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Abstract 9 

Contamination of soils by arsenic represents a significant environmental and public health risk, 10 

making effective remediation strategies a pressing concern. One commonly employed technique is 11 

stabilization and solidification, which involves the addition of stabilizing binders such as cement to 12 

immobilize arsenic. This study investigates the potential of alkaline activated slag for stabilization 13 

and solidification of arsenic-contaminated soil, employing the toxic characteristic leaching procedure 14 

(TCLP) and unconfined compressive strength (UCS) tests. To assess the strength and leachability 15 

behavior, the research examines the effect of several factors, including binder content, curing time, 16 

curing conditions, alkaline activator solution to slag ratio, sodium silicate to sodium hydroxide ratio, 17 

and sodium hydroxide concentration. Additionally, field emission scanning electron microscopes 18 

(FE-SEM) in combination with energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction 19 

(XRD) tests are employed to analyze the stabilization and solidification mechanism. The study shows 20 

that increasing the slag content to 20% by weight after 28 days of curing at ambient temperature leads 21 

to a decrease of almost 92% in the concentration of leached arsenic and an increase in UCS from 80 22 

kPa to approximately 19 MPa. The formation of albite and anorthite crystals, along with gels such as 23 

(N, C)-A-S-H and C-S-H, contributes to enhanced strength and reduced leachability. As a result, the 24 
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use of alkaline activated slag is identified as an effective and environmentally friendly approach for 25 

the stabilization/solidification of arsenic-contaminated soils. This study highlights the use of alkaline 26 

activated slag as an effective solution for remediating arsenic-contaminated soils while 27 

simultaneously reducing waste, greenhouse gas emissions, and energy consumption. Slag, a 28 

byproduct of metal production, is often wasted due to a lack of value and landfill space. However, 29 

alkaline activated slag demonstrates the potential to stabilize soil, immobilize heavy metals, and 30 

provide efficient and sustainable soil remediation. 31 

KEYWORDS: Slag; Contamination; Soil; Leaching; Solidification; Stabilization.   32 
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1. Introduction 33 

Arsenic (As) is a natural component of the earth’s crust and is widely distributed throughout the 34 

environment in air, water, and land. It is highly toxic in its inorganic form (Palma-Lara et al., 2020). 35 

People are exposed to elevated levels of inorganic arsenic through drinking contaminated water, using 36 

contaminated water in food preparation and irrigation of food crops, industrial processes, and eating 37 

contaminated food (Kumarathilaka et al., 2019; Zahmak et al., 2021). Long-term exposure to 38 

inorganic arsenic, mainly through drinking water and food, can lead to chronic arsenic poisoning 39 

(Karagas et al., 2015). Skin lesions and skin cancer are the most characteristic effects (Yoon et al., 40 

2010; Zhou et al., 2021). Based on the United States Environmental Protection Agency (US EPA) 41 

classification of carcinogenic toxins, arsenic pollutants are classified as class A. The World Health 42 

Organization (WHO) states that the permissible limit of As in drinking water is 10 μg/lit, which is 20 43 

mg/kg in soil. The concentration of As in water and soil in different parts of Iran, locations with 44 

excessive concentration, has been reported as 10-840 μg/lit and 23-1775 mg/kg, respectively; 45 

meanwhile, As concentrations in soil in the United States, Spain, and Brazil have been reported as 46 

15-950 mg/kg, 70-5330 mg/kg, and 200-860 mg/kg, respectively (Bundschuh et al., 2012; Otones et 47 

al., 2011). 48 

Different techniques have been used to control and stabilize contaminants in contaminated soils and 49 

prevent their release into the environment. One of these techniques, which has always been used and 50 

has a good performance, is the stabilization and solidification (S/S) technology. This process involves 51 

adding cementitious stabilizers to contaminated soils to immobilize contaminants, which has 52 

emerged as cost-effective and efficient remediation. This technology requires chemical and physical 53 

stabilization of contaminated soil (Chen et al., 2023; Ma et al., 2019; Pandey et al., 2012; Yang et al., 54 

2022). 55 
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Many studies have been performed to develop eco-friendly methods and alkaline activated cement as 56 

a substitute for ordinary Portland cement (OPC) (Fatehi et al., 2021; Ghadir et al., 2021; 57 

Samantasinghar & Singh, 2021; Shariatmadari et al., 2021; Wang et al., 2022). Existing scientific 58 

literature illustrates promising results that alkaline activated materials can be used to stabilize and 59 

solidify potentially contaminated soils (Chen et al., 2020; Khadka et al., 2020; Pandey et al., 2012; 60 

Yang et al., 2022; Zhou et al., 2021). Therefore, additional sources such as fly ash (FA) and ground 61 

granulated blast furnace slag (GGBFS) have been considered as partial alternatives to Portland 62 

cement in geotechnical applications (Correa-Silva et al., 2021; Lee et al., 2019; Pandey et al., 2012; 63 

Wattez et al., 2021; Zhou et al., 2021). 64 

Lime dust and cement kiln dust were utilized as S/S treatment agents against As-contaminated soil 65 

in the Mohammad Eisa et al., (2020) study. Unconfined compressive strength (UCS) and toxicity 66 

characteristic leaching procedure (TCLP) tests were used to assess the compressive strength of treated 67 

samples and leakage behavior. The findings suggest that lime dust was important in contaminant 68 

absorption, while cement kiln dust was operative in mechanical strength augmentation. Although 69 

lime dust reduced As leakage significantly, it had a detrimental impact on compressive strength. 70 

However, if a reasonable amount of cement kiln dust is employed, the negative effect will not result 71 

in an unacceptable reduction. A specially formulated blend of cement kiln dust and lime dust could 72 

efficiently remediate As contaminated soil while improving compressive strength. Chemical 73 

structures in lead (Pb) fixation in alkaline activated binders in mine slag were also studied, in which 74 

metakaolin was used as the binder, sodium silicate as the activator, and Pb(NO3)2 as the metal (Wan 75 

et al., 2018). The effect of Pb addition on the properties of fly ash based geopolymer was investigated 76 

in which sodium silicate was utilized as an alkaline activator and Pb(NO3)2 as a heavy metal in which 77 

the Pb leakage was reduced by increasing the curing time (Nikolić et al., 2018). Also, by using a 78 
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composite-based geopolymer (pulverized fly ash (PFA) and blast furnace slag (BFS)), a waste known 79 

as lead-zinc smelting slag (LZSS) was solidified (Xia et al., 2019). Chen et al., (2020) studied the 80 

S/S of chromium (Cr) with an alkaline activated slag binder. The stabilization and solidification of 81 

electroplating sludge were studied using alkaline activated slag binders produced by the interaction 82 

of blast furnace slag (BFS). The results revealed that when the liquid-solid ratio, water glass modulus 83 

ratio, and water glass dose have been increased, the compressive strength of the alkaline activated 84 

slag binder has been increased at first and then remained steady. Ji et al., (2020) reviewed the 85 

efficiency and stabilization mechanism of heavy metal cations (Cd2+, Pb2+, and Zn2+) and anions 86 

(AsO4
3- and Cr2O7

2-) were immobilized using a composite geopolymer based on solid wastes drinking 87 

water treatment residue (DWTR) and granulated blast furnace slag (GBFS). 88 

Previous literature has shown the potential of using alkaline activated cement as an environmentally 89 

friendly and economic approach for the stabilization and solidification of contaminated soils. 90 

However, the effect of the dominant factors of these binders on the encapsulation mechanism of 91 

contaminated soils has not yet been addressed comprehensively. Arsenic poses significant 92 

environmental and human health risks as it can contaminate groundwater and enter the food chain 93 

through plants. Direct exposure to arsenic-contaminated soil can lead to adverse health effects, 94 

including increased cancer and neurological disorder risks. This study aims to explore the 95 

performance of slag as a binder for the stabilization and solidification of arsenic-contaminated 96 

granular soil. The primary aim of this research is to develop effective methods for the solidification 97 

of arsenic-contaminated soil, preventing its leaching, and thus reducing human exposure. In this 98 

research, the effect of slag binder percentage, the ratio of alkaline activator solution to slag, the ratio 99 

of sodium silicate to sodium hydroxide, NaOH solution concentration, curing conditions, and curing 100 

time on mechanical and leaching characteristics of soil specimens were studied. The UCS and TCLP 101 
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tests were used to examine the mechanical and leaching characteristics of soil specimens, 102 

respectively. Microstructural analysis of selected samples was carried out using FE-SEM, EDS, and 103 

XRD analyses. 104 

2. Materials and Methods 105 

2.1. Materials 106 

2.1.1. Soil 107 

The soil was taken from an As-contaminated site (30°00ʹ21.7ʺ N, 55°47ʹ02.3ʺ E) located in Mes-e 108 

Sarcheshmeh, Rafsanjan city, Iran. Table 1 summarizes the physicochemical characteristics of the 109 

soil utilized in this study in which specific gravity was determined based on the ASTM D854. The 110 

maximum dry unit weight and optimum soil moisture content were obtained using the ASTM D698 111 

standard Proctor compaction test. The soil is classified as a Well-graded silty sand (SW-SM) 112 

according to the Unified Soil Classification System (USCS). The grain size distribution was obtained 113 

by means of sieve analysis coupled with hydrometer testing as per ASTM D 2487. 114 

Table 1. Physicochemical properties of soil. 115 

Index Value 
Specific gravity, Gs 2.75 
Optimum moisture content (%) 16 
Maximum dry unit weight (kN/m³) 17.8 
Coefficient of uniformity, Cu 10.0 
Coefficient of curvature, Cc 1.04 
D10 (mm) 0.05 
D50 (mm) 0.425 
D90 (mm) 1.75 
  
Heavy metal concentration (µg/lit)a  
Arsenic (As) 234 
  
Grain size distribution (%)b  
Gravel (>4.75 mm) - 
Coarse sand (2-4.75 mm) 23.9 
Medium sand (0.425-2 mm) 36.4 
Fine sand (0.075-0.425 mm) 32.9 
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Silt (0.005-0.075 mm) 6.79 
Clay (<0.005 mm) 0.01 

a Using the ICP-OES device  116 
b Based on ASTM D422 117 

2.1.2. Binder and Alkaline activator solution 118 

GGBFS collected from Esfahan Steel Company has been used to prepare alkaline activated cement. 119 

Control samples were prepared and tested using OPC type II taken from Tehran Cement Company 120 

to compare the results. The X-ray fluorescence (XRF) test was carried out to analyze oxides in OPC 121 

and GGBFS for better and more accurate identification of consumables. The obtained results are 122 

given in Table 2. 123 

Table 2. Chemical composition of GGBFS and OPC. 124 

Component CaO SiO2 Al2O3 MgO TiO2 MnO SO3 Fe2O3 K2O Na2O SrO 
GGBFS [wt.%] 37.9 35.9 10.36 8.9 1.9 1.5 0.9 0.6 0.4 0.3 0.2 
OPC [wt.%] 61.46 18.42 5.24 2.73 0.36 0.19 4.10 3.63 0.88 1.62 0.10 

 125 

GGBFS and OPC were employed to stabilize the soil using alkaline activator solution (AAS) and 126 

distilled water, respectively. The alkaline activator solution used in the study is a combination of 127 

sodium hydroxide (SH) in the form of granule and sodium silicate solution (SS). NaOH granules with 128 

a density of 2.13 g/cm3 (20 °C) and a purity of over 99% have been utilized; as well as SS with a 129 

density of 1.56 g/cm3 (20 °C), 47% purify at a ratio of 2.4, and weight percentage of 33.18% SiO2, 130 

13.82% Na2O, and 53% H2O. 131 

2.2. Methods 132 

2.2.1. Specimen preparation 133 

The alkaline activator solution (AAS) was prepared using a two-step process. The granule sodium 134 

hydroxide was first dissolved in distilled water, and the resulting sodium hydroxide solution was 135 

allowed to achieve ambient temperature before use. The AAS was then prepared by adding aqueous 136 

sodium silicate to the NaOH solution and stirring for 5 minutes according to the sodium silicate to 137 
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sodium hydroxide ratio. In the next step, GGBFS was mixed with the alkaline activator solution. The 138 

prepared paste was then mixed with the soil and manually mixed until a homogenous mixture was 139 

achieved. The mixture was poured into three layers into the cylindrical molds with a diameter of 38 140 

mm and a height of 76 mm, and each layer was compacted 25 times. Then, after the compression of 141 

each layer and before pouring the next layer, scratches were made on the surface of the soil to create 142 

contact between the layers and uniformity of the sample. 143 

In this study, five main sets of experiments have been performed. A summary of these five main sets 144 

is shown in Table 3. In the first set, a binder (GGBFS) percentage of 5 to 20 percent by weight (wt.%), 145 

the alkaline activator solution to GGBFS ratio of 0.4, sodium silicate to sodium hydroxide ratio of 146 

1.5, and sodium hydroxide solution concentration of 14 molars (M) have been used. These samples 147 

were cured at the ages of 7, 28, 56, and 84 days in two curing conditions: ambient temperature (ATC) 148 

(temperature 25±2 °C and relative humidity 70±2%) and water bath (WBC) (temperature 40±2 °C 149 

and humidity 95± 2%). In the second set of experiments, specimens with 5 to 20 wt.% of OPC were 150 

prepared as control and cured in ATC and WBC for 28 days. The third set of experiments aims to 151 

find the appropriate alkaline activator solution to slag ratio. This set includes specimens with fixed 152 

weight percentages of GGBFS, sodium silicate to NaOH ratio, and NaOH concentration of 20 wt.%, 153 

1, and 14 M, respectively. Three values of 0.3, 0.4, and 0.5 were examined for the best ratio of AAS 154 

to GGBFS. The fourth set of tests was focused to find the suitable sodium silicate to NaOH ratio as 155 

an alkaline activator solution. The weight percentage of GGBFS, the ratio of alkaline activator 156 

solution to GGBFS, and the concentration of NaOH in this experimental set were all kept constant, 157 

at 20 wt.%, 0.5, and 14 M, respectively. Four values were chosen for the sodium silicate to NaOH 158 

ratio: 1, 1.5, 2, and 2.5. The fifth set of experiments was conducted to examine the optimum NaOH 159 

concentration. For this purpose, specimens with the constant percentage of GGBFS, alkaline activator 160 
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solution to GGBFS ratio, and sodium silicate to NaOH ratio of 20 wt.%, 0.5, and 1 with NaOH 161 

concentrations of 8, 10, 12, and 14 M were cured under two curing conditions.  162 

Table 3. Summary of the experimental tests. 163 

 Binder 
type 

Binder 
content 
[wt.%] 

Activator 
type 

Alkaline 
activator 
/ GGBFS 

Na2SiO3 
/ 

NaOH 

NaOH 
molarity 

[M] 

Curing 
time 

[days] 

Curing 
conditi

on 

Set 
1 GGBFS 5, 10, 15, 

and 20 
Na2SiO3 
+ NaOH 0.4 1.5 14 

7, 28, 
56, and 

84 

ATCa, 
WBCb 

Set 
2 

GGBFS 0, 5, 10,  
15, and 20 

Na2SiO3 
+ NaOH 0.4 1.5 14 28 ATC, 

WBC OPC H2O - - - 
Set 
3 GGBFS 20 Na2SiO3 

+ NaOH 
0.3, 0.4, 
and 0.5 1.0 14 28 ATC, 

WBC 
Set 
4 GGBFS 20 Na2SiO3 

+ NaOH 0.4 1.0, 1.5, 
2.0, and 2.5 14 28 ATC, 

WBC 
Set 
5 GGBFS 20 Na2SiO3 

+ NaOH 0.4 1.0 8, 10, 12, 
and 14 28 ATC, 

WBC 
a Ambient temperature condition 164 
b Water bath condition 165 

2.2.2.  Unconfined compressive strength (UCS) 166 

UCS tests with a loading rate of 1 mm/min were carried out on all specimens at designated curing 167 

periods and conditions, according to ASTM D1633-84. The average UCS of three samples was 168 

measured up to failure using the uniaxial device (ELE Co., England).  169 

2.2.3.  Leachability test 170 

This study used the TCLP test based on USEPA method 1311 to determine the amount of leaching 171 

and As content in specimens. According to this experiment, a solid maximum diameter of particles 172 

(of stabilized soil) should be less than 95 mm, and the extracted weight ratio of liquid (containing 173 

distilled water and acetic acid) to the solids should be 20:1. The extraction fluid in this procedure has 174 

a pH of 2.88 ± 0.05. For 18 hours, the bottle containing the extracted liquid and soil rotates at 30 rpm. 175 
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The Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) device (Varian Inc., 176 

USA) was then used to analyze the arsenic concentration. 177 

2.2.4. Microstructural properties 178 

Field emission scanning electron microscopy (FE-SEM) with energy-dispersive X-ray spectroscopy 179 

(EDS) analyses and X-ray diffraction (XRD) were used to characterize the microstructures of 180 

specimens. Imaging, surface morphology, and chemical characterization were measured using the 181 

Nova NanoSEM 450 (FEI Co., USA) with a resolution of 1.4 nm in the FE-SEM and EDX analyses. 182 

Using Cu Kα radiation (Kα = 1.54 Å), the XRD test evaluated the patterns on the Ultima IV (Rigaku 183 

Co., Japan). In the 2θ range of 10–80 degrees, the device functioned at a voltage of 40 kV and a 184 

current of 30 mA with a step size of 0.02 degrees and a scanning rate of 0.05 degree/sec. 185 

3. Results  186 

3.1. Maximum dry unit weight 187 

This study investigated how adding GGBFS to untreated soil affects maximum dry unit weight and 188 

optimal moisture content. Standard Proctor compaction tests were performed on both silty sand soil 189 

and specimens with various GGBFS content. The results, shown in Figure 1, revealed that maximum 190 

dry unit weight increased as the proportion of slag increased, while optimal moisture content 191 

decreased. The sample containing 20 wt.% GGBFS showed the highest maximum dry unit weight 192 

and lowest optimal moisture content. 193 
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 194 

Fig. 1. Optimum moisture content and dry unit weight of silty sand soil specimens with various 195 

GGBFS content. 196 

3.2. Unconfined compressive strength (UCS) and Leachability 197 

3.2.1. Effect of slag content and curing age in different curing conditions  198 

Figure 2 depicts the changes in UCS and the concentration of leached arsenic, as a function of the 199 

percentage of GGBFS content under two curing conditions (ambient temperature (ATC) and water 200 

bath (WBC)) and four curing ages (7, 28, 56, and 84 days). The samples were prepared by considering 201 

a variety of parameters, including the ratio of alkaline activator solution (AAS) to GGBFS, the ratio 202 

of sodium silicate (SS) to sodium hydroxide (SH), and the concentration of NaOH solution (0.4 M, 203 

1.5 M, and 14 M).  204 
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 205 
Fig. 2. UCS and leachability of stabilized soil specimens with varying binder percentages, curing 206 

times, and curing conditions. 207 

The study showed that increasing the amount of slag in the samples led to a corresponding increase 208 

in their UCS under both curing conditions. The sample containing 20% slag exhibited the highest 209 

strength. The results in Figure 2 indicate that as slag content increased, UCS increased almost linearly 210 

across all curing ages. The strength of the samples increased significantly from 7 to 28 days, after 211 

which the rate of change slowed down, and there was hardly any noticeable increase in UCS from 56 212 

to 84 days under both curing conditions. At low curing ages (7 days), the samples cured in WBC 213 

were stronger than those cured in ATC, but as curing time increased, the rate of change in strength 214 

slowed down in WBC and increased in ATC. However, the strength of the corresponding samples in 215 

terms of slag content was almost equal in both curing conditions at high ages. After 84 days of curing, 216 

the compressive strength for samples with 20% slag content in ATC and WBC was 13,625 kPa and 217 

12,713 kPa, respectively. This represented an increase of 167 and 160 times compared to untreated 218 

soil. 219 
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According to Figure 2, increasing the slag content resulted in a decrease in the concentration of 220 

leached arsenic (CAs) at all ages and under both curing conditions. The rate of change in CAs decreased 221 

linearly with the amount of slag, although on the logarithmic scale presented in Figure 2, the decrease 222 

in CAs appeared to be logarithmic. Additionally, CAs decreased over time, with higher percentages of 223 

slag showing more significant reductions. Curing conditions had a similar effect on CAs as on UCS, 224 

with lower CAs in the WBC at early curing times. However, over time, CAs became almost equal for 225 

samples with the same slag percentage in both conditions. Samples with 20% GGBFS by weight 226 

showed a CAs of 32 and 30 ppb after 84 days of curing in the ATC and WBC, respectively, which 227 

increased by 86.3% and 87.2%, respectively, compared to the untreated soil. 228 

3.2.2. Effect of cement type and content in ambient and water bath curing conditions  229 

Figure 3 shows the evaluation of the effect of alkaline activated cement (AAC) and Ordinary Portland 230 

cement (OPC) in ATC and WBC on compressive strength and leached arsenic concentration. The 231 

ratio of activator to slag, sodium silicate to sodium hydroxide, and NaOH solution concentration were 232 

constant at 0.4, 1, and 14 M, respectively, and samples were cured for 28 days. 233 

 234 
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Fig. 3. UCS and leachability of treated soil with Portland cement and alkaline activated cement. 235 

Increasing binder content improved compressive strength in both types of cement, but AAC had a 236 

higher rate of change than OPC, with significant differences at 5% and 10% binder weight. At 15% 237 

and 20% binder weight, the difference in strength decreased, with a noticeable increase in AAC's 238 

strength at 20% binder weight. OPC-treated samples had better compressive strength than those 239 

treated in ATC in all weight percentages in WBC, while curing conditions did not significantly affect 240 

AAC-treated specimens' strength results in the two curing conditions. 241 

As the binder content increased, the leached arsenic concentration decreased linearly for both types 242 

of cement. In OPC-stabilized samples, the leached arsenic concentration decreased significantly from 243 

5% binder weight but decreased with decreasing leaching rate when the binder was increased to 20% 244 

binder weight. AAC-stabilized samples showed higher leached arsenic concentrations than OPC-245 

stabilized samples in all weight percentages, but the difference decreased with the increase in binder 246 

content. Both types of cement showed similar leaching behavior in both curing conditions. 247 

Additionally, to study the efficiency of both types of cement, CAs samples of untreated soil were 248 

measured, and the control soil sample had a CAs of 234 µg/liter. After treating the sample with 20% 249 

slag by weight for 28 days in the curing conditions of ATC and WBC, the leached arsenic 250 

concentrations were reduced to 36 and 32 ppb, respectively, indicating an 84.6% and 86.3% decrease 251 

compared to untreated soil. 252 

3.2.3. Effect of properties of alkaline activator solution  253 

The effect of the ratio of alkaline activator solution (AAS) to GGBFS on the compressive strength 254 

and leaching behavior of the treated samples is demonstrated in Figure 4. The experiment also 255 

considers other preparation parameters, including GGBFS content, curing age, SS to SH ratio, and 256 

Stabilization and solidification of arsenic contaminated silty sand using alkaline activated slag



15 

NaOH concentration, set at 20 wt.%, 28 days, 1, and 14 M, respectively. The samples were cured in 257 

both ambient and water bath conditions. 258 

 259 

Fig. 4. UCS and leachability of soil treated with alkaline activator solution properties. 260 

The results showed that increasing the AAS to slag ratio significantly improved the UCS of the treated 261 

samples, regardless of the curing condition. The rate of strength increase was nearly linear with 262 

increasing AAS to slag ratio and was more pronounced in ATC. Figure 4 displays that the treated 263 

samples in ambient conditions had a UCS of 7,549, 14,265, and 18,973 kPa with AAS to slag ratios 264 

of 0.3, 0.4, and 0.5, respectively. The study also investigated the leaching behavior of the samples by 265 

varying the AAS to slag ratio. Findings showed that the CAs of the samples increased as the ratio of 266 

AAS to slag increased from 0.3 to 0.4, but decreased when the ratio was further increased to 0.5. The 267 

leaching behavior was consistent in both curing conditions, and the ambient cured sample had the 268 

lowest CAs value of 22 ppb at an activator to slag ratio of 0.3. 269 

Figure 4 illustrates the influence of the sodium silicate (SS) to sodium hydroxide (SH) ratio on the 270 

UCS and leaching behavior of alkaline activated slag-treated samples in two curing conditions, ATC 271 
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and WBC. Other parameters, including slag content, curing age, the ratio of activator solution to slag, 272 

and NaOH concentration, were kept constant at 20 wt.%, 28 days, 0.4, and 14 M, respectively. 273 

Increasing the SS to SH ratio resulted in a significant reduction in sample strength in both curing 274 

conditions, as a lower pH environment and less reactive raw materials led to this outcome. The 275 

highest and lowest UCS values for both curing conditions were 1 and 2.5, respectively, corresponding 276 

to SS to SH ratios that showed UCS values of 14,614 and 8,445 kPa in ambient conditions, 277 

representing a 42% decrease in sample strength. Additionally, the leaching behavior of the treated 278 

samples was significantly affected by an increase in the SS to SH ratio. Figure 4 demonstrates that 279 

increasing the SS to SH ratio significantly increased the CAs in both conditions. The lowest CAs 280 

occurred in samples with an equal ratio of SS to SH in the WBC. Leached arsenic concentration in 281 

the WBC increased with SS to SH ratios of 1, 1.5, 2, and 2.5, with values of 27, 30, 38, and 48 mg/L, 282 

respectively. 283 

Figure 4 illustrates the effect of NaOH concentration on the UCS and leaching behavior of alkaline 284 

activated slag-treated samples. The slag content, curing age, the ratio of activator solution to slag, 285 

and the ratio of sodium silicate to sodium hydroxide were fixed at 20% by weight, 28 days, 0.4, and 286 

1.0, respectively. Increasing the NaOH concentration elevated the pH of the environment and boosted 287 

the reactivity of slag, resulting in a rise in the UCS of samples in both curing conditions. However, 288 

the strength increment rate initially was high but later slowed down. The UCS of the treated samples 289 

with 8-10 M NaOH curing was higher in WBC than in ATC, while samples treated with higher NaOH 290 

concentrations (12 and 14 M) showed greater strength in ambient conditions. The UCS values of 291 

samples treated with 8, 10, 12, and 14 M sodium hydroxide in ambient conditions were 5,769, 9,771, 292 

13,810, and 14,669 kPa, respectively. The results indicated similar leaching behavior under both 293 

conditions with increasing NaOH concentration. Initially, the leached arsenic concentration 294 
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increased, but it declined later. The lowest CAs values were observed in samples treated with 10 and 295 

12 M NaOH, which were 19 and 21 ppb, respectively, in ambient and water bath conditions. The 296 

leaching behavior of these samples reduced the leached arsenic concentration by 92% and 90%, 297 

respectively, compared to untreated soil samples.  298 

3.3. Microstructural properties 299 

3.3.1. XRD analysis  300 

X-ray diffraction (XRD) analysis was performed to study the mineralogical changes in the soil 301 

structure after the addition of alkaline activated slag, as shown in Figure 5. 302 
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 303 
Fig. 5. XRD patterns of untreated soil, alkaline activated cement, and Portland cement treated soil 304 

specimens. 305 
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Quartz and calcite were identified as the main minerals present in the soil samples based on Figure 306 

5(a), and the addition of alkaline activated slag did not significantly alter the mineral composition of 307 

the soil. Instead, it mainly produced amorphous and semi-crystalline phases. In Figure 5(b), the XRD 308 

pattern of a soil sample containing 20% by weight of alkaline activated cement was depicted. Albite 309 

and Anorthite crystals were widely formed in the treated samples in addition to the host soil's crystal 310 

minerals. This resulted in the formation of C-A-S-H and N-A-S-H gels in the sample. The use of 311 

calcium-rich sources such as slag for alkaline activated cement production led to the formation of 312 

dense C-S-H gel in the treated samples. 313 

Figure 5(c) shows albite and anorthite crystals formed at 26.7, 28.0, 42.98, and 50.19 degrees. 314 

Increasing the activator solution to slag ratio from 0.4 to 0.5 improved gel formation, leading to C-315 

A-S-H gel playing a crucial role in arsenic solidification and soil stabilization, thereby increasing the 316 

sample's strength. Figure 5(d) illustrates a sample treated with 10% slag by weight, where 317 

predominantly amorphous and semi-crystalline phases are observed, suggesting a more significant 318 

peak distribution in the sample than sharp crystallization phases seen in the 20% sample (Figure 5(b)). 319 

Figure 5(e) shows that increasing the ratio of sodium silicate solution to sodium hydroxide solution 320 

from 1 to 2.5 resulted in well-formed anorthite crystals. Figure 5(f) depicts the XRD pattern of a 321 

sample treated with an 8 M sodium hydroxide. Compared to the sample treated with a 14 M NaOH 322 

solution (Figure 5(b)) under all other conditions, its crystallinity peaks are shorter, wider, and semi-323 

crystalline, indicating lower mechanical strength. Figure 5(g) displays the XRD result of a sample 324 

treated with 20% by weight of slag under water bath conditions, where the formation of albite and 325 

anorthite crystals is comparable to that of the sample cured under ambient conditions. Figure 5(h) 326 

shows the XRD result of a sample containing 20% by weight of Portland cement cured under ambient 327 
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conditions. The primary product of cement hydration, C-S-H, and anorthite crystal, are the reasons 328 

for the high compressive strength and reduced leached arsenic concentration of the sample. 329 

3.3.2. FE-SEM and EDS 330 

The results of the FE-SEM and EDS tests on untreated and treated soil samples are presented in 331 

Figure 6. The EDS test in Figure 6(a) showed evidence of arsenic contamination in the soil, which 332 

highlights the need for soil stabilization and solidification. The key parameters examined were 333 

silicon, aluminum, calcium, and oxygen. Figure 6(b) depicts that incorporating sodium hydroxide-334 

activated slag increased the concentration of C-A-S-H gel, resulting in a significant increase in the 335 

percentage of Ca from 1.22% to 21.90% by weight. This suggests the production of alkaline activated 336 

materials in the system. The Si/Al ratio is an important factor in the geopolymerization process and 337 

the mechanical durability of the samples. The ratio increased from 1.79 to 2.31 for untreated and 338 

slag-treated samples, indicating a similar trend. 339 

Figure 6(c) displays that a higher ratio of alkaline activator solution to slag leads to a more cohesive 340 

structure and increased sample strength compared to a lower ratio. Honeycomb features observed at 341 

lower ratios have disappeared or become more compact at the center of the structure. Figure 6(d) 342 

demonstrates that the sample containing 10% by weight slag has weaker and less dense gel than the 343 

sample containing 20% by weight. The Si/Al ratio, in this case, is approximately equal to 1.67, 344 

indicating weaker geopolymer gel than samples with 20% slag. Figure 6(e) presents that a ratio of 345 

2.5 of sodium silicate to sodium hydroxide contributes to the strength of the sample, but creates 346 

numerous holes and less compact structure than lower ratios. 347 

In Figure 6(f), a sample treated with 8 M sodium hydroxide is shown with no discernible gel visible, 348 

indicating weaker compressive strength than the 14 M sample. However, a weak adhesion between 349 

soil particles may be present due to a lower volume and intensity of the gel formed. Figure 6(g) 350 
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displays a sample cured in a water bath with well-developed geopolymerization products and a high 351 

Si/Al ratio of 2.43. Figure 6(h) shows a sample treated with Portland cement with a dense and uniform 352 

structure, indicated by C-S-H gel lattice products and a significant increase in calcium content from 353 

1.22 to over 31, leading to a Ca/Si ratio of 3.84. 354 

 355 

Fig. 6. FE-SEM and EDS of untreated soil, alkaline activated slag, and Portland cement treated silty 356 

sand samples. 357 

4. Discussion  358 

XRD analysis identified C-S-H, C-A-S-H, and N-A-S-H gels in the alkaline activated slag treated 359 

soil, improving its mechanical properties by filling gaps between soil particles. It is possible that the 360 

concurrent formation of N-A-S-H and C-A-S-H gels may contribute to the higher strength observed. 361 

Stabilization and solidification of arsenic contaminated silty sand using alkaline activated slag



22 

The presence of C-S-H, N-A-S-H, and (N, C)-A-S-H gels is also supported by FE-SEM images. 362 

Consistent with prior research, alkaline activated slag adds geopolymer gels based on calcium and 363 

silica, creating a dense structure and improving mechanical strength (Ghadir & Razeghi, 2022; 364 

Samantasinghar & Singh, 2021; Shariatmadari et al., 2021). 365 

Stabilization/solidification process using alkaline activated slag prevented pollutant release, as shown 366 

by TCLP results. Stabilization/solidification mechanisms may involve physical encapsulation 367 

through (N, C)-(A)-S-H gels, ion exchange, and binding to the geopolymer network. There is a 368 

possibility that arsenic could be immobilized through gel formation during the hydration and 369 

geopolymerization process, thanks to the high surface area and absorption properties. It is also 370 

possible that Ca2+ and Fe2+ ions could react with AsO4
2- to form deposits, and arsenic ions may have 371 

the potential to bind to existing structures during hydration reactions (Haque et al., 2020; Lee et al., 372 

2019; Yang et al., 2022; Zhou et al., 2021). 373 

Adding more GGBFS to soil resulted in a denser mixture and higher maximum dry unit weight. 374 

However, it is suggested that the increased cementitious properties of the soil might lead to a decrease 375 

in the ideal moisture level. This could be attributed to the effective filling of gaps between soil 376 

particles through particle packing facilitated by GGBFS particles. Furthermore, the relatively high 377 

levels of silica and alumina present in GGBFS may have the potential to initiate a pozzolanic reaction 378 

with calcium hydroxide, resulting in the formation of cementitious compounds that could further 379 

increase soil density. Consequently, based on previous studies, less water is necessary for optimal 380 

compaction, and maximum dry unit weight can be achieved with less moisture (Abdulbari et al., 381 

2018; Preetham & Nayak, 2019). 382 

On the other hand, it is suggested that increasing binder content can contribute to improved strength 383 

and a reduction in leachability in alkaline activated slag treated soil samples. This may be attributed 384 
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to the formation of a greater number of hydration products during the alkaline activation process. 385 

These products are believed to potentially serve as the primary bonding phases in hardened alkaline 386 

activated slag, which could enhance strength while reducing leachability (Hossein Rafiean et al., 387 

2020; Jiang et al., 2019). 388 

Alkaline activated slag treated soil samples that underwent curing in a high-temperature water bath 389 

at a young age exhibited higher UCS compared to samples cured under ambient conditions. This 390 

phenomenon could be attributed to the possibility of heat treatment accelerating the rate of 391 

dissolution, hydrolysis, and compression polymerization of geopolymer during the initial stages of 392 

curing. Previous studies have indicated that a longer duration is typically necessary for geopolymer 393 

curing during low-temperature heat treatment, whereas a shorter duration may be sufficient during 394 

high-temperature heat treatment  (Jiang et al., 2019). 395 

In this study, increasing the activator solution content led to a higher strength of samples treated with 396 

alkaline activated slag. The presence of sodium ions in the soil environment can contribute to an 397 

increase in strength. This could be attributed to the ability of sodium ions to dissolve silica and 398 

alumina present on the surfaces of amorphous slag particles, forming monomers that could facilitate 399 

the creation of a three-dimensional geopolymer network during the compaction process. This, in turn, 400 

could provide more binders in the soil environment, resulting in an increased formation of gels and a 401 

stronger geopolymer structure, leading to an increase in UCS. These findings align with the outcomes 402 

of previous research (Arulrajah et al., 2018). 403 

Furthermore, increasing the alkaline solution to slag ratio increased leachability due to higher water 404 

content reducing OH- concentration and the aluminosilicate source to activator solution ratio. These 405 

factors have the potential to weaken the bond between soil particles and decrease the volume of gels, 406 

which could result in an increase in leachability. Previous studies have indicated that a higher ratio 407 
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of water-to-solid particle may lead to an increase in porosity and a decrease in mechanical strength 408 

in stabilized samples (Arulrajah et al., 2018; Chen et al., 2021; Zhang et al., 2018). 409 

In addition, it is suggested that increasing the sodium silicate to sodium hydroxide ratio may result 410 

in lower compressive strength and higher leachability in the samples. This could be attributed to the 411 

role of sodium silicate as an activator for slag. However, it is possible that excessive amounts of 412 

sodium silicate can lead to a decrease in the pH of the alkaline solution, reducing material reactivity 413 

and resulting in incomplete slag dissolution. These factors have the potential to decrease compressive 414 

strength and increase leachability. This was in agreement with the previous studies in this field 415 

(Davari Algoo et al., 2021; Mao et al., 2019). 416 

Higher concentrations of NaOH increased the availability of silica and alumina ions for 417 

geopolymerization, resulting in increased mechanical strength. However, it is suggested that 418 

excessively high concentrations can have a negative impact on geopolymer synthesis, leading to the 419 

formation of undesirable by-products and reducing mechanical properties. Additionally, there is a 420 

possibility that increased leaching may occur. Therefore, it is crucial to optimize the NaOH 421 

concentration. Previous research has indicated that NaOH molarity can influence the dissolution of 422 

Si and Al ions from GGBFS and the formation of geopolymer gel, with higher molarities resulting in 423 

increased gel formation (Chindaprasirt & Rattanasak, 2017). 424 

Over the years, numerous techniques have been utilized to remediate heavy metal-contaminated soil. 425 

Stabilization/solidification is a promising and cost-effective technology for remediating heavy metal-426 

contaminated soil (Chen et al., 2023; Chen et al., 2022). This approach, which uses cement-based 427 

binders, has gained popularity due to its technical feasibility and quick turnaround. Some industrial 428 

wastes such as red mud (RM), powdered fly ash (PFA), and GGBFS have been shown to be effective 429 
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binders for this technique, allowing for the precipitation and immobilization of soil pollutants while 430 

also repurposing industrial waste sources (Pandey et al., 2012; Zahmak et al., 2021). 431 

The present study used alkaline activated slag for stabilizing and solidifying arsenic-contaminated 432 

soil. Slag is a waste generated during metal and mineral production and is often considered a waste 433 

material because it has no economic value and can take up a significant amount of space in landfills. 434 

This approach has various benefits, including waste reduction, greenhouse gas emission reduction, 435 

energy conservation, and the preservation of natural resources. Alkaline activated slag is a promising 436 

binder for soil stabilization and immobilization of heavy metals, potentially preventing their release. 437 

When used appropriately, it can be an effective and sustainable solution for soil remediation. Overall, 438 

utilizing industrial wastes for soil stabilization can be a useful tool for environmentally conscious 439 

management, requiring careful implementation considering site-specific conditions. 440 

5. Conclusions 441 

The research explored using alkaline activated slag for stabilization and solidification of arsenic-442 

contaminated soil. It examined the effect of slag content, properties of the alkaline activator solution, 443 

curing age, and curing conditions on the treated soil's compressive strength and leachability. 444 

Microstructure analysis was performed to understand the cementation mechanism. The study found 445 

that increasing binder content in alkaline activated slag treated soil samples significantly enhances 446 

strength, resulting in an impressive 237-fold increase to approximately 19,000 kPa in the treated soil 447 

compared to untreated soil. This increasing binder content also reduces leachability, leading to a 448 

substantial 92% decrease in leached arsenic concentration (from 234 ppb to 19 ppb). Adjusting the 449 

activator solution to slag ratio from 0.3 to 0.5 improves strength by over 150% in ATC and about 450 

100% in WBC, but increases leachability by 32% and 13%, respectively. Similarly, increasing the 451 

Na2SiO3 to NaOH ratio from 1 to 2.5 reduces strength by approximately 40% and increases 452 
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leachability by over 80% in both curing conditions. However, raising the NaOH concentration to 14 453 

M results in a 154% and 54% increase in UCS, and decreases leachability by about 20% compared 454 

to the sample treated with 8 M in ATC and WBC, respectively. Microstructure analysis reveals the 455 

presence of albite, anorthite, quartz, and calcite in the treated samples, along with the formation of 456 

(N, C)-A-S-H and C-S-H gels within interparticle voids and on soil particle surfaces, contributing to 457 

increased strength and reduced leachability. The study confirms the cost-effectiveness and eco-458 

friendliness of using alkaline activated slag for soil remediation. Alkaline activated slag strengthens 459 

contaminated soil, reduces leaching, and minimizes landfill usage while promoting a circular 460 

economy and reducing greenhouse gas emissions. 461 

  462 
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