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Introduction. Bentonite clays are traditional inexpensive and effective adsorbents that have a high potential for 
removing heavy metals from wastewater due to their abundance, chemical and mechanical stability, high exchan­
ge ability, and unique structural properties.  

Problem Statement. To obtain activated carbon, high-temperature muffle furnaces are used with the consump­
tion of a large amount of electricity, which is economically unprofitable. In addition, the resulting sorbents must be 
in the form of granules or tablets, have high strength and the ability to be repeatedly used in technological processes.

Purpose. Development of a method for the production of low-cost granular sorbents based on bentonite as a 
mineral component, activated carbon, as well as natural production waste (sunflower husk, straw, sawdust, etc. as 
modifiers), which can be removed from the activation process to increase porosity of these materials.

Materials and Methods. Angren brown coal; bentonite of the Navbakhor deposit was used as a sorbent and 
a basic substance for the granules formation; modifiers were sodium chloride, potassium, chopped straw, sawdust. 
Methods of thermal decarbonization and activation of the obtained granules under the optimal conditions (950 °С, 
45 min) were applied; the bulk density, the specific surface area, pore types and their total volume was determined 
by optical microscopy and nitrogen adsorption methods.

Results. Inexpensive hybrid bentonite-carbon sorbents in the form of high-strength granules were synthesized. 
The optimal ratio of the main components is Bentonite:Coal = 1 : 2, size (2.5 mm) and strength of granules (83— 
99%), total pore volume 0.863—1.01 cm3/g, confirmed the presence of macro-, meso- and micropores. The most 
promising sample has a specific surface area (Langmuir) 184 m2/g.

Conclusions. The method for obtaining new effective granular carbon sorbents of low cost, having high sorption 
capacity relative to organic and inorganic pollutants for purification of industrial process waters has been proposed.

K e y w o r d s : coal, bentonite clays, activation, carbonization, microscopic structure, and bentonite-coal sorbents.
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Activated carbon, zeolites, clays, graphene oxides, 
carbon nanotubes, mesoporous silica, waste bio­
mass and tar have been acknowledged as very ef­
fective adsorbents [1]. Bentonite clays (montmo­
rillonite), kaolinite, biotite, vermiculite, attapulgi­
te (palygorskite), glauconite are traditional inex­
pensive and effective adsorbents that have a high 
potential for removing heavy metals from waste­
water due to their abundance, chemical and me­
chanical stability, high exchange ability and uni­
que structural properties. The prospect of their 
use is associated, firstly, with the availability and 
low cost of raw materials, and secondly, with suf­
ficiently high service characteristics: water puri­
fication, prevent mechanical stress, can take any 
form without the use of mechanisms, retain not 
only toxins, but also moisture, liquefy at rest, be­
come denser in use [2—4].

As an alternative to known adsorbents, gra­
nular clay-carbon composites are considered as 
highly effective materials for removing pollu­
tants [5—8]. Due to their branched porous struc­
ture and additional complex adsorption mecha­
nisms, the water treatment process takes place 
much faster with fairly easy regeneration of the 
spent adsorbent [9]. Clay-carbon composites con­
sist mainly of bentonite or kaolin clays and acti­
vated carbon [10, 11]. The use of activated car­
bon significantly reduces the cost of such com­
posites, which will allow them to be used effec­
tively in proceedings instead of expensive syn­
thetic sorbents [12].

In this light, the relevant objective is to increa­
se the sorption properties of such clay-carbon com­
posites by applying various modifications, using 
affordable, inexpensive reagents and simple tech­
nological operations [13—16]. In this case, a di­
rected change in the structure of the resulting sor­
bent occurs, which leads to an increase in the spe­
cific surface of the material, its porosity, the num­
ber of exchange centers, etc., and as a result, to an 
increase in its sorption properties. Inorganic and 
organic natural materials or production wastes 
can be used as modifying agents — alfalfa seeds, 
clover, rice husk, sawdust, etc. [13], as well as ther­

mal and electromagnetic processing. Modifying 
agents during thermal decarbonization and acti­
vation should have the ability to be removed from 
the process and thus increase the sorbent porosi­
ty and improve its sorption properties. 

Another limiting factor in the widespread usa­
ge of natural sorbents for the drinking water treat­
ment and industrial effluents is the lack of effecti­
ve granulation technologies, since clay minerals are 
exposed to peptization in aqueous media [16—19].

Thus, the purpose of this research is the deve­
lopment of a production method for inexpensive 
granular sorbents based on bentonite as a mineral 
component, activated carbon and natural raw 
materials as a modifier (potassium salts, sodium, 
fine straw and sawdust), which at high tempera­
tures and in the absence of oxygen can complete­
ly burn out and to be removed with exhaust gases 
from the muffle furnace. Thereat, numerous pores 
of various sizes appear at the burnout site of the­
se agents, which significantly increases the sorp­
tion ability of the obtained granular bentonite-
coal sorbents. The performed research work sho­
wed that for repeated use, sorbents together with 
high strength should be in the form of granules 
or tablets for subsequent extraction from the pro­
cess, regeneration and further usage.

1. Results and Discussion  

The method of obtaining hybrid bentonite-coal 
sorbents is presented in detail in a previous work 
[20]. The optimal option for the manufacture of 
bentonite-coal sorbents was selected in the ratio — 
bentonite: coal = 1: 2. Bentonite was used not on­
ly as a sorbent, but also as a binder to shape the 
granules. The optimal thermal activation of the 
granules was annealing at a temperature of 950 °C 
for 45 minutes. Initial parameters for decarboni­
zation and activation were used based on patent 
sources for coal activation [20—21].

Table 1 shows the results of a decrease in the 
mass of initial materials and samples of sorbents 
upon the decarbonization and activation proces­
ses. A wide range of samples is presented, inclu­
ding using soot from the methane pyrolysis pro­
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cess provided by JSC Navoiyazot. Sich kind of 
soot is considered a production waste.

The highest degree of mass loss of the organic 
component during decarbonization and activa­
tion can be noted in the initial version with coal, 
which amounted to 36.9%, with soot — 41.2%. 
For selected variant B : C = 1 : 2 the degree of de­
carbonization was 21.5%. BC-12/o-10 variant is 
modified with sawdust in the amount of 10 g per 
100  g of bentonite, 200  g of coal and 500  ml of 
water. Burning of sawdust during decarboniza­
tion led to an increase in the degree of decarbo­
nization to 34.6%. With the possible advantages 
of this variant in terms of sorption and ion-ex­
change capacities, as well as strength, this sample 
will not give an economic effect due to the large 
consumption of initial material. Variants with 
soot have showed a lower decarbonization degree 
from 6.2 to 8.3%. During studying the sorption 
capacity, the granules isolated soot that stained 
water in black and therefore variants with soot 
were excluded from experiments.

Coal, as a flowing substance, is characterized 
by bulk density, which is a quantitative expres­
sion of the ratio of the coal mass to the volume fil­
led freely or uncompressed. Bulk density depends 

on ash content, moisture content, particle size dist­
ribution, particle shape and placement. The de­
termination of bulk density was carried out in ac­
cordance with the GOST Р 54246—2010 metho­
dology [23]. Bulk density X, g/cm3, is calculated 
by the formula:

Х =                     ,                         (1)

where М1 is weight of cylinder with adsorbent, g; 
М2 is empty cylinder weight, g; V is adsorbent vo­
lume, cm3 (10 cm3). According to formula (1), the 
bulk density of the obtained samples of bentoni­
te-carbon sorbents was determined, which varied 
in the range from 0.38 to 0.54 g/сm3 (Table 2).

When studying the size of the granules in vari­
ant 1, the diameter of the granules was 4.5 mm, 
and in variant 2, granules with a diameter of up to 
2.5 mm were obtained. With a decrease in the gra­
nules size, the total pore volume increases. This 
leads to an increase in the specific surface area. If 

Fig. 1. The image of the granules of bentonite-coal adsor­
bents BC-12/SN-5: a — increase in ×250 times, b — actual size

a

b

Table 1. Decrease in the Mass of Sorbents  
during Decarbonization and Activation  
in a Muffle Furnace (950 °С, time — 45 min) 

Mass ratio
The initial 

mass, g
After 

activation, g

The degree  
of decrease  

in the mass,%

Bentonite : Coal

Bentonite 5 4 20.0
Coal 10 6.31 36.9
1 : 1 165.37 127.53 22.8
1 : 2 136.71 107.33 21.5

BC-12/о-10 110.52 72.52 34.6
Bentonite : Soot

Bentonite 5 4 20.0
Soot 8 4.7 41.2
1 : 1 630.01 468.48 25.6
1 : 2 577.05 528.91 8.3
2 : 1 563.25 528.41 6.2

(M1 — M2)
V
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in variant 1 with a granule diameter of 4.5 mm, 
the total pore volume is 0.478 cm3/g, then a de­
crease in granule size to 2.5 mm led to an increase 
in pore volume to 0.767 cm3/g. Thus, all subse­
quent studies were carried out to obtain samples 
having a granule diameter of 2.5 mm (Table 2).

The image of the obtained granules of ben­
tonite-coal adsorbents was taken by Digital Por­
table Microscope Dino-Lite Special lighting-UV 
AM4113FVT (Taiwan). The image of the ob­
tained granules of bentonite-coal adsorbents is 
shown in Fig. 1. 

The modification of bentonite-coal sorbents 
was carried out as follows: per 100 g of bentonite, 
200 g of coal and 500 ml of water such modifying 
reagents were added — NaCl 5  g (BC-12/N-5), 
finely chopped straw 5 g (BC-12/S-5), a mixture 
of NaCl 5 g and straw 5 g (BC-12/SN-5), КCl 5 g 
(BC-12/К-5) as well as a mixture КCl 5 g and saw­
dust 10 g (BC-12/o-10,К-5). The strength of the 
granules was determined on a vibrating screen 

(80 vibrations per second) for 7 minutes. The to­
tal pore volume was determined in accordance 
with GOST 17219—71 [24].  

This method allows us to approximately deter­
mine the total pore volume of activated carbons 
with a diameter of fractions from 0.2 to 5 mm. The 
calculation of the total porosity VΣ (cm3/g) was 
carried out according to the following formula:

V∑ =                         ,                       (2)

where mw.c is wet coal weight, g; md.c is dry coal 
weight, g; ρw is water density, g/cm3 (taken equal to 
1 g/cm3 at room temperature not exceeding 35 °С).

Table 2 demonstrates the texture characteris­
tics of bentonite-coal sorbents modified by various 
reagents. We can see that the granules strength 
of these samples varies within 83—99%. The most 
promising three samples with a large total pore vo­
lume: BC-12/N-5 — 0.952 cm3/g, BC-12/SN-5 — 
0.863 cm3/g and BC-12/o-10.К-5 — 1.01 cm3/g.

Table 2. Texture Characteristics of Bentonite-Coal Sorbents Modified by Various Reagents (t = 950 °С)

Diameter, mm Sample names B : С Strength, % Bulk density, g/cm3 md.c, g mw.c, g VΣ, cm3/g

4.5 1:2 93.5 0.42 127.53 188.60 0.478
2.5 1:2 98.5 0.54 44.61 78.83 0.767
2.5 BC-12/N-5 83.0 0.40 102.12 199.44 0.952
2.5 BC-12/S-5 98.9 0.42 168.88 238.57 0.412
2.5 BC-12/SN-5 96.5 0.38 121.87 227.11 0.863
2.5 BC-12/К-5 93.0 0.46 133.97 211.71 0.580
2.5 BC-12/o-10.К-5 96.0 0.41 72.5 110.88 1.01

Fig. 2. The total pore volume (cm3/g) of bentonite-coal sorbents in comparison with the industrial 
sorbents activated carbon Norit (Holland) and activated carbon (Russia)
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In comparison with the reference samples of 
activated carbons of Dutch and Russian produc­
tions, the obtained bentonite-carbon adsorbents 
(with the exception of sample BC-12/S-5) have a 
larger total pore volume, which indicates the pre­
sence of a developed structure of macro-, meso- 
and micropores for these adsorbents (Fig. 2) [25]. 
Therefore, it will allow using them effectively for 
solving a wide range of tasks in industry, protec­
ting the environment and human life.

Microphotographs of samples of bentonite-
coal sorbents modified with NaCl, KCl, straw and 
sawdust were performed on a Primo Star optical 
microscope (Zeiss, Germany) in transmitted light 
at ×1000 magnification (Fig. 3).

The macropores indicated by arrows are clear­
ly visible in the figure. The presence of mesopo­
res can be noted by the degree of looseness of the 
material. Activation at 950 °C for 45 minutes was 
optimal, in which new, promising samples of sor­
bents were obtained, characterized by the presen­
ce of different types of pores, which are divided 
into macro-, meso- and micropores. All types of 
cations and anions are retained in these sorbent 
pores. Large molecules are able to be retained by 
macropores, small ones by micropores. [26—28]. 

The pore size and area was determined by the 
method of low temperature nitrogen adsorp­
tion for samples 1. BC-12/N-5, 2. BC-12/SN-5, 
3. BC-12/o-10,К-5, with the use of the volumetric 
method and Kelvin-1042 (Costech Microanalytical) 
at the boiling point of liquid nitrogen (Fig. 4—5, 
Table 3). In this case, the sorbents were previous­
ly degassed in a helium stream at a temperature of 
110—120 °C. The volume of adsorbed gas was de­
termined at the time of quasiequilibrium in the gas 
stream, which was controlled by a thermal con­
ductivity detector (measurement accuracy ± 3 %). 

Table 3. Structural Characteristics of Bentonite-Coal Absorbents Calculated from Nitrogen Adsorption Isotherms

Ratio Sspecific, BET m2/g
Sspecific, Langmuir, 

m2/g
Vmicpo, mm3/g

Micropore 
area, m2/g

Non microporous 
surface area, m2/g

Average diameter,
D, nm

BC-12/N-5 35.142 45.070 17.93 50.875 –5.805 —
BC-12/SN-5 128.85 184.02 38.01 107.871 20.980 60.21

BC-12/o-10.К-5 62.90 86.53 10.90 30.940 31.965 26.77

Fig. 3. Microphotographs of modified bentonite-carbon sorbents in reflected light: a — BC-12/
N-5; b — BC-12/SN-5; c — BC-12/o-10, К-5

a cb

Fig. 4. Nitrogen adsorption-desorption isotherms by porous 
adsorbents based on bentonite and coal, taken in the ratio: 
a — BC-12/SN-5; b — BC-12/o-10, К-5
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The convenience of this type of equipments is 
that they operate in automatic mode and allow 
the study of adsorbents with low specific surface 
area and have software — both for research and 
for calculations with the use of various models of 
adsorption processes [27, 29—33]. 

The specific surface area Sspesific was determined 
with the use of the adsorption value when filling 
the monomolecular layer am. The monolayer ca­
pacity was determined by the BET method [29—
31]. The specific surface area is calculated by the 
equation:

S = amNω0,                            (3)

where N is Avogadro number; ω0 is area occupied 
by an adsorbed molecule in a dense monomolecu­
lar layer. 

The am value was determined from the BET 
equation, a graphical solution of this equation al­
lows us to find am and the constant C. The equa­
tion can be applied in the field of relative pressure 

P/Ps = 0.03—0.35. Calculations can also be carried 
out by processing experimental data, for example, 
by the least squares method, and implemented in 
the software product of the aforementioned supp­
lier company. The results of just such processing 
were used in this work.

The shape of the adsorption isotherms is a ref­
lection of the porous structure of an adsorbent. 
Moreover, different sections of the adsorption iso­
therm, depending on the pore size and their ratio 
in the structure of the porous body, have a diffe­
rent effect on its shape. For the studied samples of 
bentonite-coal adsorbents, the adsorption isotherm 
in the low-pressure region rises more abruptly. 
This type of adsorption-desorption nitrogen iso­
therm indicates that macropores are present in 
the samples. The type of hysteresis loop (curve a) 
makes it possible to assert that the pores are pre­
dominantly cylindrical shape (Fig. 4) [27].

Curves of pore size distribution calculated from 
nitrogen adsorption-desorption isotherms demonst­
rate the presence of different types of pores in the 
samples. According to the pore classification adop­
ted by the International Union of Theoretical and 
Applied Chemistry (IUPAC) for sample BC-12/
SN-5, three maxima are characteristic that relate 
to macro- (R = 40—50 nm), meso- (R = 4—40 nm) 
and micropores (R = 1—4 nm) (Fig. 5, curve а). 
For the sample BC-12/o-10, К-5 is characterized 
by the presence meso- (R = 5—20 nm) and micro­
pores (R = 2—4 nm) (Fig. 5, curve b). The macro­
pores diameter corresponds to the pressure near 
p/p

0 = 1 [27, 34], usually such pores weakly par­
ticipate in the adsorption process and, for several 
reasons, capillary condensation practically does 
not occur in them, therefore, they play the role of 
transport pores in the structure of a solid body.

Table 3 shows the structural adsorption cha­
racteristics of the selected bentonite-carbon sor­
bents calculated from nitrogen adsorption iso­
therms. Tabular material allows us to select the most 
promising sample BC-12 / SN-5 with a specific sur­
face area S

specific, (BET) = 128.85  m2/g (Sspecific, 
(Langmuir) = 184.02 m2/g) micropore area equal 
to 107.87 m2/g. These values are within the mi­

Fig. 5. Pore size distributions by porous adsorbents based on 
bentonite and coal, taken in the ratio: a — BC-12/SN-5; b — 
BC-12/o-10, К-5
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nimum range of 100—1500 m2/g needed for in­
dustrial application and removal of small mole­
cules. [35].

Conclusions 

The experimental studies on the production of 
hybrid granular bentonite-carbon sorbents have 
shown the promise of this research area. The op­
timal ratio of components is bentonite: coal = 1: 2. 
Samples with bentonite and soot polluted the clea­
ned medium by the release of finely dispersed or­
ganic carbon and therefore were excluded from 
further studies. When studying the granule size, 
it was found that a decrease in the diameter of the 
granules to 2.5 mm leads to an increase in pore vo­
lume from 0.478 to 0.767 cm3/g. Thus, their op­
timal sizes were determined.

The selection of such starting materials as ben­
tonite and coal that are natural sorbents with a 
lower sorption capacity has made it possible to ob­
tain a hybrid version of bentonite-carbon sorbent 
with a higher sorption capacity. The use of available 
natural materials from production waste as modi­
fying agents (potassium chloride, sodium chloride, 
chopped straw and sawdust), capable of being remo­
ved from the activation process, leads to an increase 
in the degree of porosity of the obtained samples.

Thus, there is a high potential for using such 
inexpensive bentonite-coal sorbents with a develo­
ped porous structure in the form of highly durable 
granules after additional studies to purify indust­
rial process waters from heavy metal ions and ot­
her pollutants. Further research is ongoing to iden­
tify the best among all these potential adsorbents.
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ХАРАКТЕРИСТИКИ НОВИХ ПЕРСПЕКТИВНИХ  
БЕНТОНІТО-ВУГІЛЬНИХ СОРБЕНТІВ,  
МОДИФІКОВАНИХ РІЗНИМИ СПОЛУКАМИ

Вступ. Бентонітові глини — це традиційні недорогі та ефективні адсорбенти, що мають високий потенціал для вилу­
чення важких металів зі стічних вод через їх доступність, хімічну та механічну стійкість, високу здатність до обміну 
та унікальні структурні властивості.

Проблематика. Для отримання активованого вугілля використовуються високотемпературні муфельні печі, які 
споживають значний обсяг електроенергії, що є економічно невигідним. Крім того, отримані сорбенти повинні бути 
у вигляді гранул або таблеток, мати високу міцність і можливість багаторазово використовуватися в технологічних 
процесах.

Мета. Розробка способу виробництва низьковартісних гранульованих сорбентів на основі бентоніту як мінераль­
ного компонента, активованого вугілля, а також природніх відходів виробництва як модифікаторів, що можуть бути 
вилучені з процесу активації, з метою підвищення пористості матеріалів.

Матеріали та методи. Ангренське буре вугілля; бентоніт Навбахорського родовища використовувався як сорбент 
і базова речовина для формування гранул; модифікаторами слугували хлориди натрію, калію, подрібнена солома, 
тирса. Застосовано методи термічної декарбонізації та активації одержаних гранул, встановлено оптимальні умови 
(950 °С, 45 хв); визначено насипну щільність, методами оптичної мікроскопії та адсорбції азоту встановлено величи­
ну питомої поверхні, види пор та їх сумарний об’єм.

Результат. Синтезовано гібридні бентоніто-вуглецевих сорбенти у вигляді високоміцних гранул. Встановлено оп­
тимальне співвідношення Бентоніт:Вугілля = 1 : 2, розмір (2,5 мм) та міцність гранул (83—99 %), загальний об’єм пор: 
0.863—1.01 см3/г, підтверджено наявність макро-, мезо- та мікропор. Виділено найбільш перспективний зразок з пи­
томою поверхнею (по Ленгмюру) 184 м2/г.

Висновки. Запропоновано методику одержання нових ефективних гранульованих вуглецевих сорбентів низької 
собівартості, що мають високу сорбційну здатність щодо органічних та неорганічних сполук для очищення промис­
лових технологічних вод. 

Ключові  слова : вугілля, бентонітові глини, активація, карбонізація, мікроскопічна структура, бентоніто-вугільні 
сорбенти. 


