
Journal of Hazardous Materials 424 (2022) 127119

Available online 11 September 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.

Phosphate enhanced uranium stable immobilization on biochar supported 
nano zero valent iron 

Yang Ruan a, Huimin Zhang a, Zijing Yu a, Zenghui Diao c, Gang Song a, Minhua Su a, Li’an Hou a, 
Diyun Chen a, Shuao Wang a,d, Lingjun Kong a,b,* 

a Guangdong Provincial Key Laboratory of Radionuclides Pollution Control and Resources, School of Environmental Science and Engineering, Guangzhou University, 
Guangzhou 510006, China 
b Guangdong Key Laboratory of Environmental Catalysis and Health Risk Control, School of Environmental Science and Engineering, Institute of Environmental Health 
and Pollution Control, Guangdong University of Technology, Guangzhou 510006, China 
c School of Environmental Science and Engineering, Zhongkai University of Agriculture and Engineering, Guangzhou 510225, China 
d School for Radiological and Interdisciplinary Sciences (RAD-X) and Collaborative Innovation Center of Medicine of Jiangsu Higher Education Institutions, Soochow 
University, Suzhou 215123, China   

A R T I C L E  I N F O   

Editor: Dr. L. Haizhou  

Keywords: 
Uranium 
Zero valent iron 
Phosphate 
Reaction sequence 
Biochar 

A B S T R A C T   

Uranium (U) immobilization from wastewater by zero valent iron (ZVI) was widely concerned through reduction 
and surface adsorption. Releasing of U due to re-oxidation of U(IV) into U(VI) limited the application of ZVI in U 
decontamination. In this work, a kind of biochar supported nano zero valent iron (Fe/BC(900)) was obtained by 
carbothermal reduction of starch mixed with ferric nitrate at 900 ◦C. U immobilization behavior by Fe/BC(900) 
in the presence of phosphate (P) was investigated. The U immobilization reaction was adjusted by controlling the 
sequence of U, Fe/BC(900) and P. U immobilization efficiency was enhanced to 99.9% in the presence of P. 
Reaction sequence of U, Fe/BC(900) and P influenced the U immobilization efficiency, which followed the order 
of (U-P)+Fe/BC(900)>(U- Fe/BC(900))+P>U+Fe/BC(900)>(P-Fe/BC(900))+U. P and nZVI both contributed to 
enhancing U immobilization through precipitation of uranyl-P and reductive co-precipitate (U(IV)) in a wide pH 
range. The released Fe ions could precipitate with uranyl and phosphate. Consumption of P and nZVI in the (P- 
Fe/BC(900))+U system limited U immobilization ability. The precipitate is highly dependent on U, P and Fe 
elements. U desorption in (U-P)+Fe/BC(900) system was not observed with stability.   

1. Introduction 

Uranium (U) is a rare metal widely used in nuclear fuel processing. 
The discharge amount of U containing wastewater is increasing with the 
development of nuclear fuel. U is environmentally hazardous due to its 
chemical toxicity and radioactivity (Tan et al., 2018). Since the U pre
sents as soluble uranyl (UO2

2+) in wastewater, it is easy to migrate in 
aqueous solution. Decontamination of UO2

2+ containing wastewater is 
critically necessary. Immobilization of soluble UO2

2+ onto solid inert 
medium to decrease its migration is being received a great amount of 
interests from researchers worldwide for U decontamination. Adsorp
tion of UO2

2+ on various kinds of adsorbents such as carbonaceous (Ye 
et al., 2020), iron-based magnetic adsorbents (Dai et al., 2019), 
metal-organic framework (Feng et al., 2021), covalent organic 

framework (Cui et al., 2020; S. Liu et al., 2021; X. Liu et al., 2021), 
phosphate (Kong et al., 2020), etc. is one of the efficient methods for 
UO2

2+ decontamination in wastewater, which is determined by the 
combination of UO2

2+ with the adsorption sites of the adsorbents (Ma 
et al., 2020). Thus, many works are concerned with the exploration and 
development of active sites for binding UO2

2+. 
Besides the soluble UO2

2+ in state of U(VI), the U performed one 
state of U(IV) is insoluble in aqueous solution with the advantages of low 
migration and easy separation. Much attention is being paid to the 
reduction of U(VI) into U(IV) for immobilization and extraction of 
UO2

2+ besides adsorption (S. Liu et al., 2021; X. Liu et al., 2021; Qiu 
et al., 2021). Until now, nano zero valent iron (nZVI) has been widely 
paid on environmental decontamination due to its high redox activity of 
− 0.44 eV (Guan et al., 2015). Interestingly, reduction of U(VI) into U 
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(IV) by nZVI was also reported due to that the redox potential of 
UO2

2+/UO2 is 0.41 eV, which could be reduced by nZVI (Zhang et al., 
2019). After that, remediation of UO2

2+ containing wastewater by nZVI 
was widely concerned due to the advantages of cost-effective and 
environment friendly. Unfortunately, nZVI tends towards agglomeration 
and oxidation when being exposed to the air (Phenrat et al., 2007; Ryu 
et al., 2011), greatly limiting its wide application in wastewater 
decontamination. It is promising to protect them from agglomeration 
and oxidation by supporting the nZVI onto porous supporters such as 
organic polymers (Song et al., 2021), carbonaceous materials (Jiang 
et al., 2021), kaolin (Lin et al., 2017), bentonite (Bao et al., 2020), 
zeolite (Li et al., 2020), silica (Chen et al., 2018) and alumina oxides 
(Ribas et al., 2019), etc. Among them, porous carbon is preferable due to 
its high porosity and surface area. Supporting nZVI on graphene oxide 
and activated carbon could be achieved by NaBH4 reduction process, in 
which the graphene oxide and activated carbon were impregnated in Fe 
solution (Zhang et al., 2021). The adsorbed Fe ions are further reduced 
into nZVI being loaded on the graphene oxide and activated carbon 
(Goswami et al., 2020; Mandal et al., 2020). Besides NaBH4 reduction, 
supporting nZVI on porous carbon also could be achieved by carbo
thermal reduction process. In this case, ferric ions are reduced into ZVI 
simultaneously during carbonization of organic precursors into porous 
carbon. A biochar supported iron adsorbent (Fe/BC) was reported in our 
previous work, which had considerable ability to immobilize the uranyl 
in wastewater by reduction and surface adsorption (Zhang et al., 2019). 
However, nZVI immobilized uranium is easily released into aqueous 
solution after being exposed to the oxidation atmosphere, performing 
the potential risk in long term. Immobilization of uranium with stability 
in long term is the key of applying nZVI for uranium immobilization. 

Immobilization of uranium on hydroxyapatite was widely concerned 
(Kong, L. et al., 2020). Importantly, uranium immobilization on hy
droxyapatite is stable in long term due to the formation of autunite, 
which is ascribed to the mineralization of calcium phosphate with ura
nyl (Morrison et al., 2021). Qiu et al. reported the co-removal of phos
phate and uranium by the nZVI (Qiu et al., 2018; Zheng et al., 2020). 
The previous works indicated that the presence of phosphate could 
positively influence U removal by nZVI due to the synergistic effect of 
both phosphate and nZVI. The result encourages us exploring uranium 
immobilization by nZVI in phosphate medium. In this case, the pre
sented phosphate is hypothesized that contributed to enhancing ura
nium immobilization on Fe/BC with long stability. Unfortunately, the 
synergistic effect of nZVI and phosphate on U removal with stability was 
not understood. The objective of this work is to explore the synergy 
effect of nZVI and phosphate on enhancing U removal. In this work, 
Fe/BC was conducted for U immobilization in phosphate medium. The 
reaction sequence among the U, nZVI, and phosphate was adjusted by 
controlling the adding sequence to investigate its effect on U removal 
characteristics. XPS and SEM-mapping analysis were conducted to 
confirm the reductive co-precipitate and uranyl-phosphate precipitation 
of uranyl with nZVI in the presence of phosphate. Besides, the phosphate 
removal efficiency was calculated to understand the synergy effect of 
nZVI and phosphate on U immobilization efficiency, further providing 
important information on understanding the stability of immobilized U 
in long term. 

2. Materials and methods 

2.1. Materials 

Ferric Nitride (Fe(NO3)3 6H2O) and starch were purchased from 
Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China). They are of 
analytical reagent grade. Uranyl nitrate (UO2(NO3)2 6H2O) was pur
chased from Hubei Chushengwei Chemistry Co., Ltd in China. U(VI) 
stock solution in an initial concentration of 1.00 g (U)/L was prepared by 
dissolving 4.22 g UO2(NO3)2 6H2O into nitric acid (HNO3) solution, 
further being transformed into a 1 L volumetric flask and being adjusted 

to 1 L in a pH value of 3.00. The pH value in this work was adjusted by 
HNO3 and sodium hydroxide (NaOH), which were purchased from 
Sigma-Aldrich Co., Ltd. The phosphate source in this work was tri- 
Potassium phosphate (K3PO4). They were purchased from Sigma- 
Aldrich Co., Ltd. The ultrapure water was used in this work. 

2.2. Carbothermal reduction synthesis of Fe/BC 

The Fe/BC used in this work was prepared in our previous work. The 
detailed method was described in the Supporting Information. 

2.3. Batch adsorption and desorption process 

Batch adsorption processes of U(VI) (C0 = 0.084 mM) in the absence 
and presence of phosphate were carried out in a series of conical flasks. 
The initial concentration of U(VI) was 0.084 mM. In the absence of 
phosphate, 0.05 g of adsorbents were poured into 50 mL U(VI) solution 
in a series of flasks. The flasks were placed in a digital thermostatic 
water bath oscillator (SHA-82A, China). The solution pH values were 
adjusted with 0.1 M HNO3 and 0.1 M KOH. Each time, 5 mL of the 
mixture was taken out and filtered through a 0.45 µm filtration mem
brane to remove the suspended sorbent at the determined time interval. 
The residual U(VI) concentration in the filtrate was measured by a UV- 
Fluorescence uranium analyzer (WGJ-III, China) reported by Han et al. 
(2018). The adsorption capacities (qt, mg/g) and removal efficiency (R, 
%) of U(VI) at “t” time could be calculated by the following equations: 

qt =
(C0 − Ct) × V

m
(1)  

R =
C0 − Ct

C0
× 100% (2)  

Where C0 (mg/L) presents the initial U(VI) concentration, Ct (mg/L) and 
qt (mg/g) present the residual U(VI) concentration and extraction ca
pacity at t time (min), m (g) is the mass of the adsorbents, V(L) represents 
the volume of the U(VI) solution, and R (%) is the removal efficiency. 

The stability of the precipitate is measured by desorption process. 
Desorption of the precipitate was conducted by adding Na2CO3 solution 
in oxic condition. After extraction of U by Fe/BC(900) in the (U-Fe/BC 
(900))+P system, a determined volume of Na2CO3 solution was poured 
to assure the concentration of Na2CO3 in 1 M. After that, 5 mL of 
mixture was taken out and filtered through a filtration membrane to 
remove the suspended sorbent at the determined time interval. The re
sidual U(VI) concentration in the filtrate was measured by a UV- 
Fluorescence uranium analyzer (WGJ-III, China). 

2.4. Analytical methods 

The X-ray diffraction (XRD) patterns were measured with Cu Kα at 
40 kV and 40 mA in the range of 5–80◦ by using a powder X-ray 
diffractometer (PW3040/60, PANalytical, Holland). The surface 
morphology and mapping analysis were both conducted by a scanning 
electron microscope (SEM) (JED-2300, JEOL, Japan). The X-ray 
photoelectron spectroscopy (XPS) spectra were measured using an 
electron spectrometer (Thermo Escalab 250). 

3. Results and discussion 

3.1. Phosphate enhanced U immobilization 

Our previous work reported that the carbonization temperature 
influenced the formation of nZVI, which is shown in Fig. S1. nZVI in 
nanosphere was formed for Fe/BC(900) once the temperature increased 
to 900 ◦C. Fe/BC(900) had favorable ability for extracting uranium, but 
uranium release was founded when the U and nZVI were exposed to the 
oxidation atmosphere, resulting in the risk of U leaching. Uranium 
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mineralization with hydroxyapatite was founded in our previous study 
due to precipitation. The dissolved phosphate played an important role 
in forming autunite (Kong et al., 2020). Co-removal of uranium and 
phosphate by nZVI was reported by Zheng et al. (2020). The effect of 
phosphate on the enhanced uranium removal efficiency by Fe/BC(900) 
was investigated. It was well known that the uranium species is pH 
dependent, also the dissolution rate and redox potential of uranyl nitrate 
is changed as shown in Fig. S2. The uranium immobilization efficiencies 
as a function of pH value was presented in Fig. 1, in which the Fe/BC 
(900) dosage was 1 g/L, and the uranium initial concentration was 
0.168 mM. In this case, phosphate was firstly added into the uranium 
solution, after that Fe/BC(900) was added in the mixed solution, which 
was named as (U-P)+Fe/BC(900) system. Among them, the molar ratio 
of U to P is controlled in 1:1, 1:2, and 2:1 in the (U-P)+Fe/BC(900) 
system, they are marked as (U-P = 1:1)+Fe/BC(900), (U-P = 1:2)+
Fe/BC(900) and (U-P = 2:1)+Fe/BC(900), respectively. In the absence 
of phosphate, the uranium removal efficiency by Fe/BC(900) in the 
(U-P)+Fe/BC(900) systems was improved with the increase in the pH 
value, which achieved to the highest efficiency of 94.3% when the pH 
value was 6. The low removal efficiency of uranium at the acidic solu
tion is ascribed to the competitive reaction between H+ and uranium. In 
this system, Fe2+ and Fe3+ are released into the acidic solution. Besides, 
the Fe/BC(900) surface is positive charged when the pH value is lower 
than 6.81 due to the pHzpc of Fe/BC(900) was 6.81. The electrostatic 
repulsion decreased as the pH value increased to 6.81, leading to the 
increase in the uranium removal efficiency. Interestingly, the uranium 
removal efficiency is enhanced in the presence of phosphate. The ura
nium performs in the form of UO2HPO4 in the pH value of 4–8 due to the 
presence of phosphate, while it performs UO2

2+ when the pH value is 
lower than 4 as shown in Fig. 1. In this case, the uranium is positive and 
neutral charged in the pH value of 2–4 and 4–8, respectively. The in
crease in the uranium removal efficiencies as a function of pH value from 
2 to 5 is due to the change of uranium species from UO2

2+ to UO2HPO4, 
in which the electronic repulsion between the Fe/BC(900) and uranium 
is decreased, which also favors the uranium reduction by nZVI. As the 
pH value increased to 6, the uranium removal efficiency decreased. It is 
due to the negative charged Fe/BC(900), which is not favorable for the 
adsorption of UO2HPO4. In this case, the uranium removal is only 
ascribed to the ZVI reduction. The results indicate that the addition of 
phosphate could enhance the uranium removal efficiency at the pH 
value ranging from 4 to 6. Interestingly, uranium removal efficiencies 
were enhanced by increasing the molar ratio of P and U to 1:1 and 2:1 for 
the (P-U=1:1)+Fe/BC(900) and (P-U=2:1)+Fe/BC(900) systems, in 

which the amount of phosphate was increased. Enough uranium is 
favorable for uranium immobilization by electrostatic attraction. Be
sides, the released Fe ions could precipitate with UO2(PO4)2

2-, contrib
uting to the uranium immobilization. Thus, the uranium immobilization 
is enhanced in the (P-U=2:1)+Fe/BC(900) system. When the pH value is 
2–3, UO2

2+ is the main phase. Only ZVI reduction contributed to ura
nium immobilization. The electrostatic repulsion leads to unfavorable 
uranium removal efficiency. The released Fe2+ could react with UO2

2+

in the presence of phosphate to form the precipitate, resulting in 
enhanced uranium removal efficiency. When the pH value was 8–9, the 
uranium removal efficiencies decreased. In this case, the uranium exis
ted in the form of UO2(PO4)2

2- with the company of phosphate. It means 
that the phosphate presented could not favor the uranium immobiliza
tion due to the electronic repulsion between UO2(PO4)2

2- and Fe/BC 
(900) in the basic solution. The enhanced uranium removal efficiencies 
in the presence of phosphate are ascribed to the formation of UO2HPO4 
in acidic solution. 

3.2. Phosphate enhanced uranium immobilization mechanism 

To further confirm the enhanced uranium removal mechanism in the 
presence of phosphate, the reaction sequence of the UO2

2+, PO4
3-, and 

Fe/BC(900) were controlled to adjust the uranium reaction process.  
Fig. 2 presents the uranium removal efficiencies in different additional 
orders, which were named as (P-Fe/BC(900))+U, (U-Fe/BC(900))+P, 
and (P-U)+Fe/BC(900) systems according to the adding sequence of 
uranyl, phosphate solution, and Fe/BC(900). In the (P-Fe/BC(900))+U 
system, although the phosphate is presented in a U/P molar ratio of 1:2, 
uranium removal efficiencies are highly inhibited, especially in the pH 
value of 3–7. Since the phosphate could be removed by nZVI through 
forming Fe3(PO4)2 and FePO4 precipitates (Xie et al., 2014), phosphate 
and nZVI were consumed firstly in the (P-Fe/BC(900))+U system. 
Consumption of nZVI and P resulted in the competition of uranium. 
Thus, the uranium removal efficiencies were greatly decreased 
compared to those in (U-Fe/BC(900))+P and (U-P)+Fe/BC(900) sys
tems as shown in Fig. 3(a). It confirms that the reaction of nZVI and P 
inhibited U immobilization even in the presence of P. Conversely, 
phosphate removal efficiencies are higher than 90% (Fig. 3b), indicating 
that the added phosphate could contribute to enhancing uranium 
removal, but phosphate could consume nZVI in (P-Fe/BC(900))+U 
system, which leads to the competition of uranium. Thus, the uranium 
removal efficiency in the (P-Fe/BC(900))+U system was lower than 
those in the U+Fe/BC(900) system. Considering the (U-Fe/BC(900))+P 
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system, the U removal efficiencies could be enhanced after the addition 
of phosphate compared that in U+Fe/BC(900) system. As being 
described in the (U-Fe/BC(900))+P system, ZVI reduction contributed 
to U immobilization. Although the Fe ions are released when the pH 
value in solution is lower than 7, the added phosphate could react with 
UO2

2+ and released Fe2+/Fe3+ to form precipitate. In this case, the U 
immobilization efficiency was favorable. However, only 42.33% and 
59.47% of phosphate are removed in the pH value of 4–8 in the 
(U-Fe/BC(900))+P system (Fig. 3), suggesting that U is immobilized by 
ZVI reduction and the residual U could react with parts of phosphate. 
The unfavorable P removal efficiency is consistent with the results of ZVI 
reduction of uranium. While considering for the (U-P)+Fe/BC(900) 
system, the molar ratio of U and P is 1:2, the uranium and phosphate 
could react adequately, further being immobilized by the addition of 
Fe/BC(900). Thus, the U and P removal efficiencies were both higher 
than 90% in the tested pH range. The above results indicated that the 
reaction of added P with Fe/BC(900) before U addition is unfavorable 
for P and U immobilization, while the formation of U and P favored its 
immobilization by Fe/BC(900). 

To further elucidate the enhanced effect of P on U immobilization 
efficiency, the phosphate concentration increased from 0.168 to 
0.672 mM. The P and U removal efficiencies as a function of increased P 
concentration in the (P-Fe/BC(900))-U and P+Fe/BC(900) systems are 
presented in Fig. 4. It is shown in Fig. 4. (a) that 92.59% of P was 
removed in the P+Fe/BC(900) system when the initial P concentration is 
0.168 mM, confirming that the Fe/BC(900) could consume the phos
phate. Thus, the consumption of P by Fe/BC(900) resulted in unfavor
able U removal efficiency as being described above. Besides, the 
phosphate removal efficiency decreased with the increase in phosphate 
concentration in the P+Fe/BC(900) system, indicating that the residual 
P concentration increased as the increased initial phosphate concen
tration, while the phosphate removal efficiencies were about 97.16% 
and 98.10% in the (P-Fe/BC(900))+U system in the presence of 

uranium. The uranium immobilization capacity is equal to about 
19.98 mg/g once the dosage of Fe/BC(900) is 1 g/L. Comparing to the 
uranium adsorption capacity by the Fe/Mn binary oxide in a dosage of 
1 g/L (Du et al., 2016), the Fe/BC(900) has favorable ability to adsorb 
uranium due to the reduction property of zero valent iron. The results 
indicated that the addition of uranium could react with the residual 
phosphate, which is consistent with the aforementioned result of the 
formation of U-P precipitate. Fortunately, the uranium removal effi
ciency increased with the increase in phosphate concentration, further 
confirming that the excess phosphate enhanced uranium immobiliza
tion. The formation of U-P precipitate greatly influenced the uranium 
immobilization by Fe/BC(900). 

The kinetics of uranium extraction at different temperatures in the 
(U-P)+Fe/BC(900) system are presented in Fig. 5 to elucidate the ura
nium immobilization process. It is shown that uranium immobilization 
is time-dependent. At the temperature of 25 ◦C, uranium immobilization 
efficiency achieved equilibrium at about 40 min. Once the temperature 
increased to 35 and 45 ◦C, uranium immobilization efficiencies achieved 
equilibrium within 20 min even to 10 min, suggesting that the temper
ature speeded the uranium immobilization rate. Pseudo-first-order and 
Pseudo-second-order kinetic models were conducted to evaluate the 
kinetic parameters, which were shown in Table 1. It can be seen from 
Table 1 that the pseudo-first-order kinetic model fitted well to the ura
nium extraction results according to the correlation efficiency. Extrac
tion kinetic rate of Fe/BC(900) to uranium at 45 ◦C is 1.079 min− 1, 
which is higher than those in 25 and 35 ◦C. It is well-known that the 
increased temperature could accelerate the molecule transformation. 
Then the immobilization rate is enhanced at the temperature of 45 ◦C 
comparing to that at 25 ◦C. Thus, the immobilization rate of uranium in 
the (U-P)+Fe/BC(900) system is temperature-dependent being ascribed 
to the ZVI reduction and precipitation of Fe ions with UO2(PO4)2

2-. 
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dosage = 1 g/L, U:P = 1:2). 
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3.3. Uranium immobilization fate and stability 

The uranium fate in the (U-P)+Fe/BC(900), (P-Fe/BC(900))+U, and 
(U-Fe/BC(900))+P systems was investigated by XPS, XRD, and SEM 

analysis. Fig. S3 presents the full-range XPS survey spectra of Fe/BC 
(900) after adsorption of uranium in phosphate medium for (P-Fe/BC 
(900))+U, (U-P)+Fe/BC(900), and (U-Fe/BC(900))+P systems. The 
major elements of carbon, oxygen, iron, uranium, and phosphorus were 
all observed. The presence of uranium and phosphorus indicated that 
uranium and phosphorus are both captured on the Fe/BC(900) surface. 
The narrow XPS spectra of Fe 2p and U 4 f for (P-Fe/BC(900))+U, (U- 
P)+Fe/BC(900), and (U-Fe/BC(900))+P systems were shown in Fig. 6 
(a) and (b). Obviously, the high-resolution Fe 2p XPS spectra can be 
deconvoluted into three peaks, which are assigned to Fe(0), Fe(II), and F 
(III). The presented Fe(II) and Fe(III) indicated the coexisted Fe(II)/Fe 
(III) oxides, suggesting the oxidation of ZVI by UO2

2+. The results are 
consistent with the results reported by Zheng, H. et al. (2020). Another 
peak being assigned to Fe(0) is also observed, which is also obtained 
from the XRD analysis as shown in Fig. S4. It is ascribed to the residual 
ZVI in the core after reduction with UO2

2+. Obviously, the peak intensity 
of Fe(0) was weakened after the reaction of Fe(0) with UO2

2+, con
firming that the Fe(0) is involved in the reduction of UO2

2+. The Fe(0) 
was converted into iron oxides as shown in Fig. 6. It can also be 
confirmed by the high-resolution U 4 f XPS spectra that were deconvo
luted into two peaks being assigned to U(VI) and U(IV). The formed U 
(IV) may result from the reduction of U(VI) into U(IV). Although the 
phosphate was involved in uranyl removal, the precipitate crystal was 
not founded according to the XRD analysis. It may be due to the amor
phous precipitate of uranium. SEM-mapping analysis of precipitate 
formed in (U-P)+Fe/BC(900), (U-Fe/BC(900))+P, and (P-Fe/BC 
(900))+U systems were conducted in Fig. 7(a), (b), and (c), respectively. 
Obviously, nano-flake was observed on the surface of precipitates. It was 
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Fig. 5. The pseudo-first-order and pseudo-second-order kinetic models of 
uranium extracted by Fe/BC(900) in (U-P)+Fe/BC(900) system at 25, 35 and 
45 ◦C, pH= 4. 

Table 1 
Nonlinear fitted pseudo-first-order and pseudo-second-order models of U(VI) extraction by Fe/BC(900) in (U-P)+Fe/BC(900) system at25, 35 and 45 ◦C.  

Temperature Pseudo-first-order Pseudo-second-order  

k1 (min− 1) qe (mg/g) R2 k2 (g/ (mg min)) qe (mg/g) R2 

25 ◦C  0.0981  19.60  0.9999 4.783 × 10− 3  23.32  0.9645 
35 ◦C  0.1049  20.16  0.9868 4.902 × 10− 3  23.93  0.9732 
45 ◦C  1.079  17.28  0.9383 8.998 × 10− 2  18.70  0.9733  
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Fig. 6. The narrow XPS spectra of (a) Fe 2p and (b) U 4f for (P-Fe/BC(900))+U, (U-P)+Fe/BC(900) and (U-Fe/BC(900))+P.  
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different from the morphology obtained from our previous work, in 
which the uranium was immobilized by nZVI in the absence of phos
phate (Zhang et al., 2019). They were consistent with the micromor
phology of autunite formed by the reaction of uranyl with phosphate as 
reported in our previous study (Han et al., 2018). However, the micro
morphology is significantly different from that obtained from uranyl 
immobilization by Fe/BC(900) in our previous work (Zhang et al., 
2019). The result confirmed that the phosphate involved the removal of 
uranyl by forming autunite miner. SEM-mapping of precipitate form in 
(U-P)+Fe/BC(900) system as shown in Fig. 7(d) confirmed the presence 
of P, U, Fe element. Distribution of U is dependent on the mapping of Fe 
and P elements, further confirming the coexisted of U, Fe, and P for the 
fate of precipitate. 

The stability of precipitate is very important for uranium immobili
zation, which is determined by the desorption behavior of uranium. To 
investigate the desorption of uranium from precipitates in the (U-Fe/BC 
(900))+P system under the condition of molar ratio U:P:Fe = 1:2:6 and 
1:2:8, 1 M Na2CO3 was added into the solution after the complete re
action of U for 40 h due to the fact that both U(VI) and U(IV) are soluble 
in concentrated Na2CO3 (Noubactep et al., 2003). It can be seen from  
Fig. 8 that little uranium was released in 1 M Na2CO3 solution. The 
uranium desorption efficiency is about 17%. Du et al. (2016) reported 
that uranium desorption efficiency from Fe-Mn binary oxide was high to 
64%, while uranium desorption efficiency from uraninite is about 10% 
in a reduction atmosphere (Jung et al., 2012). Uranium desorption in 
this work was the lowest that could be neglected in the presence of 
phosphate. It may be due to the formation of phosphuranylite minerals 

in the presence of phosphate. Thus, uranium immobilization by Fe/BC 
(900) in the presence of phosphate performed stability in the long term, 
which can be ascribed to the mineralization of uranyl, ZVI, and phos
phate. nZVI reduction and precipitation both contributed to uranium 
immobilization. The reaction process and characterization of the pre
cipitate will be investigated in our further work to understood the fate of 

Fig. 7. SEM images of the precipitate obtained at (a) (U-P)+Fe/BC(900); (b) (U-Fe/BC(900))+P; (c) (P-Fe/BC(900))+U and (d) SEM-mapping of (U-P)+Fe/BC(900).  

Fig. 8. The change of uranium in (U-Fe/BC(900))+P systems and uranium 
desorption in the presence of Na2CO3. 
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uranium in the (U-P)+Fe/BC(900) system. 

4. Conclusion 

The presence of phosphate was involved in uranium immobilization 
on Fe/BC(900). Reaction sequence influenced uranium immobilization 
by Fe/BC(900). The removal ability of Fe/BC(900) for U(VI) decreases 
in the order of (U-P)+Fe/BC(900), (U-Fe/BC(900))+P, U+Fe/BC(900), 
(P-Fe/BC(900))+U. (U-P)+Fe/BC(900) system had favorable uranium 
immobilization ability through the formation of P-U complexes. The 
released Fe ions could precipitate with uranyl and phosphate, leading to 
enhanced uranium immobilization in a wide pH range. Consumption of 
P and Fe in the (P-Fe/BC(900))+U system limited uranium immobili
zation ability, confirming the involved reaction of P and Fe for uranium 
immobilization. nZVI reduction and precipitation both contributed to 
uranium immobilization. The precipitate is highly dependent on U, P 
and Fe elements. Desorption of uranium in (U-P)+Fe/BC(900) system 
was neglected due to the formation of the phosphate-uranium 
precipitate. 
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