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to simulate the variation of current.
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ABSTRACT

Recovering resources, especially nutrients and water, from biologically treated secondary effluent, which
in line with the concept of zero liquid discharge, has attracted increasing interests. In this study, a selec-
tive electrodialysis (SED) was developed to separate and recover the nitrogen and phosphorus nutrients
and enforce desalination during secondary effluents treatment under low applied voltages. The SED sys-
tem performance as well as current efficiency and energy consumption were investigated under different
number of ion exchange membrane trios, applied voltages and flow rates. Nitrate could be reconcentrated
to 40.64 mg-N L' in brine compartments while the phosphate was retained by a monovalent anion
exchange membrane and concentrated to 21.2 mg-P L' in product compartments. The conductivities
of feed compartments were all below 2 puS/cm after treatment, indicating a well desalination performance
of the SED system. The current efficiency was obtained to be lower under a higher voltage, and a math-
ematical fitting of current was developed to confirm the existence of water dissociation under higher
voltages. The SED with more ion exchange membrane trios proved to be able to perform an effective
desalination under advantageous electricity consumption conditions. With the capability to reconcen-
trate nutrients and simultaneously realize zero liquid discharge of secondary wastewaters, the examined
SED treatment technology has a potential for practical nutrient recovery and sustainable water reuse.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

nutrients (such as NO3 and HPO3~) [1] and salinity (such as Na*,
Ca%*, K, Mg?* and Cl™). The insufficient treatment could lead to

The biologically treated secondary effluent from existing eutrophication [2] and influence the reuse of reclaimed water [3].
wastewater treatment plants still contain a certain amount of Moreover, the phosphorous is an important mineable resource

* Corresponding author.

[4], recovering P from wastewater streams for reuse can alleviate
the problem of limited phosphate resource supply [5]. However
the zero discharge of N and P remains to be a tough problem with
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the currently used techniques, such as activated sludge and anaer-


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2017.03.149&domain=pdf
http://dx.doi.org/10.1016/j.cej.2017.03.149
mailto:ykwang@sdu.edu.cn
http://dx.doi.org/10.1016/j.cej.2017.03.149
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej

R. Liu et al./ Chemical Engineering Journal 322 (2017) 224-233 225

obic/anoxic/oxic processes, especially along with the increasingly
stringent effluent standards. Moreover, these biological treatment
technologies are less effective to reduce salinity [1]. In light of
these problems, novel wastewater treatment processes capable of
removing and recovering N and P resources as well as reducing
salinity to realize the zero liquid discharge (ZLD) of secondary
effluents are necessary to develop to satisfy the increasing need
of environment protection [1,6,7].

In recent years, ZLD technology has been utilized in wastewater
treatment to eliminate liquid waste and maximize water usage
efficiency [8]. Several techniques are available to remove and
recover nutrients from secondary wastewaters, such as chemical
precipitation, adsorption and membrane filtration [9]. Among
these technologies, the chemical precipitation is applied as an effi-
cient process by using Fe or Al salts [10]. However the generated
residues need further disposal [11] and this method is less effective
to reduce salinity. The high salinity in wastewater as well as high
regeneration costs would limit the widely application of
adsorption.

Recently, membrane filtration technologies, such as reserve
osmosis (RO), nanofiltration (NF) and electrodialysis (ED), have
drawn much attention to desalinize and recover useful materials
in wastewater treatment [12-14]. Pressure membrane processes
like RO and NF need a quite complex pretreatment to alleviate
the membrane fouling [15,16], resulting in needless capital cost
and energy consumption. Furthermore, the RO is ion uncontrol-
lable and highly relying on the size of molecules [17]. However,
as an electrochemical membrane separation process [18,19], ED
is capable of separating undesired ions from wastewaters more
energy-efficient [18,21] with an applied electric filed [20,21] as
the driving force [22] to get a higher water recovery [17]. ED would
be an alternative technique in an environmental and economical
manner to realize the ZLD and nutrients recovery during secondary
effluent treatment.

Previous studies of ED were focused on the treatment of
wastewaters for demineralization and water reclamation [20,21].
As the ions migrated through the ion exchange membranes (IEMs)
to concentrate in another compartment of ED, the unique ion sep-
aration mechanism provided a selective method for nutrient recov-
ery [22,23]. ED could selectively generate high quality nutrient
products [24], like ammonia and phosphorus enrichment were
observed from urine and other wastewaters [25-27]. Simultaneous
recovery of ammonia and phosphorus was achieved via the inte-
gration of ED with struvite reactor [2], and ED was also integrated
with bio-electrochemical system to recover resources [28]. In
desalination often multi ionic compositions are encountered, but
the conventional ED could not separate ions of the same charge
but different valence. The use of selective IEMs brought apprecia-
ble separation efficiencies between different valent ions [29].
Simultaneous phosphate removal and separately reconcentration
against chloride were achieved by using the selective IEMs
[30,31]. ED also enjoys the important advantage for small to med-
ium sized applications where high quality product is required [32].
Although substantial researches have been published on the sub-
ject of electrodialysis over the past decades, little information is
available about the application of ED in nutrients separation and
recovery from low concentration wastewaters like biological trea-
ted secondary effluent.

In this study, by integrating monovalent anion exchange mem-
brane (MVA) into a conventional ED, a novel selective electrodial-
ysis (SED) reactor was developed for secondary effluent
desalination and nutrient recovery. As an alternative of ZLD proce-
dure, the potential application of this technology in N and P
resource removal and separately recovery was evaluated. The per-
formances of SED in terms of nitrate and phosphate separation and
recovery as well as desalination were studied under different [EM

trios, flow rates and voltages. The selectivity of MVA, the current
efficiencies of different ions and the variation of pH in different
compartments were evaluated under different voltages. A mathe-
matical fitting of current was developed to compare with the mon-
itored current, which verify the water dissociation under higher
voltages. The results of this study would provide a novel process
for resources recovery during secondary effluent treatment.

2. Materials and methods
2.1. Reactor construction

The assembled ED reactor was constructed as shown in Fig. 1.
Two electrodes were titanium electrodes coated ruthenium (Dexin
Taiye, China). A stack of IEMs (Neosepta, Astom Co., Japan) were
placed between the anode and the cathode compartments, and
their properties were listed in Table 1. From anode to cathode, a
cation exchange membrane (CEM), an anion exchange membrane
(AEM), a MVA and an extra CEM were placed in order. The effective
area of an IEM was 25 cm?. The neighboring membranes were sep-
arated with a thickness of 1 mm by using the plastic gaskets, cre-
ating three compartments, which were denoted as feed, product
and brine compartment, respectively. An electrochemical worksta-
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Fig. 1. (A) Single membrane-trio ED reactor schematic design for treatment of
secondary effluent. (CEM: cation exchange membrane; AEM: anion exchange
membrane; MVA: monovalent anion exchange membrane.) The experiment was
ran in a batch mode, and the three different streams are pumped from the
reservoirs. The shown arrows indicate the migrating direction of different ions (B) 3
membrane-trios schematic design. The electrodes are two titanium electrodes
coated with a ruthenium mixed metal oxide.
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Table 1
Main Characteristics of Membranes Used in the Experiments.

Membrane type Thickness (mm) Area resistance (Q-cm?)

Burst strength (MPa) Permselectivity Maximum temperature (°C)

CEM Neosepta CMX 0.17 3.0
AEM Neosepta AMX 0.14 24
MVA Neosepta ACS 0.13 3.8

>0.40 >0.9 40
>0.25 >0.9 40
>0.15 >0.9 40

tion (CHI 660E, Chenhua, China) was used to maintain constant
voltages throughout the experiments.

A membrane trio (CEM, AEM and MVA) formed a three-
compartment (denoted as feed, product and brine compartment,
respectively) configuration as mentioned above. A three IEM trios
stack was constructed and sandwiched between the electrodes
compartments to shape a thicker reactor. During the operation,
the feed solution flowed continuously through each feed cell
as the detailed flow direction in the IEMs stack (Fig. 1), meanwhile,
the product and brine streams followed the same schemes with the
feed cell in the stack which is shown in Fig. 1.

2.2. The synthetic secondary wastewater preparation

The synthetically simulated secondary effluent (feed stream)
and the initial solution composition of other streams were shown
in Table 2. 10 mM NaCl was added in feed solution as the typical
salt contents to emulate the desalination process of secondary
effluent. All salts used in this study were analytical grade bought
from Sinopharm Group Co. Ltd, and the salts were all dissolved
in deionized water.

2.3. Reactor operation

During the experiments, the SED was operated in a recirculating
batch mode. Three plastic bottles were employed as feed, product
and brine tanks, and the three external solutions are pumped cir-
cularly from the tanks respectively through the ED stack, and the
flow rates of IEM stacks and electrode rinsing solutions were equal
and uniform to avoid hydrostatic pressure differences. The pH in
the product compartment was adjusted to 10.2-10.5 by adding
0.5 M NaOH throughout the operation to improve MVA selectivity
toward HPO3~, which accounted for approximately 99% of the
phosphate at this range of pH. When applying an electric field,
anions and cations from the solution are attracted toward the
anode and cathode, respectively. Thus, the monovalent anions,
chloride and nitrate in feed compartment go through the AEM, pro-
duct compartment and MVA in sequence to concentrate in brine
compartment while the multivalent phosphate in feed compart-
ment goes through the AEM and was retained by the MVA to con-
centrate in the product compartment.

The SED was operated in a constant voltage mode because a
much higher voltage across the stack would not develop as the cur-
rent decreased when the dilute concentration was very low. A ser-
ies of preliminary experiments with different concentrations of
NaCl solutions and flow rates (4-16 mL/min) were conducted
(Fig. S1). The variable voltages were set to 3V, 5V and 7 V with
single-trio IEM in the stack as a further increase of the applied volt-

Table 2
Initial Feed, Product, Brine and Electrode Solution Used in the Experiments.
Content Concentration Volume
Feed NacCl 355 mg-CIL! 250 mL
NaNOs 30mg-NL!
Na,HPO,4 10 mg-PL™!
Product & Brine Nacl 355 mg-CIL! 100 mL
Electrode Solution Na,S04 1420 mg L ! 200 mL

age results only in a small increase of current between 3V and 5V
where limiting current happened, and the current increases again
at 7 V. The flow rates were set to 8 and 16 mL/min as the current
increased vastly at this range of voltages. As more IEM stacks bring
the wider spacing between electrodes and greater system resis-
tances [28], the applied voltages should be enlarged, and the volt-
ages were 9V and 15V with 3-trio IEMs. Since the current
efficiency strongly decreases due to the increasing in the resistance
of the dilute solution and the operating time of each experiment
was determined by an occasion when the monitored conductivity
of feed compartment was reduced to 2 puS/cm [33].

2.4. Measurement and data processing

In the experiments, the current was monitored and recorded by
the electrochemical workstation. The three compartments were
sampled and analyzed for pH (PHS-3C, Inesa Instrument, China)
and conductivity (DDS-307A, Inesa Instrument, China) at a certain
time interval. The concentrations of chloride, phosphate and
nitrate were determined by ion chromatography (ICS-900 Ion
Chromatography, DIONEX, USA).

2.4.1. Recovery efficiency and recovery rate

The nutrient recovery efficiency was defined as the ratio of the
amount of phosphate in product or nitrate in brine compartment to
the total content of phosphate or nitrate in the feed. The recovery
rate was defined as the increase in the amount of phosphate in pro-
duct or nitrate in brine compartment per unit time.

2.4.2. Current efficiency

One purpose of the fractioning ED stack is to remove the nutri-
ent ions. Therefore, the current efficiency (CE) of ion i (negative
charge) of ED was calculated as [34,35]:

Q;
_ 1
Qapplied ( )
1Zi| - F - 230
= ©)
t
Qapplied :/0 Idt (3)

Where Q is the electric quantity; Am;(t) is the weight change of ion i
in the target compartment; M; is the molar mass of ion i; Z; is the
charge of ion i; F is the Faraday constant; I is recorded current; t
is the overall operating time of a batch experiment; N is the number
of cell trios in the ED stack.

2.4.3. Selectivity

The selectivity of membranes between ion A and B (S7) was cal-
culated as follows [36]:

ta Cg Ja-Cp
sa=AE_-A 4
Bty Ca Jp-Ca “)
tAfJA (5)

X
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Where C is the concentration of the ions on the dilute side of mem-
brane; t is the transport number of the ion through the membrane; J
is the flux of ions through the membrane.

2.4.4. Energy Consumption (EC)
The energy consumption of the ED process can be calculated as:
U- [y Idt
EC=—2_ 6
B-Vy ©
where U is the applied voltage; Vyis the initial volume of the feed
solution, B=3.6-10° kWh/J (note: these numbers do not include

pumping energy).

2.4.5. Mathematical fitting of current

Once the operating voltage was applied, the total current is the
sum of electric current carried by each electrolyte correspondingly.
Hereafter, the mathematical fitting is proposed assuming that the
system contains n kinds of electrolytes, and the electric current
of ith electrolyte is obtained from the flux that flows through the
ith circuit [35], which is given by:

1=>"1I (7
li=F-J;-M; - |Zi| (8)

where [; and J; are the electric current and flux of ith electrolyte, Mg
is effective area of ion exchange membrane. The ionic flux through
the IEM within a time interval can be calculated using the equation
[37]:

_ G =)V
Ji= T M,-N-t 9)

where C; and t are ion concentration and time period between t; to
t,, respectively.

3. Results and discussion
3.1. Desalination of the single-trio IEM reactor

As mentioned above, ZLD is used to eliminate the liquid waste
and recover the majority of water for reuse [8]. In this research,
SED was applied to remove the inorganic salts to achieve the ZLD
in secondary effluent. Under different external voltages, the con-
centration changes of CI-, NO3 and HPO3 ™ in three compartments
were evaluated with a flow rate of 8 mL/min (Figs. 2 and 3), and the
conductivities of solutions in different compartments were moni-
tored (Fig. 2). For ZLD concept in this study, the highest possible
removal of salts was achieved as the conductivity of feed solution
reaching 2 uS/cm at the end of the ED, indicating a well desalina-
tion performance that almost all inorganic ions were removed. As
the IEMs on both sides of product compartment were ideal anion
exchange membranes, the concentration of Na* in the product
stream remained unchanged, parts of CI~ remained in product
compartment due to the electroneutrality effect (Fig. 2A and B)
[38], but at 7 V, the concentration of CI~ decreased as the OH™ gen-
erated by water dissociation participated in the migration into pro-
duct compartment owing to the strong electric field.

The desalination of SED remained the same, nearly, at a fixed
volume and flow rate, and the conductivities dropped faster and
less time would be taken with a bigger voltage like previous
researches reported [4]. However, the fast desalination rate did
not mean an increased current efficiency. In this research, an over-
all CEg in feed compartment of 71.1% and 74.2% were obtained
under 3V and 5V, and then decreased to 43.7% under 7 V, which
should be attributed to the possible water dissociation took place
under high voltages [39]. Different from widely high salinity aque-

ous phases used in conventional ED, the synthetic secondary
wastewater used in this experiment was very dilute, the water dis-
sociation phenomenon could not be avoided to get the well desali-
nation performance. So, in our future study, some feasible
measures can be used to reduce the water dissociation, such as
introduced ion exchange resin into SED to increase the conductiv-
ity to form the electrodeionization [40].

3.2. Nitrate and phosphate separations and recoveries

ED has been widely used for salts recovery in aqueous phases,
but the separation of mono- and multi-valent ions is quite a tough
problem. As shown in Fig. 3, the nutrient ions became dilute in feed
compartments while the nitrate and phosphate (calculation with
nitrogen and phosphorus element, following the same) concen-
trated in the brine and product compartments, respectively. We
can see that nearly all nitrate and phosphate in the diluted com-
partment could be removed under each condition. Nitrate (initially
26.2 mg-N/L in feed) was concentrated by a factor of 1.55 to a max-
imum concentration of 40.64 mg-N/L (E=5V, single-IEM, trio)
(Fig. 3B) in brine compartment, and the overall recovery rate was
2.27 mg-N L' h~!. Similarly, phosphate (initially 9.78 mg-P/L in
feed) was reconcentrated to 21.2 mg-P/L in product chamber with
arate of 1.13mg-PL~' h™! (E =5V, single-IEM, trio) (Fig. 3E). Cor-
respondingly, the recovery efficiency of N in brine solution and P in
product solution were 62.1% and 86.5%, respectively (E=5V,
single-IEM, trio). Meanwhile, when the voltage was 3V, the recov-
ery efficiency of N and P were 67.2% and 77.4%, respectively, and
the corresponding recovery rates were 1.75mg-NL~'h~! and
0.767 mg-PL ' h™! (E=3V, single-IEM, trio). So, the recovery rate
increased as the processing capacity of the IEM stack increased
with the increasing applied voltage (Fig. 3) [4]. Apart from the
higher recovery rate and the shorter operating time, the recovery
efficiencies of nitrate and phosphate under 5V was higher than
that of 3 V (Fig. 3). However, the phosphate permeated to the brine
compartment at 7 V (Fig. 3C) which indicated that a much higher
voltage might bring negative effects.

Fig. S2 illustrated variations of pH in three tanks under different
operating voltages. A more intensive water dissociation near the
membrane took place under a higher voltage as the H" generated
in the feed compartment resulting in a lower pH value (E=5V,
pH<6 and E=7 V, pH <4). Although the pH in product tanks is
stable (about 10.2-10.5) as a result of NaOH dosing for pH adjust-
ment, the concentration of H* increased at the MVA membrane/so-
lution interface by water dissociation at 7 V. The occurrence of
phosphate migrated into brine compartment was due to parts of
HPO;  inside the diffusion boundary layer near MVA surface
turned to H,PO3.

3.3. Effect of flow rate

The flow rates together with the applied high voltages are
responsible for occurrence of concentration polarization owing to
the existence of boundary layers near the membrane surfaces.
The effect of flow rate of SED at 5V and 7 V was investigated. As
demonstrated in Table 3, the operating time decreased from 12 h
to 7.5h at 7V with a greater flow rate, the desalination of SED
remained nearly the same with a fixed flow rate, and the phos-
phate recovery was improved. Magnifying the flow rates can better
mixing the dilute solution to decrease the thickness of the bound-
ary layers to enhance the transfer of the ions [41]. As illustrated in
Fig. 4, the specific ion remaining versus feed solution conductivity
were monitored at different flow rates and samples were adopted
with same time interval. Analyzing Fig. 4A and B one finds that ions
were removed at a much higher rate with a greater flow rate at 7 V.
The conductivity decreased slower than ion migration at 8 mL/min
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Fig. 2. Effects of voltage on the desalination of single membrane-trio ED reactor as a function of time (Feed: feed compartment; Pro: product compartment; Bri: brine
compartment). The initial concentration of Cl was 355 mg/L, the flow rate was 8 mL/min. (A), (B) and (C) are the concentration curve of Cl when the voltage was 3V
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Fig. 3. Effects of voltage on the separations and recoveries of N and P as a function of time. The flow rate was 8 mL/min (A), (B) and (C) are the concentration curve of Pat 3V,
5V and 7V, respectively. (D), (E) and (F) are the concentration curves of N under three voltages.

owing to the concave curve, which indicated OH™ generate by as the flow rate increased to 16 mL/min (Fig. 4D), and the CE of

water dissociation was the composition of solution conductivity, 84% was achieved at 5 V. Furthermore, one of the interesting occur-
and the water dissociation got limited for the linear relation at rences was the monovalent ions were removed at a much higher
16 mL/min. Moreover, the consumed electricity was reduced and rate than divalent ions as the removal efficiency of monovalent

the overall current efficiency (CE) increased from 53.9% to 71.7% ions was larger (Fig. 4) [22]. The initial concentration gradient of
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Table 3
The performance of single-trio [EM experiment with different voltages and flow rates.
Voltage (V) Flow rate (mL/min) Operation time (h) Mass balance (%)
N P
Feed Pro Bri Feed Pro Bri
3V 8 21 33 13.2 67.2 0.2 77.4 12.6
5V 8 16 0.1 16.4 62.1 0.1 86.5 9.5
16 11 0.1 10.5 739 0 854 8.4
7V 8 12 0.2 8.6 63.4 0 50.1 38.6
16 7.5 0.1 6.6 74.5 0 75.4 16.6
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Fig. 4. Measured remaining ions ratios (%) in the feed solution monitored with feed conductivity during desalination of (A) 5V at 8 mL/min; (B) and (C) 7V at 8 and 16 mL/
min, respectively. (D) the consumed electricity quantity and current efficiency at 7 V with different flow rates.

P across the AEM was minor to N. Moreover, as shown in Table S3,
phosphate has relatively small values of the ionic conductivity
compared to nitrate. Thus, the phosphate migrated slower than
nitrate, and the bigger radius of phosphate might attribute to the
slow migration inside the membrane. Consequently, the recovery
rate of P decreased under lower voltages, and the part of P
absorbed by IEM desorbed slowly as the current decreased along
with time resulting in the slow rising trend instead of reaching a
stable-state (Fig. 2A and B).

3.4. The MVA selectivity and current fitting

In this study, nitrate and phosphate were separated and recov-
ered by using the MVA. As illustrated in Fig. 5, the MVA had a high

selectivity toward nitrate at first for the S5 > 1 at the initial stage

of all three different voltages. However, the MVA selectivity
decreased gradually as time elapsed. During the operation, the
HPOZ~ were retained in product compartment to create a relatively
high concentration gradient across the MVA, at the same time, the
high concentration of nitrate and chloride in brine compartment.
The existing concentration difference across the MVA made it
easier for HPO7~ but harder for NO3 in product compartment to
go through the MVA, resulting in the gradual decrease of S. More-
over, the firstly accumulation of nitrate in product chamber and
the subsequent migration of nitrate to brine chamber might result

in the negativedc'jj% of product compartment in Eq. (6) as well as

the appearance of the negative value of S§ (E=3V, T=7h,
SN =-0.78253; E=5V, T=7h, Sy = —0.6622) (Fig. 5).

Since the feed solution became dilute as the ions transferred to
the other compartments, the resistance of the system increased
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Fig. 5. Performance of ED reactor at different voltages. The flow rate was 8 mL/min.
(A), (B), (C), when the voltages were 3V, 5V and 7V, respectively. The columns
indicate current efficiency of phosphate and nitrate in feed compartment, and the
blue dots refer to the MVA selectivity.

gradually, resulting in the decrease of the relevant current which
had been observed in Fig. 6. As the phosphate and nitrate had rel-
atively small values of the ionic contents compared to chloride, the
current was mostly generated by the migration of ClI~. Current effi-
ciencies (CE) of NO3 and HPO3~ in feed compartment were calcu-
lated. The CEno3 decreased from 24.0% to 5.8% (E = 3V, single-trio
IEM) (Fig. 5A) as a result of the depletion of nitrate. Meanwhile,
the CEfpo4 increased at the first several hours, then dropped to a
low value (Fig. 5A and B). The CEnos was larger than CEfpos at
the beginning (Fig. 5) due to the higher concentration of NO3
(30 mg-N L) compared with HPO3~ (10 mg-P L) in stock solu-
tion, and phosphate migrated slower than nitrate also resulting
in a lower CEZpoy at first although the standard AEM had no selec-
tivity to divalent anions.

Although the SED contained the feed, concentrate and electrode
streams with respective electric resistances, the electric current is
always equal everywhere in the system at a point in time
(Fig. S3A). As the AEM in SED were assumed to be ideally permse-
lective, according to Faraday’s law of electrolysis [35], the current
across the AEM was assumed to consist of CI-, NO3 and H,PO3*
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Fig. 6. The variations of monitored current and calculated current in single-trio
experiments with (A) the flow rate of 8 mL/min; (B) the flow rate of 16 mL/min.

current [42], which means the sum of migrated current should
equal to the recorded current ideally, and the equivalent circuit
was shown in Fig. S3B. Here, the electric current through the mem-
brane was mainly determined by the ion flux induced by the exter-
nally applied voltage which was discussed in Section 2.4. Fig. 6
demonstrated the changes of monitored current and calculated
current with the experimental concentrations under different volt-
ages. When the flow rate was 8 mL/min, we can see that the calcu-
lated current was almost consistent with the monitored one under
3V at first, which confirmed that the higher current efficiency to
migrate ions without any side reactions. However, two variations
were slightly different from each other as the calculated currents
were always higher in the second half of the experiment, which
could be attribute to lag effect of the ion flux change owing to
the membrane adsorption. The calculated current was always
smaller than the monitored one as a result of water dissociation
under 5V, and the discrepancy would be more severe under a
higher voltage at 7 V. At higher operating voltages, ions concentra-
tion dropped faster, and ions move quicker inside AEM than that in
solutions, H* and OH~ from water dissociation near the membrane
would participate in the ions migration and current generation.
Namely, this distinctions proved the existence of water dissocia-
tion under higher voltages in Section 3.1, and damages and a short
working life of membranes under a higher voltage had been dis-
covered [30]. However, at 16 mL/min, as shown in Fig. 6B, it can
be observed that the increase of flow rate determined also the
increase of current for the decrease in the resistance, owing to
the diminishing of water dissociation by decreasing the boundary
layer thickness. However, from a certain point (about 2.5 h), the
calculated current was smaller compared to the monitored current
at 7V as the intensive water dissociation happened again for the
strong electric filed, which is consistent with the lower current
efficiency compared to 5 V. Therefore, selection of a suitable oper-
ating voltage is important for an electrodialysis process. Moreover,
since limiting current density is proportional to the feed concen-
tration [39] and low salt concentrations is required for the ZLD of
secondary wastewaters, the constant voltage mode proved to be
a better choice than constant current mode where a more severe
water dissociation would happen to maintain the constant gener-
ated current. The large membrane areas might be a solution to
handle the concentration polarization for a given capacity plant
when low salt concentration in a desalination process is required
[39].
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3.5. Three IEM trios experiment

In a commercial ED system, a series of IEM stacks are alternately
spaced in ED system to improve the operation efficiency [22]. In
this research, a three IEM trios reactor was constructed. Fig. 7 illus-
trated the final concentration of anions of the three streams under
9V and 15 V. As shown in Fig. 7, the chloride decreased in feed
compartments to 3.38 and 4.22 mg-Cl L™, respectively, and were
concentrated in brine compartments under 9V and 15V (Fig. 7A).
Phosphate was reconcentrated to 18.27 and 16.72 mg-P L™! in pro-
duct compartment under 9 V and 15V, respectively (Fig. 7B). Sim-
ilarly, nitrate was concentrated to a maximum concentration of
423 mg-NL!and 37.3 mg-N L ! in brine streams (Fig. 7C). Corre-
spondingly, the recover efficiencies of N and P were 64.28% and
73.67% under 9V voltage, while they were 56.97% and 67.42%
under 15 V.

Fig. 7 showed the dynamic changes of ClI~, NO3 and HPOZ~ in 3-
trios IEM experiment under different voltages. When the voltage
was 9V, the removal rate of CI~ during the first hour was
225.8mg L 'h™! and decreased to 0.1 mg L 'h™! at the end of
the batch (E=9V, 3-trios IEM) (Fig. 8A), and the removal rate
was higher under 15 V (Fig. 8B) at the beginning resulting from a
more intensive ionic migration with a higher voltage. But it is
interesting that the concentrate rate of P in product compartment
was lower under 15V and it was supposed that more phosphate
went through the MVA as a result of the lower pH value for the
more intensive water dissociation happened (Fig. 8B). Notably,
the —9 concentration was normalized by the effective area of IEMs
(75 cm? for 3-trio IEMs and 25 cm? for single-trio IEM). Although
the reactors with 3-trio IEMs showed higher rates of concentration
of nutrients than that with single-trio IEM for the shorter operation
time, the N flux was 73.6 mg-Nm 2 h! in single-trio IEM experi-
ment (E=3V), compared to 626 mg-Nm~—2h~! in 3-trio IEMs
experiment (E=9V). In addition, the P flux were 34.4 mg-
Pm2h'! (E=3V, single-trio IEM) and 27.1 mg-Pm 2h!
(E=9YV, 3-trio IEMs), the small stack showed a greater nutrient
flux though an individual IEM. Although the electrode reactions
occupied parts of applied voltage, the increasing voltage with the
increasing number of IEM stacks remains a limitation which would
cause resistive losses for water dissociation.

In a SED system, transport of ions to the concentrate compart-
ment depends on the amount of electrical current flowing between
the stack. The consumed electricity quantity was calculated by the
integration of current with the operational time, and the volumet-
ric energy consumption was obtained by Eq. (7). Fig. 9 showed the
conductivity of feed compartment and the corresponding volumet-
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Fig. 8. Effect of voltages on the variation of Cl removal rate, N and P concentrate
rate of 3- trios IEM reactor. (A), the voltage was 9 V; (B), the voltage was 15 V.

ric energy consumption. The vertical dotted lines indicated the
point from which little further ion exchange took place as the con-
ductivity in feed compartment was almost constant, and the
energy consumptions were 1.456 kWh/m? for 3 trios experiment
under 9V and 1.056 kWh/m> for single trio experiment under
3V, which indicated the volumetric energy consumption required
for the fractionation was greater as a result of increased resistance
with a thicker IEM stack. Fig. 9 also displayed that continuing oper-
ation after the indicative points would not lead to a higher energy
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Fig. 7. Effect of voltage on final concentration of (A) chloride, (B) phosphate and (C) nitrate in three compartment of 3-trios IEM reactor. The flow rate was 8 mL/min. The
columns are final concentrations under 9 V (Feed = 250 ml, Pro & Bri = 100 ml; 9-h operation) and 15 V (8-h operation), and the dotted lines refer the initial concentrations of

three ions in feed compartment.
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Fig. 9. The conductivity of feed compartment on the left axis and the accompanying
energy consumption (kWh/m?) on the right axis as function of time (h) when the
voltages were 3V for single trio experiment and 9 V for 3 trios experiment.

Table 4
The Comparison of single-trio IEM and 3-trios I[EM experiments.
Voltage (V) Overall Electricity Energy
CE (%) quantity (C) consumption
(kWh/m?
Single-trio IEM 3 87.3 329.6 1.10
5 90.1 333.1 1.85
7 53.9 568.1 442
3-trios [EM 9 61 163.1 1.63
15 56.7 175.2 2.92

consumption with a constant voltage as migrated current was var-
ied with the system resistances, which is different from a constant
current applied condition that previously reported [43].

As shown in Table 4, the electricity quantity was small with
more trios equipped as the consumed electricity quantity was
163.1 C (E=9 V; 3-IEM trios) compared to 329.6 C (E=3V; 1-
IEM trio). Namely, the 3 trios experiments consumed less electric
quantity. Another important parameter is the overall current effi-
ciency (CEs), Table 4 showed the comparison of the overall current
efficiency between the single-trio IEM and 3-trios IEM experi-
ments. Since chloride, phosphate and nitrate are the anions which
are considered in this experiment, the overall CEs is the sum of the
CE of these three ions. The overall CEs was 87.3% (E = 3 V) in single-
trio experiments, while higher than that of 61% (E =9 V) in 3-trios
experiments. This should be attribute two reasons: as the three
trios reactor had 3 times average distance between two electrodes
compared to the single trio reactor, and the resistance was much
bigger coupled with membranes resistance. Moreover, as the three
compartments of the reactor all had one inlet and water flowed
successively through the stacks in 3-trios structure, the ions fluxes
were much more complicated and unstable leading to a lower
overall CE. However, the operating time and electricity quantity
were much less than that in single trio membrane. The results indi-
cated that the many-trios reactor is not an effective way to treat
the secondary wastewater unless carefully designed to minimize
resistive losses when scaling up in the future.

4. Conclusions

In this work, a novel selective electrodialysis reactor was devel-
oped in secondary wastewaters treatment for desalination and
nutrients recovery. In the single-trio IEM experiment, the final con-
ductivities of feed compartment were reaching 2 uS/cm indicating
a well desalination performance. The nutrient ions of NO3 and

HPO;~ were separated using the MVA membrane and reconcen-
trated in the brine and product compartment, respectively. The
recovery rate increased with the increasing applied voltage, but
the water dissociation took place when the voltage increased to
7 V which decreased the current efficiency and was confirmed by
mathematic fitting analysis. The water dissociation got limited
with a greater flow rate. The rate of desalination and nutrient
reconcentration was magnified in the SED with increasing number
of IEM trios and electric voltage application. The simultaneous
removal of inorganic salts while selectively recovering N and P
could achieve water sustainability and contribute to sustainable
resource management besides obviating the risk of water
pollution.
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