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Abstract: The paper considers the kinetics of lead ions (Pb2+) sorption from model aqueous solutions using underoxidized 
and overoxidized graphene oxide samples obtained from synthetic and natural (taken as comparison material) graphite.  
It was experimentally found that the contaminant is sorbed in the first 5 min (for the underoxidized samples) and 30 min 
(for the overoxidized samples), achieving a sorption capacity of 105–138 mg g–1. Moreover, the capacity of the material 
increases with an increase in its oxidation state. The capacity of the synthetic material is slightly higher than that of the 
natural one. To study the removal mechanisms and determine the process parameters, the experimental data were fitted to 
kinetic (pseudo-first and pseudo-second order, as well as Elovich) and diffusion (internal diffusion – Morris-Weber and 
external diffusion – Boyd) models. It was found that the metal sorption is controlled by mixed diffusion of the sorbate into 
the bulk of the sorbent. It was also determined that this process is limited by the chemical interaction between the sorbent 
and the sorbate and depends on the sorbate concentration and the ambient temperature. Besides, the surface morphology of 
the samples was studied using scanning electron microscopy, and information on their elemental composition before and 
after the sorption was obtained using energy dispersive spectrometry, which confirmed the mechanism of the sorption 
processes occurring in the systems. 
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Аннотация: Рассмотрена кинетика сорбции ионов свинца (Pb2+) из модельных водных растворов  
с использованием недоокисленных и переокисленных образцов оксида графена, полученных из синтетического  
и взятого в качестве сравнения натурального графита. Экспериментальным путем обнаружено, что поллютант 
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сорбируется в первые 5 (для переокисленных образцов) и 30 мин (для недоокисленных образцов), с достижением 
сорбционной емкости, равной 105…138 мг/г. Причем, емкость материала увеличивается с увеличением его 
степени окисления. У синтетического материала эта емкость немного выше, чем у натурального. Для изучения 
механизмов удаления и определения параметров процесса экспериментальные данные были сопоставлены  
с кинетическими (псевдо-первого и псевдо-второго порядка, а также Еловича) и диффузионными (внутренней 
диффузии – Морриса-Вебера и внешней диффузии – Бойда) моделями. Было установлено, что процесс сорбции 
металлов контролируется смешанной диффузией сорбата в основную массу сорбента. Также было определено, что 
данный процесс лимитируется химическим взаимодействием между сорбентом и сорбатом и зависит от 
концентрации сорбата и окружающей температуры. Кроме того, методом сканирующей электронной микроскопии 
была исследована морфология поверхности образцов и методом энергодисперсионной спектрометрии были 
получены сведения об их элементном составе до и после сорбции, которые подтверждают механизмы 
протекающих сорбционных процессов в системах. 
 
Ключевые слова: оксид графена; свинец; сорбция; кинетика сорбции; наноматериалы; сточные воды. 
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1.  Introduction 

 

Heavy metals are some of the primary pollutants 
found in wastewater. For example, in the Tyumen 
region, the most common metals found in wastewater 
are lead, nickel, cobalt, manganese, copper, 
cadmium, lead, and chromium [1]. As for lead, its 
main sources in such waters are enterprises engaged 
in galvanic and metallurgical production, as well as 
the production of inorganic fertilizers and pesticides 
[2]. Even low concentrations of this element in 
aquatic environments have a negative impact on the 
environment, human and animal health, causing 
dangerous diseases. Furthermore, the accumulation of 
lead in the soil can adversely impact the health of 
ecosystems [3]. Consequently, the removal of lead 
ions from wastewater has become a critical challenge 
in contemporary environmental science.  

One of the methods for purifying wastewater 
from heavy metals is (ad)sorption – a process in 
which the (ad)sorbate (pollutant) settles on the 
surface of the (ad)sorbent. Activated carbons [4–6], 
cryogels [7–9], silica gels [10–12], nanoparticles 
[13], nanomaterials [14–16], bentonite clay [17, 18], 
and others are used as sorbents.  

Recent scientific studies [19] addressing the 
topic of highly efficient water purification systems 
prove that carbon nanostructured materials have  
a higher sorption capacity compared to those 
mentioned above. Among such materials, graphene 
oxide holds a special place – a compound consisting 
of hydrogen, carbon, and oxygen atoms in various 
ratios, obtained by oxidizing graphite with strong 
oxidizers [20]. 

In this regard, the aim of the present paper is to 
study the kinetics of Pb2+ ion sorption on graphene 
oxides with different degrees of oxidation from 

model aqueous solutions. Sorption kinetics allows us 
to determine how the parameters of the system 
change over time and when equilibrium is reached. 
The removal of Pb2+ was conducted using under-
oxidized and over-oxidized graphene oxides, which 
were obtained from graphite by oxidation with 
potassium permanganate in varying amounts. 

 
2. Materials and Methods 

 
2.1. Materials and reagents 

 
To study the sorption properties of 

nanomaterials, the following materials were used: 
under-oxidized graphene oxide obtained from 
synthetic graphite (1.0 mass equivalent of KMnO4) 
[Syn-UO-GO-1.0]; under-oxidized graphene oxide 
obtained from synthetic graphite (2.0 equivalent 
weights of KMnO4) [Syn-UO-GO-2.0]; over-
oxidized graphene oxide obtained from synthetic 
graphite (4.5 equivalent weights of KMnO4) [Syn-
OO-GO-4.5]; over-oxidized graphene oxide obtained 
from natural graphite (4.5 equivalent weights of 
KMnO4) [Nat-OO-GO-4.5]. A sample of graphene 
oxide obtained from natural graphite was taken for 
comparison. All materials were provided by the 
Federal State Budgetary Institution of Science  
“N.S. Kurnakov Institute of General and Inorganic 
Chemistry of the Russian Academy of Sciences” 
(Moscow, Russia). 

The basis of these materials – graphene oxide – 
was obtained using a modified Hummers' method. 
This method involves dispersing graphite in 
concentrated sulfuric acid (H2SO4) followed by the 
addition of potassium permanganate (KMnO4) as an 
oxidizing agent. The amount of potassium 
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permanganate added correlated with the expected 
degree of oxidation and was 1, 2, and 4.5 equivalent 
weights of KMnO4 per 1 g of graphite. The washing 
of the product was performed using solutions of 
hydrogen peroxide, 1 M hydrochloric acid, and an 
excess of distilled water through centrifugation 
(10,000 rpm for 10 min). The resulting samples of 
graphene oxide were air-dried in Petri dishes until a 
constant weight was achieved. 

To prepare a solution simulating wastewater 
contaminated with lead, Pb(NO3)2 (reagent grade) 
and distilled water were used. 

 
2.2. Sorption studies 

 

The dependence of the sorption capacity on the 
contact time of underoxidized and overoxidized 
graphene oxide samples was determined based on the 
results of kinetic studies of Pb2+ ion sorption in  
a limited volume. The experimental conditions (in the 
static mode – batch) were as follows: 0.01 g of 
sorbent, 30 mL of Pb2+ solution of the initial 
concentration Сin = 100 mg⋅L–1, the pH of the 
solution was not controlled, its initial value was  
6.5–7.0, the sorption time was 5, 10, 30, 60, 90, 120 
and 240 min. The phases in the test tubes were 
contacted by shaking them on a Multi Bio RS-24 
rotator (BioSan Ltd., Riga, Latvia). To separate the 
samples (solid phase) from the solution (liquid phase) 
after the experiments, Blue Ribbon filter paper (pore 
sizes 1–2.5 nm) was used. The concentrations of lead 
ions in the solution at time t (Сt) were determined 
using a flame atomization atomic absorption 
spectrophotometer (ContrAA 700, Analyic Jena 
GmbH., Jena, Germany). 

Based on the concentration values obtained as a 
result of the experiment before and after the sorption 
process, the sorption capacity of each material exp

eQ  
was determined – a value showing how  
much substance the sorbent can absorb per unit mass 
(mg⋅g–1). This parameter was calculated as  
follows [22]: 

( )

m

VCC
Q t

e
−

= inexp ,                          (1) 

 

where Cin is initial concentration of pollutant mg⋅L–1, 
Ct  is pollutant concentration at a given time t,  
mg⋅L–1, V is volume of solution, mL, and m is sorbent  
weight, g. 

The rate of Pb2+ sorption on underoxidized and 
overoxidized graphene oxide samples was analyzed 
using empirical pseudo-first and pseudo-second order 

models, Elovich, and Morris-Weber and Boyd 
diffusion equations [23–27] (Table S1) 
(Supplementary materials). 

To affirm that the processes outlined in Table 1 
are taking place within the system, it is essential for 
the correlation coefficient (R2) to be greater than or 
equal to 0.9 [28]. 

 
2.3. Analytic methods 

 

The material samples were characterized using 
scanning electron microscopy (SEM) and energy-
dispersive spectrometry (EDS) to determine the 
morphological features of their surface and elemental 
composition before and after Pb2+ sorption. 

Scanning electron microscope (SEM) images 
were taken using a Tescan MIRA3 LMU microscope 
(Brno, Czech Republic) at an accelerating voltage of 
5 kV. To improve the quality of the images, the 
samples were pre-coated with gold. For visual 
comparison, all samples were photographed in a field 
of 100 × 100 and 200 × 200 μm. 

In addition to morphology imaging, the EDS 
method was used to confirm lead sorption using 
elemental analysis. The analysis was performed using 
an Oxford Instruments Ultim Max 65 microscope 
attachment (Abington, UK). The spectra were 
processed using the built-in software, and spectra 
were deconvolved by the element of the metal 
coating (gold) to clarify the quantitative data on the 
composition. When using spectra deconvolution, the 
contribution of the gold peak to the overall result was 
eliminated. Accordingly, elemental data were 
obtained as if there was no gold deposition. 

 
3. Results and Discussion 

 
3.1. Surface morphology  

and elemental composition of sorbents 
 

To verify the assumptions about the mechanism 
of Pb2+ ion sorption on graphene oxide samples, the 
morphology and elemental composition of their 
surface were studied using SEM and EDS, 
respectively.  

The surface of the Syn-OO-GO-4.5 sample has 
peaks and valleys with characteristic fractal geometry 
(Fig. 1a). This structure is otherwise called “wrinkled 
graphene” and is characteristic of the surface of 
graphene oxide [29]. When graphical analysis of the 
fractal dimension of the SEM-image of a certain area 
of the surface of this material using the box counting 
algorithm [30] showed that the fractal dimension is 
D = 2.6034. Additionally, small (1–2 μm in diameter)  
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Fig. 9. Dependences of the sorption capacity  
of samples on time 

 
slightly surpass those reported by other researchers 
for similar materials in the purification of aqueous 
media from Pb2+. Furthermore, the equilibrium for 
Pb2+ sorption is reached in the same timeframe or 
even more rapidly, as illustrated in Table 1. 

The higher capacitive and kinetic characteristics 
of the graphene oxide samples discussed in this 
article, compared to the materials in Table 1, are 
justified by the presence of negatively charged 
surface functional groups and the occurrence of 
physical sorption in the interlayer space of the 
pseudocrosslinked structure of the material (for 
under-oxidized samples), as well as by the high 
content of functional groups on the surface of the 
sample (for over-oxidized samples). In this regard, 
the structure and properties of graphene oxides can be 
regulated by altering the oxidation state of their 
surface [15]. 

Thus, the rate of reaching equilibrium and the 
maximum value of exp

eQ , are affected by the 
oxidation state and the nature of graphene oxide.  
An increase in the oxidation state of graphene oxide 
(i.e., an increase in the amount of potassium 
permanganate) leads to an increase in the number of 
functional groups (sorption centers) on its surface.  
In addition, synthetic graphene oxide provides  
a slightly higher sorption capacity than natural 
graphene oxide. 

Similar behavior of these materials was also 
characteristic in the case of sorption of an organic 
compound – methylene blue – from aqueous 
solutions [15].  

The experimental data were analyzed using the 
empirical kinetic and diffusion models from Table 1, 
and the results of the analysis are presented in  
Table 2. 

As can be seen from the data in the tables, for all 
samples the experimental data are described by the 
pseudo-second-order kinetic equation (Ho-McKay), 
with the correlation coefficient R2 equal to 1.00. This 
is also confirmed by the fact that the value of the Qe 
parameter of this model almost coincides with the 
value of the sorption capacity obtained 
experimentally exp

eQ . The model assumes that the 
process is limited by the chemical interaction between 
the sorbent and the sorbate and depends on the 
concentration of the sorbate and the temperature [36]. 
The pseudo-first-order kinetic equation (Lagergren), 
on the contrary, poorly describes the processes 
occurring on the studied graphene oxide samples, 
which is confirmed by the low values of the 
correlation coefficient for all cases. 

 
Table 1. Comparison of different sorbents for Pb2+  removal 

 

Sorbent Qe, mg⋅g–1 Phase contact time, min Reference 

Water-soluble magnetic composite based on 
chitosan and graphene oxide 77 10 [31] 

Thiol-functionalized graphene oxide 15–25 50 [32] 

Surface polymer with ionic imprinting of Pb(II) 
based on sandwich graphene oxide composite 
materials 

23 30 [33] 

Graphene oxide and carboxylated graphene oxide 37–90 30 [34] 

Complex of graphene oxide and chitosan 30–60 70–90 [35] 

Graphene oxide natural/synthetic 
overoxidized/underoxidized 105–138 30; 5 Present paper 
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Table  2. Parameters of kinetic models for the process of Pb2+ sorption on different samples  
 

Sample 
Syn-UO-GO-1.0 

Experiment Boyd model Morris-Weber model 
( )exp
eQ ≈ 108 mg⋅g–1 R2 kid C R2 

0.9924 8.2254 60.07 0.9391 
0.9972 0.6557 100.88 0.9937 

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

–0.0293 8.8369 0.4158 0.0052 108.70 1,00 
Elovich model 

β α R2 
0.1219 35023.2 0.8420 

Syn-UO-GO-2.0 
Experiment Boyd model Morris-Weber model 

( )exp
eQ ≈ 105 mg⋅g–1 R2

 kid C R2 

0.9985 7.6535 62.91 0.9608 
0.7999 0.0677 103.64 0.6806 

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

–0.0281 5.9088 0.06368 0.008762 105.26 1.00 
Elovich model 

β α R2 
0.1566 655353.9 0.7692 

Syn-OO-GO-4.5 
Experiment Boyd model Morris-Weber model 

( )exp
eQ ≈ 138 mg⋅g–1 R2

 kid C R2 

0.9962 0.5747 133.43 0.9968 
0.00001 0.00021 137.11 0.0004 

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

–0.0012 0.7071 0.0015 –0.2664 136.99 1.00 
Elovich model 

β α R2 
1.4449 2.1683 0.6739 

Nat-OO-GO-4.5 
Experiment Boyd model Morris-Weber model 

( )exp
eQ ≈ 130 mg⋅g–1 R2

 kid C R2 

0.9336 –0.1978 130.59 0.9994 
0.4286 –0.0377 130.55 0.4748 

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

–0.0083 1.4873 0.0966 0.0593 129.87 1.00 
Elovich model 

β α R2 
1.3385 7.6672 0.4873 
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The Elovich equation (R2 ≈ 0.49–0.84) is used to 
describe the sorption process on an energetically 
heterogeneous surface, and sorption and the reverse 
process, desorption, affect the kinetics of sorbate 
(Pb2+) absorption. According to the analysis results 
(Table 2), one can see that the initial sorption rate α 
is many times higher than the desorption rate β, 
which is possibly due to the high availability of active 
centers on the surface of the studied samples in 
relation to the amount of sorbate in the solution [37].  

In order to explain the sorption behavior of Pb2+ 
on graphene oxide samples, it is necessary to 
understand the sorption mechanism, taking into 
account the diffusion processes occurring in the 
systems under consideration. For this purpose, the 
models of internal (Morris-Weber) and external 
(Boyd) diffusion were used in this work (Table 2, 
Figs. S10–S13). 

The kinetic data illustrated in Figs. S10a–S13a 
reveal a linear relationship consistent with the 
Morris-Weber internal diffusion model, which is 
characterized by two distinct time segments.  
The initial segment corresponds to bulk diffusion, 
where Pb2+ cations migrate through the solution to 
reach the outer surface of the sample, leading to rapid 
sorption. The subsequent segment represents the 
equilibrium phase. Notably, the presence of a non-
zero value of C (as shown in Table 2) suggests that 
multiple processes, such as film diffusion within the 
boundary layer, may have influenced the sorption 
kinetics [37]. 

The Boyd external diffusion model (Figs. S10b–
S13b) can be used to determine the sorption-limiting 
stage of external diffusion mass transfer. This model 
assumes that if the straight line passes through the 
origin, then the rate-limiting stage is intraparticle 
diffusion, and if the line does not pass through the 
origin, then either film diffusion or both film and 
intraparticle diffusion can control the sorption 
process [37]. In this case, all figures show that the 
straight line does not pass through the origin, which 
suggests that the Pb2+ sorption process on graphene 
oxide samples is presumably controlled by film and 
intraparticle diffusion processes. 
 

4. Conclusion 
 

During the study, the adsorption properties  
(in the process of removing lead ions) of four 
graphene oxide samples, oxidized with varying 
amounts of potassium permanganate, were 
investigated, and the surface of the material was 
analyzed. For all samples, the experimental kinetic 

data of sorption were approximated using the pseudo-
second-order equation. The analysis of internal and 
external diffusion models indicated that the sorption 
of Pb2+ ions presumably occurs in a mixed-diffusion 
mode. It was established that with an increase in the 
oxidation degree of graphene oxide (the amount of 
oxidizer KMnO4 added during the synthesis), the 
maximum sorption capacity of the sample increases 
and the time to reach equilibrium decreases (from  
30 to 5 min); specifically, 105 mg⋅g–1 for Syn-UO-
GO-2.0, 108 mg⋅g–1 for Syn-UO-GO-1.0, 130 mg⋅g–1 
for Nat-OO-GO-4.5, and 138 mg⋅g–1 for Syn-OO-
GO-4.5, which exceeded the corresponding values 
obtained by other researchers for similar materials. 
The results of the adsorption studies are supported by 
morphological and elemental composition analysis of 
their surfaces using SEM and EDS methods. Peaks 
and valleys with a characteristic “wrinkled” fractal 
geometry of graphene were found on the surface of 
the materials, where the sorption of Pb2+ ions occurs, 
and the size of these peaks and valleys depends on 
the oxidation degree of the graphene oxide surface. 
Thus, it can be concluded that the structure and 
sorption properties of graphene oxide can be 
regulated by varying the oxidation degree as well as 
the source of graphite (synthetic or natural), which 
will facilitate new developments in the application of 
graphene oxide-based materials for the sorptive 
removal of heavy metals from contaminated water 
environments. 
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