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Abstract: The paper considers the kinetics of lead ions (Pb>") 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 gﬁl. 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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AnHotamusi: PaccmoTpena kuHetuka copOiuu  unOHOB cBuHIA (Pb™) w©3 MOIENBHBIX BOJHBIX PacTBOPOB

C UCIIOJIb30BaHHEM HEJIOOKHCIICHHBIX U MEPEOKUCICHHBIX 00pa3loB OKcujaa rpadeHa, mojay4eHHbIX U3 CHHTETUYECKOTO
W B3STOrO B KayeCTBE CPAaBHEHUsI HATypaJbHOTO rpadura. DKCIEPUMEHTAIbHBIM IIyTeM OOHApYXEHO, YTO IMOJUIIOTAHT
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copbupyeTcs B MepBbIe 5 (s MIEPEOKUCICHHBIX 00pa3oB) U 30 MUH (7151 HETOOKUCIEHHBIX 00pa3IoB), C JOCTIKEHHEM
copbuuonHoi emkoctu, paBHoi 105...138 wmr/r. IlpuyeM, eMKOCTh Marepuaia yBEIHMYMBACTCS C YBEIUYCHHUEM €ro
CTEIIeHH OKHCIICHUS. Y CHHTETHYECKOI0 MaTepHalla 3Ta €éMKOCTh HEMHOI'O BBINIE, YeM y HaTypajbHOro. s u3ydeHus
MEXaHU3MOB YJAJICHUSA W OIPCACIICHUA IMapaMEeTpoOB IIpoHecCa IJSKCIHCPHUMCHTAJILHBIC JaHHBIC 6])1.]'11/1 COIIOCTAaBJICHBI
C KMHETHYEeCKUMH (TICEBJIO-TIEPBOTO U IICEB/IO-BTOPOTo MOpsIKa, a Taikke EnoBuya) u anddy3noHHbIMH (BHYTpEeHHEH
muddysun — Moppuca-Bedepa u BHemneil nud¢ys3un — boiiga) MomensMu. Beijlo yeTaHOBICHO, YTO MPOIECC COPOLIUU
METaJIJIOB KOHTPOJIMPYETCs CMeIIaHHON anddysuei copdbara B OCHOBHYIO Maccy copOenTa. Takske ObUIO ONpesesieHo, 9To
JIAaHHBIA TpoLlecC JMMUTHPYETCS XMMHYECKMM B3aWMOIEHCTBHEM MEXIy COpOEHTOM M cOpOAaroM W 3aBUCHT OT
KOHLIEHTpALMK copdara M OKpy»Xaroliel remneparypbl. Kpome T0ro, METoJ0M CKaHUPYIOIIEH JIEKTPOHHONH MUKPOCKOIIHH
OpUTa WccaemoBaHa MOP(OIOTHS MOBEPXHOCTH OOPa3oOB M METOIOM JHEPTOTUCIIEPCHOHHOIN CHEKTPOMETPUH OBLIH
NOJy4eHbl CBEOCHUS 00 WX OJIEMEHTHOM COCTaBe 1O W IOCIe COPOLUH, KOTOpbIe ITOATBEPKIAIOT MEXaHH3MBI
NPOTEKAIOIIIX COPOLMOHHBIX IPOLIECCOB B CUCTEMAX.

KiroueBble cjioBa: okcua rpadeHa; CBUHEIl; COPOIMS; KHHETHKA COPOIMH; HAHOMATEPHaJIbl; CTOYHBIC BOJIBI.
s mutupoBanus: Tulupov IV, Sosnovskikh LE, Ibragimova VR, Ioni YuV, Isaev AYu, Galunin EV, Shabiev FK,

Shigabaeva GN. Kinetics of the lead ion sorption from aqueous solutions using underoxidized and overoxidized graphene
oxides. Journal of Advanced Materials and Technologies. 2025;10(3):215-227. DOI: 10.17277/jamt-2025-10-03-215-227

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 Pb*" 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 Pb*" 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 KMnQOy)
[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 KMnQy4) [Syn-
00-GO-4.5]; over-oxidized graphene oxide obtained
from natural graphite (4.5 equivalent weights of
KMnOy) [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 (H,SOy4) followed by the

addition of potassium permanganate (KMnQO,) 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 KMnOy 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), (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 Pb>" 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 Cj,= 100 mg-Lﬁl, 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 ¢ (C;) 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 Q;*°

was determined — a value showing how
much substance the sorbent can absorb per unit mass
(mg-gfl). This parameter was calculated as
follows [22]:
C,-C)V
oo _(Ca=C) "
m

where Cj, is initial concentration of pollutant mg-Lfl,
C; is pollutant concentration at a given time ¢,
mg-Lfl, V is volume of solution, mL, and m is sorbent
weight, g.

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

models, Elovich,
diffusion  equations
(Supplementary materials).

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

and Morris-Weber and Boyd
[23-27]  (Table  S1)

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 Pb** 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 x 100 and 200 x 200 pm.

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 Pb*" 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-O0O-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 um in diameter)
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Fig. 1. Carbon material Syn-OO-GO-4.5 before Pb** sorption:
a — SEM-image of the material surface (arrows indicate the wrinkle deepening);
b — multilayer EDS-image of the sample surface

®)

Fig. 2. Carbon material Syn-OO-GO-4.5 after Pb*" sorption:
a — SEM-image of the material surface (arrows indicate the fold deepening);
b — multilayer EDS-image of the sample surface

inclusions of graphite crystallites can be observed on
the surface (highlighted by the yellow dotted line).
In the multilayer EDS-image (Fig. 1), a uniform
distribution of various atoms (mainly oxygen and
sulfur) can be observed. This is confirmed by the
total spectrum after deconvolution — the content of
oxygen atoms is 85.4 %, and sulfur is 10.1 %
(Fig. S1) (Supplementary materials).

After sorption, the same material did not
undergo any critical changes (Fig. 2a). Also,
elevations and depressions are observed (shown by
arrows in Fig. 2a), ie., a “wrinkled” surface
structure. Graphical analysis of the fractal dimension
of the SEM-image of a certain area of the surface of

this material after sorption shows that the fractal
dimension has changed and became equal to
D =2.5153. A slight decrease in the fractal dimension
can be associated with the coating of some of the
elevations and depressions with pollutant (i.e., Pb2+).
The multilayer EDS-image of the surface after
Pb*" sorption shows that lead atoms are distributed
over the entire surface. However, in areas with
wrinkles, mainly in the fold recesses, the
concentration of lead atoms is higher (Fig. 2b, the
area highlighted by the dashed-dotted line). The total
combined weight of lead atoms is 34.7 % (Fig. S2).
The surface of the Nat-OO-GO-4.5 material has
a surface morphology similar to that of the Syn-OO-
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GO-4.5 material, i.e. peaks and wvalleys with
characteristic fractal geometry can also be observed
(Fig. 3a). The fractal dimension of the surface of this
material is D =2.6181. Similar to the Syn-OO-GO-
4.5 material, small (0.5-1 pm in diameter) inclusions
of graphite crystallites (highlighted by the yellow
dotted line) can also be observed on the surface of the
Nat-OO-GO-4.5 material. In the multilayer EDS-
image (Fig. 3b), a uniform distribution of various
atoms (mainly oxygen and sulfur) can be observed.
The total weight of oxygen atoms is 83.3 %, sulfur —
10.9 % (Fig. S3).

After sorption, the Nat-OO-GO-4.5 material,
similar to the previous material, did not change
significantly (Fig. 4a). A wrinkled structure is also

SEM MAG: 21.1 kx
View field: 10.00 um Dot
SEM MAG: 21.1 kx  Date(m/dy

WD: 15.00 mm

observed (shown by arrows in Fig. 4a). Just as on the
surface of the Syn-O0-GO-4.5 material, inclusions in
the form of graphite crystallites disappeared from the
surface of the Nat-O0O-GO-4.5 material. Graphic
analysis of the fractal dimension of the sample under
consideration after sorption shows that it changed and
became equal to D =2.5291, which is greater than for
the surface of the Syn-OO-GO-4.5 material
(D =2.5153). The multilayer EDS-image (Fig. 4b) of
the surface after Pb>" sorption shows that lead atoms
are distributed over the entire surface, but clusters are
observed, indicated by arrows. Such clusters may be
associated with a wrinkled structure. The total
combined weight of lead atoms is 24.7 % (Fig. S4).

Fig. 3. Carbon material Nat-OO-GO-4.5 before lead sorption:
a — SEM-image of the material surface (arrows indicate the fold deepening);
b — multilayer EDS-image of the sample surface

(@

Fig. 4. Carbon material Nat-OO-GO-4.5 after lead sorption:
a — SEM-image of the material surface (arrows indicate the elevation of the fold);
b — multilayer EDS-image of the sample surface (arrows indicate the lead concentration)
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The surface of the Syn-UO-GO-1.0 material
consists of individual particles of exfoliated graphite
~10 pum in size (Fig. 5a), the size of the exfoliations
is about ~500 nm. Also, inclusions of clusters of
spherical nanoparticles with a total diameter of ~2 um
can be observed on the surface. The fractal dimension
is D =2.555. In the multilayer EDS-image (Fig. 5b),
a non-uniform distribution of various atoms (mainly
oxygen and sulfur) can be observed. The total weight
of oxygen atoms is 78.2 %, sulfur — 12.8 % (Fig. S5).

The surface of the Syn-UO-GO-1.0 material
after sorption consists of individual particles of
exfoliated graphite (Fig. 6a). On the surface, as
before sorption, inclusions of clusters of spherical

SEM WAG: A TT kn
e Tl 10 O BE
SEM WAGAIT kn  Datsdmidy 82307 10 pm

nanoparticles with a total diameter of 2-5 pm can be
observed (areas highlighted by a dotted line).
The fractal dimension changed insignificantly and
amounted to D =2.5157. In the multilayer EDS-
image (Fig. 6b), a non-uniform distribution of lead
atoms can be observed. The total weight of lead
atoms is 15.4 % (Fig. S6).

The surface of the Syn-UO-GO-2.0 material
before sorption consists of individual particles of
exfoliated graphite, 10 pum in size (Fig. 7a).

The exfoliations are about ~2 um in size, which
is 4 times greater than the exfoliations observed in the
Syn-UO-GO-1.0 sample.

®)

Fig. 5. Carbon material Syn-UO-GO-1.0 before lead sorption:
a — SEM-image of the material surface (the inset shows a section of exfoliated graphite);
b — multilayer EDS-image of the sample surface

®)

Fig. 6. Carbon material Syn-UO-GO-1.0 after lead sorption:
a — SEM-image of the material surface; b — multilayer EDS-image of the sample surface
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Fig. 7. Carbon material Syn-UO-GO-2.0 before lead sorption:
a — SEM-image of the material surface; b — multilayer EDS-image of the sample surface
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Fig. 8. Carbon material Syn-UO-GO-2.0 after lead sorption:
a — SEM-image of the material surface; b — multilayer EDS-image of the sample surface

The fractal dimension of the sample is
D =2.5957. In the multilayer EDS-image (Fig. 7b),
one can observe a non-uniform distribution of various
atoms (mainly oxygen and sulfur). The total weight
of oxygen atoms is 81.6 %, sulfur — 11.5 % (Fig. S7).

The surface of the Syn-UO-GO-2.0 material
after sorption did not change significantly and still
has exfoliated graphite sheets, 5-10 um in size and
exfoliations of about ~2 um (Fig. 8a). The fractal
dimension after sorption did not change significantly
and is: D=2.5817. In the multilayer EDS-image
(Fig. 8b), one can observe a non-uniform distribution
of lead atoms, the total weight of which is 25.0 %
(Fig. S8).

3.2. Experimental data on sorption kinetics
and their analysis

Figure 9 shows that the moment of equilibrium
(plateau on the graphs) for the Nat-OO-GO-4.5 and
Syn-O0-GO-4.5 samples occurs after 5 minutes, and
for the Syn-UO-GO-2.0 and Syn-UO-GO-1.0
samples — after 30 min from the start of the sorption
process. The following values of the maximum

sorption capacity O were obtained: 105 mg-g ' for
Syn-UO-GO-2.0, 108 mg-g ' for Syn-UO-GO-1.0,
130 mg@{1 for Nat-OO-GO-4.5 and 138 mg@{1 for
Syn-O0-GO-4.5. The values obtained in this study

Tulupov LV., Sosnovskikh L.E., Ibragimova V.R., loni Yu.V., Isaev A.Yu. et al. 221



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 3

Qt’ T T T T T T T T T "A"T'T'T'T"
mgg'l o I’ . ° e |
. L] a - - an
120 .
A A
100 | * ¢ v A
| *
801 i * Nat-00-GO-4.5 ]
(| e  Syn-00-GO-4.5
601]] 4 Syn-UO-GO-1.0 1
I/ v Syn-UO-GO-2.0
40| -
20 - .
O_l;'"—"—f—"—f—'—T—'—Y—'ﬁ—'—{A‘T'T‘T‘T:

0 20 40 60 80 100 120 2504 min
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 Pb*". Furthermore, the equilibrium for
Pb** 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 QFF, 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 R* equal to 1.00. This

is also confirmed by the fact that the value of the O,
parameter of this model almost coincides with the
value of the sorption capacity obtained

experimentally Q5. The model assumes that the

e
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 Pb>" removal

Sorbent 0., mgg' Phase contact time, min Reference

Water-soluble magnetic composite based on

. . 77 10 [31]
chitosan and graphene oxide
Thiol-functionalized graphene oxide 15-25 50 [32]
Surface polymer with ionic imprinting of Pb(II)
based on sandwich graphene oxide composite 23 30 [33]
materials
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 105-138 30: 5 Present paper

overoxidized/underoxidized

222 Tulupov LV., Sosnovskikh L.E., Ibragimova V.R., loni Yu.V., Isaev A.Yu. et al.



Journal of Advanced Materials and Technologies. 2025. Vol. 10, No. 3

Table 2. Parameters of kinetic models for the process of Pb*" sorption on different samples

Sample
Syn-UO-GO-1.0
Experiment Boyd model Morris-Weber model
Qgexp) ~108 mg'g—l R? kid C R
0.9924 8.2254 60.07 0.9391
0.9972 0.6557 100.88 0.9937
Pseudo-first-order model Pseudo-second-order model
ki Qe R 2 Qe R
—0.0293 8.8369 0.4158 0.0052 108.70 1,00
Elovich model
B o R?
0.1219 35023.2 0.8420
Syn-UO-GO-2.0
Experiment Boyd model Morris-Weber model
Qgexp) ~105 mg~g71 R> kig C R
0.9985 7.6535 62.91 0.9608
0.7999 0.0677 103.64 0.6806
Pseudo-first-order model Pseudo-second-order model
k Qe R k) Qe R
-0.0281 5.9088 0.06368 0.008762 105.26 1.00
Elovich model
B o R
0.1566 655353.9 0.7692
Syn-00-GO-4.5
Experiment Boyd model Morris-Weber model
Qgexp) ~ 138 mg.g—l R kid C R
0.9962 0.5747 133.43 0.9968
0.00001 0.00021 137.11 0.0004
Pseudo-first-order model Pseudo-second-order model
ki Qe R 2 Qe R
—-0.0012 0.7071 0.0015 -0.2664 136.99 1.00
Elovich model
B o R’
1.4449 2.16% 0.6739
Nat-00-GO-4.5
Experiment Boyd model Morris-Weber model
0 = 130 mg.g ! K . ¢ K
0.9336 -0.1978 130.59 0.9994
0.4286 —-0.0377 130.55 0.4748
Pseudo-first-order model Pseudo-second-order model
ki Qe R k) Qe R
—-0.0083 1.4873 0.0966 0.0593 129.87 1.00
Elovich model
B o} R
1.3385 7.66" 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 a
is many times higher than the desorption rate [,
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 Pb**
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 Pb>" 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. S106—
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 Pb** 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 Pb>" 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 KMnO, 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-
GO0-2.0, 108 mg-g ' for Syn-UO-GO-1.0, 130 mg-g '
for Nat-OO-GO-4.5, and 138 rng‘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 Pb>" 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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