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• The nZVI loaded biochar and mineral
enhanced immobilization of Cd in sedi-
ments.

• Bacterial composition, richness and di-
versity were changed after immobiliza-
tion.

• DOM presented autogenetic character-
istics with bacterial community
changes.

• BC (nZVI/BC) possessed higher immobi-
lization performance than minerals.
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Remediation of Cd pollution in sediments is crucial for the safety of aquatic environments and human health. In
this study, four effective, common, and low-cost remediationmaterials (zeolite, sepiolite, redmud (RM), and bio-
char (BC)) loaded with nanoscale zero-valent iron (nZVI) and themselves were employed to immobilize Cd in
sediments. The effects of differentmaterials on sediment properties, immobilization effectiveness, bacterial com-
munities, enzyme activities, and dissolved organic matter (DOM) were investigated. Results showed that sedi-
ment properties were significantly changed by the addition of immobilization materials (P b 0.05). The
geochemical fraction analysis showed that the labile Cdwas partially transformed to the stable fraction after im-
mobilization, with an 11–47% decrease in the acid-soluble fraction and a 50–1000% increase in the residual frac-
tion. The Cd immobilization effectiveness peaked at the nZVI/RM and nZVI/BC treatments, and the Cd toxicity
characteristic leaching procedure (TCLP) leachabilities decreased by 42% and 44%, respectively. Themodifiedma-
terials weremore effective for immobilizing Cd than the rawmaterials owing to the presence of nZVI, and the Cd
TCLP leachabilities with the modified materials decreased by 15%–22% compared with the raw material treat-
ments. Immobilization-driven reduction of bioavailable Cd enhanced the richness and diversity of bacterial com-
munities and enzyme activities. Moreover, the immobilization treatment promoted the Fe(III)-reducing process
by increasing the Fe(III)-reducing bacteria (e.g. Geobacteraceae, Bacillus, and Clostridium), which are conducive to
Cd immobilization. Additionally, the DOM composition presented more autogenetic characteristics in treated
groups. BC (nZVI/BC) can be selected as the priority material for Cd immobilization in sediments due to higher
immobilization effectiveness and lower adverse effects on sediments.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Table 1
The primary characteristics of raw sediments.

Mean ± standard deviation (n = 3)

pH 7.98 ± 0.04
EC (mS cm−1) 0.44 ± 0.06
Particle size (%) Clay: 2.95; Silt: 32.50; Sand: 64.55
Total organic carbon (TOC, %) 3.73
Total P (TP) (g kg−1) 2.04 ± 0.23
Total N (TN) (g kg−1) 3.44 ± 0.19
Water content (%) 51.61 ± 0.80
Cd (mg kg−1) 40.03 ± 0.67
Cu (mg kg−1) 251.39 ± 11.57
Pb (mg kg−1) 161.40 ± 5.55
Zn (mg kg−1) 386.93 ± 24.68
Heavy metal pollution has been regarded as a global environmental
problem because of high toxicity, persistence, non-biodegradability,
and bioaccumulation (Q. Liu et al., 2018). Cadmium(Cd) is awidespread
and typical heavy metal in sediments. It has a higher toxicity and
mobility than many other heavy metals (such as Cu, Zn, and Pb)
(Huang et al., 2018a). Moreover, Cd can accumulate in the human
body through the food chain to cause bone and kidney damage and
even increase cancer risks (Li et al., 2019). Sediments play an important
role in the transport and storage of toxic heavy metals in aquatic
ecosystems; the accumulated heavy metals in surface sediments
can be released to overlying water when environmental factor changes
(Q. Liu et al., 2018). Thus, remediation of Cd-contaminated sediments is
imperative.

Conventional remediation of heavy metal-contaminated sediments,
such as landfilling and disposal, can result in cost burdens, waste of land
resources, and groundwater pollution (Wang et al., 2015). Electrochem-
ical remediation and washing are limited by the cost and scale of appli-
cation (Beiyuan et al., 2017). Notably, in-situ immobilization has been
considered an economic, simple, and eco-friendly technique (Wang
et al., 2019). The choice of remediation materials is very important for
in-situ immobilization of heavy metals in sediments. Among many re-
mediation materials, nanoscale zero-valent iron (nZVI) can effectively
remove heavy metal pollution because of high reactivity, including re-
duction, complexation, and (co-)precipitation; moreover, nZVI has
been proven to be a relatively eco-friendly agent (Yang et al., 2018).
Therefore, nZVI is a promisingmaterial for remediation of heavy metals
in sediment. However, nZVI tends to aggregate rapidly due to its mag-
netic property and small size, which greatly inhibits its reactivity (Xue
et al., 2018b). To resolve this problem, synthesized nZVI particles have
been usually supported on different surface-modified materials to en-
hance its removal ability on heavymetals (Cai et al., 2019). Zeolite, sepi-
olite, RM, and biochar (BC) are low-cost mineral and carbon-based
materials that have been used to remove heavy metal pollution with
high efficiencies (Mahar et al., 2015). Additionally, the large specific sur-
face areas of these materials can also be conducive to the dispersion of
nZVI. Therefore, they are very well suited as surface-modified materials
of nZVI. The nZVI-loaded materials have been commonly employed for
the removal of heavy metals from water/wastewater. For example, Sun
et al. (2019) and Yang et al. (2018) reported that BC-supported nZVI
composites can be effective for removing heavy metals from wastewa-
ter. Nevertheless, nZVI-loaded materials are rarely used in heavy
metal remediation in sediments.

The main purpose of heavy metal immobilization is to reduce the
bioavailability and toxicity of heavymetals to organisms; bioavailability
and toxicity are closely related to their fractions rather than total con-
centrations (Q. Liu et al., 2018). A valid immobilization remediation
should decrease bioavailability of heavy metals while avoiding sedi-
ment quality deterioration. Enzymes can actively participate in organic
matter decomposition and nutrient cycling in sediments and enzyme
activity is closely related to environmental conditions (Xu et al.,
2017). Enzyme activity is commonly used as evidence of the effects of
immobilization on heavy metal toxicity and bioavailability (Huang
et al., 2017). Microbial communities not only serve important functions
in sediment ecosystems, but also regulate many sediment processes
(e.g. nutrient cycling, energy flow, and organic matter turnover) (Liu
et al., 2018; Oyetibo et al., 2019). The application of immobilizationma-
terials can have positive effects on microbial communities in sediments
(Huang et al., 2016). However, some indigenous microbes may be lim-
ited because immobilization materials can change sediment properties
of, or directly poison microorganisms in the environment (Huang
et al., 2017; Liu et al., 2018). Therefore, the influence of immobilization
materials on sediments should be assessed before application in sedi-
ment remediation to reduce adverse effects and screen out eco-
friendly materials.
Although sediment dissolved organicmatter (DOM) constitutes only
a small portion of sediment organicmatter, it is a reactive and labile por-
tion that potentially reflects the sediment quality (H. Xu et al., 2019).
DOM is a major carbon source for microbial communities in sediments
because of its biologically derived materials (e.g. proteins, polysaccha-
rides, and humic-substances) (Xu et al., 2013). DOM composition
changes with the microbial community during the heavy metal immo-
bilization process (Yang et al., 2019). Therefore, identification andquan-
tification of DOM is needed to understand the effects and mechanisms
of remediation in heavy metal polluted sediments. Moreover, due to
its multi-functionality and negative potential, sediment DOM can trap
heavy metal ions to form organometallic complexes, which can influ-
ence the fate and transport of heavy metals (Wang et al., 2017). How-
ever, immobilization-induced changes to sediment DOM are still
unclear.

The aims of this studywere to (1) investigate immobilization effects
of differentmaterials on Cd polluted sediments before and after loading
with nZVI, (2) identify the changes and mechanisms of bacterial com-
munities, enzyme activities, and DOM in sediments after immobiliza-
tion, (3) synthetize or select effective materials for Cd polluted
sediment remediation. These results will be useful for further clarifica-
tion of the underlying mechanisms of benefits associated with the im-
mobilization and/or risks to pollution prevention and sediment quality.

2. Materials and methods

2.1. Sediment sampling and characteristics

Surface sediment samples (0–10 cm) were collected from the
Guangdang River (Yantai City, China). Guangdang River is an urban
river that primarily receives domestic sewage and industrial effluent,
which cause serious heavy metal pollution in sediments. Collected sed-
iment samples were air-dried and sieved through 2mmmesh to obtain
a homogenous sample. The determination methods for physiochemical
properties and heavy metal concentrations in sediments are listed in
Supporting Information Text S1 and the results are shown in Table 1.

2.2. Material preparation

BC, zeolite, sepiolite, and red mud (RM) were loaded with nZVI to
explore their immobilization effects on Cd in sediments. The materials
loaded with nZVI were synthesized by the liquid-phase method of Luo
et al. (2019) and procedures are detailed in Supporting Information
Text S2. The synthetic materials nZVI/red mud, nZVI/zeolite, nZVI/sepi-
olite, and nZVI/biochar are abbreviated as nZVI/RM, nZVI/Z, nZVI/S and
nZVI/BC, respectively.

2.3. Characterization of immobilization materials

The cation exchange capacity (CEC) of BC, zeolite, sepiolite, and RM
was determined by the ammoniumacetatemethod (SSC, 2000). The pH
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and electrical conductivity (EC) in the rawmaterials were measured in
the sameway as in the sediment samples. The Brunauer-Emmett-Teller
(BET) specific surface areas of immobilizationmaterials were character-
ized using an automatic surface analyzer (Quantachrome, USA). The
morphologies of different materials were scanned using scanning elec-
tron microscopy (SEM) (S-4800, Hitachi, Japan). The crystal structures
of materials were measured by X-ray diffraction (XRD) (Empyrean,
PANalytical B.V. Netherlands). Fourier-transform infrared spectroscopy
(FTIR, Nicolet iS50, Thermo Fisher, USA)was used to identify the surface
functional groups of immobilization materials.
2.4. Experimental setup

Effects of different materials on Cd immobilization, bacterial com-
munities, enzyme activities, and DOM composition in sediments were
investigated through incubation experiments. Based on the cost of re-
mediation, level of Cd pollution in sediment, properties of remediation
materials, and previous studies (Wang et al., 2019; Yang et al., 2019),
the mass ratio of dry contaminated sediments and immobilization ma-
terials was set as 5%. Briefly, 200 g air-dried sediment and 10 g immobi-
lization material were mixed thoroughly in 500 mL high-density
polyethylene bottles. All mixtures were gently coveredwith 250mL de-
ionizedwater. Then, all sediment samples were treated for 90 d at room
temperature without light source. Three replicates were conducted for
each group. The control groups were subjected to identical conditions
without immobilization materials.
2.5. Sediment chemical analyses

After incubation, the overlyingwater in each bottle was carefully re-
moved. The pH, total organic carbon (TOC) and EC in cultured sedi-
ments were determined. A supernatant of 1:15 (w/v) suspension
extracted with ultra-pure water was employed to determine the dis-
solved organic carbon (DOC). The DOC concentration in supernatant
was measured using a TOC analyzer (TOC-VCPH, Shimadzu, Japan).
The geochemical fractionation distribution can reflect the mobility and
bioavailability of heavymetals (Q. Liu et al., 2018). In this study, the geo-
chemical fractionations of Cd in sediments were measured using modi-
fied Bureau Communautaire de Référence (BCR) sequential extraction
method (Q. Liu et al., 2018) and detailed produce is listed in Table S1.
Toxicity characteristic leaching procedure (TCLP) was conducted to
quantify the Cd leachability; this can also indicate Cd mobility and bio-
availability (Huang et al., 2017; Liu et al., 2018). The TCLP extractantwas
0.1 M glacial acetic acid (solid-liquid ratio of 20) because the pH in all
sediment samples was N5. The supernatants were filtered through a
0.45 μm cellulose acetate membrane to test Cd by inductively coupled
plasma mass spectrometer (ICP-MS, Optima 7000 DV, Perkin Elmer,
USA) after shaking for 18 h.
2.6. Sediment DOM composition analysis

For DOM determination, sediment samples were mixed with deion-
ized water (solid-liquid ratio of 1:15) on a horizontal shaker for 24 h,
and supernatants were filtered through a 0.45 μm cellulose acetate
membrane to obtain the DOM (H. Xu et al., 2019). DOM composition
was detected by three-dimensional excitation emission matrix (3D-
EEM) fluorescence spectroscopy (F-4500, Hitachi, Japan) at emission
(Em) wavelength 250–550 nm and excitation (Ex) wavelength
200–450 nm. The increments of Em and Ex wavelengths were set as
2 nm and 5 nm, respectively. Two fluorescent parameters—the fluores-
cence index (FIX, the ratio of fluorescence intensities between Em 450
and 500 nm at Ex 370 nm) and the biological index (BIX, the ratio of
fluorescence intensity at Em 380 nm to 430 nm at Ex 310 nm)were cal-
culated according to a previous report (H. Xu et al., 2019).
2.7. Enzyme activity assays

The urease activity in sediment was measured using the method of
Hu et al. (2014), expressed as NH4-N mg kg−1. Catalase (CAT) activity
was tested by titration with 0.1 M KMnO4, expressed as mL g−1 (Sun
et al., 2012). Dehydrogenase (DEH) activity was detected using a
method described by Casida Jr. et al. (1964) and the reddish color inten-
sity of the filtrate was determined using an ultraviolet-visible spectro-
photometer (T6 New Century, Beijing Pgeneral, China) at a
wavelength of 485 nm.

2.8. Bacterial community assays

The total genomeDNA extracted in samples was detected by the so-
dium dodecyl sulfonate/cetyltrimethylammonium bromide (SDS/
CTAB) method (Ha et al., 2015). Then, DNA was diluted to 1 μg mL−1

using sterile water according to corresponding concentrations. The ge-
nomic DNA was amplified by PCR using the 16 S rRNA gene V4 region
primers (515 F and 806 R). All PCR reactions were carried out in 30 μL
reactions with 15 μL of Phusion® High-Fidelity PCR Master Mix,
0.2 μM of forward and reverse primers, and ~10 ng template DNA. The
PCR conditions were as follows: denaturation at 98 °C for 1 min, then
30 cycles (98 °C for 10 s, 50 °C for 30 s, 72 °C for 30 s) and finally an ex-
tension at 72 °C for 5 min. The amplified product was verified with 1.0%
agarose gel electrophoresis. The PCR amplification product was further
purified using a GeneJET™ Gel Extraction Kit (Thermo Scientific, USA).
Sequencing libraries were generated using Ion Plus Fragment Library
Kit 48 rxns (Thermo Scientific, USA). The library quality was evaluated
based on the Qubit@2.0 Fluorometer (Thermo Scientific, USA). Finally,
the library was sequenced with an Ion S5TM XL platform.

2.9. Statistical analysis

Analysis of variance (ANOVA) and Pearson correlation analysis were
performed using SPSS 22.0. The canonical correspondence analysis
(CCA), heatmap, and rarefaction curveswere analyzed using R software.
All significant levels were set as 0.05. The parallel factor analysis
(PARAFAC) model was applied to analyze sediment DOM composition.
For bacterial community analysis, quality filtering on the raw reads
was conducted carried out under specific filtering conditions to yield
high-quality clean reads based on the Cutadapt quality control process.
Uchime software was employed to remove the chimeras formed during
the PCR to obtain the clean reads, and high-quality clean reads were
clustered using Uparse software. Sequences with ≥97% similarity were
classified as the same Operational Taxonomic Units (OTUs). The Silva
Database was used to obtain the out representative sequence according
to the Mothur algorithm to note taxonomic information. The Shannon-
Wiener Index and abundance-based coverage estimator (ACE) were
calculated using Qiime software.

3. Results and discussion

3.1. Characterization of immobilization materials

The RM, sepiolite, zeolite, and BC properties are presented in Table 2.
All raw materials had pH N 7; such alkalinity is suitable for remediation
of heavy metal contaminated sediments (Yin and Zhu, 2016). The EC in
RM was higher than those of other materials, and zeolite exhibited the
lowest EC. After nZVI loading, the specific surface area of the modified
materials was larger than those of the corresponding raw materials.
RM showed the highest CEC and zeolite showed the lowest CEC. Charac-
teristic peaks of Fe° at 2θ=44.9° (ICDD01-087-0721)were observed at
nZVI/RM, nZVI/S, nZVI/Z, and nZVI/BC in XRD patterns (Fig. S1), but
were not found in their rawmaterials. This indicates successful loading
of nZVI nanoparticles. The SEM images of raw and modified materials
were shown in Fig. S2. The surfaces of modified materials (Fig. S2(b),



Table 2
Characteristics of immobilization materials.

RM Sepiolite Zeolite BC

pH 10.30 ± 0.11 9.09 ± 0.18 8.99 ± 0.08 9.90 ± 0.04
EC (mS cm−1) 2.87 ± 0.11 0.18 ± 0.01 0.16 ± 0.02 1.11 ± 0.03
BET (m2 g−1) 78.41/116.58 40.63/74.29 63.56/87.70 51.05/103.40
CEC (cmol+ kg−1) 217.08 103.45 97.32 126.13

The values of before and after the oblique line are BET specific surface area of raw and
modified materials, respectively.
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(d), (f) and (h)) were found to be rougher than those of raw materials
(Fig. S2(a), (c), (e) and (g)), causing increased specific surface areas in
modified materials. Additionally, most globular nZVI particles existed
independently rather than gathering together on the surfaces of raw
materials. This indicates that rawmaterials can disperse nZVI to reduce
the nanoparticle aggregation tendency. More importantly, the existence
of core-shell structures in nZVI can provide reaction sites for the initial
adsorption of metal ions, and the iron oxide shell can also stabilize
metal ions through electrostatic interaction and surface complexation
(Mu et al., 2017). Thus, nZVI loading can greatly strengthen adsorption
abilities for heavymetals. The FTIR spectra were scanned in the range of
4000–400 cm−1, and the results are presented in Fig. S3. The absorption
bands and peaks of different materials varied due to their different
physiochemical properties. The minor differences of functional group
distribution were observed between raw and modified materials,
which indicating nZVI loading posed less influence on most of func-
tional groups. Among many functional groups, the oxygen-containing
functional groups played a very important role in heavymetal stabiliza-
tion; for example, the C_O and -OH functional groups showed very
high coordination with the heavy metals (Yang et al., 2018). Therefore,
the abundances of C_O and -OH are conducive to heavymetal immobi-
lization ability of these materials.

3.2. Effects of immobilization material on sediment properties

Sediment properties usually affect heavy metal behavior in sedi-
ments. The pH, EC, TOC, and DOC changes in the sediments after immo-
bilization are plotted in Fig. 1. In all treated groups, the pH significantly
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Fig. 1. The pH (I), EC (II), TOC (III), and DOC (IV) in sediments after immobilizatio
increased compared with control group (P b 0.05), and the maximum
value appeared at nZVI/RM treatment (Fig. 1(I)). It was responsible for
the gradual release of alkaline substances from immobilization mate-
rials (Yang et al., 2019). In sediments treated by modified materials,
the pH was higher than in sediments with rawmaterial treatments be-
cause OH– ions were released through nZVI oxidation according to the
following reaction (Xue et al., 2018b):

2Feo þ O2 þ 2H2O→2Fe2þ þ 4OH− ð1Þ

Moreover, immobilization materials can stabilize heavy metals be-
cause higher pH favors metal precipitation and solubility reduction
(Liu et al., 2018). Significant EC reinforcements were observed at all
treatments (Fig. 1(II)), which is related to the release of Na, K, Ca, and
Mg (Yang et al., 2019). Overall, immobilization materials reduced TOC
in treated sediments (Fig. 1(III)). However, TOC in BC and nZVI/BC treat-
ments significantly increased compared with the control (P b 0.05)
owing to the input of external organic carbon from BC. Due to microor-
ganism decomposition, the part of organic carbonwas transformed into
DOC, causing DOC to increase in the treatment groups (Fig. 1(IV)).

3.3. Changes in Cd mobility

Heavymetals in sediments are divided into acid-soluble (F1), reduc-
ible (F2), oxidizable (F3), and residual (F4) fractions. Among them, F4 is
universally considered themost stable fraction under natural conditions
(Liu et al., 2018). However, heavy metals in non-residual fractions (the
total of F1, F2, and F3) are easily mobilized when environmental factors
changed, posing threats to ecosystem health again (Q. Liu et al., 2018).
Changes of Cd fractions are illustrated in Fig. 2(I). It was found that Cd
in raw sedimentswas dominated by F1 (75% of total, most bioavailable),
but its fractions changed with the addition of immobilization materials
after 90 d incubation. Overall, F1 decreased in treated sediment samples
compared the control group. The proportions of F1 in treated samples
shifted from initial 75% to 63%, 43%, 60%, 50%, 67%, 59%, 60% and 40%
(with a decrease of 11–47%) after the addition of RM, nZVI/RM, zeolite,
nZVI/S, zeolite, nZVI/Z, BC, and nZVI/BC, respectively. Moreover, F4 in-
creased from the initial 2% to 7%, 22%, 6%, 15%, 3%, 12%, 5%, and 18%
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correspondingly (with an increase of 50–1000%). Compared to the F1
and F4 fractions, changes in the proportions of the F2 and F3 fractions
were relatively smaller, indicating that part of the F1 fractionwas trans-
formed into the F4 fraction after the immobilization materials were
added. Decreased F1 and increased F4 fractions indicate great reduction
in Cd mobility following immobilization. Notably, Cd in BC and RM
treatments showed less F1 and more F4 fractions compared to zeolite
and sepiolite, which had the lower mobilities. Previous studies have
shown that oxygen-containing functional groups can stabilize metal
ions through complexation (Luo et al., 2011; Cui et al., 2019); as
discussed in Section 3.1, many C_O and -OH of BC and RM in this
study greatly enhanced the immobilization ability for Cd. With the ex-
ception of complexation effects, Cd ions can also be trapped to form in-
soluble inorganic forms (e.g. metal-phosphate or metal-silicate)
through association with the mineral and crystal lattices of BC and RM
(Taneez and Hurel, 2019; Y. Xu et al., 2019). Moreover, compared to ze-
olite and sepiolite, higher pH makes BC (9.90) and RM (10.30) more
conducive to Cd immobilization by enhancing the strong interactions
with Cd ions (e.g. electrostatic attraction and surface-complexation),
which could make more Cd remain F4 fraction (Xue et al., 2018a).

The differences of immobilization effects of raw andmodifiedmate-
rials indicate that nZVI enhanced Cd immobilization efficiency. Specifi-
cally, the proportions of the F4 fraction at nZVI/RM, nZVI/S, nZVI/Z,
and nZVI/BC treatments increased by approximately 215%, 207%,
283%, and 254%, respectively, compared to the raw materials. Mean-
while, the proportions of F1 fraction were decreased by 32%, 15%, 13%,
and 34%, respectively. The Cd immobilization mechanisms induced by
nZVI mainly included adsorption, surface complexation, and (co-)pre-
cipitation, rather than direct reduction. This is because the standard po-
tential of Cd (E° =−0.40 V) is close to Fe (E° =−0.41 V) (Zhang et al.,
2014). During nZVI preparation, iron oxidation can produce surface hy-
droxides in proximity to FeOOH (Baer et al., 2010). Similar to metal ion
adsorption on Fe(III) oxide (e.g. goethite, ferrihydrite, and maghemite),
this surface oxide layer supplies surface sites in coordination with Cd
(Xue et al., 2018b). A previous study also confirmed that Cd was partly
adsorbed or complexed by Fe(III) minerals (Huang et al., 2016). Addi-
tionally, the nZVI surface carriesmore negative charges in higher pH en-
vironment, thus exhibiting stronger electrostatic affinity toward the
positively charged Cd2+ (Xue et al., 2018a).

The percentage of residual fractions after immobilization were
sorted by order as follows: nZVI/RM (22%) N nZVI/BC (18%) N nZVI/S
(15%) N nZVI/Z (12%). The dispersion of nZVI on raw materials was
closely related to its immobilization effect, and aggregation of nZVI
would inhibit immobilization capacity (Huang et al., 2016). Due to
different specific surface areas of rawmaterials (Table 2), the dispersion
of nZVI was accordingly different on raw materials. The nZVI/RM and
nZVI/BC showed a higher specific surface area (116.58 and 103.40 m2/
g, respectively) compared to other modified materials, and therefore
was better able to immobilize Cd. Additionally, their raw materials
with higher pH (10.30 and 9.90, respectively) were more effective in
immobilizing Cd.

The Cd immobilization effectiveness and bioavailability of sediments
can also be assessed by TCLP (Wan et al., 2018); the results are shown in
Fig. 2(II). TCLP-extractable Cd in all treated groups significantly de-
creased compared to the control (P b 0.05). The nZVI/BC and nZVI/RM
exhibited the greatest decline in TCLP-extractable Cd (42% and 44% de-
creases, respectively), suggesting lower bioavailability and higher im-
mobilization effectiveness. The decline in TCLP-extractable Cd
concentrations in zeolite and sepiolite treatment were relatively small.
Additionally, the TCLP-extractable Cd in the modified material treat-
ments was lower than in raw materials, indicating high immobilization
effectiveness. Specifically, the TCLP-extractable Cd concentrations of
nZVI/RM, nZVI/S, nZVI/Z, and nZVI/BC treatments decreased by approx-
imately 22%, 15%, 20%, and 19%, respectively, compared to the rawma-
terial treatments. This phenomenon was consistent with Cd fraction
analysis. Notably, unlike the fast adsorption of heavy metals by some
materials loaded with nZVI in aqueous solutions (Inyang et al., 2016;
Luo et al., 2019), the heavy metal immobilization process in sediment
is slow.

3.4. Bacterial community changes

3.4.1. Richness and diversity of bacterial communities
A total of 721,140 valid reads and 6039 OTUs were received from 9

sediment samples using IlluminaMiSeq analysis (Table S2). The rarefac-
tion curves (near saturation) are shown in Fig. S4, suggesting that se-
quencing data were progressively reasonable. The relative abundances
of bacterial 16S rRNA genes at the phylum and class levels were ana-
lyzed to study the composition of bacterial communities. The richness
and diversity of bacterial community can be characterized using the
abundance-based coverage estimator (ACE) (Chao and Lee, 1992) and
Shannon-Wiener Index (Zhao et al., 2019), respectively. As shown in
Table S2, all ACE and Shannon-Wiener Index values were higher than
controls in treated sediments. This indicates that the richness and diver-
sity of bacterial communities were enhanced by the addition of immo-
bilization materials. Immobilization materials have high specific
surface area and can therefore be used as carriers for enhancingmicrobe
adhesion and growth (Qin et al., 2019). Specifically, the bacterial
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community richness peaked at BC (737.58) and nZVI/S (738.47) treat-
ments, while richness diminished in nZVI/Z (661.67) and nZVI/RM
(678.81) treatments. Similarly, higher bacterial community diversity
was also observed at nZVI/S and BC treatments, while the lowest diver-
sity was observed at RM treatment. Moreover, the richness of bacterial
communities after nZVI/S treatment (738.47) was greater than after
raw material treatment (682.40); however, the remaining groups
showed the opposite trend. Similar phenomena also appeared regard-
ing bacterial diversity. Interestingly, although RM (nZVI/RM) exhibited
the greatest effectiveness for Cd immobilization among all raw (modi-
fied) materials, the richness and diversity of bacterial communities
were lower than with BC (nZVI/BC) treatments. The reasons for this
phenomenon was mainly because (1) the higher pH value of RM partly
inhibited the bacterial growth compared to BC, and (2) BC changed bac-
terial communities by altering the carbon cycle and consequently affect-
ing bacterial growth (Nielsen et al., 2011).

3.4.2. Shifts in bacterial community and structure
The relative abundances of bacterial 16S rRNA genes at the phylum

and class levels are presented in Fig. 3. In the control, Firmicutes,
Bacteroidetes and Proteobacteriawere the dominant bacterial phyla, ac-
counting for 22%, 21%, and 38% of the total bacterial community, respec-
tively (Fig. 3(a)). This finding agreeswith the results of Guo et al. (2019)
and Oyetibo et al. (2019), who determined that heavy metal-
contaminated sediments were also dominated by Firmicutes,
Bacteroidetes and Proteobacteria. Additionally, the relative abundance
of the phyla Tenericutes, Planctomycetes, Armatimonadetes,
Actinobacteria, Chloroflexi, and Latescibacteria comprised 6.84% of the
total bacterial community.

After immobilization, the relative abundances of Firmicutes and
Bacteroidetes increased by 33–90% and 9–88%, respectively, in the treat-
ments compared to the control. The Phyla Firmicutes was mostly com-
prised of various heavy metal-resistant genes, which can promote
their adaptation to heavy metal polluted environments (Guo et al.,
2019). Moreover, Firmicutes was classified as r-strategist, predomi-
nately occurring in suitable environmental conditions (Mackie et al.,
2015). Thus, Firmicutes demonstrated enhanced relative abundance in
treated sediments because of lower heavy metal toxicity. Similarly,
Bacteroideteswas able to survive in heavymetal contaminated environ-
ments due to the ability to secrete sphingolipids, which protect cell
Fig. 3. The relative abundances of top 10 bacterial communities based on levels of phylum
(a), and class (b, R1: control; R2: RM; R3: nZVI/RM; R4: sepiolite; R5: nZVI/S; R6: zeolite;
R7: nZVI/Z; R8: BC; R9: nZVI/BC).
surfaces and functions from various adverse stresses (Rickard et al.,
2004). Additionally, many carriers provided by immobilization mate-
rials favored Firmicutes and Bacteroidetes growth. Particularly, the in-
creases of relative abundance of Firmicutes in sediments treated by
modified materials were higher than in raw materials (59% v.s. 43% on
average). This phenomenon is a result of better immobilization effec-
tiveness ofmaterials loadedwith nZVI on Cd in sediments. Interestingly,
although Proteobacteria can also tolerate potentially toxic heavy metals
(Kasemodel et al., 2019), its relative abundance decreased by 48–67%.
This decrease was probably caused by competition for mobile carbon
between Proteobacteria and the fast-growing Firmicutes or Bacteroidetes
(Huang et al., 2018b).

In Fig. 3(b), the relative abundance of Clostridia andBacteroidia at the
class level was increased by 24–109% and 3–88%, respectively, com-
pared to control, while a noticeable decrease (54–70%) was observed
at Gammaproteobacteria. Clostridia and Bacteroidia were well-
connectedwith organicmatter degradation and organic acid production
(Yang et al., 2016), and their enhancement indicated the quick con-
sumption of organic matter in sediments. The hierarchical cluster anal-
ysis (Fig. 4) presents the genera responses to amendment after 90 d
incubation. Alcaligenes, Proteiniphilum, Syntrophomonas, Pseudomonas,
Caldicoprobacter, and Desulfosporosinus were dominant in the control
(38% of total). After immobilization, some of the original dominant gen-
era weakened and new dominant genera (e.g. Halomonas, Gillisia, and
Marinobacter in sepiolite treatment) appeared. Notably, the new domi-
nant genera varied in different treated groups; this finding is consistent
with Liu et al. (2018) and Xue et al. (2018b). It indicates that bacterial
communities were sensitive to input of different materials at genus
level. Particularly, the relative abundance of genera in themodifiedma-
terial treatment also showed great discrepancies compared to those in
raw materials, suggesting that nZVI addition caused dramatic effects
on bacterial communities at genus level.

3.4.3. Relationship between Cd mobility and bacterial communities
Cd mobility is highly impacted by Fe(III) reduction and the forma-

tion of new Fe mineral phases (Zhang et al., 2012). Firmicutes and
Proteobacteria are the primary groups among Fe(III)-reducing bacterial
(FeRB) communities. Geobacteraceae (affiliated to Proteobacteria)
played an important role during the Fe(III) reduction process (Lovley,
1991). Relative abundance of Geobacteraceae in the control was almost
negligible (accounting for only 0.01%). However, its relative abundance
greatly increased after immobilization (0.10–0.92%), demonstrating
that the Fe(III) reduction process was enhanced in the treated groups.
Bacillus (affiliated to Firmicutes) participates in Fe(III) reduction (Gil-
Díaz et al., 2017) and its relative abundance indicated a dramatic in-
crease in the treated groups compared to the control (48–257%). The
relative abundance of Clostridium (affiliated to Firmicutes) was in-
creased by 24–109%, and it was confirmed to reduce Fe(III) through fer-
mentation (Lin et al., 2007). Additionally, Actinobacteria, which
increased by 23–358%, was considered a rare FeRB phylum (Peng
et al., 2016). Generally, Fe(III) reduction is often accompanied with re-
duction of sulfate by sulfate-reducing bacteria. Notably, sulfate-
reducing bacteria increased more in treated groups. Desulfovibrio (affil-
iated to Proteobacteria) and Desulfosporosinus (affiliated to Firmicutes)
increased by 26–172% and 20–101%, respectively. As reported by
Muehe et al. (2013), hydrogen sulfide can be decomposed into HS−,
and then combine with Cd2+ to form CdS. The Fe(III)-reducing bacteria
can transform Fe and Cd transform into more stable Fe minerals, most
likely magnetite, in reduction conditions while only a limited portion
of them will transform into sulfides and carbonates (Xue et al.,
2018b). Specifically, the relative abundance of these FeRB in sediments
treated bymodified materials had higher average rates of increase than
raw materials (Bacillus: 393% vs. 95%, Clostridium: 59% vs. 38%, and
Actinobacteria: 238% vs. 125%). For Geobacteraceae, the average increase
rates of modified material treatments were approximately 25 times
higher than those of rawmaterials. Similar to FeRB, the average increase



Fig. 4.Hierarchically clustered heat map analysis of highly represented bacterial taxa (genera level) in sediments (R1: control; R2: RM; R3: nZVI/RM; R4: sepiolite; R5: nZVI/S; R6: zeolite;
R7: nZVI/Z; R8: BC; R9: nZVI/BC).

Table 3
Multivariate analysis of bacterial community structure in sediments using CCA.

Factors RDA1 RDA2 r2 P

pH 0.619 −0.785 0.949 0.000
EC 0.293 −0.956 0.762 0.011
TOC −0.570 −0.822 0.067 0.826
DOC 0.998 0.067 0.799 0.022
TCLP-extractable Cd −0.831 0.141 0.713 0.041

RDA1 and RDA2 are the angle cosines of variable and the axes, respectively. P: empirical P-
values of fit statistic of environmental variables in RDA; r2: goodness of fit statistic.
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rates of relative abundance in Desulfovibrio (77% vs. 32%) and
Desulfosporosinus (90% vs. 64%) in modified material treatments were
also higher than in raw materials. This illustrates that the addition of
nZVI further promoted microbial Fe(III) and sulfate reduction that was
also proved by Xue et al. (2018b). Overall, Cd immobilization in sedi-
ments was partly affected by bacterial activity through the intervening
speciation transformation of Fe and S.

3.4.4. Environmental factors affecting bacterial communities
The physicochemical properties and Cd bioavailability of sediments

presented great changes after immobilization (Figs. 1 and 2). In this
study, CCA was used to investigate the relationship among physico-
chemical properties, Cd bioavailability, and bacterial communities in
sediments (Table 3). The bacterial community was significantly im-
pacted by CEC, pH, TOC, DOC, and TCLP-extractable Cd (P b 0.05). The
pH was able to affect heavy metal mobility and regulation of nutrients
such as organic matter, which indirectly resulted in further changes to
the bacterial community structure (Zhao et al., 2019). Moreover, pH
chances can also directly influence bacterial growth and community
composition (Wang et al., 2012). DOC was the most active type of or-
ganic carbon and the easiest for microorganism utilization (H. Xu
et al., 2019). Therefore, DOC enhancement can promote bacterial
growth. The decreased Cd bioavailability favored bacterial growth,
allowing TCLP-extractable Cd to significantly influence the bacterial
community. Overall, the addition of immobilization materials affects
the bacterial community by changing its physicochemical properties
and Cd bioavailability. This provides a supplementary explanation of
why the diversity and richness of treated sediments were higher than
the control (Section 3.4.1).
3.5. Changes in DOM composition of sediments

The chemical composition of sediment DOM was analyzed by the
3DEEM-PARAFACmodel (Fig. S5). Four types offluorescent components
were identified, namely C1, C2, C3 and C4, respectively. C1 component
loading peaked at 350/440 nm (Ex/Em) and was classified as a fulvic-
like component (terrestrial origin) (Brym et al., 2014). C2 showed two
peaks with Ex/Em of 280/350 and 280/420 nm, respectively, and was
assigned to protein- and tryptophan-like components that related to
free molecules or bound amino acids from microbial degradation
(Borisover et al., 2009). The maximum C3 and C4 values appeared at
310 (260)/390 nm (Ex/Em) and 400 (280)/490 nm (Ex/Em),
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respectively, and all were assigned tomicrobial humic-like components
(Yamashita et al., 2008).

Sediment DOM fluorescence intensity peaks can reflect concentra-
tions of fluorescent components. All fluorescence intensity peaks of sed-
iment DOM composition are shown in Fig. 5(a). The intensity peaks of
treated groups were obviously higher than the control. BC and nZVI/
BC showed the highest intensity peak among all treated groups, sug-
gesting that the addition of immobilization materials enhanced DOM
production in sediments. Among them, BC or nZVI/BC showed the
strongest enhancement effect compared to other material treatments
owing to (1) the addition of BC or nZVI/BC promoting greater bacterial
growth, and thus more DOM production; (2) the input of external
DOM sources from BC. Specifically, DOM can associate with metal ions
through ion exchange, complexation, and chelation to reduce its migra-
tion, transformation, and biotoxicity; meanwhile, DOM can be adsorbed
by immobilization materials, increasing their adsorption capacity
(Wang et al., 2017). Therefore, DOM enhancement also favors Cd stabi-
lization in sediments.

Regarding DOM composition, the C1 component concentrations in
all treated sediments were lower than the control, whereas the other
three components showed some increases. This indicates that DOM
composition was changed by the addition of immobilization materials,
which was also confirmed by FIX and BIX analysis. The DOMs in treated
sediments were characterized by higher BIX (N 0.8) (Fig. 5(b)) and
DOMs in treated sediments were dominated by autochthonous contri-
bution (Huguet et al., 2009). In the control, smaller BIX values indicate
minor autochthonous contribution in DOMs compared with the treated
groups. FIX was able to identify DOM sources with higher (N1.4) and
lower (b1.2) values, indicatingmicrobial and terrestrial sources, respec-
tively (H. Xu et al., 2019). As shown in Fig. 5(c), the FIX values of all
groups were N1.4, and the FIX of all treated groups were higher than
the control, suggesting more DOM abundance of microbial sources in
treated groups. These phenomena were attributed to the addition of
Table 4
Pearson correlations among DOM composition, enzymes activity, and richness and diversity of

C1 C2 C3 C4

C1 1
C2 −0.192 1
C3 −0.714⁎ 0.710⁎ 1
C4 −0.178 0.944⁎⁎ 0.741⁎ 1
Urease −0.680⁎ 0.161 0.363 0.103
Catalase −0.725⁎ −0.083 0.502 −0.065
DEH −0.080 −0.281 0.062 −0.059
ACE −0.397 0.647 0.681⁎ 0.671⁎

Shannon-Wiener Index −0.506 0.588 0.560 0.619

⁎ Correlation is significant at the 0.05 level.
⁎⁎ Correlation is significant at the 0.01 level.
immobilization materials, which promoted the production of
microbially-derived organic matters, yielding autogenetic characteris-
tics. Notably, the DOM composition intensity peaks, FIX, and BIX values
of the raw material treatments showed minor differences compared to
the modified material treatments. It suggests the presence of nZVI
exerted limited impacts on changes of sediment DOM. This was because
immobilization timewas not long enough, and the influence of nZVI on
DOM composition was still minor. Additionally, Pearson correlations
showed that C2, C3 and C4 were highly correlated with the ACE and
Shannon-Wiener Index (Table 4), suggesting that increased C2, C3 and
C4 was the result of changes in bacterial activity. For instance,
Bacteroidia and Clostridiawere closely related to organic matter degra-
dation and organic acid production. Their relative abundances were
greatly enhanced in treated sediments, indicating release of
microbially-derived organic matter and consumption of terrigenous or-
ganic matters.
3.6. Changes in enzyme activities

Catalase, urease, and dehydrogenase activities were used to investi-
gate sediment quality after immobilization. Fig. 6 illustrates changes in
catalase, urease, and dehydrogenase activities. In this study, only cata-
lase activities were significantly higher in most treated groups than in
the control (P b 0.05, Fig. 6(I)). Catalase plays a key role in the H2O2

clear system in sediments; increased catalase activity indicated that
the application of materials could effectively reduce H2O2 contents,
maintain normalmicroorganism functions, and increasemicroorganism
abilities to resist adverse environments (Sun et al., 2016). Although de-
hydrogenase and urease activities showed no significant increase in
most treated groups, their activities were still higher than in the control.
Generally, enzyme activities were not limited by addition of immobili-
zation materials, because immobilization eased heavy metal toxicity.
bacterial community.

Urease Catalase DEH ACE Shannon-Wiener Index

1
0.274 1
0.024 0.247 1
0.426 0.294 0.312 1
0.243 0.256 0.575 0.837⁎⁎ 1
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Notably, the increase rates in treated sediments were different from
the control. Heavy metals can complex the sediment matrix, chelate
sediment protein, react with the enzyme matrix and hinder microbial
activity, thus affecting sediment enzyme activities (Moreno et al.,
2003). However, changes in physiological properties induced by immo-
bilization treatment can also affect enzyme activities. Particularly, vary-
ing degrees of pH changes occurred in different treated groups due the
differences among immobilization materials (Fig. 2(I)), which also
caused variation in enzyme activities. This variation caused urease and
dehydrogenase activities to peak in sepiolite (nZVI/S) and zeolite
(nZVI/Z) groupswhose pH valueswere closest to those of raw sediment
(9.09 and 8.99 vs. 7.98). In contrast, although RM (nZVI/RM) exhibited
the strongest immobilization effectiveness, enzyme activity enhance-
ment was insignificant because its pH was higher than that of raw sed-
iments (10.30 vs. 7.98). The enzyme activities showed no obvious
regularity in raw and modified materials treatment groups. This phe-
nomenon can be explained by differences in bacterial communities, Cd
bioavailability, and sediment properties in the raw and modified mate-
rials treatment group. Specifically, there was no significant correlation
among enzyme activities and bacterial richness and diversity
(Table 4). This is likely because the strong adsorption capacity of en-
zymes or substrates caused them to be adsorbed by immobilizationma-
terials, disturbing enzyme activities (Bailey et al., 2011).
4. Conclusions

In this study, BC andminerals, alone and loadedwith nZVI, were ap-
plied for the purpose of immobilizing Cd in sediments. The results of
TCLP and BCR analysis showed that material additions favored Cd im-
mobilization. The modified materials were more effective in Cd immo-
bilization than the raw materials due to the presence of nZVI; BC
(nZVI/BC) and RM (nZVI/RM) exhibited better Cd immobilization effec-
tiveness. Following immobilization, bacterial richness and diversity and
enzyme activities were enhanced due to the changes to sediment prop-
erties and Cd bioavailability. Particularly, applying immobilization ma-
terials facilitated Fe(III) reduction process by increasing the relative
abundance of FeRB, which promoted Cd immobilization. Moreover,
the DOM composition exhibited more autogenetic characteristics,
which were related to changes in bacterial communities, in treated
groups after immobilization. The nZVI greatly influenced bacterial com-
munity changes and enzyme activities while producing minor impacts
on DOM composition. The addition of sepiolite and zeolite increased
the diversity and richness of bacterial communities but had lower im-
mobilization efficiencies than RM and BC. RM showed the highest im-
mobilization effectiveness for Cd but improper RM application can
damage raw sediment quality due to its higher pH value. Therefore,
BC (nZVI/BC) is recommended as the priority immobilization material
in this study of Cd polluted-sediment remediation because of greater
immobilization effectiveness and lower adverse effects on sediments.
However, the nZVI/BC is very expensive for practical application
because of the high cost of preparation. Therefore, future research
should consider low-cost preparation methods of nZVI/BC.
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