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A B S T R A C T   

The potential of producing salt and low salinity water by treating synthetic brine was investigated in a pilot-scale 
electrodialysis-evaporator hybrid system as part of brine management. An electrodialyzer with 25 cell pairs of 
monovalent selective anion exchange membranes (AEMs) and monovalent selective cation exchange membranes 
(CEMs) were used. Effect of three different current densities (300 to 500 A/m2) and two different flowrates 
(400 L/h and 450 L/h) on brine treatment were evaluated in the current study. The results indicated that the 
aforementioned membranes were efficient in separating monovalent ions over divalent ions. Moreover, higher 
current density operation was favoured during the electrodialysis (ED) operation as the operation time for 
producing salt was shorter. Flowrate is a crucial parameter for the operation of the ED system, where higher 
flowrate (by 12.5%) reduced the operation time (by 30 min), reduced energy consumption (by 32%) and reduced 
system resistance (by 32.42%) leading to an increase in current efficiency (by 31.4%). The concentrated brine 
effluent from ED was fed to an evaporator to produce coarse salt with 84.75% salt recovery and low salinity 
water of 1526 ppm. Thus, ED-evaporator hybrid system was found to be a good option to treat reject brine from 
desalination plants.   

1. Introduction 

Water is an essential source of survival for mankind. With the 
continuous rise in the world's population and pollution of existing 
freshwater resources, water scarcity has become a global concern [1]. 
According to World Health Organization (WHO) 2017, there is no ac-
cess to a reliable source of safe drinking water for over 1 billion people 
and about 2.3 billion people live in areas of severe water scarcity. 
Seawater desalination has become an important solution for water 
shortages near the coastal regions [2]. Up to 95 million m3 of desali-
nated water is produced daily through 15,906 different desalination 
technologies worldwide [3]. Of the total, 48% of desalination plants are 
located in the Middle East and North Africa region. One of the leading 
desalination technologies is reverse osmosis (RO) as it produces 69% of 
total global desalinated water followed by multi-stage flash (MSF), 
multi-effect distillation (MED), nanofiltration (NF) and electrodialysis 
(ED) [3]. Kuwait has a severe arid climate [4], with low annual rainfall, 

and an extremely limited freshwater resource. Kuwait mainly depends 
on costly MSF process for converting seawater to freshwater, since the 
1950s [5]. Kuwait has nine desalination plants located along the gulf 
coast, seven of which operate with MSF technology, and the rest op-
erate using RO technology [6]. Kuwait accounts for 3.7% of the desa-
lination capacities located in the Middle East and North Africa region 
[3]. 

Despite the type of desalination plant, disposal of reject brine from 
desalination plants into the seawater is a crucial environmental issue. 
Reject brine contains high salinity, high temperature and residual 
chemicals from pre-treatment processes, which cause potential damage 
to the marine and underground habitat [7,8]. While large scale desa-
lination has been a mainstay in the world for many decades, manage-
ment of high concentration brine has posed technological, economic 
and environmental challenges [9]. Several studies on brine manage-
ment have been carried out to mitigate the impact on the environment 
and to recover valuable elements from it [10,11]. Some of the brine 
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management systems include recovery of salt and minerals for com-
mercial purposes, metal recovery, the adaptation of brine for industrial 
usage, and production of reusable solid product (sodium bicarbonate) 
[12]. 

ED is a feasible, cost-effective and environmentally friendly process 
to treat RO effluent, which has been widely used in water treatment 
[13,14]. Several studies show the ability of ED technology to treat high 
saline water. Casas et al. [15], and Reig et al. [16] employed ED as a 
technological solution to recover NaCl from RO brines, which was then 
used as a raw material in the chlor-alkali industry. In the study done by 
Zhang et al. [13], a three-stage ED operation was applied to treat real 
brine solution with 2 membrane sets (CIMS/ACS and CSO/ASV). They 
found that the separation performance of CIMS/ACS membranes was 
superior to CSO/ASV membranes, and also lowering the current density 
was effective to improve the monovalent ion selectivity. Abdel-Aal et al. 
[17] showed the capability of ED to desalinate both brackish water and 
high saline water. Their study also highlighted the effectivity of com-
bining RO and ED systems for pre-treatment, water recovery enhance-
ment and brine effluent reduction. Jiang et al. [18] have used a lab- 
scale ED stack to treat concentrated synthetic brine using a series of 
FAS-PET-130, FKS-PET-130, Neosepta-CMX, Neosepta-AMX, LabAM- 
NR and LabCM-NR membranes. Their main focus was to investigate the 
effect of different membranes on desalination efficiency and water re-
covery rate. Their findings reported that high total dissolved solids 
(TDS) brine could be used to produce coarse salt, edible salt and 
freshwater from the desalinated brine. Chen et al. [19] evaluated a 
novel electrodialysis metathesis (EDM) technology to efficiently con-
vert and pre-concentrate reverse osmosis brine effluent into high so-
lubility liquid salts. Y. Zhang et al. [20] investigated the separation 
efficiencies of monovalent to multivalent ions, from organic solutes 
using two types of AEMs (monovalent selective AEM and a nonselective 
AEM), by passing through different conditions (changing initial pH or 
initial current density). They reported that reducing the current density 
can help to separate the monovalent anions from the multivalent anions 
with either of the membranes. The same authors also showed that 
lowering the current is an effective way than increasing pH, to improve 
the permselectivity of the monovalent AEM membrane. Korngold et al. 
[21] and Korngold et al. [22] used ED technology to reduce the volume 
of RO brine effluent and its disposal cost. The scaling of the membranes 
was reduced by passing the brine through a separate CaSO4 precipita-
tion tank containing gypsum seeds. Nayar et al. [23] have studied the 
feasibility of fully hybridizing RO with ED along with optimizing ED 
current densities to produce brine with a salinity of 120 g/kg. Ac-
cording to their study, the optimisation helped to reduce the brine 
concentration costs by 33–70% when compared to standalone ED sys-
tems. Mavukkandy et al. [25] reviewed recent research and technolo-
gies on recovering resources from desalination brine. Membrane dis-
tillation in combination with other technologies proved to have the 
highest potential because of its low energy requirement. Tanaka et al. 
[26] proved that salt production from RO brine effluent using ED is 
more energy-efficient than seawater treatment using the same tech-
nology. Nayar et al. [24] used RO brine instead of seawater in the ED 
diluate stream of integrated RO-ED-crystallizer system and found that it 
reduced the water production cost by 87% but increased the salt pro-
duction costs by 26%. A qualitative and quantitative study on the ef-
fects of operational factors was done by Karimi et al. [27], by im-
plementing a full factorial experiment at three different levels of 
voltage per cell, temperature, superficial velocity and feed water 
composition using a laboratory-scale ED setup. Karimi's study proved 
that the effects of the ion-type and feed composition are important at 
lower applied voltages; and the effect of the increased voltage will in-
crease the ion removal in a non-linear action. ED being a technology 
that operates using direct current, can also benefit from the use of solar 
energy. Gonzales et al. [28] have used a pilot-scale solar-powered ED 
unit to purify brackish water, the total electricity consumption of that 
system ranged approximately between 5.46 kWh/m3 and 6.98 kWh/m3. 

Panagopoulos et al. [1] evaluated the disposal methods of brine and 
its treatment technology. They pointed out that direct discharge of the 
brine into the open sea bodies is never an environmentally sustainable 
solution. They concluded that a combination of membrane and thermal- 
based technologies in a zero liquid discharge (ZLD) manner was found 
to be a good alternative to brine disposal since dual aims of obtaining 
freshwater and other useful resources can be achieved. Semblante et al. 
[29] discussed the importance of brine pre-treatment in membrane- 
based ZLD systems. The most commonly practiced technology in pre- 
treatment is chemical precipitation, however it is generally costly due 
to its high chemical consumption. Electrocoagulation and nanofiltra-
tion were discussed to have promising performance in hardness and 
organic removal. Y. Zhang et al. [30], investigated the feasibility of 
decarbonisation, as a pre-treatment process to minimize the scaling 
potential of feed stream or concentration stream and to operate the ED 
installation for a long term. Additionally, ion transport mechanisms and 
membrane separation efficiency were also investigated in their study. 

The current study investigates the viability of utilizing an ED-eva-
porator hybrid system in treating synthetic brine water. A systematic 
approach to optimize the operating conditions for the pilot-scale ED 
equipment fitted with monovalent selective ion- exchange membranes 
consisting of three tanks (diluate tank, concentrate tank, electrolyte 
tank), to treat synthetic brine to produce freshwater and coarse salt, 
were carried out. In particular, a concentrated brine-concentrated brine 
(CB-CB) multi-batch series ED method, with internal recirculation of 
the concentrate effluent was investigated by feeding the effluent from 
the preceding stage to the next stage, as a solution towards reaching 
higher salt concentration at a shorter time. This was achieved by pre-
paring synthetic brine with concentrations equal to actual reject brine 
from MSF plants in Kuwait. The reason for doing such a study is to 
assess the performance of ED stack in treating synthetic brine before 
employing it to treat actual reject brine from local desalination plants. 
Currently, MSF plants in Kuwait discharge the brine effluents after 
mixing it with a portion of seawater to the Kuwait coast where the 
bathymetry is extremely shallow [31]. Operational parameters, such as 
current density and feed flowrate, and their effects on current effi-
ciency, operation time, ion removal rate and water recovery were stu-
died utilizing PCCell P05 ED pilot plant and synthetic brine solution. 
This study also reports a detailed description of the challenges en-
countered while carrying out the experiments. 

2. Materials and methods 

2.1. Materials 

Selected salt, mainly sodium chloride was added to tap water to 
form the brine feed solution used in this study. The concentration of the 
synthetic brine was chosen to be in between 65,000–68,000 ppm to 
mimic reject brine from Kuwait desalination plants. The reagents used 
to prepare the synthetic brine water were of commercial-grade 
(97–99% purity). Compositions of synthetic feed solutions and tap 
water are given in Table 1. 

Table 1 
Properties of synthetic salt solutions (S) and tap water (T) used in the experi-
ments.     

Properties Concentrations (S) Concentrations (T)  

Conductivity (μs/cm)  98,380.00  240.70 
TDS (ppm)  67,602.00  107.00 
Sodium (ppm)  30,854.60  13.04 
Magnesium (ppm)  7.81  2.09 
Calcium (ppm)  32.92  19.49 
Potassium (ppm)  10.73  0.42 
Chloride (ppm)  47,498.00  24.29 
Sulphate (ppm)  779.20  14.26 
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2.2. Electrodialyzer cell and membranes 

PCCell P05 pilot-scale ED was used to conduct the current study that 
comprises 25 cell pairs of monovalent selective AEMs and monovalent 
selective CEMs, which are placed between a pair of titanium electrodes 
coated with platinum. Each cell pair comprises 1 CEM, 1 AEM and 2 
spacers (diluate and concentrate) with a total of 25 parts of AEM (PC- 
MVA) and 26 parts of CEM (PC-MVK). Characteristics of the AEM and 
CEM are given in Table 2. The membranes are separated by 24 pairs of 
spacers, which are made of polypropylene, having a thickness of 
0.5 mm each. Each membrane has a dimension of 300*500 mm with an 
active membrane area of 0.1m2. The migration of ions across the 
membranes occurs due to the electrical potential difference created. As 
a result of this behaviour, ion concentration increases in the con-
centrate stream but depletes in the diluate stream. A schematic view of 
the ED stack is shown in Fig. 1. 

2.3. Electrodialyzer set up and experimental procedure 

The electrodialyzer used in this study is a pilot-scale ED unit PC Cell 
ED 1000H (PC Cell GmbH, Heusweiler, Germany). It consists of 3 tanks- 
a concentrate tank and a diluate tank of 70 L capacity each, and an 
electrolyte tank of 35 L capacity. A sodium sulphate solution of 60 ppm 
was used to form the electrolyte solution. Fig. 2 (a) illustrates a sche-
matic setup of the ED used in the present study. The experiments were 

carried out in a batch mode with 3 different high current densities (Id) 
(300, 400 and 500 A/m2) and 2 flowrates (Q) of 400 and 450 L/h in a 
concentrated brine-concentrated brine (CB-CB) multi-batch series ED 
method (Fig. 3). Currents applied were 30A, 40A and 50A which were 
equal to 300, 400, 500 A/m2, respectively in current densities as the 
active membrane area was 0.1m2. Concentrate and diluate compart-
ments were filled initially with synthetic brine solution. At the end of 
each run, when the concentration of the solution in diluate stream 
reached below a certain limit of 2000 ppm, the concentrated solution 
effluent from the first run was recycled into the ED unit, thus replacing 
the diluate compartment for the next run of the CB-CB method. This 
was repeated until the maximum concentration was achieved. The final 
concentrate effluent was then sent for evaporation to produce coarse 
salt as the final product using a rotary evaporator (Fig. 2(b) (BUCHI 
Rotavapor R-200, Switzerland)). Thus, coarse salt and freshwater were 
produced from the concentrate and the diluate compartments, respec-
tively. After each experiment, samples were taken for analysis. Specific 
conductance and pH were measured using Accument AB200 (Fisher 
Scientific, Singapore). The concentration of cations Na+, K+, Mg2+, 
Ca2+ were measured using a microwave plasma-atomic emission 
spectrometer (MP-AES, Agilent: 4200, Australia) and the contents of the 
anions were analysed using ion chromatography-mass spectrometry 
(IC-MS, Metrohm 850, Switzerland). Finally, the fouled up membranes 
were sent to a local laboratory for carrying out the scanning electron 
microscope (SEM) (JSM-6010LA, Japan) analysis. 

Table 2 
Characteristics of PC-MVA and PC-MVK membranesa,b.         

Membrane Thickness (μm) pH stability Transference number Area resistance (Ωcm2) Burst strength (kg.cm−2) Max. temperature (°C)  

PC-MVA  110 0–9   > 0.97 20 2  60 
PC-MVK  100 0–10   > 0.97 – 3  40 

a The data were collected from the product brochure provided by the manufacturer. 
b PC-MVA and PC-MVK membranes have been procured from PC Cell- GMbh along with the PC Cell P05 pilot ED unit.  

Fig. 1. Exploded schematic of the ED stack, showing the flow pattern of the ions in the presence of the electric field. The diagram also shows the formation of diluate 
and concentrate compartments. 
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Fig. 2. Schematic diagram of the (a) ED unit and (b) rotary evaporator used in our experiment.  
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2.4. Formulas used for salt production metrics 

2.4.1. Ion removal rate 
Total ions removed from diluate tank is calculated by the ion re-

moval rate Eq. (1) [13] described below, 

= ×R
C C

C
100%i f

i (1) 

where R is the ion removal rate, Ci and Cf are the initial and final 
concentrations of the diluate tank (ppm) respectively. 

2.4.2. Water recovery 
Water recovery rate is calculated using Eq. (2) [18], 

= ×W
V
V

100%f

i (2) 

where Vi and Vf are the initial and final volumes of the diluate tank (L). 

2.4.3. Current efficiency 
Current efficiency (CE) measures the ability of an ED stack in 

transporting ions through the ion exchange membranes under a given 
applied current [32]. The current efficiency is calculated using the 
following Eq. (3) [13], 

= ×CE zFV C C
NIt

( ) 100%t t 0
(3) 

where C0 and Ct are the initial and final concentrations of the con-
centrate tank (mol/L), z is ion charge, F is Faraday number (96,485 A s/ 
mol), Vt is the volume of the concentrate tank (L) at time t, N is the 
number of cells pairs, I is the current (A), t is the operation time (s). 

2.4.4. Energy consumption 
The energy consumption for the desalination process is calculated 

using the following Eq. (4), 

= × ×E I U t
1000 (4) 

where E is the energy consumption, I is the current (A), U is the voltage 
(V) and t is the operation time (hr). 

3. Results and discussion 

3.1. Effect of different current densities and feed flowrates on the operation 
time and solution concentration 

It is a known fact that current densities influence the concentration 
of the concentrate compartment because of the applied electric field 
across the ED unit. Generally, varying the current density affected the 
operation time of the process at different flowrates. The influence of 
different applied current densities on solution concentration and op-
eration time for two flowrates is depicted in Fig. 4, which shows that 
solution concentration increased with current density reaching higher 
concentrations at a shorter operation time. This is due to the en-
hancement of the mass transfer of ions across the ED with current 
densities [13]. For example, the maximum solution concentration value 
of 180,000 ppm (TDS) was achieved at a duration of 480 min faster 
when the current density was increased by 66.6% (300 A/m2 to 500 A/ 
m2) at constant feed flowrate (400 L/h). The operation time reduction 
was improved by 30 min (from 510 to 480 min) when the feed flowrate 
increased by 12.5% (400 to 450 L/h) because higher flowrates mod-
erate the effect of concentration polarization [32]. 

3.2. Effect of feed concentration and flowrate on current efficiency 

It is worth noticing that CE is a function of several variables Vt, ΔC, I 
and t that are changing simultaneously. Generally, CE increases with 
the product of volume and concentration difference across the ED stack 
(Vt ΔC) and decreases with the product of current and operation time 
(It). As aforementioned, since all foregoing terms are changing si-
multaneously, CE values vary according to predominate terms. 

Despite this, the study focused on the effect of operational condi-
tions namely C and Q on CE. As shown in Fig. 5, lower current effi-
ciency was achieved at higher inlet feed concentrations at the same 
flowrate. For example; when the feed concentration increased, through 
the seven runs, from 65,000 to 175,000 ppm, the current efficiency 
decreased by 90% (from 50% to 5%). This suggests that few runs should 
be conducted for optimum results. This is due to the reduction of the 
electrical resistance of the solution (since CE correlates to the re-
sistance) that enhances the migration of the ions across the ion-ex-
change membrane along the ED stack. This can be attributed to the 
electro-osmosis that predominates at such conditions (higher current 
densities). To illustrate this further, Fig. 6 was generated to show the 

Fig. 3. Flow chart for concentrated brine-concentrated brine (CB-CB) multi-batch ED series method.  
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effect of feed concentration on the system resistance. One can see 
clearly that the system resistance shares a similar trend of CE, de-
creasing with feed concentration. This means that lower CE values were 
achieved at lower resistance values for fixed current densities and 
flowrate and vice versa. 

Another graph was generated to show the effect of feed flowrate on 
CE performance of the ED stack. Fig. 7 shows the effect of the feed 
flowrate on CE at a fixed current density (300 A/m2). Flowrate effect is 
more pronounced at lower feed concentration with higher CE values at 
higher flowrates because higher flowrate reduces the resistance of the 
system (Fig. 8) through moderating the effect of concentration polar-
ization as mentioned elsewhere [32]. This effect diminished at higher 
feed concentration where the system resistance is substantially over-
coming the slight increase in the feed flowrate (12.5%) coupled with 
the reduction of ED ion-exchange performance with repeated batch 
mode operations for the same ED stack. 

The back-diffusion effect is a measure of the coulombic efficiency 
that is equal to the amount of electric charge transported by the ions 
over that applied to the ED system [35], where coulombic efficiency 
decreases with back diffusion. Glama et al. [35] found that high cou-
lombic efficiencies (0.85–1.05) were achieved at higher densities 
(50–300 A/m2) concluding that back diffusion is less pronounced 
compared to the immigration of ions in the opposite direction at such 
current densities. This suggests that in the current study, where even 
higher current densities were used (300–500 A/m2), the back diffusion 
effect is negligible compared to that of the transported ions. 

3.3. Performance of the monovalent selective ion exchange membrane 

To understand the performance of the monovalent selective mem-
branes, the total monovalent ions removed from the diluate tank were 
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analysed. Fig. 9 (a, b, c and d) shows the change in concentration of 
Na+ and Cl− ions in the concentrate tank as well as in the diluate tank 
after the first stage of desalination. We have compared the performance 
of the membranes through its ion removal capacity also. 

3.3.1. Effect of current density on ion removal rate 
In this section, the removal efficiency of the monovalent and diva-

lent ions was investigated for different current densities and flowrates.  
Table 3 shows the effect of the applied current and flowrate on the ion 
removal rate for the first stage. The applied current density has a 
considerable influence on the separation of monovalent and divalent 
ions during the ED process. It can be seen from Table 3 that the ion 
removal rates of Na+ ion didn't vary significantly with the current 
densities. However, the ion removal rate of divalent ions Ca2+ and 
Mg2+ is apparent at lower current densities of 300 A/m2 for both 
flowrates (400 L/h and 450 L/h) despite its very small concentration. 
This has also been reported by Zhang et al. [13]. Galama et al. [33] also 
confirmed that lower current densities could remove more divalent 
ions, to a larger extent, than monovalent ions. Besides that, the 

concentrations of divalent ions (Ca2+ and Mg2+) are significantly lower 
in the initial feed solutions as shown in Table 1, making its calculation 
very sensitive to even a slight change thus resulting in a higher removal 
percentage. 

3.3.2. Effect of flowrate on ion removal rate 
The effect of flowrate on ED performance is noteworthy. On in-

creasing the flowrate from 400 L/h to 450 L/h the ion removal effi-
ciency has decreased, due to the decrease in residence time of the ions 
inside the ED cell, as previously reported by [34]. However, high 
flowrate solutions have the ability to reduce the boundary layer 
thickness, which will reduce the resistance of the solution [27]. Inter-
estingly, it was also noticed that a high flowrate is beneficial in redu-
cing the divalent ion transfer rate from the diluate tank (Table 3). It can 
be seen from Table 3 that Na+ and Cl− were easily transported through 
the membranes. For 450 L/h flowrate and 500 A/m2 study, the anions 
and cations were removed from the diluate tank in the following order: 
Na+  >  Cl−  >  Ca2+  >  Mg2+  >  K+. A higher removal rate of 96% 
and 94% for Na+ and Cl− respectively is attributed to the easier mi-
gration of monovalent ions through the mono-selective membranes. 
However, the cationic removal rate can also be affected by the ionic 
radius in the same condition. For example, although K+ is a mono-
valent ion, it showed a lower removal rate at the same feed flowrate 
(450 L/h). This may be attributed to its large radius of 280 pm coupled 
with lower residence time that resulted in a lower migration rate 
through the membranes. Having said that, more studies will be carried 
out to investigate such phenomena in the future. 

3.4. Water recovery rate 

The present work isn't about utilizing ED for desalination because 
that would be inefficient considering the high saline water 
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Fig. 9. a, b) Concentration of Na+ ions in diluate and concentrate tanks and, c, d) concentration of Cl− ions in diluate and concentrate tanks after the first stage of 
desalination at various current densities and flowrates. 

Table 3 
Ion removal rate calculated from the diluate tank for 400 L/h and 450 L/h 
flowrates.          

400 L/h 450 L/h 

Ion concentration levels 300 
A/m2 

400  
A/m2 

500  
A/m2 

300  
A/m2 

400  
A/m2 

500  
A/m2  

Ca2+ 97% 86% 91% 98.48% 80% 75% 
K+ 98% 96% 90% 78% 56% 41% 
Na+ 94% 98% 98% 95% 96% 94% 
Mg2+ 89% 79% 89% 96% 73% 50% 
Cl− 99.8% 95% 94% 94% 94% 91% 

B.S. Al-Anzi, et al.   Desalination 498 (2021) 114760

7



concentration and high current densities of the current study. The 
primary goal of this study isn't calculating water recovery resulting 
from water transport due to free (osmosis) or as bound water (electro- 
osmosis) [35] but rather the production of hypersaline concentrate for 
further treatment to produce wet/dry salt and low salinity brackish 
water as a dilute (1526–2000 ppm). Notwithstanding this fact, water 
transport phenomena still occur in the present study due to the fact that 
water molecules co-transport with ions, which increases with ions re-
moval affecting the separation process [35]. It has been shown that for 
the current conditions, the applied current densities were high and 
hence water transport due to electro-osmosis predominates that of 
(free) water osmosis. However, water transport at a high current den-
sity is less pronounced than at low current density [35]. This has been 
confirmed in the current study, where at higher current densities water 
recovery didn't significantly vary for both flowrates as shown in 
(Fig. 10). Furthermore, variation in operation time contributed to the 
slight variations in water recovery values. 

3.5. Energy consumption 

Energy consumption is directly proportional to the current utilized. 
For a given flowrate, higher current utilization by the system will result 
in higher energy consumption [13]. Higher flowrate operation has 
consumed less energy (E) due to lower residence time of the feed inside 
the ED unit than that of the lower flowrate. Fig. 11 shows the re-
lationship between energy consumption and feed concentration at 
various current densities and two flowrates (after 8 stages of operation), 
where energy consumption increases with feed concentration but not 

with current densities, suggesting that the relation between energy 
consumption and current density isn't simple monotonic in nature. At a 
higher flowrate, however, energy consumption increases with current 
densities and feed flowrate. 

3.6. Membrane characterisation 

This section presents some of the challenges encountered during the 
current study. After finishing the experiment, the membrane stack was 
dismantled, and few membranes were taken for an insight investiga-
tion. Membrane fouling was found to be a serious issue in our experi-
mental work. Fig. 12 (a) and (b) show two fouled up end CEMs and  
Fig. 12 (c) shows one fouled up inner membrane (CEM). The surface of 
the CEM showed visible colour change along with a detectable differ-
ence in the texture of the membrane. Fig. 12 (c) clearly shows the 
presence of accumulated salts on the membrane surface (fouling). 

Furthermore, SEM images (Fig. 13 (a), (b), (c) and (d)) along with 
EDX (Energy Dispersive X-Ray) analysis (Fig. 14) were generated to 
characterize the fouling substance. Despite their low concentration le-
vels in the feed, Fig. 14 clearly suggests that most of the accumulated 
ions were divalent ions such as Mg2+ and Ca2+ that suits the mono-
valent exchange membrane selectivity of the current ED stack. The 
cations, driven by the cathode attraction, migrated across the last dil-
uate spacer near the cathode side and accumulated on the end CEM. A 
rise in the electrolyte level was also observed during one of the ex-
perimental runs exceeding the permissible level of 2 L inside the elec-
trolyte tank. This is due to a crack formed on the surface of the end CEM 
near the cathode side due to the continuous accumulation of ions. 
Consequently, we proposed the following to the manufacturer: to 
modify the membrane design and include a neutral cell (additional CEM 
and a concentrate spacer) just prior to the end CEM membrane near the 
cathode side to prevent the accumulation of divalent cations and pro-
tect the end CEM from deterioration. Another way of reducing the 
fouling phenomena is to introduce a pre-treatment stage to the ED 
process to remove the divalent ions from the feed and maximize the ion 
transfer. 

3.7. Salt production 

Integrating desalination with electrodialyzer has economic and en-
vironmental benefits. Economically, this hybrid system reduces overall 
water production cost through recovering low salinity water for reuse 
and also producing salts as edible and wet salt for other purposes 
(human consumption and chemical production in refineries, respec-
tively). Environmentally, it prevents the reject brine from being dis-
charged directly into the coastline. Final concentrate effluent out of the 
ED stack (102,690 ppm) was introduced to a rotary evaporator to 
produce wet and edible salts for industrial and human uses, respectively 
(Fig. 15). The experiments in the present work were carried out under 
high current densities that hinders the migration of divalent ions across 
the ion-exchange membrane. Moreover, the monovalent permselec-
tivity of the ion-exchange membranes used in the ED stack that per-
mitted monovalent ions over divalent ions resulted in a high con-
centration of monovalent ions with respect to divalent ions. SEM 
images of the reference salt and recovered salt are given in Fig. 16 (a) 
and (b) respectively. The salt recovery was about 84.75%, whose 
composition is listed in Table 4. 

4. Conclusion 

It can be concluded from the current study that the application of 
ED is an effective method to obtain salt from MSF plant's reject brine. A 
pilot-scale ED system was used in the CB-CB method with monovalent 
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Fig. 12. a) Fouled up END CEM-near Cathode side b) Fouled up END CEM-near Anode side c) Fouled up CEM.  

Fig. 13. (a) Shows the SEM image of the fresh CEM and (b), (c), (d) show the SEM images of the fouled up end CEM near the cathode side taken under different 
magnifications. 
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selective membranes, PC-MVA and PC-MVK. The ED-evaporator hybrid 
system was operated in multi-batch series ED method until the effluent 
concentration reached 180,000 ppm. The membranes were efficient in 
separating monovalent ions over divalent ions. It was observed that 

high current density operation was favoured since the time consumed 
for producing salt was the least along with higher water recovery. 
Operating at lower current density favoured the removal of divalents 
than monovalents, which should be avoided. The current efficiency has 
dropped when the inlet feed concentrations increased indicating the 
formation of ion concentration polarization layer near the membrane 
surfaces limiting the number of runs. Flowrate is a crucial parameter for 
the operation of the ED-evaporator system. Increasing the feed flowrate 
by 12.5% reduced the operation time (by 30 min), reduced energy 
consumption (by 32%) and increased the current efficiency (by 31.4%). 
The optimum parameters for salt production from our study were 
450 L/h and 500A/m2. Fouling was found to be a serious issue in our 
experiment. Adoption of a neutral cell compartment along with a good 
pre-treatment technology will be useful in mitigating the fouling issue, 
whose studies will be carried out in our future studies. 
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Fig. 14. SEM-EDX analysis of the end CEM near the cathode side.  

Fig. 15. Salt recovered after the evaporation operation.  

Fig. 16. a) SEM image of the reference salt b) SEM image of the recovered salt.  

Table 4 
Composition of the recovered salt.    

Components Levels (mg/kg)  

Calcium  1333.8 
Magnesium  390.94 
Sodium  359,776 
Chloride  515,369.9 

B.S. Al-Anzi, et al.   Desalination 498 (2021) 114760

10



Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper. 

Acknowledgments 

This work has been funded by Kuwait Foundation for the 
Advancement of Sciences (Grant no: P31475EC01) and Shamal Az-Zour 
Al-Oula Power and Water Company K.S.C. (Public) (Grant no: XS01/ 
19). The authors are also grateful for the analysis provided by RSPU lab 
(GS 02/01), NUERS lab (Srul01/13) and KUNRF lab (GE 01/07) at 
Kuwait University. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.desal.2020.114760. 

References 

[1] A. Panagopoulos, K. Haralambous, M. Loizidou, Desalination brine disposal 
methods and treatment technologies - a review, Sci. Total Environ. 693 (2019) 
133545. 

[2] J. Liu, J. Yuan, Z. Ji, B. Wang, Y. Hao, X. Guo, Concentrating brine from seawater 
desalination process by nanofiltration–electrodialysis integrated membrane tech-
nology, Desalination 390 (2016) 53–61. 

[3] E. Jones, M. Qadir, M. van Vliet, V. Smakhtin, S. Kang, The state of desalination and 
brine production: a global outlook, Sci. Total Environ. 657 (2019) 1343–1356. 

[4] H. Al-Sarawi, A. Jha, M. Al-Sarawi, B. Lyons, Historic and contemporary con-
tamination in the marine environment of Kuwait: an overview, Mar. Pollut. Bull. 
100 (2015) 621–628. 

[5] M. Al-bahou, Z. Al-Rakaf, H. Zaki, H. Ettouney, Desalination experience in Kuwait, 
Desalination 204 (2007) 403–415. 

[6] K. Al-Shayji, E. Aleisa, Characterizing the fossil fuel impacts in water desalination 
plants in Kuwait: a Life Cycle Assessment approach, Energy 158 (2018) 681–692. 

[7] I. Alameddine, M. El-Fadel, Brine discharge from desalination plants: a modeling 
approach to an optimized outfall design, Desalination 214 (2007) 241–260. 

[8] M. Ahmed, R. Anwar, An assessment of the environmental impact of brine disposal 
in marine environment, Int. J. Mod. Eng. Res. 2 (2012) 2756–2761. 

[9] A. Pérez-González, A. Urtiaga, R. Ibáñez, I. Ortiz, State of the art and review on the 
treatment technologies of water reverse osmosis concentrates, Water Res. 46 (2012) 
267–283. 

[10] A. Giwa, V. Dufour, F. Al Marzooqi, M. Al Kaabi, S. Hasan, Brine management 
methods: recent innovations and current status, Desalination 407 (2017) 1–23. 

[11] J. Morillo, J. Usero, D. Rosado, H. El Bakouri, A. Riaza, F. Bernaola, Comparative 
study of brine management technologies for desalination plants, Desalination 336 
(2014) 32–49. 

[12] H., M, Reject Brine Management, Desalination, Trends and Technologies, 2011. 
[13] W. Zhang, M. Miao, J. Pan, A. Sotto, J. Shen, C. Gao, B. der Bruggen, Separation of 

divalent ions from seawater concentrate to enhance the purity of coarse salt by 
electrodialysis with monovalent-selective membranes, Desalination 411 (2017) 

28–37. 
[14] Y. Yang, X. Gao, A. Fan, L. Fu, C. Gao, An innovative beneficial reuse of seawater 

concentrate using bipolar membrane electrodialysis, J. Membr. Sci. 449 (2014) 
119–126. 

[15] S. Casas, C. Aladjem, J. Cortina, E. Larrotcha, L. Cremades, Seawater reverse os-
mosis brines as a new salt source for the chlor-alkali industry: integration of NaCl 
concentration by electrodialysis, Solvent Extraction Ion Exch. 30 (2012) 322–332. 

[16] M. Reig, S. Casas, C. Aladjem, C. Valderrama, O. Gibert, F. Valero, C. Centeno, 
E. Larrotcha, J. Cortina, Concentration of NaCl from seawater reverse osmosis 
brines for the chlor-alkali industry by electrodialysis, Desalination 342 (2014) 
107–117. 

[17] E. Abdel-Aal, M. Farid, F. Hassan, A. Mohamed, Desalination of red seawater using 
both electrodialysis and reverse osmosis as complementary methods, Egypt. J. Pet. 
24 (2015) 71–75. 

[18] C. Jiang, Y. Wang, Z. Zhang, T. Xu, Electrodialysis of concentrated brine from RO 
plant to produce coarse salt and freshwater, J. Membr. Sci. 450 (2014) 323–330. 

[19] Q. Chen, H. Ren, Z. Tian, L. Sun, J. Wang, Conversion and pre-concentration of 
SWRO reject brine into high solubility liquid salts (HSLS) by using electrodialysis 
metathesis, Sep. Purif. Technol. 213 (2019) 587–598. 

[20] Y. Zhang, B. Van der Bruggen, L. Pinoy, B. Meesschaert, Separation of nutrient ions 
and organic compounds from salts in RO concentrates by standard and monovalent 
selective ion-exchange membranes used in electrodialysis, J. Membr. Sci. 332 
(2009) 104–112. 

[21] E. Korngold, L. Aronov, N. Daltrophe, Electrodialysis of brine solutions discharged 
from an RO plant, Desalination 242 (2009) 215–227. 

[22] E. Korngold, L. Aronov, N. Belayev, K. Kock, Electrodialysis with brine solutions 
oversaturated with calcium sulfate, Desalination 172 (2005) 63–75. 

[23] K. Nayar, J. Fernandes, R. McGovern, B. Al-Anzi, J. Lienhard, Cost and energy needs 
of RO-ED-crystallizer systems for zero brine discharge seawater desalination, 
Desalination 457 (2019) 115–132. 

[24] K. Nayar, J. Fernandes, R. McGovern, K. Dominguez, A. McCance, B. Al-Anzi, 
J. Lienhard, Cost and energy requirements of hybrid RO and ED brine concentration 
systems for salt production, Desalination 456 (2019) 97–120. 

[25] M. Mavukkandy, C. Chabib, I. Mustafa, A. Al Ghaferi, F. AlMarzooqi, Brine man-
agement in desalination industry: from waste to resources generation, Desalination 
472 (2019) 114187. 

[26] Y. Tanaka, R. Ehara, S. Itoi, T. Goto, Ion-exchange membrane electrodialytic salt 
production using brine discharged from a reverse osmosis seawater desalination 
plant, J. Membr. Sci. 222 (2003) 71–86. 

[27] L. Karimi, A. Ghassemi, H. Zamani Sabzi, Quantitative studies of electrodialysis 
performance, Desalination 445 (2018) 159–169. 

[28] A. Gonzalez, M. Grágeda, S. Ushak, Assessment of pilot-scale water purification 
module with electrodialysis technology and solar energy, Appl. Energy 206 (2017) 
1643–1652. 

[29] G. Semblante, J. Lee, L. Lee, S. Ong, H. Ng, Brine pre-treatment technologies for 
zero liquid discharge systems, Desalination 441 (2018) 96–111. 

[30] Y. Zhang, K. Ghyselbrecht, B. Meesschaert, L. Pinoy, B. Van der Bruggen, 
Electrodialysis on RO concentrate to improve water recovery in wastewater re-
clamation, J. Membr. Sci. 378 (2011) 101–110. 

[31] A. Al-Dousari, Desalination leading to salinity variations in Kuwait marine waters, 
Am. J. Environ. Sci. 5 (2009) 451–454. 

[32] M. Sadrzadeh, T. Mohammadi, Treatment of seawater using electrodialysis: current 
efficiency evaluation, Desalination 249 (2009) 279–285. 

[33] A. Galama, G. Daubaras, O. Burheim, H. Rijnaarts, J. Post, Seawater electrodialysis 
with preferential removal of divalent ions, J. Membr. Sci. 452 (2014) 219–228. 

[34] X. Xu, Q. He, G. Ma, H. Wang, N. Nirmalakhandan, P. Xu, Selective separation of 
mono- and di-valent cations in electrodialysis during brackish water desalination: 
bench and pilot-scale studies, Desalination 428 (2018) 146–160. 

[35] A.H. Galama, M. Sakees, H. Bruning, H.H.M. Rijnaarts, J.W. Post, Seawater pre-
desalination with electrodialysis, Desalination 342 (2014) 61–69.  

B.S. Al-Anzi, et al.   Desalination 498 (2021) 114760

11

https://doi.org/10.1016/j.desal.2020.114760
https://doi.org/10.1016/j.desal.2020.114760
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0005
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0005
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0005
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0010
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0010
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0010
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0015
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0015
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0020
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0020
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0020
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0025
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0025
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0030
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0030
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0035
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0035
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0040
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0040
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0045
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0045
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0045
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0050
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0050
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0055
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0055
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0055
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0060
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0065
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0065
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0065
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0065
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0070
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0070
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0070
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0075
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0075
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0075
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0080
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0080
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0080
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0080
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0085
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0085
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0085
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0090
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0090
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0095
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0095
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0095
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0100
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0100
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0100
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0100
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0105
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0105
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0110
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0110
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0115
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0115
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0115
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0120
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0120
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0120
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0125
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0125
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0125
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0130
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0130
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0130
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0135
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0135
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0140
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0140
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0140
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0145
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0145
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0150
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0150
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0150
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0155
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0155
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0160
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0160
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0165
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0165
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0170
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0170
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0170
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0175
http://refhub.elsevier.com/S0011-9164(20)31438-7/rf0175

	Brine management from desalination plants for salt production utilizing high current density electrodialysis-evaporator hybrid system: A case study in Kuwait
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Electrodialyzer cell and membranes
	2.3 Electrodialyzer set up and experimental procedure
	2.4 Formulas used for salt production metrics
	2.4.1 Ion removal rate
	2.4.2 Water recovery
	2.4.3 Current efficiency
	2.4.4 Energy consumption


	3 Results and discussion
	3.1 Effect of different current densities and feed flowrates on the operation time and solution concentration
	3.2 Effect of feed concentration and flowrate on current efficiency
	3.3 Performance of the monovalent selective ion exchange membrane
	3.3.1 Effect of current density on ion removal rate
	3.3.2 Effect of flowrate on ion removal rate

	3.4 Water recovery rate
	3.5 Energy consumption
	3.6 Membrane characterisation
	3.7 Salt production

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




