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Abstract

Purpose River sediment pollution by heavy metals/metalloids has attracted widespread attention due to a serious threat to the
ecosystem and human health. As an effective and economical alternative, the stabilization method was considered by previous
studies for the remediation of sediments polluted by metals/metalloids. However, a comprehensive study is required for an extensive
comparison on the effects of metal/metalloid immobilization based on the application of different materials as sediment amendments.
Materials and methods In this study, the Maozhou River was selected as the study area, and the stabilization method was applied
for the remediation of the river sediment polluted by metals and metalloids. Five materials (CaCOj3, Ca(OH),, zeolite, kaolin,
FeCl,) were selected as amendments for the metal/metalloid stabilization in the collected sediment. A modified BCR procedure
was employed for the speciation analysis of heavy metals and metalloid in the sediment before and after remediation. A TCLP
(toxicity characteristic leaching procedure) investigation was performed to further evaluate the immobilization of heavy metals in
acidic environment.

Results and discussion The sediment of the Maozhou River was heavily polluted by heavy metals and metalloid. The speciation
of As, Pb, Cr, and Mn mainly exists as residual fraction (F4), while that of Ni, Cu, and Zn was identified as exchangeable metal
and carbonate-associated fraction (F1) and fraction associated with Fe-Mn oxides (F2). Moreover, the F2 fraction of Co was
observed as the major speciation. Through the application of five materials (CaCOj3, Ca(OH),, zeolite, kaolin, FeCl,) as sediment
amendments, the metal/metalloid speciation was transferred into F4. When five amendments were compared, the stabilization
effect can be ordered as CaCO; > zeolite > FeCl, > kaolin > Ca(OH), based on the modified BCR results. TCLP results showed
that using Ca(OH), and CaCO; as amendments can significantly reduce the metal leachability in an acidic environment, while
zeolite is effective for most of the heavy metals and metalloid.

Conclusions The results showed that the sediment of the Maozhou River was seriously polluted by a variety of heavy metals and
metalloids. This study provided extensive information on the speciation of metals or metalloid and the effect of various amend-
ments on metals and metalloid stabilization, which can be of vital importance for further remediation of metal/metalloid-polluted
sediment.
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1 Introduction

With increasing waste discharges by anthropogenic activities,
a large number of rivers have been severely contaminated
worldwide (Li et al. 2013; Guan et al. 2016; Sekuli¢ et al.
2018), which has become a major environmental concern. A
considerable amount of rivers are polluted by heavy metals
and metalloids discharged from various industrial processes
such as metal smelting and battery manufacture (Feng et al.
2004; Chen et al. 2009). The river sediment has been widely
accepted as a carrier and potential source of the contaminants
in an aquatic environment (Yu et al. 2001). Heavy metals and
metalloids accumulated in the sediments tend to re-enter the
overlying water body when the physicochemical properties
(e.g., pH, redox potential, ionic strength, and salinity) of the
water change. The released metals and metalloids from the
sediment might cause secondary pollution to the river ecosys-
tem and deteriorate the quality of the water (Zoumis et al.
2001; Filgueiras et al. 2002; Juwarkar et al. 2010). Recently,
the sediment pollution caused by heavy metals and metalloids
has attracted widespread attention due to a serious threat to the
ecosystem and human health (Zhang et al. 2011a;
Chabukdhara and Nema 2012; Xue et al. 2018).

Remediation agents are always needed to avoid further
release of heavy metals and metalloids via changing the form
of'heavy metals and metalloids in the contaminated sediments.
The sediment remediation involves a variety of physical,
chemical, and biological technologies, in which the
stabilization/solidification (S/S) is considered as an effective
and economical method (Yi et al. 2017). S/S technology has
been widely applied in soil remediation and solid waste treat-
ment, through which the toxic metals can be immobilized by
changing their speciation via the addition of S/S treatment
materials (Lee et al. 2009; Yoo et al. 2013). With different
physical and chemical bindings, the newly formed metal spe-
ciation may further reduce the mobility and bioavailability of
the toxic metals (Lee et al. 2009). S/S has expressed the effect
of long-term metal and metalloid immobilization, making its
wide application for the remediation of the heavy metal and
metalloid-contaminated sediment. Moreover, as the speciation
of metals and metalloids determines their toxicity, mobility,
and bioavailability (Jain 2004), the speciation analysis is rec-
ognized as one of the most reliable criteria to evaluate the
potential environmental effect of the contaminated river sedi-
ments (Sundaray et al. 2011; Huang et al. 2016).

The sequential chemical extraction method is usually ap-
plied for metal/metalloid speciation analysis, which can fur-
ther evaluate the direct and potential toxicity based on the
metal/metalloid mobility and bioavailability. In this way, this
method is recognized as a suitable means for evaluating the
stabilization effect of heavy metal and metalloid-contaminated
sediments (Obbard 2006; Sundaray et al. 2011; Yoo et al.
2013; Yi et al. 2017). There are numerous sequential

extraction procedures applied for the speciation analysis of
heavy metals and metalloids in the sludge, soil, and sediment,
while the BCR (European Community Bureau of Reference)
is one of the most widely used methods (Huang et al. 2016;
Zhao et al. 2017). The modified BCR has been successfully
applied to divide metals and metalloids in sediments into dif-
ferent binding forms, including exchangeable metal and
carbonate-associated fraction (F1), fraction associated with
Fe-Mn oxides (F2), fraction bound to organic matter (F3),
and residual fraction (F4). The stability of the metal/
metalloid speciation above can be listed in the order as fol-
lows: F1 <F2 <F3 <F4. As the most stable fraction, F4 is
insoluble and almost unreactive because the residual solids
occlude heavy metals in their crystalline structures (Fuentes
et al. 2008). Therefore, the amount and/or the ratio of F4 can
be adopted as the most critical data to evaluate the metal/
metalloid stabilization effect after sediment remediation.

The principle of choosing amendment is to increase the
content and/or proportion of F4 fraction of heavy metals and
metalloids after the application of the amendment. In this
study, we selected five cost-effective materials with differ-
ent properties, including calcium carbonate (CaCOs;), calci-
um hydroxide (Ca(OH),), artificial zeolite (Na,O-Al,O3-
xSi0,yH,0), kaolin (Al,Si,05(OH),), and iron chloride
tetrahydrate (FeCl,-4H,0). Although some of the above
amendments have been applied for the in situ immobiliza-
tion of metal-contaminated sediment, none of the studies
has made a comprehensive comparison on the effects of
metal immobilization due to the varieties in experimental
conditions. To provide technical guidance based on the ef-
fects of metal/metalloid immobilization under the same ex-
perimental condition, a systematic research was conducted
in this study on metal immobilization through the applica-
tion of the five materials. This work will determine the con-
centration level and the speciation of toxic metals/
metalloids in the surface sediment of Maozhou River, as
the most heavily polluted river in Shenzhen due to a variety
of industrial activities but lack of published data on this
issue. A series of experiments will be conducted extensively
on the speciation of eight heavy metals and metalloid to-
gether with the effect of a variety of amendments on the
metal/metalloid stabilization. Therefore, in this study, the
speciation of eight metals and metalloid (Cr, Mn, Co, Ni,
Cu, Zn, Pb, and As) will be explicated comprehensively
before and after the addition of the amendments, while the
leaching experiment modified from U.S. EPA SW-846
method 1311: toxicity characteristic leaching procedure
(TCLP) will be conducted to further evaluate the effect of
metal/metalloid stabilization. The results of this study will
provide informative data for the heavy metal/metalloid pol-
lution of the sediment and further propose an efficient meth-
odology for the remediation of heavy metal/metalloid-
contaminated sediments.
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2 Materials and methods
2.1 Study area

Maozhou River, with a length of 31.3 km, is the largest river in
Shenzhen and flows through the Guangming new area and
Baoan district until finally into the Pearl River Estuary.
Many industries (i.e., electroplating factory) distribute very
densely around the watershed, which may cause serious pol-
lution to the Maozhou River. The sediment of the river was
dark, and the wastewater was kept being discharged from the
drainage pipes along the river. Moreover, the city of Shenzhen
has a total land area of 1949 km? and a subtropical oceanic
monsoon climate with an annual temperature of around 10—
25 °C and annual precipitation range of 1600-2000 mm (Zhou
et al. 2010).

2.2 Sample preparation and characterization

The subsurface sediment samples (020 cm depth) were ran-
domly collected from the downstream of the Maozhou River
(113.829° E, 22.791° N) in October 2018, and then homoge-
nized and saved in the plastic bucket. The collected samples
were freeze-dried, crushed, and then sieved through a 100-
mesh nylon sieve, with particle size (dsg) as 13.7 um mea-
sured by a granulometer (Malvern, MASTERSIZER 3000)
(Table 1 and Fig. S1 of the Electronic Supplementary
Material—ESM). The pH value, moisture content (%), and
the element compositions (%) were tested according to the
standard method. For the measurement of sediment pH,
0.5 g of the air-dried sample was taken in ultrapure water
(25 mL) and agitated for 24 h. Then the solution was left with
occasionally shaking for 1 h before measuring the pH (Jain
2004). After drying the samples at 105 °C to a constant
weight, the moisture content of the sediment was calculated
accordingly. The elemental composition (C, H, N, and S) of
the sediment was detected by a vario MICRO cube elemental
analyzer (Elementar Analysen systeme GmbH, Germany).

The metal and metalloid contents of the sediment were
determined by the microwave digestion using the acid mixture
(HCI+HNO3 + HF =3+ 9 +4 mL). The samples were then
transferred to Teflon bombs and digested in a high-
performance microwave digestion system (ETHOS UP,
Milestone, Italy). The concentrations of heavy metals and
metalloid (Cr, Mn, Co, Ni, Cu, Zn, Pb, and As) were analyzed
by an inductively coupled plasma-mass spectrometry (ICP-
MS, 7700, Agilent Technologies, USA). Reagent blanks were
implemented for each batch of samples.

All chemicals and reagents for experiments were of reagent
grade, except hydroxylammonium chloride (guaranteed re-
agent (GR), 99%), hydrochloric acid (GR), and ammonium
acetate (GR, 99%). All solutions were prepared in ultrapure
water (18.2 MQ-cm, Milli-Q). Ultrapure HCI, HNOs, HF,
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H,0,, and acetic acid were used as the sequential extraction
reagents. A variety of materials were adopted in this study as
the amendments for heavy metal and metalloid immobiliza-
tion in the collected sediment, including calcium carbonate
(CaCO0y), calcium hydroxide (Ca(OH),), artificial zeolite
(Na,0-Al,053-x8S10,yH,0), kaolin (Al,Si,05(0OH),), and iron
chloride tetrahydrate (FeCl,-4H,0). Each type of amendment
was mixed separately with the sediment at the ratio of 1:10 (w/
w), and then, the mixture was added with ultrapure water and
kept in a cool and dark environment for incubation of 1 week
(Yi et al. 2017). Each series was conducted together with one
control without any amendments, and all the experiments
were carried out in triplicates.

2.3 Modified BCR procedure for sequential extraction

The modified version of the BCR sequential extraction proce-
dure was selected for the speciation analysis of the heavy
metals and metalloid in the collected sediments, including
the fourth step—digestion of the residue after the third step
using a microwave-assisted acid digestion procedure (Cuong
and Obbard 2006). The detailed procedures are illustrated in
Fig. 1. The control experiments were also conducted for the
sediments without addition of any amendments.

2.4 Leaching experiments

The immobilization effect of metals and metalloid was further
evaluated by their leachability via the TCLP. The extraction
fluid #2 (0.1 mol L " acetic acid, pH2.88+0.05) wasused ata
solid/liquid ratio of 1:20 (m:V) and was rotated on a rotary
extractor (GGC-X, China) at 30 +2 rpm for 18 h at room
temperature. After leaching, the mixture was centrifugated at
4000 rpm for 20 min and the supernatant liquid was filtered
through a 0.45-um membrane filter. The pH of leachate was
then measured and all the extracts were acidified with HNO3
before being analyzed by ICP-MS.

3 Results and discussion
3.1 Characterization of the river sediment

The physicochemical properties of the collected sediment
were summarized in Table 1. The pH value of the collected
sediment is 5.95-6.06, which is lower than the reported pH
range (6.57-8.20) of the other river sediments (Olivares-
Rieumont et al. 2005; De Jonge et al. 2012; Huang et al.
2016). The moisture content was measured as 60.19%, which
is slightly higher than the value of the other river sediments
(50.20-55.75%) (Yoo et al. 2013; Huang et al. 2016). In ad-
dition, it can be found that the content of P is obviously higher
than the value of 9500 mg kg ' reported by Mishra et al.
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;EaL (2008). Moreover, Table 1 also collates the contents of eight
_g? heavy metals and metalloid in the river sediment. When the
E}f data was compared with the corresponding value listed in the
2 China’s Environmental Quality Standard for Soils (GB15618-
g S 1995) (Table S1 of the ESM), the contents of heavy metals and
~ = metalloid (Cr, Ni, Cu, Zn, Pb, and As) are up to grade II and
~ grade I1I, except for Mn and Co which are not included in this
L%” standard. The results indicate that the sediment of the
g § Maozhou River is seriously polluted by a variety of heavy
A S metals and metalloid, which might pose a potential danger to
~ " the aquatic environment. The C, H, N, and S were also ana-
@ - z lyzed with very low compositions, indicating a small content
EE/D § E of organic matters. The elemental compositions were further
& S obtained by X-ray fluorescence (S8 Tiger, Bruker), and the
o results in oxide forms show major elements as aluminum
e § % (e'xpres.sed as A1203' with 2'5.36%)' and silicon (expressed as
s A = Si0, with 51.73%) in the river sediment.
% I Az Table 2 further summarizes the content of heavy metals and
- metalloid in the sediments from different countries. Compared
- g with the reported data for other sediments, the sediment of
o 2 + Maozhou River contains the largest content for most of the
g § § heavy metals, e.g., Cr (430.23 mg kg '), Co
€2 g% (328.26 mg kg™ '), Ni (286.66 mg kg '), and Cu
(1115.81 mg kg™ "). Even for the metalloid, the content of As
i is only lower than the value reported for the sediment of
= S Dongting Lake (Li et al. 2013), while the amount of Pb is
= bt % higher than the majority of the collected data. The content of
% 2 8 2 Zn in the sediment of Maozhou River (1186.86 mg kg ") is
slightly lower than the value reported for the sediment of
§ Lianshui river (1299 mg kg ') in the year of 2011 (Zhang
w3 et al. 2011a). However, it is dramatically higher than the cor-
z = ~ responding data of other sediments (9.10-708.80 mg kg ).
_ o Moreover, the content of Mn in the sediment of Maozhou
= E River is in the middle level among the reported data world-
S ;: B é wide including China, Turkey, and India. The significantly
O v Z high metal content further confirms that the sediment of
g = Maozhou River has been heavily polluted by the heavy metals
% = E and metalloid, which needs further remediation.
ol - < 0
E & ';jg PR 3.2 Speciation of metals and metalloid in sediments
z| “ < 2 o with different amendments
flEgc? ¢
§ E s § o 3.2.1 Effect of different amendments on the speciation
2l 222 % of metals and metalloid
HEEREE:
}é "g - "f To evaluate the stabilization effect of the eight heavy metals
£ - 2 g s and metalloid after the addition of amendments, the speciation
g = # E analysis was conducted on the raw sediment and the sedi-
; - § ; 5 o e ments with different amendments by a modified BCR sequen-
S| e f" c ¥ g tial extraction procedure. The speciation of the heavy metals
_ £ ,; :” and metalloid was compared and explicated to better under-
2 S 2 § stand the changes in metal and metalloid distribution due to
e 43 = the addition of amendments. Table 3 summarizes the fractions
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Fig. 1 Flow chart of the modified
BCR (European Community
Bureau of Reference) procedure
for the speciation of heavy metals
and metalloid (F1, exchangeable

0.5 g dried sample or 0.5 g dried sample and 0.05 g curing agent l

+ 25 mL purity water and incubation for a week

Centrifuge

metal and carbonate-associated

fractions; F2, fraction associated shaken for 16 h at 25 'C

‘ Fl ‘ Residue + 25 mL of acetic acid (0.11 mol L") and

Supernatant through 0.45um membrane
filter, and then were analyzed by ICP-MS

with Fe and Mn oxides; F3, frac-
tion bound to organic matter; F4,
residual fraction)

=~ | shaken for 16 hat25 C

Residue + 25 mL volume of hydroxylammonium
F2 || chloride (0.5 mol L' adjusted to pH 2 with HNO;) and

Supernatant through 0.45um membrane
filter, and then were analyzed by ICP-MS

Residue + 5 mL volume of hydrogen peroxide (30%),
and kept at 25 C for 1 h with occasional manual stirring.
A second 5 mL volume of hydrogen peroxide was

F3 || introduced and digested at 85 C for 1 h in a water bath.
About 25 mL of 1.0 mol L ' ammonium acetate
(adjusted to pH 2) was introduced to the cooled-down

Supernatant through 0.45um membrane
filter, and then were analyzed by ICP-MS

Residue was digested with HCI, HNO; and HF by high
F4 | microwave digestion system. After cooling down, the
residues were diluted in 50 mL and analyzed by ICP-MS

Supernatant through 0.45um membrane
filter, and then were analyzed by ICP-MS

(in mg kg ') of heavy metals and metalloid with different
speciation in the raw and amended river sediments.
Meanwhile, Table S2 of the ESM lists the value of water-
soluble fraction of the eight heavy metals and metalloid in
the raw and amended river sediments, which shows that the
water-soluble fraction in most of the sediment is negligible
except for Ni and Zn in the sediment with FeCl, as amend-
ment. Firstly, the recovery rate (R) in Table 3 is calculated
within the range of 90.07-109.67%. The value is consistent
with the results reported in other studies (Rosado et al. 2016;
Yi et al. 2017), indicating the accuracy and credibility of the
data in this study. Figure 2 further illustrates the percentages of
different fractions from the speciation analysis for the heavy
metals and metalloid, and therefore, the variation of the spe-
ciation results can be applied for a further evaluation on the
metal and metalloid stabilization effect via using different
amendments. As the most stable speciation of the heavy
metals and metalloid, the value of the residual fraction may
be regarded as one of the key criteria to evaluate the stabiliza-
tion effect of the heavy metal and metalloid. Therefore, the
value and percentage for each metal and metalloid will be
described and compared after adding different amendments
in the statement as follows:

Chromium (Cr) Table 3 shows that the average value of the
residual fraction (F4) for Cr was increased from
185.79 mg kgfl in the raw sediment to 197.06, 190.19, and
187.21 mg kg " in the sediment amended with CaCOs, zeo-
lite, and FeCl,, respectively. When the F4 percentage of Cr

@ Springer

was compared (Fig. 2), 44.57% of the Cr existed as the resid-
ual fraction in the raw sediment, while this percentage was
increased to 48.57% and 45.13% after applying CaCO5 and
zeolite as the amendment, respectively. Moreover, the F1 was
increased only in the sediment adding with Ca(OH),. The
average value of F2 was increased when using Ca(OH),, ka-
olin, and FeCl, as amendments, while the F3 was increased in
the sediment with zeolite, kaolin, and FeCl,.

Manganese (Mn) The results in Table 3 show that the addition
of CaCOj; and FeCl, in the sediment can increase the residual
fraction of Mn from its average initial value of 107.81 mgkg "
to 115.66 and 113.76 mg kg ', respectively. Compared to the
percentage of F4 in the raw sediment (42.77%), the value was
increased obviously to 47.26% and 48.93% after applying
CaCOj3; and FeCl, for sediment remediation (Fig. 2).
Moreover, in comparison with the metal speciation in the
raw sediment, the average value of F1 was increased after
adding Ca(OH), and kaolin while F3 grew up when using
CaCQg3, zeolite, kaolin, and FeCl, as amendments.

Cobalt (Co) The average value of the residual fraction for Co
was found to increase slightly from 25.92 mg kg™ to the range
0f26.08-26.65 mg kg when the raw sediment was amended
with most of the materials in this study except Ca(OH),
(Table 3). Compared to the original sediment without amend-
ments, the residual fraction percentages of Co after applying
CaCO; and FeCl, were increased from 8.16 to 8.45 and
8.63%, respectively (Fig. 2). The average value of F1 was
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Table 2  Heavy metals and metalloid content in different sediments reported by other studies
River/lake/marine Heavy metal and metalloid content (mg kg™ ") References

Cr Mn Co Ni Cu Zn Pb As
Maozhou River, China 43023 23995 32826 286.66 1115.81 1186.86 91.21 28.75  This study
Xiangjiang River, China 14820 - — - 70.64 — 27409 - Xue et al. 2018
Xiangjiang River, China 15990 - - - 69.35 - 167.10 - Huang et al. 2016
Dongting Lake, China - - - - 36.00 98.00 38.60 - Yietal 2017
Dongting Lake, China 88.29 - - - 47.48 185.25 60.99 29.71 Lietal. 2013
Jialu River, China 60.80 - - 42.44 39.22 107.58 29.35 6.31 Fuetal 2014
Yundang Lagoon, China 25.28 32081 - 10.85 10.31 115.57 50.54 7.25 Chen et al. 2010
Lianshui River, China 95.00 - 55.00 102.00  71.00 1299.00 412.00 - Zhang et al. 2011a
Yamuna, India - - - - 22.20 59.20 60.30 - Jain 2004
Kranji Marine, Singapore 47.30 - - 26.10 17.90 62.10 26.10 - Obbard 2006
Pulau Tekong, Singapore 40.60 - - 17.10 7.70 49.80 29.80 - Obbard 2006
Hindon, India 17.48 49.55 - 13.90 21.70 22.50 27.54 - Chabukdhara and Nema 2012
Tigris, Turkey 50.50 42020  9.00 93.90 24.10 129.60 163.70  3.60 Varol 2011
Gomati, India 160.00  600.00 21.10 64.00 70.00 181.00 41.00 - Singh et al. 1997
Brahmani and Nandira, India 48.20 115.00 8.10 10.60 4.40 9.10 2.40 - Rath et al. 2009
Nambhang, South Korea - - - 11.10 21.80 74.80 23.80 - Yoo et al. 2013
Western Lake Erie basin, USA  64.90 - - — 34.30 162.60 98.70 13.20  Opfer et al. 2011
Lake St. Clair, USA 20.00 - - - 25.80 84.70 29.10 1450  Gewurtz et al. 2007
Doirani Lake, Greece 17.00 - - - 13.00 66.00 6.00 - Anthemidis et al. 2002
Lake Victoria, Tanzania 11.00 - - - 21.60 36.40 29.60 - Kishe and Machiwa 2003
Almendares River, Cuba 209.70 - 23.40 - 420.80 708.80 189.00 — Olivares-Rieumont et al. 2005

increased slightly after adding the five agents, while the aver-
age value of F3 grew up after adding zeolite, kaolin, and FeCl,
as amendments.

Nickel (Ni) It can be observed from Table 3 that the presence of
CaCQg3, zeolite, kaolin, or FeCl, increased the residual frac-
tion of Ni from the average initial value of 76.41 to 85.23,
91.48,79.98, 81.73 mg kg ', respectively. The F4 percentage
of Ni was increased from 28.18 to 32.99, 32.26, 29.64% when
using CaCQs, zeolite, and FeCl, as the amendments, respec-
tively (Fig. 2). Moreover, the average value of F1 was in-
creased after applying Ca(OH), and kaolin in the river sedi-
ment. The F2 grew up when the CaCO; was used as amend-
ment, while F3 was increased in the sediment with zeolite and
kaolin as amendments.

Copper (Cu) Table 3 shows that the residual fraction of Cu was
increased from the average initial value of 159.43 to 167.45
and 174.03 mg kg ' after adding CaCO; and zeolite as the
amendment, respectively. Compared with the non-amended
sediment (Fig. 2), the residual fraction percentage of Cu was
increased from 14.99 to 16.44% due to the addition of CaCO;
in the river sediment. Adding kaolin in the river sediment has

increased all fractions except F4. Adding Ca(OH), only in-
creased F1, while the addition of FeCl, was found to increase
F1 and F3. Moreover, the use of zeolite as the amendment also
resulted in an increase in the F3 of Cu in the river sediment.

Zinc (Zn) When CaCOj or zeolite was added for sediment
remediation, the residual fraction of Zn grew from
232.20 mg kg ' (the average value) in the raw sediment to
250.50 and 259.95 mg kg ' (Table 3). It can be seen from Fig.
2 that the F4 percentage of Zn increased obviously from
20.35% (raw sediment) to 23.43% when the sediment is
amended by CaCOs. Besides that, the F4 percentage of Zn
was also detected to increase slightly (20.41%) when zeolite
was applied for metal stabilization in the contaminated sedi-
ment. Moreover, the F1 and F3 were increased after adding
kaolin, while both F2 and F3 were increased with CaCO5 and
zeolite addition. Moreover, when the metals and metalloid
were compared with each other, Zn showed the highest bio-
availability, with the percentage of more than 76.57% as non-
residual fractions in the original river sediment. Even after
remediation by the five amendments, Zn was also observed
with the highest percentage of the exchangeable and carbonate
fractions.
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Fig. 2 Weight percentages of
each fraction for the speciation of
seven heavy metals and one
metalloid (Cr, Mn, Co, Ni, Cu,
Zn, Pb, and As). The metal and
metalloid speciation includes
water-soluble fraction (FO0), ex-
changeable metal and carbonate-
associated fractions (F1), fraction
associated with Fe-Mn oxides
(F2), fraction bound to organic
matter (F3), and residual fraction
F4

Fraction percentages (%)

Fraction percentages (%)

Fraction percentages (%)

Fraction percentages (%)

Lead (Pb) In Table 3, the presence of CaCOj; or kaolin has
increased the residual fraction of Pb from 62.84 mg kg ' (the
average value) in the raw sediment obviously to 67.42 or
78.10 mg kg . When the CaCO; or kaolin was added into the
sediment, the F4 percentage of Pb was increased from 71.83 to
72.36, 78.26%, respectively (Fig. 2), which is in accordance with
the findings of Wen et al. (2016). Moreover, adding CaCO5 or
Ca(OH), could also increase the F1 and F2, while using kaolin
was found to increase the F1 and F3. However, with the addition
of FeCl,, the F3 was increased in the sediment.

Fraction percentages (%)

Fraction percentages (%)

Fraction percentages (%)

Fraction percentages (%)

Arsenic (As) From the data shown in Table 3, all five amend-
ments can increase the residual fraction of As from its average
initial value of 24.46 mg kg ' to the range of 24.49—
27.02 mg kg '. The F4 percentage of As was increased from
85.48 to 87.08, 87.94, 86.12% after adding CaCOs, zeolite,
and FeCl,, respectively (Fig. 2). In addition, the F1 was in-
creased when adding Ca(OH), or kaolin in the sediment. The
amount of F2 grew up only in the sediment added with
Ca(OH),, while the F3 was increased in the sediment with
zeolite, kaolin, or FeCl, in comparison with the raw sediment.
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Fig. 3 Weight percentages of 100
each fraction for the speciation of

the seven heavy metals and one

metalloid before and after adding 80 -
five amendments. The metal and
metalloid speciation includes
water-soluble fraction (FO0), ex-
changeable metal and carbonate-
associated fractions (F1), fraction
associated with Fe-Mn oxides
(F2), fraction bound to organic
matter (F3), and residual fraction
F4

Fraction percentages (%)

[ Fo
[ F1
[CIF2
[ JF3
[CIF4

3.2.2 Comparison on metal/metalloid speciation
with different amendments

The addition of amendments like calcium hydroxide, cal-
cium carbonate, and zeolite is to reduce the mobility and
bioavailability of heavy metals (Castaldi et al. 2005). The
amendments above can reduce the mobility and bioavail-
ability of metal and metalloid in sediment by precipitation
and/or sorption (Lee et al. 2009; Peng et al. 2009). The
reason of using alkaline materials is that heavy metals
can be well immobilized in the matrix with pH above neu-
tral, which was recognized as one of the most critical
mechanisms for heavy metal stabilization in soils and sed-
iments (Kumpiene et al. 2008). Meanwhile, the increase in
the environmental pH can further promote the adsorption
capacity of the zeolite surface for heavy metal ions (Wen
et al. 2016). Besides that, adding amendments can also
increase the alkalinity of the sediment and subsequently
cause a weakened competition of H* with the other heavy
metal ions for ligands (i.e., OH, CO;5%", SO4%, etc.) (Yi
et al. 2017). Therefore, without competition from the H*
ions, the heavy metal ions will be easily combined with the

Control CaCO, Ca(OH), Zeolite Kaolin FeCl,

ligands, resulting in more stable forms (Peng et al. 2009).
In addition, the sorption of heavy metals will be enhanced
due to the formation of metal carbonate precipitates, caus-
ing further decrease in metal availability (Aziz et al. 2008).
Heavy metal such as Cu can be retained by the river sed-
iment through cation exchange and specific adsorption, but
precipitation may also be an important mechanism for their
retention in the remediated sediment (Pagnanelli et al.
2004). Figure 3 compares the effect of metal and metalloid
stabilization by the five amendments, which illustrates that
the addition of CaCOj; has increased the residual fraction
of the heavy metals and metalloid. In our experiments, the
addition of CaCOj could increase the pH value of the sed-
iment up to 8, which further enhanced the heavy metal and
metalloid stabilization (Houben et al. 2012). Increased pH
and carbonate can lead to the formation of metal-carbonate
precipitate complexes, which may further decrease the
metal availability (Kumpiene et al. 2008). The limestone
increased the residual fraction of Cu up to 8.02 mg kg ',
which is much higher than the value of 0.87 mg kg™ ' re-
ported previously (Yi et al. 2017). The addition of
Ca(OH), as amendment was found to only increase the

Table 4 Leachable content of heavy metals and metalloid in the sediment before and after remediation

Metals Cr Mn Co Ni Cu Zn Pb As

Leachate content, mg kg '
Control 210+ 0.05 83.85+0.74 20.13 £ 1.08  57.06 +0.69 16475 +227 39741 £3.04 0.06+0.03  0.32 +0.00
CaCO, 0.07 £0.00 59.72 £ 0.34 4.86 +0.26 38.59 £ 0.75 1551 £0.71 110.87 £0.73  ND? 0.13 £ 0.00
Ca(OH), 0.14+£0.02 247+1.78 0.04 +£0.01 045 +0.16 494 +0.29 0.14 £ 0.03 ND* 0.07 £ 0.01
Zeolite 147 +£0.02 7753 +£148 36.62 £ 142 4803 +1.11 127.05+1.92  309.52+8.78 ND* 0.12 £ 0.00
Kaolin 1.64 £0.03  88.14 £ 0.90 21.11 £0.79  58.76 + 0.61 176.08 £2.07  412.19+522  0.03+0.01  0.23 £0.00
FeCl, 2.19 £ 0.05 153.05+294 28.14+0.84 66.68 149 18421 +425 500.40+852 0.07+0.01 0.13+0.01

4 ND not detected

@ Springer



J Soils Sediments (2019) 19:3922-3933

3931

residual fraction of As (metalloid). This could be explained
by the possible formation of As—Ca complexes like calci-
um hydrogen arsenate (CaHAsO,) and calcium arsenate
(Ca3(As0y),) in the presence of calcium under moderate
pH conditions (Porter et al. 2004). By adding zeolite as
amendment, an obvious effect was observed on the stabi-
lization of five heavy metals and one metalloid. Zeolites
are usually recognized as a group of aluminosilicates with
a relatively high cation exchange capacity and can also
increase the alkalinity of the sediment (Garcia-Sanchez
et al. 1999). The use of zeolite in this study can increase
the organic matter bounded fraction of Cu up to
98.92 mg kg ', which is probably due to its more pro-
nounced tendency for complexation with organic matters
in the sediment (Balasoiu et al. 2001). Kaolin was found to
increase the residual fraction of three heavy metals and one
metalloid (Co, Ni, Pb, and As), which has been reported to
be caused by the potential adsorption of the metals on
kaolin (Zhang et al. 2011b). More negatively charged sur-
face (kaolin) caused by the increase in pH value can further
enhance the adsorption of the positively charged metal ions
by the electrostatic force of attraction (Unuabonah et al.
2008). The addition of FeCl, has increased the weight per-
centage of F3 and F4 fractions for six heavy metals and one
metalloid except Zn, but the fraction of Zn was also found
to largely move from F1 to F2. The reduction of Cr can be
accelerated by the presence of divalent iron in the soil
matrix (Kumpiene et al. 2008), which can reduce its toxic-
ity. The mobility of As can be reduced by the Fe** due to
the formation of insoluble secondary oxidation minerals,
e.g., scorodite (FeAsO4-2H,0) (Sastre et al. 2004).

3.3 Leaching behavior of metals and metalloid
from the sediment

The TCLP leaching experiment was conducted to test the
mobility of heavy metals and metalloid in the acidic environ-
ment and to further evaluate the effect of heavy metal and
metalloid immobilization after remediation. Table 4 shows
the amounts of leachable content of the seven heavy metals
and one metalloid before (control experiment) and after the
addition of five types of amendments. When the variation of
seven heavy metals and one metalloid was concerned, it can
be observed that the leachable Cr was decreased after adding
amendments (except FeCl,) in comparison with the control
experiment. The lowest leachable content of Cr was found to
be 0.07 mg kg ! when CaCO5 was used as the amendment,
which is 30 times lower than that of the raw sediment. The
leaching of Mn, Ni, Cu, and Zn cannot be prevented in the
acidic environment even by adding kaolin or FeCl,. However,
the above heavy metals reached minimum leachability when
Ca(OH), was added for sediment remediation. For Co, its
leachable content was decreased from 20.13 mg kg ' in the

raw sediment to 4.86 and 0.04 mg kg ' when CaCO; and
Ca(OH), were used as amendments, respectively. The leach-
able contents of As and Pb were all decreased after adding any
of the five amendments, especially that the content of Pb was
lower than the detection limit in the leachate of sediment after
adding Ca(OH),, CaCOj3, or zeolite.

Furthermore, the TCLP leaching results were further com-
pared among the five amendments. Results show that the
using Ca(OH), and CaCO; as amendments can significantly
reduce the leachability of all heavy metals and metalloid from
the sediment, while zeolite for most of the heavy metals and
metalloid except Co, kaolin for two heavy metals, and one
metalloid (Cr, Pb, and As), FeCl, for As, respectively. The
substantial decline in the metal and metalloid leachability by
the addition of Ca(OH), and CaCO3; may be mainly due to
their effect on the significant increase in the pH value as alka-
line amendments (Li et al. 2001; Yi et al. 2017). For example,
the leachable content of Zn was found to be decreased by over
2000 times when Ca(OH), was added in the sediment, which
might be due to the formation of the metal hydroxides. Similar
results have been found for Cu (4.94 mg kg '), which is con-
sistent with the results of the sequential extraction due to the
change of Cu phases as hydroxide for Ca(OH), (Li et al.
2001). Based on the results above, even using the same
amendment, the evaluation of metal and metalloid stabiliza-
tion effect is different when the TCLP experiment or the metal
and metalloid speciation analysis is adopted.

4 Conclusions

This study showed that the Maozhou River sediment has been
seriously polluted by a variety of heavy metals and metalloid.
The speciation of metalloid and heavy metals like As, Pb, Cr,
and Mn mainly existed as residual fraction, while that of Ni,
Cu, and Zn was identified as exchangeable metal and
carbonate-associated fractions (F1) and fraction associated
with Fe and Mn oxides (F2). Moreover, the F2 fraction of
Co was observed as the major speciation. Through the appli-
cation of five materials (CaCOs, Ca(OH),, zeolite, kaolin,
FeCl,) as sediment amendments, the speciation of the heavy
metals and metalloid was transferred into the residual fraction
(F4), with the stabilization effect ordered as CaCO3 > zeolite >
FeCl, > kaolin > Ca(OH),. The TCLP (toxicity characteristic
leaching procedure) results showed that using Ca(OH), and
CaCO; as amendments can significantly reduce the metal
leachability in acidic environment, while zeolite is effective
for most of the heavy metals and metalloid. This study has
provided informative data for the heavy metal and metalloid
pollution of the river sediment, and a comprehensive evalua-
tion on metal and metalloid remediation by using the five
amendments.
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