
We have con~pared the retention of twelve polycyclic aromatic hydmcarbons 
(PA&) on c&unns packed with octadecyl bonded phases from eight different 
xnanufa~m. The capatity ratios and sekctivity factors were cakulatcd for each 
compound on every cohmm, under conditions of isocratic elution with identical 
mobile phase strength and similar linear flow velocities. We observed a wide range 
of capacity ratios and s&ni&antiy diiferent selectivity on diEwent material. These 
data did not carrel&e with the carbon content or the surface concentration of a&y1 
groups for the various stationay phases. We also report the retention and selectivity 
cWtistics for these PA& on different manufacturiag lots of the octadecyl silica 
used for one of the commxcial cohunns. 

INTROQUCKiON 

Chemically bonded stationary phases are uow the most widely used column 
packing material for liquid chromatography (IX). These materials consist of organic 
Gmztional groups chemically bonded to a base support material. Silica serves as the 
support material in the vast majority of chemically bonded phases, with n-octadecyl 
groups being the most common bonded organic material. While such G, bonded- 
phase silica is ava&b!e from several nxanufams, it is not mcessm ‘Iy all chemically 
ideratical. There are four di&rent synthetic routes to chemically bonded s3icat4. 
Organic attachment via organosilanes is used almost universally, but the charac- 
terktics of the final material are still very much timed by pamnetcrs such as the 
nature of the reactants, reaction temperature, reaction time and solvents2.5*6. 

The purpose of analytical chromatography is the separation of compounds in a 
-wmpk rnixtue. The quantitative description of the separation of two compounds, the 
resolution R, (ref. 7-J, 



is governed by three factors: the efkiency of the column, N; the retention of one 
of the ccmpotm& measured as the capacity ratio, Fc,‘; and the relative retention of 
the mad compound, measured as the selectivity factor, a, 

The column eiEckmy is often used as a means of judging the quality of the cofumn 
packing process, although it is also a function of the r&ure of the hy&ocarbonaceous 
layer on_ the silica support 5.g_1*- There have been many studies of the effkct of 
several bocded-phase characteristics, including chain leer;gth, surface coverage, and 
residual siIanols on the retention of specific solute9*5*ex6. However, the most im- 
portat figor influencing the resolution is the s&ctivity factor, which is a complex 
(and incompIeteIy understood) fuction of the mobile phase corn-position and the 
nature of the organic ~nded-pfiase35-“-‘3-16-x~~. 

Smillie et al.= reported different separations of some polycyck aromatic hydro- 
carbons (PAHs) on three commercial C, bonded-phase columns. Nice and O’HarG 
reported very different sekctivity factors for steroids on five commercial C;, 
columns. Rabel et Q~.I~ made a detailed study of the selectivity factors for several 
aromatic compounds on two commercial C,, coiumns that differ only in the amount 
of or-&c bonded-phase_ Z&&t and Kuczzraz compared five commercial reversed- 
phase cd-, inc!~ning t;lree C& boded-ph cd-. h the course of our Work 

on the dysis of environmental sampks for PAH9, we obseerved that the selectivity 
factor for certain PAH pairs was difEerent on cohmms from different manafkturers. 
In the following, we descrik a comparison of the retention and selectivity charac- 
teristics of several commercial G, bonded-phase coIumns for these PAHs. We also 
report the sekctkity factors for these PAHs for recent manufacturing Iots of the 
C, bonded-phzsc silica for Perkin-Eimer HC-ODS columns. 

A P&in-Elmer Series 3 liquid chromatograph, a Perk&Elmer Model 650- 
IOLC Suorescence detector and a Perk&Elmer Sigma 10 cbroamtographic data 
station were used for thes+z experiments_ A Rheodyne Mode1 7120 injection valve 
fitted with a IO+ sample loop was used to inject the test mixture. Narrow-bore 
tubicg of Q.007 in_ (0.2 mm) I.D. was used to connect the coIumn to the injection 
valve and to the fluorescence detector. A separate set of connecting tubing was made 
for each different w of column end fitting, 

Reagvrls 

AcetonitriIe was ti as purchased from Burdick & Jackson Labs. (Muskegon, 
Mich., U.S.A.) or from MCB Reagents (Cincirmati, Ohio, U.S.A.). Water WAS 
filtered, deionized and purified by a carbon kd system from Continental Water 
Conditioning (Ei Paso, Texas, USA_). Solvents used as mobile phases were degassed 
with a Branson Model 185 ultrasonic probe (Danbury, C&z.. U.S.A.). Ail sokeats 
were filtered through a 0.47-pm MilJipore SIter (Bedford, Mass., USA.). 

C&y-e, benzo[ebyrene, beazokIk_leue and indeno[1,2&d&rene were 



obtabxed in pun form from Analabs (North EIaven, Ccnn-, U.S.A.). The benzc- 
fiuoranthene isomers were obtained as i~~dividual 100-c(g/ml soiutions in toluene 
from flanogen (WatscnviHe, Calif., U.S_A.). Au other PAM standards were obtained 
as IOO-p&ml sclutions in hexane &cm Chem Servim (West Chester, Pa., USA). 

A stock mixture of the PAH standards was prepared from the individual 
soiuticns. The final solvent mixmre was 81% hexane, 1 L % chloroform, 6% acetc- 
&rile ami 2% tolnene. The concentraticns of the ZndividuaI PA& in this mixture, 
given in Table I, were chosen to give fluorescence peaks of comparable magnitude in 
ffie chromatograms. Portions of this test mixture were diluted L 90 or 150 with 
acetonitde for injfxtiom 

TXEXE I 

CONCEN-lRATlONS OF lNDlVlDUAL PAHs lN STOCK MlXTURE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

145 
9.68 

19.35 
14.5 
14.5 
9.68 
1.45 
0.097 
1.45 
2.90 
2.90 

127 

The columns are described in Table II. We purchased two pre-packed Cl8 
silica ccbmms each from DuPont Instruments (Wilmington, Del., U.S.A.), Whatman 
(Clifton. NJ., U_S_4.), Waters Assoc. (Milford, Mass., U.S.A.), Brow&e Labs. 
(Santa Clara, calif, U-S_&) and the Separations Group (Hesperia, Calif., U.S.A.). 

Bulk packing purchased from Macherey-Nagel (Duren, G.F.R.), and bulk 
packing provided by Johns-Manviile (Denver, Cclo., U.S.A.) were pzcked ia ccIumns 
in the Perkin-EImer ccIumn facility. In addition, three experimental columns ccn- 
taining mixtures of 25, SO and 75% LiChrcsorb RP-2 in LiChrosorb RP-18 were 
provided by Brow&e Labs. Brow&e Labs. also provided us with an experimental 
column packed with LiChrosphere 104) derivatkd with n-octyl bonded-phase, a 
ccIurm packed with LiChrcsphere 500 with n-octyl bonded-phase and a column 
packed with a I :I mixture of these two experimental packings. 

New cchmms were flushed with pure acetonitrile for at least. 20 m.in prior to 
use. Acetcnitril~water mixtures were nsed as ffie mcbiie phase, ranging from 60 to 
100% acetotitrile. T&e ffow-rate for each c~bm.~ was adjusted according to the 
CcIumn cross-se&o& area, referenced to 0.3 nz&&t for 0.26~~1 diameter columns. 
Thus, ffow-rates of 0.7 and 0.9 mI/min were used for 0.39- and 0.46-cm diameter 
columns, respe&iveIy- The unretied volume was determined from injections of pure 
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TABLE m 
PEAK.I__ ENTIFKA.FEON FOR FEGS. I-5 

4 
5 

acetonitde with the fhmescen~ detector set at 26Q mu exciti3tion and 280 mn 
emission and 70 or 80% acetonitie in water as the mobile phase. For injections 
of the PAH standard mixture, the fhmrescence detector was set at 305 nm excitation 
and 430 am emission. Capacity factors were c&uMed using the retention time data 
from the Sigma IO data station_ &.I cases of peak overlap or ambiguous peak identity, 
compounds were injected individually. Sekctivity factors for the various PAHs 
were c&uMed relative to bertzo[tz]pyrene. 

The seven PAHs identitkd in Table XII are often poorly separated by reversed- 
phase LC. The chromatograms of these compounds run on five comnercid t& 
bonded-phase cohunns, using an identical mobile phase composition in all cases, are 
shown in Figs. 1-5. The k’ values were calculated for each of these compounds on 
each of these cohmns, as well as the three other commercial G8 bonded-phase 
c&mm.s. Bento[a&rene was also included in the test mixture, and ‘Jle k’ data sets 
from the diEerent cohmns are presented as a fimction of benzotafpyrene retention 
in Fig, 6. These k’ da- were used to cakuMe the selectivity factors, a, for each 
compomd relative to benzo[&yrene according to eqn. 2 (k, k,’ was always that of 



benzo[~&~e)_ These sekctivity f2ctor data are presented graphically in Fig. 7 as 8 
fiznction of ‘benz&zme K. 

“&p&mental columns packe!d with various mktures of Merck RI?-2 and 
RP-I8 bonde&phase material were also evaiuakd using the same test mixture and 
mabile phase sSrengsh_ The retention rime data from tkese chromatogfams were used 
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F;-g, S_ (A) Caparity rdos for the PAHs in Table I on ex pcrimentzl colunns packed with rnixtm 
crf LiChimorb W-2 and RP-18. Absr5s~ is the perccn~ LiCBrosorb W-18. (‘I31 SektSty fac- 
tmfordara~Pa_rA. 

Fig_ 18. Se!ecthity faciors, &tive the benzo[a&rene, from the K dirta in Fg_ 9. plotted as a fknction 
of the K of benwfa~yrene 



to d&te K and Q just as w&b ffie commercial columns and these results are 
presented in Fig_‘8 together with the data from the pure IXhmsorb RP-18 c&mu. 

FlnaLly there has been little published about the variations among different 
mau&cturing lots for commercial columns. Figs. 9 and IO give the capaciw ratios 
and sekctivity factors for the PAHs listed in Table 1 for different manufacturing 
lob of the q, bonded-phase silica used in KC-CDS columns. 

DISCUSSION 

The chromatograms in Figs. t-5 show large variations in the retention of 
seven PAHs on CIs bonded-phase silica columns from different manufacturers. These 
particular compounds arc of more than just academic interest, as all but benzo[e]- 
pyrene are on the U.S. EPA priority pollutant list_ The complete separation of these 
compounds simplifies their identification and quantikation in envirorimenti samples. 
There are several parameters that afikct retention which could vary with different 
manufacturing processes for C,, silk. EGkta and GrushkaP have shown that k 
in- with the carbon content of the bonded-phase silica, while Hennion et ~2.~ 
found that k’ initially increases with carbon content, but eventually reaches a 
plateau_ Increase s in the carbon content of a particular bonded-phase silica refkct 
an increased surface concentration of the alhyl functional group. However, carbon 
content data alone is inadequate for purposes of comparing columns from different 
origins since they can differ in surface area. Kirkland5 and Unger et al.” have used 
the surface concentration of a&y1 groups, 0, ~mole/m’), in comparisons of columns. 
(We have elected to use the symbol o, rather than qXp as used by Unger et gL1l in 
order to avoid confusion with the conventional use of a as the selectivity factor.) 
Tanaka et ~1.~’ have reported that k’ increases with 5,. 

We have used the carlron content and specific surface area data, where 
available, to calcuiate a, for the bonded-phase silicas in Table II_ We foud little 
correlation between the k’ data for. an individual PAH on the d.Berent columns and 
these oc vah~es. There are severalf’actors which may explain this observed lack of 
correlation between k’ and ccc- Firs?, the cakuktion of o, as described by Unger et 
d-l1 and ~thers*~_‘~ uses the specific surface area of the underivatized silica with 
a correction factor for the contriiution of the organic layer to the weight of the 
bonded-phase silica. But Unger et aZ. also have noted that chemical modification of 
porous silica can reduce the specific surface area and pore volume by as much as 
54 and 61%. respectively; A similar observation was also made by Sorrell and 
Rowanz6 and Gilpin and Burl~?~_ Furthermore, Gilpin and Burke have reported that 
the reduction in surface+area is more pronounced for silicas having high surface 
areas (and hence, smaller pores). Thus, the use of the specik surface area of the 
starting silica results in erroneously low values of a,, with the amount of error likely 
to be difkent for diEsrent silicas. The spe&ic surface area of each of these bonded- 
phase silicas is needed to calculate the true o,. Second, the organic layer chemically 
attached to the silica surface can be monomeric or polymeric, depending on the 
s&me and reaction conditions used in the derivatization stepf4*6J7. The chromate- 
graphicconsequences ofthis are notwell chsacterized_ Seve& studks have deter- 

mined that the maximum monomeric coverage of silica by actadecyl groups is 
about 3.4 ~ole/m* (refs. 11, 13, 18, 19). The o, values for the LiChrosorb RP-IS 
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and the HC-ODS materials suggest that the5e are polymeric. Several ot.ber of the 
‘bonded-phase sikas in Table II wouId have o, vaIues greater than 3-4 pmoIe/m2 if 
their speciic surface areas were duccd by 50% by chzmkA detivatization. Pre- 
sumzbly, 2orbz.x ODS is monomeric since literatue fron DuPont Ins-& 
clearly specitk that a monofimctional siIane is used in its preparation. 

Another variable in the manufacture of C,, s&a is the use of a smaII silaue, 
such as trrethylchIorosiIane, to “cap” accessible hydroxyi groups remaining after the 
siiica has been treated with octadecyLsilane_ Hemetsberg2r et &.I9 and Tanaka et 
a1.l’ have shown that capping does not si_@fkntly alter carbon content or a, of a 
bonded-phase sika, but where Hemetsberger et ~1.‘~ reported IittIe effkct of 
capping on K, most other au*&ors have found that k’ is iucreased by cappingxoJ4J7. 
Very Iittle information is available about the use of capping in the preparation of 
commerciaI bonded-phase silicas_ The HC-ODS material is not capped, 

Since we were unable to identify a variable that ckarIy correlated with the 
different retention characteristics observed in chromatograms such as those in 
Figs_ I-S, we haie plotted the sets of PAH k’ data as a function of the retention of 
benzo[u]pyrene on the difEerent coiumus, Fig_ 6. Retention in reversed-phase LC 
is domiuated by solvent-soiute interactions, with stationary phase-solute inter- 

actions making secondary contributions_ We have used a constant mobile phase 
composition throughout this series of experiments in order to bring out the chroma- 
to_mphic differences attributable to the stationary phases. Our test compounds are alI 
members of the same chemical c!ass, and to first order, we expect that differences in 
these octadecyl silica packings wiII affect them a.U in the same way. By plotting the 
data as a function of the retention of an arbitrariIy chosen reference PAH, we have 
empirica.Uy ordered the data as a function of some pertinent characteristics) of these 
ocatdecyl silicas. Thus, if benzo[@yrene exhibits iucmased retention on one column 
relative to a second, we e.xpect the other PADS in Table I will also exhibit in- 
crearzd retention. This general trend is evident in Fig. 6 for ail cobmms except the 
HC-ODS and Vydac 201 TP columns. The elution order is much the same on these 
Iatter two cohuuns, but the range of k’ values is much larger, suggesting that an 
additionsI retention mechanism is ope_mting_ 

If changes in retention .of the PAHs on the diEerent columns were exactIy 
proportional to the than_= in retention of benzo[a]pyrene, i.e. if the retention of 
each of these compounds were linear functions of the same characteristic(s) of the 
bonded-phase materiaI, then the data points for a given compound wouid fah on a 
straight line pas&g through the origin in Fi g. 6. Such hues, examples of which are 
indicated by do% lines in Fig. 6, represent constant selectivity factors relative 
to benzo[alpyrene. The actual data points do not fall exactiy on a line, indicating 
smalI differences in the sekctivity for these compounds on these cobmms. This is 
more cIearIy seen in the plot of the seiectivi~ factors relative to benzo[alpyrene for 
these compounds, a_& as a function of the retention of benzo[o]pyrene, in Fig_ 7- 
Hero, deviations from a horizontal line represent changes in the sekctivity factor, 
i.e. changes in retention that are not proportional to the changes in benzo[o]pyrene 
retention- The different retention characteristics of the HC-ODS aud Vydac u)I TP 
CO~UIICIS noted e&k are very evident in this plot of &z&.ivity factors. Ignoring 
the HC-ODS and Vydac cohtmns, the selectivity factors for these PAHs on the 
other cohunns are similar, but not identical. The sekotivity of benzo~Zz&eryIene 



relative m indeno~l,2&cdlpyrene varies from column to column, and benzotejpyrene 
overlaps one or the other of the benzofluoranthene isomers if the latter are resolved. 
Be&+nthracene and chrysene are not resobxd on the other cohxnns tested and 
exhibit a variable selectivity relative to benzo[~]pyrexze. These last two compounds 
have been reported to be resolved (& = 0.7, a = 0.96) on a Farcisil-5 ODS column 
with methanol-water (80:20)15. We were unable to duplicate this separation with 
the I%rtkZ-10 ODS-2 column using this mobile phase. 

Others have noted selectivity differences on commercial qs bosded-phase 
columns. Nice and O’H~XX~ reported d&Erent selectivities for six steroids on five 
C& columns_ Rabef et QZ?~ compared the selectivity of the Partisil-10 ODS and 
ParGil- ODS-2 columns for several compounds, including some aromatics. How- 
ever, these last investigators altered the mobile phase composition to give k' = 1 
for the first eluting solute on each column. Hence, the observed selectivity diEerences 
may re&ct mobile phase effects as well as column differences. Scott and Kucera= 
found excellent agreement between the carbon content of Partisil-10 ODS, Partisil-10 
ODS-2 and LiChrosorb RP-18 columns and the selectivity factors of Zethylanthra- 
quinone relative to anthraquinone on these columns. 

Since solvent-solute interactions _greMy influence retention in reversed-phase 
chromatography, the incomplete resolution of several of the PAI-& in Figs. 2-5 might 
simply reflect the use of an inappropriate mobile phase strength. Consequently, we 
have also examined the retention of these compounds on -i,ese columns for mobiIe 
phase compositions ranging from 60 to NO% acetonitrile in water. For each mobile 
phase composition, the selectivity factor for each compound relative to benzo[a]- 
pyrene was calculated, and then these values were plotted as a function of the 
acctonitrile content of the mobile phase. It was clear from these plotszg that adjust- 
ment of the mobile phase composition would not accomplish separation bf these 
PAHs on columns other than the HC-ODS and Vydac TP columns. 

Capping of silica derivatized with OctadecylsiIane replaces accessible silanols 
with trimethylsiloxanes. In a very simplistic way, the very short alkyl chains on 
LiChrosorb RP-2 might mimic the behavior of the capped sites, so we evaluated the 
retention and selectivity characteristics of experimental columns packed with three 
difierent proportions of LiChrosorb RP-2 mixed with LiChrosorb RP-18, as packed 
by Brownlee Labs. Capping has a very local efEct on the nature of the bonded phase, 
whereas the mixtures of diierent alkyl bonded phases we evaluated were hetero- 
geneous on a macroscopic scale. The data in Fig. 8 do indicate that the contribution 
of the individual components were simply additive_ 

A similar approach to the question of the effect of different pore sizes on the 
retention of these solutes, using columns packed with mixtures of C,, bonded silicas 
having different pore diameters, yielded inconclusive results because of very low 
column efficiencies. 

Very littIe has been published on the comparison of the chromatographic 
characteristics of different manufacturing Iots of bonded-phase silicas. Tanaka er ~1.~' 
compared carbon content, surface concentration and selected solute retention values 
for octyl bonded stationary phases prepared from three different lots of commercial 
silica and found that although carbon content and surface coverage were nearly iden- 
tical for each bonded stationary phase, the chromatographic characteristics of each 
were difErent_ We have monitored the retention and selectivity characteristics of 
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reent lots of the C, silica used for Pertimer EK-ODScoIumnq and these data 
are presented in Figs. 9 and IO. These data span about nine mouths time. As befort, 
the data sets from individual columus are plotted as a function of the bezmf&ymr~e 
k’. A wide range of K values is evident, the range increasing with iucreased reten- 
tion. The relative standard deviation increases From II % for anthracene to 23% for 
indeno[i 2$ct&wxze. 

The variations in k’ for some compounds, espe&Uy bento[k~ucxanthene and 
bznzo~h&esylene, are cIearIy correlated with the variations in k’ for benzo&yrene. 
This indicates neariy constant sekctivity factors for these cornpouuds, and Fig. 10 
shows this to be the case. The relative standard deviation of the a data for benzo- 
[k~uoranthzne and Ixnzolo4frilperylene on the diErent lots txere I.1 and 3.0%, 
resqectively. All lots showed the same general sekctivity pattern for the other 
compounds, but with a larger variability in the actual numerical values of a. The 
1qest variabiirity occurmd for the first -three eluting compounds, anthracene, fluor- 
anthene and pyrene. As is seen iu Fig. 9, the k’ values for these compouuds do not 
appear to be strongly correiated with those of benzofalpyrene, and this is amlirm& 
by the lars rangz of values. The relative standard deviations for the Q data sets of 
the other compounds were 10% or kss. bmxestingiy, the variations in cz for 
diinz[q+&racene and indtno[1,2,34Jpyreue parallel each o*iher (i.e. their relative 
sekctiviiy was approximateiy constant), while those of beuzo[e&qrene and benzo- 
[b&oranthene ako varied in parallel, but in the opposite direction from the first 
pair. These efkts suggg a common mechanism is involved for these compounds. 

In conclusion, the variable s&ctiv=iry observed on the C,, bonded-phase 
c&mms from diEerent mantiacturers means that a chromatographic analysis accom- 
plished on one C,, cohrrrm cannot always k duplicated on a CL8 cohrmrt from a 
difkent manufacturer. No one type oi & cokmn can do aI separations, so it is 
not desirable to have & CB columns identical in behavior. What is needed is the 
iden*&cation of the pr+erties of C,, bonded-phase pachings that a&ct the separation 
of vark us compounds, so thaL it would then be possibIe to sekct the column 
appropriate for a given sample on the basis of the specifications provided by 
manufactumrs. For example, retention is governed in part by the product of the 
total surface area and the surface concentration of bonded or&c groups, so the 
carbon content, the specific surface area, and the density of the &.mI derivatized 
inSerial are among the relevant specifications. 

When developing chromato,graphic analyses, one also needs to Iaow how much 
variation in retention and sekctivi~ cau be expected from diEerent manuf&nring 
lots of a given stationary phask For this reason we have presented the retention and 
sekctivity data on the C, silica used for the HC-ODS cotumn. While the range of 
K vahxs is somewhat large for some of these PAKS, the sekctivity factors are fairly 
constant. 

We thank Waiter Skin and John Atwood for numerous comments, criticisms 
ad suggestions pertaining to this work. 
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