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MODIFICATION OF SELECTIVITY I N  REVERSED-PHASE LIQUID 
CHROMATOGRAPHY OF POLYCYCLIC AROMATIC HYDROCARBONS 

U S I N G  MIXED STATIONARY PHASES 

* 
Stephen A. Wise , Lane C. Sander, and Wil l ie  E. May 

Organic A n a l y t i c a l  Research Div is ion  
Center f o r  A n a l y t i c a l  Chemistry 

Nat iona l  Bureau of Standards 
Washington, DC 20234 

ABSTRACT 

Monomeric and polymeric C18 materials provide  s i g n i f i c a n t l y  
d i f f e r e n t  s e l e c t i v i t i e s  f o r  p o l y c y c l i c  a romat ic  hydrocarbons (PAH) 
i n  reversed-phase l i q u i d  chromatography. S e l e c t i v i t y  f a c t o r s  v a r y  
i n  a r e g u l a r  manner w i t h  r e s p e c t  t o  s u r f a c e  concent ra t ion  of C18 
groups on d i f f e r e n t  C18 columns. I n  t h i s  s tudy ,  w e  i n v e s t i g a t e d  
t h e  f e a s i b i l i t y  of "customizing" a C18 column t o  provide  an i n t e r -  
mediate  s e l e c t i v i t y  by mixing 5-um polymeric C18 material from two 
d i f f e r e n t  l o t s  w i t h  h i g h  and low C 1 8  s u r f a c e  concent ra t ions .  
Polymeric C18 materials from d i f f e r e n t  product ion l o t s  w e r e  mixed 
i n  r a t i o s  of 30170, 50150, and 70130 (w/w>. S e l e c t i v i t y  f a c t o r s  
f o r  t h e s e  columns w e r e  found t o  b e  similar t o  t h o s e  p r e d i c t e d  by 
t h e  l i n e a r  a d d i t i o n  of t h e  s e l e c t i v i t i e s  of t h e  two i n d i v i d u a l  
phases. The PAH selectivities on t h e s e  mixed columns were a l s o  
found t o  be comparable t o  d a t a  obta ined  from coupled s h o r t  columns 
of a p p r o p r i a t e  l e n g t h s  each c o n t a i n i n g  one of t h e s e  d i f f e r e n t  c18 
materials. 
s e l e c t i v i t y  can b e  prepared by e i t h e r  mixing two d i f f e r e n t  C18  
materials o r  by coupl ing columns conta in ing  each of t h e s e  d i f f e r e n t  
phases. The u s e  of mixed phase columns i s  i l l u s t r a t e d  f o r  t h e  
a n a l y s i s  of a f r a c t i o n  conta in ing  f i v e  condensed r i n g  PAH isomers 
(molecular  weight 278) i s o l a t e d  from an a i r  p a r t i c u l a t e  sample. 

These s t u d i e s  i n d i c a t e  t h a t  columns of s p e c i f i c  
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27 10 WISE, SANDER, AND MAY 

INTRODUCTION 

Monomeric and polymeric C18 materials provide s i g n i f i c a n t l y  

d i f f e r e n t  s e l e c t i v i t i e s  f o r  po lycycl ic  aromatic hydrocarbons (PAH) 

i n  reversed-phase l i q u i d  chromatography (1,2). Polymeric C 

phases genera l ly  provide l a r g e r  s e l e c t i v i t y  f a c t o r s  (u) than mono- 

meric C18 phases f o r  most p lanar  PAH so lu t e s .  

material  i nves t iga t ed  has a very  low su r face  area (%90 m /g  f o r  

t h e  under iva t ized  s i l i c a )  which provides a high C18 su r f ace  coverage 

and a unique s e l e c t i v i t y  f o r  PAH separa t ions  when compared t o  

monomeric C18 phases and t o  o the r  polymeric C18 phases prepared on 

higher su r face  area s i l i c a  (300-400 m /g) .  Recently,  w e  repor ted  

t h a t  s e l e c t i v i t y  d i f f e rences  f o r  PAH on d i f f e r e n t  C18 columns from 

var ious  manufacturers w e r e  r e l a t e d  t o  t h e  monomeric or  polymeric 

na ture  of t h e  chemically bonded l a y e r  and t o  t h e  su r face  concentra- 

t i o n  of t h e  C18 l aye r  ( 2 ) .  

a polymeric C18 phase from one manufacturer w e r e  s tud ied  with 

respec t  t o  C18 su r f ace  coverage and s e l e c t i v i t y  f a c t o r s  f o r  PAH. 

I n  t h i s  study ( 2 )  t h e  s e l e c t i v i t y  f a c t o r s  f o r  s e l ec t ed  PAH ( r e l a t i v e  

t o  benzo[a]pyrene) on t h e  d i f f e r e n t  polymeric columns were found 

t o  vary  l i n e a r l y  a s  t h e  su r face  concent ra t ion  of t h e  C18 groups 

varied.  A s  an ex ten t ion  of t hese  s tud ie s ,  we i nves t iga t ed  t h e  

f e a s i b i l i t y  of "customizing" a C18 column t o  provide an in te rmedia te  

s e l e c t i v i t y  by phys ica l ly  mixing two polymeric C18 ma te r i a l s  from 

d i f f e r e n t  production l o t s  ( i .e. ,  l o t s  wi th  high and low C18 sur face  

coverage). The s e l e c t i v i t i e s  of t hese  "mixed" phase columns were 

compared t o  t h a t  obtained by coupling two shor t  columns ( i n  appro- 

p r i a t e  lengths) each containing one of t hese  same C18 materials. 

18 

1 8  One polymeric C 
2 

2 

I n  add i t ion ,  s e v e r a l  d i f f e r e n t  l o t s  of 

EXPERIMENTAL 

A l i q u i d  chromatograph wi th  a f ixed  wavelength W de tec to r  a t  

254 nm and an autosampler w e r e  used f o r  a l l  l i q u i d  chromatographic 

measurements. HPLC grade a c e t o n i t r i l e  and water were used as t h e  

mobile phase. PAH s tandards  were obtained from s e v e r a l  sources as 

previous ly  repor ted  ( 2 ) .  Columns and bulk packing material (>2g) 
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MODIFICATION OF SELECTIVITIES OF PAH 2711 

from two d i f f e ren t  bonding producti'on l o t s  c lots  11 and 151 of 

polymeric C mater ia l  (:5-pm] and one l o t  (lot 171 of monomeric 

C18 material (5-vmm) w e r e  obtained from the  manufacturer. 

numbers w e r e  a r b i t r a r i l y  asszgned by the authors and correspond to  

those i n  the previous study (2) .  The manufacturer indicated t h a t  

l o t  11 had a low carbon loading, whereas l o t  15 had a high carbon 

loading. 

t h i s  study u t i l i z e d  t h e  s a m e  low surface area s i l ica  support 

(90 m 2 / s > .  
The columns (25 c m  x 4.6 mm i.d.) containing the mixtures of 

l o t s  11 and 15 [70/30, 50/50, and 30170 (w/w) l o t  I l l l o t  151 w e r e  

prepared by the  manufacturer. Short columns (12.5 cm x 4.6 mm 

i .d.)  containing packing from l o t s  11 and 15 were also prepared by 

the manufacturer. 

18 
The l o t  

Both the  polymeric and monomeric CI8 materials used i n  

Specif ic  surface area and percent carbon measurements on the  

chemically modified C18 materials w e r e  determined and used t o  

ca l cu la t e  t he  surface concentrations of t he  C18 l igands on the  

si l ica as described previously (2 ) .  
The mobile phase mixtures were pre-mixed and allowed t o  

equ i l ib ra t e  t o  room temperature p r io r  t o  use. A l l  re tent ion data 

were obtained under i s o c r a t i c  and isothermal conditions (27 "C). 

Retention 

solut ions 

from k'  = 

t i s  the 

t i m e s  were obtained from in j ec t ions  of a c e t o n i t r i l e  

of each compound, Capacity f ac to r s ,  k ' ,  were determined 
ct-to> 

, where t is the retent ion t i m e  of the solute  and 

unretained time w h i c h  was determined from an in j ec t ion  

of acetone i n  a mobile phase of a c e t o n i t r i l e .  

(a) f o r  each compound were calculated from a = k1/ktBaF, where 

kVBap i s  the capacity f ac to r  f o r  benzo[a]pyrene. 

Se lec t iv i ty  f ac to r s  

RFSULTS AND DISCUSSION 

In gas chromatography Laub e t  a l .  c3) and Kong et  al. (41 have 

reported the  use of mixed l i qu id  phases. t o  optfmize t h e  separation 

of selected PAH solutes.  In l fqu id  chromatography Glajch and 
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2712 WISE, SANDER, AND MAY 

Kirkland ( 5 )  r ecen t ly  reported mixing LC packing mater ia ls  with 

d i f f e ren t  chemically bonded func t iona l i t i e s  ( i . e .y  C B Y  CN, and 

phenyl) t o  optimize the  separation of phenylthiohydantoin der ivat ives  

of 20 amino acids.  

s e l e c t i v i t y  cha rac t e r i s t i c s  of several  PAH on columns with d i f f e ren t  

proportions of C2 bonded material mixed with C18 mater ia ls  and 

found the contribution of the individual phases to  be addi t ive.  

In  a recent study ( 2 )  seven d i f f e ren t  production l o t s  of a 

Ogan and Katz (6) evaluated the retent ion and 

polymeric 5-um C18 material w e r e  found t o  have C18 surface concen- 

t r a t i o n s  varying from 4.3 - 8.2 umoles/m . The s e l e c t i v i t y  f ac to r s  

f o r  PAH solutes  on these columns var ied l i nea r ly  as the  C18 surface 

concentration increased. Two l o t s  of mater ia l  from t h i s  previous 

study were selected t o  evaluate the f e a s i b i l i t y  of mixing C18 mate- 

r ia ls  with high and low surface concentrations t o  obtain columns 

with intermediate s e l e c t i v i t i e s .  The physical cha rac t e r i s t i c s  of 

these two l o t s  of polymeric C 

The mater ia ls  from l o t s  11 and 15 were rejected by the rnanufac- 

t u r e r ' s  normal criteria f o r  se lec t iv i ty  in the separation of PAH, 
i .e . ,  i n su f f i c i en t  resolut ion of benz[a]anthracene and chrysene on 

the low coverage material  and in su f f i c i en t  resolut ion of dibenz- 

2 

mater ial  are summarized i n  Table 1. 18 

TABLE 1. Physical Character is t ics  of Different C18 Materials 

d Surfage Percent Surface 
Area Carbon' Concentration 

(m2/g) (wtX t IS) (Umol /m2) 
*'Ba/ a Column Lot 

11 (polymeric) 61.0 7.5 * 0.2 5.7 f. 0.2 3.1 

1 5  (polymeric) 52.4 9.3 k 0.1 8.2 k 0.1 4.9 

1 7  (monomeric) 53.4 4.0 k 0 . 1  3 .1  t 0.1  0.9 

aLot numbers were a r b i t r a r i l y  assigned by authors as in  r e f .  2. 

'Determined by BET. 

'Four samples, uncertainty is +lo.  

dCalculated from equation 2 i n  r e f .  2 .  

e85/15 ace ton i t r i l e lwa te r  (v/v) as mobile phase. 
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MODIFICATION OF SELECTIVITIES OF PAH 2713 

MONOMERIC POLYMERIC POLYMERIC 
LOT 17 LOT 11 LOT 15 + + + 

TBN z 

1 .o 2.0 30 4.0 5.0 

k'BaP 

FIGURE 1: Selectivity factors ( a ) ,  relative to benzo[a]pyrene, for 
selected PAH on three columns containing a monomeric C18 
material (lot 17) and two polymeric C18 materials (lots 
11 and 1 5 ) .  BaA = benz[a]anthracene, Chr = chrysene, 
BjF = benzo[j]fluoranthene, BkF = benzo[k]fluoranthene, 
DBajA = dibenz[a,j]anthracene, BghiP = benzo[ghi]- 
perylene, DBahA = dibenz[a,h]anthracene, TBN = 
1,2:3,4:5,6:7,8-tetrabenzonaphthalene, PhPh = phenanthro- 
[3,4-c]phenanthrene, and m-qp = m-quinquephenyl. 

[a,h]anthracene and benzo[ghiJperylene on the high coverage 

material. 
phase prepared on the same low surface area silica (YO m /g) as 
the two polymeric C18 materials. 

C18 columns are plotted in Figure 1 as a function of kIBaP. 
noted previously (2) and as shown in Table I, ktBaP values are 
related to the C18 surface concentrations. This linear relationship 

Data are also included in Table 1 for a monomeric C18 
2 

Selectivity factors for several PAH solutes on these three 
A s  
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2714 WISE, SANDER, A N D  MAY 

18 
of kVBap and su r face  coverage is va l id ,  however, only when C 

phases prepared on s i l i c a  of t h e  same su r face  a rea  are compared. 

In the  previous study ( 2 )  da ta  f o r  columns from f i v e  d i f f e r e n t  

l o t s  of t he  polymeric ma te r i a l  and from a monomeric column were 

p lo t t ed  i n  a similar manner a s  i n  Figure 1. 

column i n  t h e  previous study was prepared on a high su r face  area 

However, t he  monomeric 

n 

s i l i c a  ( ~ 3 0 0  mL/g) with 13% carbon r e s u l t i n g  i n  a k' 
c5.5. 

value  of BaP 
The monomeric column i n  t h e  present  study w a s  prepared on a 

n 

low sur face  area s i l i c a  (90  mL/g) with a 4% carbon loading r e s u l t i n g  

i n  a kVBaP value  of 0.9. A s  shown i n  Figure 1, when t h e  s e l e c t i v i t y  

f a c t o r s  a r e  p lo t t ed  as a func t ion  of kVBaP, the  l i n e a r  t rends  

observed f o r  t h e  polymeric columns can genera l ly  be ex t rapola ted  

back t o  the  monomeric column. 

types of PAH s o l u t e s  ( p a r t i c u l a r l y  nonplanar s o l u t e s  such as TBN 
and PhPh i n  Figure 1) s e l e c t i v i t y  i s  dependent only on the  ex ten t  

of C18 sur face  coverage (when phases prepared on s i l icas  wi th  

similar sur face  areas are compared) r a the r  than the  monomeric or 

polymeric na tu re  of the  C18 phase. 

l o t s  11 and 15 i n  proportions of 70130, 50150, and 30170 (w/w) l o t  

l l / l o t  15. The s e l e c t i v i t y  f a c t o r s  (a) f o r  several PAH are p lo t t ed  

i n  Figure 2 as a func t ion  of k' va lues  obtained f o r  columns from 

l o t s  11 and 15. 

columns (70130, 50/5Q, and 3Q/7Q l o t s  11/15> w e r e  determined from 

the  a values of t h e  PAH. The da ta  i n  Figure 2 i n d i c a t e  t h a t  

columns of intermediate s e l e c t i v i t i e s  can be prepared by mixing the  

two phases of d i f f e r e n t  s e l e c t i v i t y .  The s e l e c t i v i t i e s  of these  

mixed phase columns were found, however, t o  be s l i g h t l y  d i f f e r e n t  

from those  predicted by the  a c t u a l  mixture propor t ions ,  i . e . ,  

predicted kPBaP values of 3.62, 3.97, and 4.32 compared t o  a c t u a l  

values of 3.84, 4.10, and 4.38 f o r  t h e  70130, 50150, 30170 l o t  

11/15 mixtures,  respec t ive ly .  The a c t u a l  and predic ted  values are 

i n  b e t t e r  agreement as the  propor t ion  of l o t  1 5  (high coverage) 

increases.  

This behavior suggests t h a t  f o r  some 

Mixed phase columns w e r e  prepared by combining material from 

BaP 
The va lues  on the  ab-scissa f o r  the  mixed phase 
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MODIFICATION OF SELECTIVITIES  OF PAH 

h 1.5 
U 
Y 

a 

E iT 

2715 

’ BghiP 

- 7””‘ 
PhPh 

0.5 

DBajA 
BkF 

DBacA 

BeP 

Chr 

BaA 

BbF 

3.0 4.0 5.0 

k’BaP 

FIGURE 2: Selectivity factors (a), relative to benzo[a]pyrene, 
for selected PAH on polymeric C18 columns from mixtures 
of two different lots. BeP = benzo[e]pyrene, BbF = 
benzo[b]fluoranthene, DBacA = dibenz[a,c]anthracene. See 
Figure 1 for additional compound identification. 
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2716 WISE, SANDER, AND MAY 

Differences  i n  column s e l e c t i v i t y  f o r  seven PAH so lu t e s  are 

i l l u s t r a t e d  i n  F igure  3. S ix  columns were compared: t h e  monomeric 

phase, t h e  h igh  and low coverage polymeric phases, and t h r e e  

columns cons i s t ing  of mixtures of t h e  two polymeric phases. 

Phenanthro[3,4-c]phenanthrene (no. 2) and lY2:3,4:5,6:7,8-tetra- 

benzonaphthalene (no. 4 )  are nonplanar s o l u t e s  f o r  which t h e  

s e l e c t i v i t y  f a c t o r s  vary  s i g n i f i c a n t l y  as the  C18 su r f ace  concen- 

t r a t i o n  v a r i e s  ( see  Figure 2 ) .  These d i f f e rences  i n  s e l e c t i v i t y  

a r e  discussed i n  d e t a i l  elsewhere (2). On t he  monomeric column t h e  

phenanthro[3,4-c]phenanthrene and t h e  1,2:3,4:5,6:7,8-tetrabenzo- 

naphthalene have longer r e t e n t i o n  t i m e s  r e l a t i v e  t o  t h e  planar PAH 
than on t h e  polymeric columns. Since the  s e l e c t i v i t y  f a c t o r s  f o r  

these  two s o l u t e s  a r e  very  s e n s i t i v e  t o  changes i n  the C18 su r f ace  

coverage, they have been used as an empir ica l  t e s t  t o  eva lua te  t h e  

monomeric o r  polymeric c h a r a c t e r i s t i c s  of CI8 columns by comparing 

t h e i r  s e l e c t i v i t y  f a c t o r s  r e l a t i v e  t o  a planar PAH s o l u t e  (7). 
For t h e  se l ec t ed  s o l u t e s ,  t h e  columns from l o t s  11 and 15 d id  not 

s epa ra t e  a l l  seven so lu t e s .  However, a mixed phase column of 70% 

l o t  11 and 30% l o t  15  provided t h e  appropr ia te  s e l e c t i v i t y  t o  

achieve sepa ra t ion  of a l l  of these  s o l u t e s .  These s t u d i e s  i n d i c a t e  

t h a t  columns of s p e c i f i c  s e l e c t i v i t y  can be  prepared by mixing C 

phases of d i f f e r e n t  s e l e c t i v i t i e s .  
18 

The s e l e c t i v i t y  f a c t o r s  obtained f o r  t h e  50/50 l o t  l l / l o t  15 

mixed column were compared wi th  d a t a  obtained by coupling two s h o r t  

columns (12.5 cm each),  one containing m a t e r i a l  from l o t  11 and one 

containing m a t e r i a l  from l o t  15. The r e s u l t s  shown i n  Table 2 

i nd ica t e  t h a t  sho r t  columns of appropr ia te  lengths  packed wi th  

ma te r i a l s  from d i f f e r e n t  l o t s  can be coupled t o  achieve s e l e c t i v i t i e s  

s imi l a r  t o  those  obtained by phys ica l ly  mixing the  d i f f e r e n t  packing 

ma te r i a l s .  Thus, t h e  chromatographer could have a c o l l e c t i o n  of 

sho r t  C18 columns of d i f f e r e n t  s e l e c t i v i t i e s  which could be coupled 

toge ther  i n  va r ious  combinations t o  achieve the  necessary se lec-  

t i v i t y  f o r  a p a r t i c u l a r  separa t ion .  

To i l l u s t r a t e  t h e  p o t e n t i a l  u se  of mixed phase columns of 

d i f f e r e n t  s e l e c t i v i t i e s ,  a f r a c t i o n  conta in ing  f i v e  condensed r i n g  
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FIGURE 3: Reversed-phase LC separation of selected PAH on a 
monomeric C18 column from lot 17 (A) and on polymeric 
C18 columns from lot 11 (B) and lot 15 (F) and mixtures 
of these two lots [70/30 (C), 50150 (D), and 30170 lot 
11/15 (E)]. Compound identification: (1) chrysene, 
(2) phenanthro[3,4-c]phenanthreneY (3) benzo[b]fluor- 
anthene, (4) lY2:3,4:5,6:7,8-tetrabenzonaphthalene, 
(5) benzo[a]pyrene, (6)  dibenz[a,h]anthracene, and 
(7) benzo[ghi] perylene. 
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A 
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D 
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FIGURE 4 :  Reversed-phase LC separation of five condensed ring PAH 
fraction (isolated from an air particulate extract) on 
C18 columns of different selectivities (A) lot 11, 
(B) 70/30 lot 11/15, (C) 50/50 lot 11/15, (D) 30/70 lot 
11/15, and (E) lot 15. Peak identification: DBacA = 
dibenz[a,c]anthracene, DBajA = dibenz[a,j]anthracene, 
DBahA = dibenz[a,h]anthracene, BbC = benzo[b]chrysene, 
and no. 6 = coronene. Peaks 1-5 are unknown. 
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TABLE 2. Selectivity Factors (a) for Selected PAH on 
Mixed vs. Coupled Columns 

m-Tetraphenyl 
Phenanthr0[3,4-~]phenanthrene 

9,lO-Diphenylanthracene 
m-Quinquephenyl 
Tetrabenzonaphthalene 

Dibenz [a,  c] anthracene 
Dibenz [a,  j] anthracene 
Dibenz [a, h ]  anthracene 

50150 Lot 11/15 

- Mixed Coupled 

0.288 0.291 
0.436 0.438 

0.454 0.459 
0.557 0.564 
0.676 0.676 

0.728 0.730 

0.939 0.941 
1.42 1.43 

PAH (molecular weight of 278) and coronene, which was isolated 
from an air particulate sample as described previously (8), was 
separated on columns from lots 11 and 15 and on the three mixed 
phase columns. This fraction contains coronene and five PAH 

isomers of molecular weight 278 which were identified by gas 

chromatography-mass spectrometry (GC-MS) and LC with fluorescence 
detection as dibenz[a,c]anthracene, dibenz[a,j]anthracene, dibenz- 
[a,h]anthracene, benzo[b]chrysene, and picene. 
least one unidentified PAH isomer of molecular weight 278 was 
confirmed by GC-MS. 

In addition, at 

The LC analyses of this fraction on the five different columns 
are shown in Figure 4. 

under the same chromatographic conditions. 
isomers of molecular weight 278 were separated on each of the five 
columns. However, the unknown peaks (nos. 1-5) and coronene 
coelute with each other and/or with the identified peaks on some 
of the columns. These chromatograms illustrate the advantage of 
having several columns of differing selectivities for the analysis 
of complex environmental PAH mixtures. 

All of these chromatograms were obtained 
The five identified PAH 
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The complexity of PAH mixtures  o f t e n  n e c e s s i t a t e s  t h e  modif i -  

c a t i o n  of column s e l e c t i v i t y  t o  o b t a i n  t h e  s e p a r a t i o n  of p a r t i c u l a r  

c o n s t i t u t e n t s .  Two methods f o r  achiev ing  a p a r t i c u l a r  s e l e c t i v i t y  

f o r  PAH i n  reversed-phase LC have been descr ibed  i n  t h i s  paper ,  

i.e., p h y s i c a l l y  mixed C18 s o r b e n t s  of d i f f e r e n t  s e l e c t i v i t i e s  and 

coupled columns each c o n t a i n i n g  a d i f f e r e n t  C18 s o r b e n t .  Both of 

t h e s e  methods provide  a s e l e c t i v i t y  which i s  i n t e r m e d i a t e  t o  t h a t  

of t h e  i n d i v i d u a l  C18 materials and which i s  r e l a t e d  t o  t h e  propor- 

t i o n s  of each material. These two approaches a l low t h e  

chromatographer t o  "customize" a column w i t h  an opt imized s e l e c -  

t i v i t y  f o r  t h e  s e p a r a t i o n  of t h e  components of i n t e r e s t .  In 

p r a c t i c e  t h e  coupled column approach provides  t h e  most f l e x i b i l i t y  

f o r  prepar ing  columns of a s p e c i f i c  s e l e c t i v i t y .  With t h e  a v a i l -  

a b i l i t y  of s e v e r a l  s h o r t  columns conta in ing  C18 m a t e r i a l s  w i t h  

g r e a t l y  d i f f e r i n g  s e l e c t i v i t i e s ,  a p a r t i c u l a r  i n t e r m e d i a t e  selec- 

t i v i t y  can b e  achieved r e a d i l y  by coupl ing t h e  a p p r o p r i a t e  columns. 
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