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ARTICLE INFO ABSTRACT

Editor: Dr. GL Dotto Reject waters from the dewatering of anaerobically digested municipal sewage sludge are nitrogen-rich (ca. 1
gnua-n L71) wastewater streams. They account for up to 25% of the total nitrogen load of wastewater treatment
due to their internal recirculation within treatment plants. In this study, nitrogen was effectively removed and
recovered from real reject water using a novel electrochemical setup combining electroconcentration and
stripping. High nitrogen removal (< 94 + 0.7%) and recovery (< 87 + 8.5%) efficiencies from real reject water
were obtained while simultaneously reducing the influent nitrogen concentration of 913 + 14 mgyp4.x L ! to 57
+ 6.7 mgnuan L7} in the effluent. Most of the nitrogen recovery took place via electroconcentration into a liquid
concentrate (< 82 + 5.7%), while stripping contributed little to the removal and recovery (< 5 + 2.8%). The
reported removal and recovery efficiencies are the highest to date for a system utilising three-chamber elec-
troconcentration. Furthermore, the concept of cation load ratio (the ratio between applied current density and
cation loading rate) was introduced as a more precise parameter than the widely used and simpler NH4-N load
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ratio for predicting the performance of a (bio)electrochemical nutrient removal and recovery system.

1. Introduction

Nitrogen (N), along with other macronutrients potassium (K) and
phosphorus (P), are essential for plant growth. For this reason, they are
extensively used as fertilisers in agriculture. However, the production of
ammonium nitrogen (NH4-N) for fertiliser purposes requires significant
fossil energy inputs, resulting in gaseous emissions [1]. A more efficient
method for recycling existing nitrogen is therefore needed. Notably, up
to 30% of the nitrogen used as fertiliser ends up in municipal waste-
waters [1-3], from where it could be recovered for re-use.

At conventional municipal wastewater treatment plants (WWTPs), a
fraction of influent nitrogen is assimilated into the activated sludge used
in the treatment process [4,5]. Excess activated sludge is often anaero-
bically digested, which re-solubilises the biomass-bound nitrogen. After
dewatering the digested sludge, nitrogen is mostly present in the liquid
fraction called reject water [5]. With nitrogen concentrations typically
around 1 gnga-N LY reject waters are the most nitrogen-rich streams at

WWTPs, although their volumes are only < 5% that of the influent
wastewater [5-7]. The nitrogen-rich reject waters are commonly recir-
culated back to the activated sludge process of the WWTP for nitrogen
removal, which can contribute up to 25% of the total nitrogen load to
the process [6,8] and, consequently, to the energy demand and cost of
treatment. Nitrogen removal and recovery (NRR) from reject waters
could benefit the energy balance of wastewater treatment and facilitate
nitrogen recycling back to agriculture.

In recent years, (bio)electrochemical systems ((B)ESs) have been
extensively studied for NRR from reject waters [5,9-12]. In BESs, elec-
troactive bacteria catalyse anodic oxidation reactions, whereas in elec-
trochemical systems (ESs), purely electrochemical reactions take place.
In both cases, the generated electric current functions as the driving
force for the migration of charged ions over ion-exchange membranes
(IEMs), which can be utilised for concentrating NH4-N. This often takes
place in a two-chamber setup with an anode and a cathode chamber
separated by a cation-exchange membrane (CEM), which allows the
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concentration of the positively charged NH4 ™ from the anode to the
cathode [13]. Alternatively, an anion-exchange membrane (AEM) can
be added to create a separate concentrate chamber between the anode
and the cathode [9,14-16]. In this three-chamber setup, electric current
is used to produce a concentrated liquid nutrient product. This method is
called (bio)electroconcentration [9,15,16]. Reject water has shown
specific potential for NRR in a three-chamber bioelectroconcentration
cell (BEC) with an NHy4-N recovery efficiency of 53 + 4% from real reject
water [9] compared with 50 &+ 2% from synthetic urine [14] and 12 +
1% from real wastewater [16] in a similar setup. Utilising biocatalysts in
BESs typically decreases the energy consumption compared with ESs.
However, the current generation depends on the amount and biode-
gradability of the organic content of the feed [17], which is the chal-
lenge when working with reject water [5]. This limits the extent of
NH4-N concentration through the [EM, which is largely controlled by the
current density [10,18,19].

Furthermore, nitrogen concentration in a (B)ES is often followed by
ammonia (NH3) stripping, a well-established NRR method. In stripping,
the pH of the NH4-N-containing solution is increased to turn soluble
NH," into volatile NH3 (pKa 9.25). NH3 can be stripped from the solu-
tion into the gas phase by sparging highly dispersed gas through it [4,
20]. Traditionally, increasing the pH requires chemical addition. How-
ever, in (B)ESs, cathodic reduction reactions release hydroxide (OH),
thereby increasing the catholyte pH. Thus, the NH4-N concentrated from
the anode chamber to the cathode speciates into NHj that can be
removed by stripping, followed by re-solubilisation into an acidic solu-
tion [5,10]. Even if the stripping step is efficient in removing NH3 from
the liquid phase (up to 100%), the concentration of NH4-N into the
catholyte often limits the total nitrogen recovery [10], unless the reject
water is fed directly to the cathode [5]. Notably, the main focus of NRR
studies is typically the created nutrient product [5,10,12,21], while the
effluent quality of the NRR process and the potential additional treat-
ment it might require are seldom discussed. Alternatively, studies
resulting in an effluent quality that eliminates the reject water recircu-
lation within a WWTP have been carried out using simplified synthetic
reject water formulations [22].

The objective of this research was to study a novel electrochemical
NRR setup in which NHj stripping and NH4" electroconcentration were
combined and worked cooperatively in recovering nitrogen. Two
different NH4-N product streams were created: the stripped and absor-
bed nitrogen recovered as an ammonium sulphate solution and a
nitrogen-rich liquid concentrate. The aim was to maximise the total
nitrogen removal and recovery efficiencies from real reject water. In
addition, special attention was allocated to the NRR effluent quality to
dispense with the need for additional nitrogen removal treatment.

2. Materials and methods

Short-term preliminary experiments were carried out in smaller-
scale laboratory reactors with synthetic reject water. These were per-
formed to determine the optimal NH4-N load ratio, that is, the ratio
between NH4-N loading rate and applied current (see Section 2.4), to
obtain maximal NH4-N removal efficiency and minimise NH4-N con-
centration in the effluent. For more details, see Appendix A in the
Supplementary material. The results from these preliminary experi-
ments were used to select the operational parameters for the experi-
ments described in the following sections.

2.1. Experimental setup and media composition

The experiments were carried out in duplicate lab-scale reactors
combining electroconcentration and stripping, with electrochemical
advanced oxidation taking place at the anode (Fig. 1). The three-
chamber electroconcentration unit was made from polycarbonate
plates with all three chambers (anode, concentrate and cathode)
measuring 5 cm x 20 cm x 1.2 cm. A 40.5 cm? DIACHEM® boron-doped
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Fig. 1. Schematic presentation of the laboratory-scale setup combining elec-
troconcentration and stripping. Solid lines represent liquid flows and dashed
lines gas flows. AEM: anion-exchange membrane; Q : anions; Q: cations; CEM:
cation-exchange membrane.

diamond electrode (Condias GmbH, Germany) connected to a niobium
or stainless steel rod was used as anode and a 100 cm? piece of AISI 316L
stainless steel sintered fibre felt (Xinxiang Lier Filter Technology Co. Ltd,
China) with titanium wire as cathode. A cation-exchange membrane
(CEM; CMI-7000, Membranes International, USA) was placed between
the anode and the middle chambers and an anion-exchange membrane
(AEM; AMI-7100, Membranes International, USA) between the cathode
and the middle chambers. The effective surface areas of the membranes
were 100 cm?. They were soaked overnight in 5% (w/w) NaCl solution
prior to use. Rubber gaskets (1.5 mm thick) were used between the
chamber plates and membranes to make the system liquid and airtight,
which slightly increased the chamber volumes. The middle chamber was
filled with glass beads (6 mm diameter; washed in 1 M HCI overnight
prior to use) to prevent membrane distortion. The final hydraulic vol-
umes of the chambers were 133 + 2 mL for the anode, 119 + 2 mL for the
cathode and 79 + 1 mL for the middle chamber.

In both duplicate setups, the stripping column was a glass column
(3 cm diameter, 53 cm height) filled with K1-type media carriers (Evo-
lution Aqua, UK) up to 25 cm. The liquid volume in the column was
50 mL. An additional glass column (2 cm diameter, 39 cm height) was
filled with aquarium filter wool (Aqua One, Australia) and a known
volume of 5 M HySO4 and used as an absorption column. The K1 carriers
and the aquarium filter wool were used to slow down the gas flow ve-
locity in the columns to maximise contact time with the liquid.

Both synthetic and real reject water were utilised as feed. First, a
synthetic formula was used, mimicking real reject water characterised
previously [9] and containing (in mg L NapHPO4 (104), MgCly-6H,0
(231), CaCOs3 (152), KHCO3 (274), NH4HCO3 (3751), CH3COONa (111)
and CoH5COOH (52). Thereafter, real reject water was collected from
Luggage Point municipal WWTP (Brisbane, Australia), which contained
on average (in mg L’l) NH4-N (983 +50), PO4-P (7.3 +£1.9), K
(221 + 11), Na (341 + 19), Ca (36 + 4), Mg (18 + 7), Cl (656 + 25),
inorganic carbon (752 + 59) and organic matter, expressed as soluble
chemical oxygen demand (sCOD; 853 +416), out of which
297 + 100 mg L' were acetate and 44 + 11 mg L~! were propionate.
The total suspended solids (TSS) of the real reject water were
191 + 52 mg L 1. To avoid blockages in the operational setup, the solids
in the reject water were allowed to settle at the bottom of the storage
canisters. Then, the feed was decanted from the canisters into a feed
bottle without any further pre-treatment. The reject water was stored at
+4 °C for a maximum of one week. A fresh batch of feed was collected
from the cold room daily and kept in room temperature for a maximum
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of 24 h.
2.2. Reactor operation

Synthetic or real reject water was continuously fed to the cathode
chamber of the electroconcentration unit (Fig. 1). At the cathode, pro-
tons were reduced to hydrogen gas, which increased the catholyte pH
and turned the influent NH4 " to volatile NH3, while anions were able to
migrate through the AEM into the concentrate chamber. The cath-
olyte-hydrogen gas mixture continued into the stripping column for
gas-liquid separation. The liquid fraction was collected from the bottom
of the stripping column and fed to the anode of the electroconcentration
unit. Here, protons were generated as a result of oxidation reactions. The
resulting low pH turned the remaining NHs back to NH,4", which was
able to migrate to the concentrate chamber over the CEM together with
other cations. The effluent from the anode was collected into an effluent
bottle. Simultaneously, water was also flowing into the concentrate
chamber due to osmotic and electro-osmotic forces. The formed liquid
concentrate was collected as overflow into a concentrate bottle. The
catholyte and anolyte were circulated in the respective chambers at
35 mL min~! (except for the final experiment in which the rate was
increased to 105 mL min ') to reduce mass transfer limitations. For the
final experiment with real reject water (R4; see Table 1), mixing was also
applied to the middle chamber at a rate of 105 mL min~! to avoid the
formation of high local concentration gradients near the membrane
surfaces.

Air was bubbled into the stripping column from the bottom through a
glass frit at 12 + 1 mL min~! to strip volatile NH; from the liquid
(Fig. 1). The gas mixture was collected at the top of the stripping column
and bubbled through H3SO4 to re-solubilise and, thus, capture the
stripped NH3. Watson-Marlow Sci-Q 323 peristaltic pumps (Watson-
Marlow Fluid Technology Group, United Kingdom) were used for both
liquid and gas pumping. A laboratory DC power supply (IPS 2303, ISO-
TECH) was used to apply a constant current of 0.35 or 0.7 A, corre-
sponding to a current density of 35 or 70 A m ™2 relative to the effective
membrane surface area (or ca. 86 or 173 A m~2 to anode surface area).
The power supply also measured cell voltage. Cell voltage was recorded
when sampling, while individual electrode potentials were not recorded.
All experiments were carried out in ambient temperature (22 + 2.5 °C)
and pressure.

Five different experiments were carried out: one with synthetic reject
water (S1) and four with real reject water (R1-R4; Table 1). For run S1,
the NHy4-N load ratio was matched with the load ratio leading to the
highest total NH4-N removal and the lowest effluent concentration in the
smaller-scale preliminary experiments (Fig. A.1 in Supplementary ma-
terial). Runs R1-R3 with real reject water were designed to reproduce
the NRR efficiency obtained with synthetic reject water by matching the
different operational parameters to those of S1: the feed rate and, thus,
the hydraulic retention time (HRT); the NH4-N loading rate and, thus,
the NH4-N load ratio; and the cation loading rate and, thus, the cation
load ratio (Table 1). The aim of the final real reject water run, R4, was to
determine the highest obtainable NH4-N removal and recovery by
significantly increasing the NH4-N (and cation) load ratio. This was done
by simultaneously decreasing the feed rate and increasing the current

Table 1
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density. In addition, the mixing rate for the anode and cathode chambers
was tripled to 105 mL min~"! to eliminate mass transfer limitations. The
ratio between the air and liquid flows in the stripping column (R, ; see
Section 2.4) increased with decreasing feed rate (Table 1).

2.3. Sampling and chemical analyses

Samples for the elemental analyses (NH4-N, PO4-P), soluble ions (KT,
Na®, Mg?*, Ca®*, CI7), sCOD, volatile fatty acids (VFAs) and total
inorganic carbon (TIC) were taken from the feed, cathode effluent,
anode effluent and concentrate three times with 24 h sampling intervals
once the reactors had been operated for at least four HRTs and were
considered to be in steady state (i.e., the electric conductivity (EC) of the
concentrate and effluent were stable). In addition, samples were taken
from the absorption columns to analyse the absorbed NH4-N. EC and pH
were measured immediately after sampling using LAQUAtwin probes
EC-22 and pH-22 (Horiba Scientific, Japan), respectively. Samples were
filtered through Millex® syringe filters (pore size 0.22 ym; Merck Mil-
lipore, Germany) and stored at —20 °C for further analyses.

The NH4-N and PO4-P were analysed with a Flow Injection Analyser
(FIA) (Lachat Quikchem 8500 Series 2; Hach, USA); the NH4-N in the
acid trap with the Total Kjeldahl Nitrogen (TKN) method using the FIA;
the cations (K*, Na*, Mg?" and Ca®") with an Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES) (Optima 7300DV;
PerkinElmer, USA) after nitric acid digestion; the CI~ with an Ion
Chromatography System (Dionex ICS-2000, Thermo Fisher Scientific,
USA); the VFAs with a Gas Chromatography System (7890A, Agilent
Technologies, USA); the TIC with a Total Organic Carbon Analyser TOC-
L CSH with TNM-L TN unit (Shimadzu, Japan); and the sCOD with
Spectroquant® COD test kits (Merck Millipore, Germany). TSS for the
real reject water was determined according to standard SFS-EN
872:2005 [23].

2.4. Calculations

Removal and recovery efficiencies (%) for different ions were
calculated by comparing the concentrations in the effluent, concentrate
and absorption column (only for NH4-N) to the influent concentrations.
Effluent and concentrate volumes were measured to obtain accurate
mass balances. The reported values are mean values of the two reactors
in three sampling points (n = 6) with standard deviations (+) unless
stated otherwise. As the stripping and absorption contributed little to
NHy4-N removal (as discussed in Section 3.4), the removal rates of all
compounds including NH4-N were normalised to the total theoretical
electroconcentration reactor volume (360 mL; g m3 d’l), ie.,
excluding stripping column volume, or effective membrane surface area
(100 em? g m~2 d71). To determine the electrical energy required for
NHy4-N removal, the power consumption was calculated from the current
and voltage data normalised to the duration of each sampling period and
the mass of NH4-N removed over it.

The transport efficiency tE, (%) or the contribution of an ion to the
total charge transport over a membrane was calculated as reported
previously [24]:

Operational parameters of the five experimental runs. Hydraulic retention times (HRTs) are normalised to the combined hydraulic volumes of the anode and cathode
chambers and current densities to the effective membrane surface area. NH4-N and cation load ratios refer to the ratio between applied current and NH4-N or cation
loading rate, respectively. R, refers to the ratio between the air and liquid flows in the stripping column.

Experiment  Origin of reject Feed rate HRT NH4-N loading rate Cation loading rate J NH4-N load Cation load Rac
water [Ld] [h] [mmol L' d™'] [mmol L' d™'] [Am 2]  ratio [-] ratio [-] [-1
s1 Synthetic 2.8 2.2 513 598 35 2.4 2.1 6
R1 Real 2.8 2.2 811 1075 35 1.6 1.1 6
R2 Real 1.8 33 527 693 35 2.4 1.8 10
R3 Real 1.5 4.1 410 535 35 3.1 2.3 12
R4 Real 0.6 10.3 152 198 70 16.0 11.7 30
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where n is the studied compound, J,, is the removal rate of the compound
(g m 2 s’l, normalised to effective membrane surface area), M, is the
molar mass of the compound (g mol’l), 2, is the charge of the com-
pound, F is the Faraday constant (96,485 C mol™1) and Japplied is the
current density (A m3).

The NH4-N load ratio Ly (-) was also calculated as reported previ-
ously [19]:

Japplied
Ly = F (2)
CNH4-N,  feed * Qfeﬂd * A

where Cnp4.N, feed is the NH4-N concentration in the feed (mol m*3), Qfeed
is the feed rate (m® s™1) and Ay, is the effective membrane surface area
(m?).

The concept of a cation load ratio L¢ (-) was introduced and calcu-
lated as modified from Eq. (2) as follows:
Le = % 3)

n

Z(Ci * Zi) * Qfeed * AL

i=1

where ¢; is the concentration of a cation in the feed (mol m’3) and g; is
the charge of the cation.

For ammonia stripping, the ratio between the air and liquid flows in
the stripping column can be expressed as reported previously [25]:

Qair

Ry =
Qcarholyre

4

where Q,j, is the air flow (mL min~!) fed into the stripping column and
Qcatholyte is the flow of liquid (mL min™!) from the cathode to the
stripping column.

Statistical analyses were carried out using Microsoft Excel Data
Analysis and a 5% significance threshold. Two-sample t-tests were used
to check the similarity between the data sets of the duplicate reactors.
Regression analysis was used to find linear trends and spot outliers.

3. Results and discussion
3.1. NHy4-N removal and recovery

3.1.1. NH4N was efficiently removed from synthetic and real reject water

Preliminary runs were used for the optimisation of the NH4-N load
ratio with synthetic reject water, with the highest NH4-N removal of
93 + 1.4% at NHy4-N load ratio of 2.5 (see Fig. A.1 in Supplementary
material). In run S1, using slightly larger reactors and modified stripping
and absorption columns, the selected NH4-N load ratio 2.4 led to an even
higher NH4-N removal of 97 + 2.3% with synthetic reject water, cor-
responding to an NH4-N removal rate of 5.9 & 0.3 kgy m > d ! (Fig. 2).
With real reject water and a matching feed rate and HRT to S1, resulting
in a lower NH4-N load ratio of 1.6 (R1), the NH4-N removal efficiency
was significantly lower at 73 + 6.7%, even if the removal rate increased
to 6.8 + 0.8 kgy m~3 d~1. When the NH4-N load ratio was matched to
that of S1 with real reject water (R2), the removal efficiency increased to
81 + 22% and further to 90 + 6.9% by matching the cation load ratio
(2.3 in R3 vs. 2.1 in S1). In the final run with real reject water (R4),
where the NH4-N load ratio was more drastically increased (see Table 1),
the obtained NH4-N removal efficiency was the highest at 94 + 0.4%
and very close to the 97 + 2.3% obtained with synthetic reject water.
Overall, the NH4-N removal efficiency from real reject water increased
linearly as a function of both NH4-N and cation load ratios (R? > 0.98 for
both) when run R4 that had a clearly larger load ratio than the ‘limiting’
load ratio is excluded (see Fig. 3 and Section 3.2 for details). Conversely
to the NH4-N removal efficiency, the removal rate decreased from
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Fig. 2. NH4-N mass balances and removal rate in the different experiments
with synthetic (S1) and real (R1-R4) reject water (for experimental parameters,
see Table 2). For R1, recovery into acid was not determined. For R4, results
from only one of the duplicate reactors are presented due to operational issues
with the other reactor, resulting in dissimilar behaviours of the two reactors
(P < 0.05 based on the two-sample T-test).

6.8+ 0.8 to 1.7 + 0.02 kgy m~> d! (Fig. 2) with decreasing NH4-N
load ratio with real reject water.

The removed NHy4-N was also efficiently recovered. Almost all of the
NHy4-N recovery took place via ion migration into the concentrate
chamber in the electroconcentration step, while stripping and absorp-
tion played a very minor role in the recovery (< 5%, Fig. 2), as discussed
in the following sections.

3.1.2. Removed NH4-N was effectively recovered into a liquid concentrate

The NHy4-N recovery efficiency from synthetic reject water into the
liquid concentrate was 87 + 4.6% (S1), whereas a similar NH4-N load
ratio resulted in a lower recovery efficiency of 74 + 1.0% with real
reject water (R2). The recovery efficiency into concentrate peaked at
82 + 5.7% with real reject water (run R4) (Fig. 2). At the same time, the
NHy4-N concentrations in the concentrate peaked at 15.3 + 0.5 and
19.0 £ 0.7 gL' with synthetic and real reject water, respectively
(Table 2).

With a matching cation load ratio (run R3), the NH4-N recovery ef-
ficiency was considerably lower compared with the other runs at
51 + 8.2%, meaning that up to 39% of the influent NH4-N was lost in the
system. The two-sample T-test indicated that the duplicate reactors
behaved similarly (P values of 0.49 for NH4-N removal and 0.34 for NHy-
N recovery), but a regression analysis comparing the averaged concen-
trate production rate (results not shown) to the NH4-N load ratio showed
that R3 was a clear outlier from an otherwise linear trend in the real
reject water experiments (R2 = 0.08 for R1-R4 compared with R% = 0.96
for R1, R2 and R4). As a similar loss was also observed for potassium and
sodium in R3 (see Fig. B.1C in Appendix B, Supplementary material), the
large NH4-N loss was attributed to a leakage from the middle chambers
of the reactors and an anomaly in the recovery results.

The obtained NH4-N recoveries into the concentrate are the highest
reported to date for a three-chamber (bio)electroconcentration cell
operated with different nutrient-rich streams [9,14-16]. Even though
the NH4-N removal and recovery efficiencies from real reject water (up
to 94 £ 0.7% and 82 + 5.7%, respectively) were slightly lower than
those from the simpler synthetic composition (97 + 2.3% and
87 + 4.6%, respectively), the obtained removal and recovery effi-
ciencies were high and notably improved compared with our earlier
work in a biological NRR unit [9], where the highest obtained recovery
efficiencies were 76 + 4.6% from synthetic and 53 + 4.0% from real
reject water. The major reason for this was the higher applied current
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Fig. 3. NH4-N recovery efficiencies as a function of (a) NH4-N load ratio and (b)
cation load ratio. Data were compiled from different studies using a similarly
structured three-chamber (B) EC fed with different nutrient-rich feed streams
[9,14-16,29]. Linear trendlines were fitted to the linearly increasing parts of
the synthetic urine (yellow) and synthetic and real reject water (blue) data sets.
For synthetic and real reject water, the roughly estimated limiting load ratios
were marked with dashed lines. For synthetic urine, the data point marked with
an asterisk (*) [14] was excluded from both fittings as an outlier. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 2

NH4-N concentrations in the feed, effluent and concentrate in the different ex-
periments, as well as up-concentration factors (i.e., ratio of the concentration in
the concentrate compared to the feed).

Experiment CNH4-N, feed CNH4-N,effluent CNH4-N, Up-concentration
[mgL™"] [mgL ™M concentrate factor [-]
gL
S1 647 +2 18 +16 15.3+£0.5 244 0.9
R1 1006 + 18 274 £ 67 19.0 £ 0.7 19+ 0.8
R2 1030 + 8 207 + 231 15.8 £ 0.2 15+0.3
R3 977 + 39 99 +71 12.7 £ 0.7 12+24
R4 913 + 14 57+7 6.6 £ 0.4 7.3+0.5

density (35 or 70 A m 2 compared with < 4.8 A m’z, relative to the
effective membrane surface area), which means a higher driving force
for electromigration. In the biological system, the amount of biode-
gradable organics often limits the current generation [5,17], which can
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be overcome in a purely electrochemical system that was also used in the
current study.

In addition, NHy4-N recovery efficiencies of 50 + 1.8% from synthetic
hydrolysed urine [14] and 12 + 1.4% from real domestic wastewater
[16] in a similarly structured three-chamber BEC are considerably lower
than those reported here. In an abiotic three-chamber electro-
concentration cell operated with synthetic hydrolysed urine, the
maximum NHy-N recovery into the liquid concentrate was 72 + 1% with
high current densities up to 100 A m~2 [15] compared with the 35 and
70 Am~2 applied here. The higher NH4-N concentration of synthetic
urine resulted in the NH4-N load ratio remaining below 1.1 in all ex-
periments [15], which likely explains the higher recovery efficiencies
obtained in this study using higher NH4-N load ratios. In general, NH4-N
recovery efficiencies tend to be higher with synthetic urine than with
synthetic or real reject water at matching NH4-N load ratios in the
studied three-chamber NRR unit (Fig. 3A). However, in this study, the
NHy4-N load ratios were high enough to increase the recovery efficiency
beyond what has been obtained with synthetic urine in the past.

The obtained NH4-N removal and recovery efficiencies are also very
competitive compared with other recent membrane-based NRR research
using digested sewage sludge reject water. Recently, stacked electro-
chemical membrane systems utilising bipolar membranes (BPMs) and
CEMs were found to remove up to 80% of NH4-N from synthetic reject
water in continuous operation [12] and up to 88% from real reject water
in batch operation [21]. The results obtained here also outweigh many
nitrogen removal and recovery studies using synthetic or real
source-separated urine, with reported removal and recovery efficiencies
typically in the range of 51-82% [24,26-28]. In some cases, even
complete NH4-N removal has been reported from reject water [22] or
urine [19], but these results have been obtained using simplified syn-
thetic formulas. Here, high NH4-N removal and recovery efficiencies
were obtained from real reject water using only settling as a simple
pre-treatment.

3.1.3. Stripping and absorption were a minor contribution to NH4-N
recovery

As previously mentioned, the stripping and absorption step
contributed very little (< 5.0 + 2.8%) to the total NH4-N removal and
recovery in the NRR unit (Fig. 2). Earlier studies have shown that
stripped NHj3 gas efficiently absorbs into an acidic solution [5,30].
Therefore, it was concluded that the stripping step in the current study
was inefficient. As the catholyte pH was > 10 in all experiments (Fig. B.3
in Supplementary material), which was adequate for efficient stripping
[25], it was concluded that the selected R, values of 6-30 (Table 1)
were too low to facilitate NH3 stripping.

The R, values in this study were set at a low level as the aim was
never to recover all of the NH4-N via stripping and absorption. More-
over, values in a similar range (25-45) have previously been used in a
study combining electrochemical NH4-N concentration and stripping
using real reject water [10]. Conversely to this study, similar R, . values
were found previously to lead to high stripping efficiencies of up to
100% from real reject water (even though the concentration step limited
the total NH4-N recovery to < 63%) [10]. It should be noted, however,
that the low instantaneous R, used by Desloover et al. was compen-
sated with increased contact time by recirculating the catholyte over the
stripping column and cathode chamber [10]. Indeed, even though the
reported R, . was 25-45 against the catholyte recirculation rate, the real
Ry c values were as high as 7200-12,960 when comparing the total air
volume coming to contact with the total catholyte volume [10]. Simi-
larly, in another earlier work combining electrochemical NH4-N con-
centration and stripping, a 20 h period of stripping in batch mode was
required to obtain 79% NH4-N recovery from real reject water, resulting
in an R, value of 3600 [5]. To achieve efficient NHj stripping, the Ry
values used here would have to be increased notably by either raising
the air flow rate or by increasing the contact time with the catholyte via
methods such as catholyte recirculation. In fact, it has been suggested
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that the optimal air to liquid ratio R, for effective NHj stripping could
be 1500-2000 [25].

However, as the obtained total NH4-N removal and recovery were
already high, no further effort was made to optimise the performance of
the stripping column within the scope of this study. As almost all of the
NH4-N removal and recovery took place via electroconcentration, the
stripping and absorption columns could be completely removed from
the system, making it fully chemical-free. Alternatively, the stripping
column could potentially be utilised for separating the hydrogen gas that
is continuously produced at the cathode as a result of reduction reactions
from the liquid phase. Hydrogen has a much lower solubility in water
(1.62 mg L™H compared with NHs (540,000 mg L1 [31] and itis up to
five orders of magnitude more volatile [32], so it would be easier to strip
hydrogen from the liquid phase. The separated hydrogen gas could be
recycled to the AD process to upgrade the produced biogas into bio-
methane [33], which could further favour the energy balance of the full
WWTP and AD system.

3.2. Competing cations and the concept of cation load ratio

Overall, the NH4-N removal and recovery results followed previously
reported trends: (1) with increasing NHy4-N load ratio, the removal and
recovery efficiencies increased while the removal rate decreased [9,27]
and (2) an identical NH4-N load ratio compared to the run with synthetic
reject water did not lead to NH4-N removal and recovery that were as
efficient as those with real reject water (S1 vs. R2; Fig. 2) [9,19]. The
increase in removal and recovery efficiencies can be explained by
changing the load ratio mainly by altering the feed rate. A slower feed
rate leads to a higher load ratio and HRT, enabling longer contact times
and, thus, more efficient removal and recovery. At the same time, a
longer HRT indicates that new NH4-N becomes available at a slower
rate, which is also reflected in the slower removal rate. The latter
observation, on the other hand, can be explained by the fact that
ion-exchange membranes are not NH4 " -specific. Therefore, the varying
ratios of other cations to NH4-N in different wastewater streams greatly
affect the NH4-N removal and recovery efficiency in a membrane-based
NRR system. This underscores that the NH4-N load ratio alone is not a
robust method to predict the NH4-N removal and recovery efficiencies in
an NRR system used for varying feed streams of complex and changing
composition.

Given the foregoing, the cation load ratio, that is, the ratio between
applied current and the combined loading rate of NH4t, K*, Na*, Mg?*
and Ca?t (Eq. (3)), was matched with real reject water (R3) to that of S1.
As the main NH4-N removal mechanism was electromigration over the
CEM and other cations compete with NH4" for the charge transport, it
was hypothesised that the other cations play an important role in the
NH4-N removal and recovery efficiency. Indeed, with a matching cation
load ratio, the obtained NH4-N removal efficiency increased to
90 + 6.9% (from 81 + 22% with a matching NH4-N load ratio) with real
reject water, which was much closer to the 97 + 2.3% obtained with
synthetic reject water. The NHy4-N recovery results between these runs
were not comparable, as discussed previously. Therefore, the results
from R3 were excluded from Fig. 3.

When inspecting the NHy4-N recovery efficiencies obtained in three-
chamber (B)ECs as functions of both NH4-N load ratio and cation load
ratio (Fig. 3), some interesting observations can be made. First, both the
synthetic urine and synthetic and real reject water data seem to follow a
linearly increasing trend at the beginning, after which the reject water
results start to level off at NH4-N load ratio of ca. 2 or cation load ratio of
ca. 1.5 (marked with dashed lines in Fig. 3). This trend has been reported
before and referred to as ‘limiting load ratio’, after which increasing the
load ratio further offers little additional benefit with regards to the re-
covery efficiency [19]. When applying a linear fitting into the linearly
increasing part of the combined synthetic and real reject water dataset,
using cation load ratio gives a better fit (R = 0.951 vs. R? = 0.889 with
NH4-N load ratio). At the same time, the real wastewater data point is
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grouped much more closely to the other data points when looking at the
cation load ratio, even though it is a clear outlier when only the NH4-N
load ratio is examined. The linear fittings for the synthetic urine data
points are of equal quality with both NH4-N and cation load ratios. Thus,
Fig. 3 suggests that the cation load ratio is a better parameter than the
more widely applied NH4-N load ratio for estimating removal and re-
covery efficiencies in (bio)electrochemical NRR systems. However,
more comprehensive analyses with larger data sets are required to fully
understand its potential.

Despite the presence of competing cations, NH;" was the main
charge carrier over the CEM (see Fig. B.2 in Supplementary material),
contributing up to 36% of the charge transport over the CEM with
synthetic and 40% with real reject water at the lowest NHy4-N load ratio.
The contribution of NH4" and other measured cations declined with
increasing NHy4-N load ratio due to the decreased pH at the anode (see
Fig. B.3 in Supplementary material), which increased the concentration
of H' in the anolyte and, thus, its share of the charge transport, a trend
observed previously [12,27,34].

Potassium, another key macronutrient, was efficiently recovered into
the liquid concentrate simultaneously to NH4-N at a maximum efficiency
of 89 £ 3.4% from synthetic and 88 + 6.8% from real reject water (see
Fig. B.1 in Supplementary material). Similarly, a competing monovalent
cation sodium was recovered with recovery efficiencies up to 95 + 3.2%
from synthetic and 91 + 7.6% from real reject water. The divalent cat-
ions magnesium and calcium, on the other hand, were mostly lost in the
system: effectively removed but not recovered into the concentrate. This
was likely due to the precipitation of magnesium and calcium com-
pounds in the alkaline conditions at the cathode, a known phenomenon
[35,36]. The formed precipitates were not elementally analysed but the
formation of calcite (CaCO3), hydroxyapatite (Cas(PO4)3OH) and stru-
vite (NH4MgPO4-6H20) was confirmed through Aqgion and Visual
MINTEQ software modelling (results not shown).

3.3. Potential for eliminating the need for additional nitrogen removal
treatment

The efficient NH4-N removal from synthetic reject water resulted in
low NH4N concentrations of 18 +16mgL™! in experiment S1
(Table 2). With real reject water, the effluent NH4-N concentration
decreased with increasing NH4-N load ratio from 274 + 67 to
57 + 7mg L~

With the lowest NH4-N effluent concentrations, the treated reject
water would potentially require no further treatment for additional
NHy4-N removal, that is, it could be discharged as such or via tertiary
treatment. Even if the effluent concentrations may be slightly above
case-specific discharge limits, it should be kept in mind that the effluent
from the NRR system would be discharged with the effluent of the
WWTP. The WWTP effluent volume is ca. 100 times the volume of the
reject water [6]. Therefore, the NRR effluent would be significantly
diluted at discharge, bringing NH,-N concentrations < 3 mg L ™" in all
studied cases. For example, at the Luggage Point WWTP (Brisbane,
Australia), where the real reject water used in this work was obtained,
the NH4-N discharge limit is 4 mg L™ (as a long-term median value)
[37]. This means that the effluent from the NRR unit could bypass
recirculation to the activated sludge process and be directed to the ter-
tiary treatment of the WWTP, or possibly even directly discharged
depending on other effluent discharge limits, which are mainly phos-
phorus and biological oxygen demand (BOD).

Here, the real reject water from the WWTP contained very little
phosphorus to begin with (7.3 + 1.9 mg L™! on average), as most of the
phosphorus remains in the solid fraction of the digested sewage sludge
after precipitation with ferric chloride [38]. In all experiments, the NRR
effluent concentrations for phosphorus were < 2.3 + 0.4 mg L.

BOD was not determined but sCOD was measured from the influent
and effluent of the NRR unit in runs R2 and R4, giving an indication of
the fate of the organic matter. The sCOD removal efficiency increased
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from 74 + 9.8% in R2 to 81 + 1.8% in R4, corresponding to effluent
concentrations of 127 + 60 and 275+ 12mg L™}, respectively. In
addition to sCOD, its VFA fractions, namely, acetate and propionate,
were measured in all experiments, except for R1, and full mass balances
were determined (see Fig. B.1 in Supplementary material). With syn-
thetic reject water (S1; Fig. B.1A), low effluent concentrations for both
acetate (7.3 +£2.0 mg L’l) and propionate (3.9 + 1.7 mg L’l) were
obtained. With real reject water (R2-R4; Fig. B.1B-D), the effluent
concentrations remained below 119 +14mgL™' for acetate and
21 + 1.7 mg L™! for propionate in all experiments. Again, these con-
centrations would be further diluted at discharge, or tertiary treatment
could be used for the removal of the remaining organics.

Alternatively, the NRR effluent could be recycled back to the acti-
vated sludge process. With the high NH4-N removal efficiencies obtained
in the NRR unit, the additional NH4-N load would be minimal, while the
remaining COD in the NRR effluent could likely be utilised as carbon
source for the denitrification part of the activated sludge process. In
denitrification, carbon is required for NH4-N removal and is often
limiting in the influent wastewater, which is why an external carbon
addition is required [39]. The recirculation of the NRR effluent to the
denitrification process with the remaining organics and little additional
NH4-N load could help facilitate the COD:NHy4-N balance and mitigate
the need for the external carbon addition, thereby lowering the opera-
tional costs. However, it should be kept in mind that not all of the COD
originating from reject waters is easily biodegradable [5].

3.4. Identified additional benefits and challenges

In addition to the points discussed above, the NRR system studied
here provided some other benefits worth mentioning. First, as reject
water was first fed to the cathode, most of the CI~ was concentrated into
the middle chamber through the AEM (Fig. 1). Thus, the Cl™ levels
entering the anode were low (< 172 mg L™ compared with influent
concentrations of 656 mgL~! with real reject water). This helps in
preserving the NH4-N in the medium as chloride has been found to
readily oxidise at a BDD anode, forming radicals that are capable of
destroying the NH4-N present in the medium when the chloride:NH4-N
ratio is high enough [40]. As discussed previously, the NH4-N losses
were generally low at < 10%, except for run R3 with a leakage (Fig. 2),
which indicates that NH4-N loss caused by chloride radicals was not a
considerable issue. Furthermore, chloride oxidation at the BDD has been
found to result in the formation of a persistent toxic by-product, namely,
perchlorate [40]. Here, perchlorate or other chlorination products were
not analysed, but as the initial chloride concentrations at the anode were
low, little toxic chloride by-product formation can be expected.

Second, the Mg?* and Ca?" present in the reject water are often
favoured as charge transporters over the CEM compared to monovalent
cations NH;, K and Na™ [36]. Consequently, they tend to easily pre-
cipitate in the concentrate chamber due to the elevated pH, which
causes inorganic scaling on the CEM [36]. Here, magnesium and calcium
first went through the alkaline conditions at the cathode, where most of
them precipitated. Naturally, the precipitation of magnesium and cal-
cium compounds on the cathode surface or the AEM is also not desirable
as it can increase the internal resistance and, in turn, the energy con-
sumption of the system [41]. This is why including a precipitation vessel
in the cathode recirculation loop could be considered. In any case, this
phenomenon helps protect the CEM from inorganic scaling, thereby
maintaining its permeability properties that are crucial for effective
NHj4-N recovery.

At the same time, a challenge with using an electroconcentration
system is that a high removal efficiency, such as the one reported here,
leads to the depletion of ions in the anode and cathode chambers of the
system. This decreases the EC to a very low level (here, down to 0.2 and
0.9 mS cm ™! at the anode with synthetic and real reject water, respec-
tively). The low EC results in increased ohmic resistance of the elec-
trolyte, leading to high cell voltages and consequent energy
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consumption. The internal resistance can be further increased by the
formation of magnesium and calcium precipitates on electrode and/or
membrane surfaces [41]. With synthetic reject water, the electrical en-
ergy consumption (excluding pumping) was 91 + 8.8 kW h kgy*
removed. Given the higher EC of the real reject water, the energy de-
mand with the corresponding NH4-N load ratio of 2.4 (R2) was slightly
lower at 79 + 35 kW h kgy~'. Pumping energy was left out of the energy
calculations because for liquid flows in larger scales, it can be expected
to be an order of magnitude lower than the electrochemical energy input
[11]. Meanwhile, the electricity demand for air pumping can be sig-
nificant but it was also excluded from the energy calculations, as prac-
tically all of the NRR took place via electroconcentration. Therefore,
stripping could be excluded from the setup. In general, the energy
consumption increased linearly with an increase in the load ratio for the
real reject water (Fig.B.4 in Supplementary material). Thus, it is
important to establish a compromise between the NH4-N removal and
recovery efficiency and energy consumption.

When normalising the energy consumption to the volume of reject
water treated, the energy consumption is almost identical at
57 +57kWhm™> and 58 + 7.5 kWhm™> with synthetic and real
reject water, respectively. When normalising the consumed energy to
the total wastewater volume flowing through the WWTP (estimating the
reject water volume to be 3% of the total wastewater flow), the energy
consumption would be around 1.7 kW h m™3 at 80% NH4-N removal
(R2) or 2.8 kW h m~2 at 90% NHy4-N removal (R3). These values are still
high compared with the < 0.6 kW hm™ used by the conventional
WWTPs producing adequate quality effluents [42].

The energy consumption of the proposed technology is also high
compared to an established reject water treatment method, anaerobic
ammonium oxidation or anammox, which typically only uses
<2kWh ng_1 [43]. The NH4-N removal efficiency of anammox,
however, can vary quite significantly. For full-scale WWTPs using
anammox for treating reject water with ca. 1-1.5 gnpa.N L’l, the effluent
NHy4-N concentrations can vary between 50 and 750 mg L1 [43].
Furthermore, the start-up of an anammox unit is complex and time
consuming as it requires a very specific microbial community that is
often associated with slow growth rates and sensitivity to environmental
changes [44]. The electroconcentration approach presented here in-
volves no biological processes, making the implementation quick and
simple and the process more robust to changes in the feed composition.
Finally, electroconcentration facilitates the recovery of nitrogen in a
reusable form, whereas anammox loses nitrogen into the atmosphere as
Ny gas [44].

Another established nitrogen removal method that is already used in
a larger scale, and also facilitates recovery, is traditional air stripping of
ammonia. However, as discussed before, air stripping requires the
elevation of reject water pH and/or temperature and significant air
pumping through the liquid [25], which all add to the chemical and
energy requirements of the method. Furthermore, even though the se-
lective recovery of only NH4-N might be preferable sometimes, ammonia
stripping fails to simultaneously recover other key nutrients, such as
potassium. Electroconcentration, on the other hand, offers a
chemical-free option for recovering all key nutrients into one stream.

Even though the energy demand under the studied conditions was
high overall, it should be noted that energy usage was not optimised
within the scope of this study. For example, ohmic resistance within the
system could be minimised by reducing the electrode distance further
[45] or by eliminating magnesium and calcium precipitation through a
pre-treatment method [11,35] or an operational strategy [35,36].
Furthermore, the potential benefits from utilising the generated
hydrogen gas were excluded from the energy calculation. If the stripping
column was only used for hydrogen gas separation, without attempting
ammonia stripping, there would also be no need for the absorption
column. This would make the NRR system fully reagent-free. Indeed, the
NRR unit has the potential to benefit a WWTP in many ways, such as
reduced chemical usage and aeration due to reduced NH4-N load to the
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activated sludge process, resulting in decreased sludge generation and
pumping requirements, as well as biogas upgrading with the hydrogen
gas. Therefore, the effect of the NRR unit on the total energy balance of
the WWTP should be evaluated in more detail at an appropriate scale.

4. Conclusions

In this study, the novel NRR unit combining electroconcentration
and stripping effectively removed and recovered NH4-N from both
synthetic and real digested sewage sludge reject water. At peak perfor-
mance, NH4-N removal was 97 + 2.3% from synthetic and 94 + 0.7%
from real reject water, resulting in effluent NH4-N concentrations of
18 + 16 and 57 + 6.7 mg L™}, respectively. The concentrations were
low enough to consider dispensing with any further nitrogen removal
treatment for the NRR effluent. The removed NH4-N was efficiently
recovered into a liquid concentrate with up to 87 + 4.6% efficiency from
synthetic and 82 + 5.7% from real reject water, while stripping and
absorption contributed little (< 5%) to the recovery efficiency.
Furthermore, this study demonstrated that the cation load ratio (the
ratio between applied current density and cation loading rate) is more
suitable than the NHy4-N load ratio for predicting the performance of a
(bio)electrochemical membrane-based system for nutrient removal/re-
covery from complex wastewater streams.
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