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I. CARBON-COA-ED SILICA PARTICLES 
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Lobofadoire & Chimie Ardytique Physfgue, hole Poiytechnfque, Route de Saciay, 91120 PaIatiem 
(France) 

SUMMAELY 

The technique for coating silica particles with a layer ofpyrocarbon is described. 
The conditions of preparation zre important as they determine both the chrom&o- 
grzpkic perfcmmnce and the degree of agglomeration of particles during coating. 

The effect of tke coating was studied in terms of both efficiency and retention 
data. For the silica studied (Spkerosil XOB 75), moderate amounts of pyrocarbon 
(less than 15 %) gave tic best restits; greater degrees of coatizxg give a large decrease 
in.eEciency with increasing retention, while smalIer degrees ofcoztting give very small 
retentions and polar adsorbents. 

Some simpIe separations are shown to illustrate the analytical characteristics 
of these adsorbents. 

LNTRODUCFXON 

Reversed-phase chromatography is based on non-specific intermolecular inter- 
actions between (1) adsorbent and solute and (2) adsorbent and eluent. A cbromato- 
graphic process based only on dispersive (non-specific) forces needs a non-specific 
and cons&q~ently 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 ckromatograpky. In perticuhxr, all inter- 
actions (adsorbent-solute, adsorbent-solvent and solvent-solute) must be taken into 
account in order to understand the mechanism of retention. 

Howler, contrary xo Bebris et &.I3 we do not &&ink that it is umonzble or 
misieading~t~ contime to use the term “reversed-phase”. It allows a more precise 
de&&ion of the type of interactions that will be responsible for tke retention and con- 
sequently for the separations. Qbviousfy, we must always bear in mind tk& no basic 
difference exis%~ beeeen the two instances. The retention of a &lute is due to its 
positive adsorption and consequently to negative adsorption of the solvent_ How- 
ever, at tke n~ohm.dar ievel, the difEerence between reversed-phase Fpd classical LSC 
is tkat cm@ no;r-spe&c interactions occur in the former wkiie speci& interactions 
are impor%& in the latter. Tkis aspect is important. ~_ 
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We have-described in previous papers 2*3 the treatment of carbon black (CG] 
particles. to obtain a mechanically stable adsorbent for LSC and various chromato- 
graphic apphcations. It has been mention& that the problem of obtaining snm1I 
particles that are hard enough to stand the high pressure drop that is commonly use i 
in packing techniques and in many experiments co&d be solved by coating silica 
particles with czbon. Debris et al.’ have pubhshed some preliminary results. This 
paper describes the results we have obtained recentIy with different silica particles. 
One of the most important results is thzt it has proved possible to prepare a new 
adsorbent that exhibits chromatogmpbic properties that are similar to those of pure 
carbon. 

Carbon black-coated siticz is thermaiiy very stable and is not sensitive to pH 
insofar as the silica is not destroyed and can be used in any solvent. As for pure carbon, 
the equilibration time when changing the solvent is very small 2nd the reproducibility 
of the chromato_mphic 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 possibIe to adjust retention and to optimize.efficiency. 

PREPARATION OF CARBON-COATED SILICA PARTICLES (CCSP) 

Et is well known that high efficiencies in high-performance Iiquid-solid chro- 
matography (HPLSC) zre achieved by the use of small particles (CQ_ 5 pm in diam- 
eter), and we have mentioned previously the diificulties 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 et al.’ gve 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 hzrdenin~-‘. 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 papeP. Four 
different silica gels were used: Partisil 5 (Reeve Angel, Clifton, NJ., U.S.A.), Li- 
chrosorb Si 60 5 pm (Merck, Darmstadt, G.F.R.) and Spherosii XQA 608 and XOB 75 
(Rhone-Progil, Antony, France). OnIy systematic results obtdned with large(30-40-pm 
Spherosil) and small (CL 5-,um Partisil) particles are reported here (c$, Table I). 

In order to make possible an exact measurement of the amount of pyrocarbqn 
coated, the sifica was first dehydrated at 900” for 3 h under a stream of pure nitrogen. 
It is strongly advised that fine silica particles (5 pm) shouid not be stirred during this 
step, as large particles (up to severat hundred microns) would be formed by pelletiza- 
tion; these pdiets are then hardened by the pyrocarbon coating (cf-, Fig. 1). 

Carbon coating was carried out at 950, 300 and 875”. While the weight toss 
during dehydration is approximately the szme at all three temperatures, it seems that 
the agglomeration is less important ztt~g75”. hforeover, we observed that the pyrolysis 
reaction gives better results .zt the lowest temperature. The experimental conditions 
under which te&liEerent samples and a reference szmple of pure carbon were pre- 
pared zre given in Tzzble I. 

The carbon-layer should cover completely all of the silica surface and be thick 
enough to offset the sorption properties of sihca. Hence it wonld seem that a large 
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Fig. 1. Scanning electron microscope photograph of carbon-coated si!ica. 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 5-pm 
silica particles used, otherwise al! of the particles become stuck together into hard, 
compact aggIomerates 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-pm particles 
have been coated with 41% and 53 % of pyrocarbon without any notable agglomer- 
ation (observation under optical microscope), while all attempts to coat more than 
60% 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 3 1 .GIO-pm sieve fraction, coatings exceeding 140 *A 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 degees of coating they were black. 

Photographs of particles of carbon-coated silica obtained with a scanning 
elcctron 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 Spherosii coated with 0.84% of pyrocarbon (cf, Table I, B). 

Fig. 3. Detail of a particle of Spherosil coated with 15.4% of pyrocarbon (cJ, Table I, E). 

The clear spots in Fig_ 2, showing a silica with a low carbon coating (0.8 %), 
are probably carbon. This is in agreement with the generally accepted assumption 
that benzene pyrolysis does not 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 Iater, the porosity and specific surface area 
remain large. 

STUDY OF COLUMN EFFICIENCY 

AI1 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, dependin, 0 on the degree of coating. A suspension is prepared with 10% 
(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. 5 for two col- 
umns, I3 and 6 (cJ, Tables I and II). The curves are very similar for non-retained so- 
lutes, showing that the packin g technique is reproducible, but are different for re- 
tained solutes. 



Fig 4. Detail of the came of particIe shown in Fig. 3. 

Usually it can be assumed that the reduced piate height I’Z (= H/C&), and the 
reduced velocity Y (= trd,lo3 are related by the equation of Knox and co-worker@* : 

h = + + A#-= + cy (1) 

which is an approximation of the original rigorous Giddings equationg: 

(2) 

In a previous pape?, HETP curves were fitted by eqns. 1 and 2 assuming that B = 
B’ = 2, as it is difiicult and time consuming to make HET? measurements in the 
range of Bow-rates where B (and B’) are the controlling terms, especially when using 
kge particles. We used the well known non-linear least-squares fitting technique in 
order to calculate the parameters. The diffusion coefkients that appear in the ex- 
pression of the reduced velocity are derived from the classical Wilke and Chang 
eqationg: 
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h 

0 20 40 

Fig. 5. Reduced plate height (h) versus reduced velocity (Y) for columns B and G in acetonitrile. 
Broken Iines, column G; 6, benzene; & 1.8-dimethy~aphthalene. Solid lines, column B; a, benzene; 
0. f3,54rimethylnaphthalene. 

We previously used a value of 1.5 for the association parameter ‘p of aceto- 
nitrile2*3. Recently, Fawcett and Caton lo measured the diffusion coefficient of anthra- 
cene in acetonitrile, and ir appears from their data that a better estimate of TJJ in eqn. 
3 is 2.14. This value ia used here for the calculation of the reduced velocity. 

The results are summarized in Tab!e 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 obtzined kmin_ values of between 
2.4 and 3.5 and A values of about 2 (c$., columns A-G). Obviously, with such columns 
high efkiencies correspond to very low flow-rates of the eluent (typically ca. 7 - 10S3 
cm/& and consequently time-consnming analyses. With small particIes (coIumns 
Ii, I and .?), although the packing is less good (tr,,,_ = 4-M), high efficiencies are 
obtained at Earge solvent Bow-rates (ca. 5 - 10m2 cm/xc), which permits good separa- 
tions to be eEected in a short time (see below). 

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

It can also be seen from ‘Fable IX that the best res-x&s in terms of efficiency are 



HETP EQUATIoNS FOR THE DIFFERENT COLUrMNS 

Pi . 

B’ 

C' 

C’ 

E’ 

I=’ 

G .* 

H 
** 

I .* 

J .* 

2jv + 1.92 a+= +- 5.26 10-z v 

2/v + 1.67 9.33 -L 3.81 10-z v 

2,‘V 2 I 1 - 97 Ifi-33 + 9.4 IO-= v 

z,!v J- 1.87 s.33 + 6.45 10-z v 

Z[v -+- i.23 fp-33 + 4.18 lo-‘v 

2/v + 3.11 vo.33 + 1.71 1wv 

2/v -!- 1 . 97 a v0.u + O.tm 10-Z v 

Z!V +- 2.12 v’=” + 66.37 10-2~ 

2/v + 3.6Ovo-” j o.ixl IO-=v 

2/v f 248 Lp-= i 0.00 10-2 v 

3.52 2.20 Z(v t 
0.85 

0.12 + l/v 
-i- 7.16 IO-‘v 

2/v 
0.93 

3.16 2.40 + 
0.16 + l/v 

+ 5.71 lO_‘Y 

1.53 
3.67 2.00 3/v 1- - ~- 

0.29 j l/t* 
+ 13.89 m-19. 

1.22 
3.48 2.10 2!v f -o_2, ; 

_ T 1/v 
f 9.71 10-l Y 

1.475 
2.55 2.90 Zip t --_ - 

0.31 f riu 
- + 7.39 10-Z v 

4.91 1.60 2,/v + Tog1 v- 
- I : 

f 3.77 10-i v 

3.40 2.40 2/v + 
1.10 

__-- + 2.19 IO-= v o l6 , 
- -71/P 

5282.2 
4.71 1.30 21% + 2816-z + 1,; + 95.26 IO-‘v 

5.45 
4379.8 

1.50 2/v + -___ 
?01834- r/v 

+ o_oolo-~~ 

4.11 2.00 2/v f 16;yz, + 0.0 10-t 1 
1 y 

2.50 1.80 

2SI 1.70 

3.15 1.60 

2.85 1.60 

2.60 2.30 

2.43 1.70 

2.68 1.70 

4.64 1.40 

4.3 - 

3.0 - 

* Injection of 2pl. 
If hjection of I pl. 

obt&ned with degrees of coating between 12nd 1.5 % (columns B-E). On the one had, 
one should expect that for non-retained compounds the Iarger the de_- of coating, 
the better the column. This would be for mechanical reasons and bemuse of 2 decrease 
in the iti*Japarticle resistance to mass transfer. It is explained by the reduction iu 
pore deptb 2s thicker 12yers of pyroc2rbon are coated on the silica smf2ce and the 
obstruction of finer pores. However, 2s 2lre2dy observed2B3 with carbon bla&., the 
efliciency is closely related to the retention and dqends oti the solvent used and the 
solute for 2 given column. The ratio of the numbers of theoretical pl2tes fqr two 
solutes with different retentions depends on the Bow-rate, generally being smallest 
ne2r$e minimum of the HETP curve. The cueflicients C and C’ are much more impor- 
tznt for retained than for non-retained ~solutes and even A and A’ are l&er. The 
v2iiatiou incre2ses with incre2se in the degree of coating. Et &p&m, however, that 

moderate amounts of pyroarbou provide t&e best columns. 
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$60 2iv -t 4.07 Vo.” + 6.35 10-z v 

).71 2/v -i- 9.83 vo-= -+- 28.15 1-o-’ v 

6.06 1.30 2.b 
6.05 

+ o 6g 
* +1/v 

+ 19.10 lo-*v 

4.71 
6.99 l-f0 2/V t 0-40 f 1/y t ~-87 lo-‘r’ 

5.65 1.30 2/v 
3-57 

+ __ -- 
0.41 f l/v 

j 22.60 IO-’ v 

4.22 1.65 2/v + 
21.21 

- + 36.06 IO-’ Y 
6.077 -i- l/v 

6.47 1.20 2/v 
2.03 

i- o 13 f 1,; i 20.0 lo-‘v 

13.44 
11.80 0.70 2jv i ~--- - 

0.52 + l/v 
+ 46.47 10-z Y 

7.86 0.60 

5.75 0.90 

5.54 0.80 

5.05 1.63 

4.95 2.00 

3.99 1.00 

9.56 0.50 

Finally it should he noted that the vahxs of the parameters A, B and C ob- 
tained by the fitting Fxcbnique should be used with care. For instance, 0.00 is sometimes 
obtained for C~ in eqn. 1, and such a value obviously has no physical meaning. A 
realistic dcul2tion of the parameters is possible only if measurements of Iz over 
very large range of v values are carried out, which is generally not done because of 
the experimental diEculties_ This is especially so for columns I-I, I and J; for these 
sma&particIe columns, measurements ofh have been made oniy around the minimum. 
If the values derived for A are m eaningful, this is not so for C, the contribution of the 
corr~ponding term being smaE in this region. 

The co&~parison of the cohmns is made using three solvents with widely dif- 



fereni polarities: high (a 1 :I mixture of water and acetonitrile), medium (@ure ace- 
ton&rile) and no polarity (n-heptane). This choice allows the study of retention patterns 
in a large range of-eluotropic strength, co (ref. 3). The influence of the silica skeleton, 
if it remains, will show up differently for polar and non-polar sot& and depends on 
the solvent. 

Polar -solcent 
Polar solvents generally have a weak eluotropic strength on carbon3*“. If 

specific interactions can take place between the solvent and the adsorbent, EO would 
be even Iarger than with pure carbon. This decrease can be explained 2s follows. 

The pyrolysis is accompanied by therm21 treatment of the silica. Adsorption 
on thermally modified silica is much weaker than on ordinary silica, although it re- 
mains high for polar compounds”. Adsorption on carbon is very substantia12m3, 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 po!ar soIvent may be tiore strongly adsorbed than 
on carbon because of specific interactions with the undhrlying silica, and hence EO 
is iarger. This effect also happens near the edges of carbon spots in the case of partial 
coverage, where soIvent molecules wilt be more retained because of the interactions 
with the silica. 

If a monolayer of pyrocarbon is expected to be coated on the silica, the corre- 
sponding amount of carbon (weight- o/0 increase) is high (cf-, Table III). In practice, 
as the coating is not homogeneous, much larger degrees of coating are necessary thhan 

the values given in TabIe III. 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 m2/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 IV. These results are surprising as they show that the specific surface area does 
not decrease reguiarly with increase in the degree of coating, as happens for carbon 
black. Possibly the pyrocarbon coating is porous and in the range O-15% of carbon 
the two effects, reduction of rhe 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. 

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

Average density of graphite, 2.25 ,o/cm3. 

Specific surface 
area (n?.ig) 

Weight-% 
increase 

IO 0.77 
50 3.85 

I(10 7.69 
400 30.78 



CARBON ADSORBENTS IN HPLSC. 1. 53 

TABLE LV 

SPECIFIC SURFACE AREA OF SfLiCA <S?HEROSiL XQE 75) COATED WTH PYRO- 
C‘ARBON 

-Degree of 
coating (%) 

0 
0.3 
0.8 
4.0 

15.4 

Sp&ific surffare 
area (m’/g) 

99.8 
85 
99.5 
54 
96) 

Concerning the adsorption of a non-polar solute, two elects can modify the 
column capacity factor (k’) 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 mzy 
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 da 
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 diEerent columns using 
various solutes are given in Table V. We shouId point out that the retentions on col: 
umn A were very small and dih%zult to measure accurately (especially relative reten- 
tions). Table V includes the column capacity (k’) and the relative retention (a), the 
reference solute being I ,2,3-trimethylbenzene, the retention of which can be measured 
with good precision on the different columns. The use of Q allows a more significant 
comparison to be made between the columns as it eliminates the possible elect of 
surface area. The corresponding retention data on pure carbon (Sterling FT.FF hard- 
ened with 13 ok 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 wil1 be seen that even columns of carbon are di,%cult to compare when packed with 
adsorbents of different specific surface areas_ We chose a carbon giving retentions 
similar to those on CCSP. Capacity factors of some solutes are plotted versL(s the 
amount of pyrocarbon in Fi,. * 6. It seems that the results for coIumn D are too low, 
white the other results 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 coiumn 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 col- 
umn R, suggesting that the effect of the variation of apparent eluotropic strength is 
not very importam: eC drifts sIowly towards the values ou pure carbon. The effect of 
.sQ is better .ihust%-ated in Fig. 7 which is a plot of log k’ versus the number of methyl 
goups for two homologous series (methylbenzenes and methylphenols). Nearly 
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TABLE V 

COMPARISON BETWEEN RETENTION DATA ON DiFFEREkT COLtiMNS (cJ?, TABLE I) 
UTIII WATER-ACETONETREE (1 :l) AS SOLVENT 

Solure’ Pmameter COl.W7lR 

A B C D E F Go R 

Phenol 

2&Xyienol 

2,3,4-mm? 

2,3,4,6-TeMP 

&Naphtllol 

Napklzalene 

n-Propyliinzene 

rz-Butylbenzene 

1,2,3-TMB 

1,2,3,4TeMB 

0.03 0.16 9.08 0.13 0.1s 0.46 0.19 
0.50 0.41 0.17 0.13 0.10 0.07 0.1x 
0.00 0.12 0.06 - 0.12 0.24 0.08 
0.00 0.32 0.12 - 0.07 0.04 0.05 
0.03 0.15 0.13 0.23 0.52 - 0.35 
0.50 0.39 0.26 0.23 0.29 0.20 
0.06 0.28 0.37 0.67 1.74 4.74 1.03 
1.00 0.73 0.76 0.66 0.97 0.73 0.60 
0.12 - 0.74 I.90 3.33 12.26 2.85 
2.00 - 1.50 1.86 1.86 1.88 1.66 
0.11 0.39 0.58 1.07 2.17 8.17 1.11 
1% 1.03 1.18 1.05 1.21 1.25 0.65 
0.12 0.66) 0.96 1.80 3.13 - 2.00 
2.00 1.57 1.94 1.76 1.75 - 1.17 
0.00 - 0.23 0.41 0.75 2.20 0.79 
0.00 - 0.46 0.40 0.42 0.34 0.46 
0.00 0.33 0.36 0.75 1.26 4.22 1.51 
0.00 0.86 0.12 0.74 0.71 0.64 0.88 
0.06 0.38 0.49 1.02 1.79 6.54 1.72 
1.00 1.00 1.00 1.00 1.00 la0 1.00 
0.19 0.83 1.14 2.87 5.15 LRll A86 
3.15 2.17 2.31 2-81 2-88 2-92 2.83 

0.18 

::: 
O.G? 
0.88 
0.28 
3.44 
1.08 
8.77 
2.75 
4.85 
1.52 
5.03 
1.58 
0.89 
0.28 
1.60 
0.50 
3.19 
1.00 

11.63 
3.65 

* T%fP = tritnethylphenol; TMB = trimethylbenzene; TeMP = te’we’&yIpkenoi; TeMB = 
tetramethyknzene. 

parallel straight lines are obtained in alI instances and the two tines corresponding to 
each column are close to each other. The larger the degree of coating, the Iargr zre 

she slopes, suggesting a small decrease in .z”. 
In conclusion, with this polar solvent, the chromatographic properties 0fCCSP 

are skilar to those of carbon when the degree of coating is large enough_ 

The variation of solvent stren,@h with degree of coating and its effect on reten- 
tion is fess important when the polarity of the eluent is lower. The rete&ious of some 
solutes for the different columus are @en in Fig. 8, and results for more compounds 
are given in Table VI. The curves arz very similar TV those in Fig. 6. but their initial 
slopes are smaller. This is in a,oreement with a smaller variation in the apparent eluo- 
tropic ‘strengtt of the solvent, and is con5kued by the results in Table SK 

Qwin,o to mdfbnction of the equipme& column D was accidenta!ly destroyed 
during these measurements so sane results in kcetouitrile and all restits in n-heptane 
are lacking for this column. 

Non-pokr soi~2t 
Although this is of little direct analytical Mere&, eqxximents Sing a xzozx- 
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Fig. 6. apaciry factors (k’) of various solutes verse degree of carbon coating With w&w-~ceto~~ik 
(1:l) zs solvent 0, 1,2,3,4_tetrametbyibnzene; A, 2,3,4,6_tetrunetfiyIP~e~Ol; 6% @-EaPhaol; A, 
n_bt~Rmxzene; @?, 1,2,34rimethylkmenSenzene. 

Fig. 7. V&tian of iog K in homologous series. C&G= symbols, nethylbenzenes; closed sy~~bois, 
El&yIp~~Ols. 



A& D 10 E 20 30 40 so F 

Fig. 8. Capacity factors (k’) of various solutes versus degee of carbon coating with zc&&triIe as 
solvent. h, 2,3,5-Trimetbylnaphthzlene; Q. he:<amethylbenzene; A, 1,8~ethylnaphWeze; 0,2- 
methylnaphthalene. 

polar solvent are the best means of testing the influence of the silia substrate, which is 
well measured by the retention of polar compounds. Indeed, a non-polar solvent is 
very wetiy adsorbed on the silica surface. ConverseIy, a polar soIute, for which inter- 
actions with the solvent are small while specik interactions with the adsorbent are 
Iare, will be strongly adsorbed on the sika. 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 wih increase with increasing area of the carbon-hquid interface 
and with an increase in the degree of coating. 

The results are reported in TabIe 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 siiica, the linear capacity of the adsorbents is necessarily very smaII, especially 
at large degrees of coating, and hence the coiumns are easily overfoaded. No further 
effort was made to assess the infIuence of coiumn 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 cohunn A, which contains virtuahy no pyrocarbon, 
are much smaller than those reported by Scott and Kuceraz”. As an example, for 
Partisil5, the iowest degree of coating used was 3.12 X, and for this column @I) the 
k’ value of naphthalene was 0.25 while that given by Scott and #uc+a wai 1.25. Al- 

though *this effect might result in part from a-lower specific s&ace area of our siiica 
particks, it dso demonstrates the dehydration elect of the thermal treatment that 



. COM.P&RlSON BETWEEN RETENTFION DATA ON DIkERENT COLUMNS (c& TABLE r) 
W-FEZ ACETONiIRiLB A!3 SOLVENT 

Solure’ Puromerer ~COrr,, 

A B c -D E F G R 

Naphthdene 

ZMMN 

1 ,8-DMN 

2,3,5-TMN 

Acenaphthykne 

Fiimene 

&Naphthol 

2,4-Xylenol 

2,3&TMP 

f,2,3-TMB 

&3,4&i-TeMP 

1.2,3,4-TeMB 

PMB 

HMB 

0.04 0x36 0.06 
0.11 0.09 0.09 
0.09 0.12 0.1s 
0.25 0.20 0.26 
0.18 0-w 0.38 
0.50 O-47 0.55 
0.36 0.61 0.69 
1.00 1.m l.clO 
0.10 0.22 0.27 
0.28 0.37 0.39 
0.25 0.51 0.58 
0.78 0.84 0.84 
0.09 0.10 - 
0.24 0.17 - 
oxk? 0.00 0.03 
0.11 0.00 0.04 
0.03 0.05 0.05 
0.07 0.09 0.07 
O.OO 0.02 0.04 
o.aa 0.434 0.07 
0.05 0.08 0.11 
0.13 0.12 0.15 
0.03 0.06 0.08 
0.0s 0.10 0.11 
0.07 0.14 0.14 
0.20 0.23 0.20 
0.17 0.40 0.40 
0.48 0.64 0.58 

- 
- 
0.45 
0.27 
0.85 
0.51 
l-68 
1.00 
0.63 
0.38 
I.26 
0.75 
0.45 
0.27 
O-05 
0.03 
- 
- 
- 
- 
0.37 
0.22 
- 
- 

- 
- 
- 

0.04 1.38 0.12 0.45 
0.06 0.10 0.07 0.05 
1.30 2.82 0.28 1.18 

0.21 0.20 0.17 O.ll 
2.97 7.32 0.71 2.75 
0.37 0.52 O-44 0.32 
7.94 14.00 1.60 8-52 
1.00 1.00 1.00 I.00 
2.94 5.40 0.57 2.24 
0.37 0.39 0.36 0.26 

6.50 13.10 0.94 5.70 
0.82 0.94 0.59 0.67 
0.71 1.40 0.17 1.45 
0.09 0.10 _ 0.11 0.17 

0.13 0.29 0.04 0.19 
0.02 0.02 0.02 0.02 
0.31 0.98 0.13 0.69 
0.04 0.07 0.08 0.08 
0.14 0.41 0.07 0.20 
0.02 0.03 0.04 0.02 
0.64 1.68 0.28 1.22 
0.08 0.12 0.17 O-14 
0.46 1.10 0.22 0.60 
0.06 0.08 0.14 0.07 

lJ?6 2.46 0.58 1.66 
0.13 0.18 0.36 0.19 
3.54 7.74 1.93 6.40 
0.45 0.55 1.20 0.75 

* MMN, DMN and TMN = RIOSIO-, di- uld trirnetbylnzpht.b&rze, respectively; PIME, HMB = 
pentzrnethyl- and hexamethylbemene, respectively. Other abbreviations as in TabIe V. 

TABLE VII 

COMPARISON BETWEEN FtETENTION DATA ON DIFFERENT COLUMNS (cx, TABLE I) 
WFFH n-HEPTANE AS SOLVENT 

Solute Parameter colum 

A B c D E F G R 

0.05 0.09 0.14 
0.15 0.16 0.20 
0.13 0-H 0.23 
0.38 0.31 0.34 
0.34 0.59 0.68 
1.00 l.aO 1.00 

16.4 16.0 13.4 
48.0 27.0 19.7 
Toohi& 6.2 8.4 

23.7 12.3 
Toohi& 6.2 8.3 

23.7 12.2 

- 0.37 0.92 0.09 0.16 
- 0.16 0.15 0.19 0.09 
- 0.86 2.24 0.21 0.58 
- 0.38 0.36 0.46 0.32 
- 2.26 6.fl O-45 1.84 
- 1.00 1.00 1.00 1.00 
- 6.05 9.40 2.56 0.23 
- 2.68 1.54 5.64 0.12 
- 3.83 S-72. 1.62 0.18 
- 1.70 o-s4 3.56 0.09 
- 3.83 5.95 I.62 0.16 
- 1.70 0.97 3.56 0.09 



Fig. 9. Capacity factors (k') of various so1de-s wrsus degree of carbon mating with tz-hepme as 

sohent. 0, fluorene; A, acenaphthylene; e, nephthdene. 

Inj- 
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ANALYTICAL PROPERTIES OF CAJXBQN-COATED SILICA PARTICLES 

-A few simple sepa%.ions are cksidered here in order to Ill_ustrate some charac- 
tetistics of CCSP_ 

The three chrom3tograms in Fig. 1 I represent the separations of a mixture of 
phenol and alkylbenzenes. Tbe solvent was w&er-acetonitrile (I :I) and the flow-rate 
0.4 cm3/min in aJJ instances. Chromatognm I was obtained with column R, and II 
and III with columns E and B, respectively. Sepvations I and Ez are very similar, the 
resolution ofphenol and benzene, howeve:, being better on CCSP_ When injected alone, 
the cq.Xtcity factors for these solutes are 0.18 and 0.13 on column R. The k’ values are 

0 

8 lt2c3 

l 4r&7 



0.15 and 0.10 when the measurements are made from the chromzto&m-1.~ This 
effect,~which is probably due to &al c&mn ovedoacbng during the beginning of the 
chromato,mphic process, is currently under investigation. Chromatogram SE sug- 
gests, on thee other hznd, that the degree of carbon coating (O-84”? is insufik~ent: 
only n-butylbenzene is slightly retained~ and can be identified in the mkxttxre.~ 

Fig. 12 shows the separ;rtion of some poiynuckar arom2tic compounds with 

Iz-heptane 2s eluent. The decrease in efhciency with increasing retention is very im- 
gortant, as ihustrated in Fig. 13. This effect is due in part to the large fiow-rate used 
(U = 0.54 cm/set, v = 90) For k’ = 2.2, the column exhibits three-fold fewer ffieo- 
retinal plates than for a non-retained solute. When dealing with the mixture water- 
acetronitrile, however, the decrease in efiiciency is lower: only 1.7-fold fewer pktes 
for k' = 2. I (n-pentylbenzene) than for k' = 0. On the other hand, the peak symmetry 
seems to be good in all instances. 

2000 

(I 

N 

Fig. 12. Sepaation of polynucIezr aromatic compounds. Column E. Solvent, n-heptane; flowk~te, 
1.2 c&/min ; UV detector_ 

Fig. 2% Vzfiation of the number of theoretical plates (N) with reteention (k’) 2~ const2nt f&w-r&e. 

Column E. Solve@: open s_ymboIs, water-xetonitrile (I :l) (0.4 cm3/mI@; cIoscd symbols, 8%heptane 
(1.2 cm3/min)_ 

The separation shown in Fig. 14 has been performed prcvious~y using water- 
acetonitrife (6:4) on carbon black3; we carried it out here with the I : 1 mixture on co& 
mm F. The retention of aromatic nitro compounds is twice as great on co!umn F, 
w’hile those of ‘benzene and toluene are only 13foldgreater. This e&ct is due in part 
to the fact that ah retentions-are higher on column F than on cohrmn R_ Furthermore, 
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& dmwe in the water coptent of the mixture sometimes increases_the retention of 
polar _compouncIs? 

FinaIly, the separations of a mkture of polymethylphenots is shown iti Fig. 15. 
It is, in fa the analysis of z “pure” commercial 2,3,5,6%etramethylphenol sample. 
Peaks 2, 3 and 4 have been tentatively identified as those of other methylphenols. 
This separatiorz was perform& on Partisil 5 co&d with 14 oA of pyrowbon (column 
1). The efkiency is not hi_gh (N = 1110 for 2,3,5,6Getramethylphenol; k’ = 1.0; 
h = 15), but the time of analysis is very short. AIso, as pointqd out previously, the 
coating of Gne powders is tedious and is accompanied to some extent by agglomer- 
ation~ of particles, resulting in an increase in the HETP values. 

I I , I I 1 
5 is= 

0 5 10 ‘R(“) 0 30 60 t#=) 

Fig. 14. Sepvation of a mixture of compolrnds of very diEerent polarities. Column F. Solvent, 
water-zcetonitriZfe (1 :I); flow-rate, 2 cm3/min; UV detator. 

Fig. 15. Separation of methylphenok. Column I. Solvent, zcetonitrile; Flow-rate, 2.55 cm3/min (v = 
3.5); UV detector. Peaks: I = uriretzined; 2 = 2J-xykriol (?); 3 = 2,4,6trimethyIpheno!; 4 = 
2,3,4&i-tetramethylphenol; S = Z&3,5,6-tetrame&yIptoL 

CQNCLUSION 

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 td be deposited depends on the type of silica used, and the expe~tiental con- 
ditions of preparation seem to be very important. Moreover, the optimaI conditions 

ae probably not the same for all types of silica particles. 
This work was carried out essentially using Spherosil XOB 75, which explains 

why the few results obtained with Par&l 5 were not very good. 
It~is possible to modify fine particks of 5-pm diameter, which would permit 

very efficient coiumus to be packed. This possibility is attractive insofar as it is extreme- 
ly &Ecu& to prepare pure cabon parti+s in this size rang?. The silica partkles have 
very good mechanical prop&ties and can be regularly shaped, which makes packing 
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easy. On the other hand, carbon-mated Glica.cmnot be graphitized, &ho& tve have 
note yet assessed the consequences of this treatment, our prelhninary resulti s&m to 
show that it improves the chromatographic perfo_mances of the packings. 

Work will he carried out on the use of other silia and alcminosilicz~ materizls. 
The mdn drawback, however, seems to be the virtual im+ssibiEty of completely 
eliminating the i&Fence of silica: at low degrees of cpating a large part ofthe si3Iic-a 
surface is not covered. It seems that at high degrees of coating the coating does not 
adhere well to the underlying matelial 2nd peels off during the cooling, leaving part 
of the silica exposed. ‘ihis wouId explain the results in Table EV and the polarity of 
the adsorbent in cohnnn G. 

ACKNOWLEDGEMENT 

We thank 1Mr. A. Ansel (Thomson C. S. F., Corhevilie, Ftznce) for the photo- 
g2phs obtained with scanning eIec&ron microscope. 

REFERENCES 

1 N. K. Bebris, R. G. Vorobieva, A. V. K&&v, Yu. S. Nil&in, L. V. Tarasovz, I. I. Frolov 2nd 
Ya I_ Yaslrin. J. Chmzafogr_, 117 (1976) 257. 

2 H. Colin, C. Eon zmd G. Guiochon, $. Chrumatogr., 119 (1976) 41. 
3 H. Colin, C. Eon and G. Guiochon, J. CJtromztogr., 122 (1976) 223_ 
4 T. V. &m&ova, A. V. Kisclev and N. V. Kovzievz, Kolloid. Z/z., 36 (1974) 133. 
5 H. Colin and G. Guiochon, to be pubiiskd. 
6 G. 3. Kennedy and J. H. Knox, J. Chromafogr. Sci., 10 (1972) 549. 
7 J. H. Knox and G. Vasvari, J_ Chrumarogr., 83 (1973) 181. 
8 J. H. Knox and A. Pryde, J. Chromarogr., 112 (1975) 171. 
9 J. C. Giddings, Dynamics of Ct’rromcztugraphy, Part Z, Mzrcel D&ker, New York. 1965. 

10 N. C. Fawcett .zzd R. D. Caton, Jr., Anal. C&x.., 48 (1976) 6W. 
11 L. R. Snyder, Prirlcfpks of Akorption Chromatography, MaceI Dekker, New York, 196% 
12 R P. W. Scott uld P. Kucers, J_ CIwomatogr. SC& 13 (197% 337. 


