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Abstract: The paper deals with the development of a graphene-containing sorbent material based on activated rapeseed
biochar. The physicochemical properties of the sorbent and features of its morphological structure were determined.
The nanocomposite was found to have amorphous properties with a graphene-like structure. The morphological analysis
confirmed the formation of internal carbon framework and external three-dimensional multilayer graphene structure,
which is excellent for mass transfer between pollutants and adsorbent surface. The research also aimed to determine the
important parameters of sorption of organic compounds, i.e. synthetic dyes Congo Red (CR) and Malachite Green (MG),
on the developed material from aqueous solutions in a limited volume. According to the kinetic studies, the experimental
sorption capacity of the material on MG was 1860 mg: gf1 (sorption time — 60 min) and 642 mg: gﬁ1 on CR (sorption time —
15 min). The theoretical maximum adsorption capacity of the sorbent calculated by the Langmuir model reached values of
769.23 mg-gﬁl for CR and 3333.33 mg-gf1 for MG. It is found that the extraction of dye molecules is controlled by the
second-order reaction according to the pseudo-second-order model and proceeds mainly by a mixed-diffusion mechanism.
The activation energy has a value of 0.01 kJ .mol”" for CR molecules and 0.02 kJ-mol™' for MG, confirming the physical
mechanism of dye adsorption. The high efficiency of adsorption of organic dyes on graphene-containing sorption material
based on activated rapeseed biochar was demonstrated, indicating the feasibility of its practical application in wastewater
treatment.
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YiaajieHue OpraHu4eCKUX Kpacurese U3 BOAHBIX PACTBOPOB
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AHHOTaumMs: B crathe pazpaboraH rpadeHcomepx ammid COpPOIMOHHBIA MaTepuadl Ha OCHOBE AaKTHBHUPOBAHHOTO
paricoBoro OHOYTJIs, ONpeaeneHbl (HU3MKO-XMMHUUYECKHE CBOHCTBA COpOEHTa M OCOOEHHOCTH €ro MOp(OoIOrH4ecKoro
CTpOCHHUS. YCTaHOBIEHO, YTO HAHOKOMIIO3UT MMEET aMOp(HBIE XapaKTEePUCTHKH C TpadeHONOIOOHON CTPYKTYpOil.
Mopddosoruueckuii aHanu3 MOATBEPAUI 00pa30BaHHE BHYTPEHHErO YIJICPOJHOIO KapKaca U BHEIIHEH TPEXMEPHOM
MHOTOCJIONHOHN Tpa)eHOBOM CTPYKTYPHI, KOTOpPasi MPEBOCXOIHO MOAXOHUT IS MaCCOMEPEHOCAa MEXKIY 3arpsS3HUTCIISIMU
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U TIOBEPXHOCTBIO aacopOeHTa. Tarke IIEIbi0 MCCIECJOBAaHMH SIBIISUIOCH OIPEACICHHE BaKHBIX MapaMeTpoB copOmun
OpraHWYeCKUX COCIWHEHUH — CHHTeTHYeCKuX Kpacurteneil koHro kpacHoro (KK) m mamaxuroBoro 3eneHoro (M3), Ha
pa3paboTaHHOM MaTepualie U3 BOJHBIX PACTBOPOB B OrpaHMYEHHOM 0ObeMe. COracHO KMHETHYECKHM HCCIIEIOBaHUM,
JKCIIEpPUMEHTaNIbHAsE COpPOIMOHHAs eMKOCTh Marepuana 1o M3 cocraBuna 1860 wmr/r (Bpemsi copbumu 60 MuH)
n 642 mr/r mo KK (Bpemst copbumu 15 mun). Teopernueckas makcumalbHas aJcOpOIMOHHAs €MKOCTh COpOEHTa,
paccunTanHas o mozenu Jlenrmropa, gocruria 3nadenuit 769,23 mr/r mo KK u 3333,33 mr/r mo M3. O6Hapyx eHO, 4To
W3BJIEYEHHE MOJICKYJI KpPAcHTENIeH KOHTPOJMPYETCS pPeaklHuedl BTOPOro IOpsijiKa COTJIACHO MOJENHU ICEBO-BTOPOTO
MOpSIIKa W TIPOXOJAUT NPEUMYIIECTBEHHO IO CMEIaHHO-AM((Y3MOHHOMY MEXaHU3My. ODHEpPrus aKTUBalUU HMEET
3nauenne 0,01 k/Dx/monp mo monekynam KK u 0,02 xJDx/mons mias M3, yto moarBepkaaeT (GpU3NYECKHH MeEXaHHU3M
TOTJIOIIEHUS Kpacuteneil. B menoMm, B paboTe mokaszaHa BeICOKast 3 (heKTHBHOCTE afcopOIii OPraHMYECKIX KpacuTeeH
Ha TpadeHcomepxameM COpOIMOHHOM MaTepHale Ha OCHOBE AKTHBHPOBAHHOTO PAlCOBOTO OWOYTJIS, YTO MO3BOJIIET
TOBOPHTS O IENECO00PA3HOCTH €T0 MPAKTHIECKOTO IIPIMEHEHUSI ITPU OYNCTKE CTOYHBIX BOJ.

KamoueBble cioBa: OKCH rpaq)eHa; aKTI/IBI/IpOBaHHHﬁ YTroJib; 6I/IOYI‘OJ'H); parnc; CUHTETUYCCKUEC KpaCUTCIH; KOHI'O
KpaCHBIﬁ; MaJIaXUTOBEIN 36H€HHI71; a;[cop6un${; KHHETHKA; U30TCPMBI.
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Introduction

According to a recent World Health
Organization (WHO) report, nearly 844 million
people worldwide do not have access to safe drinking
water [1]. Dye-containing wastewater from the textile
industry poses an increasing risk to human life and
aquatic organisms when discharged into various
water bodies, as most of the types of dyes found in
dyeing wastewater are toxic and carcinogenic [2].
In addition, these dyes interfere with light penetration
and oxygen transport in water bodies [3].

Malachite Green (MG) and Congo Red (CR)
together account for a significant proportion of the
organic dyes produced and used annually that pose
significant health risks. MG is known for its potential
teratogenic and carcinogenic properties, which can
cause damage to vital organs such as the liver, kidney
and heart [4]. CR is classified as an anionic diazo dye
and is one of the most commonly used dyes [5].
Unfortunately, decomposition of CR under anaerobic
conditions leads to the formation of benzidine,
a known human carcinogen [6]. It is therefore crucial
to remove organic dyes that pollute the environment's
water resources in order to mitigate their harmful
effects on humans, flora and fauna.

In their study, Ohemeng-Boahen et al. [6]
presented a number of approaches for the removal of
dye molecules, including adsorption, coagulation-
flocculation, co-deposition, membrane separation, ion
exchange, and photo- and biodegradation. Adsorption
is regarded as an efficacious method for the
elimination of dyes from wastewater, due to its
advantageous characteristics, including flexibility,
operational simplicity and economic viability [7].
At present, a variety of adsorbents are employed for

the removal of dyes, including biochar, activated
carbon composites, nanoparticles, polymers, resins,
clays, minerals and biosorbents [8].

Among the range of available adsorbents,
activated carbon is undoubtedly considered the most
versatile for use in studies of dye removal due to its
low cost, excellent adsorption capacity, environmental
friendliness and good surface characteristics [7].
Biochar is a bioorganic biomass produced by
carbonization of carbon-rich materials. The modern
low-temperature biomass processing method is
hydrothermal carbonization (HTC), which is
considered a green technology because of the absence
of harmful gas emissions. The distinctive feature of
this process is the relatively mild conditions under
which it is carried out, in comparison with the well-
studied pyrolysis process [8—10].

Many scientific teams are engaged in the
development of new sorbents. They demonstrate
remarkable efficacy in removing organic dyes from
liquids (Fig. 1).

Thus, a number of materials of different
chemical nature have been used for MG adsorption,

for example: activated carbon with zinc
oxide decorated with plantain peel [11];
magnetic mesoporous core-shell nanostructure

Nig.4Fes ¢04/(Fe, Ni) with carbon [12]; chemically
activated biochar from Indian bael peel [13];
functionalized biochar from banana peel [14];
halloysite nanotubes [15]; B-cyclodextrin
nanocomposite based on polymer with zinc ferrite
nanofiller [16]. For CR removal the following are
used:  B-cyclodextrin  polyurethane  insoluble
nanosponge modified with phosphorylated multi-
walled carbon nanotubes and additionally decorated
with titanium dioxide and silver nanoparticles [17];
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Fig. 1. Literature data on the sorption of MG (@) and CR (b) on different types of sorbents and their sorption capacity

bionanocomposite consisting of chitosan, zinc oxide,
algae [18]; B-cyclodextrin nanocomposite based on
polymer containing zinc ferrite nanofiller [16]; zinc
oxide nanoparticles [19]; magnetic and mesoporous
N-doped carbon [20].

The aim of the present work is to synthesize and
evaluate the physicochemical properties of graphene-
containing activated biochar based on vegetable
waste from rapeseed processing and to determine the
mechanisms of removal of organic contaminants —
CR and MG dyes — using the developed material.

2. Materials and Methods
2.1. Material’s synthesis

Rapeseed meal (originating from Tambov
region, Russia) was used as a carbon source.
The modifier was graphene oxide (GO) in the form of
aqueous 1 wt. % suspension (NanoTechCenter LLC,
Tambov). Biochar was obtained by hydrothermal
carbonization in stainless steel autoclaves for
12 hours at 180 °C. The obtained hydrocoal was
separated from the liquid by filtration. Further, the
filtered material was carbonized in stages at 150, 500
and 750 °C for one hour at each temperature in argon
atmosphere. The carbonized material was subjected
to alkaline activation, for this purpose it was mixed
with potassium hydroxide (KOH) in a mass ratio of
1:6. The process was carried out in an inert
environment at 400 and 750 °C for one hour at each
temperature. The resulting material was washed with
distilled water on a filter to a neutral pH, and then
incubated for 24 hours in concentrated hydrochloric
acid (Russian Standard 3118-77). Then the biochar
was washed again to neutral pH and dried at 110 °C
to constant weight.

Fig. 2. Physical appearance of graphene-containing sorbent
based on rapeseed

To obtain a nanocomposite sorbent, activated
biochar was mixed with a suspension of GO to
a homogeneous state (ratio 1.5:1) and then treated
with ultrasound. The material was placed in
autoclaves and incubated at 180 °C for 20 hours.
In the next step, the composite was frozen to —30 °C
in a lyophilic dryer (Scientz-10n, China), followed by
lyophilization for 48 h, during which the solvent was
removed by the freeze-drying. The final material was
a spontaneously compacted product (see Fig. 2).

2.2. Analytical methods

Microphotographs were obtained using an
AURIGA CrossBeam scanning electron microscope
(SEM) with Inca X-Max 80 mm® EDS (Carl Zeiss
Group, Germany). Thermo Scientific ARL Equinox
1000 (TechTrend Science Co., Ltd., Taiwan) (A=
=0.1540562 nm (copper anode) was used to identify
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the crystal structure of the material. The orderliness
of the carbon framework was evaluated by Raman
spectroscopy on a DXR Raman Microscope
instrument (Thermo Scientific Instruments Group,
Waltham, USA) (A=633 nm). IR spectra were
obtained on a Jasco FT/IR 6700 FTIR spectrometer
(Jasco International Co., Ltd., Japan) in the frustrated
total internal reflection mode.

2.3. Kinetic research

To determine the kinetic parameters of CR and
MG adsorption, experiments were performed under
static conditions; for this purpose, 0.01 g of
nanocomposite was taken, the initial concentration of
CR and MG dye solutions was 1500 mg-Lﬁl, and the
solution volume was 30 mL. The solutions were
stirred for 5, 10, 15, 30, 60 and 90 min at 100 rpm
and room temperature on a Multi Bio RS-24 rotator
(Biosan) and then filtered.

2.4. Isotherm study

To plot adsorption isotherms, 0.01 g of
nanocomposite was added to 30 mL of CR and MG
dye solution with initial concentrations of 300, 500,
750, 750, 1000, 1200, and 1500 mg-L ', shaken for
15 min for CR and 60 min for MG at 100 rpm and
room temperature on a Multi Bio RS-24
programmable rotator (Biosan). In all sorption
experiments, the amount of dye in the liquid phase
before and after adsorption was determined
spectrophotometrically  (Ekros, St. Petersburg,
Russia) at wavelengths of 612 and 709 nm for CR
and MG, respectively.

3. Results and Discussion

3.1. Physicochemical properties and morphology
of the graphene-containing sorbent

SEM images (Fig. 3) of the nanocomposite
sorbent indicate that the material has a rather loose
structure. The carbon backbone of the biochar is
predominantly covered with graphene sheets.
Individual aggregates of micrometer-sized graphene
sheets are also found.

The IR spectrum of the nanocomposite (Fig. 4a)
contains peaks indicating the presence of sorbed
water (broad peak in the region of 3400 crn_l), C-H
bonds in alkyl fragments (2924, 2854 cm_l), C=0
(1645 cmﬁl), aromatic ring bonds at 1564 cmﬁl, Cc-O
(group of peaks in the region of 1100-1265 cmﬁl),
and phosphorus-containing compounds (873 cmﬁl).
The obtained data correlate well with the information
on the chemical nature of carbon structures in the
scientific literature [21-23].

According to Raman spectroscopy (Fig. 4b), the
composition of the broad peak in the region 1000-
1650 cm ' includes the G band (around 1590 crn_l)
and D band (at 1350 cm_l). A second-order overtone
of the D band, the 2D band at 2670 cmﬁl, can also be
distinguished. Since the 2D band arises from the two-
phonon double resonance process, it is closely related
to the zone structure of graphene layers [24].
The Ip/lg ratio is > 1, indicating a high content
of sp*-hybridized carbon atoms in the material.

The X-ray spectrum (Fig. 5) shows blurred
peaks at 26° and 47°, indicating the presence of 002
and 100 planes of graphene materials. The absence of
sharp peaks in the spectra suggests that the
nanocomposite has amorphous characteristics with
graphene-like structure [23].

Fig. 3. SEM images of the nanocomposite:
a — magnification x5,000; b — magnification x50,000
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3.2. Sorption kinetics of organic dyes

Based on the experimental results, the kinetic
dependencies of the adsorption of CR and MG on the
developed nanocomposite were plotted (Fig. 6a).
The experimental values of the adsorption capacity of
the material with respect to MG were 1860 mg-g71
and 642 mg-g1 for CR. It should be noted that the
equilibrium of the adsorption process for CR
adsorption is reached in 15 min. The extraction of
MG is slower — saturation of the sorbent is reached in
60 min.

The kinetic analysis identifies the mechanism of
adsorption and the factor determining its rate.
The experimental data were analyzed using pseudo-
first order, pseudo-second order, Elovich and

intraparticle diffusion models. The equations of these
models are given in Table 1.

The pseudo-first and pseudo-second order
models allow the determination of the pollutant
uptake rate — the values of the sorption rate constants
k1 and ky. The pseudo-first order model characterises
the processes occurring during the initial period of
sorption and the pseudo-second order model
describes the extraction mechanism for the entire
period. The theoretical equation of intraparticle
diffusion takes into account the rate of the internal
mass transfer stage, i.e. the diffusion of sorbate in the
pores of the sorbent with a spherical particle shape. In
this case, if the graph of the dependence of Q; on /2
passes through the origin, intraparticle diffusion is the
rate-controlling stage. The Elovich model suggests
the presence of chemical heterogeneity of the sorbent
surface, which favors chemical adsorption. When the
experimental data are described by this equation, the
adsorption process is chemical in nature [25].

Table 2 summarizes the results of the
mathematical evaluation of the experimental kinetic
data.

It was found (Fig. 6, Table 2) that the adsorption
of MG and CR dye molecules is satisfactorily
described by the pseudo-second-order and
intraparticle diffusion models. The correlation of the
experimental data according to the pseudo-second-
order model (Fig. 6¢) for CR sorption is R*=0.9999
with the value of Q,=667 mg-gfl. For MG
molecules, 0,=2000 mgg ' with R>=0.9966.

The theoretical value of O, by the pseudo-second-
order model for both dyes is very close to the
sorption capacity obtained experimentally.
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Fig. 6. Adsorption kinetics of CR and MG molecules on the nanocomposite (a), linearized forms of kinetic dependences
by pseudo-first (b) and pseudo-second-order (c); Elovich (d); intraparticle diffusion (e, f) models

Table 1.

Equations and parameters of different kinetic models [22]

Model

Parameters

Pseudo-first-order model
In(Q, -Q,)=InQ, -kt
Pseudo-second-order model

t 1 t
- = +—

0 k0 0.

Elovich model

o = lln(l +aft)
p

Intraparticle diffusion model
O, =kyt"'*+C

Qe and Oy (mg: g_l) are the amount of lead ions adsorbed at equilibrium and at any time
¢ (min), respectively; k1 is the rate constant of the pseudo-first-order (min") equation
k1 (g~(mg-min)71) is the rate constant of the pseudo-second-order equation

o (mg- gf1 -min) is the initial adsorption rate; 3 (g~mg4) is the adsorption constant
related to the degree of surface coverage and the activation energy of chemisorptions

kiq (mg~g71~min1/2) is the rate constant of intraparticle diffusion; C is a constant related
to the boundary layer thickness at the surface of the sorbent particle
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Table 2. Kinetic parameters of organic dyes sorption

Model parameters

Dye Pseudo-first order Pseudo-first order
2 2

Qe kl R Qe k2 R
CR 152.4 0.0332 09171 667 0.000776 0.9999
MG 1349.9 0.0502 0.9617 2000 0.000056 0.9966

. . Intraparticle diffusion
El h t
ovich equation Step 1/Step 2

o B R kia C R
CR 71517.1 0.0018 0.891 44.98/5.427 388.71/590.22  0,8957/0.9983
MG 1129.03 0.0043 0.983 189.77/95.37  454.55/1009.6 0.9972/0.8407

According2 to Fig. 6b, rather low values of the
coefficients (R“=0.9171; 0.9617) of the pseudo-first
order model suggest a weak chemical interaction
between the molecules of the CR and MG dyes and
the functional groups of the nanocomposite.
The Elovich model shows a low correlation with the
experimental data, again suggesting that mainly
physical adsorption takes place [26].

The Q; vs. t dependence is not a straight line
through the origin of the coordinates, indicating that
internal diffusion is not the limiting stage of
adsorption. This may be due to the difference in mass
transfer rate at the initial and final stages of sorption,
i.e. the adsorption of dye molecules has a mixed-
diffusion character [25].

3.3. Isotherm study

There are many models that can be used to
interpret sorption isotherms, but the usefulness and
accuracy of a particular model depends on the

underlying assumptions, as no model works for all
adsorption systems. Among these models, the
Freundlich and Langmuir models are the most widely
used [26, 27]. The Langmuir isotherm assumes that
adsorption results in the formation of a monolayer of
adsorbate on the adsorbent surface. In contrast, the
Freundlich model describes multilayer adsorption
with an exponential decrease in the energy
distribution of the adsorbed centers [28] (Table 3).

The Temkin isotherm model allows the activity
of the sorbent surface centers to be estimated, with
the activity of each of them decreasing as a result of
the appearance of a number of surface sorption
complexes. The more such complexes, the more the
initial activity of that center changes. Thus, the
activity of each center decreases as the degree of
surface coverage by adsorbate increases.

Table 3. Equations and parameters of different isotherm models [26-28]

Model

Parameters

The Langmuir model
1 1 1

Qe Qmax Qmax KL Ce
The Freundlich model

1

+

1
1ng = _lgCe +1gk
n

The Temkin model
0, =BlIn(k,)+ BIn(C,)
The Dubinin—Radushkevich

model

lg Qe = anmaX -K
1

=2k,

2.
ad® >
energy

E=

Oe (mg-g_l) is the amount of metal ions adsorbed at equilibrium; the Omax (mg-g_l) is
the maximum adsorption under experimental conditions; C, (mg-Lfl) is the equilibrium
concentration; Ky, (L~mg71) is a constant related to the adsorption rate

k (mg-gﬁl-(L-mgfl)); 1/n are constants measuring adsorption capacity and intensity,
respectively; n indicates how favorable the adsorption process is

ky (L-mg_l) is an equilibrium coupling constant corresponding to the maximum binding
energy; B (J -moLfl) is a constant related to the heat of adsorption

kad (moLz-kaz) is the constant of Dubinin—Radushkevich isotherm; € (kJ ~moL71) is the
Polanyi potential reflecting the isothermal work of transfer of one mole of metal from
the volume of equilibrium solution to the sorbent surface; £ (kJ -moLfl) is the activation
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Using the Dubinin-Radushkevich  model,
calculations of activation energy are made, which
determine the nature of interaction of pollutant forces
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Fig. 7 shows the experimental adsorption
isotherms of CR and MG dyes on the developed
nanocomposite.

As a result of the mathematical processing of the
experimental data, the dependences shown in Fig. 8
were obtained, which made it possible to determine
such important adsorption parameters as maximum
adsorption  capacity, activation energy, etc.
(see Table 4).

The experimental isotherm of MG sorption
shows a good correlation with the theoretical data of
the Dubinin-Radushkevich equation. The adsorption
of CR is satisfactorily described by the Temkin
model. At the same time, the activation energy of
sorption of MG molecules was 0.02 kJ-mol’
(Table 4). According to the calculated values, the
maximum adsorption capacity of the nanocomposite
according to the Langmuir model was 3333.33 mg-gﬁ1
for MG and 769.23 rng‘g_1 for CR. The value of the
activation energy of sorption of CR molecules was
0.01 kJ-mol', which also corresponds to physical
sorption in the case of removal of MG molecules.
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Fig. 8. Models of adsorption isotherms of CR and MG:
a — Langmuir; b — Freundlich; ¢ — Dubinin—Radushkevich; d — Temkin
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Table 4. Sorption parameters of CR and MG molecules according
to the equations of isotherms

Dye Model parameter
Langmuir
2
KL Qmax R
CR 0.0038 769.23 0.9868
MG 0.0007 3333.33 0.8233
Freindlich
n 1/n k R?
CR 2.891 0.3459 55.386 0.9868
MG 1.2596 0.7939 6.073 0.8233
Dubinin—Radushkevich
2
kad Qmax E R
CR 4053.6 629.34 0,01 0.9994
MG 2018.5 1438.12 0.02 0.9559
Temkin
ke B R
CR 0.0091 116.2 0.8795
MG 0.0084 652.2 0.9813
4. Conclusion 5. Funding
In this paper, the technique for obtaining The study was supported by the Russian Science
a highly efficient sorbent material based on activated  Foundation grant No. 22-13-20074,

biochar from rapeseed waste modified with graphene
oxide during hydrothermal carbonization has been
developed. According to the results of the evaluation
of the nanocomposite’s properties, it was found that
the material has a porous carbon framework, the
surface of which is covered with sheets of graphene.
X-ray diffraction analysis confirmed the formation of
a graphene-like carbon structure of the sorbent.
The authors studied the adsorption of synthetic
organic dyes from aqueous solutions on the
developed material. Kinetic and isothermal studies of
adsorption of CR and MG dye molecules were
carried out in static mode. It was found that the
sorption equilibrium is reached in 60 min for MG and
in 15 min for CR with sorption capacity values of
1860 mg-g71 for MG and 642 mg-g71 for CR. It was
found that the sorption is satisfactorily described by
the pseudo-second-order model and intraparticle
diffusion, with diffusion into the sorbent pores not
being a limiting factor. Both external and internal
diffusion contribute to the total sorption rate of the
dye molecules. Data from isothermal studies were
processed using the Langmuir, Freundlich, Dubinin—
Radushkevich and Temkin models. The calculated
activation energy values confirm the physical
mechanism of sorption.

https://rscf.ru/project/22-13-20074/.
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