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The results of the study on changes in the structure and surface properties of montmorillonite from
Tagansky deposit from exposure to nitric acid of varying duration at an elevated temperature are presented in
this work. Treatment with 1M HNO; solution causes partial leaching of octahedral and interlayer cations
which leads to protonation of internal surfaces and to an increase in microporosity as a result of octahedral
OH-groups protonation and change of octahedral Al coordination. The result of the exposure to acid solutions
is a change of layer charge and interaction between the sheets and layers with each other which in turn leads
to a significant increase of the specific surface area. Also, a reduction in the cation exchange capacity occurs
due to the deposition of amorphous silica from disintegrated tetrahedral sheets on the particle surfaces as well
as a reduction of the layer charge.

Keywords: montmorillonite, bentonite clays, Tagansky deposit, structure modification,
thermochemical treatments, adsorption properties, engineering barriers.
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B pabGore paccMoTpeHbl OCOOEHHOCTH MOOU(HKAIMH CTPOCHUS M TIOBEPXHOCTHBIX CBOWCTB
TaraHnckoro OeHTOHHMTa B pe3yibTaTe €ro 00pabOTKM pPacTBOPOM a30THOHM KHCIIOTHI NMPU TOBBIIIEHHOM
Temnepatype. M3ydeHne ocoOEHHOCTEH cocTaBa W CTPOCHHS MCXOMHBIX U MOIUGDHUIIMPOBAHHBIX 00PA3IIOB
OCHTOHMTA BBIMIOJIHEHO KOMIUIEKCOM METOJIOB, BKIIIOUAIONIMM B ce0s PEHTreHOBCKyro nudpaxumio, MK-
@dypre CIEKTPOCKONUIO, DJIEKTPOHHYI0 MHUKPOCKOIHWIO, PEHTreHO(MIYOpeCleHTHbIH aHanu3. B kauectBe
NoKasaTesiell ITOBEPXHOCTHBIX CBOWCTB OBbUIM ONpeNeNieHbl BEeIMYHMHBI YAEIbHON IOBEPXHOCTH M €MKOCTH
KaTHOHHOro oOmeHa. [lokazaHa crajuiiHOCTH TIpeoOpa3oBaHMsl CTPOCHUS MOHTMOPWIIOHHTA IIOX
BO3/ICHICTBUEM KHUCIOTHOM 00padoTke. BrrsaBieno, 4ro mon Bo3aeticteueM pactBopoB 1M HNO; nponcxomut
YaCTHYHOE BBIMBIBAHHE MEXKCIOEBBIX U OKTa3JAPHMYECKHX KAaTHOHOB, YTO NPHBOAUT K NPOTOHUPOBAHHIO
BHYTPEHHUX ITOBEPXHOCTEH, a TAKKE MOSABICHUIO MUKPOIIOp, BO3HUKAIOIIUX 3a CUET YACTUYHOM Jlerpajaluu
CTPYKTYpBI BCIeNCTBHE poToHUpoBanus OH-rpyrm okTasapuueckux ceTok, M3MeHeHus1 koopAauHamu Al B
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OKTa’pax M YaCTHYHOTO BBHIMBIBAHMS KATHOHOB M3 OKTa3JPUUYECKHMX MO3UIUIA. Pe3yapTaToM BO3ICHCTBUS
PacTBOPOB KHCIIOTHI SIBISIETCS U3MEHEHHE OOIIEro 3apsiaa Cios U XapaKTepa B3aUMOJICHCTBHSA CETOK U CIIOCB
JIpyr ¢ JAPYroM, M, KaK CIIEACTBHE, YaCTUYHOE pa3pylleHHE YaCTHI[, YTO B CBOIO OYEpeab MPUBOIUT K
3HAYHUTEIHHOMY YBEIUYEHHIO YIEAbHOM MOoBepxHOCTH. Ha 3TOM (hOHE MPOMCXOMMT CHIDKEHHE E€MKOCTH
KaTHOHHOTO OOMEHa 3a CYeT CHIDKCHHS 3apsiia CIlos, a TaKkKe OCAXKACHHS aMOp(HOTO KpeMHe3eMa H
(parMeHTOB PaCTBOPEHHBIX TETPAIAPHUECKUX CETOK.

KawueBble ¢jIoBa: MOHTMOPWUIOHHT, OEHTOHHUTOBBIE TIJIMHBI, TaraHCKOe MECTOpPOXKIEHHE,
npeoOpa3oBaHKe CTPYKTYPHI, TEPMOXMMHYECKOE BO3ACHCTBHUE, aJCOPOIIMOHHBIE CBOMCTBA, WHXXEHEPHBIE
0apbephl.

Introduction

Clay minerals are widely used in various industries, including nuclear power and
particularly radioactive waste management as a component in engineered barrier systems
for radioactive waste disposal. Systems of this kind are used in different countries for high-
level radioactive waste disposal to ensure the repository safety for hundreds or even tens of
hundreds of years due to the high sorption properties and low permeability of clay-based
barriers [1, 2].

Filling the gap between the waste canisters and walls with bentonite allows to
isolate waste from groundwater, limit the mass transfer between the waste and the
groundwater to only diffusion, prevent the intake of radionuclides in colloidal form to the
groundwater, ensure efficient sorption of radionuclides after a possible leakage of a
radioactive waste canister, seal cracks and large cavities in rocks due to high swelling
ability, dissipate the heat from the high-level waste into the geological environment. An
important question in the study of bentonite clay is a modification of its properties under
thermochemical treatments.

The major component (70-95%) of bentonite clay is montmorillonite, a smectite-
group 2:1 (or TOT) mineral. Its structure consists of two tetrahedral sheets and a central
octahedral sheet enclosed therebetween. Montmorillonites are characterized by a swelling
structure, high number of isomorphous substitutions in octahedral sheets and an occupation
of interlayer space by counterions (Na’, Ca®", Mg®", etc.) which are usually hydrated in
normal conditions [3,4]. The features of the montmorillonite structure determine specific
properties of bentonite clays, especially its high sorption capacity, specifically for heavy
metals, isotopes of cesium, plutonium and other components of the radioactive waste.
However, during a long term usage of bentonite clay, such engineered barriers can be
influenced by highly reactive solutions, which leads to deterioration of the insulating
properties. The aim of this research is to assess the mechanism of montmorillonite's
structure and the adsorption properties transformation in the process of a long-term
interaction with nitric acid solution. Nitric acid is often used, for instance, in the
preparation of liquid radioactive waste for isolation by an injection in deep reservoir rocks
[5,6]. High temperature at radioactive wastes injection spots is caused by radioactive decay
[2,5].

Experimental

Experiments were carried out on bentonite clay powder samples from Tagansky
deposit (Kazakhstan) containing up to 80% of montmorillonite. The impurities were
represented by quartz (5-10%) and calcite (1-3%).Experiments were conducted in 1M
HNO:s; solution at 60 ° C for 12, 36, 50 and 108 hours. At a preliminary stage we used
different solid/liquid ratios such as 1:10, 1:50 and 1:100.The greatest changes in the
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structure and properties have been achieved expectantly at a 1:100 ratio, therefore, it is
mainly used in this research to demonstrate the results.

The initial and modified samples were analysed applying a range of methods
including X-ray diffraction, infrared spectroscopy, transmission electron microscopy,
evaluation of the specific surface area and microporosity, and cation exchange capacity
determination.

XRD patterns were obtained with the Rigaku Ultima-IV device (Cu-K,, 1-D
detector D/Tex-Ultra, scanning range: 3.6-65°20, speed: 5°, step - 0.02 °20, the
maximum intensity ~ 25,000 counts), acquired as part of Moscow State University
Development Program. The specimens were prepared as "semi-oriented" mounts by
pressing the powder samples in a sample holder. Excessive pressure and surface smoothing
resulted in a partial orientation of montmorillonite particles in the substrate plane. In view
of the fact that during the acid treatment samples underwent strong structural changes,
standard approach to oriented mounts preparation failed. XRD patterns analysis was
conducted according to [3, 4, 7].

IR absorption spectra were obtained using FTIR spectrometer Bruker VERTEX 80v
company (Germany) equipped with a DTGS detector, and a KBr beam splitter. The
analysis was carried out in the middle region (4000-400 cm™) in vacuum at 2 hPa with a
resolution of 4 cm™. Specimens were prepared by mixing samples with KBr and pressing
the mixture into pellets. Spectra were obtained for the air-dried specimens and after heating
for 20-24 hours at 150 °C. Spectra processing was performed using the OPUS 7.0
software.

Initial samples and selected samples after treatment obtained (after exposure to 1M
HNO; for 12 and 108 hours at a 1:100 liquid/solid ratio) were studied by high-resolution
transmission electron microscopy (HRTEM) using the electron microscope JEM-2100 with
an X-ray energy dispersive analysis attachment X-Max.

Chemical analysis of initial and treated samples was carried out by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).The results are presented with
an account for loss on ignition and natural humidity of the samples. The choice of the
method was motivated by the small amount of the samples.

Measurement of specific surface area was carried out with the Quadrasorb SI/Kr
equipment, adsorption was conducted at liquid nitrogen temperature (77.35 K) with
nitrogen of 99.999%purity; calibration of the measuring cells volume was
performedwith6.0helium (99.9999%). Calculation was carried out by the BET multiple
point isotherm in the P/Ps range from 0.05 to 0.30.Samples were pre-dried in vacuum at
100 °C. Pore size distribution was obtained according to the method of DFT "Monte
Carlo" simulation in Quantachrome software.

Cation exchange capacity was determined wusing the method of
Cu[(Trien)]’ adsorption [8].

Results and discussion

Characteristics _of natural montmorillonite. Raw bentonite sample (Fig. 1) is
characterized by a predominance of montmorillonite (74%) with small amounts of quartz
(22.5%), calcite (2.3%) and pyrite (1.2%).X-ray diffraction pattern of montmorillonite is
quite typical and characterised by a series of reflections with d-values: 13.8, 6.3, 4.48,
3.14, 2.56, 1.70, 1.50 A. The d-spacing value (13.8 A) and a complex profile of the first
basal reflection (001) are indicative of Ca-Mg-Na composition of the interlayer cation
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complex [9].The domain size along the c-axis is an average of 8.2 nm (6 layers with
interplanar spacing of 13.8 A- 6N).
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Fig. 1. X-ray diffraction patterns of non-oriented mounts of raw montmorillonite
and montmorillonites treated with 1M HNOs with a solid/liquid ratio 1:100 for 12, 36
and 108 hours. The interlayer spacings are given in Angstroms. Mont - montmorillonite,
Qu - quartz.

Chemical composition of natural and acid-modified montmorillonites shows two
basic patterns associated with the increasing treatment duration (Tab. 1): 1) reduction of
the content of ALO3, Fe;O3, MgO, Ca0O, K,O, and some other cations; 2) an increase of
Si0; content.

Table 1. Changes in the chemical composition of Tagansky montmorillonite treated with
nitric acid solutions. DL - detection limit, 1:10 and 1: 100 - solid/liquid ratio. 12, 36 and
108 hours - duration of treatment; LOI - loss on ignition

) . 1:10 1:10 1:100 1:100 1:100
Major oxides | DL, % % 12 hours | 108 hours | 12 hours | 36 hours | 108 hours
Si0; 0.01 62.09 65.63 71.71 65.82 67.93 75.22
Al O3 0.006 16.48 16.61 12.70 16.45 14.91 10.67
Na,O 0.2 2.20 <DL <DL <DL <DL <DL
Fe, 05 0.02 6.09 6.11 4.47 6.03 5.17 3.18
MgO 0.03 3.40 2.89 1.99 2.90 2.69 1.60
CaO 0.02 0.93 <DL <DL <DL 0.25 <DL
K,O 0.009 0.04 0.03 0.03 0.02 0.03 0.02
Cr,05 0.001 0.01 0.01 0.00 0.01 0.00 0.00
MnO 0.001 0.07 0.07 0.05 0.07 0.07 0.04
TiO, 0.001 0.71 0.77 0.83 0.82 0.83 0.91
LOI 0.01 8.24 9.37 8.61 10.37 10.84 8.84

In the IR spectra (Fig. 2) raw montmorillonites are distinguished for Si-O
vibrational bands observed in 1053 cm'l, which corresponds to the tetrahedral sheet, and
Al-O-Si and Si-O-Si vibrational bands at 523 and 470 cm’, respectively, which
characterizes the interaction between tetrahedral and octahedral sheets and also at 925, 876
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and 3634 cm™ corresponding to the vibrations Al-Al-OH, Al-Fe-OH and OH-groups,
respectively, in the octahedral mesh [9,10].
a) b)
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Fig. 2. The infrared spectra of (a) and the scaled fragments of the IR spectra (b)
of the original montmorillonite and treated with IM HNO; with a ratio Tb:
F 1: 100 for 12, 36 and 108 hours.

Images of the initial sample obtained by transmission electron microscopy (TEM)
give insights into the two phases of montmorillonite: coarse montmorillonite with a
particles size of 1-2 micrometers and a fine-grained, probably Na-montmorillonite with a
particle sizes in between 20-80 nm, which settle on larger particles and cover the space
between them (Fig. 3a). The images obtained across the c-axis from the folded edges (Fig.
3b, ¢), show domains with a size of 23-32 nm, related to the basal planes of the individual
layers with interlayer spacings of 10.5 A (dehydrated in vacuum) to 11.8-12.3 A (partially
dehydrated). Domain sizes can also be evaluated using TEM as a size of an area with
constant basal interlayer spacings (001); in the images from the folded particle edges it

amounts to 4-7N.
a) b)

Fig. 3. Electron microscopic images of particles of raw (a, b), and treated with 1 M
HNO; for 108 hours (¢, d) montmorillonite; b and d - high resolution images from the
folded edge of the montmorillonite particles (areas shown as white rectangles
in Figures a and b, respectively).
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Structural transformation of montmorillonite due to the acid treatment. Treatment
of montmorillonite with 1M HNOj; solution for 12 hours leads to a decrease of its basal
spacing from 13.8 A to 13.2 A and to an increase of its XRD reflection intensity, which is
probably the result of the defective montmorillonite phase dissolution and an increase of
interlayer ordering due to partial leaching of Ca*" and Mg”". Further treatment leads to a
reduction in the order of layers stacking and destruction of the 2:1 layer structure, which is
manifested by a decrease in the intensity and broadening of the basal XRD reflections until
almost complete disappearance of the basal reflections of all orders other than (001). The
shift of (001) reflex to 13.9 A after 36 and 108 hours reaction duration is the result of the
dissolution of carbonates (mainly calcite) and the intake of calcium to the interlayer
complex. This process is accompanied by a decrease of domain size to 4N (Tab. 2).

Table 2. Changes in the structural features: interplanar spacings (dgo;), domain size
determined from the size of the coherent scattering area (hon), number of layers (N) and
adsorption properties: specific surface area (Sggr), total pore volume (Vs), cation exchange
capacity (CEC), of Tagansky montmorillonite under acid treatment.

Treatment S
duration | 400t | heop,nm | N (m%]j;) Vs (ecm’/g) | CEC, (meq/100g)
Raw 13.7 8.2 6| 671 0.085 86
12 hours 14.0 7.0 5] 109.7 0.114 58
36 hours 14.0 7.0 5] 1912 0.192 56
108 hours | 13.8 5.5 41 3012 0.353 40

The domain size decrease, along with an expected specific surface area increasing
can be tracked indirectly by the increasing intensity of the adsorbed water bandin IR-
spectra in the 4000-2500 cm™ region (Fig. 2a) a 108 hour treatment. Changes in the Si-O-
Si band shapes in the range of 1100-1050 cm™ (Fig. 2a) indicate a change of the way of
interaction within the tetrahedral sheet. Also, a band shift from 1050 cm'to 1095cm™ for
the initial samples and the ones treated for 108 hours indicates increasing the amount of the
amorphous silica due to the partial destruction of the tetrahedral sheets [11, 12, 13]. The
zoom-in fragment (Fig. 2¢) illustrates a decrease in intensity of the 925 and 876 cm™ bands,
corresponding to Al-Al-OH and Al-Fe-OH vibrations, respectively, in the structure of the
octahedral montmorillonite sheets during nitric acid solutions treatment of different
durations indicating leaching of Al’'and Fe’" from the octahedral sheet [11, 12, 13].
Octahedral cations leaching leads to modification of the interaction between the octahedral
and tetrahedral sheets in the 2:1 layer and partial destruction of octahedral sheets.

108 hour treatment leads to microaggregates' surfaces becoming rough and pebbled
which has been observed by the other researchers of Tagansky montmorillonite [14]; in the
images of folded edges [15] only small fragments of parallel layers with a maximum length
of 25 nm can be traced which corresponds to small packs of 2-3 layers (Fig. 3, g). The
interplanar distance remained close to 12-14 A which is typical for the natural
montmorillonite and may be the result of the incomplete destruction of the montmorillonite
structure.

Thus, the results of the montmorillonite structure exposure to thermo-chemical
treatments are: partial destruction (dissolution) of relatively fine-grained clay particles,
leaching of the octahedral cations and partial H' substitution of the interlayer cations,
changes in the interactions between octahedral and tetrahedral sheets and their partial
destruction. Concurrently, the vast majority of the interlayer octahedral cations are leached
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from the structure into the solution, however the vast amount of silicon is adsorbed on the
surface which increases the content of amorphous silica.

Modification of the montmorillonite adsorption properties during the acid
treatment. Adsorption properties of bentonite clays can be characterized by a specific
surface area (SSA)and cation exchange capacity (CEC).It is widely thought (Osipov,
Sokolov, 2013) that, in general, the value of SSA is in a direct proportion with the value of
CEC, i.e. with an increase of SSA,CEC value rises and vice versa, which is true in most
cases for natural soils [16] with a different mineral composition. However, the ratio of
these parameters for montmorillonites with different composition may be in a more
complex relationship. Table 2 shows the SSA and CEC values for raw and modified
montmorillonites from Tagansky deposit. The following relationship can be observed: an
increase in the specific surface area followed by a reduction of cation exchange capacity.

The vast majority of works dedicated to the transformation of microstructural
characteristics of montmorillonite exposed to inorganic acids solutions are based on
treatments with solutions of different concentrations [17-19]. These studies clearly show a
similar trend: the increase of the SSA of montmorillonite with an increasing concentration
of HCI or H,SO4.Researches that are focused on nitric acid effects are not so wide spread
in the press which is probably due to its greater toxicity and as a consequence, a rare
application in technological processes. The research presented is focused on nitric acid
effects because it is part of the liquid radioactive waste [6, 20].

Protonation of the Al bond couple in octahedra transfers it from 4 to 6-coordinated
[21], which, together with a decrease in the number of octahedral cations leads to a
modification of octahedral and tetrahedral sheets and consequential appearance of
micropores. Structural transformations are schematically shown in Fig. 4. Limit values for
"micropores"”, "mesopores" and "macropores" dimensions may vary in different
classifications developed for different fields of knowledge. In geology mesopore sizes lie
in the range from 10 to 1000 micrometers, micropores - from 0.1 to 10 micrometers [22].
In the course of the detailed morphometric study of soils' microstructures V.I.Osipov and
V.N.Sokolov [23] proposed more precise classification, subdivision of micropores into thin
(0.1-10 pm), small (1-10 pm) and large (10-100 pwm) whereas the lower limit of
macropores is proposed at 100 pm.

Ca“montmorillonite H'- montmorillonite H'-mmct)riigﬁlclionite
< <
< S S
3 b s
i) B & % - % [ p
S { W&o P e e & N T
PR S Y JEP Y La5% >

Fig. 4. Schematic representation of structural changes in natural montmorillonite
due to treatment with solutions of inorganic acids: a - natural Ca-montmorillonite, b -
partial interlayer protonation ¢ - complete interlayer protonation (H-smectite), protonated
OH-groups of the octahedral sheets and AI’"coordination change

In other branches of knowledge there are other classifications of the pore sizes. For
example, the International Union of Pure and Applied Chemistry (IUPAC) recommended
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the following classification: macropores (50 nm), mesopores (2 to 50 nm), micropores (2
nm) [24, 25, 26].Micropores are subdivided into ultramicropores (less than 0.7 nm) and
supermicropores having an intermediate size between ultramicropores and mesopores.

In fact, all the pore sizes in montmorillonite obtained due to the modification of the
structure and which are predominantly involved in adsorption, do not exceed 6-9 nm for
mesopores and 1-3 nm for micropores. The average pore size measured in the natural and
modified montmorillonite is about 5 nm, which corresponds to the interparticle pores
according to Sokolov and Osipov [23].At the same time, acid treatment, as shown above,
gives rise to pores in the layer structure (micropores) due to partial leaching of the
octahedral cations, protonation of OH-groups and AI’" coordination changes that do not
increase the average pore size, but the total pore volume (tab. 2).

Thus, cation exchange capacity (CEC) value naturally decreases from 86 meq/100 g
for natural bentonite to 40 meq/100 g for the most heavily treated sample (Table 1).Such
decrease in CEC values after a treatment with inorganic acids (e.g., HCl and H , SO 4, was
described in other researches [19].The CEC value of bentonite is determined not only by
the montmorillonite content, but especially its structure. As a result of the acid treatment,
layer charge of montmorillonite decreased and amorphous silica appeared due to
degradation of the tetrahedral sheets deposites on the particle surfaces that leads to a
significant decrease of CEC.

Conclusion

The results of experiments allow us to describe the processes of transformation of
the structure and adsorption properties of montmorillonite from Tagansky deposit due to a
treatment with 1M HNOssolutionat an elevated temperature for various durations.

Modification of the structure proceeds in several stages that partly overlap with
each other: 1. Dissolution of the most defective nanoscale phase. 2. Leaching of interlayer
cations and partial protonation of the interlayer.3. Leaching of octahedral cations.4.
Changes in the interaction between octahedral and tetrahedral sheets. 5. Destruction of the
tetrahedral sheet and partial deposition of amorphous silica on the particle surfaces.

Modification of the adsorption properties proceeds as in the following stages: 1.
Increase of specific surface area due to the destruction of large aggregates and particles.2.
Increase of the total pore volume due to the appearance of micropores due to the
protonation of OH-groups of the octahedral sheets and octahedral cations leaching.3.
Reduction of the cation exchange capacity due to reduction of the layer charge, and
adsorption of amorphous silica, which appeared after the destruction of tetrahedral sheets.

Modification of the structural features due to acid treatment can be used to simulate
the behaviour of physical and engineering properties of adsorption barriers for long
operation periods.

This work was financially supported by the Governmental Assignment
#0136-2014-0009 (72-3).
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