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H3yueno enuanue mexanuueckoi oopadoomku npupooH020 MOHMMOPUIIOHUMA 6 NIAHe-
MapHo-ueHmpooOed)HcHoN meabhuye Ha IPPeKmueHocms UHMEPKANAYUU NOJULUOPOKCOKOMNIEKCOE
amomunusn [AlsOs(OH)s6(H20)26]"" npu popmuposanuu nunnapuvix cmpyxmyp. Himepenus memo-
00M (pomomempuu noKazanu, YMo ¢ MOHMMOPUIIOHUM OGO MAMPUYE NOCIE UHMEPKAIAUUU NO-
AuzudpoKcokomniexcos Aly ¢ ucnonvzoeanuem mexaHuueckol 00padbomKu HabAVOAIOCH yeenuye-
nue codepycanus uonos AI** na 13%. Io dannvim 1eKkmpoghopemuueckozo pacceanus céema, pas-
Mep yacmuy, CycCnen3uu OUCnepPZUPOSaAHHOZ0 6 600 MEXAHOAKMUBUPOSAHHOZ0 MOHIMMOPULIIOHUMA
cocmagun oxono 100 um. Hcxoonwlii, MexanoaKkmugupoGanHylii U RUIIAPHBLIL MOHMMOPUIOHUM
0XAPAKMEPU306anbl MEMOOAMU MATIOY2N0601 OUPPAKUUN PEHMZEHOECKUX TyYell, CKAHUPYIOw|ell
IEKMPOHHOI MUKPOCKORUU U HU3KOMEMRepamypHoi aocopoyuu-oecopoyuu azoma. Ilokaszano,
Ymo npeoeapumenbHas MEeXAHOAKMUGAUUA UCXO00H020 cyOcmpama yeenuyueaem 06asanvHoe pac-
cmosnue ooy u cywgecmeenno (npumephno na 45-50%) nosviuiaem yoenvHyro niouwadb ROGEPXHOCmMU
u cymmapustit 00vem nop Al-Runnapnozo MOHmMMOPUNIOHUMA; RPU IMOM 603PACHIACH KAK ME30-, MAK
U MUKPOROPUCIMOCHb, A PA3MEPbL HOP YMEHbUaIOmcs npudauzumenvno na 12%. Ycmanoenena oco-
ban eajrcnocms pazmepos Hacmuy MOHMMOPUNTOHUMA RPU UHMEPKANAYUY U OdibHeliuem hopmu-
POGAHUU RUNNAPHON CIMPYKMYPbL. YMeHbueHue pazmepa yacmuy MOHIMMOPUIOHUIMA nPU Mexa-
HUYECKOI 00padomKe ygenuuueaenm niaouwiadb mexic@asnoi Zpanuybl, uepes KOmopylo npoucxooum
uonnwtit 0omen. Iloxazano, umo manvie pazmepvt makmouoog (oxkono 100 nm) é 600noil cycnenzuu
uZpaiom Kalouegyio posib 8 yeeauieHun KamuoH000MeHHOI CROCOOHOCHU MEXAHOAKMUGUP0EAHHOZ0
MOHmMMOpuIonuma. B menvuieii cmenenu na yghhekmugnocms uHmMeEPKAIAYUU 6TIUAION RPOUECCH
Odechekmoodpazoeanus u céA3AHHBIE C IMUM UIMEHEHUSA INEKMPUYECKUX CEOUCHE CUIUKAMHBIX
cnoes monmmopunnonuma. Hexoos uz ocobennocmeii cmpykmypHuIX C60HCHE, NOYYEHHblE NULl-
JIapHble MAMEPUaIvl MOZym 6blmb PEKOMEHO0BARbL 0151 UCNOIb308AHUA 8 KAUECHEE CENeKMUGHBIX
aocopbenmos, MONEKYAAPHBIX CUM U KAMAIUIAMOPO8.

KiioueBnle ciioBa: HHHHaprIﬁ MOHTMOPW/ZIOHHUT, MEXaHWYCCKasd aKTUBalUA, MMOJIUTHUIAPOKCOKOM-
IJICKCHI aJIFOMUHUA, HOHBI KeFFI/IHa, HUHTCPKAJIAIUA
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The effect of mechanical treatment of natural montmorillonite in a planetary-centrifugal
mill on the efficiency of intercalating aluminum polyhydroxocomplexes [AlzOs(OH)ss(H20)2]***
in the formation of pillared structures was studied. Measurements made using the photometry
method showed that in the montmorillonite matrix, after intercalation of the Also polyhydroxocom-
plexes using mechanical treatment, an increase in the content of AI** cations by 13% was observed.
According to the electrophoretic light scattering data, the particle size for the suspension of me-
chanically activated montmorillonite dispersed in water was about 100 nm. The raw, mechanically
activated and pillared montmorillonites are characterized by the methods of low-angle X-ray dif-
fraction, scanning electron microscopy, and low-temperature nitrogen adsorption-desorption. It
was shown that preliminary mechanical activation of the initial substrate increases the basal dis-
tance doo1 and significantly (approximately by 45-50%) increases the specific surface area and the
total pore volume of Alse-pillared montmorillonite; in this case, both meso- and microporosity in-
crease, and the pore size decreases by about 12%. The special importance of the size of montmoril-
lonite particles during the intercalation and further formation of the pillared structure is shown. A
decrease in the size of the montmorillonite particles during mechanical treatment increasing the
area of the interphase boundary through which ion exchange takes place. It was shown that the
small sizes of tactoids (about 100 nm) in an aqueous suspension play a key role in increasing the
cation exchange capacity of mechanically activated montmorillonite. To a lesser extent, the effi-
ciency of intercalation is influenced by the processes of defect formation and the related changes
in the electrical properties of the silicate layers of montmorillonite. Based on the structural prop-
erties, the obtained pillared materials can be recommended for use as selective adsorbents, molec-
ular sieves and catalysts.

Key words: pillared montmorillonite, mechanical activation, aluminum polyhydroxocomplexes, Keg-
gin-type ions, intercalation
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stability, and the presence of active centers of various
nature.

Intercalation of the [Alis04(OH)24(H20)12]™
ions (abbreviated as Alis) [2, 4, 5, 7], which represent

INTRODUCTION

Recently, methods for obtaining new environ-
mentally friendly polyfunctional nanomaterials on the

basis of various layered systems have been intensively
developed [1]. Intercalated layered systems are of great
interest for the synthesis of sorbents and catalyst carri-
ers, superionic conductors, optical and photoactive ma-
terials, nanomagnets, adsorbents, electrodes and mem-
branes [2-3].

In particular, montmorillonite (MM) interca-
lated by polyhydroxocomplexes of various metals
from solutions and sols enables obtaining pillared
structures [4-6] by annealing: nanoparticles of oxides
of various metals (pillars) are relatively uniformly dis-
tributed in the interlayer space and immobilized by
crosslinking with silicate layers. Due to its increased
basal distance doo1 and regular distribution of nanopar-
ticles pillared montmorillonite has unique textural and
physico-chemical properties such as developed surface
area, large volume of micro- and mesopores, thermal
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Keggin-type structures [XMi2040]™, is most well stud-
ied. Introducing Alisions into the interlayer space leads
to an increase in the basal distance doo: of Al1s-pillared
MM by a few angstroms compared to source MM and
a significant increase in specific surface area and po-
rosity [2, 4, 5]. It has been recently shown by us [8-9]
and Jianxi et al. [10-11] that these characteristics can
be further increased by intercalating "giant" aluminum
polycations [AlsOs(OH)se(H20)26]** (Also) (consist-
ing of two Aliz 6 isomers and a bridge of four AlOs
octahedra) obtained by high-temperature hydrolysis
of A|13.

It is obvious that textural characteristics of pil-
lared materials can be improved by increasing the effi-
ciency of intercalating polyhydroxocomplexes of met-
als. On the one hand, this can be achieved by using
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physical methods to activate intercalation, in particu-
lar, microwave radiation and ultrasonically [12-13].
Another approach proposed in the present work con-
cerns preliminary mechanical activation of the layered
substrate itself. The use of mechanoactivation in this
case should be aimed at increasing, first, the specific
surface area of clay particles and, second, their cation
exchange capacity. In this case, a short-term mechani-
cal treatment is necessary, which does not lead to a sig-
nificant change in crystal structure of MM [14]. In our
previous stud [15] it was shown that preliminary me-
chanical treatment of natural MM increased substan-
tially the textural properties of Alis-pillared MM. A
key role in increasing the capacity of the cation ex-
change of mechanically activated montmorillonite is
played by the small dimensions of the tactoids (about
100 nm) in an aqueous suspension. To a lesser extent,
the efficiency of intercalation is influenced by the pro-
cesses of defect formation and associated changes in
the electrical properties of silicate montmorillonite layers.

The goal of this work is to study the effect of
preliminary mechanical treatment of natural MM on
the efficiency of intercalating Als ions and textural
properties of the resulting pillared MM. For the sake of
comparison with Alis-pillared MM, all the conditions
of mechanical treatment were kept the same as in [15].

EXPERIMENTAL

Source materials

The montmorillonite used in this work is the
same as in [16] and has the following chemical composi-
tion, mass. %: SiO, — 57.70; TiO, — 1.04; Al,Os; — 13.75;
Fe O3 — 5.36; FeO — 0.20; CaO - 2.49; MgO - 3.13;
Na,0 —1.74; K;0 —0.24; P,05—0.16; SOz —0.65; BaO
— 0.08; loss on ignition — 13.46. The main "impurity"
minerals are cristobalite, quartz, plagioclase, calcite
and gypsum. The composition of exchangeable cations
(mg-eq/100 g): Ca?* — 24.69; Mg?* — 22.74; (Na* + K*)
—51.33, total — 98.76.

Mechanical treatment

Mechanically activated MM (hereafter re-
ferred to as AMM) was produced in an AGO-2C plan-
etary centrifugal mill (Russia) for 3 min using high-
strength zirconium grinding media at a constant rotor
speed of 1500 rpm; the weight ratio for MM and grind-
ing media is 7.5:1.

Preparation of intercalated and pillared samples

The solution containing Also polycations was
obtained by a hydrothermal technique, in which the so-
lution containing Alis was kept at 127 °C for 5 h. The
solution containing Alyz polycations was prepared by

hydrolysis of aluminum chloride: 0.2 M NaOH solu-
tion (Sigma Aldrich) was added to 0.2 M solution of
AICl3-6H,0 (Fluka) until an [OH])/[AF*] molar ratio
of 2.4 was obtained at pH 4.3-4.7 and room tempera-
ture. The solution was then aged for 24 h at 60 °C, re-
sulting in the formation of Alis polyhydroxocomplexes
[5, 17-18]. Deionized water was used in all cases. The
formation of the polycations was confirmed by the va-
riety of methods as described in [9].

Intercalation of MM and AMM by Alz, poly-
cations was carried out by means of ion exchange in a
1% aqueous suspension by introducing an intercalating
solution (3 mmol AI**/1 g MM) dropwise, while agitat-
ing intensively with a magnetic stirrer for 2 h at 80 °C. Af-
ter 12 h of coagulation at room temperature, the sus-
pension was washed to remove Cl~ ions, centrifuged
and dried in a drying oven at a temperature of 60 °C.

Pillared materials were obtained by annealing
intercalated samples in an oven at 350 °C for 3 h. The
designations used for these, like for Ali3 case [15], are
as follows: Als-PMM, and Alz-PAMM.

Research methods

Monitoring the efficiency of intercalating alu-
minum polyhydroxocomplexes into studied materials
was performed by a UV-Vis U-2010 spectrophotome-
ter («Hitachi», Japan): the photometric technique is
based on the ability of aluminum ion to yield an or-
ange-red colored complex compound upon treatment
with aluminon (triammonium salt of aurintricarboxylic
acid (NH4sO0CCsH30H),C=CsH3(O)COONHz), which is
then photographed at a wavelength of 525-540 nm).
Measuring the basal distance doo: of the samples by X-
ray patterns was performed using a Bruker D8 Ad-
vance diffractometer (Bruker-AXS, Germany) with
CuKao radiation (A = 0.154056 nm) at 40 kV. Porosi-
metric measurements were carried out by low-temper-
ature nitrogen adsorption-desorption using an ASAP
2020 specific surface area and porosity analyzer («Mi-
cromeriticsy, USA); prior to measurements, the sam-
ples were degassed at 180 °C and a residual pressure
of 5-10 Pa for 3,5 h.

RESULTS AND DISCUSSION

The intercalation efficiency was evaluated by
the photometric method, which makes it possible to de-
termine the concentration of aluminum ions in the in-
tercalating solution before and after completion of the
intercalation and, accordingly, the aluminum content
in the sample. Table 1 reveals that mechanoactivation
increases the gross capacity of the cation exchange of
montmorillonite.
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Table 1
AI** ion concentration in the intercalating solution
Tabauya 1. Konnentpauusi nonos AI* B unTepKaaupy-
I0LIIEM pacTBope

AlP* content

in the solution, mg/L | in the sample, mg/g

Before intercalation

5200 | -
After intercalation
MM 760 649
AMM 566 734

Fig. 1 shows small-angle diffractograms of the
investigated montmorillonite samples. A decrease in
intensity and broadening of the reflex (001) after me-
chanical treatment of MM indicates some amorphiza-
tion of the AMM structure and destabilization of the
basal plane [14]. The increase in doo: by about 0.3 nm
in AMM (1.56 nm) compared to MM (1.26 nm) is due
to the peeling of single layers after mechanoactivation
[19]. Moreover, we believe that one should not rule out
the diffusion of charge-compensating small-radius ions
from the interlayer space into partially deformed and
broken units of silicate layers, which should also result
in an increase in dooz.

6 8 10
20, degree
a
4
3
4 6 8 10
20, degree
b

Fig. 1. Low-angle diffractograms: a) 1 - MM, 2 — Al3-PMM,;
b) 3—- AMM, 4 — Al3p-PAMM
Puc. 1. Manoyriosbie udypaxrorpammst: a) 1 - MM, 2 — Also-PMM,;
b) 3— AMM, 4 — Alz-PAMM
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In Table 2 the basal distances of the Alzp-PMM
and Als-PAMM are given along with those for previ-
ously studied Al13-PMM and Ali3-PAMM [15] for the
comparison. One can see that for both types of Keggin
ions intercalated the values of doo; are larger in the case
of mechanical treatment. The Als-PAMM demon-
strates the largest spacing of silicate layers, which is by
0.12 nm larger than that in Ali3-PAMM.

Fig. 2 shows the isotherms of low-temperature
nitrogen adsorption-desorption for the obtained pil-
lared materials. For all samples, nitrogen adsorption
isotherms are of type IV according to the IUPAC clas-
sification and are characterized by a capillary-conden-
sation hysteresis loop, which is typical for mesoporous
materials. The shape of the hysteresis loop is of type
H3, which is characteristic of porous materials with
slit-shaped and plane-parallel pore [20]. Smaller hys-
teresis loop on the isotherms of Als-PAMM compared
to Als-PMM indicates the greater number of meso-
pores between the silicate layers. Als-PAMM shows
higher adsorption capacity than Als-PMM.

180 ~
160
140 ~

2 120

, CMm

100 -
=]

[

a

80

Fig. 2. Nitrogen adsorption/desorption isotherms: 1 — Also-PMM,
2 — Also-PAMM

Puc. 2. N3otepmsr ancopbimu/mecopbimu azora: 1 — Also-PMM,
2 — Alx-PAMM

The specific surface area (Sger) and total pore
volume (XVpor) in both Alis- [15] and Also-pillared sam-
ples are presented in Table 2. One can see that after
mechanical treatment these characteristics increase
substantially. From the data in Table 2 it follows that
mechanical treatment in the Al13-PAMM case resulted
in significant increase in both micro- (Vmp) and meso-
porosity (Vmsp). In the Als-PAMM case the increase in
mesoporosity due to mechanical treatment is even
more pronounced whereas the volume of micropores
somewhat decreases in comparison with untreated
samples.
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Table 2
Textural characteristics and basal distances
Taobnuya 2. TekcTypHbIe XapaKTepPUCTUKU M 0a3a/ibHbIE

ACCTOAHUSA
dOOl; SBET, Vmp, Vmsp, vaor, Dav,
Sample nm | m¥g [cm®g|cm®/g| cm¥g | nm
Ali3-PMM [15]] 1.63 | 108 |0.029 | 0.137| 0.166 | 8.42
A|13'[|;'§\]MM 1.76 | 169 [0.0400.210| 0.250 | 5.84
Alz-PMM 1.69 | 125 (0.035|0.138| 0.173 | 8.04
Alz-PAMM | 1.88 | 182 |0.031|0.231| 0.262 | 7.11

The pore size distribution curves for all the
samples are shown in Fig. 3. Preliminary mechanical
treatment of montmorillonite does not fundamentally
change the unimodal pore size distribution, however,
in this case the curve maximum shifts towards smaller
pore sizes. This observation is in accordance with the
notion that an increase in the number of intercalated
polycations should lead to a decrease in the pore size.

0.12
0.10
0.08

0.06

dv/dD, cm®g nm

0.04
2

/

OOO T T T T T T T 1
3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0

o M
Fig. 3. Pore size distribution curves: 1 — Alzp-PMM, 2 — Als-PAMM

Puc. 3. Kpussie pacnpesenetus mop 1o pasmepam: 1 — Alsp-PMM,
2 — Al-PAMM

0.02

CONCLUSION

The possibility of increasing the efficiency of
intercalating the Also ions in the preparation of pillared
structures by means of preliminary mechanical treat-
ment of natural montmorillonite has been studied. In
the case of mechanical treatment, an increase in the
content of the AI** ions by 13% in the montmorillonite
matrix after intercalating Al was observed. It has
been established that preliminary mechanical treatment
of montmorillonite allows one to significantly (approx-
imately by 50%) enhance textural characteristics, in
particular, to increase the specific surface area and total
porosity of pillared materials; this increases mostly
mesoporosity, and pore sizes decrease by approxi-
mately 12%. This result demonstrates the particular
importance of the size of intercalated montmorillonite

particles for the resulting porosity of the pillared mate-
rial. A decrease in the size of the MM particles during
mechanical treatment enables, first of all, increasing
the area of the interphase boundary through which ion
exchange takes place. Apparently, this factor becomes
decisive in the process of intercalation and further for-
mation of the pillared structure.
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