
’ .The- preparation of carbon adsorbents suitable for reversed-phase high- 
--~rform&eLi&&i &romato&aphy is described. The effect of the amount of carbon 
,dQo&edby benze&@rolysis on thermal carbon blacks on the hardness and specsc 

t surfa& a*.of the. particles obtm.ined is discussed. Optimum performances are ob- 
-. tain$d -&it% -209? of pyrocSrbon.- The chromatographic performance of the columns 

iS disCtiss&i & terms OF &@cients of the Knox and Giddings equ@ions and a scale 
of s.ol+t%~t‘ eiuotropiti strengths is established. EtZciencies corresponding co HETP 
valueti .of 3 and 7 times the particle diameters zre obtained for unretained (k’ = 0) 
and-rem&d (Ic’ = 1.. 1) timpoundS. The polarity of the solvent has little infbtence on 

.,the get+io& btit afIG+ the sofubiity in the mobile phase. The weakest solvents an5 
low-moi&ular-weight, polar molecules such as water, methanoland acetonitrile, and 
the: strongest~ solvents are heavy and/or aromatic molecules, such as chloroform, 
begz& and. &4ene. Homologous compounds are easy. to separate, as well as 
gkometi+l isOme&. Some examples of separations s.re described and discussed. ._ 

T. The ad&r&ages of the revegsed-phase techniqn~ in liquid chromat&aphy and 
‘especi&y &-~~~~~@x&TIxS~ liquid chromatography (HPLC)-are well known 2nd 
have recently’ been reviewed IA, Ul, to now; only chemically bonded stationary phases 
have .been&&A5~e for carrying otit reversed-phase IZPLC. Excellent results are ob- 
taine&;v%e& Ithe chases are stzbld-‘, and recently reactions have been found .for 

I-sy&h&&:~ha&s~that r&s& solvoIysis by most liqujd phases, including water and 
me&&Wfhey are stilt &i&lt to prepare and very expensive, however. The organic 

-.-.- @oups :i$ii bondedto .a’ sih& s&f&e; which-permits :generafly the use-of the very fine 
: ~~~cl~:avaliiable...~~e .~jgroujps are mainly octyl, OctadebyE -md pheny14. The exact 
~re~ti&on~mecfiabisin is not yet Eriown in detail, but it certainly involves non-polar 

.-.. &&rSion i&&..betie~ri the solute molecules and ‘the g$ups. bonded to the silica ..: ._ .- :- 
,- 3: 



. . . 

surfacec These groups exhiiit complete disorder in their posit&s and -&I their 
orientation above the surf&e. Consequently; the sefectivity that can b_eexpected is 
the same as that Qf a non-po1a.r Liquid _:- 

In true adsorption chromatography, selectivity to geometricaLisomers is ex- 
hibited if adsorbents of regular structure are used, as is well knoti_ in gas-solid chro- 
matography, using~graphitized carbon black. The use of carbon adsorbents in HPLC 
could thus offer a non-polar, -hexpensive stationary phase, with a large spe&city for 
geometrical isomers and a high thermal stability, which. makes it easy to chzaning 
from its surface heavy compounds trapped on it that are not soluble in ffie mobile 
phase. The direct use of thermal carbon blacks, eiffier grz@rit&ed or not, is impossible 
in HPLC, however; their mechanical stability is much too poor as the particles are 
in fact aggregates of polycrystaliine microparticLes lOC_5000 A in size. These assem- 
blages are destroyed by shear forces due to the Liquid flow during column operation 
or which appear during packing procedure or even during sieving. Hardening of these 
particles to overcome a similar but much less serious problem, limiting their gas 
chromatographic (CC) performance, has been describeds._ An analogous procedure 
has *been used by us. The conditions are different as a much greater particle hardness 
should be achieved, the shear forces in liquid chromatographic (LC) columns being 
znuch larger than in GC columns. Good results have been obtained in the preparation 
of the particles, as described in a previous papeP. The procedure has been slightly 
modified to increase the production capacity. Smoother, more homogeneous particles 
are obtained as a consequence of the changes and better chromatographic results are 
achieved. 

This paper deals mainly, however, with chromatographic results, applications 
to various analyses and the derivation of the eluotropic strength of a number of sol- 
vents, allowing their classification in an eluotropic series. This series, analogous to 
‘that derived by Snyder for silica and alumina, is very useful in helping the analyst to 
choose the best solvent. Results on the permeability and efficiency of the columns are 
also given, but these are preliminary, as the parameters of the preparation procedure 
have not yet been optimized. 

.PwPARATION OF TZIE CARBON PHASE 

Carbon blacks are commercially available in two forms, a very fine powder, 
mostly microparticles of average diameter between 100 and 500 A, and larger ag- 
glomerates (5.~lMlO~m), made by pellet&ration of these microparticles. The powder 
?G tco %&%b’ be used in HPLC and the agglomerates are too-coarse and unstable*_ 
The packing of good, efhcient HPLC columns requires hard sphericai particles, _tith 
an average diameter between 5 and 30,~m and a very narrow size range’““. Hence 
there are three steps in the preparation of the adsorbent: the preparation of small ag- 
glomerates, hardening of these particles and size sorting. 

Sieving of carbon &cks 
Dire+ sieving of the original material (Black Pearls-L-from &bot, Boston, 

Mass., U.S.A.)isnot the method ofchoiw~as the aggregates are too crumbly, akmble 
in larger agglomerates under the effect of mechanical shaking and contain t&o small 
a prop&ion of the desitible tie particles (5-7 % below 25~). The rough material; 
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is th&&ixe crushed over a SO-pm mesh sieve using a thick sheet of-paper and the 
particles are forced through the sieve-~ Thisgives a good yield of l.5-3Oqm particles, 
-which are then sieved during ashort time to prevent their assembIy into farger aggre- 

gates- 
-. 

Hardening of the partides 

. - 

The particles are hardened by pyrocarbon resulting from the pyrolysis of 
he&ene8*g. The experimental arrangement has been described previousEyg; some 
modifications were made in order to increase the production to more than a few 
grams-a day. 

SasicaUy, the particles are heated at 900” in a stream of nitrogen saturated 
with benzene vapour at 30” by passing it through a temperature-controlled bubbler. 
The partial pressure of benzene is 0.21 atm. Previous study has shoti that the 
amount of pyrocarbon made on the carbon black is proportional to the total amount 
of ‘benzene circulated through it, independent of the flow-rat@. Typical experimental 
conditions and results are given in Table I. The carbon yield is almost constant_ 

Size sorting 

The particles are now hard enough to withstand all methods of size sorting. 
Sieving into narrow-mesh size fractions and elutriation are possible. These procedures 
allow the elimination of carbon black resulting from benzene pyrolysis’3 or from the 
layer of pyrocarbon on the furnace wah that is peeled o@ during cooling. The proce- 
dure gives mainly particles of size between 20 and 40 ym, and work is in progress to 
prepare smaller particles. 

Characteristics of the carbon and optimization of tke procedure 

The carbon obtained is metallic grey, whereas carbon black is deep black. The 
most important properties, however, are the hardness, the chemical nature of the sur- 
face aud the specific surface area of the particfes. 

The hardness is measured using the method describing by Barmakova et aL8. 

After preliminary sieving, about 2 g of the SO-125pm fraction are placed on an SO- 

TABLE I 

PREkATION OF HARDENED CARBON BLACKS 

Orz&kd car&m black Fio w-raze Temperature React&m Pyrocurbon Pyrolysis 
of nitrogen of the C&T.. time coated yield 

tmllmin) (“Cl (mW (%, wiwl (%I 

Black Pczris 46 (654 d/g) 6S.2 33.5 10 44 64 
z 33.25 33.25 20 15 94 67 69 70 

BJ.ack Feds 800 (250 m’jg) 64.1 28.5 5 16 ‘72 
65_2 2&O 14 41 74 
68 28.0 25 75 71 

Black purls L (110 m’/g) 65.2 27.75 5 9.5 70. 

63.8 28.0 10 19 70 

63.8 28.0 20 37 70 
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j.& sieve together w%h f% s&I balls, each I3 &I in ~&am~&$i~~& sieve & shdcekf& 
fO min on a sieve shaking machine= and the amount-&p&d& that is qu&ek.&d 
falls &rough the sieve is weighed; _Fig. L shows the in&en& of the amorm’t of p&- 
carbon on t&e p&.icle ha&ess. Thisre~It is in agreekent wit&the f&f thai &$Mms 
pi%C&d with c&n are stabk at moderate Row-rates&y wfien.the a+otqt of&r& 
carbon exckeds Z S-33 “E. The determination of the ihear for& necessary to break a 
sizable fraction of the particles through the variatioti of perm&biEty with @es&e 
gradient would certainly be more signifkantf4. &is is &ore difEc& and time consUm- 
kg%-and will be doae later. 

%- 
I l 

0 -20 40 a- m w 

Fig. 1. lntluence of the amount of pg?mrarbon @am per gra& of carbon black t&Ned) OR the 
physkl proper&s of carbon b&k (Black F&Is L)_ Solid lines and Its-c surFace area Cs,, 
nz*/g)_ l = Results obtained with tkprevious procedllreg; 2 = results given by tke new procedure. The 
point for ontreat& carbon b&E i identical wi& the Origin dr the solid lines 2nd to that given by 
the mamfact&r. Broken Iines and 6: par&Ie hanines (wt. % of uncmshed parti&& see3ex@. 

Beeeng pyrolysis occurs mainly on the carbon surface. The phekomenon is 
simik to the coating of a solid support by a liquid stationary phase iq GCzS*x6. A 
large decrezqe.in fhti_ipeGEc~ surEace area with an increase ia the am+nt CS pyre- 
carbon-made can be expected and is indeed observe&<c$i Fig. I). We lack-data on 
carboo-bZa&s &ith larger specifk &&ace areas. However, in most-inStances the ad- 
sorption on c&on is very strong, and so optimaI ietentios is observed &qj karboo 
powder with a fow or moderate .speciEc s&ace area @~_b.~ow~. 

on& some ofthe experimental pa@&ters have~bke&nvestigated, and ark & 
fit@ optimizqd, Most analyses were Carrie&&& -with carboti bkkks coated $th about 
4@% ofpygSca&o~. 

_: _- _~ 
- .~ 



3%~ packing performance can be measured by the cohnnn efficiency and to a 
lesser ektent by&e permeability~fi87 _ The column efEtiency Es best shown as tlie vari% 
t&x of the reduaid pbte height (j? =~Hld,) with the re&xed~veTocCty (V = u&,fDm) 
for non-retained and retained compounds. In the first instance, the quality of the 
packing itself is studied, while in the second the quality of the adsorbent becomes 
critical. 

The cohmm permeability is characterized by the value of 

where LIP is the column pressure drop, L the column length, u the mobile phase 
velocity and ri the viscosity. In practice, 07’ is between 500 and 1000 (ref. 18). The 
smaller h and 9’ are, the better is the column. Experimental results are given in Table 
II- 

Usually, h and Y are related by the Knox equation’-‘: 

h= + + -4 9-33 + cv tB 

when B accounts for the effect of axial diffusion and is typically between 1.5 and 2, 
while C accounts for the resistance to mass transfer in the stationary phase. For 
uniformly porous spheres’ : 

1+-P--c 0, 

== 3O(I -i-k’)2 -x 

where 0: is the fraction of the eluent in interparticle space, k' the column capacity 
ratio and &the average diffusion coeflicient of the solute between particles. For good 
silica co1umns~*‘J’, C is small, typically I-2- IW2. The resistance to mass transfer in 
the mobile phase outside the particles is accounted for by A and is closely related to 
the quality of the packing. 

Our experimental results have been fitted to- eqn. 2, using a feast-squares fit 
technique. The optimum values ofthe parameters are listed in TableIf. As some coef- 
ficients are negative, we have used the original rigorous equation”: 

(4) 

Furthermore, as it is difhcult, imprecise and time consuming to measure column ef- 
ficiency at the very low flow-rate corresponding to values of the reduced velocity 
.below a few units when particle sizes of 20-40 pm are used, we have assumed B = B’ 
= 2 in all instances in eqns. 2 and 4. The diffusion coeflkients are derived from the 
&s&l Wilke and Chang equation I’, taking 1.5 as the association parameter of 
.a;ce&&k.~ 



A :I? c D 

-/y‘@?(-) 
FkmxabiIi& (qf-) 

7@ 31.510 1 70 S-20 55 25-31.5 54 25-31.5 
1810 1610 740 650 

E@ciency .- 
K = 0’: 

A 23.79 16.24 1.82 1.34 
C -0.54 -0.16 O-023 0.027 

A* 21.6 17.4 l-42 lZ3 
D 0.38 0.39 0.243 0.20 
c 0.15 0.17 0.045 0.028 

ftop; l * 0.35 0.40 1.60 1.70 
E f. ‘nia 12.40 11.05 2.93 285 
k’ = 1.15’*‘: 

A - 23.7 10.0 11.0 
c - 0.75 0.31 0.23 
A’ - 57.3 g-4 7.7 
D’ - 1.34 0.44 0.51 
C - 1.91 0.48 0.35 

* Benzene. 
** CaIc$ated for k’ = 0 by eqxi. 4. 

**- &3,6-Riinethylphenol. 

Columns A and B, packed with insufficiently hardened material, are very poor, 
as shown by the very large value of the coefhcients A and A’. In fact, from the vdue 
of 9’ it can be assumed that the particles have been broken during packing and the 
average particle size reduced from 35 pm to about 20 pm. In colunm C, the fine dust 
has not been removed from the carbon material. The efficiency is slightly improved 
when this is done, as shown by the data for c&mm D. 

The almost 3-foId reduction in efficiency when k’ increases from 0 to I.10 is 
unexpected, unexpIained and somewhat disappointing. A similar effect has be& ob- 
served on silica or alumina partic@slg, when large particles were used -& about the 
same size range as our carbon particles, but the silica or alumina columns were used 
at much larger reduced velocities. Part of the e&ct, at least, may be attributed to-the 
-formation of bottIe-neck micropores during benzene pyrolysis. This expIanatiog 
however, is IargeIy conjecturaI at present and has to he investigated in mored&aiI. 
IX does not seem, however, that this effect could resuft from column overloading and 
peak deformation due to a non-l&ear isotherm. Similar results have been observed 
on columns y;?cked with treated carbon blacks of widely different spe&c surface 
area, the amounts injected being always the same. 

It is wellknown that ‘&e size of aIkyI groups, which usu$Iy is @f IittIe impor- 
tame in Conventional liquid-solid chromatography @SC), greatIy~iri.fluences ffie re:~ 



BLACK 229 

Fig. 2. %riation df log K with the number of carbon atoms (n) in homoiogous series. A = C&Ir 
(C&),-CH~; 0 = Br-(CH,).-CH,; q = CI-(CH&-cH,; x = HO-(CHz),-CH3. Colmm A (CA, 
Tabie II), Black Pearls t 55% of pyrocarbon. Solvent, acetonitrile; detector, UV and RI. 

tention volume in reversed-phase chromato_Fphy. Fig. 2 shows the variation of the 
column capacity factor for homologous series of linear I-alkanols and lchloro-, l- 
bromo and 1-phenylalkanes as a function of the chain length. The plot obtained is 
similar to those derived from GC data. Similar results are obtained with other A- 
vents and, as might be expected, the slope of the log k’ verse number of Cl& groups 
in the chaiu decreases with increasing solvent strength (see the next section). 

The column capacity ratios, k;, and kick, for a given compound, i, in two dif- 
ferent solvents, j and k, is given byZo 

log k;, = logk’ L.B f log (Z-$+) -I- 

where AJ, V, and cy are the molar surface area, moiar volume of species j, and the 
interfacial tension between the adsorbent and species j, respectively, while -A., and 
yis, are the activity coefficients at i&mite dilution of solute iin solvent j in the bulk 
p&s& and on the surface, respectively. Furthermore, it has been shownZo that (9 - 
@/2.3 RTiS proportional to the difference between the strengths of solvent j and sol- 
vent k, as defined by Snyde?. 

&ssu&ng that the -~moIar surt’ace area, Al, of the compounds i of a given 
hom_O~ogouSseries is a linear function of the number, 2, of CH, groups, and neglecting 



t-he last term in eqn. 5, which atiounts for the secondary &ect due & activity c&f- 
f~cients, it can be derived that 

where Zj is the slope of the plot of iog Jc’,_~ versus nL and R represents the reference sol- 
vent with E: = 0. 

Other interesting series of compolunds are the polymethyl aromatic hydrocar- 
bons. The variation ofthe cohunn capacity factor with the number of hydrogen atoms 
replaced by a methyl group is shown on Fl,. *= 3 for benzene, phenol and naphthalene 
derivatives. Although adsorption on a carbon surface is very selective for geometrical 
isomers, so that different points are obtained for allpolysubstituted derivatives, there 
is a general trend showing again that, to a First (rough) approximation, log k’ increases 
linearly with the number of methyl groups. It is a&o observed that the OH group 
behaves in a similar manner to a methyl group, although o-cresol and o-xyfene can 
be easily resolved, demonstrating that dispersion forces play the major role in adsorp- 
tion on carbon blacks. It is also worth noting that the substitution of four CH groups, 

-1 n -. 
I I I I 

1 2 3 4 3 
.- 

Fig. 3. Effect on thy retention of tke substitution of a methyl group on the aromatic ring. -I, o_= 
Methylmphthalene; 2, EI = methyiphenol; 3, ,& = ;nethy%cnzne_ Solvent, a&o&rile; detector, 
Uv. 1 = Column B, SterIing Fi-FF; 2 and 3 = c&mm k fc$, Tabk El-). 
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which transforms benzene into.naphth~ene, gives tie same increase in retention as 
the substitntion of 1.3 CH2 grchqk, -Jvhife the effect of ZE CE& substitution on an 
aromatio,r&g is 3.5 t&es greater than the &crease of one CH2 group in a iinear aikyl 
chain. Very sin&~ results are observed in GC. 

F&&y, it should be mentioned that isopropy&enzene is eluted before ethyl- 
bknzene (relative retention 0.6)). This is in apparent contra&&ion tiththe experimental 
resdts discussed above. The rnolecufar weight, molar volume and area of isopropyl- 
benzene are, of course, larger than those of ethylbenzene, and so is the adsorption 
energy but not necessarily the adsorption free energy. This illustrates the fact that the 
adsorption entropy is also important although often overlooked. A similar situation 
is again observed in GC; the results of Kiselev and Yashir.? indicate that ethytbenzene 
has a larger retention volume than isopropylbenzene below 95 “C, although its ad- 
sorption potential is smalleP. The order of elution is reversed above 95 “C as the 
adsorption entropy of isopropylbenzene is greater than that of ethylbenzene. 

ELUOTROPIC SmGm 

In conventional LSC, it is generally accepted that the more polar the solvent, 
the larger its eluotropic strength. As adsorption on carbon surfaces is essentially 
contrclled by dispersion forces, polarity will be of secondary importance in rever- 
sed-phase chromatography on carbon. Although the weakest solvents are really the 
most polar, which is the opposite situation to that in classical LC, an investigation 
of the behaviour of 15 solvents and several mixtures showed that the phenomenonis 
more complex than it appeared at fu-st9, and that it would be misleading just to 
reverse the polarity scale obtained for polar adsorbents. The confusion is due to 
the fact that the most polar solvents are also those of smallest molecuh+r weight, 
volume and area, These last properties determine the retention volumes much 
more than polarity. Thus, for instance, benzene is much less retained than phenol 
when using acet&itrile. 

The polarity of the solvent; however, is not devoid of importance asitinfluences 
the sofubility of the solute in the mobile phase, so that the last term in eqn. 5 can no 
longer be neglected. This is especially important for mixtures of solvents of dieerent 
polarity -when strong interactions can take place between the solute and the polar 
solvent. It has been shown, for example, that 1,3,4+imethyLbenzene, which is eluted 
before 3,4,5-trimethylphenol in acetonitrile-water mixtures of low water content, is 
eiuted a&r the phenol in mixtures that contain more than 30% (v/v) of water9. Of 
course, the solubihty of phenols ia aqueous solutions increases rapidly with the water 
concentration owing to the formation of hydrogen bonds. If the water concentration 
increases, the solvent-adsorbent interactions decreases wbiie the solvent-solute inter- 
actions are enhanced for polar solutes. The result is that the eluotropic strength of the 
solvent mixture seems to decrease less rapidly for polar than for non-polar solutes 
(Fig; 4)- There is, of course, only one eluotropic strength for a given solvent, pure or 
in mixtures, but failure to take the last term in eqn. 5 into account results in scales 
of apparent eluotropic strengths that difier with the nature of the compounds used 
to measure it, thereby restricting their usefulness. If the predictive vaiue of these 

-scales is_fimited from the quantitative point of vie%-, however, they can still be used 
qualitatrvely with advantage to select rapidly the best solvent to perform a particular 
adysk 

. 
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Fig. 4. Eluotropic streogth of so!vent mixtmes as a ftmSi4In 0fwXtonitrile concentration (vol&e- “A). 
Erokezt Kline: mixbre of m-xykne -&id acetotitrik~ c] = pyre%; A = phenanthrene; A = I,&- 
dimethyiuaphtkakne; 0 = acenaphtene; m = 2-rnethy~Whalew, 6) = saphtkkne. Solid 
l&s: water-acetcnitrii mixtms (calmiated from data in ref. 9): V =k 2~3,4,6tetrarnethyIbenz*; 
!I = i,3,4-ti-imethylW; 0 = 3,4,wIinleffiyrphetlo~. G3lunm, c: Black Pea&, SS%pymcar- 
b0z.kgrzpSi&ed. Defector, UV. 

Tke eiuotropic strength can be defined as 

where the contributions of activity coefficient is negkcted, and 

(7) 

Ecp. 7 is analogous to eqn. 7a; given by Snyder=, when taking into account the solvent 
+E-ect @3=&r 
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We think that pure reversed-phase HPLk tiust be consider@ a& a pdw&rN 
technique: for the separation .of sol&s that have. Only small qerekek in .tj_teir 
m6lecular weights and have the same active groups,- -such. as hOmolq&ti kies: 
Obviotisly, selectivity for positional ison& can_ be l&s .tiim in classi& HPLSC~ .as 
small changes in substituent positio& _m give rise to impOrta& varkkions &I p#ariQ 
and pol~bility, at constant xr~okcular weight. As we -show la&r, however; such 
separations are often possibly. On the other hand, when -&nges in tihysickl 
properties are not stitiently important to provide a successful septiration by cl&&al 
HPLSC, the reversed-phase technique can give good resuIfs_ T L .- 

6 .- 
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.k-Y- -: Fur&&orei.the eIution&cor&unds with .more than five or. six aromatic 
-&jjs &e&s toh&ikpdssib& Thti use of ??&x$ene, the sqougest solvent found so far, 
.%o$d &ducethe~eteution ofpyrtine Ouly fotq-fold. The ehztion of these compounds 
wti &so a&eved on a c&bon ,titha smaller sbecik surfa& area, Sterling FfFF 
mmo&&d mth[I: 14 ok of p*&arbon (9.5 m*/g),using z-nonaue as eluent. In any event, 
-m&b& should:tiot be chose5 for the separation of large poiyaromatic Compounds, as 
silica givek excelkrit resultsI &t the other hand, ffie separation of a&y&substituted 
&&io hydromkbons-is e&i&; + shown in- Fig..6. A similar chromatogram ob- 
ta&edushig silk& with -a& excellent separation, has beeu pubhshed”, but it seems- 
th&&%h this last-adso@ent naph+halene and 2-methytiaphthalene will be eluted to- 
~gethe&kuikrly, the separation of positional isomers is iJ.lustiated by Figs. 7 and 8. 

:. Fig. 7 shows the eiution of almost all of the methylbenxenes, Several interesting 
obSe_tiations c&be made. Firstly, the order of elution follows the order of increasing 
u~olecillar weight, as i& GC. Secondly, all groups of ikuers except u- and p-xylene 
a& almost qmpletely resokd.p.Xylene is less retained than a-xylene but, as in GP, 
their; separation .is- d.i&uh. I& has been partially achieved using a weaker solvent 
(& = L65, k& = 1.55, Q = 1.06.5,-N = 11,200 for R = I). Thirdly, the elutiou order 

..$I 



mrcresol 
PC==1 
o_WL 
2$5-DMP 
3,5-DMP 
2,GDMP 
2,3-DMP 
2 4,5TMP 
3&S-TMP 

I-MMN 
2_IMMN 
1,2-DMN 
I,6-DMN 
1,8-DMN 
1,3-DMN 
I,5-DMN 
l+DMN 
2,6-DMN 
1,3,7-TMN 
2,3,5TMN 
2,3,dTMN 

0383 I90 
a.433 x9@ 
&‘a? .=@ 
0.2s 240 
0.343 240 
0.381 240 
0.366 2w 
0.410 280 

0.735 
0.737 
I.344 
1;327 
1.263 
1.298 
1.271 
1.281 
1.367 
I.780 
I.815 
1.848 

280 1.06 
280 1.00 
280 2.19 
280 2.23 
280 2.44 
280 248 
280 254 
280 2.60 
280 2.85 
280 7.01 
280 7.39 
280 8.33 

0.26 
Cl.29 
029 
0_60 
0.63 
0.69 
0.86 
I.81 
227 

Acetonitrik 
(co1~ B) 

1.0336 
1.0347 
1.0465 
-- 
- 
1.0276 
- 
- 
- 

1.0287 
I.0290 
I.018 
- 
- 
1.006 
- 

I.019 
- 

- 
- 
- 

1.609 
- 
1.6158 

- 
1.6&3 
- 

* Aftw refs.~ 25 and 26. 
l * Cohmn I: L = 20 cm, (I, = 3.5 mm, (i, = Mpm; BPL, 33 7: pyrocarbon. Column Iii L = 

70 cm, d, = 2 mm, d, = 4Opn; Sterling FTFF, 14% pyaocarbon. 
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Fig. 3. Separation of a mixture of compou&s with very different polarities. Column, B; solvent, 41% 
+Iceto&ti*ti.ter; detecter, w; flow-rate, 1.0 mllmin, 

follows the order of increasing density and, generally, refractive index: The same 
effect occurs in the efution of phenols (CA, Table IV). The order of elution is the 
same as in GC using GTCBt6=27, with some notable exceptions for the methylnaph- 
thdenesfs&eTabIe IV). Fig. 8 shows the separation of some naphtbalene derivatives. 
Of time, it is obvious that for sucfr separations HPLSC using carbon black is 
not- competitive with GC. 
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p-or&o1 InetiIyl carborjhte 
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HO ‘-” 6, 
CH 
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CH$ 

Ho ~cmcH3 &, 

DV 0.51 0.37 

MOV 0.56 1.08 

OR 0.59 0.41 

MOR 0.65 0.41 

BOR 1.14 0.46 

MBOR 1.29 0.50 

MDC 3.44 0.36 

ME 3.95 0.54 

MDR 4.33 0.8 

EE 4.63 0.72 

MORC 5.15 0.68 

EORC 6.10 0.63 

MR 8.19 0.58 

ER 9.63 

MBORC 

EBbRC 

9.75 

11.25 

0.41 

0,45 

Ma 



-I%% e&pre i&s been dhosen 6nly as a test of the appficab1Xq of carbon liquid 
_- ctiornatog!%phy_ -_ 

: _tie ctrroIllstigrzm ic Fig. 9 shows that it is possible to separate simultaneously ~.. 
rxmqciznds with very c@Erent +3rities @xmzene and titroExmzene) and of identical 
poIarity (benzene and toluene) in g short thne. The resohztion oftoluene and nitro- 
benzene is not very-good, but &an easily. be improved with a more efFicient coluti; 
that used in this work has less than 600 theoretical plates. 

The chromatogcaa in Fig. LO illustrates the separation of dihydrobenzene 
derivatives; These compounds have at least two polar functional groups (see Table V 
for abbreviations ised and formulae). The separation-of these compounds on silica is 
very difficult if not impossible. The range of polarity is very large and it is not possible 
to elute all of these solutes with the same solvent. On the other hand, the gradient 
technique is of limited help as under isocratic conditions several compounds are 
hardly separated- GC is difiicult to apply because of the low volatility and high po- 
hr$jr of the samples- 

A complete separation has not yet been achieved on carbon black, but it could 
easily be improved by using a more efficient column than that used in this work, 
which exhibits less than 1800 theoretical plates for each compound. Decreasing the 
ff ow-rate will make the time of analysis too long. The positions of some of the peaks 
in the chromatograms are surprising. Ifit is normal that MR and MBORC are eluted 
before ER and EBORC, respectively, it is abnormal that MR (and ER) are eluted 
before MBORC (and EBORC), Comparison between the couples MDC and MDR, 
ME and MaRC, EE and EORC, MR and MBORC, and ER and EBORC suggests 
that the retention is decreased when an GM group is replaced with a C&O group, 
whereas the reverse is true for the couples BOR and MBOR and DV and MDV. 
Moreover, it is extremely surprising that DV is eluted before OR. 

Some characteristic features of adsorption on graphite can be noticed. Firstly, 
replacing a methyl with an ethyl group in the ester compounds (ME, EE, etc.) in- 
creases the Capacity ratio in the same proportion for the different couples (1.17, 1.18, 
1.18,1.15). Secomily, replacing a hydrogen atom with a methyl group on the aromatic 
ring increases the retention in a larger proportion, 1.95 and 1.98, a value that is smaller 
than that for the non-hindered groups shown in Fig. 5*-‘. It is also encouraging to 
observe that the decrease in efficiency with retention is not very large. It seems that 
the HETP is maximal at about k’ = 4-5. 

It is now possible to use with advantage modified carbon blacks to pack ef- 
ficient columns and obtain good analyses. Several problems have yet to be solved. 
The 6rst is the preparation of Gner particles, to obtain better efficiency and hopefully 
a smaller decrease in efficiency with increasing retention. Attempts to coat fine silica 
parti$eS by pyrocarbon have been very succ.essfrtI (Results will be reported later). 
Opt&i&ion of the preparation is not yet complete, and it is not known whether a 
different pyrolysis temperature-could give better results, or to what extent. Graph- 
itixationimprovesthe column loadability. Also, the study of the duotropic strength 
of solvents has to be refined, and the extent of the specificity for geometrical isomers 
needs to be known with better precision. Work is in progress in these fields. 
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