
AN_4LOGY BETWEEN GAS ADSORPTI?2N AND LIQUID ADSORPTION 
CHROh4%-FOGRAPKY 

The analog in the theoretical representation between gas adsorption and 
liquid adsorption chromatography is considered. This anato_w makes it possible to 
anticipate some parameters in Iiquid adsorptioo chromatography OR the basis of the 
data for gas adsorption chromatography; as an example, adsorption isotherms and 
energy-distributior ftmctio~s are disccssed. 

Detailed studieP of adsorption from vapours and from liquids has shown 
that the two phenomena are related: adsorption from liquids cazl be fully explained 
in terms of adsorptioo from their unsaturated vapours. As is well known, the processes 
of gas chromatography (GC) and liquid chromatography (Lc) are based on dynamic 
equilibrirrm between solution and adsorptiorr processes. In both methods, the sta- 
tionary phase (solid porous particles or particles fitIed with stztionary fiquid, or both) 
Is In dynamic contact with at least nvo species, the solute and the carrier fiuid (gas 
OE Iiquid). 

Many theoretical papers have been published ofz the various chromatographic 
methods. From the point of view of their utility in compiex physico-chemical studies 
of surface phenomena, the most interestiug are those of Huber and Gerritse’.” 
the theoretical treatment of the chrcmatographic process given in these papers is 
convenient for comparing results obtained by GC and LC. Farther, it is possible to 
study liquid-solid and Liquid-liquid systems by means of parameters characterking 
the gas-solid and gas-Iiquid systems. 

The purpose of this paper is to present the possible application of GC and LC 
to studies of liquid-solid systems. First, we shatl consider the chromatographic 
process in general, then we shaH discuss the application of adsorption chromato- 
graphy to the studies mentioned above. Our considerations are based on the exceILent 
papers of Kuber and Gerritsez*4; therefore, our purpose is to extend the theory of 
Huber and Gerritse to physico-chernica1 studies of surface phenomena. 



The theoreticA treatment of the chrOm~tcgraphic process by EIuber and 
Gerritses~” is based on the mzss-bafancc eqr;atiOn, and it res~slts from geaerafisation 
of well-known papers oa the mechatism Of cb.romat0grapIrjr5-s. We assume that the 
stationary p&se is beterogenesrrs, consisting Of sOlid porous particfes and particles 
filled with stationary Ilquid. Taking into co-iisiderztion theoretical results derived for 
GC and LC*, it is possible to express for both methods the resideze time fRr of the 
concentration cl in the chromatographic cofumn in the following way: 

E ~~ = ERA f 
If 

where f;- (i = @, G, t) 8re deiined by 

The functions F,(c,, c,, &, Q&. desctibirig *he concentration of componeirt 
I in the surface phases, 8re treated as frrnctions of four parameters : cl, the con~ntra- 
tion of the solute in the mobile phase; c,, the concentration of the carrier fluid In the 
mobile phase; Ql,i, the interaction enera of component I With the solid matrix (G), 
the surface of the statdonargr Equid (t) or in the volume of the statioaary liquid @); 
&, the interaction energy of component 2 with the solid matrix or stationary liquid. 

The other symbols in eqn. I have the follow& design&ions: 
& = the frxtion of the column volume occupied by the mobile phase, 
q = the frzction of the column volume occupied by the stitionary Iiquid, 
EC = the fraction of the cofumn volume considered as the adsorbed phase on 

‘rfe surface of the so!id matrix, 
st = the frztction of the column volume considered as the adsorbed p&se 011 

the surf&e of the stationary Squid, 

El.5 = the fraction: of cross-sectionzi ara occupied by the fluid stream, 

ERO = L/u~, the retentiOn time Of the cznier fluid, 
U, = VEX/+, the migration veELo&ty of the mobile phase, md 
v, the !inear velocity of the &.Gd. 
Our treatment digers from that of Huber and Gerrit~@ in tw0 respects. First, 

wz consider eG .zs the r&o between the volume of the adsorbed phase on the surface 
of the solid matrix and the total volume of the coInmn (the parameter .s~ is similarly 
de&&) - , secondly, we consider that the amount (concentration) of component 1 in 
the phase 13 (OF t or @) is the function of the four parameters cl, c,, &i and $l& By 
trsfisforming eqn. 1 into the following form 

EC @RI - k,#q, = qf6 t %fG t +& a 

and then mu!tipling eqn. 3 by the column volume (v), we obtain the expression for 
retention volume (Vx) derived by Conder et aig for GC 

where Vd, VG and V, are tie voIyrnes of the phases .& a and t, respeetiveEy_ 
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As already mentioned, we shaLI consider adsorptioc effects and, particufarly, 
adsorption effects on the solid matrix. Et is possible to separat? the contrfbrrtion of 
the adsorption effect to the over-all retentioc volume (V_v) by using known methods’*iO. 

i%llSO~CN CKROMATOGRAPHY 

1~ the case of the adsorption effect on the soIid matrix onQ, eqn. 4 is reduced 
to the expression 

Many authors have shown that the support surfaces aFe geeneraily non-homogeneorrs, 
az;d many papers on adso-@ion GC show that heterogeneity of the support surface 
has a great e&ct on the sorption properties of the column packingLr-‘s. Assuming 
the we&known “patch” model of the heterogeneous surface, we czar write eqn. 5 in 

the form: 

where Vi& is the volume of the surface phase on the homogeneous patch “k” and 
fcfSn: is the “Iocd function” characterizing the retention mechanism on the &II patch. 

By introducing the difYerential function x(&J = (d%/d&), we transformed 
eqn. 7 to the folbwing form 

where QG = Q,, - f& and _Q is the range of possible variatioos of QG_ Assumption 
of the function FG (as ftmction of t&) is suitabfe for description of adsorption having 
ccncurrent character; &&is assumption is particrrlarrty necessary to describe the adsorp- 
tion LC. For small concentrations of component L (cl < ~3, the function FS (LL, the 
concentration of componeot I in the surface phase a) can be expressed by the equation 

fi=Kc,exp!g) = 
0 

K’s, exp -& 
( ) 

where e = cl t c2 w c,, xl = cl/c and K is the ratio of the mofecuIar partition func- 
tions of the moIecu!es of components 2 and 1 in the adsorbed p’na~@*“~. ff we assume, 
for adsorption OR homogeneous surface patches, the following equation 



then, from eqns. 2 sod 7, we obt2zin 

DiKerentiating eqo. 12 with respect to QZ 

wfrich gives the foIlowing relation for evahztion of tie ener,~-disrribution function 

gives the equation 

EWE. 14 is a general one, allowing us to determine the energ heterogeneity of 
adsorbent surfaces from the retentiorr dab obtairred by both adsorption GC 2nd EC 
In GC, eqn. 14 c2n be tmnsformed imo 2 more convenient form. Taking into con- 

sider2tion the relation between concerptr2tion (cJ 2nd pramre (PI) of gas 1 (we had 
previoP-lsly assumed 2 low concen’ratiorr of component 1, thus the free phase CZEI be 

treated.2~ an idea! phase), 

pi = c,RT 

Tizus, fro- eqn. I4 

En adsorption GC, an inorgznic gas (e.g., argon or nitrogen) is most frequently the 
carrier, and volatife compounds xe usually the chrom2tographed substances. Taking 

also into consideration the high temperstures of measurement (~~rgiitg from 30% 
4W”K), we cm assume that the elect of the carrier g2s is very seal! 2s compared 
with that of the cbraloatogr2pbed snbs~nce. ff &e mecb2nistr1 of Zocaiized 2dsorp- 
rion seems to be approprizte for the chromato,g2phed substance, then thaw of mobile 

adsorption should be appfic2bfe to the czrrier gas. The assrrmption ofmobility in the 
surf&.ce layer rest&s ia a considerabhy lower value of aisorpclion ener,&f*z. These 
consider&ions lead Lo the condusiolm that 0’ _i,Q z$ Q& Finally, eqn. 16 for adsorption 
GC can be presemed in the form 
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Eqn. 17 is identical with that obtained for adsorption GC by usiag Hobson’s method 

(see refs. If 2nd 21). 

The function x(‘z) can be determined from eqn. 14 or f 7 by differentiating the 
retention uofume presented as concentration or pressure function. Because of the ac- 
cuL-acy of calcufations, numerical approximation of the above retention function is 
more conveniently made by using the exponential equation 

which is reduced to the polynomial approximation 

y = E Al, (@ cw 
e=o 

where 

Eqn. f9 generalizes the expression far retention volume that we obtain on assuming 
the Jovanovid adsorption model in adsorption GP.“. 

It appears that the Jovznovi6 adsorption model gives much better results than 
t&e Langmuir model, because it takes into consideration mechanical contact of the 
free phase with the mofecrrles of the surfxe phase; effects connected with mechanical 
contact are of great signiticance in chromatographic processes. 

Eqn. 19 corresponds with the distribution function ~(8~) expressed in the 1- 
fo!lowing way: 

which has the following form for GC 

where the Ak terms are coef%ients from eqn. 20; however, Ai 2re coefEcients from the 

following approximation 

A simultaneous study of the interwrion energy of moIecuEes with the surfazs 
of adsorbents by means of GC and LC makes it possible to evaIuate more accurately 
the enere e&&s on the 1iqttid-solid border, as well as to predict reterrtion data in 
LC on the bzsis of the d&a from GC. 

EXPERIMEW.4L 

A comparison was made of data obtained by GC and high-pressure LC 
fKPLC) on silica geel (Merckosorb Sf-100: particle size 10 ,c~m; E. Merck, Darmstadt, 



G.F.R.). The Gc measureae&.s wetre made xvii% a G. Ch. F. 18-3 chru~~to_~aph 

(W. Giede, G.D.R.), with therm6 conductivity- detectiao. The fom-cell Bow-through 
detector <zingfe-ceii vofu~~e 125$) wzs specizliy canstructed z.nd brtiEt .into the gas 
chmna~ogmpfl. 

A glzss cofunrn (15.9 cm x 1 mm I.D.) was used; it w&s packed by using 
rrlrm~sonic vibration ZIX.~ ir,ert-gas ~EXSSU~~, and ws activated at 200” in 2 stream of 
dry carrier gas. 

Samples of n-heptane, &nzene acd Z ,Zdichioraethane (Spectrograde puzli~; 
LVerck), in the volume mnge 0.05 to I ftI were introduced by means of z L+ Hamilton 
micro-syringe. The carrier-Ez fnitrogen) flow-rate was 4.76 mffmin zt a column- 
inlet pressure of 5 atm. The deiecror rcs~onse for each adsorbate was calibrated in 
order to avoid the infiuence of irreversible adsorption on the precision of measurement. 
Tie calibration procedure was czrricd out on a glass colnmn (90.5 cm x I mm I.D.) 
filled with 10% of sqmfane on Pofsorb B. The revised caIibrztion coefiicienfs fde- 
tector constants) were used in cz~cuiating solute concentrations In the mobile phase. 
The concentrations & the stationary phase (adsorbed quantities) were calculated from 
retentiorr data. 

The KPLC ineasurements were carried out on an apparatus constructed at 
the instrumental Analysis E~borztory of the Technic& University of Eindhoven 
(Yhe Netherlands) and fitted with zn O&a 1515 DMP pump and a Siemens diser- 
en&&iefractoneter detector_ The samples were intro&crced with Hamilton I-@ 
(76X1 N) md 5+1 (HP 305 N) nicm-syringes and z EO-.rcl (S.G.E., N. Melbourne, 
Austiiz) mi&o-syr&e, ‘throagh .z PTFE 5X-I septum (Appfied Science Labs., 
State College, Pa., U.S.A.). 

Y&erckosorb S&IO0 wzs activated at 2C8” dtrtig 4 Iz, and packed into a s~aight 
&ss coEunn (12.4 cTr_ x 4 mm I.D.) by the wet “balanced-&my” techniqrre. After 
p&&g, the colmms were washed with acetone, I,Z-di&ToroetErzne, benzene and 
n-heptane (150 ml of eacg)‘). 

AlI mezsuremerits were made at 30 f 0.01 O (two steps rrltr2tthemostat mode), 
and the mobl$e-phase flow-,=te was kept 2t 0.5 ml/tin. The internal E; = .sa - E, and 
inter&&f E, porosities of the colurms were 0.339 arid 0.387, respective& (these 
v&ues were caIcnla:ed from the retention time ofn-hexane, a non-retzrded compound, 
by ass~~~~iz~g the pore vofirme of Merckoso?b SE-T%2 to be I ml per g)_ 

r;-Hexaoe, n-heptme, 1,2-dichloraethane and benzene f&Ierck Spectrogrzde 
quality) were used as solvents and injected solutes. They were purifted and dried (to 
a water content of X&Z0 pPm) by the frontaLmalysis tcctique fadso@ve fii_ltratic~~) 
ever lrrferck silica gei for chromato~~phy =; the final d_rying was made statimfly with 
szolecr;lar sieves 5A and 3A. After drying, the water content was (2-3 ppm io n- 
kydrocarbons and 5-7 ppm in the other solvents (these values were controlled by 
Kar! Fischer titration periodically d&n g the whore cycle of LC rneasrrrements.). To 
msure a cor?s’mt Iow water concentration in the mobile phase, a pre-cofumn (volume 
L%. I7 ml) packed with well-=, --t&ted mokm~lar sieves 3-4 and 5% was used. 

The purpose of the americd czh.~lations was to examine the correlatioil 
between sdsorption fati ob’tined by C-f: and LC. The experimental retention data 
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were measured for the following systems by GC: 
(a) n-heptane on siiica gei at 99.5” 
fib) benzene on sifica gel 2t 99.5’ 

by IX: 
(~3) benzene from n-hepfane on silica gel at 30’ 
(e) I,Zdicfiloroethane from n-heptae on s&a ge1 at 30”. 
The experimentif functions V,. KS. pr for the GC systems (a, b and c) are pre- 

sented irk Fig. I ; Fig. 2 shows the experimental functions r/, VS. c, for the LC systems 
d and e. The experimental results from Figs. I and 2 were approximated by using the 

t ‘e 
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Fi‘= J_ !. Experimental function &(pl) measured by GC at 99.5’. @-@, k’\@{) values obtained by 
using tke epproximetion in eqn. W for system a; a--_8 sod C-0. u2lues for systems b 2nd c, 

respe&veIy. Circks denote the espen‘mentaf v~&~es of retention uoiume. 



where L is the number of experimental paints. The degrees af the palynomi&s (HZ) 
2nd the Sums of the square deviations for the best srpprotiation (S,) are presented 
in TabIe I. 

-FABLE I 

DEWi4TX3NS FOR 

F&s_ 3 a& 4 present tie adsorption i so&erms calcukted Sy means of the ex- 
perTmental data from F&s. t and 2$ and according to the we&known equation”-“: 

In Fig. 3, the adsorption isotherms for the systems a, b and c zre shown; Fig. 4 presents 
the isotherms for the systems d zmd e. Fig. 3 shows that the highest adsorpticlo is ob- 
t&ted with i,2-dichbrceth~e; that for benzene is lower, and for n-heptane is least_ 
FQF fz-beptane, the adsorption Isotherm ob’kned was of the third Qpe. Thus, the inter- 
actions of tie 1,2dksfi2orcethzne and be-zxzene m&zcules are much strongz t&n those 

of n-he?xzne mofe~uks. From Fig. 3, it foIEov.s thaf in LC, we should observe hi&er 
zdsor&on of ! ,2-dichloroethane from rr-hegmne in comparison with that of benzene 
from n-hep%ne. This effect can be seen in Fi. 4. 

Using the b&-f% coefficients AL. we czkulated the enerm-distribution func- 
tiions. First, the ener@T-distribution function for GC systems were evaluated according 
to eqn. 23 (see Fig. 5). The csm~mts Kivere determined accordins to QJ the relation- 
ship proposed by H&son (see refs. 11 uld 20). The results indic&ed +&hat the surface 
of sifica gei e&ibifs t&e seatest hekzo~enei~ rowzrds LZ2-dichIorae&zue mokcul~, 
less heierggeneity towards benzene [the fkctiions _&&) show t&e ~axi_maf, and 
thz foist bete:rogene?q= t~~+sr& n-treptxxe nokzufes [the function x@.~) sfrows one 
rntim~ on&j_ ?%e v&es of ~~SGF@XI energies, and their ranges, zre very SitTdar 
for the adsorptiion of t,2-dicfrioroer&ne and benzene, but the vaEues fDr tie adsorp- 
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i 

f 

i 

&&orbate pressure. pl. id fatId 

cording to eqn. 26. 

Fig. 3. Adsorption isotherms calcuhted from GC retsntion data. @-@, Adsorption isotherms 
I.??&) ulcuIated by using eqns. 26 zad 24 for system a; 0-B and O-0, values for systems b and 
c, respectively. Circles denote t&e points obtined by integrating the ex&enti curves v&a ac- 
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Ackcn:~on ezeqy (kc@1 /mole) 

Fig. 5. Energy-htibution functions x(Q;,,) czhhted from eqn. 23 by using GC &e&on &L 
I x(&> for systerrr a; --- and - - -, values for systeirs k zm.3 c, respectk~elg. 

rim of n-hepk-me 2re much lower in relation to that of i,%dicMoroe'&2ne 2nd ben- 

zene (the diEerences in minimum adsorptiorl ener@es are about 1.6 kcal/moIe). 
The distiburion functions fi&> for LC systems are presented in Fig. 6. In 

this case, the valere for K was assumed to be 1.0 (this Epprotimation has beeen used by 
several workers z7-35j The distri’ontion functions in Fl,o. 6 show one maimurn, and _ 
their minimum differences in adsorgion energies 8re about 2.2 kcaI/moIe. These 
values are simiIzz to the differences in adsorption energies cz&zuIated fro&m GC data 
(see Fig. 5). From in compatison of distribution functions calculated by using the GC 
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and LC data, it follows that, for LC (i.c_, Iiquid adsorption), the surface of the ad- 
iorbent shows less heterogeneity in relation to the adsorb& mofecuIes_ 

The esperimentai data presented for GC and LC were measured at two dif- 
ferent tempeizxtures; from these studies, it follows that the influence of temperature 
on the results for adsorption ener_q is somewhat toti’-“. Therefore, our calcukxtions 
chiefly concert, the energetic efTects of adsorption from gases and Liquids. 

It can be conckded that the data for GC systems give valuable information 
conce~aing adsorption isotherms and heterogeneity efkcts as regards analogous sys- 

hems 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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