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• Both HNTs and BC could effectively in-
crease the immobilization capacity of
BAW for As.

• Higher dosage of BC strongly decreased
the early age strength of BAW.

• Adding HNTs enhanced the physical en-
capsulation capacity for As.

• As species could be adsorbed onto the sur-
face of HNTs via formation of H-bonds.
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The aim of this study was to improve the immobilization capacity of a binder prepared from As-containing
biohydrometallurgy waste (BAW) on arsenic (As) by modifying it with halloysite nanotubes (HNTs) and biochar
(BC). The study investigated the influence of HNTs and BC on the chemical fractions and leaching characteristics of
As, as well as the influence on the compressive strength of BAW. The results indicated that the addition of HNTs
and BC effectively decreased As leaching. The presence of 1.0 wt% HNTs decreased the As leaching concentration
from 1.08 mg/L to 0.15 mg/L, with the corresponding immobilization rate reaching about 90.9 %. A high amount
of BC seemed to show better performance in improving the As immobilization capacity of BAW. However, a strongly
reduced early compressive strength of BAW was observed, making it unsuitable to be used as an additive in this situ-
ation. The effects of HNTs on the increase of As immobilization capacity of BAWwere attributed to two aspects. Firstly,
As species were adsorbed onto the surface of HNTs via H-bonds, which was verified via density functional theory cal-
culation. Secondly, the addition of HNTs decreased the pore volume of BAW, leading to a more compact structure, and
hence increasing the physical encapsulation capacity for As.
Environmental implication: The rational disposal of arsenic-containing biohydrometallurgy waste has always been a top
priority for the green and low-carbon development of the metallurgical industry. In this article, we have taken the per-
spective of large-scale resource utilization of solid waste and pollution control, and developed arsenic-containing
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biohydrometallurgy waste into a cementitious material, and enhancing arsenic immobilization capacity with the ad-
dition of HNTs and BC. This study provides an effective method for the rational disposal of arsenic-containing
biohydrometallurgy waste.
1. Introduction

The World Health Organization has identified arsenic (As) as a human
carcinogen (Basu et al., 2001; Phenrat et al., 2008; Straif et al., 2009;
Stueckle et al., 2012), and it is often found alongside other non-ferrous
metals like lead, zinc and nickel (Zhao et al., 2022a). In ores containing
As, valuable elements are typically in the form of small inclusions combined
with As-bearing minerals, which lowers the recovery rate (Lin et al., 2022).
Therefore, some As-containing ores require pre-treatment to extract valu-
able elements (Nunan et al., 2017). The most common method of treating
As-containing ores is biohydrometallurgy, which uses microorganisms as
catalyst (Arrascue and van Niekerk, 2006; Brierley, 2003; Langhans et al.,
1995). As is dissolved and released into the solution during this process.
However, the biohydrometallurgy method produces a large amount of As-
containing acidic wastewater (AAW) that can cause severe environmental
pollution (Li et al., 2020). Furthermore, when non-ferrous metals like cop-
per, nickel, lead, zinc, etc., undergo pyrometallurgical smelting, some of the
As is removed through washing and purification of the flue gas before the
production of acid, leading to As entering the washing wastewater (Che
et al., 2022; Zhang et al., 2021). Eventually, it also leads to the creation
of a significant amount of AAW. In China, for example, the copper smelting
process alone produces 12 million m3 of AAW each year (Li et al., 2020).

AAW is highly acidic and contains significant amounts of As (the con-
tent of H2SO4 up to 10–80 g/L, the content of As up to 4–30 g/L), making
it unsuitable for direct use or discharge. As a result, there is global interest
in treating this type of wastewater. The most commonly used method for
treating AAW in industries is the lime/calcite-ferrate process due to its
cost-effectiveness and simplicity (Peng et al., 2017). Neutralization precip-
itation using limestone or lime is used to remove As from the wastewater,
but it generates a large amount of As-containing waste (AW) that requires
proper disposal. For every cubic meter of AAW treated using the lime/
calcite-ferrate method, approximately 70 kg of AW is produced (Guo
et al., 2015). AW is unstable and prone to As leaching, which can lead to
secondary pollution (Lagno et al., 2010). Therefore, the safe and proper dis-
posal of AW is a matter of global concern.

There are several methods available for treating As-containing waste
(AW), including solidification with cement, stabilization with nano-
materials (Sun et al., 2021), hydrothermal treatment (Xu et al., 2020),
Fig. 1. Production pro
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gypsum preparation (Yang et al., 2019b), and soil amendments (Yang
et al., 2019a). While these methods can reduce the harmful effects of AW
to some extent, they tend to have limitations such as low efficiency, high
costs, and poor volume reduction. AW has a high concentration of calcium
sulfate, which makes it a potential candidate for producing super sulfated
cement (SSC). SSC is considered an effective substitute for ordinary
Portland cement (OPC) due to its eco-friendly and economical properties
(Mehrotra et al., 1982). In previous research, we successfully prepared a
binder (Fig. 1) using AW as the main raw material (Zhao et al., 2022b,
2022c; Zhao et al., 2022d).

The ability to immobilize As in a prepared binder is an important factor
to be considered. The effectiveness of the binder in immobilizing hazardous
elements is dependent on both physical and chemical factors (Chen et al.,
2023; Guo et al., 2017). Physical factors involve encapsulating the hazard-
ous elements in a compact structure, preventing the diffusion of hazardous
elements (Malviya and Chaudhary, 2006; Randall and Chattopadhyay,
2004). Chemical factors involve the reaction between hazardous elements
and cementitious materials, resulting in the formation of relatively insolu-
ble, low-toxicity substances (Chrysochoou and Dermatas, 2006; Wang and
Wang, 2022). For instance, studies have shown that calcium chromate pre-
cipitation can be formed when Cr(VI) reacts with Ca2+ in the cementitious
reaction system,which reduces the leaching concentration of Cr(VI) (Zhang
et al., 2018). Moreover, the components of cementitious materials and the
series of gels produced during the reaction can have a chemical stabilizing
effect on hazardous elements through surface adsorption and/or ion substi-
tution (Avalos et al., 2021; Baldermann et al., 2021; Gillispie et al., 2021).

Utilization of additives to increase the immobilization capacity of a
binder is a feasible method (Alias et al., 2020; Cao et al., 2017;
Dandautiya et al., 2018; Gong et al., 2022; Halim et al., 2003; Hamid
et al., 2020; Mahallei and Badv, 2021; Ouhadi et al., 2021; Quedou et al.,
2021; Wang et al., 2022; Zhang et al., 2022a). In the research by Cao
et al. (Cao et al., 2017), binders were modifiedwith hematite nanoparticles
to enhance uranium immobilization; the results showed that the slowest
uranium leaching was found in the samples with 1.0 % hematite nanopar-
ticles. The increase in the immobilization capacity was attributed to ura-
nium adsorption onto hematite nanoparticles and the refinement in pore
structure by hematite nanoparticles, according to the illustrations by the au-
thors (Cao et al., 2017). Similar immobilization effects of ferrihydrite
cedure for BAW.
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nanoparticles on uranium, strontium and cesium have also been reported
(Fan et al., 2019). While using these nano-particles should consider some
problems like cost and safety.

Halloysite nanotubes (HNTs) consist of a naturally occurring 1:1 tubular
claymineral that includes one tetrahedral (Si\\O) sheet and one octahedral
(Al-OH) sheet. HNTs offer numerous advantages, such as high cation ex-
change capacity, high aspect ratio, high surface area, excellent thermal sta-
bility, and good biocompatibility. These unique properties make HNTs an
exceptional adsorbent for water treatment, and they have been successfully
used in environmental remediation (Cataldo et al., 2018; Emmanuel et al.,
2020; Li et al., 2018).

Additionally, biochar (BC) is a carbon-rich and porous substance that is
produced from the pyrolysis of waste biomass. It has been proven to have a
significant sorption capacity for both inorganic and organic pollutants
(Mohanty et al., 2018; Wang et al., 2019; Yu et al., 2019). Kushwaha
et al. (2023) investigated the effects of BC on As toxicity in soybean plants;
the results showed that the addition of BC reduced As bioavailability and
offset its negative effect on plant growth (Kushwaha et al., 2023). The
FTIR results indicated that the presence of O-containing groups on the BC
surface act as sites for the complexation of As to produce insoluble complex
and enhances the As-sorption (Kushwaha et al., 2023). Similarly, Dias et al.
(Dias et al., 2022) found that the addition of BC in gold mine tailings re-
duced the bioavail0ability of As. On the other hand, previous works also in-
dicated that the addition of BC could increase the binding properties of a
binder and achieve carbon neutrality (Chen et al., 2022; He et al., 2022;
Zhang et al., 2022b). The porous structure and functionalized surface of
BC could provide nucleation sites for binder reaction (He et al., 2022),
and show internal curing effect (Chen et al., 2022), which will then en-
hance the immobilization efficiency. Moreover, severe greenhouse gas
emissions and environmental pollution issues have been caused by biomass
waste, which is the raw materials for BC production. The transformation of
biomass into BC provide a feasible strategy for long-term decarbonization
and promote a circular economy (He et al., 2022).

Although the superior removal capacity of HNTs and BC for hazardous
substances is well-known, limited research has been conducted on their ef-
fects when used as additives in cementitious materials. This is because their
effects are related to the balance between the immobilization effects on
hazardous elements and the influence on binder hydration. In the present
study, HNTs and biochar BCwere used as additives tomodify the As immo-
bilization capacity of a binder prepared by AW. The effect of HNTs and BC
on As leaching characteristics was investigated via toxicity characteristic
leaching procedure (TCLP) and semi-dynamic leaching. At the same time,
the influence of HNTs and BC on the strength development and reaction
products of the binder was also investigated. Additionally, density function
theory calculation was used to explain the chemical stabilization effects of
the additives on As.

2. Materials and methods

2.1. Materials

The raw materials used in this experiment included arsenic-containing
biohydrometallurgy waste (AW), blast furnace slag (BFS), ordinary
Portland cement (OPC), carbide slag (CS), aluminum sulfate (AlS), as well
as halloysite nanotubes (HNTs) and biochar (BC).

AW used in this study was taken from the San Dao Gou gold mine in
Fengcheng, Liaoning Province. The chemical composition of AW was
shown in Table S1. As can be seen from Table S1, its chemical composition
was mainly composed of CaO, SO3, and Fe2O3, which together accounted
for >76 wt% of the total. In addition, the content of As2O3 in the AW was
as high as 1.48 wt%, which was highly soluble and can cause environmen-
tal pollution. The phase composition of AW was shown in Fig. S1a, which
was mainly β-semi-hydrated gypsum, followed by a small amount of
dihydrate gypsum and anhydrous gypsum.

BFS was provided by Shandong Panlongshan Material Co., Ltd. It was a
S95 grade slag powder, and its chemical composition was shown in
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Table S1. According to the chemical composition of BFS, its alkaline coeffi-
cient was 1.02 according to GB/T 203–2008. The phase composition of BFS
was shown in Fig. S1c. BFS was mainly amorphous, with only a small
amount of gehlenite. The particle size distribution curve of BFS showed
that its d10, d50, and d90 are 1.88 μm, 11.20 μm, and 31.30 μm, respec-
tively. The cement was produced by China Resources Cement Co., Ltd.,
and its chemical composition was shown in Table S1.

CS was provided by Xinyu Materials Company in Lingshou, Hebei prov-
ince, and its chemical composition was shown in Table S1. As indicated in
Table S1, CaO was the major component of the CS, accounting for >95 wt
%. The phase composition and particle size distribution of the electric fur-
nace slag were shown in Fig. S1e and f, respectively. Fig. S1e showed that
the main phase in the CS was calcium hydroxide. Fig. S1f showed that the
particle size distribution of the CS and the content of particles smaller
than 74 μm was approximately 78 %.

HNTs was purchased from Yanbo Mineral Processing Plant in Hebei
province and the chemical compositions were shown in Table S1. Accord-
ing to Table S1, the chemical composition of HNTs was mainly SiO2 and
Al2O3, accounting for >93 wt% of the total.

BC were purchased from Nanjing Zhironglian Technology Co., Ltd. Ac-
cording to the provider, BC was produced under no‑oxygen conditions. Air
dried straw was cut into small segments with the length around 10 cm and
fed into the BC reactor. After that, the reactor was heated to 500 °C using a
rate of 8.5 °C/min and maintained for about 10 h. Subsequently, the
heating system was cut off and cooled to room temperature. The obtained
BCwas ground before being used in the presentwork. The chemical compo-
sition of BC (Table S1) wasmainly C, SiO2, and K2O, accounting for approx-
imately 85 wt% of the total.

The XRD analysis results of HNTs and BC were shown in. Fig. 2a and b
showed that the main phase of HNTs was halloysite, while the main phase
of BC was amorphous, with small amounts of SiO2 and KCaSiO4. The parti-
cle size distributions of HNTs and BC were shown in Fig. 2c and d, respec-
tively, and their particle sizes are generally smaller than 74 μm. The FTIR
results of BC were shown in Fig. 2e. It can be seen that the surface of BC
was abundant in C\\O, C_C and C\\H, which could form complexes and
hydrogen bondswith As species (Sharma et al., 2022). According to BET re-
sults (Fig. 2f), BC had highly porous structure and its pore diameter ranged
from 2 to 100 nm, and the cumulative surface area of pores was
11.4638 m2/g. The porous structure of BC could provide more active ad-
sorption sites for hazardous elements.

The microstructures of HNTs and BC are shown in Fig. 3, which showed
that the microstructure of HNTs was rod-like, while the microstructure of
BC was porous, resulting in its higher adsorption activity.

2.2. Methods

2.2.1. Sample preparation
According to the proportions listed in Table S2, the raw materials were

pre-mixed for 2 min using a cement slurry mixer. Water (liquid-solid ratio
of 0.5) was then added and mixed for 5 min to ensure that the slurry was
evenlymixed. The slurrywas then poured into cylindrical molds measuring
50 mm× 100 mm and 5 mL centrifuge tubes. After that, the samples were
placed in a curing box and cured at 20 ± 1 °C and 95 % relative humidity
until the designated age. The cylindrical samples were mainly used to test
the uniaxial compressive strength and leaching characteristics of the sam-
ples, while the samples in the 5 mL centrifuge tubes were used to test the
phase composition and microstructure of the samples.

2.2.2. Sequential extraction procedure
The chemical fractions of As were determined by using the sequential

extraction procedure specified in GBT 25282–2010. The testing procedure
is shown in Fig. S2.

2.2.3. Toxicity characteristic leaching procedure
The total amount of As in the samplewas tested using the HNO3-HF-HCl

digestion method. 0.2 g of the sample was weighed and placed in a mixed



Fig. 2. XRD patterns and particle size distribution of the raw materials: HNTs (a, c), BC (b, d), FTIR (e) and BET (f) results of biochar.

Fig. 3.Microstructure of the raw materials: (a) HNTs, (b) BC.
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solution of 6 mL HNO3, 2 mL HCl, and 2 mL HF. The mixture was then
digested in a microwave digestion instrument at 140 °C. After cooling, the
solution was filtered using a 0.45 μm filter membrane, and the content of
harmful elements was determined using an inductively coupled plasma
mass spectrometer.

The toxicity characteristic leaching procedure (TCLP) was tested ac-
cording to the GB HJT 300–2007 (HJ 557–2010, 2010) using a horizontal
shakingmethod. 10 g±0.1 g of the sample was mixedwith 200mL of ace-
tic acid (pH= 2.64 ± 0.05) and placed in a 1 L conical flask. The mixture
was shaken horizontally for 18 h using a horizontal shaker at 23 ± 3 °C.
The solution was then filtered using a 0.45 μm filter membrane, and the
content of As in the filtrate was determined. The immobilization ratio
(IR) of arsenic can be calculated using Eq. (1):

IR ¼ 1 � CV
M

� �
� 100% (1)

where, C is the As concentration in the leachate, mg/L.
V is the volume of leaching solution, L.
M is the total As content in the samples, mg.

2.2.4. Semi-dynamic leaching
The semi-dynamic leaching test method was performed following the

method described by Irisawa et al. (Irisawa et al., 2022). The sample was
suspended in the center of the leaching solution after curing for 28 days.
Distilled water (with a ratio of 10 mL/cm2 of sample surface area) was
used as the leaching solution. The experiment was conducted at 20 ±
1 °C, and the leachate was collected and replaced at 2 h, 7 h, 1 d, 2 d, 3 d,
4 d, 14 d, 28 d, 43 d, and 91 d. The content of As in the leachate was mea-
sured after filtrating.

The diffusion coefficient (De, cm2/s) was obtained using Eqs. (2) and (3)
(Irisawa et al., 2022).

CFL ¼ 2S
V

ffiffiffiffiffiffiffi
Det
π

r
(2)

De ¼ π
4

V
S

� �2 CFL2

t
(3)

where, CFL was cumulative fraction leached.
V was the samples volume, m3.
S was the samples' surface area, m2.
t was the leaching duration, s.
The leachability index (LI) could be calculated from the cumulative De,

as shown in Eq. (4) (Zhang et al., 2020).

LI ¼ 1
m

� �
∑n¼m
n¼1 − log Deð Þð Þn ð4Þ

where, n was number of leaching cycles, n = 1–10.
m was the total leaching cycle, m = 10.
By analyzing the log(Mt)-log(t) diagram's slope, it is possible to deter-

mine the leaching mechanism of As, as shown in Eq. (5).

log Mtð Þ ¼ 1
2
log tð Þ þ log Q0d

ffiffiffiffiffiffi
De

π

r !
(5)

where, Mt was the cumulative As release, mg/m2.
Q0 was the total amount of As in the sample, mg/kg.
d was the volume density of sample, kg/m3.

2.2.5. Hydration products
After curing for a certain age, the sample was cut into thin slices of

<3 mm, and then soaked in isopropanol (AR, 99.5 %) at a volume ratio of
1:10 for 24 h to terminate the hydration reaction of the sample (Chen
et al., 2014; Snellings et al., 2018; Zhang and Scherer, 2011). After vacuum
filtration, the sample was dried to constant weight in a vacuum drying oven
5

at 45 °C. The dried sample was ground to <74 μm using a mortar for phase
and thermogravimetric testing.

The phase composition of the sample was tested using an X-ray diffrac-
tometer (X-Ray Diffraction, XRD, Shimadzu 7000) with a scanning range of
5–90° 2θ and a scanning speed of 2°/min.

The thermogravimetric analysis of the sample was carried out using a
Netzsch STA409PC thermal analyzer. About 20 mg of the sample was
placed in an alumina crucible, heated from room temperature to 30 °C at
a heating rate of 5 °C/min under a nitrogen atmosphere, held for 30 min,
and then heated to 1000 °C at a heating rate of 15 °C/min to obtain the
TG/DTG curve of the sample.

2.2.6. Compressive strength
The uniaxial compressive strength of the sample was tested after a cer-

tain curing period. After the sample was taken out of the curing box, the
upper and lower surfaces were polished smooth to ensure good contact
with the pressure machine. The test of uniaxial compressive strength was
carried out using a Humboldt HM-5030 pressure machine with a loading
rate of 1 mm/min. Five specimens of each mixture were tested and the av-
erage value was taken as the final compressive strength of the sample.

2.2.7. Pore structure
The pore size distribution was tested using a mercury porosimeter

(Micromeritics' AutoPore IV 9500) in accordance with the ASTM
D4404–18 standard. The maximum working pressure of the instrument is
414 MPa, and the pore size testing range is 3 nm ~ 1000 μm. A small
cube measuring 1 × 1 × 1 cm3 was soaked in isopropanol for 3 days,
and then dried in a vacuum drying oven at 40 °C for 24 h.

2.2.8. Water permeability
The water permeability of the samples was tested using the methods by

(Chindaprasirt et al., 2007). Firstly, a 40 mm-high slice was cut from the
middle of the cylinder samples and dried in a vacuum drying oven for
24 h. After that, a 25mm thick epoxy resin was then attached to the surface
of samples to avoid water leakage. A pressure of 0.2 MPa was used in the
test. The total time and the amount of water were recorded after the perme-
ation rate was constant. Darcy's law was then used to calculate the water
permeability.

2.2.9. Density function theory calculations
The DFT calculation was performed using the CASTEPmodule in Mate-

rials studio 8.0 (Accelrys Inc.). The exchange functional uses PBE-GBA
(Fernández-Martínez et al., 2008). The BFGS algorithm was used to opti-
mize the atomic position (Vanderbilt, 1990). The interaction between elec-
trons was described by ultra-soft pseudopotential (Vanderbilt, 1990). The
convergence thresholds for interatomic force, internal stress and atomic
displacement were set at 0.03 eV∙A−1, 0.05 GPa and 0.001A, respectively.
The convergence threshold of the total energy change and the self-
consistent iteration accuracy were set as 1.0 × 10−5 eV∙atom−1 and
1.0 × 10−6 eV∙ atom−1, respectively. Based on the convergence test, the
cut off energy used in the calculation was 400 eV. 2 × 2 × 1 Monkhorst-
Pack grid was used for sampling in Brillouin region. The adsorption energy
(ΔE) can be calculated via Eq. (6):

ΔE ¼ E surfaceþadsorbateð Þ � Esurface þ Eadsorbate
� �

(6)

where, E surfaceþadsorbateð Þ is the total energy after adsorption, eV; Esurface and
Eadsorbate are the energy of the surface and adsorbate, respectively, eV.

3. Results and discussion

3.1. Sequential extraction procedure

The effect of HNTs and BC on the chemical fractions of As in BAW sam-
ples was shown in Fig. 4. As can be seen from Fig. 4, AW contained a small
amount of water-soluble As, approximately 0.05 %, and its mid acido-



Fig. 4. Influence of HNTs and BC on the chemical fraction of As in BAW.
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soluble fraction was as high as 1.05 %, resulting in a high As leaching
amount.

After preparing cementitious materials using AW as raw material, the
water-soluble As disappeared, and the content of other chemical fractions
of As changed significantly. This was mainly due to a series of chemical
changes that occur during the hydration process of the cementitious mate-
rial. Compared with AW, the mid acido-soluble fraction in the control sam-
ple decreased to about 0.32 %, while the residual fraction increased to
about 92.15 %.

water-soluble fraction (F1), mid acido-soluble fraction (F2), reducible
fraction (F3), oxidizable fraction (F4), residual fraction (F5).

3.2. Leaching characteristics

The effect of HNTs and BC on the leaching concentration and immobili-
zation rate of As was shown in Fig. 5. As shown in Fig. 5a, the leaching con-
centration of As in the control sample was as high as 1.08 mg/L, which far
exceeded the requirement for As leaching amount in GB/T 14848–2017 (<
0.05 mg/L). The corresponding immobilization rate of As was only 50.7 %.

The addition of HNTs significantly reduced the leaching concentration
of As. When 0.5 wt% HNTs was added, the leaching concentration of As
was about 0.19mg/L. Comparedwith the control sample, the leaching con-
centration of As decreased by about 82.4%. Increasing the amount of HNTs
further reduced the leaching concentration of As. At 1.0 wt% of HNTs, the
leaching concentration of As reduced to around 0.15 mg/L, and the immo-
bilization rate achieved approximately 90.9 %. This was related to the fact
that HNTs to a certain extent reduced the content of mid acido-soluble frac-
tion As. However, further increasing the amount of HNTs did not further
improve the immobilization effect of As.

The addition of BC has also reduced the leaching concentration of As to
a certain extent, but the effect of low-dose BCwas not significant. As shown
in Fig. 5, when the BC dosage was <3.0 wt%, it did not significantly affect
the chemical binding state of As. Since the leaching behavior of As was di-
rectly affected by its chemical fraction, the effect of low-dose BC on As
Fig. 5. Influence of HNTs and BC on the leaching concentration of As (a) and the
immobilization ratio (b) in TCLP test.
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leaching was not significant. When the biochar dosage reached 3 wt%,
the leaching concentration of As was reduced to about 0.08 mg/L, which
was about 92.6 % lower than the control sample, and the immobilization
rate of As was about 96.3 %, which was better than the same dosage
of HNTs.

Fig. 6 shows the effect of HNTs and BC on the leaching amount of As in
the samples over time. Overall, the leaching concentration of As in each
sample increased with leaching time. Fig. 6a shows the effect of HNTs on
the leaching concentration of As. The addition of HNTs significantly re-
duced the leaching amount of As in each leaching cycle. In addition,
when the HNTs content exceeded 1.0 wt%, the change in As leaching
amount was not significant, which was consistent with the results of the
TCLP test. Fig. 6b shows the effect of BC on the leaching concentration of
As. Unlike HNTs, low BC content did not significantly affect the leaching
amount of As.

According to the As leaching concentration, a double logarithmic curve
(lg(Mt)-lg(t)) of the total leaching amount of As with leaching time was
drawn, and the results were shown in Fig. 7. The data obtained were fitted
and the results were shown in Table S3. As shown in Table S3, the cumula-
tive leaching total amount (Mt) of the control sample during the entire
leaching period (91d) was approximately 18.34 mg/m2. The introduction
of HNTs and BC reduced the Mt value. Incorporating 0.5 wt%, 1.0 wt%,
and 3.0 wt% of HNTs resulted in Mt values of 8.48 mg/m2, 3.18 mg/m2,
and 2.85mg/m2 for the respective samples, whichwere reduced by approx-
imately 53.76%, 82.66%, and 84.46% comparedwith the control sample.
When 0.5 wt%, 1.0 wt%, and 3.0 wt% of BC were added, the Mt values of
the samples were 15.92 mg/m2, 11.31 mg/m2, and 2.52 mg/m2, respec-
tively, which were reduced by approximately 13.12 %, 38.33 %, and
86.26 % compared with the control sample. This once again proved the in-
hibitory effect of HNTs and BC on As leaching.

According to the study by Van der Sloot H., the slope of the lg(Mt)-lg(t)
diagram can be used to determine the leachingmechanismof elements (van
der Sloot and de Groot, 1990). If the slope is close to 0.5, then the leaching
mechanism of the element is diffusion. If the slope is close to 0, then the
leaching mechanism is surface wash-off, and if the slope is close to 1,
then the leaching is controlled by dissolution (van der Sloot and de Groot,
1990). As shown in Table S5, the slope of the log(Mt)-log(t) curve for all
samples was close to 0.5, indicating that the release mechanism of As
from BAW under these conditions was controlled by diffusion. This is con-
sistent with the results of the previous studies by Zhang et al. (2020) and
Gao et al. (2020), who used steel slag-based cementitiousmaterials to solid-
ify As-containing waste residues and studied the semi-dynamic leaching
characteristics of As and found that the leaching of As was controlled by
the diffusion.

Fig. 8 showed the CFL-t12 relationship, and after fitting the data, a linear
relationship was found between the two variables. The fitting parameters
were shown in Table S4. The diffusion coefficient (De) of As was also
calculated and was presented in Table S4. From Table S4, the diffusion



Fig. 6. The influence of HNTs and BC on the As leaching concentration from BAW with time: the influence of HNTs (a) and BC (b).
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coefficient of As in BAW samples ranged between 10−15 and 10−16 cm2/s.
Based on the reports byMalviya and Chaudhary (2006), when the diffusion
coefficient is <3 × 10−9 cm2/s, the activity of harmful elements in the
solidified material is low and can be applied in certain scenarios for the
solidification of harmful elements, such as roadbeds, landfill sites, and
quarry restoration. Under these conditions, the environmental risk value
is within an acceptable range. Therefore, from this point of view, all tested
samples met the relevant environmental requirements. In addition, as
shown in Table S4, the diffusion coefficient of As in the control sample
was the highest, about 6.58× 10−15 cm2/s, indicating the highest activity
of As in it, which corresponds to the experimental results of higher As
leaching in the control sample. Among the samples with HNTs and BC,
BC3 had the lowest diffusion coefficient of As, about 1.24 × 10−16 cm2/s.

The leaching index (LI) of As in the samples was calculated, and the re-
sults were shown in Table S4. If the leaching index is >9, the solidification
process is considered effective (Zhang et al., 2020). According to Table S4,
the leaching index values were approximately between 14 and 16, indicat-
ing that the solidification of As in BAW was effective. The leaching index
values increased upon adding HNTs and BC, indicating that the immobili-
zation capacity of BAW on As was improved. Thus, it can be inferred that
the presence of HNTs and BC strengthened the solidification effect of
BAW on As by reducing As's diffusion coefficient during the BAW leaching
process.
Fig. 7. The influence of HNTs and BC on the cumulative mass release of As from
BAW.
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3.3. Compressive strength

The effect of HNTs and BC on the compressive strength of BAW samples
is shown in Fig. 9. As can be seen from Fig. 9, the addition of HNTs did not
cause a significant impact on the compressive strength of BAW at 3d and
28d. A slight increase in compressive strength was observed for the lower
content of HNTs, but when the content of HNTs reached 3.0 wt%, the com-
pressive strength of BAW samples decreased slightly at 3d and 28d.

A small amount of BC slightly increased the early strength of BAW.
Compared with the control sample, the compressive strength of BAW in-
creased by about 9.36 % and 11.78 % at 0.5 wt% and 1 wt% biomass
char content, respectively, after 3 days. After 28 days of curing, the com-
pressive strength of BAW increased by about 3.38 % and 5.41 % at the
same BC content, consistent with previous studies (Legan et al., 2022).
Gupta et al. (2018) found that adding BC could significantly increase the
compressive strength of samples. Thefine particles in BC could act as nucle-
ating agents for early hydration gel formation, promoting the reaction; fur-
thermore, BC could also help to increase the density of the cured sample,
and the synergistic effect of both promoted the strength growth of BAW
samples.

However, as shown in Fig. 9, high content of BC (3.0 wt%) significantly
reduced its early compressive strength. Compared with the control sample,
the compressive strength of BAW decreased by about 30 % at 3.0 wt% BC
content after 3 days. This is similar to the research results of Qin et al.
(2021), which found that the compressive strength of the sample decreased
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Fig. 9. The influence of chemical additives on the compressive strength of BAW.

Fig. 10. TG analysis of the BAWsamples after curing for 3 days (a-d) and 28 days (e-h).
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when the BC content exceeded 0.65 wt%. This is likely due to excessive BC
aggregation that hindered the reaction. Although the addition of 3.0 wt
% BC significantly reduced the leaching concentration of As in BAW, its
low early strength is likely to limit the practice utilization of BAW, at the
same time, increasing the amount of BC will increase the BAW cost. There-
fore, BC is seemed to unsuitable as an additive to optimize the solidification
effect of As in BAW.

3.4. Reaction products

The influence of HNTs and BC on the products of BAW hydration reac-
tion was shown in Figs. 10 and 11. Fig. 10 presents the TG results of the ef-
fects of HNTs and BC on the reaction products of BAWhydration after 3 and
28 days. It is found that the reaction products mainly consist of C-(A)-S-H,
ettringite, and residual gypsum. Compared with the control sample, the ad-
dition of HNTs and a small amount of BC slightly increased the peak inten-
sity around 130 °C in the DTG curve, indicating an increase in the
generation of C-(A)-S-H and ettringite. This is consistent with the phenom-
enon of the early compressive strength increase of BAW samples with the
addition of HNTs and a small amount of BC.

However, when the amount of BC reached 3 wt%, as shown in Fig. 10c
and d, the generation of reaction products seemed to be significantly
inhibited. The peak intensity around 130 °C in the DTG curve decreased sig-
nificantly, indicating the inhibition of the generation of C-(A)-S-H and
ettringite. At the same time, the peak intensity around 150 °C increased sig-
nificantly, indicating an increase in the residual amount of gypsum. These
results are consistent with the lower early strength of sample BC3. Obvi-
ously, a large amount of BC inhibited the progress of the reaction, hindered
the formation of reaction gel, and thus reduced the early strength of the
sample. After curing for 28 days, as shown in Fig. 10e-h, the addition of
HNTs and BC did not have a significant effect on the production of hydra-
tion products.

Fig. 11 shows the XRD analysis results of the hydration products of BAW
after 28 days of reaction. As shown in Fig. 11, similar to the results of TG
analysis, the reaction products were mainly C-(A)-S-H and ettringite, with
a small amount of residual gypsum. In addition, the addition of HNTs and
BC did not change the phase composition of the BAW reaction products.

3.5. Microstructure

SEM results of the hydrated binders after curing for 28 days were shown
in Fig. 12. It can be seen from Fig. 12a~c that there were many rodlike and
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irregular shape gels, which could be identified as ettringite and C-(A)-S-H,
respectively, in line with the XRD and TG results. According to Fig. 12d~f
and g~ i, the addition of HNTs and BC did not strongly change the reaction
gels. Needle-like HNTs could be found to distribute in the matrix, which
served as fillers and favored a more compact structure, contributing to a
better immobilization capacity.

4. Further discussion

4.1. Comparation between HNTs and BC

As has been discussed above, comparedwith the control sample, the ad-
dition of HNTs and BC slightly reduced the content of mid acido-soluble
fraction, indicating that some Asmay be adsorbed byHNTs and BC, thereby
reducing its activity. Among the chemical fractions of hazardous elements,
water-soluble and mid acido-soluble fraction are more active and easily
leached. In contrast, the residual fraction of hazardous elements has the
highest “inertness” and better stability. Therefore, after being prepared
into cementitious materials, the stability of As was enhanced.

Clay minerals are mainly layered silicate minerals, which are mainly
distributed in soil and sediments. Common clay minerals include kaolinite,
montmorillonite, illite, and chlorite. The layered silicate structure of clay



Fig. 11. XRD analysis of the BAW samples influenced by HNTs (a) and BC (b) after curing for 28 days.

Fig. 12. SEM analysis of the BAW samples after curing for 28 days: (a ~ c) Control, (d ~ f) HNTs1, (h ~ i) BC.
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Fig. 13. Structure of HNTs.
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minerals is mainly composed of Si\\O tetrahedra and Al\\O octahedra. Ac-
cording to the ratio of the two, clay minerals can be divided into 1:1 type
and 1:2 type, among which kaolinite is a 1:1 type silicate mineral. HNTs
are a kind of natural nanoscale clay mineral with a tubular structure. It
can be regarded as a special kind of kaolinite with a structural formula of
Al2(OH)4Si2O5·nH2O, where n = 1–2. The outer surface of the tubular
structure of HNTs is composed of Si\\O groups, and the Al\\O groups are
located on the inner surface of its nanotube cavity, as shown in Fig. 13.
Compared with Si\\O, the Al\\O on its inner surface has higher chemical
activity. Considering the special structure of HNTs, in the present work, it
is believed that part of the As species could be adsorbed by HNTs, and
then decreased its leaching amount.

Biochar is a type of biomass generated by anaerobic decomposition or
incomplete combustion of carbon-rich materials such as agricultural
waste (straw, rice straw, and rice husk, etc.), municipal solid waste, and
livestock waste (Wang et al., 2012). Due to its high specific surface area,
high porosity, and surface-enriched active groups such as -COOH, -OH,
and C_O, biochar has been widely used in soil improvement, restoration
of heavy metal-polluted soil, and other fields. Previous studies have found
that biochar can alter the distribution and forms of heavymetals in contam-
inated soil, increase the stability of heavy metals, and thus have a good im-
mobilization effect on heavy metals. Fan (2020) found that under certain
conditions, biochar can reduce the adsorption of As by soil particles and
promote the effectiveness of As in soil, which has a certain influence on
the migration ability of As in soil environment. Ni (2015) studied the fixa-
tion effects of different biochars on lead and As and found that corn char
had a certain adsorption and immobilization effect on As, but iron-loaded
corn char had a better immobilization effect on As, which was 13 times
that of corn char. The adsorption mechanism of biochar on As can be ex-
plained by Fig. 14. On the one hand, the surface functional groups of
Fig. 14. The immobilization mechanism of As by BC.
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biochar can form complexes and hydrogen bonds with As species. On the
other hand, the oxygen-containing functional groups (such as phenol-OH,
C_OH, etc.) on the surface of biochar can act as electron acceptors to oxi-
dize trivalent As into pentavalent As (Sharma et al., 2022). Since trivalent
As has higher activity and toxicity than pentavalent As, this reduces the tox-
icity and activity of As.

Although higher amount of BC could effectively increase the As immo-
bilization capacity of BAW, the presence of excess BC strongly decreased
the compressive strength of BAW especially at the early curing ages
(Fig. 9). As a result, BC is not suitable to be used in this situation.

The decrease in compressive of BAW caused by BC could be attributed
to the restriction of BC on the binder hydration. During the reaction process
of BAW, under the attacking of the alkaline environment, the elements such
as Si and Al in slag are leached out, while the SO4

2− in AWbegins to release
and generates gel materials mainly composed of C-(A)-S-H and ettringite
(Fig. 15). Therefore, the leaching rate of Si, Al, and SO4

2−, that is, the disso-
lution rate of BFS and AW, plays a crucial role in the progress of the reac-
tion. BC is rich in hydroxyl groups (-OH) on its surface, which
aggregate on the surface of reactant particles to form hydrogen bonds and
connect with each other through water molecules to form hydrophilic
groups (Huang et al., 2019). These hydrophilic groups form a stable
water film that hinders the dissolution of raw materials and thus inhibits
the progress of the reaction. The greater the amount of BC, the thicker the
water film, and the more obvious the inhibitory effect on the reaction. In
this experiment, the addition of 3.0 wt% of BC may lead to the formation
of a dense water film on the surface of BFS and AW, hindering the progress
of the reaction and inhibiting the production of reaction products. The com-
pressive strength evolution of BAW was then limited.

4.2. The chemical stabilization effects of HNTs

DFT calculation was used in the present work to explain the chemical
stabilization effects of HNTs on As. In the present work, H3AsO3 and
H4AsO4 were used to represent the As(III) and As(V) species. The modes
of the surface and As species used for the calculation were shown in
Fig. S3. According to the difference of O atom in the Al-OH surface, there
are four types of adsorption modes for both As(III) and As(V) species, as
shown in Fig. 16. The calculated adsorption energy was also shown in
Fig. 16. It can be seen from Fig. 16 that all the adsorption energieswere neg-
ative values, ranging from −0.63 ~ −1.68 eV for As(III) species,
and − 0.98 ~ −1.63 eV for As(V) species, suggesting that both As(III)
and As(V) species could be adsorbed on the surface of HNTs surface
through the formation of surface H-bonds. As a result, one of the reasons
for the decrease in the As leaching concentration fromBAW in the presence
of HNTs could be attributed to the adsorption of As species onto the surface
of HNTs.

4.3. The physical encapsulation effects of HNTs

Fig. 17 shows the effect of HNTs on the pore structure of BAW. As
shown in Fig. 17a, the pores of BAW are mainly distributed between
3–100 nm, and the presence of HNTs had a significant impact on the pore
structure. As shown in Fig. 17b and Table 1, adding HNTs reduced the cu-
mulative pore area (CPA) of BAW. When adding 0.5 wt%, 1.0 wt%, and
3.0 wt% HNTs, the CPA value of BAW was reduced to 87.61 m2/g,
82.38 m2/g, and 79.81 m2/g, respectively, with reductions of about
25.34 %, 29.81 %, and 32.00 %.

HNTs optimized the pore structure of the BAW, reduce the porosity, and
thus lower the leaching of As. Therefore, the physical aspects of HNTs on As
immobilization effects of BAW was related to the optimization of the pore
structure achieved through physical filling, which made the entire matrix
denser. In addition, as explored in Section 3.2, the leaching of As was con-
trolled by diffusion, which is the mass transfer from the matrix to the exter-
nal solution, and largely depends on the porosity of the matrix (Tang et al.,
2020). Therefore, the reduction of CPA weakens the diffusion ability of As,
thereby enhancing the immobilization capacity of BAW.



Fig. 15. Reaction mechanism of BAW.
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5. Conclusion

The present work explored the feasibility of using halloysite nanotubes
and biochar to modify the As immobilization capacity of a binder prepared
from AW through experiments and DFT calculations. Based on the results,
the following conclusions can be drawn:

(1) The addition of both HNTs and BC could increase the immobilization
capacity of BAW for As species. The effect of BC only was observed in
its high dosage, reaching 3 wt%, however, high amount of BC strongly
Fig. 16. Adsorption of arsenic species onto the su
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decreased the early age strength of BAW. By contrast, the addition of
HNTs did not lead to significant changes on the strength development
of BAW.

(2) Based on the DFT calculation results, the chemical effects of HNTs on
As immobilization were the adsorption of As species onto the surface
of HNTs through the formation of H-bonds.

(3) The physical encapsulation effects of BAW on As species increased due
to the addition of HNTs. This was because the pore structure of BAW
became more refined through the filling effects of HNTs particles, re-
sulting in a denser matrix.
rface of HNTs: (a ~ d) As(III), (e ~ f) As(V).



Fig. 17. The influence of chemical additives on the pore structure of BAW at 28 days: (a) pore size distribution, (b) total pore area.

Table 1
Total pore area (CPA) of BAW after curing for 28 days (m2/g).

Samples Control HNTs-0.5 HNTs-1 HNTs-3

CPA 117.36 87.61 82.38 79.81
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