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A FLOW CONTROLLER FOR HIGH-PERFORMANCE LTQUID CHROMA- 
TOGRAPHY AND ITS APPLLCATEONS 

_KEI ASAI, YOH-ICHI KANNO, AKIRA NAKAMOTO and TAXJKU HARA 
Scientific aid Industrial Instrument Di&ion, Shimadzu Sekahsho Ltd., Kyoto 604 (Japan) 

SUMMARY 

A new flow control system has been developed for high-performance liquid 
chromatography, which consists of a flow sensor (a bubble ffow tube) connected to 
the detector outlet, an electro-pneumatic controller and a pressure control valve for 
a pneumatic amplifier pump. 

The flow sensor measures the volumetric flow-rate of the carrier from the coi- 
umn with no influence of viscosity changes. The system keeps the flow-rate of the 
carrier constant within an accuracy of f 0.3 %_ 

A high-performance liquid chromatograph equipped with this flow controller 
provides various advantages : 

(I) The repeatability of the retention time and peak area is better than &- 0.5 %, 
even in gradient elution analysis. 

(2) The Bow-rate is set digitally with no calibration factor for any type of 
carrier. 

(3) The real flow-rate is indicated every few seconds on a recorder or a meter. 
(4) Calibration procedures involved in gradient rate changes can be eliminated. 

INTRODUCTION 

High-performance liquid chromatography (HPLC) has become a very impor- 
tant technique in analytical chemistry, and the repeatability and the accuracy of the 
rest&s obtained are becoming increasingly important. 

One of the important parameters that affects the analytical accuracy is the 
flow-rate of the carrier. The causes of changes in this flow-rate in liquid chromato- 
graphic systems have been suggested l** to be leakage at the piston seal or check valve 
in a reciprocating piston pump, liquid compressibility under high pressure in a con- 
stant displacement pump, and carrier viscosity changes owing to changes in temper- 
ature and/or composition in a pneumatic amplifier p’tmp. In addition to these factors, 
the cohunn permeability, which is inthtenced by the settling and swelhng of the pack- 
ing in the column, and clogging in a fine fiber are also causes of changes in fiow-rate. 
Further, in gradient elution chromatography, the composition of the carrier changes 
with time, which is accompanied by changes in viscosity and liquid volume. Ali of 
these factors adversely affect the analytical results. 
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Jackson and Henry introduced a feed-back flow controller in order to over- 
come these prob!emss. They employed 2 pressure transducer as a flow-sensing eke- 
ment, which monitors the pressure drop (4~) across a calibrated flow restrictor. 
Therefore, their flow control!er could not compens&e for flow changes due to chaarges 
in viscosity and temperawe. 

in this study, the volumetric flow-rate of the carrier was measured at the 
outlet of the analytical column and this flow-rate was kept constant by using new 
electro-pneumatic flow controller. The design, characteristics and some applications 
of this flow controller in HPK are described. 

EXPERIMENTAL 

Fiow meter design 

In order to eliminate viscosity-dependent characteristics involved in the 
method which monitors 4p across a flow restrictor, we employed a bubble flow tube, 
which is capable of measuring the volumetric flow-rate directly. 

The flow meter is illustrated in Fig. 1. -4 very small air stream, for instance 
4O$/min, is introduced into the carrier flow through a small nozzle, and bubbles 
are formed periodically. The air line consists of a very narrow restrictor tube, a 60-m 
stainless-steel pipe of 0.08 mm I.D. and a pressure regulator that supplies a constant 
pressure of about 5-6 atm to this narrow restrictor tube so that the air flow-rate is kept 
constant, independent of changes in the carrier flow-rate and/or viscosity. With an 
aqueous carrier, bubbles are formed about every 20 set and with methanol about 
every 5 sec. 

The hubbies flow successively into a transparent flow tube (glass, 1 mm I.D.) 
and the time of travel between two points a definite distance apart on the flow tube 
(32 mm) is measured photoelectrically. 

The inlet-side photo-transistor detects the entry of an air bubble into this flow 
tube by the change in intensity of the light from 2 Iight-emission diode, and starts the 

w TUBE 
FROM 
OETECTOR 
OUTLET 



inte&tor circuit integrating a cetitiin constant vok+ge with respect to time. The 
outiet-side photo-trmsistor detects the exit of the bubble and stops the integration. 
T&us, the ktegrator output voltage is proportional to the time of travel of the bubble 
and is- inversely proportional to the sum of the bubble and carrier flow-rates. 

The integrated voltage is held until the next bubble is measured and is used as 
the feed-back control signal. For direct reading purposes, this integrated voltage is 
converted into an inverse nirmber. Then the air flow-&e, which has been measured 
independently, is subtracted from this inverted value to give the carrier flow-rate on 
a strip-chart recorder or a meter. 

Flow control system 
A pneumatic amplifier pump (Haskel, Burbank, Calif., U.S.A.) was used as 

the pumping system. In this constant-pressure system the carrier ffow-rate changes 
slowly owing to a change in the colmnn back-pressure (Le., caused by settling of the 
packing, or by swelling, etc.), or changes in the viscosity due to temperature or when 
solvent gradients are used. The time lag from the change in pressure of the air supply 
to the resulting carrier flow-rate change at the column outlet is relatively large. In 
view of these system characteristics and the fact that the flow-rate measurement is 
discontinuous, we employed a control system in which a control signal is fed back to 
re-set the setting of a precision pressure controller (booster relay) for the pneumatic 
amplifier pump. The control system is ilmstrated in Fig. 2 and a block diagram of 
the electronic control circuits is shown in Fig. 3. 

As shown in Fig. 3, the Bow-rate is set by using a. digital switch in the voltage 
that is inversely proportional to the total flow-rate of the carrier and air. The inte- 
-@itor output voltage is compared with this pre-set voltage and the deviation is am- 
plified in the differential amplifier circuit. This amplified deviation is fed to a motor 
drive circuit via a linear&r, which converts the deviation into a value proportiona! 
to the actual llow-rate deviation, and the motor is driven during the time proportional 
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Fig. 3. Block dia,gam of electrical circuit for flow controller. 

to the flc;w-rate deviation to rotate the needle vaIve shaft. The driving time can be 
adjusted by a gain controlier. 

As shown in Fig. 2, the needle valve is in the pneumatic control line. The pneu- 
matic control line has a mass fiow controller, 2 needle valve and a precision booster 
reIay, and provides the following functions. 

The mass flow controlIer ahvays maintains a flow velocity of about 2 I/m& 
independent of the flow resistance of the needle valve. Hence the resistance changk 
of the needle valve accordins to the shaft rotation by the motor causes 2 change in the 
inlet pressure of the needle valve. This pressure is supplied to the setting side of the 
precision booster relay tc control the air pressure to the pneumatic amplifier pump 
so that the column inlet pressure is regulated so as to maintain the carrier flow-rate 
constant. 

As described above, there is some time delay in the control loop and the mea- 
surement of the f-low-rate is discontinuous. Therefore, the amount of feed-back must 
be suppressed so as to follow the set flow-rate gradually. The relationships between 
the kind of carrier and the amount of feed-back were carefuIIy examined. 

Liquid chromatograph 
The Iiquid chromatograph used was a DuPont Model 830 instrument equipped 

with gradient elution accessories. A photograph of the combined Model 830 instru- 
ment and the flow controller (on the left) is shown in Fig. 4. 

_L _;__- . _.-_____ ~. 1_,...~_ _- _. - 

Fig. 4. Liquid chronxztograph with ffow controller (left-hand module). 
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The liquid chromatographic column (1 m x 2.1 mm LD.) was packed with 
Permaphase ODS (DuPont, Wilmington, Del., U.S.A.). The carriers were distilled 
water and reagent-grade methanol. The samples were fused-ring aromatic h$lro- 
carbon standards such as naphthalene, biphenyl, anthracene, pyrene, chrysene and 
beuzo[a]pyrene. Sample injections were made with a high-pressure sampling valve. 
The sample vohme was 12~1. 

Other equipment 
A Model ITG4A and Chromatopac-l-4 (Shimadzu Seisakusho Ltd., Kyoto, 

Japan) digita integrator was used. In addition to a DuPont gradient programmer, 
a Model GRE-1 multi-linear gradient programmer (Shimadzu Seisakusho Ltd.) 
was also used. 

RESULTS AND DISCUSSION 

Fiolv-rare measuren7enC and control 

In the flow meter, if the back-pressure at the air-bubble former (nozzle) is 
changed, the air Bow-rate is also changed and this change causes an error in the 
measurement of the carrier flow-rate_ In order to avoid this erroneous measurement, 
it is necessary to keep the back-pressure as low as possible and to take precautions so 
that the influence of the change in back-pressure is as small as possib!e. In this study, 
the back-pressure was kept as low as 0.01 kg/cm’, and the air pressure supply was as 
high as 5 kg/err,‘. Hence the air flow-rate was maintained constant_ 

It was observed that in the measurement of flow-rate, the resistance change in 
the narrow restrictor tube and the change in the len@h of the flow tube by fluctuations 
in the ambient temperature were ne&ibly small. 

The relationship between the set flow-rate and the real flow-rate controlted 
by the flow controller is shown in Table P. The real Bow-rate was measured by the 
gravimetric method using water as carrier. The linearity is better than approximately 
1% in the range from 1 .O to 4.5 ml/min in water. As a result, the controller is capable 
of covering a range from 0.3 to 4.9 ml/min. 

TABLE L 

RELATION BETWEEN SET FLOW-RATE AND REAL FLOW-RATE 

Czrrier, water; bubble interval, about 20 sec. 
___~__. 

Set flow-rate (miJnnk) Real flow-rate (mlJnC.n) Deviaticn (f&J 

1.0 0.995 0.5 

2.0 2.020 1.0 
3.0 3.024 0.8 
4.5 4.524 0.5 

Fig. 5 shows an example of actual control functions. It shows the recorder 
trace of0.8 d/tin of water with the full scale of recorder set to 1 mI/min. The results 
indicate that the flow-rate is contro!led to within & O-2-0.3 % of the set Aow-rate. 



Fig.*5 Examp!e of Bow-rate record. One division corresponds to 0.01 ml/min. 

Fig. 6 is an example of 2 high-performance Ii&d ehromatogram of fused- 
ring aromatic hydrocarbon standards obtained by usia, = 2 Model 830 Iis_uid cbro- 
matograph equipped with the flow controller. The flow-rate was also recorded simul- 
taneously. Five peaks were recorded in the order solvent, x.znknowa, biphenyl, an- 

UV 254nn 
64 X IO” Abs. 

Fig. 6. Cbromato~ for zproducibility check. Operating conditios~~: cohmm, Rmaphase UDS, 
1 m X 2.1 mm LIB.; renperature, 50°; carrier, methaaof-water (3:2); ffow-rate, O.Sn@nia; de- 
tector, WV pbstometer (2% nn?) et 64. fO-2 a.u_f.s. 
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TMLE If 

REPRODUCLBILZTY OF RETENTION TIME PN ISOCRATIC ELUTION 

Column, Pemzphass ODS; 1 iz1 x 2-l mm LD.; ten;perature, 50°; carrier: methanol-water (3:2); 
ffovkate, 0.8 ml,/&; detector. UV photometer at 254 I~LI~. 

RL!n No. Retention time (min} 

Solvent Unknown Bipheny! Anfhracene PyreIre 

1 1.63 2x0 3.54 6.51 10.64 
2 1.64 -2_Sl 3.55 6.52 10.64 
3 1.64 2.51 3.55 6.50 10.61 

4 1.64 2.81 3.55 6.50 10.61 

z 1.65 1.65 2.81 2.82 3.55 3.55 6.50 6.51 10.62 10.63 
7 1.65 2.81 3.55 6.51 10.62 
8 1.65 2.81 3.55 6.51 10.62 
9. 1.64 2.81 3.54 6.51 10.62 

10 1.65 2.81 3.55 6.51 10.63 
11 1.65 2.82 3.56 6.52 10.66 

12 1.64 2.81 3.55 6.52 10.65 

Average I.6442 2.8108 3.5492 6.52 10.629 
G 0.0064 o.m93 omx93 o.cO707 0.01439 
Coetiicierit 
of variation 0.39 % 0.175% 0.139% 0.109% 0.141% 

thracene and pyrene. The carrier was 60% methanol in water. A UV 254 absorption 
detector was used at the full-scale rar?ge of 64. 10s2 absorbance unit. The tlov+rzte 

w2s 0.8 ml/tin. Under such conditions, the reproducibi!ities of the retention time and 
peak area were determined and the results are shown in Tables If and III. 

REPRODUCKMLITY OF PEAK ARE& IN ISOCRATIC ELUTION 

Operat@ condition as in Table II. 

-Bun No. Peak area rczio 

Biphenyjanthracene Pyrene/arzlhracetie 

1 0.4228 0.6751 
2 0.4206 0.6747 
3 O-42@? 0.6564 
4 0.4176 0.6738 
5 0.4179 0.6740 
6 0.4194 0.6’773 
7 0.4187 0.6753 
8 0.4161 0.6703 

9 O-4168 0.6717 
10 0.4172 0.6745 
11 0.4199 0.6758 
12 0.4159 0.6710 

Average 0.4186 0.6750 
li O.Oq97 0.00395 CoeiZcient 

of variation 0.472% 0.585 % 



It can be seen from Table II that the reprodu&bility of the retention time was 
excellent. The coefEcients of variation were 0.39 *A for the solvent peak, 0275 % for 
the unknown peak, 0.139 “/ for biphenyl, 0.109 “/d for anthracene and 0.141% for 
pyrene. 

The reproducibility of the peak area measmed by a digital integrator (Shi- 
madzzz ITG-44) is shown in Table III. Tbe reprodutcibifities of the peak arca ratio of 
biphenyl to anthracene and pyrene to anthracene are 0.47zand 0.585 % (coef$?cients of 
variation), respectively. 

The change in Bow-rate in gradient elution chromatography using the Bow 
controller is shown in Fig. 7. In this instance the carrier was varied from lG#% water 
to 100 % methanol at a gradient rate of 5 %/min. As can be seen from Fig. 7, the fiow- 
rate is kept constant even in the _mdiezz elution operation. Thus, the gradient elution 
chromatography is carried out with no ef%ct from changes in flow-rate, and the 
separation is expected to be governed only by the characteristics of the sofvent. 

) I I f I :t t-a 

Fig. 7. Flow-rate during graclfent eturim using ilow controller. Openting conditiox~~r ccllumn, 
P~rmaphase ODS, 1 m X 2.1 mm I.D.; temperature, 5W, owrier, from 100% water to 100% meth- 
anol a& tlie rate of 5 %jmin. 

Table IV iI!ustrates the reproducibility of the retention times in _madient eiu- 
r:ior, chromatography, This analysis was carried out in 2 days and the results demon- 
strate that a reproducibility of better than 43.3% is obtained for all-peaks. 

Constant fIow operations in wdient elution cbromato_mphy have a great 
advantage in quantitative analysis_ The ef&ts of the gradient rate on pk retention 



REPRODUcE&B_&~ OF RETEKFZ0N TIME PN GRADIENT ELUT~ON 
Cohmn, Peri1~3p~~ ODS, 1 m x 2.1 mm 1.D.f titipenture, 50”; carrier, fkom 100% water to 
RIO% me-of at the rate of 4%jrnin; Bow-rate, f.Oml~min; detector, CfV @.54nr@ at 64.10Tr 
Z.Uf.S_ 

Anthracene Pyrene Chrysene 

i 123 16.08 19.22 21.72 23.69 25.53 25.91 
2 12.33 16.09 19.25 21.74 23.69 25.50 25.92 
3 12.47 16.23 19.35 21.82 23.75 25.54 25.94 
4 12.42 16.17 19.28 21.79 23.70 25.50 25.90 
5 12.38 16.13 19.28 21.78 23.72 25.52 25.91 
6 12.39 16.18 19.31 21.77 23.71 25.50 25.89 
7 12.37 ldi4 19.26 21.76 23.66 25.44 25.86 
8 12.35 16.12 19.25 21.72 23.17 21.41 25.83 
9 12.35 16.12 19.23 21.75 23.69 25.47 25.88 

10 1238 16.13 19.22 21.69 23.69 25.43 25.85 

Average 
CT 
C5ekIicient 
of variation 

12.383 16.145 19.265 21.753 23.687 25.484 25.889 
0.038 0.045 0.039 0.037 0.036 0.042 0.032 

0.307% 0.276% 0_204% 0.172% 0.168% 0.166% 0.125% 

Benzofej- Benzafaj- 
pyEVl.5 pyrene 

time and area are shown in Tables V, VI and VII. The gradient rate examined is also 
shown in Fig. 8. For the purpose of comparison, the e&cts of carrier composition on 
retention time and area in isocratic elution chromatography are shown in Table VIII 
and the chromatogram is shown in Fig. 9. 

~~ ~~ ~~ 

0 10 20 30 40 0 5 10 I5 20 0 

Time (min. 1 

(Al 
Fig. 8. Gndient function. 

Time ( min. 1 Time [min. ) 

(81 (Cl 

It was observed dearly that the ef&&zt of changes in the carrier composition 
on the peak area is fairly smaIl. Therefore, when the concentration-sensitive detector 
(e.g., a W absorption detector) is used, tie re-calibration procedures associa@d with 
gradient rate change can be expected to be eIiminated_ 



E
FF

E
C

T
S 

O
F 

G
R

A
D

IE
N

T
 

R
A

T
E

 O
N

 R
E

T
E

N
T

IO
N

 
T

IM
E

 A
N

D
 P

E
A

K
 A

R
E

A
 

tih
un

n,
 

Pc
rm

ap
ha

vc
 O

D
S,

 1
 m

 x
 2

.1
 m

m
 1

.D
.; 

tc
m

pc
rn

tu
rc

, 
55

”;
 d

ck
ct

or
, 

U
V

 (
25

4 
nm

); 
ca

rr
ie

r,
 m

et
ha

no
l 

nd
dc

d 
to

 w
nt

cr
 (

fr
om

 0
 t

o 
lo

O
u/

,)
; f

lo
w

ro
to

, 
0.

B
 m

l/m
in

. 
G

ra
di

en
t 

m
tc

: 
A

, 
3U

/,/
m

in
; 

13
, 4

%
/m

in
; 

C
, 

S”
/,/

m
in

; 
D

, 
G

%
/m

in
 (

as
 s

ho
w

n 
in

 F
ig

. 
8A

).
 

. . .
 . r

 -
_.

__
. _.

_ _
.t_

 __
 ._

--
--

._
_.

 -
__

,,_
__

 
..-

 
_,

 _.
 . 

_ .
 . . .

._
 -_

._
__

_ 
_-

-_
__

 
_-

 __
__

._
 - 

.-
_.

. 
. 

._
_.

__
 - 
-. 

._
-_

 -_
--

- 
.-

. 
_ 

__
 _

__
 _

.. 
._

. _
._

 _.
_.

 _ .
_-

 _
_.

- _
._

_ __
_I

..,
 - 

_ 
G

r&
er

rt
 

N
@

 
W

cr
le

 
Il

ip
he

I1
yl

 
A

rr
rl

rr
nc

cn
e 

Py
rm

 
C/

w
ys

nr
c 

Uc
lrz

o[
a]

~y
rw

le
 

flr
rr

ct
kr

 
__

_ _
 . .

 . 
. 

_ 
_ 

. 
__

 
- 

_ ,,
__

._
 __

 _
_ 

_.
.. 

. . 
_ 

._
.. 

_ _
_.

.._
_ 

-_
. 

_ 
._

._
--

- 
..-

 
.-

_ 
__

 __
__

. ._
_.

_ --
 

._
_.

_ . 
.._

- ._
..-

.. .
_.

_ ._
__

~ 
. 

fl
c*

 
A

re
a’

” 
Is

 * 
Ar

ea
” 

tn
* 

Ar
ea

” 
1,

1*
 

Ar
ea

” 
hi

m
 

Ar
ea

*’ 
1R

’ 
Ar

cf
J’

* 
-_

 
; 

-.-
.--

 
. __

 -_
- 

._
-.

...
_.

 
-.

- 
_.

-_
_ 

14
96

 _.
.“

_ 11
15

8 
. _

 --
- 

-.
 .-

 -
.-

 
_ 

._
 _

 ._
__

 __
_.

_.
 

_ ._
._

_.
 . 
--

_ 
__

__
 ._

_ _
._

__
.-

 
_-

_.
-.

- 
-.

_-
- 

__
__

 
__

__
__

 __
_-

 
-_

 -
 _

 --
-_

--
I 

._
_-

 _.
 __

.. . 
18

36
 

10
32

4 
21

31
 

68
23

0 
23

11
 

92
78

 
24

78
 

18
46

6 
26

11
5 

10
79

8 
13

17
 

10
80

6 
15

63
 

10
70

1 
17

78
 

66
68

2 
19

15
 

97
10

 
20

38
 

18
90

6 
21

95
 

10
75

5 
11

65
 

10
87

6 
13

52
 

10
33

0 
15

17
 

63
69

8 
16

22
 

91
43

 
17

17
 

17
93

0 
18

39
 

1O
llG

 
D

 
10

79
 

15
74

0 
12

29
 

10
30

1 
13

72
 

64
54

9 
14

64
 

94
33

 
15

42
 

18
41

5 
16

45
 

10
26

3 

A
vc

rn
gc

 
10

94
7 

10
41

4 
G

57
90

 
93

9G
 

18
42

9 
10

48
3 

a 
15

2 
16

6 
17

79
 

14
2 

34
5 

29
8 

C
oe

fl
ic

ic
nt

 
of

 v
ar

in
tio

n 
1.

39
%

 
l.S

9%
 

28
70

%
 

2.
21

%
 

1.
87

%
 

2.
84

%
 

,_
__

__
__

__
_.

,_
_ ._

_-
_.

 ,
__

 _
- 

--
 

--
-. 

--
-_

- 
._

 . .
.--

 
--

--
--

--
. 

--
 

--
 .

--
. 

_.
 

-.
 

.-
-_

_ 
_ 

._
 

..^
 

.-
 -

-.
 -

.-
- 

__
 _“

__
 . 

__
. I _

__
.. 

__
.._

_ 
- 

._
__

.-
__

 
. ..

_.
.. -

_.
 _

 
’ 

t,{
 -

 
rc

tc
nt

io
n 

tim
e;

 l
/1

00
 m

in
. 

‘*
 A

re
u 

:=
 n

rc
n 

co
un

ts
 m

en
su

rc
d 

w
ith

 C
hm

m
nt

op
ac

 
1A

. 
P ?i

 
T

A
B

L
E

 V
1 

$ 

E
FF

E
C

IX
 

O
F 

IN
IT

IA
L

 
C

O
N

C
E

N
T

R
A

T
IO

N
 

O
N

 R
E

T
E

N
T

IO
N

 
T

IM
E

 A
N

D
 P

E
A

K
 

A
R

E
A

 
7 

O
pc

rn
tin

p,
 c

on
di

tio
ns

 
ar

c 
ue

 in
 T

ab
le

 V
 e

xc
ep

t 
fo

r 
th

e 
in

iti
ul

 c
on

cc
nt

ro
tio

n 
an

d 
gr

ad
ie

nt
 r

at
e.

 G
ra

di
en

t 
ru

tc
, 

S%
/m

in
. 

G
ra

di
en

t: 
A

, O
-1

00
%

; 
B

, 
lo

-1
00

%
; 

p 
C

!,
 Z

O
-1

00
%

; D
, 

30
-1

00
%

 (
as

 s
ho

w
n 

in
 F

ig
, 

8B
).

 
__

__
_.

__
__

. 
__

- ..-
^ 

- 
__

-_
__

 -_
-. 

_-
-._

- 
_.

-_
.-

_.
 _

__
. .

 _
._

-.
_ ..

_.
 ._

_.
 -_
__

 _
-_

 _
__

__
_ 

_.
 _.

_.
._

_ ._
.-

 
__

_.
 _

.-
_ 

_.
--

__
-_

._
_ 

--
_ 

__
^_

._
 .-
--

 
_-

__
._

__
_ --

_-
..-

- 
G

ra
dc

rr
r 

fr
rn

cl
io

rl 

__
 

_-
 

_.
_.

- 
A

 
B

 

C
 

D
 

A
vc

rn
~c

 
D

 
C

oc
tlk

ic
nt

 
of

 v
fl

ri
at

io
n 

N
n

ph
fr

n
h

e 
Bi

ph
en

yl
 

” _
__

__
_.

_ 
-_

-_
_-

 
_-

 _
__

__
._

 
-._

_ 
- 

_.
- 

ht
* 

Ar
ca

**
 

IIt
* 

Ar
ea

’* 
__

 __
- 

_.
_-

_-
_.

 
__

~~
__

~_
,_

__
._

~_
~~

~~
_.

~.
~.

__
~~

_ 
11

65
 

10
87

6 
13

52
 

10
33

0 
97

1 
10

88
7 

11
55

 
10

28
4 

79
4 

11
36

0 
97

5 
10

13
5 

58
7 

11
37

9 
76

0 
lO

lO
G

 

11
12

54
5 

10
21

3.
8 

14
85

5.
8 

90
65

.3
 

18
18

3.
8 

10
47

6,
s 

24
4 

95
 

28
0 

10
1 

26
6 

24
9 

2.
19

4%
 

0.
93

2%
 

nr
lll

lrn
cm

re
 

._
_ 

__
._

._
 

-.-
-- 

__
 

hi
* 

Ar
ea

' ’ 
__

__
__

 --
._

 
-.

.-
-.

 
15

17
 

63
69

8 
13

31
 

G
69

15
 

11
45

 
64

38
0 

93
2 

64
43

0 1.
88

7%
 

Py
re

ne
 

Ch
ry

se
m

 
B

et
iz

o[
a J

py
rc

rie
 

__
__

 
__

_-
--

-.
-_

 
~

__
._

_.
._

._
_L

.. 
I 

_,
-_

__
_ 

__
.._

 
-_

- 
t,t

n 
A

re
a*

’ 
__

__
__

 __
 __

_.
 .

 -
 .

_ 
-.

.-
!!L

_!
.~

~
a-

‘f_
_ 

--
__

!!!
I_

._
A

_r
Y

_a
* 

.-
_.

-_
 

16
22

 
91

43
 

17
17

 
17

93
0 

18
39

 
10

11
6;

 
14

43
 

91
74

 
15

41
 

18
21

3 
16

65
 

10
55

8 
12

54
 

90
27

 
13

45
 

17
98

5 
14

75
 

10
42

5 
10

42
 

89
17

 
11

40
 

18
60

7 
12

70
 

10
80

7 

l.l
21

p/
, 

1.
46

5%
’ 

2.
37

9 %
 

__
_-

__
. . . .

._
 -_

-_
 

__
__

__
__

~ 
-.-

 
--

--
. 

-_
-_

 
’ 

II
I =

 r
et

en
tio

n 
tim

e;
 

l/1
00

 m
in

. 
*’

 A
rc

a 
= 

nr
cn

 c
ou

nt
s 

m
co

su
rc

d 
w

ith
 C

hr
om

at
op

uc
 

1A
 



T
A

B
L

E
 V

II
 

E
PP

E
C

T
S 

O
F 

G
R

A
D

IE
N

T
 

R
A

T
E

 O
N

 R
E

T
E

N
T

IO
N

 
T

IM
E

 A
N

D
 P

E
A

K
 A

R
E

A
 

O
pc

rn
tin

g 
co

nd
iti

on
s 

as
 in

 T
ab

10
 V

 e
xc

ep
t f

or
 t

he
 g

ra
di

en
t 

fu
nc

tio
n:

 
A

, O
-2

5%
 a

t 
5 

%
/m

in
; 

2%
50

%
 a

t 
4o

/,/
m

in
, 

50
-7

5%
 a

t 
3%

/m
in

, 
W

-1
00

%
 a

t 
2%

/@
n;

 
8 

B
, O

-2
50

/, 
at

 7
%

/m
in

, 
25

-5
0x

 
it 

5%
/rn

in
, 

50
-7

5x
 

at
 3

%
/m

in
, 

75
-1

00
%

 a
t 

1 %
/m

in
; 

C
, O

-2
5%

 a
t 

2%
/m

in
, 

25
-5

0X
 

at
 3

%
/m

in
, 

5&
10

00
/,n

t 
4%

/m
in

 (
ns

 
6 

sh
ow

n 
in

 P
ig

. 
B

C
).

 
__

_ 
_.

__
__

__
__

__
__

._
 

. “
__

__
 

_.
__

. _
_.

__
_ -

. 
__

__
. _

__
_i

__
 _-

_ .
__

-.
 .._

_.
__

 
- 

.-
__

.-
. _

 -_
--

__
.-

_~
_-

_-
.-

-.
__

-“
, 

- 
- 

__
_.

 
_-

_I
_ 

.c
--

w
--

..l
s 

Ff
j 

G
ra

dk
tt

r 
N

~
ph

rl
~

al
he

 
B

ip
lt

ct
1y

l 
hr

rt
llr

nc
cl

ic
 

P
yr

ct
rc

 
C

hr
ys

et
rc

 
B

cn
zo

[a
Jp

y,
m

c 
f/l

tl
cl

lo
tr

 
3 

Y
_I

-..
_.

.-.
._

 
_.

__
_.

.-_
 

--
__

_ 
__

_-
_.

--
 

--
_ 

_ 
--

_ 
_-

-. 
_-

_-
 

-..
.--

--
-_

I-
--

_-
. 

pm
 

Ii
t6

 
A

re
a”

* 
II

t*
 

A
rc

a*
* 

h”
 

A
re

a”
 

hi
1 

) 
A

t&
* 

tic
” 

A
re

a*
’ 

hn
 

A
rm

’”
 

‘8
 

__
__

._
__

_ 
__

__
__

_.
__

__
__

__
__

 
__

__
 

__
__

 
__

-_
_.

-_
--

_-
_ 

__
-_

- .-_
- 

-_
 _

-_
--

__
_ 

__
__

_-
-_

--
 

. . 
--

 _
__

_ -.
--

--
- 

_.
_.

 -.
_-

._
“_

__
-I

.-.
II

C
l(

_,
“i

 
A

 
12

01
 

10
77

1 
14

26
 

10
09

7 
16

46
 

63
65

8 
18

05
 

91
34

 
19

61
 

16
75

8 
21

66
 

10
88

5 
B

 
1O

G
l 

10
39

2 
12

33
 

10
03

7 
14

33
 

65
23

1 
15

83
 

87
85

 
17

31
 

16
32

6 
19

24
 

iO
34

0 
# 0 

C
 

18
23

 
10

62
3 

22
28

 
99

08
 

25
35

 
64

19
1 

27
02

 
92

89
 

28
45

 
18

49
8 

30
15

 
10

32
4 

A
vc

rn
ge

 
10

59
5 

10
01

4 
64

36
0 

90
69

 
17

19
4 

10
52

2 
E

’ 

r7
 

15
6 

78
.9

 
65

3 
21

0 
93

8 
28

0 
fl

;O
’ 

C
oc

lii
ci

cn
t 

of
 v

er
in

tio
n 

1,
47

x 
08

78
 “/

, 
1.

01
%

 
2.

32
%

 
5.

45
 “/

, 
,2

&
q 

_.
-.

 ~
.,_

--
-.

_-
_.

- 
- 

__
.-

-.
-.

_.
._

_ -
--

- 
-_

_-
--

 * -
--

-. 
--

--
- 

. .
.--

 -_
--

- 
--

--
 

._
_-

- .
_-

.-
__

 _.
“-

 
._

._
_-

- 
--

-_
 _ -

.-
-.

.-
- 

--
-_

-.
-_

. 
__

__
_c

_*
_,

._
 

,.+
...

.,.
““

- 
’ 

Iit
 =

 i
ct

cn
tio

n 
tim

e;
 r

/1
00

 m
in

. 
**

 A
re

a 
= 

ar
ea

 c
ou

nt
s 

m
cn

su
rc

d 
w

ith
 C

hr
om

at
op

ac
 

1A
. 

T
A

B
L

E
 V

II
I 

E
FF

E
C

T
S 

O
P 

M
E

T
H

A
N

O
L

 
C

O
N

C
E

N
T

R
A

T
IO

N
 

O
N

 R
E

T
E

N
T

IO
N

 
T

IM
E

 A
N

D
 

PE
A

K
 

A
R

E
A

 

C
ol

um
n,

 
Pc

rm
ap

ha
sc

 
O

D
S,

 1
 m

 x
 2

.1
 m

m
 I

.D
.; 

tc
m

pc
ra

tu
rc

, 
55

”;
 d

ct
cc

to
r,

 U
V

 (
25

4 
nm

); 
ca

rr
ie

r,
 m

et
ha

no
l 

ad
de

d 
to

 w
at

er
, 

__
.-

_-
._

__
^_

^.
_-

_.
_-

--
--

_-
 

--
__

 -._
--

-._
-_

-_
 

--
--

.-_
 

--
.- 

-_
--

 
.- 

__
_-

 _
.._

 -_
--

_ 
_.

 .- 
--

, 
.-

._
_-

.-
.~

_-
--

__
._

__
_-

_ 
_.

^_
_.

 _ 
__

_.
._

_.
...

_.
~,

 -.
.*

_ 
M

et
ha

no
l (

%
) 

N
ap

lt
tl

ta
kr

tc
 

B
il,

lk
w

yl
 

A
tr

rl
rm

ce
tt

e 
P

yr
et

re
 

C
hr

ys
et

tc
 

lI
et

rz
o[

aJ
py

rc
w

e 
..-

_-
_.

- 
__

._
_ -_

-..
__

-_
 

- 
A

t~
n’

~
 

.--
. 

I,,
* 

-_
--

._
--

--
- 

. 
_ 

._
_.

 
--

--
I-

--
_.

_ 
-_

--
- 

- 
_-

_-
 -

- 
..-

--
“m

.. 
ht

* 
A

re
a*

* 
In

 * 
A

re
a*

’ 
hL

 
A

re
a’

* 
tI

l*
 

A
re

s 
11

 
hf

* 
A

nd
” 

__
 _

” _.
__

 __
 _.

~
._

 _.
_.

 __
 _

__
 _

__
__

 __
_ .._

__
 . ..

__
__

 L_
_-

_-
 

-_
-_

-..
 

__
._

__
_ -

--
__

-_
-_

 
.._

. - _
_-

 .
__

_ .._
._

. _
_-

_.
 _-

-_
__

_.
_-

 
_-

.-_
._

__
_.

 -_
-I

- 
“_

,_
.O

 _.
--

 -_
x.

 
40

 
37

4 
10

77
9 

G
13

 
10

23
1 

12
53

 
69

96
2 

45
 

30
4 

11
03

3 
44

7 
10

25
6 

a2
2 

69
99

5 
50

 
25

5 
10

67
4 

33
9 

99
34

 
t 

55
9 

69
23

1 
55

 
21

8 
-‘

I’
 

2G
0 

-*
” 

39
6 

G
78

84
 

G
O

 
19

6 
-*

“I
 

22
6 

_I
*.

 
30

5 
-*

a*
 

A
vc

ra
gc

 
10

80
4 

10
06

4 
e 

69
03

5 
0 

13
7 

18
2 

89
0 

C
oc

fi
ci

cn
t 

of
 v

ar
ia

tio
n 

1.
27

1%
 

1.
81

9%
 

1.
29

8 %
 

._
__

.-
__

--
__

_-
 

__
__

.. -
 _

__
_ --

 
__

__
_ _-
._

. 
__

 
_-

-_
-_

-_
--

-I
__

_-
_ 

._
 .

-_
_.

 _
_ 

” 
tn

 =
 r

ct
cn

tio
n 

tim
e;

 l
/1

00
 m

in
. 

‘”
 A

re
a 

= 
ar

ca
 c

ou
nt

s 
m

cn
su

re
d 

w
ith

 C
hr

om
at

op
nc

 
1A

. 
“”

 T
he

se
 p

ea
ks

 w
&

c 
no

t 
sc

pu
ra

tc
d 

fr
om

 n
ci

gh
bo

ur
in

g 
pe

ak
s.

 

22
39

 
85

71
 

44
53

 
16

62
5 

10
5O

G
 9

75
2 

13
72

 
88

04
 

24
79

 
17

17
6 

53
06

 
96

85
, 

86
9 

88
29

 
14

45
 

17
36

3 
29

05
 1

03
37

 
56

9 
89

75
 

86
2 

17
26

1 
16

19
 1

03
89

 
41

1 
84

98
 

57
4 

18
27

1 
99

9 
10

54
7 

87
99

 
17

34
4 

10
28

2 
21

4 
48

4 
30

6 

2.
43

0 
“/

u 
__

. .
--

 
_-

 I
. 

..-
--

_ -
- 

2,
79

7 
“/

o 
__

 __
--

 
--

._
_-

_ 
._

-.
 

20
98

9%
 

. 
_.

- _
__

_-
, -_

“.
ll.

lll
ll 

w
 

$ 



380 X. ASAI, Y.-I. KANNO, A. y_AKAMOTQ, T. HARA 

Fig. 9. Influence of carrier composition on peak retention time and area. Operating conditions: 
column, Permaphase ODS, 1 m x 2.1 mm LD.; temperature, 55”; mobile phase, methanol-water 
(0.8 ml/min); detector, W 254. Peaks: I, naphthaiene; 2, biphenyl; 3, anthracene; 4, pyrene; 5, 
chrysene; 6, benzo[&yrene. 
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