
Pure & Appl. Chern., Vol. 65, No. 10, pp. 2257-2264,1993. 
Printed in Great Britain. 
@ 1993 IUPAC 

Chromatographic and molecular statistical studies 
of structural and energy characteristics of surface 
micropores of silicates and silica adsorbents 

Yu.1. Taraaevich, S . V .  Bondsrenko, 4.1. Zhukova, 
A.V. Nazarenko and E.V. llkgenenko 

Inetitute of Colloid Chemiatrg and ChemistrJr of Water, 
42 V e r n a d s l p .  Avenue, Kiev 252680, Ukraine 

Abstract - A comprehensive approach to the investigation 
of structural and adsorption-selective characteristics 
of surface-porous silicates end silica adsorbents is 
developed, combining the chrometogrephic measurements 
and molecular statistical calculations involving the 
model pore structure and the detailed molecule-surface 
interaction potential. The method is capable to describe 
the non-specific and weak specific adsorption on micro- 
porous surface and can be applied to the wide class of 
microporous adsorbents. 

INTRODUCTION 

Recent adsorption-structural and chromatogrephic studies had strongly 
indicated that surface micropores of disperse substances play much 
more significant role in the processes of adsorption and chromato- 
graphic aeperation than it was often supposed before. One can consider 
as an example the data presented in Table 1 ,  where the adsorption- 
chromatographic characteristics of oreano-substituted layer silicates 
with rigid (kaolinitel and swelling (montmorillonite) structural cells 
with respect to the hexane and benzene are compared to one another 
(ref. 1 1 .  The increase of the amount of presorbed long-chain modifier 
in the case of kaolinite leads to usual consequences: both the Henry 
oonstant and the heat of adsorption decrease, which can be ascribed to 
the increase of the degree of the kaolinite surface coverage with the 
modifyins layer. 

TABLE 1. Henry constants ( K , )  and differential heats of adsorption 
(Q,) , hydrocarbone adsorbed on or~anoaubstituted clays at 130 OC. 

Adsorbent Amount of Rexane Benzene 
presorbed - - 
modifier 
(me-equ/s 1 Q8 93 

(pml (kJ/mol) (pn) (kJ/mol) 

Kaol in1 te 0.27 0.09 30.4 0.22 42.3 
(non-swelling) 0.50 - - 0.20 38.1 

Montmorlllonite 1 . O l  0.95 23.4 3.44 31.1 
(swelling) 1.60 1.19 25.5 5.17 30.3 
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On the cont-, the organo-substituted montmorillonite shows the 
significant increase of the retention volumes and calculated H e n r y  
oonetant when the modifloation degree Increases, with the heat of 
adsorption remaining virtually unohanged (Table 1 1 .  We had shown 
(ref. 2 )  that this behaviour is to be ascribed to the preferential 
adsorption of the hydrocarbon molecules in long mioroporea forming on 
the side aurfaoe of the mineral crgatallitea d.ur* the modification 
of swelling layer silicates. 

POROUS SIDE SURFACE OF SWELLING SILICATE: NON-SPECIFIC SORPTION 

The results of the structural studles had shown (ref. 3) that in the 
process of the substitution of metal cations which connect separate 
leyera of the montmorillonite, with the Org8nIC alkylemnonia cations, 
the separation between the alumosilicate leyers increases due to the 
formetion of modifier mono- or polylayera In the interleyer gaps. The 
amount of presorbed modifier for the con+dered adsorbent is suf- 
fioient for each successive block (the alumoailicate leyer covered 
with modifier monolayer) of such 'multiaandwich' structure to be 
separated from its nelghbour by an extra monoleyer of organic cations, 
that is, the interleyer gap is thrice as wide as the 81-1 chain width 
is. Shple strwtural considerations (ref. 4) show that the inter- 
mediate aubmonoleyer is to be more deficient than the monoleyers 
adjaoent to the silicate layers, with this monolayer defects 
concentrating at its boundaries on the microcrystallite surface, thus 
folrmlng on this surface a system of long parallel mioroporee. The free 
cross-section width of the micropores openings is equal to the width 

is limited by the oharaoteristic miorocrystallite size. The silicate 
leyer thichese (0.94 nm) and the width of the elel chain tripled 
amount to the total period (2.2 nm) of such porous structure. 

Of an 61-1 chain (0.44 - 0.46 nm),  and the length Of the micropore8 

The introduction of micharged large-size Cs+ cations into the ex- 
change oomplex of the montmorillonite enables one to Increase 
sipplificantly the contribution of the cryatallites side faces Into the 
total amount of the mineral external surface (ref. 51, which in turn 
leads to the enhance of adsorption-segsretion properties of the 
result- adsorbents. We developed the technology of the preparation 
of selective chromatographic adsorbent based on successive sub- 
stitution of the montmorillonite exchange complex by the sodium, 
cesium and cetylpJrrid3nium cations. This adsorbent had shown hlgh 
selectivity with respect to the chromatographic separation of isomeric 
81-1-, alkylchlor-, and chlorsubatituted benzenes (Fie. 1 )  and in the 
chromatographic analysis of the multicomponent mixture of the isomers 
and homolo(ts of hydrocarbons and chlorated hydrocarbons present as the 
Impurities in the technical 1.2-dichlorethane (ref. 6 ) .  

To support the considerations about the porous surface struoture 
presented above we had calculated the molecular-statistical estimete 
of the mean micropore depth us- the method developed earlier 
(ref. 7) for the calculations of the thennodynamic functions of the 
adsorption of moleoules on the periodically Inhomogeneous surfaces in 
the H e n r y  2~810n. The appropriate softwwe was described eleewhere 
(refs. 7 . 8 ) .  The adsorbent surface was represented as the combinetion 
of elemental fregments of atomic sheets and blocks with the number 
atomic densities and charge densities oonsidered to be homogeneously 
distributed within, which made it possible to calculate the adsorption 
potential to within the needed accuracy by the integration of 
appropriate expressions for atom-atom potentials over the sheet or 
block fragments and subsequent suannetlon of the different fragments 
contributions. The sgnnnetry of the model adsorbent surface enabled us 
to calculate the thermodynemic functions in the course of the 
integration through two spatial and three angular variables describlng 
the position of the adsorbed molecule with respect to the surface. 
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Plg.  1. Chromatomam of technical 1.4-dichlorbenzene (GI and detected 
organic impurities: 1,2.3-trichlorbenzene (A). tetradecane (B), 
1.2.4-triohlorbenzene (C). 1,2-diohlorbenzene (D), 1,3,5-trichlor- 
benzene (El. 1.3-dichlorbenzene (F), 4-ohlortoluene (HI and ohlor- 
benzene (I) on the adsorbent containing 7% Cesium cetylpyridlnium 
montmorillonite, 3% dinonylphtalate: support - Chromatone N-AW-DMCS. 

The microscopic adsorbent model was considered in details elsewhere 
(ref. 4 ) :  here we present the brief discussion of the experimental 
results, theoretical oalculations and estimates eunrnerieed In Table 2. 
The software package (refe. 8.9) was used to oaloulate the t h e m -  
dynemic characteristics of the adsorption of hexane on the basal (non- 
porous) modified montmorillonite surface: then from the experimental 
values. cormon thermodynamic relations, and structural data (ref. 10) 
ehowlng that total baaal aurfaoe is equal approximately to the total 
side surfaoe, it was straightforward to estimate the themodynemic 
funotions values cheraoteristic to the side (rnicroporoua) adaorbent 
surf ace. 

T A B U  2. Experimental. caloulated and estimated values of H e m  
constant K and differential heat of adsorption Q for h e n  adeorbed 
on montmorhlonite modified by cetylpyridlnium (055 mol/kg) at 120 OC. 

Parameters evaluation method and conditions K1 (pm) Qa (kJ/mol) 
- 

Brperiment 0.60 36.4 
Calculation for basal (non-porous) surfaoe 0.12 29.7 
Estimate for side surface 1.1 37.2 
Calculation for side surface: 

Po- depth = 0 nm 
Pore depth = 0.4 nm 
Pore depth = 0.55 nm 
Pore b p t h  = 0.7 nm 

0.132 30.0 
0,027 29.5 
0.275 41 .l 
5.053 75.1 

Next we performed the series of the calculations of the thermodynemic 
funotions of adsorption on model mioroporous surface with different 
values of mean pore depth. Comparing the calculated values with the 
estlmated ones it oan be seen that the K1 1. 1.1 pm value - corresponds 
to the mean pore depth of the order of 0.6 nm, while the Qa matohing 
req-8 a sllghtly less depth value of 0.5 nm. An independent 
estimation ( re f .  4) of the mean pore depth based on the comparison of 
the specific surface values with respect to the h e m e  for the non- 
modified and alkylpyfidinium-modified montmorillonite (ref. 1 1 )  leade 
to the pore depth value of the order of 1 nm being in good correspon- 
dence with the molecular-statistical estimete above. 
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Thus the molecular-statistical calculation based on the specified 
microscopic model of the side surface of swellfng layered silicate 

quite satisfactory agreement with the experimental data, supporting 
the reliabilitp of the model essumptions concerning the surface 
structure of modified layer silicates. 

With 0- adjustable parameter O n l y  - the man PO- depth, lead8 to 8 

ADSORPTION IN LONG MICROPORES: POLARIZATION INTERACTION 

Much more wide I s  however the class of the 8dsOrbentS for which the 
adeorbed molecules Interact directly with the inorganic mineral 
surface. In this case the account for the dispersion attraction and 
short-range atom-atom repulsion would not suffice, and the 
polarization interaction I s  expected to play a major role. The cor- 

statistical Interpretation of the experimental data (ref. 5 )  for the 
thermo&mamic charecteristics of adsorption of n-hexane on the 
microporous surface of the palygorskite dehydrated at 120 OC. 

The structure of the ribbon-layered silicate, the palygorakite, is 
built of stsgeered blocks. The block is formed by two networks of 
silicone-oxygen tetrahedra, connected by the octahedral network 
contalnln(t hydroxyle groups and coordinately llnked water molecules 
(ref. 12) .  Thus the chessboerd-like cross-section of the crystal 
oontains the blocks and channels. with the channel CrySt8llOgrephlC 

0.90 x 0.65 nm, corresponding to the free section of 0.6A x 0.37 nm. 
These channels ere too small for the linear hydrocarbon molecules to 
penetrate into, and the adsorption takes place preferentially on the 
external mineral particle surface (ref. 131. 

This external surface can be considered as formed bp the destruction 
of the crystal aloa the edges of the ribbons, 1.e. the break- of 
the weak edge 81-041 bonds with subsequent saturation of the released 
valenoe bonds b7 the protons. The resulting surface possesses the 
repeating microporous relief, with the surface microporee 
oharecterized by the width of 0.70 ntn (the CrySt8llOgF~phlC channel 
width without doubled OH-bond length) and the depth of 0.65 nm. The 
adsorbate molecules contact directly with the silicate surfacel and 
for the system considered the polarization contribution Into the total 
potential energy value carurot be neglected, this contribution be- 
OFeated bp the eleOtroSt8tiC field of the adsorbent SWf8Ce resulting 
from the distribution of charges, in particular, from the polar BiOH 
groups located on the micropore edges, and from the water molecules 
linked with coordinetely unsaturated hfg+ cations - at the pore walls. 
1% mskee 110 Special biffiCUlti88 to FncOrpOr8te the pOlariZ8tiOn 
Interaction into the calculation scheme described above 88 the cor- 
respondinpC contribution Into the adsorption potential which depends on 
the electrostatlo field created by the surface atomic charees* and on 
the p O l ~ l ~ ~ b l l l t l ~ S  of the adsorbate atomic species can be C8lCul83ted 
bp SumPstIon over the oontributiona of the lattice frwents. 

calculations were performed. Two cells were considered, with and 
without an isomorphio substitution A1 + Si In the basal tetrahedral 
layer, the oompensatlng Na+ ion be- Introduced in the substituted 
0811. The average values of charges used for the molecular-statistical 
C810ulatiOYA8 were 0bta-d 8 S S W h &  the% the relative percent- Of 
both types of cells In the lattice is 1:7 (ref. 1 4 ) .  !J!he aver- 
ohar8es were -0.61 e for the oxygen ions In the tetrahedra, +1.40 e 
for the 31+ and A1+ Ions In the tetrahedral coorbinatlon, +0.25 e for 
the H 10- compensating the broken bonds on the edses, and -0.25 e for 
the Intralayer hydroxile groups. The compensating Na+ ion charge was 

X'9SPOnu 8ppm8Ch Will be demonstrated the mOleCular- 

d i m e n e i O n S  for the palygorskite dehydrated 8% 120 OC be- eqll81 to 

TO determine the ChergeS Of lattice 10- the qWt~tn-Ch9miC81 m 0  
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found to be +0.50 8 ,  thus the average compensating ion oharge per unit 
cell was taken equal to +0.06 e. The atomlo oharges of the bonded 
water molecule were set equal to those of the free water molecule. the 
average charge for the ions in the octahedral ooordincrtion W S ~  found 
from the electroneutrality requirement. 

Table 3 summarieea both the experimental data (ref. 5 )  and our 
theoretical estimates of the adsorption heat. It is seen that the 
polarization interaction oontributes significantly to the total value, 
oardinally improving the -ement between the observed and oalculated 
oharaoteristic. The two values shown in the table for the polarization 
interaotion differ in that the more accurate one was obtained in the 
approximetion where the charge distribution in the Immediate vicinity 
of the pore was accounted for us- the homogeneously charged atomic 
ZCnes. while that giving a slightly worse value involved the 
homogeneously oharged atomic eheete approximetion. Thus 88 the thenno- 
dynemic characteristios obtained depend significantly on the presence 
of the polarization interaction component, being Insensitive enough to 
the detailed profile of the adsorption potential, one mey conclude 
that a good agreement observed between the calculated and meesu-ed 
values is not aocidental and presents a strong evidence supporting the 
correctness of the model used. 

TABU 3. Differential heat of adsorption (kJ/mol) of n-hexane on 
palygorskite surface at 400 K. 

Polarization interaotion excluded 48.0 
Polarization interaction included: atomic sheets 88.3 

atomic lines and sheets 83.6 

Experiment 78 

Here again the molecular-statistical method based on the miorosoopic 
model of the microporous adsorbent leads to a rather satisfaotorg 
agreement with the experiment provided the essential intereotions of 
adsorbed molecule with the adsorbent swface, inclucllng the 
polarization and dispersion attraction and short-range atom-atom 
repulsion, were taken into aocount. 

ORGANOSILICONE MODIFIER OF DISPERSE SILICA: PORE SELECTIVITY 

We developed also the methods of the preparation of hi(gh-quality 
ohromatographio supports based on disperse silica and organoailicone 
modifiers. The fact that these supports proved to be efficient for the 
separation of the mixtures of C,,-C,, alcohols (Pie. 2 )  and the data 
presented in Table 4 showing the sharp deorease of the speoific heats 
of wetting Q and an inorease of the water molecular area % for the 
modified support 88 oompaxed to the initial one, indioate 2' that the 
surfaoe of prepared supports is highly deactivated. 

TABU 4. Physico-ohemical oharaoteristios of initial and polymethyl- 
hydridesilicone-modified silica. 

Silioa s.-. W,.. a Thenno- 

I 44.0 0.133 0,185 0.350 0.208 250 - 
V 31 .O 0.101 0.104 0.017 3.04 36 300 
T 120.0 0.126 0.140 0.022 9-90 22 600 

a I = initial, V = vacuummation, T = thermooxidation. 
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Fie. 2. Chromatogram of mixture of alcohols on the column contalning 
5% silicone rubber and diatomite support modified by polyethyl- 
hydridesilicone. 

An important performMoe obaraoteriatio of the eupporta, the thermal 
stability, was further improved us- the thermooxidation of the 
modify- layer at 300 - 350 OC. The splitting out of the organio 
radioala made it possible to increase signifioantly the degree of 
'sewing together' the chemisorbed olywmer moleoules, leading to the 
decrease of the adsorption activity of the modifled support, aa the 
residual hydrophilio oentera on its surfaoe beoeme virtually blooked 
off (Table 4 data show the deoreaee of the q and the increase of the W 
values f o r  the thermooxidated sample a8 oompared to the one modified 
without the thennooxidation). The thermooxidation of the modified 
leyer provides also the aherp Increaae of the thermal atability of the 
prodwt due to the bonding of the silioone atom with three oxygen 
atoms. However it I s  seen from Table 4 that both the specifio surface 
of the thermooxidated sample with respect to the argon and its 
adsorption oapaoity with respeot to the benzene Inoreese 
significantly, Indicating that surface micropores are fonned in the 
modifyins layer. 

graphlo version of the moleoular probing method, baaed on the 
comparative analysis of the thermodynamic characteristios of 
adsorption for the molecules with known aize incapable to Interact 
apeoifioally with the atom located on the adsorbent surfaoe. The 
erperimental reeulte cwe snmnnrized In Table 5: it is seen that the 
retention volume of the teo-ootene deopaaea aignifioantly with 
mapeot to that of the n-heptane while the Qa values are close to each 
other. At the same time for the adsorption on the or8anosubatituted 
layer silioates and on the macroporoua sil ioates these characteriatios 
remain virtually the same. It enabled ua to oonolude that the 
efieotive diameter of surfaoe mloropores in the thermooxidated sorbent 
mstohea the equilibrium oroes-eeotion of the Cso-ootane molecule (0.70 - 0.75 nm). 
To study the seleotive properties of the mioroporoua adsorbent with 
respect to the hydrocarbons the software package w a s  developed 
Implementins a version of the moleoular mechanics method, the 
optimization of the total energ3r represented as the sum of pure 
electrostatic interaction, the dlspersion and polarization attraction, 
and short-range atom-atom repulsion with respect to the position and 
orientation of the molecule near the adsorbing surface fregment. In 
the optimization run the profile of the potential well was determined, 

TO determine the aize Of eurfaoe mIOropOre8 we used the 8aS o h m t o -  
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thus enablhg one to calculate the thennodynemic functions of 

characteristics of adsorption of linear alkanes and Ceo-8lLenes on 
8dsOrptIOn In the H e w  region. US- this p8Ckege the themdynemi0 

model Q U S i h o m o g e n e O U 8  SiliC8te Surface and model SWfaCe &Cropore 
W e r e  CalCulated. 

T A B U  5. Adsorption of hydrooarbons and CC1, on surfaoe-porous 
diatomite adsorbent at 130 OC. 

Adsorbate Moleoule Retention Heat of Heat Of 
cross- volume adsorption 8deOr~tIOn 

n-pen t ane 
n - h e m e  
n-hep t ane 
n-octane 

1 6.4 
1 9.6 
1 3.1 

0.43 - 0.49 3.2 39.6 
- " -  6.0 46.0 
- " -  15.7 55.6 
- " -  32.5 58.7 

c 80 - h e m 9  0.56 
(2-methylpentanel 

4.0 45.7 

C80-0Ctan9 0.70 7.7 54.4 
( 2 2 A- t rime thyl- 

pentane 1 
cc1, 0.60 - 0.65 6.9 46.0 

For the model surface micropore the f8uJ8~ite Crgstal structure 
element was adopted, the Inoomplete type I ldhedron, or the topped 

seotion of about 0.85 nm waa aupposed to model the surface stnroture 
formed In the process of the thennooxidation of the silica surface 
modified bp polymethylhydridesilicone. The q ~ i h o ~ g e n e o u s  Surface 
wee modelled by the strwture formed by doubled 6-membered oxygen 
rines packed onto the plane eurfaoe. The values of the microscopic 
paremeters necessary for the polarization energy calculations (the 
molecules and surface fragments ionization potentials and atom10 
ohargee) w e r e  obtained from the MNDO q~~it~m-OhemICal oalculations. 

TAB- 6. Adsorption of hydrocarbons at A 0 0  K on model qusslhomogeneous 
silica surface E d  In model surface micropore: b the dimensionless 
H e m  oonstant* Qa (kJ/mol) the differential heat of adsorption. 

Octahedron (ref. 15). This pore p O S S e S 8 ~  the CfJret8llOgrephiO O m 8 8 -  

Adsorbate Quasihomogeneous surface Surface micropore - - 
Qa In(&) Qa In(&) 

n-butane -2.11 20.7 -0.90 57.1 
C 80-butane -2.17 27.2 -1 .O l  53.4 
n-pen t ane 
Ceo-pentane 
neo-pentane 

-0 38 48.0 
-0.50 45.6 
-0.93 41.3 

n - h e m e  1.12 57.9 
(2*3)-bimethylbutane 0.82 55.2 

1.92 63.6 
0.51 66.2 
2.19 68.7 

1.36 63.7 
2 .71 66.9 

o yo lohexane -0.51 44.9 3.93 69.0 

The results sumnarized In Table 6 show that the method developed is 
capable to describe the eelective properties of surface micropores 
with respect to the hydrocarbons adsorption. It I s  seen that on model 
homogeneous surface the adsorption obeys usual rules: the Increase of 
the alkyl c h a w  length leads to the monotonous Increase of the H e w  
constants and the heats of 8dsOFptIOn. In the model micropore the 
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adsorption is In fact determined by the correspondence between the 
Van-der-Waalsian sizes of the molecule and the micropore: for the 
optimel matchin# of the pore by the pentane molecule the peak the 
adsorption ch8racteristics is reached, and with further InCreaSe of 
the alwl chain length these oheracteristics decrease. me cyclohexane 
molecule also matches our model micropore extremely fine, which 
result8 calculated V8l-S Of the 8dsOrptIOn Cher8CterlStlCS. 

The results Of the C8lCulatiOYlS BFB In qLl8litatiVe agreement with the 

of 

experimental data for the thennodynamic characteristics of normel and 
Ceo-alkanes adsorption on surface-porous adsorbents synthesized on the 
basis of silicas and perlites. This leads one to the oonclueion that 

adsorbents surface structure and adsorption properties is non- 
oontradictorg and can be developed further to stue the behaviour of 
these systems in more details. In particular, the preliminary 

including other zeolite framework elements, 6.g. distorted Incomplete 
26hedra and l8hedra (ref.15) indicate that it is possible to reproduce 
more accurately the selectivity cheracteristics of the hydrocarbone 
adsorption on such surfaces. 

the moleClAlar-8t8tiStiC81 model approach to the description Of the 

C8lCul8tiOZlS We made for mOFB realistic Surface micropore8 StructUI'68 

CONCLUSIONS 

The results presented here strengthen the view that the combinetion of 
the Chromatographi0 and m0l~Cular StatiSth81 methods pZWVideS 8 
powerful tool for the investigation of structural and adsorption- 

8dsOrbentB. 
SeleCtiVe Cher8CteFistiCS O f  SUI'f8Ce-pOZ%us 8iliC8teS and Silica 
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