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HIGHLIGHTS

e Recovery of NH3 from scrubber effluent by bipolar membrane electrodialysis (BPMED)

o Effect of NHJ salts mixtures on energy use, NHJ recovery and current efficiency

o Lower energy use with increasing ammonium citrate proportion

o Higher NHj recovery and current efficiency with increasing ammonium citrate proportion
o Assessment of NHj diffusion, H" and OH ™~ leakage at different NHZ salts mixtures

ARTICLE INFO ABSTRACT
Keywords: Recent research showed that the recovery of ammonia from simulated ammonium citrate scrubber effluent via
Bipolar membrane electrodialysis bipolar membrane electrodialysis (BPMED) is less energy-intensive than from ammonium sulfate solutions.

Ammonium recovery efficiency
Ammonium salt mixtures
Energy consumption

Current efficiency

Ammonia diffusion

Nonetheless, the application of citric acid as scrubbing agent is limited by its high costs. This study aimed to
improve BPMED performance for ammonium recovery using ammonium salts mixtures (ammonium sulfate and
ammonium citrate) as feed solutions. Unlike previous studies that focused mainly on single-salt systems, it
investigated how this combination affects ammonium recovery efficiency, current efficiency, energy consump-
tion, ammonia diffusion, H" and OH~ leakage to the diluate compartment, and anions transport across anion
exchange membranes (AEMs) during BPMED. The ammonium recovery efficiency was higher for pure ammo-
nium citrate (45.2 %) and mixture solutions (32.0-45.9 %) than for pure ammonium sulfate (26.8 %). Higher
efficiency resulted from reduced competition between protons and ammonium across the cation exchange
membrane (CEM). Feed with a higher ammonium citrate proportion increased buffer capacity, preventing
protons leakage from the acid to the diluate compartment. This resulted in higher ammonium current efficiency
for pure ammonium citrate (34.8 %) and mixture solutions (24.9-35.7 %) than for pure ammonium sulfate (20.4
%). The energy consumption was lower for pure ammonium citrate (14.1 kWh/kg-N recovered) and mixture
solutions (13.0-17.4 kWh/kg-N recovered), than for pure ammonium sulfate (22.3 kWh/kg-N recovered).
Ammonia diffusion from the base to the acid compartment reduced current efficiency by 19-23 % and accounted
for 30-40 % of the total ammonium transported from the feed. This study demonstrated the effective use of
ammonium citrate as one of the salts in the mixture to achieve high ammonium recovery efficiency with reduced
energy consumption.

1. Introduction of bipolar membranes (BPMs), anion-exchange membranes (AEMs), and
cation-exchange membranes (CEMs). BPMs dissociate water into hy-

Bipolar membrane electrodialysis (BPMED) is an electrochemical droxyl ions (OH™) and protons (H"), when an electric field is applied
membrane technology that removes ions from a feed solution and across them [2]. AEMs and CEMs enable the transfer of anions and
simultaneously produces an acid and a base [1]. A BPMED stack consists cations from the feed compartment into the acid and base
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compartments, respectively. The anions combine with HT in the acid
compartment forming the acid, while the cations combine with OH™ in
the base compartment forming the base.

BPMED can be used to recover ammonia (NHs) from ammonium
(NH4+")-rich waters, such as reject waters from sludge dewatering units
and ammonium scrubber effluents [3-12]. Although NHZ in scrubber
effluents can be recovered as dissolved NH3 by the BPMED process
without using chemicals [10], achieving a high NH{ recovery efficiency
at low electrochemical energy consumption remains a key challenge.
During the batch-wise recovery process, the NHj recovery efficiency
decreases as the NH3 concentration in the base increases [13]. The main
processes limiting the NH3 recovery, among others, are NH3 diffusion
from the base to the acid compartment, or from the base to the diluate
compartment, water diffusion from the diluate to the base compartment
at high concentration gradients, and competitive H" transport across the
CEM [10,12,13]- [15]. Li et al. [8] suggested increasing the current
density to enhance NHJ recovery efficiency in the base compartment. In
addition, higher pH and lower temperature of scrubber effluents have
been reported to improve NHs recovery [10]. Mutahi et al. [16] showed
that BPMED with simulated ammonium citrate ((NH4)3CgHs07) effluent
yielded higher NH4" recovery and current efficiencies and lower energy
consumption than ammonium sulfate ((NH4)2SO4) solutions. However,
the practical application of citric acid as a scrubbing agent is limited by
its high cost [17].

In light of this, although ammonia recovery from scrubber effluents
is well-established [10,16], simultaneous recovery of both dissolved
NHj and acid by BPMED provides additional economic and operational
benefits [10]. The recovered acid can be reused in the scrubbing process,
reducing the need for additional chemicals, while the dissolved NHg
serves as a valuable by-product for e.g. fertilizer production [10] or local
energy supply [18]. This dual recovery lowers operational costs and
enhances overall process sustainability. Therefore, optimizing base re-
covery at minimal energy consumption is particularly important when
high-value acid recycling is also pursued. Despite these advantages, not
all BPMED studies have focused on maximizing ammonium recovery.

In contrast, Wang et al. [19] focused on enhancing the acid rather
than the base recovery efficiency, by using feed solutions with fixed
sodium sulfate (NazSO4) and varying (NHa)2SO4 concentrations, with
SO~ as the common anion. Thus, the mixture of Na;SO4 and (NH4)2S04
had a higher salt concentration than a solution containing only NasSO4
and this resulted in an enhancement of the migration of ions driven by
the electric field [14,19,20]. Because of an increased electrical con-
ductivity the stack resistance reduced and, therefore, the energy con-
sumption for the BPMED process decreased [19]. However, in these
studies ammonium was not considered as the common key-ion.

To our knowledge, no studies have evaluated BPMED performance
for mixed ammonium salt solutions at a fixed NH4 concentration,
considering NH4" recovery efficiency, NH«" current efficiency, energy
consumption, and NHs diffusion from the base to the acid compartment.
This knowledge gap highlights the need to investigate the performance
and feasibility of BPMED for treating mixed ammonium citrate -
ammonium sulfate solutions, which could enable more cost-effective
and sustainable ammonia recovery technologies.

Therefore, this study aims to assess the effect of different ammonium
citrate and ammonium sulfate mixtures on the NHj recovery efficiency,
NH.4" current efficiency, energy consumption, and NH3 diffusion from
the base to the acid compartment, using lab-scale BPMED experiments
with simulated scrubber effluents. Additionally, this study also aims to
assess the H' leakage from the acid to the diluate compartment, OH~
leakage from the base to the diluate compartment and anions transport
across AEMs. We hypothesized that increasing the citrate content in
mixed ammonium salt feeds will enhance BPMED performance by
improving NHs" recovery and current efficiency, lowering energy con-
sumption through improved ion transport, reducing NHs diffusion from
the base to the acid compartment, and mitigating H" accumulation in
the diluate due to citrate’s buffering capacity.
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2. Materials and methods
2.1. Materials

The materials and the complete lab-scale BPMED set-up were similar
to those previously described [10]. A BPMED membrane stack composed
of ten repeating cell triplets was used, each forming a three-
compartment cell configuration. Each cell triplet consisted of a PC
400D anion exchange membrane (AEM), a PC-SK cation exchange
membrane (CEM) and a PC Bip bipolar membrane (BPM), all purchased
from PCCell (Heusweiler, Germany). Key properties of the ion exchange
membranes are provided in Table 1. PC 400D anion exchange end
membranes (AEEMs), also supplied by PCCell (Heusweiler, Germany),
were selected instead of cation exchange end membranes (CEEMs) to
minimize NHj accumulation in the electrode rinse solution (ERS), while
retaining Na' within the ERS. A schematic of the three-compartment
BPMED membrane stack used in the experiments is shown in Fig. 1.
All reagents, including ammonium citrate (> 97 %), were purchased
from Sigma Aldrich (Zwijndrecht, The Netherlands).

2.2. Experimental methods

Lab-scale experiments were conducted to investigate the effects of
NHJ salt mixtures on the BPMED performance. The concentrations of
(NH4)2S04 and (NH4)3CgHs07 in the feed solutions were varied ac-
cording to Table 2, while the total initial NHJ concentration was kept
constant at 13.6 + 0.1 g NH4 /L in all experiments, consistent with our
previous work [10]. Each experiment was conducted for a duration of
135 min at a temperature of 25 + 2 °C and an initial feed pH of 7.3 +
0.1, adjusted using NH4OH (25 %). Each experiment was conducted at
an applied current density of 187.5 A/m?, corresponding to the limiting
current density (LCD) associated with 90 % NH." removal. The initial
acid and base solutions each contained 0.5 L of demi water, with the
initial pH and conductivity measured prior to each experiment but not
adjusted. The preparation and concentration of the ERS followed the
setup previously described [10]. The current, electric potential, pH and
electrical conductivity (EC) of the solutions were recorded as previously
described [10]. The solutions were sampled (sample volume = 2 mL) at
the beginning, every 15 min, and at the end of each experiment to
determine the NHJ, SOF~ and CgHsO3~ concentrations. In addition,
solution volumes were measured at the beginning and end of each
experiment to assess the NHJ, SO%’ and C6H5O§’ mass balances.

2.3. Analytical methods

The analytical methods used for the lab-scale BPMED experiments
were similar to those previously described [10]. In addition, the
C6H50§’ concentration was measured using a Metrohm 818 anion sys-
tem Ion Chromatography (IC) with an A Supp 5150/4.0 anion column.

2.4. Performance indicators

The performance of the BPMED for the recovery of ammonia from
ammonium salts mixture scrubber effluents was determined based on
NHj recovery efficiency, NHj current efficiency, and energy
consumption.

The NHj recovery efficiency was calculated as the ratio of the mass
of ammonium recovered in the base to the mass of ammonium in the
initial feed, as shown in eq. (1).

Mg, (t) — myy:

Ryy; (1) = % 100% ¢))

My
)

where Ryy; (1) = NH{ recovery efficiency at time t (unit: %), My, (t)=

mass of NHJ recovered in the base after time t (unit: g-NHY), My =
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Table 1
Key properties of the ion exchange membranes utilized in the experiments, supplied by PCCell (Heusweiler, Germany).
Membrane Thickness (pm) Area resistance (Q cm?) Water content (wt%) Ton exchange capacity (meq.g ') Transport number (—)
Strong basic Weak basic
AEM (PC 400D) 160-200 ~ 10 ~ 48 ~ 0.66 ~ 0.35 >0.86
CEM (PC-SK) 100-120 ~25 ~9 - >0.95
BPM (PC Bip) ~ 120 - ~ 30 - -
Acid Base Diluate Acid
Es By
g 4 4 Electrode Rinse (Na,50,)*
=% 4:. - o
; i i
: : :
§ | §
: § :
$ $

Anode (+)

)

.....P.......... -

i Electrode Rinse (Na$0,) | §
Acid Base Diluate Acid Base Diluate

Fig. 1. Schematic representation of the three-compartment BPMED cell configuration and ion transport under an applied electric current. Various simulated scrubber
effluents were fed into the feed /diluate compartment. In the acid compartment, H* combines with SO42~ (represented as $) and CeHsO7>~ (represented as C7) to
form a mixture of H2SO4 and citric acid (CeHsO-), while in the base compartment, OH ™~ combines with NHa" to form NH+OH. The base compartment becomes rich in
NHzs(aq) due to the high pH. Also shown are the undesired electromigration of citrate and sulfate ions toward the ERS, the electromigration of sulfate from the
concentrated ERS to the acid compartment, and the undesired transport mechanisms (indicated by dotted arrows), including NHs diffusion from the base to the acid
compartment, H' leakage from the acid to the diluate, and OH ™ leakage through the CEM. The figure is adapted from van Linden et al. [12].

Table 2

Different feed solution mixtures with varying ammonium sulfate (AS) - ammonium citrate (AC) proportion, while maintaining a constant initial ammonium con-
centration of 0.757 £ 0.005 mol/L (13.6 + 0.1 g NH4 /L).

SET NO 1 2 3 4 5 6 7 8 9
Proportion of AS and AS100 - AS87.5 - AS75 - AS62.5 - AS50 - AS37.5 - AS25 - AS12.5 - ASO -
AC ACO AC12.5 AC25 AC37.5 AC50 AC62.5 AC75 AC87.5 AC100

AS (mol/L) 0.378 0.331 0.284 0.236 0.189 0.142 0.095 0.047 0.000
AC (mol/L) 0.000 0.032 0.063 0.095 0.126 0.158 0.189 0.221 0.252
Ammonium (mol/L) 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757
Sulphate (mol/L) 0.378 0.331 0.284 0.236 0.189 0.142 0.095 0.047 0.000
Citrate (mol/L) 0.000 0.032 0.063 0.095 0.126 0.158 0.189 0.221 0.252

initial mass of NHJ in the base (unit: g-NHj), Mgy = initial mass of

NHJ in the feed (unit: g-NHZ). agr () =
The NHJ current efficiency was calculated based on the recovered N- 3 (I-At)
NHJ using eq. (2). =0

Z'F'nNH;b (v
=—. 100%, (2
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where gy, (1) = NHj current efficiency at time t (unitless), z = ion
valence (unitless, z = 1 for NH}), F = Faraday constant (F = 96,485C.
mol 1), Dy, (t) = amount of NHJ recovered in the base after time t

(unit: mol), N = number of cell triplets in the BPMED membrane stack
(unitless, N = 10), I; = electric current (unit: A), At = time interval (unit:
s).

The energy consumption for NH4 recovery from ammonium salts
mixture scrubber effluents by BPMED was calculated using eq. (3).

t
S (UpLAt)-18
t=0

E()=—"0
© My, (6) -3600-14°

3
where E(t) = energy consumption at time t (unit: kWh/kg-N recovered),
U; = electric potential (unit: V).

Moreover, the distributions of NHJ across the diluate, acid, and base
compartments were determined to evaluate the NHJ transport from the
diluate to the base, as well as the NH3 diffusion and NHj leakage from
the base to the acid compartment through the BPM or from the base to
the diluate compartment through the CEM [1,12]. The final fraction of
NHJ in the three compartments was calculated using the following Eq.
[10]:

myy (t)
FNH;’ ) =—"—

100%, (C))
M,

where Fyy; (t) = Final fraction of NH] at time t (unit: %),

I (t) = mass of NHj in respective compartment at time t (unit:
g-NH{).

To evaluate the anions transport through the AEMs, the anions
(sulfate and citrate) removal efficiency was calculated as the ratio of the
mass of anions removed from the diluate to the mass of anions in the
initial feed, as shown in eq. (5).

_ Mp- g — My g(t)

.100%, (5)
my- g,

Ta- (t)

where ra-(t) = anions removal efficiency at time t (unit: %), mu- =
initial mass of anions in the feed (unit: g), ma- 4(t) = mass of anions in
the diluate at time t (unit: g).

Furthermore, the anions (sulfate and citrate) mass balance across the
diluate, acid, and base compartments were calculated as shown in eq.
(6).

My~ (t) = (ma- a(t) +ma- a(t) +ma-p(t)) — (Ma- g +Ma- o +Ma- b, )
(6)

where M,- (t) = anions mass balance across the diluate, acid, and base
compartments at time t (unit: g), ma- ,(t) = mass of anions in the acid at
time t (unit: g), ma- ,(t) = mass of anions in the base at time t (unit: g),
my- = initial mass of anions in the acid (unit: g), m,- p, = initial mass of
anions in the base (unit: g).

The ion mobility in water, reflecting its movement through the so-
lution, was calculated using the Einstein relation, as shown in eq. (7)
[21,22].

__ DzF

U=RT @

where u = mobility of the ion (unit: mz.V’l.s’l), D = diffusion coeffi-
cient (mz/s), z = ion valence (unitless, z = 1 for dihydrogen citrate
(HyCit™), z = 2 for hydrogen citrate (HCitz’) and SO?{ and z = 3 for
citrate (Cit3’)), R = ideal gas constant (R = 8.3145 JK lmol™), T=
temperature (unit: K).
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3. Results
3.1. Final NH distribution and NHJ recovery efficiency

The final NHJ distribution across the diluate, acid, and base com-
partments reflected the net NH4 transport, including NH3 diffusion to
the acid after an experimental run of 135 min with different feed mix-
tures of ammonium sulfate (AS) and ammonium citrate (AC) (Fig. 2A).
Feed of 100 % AS (pure AS) compared to 100 % AC (pure AC) resulted in
a lower mass of NHJ recovered in the base at the end of the experimental
run: 3.7 compared to 6.3 g-NHJ, respectively. Consequently, the mass of
NH{ retained in the diluate was higher for 100 % AS than for 100 % AC:
5.2 g-NH4 compared to 2.2 g-NHJ The difference in NH mass recov-
ered in the base between consecutive experimental runs decreased
significantly as the proportion of AC in the feed increased from 0 % to
100 %. A comparison between the feed having 0 % AC and 37.5 % AC
yielded a base NHj mass difference of 1.8 g-NHJ, whereas the feed of
37.5 % AC compared to 100 % AC resulted in a difference of 0.8 g-NHj.
Results indicated that beyond 37.5 % AC, a further increase in the
proportion AC had a marginal effect on NHJ recovery in the base. The
total NHf mass balance (NHZ in the diluate, base, and acid compart-
ments) showed a recovery of 90 + 3 %. The observed loss likely resulted
from periodic sampling (every 15 min) and residual solution retained in
the tubing and membrane stack, even though measures were taken to
minimize it.

The NHj recovery efficiency (Fig. 2B) after an experimental run of
135 min was 26.8 % for 0 % AC feed, 38.6 % for 37.5 % AC and 45.2 %
for 100 % AC, calculated using eq. (1). Comparable NHZ recovery effi-
ciency trends to those reported by Mutahi et al. [16] were observed for
pure AS and pure AC. However, the NHJ recovery efficiencies obtained
in this study were lower than those reported by Mutahi et al. [16], who
found values of 27.8 % for pure AS and 60.1 % for pure AC. Observed
differences might be attributable to differences in the types of the
membranes used, cell arrangement, initial NH} concentration in the
feed, and experimental duration. Ammonia volatilization from the base
compartment may also have contributed to the lower NH} recovery
efficiencies, particularly since the base pH was sufficiently high to
promote the NHa(aq)-NHa(g) equilibrium. Notably, the final pH of the
base after an experimental run of 135 min ranged between 11.0 for pure
AS and 12.3 for pure AC. The lower NH} removal from the diluate and
reduced NHJ recovery efficiency in the base with AC-poor/AS-rich feed
mixtures can be attributed to strong competition between H and NHZ
for transport across the CEM [10,14]. As shown in Fig. 5A, the pH of 100
% AS feed decreased from pH 7.3 to pH 3 within the first ten minutes of
the experiment, whereas for feed mixture AS 87.5 % - AC 12.5 %, this
took 40 min, indicating a higher concentration of H in the diluate with
increasing concentration of AS (Fig. 5B). The differences in H* leakages
between AS and AC feed mixtures are further discussed in Section 3.3.

At elevated pH, uncharged dissolved NH3 can diffuse through ion-
exchange membranes (IEMs) and BPMs [10,24]- [26]. In this study,
30-40 % of the NHj transported from the feed to the base accumulated
in the acid compartment via NH3 diffusion from the base through the
BPMs, consistent with our previous work [10]. Ion chromatographic
analysis showed that after an experimental run of 135 min no NHZ
accumulation was detected in the electrode rinse solution. This obser-
vation was attributed to the use of AEEMs in the BPMED membrane
stack, consistent with previous studies [10,12].

3.2. NHj current efficiency and energy consumption

Fig. 3A shows the NHJ current efficiency, whereas Fig. 3B shows the
energy consumption for different AS-AC feed mixtures. A lower % AC in
the feed, for instance, 0 % AC feed compared to 100 % AC, resulted in a
lower NH{ current efficiency (20.4 % compared to 34.8 %) and higher
energy consumption (22.3 kWh/kg-N recovered compared to 14.1 kWh/
kg-N recovered). This trend was attributed to reduced NH{ recovery in
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o

and ammonium recovery efficiency (B) after an experimental run of 135 min,

resulting from ammonium sulfate (AS) and ammonium citrate (AC) feed mixtures in different proportions. All experiments were conducted with an initial NHZ

concentration of 0.757 £ 0.005 mol/L (13.6 + 0.1 g NHi /L) and an initial pH of
periments are presented, along with the error bars.

the base compartment (3.7 g-NH4 with 0 % AC feed compared to 6.3 g-
NHj with 100 % AC feed), resulting from competitive ion transport at
low pH (see Section 3.1).

The loss in NH{ current efficiency due to diffusion of NH3 from the
base to the acid compartment was 19-23 %. Other possible causes for
the loss in NHj current efficiency in this study are NH3 diffusion and
OH™ leakage from the base to the diluate compartment through the CEM
[12,16,26]. OH" is susceptible to leakage through CEMs primarily due
to their small ionic radius and high mobility, which reduces the effec-
tiveness of CEMs in excluding anions despite their intended cation-
selective function [1]. In this study, OH™ leakage was inferred from
the gradual pH increase observed in the diluate compartment,

7.3 £+ 0.1, at a temperature of 25 + 2 °C. Average values of the triplicate ex-

particularly in AC-rich feed mixtures (Fig. 5A). The differences in OH™
leakage between AS-AC mixtures are further discussed in Section 3.3.
To assess the influence of electrical resistance of the BPMED stack on
energy consumption, the electrical conductivity (EC) of the feed solu-
tions and the electric potential across the BPMED stack were analyzed. A
high EC generally corresponds to low electric potential across the stack,
reducing electrical resistance and energy consumption [12,27,28].
However, the EC differences in the feed solutions (Fig. 4A), only showed
limited effects on the electric potential across the BPMED stack (Fig. 4B).
Results indicated a limited impact of BPMED stack resistance on energy
consumption, consistent with the findings of Mutahi et al. [16].
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All experiments were conducted with an initial NH{ concentration of 0.757 + 0.005

mol/L (13.6 4+ 0.1 g NH; /L), initial pH of 7.3 4+ 0.1 and at a temperature of 25

=+ 2 °C. Average values of the triplicate experiments are presented, along with the error bars.

3.3. H" and OH leakages to the diluate

In this study, an initial pH of 7.3 was selected for all feed solutions.
Fig. 5A shows the pH evolution in the diluate over time, while Fig. 5B
shows the corresponding H' concentration, directly calculated from the
pH measurements. Feed solution with a higher or equal proportion of
AS,i.e., AS100 % - AC 0 % up to AS 50 % - AC 50 % resulted in an acidic
diluate, whereas those with a higher proportion of AC led to a basic
diluate. For AS-rich mixtures, H' leakage from the acid to the diluate
compartment dominated over OH™ leakage from the base. Any potential
OH™ leakage was likely neutralized by available H in the diluate,
explaining its acidic nature. The rapid decrease in diluate pH observed
for the pure AS feed, from 7.3 to 3.0 within the first 10 min, can be
attributed to substantial H' leakage from the acid compartment, indi-
cating limited selectivity of the AEM for multivalent anions over protons
under these initial experimental conditions. In contrast, AC is a salt of a
weak polyprotic organic acid with multiple pKa values (2.9, 4.4, 5.7,
13.5) (Fig. 6) [29]. Based on the first three pKa values of citric acid

(pKa1 = 2.9, pKaz = 4.4, pKas = 5.7) [29], the dominant citrate species in
the experimental pH range (6.5-8.0) are HCit*>~ and Cit3_, with Cit>~
becoming increasingly prevalent at higher pH. The higher negative
charge of Cit®>~ strengthens its electrostatic attraction to the positively
charged sites of the anion exchange membrane (AEM), promoting its
transport across the membrane. Conversely, under lower pH conditions,
the presence of the less charged species HzCit™ reduces this interaction,
leading to lower anion migration. AC-rich solutions exhibited distinct
pH profiles due to the buffering capacity of citrate. Citrate ions
neutralized H' leakage from the acid compartment, allowing OH™
leakage from the base to increase the diluate pH. After an experimental
run of 135 min, the final pH of the acid varied between 1.2 for pure AS
and 3.0 for pure AC, meaning that it can be reused as a scrubbing so-
lution. In contrast, the final pH of the base varied between 11.0 for pure
AS and 12.3 for pure AC.
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Fig. 4. Electrical Conductivity (EC) of the diluate (A) and electric potential across the BPMED membrane stack (B) during all experimental runs with different
ammonium sulfate (AS) and ammonium citrate (AC) feed mixtures proportions. All experiments were conducted with an initial NHj concentration of 0.757 4 0.005
mol/L (13.6 &+ 0.1 g NHJ /L), initial pH of 7.3 + 0.1 and at a temperature of 25 + 2 °C.

3.4. Assessment of the anions mass balance and transport across anion
exchange membranes (AEMs)

Fig. 7 shows the removal efficiencies of sulfate and citrate for
different AS and AC feed mixtures, as calculated using Eq. 5. Relatively
high SO3~ removal efficiency was observed for feed mixtures with low

initial SOF~ concentration, whereas low citrate removal efficiency was
associated with low initial citrate concentration. For instance, feed
mixture AS 12.5 % - AC 87.5 % (initial SO3~ concentration of 0.044 mol/
L) exhibited SO%’ removal efficiency of 95.1 %, whereas feed mixture AS
87.5 % - AC 12.5 % (initial citrate concentration of 0.034 mol/L)
resulted in citrate removal efficiency of 29.1 %. These results confirm
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L), initial pH of 7.3 + 0.1 and a temperature of 25 + 2 °C.

that SOF~ transport was favored over citrate across AEMs, likely due to
its higher mobility (Table 3), consistent with the study of Shi et al. [30].
In the membrane phase, competitive ion transport through the AEM
likely occurred between sulfate species (HSOs and SO37) and citrate
species (HaCit™, HCit>~ and Cit®>"). Both anions are multivalent and
interact strongly with the positively charged functional groups of the
AEM. Under similar ionic strength conditions, Cit>~ exhibits a higher
charge density and therefore a stronger electrostatic attraction to the
membrane, which can enhance its transport relative to SO%_. However,
the larger molecular size and more complex structure of citrate impose
steric limitations that partially restrict its mobility through the mem-
brane matrix. Consequently, overall anion transport is governed by a
balance between electrostatic affinity and steric hindrance effects,
influencing charge balance and ion selectivity in AC-rich mixtures.
Feed solutions with a high AC fraction, i.e., AS 0 % - AC 100 %
compared to AS 87.5 % - AC 12.5 %, showed increased citrate removal

efficiency: 96.6 % compared to 29.1 %, respectively. As shown in Fig. 6,
citrate dissociates fully at pH >8, existing predominantly as citrate
(CitB’), whereas hydrogen citrate (HCit>*") and dihydrogen citrate
(H,Cit™) are more prevalent in acidic solutions. Fig. 5A shows that AC-
rich feed solutions resulted in a basic diluate, favoring the presence of
Cit>~. With a mobility 1.3x and 2.3x higher than HGit?>~ and HyGCit™,
respectively (Table 3), very likely Cit3>~ exhibited enhanced transport.
Furthermore, the SO%’ and citrate mass balance across the diluate,
acid, and base compartments was also calculated using eq. (6); results
are shown in Fig. 8. A negative or positive anion mass balance after an
experimental run time t either indicates anion mass loss or anion mass
increase, with respect to the initial mass of anions. A negative SO~ mass
balance was observed for AS 100 % - AC 0 % (—3.0 g) to AS 62.5 % - AC
37.5 % (—1.1 g), indicating electromigration of sulfate to the ERS. In
contrast, a positive balance was observed for AS 37.5 % - AC 62.5 % (2.1
g) to AS 0 % - AC 100 % (5.5 g), indicating electromigration of sulfate
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corresponding to the sequential loss of its three carboxylic protons and one hydroxyl proton at high pH.
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Table 3
Diffusion coefficient [31-33] and mobility of sulfate and citrate (calculated
using eq. (7)).

Anion Diffusion coefficient (m?/s) Mobility m?v1ts™h
S0Z%~ 1.07-10° 8.33.10°%
Git>~ 6.23.10710 7.281078
HCit? 7.11:1071° 5.54.1078
H,Cit™ 7.99.10710 3.11-10°%

from the concentrated NaySO4 ERS to the acid compartment. The AS 50
% - AC 50 % mixture yielded a well-fitted sulfate mass balance (0 %).
Similarly, AC-rich solutions, i.e., AS 0 % - AC 100 % compared to AS
87.5 % - AC 12.5 %, resulted in a more negative citrate mass balance:
—7.8 g compared to —0.2 g, respectively. This observation can be
attributed to the electromigration of citrate to the ERS. This observation
is consistent with the observed positive S02~ mass balance with AC-rich
solutions, resulting from the electromigration of sulfate from the
concentrated NaySO4 ERS to the acid compartment (see the cell
configuration in Fig. 1). Electromigration to and from the ERS main-
tained charge balance in the electrochemical cell. Notably, citrate losses
primarily occurred via migration from the diluate to the anode ERS, with
negligible return through the cathode (see the cell configuration in
Fig. 1), as indicated by the absence of a positive citrate balance in this
study (see Fig. 8). The composition of the ERS is therefore likely to vary
depending on the feed mixture composition. Some mass loss in both
S03~ and citrate likely resulted from periodic sampling (every 15 min)
and residual solution retained in tubing and the membrane stack,
despite efforts to minimize those losses. Notably, SO~ and citrate
leakage from the acid and diluate compartments into the base was
limited, ranging between 0.5 % - 3.5 % of their initial feed masses. The
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charge balance adjustments observed during BPMED operation resulted
from both cation migration and co-ion leakage. In AS-rich mixtures,
charge transfer was dominated by NHs™ migration and H™ leakage from
the acid compartment, leading to a more acidic diluate. In contrast, in
AC-rich mixtures, the buffering capacity of citrate neutralized leaked
H™, while OH™ back diffusion through the CEM resulted in a slight pH
increase. The presence of highly charged Cit>~ anions further promoted
their transport across the AEM, contributing to the overall charge
balance.

Notably, the diffusion coefficient values for HCit?~ are not available
in literature. Therefore, a reasonable estimate was obtained by aver-
aging the diffusion coefficients of Cit®>~ and HoCit~, which was then used
to calculate the mobility of HCit?~.

3.5. Overadll discussion and future outlook

This study comprehensively evaluated the effect of NHs™ salts mix-
tures (ammonium sulfate and ammonium citrate) on the NHa " recovery
efficiency, NHs" current efficiency, energy consumption, NHz diffusion,
H' and OH™ leakage to the diluate compartment, and anions transport
across anion exchange membranes (AEMs) during BPMED. The results
highlighted strong influence of feed solution mixtures, membrane
transport mechanisms, and overall system performance.

The progressive increase in NH4" recovery efficiencies in the base
compartment with increasing AC proportion highlighted the role of the
feed composition in enhancing NH4" transport efficiency. Pure AC feed
yielded the highest NH." recovery efficiency, whereas pure AS feed
resulted in substantial NHs" retention in the diluate. The buffering ca-
pacity of citrate, as a polyprotic acid, played a central role in mitigating
H™ accumulation in the diluate, with H concentrations of 7.1.10° 11
mol.L™! for pure AC and 9.6:10~% mol.L™! for pure AS after an
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Fig. 8. Sulfate and citrate mass balance over the diluate, acid and base compartment after an experimental period of 135 min, resulting from ammonium sulfate (AS)
and ammonium citrate (AC) feed mixtures in different proportions. A negative anion mass balance indicates a loss relative to the initial anion mass, while a positive
balance signifies an excess. All experiments were conducted with an initial NH} concentration of 0.757 + 0.005 mol/L (13.6 + 0.1 g NHJ /L), initial pH of 7.3 + 0.1
and at a temperature of 25 + 2 °C. Average values of the triplicate experiments are presented, along with the error bars.
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experimental run of 135 min, corresponding to a difference of 1.4 x 108.
The AC buffering capacity maintained favorable pH conditions for NHs"
transport to the base compartment.These findings were consistent with
competitive ion transport mechanisms described in literature, where
high concentrations of H" at low pH hinders NH." transport across
cation exchange membranes (CEMs) [10,14]. Additionally, NHs diffu-
sion from the base to the acid, along with possible NHs volatilization at
elevated pH, contributed to losses in NHs" recovery and current effi-
ciency, emphasizing the importance of controlling uncharged species
transport in BPMED applications [23,25].

Higher NH4" recovery with AC-rich feeds led to lower energy con-
sumption, although the electrical resistance of the BPMED stack had
only a limited influence, as variations in feed EC did not result in sub-
stantial changes in electric potential. This indicated that voltage losses
were primarily governed by ion transport limitations rather than ohmic
resistance and that ion transport mechanisms, including H" and OH™
leakage, had a greater impact on energy performance than stack resis-
tance, consistent with findings reported in previous studies [16]. OH™
leakage, as indicated by the pH increase of the diluate with particularly
the AC-rich feeds used in this study, reflected the known selectivity
limitations of CEMs [1]. Table 4 presents a comparison of NHs" recovery
efficiency, NH4" current efficiency, and energy consumption between
this study and that of Mutahi et al. [16]. The observed differences are
possibly due to the types of membranes used, the cell arrangement, the
initial NHa" concentration in the feed, and the experimental duration.

In addition, the NHa" current efficiency increased with increasing AC
proportion, reflecting reduced competitive ion interference and
enhanced transmembrane transport. However, NHa" losses resulting
from NHs diffusion, possible NHs volatilization at elevated pH, and OH™
leakage through the CEM, contributed to lower-than-optimal current
efficiencies, thereby reducing NHs" recovery efficiency and increasing
energy consumption. To improve process performance, future studies
and system designs should focus on mitigating NHs diffusion and OH™
leakage. Membrane modification, such as reducing CEM porosity may
reduce OH ™ leakage. Operating at a lower pH in the base compartment
can reduce NHs volatilization [34] and may therefore limit subsequent
NHs diffusion to the acid compartment. Additionally, system configu-
ration changes, such as reducing intermembrane spacing, optimizing
flow rate and current operation through pulse-pause regimes, or
applying vacuum membrane stripping (VMS) to rapidly extract NHs
from the base, can decrease the residence time of NHs in the system and
reduce co-ion transport [34-36]. Implementing these measures may
enhance overall NHs" recovery efficiency and reduce energy
consumption.

The findings of this study clearly indicated that feed mixtures con-
taining as little as 37.5 % AC already significantly enhanced system
performance with respect to NHa ™ recovery efficiency, current efficiency
and energy consumption, potentially contributing to overall cost sav-
ings. Increasing the AC proportion beyond 37.5 % resulted in only
marginal improvements in NH4" recovery efficiency, and reduced en-
ergy consumption and NHs diffusion from the base to the acid
compartment. This suggested the presence of a threshold beyond which

Table 4
Comparison of NH4" recovery efficiency, NHa" current efficiency, and energy
consumption between this study and Mutahi et al. [16].

Study Feed NH.* NH«" Current  Energy
Composition Recovery Efficiency Consumption
Efficiency (%) (%) (kWh/kg-N)
This AS 26.8 20.4 22.3
study AS - AC 32.0-45.9 24.9-35.7 13.0-17.4
mixtures
AC 45.2 34.8 14.1
Mutahi AS 27.8 21.5 15.6
et al. AC 60.1 46.5 7.2

[16]
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additional AC yields progressively smaller benefit, likely due to the
saturation of beneficial effects such as buffering capacity and reduced
H™ competition.

Furthermore, AC-rich feeds exhibited increased citrate removal ef-
ficiency, due to the formation of the highly mobile Cit3>~ species at
elevated pH in the diluate. Anion transport assessment indicated that
S0%~ transport was favored over citrate across AEMs, likely due to its
higher mobility.

Finally, these results highlighted the importance of optimizing feed
composition, not only regarding the choice of ammonium salt but also
the buffering capacity of the anion-acid pair in order to achieve a
balanced performance across ion transport, NHs" recovery and energy
consumption. AC-rich feeds offered clear benefits, including enhanced
NH. " recovery efficiency and improved pH stability for NHa" transport.
However, they also introduced challenges such as more complex anion
transport behavior and potential losses to unintended compartments. In
addition, it is important to acknowledge certain experimental limita-
tions in this study. Synthetic feed solutions were used rather than actual
scrubber effluents, which may differ in composition and buffer capacity.
Minor pH drift over time could have affected ion transport dynamics,
and potential gas-phase NHs losses may have influenced NH4" recovery
efficiency and energy consumption. These factors should be considered
when extrapolating the findings to upscaled applications. Future system
designs should consider strategies such as targeted pH control, enhanced
membrane selectivity, improved configuration and suitable pre-
treatment approaches to minimize undesired ion leakage and improve
overall process efficiency.

4. Conclusions

This study investigated the effect of varying ammonium citrate —
ammonium sulfate proportional mixtures on NH} recovery efficiency,
NH." current efficiency, energy consumption, NH3 diffusion from the
base to the acid compartment, H" and OH™ leakage to the diluate
compartment, and anion transport across AEMs during BPMED. The
NH." recovery efficiency was higher, and energy consumption lower, for
pure ammonium citrate (45.2 %, 14.1 kWh/kg-N) and mixture solutions
(32.0-45.9 %, 13.0-17.4 kWh/kg-N) compared to pure ammonium
sulfate (26.8 %, 22.3 kWh/kg-N). These improvements were can be
attributed to reduced ion competition between H™ and NH." for trans-
port across the CEM, as supported by the observed pH trends in the
diluate. The NH} current efficiency was higher for pure ammonium
citrate (34.8 %) and mixture solutions (24.9-35.7 %) compared to pure
ammonium sulfate solution (20.4 %). Losses in NHZ current efficiency
were attributed, among other factors, to H" transport across the CEM
and NHj3 diffusion from the base to the acid compartment. NHg diffusion
caused a 19-23 % loss in NH{ current efficiency, accounting for a 30-40
% of the NH{ transported from the feed. The enhanced NH4" recovery
and current efficiency observed in ammonium citrate-rich feeds can be
attributed to the combined effects of chemical buffering and electro-
migration. Feed mixtures with a higher proportion of ammonium citrate
than ammonium sulfate functioned as effective chemical buffers,
neutralizing H™ ions that would otherwise leak from the acid to the
diluate compartment and thereby maintaining favorable pH conditions
for NH.™" transport. In addition to this buffering effect, electromigration
under the applied electric field governed the transport of ions, including
NH.t, SOF~ and citrate species, with SOF~ transport favored over citrate
species across the AEMs due to its higher mobility. Ammonium citrate-
rich mixtures also exhibited higher citrate removal efficiencies, due to
the higher mobility of Cit>~ compared to HCit?>~ and HyCit™, as well as
the increased citrate concentration gradient between the diluate and
acid compartments. Although BPMED of simulated scrubber effluents
containing NHJ salts mixtures of ammonium sulfate and ammonium
citrate demonstrated the feasibility of achieving high NHJ recovery ef-
ficiency and current efficiency with low energy consumption, further
experiments with real scrubber effluents are necessary to evaluate the
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impact of additional ions and membrane fouling on process perfor-
mance, assess long-term operation, and assess the overall techno-
economic feasibility of the BPMED system.
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