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Electrodialytic crystallization to enable zero 
liquid discharge

Xudong Zhang    1,4, Yiqun Yao    2,4, Thomas Horseman3,4, Ruoyu Wang    1, 
Yiming Yin2, Sizhuo Zhang1, Tiezheng Tong    2  & Shihong Lin    1,3 

The management of hypersaline brines (that is, wastewater of high salinity) 
is a technical challenge that has received increasing attention due to 
their growing volume, environmental impacts and increasingly stringent 
regulations. Here we present electrodialytic crystallization (EDC) as a new 
process to achieve brine crystallization without evaporation. In an EDC 
process, the brine stream recirculating between an electrodialysis cell and 
a crystallizer remains oversaturated via continuous electromigration of 
ions from the feed stream across the ion exchange membranes. We first 
used Na2SO4 as the model salt to demonstrate the feasibility of EDC and 
to perform a systematic investigation of how crystallization kinetics and 
crystal size distribution depend on current density and crystallization 
mode. We then elucidated the criterion of crystallizability and showed how 
it depends on salt species, membrane properties and operating conditions. 
Lastly, we analysed the energy consumption of an EDC-reverse osmosis 
treatment train for achieving zero liquid discharge of a Na2SO4 brine. 
Overall, this study provides a proof of concept for EDC as an electric-field 
driven and non-evaporative crystallization process, and lays the foundation 
for its future technical development and optimization.

The management of hazardous high-salinity brines represents a 
prominent environmental challenge to water sustainability1,2. A large 
volume of highly saline brines is generated from the energy, mining 
and desalination industries1,3–7. The current brine management com-
monly relies on evaporation ponds or injection into deep subterranean 
formations, which are plagued with the concerns of induced seismic-
ity, negative impacts on groundwater, and the removal of accessible 
water from the hydrologic cycle1,8–10. Therefore, zero liquid discharge 
(ZLD) is the preferred brine management approach and a key com-
ponent of water circularity11. However, achieving cost-effective  
ZLD is technically challenging due to the very high salinity (that is, 
total dissolved solid, or TDS) of the brines. The state-of-the-art desali-
nation process, reverse osmosis (RO), can only concentrate the brines 
to a limited level of TDS (dependent on the specific composition of 
the brine)1,10. Consequently, current ZLD systems dominantly rely  

on evaporative methods to concentrate high-salinity brines and  
attain crystallization.

Evaporative processes are intrinsically energy intensive due 
to liquid-to-vapour phase change. The latent heat of vapourization 
(>650 kWh m−3) is nearly two orders of magnitude higher than the 
Gibbs free energy of ZLD (typically <10 kWh m−3) (refs. 2,12). Mechanical 
vapour compression (MVC) is currently the most mature technology for 
ZLD due to its excellent performance in latent heat recovery1. Nonethe-
less, MVC is still energy intensive, typically consuming 30–40 kWhe m−3 
(subscript ‘e’ for electricity) for brine concentration (up to 160–300 g l−1 
TDS) and >50 kWhe m−3 for crystallization13–15. Further, MVC requires 
high capital cost due to the use of expensive materials to prevent cor-
rosion caused by the boiling brine1. In one example of using MVC for 
ZLD16, the brine concentration and crystallization steps contributed 
to ~90% of the total ZLD cost (including the preceding pre-treatment 
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operation mode on crystallization kinetics and the morphology of the 
produced salt crystals. We then investigate the performance of EDC using 
multiple salt species and establish a theoretical framework to determine 
salt crystallizability (that is, the ability of a salt to be crystallized) in 
EDC, elucidating the dependence of crystallizability on salt species and 
operating conditions. Lastly, we estimate the energy consumption of an 
integrated EDC-RO system for ZLD (EDC is integrated with RO as EDC 
alone is either incapable of, or inefficient for, achieving ZLD).

Proof of concept with Na2SO4: kinetics and crystal 
size
The feasibility of EDC was demonstrated using a bench-scale system 
with a recirculated stream of Na2SO4 solution (initially at 63.5 g l−1) as 
the diluate. The brine loop contained a solution of 174 g l−1 Na2SO4 (that 
is, its solubility at 20 °C). The supernatant of the crystallizer was fil-
tered using crossflow microfiltration (MF) before re-entering the ED 
cell to minimize clogging the brine channel of the ED cell by crystals  
(Fig. 2a). Two operating modes, namely continuous and batch modes, 
were used to evaluate EDC performance (Fig. 2b). In the continuous 
mode, the temperature of the crystallizer was controlled at 18 °C and 
salt crystals were continuously generated in the crystallizer. In the batch 
mode, no temperature control was applied to the crystallizer, but brine 
collected from the crystallizer was cooled to 18 °C in an external water 
bath for an extended period of time to maximize crystal production. 
While the continuous mode is more practically relevant, the batch 
mode provides an upper limit of crystal production by removing the 
constraint of crystallization kinetics.

We evaluated the impact of current density on the crystallization 
kinetics using three current densities (that is, 20, 40 and 60 mA cm−2). 
EDC was able to produce Na2SO4 crystals at all the tested current densi-
ties, as the total suspended solids (TSS, that is, mass of crystal particles 
per volume of water) increased over time (Fig. 2c). The reported TSS 
have been corrected for background precipitation from the solubility 
difference between 20 °C (the temperature at which the initial brine 
was prepared) and 18 °C (the temperature in the crystallizer), and thus 
reflect crystal production only due to trans-membrane ion transport 
(Methods and Supplementary Section 2).

Regardless of current density, the TSS obtained with the batch 
mode was higher than that with the continuous mode at the begin-
ning stage of the experiments, which was probably due to the limited 
crystallization kinetics. In the batch mode, the TSS was roughly linear 
to operation time and the slope was approximately proportional to 
current density (Supplementary Fig. 2 and Supplementary Table 6). 

and RO steps), with the crystallization step processing only 12% of the 
overall wastewater volume but accounting for 41% of the treatment 
cost. Developing non-evaporative processes that enable brine crystal-
lization, therefore, will have a transformative impact by substantially 
reducing the cost, energy consumption and carbon footprint of ZLD.

Electrodialysis (ED) is an electrochemical separation process that 
has been used in various desalination applications17,18 and explored for 
concentrating RO brine before it is sent to MVC-based brine concen-
trator and crystallizer19–21. In a conventional ED process, saline feed 
water enters an ED stack comprising multiple pairs of cation exchange 
membranes (CEMs) and anion exchange membranes (AEMs) placed 
alternately. Under an applied electric field, ions in the feed channels 
migrate to the two adjacent brine channels, producing a diluate stream 
with a reduced salinity and brine streams with a higher salinity. Despite 
its ability to achieve higher brine salinities than conventional RO (due 
to the limited operating pressure of existing RO systems), current ED 
systems can at best function as a brine concentrating unit for volume 
reduction but cannot achieve crystallization1,22.

In this Article, we introduce a novel variant of ED that electrifies 
brine crystallization without a subsequent MVC or any evaporative 
process. This new process, namely electrodialytic crystallization (EDC), 
integrates ED with a crystallizer in a way that the brine stream is con-
stantly recirculated between the brine channels of the ED cell and the 
crystallizer. Under an applied electric field, ions in the feed stream 
are constantly drawn to the recirculated brine stream, which pushes 
the brine stream concentration beyond the salt’s solubility limit and 
thereby induces salt crystallization (Fig. 1a). This process, to the best of 
our knowledge, represents the first technology that achieves electric 
field-driven brine crystallization.

EDC differs from conventional ED in several aspects. While there 
are two effluent streams (that is, diluate and brine streams) in an ED 
process, there is only one effluent stream (that is, diluate stream) for an 
EDC system. Compared with conventional ED, EDC is designed to work 
with a higher feed concentration to achieve a higher brine concentra-
tion (Fig. 1b). Despite a larger trans-membrane concentration differ-
ence to overcome, the minimum energy to transfer an ion in EDC can be 
lower than ED because the membrane potential (or Donnan potential) 
is dependent on the ratio, but not the difference, of ion concentrations 
across the membrane (Fig. 1c). The membrane potential of the EDC can 
be relatively low as salinities in both the feed and brine channels are at 
the same order of magnitude.

In this study, we first prove the concept of EDC using high-concen-
tration Na2SO4 brines. We evaluate the impacts of current density and 
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Fig. 1 | The concept of EDC. a, Schematic illustration of the EDC: ions in the 
diluate streams are pulled to the recirculated brine loop where the salt 
concentration exceeds the saturation limit, resulting in precipitation of salt 
crystals. b, Representative concentration profiles of counter ions across an IEM 
(either CEM or AEM) for EDC versus ED. The profiles are only depicted for 
comparing the relative levels of concentrations (not to scale). c, Membrane 
potential as a function of brine and diluate salinities following the equation 

shown in the figure. The plot is generated using NaCl (as an example) and 
applying the approximation of ideal solution throughout the range of salinity. 
The derivation of the membrane potential is presented in Supplementary Section 
1. While the value of Vmem may change with more accurate evaluation (for 
example, using activities) and with other salts, the comparison of Vmem between 
ED and EDC should be generally valid.
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In continuous mode, however, crystals may not form when the brine 
concentration reached or even exceeded Na2SO4 solubility, which led 
to oversaturation of the brine. As the TSS values from the batch mode 
were measured after sufficient precipitation time (that is, the TSS 
was measured after the TDS stopped decreasing), they more closely 
represent what could theoretically be extracted when the brines reach 
equilibrium. Given more time for crystallization, continuous mode 
EDC could generate as much TSS as batch mode EDC towards the end 
of the 3 h experiments (Fig. 2c).

The particle size distributions of the Na2SO4 crystals produced by 
EDC using continuous mode depend on both current density and opera-
tion time (Fig. 3). In general, the Na2SO4 crystals have an average particle 
size (diameter) of hundreds of micrometres (Fig. 3a–d). The average 
particle size at the same crystallization time increased systematically 
with a higher current density. At 20 mA cm−2, no substantial change of 
particle size was observed with a longer crystallization time (Fig. 3a,d). 
In comparison, the particles grew larger with a wider size distribution 
over a longer crystallization time when the current densities were 40 
and 60 mA cm−2 (Fig. 3b–d). Regardless of current density, batch mode 
EDC generated much larger, centimetre-scale, crystals (Fig. 3e).

Considering that sparingly soluble salts are prone to form during 
hypersaline brine treatment, we evaluated the potential effects of gyp-
sum (CaSO4•2H2O) scaling (a common type of scaling in membrane 
desalination23,24) on the EDC performance in Na2SO4 crystallization. The 
presence of supersaturated gypsum did not have a substantial impact on 
EDC performance, that is, the temporal evolutions of diluate and brine 
conductivity, voltage and TSS during 3 h were similar with and without 
gypsum (Supplementary Fig. 3), which suggests that EDC was not suscep-
tible to gypsum scaling in our proof-of-concept experiments. Future work 
is needed for more comprehensive understanding of the mineral scaling 
in EDC (for example, effects of scalant types and operation durations).

Crystallizability criterion
In addition to Na2SO4, EDC was also tested for other highly soluble 
salts such as K2SO4, KNO3, KCl and NaCl. In all experiments regard-
less of the salt type, we used 0.6 M of each salt as the feed solution 
and the saturated solution (at 20 °C) of the corresponding salt as the 
receiving brine. With the same ion exchange membranes (IEMs) we 
used for crystallizing Na2SO4, two additional salts, including K2SO4 

and KNO3, could be successfully crystallized by EDC (Fig. 4a). In all 
cases, the TSS obtained using batch mode at the same operation time 
was higher than that obtained using the continuous mode, which was 
probably caused by the limited crystallization kinetics as discussed in 
the previous section.

For KNO3, the TSS extracted using EDC at 60 min was less than 
the background TSS obtained using the same conditions but without 
applied electrical potential (Supplementary Tables 2 and 4). Because 
the electric current generates heat within the ED cell and thus raises 
the temperature of the flow channels, small nucleates that may have 
formed in the crystallizer could redissolve in the brine channels of the 
ED cell (as the solubility of KNO3 positively correlates with temperature, 
Supplementary Fig. 1) and thus slowed down the crystallization rate as 
compared with that when no current was applied. With longer opera-
tion (120 and 180 min), the growing degree of oversaturation due to 
continuous increase of brine concentration eventually outcompeted 
the effect of redissolution of small nucleates in the brine channel and led 
to the net formation of TSS (after subtracting background) in the crys-
tallizer. The hypothesis of nucleate redissolution in a warm ED cell was 
further supported by EDC experiments without the MF cell, where the 
measured TSS of Na2SO4 was lower than the background TSS even after 
3 h of experiment (Supplementary Fig. 4). The possible nucleate redis-
solution in a warm ED cell emphasizes the importance of integrating 
MF in the system to minimize formed crystals from entering the ED cell.

Using the same IEMs and operating conditions, the EDC process 
was unable to produce crystals using feed solutions of KCl and NaCl. 
This was because the brine concentrations of these salts did not exceed 
their solubilities to a sufficient extent, which is evident when we plot 
the total brine concentration as a function of operation time for the 
five tested salts and compare them with their respective solubilities 
(Fig. 4b). The total brine concentration is defined as the sum of TDS 
and TSS of the brine (in molarity) (Supplementary Section 6). For 
non-crystallizable salts, the total brine concentration is the TDS; for 
crystallizable salts, the total brine concentration can be interpreted as 
the imaginary TDS as if crystals never formed. For Na2SO4, K2SO4 and 
KNO3 (crystallizable in Fig. 4b), the total brine concentrations increased 
consistently during the 3 h EDC operation and exceeded the solubil-
ity of the respective salts. For NaCl and KCl (non-crystallizable in Fig. 
4b), however, the total brine concentration consistently decreased 
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Fig. 2 | Proof of concept for EDC with experiments of Na2SO4 crystallization. 
a, Schematic of the experimental setup for EDC experiments, integrating an 
ED cell, a crystallizer and an MF unit. The recirculation of the feed stream (grey 
components) was applied in our bench-scale experiments. b, Comparison 
between continuous mode, where crystallization occurs within the EDC system, 
and batch mode, where crystallization occurs external to the EDC system. c, 
TSS in both g l−1 (left) and mol l−1 (right) as a function of operation time with 
different operating modes and current densities (20, 40 and 60 mA cm−2). In the 
continuous mode, the brine temperature in the crystallizer was maintained at 
18 °C and crystals were in situ produced and measured, while in the batch mode, 

the EDC system was operated at room temperature and crystals were produced 
in an 18 °C water bath and then measured. The ED cell comprises two pairs of 
the standard IEMs. The initial diluate was 2 litres of 6 wt% (63.5 g l−1) Na2SO4, 
while the initial brine was 1 litre of saturated Na2SO4 (174 g l−1, corresponding 
to Na2SO4 solubility at 20 °C). The error bars in c represent standard deviation 
from at least three replicates and may stem from uncertainty in TSS sampling 
(due to the spatial heterogeneity in particle dispersion) and the stochasticity of 
precipitation process31. These factors may have led to high uncertainty at a higher 
current density that generates more and larger crystals.
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and never exceeded the respective solubilities (under these specific 
experimental conditions).

Elucidating the dependence of crystallizability on salt species 
requires understanding the water and ion transport through IEM in 
an ED process. There are four major transport phenomena occur-
ring simultaneously in ED (Fig. 4c): electromigration and diffusion 
of ions, and electro-osmosis and osmosis of water. The only intended 
phenomenon is the electromigration of ions, that is, the movement 
of ions under the applied electric field, while all other phenomena 
are ‘parasitic’ and detrimental to the objective of EDC to achieving 
salt crystallization. Diffusion of ions from the brine to feed solution 
occurs due to the presence of concentration gradient (higher salt 
concentration in the brine). As diffusion rate is proportional to the 
trans-membrane concentration difference according to Fick’s law, 
(back)diffusion can be substantial in EDC with a large trans-membrane 
concentration difference.

Though unintended, water transport also occurs via both osmosis 
and electro-osmosis. Osmosis results from osmotic pressure difference 
due to the trans-membrane salt concentration difference. Specifically, 
the chemical potential of water is lower in the brine with a higher salt 
concentration than in the feed solution with a lower salt concentration. 
In addition to osmosis, the ions migrating across IEMs also ‘drag’ part 
of the water molecules in their hydration shells, which is referred to as 
electro-osmosis21,25,26. Both osmosis and electro-osmosis move water 
from the feed solution to the brine. Water transport is detrimental 
to salt crystallization in EDC because it increases the brine volume 
and tends to dilute the brine, which acts against ion electromigration 
towards enriching the brine beyond the salt solubility.

The analysis of both ion and water transport through the IEMs 
suggests that the necessary (but not sufficient) condition for crystal-
lization is that the ratio of molar flux between salt and water in an EDC 
process, ( Js/Jw, where Js and Jw are the molar fluxes of the salt and water, 
respectively) exceeds salt solubility expressed in molar ratio. When 
Js/Jw is lower than salt solubility, the brine can never become saturated. 

Comparing Js/Jw and the solubility for the six salts tested clearly show 
that the crystallizable salts (Na2SO4, K2SO4 and KNO3 in blue) satisfied 

the necessary condition whereas the non-crystallizable ones (NaCl and 
KCl in red) did not (Fig. 4d).

While the solubility at a given temperature is an intrinsic property 
of the salt, Js/Jw depends on salt properties, membrane properties and 
operating conditions. It is likely that hydration plays an important role 
in electro-osmosis. Salts comprising ions that are more strongly 
hydrated (Supplementary Section 7) will probably result in a great 
extent of electro-osmosis and thus a lower Js/Jw with the same IEMs 
and operating conditions. When the membrane is made of a relatively 
hydrophobic material, dehydration may occur to shed off some water 
molecules in the hydrated shell and thereby reduce water transport27,28. 
Moreover, increasing current density has also been shown as effective 
in increasing Js/Jw (ref. 29).

Following the above principles, we performed additional EDC 
experiments using NaCl and KCl but with different IEMs (Supplemen-
tary Table 8) and operating conditions (Supplementary Table 9). This 
alternative set of IEMs have substantially lower water uptakes than the 
reference IEMs used to collect results for Fig. 4a (Supplementary Fig. 
5), which is beneficial to reducing water transport via osmosis and 
electro-osmosis30. The use of the low-water-uptake IEMs indeed 
boosted the Js/Jw (Fig. 4d), but this measure alone was still inadequate 
for achieving KCl and NaCl crystallization. Using the low-water-uptake 
IEMs with additional measures including (1) applying a higher current 
density, (2) using a higher initial diluate concentration and (3) reducing 
the volume of the brine loop (for specific conditions, see Methods and 
Supplementary Table 9), we eventually pushed the brine concentration 
of KCl and NaCl beyond their respective solubilities (Fig. 4e) and 
observed the formation of salt crystals (Fig. 4f). Higher current density 
and initial diluate concentration both contributed to a higher Js/Jw 
ratio, whereas a smaller brine volume allowed a faster increase in brine 
concentration for a given membrane area (which in turn promoted the 
formation of crystals within the experimental timeframe).

In the case of NaCl, only a small TSS was measured towards the end 
of the 3 h EDC experiments (Fig. 4f), despite the high current density 
(80 mA cm−2) and feed concentration (4 mol l−1). The formation of NaCl 
crystals seems to require a substantial degree of oversaturation  
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(Fig. 4e) and achieving a Js/Jw  ratio that exceeds solubility did not 
necessarily lead to crystallization (Fig. 4d). Therefore, the criterion of 
having a higher Js/Jw than solubility is only a necessary, but not suffi-
cient, condition for crystal formation. To achieve more efficient crystal-
lization of NaCl, future research is needed to develop better membranes 
to minimize water transport with other strategies, such as coating IEMs 
with a surface layer that promotes ion dehydration27.

Energy consumption of EDC and its integrated 
ZLD system
The energy consumptions of both EDC and the integrated ZLD treatment 
train comprising EDC and RO are estimated on the basis of experimen-
tal data (Supplementary Sections 8 and 9). The current analysis focuses 
on Na2SO4 for which data at different current densities were collected, 
noting that the results of the analysis can vary substantially depending 
on salt species, membrane properties and operating conditions. The 
crystal-specific energy consumption, that is, the energy (kWh) con-
sumed to produce a unit mass (kg) of Na2SO4 crystals, strongly depends 
on current density (Fig. 5a), as a higher current density leads to a larger 
resistive loss. In addition to current density, the crystal-specific energy 
consumption also depends on crystal yield that quantifies the utilization 
efficiency of electrical current for crystal production. The crystal yield 
(η), defined as the measured TSS over theoretical maximum TSS calcu-
lated using the amount of charge transferred, varies between 40% and 

60%. The crystal yield was not unity because (1) not all charge transfer 
resulted in ion transfer, that is, current efficiency was lower than unity; 
and (2) not all salt entering the brine loop can crystallize out due to the 
parasitic water transport and extra salt required to reach the sufficient 
level of oversaturation for crystallization. Clearly, η depends on salt 
species, membrane properties and operating conditions as these factors 
affect salt and water transport.

Using an EDC process alone to achieve ZLD (that is, converting the 
saline feed stream all the way to fresh water) is both highly inefficient 
or even infeasible. Instead, an EDC process should be coupled with an 
RO process to develop a treatment train for ZLD (Fig. 5b). In this inte-
grated EDC-RO treatment train, the EDC effluent with a reduced (but 
still high) salinity is sent to the RO process for producing fresh water, 
and the RO brine mixes with the feed stream to re-enter the EDC unit. 
The specific energy consumption (SEC), that is, the energy (kWh) 
consumed to achieve ZLD for a unit volume (m3) of feed water, was 
estimated for such an integrated EDC-RO ZLD system using a numerical 
model (Supplementary Section 9).

According to our analysis, the steady-state operation of EDC-RO 
demands that the salt rejection in ED (SRED), that is, the percentage 
reduction of the TDS of the ED feed stream as it flows through the  
ED cell, equals exactly the water recovery in the subsequent RO  
process (WRRO). With increasing SRED, the SEC for the EDC unit 
increases whereas the SEC for the RO unit decreases (Fig. 5c). When 
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Fig. 4 | Crystallization of different salts in EDC. a, TSS production rates 
of Na2SO4, K2SO4 and KNO3 with continuous and batch modes. The ED cell 
configured with five pairs of the IEMs. The applied current density was 
40 mA cm−2. The initial diluate was 4 litres of 0.6 M of each salt. The initial brine 
was 1 litre of saturated solution of the respective salt (at 20 °C). b, Theoretical 
brine concentration, that is, TDS plus TSS (if any), for five different salts. The 
operating conditions were the same as those for a. c, Schematic illustration 
of salt crystallization mechanism in the EDC system. d, Molar ratio of salt to 
water as calculated from the salt solubility at 18 °C (x axis) as compared with 

the ratio of salt flux to water flux in continuous mode (y axis). Blue rhombuses 
represent successful crystallization whereas red circles represent unsuccessful 
crystallization. e,f, Theoretical brine concentration (e) and TSS (f) for NaCl and 
KCl as a function of operation time with low-water-uptake IEMs and different 
operating conditions (details for operating conditions in each case can be found 
in Methods and Supplementary Section 5). The data and error bars in this figure 
represent the mean values and standard deviations of results from at least three 
replicates, respectively.
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combined, the SEC of the overall EDC-RO process, SECtot, is a non-
monotonic function of SRED. With very low SRED (<20%), SECtot is higher 
because the correspondingly low WRRO  demands that the diluate 
stream must recirculate more between the EDC and the RO units before 
it is recovered as RO permeate and the more recirculation results in 
more parasitic energy loss due to inefficient pressure recovery device. 
Throughout the most part of the analyzed range of SRED (10% to 80%), 
however, SECtot is largely insensitive to SRED. Obviously, the crystal 
yield, η, strongly affects SECEDC, which in turn influences SECtot.

We further extend our analysis to investigate the impact of feed 
stream salinity (Supplementary Section 9). Our analysis shows that 
SECtot monotonically increases with increasing feed salinity (Fig. 5d 
and Supplementary Fig. 12), which is not surprising as more salt needs 
to be removed from an EDC-RO system with a higher feed salinity. With 
a feed salinity of 12 wt% (the solubility of Na2SO4 at 20 °C is ~16 wt%), 
the SECtot at 20 mA cm−2 ranges from ~19 to ~26 kWh m−3, depending 
on the crystal yield, and is lower than that of MVC-based brine concen-
trator and crystallizer. At higher current densities (for example, 40 and 
60 mA cm−2), the SECtot increases and becomes comparable to that of 
MVC (Supplementary Fig. 12). Although energy consumption is not 
the only consideration in technology comparison and MVC is versatile 
in crystallizing a wide variety of salts, EDC still represents a mechanisti-
cally new approach with the future potential to become a competitive 
crystallization process.

Conclusion and perspective
We have demonstrated in this study that EDC can crystallize several 
types of highly soluble salts from hypersaline solution (of single salt) 
using electric field without evaporation. The success of EDC for crys-
tallization relies on the ability of promoting ion transport across IEMs 

without incurring excessive water transport, so that the brine concentra-
tion can exceed the solubility of the salt to be crystallized. Our analysis 
of the energy consumption for crystallizing Na2SO4 salt crystallization 
using an integrated EDC-RO system suggests that the EDC may have 
potential to become a competitive crystallization process for ZLD. 
Whether EDC and its integrated processes can become competitive for 
ZLD requires more in-depth and systematic analysis of how the crystal-
lizability and the levelized cost of water depend on the salt type, operat-
ing conditions and membrane properties. Pilot-scale experiments are 
necessary in the future to understand the performance robustness 
and generate reliable data for techno-economic analysis. In addition, 
further improvement of EDC’s energy efficiency and its applicability 
to a wide range of salt species can benefit from the development of 
low-water-transport IEMs to minimize parasitic water transport, better 
understanding of crystallization kinetics and EDC behaviour with mixed-
salt brines and realistic brines that contain fouling and scaling agents.

Methods
EDC experimental system description
A commercial ED cell (ED 64002, PCCell GmbH) was employed, with an 
effective membrane size of 8 × 8 cm and a spacer thickness of 0.45 mm. 
For the proof-of-concept experiments, the ED cell comprises two pairs 
of standard IEMs, which include two CEMs contacting the terminal elec-
trodes (namely terminal CEMs), two standard AEMs and one standard 
CEM. To resist oxidative species and withstand a certain differential 
pressure, two terminal CEMs were placed near the electrode. The 
operating conditions were: current density at 20, 40 and 60 mA cm−2, 
2 litres of 63.5 g l−1 Na2SO4 diluate and 1 litre of saturated Na2SO4 brine.

For experiments of different salts in section ‘Crystallizability crite-
rion’, five pairs of standard IEMs were configured initially to accelerate 
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experiments of Fig. 2 in continuous mode. b, Schematic diagram of the 
integrated EDC-RO system. The salt rejection of the RO unit is assumed to be 
perfect and salt crystals are produced in crystal collector (CC). c, The energy 
consumption of EDC, RO and the integration process with varied salt rejections 

in the ED unit. The crystal yield efficiency is assumed to be 40%, 50% and 60%, 
respectively; the feed solution of the system is 6 wt% Na2SO4, and the applied 
current density is 20 mA cm−2. d, The energy consumption of EDC, RO and 
the integration process with varied feed solution salinities. The crystal yield 
efficiency is assumed to be 40%, 50% and 60%, respectively; the salt rejection in 
the ED unit is 30%, and the applied current density is 20 mA cm−2.
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the ion transport and changes of brine concentration, including two 
terminal CEMs, five standard AEMs and four standard CEMs. The oper-
ating conditions for each salt (Na2SO4, K2SO4, KNO3, KCl and NaCl) were 
as follows: current density at 40 mA cm−2, 4 litres of 0.6 M diluate and 
1 litre of saturated brine. Then additional three experiments were 
performed for KCl and NaCl crystallization with five pairs of low-water-
transfer IEMs and the operating conditions included: (1) current density 
at 40 mA cm−2, 4 litres of 0.6 M KCl diluate and 1 litre of saturated KCl 
brine; (2) current density at 60 mA cm−2, 4 litres of 1.2 M KCl diluate and 
0.5 litres of saturated KCl brine and (3) current density at 80 mA cm−2, 
4 litres of 4 M NaCl diluate and 0.5 litres of saturated NaCl brine. The 
detailed setups of experiments are listed in Supplementary Table 9.

In the MF cell, an 11 × 6 cm stainless-steel mesh filter with pore size 
of 5 μm (316 Stainless Steel, McMaster) was used to filter the effluent 
of the crystallizer to avoid crystal clogging in the ED cell and/or redis-
solving in the ED cell with a slightly higher temperature due to resis-
tive heat generation (Supplementary Section 4). A peristaltic pump 
(MFLX77200-62, MasterFlex) was used for circulating the brine streams 
with crystals at a speed of 1.2 l min−1. The permeate through the mesh 
filter was pumped into the ED cell, while the retentate was pumped 
back into the crystallizer. The flow rate of solutions in the ED cell was 
200 ml min−1, and the stirring speed in the crystallizer was maintained 
at around 300 r.p.m. A Mettler-Toledo conductivity meter (Inlab 731 
ISM) was used for measuring conductivity in the feed stream. A Lavolta 
BPS-305 DC power was applied in a constant current mode (1.28, 2.56 
and 3.84 A for current densities of 20, 40 and 60 mA cm−2, respectively). 
The brine stream was recirculated between the brine channel of the 
ED cell and the crystallizer (that is, a stainless-steel vessel to maximize 
heat transfer) placed in a water bath that was connected to a chiller 
for temperature control. In the continuous mode, the temperature of 
the brine stream was maintained at 18 °C, while in the batch mode, no 
temperature control was applied during the operation of experiments.

TSS sampling
The brine was sampled per hour in both continuous and batch modes. 
In the continuous mode, to minimize uneven distribution of crystals in 
the container, three samples (each 20 ml) from different positions (top, 
middle and bottom) of the crystallizer were collected by a syringe. The 
average TSS of three samples would be regarded as the TSS at the time 
of sampling. The samples were filtered through a stainless-steel mesh 
filter loaded in a stir cell (Amicon Stirred Cell 50 ml Seal Kit, Millipore 
Sigma). The crystals on the membrane were dried in an oven and then 
weighed until the weight did not change. The retentate solution was not 
sent back to the brine. In batch mode, samples were directly obtained 
from the brine stream and placed into an external water bath with a 
constant temperature at 18 °C. The conductivity of the samples was 
measured until it did not further decrease (that is, the crystals were 
precipitated completely). Then the samples were filtered through 
Whatman Grade 5 filter and then weighted after oven dry.

TSS quantification
To accelerate the production of salt crystals at 18 °C, we provided a 
supersaturated brine solution with its initial salt concentration corre-
sponding to the salt solubility at 20 °C (Supplementary Table 1). There-
fore, the TSS production can be ascribed to two reasons: (1) the increase 
of brine concentration during the ED process, and (2) salt solubility 
difference between 18 °C and 20 °C. To quantify the real TSS (TSSR) due 
to concentration increase, the extra component, namely ‘background 
TSS (TSSB)’, should be determined and then subtracted from the meas-
ured TSS values (TSSM), as shown in the following equation:

TSSR = TSSM − TSSB (1)

For the continuous mode, TSSB was tested in our EDC setup with 
no current density applied. To avoid the diffusion/osmosis between 

the brine and diluate/rinse streams, only the brine stream was pumped 
into the ED cell and circulated for 3 h at 18 °C. Samples were collected 
at 60, 120 and 180 min, and the measured TSS would be set as TSSB.

For the batch mode, TSSB was measured in normal EDC experi-
ments described above. For each experiment, four samples were col-
lected from the brine stream at 0, 60, 120 and 180 min, respectively. 
The collected samples were then cooled down to 18 °C in the water 
bath. The TSS value measured for the sample collected at 0 min was 
set as TSSB. The detailed data and calculation processes are shown in 
Supplementary Section 2.

In TSS measurement, the balance (ME104E, Mettler Toledo) and 
syringe were used with a precision of 0.1 mg and 1 ml, respectively. The 
equation of TSS measurement is shown below:

TSS =
mcry

Vbrine
(2)

where mcry is the mass of crystals after oven-dry, Vbrine is the volume of 
brine samples (20 ml).

As the coefficient of variation (COV) of mcry is negligible compared 

with that of Vbrine ( σm
mcry

≪ σV
Vbrine

), the uncertainty value COV of TSS, σTSS
TSS

, 

can be represented as equation (3):

σTSS
TSS

=
√√√
√

( σm
mcry

)
2

+ ( σV
Vbrine

)
2

≈ σV
Vbrine

(3)

With Vbrine of 20 ml and σV  of 1 ml, the COV of TSS ( σTSS
TSS

) is 5%.

Energy consumption analysis of the EDC and EDC-RO systems
Energy consumption of the bench-scale EDC system accounts for the 
electric energy consumed in the ED cell and was calculated with experi-
mental voltage drop over repeating units and TSS production data. 
Energy consumption on electrode reactions was excluded. The overall 
energy consumption of the EDC-RO treatment train at the steady-state 
operation was estimated as the sum of energy consumption for crys-
tallization via EDC unit and concentration of the diluate effluent from 
the ED cell via RO unit. Crystal yield from bench-scale experiments was 
used to estimate process-scale TSS production. Pressure exchanger 
was considered to recover energy from the RO brine when estimating 
RO unit energy consumption. More modelling details can be found in 
Supplementary Sections 8 and 9.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.

Code availability
No code is used in the current study.
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controlled. If this is not relevant to your study, explain why.
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