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a b s t r a c t

Heavy metals in river water and sediments originated from an electroplating plant in Jiangsu Province of
China were studied and analyzed for their environmental impact. The results indicated that the wastewater
from the plant degraded the quality of the aquatic environment downstream from the plant. In surface
water, considerable concentrations of Cu, Ni, Zn, Mn and Cr were present at the sites near the plant. Unsafe
levels of Cu were observed at all sites, and unsafe levels of Ni, Zn, and Cr were present at some sites.
Significant accumulation of Ni, Cu, Zn and Cr was identified, and heavy metal longitudinal distribution
in sediments was similar to that in water. The contents of Ni, Cu and Cr at all sites and Zn at some
sites were likely to result in harmful effects on the environment. The risks posed by Ni, Cu, Zn and Cr in
water and sediments decreased with increasing downstream distance. Moreover, a modified sequential
isk assessment
ater

extraction procedure was employed to determine exchangeable, carbonate-bound, iron–manganese oxide
bound, organic matter bound and residual fractions of metals in sediments. The results showed that
Ni was distributed in every fraction except for iron–manganese oxide bound, significant Mn exhibited
in exchangeable fractions, and high percentage of Cu was in the organic matter and residual fractions.
Residual fraction was the dominant fractions for Pb and Zn. According to RACs, Ni and Mn posed a high
risk to the environment, Zn exhibited medium to high risk, Cu had low to high risk, and Pb possessed a
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low to medium risk.

. Introduction

The acceleration of industrialization in China has been almost
nevitably introduced various pollutants into the natural environ-

ent [1]. Heavy metals are one of the most common pollutants in
quatic environments from either natural sources, such as geologic
eathering, or anthropogenic sources, such as industrial, agricul-

ural, municipal and residential waste products [2–5]. Heavy metals
an be transported into aquatic environments in many ways, and
nce there they degrade the quality of the stream or river. The fate
f heavy metals can be either adsorbed into riverine sediments or
ccumulated in benthic organisms, sometimes at toxic levels [6].
ore importantly, heavy metals can enter the food chain through
eaching into groundwater or plant absorption (or bioaccumula-
ion). Therefore, they can threaten human health, and sometimes
ause chronic health conditions.

∗ Corresponding author. Tel.: +86 25 86881569; fax: +86 25 86881000.
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Considering that heavy metal levels in water bodies vary with
he seasons and other environmental factors, they do not neces-
arily accurately and consistently reflect the pollution of a river at
ll times. However, sediments can act as both carrier and sink for
ontaminants in aquatic environments [6], thus riverine sediments
eflect the history of pollution of a river [7]. In the study on the
mpact of sediments polluted by heavy metals, total metal levels
rovide limited information [8]. A good comprehension of pollution

evels of sediments requires identification of heavy metal fractions,
hich impact on the availability and mobility of heavy metals. It

s also well known that determining the fractions of heavy metals
n sediments is indicative for contamination in hydrologic systems
han measuring the total concentrations. A sequential extraction
rocedure proposed by Tessier et al. [9] and Kersten and Forstner
10] provided more information about the mobility, bioavailability
nd toxicity of metals than the simple measurement of the dis-
olved concentrations. In order to obtain enough information about

he toxicity of heavy metals in aquatic ecosystems, we must not only
nderstand the characteristics of heavy metals in water, but also the
eochemical phases of heavy metals in sediments. The sequential
xtraction procedure allows us to analyze the fractions of heavy
etals in sediments.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hywang@issas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2008.07.045
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Fig. 1. Distribution of sampling sites in the river (the gray area on the map is Jiangsu
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of pH. Sediment samples were transferred to acid-washed and air-
sealed plastic bags, placed in a cooler at 4 ◦C, and transported to the
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rovince of eastern China, and the black dot is the study area, located in the south
f Jiangsu).

Electroplating industries generate a large volume of wastewa-
er with high concentrations of heavy metals due to metal surface
leaning, rinsing and spent bath bleeding [11–14]. Heavy metals
re released into the environment in treated wastewater, which
re discharged to surface water systems [15,16], causing a seri-
us environmental concern. Electroplating is a popular industry
n the Yangtze River Delta of China. Currently, most of the elec-
roplating wastes in this area are discharged directly into waters
ithout proper treatment. This seriously degraded the quality of

he aquatic environment. It is well known that the characteristics
f metals in water and sediment adjacent to electroplating plants
an provide evidence how the anthropogenic sources impact on
he aquatic environment, and aid in assessing the risks associated
ith wastewater discharge practice. A study that provides insights

nto metal characteristics and speciation is necessary in order to
ssess the impact of the wastewater on the surrounding aquatic
nvironment.

The behaviors of heavy metal in water and aquatic ecosystems
ave been studied extensively [3]. However, a case study on impact
f heavy metals in streams and rivers surrounding an electroplat-
ng plant can be exemplified for similar situations. In this study, we
xamine a river that is a major water source with severe pollution
rom a nearby electroplating factory in the Yangtze River Delta of
hina. This particular electroplating plant has been in operation for
0 years. However, no systematic study has been conducted previ-
usly on the river to assess the distribution of heavy metals in this
ydrological system. Our objectives were (1) to identify the impact
f wastewater on the distribution of heavy metals in surface water
f the river; (2) to examine the characteristics and accumulation
f heavy metals in riverine sediments; and (3) to determine the

otential cumulative damage to the aquatic ecosystem as a result
f wastewater discharge from the factory over a long period of
ime.

l

fi

able 1
istance downstream from the wastewater discharge location and pH values of sampling

Sampling sites

S1 S2 S3 S4 S

istance downstream (m) 0 50 100 150 2

H
Surface water 8.11 8.21 8.20 8.00
Superficial sediment – – 6.34 5.87
aterials 163 (2009) 922–930 923

. Material and methods

.1. Description of the study area

The study sites are located along a river downstream from an
lectroplating factory, which is located in the south of Jiangsu
rovince in eastern China (Fig. 1). Surface runoff from agricultural
elds and catchments on both sides of the river are the main water
ources for the river. The river is a tributary of the Yangtze River,
nd intercepts many other minor rivers (or streams). The width of
he river ranges from 15 to 25 m, and the depth ranges from 3.0 to
.0 m. Great water fluctuations due to seasonal changes and irri-
ation practices are observed in the surrounding region. The river
s a crucial source of non-potable water, irrigation water, aquatic
roduction water, and also critical to the recharge and discharge of
roundwater. In addition, this area is historically famous because
f its landscape and its geographical position. The region is also
ome to a national marsh park. Therefore, the river is consid-
red a protected aquatic system according to national standards of
nvironmental quality for surface water (GB3838-2002) and water
uality standards for scenic and recreational areas (GB12941-91) in
hina.

However, the stream receives industrial discharge and wastew-
ter from the electroplating plant, which contains great quantity
f heavy metals as the samples collected in July of 2005 indicated.
he pH of the wastewater was 2.32. The concentrations of heavy
etals Zn, Mn, Cr, Cu, and Ni in the wastewater were 1.34, 3.77,

8.1, 6.40 and 9.73 mg L−1, respectively, including possible Cr(VI)
ecause Cr(VI) was electroplated in this plant. Neither Pb nor Cd
as detected in these samples (our unpublished data).

.2. Sample collection and preparation

Ten river stations were selected in the study. The sites were
hosen according to their downstream distances from the factory
Table 1) as well as whether the sites were located at important
iver junctions and places where the river changes its course (Fig. 1).
urface water and sediment samples were collected from the sam-
ling sites in the July of 2005. According to climate and hydrology
atterns, the sampling period was during the rainy season, but the
ater of the river was not mobile when the samples were taken.
ater samples were collected in acid-washed polyethylene bottles,

nd kept in a cooler at 4 ◦C. Samples of about 3 kg of superficial sed-
ment were obtained using an Eckman Dredge grab sampler from
ite 3 to site 10. A profile sample was also collected from site 10.
t each site, three sub-samples of water and sediments were col-

ected, and mixed to ensure that the sample was representative for
he site. The pH of all samples was measured in the field using a pH
ocket tester (HI98128) made by HANNA with accuracy of 0.01 unit
aboratory immediately for further analysis [8].
After transporting to the laboratory, the water samples were

ltered through 0.45 �m membrane filter, acidified to pH 2.0 using

sites along the river

5 S6 S7 S8 S9 S10

00 250 350 400 600 1000

8.15 7.85 8.08 8.07 8.08 8.03
5.90 6.05 5.96 6.86 6.59 6.39
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Table 2
Method of metal speciation analysis in sediments

Fractions Principal extracted component Reagents and their concentration Extract conditions

pH T (◦C)

F1 Exchangeable 1 M NH4OAc 7.0 25 ± 0.5
F2 Carbonate-bound 1 M NaOAc 5.0 25 ± 0.5
F3 Fe/Mn oxide bound 0.1 M NH2OH·HCl 2.0 25 ± 0.5

F
30% H2O2 2.0
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4 Organic matter bound
1 M

5 Residue

itric acid, and determined dissolved metals. The sediment samples
ere divided into two parts. One part was analyzed for heavy metal

ractions, and the other was air-dried at the ambient temperature,
rushed to pass through a 0.149 mm stainless steel sieve, and then
nalyzed for total heavy metals.

.3. Sequential extraction procedure

Compared to fresh sediment, none of drying methods (freeze-
rying, air-drying, and oven-drying at 105 ◦C) can completely
reserve the original distribution of heavy metals in various geo-
hemical fractions of sediment. This is because atmospheric oxygen
an decrease heavy metals in the exchangeable and carbonates frac-
ions, causing corresponding increases in other fractions [8]. Such
lteration is directly related to the quantities of metals present in
arious fractions of the sediment. The effect is much more signifi-
ant when the quantity is small [8]. In this study, to minimize this
ffect, a five-step sequential extraction procedure was introduced
o determine Cu, Pb, Zn, Ni and Mn fractions for fresh sediments in
rder to preserve sediment representation for the environment. The
ractionation separates heavy metals into exchangeable, carbonate-
ound, iron–manganese oxide bound, organic matter bound (or
ulfides and organic matter), and residual fractions [9,17] using
he sequential extraction procedure as outlined in Table 2 and

odified by Yuan et al. [17]. In order to assure the precision and
nalytical accuracy in analyzing metals of fresh sediment samples,

fresh sediment sample equivalent to 1 g dry sediment was used

o analyze five fractions of heavy metals. Moreover, to ensure the
omparison of total metals to the residual fraction, the procedure
or the residual fraction was same to the method for total metal
etermination.

(
1
t
a
e

able 3
omparison of metal concentrations (mg kg−1) extracted using the sequential extraction

Ni Cu Mn

Sum Total Reca Sum Total Reca Sum Total

ite
S3 3186 2846 112 10,920 9797 111 426 451
S4 1833 1698 108 8,109 7416 109 312 338
S5 1648 1795 92 5,519 5404 102 437 497
S6 1733 1643 105 5,181 4989 104 435 475
S7 719 657 109 3,167 2753 115 465 546
S8 1750 1703 103 3,738 3851 97 721 782
S9 408 416 98 778 781 100 549 523
S10 206 251 82 389 440 88 595 625

onsensus-based sediment quality guidelines for metals in freshwater ecosystems
PECb 48.6 149 Nvc

TECd 22.7 31.6 Nvc

a Rec = (CF1 + CF2 + CF3 + CF4 + CF5)/CTotal, given in percentage (%).
b Probable Effect Concentration.
c No value.
d Threshold Effect Concentration.
85 ± 5Ac 2.0

Same process as described for total heavy metals

.4. Metal analysis

To determine the contents of total heavy metals, the sediment
amples (1 g) were digested with counter-aqua regia [18]. Induc-
ively coupled plasma atomic emission spectrometry (ICP-AES)
IRIS Advantage, Thermo Jarell Ash Co., USA) was used to determine
r, Cu, Ni, Pb, Cd, Zn and Mn in acidified solution [5,19]. Additionally,
he concentrations of Cu, Ni, Pb, Zn and Mn in each extract of the
equential extraction procedure were also measured by ICP-AES.
he analytical standard solutions (CLMS-2, Multi-Element Solu-
ion Standards, SPEX CertiPrep®, Inc.) were matrix-matched to the
cidified solution sample as well as each extract of the extraction
rocedure of sediment. The detection limits of Cr, Cu, Ni, Pb, Cd, Zn
nd Mn are 1, 1.5, 1, 3, 0.3, 0.2 and 0.1 �g L−1, respectively.

.5. Validation of sequential extraction method

The metal concentrations of all blanks of each different extrac-
ion step in this process were below the analytical detection limit.
his study established the identity between the sum of five metal
ractions and the total metal to assure the precision in analyzing

etal speciation in fresh sediment, because there is no standard
eference material for the accuracy of the analysis of fresh sed-
ment. The sum of five fractions extracted using the sequential
xtraction method was compared with the total metal concen-
rations extracted using a counter-aqua regia digestion procedure

Table 3). The percentage range of recovery was between 82 and
19. Although the sum slightly deviated from the certified value,
he extraction efficiency was found to be acceptable, giving the
ccuracy and reproducibility of the results of sediment fraction
xtraction using the sequential extraction method.

protocol and total concentration in superficial sediments

Pb Zn Cr Cd

Reca Sum Total Reca Sum Total Reca Total Total

94 112 106 106 1643 1483 111 9671 1.92
92 85.5 79.0 108 1228 1146 107 5857 1.44
88 28.3 24.9 114 788 762 103 5160 2.33
92 50.3 46.3 109 780 745 105 3398 1.62
85 36.7 35.1 105 578 502 115 1415 1.89
92 18.6 17.2 108 611 618 99 1518 1.74

105 24.0 20.1 119 434 427 102 460 1.94
95 25.2 21.6 117 465 391 119 345 2.17

128 459 111 4.98
35.8 121 43.4 0.99
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Table 4
Freshwater quality criteria for heavy metals (mg L−1)

Ni Cu Zn Cr(VI)

CMCa, acute 0.470 0.013 0.120 0.016
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CCb, chronic 0.052 0.009 0.120 0.011

a Criterion maximum concentration.
b Criterion continuous concentration.

All acids used in this study were of a guaranteed grade. Other
eagents were analytical grade. De-ionized water used in each
tep of the experiment was obtained from a Millipore machine
18.3 M� cm resistivity). All glassware and plastic vessels used for
he experiments were first soaked in a solution of nitric acid for
4 h and rinsed with de-ionized water.

In this research, three replicates were performed for all of the
amples, including both water and sediment samples. Moreover,
nalyses were carried out on reagent blanks, a stream sediment
eference material (GBW-07310) in an attempt to assure precision
nd analytical accuracy in analyzing total heavy metals in the sed-
ment samples. All data presented in this study were arithmetic

eans.

. Results and discussion

.1. Water and sediment pH of the river

The pH was measured in surface water and superficial sediment
amples of the river downstream from the electroplating plant. The
H values are listed for each site (by downstream distance from the
lant) in Table 1. Slightly alkaline character (pH values ranging from
.85 to 8.21 and average at 8.00) was observed in water samples.
here is no significant difference among the 10 sampling sites. The
H of river water in alkaline range was probably caused by quick
ilution of abundant river water, suggesting that the wastewater
ischarge from the plant had very little effect on the pH of river sur-

ace water during the rainy season. In contrast to the water sample,
he sediment samples showed a slightly acidic character with pH
alues ranging from 5.87 to 6.86. The physical and chemical prop-
rties of sediments may be responsible for their pH. In addition,
he pH of sediments should not be significantly impacted within a
hort time even during rainy season, because riverine sediment is
elatively stable.

.2. Metals in water

The distribution of heavy metals in the surface water is shown

n Fig. 2, except for Pb and Cd because we were unable to sep-
rate these two metals. The order of heavy metal concentrations
n water is Ni > Cu > Mn > Cr > Zn. Among all the sampling sites, the
iver water heavy metal concentrations (except Pb and Cd) of site
were the highest, and the concentrations of Cu and Ni for site 1

F
a
c
d
t

able 5
orrelation coefficients obtained from the chemical data of total heavy metals in superfic

Ni Cu Mn P

i 1.000
u 0.945** 1.000
n −0.295 −0.542 1.000

b 0.714* 0.868** −0.674
n 0.889** 0.971** −0.585
r 0.899** 0.965** −0.605
d −0.229 −0.331 0.278 −

* Significant at the 0.05 probability level (P < 0.05).
** Significant at the 0.01 probability level (P < 0.01).
ig. 2. Distribution of dissolved metals along the river (dissolved metal-1: Cu and
i; dissolved metal-2: Zn, Mn and Cr).

ere 4.50 and 3.80 mg L−1. These concentrations were significantly
igher than those of other sites, and there was a dramatic decrease

rom site 1 to site 2. The changes from site 2 to site 6 were no signif-
cant. However, there was reduction of metal concentrations from
ite 6 to site 8. From site 8 to site 10, the concentrations did not
hange evidently. The distributions of Zn, Mn, and Cr also exhibited
he similar changes from site 1 to site 10, and their concentrations
t site 1 were 0.354, 0.459 and 0.854 mg L−1, respectively.

The variations of Cu, Ni, Zn, Mn and Cr within the water flow
ere similar, and the order of heavy metal concentrations in the sur-

ace water was nearly the same as that of the wastewater, implying
hat these metals might be originated from the electroplating plant.
n addition, concentrations of the metals of a water sample collected
rom the upstream of the plant discharge point were 0.040 mg L−1

or Cu, 0.181 mg L−1 for Ni, 0.009 mg L−1 for Zn, 0.109 mg L−1 for Mn,
nd 0.010 mg L−1 for Cr. These concentrations were approximately
qual to the concentrations of site 10. This indicated that there was
o other artificial source near the river and the major source of the
ontamination was probably the plant wastewater in upper regions
f the river. Therefore, we can conclude that the contamination of
eavy metals in the river could be attributed to the wastewater dis-
harge from the plant. This can be supported by the fact that the
oncentrations of heavy metals were the highest in site 1 that was
he closest to the discharge site, as we would expect. Subsequently,
he concentrations of heavy metals were dispersed by river water
r absorbed by sediments [20], as the alkaline pH of river water
acilitate the formation of heavy metal precipitation. Therefore, the
evels of heavy metals decreased dramatically from site 1 to site 2.
here was no significant change from site 2 to site 6, because the
arrow river way in this stretch of the river probably elevated the
ater flow velocity. Thereafter, the river was broadened, resulting

n a decrease of heavy metal concentrations from site 6 to site 8.

inally, the levels of heavy metals from site 8 to site 10 were lower,
nd stayed approximately the same for these sites. Generally, it is
lear that the contribution of wastewater from the plant directly
etermined the distribution of heavy metals in the river, along with
he volume of water in the river at any given site.

ial sediments (N = 8, bold values higher than r > 0.700)

b Zn Cr Cd

1.000
0.940** 1.000
0.882** 0.971** 1.000
0.408 −0.324 −0.132 1.000



926 X. Hang et al. / Journal of Hazardous Materials 163 (2009) 922–930

Table 6
Least-square (r2) values for regression analysis of metal concentrations in superficial sediments and downstream distance (N = 8, bold values are the best least-square, all five
bold values are significant at 99% probability level)

Metal Linear Logarithmic Polynomial (second order) Power Exponential

Ni 0.666 0.803 0.783 0.815 0.834
C 0.94
P 0.72
Z 0.85
C 0.91
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u 0.734 0.940
b 0.387 0.661
n 0.557 0.836
r 0.586 0.869

According to the criteria of National Recommended Water
uality Criteria in America [21], the freshwater quality has two
lassifications (Table 4): criterion maximum concentration (CMC)
nd criterion continuous concentration (CCC), which signify the
cute and chronic freshwater quality criteria for aquatic life. In this
tudy, Cr in surface water was believed to be mainly Cr(VI) because
astewater containing Cr(VI) was discharged from the plant. Fur-

hermore, Cr(VI) is very soluble in wide range of pH, and it is much
ore toxic to organisms than Cr(III) [16]. A risk assessment based

n surface water samples from the river showed that Cu concentra-
ion at all the sampling sites was above the acute freshwater quality
riterion for aquatic life, and Ni and Cr were above the chronic fresh-
ater quality criteria at all the sampling sites except for Cr at site

0. The concentrations of Ni and Cr exceeded the acute freshwater
uality criteria from site 1 to site 7 and from site 1 to site 8, respec-
ively. Only two sites possessed Zn concentration above the acute
r chronic freshwater quality criterion. The results indicated that
eavy metals in the river course (from 0 to 1000 m downstream

rom the plant) were at potential risk, and the risk decreased with
he downstream distance.

.3. Metals in sediments

.3.1. Total metal contents in sediments
The total contents of heavy metals in the superficial sediment

amples were generally high (Table 3). The total levels of metals
n the superficial sediment samples from the river followed the
rder: Cu > Cr > Ni > Zn > Mn > Pb > Cd. Statistical analysis showed a
lear association among Ni, Cu, Pb, Zn, and Cr in the superficial sed-
ment samples (Table 5). The distribution of total heavy metals in
ediments showed that high concentrations of Ni, Cu, Pb, Zn and
r at site 3 gradually decreased towards site 10, where the lowest

evel was found. This trend was consistent for the distribution of
issolved heavy metals in water except for Pb, which was below
he detection limit. According to some reports [22–24], it is only
eaningful to fit mathematical functions to the simplest of geo-
orphic situations with respect to the downstream metal dispersal

n river systems. Only the equations for downstream reduction of
i, Cu, Pb, Zn and Cr concentrations were considered here, because
oncentrations of total Mn and Cd did not decrease with down-

i

i
f
h

able 7
otal heavy metals in superficial sediments and their background values (mg kg−1)

lement Mean ± standard deviation (N = 8) Maximum Minimum

i 1376 ± 871 2846 251
u 4429 ± 3193 9797 440
n 530 ± 131 782 338

b 43.8 ± 32 106 17.2
n 759 ± 379 1483 391
r 3478 ± 3249 9671 345
d 1.88 ± 0.29 2.33 1.44

a Reference values (i.e. reference background values) are from the Environmental Quali
b Background values of studied riverine sediments.
c NB indicates that there was no reference background value in the Environmental Qua
3 0.901 0.930
6 0.668 0.429
9 0.919 0.699
8 0.963 0.866

tream distance. The patterns of Mn and Cd distribution will be
iscussed separately. Five separate regressions were applied to Ni,
u, Pb, Zn and Cr distribution, and the least-square values were
alculated (Table 6). The results showed that all regressions were
ignificant at 95% probability level except linear regression of Pb,
llustrating that the accumulation of Ni, Cu, Pb, Zn and Cr sig-
ificantly decreased downstream from the plant. Interestingly, an
xponential regression best described the Ni distribution, and a
econd-order polynomial function produced the best fit for Cu and
b values, while a power function best fitted with Zn and Cr. They
ere at 99% probability level (Table 6). The difference among the
est-fit regressions of the five heavy metals indicated their dis-
imilarity in concentration decline. It is probably caused by the
iscrepancy precipitation of heavy metals and their subsequent
eposition in the streambed.

The change in concentration is due to the release of these metals
rom the pollution resource. Because the sampling sites are down-
tream from the electroplating plant, the wastes from the plant
re discharged directly into the river, contaminating the superficial
ediments [25]. Despite the high metal pollution levels, sediments
enerally possess high ability to adsorb metals released from pol-
ution sources [20]. Moreover, the correlation coefficients of total
eavy metals suggest that discharged wastewater from the plant
ot only enhances the concentrations of heavy metals, but also

nfluences the topography of the river. The order of heavy met-
ls in the sediment is dissimilar to the order in water, indicating
he distinct difference in the balance of different heavy metals in
quatic and sedimentary systems. Overall, total metals in the sed-
ment samples decreased with increasing distance from the plant
xcept for Mn and Cd. The distribution of Zn, Cr, Cu and Ni in the
ediment samples corresponded to the distribution of dissolved
etals in water. However, Ni, Cu, Zn and Cr in site 8 were higher

han the surrounding sites. This may be caused by the depth of the
iver at this site, because the water at this site is much deeper than
he depth at upstream sites. The difference in depths might result

n the migration of polluted sediment from upstream to this site.

These results demonstrate the spatial differences between the
ntensity of contamination of riverine sediments and the role of dif-
erent elements in the contamination. Background values of total
eavy metals in the studied riverine sediment were obtained from

Reference valuesa/% of sites
exceeding reference values

Background valuesb/% of sites
exceeding background values

40/100 55/100
35/100 41/100
NBc 408/87.5
35/50 16/100
100/100 156/100
90/100 74/100
0.20/100 1.6/87.5

ty Standard for Soils of China (GB15618-1995).

lity Standard for Soils of China (GB15618-1995).
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most of the PECs provide an accurate basis for predicting sediment
toxicity. The consensus-based SQGs are listed in Table 3, and they
can provide a reliable basis for assessing sediment quality condi-
tions in freshwater ecosystems [30]. The concentrations of Ni, Cu,
Pb, Zn, Cr and Cd in all of our sediment samples are higher than
ig. 3. Metal distribution in the superficial sediments along the river according
ron–manganese oxide bound; F4: organic matter bound; F5: residue).

profile at site 10, since we have no previous value from this par-
icular river to which we can compare our results. To ascertain an
stimation of the background metal values, the sediment sample
as taken at depths of 40–50 cm at site 10. Moreover, in the absence
f Chinese guidelines for acceptable heavy metals in sediments, we
tilize reference background values from the Environmental Qual-

ty Standards for Soils in China (GB15618-1995) as a benchmark for
ontamination (Table 7). There is no reference background value
isted for Mn in that standard. The concentrations of Ni, Cu, Zn
nd Cd in the sample collected at site 10 for background value
xceeded the reference background values by 37.5, 17.1, 56.0 and
00%, respectively (Table 7). In contrast, the estimated values of Pb
nd Cr represented only 45.7 and 82.2% of the reference background
alues. The concentrations of these metals could be the result of
eological influence. The background values of Cu, Zn and Pb were
imilar to the reference values for heavy metals in the river sedi-
ents in Queensland, Australia [26], but the value of Cd was higher

han the one for Queensland (Table 7). In our analysis, Ni, Cu, Zn and
r substantially exceeded the background values at all sites, and Mn
nd Pb were also excessive at almost all the sites, especially at the
ites near the plant. The concentration of Cd was generally equiva-
ent to background value. These results indicated that accumulation
f Ni, Cu, Zn and Cr was significant, and the accumulation of Mn and
b was also noticeable.

The accumulation of heavy metals in sediments can be a sec-

ndary source of water pollution once environmental condition is
hanged [27,28]. Therefore, an assessment of heavy metal contam-
nation in sediments is an indispensable tool to assess the risk of
n aquatic environment. Numerical Sediment Quality Guidelines
SQGs) have been used by many scientists to identify contaminants
e sequential extraction procedure (F1: exchangeable; F2: carbonate-bound; F3:

f concern in aquatic ecosystems and to rank areas of concern on a
egional or national basis [29,30]. Two SQGs for metals in freshwa-
er ecosystems were developed from the published SQGs, including
Threshold Effect Concentration (TEC) and a Probable Effect Con-

entration (PEC). If the metals in sediments are below the TEC,
armful effects are unlikely to be observed. If the metals are above
he PEC, harmful effects are likely to be observed [30]. MacDonald
t al. [30] noted in his studies that most of the TECs provide an
ccurate basis for predicting the absence of sediment toxicity, and
Fig. 4. Distribution coefficients (log Kd) of metals with distance downstream.
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roposed TECs, except for Pb, in four of the sites far from the plant.
he concentrations of Ni, Cu and Cr exceeded PECs in all samples,
hile Zn from site 3 to site 8 was above PEC. The peak values at

ite 3 for Ni, Cu, Cr and Zn were 57.6, 64.8, 86.1 and 2.1, all higher
han PECs. However, Pb and Cd were below their PECs. These results
ndicated that Ni, Cu and Cr in the riverway from 0 to 1000 m down-
tream of plant discharge were likely to result in harmful effects in
he fluvial ecosystem. In some sites, Zn was also likely to result in
armful effects, whereas Pb and Cd were in potential risk. It is evi-
ent that riverine sediment was polluted with heavy metals, and
he pollution decreased with the downstream distance. This con-
lusion was the same as the conclusion obtained for the river water
amples.

.3.2. Metal fractions in sediments
The patterns of metal speciation in the downstream sedi-

ents demonstrated several important trends with respect to
he availability of metals in the environment [24]. Five fractions
exchangeable, carbonate-bound, iron–manganese oxide bound,
rganic matter bound and residue) are likely to be affected by var-
ous environmental conditions, according to Tessier et al. [9]. In
rder to provide more information about mobility, bioavailabil-
ty and toxicity of metals in sediments, the sequential extraction
rocedure was introduced to determine metal fractions in fresh
ediments. The fractions of metals in the superficial sediment
ownstream from the plant were determined using the sequen-
ial extraction procedure (Fig. 3). Metal speciation analysis of the
iver sediments indicated that Ni in the superficial sediment was
istributed in every fraction except for iron–manganese oxide
ound. A significant amount was found in the exchangeable fraction
16–33%) and bound to organic matter (17–47%). This is contrary
o the results of Taylor and Kesterton [24], because they found
hat greater than half of the total Ni contamination was preferen-
ially bound to ferromanganese materials under normal or slightly
lkaline pH conditions. The discrepancy could be the result of the
ifference in pH of the sediment. The slightly acidic pH condition
ound in the downstream (Table 1) in our study might partly explain
he low Ni concentration associating with ferromanganese oxides.

anganese was distributed in all five fractions with a significant
mount found in the exchangeable fraction (15–55%). This is con-
istent with results reported by Pertsemli and Voutsa [31]. This
ndicates that Mn in this weakly sorbed metal fraction is retained
n the sediment surface by relatively weak electrostatic interac-
ions and can be released easily by ion-exchange processes and
issociation of Mn carbonate-bound [17,31–34].

Relatively lower proportions of Cu and Pb were found in the
xchangeable fractions, and their range was from 0.7 to 8.9% for
u and from 0.8 to 9.2% for Pb, hinting little threat to the aquatic
nvironment. The distribution patterns of Cu and Pb were consis-
ent with the observations of Šurija and Branica [35] and Yuan et
l. [17]. Moreover, considerable fraction of Cu was bound to organic
atter (16–54%) coinciding with organic and sulfur compounds,

nd a dominant fraction was in the residual fraction (20–77%),
hich was associated mainly with aluminosilicate minerals. Cop-
er can easily form complexes with organic compounds due to its
igh affinity and stability constant of organic copper complexes
31] in addition to be held in crystal lattices. The majority of Pb
as found in the residual fraction (75–97%). Heavy metals held

n crystal lattices by primary and secondary minerals are not sub-
ect to remobilization under normal conditions [9,36]. Similarly, the

ominant proportion of Zn was also found in the residual fraction
25–81%).

In summary, the five fractions of Ni, Cu, Pb and Zn decreased
ith the distance from the plant except for Cu in iron–manganese

xide bound fraction, Pb in three fractions (exchangeable,

c
o
c
P
u

aterials 163 (2009) 922–930

arbonate-bound and iron–manganese oxide bound), and Zn in the
xchangeable fraction. These distributions are similar to their total
oncentrations. The distribution Mn in the residual fraction is more
table than in the other four fractions with increasing downstream
istance.

The characteristics of heavy metals in different fractions offer
elp in determining their toxicity in an aquatic environment, and
an also be used to conduct a risk assessment. Risk Assessment
odes (RACs) provide indication of the possible risk by applying
scale to the percentage of metals found in exchangeable and

arbonate-bound (i.e. labile) phases [31]. According to RACs, if these
ractions of the sediments are below 1%, there is no significant risk
or the aquatic system. With percentages between 1 and 10%, there
s a low risk, 11–30% for medium risk, 31–50% for high risk, and
bove 75% for very high risk [6,31,37]. Significant amounts of Ni
34.9–56.3%), Cu (7.7–35.9%), Mn (40.3–63.6%), Pb (2.3–20.4%) and
n (10.6–54.6%) were found in the labile phases (Fig. 3). Thus, Ni and
n posed a high risk to the environment, while Zn also exhibited

ignificant labile fraction and posed a medium to high risk. The risk
f Cu was from low to high, and that of Pb posed a low to medium
isk.

.4. The relationship between metals in water and metals in
ediments

Some heavy metals in the water and the sediment samples
xhibited similar distribution trends. Statistical analysis showed
hat the correlation coefficients between concentrations of Zn, Cr,
u, and Ni in water and those in sediment were 0.879 (P < 0.005),
.829 (P < 0.05), 0.820 (P < 0.05), and 0.780 (P < 0.05), respectively.
his suggests that the accumulation of Zn, Cr, Cu and Ni in the
ediments is related to the corresponding levels in the aquatic envi-
onment. This is also an indication that Zn, Cr, Cu and Ni levels in
he sediment samples are affected by wastewater from the plant.
n other words, these heavy metals serve as indicators for a his-
ory of pollution. For example, the undetectable level of Pb in the
ater suggests no Pb in recent wastewater discharge, and this is

lso consistent with the negligible levels of Pb in the exchange-
ble fractions of the sediments. There is no positive correlation
etween Mn in the surface water and sediment samples, imply-

ng that Mn behave differently from other metals. The correlation
etween Ni in water and the exchangeable fraction in the sedi-
ents was 0.906 (P < 0.005), but no significant positive correlation
as observed for other metals between the dissolved amounts in

he water and various fractions in the sediments, indicating lack of
quilibrium controls in the systems [6].

The distribution coefficient (Kd) of metals can also express the
elationship between metals in the water and sediments. It can be
efined as the ratio of the metal concentration in the sediments
�g kg−1) over the dissolved metal concentration in the water
�g L−1) [31]. The logarithmic values of Kd according to down-
tream distance are shown in Fig. 4. This graph demonstrates that
he values of log(Kd) have a similar trend according to the distance
ownstream for all five metals. The log(Kd) values ranged from 3.1
o 5.0 L kg−1. The order of log(Kd) values is Cr > Zn > Cu > Mn > Ni.
ecause we were unable to detect Pb and Cd in water, the log(Kd)
alues for these metals were the highest values. These results are
imilar to the results in a study of particulate metal concentra-
ions over dissolved metal concentrations by Nguyen et al. [38].
he value of Kd depends on the nature of the sediment, the geo-

hemical parameters of the water, and the specific characteristics
f each metal [31,38,39]. The values obtained are due to the spe-
ific characteristics of each metal in a similar environment. For
b, its high particle reactivity promotes association with partic-
late matter [38], and the particulate matter eventually deposits in
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ediments. On the contrary, low particle reactivity and a stronger
otential to form stable complexes allow Ni and Cu to remain in the
issolved phase [38].

. Conclusions

In order to understand the impact of wastewater from an elec-
roplating plant on the fluvial ecosystem, seven heavy metals (Ni,
u, Zn, Mn, Cr, Pb and Cd) were analyzed in both surface water
nd sediment samples of the river downstream from the plant. The
esults revealed that the fluvial ecosystem downstream from the
lectroplating plant was contaminated by heavy metals, probably
riginated from the plant wastewater discharge. Levels of Cu, Ni,
n, Mn and Cr in the surface water of the river correlate with the
istance of the sample site from the electroplating plant. Copper

evels in the surface water pose an environmental risk, while Ni, Zn
nd Cr pose a risk at some of the sampling sites. Their risk decreased
ith increasing downstream distance.

Significant accumulation was found for heavy metals (Ni, Cu, Zn
nd Cr) in the sediments. A similar trend to the one observed for
he water samples was found in the sediment samples. According
o the risk assessment, Ni, Cu and Cr in sediments were likely to
esult in harmful effects to the fluvial ecosystem, and in some sites,
n was also likely to result in harmful effects. Lead and Cd were
t potential risk. The risk of Ni, Cu, Zn and Cr due to their concen-
rations in the sediment decreased with increasing downstream
istance.

The modified sequential extraction procedure was introduced
o determine the five fractions of metals in the superficial sedi-

ent samples downstream from the plant. The analysis of the metal
peciation indicated that Ni was distributed into every fraction
xcept for iron–manganese oxide bound. Significant percentage of
n existed in the exchangeable fraction, while considerable per-

entage of Cu was in the organic matter and residual fractions.
he residual fraction was also the dominant fraction for Pb and
n. Overall, the contents of Ni, Cu, Pb and Zn in five fractions
ecreased with the distance from the plant. According to RACs, Ni
nd Mn posed a high risk to the environment, Zn exhibited medium
o high risk, Cu was at low to high, and Pb possessed a low to

edium risk. In summary, the accumulation of heavy metals in sed-
ments downstream from the electroplating plant suggests that the
astewater discharge have had severe consequence on the fluvial

nvironment.
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