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Purpose of consultation

This guideline technical document outlines the evaluation of the available information on
bromoxynilwith the intent of updating the guideline value boomoxynilin drinking water. The
purpose of this consultation is to solicit comments on the proposed guideline, on the approach
used for its development, and on the potemglactsof implementing it.

The existing guideline technical documentlmomoxynil, developed in 1987 (edited in
1989), recommendel maximum acceptable concentration (MAC) of 0.6GHL (5ug/L) for
bromoxynil in drinking water, based on reduced liver/bagyght ratios observed in raibhis
document proposesMAC of 0.03mg/L (30ug/L) for bromoxynilin drinkingwater, based on
an increasén clinical signg(panting, salivationljquid feces, pale gumsd liver weightand
decreases in body weight and body weight gain observed in dogs.

This document is available for a 60-day public consultation period. Please send
comments (with rationale, where required) to Health Canada via email:

HC.water-eau.SC@canada.ca
If this is not feasible, comments may be senpbstalmail to:

Water and Air Quality Bureau, Health Canada
269 Laurier Avenue West, A.L. 4903D
Ottawa, ONK1A 0K9

All comments must be received befd@nuary, 29 202Comments received as part of
this consultation will be shared withembers of the Federal-Provincial-Territo@dmmitteeon
Drinking Water (CDW), along with the name and affiliation of their author. Autinbrsdonot
want their name and affiliation shared with CDW memisaauld provide a statement to this
effect along with their comments.

It should be noted thahis guideline technical document will be revised followihg
evaluation of comments received, and a drinking water guideline will be established, if required.
This document should be considered as a draft for comment only.
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Proposed guideline
A maximum acceptable concentration (MACD @B mgL (30 pg/L) is proposed for
bromoxynilin drinking water.

Executive summary

This guideline technical documents prepared in collaboration with the Federal
ProvinciatTerritorial Committee on Drinking War andis based on assessneot bromoxynil
completedb y He al t h Ca n a dniRegulatBry AgencyMmslnppogirgd@cuments.

Exposure

Bromoxynilis aregisterecherbicideused to contrabroadleaf weeds in food and feed
crops In 2017(the most recent year for whichtdaare available), more thdmmillion kilograms
of bromoxynilweresold in CanadaBromoxynil may bereleased into thenvironment asurface
run-off, throughspray driftor while adsorbed to dust particles

Canadian dta indicate thadromoxynilis not commonly found in source or drinking
waterbut may be found dbw levels in source and drinking water in agricultural areas where
is applied Bromoxynilis rarely detected in foods.

Health effects

Animal gudies indcate thatoromoxynil primarily targetsthe liver. At higher doses,
bromoxynilhas beefiound to causdevelopmental effects (skeletal effects, decreased pup
weight) but naeproductive effectsThere are no humastudiesonthe effects of bromoxynibn
the liver. The proposed MAC of 0.03 mg/L (30 pg/L)based oran increasén clinical signs
(i.e., effects founded on actual observation as distinguished from theoretical or experimental
effects panting,salivation, liquid feces, pale gums)dliverweight as well aglecreases in
body weight and body weight gain observed in ayear dog study.

Analytical and treatment considerations

The establishment of drinking water guidesnakes into consideration the ability to both
measure the contaminant and remove it from drinking water supplies. Several analytical methods
are available for measuring bromoxynil in water at concentrations well below the proposed
MAC.

At the municipal lewel, there is limited information on the efficiency of treatment
technologies to remove bromoxynil from drinking watexidation, advanced oxidation
processes, and biofiltration achieved a wide range of resm@veivated carbon adsorption and
membrane mcesseare expectetb be effective Although bromoxynil may be removed using
oxidation utilities should be aware of the potential formation of degradatieprdjucts Pilot-
and/or benctscale testing are recommended prior to-$athle implementation.

Forbromoxynil removal at a small system or household Jdeelexample, when the
drinking water supply is from a private wedl residential drinking water treatment unit may be
an option Although there are no treatment units currently certified ferémoval 6
bromoxynilfrom drinking water,eéchnologies thadre expectetb be effective include
adsorption (etivated carbonandreverse osmosis. When usisigch areatment unit, it is
important tosend samplesf water entering and leaving the treatment unit to an accredited
laboratory for analysis to ensure that adequate bromoxynil removal is occurring
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Application of the guideline
Note: Specific guidance related to the implementation of drinking water queédedhould be
obtainedfrom the appropriate drinking water authority in the affected jurisdiction

The proposed guidelirfer bromoxynilis protective against health effects from exposure
to bromoxynilin drinking water over a lifetime. Any exceedance of the proposed MAC should
be investigated and followed by the appropriate corrective actions if required. For exceedances in
source water where there is no treatment in place, additional monitoringfitoncibre
exceedance should be conducted. If it is confirmed that source water bromoxynil concentrations
are above the proposed MAC then an investigation to determine the most appropriate way to
reduce exposure to bromoxynil should be conducted. This mmadmuse of an alternate water
supply or installation of treatment. Where treatment is already in place and an exceedance
occurs, an investigation should be conducted to verify treatment and determine if adjustments are
needed to lower the treated watencentration below the proposed MAC.

International considerations

Other national and international organizations have drinking water guidelines, standards
and/or guidance valudsr bromoxynil in drinking waterVariations in these values can be
attributed to the age of the assessments or to differing policies and approaches, including the
choice of key study and the use of different consumption rates, body weights and source
allocation factors.

Au s t r a lomahHealth axd Medical Research Couheitestablishec guideline
value 0f0.01mg/L (10 g ) fdr bromoxynil in drinking watebased on decreased body weights
in a oneyear dog studyThe United States Environmental Protection Agehag not sea
regulatory value for bromoxynih drinking water. Similarly,lie World Health Organization
does not have a guidelifi@ bromoxynil

The European Union (EU) does not have a specific parametric value for individual
pesticides. Instead, the EU has a value of 0.
value of 0.5 pnpg/L for total pe gthesevaldes,dhe f oun d
EU did not consider the science related to each pesticide, such as health effects. Instead, the
values are based on a policy decision to keep pesticides out of drinking water.
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1.0 Exposure Considerations

1.1 Sources andises

Bromoxynil phenol (3,5ibroma4-hydroxybenzonitrile; parent compound) and its ester
derivatives areommonly grouped together under the nalm®moxynil’. However,it is the
phenolic form of bromoxynilhat isknown as‘bromoxynil’ (United States Environmental
Protection AgencW).S. EPA, 1998CCME, 1999). Henceforth “br omoxyni I 7 wi 11
denote bromoxynil phenol.

Bromoxynilis acontact, posemergent andelectivebenzonitrileherbicide used to
control a wide spectrum ainnual broadleaf weeds in food and feed c(bjealth Canada
201%). It acts byinhibiting photosynthesis, whicstopsenergy prodction and negatively
affectsplant respiration (U.S. EPA, 1998romoxynil and its octanoate and heptanoate esters
arecurrently registereth Canada for use ioommerciaklass productsThereare no registered
domesticclass productsr Canadacontaining bromoxynior its ester derivative@iealth Canada,
2019).Br omoxynil was PestMdhagenenRegulataryfgedcy (PNRA)
yearly 1l0KerbicideAc t Top I ngredi e n20l/(th8mostdecentn Ca n a d
year for which data are available) with more thg@00000 kgof active ingredienfbromoxynil)
being sold for use on terrestrial feed &oadd cropgHealth Canad&017).

Bromoxynil and its octanoate and heptanoate eaterseleased into the environmesst
spray driftthat resultgrom agriculturalapplicationsandas surface runoff from treated areas
(Anderson et al., 1998; CCME, 199WVaite et al., 200Health Canada, 201P4dn addition,
dust particles with adsorbed bromoxynil, bromoxynil octanoate and/or bromoxynil heptanoate
can also contaminate surface water (CCME, 2R99

Bromoxynil is moderately soluble in wat@yee Table J1 Based on the rapid aerobic and
anaerobic conversion of bromoxynil to carbon dioxitdbas a low potential to contaminate
groundwatefU.S. EPA, 1998; Health Canada, 2008 haltlife in prairiewetland ponds is
reported as47 days, though residu€s 2 ng/L) may remain up to 120 days after application
(Muir et al., 1991)In soil, bromoxynil kalf-life is reported to bd.12 days and its dissipation
rateis reported to b81.25%over21 days(Chen 2011).

Both bromoxyniloctanoate andromoxynilheptanoatare chemically and physically
similar to each other so that information relating to the environmental fte ottanoate ester
is relevant tahe heptanoate est@d.S. EPA, 1998; Health Canada, 20@)th esters are almost
insoluble in wateandreadily hydrolyze to bromoxyndt alkaline pH, with haffives of 1.7 to
34.1 days, depending on gECME, 1998, U.S. EPA, 1998; Health Canada, 2008).
Bromoxynil octanoate is rapidly degraded in both water and soil with photbbiéikves of 2
4.6 days and microbial degradationfHales of 12 hours to 3.7 dayBromoxynil octanoate is
mobile in sand, sandy loam, and loam s@isce bromoxynil octanoate readily degrades to
bromoxynil via hydrolysis, the potential for ground water contamingtmd exposureydm
bromoxynil octanoate is lovBromoxynil octanoatés alsonotexpected tgersist in arface
waters (U.S. EPA, 1998).

The reported vapoyr r ¢ s s ur e lawcdnstdhfseerTable dindicatethat
bromoxynil and its octanoate andgtanoate esteshould not readily volatilize from surface
water environments and undergo lenagnge airborne transport (U.S. EPA, 1998; Health Canada,
2008).
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1.2 Substance identity

Bromoxynil (CAS#168984-5; C/H3Br.NO) is a colourless, odourless so(@CME,
199%). Bromoxynil octanoatéCAS# 168999-2; CisH17Br.NO2) and bromoxynil heptanoate
(CAS# 5663495-8; C14H15BroNO») are brown crystalline solid$).S. EPA, 1998 In their
evaluationstheU.S. EPA (1998) and PMRA (20&pfocusedon data folbromoxynil octanoate
as it was found to be chemically and physically similar to bromoxynil heptanoate. Therefore,

some ofthe physicechemical properties dfromoxynil and bromoxynil octanoasee
summarized in Tabl#.

Table 1. Propertieof bromoxyniland its octanoate estalevant taheir presence in drinking

water.
. . Bromoxynil 3
Property Bromoxynil Interpretation octanoate Interpretation

CAS# 168984-5 - 1689992 -
Molecular formula | C7H3BroNO - C15H17BraNO; -
Molecularweight 276.9 i 203.1 i
(g/mol)
Water solubility 130 at 20C moderate solubility in 3 at 25C low solubility in water
(mg/L) water
Vapour pressure 3 e
(volatility) 6.3°>do at i 1.9x10% at 25C Low volatility; 'unI|.ker

20°C to be present in air
(mPa)
Henry’ s I 53x10% 9.76xL0°8 O [FEEIE] 1D

a = 3 b volatilize from water
constant Pant/mol atmm?/mol : .
surfaces or moist soils

Dissociation bromoxynil dissociates

pKa= 3.86 rapidly to anion at No dissociation -
constant )

environmental pHs

n-Octanol:water
partition 28 Unlikely to 54 Unlikely to
coefficient ’ bioaccumulate ’ bioaccumulate
(logKow)

Adapted fromHealth Canada, 20Qéless mentionedtherwise.
aCicotti, 1994
bU.S. EPA, 1998.

1.3 Exposure

The general Canadian populaticenpotentiallybe exposed to bromoxynthrough food
and drinking wate(Health Canada, 204p

Water monitoring data from the provinces and territories (municipal andnooicipal
supplies), PMRA and Environment Cana(911)(Appendix B were available for bromoxynil.

Data provided by the provinces and territories indicates that bromoxynil levels are below
the method reporting limit (MRL) or method detection limit (MDL) in most samples collected
These samples weoellectedfrom a varigy of water supplies in Canada including surface water
and groundwater as well as treated and distributed water where monitocunged(British
Columbia Ministry of Health, 2019ndigenous Services Canada, 2019; Manitoba Sustainable
Development2019Mi ni st ¢ére de 1’ Environnement et de 1 a
climatiquesdu Québec2019 Nova Scotia Environment, 2019askatchewan Water Security
Agency, 20190ntario Ministry of the Envonment, Conservation and Parks, 20d@ble2
summarizeshte monitoring data for jurisdictions in which edfportedsamples were below the
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MDL. Table3 summarizes the data for jurisdictions in which bromoxynil detections were
reported.The maximum concentration of 6.G8/L was reported in the distributi@ystem from
surface water in Qabbec
There were no monitoring data availalieNew Brunswick, Newfoundland and

Labrador, Prince Edward Island and Yukdte( Brunswick Department of Environment and
Local Government, 203Newfoundland and Labrador MunialpAffairs and Environment,
2019;Prince Edward Islan®epartment of Communities, Land and Environment, 2¥1&pn
Environmental Health Services, 2019).

Table 2. Summary of nofetect monitoring data for bronynil.

. o .. Water Type #
‘(]'\lerlljsl_dﬁs;)l_r; M%neltr?(:g\g Mumﬁlﬁiy gllon— (Municipal: ground/surfaceraw, | Detects/
P treated, distributed samples
British Columbia 20132018 Municipal Surface raw 0/18
(0.020.5)
Public Water Ground- raw 0/13
Systems Ground- treated 0/190
Ground- distribution 0/16
Surface- raw 0/33
Surface- treated 0/308
Surface- distribution 0/23
a . SemiPublic Water | Ground- raw 0/3
El:gan(o(.Dzr-](t)ég)o 20142018 | Systems Ground- treated 0/16
Ground- distribution 0/68
Surface- raw 0/1
Surface- treated 0/9
Surface- distribution 0/2
Private Water Ground- treated 0/3
Systems Ground- distribution 0/50
Surface- treated 0/5
a . Public Water Ground- treated 0/4
E’;‘gi_'oi é)tlg)n tic 20142018 Systems Ground- distribution 0/4
Surface- treated 0/1
a
El(\algi-'oi (Qougg)e ¢ 20142018 Drinking water system 0/4
Municipal Ground- raw 0/72
Nova Scotia Ground- treated 0/35
(0.31) 20072018 Surface- raw 0/35
Surface- treated 0/39
Distributed 0/1
Saskatchewan Municipal Ground & surface distribution 0/35
(0.05) 20142019 Ground & Surface treated 0/4
Ground- raw 0/17

2FENIHB - First Nations and Inuit Health Branch
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Table 3. Summary obromoxynil detectiong select provinces iCanac

Water Type
Jurisdiction (Municipal: ground/surfaceraw, # Detects/ Max. Value (ug/L)
(MDL pg/L) treated, distribigdand Non samples ‘ HY
Municipal: ground
Manitoba
[2012-2018] Surface- ambient 17/393 0.188
(0.020.17)
Ontario Ground- treated 4/3889 2
[2011-2020] Surface- treated 3/3750 0.5
(0.023) Unknown- distributed 0/60
Municipal [20132018}
Ground- distribution 0/389 -
Surface- distribution 6/1312 6.69
Municipal (Special projects) :
Quebec Potato project [2012018F:
[2012-2018] Ground- raw 0/46 -
(0.023) Ground- treated 0/17 -
Ground- distribution 0/5 -
Small systems [20:2018}:
Ground- raw ‘ 0/83 ‘ -
Norrmunicipal:
Ground- raw ‘ 0/19 ‘ -

aPotatoProject 20172018 During the period covered, analysis results of bromoxynil pesticide found in raw, treated
de 1’ Envi rtrelasn e me nt
changements climatiquesi Québe¢2019)from 9 drinking water supplies.
bSmall Systems Project 20:2D18: During the period covered, analysis results of bromoxynil found in raw ground

or distributed ground water were obtained byMien i st ¢ r e

water were obtained bytidi ni st ¢re de

Quétec (2019 from 25 drinking water supplies.

As part of its assessment, PMR2019a)noted thathere were no quantifiable detections

1 > En v i rtre lasickangements climatiquhs

l a

of bromoxynil in Canadian groundwater sources. Bromoxyagdetected in surface water in

the provinces of Alberta, Manib@, Saskatchewan, Ontario, and Quebec. The Canadian data

et de

Lutte

show that the overall detection frequemeiess than 50% in most studies, with maximum single
concentrations in potential surface water sources of drinking water lbegthan or equal to

0.

authors stated that significantly higher mean conagotrs were found in Julgfter herbicide
application (May to early July29.6+12.5 ng/).as compared to April/May (1.843 ng/L)after
the snowmelt runoff

sampled for bromoxynil from 2015 to 20Jor theseears theaverage detection frequency was
6.4% andthe maximum concentratiowas 0.51u g /nlthe Chibouet, des Huron§aintRégis

94. pg

A study of 15 drinking water reservoirs (fed primarily from crop land snowmelt and
occasional rainfall runoffs) in Alberta, Manitoba and Saskatche&tattedboromoxynilin 54%
of 206 reservoir samples taken between 2003 and 2004, with mean and maxnogmtrations
of 2.4 ng/L and 384 ng/L, respectiveljeection limit = 0.99 ng/LjDonald et al., 2007). The

Rivers from aeas in Quebec where corn ang soe intensely cultivated wee¢so

and SainiZéphirin Rvers.In 2015, the bromoxynil detection frequency was 18.2%, 18.2% and
27.3% in the Chaudiére, Beaurivage and Le Bras Rivespectively, witldetectedoromoxynil
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concentrations < b g /1n.2016, the bromoxynil detection frequency was 10%lme Yamaska
River, with detectedboromoxynil concentrations <5 g (Qiroux, 2019).

In 2001 and20®, bromoxynil was detected ahemunicipal wastewater treatmepiant
out ofseverplantssurveyed in Qebeg the detection frequency was 3% and the maximum
concentration was 0.26 g A/MDL =0.02u g ) (Giroux and Therrien, 2005).

Health Canada (2020) has set maximum rediduts for a variety of food products
(including fruits, vegetables, dranimal tssue/organs) of 0.62.9 ppm ofbromoxynil Domestic
and imported food produc(se., fresh fruit, fred vegetables, seeds, tree npeanutsand
processed fruit and vegetable produatsje samplednd testedby the Canadian Food
Inspection Agency (CFIA) betweerpAl 1, 2015 and March 31, 20180 samples (= 799
tested positive for bromoxyintontamination(CFIA, 2019)

The potential bystander inhalation exposure via spray drift that resuttsafyacultural
applications of bromoxynik expected to be negligible and is not considered to significantly
contribute to the overall exposure to bromoxynil (Heath Canada, 2(Réa)lts froma 3-year
(20032006 national air surveillance program by the Canadian Atmospheric Network for
Currently Used Pesticides (CANCUP) showed atmospheric concentrations of bromoxynil varied
within years and time periodsith averages ranging from 4.7 t@40pg/m?(n = 8 locatios;

MDL = 1.2 pg/nf) (Yao et al., 2008

Bromoxynil was detected in soil at one sampling site of the CANCUP surveillance study

in 2005, the average concentratiwas 6.23 ng/gNIDL = 0.2 ng/g) (Yao et al. 2008).

2.0 Health Considerations

All pesticides, includingpromoxynil, are regulated by PMRA. PMRA conducts extensive
evaluations and cyclical reviews of pesticides, including unpublished and proprietary
information, as well as foreign reviews by other regulatory agencies such as tEB. &s
such, t hi s health assessment 18 primar,ily bas
2019a) and supporting documentation. Additionally, any reviews and relevant literature available
sinceP MR Aévaluationsverecompleted were alstonsideed.

2.1Kinetics

Bromoxynil, bromoxynil octanoate and bromoxynil heptangetarmacokineticareconsidered
to beidentical in anima (U.S. EPA, 1998; EFSA 2017Fherefore pharmacokinetic studies
usingthe octanoate or heptanoate earerindicative ofthe pharmacokinetibehaviourof
bromoxynil (U.S. EPA, 1998).

Absorption: Bromoxynil is readily absorbed @0%) followingoral exposure in animals
(Salama et al., 201&FSA, 2A.7). In rats, he dermal absorptioof bromoxynilincreass with
duration of exposuréAmountsof 0.10, 1.0 and 10.0 mg/regsulted inpercent dermal absorption
at 10 hourof 1.92%, 1.74% and 24% respectively, and at 24 hours312%, 3.24% and
3.02%, respectivelfU.S. EPA, 1998)

Distribution: Bromoxynilwas observed in the liver, kidregnd brain(only tissues
analyzed)within 0.5 hours followingoral administration(12.9 mg/kgof body weight (bw)) in
malerats Peak conaetrations of bromoxynil were reached4& hourdn serum, liver and brain,
andat 24 hoursn kidneysfollowing administration(Salama et al., 2016%imilarly, in rats
administeredadiolabelled ¥*C) bromoxynil octanoatby gavageradioactivitywas distributed
in most tissuewith the highest concentratiorsbserved in blood, pkma(peak concentrations
reached at-40 hours) liver, kidneys and thyroid (especially in femalgSgnerally, females
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presented highdevels ofradioactivityin tissueghan malegU.S. EPA, 1998)Bromoxynil is
not expected to accumulateanimal tissu¢Salama et al., 201&FSA, 2017).

Metabolism:Bromoxynil is metabolised via hydrolysis and conjugatiéithough
bromoxynilmetabolites havaot been identifiedn the databaseao unique human metabolite is
expectedEFSA, 2017)In rats bromoxynil odanoatevasrapidly andnearly completely
converted to the parecompoundbromoxynil via ester hydrolysiandbromoxynil was the
only chemicabkpecies identified in rat tissu@s.S. EPA, 1998).

Elimination: In male rats, bromoxyniwas mainly excreted in urine following oral
administration Within 24 hours2.80% and 0.01% of bromoxynilereeliminated in urine and
feces, respectivelBy 168 hours,le urinary and fecal cumulative excresai bromoxynil
were21.90%6 and 14.11%, i&pectively The elimination haHives (measured in the serum, liver,
brain and kidneys) ranged from 34.8 (kidneys) to 62.0 hours ([[Batama, et al., 2016\t
sevendays following administration of radiolabelled@) bromoxynil octanoate in rats, 89%
and 7680% of radioactivity was excreted in the urine of males$ f@males, respectively, and 6
10% in the feces of both males and females. Free and conjugated bromoxynil was the only
chemical species present in urine. Bromoxynil octanoate was iddmitifly in feces (U.S. EPA,
1998).

2.2 Health effects

The database for the toxicity bfomoxynilis adequatecovering several endpoints and
various typs of exposuré¢seeU.S. EPA, 1998 for a more thorough rev)es bromoxyniland
bromoxyniloctanoate have been determined to be toxicologically equivalent, studies on both
forms were considered in this section (Health Canada, 20h9ggneral, bromoxynil and its
octanoate ester haedowto high acute oratoxicity in experimental animaldepending onhe
species testefl.e., guinea pigs being the most sensitive sgedkes well, bromoxynil and its
octanoate ester hal@v dermalacutetoxicity and werewell-toleratedn repea¢d-dose dermal
toxicity studiesin rabbits.Repeateeloseoral toxicity studies in animals show that the liver
the most sensitive endpoint

2.3 Effects in humans

In terms of acute exposurasbromoxynil or bromoxynibctanoateno relevant human
data vereavailable.

Agricultural Health Study: Regarding longer term exposures, epidemiological studies
have investigated various outcomes following bromoxynil expo3ime Agricultural Health
Study (AHS) isa large, ongoing questionnaipased prospective cohort study of licensed
pesticideapplicators and their spouses (over 89,000 participants) who live in lowa and North
Carolina thainvestigates cancer and noancer endpoints. It began in 1993 with the collection
of baseline information on farming practices (including pesticide useylleé and health.
Follow-up interviews/questionnaires (including dietary information) and DNA collection were
done periodically. Cancer registries were used to assess cancer incidence. Overall, strengths of
the AHS include its large size; the inclusioradarge number of women; the collection of
baseline, health and lifestyle information, and genetic factors; the use of cancer registries and the
many different pesticides and diseases assessed. Its limitations include the indirect assessment of
exposure duestionnairdased), the lack of exposure refinement measurements (no induction
time or latency discussion), and selection bias when controlling for multiple confounders due to
the exclusion of many subjects with missing data (Sathiakumar et al., 2011).
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Cancer:Koutros et al(2016) examining AHS data from 1993 to 199@und an
association between exposure to bromoxynil and the incidence of bladdet Ekmweever,the
use of bentazon and bromoxynil were moderately correlated in the data and thesaghess
that bentazon might be more important in driving the observed bladder cancer risk than
bromoxynil.

Non-cancer: Examining norcancer endpoinfgioppin et al. (207) did notfind an
association between bromoxynse and wheeze among pesticide applicators based on AHS data
collected from 2005 to 2018aumert et al. (2018) did not find an association between
bromoxynil use and sleep apnea based on an asthmaardsal study nested within the
prospective AH$2006-2010)

Semchuk et al. (2007) investigatind association betweehe detection ofantinuclear
antibodies (ANA- an autoimmunity indicatognd exposure to bromoxyril acrosssectional
study of 208 residents (94 women, 114 men) of a c@realucingregion in Saskatchewaim
maleparticipantsANA presence was inversely associated wigfectableoncentrations of
bromoxynilin blood samplesNeakresses of the study includdzlit werenot limited tq low
sample sizandlack of exploration of additional factors suchcasonic illnesses. In addition,
the authos suggested that the results cannot be generalized beyond the study population or study
area as the study was conducted during the spring herbicide applicatiomisea$arming area
of Saskatchewan with specific characteristics (e.g., userbfdides, climate, farm size).

Overall, the epidemiological database provides only uncertain indications of associations
betweerbromoxynilexposue and various health outcom@&sese limitations prevemtsingtheir
results in a quantitative risk assessment.

2.4 Effects in animals

Toxicity studieswvere available fobothbromoxyniland bromoxynil octanoate
Bromoxynilhas been shown to be toxicampermental animals with oral medidethal dose
(LDsg) values reported for some spescas follows: 63 mgg of bwin guinea pigs81-440
mg/kg bw in rats 100-245 mgkg bw in miceand 2662,000 mgkg bw in rabbit{U.S.EPA,
1998;CCME, 199%). DermalLDso values of >2,000 mg/kg (abraded skin, male and femaie)
rabbitsandinhalation mediatethal concentration (L&) values of 0.150 mg/L (female) and
0.269 mg/L (male) in rats have been reporkat. romoxynil octanoate, the reported oral D
values were 238 mg/kg bw (female) and 400kgdpw (male) in rats; the dermal lspvalues
were 1310 mg/kg (intact skin, female) and2;000 mg/kg (abraded skin, male) in rabbits, and
the inhalation LG were 0.72 mg/L (female) and 0.81 mg/L (male) in (aksS. EPA, 1998)

Liver effects:Repeatedlosetoxicity studiesn rats miceanddogsshowedthat
bromoxynl affectsthe liver(Johnson et 311980 Hamada, 1988; Harling et.a1988 Higgins,
1989;Williams, 1994. Dogs werethe most sensitive spesidffects consisted of changes in
liver enzymes, histopathological changeslincreased absolute and relative liver wesght.S.
EPA, 1998 Health Canada, 2019b)

In aoneyear study, beagldé/sex/dosejvere administere@, 0.1, 0.3, 1.5 oi7.5 mgkg
bw per dayof technical grade bromoxynih gelatin capsuledncreased absolutevér weights
and liver/body weight ratios, changes in biochemical parameters imglgickateralanine
aminotransferase (ALTand ureavalues and lower alkaline phosphatase (AaR)protein
valueswere observed in both female and male dogs at the highesGrles¢eiiver weights
were observed in boflemale and maldogs receivind.5 mg/kg bw peday(Harling et al.,
1988 Health Caada, 2019
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Similar effects were seen ibothrats and miceln atwo-year combined chronic
feeding/carcinogenicitgtudy by Hamada (19883prague Dawley ra{g0/sex/dose) werked
60-600 ppm(equivalent to 2.28 mg/kg bw per day in malea@3.341 mg/kg bw per day in
females)of technical gradéromoxynil.In male ratsincreased incidence bistopathological
changesvasobservedn the liverat 190 ppm (spongiosis hepatis) and at B (spongiosis
hepatisand foci of eosinophilic cellular alterationi). a study by Johnson et al. (1988yviss
albino mice were fed0-100 ppm(equivalent to 1.43 mg/kg bw per day) déchnical grade
bromoxynil for 18 monthdncreasd incidenceof hyperplastic nodules the liver (non
neoplastic lesionsyasobservedn the male micat themid- (30 ppm) and higidose (00
ppm). CD-1 mice(60/sex/doseyerefed 20300 ppm(equivalent to 3.146 mgkg bw per day in
males and 3:63 mg/kg bw per day in femalesf)technical gradéromoxynilfor 18 months.
Increased liver weights, increas@cidenceof diffusely darklivers, and increased incidencg
nortneoplastic ntroscopic lesions in the livaf both male and female migeere observed in
the highdose groupHistopathologic lesions in éhliver included hepatocellulaentrilobular
hypertrophyhepatocelluladegeneration/necrosis, and pigment in hepatocytes and Kupffer cells.
Similar norneoplastic lesiongere also observed in the livei some male and ferleamiceof
the 75 ppmgroup(Williams, 1994).

Two oral subchronic studieshowed similar hepatic effeats Sprague Dawley rats
(15/sex/doseand CD1 mice(10/sex/doseyiven dietary doses @00-1,456 ppm(equivalent to
28-168 mg/kg er day in males an8b-250 mg/kg per day in females) technical grade
bromoxynilfor 13 weeks and.0-3,000 ppm(equivalent to 1.890 mg/kg per day)f technical
gradebromoxynilfor 12 weeks, respectivelthe highest dose used in each stuehs highly
toxic (Wolfe, 1990; Willians, 1992).Increasedspartate aminotransferasereased ALTand
increasedALP were observed in male rats &7/ppm In female ratsincreasedALP was
observed at 755 and4b6 ppm(Wolfe, 1990).Increased liver weights arpatoellular
hypertrophywere observed in male miceHi0ppm aml higher; degeneration and vacuolization
were also observed in the hepatocytes of male mice at 300 ppm and higher. For female mice,
increased liver weightfiepatocellulahypertrophy degeneratio andvacuolization were
observed at 300 ppm and highat 1,000 ppm and higher, additional pathological effects in the
liver (not specifiedwere observed in female and male mice (Wilkat992).

In a 13week study, Sprague Dawley r§P®-30/sex/doseyveregiven dietary doses of
150-1,100 ppm(equivalent to 191 mg/kg per day in males and-131 mg/kg per day in
females)of technical gradéromoxynil octanoatdncreased liveweights were observed in
female rats a600 ppm(Henwoo0d,1992).

Reproductive andievelopmental toxicitytn atwo-generation reproduction study,
Sprague Dawleyats (24/sex/dose) were fed-2680 ppm(equivalent to 0.821 mg/kg per daypf
technical grade bromoxyriih their diet during 14 weeks prior to matingy effect was observed
on the reproductive function at any leyeiggins, 1989)

Developmentaldxicity studies were conducted using bromoxynil (in rats, rabbits and
mice) and bromoxynil octanoate (in ratsdaiabbity. Anincreased incidence of supernumerary
ribs (most commonly the ¥4ib) was the developmental effect that was most obsémiedth
oral and dermal studies and was considered by PMRA to be the most sensitive endpoint of
developmentaloxicity (Health Canada, 2019a)

In the Higgins (1989)study, developmental toxicity in offspring includecdreased body
weight during lactatin and delayed eye openiag250 ppmIn threeoral developmental
toxicity studies where technical grademoxynil (1.740 mg/kg per day) was administeiey
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gavageo groups of pregnant Sprague Dawley rats on gestation@G&)$-15 or 517,

inclusive, increased incidence of supernumerary ribs was observed at a dose level as low as
5 mg/kg per dayAdditional effects included increased pasiplantation loss (12.5 mg/Kgw

per day) and decreased fetal body weights (35 and 40 mg/kg per day). khanemsnce of late
intrauterine deaths arahincrease in the total incidence of minor anomalies wereadiserved

at the dose level of 35 mg/kg per day. Finally, increased numbers of small fetuses, increased
incidene of soft tissue and skeletal abnormalities (including anophthahmssing eyels
microphthalmigsmaller than normal eyes or tiny e}jeshortrenal papilla, and spinal and
thoracic bone abnormalities) were observed at the dose level of 40 mg/kg p€opping,
1981;Rubin and Nyska, 1981.S. EPA, 1998 Similar effects were observedtwo oral
developmental toxicity studies where techngade bromoxynilvas administered by gavage to
groups of pregnant New Zealand vehrabbits (150 mg/kg per dayGD: 520 and 618),

increased incidence of all forms of supernumerary ribs was observed at the lowest dose (Copping
and Brown, 198; Holson,1984). In pregnant CI2 mice that were given technical grade
bromoxynil by oral gavage (196 mg/kg per dayiGD: 6-15, inclusive), statistically significant
increased litter incidence of 44ib, decreased fetal weights and decreased numbers of fetuses
with ossified caudal vertebrae were observed at the highest dose

When bromoxynil octanoate was administered by gavage to pregnant Sprague Dawley
rats (2.421.8 mg/kg; GD 615, inclusive), statistically significant increased litter incidence of
14" rib ard reduced fetal weights were observed at the highest{doSeEPA, 1998

In dermal developmental toxicity studies, supernumetibsywere noted at 50 mg/kg bw
per day(bromoxynil)and 15 mg/kg bw petay promoxynil octanoatah rats No
developmental toxicity was observed up to 80 mg/kgbwday in a dermal study conducted
with a formulation containing bromoxynil octanoate on groups of pregnant New Zealand white
rabbits (U.S. EPA, 1998; Health Canada, 2019a).

Fetal effects in rodentswafys occurred in the presence of matetosicity, which
included decreasés body weightfood consumption andody weight gain, and increases in
mortality and liver weightdn rabbits fetal effects occurred at dose levielser than those
causimg toxicity in maternal animalbut higher than those causing hepataity in dogs(Health
Canada, 2019a)

Other effects:Effects on thecardiovascular systemere observed in both radsd beagle
dogsbut occurred only at the highest doses tested (rdif80 pmof technical grade bromoxynil
octanoatd¢equivalent to 9Ing/kg per day in males ardld 1 mg/kg per day ifiemale$, beagle
dogs 7.5 mg/kg bw per day of technical grade bromoxyAd well, clinical signs(panting,
salivation, liquid feces, palgums)andincreasedgrostate weighta/ere observed in beagle dogs
at 7.5 mg/kg bw per day of technical grade bromox§gaésection 2.7)Henwood, 1992;

Harling et al., 1988)

Decreasg inbody weight gain wrealsoobserved irsubchronic and chronmaral toxicity
studiesin rats and dogdosedwith bromoxynil or bromoxynil octanoaglamada, 1988Harling
et al., 1988Higgins, 1989; Wolfe, 1990; Henwood, 1992; Makin, 1993

2.5 Genotoxicity and carcinogenicity

Based orthe collective data from seveialvitro andin vivotests bromoxynilis not
mutagenic or genotoxi&EFSA, 2017 Health Canada, 201Ra

Bromoxynil was negative itwo in vivo studieg(mouse micronucleus assays
(Holmstrom and McGregor, 1982; Holmstrom et al., 198iBgativein vitro studies included
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unscheduled DNA synthesis (UDS) asgagnsformation assay using cultures of mouse
C3H/10T1/2 C18 cellssister chromatid exchange assay using cultures of Chinese hamster ovary
(CHO) cells (both with and without activatigmhouse lymphora forward mutation assay
(without activation) chromosome aberration assay (CH@thout activation) CHO/
Hypoxanthineguanine phosphoribosyltransfergs&PRT) mutation assay (both with and
without activation) andAmes study usin&almonella typhimuriurboth with and without
activation) Cifone and Balinas, 1982; Galloway and Lebowitz, 198¢Zhr and McKeon, 1982;
Rundell and Matthews, 198€ifone, 1991; Lawlor, 1991). However, positive results were
obtained inthreein vitro studiesmouse lymphoma favard mutation assay (with activation)
bacterial DNA repair test usirgscherichia colindicator strain (with and without activation)
and chromosome abeti@n assay (CHOwith activation) (Cifone and Balinas, 1982; Galloway
and Lebowitz, 1982; Jaganhatt al., 1982)Although bromoxynil was positive in thrée vitro
studies negative results were obtained in the majoritinofitro studiesas well as inn vivo

tests.

Bromoxynil octanoate was negatiwvevitro (Ames study usin@almonellayphimurium
[both with and without activatigrandin UDS assayandin vivo (mouse neronucleus assay)
(Dillon, 1993;U.S. EPA, 1998).

Carcinogenicity studiegsingbromoxynilwere conducteth rats and miceSwiss albino
mice (60/sex/doseyvereadministered.0-100 ppm (equivalent to 1-B3 mg/kg bw per dayf
technical grade bromoxyniih their diet The @mbined incidence of hepatic adenomas and
carcinanas in males increased in a doskted manner; the increase being statistically
significantat the highstdose.No treatmentelated increased incidence of tumours was seen in
female Swissnice (Williams, 1994)CD-1 mice (60/sex/dosayereadministered0-300 ppm
(equivalent to 3.46 mg/kg bw per day in males and &3 mg/kg bw per day in feales)of
technical grade bromoxyriih their diet The combined incidence of hepatic adenomas and
carcinomas in males was increased relative to control animals at every dose level tested but the
dose response was not linear. An increased incidence dfchaganomasand carcinomas
(combined) wasioted in femal€CD-1 mice at the highest dose (U.R A 1998; Health Canada,
2019a).

No neoplastic lesions were associated with treatmeatwo-year combined chronic
feeding/carcinogenicity study wheBprague Dawley rats (70/sex/dosgre administere@0-

600 ppm (equivalent to 288 mg/kg bw per day in males and 3432 mg/kg bw per day in
females) of technical grade bromoxymiltheir diet(Hamada, 1988).

Bromoxynil was found to be carcinogenicnmce but not in ratsThe U.S. EPA (1998)
has classified bromoxynil as a Group C, possible human carcinogen based primarily on observed
liver tumours in mice. The International Agency for Research on Cancer has not reviewed the
carcinogenicity of bromoxyh In its special review for bromoxynil and its associated esel
products, PMRA (2019a) conclud#tht the reference values selected for characterization of
non-cancer risks resulting from repeated exposure to bromoasgiprotective of any residual
concerns regarding the agenic potential of bromoxynil.

2.6 Mode of action

Bromoxynilis an uncoupling agent that disrupts oxidaf®sphorylation, whicimay
be responsible for theepatotoxicityobserved in toxicologal studiegEFSA, 2017).

Bromoxynil has also been shomo increase the incidence lépatic adenomas and
carcinomas in micdt was proposed that the generation of hepatocellular tumours could be the
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result ofa mode of action involvingctivation ofthe peroxisome proliferateactivated receptor

( P P A 8rthe¢ constitutive androstane receptor (CAR)such,ie PP ARa actoi vati or
alterations in cell growth pathways, subsequent perturbation of cell growth and survival, then
selective clonal exgnsion of preneoplastic cells, and ultimately, the production of hepatic
tumours(Health Canada, 2019a). The CAR activatian cause an increaseh@patocyte

replicative DNA synthesigninduction of detoxification enzymes and transportersaand

increase inaltered hepatic foci and hepatocellular adenomas/carcin(ualas, 2018). The role

of PPARaoa activity could not be clearly differ

2.7 Selected key study

In its special review fortmmoxynil and its asociated endse products (PSRD2011),
Health Canadé201%) identifiedthe liver as the most sensitivedat organ irthe databaseé\s
such,an unpublishedneyear oral toxicity study in the dag which the endpoinhcludesliver
effects has been consideitbé key studyor the human health risk assessmartromoxynil in
drinking water(Health Canada2019a, 2019b)

In this study, échnical grade bromoxynivas administered in gelatin capsules to groups
of beagle dogs (6/sex/dose) at dose levels of 0 (control), 0.1, 0@, 715%mg/kgbw perday.

The administration of bromoxynil resulted in clinical sigugh agpanting for anima receiving
1.5 or 7.5 mfkg bw perday, and salivation, liquid feces and pale gums principally for animals
receiving7.5 mg/kg bw peday.Reductions in body weight and body weight gain were recorded
for male animals receiving 1.5 mg/kg bw per day or higher and in female ango@iléing 7.5
mg/kg bw per day. Statistically significant reductions in red blood cell parampéeise@ cell
volume hemoglobinandred blood cellswere recorded in high dose animals of both sexes.
Reductions in these parameters were recorded in nt&les mg/kg bw/day as well; however,
they did not attain statistical significance. Changdsiochemical parameters included greater
urea and ALT values and lower ALP and protein values for male and famalals receiving

7.5 mg/kg bw peday. Organ wejht analysis indicated greater liver weights for anirttzds
received 1.5 or 7.5 mg/kg pday, lower spleen weights for males that nese 7.5 mg/kg bw
perday and greater prostate weights fales that received 7.5 mg/kg bw plery (Health
Canada2019b)

An oral ro-observeeadverseeffect level NOAEL) of 0.3 mg/kg bw per day was
identified in this study based amcreasesn clinical signs and liver weight and decreases in body
weight and body weight gain observedtat lowestobserveeadverseeffect levelof 1.5 mg/kg
bw per day fflealth Canada201%, 20190.

3.0 Derivation of thehealth-basedvalue

As noted above, thdOAEL of 0.3 mg/kg bw per dayor increassin clinical signs and
liver weight and decrease body weight and body weight gaimdogs was selected as the basis
for the current risk assessmedsingthe NOAEL of 0.3 mg bromoxynilkg bw per day an
acceptable daily intaké\DI) for bromoxynil(Health Canada, 200201%, 2019bis calculated
asfollows:
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Equation 1:
_ 0.3mg/kg bwper day
ADI = 100
= 0.003mg/kg bwper day
Where:

e 0.3 mg/kg bw per day is the NOAEL, basedinoreassin clinical signs and liver weight
and decreases in body weight and body weight igadeagle dogsand

e 100 is the uncertainty factor, selected to account for interspecies variation (x10) and
intraspecies variation (x10).

Based on the ADI of 0.(mg/kg bw per day, healtkbased value (HBV) fobromoxynilin
drinking water was derived as follows:

Equation 2:
HBY _ 0.003mg/kg bwper day x74kg x 0.2
B 1.53L/day
= 0.083 mg/L (30 pg/L)
Where:

e 0.0 mg/kg bwper day is the ADI calculated using a NOAEL a3 éng/kg bw peday
(Health Canada, 2019)

e 74kg is the adult body weighHgalth Canada, ipreparatio

e 1.53 L per day is the daily volume of tap water consumed by an(athadith Canada, in
preparatioi

e 0.20 is the default allocation factor for drinking wat€rishnan and Carrier, 2013

4.0 Analytical and TreatmentConsiderations

4.1 Analytical methods to detect bromoxynil

Standardized methods available for the analysis of bromoxynil in source and drinking
water and their respective MDLs are summarized in T4WDLs are dependent on the sample
matrix, instrumenton, and selected operating conditions and will vary between individual
laboratoriesThese methods are subject to a variety of interferemdesh are outlined in the
respective references.

A number of accredited laboratories in Canada were contactestérmine MDLs and
MRLs for bromoxynil analysis. The MDLs were in the same order of magnitude as those
reportedinTablda nd t he MRLs ranged between 0.1 and 0.
2019; ALS Environmental (Waterloo), 201Byreau Veritas Labatories 2019; CARO
Analytical Services (Richmond Laboratory), 2019; Element Materials Technology Canada Inc.,
2019; SGS Environmental Services, 2019).
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Drinking water utilities should discuss sampling requirements with the accredited
laboratoryconducting the analysis to ensure that quality control procedures are met and that

MRLs are low enough tensure accurate monitoring at concentrations belowrthy@sed
MAC. Sample processing considerati@msl method interferencésr the analysis of

bromoxynilin drinking water (e.gsample preservation, storage) can be found in the refarence
listed in Tabled. It is important to note that quenching is critical if an oxidant is present in

samples in order to prevent additional degradation of bromiogsior to analysis.

Table 4. Standardizednethods for the analysis bfomoxynilin water

Method Methodology? Interferences/Comments MDL
(Reference) (ug/L)
EPA 8270DRev. 5 Gas Chromatography with Mass . .
(U.S. EPA, 2014) Spectrometry DetectiofGC/MS) Nonelisted in method 10
. i High Performance Liquid
US((\avse,:lr\v/evrQel;a(l) 11193616?5 Chromatography with Ultraviolet Nonelisted in method 0.035
" Detection(HPCL-UV)
A High Performance Liquid
US(C';;uSrII\(I)\;VQeLt.;IJ 2;(?810)1 Chromatography with Mass Nonelisted in method 0.0155
9 " Spectrometry Detection (HPL-RIS)

agstimated Quantitation Limit

4.2 Treatment considerations

Treatment technologieweavailable to decrease bromoxyodncentrations with varying
effectiveness in drinking watefFhesdnclude activated carbon, membrane filtratioridation,
advancedxidation processes (AOPs) and biofiltration. Studies have concluded that granulated

activated carbon (GAC) can removeimoxynil from water (Bauptel., 2000, 2002yYang et

al., 2009. Published performance data for bromoxynil rem@arabnly available for oxidation,

AOPs technologies, and biofiltration and indicate wide rangernbvalefficiencies(39% to

99%) Preusset al. 1996Bourgine et al., 1997; Chelrfgyala et al., 20108201, 201). Pilot

scale testing is an important step for water utilities considéneggprocesses for pesticide

removal in drinking waterAt the residential scale, certified treatmeavides relying on reverse

osmosigRO) or activated carbon adsorptiare expected to beffective for removal of

bromoxynil.

4.2.1 Municipal-scale

The selection of an appropriate treatment process will depend on many factors, including

the raw water sage and its characteristics, the operational conditions of the selected treatment
ut i 1 #orpylct-scaletestiegastraaammendeg to ensure.

met hod and

t he

the source water can be successfully treatetloptimal process design is established

The surface water study by Donald et al. (2007) discussed in Section 1.3 also presented

bromoxynil concentrations in treated water from 15 drinking watservoirs. Each drinking

water supply had various treagnt processes, but all included chlorination and most included

flocculation (alum) settling, activated carbon and/@nd filtration. The raw data wemnet
providedthus only overall statistics could determind, notthe performance of individual

treatmet processed he mean bromoxynil concentrations in reservoir and treated water were
2.4ng/L and 1 ng/L, respectively g163), with a maximum bromoxynil concentration in the

treated water of 227 ng/L. From 12 paired samples, a mean bromoxynil rechictiéfv was
determined (range between 0 and 98%).
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When using oxidation or AOPs for pesticide removal in drinking water, it is important to
be aware of the potential for formation ofpsoducts due to degradation of the target compound
(Ikehata and Gamall#in, 2006; Beduk et al., 2012; Li et al., 2018he primary objective
should be removal of the pesticide with the secondary objective being the minimization of by
product formation if they are of health concdmaddition, water utilities should coudlgr the
potential for the formation of disinfection {products depending on the oxidant selected and the
source water quality.

4.2.1.1 Conventional treatment

Conventional filtration (chemical coagulation, clarification, and rapid sand filtration)
alone is not effective but the addition of chlorine during the disinfection step will reduce
bromoxynilconcentrations through oxidatioHowever, degradation processie oxidation
result in the formation of bproducts (see Section 4.2.1.4). No studiethe removal of
bromoxynil through conventional filtration were found in the literature.

4.2.1.2 Activated carbon adsorption

Activated carbon adsorption is a technoleggely usedo reduce the concentratioh o
micropollutants, including a wide range aspicides, in drinking water (Hai€ulde and
Happel, 2012; van der Aa et al., 2012). Activated carbon can be appliedwasoslurry
applications using powdered activated carbon (PAC) or fixed bed readtiotlSAC
(Chowdhury et al., 2013).

There is very limited published literature on the removal of bromoxynil using activated
carbonand no data operformance. As suchripr to full-scale implementation it is essential to
conduct appropriate pilobr benchscale testingBromoxynil removal from natural water using
activated carbon can be negatively affected by competition from other contaminants or natural
organic matte(NOM), biofilm development, temperature, influent concentratatiyated
carboncharacteristicend hydraulic loadig rate (Speth and Miltner, 1998aistGulde and
Happel,2012).

Data generated through berstale testing to determine adsooptcoefficients for
pesticides araseful in predicting whether activated carbon adsorbs a particular pesticile (U
EPA, 2011)In general, pesticides with an adsorption capacity constant (e.g., Freundlich
coefficient(K)) greater than 200 pgfd/pg)*" are considered to be amenable to removal by
carbonadsorption (Speth and Adams, 1993; Speth and Miltner, 1993EBA, 2011). The
authors noted, however, that the capacity of activated carbon is affected by many factors,
including the cacter@andthesblutonpHoni ¢ char

Two benchscale studies present Freundlich coefficients for the adsorption of
bromoxynil, diuron and atrazine to different activated carbons (Baup et al., 2000, 2002). The
authors reported in both batch studies that bromoxyhibi&ed an adsorption in between diuron
and atrazingindicating that activated carbon is a good option for bromoxynil removal.-Long
term studies, over a 9fay period, were conducted using both granular and powdered forms of
activated carbon (Baup et,a2002). The authors observed that shentn adsorption was better
with PAC than GAC and stated that this may be due to better accessibility to pores and
adsorption sites. A bengtale study evaluating adsorption, showed that adsorption capacity
declinedwith increasing pH (see Table 5) (Yang et al., 2004).

The use of PAC offers the advantage of providing virgin carbon when required (e.g.,
during the pesticide application season) (Miltner et al., 1989). The removal efficiency of PAC
depends on the PAC tgmand dose, the contact time, the PAC characteristics (type, particle size),
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the adsorbability of the contaminant and the presence of NOM (Gustafson et al., 2003; Summers
et al., 2010; HaisGulde and Happel, 2012h6wdhury et al., 2013). In addition tioet
adsorption capacity of the GAGiy@gmaximum operation time faBAC adsorberso remove
pesticides depenas the filter velocity, empty bed contact time, the GAC cttarsstics (type,
particle siz¢ the adsorbability of the contaminaarid the organic background mat(btaist
Gulde and Happel, 201ZBecause GAC fixed bed adsorbers are typically operated on a
continuous basis, the GAC can become fouled (or preloaded) with NOM and it may be
completely or partially ineffective for pestit@d removal Knappe et al., 199%ummers et al.,
2010; HaistGulde and Happel, 2012; Chowdhury et al., 2013

When bromoxynil is oxidized, degradation-psoducts can be formed as discussed
further in Section 4.2.1.5. One berstale study evaluated thdsarption of bromoxynil to PAC
as well as one of the ozone degradatiompimducts, 3bromo4,5dihydroxybenzonitrile (Br
DHBN) (Schoutteten et al., 2016). Separate adsorption tests with initial bromoxyni Do BiX
concentration of 5 mg C/L werconductd by mixing 318 mg PAC to 80 mL solution on a
shaker fothreed a ys at 25°C. The authors stated that
degradation byroduct, BiDHBN, to PAC than bromoxynil.

Activated carboris expected to be effectifer theremoval of bromoxynibased on the
limited published literature. ésuchijt is importan to perform appropriate testing prior to full
scale implementatiowith source water under the proposed operating conditions to ensure that
adequatéromoxynilremoval is occurring.

Table 5. Adsorption stug for bromoxynil.

Adsorption Capacity
- . Adsorption
mifel] | AShYEEs Capacity pH Overall Description Reference
(mg/L) | Carbon %
(mg/m)
0.62 2.47 | Benchscale study
356 Darco G 0.45 453 Mixed for 24 hours at rooremperature{~2 5 J ( Yang et al.
’ 60 i ' Darco G60 (surface area 776 nf/g; mass = 1.5 | (2004)
0.28 6.58 | 6.0 mg)

4.21.3 Membrane filtration
In general, naofiltration (NF) and RO are effective pressutieven membrane processes
for the removal of pesticides from drinking waf@an der Bruggen and Vandecasteele, 2003;
U.S. EPA, 2011). The effectiveness of NF and RO for pesticide removal is dependent on the
membrane chracteristics, pesticide properties, feed water composition, operating conditions and
membrane fouling (Van der Bruggen and Vandecasteele, 2003; Plakas and Karabelas, 2012).
Since the main mechanism for pesticide removal using NF and RO membranes is size
exclusion, the molecular weight coff (MWCO) of themembrane is an important characteristic.
In choosing a membrane, the molecular weight of bromoxyr#ilfg>Da), should be considered.
In addition to the sieving effect, retention of small pesticide nudsdoy larger pore size
membranes can be influenced by the physicochemical interactions between the pesticide and the
membrane surfad@lakas and Karabelas, 201Bgllona et al. (2004) preseatflow-chart using
thecharacteristicsf the pesticide in ater (e.g. molecular weight, logk molecular diameter)
and those of the membrane (eMWCO, pore size) to determine the potential for remayal
membrane filtration. Bromoxynil is somewhat hydrophobic (leg K2), and ha a fairly low
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pKa, indicating potential for further removal through hydrophobic bonding to the membrane
surface and electrostatic exclusion (Bellona et al., 2004; Plakas and Karabelas, 2012). Based on
these physiochemical properties, it is expected that bromoxynil can beegernhrough

membrane processes.

As there is no published literature on the removal of bromoxynil using membrane
filtration, it is important to perform appropriate testing prior to-fidéle implementation with
membrane and source water under the propogerhting conditions to ensure that adequate
bromoxynilremoval is occurring.

4.2.1.40xidation
Pilot-scale and benehcaleoxidation studiesof bromoxynilusing ozone (€) and
ultraviolet (UV) photolysisan be effective treatment methods for remowrgmoxynilfrom
water depending on a variety of factors including contact, toxielant dose and water matrix
(pH, alkalinity and organic mattefdourgine et al., 1997; Chelrfgyala et al., 2010201;
Chdme-Ayala et al., 2011)Bourgine et al. (1997) reportdichited data from a piloscale test
using UV photolysis to reduce the concentrations of several pesticides in groundwater including
bromoxynil. The authors indicated that bromoxynil was easily diegrandhatthe UV
photolysis achieved greater than 85% removal benchscale study conducted IBhelme
Ayala et al.(2010a)investigated degradation of bromoxynil using direct UV photolysis in
natural water. The water samples were collected th@horth Saskatchewan River, upstream
of the City of Edmonton (W1) and from an irrigation return flow discharging into Redwater
River (W2). The quality of naturatatersis discussed in Tablé. The resultsndicated that 30
minutes and 56 minutes were required to achieve 50% degradation of bromoxynil in samples W1
and W2, respectively. In addition, higher UV doses were needed for degradation of bromoxynil
in water samples with higher total organic carborceotration (TOC) and higher alkalini(gee
Table6). ThereportedUV doses arenuchhigher than the typically required UV doses for
inactivation of micoorganisms (Health Canada, 2012@1949.
A benchscale ozonation study reported an increase in degpadsficiency of
bromoxynil with an increase in pH level (from 2.0 to 7.0pudfered ultrapure watéChelme
Ayala et al., 2010b). The different reactivity of bromoxynil was due to the higher reactivity of
the deprotonated bromoxynil species formednvple increased. The reaction rate constants
rangal from 2.3xX10°to 4.6XL0? M st at a pHlevel of 2.0 and from 6.0k0’to 6.4XL0°M1s'at a
pH level of 7.0 for the reaction of ozone with bromoxynil usadifferent kinetic methodsee
Table6). Overall, ozone oxidation reactions may proceed through two pathinagactiors
conducted under acidic conditions direct molecular ozonation is the dominant process, while an
indirect mechanism by hydroxyl radicaflH) controls the reactianatpH greater than 10.0
(Hoigné and Bader, 1976¥50ttschalk et ali2000) indicated that both oxidation pathways, direct
ozonation and hydroxyl radical oxidation, may proceed at pH levels greater than 7.0.
Bend-scale ozonation tesexamined the effect of pH, alkalinity and humic acid levels
on the degradation of bromoxynil in ultrapure and natural waters (sampling discussed above
(ChelmeAyala et al., 2011{see Table 7)An increase of the degradation rate of bromoxynil was
observe with an increase in pH level from 7.0 to De to the scavenging effect on
bicarbonate ions in the ozone radical chain reactions and the reaction of ozone with humic acids,
higher degradation efficiency of bromoxymibsreported in water samples withwer levels of
organic matter andlkalinity. The scavenging effeof carbonate and bicarbonate ions and
sodium nitrite on photolytic degradation of bromoxynil va¢so reported by Kochany et al.
(1990a,1992).
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When bromoxynil is oxidized, degradatibgproducts can be formed as discussed
further in Section 4.2.1.5.

Table 6. Removal of bromoxynil via oxidation

Oxidant Ui ven? ek Removal % Process Description References
(M) Dose
Pilot scale: groundwater;
66.6%- 100 Wh/ni pH 7.1—7..2; turbidity 0.1
Energy 100 87.9%- 200 Wh/n? 0.2 N_TL.J' TOC 0.51.54 ) Bourgine et h
NA2 mg/L; nitrate 3540 mg/L;
500 Wh/n# 93.1%- 300 Wh/n? lohate 560 ma/L: (1997)
93.3%- 500 Wh/ni | SUPhate Myt
A medium pressure
mercury lamp
uv Bench scale: Natural water
spiked with bromoxynil;
W1: alkalinity 136 mg/L as
3.6x10% | 483 mJ/crh 90%- W1 CaCQ; TOC 2.8 mg/L; ChelmeAyala et
M 574 mJ/cr 90%- W2 pH 8.1; al. (2010a)
W2: alkalinity 230 mg/L as
CaCQ; TOC 20.6 mg/L
pH 8.4
Benchscale: buffered
. ultrapure waterpHs2.0
O3 9 uM 0.1-0.5 mM 98% atpH 7.0in 2 and 7.0: room T 20°C; ChelmeAyala et
minutes TBA® 10 mM (OH al. (2010b)
scavenger

aNA - not available.
bTBA - tert-butyl alcohol

Table 7. Benchscaleozonationtests conducted with spiked ukpare buffered water and
naturalwater.

Oxidant mimert | @ eem Removal % Process Description Reference
(M) Dose
87% at pH 7.0 Ultrapure water: pHs 7.0 and 9.(
99% at pH 9.0
1.7x10°M 89%- 0.0 mM Ultrapure water: Alkalinity 0.0
47%-5.0 mM and 5.0 mM as CaC{pH 7.0
o 6 Ultrapure water: Humic acid
()3 36)(106 78280/g0_ 28280X)3-f(_ﬁ|\'<|/| 88 XlOeand 220X1(§ M, Che'meAya'a
M alkalinity 1.0 mM et al. (2011)
Natural water spiked with
bromoxynit
2 1x105M 60%- W1 W1: alkalinity 136 mg/L as
' 39%- W2 CaCQ; TOC 2.8 mg/L; pH 8.1;
W2: alkalinity 230 mg/L as
CaCQ; TOC 20.6 mg/L; pH 8.4

4.2.1.5Advanced OxidatioRrocesses
Benchscale tests reported a high reactivity of bromoxynil towWw&@H generated by
ozone decomposition at basic conditions i) (ChelmeAyala et al., 2016, ChelmeAyala
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et al.,2011). ChelmeAyala et al. (2010) calculated aeaction rate constant of 8.48X M-1s?
of the reaction of ozon@®.015 mM)with bromoxynilconcentration of 9.0 puht pH 11.0.

Benchscale removal of bromoxynilsing two AOPsUV/H0; and Q/H20,, was
studied in natural water sampl@amplingdiscussedh section 4.2.1.4)ChelmeAyala et al.,
2010a; Chelmd\yala et al., 2011 Both processe&JV/H20.and Q/H20,, reported an increase
in the levels of degradation of bromoxynil compared to direct UV photolysis aretutat
ozonation, respectively.he results in Tabl8 showedhata higher degradation rate of
bromoxynil was achieved in watesraples having a lower TOC concentration and a lower
alkalinity (samples W1). The presence of organic matter and bicarbonate ions in natural water
reduced the concentration WDH available to react with the pesticid€helmeAyala et al.,
2010a;ChelmeAyala et al.2011).

Studies identified several degradationgypducts obromoxyniloxidation after UV
photolysis and/or ozonation in aqueous solut®hromo4-hydroxybenzonitrile, 4
hydroxybenzonitrile, romao4-hydroxy-5-nitrobenzonitrile, 4hydroxy-3-nitrobenzonitrile, 3,5
dibroma2,4-dihydroxybenzonitrile3-bromo4,5-dihydroxybenzonitte (Kochany and
Chaudhry, 1990; Kochany et al., 1992archaa et al., 1995ChelmeAyala et al., 2010pb
ChelmeAyala et al.(2010b) suggested that tegradation obromoxynil occus via
hydroxylation and debrominatio8tudies reported that some pesticide degradatigurducts
are more persistent than the panmolecule. As such, thapplication of higher oxidarmtoses
mayberequiredto degrae the target molecule and the degradatiospbyducts generated
during the treatment (Chelr#gyala et al., 2011Beduk et al., 2012; Li et al., 200l R H20./O3
ratio in the rang®.4-0.6 was suggested as optimum ratio for pesticide degradati@igze et
al., 1987; Acero and von Gunten, 2001; Can and Cakir, 28it@pughoxidation andAOPs
appear to be effective treatment processes for removal of bromaxgtet, utilities need to
consider the formation of the degradationdrgducts depending on the oxidant selected and
water quality

Table 8. Removal of bromoxynil viadvancedxidationprocesses

Influent Oxidant Removal —
Process (ug/L) Dose % ProcessDescription References
Benchscale: natural
333 mJ/crA 90%- w1 | Water piked with
H20, - bromoxynil;
8.8 x 10 ChelmeAyala et
VIH .6x108M
UV, | 3.6x10 M W1 alkalinity 136 al., (2010a)
366 mJ/cri 90%- w2 | MY/L as CaC@ TOC
2.8 mg/L; pH 8.1;
Os - 2x10°M; o W2: alkalinity 230
OyH0; | 3.6x10°M H20, - 1x105M T | mgiLas cacg ToC ChZ'Im?ZAoyf‘l";‘ o
(H20,/05=0.5) 20.6 mg/L; pH 8.4 B

4.2.1 5Biofiltration

Biological treatment involves targeting the removal oftiteelegradable organic material
fraction. The effectiveness of biological treatment depends on the initial concentration, source
water properties, the microbial community, the contact time, the soil properties and the
temperature (Drewes et al., 2009; Dietral., 2013). The main biological treatment processes for
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drinking water include riverbank filtration, rapid granular media filtration without the
maintenance of a disinfectant residual acrosd#ueand slow sand filtration.

A laboratory batch study waconducted to observe the biodegradation of bromoxynil
using groundwater added to a salt medium (Preuss et al. 198r anaerobic conditions,
biodegradation of bromoxynil was 99% after 32 days. No biodegradation was observed under
aerobic conditias

4.2.2Residentialscale

In cases wherBromoxynilremoval is desired at the household level, for example, when
a household obtains its drinking water from a private well, a residential drinking water treatment
unit may be an option for decreasimgpmoxynil concentrations in drinking wateBefore a
treatment unit is installed, the water should be tested to determine the general water chemistry
andbromoxynilconcentration in the source wat€here is a lack of performance testing of
treatment technobies; howeveradsorption (activated carbon) and RO treatment units are
expected teemove bromoxynil at the residentsdale. Toverify that a treatment unit is
effective, water entering and leaving the treatment unit should be sampled periodically and
submitted to an accredited laboratory for analydigts can lose removal capacity through use
and time and need to be maintaireal/or replaced. Consumers should verify the expected
longevity of the components 1in the treatment
recommendations and service it when requiBsatems classified as residential scale may have
a rated capacity to treablumes greater than that needed for a single residence, and thus, may
also be used in small systems.

Health Canada does not recommend specific brands of drinking water treatment units,
but it strongly recommends that consumers use units that haveds&ééad by an accredited
certification body as meeting the appropriate NSF International Standard/American National
Standard (NSF/ANSI) for drinking water treatment unitse purpose of these standards is to
establish minimum requirements for the matistidesign and construction of drinking water
treatment units that can be tested by a third party. This ensures that materials in the unit do not
leach contaminants into the drinking water (i.e., material safety). In addition, the standards
include perfomance requirements that specify the removal that must be achieved for specific
contaminants (e.g., reduction claim) that may be present in water su@eliéfcation
organizationgi.e., third party)rovide assurance that a product conforms to appéicandards
and must be accredited by the Standards Council of Canada (SCC). Accreditezbtioges in
Canadanclude:

e CSA Group;
NSF International;
Water Quality Association;
UL LLC;
Bureau de Normalisation du Québec (available in French;only)
International Association of Plumbing and Mechanical Offigiaixd
Truesdail Laboratories Inc
An up-to-date list of accredited certification organizations can be obtained from the SCC.
The drinking water treatment technologies that are expected téelsaesf for
bromoxynil removal at the residentistale includedsorption and RCGCurrently, bromoxyniis
not included in the performance requirements of NSF/ANSI standdodsever, consumers can
use a treatment unit that is certified to the standandadsorption oRO to ensure that the
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material safety has been testkdaddition, units that have been certified for the removal of
atrazine are more likely to be effective for the removal of bromoxynil, as bromaxgsishown
to have better adsorptidhan atrazine (se®ection 4.2.1.2

Water that has been treated uditf@ may be corrosive to internal plumbing components.
Therefore, thesenitsshould be instlled only at the poirbf-use Also, as large quantities
influent water are needed to obtain the required volume of treated watemnitesee generally
not practical for poinrbf-entry installation

5.0Managementstrategies

All water utilities should implement a risk management approach, such asitbets-
tap or water safety plan approach, to ensure water saf€yg, 2004 WHO, 2011, 2012).
These approaches require a system assessment to characterize the source water, describe the
treatment barriers that prevent or reduce contamination, tofidéreiconditions that can result
in contamination, and to implement control measures. Operational monitoring is then
established, and operational/management protocols are instituted (e.g., standard operating
procedures, corrective actions and inciderpaoases). Compliance monitoring is determined and
other protocols to validate the water safety plan are implemented (e.g., record keeping, consumer
satisfaction). Operator training is also required to ensure the effectiveness of the water safety
plan at altimes (Smeets et al., 2009).

5.1 Monitoring

Bromoxynil can be present in groundwater and surface water in areas where it is being
used depending on the type and extent of its application, environmental factoemnfeigt of
precipitation, soil typ, hydrogeological settingand environmental fate (e.g., mobility, leaching
potential, degradation) in the surrounding area. Water utilities should consider the potential for
bromoxynil to enter source water (e.g., raw water supply to the drinking watem$ysised on
site-specific considerations.

When it is determined that bromoxynil may be present and monitoring is necessary then
surface and groundwater sources should be characterized to determine the concentration of
bromoxynil This should includenonitoring of surface water sourcekiring periods of peak use
and rainfall events and/or monitoring of groundwater annudllyere baseline data indicate that
bromoxynilis not present in source water, monitoring may be reduced.

Where treatment is required temovebromoxynil operational monitoring should be
implemented to confirm whether the treatment process is functioning as required. The frequency
of operational monitoring will depend ¢ime water quality, fluctuations of the raw water
concentrations antthe treatment process. Responsible authorities should be aware of the impact
of NOM on activated carbon systems, as it may impact water quality objectiva®fooxynil
removal.

Where treatment is in place foromoxynilremoval, compliance monitoring€., paired
samples of source and treated water to confirm the efficacy of treatment) should be caatducted
a minimum, on an annual basish@h routine operational monitoring indicates the potential for
contaminant breakthrougbuch as with GAC, monitiorg should be conducted quartetdyplan
for theregeneration or replacemasftthemedia When a degradation process is utilized,
oxidation byproduct formation should also be considered.
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6.0 International Considerations

Other national and internationaidganizations have drinking water guidelines, standards
and/or guidance valudsr bromoxynil in drinking watetVariations in these values can be
attributed to the age of the assessments or to differing policies and approaches, including the
choice of kg study and the use of different consumption rates, body weights and source
allocation factors.

Australia has set a guideline valueOod1mg/L (10 pg/L)for bromoxynilin drinking
water(NHMRC andNRMMC, 2011) Thisguideline value i9asedon a neobservedeffect
level of 0.3mg/kg bw per dayrom a 12month dietary study in dogshich reported reduced
bodyweight gain at 1..1g/kg bw per day and evidence of anemia at 7.5 mg/kg bw pefkday
U.S. EPA does not have a regulatory valuebfemoxynil It concludedhatthere are no chronic
or acute risks of concern for any subpopulations from drinking dt&. EPA, 1998 WHO
has not set a specific guideline valuelfoomoxynil

The EU does not have a specific chemical parametric value for individual pesticides.
Instead, the EU has a value of 0.1 pg/L for any individual (single) pesticide, and a value of 0.5
pg/L for total pesticides found in drinking water. In establishing thakees, the EU did not
consider the science related to each pestisuld) aealth effects. Instead, the values are based
on a policy decision to keep pesticides out of drinking water.

7.0 Rationale
Bromoxyni is registered in Canada to conteolvidespectrum of annudiroadleaf weeds
in food and feed crops. Despite its common use in Canada, data provided by provinces and
territories that monitor for bromoxynil in source and drinking water indicate that when detected,
levels of bromoxynibkre below the proposed MAC. The liver is considered the target organ for
bromoxynil toxicity. Although no human studies have investigated the effects of bromoxynil on
the liver, animal studies conducted in several spé¢s, miceand dogs) have congesitly
shown liver toxicity following bromoxynil exposurklealth Canada, in collaboration with the
FederalProvincialTerritorial Committee on Drinking Water, is proposa@IAC of 0.03mg/L
(30 ug/L) based on the following considerations:
e An HBV of 0.083 mg/L (30 ug/L) based oran increase in clinical signs and liver weight
and decreases in body weight and body weight gain observed in dogs
e Bromoxynilcan be accurately measured at concentrations well below the proposed MAC.
e Bromoxynil is expected to bem®mved at the municipalind residentiadcale.
The proposed MAC is protective of potential health effesspart of its ongoing
guideline review process, Health Canada will continue to monitor new research in this area and
recommend any change to tlisideline technical document that it deems necessary.
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Appendix A: List of acronyms

ADI
AHS
ALP
ALT
ANA
ANSI
AOP
bw
CANCUP
CAR
CAS#H
CCME
CDW
CFIA
CHO
EFSA
EU
FNIHB
GAC
GD
HBV
HGPRT
K

Kow
LCso
LDso
LOAEL
MAC
MDL
MRL
MWCO
NF
NSF
NHMRC
NOAEL
NOM
NRMCC
NSF
*OH
PAC
PMRA
PPARx
RO
SCC

Acceptable daily intake

Agricultural Health Study

Alkaline phosphatase

Alanine aminotransferase

Antinuclear antibodies

American National Standards Institute

Advanced oxidation process

body weight

Canadian Atmospheric Network for Currently Used Pesticides
Constitutive androstane receptor

Chemical Abstracts Service registry number
Canalian Council of Ministers of the Environment
FederalProvinciatTerritorial Committee on Drinking Water
Canadian Food Inspection Agency

Chinese hamster ovary

European Food Safety Authority

European Union

FirstNations and Inuit Health Branch

Granulated activated carbon

Gestation days

Healthbased value

Hypoxanthineguanine phosphoribosyltransferase
Freundlich coefficient

n-Octanol:water partition coefficient

Medianlethal concentration

Median lethal dose
Lowestobserveeadverseeffect level

Maximum acceptable concentration

Method detection limit

Method reporting limit

Molecular weight cubff

Nanofiltration

NSF International Standard

National Health and Medical Research Council (Australia)
No-observeehdverseeffect level

Natural organic matter

Natural Resources Management Ministerial Council (Australia)
NSF International

Hydroxyl radicals

Powdered activated carbon

Pest Management Regulatory Agency
Peroxisome proliferateactivated receptor
Reverse osmosis

Standards Council of Canada
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TOC Total organic carbon concentration

uDS Unscheduld DNA synthesis

U.S. EPA United States Environmental Protection Agency
uv Ultraviolet

WHO World Health Organization

Appendix B: Canadian water quality data

Table 9. Levels of bromoxyniin Canadian sources from the Environment Canada National
Water Quality Sureillance Program (2003005).

Jurisdiction No. MDL Range (ng/L) 250 Mean | Median 750
(year detects/ | (ng/L) Min Max percentile | (ng/L) (ng/L) percentile
sampled) samples (ng/L) (ng/L)
Tap Water
AB, SK, MB ?/28 0.99 227.00 12.80
- rural
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communities
(20042005)
Surface Water
BC - Lower 0/83 0.25 <0.25
Fraser Valley
and
Okanagan
Basin(2003
2005)
ON (2003) 22/162 0.99 1.13 692
ON (2004) 81/228 0.99 1.00 110
ON (2005) 46/183 0.99 1 45.8
QC(2003) 1/51 20 <20 50
QC(2004) 2/70 10-20 <10 40
QC (2005) 1/59 20 <20 270
Rivers
AB, SK, MB 22/64 0.99 <0.99 63.3 1
- 8 sites
(2003)
Reservoir Water
AB, SK, MB 111/206 0.99 0.5 384 0.99 0.99 3.68
- 15 sites
(20032004)
Note: Adapted from Environment Canada, 2011
MDL - method detection limit
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