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This work examines the distributions of potentially toxic trace elements (e.g., Cu, Zn and As) and assesses the
potential hazards of contaminants to environment. Trace elements are released from seawater desalination
facility in the Penghu Islands, Taiwan. Temporal trends of trace element concentrations are investigated by
comparing biannual concentrations for a 2-year period (2006-2007). Analytical results demonstrate that only
As in seawater had an increasing trend after 2006. Further, a hazard index (HI) is applied to assess the
potential hazard of contaminants to the environment. The HI (HI = Cosy/Cajiowanle) is defined as the ratio of the
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Desalination plant 95th percentile for a pollutant concentration (Cosy) to an allowable concentration for each pollutant
Sediment (Canowable)- The hazard index is used to establish a pollutant priority ranking and, then, serves as a useful
Seawater screening tool for developing strategies for desalination pollution control. In this study, if the priority is to

Hazard ranking improve water quality, focus should be placed on Cu (HI= 0.32). On the other hand, if the priority is sediment
quality, the As concentration (HI=0.51) should be reduced. If the two HIs (seawater and sediment) are

considered together, As (HI=0.56) becomes the highest-ranking trace element, followed by Zn (HI=0.54).
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1. Introduction

Penghu County, Taiwan, is an offshore island located in the Taiwan
Strait. The marine environment around Penghu is home to diverse fish
and shellfish species which are important natural and tourist
resources for Penghu Island residents. However, due to the geography
of Penghu Islands, precipitation is rare and potable water is generally
generated by seawater desalination. The use of desalinated seawater
as drinking water has increased significantly; however, many
desalination plants release high amounts of concentrated brine
containing trace elements into the marine environment. As a result,
the marine environment is polluted with potentially toxic trace
elements (PTTEs), which are frequently detected in desalination plant
effluent outfall areas [1]. These PTTEs have been recognized as the
most deleterious contaminants to biota in marine and estuarine
environments. These PTTEs discharged from desalination plants are
mainly from the following three sources: scale inhibitors, brines, the
corrosion of permeate tubes and other utility pipes [2].

Desalinated activity in Penghu has added sizeable volumes of
waste to desalination effluence water and sediments for several years.
Therefore, the desalination effluent area was recognized as a major
environmental issue for the marine environment around Penghu.

* Corresponding author. Tel.: +886 2 2730 1227.
E-mail address: khy@mail.ntust.edu.tw (K.-H. Yang).

0011-9164/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.desal.2011.07.059

Consequently, interest in studying the contaminant distribution and
environmental impact of effluent has been significant. As reported by
previous studies [3-7], sediments and organisms (Pacific oyster—
Crassostrea gigas) have been sampled from an offshore area near the
Penghu Islands during 1991-1998. Lin et al. [ 14] found that concentra-
tions of copper (Cu), zinc (Zn) and arsenic (As) are detectable in
bivalves. However, the possible relationship between seafood con-
sumption and human exposure to many contaminants has not been
extensively investigated. This may require a comprehensive analysis of
chemical, toxicological and ecological data [8-10]. These high PTTE
concentrations may not affect organisms directly but rather may
transfer toxicity to humans through the food chain and accumulate in
human bodies. Moreover, an increase in environmental stress of the
Penghu Island ecosystem from added pollution may reduce seafood
resources and adversely affect human health.

In this study, total 54 sediment samples and 170 water samples,
collected from each season during 2006-2007 in the desalination area
of the Penghu Islands, Taiwan, are used for the analysis. Different from
the aforementioned researches which mainly focused on the PTTE
concentrations in sediment and bivalves, the importance of this work
and novelty are highlighted as follows. This paper presents a study to
investigate the temporal and spatial trends of the PTTE concentrations
in both seawater and sediment. The correlation of PTTE concentra-
tions between different seawater depths and sediment is analyzed by
a statistic correlation method. In addition, the PTTE concentrations
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measured in the desalination plant effluent are compared with the
PTTE concentrations obtained in seawater and sediments to prove
that the desalination discharge is the point source of PTTEs. Further, a
hazard index, defined as the ratio of the 95th percentile of a pollutant
concentration to an allowable concentration, is applied to assess the
potential hazard of contaminants to the environment. In the hazard
assessment, a pollutant priority ranking is established, and then, serve
as a useful screening tool for developing strategies for desalination
pollution control.

2. Materials and methods
2.1. Sample collection

The effluent area of the seawater desalination plant in this work is
located on southeastern side of Penghu County, Taiwan. As the
desalination effluent discharge outfall was the point source in the
study area, analyzed PTTE concentrations from sediment samples are
expected to detect directly from desalination plant effluent as well.
Fig. 1 shows a map of the study area. Sediment and water were
sampled from a sector area and a radius of approximately of 3 km.
Three sediment and water samples were collected at each distance of
50, 100, 200, 400, 600, 1000, 1500, 2000 and 3000 m from the coast
near the desalination plant outfall area. Sediment samples were
collected from the seabed at target locations at a depth of 25-50 m
below the water surface. Sampling depths for water samples were 1,
25 and 50 m (close to the deepest point), respectively. In total, 54
(6x9) sediment samples and 170(6x9x3) water samples were
collected. Fig. 1 shows sampling locations of the location of
desalination plant outfall. Season samplings were taken from June
2006 to December 2007.

2.2. Sample processing

Sediment samples were collected by diving into the surface layer
of the seabed at target locations. Sediment was collected by gently

pushing a bottle to surface layer with a depth of approximately of
5 cm and then slowly moving the bottle forward until it was loaded.
The filled bottles were then sealed with lids. Sediment and water
samples were maintained fresh by storing them inside an ice box
before being transported back to laboratory for sample preparation
and analysis.

2.3. Sample analysis

2.3.1. Sediment analysis

In the laboratory, excess seawater in bottles was decanted and
sediment samples were then air-dried at room temperature. The dried
sediment samples were first screened through a 1 mm sieve to
remove large particles. The screened sediment was then washed with
deionized water to remove any remaining salts before drying in an
oven at 65 °C for at least 24 h. Dried sediment was ground to a powder
using an agate mortar and pestle. The particles sized less than 63 pm
were collected and roughly 1g dry weight sediment was digested
using a mixture of concentrated acids (HNOs3:HCI=1:3). The
digestion procedure was described by Rauret et al. [11]. The digested
samples were then ready for analysis of trace elements (e.g., Cu, Zn
and As). Samples were prepared according to the procedure by Hung
and Hsu [12] and Chen et al. [13].

PTTEs in digested sediment samples were determined by Induc-
tively Coupled Plasma-Mass Spectrometry (ICP-MS, Agilent-7500a)
according to the U.S. Environmental Protection Agency (USEPA)
Method 6020. Blanks were included in each test batch for quality
assurance (QA) and quality control (QC). The standard calibration
procedure was followed to ensure the accuracy of the analytical
method. A certified reference standard sediment, PACS-1, from the
National Research Council of Canada was utilized to test analytical
method and instrument accuracy. The difference between the
certified and measured results was <10% for samples in this study.
The minimum detection limits (MDL) were 0.118, 0.404, and
0.179 mg kg~ ! for Cu, Zn, and As, respectively.
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Fig. 1. Study area and location of sampling points ().
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2.3.2. Effluent and seawater analysis

The volumetric flow rate of the desalination plant effluent was
30,000 m> day ~'. The seawater samples and effluent samples were
taken to the laboratory and digested using a microwave digester with
a mixture of nitric and sulfuric acid (1/1, v/v) solution. Both Cu and Zn
were measured using Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES, Perkin Elmer-2000DV) according to the
USEPA Method 6020. The As concentration was determined by
graphite atomic absorption spectrometry (Perkin Elmer AA700).
Standard addition procedures were employed to calculate analytical
concentrations. A certified reference standard material, NIST 1640,
representing a mine-impacted creek was utilized to test method and
instrument accuracy. The difference between the certified and
measured results was insignificant. The MDL were 0.03, 0.19, and
0.14 mg kg~ ! for Cu, Zn, and As, respectively.

2.4. Statistical analysis

Data analysis utilized statistical methods. To assess the strength of
the relationship of PTTE concentrations between sediment and water,
Spearman's rank correlation instead of a simple linear correlation, such
as the Pearson technique analysis, was used. To test for significant
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differences between PTTE distributions within 1000 m and those outside
the effluence from 1000 to 3000 m, the One-Way analysis of variance
(ANOVA) statistic method was used. Spearman's correlation analysis and
the One-Way ANOVA were performed using PAWS Statistics 18 for
Windows [17]. Spearman correlation analysis was employed to study
the relationship among sediment characteristics [13].

3. Results and discussion
3.1. Temporal trends and relationships

Variations in concentrations of Cu, Zn, and As over time were
determined using plotted sector diagrams of the mean biannual
concentration values (average of several sampling rounds) for
seawater at three depths and sediment samples. Fig. 2 shows a
systematic trend of decreasing concentrations, as was the case for Cu.
Copper concentration peaks were observed from high (0.77-0.82 ng/L)
to low (0.08-0.05 pg/L) in seawater since the fourth quarter of 2006
(Fig. 2a). Sediment also exhibited a moderate decreasing trend
(Fig. 2d). Consequently, fluctuations in Cu concentrations from the
discharge may lead to definitive conclusion (Fig. 2a). Conversely,
peaks of Zn concentrations were observed from non-detectable to the
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Fig. 2. Mean biannual PTTE concentrations of Cu, Zn, and As collected in seawater ((a), (b), and (c)) and in sediment ((d), (e), and (f)), for a 2-year period (2006-2007).
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highest concentration (19.29-20.02 pg/L) in seawater since the
second quarter of 2006 (Fig. 2b). Similarly, the highest Zn concentra-
tion in sediment was also detected in the fourth quarter of 2007
(Fig. 2e). Comparatively speaking that the circumstance of the
fluctuations of Cu and Zn in the desalination effluent area may be
proved using discharge concentrations (Fig. 2b). The temporal trends
of As concentrations between seawater and sediment were differed
from those of Cu and Zn. Fig. 2c shows that the As concentration
increased in seawater, and decreased in sediment (Fig. 2f). The
fluctuations in seawater may be influenced by discharge concentra-
tions, but may not those in sediment.

To discuss the correlation between the three depths seawater and
sediment in three PTTEs (Cu, Zn, and As), Chen et al. [13] applied
Spearman correlation analysis to test the relationship among
sediment characteristics between the six trace PTTEs (i.e., Cu, Zn, Cr,
Cd, Hg and Pb), and Lin et al. [14] reported that the trace element
concentrations of Cu, Zn, and As in organisms exhibit an apparent
variation compare to Cr, Cd, Hg and Pb. Therefore, this work applied
Spearman correlation analysis to test the relationship among
sediment and seawater at depths of 1, 25, and 50 m respectively in
the three trace elements (Cu, Zn, and As) is showed in Table 1. Table 1(b)
shown a correlation coefficient of 0.913 and confidence level of 99% (or
r=0913, p<0.01), indicating that high Zn concentration existed at a
depth of 25 m and was usually accompanied a high concentration at a
depth of 50 m. The correlations among concentrations of seawater at
depths of 1, 25 and 50 m indicate that seawater received pollutant input
from desalination effluent and contaminants accumulated in the vicinity
of the desalination effluent area. Second, Spearman correlation analysis
was applied to test the relationship between trace element concentrations
(Cu, Zn, and As) in seawater and sediment (Table 1(a), (b) and (c)). The
correlation coefficients for Cu and Zn were not significant at p>0.05, but
the correlation coefficients of As was significant at p>0.01 (Table 1(c)).
The high As concentration in sediment accompanied a low concentration
at a depth of 50 m in seawater with a negative correlation coefficient of
0.544 and confidence level of 99% (or r = —0.544, p<0.01). Most studies a
presented strong negative correlation between sediment grain sizes and
trace metal concentrations in sediment [18,19]. Another, organic matter
content was important factor affecting the trace metal concentration in
sediment [13]. In this study, the result of As concentration at a depth of
50m in seawater may be another factor affecting the trace metal
concentration in sediment.

Conversely, results of this study indicated that such correlations
for Cu and Zn were anticipated, due to the differences between

Table 1
Spearman correlation coefficients for (a)Cu, (b)Zn, and (c)As concentrations in water at
a depth of 1 m, 25 m, 50 m, and in sediment.

(a) Cu n 1m 25m 50 m
1m 216

25m 216 0.759"

50 m 216 0.740* 0.740*

Sediment 216 - - -

(b) Zn n 1m 25m 50 m
1m 216 ,

25m 216 0.900"

50 m 216 0.884" 0.913"

Sediment 216 - - -

(c) As n 1m 25m 50 m
1m 216

25m 216 0.832"

50 m 216 0.795" 0.828*

Sediment 216 —0.527" —0.535" —0.544"

(-: not significant at p>0.05; others are significant).
* Significant at p<0.01.

physical, chemical and biological processes at work in seawater and
sediment matrices.

3.2. Spatial trends and sediment characteristics

In terms of temporal trends, trace As concentrations from effluent
increased (Fig. 2c) and were influenced in the spatial trends of
seawater and sediment. As concentrations presented negative
correlation between sediment and seawater (Table 1(c)). In the
references, the concentrations of As were researched by Hsueh et al.
[15] have shown multiple risk factors of the Black-Foot Disease (BFD)
from fishing communities in Taiwanese; therefore, in spatial trends,
there was the first detail investigation of As trace element concen-
trations about seawater and sediment in the desalination effluence
area. The selected sampling locations are closed to the outfall of the
seawater desalination, where waste by-products have been dis-
charged. Hence, it is of interest to explore the relationship between
the known industrial activities and observed peak values in the
concentration records of the trace elements. The spatial trends of As
concentrations were concerned with this topic.

The spatial trends of As concentrations were investigated in
seawater and sediment. First, concentrations of As trace element in
seawater ranged from 0.4 to 1.1 ug/L for 1 meter depth, from 0.4 to
1.3 pg/L for 25 meter depth, and from O to 1.0 pg/L for 50 meter depth
as shown in Fig. 3a-c; furthermore, the results were showed that
there were generally lower in the desalination effluence station than
within surrounding stations except for the distance range from 1000
to 3000 m from the coast near the desalination plant outfall area.
Second, concentrations of As trace element in sediment ranged from
0.67 to 5.67 mg/kg, as shown in Fig. 3d; in addition, the results were
showed that the higher concentration of As trace element was located
on areas near the distance of 600 m, as well as within the desalination
effluence. Hence, the elevated trace element may be discharged from
non-specific coastal land, lagoon and the desalination. On the other
hand, the elevated trace element of As distribution within the
desalination plant outfall area was apparently derived mainly from
the desalination plant, and the coastal area wasn't significantly
polluted from plants except for the desalination plant. It has been
suggested that the desalination plant effluent increases PTTE
concentrations in the sediment in the outfall area [14].

3.3. Pollutant priority ranking

Addressing diffused pollution in the desalination discharge area
requires identification of priorities. Pantazidou et al. [10] developed
an approach for ranking contaminants based on toxicity reflected by
allowable limits. The main idea was to identify each contaminant, and
for each matrix identify a conservative measure for the high end of
detected concentrations and compare this value with concentration
limits in water and sediment. In the proposed approach for the
desalination discharge area, all concentrations of trace elements in a
matrix are pooled together (e.g., all measured Cu concentrations from
sediment samples between the second quarter of 2006 and the fourth
quarter of 2007 are combined for 648 Cu concentration values). Then,
the 95th-percentile concentration value (Cgsy) is exceeding 95% of all
measured concentration values. The ratio of the 95th-percentile
concentration value (Cgsy) to the concentration limit (Cimi) iS a
measure of the hazard associated with each trace element. As
mentioned the Cj,;c for water and sediment samples was considered
equal to the limit concentration specified by the EPA for saltwater
(USEPA, 2006) and the intervention value for sediment in Dutch
regulations (Netherlands Ministry of Housing, 2000), respectively.

Table 2 shows the hazard indices for the three PTTEs in seawater
and sediment, and when both matrices are considered together. These
analytical results demonstrate that to improve water quality,
measures are necessary to decrease Cu concentrations. Additionally,
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Table 2
Hazard indices for three PTTE pollutants in the desalination area.
PTTE Hazard index = Cosg/Ciimit
Water Sediment Water + sediment
Copper (Cu)  1.20/3.70=0.32 23.5/190.0=0.12 0.45
Zinc (Zn) 23.00/85.60=0.27  197.75/720.00=0.28  0.54
Arsenic (As)  1.80/36.00 =0.05 28.10/55.00=10.51 0.56

Concentration units are in (ug/L) for water samples and (ug/g) for sediment samples.

to improve sediment quality, measures are necessary to decrease As
concentrations. Miri et al. [16] claimed the impact of PTTEs on
organisms, specifically for some commercially important fish and
shrimp species, has also been evaluated for potential human health
impacts. In Taiwan, epidemiological studies of residents from fishing
communities in the Black-Foot Disease (BFD) area identified multiple
risk factors associated with As-induced skin cancer [15]. The As
concentration in sediment may be a potential risk factor for human
health in the desalination discharge environment. Finally, the two
matrices are of equal interest, as As had the highest-ranking PTTE,
followed by Zn.

4. Conclusions and recommendations

Analysis of a 2-year-long record of Cu, Zn, and As concentrations in
water and sediment samples from Penghu Island shows a strong
negative correlation between seawater and sediment for As only. The
As concentration at a depth of 50 m in seawater may be a factor
affecting the trace metal concentration in sediment. Analysis of the
spatial variation along the coast also clearly shows the relationship
between desalination effluent and elevated As concentrations as no
other point source existed in the sampling area. The hazard indices
developed to characterize desalination discharge show that As was
the contaminant with the highest concentration. If, on the other hand,
locations are ranked the priority area is the desalination effluence area
within 1000 m, where most As concentrations exceeded allowable
limits. Once these priority areas have been established, sediment
quality should then be assessed in detail using both ecotoxicological
and chemical data. Finally, analytical results will prove helpful when
developing effective watershed and coast management strategies to
control PTTEs discharged from desalination plants.
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