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Toxicity arising from toxic disinfection byprodudssan unintended result of disinfection during
water reclamation. To ensure safe water reclamateaiment, it is important to develop a
disinfection strategy with minimal formation of aad toxicity in the reclaimed water. The
cumulative disinfectant concentration over tirfi) (s a useful concept for pathogen control
during reuse water disinfection. We evaluated tixéctty impact ofCt values and different
methods to achieve identidat values by ozonation or chlorination of wastewateys four
agricultural sources on mammalian celNsacetylcysteine (NAC) reactivity of the wastewater
organic extracts was determined to reveal theilaichpn the thiol-specific biological
detoxification mechanism. The results demonstrttatfor two sources and for both ozonation
and chlorination, higheCt values enhanced cytotoxicity. The ozonated watere at least 10%
less toxic and as much as 22.4 times less toxiteither the non-disinfected controls or the
chlorinated waters. Chlorination consistently ineldibiigher cytotoxicity than ozonation by
between 2.2 and 22.4 fold, respectively, and indwsiailar or higher cytotoxicity than the non-
disinfected controls, by at most 4.4 fold. Givea #ameCt values, the combination of high
disinfectant concentration and short contact timeelpced finished wastewaters with higher
toxicity, than the combination of low disinfectarincentration and long contact time. NAC
thiol reactivity was positively and significantlpigelated with mammalian cell cytotoxicity, and
agreed with 80% of the cytotoxicity rank order. §huggests that the induction of cytotoxicity
involved reactions with agents that acted as thwall quenchers. The overall results indicate that
the cytotoxicity of wastewaters may increase whighdrCt values are applied to inactivate

recalcitrant pathogens. To counteract the potemitatase in cytotoxicity at hight values, for

both ozonation and chlorination, lower disinfectdase and longer contact time may be adopted.

Keywords: disinfectant exposuréZ(); ozone; chlorine; wastewater; thiol
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1. Introduction

Water reclamation is necessary for efficient watss (World Health Organization 2015).
Worldwide 70% of the freshwater resources are @isedgricultural purposes (Food and
Agriculture Organization 2015), it is therefore g@ount to more efficiently reuse wastewaters
from agricultural sources by means of, for instameesite reuse. Disinfection is mandatory in
this process to protect the public health. Duégeffectiveness and affordability, chlorine is
currently the most widely adopted disinfectanti@stewater disinfection (Metcalf & Eddy Inc.
2013). However, chlorine is practically ineffectiagainst several important pathogens, such as
Cryptosporidium parvum (Korich et al. 1990). Chlorine disinfection alsmguces a number of
regulated and unregulated disinfection byprodusBRs) (Crittenden et al. 2012; Richardson
and Postigo 2015; Rook 1974). Ozone is a strongfdidant against several key pathogens such
as the Norwalk virus (Shin and Sobsey 2003)@ngarvum (Corona-Vasquez et al. 2002; Kim
et al. 2007), and it is being increasingly usediastewater disinfection (Gottschalk et al. 2010)
despite its potential to form bromate, a regul@&dP, in bromide rich waters (United States
Environmental Protection Agency 2006). All disirtfea processes create DBPs, some of which
can be toxic. With the increasing application aflaened waters for purposes such as
recreational waters and hydroponics, to ensuredfety of consumers it is of paramount
importance to determine a disinfection strategywiiinimal formation of overall toxic

disinfection byproducts, while achieving sufficigrgthogen inactivation.

The Ct (cumulative concentration of disinfecta®in mg/L times timé in minutes) is a
concept based on the Chick-Watson theory (Chicl8L8tat has been widely used for the
disinfection of water and wastewaters for both cthewand ozone (Stover et al. 1986; United

States Environmental Protection Agency 2003). édpts the fractional inactivation of a
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pathogen given the cumulative concentration ohfiesitant over time. Thét value accounts

for the disinfectant demands in different wategetber with the disinfectant exposure duration.
To achieve a give@t value for pathogen inactivation, either a highenalative disinfectant
concentration over shorter exposure time or lowenuwative disinfectant concentration over
longer exposure time may be used. Theoncept for microbial inactivation allows for

flexibility in disinfection design by varying thénemical dosing and the disinfectant contact time.
Previous research investigated the options to eethe disinfectant usage while achieving
acceptable microbial inactivation and keeping tibxiow, such as comparing a three-step
chlorine dosing vs. a one-step chlorine dosingesgsa(Li et al. 2017a; Li et al. 2017b). Other
research investigated the effect of fixed disirdatitoncentration on toxicity among varied
waters (Smith et al. 2010; Yang et al. 2015). Hosveapplications of th€t concept were
primarily focused on microbial inactivation (Dongad. 2018; Hunt and Marifias 1997; Hunt and
Marifias 1999), and th@t concept in the context of disinfection-mediateddity production is

not well understood. Owing to the potential to gate cytotoxic, genotoxic, and teratogenic
DBPs which may have adverse effects upon the emviemt and the public health (Komaki et al.
2014; Plewa et al. 2010; Plewa and Wagner 2015y&P&t al. 2004; Plewa et al. 2017;
Richardson et al. 2007; Wagner and Plewa 2017)jghdual research established that
chlorination and ozonation could alter the toxi@fyreclaimed waters due to interactions
between the disinfectants and the organic and amcgvater components (Dong et al. 2016;
Dong et al. 2017a; Dong et al. 2017b; Liu and Zh2dt¥; Monarca et al. 2000). However, a
comprehensive toxicological analysis linking thepaut of varied disinfectant dose with contact

time, two of the most important wastewater disitigcoperational parameters, is lacking.



85 The objective of this research is to understridrination and ozonation technology for the
86 disinfection of several sources of partially trelteastewaters concerning the toxicological

87 response in mammalian cells@values and different ways to achieve the s@mealue. The

88 Chinese Hamster Ovary cells cytotoxicity assay usesl for the toxicity analysis; the previously
89 developedN-acetylcysteine thiol reactivity assay (Dong e8l17a; Dong 2018) was used to

90 measure the potential impact of wastewater orgaxtiacts on the thiol-specific biological

91 detoxification mechanism. The results presented wdf facilitate the disinfectant dose and

92  contact time selection to minimize toxicity of thisinfected wastewater while ensuring

93  pathogen inactivation as reflected by the appliedalues.

94 2. Materialsand methods

95 2.1 Wastewater sampling, processing, and characterization

96 Four independent sources of agricultural wastewefterents named A, B, C, and D were

97  collected from two vegetable farms in Illinois, USPhese farms employ closed loop recycling

98  of water to reuse the nutrients and reduce cost.f@mn was equipped with a state-of-the-art

99 biological nitrogen removal system to better marthgeseasonal nutrient surges; another farm
100 mainly used an ebb-and-flow system with sand filtra Due to seasonal farming activities, we
101  were denied access to the two locations where Wiected water samples A and B. Therefore
102  we obtained samples from two other sources indheesfarms instead, designated as C and D.
103  Within one week post sample collection, samplesviéered through 1.@m glass fiber filters
104  to minimize the interference of suspended solidsthe loss of dissolved organic matter. The
105 filtrates were stored at 4°C in the dark until USeveral water quality parameters were measured
106 and are summarized in Table 1. The absorbancedati®Svas measured by a Beckman UV-vis

107  spectrophotometer (Beckman Coulter Life Scienaaighapolis, IN). The dissolved organic

6
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carbon (DOC) was measured by a Shimadzu TOC andl$henadzu Scientific Instruments,
Columbia, MD) after filtering each sample throug@.45um filter. Specific UV absorbance at
254 (SUVAs4) was calculated as the ratio of LhyYDOC. Both the free chlorine (further
detailed below) and ammonia nitrogen were measusedy Hach kits (Loveland, CO). pH of

the filtered wastewaters ranged from 6.13 to 7t0%@m temperature.
2.2 Disinfection experiments
Chlorination using free chlorine was compared witbne.

We used Eg. (1) to calculate tBevalue in a completely mixed batch reactor:
Ct= [, C,dt 1)

where(;, is the concentration of dissolved disinfectarggfchlorine or ozone in this study)is
the hydraulic residence time of the reactor, ardnkegral represents the area under the curve as
depicted in Fig. 1 up to a specific time equal® hydraulic residence timeof this reactor. The

finite middle Rieman sum was used to approximagentegral (Eq. (2)):
Jy Cudt ~ T (C, + €, ) /2 Bt (2)

Two types of chlorination experiments were caroetl For each wastewater source this
entails: (1a) achieving high or oGt values by a combination of high initial chlorinesg with
long contact time, or low initial chlorine dose wihort contact time; (2a) achieving the

identicalCt value by a combination of high cumulative chlordwse with short contact time, or

low cumulative chlorine dose with long contact tibﬁ(éCLdt kept identical).

Chlorination experiments were carried out in 4 Lbamglass bottles with Teflon-lined caps as

approved by the U.S. EPA (United States EnvironaldPtotection Agency 2016). Free chlorine

7
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was measured using the Hach (Loveland, CO) kitbasehe U.S. EPA,N'-diethylp-
phenylenediamine (DPD) Method. The chlorine coneioin in the stock sodium hypochlorite
solution (Ricca Chemical, Arlington, TX) was qudietl spectrophotometrically at 292 nm using
a molar absorptivity of 360 Mcm* (Hussain et al. 1970). We conducted a preliminary
experiment to ensure that at the end of a minim&Gmih contact time and at a; @b NH;-N

mass ratio of at least 8.3, free chlorine was atililable, and more importantly, for the |Gt
conditions in experiment (1a) the free chlorineaantration was in compliance with actual farm
wastewater disinfection practice (Raudales etGl42. An example free chlorine concentration
profile as a function of exposure time is providgedrig. 1a. At the end of the experiments, free
chlorine was quenched stoichiometrically (1.2 safattor) using analytical grade sodium

bisulfite (Fisher Scientific, Hampton, NH).

Two types of ozonation experiments were carowd (1b) achieving high or lo@t values
using the same ozone mass transfer rate but witleloor shorter contact times; (2b) achieving

the identicalCt value by a combination of high ozone mass tramrsfierwith shorter contact time
or low ozone mass transfer rate with longer cortiect (fot C,dt was kept identical). Ozonation

experiments were conducted in 4 L glass semi-b&@abttors. Ozone was produced from an
ozone generator (E.P. Purification Inc., Champdignwith a nitrogen scrubber (Airsep Inc.,
New York). All apparatus in contact with ozone ga®zonated waters was ozone-resistant. The
dissolved ozone calibration curve was preparecebglsdilution of a stock ozone solution
obtained by purging ozone into cold ozone demaeel phosphate buffer (pH = 7).
Standardization of the ozone stock followed a maksorptivity of 2900 N cri*at 258 nm
(Kilpatrick et al. 1956). Measurement of ozoneatusion followed the Indigo method as

described elsewhere (Water Environmental FederatmahAmerican Public Health Association
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2005). Different ozone mass transfer rates wereegetl by conducting experiments with or
without diffuser stones (Ozone Solutions, Hull, IAn example ozone exposure profile as a
function of time is shown in Fig. 1b. Ozonation ekments were stopped stoichiometrically (1.2
safety factor) using analytical grade sodium thiiase (Fisher Scientific, Hampton, NH) after

the designedt values were achieved.

2.3 Sample concentration

The organics from the samples were concentratetibgrption onto clean XAD resins. It is
important to note that despite numerous advantdgeextraction method does not consider the
contribution of bromate. Fifty-five mL each of Amhite XAD-2 (Sigma Aldrich, St. Louis, MO)
and Supelite DAX-8 (Sigma Aldrich, St. Louis, M@)sins were packed above a glass wool plug
in a glass chromatography column. A mixture of X2Desin, an aromatic polystyrene, and
XAD-8 resin, an acrylic ester was used to collexthtaromatic and aliphatic compounds. The
maximum ratio of water to resins was 770:1 to maz@nthe adsorption of organics and
minimize breakthrough (Ringhand et al. 1987; Sckext@l. 1990). The samples were first
acidified to pH < 2 by sulfuric acid prior to beipgssed through the column, to ensure
protonation of carboxylic organics. We used 400@hbptima grade ethyl acetate (Fisher
Scientific, Hampton, NH) to elute the organics frima columns (Kronberg et al. 1988). Water
in the ethyl acetate eluent was removed first uaisgparatory funnel, followed by passing the
hydrophobic fraction through a column of anhydreadium sulfate (Fisher Scientific, Hampton,
NH). The ethyl acetate eluent was reduced to 1 yn& totary evaporation unit (Btichi, Flawil,
Switzerland) at 55 °C and further reduced to atpwimere the volume could not be reduced
using a gentle stream of nitrogen. It should beddhat although previous research identified

that the volatile fraction of DBPs are not as taascthe semi- to non-volatile fractions (Zhu
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175  2015), at 55 °C loss and decomposition of thesat®lorganics may occur (Zhang and Minear
176  2002). However even after these processes volaBRs such as the trihalomethanes are present
177  in samples (Jeong et al. 2012). For each samplle_48f dimethyl sulfoxide (DMSO) was added
178  to dissolve the organic extract. Due to the pres@icon-negligible amount of organics that
179  could not be blown dry, we measured the total valwih40 pL of added DMSO together with
180 the organics by means of density measurement. fgjadlgi, we recorded the weight of the

181  HPLC vials prior to sample addition, and for eadPL& vial containing the extracted organics
182  and the added 40 pL DMSO, we withdrew a known va@whDMSO and organic extract

183  mixture and recorded the change in weight. Demdithe DMSO and organic extract mixture
184  could thus be calculated, and together with theghteof the DMSO and organic extract mixture,
185  we were able to calculate the exact final samplame. This information was used to calculate
186 the corresponding concentration factors in expeafntseompared to the original samples. The

187 DMSO dissolved samples were stored in amber HPBEE i darkness at —20 °C.

188 2.4 Chinese Hamster Ovary (CHO) cells

189 CHO K1 cell line AS52, clone 11-4-8 was useddibexperiments (Wagner et al. 1998). The
190 CHO cells were maintained in Ham’s F12 medium coirig 5% fetal bovine serum, 1% L-

191  glutamine, and 1% antibiotics (0.45/mL amphotericin B, 100 units/mL sodium penicili&)

192  and 10Qug/mL streptomycin sulfate in 0.85% saline) at 37iri@n incubator with a humidified

193  atmosphere of 5% GO
194 2.5 CHO cdl chronic cytotoxicity assay
195 The CHO cell chronic cytotoxicity assay quaasfthe reduction in CHO cell density as a

196  function of the concentration of samples over therse of 72 h. The metric for the cytotoxicity
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assay was L&, the sample concentration that induced a cellitetigat was 50% of the
concurrent negative controls. Detailed descriptmapply the assay was published (Plewa and
Wagner 2009; Wagner and Plewa 2017). Up to sixaagel CHO cell clones per concentration

were conducted.

2.6 N-acetylcysteine (NAC) thiol reactivity assay

Thein chemico NAC thiol reactivity assayneasures the ability of the samples to react with
the biologically relevant thiols. The assay wassdasn Ellman’s test (Ellman 1959). The more
thiol-reactive the samples are, the less the atithed thiols remain, which corresponds to less
color development upon addition of Ellman’s reagamd can be quantified
spectrophotometrically. The metric for the NAC thieactivity assay was &g which was the
concentration factor of the sample that induceedaction in the NAC thiol concentration by 50%
as compared to the concurrent negative control&ilBeegarding this were published (Dong et

al. 2017a; Dong 2018; Pals et al. 2016).

2.7 Satistical analysis

LGCso values were obtained through regression analgsisgch concentration-response curve.
Similarly, EG values were calculated through regression anafgsesach concentration-
response curve. We used Tukey ANOVA tests to coefter means of L§g and EG, values.

We used Pearson’s Product-Moment Correlation aisaly®stablish possible correlations
between cytotoxicity and thiol reactivity. The paved the ANOVA test for significance was

maintained at 0.8 ato. = 0.05.

3. Results and discussion
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DifferentCt values, as well as applying identi€tlvalues that are achieved through either
high disinfectant concentration with low contaaotei or low disinfectant concentration with long
contact time, were compared regarding the induaifo@HO cell cytotoxicity and thiol

reactivity using ozonation and chlorination tecluypés.

3.1 Effect of different Ct values on cytotoxicity: ozonation vs. chlorination

We compared the induced mammalian cell cytotoxiaftwater samples after application of

high vs. lowCt values to wastewaters in this section.

At the applied ozone doses, ozonation lowered oytoity of the non-disinfected wastewaters
from two sources (A and B) by at least 2.2 timed as much as 22.4 times regardless of the
selectedCt values P < 0.05, Fig. 2). Here, we lengthened the ozongipgrduration into the
semi-batch reactors to create an average of 47igherCt values of ozone exposure. The
prolonged disinfectant exposure may allow for larmgaction time between ozone and
precursors to form byproducts (during which no gigant mineralization occurred, refer to
DOC values in Table S1). It is possible that ay\yegh ozone doses beyond that required for
disinfection, e.g. 4 mg £&mg DOC, rather than the range of 0.31 to 0.930%igng DOC in this
study (highest recorded dissolved ozone conceotraithieved for a given sample), the
mineralization of certain fractions of organic neattnay result in further lowered toxicity due to

more complete destruction of these organics (Ralipetkal. 2010).

The impact of chlorination on cytotoxicity was siiedo the water matrix. For water A, in
agreement with the general trend as observed aalbogonated waters, a higher appl@d
value (6.8 times higher) increased the toxicityll®7 fold as compared to its lowér value

counterpart® < 0.05, Fig. 2a). We previously observed that ummipal secondary effluent
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wastewater, longer chlorination contact time (48h vs. 15 min) resulted in formation of more
haloacetonitriles that positively and significantiyrrelated with CHO cell cytotoxicity (Dong et
al. 2016). Similarly, increased residence timectdorination in a municipal drinking water
distribution pipeline was found to have promoteel filrmation ofN-nitrosodimethylamine, a
carcinogenic nitrogenous DBP (Charrois and Hrud#yr2. It is likely that the longer reaction
time between chlorine and organic matter led tdoh@ation of more and/or higher
concentrations of toxic byproducts. However, aljiogonsistent with certain scenarios from
our previous study (Massalha et al. 2018), for wsaenple A neither chlorin€t values

produced disinfected waters with significantly drént toxicity potencies than the non-
disinfected controlsR > 0.05). One possible explanation is that waterma A did not contain

sufficient precursors to generate cytotoxic DBPs.

For water sample B, a high€t value reduced the toxicity by 1.63 fold compam@thie lower
Ct value @ < 0.05), with both being significantly more toxi@an the controlsH < 0.05, Fig. 2b).
The observation that higher chlori@evalue yielded less toxic finished waters is incetesit
with earlier research (Dong et al. 2016) and offaenples within the current study, suggesting
water matrix-specific toxicological responses. Tdhierence in water matrix is reflected by the
difference in the aromaticity of water B (SUVA Z12m™mgL) and water A (SUVA = 1.72 in
'mgL) (18.5% difference), despite similar DOC valuds<(14.4 mg C/L, B = 13.9 mg C/L, 3.5%
difference). The result that all of the chlorinatainple B were significantly more toxic than the
controls was consistent with previous work (DongleR2016; Dong et al. 2017b; Massalha et al.

2018; Yang et al. 2014).

In general conditions for both ozonation and cinlation technologies, high&t values

produced disinfected wastewaters with enhanceds®@fenammalian cell cytotoxicity.
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3.2 Effect of different ways to achieve the same Ct values on cytotoxicity: ozonation vs.

chlorination

This section discusses the effect of adopting diffemethods to achieve identi€ztlvalues,
namely varying the disinfectant dose and disinfetctantact time while keeping the cumulative

disinfectant dosage over time identical, on th@tgxicity of disinfected wastewaters.

For both ozonation and chlorination, lower cumwatlisinfectant concentrations over longer
contact times yielded lower cytotoxicity than higlsamulative disinfectant concentrations over
shorter exposure times. This trend was observeddtr tested waters (C and D). For these two
sources of wastewaters (C and D) for identetabalues, ozonation produced cytotoxicity levels
that were not significantly different fron® & 0.05) or even much lower than the non-disinfécte
controls (Fig. 3)P < 0.05). These results are consistent with themsions discussed above in
section 3.1 and in past research (Dong et al. 2Dbfig et al. 2017b; Massalha et al. 2018).
Chlorination on the other hand increased cytottyicy at least 4.27 fold as compared to the
negative controls (Fig. 3). At the identic@t value (e.gCt = 56.61 mg min/L), the chlorination
with a higherC and lowert enhanced the cytotoxicity by 4.27 fold, which wasch more than
the 2.79 fold induced by chlorination with a low&and longet. We observed that during
chlorination, cytotoxicity was more associated vditinfectant dosage than contact time, likely
due to higher sensitivity of the cytotoxicity tcetbhlorine dosage than the contact time. In water
C scenario, when the free chlorine dose increasad 5 to 7 mg/L (1.4 fold increase) and the
contact time reduced from 30 to 10 min (3 fold éase), the L& of the disinfected water
varied by 1.5 fold (from approximately 15 to 10 centration factor)(Fig. 3c). For water D

scenario, when the free chlorine dose increased &®o 8 mg/L (1.33 fold increase) and the

14
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contact time reduced from 110 to 15 min (7.33 fiddrease), the Lfgof the disinfected water

only changed by 1.53 fold (from 11.74 to 7.68 conticion factor)(Fig. 3d).

In summary, for a given disinfectant exposGtdarget, lower disinfectant dosages combined
with longer disinfectant contact time produced|theest induced cytotoxicity. The cytotoxicity
results for chlorination was more responsive todisenfectant dosage than the disinfectant

contact time.

3.3 Impact of wastewater organic extracts on NAC thiol-specific biological detoxification

mechanism

Thiol-specific reactivity is an important metricsagiated with cytotoxicity (Dong et al. 2017a;
Dong 2018; Pals et al. 2016; Pals et al. 2017; Bcbual. 2007; Schultz et al. 2006). In this
study, 80% of the cytotoxicity analyses rank ongtas consistent with the rank order of NAC
thiol reactivity assay (Fig. 4). A Pearson’s caatign analysisr(= 0.79,P < 0.05) expressed a
significant correlation between the cytotoxicityddg) and NAC thiol reactivity (E€) (Fig. 5).
This suggests that the adverse biological effefctiseoXAD2/8 organic extracts of the
wastewater samples were associated with the NAGI-$piecific soft nucleophile attacks. The
thiol groups are present in essentially all mamamatiells in concentrations between one to ten
mM, with the reduced form dominant over the oxidizerm (Pastore et al. 2003). The thiol
moiety in these living systems exist in the formeslsas amino acid-cysteine and.-y-
glutamylL-cysteinylglycine (glutathione). Glutathione is {hemary intracellular tripeptide that
provides a thiol pool to buffer against and remediaxicity caused by electrophiles (Meister
and Anderson 1983; Townsend et al. 2003). Whenatixiel stress is present, a cysteine thiol
group can be oxidized to a disulfide, or can follst@pwise reactions to produce sulfenic,

sulfinic, and eventually sulfonic acids (Timbre899). When the cysteine thiol in glutathione is

15
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depleted or overwhelmed by oxidizing agents, advbislogical responses may be induced
(Meister and Anderson 1983; Townsend et al. 20d3hy halogenated compounds such as
chlorinated acyls are known to react with the tigidup, consuming the available thiols and
forming substances such as thiol esters (Solom@86)1Previous research on DBPs such as
alkyl halides suggested that the thiol group on Nraécted with these soft electrophiles and
therefore NAC may possess the potential to refleetrelative toxicity of these individual
compounds (Pals et al. 2016; Pals et al. 2017)itidadlly, thiol reactivity was found to

correlate with toxicity among several halo-carborytnpounds (Schultz et al. 2007). It is
therefore likely that the organic extracts contditieese thiol-reactive DBPs, resulting in the
observed relationship between cytotoxicity andltieactivity. We recently demonstrated a good

correlation between thiol reactivity and CHO cseflatoxicity (Dong 2018).

Although these DBPs and other agents isolated themwater samples are associated with the
interaction of biological thiols, further studynecessary to elucidate the precise molecular
mechanisms and cellular targets of the individuAPB. Since thiol-specific reactivity may
reduce the cellular defenses against reactive sents, understanding their direct cellular
target molecules and toxicogenomic characteris@isponsible for the toxicity requires
additional research. However, the NAC thiol reattidemonstrated the adverse impact of

wastewater organic extracts on the biological teécific detoxification mechanism.

3.4 Implications for ozonation and chlorination practice

For water reclamation disinfection operationssitlesirable to develop engineering designs to
minimize the overall cytotoxicity of the finishedater. The results from this work suggest that
design efforts should be made to lengthen the féisiant contact time while keeping the

disinfectant dose to a minimum, regardless of temf#ctant choice (between ozone and
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chlorine). Unfortunately, it is well developed tltatrtain pathogens of concern, suclGes dia,

may require relatively high disinfectant exposGtevalues (Crittenden et al. 2012; Jarroll and
Hoff 1988). As demonstrated in this work, high dfsctant exposure produced significantly
higher levels of induced cytotoxicity. This preseatconundrum in that these more recalcitrant
pathogens could be ineffectively inactivated dumsuifficient disinfectant exposure if one is to
simply pursue low toxicity in the disinfected wat@rprevious research suggested a three-step
disinfection approach rather than the traditiomad-step chlorine dosing method (Li et al. 2017b)
as the former improved inactivation while reducihg generation of total organic halogen. In
combination with the current investigation, onatggy to overcome such a problem is the
disinfectant boosting method, where disinfectarplied at lowe€t values, and at the end of a
disinfectant exposure period another adequate anodlow Ct value boost disinfectant is
applied. This strategy has the combined benefit@éting the designed cumulative disinfectant
exposure to inactivate the resistant pathogensevemsuring a minimum level of cytotoxicity in
the disinfected reclaimed water. It is also impotthat other guidelines are followed depending
on the end use of the disinfected water. For i&taif the reclaimed water is to be used for plant
irrigation and cultivation the disinfection processst not damage plant roots, especially at the

beginning of the exposure period when the disiafg@ctoncentration is the highest.

Ozone consistently reduced or did not increaseytwoxicity in all of the analyzed
wastewaters. This is consistent with previous nese@latchley et al. 1997) and suggests that
ozonation may be a preferred technology comparetiltmination from the point of view of
disinfection and toxicity minimization. If mandatéat residual disinfectant maintenance in
distribution pipelines, ozonation may serve asimany disinfectant, after the dissipation or

consumption of which only very low dosage of chieris needed to solely fulfill the residual
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requirement. This strategy combines the advantatgevering toxicity during ozonation with
the advantage of low chlorine dosage plus longaminime. In order to protect the environment
and the public health these strategies should bsidered with specific water reuse

requirements and technologies.

4. Conclusion

With this research, we demonstrated that:

Higher disinfectant exposure in general resulteldigher levels of mammalian cell

cytotoxicity in agricultural wastewaters.

» Given the identical disinfectant exposure, lowairdectant concentration combined with
longer contact time was found to produce lowerdibxithan higher disinfectant
concentration combined with shorter contact time.

» Disinfectant boosting method, where disinfectarstgplied at lowefCt values, and at the end
of a disinfectant exposure period another @walue boost disinfectant is applied to satisfy
the totalCt design, may minimize toxicity.

* NAC thiol reactivity suggested that thiol-specifiacleophilic attacks by the reactive and
toxic wastewater organic extracts may initiate aseédiological impacts.

» Ozonation may be a preferred technology comparetitwination from the point of view of

disinfection and toxicity minimization.
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Tablel
Weater characteristics of the tested wastewaters.

Sample z;\r{fi’; (m%%(/:L) (msym\é% (xgiﬁ) pH
Waer A | 0248 14.4 172 0.45 7.05
Waer B | 0294 13.9 212 72 6.13
Waier C | 0219 165 133 0.49 6.63
Waier D | 0231 123 188 0.28 6.7
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Fig. 1. Disinfectant consumption and Ct curves as a function of time for an example a)
chlorination experiment and b) ozonation experiment. Ozonation experiments were stopped
stoichiometrically using sodium thiosulfate after the designed Ct values have been achieved.
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Highlights

Ozonated wastewaters were less toxic than chlorinated wastewaters

. Ozone and chlorine toxicity increased with increasing disinfectant exposure (Ct)
. Ozone and chlorine low C with long t induced less toxicity than high C with low t
. Multipoint disinfectant injection at low dose preferred over single point high dose

. Thiol-specific attacks positively correlated with cytotoxicity



