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a b s t r a c t
A novel adsorbent of hydroxy-aluminum impregnated chitosan (Al-CTS) was fabricated via in-situ 
hydrolysis and impregnation technique for the removal of U(VI) from aqueous solutions in this 
study. Al-CTS was characterized by scanning electron microscopy (SEM), Fourier transforms infra-
red spectroscopy and X-ray photoelectron spectroscopy, to explore the adsorption properties and 
the reaction mechanism of Al-CTS for U(VI). The results showed that hydroxy-aluminum (AlOOH) 
was successfully loaded on the CTS surface. The consequence revealed that surface complex between 
Al–O bond, –NH2 group, –OH group and U(VI) may participate in the adsorption processes, and 
the main mechanism is the surface complexation of the internal sphere. This process fitted well with 
quasi-second-order kinetic model (R2 > 0.99), Langmuir and Freundlich isothermal model (R2 > 0.98). 
Compared with CTS, the adsorption capacity of Al-CTS for U(VI) increased by 23.85 mg/g, and the 
cationic interference degree was small. It is expected to be used to separate and recover uranium 
from radioactive wastewater.
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1. Introduction

In recent years, with the rapid development of the nuclear 
industry, the demand for uranium as an important raw 
material for the nuclear industry is increasing. Meanwhile, 
the environmental pollution caused by uranium has been 
paid more and more attention. Low concentration uranium-
contained wastewater will inevitably enter the environment 
along with environmental migration and food chain enrich-
ment, which poses a potential threat to the natural ecological 

environment and human health [1,2] (affecting the water 
quality of mining areas, corrosion of pumps, pipelines, and 
other equipment; teratogenic mutagenesis; affecting the 
normal growth and activity of animals and plants). How to 
effectively treat uranium-contained wastewater and recover 
uranium has become an urgent nuclear environmental prob-
lem. At present, the treatment methods of uranium-con-
tained wastewater include chemical precipitation [3], solvent 
extraction [4], biological treatments [5], membrane separation 
[6], adsorption [7–9] and zero-valent metal remediation [10]. 
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Among them, the adsorption method has the advantages of 
high adsorption efficiency, low operation cost, without sec-
ondary pollution and reusable adsorbent.

As a highly efficient adsorbent, nano-metal oxides have 
large specific surface area and high reactivity [11]. The use 
of nano-metal oxides to adsorb heavy metals in water has 
gradually become a research hotspot. Among these metal 
oxides, nanoscale AlOOH shows a good adsorption effect 
in water treatment. There are a large number of hydroxyl 
groups on the surface of AlOOH, which has excellent 
adsorption properties for heavy metals [12,13]. However, 
due to the fine powder of nanoscale AlOOH, it is difficult 
to separate and recycle in water, and it is easy to cause sec-
ondary pollution, which limits its application in the water 
treatment process. Therefore, to prepare granular adsorbent 
materials, researchers mostly use the method of particle 
carrier modification. The chitosan biopolymer produced by 
deacetylation of chitin has good hydrophilicity and a stable 
complex structure with uranyl ions. It is a good adsorbent 
for uranium separation. Hydroxy-aluminum impregnated 
chitosan (Al-CTS) adsorbent is prepared by self-crosslink-
ing of chitosan and embedding hydroxy-aluminum into 
chitosan polymer gel [14]. It can improve the adsorption 
capacity, selectivity and mechanical strength of chitosan for 
uranium. It can also solve the problem that AlOOH is a fine 
powder, which is difficult to separate and recycle in water. 
It is expected to be used to separate and recover uranium 
from radioactive wastewater.

Hence, in this study, a novel sorbent of Al-CTS was 
fabricated via in-situ hydrolysis and impregnation tech-
nique for the removal of U(VI) from aqueous solutions. The 
underlying surface reaction mechanism was carefully char-
acterized by scanning electron microscopy (SEM), Fourier 
transform infrared spectroscopy (FT-IR) and X-ray photo-
electron spectroscopy (XPS) of the samples before and after 
adsorption. Furthermore, the adsorption behavior of Al-CTS 
for U(VI) was investigated with respect to different experi-
mental conditions such as initial solution pH, reaction time, 
ionic strength, temperature, concentration of U(VI), and 
interfering ions. The regeneration of adsorbents was also 
considered. The adsorption kinetics and isotherms were 
conducted to evaluate the adsorption capacity of Al-CTS.

2. Materials and methods

2.1. Chemicals and instruments

2.1.1. Chemicals

Benchmark U3O8 (analytical purity) was obtained from 
the Sixth Institute of Nuclear Industry (Hengyang, China). 
Chitosan (degree of deacetylation > 95%); aluminum chloride 
hexahydrate (AlCl3·6H2O), acetic acid (CH3COOH), hydro-
chloric acid (HCl), sodium hydroxide (NaOH), silver nitrate 
(AgNO3), sodium nitrate (NaNO3) are all analytical pure 
reagents; experimental water is ultrapure water.

2.1.2. Instruments

Electronic constant speed mixer (JHS-1/90 Hangzhou 
Instrument and Electric Machinery Factory, Hangzhou, 
China); pH meter (PHS-3C, Shanghai Instrument and 

Electrical Science Instrument Co. Ltd.); ultraviolet-visi-
ble spectrophotometer (UV-2350, Beijing Purkinje General 
Instrument Co. Ltd., Trading Company, Shanghai, China); 
scanning electron microscope (JSM-7500F, JEOL Company of 
Japan); Fourier transform infrared spectrometer (NICOLET 
6700, Thermo Fisher Company, USA); XPS photoelectron 
spectrometer (ESCALAB250, Thermo Fisher Science, USA); 
zeta potentiometer (ZEN3690, Malvern, UK).

2.2. Material preparation

2.2.1. CTS pretreatment

Chitosan powder was dissolved in 250  mL, 5% acetic 
acid solution, stirred uniformly at room temperature, aged 
for 30 min, dried at 338 K for 24 h, and sealed preservation.

2.2.2. Preparation of AlOOH

12.07  g AlCl3·6H2O was dissolved in 50  mL deionized 
water. Under the action of continuous heating and stirring, 
the NaOH solution of 1 M was slowly dripped by the basic 
burette to form granular spheres. The titration was stopped 
when the pH value reached 7.0  ±  0.1. Maintained the pH 
value equilibrium for 30  min, aged for 24  h. The resulting 
precipitate was filtered while being washed with ultrapure 
water and repeated several times until no white precipi-
tate formed after the addition of the AgNO3 solution to the 
filtrate. The filtered cake was put into the oven and dried at 
338 K for 24 h [14]. The AlOOH material was obtained.

2.2.3. Preparation of Al-CTS

Under the action of continuous heating and stirring, the 
pretreated CTS (5  g) was mixed with AlCl3·6H2O (0.25  M) 
solution. Then slowly dripped into NaOH (1 M) solution by 
a basic burette to form granular spheres. The titration was 
stopped when the pH value reached 7.0 ± 0.1. The remaining 
steps were the same as 2.2.2.

2.3. Characterizations

The Al-CTS samples before and after adsorption were 
systematically analyzed by SEM, FT-IR, and XPS. The 
zeta-potentials of Al-CTS were measured on a nanoscale and 
zeta potential instrument (ZEN3690, Malvern).

Specifically, zeta-potentials were measured at different 
pH conditions. The solution pH was adjusted by NaOH 
(0.1  M) and HC1 (0.1  M) and dispersed by ultrasound for 
10 min. The Al-CTS (0.5 g) was put into the deionized water 
and the electrical properties and isoelectric points were 
analyzed.

2.4. Adsorption performance experiments

To study the adsorption performance of Al-CTS for 
U(VI), the experiments were carried out in Erlenmeyer Flasks 
placed in a temperature-controlled orbital shaker at a rate of 
160 r/min. First, took 20 mg/L U(VI) standard solution 25 mL 
in Erlenmeyer Flasks, adjusted initial pH value of the solu-
tion with acid (0.1–0.5 M HCl) and base (0.1–0.5 M NaOH). 
Then added adsorbent (20  mg), oscillated reaction under 
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constant temperature shaking bed for a while. Finally, the 
solution became clear after filtration. And determined resid-
ual solution U(VI) content by 2-(5-bromo-2-pyridylazo)-
5-diethylaminophenol spectrophotometry [15]. According 
to Eqs. (1) and (2), calculated the adsorption capacity and 
removal rate of Al-CTS for U(VI). All experiments were per-
formed in duplicate and averaged values were reported.
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Here R is the removal rate of U(VI), (%); Q is the adsorp-
tion capacity of Al-CTS for U(VI), (mg/g); C0 is the initial 
concentrations of U(VI), (mg/L); Ce is the equilibrium con
centrations of U(VI), (mg/L); V is the volume of solution, (L); 
m is the mass of adsorbent, (g).

3. Results and analysis

3.1. Adsorption mechanism of U(VI) by Al-CTS

3.1.1. Scanning electron microscopy

The SEM characterization results of CTS (a) and Al-CTS 
(b) are shown in the figure. As shown in Fig. 1a, CTS is an 
amorphous spatial network polymer. The surface is smooth 
and folded, with a large number of slit or wedge-shaped 
holes. The structure can effectively increase the surface area 
of the material. From Fig. 1b the smooth surface of Al-CTS 
shows a nano-sized white granular structure with a diame-
ter of 30–100 nm, irregular shape, an uneven inner surface, 
and large internal voids. This may be related to the coordi-
nation sites between metal and chitosan. Specifically, it can 
be seen that the AlOOH particles are uniformly loaded on 
the CTS surface.

3.1.2. Fourier transform infrared spectroscopy

The FT-IR spectra of CTS (a), pre-adsorption Al-CTS 
(b) and post-adsorption Al-CTS (c) are shown in Fig. 2, 

respectively. In the FT-IR spectra of CTS (a), the characteris-
tic broadband near 3,435 cm–1 corresponds to the interaction 
of the stretching vibration of O–H and N–H in chitosan par-
ticles [16]. The absorption peak at 2,875 cm–1 is attributed to 
the stretching vibration of saturated C–H in chitosan. The 
characteristic peaks of the chitosan –NH2 group appear at 
3,435 and 1,604  cm–1 [17]. The absorption band at 1,300–
1,000  cm–1 is due to the C–O stretching vibration, and the 
absorption band at 1,081 cm–1 is due to the bending vibra-
tion of hydroxyl groups, indicating that there are alcoholic 
hydroxyl groups in the structure. For the pre-adsorption 
Al-CTS (b), the absorption peak of O–H shifts at 3,435 cm–1, 
which may be related to the loading of AlOOH on the 
CTS surface and the formation of more hydroxyl groups. 
The peaks at 1,084 cm–1 corresponds to the bending vibra-
tion of Al–OH, and the peaks at near 608 and 477 cm–1 are 
corresponding to Al–O stretching and bending vibrations, 
concluding that AlOOH has been successfully compounded 
onto the CTS surface [18].

Analysis and compare pre-adsorption Al-CTS (b) and 
post-adsorption Al-CTS (c), the results show that Al-CTS 
migrates greatly at 3,449 and 1,640 cm–1, and the intensity of 
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Fig. 1. SEM characterization of CTS (a) and Al-CTS (b).
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Fig. 2. FT-IR spectra of CTS (a), pre-adsorption Al-CTS (b) and 
post-adsorption Al-CTS (c).
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the peak decreases. This is due to the coordination reaction 
between N atom in –NH2 group and U(VI) and the forma-
tion of the N→U(VI) coordination bond [19]. The bending 
vibration of O–H corresponding to the absorption peak at 
1,084 cm–1 has shifted, indicating that hydroxyl groups also 
participated in the adsorption reaction, thus weakening the 
vibration intensity of O–H. The corresponding Al–O stretch-
ing vibration at 608 and 477 cm–1 shift to 599 and 466 cm–1, 
indicating that surface complexation or ion exchange of 
U(VI) with Al–O bond may occur during the adsorption 
process [17,20].

3.1.3. X-ray photoelectron spectroscopy

In this study, the adsorption mechanism of U(VI) by 
Al-CTS is studied by XPS characterization of Al-CTS before 

and after adsorption. The characteristic peaks of Al 2p, O 1s, 
U 4f7/2, and N 1s are carefully analyzed by XPS technique. 
The XPS spectra are as follows:

Fig. 3a shows the XPS spectra of Al 2p before and after 
adsorption. Al 2p has only one diffraction peak with a bind-
ing energy of 73.9  eV, representing hydroxides or oxides 
of aluminum [21]. This indicates that AlOOH has been 
successfully loaded on the surface of CTS. After adsorbing 
U(VI), the peak area of Al–O (73.9 eV) decreases by 19.21%. 
In addition, O1s before adsorption (Fig. 3b), the peak at 
531.6  eV represents the binding energy of Al–O, and the 
peak at 532.6 eV represents that CTS itself contains C–O–C 
or C–O–H structure [22]. O 1s after adsorption (Fig. 3c), the 
peak area of Al–O (531.6  eV) decreases by 18.98%, while 
the peak area of C–O (532.6 eV) does not change before and 
after adsorption. The results show that the surface complex 
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Fig. 3. XPS spectra of the Al-CTS: (a) Al 2p before and after adsorption, (b) O 1s before adsorption, (c) O 1s after adsorption, (d) U 4f 
after adsorption, (e) N 1s before and after adsorption, and (f) N 1s after adsorption.
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between Al–O bond and U(VI) may participate in the 
adsorption process.

From the XPS results of U 4f in Fig. 3d, it can be seen 
that the double peaks are due to orbital spin splitting of 4f 
level electrons in uranium atom, and correspond to U 4f7/2 
and U 4f5/2, respectively. The peak at 4f7/2 can be attributed 
to UO2 (U(IV)) with a binding energy of 380.3 ± 0.4 eV and 
UO3 (U(VI)) with binding energy of 381.6 ± 0.3 eV [23]. From 
Fig. 3d, the binding energy at U 4f7/2 is 381.6 eV and at U 4f5/2 
is 392.6  eV, it can be concluded that the uranium is on the 
Al-CTS surface with U(VI) form. The valence state of uranium 
has not changed during the removal of U(VI) by Al-CTS. The 
reaction mechanism is mainly adsorption, and there is a little 
reduction reaction.

Fig. 3e is the XPS spectra of N 1s before and after adsorp-
tion, and Fig. 3f is the peak fitting spectra of N 1s after 
adsorption. By comparing the XPS spectra of N1s before 
and after adsorption, it can be found that the N1s peak of 
Al-CTS is a single peak, and the binding energy is 399.1 eV 
(–NH2 group). After U(VI) adsorption, a new –NH3

+ group 
with binding energy of 401.2 eV appears. Compared with 
399.1  eV N1s, the new N1s binding energy of 401.2  eV 
increased by 2.1 eV, which indicates that N tends lone pair 
electrons being shared, and it is easy to provide lone pair 
electrons to form complex [24]. The reason for the increase 
of binding energy may be that –NH2 in CTS provides lone 
pairs of electrons to form a complex with U(VI) and thus 
adsorbs U(VI) [25]. This is consistent with FT-IR analysis, 
indicating that the adsorption of uranium by Al-CTS is 
due to the coordination of lone pair electron pairs provided 
by –NH2 with U(VI).

3.1.4. Zeta-potentials

The surface electric property is a dominant factor 
to affect the sorption behavior of the adsorbent. From 
Fig. 4, the pHzpc (zero point charge) value is calculated 
to be 6.2, indicating that the surface property of Al-CTS 
is positive at pH  <  6.2 and carried the negative charge at 
pH > 6.2.

3.2. Adsorption performance of U(VI) by Al-CTS

3.2.1. Effect of initial pH

The effects of CTS, AlOOH, and Al-CTS on the adsorp-
tion of U(VI) were investigated under the conditions of 
solution initial pH in the range of 3.0–8.0, as shown in 
Fig. 5. Among the three materials, the adsorption effect of 
AlOOH is relatively poor, the removal rate is only 75.2% at 
pH 6.0. This indicates that AlOOH has little effect on ura-
nium migration and is not suitable for use as an adsorbent to 
treat uranium in wastewater. CTS at pH 4.0–5.0 and Al-CTS 
at pH 6.0–7.0 have a better adsorption effect, the optimum 
removal rate are 94.7% and 98.6%, respectively. Compared 
with CTS, because of the amphoteric chemical properties of 
aluminum, the optimum pH of adsorbing U(VI) by Al-CTS is 
extended to neutrality, which makes it more practical in the 
treatment of U(VI) wastewater.

At low pH, uranium ion is mainly in the form of UO2
2+. 

Competitive adsorption of H+ and protonation of active 
sites (hydroxyl and amino groups) may lead to a decrease 
of U(VI) removal efficiency [26]. As shown in Fig. 4, the 
zeta potential of Al-CTS indicates that with the increase of 
pH, the amino group and hydroxyl group are deproton-
ated gradually. When the pH > pHzpc, the surface charge 
of Al-CTS becomes negative, and the removal rate tends to 
decrease. This may be due to the formation of non-complex 
anion species (such as (UO2)OH3

– and (UO2)3OH7
–) and these 

anionic substances repel the negative charge on the adsor-
bent surface [27]. It is speculated that the adsorption mecha-
nism of uranyl ions is the coordination between uranyl ions 
and free active sites (deprotonated amines and hydroxyl 
groups) [17].

Fig. 6 also shows the effect of ionic strength (in the 
presence of different NaNO3 concentrations) on the adsorp-
tion of U(VI) by Al-CTS. The adsorption of U(VI) is hardly 
affected by the ionic strength at different pH values, suggest-
ing that the main adsorption mechanism is internal sphere 
surface complexation rather than external sphere surface 
complexation or ion exchange [17].
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Fig. 4. Zeta potentials of Al-CTS varies with pH.
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Fig. 5. Effect of initial pH on removal of U(VI) (time = 80 min, 
T = 298 K, adsorbent dosage = 0.8 g/L, and U(VI) = 20 mg/L).
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3.2.2. Effect of initial U(VI) concentration

The effects of CTS, AlOOH, and Al-CTS on the adsorp-
tion of U(VI) were investigated under the conditions of 
initial concentration of uranium in the range of 10–120 mg/L, 
as shown in Fig. 7. The capacity of uranium adsorbed by 
these three materials increases with the increase of initial 
uranium concentration. When the initial uranium concentra-
tion is more than 50 mg/L, the adsorption capacity of CTS 
and AlOOH tends to be stable, while the adsorption capacity 
of Al-CTS continues to increase, up to 82.34 mg/g, which is 
23.85 mg/g higher than that of CTS. This is due to the incor-
poration of the active group (hydroxyl) of fine dispersed 
AlOOH nanoparticles into the CTS matrix, the adsorp-
tion capacity of Al-CTS adsorbent is higher than that CTS 
microspheres.

3.2.3. Effect of reaction time and reaction kinetics

The effect of reaction time on the U(VI) removal by 
Al-CTS was investigated with variation of reaction time from 
20 to 120 min. As shown in Fig. 8, at the initial stage of the 
reaction, the removal rate of U(VI) in the solution increases 
rapidly with the reaction time. With the extension of the reac-
tion time, the removal rate and adsorption capacity increase 
gradually, but the growth rate slows down. After 60 min, the 
reaction reached equilibrium, and the maximum adsorption 
capacity reached 24.65 mg/g.

To intensive study, the reaction kinetic characteris-
tics of Al-CTS on U(VI), the kinetics of U(VI) adsorp-
tion by Al-CTS were linearly fitted by pseudo-first-order, 

pseudo-second-order and intra-particle diffusion models 
(Table 1). The three model expressions are as follows:

ln lnq q q k te t e− = −( )  1 	 (3)

t
q k q

t
qt e e

= +
1

2
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q k t Ct = × +dif
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Here qe is the adsorption capacity at equilibrium, (mg/g); 
qt is the adsorption capacity at time t, (mg/g); k1 (1/min), k2 
(g/mg min) and kdif (mg/g min−1/2) are respectively the kinetic 
constants of pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion models; C is the influence constant 
of boundary layer thickness on the adsorption process.

Pseudo-second-order kinetic model is used to describe 
the chemical adsorption behavior of valence bond due to 
sharing or exchanging electrons in the process of adsorbing 
nuclide ions between solid and liquid [9,28]. Table 1 shows 
that the pseudo-second-order kinetic model has the highest 
correlation coefficient, and the standard deviation between 
qe and qe,act (the actual equilibrium adsorption capacity) is 
only 0.92%. It shows that the pseudo-second-order kinetic 
model is more suitable for describing the chemical process of 
uranium adsorption by Al-CTS. In addition, the fitting curve 
of the intra-particle diffusion model and the intercept of the 
Y-axis are not zero, which indicates that the adsorption rate 
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Table 1
Basic parameters of the kinetic model

Kinetic model qe k1 k2 kdif C R2

Pseudo-first-order 1.244 0.0211 0.8006
Pseudo-second-order 24.88 0.0402 0.9999
Intra-particle diffusion 0.1482 23.186 0.8316
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is not controlled by a single step of intraparticle diffusion, 
but by multiple adsorption mechanisms [29].

3.2.4. Effect of temperature and adsorption isotherms

At temperatures of 288, 298, and 308 K, investigated the 
effects of Al-CTS on the removal of U(VI) respectively. As 
shown in Fig. 9, when the initial concentration of U(VI) is 
low, the three curves coincide basically, indicating that the 
temperature change has a little effect on the adsorption of 
U(VI). When the concentration of U(VI) continues to increase, 
the distance between the temperature curve of 288 K and the 
curve of 298  K gradually increases. And with the increase 
of temperature, the adsorption capacity corresponding to 
each concentration increases slightly, which indicates that 
the adsorption process is endothermic, and the increase of 
temperature can promote the adsorption of U(VI) [30]. The 
distance between the temperature curve of 298  K and the 
curve of 308 K is very small, it is indicated that continuous 
increase of temperature has no obvious effect on the adsorp-
tion of U(VI).

The experimental data were fitted according to Langmuir 
and Freundlich isotherm equations. The equations are as fol-
lows, and the fitting parameters are shown in Table 2. The 
Langmuir model assumes that the removal of adsorbate 
occurs on an energetically homogenous surface through 
monolayer adsorption, and the Freundlich model is derived 
by assuming multilayer adsorption with a non-uniform dis-
tribution of adsorption heat and affinity over the heteroge-
neous surface [31,32].

C
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C
q bq

e

e

e= +
max max

1 	 (6)

ln ln lnq K
C
ne F
e= + 	 (7)

Here Ce is the equilibrium concentration of U(VI) in 
solution, (mg/L); qe is the equilibrium adsorption capacity 
of U(VI), (mg/g); qmax is the maximum saturated adsorption 
capacity, (mg/g); b is the adsorption equilibrium constant, 
(L/mg); KF is the adsorption coefficient, (mg1–n Ln/g); n is the 
adsorption strength constant.

According to the data in Table 2, Langmuir and Freun
dlich adsorption isotherm models can well fit the adsorption 
results. The correlation coefficients (R1

2  >  R2
2) indicates that 

the Langmuir model is the main adsorption model of the 
composites. It suggests that mono-layer chemical adsorp-
tion is dominated in the adsorption of U(VI) onto Al-CTS. 
The maximum adsorption capacity (qmax) is found to be 
77.52  mg/g for U(VI) at 308  K. The maximum adsorption 
capacities of various chitosan-based adsorbents for U(VI) 
are shown in Table 3. Among them, the adsorption capac-
ity of Al-CTS adsorbent has certain competitive advantages. 
In addition, in the Freundlich model, the n values at all three 
temperatures are greater than 1, which indicates that the 
adsorption process is preferential and the adsorption capac-
ity of Al-CTS is large [37].
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Fig. 8. Effect of reaction time on removal of U(VI) (pH  =  6.0, 
T = 298 K, adsorbent dosage = 0.8 g/L, and U(VI) = 20 mg/L).
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Fig. 9. Adsorption isotherms at different temperatures (pH  =  6.0, 
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Table 2
Isotherm model fitting parameters

T (K) Langmuir Freundlich

qmax (mg/g) b (L/mg) R1
2 KF (mg1–n Ln/g) n R2

2

288 67.11 1.242 0.9893 28.628 2.525 0.9877
298 76.34 3.046 0.9908 60.443 1.909 0.9770
308 77.52 3.308 0.9903 65.385 1.8815 0.9809
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3.2.5. Effect of interfering ions

In the actual wastewater treatment, there are many other 
anions and cations in the wastewater. When the initial con-
centration of U(VI) was 50 mg/L, the pH was 6.0, the adsor-
bent dosage was 20  mg, the temperature is 298  K, and the 
reaction time is 80 min, the effects of common cations Ca2+, 
Zn2+, Fe2+, Mn2+, Cu2+, Cr6+ on the adsorption of U(VI) by 
Al-CTS were discussed.

From Fig. 10, the results show that with the increase of the 
concentration of interfering ions, Fe3+ promoted the adsorp-
tion of U(VI) on Al-CTS. This is due to the complexation 
reaction between U(VI) and the hydrolysate of Fe3+ under 
weakly acidic conditions (the reaction equation (8)). The 
effect of Zn2+ on the adsorption of U(VI) is not obvious, but 
Mn2+, Cu2+, Cr6+ have an inhibitory effect on the adsorption, 
of which Cu2+ has the greatest inhibitory effect, follows by 
Ca2+, Mn2+, Cr6+. It shows that Cu2+ and uranyl ions have the 
same adsorption sites and have strong competitive adsorp-
tion [23]. Overall, within a certain concentration range, the 
presence of six cations has little effect on the adsorption 
performance of Al-CTS, which ensures the good application 
potential and prospect of Al-CTS in wastewater treatment.

FeOH + UO2(OH)+ → FeOUO2OH + H+	 (8)

3.2.6. Reusability experiments

Reusability experiments were conducted to test the sta-
bility and reusability of Al-CTS. According to the above 
experiments, the removal rate of U(VI) by Al-CTS was low 
under strong acid conditions, so used 0.1 M HCl solution as 
desorbent. the Al-CTS after adsorption was put into 0.1  M 
HCl solution for 6 h, then the sample was washed with ultra-
pure water and absolute alcohol three times, respectively. 
After vacuum drying, the adsorption experiments were car-
ried out, and the above steps were repeated several times 
under the same conditions. As shown in Fig. 11, after three 
repeated uses, the removal rate of U(VI) by Al-CTS decreased 
slightly, but still exceeded 90%. This indicates that Al-CTS is 
a reusable adsorbent.

3.3. Adsorption mechanism of U(VI) by Al-CTS

According to the above analysis, the mechanism of 
adsorption of U(VI) by Al-CTS includes two steps: firstly, 
uniformly dispersed AlOOH nanoparticles are formed in 
the chitosan matrix, secondly, U(VI) adsorbed into Al-CTS 

sorbents. The FT-IR and XPS consequence reveal that surface 
complex between Al–O bond, –NH2 group, –OH group and 
U(VI) may participate in the adsorption processes. The ionic 
strength result suggests that the main adsorption mechanism 

Table 3
Comparison of adsorption capacities of various chitosan-based adsorbents for U(VI)

Adsorbents Adsorption capacities (mg/g) References

Chitosan impregnated with magnetite nanoparticles 42.0 [33]
Chitosan hydrogel 68.0 [34]
Chitosan/poly(acrylamide) hydrogel 73.0 [35]
Ethylenediamine-modified magnetic chitosan 82.83 [36]
Pre-treated chitosan 53.67 This work
Hydroxy-aluminum impregnated chitosan 77.52 This work
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is an internal sphere surface complexation rather than exter-
nal sphere surface complexation or ion exchange. U(VI) is 
strongly adsorbed on Al-CTS as an inner-complex through 
surface complexation with the Al–O bond. At the same time, 
Al-CTS provides enough active sites (–NH2 group, –OH 
group) to chelate U(VI).

4. Conclusions

In this study, Al-CTS was successfully fabricated via the 
in-situ hydrolysis and impregnation technique. Compared 
with CTS, the adsorption capacity of U(VI) by Al-CTS was 
greatly improved, and the adsorption capacity was increased 
by 23.85 mg/g. By investigating the adsorption performance 
of Al-CTS for U(VI), the optimum adsorption conditions 
were determined: the initial concentration of U(VI) was 
10–50  mg/L, the initial pH of solution was 6.0, the dosage 
was 20  mg, the temperature was 298  K, and the reaction 
time was 80 min, the removal rate of Al-CTS on U(VI) was 
above 95%. In addition, the adsorption of U(VI) by Al-CTS 
had good regeneration and the cationic interference degree 
was small. The adsorption process followed a quasi-sec-
ond-order kinetic model, indicating that the adsorption was 
mainly controlled by chemical action. The high value of the 
correlation coefficient for the Langmuir isotherms suggests 
that adsorption occurs through homogeneous and mono-
layer adsorption. FT-IR and XPS analysis show that surface 
complex between Al–O bond, –OH group, –NH2 group and 
U(VI) may participate in the adsorption processes, and the 
main mechanism is the surface complexation of the internal 
sphere.
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