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Abstract
The kinetics and thermodynamics of the U(VI) adsorption process on amidoximated polypropylene-acrylonitrile-acrylic acid 
(AOPP-AN-AAc) fiber adsorbent were investigated by static adsorption at different temperatures. The process of uranium 
adsorption by the adsorbent was fitted to the pseudo-second-order kinetic model and the pseudo-second-order rate constant 
and the pseudo activation energy at different temperatures were determined. The thermodynamic properties of the U(VI) 
adsorption process by the adsorbent were also evaluated. The optimum conditions of adsorption were determined by study-
ing the effects of U(VI) concentration, solution pH, temperature and stirring conditions on the adsorption equilibrium. The 
desorption and regeneration properties of U(VI) adsorbed on the adsorbent were evaluated in different media.
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Introduction

Seawater is a solution of rare metals such as uranium and 
vanadium with a concentration of about ppb, for example, 
the amount of uranium is 4.5 billion tones, which is equal to 
1,000 times that of terrestrial uranium [1]. Thus, seawater 
can be a major resource of uranium.

Therefore, the recovery of rare metals such as uranium 
from seawater was considered as one of the useful tech-
nologies for energy security of nuclear power plants in 
the future. The concentration of uranium in seawater was 
3.3 μg/L [2], and the pH was 7.5–8.3 [3, 4]. The low con-
centration of uranium in seawater and the high concentration 
of ions coexisting with uranium make it difficult to separate 
uranium selectively. Uranium is present in various forms, 
including UO2(CO3)3

4−, UO2(OH)3
−, UO2(CO3)2

2−, UO2
2+, 

UO2(OH)+, UO2(OH)2, where UO2(CO3)3
4− (84.9%) is the 

most abundant in seawater [5].
Many authors have conducted a number of studies on the 

recovery of uranium from seawater using various organic 

adsorbents, including fibrous adsorbent with excess amidox-
ime groups, PP (polypropylene) grafted with the amidoxime 
group adsorbent, fibrous amidoxime adsorbents (acryloni-
trile) and methacrylic acid and subsequent amidoximation 
[6–12]. Previous studies have investigated the kinetic and 
thermodynamic studies of uranium adsorption processes 
of adsorbents containing amidoxime functional groups, the 
effects of pH and other factors on selectivity and adsorption 
and regeneration [13–15]. The results of reported studies 
showed that adsorbents containing amidoxime functional 
groups have high selectivity for U(VI) and high adsorption 
capacity at the pH of sea water. Therefore, adsorbents con-
taining amidoxime chelate groups are considered to be the 
most promising for uranium recovery from seawater in the 
near future.

In this paper, the kinetics, thermodynamic properties and 
the influence of factors on U(VI) adsorption and reproduc-
ibility of amidoximated polypropylene-acrylonitrile-acrylic 
acid (AOPP-AN-AAc) fibrous adsorbent synthesized by pre-
irradiated method for efficient recovery of U(VI) from sea-
water were investigated.
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Experimental method

Reagents

The AOPP-AN-AAc fiber adsorbents used in this study 
were synthesized by oxidization with hydroxylamine after 
co-grafting of acrylonitrile and acrylic acid (PP-AN-AAc 
fibers) in pre-irradiated polypropylene.

Uranium solution used in experiments was prepared 
by diluting a solution containing 5000  ppm of uranyl 
tricarbonate ion (UO2(CO3)3]4−) to the corresponding 
concentration.

All reagents such as NaCl, KCl, CaCl2, MgCl2, HCl, 
NaHCO3, Na2CO3 etc. used in this study were analytical 
grade and used with no further purification.

Instrument

Spectrophotometer (SP-752PC, China).

Methods

The U(VI) adsorption experiments were carried out by 
adding 0.1 g of AOPP- AN-AAc fiber adsorbent in 50 mL 
U(VI) solution and determining the concentration of U(VI) 
of the solution after reaching equilibrium at a given tem-
perature, time and agitation rate.

Influence of pH for U(VI) adsorption have been inves-
tigated in U(VI) concentrations of 25 mg·L−1 and the pH 
values from pH 3.0 to 9.0.

The pH values in solutions containing U(VI) were 
adjusted using dilute hydrochloric acid or Na2CO3, 
respectively, and finally controlled with two kinds of con-
ventional buffer solutions, CH3COOH-CH3COONa and 
Na2B4O7-H3BO3.

In 50 mL of aqueous solution (pH 8) with initial U(VI) 
concentration of 25 mg L−1, 0.1 g of fiber adsorbent was 
added and the amount of adsorbed U(VI) was determined 
by determining the U(VI) concentration of the aqueous 
solution with the adsorption time, with stirring at 180 rpm 
at different temperatures.

The effect of coexisting ions was evaluated by adsorp-
tion of U(VI) in a solution mixed with a solution of U(VI) 
and a solution with twice the concentration of metal ions 
(55.0 g·L−1 NaCl, 10.4 g·L−1 MgCl2, 2.34 g L−1 CaCl2, 
1.45 g·L−1 KCl) in seawater. Desorption experiments of 
U(VI) on the adsorbent were performed to evaluate the 
desorption rate by immersing 0.1 g of the adsorbent with 
U(VI) ions adsorbed at 20 °C in 100 mL of different con-
centration of the desorber solution (acidic solution and 

alkaline solution) and determining the concentration of 
U(VI) with time under stirring at 180 rpm.

Experiment for the regenerative evaluation of the AOPP-
AN-AAc fiber adsorbent was conducted by considering the 
change in uranium adsorption amount, repeating the opera-
tion of desorption with 100 mL of 0.5 mol·L−1 HCl solution 
after 2 h of adsorption with 0.1 g of fibrous adsorbent in 
50 mL (pH 8) aqueous solution of 25 mg·L−1 initial U(IV) 
concentration and stirring at 180 rpm at 20 °C.

In all experiments, the concentration of U(VI) of the 
solution was determined by the Arsenazo(III) colorimetric 
method (wavelength of maximum absorption; 656 nm). The 
amount of adsorption(qe) was determined by the following 
equation.

where C0 and Ce are the initial concentrations of U(VI) in 
aqueous solution and the concentrations of U(VI) after equi-
libration (mg·L−1), V  is the volume of aqueous solution (L), 
and m is the mass of AOPP-AN-AAc fiber adsorbent (g), 
respectively.

Results and discussions

U(VI) adsorption kinetics

The variation of U(VI) adsorption amount with time on the 
AOPP-AN-AAc fiber adsorbent are shown in Fig. 1.

As shown in Fig. 1, equilibrium at 20 °C was reached 
within about 50 min when the concentration of initial U 
(VI) solution was 25, 50, and 100 mg·L−1. The time taken 
to adsorb 50% was about 6.8 min for three initial concentra-
tions of U (VI) solution.

In order to determine the adsorption rate and validate the 
kinetic mechanisms governing the adsorption process, the 

(1)qe =

(

C0 − Ce

)

ΔV

m
(mg/g)

Fig. 1   Variation of adsorption amount with adsorption time in differ-
ent initial U(VI) aqueous solutions. (U(VI) solution volume: 50 mL, 
pH 8, adsorbent volume 0.1  g, temperature: 20  °C, stirring speed: 
180 rpm)
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pseudo-first-order kinetic model, the pseudo-second-order 
kinetic model, was used to explain the kinetic process. These 
models are most used to account for heavy metal adsorption 
on sorbents, including chelate resins.

The pseudo-first-order kinetic model is based on the fact 
that the adsorption rate of the adsorbate on the adsorbent 
depends on the amount of adsorbate.

The pseudo-first-order kinetic model can be written as 
follows.

where k1 is the pseudo first-order rate constant (min−1), qe 
and qt are the adsorption amount (mg·g−1) of U(VI) at equi-
librium state and time (min).

Integrating at the initial condition of t = 0 , qt = 0 , we can 
obtain the following linear relationship.

The values of the pseudo-first-order rate constants and the 
values calculated from the plot (Fig. 2) between ln

(

qe − qt
)

 
and t are given in Table 1.

The pseudo-second order kinetic model can be written 
following;

(2)
dqt

dt
= k1 ⋅

(

qe + qt
)

(3)ln
(

qe − qt
)

= −k1⋅ ≠ t + lnqe

(4)
dqt

dt
= k2 ⋅ (qe + qt)

2

where k2 is the pseudo-second-order rate constant 
(g·mg−1·min−1).

Integrating at t = 0 at the initial condition of qt = 0 gives 
the following expression.

The linear form of the pseudo-second-order kinematic 
model, the plot between t

qt
− t , is shown in Fig. 3.

The values of the pseudo-second-order rate constants and 
qe calculated from the plot between t

qt
− t were given in 

Table 1.
As shown in Table 1, the experimentally determined 

adsorption amount ( qe,exp ) in equilibrium is not consistent 
with the equilibrium adsorption amount ( qe,cal ) calculated 
from the pseudo-first-order kinetic model, especially with 
the value of the correlation coefficient of 0.96, it can be seen 
that the adsorption process does not match the pseudo-first-
order kinetics, so that the adsorption process is not diffusion 
rate, especially the durability.

However, the equilibrium adsorption amount calculated 
from the pseudo-second-order kinetic model is compara-
tively good with the experimentally determined adsorption 
amount and the correlation coefficient is 0.99, indicating that 
the adsorption process is suitable for the pseudo-second-
order kinetic model.

Based on the pseudo-second-order kinetics, the time 
taken to reach 50% of the adsorption amount from Eq. (6) 

(5)
t

qt
=

1

k1 ⋅ q
2
e

+
t

qe

Fig. 2   Pseudo first-order kinematics model

Table 1   Pseudo first-order 
kinetics and pseudo-second-
order kinetic constants (293 K)

C0(mg·L−1) qe,exp
(mg·g−1)

pseudo-first-order kinetic model pseudo-second-order kinetic model

k1
(min−1)

qe,cal
(mg·g−1)

R2 k2
(g·mg−1·min−1)

qe,cal
(mg·g−1)

R2

25 5.40 0.045 3.23 0.9611 0.0267 5.59 0.9937
50 10.85 0.047 6.77 0.9519 0.0128 11.31 0.9918

100 20.70 0.047 12.78 0.9497 0.0069 21.51 0.9920

Fig. 3   Pseudo second-order kinematics model
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was calculated as 6.7, 6.9 and 6.8 min for initial U(VI) con-
centrations of 25, 50 and 100 mg L−1, respectively.

Variation of adsorption amount with adsorption time at 
different temperatures is shown in Fig. 4.

From the linear form of the pseudo-second-order kine-
matic model, the rate constants were determined by the plot 
between t/qt and t (Fig. 5) at different temperatures.

Based on Arrhenius equation (Eq. 7), the pseudo activa-
tion energy was determined from the t

qt
− t plot (Fig. 6).

where k  is the pseudo-second-order rate con-
stant (g·mg−1·min−1), A is the frequency factor, Ea 
is the pseudo activation energy (kJ·mol−1), T is the 

(6)t1∕2 =
1

k2 ⋅ qe

(7)ln k = lnA −
Ea

R
⋅

1

T

absolute temperature (K), and R is the gas universal constant 
(8.314 × 10–3 kJ·mol−1·K−1).

The pseudo-second-order rate constants and pseudo acti-
vation energies determined at different temperatures were 
given in Table 2.

As shown in Table 2, since the pseudo activation energy 
was calculated as 44.9 kJ·mol−1, the U(VI) adsorption pro-
cess on the AOPP-AN-AAc fiber adsorbent could be con-
sidered as chemisorption.

Adsorption thermodynamics

Considering the thermodynamics of the U(VI) adsorption 
process by the AO PP-AN-AAc fiber adsorbent was very 
important to evaluate the feasibility and spontaneous nature 
of the adsorption process.

There were the following relationships between thermo-
dynamic factors such as enthalpy change, entropy change, 
and Gibbs energy change that reflect the spontaneous nature 
of the adsorption process.

where ΔH0,ΔS0 and ΔG0 are the standard enthalpy 
changes(kJ mol−1), standard entropy changes(J mol−1 K−1), 

(8)ΔG0 = −RTlnkd

(9)ΔG0 = ΔH0 − T ⋅ ΔS0

Fig. 4   Variation of adsorption amount with adsorption time at differ-
ent temperatures. (U(VI) concentration: 25 mg L−1, solution volume: 
50 mL, pH 8, sorbent volume: 0.1 g, stirring speed: 180 rpm)

Fig. 5   Relationship between different temperatures

Fig. 6   Relationship between lnk −
1

T

Table 2   Pseudo second-order rate constant and pseudo activation 
energy

Temperature (K) k

(g·mg−1·min−1)
Ea

(kJ·mol−1)

293 0.0267 44.9
303 0.0310
313 0.0876
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and standard Gibbs energy changes(kJ mol−1) during adsorp-
tion, respectively, and Kd is the adsorption equilibrium dis-
tribution coefficient.

From (8) and (9), the following relation holds.

The distribution coefficient of U(VI) between adsorbent 
and aqueous phase in equilibrium was determined from the 
following equation.

The distribution coefficients of U(VI) in AOPP-AN-AAc 
fiber adsorbents and aqueous phase at different temperatures 
were given in Table 3.

ΔH0,ΔS0 is calculated from the slope and section of the 
plot between ln kd −

1

T
 (Fig. 7) and the values of the thermo-

dynamic parameters were given in Table 4.
The positive value of ΔH0 (42.2 kJ·mol−1) indicates that 

the adsorption process was endothermic and that the U(VI) 
adsorption process was favored at higher temperatures. Also, 
since the ΔH0 value was above 40 kJ·mol−1, a strong inter-
action between U(VI) ions and AOPP-AN-AAc fiber sorb-
ent was shown, indicating that the adsorption process was 

(10)ln kd = −
ΔH0

R
⋅

1

T
+

ΔS0

R

(11)kd =
qe(mg∕g)

Ce(mg∕mL)

chemisorption. The positive value of ΔS0(193.8 J·mol−1·K−1) 
indicated that the disorder at the solid–liquid interface 
increased during the adsorption of U(VI) ions on the adsor-
bent. Thus, it could be seen that when the adsorption process 
occurred spontaneously, i.e. when ΔH0

< TΔS0 , the entropy 
change should be considered more than the enthalpy change 
of the adsorption process. The negative values of ΔG0 cal-
culated at different temperatures indicate that the adsorption 
process of U(VI) ions on the sorbent occurs spontaneously 
over the temperature range at which the experiments were 
carried out.

Effect of pH on the adsorption of U(VI)

The pH effect on the sorption amount of uranium qe by 
AOPP-AN-AAc fiber sorbent was investigated in the range 
of pH 3–9. Figure 8 shows the variation of uranium adsorp-
tion amount with pH.

As shown in Fig. 8, the increase in uranium adsorption 
with increasing pH from 3 to 7 can be attributed to the 
decrease in the concentration of H+ ions and the predomi-
nant cation species of UO2

2+. Thus, the adsorption amount 
of uranium increases with pH between pH 3–7. Above 
pH 8, the U adsorption decreases, which may be due to 
the hydrolysis of UO2

2+ in weak base solution to form 
precipitates such as UO2(OH)2, i.e., amidoxime groups 

Table 3   Distribution coefficient of U(VI) in sorbent and aqueous 
phase at different temperatures

Temperature 
(K)

qe(mg·g−1) Ce(mg·mL−1) Kd

283 3.7 0.0176 218.4
293 5.4 0.0142 380.3
303 7.25 0.0105 690.5
313 8.85 0.0073 1212.3

Fig. 7   Relationship curve between lnk
d
−

1

T

Table 4   Thermodynamic parameters of adsorption process at differ-
ent temperatures

Temperature 
(K)

ΔG0

(kJ·mol−1)
ΔH0

( kJ·mol−1)
ΔS0

(J·mol−1·K−1)

283 − 12.6 42.2 193.8
293 − 14.6
303 − 16.5
313 − 18.4

Fig. 8   Variation of adsorption amount with pH. (U(VI) concentra-
tion: 25 mg L−1, solution volume: 50 mL, sorbent volume: 0.1 g, tem-
perature: 20 °C, time: 2 h, stirring speed: 180 rpm)
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interact effectively with uranyl cations but not with uranyl 
hydroxide. Therefore, the optimum acidity was determined 
to be pH 6.0–8.0.

Effect of initial U(VI) concentration

The variation of the adsorption amount with initial U (VI) 
concentration was shown in Fig. 9.

As shown in Fig. 9, the adsorption amount of U (VI) 
at equilibrium was less than 250 mg·g−1, which increases 
rapidly with increasing initial U (VI) concentration, and 
was hardly affected by the initial U (VI) concentration 
above 2500 mg·L−1.

The increase in adsorption amount with increasing ini-
tial U (VI) concentration was due to the large number of 
adsorption active sites on the adsorbent at this tempera-
ture, and when the adsorption amount was 250 mg·g−1, the 
adsorption active sites almost reach saturation and were 
almost unaffected by the initial concentration.

In particular, when the initial U (VI) concentration was 
20–100 mg·L−1, the adsorption amount increases almost 
linearly with the increase of the initial concentration, due 
to the large number of adsorption active sites remaining 
on the adsorbent compared to the amount of U (VI) in the 
solution.

Effect of temperature

The variation of adsorption amount with temperature was 
shown in Fig. 10.

As shown in Fig. 10, the adsorption amount increases 
with increasing temperature.

This may be due to the large number of adsorption active 
sites present in the adsorbent in the range of the initial U 
(VI) amount tested.

Effect of coexisting ions

The effect of coexisting ions on the adsorption amount of 
U(VI) was shown in Fig. 11.

As shown in Fig. 11, the order of influence on the adsorp-
tion of U (VI) was Ca2+ > Mg2+ > Na+ > K+. The slight 
decrease in U(VI) adsorption in the coexistence of Mg 
2+ and Ca2+ ions can be attributed to the reduction in the 
amount of U(VI) ions dissolved in the solution by the forma-
tion of Mg2[UO2(CO3)3] and Ca2 [UO2(CO3)3] complexes.

Effect of stirring speed

The variation of U (VI) adsorption amount with stirring 
speed was shown in Table 5.

As shown in Table 3, the stirring speed was not signifi-
cantly affected from 120 rpm above. At low stirring speed, 
the amount of adsorption decreases because external diffu-
sion of uranyl ions to the adsorbent particle surface becomes 

Fig. 9   Variation of adsorption amount with initial U (VI) concentra-
tion. (solution volume: 50 mL, pH 8, adsorbent: 0.1 g, temperature: 
20 °C, time: 2 h, stirring speed: 180 rpm)

Fig. 10   The variation of adsorption amount with temperature

Fig. 11   Effect of coexisting ions on the adsorption amount of U(VI). 
(Initial [U(VI)] = 25 mg·L−1, [Na+] = 10.8 g·L−1, [Mg2+] = 1.33 g·L−1, 
[Ca2+] = 0.422 g·L−1, [K+] = 0.380 g·L−1)

Table 5   Variation of U (VI) adsorption amount with stirring speed

Stirring speed (rpm) 60 100 120 150
U (VI) adsorption amount (mg·g−1) 4.8 5.2 5.3 5.35
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rate-limiting, and with increasing stirring speed, the thick-
ness of the external diffusion layer decreases, leading to a 
higher external diffusion rate, which leads to saturation of 
the adsorbent. Therefore, the stirring speed was maintained 
as 180 rpm for the kinetic experiments.

Regeneration of adsorbent

Desorption characteristics of U(VI) on adsorbents 
with acidic and alkaline solution

The desorption characteristics of U(VI) adsorbed on the 
adsorbent were investigated. The desorption rates of UO2

2+ 
ions from the adsorbent with time were shown in Fig. 12, 
while different concentrations of NaHCO3 and Na2CO3 solu-
tions were used as desorbing agents.

As shown in Fig.  12, the higher the desorption rate 
(96.3% at 1 mol L−1) was observed when Na2CO3 solution 
was used as desorber than NaHCO3 solution at the same 
concentration, the higher the desorption rate was observed 
at higher Na2CO3 concentration. When 1 mol L−1 Na2CO3 
solution was used as desorber, the time to reach saturation 
of desorption rate was about 75 min. The desorption rates 
of UO2

2+ ions from the adsorbent with time when differ-
ent concentrations of HCl solutions were used as desorbing 
agents were shown in Fig. 13.

As shown in Fig. 13, it can be seen that the higher the 
concentration of HCl, the higher the desorption rate.

It can be seen that the acid solution used as desorbing 
agent has higher desorption rate and shorter desorption equi-
librium time than the slightly alkaline solution.

Recovery of fiber adsorbent

The results of the seven-cycle desorption process of uranium 
onto the adsorbent with 100 mL of 0.5 mol L−1 HCl solution 
were shown in Fig. 14.

As shown in Fig. 14, the adsorption amount of the syn-
thesized fiber adsorbent did not decrease significantly until 
five time of use, and the decrease in the adsorption amount 
was observed to be large up to six cycles. Therefore, the 
synthesized fiber adsorbent can be recycled up to five times.

Conclusions

The adsorption process of uranium on the adsorbent was 
fitted to the pseudo-second-order kinetic model and the 
pseudo-second-order rate constant and the pseudo activa-
tion energy (44.9 kJ·mol−1) were determined at different 
temperatures. Also, thermodynamic considerations of U(VI) 
adsorption process showed that adsorption was endothermic, 
with a value of 42.2 kJ·mol−1, indicating that the adsorp-
tion was favored at higher temperatures, indicating strong 
interaction between the adsorbents. The process of U(VI) 
adsorption on the adsorbent can be considered as chem-
isorption. And as ΔS0 = 193.8  J·mol−1·K−1, the adsorp-
tion of U(VI) ions on the adsorbent shows an increase in 
disorder at the solid–liquid interface. Thus, it can be seen 

Fig. 12   Variation of desorption rate with time in different concentra-
tions of NaHCO3 and Na2CO3 solutions

Fig. 13   Variation of desorption rate with time for different concentra-
tions of HCl solutions. (Initial U(VI) concentration: 25 mg L−1, pH 
8, volume of solution 50  ml, adsorbent weight: 0.1  g, temperature: 
20 °C, time: 2 h, stirring speed: 180 rpm)

Fig. 14   Reusability of the synthesized fiber adsorbent. (Adsorption 
conditions: pH 8, initial uranium concentration:25 mg·L−1, T = 20 °C, 
t = 2 h; desorption conditions: 0.5 mol L−1 HCl solution, T = 20 °C.)
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that when the adsorption process occurs spontaneously, i.e. 
when ΔH0

< TΔS0 , the entropy change should be consid-
ered more than the enthalpy change of the adsorption pro-
cess. The adsorption amount increased with pH from pH 
3 to 7, and decreased slowly between pH 7 and 8, sharply 
between 8 and 9. The adsorption amount of U(VI) with ini-
tial U(VI) concentration was found to increase rapidly with 
increasing initial U(VI) concentration below 2500 mg·L−1, 
and was almost unaffected by the initial U(VI) concentration 
above 2500 mg·L−1. In particular, when the initial U(VI) 
concentration was 20–100 mg·L−1, the adsorption amount 
increases almost linearly with increasing initial concentra-
tion. This was due to the large number of adsorption active 
sites present in the adsorbent in the range of the initial U 
(VI) amount tested and the increase in UO2

2+ which can be 
involved in the complexation reaction with increasing tem-
perature. The order that affects the adsorption of U(VI) was 
Ca2+ > Mg2+ > Na+ > K+. The variation of U(VI) adsorption 
amount with stirring speed was not significantly affected by 
stirring speed from 120 rpm to above. After the adsorption 
of uranium on the adsorbent, it can be reused up to 5 times 
with 0.5 mol L−1 HCl solution.
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