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Redox-neutral electrochemical 
decontamination of hypersaline wastewater 
with high technology readiness level
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Qingbai Chen1, Qinghua Ji1, Jiuhui Qu1 & Huijuan Liu    1 

Industrial hypersaline wastewaters contain diverse pollutants that 
harm the environment. Recovering clean water, alkali and acid from 
these wastewaters can promote circular economy and environmental 
protection. However, current electrochemical and advanced oxidation 
processes, which rely on hydroxyl radicals to degrade organic compounds, 
are inefficient and energy intensive. Here we report a flow-through 
redox-neutral electrochemical reactor (FRER) that effectively 
removes organic contaminants from hypersaline wastewaters via the 
chlorination–dehalogenation–hydroxylation route involving radical–
radical cross-coupling. Bench-scale experiments demonstrate that the 
FRER achieves over 75% removal of total organic carbon across various 
compounds, and it maintains decontamination performance for over 
360 h and continuously treats real hypersaline wastewaters for two months 
without corrosion. Integrating the FRER with electrodialysis reduces 
operating costs by 63.3% and CO2 emissions by 82.6% when compared with 
traditional multi-effect evaporation-crystallization techniques, placing 
our system at technology readiness levels of 7–8. The desalinated water, 
high-purity NaOH (>95%) and acid produced offset industrial production 
activities and thus support global sustainable development objectives.

Hypersaline wastewaters (>3.5%) arise from various industries such as 
chemical manufacturing, oil and gas production, and seawater desali-
nation for potable water1,2. Discharge of hypersaline wastewater has a 
detrimental impact on aquatic ecosystems, rendering water unsuitable 
for direct potable use or industrial applications3. Currently, a significant 
portion of these highly saline wastewaters is treated by evaporation 
crystallization, which produces hazardous solid wastes and carbon 

dioxide4. According to the China Statistical Yearbook, around 1,500 
million cubic metres of hypersaline wastewater is discharged annually 
and the cost of treating it is expected to exceed US$45 billion per year.

Bipolar membrane electrodialysis (BMED) emerges as an envi-
ronmentally and economically sound solution, which can separate 
ions and recover clean water, alkali and acid from the hypersaline 
wastewaters5. Nevertheless, the presence of organic contaminants in 

Received: 15 August 2023

Accepted: 1 April 2024

Published online: 9 May 2024

 Check for updates

1Center for Water and Ecology, State Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University, 
Beijing, China. 2School of Hydraulic and Hydropower Engineering, North China Electric Power University, Beijing, China. 3Shanghai Key Laboratory of 
Magnetic Resonance, State Key Laboratory of Precision Spectroscopy, School of Physics and Electronic Science, East China Normal University, Shanghai, 
China. 4Key Laboratory of Integrated Regulation and Resource Development on Shallow Lakes, Ministry of Education, College of Environment, Hohai 
University, Nanjing, China. 5College of Environment and Resources, Guangxi Normal University, Guilin, China. 6These authors contributed equally:  
Gong Zhang, Yongqi Li, Chenxuan Zhao.  e-mail: hjliu@tsinghua.edu.cn

http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-024-01669-3
http://orcid.org/0009-0003-6996-2881
http://orcid.org/0009-0003-3532-0450
http://orcid.org/0000-0002-7240-4595
http://orcid.org/0009-0001-9447-1254
http://orcid.org/0000-0003-4284-532X
http://orcid.org/0000-0001-9795-1619
http://orcid.org/0009-0006-9270-6909
http://orcid.org/0000-0002-2643-868X
http://orcid.org/0009-0002-9358-7885
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-024-01669-3&domain=pdf
mailto:hjliu@tsinghua.edu.cn


Nature Nanotechnology | Volume 19 | August 2024 | 1130–1140 1131

Article https://doi.org/10.1038/s41565-024-01669-3

Recently, we showed that by using the two photoelectrodes in 
a photoelectrochemical cell15 the reduction of H2O to atomic hydro-
gen (H*) on the cathode and OH−/H2O oxidation to •OH on the anode 
can occur concurrently to achieve redox-neutral electrochemistry16. 
Chlorinated organics, such as trichloroacetic acid and p-chloroaniline, 
were effectively mineralized in this system17. On the basis of these 
findings, we reasoned that if C–Cl bonds in chlorinated intermedi-
ates can be catalytically cleaved to generate the carbon-centred 
radicals on the cathode the radical–radical cross-coupling •OH addi-
tion reaction can continue along the chlorination–dehalogenation– 
hydroxylation (CDH) path (Fig. 1c). The CDH path will perfectly address 
the challenge of handling chlorinated intermediates generated during 
hypersaline wastewater treatment. Furthermore, •OH addition for 
mineralization of organic contaminants in the CDH route could be more 
effective when compared with the reported conversion path involving 
•OH addition, O2• formation and HOO• abstraction, which requires dis-
solved O2 for electrophilic reaction in conventional electrochemical 
advanced oxidation processes18.

Current electrochemical cells (Fig. 1b) cannot achieve the pro-
posed CDH reaction because the large gap between the anode and 
cathode prevents the radicals from reaching each other fast enough19. 
Further, using salt-containing water for electrolysis causes cations and 
protons to compete for charge transport across the cell. Poor mass 
transfer in the presence of Na+ ions causes H+ from the oxygen evolu-
tion reaction (OER) to remain near the anode, lowering the local pH and 
triggering a large pH gradient across a conventional electrochemical 
reactor20. This increases the thermodynamic potential of both anode 

the matrix poses a challenge, by causing membrane fouling and subse-
quently reducing the membrane lifespan6. Moreover, they contribute 
to impurities in products that require additional treatment, thereby 
increasing the financial burden associated with product purifica-
tion. To prevent these, it is preferable to eliminate the organic con-
taminants before initiating the electrodialysis (ED) process (Fig. 1a). 
However, traditional advanced oxidation processes such as the Fenton 
reaction and ozonation, usually highly adept at removing organic 
contaminants, lose their effectiveness when confronted with high 
concentrations of Cl− in the matrix due to rapid reaction of Cl− with 
hydroxyl radicals (•OH)7.

Electrochemical treatment involving an electrocatalytic chlo-
rine evolution reaction (CER)8 at the anode is currently the preferred 
method to oxidize organic impurities9. Conventional electrochemical 
systems10 use ultraviolet (UV) irradiation to dissociate the hypochlor-
ous into reactive chlorine species and •OH (Fig. 1b). In the hypersaline 
backgrounds, the concentrations of Cl• and ClO• are comparable to or 
even higher than that of •OH11. Through either hydrogen abstraction or 
chlorination of unsaturated C–C bonds, reactive chlorine species trans-
form organic compounds into the chlorinated intermediates. However, 
these intermediates are resistant to •OH oxidation and pose a greater 
hazard than their parent compounds12, with well documented health 
risks, including the induction of bladder cancer and birth defects13. 
Their removal by conventional reactors has been proven to be costly 
in previous reports14. In conclusion, the effective and economical 
removal of organic contaminants from hypersaline wastewater remains 
a long-standing challenge.
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Fig. 1 | Electrochemical systems for recovering resources from hypersaline 
wastewaters. a, 3D illustration of an integrated electrochemical system for 
recovering resources from various sources of hypersaline wastewaters. The 
electro-oxidation plant removes organic impurities, and ED and BMED systems 
recover clean water, purified alkali and acid from the wastewaters. The red arrows 
show the flow direction. b, Schematic showing reactive chlorine radicals (Cl•), 

hydroxyl radicals (•OH) and various reductive hydrogen species in a conventional 
electrochemical cell for UV–chlorine treatment of wastewater. c, Schematic 
of the new CDH path for oxidizing organic impurities in hypersaline waters. 
The radical–radical cross-coupling •OH addition reaction in CDH bypasses the 
complicated •OH addition, O2• formation and HOO• abstraction steps.
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and cathode and raises the voltage in conventional reactors. Moreover, 
random dissipation of low-grade heat and limited Cl− mass transfer 
also causes rapid electrochemical conversion of RuO2 on the anode 
to volatile RuO4. Such corrosion shortens the operation lifetime of the 
current RuO2-based anode in electrochemical cells21.

Here, we report the flow-through redox-neutral electrochemical 
reactor (FRER), which can effectively remove the organic impurities 
from hypersaline wastewater following the proposed CDH degrada-
tion pathway. Our reactor isolates the UV irradiation component from 
the electrochemical cell and achieves flow-through via water circula-
tion. The anode and cathode, which are respectively RuO2- and palla-
dium cluster (PC)-coated porous titanium (PT), are installed just 4 mm 
apart. We show that continuous output of chlorine from the electro-
chemical cell initiates the oxidation of organic compounds. PCs on 
the cathode activate chlorinated intermediates to carbon-centred 
radicals, which are thermodynamically favourable for •OH radical 
coupling to form hydroxylated aromatic ring intermediates. CDH 
cycling mineralizes the organic impurities in hypersaline waters 
into CO2 and H2O. The FRER reactor has operated continuously for 
two months using real hypersaline wastewaters from a coal-fired 

power plant and coal-chemical enterprise. FRER-ED, an integration 
of ED with FRER, is 63.3% and 54.7% cheaper and emits 82.6% and 
67.7% less CO2 than the multi-effect evaporation-crystallization and 
mechanical vapour compression (MVC) evaporation-crystallization 
techniques, respectively, potentially forming the next generation of 
industrial reactors.

Construction and performance of bench-scale 
FRER
The UV irradiation component of our FRER is isolated from the elec-
trochemical cell through water circulation (Fig. 2a). The electrodes in 
our reactor are just 4 mm apart (versus 2 cm in conventional reactors). 
We used RuO2- and PC-coated PT as anode and cathode, respectively. 
To achieve superior CER at the anode, RuO2 was thoroughly coated on 
the inside and outside surfaces of the PT by repeatedly painting with 
Ru-containing precursor and optimizing the annealing temperature 
under air conditions22. X-ray diffraction spectra of RuO2-coated PT 
(RuO2–PT) displayed diffraction peaks that are consistent with a solid 
solution of rutile RuO2 (Supplementary Fig. 1a)23. Scanning electron 
microscopy–energy-dispersive X-ray spectroscopy (SEM-EDS) showing 
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Fig. 2 | Bench-scale FRER effectively decomposes various organic 
compounds. a, Illustration of the FRER. The RuO2–PT anode and PC–PT cathode 
are assembled ~4.0 mm apart in the electrochemical cell. Production of reactive 
chlorine in the electrochemical unit initiates the reaction. With chlorine pumping 
into the UV region, chloro-intermediates will be attacked by photolysed reactive 
species. b, Graph showing that the FRER degrades BA more effectively than a 
conventional reactor installed with the same types of electrode as FRER. The inset 
compares the degradation kinetics of both electrochemical reactors over 20 min. 

C/C0 is the ratio of the concentration of organic matter at different time points to 
its initial concentration. Lines inside the box represent the average value, boxes 
represent the interquartile range and whiskers represent the minimum and 
maximum values. ****P < 0.0001. c, Mineralization efficiencies of typical chemical 
pollutants from different industries. The data are plotted as mean ± s.d. (n = 3). 
Reaction conditions: initial pollutant concentration 50 ppm; current density 
20 mA cm−2; electrolyte containing 0.5 M NaCl.
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even dispersion of Ru elements in a TiO2 matrix confirms successful 
deposition of the CER active layer (Supplementary Fig. 1b).

For Pd coating, we used magnetron sputtering (Supplemen-
tary Fig. 2a) because depositing nanosized Pd from Ar plasma will 
not damage the porous structures of PT24 (Supplementary Fig. 2b). 
Cross-sectional images and EDS analysis show that the intercon-
nected three-dimensional (3D) pores in PT enabled Pd ions to diffuse 
effectively into the electrode subsurface (Supplementary Fig. 2c). 
High-angle annular dark-field scanning transmission electron micros-
copy reveals uniformly distributed PCs on PT (Supplementary Fig. 2d)25. 
Deconvoluted surface-sensitive X-ray photoelectron spectroscopy 
spectra of Pd 3d revealed a peak at ~335.0 eV, which was ascribed to the 
metallic state of Pd0 (Supplementary Fig. 2e). Only a small amount of 
Pdδ+ (δ < 2) species was confirmed on the surface of the electrode. We 
deduced that the magnetron-sputtered Pd ions were strongly stabilized 
with PT substrate after annealing under N2 conditions, resulting from 
the formation of Ti–Pd moieties26.

To test the FRER, we used it to decompose benzoic acid (BA) from 
a highly saline (~2.5%) solution and compared its performance with a 
conventional reactor that uses the same types of electrode. At a current 

density of 20 mA cm−2, the FRER, with an electrode area to solution  
volume ratio of 8 × 10−3, achieved complete degradation of BA with 
an initial concentration of 50.0 mg l−1. The rate constant was 2.2 times 
higher than that in the conventional reactor (Fig. 2b). The PT cathode  
coated with PC had the fastest transformation rate (0.31 min−1),  
followed by those coated with Pd nanoparticles (0.20 min−1), PdO nano-
particles (0.16 min−1) and PT (0.13 min−1) (Supplementary Fig. 3a–c).  
Within 40 min, the FRER with a PC-decorated PT (PC–PT) cathode 
achieved over 66.0% total organic carbon (TOC) removal. This sur-
passes the performance of both a conventional reactor (35.0%) and a 
FRER with a PT cathode (52.0%) (Supplementary Fig. 3d). More impor-
tantly, the FRER is significantly more stable than a conventional reactor. 
The s.d. of BA degradation rate for 105 continuous cycles in FRER was 
only 0.01 (inset in Fig. 2b).

We further used our FRER to remove bisphenol A, chlorophenol, 
phenol and cefixime, which are typical pollutants found in hyper-
saline landfill leachates and wastewaters from pharmaceutical and 
coal-to-chemical facilities (Fig. 2c). All organic compounds with an 
initial concentration of 100.0 mg l−1 in highly saline water (2.5%) were 
degraded for 2 h. Chlorophenol- or phenol-containing water achieved a 
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a, Experimental (black) and calculated (purple) EPR spectrum of DMPO adducts 
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concentration, 1.0 ppm; electrolyte containing 0.5 M NaCl. b, Quantitative 
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c, Cyclic voltammetry of PC–PT in a 0.5 M NaCl solution. When starting potentials 
are from HER potential (−0.70 V versus Ag/AgCl), as-generated hydrogen species 
in the reduction stage are oxidized in the oxidation stage. Oxidation peaks 
between −0.7 and −0.4 and between −0.35 and 0 V versus Ag/AgCl correspond to 
oxidation of H2 (purple shaded area) and H* (grey shaded area), respectively.
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mineralization efficiency of nearly 80.0%. The TOC removal efficiencies 
in the refractory bisphenol A- and cefixime-containing highly saline 
waters were more than 70.0% and 78.0%, respectively.

Identification of redox radical pairs in FRER
To understand the effective mineralization performance of the FRER, 
we used electron paramagnetic resonance (EPR) analysis to study the 
compositions of the reactive species. The EPR spectrum from the 
FRER under flow mode is clearly different from that of the conven-
tional reactor without flow (Supplementary Fig. 4). In addition to the 
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) adduct from the •OH radi-
cal, we observed other adducts in the FRER (Fig. 3a). Importantly, we 
successfully analysed the EPR spectra using Gaussian computations 
and confirmed that two signals in the photoexcited hypersaline solu-
tion belong to DMPO-35Cl and DMPO-37Cl while residual signals are 
from DMPO-35ClO, DMPO-37ClO and DMPO–OH(ClO) (Fig. 3b and Sup-
plementary Fig. 5)27. The dominant signal with nine peaks is assigned  
to DMPO–H.

Further monitoring of reactive species produced at the electrodes 
revealed the co-existence of redox radical pairs. Testing the electrocata-
lytic oxidation of 0.5 M Cl− in saline water with a RuO2–PT anode and 
various PT cathodes, we found that Cl2 and HOCl/OCl− were produced 
at a constant rate of 0.03 mmol min−1 across all types of cathode (Sup-
plementary Fig. 6). These results indicate that the separate UV irradia-
tion in the FRER reliably photolyses the chlorine into reactive chlorine 
species (Cl• or ClO•) and •OH radicals.

Cyclic voltammetry and EPR experiments further confirmed the 
production of H* from the cathode. The weak ninth characteristic 
peak of DMPO–H in the EPR spectrum was assigned to the trapping 
of H* from PT (Supplementary Fig. 7a). When PC–PT was applied, the 
as-generated H* with starting potential from the hydrogen evolution 
reaction (HER) overpotential (less than −0.70 V versus Ag/AgCl) was 
clearly oxidized in the oxidation stage (Fig. 3c)28. The EPR peak intensity 
of DMPO–H was much stronger than when pristine PT was applied. The 
H* oxidized peak intensity was much higher using PC–PT than Pd–PT 
(Supplementary Fig. 8a). This implied that H2O can be effectively dis-
sociated into H* by PC–PT. We found that clustered Pd decreased the 
dissociation energy of H2O to 0.99 eV, which is much lower than that 
with Pd(111) (2.06 eV) (Supplementary Fig. 8b). The Bader charge of 
Pd atoms on Pd(111) is 10.04, which is obviously lower than that on PCs 
(10.97). More valence electrons of PCs facilitate the charge transfer to 
H2O, promoting stronger bonding interaction and orbital hybridiza-
tion. This enables H2O to reach the metastable state and accelerates 
its dissociation, so that the PC can cleave the O–H bond to produce H* 
and is resistant to H2O poisoning29.

We also investigated the effect of mass transport on the com-
position of reactive species in the FRER. Higher flow-through rates 
increased the intensity of DMPO–Cl and DMPO–OH EPR signals, 
indicating that the strongly oxidative chlorine intermediates can be 
obtained with higher flow velocity (Supplementary Fig. 9).

Redox-neutral mechanism for efficient TOC 
removal
Using different quenchers, we show that the radicals in this FRER had 
varying roles. Methanol, which quenches the •OH radicals both on 
the anode surface and in bulk solution30, retarded BA transformation 
to the same extent as t-butanol, which quenches •OH radicals only 
in the bulk (Supplementary Fig. 10). This indicates that the primary 
pathway for electrochemical oxidation of BA is •OH radical-mediated 
oxidation in the bulk rather than an electrical double layer close to 
the anode surface.

H* also plays a key part in the degradation of organic compounds. 
Quenching H* through O2 aeration significantly decreased TOC 
removal. High-resolution mass spectrometry (HRMS) further sup-
ports the extensive involvement of H* (Fig. 4a). Several chlorinated 

BAs, especially monochlorobenzoic acid and dichlorobenzoic acids, 
which were seen at the start, were depleted after 20 min in the FRER 
with PC–PT electrodes. In contrast, in the FRER with pristine PT elec-
trodes, the chlorinated BA species persisted for up to 40 min (Fig. 4a 
and Supplementary Fig. 11).

On the basis of the calculated condensed Fukui function, which 
showed that the para-position of BA is most reactive (Supplementary 
Fig. 12), we studied the transformation of p-chlorobenzoic acid (PCBA) 
by cyclic voltammetry. Scans were primarily recorded with the glass 
carbon and Pt electrodes in 200:1 MeCN:H2O (0.1 M tetrabutylammo-
nium tetrafluoroborate, TBABF4) electrolyte (Supplementary Fig. 13). 
An anodic sweep displaying a reversible redox wave (E1) at E1/2 = −0.55 V 
versus Fc+/Fc indicates the absorption of H atoms during the cathodic 
HER (Fig. 4b). The new cathodic wave (E2) at −1.0 V versus Fc+/Fc and the 
corresponding anodic wave at 0.61 V that emerged on addition of PCBA 
signifies C–Cl bond cleavage by direct electron-transfer processes31. 
Moreover, the more prominent C–Cl bond cleavage wave at E2 on addi-
tion of H2O indicates the H*-mediated dehalogenation via nucleophilic 
H addition or Cl abstraction32.

Further, the change in the absorption spectra of PCBA shows a 
typical dehalogenation reaction (Fig. 4c). The weakening of the char-
acteristic absorption intensity of PCBA during the electrochemical 
reaction and the appearance of a new shoulder peak at 225 nm that 
coincides with the characteristic absorption peak of BA indicates 
that PCBA underwent a dechlorination reaction at the Pd interface33. 
To trace the carbon-centred radicals involved in the electrochemical 
process, EPR spin trapping was used. Phenyl-N-t-butylnitrone (PBN) 
was employed as the spin trap agent because it is capable of forming 
environmentally persistent carbon-centred radical adducts34. Under 
anaerobic conditions, no obvious PBN spin adducts were observed 
(blue spectra in Fig. 4d). Using Pt as the counter-electrode, new PBN 
spin adducts that emerged upon addition of PCBA were assigned 
to trapped carbon-centred radicals (red spectra in Fig. 4d and Sup-
plementary Fig. 14). When boron-doped diamond was used as the 
counter-electrode to produce •OH35, HRMS confirmed the formation of 
hydroxybenzoic acid with high selectivity (Fig. 4e). These experiments 
unequivocally show that radical–radical cross-coupling occurred 
between the carbon-centred radicals and •OH (Supplementary Figs. 15 
and 16). Because the hydroxylation is the key step in organic mineraliza-
tion, the hydroxylation products are important intermediates.

We propose a scheme for the efficient decomposition of organic 
contaminants in hypersaline backgrounds (Fig. 4f). Depending on 
the nature of the chlorinated organic intermediates (R–Cl), protons 
can be transferred as H* or H− for efficient dehalogenation on the Pd 
surface. R–Cl enables abstraction of an H atom from PdH− or PdHx to 
generate RH or R•36. Concurrently, the as-formed reductive Pd, being a 
good electron donor, ensures the formation of RCl•−, which fragments 
to form R•37. Electrons can also be injected into the unoccupied orbital 
of halogenated aromatics to give R–Cl•−. Subsequent intramolecular 
electron transfer from the π orbital to the antibonding σ* orbital breaks 
the C–Cl bonds38. As a critical intermediate for two dechlorination 
paths, R• radicals are readily captured by a large amount of •OH in FRER. 
The synchronous CDH path in FRER is thermodynamically favourable 
for –OH addition to complete the ring-opening reaction and remove 
the organic contaminant.

Although HRMS shows that mono- and dichlorinated BA dimin-
ished rapidly in the FRER with PC–PT, the intensity of dichlorohydroxy-
benzoic acids is higher in this system than in the FRER with pristine PT 
(Supplementary Fig. 17). Dichlorohydroxybenzoic acids are formed 
via hydroxylation and rechlorination (Supplementary Fig. 18). Further 
cycles of CDH produce dihydroxybenzoic acid (Supplementary Fig. 19), 
followed by ring opening to form low-molecular-weight organic acids 
before mineralization37. Such acids, which were observed experimen-
tally (Supplementary Fig. 20), would decompose into CO2 and Cl− after 
CDH cycling.
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hydroxylation of as-produced carbon-centred radicals. Cycling through this 
process effectively removes organic compounds.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology | Volume 19 | August 2024 | 1130–1140 1136

Article https://doi.org/10.1038/s41565-024-01669-3

Practical applications of FRER
Corrosion is a key problem in many electrochemical systems. Active 
sites on Ti substrates used for chlorine production are known to be 
stripped of RuIV to form volatile RuO4. Accordingly, we investigated the 
detachment of RuO2 from the RuO2–PT anode in both the FRER and a 
conventional reactor. Because surface oxides must form in the pres-
ence of OER39, we assumed that the formation of volatile RuO4 occurs 
through an intermediate that is accompanied by OER and that the rate 
of OER is a measure of the percentage of Ru released into the solution.

The low chlorine production efficiency observed in a conven-
tional reactor suggests high RuIV corrosion at the RuO2–PT anode 
(Supplementary Fig. 21). Indeed, time of flight secondary-ion mass 
spectrometry (TOF-SIMS) detected Ru after 24 h of operation (Fig. 5a) 
and visible amounts of detached RuO2 layers were found after 48 h (Sup-
plementary Fig. 22a). When compared with 3D TOF-SIMS tomography 
of an unused RuO2–PT that showed a vertical gradient distribution of 
Ru and Ti (Supplementary Fig. 22b), almost no Ru signals were detected 
from the anode after operating for 24 h in a conventional reactor  
(right inset in Fig. 5a).

In contrast, the RuO2 coating in the FRER remained stable for up to 
360 h (Fig. 5a). 3D TOF-SIMS tomography shows that both the Ru signal 
and the distinct boundary between the RuO2 layer and Ti substrate in 
RuO2–PT were largely unchanged after 360 h (left inset in Fig. 5a and 
Supplementary Fig. 22c). This stability indicates high selectivity for 
CER over OER at the anode in the FRER. Enhanced mass transport in 

the FRER, which supplies sufficient Cl−ions near the anode for CER, 
reduces the likelihood of OER, which drives the formation of volatile 
RuO4 (Supplementary Fig. 23)40.

Further, rapid consumption of H+ during chlorine production 
primarily reduced the intrusion of H+ from anode to cathode (Fig. 5b). 
To balance the electrical charge due to electron flux, Na+ migrates 
from the anode to the cathode, and OH− produced by HER that is not 
neutralized by protons increases catholyte pH. This could form large 
pH differences that will increase the thermodynamic potential for 
the whole reaction and decrease the overall energy efficiency. In the 
conventional reactor we examined, the cell voltage for sustaining a 
current density of 1.0 mA cm−2 increased by 60.0% after only 10 min of 
operation, while the increase was <5.0% in the FRER (Supplementary 
Fig. 24). The fluctuations seen in Fig. 5c are due to periodic evolution of 
H2 gas bubbles from the surface and micropores of the porous structure 
that segregates the catalytic active sites from the electrolyte. Negligi-
ble voltage loss and the high BA degradation stability in the FRER over 
360 h demonstrate that it is suitable for operating in highly saline brine.

We used the FRER to decontaminate actual samples of hypersaline 
wastewaters (Supplementary Table 1) from a thermoelectric power 
plant, a coal-chemical enterprise and a textile printing and dyeing plant 
in an on-site field experiment (Fig. 6a and Supplementary Fig. 25). The 
wastewater was presoftened with Ca(OH)2 and Na2CO3. With a treat-
ment cost of ~US$1.0 m−3, less than 30% and 40% TOC can be removed 
using Fenton and ozone oxidation, respectively (Supplementary 
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Fig. 26). On the basis of bench-scale experiments, we applied a voltage 
of 3.5 V for field electrochemical treatment (Supplementary Fig. 27). 
At an electrode area to solution volume ratio of 0.01, the FRER can 
remove almost 80% TOC from the desulfurized wastewater (Supple-
mentary Fig. 28). This is nearly 2.0 times higher than when using the 
conventional reactor (Fig. 6b). After two months of continuous opera-
tion, the current density of the FRER remained at 20.0 mA cm−2 with a 
TOC removal efficiency of >62.5% (Fig. 6b and Supplementary Fig. 29). 
With an increase in current density to 40 mA cm−2, the TOC removal 
efficiency was improved by 10% (Supplementary Fig. 30). The FRER 
could also remove 65% and 70% TOC within 2 h from reverse osmosis 
concentrated wastewater from a coal-chemical plant, and hypersaline 
wastewater from a textile printing and dyeing plant, respectively (Sup-
plementary Fig. 31).

Following FRER decontamination, ED isolates the salt from 
as-purified water41. Our system showed a NaCl removal ratio of 98.0% 
and current efficiency of 89.6% (Supplementary Table 2). Up to 95% 
desalinated clean water was recovered using this system (table in 
Fig. 6c). We evaluated the toxicity of as-produced water by examining 
its effects on zebrafish survival, morphology and heart rate42. The water 
from PT-based FRER, which contained chlorinated intermediates, 
caused 25% death and a malformation rate of 15.0% at 96 h (Supplemen-
tary Fig. 32a–c). Both death and malformation rate decreased, to 15.0% 
and 8.0% respectively, when water from PC–PT-based FRER was used. 
More importantly, the effective removal of pollutants allowed the ionic 
mobility of the ED system to remain at nearly the same level over two 
months of continuous use (Fig. 6c). After periodic chemical cleaning, 
neither extracellular polymeric substances nor live/dead cells were 
observed on the membrane using a confocal laser scanning microscope 
(Supplementary Fig. 33). SEM images show that both the anion- (AEM) 
and cation-exchange (CEM) membranes exhibit dense and homogene-
ous matrices without depositions, holes or cracks (Supplementary 
Fig. 34). This is in sharp contrast to the severe membrane fouling and 
obvious ionic mobility decrease when treating wastewater with inferior 
TOC removal (Supplementary Fig. 35). The FRER also has the potential 
to remove organics from concentrated brine (total dissolved solids ~9%) 
after ED (Supplementary Fig. 36). Dissolved salts in the decontaminated 
hypersaline wastewaters were sustainably converted into NaOH (1.5 M, 
purity > 95%) and acid (1.3 M) using BMED (Fig. 6c and Supplementary 
Fig. 37). Moreover, after the two-stage ED process, the feed with total 
dissolved solids of ~18% enabled an increase in the concentration of 
NaOH and acid to 3.0 M (Supplementary Fig. 38). After vaporization, 
we obtained pure alkali, ascribed to the superior TOC removal perfor-
mance of the FRER-ED process. When using a conventional reactor 
with ED, the product has a light-yellow colour due to the presence of 
residual organic impurities in the background (Supplementary Fig. 39).

FRER-ED is economical and has a low 
environmental footprint
We compared the capital expenditure of our system with current 
salt crystallization technologies (Supplementary Table 3)43. Herein, 
FRER-ED cost calculation included chemical reagents (49.3%) and elec-
tricity (13.0%), as well as amortization (37.6%). With the conventional 
reactor and advanced oxidation process that suffer from obvious 
membrane fouling, the cost for the membranes (35.2%) would increase 
markedly (Supplementary Table 4). Considering these factors, our 
estimates show that operation cost for FRER-ED is 63.3% lower than 
for the multi-effect evaporation-crystallization technologies (Fig. 6d) 
and 56.7% lower than the evaporation-crystallization process using 
MVC technology.

Deploying ion migration for production of water, alkali and acid 
means shifting from multi-effect evaporation crystallization to an 
electrically driven resource recovery. To contextualize this shift, we 
performed and compared the life-cycle assessment (LCA) for FRER-ED 
and for multi-effect evaporation-crystallization systems that use 

high-temperature steam and produce hazardous solid waste salts. For 
generic salt crystallization using the multi-effect evaporator, the global 
warming potential (GWP), terrestrial acidification (TA) and human 
toxicity (HT) were estimated to be of the order of 58.0 kg of CO2 equiva-
lent, 4.6 × 10−2 kg of SO2 equivalent and 0.6 kg of 1,4-dichlorobenzene 
(1,4-DB) equivalent, respectively. When applying MVC as the evapora-
tion technique, GWP decreased to 31.3 kg of CO2 equivalent, while TA 
slightly increased to 5.4 × 10−2 kg of SO2 equivalent.

With FRER-ED, nearly all the environmental impacts were sig-
nificantly reduced (Supplementary Table 5). CO2 emission dropped 
to 10.1 kg even when electricity from a traditional thermal power plant 
was used (Fig. 6e). TA and HT also decreased to 8.1 × 10−3 kg of SO2 
equivalent and 0.1 kg of 1,4-DB equivalent, respectively. When green 
electricity with carbon intensity of less than 12 g of CO2 equivalent per 
kilowatt-hour from hydro, wind or nuclear is used, FRER-ED on average 
decreased GWP by more than 99.0%, HT by 97.0% and TA by 99.0% when 
compared with multi-effect or MVC evaporation crystallization (inset 
in Fig. 6e and Supplementary Table 6).

According to our estimates, deploying FRER-ED to treat the 1,500 
million cubic metres of hypersaline wastewater released annually in 
China could potentially result in savings exceeding US$17 billion and 
a reduction of 52 million tonnes of CO2 emissions. 1,400 million cubic 
metres of water and 16 million tonnes of alkali could be recovered (Sup-
plementary Table 7). Such a sustainable recovery of resources could 
offset subsequent industrial production activities, which is in line with 
initiatives in advanced circular economy44 and the global sustainable 
development goals45.

Conclusions
Current technologies for recovering resources from hypersaline 
wastewaters are ineffective, expensive and energy intensive. They 
produce impure products and hazardous by-products, and suffer 
from membrane fouling. We solve these issues by developing an 
integrated FRER-ED system. Unlike conventional reactors running 
advanced oxidation processes, the FRER, which incorporates a  
thermodynamically electrochemical favourable CDH mineraliza-
tion path, had potential to remove organic impurities from different 
hypersaline wastewaters. With excellent decontamination capabili-
ties, the FRER reduced the membrane fouling and thereby operation 
cost of the subsequent ED used for desalination and recovery of clean 
water, and high-purity alkali and acids. When compared with the cur-
rent multi-effect evaporation-crystallization technique, FRER-ED 
reduced operation cost by 63.3% and CO2 emissions by 82.6%. The 
desalinated water, NaOH and acid obtained from our system has 
potential to offset industrial production activities. This accelerates 
the shift towards more efficient, electrically driven ‘zero-discharge’ 
technology, moving away from energy-intensive steam-driven pro-
cesses. In the future, the implementation of optimized automation 
systems and industrial-scale PC–PT electrodes will be essential for 
manufacturing standard skid-mounted electrochemical devices suit-
able for practical applications.
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Methods
Chemicals
BA (99% purity), sodium chloride, sodium sulfate, ammonium acetate, 
methanol (high-performance liquid chromatography grade, 99.90% 
purity), acetone, anhydrous ethanol, nitric acid and hydrofluoric acid 
were all purchased from Sinopharm Holding Beijing Chemical Reagent 
Co. (China). DMPO (97% purity) was purchased from Aladdin. All pur-
chased reagents were used as received without further purification.

Preparation of porous electrodes
The preparation of porous substrates from Ti has been described in 
the literature previously. We adapted this approach and prepared the 
Ti porous electrode using a mixture containing Ti particles and poly-
mer. The polymer was decomposed and Ti particles sintered together 
by thermal treatment, resulting in a porous structure with diameter 
30 mm. Before use, the Ti foam was chemically polished with a mixture 
of hydrofluoric acid and nitric acid for 0.5 min to remove the oxide 
surface. A RuO2 active layer was thoroughly coated on the internal and 
external faces of the Ti substrate, with the fabrication process involv-
ing repeatedly painting Ru-containing precursor and optimizing the 
annealing temperature under air conditions.

The magnetron sputtering approach was employed here as a tool 
to decorate the Pd film, in which nanosized Pd from Ar plasma has the 
potential to deposit onto substrate without damage pristine structures. 
To prepare the PC–PT, a pure Pd sputtering target (99.9%) was used to 
deposit nanosized Pd. The Pd nanoparticles were prepared by a cluster 
source based on direct current magnetron plasma sputtering and gas 
aggregation. Charged nanoparticles with different sizes were extracted 
and focused using electrostatic lenses. The electrodes were annealed in 
a N2 atmosphere at 400 °C for 2 h. PC–PT was finally obtained through 
sonicating the as-prepared electrode to preserve Pd nanoparticles 
with size range less than 2.0 nm. The costs for the PC–PT and RuO2–PT 
electrodes are listed in Supplementary Table 8.

Characterizations
The morphology of the electrode was observed using a high-resolution 
Zeiss field emission scanning electron microscope (GEMINISEM 500) 
coupled with EDS. Transmission electron microscope images and 
EDS were obtained using a high-resolution field emission scanning 
electron microscope (Hitachi S-5500). The crystal structure of the elec-
trode was analysed using a Max 2500 X-ray diffractometer under the 
operating conditions of 40 kV and 40 mA with Cu Kα radiation. X-ray 
photoelectron spectroscopy was used to analyse the oxygen vacancy 
changes on the surface of the electrode using a 250XI Al Kα source spec-
trometer. Free radicals in aqueous solution were recorded on an EPR 
spectrometer (Bruker) with DMPO as spin-trapper agent. To record the 
carbon-centred radicals, PBN was used as spin-trapper agent. TOF-SIMS 
(TOF-SIMS 5-100, ION-TOF) investigated detachment of active sites 
from anodes. A special transfer vessel, which can directly transfer a 
sample from a glovebox to the vacuum chamber of the TOF-SIMS, was 
used to transfer the sample without it being exposed to the ambient 
air. The primary ion beam was a Bi3

++ beam (30 keV), with an incident 
angle of 45° and scan area of 200 μm × 200 μm. The sputter ion beam 
was an O2

+ beam (1 keV), with sputter velocity of 0.316 nm s−1 for SiO2.

Bench-scale FRER experiments
We engineered a FRER, in which the UV irradiation region (254 nm UV 
lamp) was isolated from the cell through a water-circulating mode. 
PC–PT and RuO2–PT electrodes were assembled in the reactor with 
separation 4.0 mm. A mixed solution (168 ml) containing 500 mM 
NaCl and 50 ppm BA circulated in the reactor, with the current density 
set at 20 mA cm−2. Bisphenol A, nitrophenol and phenol with initial 
concentrations of 50 ppm were selected as typical pollutants, which 
can be detected in high-salinity wastewater from landfill leachate, 
pharmaceutical and coal-to-chemical facilities. For comparison, the 

conventional reactor was composed of PC–PT and RuO2–PT elec-
trodes, with a separation of 2.0 cm; a 254 nm UV lamp was set between 
these two electrodes. The concentrations were measured using 
high-performance liquid chromatography (Waters Alliance e2698) 
equipped with a C18 column. The intermediates were analysed using 
a QE Orbitrap ultrahigh-resolution liquid chromatography mass spec-
trometry system (UHPLC-Q-Orbitrap). The TOC was measured using a 
TOC analyser (Shimadzu).

Electrochemical measurements
All electrochemical experiments were performed at ambient tempera-
ture using an Autolab potentiostat (PGSTAT302N, Metrohm), and were 
conducted using a three-electrode set-up. All aqueous measurements 
used an Ag/AgCl reference electrode. Non-aqueous measurements 
used a non-aqueous Ag/Ag+ reference electrode as a pseudo-reference 
and were performed in dry and de-aerated solvents. All non-aqueous 
potentials were referenced to the Fc+/0 redox couple. All glassware 
used for electrochemical measurements was soaked in aqua regia 
and thoroughly washed with Milli-Q water before use. The glassware 
was subsequently dried in an oven and then cooled while a stream of 
nitrogen was passed through the cell.

Cyclic voltammograms under various systems were measured 
with an Autolab potentiostat controlled with NOVA software. The 
working electrodes were the planar Pd/Ti, glass carbon and Pt, which 
were precleaned with CH3CN and dried. A Pt mesh was applied as the 
counter-electrode. All cyclic voltammetry tests were performed in a 
CH3CN–water mixture with 0.1 M TBABF4 (Macklin, electrochemical 
grade) and purged with solvent-saturated N2 to remove atmospheric O2.

Electrochemical dechlorination was carried out in the CH3CN–
water mixture at a current density of 1.0 mA cm−2. After 10 min reaction, 
the samples were evaluated using a Hitachi UV–Vis spectrophotometer. 
The hydroxylation reactions were performed in CH3CN–water mixtures 
at a current density of 1.0 mA cm−2 for 10 min. The intermediates using 
boron-doped diamond as the counter-electrode were further analysed 
using HRMS.

Theoretical calculations and simulations
EPR spectrum. A direct correlation between changes in Aiso (the iso-
tropic hyperfine coupling constant) values of nitrogen-centred radicals 
and the lone-pair electron configuration on the N nucleus was con-
firmed in our previous work46. We further successfully obtained the 
Boltzmann conformational distribution of DMPO adducts through 
molecular dynamics47,48. On the basis of the combination of the two 
techniques, we analyse the EPR spectrum from electrochemical cells. 
Geometries were optimized using the PBE/6-31++G(d,p)49 and IEFPCM 
(Integral Equation Formalism Polarizable Continuum Model) solvent 
field. Hyperfine coupling constants were obtained using B3LYP/6-
31++G, B3LYP/epr-iii and B3LYP/6-311++G(2d,2p) functional level, 
respectively. All DFT calculations were performed with the Gaussian 
16 package50.

COMSOL Multiphysics simulations. Cell voltage, electric field dis-
tribution and proton and ion densities within the vicinity of the elec-
trodes were simulated using COMSOL Multiphysics (https://www.
comsol.com/). The electric conductivity of the Ti electrode was taken 
to be 2.3 × 106 S m−1. Two electrochemical configurations were built 
to represent the conventional reactor and FRER (Supplementary 
Fig. 22). For the conventional reactor, the distance between electrodes  
was set at 20 mm, with the electrolyte containing 4.3 mM NaCl. The 
electrode model was set with a length of 10 mm and a width of 20 mm. 
For the FRER, the flow-through mode was set as the mesh structure 
with several channels, and a velocity of 1.0 mm s−1 was applied for 
further simulation.

The simulation was followed by equations including the 
Nernst–Planck model and conservation of charge, as well as local 
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electroneutrality, which represent ion migration caused by the con-
centration gradient and electrochemical reactions.

∂cj
∂t

+ ∇ ⋅ Ji + u ⋅ ∇cj = Rj (1)

∇ ⋅ il = F∑
j
zjRj + FRH − FROH +Ql (2)

∑
j
zjcj + cH − cOH = 0, cHcOH = Kw (3)

where cj is concentration, u is velocity, zj is valence number, Ji is ionic 
flux, t represents time, il is the current density of the electrolyte, Rj and 
Ql are source terms, Kw is the ion product of water and F is the Faraday 
constant. The diffusion coefficients (Dj) of Na+, Cl− and proton were 
taken to be 2.0 × 10−9, 1.3 × 10−9 and 7.1 × 10−9 m2 s−1.

The electrochemical module in COMSOL was used to obtain 
HER, OER and CER reaction current densities using the Butler–Vol-
mer equation:

iloc,expr = i0 (exp (
αaFη
RT ) − exp (αcFηRT )) (4)

where αa and αc are the dimensionless anodic and cathodic charge 
transfer coefficients, iloc,expr is the local charge transfer current density 
for reaction, i0 is exchange current density, η is overpotential, R is the 
universal gas constant and T is temperature, taken to be 293.15 K.

On-site field FRER experiments
The scaled-up experiments were performed in a larger FRER with elec-
trode diameter of 80 mm and designed parallel connection between 
three cells. The experimental procedures were similar to those of the 
bench-scale experiments. In contrast to the bench-scale experiments, 
the brine was the real desulfurization and wastewater from a coal-fired 
power plant (Anhui, China), and reverse osmosis concentrated waste-
water from a coal-chemical industry (Shanxi, China). The brine was 
presoftened with addition of Ca(OH)2 and Na2CO3. A voltage of 3.5 V 
was applied for field treatment, and a total of 5.0 l of solution was 
pumped into the tank for 2 h. For comparison, a conventional reactor 
was used, and all other conditions were kept the same as those of the 
FRER experiments. TOC was measured using a TOC analyser.

For field experiments, a homemade device was designed by cou-
pling the FRER with ED systems. After reaction for 2 h, as-treated water 
from the FRER was pumped into the ED system to concentrate the brine. 
The ED performed in this study was for a 10-cell pair stack, operated in 
single-pass continuous mode. Each pair was composed of an AEM, a 
CEM and two spacer channels. Cell pairs were placed in series between 
the two electrodes, across which a constant external voltage of 10 V was 
applied. The ED cell consisted of a RuO2-coated Ti anode, a stainless-steel 
cathode, an AEM and a CEM (NEOSEPTA CMX, ASTOM). BMED was a spe-
cial variant of ordinary ED where a bipolar membrane (BM) was inserted 
between each CEM–AEM pair to form a CEM/BM/AEM assembly. The 
BMED stack consisted of a RuO2-coated Ti anode, a stainless-steel cath-
ode, an AEM, a CEM, a BM and spacers. The alkali and metallic impurities 
were determined using inductively coupled plasma optical emission 
spectroscopy, which was conducted on an Agilent 730 spectrometer.

The energy consumption in the FRER (ECFRER) was calculated 
according to the equation

ECFRER(kWh t−1) =
UIt
V (5)

where U and I are the voltage and current when the FRER is operating; 
t is the working time; V is the wastewater volume input at the source.

The energy consumption in ED (ECED) was calculated according 
to the equation

ECED(kWh t−1) =
U∫t

0I(t)dt
V (6)

where ∫t
0I(t)dt is the integration of current over time; V is the wastewa-

ter volume input at the FRER source.
The energy consumption in BMED (ECBMED) was calculated accord-

ing to the equation

ECBMED(kWh t−1) =
U∫t

0I(t)dt
V (7)

where V is the volume of as-concentrated wastewater from ED.

Environmental impact study
LCA work was performed following the ISO standards (ISO 14040/44, 
2006). The aim of prospective LCA was to identify key steps in the pro-
cess chain and assess the environmental impact of FRER-ED. The system 
boundary for the FRER-ED process included the manufacturing and 
disposal of electrodes and waste disposal, pollution emission, electric-
ity consumption and by-product utilization. This includes considering 
the reduction of environmental burdens through the utilization of 
by-products generated during this process. Moreover, we compared 
the FRER-ED process with salt crystallization processes to measure the 
effectiveness of our developed technology. The functional unit was 
defined as treatment of 1 m3 of high-salinity wastewater.

A life-cycle inventory was compiled for the ED process as well as 
the multi-effect evaporation process by including inputs and outputs 
throughout the entire life cycle. The life-cycle inventory was compiled 
on the basis of experimental data, literature studies and a commercial 
database. The inventory of electrode materials was calculated accord-
ing to preparation processes and service lifetime. The life-cycle inven-
tory of the current salt crystallization processes was carried out by 
investigating the industry with actual processes.

Gabi 10.5 was employed as the LCA software to calculate the 
environmental impact of each individual element using the ReCiPe 
midpoint (H) method. We investigated eight typical impact catego-
ries measured using the potential of ecosystem-related categories 
of climate change (GWP), freshwater ecotoxicity (FETP), terrestrial 
acidification (TAP) and terrestrial ecotoxicity (TETP), health-related 
categories of human toxicity (HTP), ozone depletion (ODP) and par-
ticulate matter formation (PMFP) and the resource-related category 
of metal depletion (MDP).

Data availability
All data generated for this study are available in the Article and Sup-
plementary Information. Source experimental data are available from 
figshare repository at https://doi.org/10.6084/m9.figshare.25390759 
(ref. 51).
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