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EFFECT OF THE AMOUNT OF TRIS Il COATED ON SILICA GEL ON THE
SEPARATION OF POLYCYCLIC AROMATIC HYDROCARRBONS BY LIQUID
CHROMATOGRAPHY
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(Received Sepiember 15th, 1975)

SUMMARY

The effect of the amount of the stationary liquid on retention values, selectivity
of separation and ccolumn efficiency were studied for 37 polycyclic aromatic hydro-
carbons (PAH). The reiention volumes of all PAH decrease monotonously as the ex-
tent of coating increases. The column efficiency is independent of the extent of coating
until 2 monomolecular layer of the stationary liquid has been formed, aiter which it
decreases rapidly at higher extents of coating. The selectivity of separation can be
influenced by the amount of Tris IIf present. The retention of PAH on silica gel coated
with Tris Il is caused almost exclusively by adsorption mechanisms.

INTRODUCTION

The separation of polycyclic aromatic hydrocarbons (PAH) has always been
an interesting problem from the analytical point of view and has attracted great at-
tention'— in liquid chromatography. In order to achieve an optimum separation of
PAH, different combinations of stationary and mobile phases have been tested.
Most of the work has dealt with the separation of only a small number of substances,
and the suitability of particular systems for separating a given combination of PAH
can therefore seldom be compared.

The possibility of separating PAH on silica gel coated with 1,2,3-tris(2-cyano-
ethoxy)propane (Tris IIl) by their elution with saturated hydrocarbons was reported
by Randau and Schnell*. It follows from the work by Engelhardt and Wiedemann®
that both the retention values ard selectivity of separation can be influenced by the
amount of the stationary liquid present. In this work, 37 substances were selected such
that the effects of the number and configuration of aromatic rings on the retention
values and the celeetivity of the separation could be evaluated and the results used for
estimating the chromatographic behaviour of the substances under investigation.

EXPERIMENTAL

Apparatus and materials
A chromatograph of our own construction (Fig. 1) was used. Iis design ensures
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Fig. 1. Schematic diagram of the chromatograph. 1 = Reservoir: 2 = degasifier; 3 = stopcock;
4 = pre-column; 5 = pump; 6 = pressure damping system; 7 = manometer; 8 = pre-column with
activated silica gel; 9 = pre-column with a coated low-surface-zrea support; 10 = water-bath,
thermostated; 11 = pre-column with coated silica gel; 12 = injection biock; 13 = column; 14 = de-
tector; 15 = flow meter; 16 = recorder.

thorongh degasification and purification of the mobile phase, its saturation with the
stationary phase and precise thermostatic control of the analytical column. Pressure
pulses generated by an MC 300 piston pump {(Mikrotechna, Prague, Czechoslovakiz)
{5) are suppressed by a pressura-damping system according to Locke®. Pressure in the
system is measured with a manometer (7). The temperature of the water-bath (10), in
which a pre-column (11), an injection block (i2) and an analytical column (13} are
situated. is controlied by a water thermostat to a precision of better than + 0.2°.

A capacitance detector’ with a cell capacity of 11.7 ¢l and capillary inlets was
used to mesaure the dead volumes. A UV analyzer (Development Workshops,
Czechoslovak Academy of Sciences, Prague, Czechoslovakia) operating at a wave-
length of 254 nm with a capillary cuvetie of 1 mm L.D. served to detect aromatic
substances. The working volume of the modified cell was about 8 xl with a mean op-
tical path iengih of less than 1 mm. The inlet was packed with glass beads of diameter
of 60 ym in order to decrease zone broadening®. The toial extra column detector
volumes were 66 and 71 ul for the UV and the capacitance detectors, respectively.

The flow-rate of the mobile phase was calculated from the time of the passage
of the liquid through a known volume?®.

A 40-350-pum fraction was graded from 30-60-um silica gel CH (Lachema,
Brno, Czechoslovakia) with a specific surface area of 432 m?/g. After aciivation for
3 h at 150°, the silica gel was coated with a chloroform solution of Tris III. The per-
centage of the coating is expressed as 100 times the weight of stationary phase deposit-
ed on 1 g of activated silica gel. The coated material was packed dry by the modified
tap—fill method'® into stainless-steel columns of 1.8 mm L.D. to a bed length of 450
mm; the columns were then closed at both ends with plugs of filter-paper. The column
couplings and the connection of the detector 2nd injection block were made according
tc Huber!:. The packed columns were activated overnight in a stream of dry nitrogen
at 1507 prior to use. In measuring solubility coefiicients, the analytical column (13)
and the pre-column (11) were packed with a silanized support for gas chromatography,
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Gas-Chrom P (specific surface area 0.43 m?/g), coated with 5.3 and 9.3 9, of Tris I,
respectively. Columns with these packings were not activated before the use.

n-Heptane of analytical-reagent grade {(Lachema, Neratovice, Czechoslovakia),
dried and purified from trace amounis of benzene by passage through activated alu-
mina prior to use, was used as the mobile phase. Water was removed from the appa-
ratus in a pre-column (4) packed with molecular sieve 5A {Fig. 1) activated at 350°.
The activated sieve was filled hot into the pre-column and r-heptane was poured over
it. Pre-column (8) was packed with activated silica gel. Purified mobile phase was
pre-saturated with the stationary phase in a pre-column (9) packed with a low-surface-
area porous support of particle size about 0.1 mm, coated with up to 259 of Tris III.
Equilibrium was established in a thermostated pre-column {11) between the stationary
liquid coated on silica gel with which the analytical column (13) was packed and that
dissolved in the mobile phase. Coarser fractions, separated by grading silica gel for
the analytical column, were used to pack pre-column (11). The extent of silica gel
coating for pre-column (11} and the preparation of the packing were the same as for
the silica gel for columna (13). Solutes (Table I) were injected with an injection syringe
as solutions in the mobile phase or in benzene. All of the measurements were made at
20.0 & 0.2° and a flow-rate of the mobile phase of 0.41 ml/min, which corresponds
approximately to a linear velocity of 0.6 em/sec at a porosity of the packing of ¢ = 0.4.

The specific surface areas of the packings used (Table II) were measured on a
home-made apparatus!* by the thermal desorption method by adsorbing nitrogen at
the temperature of liquid nitrogen with the use of a standard!’. Samples of pure and
coated silica gel were activated in a stream of a nitrogen-hydrogen directly in the ap-
paratus at 150° for 25-30 min. During activation when the access of air was permitted,
the stationary lignid coated on silica gel decomposed in spite of being recommended by
the manufacturers'® for use at temperatures up to 170°. The decomposition appeared
as a change in the colour of the packing from white to dirty yellow. Two samples of
each preparation were weighed and each was measured three times. The results dif-
fered by less than 19 from the mean value for all extents of coating.

Saturation of the mobile phase with the stationary phase

Coating of silica gel surface with 229 of Tris IIT corresponds to monomolec-
ular coverage of the surface. The surface that remains uncovered when applying smaller
amounts of the stationary liquid sorbs water vapour from air and the water dissolved
in the mobile phase during the preparation of the packing and the column. Alter-
natively, the mobile phase free from water can be saturated with water from this
surface. If the mobile phase is saturated with the stationary phase, adsorption of the
stationary liquid occurs on the uncovered surface of the silica gel and the amount of
the stationary liguid on the surface increases. If the mobile phase is insufficiently
saturated, the amount of the stationary phase in the column decreases. -

As a consequence of any of the above processes, the retention data become
poorly reproducible or dependent on the volume of the mobile phase used for the elu-
tion. The smaller the extent of the silica gel coating, the greater is the influence of the
above factors. If good reproducibility of the retention volumes is to be obtained when
using silica gel the surface of which is not completely covered with 2 monomolecular
layer of the stationary liquid, then the mobile phase must be well purified before use,
a pre-column packed with silica gel coated with the same percentage of the stationary
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TABLE ]
SOLUTES USED
Soiute Name™ Formula Iog €250 nme . Carcinogenic
No. activiey™™*
0 Benzene i L8
2
2
1 Biphenyl 7N 4.2
= =
2 o-Terphenyl q h
: ™ Z
. = S 2
3 m-Terphenyl <\” g = x\ I a7
4 p-Terphenyl 7N NN 40
= =
5 0,0’-Quaterphenyl ] i
. N o
1
i
Z V
I
& r p’-Quaterphenyl Q 2 Q 7N 3.0
7 Nephthal e
aphthalene ; 3.3
INGDRY 334 - J\/ 2.3
a ™
8 Anthracene i 50
. N
“
/ \ i
10 Phenanthrens '\/‘\) £8
. =
= l
i1 1,2-Benzanthracene — » &4 +
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TABLE I (continued}

St

Solute  Name* Formula . dog am | Careinogenic
Ne. o astivity™™"
-~
L
1z Pyrene “9 4.0
\ ~
13 Chrysene | 45 -
& ! RS &
= =
RN A l
i4 3,4-Benzophenznthrene = A 432
15 Triphenyl = } 49
riphenylene o | -
F
|
i6 i,2-Benzopyrene “ 4.5 -+
(beazolalpyrene,
3,4-benzopyrene) ”
17 4. 35-Benzopyrene “ 43 =+
{benzolelpyrene, O‘
1,2-benzopyrene) Z
|
/\r
« L
18 1,2,5,6-Dibenzanthracene m 4.1 4
{dibenziq Alanthracene) O
=
19 1,2,7,8-Dibenzanthracene O ]
{dibenzfa,jlanthracene)
=
)
29 1,2,3,4-Dibepzanthracene A\~ 3 4.6
{Gibenzla,clanthracene) s It

( Contined orz p. 52)
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TABLE I (continued)

%

Solute Name™ Formula log £s¢¢ am Carcinogeric
No. activity™ *
@
2 X

2 H :
21 Picene = l S = 49

. =
22 erylene i 4.6

= ] \

N F

23° 3,4-Benzetetraphene 45
24 1,12-Benzoperylene 4.2
25 Coronene 3.7
25 1,2-Benzocoronsne

27 Acenaphthene 32
28 Fluoraanthene 4.1

26 20-Methylchclanthrene = S £4 + 4=
999
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TABLE I feontinued)

Solute  Name® Formda log €250 o™~ Carcinogenic
No. activiey™™"

30 1,2-Benzofiuoranthene 4.8
(benzofalfiucranthene,
2,3-benzofuoranthene)}

31 2,3-Benzofivoranthene 4.5 -+
(cenzofbifiuoranthene,
3,4-benzofiuoranthene)

32 8.6-Renzofluoranthene 47
{benzol[&lHuoranthene,
11,12-benzofiuoranthene)

33 1,10-Benzofiuoranthene = £.7
(benzofm,no0lfluoranthene. _~ . Z
2,13-benzofiuoranthene) ! ]

¥ N
N
rs
34 1,1"-Binaphthyl — 3.7
N\ /
Z >
35 Fluorene i i 4.1
X Pz
=
36 Acenaphthylene = i = 3.2
NP
e +H
37 trans-Stilbene N/ c — C/ 3.8
/ —
g e
N

* Names of the compounds are used in agreement with the “Definitive Rules for the Nomen-
clature of Organic Chemistry™ accepted at the FUPAC Conference, Paris, 1857, Other names com-
monly found in the literature are given in brackets.

** fogarithms of the extinction coefficients at 254 nm were taken from various sources®** and
serve as g rough guide to the sensitivity of detection. The solvents used in their measurements are
therefore not given.

*** Carcinogenic activity: +, mild; + + —+, strang.
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TABLEIX

DEAD VOLUMES AND COLUMN EFFICIENCIES MEASURED BY INJECTING NONANE
AND SQUALANE

Coating Weight  Specific surface  Nonane Sgualane
0/ Fa -ino
(%) (&) ?;i‘;g‘;j packing Dead volume HEIP Dead volurne FEETP
) (eel) {min} (ul) (mm)
60.2 1.086 64.3 0.692 0.65 06.702 1.3
40.7 0.922 136 8.7e5 0.76 0.765 14
20.2 0.835 264 0.883 0.46 0.883 9.88
9.8 0.701 337 0.893 G.49 0.853 0.78
5.1 0.646 382 0.935 0.48 0.922 1.03
1.0 0.587 4i2 0.916 0.64 0.891 1.60
0.0 0.588 432 0.582 0.61 0.866 1.33

phase as the silica gel in the column must be provided and thermostated togather with
the celumn in addition to the mobile phase being saturated with the stationary
liguid, and the columns and pre-columns for the preparation of which silica gel was
used must be reactivated prior to use on each occasion. When these reguirementis were
observed, the measured retention data for ali 37 solutes differed from the mean value
by more than 2-19%; only exceptionally for all of the coatings used.

Measurements of the dead volumes of the columns and flow-rate of the mobile phase

Nonane and squalane were used to measure the dead volume. Both substances
are so chemically similar to the liquid phase that there are no reasons for the origin
of any measurable retention!” in the chromatographic system that was used. As fol-
lows from Table II, the dead volumes, corrected for the volume of the couplings, are
in good agreement (better than 29]) for both pure and coated silica gel.

However, the values of the height equivalent to a theoretical plate (HETP)
that were calculated for the two scluies differ considerably. The HETP vaiues found by
injecting squalane are roughly twice as great as those for nonane .Using the data of
Reid and Sherwood®, it foliows from the Wilke-Chang equation'® that the diffusion
coefiicients of nonane and squalane in #-heptane are 2.2-10-5 and 1.08- 1075 cm?/sec,
respectively. The value of the HETP contribution depending on the fiow-rate is in-
versely proportional io the value of the diffusion coefficient of the solute in the mobile
phase for the substances that are not retained®®. The difference in the calculated
efficiencies can therefore be ascribed to the different values of the diffusion coefiicients
of nonane and squalane in n-heptane.

The method of Gerding and Hagel®, based on the passage of the air bubbles,
introduced into a stream of liguid, by a calibrated known volume {e.g., with a pipstie
with a volume of 1 ml}, was used to measure the flow-rate of the mobile phase. Air
bubbles that are injected behind the detector outlet into a stream of the degasified
liguid dissolve in it, which causes an error of up to 30 %. The injected air was therefore
replaced with an ammoniacal solution of copper(ll) sulphate, which doss not mix
with the mobile phase.
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RESULTS

Selectivity of the separation

All of the investigated solutes and benzene were eluted from uncoated silica
gel in asymmetric zones. A slight asymmetry of zones occurred even with solutes
that have a high reteation capacity, e.g., isomeric dibenzanthracenes, even at a content
of 5.1% of the stationary liquid which covers 23.2%/ of the surface of the silica gel
used. Very low extents of coating (less than 5.1 %, of Tris III) are therefore not inter-
esting from the analytical point of view. As the extent of coating increased, the specific
retention volumes decreased and, a Tris III monoiayer having been formed on the
surface of silica gel, the column efficiency was rapidly impaired (Table V). The de-
pendence of the specific retention volumes on the extent of coating was therefore
measured within the range 5-60% only. The results are summarized in Table HL

The specific retention volumes of all of the solutes tested decreased monoto-
nously as the extent of coating increased over the whole range investigated. The most
distinct changes in the retention volumes, selectivity of separation and retention order
occurred at extents of coating that were not sufficient to create a monomolecular
layer of the stationary phase on the surface (less than 229, of Tris III). The specific
retention volumes decreased substantially more slowly at higher extents of coating and
the retention changed approximately in inverse proportion to the extent of coating.
The retention order changed only rarely. For instance, for 4,5-benzopyrene and 1,2-
benzopyrene, the selectivity factor (K,/K, — 1) increased from 0.120 for 60.2 9] coating
to 0.175 for 20.2 % coating; it decreased to 0.070 for 9.8 ¢4 coating and both substances
were eluted in the same velumes at a 5.1% coating of the stationary liquid.

Silica gel coated with Tris I showed good selectivity towards the separation
of substances with various numbers of rings that belong to the same conformational
type, e.g., acenes, p-polyphenyls or aromatics with five-membered rings (Figs. 2 and
3), at all extents of coating studied. p-Polyphenyls always have higher retentions than
acenes with an identical number of the rings. The differences increase both with an
increasing number of rings at a given extent of coating and with a decreasing extent
of coating. The selectivity of the coated silica gel is considerably worse for the sepa-
ration of isomeric compounds that have the same number of rings (Fig. 3). It follows
from a comparison of the retention values with the structures of aromatics being scpa-
rated that only an isomer with a high degree of fusion, the rings of which are strongly
clustered, can be separated from isomers the rings of which are arranged so that they
can create chains of appreximately equal lengths.

The influence of the extent of ring fusion on the selectivity of separation can
also be illustrated for compounds with five benzene rings. The solutes tested form twe
groups that can be well separated from one another: 1,2-benzopyrene, 3,4-benzopy-
rene and perylene, and dibenzanthracenes, picene and 3,4-benzotetraphene. The
separation of the compounds in each group requires the extent of silica gel coating
to be carefuily selected and highly efficient columns to be used. However, for some
combinations of these compounds, separation is not possible even under these condi-
tions. The situation is similar with compounds with four benzene rings in their mole-
cules.
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TABLE III
EFFECT OF THE EXTENT OF THE SILICA GEL COATING ON THE SPECIFIC RETENTION VOLUME
REILATIVE TO 1 g OF THE PACKING

R. VESPAIEC

Elution 5.19% ¢.8% 29.2%, £0.79; 60.29%;,
order
Sample  V, Sample ¥V, Sample V¥, Sample V, Sample V,
No. (mlig) No. (dig No. (mifg) No. (mllg) No. (rilig)
1 7 2.33 7 1.45 7 0.865 27 0.6035 27 9.436
2 27 2.33 27 i.58 27 0.968 7 €.654 1 0.523
3 1 3.72 i i.82 1 1.01 1 0.768 5 0.549
4 3 3.73 36 2.40 2 1.34 2 0.877 7 0.552
5 35 4.65 35 2.54 36 147 35 0.948 2 0.560
6 8 5.31 2 2.69 33 1.49 S 1.02 35 0.7G66
7 i0 5.61 37 3.39 5 1.70 36 1.10 34 0.809
8 37 3.61 8 3.45 8 1.87 37 i.28 36 0.868
9 12 6.78 10 3.60 37 202 8 1.33 37 0.893
10 34 7.73 5 3.80 10 2.02 34 1.37 8 0.263
il 28 9.00 34 4.20 3 2.30 i0 1.48 3 1.04
i2 2 9.48 12 4.63 34 2.32 3 i.59 4 1.06
i3 33 9.73 3 4.70 4 2.39 4 1.69 10 1.10
14 3 8.75 4 5.1t 12 2.56 12 1.76 12 1.29
13 4 124 2 5.27 28 2.68 28 194 28 1.48
1 i4 14.5 33 6.52 33 3.29 33 2.31 29 1.48
17 i1 146 9 7.43 e 44 9 2.41 33 1.60
18 i5 151 14 7.57 14 392 29 2.356 9 1.70
i9 13 16.0 11 7.95 il 3.24 4 2.77 i3 192
20 32 i8.5 15 8.57 is 4,42 11 2.80 5] 1.95
21 22 18.6 i3 8.78 13 4.43 13 296 14 1.98
22 i6 18.8 28 9.76 29 4.54 is 3.05 it 2.00
23 17 i8.8 16 10.6 16 4.90 16 3.33 15 224
24 29 18.9 17 11.3 6 5.02 6 3.34 16 235
25 31 19.9 32 11.5 32 5.60 32 3.62 32 245
26 30 i%9 31 11.8 17 5.76 17 3.72 30 2.52
27 24 237 3 11.9 31 5.79 31 3.74 31 2.53
28 25 26.1 22 12.2 30 5.83 30 3.74 17 2.63
29 23 31.5 6 14.5 22 6.12 22 4.00 22 2.84
30 19 2i.5 4 147 4 7.G5 24 436 24 295
31 21 3253 ig 16.9 25 7.19 25 4.69 25 2.96
32 206 33.6 35 17.0 2i 785 23 5.49 23 3.75
33 i8 35.6 23 183 i8 8.26 21 5.5C 21 3.78
34 s — i8 i8.6 19 8.53 19 5.61 19 3.80
35 6 — 20 18.8 23 8.78 18 5.76 18 4.0=%
36 S — 21 19.0 20 $.37 20 6.29 20 4.41
37 26 - 26 - 26 i4.9 26 9.89 26 6.01

Mechanism of the retention of PAH

The monotonous decrease in the reiention values of all substances tested with
the extent of coating does not correspond to the course common in the separation
systems. Also, the solubility coefficients of some solutes that were determined experi-
mentally suggest that dissolution is not the main separaiion mechanism in the chro-
matographic svstem studied. The retention of PAH on Tris [If-coated silica gel is
caused to a large exient by adsorption mechanisms. Adsorption on the surface of
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Fig. 2. Dependence of the specific retention volume relative to 1 g of packing on the number of
rings for acenes and p-polyphenyis at various extents of coating (indicated on the curves). @, Acsnes
(benzene, naphthzlene, anthracene, tetracene); O, p-polyphenyls (benzene, biphenyl, p-terphenyl,
p-quaterphenyl).

Fig. 3. Dependence of the specific retention volumes relative to I g of packing on the extent of
coating for substances with a five-membered ring in the molecule. &, Acenaphthene; ¥, acenaph-
thylene; &, fAuorene; A, fluoranthene; A, 1,10-benzofiuoranthene; O, 8,9-benzofiveranthene;
1, 1,2-benzofivcranthene and 2,3-benzofiuoranthene; 37, 20~-methyicholanthrene.

silica gel that is not coated with the stationary liquid, on the coated surface and on the
surface of the stationary liquid should be taken info consideration.

According to Kiselev’s classification?, silica gel belongs to the group of ad-
sorbents of the second type, which have surface acidic hydroxy groups, and Tris I
to the molecules of group B, which have a locally concentrated density of electrons.
The deposition of Tris I molecules on the surface of silica gel is therefore accompanied
by the formation of hydrogen bonds between the surface hydroxy groups of the silica
get and ether oxygen atoms or cyano end-groups of the Tris HI molecules. From the
conformational viewpoint, it is necessary for Tris ILf molecules to be orientated paral-
lel with the surface. With this type of deposition, the thickness of the laver adsorbed,
determined by the size of the most bulky methyl groups, is 4.6 A. On the silica gel
used, with a specific area of 432 m?/g, the volume of the layer adsorbed is 0.199 ml.
Complete coverage of this layer with Tris III with a specific gravity of 1.109 (at 20°)
is achieved with a2 coating of 22% (w/w).

In interactions between the molecules of Tris I, the formation of hydrogen
bonds cannot occur. Intramolecular interactions of Tris 1! are therefore infrequent
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compared with intermolecular interactions of the stationary liguid with the silica gel
surface. As a consequence, a second layer of molecules of the stationary phase can
be formed only after a compleie coverage of the silica gel with Tris IE] molecules.
Hence adsorption or an uncoated surface of silica gel can take place at coverages lass
than 229 (w/w} only.

During the chromatographic proceass, PAH can be dissolved in both the mobile
and stationary pheses. From the viewpoint of the establishment of adscrption equi-
libria, both liquids act as solvenis and there is no substantial difference in their func-
ticns. On dissclving PAH in either of the two liquid phases, strong specific interac-
tions between the solute and solvent do not occur. The same applies to the solvation of
the Tris III molecule in the mobile phase and approximately also to solvation in the
stationary liguid. The coniributions of solvation can therefore be neglected according
to Snyder®?. The possibility of PAH adsorption on the silica gel surface coated with
Tris 111 from either of the two liquids then deiermines adsorption interaciions only.
Only relatively weak specific interactions with the surface groups of silica gel®! ori-
ginate in the adsorption of the PAH that have free electron pairs of sz-bonds in their
molecules. In contrast, very strong specific interactions {hydrogen bond formation)
occur in the adsorption of Tris HI. The standard free energy of adsorption of PAH
on the silica gel surface is therefore always less than the standard free energy of ad-
sorption of Tris 1II and their difference, —AGY, must be negative. It follows from the
relationship®?

log Kjy = — 1G%/2.3 RT

where K, is the thermodynamic equilibrium constani, R is the gas constant and T the
absolute temperature, that the adsorption of PAH on the silica gel surface covered
with Tris 111 cannot occur.

Adsocrption on the surface of the stationary liquid is therefore the only mecha-
nism that evokes the retention if the silica gel is covered with a monomolecular layer
of the stationary liquid. It follows, however, frem a comparison of the refentions at
an extent of coating greater than 22 9] with the contribution of disselution (Table IV)
that adsorption on the surface of the stationary liquid piays a significant role even at
other extents of coating. It follows further from the solubility coefficients of some PAH

TABLE IV

CONTRIBUTION OF DISSOLUTION TO THE TOTAL RETENTION ON SILICA GEL
CCATED WITH 40.79% AND 60.2% OF TRIS III

It was assumed in fthe celculation that the whole volume of the stationary phase that was costed on
silica gel participates in the dissolution.

Compound Retention volume X, Consribution of
(g of packing) (milg) dissolation to toial
retention (%,

40.7% 60.2% £0.7% 66.2%

coating  coating caating rvoating
1,2-Benzopyrene 3.33 2335 2.2 18 35
1,2,3,4-Bibenzant, sacene 5.76 404 26 13 24
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that were measured directly and from Table IV that dissolution contributes to the total
retention at very high extents of coating only.

Efficiency

Changes in column efficiency owing to the coating were studied at a flow-rate
of 0.41 mi/min. It follows from the results in Tabie V that the efficiencies of the col-
umns packed with silica gel coated with 5.1, 2.8 and 20.29] of Tris I are virtually
identical for a given solute. The slight differences are caused by experimental errors. The
column efficiency decreases to approximately half for the silica gel coated with 40.7%

TABLE V
INFLUENCE OF THE EXTENT OF SILICA GEL COATING ON COLUMN EFFICIENCY
The results given are HETP values {in mm).

Sample tent of coating
No. 5.1% 9.8% 20.2% 40.7% 60.29
i 0.73 0.68 0.59 i4 28
2 0.85 a.83 0.82 1.6 2.8
3 0.84 0.86 0.88 1. 43
4 0.82 0.76 0.87 L3 3.5
5 — 0.85 1.01 1.7 —
6 — — 3.28 4.0 —
7 Q.55 0.52 Q.53 i.2 3.1
8 0.72 0.59 0.60 15 43
9 - 0.73 — 1.6 _
10 0.72 0.69 0.97 2.3 6
11 Q.79 0.86 0.84 1.9 —
2 0.88 0.69 0.82 1.8 5.3
3 0.92 0.75 1.02 i.8 5.4
14 0.84 0.81 0.78 2.0 —
15 0.84 0.85 0.89 1.7 5.5
16 0.80 0.73 0.84 1.8 4.8
17 0.92 0.79 0.70 1.9 5.8
18 1.6 0.76 0.87 1.6 4.8
19 0.97 0.85 0.80 1.8 5.6
20 0.90 0.85 0.50 ig 5.5
21 — — 0.77 1.5 —
22 0.95 0.94 0.3 2.1 6.0
23 9.81 0.79 0.79 1.7 4.2
24 1.04 0.88 0.94 20 6.7
25 1.9 1.7 1.9 3s 8.5
26 — — — 24 —
27 0.72 0.65 .99 i.3 2.8
28 0.68 0.68 0.80 1.70 6.5
2! 0.86 Q.81 0.82 1.4 5.2
30 0.90 0.76 0.82 1.5 6.0
31 0.50 8.72 0.78 1.5 5.5
32 0.9¢ 0.75 0.81 1.5 5.6
33 0.82 0.78 0.78 1.6 6.4
34 145 0.84 1.1 19 EX
35 0.75 6.57 082 1.2 4.6
36 0.81 8.64 0.68 i6 .2
37 1.33 0.74 .76 1.3 4.5
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of Tris I1L. The HETP values vary between 1 and 2 mm (Fig. 4) for most of the solutes.
As the content of the stationary liquid increases to 66.2%, the HETP increases to
3-7 mm for most of the substzaces. Having compared the resuits with those in Table
11, it can be concluded that the impaired efficiency obtzined for volumes of the sta-
tionary liquid that exceed monolayer coverage {over 22%) should be ascribed to the
properties of the packing and not to the manner of its deposition in the chromato-
graphic column.
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Fig. 4. HETP values (H) for various extenis of coating (indicated on the curves) at a linear mobile-
phase flow-rate of 0.6 cmy/sec.

Measurement of solubiiity coefficients

For the direct measurement of the solubility coefficients, benzene, acenaph-
thylene, anthracene, 1,2-benzopyrene and 1,2,3,4-dibenzanthracene were selected as
their retentions cover the whole range of the retentions of the set of samples being
used. A low-surface-area support coated with the greatest possible amounts of the
stationary liquid was selected in order to suppress the adsorption contributions. The
correction for adsorption on the stationary liquid surface is considerably less than the
error of the measurement.

The retention volumes of the samples injected differed only slishtly from the
retention volume of nonane. The measurcments provided acceptable results for 1,2-
venzopyrene and 1.2,3,4-dibenzantbracene only. Values of the solubility coefiicient
of 2.2 - 0.4 and 2.6 & 0.3 ml/g were found for 1,2-benzopyrene and i,2,3,4-dibenz-
anthracene, respectively.

DISCUSSION
It foliows from the mechanism of the retention of PAH that the measured values

must be correlated with surface areas and the properties of the surface in order to
interpret the resuits.
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The extent of coating affects firstly the total surface area of the packing, which
is the sum of the surface areas of the fIm of the stationary liquid and the uncoated
silica gel surface (Fig. 5). The cffect of the surface area on the retention values can be
eliminated by relating the surface area to 1 m?. However, even then the retention values
of all of the PAH decrease as the amount of the stationary phase incraases (Fig. 6).
This decrease can be explained by the differences in the adsorption acrivities of the
uncoated silica gel surface and the Tris Ifl-coated surizce and by the changes in their
relative proportions of the total surface area (Fig. 5). The increase in the relative spe-
cific retention volumes relative to I m?® with an increase in the extent of coating over
229, can be explained by the contribution of dissolution. It follows from the measure-
ments of the partition coefficients and their values for 1,2-benzopyrene and 1,2,3,4-
dibenzanthracene that the values for the other solutes tested also will be-very low
compared with the values common in the dissolution systems. The value of the con-
tribution of dissolution increases as the extent of coating increases, while the surface
area of the stationary phase, and hence alsc of the contribution of adsorption to the
total retention, decreases®. Hence the relative contribution of dissolution to the total
reiention increases. It is equal to the difference between the value of the specific re-
tention volume relative to 1 m* for the coating of 229, which les in the minimum
of the dependence {Fig. 6} and the value calcuiated for a given higher extent of coating.

It is known™ that in suitable adsorption systems the establishment of partition

240

% Tris HI
Fig. 5. Change in the specific surface area of sifica gel at varicus extents of coating with Tris IIL. I,
Fraction of surface area of silica gel that was not coated with Tris I ; 2, surface area of the surface
created by coating with Tris I ; 3, total surface area of the coated silica gel. O, Experimeantal values.
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% Tris

Fig. 6. Dependence of the specific retention volume relative to 1 m® on the extent of coating. The
numbers on the curves identify solutes listed in Table L.

equilibria is controiled only by diffusion, so that the HETP values for various solutes
at a given flow-rate are merely a function of the values of the diffusion coefficients in
the mobile phase. They do not depend on the capacity factors.

It is obvious from Table VI that the correlation of the HETP values with the
diffusion coefiicients is much more justified than the correlation with the capacity
factors. An apparent dependencs of the HETP values on &', for substances with smail
molecules, resuits from the fact that the increase in the size of the molecuie (connected
with the increased retention) is accompanied by a significant change in the diffusion
coefiicient, D. The difference between the effects of D and £’ on the HETP values can
be seen for substances with a larger number of rings in their molecules, the diffusion
coefiicients of which differ only slightly with the size of the molecule. Evidence
against the dependence of the HETP values on &’ is alsc provided by the fact that sig-
nificant differences can be found in the retention values of isomeric solutes with the
same number of rings whereas the diffusion coefficients calculated accerding to the
Wilke—Chang equation®® either change only slightly or not at all.

CONCLUSIONS

Tris II-coated silica gel distinguishes well structural differences in PAH that
have small molecules. The resolving power of the column decreases as the size of the
solute molecule increases and only a group separation can be obtained. The retention
value is determined mainly by the adsorption on the surface of the stationary liguid
and on the uncoated silica gel surface. As a conseguence of the differences in the guality
of the surfaces of silica gel and Tris 1II and of their relative contents at different ex-
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TABLE VI
REEATIONSHIP BETWEEN THE DIFFUSION COEFFICIENTS (D) AND HETP
Number of Compound AN D- 165 Q.87 coating 40%, coating
rings (miimaole)™ (ent{sec}

HETP Kk’ HETP ¥

(1) (mnz)
1 Benzene 15.53 3.3 g4 0.37 a9 Q.39
2 Naphthalene 20.02 2.56 0.5 1.14 1.2 0.787
2 Biphenyvl 22.06 2.35 a.8 1.43 1.4 0.924
3 o-Terphenyt 28.68 1.79 6.8 2.i2 1.8 1.23
3 m~Terphenyl 28.98 1.79 Q.9 3.70 1.3 1.92
3 p-Terphenyi 28.98 1.79 0.8 4.07 1.7 2.26
3 Anthracene 23.78 2.18 0.6 2.72 1.5 1.60
4 0,0’-Quaterphenyl 31.20 1.66 09 3.69 1.7 192
4 2,5 ~-Quaterphenyl 31.20 1.66 — 2.7 4.0 4.02
4 Tetracene 27.52 1.88 0.73 59 1.6 —
4 Pyrene 25.00 2.08 0.7 3.55 1.8 2.12
4 1,2-Benzanthracene 27.52 1.88 0.9 6.27 1.9 3.37
4 Chrysene 27.52 1.88 0.8 6.92 1.8 3.56
4 Triphenylene 27.52 1.88 a9 6.77 i.7 3.67
4 Fluoranthene 24,18 2.14 0.7 4.16 1.7 234
5 1,2-Benzopyrene 28.47 1.88 0.7 8.33 1.8 4.00
5 Benzofinoranthene 27.74 1.87 0.8 9.30 1.5 4.51
s 1,2,5,6-Dibenzanthracene  30.80 1.69 0.7 14.6 1.6 6.85
s 1,2.3,4-Dibenzanthracene 30.80 1.69 09 149 1.7 7.57
5 3,4-Benzotetraphene 30.80 1.69 0.8 144 1.7 6.61
3 Perylene 28.46 i.82 a.9 9.63 2.1 482
6 1,12-Benzoperylene 29.39 1.76 0.9 11.56 2.0 5.24
7 Coronene 35.88 1.45 1.7 134 35 5.65

* V, is the molar volume of the compound at its boiling point. According to Wilke-Chang’s
eguation’ D is inversely proportional to the quantity #,%¢.

tents of coating, the selectivity of the separation can be influenced by the amount of
the stationary liquid present.

From the point of view of the speed of separation (time of analysis), silica
gel with the surface almost completely coated with the stationary liquid is the most
suitable. 1t has a sufficient sciectivity at relatively low retentions for most of the solutes.
It is the least sensitive of ail the materials with high efficiencies to the precision of the
preparation and changes that can be caused by the passage of the mobile phase. The
column efiiciency does not depend on k’, which, in comparison with the dissolution
systems, is a practical advantage, particularly in separating solutes with high reten-
tions.

The chromatographic system used belongs to the systems that are often used in
the liquid chromatography: a non-polar mobile phase is combined with a highly
polar stationary phase coated on a polar adsorbent that has a very strong adsorption
activity. It follows from the results of the measurements that a merely formal analogy
of the chromatographic systems based on the ‘leposition of the stationary liguid on
a solid phase is not sufiicient to be able to draw the conclusion that .he partition me-
chanism of dissolution is the controlling mechardsm in both instances. On the contrary,
it suggests that in liquid chromatography, where adsorbents with large surface areas
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are often used as supports for the stationary phases, the adsorption mechanism may
occur much more frequently than is generally supposed.
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