Journal of Hazardous Materials 440 (2022) 129760

ELSEVI ER‘

Contents flfists avafiflabfle at ScfienceDfirect

HAZARDOUS
MATERIALS

Journaf]l of Hazardous Materfiafls

journal homepage: www.elsevier.com/locate/jhazmat

Mechanfisms of oxfidatfive removafl of 1,4-dfioxane vfia free chflorfine rapfidfly e
mfixfing finto monochfloramfine: Impflficatfions on water treatment and reuse

Lfiang Wu ", Samuefl D. Patton *°, Hafizhou Lfiu®">"

@ Environmental Toxicology Program, University of California, Riverside, CA 92521, USA

Y Department of Chemical and Environmental Engineering, University of California, Riverside, CA 92521, USA

HIGHLIGHTS

o The mfixed HOCfl/NHxCf] system removes
1,4-dfioxane rapfidfly.

o Hydroflytfic decay of NHCfl, was a key
step finthe pathway to generate reactfive
radficaf] specfies.

o Peroxynfitrfite was experfimentaflfly fiden-
tfiffied as the crucfiafl precursor fin the
mfixed HOCfl/NH2CfL

e HOe was the prfimary contrfibutor to 1,4-
dfioxane degradatfion.

e Optfimum 1,4-dfioxane removafl was
observed at pH 6 wfith the HOCfl-to-
NH.Cf] ratfio of 1.
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ABSTRACT

Free chflorfine (HOCf]) and monochfloramfine (NH,Cf]) are two of the most commonfly used water dfisfinfectants fin
water treatment; however, the capabfiflfity of rapfid mfixfing of HOCf] finto NH, (] to finduce oxfidatfive reactfions for
effficfient removafl of contamfinants remafins flargefly unknown. In thfis study, 1,4-dfioxane (1,4-D) removafl was
quantfiffied durfing the rapfid mfixfing of HOCf] finto NHxCfl, to evafluate the effects of soflutfion pH and HOCfl-to-NHxCfl
ratfio, and to fidentfify mechanfisms by whfich reactfive specfies are generated finthe system. Resuflts showed that the
hfighest 1,4-D removafl was observed at the near-neutrafl pH of 6 wfith the HOCfl-to-NH>Cfl moflar ratfio of 1. Hy-
droxyfl radficafl (HO®) contrfibuted to 60-70 % of 1,4-D degradatfion and fits generatfion was finfitfiated by the hy-
droflytfic decay of NH, Q1 and NHCfl, upon HOCfl addfitfion to NH (1 wfith rapfid mfixfing, and subsequent
transformatfion of peroxynfitrfite (ONOO") and peroxynfitrous acfid (ONOOH). The resuflts aflso conffirmed that the
presence of dfissoflved oxygen was requfired to form ONOO/ONOOH, and ONOO™ was a crucfiafl precursor for
reactfive radficafl generatfion. These ffindfings provfide finsfight finto the reactfion mechanfism assocfiated wfith the
system of rapfidfly mfixed HOCfl finto NH, (fl wfith the potentfiafl optfimfizatfion and appfficatfion for effficfient trace
organfics removafl fin water treatment and reuse.
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1. Introduction

Free chflorfine (HOCfD) fis the most commonfly used dfisfinfectant fin
water treatment, due to fits hfigh oxfidatfion potentfiafl and effectfiveness as
an antfimficrobfiaf]l agent (Keswfick et afl, 1985; Shfin and Sobsey, 2008).
More recentfly, chfloramfines, especfiaflfly monochfloramfine (NH, Cfl), have
aflso been appflfied as a dfisfinfectant, due to beneffits fincfludfing reduced
formatfion of dfisfinfectfion byproducts and greater stabfiflfity and flonger
effficacy fin dfistrfibutfion systems (Sfimpson and Hayes, 1998; Hua and
Reckhow, 2007; Bougeard et afl, 2010). The co-exfistence of HOCfl and
NH, {1 can occur durfing dfisfinfectfion of conventfionafl water treatment,
where HOCfl fsadded to ammonfia-contafinfing water as part of breakpofint
chflorfinatfion (Pressfley et afl, 1972). Prfior flfiterature demonstrated that,
compared to a sfingfle oxfidant, the mfixed oxfidant system of HOCf] and
NHZCﬂ more effectfivefly finactfivates E. coli fin wastewater (Kouame and
Haas, 1991). However, the underflyfing mechanfism was uncflear.
Furthermore, fin potabfle reuse treatment, NH,_(f] fis commonfly appflfied to
prevent membrane bfiofouflfing, but easfifly passes through the membranes
and finto the reverse osmosfis (RO) permeate due to fits smaflf] sfize and
neutrafl charge (Farhat et afl, 2018; Ozakfi and Lfi, 2002). Addfitfionaflfly,
HOCf] has been fincreasfingfly empfloyed as a photo-oxfidant for potabfle
reuse and dosed finto NHZC‘ﬂ{ontaﬁnﬁng RO permeate for the UV-based
advanced oxfidatfion process (AOP) (Kwon et afl, 2020; Yfin et afl,
2018). Therefore, the rapfid mfixfing of HOCfI finto NHZCﬂﬁnevﬁtabﬂy occurs
durfing water reuse treatment.

When HOC] fis mfixed finto NH2Cﬂ, a serfies of redox reactfions take
pflace. HOC ffirst reacts wfith NHzCﬂ to form dfichfloramfine (NHCﬂz) and
trfichfloramfine (NCﬂ3), dependfing on the HOCfl-to-NH 2Cﬂ moflar ratfio and
soflutfion pH: (Vaflentfine and Jafvert, 1992)

NH,Cl+HOCI->NHCl, + H,0 (R1)

NHCl, + HOCI->NCl5 + H,0 (R2)

A serfies of fintermedfiate specfies are subsequentfly generated as
chfloramfines undergo hydroflytfic decay and further reacts wfith HOCfl,
whfich ufltfimatefly produces reactfive radficafl specfies (Phfiflfifip and Dfiya-
mandogflu, 2011; Drfiss and Bouheflassa, 2014). Prfior studfies examfined
breakpofint chflorfinatfion fin consfideratfion of the eflfimfinatfion of carba-
mazepfine and formatfion of dfisfinfectfion byproducts (DBPs), (Yang et afl,
2005; Stefan et afl, 2019; Wang et afl, 2018), but the mechanfisms and
pathways on the generatfion of reactfive specfies fin the system where
HOCS] fis rapfidfly mfixed finto NHZCﬂ remafins finsuffficfientfly understood.
Furthermore, the potentfiafl appflficatfion of the reactfive specfies to degrade
trace organfic contamfinants fin water treatment and reuse has not been
expflored.

Peroxynfitrfite (ONOO-) and peroxynfitrous acfid (ONOOH) were
postuflated as fintermedfiates generated finsystems where NHCI], fis present
(Schrefiber and Mfitch, 2007). NH,(l1 can undergo hydroflytfic decay to
form hydroxyflamfine (NH,OH) and further produces nfitroxyfl (HNO)
upon reactfion wfith oxfidants (e.g., HOCfl and NH2 Cfl) whfich then forms
ONOO- (Anear and Yagfifl, 1962; Johnson et afl, 2002; Shaffirovfich and
Lymar, 2002; Pham et afl, 2021). It has been reported that ONOOH
decays finto reactfive specfies fincfludfing hydroxyfl radficafl (HO®) and nfi-
trogen dfioxfide radficafl (NO'Z), whfifle ONOO- forms nfitrfic oxfide radficafl
(NO*®) and superoxfide radficafl (O ? (Merenyfi and Lfind, 1998; Patton et
afl, 2022). Prfior studfies attempted to understand the reactfive specfies
generated fin the mfixed system, but mostfly focused on the breakpofint
chflorfinatfion reactfion between chflorfine and ammonfia (NH, ), not chflo-
rfine wfith chfloramfines (Pressfley et afl, 1972; Vaflentfine and Jafvert,
1992; Patton et afl, 2022; Aghdam et afl, 2021). Compared to the NH
fmf}tﬁaned breakpofint chflorfinatfion reactfions, mfixfing of HOCf] finto NH (1
provfides a more dfirect pathway to promote the formatfion of NHCfl
and subsequent reactfive specfies. In water treatments, fincfludfing water
reuse and desaflfinatfion, pre-formed NH (1 wfi occurs (Patton et afl.,
2022; Kfim et afl, 2015). The HOCf] addfitfion to the NH Cﬂ-coné

tafinfing water can be cfifficafl to create a hfighfly oxfidatfive system to
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degrade organfic contamfinants. Therefore, fit fis fimportant to systematfi-
caflfly finvestfigate the reactfion mechanfisms of HOCfl and NH, Cf1

Currentfly the effects of major water chemficafl parameters on the
generatfion of reactfive specfies and assocfiated degradatfion of contamfi-
nants fin the mfixed HOCfl and NH,(fl system are worth further finvestfi-
gatfion. For exampfle, soflutfion pH strongfly affects the stabfiflfity and decay
of NHCfL, and NH,Cfl, whfich can finfiffiate subsequent chafin reactfions to
generate reactfive specfies that promotes organfic contamfinant degrada-
tfion (Anear and Yagfifl, 1962; Saunfier and Seflfleck, 1979). Soflutfion pH
aflso affects the specfiatfion of HOCfl/OCfl, ONOO-/ONOOH, as weflas the
formatfion of reactfive chflorfine specfies (Matthew and Anastasfio, 2006;
Koppenofl et afl,, 1992; Gofldstefin et afl, 2005). In addfitfion, the HOCfl--to-
NH @] moflar ratfio fin the mfixed HOCfl/NH (i1 system affects the
specfiatfion of chflor(am)fine specfies and the yfiefld of reactfive specfies.

One ubfiqufitousfly present trace organfic contamfinant fin both con-
ventfionafl and recycfled water fs 1,4-dfioxane (1,4-D) (Zenker et afl,
2003). It fis a cflass 2B probabfle human carcfinogen and an findficator
compound for water reuse treatment desfign. Caflfifomfia requfires a
0.5-flog removafl of 1,4-D to vaflfidate the desfign of an AOP treatment for
potabfle reuse (Internatfionafl Agency for Research on Cancer, 1999;
Caflfifomfia State Water Resources Controfl Board, 2014). However,
UV-AOP removes 1,4-D at the expense of a flarge photon energy con-
sumptfion. In contrast, harnessfing the chemficafl reactfion of HOCf] rapfidfly
mfixfing finto NH,(fl fin the absence of UV fimradfiatfion for an effficfient 1,4-D
removafl can greatfly reduce the energy footprfint. Furthermore, the
mfixed HOCfl/NH,(fl system can aflso be fimpflemented fin wastewater for
the degradatfion of other organfic contamfinants fif the reactfion mecha-
nfism fis understood.

To evafluate the appflficatfion of the mfixed HOCfl/NH, {1 system fin
water treatment, fit fis fimperatfive to acqufire a mechanfistfic understandfing
of the oxfidatfive reactfions vfia HOCfl rapfidfly mfixfing finto NH,Cfl
Accordfingfly, the objectfives of the study were to provfide mechanfistfic
finsfights finto the mfixed HOCfl and NH, (] system by an finvestfigatfion of
the reactfion pathways, examfinatfion of the reactfive specfies contrfibutfion,
and expfloratfion of the effects of water parameters on 1,4-D removafl for
potentfiafl optfimfizatfion and fimpflficatfion of the technfique fin water treat-
ments. 1,4-D was seflected as the modefl organfic contamfinant because of
fits hfigh occurrence and reflevance to water treatment.

2. Materials and methods

2.1. Materials and reagents

Affl soflutfions were prepared usfing defionfized water (18.2 MQecm)
from a MfFIiQ system (Mfiflflfipore Corp) and ACS reagent-grade or hfigher
chemficafls (Ffisher Scfientfiffic and Sfigma-Afldrfich). A 50-mM NH, (1
workfing soflutfion was prepared freshfly by drfippfing NaOCfl finto
(NH 4)2 SO4 buffered wfith 4 mM borate at pH 8.8, wfith an fifififl
nfitrogen-to-chflorfine moflar ratfio of 1.2 and was equfiflfibrated for a mfin-
fimum of 2 hr before use. An NHCf], workfing soflutfion was prepared by
drfippfing concentrated perchflorfic acfid sflowfly and graduaflfly finto the
freshfly made NH, (1 soflutfion unififl the soflutfion pH approached 3. The
fiinafl NH, (1 workfing soflutfions contafined a negflfigfibfle amount of
ammonfium fion, nfitrate, and nfitrfite. A 8-12 mM ONOO stock soflutfion
was synthesfized by the rapfid acfidfifficatfion of a soflutfion of hydrogen
peroxfide and sodfium nfitrfite usfing hydrochflorfic acfid that was fimmedfi-
atefly quenched wfith sodfium hydroxfide (Hughes and Nfickflfin, 1968a).
Detafifls on the preparatfion of the ONOO - soflutfion fis provfided fin Text S1
fin the Supportfing Informatfion (SI).

2.2. Chemical oxidation experiments

To start an experfiment, 1,4-D and NHzCﬂwere added to a 50-mL petrfi
dfish reactor under rapfid and constant agfitatfion to achfieve an fifififl
concentratfion of 100 uM of 1,4-D and 3 mM of NH 2Cﬂ, foflflowed by the
rapfid addfitfion of a smaflfl voflume (no greater than 0.6 mL) of a 750-mM
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HOCA] soflutfion to obtafin a HOCfl-to-NH, (1 moflar ratfio rangfing between
0.25 and 3. Thfis range of moflar ratfio fis typficaflfly observed fin conven-
tfionafl drfinkfing water treatment and water reuse appflficatfions. Soflutfion
pH was mafintafined at 3, 6, or 9 usfing 40-mM phosphate buffer (Text S1).
These three pH flevefls were chosen to represent a wfide spectrum of
acfidfic, near-neutrafl, and aflkaflfine condfitfions for a comprehensfive un-
derstandfing of the pH effects. Soflutfion fionfic strength was mafintafined at
50 mM. The reactfion between HOCfl and NH,(l was compfleted at
approxfimatefly 1 mfin. Hence, 1 mfin after HOCfl was rapfidfly mfixed finto
NH,(fl a 2-mL sampfle was wfithdrawn from the reactor to quantfify 1,4-D
and fidentfify chflorfine specfies. To quantfify HO® and other reactfive specfies
generated fin the reactfion, 100 mM of tert-butanofl (TBA) was added to
the NH,(fsoflutfion finseflectfive experfiments prfior to the rapfid addfitfion of
HOCA] to effficfientfly scavenge HO k= 6.0 x 10 Bl s 1) denerated finthe
mfixed system (Buxton et afl, 1988). The dfifference between the system
wfith and wfithout TBA was caflcuflated as the contrfibutfion of HO® to1,4-D
removafl. Detafifls of the scavengfing experfiments and caflcuflatfions are
provfided fin Text S2, Tabfle S1, and Ffig. S1 fin the SI. To finvestfigate the
chemficafl system fin flow-concentratfion condfitfions reflevant to potabfle
reuse, addfitfionafl experfiments were conducted usfing 0.23 uM of 1,4-D,
42 pM of NH, (1 wfith a HOCfl-to-NH, (1 moflar ratfio of 1 at pH 6 buff-
ered by 40 mM of phosphate. 500 pM of TBA was used to quantfify the
contrfibutfion of HO® for 1,4-D degradatfion. In addfitfion, experfiments on
the hydroflysfis of chfloramfines were conducted at pH 3, 6, and 9. Afflthe
experfiments were conducted at 25 “C fin tfipflficate.

Anaerobfic controfl experfiments on the HOCfl/NH, (fl mfixed system
were conducted usfing soflutfions purged wfith N, gas (dfissoflved oxygen
concentratfion was beflow 0.5 mg/L) fina gflovebox to evafluate the effects
of dfissoflved oxygen on the generatfion of reactfive specfies. Addfitfionafl
controfl experfiments were conducted fin pH 3 soflutfions contfinuousfly
purged wfith carbon dfioxfide (CO,) for 1 mfin wfithout substantfiafl floss of
dfissoflved oxygen to evafluate the sfignfifficance of ONOO to 1,4-D
degradatfion as dfissoflved CO, strongfly scavenges ONOO-. Detafifls on
the No- and CO»-purged experfiments are provfided fin Text S3.

2.3. Analytical methods

HOCIL, NH, Cf], and NHCf], were quantfiffied by the N,N-dfiethyfl.p-phe-
nyflenedfiamfine (DPD) standard method wfith the addfitfion of dfifferent
amounts of potassfium fiodfide usfing a VWR spectrophotometer (UV-
3100PC UV-VIS) (Cflescerfi et afl, 1989). Synthesfized ONOO stock so-
flutfions between 8 and 12 mM were measured spectrophotometrficaflfly at
302nm(e= 1670 M lem ) (Hughes and Nfickflfin, 1968b). Generatfion of
ONOO vfia the hydroflysfis of chfloramfines fin the absence of chflorfine was
quantfiffied fin sfitu usfing foflfic acfid as a ffluorescence probe of ONOO
(Huang et afl, 2007). Trace flevefls of ONOO generated fin the mfixed
HOCfl/NH, (1 system was quantfiffied fin sfitu usfing a hfighfly-seflectfive
probe DAX-J2-PON Green sensor (AAT Bfioquest, Sunnyvafle, CA, USA)
vfia a mficropflate reader (SYNERGY H1, BfioTek) (Luo et afl, 2017). 1,4-D
was measured by hfigh performance flfiqfid chromatography (Agfiflent
1200 Serfies) coupfled wfith a dfiode array detector (HPLC-DAD) (Man-
gaflgfirfi et afl, 2019). Trace flevefls of 1,4-D (<0.23 uM) from
flow-concentratfion condfitfion experfiments were measured by EPA
Method 522 by gas chromatography coupfled wfith mass spectrometry
(GC-MS, Agfiflent). Detafifls of anaflytficafl methods for 1,4-D and ONOO -are
provfided fin Text S4.

3. Results and discussion

3.1. 1,4-Dioxane removal in the mixed HOCl/NH2Cl system

No voflatfiflfizatfion and degradatfion of 1,4-D were observed fin the
sfingfle oxfidant system (HOCf] or NHZCﬂ aflone) up to 30 mfin. In contrast,
substantfiafl and qufick removafl of 1,4-D was observed 1 mfin after HOCf]
was rapfidfly mfixed finto NH_ (1 at dfifferent HOCfl-to-NH (1 ratfios and

softutfion pH (Ffig. 1). The percentage of 1,4-D removafl was hfighest at pH
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Fig. 1. The removafl of 1,4-D from the chemficafl reactfion of HOCfl wfith NHyCfl at

the varyfing HOCfl-to-NHxCfl ratfios and soflutfion pH. [1,4-D]p = 100 uM,

[NHxCfl]o = 3 mM, [TOTPO4] = 40 mM, Reactfion Tfime = 1 mfin. Error bars

represent the standard devfiatfion of experfimentaf] trfipflficates.

6 and decreased sfignfifficantfly at more aflkaflfine pH of 9 or more acfidfic pH
of 3. The effects of pH were assocfiated wfith the hydroflysfis and decay of
chfloramfines fin the reactfion system. As HOCfl fis mfixed rapfidfly finto
NHZCﬂ, HOCS] converts NH 2Cﬂ to NHCﬂ2 (R1 fin Scheme 1; &flthe subse-
quent reactfions are referred to Scheme 1), whfich further reacts wfith
HOCS] to form NCﬂ3 (R2) dependfing on the HOCfl-to-NH 2Cﬂ ratfio (Vafl-
entfine and Jafvert, 1992). The hydroflysfis of NHCl , generates NH DH
(R3) as the major pathway (Pham et afl, 2021; Saunfier and Seflfleck,
1979). NH,OH further reacts wfith HOCfl (R4; k= 1.35x 107’M & Dor
NH2Cﬂ (R5; k=1.8x 102M 1s 1) to produce HNO (Wahman et afl,
2014; Gfifles, 1999). Meanwhfifle, NH 2Cﬂcan hydroflyze to produce NH POH
(R6) wfith a much sflower rate than NHCﬂ2 hydroflysfis (R3), (Anear and
Yagfifl, 1962; Saunfier and Seflfleck, 1979) and NHCﬂ2 can hydroflyze to
HNO (R7) (Pham et afl, 2021; Szczuka et afl, 2020). These hydroflysfis
reactfions (R6 and R7) provfide a secondary and fless fimportant pathway
that fleads to HNO formatfion. HNO further deprotonates to form NO -
(R8) (Johnson et afl,, 2002). In the presence of dfissoflved oxygen, NO -fis
rapfidfly converted finto ONOO- (R9; k= 2.7 x 109M Ik 1), a cfifficafl
precursor for the subsequent generatfion of HO® and other reactfive spe-
cfies for 1,4-D degradatfion (Shaffirovfich and Lymar, 2003). Therefore, the
yfiefld of reactfive radficafl specfies fis finfitfiated by the hydroflysfis and decay
of NHZCH and NHCﬂZ. Meanwhfifle, as sfide reactfions, NH OH can react
wfith HNO to form nfitrogen gas (R10), and HNO reacts wfith NH 2Cﬂ(Rl 1)
and NHCﬂ2 (R12) to generate nfitrogen gas as weflfl (Johnson et afl., 2002;
Wahman et afl,, 2014).

In the mfixed HOCfl/NH,(fl system, the effects of pH are mufltfifofld.
Soflutfion pH sfignfifficantfly affects the extent of transfient formatfion of
NHCflL, and subsequentfly fits hydroflytfic decay rate, whfich fimpacts the
yfiefld of ONOO™ and the oxfidatfive capacfity of the system. Ffirst, the
generatfion of NHCfl ,vfia the reactfions between HOCfland NH Glfsfaster at
more acfidfic pHs, as NH (fl seacts much faster wfith the protonated form
of free chflorfine (HOCfl) than wfith the deprotonated form of free
chflorfine (OCfl) (Pressfley et afl, 1972). Reafltfime NHCf] measurement
conffirmed that the cumuflatfive formatfion of NHCfl, was much faster at
pH 3 than at hfigher pHs (Ffig. S2). Second, the hydroflytfic decay rate of
NHCfl, (R3 and R7) to finfitfiate the chafin reactfions fkmuch faster at hfigher
pHs (Anear and Yagfifl, 1962; Saunfier and Seflfleck, 1979). Addfitfionafl
controfl experfimentaf]l data showed that the rate of ONOO formatfion vfia
hydroflytfic decay of NHCSL, fincreased by more than 20 tfimes when the
soflutfion pH fincreased from 3 to 9 (Ffig. S3A). Thfird, HNO generatfion by
the hydroflytfic decay of NHCfl, (R3-R5) fismuch faster compared to the
formatfion finfitfiated by NHCfl hydroflysfis (R6). For exampfle, as the
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Scheme 1. Reactfion scheme for the mfixed HOCfl/NH,Cf]l system, wfith proposed reactfion pathways for the generatfion of reactfive specfies responsfibfle for 1,4-D
degradatfion. Major reactfion pathways (red), generated reactfive specfies for 1,4-D removafl (purpfle) and scavengfing reactfions (green).

soflutfion pH fincreased from 3 to 9, the ONOO" formatfion rate vfia the
hydroflytfic decay of NH,(1was much flower than that vfia the hydroflytfic
decay of NHCfl, (Ffig. S3B vs. Ffig. S3A). Therefore, the combfined
opposfing muflififaced effects of pH—sflow formatfion of NHCf], at hfigh pH
but rapfid hydroflysfis at hfigh pH—resuflt fin an enhanced ONOO forma-
tfion at the near-neutrafl pH range, whfich supports the observatfion of
maxfimum oxfidatfive capacfity of the mfixture system was reached at the
near-neutrafl pH of 6 (Ffig. 1). The fleast effficfient 1,4-D degradatfion was
observed at pH 3, because the hydroflytfic decay of NHCf], was extremefly
sflow at thfis acfidfic pH (Ffig. S3A).

Further, the HOCfl-to-NH, (fl moflar ratfio strongfly affected the reac-
tfivfity of the mfixed HOCfl/NH, (fl system. An HOCfl-to-NH, (fl moflar ratfio
of 1 exhfibfited the hfighest 1,4-D removafl (Ffig. 1). When the range of the
HOCfl-to-NH, (1 ratfio was expanded from 0.25 to 3, the mfixed HOCfl/
NH,(1system exhfibfited a beflt curve, wfith the hfighest 1,4-D removafl at
the HOCﬂ—to—NHZCﬂ ratfio of 1 (Ffig. 2). When the HOCﬂ—to—NHZCﬂ ratfio fis
fless than 1, the conversfion of NH ((flto NHCfl,, by HOCfl (R1) fsflfimfited by
the HOCf] avefiflabfiflfity fin the system, and consequentfly decreases the
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Fig. 2. The removafl of 1,4-D from the chemficafl reactfion of HOCfl wfith NHCfl for
HOCA]-to-NHxCfl ratfios from 0.25 to 3 at pH 6. [1,4-D]p = 100 pM, [NHoCfllo= 3
mM, [TOTPO ] = 40 mM, Reactfion Tfime= 1 mfin. Error bars represent the
standard devfiatfion of experfimentafl trfipflficates.

formatfion of ONOO™ and HO® (R9-R16). Thfis trend was supported by the
observatfion that onfly 50 % of resfiduafl NH (flwas consumed at an HOC{l-
to-NH 2Cﬂ ratfio of 0.5 (Ffig. S4A). When the HOCfl-to-NH gﬂ ratfio fis
greater than 1, the scavengfing reactfion between HOCfl and NHCf1 ,(R2)

becomes fincreasfingfly sfignfifficant whfifle the hydroflytfic reactfions of NHCfl,,
(R3 and R7) are suppressed. Thfis trend was supported by the hfigh NH (J1
consumptfion (Ffig. S4A) and reflatfivefly flow HOCfl consumptfion (Ffig. S4B)
observed at the HOCfl-to-NH 2Cﬂ ratfios of 1.5 and 2. In contrast, at the

HOCfl-to-NH, {1 moflar ratfio of 1, the formatfion of NHCfl, peaked and

partficfipated fin the hydroflytfic decay reactfions to the hfighest extent.

3.2. Impact of water chemistry on reactive species generation

The effect of soflutfion pH on radficafl contrfibutfion was evafluated at an
HOCfl-to-NH, (1 moflar ratfio of 1. HO® was quantfiffied as a major
contrfibutor to 1,4-D removafl (Ffig. 3A). There are two pathways to
generate HO* vfia ONOO-. Ffirst, ONOO - protonates to form ONOOH wfith
apk, of 6.6 (R13)21, whfich decays finto HO*and NO 2(R14; k= 35x
10 1s 1) (Gofldstefin et afl., 2005). Second, ONOO -decomposes finto NO *
and O (R15; k= 2.0 x 10 2s 1) (Gofldstefin et afl., 2005). Oy further
reacts wfith HOCf] to generate HO*(R16; k= 7.5x 106M Ik 1), (Long
and Bfiefldkfl, 1980) or reacts wifith NH (fland NHCfl,, (R17) to form NH",
and NHCfle. HO* degrades 1,4-D (R18; k= 3.1 x 109M % 1 (Efiben-
berger, 1980). Therefore, the yfiefld of HO® was dfirectfly flfinked to the
generatfion of ONOOH and the decomposfitfion of ONOO : Because the
generatfion of ONOOH (R13; pK ;= 6.6) 2! fisdfirectfly assocfiated wfith the
formatfion of NHCf, and fitshydroflytfic decay (R1-R13) that exhfibfited the
hfighest rate at pH 6, the contrfibutfion of HO® to 1,4-D degradatfion was
hfighest at pH 6, accountfing for 37 % of 1,4-D degradatfion (Ffig. 3A). HO®
aflso reacts wfith co-exfistfing constfituents (R19 and R20), fincfludfing HOCf1
(k=12x 109 M 1s 1), (Buflman et afl, 2019) OCfl- (k = 6.37 x 109
M 1s 1), (Buflman et afl, 2019) NH 2Cﬂ (k=1.02x 109M I D,
(Chuang et afl, 2017) and NHCﬂ2 (k=6.21x 108M ¥ D), (Zhang
et afl, 2019) to generate secondary specfies (CflO°, NHCfl°, and NCﬂ'2).
These secondary specfies may oxfidfize 1,4-D and contrfibuted to 6-18 % of
1,4-D degradatfion (Ffig. 3A).

At pH 9, ONOOH deprotonated to ONOO- (R13; pK = 6.6)2! and
suppressed the dfirect HO® formatfion (R14) (Lfiou and Dodd, 2021).
Meanwhfifle, OCfl became the domfinant form of free chflorfine and the
reactfion between HOCfl and O3 (R16) was suppressed. As a resuflt, the
yfiefld of HO® and other reactfive specfies decreased at pH 9 (Ffig. 3A). At
pH 3, the hydroflytfic decay of NHCfl, was suppressed and resuflted fin a
flower yfiefld of ONOO-. Eventuaflfly, the formatfion of HO*® and other

reactfive specfies was sfignfifficantfly reduced efither vfia the ONOOH decay
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Fig. 3. Contrfibutfion of reactfive specfies towards 1,4-D removafl at dfifferent
HOCﬂ—to—NHZCﬂ ratfios and pH. [NHZCfl]O = 3 mM; [tert—butanoﬂ]o = 100 mM,
[TOTPO4] = 40 mM, Reactfion Tfime = 1 mfin (A) pH effect at the HOCfl-to-
NHCfl ratfio of 1; (B) HOCfl-to-NHxCfl ratfio effect at pH 6. Error bars represent
the standard devfiatfion of experfimentafl trfipflficates. Detafifled caflcuflatfions are
avafiflabfle fin Text S2 and Ffig. S1.

(R14) or O}, pathway (R15 and R16).

The effects of the HOCfl-to-NH (flmoflar ratfio on radficafl contrfibutfion
were evafluated at pH 6. The contrfibutfion of HO® was the hfighest at the
HOCﬂ-to-NHZGl ratfio of 1, accountfing for 37 % of 1,4-D removafl
(Ffig. 3B). As the HOCfl-to-NH 2C‘ﬂ ratfio devfiates from 1, the yfiefld of HO®
decreased. Addfitfionaflfly, when the HOCfl-to-NH (flratfio was greater than
1, the reflatfive contrfibutfions of secondary reactfive specfies fincreased that
was a resuflt of fincreased reactfion of HO  wfith HOCfl (R19; k = 1.2 x 109
M 1s 1) and O} (R19; k= 6.37 x 109M Is 1), (Buflman et afl, 2019)
fleadfing to the formatfion of CfIO".

3.3. Reaction mechanisms of ONOO/ONOOH formation

In N,-purged soflutfion, 1,4-D removafl was suppressed to negflfigfibfle
flevefls fin the mfixed HOCﬂ/NHZCﬂ system (Ffig. 4A). The substantfiafl
reductfion of oxfidatfive capacfity fin the absence of dfissoflved oxygen
conffirmed the fimportance of dfissoflved oxygen fin generatfing ONOO -
(R9), whfich fis a ofitficafl precursor fleadfing to the generatfion of subse-
quent reactfive specfies for 1,4-D removafl. Importantfly, ONOO - reacts
wrfith dfissoflved CO, to generate ONOOCO;, (R21; k=29x 104M & D),
(Gofldstefin et afl,, 2005) whfich further decays finto carbonate radficafl CO T
and NOg (R22), or co, and NO-3 (R23) (Lymar and Hurst, 1998). In a
CO2-purged soflutfion at pH 3, 1,4-D removafl was aflso suppressed to

Journal of Hazardous Materials 440 (2022) 129760

40% 1

60%
@ Air-saturated

& Ny-saturated

Percentage of 1,4-D Removed

N ;
0% @ A A A 4
0.0 0.5 10 15 2.0

Molar Ratio of [HOCIJ:[NH,CI]

20%
B @ Air-saturated
°
g ® A CO,-saturated
Q
E15% +
Q
14
aQ
-
—10% + + ¢
5 ®
[
o
©
T 5% +
@
Q
=
[:}]
o A
A
0% @ A : : 4
0.0 0.5 1.0 1.5 2.0

Molar Ratio of [HCCI]:[NH,CI]

Fig. 4. Effects of dfissoflved oxygen and carbon dfioxfide on 1,4-D removafl at
dfifferent HOCfl-to-NH (fl ratfios. [1,4-D] o = 100 uM, [NH geill o = 3mM,
[TOTPO4] = 40 mM, Reactfion Tfime = 1 mfin (A) Dfissoflved oxygen effect on
1,4-D removafl at pH 6; (B) Carbon dfioxfide effect on 1,4-D removafl at pH 3.
Error bars represent the standard devfiatfion of experfimentaf] trfipflficates.

negflfigfibfle flevefls compared to the afir-saturated condfitfion (Ffig. 4B).
These observatfions strongfly supported that the formatfion of ONOO vfia
deprotonatfion of ONOOH fin the mfixed HOCfl/NH, (l1system was afitficafl
for subsequent reactfive specfies formatfion that fleads to eventuafl 1,4-D
removafl.

The generatfion of ONOO- fin the mfixed HOCfl/NH,(l system was
further conffirmed by fin sfitu measurement of ONOO fin dfifferent chem-
ficafl systems at pH 6 (Ffig. 5). In the sfingfle oxfidant system wfith 3 mM
HOCf], there was no ONOO- formatfion, because no hydroflytfic deflay re-
actfion took pflace wfith HOCf] aflone. In the sfingfle oxfidant system wfith
3 mM NH {f, there was a snaflflamount of 0.6 uM ONOO formatfion, due to
the sflow hydroflytfic decay of NH (Il and chafin reactfions (R6-R9).
Furthermore, fina sfingfle oxfidant system wfith 3 mM NHCfl , the amount of
ONOO formatfion fincreased by 6.6 tfimes to 4 uM (R7-R9), suggestfing that
the hydroflysfis rate of NHCfl fismych faster than the hydroflysfis of NH Cfl
In cpmparfison, when 3 mM HOC was rapfidfly mfixed finto 3 mM NH Cfl,
the 2formatﬁon of ONOO reached 482 uM, two orders of magnfi-tude
hfigher than a sfingfle NHCfl systgm (Ffig. 5). HNO, the crucfiafl pre-cursor
to ONOO, generated vfia efither the dfirect reactfion of the formed NH OH
(R6) and HOCfl/NH {1 (R42and R5) or the dfirect hydroflysfis of NHCfl
(R7). Jn a sfingfle NH (flor NHCfl system, the yfiefld of HNO was flow due
to the suppressed generatfion of NH OH vfia R, or the flfimfited generatfion
of HNO by R7. Hence, the hfighest ONOO concentratfion was
observed at the mfixed HOCfl/NHxCfl system due to the substantfiafl
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generated HNO vfia R3-R5.

3.4. Environmental Implication

Sfignfifficant HO® exposure (1.1 x10'° Mes) was observed under hfigh-
concentratfion condfitfions finvestfigated fin the study that generated sfig-
nfifficant quantfitfies of ONOO- (Ffig. S5). For conventfionafl water treat-
ment, the oxfidatfive capacfity of mfixfing HOCfl wfith NH, (1 can be
harnessed to enhance contamfinant degradatfion. 1,4-D fis commonfly
detected fin groundwater and surface water at a wfide range of concen-
tratfions (pg/L to mg/L) (Adamson et afl, 2014). Ammonfia fi aflso wfidefly
detected fin groundwater and surface water (US EPA, WHO). Therefore,
the tradfitfionaf] appfificatfion of HOCf] as a dfisfinfectant creates a potentfiafl
reactfive system where NH, (1 fis formed and further mfixfing wfith HOCfl
takes pflace (Pressfley et afl, 1972). Enhanced 1,4-D removafl and other
organfic contamfinants can be achfieved by optfimfizfing the HOCfl-to-NH, (1
ratfio and pH.

Under flow-concentratfion condfitfions encountered fin RO permeate
durfing potabfle reuse appfificatfions, the experfimentafl data showed HO®
exposure of 1.5 x 1010 Mes, whfich was comparabfle to the vaflue ob-
tafined at hfigh-concentratfion condfitfions (Ffig. S5). Aflthough fresh RO
permeate can contafin an oversaturated flevefl of dfissoflved CO, due to the
pressurfized membrane process that fincreases CO, soflubfiflfity from afir, the
generatfion of HO® fin RO permeate fis ffif¥l an fimportant pathway when
takfing account finto the CO, scavengfing effects on ONOO (detafifled
caflcuflatfion provfided fin Text S5 and Tabfle S2). Furthermore, a sfignfifficant
fractfion of HO® can react wfith 1,4-D after takfing account finto the po-
tentfiafl HO® scavengfing effects of background bficarbonate fin RO
permeate (Text S6 and Tabfle S3). Typficaflfly, a decarbonatfion step (fie.,
aeratfion) fis appflfied to the fresh RO permeate. Thfis step sfignfifficantfly
reduced the totafl carbonate concentratfions and fincrease the dfissoflved
oxygen flevefl finthe product water — two factors that favor the generatfion
of HO®. Therefore, to fiflfly take advantage of the oxfidatfive capacfity of
the mfixed HOCfl//NH,(l system, water reuse fadfiflfifies can fimpflement
the treatment trafin of the mfixed system after the decarbonatfion step for
mficropoflflutant degradatfion.

In addfitfion, aflthough chflorfine reactfion wfith ammonfia can flead to the
formatfion of NDMA, a carcfinogenfic dfisfinfectfion byproduct, (Pham et afl,
2021; Sgrofi et afl, 2015; Wu et afl, 2021; Mfitch et afl, 2003; Fujfioka et
afl, 2012) thfis rfisk can be mfinfimfized by removfing NDMA precursors
from the feedwater through effectfive pre-treatment steps upstream. The
mfixed HOCfl/NHoCfl oxfidatfive system fin broader water treatment
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scenarfios can beneffit the degradatfion of trace organfic contamfinants.
Future work to estabflfish a kfinetfics modefl to predfict the oxfidatfive
reactfivfity of the mfixed HOCfl and NHoCfl system fis warranted.

4. Conclusions

Thfis study fiflflustrated the pathways fleadfing to the formatfion of
reactfive specfies that oxfidfize 1,4-D; and provfided finsfights finto the effects
of water chemfistry parameters on 1,4-D removafl effficfiency. ONOO -was
fidentfiffied as the afitficaf] reactfive specfies formed fin the mfixed HOCfl/
NH,(lsystem. Chafin reactfions of ONOO- finvoflvfing fits protonatfion and
subsequent decay resuflt finthe generatfion of HO® and secondary reactfive
specfies that oxfidfize 1,4-D. The yfiefld of HO® favors flow dfissoflved CO ,,
and the presence of dfissoflved O, The optfimum condfitfion for effficfient
1,4-D removafl was found at the near-neutrafl pH of 6 wfith the HOCfl-to-
NH (lratfio of 1. The ffindfings of thfis study beneffit future optfimfizatfion of
systems fin whfich HOCfl and NH ,(f] coexfist and can be further appflfied to
oxfidatfivefly degrade trace organfic contamfinants fin water treatment and
reuse scenarfios. Future work fisneeded to finvestfigate the effects of other
chemficafl constfituents (e.g., &l, NO 3 NO -Sand naturafl organfic matter) to
advance the understandfing of matrfix effects of the mfixed HOCfl/NH {1
system fin reafl-worfld water treatment and reuse condfitfions.
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Environmental Implication

1,4-dfioxane (1,4-D) fisa probabfle human carcfinogen, and fit must be
removed from water durfing water treatments and reuse appflficatfions due
to fits wfide occurrence and hazardous nature. The mfixed HOCfl/NH, (1
system finvestfigated fin the study showed a promfisfing potentfiafl for the
fimpfTficatfion of the technfique finthe reafl-worfld water treatment and reuse
facfifIfitfies for the rapfid removafl of the hazardous 1,4-D fin reaflfistfic water
parameters wfith a flow energy footprfint. The ffindfings of thfis study aflso
provfided meanfingfufl gufidance for water treatment and reuse facfifffifies to
fuflfly ufififize the technfique for achfievfing enhanced removafl of 1,4-D.
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