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A B S T R A C T

The discharge of uranium into aquatic systems from industrial nuclear waste poses a significant risk to the 
environment and ecological balance. Consequently, it is necessary to create affordable and eco-friendly bio-
sorbents with high adsorption capacity to remove U(VI) pollutants from the liquid phase. In the present research 
work, a novel amine-modified chitosan (AMCS) adsorbent was synthesized through a multi-step chemical 
modification process involving chlorination, Schiff base formation, and subsequent amine functionalization, 
which was utilized for the removal of U(VI) from aqueous environments. This simple and cost-effective cross-
linking approach introduces various functional groups into the chitosan, increasing its attraction to U(VI) ions. 
The synthesized AMCS were systematically characterized through SEM (with elemental mapping), BET, FTIR, 1H 
NMR, and 13C NMR spectral analysis. Batch adsorption tests were performed to assess the impact of pH, U(VI) ion 
concentration, AMCS dose, contact duration, and temperature. A maximal removal efficiency of 94.5 % was 
achieved under optimal conditions: pH 5.0, AMCS dose 0.7 g, contact duration 140 min, initial concentration 50 
mg/L, and temperature 298 K. The maximum monolayer adsorption uptake of U(VI) on AMCS was found to be 
287.7 mg/g at 298 K. The value of pH for the AMCS was obtained at about 5.3. The equilibrium sorption data 
aligned well with the Langmuir model, while the kinetic data were best described by the pseudo-second-order 
model. The sorption process was influenced by film and intraparticle diffusion mechanisms. The thermody-
namic variables entropy (ΔS◦ = 100 J/mol K), enthalpy (ΔH◦ = 4.698 kJ/mol) and Gibbs free energy (− 25.146, 
− 26.131, − 27.149 at 298, 308 and 318 K, respectively), indicated that the sorption of U(VI) onto AMCS was 
spontaneous, endothermic and feasible. After regenerations, the morphology of AMCS was still maintained, and 
the U(VI) adsorption efficiency remained above 75 %, manifesting the excellent cycle performance of AMCS.
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1. Introduction

Water is a fundamental need for all living organisms in the world. 
The primary water source for human consumption was obtained from 
the rivers. Most of the world’s civilizations have evolved on riversides 
historically. The majority of the industries and plants are located in the 
vicinity of water bodies. However, the discharge of pollutants into these 
aquatic systems has severely damaged the ecological balance and poses 
significant risks to human health through processes such as bio-
magnification [1]. When water becomes contaminated with various 
pollutants, it can lead to numerous illnesses and adverse health effects 
upon consumption. With the rapid development of the atomic sector, 
fatal and radioactive levels of uranium were disposed of into the at-
mosphere from uranium mining, nuclear energy plants and refining 
operations [2–8]. Uranium can exist in two oxidation states, i.e., U(IV) 
and U(VI). Significant health effects due to U(VI) poisoning are damage 
to brain, liver and kidney functions and various cancers and genetic 
mutations if directly connected with skin [9]. As a result, practical and 
cost-effective techniques were explored to eliminate U(VI) from 
aqueous, seawater, atomic wastewater, and sewage industries.

A variety of processes, including chemical precipitation [10], cata-
lytic ozonation [11], ion exchange [12], photodegradation [13], elec-
trodeposition [14], solid-phase extraction [15,16], capacitive 
deionization [17], and adsorption [18–21], were applied for the elimi-
nation of uranium and other metal ions from different polluted sources. 
Due to efficiency, operational comfort and excellent feasibility, the 
adsorption technique has become quite important. Regarding costs and 
technical requirements, every material has diverse effects on the 
removal process. However, most of the adsorbents are non- 
biodegradable, creating supplementary pollution. Recently, many ad-
sorbents have been made using biodegradable materials such as chitosan 
and alginate to solve this issue. Chitosan, a polymer of N-acetyl-d- 
glucosamine & β(1-4)-linked d glucosamine units, is obtained through 
the deacetylation of chitin. After cellulose, chitosan is one of the largest 
and most abundant natural polyaminosaccharide. Chitosan with chem-
ical modification fascinated abundant attention due to its strong 
adsorption capability for adsorbing distinct pollutants. Chemically 
modified chitosan adsorbent can potentially adsorb different pollutants 
from various solutions [22,23]. Chitosan received significant attention 
in the sorption process because of its low cost, easy accessibility, low 
toxicity, chemical reactivity, biodegradability, non-toxic and hydro-
philic nature [24].

Chemical changes in chitosan are the primary concern as they would 
not alter the basic chitosan skeleton, maintain the initial physico-
chemical and biochemical characteristics, and eventually produce 
enhanced characteristics [25]. Applying chitosan or modified chitosan 
sorbents removes U(VI) ions from wastewater by potential techniques. 
Carbonaceous Nanofibers [26], MnO2@PPy [27], Amidoxime modified 
chitosan/bentonite composite [28], Magnetic amidoxime- 
functionalized chitosan beads [29], Amidoxime-functionalized mag-
netic chitosan micro-particles [30], α-aminophosphonate functionalized 
chitosan [31], Polyvinylpyrrolidone/Chitosan blended nanofibers [32], 
CuO/X zeolite based nanocomposites [33], graphene oxide–carbon 
nanotubes hybrid aerogels [34], polysulfide/layered double hydroxide 
composites [35], zero-valent iron loaded chitosan [36], agmatine ligand 
functionalized magnetic alginate beads [37], MP/SiO2/p(GMA)-AO 
[38], amine/carboxyl groups modified cellulose beads [39], MGO@Si- 
DADAO particles [40] and TAEA and PEIM ligang decorated p(GA- 
EGMA) microbeads [41] was extensively applied for U(VI) removal. 
Even though more and more adsorbents are still required to eliminate U 
(VI) from an aqueous and polluted environment, To overcome the 
problem here, we prepared a simple and novel with high sorption ca-
pacity sorbent material and utilized it for U(VI) removal. According to 
the authors, there are no scientific reports on the synthesis and assess-
ment of AMCS as a biosorbent for eliminating U(VI) ions from aquatic 
environments.

The novelty of this study lies in developing and characterizing a new 
adsorbent material, AMCS, which proves to be highly efficient in elim-
inating U(VI) from contaminated wastewater. To date, no researcher has 
explored using this adsorbent for U(VI) removal. Consequently, this 
study introduces an innovative and effective solution for treating U(VI) 
in contaminated water. It showcases the adsorbent’s exceptional per-
formance and reusability, emphasizing its potential for removing 
radioactive metals. This research presents a unique approach to water 
purification by launching an adsorbent that boasts unparalleled effi-
ciency, reusability, and adaptability in addressing U(VI) pollutants.

In the present work, AMCS was synthesized using a simple and 
inexpensive crosslinking technique and applied to eliminate U(VI) ions 
from aquatic environments. Various parameters influencing the uptake 
of U(VI) from aquatic environments, such as contact duration, pH so-
lution, AMCS dose, temperature, and U(VI) concentration, on the sorp-
tion process were assessed. Subsequently, SEM (with elemental 
mapping), BET, FTIR, 1H NMR, and 13C NMR spectral analysis were 
employed to characterize the AMCS. Adsorption isotherms, kinetics and 
thermodynamics were studied to assess the sorption performance of U 
(VI). Additionally, tests of the reusability of the adsorbent were con-
ducted to gauge its potential for sustainable and commercial 
applications.

2. Materials and methods

2.1. Materials

Chitosan (degree of deacetylation: >85 %, molecular mass: 110,000 
g/mol, viscosity: 100–200 mPa.s), 3-chloropropanoyl chloride, thio-
semicarbazide, benzaldehyde, thionyl chloride and semicarbazide were 
used and purchased from Sigma-Aldrich. UO2(NO3)2⋅6H2O (Uranyl ni-
trate hexahydrate) was procured from Hubei Chushengwei Chemical 
Co., Ltd., China. All substances utilized in this research were acquired 
and were commercially accessible.

2.2. Adsorbate preparation

An appropriate quantity of UO2(NO3)2⋅6H2O was dissolved in 
deionized water (DI) to formulate a U(VI) stock solution with a con-
centration of 300 mg/L. The desired standard solutions were obtained 
by diluting the stock solutions with an appropriate volume of DI water.

2.3. Adsorbent preparation

The AMCS was prepared following the cross-linking method. 
Initially, 2 g of chitosan was melted by agitation in 100 mL of a 2 % (v/v) 
acetic acid solution, and this reaction blend was stirred for 3–4 h until a 
homogeneous solution was obtained without any air bubbles. Later, 3- 
chloropropanoyl chloride was added to this homogeneous solution, 
which had already been dissolved in 30 mL of methanol and kept at 
room temperature with persistent stirring for 4 h. Resulted in the for-
mation of chloropropanoyl-linked chitosan product (CLCP). A very trace 
amount of CLCP was used for spectral analysis. Add thiosemicarbazide 
to the solution containing the CLCP reaction mixture and shake for 1 h, 
producing thiosemicarbazide reacting with CLCP and forming the TC- 
CLCP product. Further, benzaldehyde was added to TC-CLCP, followed 
by 20–30 mL of methanol and stirred for 2 h. Schiff’s base formation can 
occur through the free amino groups with the benzaldehyde, and we got 
the Sc-TC-CLCP. After that, thionyl chloride was added drop by drop to 
Sc-TC-CLCP, and the reaction proceeded at 60 ◦C for 3 h. As a result, the 
–OH group at C3 was swapped by the chlorine group. Consequently, 
chlorinated Sc-TC-CLCP was obtained. Finally, 25 mL of methanol and 
semicarbazide were added to chlorinated Sc-TC-CLCP (Cl- Sc-TC-CLCP), 
and the reaction was continued at 60 ◦C for 3 h. Ultimately, we got the 
amine-modified chitosan derivative and named it AMCS for further 
representation. The total synthesis part and final product image are 
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shown in Scheme 1.

2.4. Adsorption experiments

All the tests were carried out in batch mode sorption process with 
various operating variables like contact duration, pH, temperature, 
AMCS dose, and U(VI) ion concentration. The pH tests were conducted 
using 30 mL of U(VI) ion solution (50 mg/L) and 0.5 g of AMCS in 50 mL 
conical flasks. pH solution was adjusted with 0.1 M-NaOH/HCl, and the 
tests varied between 1.0 and 10.0. Adsorbent dosage experiments of 
AMCS onto U(VI) ions were conducted by changing the amount of bio-
sorbent between 0.1 and 0.7 g. Contact duration was varied from 0 to 
180 min. The kinetic test was conducted in a 50 mL conical flask 

containing 0.5 g of AMCS and 30 mL U(VI) solution with a 50 mg/L 
starting concentration. Equilibrium studies of AMCS onto U(VI) ions 
were carried out at different temperatures. Once the equilibrium was 
established, the biosorbent sample was separated from the solution 
using filter paper, and ICP-AES was used to determine the concentration 
of U(VI). All U(VI) sorption studies were executed in duplicate, and the 
average of the two values was used for the calculation. The following 
equation achieved the adsorbed quantity of U(VI) at equilibrium: 

qe =
(Ci − Ce)V

M
(1) 

where Ci and Ce (mg/L) were the starting and final levels of U(VI), V (L) 
was the volume of U(VI) solution, qe (mg/g) was the sorption uptake at 

Scheme 1.
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equilibrium, and M (g) was the quantity of AMCS.

2.5. Desorption and reusability of AMCS

U(VI) desorption from AMCS was investigated using varying con-
centrations (0.1–0.4 M) of NaOH as the eluent. Initially, 0.5 g of fresh 
AMCS was mixed with 30 mL of a 50 mg/L U(VI) solution at a pH of 5.0 
for 140 min. The residual U(VI) concentration was assessed using ICP- 
AES to determine how much U(VI) was adsorbed. Next, the unad-
sorbed U(VI) was removed by sensing the U(VI)-loaded AMCS with DI 
water. Ultimately, desorption from AMCS was performed by mixing it 
for a specified duration with 30 mL of each desorption eluent concen-
tration, and the resulting filtrate was analyzed to quantify the U(VI) 
desorbed from AMCS. During the desorption process, the AMCS was 
reused for four additional cycles. The percentage recovery of U(VI), 
representing the effectiveness of the U(VI) desorption from the AMCS, 
was calculated using Eq. (2): 

Desorptionefficiency =
AmountofU(VI)desorbed
AmountofU(VI)adsorbed

X100 (2) 

2.6. Error analysis

The chi-square (χ2) and the sum of the square error (SSE) tests were 
also conducted to determine the best-fit kinetic and isotherm models, as 
represented by the following Eqs.: 

χ2 =
∑

(
qe,exp− qe,cal

)2

qe,exp
(3) 

SSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(qe,cal− qe,exp)
2

√

N
(4) 

where qe,exp and qe,cal refer to the experimental and theoretical uptakes 
(mg/g), respectively, while N denotes the count of experimental 
observations.

3. Results and discussion

3.1. AMCS characterization

3.1.1. BET analysis
The AMCS was analyzed using the BJH adsorption/desorption 

method to determine its pore diameter, pore volume, and surface area. 
The pore volume, pore size and surface area of AMCS were 0.1778 cc/g, 
0.18276 nm, and 58.95 m2/g. In general, if an adsorbent has the length, 
size and diameter of the pore, it can have the highest sorption power. 
Thus, AMCS can be regarded as a popular U(VI) removal sorbent.

3.1.2. FTIR analysis
Various reactive functional groups, including hydroxyl, sulphur, 

carboxyl, carbonyl, amine and amide, were designated feasible sorption 
sites to bind the metallic ions with the adsorbents. An essential analyt-
ical tool is FTIR spectroscopy, which determines the properties of the 
functional groups existing on any material. Fig. 1A and B demonstrate 
the FT-IR spectra of AMCS and U(VI)-AMCS. FTIR spectra of AMCS 
exhibit peaks from 3200 to 3500 cm− 1, reflecting the overlap of N–H and 
O–H stretching vibrations [42]. A band at 3150 cm− 1 could be attributed 
to vibrations of NH stretching [42]. The band observed at 1630 cm− 1 

corresponds to C=O groups from the aldehyde and ketones [43]. The 
peak located at 1560 cm− 1 represents the primary and secondary amide 
groups [22]. The 1130 cm− 1 band is assigned to the C–O vibrations [44].

In the FTIR spectra after U(VI) adsorption, changes in intensity and 
changes in the location of bands can be observed. The initial change was 
the increase in the regions from 3500–3200 cm− 1 to 4200 cm− 1, which 

suggested the participation of the free hydroxyl group in the sorption 
process. The band was shifted from 3150 to 2946 cm− 1, revealing that 
NH groups were involved in U(VI) sorption. The shift from 1630 to 1647 
cm− 1 reveals the participation of C=O groups in U(VI) biosorption. The 
significant shift from 1130 to 1147 cm− 1 also indicates that the C-O 
groups are mainly involved in U(VI) binding. FTIR analysis shows that a 
potential mechanism of U(VI) adsorption onto AMCS may be caused by 
physisorption, ion exchange, and surface complex/precipitation in 
functional groups.

3.1.3. SEM micrographs
SEM with elemental mapping was applied to characterize the bio-

sorbent and elucidate the probable mechanism of adsorption. SEM im-
ages of pure AMCS and U(VI) loaded AMCS at different magnifications 
are shown in Fig. 2A-–D–. AMCS is almost spherical with a smooth 
surface. The adsorption capacity of AMCS was increased due to its 
amorphous nature. Significant changes in the surface morphology of the 
AMCS, as well as the formation of distinct changes, were observed on 
their surfaces after U(VI) was loaded. We can see clearly from the SEM 
images of Fig. 2C and D that U(VI) was deposited on the AMCS surface. 
Pure AMCS (Fig. 2E) exhibited O, N, C, and S elements. After sorption of 
U(VI), U was found along with O, N, S, and C elements, indicating 
successful U(VI) biosorption with AMCS.

3.1.4. 1H NMR analysis
To reach the final chitosan-modified target, initially, begin with 

preparing propanoyl chloride-linked chitosan (CLCP) from the treat-
ment of 3-chloropropanoyl chloride with chitosan. 1H NMR of CS, CLCP, 

Fig. 1. FTIR analysis of (A) AMCS and (B) U(VI) loaded AMCS.
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TC-CLCP, Sc-TC-CLCP, Cl-Sc-TC-CLCP and AMCS was shown in Fig. 3A- 
–F–. The hydrogen spectral data certified the product formation (Fig. 3B, 
1H NMR of CLCP). The peak at δ 3.82 ppm fits the two protons of NH 
linked methylene group; the other carbonyl-linked methylene proton 
(2H) signal seemed at δ 3.22 ppm, and the remaining spectral values 
such as δ 3.27, 3.39, 3.65, 3.77, 3.91 and 4.58 ppm were related to 
chitosan proton peaks. In that data, the peak number 4.58 ppm goes to 

the second position proton of chitosan. The carbonyl carbon band 
showed at δ 172.7 ppm, along with starting moiety peaks (chitosan), 
confirmed the product. Also, the signals at δ 42.6 and 50.8 ppm were 
related to NH-attached methylene carbon and carbonyl carbon associ-
ated with CH2 carbon.

Later, the above intermediate compound reacted with thio-
semicarbazide, followed by the treatment with benzaldehyde, resulting 

Fig. 2. SEM analysis of (A, B) AMCS; (C, D) U(VI) loaded AMCS; and (E) elemental mapping images of AMCS and U(VI) loaded AMCS.

Fig. 3. 1H NMR spectra of (A) CS; (B) CLCP; (C) TC-CLCP; (D) Sc-TC-CLCP; (E) Cl-Sc-TC-CLCP; and (F) AMCS.
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in composite Sc-TC-CLCP (1H NMR of TC-CLCP and Sc-TC-CLCP). Then, 
chlorination of this product (Sc-TC-CLCP) was done with the help of 
thionyl chloride occurred compound Cl-Sc-TC-CLCP (1H NMR of Cl-Sc- 
TC-CLCP). The final compound (CAM) was formed by the reaction of 
Cl-Sc-TC-CLCP with semicarbazide, which was confirmed by hydrogen 
and carbon spectral data. Peaks found in an aromatic region with the 
values of δ 6.67 (2H), 6.74 (1H), and 6.87 (2H) ppm belong to benzene 
ring protons of the product (1H NMR of AMCS). In addition, the chemical 
shift value at δ 6.93 ppm belongs to aldehyde amine linked proton, i.e., 
HC=NCS hydrogen, δ 3.82 ppm number signal corresponded to NH 
attached methylene protons and carbonyl connected methylene protons 
shift at the value of δ 3.18 ppm. Moreover, the other spectral values in 
Fig. 3F (1H NMR of AMCS) were related to the chitosan group protons.

3.1.5. 13C NMR analysis
On the other hand, the Carbon 13 NMR spectrum of the CS and AMCS 

is shown in Fig. 4A and B. There were three carbonyl carbon peaks 
observed in the spectra, the signal at δ 169.9, 171.8 and 178.1 ppm 
related to carbons of CONHNH, H2NCONH and HNCSN. This means that 
these three peaks revealed the formation of the final chitosan modifi-
cation product. In fact, the other chemical shits are associated with δ 
42.6 (NHNHCH2), 44.7 (HNCH2), 56.6 (CH2CO) and 158.2 (N=CH). 
While the aromatic benzene carbons peak ranges from δ 127.5 to 140.6 
ppm. Meanwhile, the remaining peaks belong to chitosan carbons.

3.2. Point of zero charge (pHPZC)

The solid addition approach was used to identify the pHPZC of AMCS. 
For that, NaOH and HCl (0.1 M) solutions were used to alter a 0.01 M 
solution of NaCl (30 mL) in 50 mL conical flasks to various pH values of 
1.0 to 10.0 (the initial pH, pHi). Subsequently, precisely 0.5 g of AMCS 
was introduced to several flasks and incubated for 24 h at 200 rpm in a 
shaking incubator at 298 K. Every flask’s pH was tested after incubation 
and noted as the final pH (pHf). Plotting the variance between the pHi 
and pHf values against the original pH data yielded the following result: 
ΔpH = pHf − pHi. Plotting the curves at zero pH and crossing them with 
the X-axis will yield the pHPZC value. From Fig. 5A, the pHPZC of the 
AMCS is 5.3. When the pH is lower than the pHPZC, the AMCS surface 
becomes positively charged due to the protonation of amine groups. 
Conversely, when the pH exceeds the pHPZC, the surface of AMCS 

becomes negatively charged as a result of deprotonation.

3.3. Influence of solution pH

pH performs a vital role throughout the sorption process. It can 
regulate the surface charge of the biosorbent and the ionization of the 
sorbate in the solution as well as the dissociation of functional groups. 
The impact of pH on U(VI) removal was examined from 1.0 to 10.0 
(Fig. 5B) at 298 K with a constant U(VI) concentration (50 mg/L). The 
concentration of H+ ions is very high at lower pH values. In most cases, 
the protons can easily protonate with amine groups to form –NH3

+, and it 
will also affect the sorption uptake of the AMCS. Hence, the number of 
active binding sites will be reduced, and there will be competition be-
tween the H+ and UO2

2+ ions. Upon raising the solution pH, the differ-
ence in U(VI) sorption is generally due to changing U(VI) species. The % 
removal of U(VI) onto AMCS rises with the rising pH from 2.0 to 5.0. The 
U(VI) removal efficiency by AMCS strongly depends on variations of the 
solution pH, and the removal percentage of U(VI) rises with rising pH to 
a maximal value (pH 5.0). At low pH values, uranium predominantly 
exists as free uranyl ions (UO22+) in solution. At low pH, uranium is 
primarily found as the free uranyl ion (UO2

2+) in solution. As pH in-
creases, uranyl ions undergo hydrolysis, forming hydrolyzed species 
such as ((UO2)2(OH)2)2+, [(UO2)3(OH)5)+). These species, predomi-
nantly present between pH 4 and 6, remain positively charged and can 
interact with negatively charged adsorbents. With further increases in 
pH, U(VI) generates anionic hydroxyl complexes, including UO2(OH)3

- , 
UO2(OH)4

2− and (UO2)3(OH)7
− , as well as soluble carbon complexes like 

UO2(CO3)2
2– and UO2(CO3)3

4− [45–47]. Above pH 5, negatively charged 
hydrolyzed species begin to dominate the system, leading to reduced 
interaction with highly negatively charged adsorbent materials. This 
decline in interaction is primarily attributed to electrostatic repulsion 
from the coexisting anions resulting from uranyl hydrolysis, conse-
quently decreasing the overall uptake of uranium. Moreover, with an 
increase in the pH (>5), the AMCS surface becomes increasingly nega-
tively charged due to deprotonation, rendering it less capable of 
adsorbing the U(VI) ions. Therefore, for further U(VI) removal tests, pH 
5.0 is considered to be the ideal pH. Similar results were found for the 
pH solutions effect using different adsorbents on the removal of U(VI) 
[27,48,49].

Fig. 4. 13C NMR spectra of (A) CS and (B) AMCS.
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3.4. Influence of AMCS dose

In the sorption process, the dose is a significant parameter that as-
sesses the adsorbent’s sorption ability for a particular initial concen-
tration. The impact of dose studies was performed by changing the 
AMCS mass from 0.1 to 0.7 g with a 50 mg/L concentration of U(VI), as 
displayed in Fig. 5C. U(VI) removal percentage rises with an enhance-
ment of AMCS quantity from 0.1 g to 0.5 g. This clearly indicates that the 
maximum adsorption is achieved at 0.5 g. The pattern that has been 
shown indicates that as the amount of adsorbent grows, so does the 
adsorptive surface area, making more active sites available for adsorp-
tion. After that, (over 0.5 g), it became nearly stable because huge doses 
of the adsorbent inhibited or overlapped its active areas. The above 
findings show that 0.5 g was the ideal dose for all further tests. The same 
phenomenon was reported by Solgy et al. [50].

3.5. Influence of contact time

Experiments on contact time were performed by changing the time 
from 0 to 180 min at room temperature under constant pH 5.0, 0.5 g of 
sorbent quantity, and 30–120 mg/L of adsorbate concentration solution. 
Contact duration influence on the sorption efficiency of U(VI) ions was 
examined by separating the supernatant at various time intervals (0 to 

180 min) and the results acquired are displayed in Fig. 5D. The contact 
time experiments reveal that the sorption capacity rises rapidly in the 
first 20 min, and thereafter it remains constant until attaining adsorp-
tion equilibrium at 140 min. At the initial stage, the active surface sites 
were sufficient; hence, the adsorption rate was fast, and there was a 
strong interaction between the AMCS and the U(VI). Because of attrac-
tive electrostatic attractions, the Van Der Waals strength and rapid 
diffusion on the internal face of the adsorbent led to this adsorption. 
With increasing time, more effective sites were surrounded with the U 
(VI) ions, and the adsorption reached equilibrium at a particular time. 
No significant changes in the adsorption uptake of the AMCS beyond the 
optimum contact time. For further batch sorption experiments, the re-
action time of 140 min was chosen as an optimal contact time. Similar 
results were observed in other studies [42,51].

3.6. Adsorption kinetic modelling

The kinetic analysis gives a clear idea of the conditions of sorbent- 
sorbate interactions. Pseudo-first-order (PFO) [52] and pseudo-second- 
order (PSO) [53] models are applied to determine the kinetic data of 
the reaction. 

qt = qe1(1 − exp(− k1t)) (5) 

Fig. 5. (A) point of zero charge (pHPZC) [pH = 1 to10; electrolyte volume = 30 mL; temperature = 298 K; dosage = 0.5 g; speed = 200 rpm; error bars represent ± SD 
(n = 2)]; (B) effect of pH [pH = 1 to10; Ci = 50 mg/L; V = 30 mL; dosage = 0.5 g; temperature = 298 K; time = 140 min; speed = 200 rpm; error bars represent ± SD 
(n = 2)]; (C) adsorbent dose [dosage = 0.1–0.7 g; pH = 5.0; Ci = 50 mg/L; V = 30 mL; temperature = 298 K; time = 140 min; speed = 200 rpm; error bars represent 
± SD (n = 2)]; and (D) contact time [time duration = 0–180 min; pH = 5.0; Ci = 30–120 mg/L; V = 30 mL; temperature = 298 K; speed = 200 rpm; dosage = 0.5 g; 
error bars represent ± SD (n = 2)] on the removal of U(VI) onto AMCS.
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where qe (mg/g) is the quantity of U(VI) sorbed at equilibrium. k1 rep-
resents the PFO rate constant. Table 1 summarizes the obtained kinetic 
parameters (K1 values) and coefficient values (R2) of the PFO. It can be 
clearly noticed that the correlation coefficients (R2 values) of the PFO 
kinetic model were lower than those of the PSO model. The contrast 
between experimental (qe,exp) and calculated (qe,cal) values indicates that 
the PFO model did not accept U(VI) sorption well. Furthermore, the χ2 

and SSE values of PFO are high compared to PSO (Table 1). 

qt =
q2

e2k2t
1 + qe2k2t

(6) 

where k2 represents the rate constant of the PSO. qt (mg/g) is the 
quantity of U(VI) sorbed at time t. The non-linear PFO and PSO kinetic 
models are shown in Fig. 6 with different U(VI) concentrations. The 
values of k2 are presented in Table 1. It is apparent that the PSO kinetic 
model R2 values were more significant than the PFO model. For the PSO 
model, the calculated (qe, cal) values are much closer to the experimental 
(qe, exp) values. Furthermore, the PSO model displayed lower χ2 and SSE 
values when compared to the PFO model (Table 1). These findings show 
that the PSO model is more desirable for eliminating U(VI) adsorption 
onto AMCS.

The intra-particle diffusion (IPD) model, proposed by Weber-Morris 
[54], was applied via Eq. (7) to explore the diffusion mechanism of the 
process. 

qt=kidt0.5+C (7) 

here, kid (mg/g min0.5) is the IPD rate constant, and the constant C (mg/ 
g) indicates resistance to mass transfer in the boundary layer. The values 
of IPD, kid, were derived from the graph depicting U(VI) uptake, qt, 
plotted against t0.5 at various concentrations, as shown in Fig. 7. These 
values can be found in Table 2. The experimental data for all concen-
trations demonstrate multi-linear plots, indicating that IPD plays a role 
in the sorption process. The non-zero intercepts of the straight lines (C ∕=
0) suggest that IPD is not the only rate-limiting step and that film 
diffusion may also contribute to the adsorption kinetics [55]. In Table 2, 
the diffusion rate constants in all plots follow the decreasing order: kid,1 
> kid,2 > kid,3. The initial stages, which are the steepest portions of the 
graphs, indicate the presence of fresh active sites on the AMCS surface. 
As U(VI) ions occupy the exterior active sites, they attempt to penetrate 
the adsorbent pores and become adsorbed by the interior surfaces [56]. 
Consequently, the adsorption rate gradually decreases in the later stages 
of the curves. In the final stage’s equilibrium condition, the deficient U 
(VI) concentrations significantly reduce IPD. On the other hand, the kid 
values surge with the initial U(VI) concentration, possibly due to the 
increasing driving force, leading to decreased U(VI) diffusion in the 
boundary layer and enhanced diffusion in the solid [55].

3.7. Adsorption isotherms

The adsorbent capability can be defined through sorption isotherms, 
and the adsorption mechanism can be explored much more carefully. In 
order to evaluate and design the adsorption systems, it is essential to 
develop the most adequate correlations for the batch equilibrium in-
formation by using scientific or theoretical equations. The Langmuir 
[57], Freundlich [58] and Sips [59] isotherms are the most popular 

isotherms to describe solid–liquid sorption processes.

3.7.1. Langmuir isotherm
A fundamental supposition of the Langmuir hypothesis is that the 

sorption occurs on the surface of the sorbent at specific homogeneous 
locations. Then, it assumes that no further sorption can occur on this site 
once a sorbate molecule occupies a particular site. The following 
equation represents the Langmuir. 

qe =
qmKLCe

1 + KLCe
(8) 

Here, qe (mg/g) indicates the equilibrium sorption uptake for U(VI), qm 
(mg/g) is the maximal equilibrium sorption uptake, KL (L/mg) is the 
Langmuir constant, and Ce (mg/L) corresponds to the final U(VI)con-
centration in the solution. The qmax value rose from 287.7 to 305.4 mg/g 
as the temperature rose from 298 to 318 K. This enhancement in 
adsorption uptake can be linked to an elevation in the kinetic energy of 
the adsorbent particles caused by the temperature rise. The rise in ki-
netic energy leads to a higher frequency of collisions between the sor-
bent and the sorbate, which results in improved sorption onto the 
sorbent’s surface.

3.7.2. Freundlich isotherm
The Freundlich model, which is based on a heterogeneous surface, 

can be represented by the following Eq.: 

qe = Kf C1/n
e (9) 

Here, qe (mg/g) denotes the quantity of U(VI) adsorbed per unit mass of 
sorbent, while Ce (mg/L) represents the final concentration. The pa-
rameters n and Kf are the Freundlich exponent and Freundlich constant, 
respectively, with Kf reflecting the uptake of AMCS and 1/n indicating 
the sorption intensity of AMCS. For U(VI) adsorption, the 1/n value lies 
between 0 and 1, revealing that the system was favourable below- 
studied conditions.

3.7.3. Sips isotherm
The sips isotherm combines aspects of the Langmuir and Freundlich 

isotherms and is employed to explain adsorption processes occurring at 
specific localized adsorption sites where there is minimal interaction 
between the adsorbate and adsorbent. The following equation can ex-
press this model: 

qe =
qm(KsCe )

ns

1 + (KsCe )
ns (10) 

where qm is the Sips adsorption uptake (mg/g), Ks is the Sips constant 
((L/mg)n

s ), and ns is the Sips heterogeneity factor. The ns value below 1.0 
suggests that the biosorbent binding sites were predominantly homo-
geneous. In the present study, the ns values are below one, confirming 
homogeneous adsorption sites in the biosorption of U(VI) ions.

The isotherm fitting plots are presented in Fig. 8, and the corre-
sponding model variables are listed in Table 3. As shown in Table 3, the 
Langmuir model exhibited the highest correlation coefficient (R2 >

0.9991), indicating a better fit to the experimental data compared to the 
Sips and Freundlich models. Additionally, the Langmuir model yielded 
the lowest values of χ2 and SSE, further confirming its superior 

Table 1 
Pseudo-first-order and pseudo-second-order model constants for the adsorption of U(VI) onto AMCS.

Adsorbent U(VI) Conc. (mg/L) qe,exp (mg/g) Pseudo-first-order Pseudo-second-order

qe,cal (mg/g) k1 (L/min) R2 χ2 SSE qe,cal (mg/g) k2 (g/mg. min) R2 χ2 SSE

AMCS 30 72.6 66.2 0.0508 0.9879 8.649 2.541 73.3 0.0011 0.9988 2.009 0.230
60 98.1 90.6 0.0670 0.9886 7.674 3.588 97.4 0.0013 0.9995 3.231 0.319
90 120.4 115.3 0.0800 0.9862 10.430 4.269 121.9 0.0014 0.9997 0.886 0.094
120 147.1 138.6 0.0901 0.9893 6.805 2.012 150.8 0.0017 0.9986 2.486 0.125
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applicability. Therefore, the U(VI) sorption onto AMCS follows the 
Langmuir model more closely. The overall order of model fit to the 
experimental data is: Langmuir > Sips > Freundlich.

3.8. Thermodynamic analysis

Assessing thermodynamic variables is crucial to predicting the 
adsorption process’s mechanism and feasibility. The thermodynamic 
factors, such as ΔGo (Gibbs free energy change), ΔHo (enthalpy change), 
and ΔSo (entropy change), were calculated using the following Eqs. 
[60,61]: 

Ke =
1000 × Kg × Madsorbate × [adsorbate]0

γ
(11) 

lnKe = −

(
ΔHo

RT

)

+

(
ΔSo

R

)

(12) 

ΔGo = − RTlnKe = ΔHo − TΔSo (13) 

where Ke is the equilibrium constant (dimensionless), γ represents the 
activity coefficient of adsorbate, Madsorbate (g/mol) denotes the molar 
mass of adsorbate, Kg (L/mg) is the constant associated with the fitted 
isotherm model, [adsorbate]0 (mol/L) is the standard concentration, R 
(8.314 kJ/mol K) is the gas constant, and T denotes the temperature. If 

Fig. 6. Non-linear pseudo-first-order and pseudo-second-order kinetic plots for U(VI) onto AMCS at different concentrations [time duration = 0–180 min; pH = 5.0; 
Ci = 30–120 mg/L; V = 30 mL; temperature = 298 K; speed = 200 rpm; dosage = 0.5 g; error bars represent ± SD (n = 2)].

Fig. 7. Intra-particle diffusion model plots for U(VI) onto AMCS at different 
initial concentrations [pH = 5.0; Ci = 30–120 mg/L; temperature = 298 K; 
dosage = 0.5 g; error bars represent ± SD (n = 2)].
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ΔGo values are between − 20 and 0 kJ/mol, then the mechanism should 
be physisorption, but the values in a range of − 80 to − 400 kJ/mol, the 
mechanism is chemisorption and the values in a range of − 20 to − 80 kJ/ 
mol refers the physisorption together with chemisorption [62]. ΔGo had 
negative values (Table 4) and demonstrated that U(VI) adsorption was 
spontaneous at the studied temperatures (298–318 K). Decreasing the 
value of ΔGo with the temperature rise suggests favourable U(VI) 
adsorption. In addition, the value of ΔHo can decide whether U(VI) 
sorption was physical or chemical sorption. If ΔHo is within a range of 
2.1–20.9 kJ/mol physisorption occurs, and chemisorption occurs be-
tween 20.9 and 418.4 kJ/mol. Positive ΔHo value (Table 4) illustrates 
the endothermic existence of U(VI) onto AMCS. The measured ΔHo 

values suggest that the elimination of U(VI) onto AMCS was achieved by 
physisorption. Positive ΔSo value (Table 4) reveals the raised random-
ness at the solid-solution interface during U(VI) removal onto AMCS. 
The thermodynamic study is shown in Fig. 9.

3.9. Regeneration and reusability of AMCS

Recycling biosorbent materials is advantageous as it helps reduce 
operational adsorption costs and the extraction of U(VI) from liquid 
solutions. Fig. 10A illustrates how varying NaOH eluent concentration 
affects the U(VI) adsorption from AMCS. As indicated in Fig. 10A, the 
desorption efficiency decreased from 93.5 % to 51.2 % when applying 
eluent concentrations of 0.1 M NaOH and 0.4 M NaOH, respectively. 
This indicates that more substantial concentrations of NaOH are detri-
mental to the desorption of U(VI) due to the damage to the active sites on 
the surface of AMCS. Consequently, a 0.1 M NaOH eluent was selected 
for the regeneration study, as this concentration provided the highest U 
(VI) recovery during desorption. The reusability of AMCS was assessed 
based on its adsorption–desorption performance, as demonstrated in 
Fig. 10B. In the first step, an efficacy of 93.36 % U(VI) recovery was 
achieved with 0.1 M NaOH; thus, this concentration is ideal for adsor-
bent regeneration. U(VI) recovery percentage decreases gradually, 
increasing the number of cycles. The adsorption potential reduced from 
91.36 to 76.32 %, and the recovery of U(VI) ions reduced from 91.25 % 

Table 2 
Parameter of fitted IPD model during stages I, II and III at different concentrations.

U(VI) Conc. 
(mg/L)

Stage 1 Stage II Stage III

kid,1 (mg/g 
min0.5)

C1 

(mg/g)
R2 χ2 SSE kid,2 (mg/g 

min0.5)
C2 

(mg/g)
R2 χ2 SSE kid,3 (mg/g 

min0.5)
C3 

(mg/g)
R2 χ2 SSE

30 4.383 17.9 0.9696 15.3 4.32 1.148 44.1 0.9069 21.3 11.14 0.315 64.3 0.9824 12.3 5.82
60 5.283 46.3 0.9521 18.4 6.45 1.972 74.6 0.9527 19.32 7.42 0.442 86.1 0.9844 11.6 4.74
90 5.573 70.4 0.9586 21.3 6.01 2.966 85.1 0.9622 16.32 5.43 0.506 113.2 0.9987 2.3 0.46
120 8.373 65.9 0.9624 16.4 5.49 4.971 86.5 0.9992 3.41 1.24 0.642 136.8 0.9959 7.7 1.49

Fig. 8. Non-linear adsorption isotherms plots for U(VI) onto AMCS at different temperatures [temperature = 298–318 K; V = 30 mL; speed = 200 rpm, time = 140 
min; pH = 5.0; dosage = 0.5 g; error bars represent ± SD (n = 2)].
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(1st cycle) to 72.22 % (4th cycle). The % of U(VI) adsorption and U(VI) 
desorption reduced slightly from the first to the fourth cycle. The results 
revealed that AMCS can be frequently used as an adsorbent with mini-
mal loss of the total adsorption power in U(VI) adsorption studies.

3.10. Application of real uranium wastewater analysis

The extraction of uranium from mines and the operation of nuclear 
power plants inevitably lead to the risk of nuclear leakage, producing 
radioactive wastewater that poses serious threats to both environmental 

and human health. To assess the practical applications of AMCS in the 
removal of uranium, we conducted removal experiments using actual 
wastewater from a uranium mining facility in southern China. The 
samples exhibited uranium concentrations of 1.43, 1.72, and 2.12 mg/L, 
with corresponding pH values of 3.2, 3.4, and 3.2. Experimental con-
ditions were maintained without pH adjustment to reflect real-world 
scenarios. It is important to note that the initial pH of the uranium so-
lutions significantly influences the adsorption dynamics; variations in 
pH alter both the morphology of uranyl ions and the surface charge 
characteristics of the adsorbent. Adsorption tests were performed with a 
dosage of 0.5 g of AMCS. The removal efficiencies achieved were 
impressively high, recorded at 62.13 %, 73.24 %, and 65.33 % across the 
different uranium concentrations and the obtained results were depicted 
in Fig. 11. These findings suggest that AMCS exhibits considerable po-
tential for the in-situ treatment of uranium wastewater, offering both 
economic feasibility and effective performance.

3.11. AMCS compared to other biosorbents

Table 5 compares AMCS sorption efficiency for removing U(VI) with 
other biosorbents [27,32,63–72]. The table shows that AMCS has broad 
adsorption potential, and its biodegradability and reusability are some 
of its advantages in U(VI) removal. Compared to the adsorbents listed in 
Table 5, the value of qmax for U(VI) adsorption onto AMCS is much 
higher. The other sorbents have considerably lower adsorption poten-
tial, which may be due to less surface area, pore size, pore volume, and 
availability of functional groups in the sorbent. In Fig. 12A, the study 
clearly explains how U(VI) interacts with the AMCS, and the results 
support that AMCS is more competitive than other adsorbents in U(VI) 
removal. It is worth noting that AMCS effectively removes U(VI) from 
the aqueous medium.

3.12. Adsorption mechanism

The adsorption mechanism of U(VI) was investigated through FTIR 
and SEM, along with elemental mapping analysis. As displayed in Fig. 2, 
the U(VI) that was adsorbed is evenly spread across the AMCS surface, 
indicating that U(VI) adsorption is uniform. Additionally, the distribu-
tion patterns of the elements U, O, S, and N show similarities on the 
AMCS surface, implying that the N, O, and S functional groups are the 
primary sites for U(VI) adsorption. U(VI) can interact with nitrogen, 
allowing it to share electron pairs with UO2

2+ to create complexes that 
facilitate adsorption. These results indicate that nitrogen-containing 
functional groups contribute to the sorption process. Based on the 
analysis provided, the adsorption of uranium by AMCS is influenced by 
several mechanisms, mainly chemisorption with some degree of phys-
isorption, and its mechanism is illustrated in Fig. 12B. Uranyl ions may 
form a complex by coordinating with two nitrogen donors from amine 
groups and two oxygen donors from hydroxyl groups. U(VI) sorption can 
occur through different mechanisms depending on the pH. Under acidic 
conditions, the generated AMCS surfaces become deprotonated, which 
allows uranium ions to be adsorbed onto the AMCS surface via elec-
trostatic attraction. FTIR analysis indicated that AMCS possesses several 
functional groups on its surface, including –OH and − O, which may 
serve as active sites for U(VI) ions through ion exchange. The interaction 
between U(VI) and the functional groups of AMCS is described as a 
monolayer chemical sorption process, supported by the accurate fitting 
of the Langmuir model for the isotherms and the PSO model for the 
kinetics.

4. Conclusions

Economically feasible and environmentally friendly biosorbents with 
high sorption capacities are necessary for removing U(VI) pollutants 
from aqueous solutions and polluted samples. In this research, AMCS 
was synthesized using the crosslinking method, and it was characterized 

Table 3 
Langmuir, Freundlich, and Sips isothermal constants for U(VI) adsorption onto 
AMCS at different temperatures.

Name of the Isotherm Parameters 298 K 308 K 318 K

Langmuir qm (mg/g) 287.7 293.6 305.4
KL (L/mg) 0.0705 0.0748 0.0797
R2 0.9995 0.9991 0.9996
χ2 11.2 12.6 9.7
SSE 6.8 7.2 4.5

Freundlich Kf (mg/g) 98.5 99.19 115.25
n 5.0512 4.9496 5.586
R2 0.9882 0.9889 0.9868
χ2 124.2 133.6 147.9
SSE 56.3 47.8 65.3

Sips qm (mg/g) 52.19 31.53 17.09
Ks (L/g)β

s 0.1538 0.1029 0.0572
ns 0.6340 0.7841 0.9273
R2 0.9965 0.9987 0.9992
χ2 15.6 13.3 11.9
SSE 9.4 8.7 7.1

Table 4 
Thermodynamic parameters of U(VI) onto AMCS.

Temperature (K) ΔGo (kJ/mol) ΔHo (kJ/mol) ΔSo (J/mol K)

298 − 25.146  
308 − 26.131 4.698 100
318 − 27.149  

Fig. 9. Linear plot of 1/T vs. lnKe for the estimation of thermodynamic pa-
rameters for U(VI) adsorption onto AMCS [temperature = 298–318 K; volume 
= 30 mL; speed = 200 rpm, pH = 5; dosage = 0.5 g; error bars represent ± SD 
(n = 2)].
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using various techniques such as BET, FTIR, and SEM with elemental 
mapping, as well as 1H NMR and 13C NMR spectral analysis. The effect of 
several batch process variables, including solution pH (2–10), AMCS 
dosage (0.1–0.7 g), contact time (0 to 180 min), and temperature (298, 
308 and 318), was investigated for U(VI) elimination. The highest 
removal efficiency occurred in an acidic solution (pH 5.0; R% = 94.5 %) 
The adsorption kinetic results indicated that the U(VI) elimination 
process was well-fitted to the PSO kinetic model (R2 > 0.9986). The 
outcomes demonstrated that IPD and film diffusion have an impact on 
the rate-limiting stage of the adsorption process. The isotherms best 
describe the adsorption equilibrium data in the order: Langmuir > Sips 
> Freundlich model. The AMCS’s maximal U(VI) adsorption uptake was 
obtained at 287.7 mg/g at 298 K. The thermodynamic variables ΔGo <

0, ΔHo > 0, and ΔSo > 0 reveal that the adsorption of U(VI) on AMCS 
was spontaneous, endothermic and led to an increase in the system’s 
disorder. The regeneration experiments revealed that AMCS could be 
effectively desorbed using 0.1 M NaOH. Impressively, it maintained 
excellent performance over four cycles, underscoring its potential as a 

reliable and reusable sorbent for the efficient removal of U(VI) from 
contaminated water. The adsorption mechanism confirmed electrostatic 
interactions, complexation, and ion exchange between U(VI) and AMCS. 
This study provides valuable insights into the water treatment field by 
presenting a sustainable and efficient solution for addressing metal 
pollution in environmental matrices.
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Fig. 10. (A) Desorption % of NaOH at different concentrations [NaOH concentration = 0.1–0.4 M; volume of eluent = 30 mL; dosage = 0.5 g; temperature = 298 K; 
time = 140 min; speed = 200 rpm; error bars represent ± SD (n = 2)] and (B) Adsorption-desorption cycles of U(VI) onto AMCS [V = 30 mL; dosage = 0.5 g; 
temperature = 298 K; time = 140 min; speed = 200 rpm; error bars represent ± SD (n = 2)].

Fig. 11. The removal of U(VI) in different concentrations of real wastewater 
samples [V = 30 mL; dosage = 0.5 g; temperature = 298 K; time = 140 min; 
speed = 200 rpm; error bars represent ± SD (n = 2)].

Table 5 
Comparison of AMCS adsorption uptake with various adsorbents.

Name of the Adsorbent pH Temp. 
(K)

qmax 

(mg/g)
Reference

MnO2@PPy 5.0 298 63.04 [27]
Fe-SC4 4.0 298 89.00 [63]
Amidoxime-g-chitosan/bentonite 

[P(AO)-g-CTS/BT
8.0 298 49.09 [64]

Lysinibacillus-GO 4.5 303 149.30 [65]
Polypyrrole 5.0 298 87.72 [66]
Titanate nanotubes 5.0 298 1.40 [67]
Fe3O4@C@MnO2 5.0 298 77.71 [68]
Amidoxime modified multiwalled 

carbonnanotubes
5.0 298 67.9 [69]

PVP/chitosan nanofiber 6.0 298 167 [32]
TNTs/ACF 5.0 298 188 [70]
PCT-2 5.0 298 259.91 [71]
PEI-TMC 6.0 298 212.8 [72]
CGPA 6.0 318 263.86 [73]
IPCL-2 5.0 298 278.8 [74]
Chitosan-FeS@biochar 4.16 308 92.45 [75]
PAO/GH 5.0 298 222.2 [76]
CS-EDTA-LDH 5.0 298 272.3 [77]
AMCS 5.0 298 287.7 Present 

Study
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