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Abstract. The paper discusses the changes in sorption properties and porosity of Na-,
Zn-, Al-, Cr- and Sn- forms of montmorillonite and their acid-activation products. A sub-
stantial increase in pore volume has been noted, especially in the range of micro- and meso-
pores. Most pronoucned changes occur in sodium montmorillonite. The change in porosity is
peralleled by the marked increase in argon sorption on acid-activated samples. In acid-activa-
tion products, a considerable decrease in sorption can be observed, due to the removal of OH~
groups and exchangeable cations from the interlayer spaces of montmorillonite.

INTRODUCTION

The sorption properties of clay minerals depend on the chemical nature of their
surface, i.e. on the concentration of sorption polar centres at the surfaces accessible
to adsorbates. The chemical nature of surface affects the sorption properties of these
minerals with respect to vapours of both polar and nonpolar substances. In this
case, the essential factors are the electrostatic interaction between the adsorbate
molecules and the montmorillonite surface centres and the hydration of exchangeable
cations. Another important factor is the geometry of the system montmorillonite —
kinetic diameter of adsorbate molecules. In the case of adsorption of small mole-
cules of chemical compounds, the well developed microporous structure is of prime
importance. When larger molecules are adsorbed, the system of mesopores plays
a significant role in the process.

The changes in the sorption properties of montmorillonite during acid modi-
fication of its porous structure were noticed by Crepaz et al. (1966), Nowak and
Gregor (1969) and Fijat et al. (1975). These authors studied the changes in specific
surface areas determined from argon, water and methyl alcohol sorption, occurring
in the process of acid activation of montmorillonite in response to the change in the
chemical character of its surface. It was also found that the time of acid activation
of montmorillonite had an effect on its oil-decolourizing ability. Studying the effect
of acid activation time (at acid boiling point), Nowak and Gregor (1969) noticed
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that the greatest increase in surface area took place. in initial periods of time.
This increase was accounted for by partial degradation of the octahedral sllget
caused by the removal of Mg®* and Fe“‘ ions. The present authors (Fijat
et al. 1975) carried out investigations of sorption of polar (water, mqthyl a!cohpl)
and nonpolar (argon, n-hexane) substances on the products of acid activation
as a function of time and noticed that there were two maxima of sorption
properties with respect to argon and n-hexane, corresponding to 3- and 10-hour
activation. These changes were attributed to the change in morphology of
acid activation products. Nowak (1973) studied changes in the morphology of
acid-activated montmorillonite and found that at the initial stage of activation the
volume of pores of a radius of 4.8—6 A increased and did not change up to 24 hours
of activation. He also noticed similar changes for pores of a radius of 6—15 ‘A.
The volume of pores of a radius greater than 30 A increased progressively during
S-hour activation and then decreased again. It was also found that the degree of
changes in specific surface areas versus activation time depended on the provenance
of montmorillonite.

EXPERIMENTAL

The aim of this paper was to determine the effect of interlayer cations on the
sorption properties and porosity of some cationic forms of montmorillonite and their
corresponding acid-activation products.

Activation was carried out with 209, hydrochloric acid solution at 373 K for
4 hours. Montmorillonite was separated by sedimentation from bentonite of the
Chmielnik deposit and converted into sodium form with 1 n NaCl solution. Then
Zn**, A**, Cr3" and Sn?" cations were substituted for sodium cations, using
respective 1 n chloride solutions. The ratio of sediment to solution was assumed
to be 1:20.

Isotherms for water vapour adsorption were obtained at 293 K using microrbu-
rettes for liquids (Lason, Zyta 1963). Argon adsorption isotherms were determined
at 77.5 K with sorption manostats (Ciembroniewicz, Lasofi 1972). Pore measure-
ments were made with a Carlo-Erba porosimeter.

RESULTS

Adsorption studies

~ Adsorption and porosimetric studies were carried out on sodium, zinc, alumi-
nium and chromium forms of montmorillonite and the corresponding acid-acti-
vation products. Figures 1, 2, 3 and 4 present isotherms obtained for water vapour
and argon sorption and desorption on sodium and zinc montmorillonites and the cor-
responding acid-activated forms.

Using the BET equation, a,, values and specific surface areas S were calculated
for all samples from the parts of isotherms corresponding to pressures p/p, = 0.05—
—0.35. These parameters were treated as indices of sorption changes, and the re-
spective values for untreated montmorillonite samples are given in Tat;le 1.

Specific surface areas determined from water vapour sorption are several times
greater than argon surface areas, which is due to specific sorption of water vapour
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Fig. 2. Isotherms obtained for water vapour adsorption and desorption
a — untreated montmorillonite, b — acid-activated sample

Fig. 1. Isotherms obtaipcd for water vapour adsorption and desorption
on sodium montmorillonite at 298.2 K
@ — untreated montmorillonite, b — acid-activated sample



Fig. 3. Isotherms obtained for argon adsorp-
tion and desorption on sodium montmoril-
lonite at 77.2 K
a — untreated montmorillonite, b6 — acid-acti~ vated

sample

molecules on the polar centres of montmorillonite. Argon atoms do not react with
these centres and also show limited ability to penetrate into the interlayer spaces
of montmorillonite. It is interesting to note that the argon surface areas of mont-
morillonite with trivalent cations are markedly larger than those of montmorillonite
with bivalent cations. A similar relationship was noted for montmorillonite with
uni- and bivalent cations (Zyta 1972). It appears therefore that the interlayer cations
have a significant effect on the morphology of montmorillonite. The high value
for the specific surface area of Sn** montmorillonite is due to an addition of hy-
drochloric acid which has been introduced to reverse SnCl, hydrolysis in the process
of substitution of Sn?* for sodium cations.

Data on the ratio of a,, (water) to argon surface areas are listed in column 5 of
Table 1. They may be treated as indices of the amount of montmorillonite sorption
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Table 1
Sorptive properties of montmorillonite
Water Argon S

Adsorbent o s i S ‘;:"_"2" S"2°

mmol/g mz/g mmol/g mz/g argon argon

Initial bentonite 4.23 267.5 0.38 73 0.113 7.14
Montmorillonite-Na* 4.67 295.2 0.56 56.9 0.082 5.02
Montmorillonite-Zn?* 4.91 310.4 0.57 STl 0.085 5.38
Montmorillonite-Al®*+ 4.68 295.5 0.89 89.5 0.052 3.30
Montmorillonite-Cr3* 6.83 431.8 0.82 82.9 0.082 5.21
Montmorillonite-Sn? + 3.87 244.4 2] 222.7 0.017 1.09

polar centres per 1 m? of surface area. For most cationic forms of montmorillonite
these indices show little differentiation, with the exception of chromium form for
which specific surface area determined from argon sorption is large.

Sorption data for the cationic forms of montmorillonite subjected to acid acti-
vation are listed in Table 2.

From Tables 1 and 2 it is evident that specific surface areas determined from
argon sorption increase markedly while sorptive capacity with respect to water
vapour decreases for all the cationic forms of montmorillonite under study. These
changes are paralleled by variations in the a,, H,0/S,,,., ratio, which is 3—7 times
less for acid-activated forms than for untreated montmorillonite.

Worth noting is the shape of absolute isotherms obtained for water vapour
sorption on untreated Na- and Zn-montmorillonite and the corresponding acid-
-activated forms (Figs. 5a and 5b). These isotherms determine variations in the amount
of water molecules per 1 m? of argon surface area over the whole range of relative
pressures. The lowering of absolute isotherms for acid-activated montmorillonites
is due to the marked increase in argon areas at the simultaneous decrease in the amount
of sorbed water vapour.

The decrease in water vapour sorption on acid-activated montmorillonites is
caused by the replacement of exchangeable cations by H;O* ions (Fijat et al. 1976)
and the removal of AI’*, Mg?* and Fe?" ions from the octahedral sheet, attended
by its disappearance. The resulting amorphous Si—O form is highly ag:cessible to
argon atoms. It may be inferred therefore that the porous structure of acid-activated
montmorillonite has changed.

Table 2
Sorptive properties of various cationic forms of montmorillonite after acid activation
Water Argon
Amu,0 Suzo
Adsorbent an S (o S THe e
2 2 argon argon
mmol/g m?/g mmol/g m?/g
Na-mont. act. 3.04 192.3 2.47 249.9 0.012 0.77
Zn-mont. act. 257 162.5 2:29 231.9 0.011 0.70
Al-mont. act. 3.24 205.0 2:35 237.9 0.014 0.86
Cr-mont. act. 6.35 401.1 4.38 442.8 0.014 0.90
Sn-mont. act. 4.19 264.9 1.66 168.2 0.025 157
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To determine the microporosity of montmorillonite in the process of acid acti-
vation, adsorption measurements were made in the range of very low argon vapour
pressures. The isotherms obtained were used to estimate the total volume of micro-
pores. The following equation of Dubinin’s theory developed on the basis of potential
adsorption theory of Polany was used:

lga =lga,~D(Igp,/p)*
where: @ — amount of adsorbed vapour (mmol/g),
D — constant characterizing the adsorbent-adsorbate system at given
temperature.

From the boundary value a, determined graphically from sorption data W,,
i.e. the volume of liquid adsorbate required to fill the micropore volume of 1 g of
adsorbent, was calculated. The W, values expressed in cm® of liquid argon, deter-
mined for the montmorillonite samples studied and their corresponding acid-acti-

Table 3
Micropores volume W, (cm?®/g - 10~-2) for various cationic forms of montmorillonite
Sampl Cationic form
Na* ZoAa | & U Crd+ Sn2+
non-activated 1.082 1.192 1.919 15708 Sl
activated 4.710 3.838 4.361 8.257 4.594
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vation products, are given in Table 3. As appears from the Table, acid activation
results in a 2.5-fold increase in W,, corresponding to the 2.5-fold increase in micro-
pore volume. Particularly wide differences have been noted for chromium montmo-
rillonite and the respective acid-activated form.

The changes in pore size of activated montmorillonites have been confirmed
by the pore volume distribution determined as a function of pore radius. According
to the capillary condensation theory (Zolcinska-Jezierska 1974), the adsorbate
condenses in capillaries at pressures lower than saturated vapour pressure, the more
readily the smaller the capillary radius. To calculate the capillary radius Kelvin’s
equation is used, relating the radius of concave spherical liquid meniscus with va-
pour pressure at equilibrium state

= 2Vo
5 RTInp,/p

where: rx — Kelvin capillary radius,
o — surface tension of liquid adsorbate,
V — molar volume of liquid adsorbate.

Basing on the above equation, the distribution of pore volume vs. capillary radius
was calculated from the desorption part of the argon sorption isotherm (Zdanov)
(Figs. 6, 7). The dominant pores in the structure of montmorillonite are mesopores
of radii ranging from 1.6 to 2.5 nm. Of untreated montmorillonite samples Al— and

AV | cm?
AR |nmg

80 L n

40

20815

5 10 B8R
40 | [am |
L BN 20 |
Fig. 6. Pore volume distribution
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Fig. 7. Pore volume distribution

AV [em® vs. effective radius for zinc mont-
5 AR [nm9 morillonite
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Na-forms show the greatest pore volume in this range and Zn-montmorillonite the
least. After acid activation the range of effective pore radius increases up to 2 nm
and so does the pore volume.

Porosimetric studies

The method used here is based on the behaviour of non-wetting liquids in capilla-
ries. A liquid may penetrate spontaneously into capillaries provided that the wetting
angle 0 is greater than IT/2. In most cases this angle is less than I1/2, and the liquid
penetrates into these pores only if definite pressure is exerted. The proper calculations
of porosity are based on the measurements of this pressure. There is a relationship

between the radius r of capillaries into which non-wetting liquid penetrates and the
pressure exerted on the liquid:

G
r=——cos0

where: 6 — wetting angle,
o — surface tension.
In porosimetric measurements mercury is usually used as a non

: N
for which ¢=4.8-10 1’; and 0 =2.47 rad. After substituting these values into the

formula, the preceding relationship can be restated in the form:

75000
r=

-wetting liquid,

; p
where: p — pressure in kg/cm,

r — pore radius in A.

52

03 | L

02

0.1

n L L " L

: :
5 10 20 50 100 200 400 1000 2500 [R [am]

Fig. 8. Total pore volume vs. pore radius for sodium montmorillonite
1 — untreated montmorillonite, 2 — acid-activated sample
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Fig. 9. Differential pore volume distribution vs. pore radius for sodium montmorillonite
a — untreated montmorillonite (lower figure), b — acid-activated sample (upper figure)
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Fig. 10. Differential pore volume distribution vs. pore radius for zinc montmorillonite

a — untreated montmorillonite (lower figure) b — acid-activated sample (upper figure)

The porosimeter used in the present studies permits one to follow the changes
in pore volume over the range of 5—7500 nm. The results are presented in the form
of integral and differential plots of pore volume vs. radius. From Fig. 8 it is evident
that the total pore volume of acid-activated samples is considerably greater than
the total pore volume of untreated sodium montmorillonite. The curves of total
pore volume vs. capillary radius obtained for other montmorillonite samples have
a similar shape.

Differential plots for untrated and acid-activated montmorillonites are presented
in Figures 9 and 10. As appears from the plots, there is a marked increase in pore
volume corresponding to a radius of 5—100 nm, i.e. in the range of mesopores.
These changes are more pronounced for sodium-form than for zinc-form of mont-
morillonite. The changes in pore volume have also been observed for pores of a ra-
dius of 100—1000 nm, i.e. in the range of macropores. The present studies were
carried out on powder preparations. The differential pore volume distribution was
limited to macropores of a maximum radius of about 100 nm.

Translated by Hanna Kisielewska
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WEASNOSCI SORPCYJNE I POROWATOSC
KILKU KATIONOWYCH ODMIAN MONTMORILLONITU
I PRODUKTOW ICH AKTYWACJI KWASOWEJ

Streszczenie

W pracy przedstawiono wyniki badan nad zmiang wlasno$ci sorpcyjnych i po-
rowato$ci probek montmorillonitu: sodowego, cynkowego, glinowego, chromowego
i cynawego oraz ich aktywatéw kwasowych. Stwierdzono wyrazny wzrost objetosci
poréw szczegblnie w obszarze mikro- i mezoporéw. Najwigksze zmiany zachodza
w przypadku montmorillonitu sodowego. Zmiana porowatosci rzutuje na kilka-
krotny wzrost sorpcji argonu probek poddanych procesowi aktywacji kwasowej.
W przypadku aktywatéw kwasowych obserwuje si¢ duzy spadek sorpeji czasteczek,
co spowodowane jest ubytkiem grup —OH i kationéw miedzypakietowej przestrzeni
montmorillonitu.

OBJASNIENIA FIGUR

Fig. 1.  Izotermy adsorpcji i desorpcji par wody wyznaczone w temp. 298,2 K na montmorillonicie
sodowym
a — montmorillonit wyjéciowy, b — aktywat kwasowy
Izotermy adsorpcji i desorpeji par wody wyznaczone w temp. 298, 2K na montmorillonicie
cynkowym
a — montmorillonit wyjsciowy, b — aktywat kwasowy
Fig. 3.  Izotermy adsorpcji i desorpcji par argonu wyznaczone w temp. 77,2 K na montmorillonicie
sodowym
a — montmorillonit wyj$ciowy, b — aktywat kwasowy
Fig. 4. Izotermy adsorpcji i desorpcji par argonu wyznaczone w temp. 77,2 K na montmorillonicie
cynkowym
a — montmorillonit wyjéciowy, b — aktywat kwasowy
Fig. 5a. Izotermy absolutne wody wyznaczone na montmorillonicie sodowym
1 — montmorillonit wyisciowy, 2 — aktywat kwasowy
Fig. 5b. Izotermy absolutne wody wyznaczone na montmorillonicie cynkowym
1 — montmorillonit wyjsciowy, 2 — aktywat kwasowy Y
Fig. 6. Rozklad objetosci poréw w funkeji promienia efektywnego wyznaczony dla montmoril-
lonitu sodowego
a — montmorillonit wyjéciowy (dolna figura), b — aktywat kwasowy (gérna figura) :
Fig. 7. Rozklad objetosci poréw w funkeji promienia efektywnego wyznaczony na montmoril-
lonicie cynkowym
a — montmorillonit wyjéciowy, (dolna figura), b — aktywat kwasowy (gérna figura) ik
Fig. 8. Sumaryczna objeto$¢ poréw w funkcji ich promienia wyznaczona na montmorillonicie
sodowym
1 — montmorillonit Wyjsciowy 2 — aktywat kwasowy sl
Fig. 9. Rozniczkowy rozklad objetosci porow w funkeji ich promienia wyznaczony dla mont-
morillonitu S0dowego
a — montmorillonit wyjsciowy (dolna figura), b — aktywat kwasowy (‘gén.\a figura)
Fig. 10. Rozniczkowy rozklad objetosei porow w funkeji ich promienia wyznaczony na mont-
morillonicie cynkowym
a — prébka wyjsciowa (dolna figura), b — aktywat kwasowy (gérna figura)
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Duavorcbema BOJOK, Anyw 3EHTKEBUY, Meuucaas WHJIIA

COPBLIMOHHBIE CBOMCTBA M IOPHUCTOCTb HECKOJIBKHX

KATHOHHBIX PA3HOBUIHOCTEN MOHTMOPUJIJIOHUTA
" IMPOAYKTOB MX KUCJOTHOM AKTHUBALIMA

Pe3srome

B paboTe IpeACTaBICHBl Pe3yJIbTAThI MCCIEI0BAHUN M3MEHEHUM COPOIMOHHbIX

CBOMCTB M HOPHCTOCTH OOPA3I0B HATPUEBOIO, LMHKOBOIO, AJFOMHHHEBOIO, XpoO-
MOBOTO ¥ OJIOBSITHHOTO MOHTMODPWJIIOHMTOB, a TaKXe MX KHCJIOTHBIX aKTHBATOB.
KOHCTATHPOBAHO SABHBII POCT 06BbeMa IIOP, B YACTHOCTH B 06JIACTH ME30- M MUKPO-
nop. Han6ob1nme H3MeHeH:SI HMEIOT MECTO B CTyJae HATPUEBOTO MOHTMOPMILIO-
HATa. VI3MEHeHHe IIOPHCTOCTH BBI3BIBAET HECKOJIBKOKPATHBIN POCT COPOLMH aproHa
06pa3IoB, MOABEPXKEHHBIX MIPOLECCY KHCIOTHOM aKTUBAlMM. B ciiyyae KMCIIOTHBIX
aKTHBAaTOB HaOMIoMaeTcss GOJBINOE YMEHBIIEHWEe COPOIMU YaCTHI, YTO BBI3BAHO
y6BITKOM rpymn —OH M KaTHOHOB MEXITAKETHOTO IPOCTPAHCTBA MOHTMOPHMILIO-
HHTA.
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. Anbdeperumansroe pacnpenesienre 06bema nop B

. [inddepertmansioe pacnpenenenne o6bema

OBBACHEHUS K OUTI'YPAM

. VIzoTepMer ancopbumu 1 ecopOuym mapoB BOABI, ONPENeIeHHbIE B TemmepaType 298,2 K

Ha HAaTPUEBOM MOHTMOPHIUIOHUTE
a — MCXOJHBI{ MOHTMODWJUIOHAT, b — KHCIIOTHBL akTHBAT

. VI30TepMer ancopbuvy | iecopOmy IapoB BOMIBI, ONpPeerieHHbIe B TeMnepaType 298,2 K

Ha IIMHKOBOM MOHTMOPHJUIOHHUTE
@ — WCXOJ/THBbIH MOHTMODWIIJIOHAT, b — KWCJIOTHSIA dKTHBAT

. VIzoTepmer afcopOumm 1 ecopOImu mapoB aproHa, onpeliesieHHble B Temnepatype 77,2 K

Ha HATPUEBOM MOHTMOPWIJIOHUTE
a — VWCXONHBI MOHTMODWUIOHAT, b — KHCJIOTHBIA aKTHBAT

- Vi3oTepmeI ancopOunn 1 recopbuum mapoB aprona, onpeeseHnble B Temuepatype 77,2 K

Ha IOMHKOBOM MOHTMOPMJUIOHHATE
a — WCXOAHBIT MOHTMODHUIOHWT, b — KUCIOTHBIA AKTHBAT

- AGCOJIIOTHEIC M30TePMBI BOJBI, ONMPEIECHHbIC HA HATPHEBOM MOHTMOPHIUIOHUTE

1 — ucxonmblit MOBETMODHUIIORUT, 2 — KHUCJIOTHBIA AKTHBAT

. AGCOMIOTHEIE M30TEPMBI BOJIBI, ONPEMIEICHHBIC HA LMHKOBOM MOHTMOPUILIOHUTE

] — MCXOUHEI MOHTMUPHIUIORUT. 2 — KHCIOTHBIA AKTHBAT

. Pacnpenenenue obsema mop B bynkmum shdeKTHBHOTO paaMyca, ONpeneseHHOE s

HAaTPHUEBOIO MOHTMOPHJUIOHUTA
4 — MCXOIHBI MOHTMOPWUIORHT (HuKHAA GUTrypa), b — KHUCIOTHBIA AKTABAT (Bepxmsia ¢urypa)

. Pacnpenenenne o6sema nmop B dyrkmmn 50 dEKTUBHOTO pajinyca, ONpeneieHHoe Ha UAH-

KOBOM MOHTMOPWJUIOHUTE

@ — VCXOIHBIH MOHTMOPHIUIONUT (BMAHAN bUrypa), b — KHCIOTHBLA aKTABAT (Bepxmssa durypa)

. CymmapHEIi 06BeM mop B GyHKIMH HX pajuyca, ONpeNe/ICHHBIA Ha HATPUEBOM MOHT-

MODPMIUIOHUTE

1 — UCXONHEIA MOHTMODMIIORHT, 2 — KHCOTHBIA AKTUBAT
byHKIME ¥X pamuyca, ompeneeHHOE
JJISL HATPHAEBOI O MOHTMOPWJIJIOHATA

@ — WCXOMHBII MOHIMODPPIUIOHAT (HUKHIA burypa), b — xucnoTHLIL akTviaT (BepxHss durypa)

nop B GYHKIMYM MX pajmyca, ONpenesieHHOES
Ha IMHKOBOM MOHTMODWIIOHHUTE i i Ly

¢ — HMCXOTHSIH MOHTMODWLTOHUT (HMKHAAL burypa), b — xucnornmit akrasat (Bepxuss durypa)



