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This manuscript describes the fabrication, characterization, and testing of an electrically-
conducting gas stripping membrane composed of a carbon nanotube/nickel composite. The 
membrane is used to efficiently extract ammonia from wastewater, which is demonstrated to 
be more energy efficient than existing treatment methods. Furthermore, this method has the 
potential of addressing one of the major shortfalls of anaerobic wastewater treatment – its 
inability to effectively remove nitrogen contamination. 
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Efficient Ammonia Recovery from Wastewater using Electrically 
Conducting Gas Stripping Membranes  

Arpita Iddyaa, Dianxun Hou b, Chia Miang Khora, Zhiyong Renc, Jefferson Testerd, Roy Posmanike, 
Amit Grossf and David Jassby *a 

Recovery of nutrients, such as ammonia, from wastewater offers an attractive approach to increase the overall sustainability 

of waste management practices. Conventional wastewater treatment processes require significant energy input, and the 

useful form of nitrogen (ammonia), is usually lost. Ammonia, a major component of fertilizers, is convetionanlly 

manufactured using the Haber-Bosch process, which accounts for approximately 2% of worldwide energy demand. A better 

approach would efficiently capture ammonia directly from the wastewater. In this study, ammonia is recovered directly by 

using an electrically conducting gas-stripping membrane that is immersed into a wastewater reactor. Under cathodic 

potentials, these membranes were used to facilitate conversion of ammonium (NH4
+) into ammonia (NH3), which was then 

extracted by either circulating an acid solution or by applying a vacuum on the back side of the membrane . The mechanism 

involves water electrolysis, which generates OH-, and transforms ammonium to ammonia that is stripped through the 

membrane. By engineering the surface and transport properties of the membrane 68.8±8.0 g-N/m2/d of ammonia was 

recovered, with an energy consumption of 7.1±1.1 kWh/kg-N. 

Introduction 

Increasing interest in process sustainability and a growing water 

and resource scarcity are driving the need for recovery of 

valuable resources from wastewater streams.1–4 Wastewater  is 

a potentially attractive source of clean water and nutrients.5 

High-strength wastewater streams contain large amounts of 

organic matter and nutrients, such as nitrogen (N) and 

phosphorus (P), that are essential for the growth and 

development of organisms,  and can, if released in excess, lead 

to eutrophication in receiving water bodies.6 Therefore, the 

removal and recovery of nutrients from wastewater streams 

serves a dual purpose, eliminating a eutrophication source 

while simultaneously providing a source of fertilizer and/or 

energy.7,8 In addition, nutrient recovery is attractive (compared 

to simple transformation of said nutrients to N2 gas, e.g., 

through nitrification/denitrification) because it (i) mitigates the 

environmental footprint of wastewater treatment processes, 

and (ii) leads to decreased fossil fuel use for the production of 

synthetic fertilizers.9 Thus, harvesting and using nutrients from 

wastewater can lead to potentially significant environmental, 

economic, and energy savings, increasing the overall 

sustainability of the wastewater treatment process. 10–13 The 

economic prospects of this process could be enhanced by 

implementing clean energy incentives, such as carbon credits. 

Conventional water treatment relies on biological processes 

(nitrification, denitrification, or anammox) to remove N 

contamination.6,14. There are two main drawbacks to this 

process. First, in raw wastewater, N is primarily found in its 

useful form, ammonium (NH4
+). During the nitrification and 

denitrification process, ammonium is converted to N2, which is 

lost to the environment. Nitrogen is then used in the energy-

intensive Haber-Bosch process to generate ammonia (which is 
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converted to ammonium when dissolved in water).   Largely as 

a result of reforming natural gas to produce the required 

hydrogen for ammonia synthesis, the Haber-Bosch process 

accounts for approximately 2% of global primary energy 

consumption. 15,16 Second, the nitrification/denitrification 

process, which is a biological process with an initial aerobic 

phase (nitrification), requires significant energy investment, 

primarily in the form of aeration.17 Moreover, N2O, a potent 

greenhouse gas, is released during both processes.4,18 

Therefore, the current method of treating N contamination in 

waste streams requires energy to first convert ammonium to an 

inert form (N2), which then requires further energy input to re-

convert it back to ammonia. A better approach would allow the 

capture of this ammonium directly from the waste stream 

(ideally in pure form), which would eliminate the need for 

nitrification, as well as decrease the need to convert 

atmospheric N2 to ammonia. Another important advantage to 

the direct capture of ammonium from wastewater involves the 

removal of organic contaminants. Currently, the dominant 

process for organic removal is the activated sludge process, 

which is energy intensive (due to its aerobic nature) and 

generates large amounts of biosolids.19,20 Anaerobic treatment 

of wastewater is an attractive option due to its small energy 

footprint, its ability to generate energy (in the form of 

methane), and the small amount of biosolids generated.21,22 

However, the adoption of anaerobic treatment of ammonium-

rich streams is hindered by anaerobic bacteria’s low N-removal 

capacity.23–25 Therefore, developing a N-removal method that is 

compatible with anaerobic processes could potentially 

transform wastewater treatment across multiple sectors.24 

Many studies have investigated ammonium removal and 

recovery from waste streams by non-biological methods, 

including reverse osmosis, air/vacuum stripping, zeolite 

adsorption, ion exchange, struvite precipitation, and 

electrodialysis.26–32 However, these processes have drawbacks, 

such as high energy demand and chemical input requirements. 

For example, air and vacuum stripping, and struvite 

precipitation, require lime addition to increase alkalinity and/or 

elevated temperatures33–35; reverse osmosis membranes 

struggle with low selectivity, and ion exchange materials are 

expensive and experience a drop in performance from the 

presence of competing ions.36–38  

In an aqueous solution, ammonia and ammonium are in a pH 

dependent equilibrium, according to the following equation35: 

𝑁𝐻4
+ + 𝑂𝐻− ↔ 𝑁𝐻3 + 𝐻2𝑂,     𝑝𝐾𝑎 = 9.246          (1) 

Where ammonia dominates in aqueous alkaline media with 

pH>10.39 While the solubility of ammonium is extraordinarily 

high in water (the solubility of NH4Cl in water at 25 C is 383 

g/L), the solubility of ammonia is lower (kH = 0.59 mol m-3 Pas-

1).14,40,41 Therefore, shifting the solution pH towards more basic 

conditions will convert ammonium to ammonia, and enable the 

extraction of ammonia vapor.14,15,26,40–44  Chemically-assisted 

NH3 extraction through the addition of CaO, Ca(OH)2, and 

NaOH, which raises the pH of the solution and shifts NH4
+ to 

NH3, has been demonstrated by several earlier studies. 

26,35,41,45,46 An electrochemically-driven pH shift has also been 

previously demonstrated.47 Christaens et al. (2017) used a 

(bio)electrochemical system to produce hydroxide ions at the 

cathode, and convert NH4
+ ions to NH3 which were then 

removed via gas stripping.47 Similarly, Zhang et al. (2017) used 

flow-electrode capacitive deionization process to facilitate 
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accumulation of ammonium ions in the cathode where an 

increase in pH due to water splitting would favor the presence 

of ammonia over ammonium ions.48  The extraction of ammonia 

from an aqueous stream has been achieved by inducing a partial 

vapor pressure difference between two streams. For example, 

Hou et. al. and Tarpeh et. al. used a hydrophobic membrane 

separating an ammonia-rich feed solution from a highly acidic 

draw solution, which provided an ammonia sink.18,49 Increasing 

the temperature of the ammonia-rich solution also enabled the 

extraction of ammonia through either a hydrophobic 

membrane or the reactor’s head- space.35,43,50 In particular, 

vacuum-based extraction of ammonia is an attractive method, 

as the resulting ammonia is in relatively pure form, which can 

be used for more desired applications (e.g., energy generation) 

than fertilizer.26 However, the high solubility of ammonia 

necessitates high vacuum pressures to induce effective 

extraction.26,35  

In this study, we fabricated a novel electrically conducting gas 

stripping electrode by coating a hydrophobic polymeric support 

membrane with a layer of nickel-functionalized carbon 

nanotubes (CNTs). The gas-stripping electrodes are used as 

cathodes in a half-cell that is separated from a simulated high-

strength wastewater (the anolyte) by a cation exchange 

membrane (CEM). As demonstrated by previous work in this 

area using this setup, ammonium from the wastewater migrates 

in response to an electric field across the CEM. Water 

electrolysis in the catholyte increases the local pH, which shifts 

the ammonium to ammonia that is subsequently extracted 

through the membrane.15,18,47,49  

We provide extensive membrane characterization and 

demonstrate very high ammonia recovery. Driving force for the 

extraction is provided through either circulating an acidic 

solution on the backside of the membrane, or through a 

vacuum.  We also discussed the impact of electrode surface and 

physical properties on system performance, as well as described 

the impact of the driving force on the energy intensity and 

efficiency of the process. 

Materials and Methods 

Materials and Chemicals A commercial hydrophobic 

polytetrafluoroethylene (PTFE) membrane (0.22 µm, Sterlitech, 

Kent, WA) was used for this study. Multiwall CNTs (outer 

diameter: 13-18nm, length: 3-30 µm, purity >99%, and 

functional group content15 of 7%) functionalized with carboxylic 

groups via plasma treatment were purchased from CheapTubes 

Inc. (Brattleboro, VT). Sodium dodecylbenzenesulfonate (DDBS, 

technical grade, Sigma Aldrich), nickel sulfate heptahydrate 

(NiSO4.7H2O, 98% Alfa Aesar), nickel chloride hexhydrate 

(NiCl2.6H2O, reagent grade, Sigma Aldrich), boric acid (H3BO3, 

ACS grade, Fisher), sulfuric acid (H2SO4, 96.5%, Fisher), dextrose 

(ACS grade, Fisher), ammonium sulfate ((NH4)2SO4, ACS grade, 

Fisher), ammonium bicarbonate (NH4HCO3, 99%, Acros 

Organics), potassium phosphate monobasic (KH2PO4, ACS 

grade, Fisher), potassium sulfate (K2SO4, ACS grade, Fisher), 

magnesium sulfate heptahydrate (MgSO4.7H2O, ACS grade, 

Fisher), calcium sulfate dihydrate (CaSO4.2H2O, 98%, Acros 

Organics), and sodium chloride (NaCl, ACS grade, Fisher) were 

used as received. 

 Solution Preparation The CNT spray coating solution was 

composed of 0.1 wt% CNT powder dispersed in DI water, 

stabilized using DDBS at a 1:10 (CNT: DDBS) ratio. The 

electrodeposition solution for Nickel deposition contained 150 

mM NiSO4.7H2O, 25 mM NiCl2.6H2O, and 500 mM H3BO3 (at pH 

2.00, adjusted using H2SO4).18 
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The synthetic wastewater (anolyte) was composed of 55.5 mM 

dextrose; 5.2 mM (NH4)2SO4; 43 mM NH4HCO3; 4.7 mM KH2PO4; 

8.51 mM K2SO4; 5.89 mM MgSO4.7H2O; 3.23 mM CaSO4.2H2O; 

0.21 mM Na2SO4 in millipure water.51 Chloride-containing salts 

were avoided in the anolyte to eliminate the possible formation 

of chlorine (through chloride oxidation on the anode) that can 

form chloramines and complicate the analysis of the fate of 

ammonium in the system; although not representative of many 

actual wastewater steams, the absence of chloride salts 

eliminated concerns about alternate pathways for ammonium 

transformation.52 In wastewaters containing chlorides, 

chloramine formation may occur, which can reduce the amount 

of ammonia that can be recovered. The total electrical 

conductivity and pH of the feed were 7.51 dS/m, and 7.48 

respectively. The catholyte was composed of 0.0705M NaCl and 

0.0278M (NH4)2SO4 (pH of 7.04) in deionized water.  

Membrane Preparation and Characterization The CNT-coated 

electrically conducting membrane (ECM) was prepared as 

previously described by Li et al.53 In short, CNT powder was 

suspended in solution using a horn sonicator, followed by 

centrifugation at 11,000 rcf (Avanti J-E Centrifuge, Beckman 

Coulter; Brea, CA) in two 10 min cycles to remove unsuspended 

particulates. The CNT suspension was spray-coated onto the 

PTFE membrane support to achieve a thickness of 

approximately 1 µm. The prepared membrane was washed 

overnight with deionized (DI) water to remove residual DDBS, 

and then dried in the oven at 90 ºC for 15 min.  

To deposit Nickel onto the membrane, the membrane was 

taped onto a stainless steel (SS) mesh with a mesh opening size 

of 0.222” to provide better electrical contact and to minimize 

the voltage drop across the CNT surface. The membrane-mesh 

composite was immersed in the electroplating bath and 

connected to an external power source (Korad KA3005P DC 

power supply), with the membrane used as cathode and a Ni 

200 plate used as anode. The deposition was carried out under 

constant current conditions (20.4 A/m2) for 6h (6h-Ni) or 24h 

(24h-Ni). The prepared Ni coated ECMs were peeled off the SS 

mesh, rinsed with DI water to remove any Ni residue and dried 

in an oven at 90 ºC. The 6 and 24h ECMs had a nickel loading of 

2.83±0.08 mg/cm2 and 15.71±2.61 mg/cm2, respectively. 

The hydrophilicity of the ECM surfaces was determined by 

contact angle measurements (CA; model 250, Rame-hart; 

Succasunna, NJ). Surface morphology was imaged using 

scanning electron microscopy (SEM; ZEISS Supra 40VP SEM; 

Oberkochen, DE) and evaluated for surface roughness (as the 

root mean square roughness) using ScanAsyst-Air and probes 

(Camarillo, CA) by Atomic Force Microscopy (AFM; Bruker 

Dimension FastScan Scanning Probe Microscope; Billerica, MA). 

X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray 

source) was used to characterize the elemental composition of 

the membrane surface. The permeance of the membrane was 

measured using a bubble flow meter. The sheet resistance and 

conductivity of the membrane were determined using a four-

point probe (Veeco; Plainview, NY) and cyclic voltammetry (CV). 

CV was done using a three electrode electrochemical analyzer 

(Potentiostat; CH Instruments 6005E; Austin, TX). A potential 

range of -1.2 to 0 V vs Ag/AgCl was applied to the ECMs as the 

working electrode at a scan rate of 0.01 V/s. A platinum wire 

was used as the counter electrode and all three electrodes were 

immersed in synthetic feed solution.  
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Experimental Setup Experiments were conducted using a two-

chamber cell with the chambers separated by a CEM (active 

membrane area 5.5 cm X 8 m, Fumasep FKE-50, Fuel Cell Store).  

A platinum coated titanium mesh placed 8 cm away from the 

CEM was used as an anode, while the ECM placed 5 cm away 

from the CEM and used as the cathode (Figure S1a-b). 

Two experimental setups were used to provide the driving force 

for ammonia extraction. In the first setup, a 0.01M H2SO4 

solution was circulated along the back-side of the membrane 

with a flow rate of 0.026 LPM (Figure S1a); this solution acts as 

an ammonia sink, providing a partial vapor pressure gradient 

that draws ammonia from the catholyte to the acid solution.41,54 

In the second setup, a vacuum pressure of -29 inHg  (VE 225, 2 

stage vacuum pump, 3.0 CFM) was continuously applied to the 

back of the membrane, which stripped dissolved ammonia 

through the membrane (Figure S1b). The vacuum stream 

carrying ammonia from the permeate chamber was directed 

into an acid trap containing 0.01M H2SO4 to convert ammonia 

into ammonium and prevent escape into the vacuum pump. The 

acid trap was followed by a water trap to capture any residual 

ammonia or acid vapors, followed by a desiccator to prevent 

water vapor from entering the vacuum pump. Each experiment 

was conducted as a batch experiment for a duration of 6h for 

each ECM as well as each experimental setup. 

The ECM was housed in a custom-built flow cell (Figure S1c) 

with the membrane sandwiched between a frame and a bottom 

chamber. The ECM was placed such that the active surface (with 

CNT and/or Ni) faces the solution and the permeate side faces 

the cell bottom. The frame exposes an active area of the ECM 

(36 mm X 60 mm) directly to the solution, while the bottom part 

of the flow cell acts as a permeate chamber to pass acid solution 

or apply vacuum. An aluminium shim, cut to expose the active 

area of the membrane, was placed over the ECM to provide 

better electrical contact and to connect the ECM to the 

potentiostat. The entire flow cell was immersed into the 

cathode chamber (volume = 0.5L) along with the reference 

electrode while the anode was placed in the anode chamber 

(volume = 1.5L).  

Operating Conditions Both anode and cathode compartments 

were continuously stirred using magnetic stirrers. In our 

experiments, three types of membranes were evaluated: CNT-

only, 6h-Ni, and 24h-Ni. To induce electromigration of 

ammonium from the anolyte to the catholyte and promote 

water electrolysis on the ECM, a constant DC cathodic potential 

of 1.2 V vs. Ag/AgCl was applied to the membrane surface using 

a three-electrode potentiostat (CH Instruments 6005E, Austin, 

TX). The pH of the anolyte and catholyte was measured 

throughout the experiment using a pH probe. 10 mL samples 

were periodically collected from each of the three solutions 

(anolyte, catholyte, and acid stripping solution) and analyzed for 

NH4
+ ion concentration using an ammonia ion selective 

electrode (OrionTM High performance ammonia electrode, 

ThermoFisher; Waltham, MA). The presence of possible 

ammonium transformation products (e.g., nitrate, nitrite, 

chloramines) were evaluated by testing the samples for total 

nitrogen and nitrate concentrations using total nitrogen 

analysis (TOC/TN analyzer, Shimadzu; Kyoto, JP) and a 

spectrophotometer (HACH DR1900, Loveland, CO), 

respectively.  

The ammonia transport rate, ammonia removal rate, recovery 

rate, specific energy consumption and recovery  were used to 

evaluate the process: 
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𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒 =  
𝑁𝐴0−𝑁𝐴𝑒𝑛𝑑 

𝐴𝐶𝐸𝑀∗𝑡
             (2) 

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 =  
𝑁𝑇0−𝑁𝑇𝑒𝑛𝑑 

𝐴𝑚∗𝑡
             (3) 

𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 =  
𝑀𝑒𝑛𝑑−𝑀0 

𝐴𝑚∗𝑡
              (4) 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  
(𝑉∗𝐼∗𝑡)

𝑀𝑒𝑛𝑑−𝑀0
           (5) 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝑀𝑒𝑛𝑑−𝑀𝑜

𝑁𝑇0−𝑁𝑇𝑒𝑛𝑑
∗ 100                                                  (6) 

where, 𝑁𝐴0 and 𝑁𝐴𝑒𝑛𝑑  are the initial and final mass of ammonia-

nitrogen in the anode respectively, 𝑁𝑇0 and 𝑁𝑇𝑒𝑛𝑑  are the total 

initial and final mass (in the anolyte and catholyte combined) of 

ammonia-nitrogen (NH3-N) respectively, 𝑀0 and 𝑀𝑒𝑛𝑑  are the 

initial and final mass of NH3-N in the acid solution, 𝐴𝑚  is the 

area of the ECM, 𝐴𝐶𝐸𝑀  is the area of the CEM, t is the duration 

of the experiment, V is the potential applied, and I is the current 

during the experiment. Here, removal rate is defined as the 

total amount of ammonia removed from the system (anolyte 

and catholyte), which includes the ammonia recovered across 

the ECM and the ammonia lost from the system (e.g., due to 

volatilization to the headspace), and recovery rate is the rate of 

ammonia transfer across the CEM. 

Results and discussion 

Membrane Characterization 

The addition of a CNT coating to the surface of a hydrophobic 

PTFE membrane creates a black surface (Figure 1a); once the 

CNT network undergoes the Ni deposition step, the surface 

takes on a silvery sheen, indicative of the presence of a metal 

coating, with the longer Ni deposition time (24h) leading to a 

more complete-looking metal coverage (Figure 1b-c). 

Importantly, membranes undergoing nickel deposition for less 

than 6 hours showed incomplete metal coverage (not shown). 

Figures 1(d-f) shows the contact angle images of the three 

membranes. The CNT membrane is most hydrophobic with a 

contact angle of 146±8º (Figure 1d). Nickel deposition increases 

hydrophilicity of the membrane surface as seen by the contact 

angles for 6h-Ni (93±3º) and 24h-Ni (83±6º). Figures 1(g-i) show 

the membrane’s surface as imaged by SEM. Prior to Ni 

deposition, CNTs are readily visible to form a uniform dense and 

porous network on the membrane surface with a pore size of 

about 0.1-0.2 µm (Figure 1g). Following a 6-h Ni deposition step, 

a rough-looking metallic cover can be seen to have grown on 

the CNT surface (Fig. 2h); the longer Ni deposition time (24 h), 

led to a rougher looking surface cover (Fig. 2i). Cross-sectional 

SEM micrographs of the membranes, show the thickness of the 

layers to be 1.57±0.49 µm (CNT), 2.99±0.60 µm nickel after 6h 

of electrodeposition (6h-Ni), and 22.49±3.45 µm nickel after 

24h of electrodeposition (24h-Ni) (Figure 1j-l). Thus, structure 

and depth of the Ni layer can be manipulated by varying the Ni 

deposition time. The root mean square roughness, 
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characterized by AFM, of a 5µm x 5µm segment of CNT coated 

membrane was 133±2 nm (Figure 1m). The 6h Ni deposition 

process reduced surface roughness to 63.3±2.90 nm (Figure 1n), 

while the 24h Ni deposition yielded a surface roughness of 

82.7±3.78 nm (Figure 1o).  

A 
B 

D E F 

G H I 

O M N 

C 

K J L 

Figure 1: Photographs of A) CNT-coated ECM, B) ECM with Nickel deposited on CNT  for 6h (6h-Ni), and C) ECM with Nickel deposited on CNT for 24h (24h-Ni); contact angle 

measurements of D) CNT- coated PTFE membrane, E) ECM with Nickel deposited on CNT for 6h (6h-Ni), and F) ECM with Nickel deposited on CNT for 24h (24h-Ni); SEM 

micrographs of G) CNT-coated PTFE membrane, H) ECM with Nickel deposited on CNT  for 6h (6h-Ni), and I) ECM with Nickel deposited on CNT for 24h (24h-Ni); cross-

sectional SEM micrographs of J) CNT-coated PTFE membrane, K) ECM with Nickel deposited on CNT  for 6h (6h-Ni), and L) ECM with Nickel deposited on CNT for 24h (24h-Ni); 

AFM images of a 5µm x 5µm section of M) CNT-coated PTFE membrane, N) ECM with Nickel deposited on CNT  for 6h (6h-Ni), and O) ECM with Nickel deposited on CNT for 

24h  (24h-Ni).
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The sheet resistance of the CNT coated membrane was 

determined to be 47.59 Ω/□, while for the nickel membranes 

the resistance declined to 5.91 Ω/□ (6h-Ni) and 0.01 Ω/□ (24h-

Ni). Thus, introducing Ni on membrane surface dramatically 

decreased sheet resistance. Gas permeability measurements of 

the two nickel membranes revealed their permeance to be 

48,000±7,743 barrer for the 6h-Ni and 18,000±5,443 barrer for 

24h-Ni, which is 60-90% lower than traditional polymeric 

membranes55,56, indicating that the addition of the Ni coating 

does indeed constrict the flow of gasses through the 

membrane, possibly due to pore constriction.  

XPS was conducted to study the elemental composition of the 

membrane surface once Ni was deposited. Figure 2a shows the 

XPS spectra of the Ni(2p1/2) and Ni(2p3/2) bands and their 

satellites for the 6h-Ni and 24h-Ni membranes. The 24h-Ni 

membrane shows peaks at 852.7 eV and 856 eV, which 

correspond to Ni(0) and Ni(2+) as Ni(OH)2, respectively. The 6h-

Ni membrane shows a pronounced peak for Ni(2+) as Ni(OH)2, 

and a weak peak for Ni(0).57–60 It is possible that the smaller 

Ni(0) peak observed in the 6h-Ni sample is a result of extensive 

oxidation of the deposited Ni, a result of atmospheric exposure. 

In contrast, the thicker Ni cover obtained after 24h deposition 

may provide better oxidation protection, resulting in more 

abundant Ni(0).18,61  

The electrochemical properties of the membranes were 

characterized using current density versus voltage (CV) 

measurements (Figure 2b). Nickel is known to reduce the over-

potential associated with the hydrogen evolution reaction 

(HER). 62–66. To compare the activities of the different ECM 

materials, we measured the onset potential, defined as the 

potential at which the electron transfer process for a specific 

redox reaction begins, translated as an increase in current 

(Figure 2b).67 For the HER, the onset of hydrogen evolution gives 

us insight into the catalytic activity of the surface under study.68 

The CNT ECM shows an onset potential of -0.4 V vs. Ag/AgCl. 

The 6h Ni and the 24h Ni ECMs have lower onset potentials of -

0.24 and -0.2 V vs. Ag/AgCl, respectively. The current at -1.2V 

for the CNT ECM was 4.7 A/m2, while for 6h and 24h Ni ECMs 

the current at -1.2 V was 17 and 14.5 A/m2 respectively. The 

higher current at 1.2V for the 6h Ni ECM could be associated to 

its surface structure. The 6h Ni ECM surface has many small 

peaks and is more porous as compared to the 24h Ni ECM 

(which has fewer, more pronounced peaks). Many studies have 

shown that the edges of Ni(OH)2 promotes water dissociation. 

Thus, the surface morphology of the 6h Ni ECM could be 
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Figure 2: A) XPS spectra of 6h-Ni and 24h-Ni membranes showing Ni(0) and Ni(OH)2 2p peaks. B) CV curves of the three ECMs, obtained at a scan rate of 0.01 V/s. C) Time 

course change in current during the experiments. 
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responsible for the higher observed current and more efficient 

HER.57  

Ammonia Recovery Using Acid Stripping Solution 

When the 0.01 M H2SO4 solution was used as the driving force 

for ammonia transport across the ECM, the ammonia removal 

and recovery rate were highest for the 6h Ni ECM, with a 

removal of 109± 21.55 g-N/m2/d and recovery of 68.8± 8.02 g-

N/m2/d. The 24h Ni ECMs exhibited a removal of 99.5± 55.15 g-

N/m2/d and recovery of 20.5± 3.68 g-N/m2/d. The CNT coated 

ECMs showed ammonia removal of 30.3± 6.32 g-N/m2/d and 

ammonia recovery of 20.7± 8.15 g-N/m2/d. In all cases, a 

cathodic potential of 1.2 V vs. Ag/AgCl was applied to the ECM. 

The current in the experiment decreased with time for each 

ECM (Figure 2c). The current decline could be attributed to the 

increase in cathodic overpotential as the pH in the catholyte 

increases with time due to accumulation of OH-.18  

Ammonia removal and recovery can be explained by looking at 

the mechanism for ammonia transport and removal. Ammonia 

recovery in the system occurs in three steps26:  

i. NH4
+ transport from anode to cathode across the 

CEM. 

ii. Transformation of NH4
+ to dissolved NH3 in 

catholyte (eq. 1). 

iii. NH3 transport from the catholyte into the 

permeate chamber across the ECM. 

Transport across CEM The application of a potential produces a 

current that leads to electromigration of ions toward the 

oppositely charged electrode.69 Effective recovery of NH3-N 

depends on the efficiency of its transport across the CEM from 

the anolyte to catholyte. The efficiency of NH3-N transport 

across the CEM depends upon current density, total ammonia 

nitrogen (TAN) loading rate, pH and continuous removal of 

ammonia from the catholyte chamber. Since migration of the 

ions is current driven, it is important to consider the ratio 

between current density and TAN loading, termed the load 

ratio. Load ratio is the ratio of the applied current density to the 

theoretical amount of charge transported across the CEM as 

NH4
+ (eq. 7):70  

𝐿𝑁 =  
𝑗𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐶𝐴0∗𝑄𝐴∗
𝐹

𝐴𝐶𝐸𝑀

                            (7) 

Where, 𝑗𝑎𝑝𝑝𝑙𝑖𝑒𝑑  is the applied current density (A/m2), 𝐶𝐴0 is the 

initial molar concentration of the anode (mol/m3), F is the 

Faraday constant (96.485 C/mol), 𝐴𝐶𝐸𝑀  is the surface area of 

the CEM (0.004 m2), and 𝑄𝐴 is the anolyte inflow rate (m3/s). 

For our batch system, 𝑄𝐴 is calculated as the volume of anolyte 

(m3) divided by the duration of the experiment (s). The 

significance of the load ratio is understood by looking at its 

absolute value: 𝐿𝑁  <1, implies more N is fed to the system (i.e., 

a low current that cannot remove ammonia), whereas 𝐿𝑁>1, 

implies that the produced current is sufficiently high to induce 

NH4
+ transport.  

In our system, 𝐿𝑁  was calculated to be in the range of 0.1 (CNT)- 

0.3 (6h-Ni & 24h-Ni), implying that ammonia transport across 

the CEM is limited by electrical current.70,71 This low LN  value 

suggests that higher current densities may increase the 

transport of ammonium across the CEM, which would increase 

ammonium removal.  

Mass transport across the CEM results in a decrease in mass of 

NH3-N in the anode chamber and an increase in the cathode 

chamber (Figure 3a, b). In the anode chamber, the mass of NH3-

N decreases from 942.58 ± 29.27 mg to 811.08 ± 39.44 mg when 

the CNT ECM was used as the cathode. For Nickel ECMs, the 

mass of NH3-N decreased from 1034.52 ± 24.95 mg to 856.55 ± 
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29.47 mg for 6h-Ni, and from 1050.67 ± 32.12 mg to 868.01 ± 

35.65 mg for the 24h-Ni materials. Ammonia flux across the 

ECM can be seen in Fig. S2. Due to low the low current in the 

CNT ECM setup, the NH3-N transport rate across the CEM was 

also the lowest (111.76 ±36.87 g-N/m2/day), while for the nickel 

membranes the transport was similar (177.96 ±13.77 g-

N/m2/day for 6h-Ni and 182.66 ±20.50 g-N/m2/day for 24h-Ni 

membrane). The decrease in NH3-N concentrations in the anode 

chamber is accompanied by a corresponding increase in the 

NH3-N concentrations in the cathode chamber. For CNT ECMs, 

the mass of NH3-N increased from 500.70 ±22.14 to 529.77 ± 

34.10 mg, while for 6h-Ni membrane, the mass of NH3-N 

increased from 512.54 ± 17.55 to 560.75 ± 20.73 mg, and from 

512.14 ± 36.60 to 567.63 ± 40.47 mg for 24h-Ni ECMs. We 

verified the data generated using the ammonia selective 

electrodes using a colorimetric method (using a HACH kit) (data 

not shown). 

While the NH3-N removal from the cathode chamber was 

approximately 20%, it is important to note that the overall 

removal of membrane-based processes is surface area 

dependent. Therefore, to achieve higher removal of NH3-N in 

real systems (where certain removal thresholds must be met), 

larger membrane areas would be needed.  

The migration of NH4
+ from the anolyte to the catholyte was driven 

by the electric field generated between the anode and cathode, and 

the conversion of NH4
+ to NH3 in the vicinity of the cathode, which 
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Figure 3. Change of mass of NH3-N over time in the a) anolyte and b) catholyte chambers. pH change over time in the c) anolyte and d) catholyte chambers. The error bars 

in figure represent the standard deviation. 
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could drive a concentration gradient between the two chambers. 

However, since the pH of the catholyte never exceeded the pKa value 

for NH4
+ (only along the cathode surface), back diffusion of NH4

+ 

across the CEM is possible, which would reduce the concentration of 

NH4
+ in the catholyte. Ultimately, the concentration of NH4

+ in the 

catholyte is a function of the balance between the electrical potential 

energy imposed by the electrochemical system, and chemical 

potential energy imposed by the concentration gradient across the 

CEM.72  

Conversion of ammonium to ammonia In addition to providing 

a driving force for ion transfer, the current also helps in splitting 

water to effectively modify the pH in both chambers. On the 

ECM cathode, the following reaction takes place73: 

𝐻2𝑂 + 𝑒− →
1

2
𝐻2 + 𝑂𝐻−                                                                 (8) 

 Assuming the applied current only triggers water electrolysis, 

pH along the surface can be calculated as a function of the 

applied current density (j), and the diffusion of H+ and OH- 

within the diffusion boundary layer (where ion convection can 

be neglected) as given by (eq. 9)74,75: 

𝑗 =  
𝐹

𝛿
[𝐷𝐻+(𝑐𝐻+

𝑠 − 𝑐𝐻+
𝑏 ) −  𝐷𝑂𝐻−𝐾𝑤 (

1

𝑐
𝐻+
𝑠 −

1

𝑐
𝐻+
𝑏 )]        (9) 

Where, F is the Faraday’s constant, δ is the boundary layer 

thickness, Di is the diffusion coefficient and ci the concentration 

of species i and Kw the ionic product of water. Eq. 9 can be used 

to calculate the pH along the cathode surface at the applied 

current density. For current densities of ~17A/m2, the pH along 

the cathode at a distance of 30 μm from the surface was 

calculated to be approximately ~13.8, considerably higher than 

the pKa of ammonium (eq. 1) required to shift the equilibrium 

toward producing ammonia.  

Figures 3c and 3d show the pH trend in the anolyte and 

catholyte. The pH in the anode chamber varies between 7.38 ± 

0.04 – 7.6 ±0.2 over 6 h for all three membranes. It is likely that 

the carbonate ions in the anolyte act as a buffer to help 

maintain the anode pH.69,76 The pH of the catholyte increased 

from 5.9 ± 0.47 to 7.75 ± 0.35 for CNT ECM, while for 6h Ni and 

24h Ni ECMs the pH increases from 6.42 ± 0.3 to 8.5 ± 0.05. For 

all three ECMs, pH of the catholyte was lower than that 

calculated. The theoretical pH was calculated for a very thin 

slice of water along the membrane surface (30 m), due to 

proton migration from the anolyte and the large volume of the 

catholyte, the bulk pH in the catholyte showed only a mild 

increase. 

 

Figure 4. Comparing nitrogen flux across the CEM with overall ammonia removal and 

recovery rate for each ECM. 

Transport and recovery of ammonia In this study, ammonium 

transport across the ECM represents NH3-N recovery. Figure 4 

shows the ammonia transport rate for all three membranes. 

The mass transport across the CEM is lower than previously 

reported, likely due to the low electrical current to ammonia 

loading ratio. In our work, we applied a current density of ~17 

A/m2 and an ammonia loading of 0.7 gN/L. In comparison, 

Tarpeh et al. used a three electrode set-up with metal 

electrodes to achieve a current density of 100A/m2, and the 

NH4
+ transfer across the CEM was calculated to be 1710 
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gN/m2/d, while Christiaens et al. used a (bio)electrochemical 

cell to achieve a NH4
+ transfer of 63.632 gN/m2 with a current 

density of 48 A/m2.47,49 Although transport across the CEM is 

current limited, the mass transport of NH3-N across the CEM is 

higher than that across the ECM, leading to the accumulation of 

ammonium in the catholyte. Of course, the accumulation of 

ammonium in the catholyte is strongly dependent on the 

membrane area (both the CEM and ECM), with larger ECM areas 

enabling larger mass removal.  

Figure 4 also compares the overall NH3-N removal rate (i.e., 

NH3-N removed from the anolyte) with the NH3-N recovery rate 

(i.e., NH3-N that passed through the ECM and accumulated in 

the acid solutions). CNT and 6h Ni ECMs show the highest 

percentage of NH3-N recovery (% of ammonia recovered in acid 

solution over total ammonia removed from the catholyte), ~65 

%, while the percent of NH3-N recovered is ~21% for 24h Ni 

ECM. However, the NH3-N recovery rate was the highest for the 

6h Ni ECM (68.86 ±8.02 g-N/m2/day), while it was similar for 

24h Ni and CNT ECM (20.51 ±3.69 g-N/m2/d and 26.06 ±0.87 g-

N/m2/d, respectively). Lower recovery by 24h Ni ECM could be 

attributed to its lower gas permeability, a result of the longer 

nickel deposition time that increased pore blocking. The 

recovery rate measured in our experiments was higher than 

that of reported in other studies utilizing an electrical current to 

facilitate the conversion of ammonium to ammonia gas. For 

example, Hou et. al. reported a recovery rate of 36.2 g-N/m2/d 

for a Nickel membrane electrode, while Zhang et. al. recovered 

ammonia using a carbon slurry in a capacitive desalination unit, 

with a reported recovery rate of 19.5 g-N/m2/d at a current 

density of 17.2 A/m2.18,48   

A mass balance on NH3-N shows a significant amount of 

unaccounted ammonia. As discussed above, of the total amount 

of ammonia removed, between 35–79% is unaccounted for. We 

speculate that the unaccounted ammonia volatilized and is 

either present in the headspace or escaped from the acid 

stripping solution. The ammonia loss was also measured by 

checking for nitrate/nitrite formation. Measurement revealed 

no nitrate or nitrite formation in either solution (anolyte or 

cathoyte). Moreover, total nitrogen concentration matched the 

concentration of NH3-N leading us to conclude that ammonia in 

the catholyte was either recovered as ammonium sulfate (i.e, 

passed through the ECM), volatilized, or remained in solution.48  

Vacuum extraction of ammonia 

For recovering ammonia with vacuum as the driving force, 6h Ni 

ECM was used for its improved performance compared to the 

other membranes. Figure 5 shows an NH3-N removal rate of ~62 

±15.30 g-N/m2/d, and a recovery of ~17.56 ±5.60 g-N/m2/d. 

Similar to the acid circulation experiments, the mass transport 

of NH3-N across the CEM was much higher than the mass 

transport across the ECM, demonstrating the importance of the 

ECM area. 

Gas transfer across a highly porous membrane occurs mainly by 

Knudsen diffusion, and as a result, the permeability of the 

transporting species depends on the geometry and structure of 

the membrane, and on the molecular weight of the permeating 

species.35,77 Most notably, the mass flux across the membrane 

is directly proportional to the pressure difference across the 

membrane.78 

Flux of ammonia, J, through the ECM under an applied vacuum 

can be described by (Equation 10) 26,78,79: 

𝐽 =  𝛼 ∗ (𝑃𝑓𝑁𝐻3
− 𝑃𝑣𝑌𝑣𝑁𝐻3

) [mol/m2/s]                (10) 
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Where, α is the membrane permeability coefficient, 𝑃𝑓𝑁𝐻3
 is the 

partial pressure of ammonia on the feed side, 𝑃𝑣, the vacuum 

pressure on the permeate side, and YvNH3 the mole fraction in 

vapor phase on the vacuum side. The partial pressure of 

ammonia at the feed side, 𝑃𝑓𝑁𝐻3
, can be calculated using 

Henry’s law as (Equation 11)26: 

𝑃𝑓𝑁𝐻3
=  

100∗𝛾∗𝑚𝑁𝐻3

𝐾𝐻
 [kPa]                 (11) 

Where, 𝑚𝑁𝐻3
 is the molality of ammonia in the feed, γ is the 

activity coefficient, and 𝐾𝐻  the Henry’s constant for ammonia. 

Assuming an activity coefficient of 1 and a Henry’s constant of 

55.96 mol/(Kg atm) at 25ºC, the partial pressure of ammonia on 

the feed side is calculated to be 0.0271 in Hg. Therefore, mass 

transfer of ammonia under vacuum is inhibited by its high 

Henry’s constant, which is responsible for the low partial 

pressure.14,40,49,72 This effect is enhanced due to the external 

applied potential that causes other cations in solution to 

compete with NH4
+ ion migration to the cathode (ECM) 

surface.80Ammonia transfer is also affected by flux of water 

vapor and hydrogen gas across the ECM.18,26,41,81  

The overall NH3-N removal rate for the vacuum experiments is 

considerably lower than that measured using the circulating 

acid solution. The disparity in the recovery and removal rates 

for vacuum and acid circulation can be attributed to the higher 

driving force for systems using acid solutions, which provide an 

essentially infinite sink for ammonia transfer. Figure 5 shows 

that at the applied vacuum, 30% of the NH3-N is recovered 

compared to the 63% recovery for experiments with circulating 

acid solution. NH3-N recovery could therefore be improved by 

applying a higher vacuum, provided the ECM does not wet 

under the applied pressure.  

 

Figure 5. Comparing mass transport rates for 6h-Ni membrane for the two experimental 

setups to extract ammonia, circulating acid solution and vacuum. 

Energy Consumption 

The energy consumption for the ECMs was ~40% lower than 

conventional nitrogen removal processes such as the 

nitrification-denitrification process (12.5 kWh/Kg-N).82 

Although this energy consumption is higher than that 

associated with the Annamox process (4.4-5.3 kWh/Kg-N), the 

current process benefits as it recovers nitrogen as ammonia, a 

valuable commodity.71,82 The specific energy demand based on 

ammonia recovered in the stripping solution was 7.0±2.40 

kWh/kg NH3-N for the CNT coated membrane, and 7.06±1.06 

kWh/kg NH3-N for the 6h Ni membrane. However, for the 24h 

Ni membrane, due to its low ammonium recovery, the specific 

energy demand was significantly higher (20.45±6.25 

kWh/kgNH3-N). Energy consumption of the process can be 

further lowered if the unaccounted ammonia, likely present in 

the headspace, is also recovered. Based on total ammonia 

removal (ammonia recovered using stripping solution and the 

missing ammonia that is likely volatilized), the energy 
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kWh/kg NH3-N for the CNT coated membrane, 4.53±0.77 
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kWh/kg NH3-N for the 6h Ni membrane, and 5.28±2.64 kWh/kg 

NH3-N for the 24h Ni membrane. 

For NH3-N recovery via vacuum, the specific energy 

requirement based on NH3-N removed was 11.68±2.8 kWh/Kg-

N, which is 22.3% lower than the amount of energy required to 

produce ammonia via the Haber-Bosch process in a large scale 

commercial installation. However, the amount of ammonia 

actually recovered in the vacuum trap was much lower than the 

amount of ammonia removed, driving up the specific energy 

costs. The decrease is ammonia recovery could be attributed to 

insufficient vacuum due to the very low vapor pressure of 

ammonia, high Henry constant, and incompatibility of the 

vacuum pump with ammonia leading to decline in pump 

performance over time. Thus, work is still needed to develop 

better vacuum extraction methods capable of overcoming 

ammonia’s high solubility (and low partial vapor pressure) to 

recover ammonia with reduced specific energy requirements.  

Conclusions 

In this study, three electrically conductive membrane materials: 

(i) CNT coated ECM, (ii) 6h-Ni ECM, and (ii) 24h-Ni ECM were 

studied for their ammonia recovery capacities. The 6h-Ni ECM 

showed superior performance with high current densities and 

minimal pore blocking. Ammonia recovery via electrochemical 

methods is highly dependent on the current in the system. The 

applied current density influences the mass transport of 

ammonia across the cation exchange membrane as well as the 

pH along the cathode surface. Furthermore, using a gas 

permeable membrane to recover ammonia is a mass transport 

limited process, amplified further when using vacuum to 

provide the driving force for ammonia recovery (due to high 

Henry constant for ammonia).  

The energy consumption of the ammonia recovery process, for 

our system, was lower than some conventional nitrogen 

removal processes, however, recovering all ammonia being 

removed from the system (ammonia volatilized/present in 

headspace), would greatly benefit the specific energy 

requirement. 
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