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nia recovery through pH
polarization in bipolar membrane electrodialysis†

Sandali Panagoda,a Pengyi Yuan,b Vladimir Pavlovic,b John Barberb

and Younggy Kim *a

Ammonia recovery from food waste (including its liquid digestate) is highly emphasized in wastewater

treatment and management. Among various membrane-based separation technologies, bipolar

membrane electrodialysis (BMED) without anion exchange membranes (AEMs) is an attractive candidate

for selective ammonia separation with reduced scaling problems. In this study, a bench-scale BMED

stack was built using 5 pairs of cation exchange membranes (CEMs) and bipolar membranes (BPMs). A

simulated food liquid digestate was treated using a lab-scale BMED stack to examine the ammonia

separation with 3 different intermembrane distances (0.82, 1.64, and 2.46 mm). The highest electric

current and ammonia separation were obtained for the intermembrane distance of 1.64 mm, while the

BMED stack with 3 spacer gaskets (2.46 mm) still showed comparable separation performance without

significant decreases in electric current or ammonia recovery. The residual Ca2+ and Mg2+ in the

cleaning-in-place (CIP) solutions indicated that there were no noticeable scaling problems during the

BMED operation. Finally, the pH polarization between the base and feed cells was found to minimize the

ammonia back-diffusion even with the highly accumulated ammonia concentration (>11 000 mgN L−1) in

the base cell. With the relatively low energy requirement (1.24–6.78 kW h kgN
−1), BMED lacking AEMs

with wide intermembrane distances was confirmed to be a sustainable candidate for ammonia recovery

from wastewater with high levels of ammonia.
Environmental signicance

Contamination of aquatic bodies with nitrogenous compounds causes eutrophication, which degrades the quality of water making it unt for consumption and
survival of aquatic life. Therefore, minimizing the entry of nitrogenous waste into natural waters is crucial in maintaining a healthy ecosystem. This research
work focused on extracting ammonium in food liquid digestate prior to discharging to the environment. An ion exchange membrane-based separation tech-
nology called bipolar membrane electrodialysis was used to extract ammonium nitrogen. The results showed that this technology can accumulate ammonia up
to 11 000 mgN L−1 without diffusive losses due to the pH polarization between the base and feed cells, proving it to be a sustainable candidate for ammonia
separation from food liquid digestate.
1. Introduction

Anthropogenic discharge of nitrogenous compounds leads to
adverse environmental effects including eutrophication, which
has become one of the pressing environmental concerns
worldwide. Algal blooms formed due to eutrophication prevent
penetration of oxygen and sunlight, which ultimately results in
deterioration of water quality and aquatic life. Therefore,
prevention of eutrophication is important in maintaining
a healthy aquatic ecosystem.1 This can be achieved by reducing
the entry of nitrogenous waste into the environment. Moreover,
r University, 1280 Main Street West, L8S
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the demand for nitrogen across the globe and stringent regu-
lations on nitrogenous waste discharge to the environment can
be met if nitrogenous compounds can be recovered from high-
strength wastewater such as liquid digestate from the food
industry. Food waste liquid digestate contains a signicant
concentration of ammonia (>5000 mgN L−1). The Haber–Bosch
process is currently employed for ammonia production, which
is energy-extensive and requires a signicant carbon footprint
as well.1,2 Therefore, this study focused on efficient selective
ammonia recovery as ammonium hydroxide from simulated
food liquid digestate.

Bipolar membrane electrodialysis (BMED) can be used for
acid and base production.3,4 Moreover, BMED technology has
been examined recently for the wastewater treatment industry5,6

and recovery of ammonia using synthetic wastewater.7 The
production of protons in the BMED system prevents the scale
formation in the feed reservoir and the hydroxide production
Environ. Sci.: Adv., 2024, 3, 1309–1316 | 1309
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Fig. 1 BMED stack configuration and flow inside the stack.

Table 1 Physiochemical properties of IEMs supplied by the
manufacturer

Property CR62T AR103N BPM

Thickness (mm) 0.32 0.38–0.42 1.1
Burst strength (psi) 85 95
Ion-exchange capacity (meq per gram of
dry membrane)

2.60 2.37

Resistivity in 0.5 N NaCl at 25 °C (U cm2) 6 3.48
Permselectivity (%) 97 92
pH operation range 1–14 1–14 1–14
Maximum current density (mA cm−2) 32.5 32.5 32.5
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accelerates scaling in the base reservoir. Therefore, anion
exchange membranes (AEMs), which are more susceptible to
fouling were replaced by bipolar membranes (BPMs) to avoid
scaling and fouling problems in conventional electrodialysis
(ED) systems, and also separation of anions was of no interest in
this study.

A single cell pair of the BMED stack employed in this study
consists of a feed cell and a base cell separated by a cation
exchange membrane (CEM) and a BPM. Spacers are placed in
between the ion exchange membranes (IEMs) and BPMs to
provide space for the solutions to ow inside the cell by main-
taining the intermembrane distance. Mixing of solutions in the
cells is also facilitated by the presence of spacers, intensifying
mass transfer by thinning the boundary layer.8,9 The spacer
thickness also affects the stack resistance. The resistance of the
BMED stack increases with increasing spacer thickness.8 The
high conductivity of high strength wastewater (feed compart-
ment) and production of hydroxides in the base compartment
during BMED operation assist in overcoming the resistance
created by the spacers unlike conventional ED. Therefore, the
intermembrane distance can be larger for BMED operation in
comparison to conventional ED. Furthermore, when the spacer
thickness is too small, a restriction for the ow of digested
sludge in the narrow cells can limit practical ED and BMED
applications for nutrient recovery. Moreover, Zhong et al.9 sug-
gested the use of two spacers to increase the intermembrane
distance for practical ED applications. However, thinner
spacers in the base cell are preferable in this study as the
conductivity of the base solution was relatively low in compar-
ison to the feed solution. Therefore, the ohmic resistance in the
base cells needs to be minimized with the use of the thinner
spacer (0.82 mm). Moreover, the effect of intermembrane
distance in BMED systems on ammonia recovery has not yet
been studied. Thus, this study also attempts to investigate the
optimal intermembrane distance of the BMED stack for effi-
cient ammonia recovery.

Another important objective of this work is to investigate the
role of pH polarization in ammonia separation. In BMED
lacking AEMs, the base cell pH increases above the pKa of
ammonium ions (9.4). As a result, ammonium ions transferred
from the feed cell are converted into electrically neutral
ammonia. We hypothesize that this pH polarization across the
CEM can be used to slow down the potential back diffusion of
ammonia from the base to the feed.

2. Materials and methods
2.1 Setting up the BMED

A bench-scale BMED stack (Fig. 1) was constructed using 5
CEMs (CR62T, Veolia Water Technologies & Solutions, Canada)
and 5 BPMs (AR103N and CR61, Veolia Water Technologies &
Solutions, Canada).2,10 An extra AEM (AR103N, Veolia Water
Technologies & Solutions, Canada) and a CEM (CR62T, Veolia
Water Technologies & Solutions, Canada) were placed near the
anode and cathode chambers, respectively, to prevent the
transfer of ions in the feed reservoir to the electrode rinse
reservoir. The BMED stack consisted of feed and base channels
1310 | Environ. Sci.: Adv., 2024, 3, 1309–1316
(Fig. 1) as acid stream was not present due to lack of AEMs. The
intermembrane distance in the stack was maintained using
polyethylene mesh spacers of the overall dimensions 16.5 × 7.5
cm2 with an effective IEM surface area of 36.7 cm2 (10.5 × 3.5
cm2). Titanium plates coated with platinum were used as elec-
trodes. The physiochemical properties of IEMs are shown in
Table 1.
2.2 BMED operation

The system was operated using an electric eld provided by the
anode and the cathode which were connected to an external
power supplier (Model 9201, BK Precision, USA). A synthetic
feed solution representative of liquid digestate from food waste
was prepared in the lab. The composition used for preparation
is given in Table 2. Note that we assumed the liquid digestate of
food waste for the feed solution. The BMED operation was
carried out with 1000 mL of synthetic feed solution and 250 mL
of deionized water as the base reservoir to recover ammonium
hydroxide with maximum purity. A volume of 1000 mL of 0.1 M
Na2SO4 was used as the electrode rinse solution. The system was
operated for 90 minutes allowing recirculation of all three
solutions using peristaltic pumps which were connected
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00082j


Table 2 Composition of the synthetic food liquid digestate

Parameter Average and standard deviation Ref.

Ammonium chloride 5000.00 � 0.001 mg L−1 11
Calcium chloride 88.78 � 0.001 mg L−1 12
Magnesium chloride 95.21 � 0.001 mg L−1 13
Sodium bicarbonate 8400.00 � 0.001 mg L−1 14
Sodium chloride 409.08 � 0.001 mg L−1 15
Potassium chloride 149.10 � 0.001 mg L−1 14
pH 7.86 � 0.049 —
Conductivity 49.11 � 0.276 mS cm−1 —

Table 3 Composition of the reactors used in back diffusion
experiments

Low ammonia cell
(initial pH)

High ammonia cell
(initial pH)

Test 1 NaHCO3 (6.4) 0.357 M NH4OH (11.2)
Test 2 0.4 M NaOH (13.6) 0.357 M NH4OH (11.2)
Test 3 0.4 M NaHCO3 (6.5) 0.357 M NH4Cl (6.3)
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separately to each reservoir. Deionized water was circulated in
the stack prior to starting the experiments for ve minutes to
eliminate the air bubbles trapped inside. The linear velocity of
the feed and base channels was maintained at 1.61 cm s−1 and
the electrode rinse at 4.65 cm s−1 throughout the operation.
Duplicate experiments were performed at ve different voltages
by varying the intermembrane distance in the feed compart-
ment. The intermembrane distance of the feed cell was
manipulated by using 1, 2, or 3 gasket(s) and spacer(s) between
IEMs. When a single gasket/spacer was placed in the feed cell,
the chamber thickness was 0.82 mm. Introducing two gaskets/
spacers resulted in a cell thickness of 1.64 mm, while three
gaskets/spacers increased the cell thickness to 2.46 mm.
Throughout all experiments, the thickness of the base cell
remained constant at 0.82 mm. The linear water ow velocity of
the feed cell was maintained constant by increasing the ow
rate according to the intermembrane distances.
2.3 Clean-in-place (CIP)

The clean-in-place procedure (CIP) was carried out by using 5%
HCl followed by 5% NaCl for 30 minutes by alternating the ow
direction every 15 minutes. The BMED stack was cleaned using
6 L of deionized water before and aer the CIP. The cations in
the CIP solutions from the feed and base aer completion of
experiments with 2.46 mm intermembrane distance were
quantied to investigate the scaling in the chambers.
2.4 Voltage drop per cell pair

The voltage drop at the electrodes was found by assembling
a stack with the electrodes, 1 CEM (CR62T, Veolia Water Tech-
nologies & Solutions, Canada), and 1 AEM (AR103N, Veolia
Water Technologies & Solutions, Canada). The reservoirs used
were feed (1000 mL of synthetic solution) and electrode rinse
(1000 mL of 0.1 M Na2SO4) only. The voltage applied was
increased every three minutes, and the average current was
found (Fig. S4†). The cell pair voltage was determined using the
following equation.

Cell pair voltage dropðVÞ ¼ Etotal � Eelectrodes

Number of cell pairs

where Etotal is the total voltage applied to the stack, while
Eelectrodes is the voltage consumed by the electrodes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.5 Back-diffusion experiments

Three bench-scale reactors were built using polypropylene
blocks. In the reactor, two cells (each 15 mL) were separated by
a CEM (CR62T, Veolia Water Technologies & Solutions, Can-
ada), where one cell was a low ammonia cell and the other one
was a high ammonia cell (Table 3). In this experiment, the effect
of pH in these cells on the back-diffusion of ammonia from the
high to low ammonia cell depending on whether ammonia is
present as NH4

+ or NH3 was examined.
2.6 Experimental analysis

Experimental measurements such as pH, conductivity (Orion
Versa Star, Thermo Scientic, USA) and ammonia concentration
(Ammonia test kits, Method 10 205, Hach Company, USA) were
obtained at 0, 30, 60, and 90 minutes in the feed and base
samples collected from voltage application experiments. The
samples (including CIP) were further analysed using Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Vista
Pro, Varian Inc., Australia) for other cations, namely, Ca2+,
Mg2+, and K+. Prior to ICP-OES analysis, the samples were
treated with 70% nitric acid (w/w) and then ltered using
syringe lters with a pore size of 0.45 mm (polyethersulfone
membrane, VWR International, USA). Samples from the low
ammonia side in each reactor from the back-diffusion experi-
ments were collected every 30 minutes, and ammonia concen-
tration (Ammonia test kits, Method 10 205, Hach Company,
USA), pH (Orion Versa Star, Thermo Scientic, USA) and
conductivity (Orion Versa Star, Thermo Scientic, USA) of the
samples were measured.
2.7 Energy requirement

The energy requirement (kW h kgN
−1) of the BMED stack was

calculated using the following equation. The energy pertaining
to pumping is not considered as it is relatively low in
comparison to the energy used for voltage applications in
BMED.16

Energy consumption ¼
P

EappliedItDt

3600� �
CF0

VF0
� CFt

VFt

�

where Eapplied (V) is the voltage applied for a single experiment,
It (A) is the electric current at time t, and Dt (s) is the time
interval. CF0

(kg L−1) and CFt
(kg L−1) are the free ammonia

concentration in the feed solution at time 0 and t. VF0
(L) and VFt

(L) are the volumes of the feed reservoir at times 0 and t.
Environ. Sci.: Adv., 2024, 3, 1309–1316 | 1311
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Fig. 2 Change in average current density with average voltage applied
with 0.82, 1.64, and 2.46 mm intermembrane distances.
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3. Results and discussion
3.1 Effect of intermembrane distance on current density

The highest current density was observed consistently for an
intermembrane distance of 1.64 mm (i.e., two gaskets between
IEMs) (Fig. 2). For instance, the average current density with 2
gaskets was higher by 8.2% compared to that with a single
gasket between IEMs and higher by 22.4% compared to that
with three gaskets in the feed cell for the voltage application of 6
V per cell pair. It should be emphasized that the feed ow
velocity was consistent at 1.61 cm s−1 for the 3 different inter-
membrane distance conditions; thus, the hydrodynamic mixing
condition can hardly explain this result. However, the relatively
fast water ow velocity (1.61 cm s−1) facilitated sufficient mass
transfer in the BMED cells. Furthermore, the feed solution
consistently showed very high conductivity due to acid
production at the bipolar membrane. The feed solution
conductivity decreased slightly from 49.30 to 43.80 mS cm−1

over the 90 minute experiments at 6 V per cell pair (Fig. S3†),
resulting in a negligible electric potential drop in the bulk
phase. For instance, the current density of 20 mA cm−2 required
voltage consumptions of 0.1569, 0.1620 and 0.1545 V in the
0.82, 1.64, and 2.46 mm thick feed cells, respectively, according
to Ohm's law. Considering the cell pair voltage of 5.83–5.91 V,
these voltage consumptions in the feed cell are practically
Fig. 3 Change in ammonia concentration of feed and base reservoirs o
2.46 mm intermembrane distances.

1312 | Environ. Sci.: Adv., 2024, 3, 1309–1316
negligible (only 2.61–2.79% of the applied voltage per cell pair).
Thus, the high conductivity of the feed solution resulted in
negligible differences in the electric current density.17 This
observation was valid for the large intermembrane distance of
up to 2.46 mm.

The concentration of ammonia in food waste typically
ranges from 7000 to 20 000 mgN L−1, and the resulting leachate
has been observed to contain ammonia within the range of
1000 to 2000 mgN L−1.18 This high ammonia concentration
along with high conductivity allowed the use of thicker feed
cells up to 2.46 mm in this study. Furthermore, food waste
digestate inevitably contains high solid concentrations. As only
charged ions are transferred towards the electrodes through
the membranes, BMED applications do not require intensive
pretreatment in comparison to other treatment technologies
such as RO and NF.19

In addition, digested food waste sludge can even be directly
introduced into BMED stacks for ammonia separation if the cell
thickness is 2.5 mm or thicker as also previously reported.20

Therefore, the use of BMED with a thick inter-IEM distance can
be broadly applied for effective ammonia separation from
digested food waste.

3.2 Effect of intermembrane distance on ammonia recovery

The highest ammonia removal of 81.3% was achieved at 35 V
with two gaskets in the feed cells, while it was 79.8% with
a single gasket and 72.2% with three gaskets (Fig. 3). This
nding is consistent with the current density results as the
maximum current density was obtained with two gaskets in the
feed cell. It should be noted that the ammonia removal in the
feed reservoir was used for the separation efficiency (not the
ammonia accumulation in the base reservoir) due to the
ammonia loss by volatilization from the base reservoir. The
base pH was increased up to 10.9 (Fig. S2†), and the total
ammonia concentration was above 11 gN L−1, resulting in
volatilization losses from the base reservoir as previously re-
ported.10 The ammonia removal rate was faster in the rst 30
minutes, but it declined aerwards (Fig. 3). Also, the ammonia
removal rate became almost constant regardless of the applied
voltage in the last 30 minutes as the feed concentration proles
have similar slopes. This observation can be explained by the
signicant concentration gradient between the feed and the
base.2
ver time at different voltage applications with (A) 0.82, (B) 1.64, and (C)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ammonia concentration in the low concentration cell of the
back-diffusion test; test 1: NaHCO3 and NH4OH; test 2: NaOH and
NH4OH; test 3: NaHCO3 and NH4Cl.
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Another factor affecting slow ammonia recovery during the
last 30 minutes is the transfer of H+ through the CEM. However,
considering the feed and base pH, the H+ leakage through the
CEM must be negligible compared to ammonia back diffusion.
Regarding electroosmosis, the feed volume was decreased from
1000 mL to 972 mL (35 V application with 1.64 mm inter-
membrane distance). This water transport is likely to be driven
by electroosmosis as osmotic water transport was minor
because of the relatively short operation (90 min). Back-diffu-
sion of ammonia due to non-ideal nature of the CEM can
explain the slowed separation of ammonia for the last 30
minutes of BMED operation.
3.3 pH Polarization between the feed and the base

It should be noted that the separation of ammonia continued
(negative slopes of the feed concentration in Fig. 3) even though
the base ammonia concentration reached 11 gN L−1.

The pH polarization across CEMs led to alkaline pH in the
base cell due to the creation of hydroxide ions in the BPM
(Fig. S2†). This alkaline pH converts ammonium ions (trans-
ferred from the feed cell) into electrically neutral free ammonia.
This ammonia speciation due to the pH polarization is
responsible for successful prevention of ammonia back-diffu-
sion even with a high ammonia concentration in the base cell.

A separate experiment was conducted, and we found that the
pH polarization plays an important role in preventing ammonia
back diffusion in the BMED separation (Fig. 4).
Fig. 5 Removal efficiency of cations at different voltage applications wi

© 2024 The Author(s). Published by the Royal Society of Chemistry
The reaction of NH4
+ with OH− produces both NH3 and

water (H2O). The additional water formed can contribute to an
increase in the total volume of the solution, thereby inevitably
diluting the concentrations of other solutes present. Further-
more, when NH3 is formed in the solution, it subsequently
volatilizes reducing the total concentration of solutes, causing
a dilution effect. To mitigate the loss of ammonia to the
atmosphere by volatilization, a closed system design should be
considered.
3.4 Cation competition on ammonia recovery

The individual cationic separation was similar between the
intermembrane distances of 0.82 and 1.64 mm, while 1.64 mm
showed the highest separation efficiency for all voltage appli-
cations (Fig. 5). This can be explained with comparatively high
current densities for the intermembrane distance of 1.64 mm.
The cation with the highest separation efficiency at 30 and 35 V
was found to be K+ for all three intermembrane distances, fol-
lowed by NH4

+. However, for the lower voltage applications (15,
20, and 25 V), the separation efficiency of NH4

+ was higher than
that of K+ for all intermembrane distances. This trend can be
explained as the CEM in the BMED stack (CR62T) is more
favourable for mono-valent separation.10

The ammonia separation was faster than K+ for the low
voltage applications (15, 20, and 25 V). In contrast, in the high
voltage applications (30 and 35 V), the separation of NH4

+ pro-
ceeded at a slower rate compared to the K+ separation despite
the similar equivalent ionic conductivities of K+ and NH4

+

(0.00735 m2 S mol−1).21 Although additional experiments are
necessary to clarify this observation, the CEM selectivity and
concentration polarization in the feed-side boundary near the
CEM are thought to affect this competitive separation between
K+ and NH4

+. For instance, for the low voltage applications, the
CEM selectivity had a more dominant effect on the competition
and vice versa for the high voltage applications.
3.5 Scaling in BMED

The residual concentrations of Ca2+ and Mg2+ in the CIP solu-
tions were below 3%, indicating that the precipitation of salts of
Ca2+ and Mg2+ during BMED operation was not signicant.
However, the residual concentrations of Ca2+and Mg2+ in the
CIP solution were found to be higher in the base reservoir than
in the feed reservoir (Fig. 6). This can be explained by
th (A) 0.82, (B) 1.64, and (C) 2.46 mm intermembrane distances.

Environ. Sci.: Adv., 2024, 3, 1309–1316 | 1313
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Fig. 6 Percent residual of cations in feed and base channels found in CIP solutions.

Fig. 7 Energy requirement of the membrane stack at (A) 30 minutes of operation, (B) 60 minutes of operation, and (C) 90 minutes of operation.
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concentration polarization on the base side due to the forma-
tion of steep concentration gradients. Concentration polariza-
tion promotes deposition of Ca2+and Mg2+ precipitates on the
membrane surface at the base side.16 The generation of OH−

ions due to water splitting at the bipolar membrane junction
was greatly induced at high voltage applications promoting
deposition of hydroxides of Ca2+and Mg2+.2 In a previous study
conducted by Guo et al.,2 with dewatering centrate, they
observed greater amounts of precipitation ranging 48–59% of
Ca2+ and 36–43% of Mg2+ in the CIP solutions in comparison to
the initial mass of Ca2+ and Mg2+ in the dewatering centrate.
The substantially low precipitation of Ca2+ and Mg2+ in this
study can be explained by the high affinity of the CEM to NH4

+

compared to Ca2+ and Mg2+. This can be further demonstrated
by the slight drop in conductivity of the feed reservoir (Fig. S3†)
at the end of experiments implying rapid NH4

+ transfer through
the CEMs compared to di-valent cations.10 The residual
concentrations of K+ and NH4

+ in the CIP solutions were found
to be below 5%, and the precipitation of K+ and NH4

+ salts was
not a concern in our study as they are highly soluble.
3.6 Energy requirement

The total energy requirement ranged widely from 0.8 to 5.3 kW
h kgN

−1 depending on the applied voltage, operation time, and
1314 | Environ. Sci.: Adv., 2024, 3, 1309–1316
intermembrane distance (Fig. 7). In a previous study, the
average energy requirement for BMED operation in ammonia
recovery varied between 7 and 16 kW h kgN

−1 with an ammonia
recovery of 95%.10 In another study, an energy requirement of
9.6–24.2 kW h kgN

−1 was reported for an ammonia recovery of
70%.2 A recent study conducted by Guo et al.22 obtained an
ammonia recovery of 74% with an energy requirement of 8.12–
11.9 kW h kgN

−1. Furthermore, a low energy requirement of 4.5
kW h kgN

−1 was achieved by Ali et al.,23 by employing a bench-
scale BMED stack; however, the ammonia recovery was only
50% over an operation period of 120 minutes. Therefore, the
energy requirement for the thick intermembrane distance (up
to 2.46 mm) was still comparable to those reported in previous
BMED studies.
3.7 Fouling control in BMED

Fouling was not a signicant concern in this study due to the
absence of soluble COD or large particulate materials in the
feed solution. However, the use of AEMs was minimized in this
study (except at the cathode terminal) as there was no interest in
anion separation and to avoid fouling problems. The stable
current densities obtained in the separation experiments
showed that both scaling and fouling problems did not inu-
ence the overall performance of the BMED stack (Fig. S1†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

BMED constituting CEMs and BPMs was investigated for efficient
ammonia recovery from simulated food liquid digestate.
Different voltages were applied to recover ammonia by increasing
the intermembrane distance from 0.82, 1.64, and 2.46 mm to
identify the optimal intermembrane distance for efficient
recovery of ammonia. The results showed that 0.82 and 1.64 mm
intermembrane distances work best for ammonia recovery, while
the 1.64 mm intermembrane distance showed the highest
recovery efficiency. However, the reduction in ammonia recovery
efficiency was not very signicant with the 2.46 mm intermem-
brane distance. Therefore, we concluded that the intermembrane
distance can be increased up to 2.46 mm in BMED operations for
treating food liquid digestate. Another key nding of this study
was that the pH polarization across the CEMs assists in mini-
mizing the back-diffusion of ammonia. The alkaline pH in the
base reservoir helped the formation of electrically neutral
ammonia which was incapable of diffusing back through the
CEMs. Furthermore, the neutral pH in the feed reservoir reduced
the back-diffusion of ammonia in contrast to alkaline pH. In
cation separation tests, the 1.64 mm intermembrane distance
displayed the highest cation separation efficiency. K+ was sepa-
rated rapidly at higher voltage applications than NH4

+, while at
lower voltage applications, NH4

+ separation was dominant over
K+. The results of scaling tests indicated very low residual
concentrations (<3%) of salt forming cations such as Ca2+ and
Mg2+, which conrmed that the regular CIP procedure was
successful in reducing scale formation. The energy requirement
of the BMED stack with the wider intermembrane distances (up
to 2.46 mm) was found to be analogous to previous studies,
which were signicantly low in comparison to traditional
ammonia production processes such as Haber–Bosch. Therefore,
efficient separation of NH4

+ from high strength wastewater can
be achieved using BMED technology, thereby reducing the
nitrogen load in the environment while meeting the nitrogen
demand of various industries.
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