
1. DEVELUP~ OF A SQLV-ENT EFXJOTRClPH2 SCALE’ 

Equilibrium and chromatographk distribution constants of se&ted polycyclic 
aromatic hydmcaxti and n-tidecane have been measured on Amber&e XAD-2, 
Amberlite XAD4, and Bio-Beads SM-2 in a wide variety of organic sokmts. The 
sokent pokity range exam& ed included reversed-phase, norm&phase and size- 
exclusion modes of separation. The adsorption revessibility and linear capacity of the 
above soh~tes on XAD-2 was tives@ated to establish linear elution CQIXWODS. A 
setiqua&iMive &otropic s&e is presented which shows some skilaritis to the 
~lative solvent s&en* g&en in eluotropic scales for carbon black and chernicaily 
bonded octadecyl reversed-phase packings. 

Non-polar nracroporous polymerk adsorbeuts such as copolymers of styrene 
ar;d divinylbenzene have been applied to a wide variety of sepration problems in 
ment years, One ads0rbe1.1~ Ambekiite XAD-2, has been used to sepamte benzo- 
dimepine drugs and their metabolites from tin@, eliminate interfere&s prior to the 
malysis of~hydroxykmate esters in phamace ntical synrpsf, isolate balogenated 
organics fkom wastewatt+, and neutral organics from potable watet.B. A similar 
adsmbent, Amberlite ICAD+, has been used to sepamte nucleic acid hydrolysis 
products and related substances from nuckotide mixtures5. 

The adsorption of poIycycEc aromatic hydrocarbons (PARS) by styrene-divi- 
nyEmmme (SVB) adsorbents from methanol was observed in 197o6. Since then, the 
oVc& recovery efkimcy of eight PA& and a large mm&e~ of other organics has 
been SepormP. The retention imiex of substititi PAXIS has been reported for a 



styrene-ethyle&dimethacrylate copolymer using the efuents water-methanol-diethyl 
ether (fl:fg:‘il), methanol-water (7:3 and 3:2), and acetonitrile-water (7:3 and 
3:2)==. (The poly@rene gel used was a cross-linked styrene-ethylenedimethacry~ate 
copolymer, available commercially as Separon SE (previously Spheron SElfz’. In 
addition, linear relationships between the 10,&&m of the retention index and the 
number of carbon atoms per molecule were observed for each of several homoiogous 
series such as unsuhstituted PAHs, n-alky%enzenes, isoalkyl henzenes, and the n- 
and iutikyi PAH series of naphthalene and phenanthrene. Retention data on XAD- 
2 using ethanol-water and ethanol-heptane mixtures has been reported for the three 
PAHs, benzene, naphthzlene, and anthracer~?~-~‘. 

Systematic investigations of the eIution behavior of SVB adsorbents have been 
conducted for a number of solute-eluent systems. Distribution cu&icients for several 
nitro- and chloro-phenois and organic bases have heen reported as a function of 
water-ethanol concentration and pH in 10% ethanol’*-I*_ Equations based on ioniza- 
tion equilibria were derived to express the distribution ratio, K,, as a function of pH 
and reia*& eiution conditions_ More recently, retention data for amino acids, and 
benzoic acid phenoxyacetic acid, and benzenesulfonic acid derivatives have been 
reported on XAD-2, XAD-4, and XAD-7 as a function of water-or_ganic solvent 
ratio, pH efEc& and presence of electrolyte in the eluent11-*3_ Diprotic acids and bases, 
polyprotic a&ds and bases, and arnpholytes have been the subject of similar investi- 
gationsx4_ It was observed that retention of acids and bases was high for the neutral 
form and low for the dissociated form. Ampholytes had a retention that passed 
through a maximum or minimum as a function of PH. Amino acids, selected deriva- 
tives, and peptides have been investigated as a function of pH in ethanol-water and 
acetonitrile-water mixtures Is_ Pertinent equations were developed to describe the 
capacity factor as a function of pH_ The emphasis of the preceding references toward 
systematization has been to consider solution equilibria of ionizable solutes and utilize 
such behavior to conduct separations as a function of pH_ 

The retention of orpic acids, esters, and aldehydes Iikely to be found in 
pharmaceuticals have been inv-estigated on XAD-2, using methanol-water solutions 
as the eluent- A linear equation was used to express the Io_&thm of the distribution 
coefficient as a function of the number of methylene groups in the n-alkyl chain of the 
ester’_ In addition, 29 drug compounds rekzted to pharmaceutical syrups have been 
chromatogmphed in acidic, neutral, and basic solutions of varying composition of 
methanol and waterz6_ The data presented was not expressed in the form of mathe- 
matical equations. 

Other SVB adsorbents (Shodex HP-255 and Al301) have been used to investigate 
the retention of phthalate esters, aliphatic ketones, and eight neutral aromatic com- 
ponnds”. Eluents were methanol, ethano!, chloroform, cyclohexane, and n-hexane- 
An equation was derived that expressed the distribution coefficient as a function of 
volubility parameters of the S&W& gel, and solute_ Lt was suggested that the SVB 
CopoIqmers are able to function in one or more of three di@erent separation modes 
(adsorption, partition, or molecular size exclusion) dependent upon the chosen sakes%- 
A more recent publication has demonstrated separations by a combination of size- 
exchtsion and normal-phase partition modes of chromatography’*_ 

The retention of neutral aromatic and polycyclic aromatic hydrocarbons, both 
Parent and substituted comp&mds, has been the subject of an investigationp_*4. The 



I+rithm of the retention index was observed to be Enearly related to the number of 
carbon atoms in the solute. Moreover, substituted PAHs were shown to deviate from 
the homologous parent PAWS; however, each homologous substituted PAH series 
was lineariy related to the number of carbon atoms in each molecule_ Slopes and 
intercepts for each series were reported. In a related work, the retention behavior of 
substituted benzenes was used to calculate the contribution of diEerent functional 
groups to *& experimental retention indexs. It remains to be demonstrated that these 
group contributions have utility in calculating the retention index of species not 
previously studied. 

Alkylbeuzenes and alkyl benzoates have been investigated on Hitachi Gel 3010, 
using methanol-water mixtures (lOO:O, 95:5,90: 10) as the elueut over the tempera- 
ture range of IO-50” (ref. 19). Partial molar enthalpies of the compounds were obtained 
and it was also demonstrated that the logarithm of the capacity factor was an approxi- 
mate linear function of carbon number, Other investigations on the above gel with 
aqueous methanof eluents of various pH values have produced capacity factors as a 
function of pH for a number of me&z-substituted anilines and orrho-substituted 
phenolszO_ The capacity factor was expressed as a function of pH similar to a previously- 
reported appraachlo.u_ Au earlier study on this gel revealed that aromatic esters, 
various phenols, and substituted amines could be separated to varying degrees with 
eluents such as methanol, methanol-water (9955 and 90: lo), and methanol-hexane 

(95:s); however, the role of the solvent in the separation was not established in a 
quantitative fashion’~. 

A similar SVB adsorbent, Hitachi Gel 3011, has been utilized for the separation 
of aiiphatic fatty acids, trams-a&unsaturated fatty acids, dicarboxylic acids and ben- 
zoate estes. Capacity factors, k’, were obtained at 50” with methanol-water eluent 
ranging in composition from 40-100°/0 methanol. It was shown that k’ values were 
linear functions of the number of methylene groups in aliphatic chains. Another 
investigation with the same adsor’bent demonstrated that members of homologous 
series of fatty acid mono- and diethauolamides having C,,-C,, alkyl groups could be 
separated using water-methanol (3:97) eluent=_ The k’ values were also linear func- 
tions of alkyl chain le@h. 

EXPERIMENTAL 

Reagents and solvents 
Reagents were analytical grade or purest available_ All W-labeled compounds 

were obtained from Amersham Corporation, Arlington Heights, Ill., USA. except 
for anthracene which was obtained from California Bio-Nuclear (Sun Valley, Calif., 
U.S.A.). Solvents were obtained from Burdick and Jackson Labs. (Muskegon, Mich., 
U.S.A.) when possibIe; otherwise, they were obtained from Fisher Scientific (Pitts- 
burgh, Pa., U.S.A.). Some of the heptane and methanol was puriied by distillation 
through a 2%plate Oldershaw column. Amberlite XAD-2 and XAD-4 were obtained 
from Rohm and Haas (Philadelphia, Pa., U.S.A.) and Scientific Products (Grand 
Prairie,Texas, U.S.A.). B&Beads SM-2 was obtained from Bio-Rad Labs. (Richmond, 
Calif, USA.). The adsorbents used in equiibrium distribution experiments were 
initially cleaned by washing wiffi d&i&d water and methanol. The air-dried adsorbent 
was %&let exmcted for 24 h per washing for a total of eight times with fresh por- 



tionsofmethanol. The adsorbent was airdried and Enally dried at lOQ_109 for 6-7 h 
under vacuum in an oven. The adsorbent!5 were stored in 8 stoppered Pyrex bottle in 
a desigtor over Drier& until used. Most bat&es were tested for purity by soaking 
1 g of adsorbent in 25 ml of ethanol overnight. The ultraviolet (vv) spec&um of the 
ethanol showed an adsorbance of0.10 or less near 260 nm. Five samples of the adsor- 
bents were sent to nfficromeritics ln.stmmen t corporation (No?XXos§, Ga., U.S.A.) for 
specific surface area analysis by the standard multipoint BET technique with the 
Model 2100 analyzer. 

One high-pdormance liquid chromatographic (HPLC) systetm was assembled 
from a Milton-Roy mini pump, Precision Sampling Model 4201 liquid cbromatograph 
%lef+ pressure gauge, tube pulse dampener, Perk&Elmer Model 250 uhraviolet 
absorption detector with detection at 254 run, and a Reckman Model 1085 potentio- 
metric recorder. Another system was assembled from an Altex Model 110 pump, 
Rheodyne Model 70-10 valve, Perk&Elmer Model LC-55 variable-wavelength 
d&e&or, and Reckman recorder. Columns were dry-packed with XAD-2 of size 
45-53 pm, obtained by grinding and dry sieving the commemially available adsorbent. 

The column packing procedure consisted of tapping the end of the column on 
a bench between addition of small portions of dry adsorbent. Columns were con- 
structed from Iengtbs oft in. stainless-steel tubing. The outlet end was fitted with a 
zro-dead volume reducing union and stainless-steel frit (Mo’-t~Metallurgical). 

Solutions were prepared by adding 50 ml of the sekzcted solvent to OS-l.0 g 
ofvacuum.driecl adsorbent in a glass-stopperedl ~ml Pyrex bottle or 2-ounce French 
bottle fitted with a cap having a Polyethylene cone liner. When radioactive tracers 
wtre used, 100 p! (approximately 440,000 dpm) of appropriate tracer was added to 
the bottle. The specific activity of different batches of lzC-benzo[r~pyrene ranged 
from 73.5 to 233 ,uCi/mg, which means that 0.86 to 2.7 pg of bemo[aIpyrene was 
uxd, giving a solute/adsor*bent ratio of 5.4. lo-’ or less. In experiments with un- 
labeled PAlTs, the solute was added to give a &tal solution that would be (2-44). 10e6 
molar in the PAH. Soiutions were equilibrated in a constant temperature water bath 
at 25 & 0.1 o for 4-6 days, and were shaken several times daily. 

Radiotracer solutions were assayed by adding 2.00 ml to a low-potassium 
scintiilation vial, and 13.00 ml of Reckman Ready-solve EP or HP, or other commer- 
cial scintillation solution. The cocktails were counted on a Reckman Model ES-l(BC 
liquid scintillation spectrometer. Counting was performed to 0.5 % error or less; both 
the external standards channels ratio @CR) aud the channels ratio (CR) methods 
were used in initial experiments to correct for quench and c&uIate dpm. When it was 
observed that both methods gave the same results, the ESCR method was used in 
later work. In order to estimate the effect of solvent quench, an initial experiment was 
conducted in which 2OOml of solvent, 16,760 dpm of 14C-benzof~&yrene, and 
l3.00 ml of scintiliation solution were added to a vial. AlI scdvems, except some 
halogenated kydroca&ons and nitromethaue could be corrected for quench with a 
calibration cmve prepared from the standard Beckman and Amersham quench sets. 

The concentration of solute in non-radiotracer solutions was measured spec- 



trophotometsicahy at an appropriate wavelength with a Beckman_DB-6 specm- 
photometer. A calibration ct.~e was made at each wavelength using the appropriate 
solvenL 

Values for KD were calculated with the equation: 

K 
g of sofute on the resin/g of resin 

D = g of solute in sohnionjml of solution 

In the case ofradiotracer experiments, the dpm of solute in each phase was substituted 
for weight of soiute. 

Chromatographic elution & vahtes were c&zhted using the equation: 
K.0 = v, - VQ/FV where V’ is the uncorrected retention voIume, mpasured from the 
point (time) of injection of a sample to the peak maximum. The weight of adsorbent 
(W) in the cohuxm was determined by two methods: (1) weighing the empty and 
tY.Ied column, and (2) weighing the amount of air-dried adsorbent used to fill the 
cohunn_ The column void volume (V,) was obtained by measuring the retention 
volume of non-adsorbed solutes such as sodium acetate, formic acid, or sodium 
nibiatc. 

FtE5WL’l-S AND DISCUSSKON 

Equilibration time required in equilibrium dhtribution experiments 
The rati of adsorption of benxo[o]pyrene by XAD-2 in equilibrium distribu- 

tion experiments (EDT) using “C-tracers was examined using three different methods 
of agitation. In one case, the solution was stirred with a magnetic stirrer and was 
sampkd periodicdiy. In another trial an ultrasonic bath was used to agitate the 
solution. In the first two cases, temperature control could not be accurately maiu- 
tained. In a third case, the solution temperature was coatrolled at 25” while being 
stirred with a magnetic stirrer. The data in Fig. 1 (third case) shows that 58.5 ok of the 
initial beuzo[alpyrene spike is adsorbed by 1 .OQ gram of XAD-2 in about 2 h, which 
is 85.8o/o of the amount that is adsorbed at equilibrium. After 2 h, adsorption is 
significantly slower in approaching equilibrium. Comparative data is presented for 
Ambersorb XE-340, in which a solution was swirled periodically, but not continually 
after spiking with benzo~afpyrene. An adsorption plateau is a,bain reached in about 
2 h where 95 oA of the benzo [alpyrene has been adsorbed. After this point, adsorption 
is slower in approaching equilibrium. Additional experiments with XAD-2 in binary 
aqueous sohnions (organic solvents : methanol, acetonitrile, tetrahydrofuran) have 
borne out the observation that 80-90 % of maximum attainable adsorption is attained 
in approximately 2-3 h, after which the equilibrium state is approached at a slower 
rate_ Presumably, this is due to slower diffusion into micropores of the adsorbent. As 
a comparison, an analogous study of the adsorption of ferroin type chelates of iron(D) 
revealed that a plateau was approached in 5060 tin by continuously agitating the 
soIutions, interrupting only to measure concentrationzs; however, rate study data was 
not reported beyond 50 min, after which a slight increase in adsorption would be 
expected if the iron and ben@a]pyrene systems were closely similar. Pseudo-first- 
order rate constants of -(Q.9 to 2.3) - 1W3 set- r for the iron chelate study are com- 
parable with values of -9.2- IO-( and - 1.6 - lo-” ser-’ for Ambersorb XE-340 and 



C
O

~I
’h

K
IS

O
N

 
O

F 
Xh

IJ
.2

 
C

LE
A

N
IN

G
 

I’
R

O
C

E
D

IJ
R

E
S 

_“
_.

.C
...

_,
...

sC
, ~
 ._

I ._
..-

 “
1.

. Il
t,C

I. ..
_.

...
 _

“h
, a-

 .
 . 

“.
.- 

.._
_.

“.
-b

..“
.,v

.m
...

 
.*

 . ..
w

_.
. . “

a”
...

. “
..+

M
”_

,. 
,.,

 I”
.. _

_*
_.

, . 
.‘_

_.
 ,_

_.
,tl

r,
 ._
,^

” .,.
_‘

 ,._
., _

“x
 

. ..
_.

. _
“_

._
 

. ..
_ 

_ 
. ~

 .-.
._

 _e
...

 
,..

. “_
” _

“.
. *.

,_
,_

n.
 

Pr
op

xh
? 

Lo
t 

A
bs

or
lm

rc
e 

Te
st

s ”
 

Ka
 

Vn
lm

 
of

 B
~n

m
[a

]~
ky

ra
e/

XA
D

.2
 

..*
 3

..*
* _

_,
, 

,-.
.. 

.I 
..,

. _
_.

< *
. 

..-
,. 

, ,
 ._

^ ,
 . .

.-
...

 
__

“_
. _“

_ l.
...

.,,
, .

“_
. -

. 
._

. .
 f_

i I_
 .*

 . ..
_.

 - .
 

li 
.*

, .
“~

.,i
i4

.*
._

r.
 

24
5 

m
u 

26
5 

m
 

H
t?

pl
fV

flf
 

B
lIn

Ifo
l 

M
e~

t/a
no

l 
2,

2,
#.

T~
l~

rie
ltr

)~
~)

e~
~~

at
~~

 
c_

_.
~=

*_
_“

-~
__

 ,_
 __

_.
,_

; .,,
.. “

^.
,*

_~
 .,*
 I .

 ..
“.

_.
 , I

 ̂
,.u

r*
 _.

“.
~

._
~

.~
 r.
. ̂

._
-o

.,I
.a

. ,/.
, 

.,.
^.

.”
 . . .
 . .

 . 
, 

, .
 N

__
 *.

, ,.
_,

_ .,.
..I

._
__

^ ““
...

~l
.~

.*
x”

“l .^
^.

 
“.

_ 
t .

,.,
, I

...
*‘

, 
,..

” 
,..

*”
 .,_

_.
_ ,

-*
 ,..

. _.
 _.

.. 
Pr

ie
d 

aa
 rc

cc
iv

cd
 

fo
r 

4 
h 

ut
 1

05
”; 

st
or

ed
 

in
 

&s
ic

cr
to

r 
ov

er
 I

M
rlt

c 
W

@
N

A 

W
ns

hc
d’

 
w

ith
 

di
at

lllc
d 

w
nt

cr
, 

th
en

 d
rie

d 
nn

d 
W

EN
A 

t$
or

cd
 a

a 
In

 P
co

ce
du

ro
 

1 
W

ng
hc

d’
 w

ith
 m

et
ha

no
l 

an
d 

w
nt

cr
, 

th
en

 
W

BN
A 

tr~
tc

d 
ns

 in
 P

ro
cc

du
ro

 
1 

W
as

he
d’

 
w

ith
 

m
ct

hn
no

l 
nn

d 
w

nt
cr

, 
th

en
 

W
EN

h
 

yn
c

u
m

 dr
lc

d 
fo

r 
6 

II 
nt

 1
04

’; 
st

or
ed

 a
s 

us
un

l 

W
na

hc
d’

 w
lth

 w
nl

er
, 

So
xh

lc
t 

cx
trn

ct
ed

 
8 

tlm
cs

 
W

EN
A 

fo
r 

24
 h

 c
nc

h 
w

lth
 

m
ct

ho
no

l; 
va

cu
um

 
dr

ie
d 

fo
r 

8 
h 

at
 1

05
” 

W
EL

J 
I?

PA
 P

ro
cc

du
rc

: 
So

xh
lc

t 
cx

tru
ct

cd
 

w
ith

 
w

nl
or

. 
W

BL
J 

m
et

ha
no

l, 
dl

hy
l 

et
he

r, 
no

d 
pe

nt
nn

c;
 

va
cu

um
 

dr
ie

d 
a8

 a
bo

ve
 

~c
ttu

m
ol

 
l’r

oc
cd

ur
c 

N
o,

 
5 

ab
ov

e,
 c

xc
cp

t 
qx

tra
ct

cd
 

on
ly

 
h 

tim
es

 
W

EL
J 

04
68

 
I,0

1 
(P

) 

0.
65

 
18

01
 (P

) 

0.
54

 
0,

95
 (

P)
 

0.
54

 
0.

92
 (

P)
 

0.
03

 
O

,O
6 

0,
06

 (
P)

 
0.

03
 

0,
25

 (
P)

 
0,

06
 

0.
21

 (
I’)

 
0,

ll 

17
.6

 &
 0

,G
 

98
 r

l: 
1 

16
8 

& 
1 

14
.6

 :
I: 

0,
5 

U
S,

2 
& 

Q
,4

 
15

6 
rl:

 
5 

18
.5

 :
t 

0,
5 

10
9 

& 
2 

18
9 

zi
: 

1 

18
.2

 &
 0

,2
 

Il2
rt_

0 
19

0&
 

1 

22
,2

 
rf:

 0
,l 

14
7 

& 
O

,$
 

21
9 

f 
10

 

20
 

12
9 

21
4 

& 
1’

 
20

94
6 

f 
06

1 

2o
!M

 
rl:

 0
,l 

‘- 
_-

 
20

0 
3:

 
4 

17
8 

:6
 

8 

23
6 

:I;
 1

0 

24
7z

k 
4 

36
4r

l: 
4 

” 

34
0 

f 
16

 
29

3 
j: 

2 

-,
*-

1-
L-

.,*
--

- 
_.

_y
.^

I-
.-

.~
--

I.-
--

Ic
”Y

”.
.“

..,
 

..
* 

.-
.-

..1
--

 
__

_.
.I_

._
_-

-c
l.l

”-
l--

 
” 

--
_

 
--

-.
 

_
_

C
_

_
_

r_
l 

_
.-

. 
_

 
_

_
_

 

---
---

,!.
i.-

“rl
 

’ 
20

 g
 w

or
e 

w
as

he
d 

w
ith

 
25

0 
m

l 
of

 c
nc

h 
so

lv
en

t, 
L 

l
 ’ 

P
 d

en
ot

es
 

m
cn

su
rc

m
cn

t 
nt

 a
n 

ob
so

rb
nn

cc
 

pc
nk

, 



Fig_ 1. Rare of&sorption of bcmo[a]pymm from methanol by XAD-2 (0) and Ardersorb XE-X.9 
El3)- 

Five portions of a batch of XAD-2, Lot WENA, were subjected to different 
cleaning procedures, denoted as Procedures 1-5 in Table 1. The cleaned portions 
were then evaluated in EDT experiments with “C-benzo[as]pyreue by measuring the 
I& of benzo&z&ree for each portion in four different solvents. The solvents heptane, 
ethanol, methanol, and 2,2&trimethylpentane were selected to give a reasonable 
range in &, values. It was observed that &a&g Procedure 5 which used eight 
successive methanol extractions of the XAD-2 gave the largest and most consistent 
K. values in all four sokents. Other data in the table allow a comparison between 
two different lots of XAD-2 (see Procedure 5), showing that the two lots were reason- 
ably consistent. Cleaning Procedure 5 and an EPA Proceciur~ listed as Procedure 6 
in the tabIe are compared, and it was observed that the latter procedure was not as 
effective in cleaning the XAD-2 for use in EDT experiments: however, it appears that 
the EPA procedure is about as effective as six successive washings with methanol 
(see ProccdKre 7). 

An ah&mate method we have used for evaluating cleaned adsorbent is to pIace 
I.00 gram in 25 ml of ethanol, and obtain an W spectrum of the ethanol afier the 
adsorbent has soaked for 24 h. If the absorbance at 245 and 265 nm whei-e wave- 
length maxima occur is &zss than 0.06 above the baseline, the adsorbent is considered 
to be adequateIy cleaned. Two wavelengths were used to report the W background 
of the ethanoi test solution since the wavelength peak (denoted P) shifted from 265 nm 
in Procedures l-4 to 245 nm in Procedures 5-7, The results in Table Z show that ffie 
much higher W absorption obtained in kkcedm l-4 is consistent with lower &, 



values for the XAD-2 cleaned by these procedures Mative to the low UV absorption 
of the ethanol and high Kp values obtained from the X&D-2 in R&m 5. ?The 
exafzt nature of the W absorbing species tbztt is removed fmm the XAD-2 in the 
c-g process has not been ascertained; however, we b&eve it is an aromatic 
substance such as a polymerization component or poIymerization solvent, . 

A desirable feature of an adsorbent is that tie adsorption process be reversibb 
in nature_ Otherwise, sample specie5 cannot easily be recovered af3er the adsorption 
step_ The resuits of an adsorption reversibility test for XAD-2 are shown in Table II, 
After sampling five bottles from an EDT eqxximen& the solvent was removed by 
suction and was concentrated to a small volume for counting in those cases where 
benzo[ez~yrene was the solute. When n-hexadecane was the solute the solutions 
cxxld not be concentrated by evaporation because of its volatility. The z4C-solute on 
the tirbent was desorbed by washing the XAD-2 with four portions of toiuene or 
scintillation solution. The total dpms of tracer recovered were compared with the 
dpms of the initial spike to calculate the percent activity recovered_ From 
the percentage recovery it can be concluded that the adsorption of PA% (specitically 
benzo[as]pyrene) onto XAD-2 is a highly reversible process. The percentage recovery 
values reported here a~ very favorably with a value of 97 oA reported elsewhere+ for 
the recovery of naphthalene from XAD-2 columns in which the solute was i&My 
adsorbed from water. Other percentage recoveries listed in the reference ranged from 
94 to 102% for four other representative solutes having amine, carboxylic acid, and 
phenolic functional groups_ To date, the only types of species we have encountered 
which are difhcult to desorb from XAD-2 are some of the dark pigments from 
cigarette smoke condensate, and pigment residuea from water-suhsbte writing ink_ 
The latter are eventually removed by continued elution with an appropriate solvent. 
The accumulation of small quantities of these pigments on the adsorbents do not 
a_dversely afhi their performance in the chromatographic fractionation of cigarette 
smoke condensate by step-wise gradient elution techniquest7. 

TABLE If 

RECOVERY OF ADSORBED CO~MPOUNDS FROM XAIB-2 

S%fe KD kfivify recovered (Xl 

Lzhear apacify of XAD-2 
The linear capacity of an adsorbent has been d&ted as the weight of sample 

per gzxn of adsorbent, W,, which causes a 10% reduction of the specific retention 
vohmxe (or I&) of some standard compound relative to the constant retention volme 
observed at lower FV, valuesz8. The value of the linear capacity of an adsorbent is that 
it establishes the maximum amount of sample that can be introduazd into the cohEnIn 



witbout eaasing overloading and operation under nod.inear ehtion umditions. 
Armher comequa= of sample: bad is that the c~hxmn efkiency (number of theotet- 
ical plates, IV) begins to decrease rapidly when the maximum linear loading capacity 
is reached=. Ih the case of equiliirium experiments operation witbin the linear 
capacity region of the adsorbent will give the maximum attainable K. values at the 
specifid temperature. Figs. 2-4 show the e&ct of sample size on Kn values for three 
different solutes. The data in Fig. 2 are reasonably consistent considering that it 
represents more than one lot of XAD-2, and was obtained with both EDT and EDS 
(equilibrium distribution using spectrophotometric measurement) methods. The 
linear extrapolated K, value of 209 for benzo[a]pyrene gives a maximum linear 
capacity, f&, of about 1 - 10e5 g benzo@z]pyrenejg adsorbent. n-Hexadecane, which 
has a lower KD value than benzo[~]pyrene, gave a larger lineax capacity of 5.8- IOe5 
in methanol, as shown in Fig. 2. The trend of larger linear capacity for solutes with 
smaller KD values continues for beane (see Fig. 3, KD = 2.4) where the maximum 
linear capacity is about 2.7-10-4. It has not been determined if this observed trend 
between linear capacity and & has general validity. The f?O_l values reported here for 
XAD-2 are comparable with a value of 4.4. 10e4 estimated for Corasil11, but are 
10-iO0 times lower than a value of 1.4. 10m3 estimated for SlO pm porous sili&“, 
and are in the vicinity of a value of 5- 1W4 estimated for another typz of silica3’. 
From these comparisons we would conclude that XAD-2 has about the same linear 
capacity as other adsorbents used in chromatography. 

Comparison of dfflerent methods to measure KD vahes 
Since both equiliirium and chromatographic elution (CE) methods were used 

in this work to characterize the behavior of M-2, the I&, values of several PAHs 
were measured at least ELI triplicate by three di6erent methods in order to provide data 
for a comparison of the methods. Tne data in Table III compass the EDT, EDS 
and CE methods. In general, the EDT 2nd EDS m.dmds provide comparable 
results as the &, values obtained by these methods usually differ by QO more 



F= 3.. Linux capasity of XAD-2 nemsmai by adsorption of Axxadaranc fnrm methanol 0, El = 
EZDT data 011 diflitcent lots of XAD-2. 

Fig_ 4. Linear capzcity of 2cAD2 zwzamed by cbmmatographic eIuticJa of benzene. I3uent = 
ln&lallol_ 

. 

than I&20%; however, EDT results are consistently Larger, probably because 
EDT measurements . .-are normaLly made at sign&antly lower W, values 
(7. LO-6 Es_ 1 -lo-‘, respectively)_ The EDT method is convenient to use, is 
not pIagued by f&e prob!en of W background absorbance, and is a very powerfu3 
techGque for measuring extremely low solute concentrations in systems having large 
J&, values_ All three methods are comparable in the Iowet Km region; however, at 
h&her KD values the equilibrium and chromatographic methods differ by 543% or 
more. At present, we are not able to account for this gradual divergence shown by the 
CE and ED methods other than to sugest that use of only a faction of the adsorbent 
in a column at any instant by the solute, non-equilibrium conditions in a dumn, and 
non-gauss&x peaks (especialiy when & is Iarge) cause these difFerences to be ma&- 
&i at larger Kp khes. Some of the observed scatter can be attributed to the use of 
different batches of XAD-2; however, it is estimated this would n&t account for m&e 



than 10420% of the difhence. previously, some &, d.i&rences have been observed 
between equilibrium and cbromatographic elation methods ofticasuring KD vaEuesa. 
Xn ox case &roma&~graphic data for napbthalene whose Kj, was 7.8 was abmt 7% 
lower t.ba~ equilii~um dat& 0G.m aromatic hydrocarbons whose CE KD values 
qqed from 4% to 27-5 were 9 to 21% lower than ED valves, mspectively. 

6.0 4.3 f 1.4 - 241*O.Q8 Mm01 
8.1 9.0 f 2.4’ S&2 -8.27 * 0-n MM 

Pbenzinti 10.2 41” 34il 24.8 & 0.8 Met&m01 
AQtbmcene 10.2 31 f 25” - 28.4 i 0.6 Methanol 
~Jleh==e 10.7 12.3 12s 124 - * 1 142 103 62 & f *4’# 2”’ 15”’ 26.6 54.8 - * f 4 l-4 MdhanOI PdWilZlOl Methanol 

BenroCRlm== 12s GO&l* IS7 + 1s 93 i4t M&Xl01 
-0WPY== 128 2012 15fl - rr_Eieptane 
BenzOfQlpY=e 128 8r3 11 - AJXtOZlt2 
==OblPY=s 12.8 26 i 2 26&4”’ - ACCtOR.i&ik 

- XAD-2 lot WCRE. 
*- W, = 4.2. 1O-s_ 

-** HUB methods used to mesure solute a3ncentration. 
’ W. = 26-10-3 

‘~&lotiler experimmt using fluo!xsosce defection Save 148 I_ 5. 
***24Scm x 5.33mmII).col-fflkdwith~12gXAD-2,45-53~~m: V, =3_27n&obtain& 

withNaNO* 
t W, = 1.0 - IO’* for benzo[a&rene; W, r8nged up to 7 - 10m5 for cbromatograpbk ekxtion 

mts in order to obtain detectable peaks_ 

The data in Table III was examined in greater detail to determine if it showed 
trends that was characteristic of homologous series. Table N shows the results of 
fitGng each data set to a Linear ecpation, log KD = log V, + IF&, where log V, (the 
intercept) and m (the slope) were obtained by liuear regression analysis. The A, value 
of each PAH represents the area covered on the adsorbent surface by an adsorbed 
sample mokcule. The rd, value of unsubstituted hydcocxbons, C,&, can be calculated 
by ffie fomuia A, = 6 -k 0.8 Q - 6) t 0.25(c - h); V, is the volume occupied 
by an adsorbed xnonolayer of sample completely covering the surf&e of the 
adsorbent and is reMed to the specik surface area (SA, m*/g) of thq adsorbent by 
the equaeon, V, = O.OQO35 x SA=. 

The slope of the line obtained by ED methods is slightly gzatcr tba~ that 
obtained by the CE method, e.g., the slope windows, de&ted as m & dvs, do not 
quite overlap with one another. One noticeable feature of the data is that the inter- 

cepts all overlap, and give cakulated SA values that vary from 187 to 350 m’fg. These 
calc&ated v&es ccmqare favorably with the f&e valugs that range from 300-366 rn’fg 
51 TabkV. . 



TAaFEN.- _ 
!SSULTS FROM -G if&, DATA TO A l-i&FlA’fIOli .- 

E;)Iu-- _ -liti@&w- wczTs.Foe 
I 4!=-- 

- NtXIUk~pO~??SUl 6 25 6 . 7 
S&JpC=m 0.253 0.252 0.266 0.223 
Y=logY. 

&Cearra. cahculattd,m’/g 

-0993 O.lQz -1.021 0.0953 -l.lSS o-06s3 -09114 

w 272 - 187 - 3sY3- 
vvianceofstope = vs 2.32-1w IS- 10-C 321- EO-+ I.01 - m-C 
V;ariureofill~t=ti 0.0241 0.0148 0.0408 0.0106 
ciIsmdaonm 09S9 0966 0987 0993 

zz::z%& 0.015 0.6% 0.579 o-0135 0.01s 0.499 0.528 0.010 

Std_dkvLofirrtcrcep=~ 0.155 0.122 0.202 0.103 
sli?pcwiQfsow=m~ G 02.5 f a-02 0.25 i 0.01 027 L 0_02 022 * 0.01 

hSucq%suindew=i~~~ -039~0.2 -LO * 0.1 -1.2 f 0.2 -09 g 0.1 

TA8FSV 

PROPERTIES OF XAlS2 AND ?&ID-S 
nz=notavaZaHe_ 

Since SVB adsorberas have not been as thorougJ3ly t2baracterized as trditional 
polar adso~ts (dica and ahxnina), an e+ensive EDT i&s&ation was conducted 
OS selected PA&Is and n-hexadecane, a model aliphatic hydrocarbon, in a wide 
vaiiety of pure organic solvents- The data in Table VI show the distribution behavior 
of be~~&~~thrzcene, benzo[a&rene and n-hex.adme on three SW3 absorbents, 
Bio-Beads SM-2 (SM-2), XAD-2, and XAD-4. JJte general md for KD values of 
benzo-[t&nene on the three xIsorbents is that &, on SM-2 < &, on XAD-2 < Ko 
on XAD-4, in a_mment with the surface areas of XAD-2 and XAD4 (the SA value 
for SM-2 was not ax&able for c.omparison)_ T&e table rev& some subtIe features 
of aIiphatic hydrocarbon (&Xi) soh-ents that are more pronounced wi-& the benzo- 
faJpyrezx/XAD4 system. Brancbec~ hydrcxaxbons such as 2,2,&rimethylpent 
=d isobexanes, and one cyclic hydrocarb (qcIobexzme), give siguikz~tly higher 
&, vaiues than n-hydroca&ans, indicatkg that branched hydrocarbons are weaker 
so1vent.s for the elution of PAHs. This trend is more evident upon cotiparing aIcohoI 



soheuts in Table VI& where it is observed that iso-, sec.-, and terkakoholks g&e 
.sQn&an@ larger KD akes than the normat isomer: Aromatic hydrocabons such 
as benzene, tokxea~ and o-xylexie aze the stro~~gest hydrocarbon sollvents, which is a 
manifestation of &is ability to strongly interacf. with SVB copolymers. It has been 
suggested tb& the x&zctron systems are involved id such interactions between 
aromatic SoEvents and the SW3 copolymer rnatrix~~ Qualitatively tie hydroczbon 
solvents woa.id be raskd as foEows in the order of increasing soknt strength: 
2,2,4trimethylpente < cyclohexane c isohexzmes c n-alipbatic hydrocarbons -C 
aromatic hydrocarbons. This ranking is consistent wit& the tread from a normal- 
@3semodeofsepamtionto skszxck.s~on chromatography since the solubidity paam- 
eters @) of hydrwarbon solvents (a range = 6.8SS.2 for above solvents) are kss 
than SVB copolymers (~5 = 8.5,9.1), which are about the same as aromatic sokents 
(S range = 8.8-9.2 for above aromatics~. Akohots and other water-miscible soIvtx& 
(acetonitxi!e, dime&y1 s&oxide, N,Wdimetbylformamide, tetrahydrof&an and 
acetone) that are dkcussed later have 8 values greater than SVB copoiymers. These 
solvents when used either neat, or as components in binary aqueous soMions, extend 
the cbromatograpbic separation mode of XAD-2 to the reversed-phase category, 
which has been exploited to accomplish many interesting separations (see refaces 
in introductory -40~). The application of SW3 copolymers to various combinations 
of normal-phase, size-exclusion, and reversed-phase modes of separation has been 
ilIust&ed recatly in two pubJ3cations17Js. 

TABLE Vi 

DlBTR.IB~ON CON!S’MNTS IN KYDR OCARRON SOLVENTS 

16 26 
5 13 
14 20 
20 37 
18 40 
IS 20 
- 20 

zoo 364 
13 27 
0 0 
0 0 
0 0 

The adsorption kbavior show- by tx-hexadecaue in Tables W-VIII provides 
an interesting comparison of the difCererws betweeu alipbatic hydrocarbon (AIM) 
and PA?3 solutes_ The I&, value of 0 for n-hexadecane in alI solvents shown in the 
Table VI indk&es that n-hexadecane does not distinguish any differences among the 



s&f-z 

S&&e 

XAB2 XAD-2 XAW XAD-2 

mfal- i&l?z[&]- &enzO,ra- Benzo[a]- lzaem- 
PF- alMu- Pprerre Pynne _- 

102 123 217 420 42 
57 84 13S 330’ 8.0 
59 81 138 340' 2.4 

100 202 330 1ZOO 4.5 
36 -00 77 199 X.8 

59 95 156 -393 z.6 
110 209 310 I230 4.3 
- - 1790 - - 

*Average devktioas axe 90 and 1-S for t&e two alcolmk_ 

various ALH and aromatic solvents, and Ieads to the conclusion that PAH and ALH 
mixtums couId be separated by normal-phase chromatography on SVB adsorbents 
as PAEZs would but ALHs wouId not be retained and are expected to emerge within 
the cohxmn void volume, V,. If the column exclusion limits were appropriate, the 
PAHs could be subsequently fractionated by size-excIusion eel permeation) tech- 
niques, provided the particuiar SVB packing is sufhcientiy rigid to be able to Werate a 
switch from an ahphatic eIuent such as 2,2,44rimethylpentane to an aromatic eluent 
such as benzene- Recent work in our laboratory has demonstrated that PAHs and 
ALHs can be isolated as one fraction from cigarette smoke condensate, then be 
separated from one another on an XAD-2 cohunn (30 x 2.0 cm I.D.) using sequential 
modes of separation that transverse from reversed-phase to normal-phase chromato- 
_mphy; subsequentfy, the PAHs are eIuted from the cohunn with tetrahydrofruaa and 
benzenp. It has not been established to what extent, if any, that size~xcIusion 
separation is invoked in fractionating the PAHs in the fkal step_ . 

Table VII shows K. data for several common alcohol solvents. Upon com- 
paring the n-aIkyl akohob for a given adsorbent and solute it is observed that Kp 
generaIIy decreases from methanol to butanol, indicating a relative eluotropic strength 
of: methanoI < ethanol c l-propanol c 1-butanol. This strength gradually increases 
in the benzo[a~yrene/XAD-2 system for other alcohols (1-pentanol, K. = 59; 
I-heptanol, KD = 31; and l-octanol, KD = 26) with l-oc&~~oI having a KD vahte 
that is close to that of n-ahphatic hydrocarbons. This would suggest that the role of 
the hydroxyl group in determining solvent strength has been over-shadowed by larger 
ahphatic chains- A puzding aspect of the soIvent trend in n-a&y1 alcohols is the near- 
equivaknce in sokent stren_@hs for ethanol and I-propanol in some solute/adsorbent 
systems @enzo[a~yrene_jSVB adsorbems) whereas phenanthrene/XXD-2 (methand, 
KD = 41; ethanol, KD = 35; I-propanol, KD = 29), benz[a&nthracene/XAD-2% and 
n-he=decane/XAD-2 systems show that ethanol is the stronger soknt. Gas chroma- 



Bi?TCXO[Qj- gaerral- Ben.z&al- l%XZO[Q]- tt-ff- 
PF- tixmiroa?Re IF- PF- decmre 

- - 0 0 0 
0 0 0 i-8 
- - 10 86 0” - - 0 4.4 0 
- - 4.5 42 0 
- - 237 1460 - 

0 
- 
1.2 
8.4 
4 
6 

- 

Yi 
1.2 

E 
17 

0 

; 
9s 
6 

- 
- 
- 
0 
2 
9 

1.5 
30 

0 0 0 
0 0 0 
2-f 6 0 

16 58 0 
8 16 2.5 
26 8 1.7 
2.6 5.2 0.7 
6.0 19 l-6 
0 0 0 
0.82 4.3 0 

11 42 89 
26 74 9.5 
46 157 94 

tography analysis of the n-alcohol solvents used in benzo[a]pyrenejXAD experiments 
for traces of water revealed approximately 0.08 % water present in the alcohols; hence 
differing amounts of water in the alcohols was not responsible for the nearly equiva- 
lent KD values. Qualitatively the overall solvent strength ranking of the alc~hob is: 
zeti.-butanol < isopropanol = isobutiol < methanol < sec.-butanol -C ethanol SB 
n-propan < n-butzmol 

Table VIII shows KD data in ethers, ketones, halogenated hydrocarbons, and 
several other solvents. It is observed that ethers such as tetrahydrof&ran and 1,2- 
dimethoxyethane (also known as Glyme) are very strong solvents for PA.%, whereas 
isopropyl ether, having hydrocarbon branching, is signS_tly weaker as a solvent. 
The four ketones (acetone, metbyl ethyl ketone, 2-pentanone, and metbyl isobutyl 
ketone) are also weaker solvents than tetrahydrofuran or 1,24imethoxyetbane. The 
ketones, like previous homologous series, show an increase in solvent strength with 
increasing hydrocarbon chain length, md also show a reduction in solvent strength 
with increased branching in the hydrocarbon chain. Halogenated hydrocarbon 
solvents exhibit a wide raug~ in solvent strength with methylene chloride and chloro- 
form being stronger solvents and 1,l ,MsichIoro-l,2.,24rifluoroethane bemg the weakest 
solvent for PA%- The KD values in the halo-methanes and halo-ethanes suggest that 
increasing balogenation dw solvent stxe~gtb within each seris- Thus the solvent 



strength would increase as: 1,i~-~c~oro_I,~-~uor~~e < carbon I tetrz- 
chloride c I,I,l-trichIoroethane c &&dichloroethane ( chloroform a-methykne 
cbioride_ The last five solvents in Table VDI show a wide variation in soknt strength, 
with propylene carbonate beiug the weakest and ethyl acetate the strongest- Acetoni- 
trile, a common solvent for reversed-phase chromatography on chemical@ bonded 
phases such as Cdca packings, is a much stronger solvent than methanol on SW3 
ad-sorbents; however, other water-miscible solvents such as N,N-dimethyEormamide 
and dime*&yisuEoxide are even stronger than acetonitrile- n-Hexadecane shows the 
same re&ive trends in solvent strength within the various series in TabIe VIII, and in 
most cases is weakly adsorbed by XAD-2; however, two solvents in which this is an 
exception are dimethyi suEoxide and propylene carbonate. En both solvents n-hexa- 
decane is more highly adsorbed by XAD-2 than benzo[a]pyrene, giving rise to a 
possiile scheme where PAHs could possibIy be ehrted before ALE&. Since both 
dimetbyl sulfoxide and propyiene carbonate are good solvents for the preferentiali 
extraction of PAHs relative to ALHs from ALH s0Ivents3B*~~, a suggested exphmation 
for the Iower K’ vaIues of PAHs relative to ALHs on XAD-2 is strong solute-solvent 
attractions between the 4z-&ct.rons cf a PAH so1ut.e and the carbonyl carbon in 
propykne carbonate or the suIfur atom in dimethyl sulfoxide. 

The &, values of benzo[c Jpyrene on XAD-2 and XAD-Q can be examined in 
greater detail to check for internal consistency, to identiy possible anomaIous 
behavior, and to test the general applicability of a theory of liquid-solid cbromato- 
graphy (LX) by utihzing the linear elution adsorption chromatography (LEAC) 
theory developed by Snydep. InItiahy LEAC theory was applied to the character- 
izarion of pokr adsorbems such as aiumina, silica, and fforisif. More recently LEAC 
theory has been modified and applied to LSC on modified carbon black, a non- 
polar, non-specific adsorbent”_ Adopting the terminology of Snyder, the general 
LEAC equation is: 

where u is activity of the adsorbent, 9 is solute adsorption energy, Eo is the solvent 
eiuotropic value, a measure of soivent streugth, A,, is the secondary efkt factor 
which I%n+O hzs rekted to activity co&kients of species in the system, and other 
terms in the equation have been defined in a previous section. To compare the KDvahres 
of a s3Iute on two batches of adsorbent that difEr only in surface area the generai 
LEAC cxpration can be written for each adsorbent, and then the two LEAC equations 
cat be subtracted to give: 

b-t KD.XASZ - I% KD.XAKU = log va,XAD-2 - log v*,xM-* 

Substituting the surf= area equation from a previous section we have 

The result is that the ratio of & values of the solute (when compared in the same 
soknt) is equal to the SA ratio @AR) of the two bat&es of adsorbent. When KD 
vahre p&s in several soknts are to be compared the preceding equation is linear 
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Fig. 5. K. vahes of ben.zo[a~pyreneiXAD-2 sersus K. vdues of benzo[aIpyrene/XAD4 on log-log 
scak for 29 salve&s. 0 = Hydr-hns mable VII); El = alcohols (Table ViL); A = other 
solvents cabk VHQ. 

where the slope is unity and intercept is log SAR. The Kb data for the adsor@tion of 
benzo[a~yrene by XMB-2 and XAD-4 in 29 of the solvents IistedinTables W-VIII 
is shown in Fig. 5. The least squares slope and standard deviation is 0.98 f. 0.04, 
which is remarkably close to the theoretical value. The intercept of -0.49 & 0.09 
gives a SAR value of 0.32 & 0.07 which is close to the SAR raqe of 0.354 to 0.488 
calculated from appropriate combinations of the values given in Table V. The data 
in Table M summarizes the results of fitting the equation to the data of each table 
separately- CSuly the alcohols (‘Table VII) show diverging behavior, which is due to 
fitting both the slope and intercept. When each SAR is calculated individually for the 
data in Table VII, and then averaged (see last iine in Table IX) a more reasonabie 
ratio is obtained. 

&PPLICATIOH OF Z&, DATA TO CALCULATE SURFACE AREA RATIO FOR XAD-2 

ANDXA.D4A!ZATESTOFLEACTHEORY 

AU solsents’ Hydrocarboa AIcohoLE Others 
(Tube V&VIII) (Treble VI) (Tabk VII) (Tobte YTII) 

9 7 
0.91 0.71 

iO.OS &0.09 
-0.372 0.34 
+0.1s fO.23 
0.96 0.95 
0.425 216 
0.288 0.379 

iO.060 iO.09Q 

13 
O-87 

;0_07 
-0.38 
;0.12 
0.96 
0.417 
0.289 

*0X5 



EhoJropic scale 
-me solvmt eluotropic vdue is a measus of solvent strength relative to a 

reference solvent, and can be shown to represent the adsorption energy of the solvent 
mokzade per unit area (ref. 33, p_ 189). Hence, &vents of large eluotrogic value 
strongly bind to the surface of the adsorbent- Eonco has shown that the eluotropic 
vahre can be iuterpreted to represent the relative inter&&i tension that exists between 
solvent and adsorbent. Thus the eluotropic value for a given solvent~dsorbent pair 
is invariant In some instances it appears that one solvent may change in reEative 
strength and become stronger than another, as in binary aqueous solutious where KD 
9etsu’s solvent composition curves may cross one another. One explanation for such 
behavior is that secondary solvent eff&s such as spe&c soIupesoIvent or soXvent l- 
solvent 2 interactions have become SignXczxnt, and must be considered to adequately 
account for the distriiution behavior. 

A semiqzantitative ehzotropic scale for SVB adsorbents can be developed 
from the application of the LEAC theory_ As a Srst approximation eluotropic values 
of solvents can be established by m easurmg the KD vtiue of a solute on a giveu adsor- 
bent in two di&ent solvents, where ICI and K, are the &, V&US in the weaker and 
stronger sohen& reqxctiveb (ref. 33, p_ HO), Negkxting secondary effec% e.g., 
CzuSurSgA,= 0, it readily can be shown that 

For clean XAD adsorbent batches we will assume a= 1,aswaterdoesnotdeactivate 
the adsorbent surf’; however, it is conceivable that strongly adsorbing species could 
deactivate the copolymer by adsorbing on the surface and blocking available adsoq- 
tion sites_ A batch of adsorbent that is not thoroughly cleaned before use wouId be 
analogous to a polar adsorbent in which the degree of deactivation was not c~ntrok& 
as it is the usual practice to ztivate (clean) the adsorbent by heating prior to a con- 
trolled deactivation step. 

The K, value of benzo[c]pyrene in methanol 0x1 XAD-2 will be chosen as the 
reference point to establish an eluotropic scale for SW3 adsorbents, and the 8 value 
of methanol will -be assigned as 0. A similar approach was used in an investigation of 
carbcn black where an eluotropic scale was developed for fourteen pure solvents 
after assignizxg methanol an I vaIue of W. Benzo[a)pyrene was chosen as a reference 
solute in the present study because its degree of adsorption (range of I&, values) varies 
sufE&ntly to show differences in the various solvents_ A solute such as n-hexadecane 
would not be acceptable as it does not distinguish any differences among the aliphatic 
and aromatic hydrocarbon sofvents_ In addition, benzo[~&rene as a re%rence 
solute is not likely to be involved in as many specik interacdions (such as hydrogen 
bonding) as reference solutes having polar functional groups; however, it is recognized 
that benzo[czlpyrene could possibly associate with some solvents by z-z interactio~~~ 

or be involved in molecular complex formation and thus give erroneous z+’ vahxes. 
Such cases may arise in the future as SW3 adsorbenti are C-M in greater 
detail. While calculating the 6 vah~es given in Table X, it was observed that t&e vabs 
obiained for the benzo[a~eJXXB4 system were 0.01 to 0.02units lows thy 

for the other three systems. Two systems, benzfcr~thracene/XAD-2 and benzo[aE 
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pyreue/XfW-2 which uriIizes the same adsorbent were chosen for the average Eo scale 
sbown ia Table X, where the sofvents are r8.nkd in order of iucreasing d w&e. The 
diEereme between the weakest and strongest pure sobent that can be assigned an 
eluotropic value is about 0.25, only about one-tifttm the range Snyder obtained for 

TABLE X 

ELUOTROPIC SCALE FOR VARIOUS SOLVENTS ON AMBERLITE XAD-2 ANi XAD-4, 
AND BI[O-BEADS SM-2 

roethane 

-0.072 
-O.OIS 
-0_0!6 
-0.016 
-0.003 

:*I0 
0:014 
0.015 
0.030 
0.052 
OS%2 
0.063 
0.067 
0.072 
0.072 
0.075 
0.078 
0.079 
0.089 
0.097 
0.104 
O-la% 
0.105 
0.122 
0.132 
0.150 
0.150 
0.157 
O-167 

Large 

z 

-0.072 
-0.022 
-0.017 
-0.018 
-0.023 

0 
0.010 
0.017 
0.014 
0.030 
0.049 
a055 
0.053 
0.068 
0.067 
0.065 
0.056 
0.071 
0.074 
0.083 
0.089 
0.079 
O_OSS 
0.089 
0.144 
0.105 
0.127 
0.150 
0.151 
0.160 
0_155 
0.185 

s 

z 

l s&eatsanzrar&edino~ofiwrreasing s&en&~ using the E’ values in the second cohmn. 
** An awzrage caku!ati from the individwl v&es obthed on the benz[al 

andbendabyrene/XAD-Zsystems_ 
l ** An average obtained from the four Values calculated for the three adsorixnts SM-2, XAD-2. 

andXAD-4. 
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alumina (ref_ 33, see p_ 194); however, the range observed here for SVB adsorbents is 
about the same as that obtained by Cohn et &.4x for graph&&d carbon b&k. The 
range for WB adsorbents (as well as reversed-phase C,, sor%eMs, and supposedly 
carbon black) can be increased significantly by using binary solvent mixtures of water 
(the weakest eluent for SVR adsorbents) and water-miscible organic solvents such as 
alcohols, tetrahydrofuran, acetone, N,N-dimethylformamide, dimethyl sulfoxide, and 
acetonitrile- The addition of water d eereases the solvent strength to -0.2 or more 
negative values. 

The eluotropic ranking of solvents obtained in this work can be compared with 
soivent strength rankings derived from the results of other investigations on SVB 
adsorbems, For example, the k' values reported by Mori (ref. 16, see Table I) for 
three PAHs and four alkyl benzenes on Shodex Hp-225 were used to calculate average 
e“ values for ethanol (E” = O-013), cyclohexane (e” = 0.067), hexane (so = O-068), and 
chloroform (9 = large), These values a,oree reasonably well with the semi-quantitative 
values reported in Table X for XAD-2, and are used to rank the solvents as shown in 
TabIeXI. Distribution data of 4-chloroaniline on XAD-2 reported by Chu and 
Piehzykxr for 10% solutions of organic solvent in 0.1 F NaOH permit a relative 
solvent ranking of methanol < ethanol < acetonitrile < I-propanof. Simiiar data 
for 10% solutions in 0.1 F HCl show a reversal between acetonitrile and I-propanol. 
Another study by Pietrzyk and Chu” of KD values of pchiorophenol OQ XAD-2 in 
binary solvent mixtures gives a relative ranking of methanol < methyl cellosolve < 
ethanol < I-propanol < acetonitrile c dioxane c acetone. Moreover, Fig. 2 in 
ref- 11 shows a cross-over effect in aqueous solutions where one or_mic modifier may 
change in apparent solvent strength ranking with another organic solvent. This was 
observed for the pairs methyl eelIosolve_ethanol and dioxane-acetonitrile. Other 
solvent rankings estabIished in the above study for non-polar type solutes were: 
ethanol < heptane < ethyl acetate (.s” = large) and methylene chloride (E* = ia@- 

Earlier work? that established the regeneration efficiency of SVB adsorbents gives a 
relative solvent ranking of methanol c ethanol < propanol -K acetone, which is 
consistent with our results in TabIe X. 

Table Xl provides a comparison of eluotropic scales of three non-polar ad- 
sorbents, SVB, octyl and octadecyl chemically bonded adsorbents, and graphitized 
carbon black. A qualitative type of solvent eluotropic trend generally shown by the 
various adsorbents is: water < alcohols M acetonitrile < aliphatic hydrocarbons < 
ethers c aromatic solvents, which tends to verify the adage that solvent strength on 
non-polar adsorbems increases from small poiar to large non-polar solvent?. The 
sti!ariticzs shown by the various adsorbents is remarkable when it is considered that 
some of the scales (Permaphase QDS, and LiChrosorb RP-8) were deveIoped from 
retention data obtained with solvent mixtures_ 

A potential application of the efuotropic scale presented in TabIe X would be 
its use as a guide in selecting solvents for separation on SVB adsorbents. The eluo- 
tropic table not only indicates overall differences in solvent strength but aIso shows 
the effect of branching in the hydrocarbon chain, and more qualitatively the effect 
that the functional group has on solvent strength (alcohol -K ether w ketone < 
halogen < aromatic). A consideration of these factors could lead to the selection of 
eluents that would give unusuitl and/or selective separations. As one example, three 
of the solvents which contain isopropyl groups (2&W5methylpentane, isopropanol, 



andisobutanol)arc vesy&seinSz%reogth, yeta~otbcrsoh~~~t@op~pJaetber) 
containing the isopropy1 group is much stronger; suggrsting.&t the et&F grafp 

bdtava quite dif@rentiy than thealcohol group- The separation of PAHs f%oti AL& 
with 2_244rimcthy&sen~e has been cited previuusiy as- one application of &%&a- 
mental K’ studies and the eluotropic s&e. Since many of the separations 012 SVB 
ads4xbe11t.s utiIize the reversed-phase mode of operation with aqueous binary mixtures, 
t&e solvent ranking ih Table X also establishes tbc relative strength of several watcr- 
n@scible solvents that can be ased as the organic component in binary mixtmxs_ The 
relative ranking of some of the solvents is: Zpropanol c metbzinol e ethanol = 
I-propanol < 1-butanol < acetotitrile < dime&y1 strlfoxde < aoztone c methyl 
et&# ketone c N,N+Jimetbyi-formami de c tetrabydrofuran. Unpubiisbed work in 
our Jaboratory with bii aqueous mixtures has %&f&i this general ranking, 

XAD-2 as an adsorbent disphxys fevefsibiity for the adsorption of PA& 
and has a linear: sample capacity tbat is equal to that of other adsorbentss. Distribution 
b&ados on XAB2 can be dcscribcd using the theory of liixear elution cbrosnato- 
graphy. Conseque~tIy a solvent eiuotropic sc& has been developed as a first step in 
appiying this theory to the cbaractcrization of SVB ads+xnts in greater detail. 
Presently we arc investigating the adsorption of PAHs by XAD-2 from aqueous 
bimuy soIutions in order to establish the eluotropic strength of water. A second step 
in developing LEAC theory for SVB adsorbeats will be to assign adsorption energies 
to a variety of functional groups so that So can be calculated for various solutes. 
Work in this dire&on with homologous series is in progress_ 
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