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Abstract
The City of White Rock, Canada has been facing challenges of elevated concentrations of arsenic and manganese in its
drinking water supply. A pilot water treatment study was conducted to explore effective contaminant removal solutions
for human health risk mitigation. The arsenic and manganese removal performance of four treatment processes, including
ozonation-manganese greensand filtration (OSF), OSF-iron-based granular media adsorption (OSFIA), the Burgess Iron
Removal Method (BIRM), and BIRM-iron-based granular media adsorption (BIA) were evaluated. The non-cancer health
risks and the incremental lifetime cancer risks (ILCR) posed by arsenic in different water sources were also assessed. The
results show that OSFIA treatment achieved the highest arsenic and manganese removal. An average arsenic removal rate
of 68.5% (initial concentration = 9.3 μg/L) was observed using OSFIA during two months of treatment, while manganese
(initial concentration = 133.9 μg/L) can be completely removed. The arsenic removal was mainly be attributed to the adsorption of iron-based granular media. The mean values of non-cancer health risks of arsenic exposure due to oral intake of
treated water were identified to be lower than the critical threshold for different age groups. In addition, the probability of
critical ILCR occurrence can be greatly reduced. Based on the results from the pilot study, OSFIA was selected to construct
a full-scale water treatment plant. Arsenic and manganese concentrations in the effluent from the plant can be reduced to a
low-to-undetectable level, achieving negligible health risks to the residents of the city.
Keywords Arsenic · Manganese · Ozonation · Human health risk · Drinking water quality · Pilot water treatment
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BIA	Burgess iron removal method + iron-based
granular media adsorption
BIRM	Burgess iron removal method
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Introduction
Elevated arsenic and heavy metal levels in source water
could deteriorate drinking water quality and pose a health
risk to the public due to their toxicity, persistence, and
bioaccumulative nature (Sarkar and Paul 2016). Arsenic is
the most concerning metalloid substance in drinking water
because of its high toxicity and widespread occurrence in
the environment. It exists in four oxidation states: arsenate,
arsenite, arsenic, and arsine as both inorganic and organometallic species (Singh et al. 2015). In the natural water
environment, arsenic mainly exists in the most stable arsenate ions under aerobic conditions, whereas arsenite ions
are commonly found in anaerobic conditions (Wang and
Mulligan 2006). Most arsenic compounds are odorless,
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tasteless, and readily water-soluble, making chronic arsenic poisoning much more insidious than acute poisoning.
It has been reported that more than 700,000 people in
South and East Asia had been affected by arsenic-related
diseases such as skin, cardiovascular, and neurological effects and various cancers (lung, bladder, kidney)
through chronic oral ingestion of arsenic-contaminated
water (Argos et al. 2010; Rehman et al. 2019; Kumar et al.
2019). In developed countries, guidelines have been established for monitoring arsenic concentrations in drinking
water. For instance, the maximum acceptable concentration (MAC) for arsenic in Canadian drinking water has
been set at 10.0 μg/L based on municipal- and residentialscale treatment achievability (Health Canada 2019). This
value is the same as the drinking water standard for arsenic
set by the United States Environmental Protection Agency
(USEPA) and the World Health Organization (USEPA
2001; WHO 2011).
Manganese is also widely present in the water environment from natural sources (rock and soil weathering)
and human activities such as mining and landfill leaching
(Health Canada 2016). Some studies have suggested an
association between high concentrations of manganese in
drinking water and neurological effects such as Alzheimer’s
and Manganism (Bjørklund et al. 2017; Ghosh et al. 2017).
However, manganese is considered a non-carcinogenic substance, as available studies are not adequate to support a link
between manganese and cancer. Health Canada has recently
set a MAC of 120 μg/L for manganese based on the consideration of its neurological effects on sensitive population
groups such as infants (Health Canada 2019). Before the
establishment of the MAC, manganese in drinking water
was managed solely based on aesthetic considerations as
a high concentration of manganese can discolor the water
and deteriorate the taste (Health Canada 2019). In the latest
Canadian drinking water quality guidelines, the aesthetic
objective (AO) for manganese has been reduced from 50 to
20 μg/L (Health Canada 2019).
Due to the critical human health risks of arsenic and
heavy metals in drinking water, numerous efforts have been
made in scientific laboratories to develop innovative technologies for effective removal of these contaminants (He
et al. 2016; Lata and Samadder 2016; Sarntanayoot et al.
2018). Field-scale investigations have also been conducted
to explore effective solutions to elevated arsenic and metal
contamination in the water supply (Casentini et al. 2016;
Feistel et al. 2016; Wang et al. 2018). Also, arsenic and
trace metal-related human health risk assessments have been
extensively carried out in different regions across the world,
particularly South Asia in recent years (Argos et al. 2010;
Sharma et al. 2014; Schmidt et al. 2016). However, limited studies have linked field-scale arsenic and heavy metal
removal with regional human health risk assessments at the
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municipal level by systematically considering source water,
water in distribution system, and water from pilot treatment.
The City of White Rock, British Columbia has been facing challenges of elevated concentrations of naturally occurring arsenic and manganese in its water supply. Despite elevated arsenic and manganese concentrations in the source
water, other water quality parameters in the City’s drinking
water distribution system (DWDS) can meet the Guidelines
for Canadian Drinking Water Quality (Health Canada 2019).
Nevertheless, with an aim to improve drinking water quality
and safeguard the health of residents in this city, the local
water utility has initiated a pilot project to evaluate the efficacy of different water treatment methods in reducing arsenic and manganese levels. The methods identified promising
would be selected for installation of a new water treatment
plant. It is also necessary to assess potential human health
risks as a result of arsenic and manganese exposure via
chronic intake of water from different treatment processes
used in the pilot project.
Different water treatment technologies for arsenic and
heavy metals removal and their applications are summarized in recent reviews (Chowdhury et al. 2016; Hering et al.
2017; Mohanty 2017). Current field-applicable technologies
include adsorption, oxidation/filtration, enhanced coagulation/filtration, ion exchange, reverse osmosis, membrane
distillation, enhanced lime softening, activated alumina,
and hybrid methods (Chowdhury et al. 2016; Parimal 2015;
USEPA 2005). For arsenic removal, most of these technologies require a pre-oxidation process converting arsenite to
arsenate (USEPA 2005). Some of these technologies, such
as ion exchange, reverse osmosis, and membrane distillation,
are costly and may be impractical for large-scale applications
(Chowdhury et al. 2016). Enhanced coagulation/filtration
and lime softening are commonly used as enhancements to
existing water treatment processes, and thus they are not
recommended for new systems (Hering et al. 2017; USEPA
2003). Among available technologies, oxidation/filtration
through an adsorbent bed has been widely used for arsenic
removal owing to its promising contaminant removal performance and affordability (Hering et al. 2017). Therefore,
the city of White Rock decided to evaluate the arsenic and
manganese removal performance of different oxidation/
filtration-adsorption processes.
Oxidation/filtration involves the oxidation of soluble
forms of metals (e.g., iron, manganese) to their insoluble forms and then removed by filtration (USEPA 2003).
Arsenite can also be converted to arsenate along with the
oxidation of soluble iron and manganese (Ungureanu et al.
2015; USEPA 2003). The arsenate can further adsorb onto
the generated iron hydroxide precipitates that are ultimately
filtered out of the water by using a vertical bed of filtration media (USEPA 2005). The oxidation process is usually accomplished by using an oxidant, such as chlorine,
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permanganate, manganese dioxide, and ozone. It has been
reported that aeration (i.e., oxygen), chlorine dioxide, and
monochloramine are not very effective in oxidizing arsenite
(USEPA 2003, 2005). Using ozone as the oxidant has the
advantages that it reacts rapidly with arsenite and does not
leave harmful by-products in the treated water compared to
other oxidants such as chlorine (Khuntia et al. 2014).
Considering the low iron concentration in the source
water of White Rock, the amount of iron hydroxide generated from the oxidation process may not be sufficient for
arsenate co-precipitation (USEPA 2005; White Rock 2018).
Therefore, an additional adsorption process was used to
enhance arsenic removal. Adsorption is considered a promising arsenic removal technique because of low cost, high
efficiency, and ease of operation (Hao et al. 2018; Mondal
et al. 2013). Particularly, iron-based sorbents have a strong
affinity for arsenic under natural pH conditions, allowing
for treatment of large volumes of water without the need for
pH adjustment (EPA 2005). Many iron-based sorbents can
be used for this purpose, such as iron oxide-coated sand and
granular ferric hydroxide (Pintor et al. 2018). For example,
Thirunavukkarasu et al. (2002) reported that using granular
ferric hydroxide can reduce the arsenic concentration from
100 to 5 μg/L in the small drinking water systems of Regina,
Canada.
In this study, the arsenic and manganese removal performance of the oxidation/filtration-adsorption process was
investigated in the pilot-scale water treatment. Different
oxidants and filtration media such as ozone and manganese
dioxide-coated sands were used in the oxidation/filtration
process, and the adsorption of arsenic was accomplished by
using a granular iron-based adsorbent. The health impacts
of arsenic and manganese exposure were assessed and compared between treated water and the DWDS water. The
human health risk assessment could help the city’s water
utility evaluate existing drinking water quality situations in
terms of arsenic and manganese. The findings can also serve
as a useful reference to water utilities to solve similar water
quality issues around the world.

Methodology
Studied Area
White Rock is a small city located in the lower mainland
region of Southwest British Columbia, Canada (49°1′ N,
122°48′ W) and a member municipality of Metro Vancouver. The city spans an area of approximately 5.2 km2 and
accommodates a population of around 20,000, according to
the census profile for 2016 (Statistics Canada 2017). White
Rock is the only Metro Vancouver municipality that has its
own water supply. The water system was initially operated

by a private company and was acquired by the city’s water
utility in 2015. The drinking water is sourced from the Sunnyside Uplands Aquifer through eight groundwater wells in
the city (Fig. 1). The wells range in depth from 60 to 150 m,
providing an adequate volume of water to supply the community even during peak consumption in summer months.
Wells #1, 2, and 3 are used during summer months, well #4
is located on the western part of the city, well #5 was located
at the Water Operations Yard, and wells #6 and 7 are located
at Merklin Street, next to the Merklin Pumping Station. Well
#5 was taken out of service in 2017 and decommissioned
in 2018. A new well (well #8) located at Oxford Street was
added to the system in 2018. Historical water sampling
results of arsenic and manganese concentrations in wells
#1 to 7 and the DWDS of the Oxford & Merklin area were
collected from the city’s water utility (White Rock 2018).
Because well #8 has been established recently, limited water
sampling data are available for this well. Thus, historical
water sampling data of wells #1 to 7 were used in this study.

Pilot‑Scale Water Treatments
A pilot project was initiated to evaluate arsenic and manganese removal performance of several commercially available
technologies and their combinations. A mobile pilot-scale
water treatment plant was built to treat water drawn from
wells #6 and 7 at the Merklin pumping station from December 2016 to June 2017. The mobile plant was contained in a
trailer (length: 6 m; height: 2.7 m; width: 2.7 m). The water
quality parameters of the source water are listed in Table 1.
As can be seen, most of the water quality parameters could
meet the Guidelines for Canadian Drinking Water Quality
except manganese. Also, the mean arsenic concentration in
the source water was close to the MAC, which may pose a
health risk to sensitive population groups through chronic
exposure. The mean iron concentration in the source water
was also very low. The source water was pumped to the
inlet of the mobile treatment plant directly from the two
wells. As shown in Fig. 2, the mobile plant was designed
to have two continuous treatment trains running in parallel.
The oxidation/filtration-adsorption process was employed in
the two treatment trains. The design parameters of the two
treatment trains are listed in Table 2. All oxidation/filtration
and adsorption media used in the pilot-scale plant are commercial products, and the detailed product information can
be found on the respective suppliers’ websites. The detailed
schematic diagram of the pilot-scale plant is provided in the
supplementary file.
In the first treatment train, pre-oxidation was carried out
by ozonation. The preliminary tests showed that an ozone
injection concentration of 0.5 mg/L could completely convert arsenite to arsenate in the source water. After ozonation, the water was filtered through a commercial manganese
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Fig. 1  A location map of groundwater wells in the city of White Rock

greensand medium-Greensand Plus® (Inversand 2019). The
medium is produced by coating a thin layer of manganese
oxide on the surface of glauconite sand. The manganese
oxide layer acts both as a sorbent for removal of dissolved
metals and a catalyst in the oxidation of metals adsorbed
(Tobiason et al. 2016). Soluble iron and manganese in water
are oxidized and removed by reactions with the manganese
oxide coating. The manganese greensand has a particle size
of 0.30–0.35 mm and a specific gravity of 2.4. It works effectively in water with a pH range of 6.2–8.5 and a loading rate
range of 4.9–29.4 m/h (Inversand 2019). After ozonation
and greensand filtration, the water was passed through an
iron-based granular sorbent named Bayoxide® E33 media
for arsenic removal (AdEdge 2019). The granular media are
characterized by ferric hydroxide composite matrices and
have a particle size of 0.50 mm. The granular media work
properly when the pH of the treated water is in a range of 5.5
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to 8.5. According to the manufacturer, the granular media is
effective in removal of arsenic within a concentration range
of 10 to 100 μg/L in water (AdEdge 2019).
In the second treatment train, the oxidation and filtration
of arsenic and manganese were carried out using a solid
oxidizing/filtration material called BIRM®, which stands for
the Burgess Iron Removal Method. BIRM is produced by
impregnating manganous salts on the surface of aluminum
silicate sand (Clack 2019). The manganous ions are then
oxidized to a solid form of manganese oxide. The presence
of dissolved oxygen is necessary for BIRM to function as
an oxidant. BIRM acts as an insoluble catalyst to enhance
the reaction between metals and dissolved oxygen. The
manufacturing process of BIRM is very similar to that of
manganese greensand (OSMO 2013). BIRM is available
in particle size of 0.42 mm with a specific gravity of 2.0.
It functions properly in water with a pH range of 6.8–9.0.

Drinking Water Treatments for Arsenic and Manganese Removal and Health Risk Assessment in White…
Table 1  Quality parameters of source water
a

Parameter

Mean

SD

Guideline

pH
Temperature (°C)
Arsenic (μg/L)
Manganese (mg/L)
Iron (μg/L)
Fluoride (mg/L)
Chloride (mg/L)
Nitrite (mg/L)
Nitrate (mg/L)
Bromide (mg/L)
Phosphate (mg/L)
Sulfate (mg/L)
Turbidity (NTU)
Dissolved oxygen (mg/L)

7.03
12.73
9.31
0.13
< 4.0
0.25
14.80
BDL
BDL
BDL
BDL
18.19
0.04
8.0

0.06
1.79
0.53
0.01
–
0.03
3.97
–
–
–
–
2.84
0
0.53

7.0–10.5
≤ 15
10.0
MAC: 0.12; AO: 0.02
300
1.5
≤ 250
3
45
–
–
≤ 500
≤ 1.0
–

SD Standard deviation (n = 11), MAC Maximum acceptable concentration, AO aesthetic objective, BDL Below detection limit, – indicates no guideline is available
a

Guidelines for Canadian Drinking Water Quality (Health Canada
2019)

The water loading rate needs to be maintained between 8.5
and 12.2 m/h for effective treatment (Clack 2019). After
oxidization and filtration by BIRM, the water was passed
through the same iron-based granular media for an adsorption treatment.

Water Sampling and Analysis
As shown in Fig. 2, water samples were collected at five
different points (i.e., S1 to S5) of the two treatment trains.
Water samples collected at different sampling points and
their descriptions are outlined in Table 3. The collected
water samples were analyzed both on-site and off-site. The
on-site analyses measured free chlorine, total chlorine, pH,
and turbidity. The off-site analyses measured concentrations

Treatment train 1
Ozonation

Manganese
greensand
filtration

of arsenic, manganese, and anions such as fluoride, chloride, and nitrate. The off-site analyses were performed at a
laboratory at the University of British Columbia, Vancouver campus. Water samples were collected using 250-mL
acid-washed Nalgene bottles and kept at 4 °C in coolers
packed with ice until analysis. The arsenic and manganese
concentrations were measured using an inductively coupled
plasma system-mass spectrometry, according to the standard
method (APHA 2012). Each sample was analyzed five times
and the average value of the five analyses was reported. The
coefficient of variation of the results was < 5% for each
sample, indicating that the analysis results were precise and
reproducible.

Human Health Risk Assessment
Human health risk assessments were carried out to estimate
the health risks associated with consumption of water from
different sources/treatments. In this study, health risk assessments were performed following the Guidance on Human
Health Detailed Quantitative Risk Assessment for Chemicals (DQRACHEM) implemented by Health Canada (Health
Canada 2010). In DQRACHEM, a four-step framework comprising problem formulation, exposure assessment, toxicity
assessment, and risk characterization is recommended for
performing a health risk assessment. Problem formulation
is the first stage of the assessment and involves screening of
the three main components of human health risk: chemicals,
exposure pathways, and receptors.
In this study, the chemicals of concern are arsenic and
manganese in the drinking water of White Rock. The human
health risk from arsenic and manganese exposure in the studied area was assessed via the consumption of drinking water
only. Human receptors include all residents in the city of
White Rock. Since different age groups (e.g., infants, children, and adults) have different body weights, drinking water
intake rates, and sensitivities to the adverse effects of contaminants, the residents of the city were divided into five

S2

Iron-based granular
media adsorption

S3
Effluent 1

S1
Source water

Treatment train 2

S Sampling point

BIRM oxidation/
filtration

S4

Iron-based granular
media adsorption

S5
Effluent 2

Fig. 2  Two water treatment trains used in pilot study
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Table 2  Design parameters of
two treatment trains

Process
a

Oxidation/filtration

Adsorptionb

a
b

Parameter

Treatment train 1 Treatment train 2

Influent flow rate (L/min)
Ozone injection concentration (mg/L)
Vessel size (diameter × height, cm)
Oxidation/filtration media depth (cm)
Maximum hydraulic loading rate (L/min/cm2)
Clean bed pressure drop (psi)
Under bedding
Backwash frequency (per month)
Backwash rate (L/min/cm2)
Backwash duration (min)
Bed expansion (%)
Vessel size (diameter × height, cm)
Media depth (cm)
Maximum hydraulic loading rate (L/min/cm2)
Maximum flow rate (L/min)
Maximum empty bed contact time (min)
Clean bed pressure drop (psi)
Under bedding
Backwash frequency (per month)
Backwash rate (L/min/cm2)
Backwash duration (min)
Bed expansion (%)

18
0.5
35.5 × 165
71
0.05
4.6
Gravel
2
0.05
14
40
30.5 × 132
76
0.03
22.7
4.2
4.6
Gravel
2
0.02
14
40

18
–
35.5 × 165
85
0.02
4.6
Gravel
2
0.05
14
40
30.5 × 132
76
0.03
22.7
4.2
4.6
Gravel
2
0.02
14
40

Greensand Plus® for treatment train 1 and Birm® for treatment train 2
Bayoxide® E33 media for both treatment trains

Table 3  Water sampling points and the corresponding water sources
Sampling point

Water source

S1
S2
S3

Untreated raw water withdrawn from wells #6 and 7
Treated water from ozonation + manganese greensand filtration (OSF)
Treated water from ozonation + manganese greensand filtration + iron-based granular media adsorption (OSFIA)
Treated water from BIRM oxidation and filtration process (BIRM)
Treated water from the BIRM oxidation and filtration + iron-based granular media adsorption (BIA)

S4
S5

age groups for health risk assessments. The age groups were
categorized according to the criteria used in DQRACHEM
(Health Canada 2010). The age groups, along with the mean
body weight, daily water intake, and fraction of a lifetime for
each age group, can be found in Hu et al. (2019). The mean
body weight and daily water intake were determined based
on data provided in the USEPA Exposure Factors Handbook
(USEPA 2011), and the fractions for lifetime cancer risk
were sourced from DQRACHEM (Health Canada 2010).
Exposure can be quantified by multiplying the concentration of a chemical by the duration of the contact. The
USEPA suggests the average daily dose (ADD) as the exposure metric to estimate non-cancer effects (USEPA 1992).
The ADD provides the average of exposures or doses over
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the period of time exposure occurred. The ADD (mg/kg/day)
can be quantified by using the intake dose, body weight, and
an averaging time:

ADD =

C × IR × ED
,
BW × AT

(1)

where C is the concentration of arsenic/manganese in water
(mg/L); IR is drinking water intake rate (L/day); ED is exposure duration (days); BW is body weight (kg); AT is averaging time (days), representing the time period over which the
dose is averaged. In this study, the dose of exposure is averaged throughout the exposure duration, and thus AT equals
ED in value. The non-cancer risks resulting from arsenic and
manganese exposure via drinking water are characterized
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by comparing ADD and the reference dose (RfD) (mg/kg/
day). The ratio of ADD to RfD can be expressed as a hazard
quotient (HQ):

HQ =

ADD
.
RfD

(2)

Because arsenic has proven cancer effects on humans,
the incremental lifetime cancer risk (ILCR) as an effect of
arsenic exposure was evaluated (Health Canada 2010). The
cancer risks (CR) posed by arsenic exposure across various stages of life were estimated as the estimated exposure
(ADD) for each age group multiplied by the appropriate cancer risk slope factor (SF):

CR = ADD × SF.

(3)

Since cancer potency estimates for carcinogens are based
on an assumption of lifetime exposure (e.g., 80 years), the
ILCR was calculated by aggregating the CRs over different stages of life through a straight arithmetic weighting
approach:
∑
ILCR =
CRi × Fi ,
(4)
i

where CRi is the cancer risk estimated for age group i,
and Fi is the fraction that age group i represents within an
80-year lifetime (Hu et al. 2019).
The RfD and SF values used in this study were obtained
from the USEPA Integrated Risk Information System and
Health Canada Toxicological Reference Values and Chemical-Specific Factors, Version 2.0, respectively. Both the
USEPA and Health Canada have the same RfD values for
estimating the non-cancer risks of arsenic (i.e., 3 × 10−4 mg/
kg/day) and manganese (i.e., 0.14 mg/kg/day) exposures, but
the two authorities have different SF values (i.e., USEPA:
1.5; Health Canada: 1.8) for estimating the cancer risk of
arsenic exposure (Health Canada 2006; USEPA 2001). A
higher SF will lead to more critical cancer risk assessment
outcomes. In this study, the SF value recommended by
Health Canada was selected to estimate the ILCR due to the
consideration of the studied area.
Both point and probabilistic estimations were carried out
to assess human health risks. In point estimation, the mean
body weights and daily water intakes, representing the central tendency of the variability of the two parameters, were
used in risk characterization. The probabilistic estimation
yields a probability distribution for risk by assigning probability distributions to represent variability or uncertainty in
input parameters, such as body weight, daily water intake,
and contaminant concentration. The values of input parameters were fitted to different distribution density functions
to identify the most suitable one. The distributions of these
input parameters for probabilistic risk assessments can also

be found in Hu et al. (2019). Based on the identified distribution functions of input parameters, Monte Carlo simulations
with 10,000 permutations were performed using @Risk 7.6
(Palisade Corp., USA). The Monte Carlo simulation generated all possible health risk assessment outcomes in HQs
and ILCRs. The suitable probabilistic (cumulative) distribution functions of the outcomes were also identified. Based
on the cumulative distribution distributions, the risk potency
was interpreted. A sensitivity analysis was also performed to
help identify key parameters contributing to uncertainties of
the probabilistic assessment results.

Results and Discussion
Arsenic and Manganese Concentrations
In this section, the concentrations of arsenic and manganese in different water sources, including raw water in water
wells, drinking water in DWDS, and treated water from the
pilot treatment plant are compared.
Source Water
Arsenic and manganese concentrations in source water
drawn from wells #1 to #7 between 2015 and 2018 are presented in Fig. 3. Violin plots were used to present the distribution of arsenic and manganese concentrations. A violin
plot is essentially a box plot superimposed with a rotated
kernel density estimation. As Fig. 3a shows, the source water
in wells #6 and 7 contained relatively high concentrations of
arsenic. The high arsenic concentration was primarily due
to the arsenic-related mineral deposits on the floors of the
aquifer. Of the arsenic concentration records of wells #6
and 7, roughly 20% and 4% were higher than the MAC (i.e.,
10.0 μg/L), respectively. In comparison, water in wells #1 to
3 was associated with relatively low arsenic concentrations,
ranging from 5.0 to 7.0 µg/L; however, this range is slightly
higher than commonly reported ambient arsenic concentration range (i.e., 1.0–5.0 µg/L) in uncontaminated Canadian
surface and groundwater water (Wang and Mulligan 2006).
Well #4 was associated with the lowest arsenic concentration
(i.e., 2.0–4.0 µg/L), which is within the commonly reported
range. The arsenic speciation results indicated that arsenic
existed predominantly as arsenate (> 90%) in all the wells.
As shown in Fig. 3b, source water from wells #1, 3,
4, 6, and 7 was associated with high manganese concentrations. All manganese concentrations in the source
water from these five wells were higher than the new AO
value (i.e., 20.0 μg/L). Particularly, the mean values of
reported manganese concentrations in source water from
wells #3, 4, and 6 were higher than the newly established
MAC value. The highest manganese concentration was
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Fig. 4  Concentrations of a arsenic and b manganese in drinking
water distribution system (red dot represents mean value)

Thus, further investigations are required to characterize
the mineralogical sources of arsenic and manganese in the
aquifer of White Rock.
Distribution System

Fig. 3  a Arsenic and b manganese concentrations in water wells from
2015 to 2018 (red dot represents the mean value)

210.0 μg/L in well #4. Based on these exceedances, manganese has been identified as another critical substance in
the source water of White Rock that needs to be reduced
prior to water distribution. The historical sampling
results revealed that source water from wells #6 and 7
were associated with both high arsenic and manganese
concentrations, and therefore should be given priority in
water treatment. Bondu et al. (2018) also reported the cocontamination of arsenic and manganese in 19 water wells
of the city of Rouyn-Noranda, western Quebec, Canada.
They suggested that the occurrence of arsenic (mainly
arsenite) is due to the dissolution of iron and manganese
oxyhydroxides under reducing conditions and the release
of manganese is mainly due to the precipitation of manganese carbonate (Bondu et al. 2018). However, arsenate
was identified as the main arsenic species in the source
water of White Rock. Also, the iron concentrations in the
water wells of White Rock were much lower than those of
Rouyn-Noranda (the mean concentration = 908.0 μg/L).
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Arsenic and manganese concentration data in the DWDS
of the Oxford & Merklin area are presented in Fig. 4. The
data represent the water quality in terms of arsenic and
manganese after disinfection treatment using chlorination
(changed into chloramination as of May 2017). As shown
in Fig. 4a, arsenic concentrations in the DWDS were generally lower than the MAC, as only two data points of 858
records exceeded 10.0 μg/L, and no arsenic concentration
exceedance was reported in 2017. Thus, the arsenic concentration in DWDS generally met the Canadian drinking
water quality guideline for arsenic (Health Canada 2019).
Arsenic concentrations were frequently found between 6.0
and 8.0 μg/L in DWDS, which are higher than the typically reported concentrations of arsenic in uncontaminated
water resources (1.0–5.0 μg/L) nationwide (Wang and
Mulligan 2006). Thus, there was still potential to reduce
the arsenic concentration in DWDS to improve drinking
water quality. On the other hand, more than three quartiles
of manganese concentrations in DWDS were higher than
the AO value (Fig. 4b) and almost one quartile of concentrations were higher than the MAC, suggesting that
manganese concentration in the drinking water after chlorination/chloramination was still high. Manganese concentrations were frequently observed around 120 μg/L in
DWDS. The frequent exceedance of MAC indicated that
the water quality might not be able to meet the new guideline for manganese. High manganese concentration could
deteriorate the taste of drinking water and leave undesirable stains or deposits at the end-use point. Therefore,
from the perspective of water quality improvement, there
was also a need to reduce the manganese concentration.
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Pilot Water Treatment
The results of arsenic and manganese removal using two
treatment trains are shown in Fig. 5. As Fig. 5a shows,
arsenic concentrations in source water drawn from wells
#6 and 7 before applying any water treatment were close
to or slightly exceeded the MAC. During the pilot treatment period, limited arsenic removal effect was observed
for OSF treatment as there is no significant statistical difference (p > 0.05) between arsenic concentrations in water
samples collected at S1 and S2. In addition, no significant
statistical difference was observed between water samples
collected at S1 and S4, indicating that manganese-coated
sands (manganese greensand and BIRM) had limited arsenic
removal effects in the pilot treatment. It was reported that
manganese oxide-coated sands alone are not very effective
in arsenic removal because they are specifically developed
for oxidizing and removal of iron and manganese from water
(Mohan 2017; OSMO 2013). Nevertheless, laboratory-scale
experimental results showed that arsenic can be reduced
from 50 μg/L to < 4.5 μg/L using manganese greensands in
acidic water (e.g., a pH of 5) (Hanson et al. 1999). Another
similar study found that iron addition is necessary for effective arsenic removal using manganese oxide-coated sands
(Thirunavukkarasu et al. 2005). The USEPA also recommended that the iron:arsenic ratio should be at least 20:1 to
generate sufficient iron hydroxide precipitates for adsorption
of arsenate (USEPA 2003). However, the property of the
source water (i.e., low iron concentrations and a moderate
pH) suggests that the oxidation/filtration process alone could
not be adequate for arsenic removal in full-scale drinking
water treatment in White Rock.

Fig. 5  Removal of a arsenic and b manganese by different water
treatment processes

In comparison, the arsenic removal effect by iron-based
granular media was significant (p < 0.01). Arsenic concentrations were greatly reduced to a level lower than the MAC
after the adsorption process. There was also no significant
statistical difference between the arsenic removal effects of
the two treatment trains with the use of iron-based granular
media (i.e., OSFIA and BIA). Guan et al. (2008) investigated the mechanism of arsenate adsorption on granular
ferric hydroxide and found that bidentate complexes generated from the reaction between arsenate and granular ferric
hydroxide account for the adsorption effect when the pH
of water is higher than 6. The adsorption of arsenate has
been described as chemisorption, which is typically irreversible, indicating that the adsorption media cannot be easily
regenerated (USEPA 2003; AdEdge 2019). Hence, the arsenic removal effect of iron-based granular media declined
with the increase in treatment volume due to the exhaustion of adsorption capacity. The arsenic removal efficiency
decreased from 99 to 38% after 50 days of treatment, and the
decrease tended to be insignificant during the last two weeks
of the pilot treatment. As a result of the decreased efficiency,
arsenic concentration increased from 0.1 μg/L at the beginning to 6.0 μg/L after 50 days of treatment. Although the
removal efficiency decreased significantly, arsenic concentrations in the water after the pilot treatment period were still
lower than the MAC.
The manganese removal effects of different treatment
processes are shown in Fig. 5b. Manganese concentrations
(i.e., around 133 μg/L) in the source water were higher than
the AO value. The OSF process showed promising manganese removal as the manganese concentration was reduced
to < 5 μg/L throughout the pilot study period. BIRM also
showed satisfactory manganese removal in the first two
weeks, but the removal efficiency decreased because of
the increased treatment volume of influent. After 50 days
of treatment, the manganese removal efficiency of BIRM
decreased from 99 to 35%. Using iron-based granular media
as an enhancement could help slow the attrition of manganese removal effect, resulting in a removal rate of 60% at
the end of the pilot treatment period. Although the ironbased granular sorbent is not commonly used for the removal
of manganese, it can help remove residual manganese that
breaks through in BIRM along with arsenic adsorption.
Nonetheless, the manganese concentrations still exceeded
the AO value after 50 days in BIRM and BIA treatments.
The superior manganese removal performance of OSF/
OSFIA may be ascribed to ozonation. In OSF and OSFIA,
some of the soluble manganese were oxidized by ozone
before reaching the greensand and then filtered mechanically. The remaining soluble manganese were then bound
onto the surface of the manganese oxide-coated sands and
were subsequently oxidized in the presence of an oxidant
such as oxygen. The presence of a strong oxidant, such as
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ozone, can speed up the adsorption because increased manganese oxide concentration indirectly enhances the removal
of soluble manganese by increasing the adsorption sites
(Piispanen and Sallanko 2010). The adsorption capacity
of manganese oxide-coated sands is rapidly exhausted as
a result of depletion of oxidant. Without the presence of
an oxidant, exhaustion could occur after about one month,
depending on the pH and flow rate employed (Piispanen and
Sallanko 2010). In BIRM and BIA processes, no additional
oxidant was used. Thus, the combined use of ozonation and
manganese greensands (i.e., OSF and OSFIA) achieved better manganese removal. Particularly, the OSFIA process was
effective in both arsenic and manganese removal and was
identified suitable for use in the full-scale water treatment
plant.

Human Health Risk Assessments
It is necessary to compare the possible human health risks
before and after adopting different water treatments. Because
the residents do not directly consume the water in wells, the
health risks posed by arsenic and manganese in source water,
including water samples collected from seven wells and S1,
were not assessed. In addition, manganese is not linked to
any carcinogenic effect through oral water exposure; hence,
only the non-cancer risk was assessed for manganese.
Point Estimation of Risk
In point estimation, HQs indicating non-cancer health risk
were calculated. An HQ less than or equal to one indicates
that adverse non-cancer health effects are not likely to occur,
and the associated non-cancer health risk can be considered
negligible. As shown in Fig. 6a, all HQs calculated for toddlers, children, teenagers, and adults were lower than the
critical value, indicating that the non-cancer risk posed by
arsenic in current DWDS was not significant for these age
groups. Half of the HQs calculated for infants were equal to
or higher than one because infants have relatively low body
weights, making them more susceptible to the adverse health
effects of arsenic. It is recommended to keep the arsenic
concentration in water lower than 6.0 μg/L to ensure that the
non-cancer effect is negligible for infants (Health Canada
2006). Based on the water samples collected at S3 and S5,
all HQs calculated for all age groups were lower than the
critical value, indicating that OSFIA and BIA treatments
can reduce the non-cancer risk of arsenic exposure to a negligible level for the entire population of the city. An average
of 50% of non-cancer risk, in terms of HQ, can be reduced
by the two treatment processes compared to current DWDS.
As shown in Fig. 6b, the min, mean, and max ILCRs calculated based on the min, mean, and max arsenic concentrations in DWDS fell within the range of the excessive lifetime
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Fig. 6  a Non-cancer health risks and b incremental lifetime cancer
risks of arsenic exposure in water from different sources

cancer risks suggested by Health Canada (2006). According to Health Canada, the estimated lifetime risk of excess
internal cancers associated with the ingestion of arsenic in
drinking water at the MAC was reported in a range from
3E−5 (the lower bound) to 3.9E−4 (the upper bound). The
lower bound of the risk range was higher than 1E−5, and a
cancer risk lower than 1E-5 is typically considered insignificant (Health Canada 2010). Hence, it is possible to observe
a cancer risk even when the arsenic concentration is lower
than the MAC. The internal organ cancer risk posed by
ingestion of water with an arsenic concentration of 0.3 μg/L
could be “essentially negligible” (Health Canada 2010).
The MAC value was set higher than this value based on the
consideration of municipal and residential-scale treatment
achievability. The MAC represents the lowest level of arsenic in drinking water that can be technically achieved at a
reasonable cost, especially for small water treatment systems
(Health Canada 2006). The mean values of ILCRs calculated
for effluents from OSFIA and BIA treatments were 7.62E−5
and 7.90E−5, respectively, which are within the estimated
lifetime cancer risk ranges defined by Health Canada. The
mean ILCRs resulting from the ingestion of treated water
from OSFIA and BIA processes were much lower than that
of ingestion of the DWDS water (i.e., 1.85E−4).

Drinking Water Treatments for Arsenic and Manganese Removal and Health Risk Assessment in White…

The non-cancer health risks associated with manganese in different water sources can generally be considered
negligible. The HQs for different age groups were identified to be much lower than the critical value. The highest
HQ as a result of manganese exposure was calculated to
be 0.06 for infants—the age group that is most susceptible
to adverse health effects. Both OSF and OSFIA treatments
can reduce the manganese concentration in water to a nondetectable level. Hence, the non-cancer effects can be almost
completely eliminated. The low non-cancer health risk is
attributed to the high RfD value of manganese. The results
suggest that water intake is not a critical pathway for manganese exposure in the city. Thus, manganese exposure was
not included in the following probabilistic risk assessment.
Probabilistic Risk Assessment
The cumulative distributions of probabilistic non-cancer risk
assessment outcomes are shown in Fig. 7. The probabilities
of HQs > 1 were estimated to be higher than zero for all age
groups as a result of ingesting water from different sources.
This is because the Monte Carlo simulation considered all
possible arsenic exposure scenarios, including the extreme

ones. Under the extreme exposure scenarios such as an infant
(e.g., 4.00 kg) daily ingests a large volume of water (e.g.,
1.00 L) with a relatively high arsenic concentration (e.g.,
9.50 μg/L), the associated HQ will be calculated higher than
one. Nonetheless, the historical sampling results indicated
that arsenic concentration in DWDS is not constantly high.
Moreover, considering that infants and toddlers only account
for 4.11% of the total population of White Rock (Statistics
Canada 2017), it could be highly unlikely for the extreme
exposure scenarios to occur in the real world. When taking
all possible extreme exposure scenarios into consideration,
the probability of HQ > 1 for infants was estimated to be
0.30 as a result of ingestion of DWDS water, and OSFIA
treatment can reduce this probability to 0.13 (Fig. 7a). The
probabilities of HQs exceeding the critical value were estimated to be 0.10 for children (Fig. 7c) and 0.05 for adults
(Fig. 7d) as a result of ingestion of the DWDS water, and
those can be reduced to 0.05 and 0.03 by applying BIA and
OSFIA treatments, respectively.
As indicated in Fig. 8, the probability of ILCR exceeding
the upper bound of lifetime cancer risk (i.e., 3.9E−4) at the
MAC defined by Health Canada was low (0.09) for ingesting the DWDS water. The ILCRs estimated based on arsenic

Fig. 7  Cumulative probabilistic distributions of hazard quotients calculated for a infants, b toddlers, c children, and d adults from Monte Carlo
simulations (n = 10,000)
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Fig. 8  Cumulative probabilistic distributions of incremental lifetime
cancer risks for different water sources from Monte Carlo simulations
(n = 10,000)

a

effects. As shown in Fig. 9a, the daily water intake volume
(infants) contributed the highest variance to the assessment results of three drinking water sources (i.e., DWDS,
S3, and S5), followed by arsenic concentration and body
weight (infants). This indicates that more data should be collected for identifying daily water intake patterns of infants in
the city to reduce the uncertainty of assessment. As shown
in Fig. 9b, daily water intake (adults), arsenic concentration, and body weight (adults) were three major parameters
contributing variance to the ILCR assessment results. Specifically, daily water intake volume (adults) contributed the
most variance to the ILCR assessment results for DWDS,
while arsenic concentration had the most impact on the certainty of ILCR assessment results for S3 and S5 water. This
is because only eleven water samples were collected for each
treatment in the pilot study. More arsenic concentration data
from the pilot study could help reduce the uncertainty of the
probabilistic ILCR assessment outcomes.

Full‑Scale Water Treatment Plant

b

Fig. 9  Sensitivity chart from probabilistic analysis of a non-cancer
risk for infants and b ILCR

concentration in DWDS were all higher than the lower
bound of lifetime cancer risk (i.e., 3.0E−5) at the MAC.
More importantly, OSFIA and BIA treatments can reduce
this probability to 0.02 and 0.03, respectively. In addition, a
probability of 0.30 for ILCR lower than the minimum lifetime cancer risk at the MAC can be achieved by using the
two treatments. Therefore, both non-cancer risks and ILCR
as a result of arsenic exposure can be greatly mitigated by
OSFIA and BIA treatments.
The results of sensitivity analysis are shown in Fig. 9. For
sensitivity analysis of probabilistic assessment of non-cancer risks, the age group of infants was selected because this
group is most susceptible to the adverse non-cancer health
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The OSFIA process was selected to construct a full-scale
water treatment plant owing to its promising arsenic and
manganese removal performance. The construction of the
main systems of the new water treatment plant was completed in March 2019 (White Rock 2019). The first batch of
treatment data of the new plant was provided by the city’s
water utility. Water samples were collected at four effluent
outlets from March 20 to April 1, 2019, and the collected
samples were analyzed for different heavy metal(loids). As
shown in Table 4, all arsenic concentrations in the effluent
of the new water treatment plant were lower than the detection limit (i.e., < 0.1 μg/L). At this concentration, no significant health risk would be expected due to arsenic exposure
through daily water intake.
Manganese concentration can also be reduced to a level
(i.e., 2 to 7 μg/L) much lower than the AO in the first two
treatments. Manganese removal was enhanced in later treatments as the concentration was reduced to a level that is
below the detection limit (i.e., < 1 μg/L). The enhancement
was mainly owing to the use of full ozonation. In addition,
other heavy metals including copper, lead, and iron were not
of health risk concern due to their low concentrations in the
raw water. The water treatment plant can reduce the concentrations of these heavy metals to low-to-undetectable levels.
The associated HQ for infants and ILCR were quantified to
be < 0.02 and < 8.4E−6, respectively, as a result of arsenic
exposure in the treated water. Therefore, both non-cancer
and lifetime cancer risks can be reduced to negligible levels
by the use of the full-scale water treatment plant. It should
be noted that the exhausted manganese oxide-coated sands
and iron-based granular media are loaded with arsenic and
manganese, which must be disposed of in a secure landfill

Drinking Water Treatments for Arsenic and Manganese Removal and Health Risk Assessment in White…
Table 4  Heavy metal(loids)
concentrations in effluent from
full-scale water treatment plant

Date

Sampling point Arsenic (μg/L) Manganese
(μg/L)

March 20, 2019 Outlet 1
Outlet 2
Outlet 3
Outlet 4
March 23, 2019 Outlet 1
Outlet 2
Outlet 3
Outlet 4
March 28, 2019 Outlet 1
Outlet 2
Outlet 3
Outlet 4
March 29, 2019 Outlet 1
Outlet 2
Outlet 3
Outlet 4
Raw
March 30, 2019 Outlet 1
Outlet 2
Outlet 3
Outlet 4
Raw
Outlet 1
April 1, 2019
Outlet 2
Outlet 3
Outlet 4
Raw

to comply with the hazardous waste management regulation
of the studied jurisdiction.

Conclusions
The city of White Rock has been facing challenges of high
arsenic and manganese concentrations in the source water
drawn from wells #6 and #7. Evaluating arsenic and manganese concentration data in the city’s DWDS from 2016
to 2018 indicated that arsenic concentrations were close
to the guideline value and manganese concentrations were
frequently found to be higher than the MAC and AO values
implemented by Health Canada. A pilot water treatment project was initiated to investigate different treatment processes
for water quality improvement.
The results indicated that OSFIA and BIA treatment processes can effectively reduce arsenic concentrations in the
source water. The arsenic removal can mainly be attributed
to the adsorption effect of iron-based granular media. An

< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
< 0.1
6.9
< 0.1
< 0.1
< 0.1
< 0.1
7.4
< 0.1
< 0.1
< 0.1
< 0.1
6.8

5
7
5
3
2
2
2
2
<1
<1
<1
<1
<1
<1
<1
<1
110
<1
<1
<1
<1
150
<1
<1
<1
<1
110

Copper (μg/L) Lead (μg/L) Iron (μg/L)

< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5
< 0.5

0.02
0.02
0.01
0.03
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

<4
<4
<4
<4
<4
<4
<4
<4
5
<4
<4
<4
<4
<4
<4
<4
<4
<4
<4
<4
<4
<4
5
<4
<4
<4
6

average removal rate of 68.5% can be achieved using the
OSFIA process during the pilot treatment. In addition, this
process can reduce manganese concentration to a level lower
than the detection limit. Compared to BIA, OSFIA showed
better manganese removal performance. The health risk
assessment results indicated that the arsenic concentration
in DWDS would not cause a significant non-cancer effect on
most of the population. The ILCRs estimated for DWDS also
lie within the risk range identified by Health Canada. More
importantly, the OSFIA process can significantly mitigate
the adverse health risks of arsenic exposure since more than
half of the non-cancer risks and ILCRs can be eliminated.
Based on the results of the pilot study, a full-scale water
treatment plant using the OSFIA treatment was constructed.
All heavy metal(loids) concentrations can be reduced to
low-to-undetectable levels by the new water treatment
plant. Thus, the treated water has negligible health effects
on the public. This study represents a successful application
of field-scale water quality improvement at the municipal
level. The results can provide useful technical information
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to water utilities to solve similar water quality issues around
the world.
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