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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⋅g–1 (sorption time – 60 min) and 642 mg⋅g–1 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⋅g–1 for CR and 3333.33 mg⋅g–1 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–1 for CR molecules and 0.02 kJ⋅mol–1 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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Аннотация: В статье разработан графенсодержащий сорбционный материал на основе активированного 
рапсового биоугля, определены физико-химические свойства сорбента и особенности его морфологического 
строения. Установлено, что нанокомпозит имеет аморфные характеристики с графеноподобной структурой. 
Морфологический анализ подтвердил образование внутреннего углеродного каркаса и внешней трехмерной 
многослойной графеновой структуры, которая превосходно подходит для массопереноса между загрязнителями  
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и поверхностью адсорбента. Также целью исследований являлось определение важных параметров сорбции 
органических соединений – синтетических красителей конго красного (КК) и малахитового зеленого (МЗ), на 
разработанном материале из водных растворов в ограниченном объеме. Согласно кинетическим исследованиям, 
экспериментальная сорбционная емкость материала по МЗ составила 1860 мг/г (время сорбции 60 мин)  
и 642 мг/г по КК (время сорбции 15 мин). Теоретическая максимальная адсорбционная емкость сорбента, 
рассчитанная по модели Ленгмюра, достигла значений 769,23 мг/г по КК и 3333,33 мг/г по МЗ. Обнаружено, что 
извлечение молекул красителей контролируется реакцией второго порядка согласно модели псевдо-второго 
порядка и проходит преимущественно по смешанно-диффузионному механизму. Энергия активации имеет 
значение 0,01 кДж/моль по молекулам КК и 0,02 кДж/моль для МЗ, что подтверждает физический механизм 
поглощения красителей. В целом, в работе показана высокая эффективность адсорбции органических красителей 
на графенсодержащем сорбционном материале на основе активированного рапсового биоугля, что позволяет 
говорить о целесообразности его практического применения при очистке сточных вод. 
 
Ключевые слова: оксид графена; активированный уголь; биоуголь; рапс; синтетические красители; конго 
красный; малахитовый зеленый; адсорбция; кинетика; изотермы. 
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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 
Ni0.4Fe2.6O4/(Fe, Ni) with carbon [12]; chemically 
activated biochar from Indian bael peel [13]; 
functionalized biochar from banana peel [14]; 
halloysite nanotubes [15]; β-cyclodextrin 
nanocomposite based on polymer with zinc ferrite 
nanofiller [16]. For CR removal the following are 
used: β-cyclodextrin polyurethane insoluble 
nanosponge modified with phosphorylated multi-
walled carbon nanotubes and additionally decorated 
with titanium dioxide and silver nanoparticles [17]; 
 



 

 
b
a
p
o
N

e
c
w
m
C

r
T
a
T
c
1
s
f
a
a
t
w
1
e
t
d
i
a
w
t

Fig. 1. Lite

bionanocomp
algae [18]; β
polymer con
oxide nanop
N-doped carb

The aim
evaluate the 
containing a
waste from r
mechanisms 
CR and MG 

 

Rapesee
region, Rus
The modifier
aqueous 1 w
Tambov). B
carbonization
12 hours at 
separated fro
filtered mater
and 750 °C f
atmosphere. 
to alkaline a
with potassiu
1:6. The p
environment 
temperature. 
distilled wate
incubated fo
acid (Russia
was washed 
to constant w

T

erature data on

posite consis
β-cyclodextr

ntaining zinc
articles [19]
bon [20]. 

m of the prese
physicochem
activated bi
rapeseed pro

of removal
dyes – using

2. Material

2.1. Mater

ed meal (
ssia) was u
r was graphe
t. % suspens

Biochar was 
n in stain

180 °C. Th
om the liqui
rial was carb

for one hour 
The carbon

activation, fo
um hydroxid

process was
at 400 and 
The resultin

er on a filte
r 24 hours i
n Standard 
again to neu

weight. 

Timirgaliev A.

(а)            

n the sorption 

sting of chito
rin nanocom
c ferrite nano
]; magnetic 

ent work is t
mical propert
iochar based
cessing and 
 of organic 

g the develop

ls and Metho
 

rial’s synthes
 

originating 
used as a 
ene oxide (GO
sion (NanoT

obtained b
nless steel 
he obtained
id by filtrati
bonized in st
at each temp

nized materia
or this purpo
de (KOH) in
 carried o
750 °C for o

ng material w
er to a neutr
in concentra
3118-77). T

utral pH and

N., Burakova

Jou

                    

of MG (a) an

osan, zinc ox
mposite based

ofiller [16]; 
and mesopo

to synthesize
ties of graph
d on veget
to determine
contaminan

ped material.

ods 

sis 

from Tam
carbon sou

O) in the form
TechCenter L
by hydrothe

autoclaves 
d hydrocoal 
ion. Further,
tages at 150,
perature in a
al was subje
ose it was m
n a mass rati
ut in an 
one hour at 
was washed 
ral pH, and 
ated hydroch
Then the bio
d dried at 11

 I.V., Rybakov

urnal of Adva

 

                   
 

d CR (b) on d

xide, 
d on 
zinc 

orous 

e and 
hene-
table 
e the 
nts – 

mbov 
urce.  
m of 

LLC, 
ermal 

for  
was 

, the 
, 500 
argon 
ected 

mixed 
io of 
inert 
each 
with 
then 

hloric 
ochar 
0 °C 

Fig.

bioc
a ho
with
auto
In th
in a
lyop
rem
a sp

AUR
(SE
Gro
100
= 0.

va S.O., Anany

anced Materia

                   

different types

 2. Physical ap

 
To obtain 

char was m
omogeneous
h ultrasoun
oclaves and 
he next step
lyophilic dr

philization fo
moved by the 
pontaneously

 
2

Microphoto
RIGA Cross
M) with Inc

oup, German
0 (TechTren
1540562 nm

yeva O.A. et a

als and Techn

             (b) 

s of sorbents a

 

ppearance of 
based on r

a nanocom
mixed with 
s state (ratio
nd. The m

incubated 
, the compos

ryer (Scientz
or 48 h, duri
freeze-dryin

y compacted p

2.2. Analytica
 

ographs we
sBeam scann
ca X-Max 8

ny). Thermo 
nd Science 

m (copper an

al. 

nologies. 2024

and their sorpt

 
graphene-con

rapeseed 

mposite sorbe
a suspensio

o 1.5:1) and
material was

at 180 °C f
site was froz
-10n, China)
ing which th
ng. The final
product (see

al methods 

ere obtained
ning electron

80 mm2 EDS
Scientific A

Co., Ltd., T
ode) was us

4. Vol. 9, No.

17

ion capacity 

ntaining sorben

ent, activate
on of GO t
d then treate
s placed i
for 20 hour
zen to –30 °C
), followed b
e solvent wa
l material wa
 Fig. 2). 

d using a
n microscop
S (Carl Zeis
ARL Equino
Taiwan) (λ =
ed to identif

3

79

 

nt 

ed 
to  
ed 
in 
s.  
C 

by 
as 
as 

an 
pe 
ss 
ox 
=  
fy 



 

J

1

t
o
s
i
W
o
(
t

M
s
n
C
s
s
a
(

n
d
7
1
r
p
e
b
s
R
a

Journal of Ad

180

the crystal st
of the carbo
spectroscopy
instrument (
Waltham, U
obtained on 
(Jasco Intern
total internal 

 

To deter
MG adsorpti
static condi
nanocomposi
CR and MG 
solution volu
stirred for 5,
and room tem
(Biosan) and

 

To plo
nanocomposi
dye solution 
750, 750, 10
15 min for C
room temp
programmab
experiments,
before and 
spectrophoto
Russia) at w
and MG, resp

T

dvanced Mate

tructure of t
on framewor
y on a D
(Thermo Sc

USA) (λ = 6
a Jasco FT/

national Co., 
reflection m

2.3. Kine

rmine the ki
ion, experim
itions; for 
ite was taken
dye solution

ume was 3
, 10, 15, 30,
mperature on

d then filtered

2.4. Isot

ot adsorptio
ite was adde
with initial 

000, 1200, a
CR and 60 m
perature on
le rotator 
 the amount

after ad
ometrically 
wavelengths 
pectively. 

Timirgaliev A.

erials and Tec

the material.
rk was evalu
DXR Ram
ientific Inst

633 nm). IR
/IR 6700 FT
Ltd., Japan)

mode. 

etic research
 

inetic param
ments were p

this purpo
n, the initial 
ns was 1500
0 mL. The
, 60 and 90 
n a Multi B
d.  

therm study 
 

on isotherm
ed to 30 mL

concentratio
and 1500 mg
min for MG 
n a Mult
(Biosan). I

t of dye in 
dsorption w

(Ekros, S
of 612 and 

(а)             
F

a – ma

N., Burakova

chnologies. 20

 The orderli
uated by Ra

man Micros
truments Gr
R spectra w

TIR spectrom
 in the frustr

h 

meters of CR
performed u
se, 0.01 g
concentratio
 mg⋅L–1, and
 solutions w
min at 100 
io RS-24 ro

 

ms, 0.01 g
L of CR and 
ons of 300, 
g⋅L–1, shaken

at 100 rpm
ti Bio R
In all sorp
the liquid p

was determ
St. Petersb
709 nm for

                    
Fig. 3. SEM im
agnification ×

 I.V., Rybakov

024. Vol. 9, N

iness 
aman 
cope 
roup, 
were 

meter 
rated 

R and 
under 
g of 
on of 
d the 
were 
rpm 
tator 

g of 
MG 
500, 

n for  
m and 

S-24 
ption 
phase 
mined 
burg, 
r CR 

3.

sorb
stru
pred
Indi
shee

cont
wate
bon
(164
(gro
and 
The
on 
scie

com
165
and 
of th
disti
pho
to 
The
of sp

peak
and 
shar
nano
grap

 

 

                   
 

mages of the n
×5,000; b – ma

va S.O., Anany

No. 3  

3. 
1. Physicoch

of the g

SEM imag
bent indicate
ucture. The 
dominantly 
ividual aggre
ets are also f

The IR spe
tains peaks 
er (broad pe

nds in alkyl 
45 cm–1), aro
oup of peaks

phosphorus
e obtained da
the chemica

entific literatu
According 

mposition of 
0 cm–1 inclu
D band (at 

he D band, t
inguished. S
non double r
the zone s

e ID/IG ratio
p3-hybridize
The X-ray

ks at 26° an
100 planes o

rp peaks i
ocomposite 
phene-like st

                   
nanocomposit
agnification ×

yeva O.A. et a

Results and
 

hemical prop
graphene-co

 

ges (Fig. 3)
e that the m
carbon back

covered 
egates of m

found. 
ectrum of the

indicating 
eak in the reg

fragments (
omatic ring b
s in the regi
s-containing 
ata correlate 
al nature of 
ure [21–23]. 
to Raman sp
the broad p

udes the G b
1350 cm–1). 

the 2D band 
ince the 2D 
resonance pr
structure of
o is > 1, in
d carbon ato

y spectrum 
d 47°, indica
of graphene 
in the spe
has amorph

tructure [23].

              (b) 
te:  
50,000 

al. 

d Discussion
perties and m

ontaining sor

) of the na
material has a

kbone of th
with graph

micrometer-si

e nanocompo
the presenc

gion of 3400
(2924, 2854
bonds at 156
ion of 1100
compounds

well with th
carbon stru
 

pectroscopy 
peak in the 
band (around
 A second-o
at 2670 cm–

band arises f
rocess, it is c
f graphene 
ndicating a 
oms in the ma

(Fig. 5) sh
ating the pre
materials. T

ectra sugges
hous charac
. 

 
morphology 
rbent 

anocomposit
a rather loos
he biochar i
hene sheet
zed graphen

osite (Fig. 4a
ce of sorbe
0 cm–1), C–H

4 cm–1), C=O
64 cm–1, C–O
–1265 cm–1

s (873 cm–1

he informatio
uctures in th

(Fig. 4b), th
region 1000
d 1590 cm–1

order overton
–1, can also b
from the two

closely relate
layers [24
high conten

aterial. 
hows blurre
esence of 00
he absence o
sts that th
teristics wit

 

te 
se 
is 
s. 

ne 

a) 
ed 
H 
O 
O 
), 
). 

on 
he 

he 
0–
1) 
ne 
be 
o-
ed 
].  
nt  

ed 
02 
of 
he 
th 

 



 

Timirgaliev A.N., Burakova I.V., Rybakova S.O., Ananyeva O.A. et al. 

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 3

181

 
 

(а)                                                                                      (b) 
 

Fig. 4. FTIR (a) and Raman (b) spectra  of the nanocomposite from rapeseed plant waste 
 

 
 

Fig. 5. X-ray diffraction pattern of the nanocomposite  
from rapeseed plant waste 

 
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⋅g–1 
and 642 mg⋅g–1 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 k2. 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 Qt on t1/2 
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. 6c) for CR sorption is R2 = 0.9999 
with the value of Qe = 667 mg⋅g–1. For MG 
molecules, Qe = 2000 mg⋅g–1 with R2 = 0.9966.  
The theoretical value of Qe by the pseudo-second-
order model for both dyes is very close to the 
sorption capacity obtained experimentally. 
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Table 2. Kinetic parameters of organic dyes sorption  
 

Dye 
Model parameters 

Pseudo-first order Pseudo-first order 
Qe k1 R2 Qe  k2 R2 

CR 152.4 0.0332 0.9171 667 0.000776 0.9999 
MG 1349.9 0.0502 0.9617 2000 0.000056 0.9966 

 
Elovich equation 

Intraparticle diffusion 
Step 1/Step 2 

 α β R2 kid
 C R2 

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 

 
According to Fig. 6b, rather low values of the 

coefficients (R2 = 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 Qt 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 

eLe CKQQQ

1111

maxmax

+=  
Qe (mg⋅g–1) is the amount of metal ions adsorbed at equilibrium; the Qmax (mg⋅g–1) is 
the maximum adsorption under experimental conditions; Ce (mg⋅L–1) is the equilibrium 
concentration; KL (L⋅mg–1) is a constant related to the adsorption rate 

The Freundlich model 

kC
n

Q ee lglg
1

lg +=  

k (mg·g–1⋅(L⋅mg–1)); 1/n  are constants measuring adsorption capacity and intensity, 
respectively; n indicates how favorable the adsorption process is 

The Temkin model 
( ) ( )ete CBkBQ lnln +=  

kt (L⋅mg–1) is an equilibrium coupling constant corresponding to the maximum binding 
energy; B (J⋅moL–1) is a constant related to the heat of adsorption 

The Dubinin–Radushkevich 
model 

;lnlg 2
max ε−= ade KQQ  

adk
E

2

1

−
=  

kad (moL2⋅kJ–2)  is the constant of Dubinin–Radushkevich isotherm; ε (kJ⋅moL–1) 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; E (kJ⋅moL–1) is the activation 
energy 
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Table 4. Sorption parameters of CR and MG molecules according  
to the equations of isotherms 

 

Dye Model parameter 

Langmuir 
 KL Qmax R2 

CR 0.0038 769.23 0.9868 
MG 0.0007 3333.33 0.8233 

Freindlich 
 n 1/n k R2 

CR 2.891 0.3459 55.386 0.9868 
MG 1.2596 0.7939 6.073 0.8233 

Dubinin–Radushkevich 
 kad Qmax  E R2 

CR 4053.6 629.34 0,01 0.9994 
MG 2018.5 1438.12 0.02 0.9559 

Temkin 
 kt В R2 

CR 0.0091 116.2 0.8795 
MG 0.0084 652.2 0.9813 

 
4. Conclusion 

 

In this paper, the technique for obtaining  
a highly efficient sorbent material based on activated 
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⋅g–1 for MG and 642 mg⋅g–1 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. 
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