Science of the Total Environment 954 (2024) 176699

Contents lists available at ScienceDirect

Science orre
Total Eny

vironment

Science of the Total Environment

o %

ELSEVIER journal homepage: www.elsevier.com/locate/scitotenv

Check for

Feasibility study of electrodialysis as an ammonium reuse process for | e
covering the nitrogen demand of an industrial wastewater treatment plant

Liad Weisz ', Daniela Reif ', Sascha Weilguni ', Vanessa Parravicini, Ernis Saracevic,
Jorg Krampe, Norbert Kreuzinger

Institute of Water Quality and Resource Management, TU Wien, Vienna, Austria

HIGHLIGHTS GRAPHICAL ABSTRACT

o Investigation of a two-stage ED as an
NH,4-N reuse technology from municipal

ADLs. Municipal wastewater treatment plant A Zi-slaged. -
. : Municipal wastewater treatment plant B electrodialysis
e Stage 1 included 8 sequencing batches, ~  _—— ~—~~ ~ ~  ~ ————= =
cose 0 m
while stage 2 comprised a single batch. m e

e A maximal concentration of 15 g NHy-
N/L was achieved after both stages.

e The mean specific energy consumption
was 12.9 kWh/g NH4-N.

e An ED side-stream treatment in a model
WWTP was beneficial for the energy

8 sequencing
batches

Anaerobic
digestate liquor

1g/LNH-N

balance. Industrial wastewater treatment plant C Sislebateh
______ p
Current nitrogen source: Potential nitrogen source: i
Electrodialysis concentrate Al
- ?7?
15 /LNH-N
12.9 kWh/kg NH,-N
ARTICLE INFO ABSTRACT
Keywords: Electrodialysis (ED) is a cost-effective membrane technology used is a variety of fields for desalination and
Electrodialysis concentration. This feasibility study explores the potential of ED as an NH4-N recovery technology from

Ammonium recovery
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anaerobic digestate liquor (ADL), and the use of the concentrate as a nitrogen source in an industrial wastewater
treatment plant (WWTP). Three neighboring WWTPs were the focus of this study: Two municipal WWTPs A and
B, operating anaerobic sludge stabilization, and a pulp & paper WWTP C, utilizing urea as a nitrogen source.
Two-stage bench-scale experiments with the municipal ADL from WWTP A and WWTP B were conducted, and
performance indicators were determined. A concentration of approximately 10 g NH4-N/L and 15 g NH4-N/L was
obtained in stages 1 and 2, respectively. The NH4-N removal was above 85 % in all experiment, while recovery
varied between 25 and 95 %. The specific energy consumption (SEC) was on average 12.9 kWh/kg NH4-N.
Moreover, mass and energy balances in a model WWTP demonstrated that an ED side-stream treatment for NHy-
N removal coupled with microfiltration (MF) pre-treatment results in a net energy gain, also without the added
benefit of the ED concentrate as a nitrogen source.
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L. Weisz et al.
1. Introduction

Wastewater treatment using the conventional activated sludge pro-
cess (CAS) requires specific concentrations of nitrogen and phosphorus
to maintain adequate nutrient levels for biomass growth and biological
carbon degradation. Conventionally, the ideal influent BOD5:N:P ratio is
known to be 100:5:1 for aerobic treatment (Springer, 1993). However,
in municipal wastewater, this ratio is often skewed towards higher ni-
trogen and phosphorus concentrations relative to BODs, necessitating
nitrification and denitrification for nitrogen removal, as well as chemi-
cal or biological phosphorous elimination.

Industrial wastewater composition typically presents deviations
from the above-mentioned ratio due to unique industry-specific com-
ponents. Specifically, wastewater from the pulp & paper industry is
characterized by high organic content and low nitrogen levels. Such
nitrogen-deficient wastewater can cause structural degradation of the
sludge and bulking by filamentous bacteria, leading to operational
challenges (Kocaturk and Erguder, 2016). Consequently, nitrogen-based
nutrients such as urea are typically added in wastewater treatment
plants (WWTPs) managing this type of wastewater. Urea, a molecule
containing a carbonyl group and two primary amines, hydrolyzes to
produce CO5 and two ammonia (NH3) molecules, which further converts
to NH4-N at pH values typical for biological wastewater treatment.
Today, global urea production is dominated by the Bosch-Meiser pro-
cess, which requires NH3 and COs as building blocks. The first building
block, NHs, is conventionally produced by the Haber-Bosch process,
which is an energy-intensive process running on high temperature and
pressure (Xie et al., 2016). The second building block, CO2, which is
typically derived from a high-carbon-footprint source, undergoes a 2-
step reaction with NHg to produce urea (Mao et al., 2024).

As alternative to technically produced ammonia and urea, municipal
WWTPs with anaerobic sludge stabilization could also be considered a
nitrogen source. Anaerobic digestion is a widely used stabilization
technique, as it reduces the organic content of the sludge and generates
biogas, which is mostly used as a source of heat and energy. While
dewatering the digested sludge, anaerobic digestate liquor (ADL) is
produced, which is rich in NH4-N due to the hydrolysis of proteins, urea,
and nucleic acids from the feed sludge (Tian et al., 2018). Typically, ADL
is either recirculated into the main treatment stream for biological
treatment and subject to nitrification and denitrification together with
the raw inflow, or directed to side-stream treatments. ADL side-stream
treatments include i) biological processes such as nitritation and deni-
tratation, as well as deammonification (partial nitritation coupled with
anammox), ii) chemical-physical processes such as struvite precipita-
tion, membrane stripping, steam stripping, and air stripping with acid
scrubbing (Baumgartner et al., 2022; Chen et al., 2023; Yuan et al.,
2016; Zeng et al., 2006).

While the biological processes aim to eliminate nitrogen through the
final production of nitrogen gas, N5, that subsequently cannot be further
used, the chemical-physical process can also recover nitrogen for further
use. The Sherwood plot for resource recovery depicts the theoretical
relationship between the cost of recovering a target material from a
waste matrix and its dilution in it. Accordingly, the recovery cost is
directly proportional to its dilution (Karakatsanis and Makropoulos,
2022). As municipal ADLs feature the highest NH4-N concentrations of
all wastewater streams (commonly at 1 g NH4-N/L), NH4-N recovery
may represent an economically viable strategy. In addition to stripping
technologies, various technologies have been explored in this regard,
including the aforementioned struvite precipitation (Aguilar-Pozo et al.,
2023; Pastor et al., 2010), zeolite adsorption (Muscarella et al., 2021;
Tokushige and Ryu, 2023), ion exchange (Wirthensohn et al., 2009), and
electrodialysis (ED) (Meng et al., 2022).

ED is a cost-effective membrane technology used for desalination
and ion recovery from aqueous waste streams (Strathmann, 2010). Due
to an alternating arrangement of Anion Exchange Membranes (AEM)
and Cation Exchange Membranes (CEM), and the use of direct current
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(DC), the ED process separates an aqueous solution into an ion-rich
concentrate and an ion-deficient diluate.

The driving force for the ion transport is the electric potential dif-
ference applied across a series of ion exchange membranes, which
causes ions to migrate through the membrane from the diluate stream to
the concentrate stream. The electro-migration takes place until the
limiting current density (LCD) is reached. This point marks the highest
allowable current density at which the ion concentration on the mem-
brane surface drops to zero within the diluate cell (Hyder et al., 2021).
At the LCD, water splitting and precipitation take place, which is
disadvantageous for the membrane integrity and lifetime. For this
reason, prior to desalination, the LCD is typically determined for
different sample dilutions (Knezevic et al., 2022). Subsequently, the ED
process is conducted under dynamic current density control, which
adjusts the current density to the diluate electrical conductivity (EC).
Moreover, desalination with a dynamic current density offers energetic
benefits compared to fixed current density, as lower current densities are
required for lower diluate EC, which results in lower power demand.

An operation of a dynamic current density versus fixed current
density was investigated by van Linden et al. (2019) for the concentra-
tion of a synthetic 1.5 g NH4 /L solution in sequencing batch experi-
ments. When operating in a fixed current density control, a
concentration factor of 4.5 could be achieved, while a dynamic control
achieved a concentration factor of 6.7. Moreover, a fixed current density
resulted in a faster increasing concentrate volume, decreasing current
efficiency and increasing specific energy consumption (SEC) along the
NH4-N concentration gradient. Conversely, these parameters yielded
steadier values when dynamic control was applied.

Another factor that has to be considered in the ED design is the initial
volume ratio between diluate and concentrate. When a reverse osmosis
concentrate was applied as feed, a volume ratio Vgijyate/Veoncentrate Of 3:1
resulted in a quicker transport of ions to the concentrate stream
compared to a volume ratio of 1:1 (Jiang et al., 2014). Yan et al. (2016)
investigated several concentration ratios between 2:1 to 8:1 for the
concentration of an ionic liquid. They reported that the experiment with
the highest volume ratio of 8:1 resulted in the highest concentration
factor, which was however restricted due to a large volume increase of
the concentrate.

Commonly, a volume increase of the concentrate is expected during
ED due to phenomena of electro-osmosis and forward osmosis, thereby
limiting the reachable concentration factor. Electro-osmosis is the
coupled transfer of water molecules with the charged species, and is
linked to their hydration number (Han et al., 2015). Forward osmosis is
the transfer of water due to increasing osmotic pressure gradient be-
tween the diluate and concentrate streams. While the former is directly
linked with ion transfer, the latter is expected to play an increasing role
at an increasing concentrate concentration (Liu and She, 2022).

The ED technology has demonstrated its feasibility for the desali-
nation of brackish water, being the second most utilized technology in
this field after reverse osmosis (Ortiz et al., 2005; Patel et al., 2021;
Tsiakis and Papageorgiou, 2005). In addition, it has been applied for the
concentration of fermentation by-products (Knezevi¢ et al., 2023;
Papadopoulou et al., 2023), for the desalination of secondary effluents
(Albornoz et al., 2019; Liu et al., 2017), and for the recycling of indus-
trial process streams (Benvenuti et al., 2017; Bernardes et al., 2000;
Scarazzato et al., 2018). In the context of NH4-N removal and recovery
from ADL, literature review reveals that although the ED-based
approach might be technically suitable, it bears limitations concerning
the achievable concentration factors and percent of recovery. Ward et al.
(2018) concentrated anaerobic centrate through a pilot scale ED, which
resulted in an NHy4-N concentration factor of 8 and a current efficiency
for ion transport of 76 % + 2 %. The SEC was reported as 4.9 + 1.5
kWh/kg NH4-N, while the recovery amounted to 23 %. Mondor et al.
(2008) concentrated NH4-N from swine manure, suggesting that under
their experiment conditions a maximum of 16 g/L could be obtained.
Wang et al. (2015) applied ED for the recovery of NH4-N and PO4-P from
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ADL, obtaining removal ratios of 95.8 % — 100 % and 86.1 % — 94.4 %,
respectively. Considering the range of concentration factors and re-
coveries discussed in the literature, further optimization work is needed
before the ED technology can be implemented on a large scale as a side-
stream treatment for ADL.

When considering NH4-N removal from ADL in WWTPs with main-
stream ADL recirculation, the effect of the resulting lower nitrogen
load on the activated sludge should be accounted for as well. In the CAS
process, the incoming NH4-N undergoes a biological two-step nitrifica-
tion, in which it is oxidized to nitrite (NO2-N) and subsequently, to ni-
trate (NO3-N) under aerobic conditions. Then, NO3-N is reduced to Ny
with organic compounds serving as an electron donor by heterotrophic
denitrification. The nitrification step consumes 4.33 kg O, per kg NO3-N
produced, while the denitrification step yields 2.86 kg O, per kg NO3-N
under anoxic conditions. In WWTPs that operate anaerobic sludge sta-
bilization, the nitrogen load from the recirculated ADL typically makes
up to 15 % — 20 % of the incoming nitrogen load. For denitrification,
however, a lower nitrogen load would result in an excess of COD than
stoichiometrically needed for NOs-N reduction, which consequently
requires additional oxygen for its oxidation. Alternatively, the excess
COD could be removed already in the primary sedimentation tank as
primary sludge (PS) and diverted into the anaerobic digestion tank, thus
favorably increasing the production of biogas.

Given the high energy demand for the production of ammonia and
urea, along with price fluctuations in the energy industry, which are
driven by geopolitical factors, fertilizer prices are directly impacted.
Therefore, harvesting nitrogen fertilizer from a nearby municipal WWTP
would decrease the dependency on the global urea market, and would
potentially improve the energy balance of the municipal WWTP at the
same time. Equally important, repurposing one industry's waste stream
as a value stream for a neighboring industry reduces the need for long-
distance transport due to off-site production, thereby aligning well with
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circular economy principles and current legislation (Gherghel et al.,
2019).

1.1. Objective

In this feasibility study, we investigated the use of ED as a technology
for NH4-N recovery from the ADLs of two municipal WWTPs, named A
and B. WWTP C, which lies in the vicinity of both municipal WWTPs, is
an industrial pulp & paper plant, currently utilizing externally pur-
chased urea as a nitrogen source to support activated sludge growth. To
achieve this, bench-scale experiments were conducted and different
performance indicators of the ED technology were evaluated. In order to
estimate the membrane area required to generate a daily NH4-N load
and thus meet the demand of WWTP C, the NHy4-N flux density was
determined in all batches. In addition, the volume increase of the
concentrate was accounted for, as it directly impacts the achievable
concentration factor and the feasibility of transporting the concentrate.
Moreover, NH4-N current efficiency and the SEC were determined in
order to examine the overall energetic efficiency of the process. Apart
from the recovery aspect along with the potential benefit it holds to
reuse the locally produced NHy4-N, the energetic aspect of NH4-N
removal from ADL was analyzed on a model WWTP by conducting mass
and energy balances.

Fig. 1 illustrates the proposed integration of the ED process in a
municipal WWTP. The grey rectangles depict a municipal WWTP with
CAS process and anaerobic sludge stabilization, similar to WWTPs A and
B. After anaerobic digestion of the PS and waste activated sludge (WAS),
the digested sludge is dewatered by using a centrifuge before being
disposed of. As previously mentioned, the ADL is typically recirculated
to the main biological treatment stage or alternatively directed to a side-
stream treatment. In the proposed scheme, the ADL undergoes a side-
stream treatment that includes pre-treatment through microfiltration
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Fig. 1. Generic scheme of a municipal WWTP operating CAS (continuous lines), and proposed scheme for the preparation of an NH4-N solution by ED for the usage as

NH;4-N source in an industrial WWTP (dashed lines).
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(MF), followed by two ED concentration stages.

According to our approach, eight sequencing batch experiments
were conducted in stage 1 of the ED process, where the desalinated ADL
diluate was replaced with fresh ADL after each batch, allowing for
continuous concentrate concentration. To minimize forward osmosis
and back-diffusion of NH4-N at an increasing concentration gradient,
while significantly increasing the amount of transportable NH4-N, the
concentrate from stage 1 was split into diluate and concentrate for a
further batch experiment in stage 2. Ultimately, the obtained NH4-N
solution is available for transport to WWTP C.

2. Materials and methods
2.1. WWTP and ADL characterization

WWTP A treats an approximate influent wastewater flowrate of
7000 m>/d and is designed for 70,000 PE (population equivalents),
while WWTP B treats approximately 5000 m>/d and is designed for
25,000 PE. Both municipal WWTPs incorporate a mechanical treatment
stage, a biological treatment stage with nitrification and denitrification,
and a chemical treatment for phosphorous removal. The combined
sludge from the PS and WAS is dewatered and undergoes mesophilic
anaerobic digestion, and the produced biogas is converted to energy and
heat via combined heat and power combustion engines (CHP). The
digested sludge is dewatered, and the arising ADL is returned to the
biological treatment stage.

The industrial WWTP C is located at a large pulp & paper
manufacturing facility with an annual capacity of 460,000 tons pulp and
200,000 tons paper. It doses a daily mean of 943 kg urea/d, equivalent
to 440 kg urea-N/d into the activated sludge tank (AST). In the years
2020-2022, WWTPs A and B generated a mean NHy4-N load of 141 kg
NH4-N/d and 25 kg NH4-N/d, respectively. The ADL inflow, average
NH4-N concentrations and average NH4-N loads of both municipal
WWTPs are listed in Table 1.

For the ED experiments, ADL samples were taken from both
municipal WWTPs, and analyzed for PO4-P and NH4-N, ions, as well as
pH and electrical conductivity (EC). A chemical characterization of the
ADLs is provided in Table 2.

2.2. Experimental set-up

The experiments were conducted with the ED unit PCCell ED 64-004
(Germany), consisting of a 10-cell pair stack containing 10 AEM and 9
CEM, each having an effective membrane area of 64 cm?. Fumasep FKS-
PET-130 and Fumasep FAS-PET-130 were applied as AEM and CEM,
both manufactured by Fumatech (Germany). The stack included poly-
ethylene/silicone spacers with a thickness of 0.45 mm. The electrodes
used were Pt/Ir-coated titanium anode and V4A steel cathode, with a
maximal current of 5 A, and a maximal voltage of 30 V. The diluate and
concentrate streams were recirculated through the ED unit at 15 L/h
(linear velocity of 0.012 m/s) while constant water cooling was main-
tained in the double-walled feed tanks. A 0.25 M NaySO4 electrode-rinse
solution was used at a flowrate of 120 L/h. The EC and temperature in

Table 1
ADL inflow, NH4-N concentration and NH4-N load in WWTPs A and B (mean
values).

Year WWTP A WWTP B
ADL NH4-N NH4- ADL NH4-N NH4-
inflow concentration N inflow concentration N

load load
m®/d mg/L kg/d m®/d mg/L kg/d

2020 89 1493 142 30 866 26

2021 100 1533 153 29 838 24

2022 95 1445 129 27 886 24
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both streams, and the pH of the diluate, were continuously monitored
and logged automatically. The experimental set-up is illustrated in
Fig. S6 of the Supplementary Material.

2.3. LCD experiments

The LCD was determined in duplicates for both ADLs from WWTP A
and B with the method suggested by Cowan & Brown (Knezevic et al.,
2022). Accordingly, resistance-reciprocal current density curves were
drawn and the inflection point for each curve was determined, as shown
in Figs. S1 and S2. Experimentally, the current was initially set to 5 A,
corresponding to a current density of 78 A/m?, and the voltage was
increased in a 2-V step from 5 V to 29 V. For each step, a time interval of
90 s was selected. The LCD was determined for three dilution factors of
1, 2 and 3 by diluting the ADL with milli-Q water. For each ADL, a
regression line between LCD-EC was derived, as depicted in Fig. S3. The
concentration experiments for the ADLs from WWTP A and B (ADL A
and ADL B) were performed with a current density (CD) calculated ac-
cording to Eq. 1, with a safety factor (SF) of 0.8. The coefficients for ADL
A were 23.73 for “m” and 9.76 for “b”, while for ADL B, the coefficients
were 19.26 for “m” and 8.86 for “b”. The correlation between the CD
with the obtained diluate EC shows that once the diluate EC was
reached, the CD was reduced accordingly in a stepwise manner.

CD = (m ® ECyuuaee +b) S €

2.4. Concentration experiments

Two identical experiments were conducted for each ADL. Prior to the
first experiment of a given ADL, the membranes and spacers were
cleaned with running tap water, whereas in the subsequent second
experiment, no cleaning procedure was included. Each ED experiment
consisted of two stages. Stage 1 included 8 sequencing batch experi-
ments, in which the concentrate was continuously concentrated by
replacing the desalinated diluates with a fresh feed. The first batch in
stage 1 experiment started with 1.5 L diluate and 0.5 L concentrate,
whereas the concentrate was maintained for the subsequent batches.
Each batch in the concentration experiment was aborted when the
diluate EC reached a value of 0.5 mS/cm, or when no further reduction
below 2 mS/cm was reached.

Stage 2 included a single batch, in which 66.6 vol-% of the stage 1
concentrate, obtained after 8 sequencing batches, was filled in the
diluate chamber, and 33.3 vol-% was filled in the concentrate chamber.
Therefore, the volume ratio Vgjjyate/Veoncentrate Of 3:1 was kept as in the
first batch of stage 1. Desalination of stage 2 diluate was carried out until
an EC of 10 mS/cm was reached. After each batch of stages 1 and 2, 10
mL sample was taken for the chemical analysis of NH4-N and PO4-P.

The experiments were labeled using a three-part code: the first part,
either “A” or “B,” indicated the ADL from the corresponding municipal
WWTP. The second part, “1” or “2,” denoted the experiment number
(first or second). The third part, again “1” or “2,” referred to the specific
stage within the experiment.

2.5. Chemical analysis

The samples were analyzed for the parameters NH4-N and PO4-P
with continuous flow analysis and photometrical detection (Skalar,
Netherlands) according to DIN EN ISO 6878 and DIN EN ISO 11732
standards, respectively. It should be noted that although NHy4-N is
referred to as the measured species throughout this study, TAN (total
ammonium nitrogen — encompassing both NH4-N and NH3-N) was in
fact measured.

2.6. Data analysis and calculations

The following ED performance indicators were analyzed: NH4-N
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Table 2
Characteristics of the ADLs.
Parameter PO4-P NH4-N Cl SO4 K Ca Mg pH EC
Unit mg/L mg/L mg/L mg/L mg/L mg/L mg/L - mS/cm
WWTP A 34.1 991.5 168.1 248 505 2025 0 7.8 7650
WWTP B 49.4 833.7 279.8 42.9 0 849 0 8.7 8380

current efficiency, SEC, concentrate volume increase, and NH4-N flux
density. To assess the difference between experiments A11 and A21, as
well as between B11 and B21, a student's independent t-test was con-
ducted with a significance level of 0.001 (P < 0.001). Furthermore, a
model WWTP was applied to calculate the PE-specific energy demand by
introducing ED as a side-stream treatment.

The current efficiency is defined as the ratio between the charge
transferred by ions permeating the membrane divided by the electrical
charge transferred by the electrodes. The calculation of the current ef-
ficiency for the transport of NH4-N was performed according to Eq. 2 for
each batch experiment.

e
where 7y, y is the NH4-N current efficiency (in percent), z is the ion
valence (unitless), F is the Faradays constant (C/mol), Anyg,_n is the
number of moles of NH4-N transferred to the concentrate stream (mol),
N is the number of cell pairs (unitless), I is the electrical current (A) and
At is the experiment time (s).

The SEC of the ED unit, normalized to the recovered NH4-N after
each batch, was determined for each batch experiment according to Eq.

3)

Where Eng,_ngp is the SEC of the ED unit (kWh/kg NH4-N), U is the
voltage (V), I is the current density (A), At is the experiment duration,
and Amyg,_y is the mass of NHy4-N transferred to the concentrate stream
(kg).

The SEC of the electrolyte, diluate and concentrate pumps, normal-
ized to the recovered NH4-N after each stage, was determined for each
stage according to Eq. 4.

S VeApeAt
Amyy, N

4

ENH4 —Npump =

Where Enp,—npump is the SEC of pumping (kWh/kg NH4-N), V is the
volumetric flowrate (m%/s), and Ap is the pressure drop (Pa). To
calculate the SEC of pumping, a pressure drop of 0.5 bar (50,000 Pa) was
assumed.

The volume increase of the concentrate was determined in relation to
the previously conducted batch experiment, as shown in Eq. 5. In stage
2, the volume increase was determined in relation to the eighth batch
experiment from stage 1.

VConc,i+1 - VCunc,i

VConc,Hl =—————-0100 (5)

VConc.i+l
3. Results
3.1. NH4N concentrations and mass balance

Figs. 2 and 3 depict the change of EC and NH4-N concentration with
the experiment duration. In experiment Al1l, the diluate EC could be
reduced to 0.5 mS/cm in every batch experiment, whereas in experi-
ments A21, B11 and B21 such an EC decrease could be achieved only in
the first batch experiments, and the consecutive experiments were
aborted at 2 mS/cm. In experiment Al1, the EC of ADL A concentrate

increased from 10.2 mS/cm to 69.0 mS/cm, and from 7.7 to 60.4 mS/cm
in experiment A21. The largest EC increase was evident in the first batch
experiments, and the increase plateaued with increasing concentration
gradient. After the first batches of experiments A1l and A21, AEC
amounted to 18.5 mS/cm and 14.7 mS/cm, while it decreased to 4.3
mS/cm and 4.8 mS/cm after the eighth batch experiments. A similar
trend was observed for the ADL B concentrate (experiments B11 and
B21), which showed a large AEC in the start, which leveled off in the
further batches.

In stage 2, the EC of WWTP A concentrate steeply increased from
69.0 mS/cm to 94.5 mS/cm, and from 60.4 mS/cm to 96.7 mS/cm in
experiments A12 and A22, respectively. This was accompanied by a
corresponding EC decrease in the diluate, reaching an EC of 10 mS/cm.
As can be shown in Fig. 2b, a similar trend of EC increase was observed
in ADL B concentrate (experiments B12 and B22). AEC of stage 2
amounted to 25.5 mS/cm and 36.3 mS/cm in both experiment A12 and
A22, and to 35.2 mS/cm and 28.6 mS/cm in experiment B12 and B22.

A comparison of the EC and the obtained NH4-N concentration
curves reveals that both municipal ADLs follow the same trend. Unsur-
prisingly, the high ammonium concentration of the ADL is a large
contributor for the EC, as seen in Fig. 3. NH4-N concentration increased
from 1.3 g/L to 10.4 g/L in experiment All, and then to 15.2 g/L in
experiment A12. In experiment A21, a lower NH4-N concentration was
reached, in line with the lowered EC, which was attributed to the lack of
an additional cleaning step in this experiment. NH4-N concentration
increased from 0.85 g/L to 8.2 g/L in experiment B11, and from 8.2 g/L
to 14.9 g/L in experiment B12. Similar results were obtained in exper-
iments B21 and B22, although the experiment duration was longer in the
former (15.1 h versus 12.5 h).

Table 3 lists the percent of NH4-N removal, recovery and loss
observed in all experiments. In both municipal ADLs, NH4-N removal
above 85 % =+ 8 % and 88 % was obtained in stages 1 and 2, respectively.
From the total NH4-N removed, 64 % =+ 14 % and 75 % =+ 16 % could be
transferred to the concentrate in experiments A1l and A21. In stage 2,
25 % and 95 % could be transferred to the concentrate in experiments
Al12 and A22, respectively. Despite the large difference, both experi-
ments yielded a final concentrate concentration of circa 15 g NH4-N/L. It
is therefore plausible that under the operating conditions, NH4-N could
not further be concentrated, as shown in Fig. 2 by the plateauing in stage
2 towards the end of the experiments. More comparable results were
obtained in experiments Bl and B2, with an NH4-N recovery of
approximately 70 % in stage 1, and a lower NH4-N recovery in stage 2,
lying between 40 % and 47 %.

3.2. NH4N flux density and concentrate volume

The increase in concentrate volume is illustrated in Fig. 4a and b for
both municipal ADLs. In experiment A11 and A21, apart from the second
batch of experiment A1l and the seventh batch of experiment A21, a
slight and steady increase of the concentrate volume was observed. In
experiment Al1, it increased from 1.1 % in the first batch to 8.5 % in the
eighth batch. Since the volume increase rose steadily at increasing
concentrate concentration, this suggests that in addition to electro-
osmosis, forward osmosis was as well present. In experiments B11 and
B21, the concentrate showed a constant volumetric increase of
approximately 5 %, for which electro-osmosis was interpreted as the
most relevant mechanism. In the experiments with ADL B, NH4-N could
be transferred to the concentrate at a similar percentage in stage 1
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Fig. 2. The EC in dependence of the experiment duration in ED experiments with ADL A (a) and ADL B (b). The steep EC increase marks the beginning of stage 2.
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Table 3

Mass balance of all experiments. The percent of NH4-N removed is normalized to the NH4-N concentration in the feed. The percent of NH4-N recovered and lost is

normalized to the NH4-N removed.

Experiment Al Experiment A2 Experiment B1 Experiment B2
Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2

NHy4-N removed (mg) 1505 + 163 5061 1153 + 103 3722 1088 + 59 3773 1086 + 60 3686
NHy4-N removed (%) 95+1 89 85+ 8 89 87 +5 88 87 £5 88
NH4-N recovered (mg) 954 + 219 1255 739 + 400 3546 761 £ 191 1496 754 + 110 1735
NH4-N recovered (%) 64 + 14 25 75 + 16 95 70 +£17 40 69 £ 9 47
NH4-N loss (mg) 552 + 219 3806 292 + 181 176 327 +£192 2278 332 +98 1951
NH4-N loss (%) 37 +14 75 25+ 16 5 30 £18 60 31+9 53

batches (70 % + 17 % in experiment B11 and 69 % =+ 9 % in experiment
B21).

Stage 2 marked the highest volume increase in relation to the eighth
batch of stage 1, with 34.5 % and 32.5 % in experiment A12 and A22,
and 23.5 % in experiments B12 and B22. As the feed in stage 2 was 10-
times more concentrated than in the first batch of stage 1, this results in
a fast NH4-N electro-migration and a volume increase owed initially to

electro-osmosis. At the end of stage 2, the slight plateau in the EC curve
suggests the beginning of NH4-N back-diffusion or forward osmosis.

As seen in Fig. 5, the NH4-N flux density remained consistent
throughout stage 1 in both experiments A and B, with values averaging
approximately 0.5 mol/(m?2h). Similar to the increase in concentrate
volume, there was a significant increase of the flux density in stage 2,
indicating the importance of electro-osmosis to the concentrate volume
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increase. In stage 2, the NHy4-N flux density increased to 6.5 and 6.6 mol/
(m%h) in experiments A12 and A22, and to 2.8 and 3.1 mol/(m?h) in
experiments B12 and B22.

There was no statistically significant difference in concentrate vol-
ume increase or NHy-N flux density between experiments A11 and A21,
or between B11 and B21 (P < 0.001), showing that a cleaning step did
not significantly impact the obtainable performance indicators.

3.3. NH4-N current efficiency and specific energy consumption

The NH4-N current efficiency varied between 23.3 %-37.7 %, and
18.9 %-32.6 % in experiment A11 and A21, respectively, as illustrated
in Fig. 6a. Since the removed NH4-N could not be recovered in the eighth
batch of experiment A21, as also shown by the negative flux density, the
NH4-N current efficiency was negative in this batch. In experiments B11
and B21, the NH4-N current efficiency ranged between 20.1 %-45.5 %
and between 26.9 %-41.2 %, respectively, as shown in Fig. 6b. In stage
2, the NH,4-N current efficiency increased slightly to 46.5 % and 54.2 %
in experiment A21 and A22 compared to stage 1, and remained at a
similar range as stage 1 in experiments B21 and B22 with 31.7 % and
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31.8 %. In both ADLSs, no statistically significant difference regarding the
effect of the cleaning step on the NH4-N current efficiency was observed
(P < 0.001).

The SEC versus NH4-N concentration is depicted in Fig. 7a and b. In
experiment Al1, the SEC varied between 5 and 12 kWh/kg NH4-N, and
reached 19 kWh/kg NH4-N in experiment A12. In experiment A21, the
SEC had an increasing trend from 7 to 21 kWh/kg NH4-N, and declined
to 8.5 kWh/kg NH4-N in experiment A22. Due to NH4-N loss in the
eighth batch, the SEC in that batch was —33 kWh/kg NH4-N (not shown
in the plot). A summary of the SEC values obtained in each municipal
ADL at each stage as well as for both the ED unit and pumping is pro-
vided in Table 4.

Lower SEC values were obtained in experiment A1l compared to
experiment A21, which were attributed to membrane cleaning. The
difference between the SEC values obtained in these experiments was
statistically significant (P < 0.001). In contrast, the opposite trend was
observed in experiments A21 and A22. The significantly lower SEC
values obtained in experiment A22 were achieved due to the lower NHy-
N concentration obtained in experiment A21 compared to experiment
Al1 (see Fig. 3a), which enabled a greater NH4-N transfer at a similar
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Fig. 5. NHy4-N flux density in dependence of the NH4-N concentration in ED experiments with ADL A (a) and ADL B (b). Left to vertical dashed line: Stage 1; Right to
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time interval and concentrate volume increase, until a concentration of
approximately 15 g/L was reached.

In comparison to ADL A, the experiments with ADL B showed in both
stages similar trends, and no effect of membrane cleaning on the SEC
was apparent (P < 0.001). This could be linked to the lower Ca?" con-
centration in ADL B (849 mg/L) compared to the ADL A (2025 mg/L),
which potentially resulted in less scaling on the membrane surface, and
thus in an improved ionic flux. However, both experiments with ADL B
exhibit high fluctuations along the NH4-N concentration gradient.

Table 4
SEC for NH4-N recovery (in kWh/kg NH4-N).

As shown in Table 4, the SEC for pumping was negligible compared
to the SEC for the ED unit. Considering the SEC for both the ED unit and
the pumps, a mean total SEC for NH4-N recovery amounted to 11.7 + 3.5
kWh/kg NH4-N and 14.1 + 1.0 kWh/kg NH4-N in the experiments with
ADLs A and B, respectively. While the SEC in stage 2 was generally larger
than stage 1 due to the larger NH4-N concentration in the diluate, the
overall effect on the total SEC was low due to the short experiment
duration.

Experiment Al

Experiment A2

Experiment B1 Experiment B2

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
SEC ED 7.41 8.58 16.64 8.58 12.93 20.87 11.28 19.33
SEC ED total 8.96 13.76 14.41 13.01
SEC pumps 0.28 0.02 0.37 0.03 0.38 0.03 0.37 0.03
SEC pumps total 0.3 0.4 0.41 0.4
SEC total 9.26 14.16 14.82 13.41
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4. Discussion

In the ADLs of both WWTPs, a concentration of approximately 10 g
NH4-N/L could be obtained in stage 1, and 15 g NH4-N/L in stage 2. This
corresponds to a mean recovery of 70 % and 50 % in these stages,
respectively. A concentration of 15 g/L could be achieved after 16.5 h
for ADL A, and 12-15 h for ADL B. In stage 1, the increase in NH4-N
concentration generally plateaued in every sequencing batch, which was
attributed to the increasing concentration gradient, resulting in water
influx from the diluate stream and in an increase of concentrate volume.
In stage 2, a sharp concentration increase could be achieved, owing to
the high NH4-N mass in the diluate chamber given the high initial
concentration and the selected volume ratio Vgjjuate/Veoncentrate Of 3:1.
Moreover, the short contact time between the recirculating diluate and
concentrate streams in stage 2, in comparison to stage 1 batches, helped
counteract back-diffusion and forward osmosis.

Given the mean NHy4-N loads of 141 and 25 kg NH4-N/d in ADL A and
B, respectively, and the nitrogen demand of WWTP C with 440 kg urea-
N/day, the daily nitrogen loads of the municipal WWTPs are not suffi-
cient for covering the nitrogen demand of WWTP C. For this purpose, a
larger WWTP with accordingly higher ADL nitrogen load is required. As
aforementioned, the NH4-N fraction of recirculated ADL in WWTPs with
anaerobic sludge stabilization accounts for 15 %-20 % of the influent
NH4-N. For a large municipal WWTP operating anaerobic sludge stabi-
lization with a specific nitrogen load of 8 g N/(PE-d), of which 15 % is
fed by the ADL, this results in 1.2 g NH4-N/(PE-d), which can be
recovered from the ADL. To meet the demand of 440 kg urea-N/
d required for treating the industrial wastewater from the large pulp
& paper factory, a WWTP >300,000 PE is required.

Considering SEC, the Haber-Bosch process is stated to consume
9.7-13.9 kWh/kg NH3-N (Ward et al., 2018; Xie et al., 2016), whereas
the proposed ED technology consumes a mean of 12.9 kWh/kg NHy4-N in
all conducted experiments. In ADL A and B, the SEC was 11.3 + 3.4
kWh/kg NH4-N and 13.7 + 1.0 kWh/kg NHy4-N, respectively, whereas
the SEC for pumping was negligible compared to the ED unit. As
aforementioned, the Bosch-Meiser process for urea production requires
an additional step following NH3 production, in which two NHg mole-
cules react with one COz molecule to initially form ammonium carba-
mate, which is then converted into urea. The latter process is reported to
consume 16.2-17.8 kWh/kg urea-N (Rossi et al., 2022; Shi et al., 2020).
Although the SEC of ED appears to lie at the same range as for con-
ventional ammonia production and at a lower range than conventional
urea production, all three processes utilize different energy inputs.
While ED relies on electrical energy, which can be decarbonized based
on the primary energy sources used in its production, the other two
process predominantly rely on thermal energy, with fossil sources
serving both as feedstock and fuel. Therefore, the primary energy
sources used in all these technologies should be examined and a con-
version factor between the energy inputs should be considered when
comparing these processes energetically.

Considering the two subsequent experiments applied for each ADL, a
priorly cleaned ED unit was identified as more energy-efficient when
ADL A was applied, suggesting that fouling and/or scaling might have
hindered NH4-N removal and recovery in the second experiment.
Because the dissolved organic matter (DOM) is usually negatively
charged and possesses a larger molecular size compared to small inor-
ganic ions, it might get trapped at the surface of the internal pores of the
AEM during the transport process, which results in fouling (Wang et al.,
2022). Additionally, scaling might also set in considering the high initial
Ca?* concentration of the ADLs at a pH of approximately 8. Further
improvement of SEC can be achieved by reducing the percent of NH4-N
removal (and consequently NH4-N recovery) for each batch, which
would reduce the voltage increase observed at lower diluate concen-
trations. Meng et al. (2022) applied electro-ion substitution modified ED
(EIS-ED) for NH4-N recovery from digested sludge centrate with a re-
covery of 70 %. This membrane technique was used to reduce fouling
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and scaling on the AEM by introducing the feed between two CEM,
reaching a SEC of 2.03 kWh/kg NH4-N.

The membrane area required to produce a daily NH4-N load for
WWTP C was estimated based on the molar flux densities observed in all
experiments, without accounting for upscaling considerations. In stage 1
experiments, a mean flux density of 0.5 rnol/(m2~h) was observed in the
ADLs from both municipal WWTPs, necessitating an active membrane
area of 2620 m2. In stage 2, generally higher flux densities were recor-
ded. Specifically, for ADL A, the mean flux density was 6.6 mol/(mz-h),
resulting in a required membrane area of 199 m? in this stage. For ADL
B, with a mean flux density of 3 mol/(m2~h), the required membrane
area would be 437 m?. Therefore, stage 1 is the limiting factor as it re-
quires the largest membrane area.

For a commercialized industrial-scale ED unit with a membrane
active area of 0.4 m? and maximally 1200 membranes per unit, this
results in a total active area of 480 m? per unit. Such an active mem-
brane area is sufficient for NH4-N recovery in stage 2, while 6 units in a
parallel operation would be required in stage 1. In practical terms, a
parallel operation would increase the capital costs for the process
equipment, as additional ED cell units, pumps, pipelines and valves
would be required, as well as additional space and higher chemical
demand for the electrode rinse solution, which overall increases oper-
ational complexity. Consequently, this necessitates further optimization
work to increase NHy4-N flux density, improve its recovery and coun-
teract its loss. Applying an anion-exchange end membrane (AEEM)
instead of a cation-exchange end membrane (CEEM) for example might
reduce NHy-N loss into the electrode rinse solution, as suggested by van
Linden et al. (2019). In addition, the pH of the concentrate should be
controlled. During the ED experiments, the concentrate pH remained
stable at approximately 8.0-8.3, at which approximately 95 % of TAN
lies in the form of NH4-N. The stable pH range indicates the transport of
both NH4-N and HCOs3 to the concentrate stream, thus forming a buff-
ered system. Since the remaining 5 % of TAN lies in the volatile NH3-N
form, an alternative approach to enhance recovery and mitigate TAN
loss is to lower the pH, shifting the equilibrium towards the non-volatile
NH4-N form.

The NH4-N current efficiency obtained in both ADLs was in the range
of 20 %-50 % in stage 1, and 30 %-55 % in stage 2, which is lower than
reported by van Linden et al. (2019) who used synthetic solutions, and
owes to the transport of additional ions such as POy4-P, Ca®* and HCO3.
In this study, no steady increase of the PO4-P concentration in the
concentrate was observed, as visible in Fig. S4.

Besides the electricity requirements for the ED process, consisting of
the ED unit and pumps, transportation should also be taken into account.
A municipal WWTP with a capacity of 300,000 PE lies in a distance of
113 km from WWTP C. For the production of an ED concentrate with a
daily load of 440 kg NH4-N/d (the exact nitrogen demand for WWTP C)
and with an NH4-N concentration of 15 g/L, a concentrate volume of
29.4 m® is needed. This concentrate volume corresponds to approxi-
mately 29.4 tones, which is suitable to be transported by heavy trucks.
To estimate the SEC for transportation, a diesel energy content of 10
kWh/L and a fuel efficiency of 0.2 L/km, typical for large trucks under
load, were assumed. By multiplying the energy content and the fuel
efficiency, the SEC for transportation is expected to be approximately
0.5 kWh/kg NHy4-N, which is negligible compared to the electricity re-
quirements for the ED unit and comparable to the electricity require-
ment for pumping in the ED process.

Apart from NH4-N recovery, also the effect of NH4-N removal on a
municipal WWTP was investigated. Baumgartner et al. (2022) compared
different biological treatment methods for ADL by performing COD and
Total Nitrogen (N) mass and energy balances based on specific data
gained from bench-mark studies and full-scale experiments. To investi-
gate how an ED treatment with MF pre-treatment would impact the
overall electricity balance of a large single-stage WWTP with anaerobic
sludge stabilization, similar mass and energy balances were performed,
based on the same assumptions described by Baumgartner et al. (2022),
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e.g. PE-specific COD and nitrogen inflow loads, removal performance,
sludge retention time in the activated sludge tank (15 days), aeration
efficiency, and a CHP electrical efficiency of 30 %. For the MF step,
additional assumptions have been made — a flowrate of 20 m>/h, an
operating pressure of 2 bar, an ADL NH4-N concentration of 1 g NH4-N/L
and a WWTP size of 300,000 PE. Based on the results of the bench-scale
experiments, a removal of 90 % was assumed. The mass and energy
balances for the reference plant without ADL side-stream treatment are
depicted in the supplementary material (Fig. S5). The results for a model
plant with MF and ED in side-stream are presented in Fig. 8.

Due to the reduced nitrogen load in the desalinated ADL that is
recirculated back to the main-stream treatment, the model plant with
MF and ED in side-stream results in a lower nitrogen load to be nitrified
and denitrified in the main-stream AST (3.9 g N/(PE-d) compared to 4.6
g N/(PE-d) in the reference plant). This decreases the aeration demand
for nitrification but at the same time increases the potential for higher
COD removal in the primary settling tank, from typically 30 % up to 40
%, as less COD is used as electron donor for denitrification. To enhance
removal of COD in the primary settling tank, different approaches can be
applied, such as increasing the hydraulic retention time (HRT), applying
coagulants and flocculants, or introducing an MF step before the AST
(Lasaki et al., 2023; Vaananen et al., 2016).

In this new scenario, aeration electricity requirement would decrease
from 12.3 kWh/(PE-a) (reference plant) to 10.7 kWh/(PE-a). Diverting
more organic matter into the PS raises the COD influent load in the
anaerobic digester, which results in higher methane production and
greater electricity gain than in the reference plant: 17 kWh/(PE-a)
versus 14.3 kWh/(PE-a). Taking in account the overall electricity bal-
ance, consisting in this specific case of the PE-specific electricity con-
sumption for aeration in main-stream (10.7 kWh/(PE-a)), for MF (0.04
kWh/(PE-a)) and for ED (5.7 kWh/(PE-a)), and the electricity gain from
the produced methane (17 kWh/(PE-a)), a net electricity gain of 0.6
kWh/(PE-a) is obtained. Therefore, the electricity consumed by the MF
pre-treatment and ED would be compensated by the electricity gained
due to the higher methane production and lower aeration demand in the
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main-stream treatment. In this evaluation, the potential energy con-
sumption or chemical demand associated with increasing COD removal
in the primary settling tank, as well as the additional benefit of using the
ED concentrate as an alternative nutrient source to urea, were not
accounted for.

5. Conclusions

Bench-scale experiments demonstrated that ED can be successfully
applied as an NHy4-N recovery technology from municipal ADLs. The
two-stage experimental design, intended to enhance NH4-N concentra-
tion by minimizing forward osmosis and NH4-N back-diffusion following
sequencing batch experiments, achieved NH4-N concentrations of 10 g/
L in stage 1 and 15 g/L in stage 2 across both municipal ADLs.

The NHy4-N flux density fluctuated around 0.5 mol/(m?h) in stage 1,
and increased significantly in stage 2, reaching 6.5 — 6.6 mol/(m?h) in
ADL A and 2.8 — 3.1 mol/(m?h) in ADL B. A volume increase was
observed in the experiments with both municipal ADLs, ranging from
1.1 % — 8.5 % in stage 1. In stage 2, the volume increase was more
pronounced, with 32.5 % - 34.5 % in ADL A and 23.5 % in ADL B,
primarily due to electro-osmosis driven by the high NH4-N flux density.
NH4-N current efficiency varied in both municipal ADLs between 20.1 %
—45.4 % and 26.9 % — 41.2 % in stage 1. By comparison, stage 2 showed
a slight increase in efficiency of 46.5 % — 54.2 % for ADL A, while ADL B
remained at a similar level as stage 1.

The SEC varied between 5 and 12 kWh/kg NH4-N in experiment A11,
increasing to 19 kWh/kg NH4-N in experiment A12. In experiment A21,
the SEC rose to a maximum of 21 kWh/kg NH4-N, likely due to phe-
nomena such as fouling and/or scaling resulting from the absence of a
prior cleaning step, while it dropped to 8.5 kWh/kg NH4-N in experi-
ment A22. In ADL B, SEC values varied between 7 and 21 kWh/kg NH4-N
in both stages, showing no significant impact of the above-mentioned
phenomena on SEC. Taking into account all experiments, the mean
SEC amounted to 12.9 kWh/kg NHy4-N. This value lies at a similar range
as the Haber-Bosch process and at a lower range than the Bosch-Meiser
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process, however, the different energy inputs involved in all processes
should be considered to enable comparability.

The large concentration factors obtained suggests that this ED design
may also be suitable for a larger municipal WWTP with a sufficient daily
NH;4-N load to supply to WWTP C, allowing to potentially replace urea
with the ADL concentrate. For the ED operation with a calculated
membrane area of 2620 m?, at least 6 currently commercialized ED units
in parallel operation would be required. Since larger flux densities were
obtained in stage 2, the membrane area should be reduced in such a
parallel operation to maintain the same linear velocity.

In the context of NH4-N removal from ADL, an ED side-stream
treatment with an MF pre-treatment appears to be electrically benefi-
cial in a single-stage WWTP if COD removal in the primary settling tank
increases from 30 % to 40 %. This design reduces the electricity demand
for aeration while increasing methane production, allowing the elec-
tricity consumed by MF and ED to be offset by the electricity gained.
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