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While air stripping combined with acid scrubbing remains a competitive technology for the removal and re-
covery of ammonia from wastewater streams, its use of strong acids is concerning. Organic acids offer promising
alternatives to strong acids like sulphuric acid, but their application remains limited due to high cost. This study
proposes an integration of air stripping and organic acid scrubbing with bipolar membrane electrodialysis
(BPMED) to regenerate the organic acids. We compared the energy consumption and current efficiency of
BPMED in recovering dissolved ammonia and regenerating sulphuric, citric, and maleic acids from synthetic
scrubber effluents. Current efficiency was lower when regenerating sulphuric acid (22 %) compared to citric (47
%) and maleic acid (37 %), attributable to the competitive proton transport over ammonium across the cation
exchange membrane. Organic salts functioned as buffers, reducing the concentration of free protons, resulting in
higher ammonium removal efficiencies with citrate (75 %) and malate (68 %), compared to sulphate (29 %).
Consequently, the energy consumption of the BPMED decreased by 54 % and 35 % while regenerating citric and
maleic acids, respectively, compared to sulfuric acid. Membrane characterisation experiments showed that the
electrical conductivity ranking, ammonium citrate > ammonium malate > ammonium sulphate, was mirrored by
the energy consumption (kWh/kg-N recovered) ranking, ammonium sulphate (15.6) < ammonium malate (10.2)
< ammonium citrate (7.2), while the permselectivity ranking, ammonium sulphate > ammonium citrate >
ammonium malate, aligned with calculated charge densities. This work demonstrates the potential of combining
organic acid scrubbers with BPMED for ammonium recovery from wastewater effluents with minimum chemical
input.

1. Introduction environmental effects and reduce energy demands.

Municipal wastewaters contain relatively high total ammoniacal

Ammonia (NH3) is an important raw material in the production of
nitrogen-based fertilisers essential for food production (Kar et al., 2023;
Reis et al., 2016). It is estimated that the Haber Bosch process, used to
produce NHs, consumes approximately 1-2 % of the world’s total en-
ergy (Qin et al., 2023). An estimated 19 % of the produced NHs ends up
in the environment emitted from wastewater treatment facilities, agri-
cultural runoff, landfill leachate and industrial liquid waste (Cruz et al.,
2019; Deng et al., 2021; Munasinghe-Arachchige and Nirmalakhandan,
2020). Recently, NH3 has gained research attention as a fuel source and
hydrogen carrier in the hydrogen economy, due to its transport flexi-
bility and energy storage capabilities, making it a versatile chemical
(El-Shafie and Kambara, 2023; Olabi et al., 2023). Considering its
relevance in human sustenance and the subsequent environmental
pollution, it is imperative to remove and recover ammonia, to mitigate
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nitrogen (TAN) concentrations that have to be reduced before dis-
charging into natural water bodies (Carey and Migliaccio, 2009). As
such, advanced regulations to limit TAN discharged from municipal
wastewater treatment facilities have been implemented to mitigate
environmental impact (Corominas et al., 2013). Recently, the removal
and recovery of ammonia from concentrated streams, such as sludge
reject water from municipal wastewater treatment plants (WWTP), has
been the focus of several studies and reviews (El-Shafie and Kambara,
2023; Mohammadi et al., 2021b; Palakodeti et al., 2021; Ronan et al.,
2021; Wu and Vaneeckhaute, 2022; Yellezuome et al., 2022). Conven-
tionally, biological methods involving nitrification and denitrification
have been applied to reduce TAN before discharge. However, the
aeration requirement makes the technology energy intensive at
approximately 45 MJ/kg N removed (Zhang and Liu, 2021). While the
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more recent anaerobic ammonia oxidation (anammox) technology
significantly reduces the energy requirement, there are concerns about
the emission of N3O, a potent greenhouse gas, as well as increased sludge
production, which in turn increases treatment costs (Cho et al., 2019;
Cruz et al., 2019; Dutta et al., 2022). In addition, the presence of
Legionella spp. in aerosols from full-scale anammox reactors has raised
concerns among Dutch water authorities, causing them to hesitate
implementing more of these systems (Oesterholt, 2022).

Recent studies indicate that physicochemical methods have great
potential in removing and recovering ammonia from wastewater
streams without suffering from above constraints (Zhu et al., 2024).
These methods include air stripping (Errico et al., 2018; Jamaludin
et al., 2018; Kinidi et al., 2018; Vaneeckhaute et al., 2018), adsorption
(Fang et al., 2023; Zhao et al., 2023), struvite precipitation (Otieno
et al., 2023; Wu and Vaneeckhaute, 2022), capacitive deionisation (Gao
et al., 2020; Kurz et al., 2020; Sakar et al., 2017) and membrane based
technologies (Gao et al., 2020; Mohammadi et al., 2021b; Saabas and
Lee, 2022; Zhu et al., 2024). In particular, ammonia air stripping has
been widely applied because it is relatively easy to operate, achieving
>90 % ammonia removal from wastewater, and can tolerate solids in the
liquid phase (Kar et al., 2023; Kim et al., 2021; Kinidi et al., 2018;
Vaneeckhaute et al., 2018). Combining air stripping with acid scrubbing
allows for ammonia recovery and reuse as fertiliser, promoting circu-
larity and economic viability (Wu and Vaneeckhaute, 2022).

Air stripping and acid scrubbing, herein referred to as ASAS, is a two-
step mass transfer process for ammonia removal and recovery. TAN in
wastewater typically exists in two main forms: unionized free ammonia
(NHs) and charged ammonium (NHZ). The proportions of these forms
depend on the pH of the wastewater (Gustin and Marinsek-Logar, 2011).
Sludge reject water from municipal WWTPs typically contain a signifi-
cant portion of NHJ that is less prone to volatilisation (Eskicioglu et al.,
2018; Zhang and Liu, 2021). However, for efficient ammonia removal,
the pH of this wastewater is often raised, which increases the proportion
of free ammonia (FA) that is more readily transferred to the gas phase
during air stripping (Kim et al., 2021). An increased pH is achieved
through addition of alkaline agents such as sodium hydroxide (NaOH) or
simultaneously stripping of carbon dioxide alongside NHj3 (Campos
et al.,, 2013; Zhao et al., 2015). Increasing temperatures in the range
20-80 °C increase FA by decreasing the solubility of NH3 in solution.
Moreover, increasing airflow rate has shown to influence the interaction
between gas and liquid phases by decreasing the boundary layer and
consequently enhancing the mass transfer rate from the liquid to the gas
phase (Oudad et al., 2022; Walker et al., 2011).

Strong acids such as sulphuric, nitric, hydrochloric acids are used to
react with the resulting ammonia-laden air stream, forming ammonium
salts. The resulting ammonium salts are considered free from contami-
nants, including organic compounds and non-volatile substances, due to
the selective air stripping process. This allows for direct application of
the salts as fertilizers or for processing in various industrial applications,
without the need for purification. (Kinidi et al., 2018; Palakodeti et al.,
2021; Yellezuome et al., 2022). Nonetheless, to obtain high purity fer-
tilisers, supplying excess acid is critical, necessitating the storage of
significant amounts of acids at ASAS facilities (Hadlocon et al., 2014;
Jamaludin et al., 2018).

Most ASAS processes reported in literature utilize sulphuric acid
(H2SO4) to completely protonate ammonia due to its comparatively low
price and the extensive market for the resulting (NH4)2SO4 (van Zelm
et al., 2020; Vaneeckhaute et al., 2017). The use of strong acids poses
operational and safety concerns due to their corrosive nature and po-
tential health hazards to operators, prompting the need for research into
safer acid alternatives (Soto-Herranz et al., 2022; Yellezuome et al.,
2022). While Ashtari et al. (2016) proposed the use of dilute HoSO4 (up
to pH 4) in acid scrubbers to protonate ammonia in waste air streams,
this approach necessitates modifications to the scrubber operation,
including reduced flow velocities and increased acid dosages, which
may lead to additional operational expenses (Ashtari et al., 2016).
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While there is relatively limited research on the use of organic acids
as scrubbing agents in ASAS installations, existing studies have
demonstrated their potential as alternatives to sulfuric acid. A
comparative study by Jamaludin et al. (2018) demonstrated that citric
acid has scrubbing efficiencies comparable to sulfuric acid (Jamaludin
et al., 2018). Additionally, a theoretical study by Starmans and Melse
(2011) highlighted the feasibility of citric and maleic acids, considering
factors such as ammonia binding strength, biodegradability of the
resulting liquid fertilizer, and safety during handling (Starmans and
Melse, 2011). Another study, conducted by Soto-Herranz et al. (2022),
evaluated eight scrubbing solutions for ammonia removal using a gas
permeable membrane. From an environmental, economic, and capture
efficiency standpoint, water, phosphoric acid, and citric acid emerged as
viable alternatives to sulfuric acid (Soto-Herranz et al., 2022). Despite
their promising potential, the implementation of organic acids as
scrubbing agents at pilot scale and full-scale ASAS installations is yet to
be demonstrated. This can be attributed to the higher cost of organic
acids compared to sulfuric acid and the absence of a commercial market
for the resulting ammonium salts due to regulatory challenges
(Jamaludin et al., 2018).

To mitigate the costs associated with organic acids, coupling a bi-
polar membrane electrodialysis (BPMED) unit downstream of the ASAS
process presents a promising solution. BPMED combines the salt-
separation functions of conventional electrodialysis with the water-
dissociation functions of bipolar membranes (Parnamae et al., 2021).
A BPMED unit consists of ion exchange membranes that transport
charged ions from one side of the membrane to the other, under the
influence of an electric field. Positively charged ions (cations) are
transported across the cation exchange membrane (CEM), while nega-
tively charged ions (anions) are transported across the anion exchange
membrane (AEM). The addition of bipolar membranes (BPM) facilitates
the dissociation of water into hydroxyl ions (OH™) and protons (H™),
enabling the formation of base and acid streams from the cation and
anion stream respectively (Bak et al., 2019).

In recent years, BPMED has emerged as a promising technology for
recovering ammonium from various wastewater streams on laboratory
scale (Li et al., 2021; Mohammadi et al., 2021a; Rodrigues et al., 2020;
van Linden et al., 2020), and pilot scale (Ferrari et al., 2022; Ward et al.,
2018). Wastewater containing ammonium is introduced into a BPMED
stack, where ammonium ions migrate towards the base compartment
through the CEM while anions are collected in the acid compartment.
Within the base compartment, ammonium ions react with OH— to form
dissolved ammonia (NH3.H,O/NH4OH), while in the acid compartment,
a mixture of anions and the addition of H' leads to the formation of an
acidic stream (Shi et al., 2020). Wastewaters often contain various cat-
ions that may be transported together with ammonium across the CEM,
resulting in an impure base stream and a decrease in the process’s cur-
rent efficiency. In addition, the membranes used in BPMED processes are
susceptible to fouling and scaling induced by the presence of organic
compounds and divalent cations in the wastewaters (Ferrari et al.,
2022). This membrane degradation not only reduces ammonia recovery
efficiency but also increases energy consumption and operational ex-
penses due to the need for frequent membrane cleaning (Shi et al., 2018,
2020). Moreover, in most of these studies, the acidic stream generated
during the process is often overlooked, whose disposal poses significant
environmental and safety concerns due to its high acidity and other
contaminants.

The proposed combination of ASAS and BPMED offers several ad-
vantages. First, the upstream ASAS process eliminates non-volatile
organic compounds and divalent cations from the wastewater stream
through selective ammonia removal, thereby protecting the ion ex-
change membranes in the BPMED from fouling and scaling. This could
potentially extend the lifespan of the membranes and reduce the oper-
ational costs associated with frequent cleaning and membrane replace-
ment. Furthermore, the acid stream regenerated during the BPMED
process can be directly recycled in the ASAS process and used as
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scrubbing agent, minimising the need for additional chemical inputs,
reducing the overall cost of the ASAS process. Finally, the recovered
dissolved NH3 can be used for purposes beyond conventional fertiliser
production. NH3 is a versatile chemical with a wide range of applications
such as hydrogen carrier, production of industrial solvents and urea
(Olabi et al., 2023).

Ammonium effluents generated from ASAS processes exhibit varying
pH, temperature, and concentration, differentiating them from waste-
water streams investigated in BPMED studies, such as reject water,
urine, and pig manure hydrolysate (Gao et al., 2020; Rodrigues et al.,
2020; Shi et al., 2018, 2020; van Linden et al., 2020). The treatment of
ASAS process effluents using BPMED has not yet been investigated.
While Saabas and Lee (2022) successfully recovered ammonia from a
simulated membrane contactor effluent using BPMED, the study
assumed an initial ammonium sulphate concentration of 2 g-N/1 (Saabas
and Lee, 2022). This concentration may not accurately reflect higher
ammonium concentrations typically associated with ASAS effluents
(Kinidi et al., 2018). Moreover, the experiments were done using a
strong acid (sulphuric acid) as a draw solution to recover ammonia from
wastewater in the upstream process.

Scrubber effluents from ASAS processes using organic acids contain
organic acid anions. This presents a unique challenge in their regener-
ation in the subsequent BPMED process because ion exchange mem-
branes are in contact with organic electrolytes. The separation and
transport mechanisms of organic electrolytes differ significantly from
those of inorganic electrolytes. Inorganic electrolytes are primarily
separated based on steric effects, whereas organic electrolytes are
influenced by multiple factors, including ionization constant, molecular
size, and the structure of the organic ions (Chandra et al., 2022; Jorissen
et al., 2003; Melnikov et al., 2018). Moreover, past studies have drawn
attention to the interaction between organic anions and the fixed charge
of ion exchange membranes, effectively decreasing membrane resis-
tance (Chandra et al., 2019, 2022; Chandra et al., 2018; Jorissen et al.,
2003). Therefore, investigating the impact of organic acid anions on
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ammonium ion transport during the BPMED process is crucial for opti-
mizing energy consumption. To the best of our knowledge, the regen-
eration of organic acids from scrubber effluents containing ammonium
and organic acid anions has not been reported.

This study compared for the first time the influence of acid anion on
the recovery of ammonium from simulated scrubber effluents, using
BPMED configured with bipolar membranes and cation exchange
membranes (BP-C). We used three salts—ammonium sulphate, ammo-
nium citrate and ammonium malate—to recover dissolved NH3 while
regenerating the respective acids. We compared the BPMED perfor-
mance based on energy consumption, recovery efficiency and current
efficiency, under constant current conditions. Furthermore, to elucidate
the influence of electrolytes on current efficiency, we investigated the
behaviour of the cation exchange membrane when exposed to the
different electrolytes. To this end, we characterised the electrical con-
ductivity and permselectivity of the membranes used and examined
their correlation to energy consumption. By demonstrating a 52 %
reduction in BPMED energy consumption, our study highlights the po-
tential of integrating organic acid scrubbers with BPMED technology.
This approach not only minimises the chemical inputs during scrubbing
process but also creates a more energy efficient treatment train for
ammonium wastewaters.

2. Materials and methods
2.1. Experimental setup

Fig. 1 shows a schematic representation of the experimental setup
used in this work. An electrodialysis laboratory unit ED 64004 (PCCell
GmbH, Heusweiler, Germany) was used. It consisted of a Pt/Ir-MMO
coated and Ti-stretched anode and a stainless-steel cathode both with
electrode area of 8 cm x 8 cm and placed in a polypropylene electrode
housing material. Between the cathode and anode, a membrane stack
consisting of ten cell pairs was placed. Each cell pair consisted of a PC SK

Fig. 1. Schematic representation of the experimental set up including workstation (1), power supply unit (2), the BPMED membrane stack (3), pH and electrical

conductivity probes (4), multi-meters (5) and pumps (6).
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cation exchange membrane (CEM) and PC bip bipolar membrane (BPM)
arranged alternatingly to form a two compartment BPMED arrangement
(BP-C) as shown in Fig. 2. The membranes had an effective area of 8 cm
x 8 cm per membrane. Feed and base compartments were formed by
separating adjacent membranes by polypropylene spacers (PCCell) with
a thickness of 0.45 mm and porosity of 59 %. To prevent mixing of the
electrode solution with the feed and base solutions, two PC MTE cation
end exchange membranes (CEEMs) were positioned adjacent to the
electrode compartments (van Linden et al., 2019). The properties of the
used membranes obtained from the manufacturer are listed in Table 1. A
DC power supply unit (Voltcraft, Germany) with voltage range (0-36 V)
and current range (0-10 A) was used to supply electric current between
the electrodes.

The feed, base and electrode rinsing solutions were stored in 2 L
double jacketed, thermostable glass cylinders, connected in circuits with
magnetically coupled centrifugal pumps (ITS-Betzel, Germany), which
allowed the recirculation of solutions inside the membrane stack. The
feed and base circuits were equipped with flow-through meters (10-100
L/h) to measure the flow rate through the stack (ASV Stubbe, Germany),
pre-filters, pressure measurement devices, and membrane valves to
control the flow through the stack. The flow rate through the stack was
controlled by adjusting the membrane valves until the desired flow rate
(30 L/h), corresponding to a membrane crossflow velocity of 3.6 cm/s
was achieved. The flow rate through the electrode compartments was set
to 75 L/h.

2.2. Chemical reagents

The feed solutions were prepared to mimic the characteristics of
scrubber effluents generated from ASAS processes, employed for treat-
ing reject water (initially containing up to 2 g-N/1), produced during
sludge dewatering in municipal WWTPs. Scrubber effluents from ASAS
using sulfuric acid typically comprise ammonium sulphate and residual
sulfuric acid (Ukwuani and Tao, 2016). In our study, we assumed a
three-factor increase in nitrogen concentration of reject water after the
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implementation of ASAS, resulting in a scrubber effluent with a nitrogen
concentration of 6 g-N/1. While the pH of such effluents vary between 2
and 8 (Kinidi et al., 2018), no pH adjustment was done on the initial pH
of solutions in our study.

The synthetic salt solutions were prepared by dissolving a specific
amount of ammonium salt used in this study (ammonium citrate (>97
%, Carl Roth GmbH, Germany) and ammonium sulphate (Sigma-
Aldrich, Germany) in 1.5 L demi water, corresponding to an initial
concentration of 6 g-N/l. Ammonium malate was prepared by dissolving
72 % ammonia solution (Sigma-Aldrich, Germany) in demi water to
achieve a 6 g-N/I solution. Maleic acid was added to the prepared so-
lution until pH 6 was reached for ammonium malate (National Center
for Biotechnology Information, 2024).

The initial solutions in the base compartment were prepared by
dissolving 1 g of the respective salts in 1 L of demi water to increase
conductivity at the start of each test and to lower overall stack resistance
(van Linden et al., 2020). In all experiments, the electrode rinsing so-
lution was prepared by dissolving 71 g of sodium sulphate (>99 %
Sigma-Aldrich, Germany) to produce a 0.5 M solution (Saabas and Lee,
2022).

2.3. Methods

2.3.1. BPMED experiment

An electrodialysis stack composed of bipolar membranes (BPM) and
cation exchange membranes (CEM) was used in this study, creating a BP-
C cell arrangement. Ammonium salts were introduced into the
compartment between the BPM and CEM, where under the influence of
an electric field, NHi ions migrated through the CEM. These ions
combined with OH™ ions generated by the BPM located on the opposite
side of the CEM, resulting into the formation of ammonium hydroxide
(NH,4OH). In the feed solution, the transported NHj were replaced with
H* ions generated by the BPM, regenerating the acid as the acid anions
remained in the feed solution.

For a focused investigation of ammonium transport, a BP-C

NH,OH Acid

CEM

T

BPM CEEM

0 1 1T

e
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.
w
Q
(©)
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Fig. 2. Schematic representation of the flow of ions inside the BPMED membrane stack. Simulated scrubber effluent was introduced in the feed compartment. Under
an applied electric current, NHJ ions were transported to the base compartment through the CEM, where they reacted with OH™ ions generated by the BPM to form
dissolved NHg. In the feed compartment, the acid anions were retained and due to addition of H', acid was regenerated.
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Table 1
Properties of membranes used in this study. Data obtained from technical datasheet provided by PCCell GmbH, Heusweiler, Germany.

Membrane  Thickness Ion exchange capacity(meq Water content (wt.  Transport number (KCI (0.1/ Area resistance specific (Q Water dissociation
(um) g’l) %) 0.5N) cm?) efficiency

PC-SK 100-120 3 9 >95 % 2.5 -

PC MTE 220 1.8 - >94 % 4.5 -

PC-bip 200-350 - - - - >95 % at 0.8-1 V/BPM

arrangement was selected. This configuration minimises transport of
acid anions, mitigating possible current inefficiencies. Such a scenario
would not be achievable in a BP-A arrangement, consisting of BPM and
anion exchange membranes (AEM). Moreover, BP-C cell arrangement
allowed the investigation of the effect of proton transport on current
efficiency. This is because protons produced by the BPM could poten-
tially compete with ammonium as current carriers across the CEM.
While stacking both CEM and AEMs in a (BP-C-A) cell arrangement
could achieve the objective of evaluating proton competition, stacking
membranes in this manner would introduce additional electrical resis-
tance as well as generate a dilute waste stream (He et al., 2023; Rodri-
gues et al., 2020).

Tests were conducted for each ammonium salt, in batch mode at an
initial room temperature of 25 + 2 °C. Prior to each test, the tanks were
emptied of the liquids from the previous tests, and demi water was
circulated over the BPMED stack until a solution conductivity below 100
uS/cm and neutral pH (6-7) was reached in all tanks. The tanks were
filled with fresh demi water if the pH and conductivities were not at the
desired values after several minutes of operation.

An electrodialysis unit control application (PCCell frontend soft-
ware) developed by PCCell GmbH, Heusweiler, Germany, was used to
control the power supply unit and to monitor voltage and current,
recorded every 2 s in a csv file. Prior to activating the power supply on
the PC frontend software, the solutions were recirculated over the
BPMED stack for at least five minutes to ensure complete mixing and to
allow air bubbles to escape. Afterwards, the experiment was started by
initiating power supply on the PC frontend software. Each batch test was
conducted in a constant current mode at 156 A/m?, which corresponded
to the limiting current density (LCD) determined using Cowan and
Brown LCD method (Cowan and Brown, 1959). The batches were run for
2 h, to ensure an equal supply of charge for all tests. Samples for analysis

Potentiostat

were collected from the recirculating solutions at the beginning of each
test and subsequently every 30 min. The experiments were conducted in
duplicates and the results presented in this study are the average values
obtained from independent runs.

2.3.2. Membrane characterization

2.3.2.1. Resistance and conductivity. A series of additional experiments
were conducted to obtain current-voltage curves to calculate the resis-
tance and conductivity of the used cation exchange membranes when
exposed to electrolytes used in this study i.e. ammonium sulphate, cit-
rate, and malate. Membrane resistance measurements have been used to
indicate interactions between electrolytes and membranes (Barros et al.,
2021; Huang et al., 2022; Zhu et al., 2018). The area specific resistances
(ASR) of the used CEMs membranes were measured in different elec-
trolyte solutions at equimolar concentrations using a six-compartment
electrochemical setup with a four-electrode configuration (Redstack
BV, The Netherlands), following a procedure described by (Barros et al.,
2021). Fig. 3 illustrates the resistance measurement setup.

A CEM previously used in our BPMED experiments with an active
membrane area of 9.6 cm? (3.5 cm diameter circle) was placed in be-
tween two compartments of the cell (compartment 3 and 4) containing
electrolyte test solution. Prior to each measurement, the membrane was
equilibrated with the test solution for at least 24 h. On either sides of the
test compartments, buffer compartments (compartment 2 and 5) were
filled with buffer solutions to minimize the influence of electrode re-
actions on the working electrodes (Balster et al., 2007). On each side of
the buffer compartments, the electrode compartments (compartment 1
and 6) with electrodes were used as the working and counter electrode.
Two double junction Ag/AgCl reference electrodes placed on either side
of the test membrane were used to measure the electrical potential of the

Electrode
(Anode)

Electrode
(Cathode)

CEM CEM Lcl:?s(:\:li § CEM ‘ CEM ]
Na,HPO, + . Na,HPO, +
Na,SO 2 4 2 4 Na,SO
290, NaH,PO, Test solution NaH,PO, 294

Fig. 3. A schematic diagram of the six-compartment cell used to measure the area specific resistances of the used cation exchange membrane. Diagram adapted from

ref (Barros et al., 2021) and modified to fit this study.
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membrane. One molar equivalent (eq) of test solutions (ammonium
sulphate, ammonium citrate, and ammonium malate), buffer solutions
(1 eq NagHPO4. NaH5PO4) and electrode rinsing (1 eq NaSO4) solutions
were circulated at 170 mL/min (Chinello et al., 2024) using a peristaltic
pump to reduce the effects of concentration polarisation. A stepwise
direct current was applied to the electrodes from 1 to 8 mA in increments
of 1 mA using Autolab PGSTAT 128 N potentiostat (Metrohm,
Switzerland). The applied current and potential difference between the
reference electrode and the working electrode were recorded in the
workstation every second. The combined resistance of the membrane
and the test solution was derived from the slope of the voltage as a
function of applied current. The same procedure was repeated but
without the membrane in place, to measure the resistance of the solu-
tion. To obtain the ASR of the membrane, the solution resistance was
subtracted from the combined resistance. For each test electrolyte so-
lution, duplicate ASR were obtained from the same membrane. The
thickness of the membrane was obtained from the manufacturer
(Table 1) and the electrical conductivity of the membrane calculated
from the ASR (in Q cmz) using Eq. (1).
l

k= s W

Where k is the electrical conductivity of the membrane (mS/cm) and
1 is the membrane thickness (cm).

2.3.2.2. Permselectivity measurements. Permselectivity describes an ion
exchange membrane’s preference for transporting ions with an opposite
charge (counterions) compared to ions with the same charge (co-ions),
and is related to the transport number of ions (Dtugotecki et al., 2008).
Permselectivity arises from the interaction between ions and mem-
brane’s fixed charge: co-ions are repelled while counterions are attrac-
ted (Luo et al., 2018). Exclusion of co-ions is controlled by Donnan
potential, an electrical potential difference developed at the
solution-membrane interface. However, counterion interaction with the
membrane reduces the membranes fixed charge density, weakening the
Donnan exclusion effect, consequently decreasing permselectivity
(Huang et al., 2022).

Permselectivity measurements could further elucidate the effect of
electrolyte on the selectivity of the CEM in transporting NH4 ions when
exposed to different co-ion identities such as citrate, malate, and sul-
phate. A static permselectivity procedure was followed using a two-
compartment set-up as described by (Petrov et al., 2023). In this
method, a potential arises across the membrane when in contact with
the same electrolyte of unequal concentration.

CEM previously used in our BPMED experiments with an active
membrane area of 9.6 cm? (3.5 cm diameter circle) was placed in be-
tween the two chambers of the cell. On either side of the membrane, the
compartments were filled with the same electrolyte but different con-
centrations, maintaining a ratio of 5, that is: C high/ C low = 5, where C
high and C low are the high and low concentrations, respectively. The
high concentrations used were identical to the initial concentration
applied in the BPMED experiments. Prior to each test, the membranes
were equilibrated in the high concentration solution for at least 24 h.
The solutions were recirculated at 40 mL/min to minimise the effects of
concentration polarisation. Two double junction Ag/AgCl reference
electrodes connected to Autolab PGSTAT 128 N potentiostat (Metrohm,
Switzerland), were used to measure the potential difference developed
across the CEM. The potential was recorded on the workstation every
second in open circuit voltage mode for thirty minutes to ensure equil-
ibration. Permselectivity was calculated from i) the measured mem-
brane potential, ii) theoretical (Nernst) potential, iii) ion transport
numbers in the membrane and solution phases for each of the three
electrolytes, and iv) activity coefficients of the high and low solutions.
Equations are provided in the supplementary material (Egs. (§1)-(510)).
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2.4. Analytical methods

Ammonium concentrations were measured using ion chromatog-
raphy, Metrohm Compact IC Flex 930 (Metrohm Nederland, Schiedam,
The Netherlands). Electrical conductivity and pH of all solutions were
measured every minute, in their respective tanks using calibrated Tet-
raCon 925 EC-sensors and IDS SenTix 940 pH sensors from Xylem An-
alytics, Germany. The measurements were recorded in WTW Multi 3630
IDS multimeters (Xylem Analytics, Germany).

2.5. Data analysis of the BPMED experiment

To assess the efficiency of the BPMED unit for ammonium recovery,
the ratio of the amount of ammonium accumulated in the base to the
total ammonium transported from the feed was calculated as:

_ mNH;bt

NH;t (%) = ———
INH;t (%) = NH o

x 100 % 2)

where mNHIfO (g) refers to the amount of ammonium in the feed at
time = 0 and mNHjbt (g) the amount accumulated in the base com-
partments after time t (t is the total experiment run time).

Current efficiency (CE, %) and energy consumption (E, kWh/ kg-N)
are key indicators that describe the performance of BPMED units (Guo
et al., 2023; van Linden et al., 2020).

CE is the ratio of the charge used to transport ammonium ions to the
total supplied charge, expressed as:

2z x Fx nNHj

CE=——__— ——4_
N x 35 (Iae x At)

€))

where z is the ions’ valence (z =1 for NHj), F is Faraday constant
(96,485 C/mol). nNH4+ (mol) is the amount of ammonium accumulated
in the base after time t, N is the number of cell pairs (N = 10), I, is the
average current (in A) applied during each time interval and At is the
time interval (in s).

E (kWh/kg N), based on recovered ammonium was calculated using
the following equation:
Ee S (Uae % Ine % At)

"~ 3600 x mNH; ,b Q)

where U, = average voltage (in V) of membrane stack at each time and
mNHj(in g-N) is the amount of ammonium recovered in the base after
time t.

3. Results and discussions

3.1. Variations in solutions’ electrical conductivity did not influence
overall stack resistance

Solutions containing anions of weak organic acids exist in a dynamic
equilibrium between charged anions and neutral acid molecules, with
the relative proportions of each form depending on the pH of the salt
solutions (Chandra et al., 2019, 2022). In this study, the initial pH of the
ammonium salt solutions was selected to ensure that the ammonium
salts were fully dissociated into their constituent ions, namely NH4 and
organic acid anions. Under an electric field, the NH4 ions were trans-
ported from the feed solution to the base solution via the cation ex-
change membrane (CEM). Fig. 4a depicts the electrical conductivity of
the feed solutions over time. Despite equal initial nitrogen concentra-
tions (Fig. 4b), ammonium sulphate solution (AmS) exhibited a higher
initial electrical conductivity (EC) compared to the organic salt solutions
of ammonium citrate (AmC) and ammonium malate (AmM). As a strong
electrolyte, AmS completely deionises in solution, while AmC and AmM
retain some fraction of neutral organic acid molecules that do not
contribute to EC. As NH4 ions in the acid stream were transported



G. Mutahi et al.
a) 4
. M
'é* 20 e AmS as feed
) e AMC as feed
¢g 25 e AMmM as feed
& 20-
=
< 151
10 4
5 L] L] L] L] L L] L]
0 20 40 &0 80 100 120
Time (mins)
c)
8 4
74 emms AmS as feed
e AMC as feed
¢ e AmM as feed

Acid pH(-)

0 20 &0 60 80 100 120
Time (mins)

Water Research 265 (2024) 122296

7500 - —a— AmS as feed
~—o— AmC as feed
~—d— AmM as feed

3 6000 +

£

+

< 4500

=

g

<& 3000+
1500 A

0 20 40 60 80 100 120

Time (mins)
d)

0.020 A
amms AmS as feed
s AmC as feed
0.015 - e AmM as feed
g0 010
+
I
0.005 A
0.000 A

0 20 40 60 80 100 120
Time (mins)

Fig. 4. Change in a) acid electrical conductivity, b) acid NHj concentration, c) acid pH and d) H* concentration over time for sulphate, citrate, and malate salts
during bipolar membrane electrodialysis. Applied current was 156 A/m? and experimental period lasted 2 h, using bipolar membrane and cation exchange membrane
(BP-C) arrangement. Mean values from duplicate experiments are presented, with error bars indicating the minimum and maximum values observed.

towards the base stream, the EC of the organic solutions gradually
decreased. H' ions generated by the BPM to replace the transported
NHj led to a decrease in pH (Fig. 4c), which shifted the equilibrium
towards the formation of less conductive neutral acid molecules.
Following an hour of operation, the EC of the AmM feed solution
remained stable. Moreover, the pH of the AmM feed solution reached a
steady state of less than 3. Under this pH condition, molecular maleic
acid dominated as the main species in the solution (He et al., 2023). In
contrast to AmC and AmM, the electrical conductivity of AmS solution
remained constant throughout the two-hour experiment. The reaction
between protons generated by the bipolar membrane (BPM) and sul-
phate counterions led to the formation of sulphuric acid (H2SO4). Being
a strong acid, the dissociation of HySO, yielded highly conductive H*
ions into the solution, effectively compensating for the loss of NHJ ions
and maintaining a constant EC value.

The EC of feed solutions influences the electric potential drop across
the membrane stack in an electrodialysis process. A higher EC corre-
sponds to lower overall stack resistances, indicating greater ionic
mobility and reduced energy consumption (Tanaka, 2015; Yan et al.,
2019). However, although variations in EC were observed among the
tested solutions, the corresponding changes in voltage drop and stack
resistances (Fig. S1), remained within the margin of error, indicating

that the EC variations did not corelate with stack resistance.

3.2. Ammonium recovery efficiency was higher for ammonium citrate and
ammonium malate solutions compared to ammonium sulphate solution

Fig. 5a depicts the ammonium concentration in the base stream over
time. NHZ concentration increased over time for all feed solutions. After
2 h of experiment, we calculated the ammonium recovery efficiency
using Eq. (2), which followed the order citrate (60.1 + 0.1 %) > malate
(49.6 + 0.5 %) > sulphate (27.8 + 0.7 %). Compared to similar NHZ
recovery studies (Saabas and Lee, 2022; van Linden et al., 2020), the
ammonium recovery efficiencies obtained for in this study were lower,
which can be attributed to methodological differences. We calculate
recovery efficiency based on NH} accumulated in the base solution (Eq.
(2)), whereas cited studies use total NHJ transported, neglecting po-
tential losses. This difference likely explains the lower values observed
in this study. Furthermore, direct comparisons were challenging due to
the absence of research on NHj recovery from organic salts using
BPMED.

To explain the differences between the recovery efficiencies amongst
the tested salts, we examined the pH of the feed solution during the
experiments. On the one hand, the pH of ammonium sulphate (AmS)
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current efficiency. Applied current was 156 A/m? and experimental period lasted 2 h, using bipolar membrane and cation exchange membrane (BP-C) arrangement.
Mean values from duplicate experiments are presented, with error bars indicating the minimum and maximum values.

feed solution decreased from pH 5.5 to pH 2 within the initial five mi-
nutes as shown in Fig. 4c, corresponding to an increased concentration
of free protons (Fig. 4d). On the other hand, the pH of the organic salts
decreased gradually as a function of time, like the EC behaviour
observed in Fig. 4a. Consequently, free proton concentration, calculated
from the pH, was higher in AmS feed solution compared to AmC and
AmM solutions. At low pH, a competition between NH4 and H' for
transport across the cation-exchange membrane was created and
because H' has a higher mobility and a smaller hydration radius
compared to NHZ (Luo et al., 2018), H" would be preferentially trans-
ported across the CEM, explaining the lower recovery efficiencies
observed for ammonium sulphate solution.

However, as salts of weak carboxylic acids with different pKa values
(Chandra et al., 2019), AmC and AmM functioned as buffers, enabling
their conjugate bases (Cits_ and Malz_) to neutralize the H' ions
generated by the BPM, decreasing the free H' concentration in the feed
solution. This reduced free proton concentration minimized the
competition with NHj ions for transport, facilitating higher ammonium
recovery from these solutions. The differences in recovery efficiencies
observed for citrate and malate is discussed in Section 3.4.

3.3. Free proton concentrations in the feed solutions influence current
efficiency and energy consumption

The current efficiency was lower when the BPMED was operated
using the AmS solution (21.5 + 0.3) % compared to when operated
using AmM (36.9 + 0.9 %) and AmC (46.5 + 0.5 %) feed solutions,
shown in Fig. 5b. The loss of current can be attributed to H' transport
over the CEM, as the free proton concentration was higher for AmS so-
lution. Consequently, twice the energy consumption was required to
transport NHJ from the AmS feed solution than to transport it from the
AmC feed solution.

Additionally, higher pH values in the base stream promotes the
conversion of NHJ to nonconductive NH3 gas according to

NH; + OH =NH; + H,0, pKa = 9.25, 5)

potentially increasing base compartment resistance and energy con-
sumption. However, observed variations in base conductivity (Supple-
mentary information, Fig. S1d), did not appear to impact overall stack
resistances (Supplementary information, Fig. S1b), suggesting minimal
influence of base conductivity on energy consumption in our setup.
Although the energy consumptions (7-15 kWh/kg-N recovered)

obtained in this study were comparable to the conventional Haber Bosch
process, the highest current efficiency obtained was lower than effi-
ciencies in similar studies involving ammonium recovery (Guo et al.,
2021; Rodrigues et al., 2020; van Linden et al., 2020). Loss in current
can be attributed to undesired processes such as co-ion leakage due to
poor membrane selectivity, competitive transport of HT,
electro-osmosis, and membrane fouling/scaling (Chandra et al., 2018;
Rodrigues et al., 2023). Additionally, neutral NHs molecules in the base
compartment (Eq. (5)), could diffuse through the ion exchange mem-
branes to adjacent compartments. When the NHj diffuses into the feed
compartment where the pH is low (Fig. 4c), it converts back to NH4.This
back-and-forward transport of NH4 ions, known as back diffusion,
causes the same NHj to be transported multiple times though the CEM,
reducing current efficiency (Rodrigues et al., 2023; van Linden et al.,
2020).

In this study, foulant free feed solutions were used, minimising
membrane fouling. Moreover, these feed solutions did not contain
divalent cations that increase the risk of membrane scaling. While the
pH of the base streams during our experiments was always above 9.3
(see supplementary information Fig. S1(c)), in the two-hour experiment,
NH;j back diffusion and repetitive transport was negligible since the
concentration of NHJ in the base (Fig. 5a) did not seem to plateau.
Nevertheless, the current loss resulting from the diffusion of NH3 to-
wards the electrode compartment was always below 7 % across all ex-
periments (see supplementary information for calculation details).
Therefore, with ammonia diffusion, membrane fouling and scaling
excluded, we suspected competitive transport of H" across the CEM as
the mechanism responsible for the observed current loss.

To evaluate the extent of current loss resulting from H' competition,
experiments were conducted using an alkaline buffer system. We
assessed the energy consumption (kWh/kg-N recovered) and current
efficiency (%) of the BPMED process with synthetic solution containing
ammonium bicarbonate (AmB) as the feed solution. While carbonic acid
exhibits low scrubbing efficiencies during ammonia removal from waste
air streams (Soto-Herranz et al., 2022), bicarbonate is a dominant
ammonium counterion in real reject water streams (van Linden et al.,
2019).

Fig. 6 shows the performance of the AmB feed stream compared to
the AmC feed stream. The feed stream of the bicarbonate counter-ion
exhibited negligible free proton concentrations. As a result, a 16.8 +
2.3 % improvement in current efficiency was observed while energy
consumption decreased by 8.3 + 1.6 %.
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Despite minimizing the free proton concentration in the AmB feed
solution, the current efficiency remained below 70 %. This observation
suggested that mitigating proton competition, while important, was not
the exclusive mechanism by which the organic acids enhanced NHa*
recovery during the BPMED process. Although the same membrane
material was used in all experiments, we hypothesized that the presence
of varying anions might have influenced the membranes’ selectivity.
While literature reports interactions between organic anions and anion
exchange membranes during the production of organic acids (Chandra
et al., 2019), such interactions with the CEMs have not been reported
before. Additional experiments were conducted as described in the
materials and methods Section 2.3.2, to characterise the electrical
conductivity and permselectivity of the membrane in varying
electrolytes.

3.4. Electrical conductivity of the used cation exchange membrane was
sensitive to co-ion identity

Membrane resistance contributes to the total resistance experienced
by ions during their transport in an electrodialysis system. It is a function
of operating conditions, particularly the composition and concentration

of electrolytes (Barros et al,, 2021). A higher conductivity, corre-
sponding to a lower membrane resistance, is desirable in electrodialysis
as it translates to lower energy consumption. We calculated the con-
ductivities of the used CEMs in electrolytes with different anions (SO?{,
Cit>~ and Mal?") identity but equal NHZ concentration using Eq. (1).
Our results showed that for electrolytes with the same cation (NHJ)
the anion identity influenced the membrane conductivity. As shown in
Fig. 7, the membrane conductivity was highest when in contact with
AmC (10.3 £+ 0.5 mS/cm) followed by AmM (7.7 + 0.3 mS/cm) and
AmS (6.3 £ 0.6 mS/cm). Consequently, the BPMED energy consumption
trend mirrored the obtained membrane conductivity pattern, with AmC
requiring the least energy (7.16 + 0.04 kWh/kg-N recovered) followed
by AmM (10.16 + 0.56 kWh/kg-N recovered) and AmS (15.55 + 0.49
kWh/kg-N recovered). Research directly comparing the influence of
inorganic and organic electrolytes on membrane conductivity is limited.
While Huang et al. (2022) observed minimal influence of anion type on
CEM conductivity using inorganic salt solutions (sodium sulphate, so-
dium chloride and sodium bromide), their study focused on inorganic
anions (Huang et al., 2022). Our observations regarding the differences
in membrane conductivities of CEM exposed to AmC and AmM align
with (Melnikov et al., 2018). The authors report an increasing CEM
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conductivity with mono-, di- and tri- basic organic acids in the order of
citric > succinic > acetic. They attribute this trend to the varying lengths
of carboxylic acid chain within the anions, potentially influencing their
interactions with the membrane’s fixed charge (Melnikov et al., 2018).
Our results suggest a similar possible influence of the carboxylic chain
length on NHj transport mechanisms but this requires further
investigations.

3.5. Anion identity influenced the permselectivity of the CEM but did not
explain the energy consumption trend observed

The permselectivity of the used membranes in electrolytes AmS,
AmC and AmM was calculated following the static potential measure-
ment method and using Egs. (5S2)-(S18). The initial pH of these elec-
trolytes matched the initial pH of the feed solutions used in the BPMED
experiments (Fig. 4c). NHj transport in the CEM was driven by a con-
centration gradient where it would diffuse from the high concentration
side to the low concentration side. Diffusion is primarily influenced by
the stokes radius of the counterion (NHJZ), solution composition and
ion’s affinity over the CEM (Chandra et al., 2019). Since the same CEM
in the same concentration of counterion (NHZ) was used, we anticipated
equal membrane permselectivity. However, the composition of solutions
with varying co-ions (present with NHJ), seemed to play a role in
determining the membrane permselectivity. Fig. 7 shows that the
membrane permselectivity followed the order AmS > AmC > AmM.
Epsztein et al. demonstrated that smaller ions with higher charge den-
sities experience greater Donnan exclusion by charged nanofiltration
membranes compared to larger ions (Epsztein et al., 2018). Therefore,
the charge densities of the co-ions were calculated using the following
equation:

ze

Charge density = @3

(6)

where z is the charge of ion (z(NH4) = 1, z(SO%’) =-2, 2(Cit>) = -3,
and z(Mal®") = —2), eis the elementary charge (1.6 x 1071° C), andris
the stokes (hydrated) ionic radius (A). The calculated charge densities in
mC/cm?® were SO?;_ (6.28) > Mal?~ (3.84) > Cit~ (2.92), corresponding
to increasing stokes radius (.z\), SO%’ (2.3) < Mal®>™ (2.7) < Cit®™ (3.4)
(Luo et al., 2018). Our findings align with theoretical predictions that

10

SO%~ with its higher charge density would experience a stronger Donnan
exclusion within the CEM and consequently increase the permselectivity
towards NHj. However, an opposite permselectivity behaviour was
followed for organic anions. It appears that for organic anions, charge
densities alone were insufficient in explaining the observed permse-
lectivity behaviour and that perhaps other factors such as electrolyte pH
play a role in influencing their interaction with a CEM membrane as
demonstrated by (Chandra et al., 2022) for anion exchange membranes.

The observed permselectivity behaviours did not directly translate to
the energy consumption values obtained from BPMED experiments. This
likely indicates the presence of counteracting effects. For example, the
competition between H' and NHj for transport at lower pH could
possibly counteract the positive effect of high SOF~ charge density for
AmS. A lower pH, indicating a higher free proton concentration (Fig. 4c
and d), appears to have decreased the membrane selectivity for NHj.
This could have resulted in the lower ammonium recovery efficiency
and higher energy consumption observed. Further investigations that
include permselectivity measurements in electrolytes with lower pH to
verify this hypothesis are necessary.

4. Conclusions

This study demonstrated simultaneous dissolved ammonia recovery
and acid regeneration from three different salts (ammonium sulphate,
ammonium citrate, and ammonium malate) with an initial concentra-
tion of 6 g-N/I, through a bipolar membrane electrodialysis process.
Without using additional chemicals, acids (sulphuric, citric, and maleic
acid) with final pH values of 1.7, 3.3 and 2.4, respectively, were re-
generated from their respective salts. Organic electrolytes appeared to
function as buffers, limiting pH changes during the BPMED process. This
buffering effect likely contributed to the higher ammonium removal and
current efficiency observed for ammonium citrate and ammonium ma-
late solutions compared to ammonium sulphate solution, which
consistently exhibited lower pH values. Ammonium sulphate solution
exhibited the highest energy consumption followed by ammonium ma-
late and ammonium citrate. Besides the variations in free protons con-
centrations, differences in membrane electrical conductivity could
explain the observed energy consumption trend, with ammonium citrate
displaying the highest conductivity followed by ammonium malate and
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ammonium sulphate. However, additional mathematical modelling is
necessary to improve the understanding of the interaction between
organic anions and cation exchange membranes. The substitution of
sulphuric acid with citric acid in recovering ammonia in air stripping
and acid scrubbing technologies is likely to result in a 54 + 3 % decrease
in energy consumption of the subsequent BPMED process when regen-
erating the acid. While the synthetic scrubber effluents used in this study
mimicked real scrubbing effluents, verification studies with real
scrubber effluents are necessary for scaling up purposes.
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