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a b s t r a c t 

Ammonium is typically removed from wastewater by converting it to nitrogen gas using microorgan- 

isms, precluding its recovery. Copper hexacyanoferrate (CuHCF) is known to reversibly intercalate alkali 

cations in aqueous electrolytes due to the Prussian Blue crystal structure. We used this property to cre- 

ate a carbon-based intercalation electrode within an electrochemical cell. Depending on the electrode 

potential, it can recover NH 4 
+ from wastewater via insertion/regeneration while leaving organics. In the 

first phase, different binders were evaluated towards creating a stable electrode matrix, with sodium car- 

boxymethyl cellulose giving the best performance. Subsequently, based on voltammetry, we determined 

an intercalation potential for NH 4 
+ removal of + 0.3 V vs. Ag/AgCl, while the regeneration potential of the 

electrode was + 1.1 V (vs. Ag/AgCl). Using the CuHCF electrodes 95% of the NH 4 
+ in a synthetic wastewa- 

ter containing 56 mM NH 4 
+ and 68 mM methanol was removed with an energy input of 0.34 ± 0.01 Wh 

g −1 NH 4 
+ . A similar removal of 93% was obtained using an actual industrial wastewater (56 mM NH 4 

+ , 
68 mM methanol, 0.02 mM NO 2 

−, 0.05 mM NO 3 
−, 0.04 mM SO 4 

2 − and 0.34 mM ethanol), with an energy 

input of 0.40 ± 0.01 Wh g −1 NH 4 
+ . In both cases, there was negligible removal of organics. The stability 

of CuHCF electrodes was evaluated either by open circuit potential monitoring (61 h) or by cyclic voltam- 

metry (50 h, 116 cycles). The stability during cycling of the electrode was determined in both synthetic 

and real streams for 25 h (125 cycles). The charge density (C cm 

−1 ) of the CuHCF electrodes declined 

by 17 % and 19% after 125 cycles in the synthetic stream and the actual wastewater, respectively. This 

study highlights the possibility of low-cost CuHCF coated electrodes for achieving separation of NH 4 
+ 

from streams containing methanol. The stability of electrodes has been improved but needs to be further 

enhanced for large-scale applications and long-term operation. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Industrial sites such as tanneries, urea and fertilizer produc- 

rs generate waste streams containing ammonium nitrogen (NH 4 
+ - 

). The concentration of ammonium in wastewater generated 

rom the fertilizer industry can range from 6 to 1700 mg L −1 

 Bhandari et al., 2016 ). A wide range of established technologies 

as been investigated to reduce the release of NH 4 
+ -N into the en- 

ironment: removal by conversion to nitrogen gas via biological ni- 

rification and denitrification, and recovery via ammonia stripping, 

on exchange, membrane technologies or precipitation as struvite. 

evertheless, each of these technologies has high energetic and 
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perational costs, for example 26 to 31 kWh kg −1 N using am- 

onia stripping ( Eekert van et al., 2012 ). Substantial chemical ad- 

ition is often needed for pH control in stripping and for car- 

on supplementation during denitrification. Moreover, incomplete 

eparation of ammonium from nitrogen-based fertilizer process- 

ng wastewater due to impurities such as methanol and ethanol 

 Krishnaswamy et al., 2012 ). The major method for ammonia pro- 

uction is the Haber–Bosch process, which produces more than 

6 % of global production of ammonia per year. As this process 

ses natural gas or oil directly as an energy source, it is one of 

he largest global energy consumers (14 kWh kg −1 N) and green- 

ouse gas emitters ( Qin et al., 2017 ; Smith et al., 2020 ). Thus, an

ffective and economical method is needed to remove and recover 

mmonium from wastewater. Here we investigated a newly de- 

eloped strategy using an electrochemical cell (EC) with interca- 

https://doi.org/10.1016/j.watres.2020.116532
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116532&domain=pdf
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ation electrodes containing copper hexacyanoferrate (CuHCF) for 

emoving and recovering ammonium from a wastewater contain- 

ng methanol. 

Metal hexacyanoferrate (MHCF) analogues 

A x M[Fe(CN) 6 ] y •zH 2 O) have a well-studied Prussian blue open- 

ramework crystal structure, which have ion insertion proper- 

ies, and have diverse applications such as peroxide sensors, 

eavy metals sensors and battery electrodes ( Ghica et al., 2013 ; 

imura et al., 1999 ; Zhang et al. 2011 ). Reversible electrochemical 

nsertion of ions into these materials present a valuable alternative 

o existing nitrogen removal technologies ( Wang et al., 2015 ). 

HCF nanoparticles have an open-framework crystal structure 

ontaining large interstitial sites (A sites) that allows reversible in- 

ertion of cations smaller in ionic radius than the interstitial of the 

anoparticles ( Pasta et al., 2012 ). The radii of hydrated Cs + , Na + 

3.29 Å), K 

+ (3.31 Å) and NH 4 
+ (3.31 Å) ions are close to the radii

ithin the complex (3.2 to 4.6 Å) ( Klika et al., 2007 ; Valsala et al.,

009 ; Wang et al., 2015 ), making it possible to achieve size-based 

elective insertion of NH 4 
+ (and K 

+ ) ( Nightingale, 1959 ). Among 

any different MHCFs, the highly crystalline nanoparticles of 

opper hexacyanoferrate (CuHCF) have been studied for NH 4 
+ 

emoval and recovery due to their electrocatalytic ion-exchange 

apacity, low toxicity and chemical stability in a wide pH range of 

.1 to 10 ( Parajuli et al., 2016 ). 

In CuHCF the Cu 

2 + ions are octahedrally coordinated to the ni- 

rogen ends of the CN 

− groups, and the Fe 3 + ions to carbon ends, 

ew K 

+ ions probably occupies the “A sites” during nanoparticles 

ynthesis process. On the insertion of NH 4 
+ ions, “A” sites are oc- 

upied by NH 4 
+ ions corresponding to the reduction of some of 

he carbon-coordinated Fe 3 + (Supporting information, Figure S1). 

he carbon-coordinated Fe 2 + ions are oxidized during regeneration 

hile NH 4 
+ ions in the “A” sites are extracted out of the CuHCF. 

on et al. (2020) achieved 8.4 ± 1.4 g NH 4 
+ / g electrode (cell volt-

ge: + 0.3 V) removal capacity of the CuHCF electrodes in a back- 

round electrolyte of 10 mM MgCl 2 over a range of 10 to 100 mM

H 4 Cl. Kim et al. (2018b) used CuHCF based electrodes to remove 

H 4 
+ from domestic wastewater (5 or 3.4 mmol L −1 ) and obtained 

 maximum NH 4 
+ removal efficiency of 85 % with high selectiv- 

ty over Na + under a constant cell voltage over 200 s. However, 

he performance of electrodes with industrial wastewaters and the 

ffects of potentials on insertion/regeneration were not examined. 

oreover, the many previously reported tests only reported the 

tability over hours, whereas in practice, an electrode will need to 

e stable over many months to years. 

The goal of this study was to evaluate the performance and 

tability of CuHCF based electrodes under fixed potentials for in- 

ertion/regeneration of NH 4 
+ from a specific industrial wastewater 

ontaining methanol. We initially assessed the suitability of two 

inders for the assembly of CuHCF electrodes and studied the im- 

act of potentials on the removal efficiency of NH 4 
+ from a syn- 

hetic stream in order to establish the potential window. NH 4 
+ re- 

oval tests were then performed with both synthetic and actual 

ndustrial streams after establishing an optimal binder and work- 

ng potentials. The stability and cycling life of the electrodes were 

xamined through the evolution of the current density and the dis- 

olution of the functional coating material over time. 

. Materials and methods 

.1. Synthesis of CuHCF and electrode preparation 

CuHCF powder was synthesized through co-precipitation 

 Wessells et al., 2011 ). Equal volumes of 0.1 M Cu(NO 3 ) 2 (Sigma-

ldrich, 99-100 %) and 0.05 M K 3 [Fe(CN) 6 ] (Sigma-Aldrich, 99%) 

ere simultaneously added at a flow rate of 0.5 mL min 

−1 to 

eionized water. Ultrasound (BANDELIN, HF-Frequency 35 kHz, 
2 
ermany) was applied to reduce aggregation and to obtain a 

omogenous precipitate. The precipitates were centrifuged at 

4560 × g for 15 min, and the residue obtained was washed sev- 

ral times with deionized water for washing out unreacted ions. 

he final product was dried in a 105 °C oven for 5 h to obtain a

uHCF powder. The dried CuHCF powder was ground into a uni- 

orm powder with a ceramic mortar and pestle and then a granu- 

ometric separation was performed using a 50 μm pore size stain- 

ess steel sieve (Fisher Scientific, Belgium). 

To make CuHCF electrodes, a slurry of 80% wt./wt. CuHCF pow- 

er (72.8 mg per electrode) as conductive material, 15% wt./wt. 

arbon black as conducting additive (Vulcan XC72R, Cabot) and a 

% wt./wt. binding agent was mixed with 400 μL of deionized wa- 

er. The electrode slurry was mixed with a ceramic mortar and a 

estle. A graphite carbon plate with a projected surface area of 10 

m 

2 and a thickness of 0.25 cm was used as the substrate material. 

he substrate was polished on sandpaper and thoroughly rinsed 

ith ethanol and deionized water before loading the CuHCF slurry 

sing a flat scraper. Three layers in total were manually spread 

ith a spatula on the pre-treated surface of graphite carbon, and 

ach layer was dried 45 min at 105 °C. A stainless-steel foil was cut 

n 2 × 5 cm ² (projected surface area = 10 cm 

2 , thickness = 0.2 

m; SS304, GOODFELLOW, England) was used as current collector 

nd glued to the non-treated surface of graphite carbon plate by 

ilver paint. Finally, the four lateral sides of the electrodes (com- 

rising the silver painted surfaces) were insulated with epoxy glue 

TS10, THORLABS, Europe). New electrodes were rinsed with Milli- 

 water before applying in tests, and a new electrode was used in 

ach removal test. 

.2. Screening of binding agents 

Carboxymethylcellulose sodium salt (CMC) (Sigma-Aldrich, 

9.99%, Germany) and poly(3,4-ethylenedioxythiophene)- 

oly(styrenesulfonate) (PEDOT:PSS) (Sigma-Aldrich, 97%, Germany) 

re able to enhance ionic and electronic conductivity of the elec- 

rode, which were examined as binding agents. Three tested slurry 

ompositions (slurry A, B and C) containing one of the two binding 

gents (Supporting information, Table S1) were used to evaluate 

he impact of binders on the performance of CuHCF electrode 

y cyclic voltammetry (CV). Electrodes coated with one of the 

hree different CuHCF slurry compositions were firstly weighed to 

nify weights before analyses. Then, the electrodes were rinsed 

ith Milli-Q water and separately moved into a 3-electrode setup 

60 mL open glass beakers) filled with 1 mol L −1 of NH 4 Cl for

erforming CV analysis at 1 mV s −1 under 24 °C. The counter 

lectrodes were graphite rods and the references Ag/AgCl (3 M 

Cl, + 0.197 V vs a standard hydrogen electrode (SHE), Bio-Logic 

cience Instruments SAS, Claix, France). After completing 10 cy- 

les of CV program for each electrode, CuHCF electrodes were 

eparately immersing into a setup containing fresh electrolyte (1 

ol L −1 of NH 4 Cl) accompanied by constant stirring over 72 h. 

hen electrodes were moved back to the electrochemical setup for 

nother 10 cycles of CV analyses to evaluate the effect of binding 

gents on the stability of the CuHCF electrode over long-term 

mmersion. 

.3. Ammonium removal tests 

Ammonium removal tests were performed in a custom-built 

lectrochemical cell (EC) ( Fig. 1 ). The EC consisted of two compart- 

ents (internal dimensions: 2 × 5 × 0.25 cm) made from two Per- 

pex® frames separated by an anion exchange membrane (AEM) 

Ultrex AMI-7001, Membranes International Inc., USA). A graphite 

arbon electrode without CuHCF coating was used as counter elec- 

rode (dimensions: 2 × 5 × 0.25 cm). The CuHCF working elec- 
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Fig. 1. Overview of the system for separation of NH4 + from the wastewater containing methanol with CuHCF electrode. 

Table 1 

pH, conductivity and the composition of synthetic and real stream. 

Species Synthetic stream (mg L -1 ) Real stream (mg L -1 ) 

pH 6.15 7.05 

Conductivity (mS cm 

-1 ) 4.72 4.9 

NH 4 
+ (mg L -1 ) 1008 1007.7 

CH 3 OH (mg L -1 ) 2000 2131.8 

C 2 H 6 O (mg L -1 ) − 27 

NO 2 
- (mg L -1 ) − < 0.3 

NO 3 
- (mg L -1 ) 1008 5.5 

SO 4 
2- (mg L -1 ) − 4.6 

Al (mg L -1 ) − 0.1 

Na (mg L -1 ) Cr (mg L -1 ) Zn (mg L -1 ) Fe (mg L -1 ) − < 0.1 
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rode (slurry C) and counter electrode were inlaid in the anode and 

athode compartment, respectively. Rubber sheet seals were sand- 

iched between compartments and AEM to create a liquid-tight 

eal, and the frames were bolted together. A VSP Multi Potentio- 

tat (Bio-Logic Science Instruments SAS, Claix, France) was used for 

lectrochemical control. The half-cell potential of the working elec- 

rode was determined with a Ag/AgCl reference electrode (assumed 

s + 0.197 V vs SHE) in the compartment of CuHCF electrode. 

The appropriate insertion and regeneration potentials were 

valuated by performing NH 4 
+ removal tests using the synthetic 

tream ( Table 1 ) under constant insertion potentials of 0.2, 0.3, 0.4, 

.5 and 0.6 V, and regeneration potentials of 0.9, 1.0 and 1.1 V vs. 

g/AgCl. The operational time for each potential was defined as the 

ime needed for the absolute current to reach a steady state. Both 

node and cathode compartments were first fed with synthetic 

astewater and then recirculated at a flow rate of 8 mL min 

−1 

ith a peristaltic pump (Watson Marlow 530U, USA). The total vol- 

me of the recirculated solution that filled the flow cell and tubing 

as 40 mL in terms of recirculation rate of 20 mL min 

−1 (HRT of

 min) for each compartment. The same electrode was applied in 

nsertion or regeneration tests to prevent differences due to possi- 

le inconsistencies in the preparation of the coating material. The 

harge densities and the NH 4 
+ concentrations were recorded and 

nalyzed to investigate the appropriate insertion and regeneration 

otentials. 
t  

3 
Longer ammonium removal tests, which included 20 cycles of 

lternating insertion and regeneration processes, were run with 

ynthetic and industrial wastewater at the selected insertion and 

egeneration potentials of 0.3 and 1.1V vs. Ag/AgCl. Electrochemi- 

al cell with same configuration as previous tests was applied in 

ong-term ammonium removal experiments. The real wastewater 

 Table 1 ) was collected from the effluent of a chemical company 

roducing nitrogen fertilizer and nitrogen-based chemicals. The 

astewater was filtered through a 0.22 μm pore size filter (type 

VWP, MilliporeSigma) before use. The working electrode was re- 

enerated before the beginning of the tests by applying a poten- 

ial of 1.1 V vs Ag/AgCl until the current reached a steady state. A 

resh synthetic stream was applied in each regeneration cycle, but 

he same synthetic or real stream was maintained during the 20 

ycles of insertion process. The concentration of NH 4 
+ was eval- 

ated to determine the capacity of insertion and regeneration for 

ach cycle. 

.4. Stability and long-term cycling of CuHCF electrode 

The stability of the CuHCF electrode was assessed with a 3- 

lectrode system in a beaker containing 60 mL electrolyte. A 

raphite rod (Dimensions: 0.03 cm 

2 x 6 cm) (National electrical 

arbon BV, Netherlands) was used as counter electrode. The elec- 

rolyte containing 1 mol L −1 NH NO or NH Cl was used to evalu-
4 3 4 
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Fig. 2. (a) X-ray diffraction patterns of CuHCF showing a highly crystalline material. 

(b) SEM of CuHCF indicating a crystal size of 20–50 nm (Scale bar, 400 nm). 

Fig. 3. Cyclic voltammetry (CV) analysis of CuHCF with different binders. A and a: 

PEDOT:PSS and carbon black, B and b: PEDOT:PSS, C and c: CMC and carbon black. 

Solid lines: before immersion test, and dashed lines: after a 3-day immersion test. 

r

c

a

(

s

w

h

te the stability of the CuHCF based electrode through open circuit 

otential (OCP) and CV analyses. The OCP analysis was performed 

n a three-electrode setup (60 mL glass beaker) with continuous 

tirring, and the CVs were performed at a scan rate of 1 mV s −1 

n a suitable medium. The stability of electrodes was evaluated via 

CP and CV by observing the changes in the current density and 

uHCF particles physically peeling off in the electrolyte. 

The long-term cycling performance of CuHCF based electrodes 

ver more than 100 insertion and regeneration cycles was per- 

ormed in a flow cell using either synthetic or actual wastew- 

ters using only a single insertion and regeneration potential 

0.3 and 1.1 V Ag/AgCl). Samples for Cu 

2 + analysis were taken 

egularly, centrifuged at 14650 xg for 5 min, filtered through 

 0.22 μm pore diameter syringe filter (type GVWP, Millipore- 

igma), and acidified with nitric acid (10%) before storage and later 

nalysis. 

.5. Analytical methods 

XRD measurements of CuHCF particles were carried out on a 

ruker D8 Discover XRD system equipped with a Cu X-ray source 

 λ = 1.5406 Å) and a linear X-ray detector using a Si sample 

up. Ex-situ XRD measurements were carried out in air at atmo- 

pheric pressure at 24 °C. Scanning electron microscopy (SEM) im- 

ges of CuHCF particles were recorded at an acceleration voltage 

f 15 keV with a JSM-7600F field emission SEM instrument (Phe- 

om ProX, Thermo fisher scientific, USA). Samples were mounted 

n aluminum stubs using a double-sided adhesive carbon tape and 

puttered with Au to reduce charging effects. The particle size of 

uHCF after filtration with 50 μm stainless steel sieve was de- 

ermined by light microscopy with a camera and semi-automatic 

mage analysis software (Olympus, Japan). Dissolved copper from 

ong-term cycling tests was measured by flame-atomic adsorp- 

ion spectrometry (AAS) (Shimadzu AA-6300, Shimadzu Scientific 

nstruments, Somerset, NJ, USA). Prior to analysis, samples were 

ltered with 0.02 μm and acidified with 10 % nitric acid. The 

oncentration of NH 4 
+ was determined in a Metrohm 761 com- 

act ion chromatography system (Metrohm AG, Herisau, Switzer- 

and). Separation occurred at 15 °C in a Metrosep C6-150/4 column, 

quipped with a Metrosep guard column/4.0. Methanol was exe- 

uted using a gas chromatography system consisting of a AOC-20 

utosampler (Shimadzu, Japan) and Rtx-624 GC Capillary Column 

0.18mm x 1.00μm x 30m). Anions from real stream were deter- 

ined in a 930 compact ion chromatography system (Metrohm 

G, Herisau, Switzerland) with chemical suppression and conduc- 

ivity detector. Separation occurred at 15 °C in a Metrosep A Supp 

-150/4 column, equipped with a Metrosep A Supp 4/5 guard 

olumn/4.0. 

. Results and discussion 

.1. Copper hexacyanoferrate synthesis and binder selection 

The CuHCF powder had a highly crystalline structure that con- 

isted of aggregates of nanoparticles with sizes ranging from 20-50 

m ( Fig. 2 a,b). The determined composition based on X-ray diffrac- 

ion ( Fig. 2 a) was K 0.76 Cu[Fe(CN) 6 ] 0.66 . The size of most of CuHCF

anoparticles was below 50 μm after the granulometric separa- 

ion, but complete dispersion of the NPs could not be achieved 

s CuHCF nanoparticles coalesced as large agglomerates under the 

onditions of preparation of the adsorbent (Supporting informa- 

ion, Fig. S1). 

CV analysis (3-electrode system) of three electrode slurries cre- 

ted with different binders resulted in similar mid-point potentials 

f 0.79 ± 0.03 V (vs. Ag/AgCl) before the immersion test, indicat- 

ng no impact of the type of binders on the oxidation or reduction 
4 
eactions ( Fig. 3 ). The ratio between the anodic and cathodic peak 

urrent density was close to 1 for all electrodes, consistent with 

 reversible electrochemical reaction ( Kim et al., 2018a ). Slurry C 

CMC and carbon black) had the highest redox peak current den- 

ities of 0.58 and -0.54 A g CuHCF −1 . The conductivity of slurry C 

as in between that of slurry A and B, which indicated that the 

igh current density of slurry C was most likely the result of a 
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Fig. 4. (a) Insertion capacity of the electrode from a synthetic and real stream, (b) 

Concentration of inserted NH4 + during NH4 + removal from the synthetic and real 

stream, and (c) Comparison of energy input after 5,10,15 and 20 insertion cycles 

with the synthetic and real stream. 
ore efficient interaction of the CuHCF with the NH 4 
+ ions rather 

han an increased material conductivity (Supporting information, 

able S2). 

After 72 h of immersion in 60 ml glass beakers, the electrolytes 

n tests with slurry A and C remained clear, and no particles were 

bserved in the solution at pH 6.15. The impact of carbon black 

n electrode stability was further investigated by comparing CV 

nalysis of slurry B with other two slurries. The oxidation (regen- 

ration) peak of the electrode with slurry B decreased from 0.35 

o 0.18 A g CuHCF −1 while the reduction (insertion) peak current 

ensity declined from -0.35 to -0.2 A g CuHCF −1 , which were all 

ower than other two slurries ( Fig. 3 ). The electrolyte in the exper-

ment with slurry B turned brownish after immersion indicating 

egradation of the electrode. Although PEDOT:PSS and CMC can be 

ndependently used as sole binders ( Li et al., 2017 ; Wang et al.,

012 ), carbon black is still needed to ensure a close electrical con- 

ection between CuHCF material and binders as well as to stabilize 

he electrochemical performance of the electrodes ( Shi et al., 2017 ). 

he redox peak current densities of slurry C remained considerably 

igher compared with the other two slurries ( Fig. 3 ), indicating a 

ore stable performance of the CMC binder than the PEDOT:PSS. 

herefore, the CMC binder (slurry C) was selected for further ex- 

eriments. 

.2. Ammonium removal from synthetic and industrial wastewater 

The optimal NH 4 
+ insertion and electrode-regeneration poten- 

ials for ammonia removal were selected based on four parame- 

ers: the charge density (C cm 

−2 ) (Supporting information, Fig.S5), 

he concentration of inserted/extracted NH 4 
+ (mg L −1 ), the energy 

nput (Wh g −1 NH 4 
+ ) (Supporting information, Eq.1) and the in- 

ertion/regeneration capacity (mg NH 4 
+ g CuHCF −1 ). The effect of 

he insertion/regeneration potential on the insertion/desertion of 

H 4 
+ was investigated with a constant potential (from 0.2 to 1.1 

 vs. Ag/AgCl). The highest insertion capacity of 70 mg NH 4 
+ g 

uHCF −1 and associated lowest energy input of 0.11 Wh g −1 NH 4 
+ 

ere achieved at 0.3 V vs. Ag/AgCl (Supporting information, Table 

3), therefore this potential was selected for further tests. For re- 

eneration, 1.1 V vs. Ag/AgCl was chosen since it resulted in the 

ighest concentration of released NH 4 
+ and had lowest energy in- 

ut among all the tested regeneration potentials (Supporting infor- 

ation, Table S4). 

The highest removal rate of NH 4 
+ was obtained through 20 cy- 

les of ammonium removal tests, but the insertion capacity of elec- 

rodes declined steadily over time. In the first 10 insertion cycles 

pH 6.15), 772 ± 1 mg L −1 NH 4 
+ was removed from a total NH 4 

+ 

oncentration of 1008 mg L −1 at an energy input of 0.34 ± 0.01 

h g −1 NH 4 
+ ( Fig. 4 a,c), which indicated a removal rate of 715 ±

.22 mg NH 4 
+ L −1 h 

−1 corresponding to 17.16 ± 0.03 g NH 4 
+ L −1 

 

−1 , with a removal capacity of 40 ± 1.12 mg NH 4 
+ g CuHCF −1 

er cycle. The removal rate after 10 cycles was higher than con- 

entional NH 4 
+ removal rates such as nitrification/denitrification 

33 mg NH 4 L −1 h 

−1 ) and NH 4 
+ stripping (42 mg NH 4 L −1 h 

−1 )

rom streams containing more than 10 0 0 mg L −1 of ammonia 

 Sharma and Sanghi, 2012 ; Zöllig et al., 2017 ), which suggested the

aterial could be useful for NH 4 
+ removal/recovery if maintained 

t this level. However, over the next 10 cycles, the insertion capac- 

ty declined sharply to only 0.01 g NH 4 
+ g CuHCF −1 by the final 

ycle, with a removal rate of 166 ± 0.17 mg NH 4 L 
−1 h 

−1 and a cu-

ulative 957 ± 0.12 mg NH 4 
+ L −1 ammonium removed from the 

ynthetic stream (1008 mg NH 4 
+ L −1 ). 

The decrease in NH 4 
+ removal capacity of the electrode over 

uccessive cycles could have occurred for at least three different 

easons: degradation of CuHCF material, incomplete regeneration, 

nd decreasing NH 4 
+ concentrations. First, the electrochemical ac- 

ivity of CuHCF lost over time due to the degradation of CuHCF 
5 
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Fig. 5. Open circuit potential of the CuHCF electrode in 1 M NH4NO3 over 72 h. 
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hould play the dominant role in the declined removal capacity. 

n addition, the adsorption kinetics of CuHCF was unusual in that 

here was an appreciable decline of capacity after reaching a pseu- 

omaximum ( Parajuli, 2016 ), probably due to the degradation of 

uHCF material released K 

+ and introduced through competition 

y K 

+ ions during cycling. Second, the incomplete regeneration of 

he electrode between cycles could have contributed to a declined 

apacity of the electrode. The extraction efficiency over the first 5 

egeneration cycles averaged 80.1 ± 0.4 %, calculated based on the 

mount of NH 4 
+ that remained in the electrode from the previous 

nsertion, and it rose slightly to 88.9 ± 0.4 % after 20 cycles. Never- 

heless, the insertion capacity decreased by 65 % between the first 

nd the last cycle of the experiment ( Fig, 4 ). Thus, ~10 % of the in-

erted NH 4 
+ remained in the CuHCF electrode after regeneration. 

RD analysis of CuHCF particles after 20 cycles showed that the 

rystal framework of CuHCF particles was stable, but the peak at 

 θ of 17.8 after cycling was higher than in the original particles 

Supporting information, Fig S2). This peak area can be attributed 

o a partial replacement of K 

+ ions by NH 4 
+ ions ( Parajuli, 2016 ),

hich would result in a declined insertion capacity. Third, the ini- 

ial liquid NH 4 
+ concentration in each cycle probably affected the 

bserved insertion capacity. This was investigated in a separate 

est with a new CuHCF electrode in a synthetic stream contain- 

ng a lower initial NH 4 
+ concentration of 30 mmol L −1 (540 mg 

 

−1 ). After 10 cycles, the insertion capacity of the electrode was 

.089 g NH 4 g CuHCF −1 , which was similar to the insertion capac- 

ty of 0.091 g NH 4 g CuHCF −1 measured in an electrolyte with 30 

mol L −1 (Supporting information, Fig S4). Jiang et al. (2018) indi- 

ated that the concentration of removed NH 4 
+ declined when the 

iquid NH 4 
+ concentration was below 10 mmol L −1 . Nonetheless, 

on et al. (2020) reported that the insertion capacity maintained 

onstant over a range of 10 to 100 mmol L −1 of NH 4 
+ . Therefore,

he insertion capacity of electrodes is likely only affected when the 

nitial concentration of NH 4 
+ in the liquid is lower than 10 mmol 

 

−1 . 

The energy input needed for the regeneration process grew 

teadily over 20 cycles. The energy input of regeneration in the 

rst 5 cycles was 1.21 ± 0.01 Wh g −1 NH 4 
+ (Supporting informa- 

ion, Table S5), compared to 2.53 ± 0.01 Wh g −1 NH 4 
+ after 20 

ycles. The energy input of insertion also increased from 0.19 ±
.01 Wh g −1 NH 4 

+ in the first 5 cycles, compared to 0.34 ± 0.01 

h g −1 NH 4 
+ at the end ( Fig, 4 c). Therefore, the energy input of

H 4 
+ recovery in the first 5 cycles was combined 1.40 ± 0.01 Wh 

 

−1 NH 4 
+ in total, and then it grew to 2.87 ± 0.01Wh kg −1 NH 4 

+ 

fter 20 cycles. The regeneration process resulted in higher energy 

nput for NH 4 
+ recovery, indicating the lattice distortion of CuHCF 

ver multiple cycles led to higher energy needs to push the in- 

erted NH 4 
+ back out of the material. 

The NH 4 
+ removal from a real wastewater ( Fig, 4 b, c) was simi-

ar to that obtained for the synthetic wastewater. After 20 insertion 

ycles on the real stream (pH 7.02), 936.5 ± 0.5 mg NH 4 
+ L −1 were 

emoved out of the initial 1008 ± 0. mg L −1 at an energy input of

.40 ± 0.01Wh g −1 NH 4 
+ . The removal rate over 20 cycles was 

25.7 ± 0.3 mg NH 4 
+ L −1 h 

−1 corresponding to 10.2 ± 0.1 g NH 4 
+ 

 

−1 d 

−1 , with a removal capacity of 31.8 ± 1.1 mg NH 4 
+ g CuHCF −1 

er cycle. As we had observed when using synthetic wastewater, 

he electrode could not be completely regenerated after each cy- 

le. The regeneration efficiency of the electrode rose slightly from 

7.82 ± 0.55 % in the first 5 cycles to 89.19 ± 0.19 % after 20 cycles

Table S6). The energy input of the first 5 regeneration cycles was 

.3 ± 0.1 Wh g −1 NH 4 
+ and increased gradually to 2.5 ± 0.1 Wh 

 

−1 NH 4 
+ at the end. The energy input needed for insertion and 

egeneration was 2.8 ± 0.2 Wh g −1 NH 4 
+ in total. This indicated 

hat the matrix in the real stream did not noticeably affect the per- 

ormance of the electrode since both tests with synthetic and real 

tream revealed similar trends over the cycles ( Fig. 4 ). Addition- 
6 
lly, the concentration of anions and organics in the real stream 

as not affected by the insertion/regeneration process (Supporting 

nformation, Table S7) . 

.3. Stability and long-term cycling test of CuHCF electrode 

As the anions in solution might react with the electrode and af- 

ect its stability, the effect of chloride and nitrate containing elec- 

rolytes was examined in CV cycling tests over 62 h in 3- elec- 

rode system (Supporting information, Fig. S8a). The anodic peak 

otentials (E pa ) from NH 4 Cl and NH 4 NO 3 were very similar (0.83 

nd 0.85 V vs. Ag/AgCl, respectively) and the cathodic peak po- 

entials (E pc ) from the two supporting electrolytes were compa- 

able as well, with 0.77 V for NH 4 Cl and 0.74 V vs. Ag/AgCl for

H 4 NO 3. The mid-point potential (E 1/2 ) of NH 4 NO 3 was 0.79 V vs. 

g/AgCl after 10 h of analysis, which was only 0.01 V lower than 

he E 1/2 at the onset, indicating a reversible process after 10 h. 

owever, there was no peak observed after 10 h of CV analysis 

n NH 4 Cl, and accompanied by a noticeable odor. The conductive 

aterial completely disintegrated after rinsing with distilled wa- 

er probably due to Cl 2 produced by the oxidation at the carbon 

node under the high counter potential (Supporting information, 

ig. S9). 

NH 4 NO 3 was selected as supporting electrolyte to investigate 

he stability of CuHCF electrode over time to avoid possible dam- 

ge to it by chlorine generation. First, the open circuit potential 

OCP) over time was examined during immersion of the electrode 

n a 1 M NH 4 NO 3 electrolyte (3-electrode system, 60 ml glass 

eaker). The OCP showed a slight decrease during the first 60 h, 

ith a more significant reduction after 61 h ( Fig. 5 ). The dissolu- 

ion of the electrode was reflected in the change in the color of the 

lectrolyte from clear to light brown. After 61 h, fine particles were 

isible in the solution and on the bottom of the flask (Supporting 

nformation, Fig. S6a, b). Analysis of the composition of the elec- 

rolyte revealed copper in solution, showing electrical current was 

ot essential to cause damage to the electrode. Released K 

+ was 

bserved after the OCP analysis of the CuHCF electrode over 50 h 

ndicating binder degradation during the long-term tests (Support- 

ng information, Fig.S7). Further structural modification of CuHCF 

lectrodes and an optimal binder are needed to be investigated to 

mprove stability. 

The stability of the CuHCF electrode was further evaluated in 

 CV analysis with 1 mmol L −1 of NH NO during 62 hours in 3-
4 3 
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Fig. 6. CVA stability test of CuHCF electrode in 1M NH4NO3 over 62.2h at room 

temperature 

Fig. 7. XRD analysis of mixture of CuHF, black carbon and CMC before CVA stability 

test (dashed line) and after CVA satability test (solid line). 
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lectrode system ( Fig. 6 ). A sequence of CVs contained repeated 

nsertion and regeneration cycles was performed. During this time, 

he anodic and cathodic potentials peaks slightly shifted to more 

ositive and negative potentials at 48 h, respectively, then fur- 

her distanced until 51 h, at which time pieces of the conduc- 

ive material peeled off of the electrode. Finally, the CV after 62 

 showed anodic and cathodic current peaks at 0.63 and 0.93 V 

s. Ag/AgCl, respectively. Two phenomena were probably respon- 

ible for the shift in the redox potentials in this system: insuffi- 

ient regeneration that could limit the adsorption sites; and phys- 

cal and/or chemical separation of the catalyst from the conduc- 

ive support. During the ammonium removal test on both the syn- 

hetic and real stream, part of the active sites on the electrode sur- 

ace was occupied by the inserted NH 4 
+ after regeneration. There- 

ore, the limiting amount of electroactive spots on the surface 

ead to a shift in the CV towards more anodic/cathodic potentials 

 Champagne and Kirtman, 2001 ). At the same time, detachment of 

he material was observed after 51 h, indicating that the CuHCF 

aterial lost physical contact with the electrode substrate due to 

he lattice distortion ( Fig. 7 ). XRD comparison of a new CuHCF 

lectrode with the electrode after long-term CV analysis, showed 
7 
o evident change from the position of three main peaks (at 2 

= 17.8 °, 25 ° and 35 °), demonstrating that the crystal structure of 

he CuHCF on the electrode could be maintained upon the inser- 

ion/regeneration process. However, the peak height of those three 

ain peaks decreased dramatically, and peaks broadening after 

ong-term CV analysis indicated a lattice distortion of the CuHCF 

tructure caused by residual stress during insertion and regenera- 

ion ( Pasta et al., 2016 ; Pothanamkandathil et al., 2020 ; Yeh et al.,

007 ). Wang et al. (2020) indicated the transformable structure of 

uHCF particles during cycling, which can be considered as a dis- 

ortion of the internal atoms. Thus, an unaccommodated binding 

aterial and morphology controlling method were needed for im- 

roving CuHCF structure. 

The long-term cycling behavior of CuHCF electrodes under ap- 

ropriate potentials was evaluated with synthetic and real indus- 

rial streams (Supporting information, Fig.S10). After 115 cycles 

6.12), the charge density from the synthetic stream dropped by 

7 %, compared to 19 % for the real stream. The target operational 

ime was 50 h. However, dissolved copper from the coating was 

easured and coating particles peeled off from the electrode af- 

er 24 h as well (Supporting information, Fig.S12). In the synthetic 

tream, only 0.009 mg L −1 Cu 

2 + was detected after 6 h (Support- 

ng information, Fig.S11). The concentration of dissolved copper in- 

reased up to 0.417 mg L −1 after 25 h. Also, in the real stream, 

opper were measured in the solution after 6 h of 0.008 mg/L and 

t reached concentrations of 0.628 mg L −1 after 25 h operation. A 

onsequence of the instability of CuHCF during long-term cycling 

est is the oxidation and reduction of copper bound to the nitro- 

en atom ( Pothanamkandathil et al., 2020 ). The poor stability of 

uHCF coating was further affected by the high flux rate of the 

tream over long-term cycling analysis. Takahashi et al. (2015) ob- 

erved that the crystallite size of CuHCF aggregates decreased from 

2 nm to 11 nm when using a micro-mixer and increasing the flow 

ate of a synthetic stream containing Cs + to 100 mL min 

−1 . Thus, 

he reduced crystallite size of CuHCF in our study led to a weak 

onding between the binding material and the small-sized CuHCF 

aterial, which, in turn, caused CuHCF material to loose electrical 

ontact with the electrode matrix over long-term cycling. 

Although the results so far demonstrated the feasibility of 

his CuHCF approach for ammonia recovery, further studies are 

learly needed to improve the stability of the electrodes. A con- 

ormal layer could be introduced to prevent the dissolution of 

uHCF, for example, by adding metal oxides such as Al 2 O 3 and 

iO 2 , amines such as ethylenediamine and insoluble transition 

etal sulfides such as Cu 2 S and ZnS to the aqueous solution con- 

aining synthesized CuHCF ( Wessells and Huggins, 2017 ). More- 

ver, the dissolution of cations from MHCFs could be reduced by 

tructural modifications as well. For example, the highly crystal- 

ized core-shell structured cobalt/nickel hexacyanoferrate can be 

oated by the NiHCF to suppress lattice distortion and side reac- 

ions ( Yin et al., 2019) . It was found that benefitting from limited

harge/discharge depth, the inactive Ni 2 + ions introduced to the 

HCF framework can minimize the atom distortions in an inert 

tmosphere of argon, thereby improving the electrochemical sta- 

ility of coin-sized electrodes. Electrodes with long-term stability 

ould enable further investigating insertion and regeneration po- 

entials to improve stability, not necessarily aiming at maximizing 

nsertion/regeneration capacity. Additionally, an optimal binder to 

ccommodate the volume variation of CuHCF during cycling tests 

till needs to be identified. Other possibilities include a binder 

ynthesized by Song et al. (2014) using a low-cost water solu- 

le poly(acrylic acid) (PAA) and polyvinyl alcohol (PVA) precursors. 

his binder was found to enhance bonding between Si and the 

inding material, which accommodated the large volume change of 

he silicon anode during adsorption, resulting in excellent cycling 

tability (1663 mAh g −1 after 80 h). 
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. Conclusions 

• CuHCF coated electrodes were shown to separate and recover 

NH 4 
+ from a real industrial wastewater at 0.3 V (vs. Ag/AgCl) 

without interference from anions and organics present. 
• At a regeneration potential of 1.1 V (Vs. Ag/AgCl), 88.9 ± 0.4 % 

of inserted NH 4 
+ was released back to the solution. 

• Cl − ions negatively affected the stability of the CuHCF coated 

electrodes due to Cl 2 production at the carbon anode caused 

by the high counter potential. 
• A minimal NH 4 

+ concentration of 71.57 ± 0.12 mg L −1 was 

achieved after 20 cycles of NH 4 
+ removal on the real stream, 

which corresponded to the highest NH 4 
+ removal efficiency of 

92.9 ± 0.01 %. 
• CV and CA analyses showed that the CuHCF electrodes tested 

here had a poor stability over time. A conductive and resilient 

binder is needed for the transformable structure of the CuHCF 

framework and a low-temperature cure. 
• Separation of NH 4 

+ from wastewater containing organics by 

CuHCF coated electrodes under constant potential appears to 

be a promising technology for NH 4 
+ removal and recovery and 

should be further investigated for application in the treatment 

of complex wastewaters containing high concentrations of am- 

monia. 
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