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a b s t r a c t
Amidoxime functionalized hydroxyapatite (HAP) composites were prepared and characterized by 
means of Fourier-transform infrared spectroscopy, scanning electron microscopy and X-ray powder 
diffraction. The adsorption characteristics of the adsorbent on uranyl ions were studied, and the effects 
of solid–liquid ratio, pH value, ionic strength, temperature, equilibrium time and other factors on 
the adsorption process were investigated. Under the optimum conditions, the adsorption capacity of 
the modified HAP material can reach 889.7 mg/g. The adsorption thermodynamics and kinetics data 
show that the adsorption of U(VI) by amidoxime (AO) functionalized hydroxyapatite is a spontaneous 
exothermic process, and the adsorption equilibrium can be reached within 30 min, which is in line 
with the Langmuir isothermal adsorption model. AO-co-HAP has a very good selectivity for U(VI). 
The desorption rate of U(VI) can reach 97.88% in 0.15 M acid solution. Compared with the traditional 
separation method, this adsorbent has a wider range of raw materials and a lower cost of waste liquid 
treatment, so it has an excellent practical application value.
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1. Introduction

Uranium resources are the basis for the development 
of the nuclear industry. Under the background of the rapid 
development of nuclear power, the nuclear industry is fac-
ing the great challenge of resource shortage [1]. At the same 
time, for the waste liquid containing uranium, if improp-
erly handled, the risk of uranium diffusion in water will be 
increased, which is the main reason for the potential threat of 
uranium to the ecosystem and human health. Therefore, the 
development of efficient separation and enrichment of U(VI) 
in radioactive waste liquid cannot only reduce its threat to 
the environment and human health, but also improve the 

utilization rate of nuclear fuel and reduce the cost of produc-
tion and subsequent treatment, which is of great importance 
to the nuclear industry, especially the sustainable develop-
ment of nuclear energy.

At present, the common enrichment and separation 
methods of uranyl ions are as follows: chemical precipi-
tation [2], ion change [3], solvent extraction [4], membrane 
processes [5], chromatographic extraction [6], flotation and 
adsorption [7,8], etc. Most of these methods suffer from tech-
nical, economic and health problems related to poor selectiv-
ity, long time of extraction and large quantity of hazardous 
materials used. Compared to these technologies, adsorption 
was proven to be one of the most effective methods due to 
its wide range of material sources, low cost, high adsorption 
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selectivity and capacity. At present, various kinds of materi-
als, such as chelating resins [9,10], biosorbent [11,12], carbon 
based materials [13,14], and inorganic adsorbents, for exam-
ple hydrous TiO2 [15], PbS [16] and other functionalized inor-
ganic adsorbents [17–19], have been developed for uranium 
removal.

With the development of the study, more and more 
kind of organic adsorbent gained research in the field of 
extraction of uranium from aqueous solution. Especially, 
adsorbents containing amidoxime groups, which make che-
late complexes with uranyl ions, are notable for the recovery 
of uranium from wastewater. This kind of polymers include 
important properties such as high capacity, high selectivity, 
and fast kinetics. In the other hand, the chelate complexes 
with uranyl ions can disintegrate in low acidity, and metal 
ions can be released back into the solution. Through research, 
it is found that poly(acrylamidoxime) is very suitable for 
the separation of uranyl ions from water system for the fol-
lowing reasons: (i) its selectivity towards uranium, (ii) high 
uranium loading capacity, (iii) good mechanical strength, 
and (iv) amidoxime (AO) can be anchored to different 
polymer matrices of various shapes and sizes [20,21].

Hydroxyapatite (HAP) defined with Ca10(PO4)6(OH)2 is a 
member of the apatite mineral family. HAP can be used in 
remediation of soil and water from industrial and nuclear 
wastes due to its ability to retain a variety of ionic species, 
especially heavy metals. Recently, Handley-Sidhu et al. 
[22] and Liu et al. [23], reported the biogenic-HAP is a suit-
able material for the remediation of metal contaminated 
waters and for storage of radio nuclides waste separately, of 
which the maximum adsorption capacity of fluorine-doped 
hydroxyapatite was reported as 755 mg/g. However, the 
characteristics of HAP exists in the form of white powder 
which limit its practical usage. But this limitation can be min-
imized by the use of HAP-polymer composites [24]. It has 
been found that the HAP-polymer composites may display 
more properties of an effective adsorbent than the bare min-
eral or microgels [25,26]. The combination of hydroxyapatite 
and amidoxime group will make their respective advantages 
complementary to each other.

At the same time, the economic viability of recovery 
of uranium from wastewater still critically depends upon 
the kinetics of adsorption of uranium in AO absorbents. 
Therefore, the major challenge for making uranium recov-
ery economically viable is to develop an adsorbent that has 
a very high uranium adsorption rate. Experiments involv-
ing in the adsorption of uranium from water with amidox-
ime-functionalized hydroxyapatite indicate that it has a very 
high selectivity, strong adsorption ability and large loaded 
capacity for many metal ions, especially for U(VI) advan-
tage over others. In previous works, we have reported the 
synthesis of poly(acrylic acid-co-hydroxyapatite) composite 
and polyacrylic acid microgel for removing U(VI) [27,28]. As 
part of our continuing investigation into the development 
of polymer composites involving metal ions, the concern 
of this investigation is to introduce amidoxime-function-
alized hydroxyapatite composite as adsorbent for adsorp-
tion of U(VI) from solutions. For the purpose of investigate 
the adsorption performance, the adsorption isotherm and 
parameters in the procedure were determined. The influence 
of experimental conditions such as solution pH value, initial 

U(VI) concentration and adsorption kinetic were studied. 
The attached U(VI) can be desorbed from this adsorbent by a 
small amount of inorganic acid.

2. Materials and methods

2.1. Materials

The hydroxyapatite was synthesized by calcium hydrox-
ide (98%), phosphoric acid (99%), N,N-methylene-bis-
acrylamide (Sinopharm Chemical Reagent Co., Ltd., China) 
and potassium persulfate (99.5%, Xi’an Reagent, China). The 
acrylonitrile was received from chemical reagent, Shanghai. 
Arsenazo-III (disodium salt) were obtained from Tianjin, 
China. Uranyl nitrate stock solution was prepared by dis-
solving uranyl nitrate hexahydrate (UO2(NO3)2·6H2O) in 
deionized water. All the other chemicals were of analyti-
cal grade and deionized water was used unless stated oth-
erwise. The pH of the working solution was adjusted to 
the desired value by the addition of 0.5 M HNO3 or 0.5 M 
NaOH aqueous solutions.

2.2. Preparation of polyacrylonitrile-co-hydroxyapatite/amidox-
ime-functionalized hydroxyapatite (AN-co-HAP/AO-co-HAP)

AN-co-HAP composites was synthesized according 
to procedures reported by our previous research [28]. 
AO-co-HAP were prepared by adding 25 mL of 0.3 M 
H3PO4 to 50 mL of 0.25 M Ca(OH)2 while stirring at 55°C 
for 15 min. Then adding different amount of acrylonitrile 
(HAP:AN = 8:1~1:8). Finally, N,Nʹ-methylene-bis-acrylamide 
was added to propagate polymerization. Adding hydrox-
ylamine hydrochloride solution at 70°C and the pH of the 
working solution was adjusted to the desired value by the 
addition of Na2CO3 aqueous solution. The entire reaction 
was carried out under a nitrogen atmosphere. The product 
were washed with deionized water until the unreacted sub-
stance were completely removed, followed by drying in a 
vacuum chamber. The product was ground and sieved down 
to 200 mesh size. The samples were characterized by means 
of attenuated total Fourier-transform infrared spectroscopy 
(FTIR), scanning electron microscopy (SEM) and X-ray 
powder diffraction analysis (XRD).

2.3. Determination of U(VI) in solution

The concentration of U(VI) was analyzed with the 
Arsenazo-III spectrophotometer method on a Shimadzu 
UV-723N spectrophotometer. 1 mL U(VI) solution sample, 
1 mL 0.5 M HCl and 2 mL 1 g/L Arsenazo-III aqueous solu-
tion were added to a 25 mL volumetric flask, respectively. 
The glass flask was filled to 25 mL with deionized water. 
Shaking for 5 min and set aside for 15 min. The absorbance of 
the mixture liquid was measured at 650 nm [28].

2.4. Adsorption experiments

2.4.1. Adsorption capacity

The adsorption experiments were performed to investi-
gate the process of adsorption of U(VI) from aqueous solu-
tion onto AO-co-HAP. Generally, a specified quantity of 
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AO-co-HAP, NaNO3 and U(VI) stock solution was added 
into a polyethylene tubes with 10 mL of U(VI) solution or 
multi-ion-mixed solution at a given pH. Then shaking the 
mixture solution for 2 h in a thermostatic shaker bath under 
25°C. The initial and the residual concentration of uranium 
were analyzed by UV-vis UV-723N spectrophotometer with 
Arsenazo-III as the complex agent at 650 nm [28]. Varying ini-
tial adsorbent dose, pH value, ionic strength and U(VI) con-
centration to observe the effects of different influence factors 
on the adsorption. The amounts of adsorbed ions qe (mg/g), 
qt (mg/g) and the percentage adsorption on the microgels 
(Adsorption%) were calculated according to the following 
equations:

q
C C V M

me
e=

− × ×( ) ,0 238 1 000
U  (1)

q
C C V M

mt
t=

− × ×( ) ,0 238 1 000
U  (2)
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−

×
C C
C

e0

0

100  (3)

where C0 and Ce are the liquid-phase concentrations of U(VI) 
at initial and equilibrium time (mol/L), respectively; V is the 
volume of the solution (L); m is the weight of dry adsorbent 
used (g).

In the aspect of economical technology regeneration of the 
adsorbent is very important [29]. 100 mg/L U(VI) was loaded 
onto AO-co-HAP was filtered and washed. Desorption stud-
ies were carried out with different concentrations of HNO3 
solution. To better understand the selectivity of AO-co-HAP 
towards U(VI), Ca2+, Mg2+, Sr+, Pb2+, Cu2+, Co2+, Ni2+ and Cd2+ 
were chosen as the interfering ions. When studying selective 
adsorption of AO-co-HAP, the concentrations of U(VI) and 
other metal ions in supernatants were determined by atomic 
adsorption spectroscopy.

2.4.2. Adsorption isotherm

The adsorption isotherm study is carried out by differ-
ent volume of U(VI) solution shaken with certain adsorbent 
at different temperature for 2 h. Then the solution centri-
fuged at 10,000 rpm for 30 min at room temperature. The 
adsorption data for U(VI) were analyzed by a regression 
analysis which fits the Langmuir and Freundlich models. 
These data were plotted as a function of the amount of U(VI) 
bonded to the AO-co-HAP, at equilibrium vs. the U(VI) 
valuable metal concentration of the solution at equilibrium. 
The coefficients of the model were computed with linear 
least-square fitting [27].

3. Results

3.1. Characterization of the amidoxime-functionalized hydroxyapatite

3.1.1. FTIR spectra

The samples were characterized using FTIR (Perkin 
Elmer spectrum 100, USA) in pressed KBr pellets. The result 
is shown in Fig. 1.

Fig. 1a can be seen the absorption at 1,035.60 cm–1 is 
due to the P=O associated stretching vibration. The P=O 
associated stretching vibration in PO4

3– ions at 962.32 cm–1 
is observed, the absorption peak at 603.62 cm–1 is due to the 
O–P–O asymmetric stretching vibration in the PO4

3– group. 
The band located at 565.05 cm–1 can be assigned to the P–O 
mode of the PO4

3– [29]. After modification with amidoxime 
groups (Fig. 1b), the appearance of new band at 1,648.87 is 
assigned to C=N and oxime groups stretching, respectively 
[30,31]. The peeks at 935.32 cm–1 is attributed to the N–O 
stretching vibration peak. FTIR experiments proved that ami-
doxime groups were successfully grafted on the structure of 
hydroxyapatite.

3.1.2. Scanning electron microscopy

The morphology of HAP and AO-co-HAP samples were 
characterized by SEM and the results are shown in Fig. 2.

As shown in Fig. 2a, morphology of HAP exhibited 
coarse, poriferous surface and of lax structure. But the image 
of AO-co-HAP (Fig. 2b) clearly exhibits favorable monodis-
persity in the sample. The average diameter of the particles 
ranges about 300 nm. The difference between Figs. 2a and b 
is a clear evidence of the obvious change in HAP morphology 
by the introduction of oximido groups. SEM results indicates 
that polymerization somehow diminished the mineral parti-
cles due to the amorphous contribution of oximido groups, 
thus predicting that adsorption of metal ions should increase 
due to the expansion of surface area by providing wider 
exposed sites for adsorption [32].

3.1.3. X-ray powder diffraction analysis

XRD can investigate the phase structure of the product. 
XRD was performed with Cu Kα radiation (k = 0.1541 nm) 
with a Rigaku X-ray diffractometer. XRD pattern of AO-co-
HAP is distinctly revealed in Fig. 3. It is well known that 
the XRD peak intensities, peak shapes, and peak positions, 
which reflect the extent of crystallinity of the hydroxyapa-
tite. The AO-co-HAP sample showed slightly broader and 

Fig. 1. FTIR spectra of HAP (a) and AO-co-HAP (b).
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weaker XRD peaks compared to pure HAP [23]. From Fig. 3 
we can see that the AO-co-HAP powders consist of crystalline 
phases [33], it is in conformity with the database completely. 
The major diffraction peaks at 2θ values of 25.8°, 31.9°, 32.4°, 
34.1°and 39.8°, belong to HAP which match the JCPDS 
cards and in accordance with Franklin and Guhanathan [34].

3.2. Results of adsorption experiments

3.2.1. Effect of solid–liquid ratio (m/V)

In order to determine the optimum adsorbent amount, 
experimental data regarding the variation of distribution 
coefficient vs. the adsorbent mass were collected for U(VI). 
Batch equilibrium experiments were performed to test the 

effectiveness of amidoxime-functionalized hydroxyapatite to 
recover U(VI) in water. The effect of adsorbent dose on U(VI) 
with a concentration of 4.03 × 10–4 mol/L removal from water 
sample was studied at different adsorbent dose ranging from 
0.02 to 0.15 g/L at 298.15K.

In previous studies on hydroxyapatite, we obtained 
important results on the adsorption mechanisms, uranium 
is located in Ca sites of the hydroxyapatite [26]. It can be 
seen from the results (Fig. 4) that the amount of uranyl ions 
adsorbed increases with the increase of the mass of adsor-
bent when the adsorbent dose in the range of 0.02 to 0.15 g/L. 
The adsorption capacity to U(VI) reached the maximum 
value when the adsorbent dose is 0.13 g/L. However, when 
the solid–liquid ratio is 0.06 g/L, the adsorption efficiency 
of the adsorbent is the highest, and the qe value can reach 
854.3 mg/g. This may be because under given conditions, 
the solid–liquid ratio of the adsorbent, the concentration of 
uranyl ions, and the adsorption capacity of the adsorbent are 
well balanced, so that the adsorption capacity of the adsor-
bent can be maximized. However, with the increase of the 
ratio of solid to liquid, more adsorbents are involved in the 
adsorption of uranyl ions, making the adsorption percent-
age increase continuously until the ratio of solid to liquid is 
0.13 g/L, and the equilibrium between uranyl ions in aqueous 
solution and the adsorbed uranyl ions reaches.

3.2.2. Effect of pH value

The pH value is usually an important factor affecting the 
recovery of U(VI) from radioactive waste liquid by adsor-
bents. Because the pH of the solution affects not only the sur-
face chemistry of the polymer, but also the solution chemistry 
of soluble metal ions [35]. Therefore, in this paper, the pH 
value of the aqueous solution is in the range of 2.0–7.0 to con-
duct an experimental study on the adsorption capacity of the 
adsorbent to uranyl ions (Fig. 5).

When the aqueous solution is highly acidic, the adsor-
bent repels the positively charged U(VI) in the solution due 
to the protonation effect on its surface, so the adsorption 
efficiency under this condition is low. With the increase of 

Fig. 2. SEM images of HAP (a) and AO-co-HAP (b).

Fig. 4. Effect of adsorbent dose on U(VI) adsorption by AO-co-
HAP (m/V = 0.1 g/L) ([U(VI)]0 = 4.03 × 10–4 mol/L; pH = 4.00 ± 0.05; 
T = 298.15 ± 1.00 K; C(NaNO3) = 0.5 mol/L).

Fig. 3. XRD pattern of AO-co-HAP.
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pH value of the solution, the surface deprotonation of the 
adsorbent was significantly enhanced, and its swelling abil-
ity was improved accordingly. Under the combined action of 
the above two reasons, more and more active sites were used 
to bind to uranyl ions, thus rapidly enhancing the adsorp-
tion capacity of the adsorbent. Therefore optimum pH range 
for the removal of U(VI) from solution by AO-co-HAP were 
found to be between 3.0 to 4.0, and the maximum adsorption 
capability is 889.7 mg/g. If the pH value is greater than 4.0, 
the existence form of uranium changes due to the hydrolysis 
reaction of uranium in solution. At the same time, when the 
pH value is high, AO-co-HAP will also appear weak disso-
lution phenomenon. The comprehensive results show that 
when the pH value is greater than 4, the adsorption capacity 
of the adsorbent will be significantly reduced, but the qe value 
will immediately remain between 450–500 mg/g. So, subse-
quent experiments were carried out under the condition 
that the pH value of the aqueous solution was equal to 4.0.

3.2.3. Effect of ionic strength

Fig. 6 shows the effect of ionic strength on the adsorp-
tion of U(VI) onto AO-co-HAP. The results indicate that 
the concentration of Na+ was not show notable effects in 
the adsorption of U(VI) by AO-co-HAP, this is in consis-
tent with the results obtained by others and our previous 
researchers [27,28]. While the ions strength in the waste or 
environmental water are normally not above 0.2 mol/L, 
so adsorption capability of AO-co-HAP to U(VI) can’t 
be affected by the common metal salts concentration.

3.2.4. Effect of contact time and adsorption kinetics

Under the conditions as following: adsorbent dose is 
0.10 g/L, pH value 4.00 and temperature 298.15 K, batch 
experiments were performed with a range shaking time of 
1~120 min, and Fig. 7 shows the adsorption kinetics of U(VI) 
on AO-co-HAP. The adsorption rate was relatively fast, 
and the time required to reach equilibrium was in 30 min. 

The short equilibrium time is attributed to the strong che-
lation of U(VI) with amidoxime functional groups and the 
PO4

3– ions of AO-co-HAP which contributed to fast diffu-
sion. Based on the kinetic data, AO-co-HAP may have good 
potentialities for real application in adsorbing U(VI) from 
large volumes of aqueous solutions. Adsorption kinetics of 
AO-co-HAP to U(VI) made up of two stages: an initial rapid 

Fig. 5. Effect of pH on U(VI) adsorption by AO-co-HAP 
([U(VI)]0 = 4.03 × 10−4 mol/L; C(NaNO3) = 0.5 mol/L; 
T = 298.15 ± 1.00 K; t = 2 h; m/V = 0.10 g/L).

Fig. 6. Influence of ionic strength on U(VI) adsorption by 
AO-co-HAP ([U(VI)]0 = 4.03 × 10−4 mol/L; pH = 4.00 ± 0.05; 
T = 298.15 ± 1.00 K; t = 2 h; m/V = 0.10 g/L).

Fig. 7. Effect of contact time (a) and the pseudo-first-or-
der (b), the pseudo-second-order (c) of U(VI) adsorption 
([U(VI)]0 = 4.03 × 10−4 mol/L; pH = 4.00 ± 0.05; T = 298.15 ± 1.00 K; 
C(NaNO3) = 0.5 mol/L; m/V = 0.10 g/L).



G. Duan et al. / Desalination and Water Treatment 225 (2021) 311–319316

section where adsorption was fast and contributed signifi-
cantly to equilibrium uptake, and a slower second section 
whose contribution to the total metal adsorption was rela-
tively small. This indicates that there are a large number of 
hydroxyl and oxime groups in the structure of AO-co-HAP, 
which makes the adsorption process in the initial stage very 
fast. This results also proved that the adsorption mecha-
nism of uranium on AO-co-HAP is mainly chemisorption 
reaction or strong surface complexation [35]. After 30 min, 
the change of adsorption capacities of AO-co-HAP did not 
show notable effects. In order to ensure the accuracy of 
this experiment, the balance time of subsequent adsorption 
experiments were set at 120 min.

In order to investigate the underlying adsorption 
mechanism of the sorption process further, pseudo-first 
and pseudo-second-order models were selected to evaluate 
the experimental data in this work. The pseudo-first kinetic 
model is given as [36]:

ln( ) lnq q q k te t e− = − 1  (4)

The pseudo-second kinetic model is given as [35]:

t
q k q

t
qt e e

= +
1

2
2  (5)

where T is the experiment temperature, qe and qt (mg/g) is 
the amount of uranium adsorbed at equilibrium and at 
time (t), k1, k2 is the rate constant of pseudo-first-order and 
pseudo- second-order kinetic model parameter, respectively.

The results of the kinetic parameters are shown in 
Table 1 and Fig. 7. As can be seen, the correlation coefficients 
R2, obtained from the second-order equation exhibited a 
greater values compared to that of the first order equation. 
Moreover the adsorbed U(VI) amounts estimated from the 
second-order model closer to the experimental values when 
compared to that obtained from the first-order model. These 
results indicate that the kinetic data of the studied adsorp-
tion system fit better with the second-order kinetic model, 
which may give evidence that the chelation and complex-
ation involving the share of electrons between the active sites 
of the microspheres adsorbent and the U(VI) ions is the rate 
limiting step [36].

3.2.5. Effect of temperature and thermodynamic data

The adsorption isotherm can be approximately expressed 
as a mathematical equation when it obeys an adsorption 
model. The equilibrium experiments were performed with 
samples of varying initial U(VI) concentration, and the pH 

value was selected at 4.0 in order to avoid the occurrence of 
insoluble U(VI) species. In order to study the adsorption iso-
therm, the Langmuir was used to describe the equilibrium 
adsorption isotherms, affording the most important param-
eter for designing a desired adsorption models had been 
successfully applied to describe the adsorption processes. 
Generally, the Langmuir isotherm model assumes that the 
sorption occurred on homogeneous surface by monolayer 
sorption, and there is no interaction between the adsorbates 
on adjacent sites. The expression of the Langmuir model is 
given as Eq. (6) [37]:

C
q

C
q K q

e

e

e

L

= +
max max

1  (6)

where Ce is the equilibrium concentration of the U(VI) in 
the solution, qe is the amount of U(VI) adsorbed at equi-
librium, qmax is the maximum adsorption capacity of U(VI) 
(mg/g) and KL is the Langmuir constant (L/mg) which 
correspond to the adsorption energy and binding sites affinity.

Generally, the Freundlich equation is an empirical equa-
tion. The linear equation for the Freundlich isotherm is given 
in Eq. (7):

ln ln lnq K
n

Ce F e= +
1  (7)

where KF and n are empirical constants those indicate the rel-
ative adsorption capacity and sorption intensity, respectively.

The results obtained from the fit of the data within the 
aforementioned mathematical models were collected in 
Table 2. As can be seen, the results shows that Langmuir iso-
therm model is the best model for describing the adsorption 
process with R2 values > 0.99 compared to the Freundlich 
model, which means that the monolayer Langmuir adsorp-
tion model is better description in the adsorption of U(VI) 
onto amidoxime-functionalized AO-co-HAP.

The thermodynamic parameters include the change of 
Gibbs free energy, enthalpy and entropy of the adsorption 
process is calculated with the following equation [38]:

lnK S
R

H
RTd =

∆ °
−
∆ °

 (8)

Table 1
Kinetic parameters derived from the pseudo-first-order and the 
pseudo-second-order model

Pseudo-first-order Value Pseudo-second-order Value

qe (g/g) 0.1356 qe (g/g) 0.8043
R2 0.8988 R2 0.9993
k1 0.0733 k2 4.0521

Table 2
Freundlich isotherm model and Langmuir isotherm model 
 constants

Isotherm model Value
Freundlich model
KF (g/g) 8.1283
n 4.057
R2 0.9156
Langmuir model
qmax (g/g) 1.3497
b (L/mol) 18523
R2 0.997
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where Kd is the distribution coefficient, T is the adsorption 
temperature at which the processes are carried out, R is the 
gas constant (R = 8.314 J/mol K). The values of ΔH° and ΔS° 
were calculated from the slopes and intercepts of the linear 
variation of lnKd vs. 1/T.

The Gibbs free energy of specific adsorption ΔG° was cal-
culated as the following equation [38]:

∆ ° = ∆ ° − ∆ °G H T S  (9)

The values of ΔH° and ΔS° are listed in Table 3 which 
were calculated from linear plot of vs. 1/T using Van’t Hoff 
equation (Eq. (8)), and the values of ΔG° were obtained using 
Eq. (9). The enthalpy (ΔH° > 0) and entropy (ΔS° > 0) changes 
for adsorbents and U(VI) ions show that the process of the 
adsorption was endothermic and the randomness in the sol-
id-solution interface increased along with the adsorption 
process. The Gibbs free energy (ΔG° < 0) indicates that the 
adsorption process was spontaneous, and the decrease of 
ΔG° values with temperature increasing shows that the sorp-
tion process was more favorable at higher temperature [39].

3.2.6. Desorption

Measuring the desorption capacity of adsorption mate-
rials is a very important process to determine its practical 
application value, and the desorption research results are 
helpful to verify the mechanism of adsorption process 
[40]. If the uranyl ion with positive charge can be separate 
with the adsorbent under neutral conditions, it indicates 
that they are combined by weak bonds, or even simple 
physical adsorption. If desorption can only be realized 
under acidic conditions, it indicates that uranyl ions are 
likely to form ionic bonds or even coordination bonds 
with adsorbent materials through ion exchange [39]. In 
this experiments, desorption efficiency of the amidox-
ime-functionalized hydroxyapatite was checked by HNO3 
solution with the concentration vary from 0.02 to 0.45 M. 
The results are shown in Fig. 8.

The results show that when the concentration of HNO3 is 
very low, the desorption rate of uranyl ion is very low; with 
the increase of acid concentration, the desorption rate of ura-
nyl ion increases rapidly. When the concentration of nitric 
acid is 0.15 M, the desorption rate of uranyl ion can reach 
97.88%. This result is consistent with the effect of pH value on 
the adsorption process. The experimental results show that 
amidoxime-functionalized hydroxyapatite has a good prac-
tical application potential in the treatment of uranyl ions in 
radioactive waste liquid.

3.2.7. Selectivity

Generally, there are various types of metal ions in radioac-
tive industrial wastewater, and the coexisting ions will affect 
the binding of the specified ions with adsorbents, and also 
reduce the adsorption capacity of the adsorption material to 
the target ions. Therefore, the selectivity of the adsorbent is a 
very important factor. To better understand the selectivity of 
AO-co-HAP to uranyl ion, we selected Pb2+, Cu2+, Co2+, Zn2+, 
Ni2+, Cd2+, Ca2+, Mg2+, Sr2+ as coexisting ions. In this experiment, 
all the initial concentrations were fixed at 3.267 × 10–4 mol/L. 
In the presence of various metal ions, the concentrations of 
various metal ions in the solution before and after adsorption 
were determined for calculation and comparison. The results 
are shown in Fig. 9. The results indicate that the adsorbent 
exhibited good adsorption selectivity for uranyl ion rather 
than the other elements mentioned above. The outstand-
ing selectivity is mainly attributed to the following reasons:  

Table 3
Thermodynamic parameters

Temperature (K) ΔH° (kJ/mol) ΔS° (J/mol K) ΔG° (kJ/mol)

98.15 4.4242 52.9 –11.3479
303.15 4.4242 52.9 –11.6124
308.15 4.4242 52.9 –11.8769
313.15 4.4242 52.9 –12.1414

Fig. 8. Desorption efficiency of U(VI) as a function of HNO3 acid 
concentration (C(NaNO3) = 0.5 mol/L; T = 298.15 ± 1.00 K; t = 2 h; 
m/V = 0.10 g/L).

Fig. 9. Selectivity of U(VI) onto AO-co-HAP (C(NaNO3) = 0.5 mol/L; 
T = 298.15 ± 1.00 K; t = 2 h; m/V = 0.10 g/L).
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(1) the amidoxime groups of AO-co-HAP are the reactive basic 
centers that contribute directly to the adsorption and com-
bined with uranyl ion in the form of chelate. (2) The average 
U–N bond distances are significantly shorter than the corre-
sponding distances in other metal-nitrogen bonds, leading to 
a strong tendency of nitrogen-containing functional groups 
toward U(VI) ions [38]. The combination of these two factors 
makes AO-co-HAP have excellent selectivity for uranyl ions.

4. Conclusions

In this paper, the organic/inorganic composites of ami-
doxime functionalized hydroxyapatite were prepared by free 
radical polymerization method. The structural characteriza-
tion results showed that the prepared amidoxime function-
alized hydroxyapatite had a more orderly structure than the 
single hydroxyapatite. From the analysis of the experimental 
results of various factors affecting the adsorption process, it 
can be seen that the optimal adsorption conditions of AO-co-
HAP for uranyl ions are as follows: pH value of the solu-
tion system is equal to 4, solid–liquid ratio is 0.06 g/L, ionic 
strength has almost no effect on the adsorption process, and 
the maximum adsorption capacity of AO-co-HAP for uranyl 
ions can reach 889.7 mg/g. This adsorption process can reach 
equilibrium within 30 min. Thermodynamic and kinetic data 
show that the adsorption of U(VI) by amidoxime function-
alized hydroxyapatite is a spontaneous exothermic process, 
which follows the second-order kinetics and adsorption iso-
therm, and conforms to the Langmuir isotherm adsorption 
model. The results of desorption experiments show that the 
desorption rate of AO-co-HAP to uranyl ion can reach 97.88% 
in 0.15 M HNO3 aqueous solution. The results of selective 
experiments also verify the excellent selectivity of amidoxime 
group to uranyl ions. Amidoxime functionalized hydroxyap-
atite realized the selective adsorption of amidoxime group 
to uranyl ions and the superior combination of large specific 
surface area of hydroxyapatite. At the same time, the raw 
material of this kind of adsorbent is cheap and easy to obtain, 
and the cost of synthesis and treatment is low, which makes it 
have a good practical application potential in enrichment and 
separation of U(VI) from radioactive waste liquid.
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