0.2 * 0.7 

*t = 2.57 

lo-‘A4 to lo-“A4 mercury(H). The use of different 
mercuric salts (chloride, sulphate and nitrate) as 
standards did not affect the graph. The influence of 
Co2+, Zn2+, Fe’+, Cd2+ and Hg2+ ions on the activity 
of invertase was investigated and the results plotted 
in Fig. 4 show that Fe3+ and Co2+ give the same 
degree of inhibition but do not interfere at concen- 
trations lower than 10mSM. Contrary to the findings 
of Mealor and TownshendP our results indicate that 
Cd’+ is a stronger inhibitor than Zn2+, but neither 
interferes at < lo-‘A4 concentration. 

Table 1 presents a statistical evaluation of the 

results for the mercuric chloride standard. The stan- 
dard deviation is practically constant, so the 
coefficient of variation increases with decreasing mer- 
cury concentration. 

The results for mercury(U) in water and drinks are 
shown in Table 2. The samples were all mineralized 
and the mercury(I1) separated on a column, to libe- 
rate mercury from its organic compounds and to 
eliminate ions which could interfere in the spec- 
trophotometric determination of the reducing sugars. 
Mineralization of the orangeade and tangerine drink 
was necessary, because the flavourings and dyes 
interfere in the determination. 

The mercury content in the samples tested was very 

low, ranging from 100 to 270 rig/l.. The results agreed 
with those obtained for the same samples by cold- 
vapour atomic-absorption spectrometry.” The low 
detection limit in the enzyme method allows direct 
analysis of the samples without preconcentration 
step. The main disadvantage of the method is the 
need to use such a large volume of eluent (500 ml) in 

Table 2. The results of mercury determinations in water and drinks 
@g/l. f standard deviation) 

Origin 

Drink kodi Pabianice kask Aleksandrow 

Water 0.10 f 0.01 - - - 
Soda-water 0.10 + 0.01 0.15 f 0.01 0.20 f 0.01 0.15~0.01 
Orangeade 0.16+0.01 0.20 + 0.02 0.20 * 0.02 0.20 f 0.02 
Tangerine 0.20 + 0.02 0.25 f 0.02 0.27 f 0.02 0.25 k 0.02 
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the final clean-up of the column. Many eluents have 8. 
been tried, but so far only O.OOlM hydrochloric acid 9. 
has proved not to interfere with the subsequent 10. 

enzymatic determination. The search for a more 
11. 
12. 

efficient system continues, and any successful solution 
will be reported. 13. 

14. 
15. 
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Summary-The synthesis and properties of di-Zpyridyl ketone 2-furoylhydrazone as an analytical reagent 
are described. A rapid procedure for the fluorimetric determination of aluminium at the lO-lOOng/ml 
level, at pH 6.1-6.5 (A,, 395 nm, I_, 465 nm) has been established. Interferences have been evaluated, and 
the procedure has been applied satisfactorily to determination of aluminium in sea-water. 

Hydrazones have been widely used as analytical 
reagents, especially in the spectrophotometric deter- 
minations of metals,‘.* but there have been few appli- 
cations of hydrazones in fluorimetric analysis. Some 
N-heterocyclic hydrazones have been studied in at- 
tempts to correlate the ligand structure with the 
fluorescence intensity of the zinc chelates.’ In recent 
years, aroylhydrazones, which contain the atomic 
grouping -CO-NH-N=CH- have been tested 
as spectrophotometric and fluorimetric reagents.&’ 
The formation of complexes with a coplanar struc- 
ture is conducive to production of fluorescence; 
reaction of a metal ion with a chelating agent induces 
rigidity in the resultant molecule and tends to 
produce fluorescence.’ 

The object of the present work was to find a simple 
method for the determination of aluminium that 
would be sufficiently sensitive for analysis of sea- 
water. Spectrophotometric methods are not 
sufficiently sensitive for use at these levels.iO Atomic- 
absorption spectrometry with electrothermal atom- 
ization is sensitive enough, but cannot be applied 
directly to sea-water because of the interference 
caused by the high salt content. Lumogallion” has 
been used for fluorimetric determination of alumi- 
nium, but the procedure is slow, and heating is 
required for complete development of the 
fluorescence. 3-Hydroxypyridine-2-aldehyde 2-pyri- 
dylhydrazone has also been proposed’* for the 
fluorimetric determination of aluminium but syn- 
thesis of the reagent is difficult and expensive. 

The present paper describes a fluorimetric method 
for determination of aluminium, based on complex 
formation with di-Zpyridyl ketone 2-furoyl- 
hydrazone (DPFH), and its application to analysis 
sea-water. 

EXPERIMENTAL 

Reagents 

DPFH was synthesized by refluxing equimolecular 
amounts of di-2-pyridyl ketone and 2-furoylhydrazine in 
ethanol for 3 hr. The reaction mixture was then cooled in the 
refrigerator and the yellow crystals formed were filtered off 
and recrystallized from ethanol (yield 60%, m.p. 132-I 34”). 
Elemental analysis gave C 65.5x, H 4.1x, N 19.2%: 
C,,H,,N,O, requires C 65.75%; H 4.10%; N 19.18%. Solu- 
tions (0.025M) of the reagent in ethanol were prepared 
weekly. 

A O.OOlM stock solution of aluminium was prepared by 
dissolving AI(NO,),.9H,O in 100 ml of 0.5M nitric acid and 
diluting to 1 litre with demineralized water. This solution 
was standardized gravimetrically with oxine; working stan- 
dards were prepared by suitable dilution. 

Buffer solution @H 6.3) was prepared by mixing 50.0 ml 
of 0.2M sodium hydrogen maleate with 38.0ml of 0.2M 
sodium hydroxide and diluting to 200 ml with demineralized 
water. 

Apparatus 

The absorption measurements were made with a Shim- 
adzu UV-240 Graphicord and a Unicam SP 6-550 spec- 
trophotometer; all fluorescence measurements were made 
with a Perkin-Elmer model MPF-43 A spectrofluorimeter, 
equipped with an Osram XBO 150-W xenon lamp, grating 
excitation and emission monochromators, 1 x l-cm quartz 
cells, an R-508 photomultiplier and an 023 recorder. A set 
of fluorescent polymer samples was used to adjust the 
spectrofluorimeter and compensate for changes in source 
intensity. 

An ultrathermostatic water-bath circulator, Frigiterm 
model S-382, was used for temperature control. 

The infrared spectrum was recorded on a Beckman 
Acculabd spectrophotometer (KBr disc). Proton NMR 
spectra were obtained (CDCl, medium, 200 MHz) with a 
Bruker WP-200 Y spectrometer; tetramethylsilane was used 
as internal reference. 

Procedure 

To a known volume of sample (containing 0.25-2.50 ng 
of aluminium) in a 25-ml standard flask add 5 ml of buffer 
solution (pH 6.3), 1 ml of 0.025M DPFH solution in 
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ethanol, and dilute to volume with distilled water. After not 
less than 15 mitt, measure the fluorescence at 465 nm, using 
excitation at 395 nm. Determine the amount of ahtminium 
in the sample from a calibration graph prepared under the 
same conditions. Alternatively use a standard-addition pro- 
cedure if ions are present which affect the slope of the graph. 

Determmation of aluminium in sea-water 
Collect the samples in lOO-ml polypropylene bottles pre- 

viously cleaned by soaking in O.lM hydrochloric acid. Filter 
the sample and use 5 ml for analysis by the standard- 
addition method as described above. Analyse the samples as 
soon as possible after collection, to prevent loss of alumi- 
mum. 

RESULTS AND DISCUSSION 

Infrared and NMR spectra of DPFH 

The infrared spectrum of the reagent is compli- 
cated because the aromatic portion of the molecule 
produces numerous bands, the overlap of which 
makes detailed assignments difficult. The band at 
3440 cm-’ is attributed to N-H stretching, and the 
well-defined band at 3070 cm-’ is characteristic if 
aromatic C-H stretching frequencies. The spectrum 
in the “double-bond” region (1750-1450 cm-‘) 
shows strong bands at 1675 cm-’ (c=O stretching); 
the peak at 1575 cm-’ is attributed to a CNH 
overtone. 

The NMR spectrum shows a peak at 15.3 ppm due 
to the OH group in the hydroxyimine tautomer; 
integration indicates that 71% of the reagent is in the 
imine form. Other peaks appear at 7.75, 6.52 and 
7.30 ppm (multiplet), and are assigned respectively to 
the Ha, Hb and Hc protons of the furan ring. 

Proton equilibra 

The spectrum of aqueous DPFH solution is pH- 
dependent. The spectrum in the pH interval 3610.0 
is attributed to the uncharged molecule (HL), with 
&,,,, = 325 nm, that at pH 3.6 (La, = 337 nm) to the 
protonated species (H*L+), and that at pH 10.6 to 
the anion L-. 

The values of pK were calculated from the vari- 
ation of absorbance with pH, by the Stenstrijm and 
Goldsmith methodI (Fig. la). Two dissociation con- 
stants were found: pK, = 3.23, pK, = 10.23, which 
can be attributed respectively to deprotonation of the 
protonated nitrogen atom in the pyridine ring and to 
loss of the proton of the OH group in the hydroxy- 
imine tautomer. 

For a more complete study of the protonation 
reactions, BudtSinskj+ graphical method,14 as 
modified by Barragan de la Rosa et al.,” was used. 
This method requires the presence of two forms only 
of the reagent in the acidity range concerned. It is 
necessary to analyse the absorbance as. pH graph to 
find whether only one proton participates in the 
acid-base equilibrium. The method involves the 
transformation of the absorbance-pH plot into the 
form (A - A,_,) vs. pH and substitution of the slope 
of this graph into the equation 

AA /ApH = -0.575a(A, - A,_,) 

where the value of a indicates the number of protons 
interchanged, and A, and A,_, are the absorbances of 
the two main species in solution in the pH range 
studied. The curves for DPFH at different wave- 
lengths are plotted in Fig. lb, and the values obtained 
for a in both dissociation steps are all close to 1. For 
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Fig. 1. Effect of pH on the absorbance of DPFH (7.5 x lO_rM): (a) absorbanc+pH plots; (b) An-A,_, 
us. pH graphs; I: L-320 nm, 2-330 nm, 3-340 nm. 
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(bf 

Wavelength (nm 1 

Fig. 2. (a) Fluorescence of DPFH (1.25 x 10e3M) in ethanol; l-excitation spectrum, 2-emission 
spectrum. (b) Fluorescence of the Al-DPFH complex @H 6.28). Curves 1 and 2, excitation and emission 
spectra, respectively for the complex. Curves 3 and 4, excitation and emission spectra for the reagent alone, 

in the same conditions. 

this reason, it can be concluded that only one of the 
two pyridine rings is protonated in acid medium. 

Fluorescence studies 

The reagent shows fluorescence both in aqueous 
and ethanolic solution, and the intensity is much 
influenced by pH. The excitation wavelength is 
380 nm and the emission wavelength 437 nm 
(Fig. 2a). It forms fluorescent complexes with alumi- 
nium, gallium, scandium, indium and lanthanum. 
The aluminium complex shows an intense blue 
fluorescence, which can be used for its determination. 
The excitation and emission spectra of the Al-DPFH 
complex at pH 6.0 in 4% ethanol solution are shown 
in Fig. 2b. The maxima are at 395 and 465 nm, 
respectively. 

A detailed pH study (Fig. 3a) showed that the 
aluminium complex has maximum fluorescence in- 
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tensity at pH 6.0. A sodium maleate-sodium hydrox- 
ide buffer (pH 6.2) was used in all subsequent work; 
in the recommended procedure the final apparent pH 
is 6.0. The use of a phosphate or acetate buffer is not 
r~ommend~, owing to resuItant appreciable de- 
crease in the fluorescence. The fluorescence intensity 
decreases continuously as the ethanol concentration 
increases from 4 to 50% (Fig. 3b). Use of an ethanol 
concentration of 4”% in the final solution measured is 
considered satisfactory. 

The fluorescence intensity is temperature- 
dependent (Fig. 3~) and the optimum temperature 
is 20”. For convenience a temperature of 25 k 0.5” 
was used, but the lower tem~rature gives higher 
sensitivity. 

The effect of DPFH concentration on the 
fluorescence intensity for a 50-ng/ml aluminium solu- 
tion (1.85 PM) was studied under the conditions of 

/ 

*-C-*--4, 
0. 

. 

Fig. 3. Influence of experimental variables on the fluorescence of the Al-DPFH complex. Aluminium 
concentration 50 r&ml. (a) Intluence of pH. (b) Influence of percentage of ethanol. (c) Influence of 

temperature. (d) influence of the reagent inflation. 
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Table 1. Effect of foreign ions on the determination of aluminium at the 50-ng/ml level 

Foreign ions 

S,O:-, thioglycollic acid, Na+, KC 
CN-, Rb+, H,O, 
Thiourea, acetate 
MO(W), Pb(II), Tl(I), As(V), 

Amount tolerated 
without masking agent, 

nglml 

2.5 x 104 
1.5 x 104 
1.0 x 104 

Ba’+, NO,, IO;, I-, IO;, S,Oi-, CIO;, 
NO;, CO:-, SO:-, SCN-, SO:-, Br 
Li+, Mn(II), Hg(II), Ca*+, S2- 
Yj+ 
Be(II), Cr(II1) 
Co(II), Ag+, Cd’+, Sr’+, EDTA 
V(V), La’+, Tl(III), Bi(III), Zr(IV), 
Ce(IV), SC’+, Hg(I), Zn*+, U(VI), 

5.0 x 10’ 
2.5 x IO3 
1.0 x 103 

500 
250 

Fe(III), As(III), Ni*+, Sb(III), C,O:-, H,PO; 
Fe(I1) 

50 
5 

the recommended method (Fig. 3d). The fluorescence 
intensity increases with reagent concentration up to 
0.0025M. A DPFH concentration of O.OOlM was 
chosen because it ensures a sufficient reagent excess, 
and at higher reagent concentrations the fluorescence 
intensity decreases. 

The stoichiometry of the complex was found to be 
1: 1 by the Bent and French methodI (which is 
suitable for weak complexes), with fluorimetric mea- 
surement. 

Determination of aluminium 

There is a linear relationship between 
the fluorescence intensity and aluminium concen- 
tration over the range l&100 ng/ml 
(3.7 x lo-‘-3.1 x 10e6M). The limit of detection” is 
4 ng/ml. Negative deviation from linearity is observed 
at higher aluminium concentrations. Application of 
the recommended method to a series of 11 samples 
(Al 50 ng/ml) gave a relative standard deviation of 
1.1%. 

Effect of foreign ions 

Cationic and anionic interferences were studied in 
detail. Some cations interfere because they form 
non-fluorescent complexes with DPFH; this reduces 
the length of the linear section of the calibration 
graph by decreasing the effective reagent concen- 
tration. Some other cations (gallium, scandium, in- 
dium and lanthanum) increase the fluorescence in- 
tensity appreciably, and give positive errors. The 
tolerance levels for foreign ions are given in Table 1. 
The amounts tolerated in presence of masking agents 
are shown in Table 2. 

Aluminium in sea-water 

The method has been applied to the determination 
of traces of aluminium in sea-water. The standard- 
addition procedure can be used, but similar results 
are obtained by using a calibration graph obtained by 
using standards for which the final ionic strength has 

Table 2. Interferences in the presence of masking agents 

Amount tolerated 
with masking agent, Masking agent, 

Foreign ions pgglml pgglml 

sz+ 2.5 S@-, 1.0 
Ag+ 1.0 SCN-, 5.0 
Ag+ 1.0 thiourea, 10.0 
Ag+ 1.0 I-, 5.0 
car+ 0.50 H,O,, 15.0 
Au(II1) 0.50 Br-, 5.0 
Cd2+ 0.50 SCN-, 5.0 
Cd2+ 0.50 I-, 5.0 
Tl(II1) 0.50 CN-, 10.0 
Sb(II1) 0.25 I-, 5.0 
La’+ 0.25 EDTA, 0.25 
Ni2+ 0.25 CN-, 15.0 
cur+ 0.25 CN-, 15.0 
Bi(II1) 0.10 I-, 1.0 
Zr(IV) 0.10 so:-, 1.0 
Fe(I1) 0.25 CN-, 10.0 

Table 3. Results obtained with spiked 
samples 

Aluminium Aluminium 
added, found, Recovery, 

aglml nglml % 

50 47 94 
100 97 97 
150 154 103 
200 200 100 
250 260 104 

Table 4. Determination of aluminium in sea-water 

Sample Found, nglml 

Malaga bay (Huelin beach) 202 
Malaga bay (Misericordia beach) 193 
Marbella (Puerto Oais beach) 137 

been made the same as that for the sea-water samples 

(/l = 0.7). 
The procedure has been applied to spiked samples 

prepared by using an artificial sea-water (Table 3) 
and to three samples collected in the Andalusian 
sector of the Mediterranean (Table 4). 
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VOLTAMMETRIC DETERMINATION OF THE 
STABILIZING ADDITIVES ACARDITE II, 
CENTRALITE I AND DIPHENYLAMINE 

IN PROPELLANTS 

ARNE BERGENS,* KENT LUNDSTRBM~ and JAN ASPLUND§ 
Department of Analytical Chemistry, University of Uppsala, P.O. Box 531, S-751 21 Uppsala, Sweden 

(Received 15 January 1985. Accepted 3 April 1985) 

Summary-A method for the determination of the stabilizing additives Acardite II, Centralite I and 
diphenylamine in single- and double-base propellants has been developed, based on oxidative differential 
pulse voltammetry with a glassy-carbon electrode in a 1: 1 v/v acetonitrile-methanol medium. The 
voltammetric behaviour of Acardite II and Centralite I was briefly studied to find the proper experimental 
conditions. For analysis, aliquots of a crude sample extract in dichloromethane are added directly, with 
no prior treatment, to the measurement cell. The analysis is performed by the standard-addition method. 
The relative standard deviation is typically l.O-1.5%. The concentration range accessible with the 
differential pulse technique, O.>lOO PM, is quite sufficient for the levels of stabilizers used in powders and 
propellants. The utility of the method is exemplified by the monitoring of stabilizer consumption in three 
different propellants subjected to accelerated degradation at 90”. 

Diphenylamine (DPA) and certain derivatives of of the stabilizing additive. A reliable routine method 

urea are commonly used as stabilizing additives in for the determination of unreacted stabilizer in pro- 

various propellants. The chemical structure of the pellants is thus of great practical value. 

two most commonly used urea derivatives, Titrimetric assays based on bromination have tra- 

N’-methyl-N,N-diphenylurea (known as Acardite II, ditionally been widely employed,* but the poor selec- 

AII) and N,N’-diethyl-N,N’-diphenylurea (known as tivity renders such methods suitable only for newly 

centralite I, CI), are shown below. manufactured batches. In order to improve the selec- 

- u- \ / N-i-N”-C” 
0 

3 

c 

Acordlte II Centralite I Dlphenylamlne 

These compounds impart a significantly improved 
shelf-life to a propellant product, by capturing the 
reactive HN03 and different NO, species liberated in 
the degradation of nitrocellulose.’ Thus, nitro- 
glycerine and nitrocellulose are protected from the 
accelerated degradation caused by exposure to HNO, 
and NO,X. The stabilizing action accordingly involves 
a transformation of the additives AII, CI and DPA 
into various nitro-derivatives. The safe storage period 
of a particular propellant batch can be conveniently 
established by monitoring the gradual consumption 

*Author for correspondence. 
tPresent address: KabiVitrum AB, S-l 1287 Stockholm, 

Sweden. 
§AB Bofors Nobel Kemi, P.O. Box 800, S-691 80 Bofors, 

Sweden. 

tivity, primarily towards the different nitro- 
derivatives formed during storage, various gas- and 
liquid-chromatography methods have been em- 
ployed.= 

The aromatic amine moiety can be oxidized elec- 
trochemically at carbon electrodes, for example, at a 
sufficient rate to make an analytical exploitation 
worthwhile.7-9 The present work was undertaken with 
the object of evaluating a voltammetric method for 
routine use. 

A brief voltammetric characterization of the two 
urea derivatives will be reported since there is an 
apparent lack of such data. Diphenylamine, on the 
other hand, has been well characterized voltam- 
metrically.’ A voltammetric method for the deter- 
mination of these three compounds in propellants 
will be outlined. Finally, the feasibility of applying 
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Fig. 1. Cyclic voltamperograms of (a) Acardite II, (b) Centralite I, (c) diphenylamine in acetonitrile. 
Sweep rate lOOmV/sec, concentration 0.2mM. In (a) and (b) the gradual development of steady-state 

behaviour is shown. 

the voltammetric method directly to a crude sample 
extract for monitoring the entire course of con- 
sumption of a stabilizing additive will be demon- 
strated. 

EXPERIMENTAL 

Apparatus 

Conventional polarographic instrumentation was em- 
ployed for the cyclic voltammetric characterization experi- 
ments (PAR 170 Electrochemistry System) and for anal- 
ytical determinations by differential pulse voltammetry 
(PAR 174 A). A conventional three-electrode potentiostat 
equipped with an integrator unit (made in our laboratory) 
was used for controlled potential coulometry. 

The electrochemical cell was a 20-ml glass vessel with a 
water jacket (Metrohm, 6.1418.220), with a saturated cal- 
omel reference electrode (Radiometer, K 401), a separate 
salt-bridge, a platinum-wire auxiliary electrode and a glassy- 
carbon working electrode (GCE, area 7.07 mm2) embedded 
in a Teflon housing (Metrohm, 6.1204.040), which fitted a 
rotating electrode assembly (Metrohm, 2.628.0020). The 
measurement cell was kept at constant temperature by a 
conventional thermostat. All potential values reported refer 
to the reference electrode system described above, whether 
this is explicitly stated or not. 

Propellant samples were performed in a Soxhlet appara- 
tus (Soxtec System 1040 Extraction Unit, Tecator). 

Reagents 

Acetonitrile, dichloromethane and methanol were of p.a. 
grade (Merck) and used as received. The supporting electro- 
lyte was 0.05M lithium perchlorate (p.a., G. F. Smith) in 
acetonitrile, methanol or a 1: 1 v/v mixture of the two. For 
the salt-bridge 0.1 M lithium perchlorate in acetonitrile was 
used throughout. 

The compounds CI, AI1 and DPA were used as received 
(supplied by AB Bofors Nobel Kemi, Sweden). Stock solu- 
tions were prepared weekly in appropriate solvents. 

Procedure 

A IO-ml portion of supporting electrolyte was transferred 
to a thoroughly rinsed and dried measuring cell, kept at 
25.0 f 0.5”. Solutions were not deaerated. 

Before each series of voltammetric experiments the GCE 
was polished with an aqueous slurry of 0.3~nm alumina 
powder (BDH) on a damp silk cloth (LAMPLAN 410) and 
thoroughly rinsed with water, an ultrasonic bath being used 
in the final stages. The GCE was then conditioned in the 
supporting electrolyte by cycling the applied potential be- 
tween 0.0 and + 1.8 V at 50 mV/sec for about 20 min. This 
conditioning step also serves as a check on performance of 
the system with regard to magnitude of the residual current, 
the presence of impurities, and the positive potential limit. 
Typically, for the voltammetric parameters given above, a 
positive potential limit of 1.6-1.7 V was found for acet- 
onitrile medium, the limit being taken as the potential at 
which the residual current density was 25 PA/cm*. The 
apparent capacitance evaluated from the residual current”’ 
was ca. 140-160 pF/cm2 at 1.0 V. Two different GCEs were 
used, but they showed very similar behaviour. 

After conditioning, the GCE was left in the supporting 
electrolyte and appropriate quantities of test solutes were 
added from a IOO-~1 syringe. The parameters for the cyclic 
voltammetry are given in the text as appropriate, but for the 
differential pulse voltammetry (DPV) the following param- 
eters were used throughout: scan-rate 10 mV/sec, modu- 
lation amplitude 50 mV, clock period 0.5 sac, and low-pass 
filter in the “off position. Potential intervals for the 
differential pulse voltamperograms were from 0.2 to 1.2 V 
for DPA and from 0.8 to 1.7 V for AI1 and CI. Unless 
otherwise stated, all voltammetric measurements were made 
under quiescent conditions. 
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Table 1. Oxidation potentials for Acardite II, Cen- 
tralite I and diphenylamine in acetonitrile 

EP’ Ep - &,2 > 
Compound V V i,/Cv “2 

Acardite II 1.32 0.055 0.187 
Centralite I 1.24 0.060 0.193 
Diphenylamine 0.82 0.060 0.205 

Units used for iP/Cv”*: iP in A, C = 0.2mM for all 
three compounds, v = O.lOOV/sec. Potentials are 
us. SCE. 

Propellants were subjected to the conventional stability 
test’ of storage at elevated temperature. At regular intervals, 
samples of approximately 2 g were accurately weighed and 
the stabilizer was extracted with 75 ml of dichloromethane 
in the Soxhlet apparatus. The final volume of each extract 
was made 50 ml by evaporation of some solvent, transfer to 
a standard flask and dilution to volume. Portions of these 
extracts, typically 50-200 ~1, were added to the 1: 1 
acetonitrile-methanol solution of supporting electrolyte in 
the cell. The stabilizer content was evaluated by the 
standard-addition method, with at least three additions (of 
50~1 of 0.4mM stock solution) to each sample and two 
measurements for each concentration level. 

RESULTS AND DlSCUSSION 

Cyclic voltammetry 

The three compounds examined can all be oxidized 
at a glassy-carbon electrode, giving voltammetric 
waves well suited for analytical purposes (Fig. 1). The 
voltammetric characteristics of DPA have been ex- 
tensively investigated in both aqueous and non- 
aqueous media, e.g., by Adams,’ and Chey and 
Adams,” and our experimental data are in full agree- 
ment with the reported behaviour. AI1 and CI have 
not hitherto been voltammetrically characterized. 

From Fig. 1, it can be seen that the potential 
required for the oxidation of AI1 and CI falls outside 
the range accessible in an aqueous medium, at least 
for analytical purposes. A suitable non-aqueous sol- 
vent is hence required, and acetonitrile was used to 
obtain Fig. 1. Precautions were found to be necessary 
in order to avoid contamination by water, which 
would give rise to excessive background currents in 
the potential range in question. Use of a salt-bridge 
containing acetonitrile, to connect the reference elec- 
trode (which contained aqueous solution) and the cell 
compartment, was found essential for the same 
reason. 

The following observations on the reactivity of AI1 
and CI can be made from the cyclic voltammetric 
experiments. A single well-defined oxidation wave, 
suitable for analytical applications, is revealed in the 
initial positive potential sweep, Fig. 1. As sum- 
marized in Table 1, the peak potentials are at 1.32 
and 1.24 V vs. SCE for AI1 and CI respectively. The 
primary electrode process generates a redox couple, 
the reduction wave for which appears on the reversed 
sweep in the voltamperograms shown in Fig. 1. The 
corresponding oxidation of this secondary redox 
couple can be seen on subsequent positive potential 

sweeps. 

To study the appearance of this secondary redox 
couple, a solution of CI was electrolysed at a poten- 
tial of 1.40 V to exhaustion (2 hr); application of 
differential pulse voltammetry then revealed that the 
yield of this secondary couple was less than 20x, as 
judged from the peak heights. Apparently, under 
these conditions, there are either further trans- 
formations of the secondary redox couple or addi- 
tional reaction paths not involving it. The solutions 
became strongly coloured on oxidative electrolysis, 
red for CI and dark blue for AII, but the colour 
slowly faded on standing, and finally disappeared. 
The concentration of the secondary redox couple 
found immediately after exhaustive electrolysis 
(which gave the strongly coloured product) by cyclic 
voltammetry and in the same solution 24 hr later 
when it had been decolorized, was the same, indi- 
cating that the interpretation of the low yield of 
secondary couple was probably correct. Only a minor 
primary oxidation wave, representing roughly 1% of 
the original content of CI, could be discerned after 
such a bulk electrolysis experiment. 

Cyclic voltammetry with a working electrode rotat- 
ing at 1500 rpm did not reveal these follow-up 
reactions, and it is concluded that there is no ad- 
sorptive accumulation, on the electrode surface, of 
electroactive species generated in the oxidation pro- 
cess. 

With a methanolic medium, which provides almost 
the same positive potential range as acetonitrile, only 
the primary oxidation wave can be distinguished. 
Apparently, the follow-up reactions take a different 
route in this medium from that in pure acetonitrile. 
The peak potentials are similar in the two media, and 
neither medium gives a sufficient resolution for deter- 
mination of both compounds. However, mixtures of 
DPA and AI1 or of DPA and CI can be readily 
analysed (Table 1 and Fig. 2). 

For all three compounds, in both media, the peak 
current was found to increase linearly with the square 
root of the sweep rate, showing that mass transport 
controls the primary oxidation process. Calibration 
graphs over the range l-200pM were linear; typical 
regression equations are presented in Table 2. No 
intermittent polishing of the electrode surface was 
necessary. The repeatability of the peak current in 
repeated sweeps for a 100/.1M solution, with only a 
brief stirring between sweeps was typically in the 
range 1.0-l .5%. After about 20 measurements, how- 
ever, there was a gradual deactivation of the electrode 
surface, resulting in a slow decrease in sensitivity. At 
higher concentrations. > lOOpM, this deactivation 

was more pronounced and peak currents were no 
longer so reproducible. A fouled electrode surface 
could be completely cleaned by polishing as detailed 
above. 

Differential pulse voltammetry 

For analysis at lower concentrations, differential 
pulse voltammetry (DPV) was used. A further asset 
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Fig. 2. DPV of sample from propellant C containing both 
DPA (a) and CI (b). The background current from pure 
supporting electrolyte, O.OSM LiClO, in I: I v/v 
acetonitrile-methanol mixture, is represented by the lower 

curve. 

of this technique is that peak currents are easier to 
evaluate, especially when there is more than one 
voltammetric wave. Though the performance of 
GCEs is known to be far from ideal in DPV,‘* it 
proved possible to make measurements at the 1pM 
level with a reasonable signal to background ratio. 
When submicromolar levels were measured, which 
required high sensitivity settings, the base-line of 
background current was sloping and never quite 
reproducible, but interpolating the base-line under 
the DPV peak caused only minor problems (Fig. 2). 

DPV calibration graphs were linear over the range 
0.5-100&U, but deactivation became evident after 
only about 10 measurements. This is not surprising 
since increased susceptibility to the effect of altered 
electrode surface conditions is an inherent feature of 
DPV.“,‘* 

Assay of stabilizing additives in propellants 

The voltammetric assay developed was used to 
monitor the rate of breakdown of stabilizing addi- 
tives in three different propellants, A, B and C, stored 
at 90” to accelerate the degradation.’ The stabilizing 
agents used in these propellant formulations are AII, 
CI and DPA, respectively. In the case of C, a 
single-base propellant, there is a coating of CI, 
besides the presence of DPA. 

Since the toxic properties of acetonitrile necessitate 
certain handling precautions, a purely methanolic 
medium would be preferable for routine purposes, 
but unfortunately gives a steeply sloping residual 

current when DPV is used, probably because of the 
presence of traces of water, and this restricts the 
positive potential range. Neither simple drying (with 
molecular sieves or dried alumina nor acidification 
with glacial acetic acid improved the residual current 
in the methanolic medium. However, a 1: 1 v/v mix- 
ture of acetonitrile and methanol was found to 
provide essentially the same detection limits as 
acetonitrile alone, and this mixed medium was chosen 
for routine work, 

A typical standard-additions analysis for AI1 is 
shown in Fig. 3. The AI1 concentration was 5.8pM 
corresponding to 0.67% in the propellant. Satis- 
factory repeatability is shown by the duplicate volt- 
amperograms. Eleven separate analyses (each with 
four standard additions) of a single extract of CI 
from propellant B gave a mean content of 1.51% in 
the propellant and a relative standard deviation of 
1.0%. In general, provided the standard additions 
were within the linear concentration region of the 
calibration graphs, the correlation coefficients for 
regression analysis of the standard addition data were 
always 0.998 or better. 

Figure 2 shows a differential pulse voltamperogram 
for an unstored sample of propellant C. Both DPA 
and CI are seen to be present, and their voltammetric 
peaks are well enough resolved to allow deter- 
mination of both components. It also appears that 
only the DPA and CI are electroactive in the range 
of potential covered. However, interference from 
intermediate or final decomposition products formed 
from the stabilizers during propellant storage must be 
considered. The final products have been identified by 
chromatography3.5.‘3 as nitro-derivatives. The fact 
that the voltammetric reponse disappears completely 
on prolonged storage (see below) shows that there are 
no contributions from the final decomposition prod- 
ucts. Interference from intermediate decomposition 
products cannot be ruled out, however. In general, 
the incorporation of one or more nitro groups close 
to the electro-oxidizable amine moiety renders it 
more difficult to oxidize.14 We have verified this 
experimentally for several nitro-derivatives known to 
be formed, and voltammetric measurement of the 
intact stabilizer will hence be highly selective with 
respect to the decomposition products. This will be 
examined in more detail in subsequent work. 

Two small peaks in the range 1.5c1.65 V can be 
seen in Fig. 2. Propellant C also contains N-nitroso- 
DPA (its amount being about a tenth of that of the 

Table 2. Typical regression data [ir, @A) = 
ac - b] for calibration curves 

Compound a, ~A.l.mole-’ b, PA r 

Acardite II 2.88 x lo4 0.002 0.9994 
Centralite I 2.89 x lo5 0.064 0.9999 
Diphenylamine 3.87 x IO5 0.244 0.9977 

r = correlation coefficient and c = concentration 
Wf). 
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Fig. 3. Sequential standard additions of Acardite II to a 
sample from propellant A. Voltamperogram 1 is the back- 
ground current, 2 is from 50~~1 of the extract of A, and 
Goltamperograms 3-5 are for. successive 0.02~pmole stan- 

dard additions. Base-lines have been shifted for clarity. 

DPA present) and separate experiments showed that 
the peak at the most positive potential was due to 
N-nitroso-DPA. The separate experiments gave no 
information about the peak at 1 SO V and the reason 
for this peak is at present not fully understood. The 
peak is not evident in voltamperograms of other 

unstored samples. 
The selectivity is further illustrated in Fig. 4, by the 

differential pulse voltamperograms obtained for CI in 
a particular sample of propellant B before and after 
its storage for 6 days at 90”. The voltamperograms 
obtained after one standard addition are also shown. 

An additional peak at 1.40 V is seen for the stored 
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Fig. 4. DPV of two samples from propellant B, with and 
without standard additions; (a) unstored sample, (b) sample 
stored for 6 days. Base-lines have been shifted for clarity. 

propellant and, as expected, it is not affected by the 
standard addition. Its development as a function of 
storage time is gradual, and its height eventually 
becomes larger than that of the peak for CI (which 
decreases with increasing time). Finally, this species, 
which is more difficult to oxidize, also completely 
disappears. Hence, this new peak is apparently due to 
a degradation product of CL No attempt was made 
to identify this product unambiguously, but 
Cnitro-CI has been identified by others? in stored 
propellants stabilized with CI, and the peak potential 
for Cnitro-CI has been found to be the same as that 
of the unknown peak in Fig. 4, 1.40 V. We conclude 
that this peak does correspond to Cnitro-CI. 

Figure 5 shows the feasibility of using the method 
to monitor decomposition of the stabilizer. The con- 
centration found in the fresh sample was taken as 
reference and taken as lOOok. The rate of degradation 
follows first-order kinetics only in the early stages. 
The time found for the onset of autocatalytic decom- 
position of the propellant, defined as the appearance 
of visible amounts of NO*, was about twice the time 
needed for the stabilizers to be no longer detectable 
by the voltammetric method. For these particular 
samples and storage conditions, autocatalytic decom- 
position began after 23,24 and 9 days for propellants 
A, B, and C respectively. 

CONCLUSIONS 

Differential pulse voltammetry with a glassy- 

carbon electrode in acetonitrile or mixed 
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Storage time (days) 

Fig. 5. Rate of stabilizer degradation during propellant 
storage at 90°C: (1) propellant C (0.82% initial DPA); (2) 
propellant B (2.25% initial CI); (3) propellant A (0.72% 

initial AH). 

acetonitrile-methanol medium has been demon- 
strated to provide a convenient approach for deter- 
mination of the stabilizing additives Acardite II, 
Centralite I and diphenylamine used in propellant 
formulations. The voltammetric characterization of 
Acardite II and Centralite I, for which voltammetric 
data had not previously been published, has shown 
that they behave with a chemically irreversible pri- 
mary oxidation process and generation of a second- 
ary redox couple. With the electrochemical tech- 
niques used, this secondary couple exhibits reversible 
behaviour and a less positive redox potential than 
that of the parent couple. 

The proposed method does not require extensive 
sample pretreatment since the voltammetric mea- 
surement is directly applicable to aliquots of crude 
sample extracts. The optimum working range for the 
voltammetric technique is l-100@, which gives 
adequate sensitivity. When 2-g portions of sample are 
extracted, portions of 5&200 ~1 from 50 ml of extract 
are sufficient for monitoring the stabilizer content. 
However, the definite susceptibility to interference 
from other oxidizable species, owing to the positive 
potential required for the electrochemical oxidation 
of Acardite II and Centralite I, should be kept in 
mind, and in further applications of the method only 
simple sample types, such as most propellants, should 
be considered. Another general limitation of the 
method is the necessity to use non-aqueous volt- 
ammetric conditions. 

Acknowledgement-We thank the AB Bofors Company for 
financial support of this research and for placing propellant 
samples at our disposal. 
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OF WEAK ACIDS IN URINE 
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Summary-Low-capacity anion-exchangers have been synthesized from the macroporous 
styrencdivinylbenzene co-polymer Hamilton PRP-I These anion-exchangers have non-polar adsorbent 
properties for neutral sample molecules. The dependence of the capacity factor for a polar weak-acid 
metabolite of the drug polythiazide on the type and concentration of electrolyte, the organic solvent 
concentration, and pH of aqueous eluents has been studied to characterize the exchangers. As an 
application, a method has been developed to determine the metabolite in urine at levels as low as 10 ng/ml. 
The method employs the exchangers in both a precolumn, which is used to preconcentrate and clean-up 
the metabolite from urine, and an analytical column. Eluents containing 0.0014.01M sodium hydroxtde 
are used to ionize the weak-acid metabolite. 

Determination of trace concentrations of drugs in 

body fluids by liquid chromatography has been facili- 
tated by the inclusion of adsorbent pre-columns in 
the chromatograph. ‘,’ The pre-column achieves both 
a preconcentration and a preliminary separation of 
the drug from the majority of the components of the 
body fluid, because the drug is usually strongly 
sorbed on the pre-column packing under conditions 
in which the polar body-fluid components are weakly 
sorbed and readily washed off. However, when the 
analyte is fairly polar, e.g., a drug metabolite, it 
becomes aifficult to find conditions under which an 
adsorbent will selectively retain it in preference to the 
polar components of the body fluid. When the anal- 
yte is a weak acid an improvement in selectivity may 
be achieved if the pre-column packing is an anion- 
exchanger and the sample is loaded onto it under 
conditions in which the analyte is in its anionic 
conjugate base form. 

If the analyte is a very weak acid it is necessary to 
use a high-pH solvent in the pre-column loading and 
washing steps in order to convert it into its conjugate 
base. This requirement generally precludes the use of 
silica-based bonded ion-exchangers and demands ex- 
changers that are less susceptible to hydrolysis. In the 
present study, low-capacity anion-exchangers were 
synthesized from the styrenedivinylbenzene macro- 
porous liquid-chromatography packing Hamilton 
PRP-1. 

Earlier, a model was proposed to account for the 
sorption of organic anions from water by a low- 
capacity anion-exchanger and was verified expeti- 
mentally with an exchanger prepared from another 

*Author to whom reprint requests should be directed. 

macroporous styrenedivinylbenzene co-polymer, 
Amberlite XAD-2.3 A similar model was shown to be 
valid for cation-exchangers.4 On the basis of the 
similarity between PRP-1 and XAD-2 it might be 
expected that a low-capacity anion-exchanger pre- 
pared from PRP-1 would resemble in its properties a 
similar exchanger prepared from XAD-2.‘-’ In the 
present study it has been demonstrated that retention 
of organic anions on the exchanger derived from 
PRP-1 exhibits the same kind of dependence on salt 
concentration as that found for the exchanger made 
from XAD-2 and the study has been extended to an 
aqueous-organic medium. Additionally, the anion 
retention has been studied as a function of other 
factors which affect retention and selectivity, includ- 
ing the type of electrolyte, the concentration of 
organic solvent, and the pH. 

These studies were performed with the weakly 
acidic polar metabolite of the diuretic drug poly- 
thiazide as a model compound (Fig. 1). This com- 
pound was chosen for study mainly on account of its 
polar nature and high pK, value. The former causes 
it to be very weakly retained on non-polar adsorbents 
and on reversed-phase bonded packings such as 
octadecylsilyl silica, and the latter necessitates the use 
of a high-pH mobile phase if the compound is to be 
retained as its anionic conjugate base. On the basis of 
previous studies of thiazide diuretics it is expected 
that polythiazide will be excreted unmetabolized by 
humans.8-‘2 Although several liquid-chromatography 
methods have been reported for the determination of 
the relatively non-polar parent drug polythiazide, 
none has been reported for its metabolite.‘&” Thus it 
was also of interest to attempt to develop a liquid- 
chromatography determination with a low detection 
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02 
3 

Polythlazlde 

H,N-SO, ’ 
I Metabollte 

SO*-NH-CH3 

Cl , 

13: 

NH, 

Fig. 1. Structures of polythiazide, 6-chloro-3,4-dihydro-2- 
methyl-3-{[(2,2-trifluoroethyl)thio]methyl}2H- 1,2,4-benzo- 
thiadiazine-7-sulphonamide-1, l-dioxide, and Its major 
hydrolytic metabolite, 4-amino-6-chloro-3-(methylsulpha- 

myl)benzenesulphonamide. 

limit for the metabolite in urine, in order to verify its 

virtual absence as an excreted component after inges- 

tion of polythiazide. 

EXPERIMENTAL 

Reagents 

All solvents and chemicals were reagent grade. Ace- 
tomtrile was distilled before use; chloroform and ethyl 
acetate were used as received. Water was demineralized, 
distilled and finally drstilled from alkaline permanganate. 
The polythiazide and Renese Tablets were manufactured by 
Pfizer Co. of Canada. The metabolite was synthesized by 
hydrolyses of polythiazide by Richard Moskalyk of the 
Pharmacy Department of the University of Alberta, 
according to a published procedure.16 

Stock soluttons of polythiazide were prepared by dis- 
solving known amounts of the drug in 20 ml of acetonitrile 
and diluting accurately to 100 ml with water. Stock metab- 
elite solutions were prepared in water. 

All mobile-phases were prepared by transferring the 
required volumes of aqueous reagent solutions and water 
into standard flasks and diluting to volume with acetonitrile. 

Inslruments 

A schematic diagram of the chromatograph used for 
studying the pre-column characteristics and for performing 
the determinations on urine is shown in Fig. 2. Pump P, 
(Model 6000A, Waters Assoc.) pumped a weak eluent S, 
through a Teflon sample-injection valve (Model R6301, 
Laboratory Data Control) fitted with a OS-ml Teflon 
sample-loop L and then through the precolumn C, mounted 
in place of a sample loop in a high-pressure injection valve 
V, (Model 7010, Rheodyne Corp.) and finally to waste. At 
the same trme, pump P, (Model 6000A, Waters ASSOC.) 

pumped the strong eluent S, through V,, through the 
analytrcal column C, and to the ultraviolet-absorbance 
detector (Model 770 Spectroflow Monitor, Schoeffel Instru- 
ment Corp.) set at 268 nm for monitoring metabolite or at 
265 nm for monitoring polythiazide. The detector signal was 
displayed on a Recordall strip-chart recorder (Series 5000, 
Fisher Scientific Co.). 

Another chromatograph, used for studying retention 
behaviour of the analytical column, consisted of one Model 
6000A pump, a Model 7010 injection valve wtth a 20-pl 
loop, a Model 8200 (Spectra-Physics Corp.) ultravrolet- 
absorbance detector and a Recordall strip-chart recorder. 

Measurements of pH were made with a low sodmm-error 
glass and calomel reference electrode pair, calibrated with 
aqueous buffers, and a Model 520 pH-meter (Accumet, 
Fisher Scientific Co.). Values of pH reported for 
acetomtrile-water mixed solvents are “apparent” pH values 

(pH*) since they are made with respect to an aqueous 
reference state.” 

Amon-exchangers 

The non-ionic macroporous liquid-chromatography 
packing PRP-1 (Hamilton Co., Reno, Nev.) which consists 
of nominally IO-pm diameter spherical particles was con- 
verted mto a low-capacity, surface-quatemized, strong-base 
type anion-exchanger by a slight modification of the 
chloromethylation/amination procedure described by Fritz 
and previously used in this laboratory.3,‘3 Two batches of 
exchanger were prepared. The first, designated as QPRP 
(0.11 meq), was chloromethylated for 10 min and the sec- 
ond, designated as QPRP (0.20 meq), was chloromethylated 
for 30 min. The final product in each case was liberally 
washed with 1M hydrochloric acid, 2-propanol and water 
and dried overnight at 40” in vacuum before storage. The 
ion-exchange capacities of the two exchangers were found to 
be 0.11 meq/g and 0.20 meq/g, respectively, by the following 
procedure. A small glass column (5 cm x 2.8 mm bore) was 
dry-packed with exchanger and the weight of packing 
accurately measured. Then IA4 sodium hydroxide (IO ml) 
was slowly pumped through the column under nitrogen 
pressure in order to convert the exchanger mto the OH- 
form. The column was washed with water unttl the effluent 
was neutral, after which 20 ml of IM sodium chloride were 
pumped through it, collected and titrated with standard 
hydrochloric acid. 

The C, precolumns (Fig. 2) were 2 cm x 2 mm bore 
modified stainless-steel “guard columns” (Part No. 84550, 
Waters Assoc.) dry-packed with QPRP (0.20 meq). 

The analytical column C, was 15 cm x 4.1 mm bore stain- 
less steel packed at a flow-rate of 6 ml/min by a stirred-slurry 
technique with a slurry of 3 g of QPRP (0.11 meq) in 80 ml 
of a solvent composed of 10% glycerol and 2.5% sodium 
chloride in water, as recommended by the Hamrlton Corp. 
for packing PRP-1 .I9 After packing, the column was flushed 
for several cycles with water and methanol alternately. 

Exrractron of urine 

Before its chromatographic determination the metabolite 
was removed from urine and simultaneously separated from 
polythiazide by solvent extraction. The mine was adjusted 

PI 

r-D n Sl w Sample 
Outlet 

L "1 : 

Sample 
Inlet 

Waste 

c 
To Detector 

Fig. 2. Diagram of the chromatograph, showing the pre- 
column (C,) and analytical column (C,). See text for details. 
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to pH 8 by addition of solid sodium bicarbonate and a 
50.0-ml portion was transferred to a separatory funnel and 
extracted with five SO-ml volumes of chloroform, which 
were then discarded (they contained the polythiazide). The 
aqueous phase was filtered through Whatman No. 1 filter 
paper and then extracted with two %-ml portions of ethyl 
acetate. The combined ethyl acetate extracts, containing the 
metabolite, were washed with two 5-ml portions of water 
and the ethyl acetate phase was filtered through Whatman 
Phase Separating Paper to remove entrained water, and then 
evaporated to dryness at 40” on a rotary vacuum evaporator 
and the resulting residue was dissolved in 5.OOml of 20% 
acetonitrile in water. Before this solution was loaded into 
the injection loop of the chromatograph it was filtered 
through a 0.45~pm Metricel membrane filter (Gelman In- 
struments Co.). 

When the parent drug polythiazide was to be determined, 
the urine was adjusted to pH 8.0 with sodium bicarbonate 
and a .50.0-ml portion was extracted with an equal volume 
of ethyl acetate. The ethyl acetate phase was washed with 
two lO-ml portions of water, filtered through phase sep- 
arating paper and evaporated to dryness on a rotary 
vacuum evaporator. The residue was dissolved in 5.00 ml of 
20% acetonitrile solution and passed through a membrane 
filter before loading into the injection loop of the chro- 
matograph. 

Chromatagraphic determinations 

Precolumn C, was packed with QPRP (0.20meq). The 
weak eluent S, was O.OlM sodium a~tate~O.01~ sodium 
hydroxide in 20% acetonitrile; strong eluent S, was O.OlM 
sodium ~rchlorat~~O.~l~ sodium hydroxide in 10% 
acetonitrile. With valves V, and V, in the positions shown 
by solid lines in Fig. 2, C, was equilibrated with S, and C, 
was equilibrated with S,. The 0.5-ml sample loop L was 
filled with the residue solution from the urine extraction 
step, and V, was switched to the injection position (dashed 
lmes). A total of 20mf of S, was allowed to flow through 
C, at a flow-rate of 1 ml/min, and during this the metabolite 
was retained and most urine components were washed off 
to waste. Valve V, was then rotated (dashed lines), allowing 
strong solvent Sz to elute the metabolite and sorbed urine 
components out of C, and into Cz. After 1 min, during 
which metabolite was completely eluted from C,, valves V, 
and V, were switched back. 

The same chromatograph was used to determine the 
parent drug, polythiazide, in urine. There were only three 
changes in conditions from the metabolite dete~ination: 
(i) the urine extract was obtained under different conditions 
(see above); (ii) water was used as eluent S,, with only 10 ml 
allowed to flush C,; (iii) S, was 0.10M sodium formate in 
40% acetomtrile solution. 

Calibration graphs of peak height 0s. concentration of 
metabolite were obtained for both aqueous metabolite 
standard solutions and for metabolite-spiked urine stan- 
dards. To obtain the former, aqueous metabolite solutions 
(250-1000 ng/ml concentration) were loaded into the injec- 
tlon loop without prior solvent extraction. To obtain the 
calibration graph for spiked urine, urine spiked to contain 
25-50 n&ml levels of metabolite were subjected to solvent 
extraction prior to chromatography, as described above for 
urine samples. 

RESULTS AND DISCUSSION 

Refention behauiour 

The de~nden~ of the capacity factor (k’) on the 
concentration of sodium perchlorate in an aqueous 
eluent is shown in Fig. 3, curves A and B, for two 
anionic compounds. The first, p-nitrobenzenesut- 
phonate, is an anion at all pH values and the second, 

v 

INa Cl04 1, molar 

Fig. 3. Capacity Factor of m-nitro~n~nesulphonate (NBS) 
anion and of metabolite anion on QPRP (0.11 meq) as a 
function of NaClO, concentration. A, NBS eluted with 
NaClO~~H~O; B, meta~lite eluted with NaClO~~O.01~ 

NaOH; C, NBS eluted with NaClO,/IOO/, CH,CN. 

the metabolite of polythiazide, is an anion in O.OlM 
sodium hydroxide medium. As expected, the strength 
of the eluent is increased by increasing the concen- 
tration of sodium perchlorate. Comparison of curve 
A for the sulphonate ion with curve C for the same 
ion eluted with loo/, acetonitriie medium shows that 
eluent strength is also increased by addition of or- 
ganic solvent to the aqueous phase. 

The relative strengths of the anions as eluents is in 
the order acetate < formate < chloride < perchlorate, 
as can be seen in Fig. 4 by comparing k’ for the 
metabolite anion at any fixed percentage of aceto- 

so - 

60- 

k 

96 CH&N 

Fig. 4. Dependence of k’ for metabolite on QPRP 
(0.11 meq) on the type of electrolyte and acetonitrile con- 
tent. Eluents are: A, 0. IM CH,COONa/O.OlM NaOH; 
B, O.lM HC~Na/O.Ol~ NaOH; C, O.lM NaCl/O.Ol~ 

NaOH; D, O.OlM NaClO,/O.O11M NaOH. 
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k 

0 7 9 11 13 

PH 

Fig. 5. Dependence of k’ for metabolite on QPRP 
(0.1 I meq) on pH* of the eluent. Eluents are: A, 0.025&f 
Na~lO~/lO% CH,CN; B, O.iM ~C~Na/30% CN,CN. 

nitrile. This order of increasing eluent strength on the 
low-capacity exchanger is the same as the well 
known “selectivity sequence” for high-capacity 
anion-exchangers. Figure 4 also shows that eluent 
strength increases with increasing acetonitrile concen- 
tration. 

Since the metabolite is a weak acid, with PK.. = 9.8, 
its chromatographic capacity factor depends on the 
pH of the mobile phase. ” This is shown in Fig. 5 for 
two eluents. At pH* values well below its pK, value, 
the metabolite is present as the undissociated conju- 
gate species in both the mobile phase and the station- 
ary phase. Since the acetonitrile concentration in the 
eluent is greater for curve B than for curve A, k at 
low pH* is lower for curve B than for curve A, at low 
pH* the type and concentration of anion in the eluent 
is much less important than the acetonitrile concen- 
tration as a factor influencing the eluent strength for 
neutral species. This is consistent with the expected 
behavior of QPRP (0.11 meq) as a non-polar 
(reve~d-phase) adsorbent for neutral compounds.3 
As pH* is increased the curves become sigmoidal and 
cross each other as the metabolite begins to dissociate 
and the eluent anion effect begins to predominate 
over the acetonitrile effect. Since perchlorate is a very 
much stronger eluent anion than formate, at high 
pH* the eluent used for curve A is stronger than that 
used for curve B in spite of the fact that the latter 
contains a higher concentration of acetonitrile. Hence 
the relative strengths of these two eluents undergo a 
reversal as pH* is increased. 

The fact that the inflection points (pH$) in the 
sigmoidal regions of the two curves occur at different 
pH* values (IO, and 11 J and that neither occurs at 
the p;U, value (9.8) for the metabolite in aqueous 
medium is a consequence of both the neglect of 
transfer activity coefficients in measuring the pH, and 

the shift of pK* to higher values in a less polar 
medium, which stabilizes the neutral conjugate spe- 
cies relative to the anionic species.” 

The studies described above reveal the dependence 
of k’ of a weak organic acid on type and concen- 
tration of electrolyte, concentration of organic sol- 
vent and pH used for the eluent. This information 
provides a rational basis for varying eluent com- 
position in order to obtain the desired k’ and select- 
ivity in a chromatographic dete~ination. 

Metabolite in urine 

In designing a chromatographic method for deter- 
mining trace concentrations of the polar metabolite 
of ~lythi~ide in urine it is necessary to include both 
a preconcentration of the metabolite and a clean-up 
of the sample to remove the majority of the large 
number of polar urine components which are, of 
course, present in much higher concentrations than is 
the metabolite. In addition, since the chro- 
matographic operations involve high-pH* eluents it is 
desirable to remove polythiazide from the sample 
solution before the chromatography, even though 
polythiazide and its metabolite have very different 
retention times on the analytical column. This is 
because slow alkaline hydrolysis of polythiazide in 
the high-pH* eluent would produce the metabolite. 

The first preconcentration and clean-up step con- 
sists of two solvent extractions. Pol~hia~de is extrac- 
ted from the urine sample with chloroform, and then 
the metabolite is extracted from the urine into ethyl 
acetate. The distribution coefficients of the metabolite 
and polythiazide between chloroform and aqueous 
buffer at pH <8 were found to be 0.013 and 3.0, 
respectively, and between ethyl acetate and aqueous 
buffer to be 1 and is, 10, respectively. Thus, the five 
preliminary extractions of urine with chloroform 
remove -99.9% of the polythiazide but leave > 93% 
of the metabolite unextracted. Overall recovery of the 
metabolite from spiked urine standards by extraction 
and chromatography, compared with that from aque- 
ous standards subjected only to chromatography, 
was 80 &- 5%. The principal reason for the low recov- 
ery is the calculable loss in the ethyl acetate extrac- 
tion and washing step, due to the low distribution 
coefficient of the metabolite. 

The second preconcentration and clean-up step is 
performed on the QPRP (0.20 meq) precolumn in the 
chromatograph. Experiments were performed, with 
the chromatograph shown schematically in Fig. 2, on 
aqueous metabolite solutions and on dissolved resi- 
dues of metabolite-free urine extracts in order to fmd 
compositions for the weak eluent S, and the strong 
eluent S2 that would yield a metabolite peak in the 
final chromatogram at a retention time at which no 
urine-component peak appeared. These experiments 
demonstrated that the use of up to at least 50 ml of 
an S, with the composition 0.0l.M sodium acetate, 
O.OlM sodium hydroxide 20% acetonitrile did not 
remove any metabolite from the precolumn C,. At 
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00025 

TIME (min) 

Fig. 6. Chromatograms of mine blanks from four subjects (A-D) and of urine (from subject D) spiked 
with (E) 50 @ml and (F) 75 ng/ml of metabolite. See experimental section for procedure. Eluent flow-rate 

3 ml/min. The retention time corresponding to the metabolite peak is marked by the arrows. 

the same time, for most urines studied washing the 
precolumn with 10 ml of this eluent provided 
adequate removal of normal urine components. The 
urine from some individuals, however, required 
20 ml. Thus, a 20-ml wash of the precolumn C, with 
eluent S, was used routinely. 

The final step in dete~ination of the metabolite is 
its elution from the precolumn into the analytical 
column C, with the strong eluent S2. The chro- 
matographic capacity factors for urine components 
not removed in the extraction and precolumn clean- 
up steps, and for the metabolite, were varied empiri- 
cally by employing various combinations of eiectro- 
lyte type and concentration, organic solvent content 
and pH* of S,. Urine samples from four subjects, 
each from a different ethnic and dietary background, 
served as the urine blanks in these studies. in general, 
it was observed that high-pH* eluents were more 
successful in eluting the metabolite from C, in a 
“clean” region of the chromatograms for the urine 
blanks. Substantial differences were observed in the 
~hromatograms for urines of the four subjects, but 
for ah four samples the eluent S, finally selected yields 
a relatively clean background at the metabolite reten- 
tion time, as seen in Fig. 6. Chromatograms of 
metabolite-spiked urine are also shown. The de- 

tection limit of the technique is long/ml, defined as 
the concentration corr~~nding to a net signal that 
is three times the standard deviation of the back- 
ground signal. 

The polythiazide metabolite was determined in the 
urine of a subject who had ingested one commercial 
tablet containing a l-mg dose of polythiazide. All 
urine excreted over a 40-hr period was collected in 
eight consecutive batches, each containing the pooled 
urine obtained over a 5-hr period. The results are 
summarized in Table 1, in which it can be seen from 

Table I. Urinary excretion of polythiazide and metabohte 
after administration of a I-mg dose 

Total urine Polythiazide found Metabolite 
Time, volume, found, 

Iv ml I&ml &? aglml 

txs 690 
5-10 800 

10-15 580 
15-20 960 
20-25 600 
25-30 320 
30-35 440 
35-40 210 
Total 4590 

0.029 
0.044 
0.019 
0.042 
0.054 
0.039 
0.057 
0.012 

20 
35 
11 
40 
32 
12.5 
2.5 

2.5 
178 

<O.Ol 
<O.Ol 
<O.Ol 
<O.Of 
co.01 
<0.01 
<0.01 
-co.01 
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the last column that there was no detectable concen- 
tration of free metabolite excreted. This result is 
consistent with the expected stability of thiazide 

drugs in humans.‘* 

Polythiazide in urine 

Because of its non-polar character polythiazide is 
relatively easily determined in urine by the procedure 
described in the experimental section. The pre- 
liminary ethyl acetate extraction serves to exclude 
most urine components and to preconcentrate the 
drug. The metabolite extracted along with it is eluted 
well before polythiazide in the final chromatogram, 
causing no interference. The strong eluent S, used in 
this determination has a lower pH* than that used in 
the metabolite determination, and polythiazide has 
the same pK, as its metabolite.*’ Thus, though poly- 
thiazide is retained in its anionic conjugate-base form 
on the precolumn, it migrates as the neutral conjugate 
species through the analytical column and is sorbed 
there not by ion-exchange, but rather by adsorption. 

Poiythiazide was determined in the same urine 
samples as was the metabolite. These results are also 
summarized in Table 1. The extraction-time profile 
of polythiazide given in the third column of Table 1 
as well as the cumulative 40-hr excretion (178 pg or 
18% of the 1 mg ingested) are both in agreement with 
the polythiazide excretion data reported by Hobbs 
and Twomey who used a derivative-formation gas 
chromatography method for the determination.” 

CONCLUSIONS 

In addition to extending the characterization of 
low-capacity anion-exchanger/adsorbents prepared 
from macroporous styrenedivinylbenzene co- 

polymers, this study has shown the utility of such 
materials both in precolumns for on-stream precon- 
centration and clean-up of weakly acidic polar com- 
pounds, and in analytical columns for elution chro- 
matography of these compounds. Compatibility with 
high-pH eluents is an important property of the 
ion-exchangers, which makes possible these applica- 
tions. 
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Summary-Among fractionation techniques which have been applied to trace-element speciation studies 
in natural water samples, methods based on size separations are by far most commonly applied. In the 
present work, methodological effects occurring in use of filtration, centrifugation, dialysis in situ and 
hollow-fibre ultrafiltration are discussed. By use of a combination of these techniques and different 
methods of analysis, information on the association of 20 elements with particulate or colloidal material 
in ground water and lake water has been obtained. 

Most trace elements present in natural waters, es- 

pecially multivalent metals, are to some degree asso- 
ciated with particulate or colloidal material.‘-3 This 
association strongly influences their transport and 
bioavailability. Valuable information can be obtained 
if species are fractionated according to particle size. 
However, when fractionation of samples is per- 
formed, the results obtained may depend on the 
technique applied. In the present work filtration, 
centrifugation, dialysis in situ and hollow fibre 

ultrafiltration were performed on aliquots of the 
“same” sample. 

As the degree of association of elements with 
particulate or colloidal material depends not only on 
the element in question but also on other components 
present, waters that vary in composition have been 
investigated. Ground water is characterized by a 
relatively high content of salts and inorganic 
particulate/colloidal matter, whereas a relatively high 
content of organic matter is present in lake waters 
(Table 1). The present samples are part of a broad 
analytical programme and a comparison of the 
values obtained, by different analytical methods, for 
the total concentrations and residual concentrations 
after filtration through 0.45~pm pore-size filters, has 

already been presented for eight elements.4 

EXPERIMENTAL 

Sampling 

Ground-water samples (bore-hole) from Kise, Hedmark, 
Norway, were collected on 24 March 1981, during the 
winter stagnation period. The sampling depth was 6.7 m 

below the ground-water level (8.3 m below ground). Water 
samples from Lake Tyrifjorden, Norway, were collected on 
1 June 1981, during the algal growth period. The sampling 
depth was S m. Samples from Lake Kjellingtjenn, Norway, 
were collected on 3 March 1982, I m under the ice surface 
(dialysis in situ and hollow-fibre ultrafiltration). 

A Ruttner polyethylene sampler was used, from which 
portions were poured into individual prewashed containers 
for elemental analysis. Furthermore, samples were fraction- 
ated in situ (dialysis), in the field immediately after sampling 
(filtration), or in laboratory clean bench facilities a few 
hours later. 

Filtration 

Suction filtration was performed with 47-mm diameter 
filter membranes (Millipore: 0.45~pm HAWP, 0. l-pm 
VCWP, AP-20 borosilicate microfibre glass depth filter; 
Nuclepore: 0.4~pm polycarbonate) and Millipore 
polypropylene/polycarbonate filtration equipment. The 
membranes were first conditioned by passage of 250 ml of 
distilled demineralized water and then SO ml of the sample. 
Then the filtrates (250 ml) were distributed between individ- 
ual containers. Before use all filters were soaked in O.lM 
nitric acid for one day, and then in distilled demineralized 
water for 3 days. The blank values demonstrated this to be 
a proper washing procedure. 

Centrifugafion 

With a high-speed angle rotor (DIMON/IEC), 2S-ml 
portions of the samples were centrifuged in 8 different 
polystyrene tubes, according to the specifications given in 
Table 2. The tubes were soaked in O.lM nitric acid for 
three days before use. The supematant phases (5 ml) were 
pipetted into individual containers. In timing the 83-set 
centrifugation the acceleration and retardation of the 
centrifuge were taken into account. 

Dialysis in situ 

Dialysis in situ of ground water and lake waters 

907 
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Table I. Physical/chemical parameters for the ground water and lake 
waters 

Ground water 
Lake waters 

Parameters Kise Tyrifjorden Kjellingtjenn 

PH 7.6 6.8 5.3 
Temperature, “C 5.5 5.5 1.1 
Conductivity, @/cm 326 38 26.5 
Turbidity, FTU 12 1 0.64(NTU) 
MnO; number, mg(O)/l. 1.8 2.9 4.0 
Chlorophyll, pgcgll. 0.11; 0.70* 0.28 
G,, mgll. 3.2 9.9 3.3 
HCO; , meq/l. 2.4 0.04 < 0.04 
Total N mgll. 1.4 0.4 0.6 
NO;, m&WI. 0.3 0.3 0.07 
Total P, pggll. 20 8 4 
PO:-, /%(P)lI. 12 3.5 1 
SO:-, mg/l. 9 2.7 6.7 
B, mgll. 0.3 0.04 n.d. 
F-, mg/l. 0.15 0.04 n.d. 
Si, mg/l. 4.6 1.1 0.3 
Rn, Kill. 0.12 0.11 n.d. 

*K. Ormerod, personal communication. 
n.d. = not determined. 

(Kjellingtjenn) was performed by using dialysis bags similar 
to those applied by BeneS and Steinnes.’ According to the 
specification (Scientific Instruments Centre Ltd., London) 
the nominal cut-off of the Visking membrane is about 5 nm 
diameter or close to lo4 molecular weight.’ Before use the 
bags were soaked in O.lM nitric acid for one day and then 
in distilled demineralized water for three days. Four bags 
were each filled with 100 ml of distilled demineralized water, 
fastened with a nylon string and then submerged in the 
water at the chosen depth. The bags were kept in this 
position for 3 weeks. After withdrawal the dialysates were 
distributed between individual containers (in the field). 

lJltrajiltration 

Ultrafiltration was performed with an Amicon CH3 
concentrator equipped with HlPlO-8 hollow-fibre car- 
tridges. According to the specification (Amicon Cor- 
poration, Mass., U.S.A.) the cartridge, consisting of cylin- 
drical non-ionic polymer tubes with internal diameter 
0.2 mm, has a total surface area of about 830 cm* and a 
nominal molecular-weight cut-off of 104. Before use the 
hollow fibres were soaked in dilute nitric acid (pH _ 2) and 
then rinsed with several litres of distilled demineralized 
water. The blank values demonstrated this to be a proper 
washing procedure. The membrane was first conditioned by 
passage of I litre of distilled demineralized water and then 
250 ml of the sample. Portions of the filtrate (250 ml) were 
transferred to individual containers. 

Table 2. Particle sizes estimated from experimental condi- 
tions 

Centrifigation Rotatton Particle Particle 
time, speed, density, diameter, RCF*, 

set rad/min g/cm’ Lcm g 

g3t 1.00 x lo4 1.2 0.6 1.10 x IO4 
1.5 0.4 
2.5 0.2 

2387 1.40 x lo4 1.2 0. I 2.50 x lo4 
1.5 0.07 
2.5 0.04 

*Relative centrifugation force. Accordmg to DIMON/IEC 
specification. 

tcorrected for acceleration and retardation of the centri- 
fuge. 

Methods of elemental analysis 

To obtain information on a large number of elements, the 
original and fractionated samples were analysed by 3 
dtlTerent laboratories, using instrumental neutron-activation 
analysis (INAA), atomic-absorption spectrometry (AAS), 
and inductively-coupled plasma atomic-emission spec- 
trometry (ICP). 

When INAA was used, the samples were stored in 
heat-sealed ampoules (prewashed: quartz in 1: I v/v mixture 
of concentrated nitric and hydrochloric acids; polyethylene 
in 1: 1 v/v mixture of concentrated nitric acid and demin- 
eralized water) to be irradiated. No conservation was 
needed as species sorbed on the walls were washed out with 
nitric acid after irradiation. When the other methods were 
employed the samples were acidified to pH 1 with concen- 
trated nitric acid and kept in polyethylene or glass bottles 
prewashed with a 1: 1 v/v mixture of concentrated nitric acid 
and demineralized water, according to the Norwegian Stan- 
dard.s 

The INAA method described by Salbu et a1.6 was applied, 
with short (10 min) and long (3 day) irradiation times. An 
Ortec Ge(Li) detector (efficiency lo%, resolution 2.0 keV, 
defined by means of the 1332.5keV gamma radiation from 
“Co) and a Canberra Ge(Li) detector (efficiency 20.7% and 
resolution 1.9 keV, defined as above) were used for mea- 
surements of the short and long irradiation samples re- 
spectrvely. 

Flame AAS (for Ca, K, Mg, Mn and Na) was done with 
a Perkin-Elmer 403 instrument and Cd and Zn were deter- 
mmed by graphite furnace AAS with the Perkin-Elmer 
460/HGA 400.’ ICP measurements were performed with a 
Jarrel Ash 975 ICAP instrument.* 

The methods used were described earlier.” 

RESULTS AND DlSCUSSlON 

The concentrations of selected elements in total 
samples, filtrates, centrifuged fractions and 
ultrafiltrates are given in Table 3. The elements were 
selected to illustrate problems that may arise when 
the different fractionation techniques are applied. 

Filtration 

When filtration is performed, clogging, sorption 
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and systematic or random contamination may seri- 
ously affect the results. 

Depending on the sample volume, the amount of 
suspended material and the type of filter membrane, 
clogging may occur during filtration and reduce the 
pore size of the membrane, so the flow-rate and the 
inverse of the linear flow velocity (l/o, Fig. 1) will 
decrease during the filtration. As seen from Fig. 1 the 
first 50 ml of sample will serve to condition the 
membrane and should be discarded. For the poly- 
carbonate (Nuclepore) membrane only a small frac- 
tion of the filtrate (100-200 ml) can be considered to 
be well defined and reproducible. With higher loads 
the filtration rate decreases drastically for the poly- 
carbonate membrane, whereas only a slight lowering 
is seen for the cellulose acetate (Millipore) membrane. 
When 500 ml of ground water had been filtered 
through the Nuclepore membrane, the flow-rate cor- 
responded to that for a 0.1~pm membrane. The 
Millipore membrane is not so seriously affected as the 
Nuclepore membrane by clogging and acts more as a 
depth filter, so a larger volume of filtrate can be 
considered representative and reproducible. 

Clogging reduces the elemental concentrations in 
the filtrates. This is demonstrated for manganese 

(Table 3) in lake water (turbidity = 1 FTU), where 
the low value found for the Nuclepore filtrate may 
indicate a clogging/sorption effect. When a depth 
filter was used as a prefilter to the Nuclepore mem- 
brane clogging was reduced and the manganese value 
in the filtrate increased significantly, approaching 

Groundwater 

(0) 
04 yn Nuclepore 

/ 

/ (b) 

I--. 
045pm Mtll~pore 

10 $9 
5 

A--’ 
t 2’ 

1 I I I I I I 

loo 200 300 400 500 600 

Volume (ml 1 

Fig. I. Changes in filtration speed because of clogging 
effects when ground water is filtered through (a) a 0.4~pm 
Nuclepore polycarbonate membrane; (b) a 0.45~pm Milli- 

pore cellulose acetate membrane. 
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that obtained by using the Millipore membrane. 
When the volume filtered was increased to 1 litre the 
clogging effect became evident also for 0.45~pm 
Millipore filters as demonstrated for aluminium 
(Table 3). This effect was especially significant for 
multivalent metals. 

Surface sorption effects are minimized when part of 
the sample is used to condition the filter. This has also 
been indicated by double filtration experiments, with 
radioactive tracers added to samples of the waters 
investigated (contact time 28 days). However, when 
particles are retained on the membranes the sorption 
of species by the particles and membrane is 
significantly increased. This is illustrated for instance, 
for manganese and aluminium (Table 3) where sorp- 
tion of low molecular-weight forms seems to take 
place on the Nuclepore and the Millipore mem- 
branes, respectively. 

During filtration, especially if this is done in the 
field, contamination is easily introduced even if a 
proper washing and handling procedure is followed. 
This is demonstrated for zinc in lake water (Table 3), 
where the contamination apparent for the filtrates is 
not observed in the centrifuged fractions or the 
ultrafiltrate. 

Furthermore, random contamination is easily in- 
troduced; for example copper (Table 3) was higher in 
the Millipore filtrates than in the total sample or the 
Nuclepore filtrate. These results underline the im- 
portance of including the determination of the total 
concentrations in the analytical scheme. If only the 
filtrates are analysed, contamination (unless fairly 
severe) may not be detected. 

Centrifugation 

When centrifugation is performed the results may 
be affected by the density, aggregation/sorption 
effects and any contamination introduced. The cen- 
trifugation times and rotation speeds were chosen in 
order to obtain different fractions of the elements. 
However, during centrifugation small dense particles 
are sedimented together with larger particles of lower 
densrty. Therefore, particles of different densities 

must be considered when particle sizes are estimated 
according to Shaw’ and Marshall” from the experi- 
mental conditions (Table 2). 

The centrifuged fractions in Table 3 are based on 

an average particle density of 1.5 g/cm3, as most 
organic material has lower, and inorganic material 
higher, particle density.” For scandium in lake water, 
at a depth of 30 m (Table 3), the results obtained for 
centrifuged fractions and filtrates are in good agree- 
ment, whereas for the samples from Sm depth the 
amount retained on the membranes is significantly 
higher than that removed during centrifugation. 
Thus, an association of scandium with large particles 
( > 0.45 pm) of low density ( < 1.5 g/cm3) is indi- 
cated. Assuming a density of 1.2 g/cm3, a particle 
diameter of 0.6 pm is estimated (Table 2). Thus, there 
should be retention on 0.45~pm membranes. For 
aluminium in lake water (Table 3) the low value in the 
centrifuged fraction (0.4 pm) may indicate that the 
aluminium is associated with inorganic, high-density 
( > 1.5 g/cm3) small-sized ( < 0.1 pm) particles which 
are not retained on the filters. However, the calcu- 
lations imply particles of unrealistic densities even 
though shape corrections are made. As species such 
as clay minerals can cohere to one another and/or 
adhere to the tube wall during centrifugation, a loss 
of small-sized species in the centrifuged fraction can 
occur.” Sorption experiments where lake- and 
ground-water samples containing radioactive tracers 
were stored in the centrifuge tubes illustrated that 
pure adsorption was insignificant and could not 
account for the losses observed during centrifugation. 
For aluminium and manganese (Table 3) the removal 
of low molecular-weight species during centrifugation 
is most likely due to this aggregation effect. This 
effect was especially significant for multivalent met- 
als. During centrifugation contamination was intro- 
duced for copper (Table 3) and also for lead, but was 
not observed for the other elements investigated. 

Dialysis 

When dialysis in situ is used, the results may be 

Table 4. Relative standard deviation (r.s.d.%) for dialysis in situ 

Lake water (Kjellingtjenn) 
Ground water 

(rephcate sampling) (dialysis bags) (dialysis bags) 
Element (4 x 1 1.) (4 x 100ml) (3 x 100ml) 

Na 3 3 6 
Mg 3 3 10 
Ca 2 3 3 
Br 5 7 10 
Cr 8 7 12 
Fe 10 25 50* 
co 8 7 30 
Zn 8 6 8 
SC 5 25 
La 9 10 25 
Ce 9 7 30 

*Contaminated. 
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affected by clogging effects and contamination intro- 
duced during the sampling. 

After dialysis in situ for 3 weeks in the slow-moving 
ground water, a coating of inorganic-probably 
iron+ompounds on the external surface of the 
dialysis membrane was observed by microscopy 
(K. G. Ormerod, personal communication). This 
coating reduces the effective pore-size of the mem- 
brane, and for one of the four dialysis bags the very 
low values for several elements indicate that dialysis 
had been hindered. The results are therefore based on 
those for only three of the dialysis bags. As illustrated 
in Table 4, scattered results or high relative standard 
deviations (r.s.d.) were obtained for dialysable ele- 
ments in the ground water, whereas the r.s.d. was 
within S-10% for most elements in the lake water 
(Lake Kjellingtjenn). Therefore the coating formed 
also reduced the precision of this sampling technique. 
The coating also seemed to introduce contamination 
with several elements, especially iron, into the 
dialysate. The concentration of iron in the dialysis 
bags was about 5 times that found in the ultrafiltered 
water. Dialysis in situ therefore seems less suitable for 
slow moving ground waters than for lake waters or 
river waters.‘.’ 

Ultrafiltration 

When hollow-fibre cartridges are used, as described 
here, the results may be affected by sorption effects 
and contamination. Because of the high surface area 
of the fibre cartridges clogging of the membrane does 
not significantly affect ultrafiltration even when a 
500-ml volume of the ground water is used (Fig. 2). 
However, the sorption of species by the membrane 
may be substantial owing to the large surface area 
available, even though the membrane is made of 
inert, non-ionic polymers. The sorption of radio- 

Volume (ml) 

Fig. 2. Sorption of Zn(II), Cr(II1) and Cr(V1) on an Ami- 
con Hl PlO-8 hollow fibre cartridge. 

active tracers (added to already ultrafiltered ground 
water 10 days before the test ultrafiltration) as a 
function of volume filtered, is illustrated in Fig. 2. 
The first 250-m] fraction of ultrafiltrate serves for 
conditioning; afterwards less than 1% of 6SZn(II), 
about 5% of 5’Cr(III), and about 15% of “Cr(VI) are 
retained by the membrane. Thus, anions seem to be 
more prone than cations to sorption effects when 
these cartridges are used. When the results obtained 
from hollow-fibre ultrafiltration are compared with 
those from dialysis in situ (Lake Kjellingtjenn) the 
concentration ratios for ultrafiltrate relative to dialy- 
sate for the elements investigated was about 1 for 
alkali-metal, alkaline-earth metal and halide ions and 
somewhat higher for trace metals which to a certain 
extent are associated with colloidal material. Thus, 
deformable species may penetrate the hollow-fibre 
membrane owing to the applied pressure (5 psi). 

Neither contamination with the elements in- 
vestigated nor leaching of organic constituents from 
the membrane could be detected after conditioning. 

Distribution of elements as a function of particle size 

The fractions (%) of 20 elements associated with 
the particulate material ( > 0.45 pm), colloidal mate- 
rial in the ranges 0.1-0.45 pm and 0.0054). 1 pm, and 
low molecular-weight material (M < lo4 _ 0.005 pm) 
in ground water and lake water (Tyrifjorden), as 
found by the techniques described, are given in Fig. 
3. For alkali-metal, alkaline-earth metal and halide 
ions there is good agreement between the results 
obtained by the different techniques. 

Scattered results, especially for the multivalent 
trace metals, could be attributed to clogging of 
the polycarbonate (Nuclepore) membrane during 
filtration or to aggregation of small-sized species 
during centrifugation. In these cases, the results 
obtained by using the Millipore filters seem less 
affected by methodological effects, but contamination 
seems to be somewhat more easily introduced. 

The fraction of elements present in low molecuiar- 
weight forms was determined from hollow fibre 
ultrafiltration, as a coating was formed during dialy- 
sis in situ sampling in ground water. Figure 3 shows 
that the fraction of elements associated with particu- 
late material is high for the high-turbidity ground 
water, and the low molecular-weight fraction is high 
in the lake water containing organic material. 
Furthermore, the results show that colloids may 
contribute substantially to the transport of trace 
metals in natural aquatic systems. The low molecular- 
weight fractions (M < 104) in Lake Kjellingtjenn are 
similar to those of Lake Tyritjorden except for 
Al (70% and 40x, in Lakes Kjellingtjenn and 
Tyritjorden respectively), Ce (60% and 40%) Co 
(90% and 70%), Fe (30% and < 1%) and Zn (80% 
and 10%). Thus a higher fraction of mobile species 
seems to be present during winter stagnation than in 
an algal growth period. 
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CONCLUSION 

The present work demonstrates that in studies of 

the distribution of elements according to size, a 
combination of different fractionation techniques and 
methods of analysis allows valuable information on 
several elements to be obtained, as methodological 
effects can then be accounted for. It also shows that 
the colloidal fraction can contribute significantly to 
the transport of trace metals in natural waters. 
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EXTRACTIVE FLUORIMETRIC DETERMINATION OF 
ULTRATRACES OF LEAD WITH CRYPTAND 2.2.2 

AND EOSIN 
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Summary-A new spectrofluorimetric method for determination of ultratraces of lead is based on solvent 
extraction into chloroform of the ion-pair formed between the positively-charged cryptate of lead with 
cryptand 2.2.2 and the eosinate anion. The detection limit for lead is 1 ng/ml, and the linear working range 
is from the detection limit to 250 @ml. The relative standard deviation is 3.7% at the 100 ngjml level. 
The method is highly selective for the extraction and dete~ination of lead m the presence of other cations, 
and has been tested for direct determination of lead contamination in soft dnnks. Aggregation of the 
extracted ion-pair in the organic phase has been demonstrated in fundamental extraction studies. 

Macrocyclic ligands have been of considerable ana- 
lytical interest in recent years because of their ability 
to form remarkably stable and selective complexes 
with a number of metal cations, particularly with 
alkali-metal, alkaline-earth metal and toxic heavy 
metal cations. These macrocyclic ligands, which are 
neutral compounds, form cationic complexes with 
metal cations. One of the most fruitful analytical 
approaches for the determination of metals with 
macrocyclic ligands is extraction of the cationic com- 
plexes into a suitable organic phase as ion-pairs with 
bulky hydrophobic anions. Anionic dyes of the 
fluorescein series have proved to be excellent counter- 
ions; ion-association ternary complexes’ are formed. 

We recently reported a new sensitive and selective 
fluorimetric determination of lead with 1%crown-6 
and eosin.* The lead complex of the crown ether was 
extracted at pH 8.5 into dichloromethane by forming 
an extractable ion-association species with the 
fluorescent eosinate anion. 

It is well known that bicyclic ligands usually form 
complexes of higher stability, and have higher metal- 
ion selectivity, than monocyclic ligands. Thus, a 
bicyclic ligand such as 2.2.2 should be superior to 
l&crown-6 for lead complexation because the 
cryptate complex is much more stable (log 
t;_; ~-12.72)~ than that with the monocyclic ligand 

0 ,8CbPb = 4.27).4 Also, better selectivity (as ex- 
pressed by the logarithm of the ratio of the corres- 
ponding stability constants, A log pMLn+) relative 
to the alkali-metal, alkaline-earth metal and other 
cations frequently associated with lead, should be 
expected (except for the mercury cation, as shown by 
the values of the stability constants of the binary 
complexes).3.4 

Extraction can sometimes further improve this 
selectivity: for instance we have established in pre- 
liminary investigations that the mercury cryptate is 
not extracted under the same experimental conditions 

as lead. In other words, although the stability con- 
stant of the Hg binary complex is very high, the 
extent of its interference depends also on the nature 
of the solvent and the type of counter-ion used. 

If an appropriate extraction of such cryptate com- 
plexes were found, a new more selective and con- 
venient method for the determination of ultratraces 
of lead could be developed. Szczepaniac et al.’ have 
already reported a spectrophotometric determination 
of lead with cryptand 2.2.2, but to our knowledge, no 
fluorimetric determination of lead with use of macro- 
bicyclic compounds has yet been reported. 

Therefore, a detailed investigation of the extraction 
of the cryptand 2.2.2-Pb2+ complex with different 
fluorescent counter-ions and organic solvents was 
undertaken. As a result, a new and very useful 
fluorimetric dete~ination of lead is reported here. 
Some fundamental extraction studies on the nature of 
the species extracted into chloroform were made, and 
the analytical method was tested for the deter- 
mination of lead in soft drinks. 

EXPERIMENTAL 

Apparatus 

Fluorescence intensity measurements were made with a 
Perkin-Elmer MPF-44A soectrofluorimeter: 2 nm band- 
widths were used in both the excitation and emission 
systems. The pH of the aqueous phases was measured with 
a Weilheim WTW-D812 pH-meter. 

Reagents 

All reagents were of analytical grade, and doubly distilled 
demineralized water was &ed throughout. _ 

Crwtund 22.2. The commercial product (Merck) was 
usedas received. An aqueous stock solution (1‘.7 x ldm4M) 
of the cryptand was stored in a PVC container and was 
diluted as required before use. 

Pb(lf) stock solutron ( IOOOppm). Prepared by dissolving 
1.598 g of lead mtrate in water, and diluting to 1 litre. 
Standardized gravimetrically by precipitation of lead sul- 
phate. Dilute standard lead solutions were freshly prepared 
by dilution of this stock solution. 

915 
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Eosin solution 3.4 x 10-w. An aqueous solutton of the 
disodium salt (as recetved from Merck) was prepared daily 
to avoid possible dimerization of the dye. 

Buffer solution (pH 8.3). Prepared by dissolving 121 g 
of tris(hydroxymethyl)aminomethane in about 800 ml of 
doubly distilled demineralized water. The pH of the solution 
was brought to the required value with hydrochloric acid, 
and use of a pH-meter. This solution was finally diluted to 
1 litre wtth water. 

Chloroform. Merck “Uvasol” grade for fluorimetry. 

General procedure 

Transfer into 50-ml separating funnels or centrifuge tubes 
known volumes of standard lead solution (containing up to 
1.25 fig of Pb). To each funnel or tube add 0.3 ml of the 
cryptand 2.2.2 stock solution, 1 ml of buffer solution, 0.2 ml 
of eosin solution, and dilute to 5 ml with doubly distilled 
demineralized water (final pH 8.3 f 0.1). After mixing, add 
5 ml of chloroform (previously equilibrated with lead-free 
buffered aqueous phase) and extract the complex by shaking 
for 5 min. Measure the fluorescence intensity, I,, of the 
organic phase at 552 nm (excitation wavelength 536 nm) 
against a reagent blank. Keep the temperature constant 
throughout. 

Soak all glassware in nitric acid after conventional clean- 
ing, and finally wash it with doubly distilled demineralized 
water. This cleaning procedure is essential for obtaining 
reproducible results when solutions of low lead concen- 
tration are handled. 

Recommended procedure for the determination of lead in soft 
drinks 

Pipette 2.5 ml of the sample into a 50-ml separating funnel 
or centrifuge tube, add the cryptand 2.2.2 solution and the 
other reagents as described for the general procedure. For 
carbonated drinks decarbonate the sample before analysis, 
by shaking. 

RESULTS AND DISCUSSION 

Preliminary investigations 

Various acidic fluorescent dyes of the fluorescein 

group, including fluorescein, dichlorofluorescein, 
tetrabromofluorescein (eosin), tetraiodofluorescein 
(erythrosin) and tetrachlorotetraiodofluorescein 
(Rose Bengal) were studied as counter-ions for ex- 
traction of the cryptand 2.2.2-Pb*+ complex over a 

El I JoAl 
380 500 620 

A tnm) 

wide range of pH values. The results showed that 
eosin gave the best fluorescence signal. This behav- 
iour agrees with the general rule of extraction of 
ion-association ternary complexes with fluorescein 
dyes; the degree of extraction increases with increase 
in halogenation, and with increase in the atomic 
number of the halogen substituent, but the quantum 
efficiency of fluorescence decreases at the same time, 
due to a “heavy atom” effect6 Probably because it 
represents a compromise between these two opposite 
effects, eosin proved to be the best counter-ion for the 
extraction of the lead-2.2.2 cryptate and the best 
reagent for the fluorimetric determination of the 
metal. 

Benzene, chlorobenzene, dichloromethane, 
1,2-dichloroethane, carbon tetrachloride and chloro- 
form were tested as solvents for the extraction of the 
eosin complex. The corrected fluorescence intensities 
for 1 pg of lead in these solvents decreased in the 
order chloroform > 1,2-dichloroethane > dichloro- 
methane. No fluorescence was observed when ben- 
zene, chlorobenzene or carbon tetrachloride was 
used. Therefore, eosin was selected as counter-ion, 
and chloroform as the organic solvent. 

Excitation and j?uorescence spectra 

The excitation and emission spectra of the blank 
and the lead complex extracted into chloroform from 
an aqueous medium at pH 8.3 are shown,‘in Fig. 1. 
The excitation spectrum has a maximum at 536 nm 
and the emission maximum is at 552 nm. A spectral 
band-pass of 2 nm was used for both excitation and 
emission. The spectra were not corrected for vari- 
ations in the emission characteristics of the lamp nor 
for the response characteristics of the photo- 
multiplier. 

Effect of pH 

The ion-pair extraction of the leadcryptand com- 
plex has a complicated pH-dependence, because of 

(b) 

A = 536 nm ex 

I J 

A 

L 6 

440 560 680 

X(nm) 

Fig. 1. Excitation (a) and emission (b) spectra of blank (B) and ion-assoctation lead complex (A); IF m 
arbitrary units. 
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PH 

Fig. 2. (A) Variation of the conditional stability constant of the lead-cryptate complex with pH. (B) 
Variation of the fluorescence intensity of the lead ion-association complex (0.35 pg/ml Pb) with pH; I, 

in arbitrary units. 

the basic nature of the cryptands, the dissociation of 
eosin and the hydrolysis of the lead cation. 

Figure 2, curve A, shows the pH-dependence of the 
conditional stability constant of the lead-cryptate 
complex in aqueous solution, as computed from the 
stability constant of the complex cryptand 
2.2.2-Pb*+,’ the pK, values’ of the mono- and bi- 
protonated cryptand 2.2.2 and the stability constants 
of lead with hydroxide ions.* From the values of the 
conditional constant, and the actual reagent concen- 
trations used, it can be calculated that the formation 
of the binary complex in the aqueous phase is quan- 
titative between pH 6.5 and 11. The actual influence 
of pH on the extraction process was studied by 
measuring the fluorescence intensity due to 0.35 
pg/ml of lead in test solutions corrected for the 
corresponding blanks, for the pH range 5-12 (ad- 

justed by addition of acetic acid or tetramethyl- 
ammonium hydroxide). 

Figure 2, curve B, shows that maximum 
fluorescence was obtained for extractions between 
pH 6.8 and 9.5. This is in accordance with formation 
of the doubly charged eosinate anion at pH 5-6.9 
For subsequent studies, the pH was fixed at 8.3 
by addition of tris(hydroxymethyl)aminomethane 
buffer. 

Reagent concentrations 

The influence of the concentrations of cryptand 
2.2.2 and eosin on the fluorescence signal of the 
extracted ion-pair into chloroform was studied for 
two fixed amounts of lead (0.5 pg and 1.75 pg) and 
a single extraction step. The results (Fig. 3) show that 
the fluorescence signal becomes constant at a cryp- 

Reagent ( x IO+M) 

Fig. 3. Influence of the concentrations of cryptand 2.2.2 (A and C) and eosin (B and D) on fluorescence 
intensity. (A) cpb = 1.69 x 10e6M, c,,,, 
1 o- 5M, C,,,,” 

= 2.03 x 10-5M, cL varied. (B) cpb = 1.69 x 10m6M, cL = 1.35 x 
varied. (C) cpb = 4.76 x IO-‘M, c,,, 

CL= 1.35 x 10-SM, C,,” 
= 2.03 x 10m5M, c, varied. (D) cpb = 4.76 x 10m7M, 

varied. IF in arbitrary units. 
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tand 2.2.2:lead molar ratio of about 3: 1 (for a fixed 
eosin concentration of 2.03 x 10m5M). With eosin, a 
maximum constant signal was observed for an eosin: 
lead molar ratio of about 4:1 (for a fixed cryptand 
2.2.2 concentration of 1.35 x lo-‘M). Thus, with use 
of cryptand 2.2.2, the reagent excesses required are 
much smaller than those necessary for use of 
1 8-crown-6.2 

Rate of extraction and stability of the extract 

Maximum constant extraction (fluorescence) was 
obtained after a shaking time of 1 min, and the green 
fluorescence produced in the chloroform layer re- 
mained constant for at least 18 hr. As observed with 
the 18-crown-6 method,2 the order of addition of the 
reagents is unimportant, provided that the cryptand 
is added before pH adjustment. Increase of the ionic 
strength from 0.004 to l.OM with the buffer solution 
and sodium chloride had no noticeable effect. 

The temperature of the solutions was 20 f 5”; no 
significant variation of IF with temperature in this 
range was noted. 

Calibration, limit of detection, recovery and precision 

A linear relationship was observed between IF and 
concentration of lead from the detection limit up to 
250 ng/ml of lead. The limit of detection (evaluated 
as twice the standard deviation of the blank value) 
was 1 ng/ml. 

ICP emission measurements were used to deter- 
mine the amount of lead extracted, with five indepen- 
dent samples and blanks. The recovery of lead in a 
single extraction was found to be 97.8 f 2.4%. When 
0.5 pg of lead was determined, the relative standard 
deviation for eleven replicate determinations was 
3.7%. 

Selectivity 

Potential interferences by metals which form stable 
complexes with cryptand 2.2.2 (e.g., alkali and 
alkaline-earth metals) and by some metals commonly 
associated with lead are shown in Table 1. The 
alkali-metal and alkaline-earth metal ions were tested 
at up to lOOO-fold molar ratio to lead; for sodium and 
potassium, much higher concentrations were tested. 
For other potential interferents, a 500-fold molar 
ratio was first tested. 

When ions were found to interfere at these levels 
(change in IF for 0.4 pg of lead greater than +8x2) 
they were tested with lower concentrations. 

As shown in Table 1, the alkali metals do not 
interfere. Indeed, sodium and potassium do not 
interfere at 2 x lo6 molar ratio to lead. 

Among the cations tested, only strontium inter- 
fered seriously in the determination of lead. Calcium 
and iron could be tolerated at the lOO- and 200-fold 
levels respectively. The interference of strontium and 
of high levels of calcium could be eliminated by 
increasing the ionic strength of the aqueous phase. 

The dramatic effect of the ionic strength of the 

Table 1. Effects of metal ions on the determination of 0.4 
ng of lead 

Cation M:Pb (molar ratio) Apparent recovery, % 

Li+ 1000 103.0 
Na+ 1000 100.0 
K+ 1000 100.0 
cs+ 1000 95.1 
NH: 1000 108.0 
Tl+ 1000 95.1 
Aa+ 1000 98.7 
M-,,, 1000 102.5 
Cal+ 200 128.0 

100 105.0 
Sr2+ 5 152.0 

1 119.4 
0.5 95.7 

Ba2+ 1000 104.0 
CL?+ 500 105.4 
Cd’+ 500 105.4 
HeI+ 500 104.8 
NF+ 500 105.5 
Zn2+ 500 101.0 
co2+ 500 100.0 
Al’+ 500 102.7 
Cr’+ 500 104.1 
La3+ 500 100.0 
Fe’+ 500 84.4 

200 92.7 

aqueous phase in the extraction of alkaline-earth 
metals with 2.2.2 and eosin was studied in detail for 
the extraction of strontium. Figure 4 shows that 
the fluorescence intensity of the strontium ion- 
association complex (and correspondingly of the 
extraction”) decreases with ionic strength, and be- 
comes virtually negligible at ionic strengths above 
OSM. Measurements of the stability constant (fiLPbz+) 
and of the ion-association extraction constant of the 
binary complex with eosin (P,, = [LM2+E2-]o/[LM2+] 
[E2-1) tend to indicate that it is the ion-pairing that 
is influenced by ionic strength, rather than secondary 

15 \ 

'\ l \._ .- 
I I I 

05 1 OM 

Fig. 4. Influence of ionic strength (NaClO,) on the 
fluorescence intensity; pH = 11.5, csr = 1.1 x 10m6M, 
CL = 1.01 x IOWM, c,,,, = 2.03 x 10m5M. I, in arbitrary 

units. 
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Fig. 5. Dependence of the distribution ratio for lead on 
the eosin concentration in the aqueous phase. (A) 
cpb = 7.25 x 10-5M, cr = 9.66 x lo-‘M, c,,,, = (4.06 
72.5) x lo-“M; (B) cpb = 9.66 x IO-‘M, c,_ = 9.66 x lO_‘M, 

c,,,,, = (9.66172) x 10-6M. 

complex-formation reactions with the salt or the 
stability constant of the LPb*+ complex. This behav- 
iour is different from that reported by Szczepaniak’ 
in the spectrophotometric determination of lead with 
2.2.2 and eosin by extraction into chlorobenzene. 
There, strontium interfered seriously in a manner 
which appeared to be independent of the ionic 
strength (see Fig. 3 in reference 5). In l.OM sodium 
chloride, calcium (at molar ratio to lead of up to 103 
and strontium (up to 25) can be tolerated. The slight 
depressive effect of Fe’+ observed here is probably 
due to the relatively high working pH, favouring the 
precipitation of hydrous ferric oxide, which would 
hinder the formation and extraction of the lead 
complex.* The iron interference is much reduced 
when 2.2.2 is used rather than 18-crown-6.* In fact 
there is improved selectivity for most metals. 

The common anions fluoride, chloride, nitrate, 
sulphate and phosphate had negligible effect, even for 
amounts above lo5 times that of the lead. Thus, the 
method proposed here is not only more sensitive for 
lead determination than previous methods based on 
macrocyclic* or macrobicylic’ compounds, but also it 
is clearly superior to both in terms of selectivity. 

Stoichiometry of the extracted complex 

The crystal and molecular structures of the lead 
cryptate complex were determined by X-ray crystal- 
lography. The lead-cryptand ratio was 1: 1, with lead 
occupying a central position in the cavity of the 
macrobicyclic ligand. ” The dissociation constants 
of eosin’ and the pH value of 8.3 used suggest that 
only a neutral complex (1: 1: 1, 1ead:cryptand:eosin) 
should be extracted. 

Figure 5 shows the dependence of the distribution 
ratio of lead on eosin concentration. The lead concen- 
trations for the two sets of experiments (total lead 15 
and 20 pg/ml) were determined in the organic and 
aqueous layers by ICP emission photometry. Eosin 

equilibrium concentrations were measured in the 
aqueous layer spectrophotometrically at 516 nm 
and/or fluorimetrically at 535 nm (excitation wave- 
length 509 nm). The results obtained showed the 
same trends as observed previously for the system 
Pb*+-18-crown-&eosin * in spite of the different 
ligands and concentration levels used. The displace- 
ment of the extraction curves for different lead con- 
centrations indicates that polynuclear complexes are 
formed. The change in the slope at higher eosin 
concentrations is attributed (as with 18-crown-6) to 

aggregation processes in the organic phase.12,13 
The distribution coefficient (D) for the extraction 

system 

pPb*+ + qL + rE2-+(Pb L E) P 4 ro 

is given by 

P.4.’ 

D = I: Pb*+lo 
~p~e,Fb2+YIW[E2-l’ 
I PC 

’ IPb2+’ [Pb2+] + [PbL2+] + f [Pb, (OH)?-‘] 
I 

P.4.’ 
c PK,P~*+~W~[E*-~ 
1 = 

[Pb2+](1 + &,r[L] + g/I;“[Pb*+]‘-‘[OH-l’) 
(1) 

where Pb2 + , L and E*- are the free lead ion, cryptand 
2.2.2 and eosinate anion, respectively. The subscript 
o and the absence of a subscript denote the organic 
and aqueous phase respectively. 

If the conditional distribution coefficient is 
D’ = Da, where a = (Z[Pb*‘])/[Pb’+], then 

D’ = (Z[Pb’+],)/[Pb*+] (2) 

where [Pb*+] is the concentration of free lead in the 
aqueous phase. Then, from equations (1) and (2) 

P.Y.’ 
D’ = xpK,,[Pb2+]p-’ [L14[E2-I’. 

I 

Experimental plots of log D’ us. log[E*-] again 
show a clear displacement of the extraction curves for 
different lead concentrations (Fig. 6) indicating for- 
mation of polynuclear complexes. The slopes of the 
graphs (equal to 1) for free eosin indicate that the 
lead ion forms (1: 1: l), (1ead:cryptand 2.2.2:eosin), 
complexes. (Determination of total concentration of 
Pb2+ and eosin actually present in the organic phase 
confirmed that in all cases the molar ratio of lead to 
eosin was 1: 1.) 

Thus, here 

D’ = in K,,.,[Pb*+l”-‘[Ll”[E2-] 
I 

If only a single species is present then 

D’ = n K,JPb*+l”-’ [Ll” [E*-] 

or 
D’ 

log [pb?+]nml [L] - n log [E2-] = log n K,, n 
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Fig. 6. Dependence of the conditronal dist~bution ratio for 
lead on the concentration of eosin in the aqueous phase. 
(A) cr,, = 7.25 x IO-‘M, cr = 9.66 x IO-‘M, c,,,,, = (4.06 
72.5) x lo-(‘M; (B) cpb = 9.66 x lO”‘M, cr = 9.66 x 10-5M, 

ceoan = (9.66172) x 10-6M. 
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Fig. 7. Dependence of (Jog D’/fPb2+]“-’ [Lf” - n log [E’-]) 
on log [E’-1. (A) n = 2: (B) n = 3; (C) n = 4; (D) n = 5. 
. cr,, = 7.25 x 10-SM, cL = 9.66 x 10-5M, ceosln = (4.06 
72.5) x IO-“M; 0 cph = 9.66 x 10‘‘N, c,_ = 9.66 x IO-‘M, 

c_” = (9.66-172) x JO-“M. 

Table 2. Determination of lead in soft drinks 

Sample 

Cola drink 
Sweet lime drink 
Apple juice 
Lemon juice 
Orange juice 
Pineapple juice 

Extraction-flame Proposed 
method, fig/l. method, &g/i. 

43.3 2 0.7 42.0 k 1.0 
46.7 + 1.7 43.7 4 0.7 
51.3 i 1.3 50.3 k 1.2 
54.7 f 1.3 47.7 4 0.3 
49.3 f 1.3 48.3 + 0.9 
74.7 + 1.3 72.3 & 1.4 

Plots of log ~‘/~bz+~-‘[L~ - n log [E*-] us. log [I?] 
for different n values (Fig. 7) showed that the best fit 
is obtained for n = 2. Therefore, it seems that the 
predominant species in the organic layer is a dimer, 
aIthough the fitting coufd be improved if several 
polymeric species are considered simultaneously. 

Determination of lead in soft drinks 

The proposed method was used, with no precon- 
centration step, for determination of lead in various 
soft drinks, juices and extracts. Table 2 shows that 
the results are in good agreement with those obtained 
by the extractive atomic-abso~tion method (which 
requires a ten-fold preconcentration with ammonium 
tetramethylenedithiocarbamate and isobutyl methyl 
ketone).14 Therefore, the fluorimetric methods based 
on macrocyclic compounds seem to be extremely 
valuable for lead contamination control in wate8 and 
soft drinks. The method with cryptand 2.2.2 recom- 
mended here should be especially useful for ultratrace 
determinations of lead in a variety of samples (e.g., 
water, foods, chemicals, alloys, metafs) with mini- 
mum sample handling. 

5. 

6. 
7. 

8. 

9. 

10. 
11. 
12. 

13. 

14. 
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Summary-By using a cup furnace covered with a graphite lid, it is possible to enhance the atomic- 
absorptton signal for Cd, Zn, Sb, Pb, In, Cu and Fe in solution and for Pb in tin metal (directly atomized). 
When the analyte is atomized in the cup furnace, part of it condenses on the lid, from which it can be 
re-evaporated and atomized to give a second absorption signal and hence greater sensitivity. When the 
lid is small, so that the temperature lag is short, the initial atomic-absorption intensity is also enhanced. 
The enhancement is due to an increased residence time of the atomized analyte in the cup. 

In atomic-absorption spectrometry with an electro- 
thermal graphite furnace, the sensitivity and precision 
vary with the shape (tube,‘-’ CUP,~ rod,5 filament,6 
disc’) of the furnace. A tube furnace is most com- 
monly used and experiments have been conducted to 
enhance the sensitivity obtained with this type of 
furnace. Some increase is obtained by the insertion of 
a graphite platform,’ a graphite cup’ or a graphite 
fibre ribbon” into the tube, or by closing both ends 
of a tube furnace with graphite lids.’ The sensitivity 
obtained with a cup furnace is lower than that with 

a tube furnace, but the cup has certain advantages, 
e.g., ease of liquid-sample injection and direct 
atomization”-‘5 of a solid sample without cutting off 
the excitation beam. Modifications of the cup furnace 
include the addition of a miniature cup in the bottom 
of the furnace, as reported by Atsuya,‘6.‘7 and closing 
the furnace with a lid as described by Siemer et al.’ 
It was reported recently that when a cup furnace 
(Hitachi 170-5104) was covered with a graphite lid 
the scattering intensity from ground-state atoms in- 
creased and the influence of the matrix decreased,” in 
coherent forward-scattering spectrometry. 

In the present work, the effect of putting a graphite 
lid on the cup furnace (which was different from 
Siemer’s cup-type carbon furnace) was studied and 
the experimental results are discussed here. 

EXPERIMENTAL 

Apparatus 

Experiments were performed with a Hitachi 180-80 
Zeeman-polarized atomic-absorption spectrometer. The 
graphite cup furnace (Hitachi 180-7402) and home-made 
graphite lid (constructed from a Hitachi spectroscopic 
graphite electrode, diameter 6.15 mm, length 150 mm) are 
shown in Fig. 1. The thickness (T) of the lid rim was varied 
and the lid had a central hole. The temperatures of the cup 
furnace and graphite lid were measured with 
WS%Re-W26%Re thermocouples (diameter 0.254 mm, 
length 1 m, Furuya Kinzoku K.K.) at point A on the cup 
furnace and B on the lid (Fig. 1). The absorption signal was 

recorded with a Hitachi 056 recorder, and peak areas were 
measured with a Tokyo Kagaku RD-202 digital integrator. 
The hollow-cathode lamps used were Hitachi HLA-4s for 
cadmium (Cd 228.8 nm line, lamp current 7.5 mA), HLA-4 
for zinc (Zn 213.8 nm, 7.5 mA), HLA-4s for antimony (Sb 
217.6 nm, IO mA), HLA-4s for lead (Pb 283.3 nm, 7.5 mA), 
HLA-4s for indium (In 304.0 nm, 10 mA), HLA-4 for 
copper (Cu 324.8 nm, 7.5 mA) and HLA-3 for iron (Fe 
248.3 nm, 10 mA). The sample solutions were injected into 
the cup furnace with an Eppendorff micropipette (10 ~1). 
The metal samples used for direct atomization were weighed 
on a Shimadzu LM-20 microbalance. 

Standard solutions 

An accurately weighed lOO-mg portion of the pure metal 
(Cd, Zn, Pb, In, Cu and Fe, 99.9-99.999x) was dissolved in 
8 ml of 3.5M nitric acid and diluted to volume with distilled 
water in a lOO-ml standard flask. A stock solution (Sb 1 .OO 
mg/ml) of antimony was prepared by dissolving 0.2743 g of 
antimony1 potassium tartrate hemihydrate in 100 ml of 
distilled water. Standard solutions were prepared by dilu- 
tion of the stock solutions with distilled water. 

Standard metal sample 

To determine lead in tin by atomic-absorption spec- 
trometry with direct atomization of the solid sample, a BCS 
192f standard tin sample (certified lead value, 3.5 ppm) was 
used, a 0.14.6 mg sample being cut off with a pair of 
nippers. 

Procedure 

The cup furnace was set up in a chamber with argon 
flowing at 3 I./min as the sheath gas. A lo-p1 portion of 
standard solution was placed in the cup furnace, and the 
carrier gas flow-rate through the furnace was set at 250 
ml/min. The sample was dried and ashed, then the heating 
was interrupted, the cup furnace was closed with the 
graphite lid, the carrier gas was turned off, and the atom- 
ization programme was initiated. When solid samples were 
atomized directly, the sample was placed in the cup furnace 
with the carrier gas flowing at 250 ml/min, then the carrier 
gas was turned off after the lid had been placed on the cup 
furnace. The heating programme was then initiated. When 
no lid was used, the heating programme was initiated, with 
the carrier gas flowing during drying and ashing, but turned 
off at atomization. All absorbances were calculated from 
peak area measurements of the absorption signal. 

921 
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Fig. I. Graphite cup furnace with graphite hd (dimensions in mm). T, nm thickness; A and B are locations 
of thermocouples. 

Atomization conditions 

The relationship between atomization temperature and 
the peak area obtained for cadmium by use of a cup furnace 
with and without a graphite hd (rim 1.0 mm thick, hole 
diameter 1.0 mm) is illustrated in Fig. 2. Drying was done 
by heating from 60” to 120” in 10 set and ashing by heating 
at 200” for IO sec. The atomization time was varied between 

0 

5 and 40 set, depending on the temperature. As shown in 
Fig. 2, the peak area observed for cadmium with the lid on 
the cup was 2060% larger than that obtained without It. 
The effect of the lid on enhancement of peak area for 
cadmium was studied with atomi~tion for 15 set at 1280”. 
at which the peak area was large and constant. Optimal 
atomization temperatures and times for other elements were 
chosen in a similar manner. 

Fig. 2. Effect of atomization temperature on peak area for cadmium (2.51 ngfml) in cup furnace with and 
without graphite lid (1.0 mm rim thtckness, 1.0 mm hole diameter). A, with lid; B, without lid. 
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RESULTS AND DISCUSSION 

Comparison with atomization in a tube furnace 

The peak area observed for cadmium atomized in 
a cup furnace fitted with a graphite lid (rim 1.0 mm 
thick, hole diameter 1.0 mm) was 30% greater than 
that obtained by using a tube furnace. This suggests 
that the slower temperature rise of the lid, which was 
heated by radiation from the furnace, contributed to 
the increase in signal. 

Eflect of lid rim thickness 

Figure 3 shows that as the thickness of the lid 
increases, the absorption peak becomes divided into 
two. The appearance times of the absorption max- 
imum for these two peaks as a function of lid rim 
thickness are given in Fig. 4. The time for the first 
peak is independent of the rim thickness, indicating 
that this peak is the signal for cadmium deposited in 
the cup furnace. This is confirmed by the fact that the 
appearance time for the first peak maximum is the 
same as that for the single peak observed when the 
lid is left off the cup. The appearance of the maximum 
of the second peak was delayed by a time dependent 
on the thickness of the lid rim. This phenomenon was 
interpreted as follows. The temperature of the lid 
rises more slowly than that of the cup because it is 
heated by radiation from the furnace. When the first 
peak appears, the temperature of the lid is low 
enough to permit condensation of some of the 
cadmium on its surface. When the temperature of 
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Fig. 3. Profiles of atomic-absorption signals for cadmium 
(2.51 ng/ml), by use of cup furnace with lids having various 
rim thicknesses (mm). A, 0.5; B, 1.0; C, 1.5; D, 2.0; E, 3.0; 
F, 4.0. Hole diameter 1.0 mm. Atomization temperature 

1280”. 

0 0 0 
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Fig. 4. Effect of lid rim thickness on appearance time of 
absorption maximum: 0 1st peak, 0 2nd peak, A without 
lid. Hole diameter 1.0 mm. Cd solution 2.51 ng/ml. Atom- 

ization temperature 1280”. 

the lid has been raised sufficiently by radiation from 
the furnace, the condensate is re-evaporated and 
atomized to give the second peak. As the time taken 
for this temperature rise becomes longer with in- 
creasing thickness of the lid rim, the arrival time of 
the maximum of the second peak is correspondingly 
delayed. This interpretation was proved by the fol- 
lowing experiment. The atomization was interrupted 
at the end of the first peak and the lid was then 
removed from the furnace. Any residual cadmium in 
the furnace was removed by atomization and a 
barely perceptible absorption signal was observed. 
The cup furnace was cleaned and the lid was replaced 
on the furnace and atomization continued. A single 
absorption peak was then observed, its appearance 
time being identical to that of the second peak, as 
shown by D, E and F in Fig. 3. 

Time-temperature curves for the cup furnace and 
graphite lid are shown in Fig. 5. The temperature of 
the cup furnace at which the maximum of the first 
peak appeared and the temperature of the lid at 
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Fig. 5. Time VS. temperature curves for (A) the graphite cup 
furnace and (B) the lid. (Rim thickness 2.0 mm. hole 

diameter 1.0 mm). Cd solution 2.51 ng/ml. 
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which the maximum of the second peak appeared 
were both about 630”. In spite of the increased delay 
in the appearance of the second peak maximum (as 
shown in Fig. 4) with increasing thickness of the lid 
rim, the lid temperature at which the maximum of the 
second peak appeared was always about 60&630”. 
Although the shape of the atomic-absorption peaks 
changed with variation of lid rim thickness (Fig. 3), 
the peak area remained constant (relative standard 
deviation 2%) and the total peak areas were 60% 
greater than those obtained by using a cup furnace 
without a lid. The peak areas obtained by using a cup 
furnace with a lid were constant in spite of variation 
in rim thickness provided that the diameter of the 
central hole was kept the same. When its rim is thin 
enough the lid is heated so quickly that the two peaks 
merge (A in Fig. 3), and any enhancement of sensi- 
tivity is then due only to retention of the cadmium 
vapour within the furnace. 

Effect of diameter of the hole 

Figure 6 shows the profiles of the absorption peaks 
obtained by use of lids with different hole sizes. The 
appearance time of the first peak maximum is prac- 
tically independent of the size of hole in the lid, but 
that of the second peak maximum decreases with 
increase in hole diameter. This is because the rate 
of temperature rise of the lid increases as the weight 
of the lid decreases. The area of the second peak 
decreases as the diameter of the hole is increased 
because the amount of cadmium condensing on the 
lid decreases and the retention time of cadmium 
vapour within the cup furnace is shortened. There- 
fore, the peak area for cadmium decreased with 
increasing diameter of the hole (Fig. 7). However, the 
peak area obtained by using a lid having a hole 3 mm 
in diameter was still 50% larger than that obtained 
without the lid. 

Enhancement of sensitivity for other elements 

The atomic-absorption signals for zinc, antimony, 
lead, indium, copper and iron were determined for 
use of a cup furnace with and without a lid (rim 
1.0 mm thick, hole diameter 1 .O mm). The increase 
in peak area obtained when using a lid is shown in 
Table 1. The absorption signal for lead exhibited a 
double peak similar to that observed for cadmium, 
showing that the increase in total peak area was again 
due to condensation on the lid. The absorption 
signals for zinc, antimony, indium, copper and iron 
were in the form of single peaks even when a lid was 
used, but in each case the appearance time of the 
maximum was delayed and the peak was wider than 
that obtained without use of a lid. The increase in 
sensitivity for these elements was therefore due to 
prolongation of the retention of atomic vapour in the 
furnace. 

Direct atomization of solid samples 

In the examination of tin samples containing lead 

0 5 10 0 5 10 0 5 10 15 

Atomization time (see) 

Fig. 6. Profiles of atomic-absorption signals for cadmium, 
by use of a cup furnace with lids having holes of various 
diameters (mm). A, 0.5; B, 1.0; C, 1.5; D, 2.0; E, 2.5; F, 3.0. 
Lid rim thickness 2.0 mm. Cd solution 4.02 ng/ml. Atom- 

ization temperature 1280”. 

Diameter of hole of Ild (mm) 

Fig. 7. Relationship between hole diameter (mm) and peak 
area for cadmium (4.02 ng/ml). Lid rim thickness 2.0 mm. 

Atomrzation temperature 1280”. 

60 

. . 

l . . l 

40 

Pure tin in cuvette (mg) 

Fig. 8. Peak area for AAS of lead in tin (BCS l92f, Pb 3.5 
ppm) by direct atomization of a solid sample in a cup 
furnace (A) with and (B) without a lid. Lid rim thickness 1.0 
mm, hole diameter 1 .O mm. Atomization temperature 1840”. 
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Table 1. Enhancement of peak area for various elements by use of a cup furnace with graphite 
lid 

Boiling Atomization conditions Linear range of Enhancement 
point, calibration curve, factor,§ 

Element “C Drying* Ashing* Atomization ng % 

Cd 766 6&120” 200” 1280” 0.0025-0.05 5(t70 
I5 set 

Zn 930 6&120” 200” 1570” 0.0050. I 4&60 
IO set 

Sb 1640 6(rl20” 200” 2020” 2t 5&80 
I5 set 

Pb 1750 60-120” 260” 1840” 0.05-l .5 40-60 
I5 set 

In 2100 60-120” 260” 21 IO” 3 g&l00 
IO set 

cu 2630 60-120” 400” 2200” OS-5 l&20 
I5 set 

Fe 2730 60-120” 400” 2110” 0.25-2 5&60 
20 set 

*For IO sec. 
icalibration range not tested. 
§I00 x [(area with lid) - (area without lid)]/(area without lid) 

(BCS 192f) by direct atomization, the absorption 
signal for lead was always in the form of a single peak 
(with and without use of a lid), but the appearance 
time of the peak maximum was influenced by the 
amount of pure tin which remained after atomization 
of the lead. The appearance time of the absorption 
signal for lead was increased by use of a lid. The 
specific area of the peak for lead, i.e., the peak area 
per unit mass of sample, is shown in Fig. 8 to be 
practically independent of the amount of pure tin left 
in the cup, whether a lid is used or not, but there is 
about 60% enhancement when the lid is used. The 
reproducibility of the peak area was better (r.s.d. 
4.7% for 11 replicates) when a lid was used than when 
it was not (r.s.d. 8.7% for 10 replicates). This is 
because there is less fluctuation in the atomic vapour 
concentration in the furnace (generated by the flow of 
sheath gas) when a lid is used. 

CONCLUSION 

In the atomic-absorption determination of many 
elements by electrothermal atomization in a cup 
furnace, an increase in sensitivity is obtained by 
fitting the cup furnace with a graphite lid having a 
central hole. The shape of the recorded atomic ab- 
sorption signal is modified, the peak becoming wider 
or dividing into two. This alteration varies with the 
lid rim thickness and the diameter of the central hole 
and is due to retention of the metal vapour within the 
furnace, or condensation of metal on the lid and 
subsequent re-evaporation. The latter phenomenon, 
which causes the appearance of two peaks in the 

output signal, is due to a temperature lag between the 
cup furnace and the lid (which is heated only by 
radiation from the furnace). In the atomization of 
solid samples there is also an increase in the precision 
of determination. 
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SHORT COMMUNICATION 

A RAPID EXTRACTIVE SPECTROPHOTOMETRIC 
METHOD FOR THE DETERMINATION OF TIN IN 
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Summary-A rapid method for the spectrophotometric determination of tin in canned foods, based on 
formation of the binary Sn(IV)-5,7-dichloro-8-quinolinol complex and extraction into chloroform has 
been developed. The absorption maximum at 390 nm (6 = 1.26 x IO4 l.mole-’ .cn--‘) is used for the 
determination. Beer’s law is obeyed up to 6pg of tin per ml. Organic matter is destroyed by digestion 
with acid. Potential interferences have been studied. The detection limit for tin is 2.5 mg/kg. 

Rapid determination of tin in canned foods is very 
important for several reasons: (i) it serves for assess- 
ing the degree of corrosion of the internal surface of 
the can, (ii) the amount of tin present in the food 
increases as a function of the temperature and 
duration of storage, (iii) there are maximum levels 
laid down by legislation. 

The spectrophotometric reagents most often used 
for this purpose are Catechol Violet,‘** especially 
recommended by the IUPAC commission on food 
chemistry,’ and quercetin.4 Both lack selectivity and 
require prior extraction of tin as SnI, into toluene or 
cyclohexane.5s6 We present here a new method, based 
on extraction of the complex formed by tin(N) and 
5,7-dichloro-8-quinolinol (HCQ).’ Very sensitive 
analytical methods are not necessary for the deter- 
mination of tin in canned foods, and our method has 
the advantage that interfering ions are unlikely to be 
present in foods at above their tolerance levels, so 
prior separation of the tin is unnecessary. 

EXPERIMENTAL 

Reagents 

Tin(IV) stock solution (lOUOpg/ml). Obtained by dis- 
solving tin metal in concentrated sulphuric acid and diluting 
with water to give a final acid concentration of 3.6M. Fresh 
standard tin(IV) solutions were prepared daily by suitable 
dilution of this stock solution with 1.7M sulphuric acid. 

HCQ solution in chloroform, 1%. 
Citric acid/citrate buffer, IM, pH 4.5. 
Ammonia solution, 3M. 
Hydroxylamine hydrochloride solution, O.%. 
All chemicals were of analytical reagent grade. Demin- 

eralized distilled water was used throughout. 

*A preliminary test on another,aliquot, with use of a 
pH-meter, is useful for finding the amount of ammonia 
needed. 

Sample solution 

Digestion with HCIO.,-H,SO,-HNO, mixture. Weigh ac- 
curately about 2 g of the canned foodstuff, previously 
homogenized and dried at I lo”, into a lOO-ml beaker, add 
3 ml of concentrated sulphuric acid, 3 ml of 72% perchloric 
acid and 10 ml of concentrated nitric acid, cover with a 
watch-glass, and heat carefully to suppress foam formation. 
Continue heating until fumes of sulphur trioxide appear, 
cool, add 10 ml of concentrated nitric acid and repeat this 
treatment until the solution remains colourless (the attack 
takes about half an hour). Then dilute to volume in a 50-ml 
standard flask with demineralized distilled water. 

Digestion with HCI-HNO, mixture. Weigh accurately 
about 2 g of the canned foodstuff, dried at IlO”, into a 
lOO-ml beaker, add 30 ml of concentrated nitric acid and 25 
ml of concentrated hydrochloric acid, cover with a watch- 
glass, and heat the vessel on a sand-bath until a volume of 
about 25-30 ml remains. Add 10 ml of concentrated hydro- 
chloric acid and reduce the volume again, and repeat the 
process until the solution remains colourless. Finally dilute 
to volume in a 50-ml standard flask with demineralized 
distilled water. 

Tin determination by the proposed method 

Transfer an aliquot of sample solution containing up to 
60 pg of tin into a short-stemmed lOO-ml separating funnel. 
Add, in the order given, 1 ml of hydroxylamine solution, 10 
ml of HCQ solution, several drops* of 3M ammonia 
solution to neutralize the excess acidity, and 2 ml of the 
citric acid/citrate buffer to bring the solution to pH 4.5. 
Adjust the aqueous volume to approximately 10 ml with 
demineralized distilled water, shake the funnel for 34 min 
and allow the phases to separate. Transfer the chloroform 
phase into the spectrophotometric cell, through a rolled-up 
piece of dry Whatman No. 1 filter paper placed inside the 
funnel stem. Measure the absorbance at 390 nm against a 
blank, using I-cm cells fitted with Teflon lids. Prepare a 
calibration graph by applying the procedure to standard 
solutions containing tin in the 12-60 pg range. 

Tin determination by standard-addition atomic-absorption 
spectrometry (AAS) 

Transfer aliquots of sample solution into a series of S-ml 
standard flasks, add known amounts of standard tin solu- 
tion (containing up to 500 pg of tin, in a graded series), 
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Table 1. Recovery of tin from canned foods* 

Tin, mg 
Acid Recovery 

mixture Sample Added Total Found % 

HNO,-H,SOhHCIO, 

HCl-HNO, 

Tomato I 2.00 2.00 2.00 
5.00 5.00 5.06 
0.95 1.32 1.31 

Sardines 1.90 2.26 2.31 
4.75 5.13 5.00 
0.95 1.71 1.87 

Peas 1.90 2.67 2.50 
4.75 5.49 5.62 
0.95 2.93 2.93 

Tomato II 1.90 3.90 3.87 
4.75 6.85 6.87 

100 
101 
99 

105 
97 

109 
94 
93 

loo 
99 

100 

*Determined by the AAS method. 

dilute them to volume, and measure the absorbances at 
235.5 nm, using a nitrous oxide-acetylene flame. 

RESULTS AND DISCUSSION 

Selection of sample decomposition method 

Because of the known volatility of some tin com- 
pounds, including the chlorides, ashing methods were 
not considered. A comparative study was made of the 
three acid mixtures most often recommended for 
destruction for organic matter.* In general, 
sulphuric-nitric acid mixtures take quite a long time 
to give complete mineralization of food samples. In 
the presence of perchloric acid less nitric acid is 
necessary, and the oxidation of organic matter is 
faster and more complete. Although the 
hydrochloric-nitric acid mixture does not destroy the 
organic matter completely, its action is very rapid and 
in general it gives good results for the determination 
of tin by AAS. The last two acid mixtures were used 
for mineralization purposes, and the recoveries were 
determined by AAS. Results obtained for several 
samples are shown in Table 1, and are mostly satis- 
factory. In our experience canned vegetables may 
be mineralized with good results by use of either 
acid mixture. However, for canned fish, the 
sulphuric-nitric-perchloric acid mixture is less suit- 
able because a considerable precipitate appears, 
mainly composed of potassium perchlorate. 

Analytical characteristics of the spectrophotometric 
method 

The calibration graph shows that Beer’s law is 
obeyed up to 6 pg of tin(IV) per ml. The apparent 
molar absorptivity is 1.26 x lo4 1 .mole-’ .cm-’ at 
390 nm. The relative standard deviation, evaluated 
from ten independent determinations at the 5+g/ml 
tin level, is 1.0%. 

Interferences from the species most often associ- 
ated with tin(IV) in canned foods and some masking 
agents were studied. The ions under investigation 
were added to sulphuric acid solutions containing 50 
pg of tin. Each test solution was treated by the 
determination procedure and the results are shown in 

Table 2. Of the species studied, only chloride and 
iron(II1) may be found in these types of foodstuffs at 
above the tolerance ratios (see Table 2), but in any 
case some (such as fluoride and certain organic 
species) would be eliminated in the acid decom- 
position step. The interference of iron(II1) can be 
eliminated by prior reduction to iron(I1) with 
hydroxylamine hydrochloride in acidic medium. 
Chloride interference is due to formation of the 
SnCl,(HCQ)2 ternary complex and can be eliminated 
by working at a pH equal to or above 4.5. This is 
taken as the working pH because of the presence of 
large amounts of chloride in these kinds of sample; 
otherwise lower pH values, down to 2, could be used.’ 

Tin determination in several canned fooak 

The procedure described was applied to three 
different kinds of foodstuff, and the results, referred 
to dry weight of sample, are shown in Table 3. It can 
be seen that the relative standard deviation for each 
sample is reasonably low. 

The accuracy was determined first by recovery 
studies on dissolved samples to which different 
amounts of standard tin solution had been added. 
Results are shown in Table 4. The recoveries of total 

Table 2. Tolerance limits for diverse ions in the 
determination of tin (5 ppm) 

Tolerance, 
Ions foreign ion/Sn(IV), w/w 

c4w-t 
cp- 
H,Cit-, Cl-, NO,, Na+ 
Cr(III) 
Po- 
As(III), As(V) 
Mn*+, Al)+, U(VI), Pb*+, 

;$) 

Cd2+ Nir+ 
Hg(II), Zn*+ 
Fe3+ 
cuz+ 

3 x 104’ 
2 x 10” 

4OOf 
100; 
80* 
SO* 

co2+ 10* 
2.5 
2 
1 
0.5 
0.2 
0.1 

Ti(IV), F-, EDTA <O.l 

*Maximum ratio tested. 
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Table 3. Tin content in canned food samples 

Proposed method AAS method 

Mean, Mean, 
Sample* Weight, g Snt, pglg R.S.D., % pglg R.S.D., % Sn, pglg pglg R.S.D., % 

2.0000 512 3.6 581 
Tomato (I) (a) 2.0002 500 4.1 513 3.2 581 570 3.3 

2.0435 526 1.8 548 

Tomato (II) (b) 2.0279 838 3.5 2.0329 836 3.6 837 3.6 

1.9914 389 2.4 392 

Peas I (a) 1.9935 389 4.3 
2.0360 405 2.2 

392 3.3 

2.0087 386 4.4 
1.9745 390 2.5 

Peas II (b) 1.9605 396 3.2 393 3.3 
2.0328 393 4.1 
1.9621 200 3.4 

Sardines (b) 2.0171 210 4.2 205 3.8 
2.0072 - - 

392 389 1.3 
384 

370 
376 377 1.8 
384 
188 
184 188 2.4 
193 

*(a) and (6) refer to the use of H$O,-HClOhHNO, and HCl-HNO, acid mixtures respectively. 
tEach value is the mean of six replicates; R.S.D. = relative standard deviation. 

Table 4. Recovery of tin, determined by the proposed method 

Tin, mg Recovery of tin, % 

Sample* Weight, g Added Total Found Total Added 

Tomato I (a) 2.0008 0.600 1.62 1.57 97 92 
1.9952 0.800 1.82 1.70 93 85 
1.9513 0.950 2.58 2.65 102 105 

Tomato II (b) 1.9704 1.90 3.55 3.85 108 105 
2.0724 4.75 6.48 5.15 81 72 
1.9923 0.600 1.38 1.20 87 70 

Peas I (a) 2.0554 0.800 1.61 1.47 92 83 
2.0563 1.00 1.81 1.72 95 91 
2.0043 0.950 1.74 1.70 98 97 

Peas I (b) 2.0185 1.90 2.69 2.62 97 96 
1.9211 4.75 5.50 5.25 95 

Sardines (b) 1.9400 1.90 2.30 2.30 1; 100 
2.0620 4.75 5.17 5.15 99 100 

*(u) Acid mixture H,SO,-HClO,-HNO,; (b) acid mixture HCI-HNO,. 

tin were generally > 90x, with a mean of about 97x, 
but those for added tin were more variable, since they 
were based on the difference of two quantities, each 
with a relative standard deviation of 3-4%, so a range 
from 90-l 10% recovery might have been expected: 
The few recoveries outside this range could have been 
due to a variety of causes, and in general the method 
is of potential use. The results were also compared 
with those obtained by the AAS method,9 with a 
nitrous oxide-acetylene flame (Table 3), each value 
being the mean of three AAS determinations by the 
standard-additions method. The results indicate that 
there are no significant differences between the two 
methods at the 95-99x confidence level. 

Conclusions 

The proposed spectrophotometric method is sensi- 

tive enough for the determination of tin in canned 
food, the accuracy is adequate, and the method is 
more rapid than other methods usually employed for 
this purpose. 
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Sununary-This article describes CONSEL, a least-squares linear-regression program which, when applied 
to polarographic data, provides estimates of stability constants suitable for priming non-linear opti- 
mization programs. The use of CONSEL avoids the need for recourse to traditional graphical methods. 
The results of its application to three systems are presented. 

The most widely used methods for the determination 
of the stability constants of complexes from polar- 
ographic data (that of DeFord and Hume’ for a 
single ligand and that of Schaap and McMasters* for 
two) are both based on graphical extrapolation, 
which has made them the object of criticism.3 Existing 
non-linear optimization programs for the calculation 
of stability constants nevertheless require to be 
primed initially with both an informed guess about 
the stoichiometry of the complexes formed, and 
approximate estimates of the constants. This article 
describes a computer program CONSEL, which can 
find such initial estimates non-graphically. 

METHOD 

The calculation of stability constants from half- 
wave potential shifts is based on the equations’ 

F = exp g (E,,,, - E,,*J + In F 
( >I (1) 

dc 

and 

F = 1 + ~~&[L,]‘[L,Y; 1 G (i +j) <m (2) 
1 J 

where ElizC and Ellzs are the half-wave potentials of 
the complexed and uncomplexed metal ions respect- 
ively and I,, and Ids the diffusion currents for the 
complexed and uncomplexed ions, [L,] and [L2] are 
the equilibrium concentrations of ligands L, and 
L2, m is the maximum number of ligands that can 
co-ordinate to the metal ion, and /I,, is the stability 
constant of the complex M(L,),(L*),, given by 

(3) 

The problem is to determine which complexes 
M(L,),{L,), are actually formed, and the values of the 
stability constants. Once equation (1) has been used 

*Author for correspondence. 

to calculate F from experimental data for several 
pairs of values ([L,], [L2]), this amounts to finding the 
best regression equation of the form of equation (2X4 
i.e., which terms of (2) contribute significantly to the 
function that gives the best fit to the experimental 
data, and the B, values in these terms. 

The problem formulated above is at first sight a 
typical linear-regression problem. Therefore, a suit- 
able least-squares algorithm for its solution, accord- 
ing to the criteria of Draper and Smith,s is that 
known as STEPWISE. Once the maximum set of 
terms possibly involved in the regression has been 
fixed, by fixing m in equation (2), this algorithm 
proceeds as follows. 

1. The partial coefficients of correlation between 
the dependent variable (in this case F) and each of the 
independent variables ([L,]‘[L,y) are calculated. 

2. The least-squares linear regression of the de- 
pendent variable on the independent variable with the 
largest of the partial correlation coefficients calcu- 
lated in step 1 is obtained. 

3. The partial coefficients of correlation between 
the dependent variable and the independent variables 
not included in the regression are calculated. 

4. An appropriate statistical test is applied to 
determine whether the addition of the term with the 
greatest of the partial correlation coefficients calcu- 
lated in step 3 significantly improves the fit. If not, the 
best regression equation is deemed to have been 
found and the algorithm halts. 

5. If significant improvement has been detected in 
step 4, the corresponding variable is included in the 
regression, and the regression of the dependent vari- 
able on this enlarged set of terms is calculated. 

6. An appropriate statistical test is applied to detect 
whether the introduction of the new term into the 
regression has caused any other term to cease to be 
significant. 

7. After eliminating any insignificant term detected 
in step 6, the algorithm returns to step 3. 

931 
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When algorithms such as STEPWISE are applied 
to polarographic data, it is necessary to make sure 
that the 8, values found are physically meaningful.6 
If negative stability-constant values are obtained, the 
corresponding terms may be eliminated from the 
model and the whole algorithm rerun without them.’ 
However, the main failing of such procedures for 
finding a best linear-regression model is that changing 
the set of terms initially proposed for inclusion in the 
model is very likely to affect the final results, even 
though none of the extra terms included in the larger 
set may appear in the model finally predicted by 
applying the algorithm to that set (see Table 5 for an 
example). For polarographic purposes, STEPWISE 
by itself is thus deficient--even as a method of 
priming non-linear optimization algorithms-in that 
it is necessary to make a good initial guess at the best 
choice of m, even if not at the actual complexes 
formed. 

The solution we have adopted for this difficulty is 
to pre-select all the significant terms predicted by 
STEPWISE for all likely values of m, and subject 
them to non-linear optimization by the program 
POLAG3 (though any other non-linear optimization 
program could also be used, of course). Thus if the 
greatest possible value of m is six, STEPWISE is 
applied to all the initial models listed in Table 1, 
where T, represents &[L,]‘[LJ’ and each initial model 
contains among its terms all those of the initial 
models corresponding to smaller values of m. Then, 
instead of trying to decide which of the six optimal 
regression equations calculated is really the best, 
which is not easy,’ we simply pool the terms of all 
those with correlation coefficients greater than say, 
0.9, and pass them to POLAG for further refinement. 
CONSEL thus consists essentially in the SELection 
of initial CONstants for POLAG by repeated appli- 
cation of STEPWISE to increasingly larger sets of 
terms up to some reasonable maximum (see Fig. 1). 
For CONSEL, only the maximum value of m must 
be fixed at the start, not each single value as in 
STEPWISE. 

Once all the terms selected by CONSEL have been 
passed to POLAG, the decision process is as follows. 

1. Non-linear optimization of the 8, values is 
attempted. 

Table 1. Initial models for fitting of polarographic data by 
CONSEL 

Model m Terms* 

I 1 T,,, T,, 
II 2 I> T,,, Tw. T,, 
III 3 II, T,,, T,,, T,,, T,, 
IV 4 III, T4o> T,, T,,, T,,, T,, 
V 5 IV, T,,> T,,, T,,, T4,r T,,, T,, 
VI 6 V, T,, T,, T,,, T,,, Tdzr T,,, T,, 

*The roman numerals here stand for the terms in the 
preceding set; thus I means T,,, T,,, II means T,,, T,,, 
TzO, To2, T,,, and so on. 

START 7 
SET 

MODEL 

FIT MODEL TO 

DATA USING * 

STEPWISE 

TERMS &CL,I’CL21’ 

ARE ELIMINATED 

I END 

Fig. 1. 

2. If no 8, with a relative error greater than 15% 
has been calculated, this result is deemed good and 
the procedure is halted. 

3. Otherwise, the complex for which the stability 
constant has the greatest relative error is dropped, 
and the algorithm returns to step 1. 

The same procedure may of course be followed with 
use of any other non-linear optimization program. 

A FORTRAN V version of CONSEL has been 
used in our laboratory with POLAG for the last year. 
A documented listing, together with sample data, is 
available from the authors on request. 

RESULTS AND DISCUSSION 

We shall illustrate the use of CONSEL by ana- 
lysing polarographic data for three systems. The data 
for two of these have been taken from the literature 
and the results obtained by using CONSEL-POLAG 
are compared with the results published previously. 
The third system is one of the hydroxide-metal- 
aminoalcohol complexes being studied in our own 
laboratory. The charges of the complexes have been 
omitted for convenience. 
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Cadmium-thiocyanate-nitrate system 

Polarographic data for this system were published 
by Momoki? Leggett3 demonstrated the application 
of POLAG by using it to refine Momoki’s data. For 
this article we have taken Momoki’s experimental 
data and employed them to obtain initial values for 
POLAG by using CONSEL rather than a graphical 
method. The results are shown in Tables 2 and 3. 

All the models fitted by STEPWISE have cor- 
relation coefficients greater than 0.9 except that ob- 
tained from model I. The stability constants of all the 
complexes predicted from models II-VI were there- 
fore fed into POLAG. The final results are shown in 
Table 4 together with those obtained by Legget. The 
two sets of results agree quite well except that that 
among the complexes predicted by Leggett, the com- 
plex for which the standard deviation of the stability 
constant is greatest-Cd(NO,)---is no longer pre- 
dicted when CONSEL is used. 

Cadmium-thiocyanate-chloride system 

This system was studied polarographically by Are- 
valo et al.” who, since they analysed their data by 
using the conventional method of Schaap and Mc- 
Masters, also had to determine the complexes formed 
by cadmium with each of the ligands individually”~‘*. 
The results of applying CONSEL to their data for 
the mixed complexes are shown in Tables 5 and 6. 
The stability constants of all the complexes pre- 
dicted by CONSEL were fed into POLAG, which 
produced the final results shown in Table 7. There 
is good agreement between the figures obtained by 
CONSEL-POLAG from mixed-complex data alone 
and those found by Arevalo et al. with the aid of 
additional experimental data for the complexes 
formed with the individual ligands.roJ’ 

Lead-monoethanolamine (MEA)-OH system 

The existence of mixed hydroxo-complexes of Pb*+ 
with aminoalcohols in basic media has been reported 
by Subrahmanya” together with the composition and 
stability constants of some of them. However, sub- 
sequent research by Migal et al.‘4,‘5 failed to consider 
the possibility of the presence of hydroxide ions 
within the co-ordination sphere of the metal ion. In 
order to settle the question, we have made a polar- 
ographic study, the results of which have been ana- 
lysed by both CONSEL-POLAG and the graphical 
method of Schaap and McMasters. 

Table 2. Stability constants estimated by CONSEL for the 
cadmium-thiocyanate-nitrate system, I = 2.OM, T = 25” 

Stoichiometry Values of m for which 
of the complex the complex is 

predicted by 
Cd SCN NO, 

log B 
STEPWISE *SD.* 

1 1 0 1 3.02 0.98 f 
1 2 0 294,536 2.31 0.01 f 
1 3 0 3, 5,6 2.30 0.01 f 
1 4 0 4 2.27 0.01 + 
1 5 0 576 1.71 0.04 f 
1 1 1 536 1.44*0.12 
1 2 1 4 1.72 0.04 f 
1 4 1 6 1.30*0.14 

*Standard deviation. 

Table 3. Values of the correlation coefficients (r) 
for the six models predicted by CONSEL for the 

system Cd-SCN-NO, 

Model I II III IV v VI 

r 0.877 0.997 0.998 0.999 0.999 0.999 

Table 4. Complexes present in the Cd-SCN-NO, system, 
and their stability constants, I = 2.OA4, T = 25” 

log B & S.D. 

Complex Our results Leggett’s results3 

Cd(N0,) 1.247 f 0.055 
Cd(SCN), 2.327 + 0.025 2.262 f 0.019 
Cd(SCN), 2.292 + 0.028 2.328 f 0.016 
Cd(SCN)(NO,) 1.527 f 0.039 1.317 &-0.046 

Table 5. Stability constants estimated by CONSEL for the 
cadmium-thiocyanate-chloride system, I = l.OM, T = 25” 

Stoichiometry Values of m for which 
of the complex the complex is 

predicted by log B 
Cd SCN Cl STEPWISE &SD. 

1 0 
1 1 :, 

1 2.25 0.01 + 
l,2 2.09 0.04 f 

1 2 0 3,4 2.24 0.03 k 
1 3 0 5,6 2.65 0.03 k 
1 0 2 2 1.95 0.04 * 
1 1 : 2,3,4,5,6 2.63 0.03 k 
1 1 336 2.76 0.02 + 
1 1 3 4 2.71 0.02 + 
1 2 3 6 3.26 0.04 k 

Table 6. Values of the correlation coefficients (r) 
for the six models predicted by CONSEL for the 

system Cd-SCN-Cl 

Model I II III IV v VI 

r 0.976 0.995 0.997 0.997 0.994 0.997 

Table 7. Complexes present in the cadmium-thiocyanate+zhloride system, and their stability 
constants, I = l.OM, 7’ = 25” 

Cd(SCN)Cl Cd(SCN)Cl, Cd(SCN),Cl Cd(SCN) Cd(SCN), Ref. 

- - 1.279 f 0.023 2.262 k 0.016 11 
2.025 f 0.041 2.193 + 0.028 2.685 f 0.072 - - 10 
2.453 + 0.019 2.728 + 0.019 1.483 f 0.025 2.528 f 0.021 This work 
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EXPERIMENTAL 

All experiments were done at 25” in potassium nitrate 
medium (I = 1.0 M). Polarographic data were obtained by 
using a Beckman Electroscan 30, and the pH (adjusted by 
adding nitric acid or sodium hydroxide solution) was mea- 
sured with a Radiometer 26pH meter. The total lead 
concentration was kept constant at 10m4 M. 

RESULTS 

Well-defined polarograms were obtained and in all 
cases single-stage reversible two-electron reduction 
reactions were shown to octur. The data are given in 
Table 8. The contribution of the term Zds/Zdc in 
equation (1) was in all cases negligible. 

To obtain a graphical estimate of the complexes 
formed, A&, was plotted against the logarithm of 
the concentration of one of the ligands, the concen- 
tration of the other being kept constant. Plotting 
AZ?,,, against log[MEA] at constant pH resulted in all 
cases in straight lines with slopes of about 0.028, 
indicating the co-ordination of a single molecule of 
the aminoalcohol to the metal ion. Plotting AE,,, 
against log[OH] for constant concentrations of MEA 
produced straight lines with slopes of between 0.058 
and 0.063, suggesting that a single complex contain- 
ing two hydroxide ions was present. Accordingly, the 
appropriate form of equation (2) is predicted by this 
method as 

F = &[OH]*[MEA] 

Plotting F against MEA] for each value of [OH] 
produced straight lines with slopes A given by 

A = AD-U* 

Table 8. Polagraphic data for the lead-monoethanolamine- 
OH system* 

MEA,M pH -E,,,, V MEA, M pH -E,,,, v 

- - 0.4050 0.050 11.50 0.5685 
0.100 10.50 0.5177 0.100 11.50 0.5776 
0.150 10.50 0.5231 0.150 11.50 0.5814 
0.200 10.50 0.5257 0.200 11.50 0.5789 
0.250 10.50 0.5272 0.250 11.50 0.5839 
0.300 10.50 0.5307 0.300 11.50 0.5865 
0.400 10.50 0.5338 0.400 11.50 0.5932 
0.500 10.50 0.5387 0.500 11.50 0.5938 
0.600 10.50 0.5406 0.600 11.50 0.5964 
0.700 10.50 0.5415 0.800 11.50 0.6012 
0.800 11.00 0.5425 1.000 12.00 0.6017 
0.050 11.00 0.5424 0.050 12.00 0.6055 
0.100 11.00 0.5391 0.100 12.00 0.6109 
0.150 11.00 0.5498 0.150 12.00 0.6147 
0.200 11.00 0.5560 0.200 12.00 0.6173 
0.250 11.00 0.5561 0.250 12.00 0.6198 
0.300 11.00 0.5593 0.300 12.00 0.6209 
0.400 11.00 0.5625 0.400 12.00 0.6239 
0.500 11.00 0.5660 0.500 12.00 0.6272 
0.600 11.00 0.5708 0.600 12.00 0.6276 
0.700 11.00 0.5713 0.800 12.00 0.6319 
1.000 11.00 0.5780 

*Each wave was measured at 15 points. The ionic strength 
of the solutions was kept at 1 .OM. The temperature was 
25.0 k 0.1”. 

Table 9. Stability constants estimated by CONSEL for the 
lead-monoethanolamine_OH system, I = 1 .OM, T = 25” 

Stoichiometry Values of M for which 
of the complex the complex is 

predicted by 1ogP 
Pb MEA OH STEPWISE k S.D. 

1 1 0 1 7.05 f 1.13 
1 0 1 1 9.38 f 0.04 
1 0 2 2, 596 10.63 k 0.03 
1 0 3 3 12.63 f 0.03 
1 1 1 5,6 8.98 & 0.07 
1 1 2 3 11.72 &- 0.01 
1 2 3 596 13.64 f 0.02 

Finally, plotting log A against log[OH] resulted in a 
straight line of slope 1.98 + 0.01 with an intercept of 
11.70 + 0.03. In other words, according to the Schaap 
and McMasters graphical method the system con- 
tains the single complex Pb(MEA) (OH),, with a 
logarithmic stability constant log /I,* = 11.70 + 0.03. 

The results of applying CONSEL to the polar- 
ographic data are given in Tables 9 and 10. The 
stability constants of the complexes predicted by all 
the stages except I and IV (for which STEPWISE was 
unable to fit an equation) were passed to POLAG, 
which yielded the final result shown in Table 11. The 
value of log p,r calculated by CONSEL-POLAG 
(11.701 + 0.021) coincides with that found graph- 
ically (11.70 + 0.03) and agrees well with Sub- 
ramanya’s value of 11.73. The value of log /Ioj, 
12.640 + 0.73, may be compared with the publishedi 
values of 13.29 and 13.66 obtained in sodium 
perchlorate medium. 

CONCLUSIONS 

In this article we have demonstrated the utility of 
CONSEL for extracting from reversible polar- 
ographic data an initial set of stability constants for 
input to non-linear optimization programs such as 
PGLAG. CONSEL is remarkably simple to use, since 
the only input required, apart from the polarographic 
data, is the maximum number of ligands with which 
the metal ion is capable of co-ordinating. 

Table 10. Values of the correlation coefficients (r) 
for the six models predicted by CONSEL for the 

system PbMEA-OH 

Model I II III IV v VI 

r 0.862 0.976 0.999 - 0.999 0.999 

Table 11. Complexes present in the 
lead-monoethanolamine-OH sys- 
tem, and their stability constants, 

I= l.OM, T=25” 

Complex log fi k S.D. 

Pb(MEA)(OH) 8.377 + 0.023 
Pb(MEA)(OH), 11.701 + 0.021 
Pb(OHh 12.640 +_ 0.073 
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Summary-The behaviour of two types of solid-state homogeneous sensors for copper(B), one based on 
pressed pellets of ternary CuAgSe and the other on thin-layer electroplated Cu,_,Se, in 12 different 
copper(ligand systems, has been thoroughly investigated. Both electrodes exhibit anomalous behaviour 
when the ligands are of complexone type, the effect of the complexones on the deviations increasing in 
the order IDA < NTA < EDTA u DTPA, and being practically the same for the two types of sensors, 
thus disproving a previous suggestion that the anomaly is due to the silver in the silver-containing sensors. 
The experimental data do not support the specific ligand-adsorption hypothesis either. The observed 
deviations are tentatively explained on the basis that, as suggested by the selectivity coefficients, both 
sensors act as primary copper(I) ion-selective electrodes rather than copper(II)-electrodes. Thus, at very 
low copper(I1) concentrations, according to the extended Nikolskii equation, the [Cu(I)]/[Cu(II)] ratio at 
the electrode surface determines the electrode sensitivity towards Cu(I1). The lower detection limit could 
be improved by pH-control and selective complexation of Cu(1). This hypothesis has been proved 
experimentally. If the copper(I) activity on the electrode surface is decreased, the anomaly observed for 
the Cu(IIkNTA system disappears and decreases considerably for the Cu(II)-EDTA and Cu(II)-DTPA 

Soon after the first ion-selective electrodes for heavy 
metal ions were developed, it was realized that they 
offer excellent possibilities for direct determination of 
stability constants, as well as for objective end-point 
location in complexometric titrations.’ It is now 
generally known that the measurement of activities 
lower than 10e6M is possible only by use of buffers 
to attain these low values reliably, and this requires 
knowledge of the behaviour of these electrodes in 
different metal-ligand systems. Hansen et al.* were 
the first to consider the fact that several commercially 
available copper(I1) ion-selective electrodes of the 
mixed chalcogenide type display anomalous behav- 
iour in the presence of EDTA. Later, other author&’ 
also commented on this fact. Different reasons have 
been proposed for the observed deviations but no 
consensus has yet been reached. A definitive answer 
can only be obtained after comprehensive studies of 
the behaviour of membrane materials of different 
composition in a broad range of copper(ligand 
systems which have been studied by independent 
methods. 

The present paper offers a systematic investigation 
of two solid homogeneous copper(H) ion-selective 
electrodes of different chemical composition, one 
based on pressed ternary CuAgSe and the other on 
a thin membrane of electro-deposited Cu,_,Se, in 
different Cu(II)-ligand systems, the ligands being 
carboxylic acids, amino-acids and polyaminopoly- 
carboxic acids (complexones). The complexing agents 
were carefully chosen to enhance the chances of 
finding specific ligand effects. 

EXPERIMENTAL 

Radelkis OP-Cu-7 113 ion-selective electrodes, with hom- 
ogeneous CuAgSe membranes,’ the performances of which 
have been reported,9 and plated thin-layer Cu,,Se mem- 
branes prepared as described earlier,‘” were selected for the 
studies. The following complexing agents were examined: 
tartaric, salicylic and sulphosalicylic acids, alanine, methio- 
nine, lysine, aspartic and glutamic acids, iminodiacetic acid 
(IDA), nitrilotriacetic acid (NTA), EDTA and DTFA, all of 
analytical grade and not further purified. 

The emf was measured with a digital Radelkis OP-208 
pH-meter at 20 or 25” (f 0.2”). depending on the tem- 
perature at which the corresponding siabilityconstants had 
been determined, us. a Radelkis OP-830 double-iunction 
Ag/AgCl reference electrode (1M potassium nitraie in the 
bridge). The measurements were made on solutions with a 
total Cu(I1) concentration of 1 x lo-‘M and at least a 
IO-fold excess of ligand. 

A thermostatically controlled potentiometric cell was 
filled with approximately 100 ml of the copper(ligand 
solution at a constant ionic strength of 0.1 (KNO,). The 
electrode-pair was immersed in the solution, together with 
a combined glass electrode. The pH was changed gradually 
by adding dilute sodium hydroxide solution or nitric acid, 
the corresponding steady-state potential of the ion-selective 
electrode being measured at each pH value. A value which 
did not alter by more than 0.4 mV within 10 min was 
accepted as the steady-state potential. The stirring rate was 
kept constant. Three independent sets of measurements 
were made for each system with each type of electrode, in 
an effort to determine the reproducibility. For all systems 
except those containing complexones, the reproducibility 
was + 1.5 mV or better and the steady-state potential was 
reached very rapidly as the pH was changed. In the 
Cu(II+complexone solutions the steady-state potential was 
reached after different periods, depending on the pH, and 
more quickly with copper selenide electrodes than with 
CuAgSe electrodes, but with a rather poor reproducibility 
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of + 5 mV. Before and immediately after each measurement, 
the copper ion-selective electrode was calibrated with stan- 
dard copper solutions of the same ionic strength as the test 
solution. The relationship pCu/mV was extrapolated to the 
lowest measured potential, by using the slope of the cali- 
bration graph. The concentration of free copper(H) was 
calculated from the equation: 

[Cd + ] = [Cd + I,,, 

+/&NT+ . ..p [Ll” 
atcHj “abH, > 

(1) 

where p,-/?, are the stability constants for the CuL-CuL, 
complexes, [L] is the total ligand concentration, and aLcH) is 
the side-reaction coefficient for protonation of the ligand, 
calculated from 

aL,“) = 1 + [H + IKE, + [H + ]ZKLK&L 

+ . [H + l”K;,K:,, . . . KBL (2) 

Table 1 summarizes the values used for K& and B,. The 
use of the total ligand concentration in equation (1) is an 
approximation justified by [L] >> [Cu2 + I,,,. 

Corresponding single measurements were made for 
copper-free solutions of the ligand at the same pH values 
and ionic strength as for the copper solutions. 

RESULTS AND DISCUSSION 

The pCu(II)-values experimentally determined 
with the two types of sensor, and those calculated 
according to equation (1) for each system, are 
presented in Figs. 1-12. Use of only a twofold excess 
of ligand does not change the character of the 
experimental curves. 

The following experimentally established facts 
should be noted. 

(1) A serious discrepancy between the experi- 
mentally determined and theoretically calculated 
pCu(I1) values is observed with both types of mem- 
brane only when the ligands are complexones, and it 
increases with change of ligand in the order 
IDA < NTA < EDTA = DTPA. The theoretical re- 
lationship is followed up to pH = 8 for IDA (Fig. 9). 

(2) Regardless of the chemical composition of the 
membranes used (i.e., with or without silver), the 
deviations follow approximately the same pattern. 
All the experimental values are several orders of 
magnitude higher than those theoretically predicted. 

(3) The pCu/mV relationships for the other ligands 
can be divided into two regions: up to pH 8-9 there 
is good agreement between the theoretical and experi- 
mental values, but at higher pH some of the systems 
show slight discrepancies, again with experimental 
values higher than those calculated. 

(4) An experimental straight line with a slope of 
30mV/pH was found for the Cu(II)-tartaric acid 
system at pH > 5, instead of the plateau expected 
from the stability constants. This suggests a mixed 
hydroxide-tartrate complex, which does not seem to 
have been reported. Investigation of this equilibrium 
is in progress.” 

(5) The mV/pH relationship for the pure ligands 
follows closely, or even coincides with, that for the 
copper(IIkligand system, when NTA, EDTA and 
DTPA are used as ligands. 

All these experimental facts can hardly be ex- 
plained as due to dissolution of the membrane-the 
thin membranes would tend to dissolve immediately, 
whereas we were able to use them for several months, 
exposing them daily to EDTA or DTPA solutions. 
The presumed role played by the silver in the mem- 
brane 3,4,6 should obviously be rejected. The distribu- 
tion df the ligand species as a function of pH (note 
the distribution diagrams in the upper right-hand 
corner of each figure) is not in accord with the nature 
of the anomalous behaviour, and gives no support to 
the hypothesis advanced that there is ligand ad- 
sorption, increasing with the charge of the ligand 
species.4s5 For example, it is rather difficult to explain 
on this basis the fact that for salicylic, sulphosalicylic 
and tartaric acids (Figs. 6-8) excellent agreement 
between experimental and calculated data was ob- 
served even when a large excess of negatively charged 
ligand species was present in the solution, whereas in 
the case of NTA, EDTA and DTPA (Figs. 10-12) the 

Table 1 

Complexing 
agent 

Alanine 9.69 11.99 8.13 14.92 22 
Glutamic acid 9.2 13.15 15.35 
Aspartic acid 9.62 13.32 15.26 
Methionine 9.20 11.37 
Lysine 10.69 19.77 21.81 
Glycine 9.57 11.93 
Tartaric acid 4.10 7.0 
Salicylic acid 13.4 16.21 
Sulphosalicylic acid 11.80 14.29 
IDA 9.38 12.03 
EDTA 10.34 16.58 19.33 21.40 
NTA 9.81 12.38 14.35 
DTPA 10.56 19.25 23.62 26.49 28.4 

*The corresponding values for /?EiL and fi&&,, are given. 

7.87 
8.4 
8.1 
7.56* 
8.15 
3.2 

10.62 
9.43 

10.5 
18.8 
12.7 
20.5 

14.16 
15.20 
14.80 
14.02* 
15.03 
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Fig. 1. pCu-pH relationship for 1 x lo-‘A4 copper nitrate + 2 x IO-‘A4 alanine with the CuAgSe 
membrane (0) and Cu,_,Se membrane (A). The curve drawn is calculated after equation (1). ( x ) values 

for the pure ligand. 

observed deviations started at low pH, at which ions 
of high negative charge were not present. Nor does 
ligand adsorption explain why both electrodes mea- 
sure pCu(I1) values of 10 or 12 accurately in the 
alkaline and neutral pH region, but cannot measure 
the same values in the acidic region. Ligand species 
of higher negative charge are predominant in the far 
alkaline region for almost all the systems in- 
vestigated, a region where in fact certain deviations 
were observed, but these cannot be related un- 
ambiguously to specific ligand adsorption by the 
membrane. Both electrodes displayed ideal re- 
producibility of the potential for copper standards 
immediately after measurements in the corresponding 
Cu(II)-ligand system, without application of special 
treatment. Any conclusions based on the obser- 
vations in this pH region appear to be premature and 
ambiguous, as other equilibria may also exist in such 
alkaline solutions. 

Hansen et a/.* and later Hulanicki’ have called 
attention to the fact that the effect of any Cu(1) in the 
composition of the membrane should also be consid- 

ered as a factor which may cause the observed 
anomalous behaviour, and therefore deserves a com- 
prehensive investigation. 

We have assumed that a general cause for the 
anomalies we have observed is related to the fact that 
the two types of electrode are sensitive both to 
copper(I) and copper(I1) and that their selectivity 
towards copper(I) is substantially the higher.‘* Con- 
sequently, their behaviour is better described by the 
extended Nikolskii equation: 

RT 
E =E" +z In {ac,+ +G+.CU2+(~Cu2+)1/2} (3) 

where log K!%‘+ cu2+ is equal to - 5.7 and -6.2 for 
the copper selenide and CuAgSe sensors respectively. 
It should be remembered that in equation (3), k,+ 
and a,-,,+ are the activities at the membrane surface. 
Consequently, when we measure the activity of 
Cu(II), the activity of Cu(I) generated by the mem- 
brane material may be neglected (as a factor which 
affects the potential) only in the case of relatively 
higher copper(I1) activities (above lo-‘M). 
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Fig. 12. pCu-pH relationship for 1 x 10-3M copper nitrate+ 1 x 10m2M DTPA with the CuAgSe 
membrane (0, 0, +) and C&Se membrane (A, A); (0, A) for the pure ligand solution, (+) in 

presence. of O.lM glycine. 

It is quite reasonable to presumer3 that the real 
activity of copper(I) at the electrode surface should be 
much higher than that calculated from the solubility 
data for the membrane material, and hence that the 
following equation for the surface copper(I) concen- 
tration will be valid: 

Ku + lo = Ku + lo(K,pJ + Ku + Iowan ) (4) 

where the term [Cu +]O(exlran ) depends on other factors 
than those related to the thermodynamic solubility 

Ku + lo&,, of the membrane. We think that these 
factors are intimately related to the defect structure 
and semiconductor character of the membrane ma- 
terials.14 The thermodynamic solubility contribution, 
[CU+]~~,), for the copper selenide sensor will be 
negligible, as calculated from KsP~cU2se~.‘s It varies from 
2 x lo-“M at pH = 2 to 5.7 x 10m2’M at pH = 8. 

Data for the solubility of CuAgSe are lacking, but it 
can be expected to be of the same order or lower. If 
we consider that the calibration limit for copper(I) 
buffer with both electrodes isI pCu(1) = 12, we have 
to accept a rather high concentration for [Cu + lwextran ) 
in equation (4), i.e., [Cu + lqextran ) >> [Cu + lwKVJ. 

The experimental data strongly suggest that the 
Cu(1) activity at the electrode surface is pH- 
dependent. It decreases as the pH increases. 

If all the above-mentioned circumstances are taken 
into consideration, equation (3) can be rewritten as 

E=E”+~ln 
1 

Ku + lO(extran ) 
Q”+(L) 

+KE+.Cu2+ (gy} (5) 

TAL 32116-B 
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for the general case. It follows that the electrodes 
should display anomalous behaviour when 

[Cu + IO~extran ,/kh +(I_) becomes commensurable with, or 
greater than, the second term in the bracket in 
equation (5). Thus equation (5) defines the “appar- 
ent” electrode sensitivity towards copper(I1). Obvi- 
ously all factors leading to decrease in the copper(I) 
activity at the electrode will increase the relative 
apparent sensitivity of the electrode with respect to 
copper(U). 

On the basis of these assumptions, the observed 
experimental results can be interpreted as follows. 

(1) Fairly good agreement between the measured 
and calculated pCu(II) values is observed for all 
systems over the pH range for which the equilibrium 
copper(H) concentration at any pH meets the 
condition 

[Cd + ] ( > I’* K 
cu+,cw+ 2 

W’l qextm ) 

NC”2 + (L) %u+(L) 

This requirement is easily met by complexes which 
exhibit only moderate stability in acidic medium. 

(2) The deviations observed for the 
copper-complexone systems are due mainly to the 
high stability of the copper complexes even in acidic 
medium. It becomes more and more difficult to meet 
the above-stated requirement for a proper Nernstian 
response to Cu(I1) as the stability of the Cu(II) 
complexes increases. That is why the extent of the 
observed deviations is in the same order as the 
stability of the complexes in acidic medium: 
Cu-IDA < Cu-NTA < Cu-EDTA - Cu-DTPA. 

(3) It appears that the “apparent” electrode sensi- 
tivity towards Cu(I1) will be different for each system 
since it will depend not only on the pH but also on 
the ability of the ligand to bind copper(I) in a 
complex too. Indeed, when the ligand also binds 
copper(I), the deviations are absent or start at higher 
pCu(I1) in the alkaline region, e.g., in the case of 
glycine, alanine, methionine and lysine. 

(4) The electrode response in pure ligand solutions 
is a practical measure of the change in surface 
copper(I) concentration as a function of pH and 
complexation processes. The experimental curves in 
pure complexone solutions outline in fact the 
pCu(II)/pH region which can be used successfully in 
a particular Cu(II)-L system. Thus for the 
Cu-EDTA and Cu-DTPA systems the lowest cop- 
per(H) activity which can actually be measured varies 
from 8 to 12 as the pH is changed from 4 to 8. 

It follows, on this hypothesis, that if an appropri- 
ate complexing agent for copper(I) which does not 
disturb the bulk equilibrium is introduced into the 
copper(II)-complexone solution, we should be able 
to decrease the discrepancy observed between the 
experimental and theoretical results, to an extent 
governed by the alteration in Cu(I)/Cu(II) ratio at the 
electrode surface. We used glycine, which forms 

complexes with copper(I) (log /I2 = 10.1) and does not 
affect the Cu(II)-EDTA, Cu(II)-NTA and 
Cu(II)-DTPA equilibria when present in concen- 
trations up to O.lM at pH 8. The effect of addition of 
glycine to these systems was investigated over the 
concentration range 10~3-10-‘M. Figures l&12 
present some of the results obtained. 

As seen from the figures, the observed changes are 
in the predicted direction and also depend on the 
concentration of glycine. The expected decrease in the 
copper(I) activity at the electrode surface is adequate 
to eliminate the anomaly in the Cu(II)-NTA system, 
but is not sufficient to eliminate it in the other 
systems. 

A logical question which arises is what is the limit 
of the relative sensitivity of the electrodes towards 
copper(I1) which can be practically achieved. An 
attempt was made to reach this limit, by studying the 
effect of other ligands for copper(I) when introduced 
into the Cu(II)-EDTA system. The choice was re- 
stricted because of the requirement that the added 
ligand must not affect the Cu(II)-EDTA equilibrium. 
Thus, the effect of potassium chloride and potassium 
thiocyanate was investigated. An interesting phenom- 
enon was observed in presence of 2M KC1 and 0.1 M 
KCNS. At all pH values >3, the membranes get 
“blocked”, i.e., they can no longer respond to change 
in the Cu(I1) concentration and show an approxi- 
mately constant and stable potential. corresponding 
to about pCu(I1) = 12. When rinsed with water and 
introduced into copper(I1) standards, the electrodes 
instantly regain their normal response. Lower con- 
centrations of these ligands do not cause “blocking”, 
but the response is heavily distorted, probably be- 
cause the anomalous response to Cu(I1) in presence 
of halides (or pseudohalides) is superimposed on it. 

The model for reduction of Cu(II) in the presence of 
chloride’6,‘7 seems very likely to be applicable in these 
cases too. No clear-cut explanation for the “block- 
ing” can yet be presented, but the phenomenon does 
suggest that copper(I) plays a role in the potential- 
generating processes. 

The assumption that the higher selectivity of the 
two electrodes towards copper(I) is the major reason 
for the observed anomalous behaviour can be further 
extended to other membranes of chalcogenide type. 
Moreover, it was recently established that even when 
the initial material is a CuS/Ag,S mixture. a new 
phase containing copper(I) appears after pressing.” 
This offers an explanation of the fact that membranes 
differing in composition show similar anomalous 
behaviour in presence of EDTA, the differences being 
only in the extent of the deviations, which can be 
explained by a different copper(I) activity at the 
electrode surface, characteristic for each electrode 
material. The differences in the electrode materials in 
this respect can be simply established by comparative 
titration of copper with EDTA and comparison of 
the experimental titration curves with the theoretical 
ones. 
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DETERMINATION OF NICKEL IN THE SERUM OF 
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OF FLAME ATOMIC-ABSORPTION SPECTROSCOPY* 
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Summary-A flame atomic-absorption spectroscopy method for determination of nickel in the serum of 
occupationally exposed subjects has been developed. Trichloroacetic acid is utilized for precipitating 
proteins and freeing bound nickel; sodium diethyldithiocarbarnate is used as complexing agent and 
isopropyl acetate as the solvent for extraction. The method is characterized by good accuracy, precision 
and sensitivity, over a concentration range up to about 20 ng/ml. Calcium, which is present in serum in 
great excess with respect to typical nickel concentrations, does not interfere in the determination of the 
latter. 

The determination of nickel has been the subject of 
numerous investigations in view of the industrial and 
environmental importance of this element on the one 
hand, and of its biological relevance on the other, 
since nickel is one of the essential trace elements in 
the human body. 

Either lack of nickel or an excess of it with respect 
to the regular levels, such as can be induced by 
consumption in food or by industry-related exposure, 
can have toxic effects on humans. 

The clinical consequences of such irregular levels 
range from common dermatitis, through skin intoxi- 
cation, to chronic rhinitis and sinusitis,‘” and several 
types of cancer.G Its concentration in the serum of 
“normal” subjects ranges between 2.0 f 0.9 ng/ml (in 
areas of low environmental nickel concentration) and 
4.6 f 1.4 ng/ml (levels recorded in North America 
industrial areas), but can rise to over 20 ng/ml in 
workers in the nickel industry who are “over- 
exposed”.7-9 

Recently, some AAS methods for the deter- 
mination of nickel in the serum and urine of “normal 
subjects”, based on use of electrothermal atom- 
ization, have been developed.‘O~” 

In the work described here a simple and reliable 
method for the flame AAS determination of Ni in the 
serum of occupationally exposed workers has been 
developed. 

EXPERIMENTAL 

Apparatus 

A double-beam Perkin-Elmer AAS spectrometer (model 
372), equipped with an 057-0706 burner-nebulizer for 
an air-acetylene flame, a nickel hollow-cathode lamp 

*Work done with the financial support of the National 
Research Council (C.N.R.), Rome, Italy (No. 820781). 

tAuthor for correspondence. 

(Intensitron 3036047; lamp current 25 mA) and a Leeds- 
Northrup chart-recorder, was utilized. An Orion 701 A 
pH-meter, with a glass microelectrode, was used for pH 
measurement, which was done on a duplicate test solution 
to avoid possible contamination with nickel from the 
electrode. 

Standard instrumental parameters 

Spectrophotometric measurements were made at the 
232-nm resonance line of nickel, which (with a 0.2~nm 
band-pass) gives the best reciprocal sensitivity for this 
element.‘* 

The flow ratio of air to acetylene was 55:32 (for our 
spectrometer); the air and acetylene pressures were 3 and 
1 kg/cm*, respectively; the aspiration rate was 8 ml/min; the 
signal was integrated for 5 sec. 

For the work with organic solvents the same experimental 
conditions were used, except for a different flow ratio of air 
to acetylene, namely 35/17. 

Reagents, solvents and containers 

Great care was taken to prevent contamination of the 
sample with nickel from the environment and from the 
operators, and to follow the recommendations outlined in 
a IUPAC reference work.‘O 

All the reagents and solvents utilized (of ultrapure grade) 
were, whenever necessary, further recrystallized or distilled, 
and tested, by the method described here, for freedom from 
nickel. 

Hydrochloric acid and nitric acid were J. T. Baker 
“Ultrex” products. Trichloroacetic acid (TAA), ammonia, 
potassium hydroxide, absolute ethanol and acetone were 
all Baker “ACS analyzed reagents”. and the sodium 
diethyldithiocarbamate (NaDDC) and dithizone (DZ) were 
Eastman Kodak “ultra pure” reagents. 

Isopropyl acetate (IPA) (b.p. 87-89”) and carbon tetra- 
chloride, were Fluka “ultra pure” products. Before use., the 
IPA was distilled at atmospheric pressure in a protective 
stream of argon and the fraction boiling at 86 * 0.1” was 
utilized. The solvent thus produced gave a level base-line. 
Care was taken to saturate the solvent with water, so as to 
prevent volume changes during extraction; for the same 
reason, the aqueous solutions utilized in the extraction 
procedure were presaturated with IPA. 

The standard nickel and calcium solutions for calibration 
purposes were obtained by diluting Carlo Erba standard 
1000 ppm solutions for AAS. 

949 
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The aqueous 1% solution of the complexing agent 
(NaDDC) was freshly prepared before use. The ultrapure 
water used was demineralized and then distilled twice in 
quartz apparatus and stored in polyethylene containers. Its 
conductivity was 1 x 10e6 mho at 25”. 

The more acidic solutions were stored either in poly- 
propylene bottles or borosilicate glass bottles, depending on 
the pH, and were kept in the dark to prevent exchange of 
metal ions in solution.‘3 

The necessary glassware and analytical utensils were kept 
immersed in 6% v/v nitric acid,14 and washed in conductivity 
water (see above) immediately before use. Possible con- 
tamination of the glass was eliminated by soaking in lo-‘M 
dithizone solutioni for 3 hr, rinsing with acetone and finally 
with the ultrapure water. 

Optimum pH for complexation and extraction 

The NaDDC-IPA combination was chosen as the most 
promising of those in the literature,16 and from results 
obtained in this laboratory, because of its good sensitivity, 
extraction efficiency and enhancement for the element in- 
vestigated.“.‘* Indeed NaDDC appears to be the most 
efficient extraction agent for nickel and IPA is superior to 
most of the other possible solvents in terms of the physical 
properties which have most influence on the atomization 
process. 

The optimum pH for the complex-formation and the IPA 
extraction was found by adjusting the pH of 5 ml of 
standard nickel solutions (0.5 and-O.05 ppm) to various 
values in the range &6. adding 1 ml of lo/, NaDDC 

I” 

solution, extractingwith 5 ml of IPA, separating the organic 
phase and measuring the atomic absorption, under the 
conditions already described. Figure 1 shows the pH range 
2.5-3.0 is optimal. 

AAS calibration curves 

Aqueous nickel solutions (concentration 0. l-l ppm) were 
prepared by diluting a C. Erba standard solution for 
AAS and their absorbances were measured under the con- 
ditions described above. The calibration graph was linear 
and the characteristic concentration was 0.15 pg/ml for 1% 
absorption. 

A -corresponding calibration was done for the 
NaDDC-IPA system, by addition of 0.065 ml of hydro- 
chloric acid (1 + 9) to 5 ml of nickel solution (0.1-0.9 ng/ml) 
to give pH 212, followed by addition of 1 ml of 1% NaDDC 
solution (pH shift to 2.5), stirring for 1 min, extraction with 
5 ml of IPA and measurement of the organic phase by AAS. 
A blank was prepared analogously with 5 ml of ultrapure 
water. A calibration graph covering the nickel range 
0.01-0.1 ng/ml was similarly obtained. Both graphs were 
linear. 

100 - 

a’ 

’ a 
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Fig. 1. Effect of pH on extraction of Ni-DDC complex with 
IPA. Ni: 0.5 pg/ml -a-•--; 0.05 fig/ml - x - x -. 

Because the proteins present in serum, some of which are 
bound to nickel, interfere with the flame AAS, precipitation 
with 10% trichloroacetic acid (TAA) solution, which also 
liberates the bound nickel, was tested as the means for 
their elimination. The nickel standards (5 ml) were treated 
with 10 ml of lo”/. TAA solution (to obtain the optimum 
conditions for the heproteination), 1.8 ml of 1 M potassium 
hydroxide and 1 ml of 1% NaDDC solution. and extracted 
with 5 ml of IPA as before. The trichloroacetic acid and the 
changed aqueous/organic phase-volume ratio did not appre- 
ciably alter the calibration graphs for the nickel ranges 
0.02-O. 10 and 0.2-l .O pg/ml. 

Although the calibration graphs were all satisfactory, the 
standard-additions method was used for the determmatton 
of nickel in serum, to eliminate any other possible inter- 
ferences from the matrix. 

Procedure for nickel in serum 

A 20-ml serum sample from blood withdrawn with special 
care taken to avoid contamination with nickel,‘O was quan- 
titatively transferred to a lOO-ml polyethylene centrifuge 
tube and 40 ml of 10% TAA solution presaturated with IPA 
were slowly added. The mixture was stored for 18-24 hr at 
4”, then centrifuged at 5000 rpm for 30 min. 

The clear supematant liquid was filtered into a separating 
funnel through a double Schleicher & Schull 587/E filter, 
two 2-ml portions of water being used to transfer and wash 
the precipitate. To the solution were added 4 ml of C. Erba 
pH-3 “Normex” buffer and then concentrated ammonia 
solution dropwise to give a final pH of 1.5-2.0. Then 4 ml 
of 1% NaDDC solution were added, the solution was 
shaken for 2 min, 20 ml of IPA saturated with water were 
added and the mixture was shaken for 2 min. After sepa- 
ration of the phases, the organic phase was collected and 
centrifuged. Each of a series of 2.5-ml aliquots of this extract 
was then shaken with a mixture of 2.5 ml of standard 
aqueous nickel soltuion and 0.5 ml of 1% NaDDC solution, 
buffered at pH 2.5. The nickel standards all differed in 
concentration over a range suitable for the sample analysed. 
After separation of the phases, the organic phase- was 
centrifuged at 5000 rpm for 10 min and the AAS value for 
nickel was measured under the standard conditions pre- 
scribed. The same procedure was used with 2.5 ml of 
ultrapure water instead of a nickel standard, to obtain the 
“zero” for the standard-additions graph, from which the 
nickel concentration was determined in the usual way from 
the intercept of the straight line on the abscissa. 

RESULTS AND DISCUSSION 

The method was applied to the pooled serum from 
a group of “exposed workers” and linear regression 
analysis of the standard-additions graph gave a value 
of 18 ng/ml (90% confidence limits 14-22 ng/ml). 

Statistical analysis gave the following equation 
for the straight line (90% confidence limits in paren- 
theses): 

A = 1.83( kO.39) x 1O-3 

+ 1.04(f0.05) x O.l[Ni](pg/ml) 

with correlation coefficient r = 0.998. 
The technique was also applied to determine the 

recovery of nickel added at the 20-ng/ml level to a 
pooled serum which had previously been found to 
contain 19.1 ng/ml (mean of 20 determinations; 
standard deviation 0.5 ng/ml). The total nickel con- 
centration found (mean of 20 determinations) was 
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Table 1. Determination of nickel (ng/mZ) in pooled serum 
of “occupationally exposed” subjects* 

DMG-sensitized 
differential pulse 

AAS flame method polarography’9f 

Sample Meant S§ Mean11 S§ 

A 18.5 * 3.9 1.3 17.2 1.2 
B 10.2 + 3.8 1.2 11.8 1.3 
C 28.2 k 4.2 1.4 26.2 1.3 
D 33.8 k 4.3 1.5 34.0 1.9 
E 22.0 k 3.6 1.2 23.7 1.4 

*Workers in industrial areas of Northern Italy. 
tMean and confidence limits for six determinations per 

sample. 
$Buffer 0.1 M ammonium tartrate/O. 1M ammonia, pH 9.2; 

[DMG] = 4.3 x 10-5M. 
SEstimated standard deviation. 
lIMean of six determinations per sample. 

38.8 ng/ml (standard deviation 0.6 ng/ml), showing a 
recovery better than 98%. 

Further analysis of pooled serum from occu- 
pationally “exposed” subjects gave the results in 
Table 1. The samples were also analysed, for 
comparison, by differential-pulse polarography.” 
The AAS and polarographic results agreed within 
2 ng/ml. 

Interferences 

Determination of nickel by flame AAS has always 
appeared relatively free from interference.2”25 

Nomoto and Sunderman,’ in an examination of the 
Sprague and Slavin method,26 studied the interference 
of most of the elements possibly present in serum and 
other matrices and found that only cadmium and 
gold caused deviations greater than + 1% from the 
absorbance values of nickel standards. 

In the present investigation, possible interference 
by calcium was examined, because of its very high 
concentration relative to that of nickel*’ (Ca 100 
pgg/ml; Ni 20-30 ng/ml) in the serum of occu- 
pationally overexposed subjects. 

Calibration graphs were prepared for nickel in the 
range 0.1-0.8 pgg/ml in the presence of 0, 100 and 500 
pg/ml calcium, and compared. The difference in 
absorbance caused by the presence of calcium was 
expressed as a fraction of the absorbance for the 
corresponding calcium-free nickel standard, to yield 
a percentage interference (Z, %). The values obtained 
at the two fixed calcium concentrations are plotted 
against nickel concentration in Fig. 2A and the values 
for a fixed nickel concentration of 0.7 pgg/ml and 
varied calcium concentration are plotted in Fig. 2B. 
Each point represents the average of ten deter- 
minations. Very similar results were obtained for 
calcium interference in determination of nickel in 
human serum. 

As can be observed, a fixed level of calcium causes 
increasing enhancement of the signal up to a certain 
nickel concentration, above which the enhancement 
is constant. The degree of enhancement increases 
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Fig. 2. Calcium interference. (A) Interference (I%) of cal- 
cium at constant concentration (0 100 pg/ml; A 500 
pg/ml) as a function of nickel concentration; (B) inter- 
ference (I%) of increasing calcium concentrations at con- 

stant nickel concentration (0.7 pg/ml). 

linearly with calcium concentration up to the limit 
examined. The enhancement could possibly be due to 
the ionization and boiling point of calcium being 
lower than those for nicke1,28 resulting in suppression 
of any ionization of nickel atoms, and lowering of the 
boiling point of nickel, thus increasing the number of 
free nickel atoms in the flame and hence the absorb- 
ance values. This hypothesis is in agreement with 
the results shown in Fig. 2B, where the interference 
effect is seen to increase linearly with calcium con- 
centration. However, there is less than 2% enhance- 
ment when the nickel concentration is lower than 
200 ng/ml, so this source of interference does not 
affect the determination of nickel in the concentra- 
tion range of interest here (namely 20-30 ng/ml), 
where the uncertainty of the determination is itself 
higher than 2%. The proposed method is therefore 
applicable to determination of nickel in serum of 
occupationally exposed workers; it is simple and gives 
good accuracy and precision. 
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Sunnnary-Traces of silver and amounts up to 50 mg can be separated from up to gram amounts of Zn, 
Cu(II), Ni, Co(B), Mg, Be, Ti(IV), V(IV), Li and Na by eluting these with 2.OM nitric acid from a column 
containing 54 ml (20 g) of macroporous AG MP-50 cation-exchange resin of 10&200 mesh particle size, 
in the H+-form. Silver is retained and can be eluted with 0.5M hydrobromic acid in 9: 1 v/v acetone-water. 
Separations are sharp and quantitative and only a few peg of the other elements are found in the silver 
fraction. Cadmium and manganese (II) can also be separated quantitatively but show tailing and require 
larger elution volumes. Some typical elution curves and results of analyses of synthetic mixtures are 
presented. 

Because silver can be determined accurately in the 
presence of many other metals its separation by 
ion-exchange chromatography has not received much 
attention. It has been suggested that at trace concen- 
trations silver can be sorbed by strongly basic anion- 
exchange resins in the chloride form from dilute 
hydrochloric acid (0. 1M) and eluted at high concen- 
trations of the same acid.’ This approach has been 
applied to the separation of silver from iron mete- 
orites2 However, elution with hydrochloric acid is 
incomplete and nitric acid-acetone mixtures are more 
effective eluting agents3 Sorption of silver from sea- 
water, on an anion-exchange resin, is considerably 
enhanced if the sample is made 0.05M in ammonium 
thiocyanate, and 0.4M thiourea is used as eluent.4 
Trace amounts of silver in rain water have been 
sorbed on a cation-exchange resin and selectively 
eluted with O.lM ammonium thiocyanate.’ Most of 
these methods are only applicable to trace amounts 
of silver and run into difficulties with amounts 
> 100 pg because of formation of insoluble silver 
salts. 

Probably the most selective method for the sepa- 
ration of larger amounts of silver from other elements 
is sorption by cation-exchange resins from solutions 
containing EDTA. Though this approach has been 
described in detail only for separation from nickeJ6 
cobalt,’ and mercury,8 it should be applicable to 
separation from a large number of other elements. Its 
disadvantage is that the presence of EDTA and high 
salt concentrations in the eluates may be detrimental 
when highly accurate results are required. Lead and 
mercury(H) have been separated from silver by 

cation-exchange in ammonium acetate media,9 but 
the separation factor for the Ag-Pb pair is only about 
3.5 and the accuracy of quantitative results obtained 
is poor. The behaviour of other elements is also 
uncertain. Selective elution of silver from a cation- 

exchange column by elution with 2% sodium nitrite 
solution has been proposed for its separation from 
cobalt and nickel.” Elution with diethanolamine- 
nitric acid buffers has been suggested for separation 
of silver from lead.” In both methods the separation 
factors are not very large, and silver is eluted first. 
This is less attractive for separating small amounts of 
silver from large amounts of the other elements 
because gram amounts of these would seriously over- 
load the columns in view of the small separation 
factors. 

A systematic study of the macroporous cation- 

exchange resin AG MP-5012 has shown that the 
distribution coefficient of silver is about 5 times that 
obtained with a gel-type resin of 8% cross-linkage 
such as AG 5OW-X8, whereas the coefficients for the 
bivalent transition metals are much less increased. An 
exploitation of this fact is described in this paper. 

EXPERIMENTAL 

Reagents and apparatus 

All chemicals used were of analytical reagent grade. 
Water was distilled and then passed through an Elgastat 
demineralization unit. Standard stock solutions were made 
up in 0.5M nitric acid. Those of titanium(IV) also contained 
0.3% hydrogen peroxide. The resin used was the AG MP-50 
macroporous cation-exchanger, a sulphonated polystyrene, 
IO&200 mesh, in the H+-form. Borosilicate glass tubes, 
400 mm long, 21 mm bore, fitted with a B19 joint at the top 
and a No. 2 porosity sintered-glass plate and a burette tap 
at the bottom were used for making the columns. 

The glass columns were loaded with a slurry of the resin 
until the settled resin reached a 54-ml volume mark (= 20 g 
of dry resin in the H+-form). The resin was purified by 
passage of about 500 ml of 5M nitric acid followed by 100 
ml of demineralized water, shaking with water, and allowing 
the resin to resettle. The eluent for silver, “HBr/acetone”. 
was prepared by mixing I part of 5.OM hydrobromic acid 
and 9 parts of acetone in a standard flask. After mixing, the 
solution was degassed by leaving the flask open for a few 
hours or overnight with the stopper inverted on the top and 
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Fig. 1. Elution curves for various amounts of Ag with 2.OM 
HNO,; 54 ml (20 g) of AG MP-50 resin, lo&200 mesh (155 

mm length, 21 mm diam.). Flow rate 2.0 f 0.3 ml/min. 

shaking the flask from time to time. Degassing is important 
to avoid or minimize bubble formation in the resin column. 
The silver eluent should not be too old (< 3 days), because 
the acetone tends to polymerize, and if too much polymer 
forms, recovery of traces of silver becomes incomplete. 

Atomic-absorption measurements were made with a 
Varian-Techtron AA-5 instrument with either the 
air-acetylene or the nitrous oxide-acetylene flame, the latter 
for traces of berylhum. 

El&ion curves 

Behariour of various amounts of silver. A solution contain- 
ing about 1 mmole of silver in about 50 ml of 0.5M nitric 
acid was passed through a column of clean resin as de- 
scribed above. The silver was washed mto the column with 
several small portions of 2.OM nitric acid, and then eluted 
with 2.OM mtric acid at a flow-rate of 2.0 f 0.3 ml/min. 
Fractions (25 ml) were taken with an automatic fraction 
collector from the beginning of the washing step, and the 
amounts of silver in the fractions determined by atomic- 
absorption spectrometry with appropriate dilutions when 
required. The experiment was repeated with 0.5 and 0.2 
mmole amounts of silver and the same column. The experi- 
mental elution curves are shown in Fig. 1. 

Separation of element pairs. A solution containing about 
1 mmole of copper and 0.5 mmole of silver in about 50 
ml of 0.5M nitric acid was passed through a column as 
described above, and the elements (copper first) were eluted 
with 2.OM nitric acid at a flow-rate of 2.0 k 0.3 ml/min. 
Fractions of 25 ml were collected as before and analysed for 
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Fig. 2. Elution of Cu(II)-Ag with 2.OM HNO,. Experi- 
mental conditions as for Fig. I. 

silver and copper. The copper concentration in the 35&375 
ml fraction was less than 0.01 ppm. No silver ( < 0.001 ppm) 
appeared in the first 550 ml. The experlmental elution curve 
is shown in Fig. 2. 

Figure 3 shows the curve for the zinc-silver pair. The 
elution of zinc with 2.OM nitric acid was terminated at 450 
ml m this case, the nitric acid was washed from the column 
with 50 ml of 60:40 v/v acetone-water mixture (“60% 
acetone”), and the sliver finally eluted with “HBr/acetone”, 
a very effective eluent for silver. 

This experiment was repeated with 10 mmoles of zinc and 
1 mg of silver sorbed from 100 ml of 0.5M nitric acid but 
900 ml of 2.OM nitric acid were used for the first elution 
step, followed by 250 ml of “HBr/acetone” eluent, with no 
wash step in between. After passage of 350 ml of nitric acid 
the concentration of zinc in the subsequent eluate was below 
the background level (~0.02 ppm). No silver could be 
detected in the 900 ml of nitric acid eluate, and all silver was 
eluted with 100 ml of the “HBr/acetone” eluent. 

Ni, Co(H), Mg, Be, V(IV). Ti(IV) and Li were either 
eluted similarly to copper and zmc or even faster. Man- 
ganese(I1) and cadmmm are retained more strongly how- 
ever, and show considerable taihng on elution with 2.OM 
nitric acid, 1 mmole of manganese requiring 600 ml of the 
acid for complete elution. Nevertheless, up to 0.2 mmole of 
silver can be separated from 1 mmole of manganese, since 
elution of silver begins only after passage of about 700 ml 
of the eluent. As shown in Fig. 1. however, large amounts 
of silver would not be adequately separated. Cadmium 
behaves similarly to manganese. 

-2OM HNOs ~ : : 050MHBr I” 90%aceto”e 

10 

A9 
0 5 mmole 

8 

0 200 400 600 800 1000 

Eluate (ml ) 
Fig. 3. Elution of Zn-Ag with 2.OM HNO,, followed by 0.50M HBr in 90% acetone. Experimental 

conditions as for Fig. 1. 
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Table 1. Recovery of silver from binary synthetic solutions 

Taken, mg 

Other ions Silver 

Found in Found in Found in 

2M HNO, HBr/acetone eluate, HBr/acetone eluate,§ 

eluate, mg P&? Taken, pg Pg 

Zn2+ 65.84 65.85 f 0.03 N.D.* 
Zn2+ 658.4 658.3 f 0.3 N.D. 
Zn’+ 658.4 N.D. 3.8-9.6 
Zn2+ 1317 N.D. 4.910.8 
cu2+ 667.1 667.0 f 0.3 1.4-2.3 
CU2f 1334 N.D. 1.7-2.8 
Cd2+ 1117 1117* 1 13.6-15.9 
Ni*+ 591.7 591.7 kO.3 0.9-1.8 
co*+ 590.9 590.8 f 0.3 1.3-2.1 
Mn*+ 548.1 548.2 f 0.3 1.8-8.2 
MgZC 244.6 244.7 f 0.2 5.6-9.8 
Be*+ 91.4 91.4kO.l 0.2-0.6 
Ti(IV)t 481.2 481.3 f 0.2 N.D. 
V(IV) 510.1 510.0 * 0.3 N.D. 
Li+ 69.5 69.6 k 0.2 0.9-1.6 
Na+ 230.2 230.3 f 0.4 12.8-17.4 

*N.D. = not determined. 
tO.l% H,O, present. 
#Mean and standard deviation of 20 readings. 

53.9 x 10’ (53.9 f 0.1) x lo3 
1000 999 f 2 
100 100.2 f 0.5 
20 19.9 f 0.3 

100 100.0 f 0.3 
100 99.8 + 0.3 
100 99.8 f 0.5 
100 100.0 + 0.3 
100 100.2 + 0.5 
100 99.8 f 0.3 
100 100.0 * 0.3 
100 99.8 + 0.5 
100 100.2 f 0.5 
100 100.0 f 0.3 
100 99.8 f 0.3 
100 100.0 f 0.5 

Quantitative separations 

A series of columns each containing 54 ml of resin was 
prepared as described above. Appropriate volumes of stan- 
dard solutions of silver and one other element (as the 
nitrates) were accurately measured out in triplicate, mixed 
and adjusted to yield about 100 ml of solution in about 
0.5M nitric acid. Another set of standard solutions was also 
measured out in triplicate, but kept separate for compara- 
tive measurements. The mixed solutions were passed 
through the resin columns and the cations washed into the 
resin with several portions of 2.OM nitric acid. The elements 
were then eluted with a total of 425 ml of 2.OM nitric acid, 
in&ding the washing step, at a flow-rate of 2.0 f 0.3 
ml/min. When about I g of copper was present 475 ml of 
eluent were used. For manganese(H) and cadmium 750 ml 
of the eluent were used because of the delayed elution and 
tailing. For Be, Li, Na, Ti(IV) and V(IV) the eluates were 
collected right from the beginning of the sorption step, but 
for the other elements they were collected from the begin- 
ning of the washmg step. For titanium O.lO’d hydrogen 
peroxide was present in the test solution and eluent. The 
nitric acid was then washed from the column with 60% 
acetone and the silver was eluted with “HBr/acetone” at a 
flow-rate of 3.0 f 0.5 ml/min. For 50 mg of silver, 200 ml 
of the eluent were used, and 125 ml in all other cases. The 
eluates were evaporated to dryness on a water-bath and the 
elements determined by the analytical methods in Table 2 
after dissolution and suitable dilution. Appropriate 

amounts of thiourea were added to the silver fractions to 
dissolve the 
absorption. 

bromide for AAS determination by atomic- 
For traces of silver the amount of the other 

element remaining in the silver fraction was determined, by 
AAS when possible. 

RESULTS AND DISCUSSION 

Results for the analysis of binary synthetic mix- 

tures are presented in Table 1. Silver was determined 

by AAS at 328.1 nm, with the air-acetylene flame. 
Samples and standards were all OSM in nitric acid 
and O.lM in thiourea. Small amounts of the other 
elements, except beryllium, titanium and vanadmm, 
were determined by AAS, by use of the most sensitive 

resonance line and an air-acetylene flame. For beryl- 
lium a nitrous oxide-acetylene flame was used. 
Larger amounts of the elements were determined 
titrimetrically or gravimetrically by the methods 
listed in Table 2. 

The method can separate traces or larger amounts 
of silver from large amounts of most bivalent transi- 
tion metals. It gives a superior separation of traces of 
silver from large amounts of copper than that given 

Table 2. Analytical methods used 

Element Method 

Zn EDTA titration, acetate medium, pH 5.5, Xylenol Orange indicator. 
cu 
Cd 

DCTA titration, acetate medium, pH 5.5, Methylthymol Blue indicator in the presence of I,lO-phenanthroline. 
EDTA titration in slight excess of ammonia, Methylthymol Blue indicator. 

Ni DCTA titration, ammonia solution (pH IO), Murexide as indicator. 
co EDTA titration, pH 6 (pyridine buffer), Naphthyl Azoxine S indicator 
Mn DCTA titration (after reduction with ascorbic acid), pH 10 (triethanolamine present), Methylthymol Blue 

indicator. 

Mg EDTA titration, pH 10, Eriochrome Blue Black B indicator. 
V(IV) Addition of excess of EDTA and back-titration with ZnSO,, acetate medium at pH 5.5, Xylenol Orange indicator. 
Be, Ti Gravimetrically as the oxides after precipitation with ammonia. 
Li, Na Gravimetrically as the sulphates 
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by the classical solvent extraction of silver dith- 
izonate. Furthermore. a few mg of silver can also 

easily be separated from copper. Table 1 shows that 
traces of silver can be separated from about 1 g of 
zinc, copper and even the strongly sorbed cadmium. 
In 2.OM nitric acid, Ni, Co(II), Mg, Be, Ti(IV), 
V(IV), Li and Na have distribution coefficients either 
similar to or smaller than those of zinc and copper 
and can also be separated from silver. Furthermore, 
only a slightly larger amount of 2.OM hydrochloric 
acid is needed to elute 10 mmoles of zinc than is 
required for 1.5 mmoles. In addition, silver appears 
very late in the elution with 2.OM nitric acid when 
only 1 mg or less is present, and it is probable that 
several grams of zinc could be separated from small 
amounts of silver (< 1 mg). This should also apply to 
separation from the other ions listed above. Only a 
few pg of these remain in the silver fraction. All these 
elements show little tailing, and the flow-rates can be 
increased to 3.0-3.5 ml/min without detrimental 
effects. An elution volume of 425 ml provides a 
considerable safety margin to ensure quantitative 
elution and adequate separation from silver. 

The situation is different for manganese(I1) and 
cadmium, which require considerably larger elution 
volumes (750 ml) for quantitative recovery, because 
of the serious tailing, which increases with increasing 
flow-rate. The large eluent volumes and slow 
flow-rate of 2.0 ml/min needed for elution of these 
two elements make the separation from silver less 
attractive, through qualitative recovery can be 
achieved. Using 200-400 mesh resin does not lead to 
much improvement. Generally, lowering the 

flow-rate seems to be more effective than reducing the 
particle size for improving separations with the mac- 

roporous resin. 
Sorption should be done from about 0.5M nitric 

acid to ensure that silver is sorbed as a band at the 
top of the column. As the nitric acid concentration is 
lowered competition from the multivalent ions be- 
comes progressively stronger. The appearance of 
silver in the nitric acid eluate is strongly dependent on 
the total amount present (Fig. 1). No silver could be 
detected in the first 900 ml of 2.OM nitric acid eluate 
when only 1 mg of silver was present. Attempts to 
elute silver quantitatively with 5.OM nitric acid were 
not successful (though the distribution coefficient” of 
13 is not excessively large) because of very strong and 
prolonged tailing. 

The “HBr/acetone” eluent proved very effective for 
eluting and dissolving silver. Apparently the acetone 
promotes the formation of anionic silver bromide 

complexes sufficiently to dissolve considerable 
amounts of precipitated silver bromide. When large 
amounts of silver, 50 or 100 mg, were separated, a 
precipitate initially formed on the column in the 
region where the silver had been sorbed, but dissolved 
rapidly in the eluent. A 0.5M ammonium thiocyanate 
solution in 90% acetone was found to be even more 
effective, but destruction of the thiocyanate presented 
problems, because oxidation with nitric acid gave 
very fast autocatalysed reactions which could not be 
controlled, and led to sample losses. 

Evaporation of the hydrobromic acid eluate led to 
a precipitate of silver bromide, which was dissolved 
in nitric acid containing thiourea and made up to an 
appropriate volume in 0.5M nitric acid/O.lM thio- 
urea for AAS determination. Standards containing 
the same concentrations of nitric acid and thiourea 

were used for calibration. Solutions containing thio- 

urea gave no memory effects when the 

Varian-Techtron AA-5 instrument was used, but 
there were quite appreciable memory effects when the 
thiourea was omitted from bromide-free solutions. In 
fact, when a number of samples containing silver in 
nitric acid (0.5M) had been measured and silver-free 
0.5M nitric acid containing thiourea was aspirated, 
an appreciable transient silver peak was observed. 
Though large amounts of silver can generally be 
determined without prior separation, the method 
described can be useful for the separation of traces of 
silver from large amounts of other elements before its 
final determination by AAS or other methods in 
which the presence of large amounts of salts can limit 
the sensitivity and accuracy. Up to 30 columns can be 
operated in parallel. 
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Sunnnary-A rapid automatic method for determination of free sulphuric acid in the manufacture of 
extraction phosphoric acid from apatite has been developed. It is based on potentiometric titration 
combined with the Gran approach for linearization of the titration curve. The analysis is done with an 
automatic potentiometric titrator controlled by an HP-85 microcomputer. BASIC software activates the 
system to perform the data acquisition and calculations, and the whole operation takes only 7-8 min. 

The concentration of free sulphuric acid in the course 
of manufacture of extraction phosphoric acid is 
considered to be a main technological index for both 
the degree of extraction of P,O, from the raw ma- 
terial, and the consumption of sulphuric acid. A pure 
mixture of phosphoric and sulphuric acid can be 
analysed by two consecutive titrations with a stan- 
dard solution of sodium hydroxide, with Methyl 
Orange and phenolphthalein as indicators,’ or by 
pH-titration, but as the ratio H2S04:H,P0, in the 
process product is 1: 10, these methods tend to give 
wrong results for the sulphuric acid content. Recently 
it was shown2 that the accuracy of this analysis can 
be significantly improved if the potentiometric data 
are treated by the methods giving linear plots for the 
titration curves.M Unfortunately, the extraction pro- 
cess solutions provide another difficulty-the pres- 
ence of some impurities, mainly F- (H2SiF,), Fe(III), 
Fe(II), Al(II1) and Ca(II), extracted from the raw 
materials, so the above-mentioned methods are inap- 
plicable. The elimination of these impurities is very 
difficult, and virtually impossible in process-control, 
where very fast analysis is required for maximizing 
efficiency. We have tried to solve the problem by 
using the Gran strategy, which provides the advan- 
tages of improving the accuracy of determination of 
the equivalence-point and giving an idea of the 
chemical behaviour of the system in the course of the 
titration. 

The present work proposes a rapid method for 
determination of free sulphuric acid in the manu- 
facture of extraction phosphoric acid from apatite. It 
is based on a potentiometric Gran titration, with an 
automatic system controlled by microcomputer. 

EXPERIMENTAL 

Reagents 

Merck reagent-grade sulphuric acid, phosphoric acid, 
hydrofluoric acid, iron(II1) nitrate, iron(I1) sulphate, 
aluminium sulphate and calcium nitrate were used without 

additional purification. Fluorosilicic acid was prepared by 
addition of hydrofluoric acid to an excess of “Aerosil-300” 
and storage of the mixture for one month in a polyethylene 
vessel. The solution was analysed as described by Kolthoff 
and Stenger6 and it was found that it contained 98.8% 
fluorosilicic acid and 1.2% hydrofluoric acid. 

Procedure 

A 100~~1 portion of sample solution (containing 26-32x 
phosphoric acid, calculated as P,O,, and 14% sulphuric 
acid, calculated as SO,) was diluted with 200 ml of O.lM 
sodium chloride and titrated with cu. 0.75M carbonate-free 
sodium hydroxide.’ The titration was stopped iust before 
neutralization of the second proton of the-phosphoric acid 
(pH 7%7.7), as precipitation beams at higher DH. A diaital 
pH-meter accurate to-O. 1 mV and a Radiometer type ABU- 
12 automatic burette with maximal volume 2.5 ml (accurate 
to 0.001 ml) were used. The automatic titration was Per- 
formed by means of an HP-85 microcomputer with HP-IB 
interface and I/O ROM memory extension. The transfer of 
data and control commands between the computer and the 
measuring instruments was done by the interface unit 
developed earlier,8 based on a MOTOROLA micro- 
processor. 

RESULTS AND DISCUSSION 

Chemical composition of the system 

The most important point in the development of 
the method was the determination of the chemical 
composition of the impurities in the extract obtained 
after decomposition of the apatite by sulphuric acid. 
For this purpose a series of extraction solutions taken 
over a period of a month was investigated, which 
ensured the evaluation of possible variations of the 
chemical composition under the conditions of manu- 
facture. 

Fluoride was determined by direct potentiometry 
with a Radiometer “Selectrode” fluoride, type 
F1052F, by the TISAB procedure,’ and found to be 
in the range 18-25 g/l. in the extraction solution. 

Iron(I1) was determined by redox titration with 
ceric sulphate. lo The total amount of iron was deter- 
mined after reduction of Fe(III) with a silver reduc- 
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Fig. 1. Titration curve and its linearized plot for the titration of solution A, containing sulphuric and 
phosphoric acid. 

tor, followed by titration of the total Fe(I1) ob- 
tained.” The iron(II1) was then calculated by 
difference. The iron(II1) and iron(I1) contents were 
found to be in the range 2.5-3.2 and 1.5-2.0 g/l. 
respectively. 

The determination of aluminium in the system is 
difficult because of the presence of phosphate. The 
latter was therefore eliminated by ion-exchange with 
an anion-exchange resin in chloride form, and then 
AI(II1) was determined complexometrically by a 
back-titration procedure.” Its content was found to 
be in the range 2.0-3.0 g/l. 

Calcium was not determined experimentally since 
it has been reported” that the solubility of calcium 
sulphate in the solutions investigated is 9-10 g/l. 

Effect of impurities 

Three standard solutions were analysed; their com- 
positions were as follows. 

Solution A-phosphoric acid 378.8 g/l. (as P,O,) 
and sulphuric acid 42.35 g/l. (as SO,), established 
gravimetrically. 

*F, = (V. + V&)lO_Uk, 

F2 = (V,, - V;)[H+] + v0 + (2 - 0 lH’]2 

- 

vo + ( va.3 - Vi) K 

c WI 

F’ = (Vi + v; - VaJIOflk, 

where V, is the original volume, V, the volume of titrant 
added, E the measured potential, C the concentration of the 
titrant, K, the ion-product of water and k the Nemst 
coefficient (2.303RT/F). 

Solution I&composition as for solution A plus F- 
(HrSiF,) 26.0 g/l. 

Solution C--composition as for solution A plus F- 
(H$iF,) 26.0 g/l., Ca(I1) 2.94 g/l., Fe(!II) 
3.5 g/l., Fe(I1) 2.0 g/l., and Al(II1) 3.0 g/l. 

Solution C contained the highest impurity concen- 
trations found in “real” samples. All titrations were 
done as described above and the data-treatment was 
done with a program constructed for the Hewlett- 
Packard HP-85 desk computer working “off-line”. 

Figure 1 presents the titration curve and its linear- 
ized plot for the titration of solution A. F: is the 
Gran function for the strongly acidic region, which 
determines the equivalence volume Vi for the neu- 
tralization of the strong acids (the first proton of 
HjPO, and the two protons of H,SO,). F: is a linear 
function based on the extended Gran equation5 
which determines the equivalence volume I’; (for the 
neutralization of the second proton of H,PO,) and 
simultaneously the p&-value for H,PO,. Since the 
extended equation uses pH-values (not mV) a special 
block in the program deals with calibration of the 
galvanic cell according to Thencheva et al.” F: is also 
a Gran function,‘4 which determines the equivalence 
volume Vi (also for neutralization of the second 
proton of H,PO,). When impurities are absent the 
values of Vi and I’; must agree. Solution A was 
titrated ten times and the following results were 
obtained: P205 = 378.2 f 0.7 g/l. and SO, = 42.37 f 
0.01 g/l. In all the titrations good coincidence 
between Vi and V; was observed. 

Figure 2 presents the titration curve and its linear- 
ized plot for the titration of solution B. It is seen that 
the experimental points for some sections of F,, F, 
and F3 are not linear. Moreover V2 > V3, which 
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Fig. 2. Titration curve and its linearized plot for the titration of solution B, containing H,SiF, as an 
impurity. 

requires some corrections and iterative calculations 
with F2 and F3. After the second iteration the values 
of V2 and V, agree and do not change by more than 
the corresponding standard deviations. The results 
significantly improve if the points of the non-linear 
sections of F,, F, and F3 are eliminated (i.e., the full 
lines in Fig. 2 are used). Comparison of these results 
with those for solution A shows that V, = Vi + V 
and the values of V,, VJ, Vi and Vi coincide after the 
iterations. The most important result is that the 
volume V is equivalent to neutralization of the two 
protons of fluorosilicic acid. It is known6 that 
fluorosilicic acid is a strong electrolyte and can be 
titrated (though with poor accuracy) as a dibasic 
acid to a pr (transition pH) of 3.5 with Methyl Yellow 
as indicator. Consequently, volume V, in Fig. 2 
corresponds to the titration of first proton of H3P04, 
the two protons of H$O, and the two protons of 
H,SiF6. At pH > 4 SiFi- reacts according to the 
equation: 

SiFi- + 40H- = SiOZ + 6F- + 2H,O 

Completion of this reaction requires titration at 
boiling temperature to the rose colour of phenol- 
phthalein or, as recommended, addition of excess of 
alkali, boiling for 5 min, and back-titration with 
hydrochloric acid. 

Obviously, under the conditions of the proposed 
method (titration at room temperature to pH 7.5-7.7) 
the reaction with SiFi- is not complete. The state- 
ment above, that volume V is equivalent to neutral- 
ization of the two protons of H,SiF,, was found 
experimentally and is statistical in character. As can 
be seen below, this determination has a compara- 

tively high error, which increases in the presence of 
impurities. 

Consequently, after proper choice of the points 
(from only the linear regions of F,, F, and F3) good 
results for the three acids can be obtained, though the 
accuracy of this determination is poorer: the error is 
f 0.5% for P,O,, + 2% for SO:, (compared to the 
gravimetric determinations) and _+5% for fluoride 
(compared to potentiometric determination). 

In the same way several titrations were done with 
solution C. The linearized plots were similar to those 
for solution B but the linear sections of F2 and F, 
were shorter. Comparison of all the titration curves 
for solutions A, B and C leads to the following 
conclusions for the titration curve of solution C: (1) 
F, has a linear section up to (0.6-0.7)V,; (2) F, has a 
linear part after O.SV,; (3) F3 has a linear section up 
to O.SV,; (4) the linear regression of the functions 
from these sections determines the main components 
with an error of _+O.S% (P*OJ, +5% (SO,) and 
+ 10% (F-). 

The results obtained show that this complicated 
mixture can be analysed by a simple potentiometric 
titration procedure, combined with suitable selection 
of the experimental data, and use of Gran data- 
treatment. 

BASIC program for automatic analysis 

On the basis of the results obtained, a program was 
written for automatic titration of the extraction solu- 
tions obtained during manufacture. The block- 
diagram of the program is shown in Fig. 3. BEGIN 
takes data for the first two points at 0.000 and 
0.100 ml and calculates a “rough” value for V,; 



960 GEORGI VELINOV 

BEGIN SELECT 1 DATA 1 CAL 1 

Fig. 3. The block-diagram of the BASIC program. 

SELECT 1 estimates how many O.lOO-ml portions 
are necessary to collect the info~ation from the 
linear region of F,; DATA 1 makes the data acquisi- 
tion as planned in SELECT 1; CAL 1 calculates I’, 
from the data of DATA 1; CALIB calibrates the 
galvanic cell, *I3 SELECT 2 estimates the titrant por- 
tion which must be added in order to reach the 
beginning of the linear part of F,; DATA 2 performs 
data acquisition in the region of FJ and F,; TEST 1 
checks whether the pH-value of every new point is 
greater than 7.6 (if so, the titration is stopped); CAL 
2 calculates Fz and F3, obtains V,, V, and the 
p&value for the I&PO,; TEST 2 checks the agree- 
ment between V, and V,; COR makes corrections 
before the iteration; PRINT prints the final results for 
P205, SO, and F- in g/l.; GRAPHIC produces the 
titration curve and its linearized plot (see Fig. 4). 

The program uses the procedures for data acquisi- 
tion described earlier,s a procedure for least-squares 
linear regression and some procedures for graphical 
presentation of the curves. The values of the charac- 
teristic constant of the cell (E”) and p& for the 
phosphoric acid as well as all standard deviations 
are printed, and if something is wrong with these 
values an alarm appears on the CRT display of the 
computer. 

The method and the automatic titrator were tested 
under process-control conditions. A single deter- 
mination takes 7-8 min and does not require any 
special training of the operator. The determination is 

0 05 1 15 

Fig. 4. The final results for the titration of extraction 
solution under the conditions of manufacture shown as the 
the CRT display of the HP-85, copied on the thermal 

printer. 

simple to perform and satisfies the requirements of 
technology with respect to accuracy and speed. 
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Summary-Methyliminodiacetic acid immobilized on a cellulose support can be conveniently utilized for 
trace-metal uptake. Capacities and uptake yields as a function of pH have been evaluated for Pb(II), 
Cu(II), M&II), Ca(II), Cd(H), Zn(II), Co(H), Ni(II) and Hg(II) and the results compared with those 
predicted from the stability constants for the same systems in homogeneous solution. The immobilization 
of the ligand increases its co-ordinating ability. The applicability to speciation studies is considered. 

In trace-metal analysis, efforts have to be devoted to 
working out suitable preconcentration techniques to 
raise the metal concentration to reliably measurable 
levels and also to improve the accuracy and precision; 
in many cases separation from the matrix can be 
achieved at the same time. 

For these purposes, techniques which employ che- 
lating materials to abstract metal ions from dilute 
solutions have found extensive development and ap 
plication. Inert substrates have been used to absorb, 
adsorb, chemically bind, or be impregnated by, suit- 
able chelating agents.‘-’ 

In previous work* we made a study of precon- 
centration of a large series of metal ions by means of 
a chelating material in which iminodiacetic groups 
were chemically bound to cellulose filter discs. Good 
uptake efficiency, leading to high preconcentration 
factors, was obtained. The ease of preparation of 
the material, free from contamination, and its wide 
applicability, suggested the study of a similar material 
made with methyliminodiacetic acid (MIDA) as the 
functional group. 

Since both ligands (IDA and MIDA) have the 
same bonding structure and MIDA generally forms 
more stable metal complexes in aqueous solution 
than IDA does, if this stability difference is main- 
tained in the heterogeneous phase, the chelating 
properties of this new material should be superior to 
those of the IDA cellulose. 

EXPERIMENTAL 

Reagents 

Stock standard metal solutions (1000 mg/l., Erba “for 
atomic absorption”, Merck “Titrisol”) were diluted as 
required. All other chemicals were analytical-grade reagents, 
checked by plasma emission spectroscopy for the absence of 
contaminating metals at detectable levels. Water (DDW) 
was doubly distilled from quartz. 

Apparatus 

All laboratory glassware and polyethylene and poly- 
propylene equipment was always thoroughly cleaned by 
soaking in 6.OM nitric acid and repeated rinsing with DDW. 

Adjustable Eppendorf pipettes and “Micrometric Instru- 
ment” precision syringes were used for solution preparation. 
A Millipore filtration system was used to ensure re- 
producible placement of the prepared cellulose discs. 

All pH measurements were made with an Orion pH-meter 
model 811, equipped with a combined glass-calomel elec- 
trode. 

For emission measurements, a Spectraspan IV d.c. 
plasma emission spectrometer (SMI, Andover, MA, U.S.A.) 
was used. Two-point calibration (high and low standard) 
was used, the standard solutions containing the same 
amount of hydrochloric acid as the samples. For each 
sample, at least three independent measurements were 
made. To check the reliability of the measurements of metal 
concentrations in mixtures and to choose the most suitable 
wavelengths, multicomponent mixtures were prepared in 
l.OM hydrochloric acid and analysed with use of single- 
component as well as multi-component standards; no appre- 
ciable differences were observed between the results ob- 
tained with the two types of standard. Table 1 shows the 
wavelength, accuracy and reproducibility of measurement 
for each cation. 

Preparation of the modzjied filters 

The MIDA was bound to the paper discs by the methods 
already described.3,‘,8 First, the cellulose filters were checked 
for absence of contaminating metal impurities by passing 

Table 1. Plasma emission spectro- 
scopy data 

Cation 
J., 

nm Accuracy* 

Pb(II) 405.8 97.2 f 2.0 
Cu(I1) 324.7 99.5 + 0.3 
Cd(H) 214.4 98.5 f 1.4 
Co(H) 345.3 100.5 +_ 1.2 
Hg(II) 253.6 98.5 + 1.8 
Ni(II) 352.5 99.5 k 0.8 
Zn(II) 213.8 100.3 * 1.5 
Ca(II) 393.3 99.8 f 0.2 
M&i) 279.5 99.9 I 0.1 
Fe(III) 259.9 98.5 k 1.1 

*Statistical data calculated for 
solutions containing 0.5-1.5 
ppm of each metal, and five 
replicate runs. 
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l.OM hydrochloric acid through them and testing it by 
plasma emission spectroscopy. About 20 Whatman No. 41 
cellulose filter discs (47 mm diameter) were soaked for 60 
min in about 400 ml of dry dimethylformamide (DMF) 
which had been freshly distilled in presence of 10% benzene; 
the anhydrous solvent thus obtained ensures maximum yield 
in the chlorination reaction. To another 400 ml of dry 
DMF, 12 ml of phosphorus oxychloride were added, the 
brown-red mixture was heated to 90” on a water-bath, and 
the cellulose filters were added. The brownish filters ob- 
tained after the chlorination reaction were washed with 
DMF, DDW, 5% sodium hydroxide solution, DDW, 5% 
acetic acid solution, DDW and DMF, in that order. The 
filters, now white again, were put to react at 105-110” for 
about 150 min with a saturated solution of disodium 
methyliminodiacetate in a mixture of DMF (about 600 ml) 
and DDW (250 ml); water was replaced as it evaporated. In 
this reaction the MIDA group replaces the chlorine atom 
previously attached to the cellulose. 

The two steps in the preparation can be indicated sche- 
matically as follows: 

cellulose-OH s cellulose-Cl 

CH3 

cellulose-Cl s cellulose-N + (CH,COO)$- 

It may be noted that the mechanism of attack by the ligand, 
proceeding through a nucleophilic substitution reaction, 
provides the nitrogen atom with a positive charge. 

The prepared filters were repeatedly washed with DDW 
and left to dry on a glass plate. They were then ready for 
use: they appeared similar to untreated filters, apart from a 
certain surface roughness; their average weight was 160 mg. 

Data treatment 

The experimental values for retention of the metals by the 
bound ligand were compared with those calculated for 
complexation with the ligand in a homogeneous solution. 
The program BASEC09 was used, which can process equi- 
librium calculations for up to 50 possible complexes formed 
by up to 20 possible components. The original program was 
partially modified so that it also gave the plot of the 
distribution of the complex species as a function of pH. 

RESULTS AND DISCUSSION 

The preconcentration yield, as a function of pH, 
was systematically studied for Pb(II), Ct.@), Mg(II), 
Ca(II), Cd(II), Zn(II), Co(II), Ni(I1) and Hg(II), with 
100.0 ml of solution containing 1.00 ppm of metal 
ion, adjusted with hydrochloric acid or potassium 
hydroxide solution to various pH values. Potassium 
hydroxide was preferred to sodium hydroxide, be- 
cause potassium interfered less than sodium in the 
measurement of the other metals, but in any case the 
amount added was well below the interference level. 

The test solution was passed through the Millipore 
system containing the modified filter, preconditioned 
at the pH of the test solution, and the metal retained 
was eluted with 10.00 ml of l.OM hydrochloric acid. 
The filtrate (containing the unretained metal) and the 
eluate (containing the metal retained and then re- 
leased) were both analysed by plasma emission spec- 
trometry, with calibration by means of standards at 
the same pH as the samples. The percentage of metal 

Table 2. Uptake (“/,) on MIDA-filter, as a function of pH, 
from solutions (100.00 ml) containing 1 .OO ppm of the metal 

indicated _ _ _ 

PH Pb(I1) pH Cu(I1) pH Mg(II) 

2.00 86.5 k2.0 2.01 60.0 +0.5 1.99 32.6 kO.2 
3.03 99.8 k 1.0 3.02 lOO.O+ 1.0 3.01 91.0 +o.l 
4.01 100.0~1.0 3.99 99.5kO.6 4.00 92.7kO.3 
4.98 97.1k1.5 5.01 97.1 +0.7 5.04 97.7ko.3 
7.03 83.5 k 1.8 7.03 90.2 kO.5 7.01 90.5 k 0.3 

PH Ca(I1) pH Cd(I1) pH Zn(I1) 

2.04 46.5 k 0.3 
3.00 92.0 f 0.2 
4.00 100.0 + 0.4 
5.02 93.7 + 0.4 
6.99 94.0 k 0.5 

PH Co(I1) 

2.00 33.5 * 1.1 
3.04 88.8 f 1.2 
4.02 91.2 k 0.9 
5.00 92.3 + 0.8 
7.05 94.2 &- 1.1 

2.01 
3.00 
3.98 
5.03 
7.00 

PH 

1.98 
3.00 
4.00 
5.02 
7.00 

89.1 f 0.9 
98.2 + 0.8 
85.3 + 1.1 
99.9 * 1.1 
95.2 f 0.8 

Ni(I1) 

99.5 Ifr 0.7 
96.3 + 0.6 
99.6 + 0.5 
98.0 k 0.5 
82.0 k 0.8 

2.02 92.0 k 1.5 
3.02 100.0 * 2.0 
4.00 100.0 * 2.0 
5.06 100.0 * 3.0 
6.99 99.0 * 3.0 

PH Hg(II) 

2.01 0.0 
3.00 50.0 + 2.0 
3.97 23.0 k 1.9 
5.03 22.2 + 2.0 
7.00 28.0 + 3.0 

uptake as a function of pH is shown in Table 2 and 
also as broken lines in Figs. l-9. 

The elution with acid also regenerates the modified 
filter, making it ready for the next determination. No 
reduction of filter efficiency was observed, but as a 
precaution, the filter was changed after each ten or so 
passages. 

The metal uptake as a function of pH shows 
different types of behaviour (Figs. l-9): in particular, 
Hg(I1) is poorly retained, its maximum uptake being 
only about 50%. However, in all cases, the uptake is 
maximal at about pH 3. The capacity of the filter for 
the various metals at this pH was therefore deter- 
mined, by repeating the uptake experiment with 100.0 
ml of solution containing 100.0 ppm of metal. The 
results are given in Table 3. 

100 

0 

PH 
Fig. 1. Lead(I1). Experimental uptake on MIDA-filter 
(dotted line) and relative species distribution computed for 
solutions with C,, = 1.00 mg/l., C,,,, = 2.03 x 10m4M. 
The distribution curves in Figs. l-9 refer to: a, MeMIDA; 
b, Me(MIDA),; c, Me(MIDA)OH; d, MeOH; e, Me(OH), . 
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Fig. 2. Copper(U). See caption to Fig. 1. Fig. 5. Cadmium@). See caption to Fig. 1. 

In the pH range 3-5 the uptake from l.OO-ppm 
solutions was >90% for all the cations investigated, 
except Hg(II), and quantitative for Pb(II), Cu(II), 
Zn(I1) and Ni(I1). Similar results were obtained for 
these metals in mixtures at 0.100 ppm level (precon- 
centration factor equal to 100). 

The results suggest that the proposed procedure 
can usefully be employed when non-selective metal 
preconcentration is required. It is, in fact, impossible 

100 

$40 

,/----_ 
/ -. 

I 
-_ 

2 4 6 6 

PH 

Fig. 3. Magnesium(H). See caption to Fig. 1. 
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Cd 
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PH 

to separate them, even Hg(I1) which, though the least 
strongly retained, is still 50% sorbed. The method 
might also be very useful when removal or reduction 
of the total metal content is required. For this reason, 
it was of interest to evaluate the uptake behaviour of 
the modified material when the metal content of a 
sample was close to or greater than the average filter 
capacity. In particular, for practical application, it 
must be known whether the relative order of affinity 
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Fig. 6. Zinc(I1). See caption to Fig. 1. 
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Fig. 4. Calcium(I1). See caption to Fig. 1 Fig. 7. Cobalt(I1). See caption to Fig. 1. 
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PH 

Fig. 8. Nickel(II). See caption to Fig. 1. 

0 
2 4 6 6 

PH 

Fig. 9. Mercury(II). See caption to Fig. 1. 

of the filter for different cations (as evidenced by the 
different capacity values) remains the same when the 
metals are present at different concentrations in a 
mixture, especially when a less easily retained metal 
is present at higher concentration than the others. 
Some binary mixtures (100.00 ml) were therefore 
prepared, containing Pb(II), Cu(II), Ca(I1) and 
Mg(I1) in different concentration ratios: the choice of 

Table 4. Uptake from binary mixtures 
in saturation conditions for the chelat- 

ing filters 

Total amount, Uptake, 
Cation LJcg H 

Pb(I1) 2000 1300+4 
Cu(I1) 2000 660 * 2 
Pb(I1) 4000 1250 * 3 
Mg(II) 8000 390+ 1 
Pb(I1) 4000 137055 
Ca(I1) 4000 llO& 1 
Cu(I1) 4000 630 k 2 
Ca(I1) 4000 330 + 2 
Cu(I1) 2000 660 f 2 
Mg(II) 1000 200 * 1 
Ca(I1) 4000 310+_2 
Mg(II) 4000 240 + 1 

Ca(I1) and Mg(I1) as interferents was based on their 
frequent presence in appreciable concentration in real 
samples. Each mixture, brought to pH 3.00, was 
passed through the MIDA filter and the retention 
determined. The overall error was always within 
f 2%. The results are given in Table 4. Obviously the 
behaviour of the filter when its capacity is close to or 
less than the total metal concentration cannot be 
readily predicted. There is evidently competition be- 
tween the two metals for uptake by the filter, which 
readily becomes completely saturated, but the relative 
proportions of the metals sorbed depend on their 
concentrations as well as their affinity for the chelat- 
ing material. To express this quantitatively, the equi- 
librium in the system of the two metals in solution 
@I:+, M:+) and bound to the filter (M,-filter, 
M,-filter) must be taken into account: 

M*+ + M,-filter $ MS+ + M,-filter I (1) 

The concentrations in solution may correctly be 
expressed as molar concentrations, whereas the 
amounts bound to the filter can only be expressed in 
absolute terms, e.g., as the number of pmoles fixed 
(which is equivalent to assuming a fixed volume for 
the filter and the solution sorbed by it). The equi- 

Table 3. Maximum capacity of the uptake of the investigated metals on a MIDA- 
filter (for comparison purposes, the last column reports the data for IDA-filters) 

Cation 

Fixed Fixed 
for each for each Specific uptake on Specific uptake on 

filter, Error, filter, MIDA-filter, IDA-filter, 
w “/, flmole Lunolelg wale lg 

Pb(I1) 4.21 + 3.0 20.3 127 218 
Cu(I1) 1.07 - 16.9 106 202 
Mg(II) 0.51 f0.5 20.9 131 182 
Ca(I1) 0.70 t-4.3 17.5 109 105 
Fe(II1) 0.97 +4.5 17.4 109 109 
Co(I1) 0.50 -8.3 8.4 53 171 
Ni(I1) 1.12 -1.4 19.0 119 184 
Hg(II) 2.74 +2.5 13.6 85 88 
Zn(I1) 0.72 -0.1 11.0 69 157 
Cd(H) 1.99 -1.1 17.7 111 172 
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librium is therefore characterized by a constant K’ 
given by: 

K, _ [M:+] x pmoles M,-filter 

[M:+] pmoles M,-filter 

The K’ values for the mixtures investigated 
are listed in Table 5; they show the affinity 
sequence of the metal ions for the filter to be: 
Pb(I1) > Cu(I1) > Mg(I1) = Ca(II), which agrees with 
the results previously collected. No relationship was 
found between the K’ values found and those calcu- 
lated from the reported formation constants’S’2 for 
the metal-MIDA complexes in aqueous solution and 
the metal concentrations in the experimental solution 
and the ligand concentration evaluated for the lilter. 
The only conclusion which may be drawn from 
comparison of the calculated and experimental data 
is the genera1 evidence of enhanced co-ordinating 
ability of MIDA, when bound to the filter, and 
information on the uptake behaviour of the filter for 
mixtures of metals in amounts close to the filter 
capacity can only be obtained experimentally, under 
the conditions to be used for application of the 
information. 

A difference in the co-ordination behaviour of 
MIDA when in solution and when bound is also 
evidenced in Figs. l-9, in which per cent metal uptake 
from dilute solution is plotted us. pH. It is immedi- 
ately obvious that the uptake on the filter is very 
similar, irrespective of the stability of the 
metal-MIDA complexes in solution. 

To investigate this further, the complete com- 
position of the solution system was calculated by 
computer. An assumption had to be made in order to 
assign a molar concentration to the ligand bound on 
the cellulose. The amount of MIDA fixed on the filter 
cannot be evaluated by direct measurement and was 
assumed to be the number of pmoles of the metal ion 
for which the filter had the highest capacity, viz. 
Pb(I1). This assumption disregards the possible for- 
mation on the filter of complex species of different 
stoichiometry from that in solution. Anyway, in 
order to compare directly the experimental and the 
calculated behaviour, the predominant formation of 
the 1: 1 complex was presumed, in view of the pH 
range investigated. This number of pmoles was then 
regarded as present in the total volume of solution 
passed through the filter. In Figs. l-9 the continuous 

Table 5. K’ values evaluated for 
the equilibrium: Mf+ + M,-filter Z+ 

M:+ + M,-filter 

M, Ml K 

Pb(I1) Ca(II) 18.90 
Pb(I1) @(II) 8.87 
Pb(I1) Cu(I1) 3.82 
Cu(I1) Ca(I1) 2.09 
Cu(I1) M&II) 1.95 
Mg(II) Ca(II) 0.78 

2 4 6 

PH 

Fig. 10. Lead(II). Experimental uptake on MIDA-filter 
(dotted line) and computed uptake for various log /I values: 

a, 8; b, 12; c, 13; d, 14. 

lines represent the calculated behaviour. The 
differences between the experimental and calculated 
behaviour do not show a clear-cut trend for all 
the metal ions investigated, either for the pH of 
maximum uptake and/or the degree of uptake. The 
enhanced co-ordinating ability of MIDA groups 
when bound to cellulose is particularly important for 
those metal ions, e.g., Ca(II), which form less stable 
complexes in aqueous solution but are quantitatively 
fixed on the MIDA filter (at pH > 3.0). This result 
perhaps suggests that the retention mechanism in- 
volves ion-exchange as well as chelation equilibria. 

It seems reasonable, however, to assume that com- 
plex formation predominates and that the ligand has 
a much greater chelating ability when immobilized 
than when in solution. This could be regarded as 
simply the consequence of the much higher “concen- 
tration” of the ligand in the filter (cf: post- 
precipitation of zinc sulphide on mercuric sulphide in 
acid medium, because of the high surface concen- 
tration of adsorbed hydrosulphide ions). Alterna- 
tively, in an attempt to express this increased chelat- 
ing strength by an equilibrium constant, we used the 
same metal and ligand concentrations, stoichiomet- 
ries and formation constants of all the hydrolysed 
and complex species as before, except for the stability 
constant of the 1: 1 metal-MIDA complex, which was 
progressively increased until the distribution curve 
calculated from it fitted the experimental curve. Fig- 
ure 10 shows that in the Pb(II)-MIDA system at the 
concentrations indicated, a formation constant of 
about IO’* gave the best fit. Table 6 lists the values for 
the “observed” constants job0 found in this way: they 
are around 1Ou for all the metals showing a quan- 
titative uptake at pH N 3, and progressively decrease 
with decrease in uptake, down to the value for Hg(II), 
which is the least retained metal. 

The data in Table 6 suggest a kind of “levelling” 
of the chelating strength of the filter towards the 
different cations. The weaker the complex in aqueous 
medium, the greater is the levelling effect. 
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Table 6. Observed log Pot,, values 
for the uptake of cations on the 

MIDA-filter 

Cation 

Pb(II) 
Cu(I1) 
WII) 
Ca(I1) 
Cd(I1) 
Zn(I1) 
Co(I1) 
Ni(I1) 
I-WI) 

log Bobs 
13.0 
12.0 
11.5 
11.5 
12.5 
13.0 
11.5 
13.0 
10.5 

It may also be noticed that the values of the 
“observed” constants are generally intermediate be- 
tween those in aqueous solution for the MIDA and 
EDTA (ethylenediaminetetra-acetate) complexes. 
This might suggest that immobilization of the MIDA 
groups on cellulose could result in a molecular struc- 
ture resembling that of EDTA, with two MIDA 
molecules bound to cellulose in such a way as to 
resemble an EDTA molecule. This should favour 
chelation, but would correspond to predominant 
formation of a 1:2 complex. The hypothesis should 
also hold when the bound ligand is IDA. In fact the 
IDA filter previously studied’ also showed higher 
co-ordination power than IDA in solution. 

Furthermore, in aqueous solution MIDA generally 
forms stronger metal complexes than IDA does, but 
the metal capacities of an IDA-filter8 are higher than 
those reported here for a MIDA-filter (Table 3). If the 
suggested mechanism is indeed operative, with two 
IDA or MIDA molecules assuming a geometry and 
co-ordination behaviour similar to those of an EDTA 
molecule, the methyl group present in MIDA might 
induce a steric hindrance which would lower the 
chelating ability of the MIDA grouping relative to 
that of IDA, when attached to cellulose. Another 
possible reason for the lower chelating capacity of the 
MIDA filter could be the residual positive charge left 
on the nitrogen atom by the nucleophilic substitution 
reaction. Such a positive charge might, through elec- 
trostatic repulsion, hinder the fixing of metal cations. 

The variation in metal uptake as a function of pH 
may also be described, for a series of cations, with the 
aid of the Boba values. Because of the levelling effect, 
the behaviour can be plotted for a known concen- 
tration of any metal (for a given MIDA concen- 
tration on the filter) by using log Bobs = 13. 

If we now consider the competitive effect of a 
ligand present in the sample, we can expect a reduced 
uptake which may be described by use of a log fi& 
value computed to match the experimental behav- 

2 4 6 

PH 

Fig. 11. Computed uptake on MIDA-filter for the following 
conditions: C,, = 1.00 x 10-sM; C,,,, = 2.03 x 10-4M; 

log /i = a, 9; b, 10; c, 11; d, 12; e, 13. 

iour. Figure 11 shows, as an example, the behaviour 
computed for various log /3Abs values. 

The presence of a ligand in a metal solution may 
therefore be detected and characterized by a simple 
flow-through uptake experiment on the MIDA filter; 
the difference in uptake in the presence (log bAbs) or 
absence of the ligand (log bobs = 13) gives an index of 
the overall complexing ability of the ligand in the 
matrix solution, which arises from the combined 
effect of type and concentration of the ligand. Such 
information may be very helpful in order to charac- 
terize the different forms in which a metal is present, 
when used in conjunction with other techniques 
(e.g., ASV lability, uptake with chelating resins, 
ultrafiltration, etc.). 
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Summary-The photochemical syn-unti isomerization of 2-furaldehyde 2-pyridylhydrazone (FAPH) in 
ethanolic solutions has been investigated. A study of the infrared, visible and ultraviolet, and n.m.r. 
spectra of the two isomers was made. The syn-anti ratio at the photostationary state was determined. 
syn-FAPH scarcely reacts with metal ions but the anti-FAPH formed by irradiation gives sensitive 
reactions with several metal ions to form stable chelates. A photometric method for the determination 
of cobalt (0.025-1.0 pg/ml) in aqueous ethanolic medium (50% v/v) at pH 9.7 is described. A detection 
limit of 0.007 pg/ml and relative standard deviation of 0.5% were found. By consideration of the syn-unti 
ratio at the photostationary state, the stoichiometry of the chelate was determined. An application of this 
technique to determination of cobalt in environmental fume samples is also described. 

Hydrazones and azomethines, characterized by the 
grouping >C=N-N:, are extensively used for 
detection and determination of several metal ions’,2 
and many hydrazones are now commercially avail- 
able. This type of ligand often suffers photochemical 
transformation,L’4 resulting in instability and poor 
precision of the analytical measurements.‘s’g Al- 
though this effect can be alleviated by employing 
reduced slit-widths in the apparatus, operating with 
a great excess of ligand, or keeping the samples in the 
dark, study of the mechanism and the variables 
affecting the photo-lability of the ligand is advisable 
as an aid to improvement of the analytical character- 
istics of photometric and fluorimetric methods. 

However, this photochemical behaviour of the 
ligand could also prove to be a valuable advantage if 
it produces a favourable change in the chelate 
formed, and consequently improves the analytical 
characteristics of any quantitative application, such 
as the sensitivity, reproducibility or selectivity. 

Although the light-induced reactions of the 
carbon-nitrogen double bond have been the subject 
of investigations since the nineteenth century, this 
area of photochemistry has only recently been ex- 
posed to the wealth of techniques available to the 
modern investigator. 20.2’ Irradiation may lead to 
isomerization, phototropy, rearrangement, cyclo- 
addition, oxidation, hydrolysis, cyclization, photo- 
reduction or photo-alkylation.22 However, although 
other radiationless paths which maintain geometric 
integrity are also important, syn-anti isomerization 
has been found to provide the major route for 
deactivation of the excited imine state.23 

Because of the low thermal barrier between the two 
isomers,24 the photochemically induced shift in the 
isomeric equilibrium is frequently followed by rapid 
thermal relaxation which re-establishes the initial 

configurational equilibrium.22s2s This feature impedes 
the isolation of the isomers and complicates the 
photoisomerization studies. However, in the hy- 
drazone derivatives of aromatic aldehydes and 
ketones this barrier is high enough to prevent thermal 
interconversion. 

Photochemical isomerization of several hydrazones 
has been reported in the literature.>12 Recently, 
Costanzo et al. have studied the syn-anti photo- 
isomerization of two pyridylhydrazones, and estab- 
lished the mechanism of directI and sensitizedI 
photoisomerization. 

This paper deals with the light-induced trans- 
formation of 2-furaldehyde 2-pyridylhydrazone 
(FAPH) into the anti-isomer, which can be used as a 
complexing agent in the photometric determination 
of cobalt at trace levels. 

EXPERIMENTAL 

Apparatus 

A Shimadzu UV-240 Graphicord spectrophotometer was 
used to record spectra and a Beckman DU-2 instrument for 
measurements at fixed wavelength, with matched l.OO-cm 
silica cells. Infrared spectra (KBr disks) were recorded with 
a Beckman IR-4240 spectrophotometer. Nuclear magnetic 
resonance spectra were recorded for solutions in DMSO, 
with a Hitachi-Perkin Elmer R-24b spectrometer; tetra- 
methylsilane was used as internal reference. 

The light-source used for the irradiation was an Atom-70 
mercury vapour lamp (strongest line 365 nm). The irra- 
diation equipment consisted of a black box equipped with 
the mercury lamp, and the reaction cells were Pyrex stan- 
dard flasks (lowest limit of transparency 300 nm). The 
distance between radiation source and sample was 10 cm, 
and constant agitation was maintained during irradiation. 

Reagents 

syn-2-Furaldehyde 2-pyridylhydrazone was prepared as 
described previou~ly.*~ The anti-isomer was prepared, start- 
ing from the syn-isomer (1 x lo-‘M in ethanolic solution) 

967 
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Table 1. Ultraviolet data for the syn-anti conversion 

Solvent 

syn-band maximum anti-band maximum 
t* PP’ 

I, nm et min I, nm Et 

Dioxan 330 3.05 15 325 2.80 
Diethyl ether 328 3.25 15 324 3.02 
Chloroform 328 2.91 20 324 2.71 
Propanol 328 2.95 15 322 2.70 
Ethanol 328 3.25 15 322 2.85 
Methanol 326 3.10 15 321 2.85 

*Time to reach the photostationary state. 
t104 l.mole-‘.cm-i. 

by direct irradiation for 6 hr at 365 nm. It was isolated by 
HPTLC on silica gel (Merck 5719) with chloroform+thyl 
acetate mixture (3: 1 v/v) as eluent. The melting point of the 
syn-isomer is 133-134” and that of the anti-isomer 60-61”. 
The R, values are 0.35 and 0.50 for the syn- and anti- 
isomers, respectively. The isomers were characterized by 
their ultraviolet infrared, and n.m.r. spectra. 

syn-FAPH solution (1 x 10 _ ‘M, in absolute ethanol) was 
prepared daily and stored in the dark. A 0.1 M cobalt stock 
solution was prepared from cobalt chloride hexahydrate and 
standardized complexometrically. Working solutions were 
prepared by dilution with demineralized, distilled water. A 
buffer solution, pH 8.05, was prepared from 0.1 M boric acid 
and O.lM sodium hydroxide. 

Unless otherwise stated, the reagents were of analytical- 
reagent grade and used as supplied. Distilled, demineralized 
water was used throughout. 

Procedures 

Direct photoisomer2zatron. For direct photoisomerization 
the pure syn -isomer (2 x 1 O- 5M and 1 x 10 - 3M ethanolic 
solutions) was irradiated in standard flasks. The course of 
the reaction was followed by measuring the spectral changes 
at regular intervals of time at 45&250 nm. The photo- 
stationary state was considered to be reached when sub- 
sequent irradiation did not alter the spectra. The constant 
isosbestic point and a chromatographic analysis indicated 
that only one product was formed by irradiation, and no 
side-reactions could be detected. 

Spectrophotometric determination of cobalt. A volume 
of solution containing 0.625-2.225 pg of cobalt, 2 ml of 
1 x 10m3M irradiated ethanolic FAPH solution, 5 ml of 
pH-8.05 buffer solution and 10.5 ml of ethanol were trans- 
ferred to a 25-ml standard flask, and diluted to volume with 
demineralized water. The absorbance at 425 nm was mea- 
sured against a reagent blank. A graph or an empirical 
equation was used to convert absorbance into concen- 
tration. 

Procedure for environmental fume samples. Fume samples 
were collected in workshop environments according to the 
NIOSH Manual*’ as described previously.** An aliquot of 
the resulting solution was then treated according to the 
photometric procedure. 

RESULTS AND DISCUSSION 

Spectrometric studies 

The ultraviolet spectra of the syn- and anti-isomers 
of FAPH in six different solvents are reported in 
Table 1. syn-FAPH absorbs strongly at long Wave- 
lengths, as expected for a substituted hydrazone in 
which the planes of the two nitrogen-atom lone-pair 
orbitals are close to and interact with the extremities 
of the C=N bond n-orbital, so that their common 
axis is parallel to the C=N bond axis. 

r I \ 
0 cjH m I \ 

0 CiH 
II II 

SYn ant1 

Under direct irradiation syn-FAPH undergoes 
syn-anti isomerization. In the ultraviolet spectrum of 
the anti-isomer, the long wavelength band is shifted 
towards the blue and decreased in intensity. This shift 
is related to repulsion between the aryl groups. Table 
1 shows that the irradiation time needed to reach the 
photostationary state does not depend on the nature 
of the solvent. 

The spectra1 changes during the photo- 
isomerization of FAPH are shown in Fig. 1. syn- 

FAPH has its absorption maximum at 328 nm, 
(E = 3.25 x lo4 l.mole-‘.cm-‘) and anti-FAPH at 
322 nm, in the photostationary state (I,,, = 15 min, 
E = 2.85 x lo4 1 .mole-’ .cm-‘). The single isosbestic 
point (at 315 nm) indicates the presence of two 
related absorbing species. 

At pH > 4, the anti-isomer shows a blue shift of 6 
nm and de = -4.0 x lo3 l.mole~‘.cm-’ with re- 
spect to syn-FAPH. At lower pH values, the spectral 
shapes are identical for both isomers, perhaps be- 
cause of the formation of an intramolecular hydrogen 
bond between the lone-pair of the exocyclic nitrogen 
atom and the protonated ring-nitrogen atom. 

The n.m.r. spectra of the anti- and syn-isomers 
were measured at 60 MHz, and the various proton 
peaks have been assigned according to reported 
data for syn- and anti-isomers of several pyridyl- 
hydrazones and related compounds.30*3’ Proton 
n.m.r. has been used to elucidate structural isomerism 
involving restricted rotation, as in the present case. In 
previous studies, both the aldehyde and the 
a -hydrogen atoms syn - to the anisotropic group were 
deshielded (shifted downfield relative to the corre- 
sponding hydrogen atoms anti- to the anisotropic 
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Fig. 1. Spectral changes of FAPH upon irradiation: (a) [FAPH] = 2 x 10-sM; f,, curves 1-7; 0, 2, 5, 10, 
15, 25, 45 min. (b) [FAPH] = 1 x 10e3M; I, curves l-6; 0, 1, 3, 5, 6, 7 hr. 
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group). The most significant differences between the 
spectra of syn-FAPH and anti-FAPH are the anal- 
ogous chemical shift differences of the aldehyde hy- 
drogen atom (7.7 to 7.2 ppm) and the amine hydro- 
gen atom (10.9 to 9.9 ppm). The other hydrogens 
atoms appear to be unaffected (Fig. 2). 

The infrared spectra provide information about the 
relative configurations of two isomers, in that the 
N-H stretching vibration, at 3180 cm-’ in the 
syn-isomer, shifts to 3250 cm-’ in the anti-isomer. 
The higher frequency is due to steric compression of 

the cis NH and aryl groups, which approach each 
other in the anti configuration.‘4S32 The observed 
increases in the pyridine ring vibration frequencies 
also provided evidence for the syn and anti 
configurations (stretching, from 1460 to 1470 cm-‘, 
1340 to 1360 cm-‘). 

The reversibility of the photo-equilibrium implies 
that no hydrogen bond is formed between the NH 
group and the furan oxygen atom, since the blue 
shift observed in the conversion into the anti-isomer 
indicates the transformation of an almost coplanar 

I 1 I 1 I 1 I I 1 I 

10 8 6 4 2 0 

TMS ( ppm) 

Fig. 2. 60 MHz proton NMR spectrum of syn- and anti-FAPH at the photostationary state. Solvent: 
DMSO. H, and H, refer to the syn-isomer and Hi and H;, to the anti-isomer. 
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Table 2. Spectrophotometric data for the deter- 
mination of the syn-anti ratio 

I = 327 nm 1 = 337 nm 

a* A nux E* A nux 
syn -FAPH 3.22 0.560 3.00 0.440 
anti-FAPH 1.87 0.560 1.25 0.440 

*lo4 l.mole-‘.cm-‘. 

molecule into a non-planar one, with restricted con- 
jugation, whereas a hydrogen bond would confer 
rigidity and stabilize the structure. 

Determination of the syn/anti ratio in the photo- 
stationary state 

After irradiation, the syn- and anti-FAPH were 
separated from the mixture by silica-gel column 
chromatography with chloroform-ethyl acetate 
(57:25 v/v). The syn-anti concentration ratio was 
determined by n.m.r. and ultraviolet spectroscopy. 

The ratio of concentrations of syn-anti isomers in 
the mixture is equal to the ratio of peak areas for the 
relevant amine peaks in the n.m.r. spectrum. For the 
stationary state the composition was found to be: 
syn-FAPH = 29.4x, and anti-FAPH = 70.6%. 

The ultraviolet data from the isomers isolated by 
column chromatography showed the composition in 
the photostationary state to be: syn-FAPH = 32.2%; 
anti-FAPH = 67.8%. Table 2 summarizes the perti- 
nent data for ethanol solutions. 

Metal complexes 

FAPH appears to be a bidentate or terdentate 
ligand with a convenient steric arrangement of its 
donor groups, and contains a system of rc-electrons 
conjugated with the donor system. 

The reactions of the two isomers of FAPH with 45 

(a) 

Pd 

400 450 500 

X (nm) 

Table 3. Spectral data for the chelates formed by syn- and 
anti-FAPH 

syn -FAPH antr-FAPH 

Iz 
Ion max’ 

E nlaxr 1 maxi & Inair 

nm 10’1.mole~‘.cm~’ nm 1031.mole~‘.cm-’ 

Pd(I1) 430 11.2 425 16.0 
Ag(I) 400 7.5 400 8.0 
Cu(I1) 425 5.5 420 14.7 
Zn(I1) 425 1.7 410 1.2 
Au(II1) 400 6.2 400 6.7 
Ni(I1) - 410 9.0 
Co(H) - 420 13.2 

cations at various pH values were investigated qual- 
itively. The absorption spectra of the potentially 
useful complexes are shown in Fig. 3, and their 
analytical characteristics are summarized in Table 3. 
Only one fluorogenic reaction was detected; that of 
the syn-isomer with zinc in alkaline medium. 

The most interesting observation is that the anti- 
isomer gives two new stable chelates with nickel and 
cobalt. With a large molar excess of syn-FAPH 
(sixtyfold or more) in alkaline media, cobalt forms an 
unstable yellow complex and nickel an orange com- 
plex which fades rapidly. Figure 4 shows the spectra 
of syn- and anti-FAPH cobalt complexes obtained in 
two distinct photochemical situations. Curves 7-10 
were obtained by mixing syn-FAPH with cobalt and 
then exposing the mixture to sunlight. The increasing 
absorbance values at A,,,,, = 418 nm are consistent 
with the hypothesis that the syn-isomer is converted 
into the anti-isomer on irradiation. The A,,, values 
for the complexes range from 425 nm (syn-complex) 
to 418 nm (anti-complex). Curves l-6 were obtained 
by keeping the syn-FAPH-cobalt complex in dark- 
ness until the absorbance measurements were made. 
The absorbance was constant at A,,,,, = 425 nm and 
no transformation occurred. 

I I I 

400 450 500 

X (nm) 

Fig. 3. Absorption spectra of FAPH chelates in 50% aqueous alcohol solutions at an apparent pH of 
10.7; (a) syn-FAPH, (b) anti-FAPH. C, = C, = 8 x lo-‘M. 
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400 450 500 

A (nm) 

Fig. 4. Absorption spectra of the syn- and rm&FAPH- 
Co complexes. CR = I.1 x lo-‘M; CM = 1.7 X to-‘M; 

pH = 10.7. 

sytr-FAPH might act as a terdentate ligand be- 
cause the linear arr~gement of the furan oxygen, 
pyridine nitrogen and azomethene nitrogen atoms 
could give rise to two five-membered chelate rings. In 
the anti form, because of steric limitations, the tor- 
sion around the C=N bond would preclude electron 
donation by the oxygen atom and thus dictate 
the formation of only a single five-membered chelate 
ring involving the azometbene and pyridine nitrogen 
atoms. 

With syn-FAPH the oxygen atom distorts the 
terdentate chelate because of the delocalization of the 
unshared heterocyclic lone-pair, to create a very 
unstable chelate. 

In anti-FAPH, the oxygen atom does not par- 
ticipate as a donor atom so the chelates are not 
distorted. As a consequence, and surprisingly, the 
chelates with two five-membered rings are less stable 
than the chelate with one ~ve-rn~~r~ ring. 

It was principally the stability of the coloured 
complexes produced by the photogeneration of the 
anti-isomer that made them useful as analytical li- 
gands and, in turn, suggested this photometric 
method, in which the molar absorptivities are higher 
than with the analogous syn-isomer chelates. 

STUDY OF THE mf-FAF%-Co@I) COMPLEX 

Spectra of the complex 

Study of the pH-de~ndence of the complexation 
of anti-FAPH with cobalt(I1) showed that the yellow 
complex (A,,, = 418 nm) gave a constant absorbance 
at pH values above 9.0 (Fig. 5). For complete com- 
plexation, a lo-fold molar ratio of FAPH to Co(I1) 
was sufficient. The complex formed quickly and the 
colour remained stable for at least 4 hr. Slight 
variations in absorbance were found when the con- 
centration of ethanol in the medium was changed. 
Optimum results were obtained with 50% v/v 

6 8 30 i2 

PH 

Fig. 5. Absorbance-pH graph for the anti-FAPH-cobalt 
complex. CM = 2 x tO-SM; C, = 8 x IO-‘M. 

ethanol-water. The pH was adjusted to (an apparent) 
pH 9.7 by the addition of 5 ml of borate buffer 
solution, pH 8.05. 

The metal-to-ligand ratio in the complex was stud- 
ied under the recommended working conditions by 
the molar-ratio method. The method was applied to 
a series of cobalt solutions with a fixed concentration 
of 4 x IO-‘&f; and varied concentration of irradiated 
FAPH. A plot of absorbance vs. the molar ratio of 
FAPH:cobalt showed a break at 4: 1. If it is assumed 
that the absorbing species are formed by anti-FAPH, 
then the true metal-to-ligand ratio may be obtained 
by multiplying the total FAPH con~ntration by a 
conversion factor to give the real concentration of 
anti-FAPH. In the photostationary state, the fraction 
in anti-form was 69%, and the modified stoichi- 
ometry gives a metal-to-Iigand ratio of 12.76 (almost 
I : 3), which is to be expected because of the bidentate 
character of the anti-FAPH mentioned above, and 
the octahedral hexaco-ordinate nature of the cobalt 
ion. 

Spectrophotometric determination of cobalt with anti- 
FAPH 

Beer’s law was obeyed for O-I.0 rg/mi cobalt, and 
there was negligible blank absorbance. The molar 
absorptivity at &,,,, =418 nm is E = 4.70 x IO4 
l.mole-‘.cm-‘. The Ringbom plot shows the opti- 
mum cobalt range for accurate determination to be 
0.2-l .O fig/ml. 

The precision of the method was checked by 
measuring the absorbance of ten separate samples 
each containing 0.7 pg/mI cobalt. The relative error 
(P = 0.05) was 0.4”/,, and the relative standard devi- 
ation 0.5%. The contribution of between-batch vari- 
ation to the precision of the results was negligible. 
For between-day variation, triplicate measurements 
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Table 4. Characteristics of the analytical method 

s 
m& 

WA, Cl. (k = 3), co (k = lo), Linear dynamic 
Sb % nglml nglml nglml range, ng/ml 

0.002 0.0031 0.79 4 7 25 25-1000 

Table 5. Tolerance of foreign ions Application to real samples 

Tolerance ratio, 

Species added (x) 

Urea, acetate, thiocyanate 
I- 
Thiourea 
F- 
Tartrate 

[“%ol~ 

2.5 x lo4 
1.5 x lo4 

6x 10’ 
3x 10’ 
5x 102 

H,O,, ethylene glycol 
.%Of- 
NH; 
Ascorbic acid, triethanolamine 
Oxalate, Fe(III)* 
;;?I;; Cd(H), Zn(II), Cu(II)t 

Al(II1) 

3x lo* 
1.5 x lo* 

1 x 102 
50 
30 
15 
10 
3 

Agb), Mn(II), Hg(II), Ni(W§ 1 
EDTA, CN- 0.2 

*In presence of 2000 ppm fluoride. 
tin presence of 4000 ppm thiourea. 
§In presence of 60 ppm ammonia. 

Table 6. Determination of cobalt 
in environmental fume samples 

Cobalt present, pgglml 

Sample AAS Present method 

1 0.30 0.29, 
2 0.25 0.25, 
3 0.37 0.37, 

were made on each of ten days. All absorbances were 
within the range 0.555-0.565 (0.7 pg/ml Co). 

Sensitivity and limit of detection 

The sensitivity of the method is reported as the 
calibration sensitivity Sc (the slope of the calibration 
curve), and the analytical sensitivity S, = SC/s,, where 

s, is the standard deviation of the signal. Thus S,, is 
inversely related to the ability to distinguish a concen- 
tration difference. The limit of detection, CL, is that 
defined by IUPAC. 33 The limit of quantification,34 
Co, was used to establish the lower limit of the linear 
dynamic range. The values are given in Table 4. 

Interference study 

The effects of several potentially interfering ions on 
the determination of 0.7 pg/ml cobalt were examined 
over a wide range of concentrations. The interference 
criterion was a relative absorbance error of +2%. 
The main interferences could be reduced by using 
common masking agents (Table 5). 

This proposed procedure for cobalt determination 
was applied to environmental fume samples to evalu- 
ate its effectiveness. Table 6 summarizes the results. 
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Summary-The program SPOPT estimates stability constants /I,, and molar absorptivities ep4, of all 
light-absorbing species M,,L,H, by analysis of the absorbance-concentration (or absorbance-pH) curve. 
The program DCMINUIT estimates dissociation constants and molar absorptivities of protonated 
species. Both programs have been tested and compared with DCLET and LETAGROP-SPEFO for 
analysis of the overlapping equilibria of a triprotic acid. Computer plots of the residual-square-sum 
function are used to test the conditioning of parameters. Two approaches are made to formulation of the 
mathematical model, and several optimization algorithms are tested to find a reliable minimization 
procedure. The accuracy of ill-conditioned parameters is shown to be dependent on the precision of the 
absorbance measurements. General rules for investigation of A-pH curves are recommended. 

The analysis of the absorbance-pH curve for a 
polyprotic acid to determine dissociation constants 
and molar absorptivities is not a straightforward 
procedure. In the application of regression analysis 
attention must be paid to formulation of a suitable 
mathematical model for the system and to the choice 
of an efficient minimization subroutine and min- 
imization strategy. The precision of the spec- 
trophotometric data should be as high as possible, 
especially for evaluation of ill-conditioned parame- 
ters. It must be discovered which parameters are 
well-conditioned and which ill-conditioned, and 
finally, criteria must be chosen to characterize the 
reliability of parameter estimates, and to terminate 
the minimization process. 

This paper considers all these problems, warns 
against unthinking application of regression analysis, 
and suggests general rules for use of regression 
procedures to obtain reliable estimates of dissociation 
constants and molar absorptivities. Four regression 
programs are discussed, viz. DCLET,’ LETAGROP- 
SPEFO* and two new programs, SPOPT and 
DCMINUIT in which several minimization sub- 
routines and two formulations of the residual-square- 
sum function are available. The A-pH curve for a 
triprotic acid involving one overlapping protonation 

Part VII--Talanra, 1985, 32, 171. 

equilibrium is analysed and the reliability of the 
computer treatment is assessed. 

THEORY 

Structure of the regression programs used 

Our “old” regression program DCLET,’ Sill&n’s 
LETAGROP-SPEFO,* and our new programs 
SPOPT and DCMINUIT, were modified to have 
nearly the same structure (Fig. l), as previously 
described for the ABLET regression system. 

SPOPT AND DCMINUJT 

The RESIDUAL-SQUARE-SUM block 

The regression analysis of spectrophotometric data 
to provide molar absorptivities and stability con- 
stants for the individual absorbing species requires 
the minimization of the residual-square-sum function 

U = i wX4xp.t - A,d2 (1) 
,=I 

where hp., is the measured absorbance at a given 
wavelength for given concentration of the three main 
components M, L and H, for the equilibria 

pM+qL+rH+M,L,H, (2) 

973 
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RESIDUAL-SQUARE-SUM 

Mass-balance equations 

Recurrent equation 

Defines mathematical model 

INPUT 

User specifies 

mathematical 

model and minimization 

routine 

TEST OF FIT 

ERROR ANALYSIS 
DATA SIMULATION 

\ MASTER 

(Main program) 

MINIRIZATION 

derivative and 

non-derivative Curve fitting 

Response surface 

ADDITIONAL SUBROUTINES 

Fig. 1. Functional blocks of the program SPOPT. 

with stability constants 

Bpqr = ~M,LqH,I/(~MIP~Llq~Hl’) (3) 

If J species absorb at the given wavelength, the 
absorbance A of the solution (in a cell of path-length 
d cm) is given by 

A = d $ ew,,, [M,LqH,I, 
,=I 

(4) 
,=I 

where cpqr., is the molar absorptivity of thejth species 
and [MpLqH,], the free concentration of this species4*5 
and the mass-balance equations for the three basic 
components are given by 

c,=[M]+pS 

CL = [L] + qs 

cH = [H] + rS 

U is assumed to be a second-degree function 
unknown parameters in (m + 1) dimensional 

(6) 

(7) 

(8) 

ofm 
(and 

hence parametric) space, m being sufficient for calcu- 
lation of a position for the minimum. Parameters are 
estimated by optimization in the multiparametric 
space in which values are given for absorbance and 
concentrations, and stability constants and molar 
absorptivities are adjusted by the computer. 

(5) 

There are two approaches to the formulation of U 
in the SPOPT program, corresponding to two 
different ways of determining A,,,,. The first is a 
general method based on equation (4), in which an 
adjusted set of stability constants and molar absorp- 
tivities, and free concentrations of the components 
[M] and [L] are calculated ([H+] is known from pH 
measurement), and hence A,,c. This version of 
SPOPT is referred to as SPOPT(MB) (mass-balance 
equation approach). In the second, the A-pH curve 
for a mononuclear acid is written with the assump- 
tion that base L is protonated to form the various 
forms LH,, LHr, . . . , LH,, etc. of the mononuclear 
acid LH,. As discussed previously, the equation for 
the absorbance-pH curve may be written as 

In the expression (rlog a,,+ + log po,J, the con- 
ventional activity pH scale may be used and the 
protonation constants /IO,, may be expressed as a 
function of the mixed stepwise dissociation constant 
K., = a,+[LH,_ ,]/[LH J and so 

rhaH++hPo,,= ~PK,,,-~PH (10) 
,=I 

This version of SPOPT is referred to as SPOPT(DC) 
(recurrent equation of the A-pH curve for dis- 
sociation constants determination). 
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DCMINUIT also contains a residual-square-sum 
function formulated by use of equations (9) and (10). 
Both SPOPT(DC) and DCMINUIT determine dis- 
sociation constants pK,., and SPOPT(MB) deter- 
mines stability constants or protonation constants 

log l&r. 

The MINIMIZA TIO N block 

Regression analys$ finds estimates for the un- 
known parameters p,, and Zppll, by minimizing the 
difference between the experimental and calculated 
data. The general problem is to find the best values 
of parameters &,,, and cpq ,,,, j = 1, J, for which U 
is minimal. Here, Acxp,, is a measured absorbance 
for the ith point and A,,,, is calculated from 
A cak , =f(pH, 2 3 w” Zpq,), where pH is known as an 
experimental quantity. The non-linear estimation 
problem is really simply a problem of optimization in 
the parameter space in which the A and pH values are 
known and the b and E values are the variables. The 
function U must have its minimum at a point where 
either (i) all derivatives aU/a/I, are zero (j = 1, J), (a 
stationary point), or (ii) some derivatives alJ/a/I, do 
not exist (a cusp), or (iii) the point 8, is on the 
boundary of the allowed region (an edge point). 
When it is realized that there may be any number of 
stationary points, cusps and edge points, all of which 
may be arbitrarily hard to find by simple sampling of 
the function value, the whole problem begins to 
appear hopeless unless some simplifying assumptions 
are made. The usual simplification consists of aban- 
doning the attempt to find the global minimum and 
being satisfied with a local minimum for which the 
parameters have a physical meaning. 

There are 30 minimization algorithms in the 
SPONA routines library,6 and these may be divided 
into derivative and non-derivative routines. All may 
be called by SPOPT. If in the search for a minimum 
of U, the partial derivatives of U with respect to the 
parameters must be calculated, then the method is 
classified as derivative; otherwise, it is termed non- 
derivative. 

Derivative methods used and selected for mention 
here are the Steepest Descent Method,’ Gradient 
Method’ and the Conjugate Gradients Method;9 
the Grid Method,“’ the Simplex Method” and 
Rosenbrock’s Method” represent the non-derivative 
methods. However, the user is free to use any other 
minimization routine in the SPONA library.6 

DCMINUIT incorporates three different min- 
imization methods from the MINUIT regression 
system,13 each of which may be used alone or in 
combination with the others, depending on the be- 
haviour of U and on the requirements of the user. 
First, a Monte Carlo searching non-derivative 
subroutineI may be used at the beginning of a 
minimization when no reasonable initial value for the 
parameters can be guessed, or when it is suspected 
that there are several minima. Second, the Nelder and 
Mead non-derivative simplex method” is “safe” and 

fast when far from a minimum, and may also be used 
to converge to the exact minimum. Third, a derivative 
method developed by Fletcher” is extremely fast near 
a minimum or in any “nearly-quadratic” region, but 
slower if U is badly behaved. It uses the partial first 
derivatives of U, calculated either analytically or 
numerically. The program employs some “global” 
logic; if one method fails, the other is automatically 
caused to make another attempt. In addition, the 
minimization can be guided or separated into steps by 
the input data, which may cause a variable parameter 
to be fixed at a constant value or restored to variable 
status between minimization steps. 

The ERROR ANALYSIS block 

This block finds estimated confidence intervals for 
the parameters. The partial first derivatives of U for 
the estimates of the parameters may be calculated 
analytically or numerically for all the A-pH points. 
The square roots of the diagonal elements of the 
covariance matrix are the estimated errors, or stan- 
dard deviations, of the parameters. 

DCMINUIT also prints the correlation coefficients 
between the parameters (represented by the 
off-diagonal elements), and the global correlation 
coefficient for a given parameter, which is the cor- 
relation between it and that linear combination of the 
other parameters most highly correlated with it.13 

The FITNESS TEST block 

This test-of-fit block contains the STATS sub- 
routine;16 its function has been already described.‘s3 

The DATA SIMULATION block 

This block contains the random error generator in 
the RANDOM subroutine, and also the additional 
subroutines SIMUL and NORAND.‘,” It calculates 
a simulated A-pH curve by addition of generated 
random errors to the calculated precise values of 
absorbance for given pH values. 

The user may select values for the errors in the 
parameters and for the instrumental error of 
the spectrophotometer. Then, for given values 
of the independent variable pH, the precise values 
of the independent variable A are calculated. Each 
precisely calculated point is then transformed into a 
simulated “experimental” one by addition of a 
random error having Gaussian distribution. The 
actual distribution of errors generated is then tested, 
and four statistical moments, Pearson’s Chi-Square 
testI and the Hamilton R-factor testI are applied. 

The FREE CONCENTRATIONS block 

This block calculates for each experimental point 
the free concentrations [M] and [L] from the current 
set of stability constants &,, the chemical com- 
position of the solution and the stoichiometric 
coefficients pqr of each species, and given value of 
[H+]. Subroutines COGSNR and CCSCC are used. 
CCSCC is a “book-keeping” routine of COGSNR, 
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which is used in SCOGS*’ to evaluate free concen- 
trations of species by the Newton-Raphson method. 

The ADDITIONAL SUBROUTINES block 

This block contains subroutines for format-free 
reading of integers (READI) and reals (READR).3 

0666 

0534 

n 

The INPUT block 

This contains subroutine DATA which reads the 
experimental data, the independent variable, pH, the 
dependent variable, Aexp, and does some preliminary 
calculations.22 The measured values of pH,,, are 
corrected for any deviation of the glass electrode 
from Nernstian slope (WK), for any difference in 
temperature from 298.16 K (WT), and for the liquid- 
junction potential correction in pH units (WW). WZ 
is pa,,+ for the standard buffer solution used for 
calibration. 

175 337 499 661 823 965 

PH 

pH,,, = [(pH,,, - WZ) x 59.16 
x WT/(WK x 298.16)] 

Fig. 2. Experimental A-pH curve for 7-(carboxyphenyl- 
azo)-8-hydroxy-quinoline-kulphonic acid measured by ex- 
ternal titration, with spectrophotometer VSUZ-G (Zeiss, 
Jena, GDR). Experimental conditions: c, = 4.18 x lo-jM, 
1 = 540 nm, path-length 0.998 cm, I = 0.1 (NaClO, + 

Na,PO, + HCIO, + EDTA), 25”. 

+ WZfWW (11) 

The OUTPUT block 

This prints the parameter estimates and their stan- 
dard deviations, and a printer-plotting subroutine 
PLOTT2’ makes a graph of experimental and calcu- 
lated A-pH curves. A graph of U as a function of 
parameter values in the region of the pit may be 
plotted by DIGIGRAPH equipment to allow in- 
vestigation of the conditioning of the parameters in 
the U function.23 Computer-drawn plots of the hyper- 
paraboloid response surface (1 - U) as a function of 
any two chosen parameters are of great assistance in 
deciding whether parameters are ill-conditioned. 

As an example, the absorbance-pH curve of 7- 
(3-carboxyphenylazo)-8-hydroxyquinoline-5-sulpho- 
nit acid24 (I) illustrated in Fig. 2, was analysed by the 
regression program SPOPT(MB). A shortened out- 
put appears in Table 1. Since cL, pK,,, cLH and cLHa are 
well-conditioned in mathematical model (4), a graph- 
ical representation of the hyperparaboloid, simplified 
for two parametric co-ordinates (m = 2) in (m + l)- 
dimensional space shows a well-developed minimum 
U In,“. In Fig. 3 this appears as a maximum of 
(1 - U,,,). The shape of the hyperparaboloid for the 
ill-conditioned parameters is a rather flat-bottomed 
saucer; this pit cannot be improved and also cannot 
be reached by any minimization method (Figs. 4-6). 

Computation 

The computations were done with an EC 
1033 (500 K) computer and the DCLET,’ 
LETAGROP-SPEF0,2 DCMINUIT, SPOPT, 
SQUAD(84),26,27 and FA608 + EY60825 programs in 
the Computing Centre of the College of Chemical 
Technology, Pardubice, Czechoslovakia. 

The search for true estimates of the parameters, 
then, cannot give a certain answer, and no method is 
able safely to find a pit in U. Careful choice of a 
minimization subroutine and strategy is necessary, 
because some algorithms will fail, some will lead 
quickly to the global minimum, and others will 
terminate at local minima in dependence on the initial 
guesses for the parameters. 

DISCUSSION Choice of minimization algorithm 

Identification of ill-conditioned parameters 

The reliability of any estimates of ill-conditioned 
parameters depends on the choice of minimization 
method. The refinement of parameters should lead to 
a minimum, preferably local rather than global, for 
which the parameter values have physical meaning. 
In the analysis of the absorbance-pH curve of a 
triprotic acid, for example, the seven parameters Ed, 
eLH, pK,,, sLHZ, pK,,, cLHjr pK,, have to be estimated. 
If ) pK,, - pK,, _ , ( > 3 the protonation equilibria do 
not overlap, but when 1 pK,, - pK,, _ ,I < 3, overlap 
does occur. 

From the 30 minimization algorithms included 
in SPOPT (265 K) three derivative and three 
non-derivative methods were selected. The non- 
derivative method LETAG from DCLET’ (82 K), 
LETAGROP-SPEFO’ (240 K) and three minimiz- 
ation methods of DCMINUIT (150 K), were com- 
pared with selected algorithms of SPOPT. 

The derivative Gradient8 method and the non- 
derivative Grid,” Rosenbrockr2 and Simplex” 
methods of SPOPT and the derivative Fletcher 
methodI of DCMINUIT, are algorithmic in nature 
and readily find the global minimum, U,,,,, = 
3.60 x 10e4 (Table 2). The derivative Steepest 
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Table 1. Non-linear regression of the experimental A-pH curve of (I) by algorithmic 
minimization by the Gradient method* of the SPOPT(MB) program; the free concentrations 

of the protonated species are expressed as percentages of the total con~ntration q. 

Minimization terminated at I!/_ = 3.60 x low4 with s(A) = 0.00352 

Estimated values of parameters: 
EPS(L) = 3290 f 52 
EPS(LH) = 573 1 f 8 1 
PKAl = 7.34 + 0.06 
EPS(LH2) = 7028 f 181 
PKA2 = 3.96 + 0.08 
EPS(LH3) = 16706 + 18 
PKA3 = 2.73 + 0.08 

i poti A 
UP 

A cak Residual IL], % [LH], % ILHJ, % ILH& % 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

1.565 0.6600 0.6721 -0.0121 
1.750 0.6660 0.6594 0.0066 
1.817 0.6530 0.6536 -0.0006 
2.000 0.6400 0.6336 0.0064 
2.058 0.6310 0.6259 0.00.51 
2.244 0.5930 0.5963 -0.0033 
2.500 0.5470 0.5436 0.0034 
2.550 0.5300 0.5319 -0.0019 
2.750 0.4830 0.4828 0.0002 
2.788 0.4710 0.4732 - 0.0022 
2.956 0.4280 0.4318 -0.0038 
3.000 0.4200 0.4214 -0.0014 
3.185 0.3820 0.3807 0.0013 
3.250 0.3660 0.3678 -0.0018 
3.364 0.3500 0.3474 0.0026 
3.518 0.3270 0.3239 0.003 1 
3.772 0.2950 0.2945 0.0005 
4.000 0.2730 0.2761 -0.0031 
4.082 0.2720 0.2709 0.0011 
4.369 0.2570 0.2574 - 0.0004 
4.872 0.2450 0.2455 -0.0005 
5.569 0.2380 0.2393 -0.0013 
6.266 0.2320 0.2320 0.0000 
6.691 0.2220 0.2210 0.0010 
6.750 0.2200 0.2188 0.0012 
7.056 0.2050 0.2047 0.0003 
7.295 0.1920 0.1912 0.0008 
7.500 0.1800 0.1792 0.0008 
7.740 0.1640 0.1665 -0.002s 
8.000 0.1550 0.1558 - 0.0008 
8.072 0.1530 0.1534 -0.0004 
8.250 0.1470 0.1486 -0.0016 
8.464 0.1440 0.1446 - 0.0006 
8.915 0.1400 0.1401 -0.0001 
9.316 0.1400 0.1385 0.001s 
9.855 0.1400 0.1378 0.0022 

0.00 0.03 7.18 92.80 
0.00 0.07 10.58 89.36 
0.00 0.09 12.13 87.79 
0.00 0.19 17.36 82.45 
0.00 0.24 19.35 80.41 
0.00 O‘S2 26.83 72.66 
0.00 1.37 39.42 59.21 
0.00 1.64 42.06 56.31 
0.00 3.24 52.45 44.31 
0.00 3.66 54.31 42.03 
0.00 6.10 61.54 32.35 
0.00 6.92 63.10 29.98 
0.00 11.36 67.65 20.99 
0.00 13.34 68.39 18.27 
0.00 17.38 68.53 14.08 
0.00 24.01 66.41 9.57 
0.01 37.52 57.82 4.64 
0.02 51.14 46.62 2.21 
0.03 56.02 42.29 1.66 
0.08 71.49 27.87 0.57 
0.30 88.76 10.87 0.07 
1.63 96.00 2.36 0.00 
7.77 91.78 0.45 0.00 

18.36 81.49 0.15 0.00 
20.49 79.38 0.13 0.00 
34.28 65.67 0.05 0.00 
47.50 52.48 0.02 0.00 
59.20 40.79 0.01 0.00 
71.60 28.39 0.00 0.00 
82.11 17.89 0.00 0.00 
84.41 15.59 0.00 0.00 
89.08 10.92 0.00 0.00 
93.03 6.97 0.00 0.00 
97.42 2.58 0.00 0.00 
98.96 1.04 0.00 0.00 
99.70 0.30 0.00 0.00 

Statistical analysis of residuals: 
Residual mean = 7.658-10 
Mean residual = 0.00214 
Standard deviation = 0.003 16 
Skewness = - 1.023 
Curtosis = 7.336 
Pearson’s Chi* = 4.00 
Hamilton R-factor = 0.008302 

CPU time (see) = 1505.9 

Descent’ and Conjugate Gradients9 methods are Generally, since algorithmic procedures lead mostly 
algorithmic in nature, but did not reach the to the global minimum, heuristic minimization is used 
global minimum and terminated at the local to allow the computer “to keep processing” near a 
minima U,,, = 4.76 x 10m4 and U,,, = 4.013 x 10e4. local minimum which has a physical meaning and is 
LIZTAG and LETAGROP,* and the algorithm supported by a preliminary graphical analysis. The 
MINUIT13 allow use of both heuristic (trial-and- local minimum may correspond to a higher value of 
error) and algorithmic minimization processes. U than the global value. The test for degree of fit 

I-AL 32/f&D 
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usually cannot help much, because that achieved for 
the local minimum seems to be nearly the same as 
that for the global one. 

To test the algorithms selected, the initial guesses 
of parameters from graphical analysis were Em = 
3300, eLH = 5800, pK,, = 7.3, .sLHZ = 9800, pK,, = 
3.3, &LHl = 16800, pK,, = 2.55. The routines of 
SPQPT(DC) were applied several times with different 
sets of initial guesses and most led to the same global 
minimum, U,,, = 3.60 x 10m4. This global minimum 
was also reached when mass-balance equations 
were used in the residual-square-sum function of 
SPGPT(MB) (Table 1). 

In DCMINUIT, global logic was used (Table 2, 
Combination, ALGOR.); when one of the three 
minimization methods fails, another automatically 
makes another attempt. Minimization was guided by 
user’s commands from data and three minimization 
routines of MINUIT” were used (Table 2, Combina- 
tion, HEURIST.). The algorithmic strategy leads to 
the global minimum obtained with SPOPT, but the 
heuristic strategy terminates at another local min- 
imum, U,,, = 4.31 x 10-4. 

DCLET’ uses the heuristic strategy of LETAG,3 
and gave a local minimum of U,,,,, = 4.58 x 10m4. A 
combined strategy (i.e., heuristic followed by algo- 
rithmic) gave better refinement of the parametric 
values and a slightly better fit was achieved, 
U,,,,, = 3.67 x 10-4. 

LETAGROP-SPEFO* has a heuristic trial-and- 
error strategy totally under control of the user. 
Values for the minimization steps of all the par- 
ameters to be refined must be supplied, and good 
initial guesses are required to avoid divergence of 
the iterative process. Here, a local minimum of 
U,,, = 3.82 x 10e4 was achieved, with a good fit to 
the curve, and the parameter estimates had a physical 
meaning. 

Because the four programs terminate with refined 
estimates that differ in value, the user must decide 
which program to choose as the best for getting 
reliable parameter estimates. It would be useful to 
classify the various regression algorithms in applica- 
tion. Two approaches were used: (1) comparison with 
results of analysis of A-pH curves, (2) study of 
simulated data. 

For comparison, 23 absorbance-pH curves for 19 
wavelengths were analysed by the FA608 + EY608 
program;25 the results were pK,, = 7.32 + 0.03, 
pK2 = 3.28 + 0.03, pK,, = 2.60 + 0.02 with s(A) = 
0.0030.24 SQUAD(84)*’ gave pK,, = 7.332 + 0.066, 
pK,, = 3.206 &- 0.173, pK,, = 2.503 + 0.294 with 
s(A) = 0.0022. The absorbance matrix for 19 wave- 
lengths gives more information about the pro- 
tonation equilibria studied, so the estimates of the 
constants should be more accurate than those found 
by an analysis at one wavelength only. The results 
found from the absorbance matrix appear to be in 
agreement with the parameters corresponding to the 
local minimum. 

To select reliable algorithms for analysis of A-pH 
curves, simulated data were investigated. 

Modelling absorbance-pH curves by use of simulated 
data 

The use of simulated A-pH data allows the anal- 
ysis of real experimental data to be tested in a 
situation where the parameters are known. Such 
modelling serves (i) to test whether each parameter is 
ill-conditioned or well-conditioned in the mathe- 
matical model in question, (ii) to examine the 
influence of the instrumental error of the spec- 
trophotometer on the precision and accuracy of the 
parameter estimates, and (iii) to find a reliable min- 
imization routine which, for a similar shape of experi- 
mental A-pH curve, will give the best parameter 
estimates in the shortest time. 

“True” values of seven parameters were chosen 
to correspond roughly to the experimental par- 
ameters for (I): eL = 3300, eLH = 5800, eLHl = 9800, 
sLH, = 16800, pK,, = 7.3, pKa2 = 3.3 and pK,, = 2.6. 
The instrumental error, s,,,,(A) was taken as 0.003. 
For set pH values, 35 absorbance values were calcu- 
lated precisely, then loaded with random errors. The 
random errors had a normal distribution with the 
mean approximately zero, the standard deviation of 
the mean 0.003, the mean error 0.003, skewness 
0, curtosis 3 and a Pearson Chi-Square value of 
12.60 for 6 degrees of freedom and 0.95 significance 
level. These errors appear to be Gaussian in nature 
(Table 3). 

In the analysis of the simulated A-pH curve, 
the minimization was started either with a bad 
initial guess (ar = 6000, eLH = 8000, pK,, = 8.2, .aLH2 
= 12000, pK,, = 3.7, eLH, = 20000, pK,, = 3.0) or a 
good initial guess (the corresponding values being 
3300, 5800, 7.3, 9800, 3.3, 16800, 2.6). 

The Conjugate Gradients algorithm’ of 
SPOPT(MB) found the best estimates of all seven 
parameters either by the recurrent equation method 
or by formulation on the basis of the mass-balance 
equations (Tables 3 and 4). 

The hyperparaboloid response surface shows that 
three parameters, eLH2, pK,, and pK,,, are ill- 
conditioned, because the minima are broad and 
indefinite (Figs. 3-6). They cannot be determined 
accurately or precisely. The last U-contour (the “D 
boundary”) may be expressed as the supercurve 
U = U,,,,, + s*(A), so the standard deviation in each 

parameter b, is defined by the expression s(b,) = 
max(b, - b,,,,,), which is the maximum difference 
between the value for bi at any point on the “D 
boundary”, and the value for 6, at the minimum. 
The standard deviations for the ill-conditioned par- 
ameters s(.sLH,), s@K,,) and s(pK,,) have significantly 
greater values than those for the well-conditioned 
parameters. Because the response surface resembles a 
flat-bottomed saucer, there is a large amount of 
uncertainty in the location of the pit. 
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Table 3. Non-linear regression of a simulated A-pH curve by the Conjugate 
Gradients algorithm9 of SPCFHDC), with s...+(A) = 0.003 

True values of parameters 
EPS(L) = 3300 
EPS(LH) = 5800 
PKAI = 7.3 
EPS(LH2) = 9800 
PKA2 = 3.3 
EPS(LH3) = 16800 
PKA3 = 2.6 

i PH A,,,,, Error 

Estimated values of parameters 
3275 f 30 
5811 k 13 
7.3 * 0.03 

9851 f 2716 
3.3 f 0.31 

16776 f 52 
2.60 0.19 f 

A ev A cd Residual 

1 1.450 0.68248 - 0.00222 0.6803 0.6817 -0.0014 
2 1.610 0.67426 -0.00100 0.6733 0.6735 - 0.0002 
3 1.770 0.66294 0.00350 0.6664 0.6622 0.0042 
4 1.930 0.64766 - 0.00286 0.6448 0.6471 - 0.0023 
5 2.090 0.62756 0.00030 0.6279 0.6272 0.0907 
6 2.250 0.60200 - 0.00244 0.5996 0.6018 - 0.0022 
7 2.410 0.57084 0.00188 0.5727 0.5708 0.0019 
8 2.570 0.53472 0.00111 0.5358 0.5349 0.0009 
9 2.730 0.495 14 0.00138 0.4965 0.4955 0.0010 

10 2.890 0.45434 - 0.00242 0.4519 0.4549 - 0.0030 
11 3.050 0.41474 - 0.00043 0.4143 0.4155 -0.0012 
12 3.210 0.37850 0.00287 0.3814 0.3794 0.0020 
13 3.370 0.34704 -0.00251 0.3445 0.3479 -0.0034 
14 3.530 0.32099 0.00657 0.3276 0.3219 0.0057 
15 3.690 0.30027 -0.00226 0.2980 0.3010 - 0.0030 
16 3.850 0.28433 0.00165 0.2860 0.2851 0.0009 
17 4.010 0.27239 0.00288 0.2753 0.273 1 0.0022 
18 4.170 0.26363 0.00119 0.2648 0.2642 0.0006 
19 4.330 0.25730 0.00057 0.2579 0.2579 0.0000 
20 4.490 0.25276 0.00018 0.2529 0.2533 -0.0004 
21 4.580 0.25081 -0.00352 0.2473 0.2514 -0.0041 
22 4.670 0.24919 -0.00365 0.2455 0.2497 - 0.0042 
23 4.760 0.24784 0.00005 0.2479 0.2484 -0.0005 
24 4.850 0.24672 -0.00416 0.2426 0.2473 - 0.0047 
25 5.235 0.24347 0.00169 0.2452 0.2440 0.0012 
26 5.620 0.24109 0.00356 0.2447 0.2417 0.0030 
27 6.005 0.23772 0.00380 0.2415 0.2384 0.003 1 
28 6.390 0.23112 0.00215 0.2333 0.2321 0.0012 
29 6.775 0.21846 0.00297 0.2214 0.2198 0.0016 
30 7.160 0.19856 0.00250 0.2011 0.2002 0.0009 
31 7.545 0.17584 -0.00138 0.1745 0.1770 - 0.0025 
32 7.930 0.15779 -0.00138 0.1564 0.1582 -0.0018 
33 8.315 0.14715 -0.00116 0.1460 0.1468 - 0.0008 
34 8.700 0.14194 -0.00258 0.1394 0.1412 -0.0018 
35 9.085 0.13963 0.00161 0.1412 0.1387 0.0025 

Statistical analysis of 
random errors: 

Error mean = 2.41E-04 
Mean error = 0.002 18 
Standard deviation = 0.00255 
Skewness = 0.471 
Curtosis = 2.437 
Ch? (6, 0.95) = 5.46 
Hamilton R-factor = 0.00660 

Statistical analysis of 
residuals: 

Residual mean = - l.l4E-04 
Mean residual = 0.00203 
Standard deviation = 0.00246 
Skewness = -0.041 
Curtosis = 2.482 
Ch? (6, 0.95) = 4.09 
Hamilton R-factor = 0.00633 

To test whether a model represents the data ade- 
quately, the residuals are analysed. These should be 
randomly distributed about the predicted regression 
curve, and systematic departures from randomness 
indicate that either the model or the parametric 
estimates are not satisfactory. To analyse the re- 
siduals, their statistics are compared with the statis- 
tics of the imposed random errors; it is checked 
whether both distributions are Gaussian in nature, 
and whether the errors agree in magnitude and/or 
sign. The degree of fit of the curves in Table 4 is good 

enough, so the minimization process is assumed to 
have terminated successfully. Table 4 also shows how 
the instrumental error of absorbance affects the pre- 
cision and accuracy of the parameter estimates, other 
things being equal. 

Errors in absorbance cause systematic errors in the 
parametric estimates: the relative systematic error of 
the parametric estimates e,,(bJ depends on the instru- 
mental error s,,,,(A) approximately according to 
e&b,) = q + ks,,,,(A). The intercept q and slope k 
were calculated for seven parameters from the data of 



Table 4, and found to be 
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Parameter 6, 
Intercept q 

&LH P&l &LH2 PK, &LH, P& 

-0.0164 0.0093 -4.9550 1.1236 - 0.0998 2.1967 
Slope k 195.79 29.45 92.18 6464.50 - 1513.8 34.88 -2367.34 

The higher values of the slope for the three ill- 
conditioned parameters .sLHI, pK,, and p&r illustrate 
the greater importance of absorbance precision for 
accuracy of these estimates. Thus, for elucidation of 
overlapping equilibria, only high-precision data are 
suitable. Application of non-linear regression to im- 
precise data is very likely to lead to false values for 
the parameter estimates. 

Tables 5 and 6 list the methods that did not fail, 
and which terminated reasonably quickly, selected 
from 15 derivative and 15 non-derivative algorithms 
of SPOPT, two of DCMINUIT, one of DCLET’ and 
one of LETAGROP-SPEFO.’ Derivative algorithms 
were tested with the use of good and bad initial 
guesses, but the non-derivative ones with just bad 
guesses. Good initial guesses were used in order to 
find a true minimum for comparison with any min- 
imum found from a bad initial guess. 

and ill-conditioned parameters had nearly the 
same magnitude: e&& = 0.4x, rEl@Kn2) = 0.2x, 
e,,(pK,,) = 0.1% for the ill-conditioned and e,&_) 
= 0.8x, erel(sLH) = O.l%, and e&zLHJ = 0.4% for the 
well-conditioned parameters. Starting from a bad 
initial guess the algorithms found the same estimates 
as before only for the well-conditioned parameters. 
The relative systematic errors of the ill-conditioned 
parameters were about 10 times greater than 
those for the well-conditioned ones: e,.&nJ = lo%, 
e,,(pK,Z,) = 3.4% and e&p&J = 2.7%. 

Starting from a good initial guess, the lowest value 
of U,,,,, (2.086 x 10e4, perhaps representing a global 
minimum) was found by the Gradient and 
Rosenbrock methods. Close to this was 
U,,,,, = 2.093 x 10m4, found by the Steepest Descent, 
Conjugate gradients and Grid methods. 

With good guesses, the relative systematic errors 
of the estimates found for the well-conditioned 

Figure 7 demonstrates that well-conditioned par- 
ameters are not loaded by significant systematic 
errors, but the broader confidence interval for esti- 
mation of the ill-conditioned parameters indicates 
some uncertainty in the estimates. 

The statistical analysis of the residues in Tables 5 
and 6 shows that a good fit was achieved by most of 
the algorithms. The mean residual and its standard 
deviation are less than sin&t) = 0.003. The Hamilton 
R-factor is O&0.7%. From a mathematical point of 
view, a satisfactory fit indicates that the parameter 
estimates have been refined sufficiently. 

Table 4. Non-linear regression of the simulated A-pH curve by the derivative Conjugate Gradients 
algorithm9 of SPOPT(DC); data are simulated for various instrumental errors of the absorbance, s,,,(A); bad 

initial guesses of the parameters were used 

s,..,U ) 0.000001 0.0005 0.001 0.002 0.004 0.006 

Error mean 

Mean error 
Standard deviation 
Skewness 
Curtosis 
Pearson’s Ch? 
R-factor 

EPS(L) = 3300 
EPS(LH) = 5800 
PKAI = 7.3 
EPS(LH2) = 9800 
PKA2 = 3.3 
EPS(LH3) = 16800 
PKA3 = 2.6 

1.4OE-7 6.98E-5 1.40E-4 2.79E-4 5.58E-4 8.37E-4 
8.69E-7 0.00043 0.0009 0.0017 0.0035 0.0052 
9.71E-7 0.00049 0.0010 0.0019 0.0039 0.0058 
0.561 0.561 0.561 0.561 0.561 0.561 
1.689 1.689 1.689 1.689 1.689 1.689 
9.57 9.57 9.57 9.57 9.57 9.57 
3.OE-6 0.00125 0.0025 1 0.00501 0.01002 0.01502 

3300 3303 3307 3314 3325 3339 
5800 5801 5801 5802 5806 5809 
7.30 7.30 7.31 7.31 7.32 7.34 
9800.5 10191 9859 10453 12326 12854 
3.30 3.26 3.20 3.24 3.09 3.06 
16800 16800 16791 16790 16812 16816 
2.60 2.57 2.60 2.55 2.38 2.31 

u mm 

Ml 

Residual mean 
Mean residual 
Standard deviation 
Skewness 
Curtosis 
Pearson’s Chi2 
R-factor 

2.93E-11 7.308-6 
l.OOE-6 0.00051 

3.00E-5 
0.00103 

1.81E-4 
0.00205 

4.67E-4 
0.00408 

l.O5E-3 
0.00613 

- 8.29E-3 1 - 3.06E-7 1.28E-6 -5.9lE-6 6.85E-6 - 6.27E-6 
8.448-7 0.00042 0.0008 0.0017 0.0033 0.0050 
9.15E-7 0.00046 0.0009 0.0018 0.0037 0.0055 
0.158 0.141 0.185 0.154 0.154 0.147 
1.574 1.578 1.598 1.588 1.599 1.599 
11.86 8.66 14.14 11.86 10.03 8.66 
0.00000 0.00118 0.00237 0.00473 0.00942 0.01413 

CPU time (set) 150.02 411.44 173.98 305.42 159.46 279.52 
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Table 6. Non-linear regression of the simulated A-pH curve by various non-derivative minimization algorithms of 
SPOPT(DC), DCMINUIT, DCLET and LETAGROP-SPEFO; the process was started with bad initial guesses of the 

narameters 

Program SPOPT(DC) DCMINUIT DCLET SPEFO 

Algorithm 

EPS(L) = 3300 

EPS(LH) = 5800 

PKAl = 7.30 

EPS(LH2) = 9800 

PKA2 = 3.30 

PKA3 = 2.60 

Grid 

3259 
k 28 
5807 
+ 13 
7.33 

f 0.026 
9840 

k 2543 
3.30 

f 0.29 
16784 
f 50 
2.60 

+ 0.18 

Simplex Rosenbr. Simplex LETAG-alg. 

2573 
+ 34 
5128 
+ 43 
8.35 

* 0.02 
8733 
&31 
3.56 

f 0.00 
15818 

*0 
2.98 

+ 0.00 

3413 
f 141 
3276 
k 832 
7.93 

f 0.97 
5826 
+ 13 
7.41 

+ 0.14 
16694 
f 25 
2.83 

* 0.004 

3259 
+ 28 
5803 
& 14 

7.336 
f 0.026 

8945 
f 2334 

3.41 
f 0.34 
16773 
f 45 
2.66 

f 0.14 

3331 

*5 
5805 

f 12 
7.315 

f 0.0146 
11243 
f 20 

3.109 
f 0.008 
16791 
+ 29 

2.486 
f 0.008 

LETAG-comb. LETAGROP 

3322 
f 15 
5787 

+3 
7.325 

f 0.003 
7823 

*l 
3.63 

f 0.00 
16741 

ILO 
2.72 

3324 
*41 
5755 
f 59 
7.32 

f 0.22 
5842 
& 23 
5.84 

f 0.22 
16668 
f3l 
2.83 

f 0.22 f o.oooo 
U(O) 0.774 0.774 0.773 0.771 0.773 0.773 0.173 
U,,, (terminated) x lo4 2.093 2.608 2.086 2.638 195.7 2.647 3.191 

Residual mean - 1.63E-6 -2.58E-5 4.064E-9 -2.OlE-5 -6.92E-5 2.04E-5 - 3.99E-11 
Mean residual 0.0020 0.0020 0.0020 0.0025 0.0021 0.0025 0.0026 
Standard deviation 0.0024 0.0027 0.0024 0.0027 0.0023 0.0027 0.0030 
Skewness 0.076 0.566 0.789 0.121 -0.498 0.316 0.188 
Curtosis 2.438 3.836 2.416 1.595 1.773 1.855 1.630 
Pearson’s Ch? 2.26 9.11 1.34 8.20 25.11 10.49 9.11 
R-factor 0.00630 0.00704 0.00629 0.00708 0.06099 0.00709 0.00779 

CPU time (set) 545.2 330.5 530.2 97.0 83.3 90.9 446.8 

CONCLUSIONS 

To determine ill-conditioned parameters in an 

overlapping equilibrium system, an efficient min- 

I I I 

-5 0 5 10 

e,,, (h) 

Fig. 7. Relative systematic errors of seven parameter esti- 
mates refined by the five minimization algorithms (Tables 5 
and 6, from top to bottom) Steepest Descent, Fletcher, 
Conjugate Gradients, Grid and Rosenbrock methods. The 
positions of the parameter estimates and corresponding 
standard deviations are plotted on a relative percentage 

(1) Formulate a suitable mathematical model. 
(2) Choose and test (by use of simulated data) a 

minimization algorithm suitable for safe deter- 
mination of ill-conditioned parameters. 

(3) Set up computational conditions such as pa- 
rameter limits, minimization steps, residuals statistics 
for best parametric estimates, an efficient min- 
imization strategy and a termination criterion for the 

algorithm selected. 
scale. (4) Analyse the experimental A-pH curve. 

imization routine is needed, which is safe, fast, and 
able to find true estimates of the parameters. Study 
of the effects of instrumental error shows that data of 
the highest precision should be used; otherwise, esti- 
mates of the ill-conditioned parameters are not accu- 
rate enough. A criterion for determination of the 
minimization process should be decided with the use 
of a simulated data set. 

Diagnostic tools such as (i) graphical inter- 
pretation of the hyperparaboloid response surface, in 
parametric co-ordinates, (ii) examination of the de- 
gree of fit by statistical analysis of the residuals, (iii) 
comparison of the calculated parametric estimates 
with the preselected true values, (iv) comparison of 
the statistics of the imposed errors with those of the 
residuals, (0) the size of the standard deviations 
calculated from the last U contour (D boundary), 

help in the examination of the conditioning of para- 
meters in a particular model, and to determine the best 
minimization strategy, the termination criterion, etc. 

The following procedure is recommended for re- 
gression analysis. 
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SPECTROPHOTOMETRIC, DIFFERENTIAL PULSE 
POLAROGRAPHIC AND DIFFERENTIAL PULSE 

VOLTAMMETRIC MONITORING OF THE CHEMICAL 
DESTRUCTION OF THE ANTI-TUMOUR 

PHARMACEUTICALS 6_MERCAPTOPURINE, 
6-THIOGUANINE AND MELPHALANE 
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Sununary-A new method has been developed for the destruction of 6-mercaptopurine, 6thioguanine and 
melphalane in laboratory waste, based on oxidation of these substances by potassium permanganate in 
sulphuric acid medium. To study the effectiveness of the decontamination, spectrophotometric and 
differential-pulse polarographic methods have been developed for the determination of 6-mercaptopurine 
and 6-thioguanine and spectrophotometric and differential-pulse voltammetric methods for melphalane. 
These techniques have been employed to demonstrate that the effectiveness of the proposed method is 
around 99.8%. Its usefulness for the destruction of various types of expired pharmaceuticals has been 
demonstrated. 

Pharmaceuticals that have been successfully used in biological materials. This method is sufficiently sensi- 
the treatment of various types of tumours include tive and selective but is demanding on time and 
6-mercaptopurine (I), 6-thioguanine (II) and mel- requires complex instrumentation. Thus the simpler 
phalane (III). 

SH SH 

N<l p k i 
l-i 

It is well known’ that thiopurines inhibit the syn- 

HOOC-CH-CH, 

II 

thesis of DNA and RNA and have been used success- 
fully in the treatment of acute leukaemia.* Mel- 
phalane is an alkylation agent used in the treatment 
of various types of tumours.3 Because of their ability 
to interact with genetic material in the cell, all these 
substances have mutagenic or carcinogenic proper- 
ties. Thus work with these substances yields biologi- 
cally harmful waste materials, and glassware and 
instruments become contaminated. As part of a 
systematic study of methods for the destruction of 
chemical carcinogens on a laboratory scale, this work 
considers the oxidation of these substances with 
permanganate in sulphuric acid medium, which has 
been found to be useful for carcinogenic aromatic 
amines. Simultaneously, a sufficiently sensitive 
method was sought for monitoring the effectiveness 
of the destruction. Reversed-phase high-pressure 
liquid chromatography has been used for the deter- 
mination of 6-thioguanine%’ and melphalaneE,9 in 

1 .= \--/ ‘CH,CH,CI 

NH2 

m 

and faster spectrophotometric and differential-pulse 
polarographic or voltammetric determinations of 
these substances were developed, to monitor the 
effectiveness of the destruction. 

EXPERIMENTAL 

Potentiometric titrations were done with a Radiometer 
ABUl/TlTl automatic titrator, a platinum indicator elec- 
trode and saturated calomel reference electrode. Polar- 
ization curves were measured with a PA2 polarographic 
analyser (Laboratomi piistroje, Czechoslovakia). Polaro- 
graphic measurements were made with a dropping mercury 
electrode (m = 5.77 mg/sec and t = 2.05 set at h = 36 cm 
in O.lM KC1 medium at an applied potential of 0 V). 
Voltammetric measurements were made by use of an 
RDE 1 rotating-disc electrode with a glassy-carbon active 
surface, 3 mm in diameter (Laboratomi piistroje). Both 
types of measurements were made with a three-electrode 
system involving a platinum auxiliary electrode and satur- 
ated calomel reference electrode. Spectrophotometric 

987 
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measurements were made with a Pye-Unicam PU8 800 
instrument and l-cm cuvettes. 

Reagents 

Solutions of 6-mercaptopurine and 6-thioguanine (both 
lo-‘M) and melnhalane (lo-*M) in O.lM suhihuric acid 
were prepared by dissolving precisely weighed amounts of 
the pure substances provided by the International Agency 
for Research on Cancer, Lyon, France. All other chemicals 
used (KMnO,, H,SO,, FeSO,, Na,P,O,, Na,SO, and zinc 
powder) were of p.a. purity (Lachema, Brno). Water was 
distilled twice in quartz apparatus. 

Procedures 

Time-dependence of the oxidation of the studied substances 
with permanganate. A 1 .OO-ml portion of the sample solution 
was transferred into the titration vessel, together with 1.00 
ml of 0.025M potassium permanganate and 1 ml of 2M 
sulphuric acid. After time t, 5 ml of O.lM manganese(H) 
sulphate and 3 g of solid sodium pyrophosphate deca- 
hydrate dissolved in 10 ml of 2M sulphuric acid were added. 
After 5 min, the pyrophosphate complex of manganese(II1) 
was determined potentiometrically by titration with O.OlM 
iron(I1) sulphate. A blank was run simultaneously and the 
consumption of the oxidizing agent in equivalents per mole 
of studied substance was found from the difference between 
the sample and blank titrations. 

Spectrophotometric determination of unreacted 
Gmercaptopurine and Gthioguanine. A lO.O-ml portion of 
lo-‘M solution of the studied substance was mixed with 5.0 
ml of 0.025M potassium permanganate and 5.0 ml of 2M 
sulphuric acid. After 12 hr, 200 mg of zinc powder were 
added and the solution stirred for 1 hr. Unreacted zinc was 
filtered off with a porosity-4 sintered-glass filter funnel and 
10.0 ml of the filtrate were spiked by five successive addi- 
tions of 50 ~1 of 10m4M solution of the studied substance, 
the spectrum in the region 20&400 nm being recorded for 
the unspiked filtrate and again after each addition. 

Spectrophotometric determination of unreacted mel- 
phalane. A procedure analogous to that described above was 
followed but because of the lower molar absorptivity of 
melphalane in 0.5M sulphuric acid, lo-‘M solution was 
used for the standard additions. Higher sensitivity was 
attained with a medium of pH 3. The pH of 10 ml of the 
filtrate was adjusted to 3.0 + 0.1 with 2M sodium hydroxide; 
lo-)M melphalane was used for the standard additions and 
the dilution of the filtrate with the sodium hydroxide 
solution was allowed for in the calculations. 

If a yellow colour is formed as a result of localized 
oxidation of manganese(I1) by atmospheric oxygen during 
the neutralization, it must be removed by addition of a small 
amount of zinc powder. 

Determination of unreacted 6-mercaptopurine and 
6-thioguanine by d@erential-pulse polarography (DPP). Ten 
ml of 10e3M solution of the studied substance were mixed 
with 5 ml of 0.025M potassium permanganate and 5 ml of 
2M sulphuric acid. After 12 hr, the unreacted permanganate 
was reduced by addition of 5 ml of O.lM sodium sulphite, 
and 7.0 ml of the solution were transferred to the polaro- 
graphic vessel and deaerated by passage for nitrogen for 
15 min, then the DPP curve was recorded, for a drop time 
of 1 set, a polarization rate of 5 mV/sec, a modulation 
amphtude of 50 mV, mercury reservoir height of 36 cm and 

sensitivity of 100 nA/cm. Then five successive additions of 
35 ~1 of lo-‘M solution of the studied substance were made. 
the DPP curve being recorded after each. 

Determination of unreacted melphalane by differential pulse 
voltammetry. Twenty ml of IO-‘&f melnhalane were mixed 
with 10 mcof 0.025-M potassium permanganate and 10 ml 
of 2M sulphuric acid. After 12 hr, 200 mg of zinc powder 
were added and the solution was stirred for 1 hr. Undis- 
solved zinc was filtered off with a porosity-4 sintered-glass 
funnel. The filtrate was transferred to the voltammetric 
vessel and its anodic DPV curve was measured by the use 
of a glassy-carbon disc electrode rotating at 2000 rpm, 
polarization rate of 5 mV/sec, modulation amplitude 12.5 
mV, I-see interval between pulses and sensitivity 50 nA/cm. 

Destruction of expired pharmaceuticals. 6-Thioguanine 
was studied by using a product containing 1.5 mg of the 
active substance and 10 ml of 5% dextrose solution. The 
6-mercaptopurine product contained 10 mg of the substance 
and 10 ml of 5% dextrose solution. Ten ml of 6M sulphuric 
acid were added to the test solution, followed by 2 g of solid 
potassium permanganate in small amounts (the solution has 
a tendency of foam after addition of permanganate). The 
solution was left to stand overnight with stirring. 

For spectrophotometric determination of the degree of 
destruction, 1 g of zinc powder was added to the solution, 
the mixture was stirred for 1 hr, then the solution was 
filtered through a porosity-4 frit. The spectrum of the filtrate 
was recorded, then six successive 50-~1 additions were made 
of a solution containing 1.5 mg of 6-thioguanine or 10 mg 
of 6-mercaptopurine in 20 ml of 3M sulphuric acid, the 
spectrum being recorded after each. The efficiency of de- 
struction was calculated from the absorbance values at 323 
nm for 6-mercaptopurine and 343 nm for 6-thioguanine. 

RESULTS AND DISCUSSION 

It follows from the dependence of the consumption 
of oxidant on time (Table 1) that extensive oxidation 
of the studied substances occurs, involving destruc- 
tion of the aromatic system. It might be expected that 
the substances would be oxidized to form carbon 
dioxide, sulphur dioxide and ammonia, requiring 18 
equivalents of oxidant per mole of 6-mercaptopurine 
and 16 equivalents per mole of 6-thioguanine. The 
somewhat higher values obtained can be explained 
by assuming decomposition of the reagent, catalysed 
by the manganese dioxide formed, and this cannot 
be completely compensated for by the blank. The 
efficiency of the decomposition was also studied by 
determining the unreacted substance. 

The substances could be directly determined 
spectrophotometrically because of their intense ab- 
sorbance in the ultraviolet region of the spectrum 
(Figs. 1 and 2). In OSM sulphuric acid, for 
6-mercaptopurine I,,, = 323 nm and a323 = 1.93 x lo4 
1 .mole-’ .cm-‘, for 6-thioguanine &, = 343 nm and 
&343 = 2.09 x lo4 l.molee’.cm~’ and for melphalane 

Table 1. Time-dependence of the oxidation of the studied substances with 
permanganate 

Substance 

Consumption of reagent at time t, eq/mole 

0.25 hr 0.50 hr 1 hr 2 hr 6 hr 

6-Mercaptopurine 13.9 14.0 14.1 16.5 17.5 
6-Thioguanine 17.8 17.9 18.4 18.8 21.2 
Melnhalane 23.6 25.5 26.9 28.2 32.7 
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(a) 

(b) 

010 

200 3co 4cxl 

nm 

a 10e4M solution of the substance studied. 

Fig. 1. The spectrophotometric determination of unre- 
acted 6-mercaptopurine (a) and 6-thioguanine (b). 
(1)--S x 10-6M solution of the studied substance in 0.5M 
H,SO,, (2~solution after decomposition, to 10 ml of which 
were added: 50 (3), 100 (4), 150 (5), 200 (6), 250 (7) ~1 of 

J,,,,,=260 nm and sZM)= 1.20 x lo3 l.mole-‘.cm-‘. 
It follows from Fig. 1 that the concentrations of 
6-mercaptopurine or 6-thioguanine after destruction 
are lower than that corresponding to the first stan- 
dard addition, viz. 5 x lo-‘M (50 ~1 of 10e4M solu- 
tion added to 10 ml). As the initial concentration of 
the test substance was 5 x 10p4M, at least 99.9% was 
destroyed by this method. It appears from the ab- 
sorbance value at 260 nm for melphalane in OSM 
sulphuric acid (Fig. 2a) that the concentration after 
the destruction reaction is comparable with that 
resulting from the fifth standard addition, viz. 
2.5 x 10e5M, corresponding to 95% destruction of 
the initial concentration of 5 x 10m4M. However, the 
molar absorptivity of melphalane strongly depends 
on acidity (Table 2), so the determination was 
modified as described above. It follows from Fig. 2b 
that the concentration of melphalane after the de- 
composition reaction is lower than that correspond- 
ing to the first standard addition, 5 x 10-6M (50 ~1 
of 10m3M solution added to 10 ml). Hence at least 
99% of the melphalane was destroyed. 

It is apparent from these results that spectro- 
photometry is sufficiently sensitive for monitoring 
the efficiency of the destruction process. The method 
is not very selective, but a large number of those 
substances that would interfere under the given 
conditions would also be oxidized by permanganate. 

(a) 

200 3ccl 400 

“In 

solution of the substance studied. 

Fig. 2. Spectrophotometric determination of the unreacted 
melphalane in 0.5M H-SO, (a) and in a medium at pH 3 (b). 
(I)--solution after decomposition, to 10 ml of which were 
added: 50 (2), 100 (3) 150 (4) 200 (5), 250 (6) ~1 of a lOerA 

As it is useful to have more than one independent 
method available for monitoring the destruction of 
chemical carcinogens, the use of differential-pulse 
polarography (DPP) and voltammetry (DPV) was 
also studied. The very sensitive DPP determinations 
of 6-mercaptopurine and 6-thioguanine” and the 
DPV determination of melphalane” were therefore 
modified so that they could be used to monitor the 
efficiency of the decomposition of these substances 
(see experimental section). In 0.5M sulphuric acid, 
6-mercaptopurine yields a DPP recording with 1 peak 
at -0.96V vs. -SCE (Fig. 3a) and 6-thioguanine 
yields 2 peaks at -0.96 V and - 1.11 V vs. SCE 

(Fig. 3b). It is also apparent from Fig. 3 that the 
concentrations of both substances after the decom- 

Table 2. Dependence of the molar 
absorptivity of melphalane at 260 

nm on acidity 

IH$W 6, 
IO’ l.mole-‘.cm-’ 

0.001 15.0 
0.01 11.6 
0.1 2.92 
0.2 1.56 
0.3 1.06 
0.4 0.80 
0.5 0.63 
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(a) 
6 

5 

4 

-E(mV) 

lb) 
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Fig. 3. Differential pulse polarographic determination of 
unreacted 6-mercaptopurine (a) and 6-thioguanine (b). The 
individual curves correspond to the solution after decom- 
position (l), to 7 ml of which were added: 35 (2), 70 (3), 105 
(4), 140 (5), 175 (6) ~1 of a 10e3M solution of the substance 

studied. 

position are much lower than that corresponding to 
the first standard addition, (5 x 10e6M; 35 ~1 of 
lo-)M solution added to 7 ml), and can be esti- 
mated as w 10m6M. For an initial concentration of 
5 x 10m4M, this corresponds to 99.8% destruction, in 
good agreement with the result of the spectrophoto- 
metric measurements. 

w 600 600 

E ImV) 

Fie. 4. The differential pulse voltammetric determination of 
mzphalane. The indivihual curves correspond to the solu- 
tion after decomposition (l), to 40 ml of which were added: 
80 (2), 160 (3), 240 (4), 320 (5), 400 (6) ~1 of lo-‘M 

melphalane. 

It is apparent from Fig. 4 that, under the given 
conditions, DPV of melphalane at a glassy-carbon 
rotating-disc electrode yields a well developed peak at 
a potential of about +0.88 V US. SCE. It can also be 
seen that the concentration after degradation is lower 
than that corresponding to the first standard addi- 
tion, 2 x 10m6M (80 ~1 of lo-‘M solution added to 
40 ml). For an initial concentration of 5 x 10m4M, 
this corresponds to 99.6% destruction. This pro- 
cedure was repeated with 10e2M melphalane, 0.2M 
potassium permanganate and 1 g of zinc powder, 
with additions of 20,40, 60, 80 and 100 ~1 of 10e2M 
melphalane. At least 99.8% of the substance was 
destroyed under these conditions. 

It was found that this method can also be used 
to decompose a solution of the test substance in 
dimethylformamide or dimethylsulphoxide. In this 
case 50 mg of the substance were dissolved in 5 ml 
of dimethylformamide or dimethylsulphoxide and 
mixed with 40 ml of 3M sulphuric acid and 0.3 g of 
solid potassium permanganate. The solution was left 
to stand overnight, 0.5 g of zinc powder was added 
and the mixture stirred for 1 hr. The bleached 
solution was filtered through a porosity-4 sintered- 
glass funnel and the unreacted substance determined 
by DPP for 6-mercaptopurine or 6-thioguanine 
and DPV for melphalane. (The spectrophotometric 
method cannot be used in the presence of dimethyl- 
formamide or dimethylsulphoxide because of their 
absorbance in the ultraviolet region.) At least 99.5% 
destruction was attained under these conditions. 

Finally the usefulness of this method for the de- 
struction of expired pharmaceutical products consist- 
ing of 6-mercaptopurine or 6-thioguanine in 5% 
dextrose solution was studied. The dextrose is also 
oxidized, so a larger excess of permanganate must be 
used. The procedure described gave 99.9% destruc- 
tion for both 6-mercaptopurine and 6-thioguanine. 

The method can therefore be used to destroy the 
solid substances, solutions of these substances in 
water or mineral acids as well as in solvents miscible 
with water and not reacting with permanganate, and 
in expired pharmaceutical products. The solution in 
solvents immiscible with water or reacting with per- 
manganate should first be evaporated in a vacuum 
evaporator and the solid residue oxidized with per- 
manganate. It is useful that the effectiveness of the 
method can readily be monitored by the spectro- 
photometric or electrochemical techniques described. 
The instrumentally more demanding HPLC tech- 
nique has to be used only when the sample contains 
interferents that are not oxidized by permanganate. 

The residues of degradation of 6-mercaptopurine 
and 6-thioguanine have been tested for mutagenicity 
with Salmonella typhimurium strains TA 1535, TA 98 
and TA 100. No mutagenic activity could be de- 
tected.‘* With melphalane, mutagenic activity of the 
residues has been found with the TA 100 and TA 
1535 strains.‘* Therefore, a search for a more suitable 
method for destruction of melphalane will continue. 
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SHORT COMMUNICATIONS 

INDIRECT SPECTROPHOTOMETRIC DETERMINATION 
OF SILICATE 
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Department of Chemistry, California State Polytechnic University, Pomona, California 91768, U.S.A. 

(Received 4 April 1984. Revised 11 April 1985. Accepted 24 May 1985) 

Summary-An indirect spectrophotometric method has been developed for trace determination of silicate 
in aqueous samples. The silicate is converted into silicomolybdic acid and extracted into a mixture of 
I-butanol and butyl acetate. The silicomolybdic acid is then decomposed with sodium hydroxide and the 
molybdenum(V1) reduced to molybdenum(II1) with a Jones reductor, followed by reoxidation to 
molybdenum(V1) with iron(II1). The resulting iron(I1) is complexed with ferrozine, and the absorbance 
of the complex measured at 562nm. In this manner, submicroamounts of silicate can be determined. 

Most methods for determination of microamounts of 
silicate are based on conversion into silicomolybdic 
acid and separation of this from isopolymolybdates 
by extraction with organic solvents. The silicon 
content is then determined by measurement of the 
absorbance of the yellow silicomolybdic acidI or its 
blue reduction product. Several reducing agents have 
been used, such as I-amino-2-naphthol-4-sulphonic 
acid,2,5 stannous chloride,6 hydroquinone,’ and 
sodium sulphite.* 

Various methods have been used to overcome 
interference by phosphate. One approach is to add 
citric,’ tartaric,” or oxalic acid” following formation 
of the heteropoly acids, to destroy the phospho- 
molybdic acid (silicomolybdic acid is thermo- 
dynamically slightly less stable than phosphomolyb- 
die acid, but is kinetically protected by its very slow 
rate of reaction with these acids). Other approaches 
include sequential extraction,12 control of the acid- 
ity,” use of differences in the rate of formation of 
heteropoly acids,14 and precipitating the phosphate as 
ferric phosphate.15 

Small amounts of silicate have also been deter- 
mined indirectly by polarography’6*‘7 and by atomic- 
absorption.‘8,‘9 

In the method described in this paper, silicate is 
first converted into silicomolybdic acid, which is then 
selectively extracted into a mixture of I-butanol and 
butyl acetate. After evaporation of the organic sol- 
vent, the complex is dissolved in alkali, and molyb- 
denum(V1) is reduced to molybdenum(II1) by Jones 
reductor. The molybdenum(II1) is reoxidized with 
iron(II1) to molybdenum(V1) and the resulting 
iron(I1) is determined as the iron(IItferrozine com- 
plex by measuring the absorbance at 562 nm. In 
this manner, submicroamounts of silicate have been 
determined. 

*Author for correspondence. 

Apparatus 
EXPERIMENTAL 

All spectrophotometric measurements were made with a 
Cary 118 spectrophotometer. The pH of solutions was 
determined with an Orion Model 12 pH-meter. Small 
amounts of reagents were weighed with a semimicrobalance. 
All glassware was washed with 6M hydrochloric acid and 
rinsed with distilled water. 

Reagents 

All chemicals were either of analytical or primary 
standard grade and used without further purification. All 
solutions were made with distilled or demineralized water. 

Stock standard silicate solution. Prepared by dissolving 
0.2131 g of sodium silicate, Na,SiO,.9H,O, in 100 ml of 
distilled water, standardized titrimetrically,2” and stored in 
a polyethylene container. Working solutions were prepared 
daily by diluting the stock solution. 

Molybdate solution. Prepared by dissolving 1 .OOO g of 
sodium molybdate. Na?MoO,. 2H,O, in 100 ml of distilled 
water, and stored in a polyethylene container. 

Iron(II2) solution, 0.003M. Prepared by dissolving 0.1446 
g of ferric ammonium sulphate If-hydrate in about 50 ml 
of demineralized water plus 0.5 ml of concentrated 
perchloric acid and 0.2 ml of concentrated nitric acid, 
heating until perchloric acid fumes appear, cooling, and 
diluting to 100 ml with demineralized water. 

Ferrorine solution, O.OIZM. Prepared by dissolving 0.6125 
g of ferrozine, 3-(2-pyridyl)-5,6-bls(4-phenylsulphonic 
acid)-l,2,4,-triazine monosodium salt monohydrate (Hach 
Chemical Co., Ames, IA). in 100 ml of demineralized water. 

Jones reductor. Made by taking enough 2&30-mesh zmc 
to occupy 7-8 cm of a 50-ml burette, amalgamating it by 
stirring for about 10 min with a mixture of 15 ml of 3% 
mercuric chloride solution and 15 ml of u I M sulphuric acid, 
washing the amalgamated zinc and packing the reductor as 
described in most quantitative analysis texts. The reductor 
is activated by running 1 O-20 ml of 1.44M hydrochloric acid 
through it before use. The reductor is kept filled with 
demineralized water when not in use. 

Calibration graph and ana/ysrs 

Transfer various volumes (O-5 ml) of the stock sodium 
silicate solution to IOO-ml standard flasks and ddute to the 
mark with distilled water. For each of these diluted stan- 
dards place 1 ml m a 25-ml separatory funnel, add 1 ml of 
1% sodium molybdate solution, and 1 ml of 0.25M hydro- 
chloric acid to bring the hydrogen-ion concentration to 
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0.08M. Shake the solution and let it stand for 20 min to 
ensure complete formation of the silicomolybdic acid. Then 
add 0.20 ml of 14% tartaric acid solution, and after 5 min 
0.6 ml of 2M hydrochloric acid, shake the solution vigor- 
ously for 1 min with 6 ml of a 2:s v/v I-butanol and butyl 
acetate mixture, let it stand for 3 min for the phases to 
separate, then discard the lower aqueous phase. Pipette 1 ml 
of the organic phase into a 25-ml beaker and leave it in a 
fume-hood until the organic solvent has completely evapor- 
ated. Then add 2.0 ml of 0.125M sodium hydroxide to 
decompose the heteropoly acid, followed by 5.6 ml of 2M 
hydrochloric acid, added rapidly to bring the hydrogen-ion 
concentration to 1.44M. Pass this solution through the 
Jones reductor at a rate of 12 drops/min, collecting the 
effluent in a 25-ml beaker containing 5.0 ml of 0.003M 
iron(N), and keeping the collection beaker covered with 
“Para” film (with appropriate holes for inlets and outlets) 
and flushed with nitrogen throughout the operation. Wash 
the reductor column with three 4-ml portions of 1.44M 
hydrochloric acid. Immediately add 4 ml of 0.012M ferro- 
zine to the collected effluent. Slowly add small amounts of 
solid sodium bicarbonate to adjust the pH of the solution 
to 4.0-4.5. Transfer the solution into a lOO-ml standard 
flask and dilute it to the mark. Measure the absorbance of 
the complex at 562 nm against a reagent blank (to which the 
procedure has been applied), using l-cm cells. Use an 
analogous procedure for analysis of samples. 

Calculalion 

Because there is about 6% increase in the volume of the 
organic phase, owing to the mutual solubility of the phases, 
it is best to use a calibration curve constructed by plotting 
absorbance against the concentration of silicon in the 1 ml 
of standard solution used in the extraction. The absorbance 
for the test sample WIII then correspond to the silicon 
concentration of that sample if a l-ml portion was used in 
the extraction procedure. This procedure automatically 
compensates for uncertainty in the solubility data, provided 
the reactant volumes are accurately measured. 

Alternatively, it can be calculated from the molar absorp- 
tivity and the conditions used, that the weight of silicon in 
1 ml of the aqueous solution taken for extraction is 18.9A 
pg, where A is the absorbance finally measured. Thus if an 
absorbance of 0.01 is taken as a working minimum, the limit 
of detection is -0.2 pg/ml in the original sample. 

RESULTS AND DISCUSSION 

The effect of hydrogen-ion concentration and 
molybdate concentration on the formation of silico- 
molybdic acid has been examined by various 
investigators2’*22 and generally a pH range of 0.8-3.6 
and a molybdate concentration of at least 50 times 
the silicate concentration have been recommended. 
In our method, the optimum conditions found by 
systematically varying the concentration of molyb- 
date and hydrogen-ions were 0.013M molybdate and 
0.083M hydrogen-ion concentration in the aqueous 
phase. 

The efficiency of various organic solvents in extrac- 
tion of heteropoly acids was investigated by Wadelin 
and Mellon.23 They found that I-butanol is a good 
extractant for silicomolybdic acid. Butyl acetate is 
also used in our method as a diluent for minimizing 
the co-extraction of molybdate. A small amount 
of molybdenum is still extracted, however, so it is 
necessary to run a blank determination along with 
the standard silicate solutions and unknown samples. 

If the silicomolybdic acid is decomposed with 
alkali and the solution is made sufficiently acid, the 
heteropoly acid will not be reformed, and the molyb- 
denum(V1) can then be reduced to molybdenum(II1) 
by the Jones reductor. For quantitative reduction, 
not only must the hydrogen-ion concentration of the 
aqueous solution be adjusted to 141.5M with 
hydrochloric acid but the solution must be passed 
through the reductor at a rate of 12-15 drops/min: 
otherwise, the reduction will be incomplete. The 
molybdenum(II1) is reoxidized with iron(N) to 
molybdenum(VI), and this step must be done in a 
completely oxygen-free medium to avoid oxidation 
of either the molybdenum(II1) or the iron(I1) that is 
produced from the iron(III). 

Table 1. Absorbance as a function of silicate concentration 

Silicon, ng/ml Apparent molar 
Si taken, absorptivity$ 

flmole Taken* Foundt Absorbance6 I.mole-‘.cm-’ 

0.0375 1.65 1.63 0.055 9.33 x 105 
0.075 3.30 3.45 0.115 9.33 x 105 
0.150 6.60 6.67 0.225 9.54 x 105 
0.300 13.20 13.30 0.448 9.50 x 105 
0.375 16.50 16.68 0.563 9.55 x 105 

Mean = 9.45 x IO’ 

*The concentration of silicate was varied by taking suitable fractions 
of the standard solution, diluting to 100 ml, and taking 1 .OO ml for 
extraction. The following were kept constant: sample volume, 1.00 
ml; solvent volume, 6.00 ml; volume of organic phase taken for 
analysis, 1.00 ml; final volume, 100.0 ml. The concentration stated 
is that in the final 100 ml of solution measured. 

tcalculated from the average absorbance value. 
SAverage of three independent determinations corrected for the blank. 
fobtained by using Beer’s law and allowing for a 6% Increase in the 

volume of organic phase owing to the mutal solubility of water and 
the butanohbutyl acetate mixture. 
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Table 2. Analysis of synthetic samples REFERENCES 

Silicon, ng/ml 
Si taken, P taken, 
pole pole Taken Found* Absorbancet 

A 0.0260 - 1.15 1.04 0.031 
B 0.203 - 8.92 8.75 0.295 
c 0.315 - 13.87 13.50 0.460 
D 0.045 0.038 1.98 1.75 0.065 
E 0.278 0.075 12.22 12.00 0.410 
F 0.037 0.150 1.65 1.58 0.052 

*Amount of silicon calculated by using calibration graph. 
tAverage absorbance for duplicate samples. 

The iron(I1) is then determined by forming its 1: 3 
complex with ferrozine at pH > 4.0,24 in the presence 
of ammonium bifluoride to prevent precipitation of 
hydrous iron(II1) oxide from the surplus iron(III) 
present. The absorbance of the iron(ferrozine 
complex is measured at 562 nm. Typical results used 
for making the calibration graph are reported in 
Table 1. The apparent molar absorptivity is 9.45 x 
lo5 I.mole-‘.cm-‘, indicating that the overall 
efficiency of the system is 94x, since the theoretical 
value is 10.04 x 10’ l.mole-‘.cm-’ (the molar ab- 
sorptivity of the ferrozine complex is 2.79 x lo4 
I .mole-’ .~rn-‘,~~ and 36 moles of complex are pro- 
duced per mole of silicon originally present). The 
relative standard deviation of the absorbance is 
l-3%. For samples with absorbance values less than 
0.1, the standard-addition method is recommended. 
Results for determination of silicate in synthetic 
mixtures with phosphate are summarized in Table 2. 

1. H. W. Knudson, C. Juday and V. W. Meloche, Ind. 
Eng. Chem., Anal. Ed., 1940, 12, 270. 

2. D. F. Boltz. A. Trudell and G. Potter. Calorimetric 
Determination of Nonmetals, D. F. Bohr and J. A. 
Howell (eds.), Chapter 11. Wiley, New York, 1978. 

3. F. E. Snell and C. T. Snell, Colorimefric Methods of 
Analysis, Vol. HA, Van Nostrand, Princeton, NJ, 1959. 

4. G. Charlot, Calorimetric Determination of Elements, p. 
370. Elsevier, New York, 1964. 

5. I. R. Morrison and A. L. Wilson, Analyst, 1963,88,88. 
6. F. Schaffer, J. Fona and P. Kirk. Anal. Chem.. 1953.25. ,, 

343. 
7. G. S. Nelson, ibid., 1956, 28, 1330. 
8. F. Dienert and F. Waldenbulk, Compt. Rend., 1923, 

176, 1478. 
9. F. K. Lindsay and R. G. Bielemberg, Ind. Eng. Chem., 

Anal. Ed., 1953, 12, 460. 
10. A. J. Boyle and V. Hughey, ibid., 1942, 15, 618. 
11. M. C. Schwartz, ibid., 1942, 14, 893. 
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13. H. C. Baghurst and V. J. Norman, Anal. Chem., 1957, 

29, 778. 
14. C. C. Kircher and S. R. Crouch, ibid., 1983, 55, 248. 
15. E. J. King, B. D. Stacy, D. F. Holt, D. M. Yates and 

D. Dickles, Analyst, 1955, 80, 441. 
16. D. F. Boltz, T. DeVries and M. G. Mellon, Anal. Chem., 

1949, 21, 563. 
17. A. G. Fogg and A. A. Osakwe, Talanta, 1978, 25,226. 
18. T. V. Ramakrishna, J. W. Robinson and P. W. West, 

Anal. Chim. Acta, 1969, 45, 43. 
19. T. R. Hurford and D. F. Boltz, Anal. Chem., 1968,40, 

379. 
20. R. J. W. McLaughlin and V. S. Biskupsi, Anal. Chim. 

Acta, 1965, 32, 165. 
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A RAPID METHOD FOR DETERMINING TIN AND 
MOLYBDENUM IN GEOLOGICAL SAMPLES BY 
FLAME ATOMIC-ABSORPTION SPECTROSCOPY 

ERIC P. WELSCH 
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Summary-The proposed method uses a lithium metaborate fusion, dissolution of the fusion bead in 
15% v/v hydrochloric acid, extraction into a 4% solution of trioctylphosphine oxide in methyl isobutyl 
ketone. and aspiration into a nitrous oxide-acetylene flame. The limits of detection for tin and 
molybdenum are 1.0 and 0.5 ppm, respectively. Approximately 50 samples can be analysed per day. 

The combination of trioctylphosphine oxide and 
methyl isobutyl ketone (TOPO-MIBK) was first 
incorporated into a routine method of analysis for 
tin in alloys by Burke.’ His method was adapted for 
use with geological samples by combining it with an 
iodide fusion.* Zhou et al.’ used a lithium metaborate 
(LiB02) fusion and graphite-furnace atomic- 
absorption spectrophotometry (GFAAS) to achieve a 
more complete digestion4 and better sensitivity, but 
GFAAS is slow compared to flame AAS even with 
the highly automated systems available today. It 
would seem advantageous to combine the LiB02 
fusion and TOPO-MIBK extraction with a flame 
atomic-absorption method if the sensitivity were 
adequate to allow detection of tin at the crustal 
abundance level. The more advance background- 
correction and noise-suppression devices on the 
newer AA spectrometers make it possible to attain 
the necessary sensitivity. 

An investigation of the extraction capabilities of 
the TOPO-MIBK system led to the discovery that 
molybdenum is also extracted. Hence both elements 
can be determined in the same solution by sequential 
measurement with a single-channel AA spectrometer 
or simultaneous measurement with a dual-channel 
instrument, since a nitrous oxide-acetylene flame can 
be used for both. Silver and tellurium are 90% and 
bismuth and gold nearly 100% extracted by this 
system. In the presence of 10% potassium iodide and 
ascorbic acid, as Burke’ indicated in his work, anti- 
mony and lead can also be quantitatively extracted, 
but it has been found that zinc and cadmium as well 
under these conditions. 

Apparatus 
EXPERIMENTAL 

A Perkin-Elmer 5000 atomic-absorption spectrophoto- 
meter* was the instrument primarily used for this study but 
models 603 and 2380 were also used occasionally. A Varian 

*Any use of trade and company names is for descriptive 
purposes only and does not imply endorsement by the 
U.S. Geological Survey. 

nitrous oxide burner-head was used at all times, in conjunc- 
tion with the conventional flow-spoiler. An electrodeless 
discharge lamp (EDL) was used for tin and a hollow- 
cathode lamp for molybdenum. 

The spectral lines employed were 235.5 nm for tin and 
313.3 nm for molybdenum. A I-see integration time was 
used, along with deuterium-arc background correction. The 
gas flow-rates were adjusted to yield a l$in. tall red feather 
and prevent clogging of the burner slot. For the Perkin- 
Elmer 5000 instrument, the appropriate fuel and oxidant 
settings were 20 and 35 respectively. The burner was 
positioned so that the light-beam was about 1 cm above the 
slot. 

Reagents 

TOPO-MIBK. Dissolve 4.0 g of TOP0 in 100 ml of 
MIBK. 

Stock and standard solutions. Prepare 1000-p g/ml stock in 
solution by dissolving 1.000 g of tin metal in 150 ml of 
concentrated hydrochloric acid and diluting to 1 litre with 
water. Prepare 1000~pg/ml molybdenum stock solution by 
dissolving 1.500 g of molybdenum trioxide m 40 ml of 1 M 
sodium hydroxide and diluting to 1 htre with water. Make 
working standards by adding-loo, 200 and 500 ~1 of the 
stock solutions to lOOO-ml portions of 15% v/v hydrochloric 
acid, shaking these solutions for 1 min with 60 ml of 
TOPG-MIBK and discarding the aqueous phase. Thts 
provides a convenient quantityof standards which are stable 
for at least four weeks and correspond to 10, 20 and 50 pg 
of tin or molybdenum in a l-g sample analysed as described 
below. 

Procedure 

Mix a l-g sample of go-mesh rock, soil or stream sediment 
with 3 g of LiBO, flux in a graphite crucible of 8 ml or more 
capacity. Fuse the samples in a furnace at 1100” for 20 min 
with a row of empty crucibles at the front as a heat barrier, 
and the door slightly ajar to allow free circulation of air. 

Pour the molten bead directly into a 150-ml beaker contain- 
ing 100 ml of 15% v/v hydrochloric acid. (Caution: the 
underside of the glass beaker must be dry or the resulting 
stress when the bead is poured in will probably rupture the 
vessel.) Add a Teflon-coated magnetic stirring bar and place 
the beaker on a magnetic stirrer for about 15 min. Transfer 
the clear solution into a 125-ml separatory funnel and shake 
it with 6ml of TOPO-MIBK solution for 1 min. Once the 
layers have separated, drain off most of the aqueous layer 
and collect the remaining liquid in a 16 x 150 mm test-tube, 
from which the extract can be convemently aspirated 
into the AA instrument. Run a reagent blank and apply 
appropriate corrections. 

996 
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Table 1. Comparison of flux mixtures by analysis of GSD 
glass standard* (average of 5 replicates) 

Flux Sn, figcglg Mo, figlg 

4: 1 tetraborate-metaborate 31.6 34.4 
1: 1 LiCO,-H, BO, 35.0 30.8 
LiBO, 36.2 31.2 

*Emission spectroscopy values: Sn, median 43 pg/g, range 
3&5Opgg/g; Pb, median 46 pg/g, range 2&7Opg/g. 

Sample 

Table 2. Analysis of geochemical reference samples (six replicates) 

Sn,* pgcglg Mo,’ pgig 

Material This work Zhou et al.’ This work Gladney et a1.‘0 

GXR 1 Jasperoid 51.1* 2.20 52.4 f 1.9 14.5 2.3 f 10*2 
2 Soil 1.7 & 0.5 1.98 f 0.06 1.4kO.2 1.5 0.5 * 
3 Spring deposit 2.0 f 0.9 0.94 f 0.07 5.4 0.5 f 6 
4 &ypermill head 7.7 + 0.8 4.19 k 0.25 367 16 + 310 25 + 
5 2.0 f 0 2.84 + 0.09 30.5 1.4 * 30 4 f 
6 Soil 2.2 * 0.4 0.86 & 0.06 1.7 0.3 * 1.7kO.4 

*Mean and standard deviation. 

RESULTS AND DISCUSSION 

Sample decomposition 

Lithium metaborate, 1: 1 lithium carbonateboric 
acid mixture,s and 1:4 lithium tetraborate-meta- 
borate mixture are all equally effective fluxes for the 
GXR reference samples. As expected,6 the lithium 
tetraborate-metaborate mixture yielded better results 
for the GSC, GSD, and GSE’ glass reference samples. 
No significant difference could be detected between 
the performance of the other two fluxes with regard 
to these samples (Table l), and lithium metaborate 
was chosen simply because it was most readily 
available in quantity. 

Pouring the molten bead directly into acid* has the 
advantage of disrupting the melt and facilitating 
rapid dissolution in a relatively small amount of 
acid. If the sample contains more than 10% of iron 
the melt adheres to the graphite crucible and cannot 
be quantitatively transferred to the beaker: however, 
the portion remaining in the crucible is small enough 
to be insignificant and is not detrimental to the 
results. 

The amount and concentration of the acid used 
suffice to overcome the alkalinity of the LiBOr flux. 

Sensitivity 

A 20-pg molybdenum standard typically gave an 
absorbance of about 0.22 when the 3 13.3 nm line was 
used. The 235.5 nm line was chosen for tin as a 
compromise between the more sensitive but noisier 
224.6 nm line and the quieter but less sensitive 286.3 
nm line. The 20-pg tin standard normally gave 0.035 
absorbance at 235.5 nm. 

Extraction 

Because the phases are not mutually saturated 
before use, there will be a volume change in the 

organic phase, but this is automatically allowed for 
in the calibration procedure. 

Interferences 

The method was tested for interference from 
1000 pg of Cu, Pb, Zn, Hg, Mn, V, W, Ni, Co, Cr 
and Bi, 5.00 mg of Al and Mg, 10.0 mg of Ca, and 
20.0 mg of Fe, added to 100 ml of standard solution 
in 15% v/v hydrochloric acid containing 3 g of lithium 
metaborate. Only iron gave appreciable interference, 
suppressing the MO readings by 50%; however, no 
interference by iron was observed in analysis of the 
geochemical samples. Formation of an iron-molyb- 
denum complex is thought to be responsible for the 
effect, but seems to be prevented by the other ions 
present in actual samples. Various masking agents 
failed to eliminate the interference and the effect was 
not further investigated. 

Results for geological reference samples 

The six GXR reference samples9 were analysed six 
times each and the results for Sn and MO are listed 
in Table 2. As expected, the worst results were 
obtained for samples low in tin, except for a “lucky” 
analysis of GXR 5. Relative standard deviations of 
up to 50% are not uncommon for geochemical 
analysis at or near the limit of detection of the 
method and such data are considered useful for 
geochemical exploration. The tin values agree reason- 
ably well with those obtained by Zhou et al.’ and the 
MO values agree remarkably well with those of 
Gladney et al.” 
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Summary-A calorimetric method for the determination of 7 phenothiazine drugs by interaction with 
diazotized p-nitroaniline has been developed. Neither the degradation products of the drugs nor the 
common excipients in pharmaceutical preparations interfere. 

Phenothiazine drugs have been determined by titri- 
metric,‘,* spectrophotometric,3.4 polarographic,5,6 gas 
chromatographic7v8 and high-pressure liquid chro- 
matographic methods. 9~‘o The official methods are 
generally non-aqueous titration for the bulk drugs 
and ultraviolet spectrophotometry for dosage forms. 

Diazotized p-nitroaniline can be used for the 
identification of phenothiazine drugs in TLC,” and 
this reagent is now shown to be suitable for the 
determination of promazine hydrochloride, alimema- 
zine tartrate, perciazine, levomepromazine maleate, 
thioridazine hydrochloride, thiethylperazine maleate 
and sulphoridazine. 

EXPERIMENTAL 

Reagents 

Diazotized p-nitroaniline solution. Weigh accurately about 
25 mg of p-nitroaniline into a 25-ml standard flask and 
dissolve it in 1 ml of concentrated sulphuric acid. Cool in 
an ice-bath, add 0.5 ml of 2% sodium nitrite solution, and 
5 min later add 0.2 ml of 10% sulphamic acid solution and 
dilute to volume with distilled water. Mix well and keep in 
an ice-bath. This reagent solution should be used within 
5 hr. 

Test solutron. Freshly prepared 1 mg/ml solution of each 
phenothiazine drug in water. In case of bases, drops of con- 
centrated hydrochloric acid were added to their solutions. 

General procedure 

Transfer 1 ml of an aqueous solution containing 100 pg 
of phenothiazine drug into a lo-ml standard flask. Add 
0.5 ml of diazotized p-nitroaniline solution and mix well. 
Dilute to volume with concentrated hydrochloric acid. 
Measure the absorbance at the appropriate wavelength for 
the drug, against a blank treated similarly. Use tightly 
stoppered cuvettes. 

For injections. Transfer into a 25-ml standard flask an 
accurately measured volume of the injection equivalent to 
about 25 mg of the drug (promazine hydrochloride), dilute 
to volume with water and mix well. Dilute further with 
water accurately to obtain an approximately 100 pg/ml 
solution, and assay as above. 

For tablets. Weigh and powder 20 tablets. Transfer an 
accurately weighed amount of the powder equivalent to 
10 mg of the drug (thioridazine hydrochloride or thiethyl- 
perazine maleate) to a 25-ml standard flask. Dissolve and 
make up to volume with distilled water. Filter, and dilute 

the filtrate accurately with water to give a concentration of 
about 100 pg/ml. Complete the determination as described 
above. 

RESULTS AND DISCUSSION 

The absorption spectra for the products obtained 
from all the phenothiazine drugs studied are pre- 
sented in Fig. 1. Beer’s law is valid for all the drugs 

over the ranges in Table 1. The colour is stable for 
at least 2 hr. 

Owing to the lower solubility of p-nitroaniline in 
hydrochloric acid, sulphuric acid’* is used for prep- 
aration of the diazotized p-nitroaniline. The influence 
of the amount of sulphuric acid used in this prepara- 
tion was studied over the range 0.25-4 ml (at 0.25-ml 
intervals). All the solutions performed equally well in 
the general procedure, so 1 ml of concentrated sul- 
phuric acid was selected for use, to avoid any possible 
effect of high acid concentration on the phenothiazine 
drugs. 

The choice of diluent for the reaction mixture was 
also studied. Dilution with water, methanol, ethanol, 
2-propanol or 1,4-dioxan gave an unstable colour, 
and dilution with dilute sodium hydroxide, potassium 
hydroxide or ammonia solution resulted in imme- 
diate disappearance of the colour. 

Dilution with phosphoric, sulphuric, perchloric, 
nitric, glacial acetic, trichloroacetic or hydrochloric 
acid in different concentrations gave non-reproduc- 
ible and/or lower colour intensity, except for hydro- 
chloric acid, which gave a more intense and stable 
colour, the optimum final hydrochloric acid concen- 
tration being about 10M. 

The method was tested in the presence of the 
oxidation products of the test drugs. The concen- 
tration of alimemazine tartrate was determined in 
several standard solutions containing alimemazine 
tartrate and oxomemazine (alimemazine-5,5- 
dioxide), and the other phenothiazine drugs were 
determined in the presence of their respective sul- 
phoxides, prepared as described by Davidson.3 Ex- 
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460 520 560 600 640 680 720 760 

Wavelength 1 nm ) 

Fig. 1. Absorption spectra for colour produced on reaction of phenothiazine drugs with diazotized 
p-nitroaniline: promazine hydrochloride (A-A), alimemazine tartrate (m----m), perciazine 
(A----A), levomepromazine maleate (O--O), thioridazine hydrochloride (O-O), thiethyl- 

perazine maleate (a-•), sulphoridazine ( x ~ x ). 

Table 1. Spectral characteristics 

Drug 

Promazine hydrochloride 
Alimemazine tartrate 
Perciazine 
Levomepromazine maleate 
Thioridazine hydrochloride 
Thiethylperazine maleate 
Sulphoridazine 

*Of regression line. 

Beer’s law Apparent molar 
1 IIUX., range, absorptivity, 
mn pgglml Intercept* lO’l.mole-‘.cm-’ 

520 2-20 -0.005 6.6 
520 2-30 0.012 1.5 
520 2-30 0.027 4.9 
590 2-30 0.049 8.7 
655 2-20 - 0.020 6.3 
660 2-30 0.011 6.1 
510 5-30 0.031 2.0 

Table 2. Determination of some phenothiazine drugs by the proposed procedure and an 
official method 

Found* “/ , ” 
Proposed Official 

Formulation method method 

Promazine hydrochloride vial (Wyeth) 98.9 + 0.6 99.7 * 1.0 
Thioridazine hydrochloride tablets (Swiss-Pharma) 100.9 + 0.6 101.2 f 0.7 
Thiethylperazine maleate tablets (Swiss-Phanna) 98.9 k 0.6 99.3 + 0.5 

*Mean and standard deviation of 5 determinations, expressed as fraction of nominal 
amount present. 

cellent recovery (99.8-100.2°/0) for the intact pheno- 
thiazine drugs in these mixtures confirms that the 
assay is specific for the unchanged drugs in presence 
of their degradation products. 

It was also found that there is no interference from 
the commonly encountered excipients or additives, 
such as glucose, lactose, starch, talc and magnesium 
stearate. 

The method is applicable to analysis for some 
phenothiazine drugs in commercial pharmaceutical 
preparations. The results (Table 2) are comparable to 
those obtained by the official methods.‘3.‘4 

The nature of the interaction coloured product has 

not been elucidated and will be the subject of further 
work. 

REFERENCES 

1. H. S. Gouda and S. A. Ahmed, J. Indian Chem. Sot., 
1978, 55, 352. 

2. K. Nowakowski and B. Dembinski, Acfa Pal. Pharm.. 
1975, 32, 595. 

3. A. G. Davidson, J. Pharm. Pharmacol., 1916, 28, 195. 
4. A. S. Issa, Y. A. Beltagy and M. S. Mahrous, Talanta, 

1978, 25, 710. 
5. F. W. Teare and R. N. Yadar, Can. J. Pharm. Sci.. 

1978, 13, 69. 
6. A. D. Cowan, Methodol. Dev. Biochem., 1976, 5, 193. 



SHORT COMMUNlCATlONS 1001 

7. L. Laithem, I. Belle and P. Gaspar, J. Chromatog., 12. I. Vogel, Practical Organic Chemistry, 1st Ed., p. 566. 
1978, 156, 327. Longmans, London, 1954. 

8. N. E. Larsen and J. Naestoft, ibid., 1975, 109, 259. 13. British Pharmacopoeia, pp. 813, 865. Pharmaceutical 
9. C. Gonnet and J. L. Rocca, ibid., 1976, 120, 419. Press, London, 1980. 

10. A. C. Mehta, Analyst, 1981, 106, 119. 14. United Slates Pharmacopeio XX, p. 191. US Pharmaco- 
11. S. R. El-Shabouri, A. M. Taha and S. A. Hussin, peial Convention, Rockville, MD, 1980. 

Pharmazie, 1982, 37, 71. 



Talanta, Vol. 32, No. 10, pp. 1002-1004, 1985 
Printed in Great Britain. All rights reserved 

0039-9140/x5 $3.00 + 0.00 
Copyright 0 1985 Pergamon Press Ltd 

UTILITY OF 2,3-DICHLORO-5,6-DICYANO-p- 
BENZOQUINONE IN ASSAY OF CODEINE, 

EMETINE AND PILOCARPINE 

MOHAMED E. ABDEL-HAMID, MOHAMED ABDEL-SALAM, 

MOHAMED S. MAHROUS and MAGDI M. ABDEL-KHALEK 

Faculty of Pharmacy, University of Alexandria, Alexandria, Egypt 

(Received 11 January 1985. Revised 24 Aprrl 1985. Accepted 15 May 1985) 

Summary-A simple and sensitive spectrophotometric method for the assay of codeine, emetine and 
pilocarpine IS described, based on the interaction of these drugs (as n-electron donors) with 
2,3-dichloro-5,6-dicyano-p-benzoquinone (as n-acceptor) to give a highly coloured radical anion which 
exhibits maximum absorption at 460 nm. Formation of the radical anion has been established by electron 
spin resonance measurements. Beer’s law is obeyed for the alkaloids investigated. The assay results are 
in accord with pharmacopoeia1 assay results. The procedure is sufficiently sensitive to permit unit dose 
assay of the individual alkaloids in pharmaceutical formulations. 

Codeine phosphate (cough-sedative), emetine hydro- 
chloride (anti-amoebic) and pilocarpine nitrate (anti- 
mydriatic) are widely used in pharmaceutical prac- 
tice. The BP compendium’ describes an acid-base 
titration for the analysis of codeine phosphate tablets 
and emetine hydrochloride injections, and the USP* 
reports a calorimetric method for the assay of 
pilocarpine eye drops. Several methods have been 
described for the assay of these alkaloids in the 
formulations, and include colorimetric3-9 and 

chromatographic’G’2 methods. 
Substituted quinones such as 2,5-dichloro-p - 

benzoquinone,13 7,7,8,8-tetracyanoquinodimethane’4,’5 
and p-chloranil’6 have been used as n-acceptors with 
various donors to form charge-transfer complexes 
and radicals. Application of 2,3-dichloro-5,6- 

dicyano-p-benzoquinone (DDQ) for the detection 
and determination of some medicinal drugs contain- 
ing the imidazoline ring has recently been described.” 

The present work describes the utility of DDQ 
reagent for the spectrophotometric determination of 
codeine, emetine and pilocarpine in dosage forms. 
In addition, the nature of the orange-red coloured 
chromogen was established by electron spin reso- 
nance spectroscopy. 

Instruments 

EXPERIMENTAL 

A Perkin-Elmer Model 550 S spectrophotometer with 
matched l-cm quartz cells and a Varian Model E 12 electron 
spin resonance spectrometer were used. 

Reagents 

Pharmaceutical grade codeine phosphate, pilocarpine 
nitrate (Merck) and emetine hydrochloride (B.D.H.) were 
used as working standards. DDQ solution, 0.2% was freshly 
prepared in methanol. All reagents used were of analytical 
grade. 

Standard solutions 

An accurately weighed amount of the drug salt (codeine 
phosphate. emetine hydrochloride and pilocarpine nitrate) 

equivalent to 0.1 g of the base was dissolved m about 20 ml 
of water. The solution was quantitatively transferred to a 
separatory funnel, made alkaline with ammonia solution 
and shaken with five 20-ml portions of chloroform. The 
extracts were pooled in a lOO-ml standard flask and diluted 
to volume with chloroform, to provide a standard I-mg/ml 
solution of the base. 

Determination of codeine 

For calibration serial volumes of standard base solution 
in the range 0.24.9 ml were transferred into a series of 
lo-ml standard flasks. The solvent was removed by im- 

mersing the flasks in a water-bath at 70”. The residue was 
dissolved in 5 ml of methanol and 1 ml of DDQ solution was 
added. The volume was made up to 10 ml with methanol 
and the absorbance at 460 nm was measured against a 
reagent blank similarly prepared. 

For determination of codeine phosphate in tablets, 10 
tablets were powdered and thoroughly mixed. An accurately 
weighed quantity equivalent to -0.13 g of codeine phos- 
phate (0.1 g of codeine base) was transferred into a sepa- 
ratory funnel containing 20 ml of water. The base was 
extracted as described above and the extracts were trans- 
ferred into a lOO-ml standard flask and diluted to volume 
with chloroform. Exactly 0.6 ml of the diluted solution was 
then treated by the calibration procedure. 

Derermination of emeiine 

Ten ml of standard emetine base solution were transferred 
into a 50-ml standard flask and diluted to volume with 
chloroform. For calibration serial volumes of 0.3-l. 1 ml of 
this solution were treated as described above for codeine. 

For the determination of emetine in injections, 5 injec- 
tions were mixed and an accurately measured volume 
containing -0.115 g of emetine hydrochloride (0.1 g of 
emetine base) was transferred into a separatory funnel 
containing 20 ml of water. The base was extracted and 
diluted as above, and 1 ml of this solution was analysed by 
the procedure for calibration. 

Determination of pilocarpine 

The cahbration procedure was the same as that for 
codeine. 

For the assay of pilocarpme in eye drops, the free base 
from an accurately measured volume containing _ 0.13 g of 
pilocarpine nitrate (0.1 g of pilocarpine base) was extracted 
and diluted as described for codeine phosphate tablets, and 
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0.6 ml of the resulting solution was assayed by the cali- 
bration procedure. 

Electron spin resonance 

The DDQ radical anion was prepared by mixing 10e4M 
solution of the drug base (codeine, emetine, pilocarpine) in 
methanol with 10e4M DDQ solution in the same solvent. 
The electron spin resonance spectra were run with the 
solution protected by a nitrogen atmosphere. 

RESULTS AND DISCUSSION 

In spite of their structural differences, codeine, 
emetine and pilocarpine react with DDQ in methanol 
to give an intensely orange-red product which ex- 
hibits absorption maxima at 460, 520 and 560 nm 
(Fig. 1). The absorption bands are similar to those of 
the DDQ radical anion obtained by reduction with 
iodide.14 Further support of this assignment was 
provided by the detection of the DDQ radical by 
electron spin resonance measurements. The ESR 
spectrum for the DDQ radical anion is shown in Fig. 
2. The spectrum displays 5 bands with relative in- 
tensities 1: 2: 3 : 2: 1. The observed lines are due to the 
hypefine interactions caused by two equivalent 
nitrogen nuclei. Analysis of the spectrum gave a 
value of 0.55 f 0.01 gauss for the coupling constant 
(ah). The g-factor value, as calculated from the 
spectrum, was 2.0050. The band-width (AH = 0.39 
gauss) was greater than that for the TCNQ radical 
anion.‘* This is because the coupling in TCNQ occurs 
between the free electron and the hydrogen and 
nitrogen nuclei, whereas in DDQ it takes place 
between the free electron and the nitrogen and 
chlorine nuclei. The chlorine-interaction accounts for 
the relatively large band width for the DDQ radical 
anion. 

On the basis of the ESR investigations, it is as- 
sumed that a charge-transfer complex is formed by 
the interaction of the alkaloids as n-donors and DDQ 
as n-acceptor. In polar solvents (e.g., methanol, 
acetonitrile), complete electron transfer from the 
donor- to the acceptor moiety takes place (see below) 
with the formation of the DDQ radical anion as 
predominent chromogen. 
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Fig. 1. Absorption spectra of (----) codein+DDQ reaction 
product, measured against reagent blank, (-) DDQ 
radical anion obtained by iodide reduction method, 
measured against methanol. Codeine concentration = 

9 mg/lOO ml; DDQ concentration = 0.2 mg/ml. 

a+A -----+[D...A] -D+.+A-. 
charge-transfer complex radical ions 

The spectral properties of the coloured radical and 
also the influence of various factors on the colour 

Fig. 2. ESR spectrum of DDQ radical anion in methanol. 



SHORT COMMUNlCATlONS 

Table 1. Assay results (6 replicates) for dosage forms of codeine phosphate, emetine hydrochloride 
and pilocarpine nitrate 

Nominal Found,? % 
concentration*, 

Preparation mg/lOO ml Proposed method Official methods’,* r 

Codeine phosphate@ 7.68 98.6 k 1.1 98.0 f 1.2 0.95 
tabletsi 

Emetine hydrochloride@ 2.30 99.0 & 0.6 98.6 * 0.7 1.09 
injections # 

Pilocarpine@ eye 7.81 96.1 k 0.8 96.6 f 0.8 0.98 
drops1 

*The stated amounts of codeine phosphate, emetine hydrochloride and piloearpine nitrate are 
equivalent to 6, 2, and 6 mg of the corresponding base Per 100 ml, respectively. 

tMean and standard deviation. 
§For p = 0.05 the critical f-value is 2.23. 
tLabelled to contain 30 ma of codeine nhosnhate ner tablet (Adco Co., Eavnt). 
$ Labelled to contain 30 rng of emetine hydrochloride per injection (Misr co.; Egypt). 
YLabelled to contain 3% of pilocarpine nitrate (Alexandria Co., Egypt). 

development, were studied to determine the optimal 
conditions for the assay. Maximum absorption was 
obtained when 1 ml of 0.2% DDQ solution was used 
in the total volume of 10 ml. Non-polar solvents 
(benzene, carbon tetrachloride, chloroform) were 
found to be unsuitable, whereas polar solvents (meth- 
anol, acetonitrile) were considered as ideal solvents as 
high yields of the DDQ radical were obtained in these 
media. The reaction was found to be fast, the colour 
attaining maximum intensity in 5 min and then re- 
maining stable for at least 30 min. 

Under the conditions described, the calibration 
graphs for measurement at 460 nm are linear over 
the concentration ranges (for the solution measured) 
2-9 mg/lOO ml (codeine), 0.62.2 mg/lOO ml (eme- 
tine) and 2-8 mg/lOO ml (pilocarpine). The regression 
equations derived for our calibration systems by the 
least-squares method” were 

A = -0.01 f 0.08C (codeine) 

A =0.00+0.31C (emetine) 

A = -0.01 +O.llC (pilocarpine) 

with regression coefficients of 0.9991, 0.9979 and 
0.9970, respectively; C is the concentration of the 
drug in mg/lOO ml. The slopes of the calibration 
curves reflect the degree of formation of the DDQ 
radical anion. The much higher slope for emetine is 
probably due to the presence of two basic centres in 

its molecule. The molar absorptivities for codeine, 
emetine and pilocarpine were 2.5 x lo’, 1.54 x lo4 
and 2.2 x lo3 1 .mole-’ .cm-‘, respectively. The rela- 
tive standard deviations (7 replicates) for the deter- 
mination of the alkaloids investigated were all 0.2%. 
The method was applied to determination of codeine 
phosphate in tablets, emetine hydrochloride in injec- 
tions and pilocarpine nitrate in eye drops, the official 
methods being used for comparative assays. The 
results are presented in Table 1. The performance of 
the method was assessed by a t-test. At the 95% 
confidence level. the calculated t-value did not exceed 
the tabulated value, indicating that the proposed and 

official methods are equally accurate. The proposed 
method is simpler, faster and more sensitive than the 
official procedures. These advantages favour its ap- 
plication in the analysis and quality-control of phar- 
maceutical formulations containing these alkaloids. 
However, other drugs with basic centres are expected 
to give similar reactions with DDQ, so the method is 
limited to the assay of single-drug formulations. 
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USE OF ENZYMATIC CATALYSIS WITH E.C. 1.2.3.2 
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Summary-An enzymatic kinetic method for the determination of V(V) is described, based on the 
activation of xanthine oxidase-catalysed NADH oxidation, in the presence of xanthine, dithiothreitol and 
Ag+ ions. Under these conditions the activating power of V(V) was found to be enhanced. The linear 
relationship between relative enzyme activity and V(V) concentration allows the enzymatic determination 
of vanadium in the concentration range 2&500 ng/ml, the maximum relative error being k 3%, and 
relative standard deviation less than &-2.2x. Possible interferences have been studied. 

In previous papers, l-3 it was shown that V(V) changes 
the catalytic properties of xanthine oxidase E.C. 
1.2.3.2 (XOD); it inhibits the XOD-catalysis of con- 
version of xanthine into uric acid but-at the same 
concentration-strongly activates the XOD- 
catalysed NADH oxidation, a reaction otherwise 
rather SIOW.~ This latter property of V(V) has been 
investigated with a view to its use for kinetic deter- 
mination of vanadium. 

EXPERIMENTAL 
Reagents 

Xanthine oxidase, Grade I, with a specific activity of 0.76 
U/me of motein at 25”; NADH, Grade III (8-nicotinamide 
adenyne dinucleotide, reduced form, disodium salt); dith- 
iothreitol (l+dimercapto-2,3-butanediol) and Trizma base 
were obtained from Sigma Chemical Co.; xanthine was from 
U.S. Biochemical Corp., Cleveland, Ohio; sodium vanadate 
and the salts of other metal ions were Merck analytical- 
grade reagents. 

All solutions were orenared with doublv distilled demin- 
eralized water (conductance 1 x 10e6 mho at 25”). The 
O.OSM Tri-HCl and Tri-HNO, buffers @H 7.4 at 
37 f O.l”), and xanthine and metal ion solutions, were 
prepared as described earlier.’ A 1 x IO-‘M NADH solu- 
tion in Tris-buffer was prepared daily and kept refrigerated 
at 4” and protected from light. Its concentration was 
determined on the basis of a molar absorptivity of 6.2 
1. mole-‘. cm-’ at 340 nm.5 A xanthine oxidase stock solu- 
tion (3 mg/ml) in T&buffer was also prepared daily and 
stored at 4”. 

The XOD-catalysed NADH oxidation was monitored 
spectrophotometrically at 340 nm and 37 + 0. 1”, by means 
of a Perkin-Elmer double-beam spectrophotometer (Model 
554) with a microcomputer-driven recorder and a constant- 
temperature cell-holder. 

*Work done with the financial support of the Minister0 
della Pubblica Istruzione (Italy), for research of national 
interest, no. 11835. 

tAuthor to whom correspondence should be addressed. 

Analytical procedure 

Into a quartz cell (optical path 10 mm), place the follow- 
ing solutions in the order given: 0.18 ml of 1 x lo-‘M 
xanthine; 0.3 ml of 1 x lo-‘M NADH; 1.0 ml of 
1.5 x IO-‘M dithiothreitol in 0.05M Tris-HNO, buffer; 
20 ul of 1.5 x lo-‘M silver nitrate and 1.5 ml of sodium 
vanadate solution in Tris-HNO, buffer. Bring the mixture to 
37”, and add 25 ~1 of 3-mg/ml XOD solution to give a final 
enzyme concentration of 25 pg/ml. Measure the absorbance 
against a reagent blank containing no enzyme. 

Plot absorbance vs. time to determine the initial reaction 
rate v,,, expressed as A A,,/min, and to minimize errors due 
to possible loss of activity of the enzyme during successive 
determinations use the relative activity a: 

v0 m presence of V(V) 

a = tl,, in absence of V(V) 

RESULTS AND DISCUSSION 

In earlier work2 the strong activating effect of V(V) 
on the XOD-catalysed NADH oxidation was ob- 
served and it was pointed out that the metal could 
modify the catalytic properties of the enzyme. This 
effect has now been examined with two reducing 
substrates present simultaneously, namely xanthine 
and NADH, which interact with different active sites 
of the enzyme, xanthine with the molybdenum site 
and NADH with the flavin site. Figure 1 clearly 
illustrates the difference in effect when NADH is 
present alone (curve l), and together with xanthine 
(curve 2). When both reducing substrates are simulta- 
neously present, the activating effect of V(V) on 
NADH oxidation begins at lower concentrations 
(1 x 10e6M instead of 1 x 10m5M). 

In a previous paper2 it was reported that in the 
presence of NADH alone as substrate, Hg(II), Ag(I), 
Zn(I1) and Au(II1) inhibited the XOD-catalysed 
NADH oxidation, and Cu(II) and Cr(VI) proved 
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Fig. 1. Influence of V(V) concentration on XOD-catalysed NADH oxidation. Curve (1) substrate 
1 x 10-4M NADH; curve (2) substrate 1 x lo-“M NADH plus 6 x IO-‘M xanthine; curve (3) substrate 
1 x 10-4M NADH plus 6 x 10-5M xanthine, in the presence of 5 x IO-‘M dithiothreitol and 1 x lo-‘M 

Ag+; XOD concentration = 25 pg/ml; pc, = -log[V(V)]. 

mild activators. We have therefore studied the possi- 
ble effects of these species on the activation of 
XOD-catalysed NADH oxidation by V(V) when 
both xanthine and NADH are present. 

The results obtained from equimolar (1 x 10m5M) 
concentrations of V(V) and of the other ions, in the 
presence of 1 x 10e4M NADH, 6 x 10m5M xanthine 
and 25 pg/ml XOD, are reported in Table 1. 

There is strong inhibition of the reaction by Hg(II) 
and Ag(I), weaker inhibition by Au(II1) and Zn(II), 
activation by Cu(I1) and no effect from Cr(V1). 
These effects suggest the presence of an essential thiol 
group in the enzyme, with which the cations may 
interact. The experiment was therefore repeated with 
addition of dithiothreitol (5 x lo-‘M) to protect the 
thiol groups of the enzyme. Table 1 shows that the 
inhibitory effect of Hg(II), Zn(I1) and Au(II1) is 
masked, Cu(I1) now behaves as an inhibitor and 
Ag(I), which in the absence of dithiothreitol was a 
strong inhibitor, increases the activating effect of 
V(V) on NADH oxidation. Indeed the enhancement 
of the V(V) activating effect is sufficient (Fig. 1, curve 
3) for detection of V(V) at concentrations lower than 
5 x lo-‘M. This effect of dithiothreitol (enhancement 

of the reaction of interest and masking of some 
interferences) permitted development of the kinetic 
method for the determination of V(V) in low concen- 
trations that is described here. The relative enzyme 
activity (a) is a linear function of vanadate concen- 
tration from 0.5 to 10 PM, corresponding to 25-500 
ng of vanadium per ml. 

Table 1. Influence of possibly interfering metal ions 
(1 x 10msM) on the activation by 1 x lo-‘M V(V) of 
XOD-catalysed NADH oxidation* in the presence or 

absence of dithiothreitol (DTT) 

Interfering 
element 

ah 

[DTT]=O [DTTJ = 5 x lo-jM 

Hg(W 0 0.94 
Ag(I) 0.14 1.60 
Zn(I1) 0.61 1.05 
Au(II1) 0.80 1 .oo 
Cr (VI) 1 0.95 
cu (II) 3 0.14 

*Experimental conditions: [NADH] = 1 x 10d4M; [xan- 
thine] = 6 x 10-5M; [XOD] = 25 pgg/ml. 

tavm = 
q, in the presence of V(V) plus interferent 

v0 in the presence of V(V) alone 
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Table 2. Effect of various species 
(1 x lo-5M) on the activation by 
5 x 10-6M V(V) of XOD-catalysed 

NADH oxidation* 
-_ 

Species added av(v) 

Ag(I) 1 
Cd (II) 1 
Mg(II) 1 
MO (VI) 1 
Ca(I1) 1 
Cr (VI) 0.99 
Zn (II) 0.91 
Au(II1) 0.90 
Hg(II) 0.90 
Al (III) 0.75 
Cu(I1) 0.17 
Mn (II) 0.1 
Ni(I1) 0.07 

*Experimental conditions: [NADH] = 
1 x 10A4M; [xanthine] = 6 x 10e5A4; 
[D-IT] = 5 x 10-3M; [Ag+] = 1 x 
10e5M; [XOD] = 25 pg/ml. avCvj is 
defined in a footnote to Table 1. 

The possible interferences of some elements present 
at concentrations twice that of the vanadium were 
studied (Table 2). Ag(1) concentrations ten times as 
large as that (1 x 10e5M) used in the standard assay 
do not affect the results. Of the species examined, 
Cd(II), Mg(II), MO(W), Ca(I1) and Cr(V1) are 
tolerated at fairly high ratios to V(V), but Zn(II), 
Au(III), Hg(II) and Al(II1) begin to interfere when 
present in equimolar ratio to V(V), and strong in- 
hibition of the reaction is brought about by Cu(II), 
Mn(I1) and Ni(I1). 

Table 3. Enzymatic determination of V(V), based on XOD- 
catalysed NADH oxidation in the presence of xanthine, 

dithiothreitol and Ag(I) 

VW), M 

Sample Taken Found* 

1 5.0 x IO-’ 5.15 f 0.10 x lo-’ 
2 8.4 x lo-’ 8.52 f 0.08 x lo-’ 
3 3.3 x lo-6 3.20 + 0.05 x lO-6 
4 5.2 x lO-6 5.31 kO.11 x lo-6 
5 6.5 x lO-6 6.40 f 0.14 x lO-6 
6 8.2 x lO-6 8.15 + 0.06 x lo-6 

Relative 
error, 

“/, 

+3.0 
fl.4 
-3.0 
+2.1 
-1.5 
-0.6 

*Average and standard deviation of 5 determinations. 

For determination of known concentrations of 
V(V) in the absence of interfering elements (see Table 
3) the relative error (average of five determinations) 
did not exceed +3% and the relative standard devi- 
ation was not more than 2.2%. The method may 
therefore be recommended for determination of 
0.5-10 j&f V(V), provided the concentrations of the 
inhibitory species do not exceed the tolerance limits. 
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Summary-Tervalent gold was determined spectrophotometrically as its anionic 1: 4 gold-thiol complex 
extracted into chloroform from aqueous acidic medium (1.5M sulphuric acid) in the presence of 
tri-iso-octylamine. The complex exhibits maximum absorption at 480 nm (molar absorptivity 4.60 x lo3 
l.mole-‘.cm-‘) and Beer’s law is obeyed in the concentration range 5-50 pg of gold(W) per ml. The 
relative standard deviation and relative error, calculated from ten determinations of solutions containing 
15 pg of gold(II1) per ml were 1 .O% and 0.8%. The method is simple, selective and reproducible. It permits 
separation of gold(II1) from associated elements and its determination in synthetic mixtures. 

In earlier work we reported the use of 1-(2’-nitro- 
4’-tolyl)-4,4,6-trimethyl-(lH,4H)-2-pyrimidinethiol 
and l-(4’-chlorophenyl)-4,4,6-trimethyl-(lH,4H)-2- 
pyrimidinethiol as extractants for platinum metals 
and gold(III).‘** In continuation of our studies, three 
new derivatives of mercaptopyrimidine with the 
structures shown below were synthesized with a view 
to investigating their reactions with gold(II1). These 
reagents all extract gold(II1) quantitatively from 
acidic media, but only l-(2’,4’,6’-trichlorophenyl)- 
4,4,6-trimethyl-(lH,4H)-2-pyrimidinethiol (2’,4’,6’- 
trichloro-PTPT) forms a coloured product with 
gold(U) (in sulphuric acid medium, in presence of 
tri-iso-octylamine) which is suitable for use in spec- 
trophotometric analysis. 

Critical reviews on solvent extraction of gold(II1) 
have been published by various authors.3-5 Extractive 
photometric determination of gold is subject 10 many 
limitations, which have been critically discussed in 

H3C 

R 

Cl 

Cl 

*To whom correspondence should be addressed. 

the literature. /?-Diketon&,’ and 2,2’-dipyridyl- 
ketoxime* require longer extraction times or multiple 
extractions, and the fur&cc -dioxime’ and 
4-heptanone oxime” methods demand the separation 
of interfering ions before determination of gold(II1). 
In the diphenylcarbazide method” it is necessary for 
the chloroform extract of the gold-trioctylamine 
complex to be evaporated to dryness, the residue 
mineralized and the gold determined with diph- 
enylcarbazide; chromium(VI), molybdenum(VI), ura- 
nium(W) and platinum metals interfere. Gold can be 
determined with Michler’s thioketone12 after extrac- 
tion with tri-iso-octylamine (TIOA) in toluene, but 
although the method is highly sensitive, it is necessary 
for the organic phase to be scrubbed with wash 
solutions in order to get rid of interfering ions. Dyes 
such as Rhodamine B,‘>15 Methyl Violet,16 Brilliant 
Green,” A&dine Orange,‘* PAR,19 Acridine 
Yellow20 and Chrompyrazol 12’ have also been used 
for extractive photometric determination of gold. 
Many of these are of practical importance but either 
the extraction periods are unusually long or the 
aqueous phase needs pre-equilibration, and reagent 
blanks are required. The reagent proposed here is 
colourless and extracts gold(II1) readily and quan- 
titatively from acidic medium in a single extraction. 
The method is simple, selective and reproducible, and 
permits separation of gold(II1) from associated ele- 
ments and its determination in mixtures. 

EXPERIMENTAL 

Reagents 

Stqndard solution of gold(III). Prepared by dissolving 
chloroauric acid in dilute hydrochloric acid, standardized4 
and diluted as required. 

Reagent solution. 2’,4’,6’-Trichloro-PTPT was prepared 
by the method of Mathes** from 2,4,6-trichloroaniline. The 
compound is a colourless crystalline solid with a sharp m.p. 
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(243”), and is used as a O.OlM solution in chloroform. This 
solution is colourless and stable. 

Tri-iso-octylamine (TIOA) solution in chloroform, 0.2M. 
The chloroform and all other materials used were of guar- 
anteed grade. Distilled water was used throughout. 

Recommended procedures 

Photometric determination of gold(ZII). Adjust the acidity 
of the gold(II1) solution to 1.5M in sulphuric acid. Shake it 
for 10 set with 5 ml each of the O.OlM reagent and 0.2M 
TIOA solutions. Collect the organic phase and make it up 
to a known volume with chloroform and measure the 
absorbance at 480 nm against chloroform. Compute the 
metal content from a calibration graph. 

Extraction of gold(III). Adjust the acidity of the gold(II1) 
solution to 8M in hydrochloric acid. Shake the solution for 
10 se.c with 5 ml of the O.OlM reagent solution. Collect the 
organic phase and evaporate it to dryness on a steam-bath. 
Destroy the complex by adding 1-2 ml of concentrated 
perchloric and hydrochloric acids and evaporating the solu- 
tion until fumes appear, repeating this treatment at least 
twice. Dissolve the residue in a little concentrated hydro- 
chloric acid and a few drops of nitric acid. Add a few 
milligrams of sodium chloride and evaporate to dryness on 
a steam-bath. Add a few drops of concentrated hydrochloric 
acid and evaporate again. Repeat this thrice. Dissolve the 
residue in dilute hydrochloric acid and determine gold 
photometrically as described above. 

RESULTS AND DISCUSSION 

The reagent reacts with gold(II1) in sulphuric acid 
medium to form the yellow complex, which is readily 
extractable into chloroform (10 set shaking), but is 
unstable in the organic medium. However, if the 
TIOA is also present in the organic phase, an orange 
ion-association complex of gold(II1) is extracted from 
sulphuric acid medium, and is suitable for spec- 
trophotometric determination of gold(II1) at 480 nm 
(Fig. 1). The absorbance measured against the chlo- 
roform blank is independent of shaking time from 
5 set to 10 min and also of the acidity of the solution 
in the range OS-2M sulphuric acid. A IO-set shake 

001 L I I I 
400 450 500 550 600 

Wavelength (nm) 

Fig. 1. The absorption spectrum of the Au(III)-thiol com- 
plex: Au(II1) 30 ppm. 

0 1 2 3 4 5 

L/M 

Fig. 2. Mole-ratio plot, [Au] = [Thiol] = 1.01 x 10m3M, 
TIOA = 0.2M. 

and 1.5M acidity were selected. Maximum absorb- 
ance was attained by using a reagent concentration at 
least 20 times that of the gold(II1) and at least 3 ml 
of 0.2M TIOA in chloroform. The extraction was 
found to be quantitative from hydrochloric acid up 
to 8M, nitric acid up to TM, sulphuric acid up to 
2.5M and perchloric acid up to 8M, but to be more 
selective from 0.5-2.OM sulphuric acid. Variation in 
the volume of aqueous phase from 25 to 250 ml 
caused no marked effect on the absorbance. The 
mole-ratio method showed that the complex had a 
1: 4 metal-to-ligand ratio (Fig. 2). The molar absorp- 
tivity is 4.60 x lo3 l.mole-’ .cm-‘, and Beer’s law is 
obeyed over the gold concentration range 5-50 pg/ml 
in the final solution measured. The complex is stable 
for at least 5 hr. 

Effect of diverse ions 

For interference studies, different amounts of ionic 
species were added to the sample solution containing 
150 pg of gold and the solution was adjusted to 1.5M 
in sulphuric acid or 8.OM in hydrochloric acid. Gold 
was determined as described by the recommended 
procedures. An error of +2% in the absorbance 
readings was considered tolerable. Up to about 
150 pg of gold(II1) can be quantitatively extracted 
without interference from 20 mg of cobalt(H), nickel, 
copper(H) and uranium(V1); 15 mg of iron(III), 
zinc, platinum(IV) and barium; 10 mg of gallium, 
sodium, tungsten(W) and selenium(IV); 7 mg of 
manganese(II), cadmium, iridium(III), mercury(H), 
lead and magnesium, 5 mg of chromium(W), 
rhodium(III), tellurium(N), cerium(IV) and bis- 
muth; 3 mg of vanadium(V), molybdenum(VI), ru- 
thenium(III), zirconium and silver. In photometric 
determination of gold(II1) (150 pg) there is no inter- 
ference from 10 mg of iron(III), sodium, cobalt(II), 
nickel, copper( zinc, barium, titanium(IV) and 
thorium; 5 mg of gallium, cadmium, uranium(V1) 
and selenium(N); 3 mg of manganese(II), mag- 
nesium, tungsten(VI), lead, zirconium, aluminium 
and cerium(IV); 2 mg of molybdenum(VI), rho- 
dium(III), iridium(III), silver and tellurium(IV); 1 mg 
of vanadium(V), ruthenium(II1) and mercury(I1). 
The only species showing interference in both pro- 
cedures are iron(II), tin(II), thiourea and thio- 
sulphate. In the photometric procedure chro- 
mium(VI), platinum(W), bismuth, EDTA and 
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Table 1. Determination of gold in Cu-Ag-Au 
alloys (means of 6 analyses) 

Composition Relative 
of alloy Gold found, mean deviation, 

% % % 

cu 49.35 
Ag 7.25 43.1 0.2 
Au 43.0 

cu 35.0 
Ag 5.0 60.0 0.1 
Au 60.0 

bromide interfere. There is co-extraction of pal- 
ladium(H) and osmium(VIII), but these can be sepa- 
rated by the scheme reported earlier.‘,’ The inter- 

ference due to chromium(V1) and platinum(IV) in the 
photometric determination is eliminated by using the 
extraction procedure. 

Determination of gold in alloys 

Dissolution of gold-copper-silver alloy. About 0.1 g 
of the sample was transferred into a 250-ml conical 
flask with a short-stemmed funnel in its neck and 
heated gently with 10 ml of aqua regia to dissolve the 
alloy. The solution was treated with 10 ml of concen- 
trated hydrochloric acid added in 2-ml portions, the 
solution being evaporated almost to dryness on the 
steam-bath after each addition. The residue was 
dissolved in dilute hydrochloric acid and the precip- 
itated silver chloride was filtered off and washed with 
dilute hydrochloric acid. The filtrate and washings 
were collected in a 250-ml standard flask and made 
up to volume with distilled water. 

Determination of gold. An appropriate aliquot of 
the solution was taken and the gold was separated 
from copper by the extraction procedure and deter- 
mined by the photometric procedure. Results are 
reported in Table 1. The amount of gold found in the 
alloys is in agreement with the certified values. The 
relative standard deviation and relative error calcu- 

lated from ten determinations on solutions contain- 
ing 150 pg of gold(II1) per 10 ml were 1 .O% and 0.8%. 

Acknowledgement-Thanks are due to the U.G.C., New 
Delhi, for providing a fellowship for SRK. 

REFERENCES 

1. M. A. Anuse, N. A. Mote and M. B. Chavan, Talanta, 
1983, 30, 323. 

2. M. A. Anuse and M. B. Chavan, Chem. Anal. (War- 
saw). 1984. 29. 409. 

3. 

4. 

5. 

6. 

I. 

8. 
9. 

10. 
11. 
12. 
13. 

14. 
15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

N. k. Das ind’ S. N. Bhattacharyya, Talanta, 1976, 23, 
535. 
F. E. Beamish and J. C. Van Loon, Analysis of Noble 
Metals, Overview and Selected Method. LID. 129. 272. 

_- Academic Press, New York, 1977. 
J. P. Richard. The Chemistry of Gold. Elsevier. Am- 
sterdam, 1978: 

._ 

A. V. Rangnekar and S. M. Khopkar, 2. Anal. C&em., 
1967, 230, 425. 
S. B. Akki and S. M. Khopkar, Indian J. Chem., 1972, 
10, 125. 
W. H. Holland and J. Bozic, Anal. Chem., 1967,39, 109. 
P. S. Patil and V. M. Shinde, Mikrochim. Acfa, 1977 II, 
331. 
R. J. Walker and W. J. Holland, ibid., 1974, 105. 
J. Adam and R. Piibil, Talanta, 1971, 18, 405. 
I. Tsukahara. ibid.. 1977. 24, 633. 
B. J. MacNuity and L. D’. Wbollard, Anal. Chim. Acta, 
1955, 13, 154. 
H. Onishi, Mikrochim. Acta, 1959, 9. 
R. Dancheva and S. Beleva, Khim.-Ind. Sofia, 1964,36, 
109; Chem. Abstr., 1965, 62, 19a. 
L. Ducret and H. Maurel, Anal. Chim. Acta, 1959, 21, 
74. 
R. E. Stanton and A. J. McDonald, Analysr, 1964, 89, 
161. 
D. A. Mikaelyan and L. A. Mekhakyan, Molodi Nauch. 
Rab. Estetr. Nauki. 1972. No. 2.19: Chem. Abstr.. 1974. 
80, 907512. 
S. G. Nagarkar and M. C. Eshwar, Anal. Chim. Acta, 
1974, 71, 461. 
V. M. Tarayan and D. A. Mikaelyan, Arm. Khim. Zh., 
1981, 34, 545. 
P. N. Nesterenko and V. M. Ivanov, Zh. Analit. Khim., 
1982, 37, 1977. 
R. A. Mathes, J. Am. Chem. Sot., 1953, 75, 1747. 



Tolanta, Vol. 32, No. 10, pp. 1011-1012, 1985 
Printed in Great Britain. All rights reserved 

0039-9140/m $3.00 + 0.00 
Copyright 0 1985 Pergamon Press Ltd 

SELECTIVE COMPLEXOMETRIC DETERMINATION 
OF BISMUTH WITH MERCAPTANS AS MASKING 

AGENTS, AND ITS ESTIMATION IN ALLOYS 
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(Received 22 February 1985. Accepted 9 May 1985) 

Summary-A method is proposed for selective complexometric determination of bismuth. To a solution 
containing bismuth and other cations, excess of EDTA is added and the surplus is back-titrated at pH 5-6 
with lead nitrate (Xylenol Orange as indicator). Thioglycollic or mercaptopropionic acid is then added 
to decompose the bismuth-EDTA complex and the liberated EDTA is titrated with lead nitrate. The 
interference of various cations has been studied and the method employed to determine bismuth in a 
variety of alloys. 

Bismuth can be titrated with EDTA at pH as low as 
1,’ but cations forming comparably strong EDTA 
complexes, such as iron(III), thorium, zirconium, 
tin(IV) and titanium(IV), will interfere. This inter- 
ference can be dealt with by titrating the total metal 
content, then treating the titrated solution with a 
releasing agent which will form a more stable 
complex with bismuth than EDTA does. The EDTA 
released from its bismuth complex can then be 
titrated with a suitable metal solution. Mercapto- 
propionic acid,2 2,3-mercaptopropane-1-sulphonic 
acid,3,4 2,3-dimercaptopropan-l-01,’ mercaptoacetic 
acid6 and thioglycollic acid’ have all been recom- 
mended for masking bismuth in acid medium, so 
should be useful as releasing agents. In our recent 
work on use of thioglycollic acid and mercapto- 
propionic acid as selective releasing agents for 
copper’ and tin,’ we found that bismuth caused 
serious interference, which might be expected from 
the earlier work quoted above. We therefore exam- 
ined these two acids as agents for releasing bismuth 
from its EDTA complex. 

EXPERIMENTAL 

Reagents 

Bismuth nitrate solution. Prepared by dissolving 1.0 g of 
high-purity bismuth in 20 ml of concentrated nitric acid, 
making up to 1 litre and standardizing. 

EDTA solution, O.OIM. 
Lead nitrate solution, 0.01 M. 
Xylenol Orange, 0.1% aqueous solution. 
Thioglycollic acid and mercaptopropionic acid, 20% solu- 

tions. 
Hexamine, 30% solution. 
Solutions of various metal ions (1 mgjml) were prepared 

from suitable salts. All chemicals used were of analytical 
reagent grade. 

Determination of bismuth in presence of other cations 

To a solution containing 5-50 mg of bismuth and various 
amounts of other metal ions, add excess of O.OlM EDTA, 
dilute to about 100 ml with water, adjust the pH to 54 with 
hexamine solution, add a few drops of Xylenol Orange 

indicator and back-titrate the excess of EDTA with O.OlM 
lead nitrate. Add 2-l 5 ml of thioglycollic or mercapto- 
propionic acid solution, heat to boiling and boil for 4-S min, 
cool, adjust the pH to 5-6 with hexamine and titrate and 
liberated EDTA with O.OlM lead nitrate. 

Application to alloys 

Dissolve 0.2-0.5g of alloy in the minimum amount of 
aqua regiu necessary and make up to volume in a lOOmI 
standard flask containing sufficient potassium chloride solu- 
tion to give an overall KC1 concentration of 2%. Analyse a 
suitable aliquot as described above. 

RESULTS AND DISCUSSION 

The formation constant for the bismuth-EDTA 
complex’ is variously reported as 1023-1026. The 
stability constants for the complexes of bismuth with 
thioglycollic and mercaptopropionic acid are not 
known, but because these acids release EDTA from 
its bismuth complex, their stability constants must be 
higher than that for the EDTA complex. 

We have found that 5 ml of 20% thioglycollic or 
mercaptopropionic acid solution quantitatively re- 
leases EDTA from its complex with 20 mg of bis- 
muth, on boiling for 4-5 min. The treatment with 
these acids lowers the pH from that at the end of the 
first titration, and to ensure a correct end-point in the 
second titration with lead, it is necessary to adjust the 
pH back to 5-6. 

Table 1 shows that the method is selective for 
bismuth in the presence of nickel, zinc, cadmium, 
cobalt, lead, manganese, aluminium, iron(III), 
indium, yttrium, lanthanum, samarium, cerium(III), 
titanium(IV) and zirconium, but manganese gives 
some trouble in the end-point detection in both 
titrations when more than 5 mg of it is present. 
Copper(I1) and tin(IV) are also quantitatively re- 
leased from their EDTA complexes by means of 
mercaptans 8,9 and cause interference, but this can be 
prevented by masking copper with ascorbic acid and 
thioureaiOz” and tin with tartaric acid’* before the 
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Table 1. Determination of bismuth in pres- 
ence of foreign metal ions 

Bi’+, mg 

Found 

Foreign ion, mg Taken MPA TGA 

cu2+ 

NP+ 

Zn2+ 

Cd2+ 

car+ 

Pd2+ 

Hg2+ 

Pb2+ 

Mn2+ 

Al’+ 

Fe”+ 

In’+ 

Yr+ 

Las+ 

Sm’+ 

Ce’+ 

Ti4+ 

zl-.++ 

Sn4+ 

40.4a 12.00 12.07 12.07 
10.1” 50.0 49.9 50.2 
40.3 8.00 7.94 8.05 
10.1 45.0 44.7 45.1 
50.6 10.00 10.03 10.03 
10.1 40.0 39.8 40.1 
40.5 35.00 34.9 34.9 
20.3 45.0 45.1 45.2 
20.4 5.00 5.02 4.96 
10.2 45.0 44.9 45.1 
18.0b 15.00 14.94 15.05 
6.0b 8.00 8.05 7.94 

40.4s 40.0 40.1 40.2 
10.lb 12.00 11.97 11.97 
30.8 18.00 17.97 18.13 
15.4 50.0 49.9 50.1 
5.0 10.00 10.08 9.93 
3.0 18.00 17.87 18.13 

25.0’ 5.00 4.96 4.96 
5.0’ 30.0 30.1 29.9 

25.8 15.00 15.05 15.10 
12.9 25.0 24.9 25.1 
25.8 12.00 11.91 11.97 
12.9 30.0 30.1 29.9 
28.4 8.00 8.05 7.94 

7.1 40.0 39.9 40.2 
30.5 12.00 12.07 12.02 

5.1 45.0 45.2 44.9 
28.4 20.00 20.06 19.91 
14.2 35.0 34.9 35.1 
40.2 10.00 9.93 10.03 
10.1 50.0 50.2 49.9 
20.4 15.00 15.05 15.05 
10.2 25.0 24.9 25.1 
40.1 10.00 10.03 9.98 
10.3 45.0 44.9 45.2 
50.5d 8.00 8.05 7.94 
25.3d 40.0 39.7 39.9 

MPA = Mercaptopropionic acid. 
TGA = Thioglycollic acid. 
*Ascorbic acid and thiourea added to mask 

copper. 
bThiourea added to mask palladium and mer- 

cury. 
“Excess of EDTA added, pH adjusted to 3, 

solution boiled for 3 min. 
dTartaric acid added to mask Sn(IV). 

titration. Thiourea will likewise mask palladium’3 
and mercuryI which would also otherwise interfere. 
A notable feature of the method is its capability to 
determine bismuth in presence of metals such as iron, 

Table 2. Determination of bismuth in solid and synthetic 
alloy samples 

Bi found, % 

Sn-Bi 
Pb-Bi 
Cd-Bi 

Alloy 

Wood’s metal* 
Pb (25.0); Sn (12.5); Cd (12.5); 
Bi (50.0) 
Bismuth solder 
Pb (40.0); Sn (15.1); Bi (44.9) 
Eutectic fusible alloy 
Pb (32.0); Sn (14.8); Bi (53.2) 

a 

59.9 
56.1 
40.0 
50.0 

44.9 

53.2 

b C 

59.7b 60.0 
55.gb 56.4 
40.2s 40.0 
50.2b 49.7 

44.7b 

53.0s 

45.2 

53.5 

PGravimetric values by bismuth oxychloride precipitation.” 
bValues by mercaptopropionic acid release. 
‘Values by thioglycollic acid release. 
*Synthetic mixture. 

tin, titanium and zirconium, which seriously interfere 
in the direct titration at low pH. 

Table 2 gives results obtained for bismuth in alloys 
and these are in good agreement with those obtained 
by a standard procedure,15 the relative error in no 
case exceeding 1%. Besides being selective and accu- 
rate, the method is simple and rapid. A suite of three 
alloy samples can be analysed in 1 hr. 

Acknowledgement-Grateful thanks are due to Dr P. Rama 
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Summary-A spectropbotometric method for determination of trace amounts of cadmium and zinc in 
waste water with PAR and mixed ionic and non-ionic surfactants is described The interferences of foreign 
ions can be eliminated by masking with a mixture of t~eth~ol~ne, potassium fluoride, ethyl~~~ne 
and sodium hexametaphosphate. By virtue of the difference between the absorbanees before and after 
addition of a little sodium diethyldithiocarbamate, cadmium and xinc can be determined directly in 
aqueous solution without separation. Beer’s law is obeyed for O-20 fig of Cd or O-12 pg of Zn in 25 ml 
of solution. The apparent molar absorptivities at 505 mn are 8.65 x lo4 l.mole-‘em-’ for Cd and 
8.21 x 104 1 *mole-’ .cm-’ for Zn. Results obtained by applying the proposed method to waste-water 
samples agree well with those obtained by atomic-absorption spectrophotometry. 

The determination of trace amounts of cadmium 
and zinc has recently received considerable atten- 
tion owing to concern with the problems of environ- 
mental pollution. At present, the most commonly 
used colour reagent for spectrophotometric deter- 
mination of cadmium and zinc is dithizone, but 
the method is complicated and toxic solvents are 
used. 

The analytical applications of 4-(2-pyridyl-azo)- 
resorcinol (PAR) have been extensively investigated. 
Determination of cadmium and zinc with PAR is 
highly sensitive, but poorly selective. However, it has 
been shown that the colour system of cadmium or 
zinc with PAR, cetyltrimethylammonium bromide 
(CTMAB) and a non-ionic surfactant possesses many 
advantages, such as high sensitivity, good stability 
and wide tolerance in the experimental conditions, 
over the simple Cd-PAR system, because of the 
synergic sensitizing effect of a mixture of ionic non- 
ionic surfactants on the colour reaction.’ In this 
paper, continuous spectrophotometric determination 
of cadmium and zinc in waste water by use of PAR, 
CTMAB and “Peregal 0” is described. 

EXPERIMENTAL 

Reagents 
PAR solution, 5 x IO”*M. Dtssolve 0.1076 g of PAR in 

1000 ml of water containing 1 mi of 1 M sodium hydroxide. 
Standard solutions of cadmium. Stock solution 1 mglmt; 

working solution 10 &ml. 
Standard solutions oft&c. Stock solution 1 mg/ml; work- 

ing solution 10 rg/mt. 
Cetyltrimethytammonium bromide (CTMAB) solution, 

2 x IO-‘M. 
“Peregal 0” [C,$1,,0(CH&H@)20H] solution, 4 x 

I&JM. 
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CTMAB-PeregaI 0 solution, prepared by mixing 200 ml 
of CTMAB solution and 100 ml of Peregal 0 solution to 
give an equimolar mixture. 

Bu$er solutions. Buffers covering the pH-range 6.0-l 1.7 
were prepared by mixing 0.05M sodium borate and 0.05M 
sodium carbonate in appropriate ratios. 

Mixed eking-reagent soiution. A mixture of 200 ml of 
5.0% triethanolamine (TEA) solution, 150 ml of 10% potas- 
sium fluoride solution. 50 ml of 1.0X ethvlenediamine (En) 
solution and 50 ml of 0.20/, sodium hdxametaphosphatk 
solution, diluted to 500 ml. 

All chemicals used were of ~alyti~l-reagent grade and 
demineralized water was used. 

Pipette into a 25-ml standard flask 1.0 ml of test or 
standard solution containing up to 20 pg of cadmium or 
12 pg of zinc. Add 5.0 ml of mixed masking-reagent 
solution, 2.0 ml of PAR solution, 5 ml of borate b&er 
(nH 10). 7.5 ml of CTMAR-Pereeal 0 solution. dilute to 
<he mark with water, mix, and aher 20 min measure the 
absorbance at 505 nm in a l-cm cell against a reagent blank. 
Prepare a calibration graph with appropriate standards. 

RESULTS AND DISCUSSION 

The absorption spectra of the Cd-PAR-CTMAES- 
Peregal 0 complex and reagent blank were measured 
against water in the range 3~6~ nm (l-cm cells). 
The absorption maximum of the complex is at 
505 nm and that of the reagent blank is at 404 nm 
(Fig. 1). 

E#ect of amounts of reagents 

The general procedure was followed with IO pg of 
cadmium and various amounts of 5 x 10a4M PAR. 
Maximum and constant absorbance was obtained 
when 1.5-3.5 ml of the PAR solution were used, so 
2.0 ml of the PAR solution was selected as optimal. 

3 
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Wavelength (nm) 

Fig. 1. Absorption spectra of Cd-PAR-CTMAB-Peregal 0 
system. A, Cd-PAR-CTMAB-Peregal 0 vs. water; B, re- 
agent blank us. water; C, Cd-PAR-CTMAB-Peregal 0 vs. 

reagent blank; OS-cm path-length; Cd = 10 pg. 

The effects of CTMAB and Peregal 0 were similarly 
tested in the range 4.0-8.0 ml of 2.0 x 10e3M 
CTMAB and 2.25-5.0 ml of 4.0 x 10m3M Peregal 0. 
The absorbance was maximal and constant when the 
molar ratio of CTMAB to Peregal 0 ranged from 0.5 
to 1.1; for convenience, we recommend use of a 1: 1 
molar ratio. It is important, however, to add the 
surfactants as a composite solution, otherwise the 
reproducibility of the determination is much poorer. 

The allowable amounts of masking reagent in 
25 ml of solution were likewise found to be 2.5 ml of 
10% potassium fluoride solution, 1.5 ml of 5.0% TEA 
solution, 0.5 ml of 1.0% En solution and 0.5 ml of 
0.2% sodium hexametaphosphate solution. 

Characteristics of the complex 

The molar ratio of cadmium to PAR in the com- 
plex was determined by the continuous-variations 
and molar-ratio methods and found to be 1: 2. The 
molar ratio of cadmium to CTMAB and to Peregal 
0 in the complex was found to be 1: 1 in both cases 
by the Asmus and molar-ratio methods. Therefore, 
the complex is Cd(PAR),(CTMAB) (Peregal 0). 
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Fig. 2. Dependence of absorbance on pH I = 505 nm; 
reference, reagent blank. 

Beer’s law is obeyed at 505 nm for O-20 pg of 
cadmium or O-12 pg of zinc in 25 ml of solution. The 
apparent molar absorptivities at 505 nm were found 
to be 8.65 x lo4 and 8.21 x lo4 l.molee’.cm-’ for 
cadmium and zinc respectively. Complete colour 
development takes 20 min and the colour is then 
stable for at least 18 hr. 

Interferences 

The selectivity was investigated by determination 
of 10 pg of cadmium or zinc in the presence of 
various amounts of other ions. The results indicated 
that Ni’+, Co’+, Cu2+ and Mn2+ interfere severely 
and that there is mutual interference by cadmium and 
zinc. The interference of cobalt, copper, nickel and 
manganese may be reduced somewhat by adding the 
masking-reagent mixture. The tolerance limits for 
diverse ions when the mixed masking-reagent solu- 
tion is used are given in Tables 1 and 2. 

To eliminate the mutual interference of zinc and 
cadmium, we devised the following procedure, based 
on the difference in stability of the complexes con- 
cerned.2a The total absorbance of the Zn-PAR- 
CTMAB-Peregal 0 and Cd-PAR-CTMAB-Peregal 
0 complexes is measured, then 0.2 ml of 2% sodium 
diethyldithiocarbamate solution is added to the test 
solution. The Cd-PAR-CTMAB-Peregal 0 complex 
is destroyed but not the Zn-PAR-CTMAB-Peregal 
0 complex. The change in absorbance corresponds to 
the amount of cadmium present in the sample. Thus, 
the method can be used for the spectrophotometric 
determination of trace amounts of both cadmium 
and zinc in the same sample. Provided less than 20 mg 

Table 1. Effect of foreign ions on determination 
of 10 pg of Cd in presence of mixed masking 

reagents 

Added 
Ion/Cd Cd found, 

Ion !% ratio, w/w LQ? 

PO:- 6000 600 10.10 
AI(II1) 400 40 9.97 
Bi(II1) 50 5 10.00 
Ca(II) 500 50 9.98 
Co(U) 10 1 10.08 

0.5* 0.05 11.83 
Cr(VI) 2000 200 9.11 
Cu(I1) 5 0.5 10.07 

0.5; 0.05 10.86 
Fe(H) 10 1 10.16 
Fe(W) 20 2 10.30 
Hg(II) 40 4 10.12 

Mg(II) 3000 300 9.80 
Mn(I1) 10 1 10.30 

0.5* 0.05 10.43 
Mo(V1) 2000 200 9.80 
Ni(II) 2 0.2 11.30 

1 0.1 10.00 
1* 0.1 10.57 

Pb(II) 40 4 9.90 
Sn(II) 20 2 10.13 
Zn(I1) 1 0.1 10.40 

*In the absence of masking agents. 
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Table 2. Effect of foreign ions on determination 
of 10 pg of Zn in presence of mixed masking 

reagents 

Added 
Ion/Cd Cd found, 

Ion pg ratio, w/w fig 

PO:- 8000 800 
Al(II1) 700 70 
Bi(II1) 30 3 
Ca(I1) 1000 100 
Co(I1) 10 1 

0.5* 0.05 
Cr(V1) 4000 400 
Cu(I1) 8 0.8 

0.5’ 0.05 
Fe(I1) 20 2 
Fe(II1) 20 2 
Hg(II) 200 20 
Mg(II) 3000 300 
Mn(I1) 5 0.5 

0.5; 0.05 
Mo(V1) 4000 400 
Ni(I1) 2 0.2 

1 .o* 0.1 
Pb(I1) 100 10 
Sn(I1) 30 3 
Cd(I1) 30 3 

*In the absence of masking agents. 

10.04 
9.86 
9.84 
9.90 

10.20 
10.40 
9.90 

10.20 
10.86 
10.18 
10.24 
10.12 
9.96 

10.20 
10.44 
9.82 

10.28 
10.60 
10.16 
10.18 
10.04 

of the diethyldithiocarbamate is added, up to 20 pg 
of copper, 10 pg of nickel, 10 pg of cobalt and 5 pg 
of manganese will not interfere. 

Table 3. Results for determination of cadmium and zinc in 
waste water 

Atomic-absorption 
spectrophotometry Present method 

Sample Cd ppm Zu, ppm 

1 0.008 4.05 
2 0.0 1.70 
3 0.0 11.70 
4 0.0 55.00 
5 0.54 2.34 
6 1.23 10.19 

cd, mm Zn, mm 
0.0 4.08 
0.0 1.75 
0.0 11.67 
0.0 54.6 
0.53 2.22 
1.25 10.24 

The results for determination of cadmium and zinc 
in some waste-water samples by the proposed method 
are shown in Table 3, and are in reasonable agree- 
ment with those obtained by atomic-absorption spec- 
trophotometry. The method could be adapted for 
on-line monitoring. 
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Summary-The determination of trace mercury in water samples by electrolytic deposition and electro- 
thermal atomic-absorption spectrophotometry is described. Traces of mercury in water are precon- 
centrated by electrolytic reduction and deposition on a platinum wire cathode, which is then put into a 
graphite cup for direct atomization and measurement. The method is sensitive and simple, with a detection 
limit of 0.04 neiml. Almost all the metal ions commonly found in water samples can be tolerated, because 
of the selectiv;r’ deposition at controlled potential. 

Traces of mercury in water can be determined by 
calorimetry’ or cold-vapour atomic-absorption spec- 
trophotometry, ‘J The latter approach is to be pre- 
ferred on account of its sensitivity, but its precision 
is not always satisfactory, and large amounts of easily 
reducible elements must be absent from the sample 
solution. The aim of this work was to develop a new 
method which would overcome these disadvantages, 
minimize interferences and background absorption, 
and give maximum sensitivity. The use of controlled- 
potential electrolytic deposition as a separation and 
preconcentration technique for the determination of 
mercury in samples with complex matrices, by elec- 
trothermal atomic-absorption spectrometry (AAS), 
was developed several years ago,‘* but the equipment 
was not particularly simple and easy to operate and 
the method did not attract much attention for routine 
analysis. In this paper a simple electrolytic deposition 
is combined with electrothermal AAS for the deter- 
mination of trace mercury in water. 

EXPERIMENTAL 

Reagents 

Doubly distilled demineralized water was used through- 
out. Acetic acid (analytical grade) was redistilled in a quartz 
still before use. A stock solution (1.3 x 10m3M) of mercury- 
(II) chloride was stored in a polyethylene bottle and a 
working solution (1.3 x lo-‘M) was made by dilution with 
water just before use. 

Apparatus 

A Hitachi 180-80 polarized Zeeman atomic-absorption 
spectrophotometer was used with a Hitachi model 056 
recorder and control unit (including temperature pro- 
grammer). A model 75-4B polarograph was used as a 
potentiostat. A Hitachi mercury hollow-cathode lamp was 
out. Acetic acid (analytical grade) was redistilled in a 
quartz still before use. A stock solution (1.3 x 10-3M) of 
mercury (II) chloride was stored in a polyethylene bottle and 
a working solution (1.3 x 10msM) was made by dilution 
with water just before use. 

(a) ( b) ,Copper rod 

@I a 

-Spring 

-Plastic 
slide 

Fig. 1. Platinum cathode (a) and holder (b). The cathode is 
released by moving the sleeve on the holder. 

General procedure 

Transfer 60 ml of water sample and 0.5 ml of 12M acetic 
acid to a plastic electrolysis cell, submerge the three elec- 
trodes (platinum coil electrode, Ag/AgCl reference electrode 
and platinum foil anode) in the sample solution, start the 
magnetic stirrer and timer, and electrolyse at 0.0 V us. the 
Ag/AgCl electrode. After 300 set, transfer the platinum coil 
electrode from the cell into the graphite cup, then start the 
atomization procedure and measure the absorbance under 
the following conditions: 

Wavelength 2531 A 
Bandpass 13A 
Hg lamp current 6mA 
Sheathing gas (Ar) flow-rate 200 ml/min 
Drying temperature and time 40-80”; 5 set 
Atomization temperature and time 700”; 7 set 

(stopped Ar flow) 
Cleaning temperature 
and time 1000”; 3 set 

RESULTS AND DISCUSSION 

Eflect of cathode potential 

The potential of the platinum coil electrode 
strongly affects the electrolytic deposition of mercury 
and other metals. Figure 2 shows that the amount of 
mercury deposited in a given time is constant and 

1016 
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Fig. 2. Selection of cathode potential. 

maximal over the range from +O.l to - 1.0 V (us. 
Ag/AgCl electrode). To avoid interferences from 
other metal ions a potential of 0.0 V (US. Ag/AgCl) 
is used. 

Electrolysis time 

Results for the determination of mercury at 4 
ng/ml concentration indicate (Fig. 3) that there is 
initially a linear relationship between amount of 
mercury deposited and deposition time. Deposition 
times up to 6 min are best, but if the concentration 
of mercury is lower than 4 ng/ml the time may be 
extended. In this work a 5-min deposition time was 
used as standard. 

Position of platinum wire in the graphite cup 

The position of the coiled wire cathode in the 
graphite cup (Fig. 4) was found not to affect the 
repeatability of the results, because even if part of the 
wire is in the light-beam and scatters a little of it, 
there is almost the same degree of scattering of the 
measured beam (x) and the reference beam (a) in the 
polarized Zeeman AAS. 

Calibration graph, detection limit and precision 

The calibration graph was linear from 0.08 to 5.2 
ng/ml mercury concentration and the detection limit 
was 0.04 ng/ml. The relative standard deviation for 
10 determinations at the O.Cng/ml level was 7.0%. 

0 5 10 

Time (min) 

Fig. 3. Effect of electrolysis time on signal for a Cng/ml 
sample. 

--q$s-- 

Fig. 4. Position of cathode in graphite cup. 

Interferences 

The determination of mercury at the O.+ng/ml 
level was not affected by the presence of 200~ng/ml 
levels of Fe*+, Cd*+, Mn*+, Cr’+, Pb’+, Cu*+, Ni*+ 
and Al’+ under the recommended conditions. 

Determination of mercury in water samples 

Four water samples (60 ml) were analysed by the 
standard-addition method. The results are shown in 
Table 1; apparent recoveries of 91-104x were ob- 
tained in the analysis of four 60-ml water samples 
spiked with 52.1 ng of mercury. 

Conch4sions 

A major advantage of this method is that the whole 
atomization procedure is conducted in an ordinary 

Table 1. Determination of mercurv in 60-ml water samDles 

Water sample 
Hg added, Hg found*, Recovery,? 

ng ng % 

No. 1 mineral water 

No. 2 mineral water 

Dian Shan lake water 

Campus river water 

- 10.4 
52.1 64.7 104 
- 13.3 

52.1 60.8 91 
- 13.0 

52.1 65.4 101 
- 85.8 

52.1 135.0 94 

*Means of 3 determinations. 
tOf added mercury. 
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graphite cup atomizer, without modification, so the 
method can conveniently be used for the routine 
determination of traces of mercury with any electro- 
thermal AAS equipment, and requires in addition 
only a simple three-electrode system for controlling 
the potential of the platinum coil electrode, such as 
a common polarograph or other controlled-potential 
electrochemical instrument. 
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Summary-The determination of traces of fluoride by means of the molecular absorption of AIF 
volatilized in graphite cuvettes is described. An extraction method for separation and preconcentratlon 
of the fluoride has been developed, to avoid matrix effects. T1.e fluoride is extracted with IO-‘A4 
triphenylantimony(V) dihydroxide in MIBK, and stripped with 0.025M barium hydroxide. The method is 
sensitive and specific for fluoride. The detection limit is about 0.3 ng of fluoride, and the fluoride content 
of 6 ml of IO-‘M solution can be determined. The determination is possible in presence of various ions, 
but it is estimated that usage of trace matrix separation leads to a considerable improvement in the relative 
detection limits (by 2-3 orders of magnitude), levels as low as 0.01 ppm being detectable in some matrices. 

As indicated in our previous papers on chloride and 
bromide,‘.’ determination of fluoride is an important 
and difficult practical problem. Sensitive deter- 
mination of fluoride is possible with ion-selective 
electrodes.’ 5 but the accuracy is not always adequate 
in the presence of various other ions. As shown by 
us” ‘” and others3,“.‘* sensitive and selective deter- 
mination of fluoride is possible by means of molecu- 
lar absorption spectrometry of diatomic 
metal-fluoride molecules (e.g.. AIF, GaF, InF, MgF). 

An important problem in MAS with electro- 
thermal atomization is the significant interference 
from the matrix. We showed earlier’,’ that 
liquid-liquid extraction with triphenyltin hydroxide 
(TPTH) followed by stripping with sodium or barium 
hydroxide solution improves the sensitivity and accu- 
racy of MAS determination of Br-- and Cl- as AlBr 
and AlCl respectively. This extractant is not success- 
ful for fluoride. however. because the stripping is 
difficult. 

Schweitzer and McCarthy” have shown the use- 
fulness of triphenylantimony dihydroxide (TPSbDH) 
for extraction of anions, and Chermette er al. have 
used it for extractlon of halides. 4~5~‘4.‘5 

In the present work we have studied the extraction 
of fluoride by TPSbDH from acidic solutions, for its 

*Part XII. Anul. Chim. ACIU. 1984. 160, 323 
tAuthor for correspondence. 

preconcentration and separation from large amounts 
of other anions and cations. The data obtained were 
used to develop a method for determination of 
fluoride in aqueous solution by molecular absorption 
spectrometry (MAS) in hot graphite tubes. 

EXPERIMENTAL 

Apparatus 

The molecular absorption was measured with a Jarrell- 
Ash double-channel double-beam AA-spectrometer, type 
81 I. fitted with a Beckman graphite-furnace, type 1268. The 
light-source was a hydrogen hollow-cathode lamp run at 
35 mA. The molecular absorption of AIF was measured at 
227.6 nm. 

For background correction the two-line method was used, 
the non-specific wavelength being 226.4 nm. The distribu- 
tion of fluonde between the organic and aqueous phase was 
estimated by MA measurements. 

Reagents 

TPSbDH solutions were prepared by equihbration (shak- 
ing time 3 mm) of IO-‘M triphenylantimony(V) dibromlde 
(12.5 mg m 25 ml) m o-xylene. MIBK, pentyl acetate, or 
mixed solvents, with successive portions of 0.2M sodium 
hydroxide in doubly distilled water (phase-volume ratio I: I) 
until no further bromide was found in the aqueous phase. 
The orgamc phase was washed free from the hydroxide with 
water and then filtered. The last washing had pH < 7. The 
concentration in the diluent was IO ‘M (10 ‘M can be 
achieved if desired) and the concentration of fluoride m the 
lnitlal aqueous solution was IO ‘-10 ~‘A4 for the extraction 
studies. 
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The following aqueous stock solutions were used: AI’+ 10 
mg/ml (prepared f;om the nitrate); NaOH 0.2M; Ba(OH), 
0.05M; F- O.IM; X IO mg/ml (X = Cl-. SO:-, sodium 
salts), M 10 mg/ml (M = Al’+, Lif, Cu+, Znzt, Mg2+, 
Ca’+. La’+, Fe’+, prepared from the nitrates). 

Procedures 
Analytical mrestigations wthout extraction. Volumes of 

IO ~1 of solutions contaimng F-, Al’+, and Ba’+ were 
placed m the graphite furnace. After drying and ashing the 
substances were evaporated m the so-called atomization 
step (better termed the volatilization step) and the MA 
slgnal for AIF was measured. 

Anulytlcul determinations with extraction. Stoppered plas- 
tic test-tubes or separatory funnels were used for distribu- 
tion of fluoride between the two phases. The extractlon was 
done with different V,/V,, ratios. For V, = Vdq the volume 
of each phase was I .5 ml. The extractlon studies were done 
at room temperature and the phases were shaken for 3 min. 
It was estabhshed that equilibrium was attained m less than 
3 min in all the systems studied. Back-extraction was done 
with 0.05M barium hydroxide containing 0. I mg of AIZf ner 
ml. An ahquot of the resulting aqueous phasewas placed 
directly m the graphite furnace. 

To determine the degree of extraction, appropriate 
amounts of Al’+ and Ba(OH), for direct determination of 
fluoride by MA were added to the aqueous phase left after 
the mltlal extractlon. 

RESULTS AND DISCUSSION 

Inoestigation of the extraction 

The data in Table 1 on the extraction of fluoride 
from water (pH = 6) with V,/V,, = I, as a function of 
fluoride concentration in the initial aqueous solution 
(C, ) show that high recovery values are obtained for 
C, < 2 x 10m4M with 10m3M triphenylantimony(V) 
dibromide (TPSbDBr) in o-xylene. This reagent was 
used at first because during preparation of TPSbDH 
solution in o-xylene a white precipitate was formed 
and after separation of this precipitate fluoride could 
not be extracted with the reagent. For back- 

extraction with barium hydroxide, however, 

TPSbDBr is not convenient. because a lot of bromide 
is also back-extracted and interferes with the AlF 

measurement. 
We therefore tried other organic solvents, which 

could be used to prepare TPSbDH solutions as 
described above. The results are shown in Table 2. 
When mixed solvents were used a precipitate formed 
durmg the fluoride extraction and the recovery values 
showed that this precipitate contained fluoride. 
MIBK and PA gave good recovery and fast phase 
separation. For further investigation we used MIBK 
but PA could equally well be used. We found that 
shaking with 10-3M TPSbDH in MIBK for 3 min at 
a phase-volume ratlo Vdq: v, = 5:1 would give a 
fivefold preconcentration and complete recovery of 
fluoride at concentrations from 2.5 x 10mh up to 
IO-~‘M. For higher fluoride concentrations a more 
concentrated DPSbDH solution (e.g.. IO-‘M) must 
be used. This is a useful technique for separation of 
fluoride from metals which form complexes with It 
(cf. Fig. I ). 

Table I. Influence of the fluoride concen- 
tration on the extraction into lO_‘M 

TPSbDBr (V, = Kg; 3 mm extraction) 

CF-, M ExtractIon (recovery). % 

I x 1om4 100 
2 x 10m4 100 
4 x 1o-4 14 

We also investigated the influence of the pH of the 
initial aqueous solution and found that the extraction 
of 10m4M F- (V,: V& = I:1 or l:5) is quantitative 
between pH 6 and 0. 

The back-extraction with barium hydroxide solu- 
tion was also Investigated, with phase-volume ratios 
V,: V& = I : I or 2: 1. The results in Table 3 show it is 
necessary to use a barium hydroxide concentration 
>O.O25M. There is no interference caused in the 
back-extraction when aluminium ions are present in 
the aqueous phase, and this allows the stripping to be 
done with a reagent mixture that provides the correct 
medium for the MA measurements. It is also possible 
to use sodium hydroxide for back-extraction but this 
interferes in the MA determination. 

Fluoride determination by MA 

Optimization of conditions. In our previous 
paper&’ we showed that it is possible to determine 
traces of fluoride with a reciprocal sensitivity for 
AIF-measurement of 0.04 ng of fluoride per ~1 for an 
absorbance of 0.01. If barium hydroxide is used 
instead of sodium hydroxide this value can be im- 
proved to 0.03 ng/pl. This means it is possible to 
determine fluoride directly in the aqueous phase at 
initial concentrations down to 3.2 x IO-‘M (the orig- 
inal sample is mixed with an equal volume of barium 
hydroxide/aluminium solution, so there is a dilution 
factor of 2). 

From the investigation described above we found 
the following optimal conditions for extraction. In a 

stoppered IO-ml plastic (polyethylene) tube place 6 ml 
of aqueous sample and if necessary adjust the pH to 
l-3 by addition of a small volume of concentrated 
nitric acid. Add 1.2 ml of IO-‘-IO-‘M TPSbDH in 
MIBK and shake the mixture for 3 min. Separate the 
phases and remove 0.8 ml of the organic phase in four 
200~~1 portions by micropipette, placing it in a 1.5-ml 
plastic tube. Add 0.4 ml of 0.05M barium hydroxide 
(containing 40 pg of Al’+) and shake the mixture for 
3 min. Place 10 ~1 of the separated aqueous phase in 
the furnace for analysis. 

Table 2. Influence of organic solvents on the extraction of 
2 x 10m4M fluoride by IO-‘M TPSbDH (V, = Vaq; pH = 6; 

3 mm extraction) 

Solvent Extraction (recovery), % 

Methyl lsobutyl ketone (MIBK) 
Pentyl acetate (PA) 
o-Xylene/butan- l-01 (70/30) 
o-Xyleneldecan- l-01 (70/30) 

100 
100 
87.5 
90 
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Table 3. Fluoride determination by AIF MA m presence of various Ions with and without extraction* 

Detection Detection 
limit limit 

for F-. for F-, 
Concentrations wrthout Concentrations with 

Matrix in the initial extraction. in the Initial extraction, Improvement 
ion solution, M ppm t solution, M ppm t factor 

Ll+ F-.5 x Wh/L1+: 1.4 10 F-:1.5x IO-‘/L1+:14 0.03 33 x IO’ 
Mg:+ F-,6 x IO-e/Mg’+:0.16 30 F-:1.5x IO-‘/Mg?+:4.1 0.03 I x IO’ 
Ca’+ F-,6 x IOmh/Ca’+:5 x IO--’ 60 F-:3x IO-‘/Ca’+:2.5 0.06 I x IO? 
cl?+ F-:4 x lO~“/Cu’+:O.l5 8 F-:2x IO-‘/Cu’+.0.8 0.075 I.1 x IO’ 
Zn’+ F-13.5 x 10~h/Zn’+:0.15 7 F-:2 x IO-‘/Zn’+:0.8 0.07 I x IO? 
La’+ F-:6 x 10-h/La~+:0.007 120 F-:1.9x lO~‘/La’+:0.7 0.04 3 x IO’ 
Fe’+ F-:6 x 10~b/FeZ+:0.09 24 F-:3 x IO-‘/Fe’+:0.02 5 48 
Al’+ F-:6 x IO-h/AI’+:0.18 24 F-:3 x IO-‘/Al’+:0.02 I2 2 

Cl- F-:6 x lO~~/Cl-:0.3 12 F-:3 x IO-‘/Cl-:2.8 0.06 2x IO’ 

so:- F-:8 x lO~“/SO~~:O.l 15 F-:3x IO-‘/SO;-:I.0 0.03 5x IO’ 

*Conditions without extraction: 50-~1 sample, I : I drlution with 0. IM Ba(OH)? (contaming 2 pg of Al’+ per IO ~1): Injection 
volume IO ~1. 

Conditions with extractron: 6000-~1 sample for extraction with 1.2 ml of extractant and back-extraction of 0.8 ml of 
organic phase with 0.4 ml of aqueous phase, as described; injection volume 10 ~1. 

tRatio of weight of fluoride to weight of matrix species. The detection limit refers to the ratio at which the MAS srgnal 
is 50% of that obtained in absence of the matrix; under these conditions the absolute detectron limit IS 0 6 ng of F 

No loss of fluoride was found to occur in the 
extraction. The absolute reciprocal sensitivity is the 
same whether extraction is used or not, 0.03 ng of 
fluoride per p 1 of final test solution giving an absorb- 
ance of 0.01, but the relative reciprocal sensitivity is 
improved to 1.6 x IO-‘M fluoride in the original 
sample for an absorbance of 0.01. There is thus a 
20-fold enhancement in sensitivity when the extrac- 
tion method is used. 

If necessary the relative reciprocal sensitivity can 
be further improved in two ways. First, the phase- 
volume ratio during the preconcentration can be 
further increased (e.g., V&: V, = 20 or 40); we have 
proved that the recovery for pure solutions is still 
100%. Secondly, the analyte volume placed in the 
furnace can be increased to 20 or 40 ~1. This has also 
been tested and the results show that this procedure 
is accurate and precise. Thus the enhancement of 
sensitivity can be further increased to 2 x IO-*M 
fluoride for 0.01 absorbance. 

As an absorbance of 0.01 is about three times the 
standard deviation of the blank signal, the detection 
limit is also 2 x 10-8M. The same results can be 
obtained by using 10-3M TPSbDH in pentyl acetate. 

Interference ofcations. Figure I shows that in most 
cases there is strong interference by higher concen- 
trations of cations when direct analysis is used, but 
these interference effects are decreased by the extrac- 
tion method. To show the improvement achieved by 
using extraction we use the same scale on the inter- 
ferent concentration axis in both cases. That is, for 
the direct analysis (without extraction) these are the 
real concentrations in the initial aqueous phase, but 
for the analysis by means of extraction the numbers 
on the scale are ten times the concentration in the 
initial solution because for any interferents extracted 
there would be a tenfold concentration. 

I Fe3* 
100 -y\ 
50 

\ 7’ l-_--d_ '\;t. 

100 

50 

1 
1 

p-.\ 

\ 

. 

2 

. 

Fig. I. Effect of concentration of interfering cations on AIF 
MA signals for IO ng of F- per ~1: I, extraction with 
TPSbDH and back-extraction with Ba(OH)?; 2, wtthout 

extractron, determination in presence of mterferents. 
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Fig. 2 Effect of concentration of some interfering anions on AIF MA signals; condltlons as for Fig I 

The reasons for the depressive effects are very 
complicated. The effects can occur in the plasma and 
in the liquid and solid phases. In the plasma the 
interference of a metal M depends on the dissociation 
energies of the molecules MF and AIF. In the liquid 
and solid phases substances may be formed which can 
cause loss of fluoride by complexation etc. 

The strong influence of Ca, Mg. and La can be 
explained as due to the plasma effects. The smaller 
influence of Zn and Cu confirms this opinion, because 
the stability of their fluorides in the gas phase is very 
low. 

The influence of Fe’+ in the direct determination 
(without extraction) is due to complex formation 
between Fe-‘+ and F- ions and its effect on the 
thermal decomposition in the furnace. A similar 
situation exists for large excesses of Al’+, because the 
buffering action of Ba(OH)? on the thermal decom- 
position is diminished. Also large amounts of Al can 
be volatilized only slowly, so the equilibrtum 
Al + F + AIF is not shifted to the right. The extrac- 
tion mode is also influenced by A13+ and again by 
fluoride complex formation. In this case IO-‘M 
TPSbDH in MIBK should be used. 

The relatively small influence of Li+ in the direct 
determination without extraction is not clear, because 
the dissociation energy of LiF (6.0 eV) is high. 
Perhaps in this case there is fractionated evaporation 
of the easily volatile hthium salt, but this is only an 
assumption. 

From the curves in Fig. I it is possible to calculate 
the detection limits for fluoride in the presence of 
various metal ions. For this purpose we used the 
values of the reciprocal sensitivity for 0.01 absorb- 
ance because we estimated experimentally that with 
our equipment this absorbance is generally about 3 
times the standard deviation of the blank. From this 
value it is possible to calculate the improvement 
factors. The results are shown in Table 3, which 
shows that in most cases improvement factors of 2-3 
orders of magnitude are achieved. We can distmguish 
two groups of elements: (I) Lit, Cu’+, Zn’+. Fe’+, 
A13+ and (2) Mg?+. Ca’+. La’+. The better im- 
provement factors of the latter group are due to the 
interference of these elements being much stronger in 
the direct determination without extraction. 

Interference of anions. Figure 2 shows the effect of 
chloride and sulphate, which both interfere strongly 
in the direct determination but for different reasons. 

Chloride interferes in the plasma, by the exchange 
reaction 

AIF+Cl+AlCl+F 

as a result of which the AIF concentration is de- 
creased in the presence of higher amounts of chloride. 

Sulphate influences the procedure in the liquid and 
solid phase by volatilization of the more easy volatile 
HF by pyrohydrolysis reactions. Besides this. it is 
impossible to use barium hydroxide as matrix 
modifier; only sodium hydroxide can be used, but this 
gives poorer performance than barium hydroxide. In 
both cases extraction gives improvement. Chloride is 
also extracted and back-extracted and thus still 
influences the plasma composition, but the extraction 
of fluoride is better than that of chloride and the 
concentration of TPSbDH used limits the amount of 
chloride that can be extracted. No evidence was 
found that sulphate is extracted. The analytical pos- 
sibilities of both procedures are indicated in Table 3. 

Conclusions 

The combination of determination of traces of 
fluoride by MAS of AIF with fluoride separation 
from the matrix by extraction with TPSbDH solution 
is very useful for improvement of the sensitivity and 
also of the accuracy. 
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Summary-A method for analysing the carbonate system in a multicomponent solultion is presented, 
which does not need knowledge of the total composition of the system. It is based on two titrations with 
acid, starting at the same pH, one of the original solution and the other after removal of carbonate species 
as carbon dioxide and restoration of the pH to the value for the original solution by addition of 
carbonate-free base. The differential titration curve, obtained by subtracting one titration curve from the 
other, is associated with the carbonate system. A procedure is proposed for calculating from the 
differential titration curve the apparent first and second dissociation constants of carbonic acid, total CO2 
and the carbonate alkalinity at the original pH of the solution. 

It is well recognized that the carbonate system plays 
a major role in natural waters and biological fluids as 
well as in many industrial processes. Consequently, 
there is often a need to characterize it in various 
solutions of complex ionic composition. Since the 
apparent dissociation constants’ of carbonic acid, 
which are usually applied in such cases, are de- 
pendent on the ionic strength and composition of the 
medium,2 there is the additional problem of deter- 
mining the constants in the test solution. This prob- 
lem can be approached by a general purpose strategy 
in which an attempt is made to determine all the 
components of protolytic species by an acid-base 
titration,3-s but difficulties can arise because of the 
large number of unknowns to be determined and 
possible overlap of reaction equilibria. Although 
statistical analyses have been suggested to improve 
matters6,’ this approach is futile when the solution 
contains other species which exhibit protolytic behav- 
iour over the same pH range as the carbonate system. 
For example, a high phosphate concentration would 
severely interfere in any attempt to determine the 
components of the carbonate system from an 
acid-base titration. 

In the present investigation we explored the possi- 
bility of analysing the carbonate system, in a multi- 
protolytic system, by separating the titration response 
of the carbonate system from that of other protolytes 
present. This was accomplished by means of the 
difference between acid--base titration curves ob- 
tained with and without the carbonate system 
present. The titration curve for the carbonate-free 

*To whom all correspondence should be addressed. 

solution was obtained by driving off carbon dioxide 
from the original solution at low pH and titrating the 
modified sample. It can be shown that the differential 
titration curve is a function of only the carbonate 
system and hence can be used to determine the 
components and apparent constants of this system. 
The suggested approach was applied to study of the 
carbonate system and total alkalinity in the urine of 
healthy adults, to improve characterization of the 
mechanism of hydrogen-ion secretion by the kidney 
and the sources of high pC02 differentials between 
the blood and urine. 

THEORETICAL CONSIDERATIONS 

The total charge held by the ions in a complex 
solution can be divided into two parts: the ionic 
charge of the protolytic species (QP), and the charge 
of the non-protolytic species (QN).8 The term “proto- 
lytic species” means those components that can inter- 
act with H+ (or OH-) over the pH-range of interest. 
This definition is akin to the definition of “alkalinity” 
suggested recently,9 except that it is more loosely 
defined. 

The charge held by the protolytic species (which is 
assumed here to be negative to conform with the 
concept of “alkalinity”) at any stage during an acid 
titration, (QP),, can be related to the initial value 

(Q% by: 

(QRt = (QP), - VA, 

= 1 (TO, Vo 4 (PI-L K;,, G, . . K;, 1 
I 
+ W-l - W+I)(~, + v,) (1) 

1023 
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where (TC), is the total concentration of the ith 
component, V. the initial volume of solution, N, the 
normality of the titrant acid, V, the volume of acid 
added by stage t in the titration, pH, the pH at stage 
r, K;, the jth apparent dissociation constant of com- 
ponent i, and B, relates the total charge of component 
i to (TC),. For the carbonate system:’ 

(TC)co, = F-L’=:1 + WO,I + [CO? 1 (2) 

where 

[HJO:] = [COz(aq)] + [H$O,l (3) 

The function B for the carbonate system can be 
written explicitly in the form: 

{H+)K; + 2K;K; 

Bco~={H+}l+{~+}~,+~,~, 
(4) 

where (H ‘) is the activity of H+ as measured by a 
glass electrode, and K, and K, are the apparent first 
and second dissociation constants of carbonic acid. 
In this case, the carbonate alkalinity,’ (CA), at a 
given pH is related to (TC),,, by 

(CA) = CWco, BCO, (5) 

If the titration with acid is continued to a pH at 
which carbonic acid is virtually completely un- 
dissociated, e.g., pH < pK; - 2, and carbon dioxide is 
then stripped off and the pH restored to that of the 
solution before the titration, by addition of base of 
normality Nb, the (QP) of the restored solution. 

(QP)m will be 

(Q% = (Qph - f’,N, + VJ% (6) 

where V, and Vb are the total volumes of added acid 
and base, respectively. Hence, (QP) during acid ti- 
tration of the carbonate-free solution, (QP);, will be: 

(QP); = (QPh - f’.J’, + Nt,V,, - W, (7) 

where Vi is the volume of acid added by stage t in the 
second titration. By subtracting (QP); from (QP), at 
points of equal pH along the titration curves we 

obtain 

(QP)t - (QP); = N, V, - Nr, Vh - NJ I’, - I’;) 

= (TC),o, V&o, + ([OH -I- W ‘I) 

x(V,- V,-Bh- V;) (8) 

The last term in equation (8) is negligibly small since 
the two factors are small, the first because titrations 
are usually done within the range in which [H+] and 
[OH-] are small compared to (QP), and the second 
because N, and Nb can be made high enough for the 
volume difference to be only a small fraction of the 
total volume. The equation can thus be rewritten in 
the form: 

Nat’,-NbVb-Na(V,- V;) 
., 
“0 

{H+}K; + 2K;K; 
=(T~)co,(~+~‘+(~+~~,+~,~,=z (9) 

I I 2 

Following an approach suggested earlier,“’ this equa- 
tion can be rewritten in a linear form: 

where 

J = m + kx (10) 

x=:(K;+{H+))/(2K;+(H’) 

J =z(K?+ (H’))/(2K;+ (H’)) 

m = (TC),,,, K; 

k=-K; 

The equation can be solved for m and /i by an 
iterative least-squares fitting procedure in which Ki is 
incremented by trial and error until a best tit IS 
obtained.iO,” The Ki that gives the best fit, together 
wtth the (TC)co, calculated from the resultmg m and 
k, will constitute a complete characterization of the 
carbonate system in the original complex solution. 

It should be emphasised that the analytical and 
computational procedure given above for the deter- 
mination of K;, Ki and (TC),,, implicitly assumes 
that the apparent constants of all the protolytic 
species stay constant during the whole procedure. 
The error introduced by this assumption should be 
negligible if the dilution during titration is small (Le.. 
if Vat V. and Vbc V, and if there is no appreciable 
change in the ionic strength due to the addition of 
acid and base and the elimination of CO? from the 
solution. 

The foregoing analysis also assumes that (TC),,, 
during any given titration is kept constant. i.e., that 
there is no appreciable exchange of CO, between the 
solution and the overlying gas phase. This could 
prove to be a problem if (TC),,, is large enough to 
cause a high pcol build-up at low pH. In such cases 
the approach given by Edmond” might be adopted. 
in which the titration is done in a completely sealed 
flask with a bellows or other means of allowing 
addition of acid during the titration. We have found, 
however, that if the stirring is slow the rate of CO: 

exchange does not constitute a problem. 
The second titration, after CO? has been stripped 

off, can be done by back-titration with sodium hy- 
droxide or by the method selected by us. zG=. restoring 
the pH by addition of alkali, followed by titration 
with acid. The latter method was chosen for two 
practical reasons: one is that it does not require a 
second motor-driven burette and the other is that a 
burette used for dispensing alkali requires a guard 
tube to eliminate contamination with atmospheric 
carbon dioxide. However, the method introduces an 
additional source of uncertainty. Another point that 
should be made is the practical problem which might 
arise when attempting to subtract (QP); from (QP), to 
obtain the differential titration curve. Since the ti- 
trations are usually done by adding equal increments 
of acid, a pH-value on the second titration curve that 
is identical with that at a particular titration point on 
the first curve will not coincide with a titration point, 
so direct subtraction of V; from V, is impossible. The 
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problem can be overcome either by performing a 
titration in fixed pH increments, i.e., with variable 

increments of acid, or by fitting a polynomial to the 
titration curve and recalculating the volume incre- 
ments for the equi-pH points. The latter approach 
was applied here since the titration systemn delivers 
equal increments of titration acid. 

EXPERIMENTAL 

Inslrumentation 

The microcomputer-based titration system was similar to 
the assembly described earlier.” 

S0lut10ns 

The test solution was artificial urineI of ionic strength 
0.165M and total phosphate concentration 0.015M. The 
salts were dissolved in 0.1M hydrochloric acid to prevent 
precipitation of calcium sulphate. The pH was then raised 
to about 7 by neutralization with sodium hydroxide while 
air was bubbled through the solution to equilibrate it with 
atmospheric carbon dioxide. 

Titration and computation 

The first titration was done with 1M hydrochloric acid to 
pH 2.5, the CO, was stripped by passage of nitrogen, the pH 
was restored to not less than the original value (but not 
more than 0.2 pH units higher) by addition of 5M sodium 
hydroxide, and the second titration was also done with 1M 
hydrochloric acid to about pH 2.5. The titration curves were 
fitted to a high-order polynomial of the form 

V, = i A,(pH,)’ 
,=o 

(11) 

where P is the order of the polynomial. Usually a 7th order 
polynomial was found to fit the complete titration curve 
well. By use of these experimental polynomials, the 
differential titration curve was calculated by evaluating 
(V, - V;) for equally spaced pH values. The differential 
titration curve was then used in the iterative least-squares 
fitting procedure”.” to derive K;K; and (TC),, for the 
origmal solution. All calculations were done by computer 

programs written in BASIC and run on a mtcrocomputer 
system which comprised a Commodore CBM 3032, a 
printer, a dual disc-driver model 3040. a cassette deck, and 
a Textronic model 4662 .X-J plotter. The system is com- 
patible with the magnetic recording formats of the 
microcomputer-based titrator.” It should be emphasised 
that the mentton of spectfic hardware models is only for 
information and does not constitute an endorsement or 
recommendatton of specific brands. 

RESULTS AND DISCUSSION 

A typical set of results, including the titration 
curves for the original solution and the CO?-free 
solution, and the differential titration curve, is 
exemplified in Fig. 1. The solid lines connecting the 
points of the first and second titration curves are for 

the 7th degree polynomial used. Fitting the poly- 
nomial to the complete titration curve, as in Fig. 1, 
is not really necessary, since the points below pH 5 
add little to the regression line [(equation IO)] from 
which K; and K; are derived. Hence, it would suffice 
to perform the fitting over a limited range from the 
original pH (pH,) to about pH 5. This considerably 
eases the task of choosing the polynomial since this 
portion of the titration curve does not include a sharp 
inflection and hence a lower-degree polynomial will 
suffice. 

The shape of the differential titration curve (Fig. 1, 
DIF) is sigmoid and independent of pH below a 
certain critical value (_ 5), as a direct consequence of 
the fact that the two titration curves, for the original 
and CO,-free solution, are identical in the pH range 
where the carbon dioxide is virtually all present as 
undissociated H,CO, and dissolved CO, [CO, (as)]. 
In this pH range, the buffering is controlled by the 
other protolytic species and not by the carbonate 

Acid added (ml 1 

Fig. 1. Acid titration curves for original artificial urine before (Ml) and after (MITP) driving off CO?, 
and the difference between the two curves (DIF). 
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Table I. Titration results for artificial urine sample 

Ionic Carbonate 
strength, alkahnity, (TC)co>> 

PH,* M pH,t meqjl. t?lM PK; PK; R’I 

7.65 0.165 7.75 16.4 16.5 6 25 9.59 0.99992 

*Initial pH of sample. 
tInitia1 pH of sample in second titration 
$Correlation coefficient of least-squares fitting. 

system, in either titration. This conclusion can be 
arrived at mathematically by noticing that for 
pH < pK; - 2, i.e., when Bc,,-+O, equation (5) the 
differential titration curve, equation (8), is reduced to 

Nat’,--N,V,-N,(V,- V;)=O (12) 

By application of the iterative procedure for the 
best fit of the data to the straight line of equation 
(lo), K; was guessed and (TC)co* calculated from the 
slope and intercept of the line (Table 1). The criterion 
chosen for the goodness of fit was the correlation 
coefficient, which exhibits a maximum for the best K;, 
as discussed by Sass and Ben-Yaakov.” 

It should be emphasised that a precondition for 
accurate K; and/or K; determination is that the 
titration curves used in the curve fitting include points 
with pH values which are numerically close (say 
within one unit) to the pK’ of interest. Points with pH 
values too far from the pertinent pK’ are insensitive 
to that dissociation constant and hence cannot be 
used to obtain a valid value for it. Consequently, the 
K; values obtained here may have an appreciable 
uncertainty. However, since the value of pH, was at 
least 2 units smaller than pK; the effect of K; on the 
analysis was small and hence high accuracy was not 
essential in its determination in this case. 

The carbonate alkalinity of the original solution 
can be calculated from pH, and the derived values of 

(TC)co,, P K’ and pK;,’ or by an acid-base balance I 
[which is based on the fact that (V, - Vi) at pH 
below, say, 4 is directly related to the carbonate 

alkalinity in the original solution, i.e., the con- 
tribution of the carbonate system to (QP) at pH,]. 
Carbonate alkalinity in the original sample can be 
directly calculated from equation (12) for pH values 
below pH 4.5, if the solution pH is restored to pH, 
by the base. If the restored pH differs from pH,, the 

volume of base V, required to reach the original pHo 
of the solution can be calculated from the polynomial 
fitting [equation (ll)] to the second titration. It 
should be emphasised that the methods suggested 
here for calculaing the carbonate alkalinity in the 
original solution constitute, in fact, a hitherto novel 
approach to measuring a parameter (carbonate alka- 
linity) which could not have been estimated for a 
multiprotolytic system by published methods. Car- 
bonate alkalinity estimation by the Gran or modified 
Gran methods9~‘0~‘2~‘5 or by end-point titration’6.‘7 
cannot be used for a multiprotolytic system, es- 

pecially if the ionic composition of the solution is 
unknown. Similarly. no other pubhshed method is 
available for the determination of pK; and pKi of 
one species in a multipyrolytic system such as the one 
studied here. 

The proposed method for estimating carbonate 
alkalinity and the apparent dissociation constants of 
carbonic acid in solutions of unknown ionic com- 
position is limited, of course, to cases in which carbon 
dioxide is the sole protolytic gas present when the pH 
is lowered to below pH 4.5. This is not a severe 
limitation, however, especially in studying biological 
solutions, as ammonia is completely protonated at 
low pH. The method can be applied, for example, to 
urine, for better understanding of the relationships 
between (TC),,, and pcol and to help resolve pending 
questions concerning the significance of high pcoz 
differentials between blood and urine.18 
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Summary-Mercury film electrodes have been prepared on silver metal and silver-coated glassy-carbon 
supports and have been modified by a film of tri-n-octylphosphine oxide (TOPO) in a poly(vinyl chloride) 
matrix. The electrodes have been characterized in detail and the effects of the modifying film parameters 
on their electrochemical properties have been studied. It has been shown that these electrodes permtt 
selective and sensitive determinations of many metals. The most important parameters are the thickness 
of the modifying film, the modifier-to-matrix ratio in the modifying film and the base electrolyte 
composition. Data concerning the reactions of a number of metal ions on the modified electrode are given. 

Chemically modified electrodes (CMEs) have been 
studied intensively and show great promise for vari- 
ous fields of chemistry and technology (see, for 
example, some recent reviews’-‘). From the point of 
view of analytical chemistry, CMEs can be useful in 
two ways: (1) when the modifier catalyses the electro- 
chemical reaction of the substance to be determined 
and thus improves the sensitivity of determination, 
and (2) when the modifier interacts selectively with a 
particular component in the test solution (e.g., 
through ion-exchange, adsorption or liquid extrac- 
tion), thus improving the selectivity of determination 
and sometimes also the sensitivity (preliminary accu- 
mulation of the substance on the electrode followed 
by electrochemical stripping). Electrodes can be 
modified either by very thin films of covalently 
bonded or adsorbed modifiers, or by thick polymeric 
films containing a modifier. 

A number of recent publicationsb” have outlined 
possible applications of CMEs in practical inorganic 
analysis. Normally solid electrodes are modified; only 
Lubert et ~1.‘~ have attempted modification of a 
hanging mercury drop electrode. 

In the present work we have studied the prepara- 
tion of a CME suitable for a wide range of applica- 
tions in inorganic trace analysis. We have chosen a 
mercury film electrode (MFE) as it is advantageous 
in electrochemical stripping analysis.‘” Tri-n- 
octylphosphine oxide (TOPO) has been selected as 
the modifier; it has been widely employed in selective 
liquid-liquid extraction procedures for many ele- 
ments.“.rs TOP0 was earlier used to modify glassy- 
carbon electrodes,‘S’5 permitting a sensitive and 
selective determination of uranyl ions; the method 
has been applied to sea-water analysis.14 A drawback 
of this electrode, which is simply prepared by the 
evaporation of the solvent from a TOP0 solution 

placed on the surface of a glassy-carbon electrode, is 
the poor mechanical stability of the modifying film, 
which must be prepared anew before each deter- 
mination. Therefore, we have used an inert poly(viny1 
chloride) (PVC) matrix in the preparation of our 
electrode. 

In our study of the electrochemical properties of 
our CME we assumed that the selective properties of 
the modifying film could be estimated to a certain 
extent from the values of the extraction ratios for 
liquid-liquid extraction. Of course, the actual per- 
formance of the electrode will depend mainly on the 
thickness and structure of the modifying film, which 
together determine the electrical resistance of the 
film, the rate of transport of the electroactive sub- 
stance toward the MFE surface and possibly also 
affect the kinetics of the charge-transfer reaction. 

EXPERIMENTAL 

Apparatus 

A PA-2 polarograph (Laboratorni Piistroje, Czecho- 
slovakia) was used, supplemented with an adapter of our 
own construction” for potentiometric and galvanostatic 
stripping measurements, and a model 4103 x-y plotter 
(Laboratomi Piistroje). The measurements were made with 
a three-electrode circuit consisting of the working stationary 
disk MFE modified by a TOP0 film (TOPO-MFE), a 
silver-silver chloride reference electrode (1 M sodium chlo- 
ride, with a potential of -0.01 V us. SCE) and a platinum 
counter-electrode immersed in the base electrolyte and 
separated from the working space by a porous glass plug 
(Corning, U.S.A.). The electrolysis vessel, permitting intro- 
duction and removal of the test solution through a single 
tube by pressure variation, has been described elsewhere.20 

Small solution volumes were measured with Eppendorf 
micropipettes. The electrical resistance of the modifying film 
was measured by an RCL bridge (Metra, Czechoslovakia) 
at frequencies of 800-1000 Hz. In cyclic voltammetric 
measurements, the solution was deaerated by passage of 
pure argon; in the other measurements the solution was not 
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deaerated. All measurements were made at laboratory tem- 
perature (20 + 2“) and the potential values were referred to 
the silver-silver chloride electrode. For polishing the elec- 
trode surface, 0, 3/O and S/O emery papers (SIA, Switzer- 
land) and a I-pm alumma emulsion (Struers Scientific 
Instruments, Denmark) v, ere used. 

Reagents 

The tri-n-octylphosphine oxide used as the modifier was 
obtained from Fluka, Switzerland. A highly pure PVC was 
prepared in the Institute of Macromolecular Chemistry, 
Czechoslovak Academy of Sciences, Prague and had the 
followmg parameters: m.w., I.51 x 105; initiator (LiCI) res- 
idue, I I.0 mmole/g of PVC, sulphate ash, 0.07%; viscostty. 
2.341 cP; spectfic volume. 4300 ml/kg. The modifier solu- 
tion containing TOP0 and 10s; w/w PVC was always 
prepared immediately before use. by dissolving 20 mg of 
TOP0 in 9.50 ml of tetrahydrofuran (THF, pure, unsta- 
bilized, from VEB Laborchemie Apolda. GDR) and adding 
0.50 ml of Cmg/ml PVC solution in THF. 

For preparation of the I-mg/ml metal stock solutions, 
99.92 oure metals (Bi. Cu. Sb, Sn, In, Cd, Zn), and p.a. 

3”. 

metal chlorides (Cr, Tl), arsenic(II1) oxide, ammonium 
molybdate and uranyl nitrate were used. The metals were 
dissolved in dilute nitric (Bi, Cu. Cd) or hydrochloric (In 
and Zn) acid or concentrated sulphuric acid (Sb and Sn). 
Arsenic(II1) oxide was dissolved in sodium hydroxide solu- 
tion and acidified with sulphuric acid. Thallium(I) chloride 
was converted into the sulphate by evaporation with con- 
centrated sulphuric acid. The other salts were dissolved in 
water. All other chemicals were of p.a. purity and were not 
further purified. 

Preparation of the modified electrodes (TOPO-MFE) 

In experiments with various polymers, the best results 
were obtained with a high molecular-weight PVC and thus 
this material was used for the electrode preparation. As 
mercury films deposited electrolytically on glassy carbon 
have poor mechanical stability and sometimes also show 
poor reproducibility,‘6.” silver was used, on the basis of 
preliminary experiments, for making the MFE. Two pro- 
cedures have been developed for preparing the CME. 
differing in the preparation of the mercury film-mechanical 
(Procedure A) and electrolytic (Procedure B). 

Procedure A. The surface of the electrode material (99.9% 
pure silver as a 5-mm diameter disk, in a PTFE insulating 
mantle) was polished with the emery papers and alumina 
emulsion and cleaned by a 2-min immersion in 5-10% 
solution of potassium hydroxide in ethanol. placed in an 
ultrasonic bath. The electrode was then rinsed with water 
and dried m a stream of warm air, and about 5 mg of 
mercury was evenly spread over the surface. The electrode 
was set aside for 24 hr and then the excess of mercury was 
wiped off with dry filter paper. To the mercury film thus 
formed, a IO-p1 volume of 5 x IO-‘M TOP0 solution in 
THF, containing 0.193 g of PVC per litre, was applied. The 
solvent was allowed to evaporate at room temperature and 
then the modifying film was heated to 70” under an infrared 
lamp and kept at that temperature for 3 mm. The hot 
electrode was immersed m distilled water, in which it was 
then stored. This procedure ensures homogeneity of the film 
and ramd and uniform hydration of the TOPO. 

Procedure B. The surface of the electrode material, a 
3-mm diameter elassv-carbon dtsk (CC 20 from Tokai 
Electrode Mfg., Span) in a PTFE insulating mantle, was 
polished and cleaned in the same way as the silver electrode 
in Procedure A. The carbon surface was then electrolytically 
plated with silver from a lo-‘M silver solution in 0.1M 
ammoma/ x lo-‘M potassium cyanide medium at a poten- 
tial of - 1 .OO V (electrolytic current, f, = 80 PA) for 20 min 
The electrode was rinsed with water, transferred to a 
5 x IO-)M mercuric chloride solution in 0.1 M hydrochloric 
acid, and mercury was electrolytically deposited on the silver 

film at a potential of -0.50 V (I, = 350 PA), for 5-10 min 
The electrode was rmsed with water and dried with warm 
an. and the modifymg film was formed m the same way as 
in Procedure A. except that only a 5~1 portion of the 
TOPOiPVC solution was used. 

RESULTS AND DISCUSSION 

The results of cyclic voltammetric and gal- 
vanostatic stripping measurements indicate that elec- 
trodes prepared by either procedure exhibit a good 
sensitivity and reproducibility. However, as electro- 
lytic deposition of the silver and mercury films is 
better defined, though tedious, than the mechanical 
preparation of the mercury film, only electrodes 
prepared by Procedure B were used in the study of 
the electrochemical properties of the TOPO-MFE. 

An electrode prepared by Procedure B can be 

schematically depicted as shown in Fig. I. Approxi- 
mate thicknesses of the silver and mercury films on 
the carbon support were calculated from the charges 
passed during their electrolytic preparation (with a 
correction for the background current, caused pri- 
marily by the reduction of oxygen) and the thickness 
of the TOP0 film was estimated from the amount of 
TOP0 deposited on the electrode, and its density 
(approximately 0.9 g/cm3). With a 20-min electrolysis 
for the silver film and an 8-min electrolysis for the 
mercury, the approximate thicknesses were lAg = 0.9 
pm, I,, = 1.7 pm and lTopo = 1.6 pm. 

Interaction of metal ions with TOP0 is based on 
the formation of TOP0 solvates of metal salts. In the 
presence of dilute acids it can then be assumed that 
solvates of the type, {[R3POH(H20),]+ A-}, are 
formed, A- being the acid anion. Therefore, the 
metal ion can be back-extracted from TOP0 into the 
aqueous phase by a suitable mineral acid. The H+ 
and A- ions have apparently high mobilities in the 
TOP0 film and ensure a high electrical conductance 
of the film. For reproducible functioning of the 
TOPO-MFE it is thus necessary to immerse the 
electrode for some time in a solution of a dilute acid 
before the measurement. to remove (i.e., back- 
extract) any metal ions that remained in the film from 
the previous measurement cycle and to stabilize the 
distribution of the H + and A- ions in the TOP0 film. 

The electrochemical properties of the TOPO-MFE 
depend on the parameters of the given electrode 
reaction, and also on the thickness and structure of 
the TOP0 film, its electrical conductance, the value 

Fig 

GC TOP01 
PVC 

I A cross-section through a TOPO-MFE prepared by 
Procedure B 
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(b) 

Fig. 2. Cychc voltamperograms of Bi’+/BI on the TOPO-MFE. TOP0 film thickness: 0.3 pm (a). 1.6 pm 
(h) and 3.2 pm (c). For the experimental conditions see the text. I’, 2’, 3’: the three successwe cycles in 

pure base electrolyte; I -7: seven successive cycles m the solution containing bismuth. 

of the distribution constant for the partitioning of the 
electroactive substance between TOP0 and an aque- 
ous solution, and the rates of the extraction inter- 
action and the transport of the extracted substance 
through the TOP0 film towards the mercury surface. 
As these physicochemical parameters influence one 
another and are subject to certain changes as a 
function of time and the conditions under which the 
measurements are made, the study of the electro- 
chemical properties of the TOPO-MFE is rather 
complicated. Another complication is the interaction 
of TOP0 with mercury ions, with the formation of 
relatively stable solvates, as illustrated by the extrac- 
tion distribution ratios.‘? It can be assumed by anal- 
ogy with copper” that the solvates of mercurous salts 
are more stable than those of mercuric salts; hence 
“an intermediate phase” of a mercurous salt solvate 

may be formed between the TOP0 and the mercury 
phases, especially on polarization to positive poten- 
tials. 

To study the electrochemical properties of the 
TOPO-MFE, the Bi3+/Bi system was chosen, with 
OSM hydrochloric acid as the base electrolyte, be- 
cause the reduction of Bi3+ on a mercury electrode is 
virtually reversible in hydrochloric acid medium, and 
Bi3+ is extracted into the TOP0 film, as demon- 
strated by preliminary experiments. 

First, the effect of the TOP0 film thickness on the 
rate of Bi3+ transport through the film and on the 
film electrical conductance was studied. Cyclic voltam- 
metry was used to study the transport of Bi’+ and 
its electrode reaction. The solution was deaerated 
with argon outside the electrolysis cell and then 
aspirated into the cell, to avoid extraction of bismuth 
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Table 1. The concentrations of bismuth in the TOP0 film, the distribution ratios (q = c Topo / c,,), and the apparent diffusion 
coefficients of the bismuth solvate in the TOP0 film, obtained from the individual voltammetric cycles (see Fig. 2) 

Film thickness 0.3 pm (Fig. 2a) Film thickness 1.6 pm (Fig. 26) Film thickness 3.2 pm (Fig. 2c) 

CTOPO 3 D , CTOrn 3 D ax’ 3 CTOPO , D VP 7 
Cycle mole /ml 4 cm 4rsec mole/ml 4 cm ‘/see mole/ml 4 cm 2/set 

1 2.5 x 10mS 1000 7 x IO-” 1.7 x 10-h 70 5 x IO-’ 0 0 
2 7 I x 10m5 3000 I x 1om’0 I.2 x 10-5 500 3 x Io-u 3.7 x IO-h I50 2 x lo-x 
3 I.0 x IO-’ 4400 1 x lo-“’ 1.8 x IO-’ 750 2 x IO-’ 6.4 x lO-6 270 I x 10-x 
4 1.5 x 10m4 6000 9 x IO-” 2.2 x IO-5 900 3 x IO-Y 9.4 x lo-6 400 8 x 10m9 
5 1.6 x lO-4 6800 9 x lo-” 2.7 x IO-’ 1100 3 x IO-9 1.2 x IO-’ 500 7 x 10-q 
6 I.8 x lO--4 7300 3.1 x lo-5 1300 3 x lOmY I5 x IO-” 630 6 x lO-9 
7 I.9 x IO m4 7900 3.9 x 10-s 1600 2 x 10~~ 1.7 x IO-5 700 7 x 10-q 

into the TOP0 film before the actual measurement. 
Prior to the first measurement, the TOPO-MFE was 
immersed in 3M sulphuric acid for 15 min and was 
then activated by three cycles of direct current 
anodic-stripping voltammetry (DCASV) as follows: 
B?+ was accumulated in the TOP0 film for 80 set 
from a stirred solution of OSM hydrochloric acid 
containing 1 pg of B?+ per ml, with the TOPO-MFE 
disconnected from the potentiostat. The solution was 
then replaced by OSM hydrochloric acid not contain- 
ing bismuth and pre-electrolysis of bismuth from the 
TOP0 film into the mercury film was performed for 
40 set at a potential of -0.300 V, followed by a 
stripping step at a potential scan-rate of 10 mV/sec. 
Before the next DCASV cycle, the TOPO-MFE was 
regenerated by immersion in a stirred solution of 3M 
sulphuric acid for 80 sec. 

After the third DCASV cycle, the electrode was 
regenerated by immersion for 200 set in stirred 3M 
sulphuric acid. In the measurement itself, the TOPO- 
MFE was cyclicly polarized, at a potential scan-rate 
of 5 mV/sec, from -0.075 to -0.450 V. The first 
three cycles were performed in 0.5M hydrochloric 
acid not containing bismuth, then the solution was 
exchanged, without regeneration of the TOPO-MFE, 
for 0.5M hydrochloric acid containing 5 pg of Bi’+ 
per ml, and seven successive cycles were performed. 
The cyclic voltamperograms for TOPO-MFEs with 
TOP0 film thicknesses of cu. 0.3, 1.6 and 3.2 pm are 
given in Fig. 2, plots u, b and c, respectively. 

It can be seen from the voltamperograms that the 
reduction of B?+ is reversible with the thinnest 
TOP0 film and that the rate of the charge-transfer 
reaction decreases with increasing film thickness. The 
electrode reaction rate also decreases somewhat with 
increasing number of measuring cycles, the decrease 

being greatest with the thinnest TOP0 film [the 
values of the differences between the potentials of the 
cathodic and anodic peaks, A,!$,, for the first and the 
seventh cycle are cu. 15 and 20 mV for film (n), 20 
and 25 mV for film (h) and 30 and 30 mV for film 
(c)l. These effects are apparently connected with 
changes in the structure of the TOPO-Hg interface, 
caused by increasing concentration of the bismuth 
solvate in the TOP0 film and possibly by the for- 
mation of mercurous ion solvate at more positive 
potentials. The anodic peaks are higher than the 

corresponding cathodic ones, in agreement with the 
theory for cases when the reduced form of the 
depolarizer is readily soluble in mercury.*” The char- 
acter of the voltamperograms was not affected by 
varying the scan-reversal potential from -0.450 to 
- 1.0 V. Owing to the complex character of the 
overall process at the TOPO-MFE, no unambiguous 
dependence of the peak current on the potential 
scan-rate can be obtained. 

Assuming that virtually all the Bi3+ ions present in 
the TOP0 film undergo electrode reaction during one 
potential scan and that virtually all the bismuth 
atoms present in the mercury film are reoxidized 
during the reverse scan, the amount of Bi3+ present 
in the TOP0 film can be calculated from the electrical 
charge passed, from which the Bi3+ concentration in 
the TOP0 film can be obtained. Apparent diffusion 
coefficients (D,,,) of Bi3+ ions in the TOP0 film can 
then be estimated from the equation for the peak 
current, and a concentration distribution ratio of 
bismuth between the TOP0 film and the aqueous 
phase can be roughly estimated (though extraction 
equilibrium is not attained during the seven 
measuring cycles). The results are given in Table I. 

It can be seen that the highest distribution ratios 
are obtained with the thinnest film, and that the 
apparent diffusion coefficients decrease with in- 
creasing TOP0 film thickness. An important role is 
probably played here by the potential gradient across 
the TOP0 film, which is much greater for the thinnest 
film, and strongly affects the transport of the solvate. 
Of course, the numerical values given in Table 1 are 
only very approximate, because of the non- 
equilibrium state at the solution-TOP0 interface and 
the very small thickness of the TOP0 film (a de- 
parture from the conditions of a linear semi-infinite 
diffusion). Nevertheless, they still yield useful infor- 
mation on the electrode behaviour. The values of the 
distribution ratios for macroscopic extraction are 
lower than those found for the TOPO-MFE, but the 
results described in our next paper*’ for the deter- 
mination of bismuth in copper alloys confirm the 
values given in Table I; the selectivity for bismuth 
with respect to copper is much better than that 
predicted from the values of the macroscopic distri- 
bution ratios.“~” 

The electrical resistance of the TOPO/PVC film 
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increases with increasing PVC content. The weight 
ratio, PVC: TOP0 = 1: 10, was selected as a compro- 
mise ensuring a sufficient mechanical stability of the 
film, with a sufficiently low electrical resistance, which 
is ca. 300-5OOQ in OSM hydrochloric acid medium. 
However, the electrical resistance of the film also 
depends on the composition of the base electrolyte, 
on the time for which the TOPO-MFE is immersed 
in a particular solution and, mainly, on the previous 
use of the electrode and the procedure used for its 
regeneration. In most cases the electrode exhibits a 
certain “memory effect” which must be eliminated by 
careful pretreatment before the measurement (see 
above). 

The thickness of the TOPOjPVC film also affects 
the rate of attainment of a constant electrode activity 
and its maintenance during subsequent mea- 
surements. As the criterion of the electrode activity, 
the slope of the calibration curve is used in this paper. 
Calibration curves for differential pulse anodic- 
stripping voltammetric (DPASV) determination of 
bismuth are given in Fig. 3, for TOP0 film thick- 
nesses of ca. 0.3, 1.6 and 3.2 pm. The determination 
was done as follows: bismuth was accumulated for 80 
set in the TOP0 film from 0.5M hydrochloric acid 
with a given concentration of Bi3+, with the TOPO- 
MFE disconnected from the potentiostat. Then the 
solution was replaced by bismuth-free 0.5M hydro- 
chloric acid and pre-electrolysis of Bi3+ from the 
TOP0 film into the mercury film was performed at 
-0.300 V for 40 sec. The stripping was done at a 
potential scan-rate of 5 mV/sec, a pulse amplitude of 
- 50 mV and a frequency of 1 pulse/set. The TOPO- 
MFE was regenerated after each determination by 
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Fig. 3. The effect of the TOP0 film thickness on the 
renroducibilitv of the TOPO-MFE activitv in the deter- 
mrnation of bismuth by DPASV. TOP0 filh thickness: 0.3 
pm (a). 1.6 pm (6) and 3.2 pm (c). For the experimental 

conditions see the text. 

immersion in stirred 3M sulphuric acid for 80 sec. 
The bismuth concentration was first gradually in- 
creased up to 0.6 pg/ml and then decreased again in 
steps of the same magnitude. 

It can be seen from Fig. 3 that the electrode 
sensitivity is determined by two opposing factors, the 
TOP0 film extraction capacity and the rate of depo- 
larizer transport through the TOP0 film. With thin 
films the TOPO-MFE activity decreases rapidly, per- 

MO H 

I Pb Sll 1 

I I I I I I 
0 -0 2 -04 -06 -0 6 -1 0 -1 2 
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Fig. 4. Cyclic voltammetry of some ions in IM hydrochloric acid. For the experimental conditions see 
the text. r,@g/mol): Cr’+ (5). AS’+ (5). Pb!+ (5). Sb’+ (0.05). Cd?+ (5), Tl+ (5). CU?+ (I), Ti4+ (5), Bi’+ 
(0.05). In” (5). Mob+ (0.5). UO;’ (0.5) and Sn4+ (0.5); ((I) without base electrolyte exchange, (b) after 

replacement of the test solution by pure base electrolyte. 
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Fig. 5. Cyclic voltammetry of some ions in 0. I M hydrochloric acrd. For the other experimental conditions 
see the text and caption to Fig. 4. 

haps owing to reduction of the TOP0 film extraction 
capacity by diffusion of mercury solvates from the 
Hg-TOP0 interface into the bulk of the TOP0 film. 
Thick films exhibit a virtually constant but low 
activity. Therefore, the film thickness, 1.6 pm, is an 
optimal compromise under the given conditions. 

Further, the behaviour of some other ions at the 
TOPO-MFE was studied by cyclic voltammetry. The 
formation of a TOP0 solvate of a salt of the given 
element (and thus extraction of the element into the 
TOP0 film) is indicated by the appearance of peaks 

0 

CU Pb 

on the cyclic voltamperogram after replacement of a 
solution containing the test element by a pure base 
electrolyte. Three base electrolytes were tested, 1M 
and 0.1 M hydrochloric acid and 0.1 M sodium acetate 
O.lM acetic acid buffer (pH 4.6). The test element 
concentrations varied from 0.05 to 5 pgg/ml, de- 
pending on the degree of extraction into the TOP0 
film and the sensitivity of electrochemical mea- 
surement. 

The following procedure was used. (I) The elements 
were accumulated in the TOP0 film for IO min. wtth 

H 

I 

I 1 CU TI 1 
Pb 

Cd Zn 

In I B/JA H 

I I I I I I I I 
2 0 -0 2 -0.4 -06 -08 -10 -1 2 -14 

E(V) 

Fig. 6. Cyclic voltammetry of some ions in O.lM sodium acetate O.lM acetic acid, pH 4.6. For the 
experimental conditions see the text. cM @g/ml): Pb*+ (5). Cd?+ (5), Zn2+ (S), Coz+ (5). Tl + (5). In)+ 
(5) CL?+ (I) and UOi+ (0.5); (u) without base electrolyte exchange, (h) after replacement of the test 

solution by pure base electrolyte. 
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the TOPO-MFE disconnected from the potentiostat 
and with passage of argon through the solution. (2) 
The actual measurement was first performed on the 
base electrolyte containing the test element and then, 
for the elements that are extracted into the TOP0 
film, in the pure base electrolyte after solution ex- 
change. Three potential cycles were applied, from 
-0.200 V to the potential of H+ reduction (at which 
the sum of the electrolytic and capacitive currents 
attained a value of 8 PA), at a scan-rate of 10 mV/sec. 
The reverse scan ended at the potential for anodic 
dissolution of mercury. Before the first and after the 
last measurement, the TOP&MFE activity was 
tested by DCASV of B?+ (1 pg/ml) in OSM hydro- 
chloric acid. The electrode was regenerated after each 
measurement, for 200 set in 3M sulphuric acid, by 
application of three potential cycles at a scan-rate of 
10 mV/sec, ending at the potential of anodic dis- 
solution of mercury. 

The results are summarized in Figs. 4-6, where the 
positions of the segments correspond to the peak 
potentials and their lengths to the peak currents. 

Conclusion 

The CME described is generally applicable to 
selective electrochemical analyses and the properties 
of the electrode can be suitably modified by varying 
the experimental conditions (solution composition, 
experimental technique, thickness and composition 
of the modifying film). A more detailed discussion of 
the problems of selectivity and an example of a 
practical application are given in our next paper.25 
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Summary-A technique combining ultrasonic nebulization of solutions and graphite-furnace atomic- 
absorption spectrometry is described. The analytical possibilities of two different techniques are shown. 
In one the nebulized samples are continuously introduced into a graphite tube operated at constant 
temperature, and in the other deposited on the inner wall of the graphite tube and heated discontinuously. 
The method chosen influences the absorption values for several elements. The sensitivity for determination 
by continuous sampling lies between the values for the normal electrothermal AAS injection technique 
and flame AAS. Higher sensitivities are obtained with the deposition technique. 

Atomic-absorption spectrometry with electrothermal 
atomization is done mainly by introduction of a small 
volume of sample solution into a graphite or metal 
tube atomizer, where it is successively dried, vol- 
atilized and atomized by means of a rapid increase in 
temperature. The first results on work with a 
constant-temperature furnace were published by 
L’vov.’ The sample was introduced from a carbon 
rod arc into a tube already heated to the working 
temperature, so that there was thermal equilibrium in 
the absorption system. The advantage of using a 
constant-temperature furnace has been demonstrated 
with various sampling techniques.24 Use of a 
constant-temperature graphite-tube system with con- 
tinuous sample introduction was first described by 
Woodriff and Ramelow.5,6 Murphy et al.’ later de- 
scribed the use of two different flameless atomizers 
with continuous sampling for atomic-fluorescence 
measurements, reporting detection limits of 0.3 pg/ml 
(Zn), 0.03 ng/ml (Cu) and 1 ng/ml (Bi),when a heated 
vertical graphite tube was used, with photon count- 
ing. These excellent results were confirmed by Molnar 
and Winefordner,” who used a vitreous-carbon fur- 
nace with continuous sample introduction. 
Matousek’ showed that introduction of a sample 
aerosol into a heated graphite tube can combine the 
high sensitivity of electrothermal AAS with the 
higher precision of flame atomization systems. A 
pneumatic nebulizer and a droplet separator were 
used. The sample aerosol was led by a special tube 
into the furnace, heated to a temperature at which the 
solvent was evaporated from the aerosol droplets and 
the resulting solid particles were deposited as a thin 
layer on a large area of the graphite furnace wall. The 
graphite tube was then heated to the atomization 
temperature by various programmes. This technique 
ensures that no sample soaks into the graphite as it 
does in the conventional method of injection of a 

liquid sample. Hence the “chromatographic” effects 
which can accompany evaporation of solvent from 
samples soaked into the tube, cannot arise. 

This aerosol deposition technique has also been 
used in the FASTAC system (Instrumentation Lab- 
oratory, Inc.). Sotera et ~1.” measured the concen- 
tration of Bi, Pb, Te and Tl in nickel alloys with the 
FASTAC system, and a comparison with results 
obtained by normal electrothermal AAS did not 
show any differences caused by change in the sam- 
pling method. Chamsaz et al.” reported that the 
detection limits obtainable with the aerosol deposi- 
tion technique were in the ng/ml range and up to 
three orders of magnitude better than those for 
continuous aerosol introduction into a furnace at 
atomization temperature. Jenke and WoodritP2 
showed the analytical possibilities of combining use 
of a long-tube (350 mm) graphite furnace operated at 
constant temperature, with various pneumatic nebu- 
lizers and a desolvation system. 

Pneumatic nebulizers are characterized by low 

efficiency of nebulization and high consumption of 
solution. We therefore decided to test the possibilities 
of combining graphite-furnace AAS with ultrasonic 
nebulization. The advantages of ultrasonic nebu- 
Iization over pneumatic nebulization have already 
been demonstrated for ICP-AES,‘3,‘4 and include the 
smaller and more uniform particle size and the lower 
carrier-gas flow rate needed to produce an aerosol 
with greater number density. Use of this technique 
for continuous sample introduction for electro- 
thermal AAS should give longer residence time and 
higher concentration of the particles in the hot fur- 
nace than pneumatic nebulization would, so the 
atomization efficiency ought to be better. Further- 
more, the trapping on the graphite surface should be 
more efficient with lower gas flow-rates and smaller 
particle size. 
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Monochromator 
I 
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Drain 

- 
Aerosol 

Slllca tube 

Fig. 1. Block diagram of the atomic-absorption device with the aerosol inlet system consisting of a 
polyethylene tube (length = 250 mm, bore 5 mm), silica tube (length 60 mm, bore 3.5 mm), graphite tube 

(length 30 mm, bore 5 mm and 3.5 mm). hole in graphite furnace 5 mm diameter. 

EXPERIMENTAL 

Equipment 

A dual-channel atornlc-absorption spectrometer with 
two monochromators (VEB Carl Zeiss Jena. G.D.R.) 
and a modified Beckman 1268 graphite furnace were used 
with a laboratory-built lock-in amplifier and a Kom- 
pensograph E recorder (Siemens AC, F.R.G.) (see Fig. I). 
For comparison, flame AAS experiments were done with 
Zeiss AAS-I and AAS- atomic-absorption spectrometers. 

Atomi:er 

The graphite tube (RWO 255) used in our work on 
laser-AAS” I7 was connected to a second RWO graphite 
tube (30mm long, IOmm outer diameter and 5 mm bore) 
which acted as the aerosol Inlet. The sample-mlet hole of the 
Beckman 126X graphite tube was enlarged to 5 mm. The 
aerosol mlet tube was connected by a silica tube (50mm 
long. 3 mm bore) and a polypropylene tube (5 mm bore) to 
the desolvatlon system (see below and Fig. I). The graphite 
furnace could be heated to 2850 K. The temperature inside 
the furnace could not be measured during atomization of 
the aerosol, so the temperature 1’s applied voltage cali- 
hratmn was done with an optical pyrometer 

The hfetimcs of normal graphite tubes were between 60 
and 80 atomization cycles for contmuous supply of aerosol 
mto the hot tube and between 120 and 150 atomization 
cycles In the depositlon technquc. These relatively short 
hfctlmes are caused by the high load of NO, from the 
samples vaporized 

The sample solutions were nebulized with an ultrasonic 
device. A special sample chamber made from either PTFE 
or poly(methy1 methacrylate) (Fig. 2) was fitted with a 
medical inhaler (USI-50. VEB TUR, Dresden, G.D.R.) 

operating at 2.64 MHz. The sample solution was deposited 
with a l-ml pipette through the sample Insertion hole onto 
the membrane It is also possible to add the sample with a 
capillary operated by a peristaltic pump. 

The aerosol was transported from the ultrasonic nebulizer 
to the desolvation chamber. Larger droplets were separated 
from the aerosol stream by a baffle and returned to the 
membrane for further nebulization. When measurements 

d 

I 

e 

II t 

Fig. 2. Sample chamber for ultrasomc nebuhzation with a. 
membrane, b, 0-rmg, c. ground plate, d, argon inlet, e. 
conical Jomt for sample dosage and aerosol path to the 
desolvation umt. f, hole for suction. g, baffle plate with hole 

for dosage by peristaltic pump. 
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Fig. 3. Desolvation unit with a, aerosol inlet, b, outlet, c, 
drain, d, outer cooling jacket, e, inner cooling jacket, f, 

resistance heating. 

had been made, the surplus sample solution and the wash 
solution used to cleanse the nebulizer were sucked off by 
peristaltic pump. Therefore three holes (0.3 mm) were drilled 
in the bottom of the nebulizer directly above the membrane 
and connected to the pump by polypropylene tubes. It was 
thus possible to measure the volume of sample nebulized. To 
give a constant nebulization rate over the test period of 
90 set, 2 ml of solutton were added to the sample chamber. 

Desolvation system 
The use of sample volumes greater than 100~1 in a 

graphite furnace is problematic. In a cold tube this amount 
of solution will spread over a large area of the tube wall and 
result in non-uniform atomization. The capacity of the 
graphite tube may also be exceeded. The direct addition of 
sample solution into a graphite tube heated to the atom- 
ization temperature leads to the decomposition of the 
aqueous solution and the formation of hydrogen, which 
then burns at the ends of the furnace (water-gas reaction) 
The aerosol from the nebulizer was therefore introduced by 
passage through a tube heated to 800K to evaporate the 
solvent, and then through a condenser to remove the solvent 
vapour from the carrier-gas (Fig. 3). By comparing drainage 
and uptake volumes it was estimated that 90-95x of the 
solvent was removed by the condenser. 

To determine the efficiency of the system the drain 
solution was analysed. An arsenic solution (500 ng/ml) was 
passed through the ultrasonic nebulizer, and arsenic in the 

condensate was measured by the hydride-generation AAS 
method and found to be 2&25ng/ml. whtch means a 
desolvatton efficiency of approx. 950/d. 

Stock soluttons (metal concentration I mg/ml) in IM 
mtric acid were made from analytical-grade reagents 
[AgNO,, Fe(NO,),]. Stock solutions of aluminium. gallium. 
indium and manganese (I mg/ml) were prepared by dis- 
solving the metals and adding nitric acid to give the same 
concentration of nitrate as m the silver and iron soluttons. 
The stock solutions were dtluted with 0. I M mtrtc actd. For 
convenience the elements were examined in patrs (Ag-In. 
Ga-Mn, Al-Fe). 

Procedures 

The sample solution (2 ml) containing a pair of elements 
at vartous concentrations was placed in the nebulizer cham- 
ber. The aerosol was transported through the desolvation 
system and the inlet tube into the graphite furnace by the 
argon transport gas. Two sampling techniques were tested. 
In continuous sampling the desolvated aerosol was intro- 
duced into a graphite tube already heated to atomization 
temperature and the atomic absorption signals were mea- 
sured simultaneously and continuously. In the deposition 
technique the desolvated aerosol was fed into the “cold” 
tube for a predetermined time, than the flow was stopped 
and the normal heating cycle applied to the tube. 

RESULTS AND DISCUSSION 

Continuous sample introduction 

The absorbance values in electrothermal atomic- 

absorption with continuous sampling are influenced 
by the tube temperature and the flow-rate of the 
aerosol transport gas. The efficiency of atomization 
of the aerosol particles increases with atomizer tem- 
perature, but at higher atomizer temperatures the 
residence time of the particles inside the furnace is 
reduced by the greater gas expansion. The residence 
time and atomization efficiency are also reduced by 
higher gas flow-rates.” On the other hand an increase 
in gas flow-rate raises the solution uptake in the 
nebulizer and therefore the number of particles inside 
the atomizer. The influence of gas flow-rate on solu- 
tion uptake was tested over the range 2.5-14 ml/set, 
and the highest uptake was found with 8-10 ml/set 
argon flow. At this flow-rate the uptake was 1.7 times 
that at 2.5 ml/set. To obtain both high uptake and 
relatively long residence time we worked with a gas 
flow-rate of 4 ml/set. Under these conditions 0.5 ml 
(standard deviation 0.1 ml) of the 2 ml of sample 

Table I. Comparison of the sensitivities for several elements with different continuous sampling 
techniques m AAS 

Electrothermal AAS with ultrasonic nebulization 
C,H,-air flame* 

Wavelength. Reciprocal sensitivity Lmear range, reciprocal sensitivity, 
Element nm (abs = 0.01) q/ml nglml (abs = 0.01) ng/ml 

Ag 328.1 22 2tX600 140 
Ga 294.4 40 5&3000 450 
In 303.9 41 5&1200 1150 
Mn 219.5 10 5-200 100 
Al 309.3 190 200-8000 2300 
Fe 248.3 70 7&2000 450 

*Measured with AAS-I. 



1038 RAINER WENNRICH et al 

60 

T 

40 

20 

I I 1 I 

27 54 81 10 8 

Ar flow ( m( /set ) 
Fig. 4. Influence of the transport-gas flow-rate on the 

relative absorbance values in deposition technique. 

solution was nebulized in 90sec. The actual uptake 
was measured in all determinations. 

The results obtained by continuous sample intro- 
duction are listed in Table 1 along with the reciprocal 
sensitivities obtained in flame AAS. The electro- 
thermal technique combined with continuous sam- 
pling gives better results than flame AAS for each 

element tested, as expected. The relative standard 
deviation at an absorbance of 0.1 was 3.8% for 
manganese and 4.6% for gallium for 10 analyses, the 
actual uptake rate of solution in the nebulizer being 
taken into account. 

Aerosol-deposition method 

As expected, the detection limits of the continuous 
flow technique do not compare favourably with those 
achieved in normal electrothermal AAS (Tables 1 
and 2). 

The benefits of the discrete sampling technique of 
normal electrothermal AAS lie mainly in the long 
residence times of the particles inside the furnace, 
caused by the use of gas-stop in the atomization step, 
but discrete sampling is limited to small solution 
volumes. We tested the possibility of depositing 
larger amounts of sample on the wall of the graphite 
tube by use of aerosol introduction, to increase the 
sensitivity. The efficiency of the deposition on the 
furnace wall depends on both the gas flow-rate and 
the deposition temperature.‘,” 
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Fig. 5. Influence of the furnace temperature in the deposi- 
tion step on the absorbance of Ag and In. 

Effect of the gas flow-rate. In pneumatic nebu- 
lization the linear velocity of the aerosol particles 
before deposition on the graphite tube wall varies 
between 5 and 30 mjsec. The flow-rates are much 

lower in ultrasonic than in pneumatic nebulization. 
The gas flow varied between 2.7 and 10.8 ml/set (see 
Fig. 4). In our experiments the aerosol passed 
through the graphite inlet tube (with an internal 
diameter of 2.5 mm) before entering the graphite 

furnace. This means that the linear velocity of the 
aerosol varied between 0.5 and 2.8 m/set. 

The results of monitoring the relative absorbance 
as a function of the gas flow-rate for deposition in a 
cold graphite tube are shown in Fig. 4. The flow of 
the purge-gas was temporarily interrupted during the 
atomization step. At flow-rates above 7 ml/set the 
efficiency of deposition of the particles on the graph- 
ite wall decreased for the elements tested. The 
difference in behaviour of the elements has not yet 
been interpreted. Not only the composition and the 
structure of the desolvated aerosol particles but also 
the mechanism of binding the particles to the carbon 
surface are not clear. 

Efict of the deposition temperature. Chamsaz et 

al.” varied the deposition temperature in pneumatic 
nebuhzation and obtained maximum absorbance for 
Ca, Cd, Mg, MO at between 420 and 470 K. They 
expected that at above 470 K a decrease in absorb- 
ance could be caused by the gas expansion away from 
the heated graphite surface acting as an aerodynamic 
barrier to particle deposition. The results of our 
experiments are shown in Fig. 5. We found maximum 

Table 2. Comparison of the analytical results obtained by different electrothermal techniques 

Ultrasonic nebulization with 
aerosol deposition Discrete sampling (IO ~1) 

Wavelength, Reciprocal sensitivity Linear range, Reciprocal sensitivity, 
Element nm (abs = 0.01). ng/ml IX* nglml nglml PI: 

Ag 328.1 0.04 13 0.042 0.9 9 
Ga 294.4 I2 4080 12-500 3.5 35 
In 303.9 4 II00 4-50 4.5 45 
Mn 219.5 0.8 272 0.8-30 0.2 2 

*Values taking into account the sample volume nebulized. 
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absorbance at 690 K for Ag and In at a gas flow-rate 
of 5.5 ml/set. The differences from the values re- 
ported by Chamsaz et al. could be due to the lower 
gas flow-rate and the smaller particle size in our 
work. 

Analytical results. The results obtained with the 
aerosol deposition technique are summarized in 
Table 2. In all cases tested the linear working range 
was wider for deposition than that for the discrete 
sampling technique. The absolute sensitivity of the 
determination was nearly the same in both the 
discrete-sampling and deposition techniques only for 
silver. In all other cases the absolute detection limits 
were up to 100 times worse in deposition. That means 
we had a high loss of material in deposition of 
gallium, indium and manganese. The reason for the 
differences in deposition are not clear up to now. We 
assume that the deposition of silver is based on a 
combination of reduction of the silver salts by carbon 
and the adsorption of metallic silver on the graphite 
surface. Formation of silver carbide seems impossible 
and it is not known to exist.“.” Gallium, indium and 
manganese were deposited as oxides on the graphite 
surface. The nitrates nebulized were decomposed 
inside the desolvation unit, forming the oxides.*’ In 
the injection technique the same oxides were formed 
in the graphite furnace during the heating cycle. 

The concentration sensitivity was calculated from 
the absolute sensitivity values. The concentration 
sensitivity for silver is much better in the deposition 
technique. We obtained the same values for indium 
in both techniques. The concentration sensitivities for 
manganese and gallium were worse in the deposition 
technique. 

Comparison of the ultrasonic nebulization tech- 

niques. A comparison of the analytical results for Ag, 
Ga, In, Mn in the two techniques of sampling by 
ultrasonic nebulization+ontinuous sampling and 
deposition-show deposition to give better concen- 
tration sensitivities (Tables 1 and 2). Because of the 
distinctly shorter residence time of the particles inside 
the graphite tube when the continuous sampling 
technique is used. The large difference in the sensi- 
tivity for the determination of Ag from those for 
determination of Ga, In, Mn we also attribute to the 
differences in adsorption of the elements on the 
graphite surface. 

CONCLUSIONS 

The results presented show that ultrasonic nebu- 
lization combined with continuous sampling into a 
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constant-temperature graphite furnace has potential 
for some special analytical applications, e.g., for the 
determination of trace elements in flowing solutions, 
or in reaction vessels with discrete sampling of vol- 
umes between 0.1 and 1 ml. The necessary sample 
volume is smaller in ultrasonic than in pneumatic 
nebulization, because of the higher efficiency. The 
technique gives better detection limits and sensi- 
tivities but poorer reproducibility than flame AAS. 
The combination of ultrasonic nebulization with the 
aerosol deposition technique in electrothermal AAS 
with normal graphite materials generally gives poorer 
sensitivity and absolute detection limits than those 
for discrete sampling and conventional electro- 
thermal AAS, but can be advantageous for certain 
elements such as silver. 
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Summary-A simple. rapid and selectrve method for the determination of beryllium with pyndoxal-S- 
phosphate has been developed. The system is only fluorescent (A., 360, A,,, 460 nm) in the presence of a 
nitrogenous base such as ammonia, ethylenediamine or pyridine, owing to the possible formation of a 
ternary complex. The cahbration graph is linear over the range 8-60 ng/ml. The high selectivity of the 
method permits the determination of beryllium in various types of alloys. 

On account of the wide industrial use of beryllium 
and its compounds, and to study its toxic effect more 
deeply, more accurate and selective methods for the 
determination of small amounts of this element are 
needed. No specific reagent for it is known so far. 
Separations to be used will depend on whether it is 
present in micro or macro amounts in the sample, as 
well as on the concentration of interfering elements 
present and the potential interference with the deter- 
minative method chosen. The fluorimetric method 
using morin is subject to many interferences, has been 
extensively studied, and is the most important 
method for the determination of submicrogram 
quantities of beryllium in air,‘,’ urine,’ bones and 
other biological materials,4,5 in which complete recov- 
ery of beryllium present may not be an absolute 
necessity.6 

The determination of beryllium in alloys on which 
small amounts of it confer special properties, is very 
important. Industrial applications of these alloys are 
numerous and widespread. The copper-base alloys 
are extensively used in springs of all kinds,’ especially 
in electric contacts. as well as in the diaphragms of 
pressure-sensitive instruments, thanks to their fatigue 
resistance. They are also used in the manufacture of 
sparkless tools for use in different industries’ and in 
the manufacture of dyes, for pressing plastics, and for 
deep-drawing metals. Thanks to their high electrical 
and thermal conductivity, in addition to their hard- 
ness, these alloys are also suitable for electrodes and 
other components for resistance-welding work. Beryl- 
lium is used as a minor alloying agent in aluminium- 
base alloys, retarding oxidation of the melt.9 It is also 

used as an alloying agent in nickel to produce a 
high-strength alloy resistant to corrosion and wear. 

The most common procedures for the elimination 
of interferences in these kinds of sample are precip- 
itation, extraction, electrolysis and ion-exchange, but 
are tedious and time-consuming. For example precip- 
itation and extraction generally need to be repeated 
several times to ensure complete separation. 

A simple, rapid and highly selective fluorimetric 
method for determination of beryllium in the most 
common alloys is described in this work. 

EXPERIMENTAL 

Reagents 

Standard beryllium solufion (1 pg/ml). Freshly prepared 
by appropriate dilution of a stock solution made by dis- 
solving beryllium nitrate (Merck extra pure) in 0.05M nitric 
acid and standardized gravimetrically by precipitation with 
ammonia. ‘e 

Pyridoxal-5-phosphate. O.OlM solution in O.OlM hydro- 
chloric acid. All common reagents and solvents used were 
of analytical-reagent grade. 

Apparatus 

A Perkin-Elmer fluorescence spectrophotometer, model 
MPF-43A, with ILcm quartz cells and a xenon source was 
used. The cell compartment of the spectrofluorimeter was 
kept at a constant temperature of 25” by circulating water 
through it. The instrumental sensitivity was set at 0.3, and 
the excitation and emission slits were set to give a 5-nm 
spectral bandpass. A set of fluorescent polymer samples was 
used daily to adjust the spectrofluorimeter to compensate 
for changes in source intensity. 

Procedure 

To a solutton containing 0.2-1.5 pg of beryllium add 
0.25 ml of O.OlM pyrtdoxal-5-phosphate and 4 ml of 2M 
ammonia-ammonium chloride buffer solution (pH 9.8). 
Dilute to 25 ml with distilled water and measure the 
intensity of the fluorescence at 460 nm, with excitation at 
360 nm, against a reagent blank containmg no beryllium. 
Prepare a calibration graph in the same way. 

RESULTS AND DISCUSSION 

Spectral characteristics 

Beryllium reacts with pyridoxal (Py) or pyridoxal- 
5-phosphate (PyP) in ammoniacal medium, yielding 
complexes which exhibit intense blue fluorescence. 
The spectral characteristics of both complexes are 
analogous but the fluorescence intensity of the 
Be-PyP complex is twice that of the Be-Py complex. 
Hence, the former was chosen for the determination. 

The excitation spectrum of this complex shows two 
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Fig. 1. Uncorrected excitation and emission spectra of PyP 
(1.1’) and the Be-PyP system (2,2’). [Be(II)] = 100 ng/ml, 

[PyP] = 6 x IO-‘M. [NH,CI/NH,] = O.lM. 

bands with maxima at 265 and 360 nm (A,, 460 nm), 
whilst the emission spectrum displays one band with 
its maximum at 460 nm (A,, 360 nm) (Fig. 1). The 
complex forms immediately and the fluorescence 
intensity remains stable for at least 4 hr. 

Temperatures above 35’ have a very significant 
negative effect (Fig. 2D). The effect in the range 
20-35” is also negative, but much less pronounced. 

To study the effect of ionic strength, three salts 
(KC], KNO, and NaClO,) were tested at different 
concentrations, but had only a slight effect on the 
fluorescent system. 

The fluorescence of the Be-PyP system is only Several organic solvents with different di- 

developed when a nitrogenous base, e.g., ammonia, electric constants (dimethylformamide > ethanol > 

ethylenediamine or pyridine, is present in the solu- acetone > dioxan) and in different concentrations 

tion. At equal concentrations of these bases, the (&80%) were examined, to determine the effect of the 
fluorescence of the complex is most intense with dielectric constant on the fluorescence intensity of the 
ammonia. In sodium or potassium hydroxide solu- complex. For all these solvents, decrease in the 
tion or in non-nitrogenous buffer solutions (borate, dielectric constant results in a decrease in the 

phosphate and carbonate), the system does not emit fluorescence of the complex. 

(A) 

fluorescence. This fact could be attributed to the 
possible formation of a ternary complex with the 
nitrogenous base. 

Optimization 

The system was optimized by changing each vari- 
able in turn whilst the others were kept constant. 
Figure 2 shows the effect of the different variables. 

Figure 2A shows the optimum pH range is 
9.5-10.0. An ammonia-ammonium chloride buffer 
solution of pH 9.8 is therefore used to adjust the pH. 
Figure 2B shows that the fluorescence of the complex 
is only developed when the ammonia concentration is 
about twenty times that of the reagent, and Fig. 2C 
shows that about a 30-fold molar ratio of the 
pyridoxal-5-phosphate to beryllium is necessary to 
obtain the maximum signal. 

60 

1 2 3 4 

[buffer] lo-‘M 

70 

(PyP) 1o-4/w T(“C) 

Fig. 2. Influence of (A) pH, (B) buffer concentration, (C) PyP concentration, (D) temperature, on the 
Be-PyP system. 
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Table I. Tolerance limits m the determination of beryllium at the 
30 ng/ml level 

Tolerance ratio. 
ion: Be’+ w/w Ion added 

400 

100 

IO 

*I’+* Cu’+*, Ni’+* 

Ba*+, CdZ+, Hg2+, Mg2+, Sti+, Ca*+, Sn’+, 
Tl+, Zn’+, Pt4+, MOO:-, WO:-, VO;, 
SeO:-, CrOi-, AsO:-, UO:+, Co’+*, 
Fe’+*, Pb2+*, Cl-, F-, Br-, I-, NO;, 
CO;-, PG:-, SO:-, CN- 

Mn’+, Sb’+, Ti4+, St?+ 

*In the presence of 0.6ml of O.OlM EDTA. 

The maximum fluorescence intensity is obtained 
when beryllium and the reagent are mixed before the 
buffer solution is added. 

Nature of the Jluorescent product 

The stoichiometry of the Be(H)-PyP system was 
evaluated by the molar-ratio and continuous- 
variations methods in the presence of a constant 
excess of ammonia. The ratio found in both cases was 
2: 1. In the Be-3-amino-S-sulphosalicylate complex, a 
stoichiometry in which the beryllium:ligand ratio is 
greater than 1: 1 has also been found.” The 
Be-ammonia and PyP-ammonia ratios were evalu- 
ated by the molar-ratio method, by keeping the PyP 
and Be concentrations, respectively, constant and 
high. In both cases, there is a linear increase in 
the fluorescence intensity as the ammonia concen- 
tration increases and the maximum fluorescent signal 
is only obtained in the presence of a large excess of 
ammonia. However, it should be emphasized that the 
slope changes at a Be-ammonia ratio of 1: 10 and at 
a PyP-ammonia ratio of 1:20. If ethylenediamine is 
used instead of ammonia, the change in slope occurs 
at a Be-ethylenediamine ratio of 1: 5. Although these 
results are not logical according to the co-ordination 
number of Be(H), these values are surprisingly consis- 
tent if it is taken into account that ethylenediamine 
can act as a bidentate ligand. 

A study of the retention of the complex on an 
anion-exchange resin showed it to be anionic in 

nature, but no conclusions about its structure have 
yet been reached. 

Characteristics of the method 

There is a linear relationship between the 
fluorescence intensity and the beryllium concen- 
tration between 8 and 60 ng/ml in the final solution. 
The detection limit, as defined by IUPAC” (K = 3; 
n = 11) is 7 ng/ml. The precision of the method was 
studied at several beryllium concentrations. Relative 
standard deviations of 9.3, 2.0, 2.0 and 1.5% were 
found for 10,20,40 and 60 ng/ml, respectively. These 
values are satisfactory, considering the low concen- 
trations determined. 

Interferences 

To find possible analytical applications of the 
Be-PyP complex, the effect of different foreign ions 
was examined. The tolerance limits are listed in Table 
1. Most of these ions do not cause interference when 
present in up to lOO-fold ratio to beryllium. A 
400-fold weight ratio to beryllium was tested for the 
ions of the metals which form the matrix of the alloys 
to be analysed [Cu(II), Al(II1) and Ni(II)]. The 
selectivity is very good and the method is adequate 
for the determination of beryllium in copper-base, 
aluminium-base and nickel-base alloys. Only Cr(II1) 
interferes at 1: 1 weight ratio to beryllium, but its 
oxidation to Cr(V1) permits the direct determination 

Table 2. Emnirical determination of beryllium in simulated typical alloys 

Allov 

Composition, % 

Be Co Ni An uses Be found, % 

Copper-base 4.00 
1.90 0.24 
1.70 0.24 
0.50 2.50 
0.40 1.60 0.95 
0.40 1.50 
2.10 0.50 
2.40 1.10 

Aluminium-base 5.00 
0.20 

Nickel-base 1.80 
2.70 

Master alloy 
Electrical terminals, springs 

Welder bars 
Good electrical conductors 

Bearings 
Welding equipment 

Casting alloys 
Casting alloys 

Master alloy 
Aircraft sheet 

Springs 
Castings 

4.00 k 0.06 
2.05 f 0.05 
1.62 f 0.03 
0.50 f 0.03 
0.41 + 0.04 
0.43 f 0.05 
2.30 + 0.03 
2.54 + 0.07 

4.93 rf: 0.08 
0.27 f 0.05 

I .87 & 0.06 
2.70 f 0.07 
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Fig. 3. Comparattve selectivity of the fluorimetric methods for Be(II): l ions which interfere at the same 
level as Be(H); 0 ions which interfere at the same level as Be(ll) but can be masked. thus increasing 
tolerance ratio: ~ the selectivity of these methods is low and cannot be increased by maskmg, owmg 
to quenchmg problems. Reagent. (1) sahcyhdeneanihne:” (2) morm, ” (3) 2-hydroxy-3-naphthoic acid;” 
(4) 4-[bls(carboxymethyl)aminomethyl]-3-hydroxy-2-naphthoic acid;lh. (5) tetracycline.” (6) 2-sahcyl- 
ideneammo-3.5xylene arsomc acid;” (7) 2-ethyl-5-hydroxy-3-methylchromone;” (8) 2sahcyhdene- 
aminobenzene arsornc acid;‘” (9) 2-ethyl-Shydroxy-7-methoxy-isoflavone;” (10) I-hydroxy-2-carboxy- 
anthraquinone.” (I 1) 3-hydroxy-2-naphthoic acid;” (12) 3-amino-5-sulphosalicyhc acid.“. (13) arsenazo 
(I11);‘4 (14) 2,2’-(pyridyl)phenol.” (15) dibenzoylmethane and pyridine;‘h; (I 6) 4-hydroxy-3-(2-hydroxy- 
sahcylideneammo)benzene sulphonic acid;” (I 7) 5-methoxy-2-(salicyhdeneamino)phenol?’ (18) 7-(sahcyl- 

ideneammo)benzoic acid.” 

of beryllium in the presence of lOO-fold amounts of 
chromium. 

Applications 

The method has been used to determine beryllium 
in several alloys of industrial interest, without prior 
separation from the matrix. As standard samples of 
beryllium in copper-base, aluminium-base and 
nickel-base alloys were not available, several syn- 
thetic ones were prepared.6 

The samples, containing a total metal-ion concen- 
tration of 100 pg/ml. were treated in the same way as 
the standards, but with 0.6 ml of O.OlM EDTA added 
to each. Table 2 shows the composition of the 
simulated alloys, their most important industrial ap- 
plications, and the results obtained in the deter- 
mination of beryllium. The accuracy of these results 
proves the validity of the method for these types of 
sample. 

Comparison with other methods 

A comparison of the selectivity of this fluorimetric 
method with that of the fluorimetric procedures 
described in the literature”.‘3m29 is shown in Fig. 3. 

Only those ions interfering when present at the same 
level as beryllium have been considered. None of the 
earlier procedures is more selective than the proposed 
method. Aluminium and iron (III) generally pose the 
most serious interferences and, furthermore, are 
difficult to remove by masking. Only two fluorimetric 
methods have been applied to the determination of 
beryllium in alloys. Sill et aL3’ determine beryllium in 
aluminium-alloys and copper-alloys with morin. Res- 
olution of the first type of sample involves repetitive 
extraction with acetylacetone and chloroform. That 
of the second type of sample needs a mixture of 
sodium hydroxtde, anhydrous sodium perchlorate. 
DPTA and triethanolamine as complexing solution, 
and incubation for 20min. Furthermore, the tem- 
perature must be carefully controlled (a 1 ’ change in 
the working temperature may change the fluorescence 
by as much as 5 or 6%). and the presence of copper 
may cause air-oxidation of the morm and hence low 
results2 (an alkaline stannite reducing solution is 
recommended to prevent this oxidation). 

Beryllium has also been determined in copper- 
alloys by Deguchi et al. 27 Interfering metals (Cu. Fe, 
Ni, Co, etc.) must be removed by electrolysis at a 
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mercury cathode. Excess of Al or residual Cu, Fe, Ni, 
Co, must be removed by extraction into chloroform 
with 8-hydroxyquinoline. 

A comparative study of sensitivity indicates that 
60% of the fluorimetric methods reported so far allow 
determination of beryllium concentrations below 
10 ng/ml, morin and 2-salicylideneamino-3,Sxylene 
arsenic acid being the most sensitive reagents. 

The method proposed here is rapid (only EDTA is 
needed to remove interferences and the complex 
formation is instantaneous), selective (the main inter- 
ferences in the other fluorimetric methods are toler- 
ated at higher concentrations) and simple (only a 
reagent and buffer are needed to develop the 
fluorescence). 
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Summary-A quick, reliable method for the determination of AI(M) in the presence of other metal ions 
is presented. A chromatographic system consisting of a low-capacity cation-exchange column, an eluent 
of diprotonated p-phenylenediamine, and a conductivity detector was used to measure the retention times 
for various cations. During the course of this work, it was found that AI(II1) was eluted later than most 
bivalent metal ions but earlier than other tervalent metal ions. Therefore the concentration of eluent was 
adjusted so that an early sharp peak was obtained for AI(II1) and the bivalent metal ions were eluted as 
a group. Through analysis of an NBS standard, as well as of solutions containing Al(II1) and other metal 
ions, the method was shown to be precise, accurate and rapid for determination of AI(II1) without 
interference from common bivalent metal ions. 

Although a vast quantity of research has been done 
on use of chromatography to separate and determine 
bivalent and rare-earth metal ions, relatively little 
work has been done on developing a chro- 
matographic method for the determination of alumi- 
nium. Classical chromatographic methods generally 
used gravity eluent flow and required collection of 
effluent fractions from the column. These fractions 
then had to be analysed by AAS,‘” EDTA titratio@ 
or absorbance measurements after removal of inter- 
fering substances.’ Maslowska and Pietek’ separated 
the p-hydroxybenzoate complexes of aluminium, 
iron(W) and cerium(III) on an ion-exchange column, 
using low pressure and a spectrophotometric de- 
tector. 

Modern ion-chromatography has been shown to 
be useful for separating univalent? bivalent’,” and 
rare-earth metal cations.” However, with the excep- 
tion of the rare earths, tervalent metal ions, such 
as Al(llI), have posed a problem in ion- 
chromatography. A brief note” described the sepa- 
ration of aluminium and iron(II1) by cation- 
chromatography, with Tiron as the colour-forming 
reagent for post-column reaction and spec- 
trophotometric detection. 

In the present research, the elution of metal cations 
from a cation-exchange column of low capacity 
is studied. The eluent contains the diprotonated 
cation of tither N-phenylethylenediamine or p- 

phenylenediamine, and conductivity detection is em- 
ployed. The original objective was to study how the 
retention times of various cations change with the 
type of eluent used. However, aluminium was found 

*Author for correspondence. 

to be eluted later than most bivalent metal ions and 
well before other tervalent metal ions. This forms the 
basis of a selective and convenient ion-exchange 
method for determining aluminium. 

EXPERIMENTAL 

Apparatus 

The instrument used consists of a model AA-94 Eldex 
dual-channel pump, a model 1116 Eldex column-heater 
equipped with a 50-y] sample loop, a model No. 269-004 
Wescan catex column (capacity 0.03 meq/g, 12-16 pm 
particle-size, 5% cross-linked, sulphonated polystyrene- 
divinylbenzene gel, 25 cm length, 2 mm bore.). a model 
213A Wescan conductivity detector, and a Curken strip- 
chart recorder. 

Eluents 

Reagent-grade p-phenylenediamine and perchloric 
acid were used without further purification. The N- 
phenylethylenediamine was used both as received and after 
distillation under reduced pressure. The eluent solutions 
were prepared by dissolving the amine in perchloric acid and 
diluting with demineralized water, then filtered through a 
0.45~pm membrane and degassed. The pH of the eluents 
was adjusted to 3 with perchloric acid. The purpose of the 
pH adjustment was to ensure complete protonation of the 
diammes used, as well as to maintain a constant pH so that 
the relative strengths of the diamines as eluents could be 
compared. Once prepared, the eluents were immediately 
stored under a helium atmosphere and protected from light 
to prevent decomposition. 

Sample solulions 

The AI(II1) standard stock solution was prepared by 
dissolving 0.4707 g of Alcoa Research Laboratories stan- 
dard aluminium wire XI-A in about 25 ml of concentrated 
hydrochloric acid with heating, then diluting accurately to 
I litre with demineralized water. The Al(III) solutions used 
for the calibration curve were prepared by diluting aliquots 
of this stock solution. 

The stock solution of NBS Standard Sample 94a, a 
zinc-base alloy (see Table I), was prepared by dissolving the 

1047 



1048 NANCY E. FORTIEK and JAMES S. FRITZ 

Table 1. Composition (2) of 
National Bureau of Standards 
Standard Sample 94a, Zinc-Base 

Alloy (Die-Casting) 

Al 
cu 

Mg 
Mn 
Fe 
Pb 
Ni 
Sn 
Cd 

3.90 
1.08 
0.042 
0.015 
0.015 
0.006 
0.005 
0.005 
0.002 

bulk of a 0.5305 g sample m perchlorlc acid and demin- 
eralized water with heatmg. When effervescence ceased a 
black residue remained, which went into solution on addi- 
tion of a small amount of concentrated nitric acid. The 
solution was accurately diluted to 1 litre with demineralized 
water to yield a solution with an aluminium concentration 
of 0.767mM. 

Other metal ion solutions were prepared by using reagent- 
grade salts, concentrated perchloric acid and demineralized 
water. The pH of all metal ion solutions was adjusted with 
perchloric acid to approximately 3 merely to prevent hydro- 
lysis 

RESULTS AND DISCUSSION 

Since protonated ethylenediamine had been shown 
to be an adequate eluent for cation- 
chromatography,‘.” it was surmised that other 
amines might also be useful. The first one tested was 
N-phenylethylenediammonium perchlorate. While at 
first this appeared to be satisfactory, it was soon 
noted that the retention times obtained with it were 
not reproducible. Further experimentation showed 
that something in the eluent, either an impurity or a 
decomposition product, was gradually occupying ex- 

I 

24 
t 
I. 

20 
/ 

\ 
‘16 . 

Elapsed time (hr) 

Fig. 1. Plot of the retention time of AI(lII) peak VS. time 
elapsed since column equilibration was achieved. Condi- 
tions: eluent. 0.994 mM N-phenylethylenediamme. pH 3.1; 

temperature, 26 ; flow-rate, 1.02 ml/min. 

change sites on the column. As time passed, the 
capacity of the column was reduced and retention 
times were drastically shortened. Figure 1 shows how 
the retention times for an AI(III) solution changed as 
more and more eluent was pumped through the 
column. Attempts to prevent this phenomenon by 
purifying the amine through distillation under vac- 
uum and slowing the rate of decomposition by keep- 
ing the eluent under helium and protected from light 
were unsuccessful; retention times continued to de- 
crease with elapsed time. Although an injection of 
nitric acid effectively seemed to remove the species 
that was occupying the column sites and produced 
retention times with their initial values, the trend of 

decreasing retention times with increasing elapsed 
time merely began again as soon as the nitric acid was 
eluted. Therefore this eluent was abandoned. 

An eluent prepared by mixing p-phenylenediamine 
and perchloric acid in 1: 2 molar ratio worked well. 
Its absolute conductivity was never measured, but 
was easily electronically backed-off. At a flow-rate of 
1 ml/min, the column back-pressure was about 
1200 psig. The retention times given in Table 2 were 
found to be very reproducible. Occasionally nitric 
acid was injected as a precautionary measure to 
prevent any long-term build-up of strongly retained 
species on the column, although this treatment may 
have been superfluous. Retention times (t’) of ions 
were unaffected by this treatment. 

It has been shown”’ that a plot of log r’ ~1s. log 
[eluent] should be linear with a slope of -y/2, J being 
the charge on the analyte ion. Bivalent metal ions 
should give a slope of - 1, and tervalent metal ions 
a slope of - 1.5. This relationship was shown to hold 
within experimental error for the bivalent and ter- 
valent ions studied here. 

Aluminium determination 

To obtain a sharp, early peak for AI(III), it was 
necessary to increase the concentration of p- 
phenylenediamine; 8.23mM was used. At this concen- 
tration, the bivalent metal ions were eluted quickly as 
a group and did not interfere with the Al(II1) peak. 

Table 2. Retention times for blvalent and 
tervalent metal Ions: temperature 27 . 
flow-rate 1 ml/min; [p-phenylenediamme] 
1.99mM for bivalent and 6.04mM for 
tervalent ions: retention time of the un- 

retained peak, I,,. 0.44 mm 

Catlon 1. min* rsd. % 

Mg(II) I .63 00 
Mn(I1) 2.02 1.8 
Zn(I1) 3.06 00 
Co(I1) 2.17 1.7 
Ca(I1) 2.83 1.3 
Sr(I1) 3.92 2.4 
AI(II1) 8.6 1.9 
Lu(II1) 22.3 I 3 
Tm(II1) 23.0 2.2 

*Average of at least three runs. 
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Fig 2. Cahbratlon plot for aluminium standard solutions. 
Conditions. eluent, 8.23mM p-phenylenedlamine, pH 3.0; 
temperature. 27”; flow-rate, 0.97 ml/min. Correlation 

coefficient 0.9996. 

Therefore, a study was undertaken to see whether the 
determination of Al(III) was possible with pro- 
tonated p-phenylenediamine as eluent. All solutions 
were injected under the following conditions: eluent 
8.23mM p-phenylenediamine, pH 3.00; temperature 
27 ; flow-rate 0.97 ml/min. Since an electronic inte- 
grator was not available, a calibration curve was 
prepared by cutting out and weighing the peaks, and 
plotting peak weight ~1s. concentration of the AI(III) 
standard solutions. Six different concentrations from 

0.1 to 0.7mM gave a linear plot (Fig. 2). 
To see whether the amount of aluminium in a 

solution could be accurately determined when other 
metal ions were present, injections were made of the 
solution of NBS Standard Sample 94a. To keep the 
peak for aluminium within the span of the recorder 
chart. the stock solution was diluted by a factor of 
two. However, a representative AI(II1) peak could 
not be obtained, owing to the presence of a large 
negative peak caused by the excess of acid needed to 
dissolve the alloy. The pH of the undiluted stock 
solution was found to be only 0.95. whereas the pH 
of the AI(l11) standard solutions ranged from 2.45 to 
3.39. Therefore the pH of a 50.0-ml aliquot of the 
stock solution was adjusted to 2.57 with concentrated 
ammonia solution and the solution was diluted to 
100.0 ml (final pH 2.94). Injections of this solution 
gave peaks with areas which could be easily measured 
(Fig. 3). 

Injections were also made of two other solutions 
contaimng Al(II1): AI(II1) in presence of a 1 ICfold 
molar ratlo of uranium(VI). and in a solution con- 
taining six other metal ions m the following molar 

Taken Found* rsd, % 

0.383 0.389 6.1 

0.173 0.173 6.4 

0.286 0.261 3.6 

Table 3. Results for aluminium determination 

WI, mM 

Solution 

NBS Standard 
Sample 94a 
zinc-base 
alloy, 0.2653 g/l. 
AI(II1) in 
19.80 mM UOi+ 
Al(II1) in a 
solution of 
3.44 mM, Ca(I1) 
3.77 mM, Mg(I1) 
3.77 mM, Zn(I1) 
3.77 mM, Sr(I1) 
4.10 mM, Co(I1) 
4.10 mM, Mn(I1) 

*Average of at least three runs. 

ratios to aluminium: Ca(I1) 12-fold, Mg(II), Zn(II), 
Sr(I1) each 13-fold, Co(I1) and Mn(I1) each 1Cfold. 

The results tabulated in Table 3 show that the 

chromatographic method described is capable of 

I I I I 
9 6 3 0 

Time (mm) 

Fig. 3 Solution of NBS Standard Sample 94a. 0.383 mM 
in AI(III), pH 2.94. Conditions: eluent. 8.23mM p- 
phenylenediamme. pH 3.0: temperature. 27 flow-rate. 

0.97 ml./mm 
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giving quantitative results for aluminium, even in 
samples containing several other metal ions. Because 
of the comparatively low precision, it is best to 
replicate analyses, and use the mean vaIue. 
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Summary-The determination of trace levels of thallium in bismuth and bismuth salts by differential pulse 
anodlc-stripping voltammetry has been made possible by using a surfactant as an electrochemical masking 
agent, in addition to a complexing agent. In 0.2M EDTA at pH 4.5 as supporting electrolyte in the absence 
of surfactant, bismuth at concentrations below 10m4M does not interfere. When the electrolyte also 
contains tetrabutylammonium ions at 0.01M concentration. bismuth can be tolerated at concentrations 
up O.O5M, and the height of the thallium peak is unaffected. It is thus possible to determine 1 nM TI(I) 
in the presence of 0.05M Bi(lII), i.e.. Tl at the I x lo-% level in bismuth. The precision of the 
determmation and the recovery are satisfactory. Neither an 800-fold ratio of Cu(I1) nor a IO’-fold ratlo 
of Pb(I1) to Tl(I) Interferes in the determination. Other cations such as Zn’+, Cd’+, In’+, Hg*+, Fe)+, 
Sb”+ and Sn“+ in 104-fold molar ratio to Tl(I) have no effect on the determmation. Thallium has been 
determined m bismuth metal and m bismuth nitrate of various degrees of purity. 

Differential pulse anodic-stripping voltammetry 
(DPASV) has become an important electroanalytical 
technique, especially for trace analysis, because of its 
high sensitivity and specifity, but its use is sometimes 
difficult or even impossible, e.g., in determination of 
a trace concentration in the presence of a very large 

excess of another component (especially of an ion 
which can be reduced to form an amalgam at a 
potential less negative than that for reduction of the 
ion of interest). Interferences can be eliminated by a 
preliminary separation, but this results in poorer 
precision and accuracy, and prolongs the deter- 
mination. Suppression of the electrochemical activity 
of the matrix elements by introduction of a surfac- 
tant, known as “electrochemical masking”, is an 
effective way of avoiding the separation. 

There are a few promising examples of the use of 
electrochemical masking in d.c. polarography’4 and 
stripping analysis.’ ‘” 

The objective of this study was to apply electro- 
chemical masking to determination of thallium, as 
TI( I). m the presence of a very large excess of bismuth 
by DPASV. without preliminary separation. In most 
solutions bismuth gives a wave at more positive 
potentials than thallium does. and the well separated 
half-wave potentials allow determination of both 
metals in the same test solution, but when bismuth is 
the matrix element and present in relatively very large 
amounts, direct determination of thallium is impos- 
sible. To solve this problem both a complexing agent 

(EDTA) and a surface-active agent (tetra- 
butylammomum ions) were added to the test solu- 
tion. 

EXPERIMENTAL 

Apparatus 

A Telpod (Poland) pulse polarograph model PP-04 was 
used. Voltamperograms were displayed on an Endlm 
(GDR) 620.02 XY-recorder. A classical three-electrode sys- 
tem was employed: a Kemula hangmg mercury-drop elec- 
trode (Kemula Equipment E 69, Radiometer. Copenhagen) 
as working electrode, a platinum wire as auxdiary electrode 
and an SCE as reference. The surface area of the hanging 
mercury drop was 2. I mm’. The differential pulse amplitude 
was 100 mV and scan-rate 1 I. 1 mV/sec. During the deposi- 
tion step the solutions were stirred. All potentials reported 
are referred to the SCE. 

Reagents 

Merck tetrabutylammonium chloride (TBAC) and EDTA 
(disodmm salt) were used. Standard solutions of thallium 
and bismuth (IO-‘M) were prepared by dissolving the 
metals m nitric acid. Solutions with concentrations below 
IO-‘M were prepared just before use. Water was doubly 
distilled in a quartz still. The background electrolyte was 
0.2M EDTA, pH 4.5 * 0.1, adJusted with purified potas- 
sium hydroxide solution. Before measurement all solutions 
were brought to 20 + 0.5 in a thermostat. 

Procedure 

If not stated otherwise. nitrogen was passed for IOmin 
through 25 ml of the solution to be studied. then a mercury 
drop was formed at the capdlary tip, stxring was begun, 
nitrogen was passed above the solutlon, and the solution 
was electrolysed for a predetermined time at -0.700 V. 
Stirrmg was then stopped, and after 20 set the potential was 
scanned from -0.7OOV to positive potentials and the 
strippmg peak for thalhum was recorded. 

RESULTS AND DISCUSSION 

An EDTA solution (0.2M, pH 4.5 k 0. I) was cho- 

sen as background electrolyte to avoid coincidence of 
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Fig. I. Dependence of differential pulse anodic stripping 
peak current for thallium on the deposition potential (a), 
the thalhum concentration (b) and the deposition time (c). 
Concentration of thallium: (a) I x IO-*M; (c) 3 x IO-“M. 
Deposition potential (b, c): -0.700 V vs. SCE. Deposition 
time (a, h): 15 mm. Background electrolyte: (0) 0.2M 
EDTA. pH 4.5 + 0.1; ( + V.) 0.2M EDTA, pH 4.5 f 0.1, 
O.OlM TBAC: (m) 0.2M EDTA, pH 4.5 +O.l, O.OlM 
TBAC, 0.01 M Bi(III). Differential-pulse amplitude 100 mV, 

scan-rate I I I mV/sec. 

the stripping peaks for lead and thallium, which 
occur at similar potentials in various base electro- 
lytes. Figure 1 shows that the proposed medium 
allows satisfactory determination of thallium at con- 
centrations of about 10m9M. A deposition potential 

of -0.7OOV was chosen as optimal. The stripping 
peak IS located at -0.48 V, with peak-width 105 mV. 
A linear relation of peak-current to thallium concen- 
tration was found over the range 
1 x IO-‘-I x 10 ‘M. The plot of peak-current CS. 
deposition period 1s linear for periods ranging from 
I to 15 mm, with a slope of 8 nA/min for 3 x 10 -‘M 
thalhum, and passes through the origin. 

Determination of thallium in the presence of bis- 
muth depends on the bismuth concentration. Under 
the conditions exammed, bismuth gives a strtpping 
peak at -0.13 V. From the values of Er,r,) and ,J&,) 
there should be a high separation factor in the 
determinatron of thallium in the presence of bismuth. 
However, the peak-current of bismuth depends on 
the original deposition potential. When a deposition 
potential of -0.700 V is used, the peak-current of 
bismuth at -0.13 V is very small (Fig. 2, curve a). It 
is found that determination of 1 x 10mXM thallium is 
possible even in presence of IO ‘M bismuth. When 
the concentration ratio of bismuth to thallium is 
greater than about 104, however, there is increasing 
Interference as the ratio increases: the voltammetric 

curves show only the currents for reduction and 
oxidation of bismuth, the peak-current for thallium 
being “swamped”, as shown for 0.05M bismuth by 
curve a in Fig. 3. This suggests that it would be 
difficult to determine thallium in the presence of 

L 
-EMp (VI 

Fig. 2. Variation in the size of the bismuth peak in absence 
(a) and presence (b, c) of TBAC. (a) Peak current w. 
deposition potential, (b) peak current vs. [TBAC], (c) peak 
potential US. [TBAC]. Concentration of Bi(II1): (u) 
I x IO-‘M; (b, c) 0.025.U. Deposition potential (b, c): 
-0.700 V US. SCE. Deposition time: (a) 300sec; (b, c) 
100 sec. Background electrolyte, 0.2M EDTA, O.OiM 
TBAC, pH 4.5 k 0. I. Differential pulse amplitude 100 mV. 

scan-rate I I. I mV/sec. 

I 
1OnA 

I 

I I 

-05 -03 

V 

Fig. 3. Differential pulse anodx strippmg voltamper- 
ograms: (u) O.OSM BitIII)+’ x IO ‘M TI(1): (h) 005M 
Bi(111)+2 x IO-‘M Tl(l)+OOlM TBAC; (c) 0.05M 
Bi(IIl) + 0.01 M TBAC. Deposition potential. -0 700 V I’.\. 
SCE. Deposition time’ 15 mm. Background electrolyte: 
0.34 EDTA. pH 4 5 i 0 I. Differential pulse amphtude 

100 mV. scan-rate I I I mV/sec 
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substantially larger amounts of bismuth, and impos- 
sible to determine traces of thallium in samples where 
the matrix is bismuth. 

An attempt was therefore made to suppress the 
electrochemical activity of the matrix element by 
addition of tetrabutylammonium chloride (TBAC) to 
act as a surfactant in the solution. The influence of 
TBAC concentration on the stripping peak-current of 
bismuth is shown in Fig. 2. The results indicate that 
a concentration of O.OlM TBAC is sufficient to 
suppress the bismuth peak almost completely. The 

stripping peak-current for O.OSM bismuth in the 
presence of TBAC is almost the same as that for 
IO-‘M bismuth in the absence of TBAC; in contrast, 
O.OlM TBAC has no effect on the thallium peak. 
Figure 4 shows the differential pulse polarograms for 
5 x 10m5M bismuth in the absence (curve a) and 
presence (curve b) of TBAC; these curves show the 
polarographic reduction of Bi(III) at the dropping 
mercury electrode, and correspond to the deposition 
step in DPASV measurements. It is obvious that the 
presence of TBAC virtually completely suppresses the 
deposition of bismuth during the DPASV procedure, 
and makes possible the determination of traces of 
thallium in a bismuth matrix. An illustration of this 
is presented in Fig. 3, curve b, where the amount of 
thallium corresponds to a level of 5 x IO--/, in a 
bismuth matrix. 

Results showing the precision and recovery are 
given in Table I and indicate the absence of a 

I 
0 IpA :’ 0 

I I I 

-04 -06 -0.6 

V 

Fig. 4. Differential pulse polarograms for 5 x IOm5M 
Bi(III): (a) 0.2M EDTA, pH 4.5 k 0.1; (b) 0.2M EDTA, pH 
4.5 + 0.1, O.OlM TBAC. Conditions: pulse amplitude 

50 mV, scan-rate 2 mV/sec, drop-time 2 sec. 

Table I. Accuracy and precision of the determination of 
thallium in the presence of bismuth and TBAC* 

Added 
TI Std. Relative 

Bi. TI. found, devn.. std. devn.. 
Series mg ng ng fig % 

I 300 20 I9 3 I5 
II 200 80 79 IO I2 
III 100 408 410 27 7 

*Seven measurements. 

Table 2. Thalhum content of bismuth matrices 

Sample Thalltum 
Bismuth weight. content. 
matrix Grade R PX ig 

Bi(NO,),. .5Hz0 Reagent 0.485 1.20 (1.22*) 

Bi(NO,),. 5Hz0 A.R. 0.485 0.13 

Bi Reagent 0.200 0.75 (0.73*) 

Bi A.R. 0.200 0.06 

*Spectrophotometric determmation.” 

systematic error. The method has been tested by 
determining the thallium content of bismuth metal 
and of bismuth nitrate of various degrees of purity 
(Table 2). 

Assuming that 5 ng of TI(1) can be determined by 
use of a l5-min deposition time and that the amount 
of bismuth present should not exceed 0.3 g, the lower 
limit of determination is about 1 x IO-“?; of thallium 
in metallic bismuth and about 7 x IO- ‘YJ, in bismuth 
salts. 

Experiments show that a 104-fold molar ratio of 

Zn2+, Cd’+, In3+, Fe3+, Sb3+, Sn4+ and Hg’+ to TI(1) 
has no effect on the determination of I x 10mXM 
TI(1). The only serious interference is from CL?+, for 
which the reduction potential is - 0.27 V. Though the 
anodic stripping peak of copper is quite far from the 
thallium peak (E,,c,,-O.26 V), a sufficient concen- 
tration of copper substantially increases the back- 
ground current, thus causing interference. In the 
presence of O.OlM TBAC an 800-fold ratio of copper 

to thallium can be tolerated. 

Procedures 

Determination of thallium in meiallic bismuth. Weigh out 
about 0.3g of the bismuth, dissolve it in a few ml of 
semiconductor-grade nitric acid, than evaporate the excess 
of acid. Add 0.25 ml of IM tetrabutylammonium chloride 
and 20 ml of 0.25M EDTA. Adjust the pH to 4.5 k 0. I, by 
dropwise addition of IO% potassium hydroxide solution, 
transfer the solution to a 25-ml standard flask and make up 
to the mark with water. Transfer the solution into the 
electrochemical cell and pass purified nitrogen or argon 
through it for I5 min. Perform the electrolytic deposition in 
stirred solution at -0.700 V US. SCE for 5-15 mitt, de- 
pending on the expected thallium content. After the deposi- 
tion, switch off the stirrer, wait for 20 sec. then record the 
voltamperogram from -0.700 to 0 V cs. SCE. Repeat the 
measurement cycle twice more on the same solution, with a 
new mercury drop each time. Estimate the thallium by the 
standard-addition method, by making three successive addi- 
tion of a known volume of thallium (I) standard solution to 
the same solution, repeating the measurement cycle each 
time, beginning from the deposition stage. From the linear 
plot of peak height US. amount of thallium standard added, 
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read the amount of thallium m the sample. The standard 
thallium solution must be sufficiently concentrated for the 
volume added to be accurately measurable (withm say I”;,) 
but also to cause neghgible change (say <2”,,) in the total 
volume. 

Determmation of thallium in bismuth salts. Weigh out an 
amount of salt equivalent to about 0.3 g of bismuth, dtssolve 
it m 20 ml of 0.25M EDTA. add 0.25 ml of I M tetra- 
butylammonmm chloride, adJust to pH 4.5 k 0.1 by drop- 
wise addition of IO”, potassium hydroxide solution, and 
dtlute to volume in a 25ml standard flask. Transfer the 
solutton mto the electrochemrcal cell and determme thallium 
as above. 

AcX-no,rfedRemPnrs-The mvesttgations described in thts 
paper were performed as part of the research programme 
MR-I-32 The author thanks Dr Z. Eukaszewskr for many 
helpful comments and much encouragement provided in the 
preparation of this paper. 

REFERENCES 

I. T. Pujinaga and K. Isutsu. Eunseki Kagaku. 1961, 10, 
63. 

2. J Kuta. Z. Anal. Chem.. 216, 1966, 243. 
3 E. Jacobsen and G. Tandberg. Anal. Chrm. Actu, 1969. 

41, 285. 
4. Z. Lukaszewski, Talanfu. 24, 1977, 603. 
5. W. Kemula and S. GJodowski, Rocnikr Chem.. 1962, 

36, 1203. 
6. R. Neeb and 1. Kiehnast, Na/ur,cissenscha/ten. 1970. 57. 

37 

7. P. Sagberg and W. Lund. T&mu. 1982. 29. 460 
8. J. Hernandez Mendez, R. Carabras Martinez and M. E. 

Gonzalez Lopez. Awl. Chim Acta. 1982. 138. 47. 
9. J. Georges. ibid., 1981, 127, 233. 

IO. Z. Eukaszewskr, M. K. Pawlak and A. Ciszewskr. 
Talanfa, 1980, 27, 181. 

I I. A. Ciszewski and 2. Lukaszewskt. rhld., 1983. 30. 873. 
12. Z Gregorowrcz. J. Ciba and B. Kowdlczyk. ihrd . I98 I, 

28, 805. 



0039-9 140/x5 $3 00 + 0 00 
Pergamon Press Ltd 

SHORT COMMUNICATIONS 

EXTRACTION OF ARSENIC(II1) FROM CHLORIDE-IODIDE 
SOLUTIONS BY DIPHENYL(2-PYRIDYL)METHANE 

AND BENZENE 

M. EJAZ and E. SIDDIQUE 

Department of Chemical Engineermg, College of Engineermg. Kmg Abdulaziz Umversity, 
P.O. Box 9027, Jeddah, Saudi Arabia 

and 

SUHAIL AHMED 

Pakistan Institute of Nuclear Science and Technology, Nilore, Rawalpindi, Paktstan 

(Received 1 December 1983 Ret-ised 22 April 1985. Accepted 9 Augusr 1985) 

Summary-The variation of the partition coefficient of arsenic(II1) between chloride-iodide solutions and 
diphenyl(2-pyridyl)methane in benzene has been studied. The effect of the concentration of hydrochloric 
acid and iodide in the aqueous phase has been assessed. The partition coefficients are maximal for 
concentrated acid solutions which are 0.024. I M m potassium iodide. Slope-analysis studies were used 
to elucidate the composition of the extracted species. Polymerization of the solvent species tends to 
decrease the distribution coefficients of arsenic with increasing concentration of 
diphenyl(2_pyridyl)methane, especially with trace concentrations of the element. Arsenic can be selectively 
separated from copper, cobalt, nickel, iron. chromium and antimony, which are usually associated with 
it in various ores. 

Earlier investigations I 5 have shown that arsenic can 
be extracted as a chloro-complex by conventional 
solvents and Lewis-base extractants, but the distribu- 
tion coefficients are too low for complete extraction 
in a single step. In an attempt to find a better system, 
we studied6 the extraction from chloride-thiocyanate 
medium with 0.1 M diphenyl(2-pyridyl)methane 
(DPPM) in benzene, but quantitative extraction still 
needed several equilibration steps. In the present 
study we examined the use of the weakly basic iodide 
ion for complexation. The results show that a highly 
selective and quantitative extraction can be achieved 
in a single equilibration step from 9M hydrochloric 
acid/0.02-1 M potassium iodide medium with 0.01 M 
DPPM in benzene. Under the experimental condi- 
tions for the extraction, several metal ions which are 
known to form anionic chloride complexes at this 
acidity are very poorly extracted. They can be re- 
moved almost completely from the organic phase in 
two or three scrub stages, which will not affect the 
recovery of arsenic, because of its very high extrac- 
tion coefficients. 

EXPERIMENTAL 

Reagents and tracers 

DPPM was obtained commercially (Aldrich) and used 
without further purification. Its characteristics have been 
reported elsewhere.7 Hydrochloric acid solutions were pre- 
pared either from BDH volumetric solution ampoules or 
from the Merck “pro annlysi” grade acid, and standardized 
if necessary. Potassium Iodide solutions were prepared from 
the analytical grade salt and demineralized doubly distilled 
water, and were kept in dark bottles. 

Arsenic-76 (t, z 26.3 hr) and other tracers used were 
obtained by neutron irradiation of the pure metals or their 
oxides in the PARR-I research reactor of the Pakistan 
Institute of Technology or obtamed from the Radio- 
chemical Centre, Amersham. Some were separated from the 
parents without a carrier. 

Apparatus 

The radiochemical purity of the tracers was checked by 
gamma spectrometry with a 30-cm’ Ge(Li) detector in 
conjunction with a Nuclear Data model ND-4410 comput- 
erized analyser system. y-Ray count-rates were determined 
with a Nuclear Chicago single-channel analyser, model-872. 
coupled with a 7.5 x 7.5 cm thallium-doped sodium iodide 
well-type y-ray scintillation counter. Solid /I-emitting sam- 
ples were assayed with an end-window Geiger assembly 
equipped with a G.E.C. tube, type EHM/2/S. 

Derermmarion of disrriburion coefficients 

Extractions were done at room temperature (23 + 3 ) ,in 
20-ml glass vials: 1 ml of mineral acid contaimng “‘As or 
other element (activity _ IO4 counts. see-’ ml-‘) was put in 
the vial and potassium iodide solution was added to adjust 
the iodide concentration to the required level. The aqueous 
phase was then shaken for 5 min with an equal volume of 
organic phase (usually 0. I or 0.01 M DPPM in benzene) the 
phases were separated, and the activities measured. The 
concentration of arsenic in the original aqueous phase was 
< 10-5M. The organic phases were not pre-equilibrated 
with the aqueous phase except in solvent-effect studies. 

RESULTS AND DISCUSSION 

DPPM has been found to behave as a solvating 
reagent6 and it is thought it also acts as a base7 and 
forms cations in acid solutions. The stability of its 
ion-association complexes is rather poor. Accord- 

I055 
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Fig. 1. (A) Distribution coefficients of arsenic(W) for a. extraction from hydrochloric acid by 0 I M 
DPPM; h, organic phase 0. I M DPPM, aqueous phase 0.02M KI in hydrochlorrc acid; c, orgamc phase 
0.01 M DPPM, aqueous phase 0.02M KI in hydrochloric acid. (B) Effect of the concentration of potassium 
iodide on the extraction of arsenic by 0.01 M DPPM/benzene: [HCI]: a, 7M: h, 8M; c. 9M; d IOM. (C) 
Effect of the concentration of potassium Iodide on the extraction of arsenic by 0.01 M DPPM/benzene: 

[HCI]: a, 7M; b, 8M; c, 9M; d. IOM. 

ingly the extraction of tracer arsenic with DPPM 
(O.lM) from hydrochloric acid (Fig. lA,a) unlike that 
with ahphatic amines and quaternary ammonium 
salts,’ is almost negligible. This is evidently because 
of the relatively low p/c,,+ value of DPPM. The 
increase in extraction with increase in hydrochloric 
acid concentration could be due to the increased 
formation of extractable chloride complexes of the 
type AsCI; and/or the salting-out effect of the acid. 
The extraction of the element from 0.02M potassium 
Iodide in hydrochloric acid was then investigated in 
line with some of our previous mvestigations.“.” The 
results are presented in Fig. lA,b. The extraction 
from dilute acid solutions, like that in the absence of 
iodide, is very poor, but there is a very large increase 

with increasing acid concentration. Previous 
investigation” has shown that in the presence of trace 
concentrations of metals, this extractant has a ten- 
dency to polymerize, especially in concentrated hy- 
drochloric acid. and hence the extraction sometimes 
decreases” with increasing reagent concentration. We 
therefore examined the effect of using 0.01 M DPPM 

instead of 0.1 M and found little change m the 
distribution data (Fig. lA,c). 

Figures IB and 1C show the effect of Iodide on the 
extraction of tracer arsenic from different concen- 
trations of hydrochloric acid by 0.1 M and O.OlM 
DPPM in benzene, respectively. The D values are 
higher at high iodide concentrations when O.OlM 
DPPM is used. The slope of the lines (Fig. IC) is close 
to unity for [KI] < O.O5M, indicating the involvement 
of one iodide ion per complex anion formed. 

These results led us to investigate the solvent effect. 
In every case the organic phase was pre-equilibrated 
with the corresponding aqueous phase. These studies 
were made with O.lM potassium iodide at four 
concentrations of hydrochloric acid (7, 8, 9 and 
IOM). The results are presented in Fig. 2. In all cases, 
curves were obtained with maxima at around 0.01 M 
DPPM. These curves also indtcate that 9M hydro- 
chloric acid is the optimal concentration for max- 
imum extraction of tracer arsenic. We attribute the 
decrease in extraction at higher DPPM concen- 
trations to polymerization of protonated DPPM and 



SHORT COMMUNICATIONS 1057 

“r 

Fig. 2. The effect of the concentration of DPPM on the 
distribution coefficient of arsenic from different concen- 
trations of hydrochloric acid: [HCI]: a, 7M; b, 8M; c, 9M; 

d, IOM. 

formation of iodide ion-association complexes with 
it. 

Although this work was devoted mainly to tracer 
studies, an attempt was made to elucidate the com- 
position of the extractable species by loading-ratio 
data. For this purpose we used a solution of arse- 

nious oxide in 0.1M potassium iodide/9M hydro- 
chloric acid medium and extracted it with O.OlM 
DPPM in benzene. It was found that the organic 
phase was saturated at an arsenic concentration of 
around 0.75 g/l., which confirms a 1: 1 DPPM : arsenic 
ratio. 

Comparison with our previous work6 shows that 

this system is much better than the corresponding 
thiocyanate system, where the maximum D value was 
only around 4. In the present case it is almost two 
orders of magnitude higher and a single equilibration 
is sufficient for quantitative extraction. 

To study the selectivity, we investigated the par- 
tition behaviour of several other elements under the 
conditions optimal for extraction of arsenic, i.e., 

0.1 M DPPM/benzene, and 0.1 M potassium iodide in 
9M hydrochloric acid. The results are shown in 
Table 1. It is seen that the extraction of arsenic is very 
selective. Selenium and mercury are two common 
toxic elements which are co-extracted and the method 
can be used for their preconcentration. The very high 
distribution ratios for arsenic also ensure its extrac- 

Table I. Distributton coefficients and separation factors 
[with respect to As(lIl)] for extraction from 0. I A4 KI in 9M 

HCI with O.OlM DPPM in benzene 

Concentration, Distribution Separation 
Species M coeffictent, D factor 

As(III) 10-s 441 
Na+ 1O-4 0.0 > IOJ 
K+ IO J 0.0 > IO4 
cs+ 10-O 0.0 > IO 
Br- 10.” 0.01 - 1 o4 
co’+ IO J 0 0 1 IO’ 
Ni’t IO ’ 0 03 - lOA 
CU’+ IO-5 0. I5 > IO’ 
Zn’+ 10-J 0.02 - IOJ 
Cd’+ IO_’ 0 70 6.3 X IO’ 

;$I’ 
IO_’ 99 447 
IO-6 001 - IO’ 

Sr2+ 10-5 0.01 - IOJ 
Fe(II1) IO_ 5 0.22 - IO 
Au(II1) 10-d 6.10 72 
SC’ + lo-4 0.01 - IO) 
EU’f 10-4 00 > IOJ 
Ce’+ IO-5 001 - IOJ 
Cr’+ ‘C.F. 0.0 > IOJ 
Se(IV) IO-4 32 I3 
Sn(IV) 10-d 0.01 - IO” 
Hf(IV) 1om4 0.01 - IO” 
Ru(IV) 10-S 2.80 I57 

Sb(V) 1om5 0.49 9x 102 
Cr(V1) *C.F. 0.0 > I04 
Mo(V1) 10-5 I2 35 
Tc(VI1) *C.F. 25 I7 

*C.F. = Carrier-free. 

tion from large volumes of aqueous phase. Thus 
under optimum conditions arsenic is more than 99% 
extracted when the ratio of the organic to aqueous 
phase volume is I : 20. 
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Summary-The Pb-PAN system in the presence of non-ionic surfactants (polyoxyethylene nonylphenols) 
has been studied spectrophotometrically. The optimum conditions for Pb determination are pH 9 
(Na:B,O,-HCIO,), 5% surfactant and measurement at 555 nm. The system obeys the Ldmbert Beer law 
over the Pb concentration range I .34.5 ppm; the molar absorpttvtty IS 2.02 x IO” I.mole ‘cm ’ at 555 nm 
The relattve standard deviation IS 0.9% and the limit of detection 0.12 ppm. Lead can be determmed in 
acetic acid extracts of ceramic enamels by extraction wtth sodium diethyldtthiocarbamate into carbon 
tetrachloride and stripping with 4M hydrochloric actd to remove interferent species. The results obtained 
are in agreement with those obtained by a standard AAS method. 

PAN is widely used as a calorimetric reagent for 

metals. Its metal complexes are generally only slightly 

soluble in water, so extraction methods are generally 

used. An alternative is to use surfactants as solu- 
bilizing agents,‘.* e.g., Triton X- 100 in determination 
of Co, Ni, Mn and Zn and of NEMOL K1030 for 
determination of Cd.3-7 A methanolic medium has 
been used for determination of Pb with PAN.’ 

EXPERIMENTAL 

Reagents 

Stock solution (1000 pg/ml) of lead nitrate. 
Stock 5 x IO-‘M solution of o-PAN in methanol. 
Stock 25% solution of Nemo1 K1030 (Masso-Carol) with 

hydrophile-lipophile balance 15.1. 

Procedure 

Stand 2 g of sample in 50 ml of 4% v/v acetic acid for 
24 hr at room temperature, then filter into a IOO-ml standard 
flask and dilute to volume with 4% v/v acetic acid. To 20 ml 
of this solution add 5 ml of 20% sodium citrate solution, 
20 ml of 2.5M ammonia/2.5M ammonium chloride buffer, 
5 ml of 0.5% sodium diethyldithiocarbamate solution and 
10 ml of carbon tetrachloride, shake the mixture for 5 min. 
then separate the phases, shake the organic phase with 
IO ml of I M ammonia/ 1 M ammonium chloride solution for 
5 min. and discard the aqueous phase. Then strip the lead 
by shaking the organic phase with 10 ml of 4M hydrochloric 
acid for 5 min and separate the phases. Dilute the aqueous 
phase to volume m a 25-ml standard flask with demin- 
eralized water. Neutralize a suitable volume of this solution 
wtth sodium hydroxide solutton, add 5 ml of 25% Nemo1 
K1030 solution, 5 ml of 5 x IO-‘M PAN and 10 ml of 4M 
ammonia/4M ammonium chloride buffer, and dilute to the 
mark in a 25-ml standard flask with demmeralized water. 
Measure the absorbance at 555 nm (m 2-cm cells) agamst a 
reagent blank prepared in the same way. 

RESULTS AND DISCUSSION 

Pb-Nemo1 Kl030-PAN system 

Infhence of pH. The spectra of PbPAN solutions 
in presence of Nemo1 K1030 at different acidities, 
ionic strength 0.1 M and temperature 25, measured 
against reagent blanks (Fig. 1) show an absorption 
band with a maximum at 555 nm, increasing in 
intensity with pH, to a maximum at pH l&11 
(Fig. 2). At pH < 9 the absorbance at 555 nm is stable 
for at least 30 min, but at higher pH the absorbance, 

04 

T 

02 

X(ml) 

Fig. 1. Influence of pH on the absorption spectra of the 
Pb-Nemo1 K1030-PAN complex. pH: I, 5.9; 2, 6.7; 3, 8.2; 
4, 9.3; 5. 10.2: 6, 10.7; Pb (II) 2 ppm. Nemo1 K1030 5%, 

PAN IO-‘M. 

058 



SHORT COMMUNlCAnONS 1059 

05- 

vo3- 

0.1 - 

6 6 10 12 

PH 

Fig. 2. Absorbance us. pH for PbNemol K1030-PAN at 
555 nm. Reference reagent blank. 

though higher, decreases slowly with time (Fig. 3). A 
pH of 9 is therefore chosen as the optimum working 

PH. 
Injkence of surfactant concentration. A final surfac- 

tant concentration lower than 2% does not prevent 
appearance of a precipitate in a 2-ppm lead solution 
with 10-3M PAN at pH 9. but higher surfactant 
concentrations give red solutions. The presence of 
2-S% Nemo1 K1030 makes the absorbance of 
PbPAN solutions and PAN blanks stable for at least 
30 min and 5% surfactant concentration is chosen as 
the most suitable. 

Infiuence of PAN concentration. Varying the PAN 
concentration with a fixed concentration of lead 
(lo-‘M) and of Nemo1 K1030 (5%) at pH 9 shows 
that a [PAN]/[Pb] ratio of at least 100 is needed to 
produce an absorbance that is practically indepen- 
dent of the PAN concentration. 

Analytical characteristics. The system obeys the 
Lambert-Beer law over the lead concentration range 
1.34.5 ppm; the molar absorptivity is 2.02 x 10’ 
I. mole-‘. cm-’ at 555 nm. The relative standard devi- 
ation (s,) of the absorbance for 10 independent tests 
is 0.9% and the limit of detection (cL) is 0.12 ppm Pb 
(cL is defined’ as the concentration giving a signal 
equal to three times the standard deviation of the 
blank signal). 

0.5 

T 0.4 

b 

0.j L-- 
L I I I 

30 60 90 

t (mm) 

Fig. 3. Stability as a function of pH for Pb-Nemo1 
K1030-PAN solutions, pH: 1, 8.2; 2, 9.3; 3, 10.2; 4, 10.7. 

Table I. Influence of Cd on determmation of Pb 
in presence of NH,’ ,‘NH, buffer solution 

Absorbance at 555 nm 

Pb (p/w) Cd absent I ppm Cd 2 ppm Cd 

0.55 0.05 I 0.049 0.054 
1 09 0.120 0 IIX 0.125 
2.19 0 227 0.225 0 ‘37 
3 28 0.350 0 339 0.354 
4.37 0.460 0.44X 0 466 

Elimination of’ interfrrents. The selectivity of the 
method is improved by extraction with sodium di- 
ethyldithiocarbamate and carbon tetrachloride’ and 
scrubbing with ammonia buffer to remove inter- 
ferences. The lead is then quantitatively stripped with 
10 ml of 4M hydrochloric acid. Lead can be deter- 
mined in the presence of l-2 ppm cadmium in 4M 
ammonia buffer (Table 1). 

Precision and limit qf‘ detection. Analysis of six 
independent solutions containing 20 ppm each of 

cadmium, lead and zinc showed that the relative 
standard deviation of the lead determination is I .3”,;, 
which compares favourably with the corresponding 
values of 2% and 1.1% obtained for AAS mea- 
surement at 217 and 283.3 nm, respectively (for 10 
ppm of lead). 

Determination of Pb(lI) in acetic acid extracts of 
ceramic enamels 

Five industrial samples of ceramic enamels of 
different composition, supplied by Ferroenamel 
Espaiiola were analysed in triplicate by the proposed 
method and the results are shown in Table 2. 

The values obtained were generally within 5% of 
those obtained by application of the standard AAS 
method” to the initial acetic acid solutions. 

A 1-test”-‘3 shows that the method has no system- 
atic error and does not need a blank correction. 

Table 2. Pb contents of acetic acid extracts 
of ceramic enamels obtained by the pro- 

posed method and by AAS 

Pb, ppm 

AAS Proposed method 

Sample X, R, X, x, - 

49.5 51.9 
1 49.3 49.4 51.5 51.6 

49.5 51.3 

11.2 14.4 
2 11.1 11.3 14.4 14.5 

11.5 14.6 

16.1 16.6 
3 15.6 16.1 17.2 16.9 

16.6 16.8 

8.4 8.5 
4 8.3 8.4 8.8 8.7 

8.4 8.8 

27.6 26.2 
5 27.3 27.7 26.0 26.4 

28.2 26.9 
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Table 3. Cd contents of acetic acid extracts 
of ceramic enamels, obtained by the pro- 

posed method and by AAS 

Cd. ppnl 

AAS Proposed method 

Sample X, R,- X, 8, 

36.0 35.0 
1 36.5 35.8 35.5 35.4 

35.0 35.6 

14.1 14.6 
2 14.0 14.1 14.2 14.2 

14.1 13.7 

3 - 

6.0 6.5 
4 6.3 6.1 6.3 6.4 

6.1 6.5 

9.4 9.2 
5 9.5 9.4 9.4 9.2 

9.2 9.1 

Cadmium can also be determined in the 4M hydro- 

chloric acid solution obtained in stripping the lead. 
An aliquot of this solution is neutralized with sodium 
hydroxide solution, then 2.5 ml of 0.25M sodium 
citrate, 2 ml of 25% Nemo1 K1030 somtion, 2.5 ml of 
lo-’ M PAN and 10 ml of borate-perchloric acid 
buffer solution are added and the solution is diluted 
to the mark in a 25ml standard flask with demin- 
eralized water.7 The absorbance is measured at 
555 nm and 25” against a PAN blank prepared 

under identical conditions. Comparison of the results 
(Table 3) with those obtained by AAS shows a 
difference of less than 57; and a t-test shows there is 
no systematic error and that a blank correction is not 
needed. 
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Summary-A potentiometric stripping analysis procedure has been developed for the simultaneous 
determination of lead and thallium in chloroacetate-chloride medium. This procedure allows the 
determination of lead or thallium concentrations as low as IO ng/ml. The method is precise, and applicable 
to the determination of lead and thallium in sea-water. 

The toxicity of lead and its compounds’ has resulted 
in a voluminous literature on its electroanalytical 
determination in a variety of environmental samples, 
either by itself or in combination with other heavy 
metals.* The determination of lead by anodic strip- 
ping voltammetry (ASV)3,4 or differential pulse ASV’ 
with the hanging mercury drop electrode (HMDE) 
suffers no problems in presence of copper, zinc and 
cadmium but encounters serious interference from 
thallium. ASV procedures have also been reported by 
other authors.6.7 For determination of lead and thal- 
lium in admixtures most authors have resorted to 
addition of EDTA.’ ’ Potentiometric stripping analy- 
sis, developed by Jagner,” offers a simple, rapid and 
reliable way of determining lead in sea-water, in 
presence of copper, zinc and cadmium, but so far no 
attempt has been made to use it to determine thallium 
or thallium and lead in mixtures9,” This paper 
reports the determination of lead and thallium in 
concentration ratios ranging from 1: 100 to 100: 1. 

EXPERIMENTAL 

Reagents 
The following solutions were prepared with BDH 

analytical-grade reagents and conductivity water: lead, 
O.IM: thallium(I). O.OlM, mercury(Il), O.OlM; sodium 
chloride. SM; chloroacetic acid. 2.OM. 

Appurafus 
A Wenking Model 75 M potentiostat and potential scan 

generator were used, with a three-electrode cell assembly: a 
normal calomel reference electrode (NCE), platinum foil 
counter-electrode and a glassy-carbon (Tokai & Co., Japan, 
3 mm diameter) workmg electrode. The recordings were 
made on a Digllog XY-2000 recorder. 

Procedure 

Transfer a suitable known volume (up to 45 ml) of the 
sample solution contaming lead and/or thallium (concen- 
tration of each < 2 pg,‘ml) mto I 50-ml standard flask. Add 
2.5 ml of 2.OM chloroacetic acid. and 0.5 ml each of 5M 
sodium chloride and 10 ‘M mercury(l1) and dilute to 
volume with conductivity water. Transfer the solution into 
the electrochemical cell. Plate for 4 min at - I. I V 1’s NCE 
with stirring. At the end of the deposition period. switch ofl 

the applied potential and record the open-circuit potential 
as a function of time. Prepare a calibration graph for 
O.Ol-2pg/ml lead or thallium by the same procedure. 

Determination of lead and thallium in sea-water 
To aliquots of sea-water (945 ml) add 2.5ml of 2.OM 

chloroacetic acid and make up to 50 ml. Determine lead and 
thallium by the procedure described above and/or by the 
standard-addition technique. 

RESULTS AND DECUSSION 

Preliminary studies on the chemical stripping 
profiles of 5 x lo-‘M lead and thallium in a variety 
of supporting electrolytes showed that the lead and 
thallium signals are not resolved in acetate, nitrate or 
carbonate medium. On the other hand, these signals 
are well resolved in neutral or weakly acidic complex- 
ing media. 

Effect of supporting electrolyte 

The determination of 5 x lo-‘M lead and thallium 
with mercury(H) as the chemical stripping agent was 
studied in different supporting electrolytes. The re- 
sults are represented in Table 1, from which it is clear 
that the stripping signal for thallium is maximal in 
sodium chloride medium, but the resolution of the 
thallium signal from the background or the lead 
signal was not good. Of all the supporting electrolytes 
studied, 0.1 M chloroacetic acid-O.5M sodium chlo- 
ride gave the maximum signal for lead and thallium 
with sufficient resolution. Hence this mixture was 
chosen as supporting electrolyte for further studies. 

Oxidant concentration 

As mercury(II) is used for both in situ formation of 
the mercury film and oxidation of the deposited lead 
and thallium in the chemical stripping step, the effect 
of varying its concentration between lob6 and 10m4M 
in the determination of lOOng/ml concentations of 
thallium and lead was examined. The presence of at 
least 2.5 x 10m6M mercury(U) was found essential for 
obtaining maximum sensitivity, and mercury(U) con- 
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Table I. Effect of supportmg electrolyte [concentration of Pb(I1) or 
T](l) = 5 x IO-‘M, Ed = - 1.1 V vs. NCE, fd = 4 min] 

Stripping time, set 

Supportmg electrolyte 

Acetate buffer (0.25M) 
Na,CO, (O.lM)’ 
KNO, (O.lM) 
NaCl (0.25M) 

Chloroacetic 
acid buffer (O.lM) 

Acetate + chloride 
(0.025M) + (0.25M) 

HCl (O.lM) 
Cttrate (O.lM) 
Tetramethyl ammonium 

bromide (O.lM) 
Chioroacetic acid + sodium chloride 

(O.IM)+(O5M) 

Pb 

Not resolved 
Not resolved 
Not resolved 

8.0 
(Not resolved) 

Tl 

Not resolved 
Not resolved 
Not resolved 

5.50 
(Not resolved) 

9.4 

4.1 2.35 
7.0 2.35 
3.6 2.50 

56 1.80 

14.2 3.20 

2.50 

centrations up to 2 x 10m5M had no effect on the 
stripping signals thus obtained. Higher concen- 
trations decreased the stripping signals, however, 
presumably because the stripping was faster. Hence 
10m5M mercury(H) was used in further studies. 

Deposition potential 

The potential of deposition was varied from - I. 1 
to -0.6 V t’s. NCE with plating for 4min for the 
preconcentration of lead and thallium from a solu- 
tion containing each at 100 ng/ml concentration. The 
stripping signal was maximum for both lead and 
thallium at a deposition potential of - 1.05 V. 

Sodium chloride concentration 

Figure 1 shows that under the other conditions 
selected, increase in the sodium chloride concen- 
tration has no effect on the stripping signal of thal- 
lium, but the stripping signal of lead increases with 

I I I I 
0 5 10 15 20 

Time tsec) 

Fig I. Elfect of sodium chloride concentration on E-I 
profiles of 5 x lO_‘M lead and thallium m O.IM chloro- 
acetate buffer (pH 2.5) and 0-0.5M sodtum chloride, 
concentration of Hg(l1) = 10~mSM, total volume = 50 ml. 
deposition potential (Ed) = - I. I V rs. NCE: time of depo- 

sition (fd) = 4 min. 

sodium chloride concentration up to 0.4M but re- 
mains unaltered on further increase in sodium chlo- 
ride concentration up to l.OM. 

Deposition time 

The deposition times at - 1.1 V were varied from 
2 to 16 min. The results are shown in Table 2, from 
which it is clear that the magnitude of the stripping 
signal is directly proportional to the plating time. 
This suggests that the detection limit could be low- 

ered to < 10 ng/ml by increasing the time of deposi- 
tion. 

Calibration data 

The calibration graphs obtained by the recommen- 
ded procedure are linear over the range 5 x 
10~“-10~5M for lead or thallium and pass through 
the origin. The coefficient of variation for IO replicate 
determinations of 0.1 pg/ml lead and thallium were 
found to be 2 and 1.2% respectively. 

Analysis of synthetic mixtures 

,Table 3 presents the results of analysis of various 
mixtures of lead and thallium in ratios ranging from 
100: I to 1: 100. From the recoveries it is clear that the 
procedure is suitable for the simultaneous deter- 
mination of lead and thallium in widely differing 
concentration ratios. 

Table 2. Variation of deposition time (con- 
centration of Pb’+ or Tl+ = 5 x IO-‘M, 
Ed = - I .l V L’S, NCE, 0. I M chloroacetic 

acid + 0.5M NaCI) 

Stripping time. set 
Platmg time. - 

mm Pb Tl 

2 7. I 1.60 
4 14.2 3.2 
8 28.4 6.4 

16 56.0 12.7 
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Table 3. Analysis of synthetic mixtures and sea-water 
samples 

Aliquot Amount added, n.glml Amount found, ng/ml 
taken, 

ml Pb Tl Pb Tl 

Synthetic rntxtures 
50 20 
50 2000 
50 20 

Sea-water 
20 
45 

20 20 
40 100 
40 1000 

20 20 20.4 
20 1980 19.8 

2000 20 2020 

- 
- 

20 20 19.8 
10 99 10 
10 995 10 

Analysis qf sea-water 

Sea-water samples collected from the Bay of 
Bengal were analysed by the procedure described. 
The results, and the recoveries obtained on addition 
of known amounts of lead and thallium to the 
sea-water, are given in Table 3. The recoveries are 
quantitative. 

Conclusions 

Unlike other stripping voltammetric techniques, 
the procedure described here allows the simultaneous 

determination of lead and thallium, without mutual 
interference, over a wide range of ratios. The 
chloroacetate-chloride medium gives a fourfold en- 
hancement in sensitivity for lead, relative to the PSA 
procedures which use acetatexhloride’ or O.OlM 
hydrochloric acid” as supporting electrolytes. The 
method is suitable for sea-water analysis. 
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Summary-A modification of the potentiometric determination of fluoride has been developed, which 
allows use of aqueous fluoride standards in analysis of lead or zinc concentrates. instead of the need to 
use matrix-matching or standard additions. 

Determination of fluoride in zinc concentrates is 
important since fluoride can cause problems in the 
electrolytic production of high-purity zinc with alu- 
minium cathodes.’ Work was taken up in our labora- 
tories some years ago to develop a procedure for the 
determination of fluoride in zinc concentrates by use 
of a fluoride ion-selective electrode, and preliminary 
results were presented.2 The work also included deter- 
mination of fluoride in lead concentrates, since Hin- 
dustan Zinc Limited treats these for recovery of lead. 
The procedure consisted of fusion of the concentrates 
with sodium hydroxide, extraction of the melt with 
water, adjustment of the extract to pH 8-9, filtration 
and measurement of fluoride in the filtrate. The 
working standards contained similar quantities of 
sodium hydroxide and acid. Almost immediately 
afterwards, a paper appeared on the determination of 
fluoride in zinc concentrate, by use of an ion-selective 
electrode.3 The authors, after extensive study of var- 
ious procedures for decomposition of the sample, 
also finally recommended fusion with alkali but 
preferred a single-point standard-addition technique 
to deal with matrix interference. However, it had 
earlier been found that the matrix interference could 
be avoided by neutralizing the alkaline extract to pH 
8-9 and then filtering.4 so it seemed to us possible to 
use aqueous standards for measurement of fluoride in 
the sample solution and not to need the single-point 
standard-addition calibration. 

EXPERIMENTAL 

Apparatus 

An Orion model 407 A ion-meter, 901 ion-analyser, 9409 
fluoride electrode and 9001 reference electrode were used. 

Reagents 

Analytical grade materials were used whenever possible. 
Stock fluorrde solution. 1000 ppm. Prepared by dissolving 

2.210 g of dried sodium fluoride in distrlled water and 

*Author for correspondence. 
tProcess Laboratory, Zinc Smelter. Udaipur. 
@Regional Office, Hyderabad. 

diluting to volume in a 1-litre standard flask. Lower concen- 
trations were prepared by serial dilution. 

Buffers.’ A IM citrate buffer was made by dissolving 294 
g of sodium citrate and 20.2 g of potassium nitrate in 800 
ml of water, adjusting the pH_to 51tX5.5 with hydrochloric 
acid (1 + 1) and diluting to 1 litre. A 0.2M citrate buffer’ 
was similarly made with 58.8 g of sodium citrate and 20.2 
g of potassium nitrate. 

TEAK4 A total ionic strength adjustment buffer was 
made by adding 58 ml of glacial acetic acid to 12 g of sodium 
citrate dissolved in 300 ml of water, adjusting the pH to 
5S5.5 with 25% sodium hydroxide solutton and diluting to 
I litre with distilled water. 

Procedure 

To a l-g sample in a lOO-ml nickel crucible add as nearly 
as possible (i.e., within I pellet) 5 g of sodium hydroxide 
pellets, put the crucible in a cold electric furnace, and switch 
on the power. When the temperature has reached 500”, 
maintain that temperature for 30 min. Occasionally remove 
the crucible and swirl its contents to ensure uniform dis- 
persion. When the fusion is completed, cool the crucible, 
add about 30 ml of distilled water, and warm the crucible 
gently to facilitate dissolution of the cake. Adjust the pH to 
8-9 with glacial acetic acid, taking care to avoid devel- 
opment of neutral or acidic condittons during the process. 
Cool to room temperature, filter through a Whatman No. 
41 paper into a lOO-ml standard flask, washmg the residue 
and paper with distilled water, and finally dilute to volume. 
Prepare a blank solutton in the same way. 

Mix a suitable aliquot (e.g., 25 ml) of this sample solution 
with an exactly equal volume of buffer. The pH of the 
buffered sample should be 5.45.6. Measure the fluoride 
content potentiometrically with a fluoride-sensitive elec- 
trode, calibrated with standard fluoride solutions (I-IO 
ppm) mixed m exactly I : 1 ratio with the buffer used. Apply 
a correction for the fluonde content of the blank, measured 
in the same way. 

RESULTS AND DISCUSSION 

The results obtained for three zinc-concentrate and 
two lead-concentrate samples by the procedure above 
are presented in Table 1. As no standard samples 
were available, the accuracy of the method was 
checked by determining the recovery of standard 
additions of fluoride. 

One of our main concerns was to see whether 
calibration with pure aqueous standards would give 
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Table I. Analysis of lead and zinc concentrates by the proposed method and results for the 
recovery of added fluoride 

F-. /wig Value for 95% 
Relative standard confidence, 

Sample Added Found deviation, % /wcg/g Recovery, y0 

Lead Concentrate I - 298* 3.5 293+ II 
200 480 93 

300 600 - 102 

Lead Concentrate 2 - I so* 6.0 150+ IO 
100 240 90 

Zinc Concentrate I 27S 2.0 275 i 6 
200 460 93 
300 580 IO1 

Zinc Concentrate 2 - l78* 2.9 l78k6 
200 370 96 

200 360 90 

*Average of six replicate analyses. 

accurate measurement of fluoride in sample solutions 
prepared by the procedure described. To do this, 
fluoride standards were prepared, each by adding 5 g 
of sodium hydroxide to a suitable volume of a 
standard solution, diluting to about 30 ml, adjusting 
to pH 8-9 with glacial acetic acid, and diluting to 
volume in a IOO-ml standard flask. These standards 
were then mixed in I : I ratio with I it4 citrate buffer 
and measured potentiometrically for fluoride content. 
A similar range of purely aqueous standards was 
prepared, mixed in 1:l ratio with the buffer and 
measured. 

Comparrson of the two sets of results showed that 
the sodium hydroxide and glacial acetic acid used 
produced between them an apparent increase of 
0 1550.20 pg/ml in the fluoride concentration. Hence 
purely aqueous standards can be used for calibration, 
provided a correction is applied for the reagent blank. 

As reported by McQuaker and Gurney,4 adjust- 
ment of the test solution to pH 889 and filtration 
removes most of the interference from matrix ele- 
ment\ such as aluminium, iron, silicon. calcium and 
mapnesrum. Except for iron, which is usually present 
:II around 5-Y’,, level, these elements occur only at 

low levels m the concentrates of interest. Since these 
concentrates contain zinc (cu. SO”/,) or lead (cu. 60%) 
as the major elements. the filtrates were analysed for 
these two elements by AAS. The zinc and lead values 
found were in the ranges 4&80 and 5-7 pg/ml 

Table 2. Fluoride standards 
prepared wth sodium hydrox- 

rde and acetrc acid* 

F ~, /.~e/nrl 

Taken Found? 

I.0 I I8 f 0.03 
2.0 2.18 * 0.03 
4.0 4. I7 + 0.03 
5.0 5.13+0.03 

*I A4 crtric XXI buffer used 
tMcan &standard dcwatwn (3 

rcphcates) 

respectively, indicating that more than 98% of the 
zinc and 99% of the lead remained in the residue. 

Three buffers (IM citrat&.2M nitrate, 0.2M 
citrate-0.2M nitrate, and TISAB) were tried, and all 
gave similar results. The 0.2M citrate buffer will 
obviously contain less fluoride than the IM citrate 
buffer and hence be more suitable for low-level 
fluoride measurements. The fluoride content of 
TISAB will depend on the relative fluoride content of 
the individual buffer components. For those used in 
the work described, we found 0.5 pg/g in the sodium 
citrate and 4 pg/g in the sodium hydroxide, and 
~0.02 pg/ml in the 0.2M citrate buffer, 0.08 pg/ml 
in the IM citrate buffer and 0.05 pg/ml in the TISAB. 

We modified the procedure of McQuaker and 
Gurney4 by using solid sodium hydroxide for the 
sample decomposition, instead of adding sodium 
hydroxide solution and evaporating the water (which 
takes rather a long time). We found that the pellets 
weighed about 0.2 g each, and the maximum error in 
weighing the 5 g was about kO.2 g. If the sodium 
hydroxide used contains say 5 pg of fluoride per g, 
the error introduced by weighing the pellets should 
not exceed 0.01 ppm fluoride in the value obtained. 
We also preferred acetic acid to hydrochloric for the 
pH adjustment, because the buffering action of the 
acetate system gave better control in preventing 
formation of acidic or neutral conditions during the 
adjustment. 

The Willard and Winter distillation technique with 

perchloric acid was also tested and good recoveries of 
fluoride were obtained. About 400 ml of distillate was 
found to be sufficient for quantitative recovery from 
a l-g sample. 

Acknowledgemen/s-The authors thank Shri K S. Bolia for 
assistance in the investigations. 
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Summary-A stable new oxidimetric titrant, N-chlorophthalimide in anhydrous acetic acid, is proposed 
for direct titrations of a variety of simple and complex reductants such as As(III), Sb(III), Fe(II), 
ferrocyanide, iodide, ascorbic acid, hydroquinone, hydrazme, phenylhydrazine, benzhydrazide, iso- 
mcotinic acid hydrazide, semicarbazide, thiourea, amhne, phenol, oxine and its metal complexes, and 
anthranilic acid and its metal complexes. 

In continuation of our work on organic oxidimetric 
titrants for use in non-aqueous or partially aqueous 
media,le5 we introduce N-chlorophthalimide (NCP). 
Solutions of NCP in anhydrous acetic acid are 
more stable than those of dibromamine-T,’ 
chlorbromamine-T,’ dihalohydantoin? and dichlor- 
amine-T.6 The solid compound is also stable for at 
least three months. Here we report on the application 
of NCP as an oxidimetric titrant for direct titrations 
of 31 reductants in aqueous acetic acid medium. 

EXPERIMENTAL 

N-Chlorophthalimide, NCP was prepared by chlorination 
of phthalimide by the method given in the literature.’ It is 
practically insoluble in water, but soluble in acetic acid (I 9. I 
g/kg at 32 ) and common organtc solvents. An approxi- 
mately 0 1 N (0.05M) solution was prepared by dissolving 9 
g of dry NCP in 1 litre of anhydrous acetic acid. This 
solution is sensitive to light and heat so was kept m an 
amber-coloured bottle. The solution was fairly stable, its 
strength remaining unchanged for the first 4 days and then 
decreasing by 0. I”,, per day. For accurate work, daily 
\tandardizatmn by the iodometric method used for the 
hdloamtdes’ ’ is recommended. 

Rcducrcmrs. The reductants used were of analytical- 
reagent grade. Standard solutions ( -0.1 N) of the 17 com- 
mon reductants (Table I) were prepared in appropriate 
solvents as described earlier.’ ’ The oxmates of Mg’+, AIZ+. 
Mn”. Fe’+, Co’+. Nir+. Cu’+. Zn’+ and Cd” (Table 2) 
were prepared by standard methods.‘,’ Standard solutions 
( -0.1 N) of these complexes were prepared in 2M hydro- 
chloric acid. These reductant solutions were also analysed 
by standard methods.‘.“’ 

Direct porentromelric wratlons. The apparatus and pro- 
cedure described earlier’,4 were used. The reaction mixture 
in the titration cell was diluted to 50 ml with water and 
acetic acid to give 50’!,, v/v aqueous acetic acid medium. 
Addition of potassium bromide (0.5 g) was found to be 
essential for all the reductants except iodide. For Sb(II1) and 
hydrazine. addition of 2 ml of 2M hydrochloric acid was 

*Author for correspondence. 

also needed. For Fe’+, 2 ml of 2M hydrochloric acid and 
2 ml of orthophosphoric acid were required. For thiourea, 
addition of 0.5 g of sodium acetate was found to be 
essential. Near the equivalence point the solution was sttrred 
for 30 set after each addition of the titrant (0. I ml) to ensure 
a steady potential. The equivalence points were located as 
reported earlier,4,6 and the titrations continued until there 
was no sigmlicant change in potential on further addition of 
titrant. 

Direct visual titrations. The reductant solution was pre- 
pared in the same way as for the corresponding poten- 
tiometric titration and the indicator was added. A blank 
titration was done in each case but no blank correction was 
found necessary. 

RESULTS AND DISCUSSION 

The results of the titrations are given in Tables 1 
(common reductants) and 2 (metal oxinates and 
anthranilates). NCP undergoes reduction according 
to the equation 

a :I co\ 
NCI + n++ 2e- = 

CO’ 
a :I 

co\ 
NH + CI- 

co / 

The reduction product was identified as phthalimide. 
The conditional redox potential in 5Og.g v/v aqueous 
acetic acid was found to be +0.996 V at 32’. 

The potential break in the potentiometric titrations 
is sharp and in the range IO&400 mV. The visual 
end-points are also very sharp. Quinoline Yellow was 
found the most suitable indicator for all but the Fe*+, 
ferrocyanide. hydroquinone and metal oxinate 
titrations, for which amaranth was better. Either of 
these indicators is suitable for most of the titrations. 

All the reductants react as reported earlier.‘~6 
Except for the iodide titration, bromide must be 
added to increase the rate of reaction, and the rate 
of potential equilibration in the potentiometric 
titrations. Presumably bromine is formed and acts as 
a more reactive intermediate. For thiourea, the ox- 
idation is still very slow. however, and sodium acetate 
must also be added. 
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Table I, Titrtmetric determination of some common reductants with N-chlorophthahmide 

Reductants 

As(llI) 
Sb(II1) 
Fe(I1) 
Ferrocyamde 
Iodide 
Ascorbic acid 
Hydroquinone 
Hydrazine 
Phenylhydrazine 
Benzhydrazide 
Isomcotinic acid 

hydrazide 
Semtcarbazide 
Thiourea 
Aniline 
Phenol 
Oxine 
Anthramhc acid 

Potentiometric titrations Visual titrations 

Standard Reduction Standard Reductant 
Range studied, deviation, found,t Range studied, deviation, f0und.t 

n* mmole pmole % mmole pmole % 

2 0.15-0.30 2.4 100.3 0.49-0.95 2.5 99.9 
2 0.14-0.30 2.8 100.3 0.50-0.97 1.6 100.0 
I 0.29-0.49 1.9 99.8 1 01-1.93 1.3 100.1 
I 0.27-0.47 2.4 99.9 0 98-1.87 2.1 100.0 
I 0.29-0.60 2.9 99.9 unsuccessful 
2 0.15-0.30 2.5 100.1 0.49-0.94 2.6 100.1 
2 0.12-0.21 2.3 100.1 0.41-0.79 2.0 100.0 
4 0.07-O. 13 2.5 99.9 0.22-0.43 0.1 100.0 
4 0.07-O. 15 2.3 100.1 0.24-0.47 1.0 100.0 
4 0.05-O. 13 2.2 99.8 0.23-0.45 2.1 100.0 
4 0.07-O. 12 2.9 100. I 0.21-0.41 1.7 100.1 

4 0.07-O. I3 I.7 100.2 0.25-0.49 1.6 100.0 
8 0.03-0.08 2.8 100.1 0.13-0.26 2.0 100.0 
6 0.04-o. IO 1.5 100.0 0.140.29 2.1 99.9 
6 0.04-0.10 2.8 99.9 0.15-0.29 1.2 100.0 
4 0.07-O. 14 2.4 100.1 0.26-0.50 1.8 99.9 
6 0.03-0.09 2.6 100.0 0.21-0.41 6.7 100.0 

*Equivalents of NCP per mole of reductant. 
tAverage of ten replicates. 

Table 2. Titrimetric determination of some metal oxinates and anthranilates with N-chlorophthalimide 

Reductants 

Direct potentiometric titrations Direct visual titrations 

Standard Reductant Standard Reductant 
Range studied, devtation. found.? Range studied, deviation, found.? 

It* mmole pmole % mmole pmole 0, 
,‘” 

Mg(C,H,0N),.2H20 8 0.02-0.07 2.3 99.8 
Al(C,H,GN), 12 0.02-0.04 1.3 100.2 
Mn(C,H,0N)2.2H,0 8 0.02-0.07 0.1 100.4 
Fe(C,H,ON), 12 0.02-0.04 2.2 99.9 
CO(C,H,ON)~.~H~O 8 0.02-0.05 2.7 100.0 
NI(C,H,ON),.~H~O 8 0.02-0.06 2.7 99.9 
Cu(C,H,0N),.2H20 8 0.03-0.06 2.9 100.0 
Zn(C,H,0N)2 2H,O 8 0.03-0.08 1.5 100.3 
Cd(C,H,0N)Z.2H20 8 0.02-0.06 2.5 100.2 
Mn(C,H,,0ZN)2 12 0.02-0.06 2.6 100.1 
Ni(C:H,,O>N), I2 0.0220.06 3.1 99.9 
Cu(C-H,,O:N), I2 0.02-0.05 3.8 99.9 
Zn(C‘,H,,O,N), I2 0.02-0.05 2.9 99.8 
C‘dtC-H,,O,N), I2 0.02-0.06 3.7 99.9 

0.12-0.24 
0.08-O. 16 
0.13-0.26 

0. I l-O.23 
0.09-O. 18 
0. I l-0.22 
0.1&0.21 
0.10-0.20 
0.07-O. 15 
0.07-O. 15 
0.07-0.25 
0.09-O. 19 
0.07-O. I6 

1.2 
1.5 
1.5 

unsuccessful 
2.0 
1.3 
2.0 
0. I 
01 
01 
01 
17 
1.9 
1.8 

100.0 
100.0 
100.0 

100.1 
99.9 

100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
99 9 

*Fqu~v~dcnt~ of NCP per mole of reductant 
: 4~cragc of km rcphcates. 

The main advantages of NCP over the similar 

oxidants reported earlier’” are its greater stability 

and the more rapid equilibration in potentiometric 
tttrations. 

il~k,lo~~/c,c/Kc~r,1(‘,11~~We are thankful to the authorities of 
the University of Kerala for awardmg a research fellowshtp 
to one of us (N.J ). 
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Summary-Many pharmaceutical preparations have been assayed successfully by the use of NMR. The 
method utilizes measurement of the area under selected signals of both test and standard samples by means 
of electronic integrators. The NMR method is simpler and faster than official methods of analysis although 
less prease. 

Nuclear magnetic resonance spectrometry is a tech- 
nique particularly suited to quantitative measure- 
ment, but the pharmaceutical applications were 
not appreciated until Hollis’ successfully analysed 
aspirin, phenacetin and caffeine mixtures (APC) by 
NMR spectrometry. The impact of the technique on 
pharmaceutical analysis is shown by the number of 
articles that have appeared in the literature over the 
past twenty years. The present paper reports the 
successful analytical application of NMR to twelve 
pharmaceutical preparations. 

The method involves the addition of an internal 
standard to the sample and subsequent extraction 
with a solvent. The appropriate analytical peaks are 
integrated after the NMR spectrum has been 
recorded. The weight (IV,) of a component in the 
sample is then calculated from: 

where ET and Es are the NMR “equivalent weights” 
of sample and standard, IT and I, are the integrals of 
the selected sample and standard peaks and W, is the 
weight of standard taken. 

The internal standards employed and the “equiv- 
alent weights” are listed in Table 1. In addition to the 
NMR method, the official’ methods of analysis were 
also applied for comparison. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer NMR spectrometer model R12B oper- 
ating at 60 MHz, with a probe temperature of 37 f I and 

integration accuracy of 99.88 kO.O3p, was used for the 
NMR assays. 

Assay of tablers 

The average weight of 20 tablets was obtamed, the tablets 
were powdered and a known weight of the powder (equiv- 
alent to the weight of active ingredient stated in Table 2) was 
suspended in the appropriate solvent together with the 
internal standard. The mixture was allowed to stand for at 
least 5 min with occasional shaking to ensure complete 
dissolution, then either centrifuged or filtered through a 
cotton wool plug saturated with the solvent. The NMR 
spectrum of the clear supematant layer or the filtrate was 
recorded and the analytical regions (see Tables I and 2) were 
integrated at least five times. 

Assay of suspensions 

A sufficient quantity of the suspension. equivalent to the 
required weight of active ingredient, was mixed with the 
internal standard and the solvent, and the mixture was 
stirred for about IO min. The analysis was completed as for 
tablets. 

Assay of capsules 

The contents of IO capsules were weighed together and a 
weight equivalent to a sufficient quantity of active ingredient 
was suspended in the appropriate solvent together with the 
internal standard and the mixture was occasionally shaken 
dunng the next 5 mm, then analysed as for tablets. 

Uliraoiole~ assays 

“Orudis” cupsules. The contents of IO capsules were 
weighed, and a weight of powder equivalent to 50 mg of 
ketoprofen was shaken with 50 ml of methanol. The sus- 
pension was then filtered into a 200-ml standard flask and 
made up to volume with methanol. Five ml of the solution 
were diluted to 100 ml with methanol and the absorbance 
of this solution at 253 nm was measured (l-cm cell). The 
absorbance of standard ketoprofen solution m methanol 
was used for calculation. 

Table I. Internal standards employed for analysis of pharmaceuticals 

Resonance 
Analytical position Equivalent 

Compound group (6). PP” weight 

Maleic acid CH=CH 6.35 58.04 
3,CDimethoxybenzoic acid 2(DCH), 3.80 30.36 
3-Acetobenzothiophene COCH, 2.6 58.72 
Vanillin CHO 9.8 152.16 

IO69 
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“Bru/k~” suspensron and rablers. A weight of suspension 
or powdered tablets, equivalent to about 25 mg of ibupro- 
fen, was stirred with 25 ml of methanol for 10 min. The 
mixture was then filtered. The filtrate was accurately diluted 
to 100 ml with methanol and 5 ml of the resulting solution 
were further diluted with methanol to 100 ml. The absorb- 
ance of the final solution was measured at 122 nm (l-cm 
cell). The absorbance of a standard Ibuprofen solutton in 
methanol was used for calculatton. 

“Naprosy” tablets. A weight of powdered tablets, equtv- 
alent to about 20 mg of naproxen, was stirred with 30 ml 
of methanol for IO min and the mixture was then filtered. 
The filtrate was accurately diluted wtth methanol to 100 ml, 
and 5 ml of this solution were further diluted with methanol 
to 50 ml. The absorbance of the final solution was measured 
at 273 nm (l-cm cell). The absorbance of a standard 
naproxen solution in methanol was employed in the calcu- 
latton. 

“Benoral” tablets and suspensron. A quanttty of the 
powdered tablets or the suspension, equtvalent to 20 mg of 
benorylate, was stirred with 30 ml of hot methanol for 5 
min. The mixture was filtered if necessary and accurately 
diluted wtth methanol to 100 ml; 5 ml of this solution were 
further dtluted with methanol to 200 ml. The absorbance of 
the resulting solution was measured at 240 nm (l-cm cell) 
The absorbance of standard benorylate solutton m meth- 
anol was used in the calculation. 

RESULTS 

The summary of results in Table 3 shows that the 
NMR and official methods have comparable accu- 
racy except for “Benoral” suspension for which the 
NMR method gave much higher results. 

The NMR method was generally simpler than the 
official methods other than ultraviolet spec- 
trophotometry. The maximum time required for a 
single NMR analysis was 40 min, including sample 
preparation. The NMR method was less precise than 
other methods (Table 3). 

Peak height measurement was found much less 
accurate and precise than peak area measurement. In 
assay of “Panadol” peak height measurement gave 
an error of - 10.7% (coefficient of variation 5.20/,), 
the correspondmg figures for peak area measurement 
being +0.8% (2.5%). 

DISCUSSION 

The NMR method is sample, fast and readily used 
for routine analysis. Concentrations of about IOU are 
generally required for good NMR spectra,’ but since 
the volume of solvent required is only about 0.5-2 ml, 
only a small amount of sample is needed. The NMR 
spectrum often reveals the presence of impurities, 
provided these are present in significant concen- 
tration (> -2x), and also any decomposition of the 
compound under investigation (by the appearance of 
extra peaks). It is often possible to identify the 
impurities, and NMR quantitative analysis is then a 
useful check on the quality of the sample. The most 
obvious drawback is the poor precision. Since most 
of the published work4 on NMR quantitative analysis 
claims low standard deviations, the high values ob- 
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Formulation 

Table 3. Results for commercial products 

Average % of the Coefficient of 
labelled strength variation, % 

Active ingredient NMR Official NMR Official 

Panadol 
Brufen tablets 
Brufen suspension 

Paracetdmol 

Ibuprofen 

Ephedrme.HCI 
Pseudo-ephedrine. HCI 
Butazolidine Alka tablets 
Orudis capsules 
Tandertl tablets 
Indocid capsules 
Naproxyn tablets 

Phenylbutazone 
Ketoprofen 
Oxyphenbutazone 
lndomethacin 
Naproxen 

Benoral tablets 
Benoral susoension 

Benorylate 

*Ultraviolet spectrophotometry (unofficial method). 

100.8 
99.7 

101.0 
100.9 
100.4 
102.3 
97.1 
97.3 

104.6 
97.4 

101.4 
110.4 

101.2 
99.0* 

100.5* 
100.0 

- 

100.9 
97.6” 
98.5 

100.9 
100.2* 
loos* 
99.6+ 

2.5 0.7 
1.9 0.7 
I.8 
I.0 0.0 
2.3 
0.8 0.6 
1.7 I.1 
1.3 0.7 
2.6 0.7 
1.9 0.5 
4.8 0.8 
5.7 0.7 

tained in this work may be due to non-instrumental benorylate products are very high and the method is 

factors. therefore not recommended for this compound. 

Peak height measurements give erroneous results 
because they are proportional to the number of 
protons only when the peak width are the same.” 

Another problem is possible interference by ex- 
cipients. For the samples tested here, there was no 
clear case where excipient resonance peaks interfered 
with the analytical peaks, though the high value for 
“Benoral” suspension might be attributable to this 
type of interference. 
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SPECTROPHOTOMETRIC DETERMINATION OF TRACE 

AMOUNTS OF THALLIUM WITH 

7-(4,5-DIMETHYLTHIAZOLYL-2-AZO)-8- 

HYDROXYQUINOLINE-5-SULPHONIC ACID 

GAO JIALON~;, Gu GANG, LIU XILIN and CHEN T~NGYU~’ * 

Department of Chemistry. Lanzhou University, Gansu and ‘Department of Metallurgy. 
Shanghai Umverslty of Technology, 149. Yanchang Road, Shanghai. People‘s Rcpubhc of <‘h~n,~ 

(Rweuwi 30 Junurrr~~ 1984. RrrGed I I Aprrl 1985. Acepled I8 Muj, 1985) 

Summary--A new rcagcnt. 7-(4.5-dimethylthiazolyl-2-azo)-8-hydroxyqu~nol~ne-5-~ulphon~c .icld, ha\ hccn 
examined to evaluate its usefulness as a spectrophotometric reagent for thalhum(ll1). A purple-red 
complex IS formed In aqueous solution at pH 4-5 in the presence of cetylpyrldimum chloride and the 
stolchlmetrlc ratio IS l:? (Tl:reagent). The apparent stability constant is 1.5 x IO”. The erect of dl\cr\c 
Ions has been studied and a method for determining trace amounts of thalhum IS proposed 

So far the most important spectrophotometric 
methods for the determination of thallium in a 
variety of materials have been based on precipitation 
of the complex anion TIX, (X is Cl- or Br--) by 
addition of the large cations of various tri- 
phenylmethane dyes and extraction of the ion-pair 
into a suitable organic solvent.‘-’ It would be much 
more convenient if the extraction could be omitted 
and water-soluble coloured species used for the deter- 
mination. The heterocyclic azo dye, 7-(4,5-dimethyl- 
thiazolyl-2-azo)-8-hydroxquinoline-S-sulphonic acid 
(DMTAOx) has been synthesized and found to react 

with thallium(II1) to form an intensely purple-red 
complex at pH 4-5 m the presence of the cationic 

surfactant, cetylpyridinium chloride. The molar 
absorptivity is I .3 x IO’ I. mole ’ .cm ’ at 560 nm. 

Reugenr.r 

EXPERIMENTAL 

All solutions were prepared with analytlcal-grade chem- 
icals and demmerahzed distilled water unless otherwise 
mentioned 

Cet~lpymiinium chloride (CPC) O.?,, .solulion. 

Bugler sokrlion, JM. pH 4.7. Dissolve 133.3 g of sodium 
acetate trlhydrate m demmerdhzed distilled water, add 59.5 
ml of glacial acetlc acid and ddute to I litre. 

Stun&& /halhum volutwn. Prepare a stock solution by 
dlssolvmg 0.1305 g of thallium nitrate m 20 ml of 0.5M 
hydrochloric acid plus a few drops of 30”,, hydrogen per- 
oxide, evaporate the mixture to dryness on a steam-bath. 
take up the residue m 10 ml of IM hydrochloric acid and 
dilute to volume with water in a IOO-ml standard flask to 
give a 1000 m&/ml thallium(ll1) solution. Prepare the work- 
ing solution by appropriate ddution of the stock solution 
with O.IM hydrochloric acid. 

S~nr/ze.\rs of DMTAO.V.~ Dissolve 4.2 g (0.02 mole) of 
4.5-dlmethyl-2-aminothlazole hydrobromide in 30 ml of 
3.5M hydrochloric acid. cool the solution m ice-water, 
slowly add (with stirring) 4.4 ml of 5M sodium nitrate (0.022 

*Author for correspondence 

mole) and continue to stir for IL2 hr. keeping this azo salt 
solution at 0’. Dissolve 4.5 g of 8-hydroxyquinoline-5- 
sulphomc acid and 10.6 g of anhydrous sodium carbonate 
in 100 ml of water and add this solution to the azo salt 
solution dropwise with constant stlrrmg durmg a period of 
I hr. keeping the temperature at IS5 throughout Continue 
to stir for 2 hr more. keep the mixture in the refrigerator 
overmght. then filter off the crude product and recrystalhze 
it twice from ethanol. The pure product IS a dark purple 
crystalline material. m.p. 170-172 Found, C 46.x”,,, 
H 3.7”,, N 16.0”“; C,,H,2N,0,S, requires C 46.2”,,. H 3.3”,,. 
N 15.4” 

Transfer up to IO ml of sample solution contaming IL10 
gg of thallium into a 25.ml standard flask, add 2.5 ml of 
buffer solution. 2 ml of cetylpyrldimum chloride solutmn 
and I ml of DMTAOx solution. dilute to the mark with 
water and measure the absorbance at 560 nm agamst a 
reagent blank. 

RESULTS AND DISCUSSIOh 

Absorption spectra 

The absorption spectra of the purple-red thallium 
complex and of DMTAOx itself in aqueous medium 
are shown in Fig. I. The complex has an absorption 
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Table I. Determination of thalhum in 
some samples 

Thalhum. pg 

Sample Added Found 

Synthetic No. I 10.0 9.9 
Synthetic No. 2 10.0 9.9 
Alumimum alloy 10.0 9.6 
Bauxite 10.0 9.5 

maximum at 560 nm and an apparent molar absorp- 
tivity of 1.3 x IO’ I. mole ’ cm ’ at this wavelength. 

The spectral interference of the reagent can be 
eliminated by measurement against a reagent blank, 
and the sensitivity is considerably increased by the 
presence of the cationic surfactant. The CPC has a 
sensitizing effect on the coloured compound, but does 
not appear to form a definite complex with it. 

Optimul conditions for formution qf the complex 

The effect of pH on the absorbance of the complex 
was examined over the range from I to 7. The 
absorbance was found to be maximal and constant at 
pH 45 and to decrease sharply to very low values at 
pH 3.8. Hence pH 4.7 was selected for use. 

It was found that 0.5 ml of 0.027; DMTAOx 
solution is enough to complex IO pg of thallium, so 
I ml was chosen for general use. The cationic surfac- 
tant CPC gave maxtmum enhancement of the colour 
when present at concentrations in the range 
I x IO “-7 x IO- ‘M. In this work, the CPC concen- 
tration in the 25 ml of final solution was fixed at 
4.8 x IO ‘M. 

The colour development is complete in IO min at 
room temperature and the colour is stable for at least 
2 hr. 

The stotchiometric ratio of thallium to DMTAOx 
in the complex was found to be I:2 by the Bent 
and French’ and continuous-variations6 methods. By 
the equtlibrium-shift method’ the apparent stability 
constant was found to be 1.5 x IO”. 

The effect of various cations and anions on the 
determmation of IO htg of thallium was examined. 
A change of +2% in absorbance was set as the 
tnlcrancc limit. The tolerance limits can be 
summarized ax follows: Ca’ ’ (I mg); Al’+ (I mg); 

Cr3+ (I mg); Ga3+ (20 pg); In (20 pg); Co?+ (20 pg); 
Co’+ (20 pg); Nt2+ (20 pg); Zn*+ (50 pg in the 
presence of 4 x IO jM tartrate); Cu* + (50 pg in 
the presence of 4 x IO -‘M tartrate); Fe)+ (50 pg 
in the presence of 4 x IO 5M fluoride); F- , tartrate, 
Cl ~, NO;, SOi- and citrate do not interfere. 

Determination of thallium in samples 

A 0.5-1.0 g sample is decomposed in a 250-ml 
beaker with IS ml of concentrated hydrochloric acid 
and IO ml of concentrated nitric acid, then the 
solution is evaporated almost to dryness, the residue 
is taken up with 50 ml of water, insoluble material is 
filtered off and washed, and the filtrate is evaporated 
to dryness after addition of 5 ml of I M hydrobromic 
acid (containing three drops of saturated bromine 
water per 100 ml), this acid addition and evaporation 
being repeated twice more. The residue is then dis- 
solved in I5 ml of IM hydrochloric acid and extrac- 
ted with two l5-ml volumes of diethyl ether.3 The 
organic solvent is evaporated from the combined 
extracts and the residue is transferred to a 25-ml 
standard flask. Then I ml of IM ammonium fluoride 
and I ml of IM sodium tartrate are added and the 
general procedure is applied. 

Table I shows some results for analysis of two 
synthetic sample solutions containing (I) IO mg of 
iron and IO pg of thallium; (2) 60 mg of aluminium 
oxide IO mg of iron, 5 mg of calcium oxide, 3 mg of 
magnesium oxide, 2 mg of silica and IO pg of 
thallium. The separation and determination were 
done as mentioned above. Results are also shown for 
IO pg of thallium added to an alloy and to bauxite 
(both originally containing no thallium). 

I 
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3. 
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Summary-The synthesis and analytical properties of 2-oximinodimedone dithiosemicarbazone are 
descrtbed. 

Thiosemicarbazones have been widely used for spec- 
trophotometric determination of inorganic ions and 
their analytical applications have been reviewed.‘-3 
Monothiosemicarbazones with an electron-donating 
group m the r-position and a-dithiosemicarbazones 
have been studied the most. In recent years, some 
I<-dithiosemicarbazones have been studied as anal- 
ytical reagents. In this paper, the analytical properties 
of 2-oximinodimedone dithiosemicarbazone [5,5- 
dimethyl-l.2.3-cyclohexanetrione-2-oxime-1,3-dithio- 
semicarbazone (ODDT)] are presented. 

%C 

v =N- NH-CS-NH, 

The synthesis of ODDT is based on that of 
2-oxtminodlmedone by reaction of sodium nitrite 
wrth dimedone,’ and subsequent condensation with 
thiosemicarbazide. 

EXPERIMENTAL 

Dimedone (2 g) was dtssolved in a solution of 10 g of 
sodium hydroxtde m 30ml of water and 30 ml of ethanol; 
0 986 g of sodtum mtrrte was then added, the solutton was 
cooled m a freezing mixture, and stirred while 41 ml hydro- 
chlortc acrd (I + I) were slowly added. To this solutton were 
added 7.6 g of thtosemtcarbazide dissolved in 100 ml of 
water and 200 ml of ethanol, followed by sodium acetate 
untrl the pH was 5. The solutton was stored for 2 or 3 days 
m the refrtgerator and the solvent was then removed at 30 
under reduced pressure. Yellow crystals separated and were 
washed wtth ethanol and water (m.p. 182-4 ; yield SO-70”,,). 
F&mental analysts gave 38 3”,, C. 5.5”,, H. 30.9”,, N and 
20.3”,, S. C,,,H,,N,OS, reqmres 38.1”,, C. 5.4”,, H. 31. I”,, N 
and 20.3”,, S 

The samples were prepared m 25-ml standard flasks with 
50-200 lig of the ton. 5 ml of O.l”,, solutton of ODDT rn 
dtmethylformamtde. 5 ml of buffer solution. and dtlutton to 
volume wtth distilled water. The spectrum in the region 
350-700 nm was recorded, wtth a reagent blank as reference. 
The stotchrometrtes of the reactions were mvesttgdted by 
Jobs method and the molar ratio method. 

RESULTS AND DISCUSSION 

Solubilitl 

The solubility of ODDT in several solvents at room 
temperature was determined by Wittemberger’s 
method.’ ODDT is very soluble in dimethyl- 
formamide (192 g/l.). ethanol (10.1 g/l.), ethyl acetate 
(13.0 g/l.). methyl isobutyl ketone (9.2 g/l.) and 
3-methyl-I-butanol (9 g/l.) and sparingly soluble in 
water, chloroform, carbon tetrachloride and cyclo- 
hexane. 

Stabilit? 

A dilute aqueous solutton of ODDT (6 x lO-‘M) 
at pH > 2 is reasonably stable and a 3 x lO_‘M 
solution is stable for 2 days if made in dimethyl- 
formamide and for a week if made in ethanol or 
3-methyl- 1 -butanol. 

Spectral characterutics 

The infrared spectrum was obtained (KBr discs) 
and the bands (cm-‘) were assigned to the stretching 

vibrattons of -NH- (3320), -OH. -C=N- 
(3140-3200) and C=S (I 100). 

The NMR spectrum was obtained in DMSO-d, 
with tetramethylsilane as internal reference. The 
peaks (S, ppm) were assigned as follows: 1.05 
(-CH protons). 3.75 (-CH?- protons), 8.05-8.40 

(--NH-, -NH, protons) and I 1.3 (=N-OH pro- 

ton). 
The ultraviolet absorption spectra for the reagent 

in water, ethanol. 3-methyl-I-butanol, methyl iso- 
butyl ketone, ethyl acetate and dimethylformamide 
media showed simrlar maxima between 310 and 
330 nm. The ultraviolet absorption spectra at various 
pH values are shown in Fig. I. 

The ionization constants were determmed by the 
Stenstriim and Goldsmith method6 at 20 and ionic 
strength 0.1. The average results obtained were: 
pK, = 7.5 (oximc group) and pK, = pK, = I I .5 (C=S 
group thione-thiol tautomerism).’ The pK values 
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Table 1. Characteristics of ODDT compounds 
- 

&I*,* Stoichiometry 
Ion Medium m?Z I.moleE;.cm-’ (0DDT:ion) Colour 

Cu(I1) pH<2 380 8.6 x lo’ Yellow 
Ni(I1) pH 5.5-7.5 380 7.2 x 10’ 2:l Orange 
Co(I1) pH O-2 380 1.0 x 104 3:l Orange 
Fe(I1) HCI 0.6-5M 565 9.8 x 10’ 3:1 Violet 
Fe(II1) HCl I-6M 565 9.8 x 10’ 3.5: 1* Violet 
Mn(I1) pH _ 9 435 5.9 x 103 Brown 
V(V) pH<2 390 4.4 X 10’ Yellow 
Pd(I1) pH<2 380 4.9 x 10’ Yellow 
Cr(V1) HCIO, 0.4-I M 490 5.6 x 10’ 312 Orange 
IO, HClO, I-2M 390 3.0 x IO4 3:l Yellow 
BrO, HCIO, 0.75-2M 390 3.1 x I04 3:l Yellow 

*0.5 for reduction to Fe(I1) which then forms the 3: 1 complex. 

nm 

Fig. I. Absorption spectra of 6.25 x IOeSM ODDT at 
different pH values. 

were also measured potentiometrically, pK, = 7.7, 
pK2 = 10.4 and pK, = 11.8. 

Qwlitutire tests 

The reactions of ODDT with 54 inorganic ions 
were tested at different pH values. ODDT reacts with 
Fe(I1 and III) to give a violet colour, Co(II), Ni(l1) 
and Cr(V1) to give an orange colour, Mn(I1) brown, 
and V(V), Cu(II), BrO, and IO, , yellow. The most 
important results are summarized in Table 1. These 
are chelating reactions, e.g.. with Ni(II), Co(I1) and 
Fe(II), and redox reactions, e.g., with Cr(VI), IO3 
and BrO, , which involve a two-electron mechanism 
in acordance with the general redox behaviour of 
bisthiosemicarbazones.X’ The stoichiometry of the 
Fe(II)-ODDT complex is I :3 metal:ligand. If we 
start with Fe(III), this ion is reduced by the reagent, 
to give the same complex as Fe(I1). 

Various organic solvents were tested as extractants 
for the ODDT compounds. The results are sum- 
marized in Table 2. 

Table 2. Extraction of ODDT compounds 

Ion Extractant 

Cu(I1) EA*, MB*t 
Ni(I1) MIKB, MB, EA, CHL 
Co(I1) MB, MIBK.* EA* 
Fe(II and III) MB, MIBK,* EA* 
Mn(I1) MB. EA, MIBK 
V(V) MIBK, MB*, EA*t 
Pd(I1) MB, EA. MIBK 
Cr(V1) MBt 
IO; MB, CHL, MIBKt 
BrO; MB. CHL. EA. MIBKt 

EA, ethyl acetate 
MB, 3-methyl-3-butanol 
MIBK, methyl isobutyl ketone 
CHL, chloroform 
*With KClO., present 
iPartial extraction. 

I075 

The stability, solubility in various solvents, absence 
of absorption in the visible region, and the results 
compiled in Tables I and 2 provide a basis for 
judging the potential analytical utility of ODDT as a 
chromogenic reagent, especially for the spec- 
trophotometric determination of Fe(II), Co(II), 
Cr(VI), IO, and BrO;, which will be the subject of 
further work. 
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ACID-BASE INDICATORS 
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Summary-Ahzarm, Alizarin S, qumizarin and quinalizarin have been compared as acid-base mdlcators 
with Bromocresol Green and Methyl Orange as reference indicators. The chromaticity co-ordmates, 
complementary chromaticlty co-ordinates, pK, values. transition pH-range. pH of maximum colour 
change, optimum concentration for titrations and the quality of colour change were determmed. The 
results show all four to be good indicators with a colour change quality similar to that of Bromocresol 
Green. 

Reilley et al.’ have developed a complementary chro- 
maticity system and used it to describe indicator 
transitions. They devised an original system of indices 
to express the colour quality, but took into account 
only the limiting colours of the indicators, and did 
not consider the sharpness of the colour transition. 
The system therefore gives no criterion for choosing 
the most suitable indicator concentration. However, 
the complementary co-ordinates are physical con- 
stants for each coloured species, and can be employed 
for determination of equilibrium constants.2.3 

The transition sharpness has been considered by 
Buchar and co-workers4.’ They proposed a method, 
called “Specific Colour Discrimination” @CD). 
based on a plot of the number of colour discrimi- 
nation steps LX pH, which permits the evaluation of 
the sharpness and sensitivity of the indicator colour 
change. The SCD values were obtained from trans- 
mittance data and thus were a function of light-path 
length and concentration, and if the SCD values are 
applied to description of a chemical indicator transi- 
tion the results are dependent on the experimental 
conditions of the measurement and not completely 
representative of the colour changes observed in 
analytical applications. 

To deduce a suitable concentration of an indicator 
for a titration, Kotrljl and Vytias’j.’ defined the index 
of colour-change perceptibility of acid-base indi- 
cators as the ratio ApH/AE, where A,!? is the total 
difference between two colours, and correlated this 
index with the indicator concentration. 

In the work described in this paper, determination 
of the optimal concentration of some indicator solu- 
tions was attempted by the Kotrlj, and Vyti;as 
method,’ but the CIELAB co-ordinates were used to 
calculate the index of colour-change perceptibility. 

The sensitivity of the indicators, in terms of SCD 
values, has been evaluated as a measure of the 
colour-transition quality of the indicators. The sharp- 
ness of the transitions has been shown to be a 
measure of the rapidity of the colour changes. pK,, 
values of the indicators were determined spectro- 
photometrically,*~* and the values obtained compared 
with the pH corresponding to the maximum change 
of colour. 

Hydroxyanthraquinones have been widely used as 
dyes, chelating compounds and acid-base indicators, 
but few pK, values and indicator transition ranges 
have been published. For this study the indicators 
chosen were 1,2-dihydroxyanthraquinone-3-sulph- 
onic acid (Alizarin S), 1.2-dihydroxyanthraquinone 
(Alizarin): 1,4-dihydroxyanthraquinone (qumizarin). 
and 1,2,5,8-tetrahydroxyanthraquinone (quinalizarin). 
Their chromatic parameters can be used to char- 
acterize them as indicators and dyes. Bromocresol 
Green and Methyl Orange were chosen as reference 
indicators because of their wide use as neutralization 
indicators. 

EXPERIMENTAL 

Apparatus 

A Beckman Acta M-VII spectrophotometer with 1, 5 
and IO-cm cells, a Radiometer PHM64 pH-meter with 
glass/calomel electrodes, and a Rockwell AIM-65 20 K 
RAM microcomputer were used. 

Reagents 

Alizarin S (Merck A.R.) aqueous solution, I x lO_‘M. 
Alizarin (Koch-Light analytical grade) solution in ethanol 

I x 10-4M. 
Quinizarin (Merck 98%) solution in ethanol, 3 x 10m6M. 
Quinalizarin (Merck A.R.) solution, in ethanol, I x lO_‘M. 
Bromocresol Green (Merck A.C.S) aqueous solution, 

2 x 10-5M. 
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Methyl Orange (Merck A.C.S) aqueous solution, 
3 x 10-5M. 

Buffers covering the pH range 2.0-13.0 were prepared at 
0.1 M constant ionic strength.’ 

Procedure and computation method 

Approximately IO-‘M indtcator solutions were prepared 
at 0.1 M ionic strength by dilution of the stock solutions with 
suitable buffers. The transmittance (in the vistble range) and 
the pH (at intervals of approximately 0.2) over the colour- 
change pH range were measured. 

To evaluate the chromattcity data, the weighted ordinate 
method, Al = IO nm, recommended by Kotrljr and Vytias 
was used with the coefficients given by Judd.” A linear 
computer program written in BASIC was developed to 
compute the chromaticity co-ordinates. 

The same procedure, after transformation of the trans- 
mittances into absorbances, was used to obtain the com- 
plementary chromaticity co-ordinates, (9,. Q,, and the 
colour concentration, J. 

The acid dissociation constants were determined by the 
method of Reilley and Smith’ from the complementary 
chromaticity co-ordinates of several points within the tran- 
sition range, and also spectrophotometrically by a standard 
procedure described by Albert and SerJeant.’ 

RESULTS AND DISCUSSION 

The colour sequence within the pH range of colour 
change of indicators, under specified conditions, can 
be described by the chromaticity co-ordinates x, y 
and the relative luminance Y. The indicator transition 
can also be described by means of the complementary 
chromaticity co-ordinates, which are physical con- 
stants, and the quantity J, called the “colour concen- 
tration”, which is dependent on the experimental 
conditions. These parameters have been determined 
at different pH values for each indicator. The results 

obtained are plotted in Figs. 1 and 2. Coloured 
solutions of different concentrations show different 
colour points on the x,_r diagram but coincident 
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Fig. I. Chromatic co-ordinates (.x,_r) on the chromatic 
diagram at optimal concentrations: 0 Alizarin S. * Ali- 
zarin, 0 quimzarin. l quinalizarin, * Bromocresol Green, 

* Methyl Orange. 
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Fig. 2. Colour points of indicators m the complementary 
chromaticity diagram. Symbols as m Fig. I. 

colour points on the QX, Q, complementary chro- 
maticity diagram. 

The complementary points Q,, Q, at any pH value 
within the colour-change pH range of the indicators 
he on a straight line denoting mixtures of the two 
pure coloured species of the indicator.3 The hydroxy- 
anthraquinones studied give two linear segments on 
the complementary chromaticity diagram. This indi- 
cates the presence of two different equilibria, each 
involving a particular colour change. Only one of 
them can be applied in acid-base titrations in aque- 
ous medium because only one occurs in the pH-range 
realizable in aqueous solution and, at the same time, 
shows a good colour-change quality. 

The quality of the colour change at the trtration 
end-point depends on the distance between the colour 
points before and after the transition, but the lo- 
cations of the points in the diagram are also very 
important.’ 

For analytical purposes, the most suitable transi- 
tion of hydroxyanthraquinones occurs between the 
yellow and red forms, as shown in Figs. I and 2. On 
the complementary chromaticity diagram the seg- 
ments corresponding to the transitions of the 
hydroxyanthraquinones studied show a similar orien- 
tation. This allows us to establish the sequence of 
decreasing colour-change quality as quinizarin > 
Alizarin S > Alizarin > quinalizarin. However, no 
information about the ideal concentration for use of 
the indicators is realizable from the complementary 
chromaticity data. 

The pK, values were determined by the Reilley and 
Smith method’ from QX, Qy or QL data. To obtain the 
best results the coordinate which shows the greatest 
variation within the pH range of the colour change 
should be used. The advantage of the method in the 
case of the hydroxyanthraquinones is that it allows 
use of the colour-point co-ordinates of the singly- 
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Table 1. Comparative pK, values of the indicators 

Chromatic method Standard method 

PK, PKZ 

Alizarin S 5.72 + 0.02 10.98 0.02 + 

Alizann 7.51 * 0.07 11.64*0.05 

Quinalizarin 5.30 f. 0.05 9.16 + 0.034 

Quinizarin 9.35 + 0.05 11.78~0.12 

Bromocresol Green 4.61 k 0.03 

Methyl Orange 3.35 f 0.04 

PK, PKZ Reference 

5.69 + 0.02 10.98 + 0.02 Tlus work 
6.72 + 0.09 
5.49 

7.36 k 0.05 
8.76 It 0.08 
7.45 k 0.08 

5.28 + 0.04 
5.25 k 0.09 

9.26 f 0.04 
9.21 k 0.07 
9.90 k 0.08 

4.60 * 0.03 
4.66 

3.44 * 0.03 
3.46 

9.35 T 0.05 
10.85 

I 1.57 * 0.05 
10.22 + 0.03 
11.80 k 0.08 

9.28 + 0.03 
9.32 f 0.15 

1 I .79 * 0.07 
11.74 * 0.04 
11.18+0.08 

13 
14 

This work 
13 
15 

This work 
16 

This work 
13 
15 

This work 
17 

This work 
17 

charged form, which appears only in a very restricted 
pH range. The results obtained are given in Table 1, 
and agreed with those obtained by a standard spec- 
trophotometric method.3 Comparison of our values 
with those found in the literature (also given in 
Table 1) is difficult since the few available data are 
discordant. 

To obtain the optimal concentration of the indi- 
cators for titration, the Kotrly and Vytfas7 method 
was used. These authors point out that the transition 
curve for the colour change can be divided into small 
segments related to changes in a suitable variable, 
such as pH, which allows expression of the particular 
change per unit AE; AE is the total difference between 
two colours. Thus the ratio ApH/AE, called the index 
of colour-change perceptibility and showing the pH 
change corresponding to a preselected amount of 
colour variation, can be correlated with the effect of 
indicator concentration. 

In this work, the colour difference between the two 
colours, AE, was calculated by means of the 1976 CIE 
(L*a*b*) system, which can be applied with advan- 
tage.12 

The chromatic co-ordinates L *, a* and b* were 
calculated with the equations: 

L*= 116(Y/Y,)“3- 16 

a* = 5oo[(x/x”)“’ - (Y/Y”)“31 

b * = 200[( Y/ Y”)“3 - (z/Z”)q 

where X, = 98, Y, = 100 and Z, = 118 are the colour 
stimuli of a normal individual for white in the 1931 
CIE recommendation for light source C, and X, Y 
and Z are the tristimuli obtained for the indicator 
solution at a particular pH. The colour co-ordinates 
a* and 6* for each indicator transition are given in 
Fig. 3. 

The chromatic difference between two colours is 
given by 

where AL *, Au *, Ab * are calculated from the L *. u * 
6* co-ordinates at the appropriate pH values. 

The relation ApH/AE is plotted US. log c, where c 
is the ratio of the indicator concentration used for 
calculation of the particular chromaticity transition 
to the experimental value of the indicator concen- 
tration, cO. The plot of ApH/AE DS. log c is given in 
Fig. 4 and the minimum on the curve obtained shows 
the optimum concentration of the indicator for the 
particular titration. The results, referred to I -cm 
path-length, are given in Table 2. 

The plot of AE us. pH (Fig. 5), where AE is the 
difference between any colour point and the colour 
point of the acid form of the indicator, allows 
determination of the sensitivity of the colour change 
of each indicator in terms of the specific colour 
discrimination (SCD) values (AE/ApH = SCD 
value).’ These values refer to the optimum concen- 
tration of the indicator solutions and are plotted in 
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Fig. 3. Chromatic co-ordinates a* and b* of the indicator . 
solutions at optimal concentrations. Symbols as in Fig. 1. AE = [(AL *)’ + (Au*)~ + (Ab *)2]“2 
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Table 2. Colour changes of the mdlcdtors 

Optimum 

PH,,, SCD pH, L,scoI pH,,, - pK pH Interval concentratton. M 

Alizarin S 5.20 121 0.75 - 0.49 4.65.9 6x IOmJ 
Alizarin 6.75 97 0.55 -0.39 6.3-7.4 6x10 4 
Quinahzarm 5.12 54 0.53 -0.16 4.7-5.8 I X IO-’ 
Quinizann 9.03 129 0.88 - 0.32 8.3-10.0 2x10 J 
Bromocresol Green 4.30 135 I .05 -0.30 3.65.2 I X 10 J 
Methyl Orange 3.67 67 1.20 +0.23 2.44 5 3 X 10-J 

006 c 

Ftg. 4. Dependence of the colour-change perceptibthty 
Index, ApH/AE. on the relattve indicator concentration: 0 
Alizarm S ((e = I x 10mJM). * Ahzarin (ce = 6 x IOmSM). 

quinizarin (c,,=3x IO~‘M. . 
(4b= I x IO- ‘M), j, B 

qumahzarin 
romocresol Green (c,, = 2 x IO-‘M), 

* Methyl Orange ((,(, = 3 x IO-‘M) 

2? 0 
t 

195 
t 

Fig. 6 and given in Table 2, in which only the useful 
transitions of the hydroxyanthraquinones are shown. 
According to these results the colour change sensi- 
tivity decreases in the following order: Bromocresol 
Green > quimzarin > Alizarin S > Ahzarin > 
Methyl Orange > quinalizarin. 

The half-bandwidth values (pH,,,,,,) from Fig. 6 
and given in Table 2, define the sharpness of the 
indicator colour change.’ 

It is convenient, in routine use of an Indicator, to 
know its whole pH range of colour change, which is 
given by the base-width of the SCD peak. The 
experimental transition intervals differ from case to 
case and are usually not symmetrical about the pK, 
value, because often one of the two colours is more 
easily perceptible in presence of the other than oice 

uersu. Thus to predict whether an indicator will be 
suitable for use in a particular titration, the pK and 
pH of maximum colour change (pH,,,) should be 
evaluated. These values are shown in Table 2 for each 
indicator tested. 

Evaluation of the colour-change quality of these 
indicators at optimal concentratton, taking into ac- 
count all the considerations above, shows that Bro- 
mocresol Green, quinizarin and Alizarin S are very 

180 - 

165 - 

150- 

135- 

120- 
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75- 
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30 - 
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_*. 
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PH 

Fig. 5. Change in the chromatic difference values, AE, with the pH. Symbols and concentrations as m 
Fig. I. 
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m-f 

Fig. 6. Change in SCD values with pH. Symbols and concentrations as in Fig. I 

good indicators which show equivalent colour- 
change quality. Alizarin is also a good indicator but 
with slightly lower colour-change quality, whereas 
Methyl Orange and quinalizarin have similar colour- 
change quality that is remarkably lower than that of 
the other indicators mentioned. These results are in 
agreement with the visual observations. 
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Summary-The protonation constant of chloramine-B has been determined 
exchange method. The value found is 61 + 5 

at pH <3.3 by an ion- 

Organic haloamines, particularly chloramine-T 
(CAT) and chloramine-B (CAB) are powerful ox- 
idants. but their behaviour in very strong acid me- 
dium is sometimes different from that in weakly acid 
medium. Strong acid medium is expected to yield a 
protonat:d species. The formation of such species 
C,H,S02NH2CI from CAB was noticed in our earlier 
studies on conductivity measurements of aqueous 
solutions of CAB.’ We have now determined the 
equilibrium constant for the reaction by an ion- 
exchange technique based on selective determination 
of the species RNHCI, RNH&l and H+ present in 
equilibrium, by passage of the sample through a 
catton-resin column in the Nat and H+ forms. 

EXPERIMENTAL 

Chtoramine-B solutton (O.lM) was standardxed by the 
iodometrx method’ and diluted to I x IO-‘M. All reagents 
used were of analyttcal grade. 

Dowcx 50 x 8 Nat form was used for the cation- 
exchange studtes 

Pro< (‘durc 

Approxrmately 8 g of Dowex 50 x 8 (sodium form) was 
>oakcd m dtsttlled water for some ttme. then transferred to 
a I 5-cm glass tube (with a stopcock at the bottom) to make 
a column 25 cm m length above a plug of glass wool. A 
stmtlar column was converted into the hydrogen form by 
psssage of IO ml of X4 hydrochlorrc acid and washed free 
from excess of acid. A IO-ml portion of O.OOlM CAB, 
adtusted to pH ~3.3, was passed through one of the 
columns and another through the second column, followed 
by two IO-ml portions of water. The eluates from the 
columns were analysed for CAB and H + by todometry and 
alkahmetry respeclrvely 

RESULTS AND DISCUSSION 

It was known from our earlier studies that RNHCI 
formation is maximal at pH 3.3. When an aqueous 
solution of CAB adjusted to pH 3.3 was passed 
through the cation-exchange resin (Na’ form). all 
CAB was eluted quantitatively. but when the same 
mixture at pH 3.3 was passed through the resin 
column in H + form, CAB was completely held on the 

Table 1. Protonation constant of CAB (amount used 9.05 
p moles) 

RNHCI, R~H,CI, Total H+, Free H+, 

PH pmoles pmoles pmoles pmoles K* 

2.21 3.52 5.53 33.08 27.55 57 
2.21 3.52 5.53 30.32 24.19 63 
2.21 3.11 5.28 30.32 25.04 56 
2.60 5.53 3.52 13.23 9.71 66 
2.60 5.53 3.52 13.78 10.26 62 
2.40 5.03 4.02 18.34 14.32 56 
2.40 4.77 4.27 18.34 14.07 64 
1.95 I.51 7.54 91.2 83.7 60 

*Mean 65. standard deviation 4. 

resin owing to the formation of RNHQ by reaction 
with the H+ of the resin. However, at pH < 3.3, 
aq+ueous CAB solution contains both RNHCI and 
RNH,CI. When such a mixture is passed through the 
Na+ form column, the eluate will contain only the 
RNHCI, as RNH2Cl will be held on the resin. Let this 
amount of RNHCI be b pmoles. If a total of a pmoles 
of CAB was taken, then (a - h) pmoles of R&lH2CI 
must have been present. When CAB mtxture at the 
same ?H is passed through the H+ form of the resin, 
the RNH,CI will displace H+ from the resin, but the 
RNHCI present will also be held on the resin by 
combining with the H’ in it. So the eluate contains 
H + displaced by RNHCI and free H+ from the 
original sample. Let the total H+ thus eluted+ from 
the resin be c pmoles. The H+ d$placed by RNH,CI 
is equivalent to the amount of RNHCI and hence the 
free H+ is obtained by subtracting this amount 
(a - h) from c. The experiment is repeated at various 
pH values. The results are presented in Table I. The 
value found (61) is comparable with that found for 
CAT (loo).’ 
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Summary-Several theoretical ideas on metal electro-deposition on inert solid electrodes, from solutions 
of trace metal ion concentrations, are formulated. The results may be of importance in the application 
of electro-depositions as analytical preconcentration and preseparation methods. 

Inert sohd electrodes, especially those without a 
mercury film, are often discussed in connection with 
electro-deposition of metals from their solutions at 
trace concentrations.’ usually starting from the con- 
cept of a formal monolayer of deposit. The term 
“formal monolayer” means coverage of the whole 
immersed electrode surface by a close-packed single 
layer of atoms or molecules. For a metal, the amount 
in the monolayer can be calculated from the atomic 
radius and the electrode surface area.’ The number of 
moles (n,,) of metal deposited to produce a formal 
monolayer on an electrode surface area S, (cm’) is 

“,?I = S,lrl (1) 

where q (cm’imole) is the molar monolayer area, i.e., 
the monolayer area occupied by one mole of metal.’ 
Thts is a rather simplistrc approach, however, as it 
ignores the fact that because of surface roughness the 
total surface area will be larger than the nominal area 
calculated from the linear dimensions of the elec- 
trode. and also assumes that deposition will take 
place uniformly to produce a complete monolayer 
before cm)* depositton can occur on top of already 
deposited material. Nevertheless the concept is at- 
tractive because of its simplicity and amenability to 
simple mathematical treatment, especially in formu- 
lation of the kinetics of an electro-deposition process. 
In trace-analysis electrolyses. an equilibrium is 
usually reached, after a long electrolysis time, be- 
twccn the numbers of moles of metal deposited and 
remaining in solution.’ since the rate of deposition 
and the rate of dissolutton (chemical or electro- 
chemical) must eventually become equal. The equi- 

librium concentration in solution is dependent on the 
extent of coverage of the electrode surface,’ h the 
applied potential and the chemical composition of the 
solution. Stirring rate and temperature also play a 
role. 

*Present address, c/o Professor D. J. Curran. Department 
of Chemistry. Umversity of Massachusetts, Amherst. 
MA 01003. U.S.A 

The situation in which a formal monolayer cannot 
be produced because there is not sufficient metal in 
the initial solution, has been discussed by Anderson 
and Sioda.’ Production of a formal monolayer fol- 
lowed by further deposition has also been discussed,> 
and can be described as follows. The time, tr (set). 
needed to produce a formal monolayer on the elec- 
trode, assuming 100% instantaneous reduction, is 

t,= I/nN (2) 

where N is the molar flux of metal ion to the electrode 
surface (mole. cm -‘. set ‘), given by 

N = k,c (3) 

k, being a specific rate constant of deposition 
(cm/set), and c the concentration of metal ion in 
solution (mole/cm’). The time. t, (set), needed to 
dissolve a formal monolayer is 

1, = l/qk2 (4) 

where kz is a specific rate of dissolution 
(mole.cm-‘.sec-r). At equilibrium. I, = zd, so the 
equilibrium concentration of the metal-ion in 
solution, c,, is 

(; = k,/k, (5) 

As said above, the concept of a formal monolayer 
is ideal, and the mechanism of metal deposition is 
complex and dependent on various experimental 
conditions. To avoid the resultant difficulties in 
finding mathematical models, Brainina et al.’ define 
an “activity”, a (mole/cm’), of a metal deposit, as a 

simple exponential function of the electric charge, 4 
(C), transferred at the electrode in discharging the 
ions: 

a = a,.(1 -exp[-yyl) (6) 

where (I, is the maximal “activity”, obtained after 
transfer of a sufficiently large charge, and y (Cl) 
IS a constant; a, usually corresponds to complete 
coverage of the electrode surface area by deposit.’ 

1083 
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Fig I. Dependence of the relatwe electrode area occupied 
by deposit. S/S,. on the product of 7 and charge, calculated 

according to equation (7). See also equation (22). 

If the electrode potential is recorded as a function 
of time during electro-deposition at constant current, 
it asymptotically reaches a constant value corre- 
sponding to the electrode surface being fully covered, 
and the amount of charge transferred up to the start 
of the levelling-off of potential can be used to deter- 
mine “3.’ 

An glternative approach, due to Rogers and Steh- 

ney. ’ is to consider the fraction of the electrode 
surface area that will be covered by deposit on 
transfer of charge q. This is equivalent to equation (6) 
rcwrittcn as: 

S/S,= I -exp[-yq] (7) 

where S is the area occupied by the deposit, S, the 
total arca and ;I IS an experimental constant as in 
cquatlon (6). 

The magmtudc ol ;’ can be estimated as follows. 
When q is small (Fig. I ). S is steeply Increasing and 
at lxgc q asymptotically approaches S,. At the start 
01 clcctrc~-dcposltlon. when most of the electrode is 
frcs of dcpos~t. atoms will deposit mainly on the free 
surface. Thus. for small q WC can write 

dsjdq = q /nF (8) 

where II IS the number of electrons transferred per 
metal ion discharged, and F is the Faraday constant. 
Equation (8) shows that at the beginning of the 
clectro-deposition the growth of the monolayer is a 
hnear function of tmic 

DifKzrentiation of equation (7). and adoption of the 
limit i’q +O glvcs: 

dS/dq = ;‘S, (9) 

and ;’ can be obtained from equations (8) and (9): 

;’ = r/ /f?FSL (10) 

Thus. if the growth of the electrode area occupied 
by deposit in formatlon of the first monolayer is 

described by equation (7), y can be calculated from q 
and S,. 

Consider, for example, the electrolysis of copper(U) 
at a 0.2-cm diameter graphite disk electrode. For 
copper,’ rj = 3.4 x IO8 cm*/mole, for copper(H) n = 2, 
for the electrode S, = 0.0314 cm2, so equation (IO) 
gives y = 5.7 x IO4 C- I. This calculated value can be 
compared with an experimental one, 1’ = 2 x IO4 C _ I, 
obtained by electro-deposition of Ni or Ag on a 
graphite disk electrode.’ Ni and Ag have molar 
monolayer areas similar to that for Cu: q = 4.4 x IO’ 
cm’/mole for Ag and 3.2 x IO8 for Ni.’ Thus, the 
agreement between the measured and theoretically 
calculated values of y seems satisfactory. 

When y is calculated from equation (IO), S, should 
denote the actual physical surface area of the elec- 
trode. For a well-polished graphite electrode. S, can 
be approximated by the geometrical surface area, but 
for more accurate calculation, the surface roughness 
factor of graphite should also be used. In the case 
cited, this should improve the agreement between the 
y values. 

Effect of analyte concentration 

It has been observed that for electro-deposition 
from very dilute solutions @g/ml and especially 
ng/ml concentrations) the half-reaction time increases 
markedly with decrease in the initial concentration of 
metal ion,‘” in contrast to the behaviour for the 
intermediate concentration range, 100 pg/ml or 
more, for which the specific rate constant of an 
electro-deposition reaction is independent of concen- 

tration.” This increase m half-reaction time with 
decrease in metal ion concentration at trace level can 
be explained by assuming simultaneous electro- 
deposition and chemical and/or electrochemical dis- 
solution of the deposit. 

Suppose that the test solution initially contains 
enough metal ion to produce several (P.x.. 20) formal 
monolayers of deposit. Once the deposit completely 
covers the electrode, the kinetics of the electro- 
deposition reaction can be described by 

dc/dt = -o(k,c - li:) (11) 

where u = S,/V is a constant given by the electrode 
area and solution volume (V). k, and kz being defined 
as earlier [equations (3)-(5)]. Integration for the 
Initial condition c = cn at t = 0 leads to 

c = (k-,/k,) + (L.,, - k,/k,)exp[-ok,t] (12) 

or, from equation (5). 

c =c,+(c,,-c,)exp[-ak,t] (13) 

From equation (I 3) we obtam: 

r, ,(ak,) = -In[(c,, - 2~,)/2(c,, - c,)] (14) 

where I, ? is the half-reaction time. r.e., the time 
required to decrease by half the initial concentration 
of the metal ion in solution. Analysis of equation (14) 
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Fig. 2. Dependence of the relative half-reaction time, t,,Jf:i2, 
on the ratio of the initial and equilibrium metal-ion solution 
concentrations, calculated according to equations (14) and 

(15). 

shows that for c,,>>c, 

trz(ak,) = ln2 (15) 

i.e., the half-reaction time, ttz, is like that for a 
first-order reaction with rate constant ok,. When c, is 

not all that much greater than 2c,, t,i, will exceed tcz 
from equation (15) by an amount that is the greater, 
the smaller the difference between c,, and 2c,, as 
shown in Fig. 2. At the limit c,, = 2c,, 11!2 becomes 
infinite. However when co/c, 2 30, t,,, will differ by 
less than 5% from r:,. This increase in t,/? with 
decrease in c0 is equivalent to a decrease in the specific 
rate-constants of electro-deposition reactions as c,, is 
decreased. 

This dependence of t,,? on concentration implies 
that if c,, is high enough, a metal deposit several 
atomic layers in thickness is formed shortly after the 
start of electro-deposition, but the remaining bulk 
metal ion concentration will become sufficiently low 
for k?, and consequently (; calculated from equation 
(5). not to depend on it in any significant way. In this 
approximation. the dissolution reaction rate is as- 
sumed to be practically independent of the bulk metal 
ion concentration, as long as the latter is low in 
comparison with the metal ion concentration near the 
dissolving surface. The dissolution rate is, however, 
dependent on the solution mixing rate. 

Di.ssolution of’metul in an initiully metal-flee solution 

In some electroanalytical measurements, it is ex- 
pcdient to deposit metal from one solution, and 
dissolve it in another.“” A similar situation arises 
when an active metal electrode or a metal deposited 
on an indifferent solid electrode is placed in a 
conductive solution initially devoid of the metal ion, 
and an electric potential is applied. It is interesting to 
calculate the equilibrium metal-ion concentrations in 
solution when a protective cuthodic potential is 
applied to the electrode. This equilibrium follows 
from an interplay of the kinetic laws of deposit 

formation and dissolution, and in practice can be 
several orders of magnitude higher than the true 
Nernstian equilibrium value for the applied cathodic 

potential. 
For example, a copper foil electrode was placed in 

0.1 M sodium sulphate acidified to pH 3.2 with nitric 
acid, then charged to a negative potential by a 
constant cathodic current of approx. 30 mA/cm*; 
after 5 hr of electrolysis, the copper concentration in 
the solution was found to be l.75@4.14 

To solve the problem mathematically, let us start 
again and integrate equation (1 I), using the initial 
condition c,, = 0 at t = 0. The application of a cuth- 
odic potentiaI means that the rate constant of depo- 
sition, k,, in equation (11) will not be zero. The 
solution obtained is 

c = (kJk,)(l - exp[-ak,l] 

or, from (5). 

(16) 

c = c&l -exp[--k,t]) (17) 

As shown by equation (17), when a cathodic 
potential is applied, the metal from the deposit or the 
active electrode will dissolve and produce the equi- 
librium concentration c, of its ions in solution after 
prolonged electrolysis (t + co). The equilibrium con- 
centration thus obtained should be the same as that 
after prolonged electrolysis of a solution initially 
containing the metal ion, as discussed above. The two 
kinetic curves, leading to the same cc, are shown in 
Fig. 3 and demonstrate that the equilibrium is estab- 
lished much faster if the solution is initially devoid of 
the metal ion. 

Charges needed for a formal monolayer and for “full” 

electrode coverage 

The charge q,,, (C), required to produce a formal 
monolayer, can be calculated from equation (1) by 

5- 

\ 

I \ 

a- 

l 
90 

I I I I I 
2 4 6 8 10 

(uk,)x time 

Fig. 3. Dependence of the logarithm of the metal-ion 
solution concentration on ok,~, calculated according to 
equations (13) (upper curve) and (17) (lower curve). The 
equilibrium concentration, cc, is I.OpcM. and the initial 
concentrations are l.OmM (upper curve) and 0 (lower 

curve). 
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multiplying it by nF, where n is the number of 
electrons transferred per metal ion discharged: 

a,, = nFS,lrl 

Taking a more realistic view of deposit growth, e.g., 
as given by equation (7), and assuming “full” cov- 

erage to mean S/S, 2 0.95, we obtain from this 
condition and equation (7) 

(VI,) h 3 

where qs is the theoretical charge required to cover at 
least 95% of the electrode area with deposit. Substi- 
tuting 7 from equation (IO) into inequality (19), we 
obtain: 

q\ 2 3nFS,I? (20) 

Hence q,,, and q5 differ by at least a factor of 3: 

(21) 

Thus, according to equation (7), the electrode is 
practically fully covered when enough metal ion has 
been discharged from solution to produce at least 3 
formal monolayers of deposit. As parts of the deposit 
may redissolve during the electro-deposition process, 
the measured charge can be even higher. Hence 
according to equations (7), (IO), and (18), the maxi- 
mum fraction of electrode area that can be expected 
to be covered by deposit will be 0.63 ( = 1 - e-‘) for 
transfer of charge q,,,, 0.86 ( = 1 - e -*), for 2q, etc., 

as shown in Fig. 1. Equation (7) is then transformed 
into the more intelligible equation. 

S = &(l -exp[--qlq,l) (22) 

where qlq, is the number of formal monolayer 
charges transferred. 

It is believed that this theoretical approach will 
help in planning and executing analytical electro- 
depositions with a higher experimental reliability. 
accuracy, and precision. The related analytical meth- 
ods of electrolytic preconcentration and pre- 
separation are certainly worthy of further experi- 
mental and theoretical exploration, and application 
m numerous fields of trace analysis. 

.4c,l\~lo,~,/~,c/~enl~n/-The author IS grateful to Mr. Wieslaw 
Otwinowskr. M SC.. of the Institute of Precision Mechamcs. 
Warsaw, for the AAS analytical determmatlons 
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APPENDIX 

Earlier experimental work,” which formed part of the 
basis for this paper, has been repeated. 

The electrodes were copper foil laminated on one side 
with plastic, (geometrical surface area: A. 12.0 f 0.1; B, 
14.0 k 0. I cm’). A O.lOM sodium sulphate solution acIddied 
with nitric acid to pH 2.0 was used as electrolyte. The rate 
of copper dissolution in the electrolyte, wIthout application 
of external electric potential. was measured in the first 
experiment with electrode A, with magnetic stlrrmg at two 
different speeds (not measured). In the second experiment 
the rate of dissolution was measured for electrode B cath- 
odically polarized with a current density of 8.0 mA/cm’ 
(average current 0. I1 k 0.01 A), a platinum wire anode 
bemg used. Aliquots of solution were removed at Intervals 
and analysed for copper by AAS 

The results are presented in Fig. 4. Lme IA shows that 
dissolution was fastest in the first half-hour, because of 
rapid dissolution of the oxide coating initially present on the 
copper surface.ls Lme IB shows that the rate of dissoluhon 
increases with stirring rate. From the slopes of lines IA and 
IB the specific &solution rate (k2) of the copper foil was 
calculated. 

For experiment IA It was 

1.5O*O.l1 x IO-” mole.cm-‘.sec ’ 

(90% confidence Interval). and for IB 

4.2 + 0.2 x IO-” mole.cm~‘.sec ‘. 

These values are two orders of magnitude lower than 
those reported earlier.14 which had been obtained by weigh- 
mg the foil after each dtssolution period. Investigation of 

3- 

2 

a-. 

0 1 2 3 4 

Time (hr) 
Fig, 4. Plot of Cu concentration t2.j time for dlssolutlon 
of copper foils m O.IOM sodium sulphate acidified to 
pH 2.0 with mtric acid. Lmes IA and IB correspond to 
dlssolutlon without apphed external potential. and line 2 to 
dlssolutlon with a protective. cathodic current of density 

8 0 mA/cm? apphed. 
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this anomaly showed that part of the lamination bond had 
also dissolved, leading in the earlier work to erroneously 

conditions used. It is not much different, taking into 
consideration the low precision of the determinations, from 

high values for the amount of copper dissolved. the previously reported value of 110 ng/ml.14 Also, different 
Line 2 in Fig. 4 shows initial dissolution (again of the 

surface oxide) followed by decrease and then stabilization of 
cathodic current densities were used in the two experiments, 

the copper concentration at around 64 ng/ml, which is 
34 mA/cm’ originally. and 8 mA/cm2 in the present one; the 
ratios of the electrode geometrical surface area to solution 

believed to be the equilibrium concentration for the volume were similar, however. 
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VALIDATION OF ACCURACY BY 
INTERLABORATORY PROGRAMME 

R. SUTARNO and HENRY F. STEGER 

Mineral Sciences Laboratories, Canada Centre for Mineral and Energy Technology, 555 Booth Street, 
Ottawa, Ontario, Canada 

(Received 22 March 1985. Accepted 18 May 1985) 

Summary-A statistical design is proposed for assessing the accuracy of an analytical method by its 
application to a certified reference material in an interlaboratory programme. The validation of accuracy 
is based on the difference between the certified value and the overall mean of the test programme and 
ts linked to the concept that below a certam limtt this difference has no practical significance. It is shown 
that a certified reference material cannot be used to detect bias m a method if the bias is smaller than 
the confidence interval of the certified value. 

Certified reference materials (CRMs) are widely ap- 
plied to ensure the reliability of analytical data by use 

in the calibration of instruments or standardization 
of reagents and in validation of the accuracy of 
analytical methods. Nevertheless, there are no gen- 
eral guidelines for relating the uncertainty of the 
certified value of the reference material to the 
effectiveness of its uses. Recently, however, Sutarno 
and Steger’ proposed an experimental design for 
validation of the accuracy of an analytical method by 
analysis of a CRM, in which the uncertainties in the 
CRM certified values and in the method are taken 
into account. This procedure requires that the CRM 
be analysed by the same analyst 10 times, either in a 
single batch of determinations or in smaller batches 
over a period of time. The accuracy of the method is 
validated if the difference between the certified value 
for the CRM and the mean value obtained by the 
method is not statistically significant. The significance 
is based on the magnitude of the uncertainty in the 
certified value of the reference material, so the better 
characterized the reference material, i.e., the less the 
uncertainty in the certified values, the more rigorous 
is the validation of the accuracy, or the lower the level 
at which bias in the method can be detected. 

From time to time there arise occasions when the 
analyst is required to validate the accuracy of a 
method (i.e., to detect bias) to a degree that is not 
attainable by comparison with the statistical 
significance of the uncertainty in the certified values 
for the CRMs available. This paper presents an 
alternative statistical design for such validation by 
applying the analytical method to a CRM in an 
interlaboratory programme. 

The proposed test procedure is also applicable to 
the validation of the “long-term” accuracy of a 
method by one analyst if at least IO batches of at least 
two replicate determinations each are done, each 

Crown copyrights reserved 

batch at a different time. The results then constitute 
a multi-data set (i.e., a quasi-interlaboratory pro- 
gramme) in which the variance of the overall mean 
has a between-periods component. If more than one 
analyst participates, however, the variance of the 
overall mean has both between-periods and between- 
analysts (i.e., between-laboratories) components, but 
these are inseparable and appear simply as the 
between-periods variance. 

The proposed statistical design has been submitted 
by the Canadian Certified Reference Materials 
Project to the Council Committee on Reference 
Materials (REMCO) of the International 
Organization for Standardization for inclusion in 
ISO/REMCO Guide 33 “The Use of Certified 
Reference Materials”. 

UNCERTAINTY OF CRMs 

The effect of the mode of certification on the type 
of statistical parameters available and on the esti- 
mation of the uncertainty in the certified value, A,, of 
the CRM was discussed in the preceding paper.’ For 
a reference material certified by an interlaboratory 
programme, the estimate of the precision of A, is 

expressed as cr& the variance of A,, or alternatively as 
a confidence interval (usually 95’;/,). The magnitude 
of rrc is estimated from 

05 = (St, + SfJn,)lNc 

if more than one method was used, or 

(1) 

cr; = (ate + cr;Jn,)/Nc (2) 

if all participating laboratories used the same 
method; here, N, = number of laboratories (exclud- 
ing those giving results subsequently decided to be 
outliers) that participated in the certification of the 
reference material, n, = average number of replicate 
determinations per laboratory, S,,, and 

1088 
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u Lc = between-laboratories standard deviations, S,, 

and urc = within-laboratory standard deviations. 
For a reference material certified by use of a 

“definitive” method by one laboratory, cLc = 0 (by 
definition) and of becomes 

cr,2 = Qr,. (3) 

For convenience, S,, and aLc will both be denoted 
hereafter by gL, and S, and crc by a,,,. 

VALIDATION OF ANALYTICAL METHODS 

The concept of the use of CRMs to validate the 
accuracy of an analytical method by interlaboratory 
programme is based on three premises. First, that the 
certified value of an element in a CRM is the best 
estimate of the true value. Second, that the analytical 
method is validated if the overall results of the test 
programme differ from the corresponding true values 
for the CRM by no more than can be accounted for 
by statistical fluctuation. Third, that the accuracy of 
the analytical method is also validated even if the 
difference between the overall mean value R for the 
test programme and A, of the CRM is statistically 
significant but is of such magnitude that it is negli- 
gible for practical purposes. The last premise is 
necessary because the probability of detecting a sta- 
tistically significant difference between x’ and A, 
increases with increasing number of laboratories par- 
ticipating in the programme and/or increasing degree 
of replication. 

GENERAL PROCEDURES FOR 
INTERLABORATORY PROGRAMMES 

A physical and documentary validation of the 
CRM’ should be performed before use of the CRM 
in an interlaboratory programme. Subdivision of a 
unit of the CRM, before distribution, must be done 
with care to avoid introducing any additional 
significant error, either systematic or random. 

The organization, physical execution and statistical 
analysis of the results of such an interlaboratory 
programme are outside the realm of this paper. 
Details are available from many sources, but 
ISO/REMCO Guide 351~ or document IS0 5725’ are 

recommended. The statistical parameters calculated 
are: 

1 = the overall mean (excluding outliers) of the 
test programme results 

V[x’] = variance of x’ 
0 Lm = between-laboratories standard deviation of 

the measurement procedure, estimated by 
S Lrn 

(T, = within-laboratory standard deviation of the 
measurement procedure. estimated by S, 

The number of‘ laborutories und of repplicute deter- 
minations 

The number of laboratories, k, and the number of 

replicate determinations, n, of the test interlaboratory 
programme should ideally be selected according to 
the tolerable difference, A, between A, and x’ at the 
significance levels a and /l. The parameter s( is the 
probability of concluding that A, and x’ are statisti- 
cally significantly different when in fact they are not; 
/? is the probability of concluding that A, and x’ are 
not statistically significantly different when in fact 
they are. In practice, however, k and n are seldom 
decided upon in this way, and indeed there are 
no firm guidelines for choosing them. One 
recommendation4 is that k and n should be at least 8 
and 2, respectively. All laboratories should perform 
the same number of replicate determinations. 

The overall mean of the results of the inter- 
laboratory programme represents the best estimate of 
the value of that characteristic of the CRM by the 
measurement procedure. The accuracy of the 
measurement procedure is defined as the agreement 
between x’ and A,. The bias of the measurement 
procedure, 6, is 

c3=A,-- (4) 

and the variance of the bias is 

V[6] = V[.R] + 0; (5) 

Y[c5]=(&+$‘)/k +a& (6) 

Theoretically, the measurement procedure is free of 
bias if 6 = 0. In practice, however, 6 $0 but the 
statistical significance of 6 depends on the magnitude 

-M 0 M 

8=A,-x' 

Fig. I. Frequency distribution of 6 = A, - R. 
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of V[6]. The larger k and/or n, the smaller will be 
V[6] and the higher the likelihood that 6 is statisti- 

cally significant. In other words, increasing k and/or 
n increases the chance of being able to detect smaller 
measurement bias. If k and/or n are large enough. 
values of 6 may be obtained that are statistically but 
not practically significant, and it IS necessary to 
invoke a parameter, i., which is the minimum value 
of 26 which can be assumed to be practical 
significance. 

To clarify the concept of E., let us consider the 
frequency distribution of 6 = A, - f. 

The null hypothesis is that the measurement pro- 
cedure is unbiased. In that case the distribution of S 
has a mean of zero and variance V[6]. Figure 1 shows 
that even if the hypothesis is correct, there is a chance 
r that the measurement procedure will be rejected as 
being biased. For c( = 0.05, the acceptance criterion is 

/A, - R 1 5 2( V[S])“? (7) 

The alternative possibility is that the measurement 
procedure is in fact biased by an amount M. In this 
case the frequency distribution of 6 has a mean of M 
(or --M) and the same variance (Fig. I, broken 
lines), and the chance that the measurement pro- 
cedure is accepted as free from bias is /Ll. For fl = 0.05, 
the value of M will be 

M = 4( V[s])“1 (8) 

M is the minimum value of bias in the measurement 
procedure that can be detected from the inter- 
laboratory results at the probability levels a = 0.05 
and p = 0.05. 

For a given characteristic of a CRM, M decreases 
as V[x’] decreases (Le., as n and k increase); the 
minimum occurs at V[x’] = 0: 

Mln,” = 40, (9) 

The right-hand side of equation (9) is approximately 
the width of the 957; confidence interval of A,. In 
other words, a CRM cannot be used to detect bias in 
a measurement procedure if it less than the 
confidence interval of the estimate of A,. 

Sometimes the value of M,,, for a characteristic of 
a CRM is so small that it is practically insignificant. 
In this case, the measurement procedure can be 
accepted as practically free of bias if M is less than 
the critical value 1: 

1 2 M,,, 

> 4( V[S])“? (10) 

Le.. 

1. >4[oi+(4~m;o’ln)~;’ (11) 

On the assumption that the analytical method being 
tested for accuracy is as precise as the method(s) used 
to certify the reference material, uLm and 0, can be 
replaced by uL and Q,,, for the reference material, and 

Table 1. Certification and test programme statistical 
parameters 

Statistical parameters SCH-I ecu-I 

(A) Crrr$ficure durs 
Element Fe (total) Ag 
AL 60.75”,, I39 I’ g/g 
bw 0.09”,, 2.1 P&T/g 
OL 0.20% 7 5flglg 
oc 0 0017% 19P!zk 

(B) .$zrerlahorator,v programme 
60.67% 145.2 /Lg,‘g 

&l 0.10% I 12/1g,g 

Oh 0.06% 1 I’lcgig 
k 34 IO 
N III 20 
n = N/k 3.26 2 

a series of combinations of k and n can be computed 
for use in setting up a test programme. 

Assessment of accuraq 

The accuracy of the measurement procedure is 

checked by comparing the overall mean of the inter- 
laboratory program, x’, with the certified value of the 
CRM, A, by: 

IA,-x’[ <2Jm (12) 

where U: is the uncertainty associated with the CRM 
and is given by equations (l)-(3), and uh is the 
uncertainty associated with the overall mean of the 
interlaboratory comparison for the measurement 
procedure, and is given by 

o:, = (St, + S;n)/k (13) 

Two decisions are then possible. 

(I) If equation (12) is satisfied, the measurement 
procedure is accepted to be as accurate as those used 
to certify the CRM. There is only a 5% chance (or 
less) that the procedure is, in fact, biased by an 
amount 1 or greater. 

(2) If equation (12) is not satisfied, 1 A, - x’ 1 is 
statistically significant but if 1 A, - f 1 <i/2 the 
measurement procedure is sufficiently accurate for 
the intended purpose, whereas if 1 A, - 2 1 > 1/2 the 
measurement procedure is not sufficiently accurate 
for the intended purpose. 

EXAMPLES OF THE USE OF CRMs 

(I) A CRM, SCH-I,’ was used for assessing by 
interlaboratory comparison the accuracy of a method 
to determine total iron (ISO/TC 102/SC2 N768E). 

Table 2. Results for CRM CCU-I 

Trial Ag. pg/g Trial Ag. p gig 

I 147, I45 6 143. I45 
2 144. 143 7 147, 148 
3 147, 149 8 141, 143 
4 144, 143 9 147. 146 
5 145, 147 IO 145, I44 
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The pertinent statistical parameters are reported in The method may still be acceptable with respect to 

Table I. accuracy since 

IA‘ - R I G /./2 
Test for accuraq 

1 A, - x’ 1 = 60.75 - 60.67 = 0.08% Fe 
so i. = 2 x 6.2 = 12.4 pg/g Ag if the analyst accepts 
that the bias is not practically significant. 

rr; = V[A,] = 0.0017 By comparison, if the results for CCU-I are treated 

& = [St, + SQn]/k = 0.0002 
by the procedure of Sutarno and Steger’ as represent- 
ing a quasi “single-shot” investigation, the mean 

2,/m = 0.087% Fe value, R, would of course be the same as x’. The 

IA,-?1 <2Jm: 
criterion for validation of accuracy would then be 

the method is sufficiently accurate 
IA,-RI <22a,< lS.Opg/g 

and shows no bias. and since 1 A, - j? 1 = 6.2 pg/g Ag, the bias of the 

(2) A certified copper concentrate, CCU-l,h was 
used to assess the long-term accuracy of a combined 
fire-assay/atomic-absorption procedure for silver de- 
termination, the same analyst analysing duplicate test 
portions once each month over a period of 
lOmonths. The results are reported in Table 2; the 
estimated statistical parameters are summarized in 
Table 1. 

method is assessed as statistically insignificant. 
The two types of accuracy tests performed for 

CCU-I illustrate the greater power of the inter- 
laboratory programme procedure for detecting bias 
in an analytical method, and this is therefore the 
recommended procedure whenever the higher cost in 
terms of time and expense of such a programme 
warranted by the ultimate purpose of the method. 
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Summary-Tran.s-l,2-cyclohexanediaminetetra-acetic acid (DCTA) chelates of bismuth(III), iron(II1) and 
copper(U) have been separated by two techniques using reversed-phase paired-ion chromatography. In 
one, the chelates in aqueous solution were separated within 20 min on a 6.0 x 300 mm ERGODS column 
with IO-*A4 tetrabutylammonium ion (TBA+) in methanol-water mixture (45:55 v/v) as eluent. In the 
other, the metal ions in aqueous solution were separated within 10 min by direct injection into an 
ERGODS column with tOw2M TBA+/10m3M DCTA in methanol-water mixture (40:60 v/v) as eluent. 

There has been considerable interest in the use of 
high-pressure liquid chromatography (HPLC) to sep- 
arate and determine metal ions as complexes with 
various chelating agents such as dithiocarbamates,‘-” 
acety1acetone,‘2 dithizone,‘3s14 1 ,lO-phenanthro- 
line,‘s“6 and 4-(2-py~dy1azo)-r~sorcinoi.17.‘s A few 
reports on the separation of metal chelates of 
polyaminocarboxylic acids have appeared.19*m Jones 
et aL2’ reported the HPLC separation of Cu,(EGTA), 
Cu(NTA)-, CU(EDTA)~- and CU(CDTA)~-, with 
detection by atomic-absorption spectrometry. 
Hirowatari et al. I9 reported separation of EDTA che- 
lates by reversed-phase paired-ion chromatog~phy. 

Recently, HPLC separation and determination of 
metal ions by direct injection into an eluent contain- 
ing a chelating agent was reported.6.8 

In the present paper, separation of the DCTA 
chelates of bismuth(III), iron(II1) and copper(H) by 
reversed-phase paired-ion chromatography, by two 
techniques, is described. Although figands containing 
sulphur, such as dithiocarbamate, dithizone, etc., are 
easily oxidized by air, oxidation of DCTA by air is 
insignificant. The sodium salt of DCTA is easily 
soluble in water and reacts with bismuth(III), iron- 
(III) and copper(I1) to form stable water-soluble 
chelates which have a charge of - 1 for the bis- 
muth(II1) and iron(II1) chelates, and -2 for the 
copper(I1) chelate. These chelates form ion- 
association species with the tetrabutylammonium ion 
(TBA+). In addition, all three species have useful 
absorption bands in the ultraviolet region of the 
spectrum, and the elution behaviour can be un- 
ambiguously established by the use of an ultraviolet 
detector. These properties make DCTA well suited 
for the separation of bismuth(III), iron(II1) and 

*To whom correspondence should be addressed. 

copper(I1) by reversed-phase paired-ion HPLC by 
either of the techniques described below. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical-regent grade. 
Standard bismurh (III) solution. Made by dissolving I .96 

g of bismuth (99.999% pure) in about 10 ml of concentrated 
nitric acid and diluting to 250 ml with 0.8M nitric acid. 

Standard iron (III) solution. Made by dissolving 4.52 g of 
ferric ammonium sulphate 12-hydrate in 125 ml of 0. IM 
sulphuric acid and diluting to 250 ml with water. 

Standard cumer(ZI) solution. Made bv dissolvina 2.34 g 
of cupric sul~~ate.~ntahydrate in 125-m] of O.OiM su< 
phuric acid and diluting to 250 ml with water. 

These standard solutions were standardized by titration 
with EDTA solution. 

Standard DCTA solution, 0.005M. Made by dissolving 
1.8218 g of DCTA (Dojindo, Kumamoto) and 0.4 g of 
sodium hydroxide in water and diluting to 1000 ml. 

Acetate bu$er solution, pH 5.0. Made by mixing O.lM 
acetic acid and 0.1 M sodium acetate in appropriate propor- 
tions. 

Apparatus 

A Hitachi model 635A HPLC instrument with a 
wavelength-tunable effluent-monitor set at 254 nm was used. 
An ERC-ODS column (6.0 x 300 mm, Erma Optical 
Works) was employed. 

Procedures 

Method A. Aliquots of the standard metal solutions 
containing up to 470, 63 and 357 Ng of bismuth(III), 
iron(II1) and-copper( respectively, were pipetted into a 
25-m] standard flask, then 5.0 ml of DCTA solution and 2.5 
ml of acetate buffer solution were added and the mixture 
was diluted to volume with water and mixed. A 25.~1 
portion of this sample solution was injected by microsyringe 
into the HPLC column. A 0.012 solution of tetk 
butvlammonium bromide CTBA+Br-) in methanol-water 
mixiure (45:5J v/v) was u&-l as eluent; at a flow-rate of 1.0 
ml/min. The chelates in the cluate were detected by spec- 
trophotometry at 254 nm. 
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Fig. 1. Relation between k’ and methanol concentration in 
the eluent. Column ERC-ODS; flow-rate 1.0 ml/min; eiuent 

methanol-water (IO-*&4 TBA+Br-). 

Method B. Aliquots of the standard metal solutions 
containing up to 470, 42 and 143 c(g of bismuth(III), 
iron(M) and copper(I1). respectively, were pipetted into a 
2%ml standard tlask, and 5.0 ml of 0.~5~ potassium 
sodium tartrate (to prevent hydrolysis of the metalions) and 
then 2.5 ml of acetate buffer solution were added and 
mixture was diluted to volume with water and mixed. A 
25-~1 portion of this solution was injected by microsyringe 
into the column. A 10m2M TBA+/lO-‘M DCTA solution in 
methanol-water mixture (40:60 v/v) was used as eluent at 
a flow-rate of I .O ml/min. and the chelates were detected as 
in method A. 

RESULTS AND DISCUSSION 

The DCTA chelates of bismuth(III), iron(II1) and 
copper(I1) in aqueous solution have absorption max- 
ima at 267, 260 and 268 nm, respectively. In this 
study, the chelates in the eluate were all detected at 
254 nm although the sensitivity is higher at 268 nm. 

Separation of the metal chelates 

The effect of methanol content in the eluent on 
retention behaviour was studied, and the results are 
shown in Fig. I. The retention increased as the 
aqueous component in the eluent increased, which is 
consistent with theory. The optimum composition of 
the eluent was 45 : 55 v/v methanol-water. At lower 
methanol content, the retention continued to in- 
crease, but the peaks were broad and the retention 
volumes too large for practical work, particularly for 
the copper(I1) chelate. Figure 1 shows that the capac- 
ity factor, k’, for copper(I1) increases remarkably 
with decrease in methanol content, compared with 
the values for bismuth(M) and iron(lI1). This may be 
attributed to the difference in charge of the chelates, 
-2 for the copper(I1) chelate, and - 1 for the other 
two chelates. The effect of the TBA +Br- concen- 
tration on the elution behaviour of the chelates is 
shown in Fig. 2. As might be expected, the k’ value 
for the copper chelate increased with increasing 
concentration of the ion-pairing reagent, but the 
values for the bismuth(II1) and iron(111) chelates 

ly I 

0 00025 0005 0 0075 0 01 

[TEA’ Br-1, M 

Fig. 2. Relation between k’ and tetrabutylammonium bro- 
mide concentration in the eluent. Column ERGODS; 
flow-rate 1.0 mi/min; eluent methanol-water 45:5S v/v 

(TBA+ Br-). 

were almost constant at TBA+ concentrations higher 
than 2.5 x IO-‘M. Good resolution could be ob- 
tained with O.OlM TBA+ Br- as the pairing reagent, 
as shown in Fig. 3, but the free DCTA and nitrate ion 
in the sample solution gave peaks which overlapped 
the peak for the iron(II1) chelate. It was impossible 
to improve the resolution of these peaks by de- 
creasing the methanol content of the eluent. The 
retention volumes were 9.2 ml for bismuth(III), 9.8 
ml for iron(M) and 19.0 ml for copper(I1). The 
coefficients of variation of peak height were 1.3% for 
bismuth(III), 1.8% for iron(III) and 3.0% for cop- 
per(I1) for 12 measurements with 15.7 pg of bis- 
muth(III), 2.1 p(g of iron(II1) and 11.9 pg of cop- 
per(I1) per ml of sample solution. The elution order 
is the same as that observed for the metal-EDTA 
chelates by Hirowatari et aLI9 with IO-*M ammo- 
nium dihydrogen phosphate and 10-2M TBA+Br‘- 
(pH 3) in I : 9 v/v acetonitriie-water mixture as eluent, 
and a similar stationary phase. The amounts of 
bismuth(II1) and copper(I1) can be determined from 
the peak heights. The calibration graphs were linear 
up to 18.8 /*g for bismuth(fII) and 14.3 fig for 
copper(I1) per ml of sample solution. The detection 
limits were 37 ng for bismuth(II1) and 24 ng for 
copper(I1) in an injected volume of 25 ~1 of chelate 
solution (signal to noise ratio 5: 1). 

Separation of metal ions with DCTA/TBA+ Br- 

&en t 

To simplify the separation of the metal ions, an 
attempt was made to eliminate the need for a separate 
complexation step. Inclusion of the DCTA and 
TBA+ Br- in the eluent should permit direct injection 
of the metal-ion sample solution, with complexation 
and ion-pair formation taking place on the column. 
The conditions used for separation of the injected 
chelate mixture were tried but found unsuitabie. The 
optimum composition of the eluent medium was 
found to be 40:60 v/v methanol-water mixture. The 
separation of bismuth(III), iron(M) and copper(U) 
thus obtained is shown in Fig. 4. It is necessary to add 
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Retention volume, ml 

Fig. 3. Chromatogram of DATA chelates of Bi(III), Fe(III) and Cu(II). Metal-ion concentrations in 
aqueous solution bg/ml): Bi(III) 15.7, Fe(III) 2.1, Cu(II) 11.9. Eluent methanol-water 45: 55 v/v (10-2M 

TBA+Br-). 

potassium sodium tartrate (to give an overall 10e3M 
concentration) to avoid hydrolysis of the metal ions 
in the sample solution. The tartrate is easily displaced 
from the metal-tartrate complexes by the DCTA in 
the eluent. However, the tartrate absorbs slightly at 
254 mn and separation of the free tartrate ion and the 
DCTA chelate of iron(II1) is difficult. The k’ values 
of the DCTA chelates in the direct-injection method 

0.8 
Fe(lll) 

3 0.6 

2 
s 
4 
; 0.4 

E 
,o 
2 

0.2 

0 

0 5 10 I 

Retention vofume, ml 

U~III 

-I 

Fig. 4. Chromatogram of DCTA chelates of Bi(III), Fe(II1) 
and Cu(I1) formed in the column. Metal-ion concentrations 
in aqueous solution &g/ml): Bi(III) 18.8, Fe(II1) I .7, Cu(I1) 
5.7. Eluent methanol-water 40:60 v/v (lo-‘M DCTA, 

were 0.15 for bismuth(III~, 0.32 for iron(I11) and 0.56 
for copper(H), whereas with injection of the pre- 
formed chelates the k’ values were 0.55 for bis- 
muth(III), 0.69 for iron(II1) and 2.21 for copper(U). 
The addition of tartrate to the sample solution had 
no effect on the k’ values in the dir~t-injection 
method, so the peaks shown in Fig. 4 are not due to 
mixed tartrate/DCTA complexes or simple tartrate 
chelates. The fact that the k’ values are smaller in the 
direct-injection method may be due to the TBA+ 
pairing with the DCTA and preventing full formation 
of the metal-DCTA complexes. The analysis time is 
shorter for the dir~t-injection method and the peaks, 
particularly for the copper(H) chelate, are much 
sharper than those obtained by the chelate-injection 
method. However, if the packing in the column is 
soaked for a long time in eluent containing DCTA, 
the separation capability of the column falls 
significantly. Therefore, the use of DATA in the 
eluent requires somewhat more care in rinsing the 
column. 
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Summary-The signal-to-noise ratto of a polarimeter is considered for cases which include flicker noise. 
It is found that using good quality polarizers is essentral for detecting small rotations. A high-intensity 
light-source is also desirable, provided that the intensity can be stabihzed. The predicted detectability of 
2.8 x IO-’ degree with current instruments agrees with previously published experimental results. 

The measurement of small amounts of rotation in the 
polarization plane of light has many applications. 
Since optical rotation is an inherent characteristic of 
chiral molecules, many of which are biologically 
active, polarimetry has been used to study sugars in 
urine,‘~* cholesterol in blood,3 and the structures of 
components of fossil fuels.4 Polarimetry has also been 
used to measure absorption indirectly.’ In the study 
of atoms, polarization spectroscopy” has been shown 
to possess good sensitivity.’ A more fundamental 
application is the detection of small anisotropies due 
to weak neutral currents.’ Yet another application is 
in Raman-induced Kerr-effect spectroscopyP In each 
case, it is clear that the more sensitive the polarization 
detector, the more useful the technique. 

In the existing literature, there is some confusion as 
to how best to optimize the signal-to-noise ratio 
(S/N) for measurements of polarization rotation. 
One report indicates that low-quality polarizers are 
sufficient for obtaining good results.rO Another 
report’ finds that the quality of the polarizers is the 
key to high sensitivity. Some experimental arrange- 
ments call for a small offset from maximum ex- 
tinction,” but others depend on working at the point 
of maximum extinction.’ The problem is that S/N has 
only been considered either in the shot-noise limit” or 
in the flicker-noise limit,‘* but not in the intermediate 
region typical of many experiments. Furthermore, 
there is disagreement between equation (24) of Ref. 
10 and equation (13) of Ref. 12. It is apparent that 
a detailed analysis of the signal-to-noise ratio for 
each type of experimental arrangement is needed to 
allow proper optimization of the measurements. The 
results of such an analysis are presented in this paper. 

MODEL 

The signal obtained from a polarimeter can be 
derived by using the Jones matrix formalism.” Essen- 
tially, we are measuring the intensity of the light 
transmitted through a pair of “crossed” polarizers 
aligned along the x-axis and y-axis, respectively. 
Ignoring any attenuation in the polarizing element 

due to absorption or natural reflection, there is still 
a non-ideal behaviour, characterized by a parameter 
k,” which causes transmission even if the polarizers 
are perfectly crossed. The extinction ratio, defined as 
the fraction of light transmitted with the crossed 
alignment, is 

8 = Ik,12 + l&(2 (1) 

For the purpose of understanding the optimization, 
we can set k, = k, = k. If IO is the intensity of light of 
the correct polarization that enters the first polarizer, 
then the intensity of light transmitted, 1, is given by 

fT=10{2~k~2cos2(B+~) 

+(l +lk14)sin2(B +x)} (2) 

where 0 denotes the offset of the second polarizer 
from the crossed position, and x denotes the amount 
of rotation caused by the sample, placed between the 
polarizers. In equation (2) we neglect any depolar- 
ization due to circular dichroism in the sample. A 
more convenient form is obtained by combining 
equations (1) and (2): 

I* = 1, {c COG (e +x) 

+ [I + (E/2)*] sin’ (0 + x)} (3) 

The signal S due to the presence of the sample is 
readily identified as 

s = 1, ]f(e, X) -f (0, O)I (4) 

wherefis the functional relationship inside the braces 
in equation (3). If modulation is used in conjunction 
with a lock-in amplifier,’ the output is proportional 
to 

S’ = loOf(e + A, X) -f(0 -A, x)] 

- V(e + A, 0) -/(@ - A, O)lj (5) 

where A is the extent of modulation. For 0 = 0 and 
small rotations x in the sample, we can see that 
equation (4) gives a signal proportional to the square 
of the rotation, whereas equation (5) gives a signal 
directly proportional to the rotation. 
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A complete account of the noise in a given experi- 
ment is usually very difficult. We can, however, sort 
out different types of noise according to their func- 
tional behaviour. Shot noise is simply fi, if I is in 
units of number of photons observed during the time 
of data-acquisition. Flicker noise, (or proportional 
noise, including certain amplifier noise, laser intensity 
fluctuations and beam misalignment variations) is 
given by AI, where A is a fractional constant that 
depends on the experiment. Other types of noise from 
the electronics may show no intensity-dependence, 
and can be characterized by a parameter B. So, the 
total noise N is given by 

N=,/I+A212+B2 (6) 

In equation (6) we have merely classified noise into 
three types, according to its dependence on I. The 
actual behaviour of noise can be quite complicated. 
However, equation (6) is sufficient for a semi- 
quantitative understanding of signal-to-noise ratios 
in experimental design. The combination of the three 
types of noise in equation (6) is based on a previous 
treatmentI which showed that 

NAB = (N; + N; + 2CNANB)‘12 (7) 

where NAB is the combined noise from two sources, 
NA and Na, and C is a correlation coefficient that 
ranges from zero to unity depending on the relation 
between the sources of noise. Here, we chose C = 0 
to provide an estimate of the combined noise in the 
general case when they are not correlated. In 
situations where the sources of noise are correlated 
(e.g., errors in photon counting at high intensities), 
we must use C = 1 to show the worst-case behaviour. 
Equation (7) then reduces to a linear sum, and the 
noise sources can no longer be distinguished in 
equation (6). 

Explicitly, I is the signal (number of photons) 
obtained without the sample rotation x. For equation 
(4) and (5). we then have 

I= M-(&O) (8) 

We note that by using a lock-in amplifier, we can 
optimize A and B in equation (5) by providing 
measurements at a frequency that can be selected. 
However, A is never completely eliminated, even with 
the best double-beam arrangement with modulation. 
For small modulation (A) and small signals (x), 
equation (5) reduces to S’ = 41,Ax cos 6. We should 
therefore always work with zero offset of the second 
polarizer from the crossed position (0 = 0), since S’ 
is then maximized and I and thus N is minimized. 
When modulation is used, instabilities in the modu- 
lation depth will also contribute to the total flicker 
noise. 

RESULTS AND DISCUSSION 

On the basis of equations (4), (6) and (8), we can 
calculate the signal-to-noise (S/N) ratio for various 

combinations of 0, x, I,,, A and B. For typical 
experiments, the constant electronic noise B can be 
eliminated from consideration. For example, we can 
increase the gain of the phototube to obtain a signal 
that makes the contribution from B negligible. In all 
cases S/N increases with x. To make useful com- 
parisons, we can determine the S/N per degree of 
rotation by the sample (x) as x becomes infinitely 
small. The reciprocal of the numerical result then 
gives the sample rotation needed to produce S/N = 1. 

It has already been shown in previous workI that 
if A = 0, i.e., in the shot-noise limit, the maximum 
value for S/N is independent of E for E < lo-‘. The 
optimum angle 8, however, depends on E, and varies 
from 9.07” for E = 6.5 x 10m4 to 0.18” for E = lo-lo. 
With A # 0, the situation is quite different. This is 
because for 500-nm light, the shot noise for a I-ptw 
light-beam is only about 1 part in IO6 in 1 sec. This 
is substantially smaller than the fractional flicker 
noise in most light-sources. To maintain good de- 
tection in polarization rotation, we need to keep the 
light flux reaching the phototube as small as possible, 
so that the total flicker noise can be reduced. For the 
more stable laser sources, a fractional flicker noise of 
A = lo-’ is typical. This implies that we should try 
to approach 0.4 pW of power at the phototube while 
maintaining as high a power level as possible at the 
sample. Even with intensity stabilization and/or 
double-beam optics, A is rarely below 10m4. An 
excellent set of polarizers at the crossed alignment is 
thus needed. 

To put things in more quantitative terms, we have 
plotted in Fig. 1 the dependence of BoPt, the offset 
angle at which S/N is optimized, as a function of the 
flicker-noise parameter, A, in equation (6). A value of 
E = 10m6 is chosen because this is typical of good 
commercial polarizers. The light intensity, I,, chosen 
is 5 pW, a power level that can easily be achieved. 
The B term, as discussed earlier, has been neglected. 
Figure 1 is obtained by numerical simulation. Briefly, 
for a given set of conditions, S/N is determined from 
equations (4), (6) and (8) for a range of 0 values, and 
eoP, is determined by comparison. Figure 1 shows that 
A affects eopr substantially. When the flicker noise is 
large, we should work with the polarizers nearly in 
crossed alignment, even though that is not the case 
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Fig. 1. Dependence of the optimum offset angle (degrees) on 
the flicker noise: E = 10m6, I0 = 5 pW. 
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for the shot-noise limit.” Only when A is quite small 
can we gradually approach the same OoP, as in the 
shot-noise limit, and only when A is quite large can 
we use equation (11) of Ref. 12. For higher laser 
powers, A will be even more dominant in con- 
sideration of S/N, and O,,, remains small until A 
becomes substantially smaller than the values shown 
in Fig. 1. In either case, even though eoPt does not 
change much at large A values, S/N at BoPt changes 
substantially. It can easily be seen that for large 
values of A, the optimum S/N is roughly inversely 
proportional to A. 

Table 1. Optimized S/N values per millidegree 
of sample rotation in polarimeters 

ID 

5PW 5mW 50 mW 

E = IO-6 
A = IO-’ 1.75 1.75 1.75 
A = IO-“ 87.5 174 176 

E = 10-10 
A = 1O-2 92 190 190 
A = lO-4 124 3610 9200 

For a given A, the main effect of varying E is to provements can be made by using high-quality polar- 
change the intercept in Fig. 1. For example, the izers. For a stable light-source or one with double- 
minimum for f3,,, when E = 6.5 x 10m4 is 1.47”. This beam compensation (A = 10m4), however, the 
is because for such a set of polarizers, moving 1.47” advantage of high-quality polarizers will become 
away from the crossed alignment does not substan- significant only if a high light-intensity is available. 
tially change the transmitted light intensity. It is thus Conversely, a high-intensity light-source is not re- 
possible to increase the signal without introducing quired unless the polarizers are of high quality and 
additional noise by moving away from extinction. the source intensity is stable. The best experimental 
However, the optimized S/N does improve with detectability’ obtained in our laboratory for E = lo-r0 
better polarizers, in contrast to the case for the and IO = 5 mW is 1.3 x 10e6 degree. There, the inher- 
shot-noise limit. A quantitative picture of this re- ently noisy cw laser is effectively stabilized by polar- 
lationship is shown in Fig. 2, which is constructed by ization modulation,’ which effectively provides 
fixing A at 0.01 and IO at 5 mW. It is clear that within double-beam compensation, to a level approaching 
the range shown, there is a linear dependence of A = 10w4. Considering that E is degraded somewhat 
log f3 on log E, with a slope of -0.510. For com- owing to the presence of an additional liquid cell 
parison, at the shot-noise limit, the slope should be between the polarizers, the agreement with the pre- 
-0.250. The fact that the values differ by a factor of dicted value of 2.8 x lo-’ degrees (from the second 
2 is accidental. This slope naturally changes gradually entry in the last row in Table 1) is excellent. It is 
from the shot-noise limit when A = 0 to larger nega- interesting to note that the optimal S/N is predicted 
tive values when A increases. Figure 2 again shows for 8 = 1.6 x 10e3 degrees, which is an insignificant 
that we should work more closely to crossed align- offset from the crossed alignment, given the mechan- 
ment than is suggested by considering only shot- ical rigidity of typical optical mounts. For exactly 
noise. The difference between the value of -0.510 crossed alignment, however, the S/N drops from 
here and that of -0.500 in Ref. 12 is significant. In 3610 to 340. This implies that finely adjustable rota- 
the intermediate region, when both shot noise and tional stages are desirable in polarimeters. Table 1 
flicker noise contribute, equation (11) in Ref. 12 is not also shows that additional gains in S/N are possible 
strictly valid. by further stabilization of the intensity of the laser. 

The S/N values from these calculations can be used 
to estimate detectabilities in polarimeters with a given 
set of E, 1, and A values. Some representative situ- 
ations are shown in Table 1. For a light-source with 
significant flicker noise (A = lo-*), substantial im- 
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In summary, we can see that the inclusion of even 
small amounts of flicker noise when considering S/N 
in polarimeters leads to results very different from 
those obtained when only shot-noise is included.” 
Neglecting shot-noise I2 is also not appropriate for 
typical experimental conditions. Optimization is 
possible by using high-quality polarizers in conjunc- 
tion with moderate light-intensities and intensity 
stabilization. 
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Summary-The influence of the following surfactants on the peak of copper in 0.2M EDTA at pH 4.5 
was investigated: polyoxyethylated alkylphenols having an average of 3 and 9.5 ethylene oxide units; 
polyoxyethylene alcohols having 4 and 7 ethylene oxide units; poly(ethylene glycols) having M.W. 4000, 
9000 and 20000; hexadecyltributylphosphonium bromide (HDTBPB), tetraphenylphosphonium bromide 
(TPPB), N,N,iV,N’,N’,N-hexamethylhexamethylenediammonium bromide (HMB), benzyl(di-isobutyl- 
phenoxyethoxy)dimethylammonium chloride (Hyamine 1622), hexadecyltrimethylammonium bromide 
(HDTMAB), hexadecyldimethylbenzylammonium chloride (HDDMBAC) and tetrabutylammonium 
chloride (TBAC). HDDMBAC, as well as all the substances examined which contained an ethylene oxide 
chain, completely suppressed the copper peak. HDTBPB and TPPB partially suppressed the peak, whereas 
HDTMAB, HMB and Hyamine 1622 enhanced it. TBAC was without effect. In 0.2M EDTA at pH 4.5 
containing TBAC at O.OlM concentration and 10 ppm of Rokafenol N-3, Cu(II), Pb(I1) and Bi(III) can 
he tolerated at concentrations of up to O.O5M, the height of the thallium peak being unaffected. The 
precision of the determination (3-10%) and the recovery are satisfactory. A IO)-fold ratio of Fe(III) to 
Tl(I) does not interfere with the determination. 

Because copper is relatively noble compared to most 
metals, it is deposited along with the others at the 
deposition stage of all stripping methods. Usually, 
small amounts of deposited copper do not influence 
the determination of other metals, but the formation 
of intermetallic compounds of copper with zinc and 
cadmium seriously affects the determination of these 
metals.‘” The most severe hindrance to the deter- 
mination of metal ions in stripping methods is the 
presence of a high concentration of copper, which 
makes determination impossible because of the large 
background current produced by the reduction of 
copper to the metal, while the other metals are 
already being oxidized. Similar difficulties connected 
with the presence of a high concentration of bis- 
muth(III), which has a similar position in the electro- 
chemical series, have been overcome by means of 
“electrochemical masking” with tetrabutylammo- 
nium chloride and a strongly complexing base elec- 
trolyte.’ The simultaneous use of surfactant action 
and the complexing properties of the base electro- 
lyte leads to the best results. It is possible in this way 
to determine thallium in the presence of lead8 or 
of cadmium,9 as well as lead in the presence of 
cadmium,’ without any prior separation. 

Of these elements usually determined by stripping 
methods, only thallium is not affected by the surfac- 

*Author for correspondence. 

tant. This is because of the small value of the ionic 
potential (the ionic charge divided by the ionic 
radius) of thallium(I). Such a situation offers the 
possibility of eliminating the influence of all other 
metals on the determination of thallium by stripping 
methods, and of developing a highly selective or even 
specific method for the determination of thallium. 

The aims of this work were (i) to find the con- 
ditions for “electrochemical masking” of high con- 
centrations of copper(I1); (ii) to select conditions for 
the determination of thallium in the presence of a 
large excess of copper( and simultaneously to 
maintain those conditions necessary for the deter- 
mination of thallium in the presence of large amounts 
of other metals, specifically lead and bismuth, i.e., to 
take the next step towards developing a specific 
method for the determination of thallium. 

The search for the most effective surfactant cov- 
ered ethoxyalkylphenols and ethoxyalcohols having 
different numbers of ethylene oxide units, poly- 
(ethylene glycols) having different molecular weights 
(but > 2000 since PEGS with lower molecular weight 
are ineffective”), as well as a group of ammonium 
salts and phosphonium salts having different degrees 
of symmetry. The anionic surfactants are not good 
for such purposes, ‘I and were therefore not examined. 

The investigations were done with an EDTA solu- 
tion at pH 4.5 as the base electrolyte, since this is 
necessary for the determination of thallium in the 
presence of excesses of lead, bismuth and cadmium. 

1101 
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EXPERIMENTAL 

Apparatus 

A Telpod (Poland) pulse polarograph model PP-04, de- 
signed by Kowalski et al., was used. Voltam~rograms were 
displayed on an Endim (GDR) 620.02 XY-recorder. The 
differential pulse amplitude was 100 or 50 mV and the 
scan-rate 11.1 mV/sec. Radiometer controlled-temperature 
Kemula electrode equipment was used. The surface area of 
the hanging mercury drop was 2.1 mm2. 

Reagents 

The non-ionic surfactants Triton X-100 (Merck), Roka- 
fenol N-3, Rokanol KO-4 and Rokanol K-7 (Rokita), 
poly(ethyleneglycols) of M.W. 4000, 9000 and 20000 
(Fluka), and the cationic surfactants N,N,N,N’,N’,N’- 
hexamethylhexamethylenediammonium bromide (HMB) 
(Fluka), benzyl(di-isobutylphenoxyethoxy)dimethylammo- 
nium chloride (Hyamine 1622) (Serva), hexadecyltrimethyl- 
ammonium bromide (HDTMAB), (Merck), tetrabutyl- 
~monium chloride (TBAC) (Fluka), hexad~yldimethyl- 
benzylammonium chloride (HDDMBAC) (Fluka), hexa- 
decyltributylphosphonium bromide (HDTBPB) (Fluka) and 
tetraphenylphosphonium bromide (TPPB) (Merck), were 
used without additional purification. 

The supporting electrolyte was 0.2M EDTA, prepared 
from the analytical grade reagent, with the pH adjusted to 
4.5 2 0.1 with el~trolytically purified potassium hydroxide 
solution. The standard solutions of Tl(I), Cu(II), Pb(II) and 
Bi(II1) were prepared by dissolving the purest metals avail- 
able. Solutions with concentrations below 1 mM were pre- 
pared just before measurement, All solutions were prepared 
in water triply distilled in quartz apparatus. 

Procedure 

The solutions examined were deaerated by passage of 
purified nitrogen and were brought to 2OrtO.2” before 
measurement. In all the experiments preconcentration was 
done at a potential of -0.700 V vs. SCE for 300 or 600 set, 
with the solution stirred. The voltamperograms were 
recorded after a 30-set quiescent period. 

RESULTS AND DISCUSSION 

The influence of seven non-ionic and seven cationic 
surfactants on the stripping peak for 10-5M copper 
in 0.2M EDTA at pH 4.5 was investigated by adding 
increasing concentrations of surfactant. Concen- 

trations of non-ionic surfactants are expressed in 
parts per million because the commercial materials 
are polydisperse technical products. Concentrations 
of the eationic surfactants can be expressed as mol- 
arities because they are pure chemical compounds, 
Because the cationic surfactants are more soluble 
than the non-ionic surfactants in water they could 
be investigated at high concentrations. The results 
relating to the non-ionic surfactants are given in 
Table I, and for cationic surfactants in Table 2. 

AI1 the non-ionic surfactants suppress the copper 
peak to much the same extent, and shift it in the 
anodic direction. Rokafenol N-3 shows the most 
pronounced effect of this group of surfactants and 
can completely suppress the copper peak. 

In contrast, the cationic surfactants exert widely 
differing suppressive effects, as can be seen from 
Table 2: only HDDMBAC strongly suppresses the 
copper peak, whereas both phosphonium salts 
(HDTBPB and TPPB) have little effect, in spite of the 
great differences in structure of these substances. 
Symmetrical TBAC has virtually no influence on the 
copper peak, and the ~maining quaternary ammo- 
nium salts (HMB, Hyamine 1622 and HDTMAB) 
enhance the peak, especially HDTMAB. 

It seems that the enhancement of the peak is 
attributable not to a greater amount of copper being 
deposited, but rather to the greater polarographic 
reversibility in the presence of surfactant (i.e., there 
is an acceleration of the electrode process). Addi- 
tional evidence for this explanation is provided by the 
shift of the peak in the cathodic direction in the 
presence of the surfactants in question. A similar 
effect of increase in peak height in the presence of 
surfactant has been observed for In(II1) and Sn(IV) 
in the presence of long-chain amines and ammonium 
salts.‘* 

It is very interesting to compare the action of 
HDTMAB, HDDMBAB and Hyamine 1622 on the 
copper peak. The chemical structures of the first two 

Table 1. The effect of non-ionic surfactants on the relative peak height (ia and 
peak potential (E,,) of copper in 0.2M EDTA at pH 4.5 

Surfactant concentration, ppm 

Surfactant 

Rokafenol N-3 

Triton X-100 

Rokanol KO-4 

0.01 0.05 0.10 0.50 1.00 5.00 10.0 

ix 
--kP 

iz 

Rokanol K-7 

PEG 4000 

PEG 9000 

-$ 
ix 

PEG 20000 

-$ 
ix n 

-$ 
ix 

4, 
r” 

-$ 
ix 

-6 

0.98 0.81 0.60 0.30 0.20 0 0 
0.22 0.20 0.17 0.13 0.08 - - 
0.86 0.73 0.53 0.14 0.10 0.05 0.01 
0.22 0.21 0.20 0.17 0.14 0.10 0.09 
0.90 0.60 0.43 0.20 0.11 0.06 0 
0.21 0.20 0.19 0.13 0.12 0.11 - 
1.00 1.00 0.60 0.43 0.12 0.03 0 
0.22 0.22 0.20 0.17 0.10 0.05 - 
0.90 0.69 0.42 0.22 0.16 0.09 0.02 
0.22 0.20 0.18 0.17 0.15 0.13 0.12 
0.92 0.70 0.44 0.26 0.15 0.07 0.04 
0.22 0.21 0.19 0.16 0.15 0.14 0.13 
0.94 0.74 0.50 0.28 0.18 0.10 0.05 
0.22 0.20 0.18 0.16 0.15 0.14 0.13 

The concentration of copper was 10pM; deposition potential -0.700 V us. SCE; 
deposition time 300 set; differential-pulse amplitude 100 mV. 



DPASV determination of thallium 1103 

Table 2. The effect of cationic surfactants on the relative peak height (i;) and 
peak potential (E,) of copper in 0.2M EDTA at pH 4.5 

Surfactant concentration, PM 

Surfactant 1.00 5.00 10.0 50.0 100 500 1000 

HDTBPB ix 
-& 0.85 0.15 0.33 0.12 0.42 0.12 0.58 0.13 0.65 0.14 0.78 0.14 0.82 0.14 

TPPB i” 
-& 0.22 1.00 0.22 1.00 0.21 0.88 0.82 0.21 0.75 0.20 0.65 0.19 0.51 0.18 

HDDMBAC ix 
-%r, 0.41 0.20 0.13 0.20 0.08 0.20 0.07 0.19 0.06 0.19 0.18 0.04 0.02 0.18 

HMB ix -$ 0.22 1.00 0.22 1.00 0.23 1.08 0.24 1.16 0.25 1.17 0.26 1.20 0.27 1.37 

Hyamine 1622 ix 
-& 

1.08 1.25 1.28 1.96 2.36 2.92 2.17 
0.22 0.20 0.19 0.15 0.17 0.18 0.19 

HDTMAB ix 
-Lr 0.20 2.00 0.17 3.43 0.18 3.94 0.22 2.36 0.22 3.29 0.23 3.61 4.01 0.24 

TBAC ix 
-kp 0.22 1.00 0.22 1.00 0.22 1.00 0.22 1.00 0.22 1.00 0.99 0.22 0.99 0.22 

Concentration of canner. denosition ootential and time, and the differential-pulse 
amplitude as for Table i. 

differ solely in the substitution of a methyl group 
in HDTMAB by a bcnzyl group in HDDMBAB, 
but this difference results in peak enhancement by 
HDTMAB and total suppression by HDDMBAB. 
Both HDDMBAB and Hyamine 1622 contain an 
N,N-dimethyl-N-benzyl unit, but the hexadecyl 
group in HDDMBAB is replaced by the di-isobutyl- 
phenoxyethoxy group in Hyamine 1622: the latter 
gives rise to peak enhancement for copper, though 
not so marked as that with HDTMAB. 

It is worth noting the differing effects of these 
surfactants on the stripping peaks for other metal 
ions. TBAC suppresses the peaks of lead and 
bismuth’.r but has almost no effect on the copper 
peak. Such differentiation is very valuable from the 
analytical point of view because it offers the possi- 
bility of finding selective “electrochemical masking” 
agents. 

Complete suppression of the copper peak can thus 
be achieved by adding any one of the seven non-ionic 
surfactants or HDDMBAC. The next step was to 
determine the maximum concentration of copper(I1) 
which could be totally masked to permit the deter- 
mination of thallium. When 0.2M EDTA at pH 4.5 
containing 10 ppm of Rokafenol N-3 (the best of the 
investigated surfactants) and TBAC at the O.OlM 
level (to suppress the peaks from lead and bismuth) 
was used as supporting electrolyte and the concen- 
tration of thallium was kept constant at 25nM 
(100 ng in the sample volume used) and the concen- 
tration of copper was varied within the range 
OS-SOmM, in all the voltamperograms only the 
thallium peak was visible and both its height and 
potential remained unchanged. Thus, it is easy to 
determine 25nM thallium in the presence of O.OSM 
copper. 

An example of the “electrochemical masking” of a 
large excess of copper and the determination of 
thallium in this way is seen in Fig. I. In the presence 
of a small excess of copper the determination of 

thallium is possible without masking (curve n), but 
the large copper peak does dominate the volt- 
amperogram. The addition of 10 ppm of Rokafenol 
N-3 completely suppressses this peak, resulting in 

--~ _____~ 
-0.7 -E(V) 60 

Fig. 1. Differential pulse anodic-stripping voltamperograms 
for (a) 1OnM T](I) + 1OOnM Cu(I1); (a’) as for a + 10 ppm 
Rokafenol N-3; (b) IOnM Tl(I) + 5mM Cu(I1); (b’) as for 
b + 1Oppm Rokafenol N-3. Base electrolyte 0.2M EDTA 
+ 10 mM TBAC at pH 4.5. Deposition potential -0.700 V 
us. SCE; deposition time 600 set; differential-pulse ampli- 

tude 50mV. 
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Table 3. The determination of thallium in the presence of large amounts 
of conoer. lead and bismuth 

Added 
Number ~ Tl Std. Rel. std. 

of Cu, Pb. Bi, Tl. found, devn.. devn., 
Series tests mR m% mx nR n.e n.e % 

I 5 20 - - 20 19 1.9 9 
II 3 40 - - 20 19 0.6 3 
III 5 20 - - 100 101 1.9 8 
IV 5 20 - - 200 202 7.6 4 
V 3 40 40 40 20 22 2.0 10 

Base electrolyte 0.2M EDTA + 1OmM TBAC + 10 ppm Rokafenol N-3 at pH 
4.5. Differential-pulse amplitude 50 mV; deposition potential and time as 
for Table 1. Significance level 95%. 

curve a’. In the presence of large excess of copper, a 
very high background current is observed, which 
makes the determination of thallium impossible 
(curve b). The addition of 10 ppm of Rokafenol N-3 
still masks the copper without changing the thallium 

peak (curve b’). 
The precision and recovery for the determination 

of thallium in the presence of a large excess of copper 
were next examined: the results are given in Table 3. 
Table 3 also gives results which illustrate the possi- 
bility of determining traces of thallium in the pres- 
ence of high concentrations of lead, bismuth and 
copper. As can be seen, the precision for the deter- 
mination of thallium in the presence of a 106-fold 
ratio of copper is typical for such voltammetric 
measurements and the recovery is good. Also, the 
combined presence of Pb(II), Bi(II1) and Cu(I1) in 
very great excess [2 x lo6 ratio to Tl(I)] does not 
affect the determination of thallium in the supporting 
electrolyte used. 

Unfortunately, the addition of Rokafenol N-3, or 
of any of the other ethoxy compounds, makes the 
determination of thallium in the presence of Fe(II1) 
worse. The ratio of Fe(II1) to TI(1) should not exceed 
103. Such a limit does not hinder the determination 
of thallium in materials of high purity, in which there 

should not be more than 30 ppm of iron; however, in 
analytical and reagent grade chemicals this limit will 
be an obstacle to the use of this method. 
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Summary-The properties of the new chelate-forming “POLYORGS” sorbents for concentration of noble 
metals are discussed. POLYORGS are made from different polymeric matrices (polystyrene, copolymers 
of styrene with divinylbenzene, fibrous materials). They contain heterocyclic amine and amidoxime 
groups, and are selective for noble metals. Some methods of noble metal determination after preliminary 
concentration of POLYORGS sorbents are given 

The determination of noble metals in various materi- 
als usually requires their preconcentration and often 
their separation from other elements. Several meth- 
ods are available for this purpose. The sorption 
methods are widely used and are the most effective.’ 
The selectivity of the sorbents used is dependent on 
the complex-forming groups they contain. As the 
noble metals have a greater tendency than other 
metals to form complexes, the complex-forming sor- 
bents are particularly useful in this respect.2.3 Many 
types of selective sorbents are available, but those 
based on polymeric organic matrices have some 
interesting properties.4 Table I lists some chelating 
sorbents which are important for preconcentration 
and separation of noble metals. These sorbents are 
based on various polymeric matrices, and have 
different functional groups. They may be used in the 
form of beads, powder or fibres. 

The high selectivity of these sorbents for the noble 
metals is mainly achieved by the use of nitrogen and 
sulphur as donor atoms (Table I), but the sorbents 
which do not contain sulphur atoms are the most 
selective in the presence of Cu, Ni, Co, etc. The 
chelating sorbents containing nitrogen-heterocycle 
groups are highly selective for noble metals.“ Addi- 
tional selectivity with respect to base metals is secured 
by varying the acidity. 

The efficiency of sorbents for analytical purposes 
depends on their kinetic characteristics, convenience 
of application, and ease of combination with deter- 
mination methods.* 

This paper describes the properties of some new 
chelating sorbents (POLYORGS*) which are im- 
portant for selective concentration of noble metals, 
and gives examples of applications. 

PROPERTIES OF POLYORGS 

POLYORGS are obtained by the introduction of 
complexing functional groups into linear polystyrene, 
macroporous styrene+livinylbenzene copolymers, 

*Trade-mark. 

poly(vinyl alcohol) and polyacrylonitrile fibres, and 
other matrices. 

Some characteristics of the sorbents are given in 
Table 2. POLYORGS have high capacity for noble 
metals, are stable in highly acid and alkaline solu- 
tions, and can be used for sorption over a wide range 
of acidity and temperature. Either batch or column 
methods can be used. The complete preconcentration 
of a group of noble metals (including rhodium and 
iridium takes l-2 hr (Table 3). 

POLYORGS are highly selective for noble metals 
in the presence of non-noble metals (Table 4). The 
most interesting are POLYORGS IV, V and VI. 
Preconcentration is complete in presence of cop- 
per(I1) up to a concentration of at least 50 g/l., 
nickel(I1) and cobaIt(I1) up to 100 g/l., and iron(II1) 
up to 10-20 g/l. POLYORGS V has the highest 
selectivity, especially in the presence of iron(III). 
These base metals are only very slightly sorbed 
[copper, nickel and cobalt 0.02%, iron(II1) 2%], so 
they have practically no influence on the subsequent 
determination of the noble metals. Other base metals 
(Al, Ca, Mg, etc.) are not sorbed at all from highly 
acidic media. 

Their high sorption capacity and selectivity allow 
POLYORGS to be used for preconcentration of 
noble metals from solutions of complex composition, 
e.g., the solutions obtained after opening out of 
rocks, ores, minerals and alloys, or industrial process 
solutions, etc. 

The sorption is usually done in I-3M hydrochloric 
acid medium under static conditions. Sulphate and 
formate solutions are especially difficult to analyse, 
however, and need preliminary treatment before the 
sorption step;39.40 for large solid samples it is neces- 
sary to make a preliminary fusion with copper-nickel 
alloy or lead or nickel sulphide, followed by dis- 
solution and selective sorption of noble metals by 
POLYORGS sorbents.36.38,4’ -43 

POLYORGS are especially useful for group sepa- 
ration and concentration of noble metals for sub- 
sequent determination by selective physical methods, 
such as a kinetic, spectrophotometric method,” 

I I05 
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Table I. Chelate sorbents for precon~ntration and separation of noble metals 

Sorbent 
Structure of Polymeric 

chelate group matrix 
Metals 
sorbed References 

Polynitroxaminazo Polystyrene Au, Pd 5 

Polystyrene Pt. Pd. Rh 
Ir, Ru, OS, 
Au, Ag 

6.7 

o=c--NH 

-@J--N \/I-S =N-A" ! 
S 

Polystyrene- 
azorhodanine 

Polystyrene Pt, Pd, Rh, 
Ir, Ru. Au 

8 

9 

IO-12 

--(Q-- CH2-HN 0 2 NO 

POLYORGS II Macroporous 
copolymer of 
styrene-DVB 

Pt. Pd. Au 

Mtilon T Copolymer of Pt, Pd, Rh, 
cellulose- Ir, Ru, Au, 

acrylonitrile Ag, Ng ,//c -NH, 

-CH- 

Copolymer of Pd, Pt, Rh, 
PVA-acrylonrtrile Ir 

Is-15 

1621 

PVA-fibres with 
thioamide groups //-NH2 --ci- HNH 

CH,-S-C 

\ N”, 

Pt, Pd, Ir, 
Rh, Ru, OS, 
Au, Ag 

SRAFION NMRR Copolymer of 
styrene-DVB 

CO-HN 

I 
--cl 

0 
Sorbent with 
formazan groups 

R\2 
/‘\ R, 

N N / 

Pt, Pd, Rh, lr, 
Ru, Au, Ag 

Macroporous 
styrene-DVB, 

cellulose, 

22-24 

Pd, Ag 25 Sorbent with 
isonitro~a~tamide 
groups 

o -NH-CO-CH=NOH 

Styrene-DVB, 
polycondensate 

of ~-aminophenol 
with formaldehyde 

Gnanidine 
sorbent 

-_NH--C//NH \ Styrene-DVB Pt, Pd 26 

27-29 GMA-EDMA-IDA/ 
/ 

CH, -COOH 

-N 
\ 

CH,-COOH 

Glycidyl 
methacrylate- 

ethylene 
dlmethacrylate 

Pt. Pd, Rh, 
Ir 
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Table 1. Continued 

Structure of Polymeric 
chelate group matrix 

NH-C=0 

Metals 
sorbed 

1107 

References 

Polystyrene-DMABR /!, ,;=CH-@=j)-NK,,,, f$;;z;; Ag 3o 

S S 

-c=o 

Polyhydroxamic I Copolymer Au, Ag 31 
sorbent N-OH acrylonitrile- 

/ ethylacrylat~DVB 
R 

atomic-abso~tion,4s neutron-activation~6 X-ray 
fluorescence46 and atomic-emission spectrometry.47 
The sorbent can be destroyed by ashing at 
450-500”,3g~48 or heating with perchloric-sulphuric- 
nitric acid mixture” to recover the elements sorbed. 
Dry ashing is convenient before emission spectro- 
metry. 3g.4g Table 5 gives examples of applications to 
various types of sample, and some procedures are 
outlined below. 

POLYORGS IV 

Determination of noble metals in rocks, ores and other 
products 

Method 1. A W-100 g sample is mixed with nickel oxide, 
sulphur and fluxes (sodium carbonate, borax, silica) and 
heated in a glassy carbon crucible at 100~1050” for 1 hr. 
The composition of the mixture varies according to the typ 
of sample (Table 6). The nickel sulphide produced is sepa- 
rated from the slag, which contains small amounts of 
platinum metals and requires remelting. The nickel sulphide 
obtained (15-20 g) is accurately weighed, then crushed and 
ground, and a 5-g p&on is weighed into a 150-200 ml 
beaker, then 50 ml of concentrated hydrochloric acid are 
gradually added and the mixture is boiled until the sample 
is completely dissolved. All the base metals and some 
palladium pass into solution. The solution is evaporated 
almost to dryness, then 20 ml of aqua regia are added and 
the mixture is boiled for 30 min. The solution is evaporated, 
20 ml of hydrochloric acid are added and the solution is 
again evaporated; this step is repeated. T’he residue is taken 
up in 100 ml of 1M hydrochloric acid, then 0.2 g of ground 
POLYORGS IV is added and the mixture is boiled gently 
for 2 hr. After cooling, the sorbent is filtered off and washed 
with 1M hydr~~o~c acid, then water, until all nickel salts 
are removed. The filter and sorbent are put into a beaker, 
8-9 ml of a 1: 1: 1 v/v mixture of concentrated perchloric, 
sulphuric and nitric acids are added, the beaker is covered, 
and the mixture is boiled until the organic material is 
completely decomposed. The acids are then evaporated and 
the residue is heated with 10 ml of aqua regiu for W-15 min. 
The acids are then evaporated and 10 ml of concentrated 
hydrochloric acid are added and then evaporated (this step 
being repeated). The residue is dissolved in 1 ml of 2M 
hydr~hlo~c acid, and 0.3, 0.1 and 0.5 ml portions are 
transferred into separate 50-ml for catalytic determination 
of Pd, Rh and Ir respectively.38 

Method 2. A 3-10 g sample is heated in a Teflon beaker 
with six times its weight of ammonium bifluoride on a 
sand-bath until practically all the silicon present has been 
removed as SiF, (or H,SiF,). Then 25 ml of concentrated 
hydrofluoric acid are added to the residue and the remainder 
of the silicon removed. The residue is treated with two IO-ml 

portions of concentrated nitric, two or three 20-ml portions 
of aqua regia and finally two or three times with 20-m] 
portions of concentrated hydrochloric acid, with evapo- 
ration almost to dryness after each addition of acid. 

The final residue is taken up in 100 ml of 2M hydrochloric 
acid with heating, and the solution is filtered. The filtrate is 
reserved. The residue and filter are ashed in a muffle, and 
the residue is fused with four times its weight of barium 
peroxide at 900” for 2 hr. The cooled melt is leached with 
hot water, and made 2M in hydrochloric acid. The filtrate 
is added to this solution and the mixture made up to volume 
in a 250-ml standard flask. About 0.25 g of group sorbent 
(200 mesh) is added to this solution, and the mixture is 
gently boiled for 2 hr (with addition of hot water to 
maintain the volume). The sorbent is filtered off on a filter 
paper and washed with 50 ml of 2M hydr~hlo~c acid and 
then water. 

For atomic-absorption determination the sorbent is dried 
on a filter, than transferred into a test-tube, and water is 
added to give a total volume of 5 ml. The mixture is 
homogenized and a 20-50 ~1 portion of the suspension 
(depending on the content of noble metals) is injected into 
a graphite furnace atomizer and Pd, Pt, Rh and Ir are 
determined under the conditions given in Table 7. 

Determination of noble metals in suiphate solutions 

Osmium and ruthenium. The sulphate solution is evapo- 
rated to a small volume, .5&100 ml of lM hydrochloric acid 
are added, and the mixture is boiled for 1 min. Then 100 mg 
of ground sorbent are added and gentle boiling is continued 
for 2 hr, extensive evaporation of the solution being 
avoided. For spectral determination 0.075 g of spectral- 
grade graphite is added and the solution is filtered with a 
paper filter. The filter plus sorbent and graphite is placed in 
a crucible, 0.4 ml of 0.3% sodium sulphate solution is 
added, then the mixture is dried on a hot-plate and ashed 
in a mufIle furnace at 500” for 20 min. Ru~enium and 
osmium are determined in the residue spectrographically.” 

Concentration of platinum, palladium, rhodium, iridium 
and gold. The sulphate solution is evaporated to small 
volume, 5 ml of aqua regia are added, the beaker is covered, 
and the solution kept boiling for I hr. Then 50 ml of lM 
hydrochloric acid are added and the mixture is boiled for I 
min. The rest of the procedure is the same as for deter- 
mination of OS and Ru. Pt, Pd, Rh, Ir and Au are 
determined in the residue by, for example, atomic-emission 
spectrometry. 

A stock standard solution containing @g/ml) Pt 0.6, 
Pd 1.6, and Rh, Ir, Ru, OS, Au 0.4 each, is prepared, and 
to make the calibration standards 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 
and 10.0 ml portions of it are each mixed with 2 ml of aqua 
regiu and the mixtures are evaporated to 0.2-0.3 ml, this 
acid treatment and evaporation being repeated 3 times. 
Then 2 ml of concentrated hydrochloric acid are added to 
each solution and evaporated almost to dryness. The resi- 
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Table 3. Conditions for noble-metal concentration with PGLYORGS sorbents 

Duration 
of 

sorption, Temperature, Method of 
Sorbent Acidity hr “C concentration 

POLYORGS IV l-3M HCI, 2.0 20, 100 batch 
0.5IM HNO, 

POLYORGS V I-3M HCl 2.0 100 batch 
0.551M HNO, 

POLYORGS VI I-3M HCI, H,SO, 1.0 20, 100 batch 
0.5-IM HNO, 

POLYORGS VII 0.1-6M HCI I B-2.0 20, 100 batch, 
0.553M HNO, column 

POLYORGS X I-3M HCI 1.0 20 batch, 
0.5-IM HNO, column 

POLYORGS XI pH 7-3M HCl 1.0-2.0 20 batch, 
column 

Table 4. Noble-metal sorption in the presence of non-noble metals (concentration of metals, pgcglml: Pt 0.024; Pd 0.072; 
Rh, Ir, Ru and Au 0.016) 

Sorntion, % 

Macrocomponent POLYORGS IV POLYORGS V POLYORGS VI 

Concentration, 
Metal ail. Pt Pd Rh Ir Pt Pd Rh Ir Ru Pt Pd Rh Ir Ru Au _, 

10 100 100 100 100 100 100 100 100 100 96 94 95 98 95 100 

Ni(II) or 
Co(H) 

Cu(I1) 25 
50 
90 

10 
25 
50 

100 
150 

Fe(III) 

10 
25 
50 

100 
200 

100 100 92 100 100 100 100 99 100 90 84 84 95 85 99 
100 100 80 100 98 100 98 98 95 81 66 68 89 69 98 
97 94 68 94 - 93 84 97 96 - - - - - - 

100 100 - - 100 100 100 100 100 100 100 100 100 100 100 
100 100 100 100 100 100 100 100 100 98 95 90 100 100 100 
100 100 100 100 100 100 100 100 100 93 87 73 100 100 100 
100 100 100 98 100 97 100 100 100 - - - - - - 
100 - - - 100 85 100 100 100 - - - - - - 

72 84 - 84 100 100 98 100 95 100 100 100 98 100 98 
58 68 - 64 80 100 97 100 - 95 88 88 98 99 93 
37 50 - 40 - 99 100 95 95 - - - - - - 

-_-_ 40 99 100 95 95 - - - - - - 
- 40 99 100 83 85 - - - - - - 

dues are each dissolved in 100 ml of 2M hydrochloric acid, 
then 0.1 g of sorbent is added and the mixtures are boiled 
for 2 hr. After the sorption, 0.075 g of spectral-grade 
graphite (grain size 0.126 mm) is added and filtration and 
ashing are performed for OS and Ru determination. The 
standards are then used for the spectrographic calibration. 
The analytical-line wavelengths used (nm) are Pt 265.84; Pd 
306.53, 302.79; Rh 339.68, 343.49; Ir 266.48, 322.98; Ru 
342.83; Au 267.59; OS 305.86, 301.80. 

Determination of platinum and palladium in industrial 
products 

A l-g sample is heated with 20 ml of concentrated nitric 
acid at 5&60” until reaction ceases, then 60 ml of concen- 
trated hydrochloric acid are added and the mixture is heated 
at 5&W for 2-3 hr until dissolution is complete. The 
solution is evaporated to dryness. The residue is thrice 
treated by addition of 6M hydrochloric acid and evapo- 
ration. The resulting residue is dissolved in 30 ml of 1.5M 
hydrochloric acid, the solution is filtered through a paper 
filter, and the filter is washed with warm 1.5M hydrochloric 
acid. The filtrate is cooled, then diluted to 100 ml with 1.5M 
hydrochloric acid, 6 g of sorbent are added and the mixture 
is stirred magnetically for 3 hr. The sorbent is then filtered 
off on filter paper and washed with 1.5M hydrochloric acid 
and hot water. 

For X-ray fluorescence determination of Pt and Pd the 
sorbent is dried together with the filter at _ IOO”, transferred 

into a porcelain crucible and thoroughly mixed with 6 g of 
ammonium molybdate. The crucible is then heated in a 
muffle furnace at 500” for 3 hr. The crucible is cooled, 2 g 
of sodium tetraborate are added and the mixture is heated 
for 3 mitt, transferred into a mould and pressed under a 
pressure of 2 tons/cm*. Then Pt and Pd are determined by 
X-ray fluorescence.46 

POLVORGS V 

Determination of palladium and iridium in ferrous material 

The sample is dissolved in aqua regia. The solution, 
containing not more then 100 g of iron(II1) per litre, is 
evaporated almost to dryness then treated twice by addition 
of 5 ml of concentrated hydrochloric acid and evaporation 
almost to dryness. The residue is dissolved in 100 ml of 2M 
hydrochloric acid and boiled gently for 2 hr together with 
0.10 g of sorbent, evaporation being avoided. 

For spectral determination 0.075 g of spectral graphite is 
added to the solution, then the sorbent and graphite are 
filtered off, and washed with 2M hydrochloric acid and 
water. The filter and its contents are put into a crucible, 
dried on a hot-plate together with 0.4 ml of 0.3% sodium 
sulphate solution and ashed in a muffle at 500” for 20 min. 
Pd and Ir are determined in the residue by atomic-emission 
spectrometry.36”7 
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Table 5. Application of chelate-forming PGLYORGS sorbents for the analysis of various products 

Metals Sample and Method of 
Sorbent determined noble metal content, g/r determination References 

PGLYORGS IV 

PGLYORGS V 

POLYORGS VI 

POLYORGS VII 

POLYORGS X 

PGLYORGS XI 

Pd, Pt, Ir 
Pt, Pd, Rh, Ir, Ru 

Ir 

Pt, Pd, Rh, Ir 

Pt, Pd 

Pt, Pd, Rh, Ir, Ru, 
Au 

Pd, Ir 
Pt, Pd, Rh, Ir, Ru, 
Au 

Rh 

Pt, Pd, Rh, Ir 

Pt, Pd, Rh, Ir, Ru, 
Au 
Pt, Pd, Rh 

Rocks 
Solutions, ores 
and other 
products 
Solutions 

Ores 

Industrial 
products 
Ores 

Ferrous products 
Ores and 
other products 
Solutions 

Copper 
products 
Ores and 
other products 
Industrial 
products 
Ores 

Industrial 
products 

10-3-1.4 
down to 1O-3 

0.04-100 

0.02-20 

0.02-10 

3 x 105 

4 x 10-4-100 

0.0415 
2 x 10-3-15 

down to 10e3 

0.6100 

5-50 x IO-3 

0.1-3 

4 x lo-~-100 

up to 9 x 105 

Kinetic method 
Emission spectrometry 
Atomic-absorption 
spectrometry 
Kinetic method, 
spectrophotometry 
Atomic-absorption 
spectrometry 
X-Ray fluorescence 
spectrometry 
Emission spectrometry, 
atomic-absorption 
spectrometry 
Emission spectrometry 
Emission spectrometry 

Atomic-absorption 
spectrometry 

Polarography 

Emission spectrometry 

Emission spectrometry 

X-Ray fluorescence 
spectrometry 

38 
3942 

43 

44 

45 

46 

36 

47 
42,48 

48.50 

51 

- 

The content of noble metals in solutions is given in g/l 

Table 6. Flux composition for nickel sulphide collection of platinum metals 

Talc, chlorite, 
serpentine, 

Talc, chlorite, carbonate 
serpentine, rocks of 
carbonate breccia 
rocks with type with sulphide 

Component Sandstone* sulphide inclusiont admixture? Peridotitet 

Sodium carbonate, g 120 70 70 80 
Borax, g 60 35 35 30 
Glass, g 30 35 35 60 
Nickel oxide, g 20 15 15 2&25 
Sulphur, g 7 cuj t&6 0 

*100-g sample. 
t50-g sample. 

Table 7. Conditions for atomic-absorption determination of noble metals 
in sorbent suspension 

Atomization 

Wavelength, Ashing temperature* Temperature, Time, 
Element nm (stage II), “C “C set 

Pd 247.6 1200 2400 7 
Pt 265.9 1400 2600 9 
Rh 343.5 1400 2600 9 
Ir 264.0 1600 2700 10 

*Drying at 100°C for 50 set; ashing (stage I), heating at 400°C for 30 set; 
ashing (stage II), heating for 40 set at temperature stated. 
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POLYORCS VI 

Determination of noble metals in ores and other products 

A 3-g sample is dissolved in 5&70 ml of aqua regia. The 
solution is evaporated almost to dryness, then IO&l50 ml 
of hot water are added and the solution is heated for 30 min 
on a boiling water-bath, then filtered, and the filtrate is 
reserved. The residue is dried together with the filter and 
ashed at 500”. and the product is treated with l&l5 ml of 
aqua regia, then 3-5 ml of concentrated hydrofluoric acid 
are added and the solution is evaporated almost to dryness. 
The residue is dissolved in 10 ml of aqua regia, the solution 
is added to the reserved filtrate and the mixture is diluted 
to volume in a IOO-ml standard flask with 6M hydrochloric 
acid. 

An aliquot of this solution is evaporated, then 2-5 ml of 
concentrated hydrochloric acid are added and the acids are 
evaporated. The residue is dissolved in 5(r150 ml of 2M 
hydrochloric acid and 0.2-0.3 g of sorbent is added, and the 
mixture is boiled for 1 hr. The sorbent is then filtered off, 
washed with 2M hydrochloric acid and ashed. The noble 
metals are determined in the residue by atomic-emission or 
atomic-absorption spectrometry.49 

Determination of noble metals in sulphate solutions 

A 200-m] portion of the solution, containing micro- 
amounts of noble metals, is placed in a 300-ml beaker. Then 
40 ml of concentrated hydrochloric acid are added and the 
beaker is placed in an autoclave together with 80 ml of 
water. The autoclave is tightly closed and heated in an oven 
for 30-60 min at 190 + 10”. The autoclave is then cooled. 
The solution is transferred into a 400-ml beaker, and diluted 
to 250 ml with 2M hydrochloric acid, 0.34.4 g of sorbent 
is added and the mixture is boiled for 1 hr. The sorbent 
is filtered off and ashed, and the noble metals are deter- 
mined in the residue by, for example, atomic-emission 
spectrometry.‘7,50 

Determination of noble melals in formate solutions 

An aliquot of solution, containing 2-5 pg of noble metals 
and up to 10 g/l. of copper, iron(III), nickel and other 
elements, is placed m a porcelain crucible and evaporated 
almost to dryness. The crucible is put in a muffle and the 
temperature gradually increased to 450”. and kept at that 
for 30 min. The crucible is cooled, and the residue dissolved 
in 5-10 ml of aqua regiu, with heating for 20 min. The 
solution is transferred into a 200-ml beaker. evaporated 
almost to dryness, and again evaporated after addition of 
2-5 ml of concentrated hydrochloric acid. The treatment 
with hydrochloric acid is repeated. The salts are dissolved 
in 5&100 ml of 2M hydrochloric acid, 0.2-0.3 g of the 
sorbent is added and the mixture is kept boiling for 1 hr. The 
sorbent is filtered off, washed and ashed, and the noble 
metals are determined in the residue by. for example, 
atomic-emission spectrometry.37,50 

Determination of rhodium in ores and other products wirh 
separation from platinum and palladium 

A 5-10 g sample is thoroughly mixed with a ground 
mixture of IO-12 g of lead oxide, 15 g of sodium carbonate, 
4 g of borax, l-2 g of glass and 0.5-l g of reductant (e.g., 
flour). The mixture is covered with sodium carbonate and 
borax in a chamotte crucible, and fused in an electric muffle 
at 1150” for 60 min. The alloy is cleared from slag and 
cupelled at 9Of&lOOo” for 3&40 min. A lead bead weighing 
0.1-0.2 g is obtained and is dissolved in 40 ml of nitric acid 
(1 + 1) with heating for 3@40 min. The solution is evapo- 
rated to 10 ml, then 20 ml of concentrated hydrochloric acid 
are added and the solution is evaporated almost to dryness. 
The residue is twice treated by addition of 5 ml of concen- 
trated hydrochloric acid and evaporation. Then 200 ml of 
1 M hydrochloric acid and 0.1-0.3 g of the sorbent are added 
and the mixture is stirred for 30 min at 20-25” (for 
separation of Pt and Pd). The sorbent is filtered off on filter 

paper and washed with 20 ml of 1M hydrochloric acid. Then 
another 0.2 g of the sorbent is added to the filtrate and the 
mixture boiled for 2 hr, strong evaporation being avoided. 
The solution is decanted. then 100 ml of hot 1M hvdro- 
chloric acid are added to the sorbent and the mixture is 
boiled for 2-3 min. The sorbent is filtered off, and washed 
with 200 ml of hot 1M hydrochloric acid. The filter and 
sorbent are put in a crucible, and dried and carbonized on 
a hot-plate. The crucible is then heated in a muffle at 700” 
for 30 min. 

For polarographic determination of Rh the residue is 
alloyed, the product is dissolved, sodium chloride and 
thiosemicarbazide are added, and Rh is determined by 
polarography at 0.9 V.s’ 
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sugary-Liquid-membrafle and PV~-membrane glycopyrronium-~l~tive electrodes have been devel- 
oped. They are based on the ion-pair complexes of glycopyrronium with dicyclohexy~naph~halenesulph- 
onate, di-isopentylnaphthalenesulphonate, di-isobutylnaphthalenesulphonate and tetraphenylborate. 
Their response is nearly Nernstian over the pH-range 4-8, and the detection limits range from 10T6M to 
10~~JM. For the liquid-membrane electrodes, with homologous membrane solvents, the response slopes 
are linearly related to the inverse of the dielectric constant of the membrane solvent, according to the 
formula S = C, - C&. A similar relation exists between the slopes for both types of electrode and the 
dieiectric constants of mix~-solvent backgrounds. The electrodes cart be used in the ~tentiomet~c 
determination of glycopyrrolate. 

Giycopy~oni~~ bromide, 3-(cyelo~ntyihydroxy- 
~he~ylac~tyl)oxy-1 ,I ~imethy~py~o~idinium brom- 
ide, or g~ycopyrrolate, is a quaternary ammonium 
anticholinergic drug that causes side-effects, and is 
used in the treatment of gastric and duodenal ulcers, 
to relieve spasm of the lower gastrointestinal tract and 
as a pre-anaesthetic drying agent. The U.S. Pharma- 
copeia’ recommends dete~~nation of this substance 
by non-aqueous titration and extractive spec- 
trophotomet~, but these methods suffer from lack of 
specificity and sensitivity, and are rather inaccurate. 

The development of ion-selective electrodes for 
drugs, based on ion-pair systems, in this laboratoryZd 
and others,‘” has resulted in a wide variety of simple 
and economical analyses. Martin and Freiser’ have 
suggested dinonyinapthalenesulphonates as electro- 
active materials for coated-wire ion-selective elec- 
trodes, and these seem promising for the deter- 
mination of drugs. 

Many authors have studied the effects of various 
parameters on electrode selectivity and detection 
limits’~‘* but there has been Iittle work on the 
relationship between electrode slopes and the di- 
electric constant of the membrane solvent. 

This paper describes the preparation and proper- 
ties of ion-selective electrodes based on the ion-pair 
complexes of the glycopyrronium ion with dicyclo- 
hexylnaphthalenesulphonate (GDCHNS), di-isopen- 

R’ 

*Author for correspondence. 

tylnaphtha~enesulphonate (GDPNS), di-isobutyl- 
naphthalenesulphonate (GDBNS), and tetraphenyl- 
borate (GTPB). 

GDCHNS: R- = (C,H,1)2C,0H5SO~ 
GDPNS: R- = (C,H,,),C,,H,SO; 
GDBNS: R- = (C4H9)&,H5SO; 

GTPB: R- = (C,H,),B-. 

EXPERIMENTAL 

Apparatus 
Potentiometric measurements were made with a model 

UJ-24 precision d.c. potentiometer (Shanghai Electronic 
instrument) and a model PHS-2 precision PI-I-meter (Shang- 
hai Analytical ~nst~rnent) connected in series to indicate 
potential emanation, the glycopyrronium-~l~tive eiec- 
&ode, and an SCE connected to the sample solution by a 
IM sodium nitrate bridge, The pH measurements were 
made with a glass electrode and an SCE. All measurements 
were done m stirred solutions. 

Dielectric constant measurements for membrane solvents 
were made with a model CC-6 capacitance-meter (Chang- 
zhou Electronic Instrument) at constant temperature (25”). 

infrared spectra were recorded on a Carl Zeiss Specord 
IR-75 s~ctrophotometer (KBr pellets). 

The study of the membrane solvent effect was done at 
constant temperature (25”) and under constant measuring 
conditions. The same electrode barrel and porous mem- 
brane were used. The whole electrode assembly was washed 
thoroughly with acetone and ethanol and dried, before every 
new organic phase was tested. 

The background effect was studied at a lower constant 
temperature (20”) so as to reduce the possible evaporation 
of organic solvents such as methanol. 

Reagents 
All chemical reagents used were of analytical-reagent or 

chemically pure grade. Roubly distilled water was used 
throughout.. Solu%ons (10-7-10-1M) of glycopyrronium 
bromide were prepared by serial dilution. The purity of 
the glycopy~o~iu~ bromide was ~99.0%. Sod&m t&a- 
phenylborate solution, O.OlM was prepared and standard- 
lzed by potentiometric titration with standard O.OlM silver 
nitrate, with use of a silver/silver sulphide electrode in 
conlunction with a double-junction SCE. 

1113 
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Synthesis of sodium sulphonates 

To make the dicyclohexylnaphthalenesulphonate mix to- 
gether 71 ml of cyclohexanol and 42 g of naphthalene, add 
dropwise 89 g of concentrated sulphuric acid at 2&25” Over 
30 min, add dropwise 158 g of 24% fuming sulphuric acid 
at a temperature below 25” over 1 hr, and continue stirring 
the mixture for 1 hr. Warm to 50” over I.5 hr, continue the 
reaction at 50-55” for 5 hr, then at 55” for 2 hr. Allow the 
mixture to stand for 8 hr. Discard the lower layer, then wash 
the upper layer three times with water, add 250 ml of water 
heated to 3540”, mix and neutralize to pH 8-10 with 20% 
sodium hydroxide solution. Heat to boiling, filter, and 
evaporate the filtrate to precipitate the sulphonate. Re- 
crystallize the crude product from water four times. Re- 
crystallize twice from 1:4 v/v cyclohexanol-ethanol mixture, 
then recrystallize twice more from water. Dry the crystals at 
105”. Elemental analysis gave S 8.14%, C 66.8% (theoretical 
values: S 8.13%, C 67.0%). The melting point was 
197.5-200”, and the Infrared spectrum had bands at (cm-‘) 
2920, 2845; 1440 (CH2 stretching; deformation), 124&l 140, 
107~lO40 (S==O stretching), 1630-l 580, 1500 (naphthalene 
ring C==C stretching), 3050 (naphthalene CH stretching). 

Sodium di-isopentylnaphthalenesulphonate and sodium 
di-isobutylnaphthalenesulphonate can be synthesized in a 
similar manner, starting from 3-methylbutan-l-01 and 
2-methylpropan-l-01 respectively, the reaction being done at 
lower temperature (4&45”) and ethanol used for re- 
crystallization instead of cyclohexanol-ethanol. The infra- 
red bands (in cm-‘) of sodium di-isopentylnaphthalene- 
sulphonate were at 2940, 2850; 1450 (CH, stretching; defor- 
mation), 1389, 1368 (isopropyl stretching), 2910,285O; 1450, 
740 (CH, stretching; deformation), 125&1140, 107&1030 
(s--O stretching), 167b-1580, 1495 (naphthalene ring c--C 
stretching), 3030 (naphthalene CH stretching). 

Preparation of the ion-pair complexes 

GDCHHS was prepared by mixing 40 ml of O.OlM 
glycopyrronium bromide and 50 ml of O.OlM sodium 
dicyclohexylnaphthalenesulphonate, and leaving the mix- 
ture overnight. The precipitate was filtered off on a porosity- 
4 sintered-glass crucible, washed several times with distilled 
water and dried at 80”. Glycopyrronium di-isopentyl- 
naphthalenesulphonate, glycopyrronium di-isobutylnaph- 
thalenesulphonate and glycopyrronium tetraphenylborate 
were prepared similarly. 

Preparation of the liquid-membrane electrode 

The poly(vinylidene fluoride) microporous membrane 
was prepared essentially as before.4,s One part of poly- 
(vinylidene fluoride) powder was dissolved, with gentle 
heating, in 18 parts of dimethylformamide and 1 part of 
dibutyl phthalate. The dimethylformamide was evaporated 
at 80” from the mixture placed in a flat Petri dish. The 
dibutyl phthalate was washed out by soaking the membrane 
overnight in ethanol, which was then evaporated from the 
membrane at 50”. The microporous membrane thus ob- 
tained was opalescent and 0.1-0.2 mm thick. A polytetra- 

fluoroethylene electrode barrel was used as the electrode 
assembly, with the microporous membrane separating the 
liquid-membrane ion-exchanger from the sample solutions. 
The liquid membrane was prepared by making a 0.5mM 
solution of the ion-pair complex in each of the various 
organic solvents. A double-junction SCE containing a 
solution that was O.OlM in both potassium chloride and 
glycopyrrolate was used as internal reference electrode. 

Preparation of the PVC membrane elecrrode 

The PVC membrane electrode was prepared as pre- 
viously.‘,’ After addition of 0.34 ml of a ImM solution of 
ion-pair complex in dibutyl phthalate (or other ester used 
as plasticizer) to 3 ml of 5% solution of PVC in tetra- 
hydrofurancyclohexanone mixture (2: 1 v/v), the tetra- 
hydrofuran and cyclohexanone were slowly evaporated at 
room temperature from the mixture placed in a flat 30-mm 
Petri-dish. The membrane thus obtained was glued to a PVC 
tube with tetrahydrofuran. A O.OlM potassium chloride- 
O.OlM glycopyrrolate solution was placed inside the tube as 
the internal reference solution. An Ag/AgCl electrode was 
used as internal reference electrode. 

RESULTS AND DISCUSSION 

Electroactive material effect 

PVC membrane glycopyrronium-selective elec- 
trodes with various ion-pair complexes as electro- 
active materials were evaluated in order to compare 
their function. The results obtained are shown in 
Table 1. The glycopyrronium dialkylnaphthalene- 
sulphonate electrode with electroactive material of 
higher molecular weight has a longer linear range and 
a greater response slope. However, the differences 
between the electroactive materials tested are small 
compared with the solvent effects described below. 

Liquid-membrane solvent effect 

The response of the glycopyrronium-selective 
liquid-membrane sensors was measured for different 
liquid exchangers dissolved in several solvents, to test 
the effect of solvent dielectric constant on the elec- 
trode slope. The results for thirteen solvents are 
shown in Table 2. For organic solvents from a 
homologous series, the slope, S, increases with in- 
creasing dielectric constant, according to the re- 
gression equation: 

s = c, - CJE 

Values of CO and Cr for phthalic esters and n-alcohols 
are given in Table 3. Figure 1 shows the slope of S 

Table 1. Characteristics of glycopyrronium-selective electrodes with 
various electroactive materials* 

Electroactive Slope, Detection 
material mV/log C Linearity range, M limit, M 

GDCHNS 57.5 6.3 x IO-*-l.3 x IO-’ 6.3 x lO-6 
GDPNS 56.0 6.3 x 10-*-2.0x lO-s 8.0 x lO-6 
GDBNS 55.0 6.3 x IO-*A.0 x 1O-5 1.0 x lo-s 
GTPB 56.0 6.3 x 10-2-l.6 x lO-5 6.3 x lO-6 

*With dibutyl phthalate as plasticizer-solvent. Slope values given 
here and in Tables 2-5 are average values of five successive 
measurements with individual electrodes (standard deviations 
0.5-l .O mV/log C). 
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Fig. 1. Plots of S US. I/E for liquid-membrane glyco- 
pyrronium dicyclohexylnaphthalenesulphonate electrodes 
with various membrane solvents (25”): 1, phthalic esters; 2, 
n-alcohols; 3, nitrobenzene; 4, o-nitrotoluene; 5, chloro- 

benzene. 

us. l/c for glycopyrronium dicylcohexylnaphthalene- 
sulphonate electrodes. 

Background effect 

The responses of the liquid-membrane and the 
PVC-membrane glycopyrronium dicyclohexylnaph- 

thalenesulphonate electrodes were tested for a series 
of background solvents with differing dielectric con- 
stants. The results are shown in Table 4. For a given 
mixed-solvent system, the slope increases with in- 
creasing dielectric constant and it can be related 
linearly to -l/~. For the methanol-water and 
ethanol-water systems, the regression equation for 
the liquid membrane electrodes was S = 76 - (1.9 
x 103)/c and for the PVC membrane electrodes 
S = 77 - (1.6 x 103)/c. 

For the propan-Zol-water system, the regression 
equation for the liquid-membrane electrode was 
S = 70 - (1.25 x 103)/s. 

Concentration of electroactive material 

At concentrations of 5 x 10e4-5 x 10v3M of glyco- 
pyrronium dicyclohexylnaphthalenesulphonate, in 
dibutyl phthalate as PVC membrane plasticizer and 
solvent, the electrode had a Nernstian response 
and gave constant and stable potential readings. 

Table 2. Effect of solvent and liquid exchanger on the slopes of liquid-membrane glycopyrronium- 
selective electrodes (259 

Dielectric 
Slope, m V/log 

Solvent constant GDCHNS GDPNS GDBNS GTPB 

Nitrobcnzene 34.8 57.5 56 55 56 
o-Nitrotoluene 26.65 57 55.5 54 55.5 
Chlorobenzene 5.62 40 39 37 37.5 
Dimethyl phthalate 8.32 55 54 52.5 53.5 
Diethyl phthalate 7.70 53.5 53 51 52 
Dibutyl phthalate 6.44 51 50 50 50.5 
Di-iso-octyl phthalate 5.29 48 48 47 48 
Didecyl phthalate 4.33 45 45 44 45 
n-Hexanol 12.5 54 54 53.5 53 
n-Heptanol 11.35 52 52.5 52.5 52 
n-Octanol 9.35 50 50.5 50 50 
n-Nonanol 8.79 47.5 48 47 47 
n-Decanol 7.77 45 45.5 44 43 

Table 3. Results of regression analysis for S us. l/a relation for 
liquid-membrane glycopyrronium-selective electrodes 

Phthalic esters n-Alcohols 

Electrode C, C, R* Co C, R* 

GDCHNS 64.7 85.7 0.996 67.7 175.1 0.982 
GDPNS 62.8 77.3 0.992 67.3 168.0 0.983 
GDPNS 60.8 71.9 0.998 69.2 192.6 0.982 
GTPB 63.0 79.3 0.999 69.3 197.5 0.972 

Correlation coefficient. 

Table 4. Effect of background solvents on response slope of glycopyrronium dicyclohexyl- 
naphthalenesulphonate electrodes (20”) 

Background, Slope, Background, Slope, Background, Slope, 
methanol, % a/b* E ethanol, % a/b* E propan-2-01, % a* a 

30 49154 66.0 10 52156 74.6 10 53 73.1 
50 42148 56.5 30 48/51 62.6 30 49 58.4 
70 33137 41.5 50 39144 50.4 50 40 43.7 
90 21127 32.4 70 28136 39.1 70 28 29.6 

90 12122 29.0 90 10 20.9 

*a and b denote the electrode response slopes for the liquid-membrane electrode (membrane 
solvent-nitrobenzene) and the PVC membrane electrode (plasticizer solventdibutyl phthalate) 
respectively. 
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Fig. 2. Effect of pH on the potential of the PVC-membrane 
glycopyrronium-selective electrode: 1, 1 x iO-‘M; 2, 

1 x lo-“M. 

For the liquid ion-exchanger in nitrobenzene, the 
slope reached a maximum at concentrations of 
1 x 10-4-1 x lo-3M. 

Effect of pH 

The effect of pH on electrode potentials was stud- 
ied in glycopyrronium bromide solutions in which the 
pH was varied by addition of hydrochloric acid 
and/or sodium hydroxide solution from a IO-PI 
syringe. At pH values between 4 and 8 no significant 
effect on membrane potentials was observed (Fig. 2.). 
Above pH 8, formation of glycopyrronium base 
caused the potentials to become more negative, and 
at pH values below 3.5-4, the electrodes began to 
respond to hydrogen ions. 

sequence of pz~stic~zers on the PY~-~~b~~e elec- 
trode function 

Various plasticizers were tested, as reported in 
Table 5. Dibutyl phthalate as plasticizer-solvent was 
found to result in the best electrode function. 

Selectivity 

When glycopyrrolate is determined by titration in 
a non-aqueous medium, many other basic substances 
interfere with the determination, and these must be 
removed beforehand. The effects of some of these 
substances and other common compounds on the 
response of the glycopy~onium dicyclohexyi- 
naphthalenesulphonate electrode were examined. The 
results obtained (Table 6) indicate that cinchonine, 
quinine, propranolol, dibazole, diphenhydramine, 
imidazole, berberine, tetrahydropalmatine, chlor- 
pheniramine and tetrabutylammonium are likely to 
cause interferences, but no significant interferences 
were caused by other substances tested. The order of 
selectivity for inorganic cations is: K+ r Na+; 
Cd*+ > Pa*+ > Ca2+ > Mg2+, 

The selectivity coefficients are, in the main, similar 
for the eiectrodes with GDCHNS, GDPNS, GDBNS 
and GTPB as electroactive materials. This indicates 
that the eiectrode selectivity depends primarily on the 

Table 5. Response characteristics of PVC-membrane glycopyrronium-selective 
electrodes with different plasticizer-solvents 

Slope, Detection 
Plasticizer-solvent mV/log c Linearity range, M limit, M 

Dimethyl phthalate 50 6.3 x 1O-2-1.Ox 1O-4 1.0 x 10-s 
Diethyi phthaiate 52 6.3 x 1O-2-3.2x W5 8.0 x 10-6 
Dibutyl phtahlate 56 6.3 x IO-*-I.3 x iO-* 6.3 x IO-$ 
Di-iso-octyl phthalate 55 6.3 x IO-*-l.6 x 1O-5 6.3 x lo-$ 
Didecyl phthalate 53 6.3 x lo-*-2.5 x lO-5 8.0 x IO-* 

Table 6. SeI~tIvity coefficients for the g~ycopyrronium-sel~tiv~ electrode* 

Interferent K, Interferent K, 
Tetramethylammonium bromidet 1.6 x 1O-2 
Moroxydinej 4.8 x 10-j 
Potassium chloridef 1.3 x 10-s 
Tris(hydroxymethyl)aminomethanet 8.8 x 10-G 

Sodium chloridej 
Barium chloride% 
Caffeinet 
Dibazole§ 
Dopamineg 
Procaine? 
Triethanolaminet 
PiperazineeEj 
Diphenhydraminet 
Imidazolet 
Tetrahydropalmatinet 
Glucose (1 %)t 
Cadmium chloride$ 

6.1 x 1O-4 
I.6 x lO-4 
7.5 x 1o-4 

2.50 
1.5 x 10-I 

0.12 
1.0 x 10-S 
2.5 x 1O-4 

6.6 
0.92 
1.0 

No interference 
2.9 x 1O-4 

Propranolo& 0.20 
Ammonium chloridef 1.4 x 10-G 
Cafcium chloridef 3.4 x 10-S 
Thiamine? 2.9 x IO-2 
Theophyllinet 9.2 x IO-” 
Magnesium chloride3 1.3 x 10-j 
Atropinet 4.2 x 1O-2 
Quinine(i 0.50 
Ammonium tranexamatet 6.4 x 1O-4 
Tetraethylammonium bromide? 0.11 
Colchicinet 1.4 x 10-J 
Sodium bentoat@ 2.1 x 10-4 
Leucine$ 1.1 x 10-r 
Chlorpheniraminet 3.6 
Cinchoninet 1.4 
Berberinet 1.9 x 102 
Tetrabutylammonium bromidet 4.0 

*Glucopyrronium dicyclohexylnaphthalenesulphate PVC membrane electrode with dibutyl phthalate as 
plasticizer-solvent. 

Weparate solution method (C, = C, = ImM). 
ISeparate solution method (C, = ImM, C, = iOmM). 
$Mixed soft&ion method (C, = IOmM). 
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Table 7. Determination of glycopyrrolate 

Direct potentiometry Potentiometric titration Non-aqueous titration 

Taken, Found, Recovery, Taken, Found, Recovery, Taken, Found, Recovery, 
mg mg % mg mg % mg mg % 

18.4 17.8 96.7 8.8 8.9 101.1 510.4 507.3 99.4 
67.2 66.1 98.4 11.2 11.0 98.2 501.2 497.4 99.2 

108.0 104.8 97.0 12.5 12.4 99.2 490.7 491.4 100.1 
14.1 13.9 98.6 16.1 15.9 98.8 505.5 511.3 101.1 
16.1 15.9 98.8 19.3 18.9 97.9 520.7 517.3 99.3 
5.5 5.6 101.8 25.4 25.0 98.4 522.8 529.2 101.2 

157.8 155.0 98.5 29.8 29.5 99.0 
39.0 38.8 99.5 36.2 35.8 98.9 

nature of the interfering ions rather than on the 
ion-pair complexes used as electro-active materials. 

Determination of glycopyrrolate 

Results obtained from direct potentiometric deter- 
mination of glycopyrrolate are given in Table 7. The 
average recovery is 98.7%, and the standard devi- 
ation 1.2%. The results obtained from potentiometric 
titration of glycopyrrolate with sodium tetraphenyl- 
borate show an average recovery of 98.9% and a 
mean standard deviation of 1 .O%. These results are 
in good agreement with results obtained by the 
non-aqueous method.’ 
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Summary-A rapid chelatometric method for the determination of Al (420%) in magnesium, copper and 
chromium-aluminium-iron alloys is proposed. HEDTA is used as titrant and Zn solution as back-titrant, 
with hydrazidazol as indicator. Mn(II), Cu(II), Cd, Zn, Pb, Co(II), Ni, Hg(II), Fe(III), Bi, Cr(III), Sb(III), 
Ce(III), La, Sn(IV), Ti(IV), Zr and Mo(VI) do not interfere. High selectivity is achieved by a combination 
of group separation, masking and interference correction. The coefficient of variation varies from 0.2 to 
1%. 

Chelatometric titration of aluminium has attracted 
much attention hut many cations interfere, so the 
general practice is to titrate with EDTA all the metals 
present that can be complexed at the pH used, then 
add fluoride to decompose the Al-EDTA chelate, 
and titrate the liberated EDTA, as suggested by 
Sajo.’ Even this method is selective only in the 
absence of Mn(II),2 Bi, and cations forming EDTA 
complexes which can be decomposed by fluoride.) 
The selectivity may be improved by a suitable choice 
of titrant and masking conditions. 

In this paper, HEDTA, N-(2-hydroxyethyl)- 
ethylenediamine-N,N’,N’-triacetic acid is proposed 
as the titrant and hydrazidazo14 as the indicator, for 
determination of Al(III), free from interferences 
caused by Mn(II), Cu(II), Pb(II), Zn, Cd, Ni, Co(II), 
Hg(II), Bi, Fe(W), Cr(III), Ce(III), La, Sb(III), 
Sn(IV), Ti(IV), Zr and MO(W). It has been success- 
fully applied to the determination of Al (420%) in 
different kinds of non-ferrous alloys, especially those 
containing Mn, La, Ce, Zr and MO. 

Reagents 

EXPERIMENTAL 

Analytical-reagent grade chemicals were used unless oth- 
erwise specified.- - 

Ascorbic acid solution, 5%. Freshly prepared before use. 
I,lO-Phenanthroline solution in ethanol, 0.1%. 
Monochloroacetic acid solution, 8%. 
Naohthvl Red solution in ethanol. 0.05%. 
Hidrazdarol solution in acetone, 0.05%. 
Sulphosalicylic acid solution, 40%. 
Metanil Yellow solution. 0.1%. 

HEDTA standard solution. Prepared and compared with 
the zinc solution as previously‘ reported.4 Calculate the 
conversion factor f for the zinc and HEDTA solutions from 
f = A/E, where k ml of HEDTA solution react with B ml 
of zinc solution. Standardize the HEDTA solution as fol- 
lows. Pipette 10.00 ml of standard aluminium solution into 
a 400-ml Teflon beaker. Add 10 ml of water and adjust to 
pH 1 by dropwise addition of saturated sodium bicarbonate 
solution. Add 5 ml of ascorbic acid solution and 2 drops of 
I,lO-phenanthroline solution and (from a burette) 30 ml of 
HEDTA solution and stir thoroughly with a Teflon rod. 
Add 10 ml of ethylene glycol, 1 drop of Naphthyl Red 
solution, and saturated sodium bicarbonate solution drop- 
wise till the red colour disappears. Add 10 ml of 30% 
hexamine solution, 2 or 3 drops of hydrazidazol solution, 
and standard zinc solution drbpwise from a burette till a 
distinct blue colour anoears. Then titrate with HEDTA to 
an abrupt colour change to bright red. Complete the 
standardization by adding 4 ml of hexamine solution and 
titrating again with HEDTA, and repeating this step until 
there is no further colour change. Then 1 ml of HEDTA is 

*To whom correspondence and requests of reprints should 
be sent. Present address: 999 Dong Chang Zhi Lu, 
Shanghai, People’s Republic of China. 

Cresol Red solution in 50% aqueous ethanol, 0. I %. 
Hexamine solutions, 30% and 15%. Freshly prepared 

before use. 
Sodium diethyldithiocarbamate solutions. Freshly prepared 

and filtered before use. Solution A, 20 g of sodium diethyl- 
dithiocarbamate dissolved in water, filtered and diluted to 
150 ml; solution B, 15%, similarly prepared. 

Disodium hydrogen phosphate solution, 0.005M. 
Wash solution. To 100 ml of water add 5 or 6 drops of 8% 

monochloroacetic acid solution and mix. 
Aluminium standard solution. Transfer 1.000 g of alumi- 

nium (purity 199.9%) into a 400-ml Teflon beaker and add 
10 ml of 20% sodium hydroxide solution in portions. When 
the violent reaction has subsided, warm till dissolution is 
complete. Dilute with 60 ml of water. Pour the solution into 
a 600-ml beaker containing 250 ml of concentrated hydro- 
chloric acid, while stirring-with a Teflon rod, and rinse in 
with 10 ml of concentrated hydrochloric acid. Transfer the 
solution quantitatively to a 1;litre standard flask, dilute to 
volume and mix (1 ml of this solution contains 1.000 mg of 
aluminium). 

Zn standard solution, O.O.?M. Prepared as described ear- 
lier! 

1119 
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equivalent to f mg of aluminium: I = M(V, -fVz), where 
M = mg of Al taken, V, = total volume of HEDTA solution 
used (ml) and V, = volume of zinc solution used (ml), and 
f = the conversion factor as defined above. 

Procedures 

Determination of AI in magnesium alloys. Transfer a 0.2-g 
sample into a 250-ml beaker. Add 10 ml of hydrochloric 
acid (1 + 1) in small portions. When the violent reaction has 
subsided add a few drops of hydrogen peroxide. Warm till 
dissolution is complete, then boil gently to destroy excess of 
hydrogen peroxide. Add 5 ml of 70% perchloric acid and 
evaporate till dense white fumes appear. Cool to room 
temperature. Add 50 ml of water, 2 drops of Metanil Yellow 
solution and saturated sodium bicarbonate solution drop- 
wise till the red colour disappears. Then add 3.0 ml of 
hydrochloric acid (1 + I), 10 ml of monochloroacetic acid 
solution and 20 ml of freshly made sodium diethyl- 
dithiocarbamate solution B with vigorous stirrmg. Let stand 
for a few minutes, then filter off the precipitate on a filter 
paper of fine porosity. Wash 3 or 4 times with wash solution, 
collecting the filtrate and washings in a 500-ml beaker. 
Acidify the solution to pH I with hydrochloric acid (1 + 1). 
Evaporate the solution to 35 ml, cool to room temperature, 
transfer to a 50-ml standard flask, dilute to volume and 
mix. Pipette 20 ml of this solution into a 400-ml Teflon 
beaker and titrate it by the procedure for standardization of 
the HEDTA solution with aluminium, startmg at the addi- 
tion of solution, and adding 30 ml of ethanol after the 
ethylene glycol; after adding the hydrazidazol solution and 
then zinc solution till a blue colour appears, add 3 ml of zinc 
solution in excess and 2 ml of disodium hydrogen phosphate 
solution, and stir vtgorously for 30 sec. Add another 2 drops 
of hydrazidazol solution and complete the titration as 
described in the standardization procedure. Record the total 
volumes of HEDTA and zinc solutions used (ml) as V3 and 
V4 respectively. 

Transfer a second 20-ml portion of the test solution into 
another 400-m] Teflon beaker. Stirrmg with a Teflon rod 
after each addition, add 5 ml of ascorbic acid solution, 2 
drops of I,lO-phenanthroline solution, 2.0 ml of HEDTA 
solution (from a burette) and saturated sodium bicarbonate 
solution to adjust the pH to l-2. After 5 min add 5.0 ml of 
standard zinc solution from another burette, 5 ml of sul- 
phosahcylic acid solution, 25 ml of water, 30 ml of ethanol, 
2 or 3 drops of hydrazidazol solution and sodium bicar- 
bonate solution until a purple colour appears. Then add 4 
ml of 15% hexamine solution and 2 ml of disodmm 
hydrogen phosphate solution, and stir vigorously for 30 sec. 
Add 2 drops of hydrazidazol solution, titrate with HEDTA, 
then add 2 ml of hexamine solution and titrate again, 
repeating this step until the colour of the indicator remains 
unchanged on addition of hexamine. Record the total 
volumes of HEDTA and zinc solutions used (ml), as Vs and 
V6 respectively. Calculate the percentage of Al from 

%A1 = 250t [(V, -fV4) - (V, -fV,)]/G 

where G = the sample weight (mg) in the aliquot taken for 
titration and f = the Al titre (mg/ml) of the HEDTA 
standard solution. 

Note. This procedure may be simplified in the following 
case. For samples containing neither Ce nor La omit the 
addition of disodium hydrogen phosphate in both titrations. 
For samples containing no Zr omit the second titration, 
since V =fV,, and calculate the percentage of Al from the 
simplified equation in the next section. 

Determination of Al in copper alloys. Transfer a 0.2-g 
sample into a 250-m] beaker. Add 5 ml of concentrated 
hydrochloric acid and a few drops of hydrogen peroxide. 
Warm till dissolution is complete. Add 10 ml of water and 
boil gently to destroy excess of hydrogen peroxide. Cool to 
room temperature. Add 40 ml of water, 3 or 4 drops of 
Metanil Yellow solution and sodium bicarbonate solution 

dropwise till the appearance of a violet colour. Then add 3.0 
ml of hydrochloric acid (1 + I), IO ml of monochloroacetic 
acid solution, and 30 ml of sodium diethyldithiocarbamate 
solution A with vigorous stirring. Filter off and wash the 
precipitate, then acidify and evaporate the filtrate to 35 ml, 
cool it, dilute to 50 ml in a standard flask, then titrate a 
20-m] portion as described for magnesium alloys, omitting 
the phosphate treatment and second titration. Calculate the 
percentage of alummium from 

%A1 = 250r (V, - V, f )/G 

Determinarion of Al m won--chromium-aluminium alloys. 
Transfer a 0.2-g sample into a 250-ml beaker. Add 5 ml of 
concentrated hydrochloric acid and a few drops of hydrogen 
peroxide. Warm till dissolution IS complete Add 10 ml of 
70% perchloric actd and heat till fumes appear, to oxidize 
Cr(III) to Cr(IV). Then remove Cr(IV) by adding concen- 
trated hydrochloric acid intermittently, I or 2 drops each 
time, until chromyl chloride ceases to be evolved. Then add 
two 0. l-g portions of sodium chloride to expel the residual 
Cr(IV). Cool to room temperature and add 10 ml of water 
and 1 ml of concentrated hydrochloric acid to dissolve the 
soluble perchlorates. Add 2 drops of Cresol Red solution 
and sodium bicarbonate solution until the red colour disap- 
pears. Beginning at the addition of hydrochloric acid, 
monochloroacetic acid and sodium diethyldithtocarbamate. 
continue the determination as for magnesium alloys. 

RESULTS AND DISCUSSION 

Choice of indicator 

Xylenol Orange, though widely used, is unsuitable 
since it forms a robust complex with Mn(II).’ Hy- 
drazidazol, a highly selective metallochromic indi- 
cator, was chosen because it has been successfully 
used for titration of zinc in the presence of Mn(II) in 
aqueous alcoholic medium.4 It would also seem appli- 
cable for back-titration with zinc in the presence of 
aluminium under the same conditions. 

Choice of titrant 

The interference of Mn(I1) is extremely difficult to 
eliminate because of the stability of its complexes of 
EDTA type. Hence it is attractive to titrate the 
aluminium selectively in the presence of Mn(I1). 
Excess of EDTA can be added, and back-titrated 
with Bi(II1) at pH 3.5,6 but chloride, Fe(III), Zr, 

Sn(IV), etc. interfere. An alternative is use of 
triethylenetetraminehexa-acetic acid (TTHA) as ti- 
trant and Cu(I1) as back-titrant,’ but Mn(I1) hinders 
the chelation of aluminium by TTHA, which other- 
wise takes place instantaneously. It is necessary to 
wait 15-20 min before the back-titration. A further 
drawback is that the TTHA must be added in only 
moderate excess, or the strongly coloured Cu-TTHA 
produced obscures the colour change at the end- 
point. Hence a more selective titrant is desirable. It 
should give a large enough conditional stability con- 
stant (> 108) for its aluminium complex, with as low 
a constant as possible for the Mn(I1) complex, and a 
high constant for the complex of the metal chosen for 
the back-titration. 

The relevant data for six complexones are sum- 
marized in Table 1. The values refer to aqueous 
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Table 1. Formation constants of some complexonates of Al(III), Zn(I1) and Mn(II)* 

PH 6 

EDTA Al 16.1 11.3 2.1 2.5 0.4 
Zn 16.5 11.7 
Mn 14.0 9.2 

NTA Al 9.5 5.7 1.0 2.2 1.2 
Zn 10.7 6.9 
Mn 8.5 4.7 

HEDTA Al 14.4 10.5 3.7 3.8 0.1 
Zn 14.5 10.6 
Mn 10.7 6.8 

DCTA Al 17.6 11.4 0.8 1.9 1.1 
Zn 18.7 12.5 
Mn 16.8 10.6 

DTPA Al 18.5 11.2 3.0 2.5 -0.5 
Zn 18.0 10.7 
Mn 15.5 8.2 

EGTA Al 13.9 7.4 1.6 0.6 - I.0 
Zn 12.9 6.4 
Mn 12.3 5.8 

medium, but the effect of a fixed alcohol content 
should be essentially the same for all chelates, so the 
differences between the conditional constants should 
not be substantially changed. HEDTA seems the 
titrant of choice for aluminium. 

Search for an auxiliary agent 

It would be more convenient to have the alumi- 
nium solution at room temperature than heated for 
the HEDTA titration but the reaction is not quan- 
titative,’ so use of an auxiliary agent to assist in 
removing the aquation sheath from aluminium aquo- 
complexes at room temperature was investigated, and 
ethylene glycol found useful. It is not known whether 
a mixed complex is formed, or there is a successive 
displacement system. 

To prevent the formation of inert polynuclear 
aluminium hydroxo-complexes, HEDTA in excess, 
ethylene glycol and ethanol should be added succes- 
sively at pH s 1 and sodium bicarbonate solution 
used for the rough adjustment of pH, indicated by the 
colour change of Naphthyl Red. The precise control 
of pH is as previously reported.4 Generally two 
repetitions of the hexamine addition suffice. 

The amount of ethylene glycol required for quan- 
titative determination of aluminium was found to be 
10-20 ml, as shown in Table 2. As the final volume 
of the titrated solution may vary from 100 to 150 ml 

Table 2. Effect of ethylene glycol 
on the titration of 10 mg of Al@) 

Ethylene 
glycol added, ml Al found, mg 

5 9.69 
8 9.88 

10 10.02 
20 10.05 

and the optimum concentration of ethanol is 
2&40%,4 10 ml of ethylene glycol and 30 ml of 
ethanol are specified in the procedure. 

Effect of Mn (II) 

The manganese content of the alloys investigated 
did not exceed 3%. Accordingly aluminium was 
titrated by the proposed method in the presence and 
absence of 3 mg of Mn(I1) and the latter was found 
not to interfere. This non-interference results not 
from complete non-chelation of Mn(I1) by the excess 
of HEDTA, but rather from quantitative displace- 
ment of any chelated Mn(I1) by the zinc added later, 
owing to the considerable difference between the 
conditional formation constants of their HEDTA 
chelates (Table 1). 

EfSect of La(Zll) and Ce(IZ1) 

In a weakly acidic medium both La(II1) and 

Table 3. Titration of La(lI1) or Ce(II1) with HEDTA at pH 6 and room 
temperature 

Net volume of 0.02M HEDTA used, ml 
Added, Titrated, 

Cation mg Theoretical Experimental % 

La 11 3.96 0.50. 13 
4 1.44 1.OOt 70 
3 1.08 0.8Ot 74 

Ce 11 3.93 0.80* 20 
5.8 2.07 1.30t 63 

*Add 1 ml of 0.02M Zn(II) and titrate with HEDTA. 
tAdd excess of HEDTA first and back-titrate with Zn(II). 

TAL JZIIZ-c 
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Table 4. Effect of Na,HPO, on titration of Al(III) 

0.005M Na,HPO, 
added, ml Total net volume of 0.02M HEDTA used, ml 

0 0.001 8.80? 19.65§ 
1 0.03* 8.80? 19.609 
2 0.03* 8.857 19.655 
3 0.05* 8.85t 19.605 
4 0.15’ 8.65.t 19.355 
5 0.25* 
6 0.45* 

*No Al(II1) present. 
tAl(III) taken, 8.80 mg. 
4Al(III) taken, 19.60 mg. 

Ce(II1) can be quantitatively titrated with EDTA,” 
or HEDTA,” but we have found that their con- 
sumption of HEDTA, as indicated by hydrazidazol, 
is less than stoichiometric, especially in the presence 
of Zn(I1). This may be due to the selectivity of the 
indicator and the fact that the Zn(I1) chelate is rather 
stronger than the La(II1) and Ce(II1) complexes. 
Hence there is a partial displacement reaction be- 
tween Zn(I1) and these complexes, and as hy- 
drazidazol indicates only the Zn(I1) titration end- 
point La(II1) and Ce(II1) are incompletely co-titrated, 
as shown in Table 3. 

For complete elimination of their interference the 
“push-pull” effect of phosphate and zinc (first re- 
ported by Piibil and Vesely”) can be used: 

Zn2+ + ML- + HPOj- + MPO, + ZnL2- + H+ 

where M is La(II1) or Ce(II1) and L4- is the com- 
pletely deprotonated anion of HEDTA. 

The effect on titrated aluminium solutions was 
studied by adding 1 ml of 0.02M zinc and various 
volumes of 0.005M disodium hydrogen phosphate 
and titrating again with HEDTA. The total net 
volumes of 0.02M HEDTA consumed for three 
amounts of aluminium are summarized in Table 4. 

Addition of 5 3 ml of 0.005M disodium hydrogen 
phosphate to the titrated aluminium solution evi- 
dently has no disturbing effect. Its effect on pre- 
venting interference by La(II1) or Ce(II1) was exam- 
ined by titrating aluminium solutions containing one 
of these species, then adding 2 ml of O.OOSM di- 
sodium hydrogen phosphate and different amounts 
of zinc, stirring vigorously for 30 set and titrating 
again with HEDTA. The results are shown in 
Table 5. 

Table 5. Release-reaction with 6 mg of La(II1) or Ce(II1) by 
2 ml of 0.005M Na,HPO, 

Total net volume of 0.02M HEDTA 
used after phosphate treatment, ml 

0.02M Zn(I1) 
added, ml La(II1) Ce(II1) 

0 0.40 0.45 
1 0.20 0.25 
2 0.00 0.05 
3 0.00 0.00 
4 0.00 0.00 

Hence 2 ml of 0.005M disodium hydrogen phos- 
phate solution in the presence of 3 ml of 0.02M zinc 
suffice to prevent completely interference from 6 mg 
of La(II1) or Ce(II1). This amount was chosen for 
study because it corresponds to the maximum content 
(6%) of La or Ce in the alloys currently used in 
China. (Note: owing to its adsorption on the phos- 
phate precipitate, more indicator should be added 
after the release reaction.) 

Synthetic mixtures were titrated by this technique, 
with the results shown in Table 6, which confirm the 
efficacy of the method. 

Correction for interference by zirconium 

Under the specified conditions Zr(IV) and Al(II1) 
are quantitatively co-titrated. A correction must 
therefore be made by selective titration of Zr(IV) 
after masking of the aluminium. Sulphosalicylic acid 
was tried as masking agent for this purpose. It was 
found that though 2.0-2.5 g of sulphosalicylic acid 
would efficiently mask up to 20 mg of Al(III), low 
recoveries of Zr(IV) were obtained (because the zir- 
conium is also partially masked). However, if excess 
of HEDTA is added at pH l-2 and the solution 
allowed to stand for 5 min at room temperature to 
allow complete complexation of the zirconium, and 
then the sulphosalicylic acid is added, the aluminium 
is masked but not the zirconium. The titration is 
completed by adding an excess of zinc solution and 
back-titrating the surplus with HEDTA. The net 
consumption of HEDTA then corresponds to the 
amount of zirconium present, and if it is zero then 
zirconium is absent. If Zr(IV), La(II1) and Ce(II1) are 
all present, the releasing technique with phosphate 
should be incorporated. 

Group separation of some interfering cations 

Under the specified conditions Bi, Cd, Cu(II), 
Hg(II), Fe(III), Ni, Pb, Sn(IV), V(IV) and Zn would 
interfere by reaction with HEDTA. Also Sb(II1, V) 
would cause trouble by hydrolysis, and Mo(IV) by 
forming a coloured complex with the sulphosalicylic 
acid added in the method of correction for zirconium. 
In our opinion these species are best removed as a 
group by precipitation with sodium diethyl- 
dithiocarbamate, followed by destruction of the ex- 
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Table 6. Titration of Al(III) in synthetic samples by the phosphate technique 

Net volume of 0.02M HEDTA used, ml Al, mg 
Cations added, 

mg Without phosphate With nhosohate Taken Found 

- 8.65 8.60 4.75 4.68 
8.83 8.80 4.80 4.75 
9.20 9.20 5.00 4.96 

18.53 18.50 10.00 9.98 
36.70 36.77 19.75 19.84 
36.90 36.85 20.00 19.89 

La 6 18.65 18.40 10.00 9.93 
27.80 27.50 15.00 14.84 

Ce 6 9.25 8.85 4.80 4.78 
9.60 9.16 5.00 4.94 

La 3, Ce 3 10.50 10.00 5.40 5.40 
Ce 6, Mn 3 9.42 9.12 5.00 4.92 

10.60 10.20 5.40 5.50 
Ce 6, Ti 0.1 11.35 10.95 6.00 5.94* 

*Ti(IV) masked with 5 ml of 0.02% N-benzoyl-N-phenylhydroxylamine solution in 
ethanol. 

cess of precipitant in the filtrate by acidification and 
heating. 

A clean-cut separation can be obtained with 334 g 
of the precipitant. To prevent precipitation of hy- 
drous aluminium oxide the pH must be kept below 3. 
Hence the pH of the acidified sample solution is first 
brought to cu. 2 with sodium bicarbonate, either 
Cresol Red or Metanil Yellow being used as indicator 
(both are adsorbed on the precipitate, so colourless 
filtrates are always obtained), and a maximum final 
pH of 3 is ensured by adding 3 ml of 6M hydrochloric 
acid to protonate all the diethyldithiocarbamate ad- 
ded, followed by monochloroacetic acid, which has 
maximum buffer capacity at pH 2.86. For the same 
reason the wash solution is acidified to pH < 3 with 
monochloroacetic acid. 

Ti(IV) has been reported to be neither 
precipitatedI nor extractedI as its diethyl- 
dithiocarbamate but it was later shown that a yellow 
titanium diethyldithiocarbamate is precipitated at pH 
16 and is extractable at pH 2.” Our experiments 
have confirmed this finding. Analysis of mixtures of 
standard solutions of Al(II1) and Ti(IV) by the 
procedure for ironchromium-aluminium alloys gave 
quantitative results for aluminium. 

Table 7. Effects of other cations and liaands on the titration 
of 10.00 mg of Ai 

Ca(I1) 
Cr(II1) 

MNU 
Ti(IV) 
SiOi- 
Po- 
woi- 
Sodium sulphate 
Monochloroacetic acid 

Added, 
mg 

Al found, 
mg 

10 10.03 
2.5 10.06 

12 9.95+ 
100 10.05 

1.0 8.47t 
2.5 10.03 
0.1 10.03 

10 9.95 
850 10.00 
400 10.02 

*Volatilized as chromyl chloride before titration. 
tAluminium taken, 8.50 mg. 

The effects of various cations and ligands were 
studied and the results obtained are summarized in 
Table 7. 

Applications 

The special features of the method may be sum- 
marized as follows: 

(1) use of a selective titrant and a selective metal- 
lochromic indicator; 

(2) use of an alcoholic aqueous medium; 
(3) use of a displacement technique to eliminate the 

interference from La(II1) and Ce(II1); 
(4) a correction for Zr(IV) present; 
(5) a simple separation of several cationic species as 

a group by precipitation with sodium diethyl- 
dithiocarbamate. 

Use of these techniques in combination greatly 
enhances the selectivity for titration of Al(II1) so that 
almost all the cations commonly accompanying alu- 
minium do not interfere. This is a decided advantage 
and has been confirmed by the results for analysis of 
some synthetic and industrial samples, shown in 
Tables 8 and 9. Up to 12 mg of Al can be titrated 
accurately and reproducibly if 30 ml of 0.02M 
HEDTA are added as specified in the procedure, but 
the amount of Al may be increased to 20 mg if 45 ml 
of 0.02M HEDTA are used. The general procedure 
is both versatile and flexible. Simplifications are 
possible in the absence of certain interferents. 

Table 8. Determination of Al in some synthetic samples by 
the proposed method 

Al, mg 
Composition of the synthetic sample, 

mg Taken Found 

Mg 170, Ce 12, Mn 5, Zn 2.8, Zr 2, 
Si 0.5, Fe 0.2, Cu 0.2, Ni 0.1, Be 0.04 20.00 19.87 

18.00 17.85 
Cu 160, Ni 13, Fe 13, Mn 5 8.80 8.85 
Cu 107, Zn 40, Fe 13, Mn 5, Pb 2, Bi 0.02 
Sb 0.2, As 0.2, Sn 0.4, P 0.2, Be 0.03 20.00 20.03 
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Table 9. Determination of Al in some non-ferrous alloys 

Al found, % 

Sample Composition Proposed method Other values 

Al bronze, SRM 

Cast alloy copper 

FeCr-Al alloy 

Cu 86.83, Fe 2.29, 
Sn 0.03, Ni 0.38, 
Mn 0.88, Si 0.11, 
As 0.01, P 0.01, 
Sb 0.003 
Cu 67.50, Fe 2.18, 
Mn 2.04, Pb 0.65, 
Sn 0.72 
Cr 60.04, MO 4.52, 
Ti 0.17, 
La + Ce 2.24 

9.30 9.32+ 

6.44 6.42+ 

14.57 14.52t 

*Certified value. 
tASTM E 120-75. 

Conclusion 

The method is rapid, and the standard deviation 
has been found to be 0.04 mg (n = 1 1), the coefficient 
of variation ranging from 0.2 to 1%. Owing to its 
versatility and flexibility this new method should find 
many practical applications. 
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Summary-A new chelatometric method for the determination of Bi in bismuth-base alloys, low-melting 
alloys and reagent-grade bismuth salts is proposed. It is based on the chelation of Bi(II1) with HEDTA, 
which is added in substoichiometric amount in perchloric acid medium to eliminate the interfering 
side-reactions of olation and oxolation, followed by pH adjustment and titration at pH 2 with 
Semi-Xylenol Orange as indicator. It is more selective than the classical EDTA method, and the accuracy 
and precision are enhanced. The coefficient of variation was found to be -0.1%. 

When present as a major constituent of a sample, 
bismuth is commonly and conveniently determined 
chelatometrically, usually with EDTA. Other com- 
plexones might serve the purpose as well or even 
better, however, e.g., bismuth is chelated more 
strongly at pH < 1.8 by NTA than by EDTA.’ We 
propose titration with Semi-Xylenol Orange as indi- 
cator and N-(2-hydroxyethyl)ethylenediamine- 
N,N’,N’-triacetic acid (HEDTA), as titrant, added 
substoichiometrically before the pH adjustment for 
the titration proper. The method is more selective, 
accurate and precise than earlier methods. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used whenever 
possible. 

Ascorbic acid solution, 4%. Freshly prepared before use. 
Sodwn acetate (anhydrous) solution, 10%. 
Cresol Red. A 0.1% solution in ethanol. 
Semi-Xylenol Orange. A 0.1% solution of the 

chromatographically-pure chemical in 50% ethanol. 
Bismuth standard solution, O.UZM. Dissolve 4.660 g of 

bismuth oxide (99.99% purity) in 6 ml of concentrated 
perchloric acid by heating. Cool, add 200 ml of 1% v/v 
perchloric acid, mix, transfer to a I-litre standard flask, and 
dilute to volume with 0.1% perchloric acid. 

HEDTA srandard solution. Dissolve 11.13 g of anhydrous 
HEDTA in 700 ml of water by warming. Cool to room 
temperature. Transfer to a 24itre standard flask, dilute to 
volume and mix. Standardize as follows. Pipette 25.00 ml of 
HEDTA solution into a 250-ml beaker, add 5 ml of ascorbic 
acid solution and 2 drops of Semi-Xylenol Orange solution, 
and titrate with the standard bismuth solution to the 
appearance of a red colour, and add 2-3 ml in excess. 
Back-titrate with the HEDTA solution to the colour change 

*To whom correspondence and requests for reprints should 
be sent. Present address: 999 Dong Chang Zhi Lu, 
Shanghai, People’s Republic of China. 

from red to yellow. Calculate the titre T of the HEDTA as 
mg of Bi per ml, from: 

T = 0.02 x 209.0 x VJV, 

where V, = ml of bismuth standard solution used and 
V, = ml of HEDTA solution used. 

Procedures 

Analysis of bismuth salts. Transfer an appropriate amount 
of sample, weighed to the nearest 0.1 mg, into a 250-ml 
beaker. Add 3 ml of concentrated perchloric acid and heat 
to strong fumes. Cool, and add from a burette (with stirring) 
an amount of HEDTA solution co. 2-5 ml less than the total 
volume needed, as estimated from the approximate com- 
position of the sample. Thoroughly rinse the cover and inner 
wall of the beaker. Add successively 10 ml of sodium acetate 
solution, I drop of Cresol Red solution and saturated 
bicarbonate solution dropwise until the red colour of the 
indicator becomes paler. Add 5 ml of ascorbic acid solution 
and then bicarbonate solution dropwise until a pale yellow 
colour appears. Add 2 drops of Semi-Xylenol Orange 
solution and titrate with HEDTA to the colour change from 
red to yellow. Calculate the bismuth content from Bi = 100 
TV/G%, where G is the sample weight (mg) taken for 
titration; V is the total volume of titrant used (ml), T is the 
HEDTA titre for bismuth. 

Analysis of alloys (containing no In or Gu). Transfer 
0.2425 g of sample, weighed to the nearest 0.1 mg, into a 
250-ml beaker. Add 10 ml of concentrated hydrobromic 
acid and 1 ml of bromine. Warm till dissolution is complete, 
then add 10 ml of concentrated perchloric acid. Heat to 
expel completely any volatile bromides and decompose any 
insoluble bromides. Evaporate the resulting clear solution to 
2-3 ml. Cool to room temperature, then complete the 
titration as described above. 

RESULTS AND DISCUSSION 

Choice of metallochromic indicator 

Catechol Violet has been reported* to be the most 
reliable indicator for the titration of bismuth and the 
most convenient to use.3 In an acidified solution the 
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appearance of its blue binuclear Bi-chelate also func- 
tions as a narrow-range acid-base indicator4 to indi- 
cate the proper pH for the titration. Xylenol Orange, 
however, is more sensitive, as shown by WSinninen.5 
The combined use of both also gives satisfactory 
results,6 However, Semi-Xylenol Orange is reported 
to be much more sensitive,’ and was chosen for this 
work. A specimen of chromatographic purity recently 
prepared by us was used. 

Choice of medium 

As reported earlier8,9 the least hydrolysable salt of 
bismuth is its perchlorate, which does not hydrolyse 
even in a weakly acid solution.r” Kodama has also 
pointed out” that BiO+ is stable in perchloric acid 
medium. This medium was accordingly chosen in 
order to reduce the unfavourable effects of the side- 
reaction of bismuth with hydroxide ions. 

For the same reason the standard bismuth solution 
was prepared by dissolving bismuth oxide in an 
appropriate amount of perchloric acid. Bismuth ni- 
trate dissolved in 6% acetic acid/lo% potassium 
iodide medium has also been reported to be stable,‘* 
but the presence of iodide might often interfere in 
practical applications. 

Choice of titrant 

The formation constant of the Bi-HEDTA chelate 
log Kf is reportedI to be lo*’ 8. Hence its conditional 
formation constant, log K; at pH 2 would be 9.8 
after correction for log gusmA = 12.0.14 This pro- 
vides a sound theoretical basis for titration of bis- 
muth with HEDTA at this pH, which seems to be 
optimal since at pH >3 inaccurate results would be 
obtained.” 

The use of HEDTA as titrant has the following 
advantages: (1) it makes the titration more selective; 
(2) it is very soluble not only in water but also in 
strong acids, so is especially suitable for the sub- 
stoichiometric addition technique in strongly acidic 
medium (uide infra); (3) the pH of its standard 
solution is 2.0-2.5, which is very close to that re- 
quired for the titration. In contrast, if the disodium 
salt of EDTA is used as titrant, its solution must be 
acidified, as pointed out by Kragten,” and this 
acidification often caused the precipitation of some 
EDTA as the free acid. 

Anhydrous HEDTA is preferred because the hy- 
groscopic dihydrate cannot be weighed accurately. 

Choice of pH indicator 

Methyl Green, Methyl Violet, Malachite Green 
and Cresol Red were tried and the last was found to 
be the most suitable. 

The substoichiometric addition technique 

At pH l-2 the predominant bismuth species found 
in solution are BiO+ and Bi(OH)*+.16 Simple neutral- 
ization to this pH would, no matter how efficient the 
stirring, create a non-equilibrium situation caused by 

concentration gradients between the reagent and the 
solution, and localized conditions could momentarily 
cause too high a pH and the formation of polynuclear 
complexes such as Bi6Gg- and Bi6(OH)fz ,” owing to 
olation and oxolation. These are inert charged species 
and may persist even after the solution has been 
mixed thoroughly enough to be thought homoge- 
neous, even though the final conditions do not lead 
to any penetration into the region of polynuclear 
hydroxo-complexation in the pH-pM’ diagram.15 In 
such cases low results will always be obtained. 

From the following equation derived by Kragten15 

1% qwly) = 

+ 1% BE: + 1% P + P - 1 

P 
- log [M’] 

P 

the x-coefficient for formation of polynuclear 
hydroxo-complexes of a multivalent cation, LY(~,~), 
increases with increasing pH or [M’] or both. At a 
fixed pH it increases only as the conditional 
metal-ion concentration [M’] increases. In order to 
make negligible the interferences caused by such 
side-reactions the maximum amount of bismuth to be 
titrated has been limited to 15,3 30,r8 50,r9 or 80 mg,*O 
and the sample weight of low-melting alloys taken for 
titration specified as 0.1 g. *‘I** Such limitations would, 
owing to the relative high atomic weight of Bi, make 
the analytical results inaccurate and imprecise. This 
is a serious drawback in the analysis of samples with 
relatively high Bi content. 

Therefore another approach, termed sub- 
stoichiometric addition, was developed by us. It is a 
variant of direct titration. In a medium of sufficient 
acidity, in which neither olation nor oxolation of the 
titrand cation takes place, an appropriate amount of 
HEDTA, the titrant, is first added. During the sub- 
sequent careful pH adjustment to the required value 
for the titration the complexing action of HEDTA on 
Bi(III) competes with that of olation and oxolation. 
In this way [M’] can be markedly decreased and hence 
cl~pOIY) effectively reduced to a negligible value. It is 
interesting that in this novel technique the titrant 
itself serves both for determination and as a masking 
agent to eliminate olation and oxolation. 

This technique has proved to give reliable results 
and has been successfully used for assaying reagent- 
grade chemicals with relatively high bismuth content. 
It was recently adopted as the standard method for 
this purpose, approved by the Ministry of Chemical 
Industry, People’s Republic of China. 

pH adjustment and dilution 

For the pH adjustment sodium hydroxide and 
ammonia would be unsuitable since with either it is 
impossible to avoid penetration into the region of 
polynuclear hydroxo-complexation in the pH-pM’ 
diagram. Hence sodium bicarbonate, as the saturated 
solution but not as the solid, is used in the presence 
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of sodium acetate. Kragten15 has pointed out that the 
presence of anions of weak acids and bases has a 
large influence on the shape of the neutralization line 
in the pH-pM’ diagram. In this respect the use of 
sodium bicarbonate can be strongly recommended 
because in acidic medium the bicarbonate anion is 
converted into carbon dioxide and water. Its use has 
also proved very satisfactory for pH adjustment of 
the AI-HEDTA system in order to avoid the for- 
mation of inert aluminium species, as reported in 
another paper of this series.*’ 

It should be noted that acidified water should 
always be used for dilution of acid solutions of a 
multivalent cation. Is Accordingly the standard bis- 
muth solution was prepared by a two-step dilution 
with perchloric acid solutions with successively lower 
concentrations. 

Efect of diverse ions and ligands 

The relevant conditional formation constants of a 
number of HEDTA and EDTA complexes at pH 2 
are summarized in Table 1 for comparison. Theor- 
etically speaking, it is quite evident that on the 
whole the proposed titration system would be more 
selective. 

The effects of some ions and ligands were studied 
and the results obtained are shown in Table 2. As the 
method was intended for analysis of low-melting 
alloys, the amounts of metals studied correspond to 
their levels in such alloys. No attempt was made to 
determine tolerance limits, but it should be noted that 
for V(V) or V(W) the tolerance limit is 1 mg (other- 
wise a red chelate is formed with the SXO). Obviously 
many ionic species, especially those commonly ac- 
companying bismuth, do not interfere. It should be 
noted that at pH 2 aluminium exerts no interfering 
action in the proposed system, whereas it does if 

Table 1. Conditional formation constants of some HEDTA 
and EDTA chelates at pH 2 

log K: log K; at pH 2 

Cation HEDTA EDTA HEDTA EDTA 

Al(II1) 14.4 16.1 2.4 2.4 
Cd(H) 13.0 16.5 1.0 2.8 
Ce(II1) 14.2 16.0 2.2 2.3 
Co(H) 14.4 16.3 2.4 2.6 
Cu(I1) 17.4 18.8 5.4 5.1 
Fe(II1) 19.8 25.1 7.8 11.4 
Fe(I1) 12.2 14.3 0.2 0.6 
Ga(II1) 16.9 20.3 4.9 6.6 
H&II) 20.1 21.8 8.1 8.1 
In(W) 17.2t 25.0 5.2 11.3 
La(II1) 13.5 15.5 1.5 1.8 
Lu(II1) 15.9 19.8 3.9 6.1 
Ni(I1) 17.0 18.6 5.0 4.9 
Pb(I1) 15.5 18.0 3.5 4.3 
Zn(I1) 14.5 16.5 2.5 2.8 

*Incztdy.24 
tCheng et al.‘) 

Table 2. Effects of some ions and ligands on the titration of 
120.0 ma of Bi(II1) 

Species 
tested 

Al(II1) 
Cd(U) 
Co(H) 
Cr(II1) 
Cu(I1) 
Fe(II1) 
Hg(II) 
In(II1) 

Added, 
mg 

8 
100 

1 
2 
5 
5 

30 
11.5 
8 
2 

120 
1.5 

Bi found, mg 

120.0 
120.1 
120.2 
120.1 
119.8 
120.1 
120.22 
141.0 

Mo(VI) 
Ni(III 
PbiIi) 
Te(VI) 
V(V) 
Zn(I1) 
Zr(IV) 
NaCl 
Chloroacetic acid 
Thiourea 
Ethylene glycol 
Diethylene glycol 

25 
9 

35 
500 
500 

10t 
lot 

120.0 
120.1 
120.2 
120.0 
120.2 
120.0 
140.8 
119.8 
119.8 
119.9 
120.0 
119.8 

*With 0.3 g of thiourea present and ascorbic acid absent. 
tVolume added, ml. 

Table 3. Determination of Bi in some chemicals and non- 
ferrous alloys 

Sample 

Bismuth-base alloy 359A 
Low-melting alloy 231 

325 
326 
329 

Proposed 
method methodt 

83.2’ 83.1 
48.5 48.4 
49.1 49.1 
48.9 48.8 
48.9 49.1 

Bismuth nitrate 42.6 42.5 
Bismuth sulphate 58.6 58.5 
Bismuth oxycarbonate 79.9’ 19.9 
Bismuth oxynitrate 71.0* 70.9 

*Sample weight 0.2 g. 
tBy controlled-potential electrolysis. 

Bi found, % 

EDTA is used as the titrant.25 Zirconium and indi- 
um(II1) are quantitatively co-titrated, and for sam- 
ples containing these the Mbil and Veseljr method26 
can be applied. The hydrolysis of Ti(IV), Ga(III), 
Sb(III), Sb(V) and Sn(IV) also causes trouble. 
Antimony and tin can be previously removed by 
volatilization as the bromides. This approach ensures 
no loss of Bi and seems to be preferable to those 
needing filtration26*27 or solvent extraction. 

The standard deviation for determination of 120 
mg of bismuth was found to be 0.16 mg (n = 12) and 
the coefficient of variation to vary from 0.09 to 
0.13%, depending on amount of bismuth. 

Applications 

The proposed method has been satisfactorily used 
to determine bismuth in various chemicals and non- 
ferrous alloys. Some results are shown in Table 3. 
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ALLOYS WITH HEDTA 

ZHOU NAN* 

Shanghai Research Institute of Materials, The Ministry of Machine Building Industry, Shanghai, 
People’s Republic of China 

and 

Yu REN-QING, YAO XU-ZHANG and Lu ZHI-REN 

The Third Factory of Shanghai Reagent Chemicals, Shanghai, People’s Republic of China 

(Receked 28 March 1985. Accepted 8 August 1985) 

Summary-A new titrimetric method for determination of tin (34%) in aluminium alloys, tin- and 
lead-base alloys, solders, white bearing alloys, special bronzes and silver brazing alloys is proposed. 
HEDTA, Semi-Xylenol Orange and bismuth perchlorate are used as titrant, indicator and back-titrant 
respectively. Measures are taken to overcome the hydrolysis of Sn(IV). Monochloroacetic acid and 
ethylene glycol are added as auxiliary agents. The standard deviation of this method was found to be 
0.2 mg and its coefficient of variation to vary from 0.25 to 2%. according to amount of tin. A novel method 
of sample decomposition and a modified method for separating Sn(IV) are also suggested. 

The redox titration of tin in non-ferrous alloys, 
though commonly used, seems somewhat incon- 
venient, since atmospheric oxygen must be rigorously 
excluded if accurate results are to be obtained. More- 
over, the titration should be done at below a certain 
temperature in order to prevent the side-reactions 
caused by the reductant used for the prereduction of 
Sn(IV). Therefore a chelatometric finish should be 
preferable. The main difficulty encountered is the 
hydrolysis of Sn(IV). This side-reaction is very pro- 
nounced and takes place even at 1M hydrogen-ion 
concentration,’ thus exerting a very unfavourable 
effect. To overcome this a new method is proposed in 
this paper, in which HEDTA, Semi-Xylenol Orange 
and bismuth perchlorate are suggested as titrant, 
indicator and back-titrant respectively. Monochloro- 
acetic acid and ethylene glycol are introduced as 
auxiliary agents. It has been successfully applied to 
the determination of tin (2 4%) in different kinds of 
non-ferrous alloys. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used unless 
otherwise specified. 

Monochloroacetic acid solution, 9%. 
Ascorbic acid solution, 4%. Freshly prepared before use. 
Saturated sodium bicarbonate solution. 
Ahaninium nitrate nonahydrate solution, 4%. 
Semi-Xylenol Orange solution. In 50% ethanol, 0.1 %.2 
Cresol Red solution. In ethanol, 0.1%. 
N-Benzoyl-N-phenylhydroxylamine solution. In glacial 

acetic acid, 4%. 

*To whom correspondence should be sent. Present address: 
999 Dong Chang Zhi Lu, Shanghai, People’s Republic 
of China. 

Wash solution. Pour 25 ml of sulphuric acid (1 + 1) into 
475 ml of water, mix and saturate with N-benzoyl-N- 
phenylhydroxylamine. 

Tin standard solution. Dissolve 1.0000 g of tin (99.99% 
pure) in l&l5 ml of concentrated sulphuric acid and 5 ml 
of concentrated nitric acid, and heat to strong fumes. Cool, 
add with stirring 5 ml of water, then 100 ml of hydrochloric 
acid (I + 3). Transfer to a 500-ml standard flask, dilute to 
volume with the same acid and mix: 1 ml of thus solution 
contains 2.0 mg of Sn(IV). 

Btsmuth standard solution. Use 9.703 g of bismuth nitrate 
pentahydrate instead of bismuth oxide, and prepare as 
previously described.’ 

HEDTA standard solution. Prepare and compare with the 
Bi standard bismuth solution as previously described.* 
Calculate the concentration ratio f of these two solutions 
from f= A/B, where A is the total volume of HEDTA 
soiution used (ml) and B that of the standard bismuth 
solution consumed. Then standardize the HEDTA solution 
as follows. Into a 250-ml beaker pipette 25.00 ml of the 
standard tin solution (see note). Add 5 ml of sulphuric acid 
(1 + I) and heat to strong fumes, Cool, add successively, 
wtth thorough stirring, 5.0 ml of monochloroacetic acid 
solutton, 45 ml of HEDTA solution dropwise from a 
burette, 10 ml of ethylene glycol and 1 drop of Cresol Red 
solution. Then add dropwise saturated sodium bicarbonate 
solution till the red colour of the indicator becomes paler, 
then 5 ml of ascorbic acid solution, and continue the 
dropwise addition of sodium bicarbonate solution to the 
appearance of a pale yellow colour. Let stand for 2 min. 
Add 2 drops of Semi-Xylenol Orange solution and titrate 
with standard bismuth solution till a red colour appears. 
Let stand for 1 min then back-titrate with HEDTA solution 
to an abrupt colour change from red to yellow. Calculate 
the titre f of the HEDTA as mg of Sn per ml, from 
T = 2 V,/( V, - Vf) where V,, V, and V, are the volumes of 
HEDTA, Bi and Sn solutions used, respectively. 

Note. It would be preferable to standardize against an 
SRM having composition close to that of the sample to be 
analysed. 

Procedures 

(a) Determrnation of Sn in [in-base alloys. Transfer 0.1 g 
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of the sample, weighed to the nearest 0.1 mg, into a 400-ml 
beaker. Add 5 ml of sulphuric acid (1 + 1) and warm till 
dissolution is complete. Add 2 or 3 drops of concen- 
trated nitric acid if necessary. Heat to strong fumes, and 
let fume for l-2 min. Cool to room temperature and add 
5.0 ml of monochloroacetic acid solution. Then continue 
the titration as described for standardization of the 
HEDTA solution. Calculate the percentage of Sn from: % 
Sn = lOOT(V, -fV,)/G where G is the sample weight (mg) 
taken for titration. 

(b) Determination of Sn in solders, while bearing alloys 
and lead-base alloys. Transfer 0.25 g of the sample, weighed 
to the nearest 0.1 mg, into a dry 50-ml standard flask. Add 
10 ml of concentrated hydrochloric acid and 2 or 3 drops 
of concentrated nitric acid. Immerse the flask in a water- 
bath at ca. 50” until dissolution of the sample is complete, 
adding a further 1 or 2 drops of nitric acid if necessary. Cool 
to room temperature, dilute to volume with water, and mix. 
Filter into a dry beaker through a paper of fine porosity. 
Pipette 20 ml of the filtrate into a 400-ml beaker, add 5 ml 
of sulphuric acid (1 + 1) and heat to strong fumes, and let 
fume for l-2 min. Cool to room temperature, then complete 
the titration as described in the preceding paragraph. 

(c) Determinalron of Sn in aluminium alloys. Transfer 
0.2 g of the sample, wetghed to the nearest 0.i mg, into a 
250-ml beaker. Add 7 ml of suluhuric acid (1 + 1). then 8 
ml of hydrochloric acid (1 + 1). When the violent reaction 
has subsided, add a few drops of 30% hydrogen peroxide 
and warm till dissolution is complete. Then boil gently to 
destroy excess of hydrogen peroxide. Add 75 ml of water 
and cool to room temperature. Add dropwise, with constant 
stirring, 12 ml of N-benzoyl-N-phenylhydroxylamine solu- 
tron. Let stand for 10 mitt, filter through a paper of fine 
porosity, and wash the filter and the beaker thrice with the 
wash solution. Transfer the filter paper and the precipitate 
into the original beaker. Add 4 ml of sulphuric acid (1 + 1). 
1 ml of 72% perchloric acid and stir thoroughly to disin- 
tegrate the paper. Then add an appropriate amount of 
concentrated nitric acrd, mix thoroughly and heat to destroy 
the filter paper and decompose the organic matter, finally 
heating to strong fumes for l-2 min. Cool to room tem- 
perature. Then add 5 ml of monochloroacetic acid solution 
and complete the titration as above. 

(d) Determination of Sn m silver brazing alloys. Transfer 
0.25 g of the sample, weighed to the nearest 0.1 mg, into a 
250-ml beaker. Add 5 ml of sulphuric acid (1 + 1) and then 
concentrated acid dropwise and warm till dissolution is 
complete. Then heat to strong fumes, letting fume for l-2 
min. Cool to room temperature, add 50 ml of hydrochloric 
acid (1 + 19) and stir vigorously for 1 min. Wash the cover 
and the inner wall of the beaker with water. Let stand for 
5 min, then filter off the silver chloride on a paper of fine 
porosity. Wash the paper and the beaker with hydrochloric 
acid (I + 19) several times. The total volume of washings 
should be ca. 30 ml. Then continue the precipitation with 
N-benzoyl-IV-phenylhydroxylamine and the subsequent ti- 
tration as described in the preceding paragraph. 

RESULTS AND DISCUSSION 

Measures taken to overcome the hydrolysis of S(W) 

The strong tendency of Sn(IV) to hydrolyse is the 
main difficulty encountered. To overcome this the 
following measures were taken: (1) HEDTA was 
chosen as titrant since it may be added to a strongly 
acidic medium, as previously reported;2 (2) pH 2 was 
chosen for the back-titration of excess of HEDTA 
instead of pH 5-6, at which the conditional for- 
mation constant of the Sn-HEDTA chelate would be 
greatly lowered as the result of increasing xsn(OH) with 

increasing pH; (3) auxiliary agents were introduced to 
aid in suppressing the unfavourable effect of hydro- 
lysis. 

Choice of back-titrant and metallochromic indicator 

Sn(IV) has generally been determined by back- 
titration because of its ready hydrolysis. Thorium 
nitrate has been used’.3m6 at pH 2 as the back-titrant 
for this purpose, but it is expensive, radioactive and 
subject to interference by sulphate. Obviously bis- 
muth perchlorate would be a better choice. Its solu- 
tion is quite stable.2 Although Xylenol Orange3.>’ has 
been widely used as a metallochromic indicator, 
Semi-Xylenol Orange was chosen instead since it is 
more sensitive. 

Neutralizing agent, pH indicator and bufSer 

In principle the pH conditions for back-titrating 
excess of HEDTA with bismuth are the same as those 
for titrating bismuth with HEDTA.’ Accordingly the 
same neutralizing agent and pH indicator were used. 
It seemed preferable to conduct the titration in 
sulphuric acid medium since its pK2 value is about 
2.0, and the bisulphate/sulphate system constitutes a 
buffer of the required pH. 

Search for auxiliary agents 

Chloride ion has been used as an auxiliary agent, 
at a concentration of lM.$ Preliminary experiments 
showed that monochloroacetic acid serves the same 
purpose, and 0.5 g of it is tolerable in the Bi-HEDTA 
titration system.2 Its optimum amount as an auxiliary 
agent for titrating GO.1 g of Sn(IV) was found to be 
0.45-0.5 g. Ethylene glycol was also tried, since it has 
been successfully used in the Al-HEDTA titration 
system.9 Detailed study revealed that when both 
monochloroacetic acid and ethylene glycol are 
present the consumption of HEDTA by a fixed 
amount of Sn(IV) is somewhat greater than that in 
the presence of either auxiliary agent alone, i.e., the 
hydrolysis of Sn(IV) is more effectively suppressed. 
The use of both is therefore recommended. 

The use of 5-l 5 ml of ethylene glycol was found to 
give almost identical results, and use of 10 ml of 
ethylene glycol is specified in the procedures. It 
should be noted that 10 ml of dimethylsulphoxide 
may be used in place of ethylene glycol (see Table 1). 

Eflects of diverse ions and ligands 

Generally speaking, bivalent and lanthanide cat- 
ions do not interfere since the titration is conducted 
at too low a pH. The effects of various ions and 
ligands were studied and the results are summarized 
in Table 1. The metals were studied at levels corre- 
sponding to the composition of the alloys for which 
the method is intended. 

Bi(III), In(III), Ga(III), Zr(IV) and Ti(IV) will 
interfere, as they are quantitatively co-titrated, and 
their prior separation is necessary. 
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Table 1. Effects of some ions and ligands on the titration 
of Sn(IV) 

Sn, mg 

Ion or ligand added, mg Taken Found 

Dimethylsulphoxide, lO* so.74 50.6 
Diethylene glycol, 5* 50.46 40.0 
Cu(II), 13 20.20 20.16 
Fe(III), 2.5 20.20 20.25 
Al(III), 10 20.20 20.25 
Mo(VI), 8 20.20 20.16 
Sb(III), 2.5 9.60 9.51 

PO-, 0.:’ 
20.20 20.27 
11.02 11.02t 

0.45 11.02 11.09t 
0.45 49.30 49.417 

Cu(II), 13; Fe(III), 2.5 20.20 20.26 
Cu(II), 13; Pb(II), IO; Sb(III), 13 20.20 20.16 

*Added (ml) in place of ethylene glycol. 
tFive ml of 4% aluminium nitrate solution added before 

back-titration. 

Sample decomposition 

It is rather difficult to decompose samples contain- 
ing both tin and lead. Attack with nitric acid results 
in the precipitation of metastannic acid which is 
heavily contaminated because of its strong adsorptive 
powers. Also, as soon as it appears, it coats the 
sample surface, and decomposition ceases or becomes 
very slow. The use of aqua regia was considered 
unsuitable in this case.“’ The combined use of nitric 
acid and tartaric acid has also some demerits.‘O 
Moreover, tartaric acid itself interferes in the ti- 
tration. Attack with glacial acetic acid and hydrogen 
peroxide” also proved to be ineffective. At least 25 ml 
of 9M hydrochloric acid or 150 ml of nitric acid 
(1 + 1) together with 4 ml of concentrated hydro- 
chloric acid may be used, as suggested by Cohen,‘O 
but our tests failed to confirm the efficacy of these 
treatments. The methods recommended by ASTM12.13 
would be inadequate, as the use of 20 ml of concen- 
trated sulphuric acid makes the pH adjustment rather 
difficult. Fusion with pyrosulphatei4 seems incon- 
venient. Therefore decomposition of the samples 
chosen deserved further study. In our opinion the key 
to complete decomposition lies in effective prevention 
of the formation of insoluble deposits. Accordingly 
hydrochloric acid should be added in large excess to 
complex both Sn(IV) and Pb(I1) as anionic species. 

Table 2. Effect of hydrochloric acid and total hydrogen-ion 
concentration on the precipitation of 46.43 mg of Sn(IV) 

V-W D-WW Total [H+], Sn found, 
M M M mg 

0.18 0.36 0.6 46.4 
0.24 0.45 0.7 46.4 
0.55 0.45 1.0 46.5 
0.12 0.84 1.0 46.5 
0.18 2.16 2.3 46.4 
0.24 2.88 3.1 46.3 
0.16 3.42 3.6 46.4 
0.18 4.86 4.0 45.3 

*Note that at concentrations > IM, the second dissociation 
step of sulphuric acid takes place to only a negligible 
extent. 

On the other hand, only a small amount of nitric acid 
is needed. The proposed method ensures that the 
samples are decomposed smoothly and effectively at 
ca. SO”, at which there is no loss of tin by volatiliz- 
ation. The decomposition is done in a standard flask 
for convenience. The dilution to volume gives a 
preliminary separation of lead as the chloride with no 
loss of tin. 

Preliminary separation of Sn(IV) 

For samples containing Ag, Al or Cu as the main 
constituent a preliminary separation is indispensable. 
Silver can be readily removed as the chloride from a 
sulphuric acid medium without loss of Sn(IV). Sn(IV) 
may be separated from Al(II1) and Cu(I1) by selec- 
tive precipitation with N-benzoyl-N-phenylhydroxyl- 
amine. The method originally suggested by Ryan” 
took 4 hr for complete precipitation with an ethanolic 
solution of the precipitant, at 0”. We have greatly 
improved it. Glacial acetic acid was chosen as the 
solvent for the precipitant. Preliminary experiments 
revealed that the precipitation can be done at room 
temperature, and is complete within 10 min. It was 
also found that 400 mg of precipitant is enough for 
separation of up to 60 mg of tin. 

The precipitate formed is a hexaco-ordinated 
mixed-ligand chelate, SnCI,L,, as independently 
found by different authors.‘6.‘7 Therefore the presence 
of chloride is absolutely necessary, but it should never 
be added in excess, since it would then compete for 
Sn(IV) to form anionic complexes, thus exerting an 
antagonistic effect. Hence the optimal concentration 

Table 3. Determination of tin in some synthetic samples by the proposed method 

Sn, nw 

Composition of the sample, mg Taken Found 

Sb 13, Pb 11.4, Cu5 81.8 81.8 (a) 
Al 188. Cu 6. Ni 3. Ma 2.4. Mn 1.5. Fe 1.5. Si 1.4 46.2 46.3 (c) 

_I, 
Pb 200, Sb 40, Cu 7.5, Fe 0.25, Bi 0.25 

Pb 125, Cu 3.75, Sb 37.5 

(a), (b) and (c) refer to the procedure (see text). 
*40-m] aliquot of the sample solution taken. 

12.00 12.10‘(c) 
10.10* 10.28 (b) 
43.4 43.4 (b) 
45.4 45.3 (b) 
50.5 50.6 (b) 
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Table 4. Determination of tin in some non-ferrous alloys 

Sn found. % 

Sample 

SRM 610* 
611* 
615* 
612A* 
616* 

Pb alloy 

Sn alloy 

Al alloy 
Bronze 
Ag alloy 

Composition, % Proposed method Other methods 

Sb 10.77, Cu 5.97, As 0.12 82.7 82.6 (a) 
Sb 10.56, Cu 5.93, Pb 0.53 83.0 82.9 (aj 
Sb 11.95, Cu 2.66, Pb 10.28 74.9 75.0 (a) 
Pb 72.8, Sb 14.07, Cd 1.24, Cu 1.68, Ni 0.71, As 0.61 8.95 8.84 (a) 
Pb 84.1, Sb 10.42, As 0.35 4.81 4.82 (a) 
Pb 82.95, Sb 12.42 4.12 4.18 (c) 
Pb 58.04, Sb 0.1 41.1 41.3 (c) 
Pb 28.4, Sb 4.52 66.9 67.1 (c) 
Pb 33.15, Ag 2.37 63.8 64.0 (c) 
Sb 10.24, Pb 0.16 89.5 89.2 (c) 
Al (remainder) 15.59 15.65 (b) 
Cu 71.16, Pb 19.3, Fe 0.03, Ni 0.93, Zn 0.02, Ag 0.002 8.31 8.32 (a) 
Ag 49.98, Cu 20.28, Zn 21.45 7.76 7.85 (b) 
Ag 43.90, Cu 20.93, Zn 27.78, Ni 1.83 5.54 5.49 (b) 
Ag 37.86, Cu 27.92, Zn 29.33, Ni 1.26 3.61 3.57 (b) 

(a) Certified value; (b) by controlled potential electrolysis; (c) Okell’s method.‘* 
‘Supplied by SRIM, the best-known supplier of SRlMs in China. 

of hydrochloric acid was sought and found to be 
0.12-0.55M (Table 2). To enhance the selectivity, 
sulphuric acid was added to increase the total acidity. 
Tests showed that the total hydrogen-ion concen- 
tration can be varied from 0.6 to 4M without dis- 
turbing the recovery of tin, as shown in Table 2. A 
concentration of l.OM may be chosen for general 
purposes, but must be raised to 2.3M if bismuth is 
present, to prevent the simultaneous precipitation of 
BiOCl. Zr(IV), Ti(IV), Nb(V), nitrate and phosphate 
interfere, however. 

Applications 

The proposed method has been validated by anal- 
ysing some synthetic samples (Table 3) and checked 
by analysis of a few SRM samples (Table 4). Its 
standard deviation was found to be 0.2 mg of tin 
(n = 15) and the coefficient of variation to vary from 
0.25 to 2%. It has been successfully applied to 
determination of the tin content (2 4%) of tin- and 
lead-base alloys, solders, white-metal bearing alloys, 
aluminium alloys, special bronzes and silver brazing 
alloys. 
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Summary-Factor analysis of spectroscopic data is a well-known tool for the determination of the number 
of independent absorbing species in a series of mixtures. It has also been used for the reduction of the 
data-set in the calculation of equilibrium constants from multiwavelength data. The paper presents a new 
application of this powerful technique. In a completely model-free treatment, data from spec- 
trophotometric or other spectroscopic titrations are subjected to repetitive abstract factor analysis. By 
starting with only the first two spectra, and introducing the additional measurements one by one, the 
number of significant eigenvalues is obtained as a function of the progressing titration. On repetition of 
the process from the opposite end and judicious combination of the results, the formation and dissociation 
of individual “species” can be obtained. After association of actual stoichiometries with these purely 
abstract “species” by chemical reasoning, it may be possible to arrive at a semiquantitative description 
and reasonable estimates for the equilibrium constants. This method is most successful for the detection 
of minor species which would go unnoticed in any visual inspection of spectrophotometric titration curves. 

Factor analysis (FA) is a powerful tool with rapidly 
growing application to chemistry.” Predominantly, 
it serves for the determination of the number of 
factors or linearly independent components in a given 
set of data;“’ this specific application is also known 
as principal components analysis. Equally interesting 
is its use for the reduction of large matrices of raw 
data to smaller ones. Factor analysis of this second 
type includes the reduction of GC/MS/IR libraries,8 
analysis of multicomponent fluorescent mixtures,9 
and the calculation of equilibrium or rate constants 
from multiwavelength spectrophotometric’“‘3 or 
ESR”16 data. Finally, some algorithms have been 
derived for the estimation of the component spectra 
by making use of the non-negativity of both the 
species spectra and their concentrations.‘7m2’ 

In the course of our own research on the calcu- 
lation of equilibrium constants from spectroscopic 
titration data**-*’ we have routinely used factor anal- 
ysis for data reduction. This has made it possible to 
use desk-top computers to treat systems of 30-60 
spectra obtained at 20-30 wavelengths. In parts I and 
II of the series we have discussed the mathematical 
details26 and the performance of our program 
SPECFIT,27 which makes the numerical treatment of 
spectroscopic data as straightforward and almost as 
simple as the analysis of potentiometric titration 
curves. 

Here, we discuss a third and new application of 
factor analysis, which we wish to call evolving factor 

analysis. This application is related to the first possi- 
bility discussed above, i.e., to the determination of 
independent components in a given data matrix. Its 
goal is more ambitious, however, in aiming at a 
completely model-free analysis of spectroscopic ti- 
trations. It will yield a picture closely related to 
species distribution curves and, with the aid of some 
chemical reasoning, should also give reasonable esti- 
mates of the actual equilibrium constants. 

EVOLVING FACTOR ANALYSIS (EFA) 

Suppose we have a series of M spectra of mixtures 
containing S different absorbing species, measured at 
W wavelengths, and arranged into an M x W data 
matrix Y. For M, W > S, and linear independence of 
all species spectra and concentration profiles, S can 
be obtained through factor analysis and is equal to 
the number of significant eigenvalues of the second- 
moment matrix M=Y’Y. The decision about 
whether an eigenvalue is significant or not is in some 
cases very difficult to reach and has been discussed in 
great detail.” 

If, in addition, the measurements are obtained by 
titration of one original solution or by an analogous 
experiment, then the (unknown) concentrations of all 
species vary according to a single parameter, e.g., pH 
or the total ligand concentration. As a consequence, 
there is some definite order in the whole set of 
spectra. Traditional factor analysis makes no use of 

1133 
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this additional information; its result is completely 
independent of the order of the rows and commns of 
the data matrix Y. 

in our new approach, factor analysis is successively 
applied to the sets of the first two, the first 3,4. . . M 
spectra and the eigenvalues of the corresponding 
second-moment matrices M, = Y:Y, are calculated in 
turn (i = 2,3. . . M). Y, is the submatrix of Y contain- 
ing only the first i spectra or rows of Y. Thus, as new 
absorbing species start to become si~ificant, new 
factors (eigenvalues) evolve, and in euoluing factor 
analysis (EFA) these are plotted as a function of the 
progressing titration. Because the eigenvalues span 
several orders of magnitude, the actual values are not 
suitable for graphical representation and the loga- 
rithms arc used instead. 

Not only do EFA plots show the number of 
eigenvalues significantly greater than zero and thus 
the number of different species in the subset Y,, but 
it also appears that the values of the eigenvalues are 
somehow correlated to the concentrations of the 
species. Naturally, a given eigenvalue (and even more 
so its logarithm) does not in any way directly corre- 
spond to a given complex or its concentration. The 
actual values are strongly dependent on the dissim- 
ilarity of the spectra of the various species and on the 
differences between their concentration profiles. Nev- 
ertheless, there is some correlation between concen- 
tration and magnitude of the eigenvalue. If at any 
stage of the titration a new Iinearly inde~ndent 
species is formed, a new eigenvalue will start to 
appear as a significant positive value, and with in- 
creasing concentration the eigenvalue will increase as 
well. If, however, the freshly added measurement 
contains only a new mixture of the previous species, 
no additional factor will be calculated, although all 
the old eigenvalues will continue to grow slowly. Of 
course, the number of significant eigenvectors (i.e., 
the number of species detected) cannot at any time 
exceed the number of spectra included. 

The performance of the procedure and its use in a 
model-free analysis of spectroscopic data will be 
described for three systems of increasing complexity. 
Calculations were done with a Hewlett-Packard HP 
9835. The algorithm of evolving factor analysis was 
incorporated into the appropriate part (factor anal- 
ysis) of SPECFIT.“’ All the experimental data were 
taken from systems described in the literature.i4~~2,23 

As a well-studied and relatively simple test system, 
we chose the complexation of Cu2+ by 
3,7-diazanonane diamide (DANA, L).14*28*29 As 
shown in Fig. 1 and in accordance with the literature, 
three complexes are formed in aqueous solution. 
These are CuL2+, CuLHf, and CuLH_,, with log 
K&_ = 12.06, log K&!,, = 7‘05, log @I”,,-, = 8.41. 
The species distribution is shown in Fig. la. The 
corresponding result of EFA (Fig. lb) shows the 
appearance of the new factors 2, 3 and 4 at around 
pH 2, 7 and 8. No further factors are observed up to 
pH 12, which indicates an overall number of four 

absorbing species in the complete data set. In the 
present case, chemical reasoning easily leads to asso- 
ciation of factors 2, 3 and 4 with the formation of 
CuLz+ (pH2.5), CuLH?i (pH7) and CuLH-, 
(pH 8). By using these rough estimates and the ligand 
protonation constants for DANA,29 log KFn,, = 6.55 
and log K$ = 8.40, we directly arrive at log 
K& = 11.95, log K&,_ = 7 and log K&, = 8 for 
the conditions used in the actual ESR experiment 
(CL = cc, = 0.01 M). I4 These values compare very 
nicely with the result of the non-linear least-squares 
calculation, and the results of EFA both clearly 
suggest a chemical model for the complexation and 
yield stability constants suitable to serve as initial 
estimates for a non-linear least-squares treatment. 

We have already mentioned that neither the mag- 
nitude of an eigenvalue nor its logarithm are direct 
measures of a concentration, and in fact, all absorb- 
ing species have some effect on all the eigenvalues. 
This is seen in Fig. 1 b at around pH 8, where CuLH Z, 
and CuLH_, are not only responsible for the intro- 
duction of factors 3 and 4, respectively, but also have 
an in~uen~ on factors I and 2. 

Nevertheless, with the necessary precautions, the 
argument can be carried further and it is possible to 
arrive at a picture closely resembling a set of species 
distribution curves through a completely model-free 
analysis, as shown in Fig. 2, again for Cu’+/DANA. 
To achieve this, EFA has to be repeated from the 
opposite end of the measurement, starting with the 
last 2, 3 . . spectra of the data set, obtained, for 
example, at the highest pH-values. Now, the appear- 
ance of a new factor with progressing analysis corre- 
sponds to the appearance of a new species with 
decreasing pH or its disappearance with increasing 
pH. Thus, while the first (forward) calculation yielded 
information only about the formation of species, the 
backward procedure gives their decay, and super- 
position of the forward and backward information 
(Fig. 2a) should give a picture analogous to the actual 
species-distribution curves. The problem now obvi- 
ously consists of making the right connection be- 
tween a formation curve and the corresponding decay 
curve. The switching from a curve of formation (--- 
in Fig. 2a) to a curve of decay ( . . . ) at a crossover 
may look somewhat arbitrary at first glance. In the 
normal case this switching is straightforward how- 
ever. The ith forward eigenvalue has to be connected 
with the curve of the (S + 1 - i)th backward eigen- 
value (S = number of species, i = 2, . . , S - 1). As an 
example, forward curve no. 2 has to be connected 
with backward curve no. 3, *** at pH 8 in Fig. 2b. 
This procedure may be erroneous in special cases, e.g., 
with double maxima in the concentration profile,3” 
but in the present case (compare Fig. la with Fig. 2b) 
it gives plots which are surprisingly similar to the real 
species distribution curves, reproducing all essential 
features such as concentration maxima, onset of 
appreciable formation and range of species co- 
existence. Obviously, the connected plots of the ei- 



Model-free analysis of titrations 1135 

I Ib) 
3- 

+++++++++.+-+-+-+-+-+.++ 
-+-+- +_+.t+++++ 

2- 
+ 
i 
i + 

l- 

x 

8 O- 

-1 - 

PH 

Fig. 1. Complexation of Cu*+ by 3,7-diazanonane diamide. ESR data taken from ref. 14; 
c,_ = ccU = 0.01&f. (a) Species distribution curves based on log K&‘,, = 6.55, log I& = 8.40, log 
Kg:,= 12.06, log I=&= 7.05 and log J&,_, =8.41. + =Cu*+, x =CuL*+, *=CuLH+,, 

I = CuLH_, . (b) Results from EFA, increasing pH only. 

genvalues (Fig. 2b) do not sum to 100% as is the case 
for the species distribution curves (Fig. la). Note also 
that in Fig. 2 the plot of the most significant (first) 
eigenvalue has been omitted since its existence simply 
indicates the presence of an absorbing species, but 
carries no useful information with regard to the 
formation or decay of an individual complex. This is 
generally true and the two systems which are dis- 
cussed subsequently are treated in the same way. 

The complexation of Cu*+ by DANA has been 
studied by potentiometry,*’ spectrophotometry,28 and 
ESR;r4 all the species are well defined, and there can 
be no doubt about the correct chemical model 
describing all the data within experimental error, 
even without factor analysis. This is not the case for 

the Cu*+ complexes of 4,7,1Okazatridecanedioic 
acid *’ With this ligand, four species, viz. Cu*+, 
CuLH:+ , CuLH+ and CuL may again be expected, 
but CuLHz+ is not significant according to poten- 
tiometric titrations.23 Also, visual inspection of the 
spectrophotometric data would not disclose the pres- 
ence of four species at any individual wavelength. 
This is not surprising, since all species are formed 
between pH 2 and 4, with about 60% CuLH+ and 
roughly equal amounts of the other three species at 
around pH 3. CuLHi+ reaches its maximum concen- 
tration of 17% at the nearby pH of 2.8 (cf: Fig. 3a). 

Our model-free evolving factor analysis, Fig. 3b, 
gives a picture which is almost as detailed as the one 
obtained through the complete least-squares analysis 
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of the multiwavelength spectrophotometric data. The 
formation and decay of four absorbing species in the 
pH range 24 is demonstrated beyond any doubt. 
The curves “corresponding” to Cu*+ and to CuL 
would, after appropriate normalization, be prac- 
tically identical with the actual species distribution 
curves shown in Fig. 3a. Visual inspection of Fig. 3b 
indicates the formation of complexes at pH 2.5, 2.7 
and 3.5. This leads to estimates of log K$,ULH2 = 5.8, 
log KguLH2 = 2.7 and log KEuLH = 3.5 which again can 
be used as input for the non-linear least-squares 
treatment yielding log K& = 5.27, log 
K&,, = 2.37 and log KFu,, = 3.73.*’ Thus, in this not 
quite trivial system, evolving factor analysis (i) 
clearly rules out the model suggested by poten- 
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tiometry, (ii), unequivocally establishes the presence 
of four absorbing species at low pH (and the absence 
of any additional equilibria in basic solution), (iii), 
strongly suggests a model of complexation to be used 
in the non-linear least-squares treatment and (iu) 
provides reasonable estimates of all equilibrium con- 
stants from which the final values can be obtained 
unproblematically in just a few iterative cycles with 
programs such as SPECFIT.*’ 

The third system to be discussed concerns the 
complexation of Cu*+ by glycine ethylamide. By 
combination of spectrophotometric data from solu- 
tions containing 0.25 and 0.5 mole of Cu2+ per mole 
of ligand, the following seven absorbing species have 
been established: Cu*+. CuL*+, CuLH?,, CuLH_,, 

b) 

-- 

- I- 

I I I I I I 

2 4 6 6 10 12 

PH 

Fig. 2. Complexation of Cu*+ by 3,7-dia zanonane diamide. Superposition of results from forward (---) 
and backward (. . . .) EFA. (a) Plot of evolving factors 24. (b) Abstract “species distribution curves” 
obtained by connecting ith forward eigenvalue with (S + 1 - i)th “backward eigenvalue” 
(i =2 S - 1). Signs correspond to species in Fig. 1 (a): + = Cd+, x = CuL2+, * = CuLHT,, 

I =CuLH_,. 
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Fig. 3. Complexation of Cu*+ by 4,7,10-t riazatridecanedioic acid. Data as in ref. 23. cL = O.O04M, 
- 0.0036M. (a) Species distribution curves based on log KFHj = 2.97, log K$ = 3.55, log Kp”, = 4.40, 

;:;& = 9.31, log K” - 9 99 log Kc” 
x = C:L, * = CuLH+yI: duiH 

CULH2 = 5.27, log K&, = 3.73 and log K&,,, = 2.37. + = Cu2+, 
:+. (b) Abstract “species distribution curves” obtained as described for 

Fig. 2(b). 

CuLi+, CuL,H?, and CUL~H_,.~~ On the other hand, 
no more than five significant eigenvectors were 
needed to represent the complete set of data from a 
single titration within 1.3 x 10m4 absorbance units, 
i.e., within experimental uncertainty. Classical prin- 
cipal components analysis or FA would thus have 
suggested a model with five rather than seven absorb- 
ing species. 

This system was specifically chosen in order to test 
the limits of the EFA method. The results are indi- 
cated in Fig. 4. 

Obviously, EFA at a fixed point of the analysis 
cannot reveal more factors than the classical FA, 
which is in fact identical with the last calculation of 

both forward and backward EFA. Nevertheless we 
propose to show that even in this quite tricky system 
the EFA method gives a rather detailed picture, 
which, unlike that from FA, can be used to estimate 
the number of absorbing species correctly and even to 
obtain (very rough) guesses for the equilibrium con- 
stants after association of actual species concen- 
trations with the rise and fall of the appropriate 
eigenvalues. 

The following facts may be noted. (i) Some im- 
portant features of the species distribution curves are 
again nicely reproduced, e.g., the presence of free 
metal ion, starting at below pH 6 ( +); the range of 
presence of CuL’+ ( x ), CuL:+ (*) and of CuL,HZ, 

TAL 32,12--D 



1138 HARALD GAMPP et al. 

I I I I I 

(b) 

4 6 6 10 12 

PH 

Fig. 4. Complexation of Cu2+ by glycine ethylamide. Data as in ref. 22. cL = O.O113m, cc, - 0.0054M. 
(a) Species distribution curves based on log Kf” = 8.19, log E&,_ = 5.50, log KkuLz = 4.36, log K&,. = 7.40, 
log K&!,,,_, = 9.10, log K& = 8.09, log K;QLLIH_, = 10.23. + = Cu2+, x = CuL2+, * = CuLf+, 
D = CuLH_C,, I = CuL,H?, m = CuLH_,, / = CuL2H_,. (b) Abstract “species ~stribut~on curves” 

obtained by appropriate connection of forward and backward eigenvalues. 

(I); the formation of new species at pH 5 (CuLHI,, 
!ZJ), 6 (CuL,HZ,, I), 7 (CuLH_,, ljl) and 7.5 
(CuL,H_,, I). (ii) Even more distinctly than for the 
systems discussed before, the successive eigenvectors 
are now influenced by several complexes, making the 
construction of “spies-distribution curves” critical 
and in some cases ambiguous. Switching from one 
factor to another is often necessary, if some direct 
resemblance to the correct curves is to be maintains. 
The disappearance of Cu*+ (i-) and connection of 
the backward and forward EFA curves to abstract 
“species distributions” for CuL*+ ( x ) as well as 
CuL:+ (*) are straightforward even in this example. 

Extensive crossovers would be necessary to obtain 
continuous curves for the other species. This is 
indicated in Fig. 4b for CuL,H?, (I) and for 
CuL, H_, (1). The curves are not shown for CuLH+, 
(0) and CuLH_, (Ql), to avoid making the picture 
given too confused to understand. Note, however, 
that even these last species make themselves no- 
ticeable by the addition of a new factor at pH values 
which are su~risingly close to those where signi~~nt 
amounts are formed according to the species distribu- 
tion curves, Fig. 4a. Again, to avoid an overcrowded 
figure, the two least significant eigenvalues have been 
left out for the backward EFA. (iii) Factors 6 and 7 
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are not significant by themselves according to error 
analysis. Nevertheless, the formation of two addi- 
tional species CuLH_, (a> and Cu,L,H_, (I) is 
reflected by their influence on factors 5 and even 4 
between pH 8 and 10. Most specifically, the stepwise 
increase of factor 5 would indeed be sufficient for the 
formation of additional complexes to be deduced. 
Thus, by using evolving factor analysis, it is possible 
to gain information on the formation of absorbing 
species not only from the total number of significant 
factors in a given data-set, but also from the actual 
eigenvalues as a function of the progressing titration. 
Obviously, EFA is not a cure-all for the problems of 
analysis of spectrophotometric titrations. Like any 
other method, it has its limits with respect to the 
detection of minor species and the complexity of 
systems that can be analysed unambiguously. How- 
ever, it is rewarding to note that the limits of this 
completely abstract and model-free approach do not 
seem to be any more restricted than those for a 
complete least-squares analysis. 

CONCLUSIONS 

Evolving factor analysis represents a new and 
promising approach to completely model-free anal- 
ysis of equilibrium systems studied by spectroscopic 
titration. The information that can be obtained is 
much more than that available through classical 
factor analysis, which gives just the result of the last 
calculation of EFA. A glance at, e.g., Fig. lb, shows 
that there is much more valuable information in the 
whole plot than just the last set of eigenvalues, i.e., 
the four numbers at pH 12. Of course, EFA is not 
intended to replace a rigorous non-linear least- 
squares treatment, and should be used in combina- 
tion with other methods of analysing spec- 
trophotometric data. Pictures which are remarkably 
close to the actual species-distribution curves can be 
obtained even for systems of non-trivial complexity. 
Evolving factor analysis should be extremely helpful 
at the stage of model selection, and for obtaining 
reasonable estimates of the equilibrium constants 
which are needed for the calculation of the final 
parameters. EFA is a completely abstract inter- 
pretation of spectrophotometric data. Necessarily, 

association of actual species with the “distribution 
curves” thus obtained can only be achieved through 
sound chemical reasoning. 
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EXTRACTION CHROMATOGRAPHY OF PALLADIUM 
AND PLATINUM COMPLEXES WITH NITROSO-R-SALT 

A. FLIEGER and S. PBZESZLAKOWSKI 
Department of Inorganic and Analytical Chemistry, Medical School, 20-081 Lublin, Poland 

(Received 21 February 1985. Accepted 2 August 1985) 

Summary-The retention of palladium and platinum complexes with nitroso-R-salt on silica gel treated 
with Aliquat 336 has been investigated. The complexation of platinum with nitroso-R-salt (NRS) requires 
heating of H,PtCl, with an excess of NRS at loo”. The affinity of the complexes for an Aliquat 336 
stationary phase increases in the following order: PdCl:- * Pt-NRS < PtClz- << Pd-NRS. The complexes 
of palladium and platinum can be separated by column chromatography on silica treated with Aliquat 
336 and eluted with 0.25M perchloric acid (Pt) and 1M perchloric acid (Pd). 

Although ion-exchange chromatography has been 
used successfully for the separation of noble metals 
from other metals and from each other, and many 
cation- and anion-exchange procedures have been 
described,‘-’ their use in analytical practice is often 
limited by incomplete elution (two bands are often 
formed for the same metal ion, especially for plat- 
inum) owing to hydrolysis or reduction, or sorption 
of two different complexes. Extraction chro- 
matography is a promising separation method for 
noble metals, and several procedures have been de- 
scribed which utilize as stationary phases tri-n- 
octylphosphine oxide,6 tributyl phosphate’.’ or liquid 
anion-exchangers“” for column separations. In these 
chromatographic systems, platinum is always more 
strongly retained than palladium. The elution of the 
strongly retained metals [especially of platinum and 
iridium(IV)] requires concentrated hydrochloric acid 
and/or nitric acid, both in extraction chro- 
matography and in anion-exchange chromatography. 

Ziegler et ~f.‘~.‘~ found that the anionic metal 
complexes formed with sulphonated chelating re- 
agents can be extracted into organic solvents after 
reaction of the sulphonate groups of the reagent with 
alkylammonium cations. Conventional anion- 
exchangers modified with sulphonated chelating re- 
agents appear to be useful for separation of some 
metal-ion mixtures.“” 

It has also been found that ion-pairs consisting of 
a large alkylammonium cation and an anion of a 
sulphonated chelating reagent loaded on silica gel can 
be used as sorbents for the separation of metal-ion 
mixtures or for the concentration of some metal ions 
from very dilute aqueous solutions by extraction 
chromatography.‘G22 

EXPERIMENTAL 

All chromatographic separations were done at room 
temperature (21 + 2”). 

Reagents 

Aliquat 336 (General Mills Chemicals, Inc.) was purified 
to remove iron. 

Silica gel 40, 0.0634.2 mm (Merck), was purified from 
iron by repeated washing with dilute hydrochloric acid, and 
then three times with doubly distilled water to remove the 
acid. 

All other reagents were of analytical grade. 

Procedure 

Silica gel was impregnated with 0.3M Aliquat 336 solu- 
tion in chloroform. Some experiments were also done with 
silica treated with a mixture of Aliquat 336 and nitroso-R- 
salt in chloroform. The procedures for preparation of the 
sorbents and the column packing have been described 
previously.9,‘9 Mixed solutions of PdCl, and H,PtCl, in 
0.1 M perchloric acid or solutions of palladium and platinum 
complexes in O.lM perchloric acid were introduced into the 
column. The comolexation of PdCl, and HPtCl, with NRS 
(mole ratio of NRS to metal varied from 6: 1 io 10: 1) in 
0.1 M perchloric acid was done at room temperature, or by 
heating for 2 min at 60” or for 5 min at loo”. Glass columns, 
160 x 10 mm. packed with 5 or 8 g of the coated silica gel. 
were used. The column height was 9 or 12 cm, the dead 
volume 0.4 ml, the mobile-phase volume 4.5 ml (when the 
column was packed with 8 g of the sorbent). Two-step 
elution with dilute perchloric acid under hydrostatic pres- 
sure was usually used. Palladium and platinum were deter- 
mined in individual fractions by AAS, with a single-beam 
Pye-Unicam SP 192 atomic-absorption spectrometer. Cal- 
ibration graphs were prepared with standard solutions of Pd 
and Pt (containing NRS when complexes of both metals 
with NRS were being examined). 

RESULTS AND DISCUSSION 

Nitroso-R-salt is most commonly used as a reagent 
for spectrophotometric determination of cobalt, al- 
though coloured complexes are also formed with 
other heavy metals. For spectrophotometric deter- 
mination of palladium, brief heating at 60” of the 
palladium solution with excess of reagent is recom- 
mended. The red palladium complex with two23,24 or 
three25 molecules of NRS is then formed. Platinum 
complexes with NRS have not been described before. 

An anion-exchanger modified with NRS has been 
successfully used for chromatographic separation of 
some metal-ion mixtures.26.27 Nitroso-R-salt can be 
extracted from aqueous solution into a solution of 
Aliquat 336 or trioctylamine hydrochloride in chloro- 
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form or benzene, to form an ion-association complex 
with two alkylammonium cations.28*2g 

NO 

Am*, SO; 

Silica gel coated with a mixture of Aliquat 336 and 
NRS has been used for separation of metal-ion 
mixtures and for preconcentration of traces of cobalt 
from aqueous solutions before its spectrophotometric 
determination.‘g 

Preliminary qualitative attempts to complex plat- 
inum with NRS, performed analogously to the com- 
plexation of palladium, gave negative results, but 
heating of H2PtCl, with an excess of NRS at 100” for 
5 min resulted in the yellow colour of the free reagent 
solution changing to orange. 

Several unsuccessful attempts were made to sepa- 
rate the chloride complexes of palladium and plat- 
inum on columns packed with silica coated with a 
mixture of Aliquat 336 and NRS, with perchloric acid 
as eluent. The failure results from incomplete com- 
plexation with NRS of the inert chloride complexes 
of both metals, and strong retention of the chloride 
complexes, especially of PtCli-. 

Further experiments were done with silica treated 
with Aliquat 336, to separate complexes of palladium 
and platinum with NRS previously prepared in aque- 
ous solution. Perchloric acid solutions were chosen 
as eluents because the perchlorate anion has low 
complexing ability and a strong affinity for 
alkylammonium cations, which should decrease 
the concentrations of acid required for elution of 
the metal complexes. Aliquat 336 (methyl- 
tricaprylammonium chloride), unlike tertiary ami- 
nes 31*32 cannot be introduced into the inner sphere of 
plaiinum complexes, so the extraction should be 
mainly an anion-exchange process. 

The yellow complex of palladium with NRS was 
found to be very strongly retained; 1M perchloric 
acid is required for elution. Platinum is completely 
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eluted with 0.25M perchloric acid, which simulta- 
neously elutes nitroso-R-salt from the stationary 
phase. The shape of the platinum band depends on 
the conditions used for complexation of the two 
metals (see Table 1). When an unheated mixture of 
palladium and platinum with NRS is introduced onto 
the column, platinum forms two bands (the first 
yellow-orange, the second almost colourless), and the 
metals are well separated. A mixture of Pd-Pt and 
NRS heated for 2 min at 60”, again gives two 
platinum bands, but not so sharply separated. In 
chromatography of the chloride complexes of pal- 
ladium and platinum (without addition of NRS) in 
analogous experimental conditions, both metals were 
readily eluted with 0.25M perchloric acid, but with- 
out separation. Usually palladium is eluted before 
platinum, when the chloride complexes of the two 
metals are separated by anion-exchange chro- 
matography or by extraction chromatography. How- 
ever, under the conditions used for complexation of 
the two metals with NRS (room temperature or 
2-min heating at 607, it appears that palladium forms 
a stable complex that is very strongly retained 
whereas platinum(IV) is only partially complexed 
with NRS to give an orange-yellow complex, and 
part of the platinum remains as PtCli-. Both plat- 
inum complexes are readily eluted with 0.25M 
perchloric acid. The very low retention of the yellow 
complex may be due to formation of an inner com- 
plex, but this supposition requires confirmation by 
other methods. 

Since palladium forms complexes with two or three 
molecules of nitroso-R-salt, the extraction process for 
palladium can be described by the anion-exchange 
reactions: 

Pd(NRS);- + 4R4N+, Cl- 

=(R,N+h, Pd(NRS):- + 4Cl- 

Pd(NRS);- + 6R4N+, Cl- 

=(R,N+&, Pd(NRS);- + 6Cl- 

Table 1. Retention volumes for platinum(IV) and palladium(H) in column extraction chromatography 
on silica impregnated with 0.3M Aliquat 336 in chloroform, with perchloric acid solutions as eluents 

Retention volume, ml 

Eluent 0.25M HC104 Eluent IM HCIO, 
Conditions used 

for preparation of Pd Pd 
metal complexes (yello:band) (colo:less) (red band) 

No NRS added - 10 8 - 

(250 pg of Pt, 200 pg of Pd) 

NRS added, without heating (1250 pg 7 14 - 8 
of Pt, 125 pg of Pd; [NRS]:[Me] = 6: 1) 

NRS added, heating at 60” (1250 pg 8 11 - 6 
of Pt and 125 pg of Pd, 
[NRS]:[Me] = 8: I) 

NRS added, heating at 100” (1250 pg 10 - - 6 
of Pt, 50 fig of Pd, [NRS]:[Me] = 6: 1) 
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Fig. I. Chromatograms of mixtures of platinum and palladium complexes with NRS, on silica treated 
with Aliquat 336. mRS]:we] = 8:l. Complexes formed by heating for 5 min at 100”. Column heights 
9 cm, mean flow-rates 0.4 ml/min. A-1250 pg of Pt and 50 pg of Pd; &2000 pg of Pt and 50 pg of 

Pd. 

Similar ion-pairs are probably formed with the 
platinum complexes; however, the platinum chloro- 
complex is also sorbed: 1. 

2R.,N+, Cl- + 2PtC12,- +(Rz,N+ )2, PtCl;- + 2Cl- 2. 

The palladium and platinum complexes with NRS, 
and also the PtCt- anions are displaced from the 
stationary phase by perchlorate ions. 

The affinity of Aliquat 336 for these complexes 
increases in the order 

Pt(NRS)$‘- N PdCl:- < PtCl;- <<Pd(NRS)$‘-. 

The formation of double bands from platinum can 
be eliminated by using more drastic conditions of 
complexation. After heating for 5 min at 100” most 
of the PtClz- anions do form complexes with NRS; 
the platinum then forms only a single band. The 
relatively high retention volume, 10 ml, was probably 
caused by the large amounts of platinum introduced 
onto the column. 

It should be noted that, independent of the condi- 
tions used for forming the complexes, the separation 
is very sharp and the metals can be eluted with 
relatively dilute solutions of perchloric acid. The 
much stronger affinity of Aliquat 336 for the pal- 
ladium complex with NRS can be utilized for the 
separation of macro amounts of platinum from small 
amounts of palladium, or for concentration of traces 
of palladium from aqueous solutions. 
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POLAROGRAPHIC CATALYTIC NICKEL PREWAVE 
INDUCED BY SOME CYSTEINE-CONTAINING 

DIPEPTIDES 

F. G. BXNICX 

Department of Analytical Chemistry, Bucharest Polytechnic, Spl. Inde~den~ei 313, Bucharest, Romania 

(Received 19 November 1984. Revised 1 June 1985. Accepted 19 June 1985) 

Summary-The catalytic nickel prewave produced by Cys-Gly, Cys-Tyr and Cys-Phe was studied in 
acetate buffer at pH 4-6.5. These peptides are more active than cysteine, especially the last two. The 
catalytic activity is depressed by decrease of pH owing to protonation of the catalyst. However, Cys-Phe 
and Cys-Tyr are still active at pH c 5, in contrast to Cys-Gly and Cys. This difference is accounted for 
by the interaction of the aromatic ring with the electrode surface at potentials more positive than the 
potential of zero-charge. This effect enhances the surface concentration of the catalyst in the case of 
Cys-Phe or Cys-Tyr. At pH <: 5, a catalyst concentration C IO-‘M and large excess of nickel, the current 
is controlled by the rate of accumulation of catalyst in the adsorbed state. Under these conditions the 
reducible complex is a l:! Ni2+ -catalyst chelate. The catalytic wave recorded at pH 4.8 allows the 
determination of Cys-Phe or Cys-Tyr (IO-b-10-4M) in the presence of the constituent amino-acids. 

Since the establishment of the mechanism of the 
catalytic polarographic prewave of nickel or cobalt,’ 
the catalytic activity of cysteine and some related 
compounds has been investigated by several authors. 
K&a: and Zielinski and Kina,’ studied the catalytic 
prewave of nickel and cobalt, respectively, in the 
presence of cysteine or cystine. As shown by Calugaru 
and Voicu4*s selenocysteine behaves analogously in 
the potential range for the metal-ion prewave, al- 
though it does not give a catalytic hydrogen wave of 
BrdiEka type. Kolthoff et ~1.~ described the behaviour 
of cysteine and several cysteine-Like com~unds in an 
attempt to gain more information about the com- 
position of the complex responsible for the appear- 
ance of the prewave. It was found that both amino- 
and carboxylate-groups can act as one of the co- 
ordination sites, the other being the thiol group. 
Recently, Lopez Fonseca and Arredondo’ showed 
that even methionine exhibits catalytic activity in the 
reduction of nickel ion. However, it is not quite clear 
whether the cation is bound to sulphur or to another 
group, as in the case of the nickel prewave produced 
by other amino-acidss 

The catalytic prewaves of nickel or cobalt have 
usually been studied in alkaline media, which are also 
typical for the BrdiEka catalytic hydrogen wave.’ 
Detailed studies on the catalytic nickel prewave in 
slightly acidic media have been made for the 
Ni-selenocystine” and NiGcysteine systems, in both 
normal” and heavyI water. Under these conditions 
the protonation of the catalyst competes with the 
formation of the reducible complex. 

The study of the catalytic properties of oligo- 
peptides is also interesting, from two points of 
view. First, it is possible to gain some information 
which is useful in the interpretation of the catalytic 

properties of large protein molecules. Secondly, some 
sensitive methods for peptide determination can be 
based on their catalytic properties. Recent studies in 
this field were mainly directed toward the in- 
vestigation of glutathione’~‘5 and several di~ptides” 
as catalysts for hydrogen-ion reduction in presence of 
cobalt or nickel ions. Some preliminary data on the 
catalytic nickel prewave produced by cysteinyl- 
dipeptides have also been published.‘7*‘* 

The aim of this work was to study the catalytic 
nickel prewave produced in acetate buffer by the 
following compounds: ~ysteinyl-gIycine (Cys-Gly), 
cysteinyl-phenylalanine (Cys-Phe) and cysteinyl- 
tyrosine (Cys-Tyr). Since the peptides were in ox- 
idized form, cystine (Cys) was chosen as reference 
compound. 

~PERIM~AL 

The peptides (Serva), cystine (Merck), cobalt-free nickel 
chloride (Riedel de Ha&r), and the other chemicals were 
analytical-grade materials. 

Direct current polarographic measurements were made 
with an LP 7e polarograph (Czechoslovakia) in combina- 
tion with a Radelkis OH 814/l strip-chart recorder at a 
scan-speed of 100 or 200 mV~rn~n. The chamcte~sti~s of the 
dropping-mer~ry electrode were: drop-time, 5.69 set, 
flow-rate, 1.40 mg/sec measured in 0.1 M sodium acetate at 
OV vs. SCE and 64-cm mercury height. The two-electrode 
cell had an SCE as anode and was kept at 25 f 0.1”. Pare 
nitrogen was used to expel oxygen from test-solutions. The 
pH-values were measured with a glass electrode standard- 
ized against NBS standard buffers. 

RESULTS 

Catalytic nickel prewave produced by peptides 

Typical polarograms showing the catalytic pre- 
waves of nickel are presented in Fig. 1. The prewave 
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Fig. 1. Catalytic nickel prewave in acetate buffer (PH 5.66). (1) [CH,COONa] + [NaClO,] = O.IM; 
CH,COOH, 2 x IO-‘M; NiCI,, 2 x t0-4M. (2-4) as for (I), + 10e4M catalyst. (2) Cys; (3) Cys-Gly; (4) 

Cys-Tyr; (5) Cys-Phe. Start potential, 0 V. 

has a maximum and its height increases according to 
the peptide used, in the sequence Cys < Cys- 
Gly < Cys-Tyr < Cys-Phe. The potential of the 
maximum is more negative with Cys-Phe and Cys- 
Tyr than Cys-Gly or Cys. 

The prewave is preceded by the first reduction- 
wave of the disulphide bond. This wave is inhibited 
by nickel ion, probably in the same way as in the 
system Co-cystamine.” The inhibition is much stron- 
ger with Cys-Phe and Cys-Tyr than Cys-Gly and is 
hardly observable for Cys. 

It must be stressed that the prewave produced by 
Cys appears on the rising part of the second wave of 
disulphide reduction, but the peptides are reduced 
almost entirely in the first step. Thus, in the potential 
range for the nickel prewave the peptides are present 
in reduced form on the surface of the electrode, 
whereas Cys is only partly reduced. Accordingly, the 
base-line for the nickel prewave is represented by the 
reduction current of the disulphide. Owing to the 
inhibitory effect mentioned above, the current 
recorded in the absence of nickel ion cannot be 
considered as the background. Consequently, the 
base-line is obtained by linear extrapolation of the 
current preceding the rising part of the nickel pre- 
wave. 

Eflect of pH 

The effect of pH was investigated in the range 4-6.5 
at constant ionic strength ([CH,COONa] + 

[NaCIO.,] = 0.M). As shown in Fig. 2, the nickel 
prewave is very sensitive to pH. At pH 6 the catalytic 
current produced by peptides (curves l-3) is almost 
equal to the nickel diffusion current. The nickel 
prewave produced by Cys (curve 4) is lower and 
practically vanishes at pH < 5.5. Conversely, the 
peptides exhibit a significant catalytic activity even at 
lower pH-values, especially Cys-Phe and Cys-Tyr. 

4 5 6 

PH 

Fig. 2. Effect of pH on the catalytic prewave. 
[CH,COONa] + IrJaClO,] = 0.M; NiCI,, 2 x 10e4M; 
catalyst, 10m4M; CH,COOH, 2 x IO-‘M (for pH > 5) or 
1.8 x 10-2M (for pH < 5). (1) Cys-Phe; (2) Cys-Tyr; (3) 
Cys-Gly; (4) Cys. Dashed line: the nickel diffusion current 

in the absence of the catalyst. 
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Concentrohon (mM) 

Fig. 3. Effect of the catalyst concentration at pH = 6.13. 
CH,COONa, 0.097M; CH,COOH, 3.7 x 10m3M; NiCl,, 
2 x 10-4M. (0) Cys; (0) Cys-Gly; (A) Cys-Tyr; (0) 
Cys-Phe. Dashed line: the nickel diffusion current in the 

absence of the catalyst. 

That is why the effect of the other parameters was 
further investigated in two different pH ranges, 
namely, -6 and -5. 

Another effect of a decrease in pH is the slight 
displacement of the current-maximum towards more 
positive potentials, and simultaneous narrowing of 
the maximum. 

Effect of catalyst concentration 

Figure 3 presents the influence of the peptide 
concentration at pH 6.13. The catalytic current pro- 
duced by the peptides increases sharply, reaching a 
limit at a peptide/Ni*+ ratio of about 0.25. At this pH 
there are no essential differences between the catalytic 
activities of the peptides, whereas Cys exhibits a 
much lower activity. 

At pH 4.8 Cys-Phe gives rise to the nickel prewave 
even at 10m6M concentration if the Ni*+ concen- 

Fig. 4. Effect 

tration is increased to 10e3M (Fig. 4). Curve 2 in this 
figure shows a linear dependence of the catalytic 
current on peptide concentration below IO-‘M. 
Cys-Tyr behaves similarly, but Cys-Gly is much less 
active in this pH range. 

Effect of Ni*+ concentration 

At pH about 6 and with 10e4M catalyst the 
catalytic current produced by peptides is practically 
equal to the nickel diffusion current and linearly 
dependent on the Ni*+ concentration. Conversely, 
the catalytic current induced by Cys always remains 
lower than the nickel diffusion current and the ratio 
of these two currents (icaJidlff) decreases as the Ni*+ 
concentration increases. 

At lower pH-values and/or peptide concentrations 
the catalytic current is much lower than the diffusion 
current. Under these conditions the catalytic current 
varies linearly with the Ni*+ concentration. For 
example, at pH 4.8, lo-‘M Cys-Tyr and 
10m4-2 x 10-‘M Ni*+ the relationship is: 

I = 3.8 x 102CN, (1) 

where T is expressed in PA, and cN, in molarity. 

Effect of the height of the mercury reservoir (h) and 
determination of current-time (i-t) curves for a single 
drop 

The effect of h was investigated for two special 
cases: (1) at pH 6.2, 10-4M peptide and 2 x 10m4M 
nickel chloride; (2) pH 4.8, lo-‘M peptide and 10W3M 
nickel chloride. In the first case the maximum current 
is a linear function of h”* (Table 1). Although the 
nickel prewave current produced by peptides is about 
80% of the nickel diffusion current, the wave is not 
completely diffusion-controlled. The catalytic wave 
produced by Cys represents about 40% of the 
diffusion current and shows a marked kinetic charac- 

10-L 
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0 2 4 6 6 10 12 

Concentration (10S5#) 

of the Cys-Phe concentration at pH 4.8. CH,COOH, CH,COONa, O.lM; NiCI,, lo-‘M. 
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Table 1. The parameters of the f vs. /z”~ 
straight lines [O.O95M CH,COONa, 
3 x IO-‘M CH,COOH (pH 6.20), 10-4M 
catalyst, 2 x W4M NiCi,; h had 6 values 
ranging between 34 and 84 cm; the confidence 
interval for the intercept is given for tl = 0. l] 

Catalyst Intercept, hA Slope, ficA/.~rn”~ 

Cys-Phe 0.182 + 0.075 0.132 
Cys-Giy 0.202 + 0.12 0.104 
Cys-Tyr 0.439 f 0.10 0.094 
CYs 0.544+0.16 0.025 

ter. In the second case, only Cys-Phe and Cys-Tyr 
were studied. The maximum current is a linear func- 
tion ofh, with slope -0.43 for Cys-Phe and -0.45 
for Cys-Tyr. The i-t curves were recorded under the 
same conditions at various potentials. For the rising 
part of the wave the slope of a log i vs. log t plot 
varies between 1 and 1 .I. In the range of the 
minimum current (-0.72 V) the slope is 0.90. 

Effect of the constituent amino-acids 

At pH 6.2 the nickel prewave produced by Cys 
(lO~‘M) is not influenced by tyrosine or phenyl- 
alanine, even in threefold excess. Consequently, no 
mixed complexes of Ni’+ with cysteine and the other 
amino-acids are involved in the electrode process. 
However, some interference by the constituent 
amino-acids in the Ni2+ reduction catalysed by pep- 
tides was observed at pH 4.8 and high Ni*+ concen- 
tration. In Fig. 5 the catalytic current produced by 
Cys-Tyr is plotted as a fraction of the value measured 
in the absence of the amino-acid. Tyrosine (curve 1) 
produces only a slight increase of the catalytic current 
(about 5%). This value remains unchanged until a 
S-fold excess is present. The effect of cysteine (curve 
2) is rather different: there is no interference below 
5 x lo-‘M and a marked increase of the catalytic 
current at higher concentrations. The current repre- 
sents lOSoL of the initial value at 10mqM cysteine 
concentration (IO-fold excess) and 110% at about 
2 x lo-“M. Analogous effects were observed in the 
case of Cys-Phe and can be attributed to the residual 
catalytic activity of the amino-acids at pH < 5. 

120 t 
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Fig. 5. Effect of the constituent amino-acids on the catalytic 
prewave produced by Cys-Tyr at pH 4.8. CH,COOH, 
CH,COONa, O.lM; NiCl,, IO-)M; Cys-Tyr, 10-SM. (1) 

Tyrosine; (2) cysteine. 
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Fig. 6. Effect of surface-active compounds on the catalytic 
Prewave at pH 4.8. CH,COOH, CH,COONa, O.lM; NiCI,, 
10e3M; Cys-Phe, 10-‘M. (1) Ovalbumin; (2) gelatin; (5) 

Triton X-100. 

Effect of surface-active compounds 

Figure 6 shows the influence of two protein com- 
pounds (ovalbumin, curve 1, and gelatin, curve 2) 
and of the non-ionic detergent T&on X-100 (curve 3). 
The current is given as a fraction of the value 
measured in the absence of the surfactant. 

Although gelatin and ovalbumin decrease the cata- 
lytic current at low concentrations, their effect tends 
toward a limit, the current being approximately 90% 
of the initial value when the surfactant concentration 
is 10-3%. Conversely, Triton X-100 produces a 
monotonic decrease in the catalytic current. 

DISCUSSION 

The catalytic reduction of Ni2+ in the presence of 
cysteinyl dipeptides occurs basically in the same way 
as in the presence of cysteine itself.” The main 
difference is the higher catalytic activity of peptides. 
The following steps of the reaction mechanism are the 
most important. 

1. Diffusion of the catalyst (in oxidized form) 
toward the electrode surface. 

2. Adsorption of the catalyst and reduction of the 
disulphide bond. 

3. Reaction of the catalyst (in reduced form) with 
Ni2+ to give the complex reducible in the potential 
range of the catalytic nickel prewave. 

4. Reduction of Ni2+ in this complex, followed by 
release of the catalyst molecule, which can bind 
another Ni ion. 

Steps 3 and 4 are repeated until the drop falls, 
giving the electrode process its catalytic character. 

For a quantitative approach to the mechanism of 
the electrode process we shall confine ourselves to the 
follo~ng conditions: pH c 5, peptide con~ntration 
< IOSsM and large excess of Ni2+ (1-2 x 10m3M). 
These conditions are interesting from an analytical 
point of view (i.e., for the determination of peptides 
in presence of cysteine). The main peculiarity of the 



nickel prewave recorded under these conditions is The charge of the catalyst in ionized form is omitted 
that the catalytic current is much lower than the for simplicity. 
diffusion current. If the reaction rate of the complex formation is 

Obviously, step 3 occurs with the reactants in the 
adsorbed state, as previously proved by drop-time us. 

u = krf(cK,) (6) 

potential curves. ” The inhibitory effect of the surface- where k is the rate constant, then the instantaneous 

active compounds in the systems studied here leads to current is given by: 

the same conclusion. On the other hand, the effect of i = nFc (0.85m2’3r2’3) (7) 
h and the slope of the log i us. log t plots point to the 
accumulation of the catalyst on the surface during the 

where the expression in parenthesis represents the 

drop-life. Accordingly, the surface concentration of 
instantaneous drop-area at time t,” m is the mercury 

the catalyst in reduced form, r,, will be given by the 
flow-rate, n the number of electrons involved in the 

Koryta equation:*’ 
charge-transfer reaction and F the Faraday constant. 
If n = 2, then 

Tc = 2 x 7.36 x lO-4 ~$;‘*t”~ (2) i = 1.7(14.72 x 10-4D~“~FkKPm’~3 
where c, and D, signify the bulk concentration and 
the diffusion coefficient of the oxidized form, re- 

x tW) + W)lc;,;ul (8) 

spectively, and the factor 2 is introduced because two and the mean current is 

catalyst molecules are formed by the reduction of one 
disulphide molecule. i= 

It is well known that the Koryta equation refers to 

& (14.72 x 10-4D~‘2~FkKPm2’3 

diffusion-controlled adsorption. In the case of the x tp+3p)16C$$.& (9) 

disulphide the concentration gradient is produced by 
electrochemical reduction. If the reduced form re- 

t, being the drop-time. Denoting the product of the 

mains in the adsorbed state, then equation (2) holds 
constant factors by Q and taking into account the 

in the range of the disulphide diffusion current. As 
well-known relationships between h and m or t, , we 
have: 

already shown, this condition is fulfilled in the poten- 
tial range of the nickel prewave produced by di- i = Qhep’*c:c~, (10) 

peptides. 
The reducible complex is formed by the reaction of 

or 

nickel ions with the ionized catalyst molecules. The 
concentration of nickel at the electrode-solution 

logi=logQ -5logh +p logc,+r log+, (11) 

boundary, cf;, , can be expressed by the following As shown in the experimental part, under the 
relation derived from the IlkoviE equation: above-mentioned conditions i is a linear function of 

c;, = c,,[l - G/id1 (3) 
the nickel or catalyst concentration. Consequently, it 
follows immediately that p = 1 and r = 1. According 

where cN, is the bulk-concentration of nickel ion, i the to equations (8) and (lo), the instantaneous current 
instantaneous catalytic current and id the diffusion must be proportional to t ‘I6 and the mean current to 
current of Ni*+. Under the conditions stated, i < id l/h”*. The experimental results agree satisfactorily 
and to a first approximation ci, = cN,. with these conclusions, proving the validity of the 

The concentration of catalyst in the ionized state, model based on assumption of negligible concen- 
rL, is determined by the pH. However, the influence tration polarization. 
of this parameter is more complicated. It affects not At higher i/id values the overall reaction rate is 
only the catalytic current but also the width of the partly determined by the diffusion of Ni*+, as is 
wave and the potential of the maximum. These effects demonstrated by the data in Table 1. This change in 
can be accounted for by the relationship between the the reaction mechanism accounts for the shape of 
surface activity of the catalyst and its degree of curve 1 in Fig. 4 as well as for the trend of the 
protonation, and are connected with the shape of the catalytic current toward a limit with increase in pH 
catalytic wave. This topic will be dealt with in another (Fig. 2) or catalyst concentration (Fig. 3). 
paper. The present treatment is restricted to constant These results show that in the range of the catalytic 
pH, and consequently of constant potential for the nickel prewave a 1: 1 Ni2+-catalyst complex is re- 
maximum on the wave. Assuming that protonation duced. The same combining ratio was found for the 
of the catalyst in the adsorbed state is an equilibrium reducible complex in the Co-thiopyrimidine system.*’ 

qH+ +L=H,L (4) 
The complexing properties of the functional groups 
in the peptide molecule** as well as the striking 

with formation constant /I, the concentration of the analogy with the behaviour of free cysteine suggest 
ionized form is given by that the nickel ion is bound to the -NH2 and --SH 

l-r = KT, (5) 
groups of the cysteine residue. The same conclusion 
is supported by the lack of noticeable effects of Tyr 

where K = l/(1 + jc&+) is constant at a given pH. or Phe on the nickel prewave produced by cysteine. 

Catalytic nickel prewave 1149 
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The catalytic activity depends not only on the 
complexing capacity of the catalyst but also on its 
surface activity. This last is determined by two fac- 
tors: (1) the hydrophobic properties of the molecule 
and (2) the interaction of the n-electrons from the 
side-chain of the second amino-acid with the elec- 
trode surface.23 The latter effect accounts for the 
catalytic activity of Cys-Phe and Cys-Tyr being 
higher than that of Cys or Cys-Gly, whereas only the 
first factor is operative in the case of Cys-Gly. 

The standard-additions method is recommended for 
surfactant-containing samples. 

Acknowledgements-The author is indebted to Dr. J. Kad- 
lecek, who kindly provided the peptides used in this work, 
and to Dr. A. CBhqaru for helpful discussion. 

The behaviour of the cysteinyl-peptides studied in 
this work may be considered as characteristic of this 
class of compounds. Consequently, it can be pre- 
sumed that the cysteinyl-peptides are generally more 
active than cysteine itself in the catalytic reduction of 
Ni*+, and the catalytic activity is strongly enhanced 
by the aromatic side-chains. 

ANALYTICAL APPLICATIONS 

The catalytic nickel prewave produced by 
cysteinyl-peptides permits their polarographic deter- 
mination at very low concentrations (106-10-4M). If 
the sample also contains the constituent amino-acids, 
it is recommended to use 10m3M nickel solution in 
acetate buffer (0.1 M CH,COOH, CH,COONa) as 
supporting electrolyte. The calibration graph for 
Cys-Phe or Cys-Tyr is linear at peptide concen- 
trations below IO-‘M. For example, for 5 standard 
solutions of Cys-Phe for the regression equation 
f = a + bc, a was 7 x lW4 PA (standard deviation 
1.2 x 10e3 PA), b was 1.605 x 104pA. 1. mole-‘, cor- 
relation coefficient, 0.9998; standard deviation of i; 
1.14 x 10e3. The limit of determination calculated by 
the method of Currie24 was 1.1 x 10-6M. 
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Summary-The log /I, values at 25” for the reaction in aqueous solution of Tl(I) with 15-crown-5, 
benzo-15-crown-5, 18-crown-6 and dicyclohexyl-18-crown-6 (isomer cis-syn-cis) have been determined by 
d.c. and a.c. polarographic measurements. 

The influence of the complexing capacity of some 
biological macrocyclic compounds on transport 
mechanisms in living organisms is now well under- 
stood. Studies made during the last few years have 
aimed at synthesizing such macrocycles or equivalent 
compounds. In 1967, PederseniA synthesized the first 
“planar” macrocycles, the cyclic polyethers (“crown 
ethers”), which have outstanding ability to complex 
some metal cations, particularly those of the alkali 
and alkaline-earth metals. Dietrich et al.‘,6 later syn- 
thesized a new macrocycle, diazo-l,lO-hexaoxa- 
4,7,13,16,21,24-dicyclo-[8.8.8]-hexacosane, abbrevi- 
ated to [2.2.2], and during the following years others 
synthesized dicycles of the same type, particularly the 
[2.1.1], [2.2.1], [3.2.2] and [3.3.3] compounds. The 
inner cavities of these dicycles have different sizes, 
which allows them to form stable complexes with a 
large number of metal cations; all these complexes 
have 1:l stoichiometry and are soluble in water and 
(when coupled with a suitable counter-ion) in many 
organic solvents. The metal cation occupies the cen- 
tral cavity of the macrocycle. 

Ligands of this type play an important role in 
electrochemistry, partly because they allow dis- 
solution of many inorganic salts in various organic 
media, and partly because, from a theoretical point of 
view, study of the electrochemical behaviour of the 
complexes formed is an interesting way of analysing 
the redox mechanisms which take place at the mer- 
cury electrode. 

Together with potentiometry, cyclic voltammetry 
and coulometry,‘-” polarography is a very useful 
means of studying the electrochemical behaviour of 
these macrocyclic compounds and the stability of the 
compounds formed with various metal cations. Work 

*To whom correspondence should be addressed. 

in this line was initiated by Koryta and co- 
workers’2-‘4 with crown ethers, and by Peter and 
co-workers’~‘9 with dicyclic cryptand compounds. 

The aim of this work was to obtain dc. and a.c. 
polarographic data for complexation with crown 
ethers (15crown-5, benzo- 15crown-5 18-crown-6, 
dicyclohexyl-18-crown-6: see Fig. 1) in aqueous 
media. 

EXPERIMENTAL 

The polarographic measurements were made with a 
PRG-3 Tacussel polarograph and a three-electrode cell 
provided with a thermostatic jacket. The capillary used had 
m = 1.152 mg/sec, t =4.15 set, in O.lM nitric acid at 
-0.200 V relative to an SCE, with a 60-cm mercury head. 
All measurements were made at 25 + 0. l”, and the poten- 
tials were determined relative to an SCE connected to the 
working cell through a O.lM nitric acid bridge. 

All reagents used were of analytical-grade purity, and the 
water used was distilled four times. The supporting electro- 
lyte was O.lM nitric acid. Before polarography, solutions 
were deaerated by passage of purified argon for 10 min. 

16-crown-6 

Benro - 15 -crown - 5 

Dicyclohexl -16-crown-6 

Fig. 1 
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RESULTS AND DISCUSSION 

Addition of the crown polyether to thallium(I) 
solution in 0.1 M nitric acid shifts the d.c. half-wave 
potentials (E,,,) and a.c. peak potentials (I?,,) for the 
reduction of the complex ion towards more negative 
values. The reduction waves for the complexes are 
reversible and diffusion-controlled. Logarithmic 
analysis of the d.c. and a.c. polarograms shows a 
linear relationship of log[i/(& - i)] and Edc , and of 
log(i,/i)“’ + [(i, - Q/i]“’ and E,, respectively, with 
slopes corresponding to a reversible reduction in- 
volving the transfer of a single electron. 

The variation of the half-wave potential as a 
function of the logarithm of the ligand concentration 
was linear for al1 four polyethers, showing that a 
single complex is formed in solution; the slopes of the 
straight lines suggest that a 1:l complex is formed. 

To estimate the stability constants of these com- 
plexes we used the relation 

EC 
l/Z 

-E, =RTln DW” - + .fl_Th-ij?,]Ll “2 2nF D,,.+ nF 
(I) 

where EC,, is the half-wave potential corresponding to 
the reduction wave of the complex, E,,z is the half- 
wave potential corresponding to the reduction wave 
of uncomplexed thallium(I), D,.+ and DhlL”+ are the 
diffusion constants for the free metal ion and the 
complex, ,fIr is the stability constant of the complex, 
and the other symbols have their usual significance. 
The relation in this formzWz2 is only valid when a 
single complex species is formed and its stability is 
high. 

Bond23s24 and others2S-2s have shown that, for re- 
versible electrode reactions, a.c. polarographic mea- 
surements may be used with good accuracy to obtain 
information on the nature and stability of a com- 
plexed ion which is electroactive at the dropping 
mercury electrode. 

For a reversible electrode reaction monitored by 
a.c. poiarography, the peak potential Ep is equal to 
the reversible d.c. half-wave potential E,,, and there- 
fore to estimate the stability constant we can use 
equation (l), which can be written as 

exp[--$$&I-1 =P#-1 (2) 

if we assume that D,.+ =: D,,.+. 

The values of the stability constants found for the 
complexes formed by thallium(I) with 1 S-crown-S, 

Table I, The log fi, values at 25” for the reaction in aqueous 
solution of Tl(I) with 1 S-crown-S, benzo- I S-crown-S 

18-crown-6 and dicvclohexvl- 18-crown-6 

Method 

Crown ether 
d.c. XC. 

polarography polarography 

1 S-Crown-S 2.63 ;t 0.09 2.72 + 0.04 
Benzo- 1 S-crown-S 2.27 f 0.01 2.30 f 0.07 
IS-Crown-4 2.98 It 0.05 3.06 &- 0.04 
Dicyclohexyl- 1 S-crown-6 3.20 It: 0.20 3.18kO.20 

benzo-1 S-crown-5, 1 &crown-6 and dicyclohexy~- 18- 
crown-6 are given in Table 1. 
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SPECTROFLUORIMETRIC ASSAY OF TETRACYCLINE 
AND ANHYDROTETRACYCLINE IN COMBINATION 
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Summary-Spectrofluonmetric methods are described for the assay of tetracycline (TC) and anhy- 
drotetracycline (ATC) in combination, without prior separation. The interference from ATC in the TC 
assay has been corrected for by forming the aluminium complexes of both drugs and measuring the 
difference in fluorescence at 475 and 418 nm, with excitation at 393 nm. Similarly, measurement of the 
fluorescence of the magnesium complexes at 525 and 470 nm (excitation at 440 nm) nullifies TC 
interference in the ATC assay. 

Microbiological,‘” spectrophotometric4 and fluori- 
metric7-9 methods have been used for assay of 
tetracyclines. Compared with the fluorimetric meth- 
ods, the m~erobiolo~cal methods lack specificity and 
the spectrophotometric methods are Iess sensitive. 
Fluorimetric determination of tetracyclines has been 
based on formation of the aluminium’ or 
magnesiumlO complexes, but there is mutual inter- 
ference when tetracycline (TC) and anhydrotetracline 
are both present. ATC is a degradation product of 
TC and a limit for it is a compendia1 requirement.* 
The present work describes a mathematical method 
for eliminating the effect of the intereference. 

Apparatus 
EXPERIMENTAL 

A Perkin-Elmer 650-10s fluorescence spectrometer was 
used, with a I x I cm cross-section quartz cuvette. The 
spectra1 band-width was IO nm for both excitation and 
emission. Before measurement of each batch of samples, the 
instrument was standardized with quinine sulphate solution 
(0.05 mg/l.) in 0.1 M sulphurtc acid to give a scale reading 
of 80% with excitation at 350 nm and emission mea- 
surement at 455 nm. 

Reagents 

Aluminiurn chloride solution, 0.75M. 
Magnesia sulp~ate solution, 0.75h4. 
Stirensen’s citrate buffer, pH 6.0. Made by mixing 59.5 ml 

of 0.1 M disodium citrate (2 1 .O g of citric acid monohydrate 
dissolved in 200 ml of 1 M sodium hydroxide and made up 
to 1 litre) with 40.5 ml of O.lM sodium hydroxide, the pH 
being checked by pH-meter and adjusted if necessary. 

Standard solutions of TC and ATC. Made by dissolving 
100 mg of tetracycline hydrochloride (Lederle) or 20.0 mg 
of anhydrotetracycline hydrochloride (prepared according 
to Simmons et al.“) and diluting to volume with water in 
a lOO-ml standard flask. 

Calibration graphs 

For TC. Transfer 0.50, 1.00, 1.50, 2.00 and 2.50 ml 
portions of standard TC solution into loo-ml standard 
kasks, dilute to volume w&h water and mix. Add 5.00 ml of 
PH-6 buffer to 5.00 ml of each dilution. followed bv 2.50 ml 
bf aluminium chloride solution. Let stand for l? min at 
room temperature (25”). then measure the fluorescence at 

475 (F4,5) and 418 nm (F,,,) with excitation at 393 nm. 
Prepare and measure a blank solution in the same way. Plot 
F473 and F&7$ - F,,, vs. concentration. 

Fur ATC. Transfer 1.00,2.00. . .6.00, 7.00 ml portions of 
ATC into IOO-ml standard flasks and dilute to volume with 
water. For each standard transfer a S.OO-ml portion into a 
25-ml conical flask (initially dry) containing 5.00 ml of pH 
6 buffer, and add 2.50 ml of magnesium sulphate solution. 
Let stand for 15 min at room temperature (- 200), then 
measure the fluorescence at 525 (F$&) and 470 nm (F9& 
with excitation at 440 nm. Apply corrections for a blank 
similarly prepared. Plot FTj5 - FdTO vs. concentration. 

RJ?SULTS AND DISCUSSION 

The methods described were tested as follows. 

Determination of TC in the presence of ATC 

To prepare mixtures of known composition, stan- 
dard TC solution was accurately diluted tenfold with 
water, and 0.50, 1 .OO, 1 SO, 2.00, 2.50, 3.00 ml por- 
tions were mixed with l.OO-ml portions of standard 
ATC solution and diluted accurately to 100 ml. 
Five-ml portions of each solution were then treated 
and measured as described. Commercial capsules 
were also assayed for TC and ATC. The contents of 
20 “Tetracid” capsules (Cid Laboratories, Egypt) 
were mixed and an amount equivalent to IO0 mg of 
TC hydrochloride was transferred to a IOO-ml stan- 
dard flask, and shaken with about 40 ml of water for 
3 min to ensure complete dissolution. The solution 
was then made up to volume with water and filtered; 
10.00 ml of filtrate were diluted to volume in a 100-ml 
standard flask and this solution was analysed as 
above. The results are given in Table 1. 

Determination of ATC in the presence of TC 

Standard TC solution was accurately diluted four- 
fold with water and 2.00-ml portions were mixed with 
1 .oo, 2.00, * * . 6.00,7.00 ml portions of standard ATC 
solution and diluted to 100 ml accurately with water. 
The procedure for ATC calibration graphs was then 

1153 

7.48. 32 12-E 



1154 SHORT COMMLlNICATlONS 

Table 1. Fluorometric determination of TC in presence of 
ATC, in a laboratory-made mixture and in “Tetracid” 

cansules with added ATC. bv the AF method 

Ratio 
TClATC 

Recovery, % 

Laboratory-made “Tetracid” capsules 
mixture* with added ATC* 

114 99.8 105.2 
112 101.5 105.8 
I/1.30 100.8 105.2 
l/l.00 99.8 106.1 
l/O.80 100.1 106.3 
110.67 99.8 105.4 

Mean 100.3 105.7 
C.V., % 0.7 0.5 

*Each mixture contained 0.08 mg of ATC and 0.0220.12 mg 
of TC per 100 ml of solution. The recovery for the 
capsule analysis is based on the nominal TC content of 
the capsules. 

applied to 5-ml portions of these solutions. The 
results are given in Table 2. 

Fluorescence characteristics 

Addition of aluminium to TC and ATC in 
Sorensen buffer at pH 6 gives the corresponding 

Table 2. Fluorometric detennin- 
ation of ATC in presence of TC by 

the AF method 

Ratio 
ATC/TC Recovery, % 

I/2.50 100.0 
l/l.25 101 .o 
l/O.83 100.7 
l/O.63 99.9 
I/O.50 100.4 
l/0.42 101.1 
I/O.36 100.3 

Mean 100.5 
C.V.. % 0.5 
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Fig. 2. Fluorescence emisston spectra for 1.2 pg/ml solu- 
tions of TC-AI(-) and ATC-AI (- - -) (I,, = 393 nm). 

TC-AI and ATC-Al fluorophores, which have 
different excitation and emission maxima (Fig. 1). 
Excitation of both fluorophores at 393 nm gives an 
emission maximum at 475 nm for TC-Al but almost 
constant background emission at 418 and 475 nm for 
ATC-Al (Fig. 2). 

Addition of magnesium instead of aluminium 
changes the excitation and emission spectra (Fig. 3). 
Excitation of both fluorophores at 440 nm gives a 
maximum at 525 nm for ATC-Mg and almost con- 
stant fluorescence in the 470-540 nm region from 
TC-Mg (Fig. 4). 

Assay for TC 

The difference in the fluorescence spectra of TC-Al 
and ATC-Al allows determination of TC without 

v I I I I I 

260 340 420 500 560 

Xtnm) X(nm1 

Fig. 1. Fluorescence excitation (a) and emission (b) spectra Fig. 3. Fluorescence excitation (a) and emission (b) spectra 
for 1.2 pg/ml solutions of TC-Al (-) and ATC-A1 for 1.2 pg/ml solutions of TC-Mg (-) and ATC-Mg 
(---). Emission spectra for excitation at 393 nm for TC-Al (---). Emission spectra for excitation at 380 nm for 

and 320 nm for ATC-AI. TC-Mg and 440 nm for ACT-Mg. 
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Fig. 4. Fluorescence emission spectra for 1.2 pg/ml 
solutions of TC-Mg (-), and ATC-Mg (---) 

(A, = 440 nm). 

interference from ATC. The fluorescence intensity at 
475 nm (F475) (A,, 393 nm) is the sum of that for 
TC-AI alone (F,,,,) and that for the fluorescence 
background of ATC-AI (Fa) (Fig. 2) and the 
fluorescence intensity at 418 nm (F4,*) of the same 
solution (A,, still 393 nm) is again the sum of the two 
fluorescence intensities, F,,,, for TC-Al and FB for 
ATC-Al. The difference, AF = FdT5 - F4,8r is clearly 
equal to Fm, - F,,,,, for TC-Al. 

Calibration graphs for TC in the absence of ATC 
can be prepared by plotting AF for the TC-Al 
fluorophore us. [TC], a linear relationship being ob- 
tained. The method is also valid for the determination 
of TC alone or in the presence of ATC, as confirmed 
by the results in Table 1. 

Assay for ATC 

The AFmethod is again applied, with measurement 
of fluorescence intensity of ATC-Mg at 525 and 470 
nm (A,, 440 nm). A linear relationship is obtained 
over the concentration range 0.8-0.48 pg/ml in the 
final solutions. The validity of the method is 
confirmed by the results in Table 2. 

The proposed AF methods may find wide applica- 
tion, especially in the spectrofluorimetric assay of the 
pure drugs or pharmaceutical multi-component for- 
mulations containing excipients or diverse com- 
ponents which give linear or no background inter- 
ference (since correction methods can be applied for 
linear background). Moreover the high sensitivity 
makes the methods suitable for biological fluid anal- 
ysis, after an initial extraction step.9q10 
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Summary-Boric acid at pg/ml or ng/ml level can be extracted from l&W hydrochloric acid into 
2,2,4_trimethyl- I ,3-pentanediol solution in chloroform and thus separated from many ions which interfere 
in the usual spectrophotometric methods. The boron is determined directly in the organic phase without 
back-extraction into water, by adding a solution of carminic acid in a mixture of sulphuric and glacial 
acetic acids (1 + 2 v/v) and measuring the absorbance at 549 nm. The molar absorptivity is 
2.58 x IO” l.mole-‘.cm-’ and Beer’s law is valid for the 0.054.4 pg/ml boron range. In the fluorimetric 
method, 509 or 547 nm can be used as the excitation wavelength and 567 nm for emission measurement, 
giving a linear response in the S-120 ng/ml boron range. Both methods have been applied to determination 
of boron in plants and natural waters with good precision and accuracy. 

Determination of boron (as boric acid) at pg/ml or 

ng/ml levels is of great interest in several fields of 
research and technical control, involving a wide range 
of sample types, e.g., in agriculture,’ ores in geo- 
chemistry,2 boron-steels in metallurgy,3 the nuclear 
industry.4 Most methods for the determination are 
spectrophotometric, using curcumin,5,6 carminic acid’ 

or azomethine-H.* By molecular fluorescence pho- 
tometry, boron can be determined with thoron,’ 
morin” or dibenzoylmethane.6 The fluorimetric 
methods show the greatest sensitivity, allowing the 
determination of nanograms of boron. However, all 
the methods have poor selectivity and precision. It is 
usually necessary to separate the boric acid by dis- 
tillation of methyl borate, ion-exchange or solvent 
extraction. In addition, there are problems of con- 
tamination by boron from laboratory glassware and 
of corrosive working media such as concentrated 
sulphuric acid. 

The separation of boric acid by extraction with 
1,3-dials” ” is highly selective and provides a pre- 
concentration method which eliminates numerous 

interferences. I4 In this paper, 2.2,4-trimethyl-1,3- 

pentanediol (TMPD) in chloroform has been used for 
the extraction. This 1,3-diol extracts the boron more 
efficiently and over a wider range of acidity-from 1 
to 7M hydrochloric acid-than do other 1.3-diols. 
The boron can be determined directly in the organic 
phase either photometrically or fluorimetrically with 
carminic acid. 

Apparatus 

EXPERIMENTAL 

A Pye-Unicam SP 8-100 spectrophotometer was used 
with l-cm silica cells. Fluorescence measurements were 
made with a Shlmadzu RF-510 spectrofluorimeter. Teflon 
and platinum contamers were used where possible, to avoid 
contamination from boron in glassware. 

Reagents 

Stock bow acid solution, boron 1.000 pggiml. Dissolve 
2.860 g of dried boric acid in 500 ml of doubly distilled 
water, and dilute as required just before use. Store the 
solutions In polyethylene bottles. 

Ex@acrunt. A 1% 2,2,4-trimethyl-1,3-pentanediol solu- 
tion in chloroform, prepared just before use. 

Carminic actd solution (0.073%) in glacial acetic acid. The 
solution is usable for a week. 

Carrnmic acid solution (0.0073%). Dilute the 0.073% 
solution tenfold with glacial acetic acid just before use. 

Sulphuric/acetic acid mixture (1: 2 v/Ll). Prepare on the day 
of use. 

Spectrophotometric procedure 

Transfer an aqueous sample solution containing up to 
40 pg of boron (as boric acid) into a lOO-ml separating 
funnel. add enough concentrated hydrochloric acid to give 
a concentration of 6M, then add 10 ml of extractant and 
shake the mixture mechamcally for 5 min. Leave the phases 
to separate. To 1 ml of the extract add 1 ml of 0.073% 
carminic acid solution and 5 ml of sulphuric/acetic acid 
mixture. Heat m a thermostatic bath at 75 f 3” for 10 min. 
Let cool to room temperature and dilute to volume with 
sulphunc/acetic acid rmxture in a IO-ml standard flask. 
After 2 hr measure the absorbance at 549 nm against a 
reagent blank 

Fluorimetric procedure 

Take a sample volume contaimng up to 5 pg of boron (as 
boric acid). Extract with TMPD in chloroform and develop 
the boric acid-carminic acid compound as before, but with 
the 0.0073% carmimc acid solution. Measure the 
fluorescence at 567 nm with excitation at 547 or 509 nm. 
Prepare a calibration graph from standard boron solutions 
covering the range l&l00 ng/ml for the boron concen- 
tration in the solution finally measured. 

RESULTS AND DISCUSSION 

Extraction of boric acid 
A single extraction of 20 pg of boron by the 

procedure given was 97.5 + 0.8% complete (10 deter- 
minations) from lL6M hydrochloric acid with an 
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400 500 549 600 
512 

Wavelength (nm 1 
Fig. 1. Absorption spectra for the boron<arminic acid 
system. Curve 1, reagent only, i.e., 1.5 x IOm4M carminic 
acid in mixed sulphuric and acetic acids, I : 2 v/v. Curve 2, 

reagent plus boron at 270 ng/mI in the final solution. 

aqueous/organic volume ratio of 3 : 1. Equilibrium 
was reached in <5 min, with mechanical shaking. 
The boric acid was determined by stripping the 
extracted phase and using the azomethine-H method. 
Boric acid could also be extracted from 1-2.5M 
sulphuric acid, but in the presence of alkaline-earth 
metals low results were obtained, owing to ad- 
sorption of boric acid by the precipitate formed. 

TMPD concentrations higher than 1% facilitate 
extraction of the boron, but darkening of the solution 
by charring of the TMPD then causes difficulties at 
the measurement stage. 

Large amounts of iron can be eliminated by prior 
extraction with methyl isobutyl ketone, without loss 
of boric acid. 

Spectrophotometric characteristics 

The absorption spectrum of the boric acid- 
carminic acid complex in a mixture of sulphuric and 
glacial acetic acids exhibited maxima at 512 and 
549 nm (Fig. l), when measured against a reagent 
blank solution. 

The absorbance at 549 nm remained constant for 
3 hr. A reagent blank solution showed an absorption 

Table 2. Determination of boron in slant samnles 

Boron Boron Relative 
content, found, standard 

Sample ppm (FAIC)* ppm deviation, % 

Hevea 55.8 55.0 2.7 
Eucalyptus 34. I 31.9 2.7 
Codia discolor 25.0 25.8 3.0 
Orange 40.0 39. I 2.0 
Olive 17.9 17.0 1.7 
Cotton 24.8 23.5 1.9 

*FAIC: Foliar Analysis Inter-Institutes Committee; results 
quoted as +5%. 

maximum at 468 nm when measured against pure 
solvent, and an absorbance of about 0.08 units at 
549 nm due to the reagent, so it was necessary to use 
a reagent blank solution as reference. At 549 nm 
Beer’s law was obeyed over the range 0.05-0.4 pgg/ml 
boron in the final solution measured (540 pg of 
boron in the original sample). The molar absorptivity 
relative to boron was 2.58 x lo4 l.mole-‘.cm-’ at 
549 nm. The relative standard deviation for ten 
determinations of 30 pg of boron was 2.1%. 

Interference studies 

The effect of the ions most frequently present in 
plant ash and natural waters, on the determination of 
30 pg of boron, is shown in Table 1. 

The interference of fluoride can be eliminated by 
addition of 0.05M aluminium chloride solution to 
give an aluminium concentration twice that required 
to mask the fluoride. 

Spectrojuorimetric characteristics 

The excitation spectra of carminic acid and of the 
boric acid-carminic acid complex in the mixed acid 

are shown in Fig. 2. 
When the emission was recorded at 567 nm (and 

5 nm band-width); the excitation spectrum of the 
complex showed maxima at 337, 469, 509 and 
547 nm. The relative fluorescence intensity at 567 nm 
varied linearly with boron concentration from 8 to 
120 ng/ml in the final solution. The best sensitivity 
was obtained by using excitation at 547 nm (with 
10 nm spectral band-width). The detection limit for 
boron (taken as twice the standard deviation of the 
fluorescence intensity of a blank solution) was 

Table 1. Effect of other ions on the spectrophotometric determinations of 30 pg of boron 
and on the fluorimetric determination of 5 pg of boron 

Maximum concentration tested 
without giving interference, M 

Ion Spectrophotometry Spectrofluorimetry 

Cl- 7.5 7.5 
SOi- 2.5 2.5 
Na+, K+, NH:, Mg*+, Cd2+, Ca2+, NO; 0.15 0.15 
CL?+, Ba*+, MOO:-, NO; 0.1 0.05 
Mn2+, Sr’+, Pb’+, Cr3+, Ni*+, Zn2+, 

A13+, Fe*+, Fe’+ 0.05 0.02 
F- 0.01* 0.011 

*Mastied with aluminium 
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Fig. 2. Fluorescence spectra for the boroncarminic acid system. A, Excttation spectra (emission 
measured at 567 nm). B, Emission spectra (excitation at 509 nm). C, Emission spectra (excitation at 
547 nm). In each case, curve 1 is for reagent only, i.e., 1.5 x 10-5M carminic acid in mixed sulphuric and 

acetic acids, 1: 2 v/v, and curve 2 is for reagent plus boron at 25 ng/ml in the final solution. 

(B) 

(Cl 

Table 3. Fluorimetric determination of boron in natural 
waters 

Boron Relative 
found, standard 

Sample pgcglml deviation, % 

River water A (Ebro) 0.14 3.0 
River water B (Ebro) 0.19 3.0 
River water C (Ebro) 0.21 3.0 

Urban drinking water (Zaragoza) 0.10 3.5 

Well water A 0.35 2.0 
Well water (near to a paper mill) 0.96 2.5 

3 ng/ml. The precision for 5 pg of boron was 3.8% 
(ten replicates). The tolerance for other ions in the 
fluorimetric determination of 50 ng/ml boron is sum- 
marized in Table 1. 

Applications 

Results for the determination of boron in plant 
samples by the spectrophotometric method are 
shown in Table 2. Plant samples were ashed and 
dissolved as indicated e1sewhere.i2 

The plant samples had been analysed by the Foliar 
Analysis Inter-Institutes Committee and were kindly 
supplied by M. Pinta (Office de la Recherche 
Scientifique et Technique Outre-Mer). The standard 
addition method was used to check for loss of boron 
during ashing, dissolution in 6M hydrochloric acid 

The fluorimetric method has been applied to deter- 
mination of boron in natural water, as shown in 
Table 3. 
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MINIPOL, A DESK-COMPUTER PROGRAM FOR 
REFINEMENT OF PROTONATION CONSTANTS FROM 

DIFFERENTIAL-PULSE POLAROGRAPHIC DATA 
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(Received 28 January 1985. Accepted 22 August 1985) 

Summary-The program MINIPOL, designed to run on a desk-computer with 32 kbytes of memory, can 
calculate the optimum values of overall protonation constants and molar intensities of up to 8 species 
with composition H,L,, from differential-pulse polarographic data. 

Potentiometry and spectrophotometry are the most 
widely used techniques for determination of pro- 
tonation constants.’ Potentiometry is usually consid- 
ered to be the more precise, but it cannot be used for 
the study of sparingly soluble substances or for those 
with low or high pK, values. Sometimes these prob- 
lems can be resolved by using spectrophotometry, but 
only if the spectra are suitable. 

In a previous paper we described the 
differential-pulse polarographic determination of the 
protonation constants of diprotic acids,* and have 
applied it to the determination of the overlapping pK 
values of maleinimide dioxime (MIDO) by several 
polarographic techniques.’ 

As an aid in the application of differential-pulse 
polarography to pK determinations, we have 
modified the program MINISPEF, written by Gaizer 
and Puskas.4 MINISPEF uses a non-linear least- 
squares procedure to calculate optimum values of 
overall protonation constants and molar absorp- 
tivities of up to 8 species of the form H,L,,, from 
spectrophotometric data. Our modification allows 
differential-pulse polarographic data to be used to 
find protonation constants and molar current. 

THE PROGRAM 

By analogy to the definition of molar absorptivity 
(E = A/bC) for any given wavelength, we can define 
a molar current (v) in differential-pulse polarography 
as v = i/KC, where i is the current for a given 
potential, C the concentration and K a coefficient that 
includes several polarographic constants (the 
diffusion coefficient, capillary constant, u, BE, etc.). 

The value of v is independent of certain experimental 
parameters.5 

In MINIPOL the logarithms of the overall pro- 
tonation constants and the molar currents are treated 
as unknown parameters, and the values which give 

*Author for correspondence. 

the minimum of the non-weighted sum of the squares 
of the residuals (U) of the measured (i,,,,,, ) and 
calculated (icalc ) currents are calculated, together with 
the probable errors: 

Program description 

First, the experimental data are read in and pre- 
pared for the subsequent calculations, followed by 
the stoichiometric coefficients and the starting values 
of the parameters, with their increments. The part of 
the program that deals with the search for and 
refinement of parameters is identical with the same 
part of MINISPEF. 

We have tried to keep the same meaning for the 
variables and arrays of MINISPEF, but some small 
changes have had to be introduced. Some variables 
have been fixed (W=l, N4=2, X1=1, X2=1, 
M = l), but the meanings of some arrays are slightly 
different - E( ) intensities, Ql( ) = 0, V~ = 0 (its in- 
crement, T, = 0). 

Use of the program 

The program was developed on a Hewlett-Packard 
HP-85 desk-computer with 32 kbytes of memory, but 
with no matrix-handling software (difference from 
MINISPEF and MINIPOT6). The program can treat 
a maximum of 80 experimental points measured at 
one reduction potential, and a maximum of 8 simul- 
taneous equilibria can be considered. Consequently, 
the maximum number of parameters is 17, because 
the last parameter is always the molar current for L. 
First the logs values, and then the v values must be 
fed in. 

MINIPOL is used in the same way as MINISPEF4 
and MINIPOT, so full details are not given here. 
Like MINISPEF and MINIPOT, MINIPOL allows 
the simultaneous refinement of a maximum of only 
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Fig. 1. Acid-base differential-pulse amperometnc titration 
of 3.729 x 10m5M MID0 at - 1275 mV. Experimental data. 
Solid line calculated from values found by MINIPOL: 
pK, = 10.03 + 0.07, pK, = Il.03 & 0.03, i0 = 1.80 + 0.04 
PA, i, =4.86* 0.25 /IA, l2 = 0 /IA, lJ =0.012 PA’, 

s = 0.042 /IA. 

four arbitrarily chosen parameters, and when log p 
and v values are refined simultaneously, the serial 
numbers of the v values must always precede those of 
the log /? values, and in both cases must be put in 
order of increasing error values. 

Copies of the program are available from the 
authors on request. 

RESULTS 

Our experience with MINIPOL has been very 
favourable. Its convergence is reliable, even if four 
parameters are refined simultaneously. 

We have tested MINIPOL by refining the pK and 
v values of MID0 obtained previously.2 Figure 1 
shows reasonable coincidence between the curve cal- 
culated from the refined pK values (solid line) and the 
experimental data. 

Curve 1 of Fig. 2 was calculated from the 
data obtained from the linear least-squares 
method, i.e., pK, = 9.59, pK, = 11.78, v0 = 5.98 x IO’. 
v, = 2.50 x 104, vz = 8.64 x lo4 CJ = 2.82pA’,s = 0.36 
PA). When these data were used as starting values in 
MINIPOL, the refined values (pK, = 10.05 f 0.04, 
pK2 = 11.09 + 0.04. v,, = 5.84 x 104, v, = 1.07 x 103, 
v2 = 9.28 x 104, U =0.24 PA’. s = 0.10 @A) were 
obtained. From these, curve 2 was calculated, and 
this agrees better than curve 1 with the experimental 
points. 

The averaged values of pK, and pKz obtained by 
polarography agree with those obtained by 
potentiometric’ (pK, = 10.09, pK2 = 11.19) and 
spectrophotometric’ (pK, = 10.15, pK2 = 11.19) tech- 

05 

t 

0°5_L_I 12 13 

PH 

Fig. 2. Acrd-base differential-pulse amperometric titration 
of 3.729 x 10F5M MID0 at - 1480 mV. Curve 1: calculated 
from unrefined values.’ Curve 2: calculated from values 
found by MINIPOL. Expenmental pomts marked o were 

not used for calculations. 

niques. Polarography gives lower precision, however, 
both in the averaged values and in the results of 
individual titrations (higher values of II and s). These 
poorer results are mainly caused by the inherently 
lower precision of polarographic measurements and 
by the overlapping reduction mechanisms. This is a 
major difference between polarography and the other 
two techniques. While the behaviour of compounds 
in potentiometry and spectrophotometry depends 
only on equilibrium considerations, polarographic 
behaviour also depends on the reduction mechanism, 
which can change with pH. Thus, the pH-dependence 
of the final and intermediate products of the reduc- 
tion mechanism must be taken into account. 

Nevertheless, in spite of these difficulties and the 
lower precision of the results, differential-pulse polar- 
ography is possibly a valid alternative when pK 
values of an electroactive compound cannot be deter- 
mined by potentiometric or spectrophotometric 
techniques. 
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OF A MERCURY REDUCTOR 
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Summary-A convenient method has been developed for the determination of thallium(lII) by using a 
mercury reductor. Thallium(II1) is reduced to thallium(I) in 0.5-4N hydrochloric or sulphuric acid medium 
and the determination is completed by oxidative titration with potassium bromate. The method is 
extended to analysis of thallium(III~-thallium(I) and thallium(II1 jiron(II1) mixtures. 

Among various metal and metal-amalgam reductors, 
the mercury reductor is one of the most convenient 
and its use in the determination of iron(HI) vana- 
dium(V),3*4 uranium(VI),5.6 antimony(V),’ hexa- 
cyanoferrate(III),2~B molybdenum(V1)’ etc., is well 
known. All these applications are based on the low 
redox potential of the mercury(I)/mercury couple in 
acid media. We have now developed a convenient 
method for the determination of thallium(II1) by use 
of a mercury reductor. The method allows deter- 
mination of both thallium(II1) and thallium(I) in a 
mixture, by titration of thallium(I) in one aliquot 
with potassium bromate, lo and of total thallium in a 
second aliquot after reduction of the thallium(II1) in 
a mercury reductor. Preliminary studies have shown 
that iron(H) obtained by reducing iron(II1) in a 
mercury reductor’ can satisfactorily be titrated with 
sodium vanadate without interference from thal- 
lium(1). Moreover, it has been reported” that a 
mixture of thallium(I) and iron(I1) can be titrated 
with potassium bromate to a visual end-point. On the 
basis of these observations the method has been 
extended to allow determination of thallium(II1) and 
iron(III) in a mixture. 

Reagents 

EXPERIMENTAL 

Thallium(II1) solutions, 0.025W.05M were prepared by 
dissolving thaliium(III) hydroxide” in the desired-acid anh 
were standardized.“,‘* Thallium(I) solutions (0.025XL05M) 
in water were prepared from thaii;m(I) chloride or sulphate 
and standardized.13 Approximately 0.05M sodium vanadate 
and 0.1 M ferric chloride solutions were prepared and stan- 
dardized.14.1s A 0.00833M potassium bromate was also 
prepared and standardized. All other reagents used were of 
analytical reagent grade. 

Determination of thallium (III) 

To an aliquot of thallium(II1) solution placed in a mer- 
cury reductor,’ enough sulphuric and hydrochloric acids are 
added to give an overall sulphuric acid concentration of 
O.WM and a chloride ion concentration of 0.054.2M on 
dilution to about 100 ml. Ehloride ion is added to precip- 
itate mercury(I) as Hg#$.] A rapid stream of &bon 
dioxide is passed into the solution for about 5 min to 

displace the air present, then the reductor is stoppered 
immediately and shaken vigorously for about 5 min. The 
supematant solution in the reductor is first decanted into a 
250-ml beaker and then filtered into a 500-ml Buchner flask 
through a G4 filter. The reductor is washed four times (each 
time with about 20 ml of water and swirling for about 5 set) 
and the washings are filtered. Finally, the beaker and filter 
disc are washed twice with 20-ml portions of water and the 
washings filtered. The hydrochloric acid concentration of 
the combined filtrate and washings is adjusted to about 
l.SM, and the solution is titrated with standard potassium 
bromate solution’0.‘3 (Methyl Orange as indicator). 

The same determination can also be done in O.-M 
hydrochloric acid medium, without using sulphuric acid, 
by the same procedure. The determination can also be 
accomplished in 0.54M perchloric acid provided there is 
enough chloride present to remove mercury(I) as mercury(I) 
chloride. 

Precision and accuracy. Solutions containing known 
amounts of thallium(II1) were analysed ten times according 
to the above procedure. Averages and relative standard 
deviations were: 131.4 mg, 0.2% (131.3 mg taken) in 
sulphuric acid medium; 98.9 mg. 0.2% (98.8 mg taken) in 
hydrochloric acid medium. 

Inrerferences. Titanium, iron, vanadmm, uranium, anti- 
mony, osmium and iridium interfere in this determination. 
Phosphate and acetate do not interfere up to an overall 
concentration of 0.08 and 0.25M respectively in the reduc- 
tor. Any other ions which are either reduced by mercury or 
oxidized by potassium bromate will interfere. 

Determination of thallium(II1) and thallium(I) in a mixture 

An aliquot of the mixture IS taken, enough hydrochloric 
acid is added to give a concentration of about 1.5M on 
dilution to 100 ml and the thallium(I) IS titrated directly with 
standard potassium bromate solution. This gives the thal- 
lium(1) concentration m the mixture. Another ahquot of the 
same size is taken and, after reduction of thallium(II1) to 
thallium(I), titrated with potassium bromate. The difference 
between the two titrations gives the thalhum(II1) content. 
Some typical results obtained in sulphuric and hydrochloric 
acid media are shown in Table 1. 

Determination of lhallium(III) and iron(III) in a mixture 
An aliquot of the mixture is placed in the mercury 

reductor and enough water and concentrated hydrochloric 
acid are added to give a total volume of about 100 ml of 2M 
hydrochloric acid. A rapid stream of carbon dioxide is 
passed into the reductor for about 5 min. then the reductor 
is stoppered and shaken thoroughly for about 5 min. The 
supematant solution in the reductor is decanted into a 
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Table 1. Determination of thallium(II1) and thallium(I) in potassium bromate’O solution, after addition of 5 ml of 
a mixture syrupy phosphoric acid, 5 ml of 0.2% copper(I1) sulphate 

Thallium(III), mg Thallium(I), mg 
solution and 3 drops of Methyl Orange indicator. The 
bromate titration volume corresponds to thallium(II1) plus 

Medium Taken Found Taken Found iron(II1). Some representative results are shown in Table 2. 

133.1 133.3 42.6 42.8 
78.8 78.8 61.7 61.7 
45.0 44.5 100.2 99.7 
41.9 41.7 38.2 38.2 

53.0 53.2 52.1 51.9 
77.0 76.8 41.4 41.1 
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Table 2. Determination of thallium(II1) and iron(II1) in a 
mixture 

Iron(III), mg Thallium(III), mg 

Taken Found Taken Found 

27.8 27.9 47.8 47.7 
30.7 30.4 44.8 44.9 
14.0 14.1 74.6 74.9 
41.9 41.9 24.9 24.6 
33.5 33.3 39.8 40.0 
22.3 22.1 59.7 59.7 

250-ml beaker and then filtered into a 500-ml conical flask 
through a Whatman No. 42 filter paper. 

The mass in the reductor is washed with five 20-ml 
portions of 0.5M hydrochloric acid, each time with swirling 
for about 5 sec. Each washing is decanted into the beaker 
and filtered into the conical flask. The acidity of the solution 
is adjusted to about l.SM with hydrochloric acid, 5 ml of 
syrupy phosphoric acid and 3 drops of barium diph- 
enylamine indicator are added and the solution is titrated 
with standard sodium vanadate. This titration gives the 
concentration of iron(II1). 

The procedure is repeated with an identical aliquot of the 
mixture, but the final solution is titrated with standard 
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THE POLYMERIZED SURFACTANT PPOSA* 

KUN-YUAN LIU and Ru-QIN Yu 
Department of Chemistry and Chemical Engineering, Hunan University, Chan&a, 

People’s Republic of China 

(Received 1 A@ 1985. Accepted 9 August 1985) 

Summary-A new low-polymer surfactant, poly@ropylene oxide)-a-stearyldimethylammonium chloride 
(PPOSA) has been synthesized. It contains a polyglycol main chain and quatemary ammonium branched 
chains. Investigation of the surface-active properties of PPOSA showed that as a sensitixing and 
solubilizing reagent for spectrophotometric analysis it possesses some of the characteristics of both 
cationic and non-ionic surfactants. The surfactant shows a sensitizing effect superior or equal to that of 
classical surfactants commonly used in analytical chemistry. Use of PPOSA leads to development of some 
excellent micellar spectrophotometric procedures for determining trace metals. 

During recent years, mixed surfactants of various 
kinds have been used to improve micellar spcc- 
trophotome~c anaIysis.‘4 Typical mixed pairs 
include: catio~icl~on-ionic, ~tio~iclanioni~, anionic/ 
non-ionic and amphoteric/non-ionic surfactants. 
These mixed systems have not only the properties of 
the individual surfactants, but also some new proper- 
ties not possessed by the individual surfactants. 
Polymerized ionic surfactants have also been used in 
improved micellar s~trophotomet~c procedures.s 
In the work described in this paper, a low-polymer 
surfactant, poly(propylene oxide)-a-alkyldimethyl- 
ammonium chloride, was synthesized by the 
polymerization of epichlorhydrin and subsequent 
quaternization with various triaikylamines. Of the 
surfa~tants tested, polypropylene oxide)-~-stea~l- 
dimethylammonium chloride (abbreviated to 
PPOSA) was found to be the most promising for 
micellar spectrophotometry and was studied in more 
detail. 

EXPERIMENTAL 

Reagents 
Epichlorhydrin (Shanghai). Stearylamine (Koch-Light). 

Dibromoaallein (BG. DreDared as described bv Antonovich 
et u[.~), 2 x 10L4 M’ bolution in 50% aqueous ethanol. 
Chromazurol S (CAS; B.D.H.), 0.05% solution. Xylenol 
Orange solution (X0; Shanghai), 5 x lob4 M. Solutions of 
Mo(VI), W(VI), Be(H) and La(H1) (5 x 10e4M) were 
prepared by standard procedures with analytical-bade or 
specially pure reagents. 

Synthesis of PPOSA 

Stearyldimethylamine (m.p. 52-53”) was synthesized by 
methylation of stearylamine with formaldehyde in formic 
acid. Epichlorhydrin (15.7 ml, 0.1 mole) in benzene (50 ml) 
was heated to boiling and 17.8 g (0.06 mole) of stearyldi- 
methylamine were added. The mixture was refluxed for 7 hr, 
then the benzene was evaporated to leave an orange residue. 
This crude product was purified by recrystallization from 

*Taken from the M.Sc. thesis of K.Y. Liu, Hunan Univer- 
sity, 1984. 

acetone. The white product was dried for 3 hr at below 
50” under reduced pressure. The yield was about 70%. 
Poly(propylene o~de)-a-alkyldimethyla~o~um chlorides 
substituted with other alkyl arotms such as CH,. C,H,. 
CsH,,, C,,H,,, etc., were synthesi&d in a similar way,‘but 
were difficult to purify and less efficient as micellar 
modifying agents for spectrophotometry. 

RESULTS AND DISCUSSION 

composition and properties of PPOSA 

From the elemental analysis and molecular weight 
of PPOSA (Table l), it is postulated that the surfac- 
tant has the structure I, similar to that proposed 
in the patent literature.7-9 The infrared spectrum has 
peaks at 722, 1105, 1471,2850,2925 and 3350 cm-‘, 
which confirms the postulated structure. 

(I) 

PPOSA is soluble in water, ethanol, hot acetone 
and ethyl acetate. It is more soluble in water than are 
the commonly used cationic surfactants, such as 
STAC (stearylt~methylammoni~ chloride) and 
CTAB (~tylt~methylammonium bromide) and can 
be used as an aqueous solution without precipitation 
even after long-term storage at relatively low tem- 
peratures. PPOSA softens at 70”, turns yellow at 210” 
and gradually to brown at above 210”, and then 
blackens. These phenomena are similar to those 
observed with STAC.” 

A plot of surface tension Q of the aqueous solution 
of PPOSA us. concentration c gives a curve with 
two plateaux at the concentration 
0.63-1.5 x lo-” M and > 1.66 x lOA M (Fig. ;“yc 
spectively. This phenomenon has not been observed 
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Table 1. Characterization of PPOSA 

Molecular 
weight C, % H, % N, % Cl ,n,_,, % Cl.,,.,. % 

Found 130&1400 63.3 11.3 3.4* 12.9 7.8 
Calculatedt 1371.3 65.63 11.38 3.06 12.93 7.76 

*3.4% by combustion chromatography and 3.1% by gravimetry with tetra- 
phenylborate. 

tFor structure I. 

with common surfactants, but has been found with 
surfactants similar to PPOSA [synthesized with epi- 
chlorhydrin and the tertiary amines Ci4HZ9N(CHJ2 
or C,,H,jN(CH,),]. A similar curve was observed for 
an aqueous solution of polyglycol-20000 mixed with 
CTAB. A plot of the surface tension of this solution 
us. concentration of the surfactant mixture also has 
two plateaux. The points of inflexion correspond to 
the critical micellar concentrations of the two surfac- 
tants in the mixture (Fig. 2). Thus it appears that in 
the PPOSA molecules, the alkyl oxide moiety and the 
quaternary ammonium nitrogen attached by a long- 
chain alkyl group keep their own characteristic fea- 
tures to some extent; this was the intention in the 
synthetic design of the surfactant. Thus, PPOSA 
should show the characteristic properties of both 
cationic and non-ionic surfactants as a sensitizing 
and solubilizing agent in spectrophotometric anal- 
ysis. 

PPOSA as a micellar modifVing agent in spec- 
trophotometry of trace metal ions 

Some typical systems in spectrophotometric anal- 
ysis were chosen to test the micellar modifying effect 
of PPOSA. These were Mo(VI)--BG, W(VI)-BG, 
Be(II)--CAS and La(IIIkX0. 

The Mo(VI)-BG system. The use of PPOSA in 
combination with some non-ionic surfactants makes 
the micellar system more reproducible and a lower 
detection limit for Mo(V1) can be obtained. The 
colour development was optimized by using a 
modified simplex method,” with the concentrations 
of hydrochloric acid, BG, PPOSA and Triton X-100 
as variable factors and the molar absorptivity E as the 
objective function. The optimum procedure found is 

as follows. To a solution containing less than 1Opg 
of Mo(VI), add 0.7 ml of 5M hydrochloric acid, 
0.9ml each of 5 x 10m4M BG and 0.2% PPOSA 
solutions, and 0.5 ml of 0.2% Triton X-100 solution, 
Dilute the solution to 10ml. After 40min measure 
the absorbance at 642 nm against a reagent blank. 

The absorbance of the Mo(V1) complex becomes 
constant within 30 min and remains stable for at least 
5 hr. The molar absorptivity is 1.25 x 10’ 
l.mole-’ .cm-’ at A,,, (642 nm). This value is 1.2 
times the value obtained without addition of Triton 
X-100 (1.08 x 10’) and 5 times the value obtained 
without addition of any surfactant (2.5 x 104). 
PPOSA helps to eliminate the spectral overlap with 
the reagent that occurs with Mo(VI)-BG, because 
PPOSA markedly decreases the absorbance of the 
excess of BG present, and causes the spectrum of the 
Mo(VI)-BG complex to exhibit a large wavelength 
shift (from 580 to 642 nm). Beer’s law is observed up 
to 1 pgg/ml Mo(V1). The molar ratio method was 
applied to the ternary system Mo/BG/PPOSA, by 
keeping the concentration of one component con- 
stant and varying those of the other two. In all cases 
the diagrams obtained showed the stoichiometry to 
be 1:2: 1 (Mo:BG:PPOSA). 

In Table 2, the PPOSA system is compared with 
other micellar Mo(VI)-BG systems reported in the 
literature.12 

The Mo(VI)-BG system improved by PPOSA and 
Triton X-100 is fairly selective. Among more than 
thirty ions tested, only Ge(IV) and W(V1) showed 
significant interference that was difficult to eliminate. 
The effects of Mo(VI), Cr(VI), V(V) and Fe(II1) can 
be eliminated by addition of ascorbic acid, and 
Sb(II1) and Sn(IV) can be masked with EDTA. A 

I I 
40 , 1 I I I 

0 1 2 3 

c(10-4MM) 

Fig. 1. Surface tension of the aqueous solution of PPOSA 
(temperature IO”, maximum bubble method). 

65 

35L ! I 
6 4 2 

-loge(M) 

Fig. 2. Surface-tension of (1) CTAB, (2) polyglycol-20000 
and (3) their mixed solution (molar ratio 1: I .5). 
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Table 2. Comparison of spectral parameters for micellar improved Mo(VI)-BG systems 

Surfactant 

DTAC 
DBAC 
TPC 
Eph 
CTAB 
CPC 
CPB 
STAC 
DDMAA 
PPOSA 

Used alone Mixed with Triton X-100 

i marr nm E, lo4 I.mole-‘.cm-’ I,,, nm E, 10’ I.mole-‘.cm-’ 

635 8.97 635 9.98 
645 4.08 635 6.36 
630 6.29 630 6.55 
650 5.87 645 6.41 
640 12.0 640 11.3 
630 7.21 635 6.93 

635 6.83 635 7.77 

635 9.88 635 7.92 
635 8.86 635 7.98 

642 10.8 642 12.5 

*DTAC-dodecyltrimethylammonium chloride, DBAC-dodecylhenzyldimethyl- 
ammonium chloride, TPC-tetradecylpyridinium chloride, Zcph-zephiramine, 
CPC(Bjcctylpyridinium chloride(bromide), DDMAA-N-dodecyldimethyl- 
aminoacetic acid. 

binary mixture of Mo(VI) and W(VI) can be anal- 
ysed by applying linear regression to multiwavelength 
data (details of the proposed method will be pub- 
lished elsewhere). 

The W( VI)-BG system. This system was studied as 
for the Mo(VI)-BG system. The optimized experi- 
mental procedure is as follows. To a solution contain- 
ing less than 20 pg of W(VI), add 1.3 ml of 5M 
hydrochloric acid, 0.8 ml of I x IOe3M BG, 1.5 ml 
each of 0.2% PPOSA and 0.1% Ttiton X-100 solu- 
tions, and dilute to 10 ml. Heat the solution for 20 
min at 50”. Cool and after 40 min, measure the 
absorbance at 618 nm against a reagent blank. The 
colour is stable for at least 5 hr. The molar absorp- 
tivity is 9.8 x lo4 I.mole-‘.cm-’ at h,,, (618nm), 
which is greater than the values obtained by using 
other surfactants, such as CTAB.” Beer’s law is 
observed for 0.01-2 pg/ml W(VI). The composition 
of the complex is again 1:2: 1 (W:BG:PPOSA). The 
effect of foreign ions on the determination of W(VI) 
is nearly the same as on that of Mo(VI), with Mo(V1) 
interfering seriously. 

The Be(I&CAS system. The reaction of Be(H), 
CAS and PPOSA is rather slow at room temperature, 
so it is necessary to heat the solution for full colour 
development. Five factors (pH, CAS and PPOSA 
concentrations, reaction temperature and time) were 
chosen as parameters in optimization of the colour 
development, with an orthogonal experimental 
design technique. The optimized procedure is as 
follows. A solution containing less than 2 pg of 
Be(I1) is mixed with the reagent solutions and 
hexamine-HCI buffer (pH 4.6) to give 25 ml of a 
solution that is 3.3 x IO-‘M in CAS and 1.5 x 10m4A4 
in PPOSA. The solution is heated at 75” for 20 min. 
After cooling, the absorbance is measured at 628 nm 
against a reagent blank. The colour is quite stable 
and the molar absorptivity is 9.10 x 104 
1. mole-‘. cm- ’ at A,,,,, (628 nm), which is greater than 
the values obtained with other surfactants under the 
same conditions. Beer’s law is obeyed for 0.004-0.08 

The composition of the complex is 1:2:2 
(Be:CAS:PPOSA). The CAS used for complex 
composition studies was purified as described by 
Langmyhr et al.” 

Miscellaneous systems. At pH 5.5-6.5, PPOSA 
reacts with La(IIIkX0 to form a blue complex, with 
molar absorptivity 1.39 x lo5 l.mole-r .cn-r, which 
is greater than that obtained by using other common 
surfactants, such as CPB (1.02 x 105)14 and near to 
that obtained by using poly(4-vinyl-N-dodecyl- 
pyridine)bromide (1.58 x 1O5).5 The proposed pro- 
cedure is as follows. To a solution containing less 
than 12 pg of La(III), add 0.5 ml of 5 x IO-‘M X0, 
2ml of pH 6.0 acetate buffer and 1.2 ml of 0.2% 
PPOSA, then dilute to 10 ml. After 10 min, measure 
the absorbance at 618 nm against a reagent blank. 

The spectrophotometric characteristics of some 
other PPOSA micellar systems such as Ni(II)-X0, 
Bi(III)-Semi-Xylenol Orange, and Al(III)- 
Pyrocatechol Violet are also superior or equal to 
those obtained with surfactants commonly used in 
analytical chemistry. Thus, PPOSA is a promising 
new surfactant for the micellar spectrophotometric 
analysis of trace elements. 
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Ionization Potentials: Some Vsriatioas, Implications ad Applications: L. H. AHRENS, Pergamon Press, Oxford, 1983. Pages 
xi + 104. $29.50. 

This little book is divided almost evenly between a summary and analysis of ionization energy data and a discussion of 
the application of this information to the understanding of periodic trends in the properties of electropositive elements and 
their simple compounds. For the general chemist the early chapters will probably be the most useful, as a source of 
information, familiar and unfamiliar, on ionization energies and their variation across the Periodic Table. The later chapters 
reflect the author’s geochemical background and will be of interest mainly, although not exclusively, to the crystal chemist. 
The approach is resolutely empirical and quantum mechanics is determinedly eschewed throughout the book. Most of the 
references quoted are pre-1960, and many pre-1940: while these are often classical papers of undiminished value, it is surely 
a little misleading to imply, however indirectly, that understanding of the covalent band has not progressed since Coulson’s 
book appeared in 1952? A chapter on “The stability of metal-organic complexes” proves to deal with compounds of metals 
with organic bases, and not with molecules containing metal-carbon bonds. 

Within these limitations, the book contains a good deal of useful information, and could be a valuable source of material 
for elementary courses in crystal chemistry. 

G. P. MCQUILLAN 

Trends in Analytical Chemistry, Reference Edition, Vol. 2: P. T. SHEPHERD (editor), Elsevier, Amsterdam. Pages iv + 285. 
US$92.25. Dfl. 240.00. 

This volume meets the publishers’ objectives for a topical monthly digest of current developments in analytical chemistry. 
The coverage of the material is wide and ranges through biotechnology, computing, and analytical chemistry based largely 
on biological systems. 

As would be expected, computer applications in analytical chemistry are much in evidence and six of the articles deal 
with the preparation of data-bases. One paper of interest deals with the preparation of a data-base for polarography. It 
has always been a problem that in the polarographic literature much of the data is incomplete and retrieval of data has 
been very time-consuming. With renewed interest in polarography a data-base would prove invaluable. It is a pity, however, 
that the article on modern methods of polarography deals only with the basic principles. Analytical chemists unfamiliar 
with the technique would require some indication of the range of application of these techniques. 

One criticism might be that some of the articles tend to emphasise basic principles of well established and proven 
techniques, whereas there is a lack of fuller discussion on modern techniques. For example, the article on forensic 
microscopy is largely limited to optical microscopy, with only a brief mention of electron microscopy and electron-probe 
analysis, both of which merit a fuller discussion. 

The inclusion of articles on sampling, sample preparation and storage of samples for trace analysis is most welcome. 
These articles should be studied by all analytical chemists involved in trace analysis. 

This volume and others in the series should prove most useful to analytical chemists wishing to obtain an overview of 
analytical trends, particularly in biological applications. 

J. TOWLER 
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Mutagenicity Testing in Environmental Pollution Control: F. K. ZIMMERMANN and R. E. TAYLOR-MAYER (Editors), Horwood, 
Chichester, 1985. Pages 195. f27.50. 

Mutagenicity, and the related concept of carcinogenicity, of chemicals present in the environment is of importance to all, 
and IS a subJect which can provoke considerable emotion. This book provides a very useful introduction to methods of 
testing for mutagenicity, the applications of such tests to particular environmental problems, and the relationship between 
mutagenicity and carcinogenicity. The first part is devoted to introducing the types of test available, the effects of mutagens 
on genetic material and the problems of devising meaningful test batteries. Assessment of genetic risk to humans is very 
difficult and the authors are careful to point out that a positively identified mutagen may not necessarily be a carcinogen 
but that it should be given further study. This section is helpful in that those with little background in genetics or 
microbiology can contmue to the later chapters with an understanding of the strengths and limitations of the tests. Some 
very useful experlmental detail is included. 

A wide range of environmental situations is covered from food and drink to the problems associated with paper mill 
effluents, and an alarmmg number of potential mutagens are identified. River and manne pollution are considered along 
with mutagemc contamination of agricultural land. The book closes with a comparison between risk assessment associated 
with ionizing radiation and with chemical mutagens, clearly demonstrating the disagreements which inevitably occur when 
toxicity to the human population and standards of protection are being considered. 

Mutagenicity is a difficult subject to cover but this book is both readable and informative; it should be of interest to 
scientists in a wide variety of disciplmes. It is a book that could usefully be read by any who work with potentially mutagenic 
chemicals or effluents. to alert them to the difficulties of assessing risk and to the wide variety of compounds which have 
been demonstrated to have mutagemc activity. 

JAYNE A. MATTHEWS 

Dictionary of Chemistry and Chemical Technology: German/English: H. GROIN (Editor in Chief), Elsevier, Amsterdam and 
VEB Verlag Technik, East Berlin, 1984, Pages 633. US $105.75. Dfl 275.00 

I earlier welcomed the English/German half of this dictionary ( Talanfa, March 1985) and wondered then if we might find 
“unbedruckt” which there was given as “not printed on”, m this volume, suggesting that the E/G volume was a reversal 
or translation of the G/E volume: the word does not appear (though “unbcnetzbar = non-wettable” does), so there is a 
degree of independence between the two volumes, although prepared by the same editor and team. 

There is again a noticeable emphasis on terms from chemical engineering and paper technology, but the coverage in other 
fields is also very wide. However, I am aware of gaps: trade names of German products such as Plexiglas = Perspex, 
Eternit = asbestos cement, seem to be absent, and also many important acronyms such as MAK = TLV, EG = EEC, though 
some for chemical compounds such as PVA and PTFE are included. The reader will have to refer to Wiirkrbuch der 
Abkiirzungen (Duden, 1979) for others 

One feature which struck me qmckly was the use of spellings atypical of modern (West?) German usage: here you will 
find AkrylsBure, Kadmium and Kalzium, while Duden confirms that in technical usage the English-type spellings and 
Acrylsgure are preferable. Similarly, Azetat and Azetylen displace the more easily recognizable forms. On the plus side I 
would commend the incorporation of older trivial German names such as Weinsaure and Milchsiiure etc., and that the 
latter is not just translated as lactic acid, but also given the systematic name hydroxypropionic acid. Many compound names 
are accompanied by formulae, and natural products often by the Latin names of the plants or micro-organisms from which 
they have been obtained. 

To sum up, an impressive collection of words related to Chemistry and Chemical Technology which ~111 be of great 
assistance lo struggling translators, provided somebody else is paymg for it. But odd that “Eprouvette = test-tube” is 
missing from a chemical dictionary. 

IAIN L. MARR 

HPLC in Nucleic Acid Research: PHYLLIS R. BROWN (Editor) Dekker, New York, 1984. Pages 424. $59.75 (U.S.A. and 
Canada); $71.50 or SFr. 164 (elsewhere). 

Professor Brown and fifteen of her past and present students have produced an authoritative text on the use of 
high-performance liquid chromatography (HPLC) in nucleic acid research. The book is divided into three parts. The first 
provides a general mtroductlon to nucleic acids, including accounts of their biosynthesis, physiological functions, structure, 
properties, and catabolism. The second part of the book comprises seven chapters which consider the methodological 
aspects of HPLC analysis of nucleic acids, nucleosides and nucleotldes. Topics covered include sample preparation, 
fundamental aspects of chromatography, detection systems, mobile phases and microbore columns. Generally the various 
chapters in this section are complementary but one of the sections of Chapter 5 (Peak Identification) overlaps with parts 
of the chapter on Detection Systems. The majority of the book is dedicated to reviewing the applications of HPLC in the 
analysis of nucleic acids. nucleotides, cyclic nucleotides, oligonucleotides, nucleosides, nucleotide coenzymes, pyrimidine 
(e.g.. fluorouracil) and purme antimetabolite drugs (e.g., 6-mercaptopurine), and certain central nervous system drugs 
(theophyllme). There is also a chapter devoted to the use of HPLC in enzyme assays and this is exemplified by assays for 
enzymes which are involved in purine and pyrimidine metabolic pathways. 

The chapter by Nakano (Central Nervous System Drugs) discusses HPLC analysis for the drug theophylline. Although 
the author points out the advantages of HPLC analysis, the advantages of other techniques such as enzyme immunoassay 

ii 
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for the routine clinical analysis of blood serum for this antiasthmatic drug are ignored. The impact of HPLC techniques 
is growing and this well prepared and well illustrated monograph will be a valuable source of information for 
chromatographers. 

L. J. KRICKA 

Organic Trace Analysis: KLAUS BEYERMANN. Ellis Hot-wood, Chichester, 1984. Pages 365. f35.00. 

Working on Mrs. Beaton’s macro-scale, take a barrel full of procedures, a cupboard full of techniques together with a sack 
full of tips and tricks related to all the samples of the market place, and then hope you have a supremely orderly and 
experienced cook to put it all together: this is the recipe for a book attempting to cover the enormously wide field of Organic 
Trace Analysis. It is a tribute to Klaus Beyermann’s expertise and skill that he has combined successfully all the ingredients 
into a readable and informative book from which the reader can, without difficulty, retrieve all manner of useful facts 
relevant to his current problems. The readability also owes much to the competent translation editing. 

The headings of chapters are rather predictable: General Aspects; Sampling; Sample Treatment; Separation and 
Concentration; Determination, and a final chapter to give flavour; Special Topics. But the list of sub-headings in the 
Contents reveals the true breadth and serves to guide the reader quickly to sections of particular interest. All sections are 
well supplied with references (almost half from 1980-1982) while numerous examples are listed very concisely in the Tables. 
There are also plenty of illustrations particularly of all those little gadgets which trace- and micro-analysts delight in making 
to get round awkward problems. 

So, you may ask, are there no criticisms? no stones left in the plums of this rich pudding? I find the oft-repeated numerical 
analysis of the literature e.g. “Separation: 37% by GC, 32% by solvent extraction, 16% by HPLC . .” “Determination: 
37% by GC, 14% by MS.. . ” just gets a little tiring and not to be very helpful. It is much harder to find what is NOT 
included, but I do feel that an English language version (the original is “Organische Spurenanalyse”) should include mention 
of British legislation (e.g. pp. 21 and 84) as well as German and American: this one does not. The layout and setting are 
of a high standard (but a very few misprints are to be found: p. 143 “Table 5.3, p. 135”; p. 146, 8 lines up, “gas 
chromatographic analysis”; p. 175, Fig. 5.12 ‘Zeit” = “Time”; p. 179, Fig. 5.17. “block heater”; p. 188, Fig. 5.23, “Fluram” 
are worth correcting). 

This really is a fine piece of very thorough work, and I would like to echo Professor Beyermann’s closing wish “that 
this volume will help to stimulate interest m this vast field”. I am sure it will. 

IAIN L. MARR 

Analysis of Neuropeptides by Liquid Chromatography and Mass Spectrometry: D. M. DESIDERIO, Elsevier, Amsterdam, 1984. 
Pages xviii + 236. S63.50, Dfl. 165. 

This book is aimed at newcomers to the field of peptide research. In the introductory chapter the author presents a complex 
account of the objectives and philosophy of the book and explains that the book has been written to function as an interface 
between techniques and research areas. 

There is a chapter devoted to neurupcptides which provides a useful general account of peptides (e.g., peptide synthesis, 
distribution, degradation). In common with other chapters in the book, this is in the form of a review of the literature and 
there are copious references to review articles on specific aspects of neuropeptides. The author pays particular attention 
(Chapter 3, Biochemical Sampling Techniques) to the experimental factors which must be considered in both the collection 
and analysis of specimens containing peptides (e.g., time factor, post-translational modifications, neuropeptidase activity) 
and stresses the importance of carefully controlling experimental conditions if meaningful analytical results are to be 
obtained. 

Five of the eight chapters are devoted to analytical techniques (HPLC, RIA, MS) and the two chapters devoted to mass 
spectrometry (Chapters 6 and 7) constitute nearly half of the book. Various types of mass spectrometry are described and 
reviewed, including electron ionization, chemical ionization, field desorption, fast-atom bombardment, collision-activated 
dissociation, “*Cf plasma desorption, and Fourier-transform mass spectrometry. 

In the final chapter various recent developments in both HPLC and mass spectrometry are considered, m particular the 
prospects for the on-line combination of liquid chromatography and mass spectrometry. 

The layout and presentation of this camera-ready copy book are excellent but the author’s style may not appeal to all 
readers. Newcomers as well as established workers in peptide research will find this book a useful and concise source of 
information. 

L. J. KRICKA 

Biological Reference Materials: WAYNE R. WOLF (editor), Wiley-Interscience, New York, 1984. Pages xv + 425. f69.40. 

This book plunges the reader into the world of oyster tissues, kale, orchard leaves, stabilized wine and copepod (a small 
aquatic crustacean). It is the proceedings of a symposium on biological reference materials (RMs) held at the 10th Annual 
Meeting of the Federation of Analytical Chemistry and Spectroscopic Societies in Philadelphia in 1983. 

The papers, all of which were refereed, are collected under six headings; Certified Materials Available or in Preparation. 
Homogeneous and Well-Characterized Materials, Quality Control Materials for Nutrient Analysis, Environmental 
Specimen Banking, Open Discussion, and an Appendix which is a reprinting of NBS Special Publication Number 635 
(Reference Materials for Oreanic Nutrient Contentl. 

The first chapter (H. J. M.-Bowen) details the production of the kale reference material. In 1964 a large quantity of kale 
leaves was harvested, dried and ground to produce 91 kg of a kale leaf powder. This has subsequently been characterized 
for over 60 elements, of which 42 have been determined repeatedly and often by several techniques (Table 6, p. 14). The 
remaining chapters in the first section cover reference materials produced or under development by various bodies, including 
the National Bureau of Standards (NBS), the International Atomic Energy Agency (IAEA), the Community Bureau of 
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Reference (BCR), and the Marine Analytical Chemistry Standards Program (MACSP) of the National Research Council 
of Canada. 

Parts two and three describe a number of materials intended as agricultural reference materials (e.g., beef muscle, maize) 
or foodstuff reference materials (e.g. milk powder). For example, Wolf and Ihnat (Chapter 10) outline the production and 
testing of a total daily diet reference material (TDD-I) prepared from a balanced selection of commonly consumed foods, 
Two of the chapters in Part three deal .specifically with quality assurance and quality control materials in the context of 
food analysis. (Chapters 13 and 14). Elkins (Chapter 13) outlines a programme, organized by the National Food Processors 
Association. which is intended to improve the quality of analytical results produced by food analysis laboratories. A series 
of tables show the interlaboratory variability for a number of analytes (lead, arsenic, iron, thiamin, fat, ascorbic acid, etc.). 
For dehydrated samples the interlaboratory variability is good (e.g., thiamin, coefficient of variation = 6%) but for other 
types of sample, such as raw uncooked products, the interlaboratory variability is very large (e.g., ascorbic acid in green 
beans, coefficient of variation = 49%). 

Part four of this book comprises papers describing aspects of the American and German environmental specimen banking 
programmes. Environmental specimen banking is undertaken to provide “fossilized” specimens for retrospective analysis 
in studies of the contamination of the environment by man-made chemicals and their metabolites. It is estimated that at 
least 60,000 man-made chemicals enter the environment each year and the banking programmes are aiming to provide 
specimens of different types of material (blood, soil, carp, grass, etc.) which will be useful for environmental monitoring 
and surveillance. Stoeppler (Chapter 16) outlines the progress which has been made in characterizing the content and 
stability of different environmental specimens selected for the German programme, and draws attention to the need for 
international collaboration in this important analytical area. 

The record of the open discussion on needs and uses for biological reference materials (Part five, Chapter 17) IS of dubious 
value. In my opinion the inclusion of discussions represents a poor return of the effort expended in their recording and 
transcription and does not add to the usefulness of a proceedings volume. 

This book provides a useful overview of current activities in the production and testmg of reference materials and will 
be of interest to a broad spectrum of analytical chemists. 

L. KRICKA 

Room Temperature Pbosphorimetry for Chemical Analysis: TUAN VO-DINH, Wiley/Interscience. New York, 1984. Pages 
xviii + 304. f47.50. 

Though any differences in the examination of phosphorescent radiation from substances frozen in transparent glasses or 
adsorbed on substrates at room temperature may have only a minor physical significance, this modest change in sample 
handling has made available to the analytical chemist a new and powerful technique. In the past decade or so the pioneering 
work of Winefordner and others has established the technique as a reliable and sensitive method of analysis for a wide 
range of compounds. The present book surveys the progress which has been made during this period and despite the wordy 
nature of some of the early material gives an excellent introduction to the subJect. 

After outlining the photophysical principles involved, the author describes typlcal instrumentation and sample 
preparation techniques. There follow sections dealing with the problems associated with the technique and with the type 
of spectra produced by organic compounds. Special methods, such as time-resolved spectroscopy, are discussed, and the 
remainder of the book is devoted to the application of room-temperature phosphorimetry to analytical chemistry, 
particularly m conjunction with chromatographic methods. Theoretical models of the emission process in various media 
are examined and the principles governing the quantitative aspects of the method developed. Examples of the determination 
of single compounds, or analysis of complex mixtures, in the fields of pharmaceutical chemistry, air pollution and the fuel 
industry are included. 

J. R. MAJER 

Modern Chromatographic Analysis of the Vitamins: A. P. DE LEENHEER, W. E. LAMBERT and M. G. M. DE RUYTER (Editors), 
Dekker, New York, 1985. Pages ix + 556. $85.00 (U.S.A. and Canada), $102.00 or SFr. 255 (elsewhere). 

This book provides a practical approach to the determination of vitamms in various media such as biological fluids, 
pharmaceuticals, foods, and animal feeds, by use of TLC, HPLC, GC, and GC-MS. The first part of the book covers the 
lipid-soluble vitamins A, D, E, and K, and the second part includes the water-soluble vitamins B, C, and the related 
compounds such as folic and nicotinic acids. In all there are 12 articles, each written by experts in the respective fields. 
For each group of vitamins thorough explanation of theory for each technique is presented with the sample preparation 
step prior to chromatography. The detailed discussion on techniques, coupled with the numerous tables (experimental 
conditions) and figures (chromatographic traces), provides sufficient information for the experienced analyst to be able to 
set up a particular assay without immediate need for recourse to the original literature. For the more serious-minded, ample 
references are provided. The coverage in most of the reviews is up to 1983. In addition, the information on metabolism 
and biochemical functions of the vitamins is a bonus for a biochemically oriented worker. To have all this information 
in a single volume is very convenient for the practising chromatographer. Furthermore, a detailed subject index makes it 
easier to trace the required topic. The book is relatively free from errors, except on p. 80 where there are a couple of 
misprints. Overall the book is well presented and the format is easy to follow. It should make a useful and timely addition 
to the libraries of laboratories engaged in vitamin analysis. 

ANIL C. MEHTA 
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PHARMACIA PRIZE 19834984 

Presentation of the Pharmacia Prize for 1983-1984 to Dr. Irwin Morris Jr. (centre) and Dr. Randle Collard 
(right) by Dr. Eric Schinage of Pharmacia Inc., for their paper “CC/MS determination of incidental PcBs 
in complex chlorinated hydrocarbon process and waste streams”, judged to be the best contributed to Tdanta 
from an industrial laboratory in 1983-1984. (See Talanta, 1983, 30, 811.) 
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THE RONALD BELCHER MEMORIAL AWARD 

The Publisher of Tulantu is instituting a Ronald Belcher Memorial Award in commemoration of the late 
Professor Belcher’s outstanding contributions to analytical chemistry, international relations and under- 
standing, his interest in student welfare, and continued association with Talanta from his conception of the 
journal in 1957 right up to his death. The award will take the form of a travel grant of US $1000 to enable 
a young analytical scientist to undertake travel abroad and will be made in alternate years, starting in 1986. 
Candidates may be of either sex and any nationality, but must be under 30 years of age at the time of 
application. Applications may be sent by the candidates themselves, or on their behalf by a responsible senior 
(e.g., Head of Department, research supervisor), and must be submitted by the end of the year preceding the 
award. They must include a brief curriculum vitae, a short statement of the purpose of travel and the places 
to be visited, a testimonial of ability, and a recommendation from a senior research worker. 

Applications for the first award, in 1986, should be sent to either 

Dr. R. A. Chalmers 
Department of Chemistry 
University of Aberdeen 
Old Aberdeen, Scotland 

or 
Professor J. D. Winefordner 
Department of Chemistry 
University of Florida 
Gainesville, Florida 32611, U.S.A. 

to arrive before 31 December 1985. 

III 



Talnnra, Vol. 32, No. 8A, p. iii, 1985 
Pergamon Press Ltd. Printed in Great Britain 

PUBLICATIONS RECEIVED 

Pt~armaceutical Maas Spectra: R. E. ARDRFI, A. R. ALLAN, T. S. BAL, J. R. JOYCE and A. C. MOFFAT, The Pharmaceutical 
Press, London, 1985. E50. Pages 681. 

This book contains a very basic compilation of over 1100 spectra of drugs, metabolites and other compounds of 
pharmaceutical interest. All spectra were obtained by using magnetic sector instruments with electron energy 70eV, 
accelerating voltage 4V, trap current 100 PA and a source temperature between 100 and 240°C. 

The spectra are arranged in alphabetical order of compound name. Unfortunately, each spectrum is identified by only 
a single compound name, together with its nominal molecular weight. A structural formula for each compound would have 
been a useful addition. The spectra are well spaced out with no more than two per page and a listing of peak values, 
expressed as percentage of base peak, is given under each spectrum. These lists appear to be photographic reproductions 
of computer output to a dot-matrix printer. Indeed this book appears to be just that, the raw data from a computer file, 
without the full advantages of interactive search facilities. However, manual searching of the data can be achieved by using 
a molecular weight index, an eight-peak index and the alphabetical index. 

No interpretations of the mass spectra have been made and there is no reference to any literature sources that would 
aid such interpretation. There is not a single chemical formula in the book. I feel these omissions will disappoint some 
readers. However, to have included such details would have meant a more expensive and even heavier book. 

To have all these spectra in a single volume is very convenient for the practising analyst and it will make a valuable 
contribution to the arsenal of reference books. 

P. J. Cox 

Statistics for Analytical Chemistry: J. C. MILLER and J. N. MILLER, Horwood, Chichester, 1984. Hardback E18.50. 
Softback: E7.95. Pages 202. 

This is not the first account of statistics for physical sciences, nor even the first for analytical chemists: Youden (1951) 
Doerffel (1966) and Eckschlager (1969) have all written for the market. The present authors-a wife and husband team 
who are respectively statistician and analytical chemist-have followed these two older examples by showing what statistics 
has to offer and when it can be used to advantage. Statisticians have to accept that analytical chemists don’t want proofs 
of theorems, but can sometimes be persuaded to employ statistical tests, e.g., when the performance of a method or the 
quality of a product has to be assessed. 

What makes this book different-and quite fascinating to read-is the large number of worked examples based on 
experimental results published in the last few years in the Analyst. There is a rumour that this exercise led occasionally 
to statistically justified conclusions at odds with those presented in the original published papers. Perhaps that is the best 
recommendation that this book can get-we all ought to be making use of it and viewing our results more critically with 
its help. Strongly recommended. 

IAIN L. MARR 

Therapeutic Drug Monitoring and Toxicology by Liquid Chromatography: S. H. Y. WONG (Editor), Dekker, New York, 1985, 
SlO7.50. Pages 520. 

Over the last seven years, HPLC has come to dominate the quantitative determination of drugs, because of its ability to 
provide sensitive and specific methods with a minimum of work-up. This is effectively demonstrated in this collection of 
review articles of the applications of HPLC in the clinical laboratory, with particular emphasis on its role in therapeutical 
drug monitoring (TDM). 

The articles start with a useful review of the reasons and justification for TDM and of the methods (including HPLC) 
which can be employed. This comparison with alternative techniques such as immunoassay also appears in other sections 
and is a useful reminder that HPLC is not the only sensitive and selective assay method although its specificity often means 
that it is displacing some of the other methods. 

The remainder of the book is divided into two main sections, first the practice of HPLC, with articles on sampling 
techniques, computer control, LC-MS and fluorescence and electrochemical detection methods. The second section is a 
series of reviews by different authors on the application of HPLC to the major classes of drugs, including anti-asthmatics 
(principally theophylline, for which 56 alternative methods of extraction and separation are listed), antibiotics, anti- 
depressants, anticonvulsants, antihypertensives, and anti-arythmics. The final two chapters consider the medico-legal 
aspects of clinical chemistry and survey the determination of groups of drugs which were not reviewed earlier. 

Overall the book is well presented and would be useful reading for anyone entering the field or as a reference guide to 
existing methods for the clinical chemist. The coverage in most of the reviews is up to 1981/82 with occasional references 
from 1983. The cost is, however, likely to preclude individual purchase. 

ROGER M. Shnru 

. . . 
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THE PHARMACIA PRIZE 

Pharmacia AB (Uppsala, Sweden) and the Editorial Board and Publisher of Tulantu take great pleasure in 
announcing that the Pharmacia Prize for 1983-1984 (for the paper published in Taf~~tu that was judged 
to be the best contributed from an industrial laboratory) has been awarded to Dr. Randle S. Collard and 
Dr. Morris M. Irwin, Jr., Dow Chemical USA, for their paper “GC/MS determination of incidental PCBs 
in complex chlorinated-hydrocarbon process and waste streams” (Tdmta, 1983, 30, 811). 

III 
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TALANTA ADVISORY BOARD 

The Publisher and Editorial Board of Talunta welcome Professor S. R. Crouch and Dr K.-H. Koch as 
members of the Advisory Board. 

STANLEY R. CROUCH is Professor of Chemistry at Michigan State University. He was born in California and 
attended Stanford University from 1958 to 1963. He received his M.S. degree in Chemistry from Stanford 
in 1963. His graduate studies were done at the University of Illinois under Professor Howard V. Malmstadt, 
and he received his Ph.D. degree in 1967. He became Assistant Professor of Chemistry at Michigan State 
University in 1968, Associate Professor in 1972, and Professor in 1977. He was an Alfred P. Sloan Foundation 
Fellow from 1973 to 1975. His research interests are in analytical atomic and molecular spectroscopy, laser 
spectroscopy, continuous flow and flow-injection methods, reaction-rate methods in analytical chemistry, fast 
kinetics, clinical chemistry, liquid chromatography, computers in chemistry, and chemical instrumentation. 
He has authored or co-authored numerous publications in these areas and has co-authored several textbooks 
in the “Electronics for Scientists” field with Professors H. V. Malmstadt and C. G. Enke. The latest of these 
is “Electronics and Instrumentation for Scientists”, Benjamin/Cummings, 198 1. Professors Malmstadt, Enke 
and Crouch are instructors in the American Chemical Society short course Electronics for Laboratory 
Instrumentation and have produced an audio version of this course. 

K.-H. KOCH 

DR. KARL-HEINZ KOCH, born in 1929 in Dortmund (F.R. Germany), studied chemistry from 1950 to 1957 
at the universities of Cologne, Graz (Austria), Miinster and Aix-la-Chapelle, where he received his Doctor’s 
degree. Then he began his career in the iron and steel industry. Since 1966 he has been chief of the chemical 
laboratories of the Hoesch Stahl AG in Dortmund. His fields of activity and interest are atomic-emission, 
atomic-absorption and X-ray fluorescence spectrometry, the chemical analysis of iron and steel, ferroalloys 
and non-ferrous metals, water and waste water, and the surface analysis of steel products, besides the chemical 
and technological investigation of fuels and lubricants. Furthermore he deals with questions of sampling and 
sample preparation techniques, quality assurance, standardization, reference materials, and laboratory 
organization. He is author or co-author of about 120 publications. Since 1978 he has been the chairman of 
the chemists’ committee of the Verein Deutscher Eisenhiittenleute (VDEh), and from 1978 to 1984 he was 
a member of the board of the Analytical Group of the Gesellschaft Deutscher Chemiker (GDCh). Since 1978 
he has also been a member (since 1982 the vice-chairman) of the Advisory Board of the “Institut fur 
Spektrochemie und angewandte Spektroskopie” in Dortmund. Finally it should be mentioned that he has been 
co-editor of the journal Chemiefiir Labor und Betrieb since 1982, and since 1984 a member of the Editorial 
Board of Steel Research (Archiv fir das Eisenhlittenwesen), the internationally well-known metallurgical 
journal of Verlag Stahleisen in Dusseldorf. 

III 
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TALANTA ADVISORY BOARD 

Daniel Jagner was born in Boris, Sweden in 1940 and graduated in Chemistry and Mathematics at the 
University of Goteborg, Sweden in 1971. After his dissertation in 1971 he was appointed docent at this 
University. During 1973-75 he was visiting professor in Analytical Chemistry at Aarhus University, Denmark 
and subsequently he held a position as senior research fellow, financed by the Swedish Natural Research 
Council, at the University of Giiteborg. In 1983 he was appointed professor in Technical Analytical Chemistry 
at the University of Lund, Sweden. His research interests cover potentiometric and photometric titration 
procedures with special reference to automated determination of major sea-water constituents. During recent 
years he has concentrated on electroanalytical stripping techniques for trace element determination and 
speciation with emphasis on computerized automation. He is co-author of the monograph “Computer 
Calculations of Titration Procedures” and co-editor of the monographs “The Changing Chemistry of the 
Oceans” and “Marine Electrochemistry”. 

III 
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PUBLICATIONS RECEIVED 

Glass Capillary Chromatography in Clinical Medicine and Pharmacology: H. JAEGER (Editor). Dekker. New York. 1985 
Pages XI + 640. $99.75 (U.S.A. and Canada): $119.50. SFr. 299 (elsewhere). 

The aim m thts book is to bridge an apparent gap between texts directed at the specialist in CC and those written at an 
introductory teaching level. For the purpose. some 40 authors contribute to 30 chapters which are divided almost equally 
between Clinical Medicine (Part I) and Pharmacology (Part II). However, Part I also Includes underlying chromatographic 
theory, instrumentation and general practical matters relating to quantitative analysis. These aspects are followed by 
chapters on applications to amino-acids. sugars, steroids, hormones, fatty acids, phospholipid hydrolysates. bile actds and 
to “profiling” in metabolic disorders. The study of 5-hydroxytryptamine and its metabolites by direct couphng of GC 
capillary columns to a mass spectrometer is also described. Other examples of the use of these combined techniques are 
presented in Part II which, however, is largely devoted to the analysis of specified pharmaceutical substances by glass 
capillary chromatography and it is difficult to see any underlying plan regarding choice of compound. Of somewhat greater 
generality are the chapters on GC studies of metabolism of drugs, and families of substances, such as nucleosides and 
peptide antibiotics. Technique-related contributions deal with use of internal standards and with capillary methods m 
pharmacokinetic studies. 

The advantages (higher resolution and chemical inertness) of capillary GC over packed column CC are emphasised, as 
is the use of fused silica in place of glass, makmg reference to the latter in the title posstbly misleading. Structural weaknesses. 
particularly in Part II, and overlap of textual material mark the work as the product of a “committee”. Nevertheless. each 
chapter is generally well planned and documented and the general aim has been achieved; the book demonstrates clearly 
a wide range of apphcations in the dtsciplines concerned. 

S. J. LYLE 

Quantitative Column Liquid Chromatography: S. T. BALKE, Elsevier, Amsterdam, 1984. Pages xiv + 300. $63.50, DR. 165. 

With the proliferation of microcomputer-assisted chromatography instrumentation there has been a parallel increase m the 
use of numerical techniques for treating LC data. These methods are not limited to the direct determination of 
concentration, but are also used to select and control the instrumental operating condittons. This book examines the 
background and reviews the application of these techniques to assist the potential user in the selection of an appropriate 
method. 

Following the introductory section, concerned with terminology and the organization of liquid chromatography by 
method, Chapter 2 provides a summary of chemometric developments. Linear and non-linear regression techniques are 
extensively discussed, including the use of the Simplex for optimization. Unfortunately, factor analysis and pattern 
recognition receive much less attention. Chapter 3 1s concerned with fractionation and separation. Peak shape and measures 
of resolution are examined, and the section concludes with the selection of mobile phase components and gradient elutton. 

Photometric measurements form the basis for the main types of detector employed in LC and quantitative methods of 
assessing detector performance are considered in the fourth chapter. The less common intrinsic-viscosity detector and 
low-angle light-scattering detector are briefly mentioned. In Chapter 5 calibration for small molecules and polymers is 
discussed and the final chapter is devoted to “resolution correction”. This latter section is concerned with curve fittmg and 
deconvolution, the book finishing with a Fortran program using the Simplex search procedure to fit a Gaussian shape to 
an experimental chromatogram. 

The book is not a mathematical text nor is it a collection of computer programs for chromatographers. It is a useful 
addition to the chromatography hbrary and will be appreciated by those requiring a guide to the applications of numerical 
analysis. 

M. ADAMS 

Ion-Pair Chromatography: M. T. W. HEARN (Editor), Dekker. New York, 1985. Pages 1X+294. $65.00 (USA. and 
Canada); $78.00, SFr. I95 (elsewhere). 

In recent years the phenomenon of ion-pair formation has had a considerable impact on the development of reversed-phase 
liquid-liquid chromatographic separations of large orgamc ions. The volume under consideration deals wtth background 
theory and applications in several fields. A useful mtroduction written around acids and bases is provided by M. T. W. 
Hearn; it is followed by a chapter on theory (W. R. Melander and C. Horvath) and another on thermodynamics and 
extrathermodynamics (e.g., the Hammett relationship) of functional groups (E. Tomlinson and C. M. Riley). The remainmg 
three chapters cover applications to pharmaceutical products (R. F. Adams). amino-acids, peptides and proteins (M. T. 
W. Hearn) and nucleic acid derivatives (P. A. Perrone and P. R. Brown). The authors of the first three chapters dealmg 
with general background and theory are all well-known for their contributions to their respective topics. A balanced account 
of theoretical aspects, including various models put forward to describe IPC, is provided in easily assimilated form and 
is complemented by the chapter on thermodynamic and related properties. The chapters on applications clearly brmg out 
the utility of IPC in the areas surveyed. 

Much information is provided, often in tabular form. in this monograph; each chapter is well documented and references 
are as up-to-date as can be expected. It can be recommended as a source-book on introductory theory and applications 
of the technique in the fields covered. 

S. J. LYLE 
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Spurenelementbestimmung durch Neutronenaktivierung: G. PFKEPPEK. W. GOKNEK und S. NIESE, Akademlsche Verlags- 
gesellschaft Geest & Portlg, Leipzig, 1981 Pages 260. Price 65 Marks (DDR). 

Das vorliegende Buch. als Band 6 der Reihe “Moderne Spurenanalytik” konzipiert. stellt keine oberflhchliche Einfiihrung 
dar. sondern gibt emen griindlichen fjberblick iiber die typischen sowie ausgefalleneren Anwendungsmfiglichkelten der 
Neutronenaktivierungsanalyse m der Spurenanalyse. Die kernphysikalischen Grundlagen der Aktlvtcrung. die 
Kernstrahlungsmessung und radiochemische Trennverfahren werden in dem Umfang besprochen. wle es zum Verstandms 
notwendlg 1st. Das letzte Drittel des Buches beschiiftigt sich mit der Anwendung der NAA m Geo- und Biowlssenschaften. 
beim Umweltschutz, bet der Analyse von Halbleitermaterialien und Metallen. Die Rolle der NAA fiir Archiologle. 
forensische Analytik und die Analyse von orgamschen Produkten wird nur kurz gestreift. Doch sind hoer wie such m allen 
anderen Kapiteln ausreichend Llteraturzltate angefiihrt. Von den vielen Zitaten des Buches stammen allerdings nur drei 
aus den Jahren nach 1977. Dies kann jedoch toleriert werden, da die Entwicklung der NAA einen gewissen AbschluD erreicht 
hat und die Fortschrltte beI Computern und Reinstgermanium-Detektoren keine umwilzenden Neuerungen brachten. Die 
Tabelle im Anhang enthllt fiir fast alle Elemente die wichtigsten Kernreaktionen in der NAA emschliel3lich der 
Reaktlonsquerschnitte. Resonanzintegrale usw. AuDerdem smd fiir die geblldeten Radionukhde such die Zerfalldaten nebst 
Gammaenergien nach dem Stand von 1974 aufgefiihrt. 

Das Buch elgnet sich besonders fiir Analytiker. die zur Spurenanalyse neben anderen Methoden eventuell die NAA 
benutzen wollen. Selbst die Radiochemiker unter ihnen werden darin viele Anwendungen und Beispiele fmden. Fast noch 
wichtiger sind die Hinweise der Autoren auf solche Probleme, die sich mlt der NAA mcht l&en lassen. Verschwiegen werden 
such nicht die bei speziellen Nukliden oder Matrices manchmal erforderlichen sehr langen Bestrahlungs- oder Ab- 
khngzeiten. die ein wochenlanges Warten auf das Analysenergebnis nach sich ziehen. 

E. BLASIUS 

Technique and Applications of Thin Layer Chromatography: J. C. TOUCHSTONE and J. SHERMA (Editors), Wiley. New York, 
1985. g88.65. Pages XIV + 395. 

This publication IS a record of the papers presented at the Third Biennial Symposium on thm-layer chromatography (TLC) 
held at Parsippany, New Jersey m December 1982. Of the 28 contributions, about I2 are primarily concerned with technique 
and the remainder with applications covering, mainly, natural product and blological samples. One of the papers of general 
interest extols the virtues of the use of lasers for detection purposes and another presents a systematic approach to 
mobile-phase design and optimization. The latter topic is probably of great interest to many would-be users bewildered 
by the apparent complexity of solvent systems recommended for TLC separations. Unfortunately, this particular exposition 
is marred by poor presentation and use of worked numerical examples irreconcilable with the tabulated source data. Other 
useful contributions to technique deal with rotating disc TLC. bonded phases for reversed-phase work and spectral analysis 
of TLC bands. 

The diversity of the range of contributions gives this book a structureless character and the reader needs to forage for 
mformation, helped a little by the contents list and short index. On the whole, it seems grossly overpriced for what it offers. 

S J. LYLE 

Mass Spectiometry of Large Molecules: S. FACCHETTI (Editor) Elsevier, Amsterdam, 1985. Pages xii + 322. DR. 230, $85.25. 

This book is one of a series devoted to courses and educational seminars held at the Joint Research Centre, lspra 
Establishment, Italy. as part of its education and training programme and is pubhshed for the Commission of the European 
Communities, Directorate-General Information Market and Innovation. The text consists of seventeen lectures which 
formed part of a course taking place on 5-9 September 1983. 

While the technique of mass spectrometry has been outstandingly successful in the analysis of compounds of low and 
medium molecular weight, it is only recently that increases in mass resolution and developments in sample mtroductlon 
and ionization have made it possible to extend its application to compounds of low volatlhty and high molecular weight. 
For this reason, the collation of material about the newer methods of mass spectrometry and the identification of large 
molecules of biological origin is particulary timely. The advances in Instrumentation over the past two decades are reviewed 
m the second and third lectures, while the subject of inlet systems suitable for substances of high molecular weight IS 
discussed separately. The applications of these new techniques to the analysis of substances of biochemical and me&al 
significance, such as peptides or bile acids, is described in a number of succeeding lectures. There are also detalled 
examinations of the role of fast-atom bombardment, negative-ion studies and pyrolysis in the structural mvestigation of 
large molecules. Since the methods used in the elucidation of the structures of natural polymers can be applied with equal 
success to the study of synthetic polymers, the mass spectrometric analysis of the latter class of compounds is also discussed 
briefly. 

J. R. MAJER 
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NOTICES 

THE FOURTH INTERNATIONAL SYMPOSIUM ON 
BIOLUMINESCENCE AND CHEMILUMINESCENCE 

8-10 SEPTEMBER 1986, FREIBURG, WEST GERMANY 

Further information is available from Priv. Doz. Dr. J. Scholmerich, Department of Internal Medicine, 
University of Freiburg, 7800 Freiburg, West Germany. 

4TH INTERNATIONAL WORKSHOP ON TRACE ELEMENT 
ANALYTICAL CHEMISTRY IN MEDICINE AND BIOLOGY 

21-23 APRIL 1986 

The “Fourth International Workshop on Trace Element Analytical Chemistry in Medicine and Biology” will 
be held at the Gesellschaft fur Strahlen- und Umweltforschung Neuherberg. 

It will be the continuation of the well known biennial series of this special type of meeting. A major aim 
of these meetings is to bring together experts highly experienced in the analytical and biomedical field. We 
believe that free and effective exchange of views between the analytical specialists on the one hand and 
biomedical specialists (users of analytical data) on the other is only guaranteed by joint discussion of definite 
problems. It is hoped that the 4th Workshop will lead again to a productive scientific dialogue between these 
two groups as far as biomedical applications of trace element analytical research is concerned. The 
international and multi-disclipinary character of the Workshop should provide a good working forum for all 
those interested in the subject. 

Further information from: 
Gesellschaft fur Strahlen-und Umweltforschung mbH. 
Institut l%r Angewandte Physik 
Physikalisch-Technische Abteilung 
Dr. Peter Schramel 
Ingolstiidter Landstrasse 1 
D-8042 Neuherberg 
Federal Republic of Germany 

Following the Workshop, the “Second International Symposium on Biological Reference Materials” will be 
organized on 24 and 25 April 1986, by W. R. Wolf with kind support of the GSF. 

The aim of this symposium will be to bring together efforts in the study of certified and noncertified 
biological reference materials useful in the improvement of analytical methods, with special emphasis on the 
measurement system of nutrient analysis. 

For more information please contact Dr. W. R. Wolf, Beltsville Human Nutrition Research Center, 
Beltsville, Maryland 20705, USA. 

. ttt 



iv NOnCES 

37TH PITTSBURGH CONFERENCE ON ANALYTICAL 
CHEMISTRY AND APPLIED SPECTROSCOPY 

ATLANTIC CITY, NEW JERSEY, U.S.A. 
10-14 MARCH 1986 

The technical programme of the 1986 Pittsburgh Conference will consist of about 30 symposia and 900 
contributed papers, supplemented by poster sessions. Authors wishing to present papers at the conference 
should submit four copies of a 500-word abstract (in single-spaced typing) by 2 August 1985 for assessment 
by the Program Committee; the abstract and a self-addressed envelope should be sent to Mrs. Alma Johnson, 
Program Secretary, 12 Federal Drive, Suite 322, Pittsburgh, PA 15235, U.S.A. The abstract must list all the 
authors (and full addresses for their places of work) and indicate which author is to present the paper. One 
author must sign the abstract to certify that the paper has not been and will not be published or presented 
prior to the 1986 Pittsburgh Conference. Papers are requested in the categories listed below, and the 
appropriate number should be entered in boxes 6 and 7 on the abstract form (the format of which is 
reproduced below): 

01. Air Pollution 22. Liquid Chromatography- 

02. Atomic Absorption Spectroscopy a. Applications b. Instrumentation c. Theory 

03. Automated Analysis- 23. Mass Spectrometry 

a. Laboratory b. Plant 24. New Instrumentation 

04. Biochemical Analysis 25. New Instrument Concepts 

05. Biomedical Pharmaceutical 26. Nuclear Magnetic Resonance Spectroscopy 

06. Classical Chemical Analysis 27. Particle Size Analysis 

07. Clinical Chemistry 28. Pesticide Analysis 

06. Computer Applications 29. Plasma Emission Spectroscopy- 

09. Countercurrent Chromatography a. ICP b. DCP 

10. Electrochemistry 30. Polymer Analysis 

11. Emission Spectroscopy 31. Process Stream Analysis 

12. Fluorescence-Luminescence 32. Raman Spectroscopy 

13. Food Analysis 33. Selective Ion Electrodes 

14. Forensic and Drug Analysis 34. Surface Analysis- 

15. Gas Chromatography- a. Auger b. ESCA c. SIMS d. Other 

a. Applications b. Instrumentation c. Theory 35. Thermal Analysis 

16. Gel Permeation Chromatography 36. Thin Layer Chromatography 

17. General Analysis 37. Toxicological Analysis 

18. Industrial Hygiene 38. Trace Analysis 

19. Infrared Spectroscopy 39. UV-VIS Spectrophotometry 

a. Applications b. Instrumentation c. Theory 40. Water POkJtiOn 

20. Ion Chromatography 41. X-Ray Diffraction/Fluorescence Spectroscopy 

21. Laboratory Robotics 42. Other (Please Specify) 

ABSTRACT FORM 
1 2 3 4 5 6 7 

~Otltlcln~tltl 
-FOR OFFICE USE ONLY- @ 

@ TITLE 

@ AUTHORS, ADDRESS & PHONE/TELEX NUMBERS: 

0 
Start 

Abstract 

Here: --) 

0 SIGNATURE: DATE 

Mateml has not and shall not be published/prewnted prior to the 1986 Pittsburgh Conference 
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PUBLICATIONS RECEIVED 

The Design and Application of Process Analyzer Systems: PAUL E. MIX, Wiley, New York, 1984. Pages xiii + 312. f56.25. 

Following a bnef examination of the general requirements of process analysers, the author describes the operation and 
particular requirements of selected types of analyser. The techniques covered include pH and conductivity measurement, 
moisture and corrosion monitoring, gas and liquid analysis, photometric analysis (ultraviolet, infrared and visible regions 
of the spectrum, refractometry and light-scattering), automatic titration, density measurement, octane number deter- 
mination, and gas and liquid chromatography. In addition there are sections on training, maintenance, troubleshooting 
and documentation. The book will be of less use in Europe, since it refers only to U.S. safety practices, not all of which 
are accepted in Europe. European users require Certificates of Approval in accordance with the particular standards. U.S. 
users often accept equipment built in accordance with the requirements of the standards. In addition, though some metric 
units are used, the interspersion of foot/pound/Fahrenheit units makes life uncomfortable for the reader. As some 
compensation, the author does distinguish between ppm by volume and ppm by weight and is to be complimented on it; 
ppm units should never be used (but usually are) without specification of whether v/v, w/v, or w/w ratios are meant. There 
is also a glossary describing the terminology used, useful lists of names and addresses (mostly of U.S. manufacturers) and 
of trademarks, some nomographic data charts, and data tables. 

On the debit side, it has to be said that coverage of the topics is not always complete, and that the editing and 
proof-reading could have been better. Reference is made to some effects of deposition on critical surfaces, but there is no 
mention of the effect of deposition of wax in systems handling crude oil. The section on aluminium oxide hygrometers fails 
to mention that the resistance of the sensor is temperature-dependent, and that manufacturers therefore make use of the 
capacitance; to be fair, it should be added that the sensor is defined in the text as being a capacitor. In Fig. 5.6 a pressure 
gauge should be shown downstream from the pressure regulator. Figure 8.6 shows restriction orifices installed to reduce 
pressure and thus protect pressure-sensitive devices; this is a cheap method but not wise practice in the system shown. 
Perhaps the greatest fault, however, lies in the sweeping chemical generalizations made in certain places. The section on 
pH and buffers is a good example-the reader needs to know already much more about buffers and titration curves than 
is given in the text, if he is not to make some rather poor choices of buffer, for instance. The statement that the zero potential 
of the measuring and reference electrodes is at pH 7.0 conveyed nothing to at least one reader. 

To sum up: provided the reader already has adequate background knowledge or knows his way round the literature, 
the book contams many ideas and gives much information that will be useful to him. It was certainly written with 
enthusiasm. 

D. J. HUSKINS 

Analytical Pyrolysis: K. J. VOORHEES (editor), Butterworths, London, 1984, Pages 486. f35.00. 

The material presented in this book is based on a series of I5 invited lectures given at the Fifth International Symposium 
on Analytical Pyrolysis held in Vail, Colorado. It is interesting that pyrolysis, which is one of the oldest analytical 
techniques, and often used in early structure determinations, should still be in a rapid state of development today. The 
impact of modern instrumentation and data processing has obviated the inherent disadvantages, such as the difficulties of 
accurate temperature control and the intervention of surface catalytic effects. Identification of pyrolysis products, which 
tend to consist of highly complex mixtures, was originally, however, one of the most severe problems. In this book the 
authors recommend the use of mass spectrometry and gas chromatography, or a combination of the two, and Fourier 
transform infrared spectrometry for the solution of this problem. The combination of pyrolysis and instrumental analysis 
is suggested for the study of a wide range of materials, including fossil fuels, polymers, geological specimens and food 
products. It is not always clear that the subjects described have been approached from a critical point of view: there is, 
for example, no mention of the many drawbacks of Curie-point pyrolysis and the fingerprinting of copolymers is presented 
as a novel technique, whereas in fact it was in use over 20 years ago. Finally, however, if one were to believe the claims 
made for the pyrolysis-FT-IR technique, there would be no need to consider the application of any other method to the 
problems outlined in this book, or indeed to any analytical problems. 

J. R. MAJER 

Analytical Spectroscopy: W. S. LYON (editor), Elsevier, Amsterdam, 1984. Pages xiv + 394. US$75.00. Dfl. 195.000 

This book constitutes Volume 19 of the series entitled Analytical Chemistry Symposia and is an account of the Proceedings 
of the 26th Conference on Analytical Chemistry in Energy Technology, held at Knoxville, TN in October, 1983. There 
are 64 contributions collected together under five separate headings dealing with what is described in the Preface as 
“relatively hot fields of analytical chemistry”; Half of the papers are devoted to the use of lasers in chemical analysis and 
to mass spectrometry, mostly with conventional instruments and well-established techniques. A further third describes the 
applications of inductively-coupled plasma emission spectrometry, activation analysis, gamma and X-ray spectroscopy, to 
problems encountered in the energy industry. The remaining I6 papers have miscellaneous topics mostly concerned with 
the instrumental determination of uranium and other relevant elements, gases and aerosols. One of the more interesting 
of these topics 1s the use of supercritical fluids, such as liquid carbon dioxide, as mobile phases in chromatography. 

J. R. MAJEX 



iv PUBLICATIONS RECEIVED 

Modern Trends in Analytical Chemistry: E. PUNGOR and G. E. VERESS (editors), Elsevler, Amsterdam, 1984 
Pages xiv + 432 (part A) and viii + 195 (Part B). US$134.50. Dfl. 350.00 

The material presented here is a record of the two halves of the Scientific Symposium held at Matrafured, Hungary, 17-22 
October 1982 and constitutes Volume 18 of the Analytical Chemistry Symposia Series. Part A consists of a collection of 
25 lectures and discussions devoted to the topic of Electrochemical Detection m Flow Analysis. Four of these were Plenary 
lectures, reviewing the use of and problems associated with amperometric and potentiometric detectors in flow systems. 

Part B comprises accounts of 10 lectures and discussIons collected under the general heading of Pattern Recognition in 
Analytical Chemistry. The material presented is representative of the growing interest in computer-based analytical 
chemistry. The most significant aspect of this interest is the demand for analytical instrumentation having artificial 
intelligence, in particular. spectrometers capable of pattern recognition. The problems of pattern recognition in mass 
spectrometry and absorption spectrophotometry are discussed and the application of the concept in other types of automatic 
chemical analysis is given some attention. 

J. R. MAJER 

Computer Chromatography, Vol. 1: R. E. KAISER and A. J. RACKSTRAW. Hiithig Verlag, Heidelberg, 1983. Pages viii + 171. 
DM 54; US$25. 

This slim volume marks the start of a series concerned with the application of microcomputers to the collectIon and analysis 
of chromatographic data. GLC, HPLC and HPTLC methods are discussed. As a result of the authors’ own experience 
of computer-assisted chromatography they suggest a number of new procedures for validating chromatographlc results. 
principally in qualitative analysis, i.e., means of ensuring correct peak Identification, along with techmques relevant to 
quantitative analysis. The book contains as an appendix a list of equipment and programs, with suppliers, which the authors 
have used in their work. As stated from time to time in the text, certain of the authors’ views on chromatography are 
somewhat contentious. Some of the procedures which they advocate would not be feasible without the use of a computer. 

The authors favour using relatively small dedicated computers because this allows the individual user to implement 
data-manipulation procedures specially designed for the problem in hand, which would not be easy to do with a more 
powerful central computer serving the needs of several chromatographs simultaneously. A detailed listmg of a sample 
program for peak profile calculation is provided in an appendix, and here and there in the text program fragments are 
set out to indicate the way in which data may be stored and manipulated. It is unfortunate that the data-storage code (p. 
38) is not wholly compatible with the data-retrieval code (p. 40+how was the number of data pomts written to disc? 

The authors have attempted to present the material in a logical manner and the book provides a thought-provoking 
introduction to the treatment of chromatographic data with a small computer. This volume merits the attention of those 
engaged in analytical chromatography. 

R. A. HOWIE 

Data Handling in Science and Technology, Vol. 1: Microprocessor Programming and Applications for Scientists and 
Engineers: RICHARD R. SMARDZEWSKI, Elsevier, Amsterdam, 1984. Pages XIV + 354. US$37.75. Dfl. 98.00. 

This well written book commences with a lucid description of ma&me-code programmmg for the 6502 processor. It begins 
with an excellent review of the fundamental concepts and continues with a cleverly selected set of sample programs which 
serve to consolidate the reader’s grasp of the various instructions and address modes of the 6502. This section of the book 
is written specifically for the Rockwell AIM 65 and it is regrettable that the sample programs are not always directly 
transferable to other machines which use the 6502 processor, e.g., Apple, BBC. Nevertheless, practical experience with the 
programs should go a long way to dispel any fears of the mysticism associated with machine code which the reader may 
have. 

The later sections of the book contain information relating to the problems of interfacing microcomputers to experiments. 
The accounts of analogue to digital and digital to analogue conversions, stepper-motor control and the diagrams of circmts 
for use in these and other applications will be of value to experienced and novice programmers alike. Similarly useful are 
the sections describing some of the more common data-communications interfaces such as RS232 and IEE-488. and also 
the operation of the 6522 versatile interface adaptor. 

This book is highly recommended on two counts. First, for the novice programmer, It constitutes an excellent primer 
on the subject of machine code for the 6502 processor. Second, for the more experienced user, it provides a valuable source 
of data and Ideas relating to the development of practical apphcations of microcomputers in instrumentation. 

R. A. HOWIE 
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A Manual of Chemical and Biological Methods for Seawater Analysis: T. R. PARSONS, Y. MAI~A and C. M. LALLI, Pergamon 
Press, Oxford, 1984. Hardback $19.50, E12.25; Flexiback $8.95, E5.50. Pages xiv + 173. 

It is pertinent to ask for whom this book has been written: it is a manual of selected, well-tried methods, each described 
in detail, aimed at biologists, environmentalists and engineers, as well as students. However, in view of the problems peculiar 
to the analysis of sea-water, I would suggest that it could be valuable to any analytical chemist not already well versed 
in this speciality. Then, it would be instructive to make a comparison with the very fine Methods of Seawater Analysis by 
Grasshoff, which presents many more determinations and alternative methods, and discusses the background to each in 
much more detail, but the important difference is in the accuracy which each book presents as the norm to be aimed at. 
Grasshoff is writing for oceanographers for whom small differences in composition between areas, depths or seasons are 
important: scrupulous attention to detail becomes an overriding consideration in such investigations. Parsons, who 
collaborated with the late J. D. H. Strickland in A Practical Handbook of Seawater Analysis, has here collaborated with 
a new team in writing for a wider audience of scientists who will expect to find small natural variations and will want to 
correlate significant differences with other observations on populations, growth rates, behaviour and so on. Accordingly, 
the prime consideration is to avoid serious errors, and to this end the reader is guided safely through the pitfalls of 
contamination and loss in trace analysis, but is not burdened with an insistence on parts-per-thousand precision in all 
measurements. 

Some thirty determinations are described, covering nutrients, organics, particulates, pigments, gases and bacteria. This 
is a book for use in the field station, even in the field itself (or rather, the open sea). I would still recommend that readers 
consult Grasshoff before planning a survey, to gain a fuller understanding of why certain parameters are important and 
of how the methods work, but for much routine use and undergraduate teaching, this book will prove very valuable and 
is to be welcomed warmly. 

IAIN L. MARR 

Methods of Protein Analysis: ISTV.&N KERE.SE (editor), Horwood, Chichester, and AkadCmiai Kiad6, Budapest, 1984. f39.50. 
Pages VIII + 371. 

Progress in fundamental science is often the result of the need to know more about particular phenomena, both natural 
and man-made; to know “what causes change” and often to measure how much of “what” causes how much damage. This 
can only be possible by progress in the relevant fields of analysis. Progress in industrial chemical and biochemical 
applications of science can only come if the methods for the evaluation of the systems are well established and understood. 
Economic evaluation may be the dominant factor in deciding whether or not an industrial process should be used, but as 
the editor of this volume states “It may not be the protein-analyst who through his work directly saves from want the large 
number of people suffering from protein-starvation, as this is essentially a question of economic investment, but 
protein-analysis is indispensable when establishing the economic trends”. 

This pragmatic philosophy has influenced the selection of the methods discussed in the book. The methods are generally 
those which can be used in the average laboratory and are not those employed “only in the leading institutes specializing 
in research on the structures of proteins”. The chapter dealing with general laboratory methods is not concerned with 
reference methods but with analyses connected with various fields of everyday application, and the problems associated 
with obtaining a representative sample, from say an agricultural feed such as hay, are well discussed. The preparation of 
the material and its characterization are discussed in an exceedingly practical manner. This chapter-in common with others 
in this volume-is well referenced and gives the reader a feeling of obtaining information from a well practised analyst. 

Other chapters deal with techniques and methods, for example that on electrophoretic methods includes a brief but 
relevant review of the various methods available and a detailed discussion on polyacrylamide gel electrophoresis which is 
very good. Other chapters deal with chromatography and are very well presented. Obviously in a book of such size, detailed 
descriptions of individual applications cannot be presented, but since there are over 1000 references, there is ample 
information presented. 

The book is well presented, timely and good value--easy to recommend for those interested in protein analysis. 
L. S. BARK 

Quality Measuring Instruments in On-line Process Analysis: D. J. HUSKINS, Horwood, Chichester, 1982. f40.00. Pages 455. 

This is the second in a series of books by the author and it illustrates his wide practical knowledge of the subject. As 
a handbook it is really a valuable reference work for those in the particular field but it also offers much to the designers 
of automatic instruments. This volume deals with instruments which measure some quality of the material being processed 
or monitored, for example density, viscosity, surface tension, colour, calorific value, octane rating, pH, salt content etc. 
The author clearly sets out the principles of the methods of measurement and then provides a very comprehensive 
description of the instrumentation available. Many instrument companies are represented in the pages and the author should 
be congratulated on the wide spread of instruments that he has included. Whilst much of the book seems to centre on the 
petroleum industry this should not deter readers from referring to it or purchasing it. A comprehensive table of contents 
allows the reader easy access to the particular material of interest. It is aptly illustrated with numerous diagrams and is 
a valuable addition to the library shelves. 

P. STOCKWELL 

Topics in Forensic and Analytical Toxicology (Proceedings of the Annual European Meeting of the International Association 
of Forensic Toxicologists, Miinich, 21-25 August 1983): R. A. A. MAE~ (editor), Elsevier, Amsterdam, 1984. $57.75, Dfl. 
150.00. Pages x + 214. 

Iii 
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The number of compounds capable of causing toxic effects has multiplied many times in the past few decades; so have 
analytical techniques, tests and toxicology-related literature. Topics in Forensic and Amlyrical Toxicology gathers the 
proceedings of the 1983 European Meeting of the International Association of Forensic Toxicologists. It is a rather 
heterogeneous collection of papers. A number of generalities related to drug interferences with car-driving capacity precede - _ ._ 
a paper on embryotoxicity of toxic oils and a presentation of data on deaths involving propoxyphene that occurred at a 
particular British hospital in the period 1975-1982. Apart from a case-record on tetrahvdrofuran noisonine a number of 
isolated papers deal with analytical procedures: the- extraction of alkaline drugs from tissues,- the detirmination of 
benzodiazepines; beta-blockers, alkaloids and their metabolites, antidepressants and illicit drugs. HPLC and mass 
spectrometry are the methods of choice in the majority of instances. 

The book also offers a series of papers of more general toxicological interest. Modern trends in chemical analysis of 
addictive drugs are briefly described. The pros and cons of the EMIT-St system are discussed in this respect. Another 
interesting paper covers the principles, characteristics and practical application of head-space gas chromatography. A 
multiple toxicological screening programme, applicable in a simple laboratory setting and aimed at yielding the initial clues 
as to the intoxicating drug, is presented. One of the more interesting papers (by R. Ludweig) scrutinizes the generation 
and application of toxicological data and so illustrates the lack of sufficient control of such data and the need of more 
co-ordination of research and documentation in this area. Absence of the latter has led to the generation and multiplication 
of incorrect information regarding poisoning and its treatment. 

A small part of the book is dedicated to clinical toxicology in third world countries: its emergence, its problems and 
the political strategies to be followed. Finally, round-table discussion on quality control, documentation and post-graduate 
education in forensic toxicology conclude this volume. 

In general, despite its containing some interesting papers, the book would have benefited from more scrutiny as to the 
originality of some of the contributed material, as well as from more systematic organization and linguistic editing. 

M. VERLINDEN 

AnalaR Standards for Laboratory Chemicals, 8th Ed., D. J. BUCKNELL (editor), BDH Chemicals, Poole, 1984. Pages 
XXVIII + 897. f24.00. 

This edition of this classical handbook has been produced to mark the fiftieth anniversary of the production of the first 
edition, and it continues the success of its illustrious predecessors. The format is the same as in previous editions, with 
detailed practical descriptions of the test methods used, followed by the monographs for the chemicals in the AnalaR range 
and ending with the appendices listing reagent, indicator and standard solutions. As would be expected, the techniques used 
have been expanded to include such newer methods as plasma emission and HPLC, the number of chemicals included has 
been increased (by 70), and many of the older chemicals are now re-issued with tighter specifications and test methods to 
suit. 

The binding is solid, in heavy duty plastic covers which should withstand the ravages of the laboratory bench, where 
it will undoubtedly spend much of its time, and in the reviewer’s opinion it is a book which no chemical laboratory library 
should be without. 

R. C. ROONEY 

Handbook of Automated Analysis: WILLIAM A. COAKLEY, Dekker, New York, 1981, Pages xii + 144. S Fr. 55.00. 

This book is best described as an extension to the operator’s manual for a Technicon Autoanalyzer, and in the reviewer’s 
opinion should be given away with those instruments rather than offered for sale under its present title. At the very least 
it should have a subtitle which would warn an intending purchaser that the author is so convinced an admirer of Technicon 
equipment that he cannot conceive of any alternative method of automated analysis. 

This having been said, there is no doubt that as an adjunct to the equipment it is very useful. Much of the hyperbole 
will grate on other readers besides me, and many of us will find the humour childish, but if practical advice on setting up 
a new Autoanalyser method is needed, this book will provide much of it. 

The author is all too obviously an enthusiast for his apparatus, and he is happily oblivious to the idea that any product 
bearing the Technicon name could be in any way less than perfect, but he is equally obviously extremely experienced in 
the practical uses of it, and the book is a veritable goldmine of hints and tips which will repay study by any user. 

The book is unlikely to last very long in the working laboratory environment for which it is intended, since it is a 
plastic-spiral bound production with very little paper between the plastic spiral and the edge of the page: perhaps the price 
could be adjusted to render it a disposable item. 

R. C. RC~~NEY 

Petroanalysis ‘81: CRUMP (editor), Wiley/Institute of Petroleum, London, 1983. E36.00. 

This book comprises the papers presented at the symposium organized by the Analysis Sub-Committee of the Institute 
of Petroleum in October 198 I, and the breadth of subjects covered reflects the importance of that symposium. Out of the 
37 papers presented it would be invidious to single out individuals for praise or criticism; the general standard of the contents 
is excellent. 

As a book, it is a little more difficult to predict an audience at which it is aimed, since the subjects covered range from 
a philosophical consideration by Professor Bark on the relationship between the educators of new analytical chemists and 
their potential industrial employers, to descriptions of analytical techniques in a wide variety of fields and using totally 
different techniques. From this point of view I regard it as a book for the library shelves rather than the individual’s 
bookcase, but there can be few chemists connected with the petroleum industry who would not find it profitable to read 
the contents list to see what is of interest in their own field. 

From the practical viewpoint, I was disappointed to see a book of this technical quality produced by direct photographic 
reproduction of the author’s typescript. It has led to a very piecemeal appearance, with type faces, sizes and legibility varying 
from paper to paper, and it has not even managed to completely eliminate typographical errors. Overall, however, it is 
a book to recommend heartily. 

R. C. ROONEY 
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Emanation Thermal Analysis and Other Radiometric Emanation Methods: V. BALEK AM) J. T&GYWY, (Comprehensive 
AnalytScal Chemistry, Voi. XII, Thermal Analysis, Part C), Elsevier, Amsterdam, 1984. Pages 304. $80.75; Dfl 190.00. 

The emanation method, as one of the radiochemical methods, has been known for more than half a century. During the 
last two decades the emanation method has successfully been developed in both the theoretical and instrumental aspects. 
The method is more and more applied in nuclear technology (especially the behaviour of inert gases in irradiated nuclear 
fuel) and in the study of solids (mainly in such areas as the chemistry of solids, physrcal chemistry, polymer chemistry, 
mineralogy, metallurgy, ceramics), Radioisotopes of inert gases have become widely used as universal indicators in 
analytical chemistry, for the analysis of gases, liquids and solids. 

The monograph has eight chapters. The first gives a brief description of the history of the method and the place of this 
method among other thermodynamic methods. 

Chapter 2 gives the main characte~stics of the radioisotopes of inert gases applied as radioactive tracers, and describes 
the diffusion of inert gases into a solid, the inclusion of inert gases in the preparation of the sample or in phase transfer, 
as well as the irradiation of sample surfaces by accelerated ions of inert gases. 

Chapters 3 and 4 give a detailed analysis of the problems in the theory of inert gas separation from a solid. Chapter 
5 is devoted to the methods of determination of the separated inert gases, and gives schemes of apparatus, measuring 
equipment and some practical recommendations. The possibilities and limitations of application of emanation methods, 
as well as some of the most important applications, are given in Chapter 6. Chapters 7 and 8 deal with the application 
of radiometric emanation methods in various analytical techniques and several technological processes. 

A brief account of the modern state and perspectives of radiometric emanation methods is given in conclusion. 
The book is undoubtedly interesting for radiochemists, analytical chemists and technologists who use radioactive 

indicators; it will also serve to speed further the use of radiometric emanation methods. 

B. F. MYAKEDOV 
S. S. RODIN 

~er~~~e~ Properties of Solids: Their Meas~~nt aad TheorebEcal Thermal Analysis. JAROSLAV %~T.&K, 

(Compreheasive Analytical Chemistry, Vol. XII, Thermal Analysis, Part D), Elsevier, Amsterdam, 1984. Pages XIX + 440, 
$115.50. Dfl 270.00. 

Dr Sest;ik is well known and highly respected internationally for his intensive theoretical studies on the thermal behaviour 
of materials and, arising from that, the theory of thermal analysis. Although a number of the publications by him and 
his co-workers have appeared in English, many more, including a recent book, have been published only in Czech and are, 
therefore, not as well known as they ought to be. Both the author and the publishers are thus to be congratulated for 
providing this English text, which is essentially an update of an earlier Czechoslovak volume and gives a succinct but 
thorough account of the findings of many years’ work. The abstruse mathematics necessarily involved in a theoretical 
physical treatment of thermal behaviour is off-putting to many, and yet some understanding of the findings of such a 
theoretical study is essential to all those involved in what are often regarded as the empirical methods of thermal analysis. 
In this volume the author has done a great service by keeping the mathematics and advanced physics to the essential 
minimum ,and by explainmg in words the premises, the operations and the results of the rigorous treatment, thus making 
the subject comprehensible to the majority. After an introductory chapter that outlines the content of succeeding chapters 
and corretates the various aspects, subsequent chapters deal with sample characteri~tion from the theoreticai viewpoint 
and the ability of materials to yield information (a subject still too little understood by many), uses of an inter-relationships 
between thermoanalytical techniques, heat exchange and temperature, various thermodynamic aspects (classical and 
modern), including the thermodynamics of phase equilibria, the theory of phase transitions, kinetics in relation to 
heterogeneous reactions, non-isothermal conditions and glass formation, the theory of calorimetry and differential thermal 
analysis (DTA), measurement of thermal properties, the math~atics of the analysis of curves and the use of computer 
techniques. An Appendix with I6 valuable tables of data and an excehent index are provided. As to the relevance of ali 
this to analytical chemistry, it is well to remember that techniques such as thermogravimetry and DTA with evolved-gas 
analysis facilities have a definite place in analytical studies and that such techniques cannot be used to their full advantage 
without knowledge of the underlying theory and principles. This book, whrch, unlike many theorettcal treatises, is readable 
(even humorous in parts) and understandable, is therefore a “must” for all those involved in any way in thermal analysis 
and can be thoroughly recommended to all those who want to know about the basics of the subject. 

R. C. MACKENZIE 

New Approaches in Liqaid C~omat~a~y: Proceedings of the 2nd Ammal ~~a~E~te~ European Sym~~rn on 
Advances in Liquid C~omato~a~y, Szeged, Hungary, Jane 16-B, 1982: H. KAL& (editor), Analytical Chemistry 
Symposia Series, Vol. 16, Elsevier, Amsterdam 1984. Pages X + 291. U.S. $67.25; Dfl. 175.00. 

The contributions to these proceedings are presented under the following headings, with the numbers of papers in 
parentheses: High Pe~o~~~ Liquid chromatography (4), Displacement Chromatography (2), Optimisation Possibdrties 
in Liquid Column Chromatogmp~y (3), Thin-Layer Chromatography (2), Anaiysis of Amino Actds (4) and Analytical and 
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Preparative Separation of Peptrdes and Proteins (6). The majority of the papers deal with problems in biochemical, 
pharmaceutical and medical contexts. To the reviewer, the “new approaches” reference in the title would suggest technique 
and instrumental innovation, whereas developments and applications would convey a more accurate impression of the 
contents. On the whole, the papers are well-documented and the editor has put together an easily readable text containmg 
clear diagrams and figures. However, the work remains a record of the proceedings of a conference, with the usual attendant 
weaknesses of imbalance in structure and content and some variable presentation of textual material. The book should 
be of interest to readers working in the fields indicated above, and deserves to find its way mto science libraries. but it 
is unlikely to tempt the individual purchaser. 

S. J. LYLE 

Dictionary of Chemistry and Chemical Technology-English/German. H. GROIN (Editor in Chief). Elsevier, Amsterdam. 
1984. Pages 714. E65.00; Dfl. 275.00. Jointly published with VEB Verlag Technik. East Berlin. 

Here is half a new dictionary-I am already excited because I am so often Infuriated by the inadequacies of older 
dictionaries, technical and general. So what does it offer? The sleeve says ?a. 55.000 entries covering Chemistry (Inorganic, 
Organic, Physical, Analytical, Industrial), Chemical Engineering, Materials Science, Paper, Leather, Agriculture, Mmeral 
and Petroleum Technology, Metallurgy, and more”. And there is more besides: chemicals are listed by systematic and trivial 
names and the formulae are supphed. Many of the more unusual words have explanations to set the context And yet more, 
because numerous compound words or combinations are also listed. from simple Red lead (Bleimenmge, Pb,O,) to Lurgi 
high-pressure gasification process (Lurgi-Druckvergasungsverfahren) and so on. All of this contributes significantly to make 
this dictionary much more reliable for the serious translator, and a good deal more helpful for the struggling do-it-yourself 
linguist. Of course, no dictionary can ever be complete, and I find gaps here in oilfield technology, for example, where the 
widely-used American slang is largely absent, and in environmental analysis. Some more acronyms ought to have been 
included: GLC is, but AAS, HPLC and TLV are not. 

There are indications that this is the reverse version of an original German/English dictionary. which is also available 
(I look forward to seeing this other half). How else might “not printed on” (unbedruckt) appear in an Enghsh dictionary? 
But to sum up: the team of scientists, technologists and hnguists at the Technical University of Dresden deserve high praise 
for their efforts in producing this dictionary. Only another lexicographer, and perhaps the regular technical translator, can 
really appreciate what they have achieved, though any user will reap the rewards of their labours. How much better this 
is than the soulless computer-produced one-word-for-one-word compilations which are cluttering our reference shelves. 

IAIN L. MARR 

Chromatography and Mass Spectrometry in Nutrition Science and Food Safety: A. FRIGERIO and H. MILON (eds.), Elsevier. 
Amsterdam, 1984. Pages xi + 305. $113.50; Dfl295.00. Proceedings of an International Symposium, Montreux, June, 1983. 

By their very nature, foods are extremely complex substances, and their complexity seems to Increase m proportion to the 
power of the current methodology. High-resolution gas chromatography, we are told, has resolved over 500 compounds 
in the volatiles from coffee, while chromatograms of volatiles from papaya and carrot seem to have more peaks than spaces. 
The large number of peaks is something of an embarrassment because we feel we ought to try to identify them all: some 
chapters here deal with the identification of some extraordinary sulphur heterocychc compounds, based on an analysis of 
their mass spectra. At the same time, the excellent sensitivity of modern equipment makes possible the detection of pesticides 
at extremely low levels (4 papers on this topic). For less volatile and less stable compounds, HPLC is favoured, and can 
now be combined with mass spectrometry, a powerful combination m food science (2 papers). An unusual topic is the 
racemization of amino-acids, studied by GLC with a chiral stationary phase (1 paper). The advantages of high-temperature 
capillary GC over conventional packed-column techniques are clearly demonstrated in the analysis of individual 
triglycerides m chocolate fats (1 paper). Isotope ratio measurements by mass spectrometry to follow the metabolism of 
labelled compounds with stable isotopes “C and “N are now becoming almost routine: this elegant technique of nutrition 
science is dealt with in 4 papers. Of the 27 contributions, only five mention safety m then titles, so the balance is firmly 
on the side of nutrition science, with a good deal of very interesting, though rather specialized, reading. The book is set 
direct from typescript, which IS well set out and clearly legible except for one paper produced on a computer dot-matrix 
printer. This selection of papers gives a good impression of what can be done in the field of food analysis: I cannot help 
wondering whether the gap between the possible and the practical IS widening rather than narrowmg as the speciahst 
techniques become ever more highly developed. 

IAIN L. MARR 
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Chemical Methods in Gas Chromatography: V. G. BEREZKIN, Elsevier, Amsterdam, 1983. Pages x + 314. US$73.25; 
Dfl. 190.00. 

Volume 24 of the series “Journal of Chromatography Library” is a heterogeneous collection of information about the 
application of chemical methods to gas chromatography. The most familiar applications are those detailed in the first 
chapter, which deals with derivatization methods and the conversion of non-volatile species into compounds sufficiently 
volatile to pass through a gas chromatography column. Less widely used, and as a result less familiar, are the analytical 
techniques based on kinetic methods in which isomers are distinguished by their differential rates of reaction with a common 
reagent, or catalyst concentrations determined from measurements of the rates of catalysed reactions. Short succeeding 
chapters are devoted to pyrolysis gas chromatography with the pyrogram used as a fingerprint, and to the carbon skeleton 
method in which catalytic reduction is used to eliminate functional groups and convert sample components into recognizable 
hydrocarbons. Other chemical methods reviewed in the book include those in which reactions between components of a 
mixture with a substrate alter the volatility of some of the components or establish secondary chemical equilibria in the 
liquid phase, both methods resulting in differential changes in retention volumes. These concepts are used not only in 
procedures for separation and identification based on specific interactions between solvent and solute or the subtraction 
of two chromatograms, but also for functional group and trace analysis and the determination of elemental composition. 

Although this book has a formidable collection of references and will be useful for the practising analyst, it is extremely 
wordy and full of unnecessarily long generalizations in the introduction to each chapter. It would have been improved by 
intelligent editing. 

J. R. MAJER 

Chemical Sensors: T. SEIYAMA, K. FUEKI, J. SHIOKAWA and S. SUZUKI (editors), Elsevier, Amsterdam, 1983. Pages xiv + 775. 
USS144.50; Dfl.375.00. 

This book, Volume 17 of the Analytical Chemistry Symposia Series, contains a collection of 11 plenary lectures and 121 
contributed papers given at an international meeting held in Fukuoka, Japan, 19-22 September 1983 under the auspices 
of the Electrochemical Society of Japan. The term “chemical sensor” is not one which will be immediately familiar to all 
analytical chemists. This is due to the generality or vagueness of the concept, which can refer to all physicochemical 
systems giving responses to specific compounds or classes of compounds. Thus the analyst working with ion-selective 
electrodes might be surprised to know that he is using “chemical sensors”, or that his work has anything in common with 
those using combustible gas detectors. With such a wide coverage this book must be addressed not to researchers in 
particular disciplines, but to those involved in the design of monitoring and control systems, to whom the detection rather 
than the nature of the detector is important. 

The first section is devoted to semiconductor detectors of oxidizable gases and vapours. These devices, usually based on 
heated films of doped zinc or tin oxides, have been available for many years but suffer from defects such as non-linearity 
of response. The papers in this section describe investigations into the mechanism of their action and the improvement of 
their performance. 

There follows a series of contributions describing potentiometric detectors, i.e., those in which a gas reacts with a solid 
electrolyte and produces a potential at a suitable electrode. A well-known example of this type is the oxygen detector based 
on a high temperature electrolyte such as zirconium oxide. Individual papers outline attempts to reduce the operating 
temperature of the electrolyte and to increase the rate of interaction of gaseous oxygen with the electrolyte by using catalysts. 
The principle is extended to the detection of other gases, such as sulphur dioxide and carbon dioxide. 

The requirements of air-conditioning systems for humidity control have prompted the design of many devices capable 
of measuring atmospheric moisture, while remaining unresponsive to condensation films, The papers collected in Section 
C describe some of these devices, most of them based on heated layers of metallic oxides, The concentration of water vapour 
in atmospheres diffusing into these layers is determined by changes in electrical properties, such as conductance, capacity, 
or more simply resistance. 

The response of microelectronic devices to small concentrations of foreign gases in their environment is discussed in 
further papers which describe detectors for hydrogen and hydrogen sulphide. Microionic systems are also dealt with and 
some papers include descriptions of probes in which the electrical conductance of layers is modified by the presence of 
gaseous oxygen and ammonia. A feature of this type of sensor is said to be the capacity for micro miniaturization. 

Problems associated with the transfer of use of the chemical sensors based on ion-selective microelectronic systems from 
the gaseous to the liquid phase are reviewed in Section E. The application of ion-selective devices as biochemical sensors 
or chromatographic detectors is also given some attention. 

A further collection of papers under the heading of biosensors is devoted largely to the utilization, in clinical situations, 
of many of the systems already described as chemical detectors. Measurements of gases, such as oxygen and carbon dioxide 
in blood, have been achieved and chemical detectors responding to more complex biochemical substances, such as glucose, 
are also reported. 

The final section is a heterogeneous group of papers announcing new detectors and methods. Probably the most 
significant contribution in this section is that discussing the local combination of chemical sensors and microprocessors. 
Many of the defects of the sensors such as non-linearity, interference or sensitivity to variations of supply voltage may be 
obviated by modification of the output signals by the microprocessor before transfer to the main control system. 

In all sections the plenary lectures provide useful historical reviews and perspectives. 
J. R. MAJER 
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Advances in Chromatography, Vols. 22 and 23: J. C. GIDDINGS, E. GRUSHKA, J. CASEY and P. R. BROWN (editors), Dekker, 
New York, Volume 22, 1983, pages xvi + 323 SFr.148; Volume 23, 1984, xvi + 249, SFr.140. 

These volumes have the same breadth of interest and are in the same format as the others in the series. They consist of 
lengthy reviews of diverse topics and are pitched at the researcher. They are too broadly based and expensive to be attractive 
to the individual purchaser, but are a good buy for the library. Volume 22 is biased slightly towards biochemical applications 
and Vol. 23 towards new techniques, such as laser spectroscopic methods in LC (E. Young) and Chromatopyrography 
(J. C-A Hu). 
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Principles of Quantitative X-Ray Fluorescence Analysis: R. TERTIAN and F. CLAISSE, Heyden, London, 1982. Pages 
xviii + 385. E30.00. 

There exists in general a significant gap-thou& perhaps not as much as a gulf-between most theoreticians and most 
practising analytical chemists. Indeed, my guess would be that most analysts with only a minute or two to flip through 
the pages of this book would be frightened by the pages of equations and put it down again, commenting “A practical 
analyst just goes into the lab and does the analysis, finding a convenient standard which experience tells him will, with 
a bit of luck, give him nearly the right answer.” What Tertian and Claisse are telling us is that it is not only possible to 
calculate what the corrections in the calculations should be, but also very much more practical, in these days of dedicated 
computers on every instrument, than it was say 20 years ago (when I remember a colleague spending a week converting 
intensities into concentrations for a four-component alloy). I should point out that both authors have published very 
practical methods based, e.g., on dilution techniques, so they are sympathetic to the traditional approach. But they go 
further: “Adaptability, i.e. achieving a judicious balance of theoretical and practical considerations, is the keynote for 
quantitative X-ray fluorescence analysis” is how they sum up one of the chapters. Their message is to take advantage of 
the great computing power we now have, together with our experience in semi-empirical chemical approaches, to solve 
difficult analytical problems efficiently and accurately. 

The text is clear and to the point: in particular I like the brief discussion concluding each chapter and putting the contents 
in perspective, and also the inclusion of practical details to illustrate the methods described. This is a comprehensive 
discourse on all aspects of X-ray fluorescence analysis with X-ray tube sources--the special problems of dealing with 
portable isotope sources, for example, are not considered. So, dear reader, pick up this book again and peruse at first beyond 
the equations, then go back and overhaul your current methods with the help of the theoretical appraisal given by Tertian 
and Claisse. Definitely recommended. 

IAIN MARR 

Instrumental Lipid Chromatography: N. A. PAMUS, 2nd Ed., Elsevier, Amsterdam, 1984. Pages xiv + 432. USS86.50; 
Dfl.225.00 

In this revised edition of the practical manual first published as Vol. 5 of the Journal of Chromotography Library in 1976, 
the layout and chapter headings remain essentially unchanged. However, a chapter on bonded-phase chromatography and 
another on the uses of microcomputers and computational techniques have been added; in addition, considerably more 
space is devoted to ion-pair chromatography than hitherto. While the chapter on bonded phases provides a brief, useful 
but somewhat dated introduction to this important area of development, that on microcomputer applications is 
disappointing and barely touches upon recent important practical developments relating to selection of optimum operating 
conditions and chromatogram resolution. 

The text and useful appendices have been expanded by just over 100 pages, SI units introduced, and references updated 
but usually only to around 198 1. While those in possession of copies of the earlier edition are unlikely to find it worthwhile 
exchanging the old for the new, the revision undoubtedly extends the useful life of this good introductory manual and it 
can be recommended to those about to establish LC in their laboratories. 

s. J. LYLE 

Microcolumn High-Performance Liquid Chromatography; P. KUCERA (editor), Elsevier, Amsterdam, 1984. Pages xvi + 302. 
US$63.50; Dfl.265.00. 

Over the past five or six years microbore HPLC has evolved from a laboratory curiosity to a practical technique capable 
of use in routine analysis. Several manufacturers currently offer conversion kits for their conventional instrumentation and 
others complete custom-bmlt instruments. The monograph under consideration gives an account of developments mainly 
over a period of about five years from 1978. Use of packed and open tubular columns of 1 mm internal diameter or less 
are considered; problems arising from the scale of operation and solutions to them are offered, relating to column 
preparation, sample introduction and detection systems. Applications are also considered. The book is divided into eight 
chapters written by “experts”. The first, by G. Guiochon and H. Colin, provides an introduction and general survey. It 
is followed by chapters dealing with design of microbore columns (P. Kucera), theory and practice of high-speed microbore 
HPLC (R. A. Hartwick and D. D. Dezaro), special analytical techniques (P. Kucera and G. Manius), chemical 
derivatization (P. Kucera and R. A. Hartwick), columns of capillary dimensions (M. Novotny) and micro LC/MS coupling 
(J. Henion). 

This is the first monograph on microcolumn HPLC and the subject is generally given a good fundamental and practical 
treatment. The text is well-documented and contains clear diagrams. However, each chapter would appear to have been 
written as a self-contained unit; consequently, the lack of cross-references has given rise to unnecessary repeitition. This 
weakness notwithstanding, the monograph can be recommended as a convenient starting point for any analyst who needs 
to become familiar with the current state of the art in microbore HPLC. 

s. J. LYLE 
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Analysis Using Glass Electrodes: PETER W. LINDER, RALPH G. TORRINGTON and DAVID R. WILLIAMS, Open University Press, 
Milton Keynes, 1984. Pages 148 + xii. E20.00. 

As would be assumed from the title, this book gives a very thorough description of the concept of pH, the development 
of the glass electrode, and of its use for making pH measurements. The design and construction of electrodes is described, 
and detailed recommendations are given for use and maintenance. The problem of definition of the pH scale is explained: 
the UK single-standard approach is compared and contrasted with the multi-standard approach adopted in the USA and 
many other countries. Methods for determination of hydrogen-ion concentrations (as opposed to activities) are then 
discussed. These methods require the use of computer programs for least-squares solution of the many mass-balance 
equations involved. Four such programs, MAGEC, ACBA, MINIPOT and LIGEZ, are reproduced. The unexpected part 
of this book is the excellent chapter on speciation, a subject which is very much inter-related with [H+] determination. The 
nature of speciation calculations is explained, with emphasis on the need for meticulously determined formation constants 
for use in these calculations. Applications of speciation studies in medicine, industry, oceanic and atmospheric chemistry, 
environmental problems, and bioavailability of metals are discussed. 

MARY MASON 

Applications of Piezoelectric Quartz Crystal Microbdanees: C. Lu and A. W. CZANDERNA (editors), Elsevier, Amsterdam, 
1984. Pages xiv + 394. USS100.00; Dfl.260.00. 

Progress in weighing-once the very basis of classical chemical analysis-resulted, through a lengthy period of development, 
in devices of a high level of sophistication and perfection. Even today, the reliability of mass determination can hardly be 
surpassed by that of any other analytical measuring principle. Despite the rapid development made in instrumental analysis 
methods, mass determinations have been and still are the foundation of most analytical procedures; as a rule, however, 
these determinations are now confined to weighing of the mass of the initial samples, Thus, even micro- and 
ultramicrobalances-once the pride of the analyst-have now become routine equipment. A special position in terms of 
operation and application is occupied by piezoelectric quartz crystal microbalances, justifying, even now, the compilation 
of a monograph. 

The editors, C. Lu and A. W. Czandema, have, together with nine other authors, collected all that is worth knowing 
about the history, theory, operation and applications of the quartz crystal microbalance (QCM) methods, describmg it in 
10 chapters. The expression “balance” applies to the QCM only in a wider sense. Its operation is a relative determmation 
of mass m the microgram and nanogram range, measured by means of the frequency change of a piezoelectric quartz crystal 
as a function of mass surface density loaded onto the crystal. 

In addition to the theoretical and methodical principles treated by Czanderna and Lu in chapters 1 (18 pages, 46 
references) and 2 (43 pages, 46 references), the analyst will be especially interested in the chapter “Applications of QCM 
in Analytical Chemistry” by G. G. Guilbault, describing some selective and sensitive detectors for gas chromatography and 
liquid chromatography, for water, SO,, NH,, H,S, HCl, CO, Hg, organophosphorus compounds and pesticides, and 
aromatic hydrocarbons, and discussing, among others, some commercially available equipment (30 pages, 71 references). 
Further fields of specific analytical relevance are included in the chapters on “Applications for Thin Film Deposition Process 
Control” by H. K. Pulker and J. P. Decosterd, dealing with, e.g., vapour deposition, sputtering and ion plating (61 pages, 
73 references), “Simultaneous Measurement of Mass and Temperature” by E. C. van Ballegooijen (45 pages, 50 references), 
“Application in Surface Science” by L. L. Levenson (23 pages, 94 references), “Plasma-Assisted Etching Studies and 
Applications” by J. W. Cobum (29 pages, 30 references), “Application to Space System Contamination Studies” by 
A. P. M. Glassford (70 pages, 23 references) and “Applications in Aerosol Mass Measurement” by M. H. Hop (38 pages, 
59 references). 

As is quite frequently found in books written in joint authorship, there is some overlap between chapters, and this should 
have been avoided, if only to produce a lower price for this otherwise thoroughly compiled book. Owing to the highly 
specialized subject, only a relatively small group of analysts is addressed, but they (like the reviewer) will not be disappointed 
by the information/price ratio. 

The book will evoke great interest in general, within the fields of research and technical science, and beyond the confines 
of analytical chemistry. 

GUNTHER T~LG 

Fourier Transform NMR Spectroscopy: DEREK SHAW, 2nd Ed., Elsevier, Amsterdam, 1984. Pages xii + 304. US$75.00; 
Dfl.195.00. 

In the last few years the ingenuity and inventiveness of NMR spectroscopists have resulted in the appearance of a huge 
range of pulse techniques, usually designated by impenetrably cryptic acronyms. The publication of this book could, 
therefore, scarcely have come at a more appropriate time, for it is an astonishingly comprehensive survey of virtually every 
aspect of Fourier-transform NMR spectroscopy. Apart from some excellent but necessarily limited review articles in 
periodicals, it is without rivals in both the range and detail of subject matter and will be indispensable in providing the 
understanding necessary for productive application of the very many new techniques becoming commercially available. 

Though the mathematical treatment is not, by chemist’s standards, unapproachable, neither is it entirely accessible. 
However, for those unprepared or unwilling to follow all of the mathematical reasoning, there still remains the possibility 
of real insight and genuine understanding. The formal treatment is accessible to non-specialists and the very readable text 
is complemented by numerous helpful diagrams and sample spectra. 

It is regrettable that the quality of production of the volume is such that these diagrams and figures are often rather 
cramped and lack clarity, especially in the depiction of spectra. Density of printing in the text is variable, an effect most 
noticeable in the reproduction of mathematical expressions and symbols. This, together with a fair number of misprints, 
can make for unnecessary difficulties, e.g., pages 15 and 17, bar missing from y symbol; page 149, four misprints, efc. 

However, these are small points in relation to an excellent and timely book whicn is further enhanced by the value of 
the author’s very considerable practical experience. 

D. G. WILLIAMSON 
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The Editorial Board and the Publisher of Talanta take pleasure in welcoming the following new members
of the Advisory Board of the journal .

P. W . J . M. BOUMANS

	

D. JAGNER

	

J. MATOUSEK
R. G. COOKS

	

R. KELLNER

	

M. NOVOTNY
T. FUJINAGA

	

L. KRYGER

	

WANG ERKANG

Professor Fujinaga is retiring as the Regional Editor for Japan, and that position will be taken over by
Professor T. Hori, of the University of Kyoto, who is also welcomed to the editorial team . The Editorial Board
and the Publisher also wish to record their sincere thanks for the help given by

who retire from the Advisory Board . They are particularly grateful to Professor T. S. West, who has been
associated with Talanta from its foundation .

DR. P. W. J . M . DOLMANS studied chemistry and physics at the University of Amsterdam, where he obtained
his doctor's degree cum laude in 1961 with a thesis: "Some fundamental aspects of spectrochemical analysis
using the d .c . carbon arc" . During 1961-68, he was concerned with research and education at the University
of Amsterdam, where he wrote a book Theory of Spectrochemical Excitation, a chapter on "Excitation of
Spectra" and a series ofresearch papers on atomic emission spectroscopy . In 1968 he joined Philips Research
Laboratories in Eindhoven, where he is now Chief Scientist, responsible for research in atomic spectroscopy .
His prime interests are in the development and advancement of the methodology of emission spectroscopy .
Since 1970 these interests have centred on inductively coupled plasmas (ICP) . In this field, he has published
important articles on ICP optimization, detection limits, line selection, and spectral interferences, including
a two-volume tabulation Line Coincidence Tables for ICP Atomic Emission Spectroscopy (1980), which has
recently gone into its second (revised) edition . Main topics of his present research are high-resolution ICP
spectroscopy and automated sequential ICP analysis . A book Analysis by Inductively Coupled Plasma Atomic
Emission Spectrometry, edited by Dr . Boumans and for a substantial part also co-authored by him, will appear
in 1985 . Since 1972, Dr . Boumans has been Editor of Spectrochimica Arta, Part B, Atomic Spectroscopy, and
became Editor-in-Chief of this journal in 1979 . Recently, Pergamon Press dedicated to Dr. Boumans an
honour issue acknowledging his 25th anniversary in atomic spectroscopy . This issue was published on the
occasion of the 23rd Colloquium Spectroscopicum Internationale (CSI), held in Amsterdam in 1983 for which
Dr. Boumans was Scientific Affairs Chairman . Dr. Boumans also serves on the Editorial Boards of Progress
in Analytical Atomic Spectroscopy, ICP Information Newsletter, Analysis and Trends in Analytical Chemistry .
He has served on the Board of Reports on Analytical Atomic Spectroscopy since 1973 .

III

P. W. CARR D. KLOCKOW J. RU2ICKA
C. L. CHAKRABARTI SHU-CHUAN LIANG P. E. A. SENISE
O. H. J. CHRISTIE R. J. MAGEE L. E. SMYTHE
P. N. KELIHER H. M. ORTNER T. S. WEST
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L. KRYGER

PROFESSOR R. GRAEEAM COOKS was born in South Africa and educated at Cambridge, England, and entered
the U .S. through Kansas . His early training was in natural products organic chemistry with Prof. Frank L .
Warren (University of Natal) and in mechanistic organic chemistry with Prof . Peter Sykes (Cambridge) . While
at Cambridge he worked with Dr. John Bowie and later with Dr . Dudley Williams, on the physical basis of
organic mass spectrometry . Review articles on rearrangement reactions and on the kinetics and energetics of
fragmentations culminated these efforts . Professor Cooks spent two years on the faculty at Kansas State
University, where he developed an interest in kilovolt energy ion/molecule interactions . These interests fitted
with those of Dr . John Beynon and Dr . Richard Caprioli with whom he was associated at Purdue for a number
of years . The text Metastable Ions is a monument to this collaboration . His current research interests lie in
the areas of instrument development, surface analysis and ion-scattering (angle-resolved mass-spectrometry) .
The first of these subjects is focused on MS/MS where he has done pioneering work and where current
emphasis is on the hybrid magnet/quadrupole instrument . The focus of the work of his laboratories on surface
analysis is the identification of organic and organometallic molecules in complex materials by use of ion and
laser beam methods (SIMS and LD) . The angle-resolved studies are designed to further enhance the
information obtained from mass spectrometry by utilizing a new information domain . Industrial-academic
relations, particularly the promotion of joint research through personnel exchange, have been a focal point
for his efforts since 1978, when he organized an ACS symposium on the subject. Exchanges for as little as
a week have catalysed successful joint research programmes with several industrial laboratories . His interests
in instrument development and in the applications of MS/MS to work on natural products, pharmaceuticals
and fuels have facilitated these interactions . With Prof. Don Hunt, Prof. Jon Amy, Dr . Karl Wood and Dr.
Rich Kondrat, he has developed a short course on MS/ MS . He has collaborated on several books and served
on a number of advisory panels related to mass spectrometry and analytical instrumentation .

DR . LARS KRYGER graduated in 1971 from Aarhus University, Denmark, with a Master's Degree in Chemistry
and Physics . For two years, during his early career, he taught science in Tanzania, In 1975 he obtained his
Ph.D. in analytical chemistry at Aarhus University, and after a year of post-doctoral studies at Purdue
University, Indiana, he was appointed lecturer at Aarhus University . Since then he has been responsible for
establishing analytical chemistry as a research and teaching field in the Chemistry Department of this
institution . For a few years after graduation, he worked in the field of inorganic structural analysis, using
X-ray diffraction methods. His current research interests are concerned with developments and applications
of electrochemical techniques for trace analysis and with applications of microcomputers . In addition, he is
interested in pattern recognition and related methods for interpretation of analytical data . In 1981, he received
the Talanta Louis Gordon Memorial Award for a review on this topic .
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R. KELLNER

PROFESSOR ToSHITAKA HORI was born in 1946 in Shiga Prefecture, Japan. After graduating from Kyoto
University, he proceeded to the graduate course of the same university and earned a Ph .D. in 1977 under
the direction of Professor Taitiro Fujinaga. In this course, he studied heteropoly acid chemistry for the
determination of phosphate and other related ions and in 1980 was granted a Research Progress Prize by the
Japan Society for Analytical Chemistry. In parallel with his studies, he worked as an assistant at Kyoto
University, with Professor Fujinaga, on developing new methods for trace analysis applicable to environ-
mental chemistry . One of the results, concerned with the circulation of trace components in natural waters,
was published in a book entitled Environmental Chemistry on Lake Biwa . In 1980, after promotion to Associate
Professor in the College of Liberal Arts & Sciences, Kyoto University, he started to study the solution
chemistry of multicomponent solvent mixtures for selective extraction and separation . Besides his researches
at Kyoto University, in 1978 he worked as a research associate with Professor Henryfreiser, University of
Arizona, on solvent extraction of mixed-ligand chelates of lanthanides . Since 1980, he has served the Japan
Society for Analytical Chemistry as a member of the Editorial Board of Bunseki Kagaku .

PROFESSOR ROBERT KELLNER was born in Vienna in 1945, and in 1971 gained his Ph .D. from the Technical
University of Vienna, where he has been first Assistant Professor (1970) and since 1977 Associate Professor
in the Institute of Analytical Chemistry. Since 1973 he has been secretary of the Austrian Society for
Microchemistry and Analytical Chemistry, and since 1975 the secretary of the Working Party on Analytical
Chemistry, of the Federation of European Chemical Societies . His research activities are in the fields of surface
analysis of polymers, metal-chelate analysis, and coupling of gas chromatography and Fouler-transform
infrared spectroscopy. He is very actively involved in teaching, and has published 60 papers and also 4
booklets for his undergraduate analytical chemistry courses .

J. MATOUSEK M. NOVOTNY

DR. JAROSLAV MATOUSEK was born in 1938 in Czechoslovakia and in 1962 received the degree of Ing .
Analytical Chemistry from the Technical University, Prague, and in 1969 the degree of C .Sc . Analytical
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Chemistry from the same institution . In 1978 he gained a Ph.D . from the University of New South Wales,
where he was first a Lecturer from 1974, and is now Senior Lecturer . He has also worked with Dr. L . de
Galen at the University of Technology, Delft . His research interests lie mainly in analytical atomic
spectroscopy, especially electrothermal AAS, and microwave-induced plasmas. He has published some 35
papers in these fields . He is now an Australian citizen and is still waiting for his C .Sc . degree certificate .

Mans NoVOTNY was born in 1942 in Czechoslovakia . He was educated at the University of Brno and received
the Doctorate in Natural Sciences (Biochemistry) in 1965. His postdoctoral experience has included
fellowships at the Institute of Analytical Chemistry, Czechoslovak Academy of Sciences, Brno, the Royal
Karolinska Institute, Stockholm, and the University of Houston . In 1971, he joined Indiana University as
Assistant Professor of Chemistry, and was promoted to full professor in 1978. In 1980, he was a "Visiting
Scientist" at the Max Planck Institute for Biology, Tubingen . His main scientific interests are the
fundamentals, analytical aspects, and various applications of separation methods. He has published over 150
original scientific papers, a book Analytical Chemistry of Polycyclic Aromatic Compounds, and two recently
edited volumes on capillary chromatographic methods. His current research interests include both gas and
liquid chromatography and their combinations with spectroscopic methods. He is among the pioneers of
microcolumn liquid chromatography and capillary supercritical fluid chromatography . Current research is
strongly focused on improvements in detection techniques . Professor Novotny has served on several advisory
boards for U.S. Government laboratories and the National Academy of Sciences . He has been a member of
the Editorial Boards of the Journal of Chromatography, Chemical Instrumentation and Analysis, and Journal
of High-Resolution Chromatography and is on the Editorial Advisory Board of Chromatographia. Professor
Novotny was the Chairman of the 1980 Gordon Conference on Analytical Chemistry and the U .S .
Coordinator of the 1983 U.S.-Japan Joint Seminar on "Microcolumn Separation Techniques and their
Ancillary Methods". He received the 1983 James B. Himes Award of the Chicago Chromatography
Discussion Group, and the 1984 M .S. Tswett Award in Chromatography .

PROFESSOR WANG ERICANG was born near Shanghai in 1933, and graduated with the equivalent of a B .Sc .
from Shanghai University in 1952. From 1955 to 1959 he studied under Professor Heyrovsky in Prague and
received the degree of C .Sc . in Chemistry from the Polarographic Institute of the Czechoslovak Academy of
Sciences, Prague . He was a Research Assistant at Changchun Institute of Applied Chemistry, Academia
Sinica, from 1952 to 1955, became Research Associate in 1959, Head of the Electroanalytical Chemistry
Laboratory in 1975, Associate Professor in 1978, and Professor in 1982 (and concurrently Professor at the
Chinese Scientific and Technical University in Hefei and its graduate school in Beijing). His research interests
are in analytical chemistry, electroanalytical chemistry and environmental analysis . He is a member of the
Editorial Boards of several Chinese journals : Acta Chimica Sinica, Fenxt Huaxue, Journal of Physical Test
and Chemical Analysis (Chemical Edition), Journal of Metallurgical Analysis, Journal of Applied Chemistry,
Collected Papers of the Changchun Institute of Applied Chemistry, and Analytical Chemistry Laboratory . He
has published about 160 papers and has translated several books into Chinese .
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ERRATA 

In the paper by B. R. Smith et d-l., Tulunta, 1984, 31, 955, in Table 2 the units in the caption should be 
pg/g, not rng/g, and Table 3 should read as follows. 

Table 3. Comparison of experimental and literature value 
for fluoride (pg/g) 

Enamel Dentin 

X,=487&219 X,=770&311 
X,, = 323 + 93 x,, = 753 + 262 

X,=442*206 X, = 769 f 295 
Previous work* 

12.5 + 9.52 (5) 71.9 + 39.4 (5) 
32%1247(15) 20&8000(15,16) 
32p1247(17) 175.6(13) 
293+34(18) 
130.27 (6) 
79.5 + 6.04 (19) 
248.0 f 20.0 (14) 
104.6(13) 

F = fluoridated source; NF = non-fluoridated source; 
t = total of all samples; results expressed as 
mean + standard deviation or as range. 

*References m brackets. 

In the paper by D. Rosales et al., Tafanta, 1985,32,467, on page 467, right-hand column, line 4, the percentage 
of carbon found should be 56.9. not 52.9, and on page 472, the first equation in the left-hand column 
should be 

4 PNbN 
N -[ABA - 

A l+/?,b+&b2+...+,0,bN 
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NOTICE 

SECOND INTERNATIONAL SYMPOSIUM ON DRUG ANALYSIS 

CATHOLIC UNIVERSITY OF LOUVAIN-EN-WOLUVE, BRUSSELS 
27-30 MAY 1986 

Topics 
1. Fundamental Aspects of Drug Analysis. 
2. Quality control of Natural and Synthetic Raw Materials. 
3. Analysis of Pharmaceutical Preparations. 
4. Determination of Drugs in Biological Media. 
5. Automation in Drug Analysis. 

Programme 
Plenary and keynote lectures will be given by invited speakers. Oral presentations will be limited. Preference 
will be given to poster presentations. Panel discussions will be organized. 

Languages 
The official languages of the conference are English, French and Dutch. 

For further information please contact: 

Scientific secretariat: Mrs. C. VAN KERCHOVE, rue Sttvinstraat 137, B-1040 Brussels, Belgium 
Tel. (02)230 26 85-ext. 33 
Administrative secretariat: Mrs. F. REY, Chaussee de Waterloo 1375, B-l 180 Brussels, Belgium 
Tel. (02)375 16 48 

V 
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NOTICE 

MTAA-7 

MODERN TRENDS IN ACTIVATION ANALYSIS 

CALL FOR PAPERS 

To commemorate the 50th anniversary of the first publication in the field of activation analysis by G. Hevesy and H. Levi 
of the Niels Bohr Institute in Denmark, the 7th International Conference on Modem Trends in Activation Analysis will 
be held in Cryenhagen, 23-27 June 1986. 

This Conference deals with all aspects of contemporary activation analysis, and scientists from every field where nuclear 
activation analysis is contributing to scientific or techmcal progress are invited to attend. 

Authors wishing to present a paper at the MTAA-7 Conference must submit three (3) copies of a one-page abstract for 
evaluation by the Programme Committee no later than 30 June 1985. 
Further information is avallable from: 

Dr. K. Heydom, 
General Chairman MTAA-7, 
RW National Laboratory, 
Postbox 49, 
DK-4000 Roskilde. 
DENMARK 
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ERRATA 

In the paper by Elsie M. Donaldson. Tufunta, 1984, 31, 997, the followmg corrections are needed. 
Page 1002. last column, Table 1, the results listed under “Ge found, pg/g”. should be as follows: 4.3,, 6.3,, 12.,, 22.,, 41.,, 
102.,, 200@ 
Page 1002, last column, Table 2, the results listed under “Ge found after addition, @g/g”, should be as follows: 3. I,, 40.,, 
101.,, 4.4,, 42.,, IOI.,, 2.4,, 40.,. 101.,. 2.4,, 40.,, lOI.,, 1.9,, 39.,, 99.,, 6.2,, 43.,, 104.,, 9.2,, 47.,, 108.0, 6.1,, 43.,, 105.,. 
Page 1003, Table 4, for “Mean (standard deviation)” read 

Mean 2.38 2.40 25.9 
Standard deviation 0.06 0.08 0.15 

In the paper by 0. P. Bhargava and M. Gmitro, Tolanta, 1984, 31, 301, the calculation formula on p. 302 is incorrect, 
and should read: 

y/;p = 
pg of phosphorus x 0.005 

sample weight (g) x sample ahquot (ml) 



Talanm, Vol. 32, No. 3, p. V, 1985 
Pergamon Press Ltd. Printed 1x1 Great Bntain 

THE LOUIS GORDON MEMORIAL AWARD 

The ,Editorial Board and Publisher of Talanta take great pleasure in announcing that the Louis Gordon 
Memorial Award for 1984 (for the paper judged to be the best written of those appearing in Tulunta 
during the year) will be made to Dr Lilly Gustafsson, of the University of Uppsala, Sweden, for her paper 
“Interferences in the determination of total nitrogen in natural waters by photo-oxidation to nitrate-nitrite 
mixture” (TuZanta, 1984, 31, 979) 
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LOUIS GORDON MEMORIAL AWARD 

Pres ;entation of the Louis Gordon Memorial Award for 1983 to Professor J. M. Ottaway (left) and 
MaI xhall (centre) by Dr. R. A. Chalmers. (See Tulunta, 1983, 30, 571.) 

Dr. J. 
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NOTICES 

THE SILVER JUBILEE EASTERN ANALYTICAL 
SYMPOSIUM 

6-10 OCTOBER 1986 

New York Hilton Hotel, New York 

A limited number of oral and poster presentations on new developments in Analytical Chemistry will be 
accepted for the Silver Jubilee Eastern Analytical Symposium. These contributed presentations will be grouped 
into several sessions to complement the invited technical sessions at this, the celebration of the twenty-fifth 
annual EAS. Prospective authors should submit a 50-100 word abstract on the proposed presentation before 
the deadline (15 February 1986) indicating preference for oral or poster format, to Concetta M. Paralusz, 
EAS Program Chairman, Permacel/Avery International, P.O. Box 671, New Brunswick, NJ 08903. Tel. 
(201)524-5633. Care should be exercised in considering the title and authors of the proposed presentation; 
if the presentation is accepted, both title and authors will be considered final and not subject to change. 
Authors of accepted presentations will receive forms for submission of a 200-300 word abstract which will 
appear in the final programme. The Silver Jubilee EAS will be moving to a new home at the New York Hilton 
Hotel, the finest convention site in the New York City area. 

For details contact: 
Dr. S. David Klein 
EAS Publicity 
642 Cranbury Cross Road 
North Brunswick, NJ 08902, U.S.A. 
Tel. (201) 8461582 

IInd INTERNATIONAL SYMPOSIUM ON QUANTITATIVE 
LUMINESCENCE SPECTROMETRY IN BIOMEDICAL 

SCIENCES 

State University of Ghent, Faculty of Pharmaceutical Sciences, May 1987 

Details from Dr. W. Baeyens, Symposium Chairman, State University of Ghent, Laboratory of Pharma- 
ceutical Chemistry and Drug Quality Control, Harelbekestraat 72, B-9000-Ghent, Belgium. 



NOTICES 

KINETICS IN ANALYTICAL CHEMISTRY 

SECOND INTERNATIONAL SYMPOSIUM 

PREVEZA, GREECE, 9-12 SEPTEMBER 1986 

The scope and aims of the conference will intend to reflect the rapid development and increasing importance 
of kinetic methods of analysis during recent years. 

The scientific programme will include catalytic methods (including enzyme catalyzed applications) 
differential reaction rate methods, and any aspect of kinetic nature with impact on analytical methodology. 

The symposium will consist of five plenary lectures, contributed papers, and posters. 

Details may be obtained from: 
Prof. N. Evmirides 
Laboratory of Analytical Chem., Chemistry Dept. 
Univ. of Ioannina 
Ioannina, Greece 

6th INTERNATIONAL CONFERENCE ON FOURIER 

TRANSFORM SPECTROSCOPY 

VIENNA, AUSTRIA, 24-24 AUGUST 1987 

The 6th International Conference on Fourier Transform Spectroscopy is to be held in the historic city of 
Vienna (Austria) in 1987, exactly one century after Michelson proposed that his interferometer could be used 
for spectroscopy. The conference will cover new developments in Fourier Transform Spectroscopy in the 
infrared, visible and ultraviolet spectral ranges, as well as theoretical and experimental aspects and 
applications. 

For further information please contact: 
INTERCONVENTION, 
P.O. Box 80, A-l 107 Vienna, Austria 
Tel.: (222) 57 63 05, 57 62 88 
Telex: 11 12 10. 

ATOMSPEKTROSKOPIE: IXth CANAS 

NEUBRANDENBURG, DDR, 15-19 SEPTEMBER 1986 

This conference on analytical atomic spectroscopy is organized by the Chemical Section of Karl-Marx 
University, Leipzig and the Chemical Society of the German Democratic Republic as the 9th in the series 
held in the USSR, Czechoslovakia, DDR, Hungary, Bulgaria and Poland. Details are obtainable from: 

Dr. K. Dittrich 
Sektion Chemie 
Karl-Marx-Universitlt Leipzig 
70 10 Leipzig 
TalstraBe 35 
D.D.R. 
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NOTICES 

AMSTERDAM SUMMER SCHOOL ON HPLC 

UNIVERSITY OF AMSTERDAM, 17-21 JUNE 1985 

This international course will provide a coherent survey of high-performance liquid chromatography as an 
analytical and preparative technique. Fundamental aspects of theory and instrumentation will be treated in 
main lectures and seminars by leading international experts in the field. The course includes practical 
experiments in order to illustrate the potential of the technique. The Summer School will be organized by 
Prof. H. Poppe and Dr. J. C. Kraak’s group working on separation. The official language will be English. 

Information and registration through the Municipal Congress Bureau, Oudezijds Achterburgwal 199, 1012 
DK Amsterdam, The Netherlands. 
Telephone: (0)20-552.3458/59. 

COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE XXIV 

15-2 1 SEPTEMBER 1985, GARMISCH-PARTENKIRCHEN, 
FEDERAL REPUBLIC OF GERMANY 

The meeting place will be the “Kongresshaus”, a modern congress centre built in the traditional Alpine style 
and offering all facilities for the formal and informal contents of an international conference. It is situated 
in the middle of the town at the edge of a beautiful park and within easy walking distance of all places of 
interest in Garmisch-Partenkirchen. The CSI XXIV is held under the auspices of the “Gesellschaft Deutscher 
Chemiker” (GDCh) and the “Deutsche Bunsen-Gesellschaft Wr Physikalische Chemie” and sponsored by the 
International Union of Pure and Applied Chemistry (IUPAC). The scientific programme will consist of only 
two kinds of presentation, i.e., invited lectures and posters. There will be about 60 invited lectures summarizing 
the present state-of-the-art in a specific field and showing new perspectives. The invited lectures will be 
delivered in three parallel morning sessions. The posters will be shown in the afternoons. We expect about 
400 posters which will be grouped thematically in symposia introduced by a coordinator and, after the usual 
viewing time, thoroughly discussed. By these means, we hope to make the poster show attractive and efficient. 
Subjects of special interest will be dealt with in panel and round table discussions. 

The conference fees will be about 
DM 450 for full participants 
DM 100 for accompanying persons 
DM 100 for students 
Information from: 
Gesellschaft Deutscher Chemiker 
Abteilung Tagungsorganisation 
Postfach 900440 
D-6000 Frankfurt am Main 90 
Bundesrepublik Deutschland 



NOTICES 

SECOND INTERNATIONAL SYMPOSIUM 
HELD UNDER THE AEGIS OF IUPAC 

ANALYTICAL CHEMIST:? IN THE EXPLORATION, 
MINING AND PROCESSING OF MATERIALS 

PRETORIA, 15-19 APRIL 1985 

Analytical chemistry is vital to the mining and minerals industry. To meet the ever-increasing demands made 
in the quest for better quality and the more economical exploitation of mineral resources, sophisticated 
analytical techniques must be constantly developed or existing methods improved. The need for regular and 
formal exchange of knowledge has resulted in South Africa, with its many mining interests and rich and varied 
mineral deposits, hosting the second Symposium as a sequel to the first highly successful one held in 
Johannesburg in 1976. The objective is to highlight the importance of analytical chemistry in the production 
of materials from the initial stages of exploration and assessment of ores to the beneficiation and, finally, to 
the refined product. The aim is to bring together from all over the world scientists specializing in the various 
fields of analytical chemistry to exchange information, to discuss progress in the analytical sciences and to 
explore future developments. The Symposium should, therefore, be of interest to anyone working in the fields 
relating to the determination of the quality of materials, i.e.. analytical chemists, mineral physicists, 
metallurgists, geologists, chemical and mining engineers. 

All correspondence related to the Symposium should be addressed to: 

The Symposium Secretariat S.328 
CSIR 
Box 395 
PRETORIA 
0001 South Africa 
Tel: (012) 86-9211 x 4412 (Mrs Meyer) 

x 2077 (Mrs Rhodes) 
International + 27 1286-92 11 
Telex 3-21312 SA 

All correspondence, as well as enquiries, with regard to accommodation and/or post-symposium tours, should 
be addressed to: 

The Manager (for attention: Mr J. Erasmus) 
Publicity and Travel Department 
South African Transport Services 
Box 1111 
JOHANNESBURG 
2000 South Africa 
Telephone: National (011) 834-2566 

International + 27 11 834-2506 



AUTHOR INDEX 

Aaron J.-J. 183 
Abanina E. N. 659 
Abdallah A. M. 19 
Abdel-Hady Elsayed M. 1153 
Abel-Hamid M. E. 651, 1002 
Abdel-Khalek M. M. 651. 1002 
Abdel-Salam M. 1002 
Abdulah~-Malalla H. 66 
Abramovii: B. F. 549, 559 
Acedo Valenzuela M. I. 63 
Aggeryd 1. 645 
Ahmed S. 1055 
Akiba K. 824 
Akimoto H. 167 
Akiyama S. 167 
Amankwah S. A. 111 
Amin D. 66 
Anagnostopoulou P. 411 
An Jineru 479 
Antok&kaya I. I. 1105 
Anuse M. A. 1008 
Arce F. 931 
Argues0 M. 81 
Aruga R. 517 
Askeland R. A. 830 
Asplund J. 893 
Aznarez 3. 1156 

Bag S. P. 179 
Bailey C. J. 875 
Bailev J. E. Jr 87.5 
Baiocchi C. 961 
Baiulescu G. E. 295 
Baiic S. J. 115 
Bancroft K. C. C. 69 
Banica F. G. 1145 
Barary M. H. 1153 
Barbosa J. 1077 
Barek J. 279, 987 
Barrado E. 407 
Batistoni D. A. 641 
Bazzi A. H. 501 
Beecher G. R. 334 
Beltagy Y. A. 209, 657 
Ben-Yaakov S. 1023 
Bergens A. 893 
Be&a A. 987 
Berzas Nevado J. J. 63 
Bet-Pera F. 993 
Betteridge D. 709 
Bhandari L. M. 1064 
Bhatki K. S. 833 
Bhosale S. N. 155 
Bighi C. 539 
Bjrarnstad H. E. 907 
Blackburn L. G. 763 
Blanco C. 931 
Blanc0 Gomis D. 915 
Bonitz U. 1035 
Bosch E. 1077 
Bosch Reig F. 224 
Brajter K.-521 
Brauer H. 1035 
Brevik E. M. 907 
Bright F. V. 15 
Burbea Z.-H. 1023 
Burger N. 49 

Cache J. 11 
Cano Pavon J. M. 887 
Cantwell F. F. 901 

Capone S. 675 
Carrera R. 1077 
Cartwright M. 127 
Carunchio V. 47 
Casado J. 931 
Castrillejo Y. 407 
Cerda V. 123, 1159 
Chao T. T. 475, 568 
Chauhan S. 139 
Chavan M. B. 1008 
Chayama K. 797 
Checa Moreno A. 224 
Chen Tongyue 1072 
Chen Wei-yong, 1119 
Chiavari G. 1005 
Chow A. 241 
Chwastowska J. 574 
Ciszewski A. 1051, 1101 
Coetzee C. J. 821, 827 
Cofre P. 119 
Connor J. 435 
Contardi V. 579 
Copia G. 119 
Corsini A. 791 
cosma B. 579 
Cox J. 34 
Cristescu C. 29.5 
Crouch S. R. 37 

Daabees H. S. 209, 657 
Daniele P. G. 78 
Das H. R. 457 
De Angelis G. 47 
D&y 2. 86 
DeLuccia F. J. 665 
De NeSe R. 491 
De Robertis A. 675 
De Stefano C. 675 
Diaz Garcia M. E. 189 
Diehl H. 159 
DiFruscia R. 791 
Dindi S. N. 1161 
DiNunzio J. E. 803 
Dittrich K. 195, 1019, 1035 
Dongen L. G. G. van 230 
D’Uhvo A. 103. 383 
Dyke J. T. 807 

Eiaz M. 1055 
El-Defrawy M. M. 19 
El-Samman F. M. 66 
El-Shabouri S. R. 999 
Erlijman L. H. 641 
Escriche J. M. 1058 

Fagioli F. 539 
Faltynski K. H. 763 
Fang Yu-Zhi 215, 1016 
Fasching J. L. 111 
Fernando Q. 807 
Ferrer A. 1156 
Fine D. D. 751 
Fleury G. 363, 373 
Flieger A. 1141 
Forteza R. 123, 1159 
Fortier N. E. 1047 
Francois M. 491 
Freiser B. S. 697 
Fresco J. 830 
Fritz J. S. 1047 

xvii 

Fuente Alonso E. 915 
Fuertes M. I. 641 
Fujinaga T. 735 
Fujita K. 571 
Fuoco R. 103 

Ga&l F. F. 549. 559 
Gallai Z. A. 659 
Gamot A. P. 363. 373 
Gampp H. 95, li33 
Gao Jialong 1072 
Garai T. 539 
Garcia de Torres A. 887 
Garcia S&nchez F. 967 
Garriga N. 669 
Gatford C. 273 
Gearhart H. L. III 551 
Gennaro M. C. 961 
Gilpin R. K. 329 
Gimeno Adelantado J. V. 224 
Ghe A. M. 359, 949, 1005 
Girelli A. M. 47 
Gningue D. 183 
Goldhaber M. B. 395 
Gomez Ariza J. L. 467 
Gomez-Hens A. 203, IO41 
Gomez-Nieto M. A. 319 
Gontilez G. 467 
Goto K. 391 
Grases F. 123 
Greeff A. 307 
Guasch J. 73 
Gu Gang 1072 
Guinon J. L. 265 
Gutierrez A. M. 927 
Gutschick V. P. 93 
Gu Yuan-xiang, Ill!} 

Haasbroek F. J. 313 
Hadjiantoniou-Maroulis C. P. SO4 
Haimovits D. 1023 
Hamon M. 227 
Hannaker P. 495 
Haque S. 51 
Hara M. 41 
Hashimoto H. 824 
Hashimoto N. 1093 
Hassan S. S. M. 301 
Haswell S. J. 69 
Haukka M. 495 
Have1 J. 171 
Hayashita T. 399 
Heinig W. 145 
Henderson P. J. 763 
Hern&ndez Cbrdoba M. 218, 221, 325 
Hernandez Lopez M. 967 
Herrmann 0. 791 
Hirose S. 865 
Honjo T. 771 
Hori T. 735 
Horlick G. 583, 601, 615 
Hoshi S. 44, 1093 
Hou Qing-Lie 495 
Howard A. G. 723 
Hoyer B. 839 
Hubert A. E. 568 
Hughes T. C. 495 
Hu Kai-jing 23 
Hulanicki A. 531 
Hutchison E. K. 803 



Ida 1. 3.53 
Imura H. 785 
Indrasenan P. 1067 
Inoue S. 44, 1093 
Ianescu M. S. 295 
Ishida K. 207 
Ishimitsu T. 865 
Iskander M. L. 301 
Issa A. S. 209. 657 
Ito-Oka E. 39i 
Izqu~erdo A. 73, 669 

Jagit K. 212 
Jam A. 238 
Jankowski K. 291 
Jaselskis B. 115 
Jaskblski M. 511 
Javdrek M. 973 
Jaya S. 1061 
Jayasree N. 1067 
Jezorek J. R. 763 
JimCnez !%nchez J. C. 1074 

Kadyan P. S. 387 
Kandemir G. 295 
Kannan R. 419 
Karanassios V. 583, 601, 615 
Kasahara 1. 391 
Kassem M. G. 209, 657 
Kersten B. R. 501 
Khalil M. M. 1151 
Khan A. S, 241, 901 
Khopkar S. M. 155, 565 
Kiba T. 771 
Kirovskaya 1. A. 57 
Klejny K. 521 
Koch W. F. 525 
Korsse J. 451 
Koupparis M. A. 411 
Kov&cs 2s. 581 
Kragten .I. 27 
Kryger L. 839 
Kuchekar S. R. 1008 
Kumura II. 353 
Kuroda R. 353 
Kwakye J. K. 1069 

Lacoma M. A. 11 
Laouenan A. 245 
Lemus Gallego J. M. 1074 
Leszczynska J. 883 
Leurs G. A. J. 451 
Lewenstam A. 53I 
Lexa J. 1027 
Linder P. W. 83 
Lindstrem N. S. 907 
Lippolis M. T. 949 
Little J. C. 83 
Liu Giang-hua, I 113 
Liu Kun-Yuan, 1163 
Liu Xilin 1072 
Llobat Estelles M. 11158 
Locate% C. 539 
tomozik L. 511 
Lopez Garcia I. 32.5 
Lorimer J. P. 212 
Love L. J. C. 665 
Louwrier P. W. F. 451 
Luca C. 1151 
tukaszewski Z. 1101 

Lundstrom K. 893 Papina T. S. 195 
Luque de Castro M. D. 81, 319, 339, 845 Papoff P. 103, 383 
Lu Zhi-ren, 1119, 1125, 1129 Pardo R. 407 
Lydersen E. 907 

Maeder M. 95, 257, 1133 
Mahgoub H. 1153 
Mahrous M. S. 651, 1002 
Makrlik E. 423 
Malkar V. B. 31 
~lmstadt H. V. 411 
March J. G. 123 
Marchevsky E., 54 
Marco L. 1156 
Marczenko Z, 291 
Markuszewski R. 159 
Marinenko G. 525 
Marone C. 54 
Maroulis A. J. 504 
Martin A. 319 
Martin C. R. 745 
Maslowska J. 883 
Mason T. J. 212 
Math IL. S, 811 
Mathubara M. 44 
Matsubara M. 1093 
Mauersberger K. 145 
May P. M. 483 
McGown L. B. 15 
Medina H. D. 763 
Mehra M. C. 207 
Meloun M. 171, 973 
Mentasti E. 961 
Meranger J.-C. 435 
Messina A. 47 
Meyer C. J. 95, 257, I133 
Midelev D. 7 
Minganti V. 579 
Mohite B. S. 565 
Mostafa M. A. 19 
Mote N. A. 1008 
Mothes W. 195 
Mottola H. A. 679, 751 
Mozer E. 574 
~ui~hy D. E. 7 
Murakami M. 513 
Muroi M. 797 
Murray K. 483 
Masuyama K. 391 
Muto G. 1.50 
Myasoedova G. V. 1105 

Nakashima K. 167 
Nakatsuii S. 167 
Nashed i\r. E. 301 
Nayak V. G. 31, 148 
Nerin C. 11 
Neshkova M. 654, 937 
Niebereall K. 1035 
Nis~id~ K. 167 
Nishino Y. 662 

Qkamoto K. 177 
Okazaki A. 771 
Olin A. 645 
Glsina R. 54 
O’NeiIl P. 69 
Orchard S. W. 307 
Ozinga W. 27 

Pa&k& Y. 279 

Pastorelli L. 949 
Pa&i: D. Z. 549 
Paus P. E. 907 
Perez-Conde C. 927 
Peris Martinez V. 224 
Petidier A. 1041 
Phillips R. B. 830 
Pickering W. F. 131 
Polo Diez L. M. 927 
Poonam (Mrs.) 387 
Postaire E. 227 
Potter N. M. 545 
Pradeau D. 227 
Prieto N. E. 745 
Prop L. T. M. 230 
Przeszlakowski S. 1 I41 
Pudmer E. 86 
Puri B. K. 20’7 

Qi Wen-bin 1013 
Quanci J. F. 577 
Qureshi P. M. 51 
Qureshi S. S1 

Rabadan J. M. 1156 
Radcliffe M. D. 285 
Rajagopalan S. R. 4f9 
Raian S. C. S. 1064 
Ramakrishna T. V. 419 
Rambaek J. P. 907 
Rao G. P. 1061 
Rao T. P. 1061 
Rao V. R. S. 1082 
Raoot K. N. 1011 
Raoot S. 1011 
Rebollar M. P. 927 
Rigano C. 78 
Ri& A. 845 
Rius F. X. 73 
Resales D. 467 
Rothwell S. D. 431 
Row B. R. L. 1064 
Rubio S. 203, 1041 
Ryan D. K. 859 

Sakla A. B. 19 
Sakurai H. 865 
Salbu 8. 907 
Salgado Ordoiiez M. 887 
S&as F. 63, 1074 
Salonen A.-M. 461 
Sammartano S. 78 
Sanchez Batanero P. 407 
Sanchez-Pedreiio C. 218, 221, 325 
Sane R. T. 31, 148 
Santaballa J. A. 931 
Sa~z~Medel A. 189. 915 
Sanzolone R. F. 475 
Sapre D. S. 148 
Sarma N. V. V. S. N. M. It61 
Sarzanini C. 961 
Satake M. 207 
Sat0 S. 341, 447 
Saudemon M. 373 
Savvin S. B. 1105 
Scarcella R. 675 
Schulman S. G. 285 
Sekido E. 797 



Sen Gupta J. G. 1 
Sevillano Cabeza A. 1058 
Seyama H. 177 
Shan Xiao-quan 23 
Sharma D. K. 139 
Sheina N. M. 659 
Shen Ming-Neng 215, 1016 
Sheytanov H. 654, 937 
Shkinev V. M. 1019 
Shpigun L. K. 659 
Siddhanta S. 457 
Siddique E. 1055 
Sidhu H. S. 139 
Singh I. 387 
Sioda R. E. 1083 
Sokalski T. 531 
Soma M. 177 
Sood A. 139 
Spivakov B. V. 1019 
Sponton E. 221 
Stefanelli C. 359, 1005 
Steger H. F. 439, 235, 1088 
Strelow F. W. E. 313, 953 
Stulik K. 279, 1027 
Subhashini M. 1082 
Subramanian K. S. 435 
Subramanian M. S. 1082 
Suet E. 245 
Sun I-Wen 993 
Suresh T. 811 
Sutarno R. 439, 1088 
Suzuki N. 785 
Szekely E. 153 
Szentirmay M. N. 745 

Taguchi S. 391 
Takada K. 921 

Takada T. 513, 571 
Takagi M. 399 
Takamoto S. 757 
Tan Y. L. 577 
Tanaka N. 34 
Tanaka T. 525 
Tanase I. 1151 
Terada K. 771 
Thijssen P. C. 230 
Torrance K. 273 
Tsintiki P. 359, 1005 

Uchiyama S. 150 
Ueda K. 662 
Ugapo T. 131 
Urbaniczky C. 60 

Valcarcel M. 81, 203, 319, 339, 845, 
1041 

Vanderslice J. T. 334 
Vaiiura P. 423 
Vehnov G. 957 
Vergosen H. E. III 545 
Vergoten G. 363, 373 
Verma B. C. 139 
Verma K. K. 238 
Veschi G. 359 
Viiias P. 218, 221 
Voulgaropoulos A. N. 504 

Wade A. P. 709, 123 
Waki H. 345 
Walt T. N. van der 313 
Wandruszka R. von 307 
Wang S. M. 329 
Wanty R. B. 395 

Watarai H. 817 
Weber J. H. 859 
Weiss H. V. 830 
Welsch E. P. 996 
Wennrich R. 1035 
Wen Xiaodan 479 
Wiegand P. M. 31 
Williams D. R. 483 
Wittmann Zs. 86, 581 
Woolf A. A. 127, 431 
Wu Quianfeng 507 

Xu Bo-Xing 215, 1016 
Xu Tong-Ming 215, 1016 

Yamamoto Y. 662 
Yao Shou-zhou, 1113 
Yao Xu-zhang, 1125, 1129 
Yeung E. S. 1097 
Yoshimura K. 345 
Yost R. W. 803 
Yudeievich I. G. 195 
Yu Ren-qing, 1125, 1129 
Yu Ru-Qin, 1163 
Yurow H. W. 337 
Yuryeva A. V. 57 

Zanicchi G. 579 
Zavaia P. J. 285 
Zelyeva G. M. 57 
Zhou Jinkui 479 
Zhou L. 415 
Zhou Nan, 1119, 11:!5, 1129 
Zhu Li-zhong 1013 
Zima J. 279, 987 
Zuberbilhler A. D. 9.5, 257, 1133 

xix 


	1_6.pdf
	7_10.pdf
	11_14.pdf
	15_18.pdf
	19_22.pdf
	23_26.pdf
	27_30.pdf
	31_33.pdf
	34_36.pdf
	37_40.pdf
	41_43.pdf
	44_46.pdf
	47_48.pdf
	49_50.pdf
	51_53.pdf
	54_56.pdf
	57_59.pdf
	60_62.pdf
	63_65.pdf
	66_77.pdf
	69_72.pdf
	73_77.pdf
	78_80.pdf
	81_82.pdf
	83_85.pdf
	86_91.pdf
	93_94.pdf
	95_101.pdf
	103_109.pdf
	111_114.pdf
	115_118.pdf
	119_122.pdf
	123_126.pdf
	127_130.pdf
	131_138.pdf
	139_143.pdf
	145_147.pdf
	148_149.pdf
	150_152.pdf
	153_154.pdf
	155_157.pdf
	159_165.pdf
	167_169.pdf
	171_175.pdf
	177_181.pdf
	183_187.pdf
	189_193.pdf
	195_201.pdf
	203_206.pdf
	207_208.pdf
	209_211.pdf
	212_214.pdf
	215_217.pdf
	218_220.pdf
	221_223.pdf
	224_226.pdf
	227_229.pdf
	230_234.pdf
	235_237.pdf
	238_240.pdf
	241_243.pdf
	245_255.pdf
	251_264.pdf
	265_272.pdf
	273_278.pdf
	279_283.pdf
	285_289.pdf
	291_294.pdf
	295_299.pdf
	301_305.pdf
	307_311.pdf
	313_317.pdf
	319_324.pdf
	325_327.pdf
	329_333.pdf
	334_335.pdf
	337_338.pdf
	339_340.pdf
	341_344.pdf
	345_352.pdf
	353_357.pdf
	359_362.pdf
	363_372.pdf
	373_382.pdf
	383_386.pdf
	387_390.pdf
	391_394.pdf
	395_398.pdf
	399_405.pdf
	407_410.pdf
	411_417.pdf
	419_422.pdf
	423_429.pdf
	431_433.pdf
	435_438.pdf
	439_445.pdf
	447_450.pdf
	451_455.pdf
	457_460.pdf
	461_465.pdf
	467_474.pdf
	475_478.pdf
	479_482.pdf
	483_489.pdf
	491_494.pdf
	495_499.pdf
	501_503.pdf
	504_506.pdf
	507_509.pdf
	511_512.pdf
	513_516.pdf
	517_519.pdf
	521_524.pdf
	525_530.pdf
	531_537.pdf
	539_543.pdf
	545_548.pdf
	549_558.pdf
	559_563.pdf
	565_567.pdf
	568_570.pdf
	571_573.pdf
	574_576.pdf
	577_578.pdf
	579_580.pdf
	581_582.pdf
	583_599.pdf
	601_614.pdf
	615_631.pdf
	633_639.pdf
	641_644.pdf
	645_649.pdf
	651_653.pdf
	654_656.pdf
	657_658.pdf
	659_661.pdf
	662_664.pdf
	665_667.pdf
	669_674.pdf
	675_677.pdf
	679_696.pdf
	697_708.pdf
	709_722.pdf
	723_734.pdf
	735_743.pdf
	745_749.pdf
	751_756.pdf
	757_762.pdf
	763_770.pdf
	771_777.pdf
	779_784.pdf
	785_790.pdf
	791_795.pdf
	797_802.pdf
	803_806.pdf
	807_810.pdf
	811_815.pdf
	817_820.pdf
	821_823.pdf
	824_826.pdf
	827_829.pdf
	830_831.pdf
	833_837.pdf
	839_844.pdf
	845_850.pdf
	851_858.pdf
	859_863.pdf
	865_873.pdf
	875_882.pdf
	883_886.pdf
	887_891.pdf
	893_899.pdf
	901_906.pdf
	907_913.pdf
	915_920.pdf
	921_925.pdf
	927_929.pdf
	931_935.pdf
	937_947.pdf
	949_952.pdf
	953_956.pdf
	957_960.pdf
	961_966.pdf
	967_972.pdf
	973_986.pdf
	987_991.pdf
	993_995.pdf
	996_998.pdf
	999_1001.pdf
	1002_1004.pdf
	1005_1007.pdf
	1008_1010.pdf
	1011_1012.pdf
	1013_1015.pdf
	1016_1018.pdf
	1019_1022.pdf
	1023_1026.pdf
	1027_1033.pdf
	1035_1039.pdf
	1041_1045.pdf
	1047_1050.pdf
	1051_1054.pdf
	1055_1057.pdf
	1058_1060.pdf
	1061_1063.pdf
	1064_1066.pdf
	1067_1068.pdf
	1069_1071.pdf
	1072_1073.pdf
	1074_1075.pdf
	1077_1081.pdf
	1082_1082.pdf
	1083_1087.pdf
	1088_1091.pdf
	1093_1096.pdf
	1097_1100.pdf
	1101_1104.pdf
	1105_1112.pdf
	1113_1117.pdf
	1119_1124.pdf
	1125_1128.pdf
	1129_1132.pdf
	1133_1139.pdf
	1141_1144.pdf
	1145_1150.pdf
	1151_1152.pdf
	1153_1155.pdf
	1156_1158.pdf
	1159_1160.pdf
	1161_1162.pdf
	1163_1166.pdf
	i_i.pdf
	i_i_1.pdf
	i_i_2.pdf
	i_i_3.pdf
	i_i_4.pdf
	i_i_5.pdf
	i_i_6.pdf
	i_i_7.pdf
	i_i_8.pdf
	i_i_9.pdf
	i_ii.pdf
	i_ii_1.pdf
	i_viii.pdf
	IFC_IFC.pdf
	ii_ii.pdf
	ii_iv.pdf
	III_III.pdf
	III_III_1.pdf
	iii_iii_2.pdf
	III_III_3.pdf
	III_III_4.pdf
	III_III_5.pdf
	iii_iv.pdf
	iii_iv_1.pdf
	iii_iv_2.pdf
	iii_iv_3.pdf
	iii_iv_4.pdf
	iii_iv_5.pdf
	iii_iv_6.pdf
	III_VI.pdf
	iii_xv.pdf
	v_v.pdf
	v_v_1.pdf
	v_v_2.pdf
	v_v_3.pdf
	v_v_4.pdf
	V_V_5.pdf
	V_V_6.pdf
	v_vi.pdf
	v_vi_1.pdf
	xvii_xix.pdf

