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Abstract

Different from current nutrient recovery technokegjiof recovering one or two
nutrient components (P® or NH,;*) from wastewater, this study aimed to fractionate
various nutrient anions and cations simultaneotstjuding PQ*, SQ*, NH,", K*,
Mg** and C&', into several streams. The recovered streams dmililirther paired
together to produce high-value products. A novedctebdialysis process was
developed by integrating monovalent selective amioth cation exchange membranes
into an electrodialysis stack. Results revealed thdrient recovery was achieved
effectively by fractionating P§ and SG* into the anionic product stream, whereas
bivalent cations (Mg and C&") were extracted in the cationic product streamthed
monovalent cations (Kand NH") were concentrated in the brine stream. For the
permeation capabilities of anions, £0and Cl possessed the higher preference,
whereas P@ permeated the membrane more difficult. As to tlaioos, the
permeation sequence was: NRK* >C&">Mg®*~Na’. Enhancing voltage values
not only promoted ion migration rates, but also kedthe increase of energy
consumption. Although elevating initial phosphatenaentration in the anionic
product streams from 60 mg/L to 470 mg/L did ndluence phosphate fractionation
significantly, the current efficiency decreasedir8.55% to 0.65% and a remarkable
increased of energy consumption from 29.42 kWh/ledHiRO, to 160.13 kWh/kg
NaH,PO, was observed. Further experiments were conducted phosphorus
recovery by pairing two recovered product streawtsich revealed that phosphate

precipitation could be achieved by using inhereat’@nd Md* in the wastewater
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without dosing external cation sources.

Keyword: Phosphorus recovery; Nutrient; Electrodialysisphbeane; Wastewater

1. Introduction

Due to the quick economic growth and urbanizatiohie developing countries
in past decades, a numerous demand on pork provasid pig farming has been
triggered. For instance, pig production in China hiaen from 412 million in Year
1996 to 685 million in Year 2016 (NBSPRC, 2017).céuingly, a large amount of
phosphorus and ammonium discharged from swine waste are accelerating
environmental deterioration (Lin et al.,, 2014; Bai al., 2014), which has raised
concern worldwide. From another aspect, the quidlanization resulted with the
acceleration of the depletion of natural resourgdsch has increased pressures for
providing sufficient fertilizer to the agricultuXie et al., 2016). It has been widely
accepted that the macronutrients in the wastews#itieams, such as R®, NH-N and
K, could provide a substantial fraction of globafuirement (Batstone et al., 2015;
Mehta et al., 2016). Therefore, developing new @sses for enhancing resource
recovery from wastewater is necessary and critical.

Traditionally, since it contains abundant valuab&sources of phosphorus,
nitrogen and potassium, digestive swine wastewatelirectly utilized as fertilizer
and soil amendment for the agriculture (Nkoa, 20Hdwever, there are debates that
the use of biogas stream on the land may pose atkamospheric and nutrient

pollutions, soil contaminations (heavy metals, laintics, soil salinization etc.) in the
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environment (Nkoa, 2014). Presently, there are rsévenvironment-friendly
technologies developed to recover nutrient fromtevasreams, including chemical
precipitation, adsorption, magnetic separationaal@gnd mteobacteria accumulation
(Mehta et al.,, 2015). For the nutrient resourcesrldwade, phosphorus is a
nonrenewable resource and is becoming progresdivated with supply uncertainty.
In recent years, the consumption of phosphorus wrescelerating (Mehta et al.,
2015), and subsequently phosphate rock is listea astical raw material in many
countries (Taddeo et al., 2016). Recovering phogghfsom waste streams has been
regarded as an important mean of retarding theetepl of phosphorus reserves
worldwide (Lee et al., 2018; Zhou et al., 2017).

Among the phosphorus recovery technologies, theigitation of magnesium
phosphate or calcium phosphate, such as struvighNfPO,- 6H,0) and calcium
phosphate (GAPQOy).-xH20), is predominantly used in wastewater with rich
phosphorus and ammonium, such as digestive liviestastewater and sludge slurry,
urine (Abel-Denee et al., 2018; Kim et al., 201&sbidt et al., 2015). The recovered
products can be used directly as fertilizers onaiiméculture. However, the efficiency
of phosphorus recovery is limited, since the phagpltoncentration in the waste
streams was required above 90 mg/L or pH highar €@ (Xie et al., 2016; Zhang et
al., 2013). Low phosphate concentration (20-50 mgrésulted in either low
phosphate recovery or much more alkali additiometach extreme high pH values,
which made phosphorus recovery not a cost effigieeotess (Zhang et al., 2013; Xie

et al., 2016). Besides, dosing divalent cation {Mor C&") chemicals to trigger
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phosphate precipitation is another limiting factor phosphorus recovery, since it
contributes a major part of the total costs (Howim et al.,, 2016). Several cheap
cation agents, such as CaO, MgO, Mg(@Hbyucite and brine were investigated as
the cost-effective sources (Li et al., 2018; Shieal.e 2016; Hévelmann et al., 2016;
Liu et al., 2013). From another point of view, tligestive waste stream contains
abundant C4 and Md* with the concentration range of 40-200 mg/L (Yalet2011;
Herrmann et al., 2016), which can be used as thenpal sources for phosphate
precipitation. Nevertheless, their existing concaidns are insufficient to reach
proper supersaturation for phosphate precipitatidrerefore, exploring methods to
enrich phosphate and divalent cations in the wstséams would be very beneficial,
thereby significantly enhancing the potential afficiency of phosphorus recovery
from wastewater.

Electrodialysis is an electrochemical membrane ggsaising the electrical field
as driving force to separate and concentrate ioomponents from the electrolytes.
For the industrial application, electrodialysis ascepted with the advantages of
environmental friendliness, convenient operatiod eost-effectiveness, and has been
used in many areas, including seawater desalinatiastewater and brackish water
treatment (Reig et al., 2014; Zhang et al.,, 201¢; & al., 2018). Recently,
electrodialysis equipped with selective cation mioa exchange membranes is
developed and employed on the fractionation of afaller products, such as lithium
and sodium formate (Ji et al., 2017; Selvaraj gt2818), and heavy metal removal

(Gherasim et al., 2014). The application of selecglectrodialysis with monovalent
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exchange membranes on the recovery of one or twéenucomponents (phosphate
or ammonium) has already been investigated, andrélctionation was successfully
performed (Zhang et al., 2013; Tran et al., 201&n@vet al., 2015; Xie et al., 2016;
Liu et al., 2017; Ward et al., 2018; Shi et al.18p

Different from the previous researches, the prestmdy focused on various
nutrient ions in the wastewater, i.e. FOSQ*, NH,", K*, Mg** and C&", and aimed
to develop a novel electrodialysis method to faawie these ions into different
streams. This was critical, as the recovered steaauld be paired together to
produce possible down-stream products (Figure Ugh s NHH,PQ,, (NH4)2SO,,
Ca(POy)2-xH20, Mgag(POy)2-yH,O and MgNHPO,-6HO. From another aspect, this
method could not only concentrate nutrient iong, dso overcome the shortage of
phosphorus recovery by providing a choice of usitgerent C& and Md" in the
wastewater as the cation sources for phosphateppedion. Accordingly, a novel
electrodialysis process was developed by integyatimonovalent selective anion
exchange membranes and monovalent selective caxdmange membranes into a
conventional electrodialysis stack, and was empldge the desalination and nutrient
recovery from digestive swine wastewater. The dpmral parameters, including
voltage, current density and initial phosphate eom@tion, were examined.
Furthermore, two different product streams, ondaiaing anions of P§ and SQ7,
the other with cations of Mg and C4&', were paired for phosphate precipitation
without dosing other chemicals. Also, the permeattapabilities of various ions

under different operational conditions and the vecy performance were evaluated.
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Figure 1 Possible down-stream products generated by padiffegent nutrient
streams together.

2. Materials and methods
2.1. Materials

Chemical compositions and their concentration Evefl the simulated swine
wastewater (feed stream) were referred accordinthe@odescription of Shen et al.
(2016) and Ye et al. (2018). The feed stream aedirhial compositions of other
streams were presented in Table 1. The chemical$ were of analytical grade, and
deionized water was used throughout the experiments

Five types of membranes used in the experiment® wbétained from PCA
GmbH, Germany, including standard cation exchangenbmane (PC-SK), standard
anion exchange membrane (PC-SA), monovalent seteatiion exchange membrane
(PC-MVA), monovalent selective cation exchange membraneMN&) and end
cation-exchange membrane (PC-SC). All the membrhaes active areas of 8 ¢m

8 cm. The properties of the membranes are preseni@ble 2.
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Table 1

2.2. Experimental setup
2.2.1. Electrodialysis stack

The assembled electrodialysis stack was construnyetivo electrodes made of
titanium wire (PCA GmbH Ltd., Germany) with the thater at 2.5 mm coated with
ruthenium oxide, PC-SA membranes, PC-SK membraR€&MVK membranes,
PC-MVA membranes and electrodialysis spacers, aswvrshin Figure 2. The
configuration of the electrodialysis stack contdifiee repeating units consisting of 5
PC-MVK membranes, 5 PC-MVA membranes, 5 PC-SA mamds, 4 PC-SK
membranes and 2 PC-SC end membranes. From the smdige cathode, a PC-SK
membrane, a PC-MVK membrane, a PC-MVA membrane afRC-SA membrane
were installed in order. A spacer with a thickne9.5 mm was inserted in between
every two membranes. A power supply (DELTA ELEKTRBN ES 030-10,
Netherlands) was used to provide stable voltageuorent for the electrodialysis

experiments.
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Figure 2 Configuration of the electrodialysis stack instdileith different types of
membranes (A) and schematic diagram of the seteetectrodialysis setup (B).
The electrodialysis configuration consisted of fielesed loops, including the
anionic product, cationic product, brine, feed abectrode rinsing streams. These
streams initially contained certain types of elelgtie solutions, as presented in Table

1. For each stream, it was connected to an extegsarvoir, SO as to maintain
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continuous recirculation. In each experimental thm, initial volume of feed solution
was 2.0 L and the volumetric ratio of feed, anigmoduct, cationic product and brine
streams was kept at 2:1:1:1. During the experiméhésflow velocity of each stream
was set at 10.62 cm/s by using an impeller pump Wié pipe diameter at 1 cm. In
order to eliminate the air bubbles in the stacls@iian et al., 2011), each stream was
circulated for 1 min before starting the experinsent
2.2.2. Experimental procedure

Before the experiments, the determination of lingticurrent density was
conducted for the optimal electrodialysis operaton avoiding redox reactions. The
determination method of limiting current densitysa@escribed by previous studies
(Ghyselbrecht et al.,, 2013; Ward et al.,, 2018). Tperformance of nutrient
fractionation is determined by the electrodialys@nfiguration, the properties of
wastewater as well as the operation conditiond) ascvoltage, ion concentrations etc.
In the present study, the operational modes (cohstaltage and constant current
density), effects of voltage and phosphate conagatr were examined.

For the electrodialysis operation, there are twammmn operation power modes,
i.e. constant current and constant voltage. In casestant current is applied, the
continuous operation will be implemented. In caesastant voltage is applied, the
batch operation will be conducted. In the presa&undys constant voltage and constant
current were investigated respectively in the expents to find which one is
preferable for nutrient recovery from the wastewale8 V for the constant voltage
and 45.3 A/ for the constant current were respectively seteete operational

10
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parameter, which were based on the preliminary rxgats by comparing the
profiles of conductivity changes in the feed, braned product streams. After that,
constant voltage was selected for the following eexpents, and its effects on
selective electrodialysis were investigated byisgtihe voltage at 6, 7, 8, 9 and 10 V,
respectively.

Among the nutrient compositions in the wastewagnosphorus is more
important due to the depletion of phosphorus resesuworldwide (Hukari et al., 2016;
Agrawal et al., 2018). Hence, phosphate conceantratias selected as the examined
parameter in the current study. The experimentewarried out by setting initial
PQOy-P in the anionic product stream at 60, 180, 2760 4n0 mg/L, respectively,
which could reveal the capacity of anionic prodstctam of extracting phosphate.

After the electrodialysis experiments, the fractitmg streams contained
different nutrient ions, i.e. the brine stream wiii," and K ions, the anionic
product stream with P& and S@Q ions and the cationic product stream with?fMg
and C&' ions, respectively. These streams could be furfitecessed as nutrient
products, or could be paired together to produeedibwn-stream products, such as
NH4H2PQy, (NH4)2SOy, Ca(POy).-xH,O and MgNHPO,-6H,O (Figure 1). In the
present study, the anionic and cationic produaastis obtained from the previous
experimental runs at constant voltage of 6, 8 ahd vere mixed in proportion for
phosphate recovery. Desired volumes of the anianid cationic product streams
were calculated and mixed to maintain Mg:P moléorat 1.2:1, and pH value was
kept at 10.0 by dosing 2 mol/L NaOH to perform pitese precipitation. After 60

11
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min stirring, the liquor was settled for 120 mindahe precipitates were collected by
5000 rpm centrifugation.
2.3. Analytical methods

An ion chromatography (883 Basic IC Plus, MetrohBwitzerland) was
employed for ion analyses. For anions {P0SQ? and CI), an anion column of
Metrosep A Supp 5-150/4.0 was applied with 3.2 mBMQO; and 1.0 mM NaHC®
as eluent at a constant flow rate of 0.7 mL/minexglas a cation column of Metrosep
C4-150/4.0 (Methrohm, Switzerland) was adoptedchtion determination (NaK”,
NH,*, Mg** and C&") with 0.7 mM dipicolinic acid and 1.7 mM HNGs eluent at a
constant flow rate of 0.9 mL/min. Conductivity apti were measured by LF318
conductivity meter (WTW, Germany) and pH/lon S22QFHE meter (Mettler-Toledo,
Germany), respectively.
2.4. Data analyses

The energy consumptiorE) is a parameter for economic evaluation and was
determined by the following equation, which hasrbeescribed by Zhang et al.

(2017).

t
- JoU.Ldt

€.V, — Co. VO)'%_Z
where Cy, and Ct are the initial concentration and the concentratid timet of
fractionating ions in the product compartmeuntthe voltage the for interval time(
t), Vo andV; the circulated volume of the product stream aetdmesp. time¢, M, and
My, the molecular weight of cation (or anion) andcitéoride (or sodium salt).

The current efficiency of ion Ay) is defined as the ratio of the electrical charge
12



239 used for the transport of ion A to the total elieetrcurrent charge (Ghyselbrecht et al.,

240 2013), with the equation as follows:

<AmA(t)>ZF

M Ce XV —Cy X Vy)zF /M

t“‘—xlOO(%)z( 0 0)ZF /M, 100%
J, nldt J, nldt

Na =

241 wherez is the charge of ion A; the Faraday constant (96,500 C/moNma(t) the

242 weight of transformed ion A at timeinto the product streamrm the number of
243  repeating unitsnE5), t the time periods), the current during interval timeA(t), Ma

244  the molar mass of ion AC; the ion concentratiorV; the volume of the anionic or
245  cationic product stream.

246 The ionic migration rate (M for each ion was determined as described by Chen

247 et al. (2018), where the ion transports in a ceneiriod:

AC XV

M, (mmol/m? - min) = T

248 where G is electrolytic concentration (mol/L) in the praduor brine streams
249 dependent on the fractionating ionss Yhe total volume of the product or brine
250 streams (L), S the effective area of membrane gtk

251 The recovery efficiency of nutrient ions was defires the ratio of the amount of
252 nutrient ions in the product streams or Nldnd K in the brine compartment to the
253 initial nutrient ions in the feed stream. Hence, tlalculation of fractionation ratid&)
254  for nutrient ions from the wastewater to the prdadstteam was based on the

255 following equation:

_ Cpp(O)Vpp(t) — Cpp(0)Vp 5(0)
Cr(0)VE(0) — Cr(O)VE(8)

256  whereCpg(t) andCkg(t) are the concentrations of nutrient ions at tinme the product

X 100%
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streams (PG and S@*, Mg®* and C&") or the brine stream (Nfiand K), and the
feed stream, coupling with their volunveg(t) and Vg(t), respectively. N and K
moved longer distances, i.e. from the feed compantnrpassing through the cationic
product compartment, and finally going into thenkrichamber. Therefore, it was
expected that the maximuRiwvalue of NH" and K during the experiments would be
lower than other ions. In case the electrodialgpisrates with the continuous mode in
the future pilot-scale experiments, the valueRain NH," and K will significantly
enhance.
3. Resultsand discussion
3.1. Operational mode

There are two common operation power modes foeteetrodialysis, including
constant current and constant voltage. As for thees wastewater, it normally
contains various ions with a relatively low elecati conductivity (8-12 mS/cm),
which might display different ion transport behavionder different operational
modes. The profiles of conductivity and pH unddfedent operational modes were
investigated. As shown in Figure S1, the decreate of conductivity in the feed
streams was 0.057 mS/(cm-min) for constant curvenile 0.059 mS/(cm-min) was
observed for constant voltage. Besides, thererdiiteoperation modes shared similar
pH variation as displayed in Figure S2. The congiigtvariation in the anionic and
cationic product streams displayed similar profilegiich also indicated that the

desalination performance in both modes was notifgigntly different.
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281  Figure 3 Concentrations of PO-P and SGF in the anionic product (A), Mg and

282  C&" in the cationic product (B), Kand NH" in the brine stream (C) and the cationic

283 product (D) under different operation modes. C\Wjstant voltage, CC, constant
284 current.
285 According to the configuration of electrodialystack (Figure 2), nutrient anions

286 (PO* and SQ) were fractionated in the anionic product strearhereas bivalent
287 nutrient cations (Mg and C&") were extracted in the cationic product stream and
288 monovalent cations (Kand NH") were concentrated in the brine stream. The @®fil
289 of various ions in relevant streams were displayad Figure 3. After the
290 electrodialysis operation, the mode of constantaga recovered 58.4 mg/L FOP,

291 146.0 mg/L SG, 64.4 mg/L Mg", 119.2 mg/L C&, 307.0 mg/L K and 837.6 mg/L
292 NH,*-N, similar to 39.9 mg/L P§-P, 148.8 mg/L S@, 67.5 mg/L Mg", 134.1

15



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

mg/L C&*, 291.1 mg/L K and 763.2 mg/L Ni under constant current. This
observation indicated that both electrodialysisrapen modes could achieve similar
performance on simultaneous nutrient ion fractimmatwhich was also confirmed by
the comparisons of fractionation, energy consunmpéind current efficiency ratio as
presented in Table 3. It should be noted that coetpt previous researches, nutrient
recovery in this selective electrodialysis systeispldyed different efficiencies on
energy consumption. Take the operation mode oftaahsoltage for instances, this
selective electrodialysis was favor to fractionhitd,” and SG* with lower energy
consumption at 0.783 kWh/kg NHN and 6.638 kWh/kg Ca, compared to 4.9
kWh/kg NH;-N and 7.544 kWh/kg Ca reported in literature (Lak, 2016; Ye et al.,
2018). The energy consumptions on magnesium atateswere 6.103 kWh/kg Mg
and 17.995 kWh/kg SQ respectively, much higher than those reportegravious
researches (Ye et al., 2018; Li et al., 2016). dphosphate, 28.38 kWh/kg RO
energy was consumed to recover phosphate, not fmigbler to 29.3 kWh/kg P{as
reported by other researchers (Xie et al., 2016)véver, the profiles of voltage and
current variation (Figure 4) indicated that constasitage was more preferable than
constant current for the fractionation of nutrieoms from swine wastewater. For
constant voltage, a steady decrease of current okaserved, whereas a drastic
increase of voltage to reach 15.7 V at the endiageswas detected in the mode of
constant current. This was because under constanént, more and more ions
transported from the feed stream into the produatl &rine chambers and
consequently the electrical resistance of the &eshm increased greatly. Such high

16



315 voltage exceeded the membrane affordability andldvdamage the membrane in a

316 long operation.

1
318 Table 3
319 e
——Voltage, CV Voltage. CC
——Curent, CV —=— Current, CC
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16 +
14 14
12t ~
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£ 3 Vil =)
0 ‘f“’“ﬁﬁﬁ“““‘““ﬁ“ 12 &
/ 6 ’
4T 11
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0 1 ' e 0
0 40 80 120 160
Time (min)
320
321 Figure 4 Changes of voltage and current under differentaipmal modes. CV,
322 constant voltage; CC, constant current.
323 From Figure 3 and Table 3, it was observed th&mtint ions possessed different

324 permeation capabilities. The dimensionless massems (mass at any time divided
325 by the initial mass) in the feed compartment waspleyed to elaborate the
326 permeation preference of different anions {£G5Q% and CI) and cations (M,
327 C&", K', NH," and N4&). The lower position the curves located, the fagegmeation
328 the ions achieved. Take the mode under constamdgelfor instance, for anions,
329 SO and Cl possessed the higher permeating preference, vehB®X@3 permeated

330 the membrane more difficult (Figure 5A). For caipthe permeation sequence for
17
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the process was: Nf=K* >C&">Mg**~Na". It has been reported that hydrated
radius size played vital roles in the effects oéxisting ions in the electrodialysis
process (Rotties et al., 2015; Chen et al., 20b8g86al., 2018). The hydrated radius
of anions and cations were collected from thediiee and listed in Table 4. It could
be seen that the permeation performances of mast (@except Cland N&) were
compliant to their hydrated radius sequence. Nbetss, Cland Na possessed
slower permeating behaviors uncorresponding ta traller hydrated radius sizes
(CI', 0.225 nm; N§ 0.358 nm), as shown in Figure 5. Considering thatanionic
and cationic product compartments contained hig&IN@.1 mol/L) contents as the
electrolyte, the effects of steric hindrance ledthe reduction of Cland N&

mobilities. Similar results were reported by Nieakf (2017) and Chen et al., (2018).

——Cl —a—S04 PO4-P ——Na —=—NH4 K —-Ca Mg
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4

(CCy V)
o
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Time (min) Time (min)

Figure 5 Dimensionless mass of various anions and catindenconstant voltage.
3.2. Influence of voltage

The investigation of voltage from 6V to 10V on neftt ion extraction was
18
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conducted. Figure S3 showed the effects of volagéhe current and conductivity
variations in the feed stream. Larger voltage inapcdbmore ion transport with higher
initial current observed. As the process continuadre ions migrated from the feed
compartment to the product and brine compartmeitts the electrical resistance of
the stack ascending rapidly, and consequently tmeemt declined significantly
(Figure S3A). Higher voltages forced the ions tepthrough the membranes faster,

which resulted in the quicker desalination rataguyfe S3B).
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Figure 6 lonic migration rates of P& (A), SO (B), CI (C), NH," (D), K* (E), N&
(F), C&" (G) and M@" (H) during the electrodialysis process.

Under such voltage enhancement, the changes @ugasinions and cations were
presented in Figure S4, which suggested that istrgasoltage would speed up the
ions permeation. The ionic migration rate JMor each ion in the electrodialysis
process was determined and displayed in Figuret &colld be seen that all
monovalent ions, including GINH;", K* and N4, showed significant downward
trends with the increase of operation time, ang fhessessed the higher migration
rates than divalent and trivalent ions. As for diealent ions, including S§J (Figure
6B), C&" (Figure 6G) and Mg (Figure 6H), they had lower migration rates,
according to their variations in the Y-axis. Enhagcvoltage values speeded up the
decline of S& migration rates, whereas the profiles of sliglerérase following with
gradual decline were observed forrCgFigure 6G) and Mg (Figure 6H) ions. As to
the trivalent ion, PG, it showed a significantly different shape of spartation rate
with continuous increase (Figure 6A).

It was clear that the voltage increment from 6 V1@V not only promoted ion
migration rates, but also lead to the increasenefgy consumption (Table 5). This
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was because increasing voltage augmented the ieléetlid and resultant driving
force for ion transport through the electrodialysisnpartments (Masigol et al., 2012).
From another aspect, on the basis of Table 5 andhtirket information (MOLBASE
E-commerce platform, www.molbase.com) where thecgsriof the indivisually
recovered salts were MgC3.16 €/kg, CaGl0.79 €/kg, NakPO, 3.72 €/kg, Na&SO,
3.18 €/kg, NHCI 6.76 €/kg and KCI 2.89 €/kg, the benefits of igyeconsumption
would be MgC} 0.13-0.18 &fwh, CaC} 0.04-0.05 €/kWh, NapPO, 0.11-0.19
€/kWh, NaSO, 0.09-0.10 €/kWh, Nkl 1.53-3.89 €/kWh and KCI 0.16-0.43 €/kWh,
respectively. Nevertheless, according to the vianabf current efficiency (Table 5),
the application of higher voltages did not meart tha electrical power could be
effectively utilized for every ion migration. Diffent ions displayed different
migration performances. It should be pointed oat the ion permeation capabilities
were not only determined by the effects of eleatiecible layer and steric hindrance
on the cation-exchange membrane (Nie et al., 204u),also influenced by the
operation conditions, including voltage, currenhsigy and ion concentrations (Reig
et al., 2014; Li et al., 2016). As for the monowaleons, enhancing voltage
accelerated their migration (Figure 6C, D and E¢ tlu their small hydrated radius
size (Rotties et al., 2015; Chen et al., 2018;e$lal., 2018). The unusual movement
of Na' ion in the experiments was ascribed to the effetteric hindrance (Nie et al.,
2017), since the anionic and cationic product catnpents contained high Na
concentration as the electrolyte.
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Table 5

For the divalent anion, SO had similar descending profiles of migration speed
(Figure 6B) to the monovalent ions, which coulddseribed to its medium size of
hydrated radius (Table 4), compared to those 6faBtli PQ>. As to the divalent
cations, i.e. C& (Figure 6G) and Mg (Figure 6H), the profiles of their migration
rates displayed ascending trends in the early stadaleclined gradually to the end of
experiments. Such variation indicated that therghinhave several functions existed
which impacted the transport of these cation idhshas been reported that the
mobility of various cations was determined by tlodiarges and the hydrated radius of
those coexisting cations (Chen et al., 2018; Nial.e017). For Cd and Md", they
possessed higher charge and higher hydrated r@idibke 4), and got the resultant of
lower mobility (Figure 6G and 6H) through the catiexchange membrane compared
to the monovalent cations (NaK® and NH'), which was consistent with the
previous researches (Tadimeti and Chattopadhydy6;28ie et al., 2017). Besides,
Mg** and C4&" ions were preferentially adsorbed and accumulatethe interface of
cation exchange membrane, and thus enhanced the bktedrance of divalent
transport (Nie et al., 2017; Chen et al., 2018)d&irlarge values of applied voltage,
the effects of steric hindrance were amplified Bttto the concentration polarization,
which in turn reduced the divalent cation migrat{d™e et al., 2018). This was why
these divalent cations presented ascending trentteiearly stage of electrodialysis
under higher voltages (Figure 6G and 6H).
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Phosphate, as the trivalent ion, displayed diffeteend shapes on the migration
rate in the electrodialysis process (Figure 6A)evitius research revealed that
phosphate was transported slower when sulfate lalodade were present (Tran et al.,
2015). This was because these co-existent aniompeted with phosphate to be
transported, and they moved across the membrater than phosphate due to their
smaller hydrated size (Table 4). Besides, the higireving force due to higher
valence played a role in favorable transport obitde and sulfate over phosphate
(Geluwe et al., 2011), which explained that theratign rate of phosphate increased
continuously in the experiments. Similar phenomesae reported in other studies
(Tran et al., 2015; Shi et al., 2018).

3.3. Influence of phosphate concentration in the product stream
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Figure 7 Variation of PQ*-P concentrations in the feed stream (A), anionitipct
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stream (B) and brine stream (C), and the migratioe of PQ*-P in the anionic
product stream (D) under different initial phosghabncentration. P60, P180, P270
and P470 represent the initial phosphorus condesrigain the anionic product stream
at 60, 180, 270 and 470 mg/L, respectively.

The effects of initial nutrient ion concentrationthe product streams are of great
importance to evaluate the optimum domain of appilldty of the selective
electrodialysis process investigated. In the presstndy, the initial phosphate
concentration in the anionic product stream wascsetl as the examined parameter.
As shown in Figure 7A and 7B, elevating £& concentration from 60 mg/L to 470
mg/L in the anionic product stream insignificandifered the profiles of phosphate
concentrations in the feed and anionic productastee Nevertheless, under high
initial phosphate concentrations, a certain amafnphosphate (approximately 21
mg/L) permeating into the brine chamber was dete¢kgure 7C), which did not
occurr in previous experiments. Besides, the rdtphmsphate migrating into the
anionic product chamber was calculated, and enhgrinitial PQ*-P concentrations
resulting in smaller migration rates were obser{igdure 7D). Further investigation
on energy consumption, current efficiency and etiwa ratio (Table 6) revealed that
increasing initial phosphate concentrations in @dnenic product stream led to the
obvious declines of current efficiency and phospkagxtraction ratio, and gave rise
to a remarkable enhancement of energy efficienayedls

Table 6
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For the continuous operation of electrodialysis,renand more nutrient ions
transport and accumulate in the product chambdigshwmay subsequently increase
the resistance of ion migration into the produceains and negatively impact the
performance of nutrient recovery. As shown in Fggut and Table 6, although
elevating phosphate concentrations in the aniomadyxrt stream insignificantly
impacted the extraction of phosphate from the feethpartment to the anionic
product compartment, a distinct hindrance was ¢l based on the decrease of
migration rate (Figure 7D) and the augment of epeffjciency (Table 6). This was
because the existence of high phosphate concemsain the anionic product
chamber augmented the steric hindrance and supprpb®sphate migration from the
neighboring feed chamber to the anionic produchdiex, which was also confirmed
by the previous study (Geng et al., 2018). In aoldjtin case phosphate concentration
was enhanced to 270 mg/L in the anionic producintie, a permeation of phosphate
into the brine chamber was detected (Figure 7C). the ion movement in the
electrodialysis process, the driving forces inctlidéectrical field, molecular diffusion
and convection (Tado et al., 2016). The phenomefh@mosphate permeating into the
neighboring brine chamber was ascribed to moleadifansion due to the osmotic
pressure of phosphate, generated from the anioadupt stream (Tado et al., 2016).
Similar results were reported by other researcfieddsco et al., 2016; Benneker et

al., 2018; Jia et al., 2018).
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3.4. Phosphate recovery

After the electrodialysis process, the anionic pidstream containing R® and
SO ions and the cationic product stream with M@nd CA&" cations were
respectively withdrawn from the experiments whickrevoperated under different
voltages, and they were mixed for phosphate pratiph without dosing external
cation sources. Table 7 presented the mmol/g amdnthlar ratios of the composition
in the precipitates. The recovered solids containedicium phosphate
(Ca(POy)2-xH20) and magnesium phosphate @@R0s),-yH20).

It has been known that for phosphate recovery fioastewater, the costs of
magnesium or calcium sources are one of the keitidignfactors for operation
(Moerman et al., 2013; Hug and Udert, 2013; Wan@lgt2018). Although cheap
cation agents, such as MgO, CaO, bittern and sea\ét et al., 2011; Lahav et al.,
2013; Wang et al., 2018), were adopted for phosppicipitation, the operation cost
was not reduced significantly (Barbosa et al., 20Mang et al., 2018). This study
provided another choice by using the inhererft @ad Md" in the wastewater as the
cations sources for phosphate precipitation. Asvshia Table 7, the fractionated €a
and Md" performed phosphate recovery from the wastewBtem another aspect,
this outcome was conclusive that the separatedrageriginated from the selective
electrodialysis process containing with variousrieat ions could be paired together
to produce the valuable products, which was beiafto nutrient recovery from
wastewater.
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Table 7

4. Conclusion

This research focused on the recovery of variougemt ions in the wastewater,
i.e. PQ*, SQ%, NH,", K*, Mg* and C&', and developed a novel electrodialysis
process, which could fractionate nutrient aniond eations simultaneously from the
wastewater. A designed electrodialysis system rategy standard cation and anion
exchange membranes, and monovalent selective aaimh cation exchange
membranes was employed. Results showed that nutigons (PQ" and SQ)
were successfully fractionated in the anionic paiditream, whereas bivalent nutrient
cations (MG" and C&") were extracted in the cationic product streamrandovalent
cations (K and NH") were concentrated in the brine stream. For theneation
capabilities of anions, S® and Cl possessed the higher preference, wheread PO
permeated the membrane more difficult. As to thi#ona, the permeation sequence
for the process was: NH~K* >C&*>Mg**~Na’". Enhancing voltage values not
only promoted ion migration rates, but also leth® increase of energy consumption.
Increasing initial phosphate concentration in theiomic product streams
insignificantly altered the profiles of phosphatscentrations in the feed and anionic
product streams, but led to the declines of cureffitiency and remarkable increases
of energy consumption. Further experiments weredgoied by mixing the anionic
and cationic product streams, and phosphate regavas achieved without dosing

external C&" and Md" as the cation sources.
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Tables

Table 1 Initial feed, anionic product, cationic productjna and electrode solutions

used in the experiments.

Item Content Concentration Volume
Feed NaHPOy- H,O 40 mg-P/L 2L

NH,CI 500 mg-N/L

NaSO, 100 mg-SQL

KCI 400 mg-K/L

MgCl, 60 mg-Mg/L

CaCb 100 mg-Ca/L

NacCl 3.192 mmol/L
Anionic product NacCl 0.1 mol/L 1L
Cationic product NacCl 0.1 mol/L 1L
Brine NacCl 0.1 mol/L 1L
Electrode solution Sodium sulfamate 0.1 mol/L 2L
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705
706
707
708

709 Table2 Types of membranes and their properties.

Membrane type* PC-SA PC-SK PC-MVK PC-MVA PC-SC
Thickness m) 200 130 100 110 130
Resistance( cnt) ~1.8 ~2.5 - ~20 ~9
("T’(l;r_sgns;)rength 4-5 4 3 2 15
(Tgl‘)ﬁere“ce UMDer o506 9506  >97%  >07% >94%
Temperature (°C) 0-60 0-50 0-40 0-40 0-40

Thickness 0.45 mm, made by silicone/polypropylene,

Spacer type mesh type 45°

710 *The data were provided by the manufacturer.
711
712

713
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714
715
716  Table 3 Fractionation ratio, energy consumption and curedfitiency under different

717  operational modes.

ltem Constant curreni Constant voltage
Fractionation ratic Mg?"* 57.3% 59.6%
(%) ce* 64.0% 63.6%
NH,4" 56.2% 63.2%
K* 32.9% 37.7%
PO* 87.1% 89.6%
ek 75.9% 76.8%
Energy efficiency kWh/kg Mg 5.967 6.103
kWh/kg Ca 6.067 6.638
kwWh/kg PQ 33.717 28.380
kWh/kg SQ 20.019 17.995
kWh/kg NH, 0.949 0.783
kWh/kg K 6.033 5.220
Current efficiency Mg?* 3.81% 3.67%
(oF: 4.54% 4.10%
NH," 25.27% 30.23%
K* 9.64% 11.00%
PQ> -P 2.54% 4.16%
sSOo” 2.01% 2.21%

718

719
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720

721

722

723

724

725

Table 4 Properties of ions in the aqueous solution.

Hydration free

lon r(nmyp  R(nm) energy (kJ/mol) Reference

SO* 0.230 0.275 -1113 Marcus, 2012

Cr 0.181 0.225 -337 Marcus, 2012
PO* 0.238 0.295 -2379 Marcus, 2012
NH4" 0.148 0.331 -29.5 Jiang et al., 2015
K* 0.149 0.331 -295 Chen et al., 2018
ca” 0.100  0.412  -1504 Chen et al., 2018
Mg2+ 0.072 0.428 -1828 Chen et al., 2018
Na’ 0.117 0.358 -365 Wang et al., 2015

%, jonic radii;°R, hydrated ionic radii.
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726
727
728

729 Table5 Energy consumption and current efficiency undefiedsint voltages.

ltem 6V 7V 8V oV 10V
Energy efficiency kWh/kg MgCh 17.794 20.098 23.052 24.371 24.659
kWh/kg CaC} 14.731 16.080 15.478 17.638 19.214

kWh/kg NaHPO, 19.741 19.784 24.027 29.554 35.124
kWh/kg NaSO, 30.777 25.917 25.672 35.063 36.587

kwh/kg NH,CI 1.736 2.629 3.873 3.383 4.425
kwh/kg KClI 6.663 10.797 16.208 13.247 18.237
Current efficiency Mg** 3.80% 3.92% 391% 4.16% 1.30%
ca* 3.94% 4.21% 499% 493% 2.26%
NH," 31.15% 23.99% 18.61% 23.97% 20.36%
K* 12.64% 9.10% 6.93% 9.53% 7.69%
PO* 407% 4.74% 4.46% 4.08% 0.35%
SO” 147% 2.04% 2.35% 194% 1.33%

730
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732
733
734
735 Table 6 Energy consumption, current efficiency and extmactiatio under different

736 initial phosphate concentrations.

Item P60 P180 P270 P470
Current efficiency 3.55% 4.05% 2.81% 0.65%
Energy efficiency
29.420 25.810 37.243 160.132
(kWh/kg NaHPQO,)
Extraction ratio (%)  85.0% 82.1% 60.9% 13.7%
737
738
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739
740

741 Table 7 Elemental analyses on the recovered solids.

Calcium  Magnesium

PO _P* M Ca SO > PM :Ca
y 9 * g phosphate phosphate

Voltage

Avr. sd. Avr. sd. Avr. sd. Avr. molarratio (%) (%)

6V 0.76 0.04 0.300.08 0.93 0.11 ND. 1:0.40:1.23 75.3% 24.7%

8V 0.80 0.02 0.20 0.13 1.11 0.10 ND. 1:0.25:1.38 85.7% 14.3%

10v  1.07 0.00 0.340.12 1.36 0.11 ND. 1:0.32:1.28 80.4% 19.6%

742 * unit of concentration, mmol/g; Avr., average; ,sétandard deviation; ND.,
743  undetected.
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Highlight
*  Various nutrient anions and cations were fractionated simultaneously for recovery
* Electrodiaysis was used by integrating selective anion and cation membranes
* The recovered streams were further paired together to produce high-value
products
* Different ions displayed significantly different permeation capabilities
* Phosphate recovery was achieved by using inherent Ca and Mg ions in the

wastewater
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