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Abstract

The possibility of obtaining ecosorbents based on biologically and chemically modified carbon material from
vegetable raw materials for the removal of Cd (II), Cu (II), Pb (II) and Zn (II) ions from aqueous solutions was studied.
The peculiarities of obtaining an ecosorbent from sugar cane bagasse and rice husk are substantiated. Sulfur -
containing biocarbon ecosorbentis obtained by one-stage pyrolysis of raw materials together with sulfur-containing
reagents at atemperature of 350-400 °C. The temperature parameters and the duration of the pyrolysis process were
determined experimentally from the conditions of the maximum content of biochar in the pyrolyzate. Sulfur-
containing biochar has a high absorption capacity for heavy metal ions (more than 80-90 %) compared to the original
biochar. Its specificity is due to the formation of insoluble metal sulfides on the surface and in the pores of the sorbent.
Microbiological modification leads to the creation of biosorption material for strong binding of heavy metal ions.
Sulfate-reducing bacteria immobilized on the surface of biochar are also able to convert sorbed heavy metals into
insoluble sulfide forms. A comprehensive study of the structural-porous and sorption properties of the original and
modified biochar was conducted. It was established that chemical and microbiological modification of biochar
increases its sorption capacity due to the improvement of structural-porous and ion-exchange properties of the
material. But the key property of ecosorbents from pyrolyzed and modified vegetable raw materials is the ability to
form insoluble sulfide forms of metals on the surface and in the pores of the ecosorbent.

Keywords: adsorption; cadmium; lead; zinc; copper; bagasse; rice husk; pyrolysis; biochar; chemical modification; sulfate-
reducing bacteria; sulfides.

XIMIYHI TA ®I3UKO-XIMIYHI OCOBJIMBOCTI MOJAN®IKOBAHOI'O BIOBYTJIELEBOI'O
EKOCOPBEHTY AJif 3B’1I3YBAHH S 1I0HIB BAXXKUX METAJIIB

Angipiii B. Xoxs0B, Jllogmuia M. Xoxnosa, Mapus ®. KosTyH
IHcmumym cop6yii ma npo6aem endoekosoeii HAH Ykpainu, ey.. I'enepana Haymosa, 13, m. Kuie, 03164, Ykpaina

AHoTaliga

BuBYeHa MOMUIMBICTh OTPMMaHHsA €KOCOPGEHTIB Ha OCHOBI 6iosioriyHo Ta xiMiyHO Mo piKOBaHOrO BYTJ/IELlEBOTO
Marepiasly 3 pOCJMHHOI CMPOBHHM i1 BuAaseHHA ioHiB Cd (II), Cu (II), Pb (II) Ta Zn (II) 3 BOgHMX PO34YMHIB.
OGIPYHTOBAaHO OCOGJMBOCTI OJiep:KaHHA €KOCOPGeHTy 3 6aracH LyKpPOBOi TPOCTHMHM Ta PHCOBOTrO JyIINWHHA.
CysibdypoBMicHUN 6GioByrjeneBUi eKOCOPGEHT OTPUMYKOTh LLJISIXOM OJHOCTaAiliHOro MipoJii3y CHPOBHHH pa3oM i3
cynbpypoBMiCHUMHU peareHTamMu 3a TeMmmeparypu 350-400 °C. TemnepaTypHi mapamMeTpH Ta TPUBAJiCTbh IMpoLieCy
nipoJii3y BU3HAYQ/IM €eKCNePUMEHTA/IbHO 3 YMOB MaKCHMAaJIbHOTO BMicTy 6ioByrisuis B mipoJii3ari. Cy/ibdypoBmicHe
6i0oByri/uIs Ma€ BHUCOKY NOTJIMHAJIbHY 3AAaTHICTh ILOJO iOHIB BaOKKMX MeTadiB (moHag 80-90 %) mopiBHAHO 3
BHXiHUM GioByriiam. Horo cnenudika 3yMoB/IeHa yTBOPEHHAM HA IOBEPXHi TAa B OPaX COPGEHTy HEpPO3YMHHUX
cyabdigiB MeraniB. Mikpo6iosioriyuna mogudikaiis npu3BoAUTb 40 CTBOPEeHHs 6Giocop6uiiiHOro Marepiany Ajs
MiIlHOTO 3B'A3yBaHHA iOHIB Baxkkux MeTaudiB. CynabdarBigHoB/IOWYiI 6GakTepii, iMMoGisi3oBaHi Ha mNOBepxHi
6ioBYTi/LISI, TAKOXK 3J]aTHi MEpPeTBOPIOBAaTH COPGOBaHi BaXKKi MeTa/id B HEPO34YUHHI cyabpizHi popmu. IlpoBeseHo
KOMIUIEKCHE AOCJIi/KeHHsI CTPYKTYPHO-NOPUCTHX Ta COPOLiiiHMX BJIAaCTUBOCTeH BHMXiJHOro Ta MoAudikoBaHOro
G6ioByri/uis. BcTaHOB/IeHO, M0 XiMiyHAa Ta MiKpoG6ioJioriyHa Moau¢ikania 6ioByrisuis migABMILy€E Oro copouiiHy
3JaTHICTb 3a PaxyHOK HNOKpaIlleHHA CTPYKTYPHO-MOPUCTHUX Ta iOHOOGMIHHUX BJIACTUBOCTEeN Marepiamdy. AJse
KJIIOYOBOI0O BJIACTHBICTIO eKOCOpGEeHTIB 3 mipoJsiizoBaHoi Ta Moau¢ikoBaHOI POCIMHHOI CUPOBUHHU € 3JaTHICTb
YTBOPIOBAaTH Ha MOBEPXHi Ta B IOpPaX eKOCOPGEHTy Hepo34MHHI cy/ibdiaHi popmu MeTasiB.

Kawuosi caoea: apcop6uis; kaamii; cBHHenb; UUHK;, MiJb; 6araca; pyucoBe JYIIMWHHSA; Miposi3; 6ioByriiisg; XimiuHe
MozaudikyBaHHS; cyabdaTpeAyKytodi 6akrepil; cyabdiau.

*Corresponding author: e-mail: khokhlova.lyudmila@gmail.com
© 2024 Oles Honchar Dnipro National University;
doi: 10.15421/jchemtech.v32i2.298468



http://chemistry.dnu.dp.ua/
mailto:khokhlova.lyudmila@gmail.com

364

Journal of Chemistry and Technologies, 2024,32(2),363-370

Introduction

The biggest environmental problems are
related to man-made pollution. The main sources
of toxicant pollution are various industries. As a
result of anthropogenic human activity, an excess
amount of toxic metal ions enters the
environment, namely water, air and soil. Sewage is
the biggest source of pollution. With an
insufficient degree of purification, they fall into
water bodies, both surfaces and underground
horizons on the surface of the soil. With flue gases,
heavy metals enter the soil and are washed into
water sources [1; 2]. Heavy metals such as Cd, Cu,
Hg, Ni, Pb and Zn are toxic, non-biodegradable and
accumulate in the environment [3-5]. Various
methods have been proposed for cleaning water
contaminated with metals, including chemical
coagulation, oxidation, membrane filtration,
extraction with various solvents, and ion exchange
[6; 7]. These methods are expensive and limited by
the high concentration of metal ions. The most
accessible and economically beneficial are
sorption methods of water purification using
various types of adsorbents [8; 9]. Adsorption is a
physicochemical process during whicha pollutant
(adsorbate) accumulates on the surface of a solid
body (adsorbent). Carbon materials are used as
adsorbents for water purification, as they have a
porous structure and a large surface [10]. An
urgent problem is the search for -effective
ecosorbents capable of reducing environmental
pollution with toxic heavy metals and meeting the
basic requirements - harmlessness and non-
toxicity, high adsorption capacity, selective
sorption of toxic compounds and complete
absence of side effects.

One of the promising areas is the production of
carbon sorption materials (biochar) from
lignocellulosic waste [11]. The involvement of
new types of renewable raw materials, in
particular agricultural waste, in order to obtain
sorbents for detoxification of heavy metals is
relevant in both scientific and practical terms [12-
14]. Plant waste is a priority natural renewable
material for ecosorbents. The transformation of
these wastes into sorption-active substances
simultaneously allows obtaining vital materials,
such as activated carbon, and solves the problem
of environmental pollution with agricultural
waste. Biochar is a stable carbon-rich product that
is synthesized as a result of pyrolysis
(carbonization) of plant biomass. The growing
interest in the beneficial use of biochar has opened
up new, unlimited possibilities. The main
parameters that control its properties include

pyrolysis temperature, time, and type of raw
material. The effectiveness of biochar in
neutralizing pollution depends on its surfacearea,
pore size distribution, and ion exchange capacity
[15; 16]. Pyrolysis temperature affects the
properties of biochar and is a critical factor for
evaluating the effectiveness of removing toxicants
from the environment [17; 18]. In the process of
carbon material formation during the pyrolysis of
cellulose-containing material, reactive groups are
formed on the coal surface, which determine the
possibility of chemical and biological modification
of the biochar surface to improve its sorption and
detoxification properties. The modification of
biochar with sulfur makes it possible to obtain
sulfur-containing  biochar.  Sulfur-containing
sorption materials, like low-molecular-weight
organosulfur compounds, are capable of complex
formation with heavy metal ions. Therefore, such
sorbents can be used to clean wastewater and
soils contaminated with heavy metals. Carbon
disulfide materials are sorption-selective for a
number of heavy metals due to the formation of
insoluble metal sulfides on their surface. Known
methods of obtaining sulfur-containing carbon
sorbents involve the treatment of raw carbon
materials with the most common sulphiding
agents, such as concentrated sulfuric acid, oleum,
gaseous sulfur dioxide [19-21]. As aresult of such
treatment, sulfocarbon materials are formed,
which are multifunctional cation exchange resins
and are sorptionally active in relation to heavy
metals. The technology of obtaining such
materials is complex and environmentally
dangerous. Our proposed method of obtaining a
sulfur-containing biocarbon ecosorbent is a one-
stage pyrolysis of raw materials together with
sulfur-containing reagents. Obtaining sulfur-
containing carbon sorbent in this way has
advantages over other methods. The priority is to
obtain new types of ecosorbents from agricultural
waste and to jointly solve two problems:
ecological - waste disposal and technological -
production of the necessary solid products to
solve environmental problems.

Materials and methods

In this study, the possibility of obtaining an
ecosorbent from rice husk and bagasse (plant
waste from sugar cane production) was studied.
Rice husk is a fibrous substance, which contains
moisture, lignin, cellulose, pentosans, a small
amount of protein and vitamins, as well as mineral
ash, consisting of 92-97 % silicon dioxide.
Composition of bagasse from sugar cane: cellulose
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47.59 wt. %, hemicellulose 26.92 wt. %, lignin
21.53 wt. %. The composition of lignocellulosic
plant waste substantiates the possibility of
obtaining carbon material (biochar) from them. In
the process of heat treatment of plant waste, a

60%-—  treatment

250-400°C

laboratory reactor was used, which provided
oxygen-free conditions for the process at
temperatures from 250 °Cto 600 °C. The pyrolysis
process lasted from 10 to 60 minutes.

400

Fig. 1. Carbonrelease from plant material during pyrolysis at different temperature

The temperature parameters and the duration
of the pyrolysis process were determined
experimentally from the conditions of the
maximum biochar content (Fig.1) in the
pyrolyzate. In the conditions of heat treatment at
temperatures of 300-350 °C in the absence of
oxygen, biomass undergoes exothermic processes
and releases the maximum amount of carbon
material. According to its structure, biochar
belongs to the class of carbonized substances due
to the commonality of their characteristic
structural element. Carbon sorbents based on
pyrolyzate of cellulose-containing raw materials
are characterized by a polydisperse porous
structure. The presence of micro- and mesopores
in biochar determines its high internal specific
surface, which plays an important role in chemical

reactions  occurring at relatively low
temperatures. Macropores have a smaller
contribution to the change in the specific surface
area of biochar, but contribute to the access of
biomolecules during bioactivation. According to
its structure, such biochar belongs to the class of
carbonized substances due to the commonality of
their characteristic structural element. The
structural element of the carbonized substance is
an atomic mesh of polymerized carbon. The
morphology of the surface of particles and whole
flakes of the obtained rice husk pyrolyzate with a
size of 500-1000 um is presented in Fig. 2. It is
shown that the size of the micro-cells of the
cellular structure of the rice husk surface is
approximately 20 pm.

Fig. 2. Morphology of pyrolyzed rice husk particles

With the help of chemical and biological
modification of biochar, ecosorbents were
obtained for absorption of complex compounds of
heavy metal ions. One-stage pyrolysis of vegetable
raw materials together with sulfur-containing

reagents at atemperature of 350-400 °C produces
sulfur-modified biochar. The sulfur-containing
reagent sodium thiosulfate Na;S;03; was used as a
modifier. at a certain raw material /reagent ratio.
The resulting ecosorbent has heat resistance and
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mechanical strength. Ecosorbentdoes not contain
components that can pass into water during its
operation. The temperature treatment of the
mixture of starting substances to determine the
optimal sorption capacity of the obtained
ecosorbents in relation to Cd (II), Cu (II), Pb (II)
and Zn (II) ions was experimentally substantiated.
Sulfur-containing sorption materials, similar to
low-molecular organic sulfur compounds, are
capable of complex formation with heavy metal
ions. Sulfur-containing ecosorbents canbe used to
clean wastewater and soils contaminated with
heavy metals. X-ray phase analysis of samples of
sulfur-containing biochar showed the presence of
23-35% bound sulfur on its surface, which
determines the ability to firmly bind metal ions to
the surface of the sorbent in an insoluble sulfide
form and neutralize heavy metals in water and
soil.

Microbiological modification of biochar was
carried out. Microbiological modification leads to
the creation of biosorption material for strong
binding of heavy metal ions. Sulfate-reducing
bacteria (SRB) immobilized on the surface of
biochar are also capable of converting sorbed
heavy metals into insoluble sulfide forms. CRP was
isolated from galvanic effluents, oil wastewater
and cultivated on an elective medium of the
composition (g/cm3): Na.COs - 0.1; CaCl. - 0.01;
MnSO, - 0.02; NaCl - 3.0; Naz;HPO4 - 1.5; KH2PO4 -
1.0; K2HPO4 - 1.0; nutrient agar for cultivation of
CRP - 20.0 g; distilled water up to 1 dms3. Sulfate-
reducing bacteria (SRB) were identified and
assigned to the genera Desulfotomaculum,
Desulfosporomusa, Desulfosporosinus, Thermo-
desulfobium, Desulfobacter, Desulfobacterium,
Desulfobulbus, Desulfococcus, Desulfomicrobium.
In the process of formation of carbon material in
the process of pyrolysis of cellulosic material on
the surface of coal. Reactive groups are created.
The concentration of functional (carboxyl and
phenolic) groups on the surface of the carbon
material determines the ability to remain on the
surface of the biomolecule due to a covalent bond
or due to -COOH, COCI-, -NHz-, -N> group. A
sufficient number of immobilized cells on the
surface of the sorbent is 120-200-104 cell/g.

The characteristics of the porous structure
(specific surface area, total pore volume, pore
diameter) were determined by the method oflow-
temperature nitrogen adsorption. The specific
surface area of samples of carbonaceous material
from plant waste obtained by pyrolysis was
controlled by the amount of iodine adsorption.
The specific surface area and pore volume are

determined by nitrogen adsorption-desorption
isotherm. The specific surface characterizes the
surface area of the adsorbent on which adsorbates
of a molecular nature can be absorbed. The
characteristic is important for comparing different
adsorbents with each other, as well as for
evaluating the absorption capacity of the
adsorbent. The pore volume characterizes the
available pore volume in the adsorbent, in which
adsorbates can be absorbed. Nitrogen adsorption-
desorption isotherms were measured using an
AUTOSORB-6B  gas  adsorption  analyzer
(Quantachrome, USA). The parameters of the
porous structure were calculated using the
AUTOSORB-1 program (Quantachrome, USA). The
specific surface area was determined by the
Brunauer-Emmett-Teller (BET) method.

The method of determining the static exchange
capacity consists in determining the number of
ions absorbed from a constant volume of the
working solution per unit mass of the sorbent.

Results and discussion

The structural-pore and ion exchange
characteristics of raw materials, biochar, sulfur-
containing biochar and biochar with immobilized
sulfate-reducing bacteria were determined
(Table 1). The specific surface is the average
characteristic of the surface of the internal cavities
(channels, pores) of the porous body or the total
external surface of the particles of the fragmented
phase of the dispersed system. It is defined as the
total surface area of the material per unit mass
(with units of m2/kg or m2/g). The specific surface
area of carbonized plant material exceeds
500 mz/g.

Values of static exchange capacity (SEC)
indicate the ability of the material to bind ions of
toxic substances. The SEC of biochar increases
both in Cl- and Na+* cations, which creates
prerequisites forincreasing its sorption activity in
ion exchange reactions of sorption of heavy metal
cations Cd (II), Cu (II), Pb (II) and Zn (II). The
specific surface area of biochar is higher than that
of sulfur-containing biochar and biochar with SRB,
whichis explained by the immobilization of sulfur
and SRB on the surface of biochar (Research
results show that ecosorbents based on sulfur-
containing biochar from agricultural waste and
biochar with immobilized sulfate-reducing
bacteria can strongly bind Cd (II), Cu (II), Pb (II)
and Zn (II) ions and be used as effective
ecosorbents for cleaning aqueous solutions. Their
key property is the ability to forminsoluble sulfide
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forms of metals on the surface and in the pores of
the ecosorbent (Table 1).

Table 1

Structural-porous and ion-exchange characteristics of the raw stuff, biochar, sulfur-containing biochar

Indicator Therice The Biochar Biochar Sulfur Sulfur-
husk original from rice from containing  containing
original bagasse husk bagasse Biochar biochar
from rice from
husk bagasse

Bulk density, g / cm3 0.4 0.6 0.6 0.4 0.7 0.5

Specific surface area, m? /g 9 2 430-550 417 497-512 398

Total pore volume, cm3 /g 0.11 0.14 042 0.35 0.39 0.31

Static exchange capacity for

cations (Na*), mg-eq/ g 1.6 1.6 412 3.17 6.08 3.02

Static anion exchange

capacity (Cl'),mg-eq/ g 0.22 0.28 0.58 0.52 0.38 0.46

The study of the process of sorption of toxic
ions of heavy metals by native raw materials,
biochar, sulfur-containing biochar and biochar
with SRB was carried out under static conditions
from aqueous solutions of salts: chlorides of lead,
cadmium, zinc and copper. The Kinetics of
sorption was studied by the limited volume
method: a series of flasks with portions of 0.2 g of
sorbent were filled with 0.1 dm3 of the model
solution with the initial concentration, kept for
100 min at 20 °C. After certain time intervals, the
solutions were filtered and the equilibrium
concentration of metal ions was determined by
atomic absorption spectroscopy. The amount of
sorption was estimated by the decrease in the
content of the test ion in the volume of the solution
before and after sorption. Figure 3 shows
isotherms of sorption of heavy metal ions by
ecosorbent from native, pyrolyzed (biochar),
sulfur-modified biochar and biochar with SRB.

It was established that sulfur-containing
biochar and biochar with immobilized sulfate-
reducing bacteria have a high absorption capacity
(more than 80-90 %) in relation to Cd (1I), Cu (II),
Pb (II) and Zn (II) ions. The effect of the pH of the
solution on the adsorption capacity of the
ecosorbent was studied. Optimal sorption
conditions were recorded at pH 5.0. Cd (II) ions
are almost completely (70-90 %) extracted by a
sulfur-containing ecosorbent from solutions with

a pH of 5-6, Cu (II) ions at a pH of 4-5 (58-65 %).
Decreased removal of Pb (II) and Zn (II) at pH
greater than 6.0 may be associated with solvation
and hydrolysis of metal ions. Hydrolysis of salts is
the chemical interaction of salts with water,
resulting in the formation of a weak electrolyte.
The essence of hydrolysis is reduced to the
chemical interaction of salt cations and anions
with hydroxide ions OH- and H+ ions formed as a
result of dissociation of water molecules. As a
result of this interaction, a poorly dissociated
substance (weak electrolyte) is formed. The
processes of maintaining the pH value at a certain
level are associated with the hydrolysis of salts.
Hydrolysis products and pH of solutions of
hydrolyzed salts are determined by the nature of
cations and anions. The efficiency of sorption
depends on the pH of the solution. The acidity of
the environment affects the completeness of
extraction of metal ions. Experimental data
confirmed the influence of pH of solutions on
sorption efficiency.

Research results show that ecosorbents based
on sulfur-containing biochar from agricultural
waste and biochar with immobilized sulfate-
reducing bacteria can strongly bind Cd (II), Cu (II),
Pb (II) and Zn (II) ions (Table 2.) and be used as
effective ecosorbents for cleaning aqueous
solutions.

Table 2.
Efficiency of sorption of heavy metal ions from aqueous solutions
The name of the sorbent The amount of sorption.%
Cu Zn Cd Pb

The original bagasse 13.1 17.0 19.1 17.2
Biochar from bagasse 37.1 39.1 323 374
Sulfur-containing biochar from bagasse 97.0 94.1 95.0 96.3
Biochar from bagasse with SRB. 92.0 90.0 92.0 94.6
The original rice husk 125 16.0 174 16.1
Biochar from rice husk 35.1 34.1 34.1 46,1
Sulfur-containing biochar from rice husk 93.0 78.2 92.6 88,2
Biochar from rice husk with SRB 91.7 91.0 90.1 85!
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Their key property is the ability to form insoluble
sulfide forms of metals on the surface and in the
pores of the ecosorbent.

The chemical composition of the surface of
particles of modified sulfur-containing biochar
from a solution of cadmium salt was studied using
the method of scanning electron microscopy. It is
shown (Fig. 3) that in spectra 1-6, the presence of

cadmium is in the range of 1.3-7.66 wt.% and
sulfur is 0.98-10.84 wt.%. This indicates a
possible chemical interaction in the Cd-S system.
Thus, sulfur-containing biochar has the ability to
absorb BM, compared to the original biochar, and
its specificity is due to the formation of insoluble
heavy metal sulfides on the surface and in the
pores of the sorbent, which are non-toxic.

Hd \'r o Vv J 9.
i YA 7 iy 1 spectrum C 0 Si S Ca Cd Cu
%

1 57.15 | 30.16 | 5.53 0.98 2.32 199 | 1.87
2 66.20 | 2431 | 2.70 1.50 180 | 239 | 1.10
3 8158 | 1194 [ 0.96 1.38 215 | 130 { 0.71
4 70.04 | 21.06 [ 2.75 2.1 0.15 | 2.65 | 1.25
5 10.22 | 4194 | 1132 [ 10.84 | 1462 | 7.66 | 290
6 32.00 | 3955 | 2193 | 142 1.72 | 2.00 | 1.38

INENTpCeoe I0DpaTivite |

—_—
Zsm

Fig. 3. Chemical composition of sulfur-containing ecosorbent particles after sorption of Cd(II) ions
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Fig. 4. Isotherms of sorption of heavy metal ions by ecosorbent: 1-native bagasse; 2 - biochar;
3 - sulfur-modified biochar; 4- biochar with SRB

The given isotherms of sorption of Cd(II),
Cu(I), Pb(II) and Zn(II) ions by sugarcane
ecosorbent show that the absorption capacity of
the biosorption complex for heavy metal ions is
almost at the same level as the absorption capacity
of sulfur-containing biochar (Fig. 4). The study of
the influence of the fractional composition of the
ecosorbent on its binding capacity showed that

shallow fractions are more effective. The
conducted studies showed a correlation between
the decrease in the concentration of the studied
ions in the simulated solution and the increase in
the content of metals in a bound state on the
surface of the sorbent particles. The properties of
ecosorbents are mainly determined by the
chemical nature of the surface and to some extent
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depend on the features and methods of sorbent
synthesis.

Conclusions

The conditions for obtaining effective
ecosorbents for the removal of Cd(II), Cu(II),
Pb(II) and Zn(II) ions from aqueous solutions
based on biochar from agricultural waste were
investigated. £ The conditions of biochar
modification by sulfur- and sulfate-reducing
bacteria were studied. A comparative analysis of
structural-porous and sorption properties of
various modifications of ecosorbents with
biochar, sulfur-containing biochar - raw material,
pyrolyzed raw material (biochar), sulfur-
containing biochar and biochar with immobilized
sulfate-reducing bacteria was performed. Sorptive
binding of metals by sulfur-containingbiochar and
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