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Influence of acid and alkaline activation on the surface characteristics of natural combined
aluminosilicate sorbent M sC5y containing montmorillonite and clinoptilolite components has been studied
by means of IR-spectroscopy and isopiestic method. The shifts of absorption bands in the IR-spectra
proved that both acid and alkaline treatment caused opening of Si—O—Al bonds followed by dealumination
of sorbent and formation of groups Si—OH. The formation of amorphous phase of silica was observed
upon acid treatment as a result of the destruction of octahedral layers of montmorillonite. Isotherms of
water vapor sorption by natural M;C,y (MCnat) and activated M,;C,y by acid and alkali (MCAc and
MCAlk) have been studied. BET-theory was successfully applied for calculation of the specific surface
area. The sorption capacity for water increases in the order: MCnat < MCAc < MCAlk. It has been found
that the specific surface area of natural combined alumosilicate sorbent increases under acid and alkaline
treatment by 1.3 and 1.5 times, respectively.
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INTRODUCTION determined by their porous structure and different
active sites on the surface such as exchangeable
cations, coordinatively unsaturated ions ALY, Mg2+,
Fe¥, acid/basic hydroxyl groups and oxygen
anions [8,9]. In order to produce tailor-made
catalysts and sorbents, montmorillonite- and
clinoptilolite-containing clays are activated by
various methods of treatment, such as thermal
treatment [10], ion exchange [11, 12], treatment
with acids [13, 14] and alkalis [15, 16]. Currently,
montmorillonite minerals are often modified in such
processes as grafting [17], silylation [18] or
intercalation [19, 20] due to their capability to swell.

The essence of activation is that the chemical
composition of minerals is selectively modified,
which results in an increase in the specific surface
area, specific pore surface [14] and thermostability,
changes in pH of the surface, interlayer charge
density, surface hydrophilicity/hyrdophobicity, etc.
However, the presence of different structural
components, including admixtures and impurities,
in natural minerals causes the necessity of mineral
purification and/or separation thus increasing

Natural aluminosilicates are widely used in
processes of sorption purification of gaseous and
liquid substances [1, 2], catalytic conversion of
various compounds [3], production of porous
silicas and catalyst supports [4,5], fillers of
different composite materials and in many other
fields. The reason for such wide applications lies in
diversity of their mineral structure which reveals
unique properties even in the natural state, as well
as in their ability to acquire new tailor-made
properties after modification and activation [6]. An
advantage of industrial use of natural clay minerals
in comparison with synthetic materials is their low
cost which allows avoiding regeneration of waste
sorbents and to utilize them as additives in building
or other industries [7].

The structure of aluminosilicate materials can
be represented by different components — clay
layered (montmorillonite), hard-sphere framework
zeolite (clinoptilolite) and others. Physicochemical
and surface properties of clay minerals are
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production costs and limiting their applications. In
addition, the response of various structural
components of a mineral towards a modifying
agent is different.

The present work is aimed at regulation and
assessment of surface characteristics of natural
composite  aluminosilicate  sorbent = MysCyg
containing clay and zeolite structural components
using its acid and alkaline activation.

MATERIALS AND METHODS

Natural mineral sorbent MuysC,y from the
Sokyrnytsky deposit (Ukraine), which has nanosized
pores (average pore diameter ~3 nm), was studied.
The sorbent is a multicomponent porous system
consisting of the clay component (montmorillonite
(M)—-45%) and the zeolite component
(clinoptilolite (C) — 20 %). In addition to the above
mentioned major structural components, such
minerals as goethite (10 %), illite (15 %), and
calcite (10 %) were also present in the sample [21].
The natural sorbent (particle fraction <0.25 mm)
was activated by treating it with 2.33 M H,SOy4
(MCAc) and 2.0 M NaOH (MCAlk) solutions at a
1:5 ratio of solid phase / activator solution under
constant stirring at 371 K for 6 h [14,22]. The
resulting pulp was filtered through filter paper. The
solid deposit was washed with distilled water until
the reaction of rinse waters was neutral and then
dried to a constant weight at 378 K.

IR-spectra  of natural and activated
aluminosilicate samples were recorded on a
“Vertex 70” spectrometer in a frequency range
4004000 cm™. Prior to analysis 2.5 mg of sample
and 250 mg of dried KBr were stirred in an agate
mortar for 10 min, and then compressed for 30 min
under pressure of 0.8—1.0-10" kg/cm’.

The water vapor sorption by the investigated
sorbents was studied by means of isopiestic
method. Relative water vapor pressure was varied
within 0.07...0.98 range using saturated solutions
of NaOH and salts with known activity values at
295+1 K. Samples of sorbents (0.0700+0.0002 g)
dried at 378 K till a constant weight were placed
into desiccators, filled with saturated solutions,
then placed into a thermostat (295 K). The time for
reaching isopiestic equilibrium depended on
relative pressure of the solvent being between 20
and 30 days. Reaching constant weight of a sorbent
indicates attaining equilibrium.

The specific surface area of the samples was
calculated isopiestically from the water vapor
sorption isotherm of the samples [23].
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The true and apparent densities of the adsorbents
were determined using the procedures described in
[23]. The porosity structure of the samples was
calculated using formulas proposed in [24].

RESULTS AND DISCUSSION

IR-spectra of natural and activated samples of
aluminosilicate sorbent MysCy are given in Fig. 1.
Assignment of absorption bands was done
according to [25, 26].

In the IR-spectrum of the natural sorbent
MCrat (Fig. 1, line 7) it is possible to distinguish
three characteristic regions of absorption.

1. Absorption bands of hydroxyl groups of
water molecules in a range of frequencies
3700-3000 cm™. A broad absorption band with two
maxima at 3610 and 3408 cm’ testifies to the
presence of free hydroxyl groups on the surface, in
an interlayer and canals cavities (first maximum)
and those bound in different ways by hydrogen bond
OH—groups in structural constructions like AI-OH,
Si—OH with molecules of H,O (second maximum).

2. Absorption in a frequency range
1700-1300 cm™. A characteristic absorption band
at 1624 cm™ arises from bending vibrations of
OH-groups of hydrate water adsorbed by the
exchanged cations. A medium intensity absorption
band at 1421cm” is a consequence of
superposition of absorption due to bending
vibrations of OH-groups in structures Si—OH,
Al-OH, Mg—OH, and Fe—OH present in octahedral
sheets of montmorillonite.

3. The region of stretching and bending
vibrations of Si-O groups at 1300-400 cm™. For
the natural sorbent MysCy in this region there is
typical an absorption band of sufficient intensity at
1030 cm™”, which can be attributed to intra-
tetrahedral and  intra-octahedral  stretching
vibrations of Si-O-Si and Si-O-Al bonds.
Medium and weak intensity absorption bands at
frequencies 707, 580, and 462 cm’! correspond to
combined vibrations: bending vibrations of Si—O
bonds and stretching vibrations of AI-O bonds,
which form the structure of the natural sorbent. In
this region there is also an absorption band at
874 cm™ attributed to C—O bond vibrations in
carbonates [27]. Both acid and alkali chemical
activation of sorbent MysC,y led to structural
changes in its IR-spectrum.

A treatment with hot sulfuric acid resulted in a
broadening of the absorption band at 1030 cm’
(Fig. 1, line 2), which also shifted to the higher
frequency of 1140 cm™ reflecting an increasing
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number of Si—O-Si groups in the structure of
MCAc sample. Furthermore, it indicates an
increasing molar ratio SiOyALO; due to
dealumination of minerals by acid activation [9]. A
shoulder appeared at 943 cm™ in the broad band in
the region 900-1100cm™, corresponding to
vibrations of Si—-OH bonds, which compensate
excess of the negative charge of a framework due

to a removal of structural Al and a breakup of
Si—-O-Al bonds [25]. An absorption band at
580 cm™ is mostly sensitive to presence of residual
AP*-ions in octahedral layer, and after sulfuric acid
treatment shifts to a higher frequency of 590 cm™,
which also confirms dealumination of octahedral
layers [28].

1030
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Fig. 1.
MysCyo

The formation of the amorphous silica by acid
treatment of sorbent is confirmed by appearance of
a basic band at 783 cm™ among three absorption
bands of bending vibrations Si—O, which is
characteristic to silica gel [29].

Destruction of the octahedral sheet of clay
components (montmorillonite and illite) of MCAc
sorbent due to formation of an amorphous silica [9]
along with a decrease in water content, filling
sorbent pores, lead to a decrease in relative
intensity of the absorption band in the region of
3700-3000 cm™ and in a drastic reduction of the
absorption band at 1421 cm’™.

In the IR-spectrum of an alkali-treated sample
(Fig. 1, line 3) the absorption in the region of
1200900 cm™ increases its intensity so decreasing
the width and structuring of a band. The band
maximum at 1030 cm™ is shifted to the low
frequency region, indicating the diminution of
molar ratio SiO,/Al,0; owing to alkaline treatment.
The dominant contribution to the absorption of
shorter bonds Si—O caused by the break of Si—O-Al
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IR-spectra of natural MCrat (1) activated by acid MCAc (2) and activated by alkali MCA/k (3) aluminosilicate

and Si—O-Si bonds by alkaline activation [27] is
confirmed by a shift of the maximum to 1008 cm™
as well as by the decrease in the band intensity at
707 and 580 cm™,

For quantitative analysis of the influence of
acid activation of MysCy on its clay and zeolite
components, water vapor sorption has been studied
and the surface characteristics of sorbents have
been determined.

Isotherms of water sorption by different
M,5Cy samples are shown in Fig. 2, representing a
dependence of the amount of absorbed water (a,
mmol/g) on the relative pressure of water vapor
(P/Py).

Water vapor adsorption isotherms on natural
and activated samples have S-shape, indicating
polymolecular sorption of water. In the region of
low relative pressures (P/P; < 0.35) there is a rise
of the isotherm caused by interaction of water
molecules with the most active sites -
exchangeable cations, oxygen atoms of silica and
aluminum tetrahedral of the framework and
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polarized hydroxyl groups of the sorbents. A
plateau in the region of medium values of
P/P;=0.35...0.60 corresponds to formation of the
monomolecular layer of adsorbed water molecules.
Further increase in the relative pressure of water
vapor (P/P;>0.60) causes an increase in the
amount of adsorbed water due to formation of the
second and subsequent layers of the adsorbed
water molecules [30].

As a result of acid and alkaline activation, the
sorbent capability for hydration in the whole region
of relative pressure has increased. Sorption

capacity of MysCy samples towards water
molecules increases in a following row:
MCnat <MCAc < MCAlk.

Change of hydration parameters of the sorbent
due to acid and alkaline treatment in the region of
low values of relative pressure of water vapor
(P/Py<0.35) is caused by a change in the number
and type of sorption active sites. Acid treatment

removes cations and aluminum [29,31]
A
iwe d G Owe
—S8i—0—Al—0—S5—0—5i—0—Al-0—
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—gi—

Formation of new active sites, including acid
sites to the amount of 0.79 mmol/g, increases the
capability of MysCy mineral sorbent towards
hydration.

The increase in the adsorption capacity of
alkali activated sample at relative pressure
P/P,<0.35 is related to the increase in its cation-
exchange capacity due to accumulation of Na'-ions
in the ion-exchange complex.

For activated samples, vapor sorption
isotherms show a steeper rise at P/P,>0.80; an
increase in the amount of adsorbed weakly bound
water in this pressure range caused by formation of
new microcavities interconnected inside the
framework.

On the basis of water sorption isotherms
obtained, the specific surface area and monolayer
capacity were determined using the BET-equation
in a linear plot [32]
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Fig.2. Isotherms of water vapor sorption by MCnat

(#), MCAc (o) and MCAlk (A) sorbents

accompanied by a breakup of Si—~O-Al bond and
formation of new sorption sites — silanol groups,
three-coordinated Al-atoms as well as Brensted
sites in accordance with the scheme:
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.P/P, (1)

a(l-P/P) Ka, " Ka,
where P/P; — relative pressure of water vapor; a —
amount of adsorbed water, g/g; a,, — adsorption
capacity of saturated monolayer, g/g; K — factor
dependent on the energy of inter-molecular
interaction in the adsorption layer.

From the slope of the straight line in the

P/P

coordinates ————— vs.

P/P , which is
a(l1-P/P)

equal to , and the intercept of the axis

a

m

P/F, equals to

a(1-P/P) Ka
K were calculated in the range of relative
pressures P/ P <0.35.

, values of a, and

m
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Values of specific surface area S (m%/g) of
natural and activated samples were calculated
using the equation

S=a, N, -0, 107", )
where a,, — capacity of a water monolayer, mmol/g ;
N, — Avogadro’s number, 6.023-10% mol'l; W, —
area occupied by an adsorbate molecule in a tight
layer on the surface of adsorbent (the surface area
covered by a water molecule ~ 12.8+ 5.4 A?%).

Hydration and structural characteristics of
M45Cyg sorbent determined from isotherms of water
sorption as well as from true and apparent densities
are shown in Table.

As the data of Table show, natural MysCy
sorbent has a relatively high porosity (36.0 %) in the
pore range with an average diameter of 2.6 nm. In
the porous structure macro-, micro- and mesopores
are present, with a domination of the last type.

It has been found that acid activation of natural
M,5Cy sorbent is accompanied by an increase in its
specific surface area (by1.3), pore volume
(by 1.6), pore diameter (by 1.3) and porosity
(by 1.3 times) and decrease in its true and apparent
density. This fact is caused by removal of
interlayer cations broadening of intercrystalline
space, and as a result of partial destruction of an
octahedral layer (removal of AI’", Fe’", and Mg*"
ions from sorbent matrix).

Table. Adsorption-structural characteristics of natural and activated MysCy sorbents

Density, g/cm’ g Volume, cm’/g 5
g > 2z
N = - g g g o =
e = A £ ] E 7] S o
= f" = & ° E >" Z >" Z g g E S
sb F 5 3 £ 3 £ £ ¢ £ 2 EE S
E 3 = 8 =) = = g 2, S S5 mig
Z s = 5 & 3 g & £ 1 £<
< A s 3 2 S g 5 2
5} = = > s 4 -9
> = <
< < ®)
MCnat 1.17 275 430  36.0 2.6 0.132 0.046 0.076 0.010 0.122 2.55 197
MC4c 1.09 218 4.08  46.6 3.3 0.214 0.061 0.134 0.019 0.195 3.38 261
MC4lk 081 1.70 332 488 3.9 0.292  0.068 0.203 0.021 0.271 3.77 297

As it is seen from Table, alkaline activation
leads to an increase in the specific surface area of
the natural sorbent to a higher extent than acid
activation. The specific surface area increases from
197 mz/g for natural MysCag to 297 m?/ g for alkali-
treated sample, with the total pore volume
increasing from 0.13 to 0.29 cm’/g. The main cause
of such an increase in adsorption-structural
characteristics of natural M,sC,o sorbent as a result
of alkaline treatment is, in our opinion, the
formation of lattice crystals on the surface of
particles so forming new micro and meso pores.
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The observed rise of the pore volume in the process
of alkaline treatment occurs due to transformation
of montmorillonite with lamellar structure into a
zeolite with hard framework structure, accompa-
nied by formation of new pores.
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Ximisi moOBepxHi Ta NOPYBATiCTh NPUPOJIHOTO | AKTHBOBAHOI'0 AJTIOMOCHIIKATY
3 MOHTMOPHWJIOHITY Ta KJIIHONTILIOITY

beabuuncoka JLI., HoBikoBa JI.A., XoxJjoB B.1O., JIy Txi k., Kaptear M.T.
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3 suxopucmanuam [9-cnekmpockonii ma izon’ecmuunozo memoody GUBHEHO 6HIUE KUCIOMHOI mda
JIYCHOT akmueayii Ha XiMmilo NoeepxHi ma nopysamicmev NPUpoOH020 KOMOIHOBAHO20 ANIOMOCUTIKAMY
MysCyy, wo micmume MOHMMOPULOHIM ma Kiinonminonim. 3cyeu cmye noenuHawus 8 IY-cnexmpax
niOmMeepOA’CYIOmMb, WO i KUCIOMHA, | IYHCHA 00pobKa obymosnooms poskpumms 36 'a3kie Si—O-Al, axe
8i00ysaembcs 3a605Ku Oeaniominayii copbenmy ma opmysannio epyn Si—-OH. Ymeopeuwns amopgnoi
Gazu Kpemmesemy cnocmepieaemvpcs npu KUCIOMHIL 00podyi AK pe3yrbmam 0ecmpyKyii OKmaeopuuHux
wapie monmmopunonimy. Odepocano izomepmu copoyii 600510l napu Ha npupoornomy MysCsy (MCnat)
ma axkmusosanux M,sCiy xkucromoro ma ayeom (MCAc i MCAIk) 3paskax. [ns po3paxyuky numomoi
noeepxwi 3paskie ycniwHo suxopucmana meopis BET. Copbyituna emuicmvb no 600i 3pocmae 6 psoy:
MCnat < MCAc < MCAlk. Bcmanosieno, wo numoma nOGEPXHS NPUPOOHO20 KOMOIHOBAHO20
AnOMOCUTIKAMHO20 COPOEHmMy 3pOCMAcE Nicas KUCIOMHOL ma aAyicHoi 0bpobku, 6i0nosiono 6 1.3 ma 1.5
pasu.

XHMMHUS TOBEPXHOCTH M MOPUCTOCTH MPUPOTHOT0 U AKTHBUPOBAHHOI0 AJIOMOCUJIMKATA
HA OCHOBe MOHTMOPWUIOHUTA U KJINHONTHIOJUTA

Bbeabuunckas JI.A., HoBukosa JI.A., Xoxjo0B B.1O., JIy Txu k., Kapteas H.T.

Boponesicckas eocyoapcmeennasn akademus 1eCHO20 X03AUCMEA U MEXHONIO2ULL
ya. Tumupszesa, 8, Boponeoic, 394087, Poccust, chem@vglta.vrn.ru
Boponeoicckuii 2ocyoapcmeennviil ynusepcumem
Yuusepcumemckas na., 1, Boponeoic, 394006, Poccus
Hnemumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvnoii axademuu nayx Yepaurol
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna

C ucnonvzosanuem HK-cnexmpockonuu u u3onbecmuiecko20 Memooa UsyueHo GuusiHue KUCTOMHOU U
WeNoUHOU  aKMUBAYUU HA  XUMUIO NOBEPXHOCMU U  NOPUCTNOCHL  NPUPOOHO20  KOMOUHUPOBAHHO2O
anromocunuxama M,sCyy, Komopulil gxmouaem 6 cebss MOHMMOPUITOHUM u Kiunonmunonum. Cosueu noioc
noznowenus ¢ UK-cnexmpax noomeepoicoarom, umo u KUCIOMHAs, U WelouHds 06pabomka 00yciogiueaiom
packpvimue cesizeil Si-O—-Al, komopoe npoucxodum 61a200apsi deantoMuHayuu copoeHma u GHopmMuposanuIo
epynn Si—-OH. Obpazosanue amopprnoi hazvl kpemHesema HAOMOOAEMCs Npu KUCIOMHOU 00pabomKe Kak
pe3ynbmam 0ecmpyKyuy OKma’opuieckux ciloee Mowmmopunionuma. Ilonyuenst uzomepmul copbyuu napos
60061 Ha npupoonom MysCry (MCnat) u akmusuposannsix xuciomoti u wenouvto MysCry (MCAc u MCAlk)
obpasyax. [ns pacuema YyOemvHOU noeepxHocmu 00pasyod ycneuwiHo ucnonwvsosana meopusi bOT.
Copbyuonnas emxocmv no 6ode ygeeauuusaemcs 6 psoy: MCnat < MCAc < MCAlk. Ycmanoeneno, umo
VOeNbHASL ROBEPXHOCHb NPUPOOHO20 KOMOUHUPOBAHHO2O ATIOMOCUIUKANMHO20 COPOEHmMA 603pacmaem nocie
KUCTOMHOU U WeNlouHol 00pabomxku, coomeemcemeento 6 1.3 u 1.5 pasa.
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Surface chemistry and porosity of natural and activated aluminosilicate from montmorillonite and clinoptilolite

24.

25.

26.

27.

28.

Selemenev V.F. Practical guide to ion-
exchange, Publishing House of Voronezh State
University, Voronezh, 2004, 160p. (in
Russian).

Tarasevich  Yul  Structure and Surface
Chemistry of Laminar Silicates, Naukova
Dumka, Kiev, 1988, 248 p. (in Russian).
Kiselev A.V., Lygin V.1 Infrared Spectra of
Surface Compounds, Nauka, Moscow, 1972,
459 p. (in Russian).

Breen C., Madejova J, Komadel P.
Correlation of catalytic activity with infra-red,
»Si MAS NMR and acidity data for HCI-
treated fine fractions of montmorillonites,
Appl. Clay Sci., 10 (1995) 219.

Madejova J. et al. Comparative FT-IR study of
the structural modifications during acid
treatment of dioctahedral smectites and
hectorite, Spectrochimica Acta, 54 (1998)
1397.

X®TIM2013. T. 4. Ne 4

365

29.

30.

31.

32.

33.

Mdivnishvili OM. Crystallochemical
Foundations of Controlling the Properties of
Natural Sorbents, Metsniereba, Tbilisi, 1978,
268 p. (in Russian).

Podolsky A.A., Stekolnikov K.E., Kotov V.V.
Hydration and absorption ability of clay
minerals, Sorb. Khromatogr. Protsessy, 4
(2004) 182 (in Russian).

Chelishchev N.F., Volodin V.F., Kryukov V.L.
Ion Exchange Properties of Natural High Silica
Zeolites, Nauka, Moscow, 1988, 129 p. (in
Russian).

Greg S., Sing K. Adsorption, Specific Surface,
Porosity, Mir, Moscow, 1984, 310p. (in
Russian).

Jozefaciuk G. Effect of acid and alkali
treatments on surface-charge properties of
selected minerals, Clays and Clay Minerals, 50
(2002) 647.

Received 27.06.2013, accepted 13.09.13



