
Vol.:(0123456789)1 3

Journal of Radioanalytical and Nuclear Chemistry (2020) 324:813–822 
https://doi.org/10.1007/s10967-020-07111-x

Adsorption performance of U(VI) by amidoxime‑based activated 
carbon

Peng Liu1 · Qiang Yu1 · Yun Xue1 · Jiaqi Chen1 · Fuqiu Ma1

Received: 29 December 2019 / Published online: 1 April 2020 
© Akadémiai Kiadó, Budapest, Hungary 2020

Abstract
We present a simple strategy for preparing amidoxime modified activated carbon. The composition and morphology of the 
materials have been confirmed via powder XRD, BET, TGA, SEM and FT-IR studies. Batch adsorption experiment were 
exploited to explore adsorption performance of U(VI) by amidoxime-based activated carbon. The adsorption capacity of 
activated carbon was significantly improved after the modification by amidoxime, the amidoxime-based activated carbon 
was a possible adsorbent for adsorbing U(VI). This study reveals that with a facile synthesis and low-cost, amidoxime-based 
activated carbon can be regarded as a promising material for uranium-containing wastewater treatment.
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Introduction

With the shortage of fossil fuels, a new energy source that 
can replace the fossil fuels is needed urgently [1]. Nuclear 
power perceived a new energy option. At the same time, a 
plenty of long-lived radionuclides inevitably was accompa-
nying with the development of nuclear industry [2]. Uranium 
has been widely used in many fields as a crucial radionu-
clide [3]. However, numerous radioactive daughter products 
of uranium are likely to cause a harmful effect on biosphere 
and human health in the process of exploitation and appli-
cation [4–6]. Therefore, it is pressing to find a lowcost and 
eco-friendly method to treat uranium-containing wastewater.

Currently, many reserve approaches, such as chemical 
precipitation, photocatalytic degradation, electrodeposition, 
evaporation, adsorption, membrane separation, and other 
approaches, have been applied to treat the uranium-contain-
ing wastewater [7, 8]. However, most of these techniques for 
treating waste water are either too expensive or too ineffec-
tive. Currently, adsorption is taken into account of a promis-
ing treatment method on account of its simple operation and 
low-costing [9–11]. A variety of materials were widely stud-
ied for the removal of uranium from aqueous solutions [12]. 

Among multifarious adsorbents, activated carbon attracted 
much interest and were trusted to be an efficient adsor-
bent because of its good performance on the removal of 
uranium [13]. However, the missing of functional groups 
and the selectivity of activated carbon restricted its adsorp-
tion capacity [14]. Therefore, numerous functional groups 
such as benzoylthiourea [15], diarylazobisphenol [16], and 
polyethyleneimine [17] were selected to modify activated 
carbon by different technique for improving the adsorption 
performance of U(VI). Because of its great affinity to U(VI), 
adsorbents with amidoxime (AO) functional groups became 
the most protential materials in the field of uranium recovery 
from seawater [18]. In this work, activated carbon was direct 
modified by the prepared amidoxime polyacrylonitrile solu-
tion, as thus, the operation was simple and the production of 
intermediates was reduced.

The amidoxime-base activated carbon was accomplished, 
the influence of ambient condition and the mechanism of 
U(VI) adsorption was investigated in this work. Experimen-
tal results showed that amidoxime-base activated carbon can 
be regarded as a prospective adsorbent for the adsorption of 
U(VI) from uranium-containing wastewater.
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Materials and methods

Materials

All of the chemicals were analytical grade and dissolved 
with deionized water. U(VI) stock solution was made from 
UO2(NO3)2 ⋅ 6H2O . Arsenazo-III (Aladdin, China) solution 
was prepared by dissolving 1 g Arsenazo-III in 1000 mL of 
deionized water. Activated carbon particle was purchased 
from Tianjin Fuchen Chemicals, China. Polyacrylonitrile 
power was purchased from Daqing Petrochemical Acrylic 
Plant, China. Dimethyl sulfoxide (DMSO) and polyvinylpyr-
rolidone (PVP) were purchased from Shanghai Houcheng 
Chemicals. All reagents were analytically pure and used as 
received without further treatment.

Adsorbent preparation

Amidoxime-base activated carbon was prepared according 
to the under-mentioned procedure. 4.0 g of polyacryloni-
trile power was dissolved in 200 mL of dimethyl sulfoxide 
(DMSO). After stirred for 1 day, 8.0 g of hydroxylamine 
hydrochloride was added to the solution. Then the mixture 
was stirred for 5 day at room temperature. 2 g of polyvi-
nylpyrrolidone (PVP) and activated carbon were dispersed 
into the mixture. Then the homogeneous solution was coated 
to activated carbon by sol–gel method. Finally, the amidox-
ime-functionalized artificial activated carbon product was 
washed with ethyl alcohol and Milli-Q water 3 times and 
dried at 45 ◦C for 1 day [19].

Batch experiment

Calculated amounts of NaNO3 solution, amidoxime-based 
activated carbon, uranium solution and deionized water were 
spiked into 50 mL polyethylene centrifuge tubes. HNO3 
or NaOH solution was added to adjust pH. The adsorbent 
and U(VI) solution were placed into a conical flask in an 
gas bath thermostatic oscillator (NKSY-200B, Shanghai 
Sukun, China) for 3 days. After 3 days, the samples were 
centrifuged and the supernatant was measured via Arse-
nazo-III spectrophotometric method [20]. The absorbance 
of uranium(VI)–Arsenazo-III complex was measured by 
a UV-1801 spectrophotometer (Beijing Rayleigh Analyti-
cal Instrument Co. Ltd., China) at 652 nm. Based on the 
experiment, the adsorption efficiency and capacity of U(VI) 
on amidoxime-based activated carbon was calculated as 
follows:

(1)� =
(C0 − C1)

C0

× 100%

where C0 and C1 are the initial and final concentration of 
U(VI), respectively; while m is the mass of amidoxime-
based activated carbon.

Effect of initial pH

The pH of the solution was adjusted to the desired value 
(2.5–9.0) by adding NaOH or HNO3 . 0.11 g of absorbent, 
3 mL of 0.1 mol/L NaNO3 , 12 mL of 100 mg/L U(VI) solu-
tion and 15 mL of deionized water were placed in a 50 mL 
polyethylene centrifuge tubes with continuously shaking at 
298 K. The concentration of U(VI) before and after adsorp-
tion was determined.

Effect of time

The pH of the U(VI) solution was adjusted to the value of 
5.0. 6 mL of 100 mg/L solution was 0.11 g of absorbent, 3 
mL of 0.1 mol/L NaNO3 and 15 mL of deionized water were 
placed in a 50 mL polyethylene centrifuge tubes, pH of the 
mixed solution was adjusted to the value of 5.0. Take the 
time of mix the solution with U(VI) solution as the initial 
time. The sample were shaking continuously at 298 K, take 
out the sample after the scheduled time, the supernatant was 
filtered out with the filter membrane at once to determine the 
concentration of U(VI) and thus to plot the amount adsorbed 
versus time.

Effect of temperature

The effect of temperature was carried out at 298, 308, 318, 
328 and 338 K using various initial U(VI) concentrations 
(1–250 mg/L) at pH 5.0. The concentration of U(VI) before 
and after adsorption was determined.

Effect of adsorbent dosage

The effect of adsorbent dosage was carried out at 298 K 
using various adsorbent dosage (0.02–7 g/L) at pH 5.0. The 
concentration of U(VI) before and after adsorption was 
determined.

Characterization

The prepared amidoxime-based activated carbon was char-
acterized using several techniques. Elemental analysis were 
obtained on an elementar vario MACRO cube. Fourier 
transform infrared spectroscopy (FT-IR) was obtained on 
a Nicolet Nexus 670 spectrometer using the standard KBr 
disk method. X-ray diffraction (XRD) measurements were 

(2)qe =
(C0 − C1)

m
× V
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obtained on a Philips X’Pert Pro Panalytical diffractometer 
equipped. Thermogravimetric analysis (TGA) of the samples 
were recorded on a TA Q50 DTA/TGA apparatus (USA). 
Scanning electron microscopy (SEM) were obtained using 
an S-4800 (Hitachi) microscope.

Results and discussion

Adsorption behavior studies

Effect of pH

The species of U(VI) and the surface charge of the amidox-
ime-based activated carbon can be affected by pH, there-
fore, study the effect of pH is of great significance for U(VI) 

adsorption [21]. As shown in Fig. 2a, the adsorption per-
centage of U(VI) on activated carbon and amidoxime-based 
activated carbon increased with pH increasing from 2.5 to 
6.0, whereas the adsorption percentage of U(VI) adsorbed 
on activated carbon and amidoxime-based activated car-
bon decrease with pH further increasing, indicated that the 
adsorption is pH dependent. At lower pH, the protonation 
of the amidoxime on amidoxime-based activated carbon and 
the competition between U(VI) and H+ limited the adsorp-
tion process. With the increase of pH, the number of H+ 
diminished and the protonation became weak, the adsorp-
tion percentage increased gradually. Figure 2b describes the 
species distribution of U(VI) depend on the pH values. At 
pH < 5.0, UO2+

2
 was the main existing species of U(VI). As 

the pH increased (pH > 5.0), hydrolysis of U(VI) increased 
and formed different hydroxy complexes. At 5.0 < pH < 7.0 , 

BA

Fig. 1  Effect of pH on the U(VI) adsorption onto amidoxime-based activated carbon (a); relative species distribution of U(VI) in the presence of 
CO

2
 (b). m/V = 3.6 g/L, I = 0.01 M NaNO

3
 , T = 298 K, [U(VI)] = 40 mg/L, PCO

2

 = 3.8 × 10
−4 atm

A B

Fig. 2  Effect of contact time on the adsorption of U(VI) onto a amidoxime-based activated carbon (bottom right:the fitting plot of the pseudo-
second-order equation); b Weber–Morris model. pH = 5.00, m/V = 3.6 g/L, I = 0.01 M NaNO

3
 , T = 298 K, [U(VI)] = 40 mg/L
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the dominant species was (UO2)3(OH)
+
5
 and (UO2)4(OH)

+
7
 . A 

further increase in pH value will generate negatively charged 
species, including UO2(CO3)

2−
2

 and UO2(CO3)
4−
3

 , the hydro-
lysate of U(VI) is not favored by the amidoxime-based acti-
vated carbon [22], the adsorption percentage declined with 
the increasing of pH. Furthermore, the adsorption percent-
age of U(VI) adsorbed on amidoxime-based activated carbon 
is remarkably higher than that of U(VI) on activated carbon, 
this is due to that the surface groups of amidoxime-based 
activated carbon are favorable for binding U(VI) [23], ami-
doxime-based activated carbon can be an alternative mate-
rial for uranium recovery from waste liquid (Fig. 1).

Effect of contact time and adsorption kinetics

The contact time of adsorbent and adsorbate is one of the 
most significant influence factor that could control the 
adsorption percentage [24]. Effect of contact time on the 
adsorption towards U(VI) by amidoxime-based activated 
carbon was conducted at pH 5.0 and the result was shown 
in Fig. 2. The fitted results of pseudo-first-order, pseudo-
second-order and Weber–Morris model were summarized 
in Tables 1 and  2. As shown in Table 1, the pseudo-second-
order model fitted better than the pseudo-first-order model 
due to the higher regression coefficient ( R2 ) value (0.9830) 
and less difference of calculated qe (8.69 mg/g) with experi-
mental adsorption capacity (8.71 mg/g). The adsorption 
kinetic of U(VI) on amidoxime-based activated carbon 
implied that chemical complexing reaction dominated the 
adsorption process [25]. Compared to conventional ami-
doxime resins and fibers, the same conclusion was obtained 
[27, 27, 28]. The Weber–Morris model indicated that the 
adsorption process of U(VI) on amidoxime-based activated 
carbon involves three steps (Fig. 2b). The obtained param-
eters are listed in Table 2, where Kad ( Kad1 , Kad2 , Kad3 ) is the 
rate constants of the adsorption three steps, C is the intercept 
of the line. The first step is the external transfer step, the 

second step suggests the intra-particle diffusion process, the 
final stage corresponding to the final equilibrium step [29]. 
The intra-particle diffusion process is the rate limiting step 
in the U(VI) adsorption onto amidoxime-based activated 
carbon process.

Adsorption isotherm analysis

The initial concentration of U(VI) is another important 
influence factor for the interaction between amidoxime-
based activated carbon and U(VI) [30]. Figure 3 shows the 
effects of U(VI) initial concentration on the adsorption to 
amidoxime-based activated carbon. The experimental data 
were fitted by the following three types of isotherms, the 
results were shown in Fig. 4. The Langmuir isotherm can 
be expressed [31]:

The Freundlich isotherm is given as [32]:

where KF is the constant related to the adsorption capacity, 
and n is the Freundlich constant.

(3)
Ce

qe
=

Ce

qm
+

1

KLqm

(4)lnqe = lnKF +
1

m
lnCe

Table 1  Kinetic parameters of pseudo-first-order and pseudo-second-
order models

Pseudo-first-order model Pseudo-second-order model

k
1
 (g/mg min) 8.94 k

2
 (g/mg min) 5.91 × 10

−4

qe (mg/g) 4.13 qe (mg/g) 8.69
R2 0.8180 R2 0.9830

Table 2  Kinetic parameters of 
the Weber–Morris model

First stage Second stage Third stage

kad1 (g/mg min) 0.22 kad2 (g/mg min) 0.11 kad3 (g/mg min) 0.02
C
1
 ( μg/g) 0.50 C

2
 ( μg/g) 1.91 C

3
 ( μg/g) 7.26

R2

1
0.9874 R2

2
0.9830 R2

3
0.9240

Fig. 3  Effect of initial concentration of U(VI) on the adsorption 
on amidoxime-based activated carbon. pH  =  5.00, m/V  =  3.6  g/L, 
I = 0.01 M NaNO

3
 , T = 298 K
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The D–R isotherm assumed that the adsorbent has a hetero-
geneous adsorption energy [33]. The model can be expressed 
[34]:

(5)lnqe = lnqk − B�2

(6)� =RTln

(

1 +
1

ce

)

(7)E =
1

√

2B

where B (mol2∕kJ2) is the D–R constant, qk (mol/g) is the 
D–R adsorption capacity, � is the Polanyi potential, and E 
(kJ/mol) is the free energy change.

The fitting results are summarized in Table 3. Upon 
comparing the linear regression coefficiencies ( R2 ), the 
U(VI) adsorption was better simulated by Langmuir 
model, which suggested that U(VI) adsorption onto the 
amidoxime-based activated carbon obeys the Langmuir 
isotherm model. The Langmuir isotherm was commonly 
used to describe homogeneous adsorption that all the 
absorption sites on a homogeneous surface having equal 
adsorbate affinity, thus, the adsorption process of ami-
doxime-based activated carbon for U(VI) was considered 

BA

C

Fig. 4  The adsorption isotherms of U(VI) onto amidoxime-based activated carbon. a Freundlich isotherm; b Langmuir isotherm; c D–R iso-
therm

Table 3  Adsorption isotherm 
parameters of U(VI) adsorption 
onto amidoxime-based activated 
carbon

Model Freundlich model Langmuir model D-R model

Parameter n 2.46 qmax (mg/g) 14.16 B (mol
2∕kJ2) 0.0032

KF (L/g) 2.82 KL (L/mg) 0.14 qk (mg/g) 2.30 × 10
−4

R2 0.9388 R2 0.9666 E (kJ/mol) 12.48
R2 0.9533
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homogeneous and a monolayer process. Other research 
about U(VI) adsorption on amidoxime-based adsorbent got 
the same conclusion [27, 35, 36]. The qmax of Langmuir 
isotherm model is the maximum adsorption capacity, the 
qmax value of U(VI) adsorbed on amidoxime-based acti-
vated carbon was calculated to be 14.16 mg/g. The nature 
of adsorption process can be physical for the E < 8 kJ/mol 
or chemical for 8 < E < 16 kJ/mol, as shown in Table 3, 
the value of E indicating that the adsorption process is 
controlled by chemical adsorption [37–39].

Temperature and thermodynamic parameters

At 298, 308, 318, 328 and 338 K, the thermodynamic 
parameters of U(VI) adsorbed onto amidoxime-based acti-
vated carbon composites were calculated using the Van’t 
Hoff equation [7].

Table  4 showed the calculated the thermodynamic 
parameters. The results indicated that the adsorption on 
amidoxime-based activated carbon is spontaneous and 
endothermic [40, 41]. Xie et al. [27] reported that the 
adsorption of uranium(VI) onto amidoxime-functionalized 
fibers, the results showed that the adsorption is spontane-
ous and endothermic process. Heshmati et al. [28] got the 
same conclusion that adsorption of U(VI) on PAO chelat-
ing resin is endothermic and a feasible process.

Effect of adsorbent dosage

Adsorbent dosage determines the number of available 
binding sites and the dosage of amidoxime-based activated 
carbon will affect the adsorption capacity. The effect of 
adsorbent dose on U(VI) adsorption was represented in 
Fig. 5, it was clear that the adsorption capacity of U(VI) 
increased sharply from 5 to 95% at amidoxime-based acti-
vated carbon dose increase from 0.02 to 7 g/L. This may 
be attributed to there was more available adsorption sites 
in the solution with increasing the adsorbent dosage [9].

Characterization analysis

Elemental analysis

To further confirm the carbon, nitrogen, and hydrogen con-
tents in the activated carbon and amidoxime-based activated 
carbon, elemental analysis was carried out. According to the 
results shown in Table 5, negligible nitrogen content was 
detected for the activated carbon, it could be attributed to 
N-containing impurities in the activated carbon. In compari-
son with the activated carbon, an obvious increase of nitro-
gen content was observed for amidoxime-based activated 
carbon. This indicated that amidoxim groups were grafted 
onto activated carbon.

FT‑IR analysis

FT-IR analysis was further carried out to verify the conver-
sion of functional group in the reaction process. As shown 
in Fig. 6, after modification, several peaks appeared in the 
spectrum compared with that of activated carbon. Peaks at 
1639 cm−1 could be ascribed to the stretching vibration of  
C = N, the peaks at 1360 cm−1 could be assigned to the bending  
vibration of NH2 , the peaks at 900 cm−1 could be ascribed to 
the stretching vibration of the N–O in the amidoxime group. 

Table 4  Thermodynamic parameters for U(VI) adsorption onto ami-
doxime-based activated carbon

T (K) Δ H (kJ/mol) Δ S (J/mol K) Δ G (kJ/mol) R
2

298 14.72 51.95 − 0.58 0.9502
308 − 1.49 − 0.58
318 − 1.81 − 0.58
328 − 2.40 − 0.58
338 − 2.69 − 0.58

Fig. 5  Effect of adsorbent dosage on the adsorption of U(VI) onto 
amidoxime-based activated carbon. pH = 5.00, I = 0.01 M NaNO

3
 , 

T = 298 K, [U(VI)] = 40 mg/L

Table 5  Elemental analysis results for the activated carbon and ami-
doxime-based

Sample C wt% N wt%

Activated carbon 90.48 0.18
Amidoximebased activated carbon 72.54 5.26
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The results suggest that the amidoxime groups were grafte 
onto activated carbon successfully.

XRD analysis

XRD patterns of activated carbon and amidoxime-based 
activated carbon are shown in Fig. 7. As evident, the XRD 
patterns of amidoxime-based activated carbon do not show 
obvious fresh peaks compared with activated carbon, which 
indicates that the amidoxime-based activated carbon main-
tain the original structures of activated carbon.

N
2
 adsorption‑desorption isotherm

The N2 adsorption-desorption isotherms of activated carbon 
and amidoxime-based activated carbon are shown in Fig. 8. 
The Brunauer–Emmett Teller (BET) surface area of acti-
vated carbon and amidoxime-based activated carbon were 
calculated to be 646.77 and 357.17 m2∕g−1 , respectively. 
The BET surface area of amidoxime-based activated carbon 
became smaller after modification, it means that the pores of 
activated carbon were partially blocked after modification.

Thermogravimetric analysis

Thermogravimetric analysis is favourable for analyze the 
thermal behaviors of activated carbon and amidoxime-
based activated carbon. As shown in Fig. 9, bare activated 
carbon is the most stable sample. For amidoxime-based 
activated carbon, the first process occurs at 100 ◦ C attrib-
utes to the elimination of physically adsorbed moisture on 
the surface of the particles [42]; the second process occurs 
from 100 to 400 ◦ C, which can be assigned to thermal 
decomposition of organic components; the third process 
occurs from 400  to 700 ◦ C, which is caused by carbon 

Fig. 6  FT-IR spectra of activated carbon and amidoxime-based acti-
vated carbon

Fig. 7  XRD diffraction patterns of activated carbon and amidoxime-
based activated carbon

BA

Fig. 8  Nitrogen adsorption-desorption isotherm of activated carbon (a) and amidoxime-based activated carbon (b)
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chain combustion in activated carbon. As for U(VI)-loaded 
amidoxime-based activated carbon, the thermal decom-
position was relatively gentle, however, the weight loss 
was lower than that of the bare amidoxime-based activated 
carbon. This was because of the adsorption of U(VI) on 
the surface of amidoxime-based activated carbon [43].

Scanning electron microscopy (SEM) analysis

The surface morphologies changes before and after acti-
vated carbon modified by amidoxime were analyzed via 
SEM. As shown in Fig. 10, after modification, the sur-
face of amidoxime-based artificial was much rougher than 
activated carbon. Figure 10e, f showed the SEM image 
of amidoxime-based activated carbon after U(VI) adsorp-
tion. The surface of amidoxime-based activated carbon 
became rougher, a remarkable amount of particles were 
disposed on amidoxime-based activated carbon surface, 
which demonstrated that U(VI) was adsorbed onto the sur-
face of amidoxime-based activated carbon.

Fig. 9  Thermogravimetric analysis of activated carbon and amidox-
ime-based activated carbon

Fig. 10  SEM images of a, b 
activated carbon; c, d amidox-
ime-based activated carbon; e, f 
U(VI)-loaded amidoxime-based 
activated carbon
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Conclusions

The amidoxime-based activated carbon was prepared for 
study the adsorption process of U(VI). The adsorption data 
of U(VI) adsorption onto amidoxime-based activated carbon 
can be described by Langmuir isotherm. The consequence of 
experimental indicated that amidoxime-based activated car-
bon had a high removal amount towards U(VI), which was 
much higher than that of activated carbon, the synthesis of 
amidoxime-based activated carbon could offer a promising 
opportunities for further improvements in removal ofU(VI).
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