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Keywords: These days electrodialysis is recognized as a promising process for the removal and recovery of nutrients from was-
Nutrient recovery tewater. However, the electrodialysis process for nutrient recovery is different from traditional desalination electro-
Electrodialysis dialysis, and limited knowledge exists regarding its new application. Therefore, a comprehensive review and critical
Regression

comparison of the different parameters and optimal operation conditions for nutrient recovery by electrodialysis in
various studies are discussed in this manuscript. The relationship between the nutrient recovery rate and critical op-
erating parameters such as voltage, the total effective area of the membrane, number of cell pairs, and feed composition
in various wastewater sources is statistically analyzed. Regression results showed that increasing voltages, membrane,
and cell numbers improved the recovery rate, respectively. However, it should be mentioned that different mobility
behavior of ions are influenced by an electric double layer, selectivity, repulsion of the ion-exchange membrane, and
operation conditions including voltage, current density, operation time, and ion concentrations. Hybrid processes en-
hance the electrodialysis efficiency in wastewater by increasing the feed concentration. The capital and operating costs
of the electrodialysis process can be significantly affected by the pump, electrode, and ion-exchange membrane
characteristics. Fouling and scaling as a challenge in electrodialysis are investigated in our study.
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1. Introduction
1.1. Background

The growing global population has increased stress on the food and
water supply, and consequently on the fertilizer industry. The limited
resources of natural phosphorus fertilizer are leading to concerns re-
garding their long-term availability [1]. On the one hand, a consider-
able percentage of the reactive nitrogen in soil fertilizer leaches into
surface water or penetrated into the groundwater. This in turn can
cause eutrophication in surface water resources and other health issues
[2]. On the other hand, a strict limitation has recently been set for
wastewater treatment plants regarding the removal of nutrients to ac-
ceptable limits before discharge and reuse. However, most conventional
wastewater treatment technologies are costly and not highly effective
for this purpose [3].

These days, wastewater streams are perceived as a promising re-
source of energy, water, and even nutrient recovery [1]. Consequently,
the supply of phosphorus and nitrogen can be increased through nu-
trient recovery, while the nutrient loading into water resources can be
reduced simultaneously. Nevertheless, the design of conventional
sewage treatment systems is based on evacuating nutrients as waste
sludge or releasing them as a gas into the atmosphere, which is hard to
retrieve for later use. For instance, in wastewater, nitrogen is mostly in
the form of ammonium (NH, ") and nitrate (NO3 ™), which traditional
wastewater treatment plants convert to N, gas through the nitrification-
denitrification process which in turn creates secondary air pollution
[2,4,5].

Different nutrient recovery technologies from wastewater have been
proposed and assessed, such as chemical precipitation [6,7], membrane
processes [8-10], enhanced biological phosphorus removal (EBPR) [2],
adsorption processes [11], gas permeable membranes, membrane, ad-
sorption, and the Haber-Bosch process [5,12]. However, there is no
clearly definitive nutrient recovery technology [13]. Besides most of the
technologies mentioned are expensive, and the destructive environ-
mental impacts of produced fertilizers are also significant. Among ni-
trogen recovery technologies from the aqueous phase, electrodialysis
(ED), which produces a desalinated stream and a concentrated stream
simultaneously, has received affair degree of attention. This method has
several advantages for nitrogen recovery, such as lower energy con-
sumption, less required pretreatment, high water recovery rates, and
low chemical consumption without producing sludge [2,14].

1.2. The basic principle of ED
ED is an electromechanical separation method using ion-exchange
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membranes as a dynamic force (within an electric field) to support ionic
separation and is considered mainly for the extraction of ionic species,
as well as extracting hardness and organics from electrolytes [15]. An
ED unit typically consists of two electrode compartments at the end side
contacting with electrodes and a series of anion and cation exchange
membranes (AEMs, CEMs) located between electrodes, which creates
alternating concentrate and dilute solution compartments. A power
source charges the electrodes, and an electrical current flows through
the ED stack. The electrically charged anions of the feed solution mi-
grate towards the anode (positively charged electrode) while the ca-
tions migrate towards the cathode (negatively charged electrode). Ca-
tions moving through the CEM are blocked by the AEM, and
contrariwise anions move through the AEM are blocked by the CEM,
which leads to the depletion of the salt content in the dilute compart-
ments and the enrichment of the concentrate compartment. The
charged groups on the membranes covalently bonded to the polymer
backbone of the membrane are responsible for this phenomenon. The
CEM contains negatively charged groups (e.g., sulfonic acid (—SO3 ™),
carboxylic acid (—COO ™), phosphoryl(—PO5>~), and phosphonic acid
(—=PO3H 7)) while the AEMs have positively charged groups (e.g.,
ammonium (—NH;"), secondary amine (—NRH,"), tertiary amine
(—NRyH™"), quaternary amine (—NR3")) that selectively transport
anions but exclude cations [16].

One AEM and CEM are defined as cell pairs, and an ED stack con-
tains a few cell pairs in laboratory-scale units up to several hundreds of
cell pairs in pilot-scale units [17-19]. Fig. 1 shows a schematic of an
electrodialysis stack.

ED is often operated in a batch mode; however, in large-scale plants,
continuous processes are preferred in order to maintain a constant
stream and quality of feed water [20]. In some studies, batch mode
operation is used for concentrate compartments while the continuous
mode is used for dilute compartments so they can retrieve highly
concentrated solutions and to reduce the polarization phenomenon due
to lower conductivity in the dilute compartments [21].

1.3. Development of ED application

ED was proposed for the first time in 1890 by Maigret and Sabates.
They built a new concept unit to demineralize sugar syrup. In their
prototype, they used carbon for the electrodes and permanganate paper
for the membrane. Then, the first synthetic ion-exchange mem-branes
were produced by W. Juda and W.A. McRay in 1950. In 1974, elec-
trodialysis reversal concept (EDR) was developed Several “ED-derived”
alternatives, applications, and processes have been developed and
presented in the literature, providing a further boost to the develop-
ment of electro membrane technologies in general [18]. Fig. 2
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Fig. 1. Scheme of an electrodialysis stack with five cell pairs (AEM and CEM).

Reproduced from Sosa-Fernandez et al. [22], with permission from Elsevier.
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Fig. 2. Historical development of the ED process.

Reproduced from Al-Amshawee et al. [30] and Campione et al. [18], with permission from Elsevier.

represents a synthetic timeline of the most critical development steps in
ED and ED-related technologies. The application of ED has been con-
sidered as a mature desalination technology for over 50 years [23]. The
treatment potential of ED and all procedures founded on ED differs
from below 100m>3d ™! to over 20,000m>d ™! [24]. Besides desalina-
tion, the other significant function of ED was the retrieval of nutrients
from water and wastewater. For instance, Khaoua et al. [25] removed
ammonium by ED from polluted water. Ippersiel et al. [26] obtained
21.35gL~! NH,*-N from swine manure in a batch ED system. Chon
et al. [27] tested various forms of ED membranes by regulating the
solution's pH while the ED operating period was anticipated in order to
escalate the dissolved inorganic nitrogen's selectivity by ED. In another
study, Takagi et al. [28] proposed a technique for predicting the ED
system's monovalent anion selectivity. In 2013, Wang et al. [29] ex-
amined the potential of conventional ED to extract phosphate from
surplus sludge solutions, and the results indicated a nearly complete
recovery ratio at a 10 mL min ' feed rate.

Besides the separation of the ions in ionic nutrients, other re-
searchers have examined the separation of organic nitrogen from in-
organic nitrogen [27], as well as ionic nutrients from organic com-
pounds [23].

However, the ED process is not competitive for very dilute solutions;
a high resistance, high energy consumption, and polarization are the
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main drawbacks for ED operations. Electrodialysis-based electro-
deionization (EDI) is a hybrid system process which eliminates these
problems. As seen in Fig. 3, the incorporation of ion exchange resins in
the dilute compartments of EDI enhances the conductivity of the
compartments by providing a path for enhanced ion migration. The ion
exchange resins increase the conductivity across the process channel
and enable ion transport towards the ion exchange membranes in a low
conductivity process and in a manner that prevents concentration po-
larization [31]. EDI's energy consumption is equally minimized, making
it appropriate for solutions that have a deficient electrolyte con-
centration. Unlike ED, which is usually operated below the limiting
current density due to the concentration polarization effects, EDI
commonly operates slightly above the limiting current density and is
thus characterized by water dissociation and concentration polarization
[32]. Both hydroxyl and protons ions generated in water dissociation
may function to reproduce resins incessantly to some degree and con-
sequently prevent additional chemical usage for resin regeneration.
Therefore, EDI saves a lot of energy and is and more ecological [33]. As
mentioned earlier, in most cases, ED is used for the desalination of
brackish water and water demineralization. However, there are ques-
tions such as the rate of efficiency, critical operating parameters, cost-
effectiveness, and likely challenges regarding the application of this
technology for nutrient recovery from the wastewater.
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Fig. 3. Schematic diagram of an electrodeionization (EDI) cell for NO3~, Ca®>*, and Mg>* separation and recovery.

Reproduced from Zhang and Chen [34] with permission from Elsevier.
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Therefore, this review paper provides a systematic overview, as well
as a classification of the essential factors and their effect on the elec-
trodialysis efficiency regarding nutrient recovery, as well as the oper-
ating challenges, and finally the costs of electrodialysis. This study, in
turn, fosters the development and implementation of nutrient recovery
by electrodialysis.

2. Database structure and statistical methods

The main stages for conducting the present study are described in
the following sections and a summary of the methodology is shown in
Fig. S1.

2.1. Searching for studies

A systematic review was conducted for all articles published in
PubMed, Elsevier, American Chemical Society between 2006 and 2019,
with an emphasis on the nutrient recovery from wastewater by elec-
trodialysis system. The search phrases involved the following keywords:
‘nutrient’ OR ‘nitrate’ OR ‘phosphate’ OR ‘ammonium’ AND ‘recovery’
OR ‘fractionation’ OR ‘concentration’ AND °‘electrodialysis’ AND ‘mu-
nicipal waste water’ OR ‘wastewater’ OR ‘effluent’ OR ‘sewage.’

2.2. Selecting the studies

Full texts of the retrieved 30 articles were downloaded and re-
viewed on the basis of screening the titles and the abstracts. Studies
with lack of access to the full article, or which were on inappropriate
subjects, or which lacked treatment information were removed. 18 final
articles with similar specifications were included (Table 1) for data
analysis.

2.3. Data extraction

In order to extract information, all of the articles were evaluated
independently, and the information extracted from the articles was
included in a checklist. Data included in the checklist was based on the
study characteristics (e.g., recovery rate, operating voltage, current,
time, effective membrane area, energy consumption). Some data was
taken directly from the selected studies, and the other data which was
not available directly was extracted from graphs using the Web Plot
Digitizer software.

Further, the recovery rate of the ED process of the selected studies
was calculated using Eq. (1).

Recovery rate = Cp(t)/C;(0) 1)

where Cp is the concentration of the concentrated solution or product,
and C; is the concentration of a feed solution, in mgL™?!, or mol L™ 1.

The recovery efficiency (presented in Table 4) calculation was based
on Eq. (2):

w % 100%

Recovery efficiency =
Cr(0) = Cr (1) %)

where Cp (t) and C(0) are the concentrations of nutrient jons at time t
and O in the product streams, respectively, and C is the concentration
of nutrient ions in the feed solution [35].

2.4. Data synthesis and analysis

Once the data was extracted, it was combined and analyzed.
Regression coefficients were calculated for the nutrient recovery con-
cerning the voltage, the number of cell pairs, effective membrane area,
and their relationship. The SPSS software package was used for the
regression analysis.

Since the data was obtained for different systems with various
specifications, research data was mostly selected from the batch mood
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studies of Table 1 for statistical analysis. The uncertainty of the re-
gression equations was calculated using a Monte Carlo simulation on
the Gold Sim website. “10,000” random data implemented at each
Monte Carlo simulation.

There was other various data, which was shown in a case study. This
included aspects such as the influence of the operation time at different
voltages, and the influence of different competing ions on nutrient re-
covery in wastewater.

3. Results and discussion

3.1. A comparison of ED recovery efficiency under different wastewater and
operational conditions

Several studies have highlighted the applicability of nutrient re-
covery from waste streams using ED (summarized in Table 1). From the
table it can be seen that the design and properties of the electrodialysis
desalination process are based on a set of fixed and variable parameters
such as the stack construction, feed and product concentration, mem-
brane properties, flow velocities, current density, applied voltage,
number of cell pairs, the effective area of the membrane, and the pH.
These parameters are interrelated and somewhat different for different
applications. The results from the research are discussed in the fol-
lowing sections to determine the strength of the relationship between
controllable factors and efficiency.

The parameters of cell pairs and voltage were selected as in-
dependent variables, and the recovery rate was chosen as the depen-
dent variable. We did not consider the total effective area of the
membrane as a variable since, in theory, the higher the number of cell
pairs, the higher the total effective area of the membrane, and thus the
results might overlap. Therefore, this aspect is discussed separately.

Table 2 shows the Pearson correlation, which is used to determine a
linear relationship between variables and the strength of the relation-
ship. As can be seen, there is no overlap concerning the effect of the
variables on ED efficiency between any 2 variables as far as the cor-
relations are < 0.7.

If the Pearson value is near + 1, then it indicates a perfect corre-
lation, and if the coefficient value lies between = 0.50 and * 1, it
means there is a strong relationship. A value between * 0.30 and +
0.49 represents a medium correlation, and when the value is
below * 0.29, then a slight correlation is demonstrated [36]. The
Pearson correlation was 0.880, and the p-value was 0.00 between the
voltage and the recovery rate, which shows a strong linear relationship.
Additionally, the Pearson correlation of 0.508 and p-value of 0.046
between the number of cell pairs and the recovery rate shows a sub-
stantial degree of interdependence as well. A positive value means that
as one variable increases in value, the second variable also increases in
value. The Pearson correlation of 0.309 and P-value of 0.146 between
voltage and cell pairs numbers represent a moderate to weak de-
pendency between these two variables. The scatter plots in Figs. 5 and
10 summarize our results for the relation between the voltage and
number of cell pairs with the recovery rate, respectively.

Based on Table 3, the general form of the equation to forecast the
rate of nutrient recovery from electrodialysis is:

The predicted nutrient recovery rate

= 1.6 + (voltagex0.129) + (number of cell pairsx0.329).

Unstandardized coefficients represent how much the recovery rate
varies with independent variables when all other independent variables
are kept constant.

Table S1 in the Supplementary material shows a summary and
parameter estimates of multiple regression analyses of the recovery rate
concerning the voltage and number of cell pairs for wastewater. The
correlation coefficient, R, measures the quality of the prediction of the
recovery rate as a dependent variable. The R? for this model is 0.836,
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o g Table 2
~ = Correlation between independent variables.
0w E Recovery rate Voltage Cell pair
% 52~ R
£ § E 2] Pearson correlation Recovery rate 1.000 0.880 0.508
d 88O Voltage 0.880 1.000 0.309
- Cell pair 0.508 0.309 1.000
§ g 2 “~ e (p-Value) Recovery rate . 0.000 0.046
5@ EE e Voltage 0.000 . 0.164
Cell pair 0.046 0.164
83 g2 = Table 3
- Estimated model coefficients.
=}
ré- Model Unstandardized Standardized t p-Value
2 coefficients coefficients
g
:>8 B Std. Error Beta
g
5 1 (Constant) 1.607 1.054
Voltage 0.129 0.023  0.800
8 Cell pair 0.329 0.179  0.261
g
E z
ié) § which means that the linear regression explains 83.36% of the variance
g H s in the data; in other words, the regression model is significant.
K 85 Table S2 in the Supplementary material indicates whether the
A~ o overall regression model is a good fit for the data. The significance
associated with this value is minimal (0.0000). These values confirm
that the independent variables reliably predict the nutrient recovery
g rate by ED.
g ;n In the following, we will discuss each of the research studies pre-
§ s sented in Table 1. However, some of these have already been discussed
§ § in the introduction and so they will not be discussed again in this
g S section.
7; ;‘ The ED process selectively recovers nutrients from a wide range of
Z e wastewater effluent containing various ions. Although, nutrient re-
covery efficiency and product purity were significantly improved when
E a bipolar membrane was employed in the ED process. An ED process
g with a bipolar membrane (BM) provided H* and OH~ in situ without
2 = the introduction of salts. The combination of H" and anions in in-
é- £ S dividual chambers leads to the production of acid, while the combi-
_ o nation of OH™ ions and cations in other chambers leads to the forma-
g s 8 § tion of the corresponding base. As a result, an ED process with the
58 ::, . %TE g bipolar me.zmbrane copcept could diversify the final prodt}cts and en-
g g =S £ = 5 "é hance purity for nutrient recovery [49]. For example, Shi et al. [38]
&3 g :‘5:3 =37 g‘ . demonstrated the feasibility of nutrient and volatile fatty acid recovery
< - from pig manure by employing an ED system using bipolar membranes
5. g2 . g E . § £ FFig. 4). In their study, 78% of the ammonil{m.and 75% of phosphate
E Z E § < g & i'!% - & E g, E g . g ions were recovered in a lab-scale system. Similarly, Wang et al. [29]
Eogf |H<E85255553c8¢F employed an ED process with a bipolar membrane to convert the
28 EE|CF 555858802858 hosphate i : ifi ic aci
phosphate in sludge supernatant into purified phosphoric acid.

In general, most membranes have no means of selecting different
anions and cations. Some membranes are selective of monovalent ions
compared to multivalent ions and fractionation effect can be achieved
in this way [45]. In the study by Ward et al. [21] and Liu et al. [41]
application of mono selective anion exchange membranes (MVA)
showed the capability to separate monovalent anions from the solution

a containing multivalent anions (one concentrate compartment with ni-
3 E trate and another concentrate compartment with phosphate) resulted in
k= 8 more manageable application as fertilizers devoid of the requirement of
= é extra activities to enable the suitability of the concentrate for certain

8 E soil conditions.
é Ig 5 Using this approach, Zhang et al. [40] used selective electrodialysis
g 5 g g (SED) and a hybrid system (ED + struvite) to enhance the phosphate
f 5 § = ‘3,: recovery of the effluent's phosphate in an up-flow anaerobic sludge
u| &% e = blanket reactor. The effluent was shifted to the recycled effluent of the
';E =2 & struvite reactor and then electrodialysis was applied. The primary
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Fig. 4. A schematic of the BMED apparatus. The BMED membrane stack is composed of five units that contain CEM, AEM, and BM. The membrane compartments are
connected to the salt (5L of pig manure hydrolysate), base, acid (1 L of deionized water), and electrolyte containers (1 L of 0.1 mol L~! Na,S0, solution).

Reproduced from Shi et al. [38] with permission from Elsevier.

current efficiency attained a level of 72%, with a satisfactory phosphate
concentration of 9 mmolL ™}, From the experiment's cost evaluation
results, it was evident that 1 kWh of electricity was able to generate
60 g of phosphate in a full-scale stack, at a 95% desalination level for
the feed wastewater. In another study, the separation of sulfate from a
NaCl/Na,SO, mixture was investigated; the results showed that the
sulfate purity could reach over 85%, and the selective electrodialysis
process could be predicted under optimized conditions [45]. In a study
carried out by Tran et al. [48] nutrient selectivity in a selective ED
process further enhanced by either adjusting the pH range of feed
stream or increasing current density.

As it was discussed in Section 1, it is more convenient to run elec-
trodialysis with higher conductivity and fewer fouling compounds in
the feed wastewater. Hybrid systems have been used in some studies to
improve the efficiency by removing organics or other nonionic pollu-
tants and also by increasing the concentration of the ED feed (waste)
water. For instance, De Paepe et al. [39] operated a pilot-scale process
combining precipitation, nitrification, and electrodialysis (ED), for
concentrating urine. In other research, Mondor et al. [37] produced a
concentrated nitrogen fertilizer from liquid swine manure using elec-
trodialysis (ED) and reverse osmosis (RO) that offered an alternative to
chemical nitrogen fertilizer production. The maximum achievable total
NH;3-N concentration was measured experimentally for both processes,
and similar values were obtained at approximately 13gL™! [37]. In
like this manner, Ippersiel et al. [26] applied direct aeration or a va-
cuum system to isolate the transmitted ammonia volatilization from a
concentrated solution produced by ED in an acidic trap.

3.2. The effect of voltage and operating time

There are two standard power operation modes for the electro-
dialysis: constant current and constant voltage [35]. Both electro-
dialysis operation modes achieved similar performance in a study on
simultaneous nutrient ion fractionation by Ye et al. [35], which was
also confirmed by comparing the recovery efficiency, energy con-
sumption, and current efficiency ratio, as presented in Table 4. Under a
constant current, more ions were transported from the feed stream into
the product and brine chambers, and consequently the electrical re-
sistance of the feed stream increased significantly [35]. It has also been
shown that the current decreased in constant voltage mode, whereas a

drastic increase in the voltage (15.7 V) at the end stage was detected in
a constant current mode. It was found that such a high noncontrollable
voltage in constant current mode would damage the membrane near
the electrode during lengthy operation [35].

Increasing the voltage in ED can enhance the transfer of nutrients
across the ion exchange membrane, which resulted in faster desalina-
tion and recovery rates [49]. However, when ED operations at such a
high voltage may also reduce efficiency. The applied current in this
condition is referred to as the limiting current, and its density is called
the limiting current density (LCD) [51]. The main reason for this is that
the number of ions in this voltage area is not sufficient to carry the
current and this increases the cell resistance. Therefore, the dissociation
of water occurs and generates H* and OH ™ ions, which consume en-
ergy and this leads to less salt removal [49,50]. It was also shown by
Rottiers et al. [52] that when the concentration ratio between the dilute
and concentrate stream becomes too high, back diffusion occurs.

On the other hand, also shown by Banasiak et al. [53] that a very
low voltage does not generate a sufficient current between the cathode
and anode and cannot overcome the resistance of the membranes and
ion transfer; therefore, the removal of ions at lower voltage values is
slow. Large ED systems with numbers of stacks in series operate with
different current densities in each stack based on the changes in the
feed water salt concentration and conductivity in series methods. Fig. 5
shows a scatter plot and the linear regression of the nutrient recovery
rate with the voltage/cell pair based on our studies represented in
Table 1. This figure shows that the increases in the voltage in the ex-
amined studies were correlated with increases in nutrient recovery rate
by equation of:

Table 4
Fractionation ratio, energy consumption, and current efficiency under different
operational modes according to data by Ye et al. [35].

Item Constant Constant voltage
current
Recovery efficiency (%) NH4" 56.2% 63.2%
PO, 87.1% 89.6%
Energy efficiency kWhkg ™! NH,* 0.949 0.783
kWhkg™'PO,~% 33.717 28.380
Current efficiency NH,* 25.27% 30.23%
PO, 2.54% 4.16%
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Fig. 5. Scatter plot and regression line of the nutrient recovery rate with respect
to voltage/cell pair with uncertainties. The chart is drawn from the data sum-
marized in Table 1.
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Fig. 6. Effect of voltage on phosphate concentration over operating time.
(Data from Wang et al. [29].)

Nutrient recovery rate = (0.98 X Voltage/cell pair) — 1.87

where R? is 0.81.

Fig. 6 shows the change of phosphate concentration as a nutrient in
the sludge permeate under different operating voltages over the oper-
ating time by Wang et al. [29] as a case study. Based on Fig. 6, it can be
noted that increasing the voltage improves the recovery rate and
shortens the working time. It was found that the concentration trend-
line changed over time from a linear regression at a lower voltage
(Fig. 7) to a non-linear at a higher voltage (Fig. 8); the final phosphate
concentration was steady or even dropped at a higher voltage [29]. This
phenomenon can be explained by both the concentration polarization
in the membrane boundary layer, as well as the depletion of electron
carriers in the dilute part [29]. In this case, the model is an association
type of exponential model. Based on the figure, a maximum phosphate
concentration of 417.4mgL~" can be achieved in 30 min with an op-
timum voltage of 62 V. Fig. 8 shows the exponential regression between
phosphate concentration in respect to the operating time for different
voltages in sludge permeate. The general form of the equation for Wang
et al. [29] study can be obtained from Table 5 as follows based on
average data:

Y=y, 4+ Axexp(Rp*X)

where: Y is phosphate concentration as the dependent variable (mgL~*
P), and X is time (min) as an independent variable, y, is the phosphate
concentration value when X (time) is zero. The convergence between
the experimental and theoretical results confirms the reliability of the
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model.

Similarly, larger voltages have shown improved ion transport in
other studies [45,53,54]. In a further study by Wang et al. [41] the
recovery rate increased as the processing capacity of the IEM stack
increased with the increasing applied voltage from 3 to 5V. However,
water dissociation occurred when the voltage was increased to 7V,
which reduced the current efficiency and was also confirmed by a
mathematic fitting analysis. Balster et al. [55] realized that calcium
transport through a cation exchange membrane (CEM) was low at lower
current densities, but that it increased sharply at higher current den-
sities [55]. The results by Hanrahan et al. [56] showed that at low
voltages, the repulsion force of CEM hinders calcium transport, but at
higher applied voltages the electrical driving force overcomes this re-
pulsion, significantly reducing the influence of the rejection on calcium
ion transport.

3.3. The effect of the number of cell pairs and the total effective area of the
membranes

One of the most significant parts of the capital cost of ED is asso-
ciated with the value of the ion exchange membrane [57]. How the ion
exchange membrane stack is arranged in the ED process is called sta-
ging. The staging provides a sufficient membrane area and a sufficiently
long residence time to remove more salt from the dilute stream [58].
The capacity can be enhanced with a greater number of cell-pairs
within a stage or by adding another stack in parallel.

However, the design of dilute and concentrate cells should as thin as
possible and the stress on the membranes should be minimized by
keeping a low-pressure difference between the dilute and concentrate
cells [58]. Brauns [59] demonstrates that the development of new,
thinner membranes can significantly enhance the process performance.
Generally, the total effective area and number of cell pairs are cross-
related. However, we analyzed their effect on efficiency separately to
determine which parameter is more important for design purposes.

Fig. 9 shows a scatter plot and linear regression between the nu-
trient recovery rate and total effective area for various wastewater
based on the data of our study in Table 1. The equation can be obtained
as follows:

Y = 1.91 + (0.01xtotal effective area)

where R? = 0.55.
The scatter plot shown in Fig. 10 summarizes the results for the
relation between the nutrient recovery and numbers of cell pair for

Y=106.29 + 9.93+(5.369 + e
'_',-\ . yd
3 0.328X) R2: 0.985 .
[ 7
on e
£ 300 s
g L
2 P
g " -
S 200 -
s
(=9 /
g A
~ e = B(24.5v)
S linear regression fit B(24.5 v)
1004 =
T T T T T
0 20 40

Time(min)

Fig. 7. Linear regression between phosphate concentration with respect to the
operating time in 24.5 v (data from Wang et al. [29]). The markers represent
experimental values, while the solid lines represent the fitted equation.
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Fig. 8. Regression between phosphate concentration in respect to the operating time for different voltages (data from Wang et al. [29]). The markers represent
experimental values while the solid lines represent the fitted equations.

Table 5

Equation formula and data for a non-linear regression with uncertainties between the phosphate concentration in respect to the operating time at different voltages

(data from Wang et al. [29]).

Model Exponential
Equation y = Yo + Asxexp(Ro #X)
Plot C (37.3V) D (50.1V) E (62V) F (75V)
Yo 428.139 + 27.50 441.974 + 20.07 434.019 * 13.01587 433.18 + 8.68
A —351.62 + 26.108 —368.049 = 20.80 —364.87 + 17.84 —371.204 *= 15.03
RO —0.048 = 0.010 —0.056 + 0.009 —0.0783 + 0.01 —0.10 = 0.01
Reduced Chi-sqr 233.498 201.574 192.10 136.32
R-square (COD) 0.989 0.992 0.992 0.995
Adj. R-square 0.982 0.987 0.988 0.99

16 16
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Fig. 9. Scatter plots and regression line of the nutrient recovery rate with re-
spect to the total effective area of the membranes. The chart is drawn from the

data summarized in Table 1.

10

numeber of cell pairs

Fig. 10. Scatter plots and regression of the nutrient recovery rate with respect
to the number of cell pairs. The chart is drawn from the data summarized in
Table 1.
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Fig. 11. Effect of different ions on the phosphate concentration efficiency over
operating time.
(Data from Tran et al. [48].)

various types of wastewater from our studies in Table 1. The predicted
recovery rate is:

Y = 1.73 + (0.89x%cell pairs numbers)

where R* = 0.4.

The above regression analysis shows that the nutrient recovery rate
in different wastewater systems depends mostly on the total effective
area of the membrane in the selected studies. Furthermore, there is a
correlation between the number of cell pairs and the total effective
area, as by increasing the number of cell pairs, the total effective area
also increases.

The required membrane area can be calculated from the current
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density and the feed and product solution concentrations base on the
following equation:

_ QiF(C -9

i3
where A is the membrane area, Q is the flow, i is the electric current
density for a cell pair, C is the concentration, F is the Faraday constant,

and ¢ is the current utilization. The subscript st refers to the stack, and
the superscripts d and f refer to the dilute and feed solution [24].

A

3.4. The effect of the feed composition

Since wastewater contains a variety of ionic species, a key con-
sideration is the competitive impact of these ions on the nutrient con-
centration efficiency [23]. Tran et al. [48] studied the nutrient recovery
efficiency in terms of phosphate from a single and multi phosphate feed
solution for 2 mM, bicarbonate, nitrate, and sulfate either alone or in
combination under a current density of 62.5 A m ™2 (Fig. 11). Fig. S2 in
the Supplementary material displays the linear regression and correla-
tion equation when only phosphate is present in wastewater and Fig. S3
in the Supplementary material shows the regression and equation for
phosphate concentrating efficiency when all major competing anions
are present in feed wastewater. It can be seen from Fig. 11 that the
phosphate concentrating efficiency in the product slightly decreased
when adding nitrate, bicarbonate, and sulfate to the feed solution. The
concentration efficiency after 210 min was 188% without an ionic ef-
fect and was reduced to the range of 142.5-162.5% with the addition of
competing ions. In this case study when three anions were added at the
same time, the efficiency of the phosphate concentration process was
reduced from 188% to 78.6% in 120 min. However, this effect became
insignificant if the system was run for a more extended time, and the
final concentrating efficiency was about 170%-198% for a single
phosphate feed, while it was about 160% with the simultaneous effects
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Fig. 12. Histogram of the Monte Carlo simulation for: a) the total regression equation represented, b) the regression equation for the effect of voltage/cell pairs, c) the
regression equation for the effect of the effective area, and d) the regression equation for the effect of cell pairs.
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Table 6

The statistical parameters corresponding to the histogram of regression equations.

Effect of cell pair numbers

Effect of effective area

Effect of voltage

Total equation

Process outputs

1.73 + (0.89 x number of cell pairs)

10,000
6.170
0.885
6.175

1.91 + (0.01 x total effective area)

10,000
2.630
0.008
2.630

(0.98 x voltage / cell pair)-1.87

10,000
3.354

1.6 + (voltage x 0.129) + (number of cell pairs x 0.329)

10,000
2.790
0.353
2.792

Equation formula

Number of simulations

Mean

0.162
3.354

Std dev.

Median

Normal distro statistics

> 0,15

> 0,15

> 0,15

> 0,15

KS test p-value (normal)

dpm

12
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of three ions [48]. The electromigration of ions in the ED process is
influenced by both the ion mobility and the ion exchange selectivity.
The mobility of the ions is dependent on ion characteristics such as the
diffusion coefficient, ion charge, and the applied electrical field [60].
Therefore, since different ions have varied diffusion coefficients and
may react differently to the fixed and surface charges of the IEM, di-
verse levels of voltage have different effects on different ions [61].
Kabay et al. [62] report that a voltage change from 5 to 10 V affects the
removal of monovalent ions more than the removal of divalent ions
[62]. Similarly, enhancing the voltage accelerated the migration of
monovalent anion in the study by Ye et al. [35] and Shi et al. [38] due
to their small hydrated radius size. The hydrated size can control the
selectivity of ion-exchange membranes for a specific ion in an electrical
field. According to a study by Awual et al. [63], Ions with smaller in-
trinsic crystal radii have a higher hydration number, larger hydrated
radii and hold their hydration shells more strongly, and this is more
attractive for the ion exchange membrane. The general anion selectivity
anion exchange and Hofmeister series were reported by Elmidaoui et al.
[64] was in the order of: I~ > (~Br~) > NO,~ > Cl~ > OH™ >

SO, 2 > F~ As to the cations, the permeation sequence was:
NH+4 ~ K+ > Ca+2 >

Mg*? = Na" in Ye et al. [35] study.

The other parameters that control the selectivity of ion-exchange
membranes are the rejection of ions with the same charge, as well as the
thin boundary layer on the membrane [23]. For example, calcium is
more favored by CEM due to the higher ionic charge than potassium. In
contrast, the boundary layer is preferential for potassium due to its 3
times greater diffusivity than calcium. In an ohmic regime under a
limited current, where the concentration polarization is negligible in
the boundary layer, the CEM selectivity for calcium is dominant com-
pared to the concentration polarization-driven transport of potassium.
On the other hand, in a non-ohmic regime with a higher voltage, the
concentration polarization in the boundary layer is increased, and the
potassium transport is enhanced due to a steep concentration gradient
[65]. Further works will be devoted to investigating the effect of co-
existing cations/anions on ion exchange membrane and electrodialysis
performance.

3.5. Uncertainty of regression equations

A Monte Carlo simulation was set to run N: 10,000 trials of the
proposed models, using the first described input sources. Fig. 12a, b, ¢ &
d shows the final histogram representing the possible values for the real
nutrient recovery of the data reported in Table 3 (the total equation),
Fig. 5 (the effect of the voltage), Fig. 9 (the effect of the total effective
area) and Fig. 10 (the effect of cell pairs), respectively.

Table 6 shows the statistical parameters obtained corresponding to
the histogram. Additionally, the Monte Carlo simulation and statistical
parameters of data reported in Figs. 7 and 8 are shown in the Supple-
mentary data in Fig. S4 and Table S3. Fig. S5 and Table S4 in the
Supplementary data are shown in the histogram of the Monte Carlo
simulation and statistical parameters for the effect of different ions on
the phosphate concentration efficiency over the operating time for the
data reported in Figs. S2, and S3 in the Supplementary data.

3.6. Costs of ED

For nutrient recovery to become applicable in industry and for it to
be a viable option, the process must be cost-effective, simple to operate
and maintain, and it should have similar treatment efficiency as con-
ventional treatment. Moreover, there must be a market for recovered
nutrient products. The development of low-cost technology to recover
nitrogen from wastewater is essential to achieve economic and en-
vironmental benefits. Table S5 compares the energy and water pro-
duction costs of ED with other membrane technologies. These tech-
nologies consist of reverse osmosis (RO), forward osmosis (FO),
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Fig. 13. The capital cost and the average energy comparison of optimal systems of a batch electrodialysis system for 3 different product water concentrations.

(Data from Shah et al. [66].)

electrodialysis (ED) and nanofiltration (NF). As can be seen from the
table, ED is an economical process with low energy consumption
compared to the other membrane technologies.

Generally, an ED plant involves both capital and operational costs.
The operational costs are associated with electric energy and pumping
for daily desalination and recovery [66], as well as labor and main-
tenance. The labor and maintenance costs are directly related to the
plant size, and usually, a specific ratio of the investment-related costs is
considered for that purpose [24].

The desalination energy is expressed as the amount of energy spent
on the electromigration of ions through the membranes and the solu-
tion and the pumping energy used for the flow of the solution through
the piping and the stacks [67,68].

Fig. 13 shows the capital cost of a batch electrodialysis system for 3
different product water concentrations in Shah et al. [66] study. Pumps
accounted for a significant fraction, particularly at 200 and 300 mg L.~ ?,
and the rest of the costs are related to the electrodes and membranes.
Fig. 13 also illustrates the percentage of different operational costs for
desalination and pumping when increasing the product concentration.
Energy for pumping accounted for 83% of the total energy consump-
tion.

The development of low-cost and energy-efficient pumps that are
suitable for flow-rates ranging between 200 and 300 Lh™?, while sus-
taining pressures up to 2 bar, will assist the commercialization of do-
mestic ED systems [66]. The most significant component of the capital
cost is to provide the membrane area required for the desired produc-
tion capacity. This segment of the capital cost is impacted by the prices
of the membranes plus the membranes' lifetime; this life is much de-
pendent on the operating conditions and the quality of the feed water
[69]. The main reasons for the replacement of membranes are scaling
and fouling and increased membrane resistance due to the sorption of
iron ions, degradation of the anion-exchange membranes in the alkaline
solution, and depreciation of the membranes near the anode chamber
due to oxidation caused by electrolysis reaction [67,68].

3.7. The challenge of fouling and scaling in ED process

Fouling is a significant drawback affecting membrane applications
in nutrient recovery from wastewater by electrodialysis over longer
operation times. It should be mentioned that fouling and scaling are
dependent on the feeding water quality and components. This phe-
nomenon causes an increase in the electrical resistance of the mem-
brane, which raises the energy costs of electrodialysis [70]. An anion
exchange membrane is more vulnerable to organic fouling since most of
the colloids and organic foulants are negatively charged, which means
they are strongly attracted by the positive charges of the anion ex-
change membranes. On the other hand, CEM is more prone to inorganic
fouling or scaling [71,72].

13

Spacers also might have an essential role in fouling formation in
water compartments. A recent study reports that spacers were more
susceptible to biofouling than membranes [16]. It might be due to their
surface charge, in comparison to uncharged spacers [70], as well as the
low speed and turbulence on some parts of the spacers.

Inverting the polarity or applying an electrodialysis reversal (EDR)
system could be the best option because no extra chemicals are re-
quired. In EDR, when the polarity of the electrodes is reversed, foulants
attaching to the membrane surface break apart and move in the op-
posite direction [73]. Some researchers have been investigating how to
improve the antifouling potential of an anion exchange membrane
through surface modification [74-77]; however, their studies have only
been tested on the laboratory scale. There is also some disagreement
between researchers regarding the effectiveness of pulsed electric fields
(PEF) on fouling mitigation [30,78].

4. Conclusion

The present research on ED applications for nutrient recovery from
different types of wastewater was technically analyzed in order to gain
in-depth knowledge. Regression equations between the nutrient re-
covery rate in electrodialysis and different operational variables were
developed for different types of wastewater. The variables for the vol-
tage and number of cell pairs showed an 83% integrated effect on nu-
trient recovery. The regression calculation of the total effective mem-
brane area represents a 55% contribution towards improving the
recovery rate of ED in different studies. The results of the case study
showed the downside effect of other components present in feed was-
tewater on nutrient recovery.

The operating and capital costs of ED technologies for nutrient re-
covery were discussed in this research review and showed that pumping
accounted for 80% of the energy consumption. Regarding the capital
costs, the pump, membrane, and electrode play an essential role. ED
applications for nutrient recovery still need more research to promote
and optimize their application for processing municipal wastewater.
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doi.org/10.1016/j.desal.2020.114626.

References

[1] C.M. Mehta, W.O. Khunjar, V. Nguyen, S. Tait, D.J. Batstone, Technologies to re-
cover nutrients from waste streams: a critical review technologies to recover nu-
trients from waste streams: a critical review, Crit. Rev. Environ. Sci. Technol.
(2015), https://doi.org/10.1080/10643389.2013.866621.

[2] T. Xu, Y. Zhang, W.Y. Zhao, M. Zhou, B. Yan, X. Sun, Y. Liu, Y. Wang, Waste
conversion and resource recovery from wastewater by ion exchange membranes:
state-of-the-art and perspective, Ind. Eng. Chem. Res. (2018), https://doi.org/10.
1021/acs.iecr.8b00519.

[3] T. Cai, S.Y. Park, Y. Li, Nutrient recovery from wastewater streams by microalgae:
status and prospects, Renew. Sust. Energ. Rev. (2013), https://doi.org/10.1016/j.
rser.2012.11.030.

[4] R.W. Pinder, N.D. Bettez, G.B. Bonan, T.L. Greaver, W.R. Wieder, W.H. Schlesinger,
E.A. Davidson, Impacts of human alteration of the nitrogen cycle in the US on ra-
diative forcing, Biogeochemistry. (2013), https://doi.org/10.1007/s10533-012-
9787-z.

[5] R.B. Theregowda, A.M. Gonzélez-Mejia, X. Ma, J. Garland, Nutrient recovery from
municipal wastewater for sustainable food production systems: an alternative to
traditional fertilizers, Environ. Eng. Sci. (2019), https://doi.org/10.1089/ees.2019.
0053.

[6] W. Pronk, M. Biebow, M. Boller, Electrodialysis for recovering salts from a urine
solution containing micropollutants, Environ. Sci. Technol. (2006), https://doi.org/
10.1021/es051921i.

[7] M. Maurer, W. Pronk, T.A. Larsen, Treatment processes for source-separated urine,
Water Res. (2006), https://doi.org/10.1016/j.watres.2006.07.012.

[8] E.M. Van Voorthuizen, A. Zwijnenburg, M. Wessling, Nutrient removal by NF and
RO membranes in a decentralized sanitation system, Water Res. (2005), https://doi.
org/10.1016/j.watres.2005.06.005.

[9] D.J. Batstone, T. Hiilsen, C.M. Mehta, J. Keller, Platforms for energy and nutrient
recovery from domestic wastewater: a review, Chemosphere. (2015), https://doi.
org/10.1016/j.chemosphere.2014.10.021.

[10] R. Khiewwijit, H. Temmink, H. Rijnaarts, K.J. Keesman, Energy and nutrient re-
covery for municipal wastewater treatment: how to design a feasible plant layout?
Environ. Model. Softw. (2015), https://doi.org/10.1016/j.envsoft.2015.02.011.

[11] H. Huang, X. Xiao, B. Yan, L. Yang, Ammonium removal from aqueous solutions by
using natural Chinese (Chende) zeolite as adsorbent, J. Hazard. Mater. (2010),
https://doi.org/10.1016/j.jhazmat.2009.09.156.

[12] S.Xu, T. Sun, Q. Xu, C. Duan, Y. Dai, L. Wang, Q. Song, Preparation and antibiofilm
properties of zinc oxide/porous anodic alumina composite films, Nanoscale Res.
Lett. (2018), https://doi.org/10.1186/s11671-018-2568-4.

[13] C. Vaneeckhaute, V. Lebuf, E. Michels, E. Belia, P.A. Vanrolleghem, F.M.G. Tack,
E. Meers, Nutrient recovery from digestate: systematic technology review and
product classification, Waste and Biomass Valorization. (2017), https://doi.org/10.
1007/512649-016-9642-x.

[14] T. Kikhavani, S.N. Ashrafizadeh, B. Van Der Bruggen, Nitrate selectivity and
transport properties of a novel anion exchange membrane in electrodialysis,
Electrochim. Acta. (2014), https://doi.org/10.1016/j.electacta.2014.08.012.

[15] H.J. Lee, J.H. Song, S.H. Moon, Comparison of electrodialysis reversal (EDR) and
electrodeionization reversal (EDIR) for water softening, Desalination. (2013),
https://doi.org/10.1016/j.desal.2012.12.028.

[16] Y. Mei, C.Y. Tang, Recent developments and future perspectives of reverse elec-
trodialysis technology: a review, Desalination. (2018), https://doi.org/10.1016/j.
desal.2017.10.021.

[17] A.H. Galama, M. Saakes, H. Bruning, H.H.M. Rijnaarts, J.W. Post, Seawater pre-
desalination with electrodialysis, Desalination. (2014), https://doi.org/10.1016/j.
desal.2013.07.012.

[18] A. Campione, L. Gurreri, M. Ciofalo, G. Micale, A. Tamburini, A. Cipollina,
Electrodialysis for water desalination: a critical assessment of recent developments
on process fundamentals, models and applications, Desalination (2018), https://
doi.org/10.1016/j.desal.2017.12.044.

[19] S. Moran, Clean water unit operation design, An Appl. Guid. to Water Effl. Treat.
Plant Des. 2018, https://doi.org/10.1016,/b978-0-12-811309-7.00009-6.

[20] G.J. Doornbusch, M. Tedesco, J.W. Post, Z. Borneman, K. Nijmeijer, Experimental
investigation of multistage electrodialysis for seawater desalination, Desalination.
(2019), https://doi.org/10.1016/j.desal.2019.04.025.

[21] A.J. Ward, K. Arola, E. Thompson Brewster, C.M. Mehta, D.J. Batstone, Nutrient
recovery from wastewater through pilot scale electrodialysis, Water Res. (2018),
https://doi.org/10.1016/j.watres.2018.02.021.

[22] P.A. Sosa-Fernandez, J.W. Post, H. Bruning, F.A.M. Leermakers, H.H.M. Rijnaarts,
Electrodialysis-based desalination and reuse of sea and brackish polymer-flooding
produced water, Desalination. (2018), https://doi.org/10.1016/j.desal.2018.09.
012.

[23] Y. Zhang, B. Van der Bruggen, L. Pinoy, B. Meesschaert, Separation of nutrient ions
and organic compounds from salts in RO concentrates by standard and monovalent
selective ion-exchange membranes used in electrodialysis, J. Memb. Sci. (2009),
https://doi.org/10.1016/j.memsci.2009.01.030.

[24] H. Strathmann, Electrodialysis, a mature technology with a multitude of new ap-
plications, Desalination. (2010), https://doi.org/10.1016/j.desal.2010.04.069.

14

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Desalination 498 (2021) 114626

A. Khaoua, O. Temsamani, I. Zarouf, Z. El Jalili, A. Louragli, M. Hafsi, M. El Mghari
Tabib, A. Elmidaoui, Removal of ammonium for drinking water by biological
treatment and by electrodialysis, Desalin. Water Treat. (2010), https://doi.org/10.
5004/dwt.2010.1385.

D. Ippersiel, M. Mondor, F. Lamarche, F. Tremblay, J. Dubreuil, L. Masse, Nitrogen
potential recovery and concentration of ammonia from swine manure using elec-
trodialysis coupled with air stripping, J. Environ. Manag. (2012), https://doi.org/
10.1016/j.jenvman.2011.05.026.

K. Chon, Y. Lee, J. Traber, U. Von Gunten, Quantification and characterization of
dissolved organic nitrogen in wastewater effluents by electrodialysis treatment
followed by size-exclusion chromatography with nitrogen detection, Water Res.
(2013), https://doi.org/10.1016/j.watres.2013.06.019.

R. Takagi, M. Vaselbehagh, H. Matsuyama, Theoretical study of the permselectivity
of an anion exchange membrane in electrodialysis, J. Memb. Sci. (2014), https://
doi.org/10.1016/j.memsci.2014.07.053.

X. Wang, Y. Wang, X. Zhang, H. Feng, C. Li, T. Xu, Phosphate recovery from excess
sludge by conventional electrodialysis (CED) and electrodialysis with bipolar
membranes (EDBM), Ind. Eng. Chem. Res. (2013), https://doi.org/10.1021/
1e4014088.

S. Al-Amshawee, M.Y.B.M. Yunus, A.A.M. Azoddein, D.G. Hassell, I.H. Dakhil,
H.A. Hasan, Electrodialysis desalination for water and wastewater: a review, Chem.
Eng. J. (2020), https://doi.org/10.1016/j.cej.2019.122231.

K.E. Bouhidel, A. Lakehal, Influence of voltage and flow rate on electrodeionization
(EDI) process efficiency, Desalination. (2006), https://doi.org/10.1016/j.desal.
2005.08.027.

Gu Xiaojuan, Nutrients Recovery From Municipal Wastewater Effluent Using
Electrochemical and Freeze Concentration Approaches, Lakehead University, 2016.
O. Arar, U. Yiiksel, N. Kabay, M. Yiiksel, Demineralization of geothermal water
reverse osmosis (RO) permeate by electrodeionization (EDI) with mixed bed con-
figuration, Desalination. (2014), https://doi.org/10.1016/j.desal.2013.08.015.

Z. Zhang, A. Chen, Simultaneous removal of nitrate and hardness ions from
groundwater using electrodeionization, Sep. Purif. Technol. (2016), https://doi.
org/10.1016/j.seppur.2016.03.033.

Z.L. Ye, K. Ghyselbrecht, A. Monballiu, L. Pinoy, B. Meesschaert, Fractionating
various nutrient ions for resource recovery from swine wastewater using simulta-
neous anionic and cationic selective-electrodialysis, Water Res. (2019), https://doi.
org/10.1016/j.watres.2019.05.085.

H. Akoglu, User's guide to correlation coefficients, Turkish J. Emerg. Med. (2018),
https://doi.org/10.1016/j.tjem.2018.08.001.

M. Mondor, L. Masse, D. Ippersiel, F. Lamarche, D.I. Massé, Use of electrodialysis
and reverse osmosis for the recovery and concentration of ammonia from swine
manure, Bioresour. Technol. (2008), https://doi.org/10.1016/j.biortech.2006.12.
039.

L. Shi, Y. Hu, S. Xie, G. Wu, Z. Hu, X. Zhan, Recovery of nutrients and volatile fatty
acids from pig manure hydrolysate using two-stage bipolar membrane electro-
dialysis, Chem. Eng. J. (2018), https://doi.org/10.1016/j.cej.2017.10.010.

J. De Paepe, R.E.F. Lindeboom, M. Vanoppen, K. De Paepe, D. Demey, W. Coessens,
B. Lamaze, A.R.D. Verliefde, P. Clauwaert, S.E. Vlaeminck, Refinery and con-
centration of nutrients from urine with electrodialysis enabled by upstream pre-
cipitation and nitrification, Water Res. (2018), https://doi.org/10.1016/j.watres.
2018.07.016.

Y. Zhang, E. Desmidt, A. Van Looveren, L. Pinoy, B. Meesschaert, B. Van Der
Bruggen, Phosphate separation and recovery from wastewater by novel electro-
dialysis, Environ. Sci. Technol. (2013), https://doi.org/10.1021/es4004476.

R. Liu, Y. Wang, G. Wu, J. Luo, S. Wang, Development of a selective electrodialysis
for nutrient recovery and desalination during secondary effluent treatment, Chem.
Eng. J. (2017), https://doi.org/10.1016/j.cej.2017.03.149.

W. Pronk, S. Zuleeg, J. Lienert, B. Escher, M. Koller, A. Berner, G. Koch, M. Boller,
Pilot experiments with electrodialysis and ozonation for the production of a ferti-
liser from urine, Water Sci. Technol. (2007), https://doi.org/10.2166/wst.2007.
575.

X. Wang, X. Zhang, Y. Wang, Y. Du, H. Feng, T. Xu, Simultaneous recovery of
ammonium and phosphorus via the integration of electrodialysis with struvite re-
actor, J. Memb. Sci. (2015), https://doi.org/10.1016/j.memsci.2015.04.034.

A. Abou-Shady, C. Peng, J. Almeria, H. Xu O, Effect of pH on separation of Pb (II)
and NO 3- from aqueous solutions using electrodialysis, Desalination. (2012),
https://doi.org/10.1016/j.desal.2011.09.032.

Y. Zhang, S. Paepen, L. Pinoy, B. Meesschaert, B. Van Der Bruggen, Selectrodialysis:
fractionation of divalent ions from monovalent ions in a novel electrodialysis stack,
Sep. Purif. Technol. (2012), https://doi.org/10.1016/j.seppur.2011.12.017.

D.N. Hikmawati, A.Y. Bagastyo, I. Warmadewanthi, Electrodialytic recovery of
ammonium and phosphate ions in fertilizer industry wastewater by using a con-
tinuous-flow reactor, J. Ecol. Eng. (2019), https://doi.org/10.12911/22998993/
109461.

N. van Linden, H. Spanjers, J.B. van Lier, Application of dynamic current density for
increased concentration factors and reduced energy consumption for concentrating
ammonium by electrodialysis, Water Res. (2019), https://doi.org/10.1016/j.
watres.2019.114856.

A.T.K. Tran, Y. Zhang, J. Lin, P. Mondal, W. Ye, B. Meesschaert, L. Pinoy, B. Van Der
Bruggen, Phosphate pre-concentration from municipal wastewater by selec-
trodialysis: effect of competing components, Sep. Purif. Technol. (2015), https://
doi.org/10.1016/j.seppur.2014.11.017.

M. Xie, H.K. Shon, S.R. Gray, M. Elimelech, Membrane-based processes for waste-
water nutrient recovery: technology, challenges, and future direction, Water Res.
(2016), https://doi.org/10.1016/j.watres.2015.11.045.

T. Yan, Y. Ye, H. Ma, Y. Zhang, W. Guo, B. Du, Q. Wei, D. Wei, H.H. Ngo, A critical


https://doi.org/10.1016/j.desal.2020.114626
https://doi.org/10.1016/j.desal.2020.114626
https://doi.org/10.1080/10643389.2013.866621
https://doi.org/10.1021/acs.iecr.8b00519
https://doi.org/10.1021/acs.iecr.8b00519
https://doi.org/10.1016/j.rser.2012.11.030
https://doi.org/10.1016/j.rser.2012.11.030
https://doi.org/10.1007/s10533-012-9787-z
https://doi.org/10.1007/s10533-012-9787-z
https://doi.org/10.1089/ees.2019.0053
https://doi.org/10.1089/ees.2019.0053
https://doi.org/10.1021/es051921i
https://doi.org/10.1021/es051921i
https://doi.org/10.1016/j.watres.2006.07.012
https://doi.org/10.1016/j.watres.2005.06.005
https://doi.org/10.1016/j.watres.2005.06.005
https://doi.org/10.1016/j.chemosphere.2014.10.021
https://doi.org/10.1016/j.chemosphere.2014.10.021
https://doi.org/10.1016/j.envsoft.2015.02.011
https://doi.org/10.1016/j.jhazmat.2009.09.156
https://doi.org/10.1186/s11671-018-2568-4
https://doi.org/10.1007/s12649-016-9642-x
https://doi.org/10.1007/s12649-016-9642-x
https://doi.org/10.1016/j.electacta.2014.08.012
https://doi.org/10.1016/j.desal.2012.12.028
https://doi.org/10.1016/j.desal.2017.10.021
https://doi.org/10.1016/j.desal.2017.10.021
https://doi.org/10.1016/j.desal.2013.07.012
https://doi.org/10.1016/j.desal.2013.07.012
https://doi.org/10.1016/j.desal.2017.12.044
https://doi.org/10.1016/j.desal.2017.12.044
https://doi.org/10.1016/b978-0-12-811309-7.00009-6
https://doi.org/10.1016/j.desal.2019.04.025
https://doi.org/10.1016/j.watres.2018.02.021
https://doi.org/10.1016/j.desal.2018.09.012
https://doi.org/10.1016/j.desal.2018.09.012
https://doi.org/10.1016/j.memsci.2009.01.030
https://doi.org/10.1016/j.desal.2010.04.069
https://doi.org/10.5004/dwt.2010.1385
https://doi.org/10.5004/dwt.2010.1385
https://doi.org/10.1016/j.jenvman.2011.05.026
https://doi.org/10.1016/j.jenvman.2011.05.026
https://doi.org/10.1016/j.watres.2013.06.019
https://doi.org/10.1016/j.memsci.2014.07.053
https://doi.org/10.1016/j.memsci.2014.07.053
https://doi.org/10.1021/ie4014088
https://doi.org/10.1021/ie4014088
https://doi.org/10.1016/j.cej.2019.122231
https://doi.org/10.1016/j.desal.2005.08.027
https://doi.org/10.1016/j.desal.2005.08.027
http://refhub.elsevier.com/S0011-9164(20)31304-7/rf0160
http://refhub.elsevier.com/S0011-9164(20)31304-7/rf0160
https://doi.org/10.1016/j.desal.2013.08.015
https://doi.org/10.1016/j.seppur.2016.03.033
https://doi.org/10.1016/j.seppur.2016.03.033
https://doi.org/10.1016/j.watres.2019.05.085
https://doi.org/10.1016/j.watres.2019.05.085
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1016/j.biortech.2006.12.039
https://doi.org/10.1016/j.biortech.2006.12.039
https://doi.org/10.1016/j.cej.2017.10.010
https://doi.org/10.1016/j.watres.2018.07.016
https://doi.org/10.1016/j.watres.2018.07.016
https://doi.org/10.1021/es4004476
https://doi.org/10.1016/j.cej.2017.03.149
https://doi.org/10.2166/wst.2007.575
https://doi.org/10.2166/wst.2007.575
https://doi.org/10.1016/j.memsci.2015.04.034
https://doi.org/10.1016/j.desal.2011.09.032
https://doi.org/10.1016/j.seppur.2011.12.017
https://doi.org/10.12911/22998993/109461
https://doi.org/10.12911/22998993/109461
https://doi.org/10.1016/j.watres.2019.114856
https://doi.org/10.1016/j.watres.2019.114856
https://doi.org/10.1016/j.seppur.2014.11.017
https://doi.org/10.1016/j.seppur.2014.11.017
https://doi.org/10.1016/j.watres.2015.11.045

R. Mohammadi, et al.

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

review on membrane hybrid system for nutrient recovery from wastewater, Chem.
Eng. J. (2018), https://doi.org/10.1016/j.cej.2018.04.166.

M. La Cerva, L. Gurreri, M. Tedesco, A. Cipollina, M. Ciofalo, A. Tamburini,

G. Micale, Determination of limiting current density and current efficiency in
electrodialysis units, Desalination. (2018), https://doi.org/10.1016/j.desal.2018.
07.028.

T. Rottiers, K. Ghyselbrecht, B. Meesschaert, B. Van der Bruggen, L. Pinoy, Influence
of the type of anion membrane on solvent flux and back diffusion in electrodialysis
of concentrated NaCl solutions, Chem. Eng. Sci. (2014), https://doi.org/10.1016/j.
ces.2014.04.008.

L.J. Banasiak, T.W. Kruttschnitt, A.I. Schéfer, Desalination using electrodialysis as a
function of voltage and salt concentration, Desalination. (2007), https://doi.org/
10.1016/j.desal.2006.04.038.

S. Novalin, T. Kongbangkerd, M. Reisinger, S. Pruksasri, Integration of electro-
dialysis into an enzymatic synthesis for the separation of phosphate from glucose-1-
phosphate, Sep. Purif. Technol. (2017), https://doi.org/10.1016/j.seppur.2017.03.
052.

J. Balster, O. Krupenko, 1. Piint, D.F. Stamatialis, M. Wessling, Preparation and
characterisation of monovalent ion selective cation exchange membranes based on
sulphonated poly(ether ether ketone), J. Memb. Sci. (2005), https://doi.org/10.
1016/j.memsci.2005.04.019.

C. Hanrahan, L. Karimi, A. Ghassemi, A. Sharbat, High-recovery electrodialysis
reversal for the desalination of inland brackish waters, Desalin. Water Treat.
(2016), https://doi.org/10.1080/19443994.2015.1041162.

H.J. Lee, F. Sarfert, H. Strathmann, S.H. Moon, Designing of an electrodialysis de-
salination plant, Desalination. (2002), https://doi.org/10.1016/50011-9164(02)
00208-4.

P. Tsiakis, L.G. Papageorgiou, Optimal design of an electrodialysis brackish water
desalination plant, Desalination. (2005), https://doi.org/10.1016/j.desal.2004.08.
031.

E. Brauns, Salinity gradient power by reverse electrodialysis: effect of model
parameters on electrical power output, Desalination. (2009), https://doi.org/10.
1016/j.desal.2008.10.003.

W. Jiang, L. Lin, X. Xu, H. Wang, P. Xu, Physicochemical and electrochemical
characterization of cation-exchange membranes modified with polyethyleneimine
for elucidating enhanced monovalent permselectivity of electrodialysis, J. Memb.
Sci. (2019), https://doi.org/10.1016/j.memsci.2018.11.038.

L. Karimi, A. Ghassemi, How operational parameters and membrane characteristics
affect the performance of electrodialysis reversal desalination systems: the state of
the art, J. Membr. Sci. Res. (2016), https://doi.org/10.22079/jmsr.2016.20309.
N. Kabay, O. Ipek, H. Kahveci, M. Yiiksel, Effect of salt combination on separation of
monovalent and divalent salts by electrodialysis, Desalination. (2006), https://doi.
org/10.1016/j.desal.2006.09.013.

M.R. Awual, A. Jyo, Assessing of phosphorus removal by polymeric anion ex-
changers, Desalination. (2011), https://doi.org/10.1016/j.desal.2011.07.047.

A. Elmidaoui, F. Elhannouni, M.A. Menkouchi Sahli, L. Chay, H. Elabbassi, M. Hafsi,
D. Largeteau, Pollution of nitrate in Moroccan ground water: removal by electro-
dialysis, Desalination. (2001), https://doi.org/10.1016/50011-9164(01)00195-3.

15

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Desalination 498 (2021) 114626

Y. Kim, W.S. Walker, D.F. Lawler, Competitive separation of di- vs. mono-valent
cations in electrodialysis: effects of the boundary layer properties, Water Res.
(2012), https://doi.org/10.1016/j.watres.2012.01.004.

S.R. Shah, N.C. Wright, P.A. Nepsky, A.G. Winter, Cost-optimal design of a batch
electrodialysis system for domestic desalination of brackish groundwater,
Desalination. (2018), https://doi.org/10.1016/j.desal.2018.05.010.

S. Melnikov, S. Loza, M. Sharafan, V. Zabolotskiy, Electrodialysis treatment of
secondary steam condensate obtained during production of ammonium nitrate.
Technical and economic analysis, Sep. Purif. Technol. (2016), https://doi.org/10.
1016/j.seppur.2015.11.025.

S. Maurya, S.H. Shin, M.K. Kim, S.H. Yun, S.H. Moon, Stability of composite anion
exchange membranes with various functional groups and their performance for
energy conversion, J. Memb. Sci. (2013), https://doi.org/10.1016/j.memsci.2013.
04.035.

L. Karimi, A. Ghassemi, H. Zamani Sabzi, Quantitative studies of electrodialysis
performance, Desalination. (2018), https://doi.org/10.1016/j.desal.2018.07.034.
S. Mikhaylin, L. Bazinet, Fouling on ion-exchange membranes: classification,
characterization and strategies of prevention and control, Adv. Colloid Interf. Sci.
(2016), https://doi.org/10.1016/j.cis.2015.12.006.

A. Lejarazu-Larrafiaga, Y. Zhao, S. Molina, E. Garcfa-Calvo, B. Van der Bruggen,
Alternating current enhanced deposition of a monovalent selective coating for
anion exchange membranes with antifouling properties, Sep. Purif. Technol.
(2019), https://doi.org/10.1016/j.seppur.2019.115807.

D.A. Vermaas, D. Kunteng, M. Saakes, K. Nijmeijer, Fouling in reverse electro-
dialysis under natural conditions, Water Res. (2013), https://doi.org/10.1016/j.
watres.2012.11.053.

M. Akhter, G. Habib, S.U. Qamar, Application of electrodialysis in waste water
treatment and impact of fouling on process performance, J. Membr. Sci. Technol.
(2018), https://doi.org/10.4172/2155-9589.1000182.

Y. Jin, Y. Zhao, H. Liu, A. Sotto, C. Gao, J. Shen, A durable and antifouling
monovalent selective anion exchange membrane modified by polydopamine and
sulfonated reduced graphene oxide, Sep. Purif. Technol. (2018), https://doi.org/10.
1016/j.seppur.2018.06.053.

M. Vaselbehagh, H. Karkhanechi, S. Mulyati, R. Takagi, H. Matsuyama, Improved
antifouling of anion-exchange membrane by polydopamine coating in electro-
dialysis process, Desalination. (2014), https://doi.org/10.1016/j.desal.2013.10.
031.

M. Vaselbehagh, H. Karkhanechi, R. Takagi, H. Matsuyama, Biofouling phenomena
on anion exchange membranes under the reverse electrodialysis process, J. Memb.
Sci. (2017), https://doi.org/10.1016/j.memsci.2017.02.036.

S. Mulyati, R. Takagi, A. Fujii, Y. Ohmukai, T. Maruyama, H. Matsuyama,
Improvement of the antifouling potential of an anion exchange membrane by sur-
face modification with a polyelectrolyte for an electrodialysis process, J. Memb. Sci.
(2012), https://doi.org/10.1016/j.memsci.2012.06.024.

S. Suwal, J. Amiot, L. Beaulieu, L. Bazinet, Effect of pulsed electric field and polarity
reversal on peptide/amino acid migration, selectivity and fouling mitigation, J.
Memb. Sci. (2016), https://doi.org/10.1016/j.memsci.2016.03.010.


https://doi.org/10.1016/j.cej.2018.04.166
https://doi.org/10.1016/j.desal.2018.07.028
https://doi.org/10.1016/j.desal.2018.07.028
https://doi.org/10.1016/j.ces.2014.04.008
https://doi.org/10.1016/j.ces.2014.04.008
https://doi.org/10.1016/j.desal.2006.04.038
https://doi.org/10.1016/j.desal.2006.04.038
https://doi.org/10.1016/j.seppur.2017.03.052
https://doi.org/10.1016/j.seppur.2017.03.052
https://doi.org/10.1016/j.memsci.2005.04.019
https://doi.org/10.1016/j.memsci.2005.04.019
https://doi.org/10.1080/19443994.2015.1041162
https://doi.org/10.1016/S0011-9164(02)00208-4
https://doi.org/10.1016/S0011-9164(02)00208-4
https://doi.org/10.1016/j.desal.2004.08.031
https://doi.org/10.1016/j.desal.2004.08.031
https://doi.org/10.1016/j.desal.2008.10.003
https://doi.org/10.1016/j.desal.2008.10.003
https://doi.org/10.1016/j.memsci.2018.11.038
https://doi.org/10.22079/jmsr.2016.20309
https://doi.org/10.1016/j.desal.2006.09.013
https://doi.org/10.1016/j.desal.2006.09.013
https://doi.org/10.1016/j.desal.2011.07.047
https://doi.org/10.1016/S0011-9164(01)00195-3
https://doi.org/10.1016/j.watres.2012.01.004
https://doi.org/10.1016/j.desal.2018.05.010
https://doi.org/10.1016/j.seppur.2015.11.025
https://doi.org/10.1016/j.seppur.2015.11.025
https://doi.org/10.1016/j.memsci.2013.04.035
https://doi.org/10.1016/j.memsci.2013.04.035
https://doi.org/10.1016/j.desal.2018.07.034
https://doi.org/10.1016/j.cis.2015.12.006
https://doi.org/10.1016/j.seppur.2019.115807
https://doi.org/10.1016/j.watres.2012.11.053
https://doi.org/10.1016/j.watres.2012.11.053
https://doi.org/10.4172/2155-9589.1000182
https://doi.org/10.1016/j.seppur.2018.06.053
https://doi.org/10.1016/j.seppur.2018.06.053
https://doi.org/10.1016/j.desal.2013.10.031
https://doi.org/10.1016/j.desal.2013.10.031
https://doi.org/10.1016/j.memsci.2017.02.036
https://doi.org/10.1016/j.memsci.2012.06.024
https://doi.org/10.1016/j.memsci.2016.03.010

	A systematic review and statistical analysis of nutrient recovery from municipal wastewater by electrodialysis
	1 Introduction
	1.1 Background
	1.2 The basic principle of ED
	1.3 Development of ED application

	2 Database structure and statistical methods
	2.1 Searching for studies
	2.2 Selecting the studies
	2.3 Data extraction
	2.4 Data synthesis and analysis

	3 Results and discussion
	3.1 A comparison of ED recovery efficiency under different wastewater and operational conditions
	3.2 The effect of voltage and operating time
	3.3 The effect of the number of cell pairs and the total effective area of the membranes
	3.4 The effect of the feed composition
	3.5 Uncertainty of regression equations
	3.6 Costs of ED
	3.7 The challenge of fouling and scaling in ED process

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




