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DEVELOPMENT AND USE OF CARBON ADSORBENTS IN HIGH-PERFOR-
MANCE LIQUID-SOLID CHROMATOGRAPHY

I. CARBON-COATED SILICA PARTICLES

H. COLIN and G. GUIOCHON

Laboratoire de Chimie Analytigue Physigue, Ecole Polytechnigue, Route de Saclay, 91120 Palaisear
{ France)

SUMMARY

The technique for coating silica particles with a layer of pyrocarbon is described.
The conditions of preparation are important as they determine both the chromato-
graphic performance and the degree of agglomeration of particles during coating.

The effect of the coating was studied in terms of both efficiency and retention
data. For the silica studied (Spherosil XOB 75), moderate amounts of pyrocarbon
(less than 15 %) gave the best results; greater degrees of coating give a large decrease
in efficiency with increasing retention, while smaller degrees of coating give very small
retenticns and polar adsorbents.

Some simple separations are shown to illusirate the analytical characteristics
of these adsorbents. :

INTRODUCTION

Reversed-phase chromatography is based on non-specific intermolecular inter-
actions between (1) adsorbent and solute and (2) adsorbent and eluent. A chromato-
graphic process based only on dispersive (non-specific) forces needs a non-specific
and conseguently non-polar adsorbent. As recently pointed out by Bebris et al.l, the
basic foundations are identical in classical liquid—solid chromatography (LSC) (using
silica or alumina} and in reversed-phase chromatography. In particular, all infer-
actions (adsorbent—solute, adsorbent—solvent and solvent—solute) must be taken into
account in order to understand the mechanism of retention.

However, contrary to Bebris ez ql.l, we do not think that it is unreasonable or
misieading to continue to use the term “‘reversed-phase’. It allows a more precise
definition of the type of interactions that will be responsible for the retention and con-
sequently for the separvations. Obviously, we must always bear in mind that no basic
difference exists between the two instances. The retention of a solute is due to its
positive adsorption and consequently to negative adsorption of the solvent. How-
ever, at the molecular ievel, the difference between reversed-phase and classical LSC
is that only noa-specific interactions occur in the former while specific interactions
are importznt in the latter. This aspect is important. :
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We have described in previous papers®’ the treatment of carbon black (CE)
particles to obtain a mechanically stable adsorbent for LSC and various chromatc-
graphic applications. It has been mentioned® that the problem of obtaining small
particles that are hard enough to stand the high pressure drop that is commonly usel
in packing techniques and in many experiments couid be solved by coating silica
particles with carbon. Bebris ef al.' have published some preliminary results. This
paper describes the results we have obtained recently with different silica particles.
One of the most important results is that it has proved possible to prepare a new
adsorbent that exhibits chromatographic properties that are similar to those of pure
carbon.

Carbon black-coated silica is thermally very stable and is not semsitive to pH
insofar as the silica is not destroyed and can be used in 2ny solvent. As for pure carbon,
the equilibration time when changing the solvent is very small and the reproducibility
of the chromatographic data obtained is very good. It is also possible to change the
chromatographic properties by decreasing the amount of pyrocarbon coated on the
silica particles. It is thus possiblg to adjust retention and to optimize efficiency.

PREPARATION OF CARBON-COATED SILICA PARTICLES (CCSP)

It is well known that high efficiencies in high-performance liquid—solid chro-
matography (HPLSC) are achieved by the use of small particles (ca. 5 gm in diam-
eter), and we have mentioned previously the difficultics encountered in trying to
make carbon particles in that range®. We thought that coating fine silica particles with
pyrocarbon would be a means of avoiding these problems. In their recent paper,
Bebris er al.! gave little information about the preparation technique and the proper-
ties of the product obtained, and no chromatograms were shown.

The coating procedure used in this work is identical with that described previ-
ously for carbon-black hardening®—*. The set-up provides for continuous stirring of
the powder during the pyrolysis process, which increases both the production and the
homogeneity of the final product. More details will be given in a later paper®. Four
different silica gels were used: Partisil 5 (Reeve Angel, Clifton, N.J., US.A)), Li-
chrosorb Si 60 5 zm (Merck, Darmstadt, G.F.R.)and Spherosil XOQA 600 and XOB 75
{Rhone-Progil, Antony, France). Only systematic results obtained with large (30—40-um
Spherosil) and small (ca. 5-um Partisil) particles are reported here (¢f., Table I).

In order to make possible an exact measurement of the amount of pyrocarbon
coated, the silica was first dehydrated at 999° for 3 h under a siream of pure nitrogen.
It is strongly advised that fine silica particles (5 gm) should not be stirred during this
step, as large particles (up to several hundred microns) would be formed by pelletiza-
tion; these pellets are then hardened by the pyrocarbon coating (¢f-, Fig. 1).

Carbon coating was carried out at 950, 900 and 875°. While the weight loss
during dehydration is approximately the same at all three temperatures, it seems that
the agglomeration is less important at 875°. Morcover, we observed that the pyrolysis
reaction gives better resulis at the lowest temperature. The experimental conditions
under which ten- different samples and a reference sample of pure carbon were pre-
pared are given in Table §.

_The carbon-layer should cover completely all of the silica surface and be thick
enough to offset the sorption properties of silica. Hence it would seem that a large
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Fig. 1. Scanning electron microscope photograph of carbon-coated silica. Agglomerate of Spherosil
particles made during dehydration.

amount of pyrocarbon is necessary. However, it rapidly became clear to us that it is
impossible to coat more than about 50-55% (w/w) of carbon on any of the S-um
silica particles used, otherwise all of the particles become stuck together into hard,
compact agglomerates that cannot be broken down into the individual particles. At
present we do not know whether this limit results from a property of carbon forma-
tion or of the experimental set-up.

The upper limit of the degree of pyrocarbon coating is sharp; 5-um particles
have been coated with 41 9/ and 539/ of pyrocarbon without any notable agglomer-
ation (observation under optical microscope), while all attempts to coat more than
609, produced particles that were agglomerated to a large extent, if not completely.
When coating larger particles, this problem is much less critical. For instance, using
a 31.5-40-um sieve fraction, coatings exceeding 1409/ were possible without agglom-
eration, although the particles stuck to the pyrolysis tube wall. For hardened carbon
black?, the greater is the degree of coating, the more metallic grey were the particles;
at low degrees of coating they were black.

Photographs of particles of carbon-coated silica obiained with a scanning
electron microscope are shown in Figs. 2, 3 and 4. Unfortunately, the secondary
emission coefficients of silicon and carbon are very similar, so these substances cannot
be readily distinguished on the photographs.
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Fig. 2. Detail of a particle of Spherosil coated with 0.84 7, of pyrocarbon (¢f., Table I, B).
Fig. 3. Detail of a particle of Spherosil coated with 15.4%; of pyrccarbon (¢f., Table I, E).

The clear spots in Fig. 2, showing a silica with a low carboa coating (0.8%,),
are probably carbon. This is in agreement with the generally accepted assumption
that benzene pyrolysis does nct produce carbon layers directly on the whole silica
surface but various substances of higher molecular weight that eventually give droplets
and condense further in the liquid state. Figs. 3 and 4 show that at high degrees of
coating the particles lose their spherical shape. Large amounts of carbon form around
the particle core but, as will be shown later, the porosity and specific surface area
remain large.

STUDY OF COLUMN EFFICIENCY

All columns are packed using the slurry technique. The slurry liquid is a mix-
ture of dibromoethane and acetonitrile (ca. 76:24, v/v), accurate adjustments being
made, depending on the degree of coating. A suspension is prepared with 109
(w/w) of coated silica particles. The packing pressures are 300 bar for larger particles
and 600 bar for the smaller. Some experimental data are shown in Fig. 3 for two col-
umns, B and G (¢f., Tables I and II). The curvss are very similar for non-retained so-
lutes, showing that the packing technique is reproducible, but are different for re-
tained solutes.
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Usually it can be assumed that the reduced plate height / (= H/d},), and the
reduced velocity v (= wd,/D,) are related by the equation of Knox and co-workers®—=:

- h= %— 4 A0 L Cy 8))

which is an approximation of the original rigorous Giddings equation®:

i:-=lj +—Al—+c'v @)
D4

In a previous paper®, HETP curves were fitted by eqns. 1 and 2 assuming that B =
B' = 2, as it is difficult and time consuming to make HETP measurements in the
range of flow-rates where B (and B’) are the controlling terms, especially when using
la-ge particles. We used the well known non-linear least-squares fitting technique in
order to calculate the parameters. The diffusion coefiicients that appear in the ex-
pression of the reduced velocity are derived from the classical Wilke and Chang
equation®: ‘ i ’ o
14 10°Y(@M)T

D“: ﬂVO.S

3
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&

Fig. 5. Reduced plate height () versus reduced velocity (v) for columns B and G in acetonitrile.
Broken lines, column G; A, benzene; A, 1,8-dimethylnaphthalene. Solid Iines, column B; ®, benzene;
Q. 2,3,5-trimethylnaphthalene.

We previously used a value of 1.5 for the association parameter ¢ of aceto-
nitrile?3. Recently, Fawcett and Caton'® measured the diffusion coefiicient of anthra-
cene in acetonitrile, and it appears from their data that a beiter estimaie of v in eqn.
3 is 2.14. This value is used here for the calculation of the reduced velocity.

The results are summarized in Table II, and show that by using the slurry
technique it is possible to pack good columns with either small or large particles.
With large particles, we packed long columns and obtained ’,;, values of between
2.4 and 3.5 and A4 values of about 2 (¢f., columns A—G). Obviously, with such columns
high efficiencies correspond to very low flow-rates of the eluent (typically ca. 7-1073
cm/sec) and consequently time-consuming analyses. With small particles (columns
H, I and J), although the packing is less good (%, = 4-5.5), high efficiencies are
obtained at large solvent fiow-rates (ca. 5-10~2 cm/sec), which permits good separa-
tions to be effected in a short time (see below).

The increase in A, is probably due to the formation of some smaii agglom-
erates of the particles during pyrolysis. No attempt was made to eliminate agglom-
erates smaller than 20 zm.

It can also be seen from Table I that the best results in terms of efficiency are
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TABLE Il o
HETP EQUATIGNS FOR THE DIFFERENT COLUMNS

Columnr Unretained solute

Eguation 1 Rpen  vs.e Equation 2 , Retn Ve
AT 2jy + 19298 + 5261072y 3.52 239 Z/VJ——(EL— + 7.16 1072y 250 1.80
Y 2fy + 1. T J. L . t 0.12 + 1/» - 1. 2. o
B* 2y + 1.67+%33 L 3811072y 3.16 240 2jv + “-—2—9—3——— + 5711672y 251 1770
b - . ) - 016 +1/y 7 - -
C* 2y + 1.97v"32 + 94610 %p 3.67 200 2fv -——1'5—3———-4 13.89 102> 3.15 160
ot e e . - 029 + tf» ' ) o )
1.22
c* 2fv + 18773 + 6451072y 348 210 2/ + 022 - 1 +9.7i 102y 285 1.60
< . 1.475
E* 2/v + 1.23°32 - 418102y 255 280 2v 4+ — .. — + 739102y 260 230
0.5t + 1/v
0.76 ~ 5
F* 2/y 4+ 311452 4 1.71 102> 491 160 2fv 4+ ———— - +377107%y¢ 243 1.70
005 + 1/v
G** 2fv + 1.92%% L 000102y 340 249 2)v + ——-—I-E—- + 2191072y 268 1.70
L T ) . 0.16 + 1/»
H** 2 + 212493 + 66.221072r 471 130 2/v 4 __&821 -- + 952610722 464 140
) . ' : ’ 2816.2 + 1/v : )
4379.8
.x iy 1 0.23 -2 A o7 /TR DU 2 —2 4 —_
1 2/v -+ 3.60v + 0.00 1072y 5.45 150 2Zfv < B3I L1 0.00 1072 43
49854
. Jr .33 5 10-2 4 B St S -2 —
J 2/r + 24893 L 0061025 411 200 3/r 1677+ 1/ + 000102 3.0

* Injection of 2 ul.
** Injection of 1 ul.

obtained with degrees of coating between 1 and 15 ¢ (columns B-E). On the one band,
one should expect that for non-retained compounds the Iarger the degree of coating,
the better the column. This would be for mechanical reasons and because of 2 decrease
in the intraparticle resistance to mass transfer. It is explained by the reduction in
pore depth as thicker layers of pyrocarbon are coated on the silica surface and the
obstruction of finer pores. However, as already observed®? with carbon black, the
efficiency is closely related to the retention and depends on the solvent used and the
solute for a given coiumn. The ratio of the numbers of theoretical plates for two
solutes with different retentions depends on the fiow-rate, generally being smallest
near; “the minimum of the HETP curve. The coefficients C and C’ are much more impor-
tant for retained than for non-retained solutes and even 4 and A4’ are larger. The
variation increases with increase in the degree of coating. It appears, however, that
moderate amounts of pyrocarbon provide the best columns. )
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fetained solute
‘ Equntion I ftmtn  Voar Fquation?2 Rota  Vanr
. 5.06

08 2fr + 615+ 4+ 3.79107%r 11,01 070 2fv -+ YT 29.78 1072y 7.86 0.0
. . 6.05

.60 2/v + 407 %33 + 6351073y 6.06 1.30 2/v+ m + 19.10102» 575 050
§69 2y + 4501933 9,68 1072 6989 110 2/v 4 471 — -+ 2287102 5.54 0380
b /v—r . X 5 v . . /9—.‘ 0-40_{_1“/‘” - 24 b A% .
N 3.57

185 2fv 4+ 3.611°% 1+ 1276102y 565 130 2y + —— ———— +2260107%r 505 163
i 041 + 1/
025 72/'; 4 2.19:%33 4 25471072y 4722 1.6 2iv -+ _il.?i___ + 36.06 10" %p 495 2,00
. ) - ) Y6077 + 1y ) - -
; 2.03 )
173 2fr + 4364933 L 14531072 647 1.20 2fr 5 m/; + 20010~ v .3.59 1.00
: - 13.44 ~
271 2/v 4+ 9.83 %5 1+ 28.15107%» 11.80 0.70 2jr &+ —0?—':71/1'_ 4 46.47 10722 956 0.30

Finally it should be noted that the values of the parameters 4, B and C ob-
tained by the fitting technique should be used with care. For instancs, 0.00 is sometimes
obtained for C in eqn. 1, and such a value obvicusly has no physical meaning. A
realistic calculation of the parameters is possible only if measurements of & over
very large range of ¥ values are carried out, which is generally not done because of
the experimental difficulties. This is especially so for columns H, I and J; for these
small-particle columns, measurements of 2 have been made only around the minimum.

" If the values derived for 4 are meaningful, this is not so for C, the contribution of the
corresponding ferm being smalf in this region.

RETENTION ON_CARBON-COATED SILICA PARTICLES

The coml::arison of the columns is made using three solvents with widely dif-
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ferent polarities: high (a2 1:1 mixture of water and acectonitrile), medium (pure ace-
tonitrile) and no polarity (z-heptane). This choice allows the study of retention patterns
in a large range of cluotropic strength, &° (ref. 3). The influence of the silica skeleton,
if it remains, will show up differently for polar and non-polar solutes and depends on
the solvent. ‘

Polar solvent

Polar solvents generally have a weak eluotropic strength on carbon®, If
specific interactions can take place between the solvent and the adsorbent, £° would
be even larger than with pure carbon. This decrease can be explained as follows.

The pyrolysis is accompanied by thermal treatment of the silica. Adsorption
on thermaily modified silica is much weaker than on ordinary silica, although it re-
mains high for polar compounds?!?. Adsorption on carbon is very substantial®-3, but
if the layer of pyrocarbon is too thin, the silica located under it can influence the re-
tention on carbon. In this way, a polar solvent may be more strongly adsorbed than
on carbon because of specific interactions with the undérlying silica, and hence &°
is iarger. This effect also happens near the edges of carbon spots in the case of partial
coverage, where solvent molecules will be more retained because of the interactions
with the silica.

If a monolayer of pyracarbon is expected to be coated on the silica, the corre-
sponding amount of carbon (weight- % increase) is high (¢f., Table Iil). In practice,
as the coating is not homogeneous, much larger degrees of coating are necessary than
the values given in Table ITl. In our work, for instance, we used Spherosil XOB 75.
The specific surface area before dehydration was 108 m?/g (stated by the manufac-
turer) and after dehydration 99 m?/g (measured). In fact, it is possible that the pyro-
carbon does not cover all of the silica surface but plugs some pores, reducing the sur-
face area. This may happen only seldom, as shown by the measurements reported in
Table 1V. These resuits are surprising as they show that the specific surface area does
not decrease regularly with increase in the degree of coating, as happens for carbon
black. Possibly the pyrocarbon coating is porous and in the range 0-159%; of carbon
the two effects, reduction of the skeleton surface area and increase in the pyrocarbon
pore surface area, cancel each other. The surface measurements are in excellent

agreement with the results of retention data measurements.

TABLE IIl

DEGREE OF COATING NECESSARY TO OBTAIN A MONOLAYER OF CARBON ON
SILICA

Average density of graphite, 2.25 g/cm?.

Specific surface Weight-%

area (m?/g) increase
10 0.77
50 3.85

100 7.69

400 30.78
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TABLE IV

SPECiFIC SURFACE AREA OF SILICA (SPHEROSIL XOB 75) COATED WITH PYRO-
CARBON .

-Degree of Specific surface
coating (%) area (m*[g)
1] 998
0.3 85
0.8 29.5
40 74
154 990

Concerning the adsorption of a non-polar solute, two effects can modify the
column capacity factor (¥") when increasing the degree of coating: the surface area
available for carbon solute interaction increases, and the eluotropic strength of the
solvent tends towards the value observed on pure carbon. For a polar solute, it may
be necessary to take into account specific adsorption on silica. However, it is impos-
sible to make any quantitative prediction as we are dealing with two very different
adsorbents, giving rise to adsorption forces that are difficult to compare, and we do
not even know how the ratio of the surface areas of silica and carbon varies with the
degree of coating.

The results of a comparison between retention data on different columns using
various soluates are given in Table V. We should point out that the retentions on col:
umn A were very small and difficult to measure accurately (especially relative reten-
tions). Table V includes the column capacity (k") and the relative retention (a), the
reference solute being 1,2,3-trimethylbenzene, the retention of which can be measured
with good precision oa the different columns. The use of e allows a more significant
comparison to be made between the columns as it eliminates the possible effect of
surface area. The corresponding retention data on pure carbon (Sterling FT.FF hard-
ened with 139 of pyrocarbon and graphitized) are also given. However, as will be
pointed out in a forthcoming paper, these data must be used with caution. Indeed,
it will be seen that even columns of carbon are difficult to compare when packed with
adsorbents of different specific surface areas. We chose a carbon giving rctentions
similar to those on CCSP. Capacity factors of some solutes are plotted versus the
amount of pyrocarbon in Fig. 6. It seems that the results for column D are too low,
while the other resulis are self-consistent. The same effect does not occur with column
D when the other solvents are used (see below). For this reason, it is not possible to
exclude an error in the composition of the solvent mixture used in this instance (too
much acetonitrile). However, the general form of the plot shows that the retention
first increases very rapidly with increase in the degree of coating and then tends to-
wards a limit. The data for column G are in agreement with the other data and a large
reduction in specific surface area.

The reiative retentions are only slightly different from those measured on coi-
uma R, suggesting that the effect of the variation of apparent eluotropic strength is
not very important: e° drifts slowly towards the values on pure carbon. The effect of
° is better illustrated in Fig. 7 which is a plot of log &’ versus the number of methyl
groups for two homologous series (methylbenzenes and methylphenols). Nearly
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TABLEYV

COMPARISON BETWEEN RETENTION DATA ON DIFFERENT COLUMNS {cf,, TABLE )
WITH WATER~-ACETONITRILE (1:13 AS SOLVENT

Solute* Pgrameter  Column
A B C D E F G - R

Benzene & .03 0.16 9.08 0.13 0.18 046 0.19 0.18
a 0.50 041 0.17 0.13 0.10 0.07 0.11 0.0s
Phenol k 000 0.12 006 - 0.12 024 008 0.13
a 000 032 012 — 0.07 004 005 0.04
2,4-Xylenol k’ 003 015 013 023 052 — 0.35 0.88
« 050 039 926 023 0.29 —_ 0.20 0.28
2,5,4-TMP &’ .06 0.28 0.37 0.67 1.74 4.74 1.03 344
- « 1.00 6.73 0.76 0.66 0.97 0.73 0.60 1.08
2,3,4,65TeMP o 0.12 — 0.74 1.90 3.33 12.26 2.85 8.77
’ a 2.00 — 1.50 186 1.86 1.88 166 2.75
B-Naphthol k' 011 039 058 107 217 8.17 1.11 4.85
a 190 103 1.18 105 1.21 1.25 065 1.52
Naphthalene k’ 0.12 0.60 0.96 1.86 3.13 — 2.00 5.03
a 2.60 1.57 1.94 1.76 1.75 — 1.17 1.58
n-Propylbenzene Kk’ 0.60 — 0.23 041 0.75 220 079 0.89
a 0.00 — 046 040 042 0.34 046 0.28
n-Butylbenzene k’ 0.00 033 0.36 0.75 1.26 422 1.51 1.60
a 000 08 072 074 071 064 0.8 0.50
1,2,3.TMB &’ 006 038 049 102 1.79 6.54 1.72 3.19
a 160 100 100 100 100 100 1.00 1.00
1,2,3,4-TeMB k’ 0.19 0.83 1.14 2.87 5.15 i6.11 486 11.63
a 3.15 2.17 2.31 2.81 2.88 2.92 2.83 3.65

* TMP = trimethylphenol; TMB = trimethylbenzene; TeMP = teiramethyiphenoi; TeMB =
tetramethylbenzene.

paralle!l straight lines are obtained in all instances and the two lines corresponding to
cach column are close to each other. The larger the degree of coating, the larger are
the slopes, suggesting a small decrease in &°.

In conclusion, with this polar solvent, the chromatographic properties of CCSP
are similar to those of carbon when the degree of coating is large enough.

Medium-polarity solvent

The variation of solvent strength with degree of coating and its effect on reten-
tion is less important when the polarity of the eluent is lower. The retentions of some
solutes for the different columns are given in Fig. 8, and results for more compounds
are given in Table VI. The curves ar2 verv similar to those in Fig. 6, but their initial
siopes are smaller. This is in agreement with a smalier variation in the apparent eluo-
tropic strength of the solvent, and is confirmed by the results in Table VI.

Owing to malfunction of the equipment, column D was accidentally destroyed
during these measurements so some results in acetomtrﬁe and all resulis in 7-heptane
are lacking for this column. -

Non-polar solvent
Although this is of little direct analytical interest, expenments using a non-
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Fig. 6. Capacity factors (&’) of various solutes versus degree of carbon coating with water—acetonitrile
(1:1) as solvent. O, 1,2,3,4-tetramethylbenzene; &, 2,3,4,6-tetramethylphenol; @, f-naphthol; A,
n-butylbenzene; @, 1,2,3-trimethylbenzene.
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Fig. 7. Variation of log ¥’ in homologous series. Open symbols, methylbenzenes; closed symbols,
methylph_enols. :
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Fig. 8. Capacity factors (k") of various solutes versus degree of carbon coating with acetonitrile as
solvent. A, 2,3,5-Trimethylnaphthalene; @, hexamethylbenzene; 4, 1,8-dimethylnaphthalene; O, 2-
methyinaphthalene.

polar solvent are the best means of testing the influence of the silica substrate, which is
well measured by the retention of polar compounds. Indeed, a non-polar solvent is
very weakly adsorbed on the silica surface. Conversely, & polar solute, for which inter-
actions with the solvent are small while specific interactions with the adsorbent are
farge, will be strongly adsorbed on the silica. The retentions of such compounds will
increase with the surface area of the uncovered silica. On the other hand, the retention
of non-polar solutes will increase with increasing area of the carbon-liguid interface
and with an increase in the degree of coating.

The results are reported in Table VII and Fig. 9. As expected, the relative re-
tention of polar compounds decreases with increase in the degree of coating.

As can be seen in Fig. 10, the elution peaks of polar solutes are asymmetric
and accurate measurements are not possible. As their adsorption takes place essential-
ly on silica, the linear capacity of the adsorbeants is necessarily very small, especially
at large degrees of coating, and hence the columns are easily overloaded. No further
effort was made to assess the influence of column overloading and its variation with
increasing retention and degree of coating. Nevertheless, it appears from Table VII
that polar solutes are slightly retained on pure carbon.

The values obtained with column A, which contains virtually no pyrocarbon,
are much smaller than those reported by Scott and Kucera!>. As an example, for
Partisil 5, the iowest degree of coating used was 4.12 %, and for this column (F) the
&’ value of naphthalene was 0.25 while that given by Scott and Kucera was 1.25. Al
though this effect might result in part from a lower specific surface area of our silica
particles, it aiso demonstrates the dehydration efiect of the thermal treatment that
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" COMPARISON BETWEEN RETENTION DATA ON DIFFERENT COLUMNS (cf., TABLE D)
WITH ACETONITRILE AS SOLVENT

Solute™ Parameter  Column
A B C - D E F G R
Naphthalene k° 004 006 0.006 — 0.44 138 012 045
@ .11 009 009 — 9.06 816 007 008
2-MMN k' 003 012 0.18 04S 1.30 282 0.28 1.18
« 025 020 026 027 0.21 0.2¢ 0.17 0.11
1,8-DMN k’ 0.18 029 038 085 297 732 071 2.5
«a 050 047 055 051 0.37 0.52 044 032
2.3,5-TMN & 6.36 061 069 168 794 14.00 1.60 8.52
a 1.00 1.60 100 1.00 1.00 1.00 1.G0 1.00
Acenaphthylene K 010 022 027 063 294 540 057 224
« 0.28 037 039 038 037 0.39 03 0.26
Fluorcne 4 025 051 0.58 i.26 6.50 13.10 0954 5.70
a 0.78 084 084 075 082 094 059 067
B-Naphthol k 008 010 — 045 071 1.40 0.17 1.45
a 024 0.17 — 0.27 009 0.10 _0.11 0.17
2,4-Xylenol & 0.04 000 003 005 0.13 029 004 0.19
a 0.1t 000 004 003 002 002 002 002
2,3,4-TMP &’ 0.03 0.05 0.05 — 0.31 0.28 0.13 0.69
@ 007 009 007 — 0.04 007 008 0.08
1,2,3-TMB 44 000 002 004 - 0.14 0.41 007 020
a 000 004 007 - 0.02 003 004 0902
2,3,4,6-TeMP E 005 008 0.11 037 064 1.68 0.28 1.22
[ 0.13 0.12 0.15 0.22 0.08 0.12 0.17 0.14
1,2,3,4-TeMB ik 0.03 0.06 0.08 — 0.46 1.10 0.22 0.60
a 008 010 0.11 — 0.06 008 014 007
PMB k’ 007 0.14 0.14 — 1.6 246 0.58 1.66
73 020 023 020 - 0.13 0.18 036 0.19
HMB k 0.17 040 040 — 3.54 7.74 1.83 6.40
a 048 064 0.58 — 0.45 0.55 1.20 0.75

* MMN, DMN and TMN = mono-, di-and trimethylnaphthalene, respectively; PMB, HMB —
pentamethyi- and hexamethylbenzene, respectively. Other abbreviations as in Table V.

TABLE VII
COMPARISON BETWEEN RETENTION DATA ON DIFFERENT COLUMNS (¢f., TABLE )
WITH n-HEPTANE AS SOLVENT

Solute Parameter  Column
i A B C D E F ¢4 R
Naphthalene E’ 0.05 0.09 0.14 — 0.37 0.92 0.09 0.16
a 0.15 0.16 0.20 - 0.16 0.15 0.19 0.09
Acenaphthylene &° 0.13 0.18 0.23 — 08 224 021 038
@ 0.38 0.31 0.34 — 038 036 046 0.32
Fluorene k’ 0.34 0.59 0.68 — 226 611 045 1.84
« 1.00 1.00 1.00 — 1.00 1.00 1.00 1.00
Phenol Kk 16.4 16.0 134 — 605 940 256 023
.- a 48.0 270 19.7 — 2.68 1.54 5.64 0.12
a-Cresol & - FToohigh 6.2 84 — 3.83 572- 1.62 0.18
4 23.7 12.3 _ 1.7¢ 094 356 . 009
_2,4-Xylenol k’ Toohigh 6.2 8.3 - 383 595 162 Q.16

a 237 122 — 170 097 3.56 009
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Fig. 9. Capacity factors (k) of various soluies versus degree of carbon coating with rn-hepiane as
solvent. Q, fluorene; A, acenaphthylene; @, naphthalene.
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Fig. 10, Elution of nan-polar and polar solutes in n-heptane, Column B; 0.98 cm¥min; UV detector.
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acwmpames the pvroiysxs No coEumn of thermally treated uncoated silica has been
pdf:%:eé,
- These resu!ts arein agreement with those of Bebris e al.L. It does not seem pos-
sible to mask the properties of the underlying silica completely. This does not make
it difficult, however to obtain good analytical results with polar eluenis.

ANALYTICAL PROPERTIES OF CARBON-COATED SILICA PARTICLES

" A few simple separations are considered here in order to illusirate some charac-
teristics of CCSP.

. The three chromatograms in Fig. 11 represent the separations of a mixture of
phenol and alkylbenzenes. The solvent was water—acetonitrile (1:1) and the flow-rate
0.4 cm®/min in all instances. Chromatogram I was obtained with column R, and II
and I with columus E and B, respectively. Separations I and II are very similar, the
resolution of phenol and benzene, however, being better on CCSP. When injected alone,
the capacity factors for these solutes are 0.18 and 0.13 on column R. The &’ values are

&
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Fig. 11, Separa.xons of phenot and alkylbenzenes o d!ﬁ'erent adsorbents: I, column R; I, column
. E: HE, column B. Solvent, water—acctonitrile (1:1); fiow-rate, 0.4 cm®/inin; UV detector. Peaks: 1 =
_ acetonitrile (solvent for'sample); 2 = phenol; 3 = benzene; 4 = toluene; 5 = ethylbenzene; 6 = n-
propylbenzene; 7 = impurity; § = n-butyibenzene; 9 = impurity. ’
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0.15 and 0.10 when the measurements arc made from the chromatogrami. This
effect, which is probably due to local column overloading during the beginning of the
chromatographic process, is currently under investigation. Chromatogram I sug-
sests, on the other hand, that the degree of carhon ceating (0.849)) is insufficient:
only n-butylbenzene is slightly retained and can be identified in the mixture. -

Fig. 12 shows the separation of some polynuclear aromatic compounds with
i-heptane as eluent. The decrease in efficiency with increasing retention is very im-
portant, as illustrated in Fig. 13. This effect is due in part to the Iarge flow-rate used
{(z = 0.54 cm/sec, v = 90). For &’ = 2.2, the column exhibits three-fold fewer theo-
retical plates than for a non-retained solute. When dealing with the mixture water—
acetronitrile, however, the decrease in efficiency is lower: only 1.7-fold fewer plates
for &’ = 2.1 (n-pentylbenzene) than for 4" = 0. On the other hand, the peak symmetry
seems to be good in all instances.

& |0

(s)

Inj. !

1] P z s 3 ]

o 2 4 6 to(min) 9 1 2

Fig. 12. Separation of polynuclear aromatic compounds. Column E. Solvent, n-heptane; flow-rate,
1.2 cm?¥/min; UV detector.

Fig. 13. Variation of the -uﬁnber of theoretical plates () with retention (k") at constant flow-rate.
Column E. Solvent: open symbols, water-acetonitrile {1:1) (0.4 co’/min); closed symbols, r-heptanﬂ
(1.2 cm®/min).

The separation shown in Fig. 14 has been performed previously using water—
acetonitrile (6:4) on carbon black®; we carried it out here with the 1:1 mixture on col-
vmn F. The retention of aromatic nitro compounds is twice as great on cofumn F,
v/hile those of benzene and toluene are only 1.3-fold greater. This effect is due in part
to the fact that all retentions are higher on column F than on column R. Furthermore,
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& decrease in the water content oE the mixture sometimes increases the retention of
polar compounds®..

Finally, the separations of a mixture of polymethyiphenols is shown in Fxg. 5.
It is, in fact, the analvsis of a “pure’ commercial 2,3,5,6-tectramethylphenol sample.
Peaks 2, 3 and 4 have been tentatively identified as those of other methylphenols.
This separation was performed on Partisil 5 coated with 14 % of pyrocarbon (column
¥). The efficiency is not high (V¥ = 1110 for 2.3 56-tetramethylphenol kK = 1.0;
7 = 15), but the time of analysis is very short. Also, as pointed out previously, the
coating of fine powders is tedious and is accompanied to some extent by agglomer-
ation of particles, resulting in an increase in the HETP values,

CH3

©

© CHg NO2o 5

Inj.

Unretained

L ] y] 2o 1 1 s
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o 5 10 tg (min) 0 30 60 to (sec)

Fig. 14. Separation of 2 mixture of compounds of very different polarities. Column F. Solvent,
water—acetonitrile (1:1); flow-rate, 2 cm3/min; UV detector.

Fig. 15. Separation of methylphenols. Column I. Solvent, acetonitrile; Flow-rate, 2.55 cm®/min (v =
3.5); UV detector. Peaks: 1 = unretained; 2 = 2,4-xylenol (?); 3 = 2,4,6-trimethyvilphenol; 4 =
2,3,4,6-tetramethylphenol; 5 = 2,3,5,6-tetramethylphenol.

CONCLUSION

The coating of silica particles with pyrocarbon can be a good method for
providing suitable adsorbents for reversed-phase HPLSC. The correct amount of
carbon to be deposited depends on the type of silica used, and the experimental con-
ditions of preparation seem to be very imporiant. Moreover, the optimal conditions
-are prebably not the same for all types of silica particles.

This work was carried out essentially using Spherosil XOB 75, which explains
wby the few results obtained with Partisil 5 were not very good.

It is possible to modify fine particles of 5-um diameter, which would permit
very efficient columns to be packed. This possibility is attractive insofaras it isextreme-
ly difficalt to prepare pure carbon particles in this size range. The silica particles have
very good mechanical properties and can be regularly shaped, which makes packing
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easy. On the other hand, carbon-coated silica cannot be graphitized. Although we have
not vet assessed the consequences of this treatment, our preliminary results seem to
show that it improves the chromatographic performances of the packings.

Work will be carried out on the use of other silicz and aleminosilicate materials.
The main drawback, however, seems to be the virtual impossibility of completely
eliminating the influence of silica: at low degrees of coating a large part of the silica
surface is not covered. It seems that at high degrees of coating the coating does not
adhere well to the underlying material and pecls off during the cooling, leaving part
of the silica exposed. This would explain the results in Table IV and the polarity of
the adsorbent in column G.
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