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Abstract

The processing of waste coffee grounds is a global problem, and its transformation into a target secondary product is
an urgent and promising task. The aim of the study is to produce biochar that can be used in the process of anaerobic
digestion of food waste from a hotel and restaurant complex to produce biogas and to determine its sorption
characteristics. The chemical composition of the raw materials and biochar obtained by pyrolysis and microwave
irradiation showed that the proportion of lignin and ash increases with increasing temperature. Studies of the
interaction of lead ions with plant material and its modified forms show that sorption by biochar is much higher than
by raw materials, probably due to differences in chemical composition, surface properties, etc. Comparison of the
data on the sorption of lead ions by modified forms (biochar) allows us to conclude that the method of preparation
has a significant effect on the sorption value. The pyrolysis temperature of the biochar has a favourable effect on the
sorption properties of the samples. The obtained adsorption isotherms are of the L-type. The maximum sorption
values are observed under the experimental conditions at an initial concentration of lead ions of 1.00 mg/ml. The
study of the kinetic parameters of the processes of lead ion sorption by biochar preparations based on the curve of
residual lead ion concentrations shows that equilibrium in the system is achieved in a few hours. The maximum
sorption values are observed after 2.5-3 hours of incubation.

Keywords: waste coffee sludge; biochar; sorption properties; environmental protection technologies.

XIMIYHI I CTPYKTYPHI XAPAKTEPUCTUKH TA COPBIIIMHI BJIACTUBOCTI
BIOYAPIB 3 BIITPALIbLOBAHOI KABOBOI I'YIIII

Taicisa CokouioBa3, 'aniuna Kpycipt?, Irop Iletpymka3, MupocaaB ManboBanuii3, Banepisa CokosioBal
10decvkull HayioHa1bHUTl mexHoo2iYHull yHisepcumem, 8ya. Kanamua, 112, m. Odeca, Ykpaina, 65039
2[Hcmumym ekonidnpuemHuymasa, lllkoaa Hayk npo xcummsi, YHisepcumem npukaadHux Hayk ma mucmeyms I1ieHiuHO-
3axiowoi llgetiyapii, Xogpakepwumpacce 30, 4132 MymmeHuy, llseliyapis
3 HayioHanwHull yHisepcumem "Jlvgigcbka nosnimextika", eysn. Cmenarva bendepu, 12, /lveis, Ykpaina, 79000

AHoTarniqa

Ilepepo6Kka Bignpanb0BaHOi KABOBOI I'y1i - I7106a/1bHA NP06.JieMa, ii nepeTBOPeHH B Li/IbOBU BTOPUHHUUA NPOAYKT
€ aKTyaJIbHOKI TAa NepCHeKTHUBHOK 3ajadelo. MeTol0 AOCHiJKeHHS € OTPMMaHHA O6ioByrisis, sike Moxke GyTH
3aCTOCOBAHO B NMpoleci aHaepoGHOro 36po/)KyBaHHA Xap4yoBHX BiAX0AiB roTe/ibHO-peCTOPAHHOI0 KOMILIEKCY AJIS
OTPHMaHHA O6iorasy, Ta BM3HaYeHHsA HMOro COpPOLIMHUX XapaKTepHUCTHK. 3a pe3yJbTaTaMH XIMiYHOTO CKJIajy
CHPOBHUHH Ta 6io4yapiB, OTpMMaHHUX Nipo/i30M Ta MiKpOXBHJIbOBUM ONPOMiHEHHSM NOKa3aJiy, 10 3i 36i/IbIIeHHAM
TeMIepaTypH 36i/bIIY€ETHCA 4015 JIITHiHY Ta 30/14. /loc/1iA>KeHHA B3aEMOAii iOHiB CBUHLIO i3 POCIUHHOK CUPOBUHOI0
Ta ii MmogudikoBanumMu ¢popmaMu cBif4aTh, IO copoLiA GioyapaMM 3HAaYHO BHINQA, HiXK CHUPOBHHOIO, MIMOBipHO,
3aB/JAKHU BiJMiHHOCTSIM y XiMiYHOMY CKJIaJi, B/IaCTUBOCTSX OBEPXHi Ta iH. 3icTaB/IeHHA JaHUX cOpPOLii iOHIB CBUHIIIO
mogudikoBaHuMH popmamu (6iouapamu) A03B0JISAE€ 3pOGUTH BUCHOBKY PO 3HAYHUI BIUIUB METOAY OTPUMaHHA HA
BeJIMYUHY cop6uii. Temnepartypa nipoJisy 6ioyapy Haja€ COpUAT/IMBUIN BIJIUB Ha COPOILiiiHi BJacTUBOCTI 3pa3KiB.
OTpumaHi i3oTepmMu aacop6uii BigzHOCATBCA A0 L-TUny. MakcuMasibHi 3HaUueHHs COpO6Iii cnocTepiralnThcsi B yMOBax
AOCJIiJy IpH NOYAaTKOBiA KOHLeHTpauii ioHiB cBUHLIO 1.00 Mr/mi. JlocaiAKeHHA KiHeTUYHHMX NapaMeTpiB npouecis
cop6uii ioHIB CBHHIIO NmpenapaTramMu 6ioyapiB 3a mepe6irom KpuBoOi 3a/IMIIKOBUX KOHLEHTpAULil iOHIiB CBUHIIO
CBi4UTB, L0 piBHOBara B CHCTeMIi J0cAraeTbcs 3a KiJibKa roguH. MakcuMaJsibHi 3Ha4yeHHs cop61ii cnocrepiraloTbes
4yepes 2.5-3 roguHH iHKy6Ganii.

Kawouogi csosea: BigmpanboBaHa KaBoBa rymia; 6ioyap; XiMiuHi BJIaCTHBOCTI; CTPYKTYpPHiI XapaKTepHUCTUKH IOBEpXHi;
cop6LiliHi BJaCTUBOCTI; TEXHOJIOTI] 3aXUCTY HABKOJIMIIHbLOTO Cepei0BULIa.
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Introduction

Every year, the amount of food waste (FW)
from hotel and restaurant operations is
increasing, the disposal and processing of which is
not carried out properly, which causes pollution
and anthropogenic pressure on the environment,
adding a significant contribution to global
warming [1]. Given the tendency for waste to
accumulate in regions such as Europe, East,
Central and South Asia, and the Pacific, experts
note an increase in global waste to 2586 tonnes by
2030, and by 2050, these data are projected to
reach 3401 tonnes [2]. Food waste includes spent
coffee grounds (SCG), the accumulation of which is
increasing rapidly due to the popularisation of
coffee around the world, for example, according to
the International Coffee Organization from 2021,
coffee production for the period from 2019 to
2020 was 20 trillion kg, in 2022-2023, global
production increased by 0.1% due to a decrease in
production in Asia, Oceania and Africa, but for the
period 2023-2024, consumption is projected to
increase to 2.2 % of tonnes [3; 4]. Spent coffee
grounds are one of the components of food waste
in Ukraine, the utilisation and processing of which
into a targeted secondary product is an urgent and
promising task, given the volume of their
accumulation. In addition to the coffee industry,
spent coffee grounds are also a by-product of
other industries, such as brewing [5]. Due to the
fact that SCG is a valuable and organic-rich waste
(cellulose, hemicellulose, lignin, etc.), research is
developing to produce bioenergy from it as a
potential source [6]. A number of studies have also
been conducted to produce biochar from spent
coffee sludge, which have had positive results [3].

Biochar is a solid, amorphous and carbon-rich
residue after pyrolysis of biomass that is similar to
charcoal with high porosity, higher specific
surface area, higher aromaticity, a variety of
functional groups, and contains hydrogen, oxygen,
nitrogen, sulfur and ash [7; 8; 1].

Biochar is mainly characterised by three
chemical elements in its composition, namely
Carbon, Hydrogen and Nitrogen, which is
approximately 44.03, 8.04 and 0.17%
respectively. The physicochemical characteristics
(physical, chemical, spectral, morphological
characteristics) of biochar are most influenced by
temperature.

Biochar is produced using several technologies,
such as slow pyrolysis (300-700 °C), fast pyrolysis
(300-1000 °C), intermediate pyrolysis (300-
500 °C), instantaneous carbonisation (300-
600 °C), gasification (600-1500 °C), torrefaction

(200-300 °C), hydrothermal carbonisation (100-
300 °C), microwave pyrolysis (350-650 °C (400-
2700 W)). The difference between these
technologies is not only in temperature, butalso in
the time of exposure of raw materials and the yield
of biochar [9]. Slow and fast pyrolysis are
considered to be the most common in
experimental studies of these technologies, and
slow pyrolysis is the most efficient in terms of
biocharyield (21-80 %), and microwave pyrolysis
(microwave irradiation) is also a promising area
of research (15-80 %) [9]. During the pyrolysis
process, functional groups are destroyed, which
affects the biochar structure and chemical
properties, while the atomic ratio of carbon
increases with increasing pyrolysis temperature,
and other atomic components such as hydrogen,
oxygen, nitrogen and others decrease [10].

Alarge number of studies have been conducted
on the above technologies, for example, it was
proposed to use intermediate pyrolysis of chicken
manure in a screw reactor at a temperature of
350 °C, heating rate of 4.5 °C/min, resulting in
biochar with a yield of 55.7 % and a carbon
content of 62 % [11]. The same technology was
used to produce biochar with a yield of 19 % by
pyrolysis of burdock grass at 600 °C and a heating
rate of 50 °C/min [12].

For better biochar quality, namely the content
of a higher percentage of carbon, high
temperature plays an important role, due to the
rapid removal of volatile compounds from the
biomass of the feedstock, the technology of rapid
pyrolysis of pine sawdust was used to obtain a
yield of 70.68 to 78.75 % at a temperature of 550-
750 °C[13].

The technology of slow pyrolysis of wheat
straw yielded 94.8 wt%, and at a temperature of
750-900 °C and 30 minutes of woody biomass in
the furnace, high-quality biochar was obtained,
which can replace conventional coal [14].

The microwave assisted pyrolysis (MAP) is
considered as an alternative to traditional biochar
production technologies in reactors, it is more
controllable than previous technologies, is a one-
step process, and has cost and energy-efficient
positive impacts. MAC generates heat through
molecular motion, which is caused by the
movement of ions and dipolar particles, this type
of heating at the molecular level leads to rapid,
efficient and homogeneous heating of the
feedstock throughout the reactor [15]. The
advantages and disadvantages of this technology
have been analysed in studies of process
parameters such as temperature [16; 17], mass
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flow rate of raw materials [18], microwave power
[19], heating rate [20; 21] and residence time of
raw materials in the reactor [22; 16].

Food waste has also been actively used as a raw
material for microwave pyrolysis, for example, at
a temperature of 500 °C for 5s, the process of
burning food waste in garbage bags (LDPE) took
place, the biomass yield was 61.25 wt. Based on
this study, a quadratic polynomial model was
developed to predict the biochar yield by varying
various process parameters [23]. Biochar
produced by microwave pyrolysis of kitchen
waste with rice straw and ZnCl; as a sensor
demonstrated a 1:1 ratio, low ash content
combined with high calorific value
(20.550 M]/kg), high energy yield (55.944 %) and
high fuel utilisation factor (< 5.267) [24]. Coffee
sludge was also used in pyrolysis, which was
carried out in the temperature range of 400-
750 °C and a heating rate of 50 °C/s in a helium
atmosphere, and the study resulted in the
production of target products such as biogas and
biochar [25]. Biochar was obtained from waste
coffee sludge: biomass was dried at 90 °C
overnight, then mixed with zinc chloride (ZnCl;) in
a ratio of 1:0.5 and pyrolysed at 900 °C for 1 hour
at 10 °C/min. The resulting mass was washed with
an aqueous solution of HCL (10 wt.%), and
distilled water and ethanol (99.7 %), then dried at
60 °C overnight to obtain biochar [26].

Biochar from food waste is used as a clean fuel,
for the extraction of pollutants and composting of
organic waste, for the removal of heavy metals, for
the production of building materials, and as an
additive in methanogenesis [2; 27; 28].

Biochar is used in the anaerobic digestion of
food waste to increase the efficiency and
productivity of the biogas production process.
This is due to microbial enrichment, increased
buffering capacity and inhibition of ammonia by
biochar, which can increase methane production
by about 20% and reduce the amount of
accumulated VFAs if the process is carried out
under mesophilic thermal conditions [29; 30; 31;
32; 33]

The aim of this study is to produce biochar,
which can be used efficiently and effectively in the
future during the process of anaerobic digestion of

food waste from a hotel and restaurant complex to
produce biogas, and to determine its sorption
characteristics.

To achieve this goal, we need to solve the
following tasks:

1) to provide a comparative chemical
composition of raw materials and biochar
obtained using thermal and microwave methods;

2) determine the granulometric composition
of biochar after grinding;

3) assessment of the sorption activity of plant
material and biochar obtained from it;

4) studying the adsorption isotherms of lead
acetate by raw materials and biochar
preparations;

5) determination of the sorption constants of
lead ions by biochar;

6) studying the effect of lead ion concentration
on the amount of their sorption by biochar;

7) studying the kinetic parameters of lead ion
sorption by biochar;

8) determine the structural characteristics of
the surface of biochar and raw materials.

Material and methods

Raw materials

The biochar was produced from spent coffee
sludge from the Zucchini restaurant (Odesa,
Ukraine), which was collected over three working
days during the summer season of its operation.

Two types of biochar production were used:
thermal pyrolysis and microwave pyrolysis
(microwave irradiation). The feedstock, waste
coffee sludge, was washed with deionised water
and then dried at 105 °C for 24 hours and stored
in a sealed container.

Methods

Preparation of biofuels by pyrolysis: the
pyrolysis process was carried out in a tubular
furnace with continuous purging with nitrogen
gas at a rate of 30 ml/min. The heating rate was
constant at 15°C/min. Then, the feedstock
samples were kept at 300°C and 500 °C for
30 minutes. The resulting biofuels were labelled
with heating temperatures as biochar-300 and
biochar-500, respectively.

The carbonation process was carried out in the
experimental laboratory setup shown in Figure 1.
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Fig. 1. Schematic of the experimental setup for carbonisation of coffee sludge and activation of carbonate
1 - nitrogen inlet pipe; 2 - nitrogen-water vapour mixture outlet pipe; 3 - steam generator; 4 - electric heater; 5 -
reactor; 6 - stop ring; 7 - reaction flask with perforated bottom; 8 - raw material; 9 - gas outlet pipe; 10 -
thermocouple; 11 - KS-2 device; 12 - manometer; 13 - gas analyzer; 14, 15, 16 - valves; 17 - flow meter

After washing and drying, a sample of coffee
sludge (40 g) 8 is placed in a perforated bottom
reaction beaker 7. With the valves 14 and 16
closed, open valve 15 and purge the installation
with nitrogen to remove air from the reactor 5.
The electric heater 4 of the reactor 5 is switched
on and the process temperature is set using a
sensor built into the compensation recorder 11.
The temperature is monitored using a
thermocouple 10. The resulting pyrolysis gas is

analysed for component content using a Gasboard
3100R 13 gas analyser.

The resulting carbonised product is grey in
colour and retains its original morphological
shape.

For microwave pyrolysis (microwave
irradiation), a conventional Beko microwave oven
with a microwave power of 800 W was used, in
which pyrolysis took place for 15 minutes (Fig. 2).

Fig. 2. Beko microwave oven with a microwave power of 800 W

A microwave digestion system with a
maximum power of 800 W and a temperature of
230°C, as shown in Figure 2, was used for the
biochar experiments. Firstly, deionised water and
spent coffee grounds were placed in the reactor
vessel at the desired biomass to water ratio (1 : 2),
and then the vessel was tightly closed. Then, the
parameters of the experiment process were set
(temperature - 230 °C, holding time - 15 minutes),
after which the samples were kept in the reaction
mixture for the appropriate time. After completion
of the reaction, the reactor was cooled to room
temperature with a fan. The final hydrocarbon
product (biochar) was washed several times with
deionised water and then dried in an oven at
105 °C for 24 hours. The resulting biofuel was

labelled by the method of production as biochar-
MX.

After carbonisation, the material was subjected
to grinding in a ball mill, followed by particle size
classification.

All experiments and performance analyses
were carried out in triplicate.

Biopolymer composition of the samples:
hemicelluloses (HMC) were determined by
treating biochar samples with hydrochloric acid
with a mass fraction of 2 % according to the
method of hydrolysis of easily hydrolysed
polysaccharides [34; 35]. The amount of reduction
of hydrolysates (Hagedron-Jensen method)
multiplied by a factor of 0.88 was used to estimate
the content of HMCs [36]. Cellulose was
determined by hydrolysing the residue after
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removal of HMCs with sulfuric acid according to
the method of hydrolysis of polysaccharides that
are difficult to hydrolyse in the presence of 85 %
sulfuric acid for 5 hours at a temperature of
1000 °C. Reducing substances were determined in
the hydrolysates and multiplied by a factor of 0.9
[37].

Total nitrogen was determined by the Kjeldahl
method [38], and protein was determined by
multiplying total nitrogen by the appropriate
factor. Lignin was determined as the residue after
hydrolysis of cellulose. Lipids were determined by
gravimetric extraction with a non- polar solvent.
Ash was determined by the gravimetric method.
°C. Measurements of the differences in mercury

where: AL is the elddgdtidh of the quartz helix
depending on the mass of the sorbent; Al is the

P/Psa(l/—P/PS)=lam*C+C—lam*CP/PS,
P; - saturated vapour pressure at a given
P/Ps - relative vapour pressure; a - surface
am— surface concentration of sorbate when all
- saturated vapour pressure at a given
P/Ps - relative vapour pressure; a - surface
concentration of sorbate; am - surface

Syg=am*NA*S0x10—23,

vmax
=725
g
#mar— maximum amount of moisture that can be

Sorption of lead ions - the test samples (0.25 g)
were placed in a solution of lead acetate with a
eoncentration of 0.01 mol/l, hydromodule 20. In
the blank experiment, the samples were placed in
distilled water. The preparations were kept in
solutions of lead salt for 17 hours (time of
establishment of sorption equilibrium) at 37 °C,
and then the concentration of lead ions in the
filtrates was determined spectrophotometrically
[40]. The amount of lead sorption was determined

by the difference between the initial and residual
concentrations of lead ions in solution.

Adsorption isotherms - to determine the
adsorption isotherms, the same biochar weights
(0.1 g) were placed in a solution of lead acetate
(0.25-2.0 mg/ml). After 2.5 hours of incubation
with constant stirring at 20 °C, the residual
concentration of lead acetate was determined and
for each concentration the amount of sorbate
absorbed per unit mass (0.1 g) of sorbent, i.e. the
specific capacity of the sorbent, was calculated.
The amount of lead acetate adsorbed by 1 g of
biochar was calculated by the formula:

G=([CO - C(equilibrium) )a)/B;

where Co is the initial concentration of lead
acetate, mg/ml; Cequilibriom 1S the residual
(equilibrium) concentration of lead acetate,
mg/ml; a is the volume of lead acetate solution
added to the biochar sample, ml; B is the weight of
the biochar, g.

The results obtained are presented graphically
- the specific capacity of the sorbent (mg/g) was
plotted on the ordinate axis, and the
corresponding  values of the residual
concentration (Cequilibrium, mg/ml) were plotted on
the abscissa axis.

Statistical processing of the experimental
results was carried out using R, Prism and Excel
software.

Results and Discussion

Most waste from the food industry and
agriculture is lignocellulosic materials, consisting
of cellulose, hemicelluloses and lignin. Cellulose is
a type of glucose polymer organised into long
chains and has a well-ordered structure.
Hemicelluloses are branched polysaccharides
composed of two or more monosaccharides. The
lignin component consists of phenolic monomers
that are joined together to form branched
molecules with long chains. It serves as a binder
for gluing cellulose fibres together [41].

The organic compounds present in biomass
decompose at a certain temperature in an
environment with limited oxygen supply. Factors
that affect the pyrolysis product include process
temperature, residence time, biomass type, and
heating rate [42;43]. Initially, hemicelluloses
decompose at 220 °C, with decomposition mostly
complete at 315 °C. Cellulose begins to decompose
at temperatures above 315 °C and by 400 °C all
cellulose is converted to non-condensable gas and
condensable organic vapours. Lignin starts to
decompose at 160 °C, but the process is slow and
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decomposition continues until it reaches 900 °C
[44].

Table 1 shows the results of the study of the
chemical composition of raw materials and

biochar, namely: biochar obtained by pyrolysis at
300°C (biochar-300), biochar obtained by
pyrolysis at 500 °C (biochar-500) and biochar
obtained by microwave irradiation.

Table 1
Results of determining the chemical composition of raw materials and biochar samples
Biomass Protein, (%) Lipids, (%) Hemicellulose, (%) Pulp, (%) Lignin, (%) Ash, (%)
Coffee grounds 11.2 15.4 19.1 8.6 24.3 1.2
(raw material)
Samples obtained by pyrolysis of raw materials
Biochar-300 5.6 7.5 10.7 20.3 29.3 6.3
Biochar-500 1.4 2.3 6.7 27.7 319 8.9
Samples obtained by microwave irradiation of raw materials
Biochar-MX 2.7 3.8 8.5 25,2 33.5 6.1

According to the results of determining the
chemical composition of raw materials and
biochars obtained by pyrolysis and microwave
irradiation, the proportion of lignin and ash

composition of biochar obtained by microwave
irradiation also increases.

In order to increase the active surface of
biochar, the material after carbonisation was

increases with increasing pyrolysis temperature. subjected to grinding in a ball mill with
The proportion of cellulose in the biopolymer subsequent particle size classification. The
particle size study data are shown in Table 2
Table 2
Particle size distribution of Biochar-500 after grinding

Particle size, >1 1-0.61 0.61-0.45 0.45-0.30 0.30-0.25 0.23-0.17 0.17-0.10 <0.1 Total

mm

Content, % wt. 0.3+0.02 0.1+0.01 0.7+0.05 3.8+0.08 0.1+0.01 6.9+0.1 4.6 +0.08 83.5+0.43 100

Table 1 shows that the highest content (83.5 %
by weight) in carbonitic acid after grinding is
characterised by a fraction of particles with a size
of <0.1 mm.

Prediction of the effect of biochar in various
processes where it is used is based on the control
of a number of quality indicators, the main place
among which is occupied by sorption properties.

Biochar is known to be an effective sorbent for
environmental pollutants, such as heavy metal
ions, o0il and oil products, microbiological
pollutants, etc.

The table presents the results of determining
the sorption of Pb ions?* raw materials and
biochar obtained by various physical methods
(Table 3).

Table 3
Sorption of lead ions by biochar and raw materials
Sample Sorption of Pb2+
mg/g nose. % of output.

Coffee grounds 8/6%0.02 21.5+0.28
Biochar-300 12.8+0.07 34.5+0.41
Biochar-500 13.3+0.12 35.7£0.06
Biochar-MX 10.9+0.05 29.2+0.17

Studying the interaction of lead ions with plant
material and its modified forms, we characterised
the patterns of their sorption by these
enterosorbents. The results obtained (Table 3)
indicate that the sorption by modified forms is
much higher than by plant material, probably due
to differences in chemical composition, surface
properties, etc.

Comparison of the data on the sorption of lead
ions by modified forms (biochar) allows us to
draw conclusions about the significant influence
of the method of preparation on the sorption
value.

The pyrolysis temperature of the biochar has a
favourable effect on the sorption properties of the
samples, with an increase in temperature
increasing the sorption properties.

The most appropriate approach to studying the
adsorption mechanism is to study adsorption
isotherms. Important  characteristics of
adsorption are: a) adsorption rate; b) shape of the
isotherm; c) presence of plateaus on many
isotherms; d) degree of solvent adsorption; e) type
of adsorption - multilayer or monolayer; f)
orientation of adsorbed molecules; g) effect of
temperature; h) nature of interaction between
adsorbate and adsorbent.
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The adsorption isotherms shown in Fig. 3, can
be attributed to the L-type. The adsorption
processes corresponding to this type of isotherms
are characterised by negligible interaction
between the adsorbed molecules, when the
activation energy does not depend on the degree
of surface coverage. This type of isotherms is
caused by the parallel orientation of the solute
molecules [45]. In the initial section, the class L
isotherms are concave with respect to the
concentration axis.

Langmuir's equation was used to interpret the
isotherms of lead ion sorption by biochar:

am-K-C
g=-"_ -
I+K-C

6,0
4,0

¢

2,0

0,0 ULl

-2,0

O

0,2 0,3 0,4

—-—1 ——2

where C is the equilibrium concentration of lead
acetate in solution, mol/l;

a is the amount of lead acetate in moles sorbed by
a unit mass of biochar, mol/g;

am is the sorption capacity constant, which
characterises the maximum amount of sorbate
that can be monomolecularly sorbed by the
sorbent;

K is the affinity constant, which characterises
the strength of the forces involved in the
interaction (affinity constant).

The experimental results were processed using
the Langmuir equation in a linear form (Fig. 3).
The results of estimating the value of sorption
constants are presented in Table 4.

“p—
S

0,5 0,6 0,7 08 0,9 1

Cequilibrium (mg/ml)
3 O—4

Fig. 3. Adsorption isotherms of lead acetate: 1) raw material; 2) biochar-300; 3) biochar-500; 4) biochar-MX

Table 4

Sorption constants of lead ions by biochar

Sorbent Affinity constant, K, mol/] Sorption capacity constant, am, mol/g
Biochar-300 358+1.44 0.042+0.002
Biochar-MX 374+1.63 0.078+0.004

Comparing the sorption capacity of biochar,
based on the values of the sorption capacity
constants am, it can be concluded that the surface
of biochar-MX has a large number of sorption

centres capable of interacting with lead ions.
Biochar-MX also forms strong bonds with lead
ions.

Table 5
Effect of lead ion concentration on the amount of their sorption by biochar
Sample Initial acid concentration, Sorption
mg/ml mg/g of preparation % of out.
Coffee grounds 0.25 0.7+0.03 10.7+0.07
0.50 1.9+0.03 15.3+0.04
0.70 3.5+0.04 20.1+£0.03
1.00 7.5+0.02 29.8+£0.05
2.00 13.8+0.08 27.6+0.07
Biochar-500 0.25 0.7+0.03 10.8+0.11
Continuation of Table 5
0.50 2.2+0.01 17.4+0.02
0.70 5.1+0.04 29.34#0.13
1.00 10.1+0.02 40.5+0.23
2.00 19.9+0.11 39.8+0.24
Biochar-300 0.25 0.5+0.07 8.2+0.06
0.50 1.4+0.12 10.9+0.14
0.70 4.3+0.19 24.8+0.13
1.00 7.5+0.09 30.1+0.08
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2.00 14.6+£0.16 29.1+0.09
Biochar-MX 0.25 0.6+0.08 9.1+0.08
0.50 2.3+£0.02 18.3+0.19
0.70 5.3+0.06 30.4+0.07
1.00 10.1+0.04 40.3+£0.07
2.00 16.4+0.10 32.8+0.09
The results of experimental studies on the Langmuir equation, which gives a direct

effect of the concentration of lead ions on the value
of their sorption by biochar, presented in Table 5,
show that the maximum sorption values are
observed under the experimental conditions at an
initial concentration of lead ions of 1.00 mg/ml.
The analysis of the sorption isotherms of lead ions
by biochar samples, the graphical solution of the
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proportional dependence in the coordinates:
equilibrium acid concentration - the ratio of the
equilibrium concentration to the sorption value
(Fig. 4), and the calculation of sorption constants
confirm the adequacy of the studied process to the
Langmuir theory of monomolecular adsorption.

-

b
'...

1.2 1.4 1,6
Cequilibrium (mol/1*1043)

Fig. 4. Dependence of equilibrium concentration of lead acetate on the ratio of equilibrium concentration to sorption
value: 1 - Biochar-500; 2 - coffee sludge

Kinetics of lead ion sorption by biochar

Fig. 5 shows the characteristic course of the
curve of residual lead ion concentrations, and it
can be seen that equilibrium in the system is
reached in a few hours. Based on one of the
consequences of the general theory of diffusion-
controlled processes, the relationship between the
residual concentration c; and the square root of
time V't there is a linear relationship between the
residual concentration and the root of the time.
The linearisation of the residual concentration

curve makes it possible to compare sorption rate
constants, defined as the ratio of the amount of
sorbed material (P) to the mass of sorbent (m),
and the square root of time:

K = P
=T

Graphically, K is determined by the slope of the
residual curve
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Fig. 5. Dependence of residual lead ion concentrations on incubation time on raw materials and biochar samples: a -
on raw materials; b - on biochar-300; c - on biochar-500; d - on biochar-MX in 0.1% lead ion solution

The amount of material (Q) sorbed by a unit If we differentiate_this expression by dt, we

mass of sorbent (Q = %) is linearly related to z: ~ obtain the sorption ratdeQ(v): X
= . vV=—=—
Q=K-t. TN
Table 6
Sorption rate of lead ions by raw materials and biochar
Sample Sorption rate, mg/g min
Coffee grounds 0.065+0.0038
Biochar-300 0.085+0.0048
Biochar-500 0.098+0.0024
Biochar-MX 0.1025+0.0004

The results of determining the rate of sorption  temperature. The highest rate of lead ion sorption

of lead ions by raw materials and biochar is observed for biochar obtained by microwave
(Table 6) indicate that the rate of sorption of lead irradiation.

ions increases with increasing pyrolysis

Table 7
Influence of incubation time on the amount of lead ion sorption by plant preparations
Sample Sorption time, min Sorption
mg/g of preparation % of output.
Coffee grounds 30 2.8+0.03 11.4+0.03
60 4.5+0.04 18.3+0.05
120 6.3+0.01 25.6+0.02
180 7.4+0.03 29.9+0.08
240 7.5+0.02 30.2+0.14
360 7.5+0.03 30.4+0.04
Biochar-300 30 1.0+£0.02 3.840.03
60 5.2+0.05 20.8+0.04
120 9.3+0.08 37.440.02

180 10.1+0.05 40.7+0.03
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Continuation of Table 7

240 10.4+0.17 41.8+0.04
360 10.7+£0.08 43.1+0.40
Biochar-500 30 1.8+0.09 7.4+0.17
60 4.9+0.05 20.1+0.03
120 7.4£0.06 29.7+0.05
180 8.4+0.01 33.8+0.02
240 8.6+0.08 34.8+0.20
360 8.7+0.06 35.1+0.03
Biochar HB 30 2.6x0.03 10.4+0.03
60 6.4+0.01 25.7+0.04
120 9.8+0.29 39.5+0.06
180 10.1+0.10 40.6£0.05
240 10.4+0.12 41.9+0.21
260 10.5+0.10 42.2+0.02

Based on the data presented in Table 7 on the
effect of the duration of incubation of biochar in
solutions of lead ions on the value of their sorption
by biochar, it can be concluded that the maximum
sorption values are observed after 2.5-3 hours of
incubation. The value of lead ion sorption by
Biochar-300 is 40.7 % after 3 hours of their joint
incubation. An increase in the interaction time
does notlead to a significant increase in the degree
of lead ion sorption by plant material and its
modified forms.

Conclusions

Prediction of the effect of biochar in various
processes where it is used is based on the control
of a number of quality indicators, the main place
among which is occupied by sorption properties.

According to the results of determining the
chemical composition of raw materials and
biochars obtained by pyrolysis and microwave
irradiation, the proportion of lignin and ash
increases with increasing pyrolysis temperature.
The proportion of cellulose in the biopolymer
composition of biochar obtained by microwave
irradiation also increases.

After grinding, the highest content (83.5 % by
weight) in carbonitic acid is characterised by a
fraction of particles with a size of < 0.1 mm.

Studies of the interaction of lead ions with plant
material and its modified forms show that
sorption by modified forms is much higher than by
plant material, probably due to differences in
chemical composition, surface properties, etc.

Comparison of the data on the sorption of lead
ions by modified forms (biochar) allows us to
draw conclusions about the significant influence
of the method of preparation on the sorption
value.

The pyrolysis temperature of the biochar has a
favourable effect on the sorption properties of the
samples, with an increase in temperature
increasing the sorption properties.

The most appropriate approach to studying the
adsorption mechanism is to study adsorption
isotherms.

The obtained adsorption isotherms are of the
L-type. The adsorption processes corresponding
to this type of isotherms are characterised by
negligible interaction between the adsorbed
molecules, when the activation energy does not
depend on the degree of surface coverage. This
type of isotherms is caused by the parallel
orientation of the solute molecules. In the initial
section, the class L isotherms are concave with
respect to the concentration axis.

Comparing the sorption capacity of biochar,
based on the values of the sorption capacity
constants am, it can be concluded that the surface
of biochar-MX has a large number of sorption
centres capable of interacting with lead ions.
Biochar-MX also forms strong bonds with lead
ions.

The results of experimental studies on the
effect of lead ion concentration on the amount of
their sorption by biochar show that the maximum
sorption values are observed under the
experimental  conditions at an  initial
concentration of lead ions of 1.00 mg/ml.

The analysis of the sorption isotherms of lead
ions by biochar samples, the graphical solution of
the Langmuir equation, which gives a direct
proportional dependence in the coordinates:
equilibrium acid concentration - the ratio of
equilibrium concentration to the sorption value,
and the calculation of sorption constants confirm
the adequacy of the studied process to the
Langmuir theory of monomolecular adsorption.

The study of the kinetic parameters of the
processes of lead ion sorption by biochar
preparations based on the curve of residual lead
ion concentrations shows that equilibrium in the
system is achieved in a few hours. The results of
determining the rate of sorption of lead ions by
raw materials and biochar indicate that the rate of
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sorption of lead ions increases with increasing
pyrolysis temperature. The highest rate oflead ion
sorption is observed for biochar obtained by using
microwave irradiation.

Based on the data on the effect of the duration
of incubation of biochar in solutions of lead ions
on the value of their sorption by biochar, it can be
concluded that the maximum sorption values are
observed after 2.5-3 hours of incubation. The
value of lead ion sorption by Biochar-300 is
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