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g ’SUMMARY

K 'Ihe preparatxon of carbon adsorbents suitable for reversed-phase I:ngh-
B performance liquid chromatography is described. The effect of the amount of carbon
N ,depos:f:ed bv benzene pyrolysis on thermal carbon biacks on the hardness and spectﬁc
- surface area of the particles obtained is discussed. Optimum performances aie ob-
1ained ‘with 20 % of pyrocarbon. The chromatographic performance of the columns
L dxscussed in terms of coefficients of the Knox and Giddings equations and a scale

of solvént eluotropic strengths is established. Efficiencies corresponding to HETP
_values of 3 and 7 times the particle diameters are obtained for unretained (k" = 0)
- andretained (k' = 1.1) compounds. The polarity of the solvent has little influence on -
. the retention but affects the solubility in the mobile phase. The weakest solvents are
low—mo:ecula:—wexght ‘polar molecules such as water, methanol and acetonitrile, and
~‘the strongest solvents are heavy and/or aromatic molecules, such as chloroform,
o benzene and’ xylene. Homologous compounds are easy to separate, as well as
- geometncal isomers. Some examples of separatlons are described and discussed.

INTRODUCHON

o The advantages of the reveirsed-phase techmque in Liquid chromatography and

espec:aﬂy in" high-performance liquid chromatography (HPLC)-are well known and
- have recently been reviewed' . Up to now, only chemically bonded stationary phases
" have been available for carrving out reversed-phase HPLC. Excellent results are ob-.

. tained: ‘when the phases are stable’~7, and recently reactions have been found for
' 'ﬁtsynthesmng phasés that résist solvolysis by most hqmd phases, including water and
- methanol. They are still difficult to prepare and very expensive, however. The organic
o groups,_' ¢ bondedto a ‘silica surface, which permits generally the use of the very fine
partxcles available. ,These groups are mamly actyl, octadecyl and phenyl‘ The exact -
*‘retention mechamsm is ‘not yet known in detail, but it certa.mly involves nop-polar

P dlspersxon forcee between the sohzte molecules and the gfoups bonded to the sxhca'
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surface. These groups exhibit compiete disorder in their posmons and in their
orientation above the surface. Consequently, the seIecmm:y that can be expected is
the same as that of a non-polar lignid. .

In true adsorption chromatography, selectivity to geometncal isomers is ex~
hibited if adsorbents of regular structure are used, as is well known in gas—solid chro-
matography, using graphitized carbon black. The use of carbon adsorbents in HPLC
could thus offer a non-polar, inexpensive stationary phase, with a large specificity for
zeometrical isomers and a high thermal stability, which makes it easy to cleaning
from its surface heavy compounds trapped on it that are not soluble in the mobile
phase. The direct use of thermal carbon blacks, either graphitized or not, is impossible
in HPLC, however; their mechanical stability is much too poor as the particles are
in fact aggregates of polycrystaliine microparticles 106-5000 A in size. These assem-
blages are destroyed by shear forces due to the liguid 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 (GC) performance, has been described®. 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 ligquid chrematographic (1.C) columns being
much larger than in GC columns. Good results have been obtained in the preparation
of the particles, as described in a previous paper®. 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
1o 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.

-PREPARATION OF THE CARBON PHASE

Carbon blacks are commercially available in two forms, a very fine powder,
mostly microparticles of average diameter between 100 and 5000 A, and larger ag-
,lom‘-rates (50—1000 um), made by pelletization of these microparticles. The powder
is too firie to be used in HPLC and the agglomerates are toe coarse and unstable”.
The packing of good, efficient HPLC columns requires hard spherical particies, with
an average diameter between 5 and 30 gm and 2 very narrow size range'®-2. 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 blacks

~ Direct sieving of the original material (Black Pearls L’ ﬁ:om Cabot, Boston,
Mass., U.S.A.)isnot the method of choice as the aggregates are too crumbly, assemble
in larger agglomerates under the effect of mechanical shaking and contain too small
a proportion of the desirable fine particles (5-77 below 25 um). The rough material’
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is therefore crushed over & Sﬂ-;zm mesh sieve using a thick sheet of paper and the
particles are forced through the sieve. This gives a good yield of 15-30-xm particles,
‘which are then szeved durmg ashort time to prevent their assembly into larger aggre-

gates.

Hardening of the particles

The particles are hardened by pyrocarbon resulting from the pyrolysis of
benzene®®. The expenmental arrangement has been described previously®; some
modifications were made in order to increase the production to more than a few
grams a day.

Basically, 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 shown 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-rate®. Typical experimental
conditions and resuiis are given in Table L. 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!® or from the
layer of pyrocarbon on the furnace wall that is peeled off during cooling. The proce-
dure gives mainly particles of size between 20 and 40 zm, and work is in progress to
prepare smaller particles.

Characteristics aof the carbon and optimization of the procedure

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

The hardness is measured using the method describing by Barmakova er al3.
After preliminary sieving, about 2 g of the 80-125-um fraction are placed on an 80-

TABLEVI

PREPARATION OF HARDENED CARBON BLACKS

Original carbon black Flow-race Temperature  Reaction Pyrocarbon  Pyrolysis
of nitroger  of the CsHy time caated yield
(ml/min) (°c) (min) (%, wiw)} (%)

Black Pearls 46 (654 m?/g) 65.2 335 10 44 64
60 33.25 15 &7 70
64 33.25 20 94 69

Black Pearls 800 (250 m?/g) 64.1 28.5 s 16 72
65.2 28.0 14 41 74
68 28.0 25 75 71

Black Pearls L (110 m¥/g) 65.2 2775 5 9.5 70

’ 63.8 28.0 10 12 70

63.8 280 20 37 70
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,am sxeve together with IZ steel balls, each § mm in dxameter. The sieve is sﬁaken fcr'-
10 min on a sieve shaking machine, and the amount of powder that is crushed and
falls through the sieve isweighed. Fig. I shows the influence of the ammmt of pyro-
carbon on the particle hardness. This result is in agreement with the faci that columns
packed with carbon are stable at moderate fow-rates- only when the amotmt of [ pyro-
carbon exceeds 15-207.°. The determination of the shear force necessary to break a
sizable fraction of the particles through the variation of permeability with pressure
- gradient would certainly be more szgmﬁcant“ This is rore dxﬁicuit and time consum-
ing, and will be done later. .

20} . - bt - 120

I !%Pyrocs'bcn

1 i .

o - 20 40 - & eo 0

Fig. 1. Influence of the amount of pyrocarbon (gram per gram of carbon black treated) on the
physical properties of carbon black (Black Pearls L). Solid lines and A: specific surface area (Ssp,
m?/g). 1 = Results obtained with the previous procedure?; 2 = results given by the new procedure. The
point for untreated carbon black is identical with the origin of the solid lines and to that given by
the manufacturer. Broken lines and O particle hardness (wt. % of uncrushed particles, see-text).

Benzene pyrolysis occurs mainly on the carbon surface. The phenomenon is
similar to the coating of a solid support by a liquid sta.tionary phase in GC*>1%_ A
farge decrease.in the specific surface area with an increase in the amount of pyro-
carbon made can be expected and is indeed observed (cf,; Fxg 1). We lack data on
carbon blacks with Iarger specific surface areas. However, in most.instances the ad-
sorption on carbon is very strong, and so optimal retention is obsetvecf using ca.téon
powder with a low or moderate specific surface area (see below). :

~ Only some of the experimental parameéters have been investigated, and aré f’ar
from optimized. Most analyses were carriéd out wzth catbon b!acks coated mth about
40% of gyrecat%azz. - N
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The packing performance can be measured by the column efficiency and to a
-Iesser extent by the permeability”-".17, The column efficiency is best shown as the varia-
tion of the reduced plate height (A = H/dp) with the reduced velocity (v = udp/Dp,)
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 column permeability is characterized by the value of

o, AP dz2
- Lun @

where AP is the column pressure drop, L the column length, u the mobile phase
velocity and % the viscosity. In practice, ¢’ is between 500 and 1000 (ref. 18). The
smaller # and ¢’ are, the better is the column. Experimental results are given in Table
II.

Usually, 7 and v are related by the Knox equation®7:

h=—f—+_41:"'33—:-Cv (i)

when B accounts for the effect of axial diffusion and is typically between 1.5 and 2,
while € accounts for the resistance to mass transfer in the stationary phase. For

uniformly porous spheres”:

1+&—e D, 3

C= 300 - kY Ds

where « is the fraction of the eluent in interparticle space, &’ the column capacity
ratio and Djs the average diffusion coefficient of the solute between particles. For good
silica columns*”7-!, C is small, typically 1-2-10~2. The resistance to mass transfer in
the mobile phase outside the particles is accounted for by 4 and is closely related to
the quality of the packing.

Our experimental results have been fitted to eqn. 2, using a least-squares fit
technique. The optimum values of the parameters are listed in Table I1. As some coef-
ficients are negative, we have used the original rigorous equation!”:

=2 A icy *
v pat
- v

Furthermore, as it is difficult, 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 g#m are used, we have assumed B = B’
= 2 in all instances in egns. 2 and 4. The diffusion coefficients are derived from the
classical Wilke and Chang equation'’, taking 1.5 as the association parameter of
zcetonitrile.
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“TABLEH - B : : :
EFFICIENCY OF DIFFERENT COLUMNS PACKED WrrH CARBON :

 Mobile phase: acetonitrile.

Cheracteristics CoI.umn
A B C D
Length (cm) 70 - S 70 - 55 54
d, (em) . 31.540 15-20 25-31.5 25-31.5
Fermeability (¢") 1810 1610 i 740 650
Efficiency -
E =0% . i
A 23.79 16.24 1.82 1.34
C . —0.54 —0.16 0.023 - 0.027
A’ 21.6 174 142 1.28
D’ 0.38 0.39 0.243 0.20 -
C 0.15 0.17 0.045 0.028
Vopr ™" 0.35 0.40 1.60 L.70
Foin™" 12.40 11.05 293 2.85
k= 1.15***"
A - 237 10.0 11.0
C — 0.75 0.31 0.23
A’ — 57.3 8.4 17
D — 1.34 044 0.51
C — 191 0.48 0.35
* Benzene.

** Calculated for &” = 0 by eqn. 4.
*** 2,3,6-Trimethylphenol.

Columns A and B, packed with insufficiently hardened material, are very poor,
as shown by the very large value of the coefficients 4 and A4". In fact, from the value
of ¢’ it can be assumed that the particles have been broken during packing and the
average particle size reduced from 35 zm to about 2¢ zm. In column C, the fine dust
has not been removed from the carbon material. The efficiency is shahtly improved
when this is done, as shown by the data for column D.

_The almost 3-fold reduction in efficiency when &’ increases from 0 to 1.10 is
unexpected, unexplained and somewhat disappointing. A similar effect has been ob-
served on silica or alumina particles'?, when large particles were used in 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 effect, at least, may be attributed to the
‘formation of bottle-neck micropores during benzene pyrolysis. This expianation,
however, is largely conjectural at present and has to bé investigated in more detail.
T: does not secem, however, that this effect could result {from column overloading and
peak deformation due to 2 non-linear isotherm. Similar results have been observed
on columns packed with treated carbon blacks of widely different specific surface
area, the amounts injected be.ng always the same.

R.ETENTION IN HOMOLOGOUS SERIES

It is well known that the size of alkﬁ groups, which usually is of little impér; :
tance in conventional liquid-solid chromatography (LSC), greatly influences the re-
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Fig. 2. Variation of log k* with the number of carbon atoms (r) in homologous series. A = CsHs—
(CH,),~CHs; O = Br~(CH,),—CH;; [1 = CI-(CH,),—CH;; x = HO-(CH.,).-CH;. Column A (¢f.,
Table 1), Black Pearls + 55% of pyrocarbon. Solvent, acetonitrile; detector, UV and RL

g r4 5 ) - i %

tention volume in reversed-phase chromatography. Fig. 2 shows the variation of the
column capacity factor for homologous series of linear 1-alkanols and 1-chloro-, 1-
~ bromo and 1l-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 sol-
vents and, as might be expected, the slope of the log k' versus number of CH, groups
in the chain decreases with increasing solvent strength (see the next section).

The column capaczty ratios, k; ; and k; ,, for a given compound, i, in two dif-
ferent solvents, j and k, is given by*®

Ai yib.j ??‘-k (5)
4, Ve

Iock;j—logk,k-;—log( )+2'—“3’f(°'3_‘72)+1°g(7,s 2
. 1,7k

where 4;, V; and o‘f} are the molar surface area, molar volume of species j, and the
interfacial tension between the adsorbent and species j, respectively, while 2 ; and
" 5 are the activity coefficients at infinite dilution of sclute iin solvent j in the bulk
phase and on the surface, respectively. Furthermore, it has been shown?® that (69 —
62)/2.3 RT is proportional to the difference between the strengths of solvent j and sol-
vent k, as defined by Snyder®.

. "~ Assuming that the molar surface area, A, of the compounds i of a given
" homologous series is 2 linear function of the number, 7z, of CH, groups, and neglecting
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the last term in eqn. 5 which au.ouuts for the secondary eﬁec‘e: due fo activity: coef-
ficients, it can be derived that

P 4 —1 . ) )
J i K (6)

Eo = lkf'lg

where /; is the slope of the plot of log &', _; versus n, and R represents the reference sol-
vent with £ = 0.

Other interesting series of compounds are the polymethyl aromatic hydrocar-
bons. The variation of the column capacity factor with the number of hydrogen atoms
replaced by a methyl group is shown on Fig. 3 for benzene, pheno! and naphthalene
derivatives. Although adsorption on a carbon surface is very selective for geometrical
isomers, so that different points are obtained for all polysubstituteéd derivatives, there
is a general trend showing again that, to a first (rough) approximation, log X’ increases
linearly with the number of methyl groups. It is also observed that the OH group
5ehaves in a similar manner to a methyl group, although o-cresol and o-xylene 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 S
0236
235
jtog kK~ 1.37
1 2.34.6
asL ) 2

26 At12.34
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3 T 3 3 & ) kY B /'_

Fig. 3. Effect on the retention of the substitution of a methyl group on the aromatic ring. f, O.=
Methyipaphthalene; 2, 3 = methylphenol; 3, A = methylbenzene. Solvent, a,cetomttﬂe, detector,
Uv. i = Column B, Sterling FTFF; 2 and 3 = column A (cf Table I).
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which transfozms benzene into. naphthalene! gives the same increase in retention as
the substitution of 1.3 CH, groups, while the effect of a CH; substitution on an
aromatic ring is 3.5 times greater than the increase of one CH, groupina Iinear alkyl

chain. Voarv cimilar recnlic are ahearvad i in GC
e 'LJ AFEAZEZFRCELE L WITAL WD LW UUQWE VAL A s

i -Finally, it should be mentioned that isopropylbenzene is eluted before ethyl-
benzene (refative retention 0.6). Thisis in apparent contradiction withtheexperimental
results discussed above. The molecular 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 Yashin?? indicate that ethylbenzene
has a larger retention volume than 1sopropylbenzene below 95 °C, although its ad-
sorption potential is smaller?. The order of elution is reversed above 95 °C as the
adsorption entropy of isopropylbenzene is greater than that of ethylbenzene.

ELUOTROPIC STRENGTH

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
controlled 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 L, an investigation
of the behaviour of 15 solvents and several mixtures showed that the phenomenonis
more complex than it appeared at first?, 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 molecular weight,
volume and arca. These last properties determine the retention volumes much
more than polarity. Thus, for Instance, benzene is much less retained than phenol
when using acetonitrile.

The polarity of the solvent, however, is not devoid of importance asitinfluences
the solubility of the solute in the mobile phase, so that the last term in egn. 5 can no
longer be neglected. This is especially important for mixtures of solvents of different
polarity when strong interactions can take place between the solute and the polar
solvent. It has been shown, for example, that 1,3, 4-trimethylbenzene, which is eluted
before 3,4,5-trimethylphenol in acetonitrile—water mixtures of low water content, is
eluted after the phenol in mixtures that contain more than 309 (v/v) of water®. Of
course, the solubility of phenols in 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 while 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 differ with the nature of the compounds used
‘to measure it, thereby restricting their usefulness. If the predictive value of these

-scales is limited from the quantitative point of view, however, they can still be used
qualitatively with advantage to seIect rapidly the best solvent to perform a particular
- anaiyszs-
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Mixture Water_ Acetonitrife
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Fig. 4. Eluotzopic sireagth of solvent mixtures as a function of acetonitrile concentration (volume- 7).
Broken line: mixture of m-xylene and acetonitrile:. [J = pyrene; A = phenanthrene; A = 1,8-
dimethylnaphthalene; O = acenaphtene; XI = 2-methyinaphthalene, 0 = naphthalene. Solid
lines: water—acetonitrile mixtures (calculated from data in ref. 9): V = 2,3,4,6-tetramethylbenzene;
1 = 1,3,4-trimethylbenzene; O = 3,4,5-trimethiylphenol. Column, C: Black Pearls, 55% pyromr
bon—graphr‘md. Detector, UV,

Tke eluotropic strength can be defined as -

Lk .
log —f—j At (Gk - 30) + By : Q)
. k:,k o .
\vhere the contributions of activity coefficient is neglected, and )
/i;; K .
B = lo J -{8
sk = 108 (A Ve _ -®

Eqn. 7is analogous to egn. 7a, given by Snyder?, when taking into account the solvent -
effect {Bj 34 .

iog ‘;zf} ) = 4, (55 — £)) - ' o ] - B . {73} -
The éé{sigg gga is obtained by®
H=vEN ‘ U - 1

whm%xsﬁvaga&asn&m%er /‘ g e T
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;:'fxt is poss:b!e to denve and use one. scale of eiuotropxc strength wh:le the retentlon of
; /strongly adsorbed solutes cannot be measured using methanol. " ‘
TR *Eluotroplc strengths for a numbeér of solvents have been measured usmg eqn.7 ,,
o apphedft'o five-different series of compounds: n-alkyl- and. polymethylbenzenes, poly- -
: methylphenols polymethylnaphthaienes and. fused-rmg polynuclear aromatics (ace-
"jnaphtene, ﬁuorene, phenanthrene and pyrene) “The results are given in Table III. -
*The differences in the calculated values have been prevu)usly exp'amed It bas been
) mentmned’ that for a senes of homologous compounda O

logku—-a +nﬁj S - i N PR v(llj)A.
V'rv'and on tne other hand we can assume that | '

' At—a,—kbin LR - (12)
Hence eqn 7 glves R ‘ k | : '
- ._a,:— o+ @ = ﬁ;) n=(a+ by —H+ Bk a3)

: whlch should be vahd for any value of n. . This equatlon is eqmvalent to

A 'cvzb_,{b—ag—-ai(e,‘—so) 31:: ‘ ; 7 - o . -(14)

camd - oL |
_fﬁ@&—mm—m T e (s

For two solvents of the same eluotropxc strength, eqns 14 and 15 give . 7 |
B ﬁ; ﬁkﬂ_‘; " R ¢ )
y aj_ ak_Bjt ’ - - A .' - : (17}

' The slopes ot‘ the plots of Iog k; ; versus nare the same, but &} 3 and ki ¢ are different,
‘as B,. £15 usually different from zéro; unless the molar volumes are the same. Al-
B ~though the retention times of the compounds of a homologous series are dxﬁ‘erent, :
: the shift i is proportlonal and f.he re!atwe retentxon of two compounds remains the

e As pomf:ed out at the begummg of thls sectzon, eqn. 7 wluch neglects the bulk .
'_‘:,and surface ‘activity coéfficients, is only -a rough approximation of eqn. 5. For ex- .
-~ ample, “the ehmi:oplc strengths of methanol and acetonitrile are identical when eqns.
""5'and 6 are used and different when defived from eqn. 7. Furthermore, eqn. 9 neglects
'mteract:ons in‘the adsorbed layer and consxders molecules as smali cabes.’ .
»The data in Tabie }II, however, a}:e quahtatwely very usefui for solvent selec- .
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_stre;zzth of m;xtures of water and acetomtrzle (cf., F1 4) ﬁss thzs equatlon is an ap-
1) ex:matmn, dlﬁe&.ﬂt vaiuss are obtamed from the. data pertaxmng to different com-
‘pounds, as explamed above. Much more. consxs&.nt results are obtained for ‘mixtures
-of the. Iess polar m—xytcne and acctomtnlc (Fig. 4).- The variation in eluotropxc
strengtb_ is very rapxd at fow cencentratzons of xylene, because xylene is much more
: stronaly adsotbed than acetomtnle on: ca.rbon ‘black. This: phenomenon is snmlar to
the vanatzon in the eluotropic. strength of- mixtures. of: polar and non-polar com-
-pounds in conventmnal EC®. This effect can be utilized to adjust the polarity of the
‘SO 11vent mxture to optimize the sa.mple solubxhty For. example, Flg 4 shows that the
_eluottoplc strength of a 1:1 mixture _m-xylene - and acetonitrile differs by less than
15% from that of pure m-xylene. The polarity of these mixtures varies widely and
can be adjusted for large solubxhtv of elther polar or non—polar compounds -




'_' ANALYSIS ON CARBON COLUMNS

non—pola.r compounds Ttis true that many non-polar solutes that-are ehxted together :
‘in classical HPLSC can be s.,parated by the reversed—phase techmque. Theseparaﬁonf
-of polar solutes, however, can also be performed usmg reversed-nha.se HPLSC be-,
_cause, as prevmusly dlscussed polarity. ‘does not have 2 major influence on retention.”
Thus, we have performed separations of linear aliphatic ‘alcohols. (Cs—Cn) and of
linear alkylbenzenes (methyl to nonyl) using the same column, with the same eluent’
(acetomtnle) For a given number of carbon atoms (10), the retention. of an alcohol :
{CocH,,OH, &' = 0. 53) is greater than that of. an alkylbenzene {CGHT(CHI}J—CH ’
k' = 0.05]. - ,
' We think that puse reversed—phase HPLSC must be cons1de’ed asa powerfulr
technique for the separation ‘of solutes that have ‘only small differences in_their.
molecular weights and have the same active groups “such-as homologous ‘series.
Obviously, selectivity for positional isomers can be. less than in classical HPLSC, as
‘small changes in substituent positions can give rise to 1mportant variations in polanty
and polarizability, at constant molecular weight. As we show later, however, such
separations are often possible. On the other hand, when' changes in physical
‘properties are not sufficiently important to providea successful separation by classzcal
HPLSC, the reversed-phase technique can glve good results- . <.

S - 'g SR 15 L(mm)

6 = dphenyl 7= Z-methyinanhﬂia!ene, 8 =1 &d;methvmaphtha!ene



< Fhe- ﬁrst chromatogram was obtamed usmg benzene as eiuent wfuch is ot really; '
}irpractlmi because of , lts toxx' ty and the nnposs:bxh*y of usmg the cIassxcal UV .

;nngs seems ta be nnposs:ble. 'I‘he use of m-xylene, the sttongest solvent found so far,
would raduce the retention of pyrene only fout—fold The elution of these compounds
‘was also’ acb1eved on a carbon with 2 smaﬂer spemﬁc surface area, Sterling FTFF
Lmodlﬁed with 14 % of pytocarbon (2.5 m’[g), using z-nonane as eluent. In any event,
carbion should not be chosen for the separation of large polyaromatzc compounds, as
'-Slhca gives excellent results. On the other hand, the separation of alkyl-substituted
aromatic hydrocarbons is easxer, as shown in- Flg. ‘6. A similar chromatogram ob-
tained using silica. with am. excellent separation, has been published?, but it seems
‘that with this last-adsorbent naph.halene and Z-methyinaphthalene will be eluted to-
) gether. Similarly, the separation of positional isomers is illustrated by Figs. 7 and 8.

* Fig. 7 shows the elution of almost all of the methylbenzenes. Several interesting
observatmns can be made. Firstly, the order of elution follows the order of increasing
molecular weight, as in GC. Secondly, all groups of i isomers except o- and p—xylene
_arealmost completely resolved. p—Xylenelsless retained than o-xylene but, asin GC=,
_then' ‘separation is difficult. It has been partially achieved using a weaker solvent
(ko = 1.65, kp=1.55, & = 1.065, N = 11,200 for R == 1). Thirdly, the elution order

B

SOt Mo 20 30 - »
. Fig. 7. Separatxon of fnethyl- and po!vmethy]benzen&s-Column,D Black PmrlsL 44 % pyrocarbcn—
: g:zphxtme:L Solvent; acetonitrile; detector, UV ; flow-rate; 0.5 mi/min.. Peaks: 1 = unretained; 2 =
-benzege; 3 = m-xy!enc, 4= a-xylene, 5 I,S,S-Emnethylbenzene {TMB); 6 = impurity in penta-
,methyibenme T = 1,24-'1'1\&3 8= 1,2,3-’!‘!\{3 5= 1,2,4 5—tetramethylbemne (’I‘eMB), 10 =
-'{!,2,3 4—TeN£B lI = pentamethy!benme - - :
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TABLEIV - * S LRl

RETENTION OF APOMATIC HYDRQCARBONS N GC AND LC ON -..ARBON BLACKS
Compound Guas chromatography™ - Liguid chromatography - Specific © “Refractive
. = —— gravity - . index
R i&ggg 5‘ z fgﬁji g - R Sﬁf?ﬂﬁ“ -

m-Xylepe - . -0.384 B - G927 _Acetopitrite . 0.8684 14973 -
o-Xylene 0437 - . 10 33 fcalumn B} — -
FKykeoe G.450 156 ©.35 8.3968 - L3058
1,3,5-TMB 0.251 - 240 0.50 0.8642 1.4998 .
1,24-TMB . 0343 240 0.78 - 0.889- 1.5044
1,2,3-TMB 0.381 240 0.96 - 0944 . 15139
1,245 TeMB - 9.366 280 2.10 - 0.8380 1.4790
1,2,3.4-TeMB 0.410 280 2383 . © 0.8010 i.5187
m-Cresol 0.26 Acctonitrile 1.0336 _ 1.5398
pCresol 0.29 - .  (column B 1.0347 1.5395
o-Cresol 0.29 1.0465 1.4453
2,6-DMP 0.60 - -
3,5-DMP 0.65 - —
2,4-DMP ‘ 0.69 1.0276 1.5420
2,3-DMP - 0.86 - -
24,5-TMP - N -1 o - -
3.4,5-TMP P o297 ) — —
1-MMN 0.735 280 106 Acctonitrile 1.0287 -
2-MMN 0.737 280 1.00 (column I¥) . 1.0280 —
-1,2-DMN 1.344 280 2.19 1.018 -
1,6-DMN 1.327 280 2.23 - —
1,8-DMN 1.263 280 24 - .-
1,3-DMN 1.298 280 248 1.006 1.609
1,5-DMN 1.271 280 2.54 . - - -
1,4-DMN 1.281 280 2.60 1.018 1.6158
2,6-DMN 1.367 280 2.85 - - -

1,3, 7-TMN 1.780 280 7.01 — -
2,3,5-TMN 1.815 280 7.39 — 1.608
2,3,6-TMN 1.848 280 8.33 ] — -

* After refs, 25 and 26.
. ** Column I: L = 20 cm, d. = 3.5 mm, 4, = 30 um; BPL, 33 opymrbon. Column H: L =
70 cm, d. = 2 mm, d, = 40 um; Sterling FTFF, 149 pyrocarbon.

Vam

e o 0 ) . T
Fig. 8. Se‘gara*lon of' nauhthafene and polymethgfnag&:&aienm Column, Az sorvrmt, mef.&y!eae dr_—
gchéegée detector, UY &ewraee,gézsz!!mm_ . L
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Fig. 9. Separation of a mixture of ccmpounés with very different polarities. Column, B; solvent, 419/

acetonitrile—water; detector, UV; ﬁow-rate, 1.0 ml/min.

follows the order of increasing density and, generally, refractive index. The same
effect occurs in the elution of phenols (¢f., Table IV). The order of clution is the
same as in GC using GTCB?*:?7, with some notable exceptions for the methylnaph-
thalenes(see Table IV). Fig. 8 shows the separation of some naphthalene derivatives.
Of course, it is obvious that for such separations HPLSC using carbon black is

not competitive with GC.

MORC
MBV
MDV MDR MBORC

impurily

. .
-MIV_Lof

impmzy_:D
g P o :?(m'h;

- w0 2 =3} L@ 07

Fig. 16. Separation of a mixture of substituted diphenol derivatives (¢f,, Table V). Column, D;

- solvent, ethyl acetate; detector, UV; flow-rate 0.6 ml/min.
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TABLEY

'H.COLIN, C. EON, G. GUIOCHON

RETENTION CHARACTERISTICS OF SOME DIPHENOL DERIVA':WES .

Compoumd Formula Syﬂi«’zol 14
) (mm)
3tz - B
Divarinol o f@% DV 0.5t 037
CsHy
Monomethoxydivarinol o @@w MDV 056  1.08
Hgy
Orcinol o @oﬂ OR 059 041
CHa
Monomethoxyorcinol . .@4@% MOR 0.65 041
CHy
-Orcinol BOR 1.14 046
ﬂ HO H
=3
3
Monomethoxy-f§-orcinol o " MBOR 1.29 0.50
Hy
. .. *7 COTHy
Methy! divaricatinate c O on MBDC 3.44 0.36
GHs
Methyl everninate @m% ME 395 054
CH3O OH
aHy
Methyl divarate @zo"c”B MDR 4.33 0.68
HO H
Ha
Ethyl everninate oo @(‘2"‘2‘“’5 EE 463 072
. & COOCHs
Orcinol methyl carboxylate o MORC 5.15 0.68
. <‘:l-(sc:oocau-_', N
Orcinol ethyl carboxylate HO’@OH EORC 6.10 0.63
Hy
Methyl! rhizonate o OJ@%r\i:"C“s MR 819 058
3 Y -
o
Ethy! rhizonate SO e ER 263 041
N o :
CHa -
£-Orcinol methyl carboxylate : 6\/C°°°H= MBORC - 975 _ 045
RO 4 -
B-Orcinol ethyl carboxylate OOC2Hs EBORC -11.25 048
HO OoH -

Ty
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- This examp[e has Been chosen only as a test of the apphcabﬁlfy of carbon liquid
_chromatography.
" The ch:omatogram in Fig. 9 shows thatitis posszble to separate simultancously
: compounds with very dlﬁ‘erent poiantxes {benzene and nitrobenzene) and of identical
polarity (benzene and toluene} i in a short time. The resolution of toluene and nitro-
benzene is not very good, but can easily be improved with a more efficient column;
that used in this work has less than 600 theoretical plates.

The chromatogram in Fig. 10 illustrates the separation of dihydrobenzene
derivatives: These compounds have at least two polar functional groups (see Table V
for abbreviations used 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 solveni. On the other hand, the gradient
technique is of limited help as under isocratic conditions several compounds are
hardly separated. GC is difficult to apply because of the low volatility and high po-

_larity of the samples.

A complete separation has not yet been achieved on carbon black, but it could
easily be improved by using a more efiicient column than that used in this work,
which exhibits less than 1800 theoretical plates for each compound. Decreasing the
flow-rate will make the time of analysis too long. The positions of some of the peaks
in the chromatograms are surprising. If it 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 MORGC, EE and EORC, MR and MBORC, and ER and EBORC suggests
that the retention is decreased when an OH group is replaced with a CH;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). Secondly, replacing a hydrogen atom with a methy! 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. 52-7. 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 &' = 4-5.

CONCLUSION

It is now possible to use with advantage modified carbon blacks to pack ef-
ficient columns and obtain good apalyses. Several problems have yet to be solved.
The first is the preparation of finer particles, to obtain better efficiency and hopefully
a smaller decrease in efficiency with increasing retention. Attempts to coat fine silica
particles by pyrocarbon have been very successful (Results will be reported later).
Optimization of the preparation is not yet complete, and it is not known whethera
different pyrolysis temperature could give better results, or to what extent. Graph-
itizationimproves the column loadability. Also, the study of the eluctropic 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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