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Abstract: Bromate (BrQ@), as a contaminant producing from bromide Bxidation,
has been revealed for generation in sulfate radimalved processes. In this work,
reduced graphene oxide (rGO) was firstly appliethhabit the formation of Br@ in
thermally activated peroxymonosulfate (thermal/PM8atment. In the presence of 5
- 35 mg/L rGO, the decomposition rate of PMS waghsly increased from 0.0162
+ 0.0013 miff to 0.0200 4 0.0010 mift, corresponding to removal rate of target
pollutant increasing from 0.015% 0.0012 mift to 0.0204 + 0.0022 mift. This
suggested the decay of PMS, the concentration estidbdtion of radicals were not
influenced dramatically by the addition of rGO, atiwas partly supported by the
almost unchanged HPLC chromatograms as comparedhat in the absence of rGO.

However, the produced BgOwas significantly lowered by 67% - 100% with the
1
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addition of rGO in a wide range of pH at 5 - 9 awlivation temperature at 60 -
80 °C. Moreover, a quick reduction of hypobromocisl §HOBr) to Br was achieved
with addition of rGO at room temperature, whilstadmatement of Br© and Br was
observed in the same conditions. Therefore, madii@&r was probably the role of
rGO on bromate inhibition in thermal/PMS procesgc@use HOBr is a requisite
intermediate for Br@, the inhibition effect of rGO is likely irrelevartdf oxidation
processes, which was inevitably showed by the gmrbrmance of rGO on BrO
suppress in ozonation. Therefore, the additionGs 1in tens of mg/L is a promising
measure to avoid the formation of unwanted bronsimecies in advanced oxidation
processes.

Keywords. Graphene; Bromate; Persulfate; Sulfate radical

1. Introduction

Bromate (BrQ@) is one of disinfection by-products (DBPs) in wateeatment.
Because of its carcinogenicity and genotoxic priyp@ull et al., 2012; Bulter et al.,
2005), bromate is regulated at a maximum contanilese! of 10ug/L in drinking
water standards of many countries. Bromate is 8fiyigenerated from bromide ion
during ozonation process (Hofmann and Andrews, R0@7recent years, researches
showed that bromate can also be generated in nmmednvolved treatments such as
ultraviolet combined with persulfate process (UVgudfate), UV/chlorine and
CuO-catalytic chlorination (Fang and Shang, 201Ramg et al., 2008; Liu et al.,

2012), which consequently hinder the applicatiorthafse processes in the field of
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drinking water treatment.

To minimize the formation of bromate in advanceddakon processes, the
masking of hypobromous acid (HOBr/B)@eems a more practical option than others,
such as removing bromide in source waters, lowedf@ygradical exposure at acidic
pH, etc (Soltermann et al., 2017). HOBr has beengat as an important intermediate
in bromate formation (Fang and Shang, 2012; Vont&uand Hoigne, 1994). Briefly,
bromide is first oxidized by oxidants and radicedshypobromous acid, and then
further oxidized to bromate. Therefore, dosing cioats that could react with
hypobromous acid quickly, i.e.28, (kogr-h202 = (1.2 £ 0.2) x 1OM™ s*, kiogrhoz
= (7.6 + 1.3) x 18M™* s%) and NH (kqosrnmz = (4.0 - 7.5) x 10M™ s1), has been
proved to be an effective way to suppress the faomaof bromate and brominated
organic compounds well (Berne et al., 2004; Von @8arand Oliveras, 1997). Similar
mechanisms on bromate inhibition occurred in hegeneous catalysis systems as
well. In nano-metal and cerium incorporated MCMe&#alyzed ozonation, bromate
was effectively minimized. The authors ascribetbithe decomposition of dissolved
Oz into OH radicals, which rapidly generated@d, and reduced HOBr to B(Li et
al., 2015; Wu et al., 2014). However, along witle @iffective quenching of HOBr,
H,O, accelerate the degradation of ozone and proballyce the oxidation efficiency.
In the case of dosing ammonia, formed bromaminé ithaimilar as chloramine,
facilitate the formation of unwanted N-DBPs, i.eDMA in suitable conditions (Le
Roux et al., 2012).

Besides, some researches noticed the abatemenOBf ffom heterogeneous
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reaction. Nie et al. found that the reduction of Bt(by MnOx/AlLOz; were partly
responsible for the inhibition of BEOforming over MnOx/A$O3; with ozone (Nie et
al., 2013). Note, carbon materials are the mostoticsl and commonly used
materials for reduction of bromate, i.e. powder grehular activated carbon (Bao et
al., 1999; Huang and Cheng, 2008; Siddiqui etl&196). Because the standard redox
potential of bromate/bromid¢E®(BrOs/Br) = 1.423 V) is higher than that of
hypobromous acid/bromideE{(HOBI/Br) = 1.331 V) (Bard et al., 1985), carbon
materials that capable of reduce Br@ liable to reduce HOBr. Besides, activated
carbon is often used to reduce chlorine to chlgridile chlorine has similar
reactivity as HOBr.

As a new carbon material, graphene attracts en@rattantion owing to its large
surface area, unique two-dimensional unimolecularel structure, high carrier
mobility, excellent thermal conductivity etc. Inroprevious work, the photocatalytic
decomposition of bromate was enhanced by grapheeeta the improvement of
photo-electron transportation (Huang et al., 20MJreover, graphene might react
directly with pollutant instead of promoting elamtrtransfer in some cases. It was
found in chemical reduction of nitrobenzene by idelfion, the basal plane of
graphene served as the conductor for the electemsfer, whilst the zig-zag edges
served as the catalyst (Fu and Zhu, 2013). Anotkeort proved Cr(VI) was
indirectly reduced to Cr(lll) byt electrons of rGO with the assistance of ligand and
-COO groups on rGO surface (Ma et al., 2012). As sitandard potential of

Cr(VI)/Cr(lll) at acidic pH (E°(HCrO/Cr*) = 1.35 V) is close to that of
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hypobromous acid/bromideEQ(HOBr/Br) = 1.331 V), HOBr is likely to be
efficiently reduced by graphene. According to onowledge, no research has been
yet published on the reduction of bromine speciegraphene or graphene oxide.

In this study, reduced graphene oxide (rGO) waggrexl, characterized and
applied to control the oxidation of Bio BrOs in thermal/peroxymonosulfate (PMS)
process. Br@ is proved to be readily formed through radicabddation, including
hydroxyl radical {OH) and sulfate radical (SO¥ (Lutze et al., 2014). Thus the
performance of rGO on inhibition of BgOformation was evaluated in bench-scale
experiments in a wide range of pH at 5 - 9, tentpegeaat 60 - 80 °C and rGO dosage
at 5 - 35 mg/L. The decay of peroxymonosulfate wasitored, and the production
of radicals was tested by chemical probes, respgtiFurther, with the assistance of
HOBTr decay kinetics, the mechanism of bromate itibito by rGO was discussed and

elucidated.

2. Materials and methods

2.1 Materials

Potassium bromide (KBr, 99.8%) and graphite wereclmsed from Sinopharm
Chemical Reagent Co., Ltd (China). Potassium pemmaosulfate (PMS,
2KHSGs- KHSQy- K,SOy, 99%) were purchased from J&K Scientific Ltd (Clgin
Standards of bromide (Br1000 mg/L) and bromate (BgO 1000 mg/L) for ion
chromatography (IC) were obtained from Sigma Aldri¢cJSA). Solutions were

prepared with Milli-Q waterX 18.2 MQecm). Hypobromous acid (HOBr/OBrwas

5
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prepared by Bt using AgQNQ solution (20 g/L) to titrate the red-brown bromunetil

yellow at 4 °C, filtered by 0.4pm membrane (Lahoutifard et al., 2002).

2.2 Preparation of graphene oxide (GO) and redgcaghene oxide (rGO)

Graphene oxide (GO) was synthesized following tloelited Hummers’ method (Pei
et al., 2013). Briefly, the natural graphite was-pxidized by strong oxidizing agents
(P20s, KuS0g) in H,SO, media. KMnQ and DI water are added successively and
slowly with stirring and cooling in an ice-water>ad system. Then the mixture was
re-oxidize using bO,, then washed by 10% HCI aqueous solution and @i °C
under a vacuum condition. Reduced grapheme ox@®)mwas obtained by thermal

treatment in tube furnace at 500 °C withMotection for 2 h.

2.3 Characterization and analytical methods

Raman spectra of GO and rGO were collected on focahRaman spectrometer
(Renishaw, UK) equipped with a 514 nm laser soufte X-ray diffraction (XRD)
patterns were obtained on a X-ray diffractometetm@& RBX, Japan) with Cu K
radiation { = 1.5418 A) at a scanning rate of 8 °/min in tifer&nge of 5 - 80 °.
Surface elemental compositions of GO and rGO weegerthined by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, UHyansmission electron
microscopy (TEM) was operated on a JEOL 200CX TEstrument. The thickness
of rGO was determained on an atomic force micros¢éd-M, Bruker Multi Mode 8,

USA). The particle size distribution of rGO was etetined by a laser particle size



128 analyzer (Malvern Mastersizer 3000E, UK). Solutjmd was measured with a pH
129 meter (METTLER TOLEDO FE20, USA). BéOand Br in water were quantified by
130 an ion chromatograph (Metrohm MIC-2,Switzerlandhwa 100 pL loop, and a
131  conductivity measurement after suppression was.uBeel detection limit of Brg
132 was 1.8ug/L, which was 3.14 fold of the standard deviatiminseven replicated
133 analyses of 5Sug/L sample. Phenol was analyzed by a high-perfoomalquid
134 chromatography (HPLC, Hitachi Primaide, Japan) moed with a C8 analytical
135 column (CNW Athena C8, China) using an isocratiatieh of methanol/water
136 (methanol content: 60%) detecting at 271 nm. Aqaed®Br/OBf decompaosition
137 was quantified at 405 nm wavelength by 2,2-aziro-bi
138  (3-ethylbenzothiazoline)-6-sulfonic acid-diammoniumsalt (ABTS) photometric
139 method. Peroxymonosulfate concentrations were méted by reacting PMS with
140 Fe(NHy)2(SOy), at acidic pH (1 mol/L K50Oy) to form ferric ions, which further
141 reacted with NHSCN to form colored Fe(SCN) to be read with a UV-vis
142  spectrophotometer (METASH UV-5300PC, China) atvavelength of 450 nm

143  (Huang et al. 2002).

144 2.4 Experimental procedures

145 rGO was dosed in a range of 0 - 35 mg/L into 200 gidss vials containing 20
146  umol/L Br and 200umol/L peroxymonosulfate solutions on a magnetioesti The
147 temperature was kept by water-bath at 60 - 80 1.5 °C. Solution pH was

148 maintained by phosphate buffer solution (PBS) fah@ concentration of 2 mmol/L.
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Samples were collected at predetermined time amkigucooled in ice water bath.
One part of samples for ion chromatograph analysis quenched by excessive
sodium thiosulfate, stored at 4 °C for further gm@. The other part of samples were
detected immediately for PMS and HOBr determinaéifiar sample collection. In the
longevity test, the spent rGO were recovered ligafibn from the reaction mixture,

washed with DI water, and dried at 60 °C for repdaixidation.

3. Results and discussions

3.1 Characterization of GO and rGO

Fig. 1(a) shows the XRD patterns of GO and rGO. Jierp peak at cab2= 10.16 °

is corresponding to the diffraction peak of GO, gegjing an interlayer spacing of
0.87 nm. After reduction of GO, the peak at 10.1disappears and a weak peak at
25.30 ° emerges. The interlayer spacing decreases. t0.35 nm due to the removal
of oxygen-contained groups, indicating that rGOstd individually and highly
disorderly (Yuan et al., 2011). Fig. 1(b) shows Reman spectra of synthesized GO
and rGO. The graphite lattice (G band) and grapdtge (D band) is at ca. 1590 ¢m
and 1330 cn, respectively. This indicates the defects wastetkan the surface of
GO and rGO during hydro-thermo synthesis. Standorgthe ratio of defect to
graphite (Lucchese et al., 2010), th#ld ratio for GO was determined to be 1.25,
compared to 1.43 obllg for rGO. This is similar to the previous reporu(Set al.,
2012). The increase@/lg value of rGO indicated more defects on rGO surthes

that on GO, because of the removal of part oxygehdédinctional groups on GO

8
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surface.. This was also partly proved by C : Oordetermined by XPS spectra. As
shown in Fig. 1c and Fig. 1d, three peaks centar@84.6 eV, 286.8 eV and 288.6 eV
are observed of GO samples, corresponding to cagtoms in aromatic rings
(C-CIC=C), epoxyl/ether (C-O-C) and carbonyl (C=f@jspectively. After reduction,
the amount of oxygenated functional groups decseabarply, and consequently C :
O ratio increases from 2.2 to 10.0 (Table S1).

Further, TEM image (Fig. 1e) shows an amorphous disdrdered 2D-structure of
rGO in nano-scale. The relatively weak diffractiongs of SAED pattern of rGO
suggests a structure of monolayer that could bdyeabserved in Fig .1le. The
thickness of rGO is determined to be ca. 1 nm bylAwhich is similar to the
thickness of a single layered graphene. Thereftire, results of characterization
strongly indicated that GO and rGO in nano-scal& aihigh defective structure were

successfully synthesized in our experiments.

Fig. 1. (a) XRD patterns of GO and rGO; (b) Ramaectra of GO and rGO; (c) XPS
spectra of GO and rGO; (d) C 1s XPS spectra of GDx&O; (e) TEM image of rGO

(Inset: selected-area electron diffraction patteffp)AFM image of rGO.

3.2 Effect of rGO on bromate inhibition

Fig. 2 shows the Bro formation kinetics during the thermal/PMS treatinignthe

presence of 0 - 35 mg/L rGO. The Br@oncentration increased from zero to 1.6
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umol/L at 120 min in the absence of rGO. This cadesi with the report that Bion

can be oxidized to Br9 as a final product in sulfate radical treatmene. i
UV/peroxydisulfate, Co/peroxymonosulfate (Li et, #015; Lutze et al., 2014). A
significant decrease (ca. 67% - 100%) in the fowlcentration of Br@ at 120 min

was achieved, with addition of rGO in the rang® ofg/L - 35 mg/L. Therefore, rGO
has excellent performance on the inhibition of batenformation. It's worth noting
that GO has a similar but slightly lower performartban rGO (Fig. S1). rGO was

then chosen in this study for simplicity.

Fig. 2. BrQ formation during thermal/PMS process with diffareBO dosage. (pH

= 7.0, [Br]o = 20umol/L, [PMS} = 200umol/L, activation temperature: 80 °C).

Fig. 3. Effect of temperature on BsfQormation in thermal/PMS process. (pH = 7.0,

[Bri]o=20umol/L, [PMS}) = 200umol/L , rGO dosage: 25 mg/L)

Fig. 4. Effect of pH on bromate formation duringetimal/PMS process. ([Bs = 20
umol/L, [PMS} = 200 umol/L , rGO dosage: 25 mg/L, activation temperature

80 °C).

Fig. 3 compares the effect of rGO on final Br€oncentration at 2 h in the condition
of various activation temperatures. As shown, th@sBvas remarkably formed in the

absence of rGO, reached a concentration of G228.02, 1.31+ 0.03 and 1.57+

10



213 0.09umol/L, at 60, 70 and 80 °C, respectively. Becaughdr temperature stimulates
214 the breaking down of PMS, leading to more SCGihd -OH, and consequently
215 improve the formation of Br@Q As expected, the performance of rGO was so stable
216 that 85%, 92% and 95% of BgOnhibition was achieved comparing with each blank
217  control at 60, 70 and 80 °C, respectively.

218 pH was always considered as an important factectifg BrQ™ formation in radical
219 oxidation process (Lutze et al., 2014; Von Gunted ®liveras, 1998). As shown in
220 Fig. 4, the formation of Br9owas increased with the pH increasing. In the atesen
221  rGO, the BrQ concentration in pure thermal/PMS oxidation was 0+ 0.01, 1.55
222 =+ 0.02 and 2.45+ 0.17umol/L at pH 5, 7 and 9, respectively. This is cetest
223 with the pronounced difference in the rate of PM&ay at different pH (Fig. S2).
224  Due to the base-catalyzed hydrolysis of persulfiateman et al., 2010), radical level
225 was probably elevated at alkaline pH, which consaty enhanced the producing of
226 BrOs;. However, BrQ concentration decreased sharply when rGO was dddez
227 inhibition of produced Br@ was 100%, 94% and 90% at pH 5, 7 and 9, respéctive
228 The stable performance of rGO was further testifiretbngevity studies, where the
229 suppressing efficacy of bromate formation droppeghly from 94.9% at 1st run to
230 90.2% at 4th run (Fig. S3). Correspondingly, the G ratio dropped from 10.0 of
231 fresh rGO to 6.8 of used rGO after 4th run (Fig), $adicating that the rGO surface
232 was oxidized in thermal/PMS treatment. Besidesctiemical structure, the diameter
233 of particle size is commonly considered as anothmgortant factor affecting the
234  performance of carbon materials. Although the théds of rGO was in the magnitude

11
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of nano-meter (Fig. le, 1f), the patrticle size ribsttion of this sort of thin layered
material was in the magnitude of micro-meter withaaerage of 28.6m and a 90%
percentile of 40.Jum (Fig. S5). This is similar to the diameter of m®w activated
carbonswhile graphene has a much better inhibitory eftbein activated carbons
(Humbert et al., 2008; Jakob et al., 2012; Siddeefual., 1996). Thus, owing to its
unique chemical structure, rGO was proved to haeelkent and stable performance
on BrG; inhibition in thermal/PMS process, almost irreles@a of pH and

temperature.

3.3 The influence of rGO on PMS activation and argadegradation

Since BrQ is proved to be oxidized from By radicals, one may propose that rGO
interrupts the generation of radicals in thermal8ptocess, leading to the inhibition
of BrOs'. Fig. 5 shows the natural logarithm of the PMSasmtration at each time to
the initial concentration (CHY with rGO addition. The almost linear relationship
between In(C/g) and time indicated the decay of PMS followed pigefirst order
kinetics well & > 0.977). The apparent constakd,§, which was the slope of each
line, was slightly increased from 0.0162 0.0013 miff in the absence of rGO, to
0.0165 = 0.0010 mift - 0.0200 = 0.0010 mift in the presence of 5 - 35 mg/L
rGO (Fig. 5 inset). This promoting effect of rGO BMS decomposition is similar
with previous work (Sun et al., 2012). In Sun’sdstuthe catalytic activation of PMS
by rGO is more obvious than the results shown imékperiment, probably due to the

higher dosage of rGO (100 - 500 mg/L) that is 2880 times more than that in

12
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current case (5 - 35 mg/L).

To further confirm whether the radical levels weteanged by dosing rGO, phenol
was chosen as a model compound to evaluate theatmad capacity of
rGO-thermos/PMS process. rGO has little adsorptiymacity for anionic pollutants
such as phenolic compound, which is due to thegatieely charged surface at
neutral pH. Accordingly, phenol was used as a mguaebe for the exclusion of
adsorption on rGO. As shown in Fig. 6, phenol rezitthegraded in hot water at 80 °C
nor being absorbed by rGO in 60 min. In additioBOr slightly accelerated the
removal of phenol with a pseudo-first-order ratastant of 0.0204+ 0.0022 mift,

as compared with 0.015% 0.0012 miff in thermal/PMS treatment. This is in
accordance with the moderate enhancement of PM&ydecshown in Fig. 5. Hence
the degradation of phenol confirmed the radicalceotration was not lowered but
slightly raised after dosing rGO. In addition, tfalical species distribution, i.e. the
ratio of SO4 and-OH, might be altered insignificantly, as comparihg patterns of
HPLC chromatograms during phenol degradation. Aswshin Fig. S6, in both
rGO-thermo/PMS and thermos/PMS treatment, theretwoe major characteristic
peaks, one is for phenol with retention time at 4& min, and another for its
byproduct with retention time at ca. 2.5 min. Alongh the proceeding of reaction,
the peak of phenol gradually decreased with itsrabtbgfd product increasing. Such

pattern was almost same between rGO-thermo/PM$hanchos/PMS treatment.

Fig. 5. Decay of PMS in thermal/PMS process in phesence of rGO (Inset: the

13
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pseudo-first-order rate constants, pH = 7.0, [PMS] 200 umol/L, activation

temperature: 80 °C).

Fig. 6. The degradation kinetics of phenol in rG®)S and thermal/PMS treatment.
(pH = 7.0, [PMS] = 200 umol/L, [Phenol) = 3 mg/L, rGO dosage: 25 mg/L,

activation temperature: 80 °C)

3.4 Path block of bromate formation from HOBr @&

Now that the addition of rGO didn't affect the oaids decay and subsequent radical
generation significantly in thermal/PMS, one polsiboute for rGO reaction is
reacting with bromine species, leading to the blotkormation path of Br@. The
possibility of adsorption or reaction of rGO with@®" and Br was firstly ruled out,
for the concentration of BrDand Br was remained nearly constant in the presence of
rGO (Fig. S7). This is probably due to the pHzpe®D at 6.2 (Lingamdinne et al.,
2017), which led to the negative surface of rG@hatcurrent pH (5-9).

In contrast with Br@ and B, HOBr was prone to react with rGO. As shown in. Fig
the decay of HOBr was fast and followed pseudd-firsler kinetics R>0.97). The
apparent pseudo-first order rate constégt)(was 0.022+ 0.001, 0.036+ 0.001
and 0.041+ 0.002 min', with [HOBtr]o at 2.5, 5 and 1@mol/L, respectively, whilst
no self-decay of HOBr occurred at room temperatwiéhin the duration of
experiments (Fig. S8). No bromate was determinger akéduction of HOBr. The

concentration of bromide in 2.5 umol/L HOBr solutiovas determined after the

14
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320

decay completed (at 60 min). The removed HOBr ilutem was 1.51+ 0.03
mmol/L that is nearly equal to the increasedi@&n (1.60 == 0.07 mmol/L). This
strongly suggested that HOBr was reduced to bromoiéy rGO.

The masking of hypobromous acid has been provesffantive strategy to minimize
BrOs; formation. Here theks of rGO is chosen then to be compared with other
inhibitions measures applying,8&, and ammonia. The decay of hypobromous acid in
H,0,/03 could be evaluated as : d[HORByHt = Kog-.,202 [OBr][H20;] + Kuosr-Ho2
[HOBI][HO2] = kops[HOBI]wt  (Mon Gunten and Oliveras, 1997). Given a dosg0of
umol/L HxO; in ozonation (HO.:03 = 1:1, 1.5 mg/L @), Kogr-,n202 = (1.2 £ 0.2) x
10° M st kuogrroz = (7.6 = 1.3) x 1HM™? s* and the hydrolysis of HOBr and
H,0, (Eq.1 - 2, Table 1), thks at pH 7 would be 0.02 mifh) which is close to the
results of this experiment. The scavenging of hypoious acid by ammonia follows
Eq. 3 - 4 (Table 1), from which the decay of HOBull be written as d[HOBg}/dt =
Krosr--,nH3 [HOBI][NH3] = KopnsfHOBI]ot (Pinkernell and von Gunten, 2001Given a
common dose of 0.1 mg/L ammonia in ozonation, Kjaeat pH 7 would be 0.044
min?, which is also close to the results of this experit. Therefore, the apparent
constant K,,s) of HOBr decay inducing by rGO is comparable td thadosing HO;

or ammonia, which makes the inhibition plausibld arplainable.

Table 1 Reactions and rate constants for hypobreraoid and hydrogen peroxide in

agueous solutions

15
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Although the detailed mechanisms remains unknowe, durface defects, i.e. the
zigzag edges of rGO with high chemical reactivitgynplay key role in the direct
reduction of HOBr to Brdue to the nonbonding-electron. Surface defects on
graphene oxide could be active sites for oxygemgctoh reaction (Jia et al., 2016;
Zhao et al., 2015; Zhao et al., 2016). Accordingio knowledge, similar mechanism
was proposed in graphene involved reactions, imetuthe activation of PMS by rGO
(Sun et al., 2012), the direct reduction of Cr(Yd)Cr(lll) by ethylenediamine-rGO
(Ma et al., 2012), and the GO facilitate reductddmitrobenzene by sulfide (Fu and
Zhu, 2013). An indirect evidence in our experimenthe lower inhibition capacity
achieved by GO than rGO (Fig. S1), where GO withdolp/Ig has less defects than
rGO (Fig. 1b).

For application view, since the masking of HOBrr®0 is relevant to its chemical
structures instead of oxidation process, it is psomg that rGO performs well in
oxidation processes that BfOreadily forms. As shown in Fig. 8, a significant
inhibition of BrO;” was achieved at pH 5.3 - 8.8. So this good effeespective of
oxidation procedure again support the proposed amgsims that rGO suppress the

formation of BrQ" by reducing HOBr to Br

Fig. 7. Kinetics of HOBr degradation by rGO (Ingeseudo-first order kinetics fitting,

pH = 7.0, rGO dosage: 25 mg/L, activation tempeeatd5 °C)

Fig. 8. Inhibition of bromate formation by rGO imtibh ozonation treatment at
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various pH (rGO dosage: 25 mg/L, [Br= 0.5 mg/L, [Q]o = 5 mg/L).

4. Conclusion

This work verified the effect of rGO on the inhibit of BrO; via reacting with
HOBr to Br in the thermal activated PMS process. Reducedhgrap oxide (rGO)
was successfully synthesized through hydro-themmethods. The effect of rGO on
the decomposition rate of PMS, the removal kineticghenol as target pollutant and
the alteration patterns of HPLC chromatograms ierrttal/PMS were thoroughly
studied. There were tiny differences between thERWS and rGO-thermal/PMS
process under the dosage of 5 - 35 mg/L rGO. Istieigly, the formed Brg@ was
significantly lowered with the addition of rGO inveide range of pH at 5 - 9 and
activation temperature at 60 — 80 °C. Being conmpavch the behavior of rGO on
degradation of target pollutant, this phenomenoongly indicated that neither PMS
nor secondary radicals, but bromine species weneepto react with rGO. The quick
reduction of HOBr to Brby rGO was then experimented and proved at room
temperature, of which the pseudo-first order rates w1 the same order with that
achieved by applying #D, and ammonia at typical dosage. In addition, ndeabant
of BrO; and Br was made for rGO adsorption. Thus, the role of r@0Omasking
HOBr was then proved. Further, similar excellentiliting effect of BrQ was
observed in rGOJ/ozonation. So addition of rGO insteof mg/L is a promising
measure to avoid the formation of unwanted bronsipecies in advanced oxidation

process. In comparison with other HOBr masking messs i.e. ammonia and;8b,
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it shows some unique benefits, such as insignifisg#luence of oxidation procedure,
adsorptive removal of cationic organics and ava@diformation of unwanted

chemicals.
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Table 1 Reactions and rate constants for hypobreraoid and hydrogen peroxide in

agueous solutions

(1) HOBr <—— OBr + H' 1.26 x 10° mol/L
(2) H0; <— HO, + H' 2.50 x 10 mol/L
(3) NH;" <— NHs+H' 5.0 x 10" mol/L

(4) HOBr + NH > NH,Br + H,0 7.5 x 16 L/(mol-s)
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spectra of GO and rGO; (d) C 1s XPS spectra of GDx&O; (e) TEM image of rGO

(Inset: selected-area electron diffraction patteifp)AFM image of rGO.
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Fig. 2. BrQQ formation during thermal/PMS process with diffareBO dosage. (pH

= 7.0, [Br]o = 20umol/L, [PMS} = 200umol/L, activation temperature: 80 °C).
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[Bri]o=20umol/L, [PMS}) = 200umol/L , rGO dosage: 25 mg/L)
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activation temperature: 80 °C)
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Fig. 7. Kinetics of HOBr degradation by rGO (Ingeseudo-first order kinetics fitting,

pH = 7.0, rGO dosage: 25 mg/L, activation tempeeatl5 °C)
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Fig. 8. Inhibition of bromate formation by rGO imtibh ozonation treatment at

various pH (rGO dosage: 25 mg/L, [Br= 0.5 mg/L, [Q]o = 5 mg/L).



Reduced graphene oxide (rGO) is firstly used to inhibit BrOs
formation.

rGO suppress BrOs; formation effectively in thermal/PMS
and ozonation.

The decay of PMS and generation of radicals are altered
insignificantly by rGO.

rGO could reduce hypobromous acid (HOBr) to Br.



