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Abstract: The present study examines the sorption of Cs (I) and Sr (II) on organic sorbents in the pH
range from 2 to 10, as well as the mechanisms of their binding. In order to determine the influence of
the physical properties and the quantity of functional groups of the organic sorbents on sorption,
experiments were carried out on organic materials of varying degrees of metamorphism: high-moor
peat, hard and brown coals and shungite. A detailed description of their mineral composition, cation
exchange capacity, buffering capacity and elemental composition of sorbents is provided. XRD, XRF,
SEM and BET adsorption methods were used for assaying. As a result of the conducted research, it
can be concluded that Sr (II) showed a higher sorption per unit specific surface area than Cs (I) in
the studied range of concentrations and pH values. Sr (II) sorption decreases in the following order:
high-moor peat > brown coal > shungite > hard coal. The sorption of Cs (I) is highest on brown
coal and lesser for high-moor peat, shungite and hard coal. It is suggested that Cs (I) and Sr (II) can
be fixed on carboxyl functional groups and Cs (I), possibly, in insignificant amounts on phenolic
hydroxyls of all four studied organic sorbents.
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1. Introduction

Ensuring the safety of nuclear legacy facilities involves not only the disposal of high-
activity waste in underground storage facilities, but also the isolation and reclamation
of millions of tons of intermediate and low-level waste placed in near-surface storage
facilities [1,2]. The main problem for many such facilities is the proximity of rivers and
other watercourses, which gives rise to the need to use waterproofing [3] and filtration
barriers for effective sorption of radionuclides.

Wastewater treatment with a low content of heavy metals using organic sorbents
is known to be an efficient and relatively cheap method, and is used as an alternative
to synthetic resins and other more expensive materials [4-7]. The advantage of organic
sorbents is the ability to utilize the waste material by incineration, which can significantly
reduce the volume of waste of the first and second classes.

High-moor peat is formed on high moors and waterlogged areas as a result of de-
composition of plant debris. The main peat-forming agents in such bogs are sphagnum
mosses [8].

Coal is a combustible mineral, which mainly consists of organic matter, converted in
the process of lithification under the influence of temperature and pressure.
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Shungite are quite rare rock and distributed in the northwestern part of Russia. It
usually contains more than 30% of the so-called shungite substance with the admixture of
terrigenous and clayey material. It is in fact a polymorphic modification of carbon, which
occupies an intermediate position between anthracite and graphite. Shungite consists of
molecular structures with different allotropy, connected by amorphous carbon. Shungites
are formed from organic bottom sediments of a high level of carbonatization with a fullerene
content of 1 ppm to 10 ppm. The study of shungite began more than 150 years ago, which
is associated with its special properties. Currently, shungites are used in various fields: as
catalysts, in construction, as fire- and acid-resistant materials, in medicine, in the chemical
industry, in metallurgy, etc. [9-11].

The sorption properties of peat, hard and brown coal are primarily determined by the
composition and number of functional groups which, under certain conditions, are capable
of interacting with metals. The mechanisms of metal sorption on shungite remain unclear.
Most of the published works provide data on the sorption of metals on shungite containing
up to 70% of impurity minerals, mainly clayey [11,12], which probably determines the high
sorption properties of such shungite rocks. In this work, sorption experiments were carried
out on enriched monomineral shungite, consisting of 99% pure shungite.

The purpose of this study was to investigate the sorption properties of the natural
organic sorbents with various degrees of lithification in relation to the !3’Cs and *°Sr
radionuclides. Experiments were carried out under identical conditions over a wide pH
range. A detailed study of the mineral composition and functional groups of the studied
sorbents made it possible to establish the regularities and some mechanisms of sorption of
Cs (I) and Sr (IT) on organic sorbents.

2. Materials and Methods

For the research, the following samples of natural sorbents were selected: peat from
the “Staroselsky Mokh” high-moor bog (Tver region), brown coal from the Pavlovsky
deposit (Primorsky Territory), hard coal from the Chernogorsky deposit (Republic of
Khakassia) and shungite from the Zazhoginsky deposit (Republic of Karelia). All samples
were dried at 90 °C and milled to a fraction of particle size smaller than 69 pm.

X-ray diffraction patterns were obtained with an X-ray diffractometer Ultima-IV
(Rigaku, Tokyo, Japan) acquired with the funding of the Moscow State University Devel-
opment Program (Cu-K« radiation, semiconductor 1D detector D/Tex-Ultra, scan range
3-65°20, scan speed 3°20/min and step—0.02°20). Non-textured powder specimens were
prepared by sieving the sample powder into a sample holder and cutting up the excess
material with a razor. The mineral composition was analyzed according to the method
of [13], the quantitative composition was estimated using the Rietveld method [14] with
the Profex software (Version 3.14.3, Nicola Doeblin, Solothurn, Switzerland, 2019) [15].

Chemical analysis was performed using the X-ray fluorescence method in accordance
with standard procedure using the spectrometer Axios mAX (PANalytical, Almelo, The
Netherlands) at IGEM RAS (Moscow). The samples were dried at 110 °C and prepared
by fusion with lithium borate at 1200 °C. The iron content was determined only as total
Fe203, regardless of the actual valence state of the Fe.

The effective cation exchange capacity (CEC) was determined as the sum of exchange-
able CaZ*, Mg2+, Na*, K* and exchangeable acidity. Exchangeable Ca?*, Mg2+, Nat, K*
were displaced by an ammonium ion from an unbuffered 1M NH4Cl solution [16]. The
displaced cations were determined by inductively-coupled plasma optical emission spec-
trometry (Aglient 5110).

Exchangeable acidity was determined in 1M KCl solution (the ratio of the solid:liquid
phase was 1:25) by titration using a Mettler Toledo DL 58 autotitrator.

The microstructure of the sorbents was studied with a scanning electron microscope
(SEM) LEO1450VP (Carl Zeiss, Oberkochen, Germany). Samples for SEM were prepared in
the form of individual particles and aggregates. A sample in powder form was deposited
on double-sided electrically conductive adhesive tape. Then the excess sample particles
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were removed using compressed air. As a result, a monolayer of individual particles and
aggregates on an adhesive tape was obtained. The studied surface was coated with a thin
gold film, 5-10 nm thick, under vacuum. A conductive coating is required to avoid the
electrical charging of the sample during analysis.

The total buffering capacity of sorbents to acid and to base was determined by po-
tentiometric titration from the initial titration point (pHjtp) to pH 3.25 and to pH 10 by
0.02 N HCI and 0.02 N NaOH solutions, respectively. 5 mL of distilled water was added
to 0.5 g of sorbent and the resulting suspension was titrated in a conditioned atmosphere
(atmospheric air devoid of CO,), with constant mixing. An additional portion of titrate
was added after 2 min. The volume of titrant portion used during titration of NaOH and
HC1 for high-moor peat and brown coal was 0.2 mL and 0.05 mL, respectively. For the
titration of the other sorbents, 0.05 mL of acid or alkali was added to the samples.

The buffer capacity of the sorbent with respect to acid or base, 3, at each titration
point was estimated by the following formula:

B = ACi/ApH, )

where ACi is the change in the concentration of H+ or OH— during titration with acid and
base, respectively, and ApH is the change in pH after adding each portion of the titrant.
The obtained values were summed up to determine the buffer capacity of the samples
in the intervals equal to 0.25 pH units and to determine the total buffering from pHjp to
pH 3.25 and pH 10 by titration with acid and base, respectively.

Since the studied samples contain insignificant amounts of clay minerals, and the time
of interaction of the titrant with the sample was only 2 min, it can be assumed that the
reactions of protonation or deprotonation of functional groups took place on the surface of
the mineral phase. Therefore, it can be assumed that the number of protons or hydroxyls
spent on titration approximately corresponds to the number of surface functional groups.
The maxima on the buffer diagrams calculated over the pH ranges indicate the number of
functional groups capable of protonation or deprotonation in the corresponding pH ranges.

The evaluation of the SSA was carried out using the Analyzer Quadrasorb SI/Kr
(Quantachrome Instruments, Boynton Beach, FL, USA). Adsorption was performed at the
temperature of liquid nitrogen (77.35 K). The samples were pre-dried in a vacuum at 100 °C
for 4 h. This is the temperature of dehydration and the use of a higher temperature can
damage the structure of aluminosilicates and, therefore, change the state of the pore space.

The studied samples are characterized by different values of the specific surface area;
therefore, the calculations of the buffering capacity and sorption capacity of the sorbents
were normalized per 1 m? of surface.

The elemental composition of the sorbents was determined on an Elemental CHNS
analyzer Vario EL III (Elementar, Langenselbold, Germany).

The sorption experiments were performed in 0.01 mol/L NaClOy, at a solid to solution
ratio of 1 g/L for Cs (I) and 0.5 g/L for Sr (II), at room temperature in the pH range 2.0-10.
the experiments were performed at concentrations of Cs (I) 10~® M (with the addition of
a 1%7Cs marker to a stable CsCl solution) and Sr (II) 10~8 M (°Sr). The initial pH values
were set by adding small amounts of diluted solutions of NaOH or HCIO,4. After 48 h,
the equilibrium pH of the samples was measured and used for further calculations. The
solution was separated from the solid phase by centrifugation at 40,000x g for 15 min
(Allegra 64R, Beckman Coulter). After that the solution was measured by liquid scintillation
spectroscopy Quantulus-1220 (Perkin Elmer, Waltham, MA, USA). The radioactivity of
Sr samples was measured after establishing equilibrium with the daughter isotope
VY. Experiment duration (48 h) was chosen as an obviously sufficient period to reach
equilibrium according to literature data [17-19]. Additionally, to ensure the completeness
of sorption, aliquots were repeatedly obtained (after 2 weeks) and measured -activity
values varied within the instrumental error (less than 2%).
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3. Results
3.1. Composition of the Sorbents

The results of mineralogical studies (Table 1) indicate that all samples contain an
admixture of mineral phases. Since XRD analysis determined only the crystalline phases
(Figure 1), the mineral composition was recalculated taking into account organic matter.
The values of losses of ignition were obtained as the content of organic matter (Table 1).
Despite the amount of loss of ignition, in addition to organic matter, includes the proportion
of all volatile components, such as carbonates and structural water of clay minerals, this
approach makes it possible to closely estimate the total composition of both organic and
mineral phases. The main part of the impurities is represented by clay minerals and
quartz. The hard coal sample contains 6.5% of kaolinite and 1.9% of quartz. Chlorite,
siderite, ankerite and magnetite are found in insignificant amounts. In addition to 2.8%
of quartz, the brown coal sample contains 11.3% of kaolinite, 4.9% of smectite, and 1.5%
of illite. Chlorite and feldspars are detected in small quantities. The high-moor peat
sample contains 9% of quartz, 1.6% of illite and minor amounts of feldspars and chlorite as
impurities. Shungite is almost entirely composed of organic matter and contains less than
1% of impurities (quartz, illite and pyrite).

Table 1. Mineral composition of the sorbents, %.

Samples Chlorite Smectite  Illite Kaolinite Quartz Feldspar Plagioclase Siderite Ankerite = Magnetite Pyrite Organic Matter
Hard coal 0.6 - - 6.5 19 - - 0.3 0.1 0.2 - 90.4
Brown coal 0.4 49 15 113 2.8 1 0.1 - - - - 78
Peat 0.6 - 1.6 - 9 0.7 11 - - - - 87
Shungite - - 0.2 - 0.6 - - - - - 0.1 99.1

(a)

Cu Ka (°26)

Figure 1. Powder X-ray diffraction patterns of natural sorbents: (a)—hard coal; (b)—brown coal; (c)—peat; (d)—shungite.
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3.2. Chemical Composition and Acid-Base Properties of the Sorbents

The chemical composition of the sorbents corresponds well with their mineral com-
position. The largest amounts of aluminum were found in brown and hard coals, which
can be explained by the high content of aluminosilicates in these samples. The increased
Si content in these samples is also associated with the highest content of clay minerals
(Tables 1 and 2). The increased content of Mg in the composition of brown coal and Si in
high-moor peat, most likely, can be explained by the presence of smectite and quartz in the
samples, respectively (Tables 1 and 2).

Table 2. Chemical composition of the sorbents, %.

Sample Name LOI Na,O MgO Al,O3 SiO, K,O CaO TiO, MnO Fe,O3 P05 SO;
Hard coal 90.40 0.09 0.09 3.10 5.01 0.08 0.14 0.17 0.01 0.61 0.04 0.61
Brown coal 78.00 0.06 0.26 6.44 11.59 0.34 1.10 0.19 0.05 1.70 0.01 0.52
Peat 87.00 0.09 0.08 1.99 8.89 0.25 0.12 0.09 0.01 1.19 0.23 0.07
Shungite 99.07 0.07 0.01 0.05 0.27 0.04 0.01 0.00 <0.005 0.06 0.01 0.24

The ignition residue content of the studied samples increases in the following order:
shungite (0.93%) < hard coal (9.6%) < high-moor peat (13%) < brown coal (22%), which is
in good agreement with the data on the elemental composition of organic matter (Table 3).

Table 3. Elemental composition of the organic matter in the sorbents, %.

Sample N C S H Sum H:C
Hard coal 2.19 70.20 0.82 4.17 77.37 0.71
Brown coal 0.54 52.36 0.66 4.81 58.38 1.09
Peat 1.29 45.35 0.45 5.01 52.09 1.31
Shungite 0.74 90.54 0.64 2.83 94.75 0.34

The largest amount of C, in the composition of the organic matter, was found in
shungite; the smallest in high-moor peat (Table 3). Based on the sum of N, C, S and H,
expressed in mass percent, it can be concluded that the minimum number of oxygen
atoms in the composition of organic matter is contained in the shungite material, and the
maximum is in high-moor peat (Table 3).

The atomic ratio H:C in the studied samples decreases in the following order: high-
moor peat > brown coal > hard coal > shungite (Table 3). A decrease in the H:C atomic
ratio indicates an increase in the degree of aromaticity of high molecular weight organic
compounds [20,21]. It follows from the above that high-moor peat and brown coal should
contain more aliphatic functional groups in comparison with hard coal and shungite.

This assumption is confirmed by the data from the determination of the buffer prop-
erties of the sorbents with respect to acid and base. Buffering to both acid and base
was higher in the high-moor peat sample and in brown coal compared to the other two
sorbents (Table 4).

Table 4. Total buffering of the samples in relation to acid and base.

Total Buffering, mmol/m?

Sample pHrrp
To Acid (pHyrp-pH 3.25) To Base (pHyrp-pH 10)
Hard coal 7.08 1.34 17.35
Brown coal 4.76 94.93 320.95
Peat 3.17 - 489.54

Shungite 6.12 1.04 1.99
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3.3. Capacitive and Surface Properties of Sorbents

The maximum value of the effective cation exchange capacity (CEC) corresponds to
the sample of brown coal and high-moor peat and is 18.2 and 8.8 meq/100 g, respectively
(Table 5). The effective CEC value of coal is 4.6 meq/100 g. The shungite sample has
practically no CEC. The specific surface area (5SA) in the studied samples decreases in the
following order: hard coal > shungite > brown coal > peat (Table 5). The average measured
pore size for the samples of brown and hard coals was about 5 nm, while for peat and
shungite it was about 3 nm. As seen from Figure 2, the presence of micropores is observed
only in the samples of hard coal and shungite. Moreover, the volume of micropores in the
shungite sample is about half of the total volume of the sample. The pore size in the coal
sample can be divided into three main groups: 1-3, 3-5, and >3.5 microns. The main pore
volume of shungite is represented by mesopores with an average size of 5 microns. The
porosity size of brown coal is uniformly distributed in the range from 3 to 10 mn; larger
pores are presented in an insignificant quantity.

Table 5. CEC and surface properties of sorbents.

Specific Pores Vol- Volume of
CEC . 3
Sample mea/100 Surface Area ume/Average Microspores, sm°/g
E SBET, m?/g Diameter, nm (T-Method Halsey)
Hard coal 4.6 413 0.049/5.300 0.014
Brown coal 18.2 8.7 0.027/5.70 -
Peat 8.8 5.5 0.013/3.79 -
Shungite 1.0 18.2 0.025/3.54 0.010
0.020 0.020
° L
0.015
E .
£ 0.015 5
X .
E 0.010 .. ° g5 ¥
o LAY P
% 9:010 ..{.. .O. g ...ﬁ S -
I - 0.005 > . .
o7, .
.r.).. i S V5iae
0.005 = e . "o-"‘““s;,
D 0.000 « eete®
— ;?‘fz. 1 3 5 7 9
..
0.000 & 3 ‘%ﬁ"'w 20888809000000000008 8
0 10 20 30 40 50 60

Pore width, nm
e Hard coal ¢ Brown coal e Peat Shungite

Figure 2. Pore size distribution.

Characterization of the samples with SEM showed that the samples of shungite, hard
and brown coal are represented by detrital grains up to 60-70 microns in size, having a close
to cubic shape (Figure 3). Brown and hard coal grains have a rough surface, shungite grains
have a flat surface. Grains of hard coal and shungite are densely covered with particles of a
flattened and isometric shape, no more than 1-2 microns in size, apparently represented by
clay minerals. Peat is represented by plant debris with a dendritic structure, the surface of
which is covered with a uniform network of pores with a diameter of 5-10 microns. The
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morphology of the pores is varied; there are pores of round, elongated, irregular or papilla
shapes (Figure 3).

hard coal

brown coal

Figure 3. Scanning electron microscope images [7].

3.4. Sorption of Cs (I) and Sr (II)

Since the studied sorbents have different specific surface areas, in order to compare
their sorption characteristics, the sorption value was calculated not only as a percentage
per unit mass (Figures 4a and 5a), but also normalized per surface unit (Figures 4b and 5b).
As a result of the experiments carried out, the following regularities are observed. Sorption
of Cs (I) increases with increasing pH, and the highest sorption capacity is observed in
samples of brown coal (up to 40%) and high-moor peat (up to 24%). For the hard coal and
shungite samples it is less Cs (I)—up to 20% and 11%, respectively (Figure 4a).

(a)

100

o
)

(b)

® Hard coal ® Hard coal
O Brown coal|| | O Brown coal %
80 : gﬁz:\gite g L : g:zlt'lgite
52 <) S Q
Lo i E 0.3 ] § é
g 60 E b o * §
2 g & §
= 40 5 @é o 0.2 &
Z ®s E
201 & e s o g ¥ .
o K% 8" 3% R 004® 3 " ® ,
2 4 6 8 2 4 6 8
pH pi

Figure 4. Dependence of the amount of sorbed Cs (I), in % (a) and in mmol/ m? (b), on the pH of the

equilibrium solution.



Appl. Sci. 2021, 11, 11531

8 of 13
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Figure 5. Dependence of the amount of sorbed Sr (II), in % (a) and in mmol/ m? (b), on the pH of the
equilibrium solution.

The amount of Cs (I) sorbed on 1 m? of the surface of brown coal and high-moor peat
turned out to be significantly higher than that on hard coal and shungite (Figure 4b).

Thus, for the studied samples, a correlation is observed between the value of sorption,
CEC and SSA of the sample.

The maximum sorption of Sr (II) reaches 95-100% on high-moor peat and brown coal,
and 56% and 64% on shungite and hard coal, respectively. Sorption of Sr (II) on high-moor
peat significantly increases with increasing pH and reaches a maximum at equilibrium pH
values in the range from 5.2 to 6.7. At pH > 6.7, Sr (II) sorption decreases (Figure 5a,b).

A significant increase in the Sr (II) sorption on brown coal occurs in the pH range from
59 to 7.7. A further increase in pH does not lead to an increase in the sorption of Sr (II)
ions. Sorption of Sr (II) on shungite and on hard coal increases in the pH ranges of 2.1-5.4
and 6.3-8.7, respectively (Figure 5a,b).

The maximum amount of Sr (IT) per 1 m? is sorbed on high-moor peat. Brown coal
sorbs half as much Sr (II). Shungite sorbs much less Sr (II) than both high-moor peat and
brown coal, but almost two times more than hard coal (Figure 5b).

4. Discussion

It follows from the results of the experiments that the number of moles sorbed per
1 m? of SSA of sorbent for all the studied organic sorbents is greater for Sr (II) than for Cs (I).
In this case, the sorption of Sr (II) decreases in the order: high-moor peat > brown coal >
shungite > hard coal. Cs (I) is sorbed in maximum amounts on brown coal and in smaller
amounts on high-moor peat, shungite and hard coal. The high rates of cesium sorption on
shungite in previous works [12] apparently indicate a strong influence of the admixture
of clay minerals and the importance of a detailed study of the mineral composition of the
studied rocks.

Since impurities of clay minerals (illite and smectite), which have a high sorption ca-
pacity, are present in small amounts (Table 1), it can be assumed that their presence insignifi-
cantly affects the results of experiments, and the binding occurs mainly on organic surfaces.

The maximum sorption of Cs (I) and Sr (II) cations on all studied sorbents was less
than the number of functional groups on the surface of the sorbents (Tables 4 and 6). It can
be assumed that not all functional groups are involved in sorption. Firstly, in different pH
ranges, not all functional groups will be de-protonated and capable of sorption of cations,
and secondly, the bond strength of the metal with the sorbent under different pH ranges
can vary.
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Table 6. Maximum sorption of metal ions.

mmol eq/m?

Sample

Cs (D) Sr (ID)
Hard coal 0.029 £ 0.002 0.308 + 0.025
Brown coal 0.435 + 0.078 2.544 £ 0.458
Peat 0.326 £ 0.058 3.902 + 0.702
Shungite 0.029 £ 0.002 0.80 & 0.06

Sr (II) and other polyvalent cations have a higher affinity for organic matter than Cs
(I) [22-25]. Therefore, all the studied samples sorb more moles of Sr (II) than Cs (I) per 1 m?
of surface, despite the fact that 1 mole of Sr (II) requires twice as many sorption sites as

does 1 mole of Cs (I) (Table 6).

Maxima on the diagrams of the buffering capacity of organic sorbents (Figure 6) can be
used for the estimation of the number of functional groups and their ability to participate
in protonation-deprotonation reactions in the studied range of pH values. The main
functional groups on organic sorbents are carboxyl (-COOH), phenolic (-OH), methoxyl
(-OCH3), amino groups, etc. Carboxyl groups and phenolic hydroxyls predominate in

humic substances [20,21,26].
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Figure 6. Buffering to acid and base according to pH intervals.
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Carboxyl functional groups are deprotonated in the pH range from 4 to 8, the pKa of
which varies from 4 to 5. Phenolic hydroxyls are capable of deprotonation at pH > 8 and
are characterized by pKa values of 10-11 [20,27-29]. Substituted phenols are titrated at
lower pH values.

Hard coal has an insignificant buffering capacity for both acid and base (Table 4). On
the diagram of the buffering capacity of this sample, maxima are distinguished in the pH
intervals of 3.75-4.75 and 6-6.5, provided by the titration of carboxyl groups, and in the
pH range of 7.5-8.75, in which phenolic hydroxyls are titrated (Figure 6). Large buffering
values in the pH range of 7.5-8.75 in comparison with the acid range are in good agreement
with the conclusions about the increase in the degree of aromaticity of organic matter, made
on the basis of a change in the H: C atomic ratio (Table 3).

Brown coal and high-moor peat are characterized by the highest buffering values
among the studied sorbents (Table 4). The maximum buffering capacity of brown coal
corresponds to the pH ranges 3.74-4.25, 6.25-7.25,7.75-8.0 and 9.25-9.75 (Figure 6). The
diagrams of the buffering capacity of high-moor peat show maxima in the ranges of pH
values of 4.25-5.25; 6.5-6.25; 6.5-6.75 and 7.75-10 (Figure 6). The first three ranges on the
described buffering diagrams are provided by the deprotonation of carboxyl groups, and
the last one—Dby the titration of phenolic hydroxyls of humic substances and lignin.

Shungite has the lowest buffering capacity for both acid and base among the studied
sorbents (Table 4, Figure 6). Based on the structure of shungite described above, it can
be assumed that the shungite material contains the smallest number of functional groups
capable of interacting with metals in comparison with the other studied sorbents.

An increase in the sorption of Cs (I) ions with increasing pH is characteristic of all the
studied sorbents and is explained, firstly, by the deprotonation of carboxyl and phenolic
functional groups.

A significant increase in the sorption of Sr (II) ions on high-moor peat occurs with an
increase in pH values up to =~ 5 and is maintained at a constant level in the pH range of 5-6.
Based on the titration results shown in Figure 6, it can be concluded that the main role in
the fixation of Sr (II) ions on high-moor peat is played by carboxyl functional groups with
pKa of ~ 4-7. The main role in the Sr (II) sorption on the surface of brown coal is played
by functional groups of the same nature, but with higher pKa values of 6 to 7 (Figure 6).

A decrease in the sorption of Sr (II) on high-moor peat at pH > 6 can probably be
explained by a decrease in the bond strength of the cation with the sorbent. It is possible
that phenolic hydroxyls do not play a significant part in the sorption of Sr (II) on the surface
of the high-moor peat. Similar dependences on pH were obtained when studying the
sorption of 1M Ag %0Co and %Zn by humic substances extracted from peat [30].

Since the amount of Sr (II) sorbed on brown coal turned out to be much less than the
number of functional groups potentially capable for sorption, the observed plateau on the
sorption curve (Figure 4b) can be explained with the assumption that phenolic hydroxyls
do not take part in sorption, and that the carboxyl groups available for interaction are
completely filled.

The sorption of Sr (II) on shungite and hard coal slightly increases with increasing pH
(Figure 5). Considering that the organic matter in the composition of these sorbents has a
high degree of aromaticity (Tables 3 and 4) and a relatively small total amount of carboxyl
and phenolic functional groups, it is not possible to determine the role of carboxyl groups
and phenolic hydroxyls at low sorption values.

From the data obtained, it can be concluded that the main mechanism for fixing
metal ions is their interaction with negatively charged functional (deprotonated) groups
of organic matter. Cs (I) and Sr (II) can be fixed on the surface of organic sorbents in an
exchange form. Sr (II) can form stable complexes with oxygen-containing functional groups
of organic matter [22,31,32].

Since experiments on the sorption of metals on organic sorbents were carried out with
a wide range of pH values, it is obvious that the surface properties will change with a
change in pH. Thus, under alkaline conditions, the leaching of humic substances increases.
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It has been shown that alkaline treatment of coals leads to an increase in the surface area
and total pore volume [33].

In addition, humic substances undergo conformational and configurational changes
during the pH change from 2 to 10 [20,34]. Such changes can lead to a situation where
some of the functional groups, capable of ionization at a given pH value, occur inside the
molecule at a different pH level and thereby become inaccessible to the sorbate.

5. Conclusions

The sorption properties of the natural organic sorbents in relation to the '3’Cs and *°Sr
radionuclides depend on various degree of lithification, pH, the quantity and properties of
available oxygen-containing functional groups.

As a result of the conducted research, it can be concluded that Sr (II) shows a higher
sorption than Cs (I) in the studied range of concentrations and pH values.

The maximum sorption of Sr (II) reaches 95-100% on high-moor peat and brown coal,
and lower values for shungite and hard coal. Sorption of Sr (II) significantly increases with
increasing pH and reaches a maximum at pH 5 to 7 and decreases at pH values higher than
7. The maximum sorption of Sr (II) decreases in the order: high-moor peat > brown coal >
shungite > hard coal.

Sorption of Cs (I) increases with increasing pH, and the highest sorption capacity
is observed in samples of brown coal (up to 40%) and high-moor peat (up to 24%). The
maximum sorption of Cs (I) decreases in the raw: brown coal > high-moor peat > shungite
> hard coal.

Sorption values, normalized per surface unit, showed a difference compared with
percentage per unit mass. The amount of Cs (I) sorbed on 1 m? of the surface of brown
coal and high-moor peat turned out to be significantly higher than that on hard coal and
shungite. The maximum amount of Sr (II) per 1 m? is sorbed on high-moor peat, while
brown coal sorbs half as much Sr (II). Shungite sorbs much less Sr (II) than both high-moor
peat and brown coal, but almost two times more than hard coal.

From the data obtained, it can be concluded that the main mechanism for fixing
metal ions is their interaction with negatively charged functional (deprotonated) groups
of organic matter. Cs (I) and Sr (II) can be fixed on the surface of organic sorbents in an
exchange form. Sr (II) can form stable complexes with oxygen-containing functional groups
of organic matter. It is suggested that Cs (I) can be fixed on carboxyl functional groups and,
possibly, in insignificant amounts on phenolic hydroxyls of all four studied organic sorbents.
The main role in the fixation of Sr (II) on high-moor peat and brown coal would then be
played by carboxyl functional groups with pKa values of ~ 4-7 and ~ 67, respectively.
The organic matter in the composition of hard coal and shungite has a high degree of
aromaticity and a relatively small total amount of carboxyl and phenolic functional groups,
which determines the low sorption capacity of these sorbents. It is therefore difficult to
distinguish, with certainty, the role of carboxyl groups and phenolic hydroxyls at low
sorption values of Cs (I) and Sr (II) on these sorbents.
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