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Ammonium is typically removed from treated wastewaters before discharge by converting it to nitrogen

gas, but its capture and reuse could provide a new strategy for energy recovery at treatment plants. A

three-stage electrochemical approach was developed here to selectively remove and concentrate

ammonium derived from wastewater. Each stage contained a battery electrode deionization (BDI) cell

containing two copper hexacyanoferrate (CuHCF) electrodes separated into two channels using an anion

exchange membrane. Through application of a low applied voltage (0.3 V) in each of the three stages,

ammonium was concentrated greater than 6 times, from 5 to 32 mM (90 to 576 mg L−1), with minimal

changes in the concentration of other cations (Na+, K+, Mg2+, and Ca2+) present in the water due to the

high ammonium ion selectivity of CuHCF electrodes under these operating conditions. The cumulative

energy use for the three-stage process was only 2.0 kW h per kg-N, compared to the 14 kW h per kg-N

that would be needed to manufacture this amount of ammonium from nitrogen gas. Nitrogen recovery

methods such as these will be needed to further transform used water plants into more effective resource

recovery treatment plants.

1. Introduction

Used waters from homes and businesses, traditionally called
wastewaters, are sent to treatment plants to remove organic
matter as well as nutrients that can lead to the
eutrophication of receiving water bodies.1–4 However, these
treatment plants are now being viewed as resource recovery
plants, as treatment can provide opportunities to capture
energy from oxidation of the organic matter, biosolids that
can be used for agriculture, and nutrients for reuse as

fertilizer.5–8 Ammonium nitrogen is especially valuable due to
the high energy needed to produce it using the Haber Bosch
process (14 kW h per kg-N),9 but it is not currently recovered
at these treatment plants. Ammonium in water is usually
removed in conventional treatment processes through
conversion to N2 gas through nitrification–denitrification
processes.10,11 To reduce energy consumption at typical
activated sludge wastewater treatment plants of ∼0.6 kW h
m−3 of treated water,12 new anaerobic treatment technologies
are being investigated as they avoid the need for wastewater
aeration. However, fully anaerobic treatment processes
cannot accomplish nitrification for ammonium removal
because the reaction requires molecular oxygen. Thus,
effective and economical methods are needed to remove and
recover ammonium from both conventional and new
anaerobic treatment technologies.

Economical ammonium nitrogen removal from treated
used waters is especially challenging due to its low
concentration in received water (<2 to 5 mM; <28 to 70 mg
L−1 as NH4

+-N).13–15 One way to improve economic recovery of
ammonium is to concentrate it before using other
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conventional methods to extract ammonium from the water.
Once concentrated, ammonium can be removed by conversion
into volatile ammonia by raising the solution pH, followed by
air stripping and NH3 scrubbers to form useful fertilizers, such
as (NH4)2SO4.

16–18 Ion exchange (IE) and reverse osmosis (RO)
have been investigated to generate ammonia-rich solutions.19–21

However, IE requires a complex regeneration process and it
generates a secondary waste.22 RO can also be used although
like these other processes they are not highly selective for
ammonium ion removal compared to other cations, and it has
relatively low water recovery ratio.23 One strategy for
concentrating ammonium is to use electrochemical cells. Cells
that rely on the capacitance processes to remove ions can be
used to concentrate ammonium, but they do not effectively
select for ammonium over other ions as all ions are removed
and concentrated near the electrode surface (i.e., >90% of
ammonium removal with >60% of sodium removal).19,24–28

Thus, capacitive-based electrode systems showed relatively high
energy demands of 4.4–21.7 kW h per kg-N for ammonium
removal (initial NH4

+ of ∼3 mM).29–31 Intercalation
electrodes32–36 are a compelling solution to this problem
because, unlike capacitive electrodes, they can selectively remove
the target cations32–35 or anions.36 A new approach was recently
developed that was selective for ammonium compared to Na+

ions (>90%),35 and had an energy consumption (1.5 kW h per
kg-N with 0.2 V applied) that was only 7 to 17% of that needed
in other electrochemical systems such as flow-electrode
capacitive deionization (CDI) or electrodialysis (ED).17,30 This
battery electrode deionization (BDI) process used intercalation
electrodes of a well-known perovskite-like cubic crystal structure
containing copper hexacyanoferrate (CuHCF).37 The CuHCF
electrode intercalates cations within a cage-like structure which
reduces FeIII to FeII.37 The selective removal of ammonium ions
was based on their relatively smaller hydrated radius (3.3 Å) and
faster diffusivity than sodium ions (3.6 Å) into interstitial sites
(estimated diameters of 3.2 to 4.6 Å).37–41 In a BDI or CDI
system, typically 50% of the water is treated and the other half
of the flow is released as a concentrated stream. While this flow
scheme may be useful for producing desalinated water,
ammonia recovery from the concentrated stream requires
further concentration to reduce the volume of the water
containing the ammonia in order to make the process practical.

A new approach for concentrating ammonium is proposed
here based on stepwise concentration of ammonium in
wastewater using a multiple-staged electrochemical cell
system (Fig. 1). Previous BDI systems have examined only the
production of lower salinity or lower ammonium treated
water streams, but have not addressed the fate of the
concentrated solution. In the staged process proposed here
the concentrated solution from the first stage, containing
concentrated ammonia, is sent to a second BDI stage. The
treated water from this second stage is then recycled back to
the first stage influent, and the concentrated stream is sent
to a third stage (Fig. 1). As a result of this recycling process,
overall 75% of the water is released as treated water, with
ammonia concentrated into 25% of the final concentrated

solution. The concentrated stream can be further
concentrated using additional BDI stages or other processes,
for example by adjusting the concentrated solution flows to
be smaller than that of the treated flow.35 A final process
such as ammonia stripping or adjusting solution pH
producing a highly concentrated ammonium product suitable
for fertilizer such as ammonium sulfate or magnesium
ammonium phosphate hexahydrate.16–18,42–44

To examine the extent of ammonium concentration that
might be possible in such a staged process, a synthetic
solution containing ammonium and sodium ions as cations
was first examined in a three-stage simulated process, as
sodium is the most abundant cation in typical wastewater.
Following these tests, a synthetic wastewater containing a
more complete array of cations (Na+, NH4

+, K+, Mg2+, and
Ca2+) was examined in order to provide results more
representative of actual domestic wastewaters. For simplicity
of experiment design, we did not conduct tests using actual
wastewaters as our previous tests using BDI showed that
there was no appreciable difference in performance between
synthetic and actual wastewaters if they had the same ionic
composition.35 The energy used for the separation of
ammonium here was evaluated based on the applied voltage
and current in each cycle.

2. Materials and methods
2.1. Battery electrode preparation

CuHCF powder was synthesized using a co-precipitation
method as previously reported.35,45–47 Briefly, 80 mL of 0.1 M
CuĲNO3)2 (Sigma-Aldrich) and 80 mL of 0.05 M K3ĳFeĲCN)6] (J.
T. Baker) were simultaneously added (flow rate of 0.5 mL

Fig. 1 Example of the flow in a three-stage BDI process, with 50% of
the flow in each effluent stream, showing recycle streams being used
to concentrate the ammonium ions into 25% of the overall flow, with
75% of the total influent water treated to remove ammonium.
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min−1) to 40 mL of deionized (DI) water with vigorous stirring
(∼300 rpm). The precipitates were washed four times by
centrifugation at 7800 × g for 10 min at 20 °C (Thermo
Scientific, Sorvall LYNX 4000) using deionized water, and
dried overnight in a vacuum oven at 70 °C. The solid
precipitates were then gently milled to produce the CuHCF
powder used to fabricate the electrodes on a carbon cloth
(1071HCB, AvCarb Material Solutions). A slurry composed of
CuHCF (80 wt%), carbon black (10 wt%, Vulcan XC72R,
Cabot), and polyvinyledenefluoride (10 wt%, Kynar HSV 900,
Arkema Inc) in 1-methyl-2-pyrrolidinone (Sigma-Aldrich) was
loaded onto the carbon cloth using a pipette. The electrode
was heated at 70 °C for 1 h using a hot plate to remove
solvent, and then dried overnight at 70 °C in a vacuum oven.

2.2. Electrochemical cell construction

The flow cell contained two CuHCF electrodes separated by
an AEM (Selemion AMV, Asahi Glass, Japan) (Fig. 2a and S1†)
fit into cylindrical chambers (diameter = 30 mm and area = 7
cm2) containing fabric spacers (Sefar Nitex 03-200/54,
thickness = 120 μm). Flow entered one side of the chamber
and exited on the far side of each chamber, with co-current
flow directions. Graphite foil was used as current collector
for the carbon cloth electrode, with rubber gaskets were
placed between each component in order to prevent leakage

of solution. The conductivity of the solution leaving each
chamber was monitored using a flow-through conductivity
meter (ET908, eDAQ, Australia). Before the electrodes were
placed into the test cell, the potential of the two CuHCF
electrodes were adjusted to 0.6 and 1.0 V (versus Ag/AgCl in 3
M NaCl. Working electrolyte was 1 M NH4Cl) in a separate
3-electrode cell (∼2 cm long by ∼3 cm in diameter)
containing working (CuHCF), counter (activated carbon and
carbon black), and reference electrodes (Ag/AgCl in 3 M
NaCl). This preconditioning of the electrodes by setting the
voltage to 0.6 and 1.0 V was conducted to maximize NH4

+

removal since that is an optimum voltage window for NH4
+

compared to other cations (Na+, K+, Mg2+, and Ca2+) based on
cyclic voltammograms collected in 1 M solutions.35 Applied
voltages of either 0.1 V or 0.3 V were chosen as these applied
voltages showed excellent NH4

+ removals of either 65.2 ±
4.0% (0.1 V) or 94.3 ± 0.4% (0.3 V) in a previous study.35

2.3. Ammonium enrichment and removal tests

Electrochemical removal of cations by the CuHCF can be
expressed as

Y+Cu[FeIII(CN)6] + xY+ + xe−

= Y+1+xCu[Fe
II(CN)6]x[Fe

III(CN)6]1−x (1)

Fig. 2 (a) Schematic of three-stage electrochemical cell using selective battery electrodes, copper hexacyanoferrate (CuHCF), in two channels
divided by an anion exchange membrane (AEM). (b) Conductivity profiles of treated and concentrated waters. Concentration of the feed waters
was varied depending on the effluent concentration of the previous stage (S1: 20 mM NaCl and 5 mM NH4Cl, S2: 21 mM NaCl and 10 mM NH4Cl,
and S3: 21 mM NaCl and 17 mM NH4Cl). (c) Concentration of the feed, treated, and concentrated waters of Na+ and NH4

+ over three stages at an
applied voltage of 0.3 and −0.3 V. Error bars show the range from at least duplicate experiments.
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where Y stands for cations such as NH4
+, Na+, and K+. The

CuHCF electrode can take up the cations into interstitial sites
(Fig. S2†). During charging, as cations are removed from the
synthesis water, anions migrate through the AEM to the
opposite solution (Fig. 2a). Cations from the previous cycle
that were stored in the electrode then move out of the
electrode into the concentrate stream as well. For a multiple
stage system, the concentrated stream of the previous stage
becomes the feed solution of the next stage. For instance,
concentrated stream of the first stage (S1-C) was a feed
solution for the second stage (Fig. 2a).

To test this three-stage concept, a synthetic solution
containing 20 mM NaCl and 5 mM NH4Cl was used as a feed
solution for the first stage, as the Na+ ion concentration is
usually much larger than that of the NH4

+ ions in treated
used waters.35 The flow cell was fed by a fresh feed solution
at a flow rate of 4 mL min−1 until the effluent concentration
was stable based on its conductivity.35 A volume of fluid (∼1
mL) was then recycled through the chamber using an
external loop for a single cycle, where alternating voltages of
0.1/−0.1 V or 0.3/−0.3 V were applied to the electrodes for 200
s using a potentiostat (VMP3, Bio-Logic). For the second and
third cycles, fresh solutions were used that were made with a
composition identical to the effluent of the concentrated
solution generated when 0.3/−0.3 V were used in the previous
stage due to the improved NH4

+ concentration at the higher
applied voltage.

The concentrations of Na+ and NH4
+ were analyzed using

ion chromatography (ICS-1100, Dionex) using Dionex IonPac
CS16 (5 × 250 mm) and CG 16 (5 × 50 mm) columns.
Methanesulfonic acid (30 mM, Sigma-Aldrich) was used as
the eluent at a flow rate of 1.0 mL min−1.

2.4. Calculations

The selectivity to the ammonium (SA) in each stage was
calculated as

SA ¼ CA

C S
(2)

where CA is the ammonium removed, and CS is the sodium
ions removed.

The cumulative charge (Ce, μmol e−) applied to remove
cations such as NH4

+, Na+, K+, Mg2+, and Ca2+ at constant
voltages of 0.1 or 0.3 V, was calculated as

Ce ¼

ð
0

t

Idt

F
(3)

where t is the time for treatment (200 s), I is the applied
current (A), and F is Faraday's constant (96 485 C mol−1). The
inefficiency of the charge consumed was calculated by
subtracting the cations removed from the total charge passed
through the circuit. Unlike the term charge efficiency (Λ; %),
defined as the ratio of salt adsorption over charge transfer in
an electrochemical system, which has been reported in some
previous CDI and BDI studies,48,49 the use of the cumulative

charge (or charge) was used here as this term compared both
the efficiency (%) and total amount of charge (μmol e−) used
in the system at the same time.

Energy consumption (EC, kW h per kg-N) in each stage
was calculated as

EC ¼

ð
0

t

VIdt

CN
(4)

where V is the potential and CN is the amount of NH4
+

removed (kg-N). The energy for pumping energy was not
included in this calculation.

Nitrogen recovery (RN, %) was calculated as

RN ¼ CA;F −CA;I

CA;I
× 100 (5)

where CA, I is the initial concentration and CA, F is the final
concentration (effluent concentration of the last stage) of
NH4

+.
The thermodynamic energy efficiency (TEE, %) was

calculated as

TEE¼ Δg
EC

× 100 (6)

The specific Gibbs free energy of separation, Δg (J L−1),
was calculated as50

Δg ¼ 2RT a
CA;F

γ
ln

CA;F − γCA;I

CA;F 1 − γð Þ
� �

−CA;I ln
CA;F − γCA;I

CA;I 1 − γð Þ
� �� �

(7)

where R (8.314 J K−1 mol−1) is the ideal gas constant, Ta
(assumed to be 298 K) is the absolute temperature, and γ

(0.5) is the water recovery.

2.5. Synthetic wastewater tests

Synthetic wastewater was prepared with NaCl (7 mM), NH4Cl
(5 mM), KCl (0.5 mM), MgCl2 (1 mM), and CaCl2 (1 mM)
based on the measured cation concentrations in primary
clarifier effluent from the Pennsylvania State University
Waste Water Treatment Plant.35 The tests were conducted at
the same operating conditions described above for the
ammonium enrichment and removal tests. The NH4

+

concentration was measured using a discrete analyzer (SEAL
analytical, AQ2), and the Na+, K+, Mg2+, and Ca2+

concentrations were measured using inductively coupled
plasma atomic emission spectrometry (Thermo Fisher
Scientific, XSERIES 2). The solution used for tests in a
successive stage was a freshly made solution based on the
concentration of ions in the effluent from the previous stage.

3. Results and discussion
3.1. Ammonium enrichment from synthetic ammonium/
sodium solution

3.1.1. Stepwise ammonium enrichment. In the first
treatment stage (S1), there was a greater extent of water

Environmental Science: Water Research & TechnologyPaper



Environ. Sci.: Water Res. Technol., 2020, 6, 1649–1657 | 1653This journal is © The Royal Society of Chemistry 2020

desalination at 0.3 V than at 0.1 V, as shown by the larger
decrease in conductivity of the treated stream (Fig. 2b) and a
higher conductivity of the concentrated stream. At a constant
applied voltage (0.3 V), the conductivity changes in the
second (S2) and third stage (S3) were slightly less than that
obtained for the first stage (S1), based on the changes in
conductivity normalized to the influent conductivity to each
stage.

When the concentrated solution from the first stage (S1-C)
was passed into the second stage, and then the effluent from
that stage (S2-C) was used in the third stage, there was an
overall 5-fold increase in the NH4

+ concentration, from 5 mM
to 25 mM, without appreciable changes in the concentration
of Na+ (Fig. 2c). The influent NH4

+ concentration increased
from 5 mM to 10 mM in the first stage (S1), 17 mM in the
second stage concentrated effluent (S2), to the final
concentration of 25 mM (S3). Throughout the same three
stages, the Na+ concentration changed by less than 7% due
to its lower affinity for intercalation into the electrodes as
well as the de-intercalation or exchange of ions during the
stabilization step (Fig. S3b, d, and f†).

When a lower voltage of 0.1 V was applied, less ammonia
was removed and therefore NH4

+ was only concentrated by
53% rather than by 100% in the first stage (Fig. S3a and b†).
Although NH4

+ in the following two stages was <36%, NH4
+

was more concentrated at even at the lower applied voltage of
0.1 V due to its higher initial concentration in the second (10
mM) and third (17 mM) stages compared to the first stage (5
mM) (Fig. S3c–f†). Based on these results, a higher fixed
voltage of 0.3 V was chosen as a working voltage for the
subsequent three-stage tests.

3.1.2 Selective ammonium enrichment and removal. The
selectivity factors for NH4

+ relative to that of Na+ ranged from
20 to 103 for the first and third stages at an applied voltage
of 0.1 V (Fig. 3a). At a higher fixed voltage of 0.3 V, these
selectivity ratios were lower (range of 3 to 29) over the three
stages due to the lack of sufficient NH4

+, since Na+ ions were
removed when the concentration of the NH4

+ ions was very
low (Fig. S3a, c, and e†). For example, in the first stage after

removal of 100% of NH4
+ at the higher applied voltage of 0.3

V there was Na+ ion removal, resulting in 35 ± 3% of Na+

removal (Fig. S3a†). However, since there was only 62 ± 5% of
NH4

+ removed at the lower applied voltage of 0.1 V, there was
very little Na+ removal (4 ± 1%). The relatively large range of
the NH4

+/Na+ selectivity observed here (Fig. S3†) at 0.1 V was
attributed to the relatively small amount of Na+ removed
(<0.6%). This small removal of Na+ with a range from 0.2%
(0.04 mM) to 0.6% (0.13 mM) resulted in the NH4

+/Na+

selectivity from 46 to 160.
As the NH4

+ concentration was increased in each stage,
the greater selectivity for NH4

+ resulted in a different trend in
the removal of the cations, with the moles of removed cations
increasing with each stage for NH4

+, and fewer Na+ ions
removed in the successive stage, regardless of applied voltage
(Fig. 3b). In the first stage, the charge of 7 μmol e− (0.1 V)
was used to remove 3 μmol of NH4

+, whereas <1 μmol of Na+

was removed at the same time (Fig. S4a†). By the third stage,
when a charge of 20 μmol e− (0.3 V) was passed through the
circuit, 11 μmol of NH4

+ was removed compared to <1 μmol
of Na+.

3.1.3. Energy consumption and ammonium recovery. Less
energy was always needed in the next stage compared to that
required in the previous stage mainly due to the higher
concentrations of NH4

+ ions (Fig. 4a). The energy
consumption for stage 1 was 1.0 kW h per kg-N (S1),
decreasing to 0.6 kW h per kg-N in stage 2 (S2), and 0.4 kW h
per kg-N in stage 3 (S3). This decreased energy was consistent
with an increase in the NH4

+ concentration from 5 mM in
stage 1, to 7 mM in stage 2 and 8 mM in stage 3. Thus, the
cumulative energy use for the three-stage process (from S1 to
S3) to concentrate NH4

+ by 5 times, from 5 to 25 mM, was 2.1
kW h per kg-N (Fig. 4b).

3.2. Ammonium enrichment from synthetic wastewater

The use of the three stage BDI process with synthetic
wastewater enabled NH4

+ enrichment of more than 6 times,
from 5 mM to 32 mM, which was significantly higher than

Fig. 3 (a) Selectivity of ions (NH4
+/Na+) over stages. (b) Amount of charges consumed to remove NH4

+ (red) or Na+ (blue) at constant voltages of
0.1 (plain bar) or 0.3 V (hatched bar). Inefficiency (grey) was calculated by the cumulative charges applied minus cation removed. Detailed data of
removed cations (μmol) as a function of the amount of charge (μmol e−) can be found in Fig. S4.† Concentration of the feed waters was varied
depending on the effluent concentration of the previous stage (S1: 20 mM NaCl and 5 mM NH4Cl, S2: 21 mM NaCl and 10 mM NH4Cl, and S3: 21
mM NaCl and 17 mM NH4Cl).
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that of the sum of the other cations (Na+, K+, Mg2+, and
Ca2+) (Fig. 5 and S5†). This indicated that the BDI still had
a high selectivity for NH4

+ over the bulk of the other cations
present in the wastewater. The high selectivity of NH4

+ is in
line with previous findings that intercalation reactions of
CuHCF to NH4

+ are favorable over other cations present in

wastewater when a mid-point potential of ∼0.8 V was
used.35

Based on the percentage in ion concentration over three
stages, the CuHCF electrode showed enhanced selectivity for
some ions, such as K+ (218%, from 0.5 mM to 1.1 mM) and
Ca2+ (171%, from 1.0 mM to 1.7 mM) relative to Na+ (113%,
from 7.0 mM to 8.0 mM) (Fig. 5). A particularly low selectivity
(<15%) was found for Mg2+ among the cations tested
throughout the three stages. The cation concentrations of the
treated streams also showed the same trends as that of the
concentrated streams. Thus, it can be seen that the cation
selectivity of the CuHCF electrode in the BDI was in the order
NH4

+ ≫ K+/Ca2+ > Na+ ≫ Mg2+, which was mostly followed
the order of the Stokes or hydrated radius of the cations.38

Most of the charge consumed through the BDI was used
to remove and recover NH4

+ because of its high selectivity for
NH4

+, even when synthetic wastewater containing other
cations was used as the influent (Fig. 6a). As the NH4

+

concentration was increased, a greater proportion of the
charge was used to remove NH4

+ ions. For example, in the
first stage, 18 μmol e− was used to recover 5 μmol of NH4

+,
whereas <2 μmol of each of the other cations was removed
at the same time. By the third stage, when a charge of 23
μmol e− was passed through the circuit, 13 μmol of NH4

+ was
recovered compared to only <1 μmol of each of other
cations. Throughout the experiments, charge inefficiencies
were ∼50% (Fig. 3b and 6a). Increasing solution conductivity
(S1 in Fig. 6a versus S1 0.3 V in Fig. 3b) or the applied voltage
(Fig. 3b) only slightly increased the charge efficiency of the
system. Greater improvement in the charge efficiency will
therefore require electrodes that can contain additional
CuHCF catalyst and thus more active sites to further enhance
the overall energy efficiency of the BDI system. In addition,
this approach of improving the charge efficiency could also
enhance the present energy efficiency (the thermodynamic
minimum energy divided by energy demand of the system) of
5.7 ± 1.1% calculated for all experiments when a fixed
applied voltage of 0.3 V.

As more nitrogen was recovered in each stage, less energy
was required (Fig. 6b). In the staged mode, the energy
consumption of 1.0 kW h per kg-N (single; S1), 1.7 kW h per

Fig. 4 Energy consumption (kW h per kg-N) of (a) each cell or (b) staged cell at a constant applied voltage of 0.3 V. Energy consumption of triple
is the sum of S1, S2, and S3. (a) The amount of the concentrated NH4

+ by each cell and (b) nitrogen recovery of the staged cell was calculated by
dividing the NH4

+ concentration of the effluent in each mode by 5 mM, the initial concentration of ammonium in the first stage (S1).

Fig. 5 Concentration of the feed, treated, and concentrated waters
over (a) S1, (b) S2, and (c) S3 at an applied voltage of 0.3 V using
synthetic wastewater.
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kg-N (double; S1 + S2), and 2.0 kW h per kg-N (triple; S1 + S2
+ S3) was calculated, indicating that the energy used in the
second (0.7 kW h per kg-N) and third (0.3 kW h per kg-N)
stages were lower than that of the first stage (1.0 kW h per
kg-N). This energy was lowered in each stage, due to the
increased nitrogen recovery of 100% in the first stage, 294%
with two stages, and 535% with three stages, resulting in a
cumulative energy consumption of only 2.0 kW h per kg-N to
concentrate NH4

+ by >6 times from 5 mM to 32 mM.

3.3. Implications for wastewater treatment

The energy used by the three-stage BDI system to concentrate
NH4

+ from 5 to 32 mM (nitrogen recovery of 535%) was only
2.0 kW h per kg-N using a synthetic wastewater as a feed
(Fig. 6b). This was less than that needed for other
electrochemical processes, for example 4.4–21.7 kW h per kg-
N for CDI (initial NH4

+ of ∼3 mM),29–31 8.5 kW h per kg-N for
ED (initial nitrogen of 286 mM),17 and 126–622 kW h per kg-
N for electro-oxidation (EO, initial NH4

+ of ∼4 mM or ∼8
mM).51,52 For all of these processes additional treatment
would be needed to purify and recover the ammonium, such
as air stripping followed by an ammonia scrubber, and then
subsequent production of the fertilizer such as
(NH4)2SO4.

16–18 The energy consumption for conventional air
stripping and a scrubber is relatively high (∼6–9 kW h per
kg-N).16,53 Thus, to increase the overall efficiency of the
process to purify and recover ammonium, it is important to
use more concentrated streams of ammonium than the
original effluent as there is minimum energy consumption of
the subsequent process. Hybrid biological-electrochemical
processes, such as microbial electrolysis cells, can be
operated to directly extract NH3-N from a membrane-coated
porous metal cathode, with 1.6–2.5 kW h per kg-N of energy
consumption.54,55 While conventional biological processes
based on nitrification and denitrification can remove
ammonia at an energy consumption (1.7 kW h per kg-N)
similar to BDI,10 the conversion of ammonia to nitrogen gas
wastes the energy in the ammonia. For example, ammonia
concentrations of 2–5 mM (28 to 70 mg L−1) are equivalent to
0.39–0.98 kW h m−3 to produce that amount of ammonia by

the Haber Bosch process (assuming 14 kW h per kg-N), which
is 65–160% of the energy needed to treat conventional
wastewaters of 0.6 kW h m−3. Thus, the use of
electrochemical cells with selective battery electrodes
connected in series could represent an effective method for
ammonium enrichment and recovery due to its ability to
achieve high nitrogen recovery rate (540%) with relatively low
energy consumption (2.0 kW h per kg-N), especially
considering the high energy demands for producing
ammonia using the Haber Bosch process. Although the
previous tests with actual wastewaters using a BDI cell have
shown that there is no appreciable difference in performance
between synthetic and actual wastewaters, as residual organic
matter did not impact cation removal,35 tests using actual
wastewater with a three-stage BDI system will further help to
demonstrate its feasibility compared to other processes in
practical applications.

4. Conclusions

A three-stage BDI system with CuHCF electrodes was
developed and tested to selectively remove and concentrate
ammonium derived from a wastewaters. Ammonium was
concentrated greater than 6 times, from 5 to 32 mM (90 to
576 mg L−1), with minimal changes (<1 mM) in the
concentration of other competing cations (Na+, K+, Mg2+, and
Ca2+) present in the water, indicating a high ammonium ion
selectivity using the CuHCF electrodes. The energy used by
the three-stage BDI system to concentrate NH4

+ from 5 to 32
mM was only 2.0 kW h per kg-N, which was less than that
needed for other electrochemical processes such as CDI, ED,
or EO processes. Thus, the use of the staged BDI system
provided an energy-efficient approach due to the great
selectivity of ammonium at the low energy demand of the
system. The development of an automated BDI system with
an adjustable flow rate will be needed to further
improvements in overall selectivity and energy demands.
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