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Chromium in drinking water

Part I. Overview and Application

1.0 Guideline
A maximum acceptable concentration (MAC) of 0.05 mg/L (50 pg/L) is established for
total chromium in drinking water.

2.0 Executive summary

Chromium occurs naturally in small amounts in rocks and soils, some of which is released
into the aquatic environment through weathering and erosion processes. More than 70% of
chromium in the environment comes from anthropogenic sources, such as non-ferrous base metal
smelters, refineries, leather tanning industries, urban storm water runoff, effluent streams from
pulp and paper mills and discharges from thermal generating stations. Chromium can exist in nine
different oxidation states, with the trivalent [Cr(111)] and hexavalent [Cr(V1)] forms being the
most common in the environment.

This guideline technical document reviews and assesses all identified health risks
associated with chromium in drinking water. It incorporates new studies and approaches and takes
into consideration the availability of appropriate treatment technology. Based on this review, the
drinking water guideline for total chromium is a maximum acceptable concentration (MAC) of
0.05 mg/L (50 pg/L).

2.1  Health effects

Chromium toxicity in humans varies depending on the form of the compound, its
oxidation state and the route of exposure. Studies show that there is little or no toxicity associated
with the trivalent form of chromium, whereas hexavalent chromium compounds are classified as
carcinogenic to humans by the inhalation route of exposure, based on sufficient evidence in both
humans and animals.

The critical health effect on which to establish a guideline for chromium in drinking water
is diffuse hyperplasia of the small intestine, as it is the most sensitive endpoint and a precursor of
tumour formation. The physiologically based pharmacokinetic (PBPK) models for mice and
humans and benchmark dose (BMD) modelling were used to determine appropriate external
doses in humans from animal data. The MAC for chromium in drinking water is based on the
health effects of Cr(V1) and considers the cancer and non-cancer effects together.

2.2 Exposure
Background levels of chromium in surface water and groundwater are a direct function of
regional geology, mineral weathering processes, sediment loading rates and precipitation patterns.
Average concentrations of total chromium in uncontaminated surface waters are generally below
1 pg/L. Chromium levels in groundwater can be significantly higher than levels in surface water.
Canadians can be exposed to total chromium through its presence in food, drinking water,
dust, soil and air. The single most important source of exposure to Cr(V1) is drinking water. In
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order to be most protective of human health, this assessment assumes that all the chromium
present in drinking water is in the form of Cr(V1).

2.3 Analysis and treatment

There are several approved analytical methods available to measure total chromium (i.e.,
the sum of Cr(111) and Cr(V1)) in drinking water at levels well below the MAC.

Given the presence of oxidants and disinfectants in treated water, Cr(l11) is likely to be
oxidized to Cr(VI) after treatment. For this reason, it is important to ensure the removal of both
chromium species. At the municipal level, the best available technologies for the treatment of
total chromium are coagulation/filtration, ion exchange, reverse osmosis and lime softening.
Reduction/coagulation/filtration, weak-base ion exchange and strong-base ion exchange are
effective technologies for removing Cr(VI) from drinking water .

At the residential level, drinking water treatment technologies able to be certified to NSF
International (NSF) standards for reduction of total chromium, as well as Cr(VI) and Cr(I1I)
individually, include adsorption, reverse osmosis and distillation. It is important to note that
reverse osmosis and distillation systems should be installed only at the point of use, as the treated
water may be corrosive to internal plumbing components.

3.0 Application of the guideline
Note: Specific guidance related to the implementation of drinking water guidelines should be
obtained from the appropriate drinking water authority in the affected jurisdiction.

The MAC for total chromium is based on the health effects of Cr(\V1), which is more toxic
than Cr(I11). Utilities need to ensure that treatment adequately removes both forms of chromium,
as the water chemistry in the distribution system will encourage the oxidation of Cr(l11)to the
more toxic form.

For drinking water supplies that occasionally experience short-term exceedances above the
guideline values, it is suggested that a plan be developed and implemented to address these
situations. For more significant, long-term exceedances that cannot be addressed through
treatment, it is suggested that alternative sources of drinking water be considered.

3.1 Monitoring

Utilities should characterize their source water to assess chromium concentration. In source
waters where chromium is present at levels exceeding the MAC, quarterly monitoring of surface
water and semi-annually monitoring of groundwater should be conducted. Utilities that treat their
water to remove chromium need to frequently monitor the treated water to ensure that the
treatment process is effective and to make necessary adjustments to the process to maintain
chromium concentrations below the MAC. If the treatment system performs reliably and
consistently, utilities may reduce monitoring frequency.

As with other inorganics, chromium can be accumulated in distribution systems and later
released. Consequently, monitoring should also be conducted throughout the distribution system
for systems in which chromium is present in the source water. Since the stability of metals
accumulated in the scales is unpredictable, it is difficult to establish a monitoring program for
chromium in distribution system. Factors that influence chromium accumulation and release in
distribution system (presence of galvanized pipes, co-occurrence of manganese in the deposits,
low pH conditions and hydraulic disturbance) could be used as indictors of when and where to
monitor for chromium releases in distribution systems. Where total chromium is not detected, or
is detected below the MAC, in the source water, utility may conduct less frequent monitoring.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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Analytical sample preservation and dechlorination procedures should be done at the time
of sample collection. The samples for total chromium need to be acid digested before analysis,
regardless of turbidity.
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Part I1. Science and Technical Considerations

4.0 ldentity, use and sources in the environment

Chromium is a transitional metal (Group 6 of the periodic table). It is typically present
only in trace amounts, with an average concentration of 100 mg/kg in Earth’s crust; it ranks 21st
in elemental abundance (Hammond, 2002). More than 40 chromium-containing minerals have
been identified, withchromite (FeCr,0,4) being the most common in crustal rock (Shiraki, 1978).
Chromium occurs naturally in small amounts in rocks and soils as relatively inert Cr(l11) solid
phases. It is released into the aquatic environment in limited quantities by weathering and erosion
of these materials. Windblown dusts are the primary natural source of chromium in Earth’s
atmosphere, and wind erosion of prairie soils may be a significant natural source of airborne
chromium in central Canada (Nriagu, 1990). Volcanic emissions, sea salt aerosols, dusts from
wildfires and vegetative debris are other natural sources of chromium in the atmosphere.

The only commercial source of chromium is chromite ore. Approximately 95% of the
world’s chromium resources are geographically concentrated in Kazakhstan and South Africa
(Cary, 1982),but ore-grade chromite has been identified at more than 250 locations in Canada
(EMR, 1989). The principal deposits occur in Quebec, Ontario, British Columbia, Manitoba and
Newfoundlandand Labrador (Phillips, 1988). More than 70% of chromium in the environment
comes from anthropogenic sources, such as non-ferrous base metal smelters, refineries, leather
tanning industries, urban storm water runoff,effluent streams from pulp and paper mills and
discharges from thermal generating stations(Merian, 1984; Environment Canada et al., 1988;
OMOE, 19914, 1991b; MacLatchy, 1992). Ferrochromium production is the most important
industrial source of atmospheric chromium (U.S. EPA, 1984b).

Chromium is mainly used in the metallurgical industry (production of ferrochromium
alloys, such as stainless steel, high-speed steel, alloy cast irons and non-ferrous alloys; Stoecker,
2004), in electrical applications (copper—chromium; Nriagu, 1988), in the automobile industry
(chromium alloys in the form of stainless steel components, catalytic converters, chrome trim, and
other control and decorative systems; Nriagu, 1988) and wood preservation (copper chrome
arsenate, allowed in Canada for industrial uses and still used for the treatment of wooden poles;
Health Canada, 2005).Chromium is also used in the production of fungicides, drilling muds, water
treatment, textiles, catalysts, synthetic rubies for lasers, chromium dioxide magnetic tapes,
clinical medicine (labelling of red blood cells), toner for copying machines, montan wax
manufacturing and vitamin K manufacturing and as a mordant in wool dyeing, photography
andmanufacturing of activated carbon (Taylor et al., 1979; U.S. EPA, 1984a; Nriagu, 1988;
ATSDR, 2012).

A search of the national pollutant release inventory database (NPRI, 2012) yielded 358
facilities reporting chromium (and its compounds) releases across Canada in 2012. On-site
releases totaled 81 tonnes with 2.4 tonnes released into water. A total of 26,568 tonnes were
disposed of on-site while 3,138 tonnes and10,346 tonnes were sent off-site for disposal and
recycling, respectively.

Although chromium is a naturally occurring element, elemental chromium (Cr(0)) does
not appear in nature (Shupak, 1991); it is found complexed with oxygen, iron or lead (Williams,
1988). Chromium can exist in nine different oxidation states, from —IlI to +VI, but the common
valence states are +11, +111 and +VI (Hammond, 2002). Because of their stability in the
environment, the trivalent (Cr(111)) and hexavalent(Cr(\V1)) forms are the most common (Cary,
1982; U.S. EPA, 1984a; WHO, 1988; Shupack, 1991).

Cr(111) is generally considered to be the most thermodynamically stable oxidation state
under ambient redox conditions. It is a positively charged ion that has a strong tendency to form
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hexacoordinate octahedral complexes with a variety of ligands (oxygen, nitrogen or sulphur
atoms). These stable complexes can prevent the precipitation of Cr(l11) above pH 5-6, where it
would otherwise precipitate (U.S. EPA, 1990).

Cr(VI) is not thermodynamically stable. It is a strong oxidizing agent, existing only as
tetrahedral oxo species such as chromium oxide(CrO3), chromyl chloride(CrO,Cl,) and chromate
ion(CrO,*") (Nieboer and Jusys, 1988). It is produced during the reduction of chromite ore to
obtain chromium metal (WHO, 1988; Shupack, 1991). The principal source of Cr(VI) in the
environment is anthropogenic pollution. Cr(V1) was thought to rarely occur naturally due to its
affinity for organic matter and other reducing substances (U.S. EPA, 1984c; Jaworski, 1985;
Bartlett and James, 1988; Hammond, 2002); however, more recent studies have demonstrated the
occurrence of Cr(V1) in the absence of anthropogenic sources of chromium, potentially due to
oxidation of Cr(l1l) to Cr(V1) under certain geological conditions (Oze et al., 2007; Kaprara et al.,
2015). In solution, Cr(V1) exists as an anion and is thus quite mobile in the environment; the
dissolved species of Cr(V1) are hydrogen chromate (HCrO, ), dichromate (CrO, , more
commonly presented as Cr,O;*") and chromate (CrO4>") (Saleh et al.,1989). For example,
chromium oxide, the ammonium salts of chromic acid and the alkali salts of chromic acid are
readily soluble in water (Theopold, 1994).

Cr(V1) is the dominant form of dissolved chromium in surface waters. At the normal pH
of drinking water (around pH 7), Cr(I11) is generally not soluble (Costa and Klein, 2006). The
proportion of Cr(l11) could nevertheless be elevated in some deep, anoxic waters and in waters
receiving direct discharges of Cr(l11)-containing wastes. In contrast, nearly all of the chromium in
soils (excluding those contaminated with Cr(V1)), sediments (excluding those immediately below
the interface with overlying aerobic waters) and biological tissues is likely to be present as Cr(11)
(Anderson, 1981; Bartlett and James, 1988; Nieboer and Jusys, 1988; Nriagu et al., 1993).

The main physicochemical properties of a selection of chromium coumpounds
arepresented in Table 1. As the compounds present in the environment are not documented, the
compounds presented in Table 1 are those used to study the toxicity of ingested chromium (see
Section 9.0).

5.0 Exposure

Canadians can be exposed to chromium through its presence in food, drinking water, dust,
soil and air. For Cr(V1), drinking water is the main source of exposure, followed by food, dust, air
and soil.

5.1 Water

Background levels of chromium in surface water and groundwater aquifers are a direct
function of regional geology, mineral weathering processes, sediment loading rates and
precipitation patterns. Average concentrations of total chromium (including Cr(l11) and Cr(V1) in
dissolved and particulate phases) in uncontaminated surface and marine waters are generally
below 1 pg/L (Erickson and Fowler, 1987; Mayer, 1988; Rossmann and Barres, 1988; Beaubien,
1993). Between 10% and 60% of the total chromium content in Canadian rivers may be present as
dissolved Cr(V1). This range is based on measurements of filtered and unfiltered North American
river water (Merritt, 1975; Gibbs, 1977; Campbell and Yeats, 1984; Allan, 1986; Kauss et al.,
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Table 1. Physicochemical properties of selected chromium compounds

Name Chromium | Chromium Chromium Potassium Sodium Potassium Sodium dichromate
0) (1) chloride | (I11) oxide chromate chromate dichromate dihydrate (Cr(VI))
(Cr(VvD) (Cr(VvD) (Cr(VvD)
Synonym(s) | Chrome Chromium Chromic oxide Potassium chromate | Chromic acid, Potassium dichromate | Dichromic acid, disodium
trichloride Dichromium Dipotassium disodium salt Dipotassium salt, dihydrate
trioxide chromate dichromate SDD
Chromic acid, Dichromic acid,
dipotassium salt dipotassium salt
CAS 7440-47-3 10025-73-7 1308-38-9 7789-00-6 7775-11-3 7778-50-9 7789-12-0
number
Chemical Cr CI’C|3 Cr,04 K,CrO, Na,CrO, Na,Cr,04 Na,Cr,0;-2H,0
formula
Relative 51.996 158.35 151.99 194.19 161.97 294.19 298.00
molecular
mass
Melting 1900 + 10°C ~1150°C 2435°C 975°C 792°C 398°C 357°C
point
Boiling 2642°C Decomposes at | 3000°C No data No data Decomposes at 500°C Decomposes at 400°C
point 1300°C
Density 7.14 glem® 2.87 glem® 5.22 glem® 2.73 glem® (18°C) 2.71-2.74g/cm® 2.68 g/cm® (25°C) 2.35 g/cm®
(28°C) (25°C) (25°C) (temperature not
reported)
Water Insoluble Slightly soluble | Insoluble 62.9 9/100 g (20°C) 87.3 9/100 mL 15.1 g/100 g (25°C) 272.9 g/100 g (20°C)
solubility in hot water 65.0 /100 g (25°C) (30°C)
Log Kow Not applicable | Not applicable Not applicable Not applicable Not applicable Not applicable Not applicable
Henry’s law | Not applicable | Not applicable Not applicable Not applicable Not applicable Not applicable Not applicable

constant at
25°C

Vapour
pressureat
25°C

1 mmHg (0.13
kPa)

No data

No data

No data

No data

No data

CAS: Chemical Abstracts Service; K,,: octanol-water partition coefficient
Sources: Angeret al. (2005); Lide (2008); ATSDR (2012)
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1988) and data obtained from studies on the speciation of dissolved chromium in aerobic lake
waters (Balistrieri et al., 1992; Johnson et al., 1992; Beaubien, 1993).

Canadian data on chromium levels in drinking water were provided by several provinces
and territories. The vast majority of the samples analysed across the country were below the
detection limits for chromium, which varied between 0.03 and 10 pg/L. Average detected values
and maximum values are reported for each province or territory, when available.

For Prince Edward Island, of 7622 samples from private wells tested for total chromium
from June 2005 to June 2010, 3 were above the DL of 0.05 mg/L, with concentrations of 0.06,
0.08 and 0.234 mg/L (PEI Department of Environment, Energy and Forestry, 2010).

In Newfoundland and Labrador, 3946 and 1910 drinking water samples were analysed for
total chromium from surface water and groundwater sources, respectively, between 2004 and
2010. The average concentration of total chromium reported above the method detection limit
(MDL) (n =157, MDL = 0.001 mg/L) in surface water samples was 0.002 mg/L, with a
maximum value of 0.013 mg/L. The average concentration of total chromium reported above the
MDL (n =417, MDL = 0.001 mg/L) in groundwater samples was also 0.002 mg/L, with a
maximum value of 0.026 mg/L (Newfoundland and Labrador Department of Environment and
Conservation, 2010).

In Nova Scotia, 118 raw and 292 treated water samples were analysed for total chromium
between 2004 and 2009. In raw water samples, the average concentration of total chromium
reported above the MDL (n =12, MDL = 0.6-2.0 pg/L) was 2.5 pg/L, with a maximum value of
4 ug/L. The average concentration of total chromium in treated water reported above the MDL (n
=9, MDL =1.0-2.0 pg/L) was 2.7 pg/L, with a maximum value of 5.0 pg/L (Nova Scotia
Department of Environment and Labour, 2010).

In Quebec, 17 005 results for total chromium in drinking water were reported between
2005 and 2010, of which 14 263 were below the detection limit (DL = 0.0001-0.03 mg/L). The
average concentration of total chromium reported above the DL was 0.004 mg/L, with a total of
11 samples above 0.05 mg/L (Ministere du Développement durable, de I’Environnement et des
Parcs du Québec, 2010). The maximum value reported for years 2005-2009 was 0.992 mg/L
(Ministére du Développement durable, de I’Environnement et des Parcs du Québec, 2012).

In Ontario, 6101 results were reported for total chromium in drinking water between 2009
and 2014, of which 4038 were below the DL (DL = 0.6-5.0 pug/L). The average concentration of
total chromium reported above the DL was 1.2 pg/L, with a maximum of 41.3 pg/L (OMOE,
2014).

In Manitoba, 220 raw and 212 treated water samples were analyzed for total chromium
between 2009 and 2010. In raw water samples, the average concentration of total chromium in
samples above the DL (n = 26, DL = 0.001 mg/L) was 0.003 mg/L, with a maximum value of
0.014 mg/L. In treated water samples, the average concentration of total chromium in samples
above the DL (n =19, DL = 0.001 mg/L) was also 0.003 mg/L, with a maximum value of 0.013
mg/L (Manitoba Water Stewardship, 2010).

In Saskatchewan, 2013 results were reported for total chromium in drinking water
between 2002 and 2010, of which 1760 were below the DL (DL = 0.03-5.0 pg/L). The average
concentration of total chromium reported above the DL was 5.4 pg/L, with a maximum of
29.0 po/L (Saskatchewan Ministry of Environment, 2010).

In British Columbia, 645 facilities reported results for chromium levels in drinking water
between 2004 and 2010. The data for the Greater Vancouver Regional District and member
municipalities and the City of Abbotsford indicate total chromium levels below 0.001 mg/L from
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all their source waters. Analytical results from the most populated drinking water systems
indicated a maximum chromium concentration of 0.005 mg/L (B.C. Ministry of Health, 2010).

In Yukon, 22 results were reported for total chromium in drinking water between 2007
and 2010, of which 15 were below the DL (DL = 0.2-5.0 pg/L). The average detected
concentration of total chromium was 0.7 pg/L, with a maximum of 1.2 pg/L (Government of
Yukon, 2010).

In the Northwest Territories, levels of total chromium in drinking water in 2010 (n=53)
were all below the reportable detection limit (RDL) of 0.001 mg/L or 0.01 mg/L, except for four
sites at 0.02 mg/L and two sites at the RDL of 0.001 mg/L (Government of the Northwest
Territories, 2010).

The Ontario Drinking Water Surveillance Program for 2000-2002 reported a mean total
chromium concentration of 1.4 pg/L in drinking water in Ontario (OMOE, 2004). A more recent
Ontario survey of total chromium concentrations in unfiltered distributed drinking water (1997-
2007) reported average concentrations ranging from < 0.5 to 18.9 pg/L (n=52), from 1.08 to
1.73 pg/L (n=4), from 0.42 to 6.92 ug/L (n=49) and from 0.49 to 3.82 pg/L (n=83) in drinking
water originating from groundwater, lake water, river water and surface water, respectively; the
mean concentration was 2.0 ug/L(OMOE, 2008). These concentrations are similar to those
measured, in 2005, at a Montréal drinking water treatment plant supplied from the St. Lawrence
River (mean total chromium concentration: 1 pg/L; range: < 1-3 pg/L; Ville de Montréal, 2005).
They are also similar to those documented in earlier monitoring programs (i.e.,< 2-5 pg/L,
median 2.0 pg/L, in raw water from 71 cities across Canada in 1977, Méranger et al., 1981; and
0.51-18 pg/L, average 2.4-2.6 pg/L, for treated and distributed drinking water from over 110
sampling sites in Ontario in 1994-1995, McGrachan, 1996).

In the United States, drinking water data indicate that 71% of the population is exposed to
chromium concentrations below 10 pg/L, and 29% receive drinking water containing chromium
at concentrations between 10 and 100 pg/L; only 0.001% receives drinking water containing
chromium at concentrations greater than 100 pg/L (U.S. EPA, 2003a). Another study reported
that approximately 18% of the U.S. population is exposed to chromium concentrations in drinking
water between 2 and 60 pg/L, and less than 0.1% of the population is exposed to concentrations
between 60 and 120 pg/L (Hirose et al., 2002). Chromium concentrations were recently measured
in 10 groundwater sources from California, Nevada and Oklahoma. The total chromium
concentrations ranged from 1.9 to 48 pg/L, and virtually all the chromium was present as
Cr(VID)(Najm et al., 2014).

Two Water Research Foundation projects are investigating the sources, fate, treatment and
transport of chromium in both drinking water treatment plants and distribution systems (Water
Research Foundation, 2014c, 2014d). Currently, the third Unregulated Contaminant Monitoring
Rule (UCMR 3) requires monitoring for total chromium and Cr(V1) in the raw water, at the entry
points to the distribution system and in the distribution system. Since Cr(111) can transform into
Cr(VI) in the distribution system due to the presence of oxidants, monitoring for Cr(\V1) in the
distribution system should be done at locations with maximum residence time. This is consistent
with the monitoring goals for disinfection by-products.

Once available, the data from UCMR 3 and the Water Research Foundation projects will
be used to inform the best approach for sampling(U.S. EPA, 2012a). In the interim, the U.S. EPA
recommends that water systems with surface water sources collect samples quarterly and that
ground water systems be sampled twice per year and that these samples (raw, entry point to the
distribution system and distribution system) be collected on the same day (U.S. EPA, 2014b).
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Considering the whole data set, a concentration of 2.0 pg/L, based on the most recent
survey (mean concentration in unfiltered distributed drinking water according to the Ontario
Drinking Water Surveillance Program for 1997-2007; OMOE, 2008), is used to represent the
total chromium concentration in Canadian drinking water.

All of the chromium in drinking water is assumed to be in the form of Cr(VI) (Sanexen,
2009). This conservative approach is supported by the fact that different forms of chromium can
interconvert in water and in the human body, depending on the conditions. It is further supported
by the redox chemistry of chromium, whereby Cr(\V1) is expected to predominate in the dissolved
fraction of oxygenated water or in drinking water disinfected with chlorine or chloramines
(Brandhuber et al., 2004).

5.2 Food

Food is generally considered to be the main source of chromium exposure, except in
situations where a population is living near a point source. Food has been found to contain
chromium at concentrations ranging from < 0.0005 to 1.3 pg/g (UK Ministry of Agriculture,
Fisheries and Food, 1985; Sloof, 1989; Anderson et al., 1992; Mann Testing Laboratories, 1992;
Schuhmacher et al., 1993; UK Food Standards Agency, 1999;Ferre-Huguetet al., 2008; Jorhem et
al., 2008; Rose et al.,2010; ATSDR, 2012).The highest concentrations (> 0.1 pg/g) have been
found in meat, fish, seafood, cereal products, tea, black pepper, cheese, wheat germ and some
fruits and vegetables (Toepferetal.,1973; UK Ministry of Agriculture, Fisheries and Food,
1985;Copatet al., 2012).However, total chromium levels in most fresh foods can be extremely low
(vegetables, 0.02-0.05 ug/kg; fruits, 0.02 pg/kg; and grains and cereals, 0.04 pg/kg) (Fishbein,
1984). Beer, wine and spirits contain chromium concentrations of approximately 450, 300 and
135 pg/L, respectively (U.S. EPA, 1984a). Chromium may also be released during food
preparation (stainless steel utensils), processing and packaging (Offenbacher and Pi-Sunyer,
1983; Maher, 2008).

Average daily exposure of Canadians to chromium was estimated on the basis of the most
relevant Canadian results to date (1970 Nutrition Canada Survey) and the ranges of chromium
concentrations obtained in a survey of 108 Canadian foodstuffs conducted in 1992 for Health and
Welfare Canada (Mann Testing Laboratories, 1992). This survey revealed that approximately half
of the foodstuff samples analyzed contained chromium at levels below the DL, with
concentrations ranging from < 0.004 to 0.100 pg/g. The estimated daily intake of chromium for
the 7-month to 4-year, 5- to 11-year, 12- to 19-year and 20+-year age groups are 11.2, 15.0, 19.9,
and 16.4 pg/day, respectively. These estimates were used to calculate the total daily intakes of
Cr(VI) in the Canadian population, which are presented in Table 2 below. Although data on the
speciation of chromium in all food items are not available, it is not expected that Cr(\V1) will be
found in food not contaminated by a local source (Sanexen, 2009). However, Cr(VI) was found to
represent approximately 15% of total chromium in both white bread and whole wheat bread
samples (Soares et al., 2010). In addition, it is not known if, in a region affected by sources of
Cr(V1I), local food could be enriched in Cr(V1) (e.g., atmospheric deposits on vegetables). For the
purpose of calculating the intake of Cr(VI) from food, it is assumed that 10% of total chromium is
in the form of Cr(VI) (Sanexen, 2009).

53 Air

The National AirPollution Surveillance program measured mean atmospheric chromium
concentrations of 3-9 ng/m® (1987—1990;Dann, 1991), < 1-28 ng/m* (1993; Dann, 2007) and
0.21-0.8 ng/m® (2004—-2007; Dann, 2007) in 13 Canadian cities. Concentrations of airborne total
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chromium as high as 1250 ng/m® have been measured near point sources of chromium discharge
(Environment Canada, 1991).

Generally, indoor concentrations of total chromium are related to and lower than outdoor
concentrations. However, as a result of smoking, indoor air concentrations can be 10-400 times
greater (up to 1000 ng/m®) than outdoor concentrations (WHO, 1996).

The total chromium concentration of 0.8 ng/m°is the highest mean value reported in samples from
the ambient air of 13 Canadian cities collected from 2004 to 2007 (Dann, 2007). This
concentration is used to calculate the total daily intakes of Cr(\VI)for the Canadian population,
which are presented in Table 2 below. Concentrations in indoor air were generally reported to be
lower (but in the same order of magnitude) than concentrations in outdoor air. Thus, the selected
value can be considered representative of average concentrations both indoors and outdoors. For
the purpose of calculating the intake of Cr(\VI) from air, it is assumed that 25% of total chromium
is in the form of Cr(VI) (Sanexen, 2009).

54  Soil

Total chromium concentrations in soil vary greatly and depend on the composition of the
parent rock from which the soil was formed. However, industrial activities, such as wood
treatment with chromium-containing preservatives, may significantly increase the levels of
chromium in soil.

The mean background concentrations of total chromium reported throughout Canada
range from 13 to 78 mg/kg (range of individual values: 1-540 mg/kg) (McKeague et al., 1979;
Choiniere and Beaumier, 1997; B.C. Ministry of Environment, 2005). Similar concentrations
were reported in soils from rural and agricultural areas (range of means: 15-85 mg/kg; range of
values: < 0.5-510 mg/kg; Whitby et al., 1978; Soon and Abboud, 1990; Giroux et al., 1992;
Gizyn, 1994; OMEE, 1994; Mermut et al., 1996; Pilgrim, 1996; Sharpe and Rasmussen, 1996;
Haluschak et al., 1998) and from urban areas (range of means: 19-44 mg/kg; range of values:
< 0.5-82 mg/kg; Gizyn, 1994;0MEE, 1994; Pilgrim, 1996; Kuja et al., 2000; Rasmussen et al.,
2001; Penney, 2004). However, in areas contaminated by wood treatment activities, average
chromium concentrations of 200-1760 mg/kg were reported, with a maximum individual value of
5280 mg/kg (Henning and Konasewich, 1984; Manitoba Environment and Workplace Safety and
Health, 1989; Bamwoya et al., 1991). Naturally high concentrations of chromium (> 1000 mg/kg)
have also been reported in soils associated with chromium-enriched serpentine bedrock in western
Newfoundland (Roberts, 1980).

A mean concentration of 50 pg/g of total chromium in most uncontaminated soils across
Canada can be used to estimate the intake of chromium from soil for the general Canadian
population (Sanexen, 2009). As Cr(111) is the major form of chromium in most unpolluted soils
(Bartlett and James, 1988), the proportion of Cr(V1) in soil/dust was set at 1% of the total
chromium levels (Sanexen, 2009). This estimate is in agreement with the position of Bartlett and
James (1988) that anthropogenic inputs should be suspected in soils containing Cr(V1)
concentrations above a few tenths of a microgram per kilogram and with the findings of OMEE
(1994), which reported Cr(V1) concentrations in soils of rural parkland ranging from <0.5t0 0.9
mg/kg, with a 98th percentile concentration of 0.5 mg/kg.

In addition, exposure through house dust was estimated to be6.1 pg/day for toddlers and
1.5 pg/day for the four other age classes (based a mean total chromium concentration of 87 pg/g
in house dust samples collected in 48 Canadian homes; Radimer et al., 2004). Similar chromium
concentrations were reported in dust samples from 78 classrooms in California (median:

33.1 pg/g; 95th percentile: 72.8 pg/g; CARB, 2003).
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5.5 Consumer products

The consumption of multivitamins may lead to an additional chromium intake of 500
pg/day, from chromium picolinate (Health Canada, 2009).

Higher than average chromium exposures can be estimated for smokers. Assuming
mainstream exposure of 0.147 g total chromium per cigarette, adults and teenagers smoking a
pack of cigarettes (n = 20) per day would have an additional chromium intake of 0.0422 and
0.04952 ug/kg body weight (bw) per day, respectively (Sanexen, 2009). About 0.8-1.2% of the
total chromium content of the cigarette is in the hexavalent form in the smoke (Sanexen, 2009),
corresponding to a Cr(V1) exposure of 0.0003-0.0006 pg/kg bw per day. This exposure is 7-15
times higher than exposure due to inhalation of ambient air (as estimated in Table 2).

5.6  Multi-route exposure through drinking water

Given the physicochemical properties of chromium, a multi-route exposure assessment, as
outlined by Krishnan and Carrier (2008), could not be performed. Exposure to chromium vapours
while showering is not expected to occur, as chromium is not volatile. Paustenbach et al. (2003)
experimentally determined that approximately 5-10 ng of Cr(VI) would be inhaled during a 10-
minute shower with water containing Cr(V1) at a concentration of 1 mg/L, and bathing in water
containing Cr(V1) at a concentration of < 10 mg/L for 30 years would be similar to a continuous
30-year exposure to background Cr(VI) levels in outdoor air. Chromium penetration through skin
is expected to be minimal (Section 8.1). When human volunteers were immersed for 3 hours in
water containing Cr(V1) at a concentration of 22 mg/L, penetration was estimated to be less than
10% of daily ingestion of water, based on blood and urine samples (Paustenbach et al., 2003).

Thus, dermal and inhalation routes of exposure to chromium in drinking water were not
considered to be significant in this assessment.

5.7  Total daily intake

Most available data on chromium levels in the environment pertain to total chromium.
However, chromium in drinking water occurs mainly as Cr(V1), which is also the form used as
the basis for the calculation of the health-based value (HBV). For this reason, the estimated total
daily intakes are presented only for Cr(VI). In order to calculate the total daily intakes for Cr(\V1)
using the available exposure data, it was assumed that Cr(V1) represents 100% of total chromium
in drinking water, 25% in air, 1% in soil/dust, 10% in food and 0% in breast milk, based on the
findings of various reports (Sanexen, 2009). The estimated total daily intakes of Cr(VI) from
drinking water, food, air, soil and dust for five age groups (0-6 months, 7 months— 4 years, 5-11
years, 12-19 years and 20+ years) in the Canadian population are shown in Table 2. Daily
chromium intakes from consumer products were not estimated, as there are no available data on
the proportion of the general population using these products. Reliable data were also not
available to estimate distinct exposure levels for populations living in mineralized areas and those
living in the vicinity of chromium-related industrial activities.
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Table 2. Estimated total daily intake of Cr(\VI) from all sources of exposure in various age groups
of the Canadian population

Age group Estimated total daily intake of Cr(V1) (ug/kg bw per day)
Drinking | Food® | Air® Soil® Dust® Total | Percentage of
water? Cr(VI) intake from

drinking water

0-6 months non- 0.18 0 0.000 049 | 0.000 16 0.0018 | 0.18 99

breastfed infants’

0-6 months 0 0 0.000049 | 0.00016 | 0.0018 | 0.0020 |0

breastfed infants®

7 months — 4 years” | 0.073 0.067 0.00012 | 0.00030 | 0.0037 |0.14 51

5-11 years' 0.049 0.046 0.00009 | 0.000040 | 0.00046 | 0.096 | 51

12-19 years' 0.034 0.034 0.000 054 | 0.000 022 | 0.00025 | 0.068 | 50

20+ years* 0.042 0.023 0.000 045 | 0.000 018 | 0.00021 | 0.065 | 64

& Estimates based on the mean concentration of total chromium of 2.0 pg/L in unfiltered distributed drinking water in Ontario as
reported in the Ontario Drinking Water Surveillance Program for 1997-2007 (OMOE, 2008), and assuming that Cr(\VI)
represents 100% of total chromium in drinking water (Sanexen, 2009).

Except for infants, estimates based on chromium concentrations (expressed in wet weight) determined in a 1992 Canadian
market basket survey (Mann Testing Laboratories, 1992), assuming that Cr(\V1) represents 10% of total chromium (Sanexen,
2009). Non-breastfed infants were assumed to consume milk formula prepared with drinking water. Breastfed infants were
assumed to consume human milk only (Sanexen, 2009).

¢ Estimates based on a 2004-2007 sampling campaign over 13 Canadian cities (highest mean total chromium concentration in
fine particulate matter of 0.8 ng/m®) (Dann, 2007), and assuming that Cr(VI) represents 25% of total chromium. Chromium
concentrations in indoor air were assumed to be the same as outdoor levels (Sanexen, 2009).

Estimates were based on the estimated mean concentration of chromium encountered in most uncontaminated soils across
Canada of 50 pg/g, assuming that Cr(VI) represents 1% of total chromium in soil (Sanexen, 2009).

¢ Estimates were based on the arithmetic mean of total chromium concentrations of 87 pg/g measured in household dust samples
collected in 48 Canadian homes in 1993 (Sanexen, 2009), assuming that Cr(\V1) represents 1% of total chromium in dust (as for
soils).

Estimates based on a body weight of 8.2 kg, an inhalation rate of 2.1 m*day, a water ingestion rate of 0.75 L/day and a
soil/dust ingestion rate of 0.02 g/day (CCME, 2006).

Y  Estimates based on a body weight of 8.2 kg, an inhalation rate of 2.1 m*/day, a drinking water consumption rate of 0 L/day and
a soil/dust ingestion rate of 0.02 g/day (CCME, 2006).

Estimates based on a body weight of 16.5 kg, an inhalation rate of 9.3 m*/day, a drinking water consumption rate of 0.6 L/day
~and a soil/dust ingestion rate of 0.08 g/day (CCME, 2006).

" Estimates based on a body weight of 32.9 kg, an inhalation rate of 14.5 m®/day, a drinking water consumption rate of 0.8 L/day
~and asoil/dust ingestion rate of 0.02 g/day (CCME, 2006).

I Estimates based on a body weight of 59.7 kg, an inhalation rate of 15.8 m®/day, a drinking water consumption rate of 1 L/day
and a soil/dust ingestion rate of 0.02 g/day (CCME, 2006).

Estimates based on a body weight of 70.7 kg, an inhalation rate of 15.8 m*/day, a drinking water consumption rate of 1.5 L/day
and a soil/dust ingestion rate of 0.02 g/day (CCME, 2006).

Source: Adapted from Sanexen (2009).

As presented in Table 2, the proportion of the total daily intake of Cr(\VI) coming from
drinking water represents 99%, 0%, 51%, 51%, 50% and 64% for the age groups non-breastfed
infants 0—6 months of age, breastfed infants 0—6 months of age, 0.5-4 years, 5-11 years, 12—

19 years and 20+ years, respectively. Based on these estimates, Sanexen (2009) suggested the use
of 0.5 as an allocation factor to derive the HBV for chromium in drinking water. The proportion
of Cr(VI) intake from drinking water for the adult population is estimated to be 64%. Because
food is the second major source of exposure and assuming that 10% of total chromium in food is
Cr(VI), exposure through food may represent up to 50% of the total daily intake (Sanexen, 2009).
Hence, the allocation factor of 0.5 estimated for drinking water refers to the minimum
contribution of drinking water to the total daily intake of Cr(VI) for Canadians.
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6.0 Analytical methods

There are several analytical methods that are relevant for the quantification of total
chromium and Cr(V1) in drinking water. However, only methods for the analysis of total
chromium are approved by the U.S. Environmental Protection Agency (U.S. EPA, 2014a).

6.1  Total chromium

Total chromium is defined as the sum concentration of both Cr(111) and Cr(V1) (the most
common oxidation states) in the dissolved and suspended fractions of a water sample and is
analyzed using methods to determine total recoverable chromium.

The concentration of dissolved chromium is determined after filtration and acid
preservation with nitric acid to a pH level below 2.0. For total chromium analysis of the dissolved
and suspended fraction, the water sample is not filtered but is acidified to dissolve the suspended
fractions. Current methods require an acid digestion when the turbidity of the acid-preserved
sample is greater than 1 nephelometric turbidity unit (NTU). Following the preservation
procedure, the sample is analyzed using inductively coupled plasma—atomic emission
spectroscopy (ICP-AES), inductively coupled plasma—mass spectrometry (ICP-MS) or graphite
furnace atomic absorption (GFAA) spectrometry.

The following analytical methods have been approved by the U.S. EPA, with detection
limits that vary between 0.08 and 7 pg/L.:

* EPA Method 200.5 Rev. 4.2 uses axially viewed ICP-AES and has an MDL of 0.2 ug/L

(U.S. EPA, 2003b).

* EPA Method 200.7 Rev.4.4 uses ICP-AES and has an MDL of 4 pg/L (U.S. EPA, 1994a).

* EPA Method 200.8 Rev. 5.4 uses ICP-MS and has an MDL of 0.08 pg/L and a minimum
reporting level (MRL) of 0.2 pug/L (U.S. EPA, 1994b).

* EPA Method 200.9 Rev. 2.2 uses stabilized temperature GFAA spectrometry and has an

MDL of 0.1 pg/L (U.S. EPA, 1994c).

» Standard Method (SM) 3113B uses electrothermal atomic absorption spectrometry and

has an MDL of 0.1 pg/L (APHA et al., 1992, 1995, 2005, 2012).

* SM 3120B uses ICP-AES and has an MDL of 7 pg/L (APHA et al., 1992, 1995, 1998,

2005, 2012).

* The online versions of SM 3113B-04, 99 and SM 3120B-99 are also approved methods.

Studies have indicated that total chromium analysis can be complicated using these
analytical procedures. Eaton et al. (2001) simultaneously analyzed drinking water samples for
both total chromium (using ICP-MS) and Cr(V1) (using ion chromatography). The results
indicated that many of the samples had soluble Cr(VI) concentrations that were higher than total
chromium concentrations. The authors postulated that a possible difference in the instrument
calibration for Cr(l111) and Cr(VI) species analysis or a problem with the sample acid preservation
may explain this discrepancy (Eaton et al., 2001). However, Zimmer (2014) undertook a study to
assess chromium analysis for compliance under the EPA and California regulations and
concluded that the difference between Cr(VI) and total chromium is due to method variability and
accuracy.

It is well established that the ICP-MS method is prone to polyatomic interference, which is
caused when ions consisting of more than one atom have the same nominal mass-to-charge ratio
as the chromium isotopes **Cr and >*Cr. Carbon in the form of alkalinity or natural organic matter
(NOM) generates a “false positive” for the *’Cr isotope by forming the “°Ar*C ion. The presence
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of chlorine generates a “false positive” for both >’Cr and >*Cr by forming **CI*°*0'H and *'CI**0
ions, respectively (Inoue et al., 1995; Powell et al., 1995; McNeill et al., 2013; Parks et al., 2013).

Total chromium determination may also be complicated by the presence of iron particles
in the sample. Soluble chromium species in water may sorb to the iron hydroxide solids (“sorbed
chromium”) or become incorporated within the iron hydroxide crystalline structure (“fixed
chromium”). In some cases, the filtration and acidification procedures are unable to achieve total
chromium recovery, and a hydroxylamine or microwave-assisted acid digestion is required for
full recovery of chromium (Eaton et al., 2001; Frey et al., 2004; Parks et al., 2004; APHA et al.,
2012; McNeill et al., 2013).

The current U.S. EPA practical quantitation level (PQL) for total chromium is 10 pg/L
(U.S. EPA, 1991). In the second 6-year review of existing National Primary Drinking Water
Regulations, the U.S. EPA concluded that it may not be appropriate to lower the PQL, given the
lack of data below the current PQL (U.S. EPA, 2009).

A U.S. EPA (2010a) report indicated that the PQL could be problematic for practical
purposes, as different methods have been used for its determination. The report noted that the
MRL may be useful as an alternative to the PQL for setting future regulatory limits. The MRL for
an analyte is measured using a specific analytical method and is defined as an estimate of the
lowest concentration minimum reporting level or LCMRL that is achievable by the analyst with
95% confidence at least 75% of the time (U.S. EPA, 2012a).

6.2  Hexavalent chromium

The current recommended U.S. EPA method for the analysis of low-level Cr(\V1) in
drinking water is EPA Method 218.7, which uses ion chromatography with post-column
derivatization and UV-visible spectroscopy. The method is based on a modified version of EPA
Method 218.6 and uses two ion chromatography systems with different eluents (ammonium
sulphate/ammonium hydroxide and sodium carbonate/sodium bicarbonate).

EPA Method 218.7 has an MDL ranging from 0.0044 to 0.015 pg/L, and the lowest
concentration MRL ranges from 0.012 to 0.036 pg/L, depending on the type of preservative and
the eluent system used (U.S. EPA, 2011a). As Cr(111) and Cr(V1) can interconvert, depending on
the water quality and presence of various constituents (oxidizing or reducing agents), the proper
preservation of the chromium species in the collected samples is critical for accurate analysis. The
samples are preserved with a combination of buffer/dechlorinating agent. Preservation is
accomplished by raising the pH of the sample above 8.0 with either liquid (ammonium
sulphate/ammonium hydroxide) or solid (sodium carbonate/sodium bicarbonate/ammonium
sulphate) buffers. Following the preservation step, Cr(VI) is separated from other components in
the sample by the ion chromatography column and then derivatized in the post-column reactor.
Cr(VI) is then analyzed spectrophotometrically at a wavelength of 530 nm. EPA Method 218.7
has a holding time of 14 days for the preserved sample (U.S. EPA, 2011a).

EPA Method 218.6 Rev. 3.3 also uses ion chromatography determining Cr(V1), but was
not specifically developed for drinking water analysis (U.S. EPA, 1994d). This method has an
MDL and MRL of 0.3 pg/L and 0.4 pg/L, respectively. It requires that the sample be filtered at
the time of collection and the pH of the filtrate be adjusted to 9.0-9.5 using an ammonium
sulphate/ammonium hydroxide buffer. At this pH, Cr(V1) exists as a CrO,* anion and is separated
from other ionic species present in the water sample on an anion exchange column. Following the
derivatization of Cr(V1), the sample is measured spectrophotometrically at 530 nm. The holding
time of the preserved samples is 5 days (U.S. EPA, 1994d, 2011b).
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Cr(VI) can also be measured by ion chromatography using a modified version of EPA
Method 218.6 to achieve lower DLs. The modifications (Dionex, 2003) will achieve an MDL of
0.018 pg/L and a reporting limit of 0.06 pg/L. Further modifications published by Dionex (2011)
reported an MDL of 0.001 pg/L and a quantitation limit of 0.003 pg/L (Dionex, 2011; McNeill et
al., 2013).

6.2.1 Other methods for determination of Cr(VI)

6.2.1.1 Cr(VI) analysis by HPLC-ICP-MS

Several researchers have conducted speciation analyses for chromium using high-
performance liquid chromatography (HPLC) coupled with ICP-MS(Inoue et al., 1995; Powell et
al., 1995; Barnowski et al., 1997). As the Cr(l11) species are positively charged ions and the
Cr(VI) species are negatively charged ions, HPLC can only separate one of the chromium species,
depending on the type of ion exchange column used. ICP-MS is used to quantify the
concentration of the chromium species before and after the separation step, with the difference
providing the concentration of the other chromium species retained on the column. The reported
MDLs for Cr(l11) ranged from 0.005 to 0.5 pg/L, and for Cr(VI), from 0.009 to 1.0 pg/L,
depending on the column types, eluents used, pH and injection volume (McNeill et al., 2013).

6.2.1.2 Field speciation method for Cr(VI)

This method uses a cation exchange column coupled with GFAA spectrometry and has a
DL of 0.05 pg/L for Cr(\V1). Limitations of the method include a need for larger amounts of cation
exchange resin when analyzing samples with a high ionic strength or high Cr(I11) concentration of
the water sample (Ball and McCleskey, 2003). Previous work suggests that organic ligands may
complex Cr(Il)and convert it into an anion that can pass through the column, giving a “false
positive” result for Cr(\V1) (Icopini and Long, 2002). The presence of particulate iron can result in
lower recovery of chromium due to sorption or co-precipitation. There is a need to develop a
method for total chromium method that overcomes iron interference (Parks et al., 2004; McNeill
etal., 2013).

6.3  Sample preservation and preparation

The stability of total chromium and Cr(V1) samples is dependent on the proper
preservation and/or dechlorination steps. The third Unregulated Contaminant Monitoring Rule
(UCMR3) defined specific analytical requirements for the monitoring of total chromium and
Cr(VI).

The methods currently approved by the U.S. EPA only require acid digestion when the
turbidity of the acid-preserved sample is greater than 1 NTU. However, the analytical
requirements under UCMR3 include solubilizing the acid preserved sample by gentle heating
(i.e., hot digestion) using nitric acid, regardless of the sample turbidity or the method used.
Sample preservation and dechlorination procedures are required when the sample is collected
(U.S. EPA, 2012c).

For Cr(VI1) samples, the proper preservation of the chromium species in the collected
samples is critical for accurate analysis since Cr(I11) and Cr(V1) can interconvert, depending on
the water quality and presence of various constituents (oxidizing or reducing agents). As outlined
above, EPA Method 218.7 requires that the samples be preserved with a combination of
buffer/dechlorinating agent by raising the pH above 8.0 (U.S. EPA, 2011a).
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7.0 Treatment technology
7.1 Chromium redox chemistry

The two most common oxidation states for chromium in natural water are Cr(111) and
Cr(VI). Other oxidation states, such as Cr(1V) and Cr(V), are known to form as intermediates in
redox reactions, but they are unstable and subsequently disproportionate to Cr(111) and Cr(\V1)
species (Kotas and Stasicka, 2000; Frey et al., 2004; Lai and McNeill, 2006).

The simple ionic form of Cr(111) is Cr**, which predominates in water below pH 4. Above
pH 4, Cr¥* gradually forms the hydroxide complexes Cr(OH)**, Cr(OH),"*, Cr(OH)s’ and
Cr(OH), , and the ionic charge is changed from +3 to a mix of charges ranging from +2 to —1 in
the pH range of 4-10. Cr(l11) exhibits very low water solubility (less than 20 pg/L) in the pH
range of 7.0-10.0, and minimum solubility (approximately 1 pg/L) is reported around pH 8 (Rai
etal., 1987; Frey et al., 2004; McNeill et al., 2012).

At chromium concentrations typically found in drinking water, Cr(\V1) occurs as
oxyanions: hydrogen chromate (HCrO,") and chromate (CrO,*). These anions are considered to
be highly soluble in water, and their concentrations are pH dependent. In natural water sources,
HCrO, is the dominant anion below pH 6.5, while CrO,*"is the dominant anion above pH 6.5
(Sengupta et al., 1986; Brandhuber et al., 2004; Sharma et al., 2008).

A survey by Frey et al. (2004) reported that total chromium occurred equally in surface
waters and groundwaters. However, Cr(VI) was not found in surface waters to nearly the same
degree as in the groundwater. Because of its relative insolubility under typical groundwater
conditions, Cr(11) is not a significant groundwater contaminant. The survey reported that total
chromium concentrations in surface waters were composed primarily of Cr(I11), whereas total
chromium concentrations in groundwater were composed predominantly of Cr(VI) (Frey et al.,
2004). These findings were corroborated in the recent study conducted by Seidel and Corwin
(2013).

The redox chemistry of chromium is of utmost importance in the treatment and removal of
chromium from drinking water. The oxidation reaction of soluble Cr(lI1I) to Cr(V1) is of concern,
because even if Cr(VI) is completely reduced to Cr(l11) at the treatment plant, it may potentially
re-form in the distribution system when oxidants such as chlorine and chloramine are in contact
with soluble Cr(111) or plumbing surfaces that contain chromium (Ulmer, 1986; Clifford and
Chau, 1988; Brandhuber et al., 2004;Saputro et al., 2011; Lindsay et al., 2012). The rate of
oxidation of soluble Cr(111) to Cr(V1) by free chlorine is dependent on water pH and the chlorine
doses (Ulmer, 1986; Clifford and Chau, 1988). The oxidation of soluble Cr(lI1) at a concentration
of 100 pg/L was investigated under different water quality conditions (Brandhuber et al., 2004).
Experiments conducted for 24 hours with deionized water and chlorine at 1.0 mg/L showed less
than 50% oxidation of Cr(l1l) at both pH 5 and pH 7 and minimal oxidation at pH 9. Experiments
conducted for 140 hours with synthetic water showed that the oxidation was > 90% and > 80% at
pH 5 and pH 7, respectively. However, in water containing manganese and NOM, no oxidation
was observed at both pH 5 and pH 7, suspected to be due to the reaction between chlorine and
manganese and/or NOM. Raw water with high total dissolved solids (TDS), high alkalinity, high
hardness and low total organic carbon (TOC) that contained Cr(l11) at 90 pg/L was also oxidized
with chlorine at 1 mg/L at pH 5, 7 and 9. A graphical representation showed that a greater degree
of oxidation was observed at pH 7 (at 50 hours); the lowest was observed at pH 9 owing to the
precipitation of Cr(111), which was unable to be oxidized by the chlorine (Brandhuber et al.,
2004). A study by Lindsay et al. (2012) demonstrated that chlorine oxidized soluble Cr(I11) to
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Cr(VI) on the time scale of hours. The experiments were conducted with both distilled, deionized
water (DDW) and tap water (1.7 mg/L TOC) samples spiked with a high concentration of Cr(l11)
(100 puM; 5,200 pg/L). As the theoretical stoichiometric molar ratio of chlorine to Cr(ll1) is 1.5:1,
full oxidation of Cr(I1I) to Cr(V1) is expected to occur with chlorine doses higher than 10.6 mg/L.
According to a kinetic model, a chlorine dose of 10 mg/L resulted in a maximum formation of

15 uM (780 pg/L) and 31 uM (1612 pg/L) of Cr(V1) in the DDW (pH 6.98) and in the tap water
(pH 5.88), respectively. The study indicated that the oxidation reactions slowed and that Cr(V1)
concentrations reached a plateau. The consumption of chlorine via reactions with intermediate
oxidation states of chromium, such as Cr(IV) and Cr(V), was a possible explanation for the
observed plateau (Lindsay et al., 2012). However, Clifford and Chau, (1988) reported no
measurable oxidation of Cr (I11) in tap water in experiments conducted on water spiked with 200
pg/L Cr(I11), chlorine dose of 3 mg/L, TOC concentration of 3.8 mg/L at a pH ranging from 5 to
8. Brandhuber et al. (2004) reported that a water sample containing Cr(V1) at 100 pg/L was
partially reduced (70%) to Cr(l1l) by stannous chloride, yielding Cr(V1) concentrations in the
range of 25-30ug/L. However, Cr(V1) concentrations increased to approximately 48-51 pg/L in
the 48 hour period following application of chloramine doses ranging from 0.5 to 2.0 mg/L, at
pH 7.0. After this 48 hour period, negligible change was observed to the end of the study (168
hours).

Potassium permanganate was also found to be an effective oxidant for soluble Cr(111), and
nearly complete oxidation was observed at neutral or low pH conditions within 60 minutes
(Brandhuber et al., 2004). Manganese oxides (Fendorf and Zasoski, 1992; Nico and Zasoski,
2000; McNeill et al., 2012) and hydrogen peroxide (Rock et al., 2001) have also been shown to
mediate the oxidation of Cr(l11). However, dissolved oxygen was reported to be ineffective for
oxidizing soluble Cr(l11). It was reported that the particulate Cr(l11) species, such as those formed
from reduction of Cr(V1) by ferrous iron, could not be oxidized by chlorine-based oxidants
(Brandhuber et al., 2004).

Reduction of Cr(VI) to Cr(lll) is a water treatment strategy used for removing Cr(VI)
from drinking water. The reduction of Cr(V1) to Cr(I11) by ferrous iron was reported to be highly
effective, with reaction kinetics ranging from seconds to hours, depending on the pH of the water
and Cr(VI) concentrations; it can occur in groundwater with low dissolved oxygen, in water
treatment plants and in distribution systems (Philipot et al., 1984; Fendorf and Li, 1996; Buerge
and Hug, 1997, 1999; Schlautman and Han, 2001; Lee and Hering, 2003; McNeill et al., 2013).
Iron solids present in the water distribution pipes, such as hematite, magnetite, ilmenite and green
rust, may serve as a source of ferrous iron for the reduction of Cr(VI) (Peterson et al., 1997;
Kiyak et al., 1999; Loyaux-Lawniczak et al., 2000). Cr(V1) can also be reduced by many sulphur
compounds, including thiols, iron sulphide, metabisulphite, sodium sulphide and sodium sulphite
(Kim et al., 2001; Lai and McNeill, 2006). Other potential reducing agents include a variety of
organic compounds (Brandhuber et al., 2004; Xu et al., 2004). Cr(V1) can be reduced by microbes
under both aerobic and anaerobic conditions through direct reduction by chromium-reducing
bacteria or indirect reduction via production of hydrogen sulphide or ferrous iron by sulphate-
reducing bacteria and iron-reducing bacteria, respectively (Vainshtein et al., 2003).

7.2 Municipal scale

Management strategies for total chromium in municipal drinking water include source
water treatment, treatment at the well head or at the water treatment plant, and non-treatment
options (i.e., blending). The U.S. EPA (2012b) lists coagulation/filtration, ion exchange, reverse
osmosis and lime softening as the best available technologies (BATS) for the control of total
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chromium in drinking water. More recently, the state of California has identified ion exchange,
reduction/coagulation/filtration (RCF), and reverse osmosis as BATs for the removal of Cr(VI)
from drinking water (CDPH, 2013).

The treatment strategies or methods generally used for removal of Cr(\V1) include 1) direct
removal of Cr(V1) and 2) reduction of Cr(VI) to Cr(lll), followed by removal of Cr(l1l). Direct
removal of Cr(V1) can be achieved by ion exchange and potentially by adsorptive media.
However, reduction methods need to be followed by coagulation/filtration to remove the
precipitated Cr(lI11). Other technologies for treatment of chromium include conventional treatment
(Cr(111)), high pressure membrane processes (Cr(I11) and Cr(V1)) and reductive media (Cr(I11) and
Cr(VI)).

Given the presence of oxidants and disinfectants in the water distribution system, Cr(lll) is
likely to be oxidized to Cr(VI). For this reason, the removal of both chromium species is
necessary to achieve the total chromium objectives in treated drinking water.

A broad four-phase program was originally initiated in Glendale, California, in 2002 to
develop full-scale treatment processes capable of removing Cr(V1). This program also included
the assessment of treatment technology for total chromium removal from drinking water. The
program consisted of bench-scale, pilot-scale and demonstration-scale studies. Interim reports
were published for each phase(Brandhuber et al., 2004; Qin et al., 2005; McGuire et al., 2006,
2007) and subsequently collated into one final report along with subsequent findings (Blute et al.,
2013a), and one peer-reviewed publication (Blute et al., 2014).

A number of bench-scale, pilot-scale and demonstration-scale studies demonstrated that
RCF and single-use weak base anion exchange (WBA) processes were very successful in
removing Cr(VI)from drinking water (Zotter and Licsko, 1992; Lee and Hering, 2003; Qin et al.,
2005; McGuire et al., 2006, 2007; Blute, 2011; Blute et al., 2013a, 2014; Chowdhury et al., 2014;
Najm et al., 2014). Pilot-scale strong base anion exchange(SBA) resin was also found to be an
effective technology for Cr(VI1) removal (McGuire et al., 2006). In addition, other studies testing
adsorptive media and additional ion exchange resins are underway to investigate other options for
Cr(VI) removal (Water Research Foundation, 2014b).

The selection and effectiveness of each treatment strategy are driven by several factors,
including source water chemistry, pre-existing treatment processes and facilities, chromium
concentrations, treatment goals, residual handling concerns and costs. Careful selection of the
appropriate technology for a specific application is important, as the performance of each
treatment technology is impacted by the specific chemical quality of the water being treated. Due
to the operational complexity, the RCF process is listed in the California regulation as a BAT only
for systems with more than 500 service connections. The treatment performance of the three
leading technologies tested at Glendale, California and Coachella Valley Water District is
summarized in Table 3.
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Table 3.Treatment performance of technologies tested at Glendale, California and Coachella
Valley Water District

Technology Total chromium Cr(VI)

RCF/granular media filtration | <5 pg/L <1pug/L
RCF/microfiltration <1pug/L <1pug/L
WBA resin <1pg/L <1 ug/L
SBA resin 1 po/L <1pg/L

Note: Cr(VI) and total chromium levels in the treated water from each treatment systems may vary depending on the
design and the operation of the treatment system.

Cost curves developed for Glendale, California formed the basis for the cost-benefit
analysis in setting the maximum contaminant level (MCL) for Cr(V1) in California (Blute et al.,
2013a). An on-line cost estimation tool is available to help utilities estimate a range of potential
costs to remove Cr(V1) from their drinking water based on system-specific information, water
quality and residual handling. This tool estimates potential cost ranges for three Cr(VI)
technologies that have emerged as the leading approaches with respect to feasibility and cost—
RCF (reduction with ferrous iron), WBA and SBA—and is available at
www.CrVITreatmentCosts.com.

7.2.1 Reduction/coagulation/filtration of Cr(VI)

The removal of Cr(V1) by reduction to Cr(I11) with ferrous iron and subsequent
coagulation with ferric iron and filtration have long been used in industrial treatment processes
and have been demonstrated in Glendale, California, to be an effective technology in drinking
water applications (Blute et al., 2013a). Pilot testing at the Metropolitan Water District of
Southern California (Najm et al., 2014) and the Coachella VValley Water District (Chowdhury et
al., 2014) also confirmed the effectiveness of the RCF process for Cr(V1) removal. The RCF
process typically includes an oxidation step upstream of the filters to oxidize the excess ferrous
iron to ferric iron, followed by filtration (e.g., dual-media or microfiltration) to remove the
formed ferric iron and chromium hydroxide particles. Polymer addition may also be used to
enhance the formation of large particles for granular media filtration. Periodically, the filters
require backwashing to restore the hydraulic capacity by removing trapped particulate. Waste
backwash water processing facilities, including water recovery tanks and solid processing
equipment, can be utilized to increase the water efficiency and reduce the volume of residuals for
disposal.

A demonstration-scale RCF system with a flow rate of 100 gallons per minute (gpm)

(6.3 L/s) achieved Cr(VI) concentrations below 1 pg/L and total chromium concentrations below
5 ug/L in drinking water at Glendale, California. The system consisted of ferrous (Fe(l1)) sulphate
addition and three reduction tanks in series (each providing 15 minutes of reduction time) to
reduce Cr(VI) to Cr(ll1). Following the reduction tanks, the water passed through an aeration tank
to oxidize residual ferrous iron, then a rapid mixing tank where polymer was added for floc
formation. Finally, the water was pumped through two parallel dual-media filters
(anthracite/sand) with a hydraulic loading rate of 3 gpm/ft® (7.3 m/h) each, to remove the
chromium-containing flocs.

A demonstration study observed better performance when the time for reduction of Cr(VI)
to Cr(I11) was 45 and 30 minutes compared with 15 minutes. At a Fe(I1):Cr(\V1) mass ratio of 25:1
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constant, both reduction times of 45 and 30 minutes were able to reduce an influent Cr(VI)
concentration of approximately 80 pg/L to a range from below the MRL of 0.02 to 0.21 pg/L in
the filtered water (filter run length of 48 hours). A decrease of the reduction time to 15 minutes
resulted in an increase in the Cr(VI) concentration up to 0.63 pg/L in the filtered water. A similar
pattern was observed for the total chromium concentrations. When the reduction times were 45
and 15 minutes, the total chromium concentration in the filtered water (filter run length of 48
hours) ranged from below the MRL of 1 pg/L to 2.9 pug/L and 5.0 ug/L, respectively. A recent
study (Najm et al., 2014) reported that the shorter reduction time may be sufficient when higher
ferrous doses are used.

The demonstration study indicated that, depending on the influent chromium
concentration and the iron dose, an aeration step may be used to fully oxidize the excess ferrous
iron and facilitate the coagulation of ferric iron with Cr(l11). It was observed that approximately
21% of the ferrous iron remained in the water after 45 minutes of reduction time, whereas 26%
and 60% of the ferrous iron were present after 30 and 15 minutes of reduction, respectively (Blute
etal., 2013a).

The impact of raw water pH on Cr(V1) reduction efficiency was studied by several
researchers (Blute et al., 2013a; Chowdhury et al., 2014; Najm et al., 2014). Demonstration-scale
results showed that when the RCF process was conducted with an Fe(I1):Cr(V1) ratio of 34:1 and
a raw water pH of 8.2 and 7.5, the influent Cr(\V1) concentration of approximately 80 pg/L was
reduced to 23 pg/L and < 0.02 pg/L, respectively, in the filtered water(Blute et al., 2013a).
Bench-scale jar testing results (Blute et al., 2013b) indicated that Fe(11):Cr(VI) ratios of 25:1 and
50:1 at a raw water pH of 7.87 were insufficient to reduce an influent Cr(\V1) concentration of 13
Mo/L to below 1 pg/L in the treated water. However, when the pH was reduced to 7.35, the
Fe(I1):Cr(V1) ratio of 50:1 effectively reduced the influent Cr(VI) concentration to 0.04 pg/L in
the filtered water, indicating that a higher Fe(I1):Cr(\V1) ratio and lower pH levels facilitated
Cr(VI) reduction in the RCF process. Similar to the Cr(\V1) results, Fe(I1):Cr(V1) ratios of 50:1
and 75:1 reduced the total chromium concentration to below 1 pg/L in the same sample. A pH
higher than 7.5 may accelerate the reaction rate of ferrous iron oxidation by oxygen and result in
less ferrous iron being available for Cr(V1) reduction (Fendorf and Li, 1996; Lee and Hering,
2003). The initial findings at Glendale, California indicated that pH can impact reduction rate;
however the follow-up study demonstrated that higher ferrous concentrations can overcome these
pH impacts (Blute et al., 2013b). The necessary Fe(I1):Cr(VI) ratio and pH levels will depend on
the target Cr(V1) and total chromium removal.

Brandhuber et al. (2004) found that the presence of co-occurring contaminants, such as
phosphate, sulphate, arsenate and silica, may have a varying impact on the rate of reduction of
Cr(VI) by ferrous iron. The authors reported that the presence of sulphate ions had no impact on
the rate of reduction of Cr(VI) and that phosphate and arsenate ions slightly decreased the rate.
Blute et al. (2013b) found that the presence of silica inhibited the reduction of Cr(\V1) when the
silicon dioxide concentration was increased from 29 to 76 mg/L, and hypothesized that the impact
of silica on Cr(VI) reduction efficiency may be due to less effective coagulation.

As Cr(111) precipitates are associated with the ferric iron particles, total chromium removal
depends on the effectiveness of the filtration process. A pilot-scale study (Qin et al., 2005) using
an Fe(11):Cr(VI1) ratio of 50:1 effectively reduced an influent Cr(\V1) concentration of 100 pg/L to
below detectable levels (MDL was not cited) and the total chromium concentration to below
1 po/L (99.1-100% removal) in the treated water. Conditions were optimized with filter loading
rates ranging from 3 to 4 gpm/ft?(7.3-9.8 m/h) and a water pH below 7.5 during the filtration step
(Qin et al., 2005). Pilot-scale tests showed that total chromium concentrations at or below 1 pg/L
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could be achieved with the RCF process (Qin et al., 2005; Blute et al., 2013c). However,
demonstration-scale tests conducted with granular media filtration yielded fluctuations in the filter
effluent turbidity, resulting in total chromium levels in the filtered water ranging from 1 to 5 pg/L
(Blute et al., 2013a). Blute et al. (2013d) investigated the effectiveness of membrane filtration in
achieving lower total chromium concentrations through enhanced particle removal. Previous
studies have suggested that the performance of direct membrane filtration on contaminant
removal was site specific as a result of differences in feed water quality, membrane material and
membrane systems used (Blute et al., 2013c).

Two membrane systems, a pressure microfiltration (MF)with flow rates of 20 gpm and
submerged ultrafiltration (UF) membranes (11 gpm), were integrated into the existing
demonstration-scale RCF facility at a flow rate of 100 gpm (6.3 L/s) (Blute et al., 2013d). A
pretreatment applied prior to the membranes included a reduction of Cr(\V1) to Cr(ll1) and an
aeration step. A chlorine dose was added to the aeration tank to oxidize ferrous residual and
minimize the membrane fouling. Two different Cr(VI) concentrations, approximately 80 ug/L and
15 ug/L, representing high and low Cr(V1) levels in the source water, respectively, were tested.
The influent total chromium concentrations similarly ranged from 84 to 89 pg/L and from 2.8 to
16 pg/L for the high and low concentrations, respectively. The raw water (influent water to the
RCF process) alkalinity ranged from 210 to 220 mg/L as CaCOs; total hardness ranged from 330
to 360 mg/L as CaCO3; and TOC ranged from < 0.3 to 0.4 mg/L. A ferrous iron dose of 2 mg/L
effectively reduced both low and high Cr(VI) concentrations to Cr(l11). This study concluded that
a minimum threshold of iron (e.g., 2 mg/L as Fe) may be necessary for removal of low and high
Cr(V1), rather than a specific Fe(11):Cr(V1) ratio. The Cr(VI) concentrations in both membrane
influents ranged from <0.02 to 0.12 pg/L, whereas the total chromium concentrations were
similar to the levels observed in the raw water. Both membrane systems achieved Cr(V1)
concentrations ranging from 0.02 to 0.26 pg/L and total chromium concentrations were <1 pg/L.
Turbidity levels were below 0.04 NTU in the filtered water, and alkalinity, total hardness and
TOC levels were similar to those of the raw water. Free chlorine residual in the feed water to the
membrane systems ranged from < 0.02 to 0.66 mg/L. It was reported that minor reoxidation of
Cr(111) to Cr(VI) (concentrations below 0.3 pg/L)occurred when the chlorine was added upstream
of the membrane systems and that at full scale, the chlorine dose would need to be carefully
controlled in order to minimize the oxidation of Cr(l11) to Cr(VI) (Blute et al., 2013d).

A pilot-scale study (Najm et al., 2014) indicated that an RCF process can be integrated
into a conventional water treatment process to remove Cr(V1) or total chromium from surface
water. Surface water was spiked with Cr(\V1) at 25 pg/L and split between two parallel treatment
trains (control and test) at a flow rate of approximately 3 gpm (0.2 L/s) per train. TOC ranged
from 2.93 to 3.06 mg/L; total alkalinity and total hardness varied from 107 to 120 mg/L and from
218 to 278 mg/L as CaCOs, respectively. Alum coagulant at 10 mg/L was added to the rapid mix
tanks of both trains to provide adequate coagulation of the surface water. Ferrous sulphate at 2
mg/L (Fe(I1):Cr(V1) mass ratio of 80:1) was added at the flocculation basin influent of the test
train to reduce Cr(VI) to Cr(ll1). A chlorine dose of 0.5 mg/L was added upstream of the granular
media filter to oxidize any residual ferrous iron to ferric iron, while minimizing the reoxidation of
Cr(111) to Cr(V1). The control train (rapid mix, flocculation, sedimentation, granular media
filtration) showed no removal of Cr(VI) or total chromium, whereas the test train (conventional
surface water treatment in combination with the RCF process) achieved a Cr(VI) concentration of
< 0.15 pg/L (> 99% removal) and a total chromium concentration of 1.5 pg/L (93% removal) in
the filtered water. Replacing the aeration step with a low dose of chlorine helped reduce the
footprint of the RCF process (Najm et al., 2014). The turbidity goal of < 0.15 NTU was achieved
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after a filter ripening period of > 2 hours. An increase of the alum dose from 10 to 15 mg/L and a
relocation of the chlorine feed location from the filter influent to the flocculation basin effluent
improved the filter performance by reducing the filter ripening period to < 20 minutes; decreased
the average headloss accumulation rate from 0.39 to 0.33 feet per hour (0.12 to 0.10 m/hour); and
increased the filter run length from 14.6 to 16 hours. Relocating the feed chlorine increased the
chlorine contact time and resulted in minor increases of Cr(V1) concentrations: from < 0.03 to
0.28 pg/L in the sedimentation basin influent; from 0.13 to 0.35 pg/L in the filter influent; and
from 0.15 to 0.38 pg/L in the filter effluent. Nonetheless, all Cr(\V1) concentrations in the filtered
water were below 1 pg/L. The integration of an RCF process into a conventional treatment train
did not adversely affect ferrous iron or total iron limits. No measurable increase in the formation
of total trihalomethanes or halogenated acetic acids was observed (Najm et al., 2014).

The RCF techniques result in chromium-rich sludge, which must be disposed of
appropriately. The RCF process results in backwash water that contains chromium-rich solids.
Treatment and disposal of this waste will depend on a jurisdiction’s regulations. Some
municipalities may allow sewer discharge of the unsettled backwash water if sewage treatment
plants can accept the waste. Otherwise, solids can be settled, and liquid backwash water can either
be returned to the head of the treatment plant (minimizing waste) or disposed of as non-hazardous
waste. However, it is recommended that filter backwash water not be recirculated through the
treatment plant without additional treatment. Testing at Glendale, California found that settled
solids were found to be hazardous based on California’s classification and non-hazardous
according to U.S. EPA classification.

7.2.2  Anion exchange

lon exchange is a physicochemical process in which there is an exchange of ions in the raw
water with ions within the solid phase of a resin. As raw water ions displace ions on the resin, the
capacity of the resin is gradually exhausted, resulting in finished water concentrations that increase
(i.e., contaminant breakthrough). Once the resin has reached its capacity (i.e., when all the available
resin sites have been occupied by the contaminant ion), the resin must be regenerated to reverse the
process. Exchange resins exhibit a degree of selectivity for various ions, depending on their type
and their concentration in solution, and the type of resin selected.

Two types of anion exchange resins have been shown to be effective for Cr(VI) removal
from drinking water: WBA and SBA resins.

7.2.2.1 Weak base anion exchange resin

WBA resin represents a new application in drinking water treatment. Bench-scale, pilot-
scale and demonstration-scale studies have shown that some WBA resins exhibited a high
capacity for Cr(VI). For optimum Cr(VI) removal with WBA resin, the pH of the water must be
reduced to pH 6. In the acidic pH range (using HCI), the resin is converted to its hydrochloric
form and the functional groups of the resins are protonated, and act as positively charged
exchange sites where the chloride ions (CI") are replaced with the Cr(VI) (hydrogen chromate)
anions. Decreasing the pH also reduces the competition between hydroxyl ion and Cr(\V1) for the
exchange sites on the WBA resin (Blute et al., 2007). The traditional ion exchange mechanism is
not solely responsible for the high Cr(\V1) removal. Although the true mechanism of Cr(VI)
removal by WBA resins is not fully understood, it has been observed that a reduction process is
involved in which the adsorbed Cr(V1) is converted to Cr(I11) (McGuire et al., 2006; Blute, 2011).
Following the WBA treatment, the treated water pH needs to be adjusted to reduce the potential
for distribution system issues (e.g., corrosion). The WBA resin is operated as a single-pass resin,

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
22



Chromium (March 2016)

eliminating the need for resin regeneration with brine. The WBA resins exhibit very high Cr(VI)
removal capacities which result in the cost-effective use of the resins as disposable media
(McGuire et al., 2007; Blute et al., 2013a).

A 425 gpm (26.8 L/s) demonstration-scale system (Blute et al., 2013a) treated an influent
Cr(VI) concentration of 40 pg/L in groundwater to achieve a target concentration of 5 pg/L in the
lag bed effluent. The system included two bag filters for raw water particle removal and two ion
exchange vessels in a lead/lag configuration. The influent water was pH-adjusted from the initial
pH of approximately 6.8 to 6.0 by the addition of carbon dioxide. The lead vessel was replaced at
172 000 bed volumes (BVs) (after 1 year of operation) when the lag vessel reached the target
Cr(V1I) concentration of 5 pg/L (86 000 BVs). At that point, the lead vessel effluent reached a
Cr(VI) concentration of 15-20 pg/L. After the lead vessel resin was replaced, the lag vessel was
put in the lead position. The total BVs of water treated by the initial lag vessel was 364 000
(approximately 940 days), with the effluent reaching a Cr(V1) concentration of 14 pg/L.

The removal of Cr(VI1) by WBA resins is strongly dependent on water pH (McGuire et al.,
2006; Blute et al., 2013a; Najm et al., 2014). A pilot-scale WBA unit in lead/lag configuration
was operated with an empty bed contact time (EBCT) ranging from 2 to 3 minutes per column
under different pH conditions (McGuire et al., 2006). The ion exchange unit treated a Cr(V1)
concentration of 100 pg/L in groundwater samples to achieve a target concentration of 5 pg/L in
the lead column effluent. The average Cr(l11) and Cr(VI) concentrations achieved in the lead
column effluent were 8.6 pug/L and 4.9 pg/L, respectively, when pH was below 5.5.When the pH
was increased to 6.0, the Cr(I11) and Cr(VI) concentrations were decreased to 1.7 pug/L and
4.1 pg/L, respectively. The authors reported that the Cr(\V1) concentration in the lead column
effluent was significantly higher (14.8 pg/L) when the pH was above 6.0. As the dominant
chromium species in the influent was Cr(V1) and as Cr(l111) was present in the treated water, it was
suggested that a reduction of Cr(V1)to Cr(l11) occurred on the resin surface or in the resin matrix.
Cr(111) concentrations exceeded 5 pg/L in the effluent when the ion exchange unit operated below
pH 5.5 (McGuire et al., 2006). Another pilot-scale WBA column was capable of reducing an
influent total chromium concentration of approximately 35 pg/L in groundwater to a target
concentration of 5 pg/L for 45 000 BVs, approaching 15 pg/L at 113 000 BVs. The column
operated at a hydraulic loading rate of 4 gpm/ft? (9.8 m/h), an EBCT of 2 minutes and pH 6.0. The
same resin was used to treat groundwater at pH 6.8 and achieved a total chromium concentration
of 5 ug/L in the treated water after only 2300 BVs, gradually increasing to 25 pg/L after
80 000 BVs (McGuire et al., 2007). A bench-scale study (Najm et al., 2014) evaluated the
performance of two types of WBA resins at pH 5.5.The tests were conducted on source water
with an influent Cr(\V1) concentration of 17 pg/L. Both WBA resins achieved complete removal
of Cr(VI) (MRL = 0.02 pg/L). However, Cr(l11) concentrations ranged from 1 to 4 pg/L in all
samples(based on graphical representation) for 100 000 BVs. An increase in Cr(111) solubility at a
lower pH and the formation of positively charged hydroxide complexes suggested that operating
at pH 6.0 was optimal to maximize the exchange capacity of WBA resins without increasing the
solubility of Cr(111) (Rai et al., 1987; Najm et al., 2014).

Bench-scale tests (Najm et al., 2014) evaluated the applicability of two types of WBA
resins for Cr(VI1) removal under a wide range of water quality conditions. The overall impacts of
water quality on resin performance as well as the impacts of influent Cr(V1) and sulphate
concentrations were also evaluated. The tests were conducted under 16 different conditions, using
10 groundwater sources. The setup for each condition included two continuous-flow packed
columns in series. Each column operated at pH 6.0 and an EBCT of 1.5 minutes. During the 24-
week period of testing, approximately 150 000 and 75 000 BVs were treated through the columns,
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with EBCTs of 1.5 and 3.0 minutes, respectively. The water quality parameters of the raw
groundwater sources included total chromium at concentrations ranging from 1.9 to 48.0 pg/L
(present as Cr(\V1)); uranium at concentrations ranging from < 1.0 to 11 pg/L; pH ranging from
7.8 to 8.9; total alkalinity ranging from 88.0 to 426.0 mg/L as CaCOs. and sulphate and nitrate at
concentrations ranging from 6.0 to 59.0 mg/L and from 0.3 to 46.0 mg/L, respectively. The study
objective was to achieve Cr(VI) concentrations ranging from 1 to 2 pg/L (breakthrough) in the
treated water. The study reported an MRL of 0.02 pg/L for Cr(\V1) and an MRL of 1.0 pg/L for
total chromium (Najm et al., 2014).According to the authors, both tested WBA resins
demonstrated high capacity for Cr(\V1) removal, as no breakthrough was experienced up to

150 000 BVs for several different source waters (Najm et al., 2014).

Both resins performed similarly when tested in parallel under the same operating
conditions and were capable of reducing an average influent Cr(VI) concentration of 10.0 pg/L to
below 0.02 pg/L in the presence of nitrate at 2.5 mg/L and sulphate at 19.0 mg/L, achieving
150 000 BVs with an EBCT of 1.5 minutes. Paired samples were collected, and the total
chromium concentration was measured. Both resins reduced the total chromium concentration to
the MRL of 1 pg/L for 150 000 BVs, with an EBCT of 1.5 minutes. According to the authors,
when the source water was spiked with Cr(V1) at 35 and 60 pg/L, both resins showed good
removal of Cr(V1) for both concentrations (Najm et al., 2014).

Sulphate ions significantly influence the removal of trace constituents by SBA resins.
However, the bench-scale study (Najm et al., 2014) demonstrated that the sulphate ions had a
minor effect on Cr(VI) and total chromium removal by WBA resins for up to 150 000 BVs. In the
presence of sulphate at 167 mg/L, an average influent Cr(\VI) concentration of 10.0 pg/L was
reduced to 0.02 pg/L for 100 000 BVs and an EBCT of 1.5 minutes. The breakthrough curve
demonstrated that Cr(\V1) concentrations increased slowly and gradually after 100 000 BVs and
reached approximately 1 pg/L in the treated water after 150 000 BVs, while total chromium
concentrations ranged from 1 to2 pg/L. The impact of nitrate ions on the WBA resin performance
was tested on source water with ambient concentrations of 40 pg/L for Cr(VI), 40 mg/L for nitrate
and 35-40 mg/L for sulphate. The graphical representation of the breakthrough profile showed an
early breakthrough. Both Cr(V1) and total chromium concentrations increased at approximately
10 000 BVs in the finished water and gradually reached 10 pg/L at 100 000 BVs, with an EBCT
of 1.5 minutes (Najm et al., 2014).

Both resins achieved complete removal of uranium under all test conditions. Minimal
removal was achieved for nitrate, perchlorate and arsenic ions. Uranium is of significance, as it
can accumulate on the WBA resin and pose a significant disposal challenge. Two water sources
with influent nitrate concentrations of approximately 45 mg/L experienced chromatographic
peaking of nitrate at approximately 150 BVs of operation (Najm et al., 2014). Chromatographic
peaking of competitive anions may occur when the less preferred anions, such as nitrate, collect
on the resin and are then displaced by more preferred anions.

WBA resins exhibit the potential to release nitrosamine species, N-nitrosodimethylamine
and N-nitrosopiperidine, during start-up, and appropriate pre-treatment or rinsing of the resin may
be necessary to remove them. Organic resin by-products, such as formaldehyde and acetaldehyde,
have also been shown to leach from WBA resins and may require pre-treatment prior to resin
installation and/or rinsing after installation(McGuire et al., 2007; Blute, 2011; Najm et al., 2014).

In addition to removing Cr(VI1), WBA resins also remove other inorganic contaminants,
such as uranium. If uranium is present in the raw water, and depending on the level of treatment
needed for Cr(V1) removal, the residual from the spent WBA resin may be regulated as a
radioactive or hazardous waste and require further processing or hazardous waste disposal,
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depending on the jurisdiction’s regulations. Testing at Glendale, CA found that spent WBA resin
was classified as hazardous, low level radioactive waste (LLRW) or technologically enhanced
naturally occurring radioactive material (TENORM) waste in California and non-hazardous,
TENORM or LLRW according to U.S. EPA classification (Blute et al, 2013b). The presence of
radioactive contaminants may result in operation of the WBA resin that is driven or limited by the
solid-phase radioactive contaminant concentration (McGuire et al., 2007; Blute, 2011).

7.2.2.2 Strong base anion exchange resin

SBA exchange technology is commonly used in groundwater treatment for the removal of
inorganic anions, such as nitrate and arsenic. SBA resins remove Cr(VI) by exchanging chloride
ions on the functional groups of the resin beads. SBA resins are regenerated with a salt (i.e.,
brine) solution to restore their exchange capacity. A benefit of using SBA resin is the ability to
operate without pH adjustment if the calcium carbonate precipitation potential is not significant
and bed plugging is not anticipated (Blute et al., 2012). The greatest challenge facing the use of
SBA resin for Cr(V1) removal is the handling and disposal of the waste brine.

Other operational considerations when using SBA treatment include chromatographic
peaking of the treated water. An additional consideration when using SBA resins is the potential
for the release of nitrosamines from the resin. Research has found that new resin or resin that is
exposed to disinfectants (chlorine and chloramines) may release nitrosamines due to shedding of
manufacturing impurities (Najm and Trussell, 2001;Kemper et al., 2009).

A field scale SBA resin was evaluated to remove total chromium from two water sources.
Influent concentrations of 20 pg/L and 18 pg/L of total chromium were reduced to the target
concentration of 8 ug/L in the treated water with an EBCT of 45 seconds. Co-occurring
contaminants appeared to have substantially impacted the resin performance. For the source water
containing nitrate concentration of 6 mg/L and sulphate concentration of 20 mg/L (influent
18 ug/L), the target treatment goal was achieved for 20,000 BVs, while for the source water
containing nitrate concentration of 27 mg/L and sulphate concentration of 30 mg/L (influent
20 pg/L), the treatment goal was achieved for 5,500 BV. Site-specific testing of SBA treatment is
suggested (Seidel et al., 2014).

A full scale SBA resin was used to remove both arsenic and Cr(VI) from Coachella Valley
Water District groundwater using three different treatment facilities with capacities ranging from
1,000 to 4,000 gpm. Resin vessels were run in parallel operation with several of the vessels being
regenerated at a time, as driven by arsenic breakthrough which occurs earlier than that of Cr(VI).
These facilities show that Cr(VI) can be reliably removed from approximately 10 pg/L to <1 pg/L
using SBA resin (Water Research Foundation, 2013).

Two pilot-scale ion exchange columns in lead/lag configuration demonstrated that an SBA
type Il chloride-based resin was capable of decreasing a spiked influent Cr(V1) concentration of
100 pg/L in groundwater to below 5 pg/L (McGuire et al., 2006). The breakthrough curves of
Cr(VI) showed that the first column exceeded 5 pg/L after 1900 BVs, whereas the breakthrough
in the lag column occurred at 3800 BVs. Each column operated with an EBCT of 3—-4 minutes,
and no changes in the oxidation state of chromium were detected throughout the pilot unit. The
study also reported the removal of bicarbonate, nitrate, phosphate and sulphate ions by the SBA
resin. Chromatographic peaking of nitrate occurred at 410 BVs with a nitrate-nitrogen
concentration of 15 mg/L and at 450 BVs with a phosphate concentration of 0.8 mg/L. The raw
water concentrations of nitrate and phosphate were 5 mg/L (as nitrate-nitrogen) and 0.2 mg/L,
respectively, demonstrating that the chromatographic peaking increased the concentrations of
nitrate and phosphate in the treated water (McGuire et al., 2006).
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Although chromate anion is strongly preferred by most anion exchange resins, Clifford
(1999) reported that the number of BVs that can be treated before chromium breakthrough occurs
depends on the resin matrix.

A pilot-scale column with microporous polystyrene resin reduced a Cr(\V1) concentration
of 42 pg/L to 10 pg/L and achieved 32 000 BVs, whereas ion exchange columns with isoporous
polystyrene and macroporous polyacrylic resins achieved 20 700 BVs and 14 600 BVs,
respectively. Generally, the resin with the highest affinity for the contaminant and the longest run
length is the hardest to regenerate (Clifford, 1999).

Bench-scale tests (Najm et al., 2014) evaluated the applicability of two types of SBA
resins for Cr(V1) removal from 10 groundwater sources. The setup for each condition included a
single column with a flow rate of 5.9 mL/min, an EBCT of 3.0 minutes and a run length of 12 000
BVs. The water quality parameters of the tested groundwater sources included total chromium at
concentrations ranging from1.9 to 48.0 ug/L, as virtually all chromium was present as Cr(V1);
uranium at concentrations ranging from < 1.0 to 11 pg/L; pH ranging from 7.8 to 8.9; total
alkalinity ranging from 88.0 to 426.0 mg/L as CaCOs; and sulphate and nitrate at concentrations
ranging from 6.0 to 59.0 mg/L and from 0.3 to 46.0 mg/L, respectively. The bench-scale study
was targeted to achieve Cr(V1) concentrations ranging from 1 to2 pg/L (breakthrough) in the
treated water. The MRLs were 0.02 pg/L and 1.0 pg/L for Cr(V1) and total chromium,
respectively (Najm et al., 2014). The results of this bench-scale study are discussed in the
following four paragraphs.

Both SBA resins showed no differences in chromium removal when they were tested in
parallel under the same operating conditions. Each resin was tested with two different source
waters with influent concentrations of total chromium ranging from 8.8 to16 pg/L; sulphate
concentrations ranging from 19 to 22 mg/L; and nitrate concentrations ranging from 2.2 to
2.8 mg/L. Each resin effectively reduced the total chromium concentration to the MRL of
1.0 pg/L for 5000 BVs and an EBCT of 3.0 minutes (Najm et al., 2014).

Traditional SBA resins are impacted by sulphate and nitrate ions. To evaluate the impact
of these ions on SBA resin performance for chromium removal, tests were conducted under
ambient and spiked conditions. SBA resin was capable of decreasing an influent total chromium
concentration of 10 pg/L to 1 pg/L for greater than 12 000 BVs and an EBCT of 3 minutes in the
presence of sulphate at 16 mg/L. Increasing the sulphate concentration to approximately 165
mg/L reduced the column run length to approximately 2000 BVs. When studying the impact of
nitrate anions on source water with an initial total chromium concentration of 16.0 pug/L and
spiked nitrate concentration of 45 mg/L, no breakthrough (1ug/L) was observed for 5000 BVs and
an EBCT of 3 minutes (Najm et al., 2014).

Several source waters were tested under ambient conditions, and the results varied. There
was no breakthrough for the entire 12 000 BVs for a source water with a total chromium
concentration of 7.3 pug/L and with low nitrate and sulphate concentrations (2.7 mg/L and
5.5 mg/L, respectively).However, breakthrough occurred as early as 4000 BVs when the source
water had a total chromium concentration of 11 pg/L and high nitrate and sulphate concentrations
(47 mg/L and 60 mg/L, respectively). Source water with a total chromium concentration of
3.2 pg/L, a nitrate concentration of 30 mg/L and a sulphate concentration of 40 mg/L experienced
a breakthrough at approximately 9,000 BVs; whereas source water with a total chromium
concentration of 53 pg/L, a nitrate concentration of 2.4 mg/L and a sulphate concentration of
16 mg/L also ran for 9,000 BVs before chromium breakthrough. The authors concluded that the
breakthrough time for chromium was more affected by the competing nitrate and sulphate anions
than by the chromium levels in the source water (Najm et al., 2014).
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SBA resins removed other inorganic anions, such as nitrate, arsenic, uranium and
perchlorate, when present in the water. Other than uranium, the breakthrough of these anions was
observed before that of chromium. The study reported complete removal of uranium for all tested
waters for up to 12,000 BVs (Najm et al., 2014).

A pilot-scale magnetic ion exchange system (MIEX ®) was tested for Cr(V1) removal from
drinking water. The system consisted of a continuously stirred mixing tank for anion exchange.
The magnetic particles, embedded in the SBA resin structure, allowed rapid agglomeration and
quick settling of the resin to the bottom of the reactor, which was removed, regenerated and then
continuously returned to the reactor. The pilot-scale unit achieved removal efficiency ranging
from 92% to 97% of the influent Cr(\V1) concentration of 100 pg/L. Optimal Cr(\V1) removal
occurred with an SBA resin dose between 50 and 60 mL per litre of water and a 30-minute
contact time. The tests were interfered with by high levels of sulphate (90 mg/L) (McGuire et al.,
2006).

Since brine disposal is one of the most challenging aspects of the SBA technology, studies
have evaluated the opportunities for minimizing brine volume by reusing the brine multiple times
before disposal. Early pilot-scale work in Glendale, California showed that untreated brine could
be recycled several times prior to replacement with a slight decrease in Cr(V1) breakthrough curve
length (McGuire et al., 2006). Later testing by Gorman et al. (2014) also showed that recycling is
feasible, and that brine minimization techniques such as brine reuse could be effective. A pilot
scale study, using three SBA exchange columns operated in parallel, reported that direct reuse of
the brine was effective. Regenerant brine was used 8 times consecutively. Each reuse cycle
achieved runs of at least 15,000 BVs prior to reaching the treatment goal of 8 pg/L. Seidel et al.
(2014) indicated that additional confirmation is needed at full-scale. Regenerant brine
management options include discharge to a sewer or septic system, off-site approved land
application, ocean discharge through a coastal pipeline, deep well injection, and advanced
treatment (Seidel et al., 2014). In the absence of the ability to dispose of the brine to municipal
sewer or a brine line, the regenerant brine used in the SBA process typically needs to be disposed
of off-site and can potentially be classified as hazardous waste due to the enhanced levels of
Cr(VI) and other co-occurring contaminants. For example, the Coachella Valley Water District
used SBA to remove arsenic and Cr(V1), and the brine requires treatment with a
reduction/coagulation process to remove hazardous arsenic and chromium constituents in the
form of solid waste and remaining brine as non-hazardous liquid waste (Water Research
Foundation, 2013). A careful evaluation of the viability and long-term reliability of the waste
brine disposal options is needed when considering SBA technology for chromium removal (Najm
etal., 2014).

7.2.3 Membrane filtration

Reverse osmosis (RO) and nanofiltration (NF) membranes reject water constituents on the
basis of their molecular size and charge characteristics. These processes are based on forcing
water across a membrane under pressure while the ionic species, such as chromium, are retained
in the waste stream. RO systems typically require prefiltration for particle removal to protect the
membranes and often include other pre-treatment steps, such as the addition of anti-scaling
agents, dechlorination and softening. Post-treatment typically includes pH adjustment, addition of
corrosion inhibitors and disinfection (Cevaal et al., 1995). Concentrate disposal must also be
considered in the design and operation of RO systems.

Several authors reported that RO and potentially NF effectively removed chromium from
drinking water (Hafiane et al., 2000; Taleb-Ahmed et al., 2002; Brandhuber et al., 2004;
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Muthukrishnan and Guha, 2008; Rad et al., 2009;Yoon et al., 2009; Barikbin et al., 2011). RO
was listed as one of the BATSs for chromium removal (U.S. EPA, 2003c) and has demonstrated
excellent rejection of Cr(V1) at benchscale (Brandhuber et al., 2004). However, it was not selected
for further evaluation at pilot or demonstration scale at Glendale, California, as it results in the
loss of large volumes of water.

In a pilot scale RO study, a polyamide thin film composite membrane was capable of
reducing a feed Cr(VI) concentration of 5.0 mg/L to 0.01 mg/L (10 pg/L), achieving greater than
999% rejection, at a permeate flux rate of 58.8 L/m%h and a system recovery greater of 42.5% (Rad
et al., 2009).

Pilot-scale tests evaluated the effectiveness of NF membranes for simultaneous removal of
Cr(V1) and sulphate (S0,%") anions from brackish groundwater (Barikbin et al., 2011). The study
reported that a polyamide spiral-wound membrane rejected more than 94% of Cr(\VI) from 100
Mg/L in the feed water to a concentration of approximately 5 pg/L at pH 8.2 and an operating
pressure of 4 bars (400 kPa). The pilot-scale testing showed that NF is efficient and applicable for
the removal of Cr(VI) from drinking water. The results indicated that factors such as TDS,
transmembrane pressure and pH have an impact on Cr(VI) removal, whereas the concentration of
Cr(VI) was less important. The pilot-scale tests also demonstrated that NF simultaneously
removed Cr(VI) and sulphate from water, but that an increase in sulphate concentration resulted
in a corresponding decrease in Cr(VI1) rejection (Barikbin et al., 2011).

7.2.4 Conventional treatment and lime softening

Conventional treatment (coagulation/sedimentation/filtration/disinfection) can remove
Cr(111) from water, but not Cr(V1). Cr(11) is removed as a result of precipitation as Cr(OH)3 and
co-precipitation with Al(OH); and Fe(OH)s. Several authors have reported removal efficiencies
ranging from 50% to 98% for Cr(111) by conventional coagulation/flocculation techniques
followed by filtration (Philipot et al., 1984; Fatoki and Ogunfowokan, 2002; Lee and Hering,
2003; Brandhuber et al., 2004; Qin et al., 2005).

Jar tests investigated the coagulant efficiency of aluminum sulphate and ferric sulphate for
removal of metals, including Cr(111), from surface water. An influent Cr(111) concentration of 0.48
mg/L was reduced to 0.07 mg/L (85.4% removal) with an aluminum sulphate dose of 10 mg/L at
pH7.7 and to 0.05 mg/L (89.6% removal) with a ferric sulphate dose of 13 mg/L at pH 7.4 (Fatoki
and Ogunfowokan, 2002).

Lime softening is widely used to treat hard water and is effective at removing inorganic
contaminants, such as arsenic, barium, chromium, strontium and vanadium, from drinking water
sources. Studies on chromium removal by lime softening have indicated that the removal is
species dependent (Sorg, 1979; Philipot et al., 1984). Lime softening during pilot plant testing
resulted in greater than 97% removal of an average raw water Cr(l1l) concentration of 0.15 mg/L
at pH 11.3, whereas removal of Cr(VI) at a concentration of 0.13 mg/L was not effective (5% at
pH 9.5) (Sorg, 1979).Lime softening is an expensive process and is not recommended unless there
is also a need to reduce hardness in the raw water feed (U.S. EPA, 2002).

7.2.5 Emerging technologies

New drinking water treatment technologies for chromium are being studied but are still
primarily in the experimental stage and/or have no published information on the effectiveness of
full-scale application.
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7.2.5.1 Adsorptive/reductive media

Two adsorptive media, zeolite media and granular activated carbon (GAC), were tested at
pilot scale (Blute et al., 2013a). Both media were capable of decreasing the concentration of
Cr(VI) from 100 pg/L to concentrations <5 pg/L and experienced breakthrough in the range of
600-620 BVs.

Iron-based reductive media have been shown to remove Cr(VI) from drinking water in
pilot-scale and bench-scale applications. There are multiple manufacturers of reductive media
targeted for chromium removal. These media are proprietary, and the treatment processes are
patented. Although the exact removal mechanisms are uncertain, they are thought to involve a
combination of reduction, adsorption and precipitation/filtration of Cr(I11).A typical reduction
media system for Cr(VI) would include prefiltration and pressure vessels loaded with the media.
Other process equipment may include post-filtration, pH adjustment and residual processing
equipment.

A bench-scale study (Brandhuber et al., 2004) reported that sulphur modified iron (SMI)
was effective for Cr(VI) removal from drinking water, however, leaching of iron and increased
headloss were observed. Pilot testing using porous iron composite media demonstrated removal of
Cr(VI) from 80 pg/L to an average concentration of 0.5 pg/L (Hu and Luk, 2011).The media also
simultaneously removed arsenic and phosphate along with Cr(\V1).In Ripon, California,
demonstration-scale testing of reductive media (iron-based media) for nitrate removal showed the
ability to reduce the total chromium concentration to below the DL of 1 pg/L from a
concentration of 4 ug/L in the raw water (DSWA and City of Ripon, 2010).

A Water Research Foundation project (#4423)to evaluate adsorptive media for
Cr(VDremoval from drinking water is currently in progress.This project will evaluate sulphur
modified iron (SMI-11I®) and Cleanit® technologies at pilot-scale to determine their effectiveness
and operational issues associated with the technologies (Water Research Foundation, 2014b).

7.2.5.2 Biological treatment

Biological treatment is an emerging water treatment technology that may be particularly
attractive for treating water supplies requiring treatment for the removal of multiple inorganic and
organic contaminants, such as nitrate, perchlorate, Cr(VI) and phenol (Nkhalambayausi-Chirwa
and Wang, 2001; Drago et al., 2013). The biological treatment process is based on the removal of
Cr(VI) from source water through the biological reduction of Cr(\V1) to Cr(111) using non-
pathogenic microbes under either aerobic or anaerobic conditions. The treatment systems can be
designed as fixed bed reactors, fluidized bed reactors (FBRS), membrane bioreactors or membrane
biofilm reactors. In general, biological treatment systems require post-treatment to remove
biomass and biodegradable organic materials that are present in the reactor effluent. Typical post-
treatment includes aeration, filtration, activated carbon and disinfection. Several studies reported
on the reduction of Cr(VI) under aerobic and anaerobic conditions by microbes (Wang et al.,
2000; Nkhalambayausi-Chirwa and Wang, 2001; Vainshtein et al., 2003; Drago et al., 2013;
Najm et al., 2013). It was reported that biological treatment can reduce Cr(\V1) concentrations as
high as 45 pg/L in the source water to concentrations below 5 pg/L in the filtered water (Drago et
al., 2013; Najm et al., 2013).

Drago et al. (2013) reported data from a pilot-scale FBR operated under anoxic conditions
and using an electron donor (acetic acid) and nutrients (phosphoric acid) to achieve a biological
reduction of Cr(V1) to Cr(l11). The bacteria attached to granular activated carbon consistently
reduced Cr(V1) concentrations ranging from 40 to 45 pg/L to less than 5 pg/L in the FBR
effluent. The study showed that altering the concentration of the electron donor affected the
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percent reduction of Cr(VI1). The Cr(V1) concentrations measured the FBR effluent ranged from
3.7t0 4.1 pg/L and from < 0.2 tol.3 pg/L when the added acetic acid concentrations were 13.1
mg/L and 16 pg/L, respectively, with a hydraulic retention time (HRT) of 40 minutes. Increasing
the electron donor concentration up to 17.5 mg/L decreased the Cr(\V1) concentration in the FBR
effluent to 0.27 pg/L at an HRT of 20 minutes. The study also conducted bench scale experiments
with two different size filter papers to simulate granular media filtration and membrane filtration
following the FBR process. The results indicated little removal of total chromium and the authors
suggested that the residual chromium (following biological process) was likely in a dissolved
form and require coagulation to obtain removal. Jar tests demonstrated that a ferric chloride
coagulant dose of 4 mg/L reduced the total chromium concentration to below 5 pg/L in the
filtered sample. A chlorine dose of 1.5 mg/L applied to the filtered water increased the Cr(VI)
concentration from 0.5 to 1.8 pg/L after 3 days of retention (Drago et al., 2013).

7.2.5.3 Electrochemical processes

An electrochemical process relies on the redox reactions taking place at the surface of
conductive electrodes immersed into water (Mukhopadhyay et al., 2007; Vasudevan et al., 2010).
An electrochemical process has been studied for the removal of Cr(V1) from groundwater
(Mukhopadhyay et al., 2007). During the process, ferrous iron released from the anode caused a
reduction of Cr(V1) species to Cr(l11). The dissolved and oxidized iron reacts with the hydrogen
ions produced at the cathode to form the insoluble ferric hydroxide necessary for the adsorption
and precipitation of Cr(l11) species. Laboratory experiments reported removal of Cr(VI) at a
concentration of 3.3 mg/L in groundwater to levels below the DL (0.01 mg/L) in the filtered water
with an electrochemical ferrous iron dose of 25 mg/L (Mukhopadhyay et al., 2007).

7.3 Cr(VI) levels in the distribution system

In addition to the chromium present in source water, the water treatment process and the
distribution system can contribute additional chromium (Cr(I11) and Cr(V1)) to the finished water.
Chromium accumulation in distribution system piping can occur and is influenced by a variety of
factors, including source water quality, treatment techniques, pipe material, co-occurrence of
manganese in the pipe deposits, pH and redox conditions in the distribution system. Changes in
treatment type, chemical use and source water characteristics can all lead to the release of
chromium (both Cr(111) and Cr(V1); Shock et al., 2008; Friedman et al., 2010).

In a Chicago, lllinois, survey in the 1960s, it was found that 17% of samples had “pickup”
of total chromium after leaving the water treatment plant (Craun and McCabe, 1975). In the
Water Research Foundation Cr(V1) occurrence study (Frey et al., 2004), it was observed that there
was little difference between Cr(V1) levels in samples of the raw water, at the entry point and in
the distribution system for most systems. However, results varied in two groundwater systems
sampled in this study. In one groundwater system, the authors stated that Cr(\/1) concentrations
increased from 1.3 pg/L in the raw water to 11.9 pg/L in the distribution system; in the second
system, Cr(V1) concentrations decreased from 22.2 pg/L in the raw water to 0.4 pg/L in the
distribution system. The study indicated that the sampling locations chosen in the distribution
system may have been subject to blending from other source waters. The authors noted that
additional monitoring of chromium in the distribution system was needed.

Chromium can also be a trace contaminant in chemicals commonly used for drinking
water treatment. Chromium was detected in alum coagulants and had the potential to add
0.24 pg/L of total chromium to the water at commonly applied alum doses (Eyring et al., 2002).
Cr(VI) concentrations increased from 0.1 to 0.6 pg/L in a Missouri water treatment plant due to
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the contribution from alum or lime. Recently, Louisville Water Company discovered that up to
0.4 po/L of Cr(VI) was being added to its treated water through lime softening treatment at the
plant (Song, 2012). This Cr(VI) was carried through the distribution system, and similar
concentrations were measured at the distribution system sampling locations.

Total chromium concentrations may also increase in drinking water through leaching from
the distribution system materials or premise plumbing. Typical materials used in water system
infrastructure include cast iron and stainless steel, both of which contain chromium. Impurities in
galvanized iron pipes may be another potential source of chromium. Chromium can be released
into the water through leaching or corrosion from these materials (Friedman et al., 2010; McNeill
etal., 2013).

Chromium released in the distribution system may be in either the trivalent or hexavalent
form. However, given the presence of oxidants and disinfectants such as chlorine or chloramines
in the water, Cr(I11) is likely to be oxidized to Cr(VI). The reaction kinetics of Cr(l1) to Cr(VI)
oxidation can vary from minutes to days, depending on the water characteristics (Lai and
McNeill, 2006). Chromium accumulation in deposits can occur as a result of surface adsorption
and/or co-precipitation reactions involving the soluble Cr(\V1). Alternatively, unlined iron pipes
may release ferrous iron to water due to corrosion, which can subsequently reduce Cr(VI) to
Cr(I11) ,be precipitated and accumulate in the distribution system. Friedman et al., (2010)
indicated that chromium accumulation in distribution system appears to be influenced by
chromium concentration in the water, presence of galvanized pipes, co-occurrence of manganese
in the deposits and low pH conditions (below 7.6).

Similar to other inorganics, chromium can be released from distribution system pipes to
the drinking water through a desorption process, physical and hydraulic disturbances (Schock et
al., 2008; Friedman et al., 2010; Lytle et al., 2010). Friedman et al. (2010) found a higher
chromium concentration (of more than an order-of-magnitude) in hydrant flush solids than in the
pipe specimen scale. Since hydrant flush solids are generally superficial and more readily
mobilized than pipe scale, this may present exposure implications following any hydraulic
disturbances (e.g., hydrant flushing, main breaks).

The overall sinks and sources of Cr(VI) and total Cr in the distribution system are not well
characterized and are the subject of two new Water Research Foundation projects currently in
progress. Project #4449 will investigate the sources, fate, and treatment of hexavalent chromium
(Water Research Foundation, 2014c) while project #4497 will investigate the sources, chemistry,
fate, and transport of chromium in both drinking water treatment plants and in distribution
systems (Water Research Foundation, 2014d) .

7.4  Residential scale

Generally, it is not recommended that drinking water treatment devices be used to provide
additional treatment of municipally treated water. In cases where an individual household obtains
its drinking water from a private well, a private residential drinking water treatment device may
be necessary for the removal of contaminants such as Cr(V1) from drinking water.

Health Canada does not recommend specific brands of drinking water treatment devices,
but it strongly recommends that consumers use devices that have been certified by an accredited
certification body as meeting the appropriate NSF/American National Standards Institute (ANSI)
drinking water treatment unit standards. These standards have been designed to safeguard
drinking water by helping to ensure the material safety and performance of products that come
into contact with drinking water. Certification organizations provide assurance that a product
conforms to applicable standards and must be accredited by the Standards Council of Canada
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(SCC). In Canada, the following organizations have been accredited by the SCC to certify
drinking water devices and materials as meeting NSF/ANSI standards (SCC, 2014):

CSA Group (www.csagroup.org);

NSF International (www.nsf.org);

Water Quality Association (www.wqa.org);

UL LLC (www.ul.com);

Bureau de normalisation du Québec (www.bng.qc.ca); and

International Association of Plumbing & Mechanical Officials (www.iapmo.org).

An up-to-date list of accredited certification organizations can be obtained directly from
the SCC (2014).

Drinking water treatment technologies able to be certified to NSF standards for removal of
total chromium as well as Cr(\V1) and Cr(111) individually include adsorption, reverse osmosis and
distillation.

NSF/ANSI Standards 53, 58 and 62 for chromium removal currently require testing of a
device for the individual reduction of each chromium species from 0.3 to 0.1 mg/L. If the influent
challenge total chromium concentration of 0.3 mg/L is prepared as 0.15 mg/L for both Cr(\V1) and
Cr(111), the devices certified to NSF/ANSI Standards 53 and 58 must be capable of reducing the
individual chromium species to a maximum of 0.05 mg/L each (NSF/ANSI, 2013a, 2013b,
2013c). However, treatment devices certified to NSF/ANSI Standard 62 for chromium removal
can be certified either specifically for chromium, as noted above, or for the removal of total
chromium, using TDS as a surrogate for chromium. Treatment devices certified to NSF/ANSI
Standard 62 using TDS as a surrogate must achieve an individual maximum treated water
concentration of 0.05 mg/L from an influent (challenge) concentration of 0.15 mg/L for each
chromium species (NSF/ANSI, 2013c).

Devices certified to NSF/ANSI Standard 58 and NSF/ANSI Standard 62 are intended for
point-of-use installation only. RO and distillation systems should be installed only at the point of
use, as the treated water may be corrosive to internal plumbing components. RO systems are also
intended for point-of-use installation, as larger quantities of influent (incoming) water are needed
to obtain the required volume of treated water, which is generally not practical for residential-
scale point-of-entry systems. A consumer may need to pretreat the influent water to reduce
fouling and extend the service life of the membrane.

lon exchange treatment technology using anion based resins may also be a feasible for
chromium removal in residential scale applications. lon exchange technology is typically
designed and constructed for residential use by drinking water treatment system providers or
dealer. Health Canada strongly recommends that homeowners ensure that these systems are
constructed using materials certified to NSF/ANSI Standard 61 (NSF/ANSI, 2013). If an ion
exchange system is used, the water needs to be filtered through a GAC filter to remove any
chlorine or chloramine from the water before it reaches the resin. It is important to routinely
monitor the chromium concentration in the water treated by ion exchange to ensure that the
system is effectively removing chromium and that chromatographic peaking is not occurring.

8.0 Kinetics and metabolism

8.1  Absorption
The water solubility and oxidation state of the different chromium compounds are
important factors influencing their absorption rates via oral, inhalation and dermal routes. Cr(V1)
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is absorbed across cell membranes to a higher degree than Cr(111); however, its absorption is
effectively reduced because of reduction to Cr(l11) at the application sites (Donaldson and
Barreras, 1966; De Flora et al., 1997).

Absorption of chromium following oral administration is relatively low in both rodents
and humans. The absorption rates reported are generally < 2% for Cr(I11) and ~7% for Cr(VI)
(WHO, 1988; Kerger et al., 1996; ATSDR, 2012). Estimates of total chromium uptake in human
volunteers ranged from 3% to 7% after ingesting 5-10 mg Cr(VI1)/L in drinking water and 0.13%
and 0.6% after ingesting Cr(I11) chloride in drinking water, as determined by urinary excretion
(Kerger et al., 1996, 1997). However, these values are based on urinary excretion and may
underestimate the actual uptake, as they do not account for chromium retained in tissues. The
higher rate of absorption of Cr(VI) than Cr(I11) is largely explained by the capacity of Cr(V1) to
enter the cells through anion transporter (sulphate/phosphate) channels, whereas Cr(l11) enters
(more slowly) by passive diffusion only (O'Brien et al., 2003; Collins et al., 2010). Extracellular
reduction of Cr(V1) to Cr(l1l) at lower concentrations thereby limits chromium absorption.

The extent of Cr(V1) absorption from the gastrointestinal tract is a function of three
competing rates: gastrointestinal transport, gastric reduction (both of which are a function of
fasting state) and absorption. If the rate of reduction is far faster than the rate of transit and
absorption, then little Cr(\VI) will be absorbed. However, it was suggested that absorption from
the gastrointestinal tract is so rapid that it is able to effectively compete with reduction in the
stomach (Zhitkovich, 2011).In humans, the amount of Cr(V1) escaping reduction in the stomach
after ingestion of water without food was estimated to be in the 10-20% range on the basis of
both in vivo bioavailability estimates at low doses and in vitro gastric reduction rate estimates
(Zhitkovich, 2011). When the capacity of reduction is exceeded (e.g., at high doses) or when the
stomach emptying time is short (e.g. when water is ingested on an empty stomach), a possibly
higher proportion of Cr(VI1) may be available for absorption in the gastrointestinal tract and
further enter portal venous blood, likely to be reduced in the liver (Kerger et al., 1997; O’Flaherty
et al., 2001). Under such conditions, it is anticipated that the dose leading to saturation represents
an inflection point for a sublinear exposure—response for blood and/or tissue concentrations, with
doses at this point demonstrating a greater rate of response than lower doses (Collins et al., 2010).

Pulmonary absorption of inhaled chromium is believed to be greater than absorption via
the gastrointestinal tract, with an estimated 20-30% of highly water-soluble Cr(V1) entering the
bloodstream following exposure (European Chemicals Bureau, 2005). As with oral exposure,
Cr(V1) is generally more readily absorbed than the trivalent form (Suzuki et al., 1984; Wiegand et
al., 1988). Extracellular reduction of Cr(V1) to Cr(l1l) in the respiratory tract constitutes a line of
defence against pulmonary chromium toxicity (De Flora et al., 1997; U.S. EPA, 1998a; De Flora,
2000).

Both Cr(lI11) and Cr(VI) can penetrate human skin to some extent, especially if the skin is
damaged (ATSDR, 2012). In contrast to chromium salts, chromium metal is not considered likely
to penetrate intact human skin under normal physiological conditions (Larese et al., 2007). In an
in vitro permeation study performed with human skin, Cr(VI) passed through the skin more easily
than Cr(I11) and was also absorbed into the skin to a greater extent, both effects being attributed to
rejection of positively charged Cr(l11) by the skin barrier (Van Lierde et al., 2006). The
permeation rates for human skin after 168 hours of exposure to chromium salts (1.7 g Cr/L) were
< 0.09 pg/cm? of skin for Cr(111) (chloride and nitrate) and 0.18 pg/cm? of skin for
Cr(VI)(potassium dichromate). The permeation rates for human skin (168 hours of exposure to an
aqueous solution of Cr(V1) at 0.25-5%, with or without incubation in simulated sweat) ranged
from < 0.09 to 0.23 ug/cm? of skin (Van Lierde et al., 2006). Dermal absorption of Cr(V1) was
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also assessed in vivo with four human volunteers immersed in a bath containing 22 mg Cr(VI)/L
(as potassium dichromate) for 3 hours (Paustenbach et al., 2003). Dermal penetration was
estimated to be < 10% of daily ingestion of water, based on blood and urine samples. Dermal
uptake rates ranged from 3.5 x 10> to 4.1 x 10~* pg Cr/cm? of skin per hour, with an average
value of 1.4 x 10 * pug Cr/cm? of skin per hour.

8.2  Distribution

Tissue distribution of chromium depends on several factors, including the chemical form,
the solubility and the route of exposure. When Cr(l11) salts are administered orally or by
inhalation, Cr(I11) is presumed to be present in plasma as a stable mix of organic complexes with
amino acids and other low molecular weight organic acids and with proteins, primarily globulins.
The small fraction of chromium complexed with low molecular weight ligands is able to slowly
diffuse into and out of plasma, blood and cells (O’Flaherty, 1996; Kerger et al., 1996, 1997,
O’Flaherty et al., 2001; Paustenbach et al., 2003). Under physiological conditions, Cr(V1) as
chromate is isostructural with sulphate and phosphate, thereby actively entering many types of
cells by means of the anion exchange carrier pathway (Connett and Wetterhahn, 1983; Buttner
and Beyersmann, 1985; Wiegand et al., 1985). However, the abundance of sulphate transporters
varies by cell type (higher in mature differentiated cells), thereby modulating distribution of
Cr(VI) (Silberg et al., 1995; Markovich, 2001).

Once Cr(VI) enters the red blood cells, it is reduced to Cr(ll1) by glutathione (GSH) or
hemoglobin (Ebaugh et al., 1961; Aaseth et al., 1982; Wiegand et al., 1984). Plasma also reduces
Cr(VI)but not as effectively as red blood cells(Korallus et al., 1984; Minoia and Cavalleri, 1988;
Corbett et al., 1998). The newly formed Cr(l11) is bound to hemoglobin, which has a higher
affinity for Cr(l11) than for Cr(V1) (Gray and Sterling, 1950; Wiegand et al., 1988), or to low
molecular weight ligands (likely GSH; Aaseth et al., 1982; Wiegand et al., 1984) and is slowly
lost from the cell, with a half-life of approximately 30 days and a mean residence time of 43 days
(Eadie and Brown, 1954; Read, 1954).

Once in the bloodstream, absorbed chromium may be widely distributed throughout the
body. The iron transport protein, transferrin, maintains chromium levels in the blood and transfers
chromium to tissues in an insulin-responsive manner. Absorbed chromium distributes to nearly all
tissues, with the highest concentrations being found in the kidneys, spleen and liver. Bone is also
a major depot and may contribute to the long-term retention kinetics of chromium (ATSDR,
2012). A number of studies have shown that chromium can enter the central nervous system (as
reviewed by Costa and Klein, 2006). Chromium can also cross the placental barrier in both
rodents administered chromium intraperitoneally (Kirpnick-Sobol et al., 2006) and humans, as
demonstrated in pregnant women with a metal-on-metal hip arthroplasty (Ziaee et al., 2007).

The distribution of chromium after oral exposure was recently studied in both male rats
and female mice administered soluble Cr(V1) in drinking water (as SDD) or Cr(I1l) complexes in
feed (as chromium picolinate monohydrate [CPM]) for 4, 11, 180 or 369 days (NTP, 2008;
Collins et al., 2010). The highest concentration of SDD (516 mg SDD/L, 182 mg Cr(V1)/L) and
the lowest concentration of CPM (2000 mg/kg in diet) provided quite similar oral doses of
chromium (9 and 13 mg Cr(V1)/kg bw per day compared with 15 and 37 mg Cr(111)/kg bw per
day in rats and mice, respectively). Total chromium concentrations measured in various tissues
and in excreta 48 hours after cessation of exposure (i.e., on days 6, 13 and 182) revealed that
exposure to Cr(VI1),compared with exposure to Cr(l1), led to 1) higher chromium concentrations
in red blood cells(by 6- to 16-fold in rats and by 7- to 22-fold in mice), 2) similar chromium
concentrations in plasma, 3) higher chromium concentrations in the stomach (by 2- to 14-fold in
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rats and by 6- to 28-fold in mice), 4) higher chromium concentrations in the liver (by 11- to 13-
fold in rats and by 15- to 40-fold in mice) and the kidney (by 4- to 6-fold in rats and by 6- to 22-
fold in mice) and 5) similar fecal and urinary excretion (by species). Species-specific differences
were also revealed, with a higher absorption of chromium in mice than in rats (higher fecal
excretion in rats) and, after normalization to external Cr(V1) dose, statistically higher chromium
concentrations in the glandular stomach (by 4-fold) and liver (by 5-fold) of mice compared with
rats and statistically significantly higher (by 1.4-fold) chromium concentrations in the kidney of
rats. In both species and with both treatments, the tissue chromium concentrations increased with
the duration of exposure up to 6 months (some exceptions with Cr(l11) in the stomach), but with
Cr(V1), the rate of accumulation decreased with longer (1year) exposure in all tissues except red
blood cells and plasma (no 1-year data for Cr(l11)) (Collins et al., 2010).

8.3  Metabolism

Reduction by fluids in the digestive tract (saliva 0.7-2.1mg/day and gastric juice 84-88
mg/day) and sequestration by intestinal bacteria (11-24 mg eliminated daily in feces) account for
poor intestinal absorption of Cr(VI) in humans (De Flora et al., 1997). After oral exposure, most
Cr(VI) that escapes reduction in the digestive tract is likely reduced in the blood of the portal vein
system or in the liver, having an overall reducing capacity of 3300 mg (De Flora et al., 1997).
Reduction of Cr(V1) also occurs in body fluids (e.g., alveolar fluids), red blood cells and
nucleated cells.

Ex vivo studies using stomach contents from rats and mice found 1) that Cr(\V1) reduction
followed a mixed second-order process that is concentration and capacity limited (i.e., reduction
capacity is not infinite); 2) a greater proportional reduction of Cr(VI) in rats compared with mice;
3) a non-linear reduction rate as a function of pH; and 4) support for exceedance of reducing
capacity at > 20 mg Cr(VI)/L (Proctor et al., 2012).

After Cr(VI) crosses cellular membranes, its reduction to Cr(111) may occur at various
sites within the cell, including cytoplasm, endoplasmic reticulum, mitochondria and the nucleus.
Cr(VI) tends to be reduced either directly or via intermediates in a network of mechanisms,
leading to the generation of variable amounts of transient products, such as Cr(V), Cr(1V), and
sulphur- and carbon-based radicals. In the presence of hydrogen dioxide, intermediate forms of
chromium can generate highly reactive hydroxyl radicals (HO") through the Fenton reaction (De
Flora, 2000; Costa and Klein, 2006; Zhitkovich, 2011). Intracellular reduction of Cr(\V1) to Cr(I1I)
may involve small molecules (ascorbate, GSH and cysteine), soluble proteins (hemoglobin,
glutathione reductase) and microsomal proteins (NADPH-cytochrome P450 reductase and
cytochrome P450 transport systems) (Connett and Wetterhahn, 1983).

Reduction may result in either activation or detoxification, depending on the nature of the
cellular components reducing Cr(V1), the site of the intracellular reaction and its proximity to
deoxyribonucleic acid (DNA) (Bianchi and Levis, 1988). Reduction is a detoxification process
when it occurs far away from DNA and when the reactive oxygen species (ROS) can be trapped
by a large number of ligands, nucleophiles and antioxidants that are present in the intracellular
environment (De Flora, 2000). Alternatively, when intracellular reduction occurs in the proximity
of DNA, it may be an activation process, as reduction of Cr(\VI) to Cr(l1l) in the cell is thought to
be a prerequisite for the genotoxic action of chromium salts due to the generation of unstable
chromium reduced intermediates (Cr(V) and Cr(1V)), ROS and Cr(l1l), which can react with other
cellular constituents, such as proteins and DNA (De Flora, 2000; Zhitkovich, 2011).
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8.4  Excretion

Whether originating from exposure to Cr(I11) or to Cr(V1), absorbed chromium is largely
eliminated in the urine in the trivalent form (Suzuki et al., 1984).

Following oral administration of soluble inorganic chromium salts in water, absorbed
inorganic Cr(V1) originating from aqueous solutions behaves as Cr(l11). However, the rate of
elimination of chromium was found to be slower after ingestion of Cr(V1) as potassium
dichromate (half-life ~40 hours) than after ingestion of soluble Cr(I11) as chromium chloride
(half-life ~10 hours) (ATSDR, 2012). Similarly, stabilization of Cr(\V/1) prior to ingestion (e.g.,
conversion to Cr(l11) by orange juice) may result in more rapid excretion (O’Flaherty et al.,
2001). Urinary clearance of chromium administered in orange juice more closely approximated
chromium clearances seen in the general population exposed to ambient environmental sources of
chromium. The similarity between Cr(I11) and Cr(V1) kinetics in experimental models may thus
not be applicable for environmental exposures to chromium or for other routes of exposure (e.qg.,
inhalation) for which there are far fewer human kinetic data (O’Flaherty et al.,2001).

Elimination of chromium in feces and urine is similar in both rats and mice administered
Cr(VI) as SDD in drinking water for 4, 11, 180 or 369 days (Collins et al., 2010). Within 48 hours
after cessation of exposure, about 49% of the ingested dose was recovered in the feces of both
species. In rats, the recovery in urine was 0.6-2.4% at the lowest exposure (5-20 mg Cr(VI1)/L)
and 0.2-0.95% at the higher exposures(60-180 mg Cr(V1)/L) (no detailed data for mice). When
chromium was administered as a Cr(I11) complex (CPM), fecal excretion was lower, especially in
mice (42% in rats, 20% in mice).

8.5 PBPK models

Two multi-compartment physiologically based pharmacokinetic (PBPK) models,
developed to describe the internal behaviour of Cr(111) and Cr(\V1) in mice and rats (Kirman et al.,
2012) and humans (Kirman et al., 2013), were used in this assessment. Although more recent
models (Schlosser and Sasso, 2014; 2015) were subsequently developed and are discussed below,
the small quantitative changes they made to the results did not warrant remodelling.

8.5.1 Models used in this assessment

The Kirman et al. (2012, 2013) models included compartments for oral mucosa,
gastrointestinal lumen, forestomach/stomach, small intestine, blood, liver, kidney, bone and a
combined compartment for remaining tissues. As chronic exposure to high Cr(VI) concentrations
in drinking water causes small intestinal cancer in mice (NTP, 2008), the toxicokinetics of Cr(VI)
in the upper gastrointestinal tract of rodents and humans is important for assessing internal tissue
dose in risk assessment.

For the rodent model development, ex vivo Cr(V1) reduction data were used to
characterize reduction of Cr(\V1) in fed rodent stomach fluid as a second-order, pH-dependent
process (Proctor et al., 2012); tissue time-course data for total chromium were collected from rats
and mice exposed to Cr(V1) in drinking water for 90 days at six concentrations ranging from 0.1
to 180 mg Cr(VI1)/L (Thompson et al., 2011); and tissue time-course data were collected from
chronic oral Cr(111) and Cr(V1) bioassays (NTP, 2007, 2008). For model validation, the data sets
for rats and mice exposed to SDD in drinking water for 21 days (NTP, 2007) were used.
Sensitivity analyses were conducted by adjusting model parameter values by 5% and then
reporting the relative impact on several predicted measures of internal dose. Overall, the PBPK
rodent model provides a good description of chromium toxicokinetics, with model predictions
within a factor of 3 or less for approximately 90% of rat data points and 80% of mouse data
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points. The model predicted 1) species differences for chromium delivery to the target tissue
(small intestine), with higher concentrations in mice than in rats, consistent with small intestinal
tumour formation in mice, but not in rats; 2) a concentration gradient in the small intestine
(duodenum > jejunum > ileum), consistent with the tumour response gradient observed in mouse
small intestine; and 3) that Cr(\1) enters portal circulation in rodents at drinking water
concentrations > 60 mg/L based on erythrocyte:plasma chromium ratios (however, this might be a
limited measure of systemic absorption, if Cr(\V1) is systemically absorbed but reduced to Cr(l11)
in erythrocytes).

The rodent model was adapted to develop the human model, based on 1) ex vivo Cr(VI)
reduction studies conducted using fasted human stomach fluid to characterize the reduction of
Cr(VI) in human stomach fluid as a mixed second-order, pH-dependent process; and 2)
toxicokinetic data for total chromium in human tissues and excreta from published literature. For
model validation, the data sets of Finley et al. (1997) were used. Sensitivity analyses were
conducted by adjusting model parameter values one at a time by 5% and then reporting the
relative impact on several predicted measures of internal dose. Overall, the PBPK model provides
a good description of chromium toxicokinetics—with model predictions within a factor of 3 or
less for approximately 90% of Cr(V1) data—and is consistent with the available total chromium
data from Cr(111) and Cr(\V1) exposures in typical humans.

For application of the model for risk assessment, exposures to Cr(VI) in drinking water
were modelled assuming 1) three exposure events per day during meals (fed state) and three
exposure events per day between meals (fasted state); 2) six exposure events per day during meals
(fed state); and 3) six exposure events per day between meals (fasted state). Assuming that all
exposures occurred during a fasted state represents the worst-case scenario.

Although two internal dose measures were evaluated for calculating human equivalent
dose (HED) values (pyloric flux, defined as the amount of Cr(VI) leaving the stomach lumen
divided by the volume of small intestine per day; small intestine flux, which is defined as the
amount of Cr(V1) entering the small intestinal epithelium divided by the volume of small intestine
per day), greater confidence is placed on pyloric flux. Pyloric flux values have less uncertainty, as
they are dependent primarily on well-characterized processes (gastric lumen transit, gastric lumen
reduction). Pyloric flux and small intestine flux yielded nearly identical HED results.

The authors indicated several sources of uncertainty in the models, as follows. The models
did not consider potential changes in Gl tract kinetics due to toxic effects in the tissues (e.qg.,
hyperplasia, altered villus structure) or contributors to chromium reduction other than stomach
acids (e.g., bile, pancreatic secretions, intestinal secretions, enzymatic activity, bacterial flora).
Erythrocyte Cr(VI) reduction data were used as a surrogate for reduction in GI tissues, due to an
absence of data on the latter. Cr(VI) reduction rates for humans were based on samples only from
fasted individuals. For simplicity and based on data limitations, Cr(\V1)-reducing agents were
modelled as a single lumped pool, whereas multiple reducing agents—likely with different rates
and capacities of Cr(V1) reduction—exist in the GI lumen. pH dependence of Cr(V1) reduction
rates in humans was characterized quantitatively using a simple empirical calculation, based on
data from pooled gastric fluid samples of humans with normal gastric pH (separate pools for pH
values of approximately 1 [n = 3], 2 [n = 2], and 4 [n = 5]) and pH altered by use of proton pump
inhibitors (pH of approximately 7; n = 5).

8.5.2 Newer models
Newer models (Schlosser and Sasso, 2014; 2015) have been developed, building on the
Kirman et al. (2012, 2013) models. They address the last two sources of uncertainty described
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above. A mechanistic description of pH dependence was added to the Kirman et al. (2012, 2013)
model, using assumptions of shifting relative abundance of Cr(V1) species due to pH-dependent
chemical equilibria—along with differing reduction rates for each species—at varying pH levels.
They also assumed that the rate constant was unchanged with dilution of human gastric juice,
whereas Kirman et al. (2013) assumed proportional increase in rate constant with increases in
dilution. The newer models also described multiple pools of reducing agents, used to reflect the
variety in reducing agents in the Gl tract (e.g., ascorbate, NADH, and glutathione). They included
up to three generic pools (an initial pool that reacts and is depleted quickly, a second pool that
reacts and is depleted more slowly, and a third pool that reacts and is depleted very slowly), with
Kinetic parameters for each estimated by model optimization. The use of multiple pools of
reducing agents improved model fits in rat and mouse data at higher doses (the Kirman et al.
[2012] model demonstrated good fit to the data a low doses).

The Schlosser and Sasso model also predicted a large decrease in—but not complete
depletion of—Cr(V1) reduction capacity in rats and mice. In humans, the single pool model was
sufficient to fit the data; however, improved fit to human data was obtained due to the pH model
inclusion and reoptimization of parameters for the single-pool model. The latest work also
updated the GI kinetics into more consistent model for all species.

8.5.3 Comparison of models

Although the fit of the (Schlosser and Sasso (2014, 2015) models was improved over that
of the original models (Kirman et al., 2012, 2013), the dose—response analysis data provided to
Health Canada from the original models (Summit Toxicology, 2014) was retained for this
assessment, as fit of the original models was still considered to be within an acceptable range,
particularly at lower doses. Moreover, Sasso and Schlosser (2015) identified that application of
the updated model to the point of departure used in a dose—response assessment by Thompson et
al. (2014) resulted in a human equivalent dose that was within an order of magnitude of those
calculated using the original model, with the original model more conservative at a pH of 2.5, and
the updated model more conservative at a pH of 5.

Older PBPK models were developed for ingestion of Cr(VI1) and Cr(l11) by humans
(O’Flaherty et al., 2001) and rats (O’Flaherty, 1996). However, they did not include
parameterization of the gastrointestinal tract (target tissue for Cr(\V1)) and were developed using
few oral exposure data.

By modelling key species differences, sources of saturable toxicokinetics and sources of
uncertainty and variation, the rodent and human PBPK models can provide a robust
characterization of toxicokinetics in the target tissue (small intestine).

9.0 Health effects
9.1  Effects in humans

Chromium toxicity in humans varies depending on the form of the compound, its valence
state and the route of exposure. Little information has been reported on the trivalent form of
chromium, and available data, mainly relating to mixtures with Cr(V1) and Cr(l11), show little or
no toxicity associated with the trivalent form. However, several studies agree on the toxicity of
the hexavalent form, which is soluble in water and represent the vast majority of the chromium
present in drinking water.
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9.1.1 Essentiality

Adequate intakes (Als) have been proposed by the U.S. National Academy of Sciences in
partnership with Health Canada (Institute of Medicine, 2001), reflecting current estimates of
average chromium intake from well-balanced diets. These Als range from 0.2 pg chromium per
day (for infants) to 45 pug chromium per day (for lactating women). There is currently no
consensus concerning the essentiality of chromium in humans. Chromium was considered
essential based on its regulation of glucose metabolism and lipids (Broadhurst and Domenico,
2006). However, such data were found in diabetics or total parenteral nutrition patients only, and
no measurable benefits, such as the popularly promoted conversion of fat into muscle, were
demonstrated in healthy people (Pittler et al., 2003; Trumbo and Ellwood, 2006; Balk et al.,
2007;Vincent and Stallings, 2007). Stearns (2000) stated that “there is no direct evidence of
chromium deficiencies in humans,” and the U.S. Food and Drug Administration concluded that
there was no evidence of a beneficial effect of Cr(111) supplementation with chromium picolinate
(Trumbo and Ellwood, 2006).

9.1.2 Acute toxicity

A small number of cases of fatal oral ingestion of chromium have been documented. In all
cases, highly water-soluble forms of Cr(\V1) were implicated (e.g., sodium/potassium dichromate).
About 1 g of potassium dichromate is considered a lethal dose (ATSDR,2012), and deaths of
children and adults have been reported at doses ranging from 4.1 to 357 mg/kg bw. Symptoms of
acute chromium intoxication associated with the ingestion of a lethal dose of chromate include
gastrointestinal, respiratory, liver and kidney injury, as well as cardiovascular collapse due to
severe hypovolemia; fatty degeneration and metabolic acidosis were also observed at 357 mg/kg
bw (Baresic et al., 2009;ATSDR, 2012).

No apparent clinical changes or health effects were reported in several studies performed
in human volunteers exposed to lower doses, such as 0.03-4 mg Cr(VI)/day via drinking water for
at least 3 days (Paustenbach et al., 1996; Finley et al., 1997; Kerger et al., 1997) or 5 mg of
Cr(111) or Cr(VI) as a single dose via drinking water or orange juice (Kerger et al., 1996).

9.1.3 Subchronic and chronic toxicity and carcinogenicity

Some cross-sectional and ecological studies have found associations between exposure to
Cr(VI) in drinking water and the odds of lung, liver and stomach cancer, while others found no
associations. An association has also been observed between mean chromium blood concentration
and oral cancer. Occupational studies have observed an increase in the risk of lung and stomach
cancer following inhalation of Cr(VI). The weight of evidence for these effects is presented in
detail in the subsequent sections. The epidemiological database on chromium does not allow
drawing definitive conclusions on cancer effects following oral exposure considering the results
inconsistencies, the difference in the route of exposure (most cancer studies were inhalation
occupational), and the major limitations of the individual studies; however, it is supportive of the
choice of an animal carcinogenicity key endpoint.

9.1.3.1 Environmental exposure

Oral ulcers, diarrhea, abdominal pain, indigestion and vomiting, leukocytosis and presence of
immature neutrophils were reported in a Chinese population using a well (20 mg Cr(V1)/L)
adjacent to a chromium alloy plant as a source of drinking water (Zhang and Li, 1987). The 1987
study also reported elevated mortality rates for stomach cancer and lung cancer in communities
with Cr(VI)-contaminated well water in the vicinity of the chromium alloy plant when compared
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with unexposed regions. However, this ecological study did not report statistical measures of
association or precision or individual exposures or account for numerous confounding factors. A
reanalysis of the original data from Zhang and Li (1987) found significantly increased stomach
cancer mortality in five regions with chromium reported in the drinking water (downstream from
a ferrochromium alloy plant) compared with four nearby regions without contaminated water (rate
ratio 1.82; 95% confidence interval [Cl] 1.11-2.91) and compared to the whole province (rate
ratio 1.69; 95% CI 1.12-2.44) (Beaumont et al., 2008; Wilcox et al., 2008). All-cancer and lung
cancer mortality rates were also elevated compared with the rates in the whole province (rate ratio
1.23, 95% CI: 0.97-1.53, and rate ratio, 1.78, 95% CI: 1.03-2.87). However, this study did not
consider important covariates, such as the demographic differences between the agricultural
villages and the industrial town (both combined as unexposed) and employment at the nearby
plant; moreover, there was no dose—response data, the ecological study design did not allow
determination of individual exposure bias is possible because some data from the original analysis
had to be reconstructed by the authors, and only data on mortality—and not incidence of cancer—
were available. A second reanalysis found that the average mortality rates from all cancer, lung
cancer or stomach cancer were not significantly different between chromium-exposed and
unexposed villages using three surrogates of exposure (distance from the alloy plant, water Cr(V1)
concentration in the 1965 survey, and percentage of wells exceeding 0.05 ppm) (Kerger et al.,
2009). However, the relative risk of stomach cancer was increased in the exposed villages
compared with the industrial town. Weaknesses for this reanalysis include: 1) absence of
adjustment for many confounders, such as other groundwater contaminants, smoking, and
infections; 2) absence of data on chromium exposure characterization; 3) evaluation of health
effects was performed in relatively short period of time after the beginning of the exposure period
(~15 years), which might be insufficient latency duration for cancers to occur; and 4) the study
has been criticized based on the possibility of conflict of interest.

In Taiwan, mean blood chromium concentrations were about 2-fold higher in oral cancer
patients (0.795 + 0.26 pg/L; n = 79 patients) than in non-cancer residents (0.44 £ 0.392 pg/L; n =
641 residents) in an agricultural region of Taiwan where soils were contaminated by chromium
and other heavy metals (Chiang et al., 2011). Weaknesses of the study include an absence of
assessment of total environmental and drinking water exposures, co-occurrence of nickel
exposures, and concerns that the two groups might differ in other ways than Cr exposure,
especially since the authors indicated that most cancer patients were smokers and chewed betel.

In Greece, a population exposed to drinking water contaminated by industrial waste (with
Cr(VI) at concentrations up to ~50 pg/L) since the 1990s demonstrated an association between
Cr(VI) exposure and an increase in liver cancer mortality (standardized mortality ratio [SMR] =
1104, 95% CI: 405-2403) (Linos et al., 2011). However, the results are very likely to be
confounded by other chemical contaminants (e.g., arsenic) in the water.

Other studies have found no association between exposure to chromium and cancer
prevalence. In central Mexico, no adverse health effects (including septum perforation, lung and
unusual cancers, and birth defects, ascertained by self-report in a door survey) were associated
with exposure to 0.5 mg Cr(VI)/L (Armienta-Hernandez and Rodriguez-Castillo, 1995).in
drinking water However, the methodology was poorly detailed, especially for the investigation of
the health outcomes. An ecological study in Nebraska looking at correlations between various
drinking water contaminants and multiple health conditions found no evidence of carcinogenicity
of chromium in drinking water (Bednar and Kies, 1991). The authors noted that the MCL for
chromium in drinking water was 50 pg/L in this state. Moreover, another ecological study found
no increase in lung or total cancer mortality risk in residents possibly exposed to Cr in California
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(living near an industry using and disposing of Cr in ponds near their water source) compared
with other areas in the same county. Conclusions are limited since exposure levels were not
reported, mortality rates were based on census data, and there were no adjustment for covariates
other than age (Fryzek et al., 2001).

9.1.3.2 Occupational exposure

Numerous occupational studies have reported that exposure to Cr(V1) by inhalation was
associated with an increased risk of lung cancer (Hayes et al., 1979; Sorahan et al., 1987; Pastides
et al., 1994; Mancuso, 1997a, 1997b; Kimbrough et al., 1999; Gibbet al., 2000; Crumpet al.,
2003; Park et al., 2004; Cole and Rodu, 2005; Park and Stayner, 2006).

There is currently no consensus regarding a possible association between occupational
exposure to Cr(VI) by inhalation and the occurrence of cancer in the gastrointestinal tract. Two
reviews have reported that occupational inhalational exposure to Cr(\VI) may induce cancer of the
stomach, larynx, kidney, prostate, bladder, brain, small intestine and genital organs, as well as
Hodgkin’s disease, lymphoma and leukemia (Siemiatycki, 1991; Costa and Klein, 2006).
Conversely, a meta-analysis including 29 risk estimates on the associations between the
gastrointestinal (GI) tract cancers (oral cavity, oesophagus, stomach, small intestine, colon, and
rectum) found no increase in the risk of Gl tract cancer at the levels of exposure experienced
(estimated to be ~0.25 mg Cr(V1)/day, based on the previous occupational limit of 50 pg/m®and
an ingested fraction of 50% of inhaled Cr(V1)), except for oesophageal cancer (SMR = 1.49, 95%
Cl =1.06-2.09) when grouping highly exposed workers in the U.S. in 4 studies, of which only
one observed a significant association (Gatto et al., 2010). The conclusions based on this study
are limited because the results are likely to be biased by the healthy worker effect (most
individual studies used exterior groups as control), there was high heterogeneity across studies,
the exposure was poorly characterized with industries reporting different grouping categories, and
the included studies did not control for major confounders. Also, the positive relationship was
driven by only one exploratory study in U.S. workers.

A recent meta-analysis has reported an association between stomach cancer and
occupational inhalation exposure to Cr(V1) after combining 74 risk estimates from 56 cohort and
case—control peer-reviewed studies (RR = 1.27, 95% CI = 1.17-1.38) (Welling et al., 2015). The
authors included all occupations known for their exposure to chromium and risk estimates for the
highest exposure categories available. Cement and leather work were associated with the highest
RR for stomach cancer. The authors were confident in the results because the risk of publication
bias, occurring when positive results tend to be more published, and of chance findings were
calculated to be low. However, there was significant heterogeneity across studies (48% of the
observed variations can be attributed to heterogeneity rather than chance), not all included studies
adjusted for important confounders (e.g., Helicobacter pylori infection, lifestyle, exposure to
asbestos) other than age and sex, case-control studies are susceptible to recall bias, and the
exposure metrics varied across studies (no exposure estimates was provided by the authors). In
support of this association, three studies found an association between occupational exposure to
Cr(VI) and stomach cancer in the Portland cement manufacturing, chromate production or
concrete mixing industries (McDowall, 1984; Rosenman and Stanbury, 1996; Knutsson et al.,
2000). However, conclusions based on these studies are limited since the risk did not increase
with years of exposure, the workers were co-exposed to other carcinogens, the concentration of
Cr(VI) is low in cement, and other studies conducted on Cr(VI) workers did not report
associations with stomach cancer (Davies et al., 1991; Satoh et al., 1991).
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Non-neoplastic effects on the respiratory system have been reported in chrome platers
exposed subchronically to chromic acid mists in air containing Cr(\V1) at concentrations higher
than 0.001 mg/m? (Kleinfeld and Rosso, 1965; Hanslian et al., 1967; Gomes, 1972; Cohen et al.,
1974; Lucas and Kramkowski, 1975; Royle, 1975; Kuo et al., 1997; U.S. EPA, 1998a). Various
gastrointestinal, hepatic and renal effects have also been observed in workers in the chromate
production and chromium plating industries (Wang et al., 2011a, 2011b; ATSDR, 2012). In
addition, excess deaths related to mental, psychoneurotic and personality disorders were reported
in an epidemiological study of several thousand chrome workers, with an observed/expected ratio
of 2.41 for all races (ratio ranging from 1.78 to 5.61, depending on race groups) (Gibb et al.,
2000).

9.14 Genotoxicity

Numerous studies have been conducted in vivo (in humans exposed occupationally,
mainly by inhalation) and in vitro (human cell lines) to assess the genotoxicity of both trivalent
and hexavalent chromium compounds, as reviewed by IARC (1990), De Flora et al. (2008),
Sanexen (2009), ATSDR (2012) and Urbano et al. (2012).

With Cr(111) compounds, increased micronucleus frequency and DNA—protein crosslinks
were observed in the peripheral lymphocytes of tanners primarily exposed to Cr(I11) compounds
(Medeiros et al., 2003), and some in vitro studies yielded positive responses in human
lymphocytes (Nakamuro et al., 1978; Stella et al., 1982; Blasiak and Kowalik, 2000). However, it
was further suggested that positive results in vitro in intact cells could be due to artifacts such as
contamination of the test compounds with traces of Cr(V1), non-specific effects at very high
doses, experimental conditions that would increase the penetration of Cr(I11) into cells (e.g.,
detergents) or a technical artifact formed during the extraction procedures (De Flora et al.,
1990;1ARC, 1990; De Flora, 2000).

In workers exposed occupationally to Cr(V1), several studies reported increased levels of
chromosomal aberrations, sister chromatid exchanges, DNA strand breaks, DNA-protein
crosslinks or micronuclei in peripheral lymphocytes or buccal cells (Sarto et al., 1982; Stella et
al., 1982; Koshi et al., 1984; Deng et al., 1988; IARC, 1990; Lai et al., 1998; Werfel et al., 1998;
Vaglenov et al.,1999; Dana Devi et al., 2001; Halasov4 et al., 2001; Wu et al., 2001; Benova et
al., 2002; Gambelunghe et al., 2003; Medeiros et al., 2003). Direct correlations have been
reported between levels of workplace chromium or duration of chromium exposure (inhalation)
and amount of genetic damage detected (IARC, 1990). However, some of these studies have
limitations, such as possible co-exposure to other genotoxic factors or lack of correlation between
the effect and exposure to chromium. In contrast, no increased number of chromosomal
aberrations, sister chromatid exchanges, DNA strand breaks, oxidative DNA damage (8-
hydroxydeoxyguanosine [8-OHdG]) or DNA-protein crosslinks were reported by Husgafvel-
Pursiainen et al. (1982), Littorin et al. (1983), Nagaya (1986), Nagaya et al. (1991), Kuykendall et
al. (1996) and Benova et al. (2002). No correlation was found between unscheduled DNA
synthesis in pleural mesothelial cells and chromium concentrations in urine of workers from
chromium plating factories (Pilliere et al., 1992).

9.1.5 Reproductive and developmental toxicity

Some occupational studies have found associations between Cr(V1) exposure via
inhalation and reproductive health outcomes in males, including an increased number of
morphologically abnormal sperm in workers in a chromate industry (duration of employment not
reported; Kumar et al., 2005) and decreased sperm counts and motility, increased serum follicle
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stimulating hormone concentration and a significant decrease in semen lactate dehydrogenase
activity in workers employed for 1-15 years in an electroplating factory (Li et al., 2001). The
levels of exposure were not available. Other studies have found no effects of Cr(\VI) occupational
inhalation on male reproduction. No significant differences in semen quality biomarkers or levels
of sex hormones (follicle stimulating hormone, luteinizing hormone, and testosterone) were
observed in a cohort of welders compared with non-metal workers (Hjollund et al., 1998) and in a
cross-sectional study comparing welders with non-welder workers (Bonde and Ernst, 1992). No
reliable studies were located for female reproduction or risk of human birth defects (i.e., available
studies were of poor quality and were poorly reported).

Although the epidemiological evidence as a whole supports an association between
exposure to chromium and an increased risk of cancer, especially for occupational inhalation
exposure and lung cancer, significant study limitations prevent its use for the derivation of a
guideline.

9.2 Effects on experimental animals

The toxicity of chromium compounds depends principally on valency, as well as on the
physicochemical properties of specific compounds, with Cr(VI) being more toxic than Cr(llI).
The studies summarized below are the most relevant ones for drinking water exposure.

9.2.1 Acute toxicity

In general, the acute toxicity of chromium compounds in experimental animals increases
with their solubility in water. The oral median lethal dose (LDsp) values reported for trivalent
compounds vary between 183 and 422 mg Cr(l11)/kg bw for chromium nitrate (rats) and between
140 (rats) and 390 mg Cr(111)/kg bw (mice) for chromium phosphate in aqueous solution; the
LDsg is 2365 mg Cr(111)/kg bw for the less soluble chromium acetate (Fairhurst and Minty, 1989;
ATSDR, 2012). Exposure to Cr(VI) compounds, such as potassium dichromate, sodium
dichromate, ammonium dichromate and sodium chromate, generated LDsgvalues ranging from 13
to 20 mg Cr(VI1)/kg bw for female rats and from 23 to 28 mg Cr(V1)/kg bw for male rats
(Fairhurst and Minty, 1989; ATSDR, 2012). For chromium trioxide, the LDspvalues range from
27 to 59 mg Cr(V1)/kg bw for rats and from 70 to 91 mg Cr(V1)/kg bw for mice (European
Chemicals Bureau, 2005). Exposure to calcium chromate yielded LDsgvalues of 108 and
249 mg Cr(VI1)/kg bw for female and male rats, respectively (ATSDR, 2012). A higher LDsgvalue
(811 mg Cr(V1)/kg bw) was reported for strontium chromate in male rats (ATSDR, 2012).

After acute oral exposure to Cr(V1), the toxicity signs observed include hypoactivity,
lacrimation, diarrhea, pulmonary congestion and corrosion of mucosa in the gastrointestinal tract
(European Chemicals Bureau, 2005; ATSDR, 2012). Recent acute toxicity studies also reported
oxidative stress, apoptosis and hepatotoxicity in rats (Soudani et al., 2011a, 2013) and mice
(Wang et al., 2009).

9.2.2 Short-term exposure

No toxic effects were observed following the administration of chromium
chloride(Cr(l11)) to rats in drinking water (25 mg/L for 1year) or in the diet (100 mg/kg for
90 days or 9 mg/kg bw per day for 20 weeks) (Fairhurst and Minty, 1989; Anderson et al., 1997).
No toxic effects were observed in rats or mice following administration of organic forms of
Cr(I11), such as chromium picolinate, in their diet at doses ranging from 9 mg/kg bw per day for
20 weeks to 1415 mg/kg bw per day for 14 weeks (Anderson et al., 1997; Rhodes et al., 2005;
NTP, 2008). No toxic effects were observed in female rats fed chromium nicotinate for 90 days
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(1.5 mg Cr(lI11)/kg bw per day) or for 38 weeks (0.25 mg/kg bw per day) (Shara et al., 2005). No
effect on body weight was observed in mice after exposure to drinking water containing

500 mg Cr(I)/L (corresponding to 140 or 165 mg Cr(111)/kg bw per day for females and males,
respectively) as chromium potassium sulphate for 210 days (De Flora et al., 2006). In contrast,
administration of Cr(I11) as chromium chloride in drinking water for 12 weeks decreased the body
weight of male mice at 5 mg/kg bw per day (no effect at 14 mg/kg bw per day in females)
(Elbetieha and Al-Hamood, 1997) as well as the body weight of rats (decreased by 24%) at

40 mg Cr(I11)/kg bw per day (Bataineh et al., 1997). Decreased spleen and liver weights were
reported in rats ingesting chromic oxide in the diet (1806 mg Cr(111)/kg bw per day) for 90 days
(Ivankovic and Preussmann, 1975).

Most short-term oral toxicity studies have been conducted in animals administered Cr(V1)
by gavage, through the diet or, more recently, through drinking water. The most sensitive
endpoint, lesions in the small intestine, was observed in the drinking water studies, which are
summarized below.

Three recent subchronic (90-day) studies conducted using a similar study design withF344
rats and B6C3F1, BALB/c and C57BL/6 mice administered SDD in drinking water revealed non-
neoplastic microscopic lesions in the small intestine of both sexes of both species (NTP, 2007,
Thompson et al., 2011, 2012c). The SDD concentrations tested by Thompson et al. were 0, 0.3, 4,
14 [mice only], 60, 170 and 520 mg/L (corresponding to 0, 0.1, 1.4, 4.9 [mice only], 21, 60 and
182 mg Cr(VI)/L), and those tested by the NTP (2007) were 0, 62.5, 125, 250, 500 and
1000 mg/L (corresponding to 0, 22, 44, 88, 175 and 350 mg Cr(V1)/L). In the small intestine, the
lesions were observed in the duodenum and jejunum; for each lesion, there was a dose-related
increased incidence or severity. The lesions included villous atrophy, crypt cell hyperplasia,
apoptosis, histiocytic infiltration in the villous lamina propria, micronucleated syncytia in the
villous lamina propria (mice only) and villous cytoplasmic vacuolization (mice only). In both
species, the lowest-observed-adverse-effect level (LOAEL) for the observation of non-neoplastic
lesions in at least one of these studies was 21-22 mg Cr(VI)/L (corresponding to
2.9 mg Cr(V1)/kg bw per day for rats and to 2.6-4.6 mg Cr(\V1)/kg bw per day for mice). In rats,
the first lesions to appear were apoptosis, hyperplasia and histiocytic infiltration in the duodenum.
In mice, the first lesions were hyperplasia and histiocytic infiltration in the duodenal villi as well
as villous cytoplasmic vacuolization in both the duodenum and the jejunum. The lesions observed
in the duodenum of mice were “considered consistent with regenerative hyperplasia secondary to
previous epithelial cell injury” (NTP, 2007).

Qualitatively, the only notable species-specific difference observed at the
histopathological level was the lack of cytoplasmic vacuolization in the villous epithelium of the
duodenum and jejunum in rats, whereas this lesion was among the most sensitive in mice. The
NTP (2007) study also reported lesions on the liver and the pancreatic lymph node (histiocytic
infiltration from 22 mg Cr(\V1)/L) and in the glandular stomach and bone marrow
(350 mg Cr(VI)/L) of rats, as well as lesions in the mesenteric lymph node (histiocytic infiltration
from 44 mg Cr(VI1)/L) of mice. No lesions were reported in the oral mucosa of both species in any
of the three studies.

In addition to the effects observed after 3 months of continuous exposure, Thompson et al.
(2011, 2012c) reported histopathological changes in the duodenum and jejunum of mice and rats
after only 1 week of exposure; no lesion was detected in the oral cavity of either species. In mice,
the results indicated the occurrence of villous cytoplasmic vacuolization in both the duodenum
and jejunum from 60 mg Cr(VI)/L, as well as villous atrophy in the duodenum and crypt cell
hyperplasia in both the duodenum and the jejunum at 182 mg Cr(VI)/L (Thompson et al., 2011).
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In rats, apoptosis and crypt cell hyperplasia occurred in the duodenum from 21 mg Cr(VI)/L and
in the jejunum from 60 mg Cr(VI1)/L, whereas villous atrophy and histiocytic infiltration in the
villi occurred in both the duodenum and jejunum from 60 mg Cr(V1)/L; there was no cytoplasmic
vacuolization (Thompson et al., 2012c).

Subchronic oral exposure to Cr(V1) has also been shown to significantly decrease body
weight in mice administered SDD in drinking water for 3 months (22 mg Cr(VI1)/L, corresponding
to 3.1 mg Cr(VI)/kg bw per day; NTP, 2007). Other studies also reported body weight decreases
in mice and rats administered higher doses of Cr(V1) compounds (SDD, potassium dichromate) in
drinking water for 4-30 weeks (Bataineh et al., 1997; Elbetieha and Al-Hamood, 1997; De Flora
et al., 2006; NTP, 2007; Quinteros et al., 2007; Thompson et al., 2011, 2012c). No effect on body
weight was observed in rabbits (3.6 mg Cr(V1)/kg bw per day), rats (9.8 mg Cr(V1)/kg bw per day
for 9 weeks) or mice (48 mg Cr(V1)/kg bw per day for 9 weeks) administered potassium
dichromate by gavage (NTP,1996a, 1996b; Yousef et al., 2006). However, dramatic decreases in
body weight of rats (by 57% and 59%) were observed after administration of sodium dichromate
by gavage (40 or 60 mg Cr(VI)/kg bw per day) for 3 months (Chowdhury, 1995).

Effects on the liver and hematology were reported in the U.S. National Toxicology
Program (NTP) dietary studies conducted with potassium dichromate. A possible bone
marrow/erythroid response was observed at a high dose, and effects in the liver were observed at
a lower dose (second study). In the first study (NTP, 1996b), Sprague-Dawley rats received
chromium in the diet (0, 15, 50, 100 and 400 mg/kg) for 9 weeks, followed by an 8-week
recovery period. Slightly reduced mean red cell volume (MCV) and mean red cell hemoglobin
(MCH) were observed at the highest dose, leading to a no-observed-adverse-effect level
(NOAEL) of 100 mg/kg (equivalent to 2.1 and 2.45 mg Cr(VI1)/kg bw per day for male and
female rats, respectively). The authors considered the results suggestive of a potential bone
marrow/erythroid response, as revealed by anemia due to slightly reduced MCV and MCH. In the
second study (NTP, 1996a), potassium dichromate was administered to mice in the diet (0, 15, 50,
100 and 400 mg/kg) for 9 weeks, followed by a recovery period of 9 weeks. The achieved dose
levels were 0, 1.1, 3.5, 7.4 and 32 mg Cr(V1)/kg bw per day for males and 0, 1.8, 5.6, 12 and 48
mg Cr(VI1)/kg bw per day for females, respectively. A maximum tolerated dose was achieved at
400 mg/kg (males) and 100 mg/kg (females). No treatment-related effects were noted for clinical
signs, necropsy findings, microscopic evaluation or hematology findings, except for decreased
MCYV and possibly MCH in the 400 mg/kg males and females, suggesting a possible bone
marrow/erythroid response. This effect returned to normal by week 17 in the 400 mg/kg female
mice but increased in the 400 mg/kg male mice (no hematological effects at < 7.4 and
<12 mg Cr(V1)/kg bw per day in male and female mice, respectively). Cytoplasmic vacuolization
in hepatocytes was noted in the 50, 100 and 400 mg/kg males and females, leading to a NOAEL
of 1.1 and 1.8 mg Cr(VI1)/kg bw per day for male and female mice, respectively.

9.2.3 Long-term exposure and carcinogenicity

No definitive evidence of toxicity or carcinogenicity following chronic oral exposure to
Cr(111) was reported. No effects were found after a 2-year exposure of F344/N rats and B6C3F1
mice to Cr(I11) administered as dietary chromium picolinate (up to 50 000 mg/kg; average doses:
up to 316 and 788 mg Cr(l11)/kg bw per day for rats and mice, respectively), except for an
increased incidence of preputial gland adenoma in male rats at the middle dose only
(55 mg Cr(I11)/kg bw per day) (NTP, 2010). In addition, no dose-related changes were reported in
ddY mice (25-100 mg Cr(I11)/L drinking water for lyear; Maruyama, 1982), rats (fed bread with
up to 2040 mg Cr(l11)/kg bw per day for 2years; Ivankovic and Preussmann, 1975), Long-Evans
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rats (up to 0.46 mg Cr(l111)/kg bw per day in drinking water for 2-3 years; Schroeder et al., 1965)
or mice(0.48 mg Cr(l11)/kg bw per day in drinking water for 2-3 years; Schroeder et al., 1964).

The NTP demonstrated that Cr(V1) is carcinogenic to rodents when administered in
drinking water for 2 years as SDD, inducing neoplasms of the oral cavity and small intestine in
rats and mice, respectively (NTP, 2008; Stout et al., 2009). Cr(V1) induction of histiocytic cellular
infiltration in the liver, small intestine, and pancreatic and mesenteric lymph nodes of rats and
mice and diffuse epithelial hyperplasia in the small intestine of mice were also reported in the
NTP study. The details of these studies are provided below.

In the rat study, groups of 50 male and 50 female F344/N rats received 0, 14.3, 57.3, 172
or 516 mg SDD/L drinking water for 2 years (equivalent to 0, 5, 20, 60 and 180 mg Cr(VI)/L or 0,
0.2,0.8, 2.1 and 5.9 mg Cr(V1)/kg bw per day for males and 0, 0.2, 0.9, 2.4 and 7.0 mg Cr(VI)/kg
bw per day for females, respectively; NTP, 2008; Stout et al., 2009). Survival of exposed groups
was similar to that of the control groups. Mean body weights of 516 mg SDD/L males and
females were reduced, thought to be partly due to poor palatability of the dosed water. The
incidences of squamous cell carcinoma in the oral mucosa of 516 mg SDD/L male and female rats
were significantly higher than those in the controls. The incidence of oral tumours in 172 mg
SDD/L females exceeded the historical control ranges for drinking water studies. The incidences
of squamous cell papilloma or squamous cell carcinoma (combined) of the oral mucosa or tongue
of 516 mg SDD/L male and female rats were significantly higher than those in the controls.
Exposure concentration—related non-neoplastic liver lesions were observed in males and females
exposed to 57.3 mg/L and above. These included histiocytic cellular infiltration, chronic
inflammation, fatty change and clear cell focus (females), and basophilic focus (males). Increased
incidences of histiocytic cellular infiltration also occurred in the small intestine (duodenum),
mesenteric lymph node and pancreatic lymph node of males or females exposed to 57.3 mg/L and
above.

In the mouse study, groups of 50 male B6C3F1 mice received 0, 14.3, 28.6, 85.7 or 257.4
mg SDD/L drinking water for 2 years (equivalent to 0, 5, 10, 30 and 90 mg Cr(V1)/L or 0, 0.4,
0.9, 2.4 and 5.9 mg Cr(V1)/kg bw per day, respectively). Groups of 50 female mice received 0,
14.3,57.3, 172 or 516 mg SDD/L drinking water for 2 years (equivalent to 0, 5, 20, 60 and 180
mg Cr(VI)/L or 0, 0.4, 1.4, 3.1 and 8.7 mg Cr(VI1)/kg bw per day, respectively; NTP, 2008; Stout
et al., 2009). Survival of exposed groups was similar to that of the control groups. The mean body
weight of 172 mg/L females was 8% less than that of the controls, and the mean body weight of
516 mg/L females was 15% less than that of the controls, partly attributed to poor palatability of
the dosed water. The mean body weights of the 257.4 mg/L males was only slightly less than that
of the control group. The incidences of neoplasms of the small intestine (duodenum, jejunum or
ileum) were increased in exposed groups of male and female mice. The incidences of adenoma of
the duodenum in 257.4 mg/L males and 172 and 516 mg/L females were significantly higher than
those in the controls. The incidence of carcinoma of the duodenum was significantly increased in
516 mg/L females. The incidence of adenoma of the jejunum in 516 mg/L females was
significantly increased compared with that in the controls. When the incidences of adenoma and
carcinoma were combined for all sites of the small intestine, the incidences were significantly
increased in 85.7 and 257.4 mg/L males and in 172 and 516 mg/L females compared with those in
the controls. The incidences in 57.3 mg/L females exceeded the historical control ranges for
drinking water studies. The incidences of diffuse epithelial hyperplasia were statistically
significantly increased in the duodenum of all exposed groups of male and female mice. The
incidences of histiocytic cellular infiltration were significantly increased in the duodenum of 85.7
and 257.4 mg/L males and in 172 and 516 mg/L females. In the jejunum, the incidences of diffuse
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epithelial hyperplasia and histiocytic cellular infiltration were significantly increased in 516 mg/L
females. The incidences of histiocytic cellular infiltration of the liver in all exposed groups of
females (but not males), of the mesenteric lymph node in all exposed groups of males and females
and of the pancreatic lymph node of 85.7 and 257.4 mg/L males and 172 and 516 mg/L females
were significantly increased.

Conversely, no variation of tumour yield in skin, lungs, forestomach, glandular stomach or
duodenum was observed in mice administered SDD in drinking water for 9 months (5 and
20 mg Cr(V1)/L; De Flora et al., 2008). Perhaps tumour development requires more time. Also,
no significant pathological changes in the blood, liver, kidneys or femur were observed in rats
after a 1-year exposure to Cr(V1) as potassium dichromate in drinking water (up to 25 mg/L,
corresponding to 2.5 mg Cr(VI)/kg bw per day; MacKenzie et al., 1958). An excess of benign and
malignant forestomach tumours was seen in female mice administered potassium dichromate in
drinking water (500 mg/L, corresponding to 134 mg Cr(VI)/L and to a dose of 9 mg Cr(VI1)/kg bw
per day) for 880 days. However, these studies presented several limitations (e.g., infection caused
early mortality, small number of animals per treatment group and lack of individual animal data)
that reduced their reliability (Flegal et al., 2001).

Based on the strength of the NTP studies and the limitations of the other long-term
studies, the weight of evidence suggests that there is clear evidence of the carcinogenic activity of
Cr(VI) as SDD in rodents. Significant increases in the incidences of oral tumours in rats and small
intestinal tumours in mice were seen at doses of > 2.1 mg/kg bw per day and > 1.4 mg/kg bw per
day, respectively. Also in the small intestine, histiocytic cellular infiltration (rat) and diffuse
epithelial hyperplasia (mouse) were dose-dependently increased starting at 0.8 and 0.4 mg/kg bw
per day, respectively. Non-neoplastic liver lesions were also observed in rat liver at doses of >
0.8 mg/kg bw per day.

9.2.4 Genotoxicity

Trivalent chromium compounds are considered non-genotoxic by IARC (2012).
According to a review by De Flora (2000), most of the assays conducted with Cr(I11) compounds
(361/403 valid studies, i.e., 90%) were negative, and the positive results were obtained at doses 2
or 3 orders of magnitude higher than the doses required to obtain positive results with Cr(VI)
compounds. In vivo studies regarding DNA crosslinks, DNA-protein crosslinks, DNA strand
breaks, DNA fragmentation and micronuclei generally led to negative results, except for one
DNA deletion study at high doses (> 1875 mg Cr(lI11)/L; Kirpnick-Sobol et al., 2006). In addition,
the NTP (2010) found no clear evidence of genotoxicity of Cr(l11) as CPM (NTP, 2010).

Many studies have performed detailed reviews of the genotoxicity of Cr(V1). Cr(VI) has
been identified to be mutagenic in a large number of in vitro and in vivo studies in a variety of test
systems, which has been thoroughly reviewed by several authors (Sedman et al., 2006; McCarroll
et al., 2010; Zhitkovich, 2011). However, the genotoxicity data obtained with Cr(VI) compounds
must be interpreted with caution, because the genotoxic potential of Cr(\V1) is influenced by
various factors, including the availability of Cr(V1) to target cells (influenced by toxicokinetic
patterns) and the availability of Cr(\VI) to DNA (influenced by metabolic patterns) (De Flora,
2000; De Flora et al., 2006, 2008). Indeed, Cr(V1) does not interact directly with DNA; it must
first be reduced to Cr(11), as only intracellular Cr(111) can interact with DNA. However,
extracellular reduction of Cr(V1) to Cr(I1I) limits chromium absorption into cells (see Section
8.0). For this reason, the focus of this section is on in vivo studies performed by the oral route.

The results of genotoxicity assays conducted with Cr(VI) compounds in vivo and in vitro
were compared by De Flora (2000). The authors found that 1) most of the in vitro assays assessed

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
47



Chromium (March 2016)

(384/436 data, i.e., 88%) were positive, whereas only 43% (30/70) of the in vivo assays were
positive (De Flora, 2000); and 2) most of these positive in vivo assays were conducted by routes
of administration not relevant to human exposure (injection or instillation, thus bypassing
important detoxification mechanisms), and all positive results in vivo were rather weak and
generated at high doses, with a lack of dose-response relationship when several doses were tested
(De Flora, 2000; Thompson et al., 2013). Despite evidence of Cr(\V1) genotoxicity in vitro, more
recent in vitro studies suggest that at lower Cr(VI) concentrations, oxidative stress and oxidative
DNA damage, and not direct DNA reactivity, may be primary drivers of genotoxicity (Thompson
et al., 2012a). However, in vitro studies for Cr(\VI) demonstrating an absence of genotoxicity do
not necessarily indicate a complete absence of effect, as ascorbate levels under standard culture
conditions can be insufficient to result in the intracellular Cr(\V1) reduction that is required for
mutagenicity (Luczak et al., 2015).

The genotoxicity studies conducted by the oral route have shown either a lack of
genotoxicity of Cr(V1) or the occurrence of genotoxic effects in distant tissues. Indeed, in the first
study investigating the genotoxicity of Cr(V1) in the gastrointestinal tract (De Flora et al., 2008),
female SKH-1 mice were administered Cr(\V1) as SDD in drinking water (5 and 20 mg Cr(VI)/L)
for 9 months. Results indicated that Cr(\V1) did not induce DNA damage in the gastrointestinal
tract (no DNA—protein crosslinks and no oxidative DNA damage [8-OHdG] in the forestomach,
the glandular stomach or the duodenum); however, ex vivo treatment of intestinal tissue from
exposed animals with Cr(VI) resulted in DNA—protein crosslinks and formation of 8-
oxodeoxyguanosine (8-oxodG) (De Flora et al., 2008). Similarly, Thompson et al. (2011b, 2012a)
did not detect any increases in oxidative DNA damage in oral or duodenal mucosae of rats or
mice following 90 days of exposure to <520 mg SDD/L. In the second drinking water study
(3 months of exposure), ingested Cr(V1) was found to be genotoxic (micronuclei) in the villi of
the duodenum from 60 mg Cr(V1)/L, but not in the proliferative crypt cells of mice (O’Brien et
al., 2013).

In the review of oral genotoxicity studies by Sedman et al. (2006), evidence of
genotoxicity was found in the liver, brain, bone marrow and leukocytes—that is, in tissues where
no tumours were observed in the 2-year carcinogenicity study (NTP, 2008). They included
chromosomal aberrations in bone marrow of rats and mice (gavage; Bigaliev et al., 1977; Sarkar
et al., 1993), DNA-protein crosslinks in rat liver (100-200 mg Cr(V1)/L in drinking water for
3 weeks; Coogan et al., 1991), DNA single-strand breaks in rat liver and brain (gavage; Bagchi et
al., 1995a, 1995b, 1997), DNA fragmentation in mouse liver and brain (gavage; Bagchi et al.,
2001, 2002) and DNA single- and double-strand breaks in leukocytes of mice (gavage; Dana Devi
et al., 2001).These studies were conducted at doses ranging from 0.3 to 25 mg Cr(VI1)/kg bw for
durations varying from 2 hours to 1 year. Some of the damage observed (e.g., DNA single-strand
breaks) was related to oxidative stress and not to a direct interaction of chromium with DNA
(Bagchi et al., 19953, 1995b, 1997). In vivo micronucleus assays in rodents exposed to Cr(VI) via
gavage or drinking water were negative with doses ranging from 0.007 to 165 mg Cr(V1)/kg bw
for 2-210 days (Shindo et al., 1989; Mirsalis et al., 1996; De Flora et al., 2006; NTP, 2007).

No treatment-related effect on K-ras codon 12GAT mutation frequency (a marker of early
intestinal tumour formation) was observed, even at high Cr(VI) doses that were carcinogenic in
the 2-year bioassay and that increased crypt proliferation in mice after 7 or 90 days of exposure to
0.3-520 mg SDD/L drinking water (O’Brien et al., 2013); however, these analyses revealed
limited evidence for DNA damage responses (Kopec et al., 2012a, 2012b) and genomic responses
induced by 520 mg SDD/L drinking water at day 8 were more similar to those induced by non-
mutagenic than by mutagenic carcinogenic compounds (Thompson et al., 2012b).
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An in vivo investigation in male Big Blue® transgenic F344 rats identified an absence of
mutagenicity of Cr(V1) in oral tissues at doses that were previously identified as being
tumourigenic to oral tissues (Thompson et al., 2015a). The study was performed following the
protocols of OECD Test Guideline No. 488 (OECD, 2013), with the exception of a single dose
group (180 ppm SDD [10-12 mg Cr(V1)/kg bw per day], i.e., the high dose in the NTP [2008]
study). Methods were developed to ensure sufficient and consistent removal of gingival/palate
(inner gingiva of upper jaw and hard palate) and gingival/buccal (gingiva covering maxillary
alveolar process, from incisors to molars) tissues, as well as to ensure sufficient extraction of
DNA from the cartilaginous tissues (Young et al., 2015). These methods were identified as being
sufficient to identify increased mutant frequency in oral tissues of Big Blue® rats for both direct-
acting and metabolism-dependent mutagens (N-ethyl-N-nitrosourea and benzo[a]pyrene,
respectively) (Young et al., 2015). The study found similar levels of mutant frequency in both
gingival/palate and gingival/buccal tissues in rats exposed to 180 ppm SDD and those exposed to
untreated drinking water; however, the study was sufficient to identify markedly increased mutant
frequency in a model oral carcinogen (10 ppm 4-NQO, which is thought to act via an oxidative
stress mechanism) (Thompson et al., 2015a). These results therefore suggest that oral tumours
observed in F344 rats in the NTP (2008) study did not result from mutagenic processes.

9.2.5 Reproductive and developmental toxicity

Although few studies of the effects of Cr(111) on reproductive and developmental effects
have been performed, the effects of Cr(\VI) have been investigated in primates, rabbits, rats, and
mice. Effects on male reproductive toxicity (particularly on spermatogenesis) occurred in all
species, at >2.1 mg Cr(VI)/kg-bw per day. Effects on reproduction in female mice (placental
effects and fetal resorption and loss) were observed only at doses of >46 mg Cr(VI)/kg bw per
day, and not in a lower dose multigenerational study.

Oral administration of 3.4 mg Cr(I11)/kg bw per day was found to have effects on
spermatogenesis in mice (Zahid et al., 1990). Other reproductive and developmental toxicity
studies were not relevant, as they involved complexes of dietary supplements that are not
anticipated to be present in drinking water (Bailey et al., 2006, 2008; Staniek and Krejpcio, 2009;
McAdory et al., 2011).

The effects of Cr(VI1) on reproduction were studied in primates (Aruldhas et al., 2004,
2005, 2006; Subramanian et al., 2006) and rodents (Yousef et al., 2006). The lowest LOAEL of
2.1 mg/kg bw per day was reported in male macaca monkeys exposed to potassium dichromate
via drinking water for 180 days; the observed effects included histopathological changes of
epididymis, decreased testis weight and decreased (by 25%) sperm count and motility (Aruldhas
et al., 2006). A similar LOAEL (2.6 mg/kg bw per day) was found in rabbits administered
potassium dichromate by gavage for 10 weeks, for decreased plasma testosterone (by 20.8%),
sperm count (by 18%) and total mobile sperm (by 34%) and increased proportion (by 24%) of
dead sperm (Yousef et al., 2006). Subramanian et al. (2006) concluded that Cr(V1)’s toxic effects
on male reproduction may be reversible and prevented by antioxidant vitamin supplementation.

The LOAELSs were higher in male rats than in mice, ranging from 20 to 45 mg/kg bw per
day compared with 6.4 mg/kg bw per day (for decreased spermatogenesis) (Zahid et al., 1990;
U.S. EPA, 2010b). In mice, the LOAELSs were higher in females than in males, with values
ranging from 46 to 120 mg/kg bw per day for various effects such as increased fetal resorption,
increased pre- and post-implantation loss, decreased placental weight and decreased number of
follicles at different stages of maturation (Trivedi et al., 1989; Junaid et al., 1996; Murthy et al.,
1996; NTP, 2007). In the NTP (1997) multigenerational study conducted in mice, doses up to
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36.7 mg Cr(VI)/kg bw per day as potassium dichromate in the diet did not generate reproductive
effects. Another study conducted in rats administered potassium dichromate in drinking water
(700 mg/L) from gestation day 14 until 14 days after delivery revealed that repeated exposure to a
high dose of Cr(VI) (245 mg/L or 9.2 mg/kg bw per day) led to a decrease in body weight (by
25%), delayed bone growth and altered antioxidant system in the bones of offspring (Soudani et
al., 2011b).

Lactational exposure to Cr(VI) was found to impair ovarian development, steroidogenesis
and pituitary hormone synthesis in developing rats. The pups of lactating Wistar rats exposed to
potassium dichromate at a concentration of 200 mg/L via drinking water during postnatal days
(PNDs) 1-21 experienced decreased steroidogenesis, growth hormone and prolactin, an increase
in follicle stimulating hormone, delayed puberty, decreased follicles and an extended estrous
cycle (Banu et al., 2008). Similarly, exposure of lactating rats to 50 or 200 mg Cr(VI)/L on
PNDs 1-21 led to delayed puberty and altered levels of steroids and gonadotrophin associated
with an induction of oxidative stress caused by a decrease in antioxidant enzyme activities
(Samuel et al., 2011). However, the results of steroid and pituitary hormones from Banu et al.
(2008; Table 2) and Samuel et al., (2011; Table 3) should be considered with caution, as the data
for PND45 and PNDG65 are repeated in both studies, with some discrepancy between the two
studies—although exposure in Banu et al. (2008) was stated to be 200 ppm, the results for two of
the hormones (luteinizing hormone and follicle stimulating hormone) were presented as 50 ppm
in Samuel et al. (2011).

Rat dams (n=12, eight pups per litter) receiving potassium dichromate in drinking water at
a dose of 67 mg/kg bw from gestation day 14 until PND 14 experienced hepatotoxicity, as did
their progeny (Soudani et al., 2013).

9.3 Mode of action

A review of the health effects of ingested chromium identified Cr(V1) as the toxic form
and the small intestine as the most sensitive tissue. Small intestinal tumours were the most
sensitive chronic carcinogenic endpoint (observed at doses of > 1.4 mg Cr(V1)/kg bw per day in
mice; NTP, 2008). The most sensitive non-neoplastic chronic effects were also in the small
intestine, histiocytic cellular infiltration in the rat and diffuse epithelial hyperplasia in the mouse,
starting at 0.8 and 0.4 mg Cr(V1)/kg bw per day, respectively (NTP, 2008). Intestinal tumour
development is likely related to the occurrence of previous changes in the small intestine.
Although oral mucosal tumours occurred in rats, they occurred at higher doses than mouse
intestinal tumours (2.1 mg/kg bw per day) and are unlikely to be relevant to humans at low
concentrations. Hence, we present the full MOA analysis for small intestinal tumours and
evidence for lack of relevance of oral tumours. The weight of evidence points to the occurrence of
a threshold MOA for Cr(VI) carcinogenesis. However, it should be noted that debates are still on-
going on the MOA and appropriate model for chromium; current information relies primarily on
work conducted by a single group of researchers (Thompson et al., 2013)

9.3.1 Cytotoxic MOA for intestinal tumours in mice

A MOA analysis was conducted for intestinal carcinogenesis (Thompson et al., 2013)
based on an established MOA framework (Meek et al., 2003; Boobis et al., 2006). Guidance on
the protocol for the series of studies investigating the MOA and review of the final MOA by
seven risk assessments experts with expertise in MOA analysis was provided by a science
advisory board convened by an independent group (TERA, 2009). The overall weight of evidence
supports a cytotoxic MOA for intestinal tumours in mice, with the following four key events: 1)
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absorption of Cr(VI) from the intestinal lumen; 2) villous cytotoxicity; 3) sustained compensatory
crypt hyperplasia to repair/replace the damaged intestinal mucosa; and 4) mutagenesis within
crypt cells, ultimately leading to tumorigenesis. The mode of action analysis was also peer
reviewed prior to publication by seven experts (TERA, 2012); although one reviewer
recommended consideration of a mixed MOA (i.e., including some role for mutagenicity within
the existing MOA), the reviewers generally identified the presented data and analyses supported
the authors’ conclusion and did not reasonably support alternative MOAs. However,

A summary of the MOA analysis by Thompson et al. (2013) is provided below:

Key event 1: Absorption of Cr(VI) from the intestinal lumen. Under physiological conditions,
Cr(VI) exists primarily as anions that are structurally similar to sulphate and phosphate and
therefore enter intestinal cells through anion transporters. Cr(I11) is not structurally similar to
anions, and therefore its entry into cells is limited to passive diffusion. Extracellular reduction of
Cr(VI) to Cr(I1I) prevents absorption through these transporters, thus limiting toxicity. Although
the reduction stoichiometry is not fully known, the reduction capacity is known to vary depending
on stomach conditions (pH, reducing agents and fed versus fasted). Cr(V1) escaping reduction in
the stomach transits further along the gastrointestinal tract lumen, and is either absorbed into
mucosa of the small intestine or excreted unabsorbed. In vivo and ex vivo pharmacokinetic data
collected in the alimentary tract of mice provide evidence that the carcinogenic doses in the NTP
drinking water study decrease the reductive capacity of the mouse gastric contents, resulting in
higher chromium concentrations in the duodenum and the jejunum. Consistent with these data,
tissue damage and tumour formation are increased mostly in the duodenum and slightly in the
jejunum and are not increased in the ileum or large intestine. After 90 days of exposure to Cr(V1)
in drinking water, the mouse PBPK model (see Section 8.5 for details) predicts that Cr(\V1)
exposure produces a substantial decrease in the reducing equivalents (lumped concentration of
reducing agents) present in the gastrointestinal lumen at the three highest doses that were
carcinogenic in the 2-year NTP study, resulting in increased duodenal chromium concentrations.
Additional evidence of chromium uptake into the intestine is provided by toxicogenomics. The
number of gene changes in the mouse small intestine after 90 days of exposure to chromium was
correlated with tissue dose and histopathological evidence. Although this decrease in Cr(1V)
reduction has been posited as a complete depletion in reduction capacity (Kirman et al., 2012,
2013; Thompson et al., 2013), other authors have provided evidence to indicate that depletion in
this capacity is not complete. This includes a supralinear trend in liver and kidney concentrations
in mice exposed at the doses in the subchronic NTP (2007) study (Stern, 2010) and in dose—
response in the chronic NTP (2008) study (Collins et al., 2010). Moreover, improved PBPK
model data fits were observed when Cr(V1) reduction capacity is represented by several different
pools of reducing compounds, including more slowly depleted pools (Schlosser and Sasso, 2014;
Sasso and Schlosser, 2015). Some Cr(V1) also appears to escape reduction even at lower doses
(Sedman et al., 2006; Stern, 2010; Zhitkovich, 2011; McLean et al., 2012). Nevertheless, even if
Cr(V1) reduction does not become depleted at higher doses, it does clearly decrease with
increasing doses.

Key event 2: Villous cytotoxicity. The weight of evidence indicates that Cr(VI) induces toxicity in
the non-proliferating, non-pluripotent cells of the intestinal villi. The non-neoplastic lesions
observed in the mouse small intestine following Cr(VI) exposure were characterized by NTP
(2007, 2008) pathologists as being secondary to previous epithelial cell injury. Histological
evidence of cytotoxicity (cytoplasmic vacuolization) in the duodenal villi occurred at lower doses
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than those associated with atrophy of the villi and crypt hyperplasia, suggesting a mechanism
whereby toxicity originates at the point of contact (i.e., villi) and subsequently triggers
compensatory cell proliferation of crypt enterocytes. Further, the absence of aberrant nuclei in the
crypt and the presence of a small number of aberrant nuclei in villi at the highest Cr(\V1) exposure
imply that the latter were likely a manifestation of a dose-dependent increase in villous
cytotoxicity and not the result of direct genotoxicity or cytotoxicity in the crypt. In vivo evidence
suggests that oxidative stress with adequate tissue doses of Cr(V1) likely contributes to
cytotoxicity in the intestinal villi. Cr(\V1) significantly decreased the ratio of GSH to glutathione
disulphide (GSSG), a key indicator of cellular redox status, in the mouse small intestine in a time-
and dose-dependent manner. Toxicogenomic analyses also reported increased expression of genes
involved in oxidative stress signalling (at the lowest doses after 90 days of Cr(\V1) exposure).
These data indicate the occurrence of oxidative stress in the villous cells at low doses, even if no
oxidative DNA damage (8-OHdG) could be detected at higher doses. Similar results (elevated
markers of oxidative stress in the small intestine from 21 mg Cr(V1)/L and lack of oxidative DNA
damage) were also obtained in rats. More recent studies provide data that further support this key
event. After exposure to tumour-relevant Cr(V1) concentrations (180 mg Cr(VI)/L) for 13 weeks,
mice exhibited blunted villi and elongated crypts (which were also increased in number) in the
duodenum (Thompson et al., 2015b, 2015c). Moreover, increase in chromium concentrations and
a marker of DNA damage (phosphorylated H2AX) was observed in the villi but not the crypts of
mouse duodenum (Thompson et al., 2015b). An absence of micronuclei in duodenal crypts was
also observed (Thompson et al., 2015c). Chromium concentrations in villi were observed to form
a gradient, with the highest concentrations in villous tips. These data provide support to the
argument that damage is occurring to the short-lived villi and not to the pluripotent stem cells of
the crypt.

Key event 3: Sustained compensatory crypt hyperplasia to repair/replace the damaged intestinal
mucosa. Chronic cell proliferation, a well-known risk factor for carcinogenesis, occurred in the
duodenum of mice at all SDD concentrations examined in the 2-year bioassay and in the 90-day
NTP study. Evaluations at both day 8 and day 91 of exposure revealed that duodenal crypt cell
hyperplasia was present in three of five mice exposed to 520 mg SDD/L; by day 91, crypt
hyperplasia was present in almost all animals at 170 mg SDD/L. Notably, focal hyperplasia (or
other preneoplastic lesions) was not observed in any animals in the 90-day drinking water studies.
The presence of diffuse hyperplasia without focal hyperplasia is consistent with proliferation that
is secondary to mucosal injury. Rats did get hyperplasia, but only at a high dose, suggesting that
mice and rats are qualitatively similar.

Key event 4: Crypt cell mutagenesis. The weight of evidence supports that Cr(V1) is not acting
via a mutagenic MOA, specifically where mutation is an early key event, in the mouse small
intestine. In addition to the evidence from Sections 9.1.4 and 9.2.4, absence of cytogenetic
damage in the duodenal crypts, observations of early tumours, metastases and mortality in the 2-
year NTP bioassay, as well as of preneoplastic (e.g., focal hyperplasia) or neoplastic lesions in
any of the 90-day Cr(V1) drinking water studies is consistent with a non-mutagenic carcinogen. In
addition, genomic profiles induced by 520 mg SDD/L at day 8 were more similar to those induced
by non-mutagenic than by mutagenic carcinogens.

The presence of diffuse hyperplasia with and without tumour formation suggests that
Cr(VI)-induced cell proliferation is independent of mutagenesis. Given the sustained pressure for
cell proliferation at high doses (hyperplasia occurred from 1 week of exposure at 180 mg
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Cr(VD/L and from 60 mg Cr(VI)/L over 3 months of exposure), mutations leading to tumour
formation may be spontaneous.

9.3.1.1 Concordance of dose-response and temporal association

As summarized from Thompson et al. (2013), following 90 days of exposure, chromium
levels in duodenal tissue significantly increased at > 14 mg SDD/L, and the GSH/GSSG ratio
significantly decreased at these concentrations. Cytoplasmic vacuolization and other signs of
villous toxicity significantly increased at > 60 mg SDD/L, and crypt cell proliferation
significantly increased at > 170 mg SDD/L, ultimately resulting in adenoma formation (which
typically precedes carcinoma formation). A similar pattern occurs in the jejunum at day 91 and in
the 2-year NTP bioassay, although in the NTP studies, the term “*diffuse hyperplasia’’
represented both villous cytotoxicity and crypt hyperplasia. The incidence of diffuse hyperplasia
can be seen to precede the incidence of tumour formation.

Key events that occur at the same time as tumours are not likely to contribute to tumour
development (Boobis et al., 2006). In this regard, oxidative stress, villous toxicity and crypt
hyperplasia were seen after 7 days of Cr(VI) exposure. After 90 days of exposure, damage to villi
and crypt hyperplasia can be seen across multiple doses without tumours or preneoplastic lesions.
Diffuse hyperplasia was reported in the 90-day NTP bioassay. After 2 years of exposure, diffuse
hyperplasia was observed in all treatment groups (> 14 mg SDD/L), and tumours were observed
at > 172 mg SDD/L relative to concurrent controls (> 57 mg/L relative to historical controls).
Thus, mice experienced increased cell proliferation and redox changes beginning within the first
week of exposure. The fact that neither preneoplastic lesions nor tumours were observed in the
90-day studies and that tumours did not occur until 450 days or later suggests that it takes the
majority of the 2-yearmouse lifespan for these events to contribute to tumour formation. A highly
proliferative tissue (like the small intestine) experiencing oxidative stress is expected to provide
the ideal environment for an early mutation induced by a mutagenic compound—yet no genetic
damage of the crypt cells was observed with Cr(VI)administration.

9.3.1.2 Human relevance and potentially susceptible subpopulations
Evidence suggests that the MOA is relevant to humans, provided that the dose is sufficient
(higher than environmentally relevant doses):

Key event 1: It is likely that uptake of Cr(\V1) by intestinal cells is relevant to humans, as the
process of intestinal absorption is, at least qualitatively, similar in mice and humans, and there is
evidence that ingested Cr(V1) is absorbed by the human gastrointestinal tract (see Section 8.1).
Stern (2010) estimated that the fraction of Cr(VI) escaping gastric reduction might be lower in
humans than in mice, but data currently available (limited ex vivo data in humans) do not allow a
quantitative estimation of the actual fraction of Cr(\I) that may reach the small intestine after
ingestion of drinking water in both mice and humans. Estimates of total chromium uptake in
humans range from 3 to 20% (Kerger et al., 1996, 1997; Zhitkovich, 2011). Estimates of the
reductive capacity in the fed and fasted state were approximately 30 and 7 mg/L, respectively
(Kirman et al., 2013). PBPK modelling predicts that the fraction of total chromium absorbed is
low, approximately 0.01-0.02 (Kirman et al., 2013). Nevertheless, escaping reduction appears to
be relevant in humans, as Cr(V1) was found to be absorbed even at very low doses, such as 6.4 ng
Cr(VI)) in water administered orally to fasting patients (Donaldson and Barreras, 1966).
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Key event 2: It is reasonable to assume that villous cytotoxicity is relevant to humans. Limited
epidemiological data suggest a possible link between the consumption of Cr(VI)-contaminated
drinking water and abdominal pain and diarrhea (Zhang and Li, 1987). Also, it is likely that the
effects of Cr(VI) in the villi (oxidative stress, cytotoxicity) and the response of the villi may be, at
least qualitatively, similar in both mice and humans. However, there may be some species-
specific changes (e.g., lesions in rats and mice were slightly different).

Key event 3: It is reasonable to assume that crypt cell hyperplasia may be relevant to humans, as
the regenerative response to villous cytotoxicity and crypt cell proliferation may be, at least
qualitatively, similar in both mice and humans.

Key event 4: It is reasonable to assume that crypt cell mutagenesis may be relevant to humans, as
prolonged pressure for an increased rate of crypt cell proliferation preceding an increased rate of
spontaneous mutations is unlikely to be qualitatively different between mice and humans.

Several factors influence Cr(\V1)’s toxicity, including reduction rate (pH dependent),fed
versus fasted conditions, gastric motility and ascorbate availability (Thompson et al., 2013). For
example, higher gastric pH (individuals taking proton pump inhibitors and children less than 2 or
3 years of age) might reduce Cr(V1) less efficiently and result in higher Cr(VI) concentrations in
the small intestine. In addition, intracellular ascorbate-mediated Cr(VI) reduction may be more
deleterious than other forms of Cr(\V1) reduction (Reynolds et al., 2012). Whereas rodents can
synthesize their own ascorbate, humans acquire ascorbate through their diet (Linster and Van
Schaftingen, 2007), thus potentially limiting Cr(\V1) toxicity.

9.3.1.3 Alternative carcinogenic MOAs

The alternative MOA for intestinal tumours that has been the greatest focus of
discussion—and that presents the greatest implications for dose-response assessment
approaches—is direct-acting mutagenicity. An analysis of this MOA was developed by U.S. EPA
staff (McCarroll et al., 2010); although this analysis precedes the publication of many of the
MOA studies described in the cytotoxicity MOA review (Thompson et al., 2013), the results of
the mutagenicity MOA analysis are summarized below to ensure consideration of this much-
discussed MOA.

Key event 1: Reduction of Cr(V1) to Cr(l11) via interaction of cellular components (DNA) with
Cr(V1). The initial step of this key event, cellular absorption, is as described above, with Cr(VI)
being transported into the cell due to its structural similarity to phosphate and sulphate ions, and
Cr(111) not being readily absorbed. Intracellular Cr(\V1) then becomes reduced to Cr(l11) by
enzymes bound to the endoplasmic reticulum; this reduction process is thought to cause damage
to the DNA, either by generation of reactive oxygen species or by direct binding of Cr(I11) to
DNA. Evidence of oxidative damage in acute oral in vivo studies was provided by increased DNA
fragmentation in mouse leukocytes in a Comet assay at >0.59 mg/kg, and DNA fragmentation and
production of oxidative products in livers and brains of mice at >1.9 mg/kg. Cr(I111)-DNA adducts
have also been noted in the absence of oxidative stress in in vitro studies, with the majority of
point mutations as G:C base pair substitutions, a high percentage of which resulted in G:C>T:A
transversions. An in vivo study also noted DNA—protein cross-links in rat livers after three weeks
of drinking water exposure to both doses (6.1 or 8.7 mg K,CrO./kg bw per day).
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Key event 2: Mutagenesis. Evidence of mutagenesis in in vivo studies includes induction of
micronuclei and chromosome aberration, which was observed in mice exposed via i.p. (at 40 mg
K,CrO4/kg bw per day) or oral gavage (at 20 mg K,CrO4/kg bw per day), but not in those exposed
through drinking water. Although the effects were investigated in liver and bone marrow, uptake
and reduction of Cr(V1) could plausibly occur in all cells and organs.

Key event 3: Cell proliferation (hyperplasia). Duodenal hyperplasia was observed at all doses in
the 90 day (>10 mg Cr(VI)/kg bw per day) and 2-year (>0.4 mg Cr(VI)/kg bw per day) NTP
mouse studies. Hyperplasia was not observed in gastrointestinal tissues in rats in the study.

McCarroll et al. (2010) demonstrated dose—response and temporal concordance, with the
earlier key events occurring at lower doses and after shorter durations than later key events. The
authors also stated that although oxidative DNA damage and DNA-protein crosslinks were not
observed in the duodenum of mice exposed to low chromium doses in drinking water, the use of
doses and durations of exposure that were tumourigenic in the NTP study might plausibly exhaust
cellular reductive capacity and result in DNA damage. An absence of site concordance data was
noted by the authors, who stated that the weight of evidence of overwhelming mutagenicity in
other cells and tissues overcame this observation. As DNA adducts and micronuclei were
observed in tissues of occupationally-exposed individuals, the authors concluded the effects were
plausible in humans.

An additional alternative MOA for Cr(VI)-induced intestinal cancer includes a mitogenic
MOA. Evidence for a mitogenic MOA is weak, as crypt hyperplasia occurs after villous
cytotoxicity in both dose and time (hyperplasia not occurring in the absence of cytotoxicity), and
a mitogenic effect would likely lead to elongated crypts without the blunted villi that were seen in
the 2-year NTP study (Thompson et al., 2013).

9.3.1.4 Comparative weight of evidence for potentially relevant MOAs

Neither of the two major proposed MOAs for chromium-induced intestinal tumours in rats
can be fully confirmed, as data gaps and/or inconsistencies in the data exist for both MOAs. In the
absence of complete confirmation of the effect, the available weight of evidence for the two
effects can be compared to identify the most likely MOA, based on existing data. This process
impacts the dose—response analysis for the endpoint, as linear low-dose extrapolation is warranted
if stronger weight of evidence is assumed for the mutagenic MOA, and a non-linear evaluation
(i.e. a TDI approach) is warranted if cytotoxicity and regenerative hyperplasia are considered to
be the most relevant MOA.

Several key events for both MOAs are similar. Both MOAs require some amount of
Cr(V1) escaping reduction to Cr(l11) to allow for absorption of Cr(VI) into intestinal cells.
Furthermore, both MOASs propose that the observed intestinal hyperplasia is a final key event,
whereby clonal expansion of genetic mutations leads to the development of intestinal adenomas
and carcinomas. The difference between the two MOAs is whether Cr(IV)-induced gene
mutations trigger the clonal expansion (i.e. DNA mutation preceding hyperplasia), or whether the
hyperplasia is regenerative and triggered by cytotoxicity, resulting in the propagation of
unrepaired spontaneous mutations.

Studies of Cr(V1) appear to clearly indicate that the compound is mutagenic; however,
whether mutagenicity is relevant for drinking water conditions—and whether it was a driver of
the development of intestinal tumours observed in the NTP (2008) study—is less evident. This
MOA was based primarily on mutation data from non-target tissues, in vitro systems and
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mutations in K-ras/Apc genes that could not be replicated (McCarroll et al., 2010; O’Brien et al.,
2013).

Therefore, the major weakness to the mutagenic MOA is the absence of evidence of
mutagenicity in relevant tissues, and the absence of site concordance of mutagenicity and tumour
development. The absence of observed mutagenesis from drinking water exposures at
concentrations relevant to the NTP (2008) study is a particularly large gap. Although micronuclei
and chromosomal aberrations were observed in the tissue after exposure via i.p. or oral gavage,
these routes of exposure are not necessarily relevant due to the likelihood of an increased
proportion of Cr(V1) escaping reduction after a large bolus dose (gavage) or bypassing reduction
in the Gl tract (i.p.). Studies designed to measure mutagenesis of Cr(V1) in intestinal tissues after
drinking water exposure did not identify the adverse effects by this route (Shindo et al., 1989; De
Flora et al., 2008; Thompson et al., 2011b, 2012a). Because the small intestine is a highly
proliferative tissue, it is likely that evidence of DNA damage and mutation would have been
readily apparent if Cr(\VI) tumourigenicity were mediated through a direct genotoxic or mutagenic
MOA (most in vivo micronucleus studies are conducted in proliferative tissues such as bone
marrow, skin and intestine, because proliferation facilitates the detection of genotoxicity)
(Thompson et al., 2013). An additional major weakness of the mutagenicity MOA is that the
presence of tumours has been restricted to Gl tissues, despite evidence of mutagenicity and high
levels of Cr absorption in other tissues. DNA damage has been demonstrated to occur in a variety
of tissues, including liver and blood cells, subsequent to Cr(V1) exposure; although these studies
are primarily via non-drinking water routes of exposure, DNA-protein crosslinks were measured
in liver in rats exposed to 100 or 200 ppm for 3 weeks (Coogan et al., 1991). Cr(VI) was also
measured to be reaching tissues systemically, as concentrations in mouse and rat liver and kidney
after exposure to drinking water were similar to concentrations the glandular stomach (no
measurements in intestines) (Collins et al., 2010), and treatment-related effects were observed in
the livers of female mice and rats (NTP, 2007; NTP, 2008; Witt et al., 2013).

Moreover, Thompson et al. (2013) believe that the high incidence (60%) of crypt
proliferation after only 7 days of Cr(VI) exposure is unlikely to be the result of a fixed mutation—
especially considering the lack of neoplasms at day 90, the late tumour onset in the 2-year NTP
mouse studies and the crypt hyperplasia in rats after 7 days of Cr(\V1) exposure, but no
hyperplasia or tumours after 2 years (suggesting that hyperplasia is reversible and not the result of
a fixed mutation).

Lastly, Thompson et al. (2013) compared available Cr(\V1) data with the key events and
characteristics reported for chemicals with a mutagenic MOA (U.S. EPA, 2007; Boobis et al.,
2009) and found that Cr(V1) data do not share these key events and characteristics. For example,
1) mutations in genes associated with carcinogenesis and in the presence of low cytotoxicity
increase the weight of evidence for a mutagenic MOA; however, no increases in markers of
intestinal tumours (K-ras mutation frequency or changes in Apc/Wnt/b-caten in signalling) were
detected, even at cytotoxic concentrations; 2) mutagens often elicit tumour responses early in
chronic studies (e.g., within 52 weeks), but tumours were observed late in the NTP study (450
days) and did not increase mortality; 3) mutagens produce tumours in many tissues, but Cr(V1)
exposure is associated only with tumours in tissues related to the portal of entry (Gl tract,
including mouth, for oral exposure, and respiratory tract for inhalation exposure); and 4) clonal
expansion of mutated cells often increases mutations in other key genes and leads to preneoplastic
lesions; thus, even if Cr(VI) did not specifically target K-ras, a general increase in mutations
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would likely lead to increases in additional mutations in K-ras codon 12, which were measurable,
but unchanged by Cr(V1). Further, the lack of preneoplastic lesions suggests that clonal expansion
of cells with growth advantages were not present.

In contrast, stronger tissue-relevant dose-response and temporal concordance was
observed for the non-mutagenic MOA. Whereas there was no evidence of increases in mutagenic
effects in response to increasing concentrations or duration of exposure to Cr(V1), endpoints for
the non-mutagenic MOA (villous cytotoxicity, oxidative stress and crypt hyperplasia) were all
increased in a dose-dependent manner, and were worse (or more prevalent) at day 91 relative to
day 8 (Thompson et al., 2013). The diffuse hyperplasia that was observed was consistent with
tissue damage. In addition to the above evidence, Thompson et al. (2013) provide further
evidence for the MOA’s plausibility. This includes the recognition that cytotoxicity and
subsequent regenerative hyperplasia is a well-known MOA,; the MOA has also been relevant for
intestinal tumours for other compounds, including captan and folpet (Gordon, 2007; Cohen et al.,
2010). Additionally, cytotoxic and proliferative effects observable by 13 weeks of exposure can
be predictive of effects in 2-year bioassays.

One gap in the MOA is that no studies identifying the essentiality of early key events (i.e.
studies measuring the presence or absence of tumours after one of the early key events, such as
cytotoxicity, is prevented). The majority of other data gaps for the non-mutagenic MOA are more
of a deficiency in the detailed mechanism of action rather than the MOA needed to inform human
health risk assessment. Additional measures 1) to distinguish between Cr(l11) and Cr(VI) in
biological samples, 2) of oxidative status (in addition to GSH/GSSG), 3) of chromium-DNA
adducts, which can differentiate between crypt and villi enterocytes in vivo, and 4) of DNA
methylation might provide useful information on chromium toxicity, but would not change the
MOA. It is also unclear whether the Cr(VI)-induced tumours are due to expansion of pre-existing
initiated cells due to constant proliferative pressure or whether cells become initiated due to new
mutations that arise from constant proliferative pressure. Further, the exact Cr(V1) reductive
stoichiometry in rodents and humans is unknown. These data gaps, when filled, are not expected
to alter the MOA.

9.3.2 Oral cavity neoplasms in rats

Data are insufficient to thoroughly evaluate the MOA for oral tumours observed in F344
rats in the 2-year NTP (2008) study; however, several recent studies have further investigated
some aspects of two potential modes of action for the effect—mutagenicity, and alteration of iron
homeostasis.

As described in Section 9.2.4, an in vivo study in transgenic F344 rats did not identify
mutagenicity in oral tissues at a dose of 10-12 mg Cr(V1)/kg bw per day, which is a tumourigenic
dose in the NTP (2008) study, whereas the same protocols were able to identify increased mutant
frequency in model mutagens and oral carcinogens (Thompson et al., 2015; Young et al., 2015).
These results therefore suggest that oral tumours observed in F344 rats in the NTP (2008) study
did not result from mutagenic processes. The duration of the study is shorter than the first
observed incidence of oral tumours in rats; however, a 28-day mutagenicity study in transgenic
rodents is thought to be of sufficient duration to allow for accumulation of mutations even from
weak mutagens or in slowly proliferating tissues (OECD, 2013). Moreover, although a small
sample size (n = 6) was used, the number of animals was higher than that considered to be
sufficient by OECD (n = 5).

Despite the suggestion that oral tumourigenic doses of Cr(V1) are not mutagenic in rat
species, few additional details of non-mutagenic MOAs exist for the oral tumours. The oral
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tumours were not preceded by non-neoplastic or pre-neoplastic lesions (NTP, 2008); therefore,
the progression of the tumours is difficult to ascertain.

A potential MOA for rat oral tumours that has recently been posited is chromium-induced
alteration of iron homeostasis (Suh et al., 2014). The MOA has not been fully analyzed; however,
supporting evidence has been demonstrated. Cr(1V) exposure might potentially result in iron
depletion and anaemia. Cr(V1) is known to oxidize ferrous iron to ferric iron (Fe** > Fe*"), and
only ferrous iron can be absorbed from the intestinal lumen; therefore, Cr(VI) is hypothesized to
interfere with iron absorption (Suh et al., 2014). Intracellular Cr(I11) can also competitively bind
with ferritin, and extracellular Cr(111) can bind to transferrin, impacting iron homeostasis (Suh et
al., 2014). In support of chromium’s effect on iron absorption and homeostasis, microcytic
hypochromic anaemia (characterized by dose-related trends in decreased hematocrit values,
hemoglobin concentrations, and erythrocyte counts, and suspected by authors to be due to
alteration in iron metabolism) was observed in rats (at all doses; > 22 mg Cr(VI)/L), whereas the
effect was much less severe in mice in the 90 day NTP (2007) study, as well as in other studies
(NTP, 19964, 1996b, 1997). Haematological effects observed in the 2-year study occurred at > 20
mg Cr(VI)/L and improved with time, but were still observed in rats and mice at > 60 mg
Cr(VI)/L at the last time point for haematological evaluation (at one year) (NTP, 2008); however,
NTP pathologists believe this was an adaptive response, due to the transient nature of effects
(Witt et al., 2013). Moreover, dose-dependent decreases in iron concentrations were observed in
serum (significant at >7.2 mg Cr(VI)/kg bw per day in rats, and not significantly decreased at any
dose in mice), liver (significant at >2.9 mg Cr(VI)/kg bw per day in rats and >4.6 mg Cr(VI)/kg
bw per day in mice), and duodenum (significant at >20.5 mg Cr(VI)/kg bw per day in rats and
>4.6 mg Cr(VI)/kg bw per day in mice) in a 90-day study (Suh et al., 2014). Dose-related effects
on the incidence and severity of iron content in bone marrow of rats in the study was observed,
with decreases in all rats at 20.5 mg Cr(VI1)/kg bw per day, which corresponded with fewer iron-
containing bone marrow macrophages (Suh et al., 2014). Moreover, expression of genes involved
in iron transport and absorption was altered in mice and rats exposed for 8 or 91 days, with the
effects in rats being dose-dependent and stronger than in mice (Suh et al., 2014). Suh et al. (2014)
outlined many references that demonstrate oral carcinogenicity from altered iron metabolism,
impairment of salivary peroxidase activity in iron-deficient rats, and effects of nutritional status
on saliva, salivary glands, oral health, and oral carcinogenesis. Moreover, Suh et al. (2014) stated
that another oral carcinogen, TCAB, causes microcytic anemia, and oral tumours from 4-NQO
occur earlier in anemic rats.

The described MOA for oral tumours based on disruption of iron homeostasis is
potentially qualitatively relevant in humans, as certain types of anemia have been associated with
oral cancers (as described in Suh et al., 2014). However, as iron depletion only occurs at high
concentrations, the MOA might not be relevant to humans exposed to Cr(VI1) at low doses in
drinking water.

Although more data would be required to perform a thorough MOA analysis for oral
tumours, data on the absence of mutagenicity in the oral tissues of rats, accompanied by evidence
of impact of Cr(V1) on iron homeostasis (particularly in the rat), a low-dose linear extrapolation
does not appear to be relevant for oral tumours.
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10.0 Classification and assessment

10.1 Cancer and non-cancer assessment

No definitive evidence of toxicity or carcinogenicity following short-term or chronic oral
exposure to Cr(l11) has been reported. Indeed, IARC (1990) classified metallic chromium and
Cr(111) compounds as “not classifiable as to their carcinogenicity to humans” (Group 3) based on
inadequate evidence in both humans and animals. Thus, a guideline based on Cr(l11) is not
feasible.

In contrast, Cr(V1) compounds were classified as “carcinogenic to humans” (Group 1)
based on sufficient evidence for carcinogenicity in humans (lung cancer) and sufficient evidence
in experimental animals (IARC, 2012). Although the epidemiological evidence as a whole
supports an association between exposure to chromium and an increased risk of cancer, especially
for occupational inhalation exposure and lung cancer, significant limitations prevent its use for
the derivation of a guideline. Data on human carcinogenicity via the oral route are still lacking,
however, there is sufficient carcinogenic evidence in experimental animals on which to base a
health-based value (HBV).

Small intestinal tumours were the most sensitive chronic carcinogenic endpoint (observed
at doses of > 1.4 mg Cr(V1)/kg bw per day in mice; NTP, 2008). Two of the most sensitive non-
neoplastic chronic effects were also in the small intestine, histiocytic cellular infiltration in the rat
and diffuse epithelial hyperplasia in the mouse, starting at 0.8 and 0.4 mg Cr(V1)/kg bw per day,
respectively (NTP, 2008). Liver inflammation was also observed in female rats at all doses (i.e. >
0.2 mg Cr(V1)/kg bw per day (NTP, 2008). Although oral mucosal tumours occurred in rats, they
occurred at higher doses than mouse intestinal tumours (2.1 mg/kg bw per day) and are unlikely
to be relevant to humans at low concentrations. The MOA analysis (Section 9.3) indicates
progression from non-cancer to cancer effects as the critical effect after exposure to Cr(V1) in
drinking water. Thus, the assessment of Cr(V1) in drinking water focuses on cancer and non-
cancer effects of chromium together. The MOA analysis supports hyperplasia as a key precursor
event to tumour development and a threshold approach for the risk assessment for ingested
Cr(VI).Thus, the HBV for Cr(VI) in drinking water is based on diffuse hyperplasia of the small
intestine, as it is the most sensitive endpoint, is a precursor of tumour formation and thus will be
protective of both non-cancer and cancer effects.

To derive a HBV for Cr(VI), benchmark doses (BMD) and the lower 95% confidence
limits on those BMDs (BMDL) were obtained from Thompson et al. (2014). These
BMDs/BMDLs were derived using the rodent PBPK model (Section 8.5) to estimate the amount
of Cr(VI) entering each intestinal tissue section (duodenum, and jejunum only) from the lumen
per day (normalized to intestinal tissue weight) in both sexes of mice. Then, using BMD
modelling of the internal doses versus incidences of diffuse hyperplasia, BMD and BMDLs for
the benchmark response (BMR) rates of 10%, 5%, and 1% were derived. Although a 10%
response rate serves as the default value, the application of a PBPK model to estimate internal
dose metrics provides internal dose gradients for each section of the small intestine; the
additional dose—response data for each dose resulted in approximately 1500 data points
(Thompson et al., 2014), which can support the selection of lower BMRs. A BMR of 1% falls
well within the range of observation of the data set, and its selection is strengthened by the
similarity between the BMD and BMDL values (i.e. indicating a low degree of uncertainty in the
calculated values). Moreover, the selection of a BMR of 1% is considered conservative, and
provides an additional degree of health protection for cancer effects. The BMD/BMDL values for
Cr(V1I) based on mouse small intestine hyperplasia are 4.8/3.8 mg/kg small intestine section—-day
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at a BMR of 10%, 3.2/2.2 mg/kg small intestine section—day at a BMR of 5%, and 1.2/0.67
mg/kg small intestine section-day at a BMR of 1%.

Next, the human PBPK model (Section 8.5) and Health Canada specific parameters were
used to convert the animal BMD/BMDLs into human equivalent doses (HED) for Health Canada
(Summit Toxicology, 2014). Health Canada parameters for adult exposure (70 kg body weight
and 1.5 L/day drinking water consumption) and the fasted exposure scenario (worst-case scenario;
Section 8.5) were used. Based on the adult human PBPK predictions, as a function of external
dose, the HED fell within the range of doses associated with non-linear toxicokinetics (due to
decreases in reducing agent) in humans. The HEDs of 0.14, 0.11, and 0.054 mg Cr(VI1)/kg bw per
day correspond to the BMDL o, BMDLys, and BMDL;, respectively.

Based on the most conservative HED, the tolerable daily intake (TDI) for Cr(VI) is
calculated as follows:

DI = 0.054 mg/kg bw per day
25
= 0.0022 mg/kg bw per day
where:

. 0.054 mg/kg bw per day is the HED for the lower 95% confidence limit on the benchmark
dose for a 1% response (BMDLy,) for diffuse epithelial hyperplasia as a precursor to
intestinal tumours; and

o 25 represents the uncertainty factor (only the pharmacodynamic component of the
interspecies uncertainty factor [x2.5] is used because pharmacokinetic differences between
mice and humans were already quantitatively accounted for with the application of the
PBPK model; x10 to account for intraspecies variability). A database uncertainty factor
was deemed unnecessary due to the availability of reproductive and developmental
toxicity studies—including multigenerational studies—in addition to lifetime bioassays in
multiple species; adverse effects from these studies were less sensitive than effects on the
small intestine. No uncertainty factor for severity of effect was used, as the TDI is based
on the precursor event to cancer.

Using this TDI, the HBV for Cr(VI) in drinking water is derived as follows:

0.0022 mg/kg bw per day x 70 kg x 0.5
15L

HBV =

0.051 mg/L
0.05 mg/L (50 pg/L)

w1

where:

o 0.0022 mg/kg bw per day is the TDI derived above;

. 70 kg is the average body weight of an adult;

o 0.5 is the allocation factor estimated for drinking water; it refers to the contribution of
drinking water to the estimated total daily intake for Canadians (Section 5.7); and
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. 1.5 L is the daily average volume of drinking water ingested by an adult.

10.2 International considerations

The assessments for Cr(V1) in drinking water by the World Health Organization’s
International Programme on Chemical Safety (IPCS, 2013) and California’s Office of
Environmental Health Hazard Assessment (OEHHA, 2011) are based on the NTP (2008) study.
IPCS (2013) derived a tolerable daily intake (TDI) of 0.9 pg Cr(VI1)/kg bw per day based on the
lower 95% confidence limit on the benchmark dose for a 10% response (BMDL ;) for diffuse
epithelial hyperplasia in female mice. However, owing to uncertainties, they did not derive a
quantitative assessment of the carcinogenic risk to humans from ingesting Cr(\V1). This same
value was also derived by ATSDR (2012), using intestinal hyperplasia as a basis. OEHHA (2011)
established a public health goal of 0.02 ug Cr(VI)/L based on an oral cancer slope factor of 0.5
(mg/kg bw per day) for tumours of the small intestine in mice (NTP, 2008). OEHHA (2011) also
derived a health protective goal of 0.002 mg/L based on liver toxicity in female rats in the NTP
(2008) study. The regulatory value (MCL) for Cr(VI) adopted by the California Environmental
Protection Agency in 2014 was 0.01 mg/L (10 pg/L), which was derived based on technological
and economic capabilities that allowed the MCL to be as close to the PHG as possible (CalEPA,
2015). The current WHO (1996) provisional guideline value of 0.05 mg/L for total chromium was
based on the carcinogenicity of Cr(V1) by the inhalation route, but has been questioned and does
not account for new research. The current U.S. EPA maximum contaminant level for total
chromium is 0.1 mg/L, but is under reassessment.

11.0 Rationale

Small amounts of naturally occurring chromium are released from rocks and soils into
water. However, more than 70% of chromium in the environment comes from a wide array of
anthropogenic sources. Chromium can exist in trivalent and hexavalent forms in water; Cr(VI)
may represent up to 100% of the chromium present in drinking water. Exposure to chromium
from drinking water is limited to the ingestion route.

Chromium toxicity in humans varies depending on the form of the compound, its valence
state and the route of exposure. Studies show that there is little or no toxicity associated with the
trivalent form, whereas the International Agency for Research on Cancer has classified Cr(\V1)
compounds as carcinogenic to humans by the inhalation route of exposure, based on sufficient
evidence in both humans and animals. Although data on human carcinogenicity via the oral route
are still lacking for Cr(\V1), there is sufficient carcinogenic evidence in experimental animals to
establish a drinking water guideline for chromium.

The MOA analysis supports a progression from non-cancer to cancer effects after
exposure to Cr(VI) in drinking water. Thus, the assessment of chromium in drinking water, which
is based on the health effects of Cr(V1), considers the cancer and non-cancer effects together. The
critical health effect on which to establish a guideline for chromium in drinking water is diffuse
hyperplasia of the small intestine, as it is a precursor of tumour formation in the mode of action
with the greatest weight of evidence. The mouse and human PBPK models and BMD modelling
were used to determine appropriate external doses in humans from animal data.

A MAC of 0.05 mg/L (50 pg/L) is for total chromium in drinking water. This MAC is
achievable by available treatment technology and measurable by available analytical methods,
and is protective of both cancer and non-cancer effects. As part of its ongoing guideline review
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process, Health Canada will continue to monitor new research in this area and recommend any
change to the guideline that is deemed necessary.
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Appendix A: List of acronyms

8-OHdG 8-hydroxydeoxyguanosine

8-ox0dG 8-oxodeoxyguanosine

Al adequate intake

ANSI American National Standards Institute

BAT best available technology

BMD benchmark dose

BMDLs lower 95% confidence limit on the benchmark dose for a 5% response
BMDLg lower 95% confidence limit on the benchmark dose for a 10% response
BMR benchmark response

BV bed volume

bw body weight

CPM chromium picolinate monohydrate

DDW distilled, deionized water

DL detection limit

DNA deoxyribonucleic acid

EBCT empty bed contact time

EPA Environmental Protection Agency (U.S.)

FBR fluidized bed reactor

GFAA graphite furnace atomic absorption

gfd gallons per square foot per day

gpm gallons per minute

GSH glutathione

GSSG glutathione disulphide

HBV health-based value

HED human equivalent dose

HPLC high-performance liquid chromatography

HRT hydraulic retention time

ICP-AES inductively coupled plasma—atomic emission spectroscopy
ICP-MS inductively coupled plasma—mass spectrometry
LDsg median lethal dose

LOAEL lowest-observed-adverse-effect level

MAC maximum acceptable concentration

MCH mean cell hemoglobin

MCV mean cell volume

MDL method detection limit

MF microfiltration

MOA mode of action

MRL minimum reporting level

NADPH nicotinamide adenine dinucleotide phosphate (reduced)
NF nanofiltration

NOAEL no-observed-adverse-effect level

NOM natural organic matter

NSF NSF International

NTP National Toxicology Program (U.S.)

NTU nephelometric turbidity unit
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PBPK physiologically based pharmacokinetic
PND postnatal day

PQL practical quantitation level

RCF reduction/coagulation/filtration

RDL reportable detection limit

RO reverse 0Smosis

ROS reactive oxygen species

SBA strong base anion exchange

SCC Standards Council of Canada

SDD sodium dichromate dihydrate

SM Standard Method

SMR standardized mortality ratio

TDI tolerable daily intake

TDS total dissolved solids

TOC total organic carbon

UCMR3 third Unregulated Contaminant Monitoring Rule
UF ultrafiltration

WBA weak base anion exchange
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