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Abstract

Today, the development of environmentally friendly technologies for the detoxification of heavy metals in
environmental objects is relevant. One of the promising areas is the production of carbon sorption materials
(biochar) from lignocellulosic waste. Plant waste is a promising natural renewable material for ecosorbents.
Biochar is a stable carbon-containing product that is synthesized as a result of pyrolysis (carbonization) of plant
biomass. In this study, the possibility of obtaining an ecosorbent from bagasse (vegetable waste from sugarcane
production) was studied. When obtaining ecosorbents for the absorption of complex compounds of heavy metal
ions, chemical and biological modification of biochar was used. Sulfur-containing biochar was obtained by
chemical modification by one-stage pyrolysis of raw materials together with sulfur-containing reagents. Sulfur-
containing biochar has a high absorption capacity compared to the original biochar. Its specificity is due to the
formation of insoluble heavy metal sulfides on the surface and in the pores of the sorbent. Microbiological
modification leads to the creation of a biosorption material for the strong binding of heavy metal ions. Sulfate-
reducing bacteria immobilized on the surface of biochar are 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 bagasse biochar has been carried out. Comparative analysis of the adsorption capacity of the original
bagasse, biochar from bagasse, biochar modified with sulfur, and biochar with sulfate-reducing bacteria
immobilized on its surface showed that chemically and biologically modified biochar from sugar cane bagasse can
strongly bind heavy metal ions. It was noted that sulfur-containing biochar and biochar with immobilized sulfate-
reducing bacteria have a high absorption capacity (more than 90 %) with respect to Cd(II), Cu(II), Pb(II) and Zn(II)
ions at an initial concentration of 2 to 5 MPC. The studies show that chemically and biologically modified
sugarcane bagasse biochar can be used as effective ecosorbents for heavy metal detoxification in water and soil
environments. Their main property is the ability to form insoluble sulfide forms of metals on the surface and in
the pores of the ecosorbent.
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BUKOPHUCTAHHA MOANPIKOBAHOI'O BIOBYT'IJIJIA 3 BAT'ACCH AJ14
BUAAJIEHHA BA’KKUX METAJIIB

Anppiit B. Xoxs0B, JltoamMuia M. XoxsoBa*, Harasis B. Cuu
IHcmumym cop6yii ma npobsaem endoekosaozii HAH Ykpainu, eya. I'enepasa Haymosa, 13, m. Kuis, 03164, Ykpaina

AHoTariqa

Poc/ivHHI BigXoau - mepcneKTMBHHMH BiJHOB/JIWBaHUII NPUPOAHMHM MaTepiaa AJiA eKocopGeHTIB. BioByrimia -
CcTaGiIbHUM BYT/enbBMiCHMH NPOAYKT, AKUII CHMHTEe3y€EThCA B pe3yJbTaTi mipoJisy (kap6oHisanii) pociuHHOI
6iomacu. BuB4eHa MOX/IMBICTh OTPUMaHHA €KOCOPGEHTY 3 6araccH (poc/IMHHUX BiJX0/1iB BUPOGHHMITBA LYKPOBOI
TPOCTUHM). Y NpoLeci OTpUMaHHI €eKOCOPGEHTIB AJIs1 MOTJIMHAHHA KOMIUIEKCHMX CHOJIYK i0OHIiB Ba)KKMX MeTaJliB
BHKOPHUCTOBYBAJIM XiMiKo-6ios1oriuny mogudikaniio 6ioByriis. CipkoBMicHU# 6i0BYri/LIA OTPMMYBaJIU XiMiYHOI0
MoauiKalielo NIUIAXOM OJHOCTAAiHOro mMipo/iisy CHpOBMHHM CHiJILHO 3 CipKkOBMiCHUMM peareHTamu. Horo
cnenupiyHiCTh 3yMOBJIeHA YTBOPEHHSAM HEPO3YMHHUX CyabQiAiB BaXXKUX MeTasiB HAa MOBepXHi Ta B mopax
cop6eHTy. Mikpo6iosioriuna moaudikaniss Npu3BOAUTh A0 CTBOPEeHHsA 6iocop6uiiiHOro mMaTtepiaay AJjs MiLlHOro
3B'AA3yBaHHA iOHIB BaXKKMX MeTaJiB. IMMoGis1i3oBaHi Ha noBepxHi 6ioByriig cysabdaTpeayKylodi 6akTepii 3gaTHi
NnepeBOAUTH COPGOBaHi BaXKKi MeTa/iM B Hepo34uHHIi cysibdigHi ¢opmu. [IpoBeseHO KOMIIEKCHE AOC/TiJKEeHHA
CTPYKTYPHO-NMIOPUCTHX Ta COPOGLiAHUX BJIAaCTUBOCTEH BUXiHOTO Ta MogudikoBaHOro GioByrisis. [lopiBHANIBHMIA
aHaJi3 aacopOuiifHOI 3JaTHOCTI BUXiJHOro 6aracu, 6ioByriiA 3 6aracy, 6ioByriyuis, moaudikoBaHoro cipkol, Ta
6ioByri/IIA 3 iMMO06iIi30BaHUMHU HA HOro moBepxHi cysibdaTpeAyKylo4uMHU GaKTepisAMM NOKa3aB, 0 XiMiYHO Ta
GiosoriuHo MoaudikoBaHe 6ioByri/iIA 3 6aracu LIYKpOBOi TPOCTHHHU 3JaTHe MillHO 3B'A3yBaTH i0HH BaXKKHUX
MeTaJiB. XiMi4yHO i 6ios10riyHO MoAudiKoBaHe 6i0BYri/LjIA 3 6aracy LyKpoOBOi TPOCTUHM MOKe BUKOPHCTOBYBaTUCA
sIK eeKTHBHI €KOCOPGEHTH 1A JeTOKCHKaIlil BAXKKHUX MeTaJliB y BOAHMX Ta I'PYHTOBHX cepe/0BUIIAX.

Karuosi cnosa: afcopbuisi; MeTany; 6araca; nipoJi; 6ioByrisas; cyabdiny; cynbdaTpeaykyrodi 6akTepii.
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Introduction

As a result of human anthropogenic activity,
an excess amount of toxic metal ions is released
into the environment, namely into water, air and
soil. Heavy metals such as Cd, Cu, Hg, Ni, Pb and
Zn are toxic, not biodegradable, and accumulate
in the environment [1-3]. Wastewater is the
largest source of pollution. Methods for the
removal of heavy metals, including chemical
precipitation, oxidation or reduction, filtration,

ion exchange, reverse osmosis, membrane
technology, evaporation, and electrochemical
purification, become ineffective when the

concentration of heavy metals is less than
100 mg/1 [4; 5]. One of the possible methods is
electroremediation [6]. During leaching, the
content of heavy metals (Zn, Pb, Cd, Ni, Cu, As)
decreases by 85-95 % [7].

Cleaning is possible by washing the soil with
solutions of surfactants or solutions containing
strong oxidizing agents [8; 9].

Some plant species can absorb heavy metals
and concentrate in their biomass.
Phytoextraction shows good results in cleaning
the soil from heavy metals [10]. Reclamation of
soils or their purification from pollution by plants
is an ecological and progressive method [11; 12].
Cleaning the soil from heavy metals by growing
plants - phytomeliorants on contaminated soils
requires their complete removal from the soil
before the end of flowering and lower leaves
beginning to die off, followed by disposal. To
effectively remove heavy metals from the soil, it
is necessary to provide for several cycles of
growing crops. Ash from incineration is
considered hazardous waste and must be
disposed of. It has been shown that when grown
on contaminated soils, even hyperaccumulants,
the content of such metals as lead, cadmium and
copper in plant samples of the aerial part does
not exceed 1.2; 0.5-1 and 10-12 mg/g dry weight,
respectively [13; 14].

Sorption methods occupy an important place
in the set of measures aimed at eliminating
technogenic pollution of the environment. To
clean ecosystems from heavy metals, sorbents
based on natural materials and minerals with
high cation exchange capacity are used [15; 16].

A promising direction is the creation of
technologies for the production and use of
ecosorbents from plant waste. The conversion of
plant residues into biochar by pyrolysis has
opened up new possibilities for wastewater and
soil treatment. Carbon materials are used as
adsorbents for water purification, since they have

a porous structure and a large surface [17]. The
advantages of using plant waste as a raw material
are low cost, infinitely renewable secondary raw
materials, availability, and environmental
friendliness. The main parameters that determine
the properties of biochar include the temperature
and time of pyrolysis, preparation methods and
the type of raw material. The efficiency of biochar
in neutralizing pollutants depends on its surface
area, pore size distribution, and ion exchange
capacity [18]. In the formation of carbon material
during the pyrolysis of cellulose-containing
material, reactive groups are created on the coal
surface, which determine the possibility of
chemical and biological modification of the
biochar surface to improve its sorption and
detoxifying properties [19].

Materials and Methods

The objects of the study were: cake - vegetable
waste from the production of sugar cane;
pyrolyzed bagasse - biochar; biochar modified
with sulfur; biochar with immobilized sulfate-
reducing bacteria.

The composition of lignocellulose-containing
plant waste justifies the possibility of obtaining
carbon material (biochar) from them. In this
study, the features of obtaining and chemical and
biological modification of biochar have been
studied. The composition of the sugar cane pulp:
cellulose 47.59 wt.%; hemicellulose 26.92 % by
weight; lignin 21, 53 wt.%. The research results
show that the heat treatment of cake is
accompanied by the destruction of cellulose and
lignin. At medium pyrolysis temperatures (low
temperature pyrolysis), the biomass undergoes
exothermic processes and releases the maximum
amount of carbon material. The generally
accepted term for obtaining carbon material by
pyrolysis (heat treatment without air-oxygen
access) from plant biomass is biochar.

The structural element of carbonized
substance is the atomic network of polymerized
carbon [20]. The elements H, O, N, P, and S
included in the structure explain the reactivity of
the resulting biochar. The presence of micro- and
mesopores in biochar determines its high
internal specific surface area. Macropores
facilitate the access of biomolecules during the
microbiological modification of biochar. The
properties of the carbon material surface were
evaluated according to generally accepted
methods for determining the indicators: specific
surface area; the content of acid and carboxyl
groups. Based on the results obtained, the
physicochemical parameters of the raw material
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pyrolysis process were calculated and the
optimal conditions for obtaining the carbon
material were determined. When studying the
structural-porous, sorption and ion-exchange
properties of the original and pyrolyzed
lignocellulosic biomass, both traditional and
special methods were used. Sorption experiments
were carried out under static conditions on
solutions of metal salts and water extracts from
soils contaminated with heavy metal ions.

The specific surface area and pore volume are
determined from the nitrogen adsorption-
desorption isotherm at 77K. Nitrogen adsorption-
desorption isotherms were measured using a gas-
adsorption analyzer AUTOSORB-6B
(Quantachrome, USA). The parameters of the
porous structure were calculated using
AUTOSORB-1 software (Quantachrome, USA).
The specific surface area was determined by the
Brunauer-Emmett-Teller (BET) method in the
range of relative pressures of 0.05-0.3. The
specific surface area of mesopores was
determined by comparing the adsorption
isotherm with adsorption on a non-porous
adsorbent with close surface chemistry (t-
method). The specific surface of micropores and
the volume of micropores were determined by
the Dubinin-Radushkevich method. The total
pore volume was determined by calculating the
maximum nitrogen adsorption (at a relative
pressure of about 1) per pore volume using the
molar volume of liquid nitrogen at 77 K (0.03467
cm3/mmol). The average pore radius was
determined assuming a cylindrical pore shape
according to the formula R=2V/S, where V is the
total pore volume, S is the specific surface area
determined by the BET method.

The specific surface area characterizes the
surface area of the adsorbent on which
adsorbates of a molecular nature can be
absorbed. The maximum specific surface area of
biochar under various pyrolysis conditions
reached 450 m2/g.

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 volume in the adsorbent in which
adsorbates can be absorbed. According to the
IUPAC classification, pores in adsorbents are
divided into the following categories: micropores
(pores with a size of less than 2 nm), mesopores
(pores with a size of 2-50 nm), and macropores
(pores with a size of more than 50 nm).
Therefore, the volume of micropores
characterizes the volume of porous space in

which molecules with a size of no more than 2
nm can be absorbed.

The method of determining
exchange capacity

consists in determining the number of ions
absorbed from a constant volume of the working
solution per unit mass of the adsorbent.

Samples of sorbents were dried at a
temperature of 110 °C for 2 hours.

The sorbents were weighed on analytical
balances with an accuracy of 0.0001 g.

The weight of 0.5 g was placed in a dry conical
flask with a capacity of 100 ml, and 25 ml of
working solution (0.1 M HCI) was added. The
flask was closed and periodically stirred for 4
hours. After that, the solution was drained and an
aliquot (5 ml) was titrated with 0.1 M NaOH
solution. The equivalence point was determined
using an indicator (phenolphthalein).

The values of the static exchange capacity
indicate the ability of the material to bind ions
due to ion exchange.

Chemical modifiers contribute to the
development of the cellular structure of biochar.
The sulfur-containing modifier used in our case
diffuses into the internal structure of the carbon
matrix during pyrolysis, expanding existing pores
and creating new pores. Modification of biochar
with sulfur makes it possible to obtain sulfur-
containing biochar. Carbon disulfide-containing
materials are sorption-selective with respect to a
number of heavy metals due to the formation of
insoluble metal sulfides on their surface. The
proposed method for obtaining sulfur-containing
biocarbon ecosorbent from bagasse is a one-stage
pyrolysis of raw materials together with sulfur-
containing reagents at a temperature of 350-
450 °C. Sodium thiosulfate Na,S,03; was used as a
modifier. X-ray phase analysis of the obtained
samples of sulfur-containing biochar showed the
presence of up to 35% of 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 environments. The
resulting ecosorbent has thermal stability and
mechanical strength.

Microbiological modification leads to the
creation of a biosorption material. Sulfate-
reducing bacteria (SRB) immobilized on the
surface of biochar are also capable of converting
sorbed heavy metals into insoluble sulfide forms.
SRB was isolated from galvanic drains, oil drains
and cultivated on an elective medium with the
composition (g/cm3): Na;COz - 0.1; CaCl; - 0.01;
MI’ISO4 - 0.02; NaCl - 3.0; NazHPO4 - 1.5; KH2P04

the static
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- 1.0; K;HPOs - 1.0; nutrient agar for SRB
inoculation - 20.0 g; distilled water up to 1 dms3.
The SRB complex was identified in a specialized
laboratory and assigned to the genera
Desulfotomaculum, Desulfosporomusa, Desulfos-
porosinus, Thermodesulfobium, Desulfobacter,
Desulfobacterium, Desulfobulbus, Desulfococcus,
Desulfomicrobium. The presence of functional
(carboxyl and phenolic) groups on the surface of
the carbon ecosorbent determines the ability of
the material to retain biomolecules on the surface
due to a covalent bond or due to -COOH, COCI-,
-NHz-, -Ny* groups. A sufficient number of
immobilized cells on the surface of the sorbent is
120-200x104 cells/g.

Results and discussion

Under laboratory conditions, the development
and adaptation of the parameters of the process
of pyrolysis of sugar cane bagasse with
subsequent chemical and microbiological
modification was carried out. The optimal
technological parameters for obtaining biochar
from bagasse biomass have been determined.

Structural-pore and ion-exchange characteristics
of the original bagasse, biochar, sulfur-containing
biochar, and biochar with SRB were determined
(Table 1).

The specific surface characterizes the surface
area of the adsorbent on which adsorbates of
molecular nature are capable of adsorbing. The
characteristic is important for comparing
different adsorbents with each other, as well as
for assessing the absorbency of the adsorbent.
The pore volume characterizes the available pore
volume of the adsorbent in which the adsorbates
are able to be absorbed. The static exchange
capacity (SEC) values indicate the ability of a
material to bind ions of toxic substances. The
method for determining the static exchange
capacity consists in determining the amount of
ions absorbed from a constant volume of the
working solution per unit mass of the sorbent.
The specific surface of biochar is higher than that
of sulfur-containing biochars and biochars with
SRB, which is explained by the immobilization of
sulfur or microorganisms on the biochar surface.

Table 1
Structural-pore and ion-exchange characteristics of the original bagasse, biochar, sulfur-containing biochar, and
biochar with SRB.
Sorbent type
Indicator The original Biochar from Sulfur-containing Biochar
bagasse bagasse biochar With SRB
Bulk density, g/cm3 0.6 0.5 0.6 0.7
Specific surface area, m2/g 2 420-450 399-410 403-420
Totalpore volume, 0.14 0.38 0.33 0.28
cm3 /g
Statl(‘: exchange capacity for 16 317 3.02 299
cations (Na*). mg-eq/ g
Static anion exchange 0.28 0.54 0.47 0.44

capacity (Cl). mg-eq / g

The studies of toxic heavy metal ions sorption
by original bagasse, biochar, sulfur-containing
biochar, and biochar with SRB were carried out
under static conditions from aqueous solutions of
salts: chlorides of lead, cadmium, zinc and
copper. The sorption Kinetics was studied by the
limited volume method: 0.1 dm3 of a model
solution with an initial concentration of 100
mg/dm3 was poured into a series of flasks with
0.2 g portions of the sorbent and left there for
100 min at 20°C. At certain intervals, the

solutions were filtered and the equilibrium
concentration of metal ions was determined by
atomic absorption spectroscopy. The sorption
value was estimated from the decrease in the
content of the studied ion in the volume of the
solution before and after sorption. Figure 1
shows the sorption isotherms of heavy metal ions
by the ecosorbent from native bagasse,
pyrolyzate (biochar), sulfur-modified biochar,
and SRB-modified biochar.
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Fig. 1. Sorption isotherms of heavy metal ions by ecosorbentecosorbent based on bagass:
1-original bagass; 2- biochar; 3 - sulfur-modified biochar; 4- biochar modified SRB.

Sulfur-modified bagasse biochar has a high
ability to absorb heavy metal ions Pb(11)-37mg/g,
Cd(I1)-29mg/g, Cu(I)-30mg/g, and Zn(I1)-27
mg/g compared to the original biochar. On the
surface of the sulfur-containing sorbent there are
sulfide, hydrosulfide, and C-S-C groups, which
determine its specific formation on the surface
and in the pores of the sorbent of poorly soluble
sulfides of heavy toxic metals.

Sulfate-reducing bacteria immobilized on the
surface of biochar also cause the formation of
sulfide forms of metals on the surface and in the
pores of the ecosorbent. The sorption
performance of such a biosorption complex with

respect to heavy metal ions is practically at the
level of the absorption capacity of sulfur-
containing biochar.

The effect of the initial concentration of metal
ions on the process of binding and their
detoxification @ was  studied. The initial
concentration of heavy metal ions ranged from 2
to 5 MPC (maximum allowable for drinking
water). Based on the obtained results of the
concentrations of metal ions before and after
treatment of the saline solution with an
ecosorbent, the effectiveness of its action for their
detoxification was assessed (Table 2).

Table 2

The efficiency of sorption of heavy metal ions by ecosorbents based on bagasse from aqueous solutions

Sorbent type The amount of sorption.%
Cu (I Zn (11) Cd (I Pb (II)
The original bagasse 13.1 17.0 19.1 17.2
Biochar from bagasse 37.1 39.1 32.3 374
Sulfur-containing 97.0 94.1 95.0 96.3
biochar
Biochar with SRB. 92.0 90.0 92.0 94.6

It has been established that sulfur-containing
biochar and biochar with immobilized sulfate-
reducing bacteria have a high absorption capacity
(more than 90%) with respect to Cd (II), Cu (II),
Pb (II), and Zn (II) ions. The influence of solution
pH on the adsorption capacity of the ecosorbent
was studied. Optimal sorption conditions were
recorded at pH 5.0. Optimal pH values were
experimentally proven. Low pH values negatively
affect the processes of sorption and binding
(Table 3). A decrease in sorption removal at pH

higher than 6.0 may be associated with solvation
and hydrolysis of metal ions.

The results of the study show that ecosorbents
based on sugarcane pulp biochar with
immobilized sulfate-reducing bacteria can
strongly bind Cd (II), Cu (II), Pb (II), and Zn (II)
ions and be used as Cd (II) and Zn (II) ions
effective sorbents for cleaning aqueous solutions.
Their key property is the ability to form insoluble
sulfide forms of metals on the surface and in the
pores of the ecosorbent.
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Table 3

Dependence of the degree of binding of Cu(II) and Cd(II) by the ecosorbent on solution pH (CCu = 390 mg/1, CCd = 6
mg/l, V = 50 ml; m of the ecosorbent=1g,t=1).

The name of

The amount of sorption.%

the sorbent Cu(I) Cd(1D
pH=2 pH=4 pH=5 pH=6 pH=7 pH=2 pH=4 pH=5 pH=6 pH=7
Biochar from 22.3 24.2 371 31.3 22.5 23.2 23.1 32.3 22.7 19.3
bagasse
Sulfur- 66.4 82.6 97.0 89.4 72.2 77.5 87.6 95.0 88.5 87.1
containing
biochar
Biochar with 71.2 88.2 92.0 84.2 66.2 69.8 87.6 92.0 87.4 83.2
SRB.

Fractographic studies were conducted to
determine the efficiency of the obtained
ecosorbents with respect to heavy metals. The
quantitative elemental composition of ecosorbent
particles after sorption (using the example of
removal of Cd(II) ions) was established based on
data from scanning electron microscopy and
micro-X-ray spectral analysis (analytical complex
of scanning electron microscope and
spectrometer). The spectra of sulfur-containing
particles indicate the binding of Cd (II) ions to the
surface of the particles.

The results of the study show that ecosorbents
based on sugarcane pulp biochar with
immobilized sulfate-reducing bacteria can
strongly bind Cd (II), Cu (II), Pb (II), and Zn (II)
ions and be used as Cd (II) and Zn (II) ions
effective sorbents for cleaning aqueous solutions.
Their key property is the ability to form insoluble
sulfide forms of metals on the surface and in the
pores of the ecosorbent.

Pb (II), and Zn (II) ions in soils has been studied.
Vegetation studies during the detoxification of
heavy metals in the basal layer of soil were
carried out according to generally accepted
methods.

Ecosorbent was introduced into the soil
contaminated with ions of the studied metals at
the rate of 150 g of sorbent per 1.5 kg of soil. The
samples were kept under static conditions at a
temperature of 20+5°C for 2 months. The
humidity of the soil-ecosorbent mixture during
the experiment was maintained at the level of
30-40 %. Table 4 shows the results of the
detoxification effect of the ecosorbent, estimated
by the concentration of ions in the water extract
from the soil.

A significant decrease in the concentration of
ions in the water extract from soils was
established when contaminated soil was treated
with an ecosorbent containing sulfur and
modified with sulfate-reducing bacteria.

The possibility of wusing bagasse-based
ecosorbents for detoxification of Cd (II), Cu (II),
Table 4
The content of Cd (II) and Cu (II) ions in aqueous soil extract
Cd (ID, Decreased Cu (ID, Decreased
mg / kg Soil concentration mg / kg Soil concentration
Cd (ID,% Cu (II), %
Control.Soil 0.03 (BG) 0 0.09 (BG) 0
Soil + Cd (I1) 6.2 0 0.09 (BG) 0
Soil + Cd (II) + pyrolyzate 1.2 85 0.09 (BG) 0
Soil + Cd (II) + pyrolyzate
+ NazS203 0.23 97 0.09 (BG) 0
Soil + Cd (II) + pyrolyzate
+ SRB 0,21 0,22 0.09 (BG) 0
Oil + Cu (1N 0.03 (BG) 0 397.31 0
Soil + Cu (II) + pyrolyzate 0.03 (BG) 0 100.22 74
Soil + Cu (II) + pyrolyzate
+ Nas$y0s 0.03 (BG) 0 26 93
Soil + Cu (II) + pyrolyzate
+ SRB 0.03 (BG) 0 22 94

Note: BG- background pollution
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However, when evaluating the
ecotoxicological indicators of soils for mobile
forms of heavy metals, it is not enough to check
only the water extract from the soil. Metals in
different forms in the soil have different mobility,
migration ability, and availability for plants.
Phytoindicators were wused to assess the
detoxifying effect of the ecosorbent. In indicator
plants, the content of metals in the cells
correlates with the content in the soil. Oats
(Avena sativa L.) and watercress (Lepidium
sativum) were used as phytoindicators of metals.
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