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A B S T R A C T

Zirconium phosphate is the first artificially produced layered phosphate that can sorb a variety of nuclides from 
solutions. Sodium zirconium phosphate (NZP) was a type of α-zirconium phosphate (α-ZrP). The porous sodium 
zirconium phosphate pellets (p-NZP-P) with a diameter of more than ~3 mm were prepared and used for ura-
nium sorption. The p-NZP-P could be immersed in solutions for more than 5 days without dissolving and 
structurally collapsing. The sorption properties of U(VI) on p-NZP-P in solutions were investigated by both static 
and dynamic sorption tests. Synthetic p-NZP-P was analyzed in detail using various characterizations to inves-
tigate their character and structural changes. In the static sorption experiment, the equilibrium sorption capacity 
reached the 77.5 ± 1.5 mg⋅g− 1 when the initial concentration of U(VI) was 100 mg/L, pHinitial = 4.5, T = 25 ℃. 
Uranium sorption increased by ~69 % and ~215 %, respectively, when the initial uranium concentration was 
increased from 100 to 300 mg⋅L− 1 and the temperature was increased from 15 to 55 ◦C. Furthermore, uranium 
sorption increased by ~541 % when the initial pH increased from 2.5 to 4.5, while it decreased by ~39 % when 
the initial pH increased from 4.5 to 7.0. The sorption data corresponded to the pseudo-second-order kinetic 
model and the Langmuir isotherm model, as well as the theoretically predicted value of sorption capacity 
(~199.9 mg⋅g− 1). The results of the dynamic sorption experiment showed that decreasing the quality, increasing 
the flow rate and the initial U(VI) concentration would shorten the breakthrough time. The dynamic sorption 
data agreed well with the Thomas model. The characterization confirmed the porous properties, while the U(VI) 
sorption mechanisms relate to –OH coordination and ion exchange. A radioactive rare earth wastewater treat-
ment test suggested that p-NZP-P could be the potential uranium sorbent due to its good stability and efficiency. 
This paper opened opportunities for the development of practical materials for treating radioactive wastewater in 
the application of actual scenarios.

1. Introduction

With the continuous development of the economy, due to the 
increasing demand for energy, there was an urgent need to adapt and 
diversify the energy structures. Among new energy candidates, nuclear 
energy had obvious economic and environmental advantages. Uranium 
is an important mineral resource in the nuclear industry, its scarcity 
increases the value of fuel recycling (Pei et al., 2024; Rajesh and Dha-
naraj, 2023; Yusop et al., 2023). However, as the main pollutant nuclide 

in radioactive wastewater, uranium has a significantly longer half-life 
and stronger muscle toxicity compared to other pollutants and can 
easily migrate in the natural environment (Attallah et al., 2024; Attallah 
et al., 2017; Ma et al., 2023). In addition, radioactive wastewater from 
nuclear power plants, factories, agricultural production scientific 
research organizations or unconventional uranium resource has a wider 
range of uranium concentrations, and the species of uranium are more 
complex (Haneklaus, 2021). Therefore, the efficient and economical 
separation of U(VI) in radioactive wastewater is attracting great 
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attention worldwide.
Treatment methods for radioactive wastewater included sorption, 

chemical precipitation, ion exchange, biological treatment and mem-
brane treatment (Li et al., 2022; Liu et al., 2019; Yuan et al., 2024). The 
sorption method had the advantages of low cost, easy operation, high 
efficiency and no secondary environmental pollution, endowed with 
good application prospects and development potential (Attallah et al., 
2020; Elwakeel et al., 2022; Elwakeel et al., 2017; Wei et al., 2021). 
There are numerous studies using adsorption to remove heavy metal 
ions from water or to purify dye wastewater. Radioactive wastewater is 
usually characterized by complex composition, high acidity and salt 
content, and its disposal needs to be designed in an integrated manner 
and treated efficiently (Benettayeb et al., 2021; El-Shorbagy et al., 2021; 
Elgarahy et al., 2023; Elwakeel et al., 2018). A crystalline form of zir-
conium phosphate was firstly reported by A. Clearfield in 1964 
(Clearfield et al., 1964). Due to its surface P-OH groups, layered zirco-
nium phosphate can exchange lanthanide and actinide cations or 
incorporate basic molecules. In addition, zirconium phosphate has a 
stable layer structure, is insoluble in organic solvents and water, resis-
tant to strong acids and alkalis of a certain strength, and has good 
thermal and chemical stability. As an environmentally friendly material, 
it is widely used in ion exchangers, sorbents, medical treatment and 
other fields. (Burns et al., 2012; Khan et al., 2023).

In order to meet the requirements for actual application in radioac-
tive wastewater treatment, powder sorbents are usually processed into 
various shapes to achieve better efficiency (Wang et al., 2021). For 
example, Yang et al. found that their prepared chitosan-based hierar-
chical porous aerogel could be the potential uranium adsorbent because 
this aerogel did not show significant volume expansion after soaking in 
high purity water for 1 week (Yang et al., 2021). Papandreou et al. 
formed pellets with a diameter of 3 to 8 mm made from burnt coal fly ash 
and determined their performance in removing copper and cadmium 
ions due to their high relative porosity and excellent mechanical 
strength (Papandreou et al., 2007).

Considering the limited research related to the use of modified NZP 
for uranium sorption in radioactive wastewater and the most current 
experimental studies have mainly developed powdery sorbents, this has 
a detrimental effect on the recovery of sorbents from wastewater. In 
addition, most current radioactive wastewater treatment processes are 
equipped with column separation and synergistic membrane separation. 
When using powdery sorbents, there is a risk that the fluidity of the 
liquid phase in the system will be reduced and blockages will occur. 
Successful conversion of NZP into spherical sorbents is more conducive 
to the application in practical uranium wastewater treatment plants and 
the development of related processes. Polyurethane, in its molecular 
structure, consists of urethane bonds (–NHCOO), was a block copolymer 
typically prepared by the reaction of a polyester or polyether polyol with 
diisocyanate and was suitable as a binder due to its unique multiphase 
structure with soft and hard segments (Cregut et al., 2013; Magnin et al., 
2020; Tai et al., 2021). Here, the porous sodium zirconium phosphate 
pellets (p-NZP-P) were first prepared and used for U(VI) sorption. Both 
static and dynamic sorption were carried out along with the real test of 
the wastewater for radioactive rare earth metals. The uranium sorption 
mechanisms were also discussed using various characterization methods 
such as scanning electron microscope (SEM), Transmission Electron 
Microscope (TEM), energy dispersive spectroscopy (EDS), X-ray 
diffraction spectra (XRD), Fourier transform infrared spectra (FTIR), X- 
ray photoelectron spectroscopy (XPS) and Brunner-Emmet-Teller (BET) 
analyses. The results of our work benefited research on uranium sepa-
ration and enrichment in radioactive wastewater and the positive 
development of the nuclear industry.

2. Materials and methods

2.1. Materials

Sodium zirconium phosphate (NZP) was purchased from Resin & 
Zircon Technology Co., Ltd. The NZP formed by the partial exchange of 
sodium ions with hydrogen ions on P-OH groups of zirconium phos-
phate, the ions exchange reaction between sodium ions and zirconium 
phosphate was demonstrated in formula (1) (Clearfield et al., 1972). 

Na+ + Zr(HPO4)2⋅xH2O ↔ Zr(NaPO4)(HPO4)⋅xH2O + H+ (1)

Other chemicals such as UO2(NO3)2⋅6H2O, polyurethane emulsion 
was analytically pure reagent and used without further purification, 
purchased from Shanghai Aladdin Reagent Co. Besides, 1 g⋅L− 1 U(VI) 
stock solution was obtained by dissolving 2.1093 g UO2(NO3)2⋅6H2O 
powder in pH = 2.5 acidic deionized water.

2.2. Preparation of porous sodium zirconium phosphate pellets

100 g of sodium zirconium phosphate and 70 mL of polyurethane 
emulsion were placed in a beaker and stirred until well mixed. The 
mixture was transferred to the pill making machine to obtain the cy-
lindrical precursor with a diameter of ~3 mm and a length of ~20 cm. 
After cutting, polishing and vacuum drying at 70 ◦C for 10 h, sodium 
zirconium phosphate pellets with a diameter of approximately 3 mm 
were formed, which were named p-NZP-P after cooling to room 
temperature.

2.3. Characterizations and device

The detailed characterizations and device were described in Section 
S1 of the Supplementary Data (SD).

2.4. Static sorption experiments

30 Mg p-NZP-P were added into a flask with 25 mL different U(VI) 
solutions for shaking in a rotary shaker at 150 r•min− 1. The pH of the U 
(VI) solutions was adjusted by adding 0.1 m NaOH and HNO3. After 
uranium sorption and centrifugation at 10,000 r⋅min− 1 for 4 min. The 
initial and equilibrium concentration of U(VI) in 1 mL supernatants were 
measured by the Arsenazo(III) method at 651.8 nm on a UV–Vis spec-
trophotometer (UV-2450, Shimadzu, Japan). The uranium sorption ca-
pacity (qe, mg⋅g− 1), sorption percentage (S, %) were separately 
determined by using the following formulas (2), (3) 

qe =
(C0 − Ce) × V

m
(2) 

S(%) =
C0 − Ce

C0
× 100% (3) 

where V and m were the solutions volume (mL) and the pellets mass 
(mg). C0 (mg⋅L− 1) and Ce (mg⋅L− 1) were the U(VI) concentration at the 
beginning and at equilibrium sorption, respectively.

2.5. Dynamic sorption experiments

A self-assembly column (inner diameter 10 mm, effective height 200 
mm) was used for dynamic sorption experiments (Section S1 of the SD). 
Different amounts of p-NZP-P were filled into the column with glass 
wool. The p-NZP-P was completely soaked with deionized water in the 
column before sorption. The flow rate was controlled by the peristaltic 
pump and the effluents were collected every 10 min in the 5 mL 
centrifuge tube. The U(VI) concentration was determined using the same 
method as in static sorption tests.
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3. Results and discussion

3.1. Characterizations and analysis

The p-NZP-P were immersed in deionized water. The results showed 
that p-NZP-P could maintain the shape of the spheroid after soaking for 
five days, as shown in Fig. 1a. The weight loss of p-NZP-P could be 
roughly divided into two stages (Section S2 of the SD). Stage 1: RT–350 
℃, it is associated with an approximate 22 % weight loss, caused by 
thermal decomposition of polyurethane to produce carbon dioxide; 
Stage 2: 350–800 ℃, in which nearly 5 % weight loss is due to due to the 
removal of water of crystallization of NZP and the condensation of its P- 
OH group. BET measurements (Fig. 1b) revealed that the N2 sorp-
tion–desorption curve was close to the H3-type hysteresis loop, which is 
commonly found in layered aggregates and mesoporous and micropo-
rous materials (Naik et al., 2010). From Fig. 1c-d, it can be seen that the 
volume and surface area of pores with a pore size larger than 10 nm 
inside the p-NZP-P decreased significantly after U(VI) sorption, which 
may be due to the following penetration of uranyl into this part of the 
pores to occupy the space. The larger volume and surface area of mi-
cropores or mesopores with a pore width of less than 10 nm after U(VI) 
sorption is probably due to a slight enlargement of the pores due to 
swelling of the p-NZP-P in solutions.

The macroscopic sizes of the p-NZP-P were displayed as pellets with a 
diameter of ~3 mm (Fig. 2a). The microscopic cross section of p-NZP-P 
is shown in Fig. 2b-f. Apparently the interior of the p-NZP-P was porous 
and riddled with grooves of varying depths. TEM images of the p-NZP-P 
showed an internal lamellar structure adhered to polyurethane (Fig. 2g- 
k). The characteristic peaks of Na, O, P, Zr and N appeared in the EDS 
spectra (Fig. 2l), indicating the combination of sodium zirconium 
phosphate and polyurethane component in pellets. Meanwhile, the 
appearance of U peak verified the U(VI) sorption ability onto the p-NZP- 
P in Fig. 2m.

The XRD patterns of the p-NZP-P before and after U(VI) sorption are 
shown in Fig. 3a. All patterns show a peak at 2θ = ~26◦, typical of Zr-Zr 
separation within individual layers. The NZP are defined by two addi-
tional reflections: the one at 2θ = ~20◦ corresponds to the P-P distance 
in the interlayer distance and the one at 2θ = ~34◦ corresponds to the P- 
P distance within the layer (Contreras-Ramirez et al., 2019). No sharp 

diffraction peaks of p-NZP-P were observed, suggesting that 1) the NZP 
component may have disordered and amorphous or nanocrystalline 
structures and 2) the presence of the polyurethane component could 
reduce the intensity. For U(VI)-loaded p-NZP-P, the similar broad 
diffraction peaks confirmed the structural stability during the sorption 
process (Cheng et al., 2018).

FTIR spectra are shown in Fig. 3b. The stretching and bending peaks 
near 3350 cm− 1 and 1638 cm− 1 were attributed to the –OH(H2O) on the 
surfaces of materials (Zhang et al., 2008). The peaks around 3000 cm− 1 

and 1580 cm− 1 represented the –NH and − C-N groups in polyurethane 
(Daud et al., 2014). The symmetric stretching shoulder peak of the P-OH 
functional groups was detected at 1110 cm− 1 (Gheonea et al., 2017), 
along with the existence of the P-O-Zr stretching peak at around 1000 
cm− 1 (Rajeh and Szirtes, 1999). After sorption, the position and in-
tensity of P-OH shifted by approximately 10 cm− 1 and decreased, con-
firming its potential U(VI) coordination ability, accompanied by the 
appearance of the typical O––U––O vibration peak around 915 cm- 1 
(Zeng et al., 2020).

XPS results are shown in Fig. 4. The elements C, N, O, Zr, P and Na 
were detected in survey spectra (Fig. 4a), which was consistent with the 
EDS result. The double peaks at 382.01 eV (U 4f7/2) and 392.87 eV (U 
4f5/2) (Fig. 4b) suggest the sorption of hexavalent uranium on p-NZP-P 
(Ali, 2018). Two different peaks corresponding to P-O-Zr and P-OH at 
binding energies of 531.28 eV and 532.71 eV were fitted into the high- 
resolution (HR) O1s spectra (Fig. 4c). After U(VI) sorption, the position 
and abundance of P-OH decreased and shifted by about 0.25 eV, 
providing evidence that the P-OH participates in U(VI) sorption by p- 
NZP-P was involved and played a key role (Chen et al., 2021; Nakajima 
and Yoshida, 1996), which correlated well with the FTIR result. Notably, 
the positions of the fitted peaks for Na1s spectra (Fig. 4d) shifted 
significantly, illustrating the possible ion exchange reaction between Na 
+ and U(VI) involved in sorption (Buvaneswari et al., 2004; Naik et al., 
2004). The HR spectra of Zr3d and P2p (Fig. 4e-f) hardly changed after U 
(VI) sorption, it could be concluded that Zr and P elements did not 
directly contribute to the sorption process.

Fig. 1. (a) The exterior of p-NZP-P after soaking in solutions for five days, (b) BET measurement of p-NZP-P, (c) dV/dlog pore volume and (d) dA/dlog pore area 
before and after sorption.
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Fig. 2. (a) p-NZP-P, (b-f) SEM images of p-NZP-P and (g-k) TEM images of p-NZP-P. EDS images of p-NZP-P (l) before and (m) after U(VI) sorption.

Fig. 3. (a) XRD patterns, (b) FT-IR spectra of NZP and p-NZP-P before and after sorption.
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3.2. Effect of key factors in static sorption

3.2.1. Effects of contact time and sorption kinetics
Contact time was a significant factor in the U(VI) sorption kinetics of 

sorbents. More than 70 % uranium was removed and the sorption ca-
pacity reached ~74.8 mg⋅g− 1 with an equilibrium time of ~1100 min 
(Fig. 5a). Pseudo-first-order, pseudo-second-order, and intraparticle 
diffusion kinetics models were used herein, and their equations and 
corresponding parameters were shown and listed in Section S3 of the SD. 
The intraparticle diffusion models clearly described the sorption data 
better (Fig. 5b-d) and proved that U(VI) continuously diffused inward 
and occupied the sorption sites within the p-NZP-P until the sorption 
equilibrium was reached (Liu et al., 2021).

3.2.2. Effects of initial U(VI) concentration and sorption isotherms
It was found that the sorption capacity increased as the initial U(VI) 

concentration increased from 100 mg⋅L− 1 to 300 mg⋅L− 1, the sorption 
capacity of U(VI) was greater at higher temperatures in all [U(VI)]initial 
conditions (Fig. 6a). The isothermal models were fitted in Fig. 6b, and 
the Section S4 of the SD showed the corresponding parameters. All high 
R2 values of the two models indicated that homogeneous and hetero-
geneous sorption processes occurred simultaneously. Furthermore, the 
theoretical maximum qm calculated from the Langmuir model was 
~199.78 mg⋅g− 1 at a temperature of 298 K, indicating a remarkable U 
(VI) sorption capacity of p-NZP-P.

3.2.3. Effects of temperature and sorption thermodynamic
In Fig. 7a, it is shown that increasing the temperature promoted U 

(VI) sorption due to the enhancement of intermolecular motion. Fig. 7b 
is the thermodynamic fitting of U(VI) sorption by p-NZP-P with detailed 
parameters in Section S5 of the SD. As can be seen, the positive ΔHθ and 
ΔSθ indicated that the sorption of U(VI) by p-NZP-P was an endothermic 
and randomness-enhancing process. Furthermore, the values of ΔGθ 

were negative and decreased with increasing temperature, indicating 
that the sorption process occurred spontaneously and favorably at 
higher temperatures.

3.2.4. Effects of initial pH
Fig. 8a shows that the increase in initial pH from 2.5 to 4.5 resulted 

in an increase in qe due to the decreasing surface protonation of p-NZP-P 
and the changes in sepecies of U(VI). While a decrease in qe was 
observed, when the initial pH exceeded 4.5. The species of U(VI) include 
UO2

2+, UO2OH+, (UO2)2(OH)2
2+, (UO2)3(OH)5

+, (UO2)3(OH)4
2+ and 

(UO2)4(OH)7
2+ (Fig. 8b). The experimental results were also confirmed 

by the zeta potentials. It can be seen that the surface of the p-NZP-P is 
positively charged when the pHinitial is less than ~3.16 and negatively 
charged when the pHinitial is greater than ~3.16 (Section S6 of the SD). 
The species of U(VI) in the solution is mainly UO2

2+ when the pHinitial is 
between 2.5 and 3, which is electrostatically repelled by the p-NZP-P, 
resulting in lower sorption of U(VI). When the pHinitial is between 3 and 
4.5, the species of U(VI) is converted from UO2

2+ to UO2OH+, 
(UO2)2(OH)2

2+ and (UO2)3(OH)4
2+, resulting in higher sorption of U(VI) 

due to electrostatic attraction. However, when the pHinitial was greater 
than 4.5, although the negative charge on the surface of the p-NZP-P was 
still increasing, the species of U(VI) is converted from UO2

2+, UO2OH+, 
(UO2)2(OH)2

2+, (UO2)3(OH)4
2+ to (UO2)3(OH)5

+, and (UO2)4(OH)7
+, the 

Fig. 4. (a) XPS spectra of p-NZP-P before and after sorption, (b) U 4f, (c) O 1 s, (d) Zr 3d, (e) Na 1 s, (f) P 2p HR spectra of p-NZP-P before and after sorption.
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total positive charge of the uranyl in the solution was reduced, therefore 
the electrostatic attraction between uranyl and p-NZP-P was slightly 
reduced. This results in a slight decrease in U(VI) sorption. Nonetheless, 
p-NZP-P exhibited a high U(VI) sorption capacity of ~77.5 mg⋅g− 1 at pH 
= 4.5, T = 25 ℃ and [U(VI)]initial = 100 mg⋅g− 1.

The equilibrium pH (pHequilibrium) after U(VI) sorption is displayed in 
Fig. 8c. For pHinitial 4.5 and 5.5, the changes in pHequilibrium are within 
the limited range, showing small fluctuations. Fig. 8d shows the absolute 
value of the difference (|ΔpH|) between pHequilibrium and pHinitial. 
Clearly, at pHinitial 4.5 ~ 5.5, the change of solution pH before and after 
sorption is relatively small (≤ 0.25), which has little impact on the study 
of U(VI) sorption by p-NZP-P in aqueous solutions.

3.3. Effect of key factors on dynamic sorption and Tomas model

The effect of key factors on dynamic U(VI) sorption by p-NZP-P is 
shown in Fig. 9. Taking measurement errors into account, we defined 
that 10 % and 90 % of the initial U(VI) concentration represented 
breakthrough and saturation times, respectively. Apparently, with the 
increase in p-NZP-P mass, both the breakthrough and saturation points 
were delayed (Fig. 9a), as larger amounts of p-NZP-P provided more U 
(VI) sorption sites to increase the contact time extend and probability 
between the uranyl and the pellets. Accordingly, the breakthrough time 
(tb) were ~77.5 min (0.5 g), 148.8 min (1 g) and 213.8 min (2 g), while 
the saturation point time (te) was 446.8 min, 526.9 min and 639.7 min, 
respectively.

The influence of the flow rate is shown in Fig. 9b. Both the break-
through and saturation times were advanced in higher flow rate. It is 

Fig. 5. U(VI) sorption by p-NZP-P: (a) effect of contact time and (b-d) kinetics models (m = 30 mg, V = 25 mL, pH = 4.5, [U(VI)]initial = 100 mg⋅L− 1, T = 25 ◦C).

Fig. 6. U(VI) sorption by p-NZP-P: (a) effect of initial U(VI) concentration in different temperature (m = 30 mg, V = 25 mL, t = 1100 min, pHinitial = 4.5) and (b) 
sorption isotherms (solid line is Langmuir model, dotted line is Freundlich model).
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predictable that at high flow rate, the uranyl in the solutions lacked 
enough time to diffuse into the interior of the p-NZP-P, resulting in low 
removal efficiency during the dynamic U(VI) sorption process.

The advanced breakthrough and saturation time were observed in 
Fig. 9c at high initial U(VI) concentration because the accelerated mass 
transfer rate satisfied the rapid occupancy of U(VI) for the sorption sites. 
In other words, the amount of available sorption sites was limited while 
the sorbent mass was constant, resulting in a reduction in the overall 
removal efficiency.

The breakthrough and saturation times of dynamic U(VI) sorption by 
p-NZP-P at different pH values are shown in Fig. 9d. Compared to the 
breakthrough and saturation times at pH = 3.5 and 5.5, the longest time 
points of ~148.8 min and ~526.9 min occurred at pH = 4.5, reflecting 
the relatively high dynamic sorption capacity of U(VI). This result 

correlated well with that in the static sorption experiment.
For dynamic sorption data analysis and calculation of saturation 

sorption capacity and rate constant, the Thomas model, an idealized 
model that does not assume axial diffusion, was used. His equation was 
shown as follows. 

Ct/C0 = 1/[1+ exp(KThq0m/Q − KThC0t)] (4) 

Where Kth was the rate constant of the Thomas model 
(mL⋅min− 1⋅mg− 1). q0 was the predicted dynamic saturated sorption 
density (mg⋅g− 1). C0 and Ct were the initial U(VI) concentration and the 
concentration of uranium after t minutes, respectively (mg⋅L− 1). m was 
the mass of the p-NZP-P (g). Q was the flow rate of the solution in the 
peristaltic pump (mL⋅min− 1). t was the system running time (min).

The fitting curves and detailed parameters are shown in Fig. 10 and 

Fig. 7. U(VI) sorption by p-NZP-P: (a) effect of temperature and (b) thermodynamic (m = 30 mg, V = 25 mL, t = 1100 min, pHinitial = 4.5, [U(VI)]initial =

100 mg⋅L− 1).

Fig. 8. Effect of (a) initial pH on the sorption of U(VI) by p-NZP-P, (b) Distribution of U(VI) species at different pH values, (c) pHequilibrium and (d) |ΔpH| after U(VI) 
sorption by p-NZP-P in aqueous solution.
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Section S7 of the SD. The results showed that the Thomas model can 
describe the dynamic sorption process well. KTh decreased while the 
mass of p-NZP-P increased, confirming the increasing amounts of active 
sorption sites and the improvement in removal efficiency corresponding 
to the advancement of breakthrough and saturation time. However, KTh 

increased at the fast flow rate and high initial U(VI) concentration, 
which was consistent with the dynamic sorption result. The increase in 
the qo was related to the improvement in sorbent utilization when 
decreasing the p-NZP-P mass or increasing the flow rate and initial U(VI) 
concentration.

Fig. 9. Effect of (a) mass, (b) flow rate, (c) initial U(VI) concentration, (d) initial pH on U(VI) dynamic sorption by p-NZP-P.

Fig. 10. The fitting curves of Tomas models for the U(VI) sorption on different conditions: (a) mass, (b) flow rate, (c) initial U(VI) concentration, (d) initial pH.
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3.4. Radioactive rare earth wastewater treatment and effects of coexisting 
ions

The sources of uranium in water bodies primarily include uranium 
mining, smelting and processing of uranium, uranium leaks due to un-
usual accidents in nuclear power plants, the production and testing of 
nuclear weapons, and the use of weapons with depleted uranium. 
Wastewater production from uranium mines varies over a wide range, 
with U(VI) concentrations ranging from 0.18 to 4 mg⋅L− 1. Collection of 
rare earth wastewater from a tailings pond in southwest Sichuan, China. 
The recirculation device (Section S1 of the SD) was used for the U(VI) 
removal test from radioactive rare earth wastewater. The recirculation 
device (Section S1 of the SD) was used for the U(VI) removal test from 
radioactive rare earth wastewater. The column was filled with 2 g of p- 
NZP-P and the volume of the radioactive rare earth wastewater in the 
mother liquor tank was 500 ml. The flow rate of the recirculation device 
was set to ~3 L/h. The U(VI) concentration in the water draining into 
the eluent tank was measured by ICP-MS, and a significant decrease 
(~81.7 %) in the U(VI) concentration could be achieved after 1 h of 
recirculation treatment (Fig. S5 in Section S8 of the SD).

The effects of coexisting ions on U(VI) sorption by p-NZP-P when C0 
= 100 mg⋅L− 1 for all cations, m = 30 mg, pH = 4.5, t = 1100 min, T = 25 
℃ and V = 25 mL were evaluated in Fig. S6 (Section S8 of the SD). The 
results showed that the removal of U(VI) by p-NZP-P could still reach 
~68.87 % in a solution where multiple cations were present at the same 
time. It also reaffirms the potential of p-NZP-P to remove uranium from 
radioactive wastewater.

3.5. Desorption and reusability

The regenerative property of p-NZP-P is one of the most important 
elements to measure its application potential. The aim of the desorption 
experiments was to evaluate the potential of p-NZP-P for practical U(VI) 
recovery. The U(VI)-loaded p-NZP-P in aqueous solution was desorbed 
by different desorbents (HNO3, H2SO4, HCl, NaHCO3, NaCl and NaOH), 
with an equal concentration of 0.1 mol⋅L− 1. From Fig. 11a, it can be seen 
that the highest desorption rate with 0.1 mol⋅L− 1 HCl was 82.36 %. The 
results of the reusability experiments are shown in Fig. 11b. The 25 mL 
of 0.1 mol⋅L− 1 HCl solutions were used to repeat the sorption elution five 
times. The sorption capacity of p-NZP-P for U(VI) only decreased by 
~12.6 % after 5 cycles of repeated use, indicating the stable chemical 
properties and excellent recycling performance of p-NZP-P.

The sorption capacities of other materials are compared in Table 1. 
Compared with other materials, our synthesized material has excellent 
sorption performance among spherical sorbents. The sorption ability of 
the p-NZP-P is not sufficiently advantageous compared to the many 
materials. however, most studies have not focused on the suitability of 
sorbents for use in practical processes for treating radioactive waste-
water, traditional powdery sorbents tend to clog the treatment device’s 
piping or filter membrane and are more difficult to recover from solu-
tions. In summary, p-NZP-P is more suitable for practical radioactive 

wastewater treatment processes, and in the current study, p-NZP-P has a 
higher sorption capacity for U(VI) in the spherical sorbents.

3.6. Sorption mechanisms

In particular, the likely mechanisms of U(VI) sorption by p-NZP-P 
from aqueous solutions were schematically presented in Fig. 12. The 
decrease in the relative abundance of surface –OH groups after U(VI) 
sorption indicated that the hydroxyl groups on NZP (P–OH) played a key 
role in U(VI) sorption by p-NZP-P U(VI) solutions. Furthermore, the shift 
of Na1s peaks suggests that the ion exchange reaction of Na+ with uranyl 
in the NZP interlayer also contributes to U(VI) sorption by p-NZP-P 
(Yuan et al., 2024). The component of polyurethane in p-NZP-P was very 
stable as the binder before and after the sorption and did not participate 
in the sorption process (Zhang et al., 2022b). A variety of character-
ization results and experimental phenomena support the above 
assumption about the sorption mechanism.

4. Conclusions

In this work, the novel porous sodium zirconium phosphate pellets 
(p-NZP-P) were first prepared to adsorb uranium from aqueous solution. 
After soaking for five days, p-NZP-P showed excellent macroscopic 
stability. The characterization verified the porous microstructure of the 
sorbent and the structural stability during the U(VI) sorption process. 
And the sorption mechanisms were suggested to be involved in –OH 
coordination and ion exchange.

The results of the static sorption experiment showed that the U(VI) 
sorption capacity of 77.5 ± 1.5 mg⋅g− 1 could be recovered by p-NZP-P 
when the initial concentration of U(VI) was 100 mg/ L, pH = 4.5, T = 25 
℃, m = 30 mg and V = 25 mL. Kinetics and thermodynamics suggested 
that intraparticle diffusion and a spontaneous endothermic process 
occurred. Furthermore, the theoretical maximum qm calculated from 
the Langmuir model was ~199.9 mg⋅g− 1, indicating a remarkable U(VI) 
sorption capacity of p-NZP-P. Based on the results of the dynamic 
sorption experiments, the increase in mass and the decrease in the initial 
U(VI) concentration and flow rate delayed the breakthrough and satu-
ration times at pH 4.5. The Thomas model revealed that increasing the p- 
NZP-P mass or decreasing the flow rate and initial U(VI) concentration 
resulted in a decrease in KTh, corresponding to the breakthrough delay 
and saturation time. Furthermore, the increase in the qo value related to 
the increasing utilization of our pellets while decreasing the mass or 
increasing the flow rate and initial U(VI) concentration. Radioactive rare 
earth wastewater treatment results suggested that p-NZP-P could be the 
potential uranium sorbent due to its good stability and efficiency. 
Repeatability experiments showed that the sorption capacity of p-NZP-P 

Fig. 11. The U(VI)-loaded p-NZP-P in aqueous solution was desorbed by 
different desorbents with an equal concentration of 0.1 mol⋅L− 1, respectively 
(T = 25 ℃, V: 25 mL, t: 1100 min, C = 0.1 mol⋅L− 1) and (b) the reusability 
experiments of U(VI) sorption on p-NZP-P (T = 25 ℃, pHinitial = 4.5, V = 25 mL, 
C0 = 100 mg⋅L− 1, t = 1100 min).

Table 1 
Comparison of sorption capacity for different nuclide with various sorbents.

Sorbent Appearance pH qe Ref.

AC-Q powder 4.7 ~63 mg⋅g− 1 (Elashry et al., 
2022)

Fe3O4/GO powder 5.5 ~69.5 
mg⋅g− 1

(Zong et al., 
2013)

15 % PMo12/UiO-66 powder 5.5 ~131.4 
mg⋅g− 1

(Zhang et al., 
2022a)

CS-PTA-DMAs aerogel 6 ~160 
mg⋅g− 1

(Yang et al., 
2021)

PGG@C powder 4 ~0.5 
mmol⋅g− 1

(Hamza et al., 
2021)

UR/SiO2 powder 5 ~0.6 
mmol⋅g− 1

(Hamza et al., 
2022)

TEPA@MCHS powder 4 ~1.8 
mmol⋅g− 1

(Elwakeel et al., 
2014)

Schiff’s base magnetic 
chitosan composite

powder 4 ~2.3 
mmol⋅g− 1

(Elwakeel and 
Atia, 2014)

p-NZP-P pellet 4.5 ~77.5 
mg⋅g− 1

This work
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for U(VI) only decreased by ~12.6 % after 5 cycles of repeated use, 
indicating the stable chemical properties and excellent recycling per-
formance of p-NZP-P. Mechanistic analyzes showed that the sorption 
capacity of p-NZP-P is mainly due to –OH coordination and Na+

exchange.
Our article verified the technical application potentials of p-NZP-P 

and provided references for the development of practical materials for 
uranium removal from radioactive wastewater.
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