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Benzo[a]pyrene

Part I. Overview and Application

1.0 Guideline
The maximum acceptable concentration (MAC) for benzo[a]pyrene (BaP) in drinking
water is 0.000 04 mg/L (0.04 pg/L).

2.0 Executive summary

Levels of benzo[a]pyrene (BaP) in Canadian drinking water are generally very low. There
are no industrial or commercial uses for BaP in Canada, but BaP is commonly found in the
environment as a product of the incomplete combustion of organic matter. Natural sources of BaP
emissions (e.g., forest fires, volcanic activity) have been documented, but human-made sources,
such as combustion of fossil fuels, residential wood burning, creosote-treated wood and coke
oven emissions, are the major sources of BaP emissions in the environment. Although BaP can be
found in both surface water and groundwater, its presence in drinking water is primarily due to its
leaching from the linings of water storage tanks and distribution lines.

This guideline technical document reviews and assesses all identified health risks
associated with BaP in drinking water. It incorporates new studies and approaches and takes into
consideration the availability of appropriate analytical methods and treatment technologies. Based
on this review, the guideline for BaP in drinking water is a maximum acceptable concentration
(MAC) of 0.000 04 mg/L (0.04 pg/L).

2.1  Health effects

BaP has been classified by the International Agency for Research on Cancer (IARC) in
Group 1: carcinogenic to humans, based on sufficient evidence in animals and strong evidence
that the cancer mechanisms observed in animals also apply to humans. Limited studies in humans
suggest increased cancer risks in individuals exposed to mixtures of substances that included BaP,
namely consumers of charred meats, coke oven workers and smokers. Long-term exposure of
rodents to BaP induces various types of tumours affecting the forestomach, liver, esophagus, lung,
tongue, larynx, oral cavity, skin and mammary gland. The cancer risk assessment was based on
forestomach tumours (used as a surrogate for all cancer endpoints) in female mice.

Various non-cancer health effects related to exposure to BaP were observed in rodents,
including neurological and neurodevelopmental effects occurring at low levels of exposure. Both
cancer and non-cancer risk assessments were considered. The cancer risk assessment was used to
establish the MAC since it resulted in a more conservative value and there is greater confidence in
the known carcinogenic effects of BaP than in non-cancer effects.

2.2 Exposure
Canadians can be exposed to BaP through its presence in food, air, consumer products,
drinking water, soil and some occupational settings. The main source of exposure to BaP is food
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(e.g., charred meat). BaP is not frequently found in Canadian drinking water supplies, and levels
detected are generally low. As BaP is neither volatile nor readily absorbed through the skin, the
contributions of the dermal and inhalation routes of exposure to overall exposure from drinking
water are considered to be negligible.

2.3  Analysis and treatment

The establishment of a drinking water guideline must take into consideration the ability to
both measure the contaminant in and remove it from drinking water supplies. Existing analytical
methods are available to reliably measure BaP in drinking water below the MAC.

Treatment technologies are available at both municipal and residential scales to remove
BaP from water to below the MAC. The best available technology for removing BaP is granular
activated carbon. At the municipal scale, currently available technologies expected to be able to
consistently achieve BaP concentrations below the MAC are conventional treatment, granular
activated carbon and powder activated carbon.

At the residential level, although there are no treatment units currently certified to remove
BaP, treatment devices using technologies such as activated carbon may remove BaP from
drinking water to achieve concentrations below the MAC.

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.

BaP is a human carcinogen, and exposure to any concentration from any medium of
exposure, including drinking water, may increase the risk of cancer. The drinking water guideline
is based on lifetime exposure (70 years) to BaP from drinking water.

The guideline for a carcinogen is normally established at a level at which the increased
cancer risk is “essentially negligible” when a person is exposed at that concentration in drinking
water over a lifetime. In the context of drinking water guidelines, Health Canada has defined the
term “essentially negligible” as a range from one new cancer above background levels per
100 000 people to one new cancer above background levels per 1 million people (i.e., 10°-107°).
An increased cancer risk of 10° is targeted in cases where intake from sources other than
drinking water are significant. In the case of BaP, where food is the main source of exposure, the
MAC of 0.000 04 mg/L is established at a concentration that would present an “essentially
negligible” risk of one new cancer above background per million people (i.e., 10 °) exposed to
BaP in drinking water at the MAC over a lifetime.

For drinking water supplies that occasionally experience short-term exceedances above
the MAC, 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

Water sources should be characterized to determine if BaP is present. Quarterly
monitoring should be conducted when surface waters are impacted by municipal sewage effluent,
petroleum refinery wastewater and oil spills. In addition, surface water sources that are or may
have been impacted by the deposition of polycyclic aromatic hydrocarbons (PAHS) (e.g., forest
fires) should be monitored. Groundwater that is impacted by petroleum or PAH contamination

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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should also be monitored. Utilities that have baseline data indicating that BaP is not present may
conduct less frequent monitoring.

Although components and coatings for distribution systems are now required to meet
standards that limit the leaching of contaminants, distribution pipes and storage tanks installed
prior to the 1980s may leach BaP if coal tar (bitumen) or asphaltic products were used to coat
them. It is recommended that distribution systems with these linings be monitored for BaP and
other PAHSs. Quarterly monitoring for BaP should be undertaken in the areas of the distribution
system where coal tar linings may have been used, especially at locations with the maximum
residence time (e.g., dead ends) or when there are hydraulic disturbances in these locations (e.g.,
water main replacement). Utilities that have baseline data indicating that BaP is not present within
the distribution system may conduct less frequent monitoring. Jurisdictions may consider reduced
sampling if an appropriate flushing protocol is in place.

3.2 Mitigation
Distribution system operations designed to promote water quality and minimize water age
will minimize the release of BaP. The following actions are recommended to help reduce the
concentration of BaP originating from the distribution system:
e Maintain the dose of disinfectants within the range required for their application.
e Avoid changes in the hydraulic regime and water hammer. Differences in water pressure
of more than 3 bar (45 psi) can result in the mobilization of particles containing PAHSs.
e Reduce the residence time of water in the distribution system. Stagnation periods of more
than 7 hours can lead to elevated PAH concentrations.
e Systematically flush the distribution system to ensure the removal of particles.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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Part I1. Science and Technical Considerations

4.0 ldentity, use and sources in the environment

Benzo[a]pyrene (BaP) (Chemical Abstracts Service registry number 50-32-8) is a
relatively large molecule of the polycyclic aromatic hydrocarbon (PAH) class of compounds. It is
composed of five unsubstituted rings and is the most well studied of the PAHS. It has the
chemical formula CyoHs, and a molecular weight of 252.3 g/mol. BaP and other PAHSs are formed
during the incomplete combustion or pyrolysis of organic matter. At ambient pressures and
temperatures, BaP exists as a relatively stable, pale yellow solid with a faint aromatic odour. BaP
is not readily volatile or reactive. It has a melting point that ranges from 176.5°C to 179.3°C, a
boiling point ranging from 310°C to 495°C and a Henry’s law constant of 4.57 x 10" at 25°C.
The reported octanol-water partition coefficients (log K,y) of BaP are relatively high, ranging
from 5.97 to 6.35 (IARC, 2010; OEHHA, 2010; HSDB, 2011; CHEMFATE, 2013; U.S. EPA,
2013). The solubility of BaP in water is limited (1.62 pg/L at 25°C), whereas BaP is readily
soluble in organic solvents, including chloroform, benzene, toluene and xylene (IARC, 2010;
HSDB, 2011; CHEMFATE, 2013; U.S. EPA, 2013). No data on the odour and taste thresholds
for BaP were identified (ATSDR, 1995; OEHHA, 2010).

PAHSs are found ubiquitously in the environment, typically at low concentrations, although
levels can be high in the proximity of PAH sources. They have no industrial uses and are not
manufactured. However, they occur naturally during forest fires and volcanic eruptions and, to a
greater extent, anthropogenically through the combustion of fossil fuels, in coke oven emissions
and through agricultural management practices, among other sources. The largest single source is
the burning of wood in homes; additional sources of PAHs affecting surface waters include
atmospheric deposition, oil spills, petroleum processing, municipal effluents and urban runoff
(ATSDR, 1995).

4.1 Environmental fate

The chemical properties of BaP strongly favour its sorption onto particles, soil and
sediment (Mackay and Paterson, 1991). As such, approximately 82% of BaP released in the
environment is estimated to partition into soil, 17% into sediment, 1% into water and < 1% into
air (Hattemer-Frey and Travis, 1991). The evaporation half-life of BaP in water is estimated to be
43 days, assuming a depth of 1 m, a flow rate of 1 m/s and a wind velocity of 3 m/s (Irwin, 1997).
Adsorption to soil and sediment will limit evaporation. Degradation can also occur by photolysis
near the surface as well as by bacterial degradation in natural systems. The half-life in soil can
range between 2 days and 1.9 years (U.S. EPA, 2007). BaP is reasonably stable in air and can be
transported over considerable distances. Degradation of BaP in air occurs through photolysis and
reactions with ozone and nitrogen dioxide.

5.0 Exposure

Food is an important source of exposure to BaP. For non-smokers with no occupational
exposure to BaP, it is estimated that 70% of exposure to PAHSs, including BaP, is attributable to
diet, with cereals and vegetables being the most important sources, except where there is high
consumption of meat cooked over an open flame (Phillips, 1999). Exposure through inhalation of
combustion products can also be an important source, whereas ingestion of drinking water and
soil contribute to a lesser extent to total BaP exposure.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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5.1  Water

There is a paucity of information on concentrations of BaP in groundwater. Because of its
strong association with soil, BaP is not expected to leach into groundwater. Nevertheless,
concentrations as high as 0.32 ug/L have been reported in groundwater in proximity to a wood
preserving plant in New Brunswick (WMS et al., 1989).

In the Great Lakes, average concentrations of BaP range from 0.03 to 0.7 ng/L
(Government of Canada, 1991).

Concentrations of BaP in Canadian drinking water are generally very low. BaP was
generally not detected in drinking water across Ontario (Ontario Ministry of the Environment,
2013), British Columbia (British Columbia Ministry of Health, 2013) or Saskatchewan
(Saskatchewan Water Security Agency, 2013). For these provinces, the Method Detection Limits
(MDLs) ranged from 0.001 to 1 pg/L and any sample detections were typically at or below the
MDL. In Québec, 97.6% of the 6678 samples collected in distribution systems between 2002 and
2012 were below the detection limit. (range of 0.002 - 0.01 pg/L). For the results above the
detection limit, the median was 0.004 pg/L, with 16 results at or above 0.04 pg/L (Ministere du
Développement durable, de I’Environnement, de la Faune et des Parcs du Québec, 2013). Four
results of the 5711 samples taken in New Brunswick (MDL 0.001 — 0.5 pg/L) (New Brunswick
Department of Health and Wellness, 2013) and one of 268 samples taken in Nova Scotia (MDL
0.009 — 0.01 pg/L) (Nova Scotia Department of Environment and Labour, 2013) were above
0.04 pg/L.

BaP concentrations in drinking water in the United States have been reported to range
from 0 to 1 pg/L (1000 ng/L) (ATSDR, 1995), with typical concentrations around 0.000 55 pg/L
(0.55 ng/L) (Santodonato et al., 1981). Kolpin et al. (2002) undertook a nationwide study to
assess the occurrence of a variety of pharmaceuticals, hormones and organic contaminants in 139
streams in 30 U.S. states; the authors found BaP in 85 samples, with a maximum concentration of
0.24 pg/L and a median concentration of 0.04 pg/L. International levels of BaP in drinking water
range from < 0.04 to 914 ng/L, as reported by the World Health Organization (WHO, 2003).

5.1.1 Leaching from coal tar linings

Concentrations of BaP in treated water can be higher than those in the untreated source
water because of the leaching of BaP due to PAH-containing coal tar coatings on drinking water
distribution pipes and storage tanks (Basu et al., 1987;WHO, 2003; OEHHA, 2010). Prior to the
1980s, asphaltic or bituminous linings were commonly used as a coating material to protect
against corrosion in cast iron or ductile iron, concrete and steel pipes used to convey drinking
water and in storage tanks used to store finished drinking water (Basu et al., 1987; WHO, 2003).
Although this practice has largely been discontinued, pipes, reservoirs and storage tanks may still
be lined with this material and have been shown to significantly increase BaP levels in drinking
water (Vu Duc and Huynh, 1981; Basu et al., 1987; OEHHA, 2010). The presence of BaP at high
concentrations in drinking water samples is indicative of the presence of particulate matter from
the deterioration of coal tar and asphaltic coatings.

A Dutch nationwide study that investigated drinking water samples at 120 locations with
cast iron drinking water mains coated with coal tar and bitumen found elevated levels of BaP in
drinking water during flushing (up to 22 pg/L), with a rapid drop after flushing (maximum
concentration of 2.1 ug/L); when repairs were made to the water mains, PAH levels above 0.01
ug/L, the Dutch drinking water quality standard, were detected for up to 40 days in some of the
sampling locations (Blokker et al., 2013).

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
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The extent of leaching of BaP is determined by a number of factors, including water age,
hydraulic disturbances and the condition of the pipe or tank coating. Studies of factors affecting
the mobilization of PAHSs, including BaP, demonstrated that the rapid disturbances in the
hydraulic regime (e.g., water hammer, rapid increase in flow velocity) resulting in enhanced
contact time of the water with the coal tar lining, especially under stagnant, anaerobic conditions,
can significantly increase the leaching of BaP (Maier et al., 2000). The results from this study are
presented in greater detail in Section 7.1.6.

52  Food

The primary dietary source of BaP is charred meat. Charbroiled steak is estimated to
contain on average 9000 ng of BaP per kilogram of meat. Canadian meat, poultry and fish (raw)
contain up to 11.0 ng of BaP per kilogram (Government of Canada, 1991). However, BaP is also
found in grains, oils, fruits and vegetables. A study of 200 food items available in the United
States reported BaP concentrations of up to 0.51 ng/g in non-meat foods, including dairy
products, breads, grains, sweets and produce, whereas cooked meat products contained up to
4.86 ng of BaP per gram (Kazerouni et al., 2001). It is estimated that an average 50 kg teenager is
exposed to 80 ng of BaP per kilogram of body weight (bw) per day from smoked meat and 380
ng/kg bw per day from canola oil (Shi et al., 2010).

53 Air

Most BaP in air is readily adsorbed onto airborne particulate matter, although it can also
be present in vapour form. A study of 120 cities in the United States reported concentrations of
BaP in air ranging from 0.2 to 19.3 ng/m® (Pucknat, 1981). Concentrations up to 460 ng/m* have
been detected near an aluminum smelter in Shawinigan, Quebec (Ringuette et al., 1993). Ambient
air levels of PAHSs in general are highest during colder months, as a result of increased heating
(WHO, 1998). PAH concentrations ranging from 1 to 30 ng/m* have been recorded in various
urban cities, but can reach 200 ng/m? in larger cities with heavy motor vehicle traffic (WHO,
1998). Tobacco smoke, gas cooking and heating appliances are important sources of BaP in
indoor air. Concentrations of BaP in cigarette-polluted areas range from 400 to 760 000 ng/m®
(OEHHA, 2010).

54  Consumer products

Some consumer products such as coal tar-based shampoos contain BaP. Cigarette
smoking constitutes a major source of BaP. Domestic Canadian cigarettes are estimated to contain
6.1 ng BaP per cigarette, whereas imported cigarettes contain approximately 5.7 ng BaP per
cigarette (Hammond and O’Connor, 2008). It is estimated that the BaP content in mainstream
smoke ranges from 5 to 80 ng per cigarette, with higher levels in sidestream smoke (25-200 ng
BaP per cigarette; OEHHA, 2010).

55  Soil

BaP can accumulate in soil due to its hydrophobic properties. Typical background
concentrations of BaP in Ontario soils are estimated to be 0.30 and 0.039 mg/kg in urban and
rural parkland soils, respectively (CCME, 2010). In New England, background soil BaP
concentrations were found to range from 0.04 to 13 mg/kg (Bradley et al., 1994). However, soil
concentrations of BaP can be considerably higher at or near industrial sites. For example, BaP
concentrations as high as 1300 mg/kg have been found at the site of a former coking facility in
Lasalle, Quebec (CCME, 2010), and WHO (1998) reported levels as high as 1000 mg/kg.
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5.6  Multi-route exposure from drinking water

The multi-route exposure approach for drinking water put forth by Krishnan and Carrier
(2008) is not suitable for high molecular weight compounds like BaP. However, a significant
contribution of dermal exposure to total exposure from drinking water is unlikely, as BaP is a
hydrophobic molecule typically associated with soil particles, with limited absorption and
distribution to systemic tissues following dermal exposure (see Section 8.1 and 8.2). Moreover,
BaP is not readily volatile; thus, exposure through inhalation during bathing and showering is
considered negligible. Thus, the contribution of dermal and inhalation exposure to overall
exposure is assumed to be negligible.

6.0 Analytical methods

The U.S. Environmental Protection Agency (EPA) currently has three approved analytical
methods (Method 525.2, Method 550 and Method 550.1) for the analysis of BaP in drinking water
(U.S. EPA, 2009a). These methods are general methods for the determination of synthetic organic
compounds and use either a liquid-liquid extraction (LLE) or liquid—solid extraction (LSE)
followed by gas chromatography/mass spectrometry (GC/MS) or high-performance liquid
chromatography (HPLC) to separate the analytes:

e Method 525.2 uses an LSE method followed by capillary column GC/MS. The method
detection limit (MDL) values range from 0.032 to 0.23 pg/L (U.S. EPA, 1995, 2003).
Originally, the U.S. EPA had approved Method 525.1, but it was replaced by Method
525.2, which is more sensitive, in 1995 (U.S. EPA, 2003, 2009a).

e Method 550 uses LLE and HPLC equipped with ultraviolet (UV) and fluorescence
detection. This method has an MDL of 0.029 ug/L (U.S. EPA, 1990, 2009a).

e Method 550.1 uses LSE and HPLC equipped with UV and fluorescence detection. This
method has an MDL of 0.016 pg/L (U.S. EPA, 1990, 2009a).

Standard Method 6440B can also be used for the analysis of BaP in drinking water
(APHA et al., 2012). This method is based on LLE and HPLC and has an MDL of 0.02 pg/L.

The practical quantitation level (PQL) for U.S. EPA-approved methods is 0.0002 mg/L
(0.2 pg/L) and is based on the capability of laboratories to measure BaP within reasonable limits
of precision and accuracy at the time of regulation (U.S. EPA, 1992). Current PQL assessments
are based on two approaches: (1) the lowest value for which 75% of laboratories can quantitate
within prescribed accuracy limits based on actual performance data, if the data are sufficient; or
(2) multiplying the upper levels of the MDLs to account for the variability inherent to test
methods and instruments used for analyses, when data are insufficient. In establishing the PQL,
the U.S. EPA considers and prefers the laboratory performance data for methods approved at the
time of the review over the MDL approach.

In both the first and second Six-Year Review of existing National Primary Drinking Water
Regulations, the U.S. EPA determined that it could not lower the PQL for BaP (U.S. EPA, 2003,
2009a, 2009b). In the analysis of the first and second Six-Year Review data sets, it was
determined that there was a lack of data below the current PQL and that the variability of the
second Six-Year Review’s proficiency test results did not support reducing the PQL (U.S. EPA,
2009b).

The U.S. EPA used two other approaches to determine if an estimated quantitation level
(EQL) below the current PQL could be identified: a minimum reporting level (MRL) approach
and an MDL multiplier approach based on the approved analytical methods. The EQL is an
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estimate of the possible lower bound for a PQL. It is based on statistical analysis of proficiency
test results for a method or the MRL from the data set. The MRLs represent laboratory analytical
limits for a large pool of laboratories in the United States. Using the MRLs of more than 55 487
records collected from 1998 to 2005, it was determined that only 55.4% of these values were less
than or equal to the modal MRL of 0.000 02 mg/L. As the criterion of 80% of MRL values being
equal to or less than the modal MRL was not met, the U.S. EPA did not base the EQL on the
modal MRL (U.S. EPA, 2009b). Application of a multiplier of 10 to the median MDL of the three
approved analytical methods (Methods 525.2, 550 and 550.1) resulted in a possible PQL of
0.0003 mg/L. As this value was higher than the current PQL, the U.S. EPA determined that there
was no potential to lower the PQL for BaP; the PQL remains 0.0002 mg/L (0.2 pg/L; U.S. EPA,
2009Db).

There is no equivalent centralized program for the collection and rigorous statistical
analysis of analytical data in Canada. Although establishing a PQL for Canadian laboratories is
not possible, lower quantification levels may be achievable by some laboratories.

As part of the guideline review process, a number of commercial laboratories were
surveyed by several provinces in order to determine the MDLs and minimum reporting levels that
were achievable for the analysis of BaP. The MDLs provided from 15 commercial laboratories
ranged from 0.001 pg/L to 1.9 pg/L (n>850 samples) using a variety of analytical methods
including EPA Methods 525.2; 846; 3510; 3541 and 8270; and SM6410B. The minimum
reporting levels for BaP (equivalent to the MRL described above) provided by these laboratories
ranged from 0.001 to 6.5 pg/L. Of the 12 minimum reporting levels provided, 11 of the values
were equal to or less than 0.01 pg/L.

Based on the limited data above, analytical methods are available to reliably measure
concentrations of BaP equal to or less than 0.01 pg/L with the analytical methods currently in use.
As a result, analytical methods are not expected to be a limiting factor for the MAC for BaP.
Responsible authorities should establish performance measures when specifying which analytical
method to use (i.e. sample volume, sampling requirements, sample preservation and storage and
MDL).

7.0 Treatment technology and distribution system considerations
7.1 Municipal scale

Municipal water filtration plants that rely on conventional treatment techniques
(coagulation, sedimentation, filtration and chlorination) can reduce concentrations of PAHSs,
including BaP, in drinking water sources (Sorrell et al., 1980; Westerhoff et al., 2005; Snyder et
al., 2007). As a result of its hydrophobic nature, BaP in raw water will adsorb to particulate matter
and can subsequently be removed by conventional treatment processes (Sorrell et al., 1980).
Limited full-scale data exist on the removal of BaP from drinking water using conventional
treatment. However, the data indicate that removal of BaP to levels below 0.01 pg/L can be
achieved using conventional treatment.

The U.S. EPA lists granular activated carbon (GAC) as the Best Available Technology
(BAT) for the removal of BaP from drinking water to achieve concentrations below the
Maximum Contaminant Level of 0.0002 mg/L (0.2 pug/L) (U.S. EPA, 1992). Small system
compliance technologies for the removal of BaP from drinking water include GAC, point-of-use
GAC and powder activated carbon (PAC) (U.S. EPA, 1992). The available data indicate that
removal of BaP to levels well below 0.01 pg/L can be achieved using GAC or PAC.
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BaP is primarily of concern as a potential contaminant from cast iron or ductile iron,
concrete and steel pipes lined with asphaltic or coal tar coatings, mainly installed prior to the
1980s (Basu et al., 1987). BaP leaching from pipes and storage tanks can be addressed by
replacing the pipes and storage tanks, limiting changes in the hydraulic regime, avoiding severe
flow disturbances (i.e., water hammer) and reducing the residence time of water in the distribution
system (Maier et al., 2000). Managing hydraulic fluctuations to minimize biofilm sloughing or
scale release will also help to minimize the release of BaP. In general, distribution system
operations designed to promote water quality and minimize water age will also help to minimize
the release of BaP.

7.1.1 Conventional coagulation/filtration and lime softening processes

In a review of the efficiency of PAH removal by full-scale treatment plants, Sorrell et al.
(1980) found that BaP concentrations appeared to be substantially reduced by conventional
treatment (i.e., coagulation/sedimentation/filtration) followed by chlorination. Effective removal
appeared to be closely related to particulate removal; consequently, it was concluded that
conventional treatment was generally effective for the removal of BaP. However, it was also
noted that some of the studies indicated the use of activated carbon in their conventional treatment
processes, which could account for an increased removal of BaP. The authors found that when
BaP was detected (raw water concentrations ranging from 4-13 ng/L), it was reduced to
concentrations below 1 ng/L (75-92% removal) at all sites except Jefferson Parish, LA, where the
concentration was less than 2 ng/L in the finished water.

Snyder et al. (2007) investigated a range of endocrine-disrupting compounds,
pharmaceuticals and personal care products, including BaP, to assess their removal by drinking
water and water reuse treatment processes. Concentrations of BaP were analyzed using gas
chromatography with tandem mass spectrometry (GC/MS/MS). The reporting limit was 10 ng/L,
with an MDL of 2.35 ng/L and an instrument detection limit of 4.3 pg/L (Trenholm et al., 2006).
All 20 full-scale drinking water treatment plants had influent concentrations of BaP lower than
the reporting limit of 10 ng/L (Snyder et al., 2007). Only 13 of the 20 treatment plants used
coagulation with lime softening. The authors found that the combination of coagulation with alum
or ferric chloride and lime softening was capable of removing 50-80% of BaP, but did not specify
the number of plants or the influent concentrations. Very limited data were provided specifically
for BaP removal in this study.

A bench-scale study of conventional drinking water treatment processes, using three
natural waters of varying quality and a synthetic (model) water spiked with a natural organic
matter (NOM) isolate, was conducted at a temperature of 20°C, pH 5.5 and pH 8.5, alkalinity of
38 mg/L as calcium carbonate (CaCO3) and a dissolved organic carbon concentration of 3.5 mg/L
(Westerhoff et al., 2005; Snyder et al., 2007). Conventional treatment was simulated by
conducting 1 minute of rapid mix followed by 20 minutes of flocculation and 60 minutes of
settling. Coagulation was achieved using alum (dose of 30, 35 or 40 mg/L) or ferric chloride
(doses ranging from 8.3 to 38 mg/L). Lime softening used calcium hydroxide at doses ranging
from 53 to 238 mg/L and soda ash at doses ranging from 0 to 177 mg/L, to a final pH of 11.3.
Initial BaP concentrations ranged from 39 to 115 ng/L. Treated water concentrations achieved
with alum coagulation were calculated to range between 10 and 34 ng/L (removal of 68% to
> 74%) for the natural waters and between 10 and 51 ng/L (removal of 43—-91%) for the synthetic
water. Calculated treated water concentrations for ferric coagulation were similar, ranging from
10 to 33 ng/L (67-80% removal) for the natural waters and reaching 34 ng/L (57% removal) for
the synthetic water. Calculated lime softening concentrations were also comparable, ranging from
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10 to 11 ng/L (> 74% to > 90% removal) for the natural waters and reaching 46 ng/L (47%
removal) for the synthetic water. In conclusion, conventional treatment was capable of reducing
BaP concentrations of up to 105 ng/L to less than 34 ng/L in natural waters at bench scale.
Removal of BaP in synthetic water appeared to be less effective at higher pH. Overall, alum
achieved an average 72% removal of BaP (Westerhoff et al., 2005). Ferric chloride achieved 74%
removal of BaP; ferric chloride was not significantly different from lime softening, which
achieved BaP removals of 82% (Snyder et al., 2007).

7.1.2 Activated carbon

Activated carbon is used in water treatment processes either as GAC or as PAC. The
adsorption capacity of activated carbon to remove organic compounds is affected by a variety of
factors, including competition from other contaminants, NOM, temperature and the
physical/chemical properties of the organic compounds and the carbon media (Speth, 1990).

7.1.2.1 Granular activated carbon

GAC is the most widely used technology for the removal of BaP in small water treatment
systems because of its simplicity, ease of operation, practicality and affordability (Snoeyink,
1990; U.S. EPA, 1998). In the GAC process, the contaminants diffuse into the adsorbent granules
and accumulate on the inner surface within the pores as water passes through the GAC contactor.

Early studies demonstrated the effectiveness of activated carbon in removing PAHS, such
as BaP. Basu and Saxena (1978) reported concentrations of BaP ranging from 0.3-42.1 ng/L in
surface waters used as drinking water sources in four U.S. cities (Huntington, WV; Buffalo, NY;;
and Pittsburgh and Philadelphia, PA). These four full-scale water treatment plants included the
addition of a coagulant, activated carbon (GAC, PAC or both) and chlorine in the treatment train.
In addition, three of the treatment plants used lime. No operational details on the various
processes (e.g., coagulant, carbon or chlorine dosage, contact time) were provided. Results for the
full-scale water treatment plant samples at these four sites showed finished water BaP
concentrations ranging from 0.2 to 0.5 ng/L (68% to > 99% removal) using conventional
treatment and GAC. It was noted that the site with the lowest removal rate (Buffalo, NY) also had
the lowest influent concentration of BaP and did not appear to use lime in the treatment process.
In a review of full-scale studies to remove PAHSs, Sorrell et al. (1980) found that the use of
activated carbon for the removal of low concentrations of PAHSs, such as BaP, may not be
appropriate, as removal effectiveness may be reduced at lower concentrations.

Stackelberg et al. (2004) studied a variety of compounds, including BaP, in the source,
filtered and finished water of a 62 MGallon/day (235 ML/day) drinking water treatment plant that
used conventional treatment, PAC (for taste and odour) and GAC (contact time of 1.5-3 minutes).
BaP was analyzed by continuous LLE GC/MS, and the reporting level was 0.5 pg/L (detection
limits were not specified). The authors reported that BaP was present in 42% of the 12 samples
collected from the streams feeding the treatment plant and the sampling points in the raw water
supply of the plant. The concentrations of BaP in these samples were estimated graphically to
range between 0.04 and 0.09 ug/L, but the authors did not detect BaP in the finished water
(detection limits were not specified).

In a follow-up study, Stackelberg et al. (2007) analyzed a variety of compounds,
including BaP, in the source, clarified, filtered and finished water of the same treatment plant as
in the 2004 study. Although the treatment plant still used conventional treatment and GAC,
modifications were made prior to the 2007 study: PAC addition was discontinued; clarification
(flocculation/sedimentation) was enhanced using microsand; primary disinfection was moved
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after clarification; and 9% of the filter backwash decant water was recycled to the head of the
plant. The authors did not detect BaP in the source, clarified, filtered or finished water. However,
elevated concentrations of BaP were detected in the dried solids of the sludge from the
sedimentation tank (48.5 pg/kg) and the filter backwash sediments from the GAC filters

(15 pg/kg). A decrease in the BaP concentration of 69% (w/w) was seen in the solids from the
sedimentation to the filtration step. The authors attributed the presence of BaP in the solids
without a concurrent presence of BaP in the water to temporal variations in sampling. That is, the
presence of BaP in the source water and its subsequent removal from the source water occurred
during a period when the water was not being sampled for the study.

7.1.2.2 Powder activated carbon

In the same bench-scale study described in Section 7.1.1, Westerhoff et al. (2005)
examined the effectiveness of PAC for the removal of BaP using a dose of 5 mg/L and a contact
time of 4 hours. The source water contained a dissolved organic carbon concentration of 3.5
mg/L, with an alkalinity of 128 mg/L as CaCOs3 and an initial pH of 7.9. Concentrations of BaP
were analyzed using GC/MS/MS. The reporting limit was 10 ng/L, with an MDL of 2.35 ng/L
and an instrument detection limit of 4.3 ng/L (Trenholm et al., 2006). Initial BaP concentrations
ranged from 66 to 155 ng/L, and treated water concentrations achieved with PAC were calculated
to range between 9 and 36 ng/L (removal from 69% to > 94%) for all waters. Under these
conditions, the average initial BaP concentration of 110 ng/L was reduced by 83% for all four
sample waters (calculated finished water concentration of 30 ng/L) (Westerhoff et al., 2005;
Snyder et al., 2007). It was also determined that removal of compounds such as BaP by PAC was
independent of the initial concentration of BaP, but removal could be improved by increasing the
PAC dosage (Westerhoff et al., 2005; Snyder et al., 2007). The study also found that the Koy,
value was a reasonable indicator of removal efficiency under controlled PAC test conditions for
many of the compounds (Westerhoff et al., 2005).

7.1.3 Oxidation processes

The formation of by-products, including disinfection by-products, from the oxidation of
BaP or other organic compounds in the source water, should be considered when using oxidation
processes. The types and concentrations of by-products formed will be dependent on the source
water quality, concentrations and types of oxidants and reaction contact time. For example,
advanced oxidation processes (AOPs) such as ozone/hydrogen peroxide and ozone/UV can
produce bromate in waters containing bromide ion (Fronk, 1987; Crittenden et al., 2005). The
presence of by-products may require additional treatment following AOPs and/or process
optimization to minimize by-product formation.

7.1.3.1 Chlorination/chloramination and mixed oxidants

In bench-scale investigations of BaP removal undertaken by Westerhoff et al. (2005),
enough chlorine was dosed to establish a chlorine residual of 1 mg/L after 24 hours. The residual
chlorine was quenched with ascorbic acid after sampling to prevent further reaction. Chlorine
doses ranging from 2.5 to 6.75 mg/L at pH 5.5 in filtered water oxidized BaP concentrations
between 30 and 115 ng/L at rates above 75%. Oxidation rates were above 80% when ambient pH
was 7.0 or higher for a chlorine dose of 3 mg/L. The study also investigated the differences
between chlorine and chloramine under identical water quality conditions at BaP concentrations
of 83-95 ng/L. Chloramine doses of 2 and 3 mg/L were evaluated, and samples were collected
after 24 and 168 hrs of contact time to simulate distribution system conditions (Westerhoff et al.,
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2005; Snyder et al., 2007). Oxidation of BaP clearly increased with chloramine dose and contact
time, with oxidation rates ranging from 65% to > 89% (calculated final concentration range of
15-33 ng/L).

The same study (Westerhoff et al., 2005; Snyder et al., 2007) used mixed oxidants and
household bleach to generate free and combined chlorine mixtures. Mixed oxidants may contain
additional oxidants (e.g., hydroxyl radicals), and the study was conducted simultaneously with
chlorine for comparison. Chlorine doses of 2 and 3 mg/L were added to a BaP concentration of 97
ng/L for 24 hours of contact time, to simulate distribution system conditions. Mixed oxidants at
doses ranging from 5 to 20 mL/L for up to 20 minutes of contact time were not effective at
oxidizing BaP, achieving only 30% or less oxidation.

7.1.3.2 Ozonation and advanced oxidation processes

AOPs refer to the use of combinations of chemical oxidants (e.g., ozone), UV light and
catalysts (e.g., hydrogen peroxide) to generate highly reactive radicals, such as hydroxyl radicals,
which are strong oxidants and react rapidly and non-selectively with organic contaminants.
Physical and chemical properties of the water to be treated, such as alkalinity, pH, NOM, iron and
manganese, and turbidity, have a major impact on AOPs as these processes scavenge hydroxyl
radicals or absorb UV light used to produce the radicals (Crittenden et al., 2005).

Butkovi¢ et al. (1983) determined that the reaction of BaP with an excess of ozone in
distilled water followed first-order reaction kinetics. The half-life of an initial BaP concentration
of 18 pg/L in the presence of 10 * M ozone at pH 7 was 1 second. Based on this half-life, the
authors estimated that ozonation of drinking water with a dose of 1 mg/L would completely
oxidize and ultimately destroy BaP. A recent study on the reaction kinetics of BaP in ozonation
processes supported this finding (Jin et al., 2012).

A bench-scale study by Yerushalmi et al. (2006) using ozone at a concentration of 0.5 or
2.5 mg/L and biodegradation either sequentially (with ozone as a pre-treatment) or simultaneously
found that increasing the contact time from 10 to 60 minutes improved the oxidation of BaP. At
0.5 mg/L, little difference was seen when the dose was applied either sequentially or
simultaneously, regardless of the contact time for the applied dose. However, a dose of 2.5 mg/L
significantly improved BaP removal from 26% for a contact time of 20 minutes to 63% for a
contact time of 60 minutes.

Snyder et al. (2007) examined the effectiveness of ozonation for BaP oxidation. The
average removal of BaP in the four sample waters tested exceeded 80% when filtered water was
ozonated with an ozone dose of 2.5-8.0 mg/L, based on a target residual ozone concentration of
0.2-0.3 mg/L present after 3 minutes and no residual present after 10 minutes (equivalent to a
disinfectant concentration—time value for primary disinfection of viruses or Giardia).

7.1.3.3 UV and advanced oxidation processes

In a bench-scale study by Snyder et al. (2007), UV and UV with hydrogen peroxide were
evaluated for the decrease of BaP (influent concentration 104-332 ng/L) using a medium-pressure
lamp at doses of 40 and 1000 mJ/cm?, in a variety of water qualities. Treatment with UV at a dose
of 40 mJ/cm? (typical disinfection dose) did not achieve any appreciable removal of BaP.
However, treatment with UV at 1000 mJ/cm? resulted in BaP decreases of 63-82%. The use of an
AOP (addition of hydrogen peroxide at 5 mg/L prior to UV at 1000 mJ/cm?) did not significantly
improve the removal of BaP.

Sanches et al. (2011) tested low-pressure UV lamps for their efficiency at decreasing the
BaP concentration in laboratory-grade water, groundwater and surface water. With a UV dose of
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1500 mJ/cm?, BaP was efficiently degraded. The highest percent removal was obtained in
groundwater (93%), in comparison with laboratory-grade water (79%; influent concentration of
5.6 uM) and surface water (48%). The authors concluded that NOM and dissolved organic
material likely impacted the removal efficiency.

7.1.4 Membrane processes

Snyder et al. (2007) undertook a bench-scale study of nanofiltration (NF) and
ultrafiltration (UF) membranes for the removal of BaP. Commercially available thin film
composite NF and UF membranes were studied using dead-end stirred-cell membrane units,
which are effective in assessing relative compound rejection. The membranes were made of
ultrathin polyimide coated by either an aromatic polyamide or a sulfonated polyethersulfone.
Membrane filtration was performed on three natural waters and one synthetic water, at ambient
pH (6.8-8.2) for the natural waters and at pH 7.5 for the synthetic water. An initial volume of
300 mL of the sample was passed through the membrane, and 200 mL of permeate was collected,;
this was repeated until a total of 1 L of permeate had been collected. Influent concentrations of
BaP ranged from 40 to 155 ng/L, and the rejection rates achieved varied between > 75% and
> 94% (calculated permeate concentrations of 9-20 ng/L). The rejection rates for BaP did not
differ between the NF and UF membranes.

7.1.5 Other technologies

An experimental technology has been shown to have potential for removing PAHSs,
including BaP, from water, but there is not sufficient information available at present to fully
evaluate the technology:

e Inorgano-organo-clay adsorption media: Srinivasan and Folger (1990) compared the
performance of inorgano-organo-clays (I0Cs) with GAC for the removal of BaP from
industrial wastewater. I0Cs are clay adsorbents that have been modified using inorganic
polycations and cationic surfactants. Based on their earlier work, the authors hypothesized
that the surface orientation of the adsorbed organic carbon and the amount of organic
adsorbent are both important factors affecting the performance of the sorbent. BaP is
hydrophobic and has a relatively low aqueous solubility and therefore is readily
adsorbable by the lipophilic surfaces of 10Cs.

7.1.6 Distribution system considerations

The main source of BaP in drinking water is usually coal tar linings used in the
distribution system rather than the source water (WHO, 2003). Although new pipe is no longer
installed with this type of lining, old pipes with coal tar linings remain in service (Maier et al.,
2000). Coal tar-lined pipes can be rehabilitated or replaced; the preferred approach will be
determined from site-specific conditions (e.g., pipe material, evidence of external corrosion,
estimated remaining service life, pipe diameter). Until pipes with coal tar linings can be replaced,
there are operational strategies available to manage BaP release in the distribution system.

Maier et al. (2000) investigated the factors that influenced the mobilization of 13 PAHSs
(including BaP) from coal tar linings of water mains. Extensive monitoring was conducted in 22
water supply zones representing 834 km of pipe installed prior to 1972. This monitoring program
indicated that increases in PAH concentrations were influenced by reduced activity of the
microbial biofilm on the internal pipe walls, sloughing of biofilm and the related release of
particles from encrustations, disturbances of the hydraulic regime and stagnation (retention) time.
These factors were further investigated in laboratory, pipe rig and field investigations.
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Field investigations in a water supply zone that provided the opportunity to switch from a
disinfected to a non-disinfected water supply examined BaP removal. Five experiments were
carried out, and the effects of chlorine and chlorine dioxide on the leaching of PAHs were studied
at doses ranging from 0.025 to 0.3 mg/L for up to 444 days. Although the authors found that
increases in the chlorine and chlorine dioxide doses resulted in increased levels of several PAHs
in the distribution system, BaP concentrations were not affected.

A pipe rig study using three 10 m sections of distribution system consisting of cast iron
pipe lined with coal tar exposed to three water quality conditions under different flow,
disinfection and general hydraulic conditions was undertaken by Maier et al. (2000). Sampling
was done at 10 locations in the rig, including before and after the point of addition for the
disinfectant. The authors confirmed that PAH concentrations increased with chlorine and chlorine
dioxide doses. In addition, they found that reduced oxygen in the distribution system decreased
the microbial activity of the biofilm, resulting in increased PAH levels.

Maier et al. (2000) found that increased stagnation time increased PAH levels and
turbidity. In addition, the authors showed that a pH below 5 also significantly increased PAH
concentrations in the distribution system. Hydraulic disturbances increased the turbidity, with
concurrent increased concentrations of BaP (68 ng/L) and other PAHSs. Filtration of the turbidity
resulted in BaP concentrations below the analytical detection limit.

Blokker et al. (2013) measured PAHSs, including BaP, under different operational
conditions to help identify those that were associated with increases in PAH concentrations in
drinking water. The authors sampled drinking water at 120 locations during undisturbed
operations, during and after flushing of pipes and after removal of a section of pipe. The samples
were collected from each location 8 times over a 2.5-week period. Of the samples collected, 49%
of the low-velocity flush and 61% of the high-velocity flush hydrant samples contained BaP at
concentrations exceeding 0.01 pg/L. The maximum BaP concentrations for each operational
condition ranged from 0.003 to 22 pg/L. The lowest concentrations were noted in the undisturbed
(normal operations) sample locations, and the highest concentrations were seen in hydrant
samples during flushing. The concentrations decreased rapidly after flushing. High PAH levels
were also seen in samples collected after water main repairs, and it took up to 40 days after the
repairs for the levels to decrease below the standard of 0.01 pg/L. The authors found that PAH
levels were not correlated with turbidity or with flushing velocities.

In the laboratory experiments conducted by Maier et al. (2000), stainless steel coupons
coated with coal tar were exposed to drinking water for 4-32 weeks. The coal tar surface
represented the substrate for the growth of biofilm. These coupons were subsequently studied in
batch experiments to investigate the rate of leaching over 24 hours under various conditions. The
authors found that biofilm had a protective effect and that significantly lower levels of PAH
leaching were observed when biofilm was present on the coupons. Based on their findings, the
authors recommended strategies for reducing the concentration of PAHSs, including BaP, in
drinking water originating from the distribution system. Maintaining disinfectant doses within the
range required for their application, avoiding water hammer and changes in the hydraulic regime
and reducing residence time/stagnation of water in the distribution system will help keep PAH
concentrations from increasing. Distribution system flushing should be conducted in a systematic
way to ensure that all particles are removed (Vreeburg, 2010). This is supported by the findings of
Maier et al. (2000) and Blokker et al. (2013) on the presence of particulates containing PAHs
during disturbances and flushing.

Materials currently used in the distribution system that meet NSF International/American
National Standards Institute (NSF/ANSI) Standard 61 (NSF/ANSI, 2013) would be expected to
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leach very small amounts of BaP into drinking water. In order for drinking water materials to be
certified to this standard, they cannot leach more than 0.02 ug/L BaP into water. This acceptance
criterion is the single product allowable concentration, which is derived using the contaminant
regulatory values from the U.S. EPA (one tenth of the regulatory value of 0.2 ug/L) (NSF/ANSI,
2013).

7.2 Residential scale

It is not generally recommended that residential drinking water treatment devices be used
to provide additional treatment to municipally treated water. However, the migration of BaP from
distribution system pipes lined with coal tar coatings was reported to be a possible source of BaP
in drinking water distribution systems. In such cases, as well as where an individual household
obtains its drinking water from a well, a private residential drinking water treatment device may
be an option for reducing BaP concentrations in 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/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 (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, 2015):

e CSA International (www.csa-international.org);

e NSF International (www.nsf.org);

e Water Quality Association (www.wqa.org);

e Underwriters Laboratories Inc. (www.ul.com);

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

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

An up-to-date list of accredited certification organizations can be obtained from the SCC
(2015).

There is little information in the published literature regarding the effectiveness of GAC
treatment technology at the residential scale, and no certified residential treatment devices are
currently available for the removal of BaP in drinking water. Carbon filters may be installed at the
faucet (point of use) or at the location where water enters the home (point of entry). Some point-
of-entry or point-of-use treatment technologies such as activated carbon may remove BaP from
the drinking water below the MAC. No drinking water treatment device is certified specifically
for BaP removal at this time, as BaP is not currently included in any of the NSF/ANSI drinking
water treatment unit standards.

Before a treatment device is installed, the water should be tested to determine general
water chemistry and to verify the concentration of BaP. Periodic testing by an accredited
laboratory should be conducted on both the water entering the treatment device and the finished
water to verify that the treatment device is effective. Products that use adsorption technology can
lose removal capacity through usage and time and need to be maintained and/or replaced.
Consumers should verify the expected longevity of the adsorption media in their treatment device
as per the manufacturer’s recommendations and service it when required.
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8.0 Kinetics and metabolism

8.1  Absorption

In rats, fecal analysis revealed that oral administration of BaP at doses above 250 mg/kg
bw per day through food resulted in approximately 60% BaP uptake (Chang, 1943). Absorption
of BaP from the gastrointestinal tract, as assessed through BaP fluorescence in the walls of the
glandular stomach of mice and cats, appears to be facilitated by its solubilization by bile salts
(Ermala et al., 1951). The oral bioavailability of BaP in rats has been estimated to be 10% (Foth et
al., 1988) or 40% (Ramesh et al., 2001b), depending on the BaP dose administered (3 pg/kg bw or
100 mg/kg bw, respectively). Discrepancies in the amount of bioavailable BaP may be due to the
higher doses of BaP employed in the latter study, which may impair extraction of BaP by
gastrointestinal fluids (Ramesh et al., 2001b). BaP absorption following oral administration is also
influenced by the oil and fat content of the gastrointestinal tract (ATSDR, 1995) and is enhanced
by solvents containing both hydrophilic and hydrophobic constituents (Ekwall et al., 1951). This
non-linear relationship between dose and bioavailability of BaP, as well as differences in the
vehicle employed, will affect the absorption of BaP following oral exposure.

Approximately 90% of inhaled radioactively labelled BaP was cleared from the lungs of
Fischer 344 rats within 30 minutes (Sun et al., 1982). Inhalation of BaP by laboratory animals can
lead to rapid absorption from the lungs into the systemic circulation. Maximal BaP concentrations
in plasma were achieved 1 hour after nose-only inhalational exposure of rats to BaP—carbon black
aerosol (0, 0.1, 1.0 and 2.5 mg/m?® for 4 hours); only trace amounts were detectable 5 hours later
(Ramesh et al., 2001a). Similarly, following intratracheal instillation of *H-labelled BaP dissolved
in triethylene glycol at a dose of 1 pg/kg bw in rats, approximately 40% of the BaP was cleared
from the lungs within 5 minutes of exposure; only about 5% of the initial dose remained 6 hours
later (Weyand and Bevan, 1986). Thus, BaP is rapidly absorbed following inhalation. As has been
observed following oral administration, vehicle is an important factor governing the absorption of
BaP following inhalation exposure; this includes whether the BaP is associated with particles and
the size of the particles (Creasia et al., 1976).

In vitro dermal exposure to BaP using skin samples of mice, rats, rabbits, guinea pigs,
marmosets and humans results in absorption levels ranging from 0.1% to 10%. Induction of drug-
metabolizing enzymes in the skin increases the permeation of topically applied BaP, suggesting
that BaP metabolism is important for its dermal absorption (Kao et al., 1985). The vehicle in
which BaP is delivered is another important factor in determining the dermal absorption of BaP;
in rhesus monkeys, BaP absorption was 51 + 22% when applied in acetone and 13.2 + 3.4% when
applied in soil (Wester et al., 1990). In vitro experiments with the skin of cadavers mounted over
human serum receptor fluid showed that approximately 1.4% of the total dose applied permeated
the skin and 0.01% entered the serum receptor fluid when BaP was applied in soil; when acetone
was used as the vehicle, approximately 24% and 0.1% of the total applied dose were detected in
the skin and serum, respectively (Wester et al., 1990).

8.2 Distribution

Oral administration of BaP can lead to rapid distribution to blood, liver and other organs.
For example, rats given an oral BaP dose of 100 mg/kg bw exhibited the highest amount of BaP
in serum (~67% of the total, unmetabolized dose) 8 hours post-exposure. Liver showed a biphasic
pattern of BaP retention, with peaks at approximately 10% of the total metabolized dose 2 and 24
hours after exposure (Ramesh et al., 2001b). Similarly, BaP was distributed rapidly to the
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circulation in orally exposed rats, exhibiting measurable levels within 1 hour of administration
(Ramesh et al., 2002).

Experimental animals exposed to BaP by inhalation exhibited elevated BaP levels in the
lungs shortly after exposure, followed by distribution to various organs via the systemic
circulation. Following intratracheal instillation of radiolabelled BaP in rats, the majority of the
administered dose was distributed in the lungs (59.5%), carcass (14.4%) and liver (12.5%) within
5 minutes of the initial exposure. Six hours following exposure, the intestine contained the
majority of BaP (45% in the contents and 15% in the tissue), followed by the carcass (21.5%),
stomach (5.8%), lungs (5.2%), liver (4.6%) and kidneys (2.0%). Blood contained about 4% of the
total dose in the first 15 minutes and approximately 1-2% at 0.5-6 hours post-exposure (Weyand
and Bevan, 1986). The nature of the vehicle (i.e., whether BaP was administered adhered to
particles or in its vaporized form) was an important factor in the distribution of BaP following
inhalation (Creasia et al., 1976).

Following topical application of *H-labelled BaP at a dose of 50 mg/kg bw in mice, BaP
was detected primarily in skin, with negligible amounts also found in the liver, lungs and stomach
(Carlson et al., 1986). Moreover, BaP was detected in the urine and white blood cells of patients
topically treated with coal tar ointment (Godschalk et al., 1998). Approximately 13-51% of
administered BaP, depending on the vehicle used, penetrated the skin of rhesus monkeys, and 1-
24% penetrated human skin (Wester et al., 1990). These findings suggest that BaP can penetrate,
but mostly remains within, skin.

The systemic distribution of BaP following intravenous exposure has been examined. Five
minutes following exposure of rats to **C-labelled BaP at a dose of 15 mg/kg bw, the lungs
contained the highest amount of radioactivity, followed by liver, heart, kidney, blood, brain,
spleen, testes and adipose tissue (Moir et al., 1998). A more recent study (Marie et al., 2010)
confirmed BaP distribution to various organs and tissues in rats following intravenous
administration. Two hours after administration, the largest proportion of the administered BaP
was found in the lungs (17.0%), followed by skin (7.6%), adipose tissue (2.5%), liver (2.3%) and
kidney (0.5%).

Increased levels of BaP have also been found in rat fetuses following oral administration
of BaP in corn oil to pregnant dams. The highest BaP concentration in fetal tissues was detected
2-3 hours after administration of 200 mg/kg bw to dams, with about 1.5% of the total dose
distributed to the fetus (Shendrikova and Aleksandrov, 1974). Another study determined that
transplacental transfer of BaP occurs upon maternal BaP inhalation, with metabolites being
present in rat pups up to 15 days after their gestational exposure (Wu et al., 2003).

8.3  Metabolism

The metabolism of BaP has been well studied and was reviewed by IARC (2010). The
aryl hydrocarbon receptor (AhR) is the principal transcription factor governing the activation of
phase | and phase 1l enzymes. After BaP binds to the AhR, the BaP-AhR complex translocates to
the nucleus of the cell, where it dimerizes with the AhR nuclear translocator protein and binds to
the promoters of genes containing AhR response elements, thus activating enzyme production
(Michaelson et al., 2011). As such, BaP induces its own metabolism by acting as both an inducer
and a substrate of metabolic enzymes.

In phase | metabolism, BaP is converted to an epoxide primarily by cytochrome P450
(CYP) enzymes (CYP1Al and CYP1B1), but also by other enzymes, including prostaglandin
synthase (Trush et al., 1982). BaP epoxides undergo hydration by epoxide hydrolase to form
diols. Aldo-keto reductases convert BaP diols to catechols (Lan et al., 2004). Secondary
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epoxidation by CYPs yields diol epoxides. BaP-7,8-diol-9,10-epoxide (BPDE) is the most
mutagenic and well-studied BaP diol epoxide, forming covalent adducts with deoxyribonucleic
acid (DNA) at the N? position of deoxyguanosine (Fang et al., 2001). Alternatively, CYPs can
also catalyze one-electron oxidation of BaP to form a BaP radical cation (Cavalieri and Rogan,
1992). These metabolites are direct genotoxic compounds that form unstable adducts with purinic
bases (Straif et al., 2005). In addition, CYPs can undergo uncoupling of their catalytic reactions,
leading to the production of superoxide (-O, ) and other reactive oxygen species, including
hydrogen peroxide and hydroxyl radicals (Shertzer et al., 2004).

During phase 1l metabolism, BaP metabolites are conjugated with hydrophilic moieties
(glutathione, glucuronic acid or sulphate) to enhance their solubility in water, thus allowing
urinary and fecal excretion (Garg et al., 2008; Meinl et al., 2008; Bock and Bock-Hennig, 2010).
Phase Il metabolism enzymes include glutathione S-transferases, uridine diphosphate—
glucuronosyl transferases and sulphotransferases.

It should be noted that male and female rats appear to metabolize BaP differently;
significantly lower amounts of metabolites were detected in feces and urine of females relative to
males following oral exposure (Van de Wiel et al., 1993) though it is not know if such sex-
specific differences occur in other species. 3-Hydroxybenzo[a]pyrene is the predominant
metabolite detected in the feces and urine of rats, constituting approximately 6-12% of the total
BaP administered orally (Van de Wiel et al., 1993).

8.4 Excretion

Following ingestion of BaP, fecal excretion has been reported to account for 60—-80% of
elimination in rats (Foth et al., 1988; VVan de Wiel et al., 1993). In comparison, the urinary route is
a relatively minor contributor to BaP excretion, accounting for less than 1% of excretion after oral
exposure. In rats treated with BaP by intraduodenal infusion, the intestine absorbed about 40% of
the compound, and the liver contributed to 40% of the first-pass extraction. Approximately 10%
of this original dose is thought to undergo pulmonary extraction (Foth et al., 1988).

Excretion following the inhalation route of exposure is primarily through feces, with some
excretion in urine. Nose only inhalation in rats of 4.8 mg/m3 radioactively labelled BaP (single or
over 4 weeks) resulted in approximately 96% excretion through feces (Wolff et al., 1989).

BaP is not readily internalized following dermal exposure, and thus excretion is not
applicable.

8.5  PBPK models

The currently available physiologically based pharmacokinetic (PBPK) models are not
adequately developed to describe the series of animal experiments studying the pharmacokinetics
of BaP. Only one publication (Crowell et al., 2011) presents a PBPK model to describe available
time series data from the scientific literature on BaP in rats and mice. However, this preliminary
PBPK model fails to use appropriate physiological values. In particular, the cardiac output in the
model does not match the reference values cited by Brown et al. (1997). The blood flow values in
Crowell et al. (2011) are 10-100 times lower than the actual values referred to in Brown et al.
(1997). Even after correcting the blood flow values, the PBPK model predictions are not
consistent with data presented and validated in Crowell et al. (2011). This inconsistency makes it
difficult to confirm the model structure and pharmacokinetic processes suggested by this work.

A publication by Haddad et al. (1998) describes a PBPK model for the pharmacokinetics
of pyrene, another PAH. However, extrapolation of that PBPK model to BaP yielded inconsistent
results because of the uncertainty related to the tissue binding constants used in the model. A
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publication by Heredia-Ortiz et al. (2011) presented a toxicokinetic compartmental model to
describe the pharmacokinetics of BaP in rats. Although the model is consistent with experimental
data on rats, it uses rate constants instead of physiological parameters. These rate constants are
consistent with the fitted data only and cannot be extrapolated to other species, such as humans
and mice, or to dose conditions beyond those observed in the study.

Further research on pharmacokinetic parameters such as blood to tissue partitioning and
model development using data on the pharmacokinetics of BaP from the available literature will
be needed to properly relate the BaP exposure dose to internal dose metrics.

9.0 Health effects

9.1 Effects in humans
9.1.1 Acute toxicity
No data relating to acute toxicity were identified in humans.

9.1.2 Subchronic and chronic toxicity and carcinogenicity

The epidemiological data for BaP are limited to co-exposures to other substances,
including other PAHSs. Oral exposure was examined primarily via consumption of charred meats,
whereas exposure via inhalation was assessed through occupational exposures in coke oven,
aluminum and iron and steel workers as well as in smokers. In each case, BaP exposure occurred
as part of a mixture. Thus, it is not possible to draw firm conclusions regarding the
carcinogenicity of BaP or other chronic effects specific to BaP exposure in humans. Although no
conclusions can be drawn from a single study, it should be noted that the majority of studies
suggested a positive association between BaP exposure by both ingestion and inhalation and
cancer in humans.

9.1.2.1 Tumorigenesis and carcinogenesis

Increased incidences of tumours and cancers were the most common correlate of BaP
exposure in humans. Exposure through diet was associated with colorectal cancers and adenoma
(Butler et al., 2003; Gunter et al., 2005; Sinha et al., 2005a, 2005b; Ferrucci et al., 2012),
pancreatic cancer (Anderson et al., 2005; Li et al., 2007) and lung cancer (Tram et al., 2009).
Other studies that have investigated the association of oral BaP exposure with prostate cancer,
non-Hodgkin’s lymphoma, breast cancer and esophageal cancer have reported negative or
inconclusive findings (Cross et al., 2005, 2006; Hakami et al., 2008; Fu et al., 2011). The lowest
BaP doses at which effects were observed following oral exposure were reported in a study by
Anderson et al. (2005). This study investigated heterocyclic amine and BaP intakes in 193 cases
of pancreatic cancer and 674 controls according to usual meat intake and meat preparation
methods. An increase in cancer incidence was observed, as shown by odds ratios of 2.0 (95%
confidence interval [CI] 1.1-3.7) and 2.2 (95% CI 1.2-4.0), which were reported for estimated
median BaP doses of 10.4 and 53.7 ng/day, respectively. It should be noted that studies of meat
intake involve exposure to various mutagenic and carcinogenic compounds and that BaP
concentration estimates are based on recall of past meat consumption, which can lead to biased
results. As such, it is difficult to interpret the results of the aforementioned studies because of the
lack of precise information on ingested doses.

Studies have also associated BaP inhalation with carcinogenic outcomes. Smokers and
occupationally exposed workers were reported to have increased levels of BPDE-DNA adducts,
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which are specific to BaP exposure (Haugen et al., 1986; Perera et al., 1988; Hemminki et al.,
1990; Izzotti et al., 1991; De Flora et al., 1993; Mumford et al., 1993; Pan et al., 1998). The
primary carcinogenic effects observed with occupational exposures involving BaP were related to
lung cancer (Armstrong et al., 1994; Friesen et al., 2007; Armstrong and Gibbs, 2009; De Stefani
et al., 2009). A lung cancer odds ratio of 1.6 (95% CI 1.2-2.3) was associated with cumulative
BaP exposure levels of 0.85-1.96 pg/m®-year in a Chinese iron-steel complex, although co-
exposure to other PAHs and dust also occurred (Xu et al., 1996). Bladder cancer incidences were
also estimated to increase by 2.3% per pg/m®-year assuming a 10-year latency period in
aluminum smelter workers exposed to BaP and benzene-soluble matter (Armstrong et al., 1986).

Thus, there is some evidence suggesting that BaP exposure is associated with excess
cancer risk.

9.1.3 Reproductive and developmental toxicity

There is some information that suggests an association between exposure to PAHs and
adverse reproductive and developmental effects. One study examined dietary exposure to BaP,
among other PAHS, during pregnancy and reported a significant association with reductions in
birth weight and length. However, these effects were significant only in women with low dietary
intake of vitamin C (Duarte-Salles et al., 2012). Studies of inhalation exposure in pregnant
women near a coal-fired power plant and near fires that occurred at the World Trade Center have
associated cord blood BaP-DNA adducts with reduced fetal weight (Perera et al., 2005; Tang et
al., 2006), whereas no significant effects on birth outcome were noted in a study of inner-city
minorities exposed to BaP and other PAHSs (Perera et al., 2004).

9.2 Effects on experimental animals
There is a large database of information on animal responses to BaP. As such, primarily
studies with adequate dose—response information are reported below.

9.2.1 Acute toxicity

Little information regarding acute toxicity in animals was available. The acute oral
toxicity of BaP is considered to be fairly low, with a median lethal dose (LDsg) in excess of 1600
mg/kg bw in mice (Awogi and Sato, 1989). Intraperitoneal injection of BaP in mice resulted in an
LDs, of 232 mg/kg bw (Salamone, 1981). In rats, subcutaneous injection resulted in an LDs, of 50
mg/kg bw (RTECS, 1994).

9.2.2 Short-term exposure
9.2.2.1 Renal and hepatic toxicity

Increased liver weights were observed in male and female rats gavaged with BaP at a dose
of 30 mg/kg bw per day in both sexes as well as 10 mg/kg bw in males (5 days/week, for 90 days)
(Kroese et al., 2001) and in male rats exposed to 90 mg/kg bw per day (5 days/week, for 35
weeks) (De Jong et al., 1999). A broad dose-response study was performed on male and female
F344 rats given BaP in their diets at a dose of 0, 5, 50 or 100 mg/kg bw per day for 90 days. A
significant increase in the liver to body weight ratio was observed in the high-dose males (100
mg/kg bw per day), but not in females at any dose (Knuckles et al., 2001).

In a study in which male and female F344 rats were given BaP in their diet at 0, 5, 50 or
100 mg/kg bw per day for 90 days, an increase in tubular casts in the kidneys of males was
observed at the middle and high doses, but no effects were observed in females at any dose
(Knuckles et al., 2001).
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Thus, the overall evidence for an impact of BaP on hepatic and renal function is limited.

9.2.2.2 Cardiovascular toxicity

Two studies have examined susceptibility to atherosclerosis following exposure to BaP.
An increase in mean atherosclerotic lesion size in the aortic tree and root was observed in
atherosclerosis-prone (apoliprotein E [ApoE]-null) mice gavaged with BaP at a dose of 2.5 mg/kg
bw per week for 24 weeks compared with olive oil controls (Yang et al., 2009). Atherosclerosis
was also observed in ApoE-null mice gavaged with BaP at 5 mg/kg bw twice in 1 week compared
with tricaprylin controls (Knaapen et al., 2007).

Additional cardiovascular effects observed included increased heart weight and markers of
hypertrophy. Increases in heart to body weight ratio and markers of hypertrophy were observed in
Sprague-Dawley rats injected intraperitoneally with BaP at 20 mg/kg bw per day for 7 days
compared with corn oil controls (Aboutabl et al., 2009, 2011). Adverse cardiovascular effects of
BaP may also be transmitted to progeny. One study suggests that in utero exposure to BaP at 0.6
or 1.2 mg/kg bw on embryonic days 14-17 (through gavage of pregnant Long-Evans hooded rats)
predisposes offspring to functional deficits in cardiovascular development and cardiac
dysfunction later in life (Jules et al., 2012).

9.2.2.3 Neurotoxicity

The primary neurological effects observed following BaP exposure pertain to impaired
spatial learning and memory. Xia et al. (2011) dosed Sprague-Dawley rats with BaP (0, 1.0, 2.5 or
6.25 mg/kg bw per day) daily by intraperitoneal injection for 13 weeks and then subjected the
animals to testing in the Morris water maze. Delayed performance of BaP-treated rats was evident
at 2.5 mg/kg bw per day, with no significant effects found at the 1.0 mg/kg bw per day dose. This
study further demonstrated that various other endpoints, including neurotransmitter levels and
oxidative stress parameters in the hippocampus, were also sensitive to BaP, even at the lowest
dose. Other neurobehavioural effects reported following BaP exposure included aggressive
behaviour and increased sexual activity (Bouayed et al., 2012), reduced anxiety (Grova et al.,
2008; Bouayed et al., 2012) and impaired motor activity (Saunders et al., 2006).

9.2.2.4 Immunotoxicity

Exposure to BaP through various routes has been associated with immunosuppression, as
shown by reductions in antibody production and thymus weight, inhibited lymphocytic responses
and other immunological alterations.

Thymus weight was reduced with a dose—response trend in rats exposed by oral gavage
following a 3-month exposure, with significant findings occurring at BaP doses exceeding 15
g/kg bw in males and 50 g/kg bw in females (Kroese et al., 2001). Reductions in antibody
production have been demonstrated in several studies. Adult B6C3F1 mice exposed to 10 daily
subcutaneous injections of BaP in corn oil (0, 50, 200 or 400 mg/kg bw) over 14 days exhibited a
reduced number of antibody plaque-forming cells, even at the lowest exposure dose (Dean et al.,
1983). Reductions in antibody production at low BaP doses were further demonstrated in female
B6C3F1 mice exposed to BaP in corn oil at 0, 5, 20 or 40 mg/kg bw by subcutaneous injection.
Again, changes in antibody production were apparent at the lowest exposure dose (White and
Holsapple, 1984). Furthermore, in utero BaP exposure by intraperitoneal injection of 150 mg/kg
bw per day to pregnant mice from gestational days 11 to 17 also resulted in immunosuppression,
as measured by a reduced ability to produce plaque-forming cells in offspring at 18 months of age
(Urso and Gengozian, 1984).
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Inhibition of lymphocytic responses has also been noted following BaP exposure. Eight-
week-old C57 and C3H mice exposed to BaP by intraperitoneal injection (0, 0.5, 5 or 50 mg/kg
bw) exhibited inhibited lymphocyte binding at the two highest doses (Wojdani and Alfred, 1984).
In utero exposure of pregnant mice to BaP at 150 mg/kg bw per day by intraperitoneal injection
from gestation days 11 to 17 also resulted in a reduced ability of lymphocytes to undergo a mixed
lymphocytic response in offspring at 18 months of age (Urso and Gengozian, 1984).

Other immunotoxicities included effects on the thymus and immunological cells other
than lymphocytes. In a study by De Jong et al. (1999), Wistar rats were orally exposed to BaP (0,
3, 10, 30 or 90 mg/kg bw per day) for 35 days. At all but the lowest dose, rats exhibited a reduced
number of red blood cells, reduced numbers of B cells in the spleen and decreased thymus
weights, which are all indicative of immunotoxicity. Wistar rats fed BaP at a dose of 150 mg/kg
bw per day for 30 days also had reduced bone marrow and spleen cell numbers (Fischer et al.,
2011).

9.2.3 Long-term exposure and carcinogenicity

BaP is classified by the International Agency for Research on Cancer (IARC, 2012) as
carcinogenic to humans (Group 1), based on sufficient evidence in animals and strong evidence
that the cancer mechanisms observed in animals also apply to humans. All routes of exposure
were shown to cause local and systemic carcinogenic effects. Evidence of carcinogenesis in
animals is presented according to tumour site below.

9.2.3.1 Digestive tract tumours

The most sensitive site for tumour formation following oral exposure was the
forestomach. Female A/J mice (30 per dose) fed a diet containing BaP at a concentration of 0, 16
or 98 mg/kg (total dose 0, 11 and 67 mg) for 260 days developed forestomach tumours at all
exposure doses (Weyand et al., 1995). In another study, female B6C3F1 mice (48 per dose) fed a
diet containing BaP at 0, 5, 25 or 100 mg/kg (corresponding to approximately 0, 0.7, 3.3 and 13.0
mg/kg bw per day) for 2 years developed forestomach tumours at 25 and 100 mg/kg diet and
esophageal tumours at 100 mg/kg diet. Combined incidences of forestomach papilloma and
carcinoma were 1/48, 3/47, 36/46 and 46/47 for mice exposed to 0, 5, 25 and 100 mg/kg diet,
respectively. Tongue tumours were also observed at the highest dose. Similar tumour potency was
noted for pure BaP and a complex coal tar mixture containing the same amount of BaP (Culp et
al., 1998). In another study, male and female CFW mice fed a diet containing BaP at 0, 1, 10, 20,
30, 40, 45, 50, 100 or 250 mg/kg (corresponding to approximately 0, 0.1, 1.3, 2.6, 3.9, 5.2, 5.9,
6.5, 13.0 and 32.5 mg/kg bw per day) developed papillomas and squamous cell carcinomas of the
forestomach in all dose groups above 40 mg/kg diet relative to controls, with a dose—response
trend. However, the groups in this study combined animals of both sexes and of various ages, and
varying exposure durations were used, thus making interpretation of the results difficult (Neal and
Rigdon, 1967). In another chronic study, male and female Wistar rats (52 of each sex per dose)
were administered BaP by gavage at a dose of 0, 3, 10 or 30 mg/kg bw per day, 5 days/week, for
104 weeks. Here, males were more sensitive to forestomach tumours than females, as shown by
tumour occurrence at 3 mg/kg bw per day in males and 10 mg/kg bw per day in females.
Combined incidences of forestomach papilloma and carcinoma were 0/52, 7/52, 18/52 and 17/52
in males and 1/52, 6/51, 30/51 and 50/52 in females for the 0, 3, 10 and 30 mg/kg bw per day
doses, respectively (Wester et al., 2012). In one lifetime study of rats, administration of BaP by
gavage at 0.15 mg/kg bw either 5 days/week or every 3rd and 9th days caused an increase in
forestomach tumours. However, administration of the same dose through diet instead of by
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gavage (0.15 mg/kg bw 5 times per week or every 9 days) did not cause a significant increase in
forestomach tumours (Brune et al., 1981).

In another ingestion study, female B6C3F1 mice (48 per dose) fed a diet containing BaP at
0, 5, 25 or 100 mg/kg bw for 2 years developed tumours of the tongue at the highest dose (Culp et
al., 1998). Tumours of the digestive tract were also noted after inhalation exposures. Male
hamsters (24 per group) were administered BaP via inhalation (0, 2.2, 9.5 or 46.5 mg/m°) 4.5
hours/day for 10 weeks and then 3 hours/day for the rest of their lifetimes (total average dose of 0,
29, 127 and 383 mg BaP per animal). Hamsters treated with the two highest doses showed an
increased incidence of papillomas and squamous cell carcinomas in the upper digestive tract at
doses as low as 9.5 mg/m? (Thyssen et al., 1981).

9.2.3.2 Liver tumours

Exposure of male and female Wistar rats (52 of each sex per dose) to BaP by oral gavage
at a dose of 0, 3, 10 or 30 mg/kg bw per day, 5 days/week, for 104 weeks caused tumours in the
livers of both males and females at the two highest doses (Wester et al., 2012).

9.2.3.3 Respiratory tract tumours

Respiratory tract tumours were observed following both oral and inhalation administration
of BaP. Female A/J mice (30 per dose) fed a diet containing BaP at 0, 16 or 98 mg/kg (total dose
0, 11 and 67 mg) for 260 days developed lung tumours at all doses (Weyand et al., 1995). In an
inhalation study, male hamsters (24 per group) were dosed with BaP at 0, 2.2, 9.5 or 46.5 mg/m?®
for 4.5 hours/day over 10 weeks and then for 3 hours/day for the rest of their lifetimes (total
average doses of 0, 29, 127 and 383 mg BaP per animal). Hamsters treated with the two highest
doses showed an increased incidence of papillomas and squamous cell carcinomas in the upper
respiratory tract (Thyssen et al., 1981).

9.2.3.4 Skin tumours

Dermal application of BaP also resulted in tumour formation in rodents. Mice are
especially sensitive and exhibit benign (squamous cell papillomas and keratoacanthomas) and
malignant (primarily squamous cell carcinomas) tumours when BaP is applied to the skin for an
extended period of time (Poel, 1959, 1963; Roe et al., 1970; Habs et al., 1980, 1984; Sivak et al.,
1997). The lowest dose at which dermal tumours were observed was in a study of C3H/HeJ mice.
Mice exposed to BaP at levels of 0.5 and 5.0 pg in cyclohexanone/acetone to shaved dorsal skin
twice per week developed skin tumours at rates of 20% (5/30) and 90% (27/30), respectively
(Sivak et al., 1997). Skin tumour development was also shown in studies of acute dermal
exposure to BaP followed by repeated exposures to tumour promoters (Hoffmann et al., 1972;
Slaga et al., 1978, 1980; Wood et al., 1980; Cavalieri et al., 1981, 1991; EI-Bayoumy et al., 1982;
LaVoie et al., 1982; Weyand et al., 1992).

9.2.3.5 Other tumours

Mammary gland tumours have also been observed upon ingestion of BaP. Rats gavaged
with 50 pumol BaP once per week for 8 weeks exhibited increased numbers of mammary gland
adenocarcinomas. However, the lowest dose at which this effect can occur is not known (EI-
Bayoumy et al., 1995).
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9.2.4 Genotoxicity

BaP has consistently been shown to cause point mutations in vitro in Salmonella
typhimurium and chromosome damage in mammalian cells, including human cells, upon
metabolic activation. For these reasons, BaP is often used as a positive control for assays on other
compounds. The 2010 IARC monograph reviewed all of the in vivo cases of BaP-DNA adducts
in mouse skin after topical treatment and in internal organs and blood lymphocytes following oral,
inhalation and intraperitoneal administration of BaP (IARC, 2010). Of all the in vivo studies
reviewed, the one by Garner et al. (1985) administered the lowest dose that caused adducts. In this
study, male Wistar rats were given a single dose of BaP (2 mg/kg bw) by intraperitoneal injection,
and DNA adducts were measured in lungs and liver. Because of the extensive evidence of BaP
genotoxicity, in vivo findings are the focus here.

Various studies have demonstrated that BaP induces mutations. BaP induced three types
of Ki-ras codon 12 mutations in lung adenomas of A/J mice: GGT—TGT (56.3%), GGT—GTT
(25%) and GGT—GAT (19%) (Mass et al., 1993). BaP also induced codon 13 (DiGiovanni et al.,
1993) and codon 61 (Chakravarti et al., 1995) mutations in c-Ha-ras in Sencar mouse skin
papillomas. BaP caused mutations in murine embryonic fibroblasts from human TP53 knock-in
(Hupki) mice that were similar to those found in smoking-related lung cancers in humans (Liu et
al., 2005). Male Muta™Mouse mice exposed to BaP at 25, 50 or 75 mg/kg bw per day for 28
days and sacrificed 3 days after the final exposure had increased lacZ transgene mutant
frequencies in the lungs (Labib et al., 2012), liver, glandular stomach, small intestine and bone
marrow (Lemieux et al., 2011) at all doses. A dose-dependent increase in mutant Pig-a
phenotypes was also observed in these mice (Lemieux et al., 2011; Labib et al., 2012). A meta-
analysis of historical in vivo genotoxicity studies used the benchmark dose (BMD) approach to
calculate the dose representing a specified 10% change in effect in exposed animals compared
with controls (BMD;) from dose-response transgenic rodent mutation assay data. BMD;, values
as low as 2.08 mg/kg bw were observed for mutations (Hernandez et al., 2011).

Exposure to BaP was also shown to increase the frequency of micronuclei. Awogi and
Sato (1989) exposed male MS/Ae mice to single BaP doses of 62.5, 125, 250 or 500 mg/kg bw by
intraperitoneal injection and measured bone marrow micronucleus frequencies. Increased
micronuclei were found for all of the doses tested except the lowest. In another study, male
HRA/SKh mice were topically exposed to 0.5, 5, 50, 100 or 500 pg BaP alongside controls with a
24-hour post-treatment sampling time. Increased numbers of micronuclei were found at all of the
doses in the cultured keratinocytes (He and Baker, 1991). Muta™Mouse males exposed to BaP at
25, 50 or 75 mg/kg bw per day for 28 days by oral gavage and sacrificed 3 days after the final
exposure had significant increases in the frequency of micronucleated reticulocytes and
normochromatic erythrocytes at all doses (Lemieux et al., 2011). A meta-analysis of historical in
vivo genotoxicity studies using the BMD approach to calculate a BMD,, from dose-response data
on micronucleus frequency in blood found a BMD;, of 1.28 mg/kg bw (Hernandez et al., 2011).

There is clear evidence that BaP induces other genotoxic effects, including DNA single-
and double-strand breaks, sister chromatid exchanges and chromosomal aberrations (ATSDR,
1995). For example, male and female Chinese hamsters given BaP by intraperitoneal injection at
450 mg/kg bw per day on 2 consecutive days exhibited a significant increase in the number of
bone marrow cell metaphases with chromosomal aberrations and sister chromatid exchanges
(Roszinsky-Kocher et al., 1979). Male DBA/2 mice given two BaP doses of either 10 or 100
mg/kg bw intragastrically experienced significant increases in the frequency of sister chromatid
exchanges in bone marrow cells at both doses, whereas male C57BL/6J mice exhibited only a
small effect at 100 mg/kg bw (Wielgosz et al., 1991). A single exposure to BaP at 62.5 mg/kg bw
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intragastrically in adult Brown Norway rats did not cause induction of unscheduled DNA
synthesis. However, a significant increase in DNA single-strand breaks relative to controls was
observed (Mullaart et al., 1989).

9.2.5 Reproductive and developmental toxicity
9.2.5.1 Reproductive toxicity

Effects on fertility have been observed in experimental animals of both sexes. In male
Sprague-Dawley rats, exposure to BaP by oral gavage at 1 or 5 mg/kg bw per day for 90 days
caused decreases in testosterone and changes in testicular macrophages in comparison with
control animals (Zheng et al., 2010). Various effects were observed in male Swiss albino rats
exposed orally to BaP at 50 mg/kg bw per day for 10 days (Arafa et al., 2009) and in male
Sprague-Dawley rats exposed orally to BaP at 5 mg/kg bw per day for 12 weeks (Chen et al.,
2011), including decreases in sperm count, increases in the number of abnormal sperm and
changes in testosterone and testicular enzyme levels. Ovotoxicity has also been found in adult
rodents exposed to BaP. For example, production of the sex hormone 17p-estradiol was
suppressed in female rats following intragastric exposure to BaP at 5 or 10 mg/kg bw on
alternating days for 60 days (Xu et al., 2010).

Experimental animals that were exposed to BaP in utero also exhibited adverse
reproductive effects in their adult life. In one study, reproductive effects observed in offspring
were seen at lower doses than in the directly exposed adults. Decreases in pregnancy and litter
viability in CD-1 mice were observed at a BaP dose of 160 mg/kg bw per day, whereas
gestational exposure to BaP doses as low as 10 mg/kg bw per day on days 7-16 resulted in
decreased fertility in male offspring and marked effects on gonadal tissues, including atrophic
seminiferous tubules and increased numbers of interstitial cells in the testes of males, as well as
considerable reductions of ovarian tissue in female offspring. Further evidence of
transgenerational reproductive effects include ovotoxicity in offspring of NMRI mice treated with
BaP by gavage at 10 mg/kg bw per day on gestational days 7-16 (Kristensen et al., 1995) and
reduced testicular weight and sperm count in male mice after treatment with BaP at 2 or 10 mg/kg
bw per day on gestational days 7-16 (Nakamura et al., 2012).

Overall, these adverse reproductive effects were observed at BaP doses as low as 1 mg/kg
bw per day and 2 mg/kg bw per day in adults and offspring, respectively.

9.2.5.2 Developmental toxicity

Developmental toxicity included some evidence of reduced fetal survival and birth weight,
a predisposition to cancer in adulthood, neurodevelopmental effects, malformations as well as
immunotoxicity.

Reduced body weight 20 and 42 days after birth has been shown in the offspring of CD-1
mice treated with BaP at 40 or 160 mg/kg bw per day via oral gavage on days 7 through 16 of
gestation, but not at 10 mg/kg bw per day (Mackenzie and Angevine, 1981). Decreased fetal
survival resulting from resorptions and stillbirths as well as an increased incidence of fetal
malformations were found in mice exposed gestationally to BaP at 50-300 mg/kg bw via
intraperitoneal injection of their pregnant mothers (Shum et al., 1979). Pregnant rats that inhaled
BaP at a concentration of 25, 50 or 100 pg/m? for 4 hours/day over 10 days exhibited up to 70%
fetal resorptions (Wu et al., 2003).

Exposure to BaP during gestational development results in higher incidences of lung, liver
and ovarian cancers in adulthood (reviewed by U.S. EPA, 2007). The number of tumours for each
site was significantly increased even in unexposed F, to Fs generations derived from F; mice
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exposed in utero via subcutaneous injection, although only at a very high BaP dose of 150 mg/kg
bw per day (Urso and Gengozian, 1982, 1984; Turusov et al., 1990). An additional study notes
that oral exposure of pregnant rats to BaP at 0.6 and 1.2 mg/kg bw per day can predispose
offspring to cardiac dysfunction later in life (Jules et al., 2012).

Several studies have examined the effects of BaP on neurodevelopment in rodents.
Neurodevelopment has been examined in mice exposed through maternal milk of BaP-exposed
dams. Maternal exposure to 2 and 20 mg/kg bw during the first 14 days of lactation significantly
decreased reflexes in the pups and altered neuronal gene expression. Altered behaviour was
observed in the elevated plus maze test several days after the termination of exposure (Bouayed et
al., 2009). The study by Chen et al. (2012) is the most complete neurodevelopmental study, as it
employed a broader range of BaP concentrations (0, 0.02, 0.2 and 2 mg/kg bw per day) and
examined the consequences of exposure early in life on anxiety-like behaviour and spatial
learning into adulthood. BaP was administered by oral gavage to Sprague-Dawley rat neonates of
both sexes for 6 days from postnatal days 5 to 11, and neurodevelopment was assessed on various
days up to postnatal day 75 (early adulthood). Although few effects on developmental milestones
and sensory responses were observed in exposed juvenile rats, more apparent neurotoxicity was
found in young adult rats. In the elevated plus maze test (measure of anxiety-like behaviour),
significant anxiolytic-like effects were seen at doses as low as 0.2 mg/kg bw per day in males and
0.02 mg/kg bw per day in females. In the Morris maze test (swim maze to measure spatial
learning), effects were seen at doses of 0.2 mg/kg bw per day and higher in both male and female
rats. A lowest-observed-adverse-effect level (LOAEL) of 0.02 mg/kg bw per day, the lowest dose
tested, can be identified from this study. However, few other studies are available to support
neurodevelopmental effects, especially at such low doses of BaP.

Furthermore, in utero BaP exposure by intraperitoneal injection of 150 mg/kg bw per day
to pregnant mice from gestational days 11 to 17 also resulted in immunosuppression, as measured
by a reduced ability to produce plaque-forming cells as well as alterations in the function of
lymphocytes in offspring at 18 months of age (Urso and Gengozian, 1984).

9.3  Toxicogenomics

Numerous studies have used whole genome gene expression profiles (toxicogenomics) to
identify early molecular changes predictive of cancer and other effects. These analyses allow the
identification and quantification of cellular responses to chemical exposure by analysis of gene
expression activity. Most of these studies have been conducted in vitro using liver (Hockley et al.,
2006, 2009; Michaelson et al., 2011; Lizarraga et al., 2012), colon (de Waard et al., 2008;
Hockley et al., 2008), mammary (Gwinn et al., 2005; Keshava et al., 2005; Gwinn and Weston,
2008), lung epithelial (Hirano et al., 2013), prostate (Hruba et al., 2011), amnion (Lu et al., 2009,
2010) and oral epithelial (Li et al., 2008) cells. Some of these studies were done in untransformed
normal human cells and in cells relevant to the affected organs. These, along with in vivo studies
conducted in various tissues, were considered to be the most relevant and are therefore reported
below.

Two studies have investigated pulmonary and hepatic gene expression profiles of 5-week-
old male B6C3F1 mice (five per dose group) that received BaP in corn oil by oral gavage at a
concentration of 0 (corn oil alone), 5, 50, 150 or 300 mg/kg bw per day for 3 consecutive days
(Halappanavar et al., 2011; Yauk et al., 2011). Samples were collected for gene expression
analysis 4 or 24 hours after the last exposure. Hepatic gene expression analysis in mice exposed to
BaP at 150 or 300 mg/kg bw per day for 3 days revealed approximately 836 and 1541 genes,
respectively, that were altered relative to controls (either upregulated or downregulated with fold
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change [FC] differences > 1.5 and false discovery rate [FDR] adjusted p-value < 0.05). In the
lungs of these mice, 558 and 1267 genes were differentially expressed (FC > 1.5 and FDR p <
0.05) following 150 and 300 mg/kg bw per day BaP exposure compared with controls,
respectively. The overall gene expression response in the liver was consistent with the known
physiological function of the organ, including its primary role in the detoxification of xenobiotic
compounds. The pulmonary gene expression response to BaP included changes in biological
pathways involved in B cell receptor signalling, inflammation, DNA damage responses and
immunosuppression. Overall, these pathways indicate substantive changes in metabolism, DNA
repair and oxidative stress occurring in lung and liver following gavage exposure. All of the
aforementioned molecular pathways support the carcinogenic properties of BaP.

Three additional studies have investigated pulmonary, hepatic and forestomach gene
expression responses in adult (25-week-old) Muta™Mouse males (five per group) exposed to
BaP in olive oil by oral gavage at a concentration of 0, 25, 50 or 75 mg/kg bw per day for 28
consecutive days (Labib et al., 2012; Malik et al., 2012). Mice were sacrificed 72 hours after the
final exposure. Analyses revealed significant changes at the transcript levels (FC > 1.5 and FDR
p-value < 0.05) of 6, 7 and 121 genes in the livers, 20, 145 and 373 genes in the lungs and 9, 135
and 408 genes in the forestomachs of mice in the 25, 50 and 75 mg/kg bw per day exposure
groups, respectively. In the liver, the genes were primarily associated with biological processes
such as xenobiotic metabolism and p53 signalling indicative of DNA damage. In the lung, there
was also significant enrichment of p53 signalling and other cancer-related pathways. Although the
p53 signalling pathway was also perturbed in the forestomach, the most significantly enriched
processes were involved in antigen processing and presentation, immune response, chemotaxis
and keratinocyte differentiation, thus suggesting inflammatory, immune and DNA damage
responses. The results in the lung and liver are consistent with expected changes in gene
expression in response to a genotoxic carcinogen, whereas the forestomach data point to
additional mechanisms relevant to carcinogenesis.

Molecular pathways identified in vitro in treated human cells can provide insight on the
relevance of these responses in human tissues. For example, pathways involved in cell cycle
regulation, apoptosis/anti-apoptosis, chromatin assembly and oxidative stress were identified in
both breast and liver carcinoma cell lines (MCF-7 and HepG2 cells) at levels that induced
minimal cytotoxicity (Hockley et al., 2006). Untransformed human amnion cells treated with
BPDE also responded by changes in cell cycle regulation, growth and apoptosis (Lu et al., 2009,
2010). These findings support the human relevance of carcinogenic outcomes observed in
experimental animals.

9.4  Mode of action

Mode of action (MOA) analyses allow the identification of mechanisms leading to toxic
outcomes and their relevance to humans. As a result of the overwhelming evidence of tumour
formation in experimental animals and limited evidence of other toxic effects, the MOA analysis
was focused on tumour development. The predominant mechanism of tumour initiation is related
to BaP metabolite formation following binding to the AhR and is described below.

BaP metabolites have been consistently shown to be genotoxic and mutagenic in vivo and
in vitro, and exposure to BaP at environmentally relevant concentrations in experimental animals
leads to DNA strand breaks, DNA adducts and chromosomal aberrations (see Section 9.2.4). As
such, genotoxicity resulting from BaP metabolites is considered to be the primary MOA for BaP-
induced tumorigenesis. Binding of BaP to the AhR is the critical event leading to metabolite
formation. For this reason, mice devoid of AhR have been shown not to develop tumours
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following BaP exposure (Shimizu et al., 2000), although it should be noted that the presence of
other chemicals that can induce the specific metabolic enzymes noted below may in part
contribute to additional metabolism of BaP. BaP binding to the AhR also occurs in humans,
although binding affinity can vary greatly (Harper et al., 2002), thus affecting interindividual
sensitivity to exposure.

Binding to the AhR results in the induction of P450 enzymes, including CYP1A1 and
CYP1B1, which are responsible for metabolizing BaP to genotoxic carbon cations or epoxides
such as BPDE (Cavalieri and Rogan, 1995). The requirement of these enzymes for BaP
metabolism is supported by knockout studies in animals. For example, BaP blood levels in
CYP1Al-/—and CYP1Al-/— CYP1B1—/— knockout mice are 25- and 75-fold greater than in
control animals, respectively, and these mice are less sensitive to many BaP-related toxicities
(Uno et al., 2006). There is also clear evidence that BaP metabolism to reactive metabolites
occurs in humans. The BaP metabolite BaP-7,8-dihydrodiol, a precursor to the genotoxic
metabolite BPDE, is produced by the microsomes of human liver and lung donors (Shimada et al.,
1989). Similarly, 3-OH BaP is readily detectable in the urine of occupationally exposed humans
in various workplaces, including coking plants and graphite electrode production facilities
(Forster et al., 2008).

BaP metabolites, most notably BPDE, form covalent adducts directly with DNA, as well
as protein. As a parallel but secondary mechanism, reactive oxygen species produced as by-
products of BaP metabolism (from BaP catechol-quinone redox cycling) can also oxidize DNA
(Lan et al., 2004). Increased adduct formation leads to heritable changes in DNA, as observed by
mutations in various test systems (see Section 9.2.4) as well as in BaP-exposed non-smokers
(DeMarini et al., 2001). Thus, the evidence suggests that the genotoxicity of BaP metabolites is
the primary reason for tumorigenesis and carcinogenesis in experimental animals. The weight of
evidence is sufficiently strong to conclude that this MOA is relevant to humans, as also concluded
by IARC (2010).

10.0 Classification and assessment

10.1 Cancer risk assessment

The International Agency for Research on Cancer has classified BaP as carcinogenic to
humans (Group 1), based on sufficient evidence in animals and strong evidence that the
mechanisms of carcinogenesis observed in animals also operate in humans (IARC, 2010).
Carcinogenic outcomes in humans are supported by increased cancer risk in consumers of charred
meats, coke oven workers and smokers. Rodents chronically exposed to BaP develop both
tumours related to the point of entry as well as tumours related to systemic distribution of BaP.
Affected tissues include the forestomach, liver, esophagus, lung, tongue, larynx, oral cavity, skin
and mammary gland. MOA analyses and both in vivo and in vitro genotoxicity data implicate BaP
metabolites in the direct damage of DNA.

Two studies that evaluated tumour induction in mice and rats were considered in deriving
the health-based value (HBV) for BaP in drinking water (Culp et al., 1998; Wester et al., 2012).
Both studies were chronic in duration, tested for multiple doses and employed a sufficient number
of animals in each group. Furthermore, both studies were relevant to the oral route of exposure to
BaP. In female B6C3F1 mice, increased incidences of papillomas and carcinomas of the
forestomach, esophagus and larynx were found (Culp et al., 1998). In male and female Wistar
rats, increased incidences of forestomach, liver and oral cavity papillomas and carcinomas were
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found (Wester et al., 2012). All endpoints were considered in calculating the HBV. BMD
modelling was conducted using the software BMDS Version 2.2 (U.S. EPA, 2011) to estimate the
95% lower confidence limit on the BMD;o (BMDL,0) for each cancer endpoint. In both studies,
the forestomach was determined to be the most sensitive tissue. As humans do not have a
forestomach, the application of rodent forestomach tumour data for predicting cancer risk in
humans for a particular chemical should meet certain criteria, including a carcinogenic MOA and
induction of tumours at multiple sites and in various species (Proctor et al., 2007). BaP meets
these criteria because it acts through a genotoxic MOA, it causes tumours at multiple sites by oral
exposures in various species and in both sexes and its MOA in carcinogenesis is understood and
considered applicable to humans. The lowest BMDL,, identified from the two studies was 0.5389
mg/kg bw per day (Moffat et al., 2015), which was observed in female mice using the best fit
model (log logistic). This value was used as a point of departure for development of an HBV for
BaP.

Current PBPK models are not adequately developed for use in developing a drinking
water guideline (see Section 8.5), and information on interspecies toxicokinetic and
toxicodynamic differences necessary to apply chemical-specific adjustment factors was not
available. Thus, the point of departure was adjusted using allometric scaling, in order to more
properly represent human exposures:

Equivalent human dose 0.5389 mg/kg bw per day x (0.03 kg/70 kg)”

0.07758 mg/kg bw per day

where:

e 0.5389 mg/kg bw per day is the lowest BMDL, identified for forestomach tumours in
female mice (Culp et al., 1998; Moffat et al., 2015);
0.03 kg is the default average body weight of a mouse;
70 kg is the default average body weight of a human adult; and
(0.03 kg/70 kg)* is the allometric scaling factor to account for interspecies differences in
susceptibility to BaP.

The equivalent human dose was used to derive the cancer slope factor (CSF):

CSF

0.1/0.07758 mg/kg bw per day

1.2890 (mg/kg bw per day) *

where:
e 0.1isthe 10% benchmark response; and
e 0.07758 mg/kg bw per day is the equivalent human dose calculated above.

The dose associated with each lifetime risk is calculated by dividing the corresponding
lifetime risk by the CSF calculated above.
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Table 1: Calculated dose based on the different risk levels

Lifetime risk Dose (mg/kg bw per day)
10~ 0.776 x 10°*
107 0.776 x 10°
10°° 0.776 x 10°°

The formula to convert from dose to concentration in drinking water is:

X (mg/kg bw per day) x 70 kg

HBV (mg/L) 1.5 L/day

where:
e X s the dose calculated above;
e 70 kg is the default average body weight of a human adult; and
e 1.5 L/day is the average daily intake of water by an adult.

Based on the calculated unit risks, the estimated concentrations corresponding to excess
lifetime human cancer risks of 10, 10 °and 10 ®are as follows:

Table 2: Estimated concentrations in drinking water based on the different risk levels

Lifetime risk Estimated concentrations in drinking water
(Ho/L)
10" 4
107 0.4
10°° 0.04

An excess lifetime cancer risk of 10 ° or below is used when intake from other sources is
considerable (Krishnan and Carrier, 2013). As there are other significant sources of exposure to
BaP (i.e., food), the excess lifetime cancer risk of 107® was used to derive an HBV of 0.04 pg/L.

10.2  Non-cancer risk assessment

There is some evidence of non-cancer effects of BaP exposure, including adverse
neurological and neurodevelopmental effects that can occur at low doses. Delayed performance
and markers of neurotoxicity in the hippocampus were apparent in rats injected with 2.5 mg/kg
bw per day for 13 weeks (Xia et al., 2011). One study of neonatal rats exposed orally from
postnatal days 5 to 11 demonstrated that adverse neurological effects, measured by poor
performance in two maze tests, worsened into adulthood (on postnatal days 70 and 75 in
comparison with postnatal days 35 and 40 for the elevated plus maze and the Morris maze,
respectively) (Chen et al., 2012). These effects were significant at BaP doses as low as 0.02
mg/kg bw per day in female rats for the elevated plus maze test and at doses of 0.2 mg/kg bw per
day and higher in male and female rats for the Morris maze test.

As these effects were significant at BaP doses of 0.2 mg/kg bw per day and higher, a
NOAEL of 0.02 mg/kg bw per day (20 pg/kg bw per day) can be used as a point of departure in
the calculation of the tolerable daily intake (TDI). The TDI for neurodevelopmental toxicity was
calculated as follows:
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_ 20 pg/kg bw per day
TDI = 300

= 0.0667 pg/kg bw per day
where:

e 20 pg/kg bw per day is the NOAEL (Chen et al., 2012); and
e 300 is the uncertainty factor (x 10 for intraspecies variability; x 10 for interspecies
variability; and (x 3 for database deficiencies).

An uncertainty factor of 3 was added to account for deficiencies in the database for non-
cancer effects for BaP given studies on neurological and neurodevelopmental effects, as well as
data on low-dose effects is limited, and there exists limited data to support any non-cancer MOAS
for BaP. Using the TDI calculated above, an HBV can be derived as follows:

0.0667 pg/kg bw per day x 70 kg x 0.2

HBV 15 Liday

0.6223 pg/L
0.0006 mg/L (0.6 pg/L)

o

where:

e 0.0667 ug /kg bw per day is the TDI derived above;

e 70 kg is the default average body weight of a human adult;

e 0.2 s the default allocation factor for drinking water; it is used as a “floor value,” since
drinking water is not a major source of exposure to BaP, and there is evidence of its
widespread presence in at least one of the other media (Krishnan and Carrier, 2013); and

e 1.5 L/day is the average daily intake of water by an adult; dermal and inhalation exposures
from bathing and showering are not considered to be significant routes of exposure (as
described in Section 5.6).

10.3 Comparison of cancer and non-cancer risk assessments

The concentration of BaP in drinking water associated with a lifetime excess risk of the
most sensitive tumour endpoint (forestomach tumours) in female mice of 107° is determined as
0.04 pg/L. The non-cancer HBV, based on the neurological effects in offspring of exposed rats, is
0.6 pg/L. As the cancer risk assessment resulted in a more conservative value for BaP in drinking
water compared with that generated by the non-cancer approach, the cancer risk assessment was
determined to be the most appropriate driver of the MAC in drinking water. Moreover, there is
much greater confidence in the known carcinogenic effects of BaP than in non-cancer effects.
Thus, the HBV of 0.04 pg/L is considered to be protective of all cancers as well as the
developmental effects of BaP.

10.4 International considerations
This section presents the various drinking water guidelines and standards from other
international organizations. Variations in these limits can be attributed to the age of the
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assessments or to differing policies and approaches, including the choice of key study and the use
of different consumption rates, body weights and allocation factors.

The U.S. EPA (1992) established a maximum contaminant level for BaP in drinking water
of 0.2 pug/L, based on the data of Neal and Rigdon (1967). A CSF of 7.3 (mg/kg bw per day) *
was derived using the geometric mean of four slope factors calculated with different assumptions,
from Neal and Rigdon (1967) and Brune et al. (1981).

The World Health Organization (WHO, 2011) established a guideline value of 0.7 pg/L
for BaP in 1996, which corresponds to an excess lifetime cancer risk of 10°°. This is also based on
the oral carcinogenicity study of Neal and Rigdon (1967). The value was calculated using a two-
stage birth—-death mutation model.

The California Environmental Protection Agency (OEHHA, 2010) established a public
health goal of 0.007 pg/L and a maximum contaminant level of 0.2 pg/L for BaP in drinking
water based on carcinogenic effects in experimental animals. Studies in mice (Culp et al., 1998)
and rats (Kroese et al., 2001) were considered instead of the study by Neal and Rigdon (1967)
because of the substantive limitations of the latter study. The data in Kroese et al. (2001) are the
same as those in Wester et al. (2012). A time-to-tumour model was employed to obtain lower-
bound estimates of the dose associated with a 10% increased incidence of combined oral cavity
tumours in female mice and rats of both sexes as well as liver tumours in rats. Tumours in the oral
cavity and forestomach of female mice yielded the lowest lower-bound dose associated with a
10% increased incidence of tumours. The public health goal was calculated from the cancer
potency, which was derived assuming a linear relationship between dose and response at low
doses and corrected for age and early-life exposure. A health protective level of 4 pug/L was also
derived from rat renal toxicity data in Knuckles et al. (2001) to account for non-cancer effects,
using an uncertainty factor of 3000, a relative source contribution of 0.1 and the ingestion of
0.044 L/kg bw per day.

11.0 Rationale

Although BaP is not manufactured or imported, its presence in the environment is
ubiquitous, as it is formed through natural and anthropogenic combustion processes. It may also
enter drinking water through the distribution system, by leaching from coal tar (bituminous) and
asphaltic linings in water storage tanks and distribution system pipes. However, drinking water is
not a major source of exposure to BaP.

BaP has been classified as a human carcinogen (Group 1), with sufficient evidence in
animals and strong evidence that the mechanisms of carcinogenesis observed in animals also
operate in humans. There is evidence of non-cancer health effects, including neurological and
neurodevelopmental effects, related to low levels of exposure to BaP in rodents. Both cancer and
non-cancer risk assessments were considered. The cancer risk assessment was used to establish
the MAC since it resulted in a more conservative value and there is greater confidence in the
known carcinogenic effects of BaP than in non-cancer effects.

The estimated lifetime cancer risk from exposure to BaP in drinking water at levels
ranging from 0.04 to 0.4 pg/L is considered to be “essentially negligible.” The guideline for a
carcinogen is normally established at a level at which the increased cancer risk is “essentially
negligible” when a person is exposed at that level in drinking water over a lifetime. In the context
of drinking water guidelines, Health Canada has defined this term as a range from one new cancer
above background levels per 100 000 people to one new cancer above background levels per 1
million people (i.e., 10°-10"°). An increased cancer risk of 10° is targeted in cases where intake
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from sources other than drinking water are significant. In the case of BaP, where food is the main

source of exposure, the MAC is established at a concentration that would present an “essentially

negligible” risk of one new cancer above background per million people (i.e., 10°°) exposed to

BaP in drinking water at the MAC over a lifetime, which takes into consideration treatment.

In summary, a MAC of 0.000 04 mg/L (0.04 pg/L) is established for BaP based on the
following considerations:

. It falls within the range considered to present an “essentially negligible” risk.

. It is detectable and measurable, with a method detection limit well below the MAC. The
U.S. EPA has established a PQL of 0.0002 mg/L, based on the ability of laboratories to
measure BaP within reasonable limits of precision and accuracy using approved methods.
Although there is no similar process in place to establish a PQL specific to Canada, a
limited of survey of commercial laboratories indicates that they can reliably measure
concentrations of BaP equal to or less than 0.01 pg/L.

. The MAC must be achievable at reasonable cost. Municipal scale treatment technologies
can consistently remove BaP from drinking water to below the MAC of 0.04 pg/L. At the
residential level, although there are no treatment units currently certified to remove BaP, it
is expected that the use of treatment devices using technologies such as activated carbon
would capable of removing BaP to below the MAC.

As part of its ongoing guideline review 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

AhR
ANSI
ApoE
AOP
BaP
BMD
BMDq
BMDL,
BPDE
bw

Cl

CSF
CYP
DNA
EPA
EQL

F

FC
FDR
GAC
GC/MS
GC/MS/MS
HBV
HPLC
IARC
I0C
Kow
LDsg
LLE
LOAEL
LSE
MAC
MDL
MOA
MRL
NF
NOM
NSF
PAC
PAH
PBPK
PQL
SCC
UF

uv

aryl hydrocarbon receptor

American National Standards Institute
apoliprotein E

advanced oxidation process
benzo[a]pyrene

benchmark dose

benchmark dose for a 10% change in effect
95% lower confidence limit on the benchmark dose for a 10% change in effect
benzo[a]pyrene-7,8-diol-9,10-epoxide
body weight

confidence interval

cancer slope factor

cytochrome P450

deoxyribonucleic acid

Environmental Protection Agency (U.S.)
estimated quantitation level

filial generation (e.g., F1)

fold change

false discovery rate

granular activated carbon

gas chromatography/mass spectrometry
gas chromatography with tandem mass spectrometry
health-based value

high-performance liquid chromatography
International Agency for Research on Cancer
inorgano-organo-clay

octanol-water partition coefficient
median lethal dose

liquid-liquid extraction
lowest-observed-adverse-effect level
liquid—solid extraction

maximum acceptable concentration
method detection limit

mode of action

minimum reporting level

nanofiltration

natural organic matter

NSF International

powder activated carbon

polycyclic aromatic hydrocarbon
physiologically based pharmacokinetic
practical quantitation level

Standards Council of Canada
ultrafiltration

ultraviolet
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