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В работе исследованы различные подходы к синтезу каталитических систем на 
основе вермикулита и диоксида циркония, базирующиеся на использовании механохимиче-
ской и плазмохимической обработок. Определено их влияние на структуру и свойства ката-
лизаторов для удаления токсичного 2,4-дихлорфенола из водного раствора. Процесс механо-
химической активации (МХА) контролируется с помощью рентгенофазового анализа, ин-
фракрасной спектрометрии и сканирующей электронной микроскопии. Размер частиц вер-
микулита измерялся с помощью сканирующей электронной микроскопии и рассчитан с ис-
пользованием данных рентгеновской дифракционной спектроскопии. Для характеристики 
степени механохимической активации были использованы размеры областей когерентного 
рассеивания и величина микродеформаций. Были проанализированы такие параметры, как: 
изменение базального расстояния, гидратационные состояния вермикулита, площадь удель-
ной поверхности, подробно рассмотрены изотермы адсорбции-десорбции азота с поверхно-
сти образцов, построены кинетические зависимости разложения 2,4-дихлорфенола в водном 
растворе. В результате проделанной работы обнаружен положительный эффект от меха-
нохимической и плазмохимической обработки систем на основе вермикулита и диоксида 
циркония. Полученные образцы обладают развитой морфологией поверхности, при введении 
диоксида циркония уменьшаются области когерентного рассеивания и происходит накопле-
ние микродеформаций, что связано с внедрением Zr4+ в межслойные пространства вермику-
лита. Использование механохимической и плазмохимической обработки увеличивает как 
степень разложения (с 60 до 79% при заданных параметрах обработки), так и скорости, 
энергетические вклады в процесс деструкции, а сама вермикулитовая каталитическая си-
стема более эффективна в совмещённых плазменно-каталитических процессах (СПКП) раз-
ложения 2,4-ДХФ, чем Pt/Al2O3. 

Ключевые слова: катализатор, вермикулит, оксихлорид циркония, механохимическая актива-
ция, плазмохимическая обработка 
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Various approaches to the synthesis of catalytic systems based on vermiculite and zirco-
nium dioxide, founded on the use of mechanochemical and plasmachemical processing, are inves-

tigated in this work. Their influence on the structure and properties of catalysts for removing toxic 

2,4-dichlorophenol from an aqueous solution is determined. The activation process is controlled by 

X-ray diffraction, IR-spectroscopy, and scanning electron microscopy. The size of the vermiculite 
particle was directly measured by scanning electron microscopy and calculated using X-ray dif-

fraction spectroscopy data. To characterize the degree of mechanochemical activation (MCA), the 

size of the coherent scattering region and the value of micro deformations were used. We analyzed 

such parameters as a change in basal distance, hydration states of vermiculite, specific surface 

area, kinetic dependences of the decomposition of 2,4-dichlorophenol in an aqueous solution. A 
positive effect of mechanochemical and plasmachemical processing of systems based on vermicu-

lite and zirconium dioxide was found. The use of these methods increases both the degree of de-

composition (from 60 to 79% at given processing parameters) and the rate, energy contributions to 

the destruction process; and the vermiculite catalytic system itself is more efficient in combined 
plasma-catalytic processes (CPCP) of decomposition of 2,4-DCP than Pt/Al2O3. 

Key words: catalyst, vermiculite, zirconium oxychloride, mechanochemical activation, plasmachemical 
processing 
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INTRODUCTION 

At the moment, the efficiency of many techno-

logical processes, the selection of the optimal scheme 

and equipment directly depend on the properties of the 

catalyst used. At the same time, the determining factor 

in the choice of a catalytic system is the specific re-

quirements associated with the process conditions and 

the type of processed raw materials, including the pos-

sibility of the finished product molding [1-3].   

However, the problems of direct synthesis of 

catalysts, which would allow, among other things, to 

predict the properties of the obtained materials, control 
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their properties (activity, selectivity), and also opti-

mize the stages of functional preparation and pro-

cessing of the feedstock, have not been sufficiently 

studied [4]. 

Inorganic materials of natural origin with suf-

ficient catalytic potential include layered hydrosilicate 

– vermiculite; the package structure determines its spe-

cific properties. At the same time, there is a direct de-

pendence on changes in the surface area and structure 

of the mineral, which is directly determined by the 

method of modification. By various forms of impact on 

vermiculite, the main structure is stratified, both into 

separate layers and into a set of packages of several 

layers, freely oriented and independent in the solvent 

matrix [5]. To date, there is a large amount of data in 

the literature on the physicochemical properties and ac-

tivity of catalysts both based on zirconium oxychloride 

and oxides of other metals (Fe3+, Y3+, Al3+, Mn3+) [6-11]. 

Their strong acidic properties make it possible to use 

them in a variety of technological petrochemical pro-

cesses (isomerization, alkylation, acylation, purifica-

tion of aqueous solutions, gas emissions from organic 

and inorganic pollutants, etc.) [12-17]. However, most 

of the presented techniques for synthesizing catalytic 

systems require significant energy and material costs 

for their implementation [18]. The search for new ways 

of targeted synthesis of catalytic systems in addition to 

thermodynamically reversible routes with the produc-

tion of metastable phases will contribute to solving this 

problem [19-20]. These include mechanochemical ac-

tivation (MCA) and plasmachemical processing (PCP) 

[21-22]. A certain new direction in plasmachemical 

systems for protecting the environment, which makes 

it possible to significantly intensify the processes of 

decomposition of organic compounds and reduce en-

ergy costs, is also the use of combined plasma pro-

cesses with traditional [23-25]. In combined plasma-

catalytic processes (CPCP), when a model solution en-

ters the reactor, where a catalyst is located in the dis-

charge zone, active plasma components affect both 

the catalyst and the solution, which can lead to accel-

erated degradation of organic compounds dissolved in 

water, as well as to change in the composition of the 

resulting degradation products. Therefore, the study 

of the transformation kinetics of organic compounds 

under the action of CPCP, on the example of a dielec-

tric barrier discharge (DBD) with a catalyst layer in-

side, is relevant.  
Such systems can be used to destroy toxic and 

oxidation-resistant organic compounds that pose a se-

vere threat to the environment and public health [26]. 

These substances are chlorinated phenols (CP), be-

longing to the group of priority organic pollutants 

ubiquitous in the environment [27]. They are highly 

toxic, carcinogenic, and resistant to biodegradation 

[28-29]. 

One of the most toxic CP is 2,4-dichlorophenol 

(2,4-DCP) [30-31]. 

Chlorinated herbicide production, organic syn-

thesis, landfills, incinerator plants are the sources of 

2,4-DCP in the environment [32-34].  

Despite the lack of direct commercial use, 

2,4-DCP enters industrial wastewater at concentra-

tions from 10 to 1000 mg/l [35]. There are various 

physicochemical methods for purifying emissions and 

wastewater from CP. However, most of them have var-

ious disadvantages, such as low degradation efficiency, 

high economic costs, and the formation of more toxic 

end products [36-37]. 

These methods are characterized by a high po-

tential for creating environmentally friendly methods 

for purifying gas emissions and effluents from highly 

toxic compounds and have higher economic perfor-

mance than traditional methods. Eliminating the sol-

vent allows achieving new material characteristics or 

introducing a new component without an intermediate 

agent, thereby increasing the efficiency of the process. 

Thus, the relevance of this research is the cre-

ation of new types of highly active catalytic systems 

based on vermiculite and zirconium oxychloride in 

combined plasma-catalytic processes used to purify 

aqueous solutions and gas emissions from organic and 

inorganic pollutants. 

EXPERIMENTS 

MATERIALS 

The work investigated natural vermiculite of 

the Kovdor vermiculite deposit, with a grain size of up 

to 0.6 mm. The chemical composition of vermiculite 

corresponded to: SiO2 (37.2%), Al2O3 (6.2%), CaO 

(15.3%), Fe2O3 (19%), MgO (13.1%)) 

In order to obtain the ZrO2, we used the 

commercial zirconium oxychloride octahydrate 

ZrOCl2∙8H2O (CAS no. 13520–92–8).  

Commercial oxygen and nitrogen were used as 

plasma-forming gases.  

PREPARATION OF THE CATALYSTS 

The synthesis of catalysts was carried out with 

joint mechanochemical activation of the initial compo-

nents: vermiculite and zirconium oxychloride octahy-

drate (ZrOCl2∙8H2O), taken in a ratio that provides Zr4+ 

content in the mixture of 5 wt.%. The mechanochemi-

cal activation (MCA) was performed in the vibratory 

roller-ring mill VM–4 (Česká Republika). The diame-

ter of the milling chamber was 98 mm, and the total 
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volume of the chamber was 0.302 l. The oscillation fre-

quency was 930 min-1, and the amplitude was 10 mm. 

The mixture was loaded into the mill in the amount of 

50 g. The energy strength was 10,2 kW kg-1. The spec-

ified energy is only the net energy that is applied from 

the milling bodies to the powder. This value does not 

include the energy losses in the various mechanical 

components of the mill equipment. Such an approach 

was proposed by Heegn [38]. This allows not to take 

into account the specific configuration and type of used 

mill apparatus and make a correct evaluation of the 

MCA efficiency. Thus, net energy is proportional to 

the energy strength and processing time in the mill 

[39]. The MCA time was 5-30 min. 

After the MCA, the water was added to the 

mixture. The resulted content was stirred to obtain the 

homogeneous plastic paste. The optimum water con-

tent was ranged from 25 to 30 wt % and was controlled 

by the depth of immersion of the cone. The method for 

determining the optimum molding moisture is de-

scribed in (1). The granules with a diameter of 3 ± 0.1 mm 

were molded from the paste using the piston extruder. 

Then, the pellets were dried at 100-110 °C. The ther-

mal treatment of dried pellets was carried out at 650 °C 

for 4 h. 

Plasmachemical processing of the catalyst was 

carried out using a DBD unit that implements a coaxial 

arrangement of electrodes [40]. A reactor with a coax-

ial arrangement of electrodes is shown in Fig. 1. 

 

 
Fig. 1. Scheme of the experimental setup. 1 – inner electrode; 2 – gas 

cylinder with a flow rate meter; 3 – Teflon insert; 4 – external 

electrode; 5 – layer of the processed catalyst; 6 – gas mixture out-

let; 7 - resistor 100 Ohm; 8 – digital two-channel oscilloscope 

GW Instek GDS-2072; 9 - power supply 

Рис. 1. Схема экспериментальной установки. 1 – внутренний 

электрод 2 – газовый баллон с расходомером; 3 – тефлоновая 

вставка; 4 – внешний электрод; 5 – слой обрабатываемого ка-

тализатора; 6 – выход газовой смеси; 7 – резистор 100 Ом;  

8 – цифровой двухканальный осциллограф GW Instek GDS-

2072; 9 – блок питания 

 

The glass tube acting as a dielectric was made 

of Pyrex glass 1 mm thick. The electrodes were made 

of aluminium. The catalyst inside the cell was kept in 

the discharge zone using perforated fluoroplastic rings. 

Commercial oxygen was used as the plasma-

forming gas; the gas flow rate in all experiments was 

8.3 ml/s. The carrier gas flow rate was controlled using 

a gas flow meter. The barrier discharge was excited 

from a high-voltage transformer. The root-mean-

square voltage in the experiments was 16.5 kV. In this 

case, the discharge current was 13 mA. The frequency 

of the voltage applied to the electrodes was 800 Hz. 

The volumetric power deposited in the dis-

charge (W, W/cm3) was 8.6 W/cm3 and was deter-

mined as the power applied to 1 cm3 of the dis-

charge zone: 

. .d z

U I
W

V


    (1) 

where I, A is the current strength in the secondary cir-

cuit, U, V is the voltage, Vd.z., cm3 is the volume of the 

discharge zone, calculated by the formula: 

sec . . .p t d zV S L 
   

(2)
 

where Ssect., cm2 is the sectional area of the discharge 

zone, Ld.z., cm is the length of the discharge zone. The 

volume of the discharge zone of the DBD reactor with 

a coaxial arrangement of electrodes for processing in 

nitrogen and oxygen was 25 cm3. 

In all experiments, technical oxygen or nitro-

gen were used as plasma-forming gases, the flow rates of 

which in all experiments were 500 ml/min (8.33 ml/s). 

СOMBINED PLASMA-CATALYTIC PROCESSES 

(CPCP) IN WATER TREATMENT 

Experiments on the destruction of 2,4-dichlo-

rophenol present in aqueous solutions were carried out 

to confirm the oxidative efficiency of the synthesized 

catalysts. 

The scheme of the experimental setup for the 

treatment of aqueous solutions of 2,4-DCP in DBD is 

given in [41]. 

The contact time with the discharge zone of the 

reactor τk varied in the range of approximately 1.2-2.9 s. 

The values of τс were calculated by the formula (3): 

с

DhL

Q


 

   

(3)

 
where h is the thickness of the liquid layer at laminar 

flow in the gravity field can be calculated, cm2; L = 8 

cm is the length of the discharge zone, Q is the solution 

flow rate, cm3/s. 

The thickness of the liquid layer during lami-

nar flow in the gravity field can be calculated [42]: 
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where g = 9.8 m/s2 is the acceleration of gravity force, 

is the kinematic viscosity (m2/s), Re is the Reynolds 

criterion. The Reynolds criterion was calculated by the 

formula (5):  

D

Q


4
Re    (5) 

where Q is the volumetric flow rate of the liquid m3/s, 

D is the diameter of the cylinder. Combining every-

thing, we get (3): 

3/1)
3

(
D

Q

g
h






   
(6) 

The kinematic viscosity of water can be calcu-

lated by the ratio (7). 

2

6

)273(000221.0)273(0337.01

1078.1
)(








TT
T

 (7) 

In all experiments, the mass of catalysts placed 

in the plasma combustion zone was 1 g. The parame-

ters of the investigation are presented in Table 1. 

 
Table 1 

Parameters of the experiment 

Таблица 1. Параметры проведения эксперимента 

Parameter Value 
Unit of measure-

ment  

2,4-DCP concentration  100 mg/l 

Frequency 800 Hz 

The power put into the  

discharge  
8.6 W/cm3 

Current  13 mA 

Voltage 16.5 kW 

Plasma gas consumption (О2) 0.5 l/min 

Catalyst weight 1000 mg 

The contact time of the solu-

tion with the plasma-catalytic 

zone in the reactor 

1-2.9 s 

 

The effectiveness of the purification of aqueous 

solutions from 2,4-DCP (α) was estimated by equation: 

𝛼(%) =
𝐶0−𝐶

𝐶
∙ 100  (8) 

where C0 and C are the initial concentration of 2,4-DCP 

at the inlet to the reactor and its outlet, respectively. 

The energy efficiency of the decomposition 

process of 2,4-DCP was estimated using the formulas for 

the rate and energy costs of decomposition (9) and (10): 

)1exp( inD nKW ,   (9) 

𝜃 =
𝜚∙𝐶𝑖𝑛∙0.63∙𝑁𝐴𝜐∙1.6∙10

−19∙100

𝑃
,  (10) 

where Q is the flow rate of the model solution supplied 

for purification, (l/s), required for the demanded degree 

of pollutant removal; NAv is the Avogadro number, 

1.6∙10-19 is the electron charge (C), P is the power put 

into the discharge (W), nin is the initial concentration 

of the substance supplied with the solution (mol/l). 

TESTING PROCEDURES 

In this work, the following testing procedures 
were used: 

 The MCA was performed in the vibratory roller–
ring mill VM–4 (Česká Republika). The diameter of 
the milling chamber was 98 mm, and the total volume 

of the chamber was 0.302 l. The oscillation frequency 
was 930 min-1, and the amplitude was 10 mm. The mix-

ture was loaded into the mill in the amount of 50 g. The 
MCA time was 5-30 min. 

 Powder X-ray diffraction (XRD) spectroscopy. The 
patterns were recorded on DRON–3M X-ray diffrac-

tometer. The CuKα radiation (λ = 0.15406 nm, Ni fil-
ter) was used with 40 kV and 20 mA power supply set-

tings. The scan rate was 1 min-1, and the scanning step 
was 0.01°. 

 The scanning electron microscopy (SEM) measure-
ments were taken with the JSM–6460 LV microscope 
equipped with an Energy Dispersive X-Ray Spectros-

copy (EDS) and thermally assisted field emission gun 
operating at 5 keV. 

 Fourier transformed infrared (IR) spectra of the 
samples were measured by Avatar 360 FT–IR ESP 

Spectrometer working in the wavenumber range of 
4000-400 cm–1 with the sample prepared by KBr 

method, where the sample of KBr ratio was 1:100. 

 N2 adsorption-desorption isotherms were measured 
at 77 K on the Sorbi-MS analyzer. Samples were out-

gassed at 573 K before the adsorption measurements. 
The specific surface area was calculated from nitrogen 

adsorption data in the relative pressure range from 0.05 
to 0.2 using the BET (Brunauer-Emmett-Teller) equa-

tion. The total pore volume was estimated from the 
amount of nitrogen adsorbed at a relative pressure of 

about 0.99. 

 The content of 2,4-DCP in the samples was con-
trolled at the inlet and outlet of the reactor using gas 
chromatography [43] using a Chromatec 5000.2 chro-

matograph (produced in Russia). The relative error of 
determination is 30%, with a confidence level of 0.95. 

XRD CALCULATION 

The interplanar spacing was derived from the 
diffraction equation, such as 

𝑑 = 𝜆 2𝑠𝑖𝑛𝛩⁄ ,   (11) 
where λ is the wavelength, d is the interplanar spacing, 

and Θ is the diffraction angle. The crystalline phases in 
the XRD patterns were identified by comparing the cal-

culated interplanar spacings with those taken from the 

IZA database.  
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Since the vermiculite type belongs to the cubic 

monoclinic, the lattice parameter was calculated from 

the equation of: 

1 𝑑2⁄ = ℎ2 + 𝑘2 + 𝑙2 𝑎2⁄ ,        (12) 

where h, k, l are the Miller indexes.  

The broadening of the X-ray diffraction profile 

allows one to determine both the dimension of the co-

herent scattering region (CSR) and the value of mean–

square micro deformations (MD). For this purpose, we 

used the modified Scherrer's equation [44]. The modi-

fied Scherrer's equation (so-called Scherrer–Selyakov 

equation) can be written as: 

4 tan ,
cos

ph

CSRD


   


  

(13)

 
or, in linear form 

cos 4 tanph

CSRD


    

  

(14)

  
where βph is the physical component of the broadening, 

DCSR is the CSR dimension, ε is the mean-square MD 

value, and Θ is the position of the profile centroid of 

the sample. The value of βph can be extracted from the 

total broadening profile using a Gaussian distribution as 
2 2 2 ,s ph st   

   
(15)

 
where βs is the integral half-width of the sample pro-

file, and βst is the integrated half-width of the stand-

ard sample. It was assumed that, for the standard 

sample (Ecolan, Russia), the measured broadening is 

equal to the instrumental broadening only and is as-

sociated with both device characteristics and expo-

sure conditions. 

RESULTS AND DISCUSSION 

XRD AND INFRARED SPECTROSCOPY 

According to the XRD data (Fig. 2-3), with an 

increase in the amount of energy supplied during the 

MCA [45] and PCP, several changes occurred in the 

X-ray patterns of the samples. Namely, there was a de-

crease in interplanar spacings under high-energy im-

pacts on the samples, a reduction in the intensity of dif-

fraction reflections, and their broadening after grind-

ing. The data obtained are regular and are determined 

by the movement of dislocations, their emergence to 

the surface, and annihilation due to the elastic defor-

mation of the crystallites of the initial components 

[21]. On the X-ray patterns of the original sample 

(Fig. 2-a, 3-a), there is the most characteristic diffrac-

tion peak for vermiculite (001) at 6.18° 2Θ [46-47]. At 

the same time, small reflexes in the region of 7.43° and 

8.77° indicate the presence of some impurities of bio-

tite and mica in vermiculite [47]. After introducing 

ZrOCl2∙5H2O into the initial mixture, the intensity of 

these peaks decreased significantly (Fig. 2 c-e, 3 c-e). 

X-ray patterns of samples c-e showed that the charac-

teristic diffraction peak (001) of vermiculite was 

shifted to the region of 8.80° 2Θ. 
The presence of the promoting additive ZrO2 

in samples b, c, d, e is evidenced by reflections in the 
region 31-31.5° 2Θ. The presence of zirconium in the 
system in the form of a zirconium oxychloride com-
pound is evidenced by the fact that the crystallization 
of the oxide phase of zirconium from ZrOCl2∙8H2O be-
gins upon calcination from 350 °C, and it proceeds in 
two forms: stable monoclinic (M) and metastable te-
tragonal (T) [12, 48, 49]. In terms of catalysis, the sec-
ond T-form is preferred. The formation of this particu-
lar form can be explained by the fact that the metal cat-
ions contained in vermiculite act as promoters, delay-
ing the growth of crystallites and stabilizing the 
nanostructured state of the oxide. This fact correlates 
well with literature data [12, 48, 49]. In addition, this 
can be associated with the formation of solid solutions 
of promoter cations in the ZrO2 lattice [50-51]. The 
change in the basal distance in the samples in the pres-
ence of zirconium is associated with incorporating 
ZrO2 into the interlayer spaces of vermiculite [47]. 

A clearer picture of the changes that occur dur-
ing the modification of vermiculite is shown in Fig. 2, 
which displays a sequence of d002 intensity profiles. It 
should be taken into account that the interplanar spac-
ing in vermiculite indirectly characterizes the amount 
of interpacket water that the mineral is able to absorb 
[52]. According to [53], vermiculite exists in three 
types of hydration states: zero (anhydrous), one- or 
two-layer.  

 

 
Fig. 2. XRD sample: a – initial vermiculite, b – MCA+650 °С,  

с – MCA+Zr5%+PCP(N2), d – MCA+Zr5%+PCP(O2),  
e – MCA+Zr5%+PCP(2х O2). Induced phases: V2– two-layer hy-

dration state, V0– zero hydration state (anhydrous), B– biotite,  
S– mica 

Рис. 2. РФА образцов: a – исходный вермикулит, b – МХА + 
650 °С, с – МХА+Zr5%+ПХО(N2), d – МХА+Zr5%+ПХО(O2),  

e –  МХА+Zr5%+ПХО(2х O2). Induced phases: V2– двухслой-
ное гидратное состояние, V0–нулевое гидратное состояние 

(безводное), B– биотит, S– слюда  
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Due to MCA and PCP in the energy supply 

process, a change in the amount of water in the inter-

layer space of the hydrated vermiculite layers was ob-

served. The calculated values of the interplanar dis-

tances of the original and modified samples showed 

that the most considerable value of the interplanar dis-

tance, and, consequently, the most significant number 

of water layers, is characteristic of the initial vermicu-

lite – sample а (14,55 Å). MCA (sample b) contributed 

to lowering of this indicator to 14.19 Å due to a de-

crease in the intensity of the peak in the region of 6.18° 

2Θ, and its shift to high-angle regions of 6.35° 2Θ. 

Whereas the additional PCP (samples d, c, e) led to the 

ordering of the vermiculite structure and its dehydra-

tion. The values of interplanar spacings, depending on 

the PCP medium (O2 – sample d and N2 – sample c) 

and its frequency (double treatment – sample e), are 

close and are in the range of 9.66-9.95 Å.  

 

 
Fig. 3. XRD sample: a – initial vermiculite, b – MCA+650 °С,  

с – MCA+Zr5%+ PCP(N2), d – MCA+Zr5%+ PCP(O2),  

e – MCA+Zr5%+ PCP(2х O2). Induced phases: V2– two-layer hydra-

tion state, V0– zero hydration state (anhydrous), B– biotite, S– mica 

Рис. 3. РФА образцов: a – исходный вермикулит, b – МХА 

+650 °С, с – МХА+Zr5%+ПХО(N2), d – 

МХА+Zr5%+ПХО(O2), e –  МХА+Zr5%+ПХО(2х O2). Induced 

phases: V2– двухслойное гидратное состояние, V0–нулевое 

гидратное состояние (безводное), B– биотит, S– слюда 

 

Based on the XRD data, the calculated values 

of changes in coherent scattering regions (CSR) and 

micro deformations (MD) (Table 2) under various 

methods of action on vermiculite. 

Hence it follows that with an increase in the 

supplied energy, the calculated CSR values tended to 

decrease; if Dcircle of the initial vermiculite was 260 nm, 

then the one of the activated samples was from 192 to 

187 nm. This fact is explained by the displacement and 

rearrangement of vacancies for OH groups in the min-

eral, shown earlier in Fig. 2 and 3. There, a decrease 

in the intensity of reflections, their shift or disappear-

ance, confirms the fact of a reduction in the size of 

crystallites in activated samples, an increase in the 

level of defectiveness and structural disorder of the 

crystal lattice (Table 2). 
 

Table 2 

Characteristics of the microstructure of the crystal lattice of 

modified samples: a – initial vermiculite, b – MCA +650 °С, 

c – MCA+Zr5%+ PCP(N2), d – MCA+Zr5%+ PCP(O2),  

e – MCA+Zr5%+ PCP(2х O2) 

Таблица 2. Characteristics of the microstructure of the 

crystal lattice of modified samples: a – исходный 

вермикулит, b – МХА +650 °С,  

c – МХА+Zr5%+ПХО(N2), d – МХА+Zr5%+ПХО(O2),  

e – МХА+Zr5%+ПХО(2х O2) 

Title CSR 1, nm MD 2, % 

a 260±5.2 0.41±0.01 

b 192±3.84 0.72±0.01 

c 187±3.74 0.63±0.01 

d 194±3.88 0.65±0.01 

e 197±3.94 0.75±0.02 
1CSR – coherent scattering region, nm; 2MD – micro defor-

mations, % 
1CSR – область когерентного рассеяния, нм; 2MD – микро-

деформации, % 

 

Due to the dispersion and accumulation of de-

fects in the crystal lattice after MCA, the promoting 

additive led to a decrease in the unit cell volume asso-

ciated with incorporating zirconium atoms and their 

distribution in the vermiculite crystal lattice. At the 

same time, the subsequent PCP is connected only with 

ongoing processes of plastic deformation of the crystal 

lattice without a significant change in the volume of the 

unit cell.  

The data obtained by XPD are in good agree-

ment with the results of IR spectroscopy. It was estab-

lished (Fig. 4) that no new functional groups were 

formed in the vermiculite samples during the PCP, 

which is associated with the presence of the same func-

tional groups in the structure of the studied minerals. 

In the IR spectrum of all samples, absorption bands 

were found corresponding to a layered hydrosilicate 

containing hydroxyl groups and a significant amount 

of structurally bound water. A slight reduction in the 

intensity of the absorption bands at 1640 cm-1 and 

3700 cm-1, representing scissoring deformation δS ОН 

and symmetric stretching νS ОН vibrations, respec-

tively, is associated with the presence of H2O with dif-

ferent degrees of bonding, as well as a decrease in the 

number of hydroxyl functional groups in modification 

process [54]. On the IR spectra of all modified vermic-

ulites, the absorption wave at 590–620 cm-1 refers to 

the deformation vibrations of Si–O–M (octahedral cat-

ion), where M = Mg, Al, Fe, etc. The absorption bands 

at 680 cm-1 are due to Al-O-Si stretching vibrations, 

while the band at 1160 cm-1 is the Si–O stretching vi-

bration in the silicon framework [55]. The c-e band 
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present on the samples in the region of 495 cm–1 was 

identified as a Zr–O bending vibration [56]. 

The crucial role in sorption and catalytic phe-

nomena is played by structural defects, including acid-

base centers of various nature on the sample surface. 

Analysis of the results of the IR spectra study showed 

that in all modified samples, the characteristic frequen-

cies slightly changed, which is mainly caused by the 

interaction of water molecules, oxygen-containing 

fragments of silicon, aluminum, iron, magnesium, cal-

cium, which are part of vermiculite, and as a result, 

changes the number of hydrated layers of vermiculite 

in the interlayer space. 
 

 
Fig. 4. IR–spectra samples: a – initial vermiculite, b – MCA +650 °С, 

c – MCA+Zr5%+PCP(N2), d – MCA+Zr5%+ PCP(O2),  

e – MCA+Zr5%+ PCP (2х O2) 

Рис. 4. ИК–спектры samples: a – исходный вермикулит,  

b – МХА +650 °С, c – МХА+Zr5%+ПХО(N2),  

d – МХА+Zr5%+ПХО(O2), e –  МХА+Zr5%+ПХО(2х O2) 

MICROSTRUCTURAL ANALYSIS 

Structural studies have shown that the mor-

phology of vermiculite samples during their MCA 

changes significantly (Fig. 5 b). After mechanical en-

ergy was applied, dispersion and aggregation of the 

samples were observed. The surface of the original ver-

miculite has a layered structure in the form of aggre-

gates of flaky and petal shape, tightly adhering to each 

other and forming a single frame with numerous 

macropores that act as transport channels during heter-

ogeneous processes. However, if particles 1 to 2 μm in 

size predominated in the original sample and a larger 

phase of 10-20 µm, then after 10 min of MCA, the 

crystals were agglomerated into intergrowths with an 

irregular arrangement of particles, forming agglomer-

ates from 2 to 5 µm. With a decrease in the scale length 

of the scan, the globular structure of individual surface 

areas with fragments of crystalline inclusions appears. 

When introducing 5 wt. % zirconium into the original 

system (Fig. 4 c-e), the fact of agglomeration of ver-

miculite particles in the presence of additives was rec-

orded; agglomerates represent the structure of “sand-

wich” layers. The change in the structure of vermicu-

lite during the modification with the formation of de-

laminated sheets suggests that vermiculite particles are 

agglomeration centers from which new formations 

grow, in particular, for example, other functional hy-

droxyl groups [M - OH (M = Zr, Si, Mg, etc.) [57]. 

During double PCP (Fig. 5 e), the agglomeration and 

sticking of particles were recorded. The average dis-

persion is in the range of 5-10 microns; with PCP, the 

mineral is transformed into a denser matrix structure 

characterized by an almost continuous undirected 

mass, although the lamellar structure is visible. In the 

case of PCP in a medium in N2 and O2 (Fig. 5 c, d), 

vermiculite crystals have a more pronounced lamellar 

shape; the average dispersion is in the range of 2–20 µm, 

where agglomerates 10–20 µm in size are often found. 
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Fig. 5. SEM images samples: a – initial vermiculite, b – MCA +650 °С, c – MCA+Zr5%+ PCP(N2), d – MCA+Zr5%+ PCP (O2),  

e – MCA+Zr5%+ PCP(2х O2) 
Рис. 5. СЭМ изображения образцов: a – исходный вермикулит, b – МХА +650 °С, c – МХА+Zr5%+ПХО(N2),  

d – МХА+Zr5%+ПХО(O2), e –  МХА+Zr5%+ПХО(2х O2) 
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BET ANALYSIS 

All obtained isotherms are of type IV and have 

a hysteresis loop reflecting the process of capillary 

condensation in mesopores. This type of isotherm is 

scarce in practice and is observed when nitrogen is ad-

sorbed on some types of activated carbon. The stepped 

isotherms presented reflect the layer-by-layer filling of 

the surface with adsorbate molecules [58]. 

The initial vermiculite has the lowest specific 

surface area; it is about 7 m2/g; after MCA and heat 

treatment, it increases to 21,3 m2/g. There is a signifi-

cant increase in the macroporous structure by more 

than 150% and amounts to 0,043 cm3/g, an increase in 

the hysteresis loop is observed, and the phenomenon of 

capillary condensation occurs. With the subsequent in-

troduction of zirconium and PCP, the samples treated 

in N2, O2, and double PCP undergo significant 

changes: among them, the sample treated in O2 has the 

largest specific surface area, it is about 15,1 m2/g, 

which is more than the samples treated in N2 and dou-

ble PCP, respectively. A similar correlation is observed 

in terms of total pore volume, where a sample of vermic-

ulite treated in O2 has the highest value of 0,023 cm3/g. In 

all samples, the hysteresis loop area broadens; how-

ever, the smallest pore diameter (up to 20 nm) is char-

acteristic of the sample treated in N2 and the maximum 

content of pores with a diameter of 5 to 7 nm reaches 

about 35%. In the case of sample treatment in O2, the 

pore diameter increases and reaches up to 40 nm, while 

the maximum percentage value does not change and 

remains the same as for the sample treated in N2. In the 

case of double PCP, the macroporous structure in-

creases, but mesopores also occur.  

The measurement of specific surface area, pore 

volume, and average pore size by the BET method is 

given in Table 3. It is shown that the formed porous 

structure of the original and modified samples has a 

specific surface ranging from 7-21.3 m2/g, with the 

minimum typical for the initial vermiculite (sample a) 

and the maximum for the sample obtained during 10 min 

of MCA and subsequent calcination at 650 °C (sample b). 

Indeed, the initial vermiculite has most of the 

pores related to mesopores. However, larger mica 

packets have very fine macropores. Under MCA and 

heat treatment, the number of macropores significantly 

decreases, and the content of micropores and meso-

pores increases. It should be noted that the MCA +  

+ Zr5% + PCP(N2) sample has the highest range of mi-

cro- and mesopores. Mesoporous materials are of great 

practical interest as sorbents and carriers for catalysts. 

In all cases of modification, the use of PCP af-

ter MCA led to a decrease in the specific surface area 

of the samples, which may be associated with burnout 

and sintering of the catalyst surface that occur at high 

temperatures formed in the discharge zone at high volt-

age [59-60]. In this case, the surface layers are cooled 

due to heat absorption in endothermic reactions on the 

sample surface and in the surface pores (with mi-

cropores and mesopores burning out). 

 
Table 3 

Structure characteristics of samples: a – initial vermic-

ulite, b – MCA+650 °С, с – MCA+Zr5%+ PCP (N2),  

d – MCA+Zr5%+ PCP (O2), e –  MCA+Zr5%+ PCP 

(2х O2) 

Таблица 3. Характеристики структуры samples:  

a – исходный вермикулит, b – МХА +650 °С,  

с – МХА+Zr5%+ПХО(N2), d – МХА+Zr5%+ПХО(O2),  

e – МХА+Zr5%+ПХО(2х O2) 

Sample 

name 

Specific surface area Ssp 

m2/g 

Pore volume 

(cm3/g) 

a 7.0±0.35 0.017±0.001 

b 21.3±1.07 0.043±0.001 

c 12.4±0.62 0.019±0.001 

d 15.1±0.76 0.023±0.001 

e 14.9±0.75 0.021±0.001 

 

The diameter of the globules varies in the 

range of ~ 40-200 nm; the pores formed between the 

globules have a width from 4-6 nm to 13-15 nm (mi-

cropores), and the diameter of the pores formed due to 

the mineral structure imperfection is from 30 to 80-100 nm 

(mesopores). Mesopores and macropores are transport 

channels that provide the supply of reactant molecules 

to the active centers of the system and the removal of 

transformation products. The available micropores 

provide a "sieve effect", which consists in the selective 

sorption of only those molecules whose dimensions are 

less or equal to the dimensions of the micropores. 

Conclusions about the surface area, the ad-

sorbed object porosity, and the nature of the interaction 

between the adsorbent and adsorbate can be drawn 

from the isotherms. The obtained isotherm for the ini-

tial vermiculite, MCA 10 min + 650 °C, and vermicu-

lite + two treatments DBD corresponds to the type V 

isotherm (according to the classification of Brunauer, 

Deming, Deming and Teller [58]), all subsequent mod-

ifications of vermiculite slightly change the type of iso-

therm and the hysteresis loop. It should be noted that 

PCP in N2 and O2 media significantly changes the hys-

teresis loop to increase its area and the type of the iso-

therm. The isotherms obtained in these cases belong to 

type VI – stepped isotherms; they are relatively rare 

and therefore are of particular theoretical interest. In-

deed, the distribution of pores relative to the volume 

changes significantly under PCP (Fig. 6). 
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Fig. 6. Nitrogen adsorption–desorption isotherms and BJH pore size distribution curves on samples: a – initial vermiculite,  

b – MCA +650 °С, c – MCA+Zr5%+ PCP(N2), d – MCA+Zr5%+ PCP(O2), e – MCA+Zr5%+ PCP (2х O2) 

Рис. 6. Изотермы адсорбции-десорбции азота и распределение пор по размерам по методу БЭТ: a – исходный вермикулит,  

b – МХА +650 °С, c – МХА+Zr5%+ПХО(N2), d – МХА+Zr5%+ПХО(O2), e –  МХА+Zr5%+ПХО(2х O2) 

 

RESULTS OF 2,4-DCP DESTRUCTION 

The newly synthesized catalyst (vermiculite +  

+ Zr 5%) effectively destroys organic pollutants pre-

sent in wastewater, which is confirmed by the results 

of studies of the destruction of 2,4-DCP. The kinetics 

and efficiency of the degradation of the test compound 

are shown in Fig 7. Kinetic curves of 2,4-DCP decom-

position are satisfactorily described by pseudo-first-or-

der equations with effective rate constants (0.36±0.04) 

and (0.51±0.03) s-1 when processing model solutions 

without a catalyst and with vermiculite + Zr 5%, re-

spectively. 

The rates of the decomposition process were 

11.64·1017 and 8.16·1017 cm-3 s-1 during the treatment 

of model solutions with and without a catalyst in the 

discharge zone, respectively, and the energy costs were 
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0.017 and 0.012 molecules/100 eV. Thus, the use of 

vermiculite + Zr 5% increases both the degree of de-

composition (from 60 to 79% at the given processing 

parameters) and the speed and energy contributions to 

the degradation process, and the catalyst itself is more 

efficient in combined plasma-catalytic processes 

(CPCP) for the decomposition of 2,4-DCP than 

Pt/Al2O3 (41). 

 

 
Fig. 7. Change of the 2,4-DCP concentration depending on the 

time of treatment in DBD (1 – without a catalyst, 2 – in the pres-

ence of vermiculite + Zr 5%) 

Рис. 7. Изменение концентрации 2,4-ДХФ от времени обра-

ботки в ДБР (1 – без катализатора, 2 – в присутствии верми-

кулита+Zr 5%) 

 

The destruction efficiency is supported by the 

fact that during the aqueous solution treatment in 

СPСP, an increase in the degree of mineralization of 

the initial compound is observed, which is 80% at the 

maximum (that is 1.3 times higher than during treat-

ment in DBD). This is confirmed by both a decrease in 

the content of total organic carbon in the system after 

treatment and an increase in the concentration of car-

bon dioxide and carbon monoxide in the gas phase at 

the outlet of the reactor. 

CONCLUSION 

In the present work, a comparative analysis of 

the effect of PCP on modified vermiculite was carried 

out by the MCA with a promoting additive in a medium 

of various gases. As a result of the synthesis, more re-

active samples with a developed surface morphology 

are formed. After introducing ZrOCl2·8H2O into the 

system, there was a downward change in the areas of 

coherent scattering (up to 187 nm compared to the ini-

tial vermiculite – 260 nm), an increase in micro defor-

mations in the samples (up to 0.75% compared to the 

initial vermiculite 0.41%), which is associated with the 

incorporation of Zr4+ into the interlayer spaces of ver-

miculite. The use of a catalyst (vermiculite + Zr 5%) 

in water purification systems employing dielectric 

barrier discharge leads to a 20% increase in the effi-

ciency of destruction of the 2,4-DCP present in aque-

ous solutions. 
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