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ABSTRACT 22 

To create possibilities for a more sustainable wastewater management, a novel 23 

system consisting of electrodeionization (EDI) and solid oxide fuel cells (SOFCs) is 24 

proposed in this study. This system is integrated with anaerobic digestion/landfills to 25 

capture energy from carbonaceous and nitrogenous pollutants. Both EDI and SOFCs 26 

showed good performances. EDI removed 95% and 76% ammonium-nitrogen (NH4
+-27 

N) from diluted (0.025 M) to concentrated (0.5 M) synthetic ammonium 28 

wastewaters, respectively, accompanied by hydrogen production. SOFCs converted 29 

the recovered fuels, biogas mixtures of methane and carbon dioxide, to electricity. 30 

Under the optimal conditions of EDI (3.0 V applied voltage and 7.5 mm internal 31 

electrode distance (IED), and SOFCs (750 °C operating temperature), the system 32 

achieved 60% higher net energy output as compared to conventional systems. The 33 

estimated energy benefit of this proposed system showed that the net energy 34 

balance ratio is enhanced from 1.11 (existing system) to 1.75 (this study) for a local 35 

Hong Kong active landfill facility with 10.0 g L-1 chemical oxygen demand (COD) and 36 

0.21 M NH4
+-N. Additionally, an average of 80% inorganic ions (heavy metals and 37 

nutrient elements) can be removed from the raw landfill leachate by EDI cell. The 38 

results are successful demonstrations of the upgrades of anaerobic processes for 39 

energy extraction from wastewater streams.   40 
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1 Introduction 41 

Energy extraction from wastewater streams has gained increasing attention to 42 

eliminate environmental threats and offset fossil fuel consumption [1-4]. The most 43 

readily adaptable approaches are anaerobic treatment, e.g., anaerobic digestion (AD) 44 

or landfill, converting wastewater or municipal solid waste into biogas (approximately 45 

60% methane (CH4)/ 40% carbon dioxide (CO2) volume/volume [v/v]) and 46 

ammonium-rich fermentation broth/leachate (400 mg L-1 to 8000 mg L-1 NH4
+-N) [5-47 

8]. Although biogas is well established as a fuel for electricity generation via 48 

combined heat and power (CHP) or cogeneration with gas engines [9-11], the 49 

electricity conversion efficiency is usually limited to around 30% [12, 13]. Moreover, 50 

ammonium-rich wastewater, discharged without proper treatment, brings severe 51 

environmental impacts [14-17]. Further improvements and updates are hence 52 

necessary and urgent. 53 

 54 

Conventionally, NH4
+-N in fermentation broth/leachate can be removed through 55 

adding an alkali to raise the pH level over its pKa value (9.25) followed by 56 

physicochemical methods such as microwave radiation, air stripping (AS), and 57 

heating [18-22]. Biological nitrogen removal processes such as nitrification–58 

denitrification, nitrification shortcut, and anaerobic ammonium oxidation have also 59 

been applied [21, 23]. These approaches require expensive chemicals and consume 60 

intensive energy [18-22]. Ammonia (NH3) can be used as an alternative fuel to 61 

hydrogen (H2) [24]. Upon decomposition, NH3 produces two harmless gases (nitrogen 62 
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[N2] and H2), and simultaneously releases 320 kJ mol-1 chemical energy. Theoretically, 63 

this process produces approximately 10% more energy than H2 oxidation (285 kJ mol-64 

1) [25-27]. Since NH3 has special properties (incombustibility, incomplete 65 

decomposition, toxicity, and solubility), its energy potential has not been highly 66 

recognized yet [28, 29]. For wastewater in which NH3 exists in the form of NH4
+ ion, 67 

the low conversion efficiency from NH4
+ ion to NH3 gas, high cost, and NOx emissions 68 

also reduce the motivation to explore its energy potential [30]. 69 

 70 

SOFC is a promising energy conversion technology. It is capable of electrochemical 71 

converting a variety of gas fuels (H2, NH3, CH4 and other hydrocarbon compounds) 72 

into electricity. Also, it has an energy conversion efficiency as high as 50% [31, 32]. 73 

The upper right-hand panel of Fig. 1 illustrates the power generation mechanism of 74 

SOFCs. (I) When CH4 is fuel, it reforms with H2O or CO2 and produces H2 and CO at 75 

the anode under the high-temperature condition. (II) These reformed gases react 76 

with oxygen ions (O2-) and produce CO2 and H2O, and release electrons (e-). (III) The 77 

released electrons flow through the external circuit and they are collected by the 78 

current collector to produce electrical power. (IV) Once electrons reach the cathode, 79 

they are accepted by O2 molecule and O2- ions are produced again. In this cycle, O2 80 

and gas fuels are consumed for electricity generation.  81 

 82 

SOFCs have some advantages for gas production from wastewater. As SOFCs generate 83 

electrical power in a straightforward way through electrochemical reactions and does 84 
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not go through thermodynamic cycles, its power generation efficiency is not limited 85 

by the Carnot efficiency [33]. Although carbon deposition is an issue for SOFCs fed 86 

with pure CH4, this issue might be solved for biogas because its reformation with H2O 87 

or CO2 generates gases instead of solid carbon [34-36]. As such, biogas is potentially a 88 

good fuel for power generation systems using SOFCs [37]. Another potential fuel for 89 

SOFCs is NH3 gas. When NH3 is fed into SOFCs, it is thermally decomposed into N2 and 90 

H2. Subsequently, H2 goes through the same reaction process with other gas fuels 91 

[38]. Studies have found that carbon deposition can be prevented by adding NH3 to 92 

CH4 as well [31, 39]. Therefore, this novel system of integrating SOFCs with AD and 93 

landfill facilities is proposed to convert NH3 and biogas into electrical power for 94 

simultaneous pollution control. 95 

 96 

The main issue with this system is that the aqueous NH4
+ in fermentation 97 

broth/leachate requires an additional conversion step to NH3 gas so as to be fed into 98 

SOFC. As aforementioned, the existing approaches for NH3 gas recovery are both 99 

uneconomic and environmentally unfriendly[40-42]. Hence, advanced technologies 100 

are required. EDI is an attractive technology because it has an excellent selectivity for 101 

target ion. Ion migration is driven by electric potential gradients rather than by 102 

physical pressure [43, 44]. As shown in the bottom right panel of Fig. 1, directional 103 

movement leads to accumulation of target ions such that the concentrated ions can 104 

be harvested with low energy consumption. As Mondor et al. reported, EDI has been 105 

used to produce fertilizers from swine manure with 1.0 kWh kg-1 NH3 energy input, 106 
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saving 1.8 kWh kg-1 NH3 compared to 2.8 kWh kg-1 NH3 required for AS [45]. 107 

Moreover, the applied voltage leads to water splitting. The generated H2 in the 108 

cathode is an additional fuel for SOFCs [46], while hydroxide (OH-) creates an alkaline 109 

condition and promotes the transformation from NH4
+ into NH3. Consequently, the 110 

dosage of alkaline can be reduced, and more energy can be captured. 111 

 112 

Compared to other energy conversion processes, this proposed system could yield 113 

theoretical energy output. For example, Scherson et al. recently reported that 114 

coupled aerobic–anoxic nitrous decomposition operation (CANDO) for NH4
+ 115 

wastewater treatment could yield a more powerful oxidant (N2O) than O2 because it 116 

released an additional energy of 82 kJ mol-1 from N2O to N2 (Eq. 1) [23]. One mole of 117 

CH4 combusted with 4 moles of N2O releases -1219 kJ mol-1 (Eq. 2), approximately 118 

30% more stoichiometric energy than combustion with 2 moles of O2 (Eq. 3)  119 

N2O(g)→0.5O2(g)+N2(g)    ΔHR
0 = -82 kJ mol-1 (1) 120 

CH4(g)+ 4N2O(g) →CO2(g) +2H2O(l)+ 4N2(g)    ΔHR
0 = -1219 kJ mol-1 (2) 121 

CH4(g)+2O2(g)→CO2(g)+2H2O(l)    ΔHR
0 = -890 kJ mol-1 (3) 122 

In SOFCs, NH3 releases nearly four times more energy than same stoichiometric N2O 123 

dissociation (Eq. 1 and Eq. 4). Theoretically, if both CH4 and NH3 serve as fuels, -2125 124 

kJ mol-1 is released (Eq. 5), which is 906 kJ mol-1 more energy output than N2O as an 125 

oxidant (Eq.2). This energy potential implies that NH3 is a promising additional fuel. 126 

Additionally, the H2 generated in EDI releases an extra 285 kJ mol-1, if water dialysis 127 

occurs (Eq. (6)). 128 
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NH3(g)+0.75O2 →0.5N2(g)+1.5H2O(l)   ΔHR
0 = -320 kJ mol-1 (4) 129 

CH4(g)+4NH3(g)+5O2(g) →CO2(g)+2N2(g)+8H2O(l)   ΔHR
0 = -2125 kJ mol-1 (5) 130 

H2(g)+0.5O2(g) →H2O(l)   ΔHR
0 = -285 kJ mol-1 (6) 131 

 132 

Accordingly, the novel hybrid AD-EDI–SOFC system illustrated in Fig. 1 has potential 133 

to capture more energy from biogas and fermentation broth/leachate. Hopefully this 134 

system provides more sustainable wastewater management for the anaerobic 135 

treatment and landfill processes.  136 

 137 

2 Materials and Methods 138 

2.1 EDI Stack 139 

A two-channel EDI reactor (effective volume of each channel 20 mL) was 140 

constructed. The anode and cathode (the bottom right down panel of Fig. 1) were 141 

made of two square Perspex frames with same internal dimensions (6 cm × 6 cm × 142 

0.5 cm), separated by 1 mm-thickness cation exchange membrane (IONSEP® AM-C, 143 

Hangzhou Iontech Environmental Technology CO., Ltd, China). The anode electrode is 144 

titanium (Ti) coating platinum (Pt) (4 cm × 4 cm × 1 mm) (Shenzhen 3N Industrial 145 

Equipment CO., Ltd., China), and the cathode is Ti coating iridium ruthenium 146 

molybdenum (Ir-MMO) with same dimensions. After fixing anode and cathode, EDI 147 

stack was sealed by a 2 mm-thick silica sheet and locked by screws. The anode was 148 

fed with synthetic wastewater containing 0.0125 to 0.25 M ammonium sulfate, 149 

(NH4)2SO4. The cathode was filled with sodium sulfate, (Na2SO4) with same 150 
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concentrations as the supporting electrolyte. All batch of tests were carried out at 151 

room temperature (25 ± 2 °C). Each set of experiments was set at a series of applied 152 

voltages (0.5V to 8.0 V) with 2.0 h per cycle. The variations of the real-time current 153 

and voltage were recorded by a Keithley 2700 multimeter (Tektronix, Inc., USA). The 154 

electrochemical behaviors of electrodes (Cycle voltammetry, CV) were analyzed using 155 

an electrochemical working station (CorrWare®, Scribner Associates Inc., USA). After 156 

applied voltage optimization, IED was set at 7.5, 15.0, 30.0, 60, and 80.0 mm per 2.0 157 

h per cycle under the optimal applied voltage. 158 

 159 

Based on the results of laboratory-scale EDI tests, the semi-continuous tests using a 160 

raw landfill leachate as feed were conducted using a three-channel EDI reactor (Fig. 161 

S1). The leachate was obtained from the West New Territories Landfill (Nim Wan, 162 

Tuen Mun, Hong Kong). The leachate was fed into the middle channel at an influent 163 

rate of 2 mL min-1. The anode and the cathode channels were filled with 0.005 M 164 

hydrogen sulfate (H2SO4) and Na2SO4, respectively. The generated gases were 165 

collected using gas-sampling bags. 166 

 167 

2.2 Button-type Solid Oxide Fuel Cells 168 

Three-layer button SOFC reactors were constructed to be electricity generation units. 169 

Single cell with an anode-supported, thin-film dual-layer electrolyte configuration was 170 

prepared via a tape casting process, spray deposition and subsequent high-171 

temperature sintering. The diameter was 1.0 cm and the active area was 0.48 cm2. The 172 
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fuel cells tested in this study consisted of NiO+(ZrO2)0.92(Y2O3)0.08 (YSZ, NiO:YSZ = 6:4 173 

by weight) anode, YSZ electrolyte, Sm0.2Ce0.8O1.9 (SDC) interlayer and 174 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) cathode. BSCF has been recently used as a benchmark 175 

cathode material for SOFC, due to its better electrochemical activity over that of LSM 176 

and LSCF [47]. BSCF and SDC powders were synthesized using a combined EDTA-177 

citrate complexing sol-gel process [48]. NiO and YSZ are commercial products 178 

obtained from Chengdu Shudu Nano-Science Co., Ltd., and Tosoh, respectively. The 179 

details for preparing anode substrates NiO+YSZ through the tape casting process are 180 

available in the literature [49].  181 

 182 

The fabrication of electrode and electrolyte includes several steps. First, the YSZ|SDC 183 

double electrolyte layers were constructed using a wet powder spraying technique. 184 

The YSZ suspension was sprayed onto the anode substrate using a spraying gun 185 

followed by calcination at 1400 °C for 5 h, and the procedure was subsequently 186 

repeated for the SDC suspension (buffering layer) deposited onto the thick YSZ surface 187 

[50]. The resultant three-layered pellets were then calcined at 1350 °C for 5 h in air. 188 

Finally, BSCF slurry was sprayed onto the surface of the SDC interlayer and fired at 189 

1000 °C for 2 h in air to function as the cathode layer.  190 

 191 

The current–voltage curves of the button fuel cells operated at 550–750 °C were 192 

obtained using a Keithley 2420 source meter (Tektronix, Inc., USA) based on a four-193 

probe configuration. During the test, H2, NH3–H2, CH4–CO2 gas mixtures and a biogas 194 
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generated from a laboratory-scale digester were fed into the anode chamber at a flow 195 

rate of 100 ml min-1 with ambient air serving as the oxidant gas in the cathode 196 

chamber. Biogas with a composition of 68% CH4 and 32% CO2 (v/v) was obtained in 197 

the laboratory from a semi-continuous AD reactor fed with local sewage sludge (S1). 198 

 199 

2.3 Chemical Analysis 200 

NH4
+-N was measured using the Berthelot method, and NH3 was absorbed by 1 M 201 

H2SO4, then detected with the same approach. Nitrite, nitrate, phosphate, and 202 

sulfate were measured according to standard methods [51]. Total nitrogen was 203 

analyzed with 720 °C catalytic thermal decomposition/chemiluminescence methods 204 

using TOC-L analyzers (TOC-LCSH/CPH, Shimadzu). H2 was determined by gas 205 

chromatography (Agilent 4890D; J&W Scientific, USA) using a HP-MoleSieve column 206 

(30 m × 0.53 mm × 50 m) [52]; Helium gas served as the carrier gas and was injected 207 

at a rate of 6 mL min-1. The temperatures of the injection port, column, and the 208 

thermal conductivity detector were 200 °C, 35 °C, and 200 °C, respectively. Samples 209 

(200 µL) were injected by micro syringes (Shanghai Anting Scientific., China). The 210 

determination of heavy-metal ions was conducted using an Agilent 7500cx ICP-MS 211 

(Agilent Technologies, Santa Clara, CA, USA) [53]. The detailed measurements and 212 

analyses are available in the supporting material (S1 and Eq. S1 and Eq. S2). 213 

 214 

2.4 Calculation 215 

Energy balance ratio (EBR) 216 
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The EBR is the energy input to output as expressed by Eq. 7 to evaluate the efficiency 217 

of the EDI–SOFC system. 218 

in

out

W

rW
EBR


=  (7) 219 

where Wout is the enthalpy of CH4, NH3 and H2, respectively; r is the electricity 220 

conversion efficiency of SOFCs; and Win is the energy consumption. 221 

 222 

Win is calculated as follows: 223 

  == )() dtIWW apin （  (8) 224 

apin QW =   (9) 225 

 == dtitIQ    (10) 226 

where ϕap is the applied voltage; Q is the electric quantity; HmW jout = , 227 

 mj is the mass of fuels, and ΔH is enthalpy. 228 

 229 

3 Results  230 

3.1 Ammonium Deionization 231 

Optimizations of applied voltage, internal electrode distance and NH4
+ concentration 232 

in the EDI were investigated through adjustments of applied voltage (0.5–8.0 V), IED 233 

(7.5–80 mm), and influent NH4
+ concentrations (0.025–0.5 M) (Fig. 2 and Table 1). 234 

The deionization efficiency of NH3 increases linearly with an increase in applied 235 

voltage, and reaches a maximum value of 80% at 8.0 V. The corresponding EBR, 236 

based on the recoveries of NH3 and H2, are 1.67 and 0.86 at 3.0 V and 8.0 V, 237 

respectively, when the IED is 15 mm (Fig. 2a), indicating that 3.0 V is the optimal 238 
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voltage. This result is lower than the voltage of 17.5 V reported previously [54].  239 

 240 

At this applied voltage, as the IED narrowed from 15 mm to 7.5 mm, the deionization 241 

efficiencies of NH3 and EBR reciprocally increases from 64.8% and 1.67 to 84.8% and 242 

1.99, respectively. However, when the IED is expanded to 60 mm the deionization 243 

efficiencies of NH3 and EBR decrease to 12% and 1.09, respectively, (Fig. 2b). This 244 

variation of NH4
+ deionization efficiency signifies that the influence of the internal 245 

electrode length is much more important than that of the applied voltage, which can 246 

be verified by Stock’s model [55, 56]. Regarding the effects of ions, the drift velocity 247 

has a positive correlation with applied voltage but a negative relationship with the 248 

electrode distance. More details are available in the supporting information (S2, Eq. 249 

S3, and Figs. S2a and S2b). The deionization rate at the optimal applied voltage and 250 

IED increases to 80 mM d-1 within 0.5 h but drops to 20 mM d-1 at 2.0 h, indicating 251 

that deionization efficiency does not increase with extended operating time (Fig. 252 

S2c). This effect is likely to be related to Donnan equilibrium, where ion migration 253 

comes to a stop as the concentration gradient narrows [57, 58]. 254 

 255 

3.2 Ammonium Dissociation 256 

An interesting observation was the formation of N2 at the cathode instead of the 257 

commonly-reported anode. In this regard, we investigated the mass balance of total 258 

nitrogen and electrode behaviors (Fig. 3). The nitrogen compounds (NH4
+, NH3, and 259 

N2) were detected while the other compounds were not detected due to below 260 
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detection levels of 0.2 ng L-1. As shown in Fig 3a, approximately 60%, 30%, and 10% 261 

of nitrogen exist in the forms of NH4
+, NH3, and N2 for synthetic wastewater. Fig. 3a 262 

also shows the nitrogen compounds of raw landfill leachate. 87.5%, 1.7%, and 0.38% 263 

of nitrogen exist in the forms of NH4
+, NH3, and N2, respectively. The conversion 264 

efficiency of NH4
+ to NH3 for synthetic wastewater is higher than that for raw landfill 265 

leachate, which is attributed to the complex constitution of the raw landfill leachate. 266 

In addition, since ions differ in their properties of size, valence, diffusion coefficient, 267 

and conductivity, they exhibit different migration kinetics. For example, the mobility 268 

order of H+, K+, NH4
+ and Na+ is H+ > K+ > Na+ > NH4

+ [59].  269 

 270 

N2 formation may be related to NH3
 reduction. To prove this hypothesis, we carried 271 

out CV tests at a scanning rate of 0.5 to 10 mV s-1 in the range of 0–1.5 V using 272 

Ag/AgCl as the reference electrode (Fig. 3b). Only a reduction peak at around 0.3 V is 273 

observed on each CV curve, indicating the possible electrochemical dissociation of 274 

NH4
+. However, to date, this phenomenon has not received much scientific 275 

attention. Only a few references describe this phenomenon. As reported by Simons 276 

et al., the mechanism of NH4
+ dissociation is a two-step process (Eq. 12 and Eq. 13), 277 

and its main products are H2 and NH3, accompanied by a small amount of N2 [60]. 278 

The second step is strictly dependent on the concentration of aqueous NH3. It is 279 

known that the concentration of NH3(aq) is determined by the kinetics of the 280 

following equilibrium reaction (Eq. 14).  281 

NH4
+ ↔ NH3 + 0.5H2    (12)  282 
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NH3 ↔ 0.5N2 + 1.5H2    (13) 283 

NH4
+ + OH- ↔ NH3∙H2O ↔ NH3 + H2O    (14) 284 

The increasing NH4
+ concentration and OH- ion generation promote the shift in 285 

equilibrium favoring NH3 production. The reduction of NH3 to N2 and H2 might occur, 286 

when NH3(aq) reaches a certain concentration. NH4
+ dissociation through the EDI 287 

favorably contributes to NH3 and H2 yields. 288 

 289 

3.3 SOFC Performances  290 

3.3.1 Polarization curves of ammonia-hydrogen as fuel 291 

To maximize the energy output, the performance of SOFCs was studied with pure H2 292 

at 100.0 mL min-1, operating temperatures of 550–750 °C. The polarization curves 293 

show that an open circuit voltage value (OCV) of 1.134 V is obtained at 750 °C (Fig. S3). 294 

This operation approaches closest to the Nernst potential of 1.23 V, indicating solid 295 

electrolytes and gas-tight sealing [61].  296 

 297 

At 750 °C with H2 from 20% to 60% by volume (v/v) of NH3 in the NH3–H2 stream, SOFC 298 

achieves an OCV of 1.056–1.085 V, slightly lower than that obtained from pure H2 (Fig. 299 

4a). This trend caused by lower H2 partial pressure in NH3–H2 is consistent with the 300 

results of the theoretical simulation performed by Meng et al. [62]. The peak power 301 

density declines from 1194 mW cm-2 at 20% NH3 to 1018 mW cm-2 at 60% NH3. This 302 

phenomenon might be related to insufficient H2 supply from NH3 decomposition. 303 

Along with the increase in NH3 concentration, the incomplete decomposition of NH3 304 
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easily occurs, as reported by Denver [63]. In addition, ammonia decomposition is an 305 

endothermic process. High concentration NH3 absorbs too much thermal energy so 306 

that the local temperature declines, thereby, the electrochemical reaction rate 307 

decreases [64]. The above results can be further explained by the mechanism of NH3 308 

decomposition (S3 and Eq. S4 to Eq. S6). NOx were not detected in the off-gas, as 309 

expected from reported findings [65, 66].  310 

 311 

3.3.2 Polarization curves of methane-carbon dioxide and biogas 312 

With 20%, 40%, 60%, and 80% (v/v) CH4 in CH4–CO2, an increasing trend of OCV value 313 

(from ~1 V to ~1.17 V) with an increase of CH4 was obtained. The slight drop of OCV at 314 

80% CH4 may be ascribed to the effect of experimental error. Nevertheless, this 315 

increasing trend of OCV value (~1 V to ~1.17 V) approaches the theoretical value, 316 

indicating a dense electrolyte and decent sealing of SOFC during the testing. For the 317 

CH4–CO2 mixture in the stability test, apparent carbon deposition was not observed. 318 

This result may be related to CH4 reformation that has been reported elsewhere [67-319 

69]. The mechanism of methane reformation is discussed in the supporting material 320 

(S3 and Eq. S7 to Eq. S9). Using biogas (about 70% CH4) produced from our laboratory-321 

scale AD reactor as the fuel, about 900 mW cm-2 peak power density is obtained (Fig. 322 

4c), which is close to the results of the 60% CH4 and 40% CO2 mixture. SOFC has been 323 

estimated to obtain over 50% energy conversion efficiency, and even close to 80% for 324 

CHP applications [70, 71]. From our experimental results of NH3-H2, CH4-CO2, it is 325 

believed that EDI-SOFC is feasible for power generation from biogas and extracted 326 
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NH3-N from fermentation broth/leachate. 327 

 328 

3.4 Energy Balance Evaluation of the EDI–SOFC System 329 

The energy balance of EDI-SOFC was investigated for various NH4
+-N contents (0.025 330 

to 0.5 M) under the optimal conditions obtained previously. EBR value varies with the 331 

increase in NH4
+-N content in synthetic wastewater (Table 1). When the influent NH4

+-332 

N content is lower than 0.1 M, the EBR is below 1.0, indicating a need for external 333 

energy input. As NH4
+-N increases to 0.25 M, the EBR approaches 1.20, demonstrating 334 

20% of net energy output. An optimal EBR of 1.20 is achieved at 0.25 M of NH4
+-N. 335 

Collectively, it is observed that EBR value increases as NH4
+-N increases from 0.025 to 336 

0.25 M and decreases once NH4
+-N reaches 0.50 M. When NH4

+-N increases from 337 

0.025 M to 0.1 M, due to the changes of conductivity, the current increases. As a result, 338 

both energy input and H2 and NH3 recovery increase. However, the chemical energy 339 

potential of recovered NH3 and H2 is not significantly enhanced, and thus its energy 340 

input is higher than the energy output. As NH4
+-N further increases over 0.25 M, the 341 

chemical energy potential of recovered NH3 and H2 compensates for the energy input. 342 

However, the energy input increases significantly at 0.5 M NH4
+-N, probably due to the 343 

increase of current and electric resistances. Taken together, the EDI–SOFC system is 344 

most economically feasible for medium to high NH4
+-N containing waste streams.  345 

To examine the commercial application of this system, the energy potential was 346 

estimated using a local raw landfill leachate in Hong Kong. Table S1 summarizes the 347 

characteristics of raw landfill leachate. It contains high NH4
+-N concentration (0.21 M). 348 
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As shown in Table 1, 98% of NH4
+ is removed via the semi-continues EDI stack. The 349 

theoretical calculation shows that the EBR approaches 1.76. These results signify that 350 

the EDI–SOFC system has an economic strategy for sustainable landfill leachate 351 

management.  352 

 353 

Table 2 summarizes the potential benefits of the EDI–SOFC system considering oxygen 354 

demand, sludge production, and EBR. Compared to conventional nitrification–355 

denitrification [72], nitrification–anammox [73], and CANDO [74]. The EDI has 18.7–356 

50% less sludge yield, no oxygen demand, and 55.9–80.5% less energy consumption 357 

despite requiring an energy consumption of 2.32 kWh kg-1-NH3. Moreover, the Hong 358 

Kong West New Territories Landfill was studied to evaluate the integration of the EDI–359 

SOFC system fully. The plant’s capacity, biogas yield, and raw leachate properties and 360 

its techno-economic evaluation are summarized in Table S1, Fig. 5 and Table S2. The 361 

AS-CHP and EDI-SOFC system integrated with the existing plant generates 3.46 × 105 362 

and 4.02 × 105 MWh per year. Regarding the energy inputs, AS-CHP requires 3.29 × 105 363 

MWh per year for NH3 treatment, while the EDI-SOFC generates 1.0 × 105 MWh per 364 

year for NH3 recovery. Consequently, the EBR can be increased from 1.11 and 1.75, if 365 

EDI-SOFC replaces AS-CHP. This result indicates that the EDI–SOFC system can yield 366 

about 60% more electricity than the existing system. Additionally, there is 4.04 × 105 367 

MWh energy that goes uncaptured per year. With the incorporation of the EDI-SOFC 368 

system, it is believed that more energy can be harvested from landfills.  369 

 370 
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3.5 Other Inorganic Ion Removal 371 

Aside from NH4
+ ion, landfill leachate also contains a significant portion of other 372 

inorganic ions. Some of them (K+, Ca2+, Na+, NO3
-, PO4

3−, etc.) can be used as fertilizers. 373 

Others (Cl-, Zn2+, Cu2+, Pb+, Cr3+, etc.) must be removed prior to leachate discharge. Our 374 

results show that the conductivity and salinity of the landfill leachate decrease from 375 

88.2 mS cm-1 and 7.85% to 2.26 mS cm-1 and 0.1%, respectively. EDI has over 80% 376 

removal efficacy of cations and high kinetic deionization in K+, NO3
-, and PO4

3− (Table 377 

3, Fig. 6, and Fig. S4). Additionally, most of the detected metal ions have larger mobility 378 

over NH4
+ (Fig. 6) due to their smaller ion radii and larger valences [75], suggesting that 379 

further separation needs to be considered.  380 

 381 

4 Discussion 382 

4.1 Increasing Selective Transfer of Ammonium  383 

Under direct current conditions, the flux of ions in an EDI stack is determined by 384 

diffusion and electromigration as described by the Nernst−Planck equation [76]. The 385 

concentration-driven process is dependent on the diffusion coefficients of the ions in 386 

the solution and the membrane. And electromigration is related to the valence, 387 

concentration, and diffusion coefficient, as well as the strength of the electrical field 388 

[22, 77]. The positive correlation between NH4
+ drift velocity and the applied voltage 389 

is shown in Fig. S2a. Theoretically, the drift velocity of NH4
+ can be increased through 390 

applying higher voltage. However, this resulted in an opposite effect on the current 391 

efficiency of NH4
+ migration (Table S3). These results indicate that optimal NH4

+-N 392 
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deionization can be accomplished at a reasonable range of applied voltage, increasing 393 

NH4
+-N loading and increasing anode flow [22, 78]. 394 

 395 

4.2 Creating a Self-Extracting and Purifying Process for Ammonia  396 

 397 

Electricity generation of SOFC is associated with NH4 deionization efficiency. Although 398 

the EDI batch tests obtain a 30% extraction efficiency, around 60% NH4
+-N still persist 399 

in the liquid phase (Fig. 3a). Increasing NH3 extraction efficiency can be completed in 400 

EDI where the alkaline condition (pH > 12) can promote NH3 evolution. When coupled 401 

to AD or landfills, biogas can be served as a stripping gas for NH3 and H2 collection. 402 

Also, biogas usually contains small amounts of noxious H2S gas. When biogas flows 403 

into the cathode, H2S is absorbed by OH–, and thus it is desulfurized to a harmless 404 

compound. Finally, biogas, NH3 and H2 can be harvested together using only one 405 

collector. In this manner, biogas, NH3 and H2 production from AD/landfills can be 406 

collected without the need for AS and at reduced chemical dosage, lowering the 407 

operation cost [79]. Even though the experimental tests have not yet been conducted, 408 

this concept is an impetus for us to move forward towards capturing more sustainable 409 

energy from wastewater streams through AD/landfill coupled EDI–SOFC system.  410 

5 Conclusions 411 

This study successfully demonstrated the upgrades of anaerobic processes for energy 412 

potential extraction from both carbonaceous and nitrogenous pollutants in the EDI-413 

SOFC system. EDI removed 95% and 76% nitrogen from diluted (0.025 M) concentrated 414 
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(0.5 M) synthetic NH4 wastewaters, respectively. SOFCs displayed its adaptability with 415 

NH3, H2, and biogas. The case study of the landfill plant demonstrates that energy 416 

benefit is upgraded from 1.11 (existing system) to 1.75 (this study) with this EDI-SOFC 417 

system. Additionally, an average of 80% inorganic ions (heavy metals and nutrient 418 

elements) was removed from raw landfill leachate by EDI stack. 419 
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Fig. 1 - Schematic diagram of the EDI–SOFC system integrated with anaerobic 

treatment 
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(a) 

 

(b) 

Fig. 2 - Deionization efficiency of EDI with (a) 0.5–8.0 V applied voltage at 7.5 mm 

internal electrode distance; (b) 7.5–80 mm internal electrode distance at 3.0V 

applied voltage 
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(b) 

Fig. 3 (a) Total nitrogen mass balance in terms of ammonium, ammonia, and other 

nitrogen compounds of synthetic wastewater (SW) and raw landfill leachate (RL); 

(b) CV curves of EDI at 0–1.23 V vs. Ag/AgCl under 0.5–10 mV s-1 for the anolyte 
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(c) 

Fig. 4 V-I and P-I polarization curves of SOFC fed with (a) 0–60% NH3 in H2–NH3 

mixture at 750 °C; (b) 20–80% CH4 in CO2–CH4 mixture at 750 °C; (c) Biogas with a 

mixture of 68% CH4 and 32% CO2 (v/v) from a laboratory-scale AD reactor at 750 °C 

 458 

 459 

 460 

 461 

 462 



27 
 

 

Fig. 5 Comparisons of mass and energy flow between AS–CHP and EDI–SOFC  

   463 
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Fig. 6 Mobility of metal ions as functions of ion radii and concentration (mg L-1) 

 464 
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 467 

Notation 

EDI Electrodeionization 

SOFC Solid oxide fuel cells 

COD Chemical oxygen demand 

CHP Combined heat and power 

AS Air stripping 

IED Internal electrode distance 

EBR Energy balance ratio 

468 
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 469 

Table 1 Energy benefits from different concentrations of ammonium wastewater through the EDI–SOFC system* 470 

Experiment NH4
+-N 

Concentration 

Deionization 

 

% 

Treatment 

Capacity 

Operating 

Period 

Energy 

Recovery 
Energy Input 

Net Energy 

Revenue 
Energy Balance 

Ratio 

M m3 d-1 hr kJ m-3 d-1 

Batch  0.025 95 0.00024 2 45,853.1 92,584.2 -46731.1 0.50 

0.05 92 0.00024 2 70,493.6 93,649.8 -23156.3 0.75 

0.10 87 0.00024 2 87,117.7 114,604.0 -27486.3 0.76 

0.25 83 0.00024 2 134,437.9 112,441.9 21996.0 1.20 

0.50 76 0.00024 2 185,549.8 163,890.2 21659.6 1.13 

Semi-continuous 0.21 98 0.00288 0.16 71,391.2 40,578.7 30,812.5 1.76 

* The detailed calculation is available in the supporting information.  471 

 472 

 473 

 474 
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Table 2 Comparisons of ammonium removal/recovery processes integrated with anaerobic treatment per removal of 1 mole of NH4
+ with 475 

3.47 mole of biodegradable COD (a biodegradable COD /N ratio of 7.9), typical of U.S. medium strength wastewater [80, 81].  476 

Processes 

Sludge 

Yield 

Oxygen 

Requirement 

Energy Sources 

Energy Potential* 

Energy 

Input** 

Energy Balance 

Ratio 

Reference CH4 N2O NH3 H2 

g mol kJ 

Nitrification–

Denitrification 

26.0 52 0.85 - - - 753 219.2 3.43 [82] 

Nitrification–

Anammox*** 

18.3 42 1.29 - - - 1142 176.9 6.45 [73] 

CANDO 15.8 42 1.29 0.58 - - 1186 176.9 6.70 [83] 

EDI–SOFC 13.3 - 1.80 - 0.80 1.86 2388 113.6 21.02 This study 

*Estimated according to ΔHR
0 of Eq.1 to Eq. 6. 477 

**1.17 kWh kg-1-O2 for aeration[84], and 2.32 kWh kg-1-NH3 for recovery (this study) 478 
*** anammox: anaerobic ammonium oxidation 479 
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Table 3 Ions removal from the raw landfill leachate through the semi-continuous EDI 480 

reactor 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

Pollutants 
Raw Landfill Leachate EDI Effluent Removal Efficiency 

(%) mg L-1 

PO4
3- 414 20.6 95.02 

NO2
--N 1.4 0.56 96.14 

NO3
--N 104 8.5 83.65 

SO4
2- 319 112.5 64.73 

NH4
+ 2956.6 61.5 98.97 

Ag 0.24 0.02 92.59 

Al 1.53 0.69 54.52 

As 0.27 0.02 91.81 

Ba 0.08 0.01 90.00 

Ca 25.34 2.71 89.32 

Co 0.10 0.02 84.31 

Cr 0.79 0.02 96.97 

Cu 0.05 0.00 89.71 

Fe 2.13 0.08 96.07 

K 884.38 1.87 99.79 

Mg 60.11 2.33 96.12 

Ni 0.39 0.03 92.83 

Pb 0.14 0.02 85.71 

Sb 0.04 0.00 94.44 

Se 0.04 0.03 20.00 

Sr 0.15 0.03 77.63 

Zn 1.41 0.04 97.23 
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