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 15 

ABSTRACT: This study investigates the long-term mobility and ecological risks of As, Zn, and Cd in calcium arsenic residue 16 

(CAR) under simulated dry-wet (DW) and freeze-thaw (FT) cycles. Accelerated aging experiments, combined with multiscale 17 

characterization (XRD, XPS, SEM, FTIR), revealed distinct transformation mechanisms. DW cycles promoted carbonate-driven 18 

dissolution, As(III) oxidation to As(V) (resulting in an 18.4% increase in As(V) as shown by XPS), and sulfide oxidation (with 19 

reductions of 47.7% in ZnS and 15.08% in CdS). These processes increased the acid-soluble metal fractions (F1: As by 11.3%, Zn 20 

by 6.0%, and Cd by 8.7%) and metal release rates (52.39% for As, 42.63% for Zn, and 68.55% for Cd under DW conditions). In 21 

contrast, FT cycles induced mechanical fracturing and ice-mediated stabilization, which limited ion migration, partially amorphized 22 

ZnO, and promoted the precipitation of Cd(OH)2. Ecological risk assessments indicated rising risks, with integrated potential 23 

ecological risk indices (IPER) reaching 11,187.85 under DW conditions and 10,668.29 under FT conditions, with arsenic 24 

contributing over 80%. The Risk Assessment Code (RAC) reclassified all metals into moderate-risk categories (As: 11.9–19.7%, 25 

Zn: 9.4–15.2%, Cd: 12.1–18.6%). Weibull modeling (α = 6.98–10.98, R2 > 0.96) described the nonlinear kinetics, showing that 26 

cadmium aged the fastest (λ: Cd > As > Zn), with delayed but persistent risks under FT conditions. These results underscore the 27 

importance of developing climate-resilient stabilization strategies. The integrated framework combining mineral evolution, kinetics, 28 

and risk forecasting offers significant insights for managing legacy CAR pollution under changing climate conditions. 29 

Keywords: Calcium arsenic residue; Dry-wet cycles; Freeze-thaw cycles; Heavy metal; Ecological risk assessment 30 

© 2025 The authors. This is an open access article under the Creative Commons Attribution 4.0 International 31 
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 33 

1. Introduction 34 

During the copper smelting and converting processes in non-ferrous metallurgy, sulfur-containing flue gases 35 

undergo waste heat recovery, multi-stage dust removal, and chemical scrubbing treatments. These treatments end up 36 

producing acidic wastewater with high levels of sulphuric acid (5–20%), fluorine/chlorine (1–8 g/L), and toxic elements 37 

(e.g., As, Zn, Cd), collectively known as “dirty acid” wastewater [1–4]. Due to its complex composition and synergistic 38 

toxicity, this wastewater presents a persistent environmental challenge for global metallurgical industries. Researchers 39 

have developed various treatment methods to address this, including sulfurization, lime neutralization, 40 

electrocoagulation, membrane separation, biological treatment, and tailing solidification [5–10]. While 41 

electrocoagulation and membrane technologies have demonstrated effectiveness in the remediation of low-arsenic 42 

groundwater [11], their application is constrained by the high acidity and complex matrix of industrial wastewater. 43 
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Although cost-effective, biological methods are limited by pH/temperature sensitivity, ion interference, and long 44 

treatment durations [12]. In comparison, the sulfurization and lime-iron salt process has gained prominence as the 45 

mainstream industrial choice due to its controllable reagent dosage and cost-effectiveness, enabling arsenic removal 46 

through precipitation reactions. However, the risks of secondary arsenic release from residual sulfide oxidation and 47 

potential H2S emission hazards have led to adopting lime neutralization as a safer, more operational alternative [1,13]. 48 

This process generates metastable calcium arsenic residue (CAR) via Ca(OH)2/CaO-based precipitation [14,15], but the 49 

resultant hazardous waste disposal issue remains unresolved. 50 

CAR, a hazardous waste, is typically disposed of through stockpiling and landfilling [16], posing serious 51 

environmental risks: (1) Massive accumulation—each plant generates tens of thousands of tons annually; (2) Synergistic 52 

toxicity—As(III)/As(V) exhibit carcinogenicity, Cd bioaccumulates through food chains, impairing renal function, and 53 

Zn overload disrupts soil microbial communities [17,18]; (3) Speciation sensitivity—Redox fluctuations and pH 54 

variations can trigger arsenic speciation transformations, substantially enhancing its mobility and bioavailability [14]. 55 

Historical incidents illustrate the ecological consequences of poor CAR management in developing countries, such as 56 

arsenic contamination in a 6-km aquifer near a Mexican smelter [19], and increased mortality rates in arsenic-exposed 57 

regions of Bangladesh [20,21], illustrating the environmental unsustainability of long-term CAR stockpiling [22,23]. 58 

Current environmental risk assessments for arsenic-bearing solid waste predominantly rely on static (e.g., TCLP) 59 

or semi-dynamic (e.g., SPLP) leaching tests. For example, Harshit Mahandra et al. employed multiple EPA-specified 60 

leaching protocols to evaluate arsenic release from vitrified flue dust [24], while Wang Yunyan et al. analyzed copper 61 

smelting desulfurization gypsum residues through static and semidynamic erosion experiments [25]. Jiangchi Fei et al. 62 

enhanced CAR stability by leaching unstable heavy metals and regulating arsenic speciation [22]. Nonetheless, three 63 

key limitations exist: (1) Overly idealized experimental conditions lacking dynamic climatic simulations (e.g., dry-wet 64 

(DW) alternation, freeze-thaw (FT) cycling); (2) Overdependence on empirical models (e.g., first-order kinetics) for long-65 

term aging prediction while neglecting phase transformation mechanisms; (3) Weak correlation between stabilization 66 

strategies and toxic metal speciation evolution, limiting practical application in real-world stockpiling risk mitigation. 67 

In this study, an accelerated aging model combined with multiscale characterization techniques (XRD, SEM, FTIR, 68 

XPS) was developed to assess the stability of CAR systematically under dynamic climatic conditions. The model 69 

simulates real-world environmental fluctuations, enabling the evaluation of the effects of DW and FT cycles on the 70 

physical and chemical properties of CAR. The transformation pathways of As, Zn, and Cd were tracked, and these 71 

transformations were correlated with metal leaching patterns to construct a comprehensive environmental risk profile. 72 

In addition, the findings were integrated into a detailed environmental risk assessment, establishing a predictive 73 

framework for long-term ecological risks. This approach provides valuable insights into the potential environmental 74 

impacts of CAR under varying climatic conditions and acts as a foundation for developing strategies to mitigate the 75 

ecological risks associated with toxic metal contamination in legacy waste sites. 76 

2. Materials and Methods 77 

2.1. Sample and Reagent Preparation 78 

The CAR samples were collected from a copper smelting plant in Hubei Province, China, generated through lime 79 

neutralization treatment of “dirty acid” wastewater. The wet CAR had been stockpiled outdoors at the plant site for 45 80 

days, exhibiting a moisture content of 25% and a pH of 10.54. After collection, samples were homogenized using the 81 

coning and quartering method and then stored in light-proof black polyethylene bags to preserve their integrity. For 82 

compositional analysis, the samples were dried in a vacuum oven at 25 °C for 12 h, physically crushed, sieved to 100 83 

mesh (150 μm), and analyzed for elemental composition using X-ray fluorescence spectroscopy (XRF), as shown in 84 

Table S1. All reagents used in the study were sourced from Sinopharm Chemical Reagent Co., Ltd. (Wuhan, China). 85 

2.2. Experimental Methods 86 

2.2.1. Dry-Wet Alternation and Freeze-Thaw Cycles 87 

Dry-wet (DW) cycling simulation [26]: Wet CAR was placed in disposable Petri dishes, and distilled water was 88 

added to adjust its moisture content to 70% of the maximum field water-holding capacity. After incubation for 12 h, the 89 

dishes were transferred to a 55 °C environment for 12 h of drying. Subsequently, distilled water was replenished to 90 

maintain the moisture content at 70%, completing one DW cycle. CAR samples were subjected to 3, 7, 14, 21, and 28 91 
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DW cycles. After each treatment, the wet CAR was air-dried in a fume hood, sieved through a 100-mesh screen, and 92 

stored. All treatments were performed in triplicate to ensure experimental representativeness. 93 

Freeze-thaw (FT) cycling simulation [27]: Wet CAR was placed in disposable Petri dishes, and distilled water was 94 

added to adjust its moisture content to 70% of the maximum field water-holding capacity. After incubation for 12 h, the 95 

dishes were frozen at −20 °C for 12 h. The samples were then thawed at room temperature, and distilled water was 96 

replenished to restore the moisture content to 70%, completing one FT cycle. CAR samples underwent 3, 7, 14, 21, and 97 

28 FT cycles. Post-treatment, the samples were air-dried in a fume hood, sieved through a 100-mesh screen, and stored. 98 

Similarly, all treatments were replicated three times. 99 

2.2.2. Toxicity Characteristic Leaching Procedure (TCLP) 100 

The simulated stockpiled CAR was physically crushed and subjected to the TCLP test according to standard 101 

protocols. The leachate was filtered through a 0.22 μm membrane and stored at 4 °C for subsequent analysis. The 102 

concentrations of leached toxic elements were determined using inductively coupled plasma optical emission 103 

spectrometry (ICP-OES). 104 

2.2.3. Measurement of Bioavailable Toxic Elements 105 

Bioavailable As: Bioavailable As was extracted using 0.05 mol/L NH4H2PO4 solution at a solid-to-liquid ratio of 106 

1:25. The mixture was oscillated at 180 ± 20 rpm for 16 h, filtered through a 0.22 μm membrane, and stored at 4 °C. 107 

Bioavailable Zn and Cd: A DTPA extractant (0.005 mol/L DTPA, 0.1 mol/L triethanolamine (TEA), and 0.01 108 

mol/L CaCl2 was used with a solid-to-liquid ratio of 1:5 (5 g sample to 25 mL extractant). The mixture was horizontally 109 

oscillated at 180 cycles/min for 2 h. After centrifugation, the initial 5–6 mL of supernatant was discarded, and the 110 

remaining filtrate was passed through a 0.22 μm membrane and stored at 4 °C. 111 

2.2.4. Sequential Extraction Procedure 112 

A three-step sequential extraction method, proposed by the Community Bureau of Reference (BCR) and modified 113 

by Davidson’s sequential extraction protocol [28], was employed to analyze the chemical speciation of As, Zn, and Cd 114 

in CAR. Each extraction step was repeated three times. 115 

2.2.5. Determination of Physicochemical Properties 116 

A total of 5.0 g of sample was mixed with 25 mL of ultrapure water in a 50 mL beaker. The mixture was vigorously 117 

stirred for 1–2 min, allowed to settle for 30 min, and then measured for pH, electrical conductivity (EC), and oxidation-118 

reduction potential (ORP) were then measured using a multi-parameter meter equipped with a saturated calomel 119 

electrode (SCE). These measurements were conducted on both raw CAR and samples treated with varying cycles of FT 120 

and DW. 121 

2.3. Analytical and Characterization Methods 122 

The particle size distribution of CAR was analyzed using an LS-609 laser particle size analyzer (by Zhuhai OMEC 123 

Instruments Co., Ltd., located in Zhuhai, China) is manufactured by Zhuhai OMEC Instruments Co., Ltd., located in 124 

Zhuhai, China. Elemental composition and content were determined by X-ray fluorescence spectroscopy (XRF). The 125 

crystalline structure was characterized via X-ray diffraction (XRD), identifying the primary mineral phases. Scanning 126 

electron microscopy (SEM) was employed to analyze the morphological features and microstructural characteristics of 127 

the samples. Fourier transform infrared spectroscopy (FTIR) was utilized to identify functional groups and molecular 128 

structures of compounds. In addition, X-ray photoelectron spectroscopy (XPS) was applied to investigate the valence 129 

state distribution of internal elements, elucidating their chemical transformations. 130 

2.4. Environmental Risk Assessment of Toxic Elements 131 

2.4.1. Potential Risk Index Method 132 

The Potential Ecological Risk Index (IPER) proposed by HAKANSON was adopted to evaluate the cumulative 133 

ecological risks of toxic elements. This method has been widely applied in soil and solid waste environmental 134 

assessments [29,30]. 135 

The IPER is calculated as follows: 136 
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𝐶𝑓
𝑖 =

𝐶𝐷
𝑖

𝐶𝑛
𝑖
 (1) 

𝐸𝑟
𝑖 = 𝐶𝑓

𝑖 × 𝑇𝑟
𝑖 (2) 

𝐼𝑃𝐸𝑅 = ∑𝐸𝑟
𝑖  (3) 

Formula: 𝐶𝑓
𝑖 represents the single-metal contamination factor in CAR; 𝐶𝐷

𝑖  denotes the measured concentration of 137 

the toxic metal in CAR (mg/kg); 𝐶𝑛
𝑖  is the reference value for the corresponding toxic metal, determined based on the 138 

risk screening values stipulated in China’s GB36600-2018 “Soil Environmental Quality—Risk Control Standard for 139 

Soil Contamination of Development Land (Trial)” and GB15618-2018 “Soil Environmental Quality—Risk Control 140 

Standard for Soil Contamination of Agricultural Land (Trial)” (mg/kg); 𝐸𝑟
𝑖  refers to the potential ecological risk index 141 

of a single toxic metal; 𝑇𝑟
𝑖 is the toxicity response factor for the corresponding toxic metal, with values listed in Table 142 

S2. Total metal concentrations were adopted in these calculations as they more effectively capture the upper threshold 143 

of potential environmental risks. While bioavailable species demonstrate greater immediate ecological relevance, this 144 

study specifically examines climate-driven environmental transformation processes that control the long-term stability 145 

of CAR. 146 

Moreover, the HAKANSON classification framework for the potential ecological risk index based on 𝐸𝑟
𝑖  [30,31], 147 

grades of comprehensive potential ecological risk based on the Integrated Potential Ecological Risk Index (IPER), as 148 

detailed in Supplementary Materials Table S3. 149 

2.4.2. Risk Assessment Code (RAC) 150 

The RAC was calculated to comprehensively evaluate the toxic variations of target toxic elements under FT and 151 

DW cycles. Studies have demonstrated that RAC effectively reflects the environmental reactivity of metals in CAR by 152 

accounting for their speciation fractions with distinct binding strengths [32,33]. The RAC acts as a primary method for 153 

classifying environmental risk levels and is calculated using Equation (4): 154 

𝑅𝐴𝐶 =
𝐹1

𝐹2 + 𝐹2 + 𝐹3 + 𝐹4
× 100% (4) 

In the equation, F1 is the acid-extractable fraction, F2 is the oxidizable fraction, F3 is the reducible fraction, and 155 

F4 is the residual fraction. According to the RAC guidelines, the environmental risk level of any toxic metal is 156 

categorized into five distinct grades: No risk (<1%), Low risk (1–10%), Moderate risk (11–30%), High risk (31–50%), 157 

and Extremely high risk (>50%) [34]. 158 

2.5. Aging Process Simulation 159 

A quantitative artificial aging method [35,36] was employed to simulate the impact of rainfall. Assuming an annual 160 

rainfall of 1000 mm per 1 m3 of soil, the rainwater received by 1 g of dry soil over one year was calculated to be 0.769 161 

mL (based on a bulk density of 1.3 g/cm3). By considering the moisture content of CAR and the water replenishment 162 

volumes in the DW/FT cycles, the rainwater equivalent for 1 g of CAR per cycle was determined to be 0.794 mL. This 163 

suggests that each DW or FT cycle simulates one year of natural aging. Thus, the 28 cycles of DW and FT treatments 164 

performed in this study correspond to a 28-year aging process. 165 

The immobilization of metals can be conceptualized as binding to specific functional sites within the CAR matrix. 166 

At Year 0, metal binding can be assumed to be fully effective, with a reliability of 1. However, structural degradation 167 

due to repeated DW and FT cycles gradually reduces the efficiency of this immobilization [37,38]. This degradation 168 

process can be modeled using conditional probability theory: 169 

lim
ℎ→0

𝑃((𝑡 ≤ 𝑇 ≤ 𝑡 + ℎ)︱𝑇 > 𝑡)

ℎ
= 𝜆 (5) 

In Equation (5), time t acts as a parameter defining the interval between t and t + h. The parameter λ represents the 170 

aging rate within this interval. Using an exponential model R(t), the degradation process is described in Equation (6). 171 

Since the aging rate is not constant in real-world scenarios, it is more accurately described by a Weibull distribution, shown 172 

in Equation (7), which simplifies the exponential model in cases where aging follows a constant rate in Equation (8). The 173 

reliability function is expressed as follows: 174 
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𝑅(𝑡) = 𝑒−λ0𝑡 (6) 

lim
ℎ→0

𝑃 ((𝑡 ≤ 𝑇 ≤ 𝑡 + ℎ)︱𝑇 > 𝑡)

ℎ
= 𝜆(𝑡) = 𝜆0𝑡𝑚(𝑚 > 1) (7) 

𝑅(𝑡) = 𝑒−λ0𝑡m+1
= 𝑒−λ0𝑡α

 (8) 

3. Results and Discussion 175 

3.1. Changes in Physicochemical Properties of CAR 176 

3.1.1. pH Variation 177 

Figure 1a illustrates the pH evolution of CAR under DW and FT cycles. The pH gradually declined with increasing 178 

cycles. In DW cycles, the rate of pH decrease slowed after the 3rd cycle, likely due to the accelerated dissolution of 179 

metastable arsenate phases through periodic hydration, which released acidic components. In FT cycles, the pH 180 

stabilized after the 7th cycle, attributed to mechanical damage from ice-induced particle fragmentation, allowing for 181 

quicker acid penetration. After 28 cycles, the pH decreased to 8.33 in DW cycles, while FT cycles resulted in a pH of 182 

9.10, indicating stronger acidification under DW cycles. 183 

 184 

Figure 1. Illustrates the effects of DW and FT cycles on the physicochemical properties of CAR: (a) pH, (b) electrical conductivity 185 

(EC), and (c) redox potential (Eh). 186 

3.1.2. Electrical Conductivity (EC) Dynamics 187 

Figure 1b shows the EC evolution of CAR during DW and FT cycles. EC progressively increased with the number 188 

of cycles, stabilizing after the 7th cycle, with DW exhibiting a steeper rise than FT. After 28 cycles, EC reached −77.5 189 

μS/cm for DW and −100 μS/cm for FT, indicating enhanced ion migration with prolonged liquid-phase interaction. 190 

The staged changes in EC correlate with mineral dissolution kinetics. The initial rapid increase was due to the 191 

preferential dissolution of highly soluble components (e.g., gypsum, metal carbonates), governed by solid-liquid 192 
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interfacial reactions. Subsequent deceleration arose from the slow dissolution of secondary minerals and increased ion 193 

diffusion resistance. Notably, ice crystal formation during FT increased solution density and reduced fluid mobility [39], 194 

thereby suppressing ion transport efficiency and resulting in lower EC increments compared to DW. This finding 195 

emphasizes the role that the physical states of the aqueous phase play in regulating ion transport. 196 

3.1.3. Redox Potential (Eh) Evolution 197 

Figure 1c reveals contrasting Eh trends under DW and FT. For DW, Eh increased steadily from 62 mV to 140 mV 198 

by cycle 28 and stabilized due to the accumulation of oxidized species (As(V)) and the depletion of reduced species 199 

(As(III)). This trend corresponds with pore structure dynamics during drying: Desiccation-induced shrinkage fractures 200 

enhance atmospheric oxygen diffusion efficiency, thereby facilitating persistent oxidation reactions throughout the slag 201 

matrix. Concurrently, infiltrating atmospheric CO2 promotes the speciation transformation and subsequent mobilization 202 

of toxic metal species. 203 

In contrast, FT resulted in a non-monotonic Eh trajectory: rise to 136.5 mV by cycle 7, followed by a gradual 204 

decline to 124 mV by cycle 28. The initial increase in Eh was due to particle fragmentation, which increased the solid-205 

gas contact area. However, ice barriers during prolonged freezing impede oxygen diffusion, suppressing oxidation. 206 

Simultaneously, ice encapsulation restricted ion migration, promoting redox equilibration. 207 

3.1.4. Particle Size Distribution 208 

Figure S1 illustrates the distinct evolutionary patterns of the particle size distribution of CAR under DW and FT 209 

cycles. The pristine sample displayed a bimodal distribution, with primary peaks at 7.19 μm and 29.9 μm, resulting in 210 

a median particle size (D50) of 8.23 μm (Figure S1a,d), indicative of complex, interwoven heterogeneous particle 211 

structures. 212 

During the DW cycles, the particle size evolution followed three distinct phases of adjustments. During the initial 213 

3 cycles, hydration-induced swelling in the wet phase promoted aggregate formation through surface interactions among 214 

fine particles [40], while concurrent Ca2⁺ release from carbonate dissolution enhanced flocculation, resulting in a 215 

reduction of the D50 to 7.81 μm. As the cycles increased to 14, rapid moisture evaporation during the drying phase 216 

triggered aggregate disintegration [41], along with carbonate alteration of mineral phases such as gypsum [42]. These 217 

processes led to a more rapid reduction of the D50 to 6.88 μm. After 28 cycles, the enhanced anti-disintegration capacity 218 

of the particles slowed the size reduction rate, stabilizing the D50 at 5.94 μm through progressive surface carbonation 219 

reactions (Figure S1c,f). 220 

In contrast, FT cycles exhibited a counteractive regulatory mechanism. Although ice crystal growth exerted 221 

disruptive forces on coarse particles, the intrinsic anti-fragmentation characteristics of gypsum phases, along with ice-222 

cementation-induced reagglomeration of fine particles, helped maintain system stability [43]. This dual mechanism led 223 

to a modest increase in D50 to 6.55 μm, accompanied by a migration of the primary peak to 9.23 μm after 28 cycles 224 

(Figure S1c,f). 225 

3.2. Impacts of DW and FT Cycles on the Stability of As, Zn, and Cd in CAR 226 

3.2.1. Variations in Leaching Toxicity of As, Zn, and Cd 227 

The leaching toxicity and release dynamics of As, Zn, and Cd in CAR under DW and FT cycles are illustrated in 228 

Figure 2. Under DW cycles, the leaching concentrations of all three toxic elements increased progressively with cycle 229 

number. Arsenic leaching rose from 237.52 mg/L (3 cycles) to 300.98 mg/L (28 cycles), while Zn increased from 379.52 230 

mg/L to 477.74 mg/L, and Cd escalated from 20.47 mg/L to 38.16 mg/L (Figure 2a–c). The cumulative release rates 231 

after 28 cycles reached 52.39%, 42.63%, and 68.55% for As, Zn, and Cd, respectively. This enhanced release was 232 

driven by synergistic mechanisms: the periodic DW cycles reduced system pH (from 10.58 to 8.33), increasing toxic 233 

metal ion activity. Simultaneously, CO2 dissolution in the aqueous phase generated carbonate ions participating in 234 

ligand exchange with arsenate compounds. Particle size reduction (32% decrease in D50) amplified the specific surface 235 

area, accelerating interfacial dissolution of mineral phases such as calcium arsenate and zinc/cadmium sulfides [44,45]. 236 

In addition, moisture transport promoted leaching effects that continuously carried dissolved metals outward, 237 

establishing sustained release fluxes. 238 

In contrast, FT cycles exhibited a moderate release pattern. After 28 cycles, leaching concentrations stabilized at 239 

258.28 mg/L (As), 407.97 mg/L (Zn), and 29.56 mg/L (Cd), corresponding to release rates of 44.28%, 32.52%, and 240 

59.39%, respectively. Although ice crystal growth initially enhanced pore connectivity and facilitated short-term metal 241 
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release, prolonged freezing suppressed solution mobility. Concurrently, the recrystallization of cementitious phases like 242 

gypsum formed dense microstructures that effectively impeded toxic metal diffusion [46]. These combined effects 243 

resulted in systematically lower release rates under FT compared to DW cycles. 244 

 245 

Figure 2. Illustrates the leaching toxicity (left) and release rates (right) of toxic elements in CAR subjected to 1 −28 cycles of DW 246 

and FT cycling: (a) As, (b) Zn, and (c) Cd. 247 

3.2.2. Chemical Speciation Changes of As, Zn, and Cd 248 

Figure 3 illustrates the chemical speciation of As, Zn, and Cd in CAR after 28 cycles of DW and FT. Sequential 249 

extraction, using Davidson’s three-step protocol, categorized the toxic elements into four fractions: acid-extractable 250 

(F1), oxidizable (F2), reducible (F3), and residual (F4). In raw CAR, As speciation followed this order: F4 (87.28%), 251 

F1 (11.17%), F2 (1.48%), and F3 (0.07%) (Figure 3a), while Zn and Cd exhibited similar distributions: F4 (83.40% and 252 

79.52%), F1 (12.64% and 11.02%), F2 (2.88% and 8.21%), and F3 (0.07% and 1.25%) (Figure 3b,c). Following DW 253 

cycles, the residual fraction (F4) of As, Zn, and Cd decreased progressively, while F1 and F2 increased. After 28 cycles, 254 

F4 for As, Zn, and Cd declined from initial values of 88.26%, 83.40%, and 79.52% to 72.98%, 75.94%, and 60.19%, 255 

respectively. Concurrently, F1 increased to 17.65% (As), 18.63% (Zn), and 19.67% (Cd), and F2 rose to 7.34% (As), 256 

4.31% (Zn), and 17.36% (Cd). Moisture enhanced metal solubility and oxidation processes, thereby promoting the 257 

transformation of residual phases into acid-soluble species [47]. Repeated drying cycles facilitated the retention of labile 258 

fractions (F1 and F2), with DW exerting the strongest effect on the oxidizable fraction of Cd and the acid-extractable 259 

fractions of As and Zn. 260 

In contrast, F4 remained the dominant speciation for all metals under FT cycles. After 28 cycles, F1 increased 261 

moderately to 11.86% (As), 16.59% (Zn), and 15.23% (Cd), while F2 rose to 5.67% (As), 3.28% (Zn), and 14.25% (Cd) 262 

(Figure 3a–c). Limited speciation shifts under FT were attributed to mechanical immobilization: cyclic pore 263 

compression during freezing and expansion during thawing trapped toxic elements within the matrix, reducing their 264 

mobility [48]. 265 
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 266 

Figure 3. Evolution of toxic elements speciation in CAR after 28 cycles of DW and FT cycling, (a) As; (b) Zn; (c) Cd; acid-267 

extractable (F1), oxidizable (F2), reducible (F3), and residual (F4). 268 

3.2.3. Variations in Bioavailable As, Zn, and Cd in CAR 269 

Figure S2 illustrates the changes in bioavailable concentrations of As, Zn, and Cd in CAR after 1–28 cycles of DW 270 

and FT. Under DW cycles, the bioavailable concentrations of all three toxic elements increased continuously with cycle 271 

progression. Arsenic rose from an initial concentration of 128.36 mg/L to 214.57 mg/L (67.2% increase), Zn increased 272 

from 144.20 mg/L to 234.80 mg/L (62.8% increase), and Cd escalated from 47.02 mg/L to 75.18 mg/L (59.9% increase) 273 

after 28 cycles. Bioavailable fractions reflect the environmental mobility and bioavailability of toxic elements, directly 274 

influencing their ecological risks during subsequent disposal [49]. The moist conditions under DW enhanced metal 275 

solubility, while repeated hydration and dehydration of mineral phases altered the chemical properties of the slag, 276 

promoting the release of bioavailable As, Zn, and Cd. 277 

In contrast, FT cycles exhibited a biphasic release pattern characterized by rapid initial increases followed by 278 

gradual stabilization. Within the first 3 cycles, bioavailable As and Zn surged to 165.33 mg/L (28.8% increase) and 279 

172.80 mg/L (19.8% increase), respectively. Subsequently, the growth rates slowed, reaching final concentrations of 280 

184.75 mg/L (44.1% total increase) for As and 205.91 mg/L (42.8% total increase) for Zn after 28 cycles. The initial 281 

spike was attributed to freeze-thaw-induced fracturing and redistribution of mineral matrices, which reduced their 282 

adsorption capacity [50]. However, structural stabilization during later cycles attenuated further increases in bioavailability. 283 

Bioavailable Cd displayed intermediate sensitivity, rising to 62.78 mg/L (33.5% increase) after 28 FT cycles. 284 

3.3. Characterization of CAR under DW and FT Cycles 285 

3.3.1. XRD Analysis 286 

Figure 4 illustrates the mineralogical evolution of CAR after 28 cycles of DW and FT, as analyzed by XRD. Raw 287 

CAR primarily contained crystalline phases of CaSO4·2H2O, CaCO3, Zn2(AsO4)(OH)·2H2O, Ca3(AsO4)2, Zn3(AsO4)2, 288 

ZnS, and CdS, with minor amorphous phases due to its heterogeneous composition [14]. 289 
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 290 

Figure 4. XRD analysis of CAR after 28 cycles of DW and FT cycling. (a) DW; (b) FT. 291 

Under DW cycles, mineralogical reorganization occurred. The peak intensity of CaSO4·2H2O linearly attenuated 292 

with cycle progression, while CaCO3 peaks intensified (Figure 4a). This inverse relationship confirms a DW driven 293 

carbonation pathway: atmospheric CO2 infiltrated through open pores during drying, reacting with gypsum at the solid-294 

gas interface (Equation (9)). Concurrently, arsenate minerals (e.g., Ca3(AsO4)2) and zinc hydroxyarsenate exhibited 295 

reduced peak intensities, indicating enhanced dissolution during wet phases due to pH-driven protonation of AsO4
3− 296 

(pH decline from 10.58 to 8.33). Sulfide phases (ZnS and CdS) also degraded, consistent with oxidation pathways under 297 

elevated redox potential (Eh > 140 mV) (Equations (10) and (11)): 298 

CaSO₄ · 2H₂O +  CO₂ +  H₂O →  CaCO₃ +  SO₄²⁻ +  2H⁺ (9) 

ZnS +  2O₂ + H₂O →  ZnO +  SO₄²⁻ + 2H⁺ (10) 

CdS +  2O₂ + H₂O →  CdO +  SO₄²⁻ + 2H⁺ (11) 

In contrast, FT cycles induced distinct phase dynamics. CaSO4·2H2O peak attenuation was less pronounced (Figure 299 

4b), attributed to ice encapsulation suppressing CO2 diffusion and low-temperature retardation of reaction kinetics. 300 

Calcite peaks exhibited non-monotonic behavior: initial intensification (cycles 3–14) followed by decline (cycles 14–301 

28). This biphasic trend reflects dual ice-mediated mechanisms: (1) ice crystal compression enhanced pore connectivity, 302 

promoting localized carbonation; and (2) subsequent meltwater transport of HCO3
− triggered calcite dissolution and re-303 

equilibration [51], Equation (12). Arsenic and sulfide phases showed slower degradation rates under FT than under DW, 304 

corroborating the inhibitory effects of low temperature on mineral alteration [52]. 305 

CaCO₃ +  H₂O +  CO₂ →  Ca²⁺ +  2HCO₃⁻ (12) 

3.3.2. SEM Analysis 306 

Figure 5 illustrates the microstructural evolution of the CAR after 28 DW and FT cycles using SEM at various 307 

magnifications. Untreated CAR exhibited prismatic-blocky gypsum crystals (20–100 μm) with smooth surfaces and 308 

intact crystallinity at 50 μm scale (Figure 5a,d), indicative of an initially dense microstructure. Notably, high-resolution 309 

imaging (2 μm) revealed submicron particles (<5 μm) and columnar phases forming heterogeneous agglomerates on 310 

the gypsum matrix (Figure 5g), structurally and compositionally consistent with the multiphase coexistence of calcium 311 

arsenate and calcite identified by XRD. This confirms the complex syn-crystallization characteristics of minerals in raw 312 

CAR. 313 

Following DW cycles, the samples displayed marked structural degradation: gypsum particles underwent selective 314 

size reduction (5–50 μm) accompanied by surface roughening and edge rounding (Figure 5b,e). These changes correlate 315 

with DW-induced As–O bond cleavage and partial mineral dissolution-recrystallization, particularly driven by CO2 316 

adsorption-driven carbonation. At higher magnification (2 μm, Figure 5h), microporosity (<1 μm) became evident on 317 

gypsum surfaces, providing nucleation sites for amorphous particle reprecipitation and migration channels for toxic 318 
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elements (e.g., As, Zn). The emergence and propagation of microcracks suggest stress-induced fracturing under cyclic 319 

humidity variations, aligning with XRD-detected declines in calcium arsenate intensity and calcite enrichment. 320 

In contrast, FT cycles triggered more pronounced mechanical damage. At 10 μm scale, irregular fracture planes on 321 

gypsum surfaces (Figure 5f) illustrate ice-expansion-stress-dominated brittle fragmentation, coupled with localized 322 

carbonate precipitation induced by moisture migration. Freezing enhanced interparticle cementation, forming unevenly 323 

thick cementation layers on fragmented surfaces, likely due to ice-mediated carbonate reprecipitation. This process 324 

promoted further aggregation of fines and agglomerates, as evidenced by denser agglomerate structures observed at 2 325 

μm magnification (Figure 5i), reflecting FT induced water infiltration and physical immobilization. 326 

 327 

Figure 5. SEM images of CAR at different magnifications (50 μm, 10 μm, and 2 μm) after undergoing DW and FT cycles. (a,d,g): 328 

Raw CAR; (b,e,h): CAR after 28 cycles of DW; (c,f,i): CAR after 28 cycles of FT. 329 

3.3.3. FTIR Analysis 330 

Figure 6 presents the FTIR spectra of CAR subjected to 28 cycles of DW and FT. For untreated CAR, characteristic 331 

absorption bands were observed at 3404.14 cm−1 and 1621.93 cm−1, corresponding to O–H stretching and bending 332 

vibrations of crystalline water in CaSO4·2H2O [53,54]. The peaks at 1118.18 cm−1, 668.64 cm−1, and 601.77 cm−1 were 333 

attributed to S–O stretching vibrations of SO4
2− [55–57]. Absorption bands at 1687.22 cm−1 and 1413.00 cm−1 indicated 334 

the presence of C=O bonds, likely associated with carbonate complexes [58,59]. The peak at 874.107 cm−1 represented 335 

asymmetric stretching of CaCO3 [60], while bands at 794.25 cm−1 and 820.04 cm−1 were assigned to As(III)–O and 336 

As(V)–O stretching vibrations, respectively [61]. Zn–O stretching vibration was identified at 427.81 cm−1 [62]. 337 

Under DW cycles (Figure 6a), the O–H stretching band at 3405 cm−1 and bending vibration at 1622 cm−1 gradually 338 

weakened with increasing cycles, suggesting structural reorganization of gypsum and reduced water retention. The S–339 
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O stretching bands (1118 cm−1, 668 cm−1, 601 cm−1) exhibited peak shifts, indicative of SO4
2− complexation with metal 340 

ions such as Na⁺, K⁺, and Zn2+. The C=O bands (1687 cm−1, 1410 cm−1) shifted dynamically, reflecting active 341 

participation of carbonate groups in DW-driven reactions. Concurrently, the CaCO3 peak at 875 cm−1 intensified, 342 

corroborating XRD-detected calcite formation. Notably, the As(III)–O band (794 cm−1) attenuated, while the As(V)–O 343 

band (820 cm−1) strengthened, evidencing As(III) oxidation to As(V) [61]. The Zn–O band (427 cm−1) weakened and 344 

shifted, consistent with phase transformations of zinc oxides. 345 

 346 

Figure 6. FTIR spectra of CAR after 28 cycles of (a) DW and (b) FT cycling. 347 

In contrast, FT cycles (Figure 6b) induced distinct spectral responses. While similar peak shifts occurred for 348 

gypsum, SO4
2−, and C=O groups, the As(III)–O and As(V)–O bands (794 cm−1, 820 cm−1) showed smaller intensity 349 

changes, and the Zn–O band (427 cm−1) remained stable, demonstrating suppressed arsenic and zinc transformations 350 

under low-temperature conditions. The CaCO3 peak at 875 cm−1 initially intensified during early cycles (1–14) due to 351 

ice-mediated carbonate precipitation but subsequently weakened (14–28 cycles) as structural damage from repeated 352 

freezing disrupted calcite crystallinity, aligning with XRD observations. These results show the mechanisms of DW 353 

induced chemical oxidation and FT mediated physical stabilization in altering CAR molecular structure. 354 

3.3.4. XPS Analysis 355 

Figure 7 illustrates the chemical state evolution of As, Zn, and Cd in CAR under DW and FT cycles. In raw CAR, 356 

arsenic existed as a mixture of As(III) and As(V), with As 3d5/2 binding energies at 44.61 eV (54.32%) and 45.31 eV 357 

(45.68%), respectively (Figure 7a), indicative of the metastable structure of calcium arsenate minerals (Ca3(AsO4)2) 358 

[14]. After 28 DW cycles, the As(III) proportion declined to 36.27% (44.12 eV), while As(V) increased to 63.73% 359 

(45.14 eV) (Figure 7m), driven by oxidative conditions (Eh > 140 mV) and enhanced aqueous-phase transport [63]. 360 

Supersaturation during drying likely promoted As(III) oxidation, whereas bicarbonate-mediated ligand exchange 361 

facilitated the dissolution of As(V) species [14,64]. Under FT cycles, As(III) only decreased to 39.66% (Figure 7g), 362 

indicating limited oxidation due to reduced reaction kinetics and oxygen diffusion through ice. 363 

The Zn 2p spectra display typical spin–orbit splitting, with Zn 2p3/2 and Zn 2p1/2 peaks at ~1022.1 and ~1045.1 eV, 364 

respectively, exhibiting a constant energy separation of ~23 eV and an area ratio of ~2:1. Therefore, the chemical state 365 

analysis was based on the Zn 2p3/2 peak. In raw CAR, Zn primarily existed as ZnCO3 (1021.91 eV, 48.93%) and ZnO 366 

(1022.83 eV, 28.48%) (Figure 7b) [65,66]. After 28 FT cycles, ZnS (1023.65 eV) decreased from 8.61% to 4.65%, 367 

while ZnO increased to 36.58% (Figure 7h), attributed to ZnS oxidation and freezing-induced dehydration of Zn(OH)2 368 

(1021.34 eV). Transient signals at ~1047–1048 eV reflect hindered Zn(OH)2 to ZnO transitions under low-temperature 369 

kinetics [67]. DW cycles promoted direct conversion of Zn(OH)2 to ZnO (38.48% at 28 cycles) without intermediate 370 

species (Figure 7n), indicating the facilitating role of proton-mediated transport. 371 

The Cd 3d spectra also exhibit spin–orbit splitting, with Cd 3d5/2 and Cd 3d3/2 peaks at ~405.1 and ~411.8 eV, 372 

respectively, separated by ~6.7 eV with a 3:2 area ratio. Cd chemical state interpretations were based on Cd 3d5/2 binding 373 

energies. In raw CAR, CdCO3 (405.47 eV, 26.98%) and CdO (405.88 eV, 38.25%) were dominant species [68,69] 374 

(Figure 7c). DW cycles sharply reduced CdS (405.92 eV) from 18.51% to 3.43% and increased CdCO3 to 30.88% 375 

(Figure 7o), due to sequential oxidation-carbonation reactions. FT cycles led to a smaller CdCO3 increase (27.91%, 376 
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Figure 7i), reflecting slower bicarbonate diffusion and carbonation. Both DW and FT treatments resulted in increased 377 

Cd(OH)2 contents (DW: 26.98%; FT: 26.76%), likely due to pH-induced CdCO3 dissolution and hydroxide precipitation 378 

during late-cycle oscillations. 379 

 380 
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Figure 7. XPS spectra of CAR after 28 cycles of DW and FT: pristine samples: (a) As 3d, (b) Zn 2p, (c) Cd 3d; FT: (d) As 3d 14 381 

cycles, (e) Zn 2p 14 cycles, (f) Cd 3d 14 cycles, (g) As 3d 28 cycles, (h) Zn 2p 28 cycles, (i) Cd 3d 28 cycles; DW: (j) As 3d 14 382 

cycles, (k) Zn 2p 14 cycles, (l) Cd 3d 14 cycles, (m) As 3d 28 cycles, (n) Zn 2p 28 cycles, (o) Cd 3d 28 cycles. 383 

3.4. Comprehensive Environmental Risk Assessment 384 

3.4.1. Potential Ecological Risk Evaluation 385 

Table S4 illustrates the application of the IPER proposed by HAKANSON to assess the ecological risk of CAR 386 

after DW and FT cycles. Results indicated that As and Cd in CAR posed extreme ecological risks, while Zn exhibited 387 

high ecological risk, as categorized by Hakanson index, with As and Cd showing higher risk scores due to their toxicity 388 

and environmental persistence. Following DW and FT cycles, the integrated IPER values increased from 10,229.51 389 

(raw CAR) to 11,187.85 (DW) and 10,668.29 (FT), representing increments of 8.56% and 4.11%, respectively. Both 390 

cycles raised the overall ecological risk level to “severe risk”. Arsenic dominated the risk contribution, accounting for 391 

80.14% (DW) and 80.19% (FT) of the total IPER, which can be attributed to its high toxicity and the potential for 392 

increased leaching under both DW and FT conditions. Continued cycling of DW and FT would further amplify the 393 

integrated ecological risks, showing the necessity for stringent management measures, such as containment, 394 

stabilization, or remediation techniques, to minimize environmental exposure and mitigate long-term impacts. 395 

3.4.2. Risk Assessment Code (RAC) 396 

Figure 8 presents the RAC values of As, Zn, and Cd in CAR after undergoing DW and FT cycles. For As, the 397 

initial RAC value (6.35%) indicated low environmental risk. Under DW cycles, As risk escalated progressively, 398 

reaching 10.48% (moderate risk) after just 3 cycles. FT cycles temporarily mitigated As release due to ice encapsulation, 399 

maintaining RAC below 8.43% (low risk) until 14 cycles. However, prolonged FT cycles induced particle expansion-400 

contraction stresses, destabilizing arsenic-bearing mineral lattices [70], ultimately improving RAC to 11.86% (moderate 401 

risk) at 28 cycles (Figure 8a). The initial value of Zn (12.46%) is at a moderate risk level, and regardless of whether it 402 

undergoes DW or FT, its environmental risk continues to rise. After 28 cycles, the RAC values for Zn reach 18.63% 403 

and 16.59%, respectively (Figure 8b). Notably, the increase in Zn RAC is higher than that of As, indicating its lower 404 

mineral binding stability. Cd (11.25%) shows a similar trend in environmental risk as Zn after DW and FT cycles. After 405 

28 cycles, its RAC values increase to 19.67% and 15.23%, respectively, indicating a moderate risk level (Figure 8c). 406 

Overall, neglecting the effects of DW and FT cycles during CAR treatment and disposal will lead to a continuous 407 

increase in environmental risk, complicating the treatment and disposal process. 408 
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 409 

Figure 8. RAC values for toxic elements in CAR after 28 cycles of DW and FT cycles: (a) As; (b) Zn; (c) Cd. 410 

3.5. Simulation of Multi Year Aging Processes 411 

The 28 cycles of DW and FT in this study were designed to simulate a 28-year natural aging process of CAR. As 412 

indicated by the TCLP test results (Figure 2), the leaching concentrations of As, Zn, and Cd showed consistent upward 413 

trends over time, confirming the progressive accumulation of environmental risks. These results align with the 414 

ecological risk assessments discussed earlier, demonstrating an increased long-term threat posed by toxic elements. 415 

For As, Zn, and Cd, the exponential and Weibull models for a 28-year accelerated aging process under DW and 416 

FT cycles are presented in Figures 9 and S3. The Weibull model, with superior confidence intervals, better captures the 417 

dynamics of aging, confirming cumulative toxic metal release over time. 418 
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 419 

Figure 9. Weibull model of toxic elements in CAR under accelerated aging conditions for 28 years, subjected to DW and FT cycles. 420 

DW: (a) As, (b) Zn, (c) Cd; FT: (d) As, (e) Zn, (f) Cd. 421 

Following DW and FT cycles, the α values for As are 6.98 and 7.00, for Zn are 3.78 and 4.57, and for Cd are 8.24 422 

and 10.98, respectively. This indicates that DW cycles are more conducive to promoting structural degradation in CAR 423 

due to factors such as enhanced evaporation and oxidative processes, resulting in faster aging rates. In contrast, FT 424 

cycles, influenced by freezing and low temperatures, retard structural changes and thus result in slower aging. However, 425 

over the course of 28 years, the aging rates increase more significantly under FT conditions due to repeated freeze-thaw 426 

stress, albeit at a slower initial pace. After 28 years, the aging rates of toxic elements, in descending order, are Cd > 427 

As > Zn, while the reliability of metal binding remains above 0.90. 428 

4. Conclusions 429 

This study reveals divergent mechanisms by which dry-wet (DW) and freeze-thaw (FT) cycles affect the long-term 430 

stability of calcium arsenic residue (CAR). DW cycles intensify toxic metal release via carbonation-driven lattice 431 

disruption, acidification, and oxidation, significantly increasing the bioavailability and ecological risk of As, Zn, and 432 

Cd. In contrast, FT cycles partially mitigate these effects through freeze-induced immobilization and reduced ion 433 

migration. Risk assessments confirm a notable escalation under both conditions, with As as the dominant contributor. 434 

The Weibull reliability model demonstrates superior prediction of climate-dependent aging dynamics compared to 435 

traditional exponential models. These findings highlight the importance of climate-resilient stabilization strategies that 436 

suppress oxidation and control ion transport. Field-scale validation in semi-arid and cold regions is recommended. The 437 

proposed “mineral evolution–interface reaction–risk assessment” framework provides a quantitative basis for 438 

forecasting residue behavior under climate-driven stress, supporting sustainable management of arsenic-bearing wastes. 439 
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The impacts of DW and FT on CAR particle size distribution and cumulative curves: (a,d) raw sample; (b,e) DW; (c,f) 442 

FT; Figure S2: Variations in the concentrations of bioavailable As, Zn, and Cd in CAR after 1 to 28 cycles of DW and 443 

FT cycling; Figure S3: Exponential model of heavy metals in CAR under accelerated aging conditions for 28 years, 444 

subjected to DW and FT cycles. DW: (a) As, (b) Zn, (c) Cd; FT: (d) As, (e) Zn, (f) Cd; Table S1: Major elemental 445 

composition of CAR; Table S2: Toxicity impact factors in the Potential Ecological Risk Index (IPER) methodology; 446 

Table S3: Risk level evaluation of heavy metal pollution by 𝐸𝑟
𝑖  and IPER; Table S4: Potential Ecological Risk Values of 447 

CAR after DW and FT Cycles. 448 
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