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Abstract This study determined the influence of emerg-
ing industries development on molybdenum (Mo)
groundwater contamination. A total of 537 groundwater
samples were collected for Mo determination, including
295 samples from potentially contaminated areas of 3
industrial parks in Taiwan and 242 samples from non-po-
tentially contaminated areas during 2008-2014. Most of
the high Mo samples are located downstream from a thin
film transistor-liquid crystal display (TFT-LCD) panel
factory. Mean groundwater Mo concentrations from
potentially contaminated areas (0.0058 mg/L) were sig-
nificantly higher (p < 0.05) than those from non-poten-
tially contaminated areas (0.0022 mg/L). The highest Mo
wastewater concentrations in the effluent from the opto-
electronics industry and following wastewater batch treat-
ment were 0.788 and 0.0326 mg/L, respectively. This
indicates that wastewater containing Mo is a possible
source of both groundwater and surface water contamina-
tion. Nine samples of groundwater exceed the World
Health Organization’s suggested drinking water guideline
of 0.07 mg/L. A non-carcinogenic risk assessment for Mo
in adults and children using the Mo concentration of
0.07 mg/L yielded risks of 0.546 and 0.215, respectively.
These results indicate the importance of the development
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of a national drinking water quality standard for Mo in
Taiwan to ensure safe groundwater for use. According to
the human health risk calculation, the groundwater Mo
standard is suggested as 0.07 mg/L. Reduction the dis-
charge of Mo-contaminated wastewater from factories in
the industrial parks is also the important task in the future.
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The rise in emerging industries in Taiwan in the past few
decades has caused several soil and groundwater contam-
ination events. Groundwater is a critical water resource for
agricultural and domestic demand in Taiwan. Preventing
groundwater pollution from emerging industries, especially
the wafer fabrication, semiconductor, optoelectronic
materials and components manufacturing industries is an
important issue for residents and government. Molybde-
num (Mo) is a trace element that has caused recent health
risk concerns. Previous investigations into the distribution
of Mo in the groundwater in Taiwan are limited. The lack
of a groundwater Mo standard in Taiwan has also caused
concern in residents living near wafer fabrication, semi-
conductor, and optoelectronic materials manufacturing
industries. The environmental protection administration
(EPA) of Taiwan has therefore considered revising the
existing groundwater standards for local developed
industries.

The development of semiconductor and optoelectronics
industries in Taiwan has led the world, especially the thin
film transistor liquid crystal display (TFT-LCD) industry.
The Taiwan flat panel display industry contributed 32.6 %
of the global output value (175,339 million US dollars) in
2014. In 2010, Taiwan held 41.7 % of the global TFT-LCD
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market, leapfrogging Japan (9.7 %) and placing it second
in the world behind S. Korea (42.2 %) (Hung et al. 2012).
Molybdenum is widely used in the semiconductor and
optoelectronics industries. Thin-film sputtering of TFT-
LCD substrate uses Mo in the manufacturing process.
Sputtering is used to create a thin film of Mo onto the
substrate. Aluminum etching solution is subsequently used
to remove the part that is not photoresist coated and pro-
tected, and the mask pattern is then transferred to the film.
Therefore, the high concentration aluminum etching solu-
tion contains waste Mo, which is the main source of Mo in
wastewater. Molybdenum is regarded as an essential trace
element for human health, with an estimated daily
absorption for adults of 0.075-0.25 mg (National Academy
of Sciences 1989). The Mo content in rocks is in the range
of around 1-5 mg/kg (Das et al. 2007). Molybdenum is
commonly concentrated in sulphide rich ore zones and in
sulphidic sedimentary rocks, such as black shale (Wilde
et al. 2004; Das et al. 2007). Mineral sources also include
the Mo oxides wulfenite (PbMoO,) and powellite
(CaMoQ,) and the more common Fe, Mn and Al oxides
(Wichard et al. 2009; Essilfie-Dughan et al. 2011).

The toxicity of Mo is a function of the physical and
chemical state of the element, the exposure pathway and
dietary Cu and S concentrations (WHO 2011a). Mo is
essential for human health; however, excessive exposures
to Mo may affect male reproductive health (Meeker et al.
2008, 2010). According to the health effects from chronic
exposure to Mo, the health-based guideline value for Mo in
drinking water was modified to 0.07 mg/L (WHO 2011b).
In Taiwan, the Mo chemical compounds are used primarily
as optoelectronic materials in the production of TFT-LCD
panels. However, the groundwater distribution Mo is
poorly known. The lack of in situ investigations and
political regulation of emerging contaminants has further
threatened groundwater safety. Hence, the purposes of this
work were to determine the Mo groundwater distribution in
the study area, and evaluate the concentrations of Mo rel-
ative to published drinking water quality standards of the
World Health Organization in health risk calculations.

Materials and Methods

The main semiconductor and optoelectronics industries are
located in 3 industrial parks in Taiwan (Fig. 1), regarded as
the potentially contaminated areas for groundwater Mo
contamination. Groundwater samples (n = 537) were col-
lected for Mo analysis, including 295 samples from
potentially contaminated areas (i.e., wells within industrial
parks) and 242 samples from non-potentially contaminated
areas (i.e., wells not within industrial parks) during
2008-2014. At least three wellbore volumes of

groundwater were pumped before sampling. Dissolved
oxygen (DO), temperature, pH, electrical conductivity
(EC), and electrical potential (Eh) were measured in a
flow-through cell every 5 min during well purging. Cell
sensors were calibrated with reagent grade standard solu-
tions (purchased from Merck, Taipei, Taiwan) for pH
(4.00, 7.00 and 10.0), EC (1413 pS/cm), and Eh (280 mV)
before measuring any of these parameters in the field
(ASTM 1992). Water samples were collected only after pH
and EC stabilized and the pH fluctuations and relative EC
were <0.1 and 5 %, respectively. Groundwater Mo was
measured using an inductively coupled plasma-atomic
emission spectrometer (ICP-AES; Model ICAP 9000, Jar-
rell-Ash, Franklin, MA, USA). A total of 15 samples
including the blank, spike, duplicate and check samples
[ultra-high purity grade (99.99 %) Mo standard solutions
and nitric acid from Merck] were measured sequentially
(USEPA 2001). The lower detection limit was 0.001 mg/L.
Variances in duplicate measurements were less than 10 %.
Recoveries of Mo-spiked samples were between 90 and
110 %. The descriptive statistics for the analytical results
and ¢ test for Mo concentrations between potentially and
non-potentially contaminated areas were calculated using
SPSS software (SPSS Inc. 1998).

Mo groundwater health risk assessment, the new criteria
formulation for health risk assessment takes into account
the local health risk calculation methods and parameters
and the collection and compilation of basic information on
the physicochemical properties and toxicology (Taiwan
EPA 2008a). Due to the lack of a cancer slope factor for
Mo, the non-carcinogenic risk via different exposure
pathway is hence assessed using Eq. (1).

HI = ZHQoral + ZHQinh + ZHQdermal (1)

HI means the non-carcinogenic risk of Mo by different
exposure pathways. HQ,,u;, HOinny HQOgormas means the
hazard quotient of Mo by accidental ingestion of ground-
water, breathing of vaporized pollutants from groundwater
in the air, and absorption through the skin, respectively.
The most conservative residential exposure scenario for
both adults and children exposed were considered (Fig. 2).
The hazard quotient of different exposure pathway is
estimated using Eq. (2)

Intake
RyD

HQ = (2)
where the Intake means the dose from different exposure
pathways, including accidental ingestion of groundwater,
breathing of vaporized pollutants from groundwater in the
air, and absorption through the skin. The Intake calcula-
tions followed Andelman (1990), USEPA (1989), (2004);
R is the reference dose of ingestion (0.005 mg/kg per
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Fig. 1 Distribution of sampling
monitoring wells in 3 industrial
parks (groundwater Mo
potentially contaminated areas)
and non-potentially
contaminated areas
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day). The drinking water quality standard (0.07 mg/L) of
the World Health Organization (WHO 2011b) was adopted
for the starting value to assess the acceptable non-car-
cinogenic risk, 1.

Results and Discussion
Groundwater Mo concentrations ranged from ND-

0.138 mg/L with an average of 0.0058 mg/L in potentially
contaminated areas, and ND-0.456 mg/L with an average of
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0.0022 mg/LL in non-potentially contaminated areas,
respectively. Molybdenum concentrations in most ground-
water samples were lower than the detection limit
(0.001 mg/L), including 168 and 238 samples in potentially
and non-potentially contaminated areas, respectively. Low
Mo concentrations also resulted in large statistical variabil-
ity. However, the groundwater Mo concentrations from
potentially contaminated areas were significantly higher
(p < 0.05) than those from non-potential areas, indicating
the importance of establishing a national groundwater stan-
dard, especially in the areas of the industrial parks. Smedley
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Contaminant source Exposure pathway Receptor
| Exposure senario | Residential area |
Initial medium Transport pathway Exposure medium | Absorption | Child | Adult |
Groundwater Groundwate.r to out Air Inhale v v
door air
In house inhalation Air Inhale v v
exposure
. Grqundwater Drinking water Ingestion v v
ingestion pathway
In house dermal Household water Skin contact v v
exposure
Fig. 2 Exposure pathway for health risk assessment
Table 1 Non-carcinogenic risk assessment of groundwater molybdenum
Starting value Non-carcinogenic risk Exposure pathway Risk
(mg/L) and contribution . B ; . .
Drinking Absorption via vaporization Skin contact
Bathe Cleaning Outdoor
0.07 Adult 545 x 107! - - 1.57 x 1073 546 x 107!
Contribution (%) 99.67 - - - 0.33 100
Child 2.14 x 107" - - 9.39 x 107* 2.15 x 107"
Contribution (%) 99.67 - - - 0.33 100

et al. (2014) indicated that Mo in British groundwater was in
the range of ND to 0.0892 mg/L (1735 samples) with an
average of 0.0087 ng/L and concentrated largely in major
aquifers. According to the difference of Mo concentrations
between potentially and non-potentially contaminated areas
in Taiwan, the anthropogenic sources of Mo are critically
more threatening than the environmental background
content.

According to previous studies by EPA of Taiwan (Tai-
wan EPA 2008b, 2010), wastewater Mo concentration from
the semiconductor, TFT-LCD, and LED manufacturing
plants in the industrial park ranged from ND-0.012,
0.084-1.91 and ND-0.062 mg/L, respectively. Molybde-
num content from TFT-LCD manufacturing plants com-
prised up to 99.5 % of the total amount in the southern
industrial park (Southern Taiwan Science Park Branch
2011). The highest Mo wastewater concentrations in the
effluent from the optoelectronics industry and science park
were 0.788 and 0.489 mg/L, respectively. Following
wastewater batch treatment, Mo concentrations in the
effluent were measured as 0.00094-0.0326 and
0.0279-0.523 mg/L, respectively (Taiwan EPA 2010). The
Mo concentrations in fertilizer effluent water, artificial
fiber, chemical materials and electric cell manufacturing

plants were ND-0.0186, ND-0.0311, ND-0.0368, and ND-
0.0730 mg/L, respectively (Taiwan EPA 2012).

Following the plant effluent discharge into the receiving
water body, the Mo concentration was 0.186-0.2 mg/L,
which is higher than the water quality background level
(0.0008 mg/L) (Chunghwa Picture Tubes Ltd. 2009; Long-
tan Aspire Intelligent Industrial Park Administration 2009).
Concentrations at four well sites on the riverbank were in the
range of 0.0042-0.0616 mg/L,, and in the range of
1.20-4.71 mg/kg in nearby irrigated soil, higher than the soil
background level. In addition, the concentration in sediment
was in the range of 0.264-0.474 mg/kg (Taiwan EPA 2011).
As Mo-containing material is used in the manufacturing
process (mostly indium tin oxide (ITO) transparent elec-
trodes and molybdenum sisquioxide), Mo may enter
wastewater and influence the environmental water body.
Due to low soil sorption coefficients (K; = 20 L/kg) for
Mo, Mo may readily infiltrate downward through the soil
and rock strata to contaminate the groundwater.

For the 3 industrial parks surveyed in this study, Mo
may enter the subsurface environment due to damaged
underground pipelines or wastewater disposal (Taiwan
2012). The main exposure pathway for human risk is
groundwater. The risk associated with soil and/or sediment
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can be neglected. Based on toxicity data from the Inter-
national Agency for Research on Cancer database (IARC
2013) and the Integrated Risk Information System (USEPA
2013), Mo has no carcinogenic effect on living organisms
(Geng et al. 2014), and 0.005 mg/kg/day of toxicity value
was adopted for risk assessment. Therefore, only non-car-
cinogenic risk was assessed using 0.07 mg/L as the starting
value. Table 1 shows the risk assessment for molybdenum.
In the exposure pathways for adults and children, non-
carcinogenic risk is <1. The standard for groundwater Mo
is hence recommended as 0.07 mg/L. Based on this sug-
gested standard, concentrations of 9 samples in this study
exceeded 0.07 mg/L. The health risks of adults and chil-
dren which are calculated by the highest groundwater Mo
concentration from potentially contaminated areas
(0.138 mg/L) is 1.08 and 2.12, respectively. These high
groundwater Mo concentrations were all located down-
stream of a main TFT-LCD panel factory in Taiwan.
Reduction the discharge of Mo-contaminated wastewater
from factories in the industrial parks is also the important
task in the future.
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