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As part of our efforts to identify effective ways and means to keep source water safe, the concept of
risk assessment and management is introduced in this paper to address the issue of risk assessment and
management of arsenic in source water in China. Carcinogenic and non-carcinogenic risk are calculated for
different concentrations of arsenic in source water using the corrective equation between potential health
risk and concentration of arsenic in source water with purification process taken into consideration. It is
justified through analyses that risk assessment and management is suitable for China to control pollution
of source water. The permissible content of arsenic in source water should be set at 0.01 mg/L at present in
China, and necessary risk management measures include control contaminated sources and improvement

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Source water quality is deteriorating rapidly for water pollu-
tion and human activities throughout the world as more and more
domestic and industrial wastewater are discharged into source
water [1-3], and it is therefore very difficult to keep drinking water
sources safe enough to ensure the health of human being [4]. So
much work has been done to find effective ways and means to keep
high quality of source water. For example, it is clearly stated in the
amendments of Safe Drinking Water Act in USA that each state is
required to develop a Source Water Assessment and Protection Pro-
gram (SWAP) in 1996 to protect public water systems from being
contaminated by identifying and analyzing potential contaminant
sources [5]. Sound policies were formulated in British Columbia,
Canada to identify, document, and reduce watershed risks and to
sustain clean and safe drinking water sources [6]. As the results of
risk assessment, stakeholders and governments have worked out
effective protection plans and management strategies.

The quality of drinking water sources in China is also deterio-
rating fast, and has caused some problems. All the governments at
different levels are trying very hard to take various measures to con-
trol water pollution and protect drinking water sources in recent
years. They adopted the Water Pollution Prevention and Control
Law, delineated source water protection areas, worked out national
environmental protection plan, implemented water pollution con-
trol programs etc. The concept of risk assessment and management
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has been gradually introduced into the source water protection
system of China.

According to the source water quality monitoring data published
by Ministry of Environmental Protection (MEP) of China, arsenic
has a very high detectable rate in source water. It has been proved
through extensive research that arsenic is a toxic substance with
adverse effects on human health [7]. In new Water Quality Stan-
dards for Drinking Water (GB5749-2006), the Ministry of Healthy in
China lowered the permissible content of arsenic from 0.05 mg/L to
0.01 mg/L for centralized water supply.

The potential health risk caused by arsenic in China has been
evaluated in this paper on the basis of background data of arsenic in
source water and the arsenic removal efficiency of traditional purifi-
cation processes, and then, the risk management measures has been
suggested as the results of risk assessment and cost-effectiveness
analysis.

2. Human health risk assessment method for pollutants in
source water

The method developed by USEPA was used in this study to esti-
mate the lifetime health risk of pollutants through oral ingestion [8].
The following are the basic equations used for lifetime cancer risk
assessment and hazard index (HI) of pollutant i in drinking water:

cancer risk; = CDI; x SF; (1)
coI;
HI; = RID; (2)

where cancer risk; is the carcinogenic risk of pollutant i in drinking
water (unitless); HI; is the hazard index of pollutant i in drinking
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Fig. 1. Frequency distribution of annual average arsenic content in surface water sources measured at 428 centralized drinking water sources in 2006 in China (ND: not

detected).

water (unitless); SF; is the slope factor for pollutant i (kg d/mg); RfD;
is the reference dose for pollutant i (mg/kgd); CDI; is the chronic
daily intake (mg/kgd) for pollutant i.

The equation for CDJ; is:

C; x L x EF x ED

Dl = =g <At (3)

where C; is the concentration of pollutantiin drinking water (mg/L);
L is the daily water ingestion rate (L/day), taken as 2L/day; EF is the
exposure frequency (days/year), taken as 365days/year; ED is the
exposure duration (year), taken as 30 years for non-carcinogens and
70 years for carcinogens; BW s the body weight (kg), taken as 70 kg;

200

AT is the average exposure time (in day), 30 years x 365 days/year
for non-carcinogens and 70 years x 365 days/year for carcinogens.

Source water can be drunk as drinking water only after being
purified. If the removal efficiency for pollutant i is R (%), the rela-
tionship between the concentration of pollutant i in source water
(Cjp) and C; can be expressed as:

Gox(1-R)=G (4)
Therefore, the relationship between the concentration of pol-

lutant i in source water and the lifetime health risk by drinking
water containing pollutant i can be established using the following
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Fig. 2. Frequency distribution of annual average arsenic content in ground water sources measured at 297 centralized drinking water sources in 2006 in China (ND: not

detected).
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expressions:

Cio x (1 —R) x L x EF x ED

cancerrisk; = BW < AT
X

x SF; (5)

Cio x (1 —R)x L x EF x ED

HI; =
! BW x AT x RfD;

(6)

If there are several pollutants in source water, the equations for
total risk are established as shown below:

m
cancer risky = Z (C’O x( _B\I/Q\;z,Lq';( EF <ED SFl-> (7)
i1
m
. Cio x (1 —R) x L x EF x ED
HIT—Z( BW x AT x RfD; ) ®)

i=1

where cancer riskr is the total lifetime cancer risk of pollutants in
drinking water (unitless); Hlpy is the total hazard index of pollu-
tants in drinking water (unitless); m is the number of pollutants
(unitless).

It is generally accepted that HI below 1 is considered to mean no
significant risk of non-carcinogenic effects, and if the value of cancer
risk is between 10~4 and 10-5, it is believed that the carcinogenic
risk is acceptable [9,10].

3. Current concentration of arsenic in source water
3.1. Centralized drinking water sources

MEP of China investigated the current concentration of total
arsenic in 725 centralized drinking water sources in 19 provinces
in 2006, including 428 surface water sources and 297 ground water
sources. Figs. 1 and 2 show the frequency distribution of annual
average arsenic content in investigated water sources. It can be
seen from Fig. 1 that no arsenic is detected at 28 surface water
sources and concentrations of arsenic less than 0.002 mg/L (includ-
ing 0.002 mg/L) are detected at 152 surface water sources, and
their accumulated percentage is 42.1%. Totally, the concentrations
of arsenic are less than 0.01 mg/L (including 0.01 mg/L) at 96.3% of
surface water sources. There is only one surface water source that
has a concentration of arsenic of greater than 0.05 mg/L.

It can be seen from Fig. 2 that there are 33 ground water sources
where no arsenic was detected and concentrations of arsenic of
less than 0.002 mg/L (including 0.002 mg/L) were detected at 104
ground water sources, and their accumulated percentage of them is
46.1%.The concentration of arsenic at 98.3% of ground water sources
is less than 0.01 mg/L (including 0.01 mgL). Only one ground water
source has a concentration of arsenic of more than 0.05 mg/L.

3.2. Distributed drinking water sources

China has a rural population of about 900 millions, which
approximately accounts for 70% of the national population, and
about 63.5% of rural population is consuming distributed drinking
water sources. Many distributed drinking water sources are wells
and the water from wells is used for drinking without purification.
The concentrations of arsenic in 208,820 wells were investigated
by Chinese Center for Disease Control and Prevention and relative
departments of 11 provinces in 2002-2004. Their findings indi-
cate that the arsenic concentration in 182,044 wells satisfy the
requirement of GB5749-2006, which account for 87.1%, and that
the concentration of arsenic in 5474 wells exceeds 0.05 mg/L, which
account for 2.6%.

Table 1
Technologies available for arsenic(V) removal and their efficiencies. Preoxidation
may be required to convert As(III) to As(V).

Technology available Maximum removal efficiency (%)

Ion exchange (sulfate 50 mg/L) 95
Activated alumina 95
Reverse osmosis >95
Modified coagulation/filtration 95
Modified lime softening (pH > 10.5) 90
Electrodialysis reversal 85
Oxidation/filtration (iron:arsenic=20:1) 80

4. Technologies available for the removal of arsenic from
water

4.1. Arsenic removal efficiency of available technologies

The removal of arsenic from water has attracted much atten-
tion from the research community in recent years. A variety
of treatment processes has been developed including coagula-
tion (precipitation), adsorption, ion exchange, membrane filtration,
electrocoagulation, biological process, oxidation process and so on
[11-13]. Coagulation and adsorption processes are most promising
for the removal of arsenic from high-arsenic water because of its
low cost and high efficiency, and are widely used in the developing
world. However, they have not got the ability to bring the concentra-
tion of arsenic below 0.01 mg/L. According to Bissen and Frimmel’s
[14] and Wang et al.’s [15] research, membrane filtration process
and ion exchange process can be used to bring the arsenic concen-
tration from 0.048-0.087 mg/L to 0.005 mg/L. Table 1 shows seven
technologies identified by USEPA as the best available technologies
(BATs) [16].

4.2. Arsenic removal efficiency of simulated purification process

For economic reasons, almost all water treatment plants
in China employ the traditional purification process includ-
ing coagulation-sedimentation, sand filtration and disinfection.
Advanced treatment processes, such as ion exchange, reverse osmo-
sis, electrodialysis reversal, and membrane filtration, are still at the
trial stage.

In order to investigate the removal efficiency of arsenic by tra-
ditional purification process in water treatment plants in China,
the traditional purification process was simulated in lab and the
arsenic removal efficiency was investigated under simulated con-
dition using source water containing arsenic.

Two kinds of source water were used for simulation, one col-
lected from Miyun Reservoir which supplies source water for
Beijing, and called SW-A, and the other collected from Yuqiao Reser-
voir, and called SW-B. Water quality parameters of these two kinds
of source water were tabulated in Table 2. The concentrations of
arsenic in the two source water were kept at 0.03 mg/L, 0.04 mg/L,
0.05 mg/L and 0.06 mg/L by adding high-arsenic solution.

The simulation process consists of three steps: (1)
coagulation-sedimentation; (2) filtration; (3) disinfection. A
series of coagulation-sedimentation experiments were con-
ducted with polyaluminium chloride (PAC) and ferric chloride
(FeCl3), which are widely used in water treatment plants in China.

Table 2
Water quality parameters of SW-A and SW-B.
TOC (mgL-1) CODwmn Turbidity Uv254 pH
(mgL-1) (NTU)
SW-A 1.786 225 4-6 0.03-0.05 8.3-8.5
SW-B 3.234 4.574 70-80 0.18-0.21 8.0-8.5
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Fig. 3. Comparison of arsenic removal efficiency in simulated water treatment process: (a) SW-A, 1.0 mg/L PAC by coagulation; (b) SW-B, 10 mg/L PAC by coagulation; (c)

SW-A, 10 mg/L FeCls by coagulation; (d) SW-B, 140 mg/L FeCl; by coagulation.

The upper water after coagulation-sedimentation was filtrated
through a millipore membrane (3 wm aperture), and the filtrate
was disinfected using NaClO as disinfectant. The dosage of NaClO
is just right when the concentration of residual chlorine (as Cl,) is
0.5mg/L in 30 min from the addition of disinfectant.

The arsenic concentrations of samples collected through three
steps were measured using an atomic fluorescence spectrometer,
and the measurement results were shown in Fig. 3.

It can be seen from Fig. 3 that the arsenic removal efficiency
obtained through coagulation-sedimentation with FeCl3 used as
coagulate is much higher than that obtained using PAC as coag-
ulate. This means FeCl3 is much more effective for the removal of
arsenic by comparing Fig. 3(c) with (d), it can also be seen that when
FeCls is used as coagulate, the arsenic removal efficiency obtained in
SWB through coagulation-sedimentation can be 77-80%, but only
15-17% in SWA. The results indicate that the removal of arsenic
from water through coagulation-sedimentation not only depends
on the properties of coagulates, but also the quality of water and
the initial arsenic concentration in water.

According to the simulation results, the arsenic removal effi-
ciency can be made more than 80% by optimizing the operational
conditions including the selection of the right type of coagu-
lates, increasing the dosage of coagulates, pH, retention time and

so on. Actually, the management efficiency in water treatment
plants makes obviouse difference. In order to keep safety margin,
the arsenic removal efficiency obtained by traditional purifica-
tion is taken as zero, which is full in line with the monitoring
results of the State Urban Water Supply Management Center of
China.

5. Health risk assessment of arsenic in source water in
China

In the USEPA cancer classifications, arsenic belongs to Group
A, and is an assured human carcinogen. The RfD and carcino-
genic SF for arsenic through oral ingestion are 3 x 10~4 mg/kg d and
1.5(mg/kg d)~! respectively, as provided in the integrated risk infor-
mation system (IRIS) at the web site of USEPA [17]. It is clearly
stated in Section 4.2 that the removal efficiency of arsenic obtained
through traditional purification is zero, i.e. R is 0. Therefore, the
cancer risk and hazard index of arsenic by consumption at different
concentrations of arsenic in source water can be calculated using
the following equations:

. C
cancerriskas = ']

35 % 1.5 9)

Table 3

Lifetime hazard index and cancer risk of arsenic at different concentration in source water.
Co (mg/L) 0.001 0.002 0.01

HI 0.10 0.19 0.95

Cancer risk 4.29E-05 8.57E-05 4.29E-04

0.02 0.03 0.04 0.05
1.90 2.86 3.81 4.76
8.57E-04 1.29E-03 1.71E-03 2.14E-03
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Table 4

Cancer risk and risk management measures to attain permissible content of arsenic in source waters.

Permissible content of arsenic Cancer risk

in source water (mg/L)

Measures to attain permissible content of arsenic

0.002 <104

0.01 492 x 104

0.05 214 x 104

(1) More than 50% of centralized drinking water sources and 20% of distributed
drinking water sources must be managed for contamination control.

(2) More than 50% of centralized drinking water sources must be purified by
ion exchange or membrane filtration.

(3) Alternative source waters should be selected or necessary purification
equipment should be used for more than 20% of distributed drinking water
sources.

(1) 2.9% of centralized drinking water sources and 12.9% of distributed
drinking water sources must be managed for contamination control.

(2) The arsenic removal efficiency must be improved by optimizing operational
parameters for 2.9% of centralized drinking water sources.

(3) Alternative source waters should be selected or necessary purification
equipment should be used for 12.9% of distributed drinking water sources.

(1) 0.3% of centralized drinking water sources and 2.6% of distributed drinking
water sources must be managed for contamination control.

(2) The arsenic removal efficiency must be improved by optimizing operational
parameters for 0.3% of centralized drinking water sources.

(3) Alternative source waters should be selected or necessary purification
equipment should be used for 2.6% of distributed drinking water sources.

Co

Hip= 0
AT 35.3%x104

(10)

According to the results shown in Table 3, arsenic is so harmful
that serious health problems have been related to arsenic consump-
tion even when arsenic is at a low concentration, and the adverse
effect on health increases as the concentration of arsenic increases.
When the concentration of arsenic is 0.002 mg/L, the HI value is less
than 1 and the cancer risk is already close to the upper limit of the
acceptable risk level of 10-4. When the concentration of arsenic is
0.01 mg/L, the HI value is close to 1 and the cancer risk is 4.3 times
higher than the 104, which means there is a significant potential
carcinogenic risk at that concentration.

According to the analysis results shown in Section 3.1, the con-
centration of arsenic in 56% of 725 centralized drinking water
sources exceeded 0.002 mg/L, which means that the residents
served by almost half of the investigated centralized drinking water
sources have a significant potential health risk by consumption.
For lacking of complete statistics, we do not really know what is
the percentage of distributed drinking water sources with high risk
when the concentration of arsenic exceeded 0.002 mg/L, and more
than 20% distributed drinking water sources with high risk can be
estimated through the analysis mentioned in Section 3.2.

6. Risk management of arsenic in China
6.1. Methods available to lower potential health risk

In order to reduce the cancer risk and hazard index of arsenic
by consumption, some methods such as control of contamination
sources and end treatment can be used to reduce the concentration
of arsenic in source water and drinking water.

6.1.1. Supervision to be reinforced for contamination sources

There are two arsenic sources in the natural environment, one is
the mobilization of arsenic under natural conditions, such as natu-
ral weathering reactions, biological activity, geochemical reactions,
volcanic emissions and so on, and the other is anthropogenic activ-
ities, including mining activities, combustion of fossil fuels, use of
arsenic pesticides, herbicides, crop desiccants and the use of arsenic
additives in livestock feed [13]. Therefore, the first thing to do is to
identify the sources of arsenic in source waters before measures
are taken. If high-arsenic concentration is caused by anthropogenic

activities, it is necessary to take actions to reinforce the supervision
of contamination sources, otherwise, the use of alternative drinking
water sources should be considered.

6.1.2. Investment to be increased for application of advanced
purification technologies

It is known through risk analysis that the adverse effect of
arsenic to people is acceptable when the concentration of arsenic in
drinking water was less than or near to 0.002 mg/L. Unfortunately,
it is difficult to use traditional purification processes to produce
cleaned water with a low arsenic concentration, say 0.01 mg/L. The
investment should be increased accordingly for the application of
advanced purification technologies including membrane filtration
and ion exchange for centralized drinking water sources and the
purchase of small purification equipment for distributed and de-
centralized drinking water sources.

6.2. Cost-effectiveness analysis

Cost-effectiveness analysis is essential for the development of
effective measures for risk management. Cancer risk and risk man-
agement measures are listed in Table 4 for permissible content of
arsenic in source waters. The current economic status of China says
the investment will not be affordable if the permissible content of
arsenic in source water was set at 0.002 mg/L. Additionally, the life-
time carcinogenic risk by consumption will not be acceptable if the
permissible content of arsenic in source water was set at 0.05 mg|/L.
Therefore, it is prudent to set the permissible content of arsenic
at 0.01 mg/L while necessary risk management measures are
taken.

6.3. Current risk management measures for arsenic in China

When the permissible content of arsenic is set at 0.01 mg/L,
there is still 2.9% of centralized drinking water sources and 12.9% of
distributed drinking water sources which cannot meet the require-
ment, so effective measures should be developed and used to
reduce the hazard risk as much as possible. On the one hand, it
is necessary to identify the contaminated sources to prevent the
discharge of arsenic containing wastewater without treatment. On
the other hand, purification efficiency should be improved by opti-
mizing the operational parameters in a more rational way. While
0.002 mg/L is set as the long term goal for control of arsenic in
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source water, advanced purification processes should be applied
in some well-developed economic regions to reduce the risk of
adverse health effects.

7. Conclusions

Protection of source water aims at maintaining high quality of
drinking water by simple purification of the source water. As part
of our efforts to find effective methods to control the deterioration
of water sources, the concept of risk assessment and management
is introduced in this paper for risk management of arsenic in source
water based on the health risk assessment by analyzing the arsenic
removal efficiency of traditional purification process. It is justified
through analyses that risk assessment and management is suitable
for China to control pollution of drinking water sources. The per-
missible content of arsenic in source water should be 0.01 mg/L at
present in China, and risk management measures include necessary
control of contamination sources and improvement of purification
efficiency.
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