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A B S T R A C T   

This study developed an innovative and cost-effective electrochemical membrane filtration system, which uti-
lized electrocoagulation (EC) with electrically conductive membranes (ECMs) as cathode and membrane strip-
ping (MS) for simultaneous ammonia recovery and contaminant removal. The novel system takes advantages of 
the two complementary processes (EC and MS) when sequentially performed. Electrocoagulation produced 
positively charged coagulants which removed contaminants. ECMs served as cathode of EC in-situ generated 
OH–, which converted NH4

+ ions to volatile NH3. MS recovered NH3 and prevented from membrane fouling or 
wetting due to the protection of ECMs. The mechanism involves electrocoagulation, electrolysis and electrostatic 
interaction. Operating conditions (e.g., current density, electrolyte concentration and pollutants concentration) 
have significant impacts on process performance. Increasing the current density from 0 to 40 A/m2 exerted a 
positive effect on humic acid (HA) removal, ECM fouling mitigation and ammonia recovery. However, excessive 
current density (60 A/m2) shortened the contact time between NH4

+ and OH–, and thus decreased ammonia 
recovery. High electrolyte concentration enhanced ammonia recovery, which can be attributed to increased pH 
and longer contact time between NH4

+ and OH–. On the contrary, low electrolyte concentration was beneficial for 
ECM fouling mitigation through enhancing electrostatic repulsion between membrane electrode and HA con-
taminants. The improvement of HA concentration not only aggravated ECM fouling, but also had adverse effect 
on ammonia recovery. NH4Cl concentration had negligible effect on HA removal and membrane fouling, but the 
generation of OH– became a rate-limiting factor for ammonia recovery at high NH4Cl concentration. Our results 
demonstrated that the novel system exhibited a competitive performance with other alternatives, with HA 
removal efficiency of 99.2% and ammonia recovery efficiency of 68.6% at a current density of 40 A/m2, elec-
trolyte concentration of 100 mmol/L, HA concentration of 30 mg/L and NH4Cl concentration of 300 mg/L, which 
can be considered as an appealing technology for ammonia resource recovery.   

1. Introduction 

With the increasing world population and improvement in living 
standards, food production is projected to increase, thereby requiring a 
sustained ammonia (NH3) supply for fertilizers [1]. Ammonia, as an 
essential nutrient for global food production, has become one of the 
most common synthetic chemicals in the world [2]. The use of fertilizer 
to meet food demand also causes negative environmental impacts with 
ammonia nitrogen recognized to be one of the principle pollutants [3]. It 
has been reported that 2.5 million tons of ammonia nitrogen is annually 
discharged to waterbodies in China. This leads to various environmental 

contamination such as eutrophication, loss of biodiversity and deterio-
ration of water quality, etc. [4]. Therefore, the balance of sustainably 
meeting food demand while simultaneously reducing agriculture’s 
environmental harm is of great importance [5]. 

The conventional treatment processes for ammonia nitrogen removal 
including anammox and nitrification/denitrification convert nitrogen 
(ammonium and/or nitrate) back to N2. This energy-intensive nutrient 
removal process cannot recover nitrogen in a useful form, which also 
contributes to greenhouse gas emission (N2O, CO2) to the atmosphere 
[6,7]. The large energy and environmental footprint of nutrient removal 
from wastewater, in turn, goes against the sustainability of fertilizer 
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production for food security [8]. In terms of this, nutrient recovery from 
wastewater streams is expected to become a promising strategy for more 
sustainable water and agricultural industries. 

Current established approaches for ammonia recovery from waste-
water include struvite (MgNH4PO4⋅6H2O) precipitation, air stripping 
and membrane-based process [8]. Struvite precipitation is widely 
accepted as the most promising nutrient recovery technology. This 
approach has been used for various nutrient-rich streams, such as 
wastewater [9], anaerobically digested sludge [10,11], and urine [12]. 
However, there remains two critical challenges with struvite precipita-
tion: high phosphorus concentration requirement (above 100 mg/L) and 
low selectivity due to the presence of toxic heavy metal ions and 
emerging organic contaminants [8]. Air stripping has shown great po-
tential to efficiently recovery ammonia, but it requires basic solution 
and/or high temperature to convert liquid ammonium (NH4

+) into vol-
atile NH3. This method leads to large amount of chemicals consumption 
and energy cost [1,6]. Membrane-based process (e.g. membrane strip-
ping (MS) and electrodialysis (ED)) has become an alternative approach 
to advanced wastewater nutrient recovery because of good selectivity 
and high nutrient enrichment. This technique, however, suffers from 
membrane fouling due to the dissolved natural organic matters present 
in the wastewater [8]. Recently, electrochemical ammonia recovery 
system has gained in popularity in view of its moderate operating con-
ditions (e.g. low voltage and temperature independence) and high en-
ergy efficiency [7,13–16]. It carries advantages including efficient 
ammonium enrichment driven by electrical field and concomitant pH 
increase by utilizing low-cost electrons [17–20]. This system consists of 
anode and cathode chambers separated by a cation exchange membrane 
(CEM). NH4

+ transports to the cathode chamber and converts to NH3, and 
then is recovered by stripping absorption or gas permeable hydrophobic 
membranes (GPM) with ammonium sulfate ((NH4)2SO4) as the end- 
product [13]. The combination of electrochemical system with strip-
ping unit can obtain good ammonia recovery with low energy input. 
However, the diffusion and/or migration of OH–/NH3 from the cathode 
surface to the bulk was reported as a major rate limiting process for 
ammonia recovery due to the separated electrode and membranes 
[6,21,22]. 

Electrically conductive membranes (ECMs) have been developed 
since they can conduct and distribute an externally applied potential 
across the membrane surface. This enables some phenomena including 
electrostatic repulsion between foulants and membrane surface, modi-
fication of local pH environment, and electrochemical oxidation and 
reduction of toxic contaminants [23–26]. The electro-filtration config-
uration with ECM as an electrode has been considered to be more effi-
cient in enhancing the filtration process through anodic oxidation, 
cathodic reduction, bubbles production and H2O2 generation [27–29]. 
Recently, a novel electrocoagulation membrane reactor (ECR-ECM) was 
firstly proposed by our group, in which electrocoagulation and mem-
brane filtration were integrated into one system with ECMs as cathode 
[30]. The positively charged coagulants were generated due to the 
electrolytic oxidation of sacrificial anode, which effectively removed 
particles or dissolved organic substances from feed [31]. ECMs serve as 
cathode and separation unit simultaneously, and the membrane fouling 
can be alleviated by the combined effect of coagulation and electric field 
[30]. This promising technique has the potential to achieve improved 
fouling resistance in a more compact reactor. Importantly, results of our 
previous study found that ECMs were able to generate hydroxide ions 
(OH–) through water electrolysis at the membrane/water interface. This 
would result in a change in speciation from NH4

+ dominance at pH < pKa 
(of 9.3) for the NH4

+− NH3 acid − base pair to NH3 dominance at pH >
pKa [3,19]. In this regard, it is hypothesized that by taking advantage of 
the electric potential across the sacrificial anode and ECMs cathode, 
NH4

+ ions were driven towards ECMs and organic substances were 
rejected, and the localized high pH at ECMs/water interface transformed 
NH4

+ to NH3, which can be recovered by a gas permeable membrane with 
an acidic solution as absorbent. 

In this study, we present a novel electrochemical membrane filtra-
tion system combining electrocoagulation with ECMs as cathode and MS 
in one individual reactor. Electrocoagulation was able to remove organic 
matters and reduce fouling by the synergistic effect of coagulation and 
electric field. Compared to the previous configuration of ECR-ECM, a gas 
permeable hydrophobic membrane was inserted into the reactor, which 
provided a compact and cost-effective strategy for ammonia recovery. 
The novelty of this technique comes from several aspects: (i) this system 
allows simultaneous ammonia recovery and contaminants removal in 
one individual reactor; (ii) this process utilizes in-situ local pH increase 
on the electrode surface, which is more efficient and cost-effective than 
boosting the solution pH by using alkali chemicals; (iii) the applied 
voltage on ECMs electrode attracts positively charged aqueous NH4

+ but 
repels negatively charged foulants, leading to good contact of NH4

+ and 
OH– as well as reduced membrane fouling; (iv) the anode generates 
positively charged coagulants, which removed organic matters from 
feed; (v) ECMs serves as both cathode and protective layer to filter out 
contaminants, protecting the following hydrophobic membrane from 
fouling/wetting. To the best of our knowledge, combining electro-
coagulation with membrane stripping through ECMs and hydrophobic 
membranes for contaminants removal and ammonia recovery has not 
been reported. The main purpose of this study was to present a proof of 
concept of this proposed system and ascertain how to best implement 
the process for efficient contaminants removal and ammonia recovery. 
Some key operational conditions, including electrolyte concentration, 
current density and pollutants concentration, on the performance of the 
novel system were also investigated for the first time. 

2. Materials and methods 

2.1. Materials 

Polyvinylidene fluoride (PVDF) was purchased from Solvay 
Advanced Polymer (Belgium). Humic acid (HA), diiodomethane and 
glycerol were obtained from Macklin biochemistry Co., Ltd (China). 
Potassium sodium tartrate was bought from Xilong Scientific Co., Ltd 
(China). Ammonium chloride (NH4Cl), sodium chloride (NaCl), N- 
methyl-2-pyrrolidone (NMP), sulphuric acid (H2SO4), sodium hydroxide 
(NaOH) and calcium oxide were purchased from Sinopharm Chemical 
Reagent Co., Ltd (China). Carboxylic acid functionalized multi-walled 
carbon nanotubes (MWNT-COOH, outer diameter: 4–5 nm, length: 
0.5–1.5 μm) were purchased from Pioneer nanotechnology Co., Ltd 
(China). Isoparl G used as lubricant was obtained from Shanghai 
Huishuo Technology Co., Ltd (China). Polytetrafluoroethylene (PTFE) 
resin (F106C) was purchased from Daikin Fluorochemicals Co., Ltd 
(China). Stainless-steel mesh (pore size of 37.4 μm and thickness of 60 
μm) was obtained from Xiaoafeng 316 L (China). The mesh was etched 
with NaOH (1.0 mol/L) and rinsed by water and acetone several times 
before use. 

2.2. Membrane preparation and analytical methods 

The fabrication method of ECMs has been documented in our pre-
vious work, shown in Fig S1 [32]. Briefly, MWNT-COOH (0.375 g) and 
LiCl (0.75 g) were dispersed in NMP (41.75 g) and stirred at 200 rpm/ 
min using an overhead mixer (IKA RW16 Basic) for 30 min, followed by 
60 min of sonication. PVDF (15.0 g) was then added into the mixture and 
stirred for 12 h. After that, vacuum was used to remove gas bubbles. The 
membrane was casted on a stainless-steel mesh using an automated film 
applicator (Elcometer 4340 Automatic Film Applicator) at a thickness of 
250 μm. After exposed to air for 20 s, the membrane was immersed into 
water bath. The membrane was kept in water for 24 h to remove re-
siduals and then rinsed with DI water before use. The detailed properties 
of the prepared membranes were measured with mean pore size of 140 
nm, thickness of 127 μm and contact angle of 70◦±1.5. The hollow-fiber 
PTFE hydrophobic membrane was prepared in our lab followed by the 
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previous publication shown in Fig S2 [33]. PTFE resin (75 wt%) was 
mixed up with lubricant and shaken for 2 h, and then the mixture was 
aged at 36 ◦C for 8 h to obtain homogeneous distribution. After that, the 
mixture was compact to produce a billet preform at 1.5 MPa, and 
extruded from a die to form hollow fibres. The hollow fibres were 
stretched and sintered at 365 ◦C for 60 s to fix porous structure and 
prevent shrinkage. 

The membrane morphology was observed using a field emission 
scanning electron microscopy (FESEM, Hitachi SU-70, Japan). The pore 
size distribution was measured using capillary flow porometer (CFP, 
Porolux 1000, IB-FT GmbH, Germany).The contact angle of the mem-
brane was measured using an OCA20 video-based contact angle meter 
(DataPhysics Instruments Ltd., Germany). Details of the measurements 
can be found in the previously published paper [34]. 

2.3. Experiment setup and operations 

The structure of EC-MS hybrid system is shown in Fig. 1. It is a three- 

chambered reactor in which aluminum (Al, served as anode), ECMs 
(served as cathode) and PTFE membrane (served as membrane striping) 
were bolted together with a gap to create electrocoagulation chamber, 
deamination chamber and ammonia recovery chamber, respectively. In 
the electrocoagulation chamber, a number of positively charged Al co-
agulants were generated as a result of the electrolytic oxidation of Al as a 
sacrificial anode. The coagulants can remove natural organic matters 
from feed water, thereby decreasing the contaminants concentration 
and mitigating membrane fouling. In addition, the applied potential on 
ECMs cathode repelled negatively charged contaminants and further 
reduced membrane fouling. In the deamination chamber, OH– accu-
mulated at the ECMs/water interface due to water electrolysis. NH4

+ ions 
diffused and migrated to the interface under electrophoresis and filtra-
tion pressure, where they were transformed to dissolved and gaseous 
NH3 due to localized high pH. The permeate of ECMs entered the 
shellside of hollow-fibre PTFE membranes and was collected by a beaker 
placed on the electronic balance. The ECM flux was measured by the 
change in weight of the permeate tank. In the ammonia recovery 

Fig. 1. (A) Schematic representations of the novel electrocoagulation-membrane stripping (EC-MS) hybrid system. It is a three-chambered reactor in which 
aluminum (Al, served as anode), the prepared electrically conductive membrane (ECM, served as cathode) and gas permeable hydrophobic membrane (GPM, served 
as membrane striping) were bolted together with a gap to create electrocoagulation chamber, deamination chamber and ammonia recovery chamber, respectively. 
(B) Experimental setup of the novel EC-MS hybrid system. 
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chamber, NH3 evaporated and diffused through the pores of PTFE 
membrane. Sulfuric acid (H2SO4) was circulated in the lumenside of 
hollow-fibre PTFE membranes at a constant velocity and recovered NH3 
into ammonium sulfate ((NH4)2SO4). 

Experiments were carried out in the EC-MS hybrid reactor as shown 
in Fig. 2. Compared to the previous configuration of ECR-ECM (Fig S3), 
the hollow-fibre PTFE membrane was inserted into the reactor in the 
new design, providing a compact and cost-effective means of ammonia 
recovery. The schematic drawing and visual image of the EC-MS hybrid 
reactor were shown in Fig S4 and Fig S5. Humic substances were 
removed by electrocoagulation and ECM rejection. NH4

+ migrated to the 
ECM electrode, where the in-situ high pH promoted the transformation 
of NH4

+ to volatile NH3⋅NH3 evaporated and diffused through the hy-
drophobic PTFE membrane pores, and reacted with the acidic solution 
and eventually formed nonvolatile compound (NH4)2SO4. The effective 
area was 12 cm2 (3 cm × 4 cm) for both the electrodes and the distance 
between the two electrodes was 1 cm. The effective area of the hydro-
phobic PTFE membrane was 225 cm2. The thickness of electro-
coagulation chamber, deamination chamber and ammonia recovery 
chamber was 2.5 cm, 0.5 cm and 1.5 cm, respectively. The cell potential 
was supplied by a DC power source (Dahua, DH1765-1, China). 

During the experiment, the feed solution (2.0 L) was prepared by 
dissolving HA and NH4Cl in Deionized (DI) water under sonication and 
stirred for several hours before filtration. NaCl was added in the feed to 
adjust the electrolyte concentration, and H2SO4 was used as acid ab-
sorption liquid for NH3 recovery. The single factor experiment was 
designed to explore the effect of operational conditions (e.g. current 
density (0–60 A/m2), electrolyte concentration (10–100 mmol/L), HA 
concentration (0–100 mg/L), NH4Cl concentration (300–2000 mg/L) on 
the performance of EC-MS hybrid system. Water absorbent was chosen 
as ammonia receiving solution instead of sulfuric acid to investigate the 
ammonia recover performance. Intermittent running at two different 
states (power on vs power off) was also tested to examine the perfor-
mance of EC-MS hybrid system. The energy demand was evaluated to 
determine the opportunities and challenges of the novel system with 
respect to ammonia recovery from wastewater. The variation of pH at 
the ECMs electrode surface was monitored by pH meter (FE20, Mettler 
Toledo). The concentration of ammonia nitrogen was determined by 
colorimetric methods using a UV/Vis spectrophotometer (Hach DR- 
5000, USA) at a wavelength of 420 nm. The concentration of HA was 
measured using a spectrophotometer (Hach DR500, USA) at a wave-
length of 254 nm. Current density (A/m2) was calculated with the 
applied current divided by the effective area of the ECM electrode. 
Power consumption was calculated by W=

∫
I × V, where W (watt) is the 

consumed power over time, I is the applied current (A), and V is the cell 

voltage generated over the cycle (V). Specific energy consumption 
(kWh/kgNH3-N) was calculated based on power consumed per NH3-N 
recovered in the recovery chamber [22]. 

3. Results and discussions 

3.1. The ECM and PTFE membrane characterisation 

Fig. 3 shows the microstructure of the prepared electrically con-
ducting membrane (surface and cross-section) and PTFE hydrophobic 
membrane (surface and longitudinal-section). It can be seen that ECM 
exhibited a grey colour due to the incorporation of MWNT-COOH. The 
stainless steel mesh was well embedded in the active layer of the 
membrane structure due to the strong adhesion of the casting solution 
during the phase separation process [32]. This strong and durable 
physical force generated a stable membrane, which can reduce the po-
tential risk of delamination [35]. The typical microstructure of PTFE 
porous membranes showed that the adjoining nodes were bridged by the 
fibrils, which were highly oriented parallel to the stretching direction. 
The fibrils near to each other bound together at the middle part and 
separated when were close to the node regions. The voids between the 
fibrils formed the channels extended in all directions for water vapour 
passing through the membrane [33]. 

3.2. The performance of EC-MS hybrid system 

3.2.1. Effect of current density and electrolyte concentration on the 
performance of EC-MS hybrid system 

Current density can not only affect the generation of coagulants, but 
also influence the cathodic reactions (OH– generation through elec-
trolysis). Therefore, the effect of current density on the performance of 
EC-MS hybrid system was investigated. As shown in Fig. 4 A, high 
removal efficiency of HA was achieved under different current densities, 
implying that ECMs exhibited good rejection of HA. In the electro-
coagulation chamber, positively charged Al coagulants were generated 
as a result of the electrolytic oxidation of a sacrificial anode. The co-
agulants can remove negatively charged HA foulants from feed water 
and decrease the foulants concentration [30]. ECMs (served as cathode 
and separation unit simultaneously) repelled HA foulants due to the 
electrostatic repulsion under the application of external voltage. It was 
found that HA rejection slightly decreased when the current density 
exceeded 40 A/m2. The most possible reason was that the excessive 
bubbles which generated on the ECMs electrode broke the cake layer, 
hence HA foulants in the concentration polarization layer passed 
through the membrane and resulted in decreased rejection. 

Fig. 2. (A) The schematic of EC-MS hybrid reactor; (B) the core component in the EC-MS hybrid reactor.  
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Fig. 4 B shows that ECMs flux decline decreased as the current 
density increased. This implied that higher current density exerted 
positive effect on the membrane flux. It was found that the concentration 
of Al3+ in the solution and the mean size of coagulants increased with 
the increase of current density as shown in Fig S6. This suggested that 
the rising current density promoted the generation and growth of Al 
coagulants. The generated coagulants facilitated the aggregation of HA 
foulants and reduced membrane fouling [30,36]. Additionally, the 
relative potential of ECM cathode increased from 2.2 to 5.5 V as the 

current density increased, which was higher than the potential of water 
electrolysis (1.2 V). This suggested that the formation of electrochemi-
cally produced nanobubbles was another reason for the fouling miti-
gation. Therefore, the lower flux decline at higher current density was 
associated with the mutual benefits of generated coagulants and elec-
trochemically produced nanobubbles [25,37]. 

Fig. 4 C indicates that the pH at the ECMs electrode surface gradually 
changed from neutrality to alkalinity with current input. Higher current 
density (and higher voltage) led to an increase of pH, which can be 

Fig. 3. The microstructure of the prepared electrically conducting membrane (ECMs) and PTFE hydrophobic membrane: (A1) images of ECMs; (A2) surface 
morphology of ECMs; (A3) cross-section of ECMs; (B1) images of PTFE hydrophobic membrane; (B2) surface morphology of PTFE hydrophobic membrane; (B3) 
longitudinal-section of PTFE hydrophobic membrane. 

Fig. 4. The effect of current density on the HA removal efficiency, membrane flux decline, pH and ammonia recovery efficiency. (Operation condition: HA 30 mg/L, 
NaCl 100 mmol/L and NH4Cl 300 mg/L). 
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attributed to more rapid generation and accumulation of OH–. It has 
been previously reported that almost all of NH4

+ ions can be deproto-
nated and transformed into NH3 at pH higher than the pKa of NH4

+ (9.3) 
[3]. Therefore, relatively high current density would be advantageous to 
provide ideal prerequisites for the following ammonia recovery. 

Fig. 4 D displays the ammonia recovery efficiency under different 
current density. The recovery efficiency was negligible with an open 
circuit test (no current input). In contrast, significant ammonia recovery 
was obtained with current input. It was also found that the ammonia 
recovery efficiency at current density of 20 A/m2 was comparable to that 
at current density of 60 A/m2 after 30 min treatment. On one hand, the 
increase of current density had positive effect on OH– generation as 
shown in Fig. 4 C, which was beneficial for the conversion of NH4

+ ions to 
NH3. On the other hand, the rising current density increased membrane 
flux as shown in Fig. 4 B, which caused shorter contact time between 
NH4

+ ions and OH– and thus decreased the ammonia recovery. This 
indicated that ammonia recovery was influenced by OH– generation and 
contact time between NH4

+ ions and OH–. Although high current density 
had benefits of the increased pH, the side effect was the shortened 
contact time between NH4

+ ions and OH–. Therefore, the current density 
of 40 A/m2 was used in the following study through the comprehensive 
evaluation of HA removal, membrane flux and ammonia recovery. 

The effect of electrolyte concentration on the performance of EC-MS 
hybrid system was investigated. As shown in Fig. 5 A, the rejection of HA 
was maintained above 97% under different electrolyte concentrations, 
which further confirms that ECMs exhibited high HA rejection. Fig. 5 B 
presents that higher electrolyte concentration resulted in more serious 
flux decline. The change of electrolyte concentration affected the 
applied voltage under the constant current density, and lower electro-
lyte concentrations led to higher applied voltage [30]. The relative po-
tential of ECM increased from 4.2 to 8.2 V as the electrolyte 
concentrations decreased from 100 to 10 mg/L. The increased voltage 
enhanced electrostatic force which repulsed the foulants away from 
ECM surfaces, leading to a lower fouling tendency. Additionally, lower 

electrolyte concentrations weakened the inhibition effect of compres-
sion double layer on the electrostatic repulsion, resulting in an enhanced 
effect of applied voltage [38]. These results indicated that electrolyte 
concentration played an important role in the membrane flux through 
dominating the electrostatic interaction. As shown in Fig. 5 C, the pH in 
the deamination chamber slightly increased from 9.5 to 10.7 with the 
increased electrolyte concentration from 10 to 100 mg/L. This was due 
to the low membrane flux under high electrolyte concentration, which 
was beneficial for the accumulation of OH–. The highest ammonia re-
covery efficiency achieved at the highest electrolyte concentration 
(Fig. 5 D). This can be attributed to the highest pH and longest contact 
time between the NH4

+ ions and OH– on the membrane electrode- 
solution interface. Based on the results obtained, it can be concluded 
that the ammonia recovery efficiency has negative correlation with 
membrane flux and positive correlation with pH. Low membrane flux 
and high pH are expected to facilitate the recovery of ammonia. 

3.2.2. Effect of HA and NH4Cl concentration on the performance of EC-MS 
hybrid system 

The effect of HA and NH4Cl concentration on the performance of EC- 
MS hybrid system was also investigated. As shown in Fig. 6 A, the 
rejection of HA was maintained above 95% with the HA concentration 
increasing from 0 to 100 mg/L. Accordingly, the flux decline increased 
with the increasing HA concentration as depicted in Fig. 6 B, suggesting 
that more serious membrane fouling was formed under higher HA 
concentration [39]. A rapid membrane flux was also observed when HA 
foulants were absent. The reason was that a number of positively 
charged Al coagulants were generated as a result of the electrolytic 
oxidation of a sacrificial anode. The electrostatic attraction between the 
positively charged coagulants and negatively charged ECMs caused the 
accumulation of coagulants on the membrane surface or inside the 
membrane pores. From Fig. 6 C, it was interesting to find that the pH in 
the deamination chamber slightly decreased with the increased HA 
concentration. Generally, low membrane flux under high HA foulants 

Fig. 5. The effect of electrolyte concentration on the HA removal efficiency, membrane flux decline, pH and ammonia recovery efficiency. (Operation condition: HA 
30 mg/L, NH4Cl 300 mg/L and current density 40 A/m2). 
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Fig. 6. The effect of HA concentration on the HA removal efficiency, membrane flux decline, pH and ammonia recovery efficiency. (Operation condition: NH4Cl 300 
mg/L, NaCl 100 mmol/L and current density 40 A/m2). 

Fig. 7. The effect of NH4Cl concentration on the HA removal efficiency, membrane flux decline, pH and ammonia recovery efficiency. (Operation condition: HA 30 
mg/L, NaCl 100 mmol/L and current density 40 A/m2). 
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concentration was beneficial for the accumulation of OH–. This 
decreased pH in the vicinity of ECMs electrode can be attributed to the 
increased foulants on the membrane surface. In the electrocoagulation 
chamber, the positively charged Al coagulants aggregated the negatively 
charged HA foulants, and formed Al/HA flocs in the solution. The 
generated Al/HA flocs and HA foulants (without coagulation) deposited 
on the ECMs surface and formed membrane fouling. The fouling (Al/HA 
flocs and HA foulants) with acidic groups can consume OH– and cause 
pH decrease on the ECM/water interface. This result suggested that NH4

+

ions were not the sole factor consuming OH–. The competitive reaction 
between aqueous NH4

+ ions and membrane foulants occurred at high HA 
foulants concentration. The ammonia recovery efficiency decreased 
below 60% when the HA concentration was above 50 mg/L as depicted 
in Fig. 6 D. This further indicated that the consumption of OH– by 
membrane foulants at ECMs/water interface impeded the trans-
formation of NH4

+ to NH3, and high HA foulants concentration had 
adverse effect on the ammonia recovery. 

The effect of NH4Cl concentration on the performance of EC-MS 
hybrid system was investigated. As shown in Fig. 7 A, the rejection of 
HA was maintained at a high value and NH4Cl concentration had 
negligible effect on the HA removal. This was in line with our expecta-
tions, since HA removal efficiency was dependent on the synergistic 
effect of electrocoagulation and ECM rejection. No significant difference 
was found in the membrane flux decline at different NH4Cl concentra-
tions in Fig. 7 B. pH and ammonia recovery efficiency was observed to 
gradually decrease with increasing NH4Cl concentration shown in Fig. 7 
C and D. When NH4Cl concentration increased to 2000 mg/L, pH and 
ammonia recovery displayed an obvious decrease. The decreased pH 
inhibited the conversion of aqueous NH4

+ to gaseous NH3 at the cathode 
surface, resulting in decreased ammonia recovery. This also suggested 
that the generation of OH– at the cathode became a rate-limiting factor 
at high NH4Cl concentration. 

3.2.3. Effect of water absorbent on the performance of EC-MS hybrid 
system 

Water absorbent was chosen as ammonia receiving solution instead 
of sulfuric acid and the performance of EC-MS hybrid system was shown 
in Fig. 8. It can be seen that the change of absorbent played a negligible 
role in the HA removal efficiency, membrane flux decline and pH at the 
ECMs electrode surface. This was reasonable as these factors were 
mainly determined by electrochemical parameters (e.g. current density, 
electrolyte concentration) and pollutants concentration. However, the 
ammonia recovery efficiency achieved 56.3% in 60 min with water as 
absorbent compared to 70.9% with H2SO4 as absorbent. It should be 
noted that the ammonia distributions included ammonia recovered, 
ammonia remained in the deamination chamber (either dissolved in the 
electrolyte or absorbed by the electrode) and ammonia escaped. NH4

+

ions present in the feed stream were in equilibrium with the 

deprotonated aqueous ammonia species, and the pKa for the NH4
+–NH3 

acid-base is 9.3. In order to efficiently recover ammonia via MS, a pre-
requisite is the conversion of NH4

+ (nonvolatile) into NH3 (volatile) at pH 
higher than 9.3. As shown in Fig. 8 A, the pH at the ECMs electrode 
surface with values higher than 9.3 was achieved in less than 10 min. 
Water as absorbent showed lower ammonia recovery efficiency 
compared to H2SO4 as absorbent, which could be attributed to the 
limited ammonia adsorption capacity of water and potentially NH3 
(volatile) back-diffusion to the deamination chamber. This result is 
consistent with the previous findings, which suggested that the use of 
strong acid absorbents (e.g. H2SO4) showed higher ammonia recovery 
efficiency compared to H2O as ammonia absorbent [19]. Although the 
ammonia recovery efficiency using water absorbent was relatively low, 
it could be the more economically effective option than using strong acid 
absorbent considering the chemical expenses. 

3.2.4. Intermittent running of EC-MS hybrid system 
Fig. 9 shows the performance of EC-MS hybrid system at two 

different states (power on vs power off). In all cycles, HA removal effi-
ciency was maintained at a high level, which indicated good foulants 
rejection of ECMs. The flux of ECMs was continuously decreased in all 
cycles (in the absence of back-flush), which was attributed to the 
continuous fouling deposition on ECMs surface or inside membrane 
pores. Compared to power on state, the pH and ammonia recovery ef-
ficiency decreased at power off state during the first and second cycles. 
This indicated that the generation and accumulation of OH– were the 
dominant rate-limiting factor for ammonia recovery at power off state 
during the first two cycles. In the third and fourth cycle, the pH and 
ammonia recovery efficiency at power on state were similar to those at 
power off state. The ECMs flux decline became more serious with 
increased cycles and further decreased to less than 20% of virgin 
membrane after four cycles. The low membrane flux was beneficial for 
the accumulation of OH– and increased the contact time between NH4

+

ions and OH– on the ECMs/water interface. Therefore, the generation 
and accumulation of OH– were not the dominant rate-limiting factor for 
the ammonia recovery after two cycles. 

3.3. Fouling behaviour and process performance 

3.3.1. Fouling behaviour 
Fig. 10 shows SEM images of the morphologies of ECM and PTFE 

membranes before and after filtration. It can be observed that the fou-
lants deposited on the surface of ECMs and formed a fouling layer, which 
resulted in the flux decline. As mentioned before, the generated posi-
tively charged coagulants aggregated the negatively charged HA fou-
lants, and formed Al/HA flocs in the solution. The zeta potential of Al/ 
HA flocs in the solution kept below − 20 mV within the treatment time. 
The electrostatic repulsion between Al/HA flocs and negatively charged 

Fig. 8. The effect of water absorbent on ammonia recovery efficiency, pH, membrane flux decline and HA removal efficiency. (Operation condition: HA 50 mg/L, 
NH4Cl 300 mg/L, NaCl 100 mmol/L and current density 40 A/m2; H2SO4 absorbent as comparison). 
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ECMs inhibited the deposition of foulants on the membrane. Although 
the negative potential on the ECM electrode can repel the negatively 
charged flocs, it is worth noting that the applied voltage cannot 
completely prevent the fouling over the operating period. The flux 

recovery efficiency can achieve 75%-80% after a simple water cleaning, 
implying that most of the foulants can be easily removed from ECMs 
surface. In contrast, there is almost no impurity depositing on the surface 
of PTFE membrane after filtration, suggesting that the membrane did 

Fig. 9. The effect of intermittent operation on the HA removal efficiency, membrane flux decline, pH and ammonia recovery efficiency. (Operation condition: HA 30 
mg/L and 50 mg/L, NH4Cl 1000 mg/L, NaCl 100 mmol/L and current density 40 A/m2). 

Fig. 10. SEM images of (A) surface of electrically conducting membrane (B) cross-section of electrically conducting membrane and (C) surface of PTFE membrane (1 
and 2 represent pristine and fouled membranes, respectively). 
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not suffer from any fouling (organic fouling or membrane wetting). This 
can be attributed to the protection of ECMs during filtration, which can 
reject almost all the foulants and prevent the PTFE membrane from 
fouling. The result further confirms that ECMs serves as both cathode 
and protective layer to filter out contaminants, which protected the 
following hydrophobic membrane from fouling/wetting. 

3.3.2. Process performance 
The EC-MS hybrid system, which combines electrocoagulation with 

ECMs as cathode and a gas permeable hydrophobic membrane, exhibi-
ted a competitive performance with other alternatives, with HA removal 
efficiency of 99.2% and ammonia recovery efficiency of 68.6% at a 
current density of 40 A/m2, electrolyte concentration of 100 mmol/L, 
HA concentration of 30 mg/L and NH4Cl concentration of 300 mg/L. 
The ammonia recovery flux of 1.13–1.50 kgNH3-N/m2/d (on the basis of 
ECM membrane area) was produced with an energy consumption of 
5.87–7.93 kWh/kgNH3-N regardless of pumping energy consumption, 
which was also comparable to other technologies [6,15,20,40]. This 
work offers a compact and cost-effective strategy for efficient contami-
nants removal and ammonia recovery. The hybrid process utilizes in-situ 
local pH increase at the cathode interface, which is more efficient than 
boosting the bulk solution pH using alkali chemicals. ECMs served as 
cathode and separation unit protected hydrophobic membranes from 
fouling/wetting. Although the benefits are discovered in this proof-of- 
concept study, more effort is required to improve the reactor perfor-
mance, particularly with regard to optimizing the membrane module, 
flow channel design, internal configuration and operating strategy. The 
exploration of more economically attractive ammonia receiving absor-
bance is also necessary in view of the low chemical costs and high 
products revenues. Additionally, pumping of the feed and acid circula-
tion consumes energy, which needs to be taken into account in the 
overall energy budget. Furthermore, long-term studies using actual 
ammonium wastewater are underway, and scaling up and system inte-
gration are also needed to be investigated. 

4. Conclusion 

A novel reactor which combines electrocoagulation with electrically 
conductive membranes as cathode and membrane stripping in one in-
dividual system is herein reported for the first time. This technology 
allows simultaneous ammonia recovery and contaminant removal. The 
ECMs served as both cathode to in-situ produce OH– and separation unit 
to filter out the contaminant, which protected the following hydro-
phobic membrane from fouling. This process utilized the in-situ local pH 
increase to convert aqueous NH4

+ to gaseous NH3, which can be then 
recovered by membrane stripping with an acidic solution as absorbent. 
The results of different operating conditions on pollutants removal and 
ammonia recovery revealed that current density, electrolyte concen-
tration and pollutants concentration affected the process performance. 
The rising current density was beneficial for the enhanced pH, which 
was advantageous to provide ideal prerequisites for the transformation 
of NH4

+ ions to NH3. However, the side effect was the shortened contact 
time between NH4

+ and OH– on the ECMs/water interface. An 
improvement in the electrolyte concentration resulted in higher 
ammonia recovery efficiency, which can be attributed to higher pH and 
longer contact time between NH4

+ and OH–. Contaminants aggravated 
membrane fouling and flux decline but facilitated ammonia recovery. 
HA removal efficiency was dependent on the synergistic effect of elec-
trocoagulation and ECM rejection. Ammonia recovery efficiency has 
negative correlation with membrane flux and positive correlation with 
pH. Our results show that the novel EC-MS hybrid system can achieve 
HA removal efficiency above 98% and ammonia recovery efficiency 
above 60% by optimizing operating conditions. This system can be 
considered as a very effective alternative for common ammonia recov-
ery, which requires addition chemical dosing to adjust pH and uses 
energy-intensive air stripping to extract ammonia. 
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