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Abstract
The uranium in the radioactive wastewater produced by uranium conversion process is higher than the emission limit value, 
so it is of great significance to treat it to reduce its concentration. Nanofiltration technology and ion exchange technology 
were combined to treat uranium-containing wastewater and it can achieve the discharge standard. For the treatment system, 
uranium was firstly enriched in nanofiltration concentrate, and the concentrate entered the ion exchange system for selective 
adsorption of uranium. Because uranium exists in the form of complex cations or anions at different pH conditions, the use 
of cation–anion exchange resin tandem treatment technology can effectively and selectively adsorb almost all uranium. Both 
laboratory and engineering application results showed that the uranium concentration in the nanofiltration solution can be 
reduced to less than 50 μg/L after treating by the nanofiltration system for the wastewater containing 5–100 mg/L uranium. 
This work demonstrated that nanofiltration-ion exchange technology is practical and valuable for the treatment of acidic or 
alkaline uranium-containing waste liquid.
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Introduction

With the rapid development of nuclear power in the world, 
the capacity of nuclear power units has shown a trend of 
doubling, and the uranium conversion industry has risen 
rapidly [1, 2]. However, the resulting problem is that a large 
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amount of uranium wastewater has been produced. If this 
wastewater is discharged without control, uranium will enter 
the food chain through the biosphere and finally accumulate 
in the human body [3, 4]. The presence of uranium will 
cause radiation damage to the human body, which can cause 
acute or chronic poisoning and induce various diseases. The 
peaceful and green development of nuclear energy requires 
that uranium wastewater must be treated and discharged after 
reaching the standard, which has met the requirements of 
environmental monitoring and protection. The World Health 
Organization (WHO) recommended that the concentration of 
uranium (VI) in drinking water should be less than 2 μg/L. 
The United States Environmental Protection Agency (EPA) 
also stipulates a similar low concentration standard, usually 
the concentration of uranium in drinking water is limited 
to 30 μg/L or less. The emission standards for uranium-
containing wastewater are set to 50 μg/L in China. These 
standards aim to control the potential impact of radioactive 
wastewater on the environment and public health. Therefore, 
it is necessary and urgent to develop new technologies for 
uranium-containing wastewater treatment.

The Savannah post-treatment plant in the United States 
adopts pH adjustment- microfiltration—mercury ion 
exchange—activated carbon column—reverse osmosis—
ion exchange for the waste liquid/military legacy waste liq-
uid from the post-treatment separation facility [5, 6]. The 
purified water is directly discharged, and the concentrated 
liquid is evaporated. The waste liquid treatment process was 
completed and put into use in 1998. The Nine Mile Point 
(NMP) nuclear power plant in the United States uses a two-
stage filtration column (to remove suspended solids)—bag 
filtration—reverse osmosis prefiltration—reverse osmosis—
photo oxidation—ion exchange—recycling and reuse (zero 
emissions) for environmental protection and public welfare 
treatment of ground flushing water and other waste [7].

Internationally, technologies such as microfiltration (MF), 
ultrafiltration (UF), and nanofiltration (NF) are gradually 
being applied in the field of radioactive wastewater treat-
ment [8]. Compared with traditional treatment processes, 
membrane technology has many advantages, such as good 
effluent quality, energy savings, high decontamination coef-
ficient, and stable and reliable operation [9–11]. In addition, 
ion exchange technology has been widely used in the treat-
ment of uranium ions due to its excellent performance, high 
removal rate, small footprint, and low investment [12].

Therefore, this work innovatively combines nanofiltra-
tion technology and anion-cation exchange series technol-
ogy to achieve qualified treatment and discharge of uranium 
containing waste liquid ([U] < 50 μg/L). The concentrated 
solution obtained after nanofiltration volume reduction and 
concentration is highly enriched uranium wastewater. Selec-
tive adsorption of uranium can be achieved by using anion 
cation exchange tandem technology to reduce the uranium 

content in the concentrated solution to 50 μg/L in China, 
the adsorbed tail liquid meets the discharge standard, and 
the adsorbed uranium can be recovered and reused through 
desorption. This work has created a new idea and method 
for the treatment of uranium-containing wastewater, which 
has great potential for industrial application.

Experimental and chemical

Experimental equipment

Nanofiltration device (Vontron Technology Co., Ltd, China), 
ion exchange resin column (DuPont, Co., Ltd, USA), poly-
amide (J&K Scientific Ltd) and tubular composite mem-
brane (Porex Filtration Ltd). The accuracy of the first-stage 
nanofiltration membrane is 150 daltons, and the accuracy 
of the second-stage nanofiltration membrane is 300 daltons.

Materials and chemicals

Sodium carbonate, sodium chloride, hydrochloric acid and 
sodium hydroxide were purchased from Tianjin Damao Co., 
Ltd. China. SQD-74 and TP107 strong alkaline ion exchange 
resin, SQD-92 and SQD-813 weak alkaline ion exchange 
resins, TP207 and TP260 weak acidic ion exchange resin, 
SP112 strong acidic ion exchange resin were purchased from 
Tianjin Damao Co., Ltd. Details of all the resins used in the 
experiment are shown in Table 1. The 201 × 7 ion exchange 
resin used in the original wastewater treatment facility was 
used to adsorb the tail liquid. The uranium concentration 
was 5–100 mg/L and the pH was about 11. All of the resins 
were selected for ion exchange experiments.

Laboratory scale experiments

The uranium-containing wastewater in the experiment is 
first collected in the raw liquid tank, and then transported 
to the first level nanofiltration membrane module through 
a pressure pump after sampling and analysis. The concen-
trated solution of nanofiltration enters the concentrated solu-
tion tank, and the filtrate enters the primary clear solution 
tank. The filtrate in the first level clear liquid tank is then 
filtered through the second level nanofiltration membrane. 
The filtrate enters the second level clear liquid tank, and the 
concentrated solution enters the concentrated solution tank. 
The filtrate in the secondary clear liquid tank can also be 
returned to the primary clear liquid tank for repeated filtra-
tion. Finally, all experimental water can be returned to the 
original wastewater system for further uranium recovery. 
The process is shown in the Fig. 1.

The adsorption experiment of uranium by resin was 
carried out by dynamic column experiment. As shown in 
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Fig. 2, the wastewater was adsorbed and separated by a 
column filled with resin, and the flow rate was controlled 
by a pump to ensure the same conditions. Four groups of 
solutions (pH 3, 4, 5, 6) were flowed through the TP260 
cation exchange resin column, and the pH was adjusted 
to 7, 8, 9, 10 by  Na2CO3 solution, and then they were 
adsorbed by the 07 anion exchange resin column. After 
60 min of operation in each group, the effluent of the 
exchange column was sampled to determine the uranium 
content, and the system was washed and replaced after 
sampling. At the same time, in order to ensure the pro-
duction cost, different eluents were used to regenerate the 
resin after saturated adsorption of uranium. The column 
after adsorption of uranium was rinsed with eluent and the 
effluent was collected for the detection of uranium concen-
tration. The recovery rate of uranium was used to evaluate 
the regeneration performance of the resin.

Engineering application stage

The performance of the whole treatment system is evaluated 
by calculating the retention ratio (R = (1–C2/C1) × 100%), 
where C1 represents the uranium content in the versus waste-
water of each level of nanofiltration membrane, C2 repre-
sents the uranium content in the permeate of various levels 
of NM. The uranium-containing wastewater with different 
uranium contents (5–100 mg/L) (pH = 8) was prepared, 
and the uranium concentration of the final supernatant was 
compared to verify the uranium interception effect of the 
nanofiltration system.

This experiment verifies the adsorption effect of uranium 
on all levels of exchange columns in the ion exchange system 
when the inlet pH of the cation exchange column is con-
trolled at 3 and the inlet pH of the anion exchange column 
is controlled at 9.

Table 1  The details of resins used in experiments

Anion exchange resin
Resin characteristics SQD-74 Strong alkaline ion 

exchange resin
SQD-92 weak alkaline ion 

exchange resin
SQD-813 weak alkaline ion 

exchange resin
TP107 strong alkaline ion 

exchange resin
Skeleton structure Macroporous styrene Macroporous styrene Macroporous acrylic acid Macroporous acrylic acid
Functional group Quaternary ammonium type Free ammonium type Free ammonium type Quaternary ammonium type
Cation exchange resin
Resin characteristics TP207 weakly acidic ion 

exchange resin
TP260 weakly acidic ion 

exchange resin
SP112 strongly acidic ion exchange resin

Skeleton structure Macroporous styrene system Macroporous styrene system Macroporous styrene system
Functional group Chelation iminodiacetic acid 

group
Chelated amino phosphate 

group
Sulfonic acid group

Fig. 1  Flow chart of nanofiltration test for uranium containing wastewater
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Uranium measurement procedure: The concentrations 
of U in supernatants or solution were measured by Induc-
tively Coupled Plasma Optical Emission Spectroscopy 
(ICP-OES, PQ9000, Jena, Germany), prior to analysis, the 
instrument was washed and optimized to obtain an accurate 
measurement.

Results and discussion

Laboratory scale experiments

Results of nanofiltration experiment

The results showed that the initial uranium-containing 
wastewater (100 μg/L) was treated by 1# nanofiltration unit, 
and the uranium concentration was reduced to 0.93 μg/L 
(Table 2). After further treatment by 2# nanofiltration unit, 
the uranium concentration in the effluent was 0.042 μg/L, 
which was lower than the emission standard of 50 μg/L. 
Similarly, Torkabad et  al. [13] used three commercial 

nanofiltration membranes (PES-2, NF-1 and NF-2) to selec-
tively separate uranium from the bioleaching solution of 
low-grade uranium ore. The performance of the membrane 
under various operating conditions was evaluated by termi-
nal and cross-flow filtration experiments. The experimental 
results showed that the three nanofiltration membranes could 
intercept uranium well. This result proves the effective reten-
tion ability of nanofiltration membrane to uranium, which is 
beneficial to the reduction of its concentration.

Ion exchange resin experiment

(1) The adsorption effect of ion exchange resin on uranium
According to Fig. 3, it can be found that none of the seven 

resins have reached 50 μg/L requirement. However, we can 
still find that the uranium concentration after resin TP260 
and TP107 treatment is reduced to 0.45 and 0.149 mg/L, 
respectively. However, some resins including of SQD-74, 
SQD-92, SQD-813, TP207 and SP113 had certain adsorp-
tion capacities for uranium, compared with the other two res-
ins, their weaker exchange capacity for uranium may be lim-
ited by the mismatch between the change of uranium species 
and its adsorption sites under this condition. Thus, Further 
experiments were conducted on the resin TP260 and TP107. 
The effluent (pH ~ 8–9) after adsorption of TP260 resin in 
the above experiment was collected, and the pH was adjusted 
to 10 with  Na2CO3, and then further adsorbed by TP107 
resin. The results of adsorption tail liquid analysis showed 
that the uranium concentration in the solution was 25.6 μg/L, 
which achieved the expected uranium enrichment effect 

Fig. 2  Flow chart of ion 
exchange experiment for ura-
nium containing wastewater

Table 2  Retention ratio of uranium in alkaline wastewater by nanofil-
tration membrane (NM)

Number 1 # NM 2 # NM pH

Original solution (mg/L) 8.25 0.93 8
Clear liquid (mg/L) 0.93 0.042 9
Concentrate (mg/L) 13.77 1.22 9
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and was lower than the emission standard. According to the 
Botha et al. report, an anionic resin was used for groundwa-
ter containing uranium treatment, the results showed about 
99.5% removal of uranium from an effluent with a pH of 6.5 
in a responsible system containing a large number of coex-
isting ions [14]. In comparison, the ion exchange resin we 
selected has a better ability to remove uranium.

The results show that it is difficult to achieve the require-
ment that the uranium content in the effluent is less than 
50 μg/L by using anion exchange resin or cation exchange 
resin alone to adsorb uranium ions in uranium-containing 
wastewater. The first reason is that the concentration of 
uranium ions in the uranium-containing wastewater to be 
treated is too low, resulting in insufficient adsorption capac-
ity of the resin to uranium ions [15]. The second reason is 
that when pH is 3 and 10, the valence state of uranium in 
uranium-containing wastewater is not unique, and there are 
still trace amounts of uranium that cannot be adsorbed by the 
corresponding cation and anion exchange resins. Through 
this experiment, the feasibility of the process route of treat-
ing uranium-containing wastewater in series with cation and 
anion exchange resins was verified. This method is easier to 
achieve the environmental protection requirements of efflu-
ent less than 50 μg/L than using a single ion exchange resin 
[16].

(2) Effect of pH on uranium adsorption efficiency in ion 
exchange systems

Figure 4 shows the uranium content data of the adsorption 
tail liquid at different pH values. The results showed that the 
uranium containing wastewater with a pH of 3 was adsorbed 
by a cation exchange resin, the wastewater pH was adjusted 
to 9 and 10 with  Na2CO3, and then adsorbed again with an 

anion exchange resin, the uranium content in the wastewater 
can be reduced to 42 and 23 μg/L (< 50 μg/L) for the efflu-
ent with pH of 9 and 10, respectively. This indicates that 
uranium exists in different forms in solutions of different 
pH, and deep recovery of uranium can be achieved through 
a series of cation anion exchange columns.

In order to obtain the maximum adsorption capacity and 
desorption parameters of TP260 resin in the treatment of 
real uranium-containing wasteswater, the column experi-
ment was carried out to investigate the dynamic adsorption 
behavior. The results showed that the resin column could 
treat about 750 mL solution when the uranium concentration 
was 2 g/L, so as to obtain the maximum uranium adsorption 

Fig. 3  Uranium concentration in 
uranium-containing waste liquid 
after treatment with different 
ion exchange resins

Fig. 4  Uranium concentration after treatment with anion-cation ion 
exchange resin at different pH
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capacity of the TP260 resin was 26 mg/g. At the same time, 
10% HCl and 10%  Na2CO3 solution were used as eluents, 
respectively, the results showed that more than 95% of ura-
nium could be eluted from the column using 10%  Na2CO3 
solution as eluent.

Engineering application‑experimental results 
and discussion

(1) Development of nanofiltration system
The nanofiltration device is equipped with four levels of 

NM (Fig. 5), among which the selection accuracy of 2#, 3#, 
and 4# nanofiltration is 300 Dalton NM, and the selection 
accuracy of 1# nanofiltration is 150 Dalton NM. The power 
between the NM is provided by a variable frequency high-
pressure pump. The clear liquid phases of primary nano-
filtration (1#NM), secondary nanofiltration (3#NM), and 
tertiary nanofiltration (4#NM) are connected in series to 
separate the uranyl ions and their complex anions in uranium 
containing wastewater through tertiary filtration, layer by 
layer interception, ensuring that [U] < 50 μg/L in the outlet 
clear liquid. Concentrated nanofiltration (2# NM) further 
concentrates the concentrated solution after the first stage 
nanofiltration, returns the clear solution to the 1# nanofiltra-
tion versus wastewater tank, and further removes uranium 

from the concentrated solution through the ion exchange 
system. 2# and 3# nanofiltration concentrated liquids are 
partially diverted to their respective versus wastewater tanks, 
and some are returned to the 1# nanofiltration versus waste-
water tank to ensure relatively stable uranium concentration 
in each level of water tank. The efficiency of the system 
for concentrated water entering the ion exchange system is 
about 10–30%.

(2) Development of ion exchange system
The ion exchanger adopts a floating bed form, during 

operation, the inlet water enters the floating bed from the 
bottom, passes through the lower water distribution plate, 
and evenly enters the bed layer. The entire resin layer is 
lifted in a uniform and dense state by the rising water flow, 
at the same time, the water flow completes the ion exchange 
reaction with the resin layer during the upward flow and 
flows out of the ion exchanger from the top. After the resin 
layer becomes saturated, the cleaning water and regener-
ant enter from the upper part, pass through the upper water 
distribution plate, and evenly flow downwards through the 
resin layer for cleaning and regeneration. In order to distrib-
ute water more evenly and prevent accidental loss of resin, 
water distribution plates are installed at the lower and upper 
parts of the chamber, and ion exchange resin special filter 
caps are installed on the perforated plates. This ensures that 

Fig. 5  Flow diagram of nanofiltration system
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the resin with normal particle size will not lose, and water 
flow can pass through normally. It also clamps other small 
impurities inside the resin tower to ensure cleanliness inside 
the tower. At the same time, the water flow is effectively and 
evenly distributed during the backwashing process of the 
resin tower. This maintains the stable distribution and flow 
state of the resin in the tower and improves the backwashing 
efficiency.

The ion exchange column for adsorption is divided into 
two stages. The first stage ion exchange column is a cation 
exchange column packed with macroporous crosslinked 
polyacrylic acid series exchange resin with chelating ami-
nomethyl phosphate group and weak acid cation, and the 
second stage ion exchange column is an anion exchange col-
umn packed with macroporous cross-linked polyacrylic acid 
series quaternary ammonium strong base anion exchange 
resin. Each stage consists of two units. During operation, 
each stage can operate as a single column or in series, and 
the operation mode is determined based on the uranium con-
tent of the versus wastewater [17, 18]. Compared with the 
traditional gel-type resin, the macroporous resin is easier to 
adsorb large molecular weight substances, and the adsorp-
tion efficiency of uranium is better [19]. The secondary 
adsorption effect after regeneration is good, and it is not easy 
to be blocked by impurities. The resin channel has strong 
anti-pollution ability.

The ion exchange device is used to treat nanofiltration-
concentrated solution (Fig. 6). Before the wastewater enters 
the first level ion exchange column, the  H2SO4 solution is 
added by the dosing pump through the back-pressure valve. 
The pH of the wastewater is adjusted to 2–5 in the pipeline 
mixer before entering the column, and then adsorbed by the 
cation exchange resin. The effluent from the first level ion 
exchange column is collected by the pH adjustment reac-
tion tank, where alkali is introduced to modify its pH level. 
After adjusting the wastewater pH to 9–11, it overflows to 
the adjustment tank and is then transported to the second 
level ion exchange column by a transport pump, where it 
is adsorbed by an anion exchange resin. The effluent from 
the secondary ion exchange column is collected by the neu-
tralization tank and overflowed to the discharge tank before 
being discharged.

Analysis of nanofiltration experiment results

The experiment was conducted by configuring acidic and 
alkaline wastewater with a uranium content of 6–8 mg/L 
to calculate the retention ratio of various levels of NM, and 
the results were shown in Table 3. After the ion exchange 
system, the uranium-containing wastewater is concen-
trated to a smaller volume, and the uranium concentration 
is significantly increased. It revealed that the single stage 

Fig. 6  Schematic diagram of ion exchange system flow
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nanofiltration membrane has a high uranium retention ratio 
of 85.54–91.59% in the treatment of alkaline wastewater 
containing uranium at concentrations ranging from 0.083 to 
14.63 mg/L. While for acidic uranium containing wastewater 
with a concentration of 0.182–13.82 mg/L, the single stage 
nanofiltration membrane has a uranium retention ratio of 
84.29–89.90%, which is slightly lower than that in alkaline 
environments. However, the uranium content in the third 
stage, clear solution is less than 50 μg/L, the retention ratio 
can still meet the process requirements. There are two rea-
sons why the retention rates of alkaline and acidic uranium 
containing wastewater are different. One is that uranium has 
a large molecular weight, and the nanofiltration membrane 
has a pore size of about 1 nm, which has the best retention 
efficiency for substances with molecular weights ranging 
from 200 to 1000 Daltons. The second reason is that the 
nanofiltration membrane carries negative charges in water, 
while uranium in alkaline wastewater mainly exists in the 
form of anionic complexes  UO2(CO3)2

2− and  UO2(CO3)3
4−. 

The same charges repel each other, and the nanofiltration 
membrane prevents  UO2(CO3)2

2− and  UO2(CO3)3
4− from 

approaching it, thereby limiting its penetration through the 
membrane surface, resulting in a higher removal ratio [20]. 
However, uranium in acidic wastewater mainly exists in the 
form of  UO2

2+, and the charge of the nanofiltration mem-
brane is not conducive to its retention of uranium, resulting 
in a decrease in removal efficiency.

Analysis of ion exchange system experimental results

The inlet pH of the cation exchange column is controlled 
at 3, and the inlet pH of the anion exchange column is 
controlled at 9. The analysis data of the effluent from each 
level of the exchange column in the ion exchange system 
are shown in the Table 4. The results show that over 99% 
of uranium in wastewater is adsorbed by cation exchange 
resin, but the effluent cannot meet the standard. The 

residual nuclides are adsorbed by anion exchange resin 
and reach the emission standard of is consistent with the 
conclusion of the small experiment.

Conclusion

(1) The nanofiltration membrane has a high retention ratio 
for uranium. After treating 8 mg/L of uranium-con-
taining wastewater by the nanofiltration system, the 
uranium concentration in the supernatant is less than 
50 μg/L.

(2) The existence forms of uranium under different pH 
conditions can be divided into cationic and anionic 
forms. The series treatment technology of cation/anion 
exchange resins can effectively selectively adsorb dif-
ferent forms of uranium, making the uranium concen-
tration in the tail liquid adsorbed by the exchange resin 
less than 50 μg/L.

(3) The desorption agent for TP260 ion exchange resin is 
10% sodium carbonate solution, and the optimal des-
orption agent for TP107 ion exchange resin is 10% 
sodium chloride and hydrochloric acid solution.

(4) Through laboratory experiments and pilot plant valida-
tion, the combined treatment technology of nanofiltra-
tion ion exchange can achieve concentration, volume 
reduction, and deep adsorption of uranium containing 
wastewater from uranium purification and conversion 
production lines, so that the uranium concentration in 
the discharged water can meet the national discharge 
standards.
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Table 3  Retention data of uranium in alkaline and acidic wastewater 
by NM systems

Number 1# NM 2 # NM 3 # NM 4 # NM pH

Original (mg/L) 6.32 14.63 0.631 0.083 9
Clear liquid (mg/L) 0.63 1.23 0.083 0.012 8
Concentrate (mg/L) 14.63 30.62 0.682 0.105 9
Retention ratio (%) 89.98 91.59 86.85 85.54 –
Original (mg/L) 7.89 18.82 0.982 0.141 4
Clear liquid (mg/L) 0.98 1.90 0.143 0.022 4
Concentrate (mg/L) 18.82 38.42 1.745 0.211 4
Retention ratio (%) 87.58 89.90 85.71 84.29 –

Table 4  Analysis data of effluent from various exchange columns of 
the ion exchange system

Water sample name Uranium content pH

Nanofiltration concentrate 122.3 mg/L 6
101 ion exchange column effluent 2.56 mg/L 3
102 ion exchange column effluent 1.22 mg/L 3
105 ion exchange column effluent 262.2 μg/L 9
106 ion exchange column effluent 22.0 μg/L 9
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