
SEDIMENTS, SEC 1 • SEDIMENT QUALITYAND IMPACTASSESSMENT • RESEARCH ARTICLE

Influence of pH on the release and chemical fractionation of heavy
metals in sediment from a suburban drainage stream in an arid
mine-based oasis

Fei Zang1,2 & Shengli Wang1,2 & Zhongren Nan1,2
& Jianmin Ma1,2 & Yu Wang1,2 &

Yazhou Chen1,2
& Qian Zhang1,2 & Yepu Li1,2

Received: 2 July 2016 /Accepted: 9 May 2017 /Published online: 24 May 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract
Purpose The objectives of this study were to explore the in-
fluences of pH on the release of Cu, Zn, Cd, Pb, Ni, and Cr in
sediments derived from the upstream, middle, and down-
stream reaches of Dongdagou stream in Gansu Province,
Northwest China, and to examine the fractionation changes
of heavy metals in the sediments after reaching their release
equilibrium under different pH conditions.
Materials and methods Sediment samples were obtained
using a stainless steel grab sampler to collect the uppermost
10 cm of sediment from the channel bed. The pH-dependent
release experiment was conducted in the solid-to-liquid ratio
of 1:20 at different pH values (2, 4, 6, 8, 10, and 12) at room
temperature. The total Cu, Zn, Cd, Pb, Ni, and Cr concentra-
tions in the sediments were digested using an acid digestion
mixture (HNO3 + HF + HClO4) in an open system. Metal
fractionation of selected sediments was obtained using the
Tessier sequential extraction procedure. Heavy metal

concentrations in the samples were determined using atomic
absorption spectrophotometry.
Results and discussion The mean concentrations of heavy
metals in sediments decreased in the following order: Zn
(1676.67 mg kg−1) > Pb (528.65 mg kg−1) > Cu
(391 .34 mg kg − 1 ) > Cr (53 .48 mg kg− 1 ) > Ni
(34.27 mg kg−1) > Cd (11.53 mg kg−1). Overall, the solubility
of Cu, Zn, Cd, Pb, and Ni decreased with increasing pH, and
they were strongly released at pH 2. Moreover, the solubility
of Cr increased with increasing pH, and its release was highest
at pH 12. After reaching the release equilibrium of heavy
metals under different pH conditions, the percentages of or-
ganic Cu, Zn, Cd, and Fe-Mn oxyhydroxide Pb decreased,
compared to their initial fractions. The residual fractions of
Ni and Cr were dominant, regardless of pH.
Conclusions The average concentrations of Cu, Zn, Cd, and
Pb in sediments were highly elevated compared with the soil
background values in Gansu Province, China. The results of
this pH-dependent release experiment showed that the release
behaviors of Cu, Zn, Pb, and Cr followed an asymmetric V-
shaped pattern, whereas Cd and Ni followed an irregular L-
shaped pattern. The changes in the release of heavy metals in
sediments were related to their redistribution between chemi-
cal fractionations.
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1 Introduction

Heavy metal pollution in sediments originated from mining
and industrial activities is an increasing global problem
(Fernandes et al. 2008; Kucuksezgin et al. 2008;
Equeenuddin et al. 2013; Zhang et al. 2014). Heavy metals
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pose a serious threat to the aquatic environment as a result of
their toxicity, non-biodegradable and persistent natures, and
their ability to bioaccumulate in the food chain (Gopinath
et al. 2010; Nobi et al. 2010; Zhang et al. 2014). Sediments
are the main source and sink of heavy metal pollutants in
aquatic ecosystems, serving an important role in heavy metal
transport (Durán et al. 2012; Castillo et al. 2013; Superville
et al. 2014). Sediment readily attenuates heavy metals as a
result of its high sorption capacity (Prusty et al. 1994) and
can release heavy metals into the water under different phys-
ical and chemical conditions (Wen and Allen 1999).

In general, the adsorption and desorption characteristics of
sediment control the mobility and availability of heavy metals
(Gäbler 1997; Krishnamurti et al. 1999; Burton et al. 2006).
Heavy metal adsorption and desorption are influenced by sev-
eral factors, including the following physicochemical proper-
ties of the sediment: inclusion of clay or silt minerals, organic
matter content, cation exchange capacity, calcium carbonate
content, and oxidation-reduction status (Antoniadis et al.
2008; Zhang et al. 2014). Adsorption and desorption are also
influenced by the type of heavy metal (Jalali and Moharrami
2007; Ho et al. 2012) and the environmental conditions, such
as temperature and the resuspension of sediment (Kristensen
et al. 1992; Reitzel et al. 2013). In addition, biological pertur-
bation (Battaglia et al. 1994; Chen and Lin 2001), dredging
activity (Wang et al. 2014a, b; Fathollahzadeh et al. 2015), and
aquatic environmental characteristics, such as cation and an-
ion content in water (Zhong et al. 2006) and pH (Cappuyns
and Swennen 2008; Equeenuddin et al. 2013), are also major
influencing factors for adsorption and desorption of heavy
metals in sediment. Furthermore, the release of heavy metals
in sediment is influenced by the pH of the overlying water
column, highlighting the importance of the aquatic environ-
ment in the release of heavy metals (Saeedi et al. 2013).

Many scientific studies have reported that pH is an impor-
tant factor responsible for controlling the behavior of heavy
metals in sediments through precipitation-dissolution and
adsorption-desorption processes (Tipping et al. 2003;
Cappuyns and Swennen 2008; Ho et al. 2012). Therefore,
the pH-dependent release experiment was an important tool
for evaluating the release of heavy metals at different pH
values and may be used to assess the long-term release of
contaminants (Ho et al. 2012). Different types of tests were
used to assess pH-dependent leaching. A pHstat test was used
to assess the changes in solubility with pH (Dijkstra et al.
2006). Previous studies (Ho et al. 2012) indicated that the
leachabilities of Cu, Zn, Cd, and Pb were highest at pH 2,
minimal amounts of Cu and Pb were released at pH 6, and
minimal amounts of Cu and Zn were released at pH 8–9. Chen
and Lin (2001) reported that the solubilization of metal in the
bioleaching process was highly dependent on the pH and that
its relationship with pH was non-linear. Peng et al. (2009)
observed a decrease in pH resulting from the release of H+

into pore water, which caused the secondary release of heavy
metals.

Heavy metals reside in different geochemical fractions of
sediments, i.e., exchangeable, carbonate, organic, Fe-Mn
oxyhydroxides and residual fractions (Tessier et al. 1979).
Heavymetals associatedwith different fractions have different
impacts on the environment (Tam and Wong 1996). The
chemical fractions of heavy metals and the proportions of
the different fractions of heavy metals in sediments are impor-
tant factors that determine the migration and ecological effects
of heavy metals in sediments. The effect of pH on the fraction
of heavy metal species is important for controlling the trans-
formations and bioavailability of heavy metals. Therefore, a
fractionation study of heavy metals in sediments would pro-
vide information about their mobility and their potential as
threats in aquatic environments (Equeenuddin et al. 2013).
So far, many studies have focused on the content, fraction-
ation, and sources of heavy metals in sediments (Andrade
et al. 2001; Wang et al. 2014a, b; Maanan et al. 2015).
However, little is known about the effects of pH on the release
of heavy metals in sediments contaminated by mine-drainage
streams (Lee et al. 2008; Equeenuddin et al. 2013).

Baiyin is an important copper resource-based city in China
located in the central part of Gansu Province. This region
contains extensive mineral resources, such as copper, lead,
and zinc. Dongdagou stream is important for suburban drain-
age in Baiyin City. Nearly all of the non-ferrous metal mining
and smelting plants, and several other factories are located
along the upstream reaches of Dongdagou stream, which ac-
cept treated and untreated domestic wastewater and industrial
sewage (Nan et al. 2002). In addition, Dongdagou stream is a
tributary of the Yellow River. The water in Dongdagou stream
is potentially subjected to acid-alkaline variations. Wastewater
frommetal mining and smelting plants can be highly acidic. Li
et al. (2008) reported that the water pH of Dongdagou stream
in Baiyin City was less than 2, and Equeenuddin et al. (2013)
observed that the sediments in stream close to the collieries
had a low pH of circa 2.5. The pH of acid mine drainage
(AMD) water can reach as low as 2.1 (Alcolea et al. 2012).
On the other hand, the wastewater from industrial sewage
treatment plants has been found to be strongly alkaline, which
is because most wastewater treatment plants use lime or lime-
stone as a neutralizing agent to treat metal-polluted wastewa-
ter, which leads to strong alkalinity of wastewater. Chen et al.
(2002) reported that the pH of the tailing wastewater in a lead-
zinc mine was higher than 12. Bian et al. (2010) found that the
pH of wastewater treatment plant of a non-ferrous metal
smelting enterprise reached 12.5. If discharge of the strong
acid and alkaline wastewater is substandard, it will destroy
the ecosystem. Therefore, it is important to understand the
influence of wide pH range of solution on the release behav-
iors of heavy metals in water-sediment systems of mine drain-
age streams for sediment remediation.
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In this study, the influences of pH on the release of
Cu, Zn, Cd, Pb, Ni, and Cr from sediment in
Dongdagou stream were investigated. We studied the
variations of the chemical fractionation, pH, and organic
matter contents in sediments after reaching equilibrium
regarding the release of heavy metals. The total concen-
trations of heavy metals in the sediments were also
measured. This study is highly significant because it
reveals the migration, transformation, and potential eco-
logical risks of heavy metals and provides a better un-
derstanding of the significance of pH on the release of
heavy metals when considering the treatment of contam-
inated sediments.

2 Materials and methods

2.1 Sampling and sample pretreatment

The study site was located in Dongdagou stream in Baiyin
City in Gansu Province, Northwest China. Dongdagou stream
is a suburban drainage stream that is contaminated by domes-
tic wastewater and industrial sewage. Three sediment samples
were collected from the upstream, middle, and downstream
reaches of Dongdagou stream (represented as S1, S2, and S3,
respectively; Fig. 1). Sediment samples of the uppermost
10 cm of the sediment surface were obtained using a stainless
steel grab sampler. Samples were air-dried, powdered, passed
through a 2-mm sieve, and homogenized before analyses.

2.2 Chemical analysis

The sediment pH was measured in a sediment/water suspen-
sion (1:2.5) at room temperature using a combined glass-
calomel electrode. The electrical conductivity (EC) of the sed-
iment in water (1:5) was measured using an ECmeter. Organic
matter was measured using potassium dichromate oxidation,
and the detection limit was 0.5% (Nanjing Soil Institute 1977).
The total Cu, Zn, Cd, Pb, Ni, Cr, Fe, and Mn concentrations in
the sediments were digested using an acid digestion mixture
(HNO3 + HF + HClO4) in an open system (see Table S1 in the
Electronic Supplementary Material for details). Metal frac-
tionation of selected sediments was obtained using the
Tessier sequential extraction procedure (Tessier et al. 1979).
Heavy metal concentrations in the samples were determined
using atomic absorption spectrophotometry (Thermo Fishier,
SOLAAR M6). The flame type was air-acetylene. The wave-
lengths of Cu, Zn, Cd, Pb, Ni, Cr, Fe, and Mn were 324.8,
213.9, 228.8, 283.3, 232.0, 357.9, 248.3, and 279.5 nm, re-
spectively. The four-line deuterium lamp method was used to
the background correction. Several physical and chemical
properties of the sediments are presented in Table 1.

2.3 pH-dependent release and chemical fractionation
experiment

Preliminary extraction kinetics of the sediment samples were
investigated using acid-base solutions with different pH
values, and the evolution of the extracted heavy metal concen-
trations over time showed that equilibriumwas nearly reached

Fig. 1 Locations of the sediment sampling sites in Dongdagou stream
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at 48 h. Based on the preliminary extraction kinetics, this
study chose 48 h as the equilibrium time in the pH-
dependent release experiment. For this experiment, 1 g of
sediment was shaken with 20 ml of the extractant solution at
different pH values (2, 4, 6, 8, 10, and 12) at room temperature
before immediately centrifuging at 4000 rpm for 10 min and
passing the resulting supernatant solution through a 0.45-μm
cellulose membrane filter. All extracting solutions used in this
study were adjusted to a target pH value (2, 4, 6, 8, 10, or 12)
by adding various amounts of HNO3 or NaOH.

After the pH-dependent release experiment, the chemical
fractionation of the heavy metals in the sediment was mea-
sured again. Organic matter was also measured after the re-
lease experiments. pH was measured using the supernatant
solution after reaching heavy metal equilibrium.

2.4 Quality control and assurance

The chemical analysis of each sample was conducted in trip-
licate relative to a control for analytical precision. For quality
control and assurance, a standard reference sample
GBW07408 (GSS-8) and blanks were included. We used
blank duplicates, containing blank filter papers, which were
run for each matrix and corrections to the analytical results, to
determine the analytical precision and accuracy. All glassware
and plastic containers were soaked in 10% (v/v) HNO3 for at
least 12 h and thoroughly cleaned with Milli-Q water before
utilization. All chemical reagents were guarantee reagent.

The detection limits of Cu, Zn, Cd, Pb, Ni, Cr, Fe, and Mn
were 0.002, 0.002, 0.001, 0.02, 0.004, 0.003, 0.005, and
0.002 mg L−1, respectively. For certified reference sample
GBW07408 (GSS-8) analyzed in this study, the recoveries
of total metal content were 91–107%. For Cu, Zn, Cd, Pb,
Ni, Cr, and Mn, relative standard deviation was <5% (see
Table S2 in the Electronic Supplementary Material for
details). The effectiveness of the Tessier sequential extraction
procedure can be determined by comparing the sum of the
metal contents in the individual fractions with the independent
measurement of total metal content (Carter et al. 2006). The
recoveries achieved by the Tessier sequential extraction pro-
cedure ranged from 90 to 106%. We include three experimen-
tal replicates of each sample in each assay, and the results
showed that the relative standard deviation between

experimental replicates was <5% for the metals we detected
in this study.

3 Results and discussion

3.1 Sediment characteristics

The physicochemical characteristics and concentrations of
Cu, Zn, Cd, Pb, Ni, Cr, Fe, and Mn in the studied sediment
are presented in Table 1. The pH of the sediments varied from
6.59 to 7.97 (i.e., slightly acidic to mildly alkaline). The EC of
the sediments varied from 261 to 316 μS cm−1, which indi-
cated that the conductivity of the sediments was weak. The
organic matter contents in the three sediment samples ranged
from 1.13 to 1.77%. The total metal trace element concentra-
tions (including Cu, Zn, Cd, and Pb) in three sediments were
very high. Among the trace elements, Zn had the highest con-
centration detected, ranging from1290.51 to 2048.73mgkg−1,
followed by Pb (370.03–657.31 mg kg−1), Cu (330.34–
447.60 mg kg−1), Mn (306.15–452.04 mg kg−1), Cr (51.26–
56.40 mg kg−1), Ni (26.83–46.17 mg kg−1), and Cd (9.49–
13.70 mg kg−1). The concentrations of Fe detected in the
sediments ranged from 3.07 to 3.82%. The highest concentra-
tions of Cu, Zn, and Cd were measured in the sample from S1,
which is located in the upstream reach of Dongdagou stream.
The highest concentrations of Pb and Fe were detected in the
sample from S2 (middle reaches of Dongdagou stream), and
the highest concentrations of Ni, Cr, andMnweremeasured in
the sample from S3 (downstream reaches of Dongdagou
stream).

The mean concentrations of the elements in the sediments
from Dongdagou stream and the other sites are provided in
Table 2. These results suggested severe pollution in the
Dongdagou stream sediment. The average concentrations of
Cu, Zn, Cd, and Pb in the Dongdagou stream sediment were
highly elevated compared to the soil background values in
Gansu Province, China (China National Environmental
Monitoring Center 1990). The concentrations of Cu, Zn, Cd,
and Pb in the Dongdagou stream sediment were approximate-
ly 16 times, 24 times, 96 times, and 28 times higher than the
soil background values in Gansu Province, respectively. The
average concentrations of Ni, Cr, and Mn in the sediment
samples from Dongdagou stream were lower than the soil

Table 1 Physicochemical parameters and concentrations of the elements (mg kg−1, unless otherwise noted)

Samples pH (H2O) EC (μS cm−1) OM (%) Cu Zn Cd Pb Ni Cr Mn Fe (%)

S1 7.55 316 1.77 447.60 2048.73 13.70 370.03 29.82 51.26 306.15 3.57

S2 6.59 261 1.59 396.08 1690.76 9.49 657.31 26.83 52.79 313.59 3.82

S3 7.97 305 1.13 330.34 1290.51 11.39 558.61 46.17 56.40 452.04 3.07

Mean – 294 1.50 391.34 1676.67 11.53 528.65 34.27 53.48 357.26 3.49
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background values in Gansu Province. The mean concentra-
tions of Cu and Pb in the sediment samples from Dongdagou
stream were higher than those of other contaminated loca-
tions, except for the Odiel River in Spain. The concentrations
of Zn in the sediment samples from Dongdagou stream were
lower than the concentrationsmeasured in the Scheldt River in
Belgium but exceeded the concentrations observed at other
locations. The Cd concentrations in the sediment from
Dongdagou stream were higher than at other polluted loca-
tions, except for the Malter Reservoir in Germany. The con-
centrations of Cr in the sediment from Dongdagou stream
were quite low compared to other locations. The concentra-
tions of Ni and Mn in the sediment samples from Dongdagou
stream were lower than those measured in the Makum coal-
field in India, the Cam River in Vietnam, and the Scheldt
River in Belgium. However, the Ni and Mn concentrations
in the Dongdagou stream sediments were higher than those
in the Okpara River in Nigeria. The concentrations of Fe in
sediment samples from Dongdagou stream were lower than
the Fe concentrations measured in the Odiel River in Spain

and the Cam River in Vietnam and were similar to the con-
centrations measured in the Scheldt River in Belgium.

3.2 Heavy metal release as a function of pH

pH was used to measure the acidity and alkalinity of the sed-
iment and strongly influenced the solubility of heavy metals.
Different patterns of heavy metal release with pH were ob-
served (Fig. 2). The pH-dependent release behaviors of Cu,
Zn, Pb, and Cr followed an asymmetric V-shaped pattern. The
solubility of Cu, Zn, and Pb increased with decreasing pH,
although small concentrations of these elements were also
released in the alkaline pH range. The solubility of Cr in-
creased with increasing pH. Interestingly, Cr was also released
from the sediment at acidic pH values. The pH-dependent
release behavior of Cd and Ni followed an irregular L-
shaped pattern. Particularly, the solubility of Cd and Ni de-
creased as the pH increased, and small amounts of Cd and Ni
were released in the alkaline pH range.Many scientific studies
have reported that the pH-dependent leaching behaviors of

Table 2 Comparison of the mean concentrations of heavy metals in the sediments of Dongdagou stream with reported values at other locations
(mg kg−1)

Location Cu Zn Cd Pb Ni Cr Mn Fe (%) Reference

Dongdagou stream 391.34 1676.67 11.53 528.65 34.27 53.48 357.26 3.49 This study

Malter Reservoir, Germany 196.00 1362.00 37.50 465.00 NA 210.00 NA NA Müller et al. (2000)

Odiel River, Spain 1282.47 953.59 8.46 649.18 26.41 80.18 NA 11.99 Morillo et al. (2002)

Scheldt River, Belgium 101.00 1851.00 8.00 112.00 43.00 254.00 634.00 3.26 Cappuyns et al. (2004)

Okpara, Nigeria 27.50 56.70 0.21 15.10 7.30 114.40 126.30 NA Nganje et al. (2011)

Cam River, Vietnam 83.00 182.00 0.79 76.00 45.00 NA 1138.00 5.38 Ho et al. (2012)

Makum, India 23.10 77.80 1.46 13.4 104.00 221.00 858.00 NA Equeenuddin et al. (2013)

Soil background values of Gansu Province 24.10 68.50 0.12 18.80 35.20 70.20 653 3.09 China National Environmental
Monitoring Center (1990)

NA not available

Fig. 2 Release behavior of heavy metals as a function of pH in sediment samples S1, S2, and S3
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Cu, Zn, Cd, Pb, and Ni follow an asymmetric V-shaped pat-
tern (Tack et al. 1996; Cappuyns and Swennen 2008; Ho et al.
2012). The different patterns of heavy metal release, as a func-
tion of pH, may be related to the nature of the heavy metals
and the physicochemical properties of the sediments.

The solubilities of Cu, Zn, and Pb (relative to total concen-
tration) as a function of pH were very similar for the different
samples. The release of Cu was highest at pH 2 (S1, 16.56%;
S2, 21.32%; S3, 6.35%; percentage here and below refers to
% of the total content) and lowest at pH 4 (S1, 0.09%; S2,
0.13%; S3, 0.12%). Considerable concentrations of Cu were
also released at pH 12 (S1, 1.25%; S2, 2.35%; S3, 5.51%). For
Zn, its release was highest at pH 2 (S1, 5.80%; S2, 2.64%; S3,
1.23%), and minimal concentrations were released at pH 4–10
in S1 (0.02%), at pH 10 in S2 (0.04%), or at pH 8–10 in S3
(0.03%). Considerable concentrations of Zn were also re-
leased at pH 12 (S1, 0.35%; S2, 0.12%; S3, 0.73%). The
adsorption edge for Cu and Zn occurred at approximately
pH 4; below this pH, no uptake was likely to occur
(Millward and Moore 1982). Pb was strongly released at pH
2 (S1, 52.20%; S2, 21.64%; S3, 1.98%) and pH 12 (S1,
2.29%; S2, 0.26%; S3, 1.09%), and minimal Pb concentra-
tions were measured at pH 4–10. The release of Cd and Ni
decreased with increasing pH; i.e., it was highest at pH 2 (Cd:
S1, 27.59%; S2, 12.58%; S3, 6.01%; Ni: S1, 18.38%; S2,
22.56%; S3, 4.70%) and lowest at pH 12 (Cd: S1, 0.09%;
S2, 0.21%; S3, 0.25%; Ni: S1, 0.31%; S2, 0.25%; S3,
0.18%). Tack et al. (1996) and Van Herreweghe et al. (2002)
observed that Cu, Zn, Cd, and Pb became more mobile with
decreasing pH (considering a pH range of 2–8) because the
dissolution of metal hydroxides and carbonates increased and
the adsorption at cation exchange surfaces of sediments de-
creased. At pH 9–11, their solubilities increased to a certain
extent because heavy metals can form stable and soluble
complexes with hydroxyl groups and dissolved organic
carbon or can be released with the dissolution of sulfide
minerals. Belzile et al. (2004) and Guven and Akinci (2013)
suggested that high pH values promote the adsorption and
precipitation of heavy metals in sediment, while low pH
may weaken the strength of metal associations and decrease
metal retention by sediment. The release of Cr was contrary to
the release of other heavy metals tested, with the highest con-
centrations of Cr released at pH 12 (S1, 3.06%; S2, 5.11%; S3,
2.41%) and very little Cr released at pH 4–10. A considerable
Cr concentration was also released at pH 2 (S1, 1.04%; S2,
1.84%; S3, 0.42%). Additionally, a low pH could reduce the
negative surface charges of organic matter, clay particles, and
Fe-Mn-Al oxides, resulting in the solubilization of sulfides
(Du Laing et al. 2009). Adsorption sites in sediments are
pH-dependent, with the number of negative sites for cation
sorption decreasing with decreasing pH. Also, under alkaline
conditions, heavy metals can precipitate as oxides, hydrox-
ides, carbonates, and phosphates (Lindsay 1979). Because

the release of heavy metals changed significantly due to acid-
ification, it should be noted that only a relatively small amount
of heavy metals had increased solubility at alkaline pHs. From
a practical point of view, research of heavy metal release at
alkaline pHs could be used for the remediation of sediments
contaminated with heavy metals. Consequently, an increase in
sediment pHwould result in decreased Cu, Zn, Cd, Pb, and Ni
solubilities, but the mobility of Cr would significantly increase
upon alkalization. Under the same pH conditions, the solubil-
ities of different heavy metals in the same sediment sample
were different. At pH 2, the release of heavy metals from
sample S1 decreased in the fol lowing order : Pb
(52 .20%) > Cd (27 .59%) > Ni (18 .38%) > Cu
(16.56%) > Zn (5.80%) > Cr (1.04%). The release of heavy
metals from sample S2 decreased in the following order: Ni
(22.56%) > Pb (21.64%) > Cu (21.32%) > Cd (12.58%) > Zn
(2.64%) > Cr (1.84%). The release of heavy metals from the
S3 sample decreased in the following order: Cu (6.35%) > Cd
(6.01%) > Ni (4.70%) > Pb (1.98%) > Zn (1.23%) > Cr
(0.42%). At pH 12, the release of heavy metals from the three
sediment samples decreased in the following order: for S1, Cr
(3.06%) > Pb (2.29%) > Cu (1.25%) > Zn (0.35%) > Ni
(0.31%) > Cd (0.09%); for S2, Cr (5.11%) > Cu
(2.35%) > Pb (0.26%) > Ni (0.25%) > Cd (0.21%) > Zn
(0.12%); and for S3, Cu (5.51%) > Cr (2.41%) > Pb
(1.09%) > Zn (0.73%) > Cd (0.25%) > Ni (0.18%). At pH
4–10, the release of heavy metals from the three sediment
samples was similar. Under the same pH conditions, the dif-
ferences of the heavy metal release rates among the three
sediment samples may be due to the different physical and
chemical properties of the sediment; therefore, the different
release rates of heavy metals from the same sediment sample
at various pHs may be due to differences in the chemical
speciation of the heavy metals in the sediment.

The variations of the pH and organic matter contents in the
release experiments are shown in Table 3. The results suggest
that strongly acidic and alkaline solutions had a significant
influence on the sediment pH after treatment. The solution
pH after reaching the release equilibrium decreased at pH 2
and increased at pH 12 when compared to the initial sediment
pH. The pH of the solution could be considered with the
sediment pH after the release equilibrium of heavy metals.
This result demonstrated that the solution pH plays a signifi-
cant role in heavy metal release from the studied sediment,
especially at pH 2 and 12. However, the pH of the solution
after reaching release equilibrium changed little at pH 4–10
when compared to the initial pH of the sediment. This result
indicated that the sediment had a higher buffering capacity,
which likely caused a slight increase in the heavy metal con-
tents at pH 4–10. The final organic matter contents of the three
sediment samples were slightly lower than the initial organic
matter contents and decreased with increasing pH. A similar
observation was previously reported by Spain (1990) and

J Soils Sediments (2017) 17:2524–2536 2529



Motavalli et al. (1995). These results suggest that organic
matter was not the deciding factor in the increase in heavy
metal solubility at pH 2–8 in the studied sediments. Daldoul
et al. (2015) also reported that Zn, Cd, and Pbmobilization did
not have a great affinity for organic matter.

To further understand the effects of heavy metal release on
aquatic sediment in Dongdagou stream, this study referred to
the environmental quality standards for surface water (State
Environmental Protection Administration 2003) and integrat-
ed wastewater discharge standard (State Environmental
Protection Administration 1997) to illustrate the environmen-
tal risk caused by heavy metal release. The concentrations of
heavy metals released under different pH conditions from the
three sediment samples are given in Table 4. At pH 2, the
concentrations of Cu, Zn, Cd, and Pb released from sample
S1 exceeded category 5 of the standard limits of the environ-
mental quality standards for surface water and the maximum
allowable discharge concentration of the integrated

wastewater discharge standard. The concentrations of Cu,
Zn, Cd, and Pb in sample S1 were 3.71, 2.97, 19, and 96.6
times higher than the category 5 standard limits of the envi-
ronmental quality standards for surface water, respectively,
and 1.86, 1.19, 1.9, and 9.66 times higher than the maximum
allowable discharge concentrations of the integrated wastewa-
ter discharge standards, respectively. The concentration of Ni
release from sample S1 was 13.5 times higher than the cate-
gory 5 standard limits of the environmental quality standards
for surface water. At pH 4–10, the concentrations of all heavy
metals release in sample S1 did not exceed the standard
values. At pH 12, the released heavy metal concentrations,
except for Pb in sample S1, did not exceed the standard
values. For sample S2, the released concentrations of Cu and
Pb at pH 2 exceeded the category 5 standard limits of the
environmental quality standards for surface water and the
maximum allowable discharge concentration of the integrated
wastewater discharge standards. The released concentrations

Table 3 Variations of pH and organic matter after reaching release equilibrium under different pH values

pH S1 S2 S3

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final
pHa pHb OMc (%) OMd (%) pH pH OM (%) OM (%) pH pH OM (%) OM (%)

2 7.55 2.26 1.77 1.70 6.59 2.29 1.59 1.52 7.97 6.40 1.13 1.02

4 7.55 7.71 1.77 1.68 6.59 6.38 1.59 1.54 7.97 7.79 1.13 0.93

6 7.55 7.79 1.77 1.63 6.59 6.57 1.59 1.50 7.97 7.82 1.13 0.95

8 7.55 7.77 1.77 1.66 6.59 6.28 1.59 1.50 7.97 7.82 1.13 0.98

10 7.55 7.77 1.77 1.57 6.59 6.67 1.59 1.41 7.97 7.74 1.13 0.88

12 7.55 11.66 1.77 1.52 6.59 11.51 1.59 1.29 7.97 11.37 1.13 0.86

a Sediment pH before release experiment
b Solution pH after release equilibrium
cOrganic matter of sediment before release experiment
d Organic matter of sediment after release equilibrium

Table 4 The release equilibrium concentration of heavy metals under different pH conditions in solution (mg L−1)

pH S1 S2 S3

Cu Zn Cd Pb Ni Cr Cu Zn Cd Pb Ni Cr Cu Zn Cd Pb Ni Cr

2 3.71 5.94 0.19 9.66 0.27 0.03 4.22 2.23 0.06 7.11 0.30 0.05 1.05 0.79 0.03 0.55 0.11 0.01

4 0.02 0.02 <DL 0.09 0.01 0.01 0.03 0.08 <DL 0.03 0.02 0.01 0.02 0.02 <DL 0.04 0.01 <DL

6 0.02 0.02 <DL 0.05 0.01 0.01 0.03 0.06 <DL 0.02 0.03 <DL 0.05 0.04 <DL 0.04 0.02 <DL

8 0.02 0.02 <DL 0.02 <DL 0.01 0.03 0.07 <DL 0.03 0.03 <DL 0.03 0.02 <DL 0.05 0.01 <DL

10 0.03 0.02 <DL 0.09 <DL 0.01 0.03 0.04 <DL 0.05 0.02 <DL 0.03 0.02 <DL 0.04 0.01 <DL

12 0.28 0.36 <DL 0.42 <DL 0.08 0.47 0.10 <DL 0.08 <DL 0.13 0.91 0.47 <DL 0.30 <DL 0.07

a 1 2 0.01 0.1 0.02 0.1 1 2 0.01 0.1 0.02 0.1 1 2 0.01 0.1 0.02 0.1

b 2 5 0.1 1 1 1.5 2 5 0.1 1 1 1.5 2 5 0.1 1 1 1.5

a = category 5 standard limits of the environmental quality standards for surface water; b = maximum allowable discharge concentration of the integrated
wastewater discharge standards

DL detection limit

2530 J Soils Sediments (2017) 17:2524–2536



of Cu and Pb were 4.22 and 71.1 times higher than the cate-
gory 5 standard limits of the environmental quality standards
for surface water, and 2.11 and 7.11 times higher than the
maximum allowable discharge concentrations of the integrat-
ed wastewater discharge standards, respectively. The released
concentrations of Zn and Cd at pH 2 exceeded the category 5
standard limits of the environmental quality standards for sur-
face water. At pH 4–12, the released concentrations of Cu, Zn,
Cd, and Pb did not exceed the standard values. The released
concentrations of Ni at pH 2, 6, and 8 exceeded the category 5
standard limits of the environmental quality standards for sur-
face water. The released concentrations of Cr at pH 12
exceeded the category 5 standard limits of the environmental
quality standards for surface water. For sample S3, the re-
leased concentrations of Cu, Cd, Pb, and Ni at pH 2 were
higher than the category 5 standard limits of the environmen-
tal quality standards for surface water. The released concen-
trations of Pb at pH 12 were also higher than the category 5
standard limits of the environmental quality standards for sur-
face water. The released concentrations of Zn and Cr did not
exceed the standard values.

3.3 Chemical fractionation and transformation of heavy
metals in sediments after reaching the release equilibrium
state

To understand the possible behavior of heavy metals under
different physiochemical conditions at the sediment-water in-
terface, a chemical fractionation study was carried out to ob-
tain information about their associations with various geo-
chemical phases in samples S1, S2, and S3 (Fig. 3 and
Table S3 in the Electronic Supplementary Material). The sed-
iments in our study were air-dried, which led to the oxidation
of the anoxic sediments, and it may redistribute the metals
initially contained in the sulfidic phase (Larner et al. 2008).
Therefore, the metal fractions mentioned in the study referred

to the fractions of the oxidized sediments. Cu was mainly
associated with the organic (S1, 53.59%; S2, 46.26%; S3,
49.94%) and residual (S1, 38.35%; S2, 44.81%; S3,
41.89%) fractions. Zn was preferably associated with the re-
sidual (S1, 53.73%; S2, 64.94%; S3, 46.27%) and organic
(S1, 37.57%; S2, 30.62%; S3, 34.12%) fractions. Cd was
predominantly associated with the organic (S1, 45.47%; S2,
48.53%; S3, 31.38%) and residual (S1, 22.05%; S2, 35.42%;
S3, 24.98%) fractions, followed by the exchangeable, carbon-
ate, and Fe-Mn oxyhydroxide fractions. Pb was dominantly
found in the Fe-Mn oxyhydroxide fraction (S1, 40.72%; S2,
46.44%; S3, 48.24%). Ni was mainly associated with the re-
sidual fractions (S1, 33.06%; S2, 28.57%; S3, 34.43%),
followed by the carbonate, exchangeable, Fe-Mn
oxyhydroxide and organic fractions in the S1 and S2 samples
or followed by the Fe-Mn oxyhydroxide, carbonate, ex-
changeable, and organic fractions in the S3 sample. Cr was
uniformly fractionated in the residual fractions (S1, 92.75%;
S2, 92.46%; S3, 92.32%), while the non-residual fractions
were negligible.

The changes in the fractionation behaviors of the investi-
gated heavy metals after reaching release equilibrium with
respect to pH are shown in Fig. 4 and Table S4 (Electronic
Supplementary Material). Both Cu and Zn mainly occurred in
the residual and organic fractions at all pH values. The per-
centage of organic matter in the sediment decreased compared
to the initial fractions (here, initial fraction refers to the frac-
tion of air-dried sediments). However, the exchangeable Cu
(S1, 2.18%; S2, 1.91%; S3, 0.58%) and Zn (S1, 0.91%; S2,
0.66%; S3, 1.05%) concentrations were much higher in the
sediments at pH 2. At pH 12, the heavymetals were associated
more with the carbonate fraction (Cu: S1, 11.28%; S2,
14.45%; S3, 18.29%; Zn: S1, 3.82%; S2, 2.07%; S3,
9.69%). Equeenuddin et al. (2013) reported that exchangeable
Zn at low pH and carbonate-associated Zn at high pH were
prevalent in sediments, and in a strongly acidic environment,

Fig. 3 Chemical fractionation of heavy metals in samples S1, S2, and S3
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higher concentrations of all metals were available in their ex-
changeable fraction. Cd mainly occurred in the organic and

residual fractions, and compared to the initial fractions, the
proportion of Cd in the organic fractions decreased and the

Fig. 4 Chemical fractionation of heavy metals in samples S1, S2, and S3 after release equilibrium
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proportion of Cd in the residual fractions increased. Cu, Zn,
and Cd have great affinities for organic matter because of their
abilities to form stable complexes with humic ligands
(Chander et al. 1994; Dijkstra et al. 2006). Pb was uniformly
fractionated into Fe-Mn oxyhydroxides and residual fractions.
The percentage of Fe-Mn oxyhydroxide fraction decreased
compared to initial fractions. However, the fraction of Pb into
the exchangeable fraction was significant at pH 2 (S1,
14.27%; S2, 7.54%; S3, 0.28%), as well as carbonate-
associated Pb at pH 12 (S1, 25.61%; S2, 36.57%; S3,
30.98%). Kelderman and Osman (2007) reported that the ox-
idation of the heavy metal-sulfide bindings led to an increase
of redox potential, which increased the exchangeable and
carbonate Cu, Zn, and Pb concentrations. Forstner and
Wittmann (1981) reported that the carbonate showed a high
affinity for Pb, which may co-precipitate with carbonate min-
erals at high pH. There was also a preferential association of
Ni and Cr toward the residual fraction. The fraction of Ni into
an exchangeable fraction was not observed. A minor amount
of Cr was also fractionated into an exchangeable fraction. The
residual Ni and Cr fractions were dominant, regardless of the
pH (Equeenuddin et al. 2013). The sequential extraction pro-
cedures simulated to a certain extent different environmental
conditions of the sediment. But, the various fractions of heavy
metals do not necessarily reflect the relative scavenging action
of sediment phases (Tessier et al. 1979). The fractions of
heavy metals in sequential extraction procedures are not
static and changed with different extraction steps. For
example, Tack and Verloo (1996) reported that the carbonate
could not dissolve completely under the analytical conditions
of the Tessier method.

A risk assessment code (RAC) was applied to evaluate the
environmental risk of heavy metal pollution in the sediment
(Ghrefat and Yusuf 2006; Li et al. 2015). The risk assessment
code assessed the availability of heavy metal in the sediment
by applying a scale to the percentage of the total heavy metal
in exchangeable and carbonate fractions. A five-level risk
classification has been categorized in terms of RAC: no risk

(<1%), low risk (1–10%), medium risk (11–30%), high risk
(31–50%), and very high risk (>50%) (Perin et al. 1985). The
environmental risk assessment of heavy metals in three sedi-
ment samples before and after the release experiments accord-
ing to the RAC is shown in Table 5. This assessment indicated
that the Cu, Zn, and Cr concentrations in sample S1 had low
risk, the Cd and Pb concentrations in sample S1 presented a
medium risk, and the Ni concentrations in sample S1 present-
ed a high risk. The values of risk assessment for the heavy
m e t a l s i n s amp l e S 1 d e c r e a s e d a s f o l l ow s :
Ni > Pb > Cd > Cu > Cr > Zn. After reaching heavy metal
release equilibrium under different pH conditions, the RAC
values of Cu, Zn, and Cr in sample S1 gradually increased
compared to their initial values; however, the risk level was
generally low. Moreover, the Cu concentration was labeled
medium risk at pH 12. The RAC values of Cd, Pb, and Ni in
sample S1 decreased compared to the initial values. The Cd
concentrations were considered medium risk at pH 4–12, but
at pH 2, the Cd concentrations were considered low risk. The
Pb concentrations presented medium risk at all pH values. It
should be noted that the risk level of Ni changed from high
risk to low risk after reaching release equilibrium. For sample
S2, Cu, Pb, and Cr concentrations were considered a low risk,
Zn presented no risk, Cd showed a medium risk, and Ni posed
a high risk. The RAC values of heavy metals in sample S2
decreased as follows: Ni > Cd > Pb > Cr > Cu > Zn. After the
release of heavy metals under different pH conditions, the
RAC values of the Cu, Zn, Pb, and Cr concentrations in-
creased compared to the initial values. The Cu concentrations
showed low risk at pH 2–10 and medium risk at pH 12. Zn
presented no risk at pH 2–10 and low risk at pH 12. The risk
level of the Pb concentrations changed from low risk to me-
dium risk. At pH 12, the Pb concentrations posed a high risk.
The Cr concentrations showed a low risk from pH 2 to 12. The
RAC values of Cd and Ni decreased compared to the initial
values. The risk level of Cd concentrations changed from me-
dium risk to low risk compared to the initial values. At pH 12,
the Cd concentration posed a medium risk. The risk level of

Table 5 Risk assessment coding of heavy metals in three sediment samples in the release experiment (%)

pH S1 S2 S3

Cu Zn Cd Pb Ni Cr Cu Zn Cd Pb Ni Cr Cu Zn Cd Pb Ni Cr

Initiala 2.9 2.1 23.2 26.0 46.0 2.9 2.8 0.7 12.8 9.7 42.8 3.8 4.1 3.8 24.3 6.1 31.8 2.1

2 3.2 1.1 3.5 23.6 2.5 7.9 3.4 0.8 2.0 12.8 1.8 7.7 6.4 7.7 22.8 24.7 3.2 7.4

4 8.3 3.4 20.4 22.5 4.1 7.9 8.9 0.9 6.9 18.1 4.6 8.2 13.3 8.7 30.7 25.2 6.9 7.4

6 8.3 3.4 21.2 21.6 3.5 8.8 9.1 0.9 8.2 18.7 3.9 8.8 9.2 7.6 27.2 20.4 4.7 7.7

8 8.2 3.3 20.6 20.2 2.9 9.2 8.6 0.8 7.5 16.5 3.2 9.1 13.2 8.9 30.6 25.5 6.4 7.3

10 8.5 3.4 20.7 19.0 2.6 9.9 9.6 0.9 8.2 19.0 3.3 9.5 11.4 8.1 28.1 22.9 5.0 7.8

12 11.3 3.9 21.8 26.3 4.1 10.3 14.5 2.1 11.5 36.9 4.2 10.0 18.4 9.7 35.8 31.0 8.8 8.3

a RAC values of heavy metals before release experiment
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the Ni concentration changed from high risk to low risk. For
sample S3, the Cu, Zn, Pb, and Cr concentrations showed a
low risk, Cd concentrations presented a medium risk, and Ni
concentrations posed a high risk. The RAC values of heavy
m e t a l s i n s amp l e S 3 d e c r e a s e d a s f o l l ow s :
Ni > Cd > Pb > Cu > Zn > Cr. After the release of heavy
metals under different pH conditions, the RAC values of Cu,
Zn, Cd, Pb, and Cr increased compared to the initial values.
Copper concentrations showed a low risk at pH 2 and pH 6
and presented a medium risk at pH 4, 8, 10, and 12. Similar to
S2, Zn concentrations showed a low risk in S3. Cadmium
concentrations showed a medium risk at pH 2–10 and a high
risk at pH 12. The risk level of Pb changed from low risk to
medium risk after equilibrium was reached. Chromium con-
centrations in S3 presented a low risk. The RAC values of Ni
decreased compared to initial values, changing from high risk
to low risk.

4 Conclusions

The average concentrations of Cu, Zn, Cd, and Pb in sedi-
ments from the study area were highly elevated compared
with the soil background values in Gansu Province, China.
The pH-dependent release behaviors of Cu, Zn, Pb, and Cr
followed an asymmetric V-shaped pattern, whereas Cd and Ni
followed an irregular L-shaped pattern. pH played a signifi-
cant role in controlling the releasing of heavy metals in the
studied sediment. The release equilibrium concentrations of
Cu, Zn, Cd, Pb, and Ni in solution at pH 2 exceeded the
category 5 standard limits of environmental quality standards
for surface water or the maximum allowable discharge con-
centrations of integrated wastewater discharge standard.

The changes in the release of heavy metals in the studied
sediments were related to their redistribution between chemi-
cal fractionations. After reaching the release equilibrium of
heavy metals under different pH conditions, the percentages
of organic Cu, Zn, Cd, and Fe-Mn oxyhydroxide Pb de-
creased, compared to their initial fractions. However, higher
concentrations of Cu, Zn, and Pb were available in their ex-
changeable fraction at pH 2, while more fractionating into the
carbonate fraction occurred at pH 12 (after release equilibri-
um) compared to other pH values. Fraction of Cd into the
exchangeable part was significantly influenced by pH. The
residual fractions of Ni and Cr were dominant, regardless of
pH. The risk assessment coding results indicated that pH
played a significant role in increasing the RAC values of Cu,
Zn, Pb, and Cr and decreasing the RAC values of Cd and Ni
after release equilibrium was reached.
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