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Abstract
In this study, Polyethyleneimine modified magnetic chitosan (MCS-PEI) was synthesized by grafting polyethyleneimine onto 
chitosan and adding magnetic Fe3O4 with sodium polyphosphate as crosslinking agent. The structure of the prepared mate-
rial was characterized by FT-IR, SEM, EDS, XRD and XPS, which showed MCS-PEI was successfully synthesized. After a 
series of single factor experiments, the adsorption data fitted well with the Langmuir model (R2 = 0.99), being the maximum 
adsorption capacity equal 181.8 mg g−1. The pseudo-second-order model (R2 = 0.997) and Dubinin-Radushkevich model 
(R2 = 0.9598) indicated that the adsorption process was chemical adsorption. And thermodynamic studies showed that the 
adsorption was spontaneous and exothermic. The adsorption rate decreased by no more than 4% after the four adsorption–
desorption experiments. This work illustrates that MCS-PEI is an environmental friendly, efficient and low-cost adsorbent.
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Introduction

Currently, nuclear energy plays an irreplaceable role in miti-
gating climate warming because of its high energy density 
and environmental friendliness [1–4]. So it is one of the 
important energy sources to solve the problem of the world’s 
power shortfalls. But large amounts of radioactive waste are 
released from mineral mining, reprocessing of spent nuclear 
fuels, and other related activities [1, 5–7]. Although uranium 
is one of the important raw materials for the nuclear energy 
industry, it is the kind of long-lived and highly toxic radio-
active pollutant with the characteristics of persistence and 
biological accumulation [3, 5, 8–12]. Uranium exists in the 
form of uranium(VI) [13]. If the uranium(VI) solution is not 
strictly managed, it will eventually accumulate in the human 
body, causing varying degrees of damage to the kidney, lung 
and nervous system [4, 14–20]. So, it can lead to having 
serious negative impacts on the ecosystem and human health 
[8, 10, 21–24].

Compared with ion-exchange [25], chemical precipita-
tion [26] and solvent extraction [14], adsorption is consid-
ered to be the most effective and economical technique with 
simplicity and flexibility for removing uranium(VI) from 
aqueous solution [8, 19, 27]. And adsorbents may be more 
appropriate for the removal of metal ions owing to its cost-
effective and simple process [28–31].

In recent years, biomaterials [such as chitosan (CS)] have 
attracted the attention of researchers in the field of envi-
ronmental remediation because of its low cost and easy 
availability. CS is a kind of multifunctional polymer mate-
rial which has no toxicity, harmlessness and high affinity, 
and has porous structure and degradable properties [5, 19, 
32, 33]. It can adsorb uranium(VI) from aqueous solution 
because CS has abundant adsorption sites [34, 35]. There-
fore, CS is considered to be one of the most suitable natural 
polymer materials for separation and biomedical technol-
ogy. However, the poor mechanical properties of CS make 
it difficult to recover, and the adsorption capacity of chitosan 
for uranium(VI) is poor, which limit the application of it 
[36, 37–39]. At present, polyethyleneimine (PEI) is often 
used in dye adsorption, but it is rarely used in the adsorp-
tion of radioactive materials [26, 39–42]. It was found that 
the grafting of PEI onto CS increased the number of amino 
groups and improved the adsorption performance [38, 39]. 
By adding magnetic nanometer Fe3O4 to CS, the adsorbents 
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were easily separated from aqueous solution by the magnetic 
response [37]. Therefore, it is feasible to modify magnetic 
CS with PEI using sodium polyphosphate as crosslinking 
agent.

In this work, firstly, the MCS-PEI was synthesized by 
precipitation polymerization. Secondly, the structure and 
composition of the MCS-PEI were characterized. Next, 
the adsorption conditions were optimized by single factor 
experiments to study the adsorption mechanism. Finally, by 
comparing the existing adsorbents, the advantages of the 
adsorbent with high adsorption efficiency and high economic 
and environmental benefit were highlighted. It is helpful to 
expand the application of CS in the field of environmental 
protection.

Experiment

Main Materials

CS (≥ 95% deacetylation) and PEI were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. 
(Shanghai, China). Sodium polyphosphate was purchased 
from Shijiazhuang Donghua Chemical Co., Ltd. FeSO4 
and FeCl3 were purchased from Tianjin Fuchen Chemical 
Reagent Co., Ltd and Taishan chemical plant, Guangdong 
Province, respectively. UO2(NO3)2·6H2O was purchased 
from a commercial supplier. The reagents used were AR. 
Preparation of 1.00 g‧ L−1 uranium(VI) solution: 0.186 g 
UO2(NO3)2·6H2O was diluted to 100 mL with deionized 
water. Preparation of Arsenazo III solution: 0.1250 g of 
Arsenazo III was diluted to 250 mL with deionized water. 
Sodium acetate-chloroacetic acid buffer with pH 2.5 was 
prepared [21, 26].

Preparation of the Fe3O4

The FeSO4 and FeCl3 were dissolved in 100 mL distilled 
water and stirred for 60 min at 323.15 K in the nitrogen 
atmosphere. Then the pH of solution was adjusted to 10 by 
dropping NH3·H2O. And the mixture solution was stirred for 
3 h at 363.15 K. The precipitate was washed to neutral with 
distilled water and dried in the vacuum.

Preparation of the MCS‑PEI

1 g of CS was dissolved in 100 mL of 2% CH3COOH solu-
tion and 2  g of sodium polyphosphate was added. The 
mixture solution was heated at 328.15 K. Then 10 mL of 
0.1 M Ce(NH4)2(NO3)6 was added, and the reaction time 
was 10 min. 4 g of PEI was added and the mixture was 
then cooled at 298.15 K for 5 h under stirring. When 0.5 g 
of Fe3O4 was added, the pH of the solution was adjusted 

between 7 and 8. After stirring for 2 h and ultrasonic for 1 h. 
After the reaction, the products were magnetically separated 
and rinsed with deionized water until pH was 7, and finally 
freeze-dried for a night. The sample was denoted as MCS-
PEI. The synthetic route of MCS-PEI was shown in Fig. 1. 
It was also shown in Fig. 1 that the adsorbent had good 
magnetism.

Adsorption Experiments

The effects of significant parameters on adsorption includ-
ing temperature, pH, adsorbent dosage, initial concentra-
tion and time were studied by a series of experiments. The 
mass (0.003–0.008 g) of MCS-PEI was added to 20 mL of 
uranium(VI) solution (10–60 mg·L−1). The pH was adjusted 
to 3.0–8.0. Then the conical flask was oscillated on the ther-
mostatic water bath oscillator for 30 min to 240 min at the 
set temperature (298.15–323.15 K). After the oscillation, 
the solid–liquid separation was carried out using the ultra-
filtration membrane. The concentration of uranium(VI) was 
measured by ultraviolet–visible spectrophotometry (UV-
2100) at 650 nm. The concentration of uranium(VI) was 
determined by a standard curve. The fitted linear equation 
was y = 0.0171x + 0.0124 (x (mg·L−1) was the concentration 
of uranium(VI) and y was the absorbance; R2 = 0.9992) [26, 
27]. The adsorbents loaded with uranium(VI) were desorbed 
by mixing with 20 mL 0.1 M NaOH. After desorption for 
4 h, uranium(VI) was subjected to a continuous adsorp-
tion–desorption cycle using the same adsorbent to evaluate 
the reusability.

The adsorption capacity (Q, mg·g−1) and the removal 
efficiency (R, %) were calculated according to the following 
equations:

m and V represented the weight (g) of the MCS-PEI and the 
volume (L) of the solution, respectively. C0 and CV were the 
initial and equilibrium uranium(VI) concentration (mg·L−1), 
respectively.

Results and Discussion

Characterization Research

The MCS-PEI was characterized and the mechanism of 
uranium(VI) adsorption was explored. Figure 2 showed the 
FT-IR spectra of CS and MCS-PEI. Figure 2a showed the 
FT-IR spectra of CS, in which the wide peak at 3423 cm−1 
was attributed to the overlap of the stretching vibration of 

(1)Q = C
0
− CV

/

m × V

(2)R(%) = C
0
− CV

/

C
0
× 100
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–OH and –NH2. There was a stretching vibration peak of 
–CH at 2884 cm−1. The bending vibration peak of 1605 and 
1424 cm−1 were caused by the –NH2. The bending vibra-
tion peak at 1387 cm−1 belonged to the –CH. The stretching 
vibration of C–O at C3 was a strong and sharp adsorption 
band at 1087 cm−1. Also, the peak at 902 cm−1 belonged 
to a pyridine ring stretch [40]. Figure 2b showed the FT-IR 
of MCS-PEI. It was found that the peaks in Fig. 2a were 

roughly similar to those in Fig. 2b. And a new peak appeared 
at 594 cm−1, which was related to the vibration peak of 
Fe–O of Fe3O4 [41]. Besides, the peak strength of 1424 
and 1387 cm−1 decreased, which might be caused by the 
crosslinking of –NH2 and sodium polyphosphate. The peak 
values of 3435 and 1633 cm−1 were higher and the intensity 
was higher, indicating that the number of –NH2 was increas-
ing. In addition, Compared with the FT-IR spectrum of CS, 
the symmetric and asymmetric stretching vibration peaks of 
PEI at 2929 and 2863 cm−1 showed that PEI was success-
fully grafted onto CS [42].

The MCS-PEI was characterized by SEM. The image 
before adsorption was shown in Fig. 3a. It was obvious that 
there was a large void structure in MCS-PEI, which was 
due to the irregular shape of the cross-linking among the 
components of MCS-PEI. These pore structures exposed 
the adsorption sites of MCS-PEI, resulting in the chelation 
between uranium(VI) and functional groups, thus improving 
the adsorption performance [41, 42]. After adsorption of 
uranium(VI), the pore structure became smaller, as shown 
in Fig. 3b, which indicated that uranium(VI) was adsorbed 
on MCS-PEI. EDX is a tool for studying the constituent 
elements of material. The presence of Fe and P elements 
confirmed that sodium polyphosphate and Fe3O4 were 
involved in the synthesis of MCS-PEI, and further confirmed 
the above reasons. As shown in Fig. 4b, the presence of U 

Fig. 1   The synthetic route of the MCS-PEI

Fig. 2   The FT-IR spectra of different monomers: (a) CS and (b) 
MCS-PEI



858	 Journal of Polymers and the Environment (2022) 30:855–866

1 3

element indicated that MCS-PEI had adsorption effect on 
uranium(VI).

The crystal structure of MCS-PEI was studied by XRD, 
and the characterization results are shown in Fig. 5. It could 
be seen that the typical diffraction peaks (220, 311, 400, 440 
and 511) of Fe3O4 all appear in the XRD patterns, which 
indicated that the structure of Fe3O4 was well preserved 
throughout the fabrication process [26, 39, 41]. At 2θ = 20.3° 
There was a peak corresponding to the amorphous phase of 
CS, but in the XRD pattern of MCS-PEI, the peak became 
smaller and wider, which might be caused by the grafting of 
PEI and CS. These results confirmed that Fe3O4 was coated 
in MCS-PEI [40, 42].

To further explain the adsorption mechanism of 
uranium(VI), XPS was used to further study the chemical 
bond morphology of the MCS-PEI surface, and the func-
tional groups involved in the immobilization of uranium(VI) 
were inferred. As expected, a new uranium peak, namely U 
4f peak, was found on XPS of the adsorbed sample [23]. 
In addition, it could be seen in Fig. 6 that the intensity of 
the high-resolution N 1 s spectra also changed significantly 
before and after the adsorption of uranium(VI). N 1 s has 
two peaks before adsorption, representing amino group. 
However, the binding energy of N changed from 400.7 to 
401.5 eV after adsorption. This might be due to the chelation 
between uranium(VI) and amino group, which changed the 
environment around the electron, resulting in the increase of 

Fig. 3   The SEM of the MCS-PEI before (a) and after (b) loaded with uranium(VI)

Fig. 4   EDS spectrums of the MCS-PEI before (a) and after (b) the adsorption of uranium(VI)
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binding energy [6, 17, 21, 27]. It indicated that the adsorp-
tion of uranium(VI) could not be separated from amino 
group.

Adsorption Experiment

Effect of pH

The pH is the key factor affecting the adsorption stabil-
ity. Because it affects the form of uranium(VI) in solution 
and the surface potential of adsorbent surface. The results 
were shown in Fig. 7. With the increase of pH, the adsorp-
tion capacity first increased and then decreased. This was 
because the lower the pH was, the higher the protonation 
degree of amino group on MCS-PEI was, which was infe-
rior to H+. At the same time, the electrostatic repulsion of 
H+ also prevented uranium(VI) from approaching the active 
center of the adsorbent, resulting in the decrease of adsorp-
tion of uranium(VI) by MCS-PEI [1, 12, 31]. The positive 

Fig. 5   XRD patterns of the CS (a) and the MCS-PEI (b)

Fig. 6   Wide XPS spectra of the MCS-PEI before (a) and after (b) the adsorption of uranium(VI); N 1 s narrow XPS spectra of before (c) and 
after (d) the adsorption of uranium(VI)
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and negative charges on the adsorbent surface could effec-
tively explain this phenomenon, as shown in Fig. 8. In addi-
tion, Fe3O4 was unstable in high acid environment and easy 
to be destroyed, resulting in loss of magnetism. When pH 
value exceeded 6.0, complex anions such as (UO2)3(OH)7

−, 
UO2(OH)3

−, UO2(CO3)3
4− and UO2(CO3)2

2−, might be 
formed on the surface of MCS-PEI, which increased the 
electrostatic repulsion and decreased the adsorption effi-
ciency [3, 21, 26, 27]. Therefore, in the following study, the 
pH of uranium(VI) concentration was 6.0.

Effect of Adsorbent Dosage

The adsorbent dosage is another important parameter affect-
ing the adsorption process. The experimental results were 
shown in Fig. 9. With the increase of the dosage, the removal 
rate of uranium(VI) increased first and then tended to be sta-
ble. This might be due to the increase of effective adsorption 
sites with the increase of adsorbent dosage, which reduced 
the amount of uranium(VI) in aqueous solution. At the same 
time, because the amount of uranium(VI) in the solution is 
certain, the removal rate tended to be stable gradually. How-
ever, the adsorption capacity decreased with the increase of 
adsorbent dosage, because the adsorption capacity decreased 
with the decrease of uranium(VI) amount in unit mass.

Effect of Contact Time and Kinetics Study

This study investigated the effect of adsorption time on 
the adsorption of MCS-PEI, and the results were shown in 
Fig. 10. The adsorption of uranium(VI) reached equilibrium 
within 180 min and remained stable during the remainder 
of contact time. Uranium(VI) first diffused to the surface of 
the adsorbent and then allowed uranium(VI) to enter into 
the adsorbent through a network structure. Uranium(VI) was 
adsorbed by the active sites until the sites were occupied, 
so the adsorption rate became very slow until equilibrium 
was reached.

To evaluate the adsorption capacity of the adsorbents 
on uranium(VI) at adsorption equilibrium, two adsorption 
kinetic models were established and studied respectively.

Pseudo-first-order model:

Fig. 7   The effect of initial pH on adsorption of uranium(VI) (initial 
uranium(VI) concentration 50  mg·L−1, the aqueous volume 20  mL, 
temperature 298.15  K, the adsorbent weight 0.006  g, contact time 
180 min)

Fig. 8   The zeta potential of MCS-PEI

Fig. 9   The effect of adsorbent dosage on adsorption of uranium(VI) 
(initial uranium(VI) concentration of 50 mg·L−1, pH 6.0, the aqueous 
volume 20 mL, temperature 298.15 K, contact time 180 min)
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Pseudo-second-order model:

where Qeand Qt represented the adsorption capacity 
(mg·g−1) of the adsorbents at equilibrium and at any time, 
respectively. K1 (min−1) and K2 (g·mg−1·min−1) represented 
the pseudo-first-order and pseudo-second-order model con-
stants, respectively.

The adsorption kinetics of uranium(VI) by the MCS-
PEI was illustrated in Fig. 11 at C

0
 50 mg·L−1. Compared 

with the pseudo-first-order model, the pseudo-second-order 
model was more suitable for fitting normal dynamics with 

(3)ln
(

Qe − Qt

)

= lnQe − K
1
⋅ t

(4)t∕Qt = 1∕K
2
⋅ 1∕(Qe)

2 + 1∕Qe ⋅ t

the correlation coefficient (R2) larger than 0.997, which 
suggested that the interactions of uranium(VI) and surfaces 
rather than mass transport were the rate-determining steps 
of adsorption, so the uranium(VI) adsorption process was 
mainly controlled by chemisorption in Table 1.

Effect of Initial Concentration and Isothermal Adsorption 
Study

To study the adsorption capacity of the prepared material, 
the influence of initial uranium(VI) concentration on the 
adsorption removal rate was studied. The results were shown 
in Fig. 12. With the increase of initial uranium(VI) con-
centration, the removal rate of uranium(VI) decreased. This 
was because as the initial uranium(VI) concentration in the 
aqueous solution increased, the mass of the uranium(VI) in 
the system increased, but the mass of the adsorbent remained 
the same. On the other hand, due to the high mobility of 
uranium(VI) in dilute solution, the interaction between 
uranium(VI) and adsorbents was also increased.

To study the maximum adsorption capacity of the adsor-
bent to uranium(VI), the adsorption isotherms with different 

Fig. 10   The effect of contact time on adsorption of uranium(VI) (ini-
tial uranium(VI) concentration of 50  mg L−1, pH 6.0, the aqueous 
volume 20 mL, temperature 298.15 K, adsorbent weight 0.006 g)

Fig. 11   Adsorption kinetics: pseudo-first-order (a) and pseudo-second-order (b) for adsorption of uranium(VI)

Table 1   Kinetic parameters for 
the adsorption

Kinetic parameters Value

Qe, exp (mg·g−1) 156.7
Pseudo-first-order
  Qe (mg·g−1) 141.2
  K1 (min−1) 0.0226
v R2 0.90224

Pseudo-second-order
  Qe (mg·g−1) 169.5

  K2 (min−1) 0.00028
  R2 0.997
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initial concentrations were tested at 298.15 K. Langmuir, 
Freundlich and Dubinin-Radushkevich (D-R) model were 
used to analyze the adsorption isotherm [43–45].

Langmuir model:

The essential characteristics of the Langmuir model could 
be explained by the dimensionless equilibrium parameter RL, 
which could be expressed by the following equation:

RL value represented: adverse adsorption (RL > 1), linear 
adsorption (RL = 1), favorable adsorption (0 < RL < 1) or irre-
versible adsorption (RL = 0).

Freundlich model:

The D–R model is related to the adsorption energy. We 
can use the EDR value of the isotherm to propose the adsorp-
tion mechanism of chemical adsorption or physical adsorp-
tion. When the EDRvalue is between 8 and 16 kJ ·mol−1, 
chemical reaction takes place in the adsorption process. 
When the EDR value is less than 8 kJ ·mol−1, the adsorption 
process takes place in a physical way.

D-R model:

(5)Ce

/

Qe = Ce

/

Q
max

+ 1
/(

KLQmax

)

(6)RL = 1
/(

1 + C
0
⋅ KL

)

(7)lnQe = lnKF + lnCe∕n

Among them, Qe (mg·g−1) represented the adsorption 
capacity at adsorption equilibrium, and Ce (mg·L−1) repre-
sented the concentration of uranium(VI) at adsorption equi-
librium. Qmax (mg·g−1) referred to the maximum adsorption 
capacity of adsorbents. KL (L mg−1) and KFreferred to the 
adsorption equilibrium constant of the Langmuir model and 
Freundlich model, respectively. And n was the Freundlich 
model constant related to adsorption strength.� represented 
polanyi potential. XDR represented D-R adsorption capac-
ity (mol·Kg−1). kDR represented D-R constant related to the 
sorption energy (mol2·KJ−2). R represented ideal gas con-
stant (8.314 J·mol−1·K−1) and T represented absolute tem-
perature. EDR represented free energy change (kJ·mol−1).

The data showed that RL values ranged from 0 to 1 and 
n was between 1 to 10, which illustrated that the MCS-PEI 
was feasible to adsorb uranium(VI) in Table 2. The data 
presented in Table  3 showed that the Langmuir model 
(R2 = 0.99) was more accurate than the Freundlich model 
(R2 = 0.97) and the D-R model (R2 = 0.96) for uranium(VI) 
adsorption, indicating that adsorption was monolayer 
adsorption Table 3. And the adsorption energy, EDR value, 
was in the range of 8–16 kJ ·mol−1. Therefore, the adsorption 
of uranium(VI) by MCS-PEI was controlled by chemical 
adsorption inFig. 13.

Adsorption Thermodynamics

To further evaluate the effect of temperature on adsorption, 
the thermodynamic parameters of uranium(VI) adsorption 
were calculated by using the following equation. The adsorp-
tion thermodynamics of ΔG0 , ΔS0 and ΔH0 were illustrated. 
The isotherms of adsorbents at different temperatures were 
shown in Fig. 14. The calculated parameters were shown in 
Table 4.

(9)� = RT ln

(

1 +
1

Ce

)

(10)lnQe = lnXDR − kDR�
2

(11)EDR =
(

2kDR
)−0.5

(8)Kd = (C
0
− Ce)∕Ce ⋅ V∕m

(9)lnKd = ΔS0∕R − ΔH0∕(R × T)

Fig. 12   The effect of initial concentration on adsorption of 
uranium(VI) (pH 6.0, the aqueous volume 20  mL, temperature 
298.15 K, the adsorbent weight 0.006 g, contact time 180 min)

Table 2   Equilibrium parameters, RL

Temperature
298.15 (K)

Uranium concentration (mg‧L−1)

10 20 30 40 50 60

RL 0.156 0.0844 0.0579 0.0441 0.0356 0.0298
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(10)ΔG0 = ΔH0 − T × ΔS0

Among them, Kd represented the equilibrium distribution 
coefficient of the adsorbent; C

0
 and Ce were the initial and 

equilibrium concentrations of uranium(VI), respectively; V 
represented the solution volume; m represented the adsor-
bent dosage; T  (K) represented the solution temperature; 
R (8.314 J mol−1 K−1) was the ideal gas constant; ΔH0 (J 
mol−1), ΔS0 (J mol−1 K−1), ΔG0 (J mol−1) were the standard 
adsorption enthalpy, the standard adsorption entropy and 
Gibbs’ free energy change of adsorption, respectively.

Based on the above isotherm findings, the thermody-
namics governing the adsorption of uranium(VI) on adsor-
bents was examined. The results were shown in Table 4. 
The adsorption capacity decreased when the temperature 
increased, and ΔH0 value was negative, indicating that 
the adsorption process was exothermic. The ΔG0 value 
was negative, indicating that the adsorption process was 
spontaneous.

Table 3   The isothermal adsorption model parameters

Isothermal parameters Value

Langmuir isotherm
 Qmax(mg·g−1) 181.8
  KL (L·mg−1) 5
  R2 0.99

Freundlich isotherm
  Kf ((mg·g−1)/(mg·L−1)1/n) 126.4
 n 5.00
  R2 0.97058

D-R isotherm
 XDR 249.64
 −kDR × 10

9 3.40
  R2 0.9598
 EDR(kJ ·mol−1) 12.12

Fig. 13   Langmuir (a), Freundlich (b) and D-R (c) isotherm plot of uranium(VI) adsorption for the MCS-PEI



864	 Journal of Polymers and the Environment (2022) 30:855–866

1 3

Recyclability of the MCS‑PEI

To demonstrate the recyclability of the MCS-PEI, 0.1 M 
NaOH was utilized to regenerate the MCS-PEI adsorbed 

with 50 mg‧L−1 of uranium(VI) at pH 6.0. As shown in 
Table 5, after four recycling uses, the removal efficiency of 
uranium(VI) decreases slightly from 93.8 to 89.8%, which 
was due to the inevitable mass loss of the adsorbent. As 
shown in Fig. 1, the magnetic effect could be used to recover 
the adsorbent to minimize the loss due to mass. It was very 
important for reducing the cost of actual uranium(VI) recov-
ery applications.

Comparison With Different Adsorbents

In order to further predict the potential application prospect 
of the material, the experimental adsorption properties of 
various materials were compared. Table 6 showed the maxi-
mum adsorption capacity of modified chitosan adsorbent for 
uranium(VI). Compared with other adsorbents, the adsorp-
tion capacity of MCS-PEI was significantly higher than that 
of common adsorbents, and the use condition was mild and 
friendly to the environment [14]. Therefore, MCS-PEI is a 
low-cost and efficient adsorbent.

Conclusion

In this work, MCS-PEI with high adsorption capacity and 
environmental friendliness were synthesized by the precipi-
tation polymerization. Through characterization, MCS-PEI 
was successfully synthesized and the amino group of MCS-
PEI played a decisive role in the adsorption of uranium(VI). 
Under the optimized adsorption conditions, the adsorption 
capacity of the adsorbent was 156.7 mg g−1 and the removal 
rate was 93.8% at 298.15 K and pH 6.0. The pseudo-second-
order model and Langmuir model could be well fitted to the 
adsorption process, indicating that the adsorption process 
was mainly affected by chemical adsorption. Thermody-
namic analysis showed that the process was exothermic and 
spontaneous. In addition, MCS-PEI had excellent reusability 
and stability. Compared with other adsorbents, MCS-PEI 
was an environmental friendly, efficient and low-cost adsor-
bent. The results demonstrated that MCS-PEI was a promis-
ing adsorbent for the removal of radioactive pollutants from 
aqueous solution.
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Fig. 14   The plot of the thermodynamic equation for the adsorption of 
uranium(VI) (initial uranium(VI) concentration of 50 mg·L−1, pH 6.0, 
the aqueous volume 20 mL, contact time 180 min, adsorbent weight 
0.006 g)

Table 4   Thermodynamic parameter for uranium(VI) adsorption on 
MCS-PEI

T (K) ΔG0(kJ·mol−1) ΔH0(kJ·mol−1) ΔS0(kJ·mol−1·K)

298.15 −9.43239 −36.3895 −0.09041
303.15 −8.98032
308.15 −8.52824
313.15 −8.07617
318.15 −7.62409
323.15 −7.17202

Table 5   Recycling of MCS-PEI in the removal of uranium(VI)

Number of cycles Initial uranium(VI) (mg·L−1) Removal 
efficiency 
(%)

First cycle 50 93.8
Second cycle 93.2
Third cycle 91.1
Fourth cycle 89.8
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