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Graphical abstract
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Abstract: Electro-oxidation using Ru&rO,/Ti plate anode and electrocoagulation
using iron plate anode were widely applied to reenasnmonia and phosphate in an
aguatic environment, respectively. In this work, designed magnetically bound ZVI
microparticles on Ru@IrO,/Ti plate as a composite electrode for the simelbars
removal of ammonia and phosphate from agueousiaeoluta combined EO and EC
(EO/EC) processes. We present a series of expasnerstudy such simultaneous
removal under an electric field via the EO/EC pescdn the electrochemical unit,
MZVI-RuO,-IrO,/Ti, mZVI-graphite, and Ru@IrO,/Ti electrodes were used as
anodes. The influence of applied voltage, initidl gero-valent iron dosage, reaction
temperature and organic compounds on the EO/EC process wasexismined.
Ammonia and phosphate could be completely removeah applied voltage of 10 V,
pH of 7, zero-valent iron dosage of 0.1 g, and treacdemperature of 35 °C using
mMZVI-RuO,-IrO,/Ti anode when influent ammonia and phosphate curet#ons is
200 and 100 mg-t. Ammonia degradation was consistent with pseudo-aeder
kinetic model. The characterization was analyzed bganning electron
microscope-energy dispersive spectrometer (SEM-ERS$y diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS). Hence, tt®/1-RuO,-IrO,/Ti electrode

can be used for efficient simultaneous removalnof@nia and phosphate.

Key words. ammonia; phosphate; electro-oxidation; electrgatation; zero-valent

iron
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1. Introduction

In recent years, eutrophication of freshwater aodstal marine ecosystems has
become an increasingly serious problem (Smith adn8ler 2009). In particular, the
large amounts of ammonia and phosphate emittedumaipal and industrial plants
were considered the main cause of eutrophicatiaieifiez et al. 2006, Zhang et al.
2018a). Excessive amounts of nitrogen and phosphdtee water will stimulate the
blue-green algae to multiply under appropriate terajure conditions and consume a
large amount of dissolved oxygen, leading to thetldef aquatic organisms (Su et al.
2013).

Many technologies are used for ammonia and phosphastewater treatment such
as nitrification and denitrification (Jih et al. @0 Ruiz et al. 2006), anaerobic
ammonium oxidation (Laureni et al. 2016), breakpaihlorination (Pressley et al.
1972), ammonia-stripping (Bonmati and Flotats 2p@8sorption (Boujelben et al.
2008, Huang et al. 2010), ion exchange (Bashirle2@l0, Choi et al. 2011),
microwave radiation (Lin et al. 2009), chemical gyp&ation (Jaffer et al. 2002), and
capacitive deionization methods (Ma et al. 2018)e Tnethods for simultaneously
removing nitrogen and phosphate are mainly biodkgran and adsorption. Bassin et
al. investigated laboratory-scale sequencing baeactors that were operated at
different temperatures (20 and 30 °C) for aerobanglar sludges, and simultaneous
nitrogen and phosphate removal was achieved (Bassih 2012). Huang et al. found

that natural zeolite can be modified by magnesiaits sand used as an adsorbent
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material to simultaneously remove ammonia and phatepfrom simulated swine
wastewater (Huang et al. 2014). Yin et al. inves#g the use of natural calcium-rich
attapulgite to develop a versatile adsorbent thatstmultaneously remove ammonia
and phosphate from contaminated waters (Yin ancgkafii4).

In recent years, electrochemical technology has beereasingly used to treat
wastewater containing ammonia and phosphate dite $bort reaction process, small
footprint, easy operation, and high removal efficie Among these electrochemical
technologies, the most studied are electro-oxidgiitO) and electrocoagulation (EC)
for ammonia and phosphate wastewater, respectively.

EO is an advanced oxidation process that effigretbnverts ammonia into
harmless nitrogen gas by either direct or indiedtation (Li and Liu 2009). Direct
EO involves ammonia adsorption onto the anode seyfis direct electron transfer,
and ultimately, its conversion into nitrogen gasafiika et al. 2010a). Conversely,
indirect EO of ammonia is performed via anodic tiescto form an intermediate
oxidant (e.g., Gl HCIO, and CIO), which is then reacted with ammonia for
ammonia removal (Kapatka et al. 2010b). Considerablestigations have been
conducted on different anode materials for EO. Ammmavas removed thoroughly
when boron-doped diamond anode was used for thartemt of cooking wastewater
(Zhu et al. 2009). Furthermore, ammonia was alroostpletely removed when metal
oxide electrodes (Ti/Pbfand Ti/SnQ anodes) were used for the treatment of landfill

leachate (Cossu et al. 1998). Dimensional stakalitgde containing Ru, Ir, or Ti has
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been widely used in wastewater treatment due @oisl electrocatalytic performance,
greater stability, long service life, low price anmigher availability (Costa et al. 2008,
Li et al. 2013, Profeti et al. 2006). lhara etfaund that Ru@IrO,/Ti was a more
suitable anode for decreasing ammonia and comtgolfiitrate accumulation than
Ti/PbO; (Ihara et al. 2006).

Meanwhile, EC has been widely used in wastewagatriment because of its high
efficiency and simple operation (Fernandes et@l52 Heidmann and Calmano 2008).
Chemical coagulation requires a large amount ofjelzent, but EC overcomes this
problem by directly generating coagulants via aoa@iksolution (Zhang et al. 2018b).
In EC, coagulants are generated in situ via elegdty dissolving metal ions, such as
Fe*/Fe’* and AP, from metal electrodes. The generated'f/e’* or AI** ions are
effective coagulants for particle flocculation (@h2004). Iron and aluminum plates
are the most commonly used electrodes for phosphateoval;, specifically,
aluminum plate exhibits high and stable removaiciefficy (Bektas et al. 2004).
Zheng et al. evaluated the effects of various ewpsrtal parameters, including
current density, gap between electrodes, urineg#gsadilution, and hydrolysis, on
phosphate removal from urine via EC using ironraxde (Zheng et al. 2009).

Previous studies have suggested the potential G,RO,/Ti plate as an anode for
ammonia removal through EO and iron plate as ardearfor phosphate removal
through EC. However, the use of pure RuUf,/Ti anode can only remove ammonia

and cannot remove phosphate because the latteotcamroxidized. On the contrary,
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the use of pure iron anode can only remove phosphat is less effective in
removing ammonia because it is prone to oxygenuthenl side reaction. To achieve
the purpose of simultaneous ammonia and phosplat®wval, we designed a
zero-valent iron powder and RpDO,/Ti plat composite electrode
(MZVI-RuO,-IrO,/Ti). Iron powder was bound to the Rup®O,/Ti plat by a magnetic
field. This system has both oxidation and coagofatompared to a single EO and a
single EC system. In addition, this system is seripl operation, high in efficiency,
and short in reaction time compared to the biolalgicethod.

The reaction in the electrode and in the aqueolusiso is as follows (Gendel and

Lahav 2012, Omwene et al. 2018, Tian et al. 2018):

Anode:
2CT—Cly+2¢e (1)
Fe—Fe' +2¢ (2)

Aqueous phase:

Cl,+H,0—HCIO+H +CI (3)
HCIO—H +CIO” (4)
3HCIO+2NH; —N;+3H, 0+5H +3CT (5)
3Fe’ +2P0, —Fe;(PO,), (6)
4Fe’™+0,+2H,0—4F¢ +40H (7)
Fe' +P0O, —FePO, (8)

Fe' PO, +3n-3)0H —Fe PO, (OH),_, 9)
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Cathode:
2H,0+2e —H,+20H (10)
The present study examines the combined EO and EHEUE(C) processes for
ammonia and phosphate removal in agueous soluflos evaluated parameters were
anode materials, applied voltage, and initial pHe Effects of zero-valent iron dosage,
reaction temperature and organic compounds weoeeaigluated. The characteristics
of the precipitation were investigated via scanniggctron microscopy—energy
dispersive spectrometry, X-ray diffraction (XRD),nda X-ray photoelectron
spectroscopy (XPS)This study is the first to investigate and proptse possible
mechanism of the simultaneous removal of ammonibpdnosphate under an electric
field in a magnetically bound zero-valent iron p@vénd Ru@IrO,/Ti composite

anode by combining EO and EC processes.

2. Materials and methods
2.1 Chemical reagents and synthetic solution

The synthetic solution was obtained by dissolviNg1{)>.SO4, KH,POy, and NaCl
in ultrapure water with resistivity of 18.2®cm from the Milli-Q (Millipore) water
purification system. The synthetic solution consa®®0, 100, and 500 mg-iof N, P,
and CI. The influent ammonia and phosphate concentratwoeie close to some
aguaculture wastewater that we had encountered.piFhef aqueous solution was

adjusted by adding 3 M of NaOH or 1 M 030, according to the requirements of
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the experimental design. The conductivity of aqeesaiution was adjusted to 750 uS
cm ™ by adding 1 M of Ng8Q,. All reagents were obtained from Aladdin Chemistry
Co., Ltd. (Shanghai, China). They were of analytgrade and used without further
refinement. Furthermore, microscale zero-valent powder (>98%) was purchased
from Tianjin Shentai Chemical Reagent Co., Ltd. RIQ,/Ti plate and graphite
flakes were supplied by Hebei Mingxuan Metal MatksriCo., Ltd. and Qingdao
Baofeng Graphite Co., Ltd., respectively. The stefaf the titanium plate is an oxide

coating of Ru and Ir, the mass ratio of Ru to aleut 7:3.

2.2 Experimental setup

All batch mode experiments were conducted in ar@Q@lectrolyte glass tank and
maintained at a constant temperature (25, 35, d%,58 °C) by heating in a water
bath. The area of the Ry@O,/Ti plate immersed in the solution was 15°crA
certain amount of mZVI powder was evenly distritbiten a Ru@-IrO,/Ti plate with
a size of 2.5x10 cfand a thickness of 0.1 cm, and the mZVI powdeupied an
area of 8 crh (2 cmx4 cm). The mzVI powder was fixed on the acef of the
RuGO,-IrO,/Ti plate through a 4 cm x 2 cm x 0.5 cm magnetfése magnetic field
strength ~ 2004 gauss) outside the glass reactonZad-RuQO,-IrO,/Ti composite
anode. An mZzVI-graphite composite anode was alsspgred by replacing the
RuQ,-IrO,/Ti plate with a graphite sheet. The mZVI-RulBO,/Ti anode and graphite

cathode were placed in parallel, and the gap betwlsem was maintained at 1 cm.
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The electrodes were connected to a DC power saarassemble the EO/EC reactor.

The experimental setup is shown in Fig. 1.

2.3 Experimental methods

Numerous factors influencing ammonia and phosphateoval in the EO/EC
process were investigated. These factors includelematerials, applied voltage,
initial pH, zero-valent iron dosage, reaction tenapgre, and organic compounds. The
mMZVI-RuO,-IrO,/Ti, mZVI-graphite, and Ru@IrO,/Ti electrodes were used as the
anodes in our experiments. Given that the iron mowehs bound to the electrode, the
effective area of the electrode cannot be accwyratelculated, and obtaining the
current density was difficult; hence, we used canistvoltage (ranging from 4 V to 10
V) from DC power supply. The initial pH (3 to 11j the solution was adjusted by
adding 1 M of HSO, or 3 M of NaOH. The amount of iron powder was also
investigated as a factor influencing the efficienof phosphate removal. The
experiment was performed at different temperat(26s35, 45, and 55 °C).

Each set of experiments was performed for 4 h g &d samples of the solution
were collected at designated times during the éxymt. Before analysis, each
sample was filtered through membrane filters wi#b0um pore diameter. Ammonia,
nitrate, nitrite and phosphate were determined \@ithontinuous flowing analyzer
(Seal AA3, Germany). After the reaction, the tataluble iron ion concentration in

the solution was measured by inductively couplesipla emission spectroscopy. The
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CI” concentration was determined using standard msthsdch as silver nitrate
titration method. The conductivity and pH of thdusion were determined using
conductivity (Rex Chemical Corp., Shanghai) and pheters (SevenMulti,
Mettler-Toledo International Inc.).

The removal rate based on initial and final conagins was calculated. It can be
expressed as follows (Bashir et al. 2010):
TFEC—:'::-'XIUU% (11)
where n is the ammonia and phosphate removal rages @he initial concentration
(mg-LY) of ammonia or phosphate, and i€ the final concentration (mg-1) of
ammonia or phosphate.

Energy consumption is generally used to evaluate performance of an

electrochemical technology. It can be expressddlsvs (Xue et al. 2020):

(12)

Energy consumption=; TR
where U is the voltage applied (V), | is the cutremensity (A), t is the EO/EC

process time (h), and V represents the volumeegétéctrolyte (0.2 L).

2.4 Characterization techniques

The precipitate was collected after the reactiod #men vacuum-dried. The
partially dried precipitate was calcined at 600fdC2 h under nitrogen atmosphere.
XRD patterns before and after calcination were mé®eo using the PANalytical X'Pert

PRO (Netherlands) diffractometer with monochroma&ic Ka irradiation in the @

10
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angular regions between 5° and 80°. The surfacepmotwgies and atomic
composition, as well as distribution, of the préeife were determined by scanning
electron microscope (SEM, Phenom ProX, Phenom-WWoNdtherlands). XPS
measurements were performed on the Thermo FishentBic ESCALAB 250Xi
XPS spectrometer (USA) using Alokradiation with photon energy of 1486.6 eV as

the radiation source.

3. Resultsand discussion
3.1 Influencing factors of the EO/EC process
3.1.1 Anode materials

Anode materials play an important role in the EOfiGcess. To investigate the
role of anode materials in ammonia and phosphateval, we compared the EO/EC
performance of mZVI-Ru@IrO,/Ti, mZVI-graphite, and Ru@IrO,/Ti anodes. SEM
image of zero-valent iron powder is shown in Fifj. 8s can be seen, zero-valent iron
powder agglomeration is evident. The agglomerata powder was found to have a
particle size of less than 1@@n, which confirmed that the iron powder we used was
micron-sized. The mZVI-RuIrO,/Ti and RuQ@-IrO,/Ti anodes were considerably
better than the mZzZVI-graphite anode for ammonia owah (Fig. 2a). The
mZVI-graphite anode only removed 19.87% of the amimatfter 4 h of electrolysis.
This finding can be attributed to the fact that BeQ,-IrO,/Ti anode has a higher

oxygen evolution potential than the graphite eta#r(Fan et al. 2013), resulting in a

11
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large amount of oxygen on the mZzZVI-graphite anodefase but with slight
intermediate oxidation (@). Although RuQ-IrO,/Ti and mZVI-RuQ-IrO,/Ti anodes
both could completely remove the ammonia, the foram®de removed ammonia at a
slightly faster rate than the latter (120 and 18@ for RuQ-IrO,/Ti anode and
mMZVI-RuO,-IrO,/Ti anode, respectively). Hence, on the surfaceRaf,-IrO,/Ti
anode, only Cllost electrons, whereas on the surface of mzZVI-RuO,/Ti anode,

in addition to the loss of electrons from Gt#lectron transfer in iron powder occurred.

However, the pure Ru@rO,/Ti anode has no effect on phosphate removal (Fig.
2d). This is mainly due to that the dissolved”Forms a precipitate with the
phosphate in the solution. With dissolved oxygesi; Was oxidized to F&, and F&*
also reacted with phosphate to form a precipit@empared with that of the
MZVI-RuO,-IrO./Ti anode during the EO/EC process, the surface tlod
RuQ,-IrO,/Ti anode had no iron powder; hence, only EO preascurred when
RuQ,-IrO,/Ti plate was used as the anode. This phenomendirroed the feasibility
of using mZVI-RuQ-IrO,/Ti anode for the simultaneous removal of ammomd a
phosphate.

In the EO/EC process using mZVI-Rg#@®O,/Ti anode, the Cl and NH'
concentrations in the solution consistently denramsti the same decreasing trend
during the first 180 min of reaction time (Fig. 3a)A cycle of
chloride—chlorine—hypochlorite—chloride occurred tee EO process (Chen et al.

2007). When NH," was almost completely removed,” Gloncentration decreased

12
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rapidly. This result may be due to the fact that the HCI@dpced did not react with
more NH;", resulting in the interruption of the
chloride—chlorine—hypochlorite—chloride cycle. lddéion, no nitrite was formed in
the solution, but nitrate and total soluble irongpwhich were lower than 3 and 2
mg-L™, respectively, in the solution slightly accumutateWhen the reaction
proceeded to 5 min, the total iron content in thiet®on increased (1.89 mg-1), but
after the 30 min reaction, no iron ions were detah the solution. At the same time,
the phosphate was completely removed within 30 @uial after 30 min, the iron ion
concentration in the solution gradually increasedinally reach 2.00 mg-t. This
occurrence may be due to the fact that the soldradually becomes acidic as the
reaction proceeds, and the iron ions in the regylprecipitate gradually dissolve. It
can be seen from Fig. S2 that the soluble iron iortee solution mainly exist in the
form of F€*, and the concentration of £ein the solution was below 0.2 mgL

throughout the reaction.

3.1.2 Applied voltage

To fix the iron powder on the RuydrO,/Ti plate, we applied a magnetic field. At
first, the iron powder was uniformly coated in araof 8 cmh and then stacked and
erected on the RurO,/Ti plate with a needle shape after the magnesld fivas
applied. Therefore, the area occupied by the imnder was less than 8 énbut the
surface area of the entire mZVI-Rp®O,/Ti anode increased. Accurate calculation

of the surface area and current density of the mREMOD,-IrO,/Ti anode was difficult;
13
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thus, this experiment was performed in a constaitage mode. Different constant
voltages of 4, 6, 8, and 10 V were applied in tkpeeiments to investigate their
influence on ammonia and phosphate removal. Wigh gpplication of increasing
voltage from 4 V to 10 V, the ammonia removal effincy increased from 33.61% to
98.95% (Fig. 2b). As the voltage increased, the amanremoval rate simultaneously
increased. The increase in voltage caused therntwanel the electron transfer rate on
the electrode to increase, thereby promoting th@dtion of active intermediates ¢l
HCIO, and CIO) that have strong oxidizing properties and inceetlse rate of
ammonia oxidation. At a voltage of 10 V, the phadphcan be completely removed
within 15 min only, whereas that at 4 V was wit®@ min (Fig. 2e). As the voltage
was increased from 4 V to 10 V, the dissolutiore rat iron powder on the anode
increased. The rate at which’H#&€’* and phosphate reacted to form precipitates also
increased. Ammonia removal rate was consideralgildhan the phosphate removal
rate (Figs. 2b and 2e). The voltage should notdeessively low during simultaneous
ammonia and phosphate removal; otherwise, it waekllt in lower ammonia

removal efficiency.

3.1.3 Initial pH
In our electrical system, initial pH exerted comsably less significant influence
on ammonia removal compared with either anode madédesr voltage. Fig. 2c shows

that pH increased as the ammonia removal rate asete Under acidic conditions

14
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(pH from 3 to 7), the removal rate of ammonia iased gradually, but such rate was
relatively fast under alkaline conditions (pH frahto 11). Furthermore, under acidic
conditions, the Glproduced by the anode was more likely to escaplecanse Cl
loss. However, an increased pH condition was morendacive to
chloride—chlorine—hypochlorite—chloride cycle, gy increasing the amount of free
Cl, produced in the solution and accelerating ammal@gradation (Chen et al.
2007).

Fig. 2f illustrates the effect of initial pH from & 11 on the phosphate
concentration remaining in the solution. Phospleate be completely removed at pH
values of 3, 5, and 7. At pH 9, the phosphate reh@te slightly decreased but could
achieve 97.42% of the removal rate within 4 h. Hesvesuch rate was only 37.53%
at pH 11. Thus, Fe(OHR)was easily formed when the OHoncentration in the
solution was high, and the solubility of FeP@creased under strong alkaline
conditions (Irdemez et al. 2006). When the inip&d of the solution was 3 to 7, the
final pH dropped to approximately 2—3 after 4 hetdctrolysis (Fig. 3b).The initial
pH was 9, and the final pH was reduced to 6.22r dfte reaction. The pH of the
strong alkaline solution did not change substdwgtibefore and after the reaction
(initial pH=11 and final pH=11.15). Chen et al. fouthat the final pH decreased
when ammonia was removed by Ru@D,-TiO./Ti electrodes (Chen et al. 2007).
This finding could be due to the fact that pH ifluenced by both cathodic and

anodic processes, as well as by the reactionsloficl in water. The pH gradually

15
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decreased as the electrolysis progressed becauss, thenerated by Clelectrolysis
was dissolved in water, and reactions (3) and ¢uoed to gradually lower the pH.
In the electrolyte where Cland NH" coexist, the ammonia was oxidized by free
chlorine, and the reaction is shown in Eq. (5). @mmonia oxidation reaction
produced hydrochloric acid, and the pH of the soluigradually decreased as the
electrolytic oxidation reaction proceeded. Lacasaale found that the final pH
increased when phosphate was removed by iron ang@esisa et al. 2011). As
shown in Eg. (10),the cathode consumed hydrogen ions under acidicnanttal
conditions to produce hydrogen, or generated hydeoxions under alkaline
conditions, causing the pH in the solution to riBeus, the pH change caused by the

oxidation of ammonia plays a major role in the EOjifocess.

3.1.4 Zero-valent iron dosage

Zero-valent iron dosage is an important part of tdoenposite electrode. The
amount of iron powder may dramatically affect tremoval of ammonia and
phosphate. As depicted in Fig. 4a, when the zeleavaron dosage was increased
from 0.1 g to 0.4 g, the degradation rate of ammgnadually decreased. Hence, the
more the amount of iron powder on the anode surfdwe more electrons were
needed to convert zero-valent iron into iron ioosttgat the rate at which Closes
electrons at the anode will decrease. The arelaeoRUQ-IrO,/Ti plate occupied by a
greater amount of iron powder was larger than dhgroareas because the latter was

more densely erected on the Ru@D,/Ti plate after being adsorbed by the magnet.
16



341 Consequently, a smaller area was generated foRti@&-IrO,/Ti plate to provide
342 electron transfer to Cl With increasing zero-valent iron dosage, the phate
343 removal rate also increased (Fig. 4c), indicatimat the higher the concentration of
344 iron ions in the solution, the easier it is to fomon phosphate precipitate. However,
345 increasing the amount of iron powder in the EO/EQCcess is not necessary because
346 the phosphate can be completely removed within BO(the zero-valent iron dosage
347 was from 0.1 g to 0.4 g), whereas the completeatizgion of ammonia took longer.
348 Hence, 0.1 g of iron powder could completely remthe phosphate in the solution,

349 as revealed by experimental results.
350

351 3.1.5Reaction temperature

352 Figs. 4b and 4e illustrate the removal of ammomd ahosphate at different
353 temperatures. As the temperature increased, thevanrates of ammonia and
354 phosphate also increased. Ammonia was completetpved within 4 h when the
355 reaction temperature was 25 °C. Moreover, ammoouddcbe completely removed
356 within 2 h when the temperature was 55 °C. For phate removal, the removal rate
357 was extremely fast at each temperature. This phenomcan be explained by the
358 fact that the ionic strength and conductivity ine tisolution increased as the
359 temperature increased, thereby accelerating thee aaelectron transfer. Ammonia
360 degradation was consistent with pseudo-zero orah&tiks. Ammonia concentration
361 decreased linearly with time at all three differearhperatures (25, 35, 45, and 55 °C)

362 in the electrochemical oxidation process (Fig. Si)e slopes of lines were -0.96,
17
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383

-1.10, -1.51, and -1.72 with correlation coeffi¢enf 0.998, 0.983, 0.996, and 0.997,
respectively. Correspondingly, the ammonia oxidatimtes were 0.96, 1.10, 1.51, and

1.72 mg N [* min™ (Fig. 5b).

3.1.6 Organic compounds

Organic compounds may coexist in water with ammania phosphate in practical
applications. Wastewater discharged from variowdustries, such as coke plants,
pharmaceuticals, textiles, distilleries, and wiasgfialways contains organic pollutants
at high concentrations (Hu et al. 2019, Pan e2@18). In order to investigate the
effect of organic compounds on simultaneous ammamd phosphate removal,
different concentrations of isopropanol (0, 10, 838mM-L") were added to the
previously solution. Fig. 4c reveals the influengk organic compounds on the
ammonia removal by the mzZVI-RyrO,/Ti anode at 25 °C in a pH 7 aqueous
solution. The ammonia degradation rate was thegastithout organic compounds in
the solution. When the concentration of isopropamek increased from 0 to 25
mM-L%, the degradation rate of ammonia gradually deeckaShis indicated when
organic compounds coexist in the solution with amimoand phosphate, the
intermediate oxidant oxidizes part of the organampounds in addition to the
oxidation of ammonia. Continue to increase the eatration of isopropanol in the
solution to 50 mM-L}, the rate of ammonia degradation was almost urygthn

Moreover ammonia could be almost completely removed withhodrs, regardless
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of whether the system contains organic compoundasvé€sely, the presence of
organic compounds has no effect on phosphate rdmavé phosphate can be
removed extremely quickly, regardless of the cotragion of isopropanol (Fig. 4f).

In addition, we investigated the effect of magndigtd strength on simultaneous
removal of ammonia and phosphate. From Fig S3 ne finat the strength of the
magnetic field in our system has no effect on #maval of ammonia and phosphate.
Therefore, the magnet is only used to attract powder in this system. Compared to
other single EO or EC processes, this electrochemystem was designed to achieve
simultaneous ammonia and phosphate removal by usiagmZVI-RuQ-IrO,/Ti

anode (Table S1).

3.2 Characterization of precipitation

The crystallinity and structure of the samples wenaluated via the XRD
technique. The XRD patterns of the precipitate ioleth via reaction at different pH
values are shown in Fig. 6. The vacuum-dried sasnplere essentially amorphous
with no distinct characteristic peaks (Fig. 6a). ilorease the crystallinity of the
precipitate, we calcined the precipitate in a & atmosphere for 2 h (set and
maintained at 600 °C for 2 h and then cooled terréemperature). The composition
of the precipitate varied at different pH valuegy(Feb). When the initial pH was 3,
no apparent characteristic peak before calcinatiaa observed, but a single broad

peak appeared from 20° to 35° after calcinations Binoad peak is likely to indicate
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iron oxides, but this requires further analysis doghe amorphous nature of iron
oxides, which are not easily detected by XRD (Yeodral. 2016). As the pH value
rose to 5, some peaks appeared from 20° to 35%thbypeak intensity was extremely
low. When the initial pH of the solution was 7, ttiearacteristic peaks of KBO,)O
(PDF #85-2384) and F@; (PDF #73-2234) appeared (Fig. 6¢). The appearahce
iron oxide indicated that the precipitate contaif@{OH}, which decomposed at a
high temperature of 600 °C to formJB&8. When the initial pH of the solution was 9
and 11, the characteristic peaks of(P€,)O disappeared; when the pH increased, the
intensity of the peak also increased, while the Width decreased, indicating an
increase in crystallinity. Only the characterispeak of FgO; (PDF #73-2234)
appeared when the initial pH was 11 (Fig. 6d). Timsling confirmed that under
higher pH conditions, Fe(Okl)was more likely to be formed, resulting in an
undesirable effect of phosphate removal. This teasulonsistent with the conclusions
we have previously obtained (Fig. 2f).

Given the different phosphate removal effects atious pH conditions, we
investigated the morphology and elemental compmosif the precipitate at pH 5 and
11, respectively. The morphologies of the precipgaobtained at the initial pH of 5
and 11 are shown in Figs. 7a and 7c. SEM resutflisated that the precipitates were
loose, without a noticeable regular shape. The ehah mapping images of the
precipitate with a selected area (Figs. 7b and&dhal that it contained Fe, P, and O

after the EO/EC process. The atomic percentagewdd?7.6% and 2.8% in the initial
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pH of 5 and 11, respectively (Table 1). The densft? on the precipitate obtained at
pH 5 was higher than that on the precipitate okthimt pH 11. The atomic
concentration ratio of P in the precipitate obtdia¢ pH 5 and 11 was approximately
0.37. This result is consistent with the previousthyained phosphate removal rate of
only 37.53% at pH of 11.

XPS was used to identify the chemical states offi-end O in the flocs produced
during the EO/EC process. The binding energy wébraged to adventitious carbon
C 1s peak centered at 284.6 eV (Sleiman et al. )20di6d peak fittings were
performed using the XPSPeak41l software. To deterriia valence of iron and the
form of P in the precipitate after the reactiorffedlentiating fitting of Fe 2p, O 1s, and
P 2p was performed. In addition to Fe, P, and © ptiecipitate also contained a small
amount of S element (Fig. 8a). Considering thabgén-containing wastewater was
configured using (NSO, flocs may adsorb trace amounts of sulfate irstilation.
Fig. 8b shows the high-resolution XPS spectrum ef Fz,, which can be
deconvoluted into two peaks at 709.7 and 712.6 e®vtesponding to the ferric
divalent iron and trivalent iron, respectively (Baed Lee 2014, Chen et al. 2018).
The high-resolution XPS spectrum of the O 1s (Big). could be fitted into three
peaks at binding energies of 529.9, 531.3, and158%, which corresponded to the
lattice oxygen in the metal oxide {Q) the hydroxide in the surface hydroxyls (QH
and the chemically or physically adsorbed watex){3d) (Chen et al. 2018, Tan et al.

2018). Therefore, iron hydroxide and iron oxide evEarmed after the reaction. The P
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2p XPS spectrum of precipitation was deconvolui@o itwo peaks of 132.9 and
133.7 eV, which corresponded to Ptand HPGQ?, respectively (Fig. 8d) (Yin and
Kong 2014). Thus, P& and HPQ* groups existed on the surface of the precipitation
after the reaction.
3.3 Energy consumption

Energy consumption is an essential aspect of eldudmical processes, and large
energy consumption is an important reason for icisty electrochemical methods.
Table 2 shows the energy consumption during theEEQdrocess at 10 V. As the
reaction progressed, the energy consumption inedgea¥hen the reaction was
performed for 180 min and the ammonia removal rateched 98.84%, the energy
consumption for ammonia removal was 0.622 kWhNy Meanwhile, phosphate can
be completely removed by the reaction in only 3@,naind the energy consumption
for phosphate removal was 0.216 kWH-¢P. In this experiment, the energy
consumption was mainly determined by the energyswored by the ammonia
removal process. Methods for further reducing epexgnsumption are one of the
issues to be studied in the future.
4. Conclusions

The mzZVI-RuQ-IrO,/Ti electrode was designed and successfully condbwi¢h
the EO/EC process to simultaneously remove ammardgphosphate. Results of this
study revealed that mzZVI-RuyrO,/Ti electrode is extremely effective in removing

ammonia and phosphate. Increasing the voltage emgdrature also demonstrated
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positive effects. The rate of ammonia removal iasesl slightly with increasing
initial pH. Conversely, phosphate was poorly rentbwsder alkaline conditions.
Therefore, simultaneous removal of ammonia and piete was suitably
demonstrated at a neutral pH. In addition, zeremnalron dosage had a minimal
effect on the removal of ammonia but significarglyhanced phosphate removal by
addition of iron powder. Ammonia could be complgtegmoved within 180 min at
the applied voltage of 10 V, pH of 7, zero-valewini dosage of 0.1 g, and reaction
temperature of 35 °C using mzZVI-Rg@O,/Ti anode. The phosphate removal rate
was extremely fast and could be completely remavighin 30 min under the same
conditions. This work reports the excellent perfante of the mZVI-Ru@IrO,/Ti
electrode in removing ammonia and phosphate. Hefutere studies should use

mZVI-RuO,-IrO,/Ti electrode to treat actual wastewater.

Acknowledgments

Financial support for this work was provided by Itat Science Foundation of

Zhejiang Province (Y18E080055).

23



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

References

Bae, S. and Lee, W. (2014) Influence of riboflawin nanoscale zero-valent iron
reactivity during the degradation of carbon tettadte. Environ Sci Technol 48(4),
2368-2376.

Bashir, M.J.K., Aziz , H.A., Yusoff, M.S. and AdlaM.N. (2010) Application of
response surface methodology (RSM) for optimizatmnammoniacal nitrogen
removal from semi-aerobic landfill leachate using iexchange resin. Desalination
254, 154-161.

Bassin, J.P., Kleerebezem, R., Dezotti, M. and \awsdrecht, M.C. (2012)
Simultaneous nitrogen and phosphate removal inbaermranular sludge reactors
operated at different temperatures. Water Res 3688D5-3816.

Bektas, N., Akbulut, H., Inan, H. and Dimoglo, 2004) Removal of phosphate from
aqueous solutions by electro-coagulation. J Halrkatér 106(2-3), 101-105.

Bonmati, A. and Flotats, X. (2003) Air stripping admmonia from pig
slurry:characterization and feasibility as a prejodst-treatment to mesophilic
anaerobic digestion. Waste Manag 23(3), 261-272.

Boujelben, N., Bouzid, J., Elouear, Z., Feki, Mambussi, F. and Montiel, A. (2008)
Phosphorus removal from aqueous solution using ¢éamted natural and engineered
sorbents. J Hazard Mater 151(1), 103-110.

Chen, G.H. (2004) Electrochemical technologies astewater treatment. Sep Purif
Technol 38(1), 11-41.

Chen, J.I., Shi, H.C. and Lu, J.H. (2007) Electerlcal treatment of ammonia in
wastewater by RugIrO,—TiO,/Ti electrodes. J Appl Electrochem 37, 1137-1144.
Chen, W., Zhang, A., Gu, Z. and Li, Q. (2018) Erdehdegradation of refractory
organics in concentrated landfill leachate by FR@WRA coupled with microwave
irradiation. Chemical Engineering Journal 354, 680-

Choi, J.W., Lee, S.Y.,, Park, K.Y, Lee, K.B., KilQ.J. and Lee, S.H. (2011)

Investigation of phosphorous removal from wastewaiwough ion exchange of

24



518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545

mesostructure based on inorganic material. Desalma66(1-3), 281-285.

Cossu, R., Polcaro, A., Lavagnolo, M., Mascia, Ralmas, S. and Renoldi, F. (1998)
Electrochemical treatment of landfill leachatxidation at Ti/Pb®@ and Ti/SnQ.
Environ Sci Technol 32, 3570-3573.

Costa, C.R., Botta, C.M., Espindola, E.L. and OQliiA (2008) Electrochemical
treatment of tannery wastewater using DSA elecsodeHazard Mater 153(1-2),
616-627.

Fan, N., Li, Z., Zhao, L., Wu, N. and Zhou, T. (3)Electrochemical denitrification
and kinetics study using Ti/IESTiO,~RuG as the anode and Cu/Zn as the cathode.
Chemical Engineering Journal 214, 83-90.

Fernandes, A., Pacheco, M.J., Ciriaco, L. and Lopes(2015) Review on the
electrochemical processes for the treatment otagniandfill leachates: Present and
future. Appl Catal B:Environ 176-177, 183-200.

Gendel, Y. and Lahav, O. (2012) Revealing the meisiha of indirect ammonia
electrooxidation. Electrochim Acta 63, 209-219.

Heidmann, I. and Calmano, W. (2008) Removal of gnCu(ll), Ni(ll), Ag(l) and
Cr(VI) present in aqueous solutions by aluminiuectbcoagulation. J Hazard Mater
152(3), 934-941.

Hu, Q., Zhou, N., Gong, K., Liu, H., Liu, Q., Sun,, Wang, Q., Shao, Q., Liu, H.,
Qiu, B. and Guo, Z. (2019) Intracellular PolymerbStances Induced Conductive
Polyaniline for Improved Methane Production fromagnobic Wastewater Treatment.
ACS Sustainable Chemistry & Engineering 7(6), 59920.

Huang, H., Xiao, D., Pang, R., Han, C. and Ding(2014) Simultaneous removal of
nutrients from simulated swine wastewater by adsmipof modified zeolite
combined with struvite crystallization. Chemicaldgireering Journal 256, 431-438.
Huang, H., Xiao, X., Yan, B. and Yang, L. (2010) Awonium removal from aqueous
solutions by using natural Chinese (Chende) zeal#eadsorbent. J Hazard Mater

175(1-3), 247-252.

25



546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573

lhara, I, Umetsu, K., Kanamura, K. and Watanabe,(2ZD06) Electrochemical

oxidation of the effluent from anaerobic digestairdairy manure. Bioresour Technol
97(12), 1360-1364.

Irdemez, S., Demircioglu, N. and Yildiz, Y.S. (2Q00ghe effects of pH on phosphate
removal from wastewater by electrocoagulation witin plate electrodes. J Hazard
Mater 137(2), 1231-1235.

Jaffer, Y., Clark, T.A., Pearce, P. and Parsong,. &002) Potential phosphorus
recovery by struvite formation. Water Res 36(734-3842.

Jih, C.G.,, Huang, J.S. and Hsieh, K.C. (2001) Perdmce evaluation of single-sludge
reactor system treating high-strength nitrogen ewaater. J Hazard Mater B85,
213-227.

Kapatka, A., Joss, L., Anglada, A., Comninellis, ahd Udert, K.M. (2010a) Direct

and mediated electrochemical oxidation of ammonia bwron-doped diamond

electrode. Electrochem Commun 12(12), 1714-1717.

Kapatka, A., Katsaounis, A., Michels, N.L., Leomdo A., Souentie, S., Comninellis,
C., Udertc, K.M. and more, S. (2010b) Ammonia okm@ato nitrogen mediated by

electrogenerated active chlorine on Ti/PtOxarElectrochem Commun 12(9),
1203-1205.

Lacasa, E., Ca'nizares, P., Saez, C., Fernandéz,afd Rodrigo, M.A. (2011)

Electrochemical phosphates removal using iron d&mahiaium electrodes. Chem Eng
J 172, 137-143.

Laureni, M., Falas, P., Robin, O., Wick, A., Weisstt, D.G., Nielsen, J.L., Ternes,
T.A., Morgenroth, E. and Joss, A. (2016) Mainstrgaartial nitritation and anammox:

long-term process stability and effluent qualityj@w temperatures. Water Res 101,
628-639.

Li, L. and Liu, Y. (2009) Ammonia removal in eleathemical oxidation: mechanism
and pseudo-kinetics. J Hazard Mater 161(2-3), 110185.

Li, X., Wang, C., Qian, Y., Wang, Y. and Zhang,(R013) Simultaneous removal of

26



574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

chemical oxygen demand, turbidity and hardness toatogically treated citric acid
wastewater by electrochemical oxidation for reuSeparation and Purification
Technology 107, 281-288.

Lin, L., Yuan, S., Chen, J., Xu, Z. and Lu, X. (2)@Removal of ammonia nitrogen in
wastewater by microwave radiation. J Hazard Maédr(2-3), 1063-1068.

Ma, J., He, C., He, D., Zhang, C. and Waite, TZD18) Analysis of capacitive and
electrodialytic contributions to water desalinatioy flow-electrode CDI. Water Res
144, 296-303.

Omwene, P.l.,, Kobya, M. and Can, O.T. (2018) Phosghremoval from domestic
wastewater in electrocoagulation reactor using alium and iron plate hybrid
anodes. Ecological Engineering 123, 65-73.

Pan, D., Ge, S., Zhao, J., Shao, Q., Guo, L., Zh&ngLin, J., Xu, G. and Guo, Z.
(2018) Synthesis, characterization and photocatafgdtivity of mixed-metal oxides
derived from NiCoFe ternary layered double hydresid Dalton Trans 47(29),
9765-9778.

Pressley, T.A., Bishop, D.F. and Roan, S.G. (195@monia-nitrogen removal by
breakpoint chlorination. Environ Sci Technol 6(@22-628.

Profeti, D., Lassali, T.A.F. and Olivi, P. (2006yeParation of 3Sno.7-xTixO2
electrodes by the polymeric precursor method:Charaation and lifetime study. J
Appl Electrochem 36(8), 883-888.

Ruiz, G., Jeison, D., Rubilar, O., Ciudad, G. anchafy, R. (2006)
Nitrification-denitrification via nitrite accumulatn for nitrogen removal from
wastewaters. Bioresour Technol 97(2), 330-335.

Sleiman, N., Deluchat, V., Wazne, M., Mallet, Mo@tin-Nomade, A., Kazpard, V.
and Baudu, M. (2016) Phosphate removal from aqueolution using ZVI/sand bed
reactor: Behavior and mechanism. Water Res 99556-6

Smith, V.H. and Schindler, D.W. (2009) Eutrophioatscience: where do we go from
here? Trends Ecol Evol 24(4), 201-207.

27



602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629

Su, Y., Cui, H., Li, Q., Gao, S. and Shang, J.K1@ Strong adsorption of phosphate
by amorphous zirconium oxide nanoparticles. Wates &7(14), 5018-5026.

Tan, C., Dong, Y., Fu, D., Gao, N., Ma, J. and Lxi, (2018) Chloramphenicol
removal by zero valent iron activated peroxymonfagel system: Kinetics and
mechanism of radical generation. Chemical Engingejournal 334, 1006-1015.
Tian, Y.S., He, W.H., Liang, D.D., Yang, W.L., LagaB.E. and Ren, N.Q. (2018)
Effective phosphate removal for advanced watertrreat using low energy,
migration electric—field assisted electrocoagulatd/ater Res 138, 129-136.

Xue, W.-J., Cui, Y.-H., Liu, Z.-Q., Yang, S.-Q.,,Ll.-Y. and Guo, X.-L. (2020)
Treatment of landfill leachate nanofiltration contate after ultrafiltration by
electrochemically assisted heat activation of pgdesulfate. Separation and
Purification Technology 231.

Yin, H. and Kong, M. (2014) Simultaneous removalaoimonium and phosphate
from eutrophic waters using natural calcium-richtapiilgite-based versatile
adsorbent. Desalination 351, 128-137.

Yoon, I.H., Yoo, G., Hong, H.J., Kim, J., Kim, M,&hoi, W.K. and Yang, J.W.
(2016) Kinetic study for phenol degradation by ZA8sisted Fenton reaction and
related iron corrosion investigated by X-ray absiorp spectroscopy. Chemosphere
145, 409-415.

Zhang, C., He, D., Ma, J. and Waite, T.D. (2018abive chlorine mediated ammonia
oxidation revisited: Reaction mechanism, kineticdelbng and implications. Water
Res 145, 220-230.

Zhang, X., Lin, H.J. and Hu, B. (2018b) The effedf electrocoagulation on
phosphorus removal and particle settling capabilityswine manure. Sep Purif
Technol 200, 112-119.

Zheng, X.Y., Kong, H.N., Wu, D.Y., Wang, C., Li, a&nd Ye, H.R. (2009) Phosphate
removal from source separated urine by electrodatign using iron plate electrodes.

Water Sci Technol 60(11), 2929-2938.

28



630
631
632
633

Zhu, X., Ni, J. and Lai, P. (2009) Advanced treaitef biologically pretreated
coking wastewater by electrochemical oxidation gsihoron-doped diamond

electrodes. Water Res 43(17), 4347-4355.

29



Table 1 Surface elemental composition and atomic percestage EDS analysis for the

precipitate obtained at pH 5 and 11.

Element (atomic %)

Initial pH
@) Fe P
5 65.40 27.00 7.60
11 62.80 34.40 2.80

Table 2 Energy consumption and removal efficiency of amiacand phosphate at different

reaction times.

reaction time (min) 5 15 30 60 120 180
Energy consumption
1 0.358 0.463 0.529 0.506 0.511 0.622
N (kWh-g= N)
Removal efficiency
%) 470 11.66 20.33 43.39 85.98 98.84
Energy consumption
1 0.059 0.109 0.216 0.430 0.853 1.272
o (kwh-g~ P)
Removal efficiency
61.60 99.78 100.00 100.00 100.00 100.00

(%)
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Figure 1 Schematic diagram of the experimental setup.
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Figure 5 Effect of different reaction temperatures on a) amia concentration

profiles and b) ammonia oxidation rate.
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Figure 6 XRD patterns at different pH values: a) after vanudrying; b) calcination

at 600 °C; c) calcination at 600 °C, pH=7; andatimation at 600 °C, pH=11.




Figure 7 SEM image of precipitation at a) pH=5 and b) pH=ahd elemental

mapping of precipitation at ¢) pH=5 and d) pH=11.
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Figure 8 XPS spectra of the surface elements of the pratipit: a) survey spectrum,

b) Fe element, c) O element, and d) P elementeopticipitation.



Highlights:

» RuO,-1rO,/Ti plate combined with iron powder act as an anode of electrochemical
unit.

» Iron powder were immobilized at the surface of the RuO,-IrO,/Ti plate by a
magnet.

» The mZVI-RuO,-IrO,/Ti anode showed high simultaneous removal efficiency of N
and P.

» N and P were synergistically removed by electro-oxidation and el ectrocoagul ation.
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