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Abstract
The processes of acid in situ leaching (ISL) uranium (U) mines cause the pollution of groundwater. Phosphate (PO4

3−) has 
the potential to immobilize U in groundwater through forming highly insoluble phosphate minerals, but the performance 
is highly restricted by low pH and high sulfate concentration. In this study, hydrogen peroxide (H2O2) and PO4

3− were 
synergistically used for immobilizing U based on the specific properties of groundwater from a decommissioned acid ISL 
U mine. The removal mechanisms of U and the stability of U on the formed minerals were elucidated by employing X-ray 
diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy and kinetic experiments. Our results indicated 
that the removal of U by simultaneously adding H2O2 and PO4

3− was significantly higher than the removal of U by individu-
ally adding H2O2 or PO4

3−. The removal of U increased with increasing PO4
3− concentration from 20 to 200 mg L−1 while 

decreased with increasing H2O2 concentration from 0.003 to 0.3%. Specifically, the removal efficiency of U from groundwater 
reached 98% after the application of 0.003% H2O2 and 200 mg L−1 PO4

3−. Amorphous iron phosphate that preferentially 
formed at low H2O2 and high PO4

3− concentrations played a dominant role in U removal, while the formations of schwert-
mannite and crystalline iron phosphates may be also contributed to the removal of U. This was significantly different from 
the immobilization mechanism of U through the formation of uranyl phosphate minerals after adding phosphate. The kinetic 
experimental results suggested that the immobilized U had a good stability. Our research may provide a promising method 
for in situ remediating U-contaminated groundwater at the decommissioned acid ISL U mines.
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Introduction

Acid in situ leaching (ISL) has been widely used for min-
ing of sandstone-type of uranium (U) deposits (Mudd 
2001a, b; Zhou et  al. 2020). The process of acid ISL 
involves the injections of oxidant and leaching solution 

(e.g., sulfuric acid) into mineralized strata through injec-
tion wells, which can cause the rapid oxidation and disso-
lution of U (Ben Simon et al. 2014; Seredkin et al. 2016). 
Then U-bearing solutions are pumped out using produc-
tion wells for further processing (Ben Simon et al. 2014). 
After decommissioning U mines, the residual U(VI) (e.g., 
several mg L−1) will contaminate the groundwater (Tay-
lor et al. 2004; Ding et al. 2015). The U-contaminated 
groundwater generally contains high SO4

2− concentration 
and features with low pH due to the addition of leach-
ing solution during the mining processes (Klimkova et al. 
2011; Ding et al. 2015). Meanwhile, the groundwater at 
the decommissioned U mines is under anoxic conditions 
and contains high content of ferrous iron (Fe(II)) (Ram 
et al. 2011; Zhou et al. 2020). In most countries, remedia-
tion of the groundwater at decommissioned ISL U mines 
is required, and a series of remediation approaches, such 
as natural restoration, groundwater sweeping and forward 
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recirculation, have been developed (Mudd 2001a; Borch 
et al. 2012; Saunders et al. 2016; Reimus et al. 2019). The 
natural restoration approach is dramatically restricted by 
hydro-geological conditions, while other approaches are 
costly since the U-contaminated groundwater need to be 
pumped out from the downstream wells and injected back 
to the upstream after the groundwater being treated (Fuller 
et al. 2002; Gallegos et al. 2015; Ruiz et al. 2019). Devel-
oping an economical and efficient method to remediate 
U-contaminated groundwater at decommissioned ISL U 
mines is essential for protecting environment and human 
health.

An alternative approach for pump-and-treat method is 
to manipulate the chemical or physical conditions of the 
groundwater to promote the formation of stable solid forms 
of U (Crane et al. 2011; Sharp et al. 2011; Ahmed et al. 
2012), thus realizing in situ immobilization of U. The appli-
cation of dissolved phosphate (PO4

3−) or phosphate-contain-
ing minerals (e.g., hydroxyapatite) has been revealed to be 
useful for the remediation of U(VI)-contaminated groundwa-
ter through forming the precipitation of low solubility uranyl 
phosphate such as chernikovite (H3O(UO2)(PO4)·3H2O) and 
autunite (Ca(UO2)2(PO4)2) (Fuller et al. 2002; Mehta et al. 
2015, 2016; Han et al. 2018). However, the precipitation 
of U with phosphate is highly limited at low pH and high 
sulfate concentration, due to the high dissolution rate of ura-
nyl phosphate precipitation at low pH and the replacement 
of sulfate into the uranyl phosphate lattice at early stage 
of precipitation (Ohnuki et al. 2004; Fanizza et al. 2008). 
The reactive mineral surfaces can adsorb dissolved U(VI) 
and PO4

3− to make the groundwater less saturated, which 
impedes the precipitation of uranyl phosphate, thus reduc-
ing the immobilization of U(VI) (Fuller et al. 2002; Singh 
et al. 2010; Mehta et al. 2015). Moreover, large excess of 
PO4

3− was required to make a complete precipitation of 
U(VI) as uranyl phosphate compared with the amount of 
U(VI) (Fuller et al. 2002; Mehta et al. 2014; Foster et al. 
2019), which may result in the secondary pollution of phos-
phorus. Previous study indicated that the formation of iron 
phosphate was a key mechanism for phosphorous removal in 
the Fe(II)/H2O2 oxidation system (Xing et al. 2021). There-
fore, considering the high concentration of Fe(II) in ground-
water at the decommissioned acid ISL U mines, it is reason-
able to speculate that the simultaneous additions of H2O2 
and PO4

3− would facilitate the formations of iron phosphate 
minerals. The formed minerals could be used as adsorbents 
for the removal of U from groundwater, and concurrently 
reduce the residual PO4

3− in groundwater. In addition, it has 
been revealed that H2O2 promoted the formation of schw-
ertmannite under the conditions of high SO4

2− and Fe(II) 
concentrations (Kumpulainen et al. 2008; Xie et al. 2017, 
2022). Schwertmannite can remove contaminants through 
coprecipitation and sorption processes (Li et al. 2021; Ying 

et al. 2021). Overall, the collaborative use of H2O2 and 
PO4

3− may be a promising method for immobilizing U in 
groundwater in situ.

The objective of this study was to propose a method by 
simultaneously using H2O2 and PO4

3− for immobilizing U 
in groundwater at the decommissioned acid ISL U mine. 
Specifically, the effects of H2O2 and PO4

3− concentrations 
on the removal of U from groundwater were to be investi-
gated, and the optimum conditions were to be determined. 
The components, morphologies, elemental composition and 
chemical species of the formed solids were to be analyzed by 
a series of characterization methods. Based on the results of 
the removal experiments and the multiple characterizations 
of solids, the removal mechanisms of U in groundwater by 
adding H2O2 and PO4

3− were to be elucidated. Moreover, 
the stability of the immobilized U was to be assessed by 
conducting the kinetic experiments of U release from the 
solids with a stirred-flow reactor. It was expected that the 
research would contribute to remediating U-contaminated 
groundwater at the decommissioned acid ISL U mine.

Materials and methods

Properties of groundwater from a decommissioned 
ISL U mine

The main chemical properties of the actual groundwater 
were determined based on our previous study (Ding et al. 
2015). Briefly, the actual groundwater samples were col-
lected from Northwest China. Acid ISL U mining technol-
ogy was employed to exploit the sandstone U ore deposit 
in the mine. A large quantity of sulfuric acid solution was 
injected into the ore-bearing aquifer during the leaching pro-
cesses. After the mine being decommissioned, the ground-
water was contaminated by the residual SO4

2− and U. The 
ore-bearing aquifer at the mine is in an anoxic condition 
based on the measured concentration of the dissolved oxy-
gen (e.g., 0.3–0.5 mg L−1). The concentration of Fe(II) in 
groundwater can reach several hundred milligrams per liter.

Experiments of U removal from groundwater

The simulated groundwater was prepared based on the main 
properties of the actual groundwater, including U (1000 μg 
L−1), Fe(II) (300 mg L−1) and SO4

2− (2000 mg L−1) con-
centrations, and pH value (3.0). After adding groundwa-
ter, H2O2 and PO4

3− (K2HPO4) solutions were simultane-
ously added into the conical flasks. A series of initial H2O2 
(0.003–0.3%) or PO4

3− concentrations (20–200 mg L−1) 
were used to investigate the effects of H2O2 or PO4

3− con-
centration on U removal efficiency. We did not further add 
H2O2 and PO4

3− during the reactions. The solution pH value 
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was recorded during the whole reactions. The suspension 
samples were collected, centrifuged at 3200 rpm and fil-
trated through 0.22 μm polyether sulfone filter (ANPEL, 
China). Note that, for the kinetic experiments with 0.003% 
H2O2 and 200 mg L−1 PO4

3−, the suspension samples were 
obtained at specific sampling times (i.e., 0.5, 1, 2, 4, 8, 12 
and 24 h) to determine the optimum reaction time. Then 
the concentration of U in the filtrates was analyzed using 
inductively coupled plasma mass spectrometry (ICP-MS) 
(Agilent 7700, Agilent Technologies, USA). The detection 
limit of U was 0.1 ppm, and the errors of the data were con-
trolled within 10%. The resulting solid samples were freeze-
dried, grounded, homogenized and then used for stirred-flow 
kinetic experiment. Meanwhile, the control experiments in 
which H2O2 or PO4

3− was solely added were also conducted. 
The experiments were conducted in the anaerobic glove box, 
and the prepared groundwater, chemical reagent solution and 
deionized (DI) water were purged with Ar2 to eliminate the 
interference of oxygen. All experiments were conducted at 
room temperature. The conditions of above experiments 
were presented in Table S1.

Characterizations of solid phase

Since the contents of U on solid samples collected from 
the removal experiments with U concentration of 1000 μg 
L−1 were lower than the detection limits of characterization 
instruments, we conducted another removal experiments 
with U concentration of 30 mg L−1. The generated solid 
samples collected at 0.003% H2O2 and different PO4

3− con-
centrations (e.g., 20, 50, 100 and 200 mg L−1) and at 0.3% 
H2O2 and 200 mg L−1 PO4

3− were characterized to explore 
the removal mechanisms of U from groundwater, using a 
combination of X-ray diffraction (XRD), Fourier transform 
infrared spectroscopy (FTIR), scanning electron microscopy 
(SEM) and X-ray photoelectron spectroscopy (XPS).

The crystal planes of the selected solid samples were 
analyzed with a TD-3500 X-ray diffractometer (XRD) 
(Tongda, China) to determine the main components of the 
mixed phases. The equipment was operated at 40 kV and 
30 mA by step scanning from 10 to 70° 2θ at increments 
of 0.08° 2θ. FTIR was employed to detect the characteris-
tic groups to further identify the composition of the solid 
phases. The mass ratio of sample to potassium bromide was 
1:50. Each FTIR spectrum was recorded after 32 scans with 
4 cm−1 resolution using a Nicolet iS10 spectrometer (Ther-
moFisher scientific, USA) with a deuterated triglycine sul-
fate (DTGS) detector. The spectra were then smoothed and 
baseline-corrected.

The surface morphologies of solid samples were charac-
terized by SEM (Quanta 250, Bruker, Germany) equipped 
with energy dispersive spectroscope (EDS) detector. The 
samples were sputter-coated with carbon using an auto fine 

coater to enhance the electrical conductivity of samples. 
SEM-EDS was used to analyze the elemental composi-
tion. To characterize the chemical species of U and Fe- and 
S-containing groups, the samples were analyzed by XPS 
with a Thermo Fisher Scientific K-Alpha machine with an 
Al Kα X-ray source (1486.8 eV of photons) at 15 kV and 10 
mA. Prior to individual elemental scans (i.e., Fe, O, U, S and 
P), a survey scan was taken for all the selected samples in 
order to detect the elements present. The Avantage software 
was used for data acquisition and analysis.

Kinetic experiments of U release

To evaluate the stability of U on the solid phases, the 
selected samples were used to conduct kinetic experi-
ments in the short term using a stirred-flow reactor. The 
background electrolytes contained 2000 mg L−1 SO4

2−, and 
the solution pH was 3.0. Before the kinetic experiments of 
U release, an aliquot of solid sample (i.e., 50 mg) and a 
magnetic stir bar were placed into the stirred-flow reactor 
(volume = 7.5 mL). The reactor was filled with background 
electrolyte. Then a filter membrane with a 25 mm diameter 
and 0.22 μm pore sizes was sealed on the reactor to prevent 
the outflow of solid particles. The suspension was stirred at 
500 rpm, and the flow rate was set to 1 mL min−1 during the 
whole experiment. It should be noted that the flow rate and 
mixing rate can be well controlled to ensure a well-mixing 
of the diluted suspensions in the reactor and the continu-
ous flow during the kinetic experiments (Tian et al. 2017; 
Wang et al. 2020). The background electrolyte solution was 
pumped through the reactor for 90 min release experiment, 
and the effluent solution was collected every 5 min. All 
effluent solution samples were acidified with concentrated 
HNO3; the concentration of U in effluent solution was then 
analyzed using ICP-MS. All the release experiments were 
conducted at room temperature.

Results and discussion

Effects of H2O2 and PO4
3− concentrations on U 

removal

Considering the low pH and high SO4
2− and Fe(II) con-

centrations in U-contaminated groundwater at the decom-
missioned acid ISL U mine, a method for U removal by 
adding H2O2 and PO4

3− was evaluated. Firstly, 0.003% 
and 200 mg L−1 PO4

3− were chosen for conducting kinetic 
experiment, since the optimum removal efficiency of U was 
obtained at this condition. The results showed that the con-
centration of U in the supernatant after reactions quickly 
reached a plateau within 0.5 h (Fig. 1a). Thus, the reac-
tion time was set to be 0.5 h for investigating the effects 
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of H2O2 or PO4
3− concentration on the removal of U. As 

shown in Fig. 1b, the concentration of U in supernatant 
significantly increased with increasing H2O2 concentration 
when PO4

3− concentration was 200 mg L−1, indicating that 
a lower H2O2 concentration resulted in a higher removal 
of U. Without the addition of PO4

3−, the concentration of 
U in supernatant slightly decreased with increasing reac-
tion time at 0.003% H2O2 (Fig. 1c). Previous studies have 
demonstrated that the presence of H2O2 would facilitate the 
formation of schwertmannite, a poorly crystalline sulfate-
containing Fe(III)-oxyhydroxy mineral, under the conditions 
of high concentrations of Fe(II) and SO4

2− (Li et al. 2021; 
Xie et al. 2022). Schwertmannite has large amounts of reac-
tive sites such as ≡Fe–O on its surface (Zhu et al. 2020; Li 
et al. 2021), which can react with UO2

2+. However, a strong 
electrostatic repulsion between schwertmannite surface and 
UO2

2+ existed under our experimental conditions, since the 
point of zero charge of schwertmannite was at about neutral 

pH (Kumpulainen et al. 2008), leading to the low removal 
of U.

In the absence of H2O2, the concentration of U decreased 
from 877 to 550 μg L−1 with the increase of PO4

3− con-
centration from 20 to 100 mg L−1 (Fig. 1d), which may be 
ascribed to the formation of insoluble PO4-U phases (e.g., 
HUO2PO4). With further increasing PO4

3− concentration, 
the concentration of U in supernatant showed no decrease. 
Nevertheless, the addition of H2O2 (0.003%) enhanced U 
removal especially at high PO4

3− concentration (Fig. 1d). 
These results suggested that the combined effects of H2O2 
and PO4

3− mainly contributed to the removal of U from 
groundwater rather than the individual effect of H2O2 or 
PO4

3−. Overall, the highest removal of U was found at 
0.003% H2O2 and 200 mg L−1 PO4

3−, and the residual U 
concentration in the treated groundwater was lower than the 
maximum contamination level of 30 μg L−1 prescribed by 
the World Health Organization (Ansoborlo et al. 2015) and 

Fig. 1   a Kinetics of U removal from groundwater at 0.003% H2O2 
and 200 mg L−1 PO4

3−. b Effects of H2O2 concentrations on U 
removal at 200 mg L−1 PO4

3−. c Kinetics of U removal from ground-

water at 0.003% H2O2. d Effects of PO4
3− concentrations on U 

removal at 0 and 0.003% H2O2. The reaction time for (b) and (d) was 
0.5 h



117136	 Environmental Science and Pollution Research (2023) 30:117132–117142

1 3

United States Environmental Protection Agency, as well as 
lower than the background value of 60 μg L−1 from U mine.

Characterizations of the formed solids

To determine the components of the mixed solid phases, 
XRD patterns of the selected samples were analyzed. As 
depicted in Fig. 2, three main components were detected 
for solid sample obtained from the experimental condi-
tion of 0.003% H2O2 and 20 mg L−1 PO4

3− according to 
PDF retrieval and previous studies (Bolloju et al. 2016; 
Zhang et  al. 2019a), including crystalline sarcopside 
(Fe3(PO4)2, ICSD#81-0695) and iron phosphate hydrate 
(Fe3(PO4)2·H2O, ICSD#70-1794), and amorphous schw-
ertmannite (JCPDS#47-1775). It is interesting to note that 
intensities of peaks referred to the crystalline iron phos-
phates significantly decreased with increasing PO4

3− con-
centration from 20 to 200 mg L−1, whereas a broad peak of 
amorphous iron phosphate (between 15° and 40°) obviously 
appeared (Palacios et al. 2012; Rudin and Pratsinis 2012). In 
addition, several peak signals of crystalline iron phosphates 
weakened when H2O2 concentration increased from 0.003 
to 0.3%. XRD results suggested that different mechanisms 
may be responsible for U removal from groundwater when 
different concentrations of PO4

3− were applied.
FTIR results further supported the formations of schwert-

mannite and iron phosphate minerals after the additions of 
H2O2 and PO4

3− (Fig. 3). Specifically, the adsorption band 
at 986 cm−1 was attributed to a ν1 fundamental of the sym-
metric SO4

2− stretching, which resulted from SO4
2− inner-

sphere complexes (i.e., SO4
2− in the tunnel structure of 

schwertmannite) (Blgham et al. 1990; Jönsson et al. 2005; 

Boily et al. 2010). The band at 1120 cm−1 was associated 
with the asymmetric SO4

2− stretching (ν3), corresponding 
to the adsorbed SO4

2− (Boily et al. 2010; Wang et al. 2015). 
Meanwhile, the symmetric stretching and asymmetric bend-
ing vibrations of P–O bonds were observed at 1052 cm−1 
and 555 cm−1, respectively (Campos et al. 2021). The peak 
at 620 cm−1 was attributed to the stretching vibrations of 
Fe–O–P bonds in iron phosphate compounds (Liao et al. 
2015). With the increase of PO4

3− concentration, the rela-
tive intensities of SO4

2− (ν1 and ν3) and Fe–O (496 cm−1) 
vibration bands decreased, while the relative intensities of 
P–O and Fe–O–Fe bands increased. The results suggested 
that a higher PO4

3− concentration may inhibit the formation 
of schwertmannite and facilitate the precipitation of iron 
phosphates, which was consistent with XRD results. In addi-
tion, intensities of the characteristic peaks of iron phosphates 
decreased with increasing H2O2 concentration from 0.003 to 
0.3%, possibly due to the decreased formation of crystalline 
iron phosphates (XRD results) and the enhanced formation 
of schwertmannite at high H2O2 concentration.

For the solid samples obtained at 0.003% H2O2 and 20 
mg L−1 PO4

3−, substantial floccules coated on the aggre-
gates (Fig. 4a). At lower PO4

3− concentration (i.e., 20 mg 
L−1), both schwertmannite (i.e., amorphous iron hydroxy 
sulfate mineral) and crystalline iron phosphates formed (see 
XRD results). With increasing PO4

3− concentration from 
20 to 100 mg L−1, the aggregates became more compact 
(Fig. 4b, c), which may be attributed to the decreased for-
mation of schwertmannite. However, the solid samples were 
dominated by flocculent aggregates with further increasing 
PO4

3− concentration to 200 mg L−1 (Fig. 4d), which was 
ascribed to the considerably formed amorphous iron phos-
phate. These results suggested that different concentrations 
of PO4

3− resulted in various morphologies and structures 

Fig. 2   X-ray diffraction (XRD) patterns of solid samples obtained at 
different H2O2 and PO4

3− concentrations. The broad peak between 
15° and 40° is attributed to the amorphous iron phosphate. Sch 
implies schwertmannite

Fig. 3   Fourier transform infrared (FTIR) spectra of solid samples 
obtained at different H2O2 and PO4

3− concentrations



117137Environmental Science and Pollution Research (2023) 30:117132–117142	

1 3



117138	 Environmental Science and Pollution Research (2023) 30:117132–117142

1 3

of the formed solids, which may affect the removal of U 
from groundwater. In this study, we did not find any signifi-
cant effect of H2O2 concentration on the morphology and 
structure of the solids (Fig. 4 and Fig. S1). Furthermore, 
SEM-EDS was used to determine the elemental composition 
of the solids. Results showed that these aggregates mainly 
consisted of Fe, O, S, P and Na elements. When H2O2 con-
centration was 20 or 50 mg L−1, the content of U on the 
aggregates was below the detection limit of EDS (Fig. 4a, 
b). The peaks of U were observed at 100 mg L−1 PO4

3−, and 
the content of U accounted for 3.0% (wt%) (Fig. 4c). With 
the increase of PO4

3− concentration from 100 to 200 mg 
L−1, the content of U increased to 3.5% (wt%) (Fig. 4d). It 
appeared that the content of U on the aggregates correlated 
with P content. However, the increased H2O2 concentration 
(i.e., 0.3%) significantly reduced the content of U (0.2%) on 
the aggregates (Fig. 4e).

XPS analysis for Fe 2p, S2p and U 4f regions was con-
ducted to quantify the chemical species of these elements on 
different solid samples. The Fe 2p core levels for all sam-
ples were split into 2p3/2 and 2p1/2 doublets (Fig. 5), and 
eight peaks were identified on the solids. Specifically, the 
peaks at 710.0, 711.3, 712.5 and 714.2 eV were attributed 
to Fe–O, Fe(OH)O, Fe–PO4 and Fe–SO4, respectively (Su 
et al. 2019; Zhang et al. 2019b). The relative abundance of 
Fe–PO4 increased from 11.2 to 19.4%, while the relative 
abundances of Fe(OH)O and Fe–SO4 decreased from 25.2 to 
11.9% and from 19.5 to 17.2%, respectively, with increasing 
PO4

3− concentration from 20 to 200 mg L−1. This indicated 
that the content of iron phosphate minerals increased and 
the content of schwertmannite decreased in the solids with 
increasing PO4

3− concentration, which further supported the 
analyses of XRD and FTIR. Results of U 4f spectra showed 
that U was present as U(VI) on all solid samples (Fig. S2). 
Moreover, the signal intensity of U significantly enhanced 
with increasing PO4

3− concentration, suggesting that the 
increased PO4

3− concentration facilitated the removal of U 
from groundwater.

Removal mechanisms of U from groundwater

Four processes could be involved in U removal by adding 
H2O2 and PO4

3− based on the chemical experiments and 
solid characterizations. Results of XRD, FTIR and XPS 
analyses indicated that schwertmannite formed after adding 
H2O2 into the groundwater. The reactions can be expressed 
by the following equations:

where x gives normally a range between 1 and 1.75 (Li 
et al. 2021), and sch represents schwertmannite.

Schwertmannite can coprecipitate with UO2
2+ during its 

formation or sorb UO2
2+ through surface complexation. Due 

to the strong electrostatic repulsion between schwertmannite 
and UO2

2+ at low solution pH, the path way of U removal 
by schwertmannite was dramatically restricted, which was 
reflected by the slight decrease of U concentration in ground-
water (from 1000 to 984 μg L−1) after individually adding 
H2O2 (Fig. 1c). In addition, it has been revealed that the 
addition of PO4

3− can remove U from acid mine drainages, 
laden process effluents and groundwaters, mainly through 
forming poorly soluble uranyl phosphate precipitates ( Fuller 
et al. 2002; Singh et al. 2010; Kanematsu et al. 2014; Fos-
ter et al. 2019). In this study, although the concentration 
of U decreased from 1000 to 508 μg L−1 by individually 
adding PO4

3− (200 mg L−1) (Fig. 1d), the precipitation of 
U with PO4

3− may not dominate the removal of U, since 
uranyl phosphate precipitates were not found by XRD, FTIR 
and XPS. A possible explanation was that other phosphate-
containing precipitates (e.g., iron phosphates) preferentially 
formed in the presence of H2O2 compared with uranyl phos-
phate under our experimental conditions. The formation of 
reactive mineral (e.g., schwertmannite and iron phosphate 
minerals) can potentially limit the precipitation of uranyl 
phosphate by reducing the dissolved U(VI) and PO4

3− to 
make the solution less saturated (Singh et al. 2010; Mehta 
et al. 2015).

It should be noted that the addition of H2O2 slightly 
enhanced U removal at 20 mg L−1 and 50 mg L−1 
PO4

3− (Fig. 1d), and the crystalline iron phosphate minerals 
(i.e., Fe3(PO4)2 and Fe3(PO4)2·H2O) mainly formed at low 
PO4

3− concentration (Fig. 2) (Eq. 3). Therefore, the crystal-
line iron phosphate minerals should be also responsible for 
U removal possibly through surface sorption reaction, but 
the role of this process in U removal may be minor. Simi-
lar to schwertmannite, a strong electrostatic repulsion also 
existed between the surface of crystalline iron phosphate 
minerals and UO2

2+ at pH 3.0, since these crystalline min-
erals have relatively high point of zero charge (e.g., 5.3) 
(Thinnappan et al. 2008).

When PO4
3− concentration was higher than 50 mg L−1, 

the addition of H2O2 dramatically enhanced U removal 

(1)
2Fe

2+(aq) + H
2
O

2
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2
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2
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4
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= Fe
8
O

8
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8−2x(SO4
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2
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4
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3

(
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4

)

2
⋅ nH

2
O(s)

Fig. 4   Scanning electron microscopy (SEM) EDS analysis for the ele-
mental composition of solid samples obtained at a 0.003% H2O2 and 
20 mg L−1 PO4

3−, b 0.003% H2O2 and 50 mg L−1 PO4
3−, c 0.003% 

H2O2 and 100 mg L−1 PO4
3−, d 0.003% H2O2 and 200 mg L−1 PO4

3− 
and (e) 0.3% H2O2 and 200 mg L−1 PO4

3−

◂
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Fig. 5   X-ray photoelectron spectroscopy (XPS) Fe 2p region for solid samples obtained at a 0.003% H2O2 and 20 mg L−1 PO4
3−, b 0.003% H2O2 

and 50 mg L−1 PO4
3−, c 0.003% H2O2 and 100 mg L−1 PO4

3−, d 0.003% H2O2 and 200 mg L−1 PO4
3− and e 0.3% H2O2 and 200 mg L−1 PO4

3−
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and facilitated the formation of amorphous iron phosphate 
(Figs. 1d and 2). The reactions can be described using Eqs. 1 
and 4:

This agreed with previous finding that amorphous iron 
phosphate formed in the presence of high concentration of 
dissolved PO4

3− via the oxidation of Fe(II) (Voegelin et al. 
2010, 2013). Moreover, previous study has revealed that the 
point of zero charge of the amorphous iron phosphate was 
about 2.2 (Maarouf et al. 2021), which could promote the 
coprecipitation process of UO2

2+ during the formation of 
amorphous iron phosphate and the sorption of UO2

2+ on the 
amorphous iron phosphate surface. The sorption of UO2

2+ 
to amorphous iron phosphate surface mainly involves the 
binding of UO2

2+ to phosphoryl groups through corner shar-
ing complexes, in which an equatorial oxygen atom of the 
UO2

2+ is shared with a PO4
3− tetrahedron (Seder-Colomina 

et al. 2015), similar to uranyl-phosphate ternary complexes 
forming at the surface of iron (oxyhydr)oxides (e.g., goe-
thite) upon UO2

2+ sorption in the presence of PO4
3− (Singh 

et al. 2012). In addition, UO2
2+ can be sorbed and precipi-

tated onto amorphous iron phosphate through the binding 
of UO2

2+ to FeO6 octahedra to form bidentate surface com-
plex and bidentate corner-sharing complexes (Rossberg et al. 
2009; Singh et al. 2012; Seder-Colomina et al. 2015). It was 
thus reasonable to propose that most of U in groundwater 
was removed by amorphous iron phosphate through the 
coprecipitation and/or sorption.

Kinetics of U release from the solids

To assess the stability of the immobilized U, the selected 
solid samples were used to conduct the kinetic experiments. 
Fig. 6 showed that the effluent U concentration from sol-
ids obtained at 0.003% H2O2 quickly decreased within 60 
min, and then was closely to zero. Specifically, at lower 
PO4

3− concentrations (i.e., 20 and 50 mg L−1), there was a 
similar release properties of U. In comparison, the release 
of U increased with increasing PO4

3− concentration, which 
may be ascribed to the fact that the application of higher 
PO4

3− concentrations immobilized more contents of U. It 
was obvious that the increased H2O2 concentration enhanced 
the release of U, possibly due to the decreased formation of 
amorphous iron phosphate at high H2O2 concentration (e.g., 
0.3%). Furthermore, the total concentration of the released 
U from each solid sample was calculated after conducting 
the kinetic experiment. Results indicated that the total con-
centration of the released U from solid sample obtained at 
0.003% H2O2 and 200 mg L−1 PO4

3− was about 14 μg L−1, 
which was far below the background concentration of U in 
groundwater at U mine. Overall, the kinetic experimental 

(4)Fe3+(aq) + PO
4

3−(aq) = FePO
4
(s)

results of U release may suggest that the immobilized U by 
adding H2O2 and PO4

3− exhibited good stability at a short 
term, which was consistent with the static experimental 
results (Fig. 1a).

Conclusions

Due to the special properties of U-contaminated groundwa-
ter at acid ISL U mine (e.g., low pH and high concentrations 
of SO4

2− and Fe(II)), the remediation of U-contaminated 
groundwater using the economical and efficient methods 
is still challenging. In this study, a method by simultane-
ously adding H2O2 and PO4

3− was firstly applied to immo-
bilize U(VI) in groundwater. Our results indicated that the 
removal of U from groundwater increased with increasing 
PO4

3− concentration and decreased with increasing H2O2 
concentration. Specifically, 0.003% H2O2 and 200 mg L−1 
PO4

3− were identified as the optimum conditions, which can 
reduce the residual U concentration to below 30 μg L−1. 
Results of solid characterizations revealed that the formation 
of amorphous iron phosphate at low H2O2 concentration and 
high PO4

3− concentration was mainly responsible for the 
removal of U, possibly through coprecipitation and sorption 
processes. The formed schwertmannite and crystalline iron 
phosphates may also participate in the removal of U. Fur-
thermore, the immobilized U by the formed minerals showed 
a good stability based on the kinetic experimental results. 
In addition, the proposed method can significantly reduce 
the residual PO4

3− in groundwater, which was ascribed to 
the formation of crystalline and amorphous iron phosphate 
minerals. The stability of the immobilized U was assessed 
within several hours in this study. However, the changes of 

Fig. 6   Kinetics of U release from solid samples obtained at 0.003% 
H2O2 and 20–200 mg L−1 PO4

3−, and 0.3% H2O2 and 200 mg L−1 
PO4

3−. The pH of background electrolytes was 3.0, and the release 
time was 90 min
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groundwater properties and hydrological conditions may 
affect the sequestration of U on the formed solids. Thus, it 
is desired to evaluate the long-term stability of the immo-
bilized U (e.g., several months to years) under condition 
variations (e.g., pH and background ion concentrations) to 
test the feasibility of this method. Overall, our results may 
provide a promising method for in situ immobilization of U 
in groundwater at the decommissioned acid ISL U mines.
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