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Inorganic scaling is often an obstacle for implementing electrodialysis systems in general and for nutrient re
covery from wastewater specifically. In this work, Donnan dialysis was explored, to prevent scaling and to
prolong operation of an electrochemical system for TAN (total ammonia nitrogen) recovery. An electrochemical
system was operated with and without an additional Donnan dialysis cell, while being supplied with synthetic
influent and real digested black water. For the same Load Ratio (nitrogen load vs applied current) while treating
digested black water, the system operated for a period three times longer when combined with a Donnan cell.
Furthermore, the amount of nitrogen recovered was higher. System performance was evaluated in terms of both
TAN recovery and energy efficiency, at different Load Ratios. At a Load Ratio 1.3 and current density of 10 A
m− 2, a TAN recovery of 83% was achieved while consuming 9.7 kWh kg−N1.

1. Introduction

Shipman and Symes, 2017)
Source separation of wastewater has been investigated as a prom
ising concept to allow for energy efficient wastewater treatment and
nutrient recovery. (Larsen et al., 2015; Zeeman and Kujawa-Roeleveld,
2011) Phosphorus and nitrogen were recovered from source separated
streams such as black water (combined feces and urine) or urine (Kuntke
et al., 2018; Ledezma et al., 2015; Tarpeh et al., 2018). Black water is
responsible for up to 70% of chemical oxygen demand (COD), 80%
phosphorous and 90% nitrogen found in conventional wastewater (de
Graaff et al., 2010; Vlaeminck et al., 2009).
Phosphate recovery was successfully described by forming struvite
(Zamora et al., 2017) or calcium phosphate granules (Cunha et al., 2019;
Lei et al., 2019). Nonetheless, after phosphate recovery in these pro
cesses, almost all the ammonium remains in solution (Cunha et al., 2019;
Moges et al., 2018). An electrochemical system (ES) has been proposed
to recover the remaining ammonia and ammonium (total ammonia ni
trogen,TAN), as it does not require chemical dosing and requires less
energy than NH3 stripping, chemical precipitation or adsorption (Kuntke
et al., 2018; Lei et al., 2007; Rodríguez Arredondo et al., 2015; Wasie
lewski et al., 2016). However, digested black water or urine, although
rich in nitrogen, also contain other several ions (incl. Ca2+, Mg2+, K+,
−
2−
3−
Na+, CO2−
3 , Cl , SO4 , PO4 ) (Casademont et al., 2008; Choi et al., 2011;

Towards closing the resources cycle for a circular economy, our
considered “waste” water has become a source of nutrients and energy.
(Cordell et al., 2011; Galloway et al., 2008; Gao et al., 2019; Maurer
et al., 2003; Moges et al., 2018; Theregowda et al., 2019) Amongst all
the nutrients present in wastewater, phosphorus and nitrogen are of the
utmost importance as they play a vital role in plant growth. As phos
phorus is a scarce nutrient, considerable efforts were taken in the last
two decades to recover it from our wastewater. (Cordell et al., 2009;
Egle et al., 2016; Wilfert et al., 2015) Nitrogen (N2), however, amounts
to 78% of all gasses present in the atmosphere and it can be artificially
fixed by the Haber-Bosch process into reactive nitrogen forms (e.g. NH3
and NH+
4 ) to be used as fertilizer. (Cordell et al., 2009; Kuntke et al.,
2018) In order to decrease its environmental effect, such as eutrophi
cation, nitrogen has been removed from wastewater via
nitrification-denitrification or Anammox at wastewater treatment plants
(WWTP). (Ahn, 2006; Giddey et al., 2013; Rodríguez Arredondo et al.,
2017, 2015) These aforementioned nitrogen removal processes are en
ergy intensive and contribute N2O emissions to the atmosphere. In
addition, up to 2% of the energy produced worldwide is consumed by
the Haber-Bosch process. (Kuntke et al., 2017; Kuntke et al., 2018;
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Luther et al., 2015; Rodríguez Arredondo et al., 2017). The presence of
bivalent ions was previously reported to interfere with electrodialysis
process and therefore nutrient recovery, as calcium and magnesium ions
are more susceptible to the electric field and CEMs are more selective for
divalent ions (Ping et al., 2013; Rijnaarts et al., 2018; Yang et al., 2014).
While some studies consider the concentration of calcium and magne
sium negligible due to upstream precipitation such as struvite (Tarpeh
et al., 2018; Thompson Brewster et al., 2017), it has been shown that
under alkaline conditions low concentrations (0.02 M Ca2+) are suffi
cient to scale ion exchange membranes (Andreeva et al., 2017; Luther
et al., 2015; Pan et al., 2020; Shaposhnik et al., 2002). Moreover, the
presence of Mg2+ facilitates the formation of calcium carbonate, even at
very low concentrations of both ions and slightly above pH neutrality
(Ayala-Bribiesca et al., 2006; Casademont et al., 2007). The cation ex
changes membranes (CEM) used in an ES for TAN recovery are not
species selective and transport all cations, which accumulate in the
concentrate/cathode solution. The alkaline pH in the concentrate results
in the formation of inorganic scaling on the CEM (e.g. precipitation of
insoluble salts such as calcite, gypsum, struvite etc.) (Thompson Brew
ster et al., 2017).
When scaling forms on the surface of ion exchange membranes, the
stack electrical resistance increases, leading to an increase in energy
input (Andreeva et al., 2017; Asraf-Snir et al., 2018). Some solutions
were proposed to address this problem, such as filtration, coagulation
and flocculation, the use of anti-scalants, and chemical cleaning of the
membranes by in situ use of acidic or alkaline chemicals (Andreeva
et al., 2018; Thompson Brewster et al., 2017; Tran et al., 2013). Despite
having several options, all imply additional cost and/or operational
interruption in order to regenerate or even replace the scaled mem
branes (Andreeva et al., 2018; Thompson Brewster et al., 2017). The
implementation of electrochemical systems for nutrient recovery ap
plications are thus limited as so far no satisfactory solution has been
identified (Andreeva et al., 2018; Thompson Brewster et al., 2017).
During electrodialysis ammonium and other cations are transported
toward the cathode and accumulate in a concentrated solution. While
ammonia can be extracted through a gas permeable membrane, cations

like sodium or potassium will continuously accumulate in this concen
trated solution when current is constantly supplied. Donnan dialysis
(DD) has been previously described to promote the exchange of
ammonium in the feed with other cations (such as Na+ and K+) accu
mulated on the concentrate side (Cox and Dinunzio, 1977; Rijnaarts
et al., 2018; Rodrigues et al., 2020b). During Donnan dialysis, no current
is applied and the ions move due to an electrochemical potential dif
ference, generated by a concentration gradient formed between the feed
and the concentrate during electrodialysis (Campione et al., 2018; Chen
et al., 2020; Rodrigues et al., 2020b). Hence, also bivalent cations
accumulated in a concentrate solution can exchange with monovalent
cations from the feed solution (Rodrigues et al., 2020b). In reverse
electrodialysis, Rijnaarts et al., 2019 used Donnan dialysis as a
pre-treatment step to remove SO2−
4 from feedwater and were able to
achieve 76% reduction of the bivalent ion content, limiting the occur
rence of scaling (Rijnaarts et al., 2018). The purpose of this research was
to assess wether Donnan dialysis can be used as pre-treatment for scaling
mitigation when a complex ammonia rich influent is supplied to an ES
without further energy consumption and need for chemical addition.
2. Materials and methods
2.1. Experimental setup
The TAN recovery system consisted of previously described elec
trodialysis (ED) cell and a transmembrane chemisorption (TMCS)
module, which is presented in full detail in the supplementary infor
mation Appendix A – A.1. Experimental Setup (Kuntke et al., 2017;
Rodrigues et al., 2020b). An additional cell was introduced in the system
for Donnan dialysis, presented in Fig. 1.
The electrodialysis cell included a feed and a concentrated
compartment (1.2 cm thickness each) and separated by a cation ex
change membrane (Fumasep FKB-PK-130, FUMATECH BWT GmBH,
Bietigheim-Bissingen, Germany). The anode and cathode compartment
included a platinum (Pt) coated titanium mesh electrode measuring (9.8
cm x 9.8 cm, 5 mg Pt cm− 2 Magneto Special Anodes BV, The

Fig. 1. Electrochemical system with hydrogen gas recycling for TAN recovery including Donnan dialysis (DD) cell. Oxidation of hydrogen occurs at the anode of the
electrodialysis cell, where protons are generated and transferred over a membrane electrode assembly (MEA) to the feed compartment. These protons acidify the
+
influent to form ammonium (NH+
4 ). The NH4 can then be transported over a cation exchange membrane (CEM) to a concentrate solution. Other cations (represented
here as C+) are also transported as the CEM is not species selective. Simultaneously, the OH− ions formed at the cathode, are transported via an anion exchange
membrane (AEM) to the concentrate solution increasing the pH. Later, the ammonia formed in the concentrate is recovered through a Transmembrane Chemisorption
(TMCS) unit, which consists of a gas permeable hydrophobic membrane. Once the ammonia is transferred over the TMCS, the concentrated solution is supplied to the
DD cell. Here, the previously accumulated cations such as sodium or magnesium, return to the feed compartment due to a concentration gradient. The influent was
first supplied to the feed compartment of the DD cell to achieve a higher concentration gradient and exchange the cations from the concentrate side with ammonium
from the feed side. This configuration allows the hydrogen gas formed at the cathode compartment to be later recycled to the anode compartment, conserving energy.
2
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Netherlands) in a 0.2 cm x 10 cm x 10 cm compartment. The ion ex
change membranes had a projected surface area of 100 cm2. The anode
was separated from feed compartment by a Membrane Electrode As
sembly (MEA). The concentrate compartment was separated from
cathode compartment by an anion exchange membrane (Fumasep FABPK-130, FUMATECH BWT GmBH, Bietigheim-Bissingen, Germany).
The DD cell consisted of feed and concentrate compartments, made
of poly methyl methacrylate. Each compartment had a size of 21 cm x
21 cm x 2.5 cm and a machined flow field of 10 cm x 10 cm x 0.2 cm.
Feed and concentrate compartments were separated by a 15 cm x 15 cm
CEM (Fumasep FKB-PK-130, FUMATECH BWT GmbH). During DD, the
influent was first supplied to the feed compartment of the DD cell.
In order to supply influent and recirculate feed, concentrate, cathode
and acid solutions, four Masterflex peristaltic pumps (Masterflex L/S,
Metrohm Applikon BV, Schiedam, The Netherlands) were used. The
recirculation flow rate for feed, concentrate, cathode and acid was 160
mL min− 1.
The influent flow is presented in Table 1, according to the used Load
Ratio.

system continuously for a longer period considering the effluent flow
rate (L d− 1) of the UASB reactor.
2.3. Calculations
The calculations were based on earlier work and explained in detail
in the Supporting Information, Appendix A – A.2. Calculations.
2.3.1. Load ratio
Load Ratio (LN) is the ratio of applied current density to the TAN
loading. The Load Ratio determines to a large extent the performance of
the ES system (removal, energy consumption, Coulombic efficiency)
(Rodríguez Arredondo et al., 2017). A Load Ratio of one means the
amount of current applied to the system is equal to the total charge
supplied as TAN. When LN<1 more TAN is present than the electrons
supplied to the cell, conversely when LN>1 the system is supplied with
an excess of current. Load Ratio can be determined using the following
formula:
LN =

2.2. Experimental strategy

Where, j is the current density (A m− 2), C TAN,influent is the concen
tration of TAN (mol L− 1) in the influent, Qinfluent is the influent flow rate
(L L− 1), F is the Faraday constant (C mol− 1) and Am is the surface area of
CEM (m2).

The system was supplied with the effluent of a lab scale Upflow
Anaerobic Sludge Blanket digestion reactor (UASB reactor) (Wetsus,
European center of Excellence for Sustainable Water Technology,
Leeuwarden, The Netherlands) used for phosphate recovery as calcium
granules as described in Cunha et al., 2018. The addition of calcium to
the reactor results in the production of calcium phosphate granules,
while removing 89% of the phosphate (Cunha et al., 2018). Further
more, > 80% of the total COD is removed and around 0.5 g COD-CH4 g− 1
CODTotal-BW was produced (Cunha et al., 2019, 2018). The effluent
− 1
−
(digested black water) consisted mainly of NH+
4 (1 g L ), Cl (0.463 g
− 1
+
− 1
+
− 1
2+
L ), Na (0.290 g L ), K (0.230 g L ), Ca (0.046 g L− 1), Mg2+
− 1
− 1
2−
(0.024 g L− 1), PO3−
4 (0.051 g L ), SO4 (0.038 g L ), and COD (0.419 g
− 1
L ). Therefore, it consists of a complex ionic and organic matrix suit
able to study nutrient recovery from a complex wastewater stream.
Although, solids were retained in the UASB reactor, the effluent of
the UASB passed through a 10-micron filter before being supplied to the
ES with (w/) and without (w/o) DD.
The system was also operated with synthetic influent (to compare the
transport over the membrane). Synthetic influent mimicked the digested
black water collected after the UASB reactor without bivalent cations
and an organic carbon source. The synthetic black water consisted of
2.75 g L− 1 (NH4)2CO3, 0.08 g L− 1 K2SO4, 0.47 g L− 1 KCl, 0.31 g L− 1
NaCl, and 0.5 g L− 1 Na2CO3.
Table 1 includes all sets of experiments performed and studied for
this research. The experiments were carried out at a constant current
density of 10 A m− 2. Choosing 10 A m− 2 allowed to operate the ES

2.4. Chemical analysis
Samples were collected daily from influent and effluent of the DD
cell, effluent of the electrodialysis cell, concentrate, cathode, and acid.
+
+
2+
2+
The samples were analyzed for cations (NH+
4 , Na , K , Ca , Mg ) and
−
−
−
2−
3−
anions (NO3 , NO2 , Cl , SO4 , PO4 ) using a Metrohm Compact IC Flex
930 with a cation column (Metrosep C 4–150/4.0) and a Metrohm
Compact IC 761 with an anion column (Metrosep A Supp 5–150/4.0)
respectively. The samples were also analyzed for organic carbon, inor
ganic carbon, non-purgeable organic carbon and total carbon using a
TOC analyzer (TOC-L CPH, Shimadzu BENELUX, ‘s-Hertogenbosch, The
Netherlands). When supplying the ES with black water all samples were
also analyzed for metals, using inductively coupled plasma optical
emission spectrometry (ICP-OES), and for chemical oxygen demand
(COD), using a cuvette test kit LCK 414 and a spectrophotometer
DR3900 (HACH NEDERLAND, Tiel, The Netherlands).
3. Results
3.1. Donnan dialysis slows CEM scaling allowing longer operation
The ES was operated at a Load Ratio one at 10 A m− 2 with and
without the DD cell using digested black water as influent. Fig. 2 shows
the measured cell voltage and the potential losses in the cell including
MEA overpotential (ηMEA) and cathode overpotential (ηcathode), ionic
losses (Eion), pH losses (EpH) and the membranes potential (Emembrane) of
the ED cell at three distinct regions. The potential losses were calculated
as explained in the Supporting Information, Appendix A – A.2.
Calculations.
After 12 h the measured voltage spiked to more than 5 V and the
operation was therefore interrupted, when operating the system with
digested black water without a DD cell (Fig. 2). This cell voltage of 5 V
can be associated with pH change in the concentrate compartment and
scaling formation. When operating the system with Donnan dialysis at
the same conditions, scaling was delayed by almost 30 h, meaning the
period of continuous operation was extended by more than three times
that without Donnan. The potential losses showed an increase of the
membrane resistance (Emembrane) over time, Fig. 2. By SEM EDS analysis
of the CEM, it was clear that the membrane was scaled with calcium salts
(SI, Appendix B -Figure A.1). Some of the calcium present in the UASB

Table 1
Experiments performed using an electrodialysis cell with or without the DD cell
at different Load Ratio.
Setup

Influent

Load
Ratio

Inflow (ml
min− 1)

HRT (h)

Volume (L
day− 1)

ED

Synthetic
Influent
Black Water
Synthetic
Influent
Black Water

1

1.63

4.1

2.4

1
1

1.63
1.63

2.4
2.4

0.5

3.97

1

1.63

1.3

1.2

1.5

0.96

4.1
4.1(ED) 1
(DD)
1.7 (ED)
0.4 (DD)
4.1 (ED) 1
(DD)
5.6 (ED)
1.4 (DD)
6.9 (ED)
1.7 (DD)

ED +
DD

j × Am
CTAN,influent × Qinfluent × F

4.7
2.4
1.7
1.4

3
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Fig. 2. Electrodialysis cell voltage (V) with and without Donnan dialysis over time at LN=1 and 10 A m− 2. The ED cell voltage is the result of electrode overpotential
(ηMEA and ηcathode), ionic losses (Eion), pH losses (EpH) and membrane potential (Emembrane). The potential losses were calculated after 2, 4 and 14 h for the ES while
operating without Donnan dialysis. With Donnan dialysis, the potential losses were calculated after 2, 24 and 37 h. Three regions were distinguished during the
operation period: 1) an initial increase until stable state, 2) stable operation and 3) voltage ramp up as the scale blocks the CEM.

digested black water was 6.5 mS cm− 1 on average resulting in higher
potential losses compared to influents such as urine (around 29 mS
cm− 1) or reject water (around 12 mS cm− 1), as previously shown.
(Rodrigues et al., 2020a, 2020b; Sleutels et al., 2017, 2013) The fluc
tuation of MEA overpotential was not expected. The MEA overpotential
is the difference between the measured anode potential and the theo
retical anode potential. If the contact between H2 gas and gas diffusion
electrode is not efficient, then the MEA overpotential can increase. (Post
et al., 2009) Also, scaling and biofouling of the cation exchange mem
brane in the MEA can also cause an increase of the MEA overpotential.
(Choi et al., 2011; Ping et al., 2013) However, we observed that the MEA
overpotential was independent of the influent supplied to the system (SI,
Figure A.2). Thus, we suspect that the MEA could have suffered some
unexpected damage (not further identified) leading to a fluctuation in
the potential loss.

reactor effluent (influent of ES) precipitated in the form of calcium
carbonate (CaCO3) on the CEM. While operating with synthetic influent,
the ES performed at a constant voltage of approximately 3 V both with
and without Donnan dialysis.
When supplied with digested black water, it was not possible to
operate the ES system for more than 12 h, at the same Load Ratio and
current density again due to scaling on the CEM. As the membrane
scales, the effective area of the membrane where the ions can be
exchanged is therefore reduced. (Ayala-Bribiesca et al., 2006) This limits
the overall ion transport and in-turn affects the TAN recovery. Never
theless, within this 12 h stable period of operation, 79% TAN recovery
was achieved. A DD cell was introduced to overcome the scaling of the
CEM; at the same Load Ratio, LN=1, and at 10 A m− 2, the TAN recovery
was 82% when using synthetic influent. This experiment was carried out
over 5 days. When using digested black water, the TAN recovery was
72.5% over 36 h. Without DD, 1.2 g ammonium were supplied, 0.9 g
were recovered in the acid, and 0.3 g were found in the effluent. With
DD, 2.8 g ammonium were supplied, 2.1 g were recovered in the acid,
and 0.7 g were found in the effluent. The TAN recovery efficiency was
affected by operating with real wastewater and by operating the ED
combined with DD. Nevertheless, as the system operated during a three
times longer period with Donnan, although the TAN recovery was
reduced, more influent was treated and consequently more nitrogen was
recovered.
Furthermore, the energy consumption was nearly constant, inde
pendent of Donnan dialysis and the influent composition. Operating the
system consumed around 8 kWh kg−N 1 (SI, Figure A.2). The energy
consumption can be explained when we look at the potential losses (SI,
Figure A.2). Ionic losses occur due to the transport of ions and are thus,
dependent on the conductivity of the solution. The conductivity of the

3.2. The performance was enhanced and the operation window was
expanded by operating at higher Load Ratio
We evaluated the ES performance with DD cell regarding TAN re
covery efficiency and energy consumption for different nitrogen loading
at constant current (Load Ratio) (Fig. 3).
Fig. 3 shows that the overall TAN recovery and energy consumption
of the ES combined with Donnan dialysis increased with Load Ratio. This
phenomenon is in accordance with the Load Ratio model previously
established for electrochemical systems for TAN recovery (Rodríguez
Arredondo et al., 2017). At Load ratio 1.3, TAN recovery of 83% was
achieved, whereas for Load Ratio 1.5, the TAN recovery was 85%. As no
significant improvement was observed for Load Ratio 1.5, no higher
Load Ratio were tested. The presented energy consumption is the
4
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Fig. 3. TAN Recovery and Energy Input of the ES treating digested black water with Donnan dialysis at different Load Ratio. TAN recovery and energy consumption
increased with Load Ratio. The combined system achieved up to 85% TAN recovery.

average for each experiment operated with ES including DD cell using
filtered digested black water at Load Ratios 0.5, 1, 1.3 and 1.5. The
average does not consider the last day of each experiment as the voltage
ramped up and consequently the operation was interrupted (SI,
Figure A.3). During stable operation the electrodialysis with Donnan
dialysis treated in total 2.4 L for Load Ratio 0.5, 3.5 L for Load ratio 1,
5.2 L for Load Ratio 1.3, and 4.8 L for Load Ratio 1.5. The combined
system consumed between 5.8 kWh kg−N 1 for Load Ratio 0.5 and 12.2
kWh kg−N 1 for Load Ratio 1.5. The ES operated without the DD cell
consumed around 7.5 kWh kg−N 1 during the 12 h of operation at Load

Ratio one.
3.3. Donnan dialysis enables ammonia recovery from a complex
wastewater including calcium ions, by regulating the pH at 9.7
Fig. 4 represents the average charge species transported over the
CEM on the electrodialysis cell (A) and over the CEM in the DD cell (B)
for different Load Ratio and a current density of 10 A m− 2.
Fig. 4 shows the average ion transport before the experiments were
interrupted due to the extreme cell voltage increase. The average

Fig. 4. A). Transported charge over the CEM in the electrodialysis cell system. B) Exchanged charge over the CEM in the DD cell. The measured transported species
+
+
2+
2+
+
were NH+
4 , Na , K , Ca , Mg , and H .
5
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transport for each ion was calculated up to the point that scaling was
detected. Scaling affects the ion flux as previously demonstrated by
Asraf-Snir et al., 2018 and can be detected by the voltage increase
(Asraf-Snir et al., 2018). Overall, ammonium is the dominant charge
carrier (highest ti), followed by sodium and potassium, shown in Fig. 4A.
The ionic composition of the influent and the Load Ratio affect the
transport of charged species over the CEM in the electrodialysis cell. The
relative ammonium transport decreased with increasing Load Ratio,
while the proton transport increased accordingly. Sodium (0.23±0.02)
and potassium (0.16±0.01) transport remain constant, probably due ion
exchange during the Donnan dialysis pre-treatment.
Once a gradient is formed between feed and concentrate, potassium
(K+) and sodium (Na+) are exchanged with ammonium (NH+
4 ) and
protons (H+) in the DD cell (Fig. 4B). For Load Ratio higher than one,
calcium (Ca2+) and magnesium (Mg2+) are both transported to the
concentrate compartment through the Donnan and electrodialysis
CEMs. Magnesium was only returned to the feed at Load Ratio 0.5.
Moreover, calcium and magnesium only represented less than 5% of the
charge exchange. The desired transport of calcium ions to the feed did
not occur.
In this study, up to 4 mmol (150 mg) of calcium was removed from
the supplied influent by DD+ED. Calcite (CaCO3) precipitation occurs
even at very low concentrations and pH just slightly above neutral
conditions (Hasson et al., 2010). This precipitation can occur simulta
neously on the surface and at the pores of the membrane. With a
continuous electric field transporting cations through the CEM, a high
enough concentration at the membrane solution interface induced pre
cipitation (Ayala-Bribiesca et al., 2006; Belashova et al., 2017), causing
the obstruction of the membrane pores and possibly membrane dehy
dration. In our system magnesium was also removed to a certain extent,
and while the analyzed membranes did not show any magnesium salt
precipitates, its contribution on facilitating calcium precipitation was
previously demonstrated.
The considerable increase of membrane resistance (SI, Figure A.3),
which is related to the increase of membrane potential, is the result of
scaling formation at the cation exchange membrane. Here, CEMs
become more resistant to ion transport, and as a result water splitting at
the surface of the membrane is enhanced (Andreeva et al., 2018;
Asraf-Snir et al., 2018). The high membrane potential coincides with an

increase in the pH of the concentrate.
Fig. 5 is the average pH measured over each 12 h in feed and
concentrate solutions for different Load Ratios.
Fig. 5 also shows that the average pH of the concentrate is approx
imately 10 during the first 12 h. For Load Ratio 1.3 and 1.5, the pH of the
concentrate was stable for almost three to four days at pH 9.7 with
Donnan dialysis; conversely, when operating without Donnan dialysis,
the pH rapidly reached 11.6. A comparison of Fig. 5 with Figure A.3 (SI)
reveals that the membrane loss increases sharply when the concentrate
pH reached 12. Donnan dialysis thus acts, to a certain extent, as a pH
regulator, an effect that is enhanced with increased Load Ratio. The
transport of protons for high Load Ratio in the electrodialysis cell,
combined with the protons exchanged in DD cell, decreased the pH of
the concentrate (Fig. 5). Although the pH was lower, the concentration
of calcium on the concentrate side increased with time reaching a
saturation point. Earlier experiments have shown that calcium carbon
ate precipitates at a pH as low as 8.6 (Koutsoukos and Kontoyannis,
1984; Söhnel and Mullin, 1982). After scaling precipitation, the CEM
was restored with an acid cleaning. In the experiments presented here,
Donnan dialysis extended the operation period and therefore reduced
the chemical need as the frequency of cleaning is reduced. Although
Donnan dialysis extended the operation period and therefore reduced
the chemical need, it can still be combined with a in situ cleaning to
guarantee the long term operation of the ES operation.
Thompson-Brewster et al., 2017 predicted the major scaling site
occurring in electrochemical recovery of ammonium to be in the double
layer on the concentrate side of the CEM. The model described how two
different pre-treatments can reduce the occurrence of scaling (such as
struvite) (Thompson Brewster et al., 2017). In our study, the predomi
nant anion responsible for scaling was carbonate unlike previous studies
that observed phosphate or sulfate precipitation (Asraf-Snir et al., 2018;
Thompson Brewster et al., 2017). As the CEM blocks anions, we believe
CO2 formed in acidic conditions is transported by diffusion through the
CEM and forms carbonate under alkaline conditions in the concentrate
solution (Legrand et al., 2020; Nikonenko et al., 2003; Paz-Garcia et al.,
2014).
As previous work has shown, the membrane structure and influent
composition must be considered when designing an electrodialysis cell
for nutrient recovery (Andreeva et al., 2017; Asraf-Snir et al., 2018;

Fig. 5. Average pH measured in the feed (solid fill) and concentrate (empty fill) solutions over time for different Load Ratio (LN).
6
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Belashova et al., 2017). Bivalent ions are present in several (source
separated) wastewater streams such as black water and urine (Shi et al.,
2018; Thompson Brewster et al., 2017). Pre-treatments that simulta
neously minimize the application of chemicals, maintain the overall
energy demand, and limit additional capital investments should be
further investigated to prevent scaling and consequently improve the
system performance (Asraf-Snir et al., 2018; Zabolotsky et al., 1997). By
combining electrodialysis and Donnan dialysis, we extended the oper
ation of an electrochemical system supplied with a complex wastewater
from 12 hour to 36 h at the same nitrogen load vs applied current. The
period of operation was further extended from 36 h up to 84 h by
increasing the Load Ratio from 1 to 1.5. Moreover, the combined system
was able to effectively remove the ammonium present in the influent (to
less than 100 mg L− 1 in the effluent).
Future research should include the performance of the system at
higher current densities and the use of other more concentrated streams
such as manure.
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