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SUMMARY

‘The potential use of modified carbon blacks as adsorbent for high-performance
-liquid chromatography is discussed. The technique of particie hardening through
~ benzene pyrolysis is described. It is shown that the consolidation must be carefully

controlled, as too little hardening gives mechanically unstable packings and too much
- gives a heterogeneous adsorbent of small specific surface area. The advantages of
" graphitization after hardening are discussed in terms of efficiency and column capac-
ity. The problems of specific surface area, small particle size and efficiency of the ad-
sorbent at relatively large retention are pointed out. Some separations are given in
order to illustrate the performance of the adsorbent. :

INTRODUCTION

High-performance liquid—solid (adsorption) chromatography (HPLSC) is
usually performed by using columns packed with polar adsorbents such as silica gel,
alumina or other inorganic solids. Although a great variety of analyses have been
- performed using these materials, the separation of non-polar compounds is usually
“very difficult or even impossible. This is also the case with series of homologous

solutes. Even very simple separations such as that of benzene, toluene, ethylbenzene,
etc. are virtually impossible. For this reason, separations of non-polar compounds
are usually carried out by the reversed-phase technique, either in liquid-liquid chro-
matography (LLC) or on chemically bonded stationary phasest. The qualities and
. disadvantages of these methods have been. considered in numerous papers, among
which refs: 24 are very representatlve Many separations using ODS bonded phases
'(sﬂxca modified with n-C,; derivatives) have also been reporteds—=.

: .Unfortunately, chemically bonded phases are not stable under all conditions
- and’ cannot solve all separation problems. It would be very interesting to have a few
- non—polar adsorbents that could be used in HPLSC. Telepchack® tried natural diamond,

_ bat it seems that no further work has been carried out in that direction. Some sepa-
- rations have been performed using porous stytene—dwmylbenzene copolymer pack-

ings!® and other porous polymers'®.
o By reference to gas—sohd c‘lromatography, zt seems that graphitized thermal
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carbon black {(GTCB) could be an exoellent non-poiar and non-spec:ﬁc adsorbent.
Its poor mechanical properties, however, prevent its direct use in modern liquid
chromatography. Its particles are aggregates of small (ca. 2000 A) polycrystalline
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previous experience we felt that columns packed with such an adsorbent would have
very interesting properties, both from the chromatography and physical chemistry
points of view, we tried to modify conventional GTCB in order to obtain a material
with which we could pack efficient chromatographic columns. This paper describes
the first results obtained. It deals both with the method of preparation and with the
chromatom:aphlc properties of non-polar carbon surfaces.

COLUMN PREPARATION

Properties of carbon blacks (CB)

CB is a very finc powder composed of micro-particles of average diameter
between 0.01 and 0.5 ym, depending on the variety of the carbon’?. For most practical
purposes, these micro-particles are agglomerated (pelletized) into larger particles of
diameter ca. 50 pm. As indicated previously, these agglomerates, which are hardly
mechanically stable enough to be used in conventional gas—solid chromatography,
cannot withstand high flow-rates of solvents without being fractured. The frictional
forces that result from the flow of the eluent through the column make the particles
dislocate as their cohesion is reduced by the decrease of the interparticular electro-
static interactions in a liquid.

The packing obtained therefore contains particles with a very wide size distri-
bution and, more seriously, the formation of a plug of micro-particles in the column
is often observed. On the other hand, the use of the 0.5-ym diameter micro-particles to
pack the column is quite impossible. It would be very difficult to prepare a good and re~
producible packing with such small particles using the current wet-packing methods.
Further, too high pressures would be necessary. Even so, the CB samples composed
of the larger (ca. 0.5 pm) micro-particles (Sterling) have a very low specific surface
area (5-10 m?/g). In that case, columns will be easily overloaded and retentions will
be too low. It therefore appears necessary to consolidate the agslomerates, but this
consolidation should not change the nature of the adsorbent surface or its chromato—

graphic properties.

Hardening of GTCB agglomerates ,

The structure of carbon black is intermediate between amorphous carbon
and graphite and its surface is heretogeneous, both chemically and energically. For
this reason, the performances of carbon blacks as adsorbents in gas chromatography
are poor. Although the particle size remains unchanged after graphitization above
2800°; the surface is much cleaner and more homogeneous, especially if a further hy-
drogen treatment is carried out, and excellent chromatograms are obtained. For
.applications in HPLSC, GTCB particles have to be hardened and, as shown later,
this is effected by benzene pyrolysis. The surface of pyrocarbon, however, is.not ho-
mogeneous and sc a further graphitization step will be necessary anyway. For prac-
tical reasons, we chose to consolidate carbon black particles and not GTCB particles.

The hardening was carried out by using a technique previously described by
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Barmakova er al.!® for gas chromatographic applications. As pointed out by these
_ workers, it is impossible to use organic or organosilicon substances as adhesives
" because of their solubilities in the chromatographic eluent and/or because their polar
‘surface changes the adsorption properties of the resulting solid. It is known that high-
temperature pyrolysis of organic vapours ia an inert gas stream produces pyrolytic
carbon on the hot walls of the system!*. It is also known that a deposit of pyrolytic
carbon on carbon black particles increases its hardness'>'°.

The set-up shown in Fig. 1 is a slightly modified version of those used by Bar-
makova et al.!3 and by others'*17 who have studied the pyrolysis of benzene and other
hydrocarbons into various forms of pyrolytic carbon. A crucible, B, containing the
‘carbon powder is easily introduced through the open end of a large guartz tube, A,
which is closed by a mechanical device, b, making the equipment air-tight. The length
of the larger tube is such that when the tubular furnace, E, is placed around it, its
end, b, is at room temperature.

rc = 2
1
)

Fig. 1. Pyrolysis set-up. The dashed lines denote the position of the furnace after the pyrolysis reac-
tion. A, Quartz tube closed at (a); B, quartz crucible; C, gas stream inlet; D, gas stveam outlet; E,
moving furnace.

In most instances, it was necessary to carry out the treatment of several CB
samples in order to obtain the correct amount of material to pack one column. The
advantage of having a movable furnace, E, is that one need not wait for it to cool
when the pyrclysis reaction has been completed. Tube A cools quickly (20-30 miin).

In order to prepare the gas mixture, an inert carrier gas (nitrogen) is passed
through a temperature-controlled vessel containing the hydrocarbon. Benzene is used
as its gives a pyrolytic carbon that can be graphitized in a second step; this is not so
with all hydrocarbons'®-*°. During heating and cooling of the guartz tube, pure ni-
frogen is passed through the equipment.

Effect of the experimental conditions of the pyrolysis

The parameters that affect the final material are the composition of the gas
mixture (molar fraction of benzene, Ny,), the pyrolysis temperature (7)), the gas
flow-rate (D), the specific surface area (S;;), the mass of CB treated (M), the time of
reaction (¢) and the volume of the reaction chamber. From a few experiments, it seems
that the particle size has no influence on the result of the pyrolysis. The relationship
" between these parameters will be discussed elsewhere?®. For the present, it is sufficient
to know that the smaller is the amount of sample treated, the better are the homoge-
“neity and reproducibility of the final product. This is why it is sometimes necessary to
repeat exactly the pyrolysis process on several samples in order to obtain enough ma-
terial to pack one column.
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Fig. 2. Relatxonshlp between the amount of pyrocarbon deposxted, m (), and the pyrolysis time ¢
" (sec). T, = 900°; Ng. = 0.32; D = 1 cm®/fsec; ST~175m Ss,,-—Ssz/g.

Different observatxons have shown that when'S,, is greater than about 10 mz/g,
the specific surface area of the final product is largely determined by the ratio of the-
mass of pyrocarbon deposited to the sample mass (#1/M). With smalil values of S,
and M, it was found that the amount of pyrocarbon deposited is proportxonal to both
t (Fig. 2) and the amount of benzene circulated throuch the furnace, N, (mmole)

(Fig. 3): N ‘ _ ,
No = DtNg,-10° ' : : ' D)

1 m{g)

1 s _ s - =y

s oM s ,zn:o ;

'Flg. 3. Amoun' ot‘ mrbon dcposxted versus amoum‘. of bcnzcnc fed to the mctor T, '
020 S-.--—66m S,,—Sszlg. : ; .
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] CIti lS ea.srer to harden matenals with- small spec:ﬁc surface areas than those with
_larger areas.
-+ Better homogenenty of the matenal would probably be obtamed by carrying
out the pyrolysxs in a fluid bed, but the techmcal problems involved are too dxﬁicult
: and we have made no attempt so far.

Consxdermg the particle diameter, in HPLSC it is desxrable to use small par-
ticles between ca. 4 and 15 zm, which are difficult to obtain with carbon. Indeed, two
forms of CB are available commercially, 2 powder composed mainly of particles that

_are ‘too small to be used in chromatography and’ rather large beads (4, > 40 um)
" obtained after pelletization. Sieving the beads gives only a few (5%) small particles
(d, 520 um), making it necessary to crush the larger beads and to sicve the resulting
~ powder. This is very difficult because the particles agglomerate again during and after
‘sieving and, moreover, the sieves quickly become clogged. Elutriation seems to be im-
‘possible because the beads will disaggregate into the original fine powder or because
of the density dispersion, as discussed later. The small amount of material that can
be prepared in one batch precludes its sieving. Hence the particles we use are rela-
tively large (d, > 15 um), irregularly shaped and the size distribution is rather large
(15-20 zm), which is prejudicial to good. efficiency. The retention behaviour of the
carbon surface, however, does not depend on the particle diameter.

. The pyrocarbon obtained from benzene pyrolysis has the so-called turbo-
stratic structure: the different planes in which the carbon atoms have a hexagonal
distribution present a very low degree of mutual orientation, so that the carbon crys-
tallites are extremely small and the surface is very heterogeneous. By analogy with gas
chromatography we considered that graphitization would improve the quality of the
adsorbent. Some of the material obtained by the hardening procedure described above
was heated at 3000° for 1-2 h..

'Column packing ‘

It quickly became apparent that the slurry packing technique?*-?? has to be
used, even for particles larger than 20 gm. The slurry packing liquid is 2 mixture of
dibromomethane and acetonitrile. The mixture density is adjusted in order to avoid
considerable floating and sedimentation of carbon particles. Indeed, a fine adjustment
of the composition is quite impossible and. unnecessary, because of the dispersion of

- the particle density. This dispersion is probably caused by air trapped in pores plugged
) dunng the pyrolysis process. ‘
~ Slurry packing can be performed under high pressure (ca. 480 bar) without
fracturing the particles if they are sufficiently hardened. We used CB from Cabot,
Neuilly, France (Sterling FTFF for small specific surface area and Black Pearls for
larger specific surface area). Some samples were previously oraphltlzed (GTCB).
,Sum!ar r&sults were obtamed w1th both types of preducts ‘

_ RESULTS

H ydmdynarmcs of cqumns o ’ ' ' : :
'If the CB is not hardened enough, the partlcles break durm g packing and the
-permeabxhty of the column is very low. Further, a slow decrease in permeability during
, column operatlon is often observed togetner with a significant decrease in retention.
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- Colamns packed thh matenal that has been hardened suﬁicxently are stable and-
: reproducxble ' v
Usmg the classncal Kozeny—Karman °quat:on and the assumptlon that
'~€¢3'-' 14 N : . e
180 (1 — &) ~ 1000 . -
(wnere £, is the extraparucular porosztv) itc can be denved from the data in Flg. 4 that
the average particle diameters are 30, 19 and 14 gm for columns A, B and C, respec-.
tively. These diameters are virtually identical with the lower limits of the size ranges
before packing, viz., 31.5-40; 20-25 and 15-20 pm, respectlvely The agglomerates
are not broken dunng slurry packing.

,. (2)
. D emFeec)
0061 :
[s1s 4

0.02

1 1 1 ]
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Fzg 4. Acetonitrile flow-rate {cm®/sec) versus inlet pressure (bars) for different columns. A: L = 70
; d.-= 2 mm; d, before packing = 31.5-40 um; 14.5% pyrocarbon. B: L = 50 cm; d,-= 4 mm;

da, befote packing = 20-25 pym; 30% pvrocarbon C L = 70c¢m; d; = 2.17 mm; d, before pax:kmg
= I5-20um; 5595 pyrocarbon ) :

Retention on modtﬁed CB :

The retention is proportional to the surface area of the adsorbent inside the
column. Hardening CB by benzene pyrolysis resuits in a serious decrease in the spe-
cific surface area of the material, which must be taken into account. For columns A,
B and C, these decreases are 25, 59 and 799, respectively. Only the first value is ac-
ceptable for the surface area, the retention being too small. otherwnse. As discussed
above, a smaller decrease is assocxated W1th a ﬁ‘aﬂet adsorbent and unstable columnsv

-are obtained. :

° . This shows how narrow the compromxse between hardemna and retentton

is: too much pyrocalbon leads to heterogeneous adsorbent with a low spemﬁc surface

~area, while too little results in usstable columins. ‘A good compromiise seems to be

-a deposit of about 15-20 % of the initial amoust of carbon black: introduced in the'
py:olys:s set-up for carbon Wlth an mmal specnﬁc surfaw area of: ca. . 110 mzfg
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,Co!umn eﬁiaency

~ %", - Fig. 5showsthe vanauon of log h w1th !og v, where s the reduced plate height
(HETE/&'I',) andyisthe reduced velocity (ud /D w)} of the liquid phase. Even at low veloc-
‘ity, k is large. This may be caused by the formation of bottle-necks’ or Narrow pores
during pyrolysis; very slow mass transfer in such pores would result in excesswe peak
broadening. More probably because of the irregular shape and large size range of
‘the particles; incorrect packmg is achieved and a good packing procedure has yet to
be designed. Correspondingly the minimum plate height could not be reached whereas
classically the minimum of # is obtained for v ~ 2-3.

logh.

I3 1 b |

-0 1 2 log¥

Fig. 5. Reduced plate height versuzs reduced velocity. Liquid phase: acetonitrile. Solute: phenol
(¥ = 0). Column: L = 70cm; d. = 2 mm; &, = 31.5-40 um. Dashed lines denote cla.ss:cal plot
with Porasil adsorbent®. )

Inﬂuence of graphztzzatzon :

-~ One of the characteristics of hardened CB columns is the very poor efficiency
and the large asymmetry of peaks with a capacity factor above ca. 1.5. This is pre-
sumabiy due to column overloading through an. isotherm effect, because, as already
mentioned, the surface area decreases after hardening. By analogy with gas chromato-
_graphy when GTCB and carbon blacks are used, we thought that graphitization of the
material after hardemng witha pyroczrbon depos;t could improve the quahtxes of the
) columm : :
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, The few expenments performed seem to conﬁrm ﬂ:us assumptlon., Fn‘stly, :
graphitization improves the kinetics of mass transfer (Fig. 6). For &’ = 0, the same
-efficiencies are observed with the graphitized and non-graphitized matenals ‘This
result shows that the columns are similarly packed and that the packing'is reproduc—
ible. On the other hand, for retained compounds, the eﬁicxency is'much better when
using a graphitized adsorbent. Secondly, the graphitization improves the column
capacity, as illustrated in Fig..7. The retention volumes are derived from peak maxima.
Extrapolation to a zero sample size seems to give the same value of the retention vol--
umes (V) for both graphitized and non-graphitized materials. A sample size of 3.5 ug
(density ca. 0.2 ug/m?) produces a 5% decrease in the retention when the adsorbent
is graphitized and 26 %, when it is not. Further, the peaks are more symmetrical when
the adsorbent is graphitized. Graphitization of the consolidated adsorbent particles
thus seems to be necessary, at least for CB samples with a smalli spet:lﬁc surface area.

JHETR (cm) 1

3 3 1 i 2
2 4 6 8 w

Fig. 6. Influence of graphitization on column efficiency (HETP, cm). Al columns: L = 70cm;
d. =2 2 mm; d, = 25-31.5 pgm. 1, 2 = Non-graphitized material; 3, 4 = graphitized material. Flow-
raté: 1,3 = 2cm3/mm 2,4 = 0.5 cn®/min. Solvent: acetonitrile. A = Benzene (0.3 gl); O = 1,2,5-
tnmethylbenzene (0.5 uly; [J = 1,2,4,5-tetramethylbenzene (4 ¢1); A = pentamethylbenzene (4 ). -

Choice of solvent
It is known that in- reversed—phase chromatoaraphy the order of the eluotroplc
strength of solvents is the reverse of that classically observed on polar adsorbents?,
To a first approximation it can be said that, in the absence ofspecific interactions, the
rore polar the solveat, the weaker is its eluotrop-c strength; With a given solvent, the
more polar-the solute, the smaller is the retention. This, h owever, is only a very rough
approximation, as the contribution of the whole solute molecule and especially its.
molecular area must be taken into account. Nevertheless; it ¢an be predicted that very.
_polar solutes should be ﬂluted wnth very polar solvents shghtly po}ar ot polanzable
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Fig. 7. Influence of graphitization on column capacity. Retention volume (Vg, cm®) versus sample
size (ug). Columns: L = 70cm; d. = 2 mm; d, = 25-31.5 pm. Flow-rate: 2.5 cm®/min. Solvent:
acetonitrile. Solute: m-terphenyl. 1 = Non-graphitized material; 2 = graphitized material.

solutes with slightly polar solvents (acetonitrile, ethyl acetate, methylene chloride, etc.)
and non-polar solutes with non-polar eluents (hydrocarbons). Water is a very polar
solvent but is difficult to use because it wets the carbon surface poorly?*. Moreover,
few organic compounds are soluble in water. Mixtures of water and acetonitrile or
methanol, however, can be used conveniently to obtain solvent mixtures with a large
range of eluotropic strengths (Fig. 8). As predicted, the retention of solutes increases
with the concentration of water. Note also the inversion of elution order between
13 4—trxmethylbenzene and 3,4,5-trimethylphenol.
. The solvent that we most commonly use is acetonitrile; it is relatively polar
but has a low viscosity (;s- = 0.375 cP) The choice of the most suitable eluent de-
nds, of course, on the characteristics of the column and the compounds to be sepa-
rated.

Analytical performance and some simple separations
In order to demonstrate the interest of a non-polar adsorbent, we studied the
influence of the carbon number in homologous series on the column capacity factor
"(Fig. 9). The plots yicld almost straight lines for different series, the slopes of the dif-
ferent lines being almost identical. This result is similar to that observed in gas—
~ solid?>-2% or gas-liquid?*-3° chromatography and different from that obtained in LSC
using polar adsorbents such as silica gel and alumina.

' Fig. 10. shows the separation of methylphenols. The chromatogram is com-
posed of different groups, each being characteristic of the degree of substitution of the
- phenols. These compounds are separated primarily on the basis of their molecular

weight. It is not yet possible to separate all isomers in each group. This situation is
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&0 % water,

Fig. 8. Variation of coiumn capacity factor, &', with volume concentraticn of watef in the solvent
(acetonitrile + water). 4 = 2,34 6-Tetramethylbenzene' @ = 3,4,5-trimethylphencl; 3 = 1,3,4-
mmethylbenzene . ) . :

og k

-1 ik,

Copadil
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Flg 9. Vananon of Iogarithm of the column capacity. factor with the number of czrbon atoms in the
molecu.es of homologous series. Solvent: methanol. l = CH;—(CI—I, 2 tH 2- CH;—(CH;),—B:, ]
3= CH;—(CH,),.—CI 4= CH,—(CH_).—OH. S S »
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Fig. 10. Separation of phenols Solvent: acetonitrile. Column: L = 70cm; 4. = 2.17 mm; d, =
1520 pm. Flow-rate: 0.5 cm®/min. 1 = Benzene; 2 = phenol; 3 = o-cresol; 4 = 2,3-dimethyl-
phenol; 5 = 2,4-dimethylphenol;'6 = 2,4,5-trimethylphenol; 7 = 3,4,5-trimethylphenol.
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A Fig. 11. Column capacity factors of methylphenols on silica gel (Partisil 5, Reeve Angel, Clifton,
N.J., U.S.A)) using the solvent mixture n-hexane-ethyl acetate (95:5).

very similar to that in gas chromatography with GTCB3'. Using silica gel as adsorbent
in HPLSC, the separation is performed on the basis of the polarity. The retention is
therefore largely influenced by the geometry of the phenols. Fig. 11 illustrates the order
of elation of phenols on silica gel using n-hexane-ethyl acetate (95:5) as eluent®>.
‘Large overlaps between the different degrees of substitution occur, the three groups
- of ‘soluies being di-orthe-substituted ‘phenols, mono-ortho-substituted phenols and -
: phenols with no ortho-substitution.
© - TFhe n—a!kylbenzen&s are very easily separated (Flg- 12). The separation is per-
formed with a low-efficiency column and the resolution is still greater than 2 for each
pair of peaks. Again, the order of elution fol}ows the molar Wexght Another separa-
' tzon ot homoloaues is ﬁlustrated in Fxg 13. Thls separation is’ rather tedious using a
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F-g. 12, Separation of }z-alkylbenzenes Solvent: acctonitrile—water (46:54, v/v). Column: L = 165
cm; d. = 3.7 mm; d, = 15-20 um_ Flow-rate: 2'cm¥min. 1 == Unretained solute; 2 = benzene
3= toluene 4 = ethylbenzene, 5= n-ptopylbenzene 6 = n-butylbenzcnv

silica gel packed column- but admittedly Wo'uld be easy in gas chromatography. The
" use of an acetonitrile-water gradient would certainly allow the separatlon ofa greatet
number of linear aliphatic alcohols. .
Finally, the chromatogtam in Fig. 14 1llustrates the separatxon of d:ﬂ'erent
aromatic hydrocarbons. A comparison betweer_l the capacity factors of these com-

L — PRI S
0 2 - 4 - time(min)- -
Fxg. 13. Separanon of r-alkanols. Solsent aoetomtnle Column L= 70 cm, d. =2 17 mm; d —:'-

15-20 pm.Flow-rate:  cm*/min. 1 = Iz—CsHleH 2= n-C;HuOH 3 = n-CanOH 4 Iz-CgH;o
OH 5 = %l-(.goH;loH 6 ﬁ-C;zHgOH. S R . PR ; ; -
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pounds on carbon black snhca gel and aiumma xs given in. Taole I Et appears that for
thls partlcular separanon carbon is the best adsorbent. - ‘ :

- . l - [ 2 1 1 — N
o 2 4 6 time (min)
F:g. 14, Separatwn of naphthalene derivatives. Solvent: acetonitrile. Column: L = 70cm; 4. =

2mm: 4, = 31. 5—40ym Flow-rate: 2.8 c®fmin. 1 = Tetralin; 2 = naphthalene; 3 = 2-methyl-
naphthalene 4 = 2 6-dimethylnaphthalene; 5 = fluorene; 6 = 1,3, ,7-trimethylnaphthalene.

TABLE1I

COMPARISON OF THE RETENTION OF NAPHTHALENE DERIVATIVES ON VARIOUS
ADSORBENTS

Solute - . ' Capacity factor

. ) Carbon black .S'i.’i(:a33 Alumina®®
Tetralin - . o 0.17 220 035
‘Naphthalene | 040 2.34 0.81
2-Methylnaphthalene 0.94 2.38 0.83
2, S-Dlmelhy!naphthalene 243 . 242 - 0.93
“Fluorene . 5.06 © 377 - 2.24

1,3 7—Tnm:ethyinapbthalene 7.51 — —

CONCLUSION

Although the packed columns we have studied still do not have efficiencies as
) great as those obtained with conventional, polar adsorbents, the first results are very
promzsmg. The medified CB has proved to be a good packing for HPLSC The re-
_sults are reproducxble and tne analytical performauoes are good." :
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Prog:cess in three chﬁ'erent dn'ectxons should be made in the future in. order to
help i in the development of the use of non—polar adsorbents (1) to acmevc more effi< -
cient columns, for example through the use of small particles of narrow size range. -
(2) To obtain a beiter efficiency when the capacity factor is important. We expect that
a better controlled hardening procedure will unprove this eﬂimency (3) We. must
obtain adsorbenis of larger specific surface area in order to mcrease sample sues
Work is in progr&ss in these dn’ferent fields.
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