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SUMMARY

The analogy in the theoretical representation between gas adsorption and
liquid adsorption chromatography is considered. This analogy makes it possible to
anticipate some parameters in liquid adsorption chromatography on the basis of the
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energy-distribution functions are discussed.

INFRODUCTION

Detailed studiest* of adsorption from vapours and from liquids has shown
that the two phenomens are refated: adsorption from liguids can be fully explained
in terms of adsorption fron: their unsaturated vapours. As is well known, the processes
of gas chromatography (GC) and liquid chromatography (L.C) are based on dynamic
equilibrium between sofution and adsorption processes. In both methods, the sta-
tionary phase (solid porous particles or particles filled with stationary liguid, or both)
is in dynamic contact with at least two species, the solute and the carrier fluid (gas
or liquid}.

Many thearetical papers have been published on the various chromatographic
methods. From the point of view of their utility in complex physico-chemical studies
of surface phenomena, the most interesting are those of Huber and Gerritse®*;
the theoretical treatment of the chromatographic process given in these papers is
convenient for comparing results obtained by GC and L.C. Further, it is possible to
study liquid-solid and liguid-liquid systems by means of parameters characterising
the gas-selid and gas-liquid systems.

The purpose of this paper is to present the possible application of GC and LC
to studies of liguid-solid systems. First, we shall consider the chromatographic
process in general, then we shall discuss the application of adsorption chromato-
graphy to the studies mentioned above. Qur considerations are based on the excellent
papers of Huber and Gerritse®*; therefore, our purpose is to extend the theory of
Huber and Gerritse to physico- chermcal studies of surface phenomena.
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GENERAL CONSIDERATIONS

The theoretical treatment of the chromatcgraphic process by Huber and
Gerritse™* is based on the mass-balance equation, and it results from generalisation
of well-known papers on the mechanism of chromatographyS—5. We assume that the
stationary phase is beterogeneous, consisting of solid porcus particles and particles
fil'ed with stationary liguid. Taking into consideration theoretical results derived for
G and LC*, it is possible to express for both methods the residence time fg, Of f the
coneentration ¢, in the chromatographic column in the following way:

' c8 ! & H &
tpy, = Ig, (1 +—fz+ ,,a fe + kd ﬁ) (1)
Eq cq
where f; (! = B, 6, T) are defined by

f; = ddl Fi (c1, €35 Q11> Oz.0) )

The functions Fy(c,, ¢, @4.;, O-.;), describing the concentration of component
i in the surface phases, are treated as functions of four parameters: ¢;, the concentra-
tion of ihe solute in the mobile phase; ¢;, the concentration of the carrier fiuid in the

mobile phase; O, ;, the interaction energy of component | with the solid matrix {¢},
ihe surface of the stationary liguid (¥) or in the volume of the stationary liguid (8);
0. ;, the interaction energy of compornent 2 with the solid matrix or stationary Hguid.

The other symbols in egn. 1 have the following designations:

zq = the fraction of the column volume occupied by the mobile phase,

zg = the fraction of the column volume occupied by the stationary liquid,

£s = the fraction of the columa volume considered as the adsorbed phase on
the surface of the solid matrix,

&; = the fraction of the column volume considered as the adsorbed phase on
the surface of the stationary laquid,

€. = the fraction of cross-sectional area occupied by the Buid stream,

tg = L/u,, the retention time of the carrier fiuid,

zzg = vep/eq, the migration velocity of the mobile phase, and

v, the linear velocity of the fuid.

Cur treatment differs irom that of Huber and Gerritse®* in two respects. First,
we consider e; as the ratio between the volume of the adsorbed phase on the surface
of the solid matrix and the total volume of the column {(the parameter 7 is similarly
defined); secondly, we consider that the amount (conce'ltratzon) of component 1 in
the phase ¢ (or 7 or ) is the function of the four parameters ¢y, ¢;, O, and &, ;. By
transforming egn. 1 into the following form

ga(tr, — IrJjltr, = €8f5 + ecfo + & fr 3

and then multipling eqn. 3 by the column volume (¥), we obtain the expression for
retention volume (V) derived by Conder er af.% for GC

V= Vafe + Vofe + Vot 4}

where V3, Vo and V; are the volumes of the phases 8, ¢ and 7, respectively.
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As already mentioned, we shall consider adsorption effects and, particularly,
adsorption effects on the solid matrix. It is possible to separats the contribution of
the adsorption effect to the over-zll retention volume (V¥V} by using known methods®-°,

ADSORPTICN CHROMATOGRAPHY

In the case of the adsorption effect on the solid matrix only, egn. 4 is reduced
to the expression

Ve=Vofs — (3)

Many authors have shown that the support surfaces are generally non-homogeneous,
and many papers on adsorption GC show that heterogeneity of the support surface
has a great effect on the sorption properties of the column packing!'~!%. Assuming
the well-known “patch’ model of the heterogeneous surface, we can write eqn. 5 in
the form:

Ma

Ve = VG.kf;.k G

1

1

Gt

Ve= [riaVe 7
Ve

where Py, is the volume of the surface phase on the homogeneous patch “X™ and
So.x is the “local function™ characterizing the retention mechanism on the kth patch.

By iatroducing the differental function z(Qs) = (@¥:/dQs), we transformed
eqn. 7 to the following form

Vi = _|for(Qs)dCs ®
where O; = G, — O, and £ is the range of possible variations of Gs. Assumption
of the function F; (as function of O.) is suitable for description of adsorption having
cencurrent character; this assumption is particularly necessary to describe the adsorp-
tion LC. For small concentrations of component [ {¢; < ¢,), the function Fs (i.e., the
concentration of component 1 in the surface phase ¢) can be expressed by the equation

Qs Qs
F;=Kc¢ ex "—)=K’xex (“ ) 9
G : CXp { RT 1 EXp RT (%)
where ¢ = ¢; + ¢; ~ €3, X; = ¢;/c and K is the ratic of the molecular partition func-
tions of the molecules of components 2 and 1 in the adsorbed phase®®-?°. If we assume,
for adsorption on homogeneocus surface patches, the following equation

P{C‘ exp ( g;,} for Oz > Oz

Fs (18)

=1
{I for Qs << Q;'
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where Q5 is defined by
0 = —RTIn {1{ ;) TOL1n)

-~

then, from egns. 2 and 7, we obtain

Vo= ] Kee (Fr)z@ades 12)

Differentiating egn. 12 with respect to Qo gives the equation

BV (e (C2)) _ o\ :
o, — Kexe (r) (@) (i3)

which gives the following relation for evaluation of the energy-distribution function

. i  —Qs \ . Vx (e, (QcP) Vg led ()
7(Qe) = zexp (—57 ) ac:, = 5. | RT a4

Egn. 14 is a2 general one, allowing us to determine the energy heterogeneity of
adsorbent surfaces from the retention data obtained by both adsorption GC and LC.
in GC, eqgn. 14 can be transformed into 2 more convenient form. Taking inte con-
sideration the relation between concentration (¢,} and pressure (p,) of gas ! (we had
previously assumed a low concentration of component i, thus the free phase can be
treated as an ideal phase),

pi = & RT (13
Thus, from egn. 14

. - Vy (PL}. 178 %

7(0) = ——g 2 (£) (16)

In adsorption GC, an inorganic gas (e.g., argon or nitrogen) is most frequently the
carrier, and volatile compounds are usually the chromatographed substances. Taking
also into consideration the high temperatures of measurement (ranging from 300~
409°K)}, we can assume that the effect of the carrier gas is very small as compared
with that of the chrcmatographed substance. If the mechanism of localized adsorp-
tion seems to be appropriate for the chromatographed substance, then that of mobile
adsorption should be applicable to the carrier gas. The assumption of mobility in the
surface layer resuits in z considerably lower value of adsorption energy®'+*2, These
constderations lead o the conclusion that @} ; > O3 ;. Finally, eqn. 16 for adsorption
GC can be presented in the form

2

7 (Qhe) = — 5 (£L) an

P

where
Cis = —RT (K p) (18)
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Egn. 17 is identical with that obtained for adsorption GC by using Hobson's method
(see refs. 1T and 21).

The function z{@s) can be determined from eqn. 14 or 17 by differentiating the
retention volume presented as concentration or pressure funciion. Because of the ac-
curacy of calculaticns, numerical approximation of the above retention function is
more conveniently made by using the exponential equation

Py = exp (5: 4, cf) (19)

k=0

which is reduced to the polynomial approximation
y= Z A () (20
k=0
where
y=InVy : 3

Egn. [9 generalizes the expression for retention volume that we obtain on assuming
the Jovanovi¢ adsorption model in adsorption GC>-2%,

It appears that the Jovanovi€ adsorption model gives much better results than
the Langmuir model, because it takes into consideration mechanical contact of the
free phase with the molecules cf the surface phase; effects connected with mechanical
contact are of great significance in chromatographic processes.

Egn. 19 corresponds with the distribution function x(Qs) expressed in the
following way:

* (Ci)z ps \E— . s g
7@) =g [ X AcCo e [ X 4 ()] 22
which has the following form for GC -
. * _ P: 2 ;:1 r E—1 p;’ ’ i 2
£@io) = ~(—g5} [ 2 4@ e [ 2 40 (] (23)

where the 4, terms are coefficients from egn. 20; however, 4] are coefficients from the
following approximation

V3

mVy=y= 2 4(p) 29

14

(¢}

A simultaneous study of the interaction energy of molecules with the serfaces
of adsorbents by means of GT and LC makes it possible to evaluate more accurately
the energy effects on the Hquid—-solid border, as well as to predict retention data in
LC on the basis of the data from GC. )

EXPERIMENTAL

A comparison was made of data obtained by GC and high-pressure LC
(HPLC} on silica gel (Merckosorb SI-100; particle size 10 pm; E. Merck, Darmstadt,
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G.F.R.). The GC measurements were made with 2 G. Ch. F. 18.3 chromatograph
(W. Giede, G.D.R.), with thermal conductivity detection. The four-cell flow-through
detector {cingle-ceif volume [25 gf} was specially canstructed and built.into the gas
chromatograph.

A glass column (159 cm X [ mm I.D.) was used; it was packed by using
ulirasonic vibration and inert-gas pressure, and was activated at 200° in 2 stream of
dry carrier gas.

Samples of #-beptane, benzene and 1,2-dichloroethane {(Spectrograde quality;
Merck]), in the volume range 0.65 to 1 gl were intraduced by means of 2 L-xl Hamilton
micro-syringe. The carrier-gas {nitrogen) fiow-rate was 4.76 mi/min at a column-
inlet pressure of 5 atm. The detector response for each adsorbate was calibrated in
order to avoid the infiuence of irreversible adsorption on the precision of measurement.
Tae calibration procedure was carried out on a glass column (90.5cm X 1 mm 1.D.)
filled with 109 of squalane on Polsorb B. The revised calibration coeficients {de-
tector constants) were used in calculating solute concentrations in the mobile phase.
The concentrations in the stationary phase {adsorbed quantities) were calculated from
retention data.

The HPLC measurements were carried out on an apparatus constructed at
the Instrumental Analysis Laboratory of the Technical University of Eindhoven
(The Netherlands) and fitted with an Grlita 1515 DMP pump and a2 Siemens differ-
ential-refractometer detector. The samples were introduced with Hamilton I-gl
(7001 N} and 5-p¢1 (HP 365 N) micre-syringes and a 10-«¢l (S.G.E., N. Meibourne,
Australiz} micro-syringe, through a2 PTFE SR-1 septum (Applied Science Labs.,
State College, Pa., U.S.AL).

Merckosorb SI-100 was activated at 208° during 4 h, and packed into a straight
glass column (12.4cm X 4 mm 1.D.) by the wet “balanced-slurry™ technique. After
packing, the columns were washed with acetone, i,2-dichloroethane, benzene and
rn-heptane {150 m! of each).

All measurements were made at 30 - 0.01° {two steps vitrathermostat mode]},
and the mobiie-phase flow-rate was kKept 2t 6.5 mi/min. The internal ¢, = g — &, 2nd
interstitial e, porosities of the columns were 0.339 and 0.387, respectively (these
values were calculated from the retention time of n-hexane, a non-retarded compound,
by assuming the pore volume of Merckosorb SE-180 to be | ml per g).

n-Hexane, n-heptane, 1,2-dichlioroethane and benzene (Merck Spectrograde
quality} were used as solvents and injected solutes. They were purified and dried (o
a water content of 20-30 ppm) by the frontal-analysis technigue {(adsorptive filtration)
ever Merck silica gel for chromatography?®; the finzal drying was made statically with
raolecular sieves 5A and 3A. After drying, the water content was (-3 ppm in -
tydracarbons and 5-7 ppm in the other solvents (these values were controlled by
Karl Fischer titration pericdically during the whole cvele of LC measurements). To
ensure a constant low water concentration in the mobile phase, a pre-column (volume
ea. 17 mi) packed with well-activated molecular sieves 3A and SA was used.

RESULTS AND DISCUSSION

The purpose of the numerical calculations was to examine the correlation
between adsorption data obtained by GC and LC. The experimental retention data
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were measured for the following systems by GC:

(a) n-heptane on silica gel at 99.5°

{b) benzene on silica gel at 99.5°

{c) I,2-dichloroethane onsilica gel at99.5° and for the followingsystems by LC:

{d} benzene from n-heptane on silica gel at 30°

(e} 1,2-dichloroethane from n-heptane on silica gel at 30°.

The experimental functions ¥y vs. py for the GC systems (a, b and ¢} are pre-
sented in Fig. I ; Fig. 2 shows the experimental functions Fx vs. ¢; for the LC systems
d and e. The experimental results from Figs. I and 2 were approximated by using the
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Fig. 1. Experimental functions Vi{p,) measured by GC at 99.5°. @@, F.(z) values obtained by
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b

nunierical polynontia! approximation procedure {experimental data for a, b and ¢
were approximated zccording to egn. 24; those for d and e were approximated ac-
cording to egn. 20). .

As a criterion of the best appromaﬂon we used the sum of the square devi-
aticns, which is defined

l‘vn e

Se=Z [itcd—ew [ £ acto]) @5)

1=1
where L is the number of experimenta! points. The degre&e of the polynomials (s}
and. the sums of the square deviations for the best approximation (&) are presented
in Table L.

TABLEI

DEGREE OF BEST-FIT POLYNOMIALS® AND SUM OF SQUARE DEVIATIONS FOR
ADSORPTION ON SILICA GEL

Merhod Adsorption sysiem Femperature, Degrez of Surn: of square
°C polvnamiaf, m deviations, S,
{a) r-Heptane e9.s g 101-1077
GC I (b} Benzene 98.5 He 5.12-1677
E {c) 1,2-Dichlorosthane 99.5 ¢ 2.E3-107
LC {d) Benzene from s-heptane 30 10 $.03-10°%
() 1,2-Dichloroethzne from s-heptane 30 it 2.02-10-%

* Caiculated from eqn. 20 or 24.

Figs. 3 and 4 present the adsorption isctherms ealculated by means of the ex-
perimental data from Figs. ! and 2, and according to the well-known equation®*!:

i

Nieg) = OJ Py (e de; (26}

In Fig. 3, the adsorpiion isotherms for the systems a, b and careshown; Fig. 4 presents
the isotherms for the systems d and <. Fig. 3 shows that the highest adsorption Is ob-
taired with i,2-dichloreethane; thar for benzene is lower, and for n-heptane is least.
For n-heptane, the adsorption isotherm obtained was of the third type. Thus, the inter-
actions of the 1,2-dichklorcethane and benzene molecules are much stronger than those
of n-heptane molecules. From Fig. 3, it follows that, in L.C, we should observe higher
adsorption of 1,2-dichlorcethane from n-heptane in comparison with that of benzene
from r-heptane. This effect can be seen in Fig. 4.

Using the best-fit coefficients A4, we calculared the energy-distribution func-
tions. First, the energy-distribution function for GC systems were evaluated according
to egn. 23 (see Fig. 5). The constants K were determined according to to the relation-
ship propeosed by Hobson (see refs. 11 and 26). The results indicated that the surface
of sifica gel exhibits the greatest heterogeneity towards 1.2-dichloroethane molecules,
less heterogeneity towards benzene [the fuactions (07 ¢} show three maxima], and
the Ieast heterogeneity towards n-heptane molecules [the function »{Q° ;) shows one
maximum onlvl The values of adsorption energies, and their ranges, are very similar
for the adsorption of },2-dichioroethane and benzene, but the values for the adsorp-
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Nip,)- 16" (mole/g)

Adsorbate pressure, p - 10° {atm)
Fig. 3. Adsorption isotherms calcufated from GC retention data. @—@, Adsorption isotherms
N(p,) calculated by using egns. 26 and 24 for system a; ©-—@ and O---Q, values for systems b and
¢, respectively. Cizcles denote the points obtained by integrating the experimental curves VFu{p.) ac-
cording to egn. 26.
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Concentration, 10 (mrey/ 1)
Fig. 4. Adsorption isotherms calculated from HPLC retention datz. & —€ and O—O, Adsorption
isotherm N(c,} values calculated by using eans. 26 and 20 for systems d and e, respectively. Circles
denote the points obtained by integrating the experimental curves Pi{e} according te egn. 28.
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Adscroiion energy (kca! [mole)
Fig. 5. Energy-distribution functions z{07,s) calcelated from egn. 23 by using GC retention data.
2(0%,o) for system a; ——— and — — —, values for systems b and ¢, respectively.

3

tion of n-heptane are much lower in relztion o that of 1,2-dichioroethane and ben-
zens (the differences in minimum adsorption energies are about 1.6 kcal/mole).

The distribution functions x{@Q;) for LC systems are presented in Fig. 6. In
this case, the value for K was assumed to be 1.0 (this approximation has been used by
several workers?’—3%). The distribution functions in Fig. 6 show one maximum, and
thelr minimum differences in adsorpiion energies are about 2.2 kcal/mole. These
values are similar to the differences in adsorption energies calculated from GC data
(see Fig. 5). From a comparison of distribution functions calculated by using the GC
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Fig. 6. Pistribution functions x{Q.) calculated from egn. 22 by using HPLC retention data. ———

and — — —, functions for systems d and e respectively. R
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and LC data, it follows that, for LC (i.e., liquid adsorption). the surface of the ad-
sorbent shows less heterogeneity in relation to the adsorbing molecules.

The experimental datz presented for GC and LC were measured at two dif-
ferent temperatures; from these studies, it follows that the influence of temperature
on the results for adsorption energy is somewhat low®'%%, Therefore, our calculations
chiefly concern the energetic effects of adsorption from gases and liguids.

It can be concluded that the data for GC systems give valuabie information
concerning adsorption isotherms and heterogeneity effects as regards analogous sys-
tems in LC. However, wider correlation could be obtained by suitable choice of mea-
surement parameters and by adaptation of the apparatus for this purpose.
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