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a b s t r a c t
Nuclear power plants produce low-level radioactive wastewaters (LLRW) that contain radioactive 
nuclides. Prior to discharge, these radioactive nuclides need to be safely and efficiently removed. 
Continuous electrodeionization (CEDI) has shown potential for the treatment of LLRW. Here, we 
measured the performance of CEDI stacks on the removal of three different trace nuclides: Cs(I), Sr(II) 
and Co(II). Our results indicated that Cs(I) and Sr(II) actively migrated in the resin particles and were 
distributed in the resin profile according to the applied electric field. Nuclide removal was improved 
by increasing the working current. At a working current of 0.5 A, the removal efficiencies of Cs(I), 
Sr(II), and Co(II) amounted to 99.7%, 98.1%, and 77.1%, respectively. However, excessive working 
current resulted in the hydrolysis and formation of Co(OH)2, which deposited on the surface of the 
cation exchange resin. The adsorption rate of Cs(I), Sr(II), and Co(II) for the resin was in the following 
order: Cs(I) > Sr(II) > Co(II). This order was also positively related to the removal efficiency of the CEDI 
stack. However, we found no significant relationship between resin adsorption capacity and CEDI 
removal efficiency. 
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1. Introduction

As it is a clean energy, nuclear power has great 
development potential in China. To this end, the 13th 
Five-Year Plan included a 2020 milestone: China will achieve 
58 GW of operating, nuclear power capacity and have 
under construction an additional 30 GW of nuclear power 
capacity. When these nuclear power plants are in opera-
tion, a large amount of low level radioactive wastewaters 
(LLRW) will be generated mostly from their primary cool-
ant. Fission products and corrosion products are the main 
source of radionuclides in primary coolants, like Sr(II), 
Cs(I) and Co(II). There are almost no other non-radioactive 
salt ions [1]. The radioactive waste will destroy the natural 

ecosystems and threaten the human health, high dose irra-
diation can lead to human chromosome aberration and gene 
mutation. So it has to be purified before being discharged 
into the environment [2].

At present, there are many new researches on the 
removal of radionuclides from wastewater [3,4]. Continuous 
electrodeionization (CEDI) is a hybrid water treatment 
technology that is suitable for the treatment of low 
salinity wastewater. It also has a high decontamination 
factor [5,6]. CEDI has been recognized as a potential 
technology for the removal of trace nuclides and as a way 
to minimize radioactive waste [7,8]. The CEDI stack has 
both dilute and concentrated compartments, which are 
alternately arranged between electrodes and separated by an 
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ion-exchange membrane. Compared with ED, ion exchange 
resins are packaged into the compartments to improve 
the electrical conductivity of the stack. With an applied 
working current, the ions in the dilute compartment will 
migrate directly to the concentrated compartment [9,10].

The conventional technologies for handling LLRW are 
evaporation and ion exchange, mainly because of their historic 
use, efficiency, and simplicity [11]. However, evaporation 
suffers from several well-known problems, including energy 
consumption, effective scaling to large industrial levels, and 
corrosion [12]. Moreover, ion-exchange technology produces 
a large volume of radioactive, exhaust resins due to the 
regeneration absence in nuclear industry [13]. Compared 
with the conventional ion exchange process, which is widely 
used in NPP, CEDI can offer the favorable efficiency and 
simplicity. In addition, there is no accumulation of nuclides, 
the module can be operated continuously without exhausted 
resin produced in theory. Therefore, the application of CEDI 
can avoid the large amount of radioactive exhausted resin, 
which is inevitably generated in conventional ion exchange 
process.

According to recent reports, CEDI has been primarily 
used for the removal of weak acids such as B(OH)4

– [14] and 
heavy metals such as Ni2+ [15,16], Cr6+ [17], and Cu2+ [18]. It 
also produces highly pure water [9]. Past works by Song 
[19] and Zhang [20] studied the treatment of low radioactive 
wastewater containing Co (II) and Cs (I), respectively, 
using CEDI systems. Their collective results showed that 
CEDI was an efficient technique for the purification of 
nuclide-containing wastewater. Importantly, the removal 
ratio under optimal conditions reached up to 99%. 

The study presented here was based on past 
investigations into the different nuclide removal 
efficiencies of CEDI; we then further explored the effects 
of the isothermic and kinetic parameters of packaged 
polymers in the CEDI stack. 

2. Materials and methods

2.1. Materials and installation

2.1.1. Ion exchange resin 

Both the strong basic anion exchange resin (AER) and 
strong acid cation exchange resin (CER) were purchased 
from Dow Chemical (Shanghai, China). They were both gels 
and were used in the primary system. Additional resin prop-
erties are listed in Table 1. Before packed into the CEDI stack, 
the resin were cleaned in the deionized water and placed in 
the drying oven until the resin is dried. The CER and AER 
were mixed in a 1:1 wet volume ratio before each experiment. 

2.1.2. Ion exchange membrane

Commercial heterogeneous anion and cation exchange 
membranes were purchased from Qianqiu Environmental 
Water Treatment Co. Ltd. (Zhejiang, China). The cation and 
anion exchange membranes contained –SO3H and –[N(CH3)3]
OH, respectively. Membranes were immersed in deionized 
water for more than 24 h before use to remove any soluble 
impurities.

2.1.3. CEDI set-up

The experiments were carried by a lab scale CEDI system, 
detailed in Fig. 1. Briefly, the CEDI stack had three main com-
partments: Two concentrate compartments and one dilute 
compartment, which were separated by both the cation 
exchange membrane (CEM) and anion exchange membrane 
(AEM). The effective membrane area was 44.2 cm2. The depth 
of the dilute and concentrate compartments were 1 cm and 
0.5 cm, respectively. The dilute compartment was packed 
with mixed resin in a 1:1 ratio (AER: CER = 1:1). The anode 
compartment was packed with AER and cathode compart-
ment was packed with CER. The cathode and anode plates 
were stainless steel and titanium alloy, respectively. 

The system consisted of a CEDI stack, a power supply, 
and other components such as tanks, pumps, switches, and 
flow meters (Fig. 1). 60 L feed solution in Reservoir 5 was 
pumped into the three, separate compartments using dia-
phragm pumps. The effluent of the dilute compartment 
was collected in Dilute Reservoir 6 and the effluent of the 
two concentrate compartments were mixed and collected in 
Concentrate Reservoir 7. All experiments were performed in 
constant current mode using one power supply (Shanghai 
Querli Electrical Equipment Co. Ltd., Shanghai, China). 
Samples (10 mL) were taken from the dilute and concentrate 
reservoirs every 0.5 h. 

2.2. Experimental protocol

The resin adsorption isotherms of Cs(I), Sr(II), and Co(II) 
were tested at 30°C using different initial Cs(I), Sr(II), and 
Co(II) concentrations that ranged from 10–1,000 mg L–1. The 
mixed resin (0.2 g) was equilibrated with 40 mL of the test 
solutions; all samples were then agitated on a shaker with 
50 rpm for 48 h. The amount of Cs(I), Sr(II), and Co(II) loaded 
onto the mixed resin q (meq g–1) was calculated using the 
following equation: 

q
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m
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�
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Table 1
Properties of ion exchange resins

Resin Resin type Functional group Particle size  
(mm)

Water content 
(%)

Exchange capacity  
(eq L–1)

Wet density  
(g L–1)

AER Gel type polystyrene OH– 0.58–0.68 54–60 >1.1 690
CER Gel type polystyrene H+ 0.30–0.40 45–51 2.0 800
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where Ci (meq L–1) and Ce (meq L–1) are the initial and 
equilibrium concentrations, respectively, of Cs(I), Sr(II), and 
Co(II) in aqueous solution, V (mL) is the aqueous volume, 
and m is the mixed resin weight.

Kinetic experiments were performed in a thermostat 
fitted with a stirrer that rotated at 300 rpm. A total of 
0.1 g mixed resin was added to 1 L of solution with an 
initial concentration of Cs(I), Sr(II), and Co(II) is 2.3, 0.7, 
and 0.5 mg L–1 (the equivalent concentrations of all three 
ions were 0.017 meq L–1). Samples (5 mL) were taken at set 
time intervals to measure the concentration of Cs(I), Sr(II), 
and Co(II).

In order to determine the optimum operation current, 
the current was changed from 0 to 0.5 A. The correspond-
ing stack voltages and removal efficiency were recorded at 
a stable condition. The simulated feed water was prepared 
using CsNO3, Sr(NO3)2 and Co(NO3)2·6H2O, and the initial 
pH of the three solutions were 6.2,5.8 and 6.0, respectively. 
The initial Cs(I), Sr(II), and Co(II) concentrations were 
all 0.015 mmol L–1, the feed flow rates to the dilute and 
concentrate compartments were 80 and 40 mL min–1, 
respectively.

The characters of CEDI for nuclide removal under the 
optimum operation current during a long time were inves-
tigated. We kept the working current constant at 0.2 A. 
The initial Cs(I), Sr(II), and Co(II) concentrations were 
all 0.015 mmol L–1, and the feed flow rates to the dilute 

and concentrate compartments were 80 and 40 mL min–1, 
respectively. To minimize any possible adsorption effects, 
the stack was operated without current prior to any 
testing until the feed and effluent concentrations were at 
the same level.

 After the end of the experiment, the CER particle in 
the dilute compartment was randomly selected and cut it 
into half in order to investigate the migration of nuclide 
ions in the resin. Changes in resin morphology during the 
experiments were investigated using scanning electron 
microscopy (SEM) (SU-8010, HITACHI). As shown in 
Fig. 2, the distribution of nuclides on the resin profile was 
investigated using Energy Dispersive Spectrometer (EDS) 
(SU-8010, HITACHI).

2.3. Analysis

The Cs(I), Sr(II) and Co(II) concentrations were 
determined using inductively coupled plasma-mass 
spectroscopy (ICP-MS). All pH values were measured using 
a Sanxin MP521 Lab pH meter.

The removal efficiency (Re, %) was calculated according 
to the following equation:

Re(%) = 1 100
0
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Fig. 1. Electrodeionization unit (  AER,  CER, (1) cathode, (2) anode, (3) anion exchange membrane (AEM), (4) cation exchange 
membrane (CEM), (5) feed solution reservoir, (6) dilute solution reservoir, (7) concentrate solution reservoir, (8) pump, (9) switch, and 
(10) power supply).
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where Ct,f is the concentration of Cs(I), Sr(II), and Co(II) 
at time t in the dilute compartment (mg L–1) and C0,f is the 
initial Cs(I), Sr(II), and Co(II) concentration in the feed 
solution (mg L–1).

3. Result and discussion

3.1. CEDI performance on Cs(I), Sr(II) and Co(II) removal

Electrical current is the main driving force for ionic 
migration in CEDI systems [21–23] and the optimum working 
current could maximizes ions migration efficiency. Given 
this, we investigated the effects of electrical current on CEDI 
performance. The relationship between current and voltage 
is shown in Fig. 3(a) and the corresponding removal efficien-
cies of Cs(I), Sr(II), and Co(II) in the dilute compartment at 
different working currents are shown in Fig. 3(b).

As current increased, both the voltage and the observed 
removal efficiencies of Cs (I), Sr(II) and Co(II) also increased, 
but the trends were different. For Cs(I) and Sr(II), at low 
current (≤0.2 A), the voltage increased linearly with current, 
which indicate that the current was mainly formed by the 
migration of nuclide and nitrate ions, so the removal of Cs(I) 
and Sr(II) increased with the increasing current (Fig. 3(b)). 

However, when the current was high (> 0.2 A) the voltage 
changed hardly with the increase of current, indicating that 
water dissociation became dominant due to the insufficient 
number of ions [24,25] and increasing current could not 
further accelerate nuclide migration and subsequent removal 
(Fig. 3(b)). The removal efficiencies of Cs(I) and Sr(II) 
amounted to 99.7% and 98.1% when the current is 0.5 A. For 
Co(II), the voltage kept increasing at high current (0.2–0.5 A), 
which was much different with Cs(I) and Sr(II). The Co(II) is 
easily combining with OH– which produced by hydrolysis, 
as given in Eq. (3). The higher the current, the more Co(II) are 
precipitated from the solution onto the surfaces of resin and 
membrane. What’s more, the deposition hinders ions trans-
port, so the resistance of Co(II) is not significantly reduced 
like Cs(I) and Sr(II) when the current is high. At a working 
current of 0.5 A, the removal efficiency of Co(II) amounted 
to 77.1%.

 Co2+ + 2OH– = Co(OH)2↓ (3)

Fig. 4 shows the effluent concentrations change of Cs(I), 
Sr(II), and Co(II) in the dilute compartment at the optimum 
working current, as well as their corresponding pH changes 
across time. At the start, the effluent concentration was 
much higher than the feed concentration, but gradually 
decreased until it reached a stable level. This was accompa-
nied by a simultaneous increase in pH. This phenomenon 
could be explained as follows: Because the concentration of 
nuclides in the resin is higher than the solution, there is a 
significant concentration difference between the resin and 
solution phases. When an exceeding working current was 
applied on the CEDI stack (0.2 A), a high potential gradient 
was existed between the resin and solution phases, which 
resulted in the hydrolysis at the boundary between these 
two phases. When the H+ produced by the hydrolysis reach 
a certain concentration, the nuclide in the resin is replaced. 
Therefore, at the start, the effluent concentration was much 
higher than the feed concentration and the corresponding pH 
is low. With the gradual decrease in concentration difference 
between the solid and liquid phases, the hydrolysis became 
weak and the pH of the effluent gradually increased until it 
was close to the pH of the feed water. Fig. 2. Distribution of Sampling points on the resin profile.

Fig. 3. Variation of voltage (a) and removal ratio and (b) with different working current.
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Fig. 4. Variation of effluent concentration and pH value in dilute compartment.

Fig. 5. Distribution of nuclides in the resin profile (A, B, C: resin in the IX bed; a, b, c: resin in CEDI stack).

After 7 h of operation, the dilute effluent concentra-
tion was stable. The Cs(I), Sr(II), and Co(II) concentrations 
were 1.58 × 10–4 mmol L–1, 5.02 × 10–4 mmol L–1, and 
9.45 × 10–3 mmol L–1, respectively, with corresponding 
removal efficiencies of 98.2%, 92.7%, and 51.9%. The result 
can be approved by L.J. Liu research [26], which indicate 
that the selectivity of CEDI for the three ions is Cs(I) > Sr(II) 
> Co(II). S.A. Khan [27] treated Sr(II) solution with bentonite, 
the removal efficiency was 85% when the Sr(II) concentration 
was 10–5 mol L–1 and 0.5 g waste was generated when 10 mL 
solution was treated. When it comes to Cs(I), the removal 
efficiency was 80% treated by conjugate adsorbents [28]. 
Compared with the adsorption methods, the CEDI is more 
effective in the treatment of low level radioactive wastewater 
and no radioactive waste generated.

The distributions of Cs(I), Sr(II), and Co(II) ions on the 
resin profile were then analyzed using EDS. For comparison, 
the resin filled in the normal ion exchange column was also 
sampled and analyzed. As shown in Fig. 5, we observed 
that the resin in the ion exchange column had an even ionic 
distribution. However, the resin in the CEDI stack had 
differentially distributed Cs(I) and Sr(II) ions according to 
the electric field. The binding force of the ion and the res-
in’s functional groups affected ionic migration in the resin. 

This was further demonstrated by the comparable uniform 
distribution of Co (II) in the resin profile.

3.2. Resin adsorption characteristics of Cs(I), Sr(II) and Co(II)

The aforementioned experimental results showed 
that the CEDI removal efficiency for Cs(I), Sr(II), and 
Co(II) under the same conditions followed the following 
order: Cs(I) > Sr(II) > Co(II). We next sought to determine the 
isothermic and kinetic parameters of the resin. This was done 
in order to determine the relationship with the removal behav-
ior in CEDI. To this end, the Langmuir model is often used to 
fit the resin adsorption process, which allows for a deep anal-
ysis of isothermic characteristics [29,30]. Fig. 6 shows a plot of 
the equilibrium relationship between resin adsorption capac-
ity and the supernatant ion concentration of Cs(I), Sr(II), and 
Co(II). As shown, the maximum adsorption capacity of the 
resin for the three ions followed the order Sr(II) > Co(II) > Cs(I). 

As shown in Table 2, the theoretical maximum 
ion exchange adsorption capacity (Qm) for Sr(II) was 
1.77 meq g–1, which was higher than Co(II) (1.55 meq g–1) 
and Cs(I) (0.81 meq g–1). The result showed that there was no 
direct relationship between resin adsorption capacity and the 
performance of CEDI for Cs(I), Sr(II), or Co(II).
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Fig. 6. Adsorption isotherms of Cs(I), Sr(II) and Co(II). Fig. 7. Adsorption kinetics of Cs(I), Sr(II) and Co(II).

Table 2
Isotherm model fitting results

Model Parameters Cs Sr Co

Langmuir model Qm (meq g–1) 0.81 1.77 1.55

KL (L mg–1) 36.38 2.16 1.33
R2 0.997 0.993 0.922

Table 3
Kinetic model fitting results

Model Parameters Cs Sr Co

Pseudo-second-order Qe (×10–4 eq g–1) 1.16 1.05 1.48
K2 (min–1) 0.017 0.014 0.0018
R2 0.991 0.993 0.998

Fig. 8. Analysis of anion exchange resin surface using SEM. (a)virgin, (b) Cs(I), (c) Sr(II), and (d) Co(II).
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Fig. 9. Analysis of cation exchange resin surface using SEM. (a).virgin, (b).Cs(I), (c).Sr(II), and (d).Co(II).

Fig. 10. Schematic hydrolysis illustration of the CEDI system 
(  : cation exchange resin,  : anion exchange resin, CEM: cation 
exchange membrane, AEM: anion exchange membrane).

Fig. 7 plots the mixed resin adsorption capacity of Cs(I), 
Sr(II), and Co(II) with reaction time. The adsorption speeds 
of the mixed resin for Cs(I) and Sr(II) were similar, which 
were both much higher than Co(II). 

Pseudo-second-order kinetic models are the most com-
mon model for describing the adsorption kinetics at a 
liquid-solid interface [31]. The fitting results are shown in 
Table 3. The reaction rate constant (K2) of Cs(I) (K2 = 0.017) 
was 1.2 times that of Sr(II) (K2 = 0.014) and 9.4 times that of 
Co(II) (K2 = 0.0018). 

As shown, the resin adsorption rate for Cs(I), Sr(II), and 
Co(II) was proportional to the removal efficiency of the CEDI 
stack to Cs(I), Sr(II), and Co(II). This result indicated that the 
resin adsorption rate of the ions was an important factor in 
the removal efficiency of the CEDI stack and this phenome-
non was also reported by Jung-Hoon [19].

3.3. Analysis of the resin surface

Figs. 8 and 9 show SEM images of the surface of the anion 
and cation exchange resin in the dilute compartment. When 
compared with the virgin cation and anion exchange resins, 
there was no damage or precipitate formation on the Cs(I)- and 
Sr(II)-treated resin surfaces. However, the Co(II)-treated resin 
had slight precipitation on the anion resin surface and a notice-
able platelet precipitate was found on the cation resin surface.

Fig. 10 shows the Schematic of hydrolysis in the CEDI 
system. If the current is too high, the ionic concentration in 
solution is insufficient and a high potential difference is formed 
at the bipolar interface (e.g., anion exchange membrane-cation 
exchange resin, cation exchange membrane-anion exchange 
resin, cation exchange resin-anion exchange resin). This 
results in hydrolysis [32]. As a result, the H+ and OH– ions 
migrate in the electric field. When compared with Cs(I) 
and Sr(II), Co(II) was easier to precipitate with OH-. This is 
because Co(II) ions in the cation resin were displaced by H+ 
and reacted with OH–. This resulted in a surface deposit on 
the cation resin. Due to its proximity to the cation resin, this 
also resulted in a small amount of precipitate contaminating 
the surface of anion exchange resin.
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4. Conclusions

Here, we tested continuous electrodeionization (CEDI) 
for its ability to remove trace nuclides such as Cs, Sr, and 
Co. Our results demonstrated that at a working current of 
0.2 A, the removal efficiencies of Cs(I), Sr(II), and Co(II) were 
98.2%, 92.7%, and 51.9%., respectively. With an increase in 
working current to 0.5 A, these values were increased fur-
ther to 99.7%, 98.1%, and 77.1%, respectively. Cs(I) and Sr(II) 
actively migrated in the resin and distributed in the resin pro-
file according to the applied electric field. Excessive working 
current resulted in the hydrolysis and formation of Co(OH)2, 
which deposited on the surface of the cation exchange resin. 
Finally, the removal efficiencies for Cs(I), Sr(II), and Co(II) 
by the CEDI stack were found to be positively related to the 
adsorption rates of Cs(I), Sr(II), and Co(II) by the resin.
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