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ABSTRACT: A chemical exfoliation and freeze-drying technique was used to create graphene oxide/
graphene oxide nanoribbons/chitosan aerogels (GO/GONRs/CS). Aerogels were utilized to study uranium
adsorption through batch experiments. Environmental influences on U(VI) adsorption were studied,
including the starting concentration of U(VI), contact time, pH, and temperature. In order to characterize
the composite, FTIR, SEM, XRD, and TEM analyses were used. A pseudo-second-order kinetic model may
adequately represent the kinetics of U(VI) adsorption onto the surface of aerogels. The Freundlich model
can explain the adsorption isotherm; the maximal adsorption capacity for U(VI) was determined to be
1208.85 mg/g; the adsorption process for U(VI) was endothermic, spontaneous, and pH-dependent; and the
mechanism of adsorption is the chemisorption process. Chemisorption typically involves strong chemical
interactions between the adsorbate (uranium ions) and the functional groups present on the surface of the
adsorbent (the aerogel). Graphene oxide and graphene oxide nanoribbons contain oxygen-containing
functional groups such as carboxyl (−COOH), hydroxyl (−OH), and epoxy (−O−) groups, which can act as
active sites for chemical bonding. Chitosan, a polysaccharide derived from chitin, also possesses functional
groups like amino (−NH2) and hydroxyl groups. Uranium ions, in their U(VI) form, can form chemical bonds with these functional
groups through various mechanisms such as electrostatic interactions, complexation, and coordination bonds. The combination of
graphene oxide-based materials and chitosan in the nanocomposite aerogel offers several advantages, including a large specific
surface area, chemical stability, and the presence of functional groups for effective uranium adsorption.

■ INTRODUCTION
Every year, radioactive wastewater including mining extraction
of uranium, scientific research, and reactors causes significant
ecological and environmental issues.1,2 Many techniques have
been used to remediate radioactive wastewater, including
chemical processes like ion exchange, precipitation, extraction,
biological degradation, and adsorption.3,4 For separating
radioactive elements, adsorption is considered one of the
more successful approaches. According to the adsorption
theory, various radioactive elements may be chemically and
physically adsorbed by materials, and materials with a porous
structure and a large surface area accelerate the process. In this
concept, microporous and mesoporous materials, foam or
sponge, and hydrogels have been utilized to purify radioactive
elements from wastewater.5 Due to their unusual physico-
chemical features, such as a large specific surface area, great
chemical stability, and an abundance of functional groups
containing oxygen, graphene oxide (GO)-based nanomaterials
have received considerable attention.6,7 These characteristics
make GO-based nanoparticles intriguing candidates for
uranium adsorption. Graphene oxide nanoribbons/chitosan
nanocomposite was appropriate for isolating uranium from
wastewater and recovering it.8 On the surface and margins of

GO are several functional groups, including hydroxyl, epoxy,
carboxyl, and carbonyl.9,10 Due to these functional groups
containing oxygen, GO is a perfect support material to
combine with other chemical functional groups or composites
due to its high dispersion, hydrophilicity, and compatibility.
For environmental contaminants such as uranium and other
radioactive species in wastewater, functional groups of
graphene oxide may be employed as effective adsorption
sites. The functional groups on GO and the experimental
conditions have a significant impact on the uranium adsorption
capacity of GO-based nanomaterials. Many publications show
that pristine GOs have varied adsorption capabilities owing to
diverse synthesis processes and factors influencing adsorp-
tion.11 Furthermore, different modification approaches may
typically increase the adsorption capabilities of modified GOs,
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which might be related to improved stability and dispersion, as
well as the presence of additional functional groups and surface
effective sites.
Chitosan (CS), a natural biopolymer obtained from the

deacetylation of chitin, exhibits biocompatibility and biode-
gradability, making it an environmentally friendly option for
various applications, such as wastewater treatment.12 More-
over, due to its possession of amino and hydroxyl functional
groups, chitosan has the ability to form chelation complexes
and engage in electrostatic interactions with metal ions,
including uranium. Consequently, chitosan can effectively
adsorb and eliminate metal ions from the solution. By
combining graphene oxide (GO) with chitosan (CS), the
unique properties of both materials synergistically contribute
to the development of an adsorbent with enhanced character-
istics. The introduction of a 3D network formation of chitosan,
through its combination with other materials like GO, further
enhances the stability and mechanical strength of the
adsorbent, thereby improving its effectiveness in adsorbing
uranium and other contaminants.13More recently, we synthe-
sized graphene oxide, graphene oxide nanoribbons, and sodium
alginate nanocomposite aerogels (GO/GONRs/SA) using
hydrothermal and lyophilization treatment in order to remove
uranium from simulated wastewater.14 Here, graphene oxide,
GONRs, and chitosan were employed to increase the
adsorption capacity and hydrophobicity, which is considered
a development of our previous research. Sodium alginate was
replaced with chitosan to study the effect of this change on the
adsorption capacity, given that chitosan possesses functional
groups different from sodium alginate.14 Therefore, the goal of
this work was to synthesize a GO/GONRs/CS aerogel using
chemical exfoliation and lyophilization process in order to
remove uranium from simulated wastewater. The shape and
surface properties of the materials were examined by using
various approaches, and the efficiency of aerogels in adsorbing
uranium from aqueous solutions was evaluated.

■ EXPERIMENT
Materials. As a precursor, graphite powder (99% purity,

Chemical Reagent from China) was used to produce graphene
oxide (GO). Graphene oxide nanoribbons (GONRs) were
generated using multiwalled carbon nanotubes (MWCNTs,
Cheap Tube Inc., USA). Potassium permanganate (KMnO4,
BDH) served as an oxidant in the production of GONRs and
GO. From uranyl nitrate ((UO2(NO3)2·6H2O, solid 98−102%
BDH, England), 1 g/L stock solutions of uranium were
produced. 2.109 g of uranyl UO2(NO3)2·6H2O was dissolved
in deionized water containing 1 mL of concentrated HNO3. In
a 1 L standard flask, the solution was diluted with deionized
water until the mark is reached. The supplier of chitosan (CS)
was Grantham Life Sciences UK). Analytical-grade supple-
mentary reagents and deionized water were utilized to prepare
all of the solutions.
Preparation of GO/GONRs/CS Aerogels. Graphene

oxide (GO) was prepared by a combination of H2SO4 and
H3PO4 with a volume ratio of 9:1 (180:20 mL). The liquid was
agitated for 15 min before the addition of 1.5 g of graphite
powder. Next, 9.0 g of KMnO4 was added gently while the
mixture was swirled continuously. The mixture was stirred
constantly for 12 h. To stop the process after 12 h, 4 mL of
30% hydrogen peroxide (H2O2) was added with 200 mL of
freezing deionized water, and then the solution was colored
brilliant yellow. For purification, the mixture was divided into

many centrifuge tubes. For each washing step, cleaning was
carried out by switching between 10% hydrochloric acid (HCl)
and deionized (DI) water, centrifuging at 5000 rpm for 15 min.
After that, the finished product was dried in an oven set to 80
°C for 24 h.15
Unzipping multiwalled carbon nanotubes was used to create

GONRs preoxidizing MWCNTs (1 g) in 150 mL of
concentrated sulfuric acid at room temperature for 6 h, while
stirring continuously was a usual procedure. After adding 500
wt % KMnO4, the reaction mixture was agitated for an hour at
room temperature. The mixture was heated at 55 °C for 30
min. After being brought up to 70 °C, the reaction mixture was
allowed to stabilize for a while before being allowed to cool to
room temperature. After adding the mixture to 400 mL of ice
and mixing it with 5 mL (10%) of H2O2, the mixture was
filtered through a PTFE membrane (0.5 μm). The substance
was diluted in 120 mL of deionized water and then sonicated
for 30 min. Following a PTFE membrane filtering of the
mixture, the filtrate was dried at 60 °C for 24 h.15−17
The dried GO of 0.32 g (8 mg/mL) and GONRs of 0.32 g

(8 mg/mL) were evenly dispersed in 20 mL of 2% acetic acid
by ultrasonication for 1 h and then mixed with 20 mL of (1 g)
CS solution (25 mg/mL) also in 2% acetic acid.18 The GO/
GONRs/CS suspension combination was then transferred to a
20 mL syringe (needle diameter: 0.8 mm) and added to 1 M
NaOH solution at a controlled rate of injection (5 mL/h). The
GO/GONRs/CS hydrogel beads were vacuum-freeze-dried for
72 h after being rinsed with deionized water five times.19−21

Adsorption Experiments. A predetermined quantity of
the GO/GONRs/CS aerogel was added to a uranium solution
for uranium adsorption investigations. The adsorbent (aerogel)
was then extracted using centrifugation, and after that, the
supernatant was examined by ED-XRF (Rigaku, USA). The
removal rate (p) and the adsorption capacity (qe) were
calculated using the following equation:

=
×

q
C C V

M
( )

e
o e

(1)

= ×p
C C

C
( )

100%o e

o (2)

where V (mL) is the uranium volume, M (mg) is the dose of
GO/GONRs/CS aerogel, and C0 (mg/L) and Ce (mg/L) refer
to uranium concentrations for the initial and adsorption
equilibrium, respectively.
Characterization. Using SEM, TEM, FT-IR spectroscopy,

and XRD, the materials were characterized. To generate SEM
pictures, the SEM measurements were performed using a
TESCAN MIRA3 French scanning electron microscope with a
15 kV electron beam. Using a BRUKER TENSOR 35
spectrophotometer 65, in pressed KBr pellets (Aldrich, 99%,
analytical reagent), the FT-IR spectra of the samples were
recorded at room temperature. Using an X-ray diffractometer
(X'pert PAnalytical Philips, Holland), with Cu K radiation line
of wavelength 1.54 Å in 2θ range from 10° to 80°, the crystal
phases were verified at 25 °C. The CuKα radiation source was
adjusted at 40 kV voltage, 30 mA current, and 10°/min
scanning speed. The TEM images of the nanocomposite were
recorded on a Phillips EM 208S microscope at 100 kV.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01608
ACS Omega 2024, 9, 27260−27268

27261

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Characterization of GO/GONRs/CS Aerogels. The FT-

IR spectra of GO, GONRs, and GO/GONRs/CS aerogel are
shown in Figure 1. The FT-IR spectra of GO (Figure 1a) show

characteristic peaks at 1621 cm−1 (C=C double bond) and
1393 cm−1 (indicating the bending vibrations of the groups
−CH and −CH2). Besides, the distinctive bands of GO are
located near 1726, 1613, and 1048 cm−1, which correspond to
the stretching vibrations of the carbonyl C=O and double-
bound C=C, as well as epoxy C−O. However, the broad peak
with the value 3165−3501 cm−1 indicated −OH of the
carboxylic group.22−24 The FT-IR spectrum results for GONRs
also showed a range of vibrational frequencies as shown in
Figure 1b. GONRs exhibited characteristic peaks at 1539 cm−1

(double bond C=C), 2976 cm−1 (−CH and −CH2 stretching
vibrations), 1005, 1118 cm−1 (for C−O stretching vibration),
and 1697 cm−1 (C=O stretching vibration).17

The FTIR results of the (GO/GONRs/CS) aerogel are
shown in Figure 1c. The peaks of GONRs are shown at 1400,
1541 cm−1 (double bond C=C), 3192 cm−1 (O−H bending
vibration for water adsorption), 1375 cm−1 (for −CH alkane
bending), 2942 and 2872 cm−1 (−CH and −CH2 stretching
vibration), 1162 cm−1 (for C−O stretching vibration), and
1701 cm−1 (C=O stretching vibration). The GO/GONRs/CS
composites revealed two new extra absorbance bands at 650
and 1022 cm−1, which correspond to the C−O stretching
vibrations of −NH and the −NHCO bending of −NH2,
respectively. This proves that CS was successfully grafted onto
the GO/GONRs.25,26

Figure 2 displays the X-ray diffraction (XRD) spectra of GO,
GONRs, and GO/GONRs/CS aerogels. The XRD spectra of
GO are shown in Figure 2a. At 12.22°, the diffraction peaks
formed, which corresponded to the characteristic peak of GO.
The peak at 2θ = 12.22° of GO corresponded to the (001)
crystal plane reflection of GO. Another peak was observed at
2θ = 43°, which belongs to the crystal plane (100).27 The XRD
structural characterization findings are displayed in Figure 2b.
In GONRs, the (002) and (100) planes are responsible for the
25.0° and 43.0° diffraction peaks.28 Figure 2c depicts the GO/
GONRs/CS aerogel microspheres’ XRD patterns 2. This
composite’s distinctive diffraction peak was seen at 2θ = 11°,
along with a large peak for CS at 2θ = 20.37°. However, the
GO/GONRs/CS aerogel microspheres’ XRD patterns were

almost identical to those of pure CS, and there was hardly any
GO peak visible. This finding demonstrated that GO was not
added to the GO/GONRs/CS aerogel microspheres, altering
their amorphous structure. Therefore, rather of a chemical
reaction between the CS and GO sheet, the sole physical
contact (including van der Waals forces, hydrogen bonds, and
π−π stacking) may be to blame. Further, the addition of GO
caused the diffraction intensity to drop and the peak at 2θ =
20.35° to expand, indicating that the amount of CS that was
crystallized reduced as a result of the addition of GO.29 In
summary, the crystal structures of GO, GONRs, and GO/
GONRs/CS aerogel microspheres are revealed by the XRD
spectra, which also show the presence and configuration of
each plane’s crystal. The XRD patterns indicate that there is
less CS crystallization in the composite material, indicating that
the interaction between GO and CS is mostly physical rather
than involving a chemical process.
Figure 3a indicates that GO has a two-dimensional sheet-like

structure. The SEM pictures clearly show that GO has
numerous lamellar layer structures and that the margins of
individual sheets can be distinguished.30 The films are layered
one on top of the other and have wrinkled sections. It is also
crucial to note that the GO sheets’ borders are thicker. This is
because the functional groups that include oxygen were mostly
connected at the GO’s boundaries. The SEM images displayed
in Figure 3b demonstrate that the GONR sheets have a
somewhat rougher surface and a larger ribbon structure. In
addition, it is possible to note the porous shape formed by the
graphene oxide ribbons, as well as the enlargement of the
edges, which is due to the presence of functional aggregates,
especially aggregates like carboxylic, hydroxyl, and epoxy
groups.31 The GO/GONRs/CS aerogel has a randomly
distributed, interlinked, porous, and 3D structure, as shown
in Figure 3c; the wrinkled sheets are spread out like a leaf and
connected by continuous macropores. Zooming in on a single
sheet reveals a chitosan surface with a smooth surface covered
with graphene sheets.32

The TEM images, which are displayed in Figure 4, clearly
illustrate the formation of graphene oxide sheets and ribbons as
well as the fabrication of these materials by using chitosan and
the creation of a triple network.

Figure 1. Spectra of FT-IR for GO (a), GONRs (b), and GO/
GONRs/CS (c) aerogels.

Figure 2. Patterns of XRD for (a) GO, (b) GONRs, and (c) GO/
GONRs/CS aerogels.
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■ ADSORPTION OF URANIUM(VI) ON
GO/GONRS/CS AEROGELS

Effect of Solid Dosage. According to Figure 5, the
quantity of U(VI) that sorbs onto GO/GONRs/CS aerogels
increased as the solid concentration increased. However, after
adding 15 mg of sorbent, there were no discernible changes in
the quantity of U(VI) adsorption on the GO/GONRs/CS
aerogels. Therefore, the subsequent sorption studies employed
15 mg of sorbent. Using 15 mg of sorbent ensures that the
maximum adsorption capacity of the aerogels is utilized
without any excess sorbent, which allows for the efficient use of
resources and avoids unnecessary wastage of the sorbent
material. Additionally, using a fixed sorbent amount of 15 mg
allows for consistent and comparable results in the subsequent
sorption studies.33

Effect of pH. One of the most critical parameters that plays
a significant effect in GO-based materials’ uranium adsorption
is pH. The pH value of solutions containing uranium could
affect the surface charge of GO-based nanomaterials and the
species of uranium in the solution, thereby influencing the
interaction between these nanomaterials and uranium species
and resulting in varying adsorption efficiencies at different pH
values. It is evident from Figure 6 that the adsorption capacity
of the adsorbent is highly dependent on the solution’s pH
value. At a low solution pH, a significant quantity of H+

competes with uranyl cations for binding sites on the
nanocomposite adsorbent surface, hence decreasing the
uranium(VI) adsorption efficiency. Because the deprotonation
process GO-based nanoparticles become negatively charged on
their surface when the pH of the solution rises, positive uranyl
ionic complexes such as (UO2)3(OH)5+, (UO2)2(OH)22+, and

Figure 3. FESEM images of GO (a), GONRs (b), and GO/GONRs/CS (c) aerogels.
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UO2OH+, and are simultaneously produced, electrostatic
interactions between the positively charged uranyl complexes
and the negatively charged surface of composite as uranium
adsorbents increase, hence enhancing the uranium adsorption
efficiency. increasing the pH of the solution might cause
uranium ions to hydrolyze, resulting in the production of
anionic complexes such as UO2(CO3)34−, UO2(CO3)22−,
(UO2)3(OH)7−, UO2 (OH)3−, or UO2(OH)2 precipitation
and, subsequently, a decrease in uranium adsorption efficiency.
It was shown that the optimum pH for this adsorption is 6.
Adsorption Kinetics. According to Table 1 and Figure 7,

15 h is the optimal time to complete the adsorption process
between the GO/GONRs/CS aerogel and uranium solution to
attain complete equilibrium. The contact time necessary to
attain adsorption equilibrium is a significant characteristic that
reflects the adsorption capabilities of uranium adsorbates.
Changes in adsorption capacity as a function of contact time
characterize the adsorption dynamics. The large specific
surface area and numerous functional groups on the surface
of the aerogel play crucial roles in enhancing the adsorption

Figure 4. TEM images of GO/GONRs/CS: (a) 100 and (b) 300 nm

Figure 5. Solid dosage effect of the GO/GONRs/CS aerogel on the
adsorption capacity at 313 K, 24 h, 250 mg/L of U, pH = 6.02.

Figure 6. Effect of pH on adsorption capacity at 313 K, 24 h, mass of GO/GONRs/CS = 15 mg, conc. U = 100 mg/L.
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rate of U(VI), and therefore the adsorption equilibrium of
U(VI) on the aerogel may be reached rapidly.
Two alternative kinetic models�pseudo-first-order and

pseudo-second order models�were employed to investigate
the adsorption mechanism process. The following eqs 3 and 4,
respectively, may be used to express the models.

= ·q q q k tln( ) lne t e 1 (3)

= +t
q k q

t
q

1

t 2 e
2

e (4)

where qe (mg/g) is the quantity of U(VI) sorbed at
equilibrium time and qt (mg/g) is the amount of U(VI)
sorbed at any time (h). The adsorption rate constants of
pseudo-first-order and pseudo-second-order adsorption are
denoted by k1 (h−1) and k2 (g mg−1 h−1), respectively.
The equations’ important kinetic parameters were com-

puted, and the results of k1 and k2 are reported in Table 1. As
can be seen, the computed qe,cal value was so close to the
experimental qe,exp, suggesting that the pseudo-second-order
model was better suited to represent the adsorption process of
U(VI) on GO/GONRs/CS aerogels. Additionally, the pseudo-
second-order model had the highest correlation coefficient
(R2) when compared to other kinetic models (pseudo-first-
order).
Initial U(VI) Concentration Effect and Isotherm

Studies. To understand the effect of the initial uranium
concentration on adsorption, several experiments were
conducted with uranium concentrations ranging from 50 to
350 mg/L. When the equilibrium concentration of U(VI)
increased, so did the amount of U(VI) sorption on the GO/

GONRs/CS aerogels. The maximal sorption quantity was
discovered to be 1208.85 mg/g under the given testing
circumstances.
Freundlich and Langmuir isotherm models were used to

simulate the equilibrium sorption isotherms. According to the
Langmuir isotherm model, sorption occurs on a homogeneous
surface via monolayer adsorption, and there are no interactions
between the neighboring binding sites of the adsorbates on the
surface.34 It may be written as eq 5.

= +C
q q K

C
q

1e

e max L

e

max (5)

where Ce is the equilibrium concentration (mg/L), qe is the
sorbed quantity at equilibrium (mg/g), qmax (mg/g) refers to
the adsorption capacity of the Langmuir monolayer, and the
constant of equilibrium is KL (L/mg).
The Freundlich isotherm model can be described as an

actual correlation between the solute adsorption from a liquid
surface and a solid surface. It presupposes the involvement of
many sites with various sorption energies, and its linear form is
provided by eq 6:

= +q K
n

Cln ln
1

lne F e (6)

where KF [(mg/g) (L/mg)1/n] and n are the Freundlich
constants that correspond to, respectively, the sorbent’s
capacity for sorption and the intensity of sorption.
The slopes and intercepts of the plots of Ce/qe versus Ce and

ln qe versus ln Ce were used to compute the related parameters
(Table 2). When R2 values were compared, it was discovered
that the Freundlich isotherm best described the sorption
features of U(VI) on the GO/GONRs/CS aerogels.
Thermodynamic Studies. Sorption thermodynamics is an

essential component to comprehend the energy change and
establish whether the process might be spontaneous. Table 3
includes ΔG°, ΔS°, and ΔH° (thermodynamic parameters) of
U(VI) adsorption in a hybrid aerogel. Table 3 shows that the
sorption process is endothermic and spontaneous. Because of
the positive values of ΔS°, ΔH°, and ΔG°, high temperatures
were preferred for the reaction.

Table 1. Kinetic Parameters of U(VI) Sorption on GO/
GONRs/CS Aerogels

qe,exp/(mg/g) pseudo-first-order kinetics

k1/(h−1) qe,cal/(mg/g) R2

750.329 0.29 285.89 0.8467
qe,exp/(mg/g) pseudo-second-order kinetics

k2/(g mg−1 h−1) qe,cal/(mg/g) R2

750.329 0.001608 784.87 0.9989

Figure 7. Relationship between the adsorption capacity and contact time at 313 K, pH 6.02, mass of GO/GONRs/CS = 15.2 mg, conc. U = 243
mg/L.
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Equation 7 is used to calculate the change in the
thermodynamic parameters of the sorption process.

= +K H
RT

S
R

Ln eq (7)

Keq represents the distribution coefficient (mL g−1), whereas R
represents the gas constant (8314 J mol−1 K−1) and T
represents the absolute temperature (K). ΔS is the entropy
change (J mol−1 K−1), and ΔH is the enthalpy change (kJ
mol−1). Eq 8 represents the change in Gibbs free-energy (ΔG)
values (kJ mol−1).

° = ° °G H T S (8)

The values of ΔH and ΔS in Table 3 were determined using
the slope and intercept of the plots of ln Keq versus T−1, as
opposed to eq 7. The endothermic nature of the adsorption
process and the rise in randomness at the solid−solution
interface during adsorption were shown by the positive values
of ΔH and ΔS, respectively. The ΔG value progressively fell
with the rising temperature until it was negative, showing that
the sorption process was spontaneous in all of the investigated
circumstances.
Comparison between GO/GONRs/CS Adsorbents and

the Literature Studied. A comparison of the maximum
adsorption of U(VI) onto various adsorbents under different
experimental conditions is given in Table 4 for uranium. As
seen, the maximum adsorption of U(VI) ions onto GO/
GONRs/CS adsorbents is higher than that of the other
reported adsorbents.

■ CONCLUSIONS
The conclusion provided effectively summarizes the key
findings and implications of the study. It emphasizes the
efficient adsorption of uranium from wastewater using
graphene oxide/graphene oxide nanoribbons/chitosan aero-
gels. The study highlights the chemisorption mechanism,
indicating strong chemical interactions between uranium ions
and the functional groups on the aerogel surface. The high
adsorption capacity of 1208.85 mg/g for U(VI) demonstrates
the effectiveness of the aerogels in removing uranium from
aqueous solutions. The study also acknowledges the unique
physicochemical properties and functional groups of the
graphene oxide-based nanomaterials, which contribute to
their promising uranium adsorption capabilities. with an
endothermic, spontaneous, and pH-dependent process. The
combination of graphene oxide, GONRs, and chitosan in
aerogels enhanced the adsorption capacity and hydrophobicity,
making them effective in removing uranium from aqueous
solutions. The adsorption process followed a pseudo-second-
order kinetic model and was well described by the Freundlich
model. The study highlights the potential of GO-based
nanocomposites for efficient uranium adsorption in wastewater
treatment.
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Table 2. Adsorption Isotherm Parameters of U(VI) Sorption on GO/GONRs/CS Aerogels

sorbent Langmuir sorption isotherm Freundlich sorption isotherm

qmax(mg g−1) KL(L mg−1) R2 KF [(mg g−1)(L m1)1/n] n R2

GO/GONRs/CS 1208.856 0.205 0.86 210.76 1.936 0.927

Table 3. Thermodynamic Parameters for U(VI) Adsorption
on GO/GONRS/CS Aerogels

ΔH(kJ mol−1) ΔS (J mol−1 K−1) ΔG(kJ mol−1)
12.182 62.513 −6.134 293 (K)

−6.446 298 (K)
−6.759 303 (K)
−7.072 308 (K)
−7.384 313 (K)

Table 4. Comparative Study of the U(VI) Adsorption
Capabilities by GO/GONRs/CS with Different Known
Adsorbents

adsorbent adsorption capacity (mg/g) ref

GO 99 35
GO-NH2 215.2 36
GONRs 394.1 37
GONRs/CS 320 8
GO-CS-AO 348.75 38
GO/GONRs 327.8 39
MAFP/GO/CS 260.58 40
CS/GO-4 271.2 41
COOH-GO-CTS 64.93 42
GO/GONRs/SA 929.16 14
GO/GONRs/CS 1208.85 This study
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