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A B S T R A C T

Elevated level of arsenic (As) in marine sediment via deposition and accumulation presents long-term ecological
risks. This study proposed a sustainable stabilization/solidification (S/S) of As-contaminated sediment via novel
valorization of red mud waste, blast furnace slag and calcined clay mineral, which were selected to mitigate the
increased leaching of As under alkaline environment of S/S treatment. Quantitative X-ray diffraction and
thermogravimetric analyses illustrated that stable Ca-As complexes (e.g., Ca5(AsO4)3OH) could be formed at the
expense of Ca(OH)2 consumption, which inevitably hindered the hydration process and S/S efficiency. The 29Si
nuclear magnetic resonance analysis revealed that incorporation of metakaolin for As immobilization resulted in
a low degree of hydration and polymerization, whereas addition of red mud promoted Fe-As complexation and
demonstrated excellent compatibility with As. Transmission electron microscopy and elemental mapping further
confirmed the precipitation of crystalline Ca-As and amorphous Fe-As compounds. Therefore, red mud-in-
corporated S/S binder achieved the highest efficiency of As immobilization (99.9%), which proved to be ap-
plicable for both in-situ and ex-situ S/S of As-contaminated sediment. These results advance our mechanistic
understanding for the design of green and sustainable remediation approach for effective As immobilization.

1. Introduction

Arsenic (As) is a toxic and carcinogenic oxyanionic element that is
ubiquitous in the natural environment. Anthropogenic activities (in-
cluding mineral exploitation, chemical manufacture, coal combustion,
and sewage irrigation) aggravate the As pollution in ecosystems
(Hammond et al., 2018). The presence of As even at a very low level
would pose severe human health effects, such as skin, lungs, kidney and
liver cancers (Smith et al., 2018). Contaminants from surface runoff,
atmospheric deposition, as well as industrial/municipal sewage

discharge often deposit and accumulate in the sediment of the receiving
water bodies, as illustrated by the detection of elevated level of As in
offshore marine sediment (Aghadadashi et al., 2019; Liu et al., 2019;
Sun et al., 2019a, 2019b). Recent studies illustrated the risk of As re-
lease from contaminated sediment back into water column upon the
change of physicochemical conditions of the sediment-water system (Le
Monte et al., 2017; Ding et al., 2018; Bettosch et al., 2018). To reduce
the As concentration and mobility, in-situ or ex-situ remediation of
contaminated sediment is required (Garcia-Ordiales et al., 2018; Cui
and Jing, 2019). Various sediment remediation technologies have been
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explored, such as iron/manganese adsorption and chemical-enhanced
extraction (Liu et al., 2018; Yoo et al., 2018; Cai et al., 2019). However,
the addition of iron/manganese may cause secondary pollution,
whereas technical and financial constraints limit the full-scale appli-
cation of chemical-enhanced extraction (Beiyuan et al., 2017a; Chen
et al., 2019a, 2019b; Maletić et al., 2019). Therefore, the development
of time-saving, cost-effective, and sustainable approach to remediate
As-contaminated sediments is a research priority.

Stabilization/solidification (S/S) is a mature and widely accepted
technology for the treatment of hazardous materials for its high effi-
ciency and easy implementation (Shen et al., 2018; Wang et al., 2018a;
Zhang et al., 2018a, 2018b). Toxic elements can be physically en-
capsulated and/or chemically fixed in the solidified matrixes via ce-
ment hydration or alkaline activation (Reddy et al., 2019; Wang et al.,
2019a). Although ordinary Portland cement (PC) has an outstanding
immobilization ability for cationic metals (e.g., Cu, Zn, Cd, and Pb)
(Kim and Lee, 2017; Wang et al., 2018a; Chen et al., 2019a, 2019b), the
immobilization efficiency for metalloids (e.g., As) should be further
validated and new binder materials and designs should be investigated
because the highly alkaline and high-salinity environment of cementi-
tious matrices would induce higher As leaching after the S/S process (Li
et al., 2018; Wang et al., 2019b).

The encapsulation and precipitation efficiency can be enhanced by
(i) the generation of additional cement hydrates or (ii) the incorpora-
tion of As stabilizers. In particular, blast furnace slag (BS, a by-product
from iron and steel-making industry) is a supplementary cementitious
material (SCM) that can react with excessive hydrated calcium hydro-
xide (CH) to generate secondary hydrates via pozzolanic reaction
(Myers et al., 2017; Ruan and Unluer, 2017; Prentice et al., 2019; Xie et
a., 2019). Metakaolin (MK, produced from calcination of kaolinite) is
regarded as a low-cost and low-carbon SCM for it releases less CO2

during manufacture (0.18 tonne CO2 per tonne MK) compared to PC
production (0.82 tonne CO2 per tonne PC) (Kavitha et al., 2016; Provis,
2018; He et al., 2019). Similarly, MK could be activated by CH to
generate additional hydrates such as calcium silicate hydrate (CSH) and
calcium aluminium hydrate (CAH) (Avet et al., 2018; Gbozee et al.,
2018; Wang et al., 2018b). These additional hydrates may be favour-
able for the encapsulation of As and densification of the structure of S/S
products. In addition, As(III) and As(V) are known to strongly bind with
iron oxides/hydroxides by inner-sphere complexation for their effective
removal (Tian et al., 2016; Sun et al., 2018; Sun et al., 2019a, 2019b).
Therefore, Fe-rich red mud (RM, an alumina refinery residue) has a
potential to enhance the efficiency of As immobilization as a stabilizer
against alkalinity-induced leaching. However, it remains uncertain if
the two approaches (i.e., supplementary hydration or As stabilization)
are equally effective or else. Our mechanistic understanding of the re-
lative significance is still in lack so far.

In order to provide mechanistic insights for developing a green and
sustainable S/S technology for As-contaminated sediment, this study
aims to: (i) elucidate the chemical interactions between hydrates and
As; (ii) assess the mechanistic roles of green materials (BS, MK, and RM)
for enhancing hydrate formation and/or As precipitation; and (iii) in-
vestigate the environmental feasibility of waste-incorporated binders
for in-situ and ex-situ S/S of As-contaminated sediment.

2. Materials and methods

2.1. Materials

The marine sediment was dredged from the surface (top 0.5m) of
the Kai Tak Approach (10m of water depth) in Victoria Harbour in
Hong Kong. The sediment samples had a moisture content of 59.8%, pH
value of 7.2, salinity of 35.9 g kg−1, organic matter of 6.9% (combus-
tion at 550 °C). The sediment was composted of 27% gravel, 58% sand,
and 15% silt and clay as determined by wet sieving and hydrometer
tests (Wang et al., 2015). Due to historical pollution from the former

Kai Tak Airport and nearby industrial zone, the sediment was highly
contaminated by potentially toxic elements, such as Cu
(1600mg kg−1), Zn (410mg kg−1), Cr (230mg kg−1), As
(201mg kg−1), Pb (130mg kg−1), Ni (65mg kg−1), and Cd
(2.4mg kg−1) (HK EPD, 2018). Among them, As was regarded as one of
the most unextractable elements by conventional treatments (Wang
et al., 2019b). The sediment was classified as highly contaminated se-
diment (Category H) according to the sediment management guideline
in Hong Kong.

The primary cementitious material was ordinary Portland cement
(ASTM Type I) purchased from Green Island Cement Company in Hong
Kong. Besides, BS from Shengheng Mineral Company in China, MK from
Super Cnpowder Technology Company in China, and RM as a waste
from Weiqiao Aluminium Industry were employed as SCMs. The che-
mical compositions of cementitious materials determined by X-ray
fluorescence (XRF) are shown in Table 1, and these materials have a
comparable particle size (< 0.125mm). Reagent grade NaAsO2 was
purchased from Sigma-Aldrich, Hong Kong. It should be noted that to
simulate field-relevant engineering applications, seawater instead of
tap water was added for the S/S treatment in this study.

2.2. Sample preparation

Binder with 100% PC was marked as PC group (control), and dif-
ferent green alternatives (BS, MK, and RM) were used to partially re-
place PC by 20wt% in other three groups. To investigate the S/S me-
chanisms of different binders, reagent grade NaAsO2 (20 wt% of binder)
was added into mixtures, because As(III) is more toxic and more diffi-
cult to be immobilized compared to As(V) (Table 2). For As-in-
corporated pastes production, NaAsO2 was dissolved in seawater to
form a homogeneous solution and subsequently poured into pre-mixed
binders (PC, BS, MK or RM) for 2min fast mixing. The fresh mixtures
were then poured into 15mL centrifuge tubes and vibrated for 1min to
release air bubbles. The sealed tubes were stored in an incubator at
23 ± 1 °C for 28-d curing before analyses. The sediment-to-binder
mass ratios at 7:3 and 9:1 were selected for in-situ and ex-situ sediment
S/S, respectively. The waste-incorporated binders were made with the
same procedure as described above. Pre-mixed binders were poured
into the sediment and stirred for another 2min to form homogenous
matrixes. The fresh matrixes were filled into steel moulds
(5×5×5 cm3) and vibrated in a vibration table for 1min to release
air bubbles. After 1-d curing, the hardened sediment blocks were de-
moulded and then were wrapped with a plastic membrane. Afterwards,
samples were stored in an incubator at 23 ± 1 °C for 7-d and 28-d air
curing. All the experiments on As-pastes and sediment S/S blocks were
triplicated for quality assurance.

2.3. Analytical methods

The compositions of powdered samples were analysed by thermo-
gravimetric analysis (TGA, Rigaku Thermo Plus) with an elevated
temperature from 100 to 1000 °C at a heating rate of 10 °Cmin−1 with
Ar carrier gas. Mineralogy of the powdered S/S samples was measured
by quantitative X-ray diffraction (QXRD) using an X-ray diffractometer
(Rigaku SmartLab) with a scan range from 15° to 50° 2θ at 2.5° min−1.

Table 1
Chemical compositions of cementitious materials (wt%).

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3

PC 0.17 1.38 4.79 18.99 0.08 4.52 0.79 65.72 3.10
BS 0.00 6.19 15.35 35.34 0.04 2.37 0.85 38.33 0.31
MK 0.00 0.00 47.00 50.30 0.28 0.05 0.28 0.18 0.52
RM 2.78 0.11 16.16 9.11 0.37 0.56 1.56 2.17 59.37

PC: ordinary Portland cement; BS: blast furnace slag; MK: metakaolin; RM: red
mud.
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Corundum powder (20 wt%) as an internal reference was incorporated
to calculate the content of the amorphous phase in samples. The
Rietveld refinement quantitative phase was analyzed by the whole
powder pattern fitting method in Rigaku’s integrated software (PDXL).
The qualitative and quantitative analyses of Si-based samples were
examined by a 400MHz solid-state nuclear magnetic resonance spec-
trometer (NMR, Bruker Ascend 400 WB). 29Si magic angle spinning
(MAS) NMR experiments were performed on a 79.5MHz NMR spec-
trometer in a 7mm CP/MAS probe for more than 2000 scan at a rota-
tion rate of 4500 Hz and a relaxation delay of 30 s. The deconvolution
of the overlapped peaks in the NMR spectra was conducted in Origin
Pro 9.0 by applying a Gaussian line model (Yu et al., 2019). The spe-
ciation of As in the powdered samples was analysed using X-ray pho-
toelectron spectroscopy (XPS, PHI 5000 Versaprobe II) with Al Kα X-
ray. A broad scan was performed with a pass energy of 187.85 eV,
whereas the narrow scans of Al, Si, Ca, Fe, and As were detected with
the energy of 58.7 eV. The XPS spectra were fitted by 30% Lorentzian-

Gaussian function and a Shirley baseline using the program
XPSPEAK41. The sub-peaks were identified with reference to the lit-
erature based on the binding energies (NIST, 2012). The surface mor-
phology and elemental composition of As-incorporated samples were
investigated by transmission electron microscopy energy-dispersive X-
ray spectroscopy (TEM-EDX, Oxford X-Max 80T). Lattice spacing of As
element in the TEM image was calculated by Digital Micrograph soft-
ware. The pore structure of sediment blocks after in-situ and ex-situ S/S
treatment was evaluated by mercury intrusion porosimetry (MIP, Mi-
cromeritics Autopore IV), in which mercury was intruded into the
freeze-dried samples (1.18–2.36mm particles) at 207MPa following
6.6 Pa purging in a vacuum. For quality assurance, all of the samples
after 28-d air curing were crushed into the specified size and soaked in
isopropanol for 7 d in total for stopping the hydration reaction (iso-
propanol was changed after 3-d soaking). After 7-d soaking, the samples
were vacuum dried for 3 d and the homogeneously mixed samples were
selected for the analytical tests.

Table 2
Mixture formulations of different As and sediment blocks (by weight).

Binder formations S/S of As In-situ S/S Ex-situ S/S

PC BS MK RM Sea water NaAsO2
a Wet sedimentb Semi-wet sedimentc

PC groups 100 0 0 0 30 20 900 233
BS groups 80 20 0 0 30 20 900 233
MK groups 80 0 20 0 30 20 900 233
RM groups 80 0 0 20 30 20 900 233

a Moisturizing with additional sea water (30 wt% of NaAsO2).
b Sediment with 60wt% of water content.
c Sediment with 30 wt% of water content.

Fig. 1. TGA and QXRD of 28-d pastes with or without NaAsO2: (a) DTG curves of plain pastes; (b) DTG curves of pastes with NaAsO2; (c) QXRD analysis of plain
pastes; (d) QXRD analysis of pastes with NaAsO2.
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The uniaxial compressive strength of sediment blocks after in-situ
and ex-situ S/S treatment was measured triplicated by a universal
testing machine (Testometric CXM 500-50 KN) at a loading rate of
0.6 MPa s−1 (BS EN 12390, 2009). In addition, the leachability of As
from S/S samples was examined by the Toxicity Characteristic Leaching
Procedure (TCLP) (US EPA, 1992). The concentrations of leaching As
from different samples were measured by an inductively coupled
plasma-atomic emission spectrometry (ICP-AES, Spectro Arcos). For
quality assurance, samples were performed in duplicate (or in triplicate
when deviation was greater than 5%). The calibration of standard
concentrations was carried out prior to each analysis. Standards were
analysed every 10 samples and the detection limit of As was 0.01mg
L−1. The potential precipitation of As-compounds was analysed using
Visual MINTEQ ver. 3.1.

3. Results and discussion

3.1. Chemical interactions of green materials during the course of as
immobilization

Derivative thermogravimetry (DTG) curves of different samples
with or without As are shown in Fig. 1a and b. The curve of pure PC
pastes displays decomposition peaks of CSH and CAH (140 °C), CH (430
°C), and CC (550–750 °C) (Fig. 1a). The replacement of BS (20 wt%)
resulted in a decrease of CH content from 19.6 wt% to 15.2 wt%,
whereas it increased the contents of CSH and CAH. This indicated that
the active silicon dioxide and aluminium oxide in BS reacted with hy-
dration products (CH) to generate additional hydrates (CSH and CAH)
via pozzolanic reaction, which could be favourable for the im-
mobilization of toxic elements (Wang et al. 2018a; Zhang et al., 2019).
By comparison, the incorporation of MK significantly reduced the CH
content by 62% and similarly increased the contents of CSH and CAH.
This was associated with a relatively high content of active silicon di-
oxide and aluminium oxide (97.3 wt%) in the calcined clay mineral
(MK). In contrast, for RM samples, while the content of CH was

Fig. 2. 29Si MAS NMR spectra of 28-d plain samples (a, b, c) or samples with NaAsO2 (d, e, f).
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reduced, a new and remarkable peak of aluminate ferrite monosulphate
(AFm) appeared at 250 °C, indicating the reaction between Fe-rich RM
and cement clinker (Manfroi et al., 2014; Zhang et al., 2018a, 2018b).
Therefore, the final chemical components were distinctive in different
samples, although the total mass losses of four pastes were similar
(19 wt%) (Fig. S1, Supplementary Information).

The QXRD results (Fig. 1c) confirmed that the green materials
consumed CH to generate additional amorphous phases (i.e., CSH and
CAH gels). It should be noted that the active silicon dioxide and alu-
minium oxide in raw materials are also in amorphous phases (Longhi
et al., 2016; Wang et al., 2019b), which cannot be distinguished from
the XRD patterns (Fig. S1c). However, the degree of cement hydration
could be deduced from the content variations of tricalcium silicate
(C3S) and dicalcium silicate (C2S). Incorporation of green materials
slightly decreased the contents of C3S and C2S by 21%, whereas the CH
content was significantly decreased by 28–63%. This verified that CH
was partially consumed and transformed into CSH and CAH gels,
especially for MK samples.

Compared to plain PC samples, the addition of 20 wt% NaAsO2 led
to a 22% reduction in CH content (Fig. S1b). BS samples also had a
similar CH reduction after As addition. However, the CH peak in MK-As
samples nearly disappeared and the contents of CSH and CAH re-
markably decreased compared to those of plain MK samples. This im-
plied that As oxyanions had complexing capacities with CH and in-
hibited the pH elevation. The lack of CH in MK-As pastes prevented
subsequent formation of CSH and CAH, which may have an adverse

effect on As immobilization. By contrast, the presence of As had a re-
latively low impact on the hydration of RM samples such that the
content of AFm still increased (Fig. 1b). From Fig. S1b, MK-As samples
showed the lowest mass loss of hydrates while RM samples showed the
highest. This further evidenced that As addition significantly inhibited
the hydration of MK-incorporated binder whereas RM-incorporated
binder had excellent compatibility with As. The QXRD results illu-
strated that approximately 24.3 wt% of C3S and C2S existed in MK-As
samples, which were higher than that of plain MK samples. This cor-
roborated that As severely inhibited the hydration of MK pastes, where
hydration products may be insufficient for effective immobilization of
As.

The hydration products of different samples with or without As were
characterized by 29Si NMR, except RM samples in which abundant Fe
content interfered with NMR analysis. As shown in Fig. 2a, two signals
at −75 and −77 ppm in PC can be considered as Q1A and Q1B (two
different types of Q1 (Si(OCa)(OSi)(OH)2, end-chain group in layered
structure of CSH). The peak located at −83 ppm accounts for Q2 (Si
(OCa)(OSi)2OH, middle-chain group in layered structure of CSH),
whereas the peak at −89 ppm is ascribed to Q3 (Si(OCa)(OSi)3, cross-
linked group in tobermorite-like CSH) (Martini et al., 2017; Wang et al.,
2019c). The average degree of connectivity (Dc) in Si-based hydrates
can be calculated according to the following equation (Jeong et al.,
2018).

Fig. 3. As3d XPS spectra of 28-d pastes with NaAsO2: (a) PC; (b) BS; (c) MK; (d) RM.
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A higher value of Dc indicates the higher polymerization of the Si-
based hydrates. The proportional distribution of Q1, Q2, and Q3 in PC
pastes was approximately 32.1%, 36.4%, and 31.5%, respectively. The

BS-incorporated samples showed similar proportional distribution of
silicon types (Fig. 2b). The incorporation of MK resulted in a decrease of
Q3 phase but an increase of Q2 phase (Fig. 2c), suggesting the relatively
weak polymerization of hydrates in MK samples. In the presence of As,
Q2 was the dominant type of silicon in PC-As and BS-As samples
(40.7–49.1%) (Fig. 2d&e), while the Q1 phase occupied the largest

Fig. 4. TEM image with elemental mapping of pastes containing NaAsO2: (a) TEM image of BS-As paste; (b) TEM image of RM-As paste; (c) element mapping of BS-As
paste; (d) element mapping of RM-As paste.
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proportion (50.1%) in MK-As samples (Fig. 2f). This evidenced that the
immobilization of As not only inhibited the hydration degree but also
reduced the polymerization of hydrates in MK-incorporated samples,
which may have an adverse influence on S/S performance.

XPS spectra (Fig. 3a) show that As(III) at the binding energy of
43.8 eV was the dominant speciation of As in the S/S samples. Ap-
proximately 9.2% of As in the PC samples was oxidized to As(V) at the
binding energy of 46.2 eV (Li et al., 2018; Zhong et al., 2019). Such
transformation from As(III) to As(V) is favourable for the immobiliza-
tion of As, because As(V) is more stable and less toxic than As(III) (Xiu
et al., 2016). The proportions of As(V) in BS- and RM-incorporated
samples were comparable to that of the PC samples. However, 19.4% of
As was oxidized in MK-incorporated samples, which may be associated

with the redox conditions in the MK systems (Wang et al., 2014). Be-
sides, the binding energy of As(III) was shifted to 44.0 eV, suggesting
new coordination between As and other elements. Based on the XPS
spectra of Al, Si, and Ca (Fig. S2–S4), the major difference among the
four samples was the relatively high content of Al 2p1/2 at 75.7 eV in
MK-incorporated samples, which may engage in the coordination with
As (Debure et al., 2018; Penke et al., 2019). For Fe-rich RM-in-
corporated samples (Fig. S5), As(III) oxidation was insignificant, al-
though As(III) may be photo-oxidized into As(V) in the presence of
dissolved Fe with light induction (Gomaa et al., 2017). It is widely
recognized that Fe(II) and Fe(III) have strong sorption affinity of As(III)
and As(V) via inner-sphere complexation (Sun et al., 2017). Thus, the
RM incorporation may enhance the chemical fixation of As.

From the TEM image (Fig. 4a), the spots blended perfectly into the
matrix of BS-As samples. The spots show a striated contrast with the
lattice spacing of 0.188 nm and remarkable symmetrical bright points
can be observed from the electron diffraction pattern, suggesting that
the high-density and well-crystallized As-compounds were wrapped by
hydrates (Lei et al., 2018). According to the elemental mapping results
(Fig. 4c), the distribution of As presented a positive correlation with Ca,
signifying the precipitation of Ca-As compounds, which augmented the
XRD results. For the TEM image of RM samples (Fig. 4b), the spot
surface shows relatively rough contrast with a circular electron dif-
fraction pattern, indicating the amorphous type of As-compounds in the
hydrates (Berre et al., 2008). As illustrated in Fig. 4d and Fig. S6, the
presence of As was accompanied by Ca and Fe, which reinforced the
significance of coordination and stabilization of As by Fe-rich RM.

As illustrated from Fig. 5, the TCLP leaching concentration of As
from the PC S/S samples was 5.10mg L−1. The addition of BS resulted
in a further reduction by 29.6% in the As leachability to 3.59mg L−1,
which was attributed to the generation of additional CSH and CAH gels

Fig. 5. TCLP As leaching concentrations of pastes containing 20 wt% NaAsO2.

Fig. 6. TGA analysis of 28-d in-situ and ex-situ S/S sediment blocks: (a) TG curves of in-situ S/S blocks; (b) TG curves of ex-situ S/S blocks; (c) DTG curves of in-situ S/S
blocks; (d) DTG curves of ex-situ S/S blocks;
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for As immobilization as revealed by XRD and TGA analyses. The RM-
incorporated samples presented the lowest As leachability (2.12mg
L−1, i.e., 99.88% S/S efficiency), owing to the strong complexation
ability of Fe with As. By contrast, it was unexpected that the addition of
MK dramatically increased the As leachability by 16.2 times (i.e.,
97.73% S/S efficiency). Although the pH value of 12.3 was within the
As precipitation range of Ca-O-As (pH 7.9-13.4) according to previous
results (Beak and Wilkin, 2009; Wang et al., 2019b), the CH deficiency
and limited amounts of CSH and CAH in the MK-incorporated samples
may lead to the high leachability of As under elevated alkalinity, which
was also observed in the PC S/S systems (Li et al., 2018). To validate the
S/S efficiency in practical engineering applications, four binders were
employed for the in-situ and ex-situ S/S of As-contaminated sediment.

3.2. Waste-incorporated binders for In-situ and Ex-situ S/S of As-
contaminated sediment

Among in-situ S/S sediment samples (30% binder and 70% sedi-
ment), RM-incorporated samples showed the highest content of hy-
drates, which was followed by BS-incorporated samples as revealed by
the TG curves (Fig. 6a). Due to the relatively low content of As
(28.3 mg kg−1) in the in-situ S/S samples, the presence of As had a less
significant inhibitory effect on the generation of total hydrates in MK-

incorporated samples, although the CH content was relatively low as
indicated by the DTG curves (Fig. 6c) and XRD patterns (Fig. S7a). As
for the ex-situ S/S samples (10% binder and 90% sediment), there were
remarkable peaks between 350 °C and 450 °C associated with the de-
composition of organic matter in the sediment (Fig. 6d) (Wang et al.,
2018a). The strong Ca-complexing ability of organic matter sig-
nificantly inhibited the hydration process (Wang et al., 2015) and re-
sulted in the reduction of hydrates content (Fig. 6b), which was also
evidenced by the XRD results (Fig. S7b). From the MIP results (Fig.
S8a), PC, BS-incorporated, and RM-incorporated samples showed si-
milar pore size distribution. By comparison, MK-incorporated samples
had relatively low pore volume, especially in the range of capillary
pores. This may be attributed to the fine particle size of MK and addi-
tional CSH and CAH gels for pore filling (Wu et al., 2016). In addition,
the cumulative intrusion volume of ex-situ S/S sediment blocks was
approximately 2.66 times larger than that of in-situ S/S samples (Fig.
S8b), corresponding to the amounts of sediment (Wang et al., 2018a).
The As inhibition on the pozzolanic reaction in MK-incorporated and
BS-incorporated samples might also be responsible for the enlarged
porosity.

The TCLP results (Fig. 7a) illustrated that the leaching concentra-
tions of As from in-situ S/S sediment samples were between 0.08mg
L−1 and 0.13mg L−1, which represented only 0.59–0.89% of As

Fig. 7. TCLP As leachability (a) and compressive strength (b) of 28-d in-situ and ex-situ S/S sediment blocks.
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leaching concentrations from untreated sediment. The MK-incorporated
samples showed a comparable As leachability with PC samples, while
the former had the highest compressive strength (9.01MPa) (Fig. 7b)
owing to additional hydrates and dense structure (Fig. S8a). Compared
to in-situ S/S samples, ex-situ S/S samples presented much higher As
leachability. MK-incorporated samples showed the highest As leaching
concentration (0.50mg L−1), whereas RM-incorporated samples
showed the lowest value (0.21 mg L−1), which was in line with the
above discussion. The As leachability of all the ex-situ samples fulfilled
universal treatment standards (5 mg L−1) and all the samples confirmed
with strength requirement (1MPa) for the reuse as fill materials (Li
et al., 2018). It should be noted that TCLP may underestimate the
leaching of As from the S/S samples, as the condition of alkaline pH,
low redox potential, and biological activity may also facilitate As
leaching (Ghosh et al., 2004; Beiyuan et al., 2017b). Recent studies
further suggested that well-controlled S/S products of dredged sedi-
ment via ex-situ S/S treatment can be valorized as construction building
materials, such as backfill materials (low-quality), partition blocks
(medium-quality), and paving blocks (high-quality) (Wang et al.,
2018a; Wang et al., 2019d), whereas the undredged sediment via in-situ
S/S treatment can be utilized as foundation for marine reclamation with
the use of super-fast marine dredging and rainbow-filling technology
(Zhu et al., 2018). In view of the performance of As immobilization and
mechanical strength, RM-incorporated binder can be used for low-cost
and low-carbon S/S treatment of high-As contaminated waste with
minimum leachability, whereas MK-incorporated binder can be suitable
for immobilizing low-As waste and achieving superior mechanical
strength.

4. Conclusions

This study investigated the efficacy and mechanistic roles of BS, MK,
and RM for green and sustainable stabilization/solidification (S/S) of
As-contaminated sediment. TGA and QXRD analyses illustrated that BS
and MK reacted with hydrated CH to generate additional CSH and CAH
via the pozzolanic reaction, whereas RM engaged in hydration reaction
to generate AFm. In MK-incorporated samples, 29Si NMR illustrated that
As not only hindered the hydration degree but also reduced the poly-
merization of hydrates. By contrast, RM-incorporated binder demon-
strated excellent compatibility with As via Fe-As complexation as re-
vealed by XPS. TEM image and elemental mapping results showed the
positive correlation between the distribution of As and that of Ca and
Fe, signifying the precipitation of crystalline Ca-As and amorphous Fe-
As compounds. As a result, MK-As samples showed the lowest efficiency
of As immobilization whereas RM-As samples provided the highest ef-
ficiency for in-situ and ex-situ sediment S/S treatment. For practical
application, the durability of S/S products under different field-relevant
physical, chemical, and biological conditions should be further vali-
dated in future studies. Overall, waste valorization of red mud as a
green and low-carbon additive is plausible for actualizing sustainable
remediation of As-contaminated sediment.
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