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ABSTRACT

The composition and the sorption properties of vermiculite from Mugodzhary field (Kazakhstan) were studied. 
The sorption properties of modified vermiculite were investigated under mechano-chemical activation in the presence 
of acidic sodium phosphate, Na2HPO4· 12H2O. Optimization of the mechano-chemical activation of vermiculite in 
the presence of Na2HPO4∙12H2O was carried out depending on the duration of mechano-chemical activation and the 
ratio of the mass of the substance to the mass of the balls. It was revealed that the sorption capacity of the vermiculite 
samples does not change sequentially, which indicates the aggregation of the mixture particles. The highest degree 
of sorption was shown by the sample treated for 30 min. The results of the experiments showed that the degree of 
sorption of the activated vermiculite with respect to Mn2+ is higher than that of Ni2+, Cu2+. The results of sorption 
indicate an improvement in the properties of the sorption capacity during the formation of an amorphous phase 
when processing vermiculite with Na2HPO4 ∙ 12H2O. Using the methods of atomic absorption analysis, XRD, IR, 
the effect of additives on the degree of sorption was established: with Na2HPO4 ∙ 12H2O, it grows in the following 
sequence Mn2+ > Ni2+ > Cu2+ (Mn = 99.8 %, Ni = 99.3 %, Cu = 99.0 %). As a result of the research a new effective 
sorbent was obtained from natural vermiculite by the mechanical activation in the presence of sodium hydrogen 
phosphate, Na2HPO4·12H2O.
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INTRODUCTION

Recently, the need for sorbents increases every year 
due to the development of industry. Sorbents are used 
to purify water from metals and impurities, to purify 
gases, alcohols, oils, in gas masks, for the separation of 
alcohols, in oil refining, in medicine for the absorption 
of gases and poisons and as carriers of catalysts [1 - 
14]. At the same time, the problem arises not only in 
the consumption of the sorbent volume, but also in the 
price. Therefore, the use of industrial waste as sorbents 
seems to be the most profitable way out of the current 

problem [1, 2, 15 - 23].
Vermiculite (from Latin “vermiculus” - worm) is 

a mineral from the hydromica group with a layered 
structure. It is a product of hydrolysis and further 
weathering (i.e. secondary alteration) of dark micas 
of biotite and phlogopite. Vermiculite is large lamellar 
crystals of golden yellow or brown color [24 - 28]. The 
chemical composition of vermiculite has the approximate 
formula (Mg+2, Fe+2, Fe+3)3[(Al, Si)4O10]·(OH)2·4H2O, 
but most often it contains various impurities. In terms 
of vermiculite reserves, the CIS countries rank first 
in the world. On the territory of the CIS, Russia, 
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Kazakhstan and Ukraine have significant reserves of 
vermiculite. According to geologists, the balance and 
probable reserves of vermiculite in 25 discovered 
deposits amount to about 200 million tons [29 - 31].  
About 10 vermiculite deposits have been discovered 
in Kazakhstan, six of which have been explored. The 
largest are the Altyntasskoye and Sholak-Kairaktinskoye 
fields in Mugodzhary [32, 33]. Recorded reserves are 
about 20 million tons [32, 34]. Vermiculite is a natural 
sorbent with high adsorption, catalytic and ion-exchange 
properties, allowing it to be used in environmental 
technologies. Vermiculites are waste products of ore 
mining. Vermiculite has gained the greatest popularity 
in plant growing: it is used as a substrate, for mulching 
and aerating the soil, as it can saturate plants with 
useful minerals. Vermiculite is also widely used in 
plant growing and hydroponics. Vermiculite both easily 
absorbs moisture and easily releases it, creating an 
optimally moist environment for plant roots to nourish. 
Due to this ability, vermiculite is used to improve the 
structure of soils in agriculture. Vermiculite is a good 
adsorbent for gaseous and liquid industrial waste. In 
particular, in the nuclear power industry, it is used as a 
reflector of gamma radiation and an absorber of radiation 
of radioactive isotopes of strontium-90, cesium-137 and 
cobalt-58 [34 - 43].

The problem of involving the stored waste of 
vermiculite as a result of extraction into further processing 
is urgent, which contributes to the improvement of the 
ecological situation (the state of the water basin and soil 
cover) in the area of their storage. The presence of trace 
elements such as magnesium, potassium, and manganese 
in vermiculites composition makes it possible to use them 
as fertilizers. Having high aeration properties, vermiculite 
is an excellent regulator of the air-humidity regime, which 
positively affects the development of the root system 
[12, 13, 44 - 49]. However, the sorption efficiency of 
natural vermiculites is not enough high. Therefore, it 
is very relevant to study the conditions of modification 
for utilization as inorganic sorbents, with subsequent 
processing them into K-Mg-containing microfertilizers.

The aim of this work is to study the composition and 
the sorption properties of vermiculite from Mugodzhary 
field (Kazakhstan). The sorption properties of modified 
vermiculite were investigated under mechano-chemical 
activation in the presence of acidic sodium phosphate, 
Na2HPO4· 12H2O.

EXPERIMENTAL

The initial objects were taken as:
a) Kempirsai vermiculites of the Mugodzhary 

deposit (Kazakhstan) with chemical composition: MgO 
- 25.1 %, Fe2О3 - 8.44 %, SiO2 - 43.2 %, Аl2О3 - 0.11 %, 
К2О - 4.67 %, ТiО2 -1.8 %, CaO - 5.2 %, Na2O - 0.06 %, 
MnO - <0.01 %; P2O5 - 1.31 %, SO3 - 0.07 %.

Mineral composition of the rock, %: vermiculite - 
10.5, quartz - 2.0, plagioclase - 41.0, hornblende - 33.0; 
pyroxene - 1.0; biotite - 1.0; apatite - 0.5; rutile - 0.2; 
chlorite - 0.1; epidote - 0.2; sulfide - 0.2; clay minerals 
- 10.0.

b) Sodium phosphate 2-substituted 12-water 
(Na2HPO4∙12H2O). 

The following reagents were used to conduct 
sorption studies: MnCl2∙4H2O, Ni(NO3)2∙ 6H2O and 
CuSO4∙5H2O. 

All substances were taken of the brand “clean for 
analysis”.

The distribution of vermiculite particles was 
determined using the SALD 7071 laser analyzer (BSU, 
UFA), which allows conducting real-time studies. X-ray 
fluorescence analysis was performed on Focus-M. IR 
spectra were recorded using a Spectrum 65 spectrometer 
in the frequency range from 400 cm-1 to 4000 cm-1, by 
pelleting samples in KBr. X-ray phase analysis was 
performed on Dron-3m and Dron-7 diffractometers. 

Mechano-chemical activation (MA) of the samples 
was carried out in a 4-drum planetary ball mill Retsch 
PM400 with the use of stainless hardened steel fittings. 
The volume of the drums was 500 ml at the frequency 
of the opposite rotation of the driver and the drums 400 
rpm. Balls of the following diameters were used: 11.15 
mm; 7.9 mm; 6.1 mm. The following ratios of the charge 
mass to the weight of the ball load were chosen: 1: 10; 
1: 15; 1: 40. 

The Alpine Augsburg 160z centrifugal mill was also 
used at a working rotor speed of 14 000 rpm, which is 
essentially a disintegrator and operates on the principle 
of free impact of particles [50].

Specific surface measurements were carried out by the 
single-point BET method using the SORBTOMETER-M 
analyzer. The sizes and morphology of the sample 
particles were studied using a Scanning Electron 
Microscope (SEM; Quanta 3D 200i).

The study of the sorption of transition metal cations 
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Mn2+, Ni2+, Cu2+ on the samples of modified vermiculite 
was carried out in a static mode.

Initial solutions of salts of heavy metals with 
concentration 1 g L-1 was prepared by dissolving 
weighed portions in distilled water, from which solutions 
of the required concentration of 10, 15, 30, and 100 μg 
mL-1 were prepared by successive dilution. 100 ml of 
the resulting solution is mixed with 1 g of modified 
vermiculite and shaken for 1 hour. The solid phase 
is separated from the liquid phase to determine the 
concentration of Mn2+, Ni2+, Cu2+ ions.

The degree of sorption (α) is calculated by the 
formula:

α = (Cinitial solution - Csolution)·100/ Cinitial solution.

RESULTS AND DISCUSSION

Since the aim of this work is to obtain effective 
sorbents from natural silicates, modified acidic sodium 
phosphate salt (Na2HPO4∙12H2O), mechano-chemical 
activation of the original vermiculites and mixtures with 
the indicated salts was carried out. 

Mechanochemical activation of system vermiculite 
- Na2HPO4∙12H2O

In our early work, the sorption properties of the 
initial vermiculite were investigated. Unfortunately, 
the desired results were not obtained; therefore it 
became necessary to modify it with additives [51]. 
For this purpose, the mechano-chemical activation of 
vermiculites in the presence of Na2HPO4∙12H2O was 
optimized depending on:

1) the duration of the mechano-chemical activation;
2) the ratio of the mass of the mixture to the mass 

of the ball charge.
In all series of experiments, the only ratio of 

vermiculite to salt was taken equal to 1:1.
The study of the sorption of metal cations was started 

with the experimental determination of the optimal 
duration of mechano-chemical activation in a planetary 
mill in relation to manganese (II) (Table 1).

It follows from the data in the Table 1 that the 
sorption capacity of vermiculite samples does not change 
sequentially, which may indicate the phenomena of 
aggregation of the mixture particles [16, 17, 49]. The 
highest degree of sorption was shown by the sample 
treated for 30 min.

Also, the optimal value of the ratio of the mass of the 
mixture to the mass of the ball charge was determined. 
For this, the dependences of the degree of sorption in 
relation to manganese ions were measured at the ratio 
of the mass of the substance to the mass of the balls of 
1/10, 1/15 and 1/40 (Table 2, Fig.1).

According to the data in Table 2, it follows that 
the degree of sorption of manganese ions by modified 
vermiculites by MA is high and weakly depends on the 
concentration.

The lowest sorption capacity was shown by the 
sample with the ratio of the mass of the substance to 
the mass of the ball load of 1 to 15, where there is a 
decrease in the sorption capacity at concentrations of 
9.8 and 16.8 μg mL-1, which is possibly associated with 
the phenomenon of aggregation during processing. The 
results of studying the sorption properties of modified 
vermiculites with respect to nickel cations are presented 
in Table 3 and Fig. 2.

When studying the sorption properties of modified 
vermiculites with respect to Ni2+ cations, a slight 

Process duration, 
min.

Initial concentration of 
solution, Coriginal solution, μg/mL

Solution concentration after 
sorption of Сsolution, μg/mL

Sorption degree,
α, %

30 33.601 0.0127 99.96
60 33.601 0.5409 98.39
90 33.601 0.5343 98.41
120 33.601 0.5275 98.43

Table 1. Dependence of the degree of sorption of Mn2+ ions on the duration of the mechanochemical activation of ver-
miculite with Na2HPO4∙12H2O.
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The ratio of the mass of 
matter to the mass of balls

Initial concentration of 
solution, Coriginal solution, 

μg/mL

Solution concentration 
after sorption of Сsolution, 

μg/mL

Sorption degree, α, %

1/10 9.7718 0.0253 99.74
1/10 16.765 0.0861 99.49
1/10 25.183 0.1284 99.49
1/10 33.601 0.1715 99.49
1/15 9.7718 0.2225 97.72
1/15 16.765 0.2372 98.59
1/15 25.183 0.1813 99.28
1/15 33.601 0.0127 99.96
1/40 9.7718 0.0398 99.59
1/40 16.765 0.1024 99.39
1/40 25.183 0.0957 99.62
1/40 33.601 0.0536 99.84

Table 2. Sorption of Mn2+ ions depending on various concentrations of the solution and the ratio of the mass of the sub-
stance to the mass of the ball charge.

The ratio of the mass 
of matter to the mass 

of balls

Initial concentration of 
solution, Coriginal solution, 

μg/mL

Solution concentration 
after sorption of Сsolution, 

μg/mL

Sorption degree, α, %

1/10 7.1904 1.2106 83.16
1/10 16.537 0.6382 96.14
1/10 24.812 0.4015 98.38
1/10 33.609 0.4705 98.60
1/15 7.1904 0.7818 89.13
1/15 16.537 0.5522 96.66
1/15 24.812 0.7262 97.07
1/15 33.609 0.924 97.25
1/40 7.1904 0.5875 91.83
1/40 16.537 0.5379 96.75
1/40 24.812 0.1658 99.33
1/40 33.609 0.1613 99.52

Table 3. Sorption of Ni2+ ions depending on various concentrations and the ratio of the mass of the substance to the mass 
of ball load.
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decrease in the degree of sorption at low concentrations 
was found. The best result in terms of the degree of 
sorption was shown by a sample with a ratio of the mass 
of the mixture to the mass of ball load of 1 to 40, which 
is possibly associated with an increase in the degree of 
grinding and activation, with an increase in the mass of 
grinding bodies.

When studying the degree of sorption of Cu2+ ions, 
depending on the ratio of the mass of the mixture to 
the mass of the ball load, the following results were 
established: 1 to 10 - 98.01; 1 to 15 - 95.86 %; 1 to 40 

- 99.02 % (Table 4). 
To compare the degrees of sorption of modified 

vermiculites at different ratios of the mixture mass to 
the mass of the ball load relative to each other of Ni2+, 
Mn2+, Cu2+ ions, the diagram is shown in Fig. 3.

In general, the maximum values of the degree 
of sorption are possessed by a sample of modified 
vermiculite with the ratio of the mass of the substance 
to the mass of balls equal to 1 to 40. It also follows from 
the obtained data that the degree of sorption with respect 
to Mn2+ is higher in comparison with Ni2+, Cu2+.

The ratio of the mass 
of matter to the mass 

of balls

Initial concentration of 
solution, Coriginal solution, 

μg/mL

Solution concentration 
after sorption of Сsolution, 

μg/mL
Sorption degree, α, %

1/10 8.7716 0.1807 97.94
1/10 16.570 0.3380 97.96
1/10 25.380 0.5150 97.97
1/10 33.601 0.6687 98.01
1/15 8.7716 0.5377 93.87
1/15 16.570 0.8650 94.78
1/15 25.380 1.0710 95.78
1/15 33.601 1.3910 95.86
1/40 8.7716 0.1175 98.66
1/40 16.570 0.2070 98.75
1/40 25.380 0.2820 98.89
1/40 33.601 0.3300 99.02

Table 4. Sorption of Cu2+ ions depending on different concentrations of the solution and the ratio of the mass of the 
mixture to the mass of the ball load.

Fig. 1. Dependence of the degree of sorption of various 
samples of modified vermiculite on the concentration of 
the initial solution of Mn2+.

Fig. 2. Dependence of the degree of sorption of Ni2+ ions 
on the concentration.
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Measurements of specific surface area, pore volume 
and particle sizes of modified vermiculites by MA

The specific surface area measurements were carried 
out by the single-point BET method, the specific pore 
volume is shown by the limit filling. The measurement 
results are summarized in Table 5. 

When using a centrifugal mill (disintegrator), the 
specific surface area, depending on the frequency of 
processing, either increased or decreased. This can be 
explained by the process of aggregation of material 
particles with the formation of flakes, intergrowths and 
other forms that significantly reduce the area of ​​the 
material’s contact surface. This fact explains the results 
of sorption in terms of the fold, since in the study of the 
degree of sorption in terms of fold, the degree of sorption 
also first decreased and then increased again.

Comparing the type of activator, the planetary mill 
showed the best result in terms of specific surface area: 
11.921 m2 g-1.

Hence it follows that the results of BET analysis 
correlate with the results of studies of sorption properties 
and confirm the presence of aggregation processes 
during mechano-chemical activation.

Scanning Electron Microscope data
The measurements of the size of vermiculite 

particles on a Scanning Electron Microscope showed 
that their size varies from 1.10 to 2.68 microns, and in 
a mixture with Na2HPO4·12H2O is enclosed in the range 
from 2.27 to 7.12 microns (Fig. 4).

X-ray phase analysis data
The results of X-ray phase analysis of samples 

of modified vermiculites with Na2HPO4·12H2O on a 
planetary mill are shown in Fig. 5.

The diffraction patterns of vermiculites with an 
increase in the mass of balls in the mill acquire the form 
characteristic of a disordered, highly dispersed system: 
the spectrum lines broaden, and the intensity decreases, 
which indicates a decrease in the degree of crystallinity. 

After MA of vermiculite with Na2HPO4∙2H2O in a 
planetary mill for 30 min, the X-ray phase analysis showed:

1) When the mass ratio of the mixture to the mass 
of the ball load 1 to 10 the existence of two phases of 
vermiculite (d = 3.34 nm of 2.63 nm and 2.01 nm) and 
Na2HPO4 ∙ 2H2O (d = 2.92 nm of 2.88 nm of 2.49 nm) 
was revealed.

Fig. 3. The degree of sorption of Ni2+, Mn2+, Cu2+ cati-
ons with the different ratios of the mass of the mixture 
to the mass of the balls at a concentration of 100 μg /ml: 
1- Mn, 2- Ni, 3- Cu.

Fig. 4. SEM images of the original and modified with 
Na2HPO4·12H2O vermiculite: a - the original particles 
of vermiculite; b - particles of vermiculite processed in a 
planetary mill with Na2HPO4·12H2O. 

b

a
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Fig. 5. Diffraction patterns of vermiculites with Na2HPO4·12H2O processed in a planetary mill at various ratios of the mix-
ture mass to the mass of the ball charge, d - interplanar distances: 1-1/10, 2-1/15, 3-1/40.

2) When the ratio of the mass of the substance 
to the mass of the balls is 1:15, there is significant 
amorphization of the phases, presumably biotite was 
found (d = 2.61 nm, 2.43 nm, 1.54 nm).

3) At the ratio of the mass of the substance to the 
mass of the balls of 1:40, NaCa (PO)4 (d = 2.61 nm, 
2.72 nm, 3.79 nm), traces of rock-forming minerals, an 
amorphous phase were found.

4) It also provides indirect information about the 
increase in sorption activity during the formation of 
amorphous phases in the process of vermiculite with 
Na2HPO4∙2H2O. The presence of an amorphous state 
implies increased internal energy, higher interaction 
potential and sorption capacity of the sample, which is 
confirmed by the results of sorption analysis.

The results of IR spectroscopy of vermiculites after 
mechano-chemical activation

The IR spectra of the obtained vermiculites with 
Na2HPO4·12H2O processed at the planetary mill are 
shown in Figs. 6 and 7.

The results of IR spectroscopy of samples modified 
with Na2HPO4·12H2O on a planetary mill in the ratio of 
the mass of vermiculite to the mass of balls 1/10 and 
1/40 showed: 

1) formation of a new absorption band at 474 cm-1;
2) disappearance of the absorption band 3129 cm-1 

corresponding to the valence vibrations of OH of water 
molecules;

3) the disappearance of the Raman absorption band 
at 2450 cm-1;

Sample composition Processing conditions Specific surface 
area, m2/g

Specific pore 
volume, cm3/g

Average pore size, 
nm

Vermiculite Without processing 10.565 0.005 1.717

Vermiculite Planetary mill, 30 min. 11.921 0.005 1.721

Vermiculite with 
Na2HPO4∙12H2O

Planetary mill, 30 min. 6.174 0.003 -

Vermiculite Centrifugal mill, 1-fold 
processing 11.577 0.005 1.721

Vermiculite Centrifugal mill, 3-fold 
processing 7.304 0.003 -

Vermiculite Centrifugal mill, 5-fold 
processing 10.784 0.005 1.720

Vermiculite
with Na2HPO4∙12H2O

Centrifugal mill, 1-fold 
processing 4.569 0.002 -

Table 5. Specific surface area and pore volume of modified vermiculites.
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Fig. 7. IR spectrum of vermiculite with Na2HPO4∙12H2O, processed in a planetary mill with the ratio of the mass of mat-
ter to the mass of balls 1:40.

Fig. 6. IR spectrum of vermiculite with Na2HPO4 ∙ 12H2O, processed in a planetary mill with the ratio of the mass of 
matter to the mass of balls 1:10.

4) disappearance of the absorption bands 1,123; 
1,073; 865 cm-1 corresponding to the valence  vibrations 
of PO4;

5) the disappearance of the absorption band 823 cm-1 
corresponding to out-of-plane deformation vibrations 
of the POH;

6) disappearance of the absorption band 616 cm-1, 
corresponding to out-of-plane deformation vibrations 
of H2O;

7) disappearance of the absorption band 519 cm-1 
corresponding to the plane deformation vibrations of 
O3PO;

8) the disappearance of the absorption band 683 cm-1 
corresponding to the valence vibrations of the Si-O bond.

The intensity of the absorption bands at 3421; 
1648; 1000 cm-1 increased sharply, which led to the 

overlapping of the bands 3129; as well as 1263; 1123; 
1073; 865, 823 cm-1. The main part of the changes is 
associated with the absorption bands of the salt, which 
is confirmed by the XRD results, in which, due to the 
amorphization of the phases, the peaks corresponding 
to sodium acid phosphates were not found. Shifts and 
broadening of bands, the disappearance of the 683 cm-1 
band is possibly associated with the formation of biotite 
and renanite.

Data of X-ray fluorescence analysis
The results of X-ray fluorescence analysis are shown 

in Figs. 8 and 9.
The X-ray fluorescence analysis spectra showed an 

increased iron content up to 70 % relative to the initial 
composition. This could be due to the metal housing of 
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the centrifugal mill, grinding bowls and steel balls used 
in the planetary mill. An increase in the iron content 
according to X-ray fluorescence analysis data leads to 
the formation of biotite, which promotes an increase in 
α-sorption. So, when using a planetary mill, the iron 
content is higher in comparison with a centrifugal mill, 
corresponding to a high degree of sorption when using 
a planetary mill.

Thus, using the methods of atomic absorption 
analysis, XRD, and IR spectroscopy, the effect of 
additives on the degree of sorption was established: 
with Na2HPO4·12H2O, it grows in the sequence Mn2+ > 
Ni2+ > Cu2+ (αMn = 99.8 %, αNi = 99.3 %, αCu = 99.0 %).

CONCLUSIONS	

The composition and sorption properties of 
vermiculites of Mugodzhary deposit (Kazakhstan) 
under conditions of mechano-chemical activation 
(MA) in the presence of sodium hydrogen phosphate, 
Na2HPO4·12H2O, have been studied. The optimal 
conditions for the MA of vermiculites have been 
established. The highest sorption rate was found for 
the sample activated for 30 min. It was noticed that 
the sorption rate of Mn2+ is higher than Ni2+, Cu2+ on 
the treated vermiculites. When studying the sorption 
properties of MA of vermiculite samples with respect to 

Fig. 9. Spectrum of modified vermiculite with Na2HPO4 ∙ 2H2O on a planetary mill.

Fig. 8. Spectrum of 5-fold processed vermiculite in a centrifugal mill (disintegrator).
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the extraction of transition element ions from solutions, 
the effect of the addition of acid phosphate with a 
concentration of 100 μg mL-1 on the degree of sorption 
was determined. As a result of experiments a new 
effective sorbent was obtained from natural vermiculites 
by mechano-chemical activation in the presence of acid 
phosphates. 
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