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A B S T R A C T   

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 ferric/ferrous salts. The study investi-
gated the chemical fractions of As and its leaching characteristics. Results indicated that the addition of ferric/ 
ferrous salts significantly reduced the mid acido-soluble fraction of As, resulting in decreased As leaching. Among 
the four ferric/ferrous salts studied, ferrous sulfate (FeS2) performed the best, with only 0.5 wt% of FeS2 
achieving satisfactory results. The influence of ferric/ferrous salts on the strength development and reaction 
products were also investigated. Although the incorporation of ferric/ferrous salts reduced As leaching, it also 
decreased the early age compressive strength of BAW. Ferric salts had a more significant impact on the strength 
evolution. In addition, the mechanism of Fe species on As stability using density function theory calculation was 
explored. Results suggested that As species could be adsorbed on the surface of Fe species through strong co-
valent bonds. Overall, the study demonstrated that modifying BAW using ferric/ferrous salts could effectively 
reduce As leaching. However, the decrease in strength especially at the early ages must be taken into consid-
eration when using this method.   

1. Introduction 

Arsenic (As) has been identified by the World Health Organization as 
a human carcinogen and is often found in association with other non- 
ferrous metals such as lead, zinc, nickel, tin, and cobalt. In As- 
containing ores, valuable elements typically exist in the form of micro- 
scale inclusions combined with the crystal structure of As-bearing 
minerals, resulting in lower recovery rates [1]. Therefore, 
pre-treatment is generally required for the extraction of valuable ele-
ments in some As-containing ores [2]. The biohydrometallurgy method 
is the most commonly used method for treating As-containing ores, 
which was first used in the 1950 s [3–5]. Microorganisms act as catalysts 
in this process. Arsenic is dissolved and released into the solution during 

this process [6]. The ores pretreated with biohydrometallurgy can be 
further processed using cyanide or other methods. However, the treat-
ment of As-containing ores through biohydrometallurgy produces a 
large amount of As-containing acidic wastewater (AAW), which can 
cause serious environmental pollution [7]. 

In addition, during the pyrometallurgical smelting process of non- 
ferrous metals (such as copper, nickel, lead, zinc, tin, etc.), some As 
elements enter into the sulfur dioxide flue gas in the form of smoke, and 
are then removed by gravity dust collection or electrostatic dust 
collection; another part of the As is removed through the washing and 
purification of the flue gas before the acid production of the flue gas, 
which leads to As entering into the washing wastewater, eventually 
forming a large amount of AAW. According to statistics, China 

Abbreviation: BAW, A binder prepared from As-containing biohydrometallurgy waste; AS, Aluminum sulfate; AAW, As-containing acidic wastewater; AW, As- 
containing biohydrometallurgy waste; BFS, Blast furnace slag; CS, Carbide slag; CFL, Cumulative leaching fraction; De, Diffusion coefficient; DFT, Density function 
theory; DOS, Density of states; FeC3, Ferric chloride; FeS3, Ferric sulfate; FeC2, Ferrous chloride; FeS2, Ferrous sulfate; IR, Immobilization ratio; ICP-OES, Inductively 
coupled plasma optical emission spectrometer; LI, Leaching index; OPC, Ordinary Portland cement; PDOS, Partial density of states; TCLP, Toxicity characteristic 
leaching procedure; TG, Thermogravimetric; XRD, X-ray Diffraction. 
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discharges as much as 12 million cubic meters of AAW each year from 
copper smelting alone [8]. 

Due to the strong acidity (H2SO4 content can reach 10–80 g/L) and 
high As content (4–30 g/L) of AAW [9], it cannot be discharged or 
directly utilized. Therefore, the treatment of AAW has aroused world-
wide attention. Due to its simplicity and low cost, the most widely used 
method for industrial treatment of AAW is lime/calcite-ferrate process 
[10]. The main reagents used in neutralization precipitation are 

limestone or lime, and the residue after neutralization is mainly treated 
by stacking after pressure filtration, which leads to the generation of a 
large amount of As-containing biohydrometallurgy waste (AW) [11]. 
Statistics show that when treating 1 m3 of AAW using the 
lime/calcite-ferrate method, about 70 kg of AW will be produced [12]. 
Due to the instability of AW, As is easily leached out, causing secondary 
pollution [13]. Therefore, the safe and rational disposal of AW has 
attracted widespread attention. 

Table 1 
Chemical composition of the raw materials (wt%).  

Materials CaO MgO SiO2 Al2O3 Fe2O3 SO3 K2O As2O3 

AW  28.34  1.90  3.61  1.14  12.76  15.53  0.33 1.48 
BFS  38.71  8.90  29.92  16.62  0.37  0.85  0.32 / 
CS  95.12  0.38  2.73  0.91  0.60  0.04  0.13 / 
OPC  57.20  4.79  21.65  5.84  1.77  0.79  0.09 /  

Fig. 1. XRD patterns for As-containing biohydrometallurgy waste (a), blast furnace slag (c) and carbide slag (e), particle size distribution for As-containing bio-
hydrometallurgy waste (b), blast furnace slag (d) and carbide slag (f). 
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Currently, the main methods for the treatment of AW include so-
lidification using cement [14], stabilization using nano-materials [10], 
hydrothermal treatment [15], preparation of gypsum[16], and soil 
amendments [17]. Although these treatment methods can reduce the 
harm of AW to a certain extent, they generally have drawbacks such as 
low utilization rate, high treatment cost, and poor volume reduction 
effect. Treating hazardous materials by cementitous materials is another 
feasible strategy to reduce their harm to the environment; the hazardous 
materials commonly mixed with a binder and formed a hard matrix, 
which could limit the hazardous elements leaching [18,19]. Bah et al. 
immobilized As using fly ash and mine tailings-based geopolymers, and 
the results showed that calcite and calcium silicate hydroxide contrib-
uted to immobilizing AsV[20]; the geopolymers could be further used as 
construction materials after arsenic immobilizing [20]. The influence of 
Si/Al molar ration on the As immobilization effects was investigated by 
Tian et al., and the percentages of As leaching increased with the in-
crease of the Si/Al ratio [21]. If AW could be used as a raw material for 
binder production, it is expected to realize ‘self-immobilization’ effects. 
Because of its high concentration of calcium sulfate, AW has the po-
tential to be utilized in the production of super sulfated cement (SSC), 
which is viewed as a viable substitute for OPC because of its economical 
and eco-friendly attributes [22]. In previous research, we successfully 
prepared a binder using AW as the main raw material [23–25]. Duo to 
the As containing characteristics, the immobilization capacity of As in 
the prepared binder is a crucial consideration. Generally, the immobi-
lization effects of a binder for hazardous elements are related to both 
physical and chemical parameters. The physical aspects refer to encap-
sulation of hazardous elements into a compact structure. The solidified 
cementitious materials are more compact, with reduced permeability, 
thereby inhibiting the diffusion of hazardous elements [26]. On the 
chemical side, hazardous elements can react with the components in 
cementitious materials to produce relatively insoluble, low-toxicity 
substances [27,28]. For example, studies have shown that Cr(VI) can 
react with Ca2+ in the cementitious reaction system to form calcium 
chromate precipitation, thereby reducing its leaching concentration 
[29]. On the other hand, the gels produced during the binders reaction 
can have a chemical stabilizing effect on hazardous elements (surface 

adsorption and/or ion substitution). The amount of reaction gels 
generated during the reaction can also directly affect the physical 
encapsulation effect of the solidified matrix on hazardous elements. 

It has been reported that iron (Fe) species has strong immobilization 
capacity to As [30,31]. Currently, different types of solid wastes con-
taining As have been effectively immobilized using Fe salts. These solid 
wastes include arsenic-alkali residue, non-ferrous metal tailings, and red 
mud [32–34]. Several studies have shown that the primary mechanism 
of stabilization involves the adsorption and co-precipitation of As by 
iron (hydr)oxides [35]. Sun et al. [10] treated AW by combining the 
addition of nano zero valent iron (nZVI) with hydrothermal treatment. 
As was immobilized in the form of hexagonal arsenic calcium. Under 
optimal conditions (nZVI dosage of 0.1 g/g of AW, hydrothermal 
treatment at 150 ◦C for 12 h), the leaching concentration of As decreased 
from 22.4 mg/L to 0.015 mg/L. 

Inspired by previous research, we optimized and modified the sta-
bility of As in BAW by using ferric/ferrous salts. However, unlike pre-
vious studies, the addition of ferric/ferrous salts not only changes the 
chemical fractions of As in BAW but also interferes with the hydration 
reaction of BAW, thereby affecting the As immobilization capacity of 
BAW. Therefore, we believe that it is necessary to conduct in-depth 
research on this issue. In the present work, four ferric/ferrous salts 
were used to modify the immobilization effects of BAW on As. The 
chemical fraction of As and its leaching characteristics were studied via 
TCLP and semi-dynamic leaching. At the same time, the influence of 
ferric/ferrous salts on the strength development and reaction products 
was also investigated. Additionally, the mechanism of Fe species on As 
stability was explored via density function theory (DFT) calculation. 

2. Materials and methods 

2.1. Materials 

The raw materials used in this experiment included As-containing 
biohydrometallurgy waste (AW), blast furnace slag (BFS), ordinary 
Portland cement (OPC), carbide slag (CS), aluminum sulfate (AlS), 
ferrous sulfate (FeSO4⋅7 H2O, FeS2), ferric sulfate (Fe2(SO4)3⋅5 H2O, 

Fig. 2. Sequential extraction test.  
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FeS3), ferrous chloride (FeCl2⋅4 H2O, FeC2) and ferric chloride (FeCl3, 
FeC3). All test reagents were purchased from Sinopharm Group Chem-
ical Reagent Co., LTD., and they were analytical reagents. 

AW was collected from a gold mine located at Fecheng, China, and its 
chemical composition of AW was shown in Table 1. As can be seen from 
Table 1, its chemical components were mainly CaO, SO3 and Fe2O3, 
accounting for more than 76 wt% of the total. CaO had the highest 
content of about 28 wt%, mainly due to the addition of calcite/quick 
lime to neutralize the acidity of As-containing acidic wastewater. In 
addition, the content of As2O3 in AW was as high as 1.48 wt%, which 
was easy to leach and cause environmental pollution. 

The phase composition of AW was shown in Fig. 1a. The main phase 
was hemihydrate, followed by a small amount of dihydrate and anhy-
drate, which were produced as a result of chemical reactions during the 
treatment of AAW, as shown in Eq. (1)~(3) [36]. 

Fe2(SO4)3 + H3AsO4 + CaCO3 + H2O = FeOOH + CaSO4
+FeAsO4 + 2H2SO4 + CO2# (1)  

H2SO4 + CaCO3 = CaSO4 + CO2 + H2O# (2)  

H2SO4 + Ca(OH)2 = CaSO4 + 2H2O# (3) 

BFS was provided by Shandong Panlongshan Material Co., LTD and 
its chemical composition was shown in Table 1. Fig. 1c shows the phase 
composition of BFS, which consisted mainly of an amorphous phase with 
only a small amount of gehlenite. The particle size distribution curve of 
BFS was shown in Fig. 1d, with d10, d50 and d90 values of 1.88 µm, 
11.20 µm and 31.30 µm, respectively. Additionally, the specific surface 
area of BFS was about 435 m2/kg. Cement was produced by CR Cement 
Co., LTD., and its chemical components were shown in Table 1. 

CS was provided by Xinyu Material Company of Lingshou County, 
and its chemical components were shown in Table 1, which shows that 
CS was mainly composed of CaO, with a content exceeding 95 wt%. The 
phase composition and particle size distribution of CS were shown in 
Fig. 1e and f. According to Fig. 1e, portlandite was the main component 
in CS. Besides, the content of particles smaller than 74 µm in CS was 
about 78% (Fig. 1f). 

2.2. Methods 

2.2.1. Sample preparation 
The mix proportion for the preparation of binder prepared from AW 

(BAW) were shown in Table S1. The raw materials were dry mixed for 
2 min and then water was added to the mixture. The slurry was blended 
for an additional 5 min to ensure even mixing. A portion of the slurry 
was injected into a cylindrical mold (50 mm × 100 mm) while the rest 
was injected into a centrifugal tube (5 mL). 

The samples were then placed in a curing box and cured at 20 ± 1 ◦C 
and 95% relative humidity until they reached the predetermined ages. 
The 50 mm × 100 mm cylindrical specimens were mainly used to test 
the uniaxial compressive strength and leaching characteristics of As, 
while the samples in the 5 mL centrifugal tube were used to test the 
phase composition and microstructure. 

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

extraction procedure according to the methods in GBT 25282–2010. The 
test procedure was shown in Fig. 2. 

2.2.3. Toxicity characteristic leaching procedure 
The total amount of harmful elements in the sample was determined 

by HNO3-HF-HCl digestion method. 0.2 g sample was mixed with 6 mL 
HNO3, 2 mL HCl and 2 mL HF, then the mixed solution was placed in a 
microwave digestion instrument for digestion at 140 ℃. After cooling, 
the solution was filtered using a 0.45 µm membrane filter, and induc-
tively coupled plasma optical emission spectrometer (ICP-OES) was used 

to measure the element concentration. 
Toxicity characteristic leaching procedure (TCLP) was conducted 

according to the methods in GB HJT 300–2007. 10 g ± 0.1 g sample was 
mixed with 200 mL acetic acid solution（pH = 2.64 ± 0.05）in a 1 L 
conical flask. The mixture was shocked for 18 h at 23 ± 3 ℃ using a 
horizontal oscillator. After that, the solution was filtered by 0.45 µm 
membrane filter to determine the content of As in the filtrate using ICP- 
OES. 

The immobilization ratio (IR) could be calculated according to Eq. 
(4). 

IR =

(

1 −
CV
M

)

× 100%# (4)  

where, C was the concentration of As in the leaching solution, mg/L. 
V was the volume of the leaching solution, L. 
M was the total amount of As in the sample, mg. 

2.2.4. Semi-dynamic leaching 
Semi-dynamic leaching test was performed according to the methods 

by Irisawa [37]. The sample (3 cm ϕ × 3 cm H, cured after 28 d, with a 
surface area of about 42 cm2) was hanged at the center of the solution 
using a nylon cord to ensure full contact. Distilled water (about 420 mL) 
was used as the extraction solution and the test was conducted at 20 
± 1 ◦C. The leaching solution was collected at 2 h, 7 h, 1d, 2d, 3d, 4d, 
14d, 28d, 43d and 91d, and then measured the As concentration. 

The diffusion coefficient (De, cm2/s) was obtained using Eqs. (2) and 
(3) [37]. 

CFL =
2S
V

̅̅̅̅̅̅̅
Det
π

√

# (5)  

De =
π
4

(
V
S

)2CFL2

t
# (6)  

where, 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) [38]. 

LI =
(

1
m

)
∑n=m

n=1
( − lg(De) )n# (7)  

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

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

lg(Mt) =
1
2

lg(t) + log

(

Q0d
̅̅̅̅̅̅
De

π

√ )

# (8)  

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 to slices of < 3 mm. 

They were then mixed with isopropyl alcohol (AR, 99.5%) at a volume 
ratio of 1:10 and soaked for 24 h to terminate the hydration of the 
sample [39–41]. After vacuum filtration, the samples were placed in a 
vacuum drying oven at 45 ◦C and dried to a constant weight. The dried 
sample was ground in a mortar to < 74 µm. 

The phase composition of the sample was tested by X-Ray Diffraction 
(XRD, Shimadzu 7000) using a scanning range of 5–90◦ 2θ with a 
scanning velocity of 2◦/min. 

The thermogravimetric (TG) test of the samples was carried out by 
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the STA409PC thermal analyzer. About 20 mg samples were put into an 
alumina crucible and heated from room temperature to 30 ◦C at a 
heating rate of 5 ◦C/min under nitrogen atmosphere. After holding for 
30 min, the samples were heated to 1000 ◦C at a heating rate of 15 ◦C/ 
min to obtain the TG/DTG curve of the samples. 

2.2.6. Compressive strength 
The compressive strength of the sample was tested after curing for a 

certain age. After the sample was removed from the curing box, the 
upper and lower surfaces were polished smooth for good contact with 
the press. The compressive strength was tested by Humboldt HM-5030 
press with a pressure loading speed of 1 mm/min. Five specimens 
were repeatedly tested for each proportion of samples, and the average 
value was taken as the final compressive strength of the sample. 

2.2.7. Pore structure 
The pore size distribution was measured by Micromeritics’ AutoPore 

IV 9500 according to ASTM D4404–18. The maximum working pressure 
was 414 MPa and the pore size was measured in the range of 
3–1000 µm. Before testing, 1 × 1 × 1 cm3 pieces were soaked in iso-
propyl alcohol for 3 days and dried in a vacuum drying box at 40 ◦C for 
24 h. 

2.2.8. Density function theory calculations 
The model of FeOOH was used in the present work, as shown in  

Fig. 3a, and the cell parameters before and after geometric optimization 
are shown in Table S2. (001) surface is generally considered as a natural 
cleavage surface [42], and its surface contains a large amount of un-
saturated Fe, which is conducive to the occurrence of adsorption. 
Therefore, FeOOH (001) surface was selected for calculation in this 
simulation, and a 20 Å vacuum layer was added on its surface along the 

Fig. 3. Crystal structure of FeOOH (a) and FeOOH (001) (b, c), where (c) is top view.  

Fig. 4. Influence of ferric/ferrous salt on the chemical fraction of As in BAW: water-soluble fraction (F1), mid acido-soluble fraction (F2), reducible fraction (F3), 
oxidizable fraction (F4), residual fraction (F5). 
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Fig. 5. Influence of ferric/ferrous salt on the leaching concentration of As (a, c) and the immobilization ratio (b, d).  

Fig. 6. The influence of ferric/ferrous salt on the As leaching concentration from BAW.  
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c-axis, as shown in Fig. 3b and c. The final model size used for calcu-
lation was 9.16 Å × 19.42 Å × 25 Å. In addition, Na+ was added to the 
system to balance the charge when simulating the interaction of 
AsO4

3-/AsO3
3- with FeOOH (001) surface. 

(Note: red, blue grey and white atoms refer to O, Fe and H). 
The DFT calculation was performed using the CASTEP module in 

Materials studio 8.0 (Accelrys Inc.). The exchange functional uses PBE- 
GBA [43]. The BFGS algorithm was used to optimize the atomic position 
[44]. The interaction between electrons was described by ultra-soft 
pseudopotential [44]. The convergence thresholds for interatomic 
force, internal stress and atomic displacement were set at 0.03 eV•A− 1, 
0.05 GPa and 0.001 A, 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. In the calculation of FeOOH cell geometry optimization, 
5 × 3 × 9 was used for sampling in Brillouin region, while in the 
calculation of FeOOH (001), Γ point was used to balance calculation 
amount and efficiency. 

3. Results and discussion 

3.1. Sequential extraction procedure 

The addition of FeS2 and FeS3 to BAW had an impact on the 
chemical fractions of As, as shown in Fig. 4a and b. Compared to the 
control sample, both FeS2 and FeS3 reduced the content of F2, with FeS2 
showing better results. Fig. 4b demonstrates that the content of F2 
decreased as the dosage of FeS2 increased, while FeS3 had no significant 
effect. This change in chemical fractions was mainly due to the addition 
of Fe species forming a stable Fe-As complex, reducing the activity of As 
[45]. 

The effects of FeC2 and FeC3 on the chemical fractions of As in BAW 
were less significant than those of FeS2 and FeS3, as shown in Fig. 4c and 
d. Adding ferric/ferrous salts interfered with the hydration reaction 
process of the cementing material, affecting the type and amount of 
reaction products, which ultimately influenced the chemical fractions of 
As. 

3.2. Leaching characteristics 

The effect of FeS2 and FeS3 on the immobilization effects of As in 
BAW was investigated via TCLP and the results were presented in Fig. 5a 
and b. The As leaching amounts in BAW were found to be 0.051 mg/L, 
0.023 mg/L, and 0.039 mg/L at the content of FeS2 of 0.5 wt%, 1 wt%, 
and 3 wt%, respectively, with corresponding As immobilization rates of 
97.67%, 98.95%, and 98.22%. The immobilization rates of FeS3 on As in 
BAW were slightly weaker, consistent with the results of chemical 
fractions of As in Fig. 4a and b. 

Previous studies have demonstrated the excellent immobilization 
capacity of Fe species for As [30]. In BAW, As mainly existed in the form 
of Ca-As, S-As, and Fe-As complexes. Due to the presence of a large 
amount of Ca in the reaction system, the free As combined with Ca to 
produce more Ca-As complexes, which had low stability and was easily 
leached during the TCLP test. FeS2 acted as an oxidant to disrupt the 
Ca/S-As complex and promoted the transformation of unstable Ca-As 
and S-As complexes to more stable Fe-As complexes, enhancing the 
immobilization capacity of As. However, the effect of FeS3 on the 
immobilization capacity of As was not as good as that of FeS2, likely due 
to its weak ability to promote the transformation of Ca/S-As complex to 
Fe-As complex through the co-precipitation of As by iron (hydr)oxides 
[46]. Higher ferric/ferrous salt content, such as 3 wt%, did not produce 
better results than the lower content, possibly due to the incorporation 
of excess SO4

2-, resulting in the formation of excessive ettringite gel and 

Fig. 7. The influence of ferric/ferrous salt on the cumulative mass release of As from BAW.  

Fig. 8. The plot of t1/2-CFL：influence by FeS2 and FeS3 (a), FeC2 and FeC3 (b).  
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causing damaging expansion of BAW. 
Fig. 6 showed that the addition of ferric/ferrous salt did not change 

the leaching characteristics of As over time, which showed an increasing 
trend with the leaching time. However, the addition of ferric/ferrous salt 
reduced the leaching concentration of As. The main reason was that the 
incorporation of ferric/ferrous salt changed the chemical fractions of As 
and improved its stability. Fig. 6 also showed that FeS2 had the most 
significant reduction in As leaching, while FeC2 had the least effect. The 
lg(Mt)-lg(t) curves (Fig. 7) showed a linear relationship between Mt and 
t, with fitting results (Mt, slope, and R2) presented in Table S3. 

Table S3 presents the relationship between the content of ferric/ 
ferrous salt and the total amount of As leaching. The results indicate that 
there is no absolute linear relationship between them, which is consis-
tent with the results of TCLP. This is because the synergistic effect of 
ferric/ferrous salt on the immobilization effect of As and the interven-
tion of BAW hydration reaction creates a certain dynamic balance be-
tween them. When the dosage of FeS2 was 0.5 wt%, 1 wt% and 3 wt%, 
the total amount of As leaching in the sample was 1.57 mg/m2, 
0.35 mg/m2, and 0.84 mg/m2, respectively. The reduction in the total 
amount of As leaching was 91.44%, 98.09%, and 95.42%, respectively, 
compared with the control sample. The optimal dosage was found to be 
1 wt%. 

However, the total leaching amount of As in the sample increased 
with the dosage of FeS3. The optimal effect was achieved when the 
dosage of FeS3 was 0.5 wt%, and the total leaching amount of As was 
2.62 mg/m2, which was about 85.71% lower than that of the control 
sample. This suggests that the effect of FeS2 on the immobilization effect 
of As was better than that of FeS3. Additionally, FeC2/FeC3 was less 
effective at immobilizing As than FeS2/FeS3. The optimal dosage of 
FeC2 and FeC3 was 0.5 wt% and 1 wt%, respectively. The total amount 
of As leaching was 7.32 mg/m2 and 5.40 mg/m2, respectively, which 
was about 60.09% and 84.79% lower than that of the control sample. 
This phenomenon was likely due to the effect of FeC2/FeC3 on BAW 
reaction. 

Fig. 8 shows the diagram of CFL-t1
2, which illustrates the linear 

relationship between CFL and t1
2. The fitting parameters were listed in 

Table S4. Eqs. (3) and (4) were used to calculate the diffusion coefficient 
(De) of As, and the results were presented in Table S4. The As diffusion 
coefficient of BAW samples after being modified by ferric/ferrous salt 
ranged from 10− 15 to 10− 18 cm2/s, which were reduced compared to the 
control samples. The addition of 1 wt% FeS2 resulted in the lowest 
diffusion coefficient, about 2.42 × 10− 18 cm2/s. The lower the diffusion 
coefficient, the weaker the activity of As, indicating that BAW samples 
showed optimal immobilization capacity for As after the incorporation 
of 1 wt% FeS2. 

Eq. (5) was used to calculate the As leaching index (LI) in the sample, 
and the results were shown in Table S4. The leaching index of all sam-
ples was less than 9, which was effective for As immobilization [38]. The 

maximum leaching index was found in sample FeS2–1, about 17.73, 
which increased by more than 20% compared with the control sample. 

3.3. Compressive strength 

Fig. 9 shows the effect of ferric/ferrous salt on the compressive 
strength development of BAW. Specifically, Fig. 9a displays the impact 
of FeS2 and FeS3 on the compressive strength of BAW samples. Gener-
ally, the addition of FeS2 and FeS3 reduced the early compressive 
strength of BAW, with the reduction increasing as the dosage of FeS2/ 
FeS3 increased. As shown in Fig. 9a, the addition of 0.5 wt%, 1 wt%, and 
3 wt% FeS2 resulted in a reduction of about 11.12%, 27.06%, and 
62.55%, respectively, in the 3d compressive strength of BAW. Similarly, 
the 3d compressive strength of BAW decreased by 13.31%, 51.87%, and 
70.81% at 0.5 wt%, 1 wt%, and 3 wt% FeS3, respectively. 

The reduction in the early compressive strength of BAW due to the 
inclusion of FeS2/FeS3 can be attributed to the introduction of SO4

2- ions. 
While these ions contribute to the formation of ettringite, their precip-
itation at the early stages leads to the formation of a dense coating on the 
BFS surface. This coating inhibits the further dissolution and reaction of 
BFS, which results in a significant reduction in the amount of reaction 
products produced. 

The inhibitory effect of FeS3 on early compressive strength was more 
evident, as it reacts easily with H3AsO4 and CaCO3 in the reaction sys-
tem, producing H2SO4 and CO2 in the products (Eq. 10). The formation 
of H2SO4 reduced the pH value of the reaction system, which inhibited 
the progress of the reaction, reduced the formation of early reaction 
products, and lowers the early strength of BAW. 

Fe2(SO4)3 + H3AsO4 + CaCO3 + 2H2O = Fe(OH)3 + CaSO4
+FeAsO4 + 2H2SO4 + CO2# (9) 

After curing for 28 days, as shown in Fig. 9a, it was observed that the 
addition of FeS2/FeS3 in amounts less than 3 wt% increased the 28-day 
compressive strength of BAW. This increase resulted from the supply of a 
certain amount of additional SO4

2- ions, which promoted the formation of 
ettringite in the long run. However, the 28d compressive strength of 
BAW decreased when the content of FeS2/FeS3 exceeded 3 wt%. The 
addition of too many SO4

2- ions was likely to generate too much ettringite 
in the reaction system, leading to destructive expansion and reduced 
compressive strength. 

Excessive FeS3 generated a large amount of CO2 in the reaction 
system, resulting in high porosity of BAW samples and reducing their 
compressive strength. High porosity, especially open porosity, reduced 
the compressive strength of the sample and increased the leaching of 
harmful elements from the system. This explains why the As immobili-
zation rate of BAW modified with FeS3 was lower than that of samples 
added with FeS2. 

Fig. 9b displays the effect of FeC2/FeC3 on the evolution of 

Fig. 9. Influence of ferric/ferrous salt on the compressive strength of BAW samples: (a) sulfate, (b) chloride.  
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compressive strength of BAW samples. Like FeS2/FeS3, the addition of 
FeC2/FeC3 inhibited the early compressive strength growth of BAW. At 
0.5 wt%, 1 wt%, and 3 wt% FeC2, the 3d compressive strength of BAW 
decreased by about 8.56%, 21.95%, and 73.15%, respectively. Similarly, 
at 0.5 wt%, 1 wt%, and 3 wt% FeC3, the 3d compressive strength of 
BAW decreased by about 11. 

2FeCl3 + H3AsO4 + CaCO3 + 2H2O = Fe(OH)3 + CaCl2
+FeAsO4 + 4HCl + CO2# (10)  

Fig. 10. TG analysis of the BAW samples after curing for 3d (a-d) and 28d (e-h).  
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3.4. Reaction products 

Fig. 10 shows the results of TG analysis for the reaction products of 
BAW influenced by FeS2/FeS3 at 3d and 28d. According to Fig. 10a-d, at 
3d, compared to the control sample, the addition of FeS2/FeS3 reduced 
the peak intensity at around 130 ℃ in the DTG curve, indicating a 
decrease in the production of C-(A)-S-H and ettringite. At the same time, 
the peak strength significantly increased at around 150 ℃, indicating an 
increase in the residual amount of gypsum. All of these phenomena 
indicate that the early reaction of BAW samples was inhibited, which 
limited the formation of reaction products and led to low early strength. 

After curing for 28d, as the reaction proceeded, as shown in Fig. 10e- 
f, the peak intensity at around 130 ℃ increased compared to that at 3d, 
while the peak at around 150 ℃ disappeared, indicating that gypsum 
was exhausted, involved in the reaction, and generated more hydration 
products. In addition, after the addition of FeS2/FeS3, the peak strength 
at around 130 ℃ in the DTG curve slightly increased compared to the 
control sample, indicating that the addition of FeS2/FeS3 increased the 
generation of hydration products to a certain extent, which was 
consistent with the evolution of the compressive strength of the BAW 
sample at 28d. It is worth noting that when 3 wt% FeS3 was added, the 
amount of hydration products after curing for 28d was less than that of 
1 wt% FeS3, as shown in Fig. 10h. This phenomenon was most likely due 
to the reaction in Eq. (10), which led to a low pH value of the entire 
reaction system. Even after long-term curing, the generation of hydra-
tion products was still inhibited. 

Fig. 11 shows the XRD analysis of the reaction product after 28d 
affected by FeS2/FeS3. Similar to the results of TG analysis, the reaction 
products were mainly ettringite and C-(A)-S-H. The addition of FeS2/ 
FeS3 did not change the phase composition of the reaction products. 
Additionally, the addition of FeS2/FeS3 led to an increase in peak in-
tensity for ettringite, which could be attributed to the extra SO4

2- fa-
voring the formation of more ettringite. On the other hand, it can be seen 
from Fig. 11b that the intensity of the gypsum peak (11.6◦ 2θ) in sample 
FeS3–3 increased significantly, which was consistent with the TG re-
sults, indicating that the additional SO4

2- introduced did not fully react. 
The TG analysis results of FeC2/FeC3 on BAW reaction products 

were shown in Fig. 12. At 3d, the addition of FeC2/FeC3 inhibited the 
formation of reaction products to varying degrees, as indicated by the 
reduction of peak intensity around 130 ℃ in Fig. 12b and d. The 
inhibitory effect was enhanced with the increase in the dosage of FeC2/ 
FeC3. At the same time, the peak strength at about 150 ℃ increased due 
to the incorporation of FeC2/FeC3, indicating an increase in the residual 
amount of gypsum. These results were consistent with the decreasing 
trend of compressive strength of the BAW samples. 

After curing for 28d, the addition of FeC2/FeC3 had a less significant 
effect on the amount of reaction products than in the early stage, but the 
formation of hydration products was significantly inhibited when the 

dosage of FeC2/FeC3 reached 3 wt%. On the one hand, the reduction in 
the production of reaction products cannot provide sufficient chemical 
stability for As; on the other hand, it will increase the porosity of the 
sample and reduce the physical encapsulation effect of As. Thus, the 
increase in the dosage of FeC2/FeC3 resulted in a decrease in the 
immobilization rate of As due to the inhibition of reaction product 
formation. 

Fig. 13 shows the XRD analysis of the reaction products after curing 
for 28d. In general, the incorporation of FeC2/FeC3 did not change the 
phase composition of the hydration products. However, samples with 
FeC2/FeC3 addition showed more residual gypsum. Since no additional 
SO4

2- was introduced, the increase in the residual amount of gypsum also 
indirectly explained the inhibitory effect of FeC2/FeC3 on the BAW 
reaction. 

3.5. DFT calculation 

The addition of ferric/ferrous salt significantly improved the 
immobilization effect of As in BAW. On the one hand, it was due to the 
fact that the dissolved Fe species in the reaction system formed Fe-As 
complexes that were more stable than Ca-As and S-As complex 
[47–50], as shown in Eq. (15)~(14), thereby increasing the stability of 
As. Therefore, the surface complex of As species with FeOOH was 
investigated by DFT calculation. 

4Fe3+ + 2AsO3−
4 + 6H2O = 2FeAsO4 + 2Fe(OH)3 + 6H+# (11)  

4Fe2+ + 4H+ + O2 = 4Fe3+ + 2H2O# (12)  

Fe3+ + 3H2O = Fe(OH)3 + 3H+# (13) 

After 28 days of BAW reaction, the pH value of the pore solution was 
approximately 11 according to our previous work. As shown in Fig. S1, 
As in the pore solution mainly exists in the forms of HAsO4

2-, AsO4
3-, 

HAsO3
2 and AsO3

3-. However, in an alkaline environment, HAsO4
2- and 

HAsO3
2- easily lose protons to form AsO4

3- and AsO3
3- [51]. Therefore, the 

present work mainly focuses on AsO4
3- (As(V)) and AsO3

3- (As(III)). 

3.5.1. Stable adsorption configurations 
The surface of FeOOH (001) contains a large amount of unsaturated 

Fe, which can bind with O atoms in AsO4
3-/AsO3

3-. According to the 
number and configuration of shared O atoms between AsO4

3-/AsO3
3- and 

Fe atoms on the FeOOH (001) surface, the adsorption modes can be 
divided into monodentate complex (sharing one O atom) and bidentate 
complex (sharing two O atoms). The four adsorption configurations 
were geometrically optimized, and the results were shown in Fig. 14. 

The configuration of AsO4
3- on FeOOH (001) surface was shown in 

Fig. 14a and b. It can be seen that the adsorption energy of AsO4
3- on the 

surface of FeOOH (001) was − 3.83 eV and − 4.30 eV by monodentate 

Fig. 11. XRD analysis of the BAW samples after curing for 28d: (a) FeS2, (b) FeS3.  
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and bidentate complex, respectively. Obviously, bidentate complex was 
more stable than monodentate complex. As shown in Fig. 14a, the dis-
tance between Fe10 and O65 (Fe10-O65) was 1.77 Å, and As-Fe10 was 
3.64 Å, with the angle between As, O65 and Fe10 (∠As-O65-Fe10) being 
about 160.38◦. For bidentate complex, the distance between Fe and O 

was larger, with Fe32-O66 and Fe24-O67 were about 1.85 Å and 1.86 Å, 
respectively. However, the smaller angle between As, O, and Fe resulted 
in a smaller distance between As and Fe, ∠As-O66-Fe32 = 137.52◦, ∠As-O67- 

Fe24 = 144.05◦, As-Fe24 and As-Fe32 were about 3.38 Å and 3.45 Å, 
respectively. 

Fig. 12. TG analysis of the BAW samples: (a-d) FeC2, (e-f) FeC3.  
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The configuration of AsO3
3- on FeOOH (001) surface was shown in 

Fig. 14c and d, and the adsorption energies were − 2.64 eV and 
− 5.56 eV for monodentate complex and bidentate complex, respec-
tively. For the adsorption through monodentate complex, Fe10-O65 and 
As-Fe10 were 1.76 Å and 3.59 Å, and ∠As-O65-Fe10 = 156.13◦. For 
bidentate complex, Fe24-O67 and As-Fe24 were 1.88 Å and 3.47 Å, ∠As- 

O67-Fe24 = 132.57◦; Fe32-O66 and As-Fe32 were 1.83 Å and 3.34 Å, ∠As- 

O66-Fe32 = 142.56◦. 
The Mulliken’s population can be used to describe the overlap of 

electrons between two atoms. The larger the population value, the 
stronger the covalency of the bond; conversely, the smaller the popu-
lation value, the stronger the ionic property of the bond [52,53]. The 
larger the population absolute value, the stronger the interaction be-
tween the two orbitals. According to the results in Table S5, the popu-
lation of Fe-O bond formed by O atoms in AsO4

3- and AsO3
3- and Fe atoms 

on FeOOH (001) surface was about 0.43–0.57, indicating the strong 
covalence. 

Table S6 shows the changes in As-O bond length and population after 
the adsorption of AsO4

3- and AsO3
3- onto the FeOOH (001) surface. It can 

be observed from Table S6 that the population of As-O bonds interacting 
with Fe decreased significantly. This phenomenon is mainly attributed 

to the adsorption of O in AsO4
3- and AsO3

3- by unsaturated Fe atoms on the 
surface of FeOOH (001). Consequently, the bond length of As-O 
increased, and its covalency decreased. At the same time, bonding 
occurred between Fe and O atoms. Furthermore, the change in bond 
length and population of As-O was less significant in the bidentate 
complex than in the monodentate complex. This can be attributed to the 
ion binding effect of the As atom on the O in AsO4

3- and AsO3
3-. 

3.5.2. Density of states 
Density of states is used to represent the energy distribution of 

electrons in the reaction system and electronic properties [54–56].  
Fig. 15 shows the partial density of states (PDOS) of AsO3

3- before and 
after adsorption on FeOOH (001) surface. The PDOS of As atoms in 
AsO3

3- between − 50 and − 20 eV was mainly contributed by the 
d orbital of As, and its peak value was relatively high, while PDOS be-
tween − 20 eV and 10 eV was contributed by the s and p orbitals of As 
(Fig. 15a). The PDOS of Fe atom traversed the Fermi level, indicating its 
high activity, and its PDOS at the Fermi level was mainly contributed by 
d orbitals (Fig. 15b and c). The PDOS of O atom between − 20 and 
− 10 eV was mainly contributed by s orbitals, while that between − 10 
and 10 eV was mainly contributed by p orbitals (Fig. 15b and c). 

Fig. 13. XRD analysis of the BAW samples after curing for 28d: (a) FeC2, (b) FeC3.  

Fig. 14. Configurations of AsO4
3- and AsO3

3- after adsorbed onto the surface of FeOOH (001): (a) As(V)− 1, (b) As(V)− 2, (c) As(III)− 1, (d) As(III)− 2.  
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Fig. 15. Partial density of states before and after AsO3
3- onto the FeOOH (001) surface.  

Fig. 16. Partial density of states before and after AsO4
3- onto the FeOOH (001) surface.  
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From Fig. 15 b and c, it can be seen that the peak value of each orbital 
decreased to different degrees after the adsorption of As species. The 
d orbital of Fe and the p orbital of O overlapped between − 10 eV and 
5 eV, indicating strong hybridization between them. This suggests that a 
chemical interaction occurred between Fe and O, leading to bond 
formation. 

Fig. 16 shows the PDOS after AsO4
3- adsorbed onto the FeOOH (001) 

surface. After adsorption of AsO4
3- on the surface of FeOOH (001), it can 

be seen from Fig. 16a that the PDOS peak of As shifted towards the low 
energy direction, and the peak intensity of the p orbital near the Fermi 
level decreased significantly. 

Additionally, it can be seen from Fig. 16b and c that the peak in-
tensity of the PDOS of Fe and O also decreased to varying degrees, and 
the s and p orbitals of O both shifted towards the lower energy direction, 
indicating that the structure of AsO4

3- became more stable after adsorp-
tion. On the other hand, similar to AsO3

3-, the peaks of the d orbitals of Fe 
and the p orbitals of O overlap between − 10 and 5 eV, indicating strong 
hybridization and strong chemical interaction between them, which 
may lead to bond formation. 

3.5.3. Differential charge density 
Fig. 17 shows the differential charge density after the adsorption of 

AsO4
3- and AsO3

3- on the FeOOH (001) surface. The blue part in the pic-
ture indicates a gain of electrons, whereas the red part represents a loss 
of electrons. As depicted in Fig. 17, the differential charge density 
around the O atom was blue, indicating a significant electron enrich-
ment around the surface, which is consistent with its strong electro-
negativity. In contrast, the red region near the Fe atom suggested that it 
had lost some electrons, which is related to the poor electronegativity of 
Fe and its weak binding ability to valence electrons. Therefore, it can be 
inferred that Fe and O atoms exhibit bonding effects. 

4. Conclusions 

The present work explored the feasibility of using ferric/ferrous salts 

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 ferric/ferrous salts strongly changed the chemical 
fractions of As, which was reflected in the significant decrease in 
the water-soluble fraction. This contributed to the reduction of As 
leaching from BAW samples. 

(2) Among the four ferric/ferrous salts, FeS2 showed the best per-
formance. Only 0.5 wt% FeS2 addition could achieve a high As 
immobilization rate of about 97.67%. However, higher amount of 
FeS2 did not favor a better immobilization effect resulting from 
the interfering with the binder reaction.  

(3) The incorporation of ferric/ferrous salts decreased the early 
compressive strength of BAW, and the higher the dosage, the 
lower the early strength. Additionally, ferric salts had a more 
significant influence on the strength development than ferrous 
salts because they could lead to the formation of H2SO4 or HCl.  

(4) AsO4
3- and AsO3

3- could be adsorbed onto the surface of FeOOH 
(001) via the formation of strong covalent bonds. Two adsorption 
modes, including monodentate complex and bidentate complex, 
could occur. The adsorption energies were about 
− 2.6~− 5.6 eV. 
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