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ABSTRACT 13 

Acid mine drainage (AMD) generates acidic wastewater containing high concentrations of sulfate 14 

and dissolved metals, which can cause severe environmental degradation. Sulfate-reducing bacteria 15 

(SRB) can be applied in biological sulfate reduction for wastewater treatment because they neutralize 16 

acidity and transform dissolved metals into sulfide precipitates. This study evaluated SRB 17 

performance under two acclimatization strategies and varying Fe and Mn concentrations in different 18 

reactor operation modes. Gradual acclimatization was conducted by stepwise sulfate elevation to 19 

approximately 2,000 mg/L, whereas shock acclimatization involved direct exposure to 2,000 mg/L 20 

sulfate. Batch reactors were operated for 14 days with Fe and Mn concentrations ranging from 10 to 21 

100 mg/L, followed by continuous reactor operation for 22 days to assess medium-term performance. 22 

Gradual acclimatization resulted in higher sulfate reduction, greater pH increase, and better sediment 23 

stability than shock acclimatization. In batch operation, the highest sulfate reduction efficiency was 24 

46.58% with a reduction rate of 29.13 mg/L·day under Fe-dominant conditions, namely 10 mg/L Fe 25 

without Mn. By contrast, Mn dominance reduced the efficiency to 40.62%. Higher Fe and Mn 26 
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concentrations, including the inhibitory concentration (IC₅₀) and maximum tolerable concentration 27 

(MTC), further suppressed performance, whereas extreme concentrations of 100 mg/L resulted in 28 

sulfate removal mainly through chemical precipitation. Continuous reactors demonstrated greater 29 

resilience to metal stress. Overall, gradual acclimatization and continuous operation improved AMD 30 

treatment performance, with Mn identified as the more toxic inhibitor of SRB activity. 31 
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1. INTRODUCTION 36 

Water pollution at both global and national scales is strongly influenced by the mining 37 

industry, which is a major source of heavy metals and acidity in aquatic environments. Open-pit 38 

mining can negatively affect the environment, particularly water resources, by removing protective 39 

soil layers and exposing sulfide-rich bedrock such as pyrite (FeS₂). This exposure promotes sulfide 40 

mineral oxidation and leads to the formation of acid mine drainage (AMD) (Johnson et al., 2005). 41 

AMD formation decreases pH to highly acidic levels and increases sulfate concentrations and the 42 

dissolution of heavy metals such as iron (Fe), manganese (Mn), aluminum (Al), copper (Cu), and zinc 43 

(Zn) (Johnson et al., 2005; Nordstrom et al., 2015). High sulfate content in AMD contributes to acidity 44 

accumulation through sulfate ion hydrolysis into sulfuric acid and increases metal mobility and 45 

toxicity in aquatic environments (Sheoran et al., 2006). This process is triggered by excessive sulfate 46 

in AMD. Sulfate promotes chemical and biochemical reactions when sulfide minerals interact with 47 

oxygen and water, producing acid, sulfate ions, and dissolved heavy metals that enter the environment 48 

(Johnson et al., 2005; Nordstrom et al., 2015). The combination of low pH and dissolved heavy metals 49 

creates severe ecotoxic conditions for aquatic and soil organisms, potentially causing metabolic 50 

disorders, tissue damage, and reduced life expectancy across various species (Akcil et al., 2006, 51 

Bigham et al., 2000; Kefeni et al., 2017). Degradation of drinking water and irrigation sources occurs 52 



 

 

because of AMD-induced water quality deterioration, while the accumulation of heavy metals in soil 53 

reduces the fertility and productivity of agricultural land (Johnson et al., 2005; Kefeni et al., 2017). 54 

Therefore, effective AMD management is essential, particularly through sulfate reduction techniques 55 

that neutralize acidity and precipitate heavy metals. In biological processes, sulfate reduction relies 56 

on sulfate-reducing bacteria (SRB), which convert sulfate into sulfide. The sulfide then reacts with 57 

metal ions to form stable, low-solubility metal sulfide precipitates (Kaksonen et al., 2007). 58 

SRB-based biological methods have been widely investigated because of their efficiency and 59 

sustainability in AMD treatment. These bacteria can grow and function under low-pH conditions, 60 

enhancing sulfate reduction, improving reactor efficiency, and shortening residence time compared 61 

with chemical or physical treatment methods (Perala et al., 2022; Sánchez‐Andrea et al., 2013). SRB 62 

utilize organic electron donors, represented by chemical oxygen demand (COD), in anaerobic 63 

metabolism to reduce sulfate to sulfide. The generated sulfide reacts with dissolved metals such as 64 

Fe and Mn to form insoluble metal sulfide precipitates, thereby reducing metal and sulfate 65 

concentrations in AMD (Perala et al., 2022; Prianto, 2016). Various reactor configurations have been 66 

tested, including batch systems, intermittent systems such as sequencing batch reactors (SBRs), and 67 

continuous systems, using different inoculum sources. Because operating environments are subject 68 

to continuous change, research has examined gradual and shock acclimatization strategies to maintain 69 

sulfate reduction performance (Sandrawati et al., 2019). 70 

Recently, various SRB-based sulfate reduction bioreactors have been developed (Habe et al., 71 

2020; Xue et al., 2023). Prakash et al. (2023) reduced sulfate concentrations in wastewater through 72 

anaerobic treatment with voltage application, whereas Lu et al. (2016) reported stable and effective 73 

removal of COD and SO₄²⁻. Sulfate concentration affects treatment efficiency, with an optimum 74 

around 300 mg/L, while higher concentrations may inhibit SRB activity (Li et al., 2010). Variations 75 

in the COD/SO₄²⁻ ratio alter microbial structure and treatment efficiency (Xue et al., 2023). Heavy 76 

metals such as Cu, Ni, and Mn can inhibit SRB activity at high concentrations (Miran et al., 2017). 77 

Conventional AMD treatment methods are less capable of maintaining long-term stability and often 78 



 

 

fail to accommodate microbial adaptation dynamics (Hajee et al., 2024). Therefore, a more systematic 79 

acclimatization strategy is needed to enhance SRB tolerance to dynamic environmental conditions. 80 

Various SRB acclimatization approaches, including batch and continuous-flow systems (Miranda et 81 

al., 2022), sodium sulfate increment strategies (Shuquan et al., 2020), and acclimatization to pH 82 

variation (Yu et al., 2020), have shown that SRB can effectively improve sulfate reduction efficiency 83 

under relatively stable operating conditions. However, real applications require strategies that address 84 

fluctuating operational environments. Accordingly, this study evaluated gradual and shock 85 

acclimatization to maintain sulfate reduction performance under disturbance conditions. 86 

Gradual acclimatization enables SRB communities to develop resistance to increasing sulfate 87 

and heavy metal concentrations. Progressive exposure to harsher conditions can improve system 88 

performance and stability while reducing the probability of operational failure (Wang et al., 2022). 89 

In contrast, shock acclimatization exposes microbial communities abruptly to extreme conditions to 90 

test and strengthen their adaptation to unpredictable AMD characteristics. SRB may develop 91 

endurance under shock acclimatization, which can improve bioremediation potential by enabling 92 

survival during rapid sulfate and metal fluctuations without severe cell mortality (Xiao et al., 2025). 93 

Hardyanti et al. (2018) reported that SRB require time to adapt to increasing sulfate concentrations 94 

and to develop sustainable metabolic activity and growth for long-term operation. Shock 95 

acclimatization exposes SRB to elevated sulfate levels to assess their ability to withstand sudden 96 

changes, allowing rapid selection of tolerant microorganisms but potentially causing system 97 

instability. Although previous studies have examined sulfate reduction using SRB-based systems and 98 

evaluated acclimatization or heavy metals separately, limited attention has been given to the 99 

combined evaluation of acclimatization strategy and Fe–Mn loading in relation to sulfate reduction 100 

performance and sediment stability across different reactor operation modes. Therefore, this study 101 

evaluates the response of an SRB-based system to gradual and shock acclimatization, followed by 102 

assessment of Fe and Mn effects under batch and continuous operation. The novelty of this study lies 103 

in integrating acclimatization strategy, metal stress, and reactor operation mode into a sequential 104 



 

 

experimental assessment of sulfate reduction performance and system stability. Comparing these 105 

methods provides insight into trade-offs among adaptation rate, sulfate reduction efficiency, and 106 

system stability (Nurandani et al., 2018). This study assesses both strategies to determine the most 107 

suitable approach for sustainable AMD treatment in laboratory and field settings by evaluating SRB 108 

performance under baseline and severe conditions that simulate real AMD fluctuations. 109 

2. METHODS 110 

2.1. Materials 111 

This study used two main components: natural sediment and an artificial inoculant as SRB 112 

sources. Natural sediment was collected from mining sites and waters exposed to AMD, whereas the 113 

artificial inoculant was cultivated in nutrient medium. The SRB inoculum was derived from sediment 114 

obtained from a laundry septic tank. The SRB inoculum was selected through a preliminary batch 115 

potential test, in which 100 mL of washed and dried sediment was incubated with synthetic 116 

wastewater containing 1,400 mg/L SO₄²⁻ for 21 days until the highest sulfate removal was achieved. 117 

The water source had a pH of 6.95, salinity of 221 ppm, and dissolved oxygen concentration of 0.81 118 

mg/L. The selected inoculum was inoculated and acclimatized in an anaerobic reactor fed with 119 

synthetic AMD, in which sulfate was gradually increased to approximately 2,000 mg/L over 28 days.  120 

Two reactor configurations were used. Batch experiments were conducted in five identical 121 

anaerobic batch reactors made of plastic. Each anaerobic batch reactor had a volume of 0.6 L and was 122 

equipped with a gas vent hose to remove air and reduce biogas pressure while maintaining anaerobic 123 

conditions. Each reactor was filled with 0.6 L of acclimated culture. Continuous experiments were 124 

conducted in a single cylindrical completely stirred tank reactor (CSTR) with a total volume of 8.5 L 125 

and a working volume of 8.2 L. The reactor was continuously mixed using a motorized paddle and 126 

fed with synthetic AMD in top-feed mode through a feed pump. The flow rate was maintained 127 

constant using a control valve to provide a hydraulic retention time (HRT) of 3 days during the 128 

running phase. A longer retention time of approximately 28 days was used during seeding and 129 

acclimatization. Both configurations were operated under anaerobic conditions at room temperature, 130 



 

 

ranging from 25 to 28 °C. Temperature was monitored daily but not actively controlled, with care 131 

taken to maintain it below approximately 35 °C. The batch reactor was operated for 14 days, and the 132 

continuous reactor was operated for 22 days, with samples collected daily. Each parameter, including 133 

sulfate, COD, pH, and temperature, was measured in duplicate, and the reported values represent the 134 

average of duplicate measurements. Key performance metrics, including sulfate and COD removal 135 

efficiencies and reduction rates, are expressed as the mean ± standard deviation of duplicates. Because 136 

a single reactor was operated for each metal condition, this study used analytical replication at the 137 

measurement level rather than independent reactor-level replication. Therefore, formal inferential 138 

statistical comparisons between conditions were not performed. The reaction medium was adjusted 139 

to support anaerobic sulfate reduction using electron donors, including lactate, ethanol, and glucose, 140 

as carbon and energy sources (Rasool et al., 2015). Sulfate served as the electron acceptor for SRB 141 

during anaerobic respiration (Li et al., 2018).  142 

2.2. SRB Acclimatization Strategy 143 

The gradual SRB acclimatization strategy involved increasing sulfate loading by 500 mg/L 144 

weekly until the target concentration of 2,000 mg/L was reached. This method was applied to help 145 

SRB maintain sulfate reduction activity and efficiency while preventing inhibition caused by sudden 146 

exposure to high sulfate concentrations (Sreekutty et al., 2024). Acclimatization required physical 147 

monitoring, particularly sediment color change from brown to dark black, which indicates sulfate 148 

reduction activity (Posumah et al., 2018). Monitoring included sulfate, COD, pH, and reduction rate 149 

to assess operational stability and effectiveness. Successful sulfate reduction was indicated by 150 

decreasing sulfate concentrations, with SRB electron donor requirements supported by an appropriate 151 

COD/SO₄²⁻ ratio. The system achieved optimal performance under neutral to slightly alkaline pH 152 

conditions, while the reduction rate reflected the operational performance of the system (Dong et al., 153 

2023). 154 

The shock method is an SRB acclimatization approach that exposes microorganisms directly 155 

to high sulfate concentrations at the initial stage of acclimatization (Sato et al., 2022). This method 156 



 

 

began with an initial sulfate concentration of approximately 2,000 mg/L. Direct application of high 157 

sulfate concentrations aimed to evaluate the ability of SRB to adapt and survive under extreme 158 

conditions associated with sudden sulfate concentration changes (Bernardez et al., 2012). The 159 

acclimatization process required physical observations to monitor changes in sediment properties, 160 

including rapid color darkening and development of a brittle texture (Posumah et al., 2018; Yu et al., 161 

2020).  162 

The two acclimatization methods were evaluated to determine their effects on SRB colony 163 

stability and sulfate reduction efficiency according to the organic compound transformation pathway 164 

shown in Figure 1. The process begins with the breakdown of organic compounds through hydrolysis 165 

and fermentation, producing simpler substances, including organic acids and acetate, which SRB use 166 

to produce sulfide through sulfate reduction. Methanogenic microorganisms provide a competing 167 

metabolic route, indicating that operational parameters and acclimatization methods determine 168 

whether the system favors sulfide production by SRB or methane generation by methanogens. The 169 

comparison between gradual and shock loading illustrates how microbial metabolic processes can be 170 

controlled under high-sulfate AMD conditions. 171 



 

 

 172 

Figure 1. Schematic Diagram of Anaerobic Digestion Pathways with Sulfate Reduction 173 

2.3. Effect of Fe and Mn 174 

This study examined the effect of varying iron (Fe) and manganese (Mn) concentrations on 175 

sulfate reduction efficiency by SRB. Batch metal toxicity testing is a validated and widely used 176 

method for isolating the specific effects of inhibitory compounds and studying inhibition kinetics 177 

under controlled conditions (Utgikar et al., 2003). The experiment was conducted for 14 days using 178 

anaerobic batch reactors. The observed parameters included sulfate concentration, temperature, pH, 179 

COD, and Fe and Mn concentrations. Monitoring these parameters is essential for interpreting overall 180 

system performance (Lens et al., 1998). 181 

One of the main objectives of this study was to analyze the performance of SRB derived from 182 

laundry septic tank sediment, which had previously been selected as the most effective bacterial 183 

source and contained heavy metals at certain concentrations. Septic tank sediment was selected as the 184 

SRB inoculum based on its performance during preliminary screening and its suitability as an 185 

anaerobic microbial source. Septic systems provide reducing conditions and contain diverse 186 



 

 

anaerobic microbial consortia capable of utilizing organic substrates, including sulfate-reducing 187 

microorganisms. Because microbial community profiling was not conducted in the present study, the 188 

inoculum is considered a mixed anaerobic consortium rather than a taxonomically characterized SRB 189 

culture. This stage began with a 28-day seeding and acclimatization process to adapt the bacteria to 190 

synthetic wastewater conditions with a high sulfate concentration of approximately 2,000 mg/L. The 191 

long acclimatization phase allowed cell encapsulation in biofilms, expression of resistance genes, and 192 

selection of tolerant populations, which is important before acute toxicity testing (Jong et al., 2003; 193 

Kaksonen et al., 2007). The main test was then conducted for 14 days using five different Fe and Mn 194 

concentration conditions. The tested concentration variations were K1, K2, IC₅₀, MTC, and 100. 195 

Condition K1 contained 10 mg/L Mn and 0 mg/L Fe, whereas K2 contained 10 mg/L Fe and 0 mg/L 196 

Mn. The IC₅₀ condition represented the 50% inhibitory concentration, with 41 mg/L Fe and 31 mg/L 197 

Mn. The MTC condition represented the maximum tolerable concentration, with 60 mg/L Fe and 60 198 

mg/L Mn. The 100 condition used 100 mg/L Fe and 100 mg/L Mn, exceeding the MTC limit. These 199 

conditions were used to test bacterial resistance, evaluate the potential for metal precipitation 200 

resulting from sulfate reduction, and observe the dominance of abiotic removal mechanisms, such as 201 

sulfide precipitation, over biological mechanisms (Xu et al., 2020). Each concentration variation was 202 

tested in a separate reactor under identical operational conditions so that the effects of Fe and Mn 203 

could be observed. Identical parallel reactor design minimizes confounding variables and is a basic 204 

principle in toxicological studies, ensuring that differences in results can be directly attributed to 205 

differences in metal concentration treatments (Persoone et al., 1993). 206 

2.4. Effect of Fe and Mn in the Continuous Reactor 207 

The running stage was conducted after seeding and acclimatization to evaluate reactor 208 

performance under continuous and stable operating conditions (Nurandani et al., 2018). The reactor 209 

operated continuously for 22 days, during which Fe and Mn concentrations were adjusted according 210 

to four concentration schedules. The experiment began with Fe and Mn concentrations of 10 mg/L, 211 

which were maintained for seven days. During the second week, Fe and Mn concentrations were 212 



 

 

adjusted to their IC₅₀ values and maintained for seven days. The MTC values were then applied and 213 

maintained for five days. In the final segment, Fe and Mn concentrations were maintained at 100 214 

mg/L for four days. This sequence was designed to observe SRB responses to gradually increasing 215 

metal concentrations under continuous operation (Nurandani et al., 2018). The duration of each phase 216 

was determined based on the need for the biological system to achieve a quasi-steady-state condition 217 

after each change in metal loading, particularly because SRB-based reactors are sensitive to 218 

environmental changes (Anekwe et al., 2023). With an HRT of 3 days across all reactors, each test 219 

phase encompassed more than one HRT cycle to allow representative sulfide removal before the next 220 

concentration increase (Anekwe et al., 2023). During the running phase, sulfate concentration was 221 

not externally adjusted and depended solely on the remaining sulfate in the reactor. This approach 222 

enabled a more realistic evaluation of the ability of SRB to utilize sulfate naturally under metal stress 223 

(Nurandani et al., 2018). The process evaluation system measured sulfate, COD, pH, Fe, and Mn 224 

concentrations to determine biological process effectiveness and the stability of the SRB-based AMD 225 

treatment system. 226 

3. RESULTS AND DISCUSSION 227 

3.1. Comparison of Gradual and Shock Acclimatization Strategies on Sulfate Reduction 228 

Performance and System Stability 229 

The acclimatization phase determines the survival of SRB during their initial exposure to 230 

AMD treatment systems because it establishes their ability to function under harsh and variable 231 

environmental conditions. The inoculated SRB population requires time to develop physiological 232 

activity before it can perform sulfate reduction metabolism in an AMD environment characterized by 233 

acidity, high sulfate concentrations, and dissolved heavy metals. The main role of acclimatization is 234 

to form a more stable microbial community that is resistant to the extreme conditions typical of AMD. 235 

Without sufficient acclimatization, SRB performance may decline, potentially leading to biological 236 

process failure in the reactor. 237 



 

 

Two primary acclimatization methods were examined: gradual acclimatization and shock 238 

acclimatization. In gradual acclimatization, the SRB system is exposed to stepwise increases in sulfate 239 

concentration, allowing environmental adaptation while reducing toxic effects (Nurandani et al., 240 

2018). This method improves system stability and maintains sulfate reduction performance, although 241 

it requires a longer adaptation period. Shock acclimatization evaluates microbial community 242 

resistance through direct exposure to high sulfate concentrations, simulating sudden field fluctuations 243 

in AMD levels. This method provides a rapid assessment of microbial response to high sulfate 244 

loading. However, under the conditions tested in this study, the shock-acclimatized reactor showed 245 

less stable performance during subsequent operation. The comparison of these two methods was used 246 

to assess how adaptation strategies influence AMD treatment performance through sulfate reduction 247 

efficiency, pH stability, COD consumption patterns, and sediment characteristics associated with 248 

metal precipitation.  249 

3.2. Gradual Acclimatization Method 250 

The AMD treatment system underwent gradual acclimatization by incrementally increasing 251 

sulfate concentration by approximately 500 mg/L every seven days until it reached approximately 252 

2,000 mg/L. Figure 2 shows the concentrations of sulfate, COD, and pH during gradual 253 

acclimatization. The same dose increment was applied weekly to support the development of SRB 254 

resistance to increasing environmental stress (Johnson et al., 2005). This approach is relevant for 255 

AMD treatment systems because SRB can be sensitive to sudden changes in sulfate concentration 256 

and severe chemical fluctuations (Kaksonen et al., 2007). 257 

Visual assessments of reactor sediment were conducted during acclimatization to monitor 258 

SRB development. The sediment color changed from blackish brown at the beginning of the process 259 

to deep black after four weeks of operation. This change indicates that SRB colonies had become 260 

active and that sulfate reduction produced sulfide compounds (Nurandani et al., 2018). The black 261 

color is associated with the formation of metal sulfide minerals, including FeS, which serves as an 262 

indicator of successful sulfate bioreduction (Neculita et al., 2007). 263 



 

 

Sulfate concentrations decreased consistently throughout the acclimatization period, 264 

indicating that SRB used sulfate as the primary electron acceptor during acclimation (Muyzer et al., 265 

2008). COD also decreased as SRB metabolic activity increased because organic compounds were 266 

consumed as electron donors in the sulfate reduction process (Kaksonen et al., 2007). The system pH 267 

shifted toward neutral conditions because bioreduction consumes protons and creates alkaline 268 

conditions, supporting the application of SRB in AMD treatment (Johnson et al., 2005). Therefore, 269 

progressive sulfate loading provided a more controlled transition toward the target sulfate 270 

concentration, allowing the reactor to maintain sulfate reduction activity while sediment structure 271 

developed progressively. This pattern suggests that gradual exposure may support greater process 272 

stability during reactor acclimatization. 273 

 274 

Figure 2. Sulfate Concentration, COD, and pH During Gradual Acclimatization 275 

3.3. Shock Acclimatization Method 276 

In the shock acclimatization approach, SRB were directly inoculated into a reactor containing 277 

a high sulfate concentration of approximately 2,000 mg/L. Glucose was added directly to the system 278 

as a carbon source and electron donor together with the sulfate concentration. This approach was 279 

designed to simulate extreme field conditions in AMD systems, where sulfate concentrations and 280 



 

 

organic loads may fluctuate and increase suddenly (Kaksonen et al., 2007). This concentration was 281 

applied to demonstrate that SRB require adaptation and cannot immediately become fully active or 282 

grow optimally under high-sulfate conditions. The concentrations of sulfate, COD, and pH during 283 

shock acclimatization are shown in Figure 3. 284 

Visually, the sediment in the reactor changed markedly from brown to completely black by 285 

day 10. The color and consistency changes indicated the presence of metal sulfides and initial SRB 286 

activity in the reactor. The brown color was associated with the presence of glucose, whereas the 287 

black color in the shock reactor indicated the formation of metal sulfides. However, the formed 288 

sediment had a fragile and loose texture, indicating that the microbial colonies were unstable and that 289 

the biomass structure was weak (Neculita et al., 2007). This finding suggests that although sulfate 290 

reduction occurred, the formation of a strong biological sediment matrix did not develop optimally. 291 

From a chemical perspective, sulfate concentration decreased rapidly in the early phase of 292 

operation. This decline was largely associated with non-biological mechanisms, such as physical 293 

adsorption of sulfate onto reactor media and initial chemical reactions with dissolved metal ions 294 

before the microbial community reached a stable condition (Johnson et al., 2005). COD concentration 295 

also decreased sharply at the beginning of the process because of rapid consumption by active SRB 296 

and supporting chemical reactions. However, COD then tended to stagnate, indicating a decline or 297 

cessation in microbial metabolic activity (Muyzer et al., 2008). The rapid initial increase in pH 298 

occurred because of proton consumption during sulfate reduction, followed by fluctuations that 299 

reflected biological system instability and disruption of reaction equilibrium in the reactor (Kaksonen 300 

et al., 2003). 301 

Interpretively, the initial increase in sulfate reduction, COD removal, and pH was mainly 302 

caused by a combination of non-biological reactions and early SRB activity before the microbial 303 

community experienced full toxic stress. However, after the initial phase, system performance tended 304 

to stagnate under shock loading. This pattern suggests that sudden exposure to the target sulfate 305 

concentration imposed greater environmental stress on the SRB system and limited the maintenance 306 



 

 

of sulfate reduction activity. This may have reduced SRB activity and contributed to performance 307 

stagnation under shock loading (Muyzer et al., 2008). Under the tested conditions, the loose sediment 308 

structure and stagnation in treatment performance indicate lower system stability during shock 309 

acclimatization. 310 

The shock acclimatization condition represents the shock-loading phenomenon that 311 

commonly occurs under real field conditions. This method can be used to evaluate how SRB respond 312 

to sudden environmental shifts and may serve as a reactor start-up strategy for selecting 313 

microorganisms capable of surviving extreme conditions before introduction into the main reactor 314 

(Kaksonen et al., 2007). Although this technique can induce initial SRB activation, the severe early 315 

environmental stress may lead to metabolic stress, cell death, and unstable microbial populations, 316 

thereby limiting system development and performance (Muyzer et al., 2008). 317 

Under the experimental conditions of this study, gradual acclimatization showed more stable 318 

treatment performance than shock acclimatization, as indicated by progressive sulfate reduction and 319 

sediment development. Gradual acclimatization resulted in a more stable and linear increase in sulfate 320 

reduction performance, accompanied by the formation of stronger and denser bacterial colonies in 321 

the sediment, which enhanced reactor system stability (Neculita et al., 2007). 322 



 

 

 323 

Figure 2. Sulfate, COD, and pH Concentrations During Shock Acclimatization 324 

3.4. Effect of Fe and Mn on Sulfate Reduction Performance and Sediment Stability in 325 

Anaerobic Batch Reactors 326 

AMD treatment systems mediated by SRB convert sulfate into sulfide, which then reacts with 327 

metals to form metal sulfides and reduce dissolved metal concentrations. However, excessive heavy 328 

metal concentrations can affect sulfate reduction by inactivating enzymes and damaging bacterial 329 

proteins (Johnson et al., 2005). In this study, Fe and Mn were tested as key metals influencing AMD 330 

treatment performance. The presence of Fe and Mn plays complex and sometimes contradictory roles. 331 

Fe and Mn are dominant components in many AMD streams, and at certain concentrations, these 332 

metals can be toxic to microorganisms, including SRB consortia, by disrupting enzyme function, 333 

damaging cell membrane integrity, and inducing oxidative stress (Utgikar et al., 2002). However, Fe 334 

and Mn also play important roles in sulfide precipitation. Sulfide ions (S²⁻) produced by SRB-335 

mediated sulfate reduction can react with Fe²⁺ and Mn²⁺ cations to form insoluble sulfide precipitates, 336 

such as FeS in the form of mackinawite or pyrite and MnS. This process simultaneously removes 337 

metals from solution (Kaksonen et al., 2007; Lens et al., 1998). Precipitation not only reduces 338 



 

 

excessive heavy metal concentrations but also supports the formation and stabilization of an anaerobic 339 

sediment matrix. Therefore, a comprehensive understanding of the interaction between metal toxicity 340 

and deposition mechanisms is important for optimizing the design and performance of SRB-based 341 

bioreactors for AMD treatment (Johnson et al., 2005). This process may also increase system pH, 342 

thereby altering metal solubility and reaction kinetics (Ayangbenro et al., 2018). The experimental 343 

objective of this study was specifically designed to evaluate the effect of varying Fe and Mn 344 

concentrations on sulfate reduction efficiency and sediment stability in anaerobic batch systems. The 345 

effects of Fe and Mn concentration variations were evaluated using two main performance 346 

parameters: sulfate reduction efficiency as a proxy for SRB biological activity and the stability of the 347 

formed sediment as an indicator of long-term metal immobilization in batch anaerobic reactor systems 348 

(Bijmans et al., 2010; Kaksonen et al., 2007). The interpretation of these results is important for 349 

distinguishing biological effects, namely SRB metabolic activity, from chemical effects, namely 350 

abiotic or biologically induced metal sulfide precipitation. 351 

In this study, sulfate reduction and sediment stability were evaluated in anaerobic batch 352 

reactors for 14 days. This incubation period is commonly used to observe microbial adaptation 353 

kinetics and reaction rates in batch systems (Sahinkaya et al., 2010; Kieu et al., 2011). The test used 354 

five Fe and Mn concentration variations: K1, K2, IC₅₀, MTC, and 100. K1 contained 10 mg/L Mn 355 

and 0 mg/L Fe and served as the Mn-dominant control. K2 contained 10 mg/L Fe and 0 mg/L Mn 356 

and served as the Fe-dominant control. The IC₅₀ condition contained 41 mg/L Fe and 31 mg/L Mn, 357 

representing the 50% inhibitory concentration, or the concentration that reduces bacterial growth by 358 

50%. The MTC condition contained 60 mg/L Fe and 60 mg/L Mn, representing the maximum 359 

tolerable concentration. The 100 condition contained 100 mg/L Fe and 100 mg/L Mn, representing 360 

an extreme condition exceeding the tolerance threshold. This concentration design aimed to identify 361 

the toxicity thresholds of each metal and investigate the synergistic or antagonistic effects of Fe and 362 

Mn on SRB activity and sulfide sediment formation. This methodology was guided by Azabou et al. 363 



 

 

(2007), who reported that Mn is more toxic than Fe. Based on this finding, differences in bacterial 364 

performance between conditions without Mn and without Fe were anticipated. 365 

Monitoring sulfate concentration for 14 days showed markedly different patterns in each 366 

reactor, illustrating the influence of metal loading variation on sulfate reduction efficiency, as 367 

presented in Figure 4. These results indicate that complex and variable reduction dynamics were 368 

influenced by the applied metal treatment. The sulfate concentration–time curves for all reactors can 369 

generally be divided into three phases: a rapid initial decline phase supported by physical adsorption 370 

and initial bacterial activity, a fluctuation or slow-decline phase, and a stabilization phase in which 371 

sulfate concentration tends to remain constant, indicating equilibrium conditions or depletion of 372 

readily degradable substrates (Kaksonen et al., 2007; Sahinkaya et al., 2010). The duration and slope 373 

(Khan et al.) of each phase were strongly influenced by metal concentration, with higher 374 

concentrations tending to prolong the lag phase and slow the reduction rate (Utgikar et al., 2003). 375 

This three-phase sulfate reduction pattern is consistent with biological dynamics in nutrient-limited 376 

and stress-affected systems. 377 

 378 

Figure 3. Sulfate Concentration Profile During Reactor Operation 379 

Table 1. Efficiency and Sulfate Reduction Rate of Each Reactor 380 



 

 

Variation Reduction Efficiency (%) Reduction Rate (mg/L.day) 

K1 (Mn) 40.62 24.21 

K2 (Fe) 46.58 29.13 

IC₅₀ 37.99 23.81 

MTC 33.54 21.03 

100 40.10 25.13 

 381 

Based on Table 1, SRB performance was strongly influenced by Fe and Mn concentrations. 382 

The K2 reactor, containing 10 mg/L Fe and 0 mg/L Mn, achieved the highest efficiency of 46.58% 383 

with a reduction rate of 29.13 mg/L·day. This indicates that bacteria functioned optimally under low-384 

Fe and Mn-free conditions, as Fe can act as a nutrient while the absence of Mn reduces toxicity. The 385 

K1 reactor, containing 10 mg/L Mn and 0 mg/L Fe, showed lower efficiency of 40.62% and a 386 

reduction rate of 24.21 mg/L·day, confirming that Mn toxicity was greater than Fe toxicity. Mn²⁺ can 387 

inhibit key enzymes and cause oxidative stress (Azabou et al., 2007). Under the IC₅₀ and MTC 388 

conditions, efficiencies decreased to 37.99% and 33.54%, respectively, because of stronger inhibitory 389 

effects, extended lag phases, and enzymatic inhibition (Jong et al., 2003; Utgikar et al., 2003). At 100 390 

mg/L of each metal, efficiency increased to 40.10%, likely because of chemical precipitation, in 391 

which sulfide ions (HS⁻/H₂S) bound Fe²⁺ to form FeS. This process lowered measured sulfate without 392 

necessarily reflecting high biological activity (Rickard, 1995; Xu et al., 2020). These results indicate 393 

that sulfate removal in the batch reactor was not governed exclusively by biological SRB activity. 394 

The performance decrease under IC₅₀ and MTC conditions suggests increasing metal stress, whereas 395 

the partial recovery observed at 100 mg/L may reflect a greater contribution of chemical sulfide 396 

precipitation. Therefore, sulfate removal efficiency should be interpreted together with metal 397 

concentration data and the potential contribution of abiotic precipitation. The profiles of iron and 398 

manganese concentrations during reactor operation are shown in Figures 5 and 6. 399 

 400 



 

 

The decrease in sulfate concentration was caused by two interrelated mechanisms. The first 401 

mechanism was biological reduction by SRB, in which sulfate was used as the terminal electron 402 

acceptor and organic compounds, represented by COD, were used to produce sulfide ions (HS⁻/H₂S). 403 

This mechanism depends on SRB viability and activity, which are inhibited at high heavy metal 404 

concentrations, especially Mn. This inhibition reduced sulfate reduction efficiency in the IC₅₀ and 405 

MTC reactors because heavy metals interfere with electron transport, denature proteins, and promote 406 

the generation of reactive oxygen species (ROS) (Jong et al., 2003). The second mechanism was 407 

chemical precipitation, in which biologically produced sulfide reacted with metal cations, especially 408 

Fe²⁺, to form insoluble precipitates such as FeS. This abiotic process occurs rapidly in Fe-rich 409 

environments and can reduce measured sulfate without intense biological activity, as observed in 410 

reactors with high Fe concentrations of 100 mg/L. Fe²⁺ and H₂S react rapidly at neutral to slightly 411 

acidic pH (Rickard, 1995). Interpretation of sulfate removal therefore requires separation of 412 

biological and chemical contributions because chemical precipitation can overestimate SRB 413 

performance and resilience (Sani et al., 2001; Bijmans et al., 2010). Metal toxicity studies in SRB 414 

systems should monitor sulfide production, cellular ATP, or viable cell counts to confirm biological 415 

activity alongside dissolved sulfate measurements (Kaksonen et al., 2007). 416 

 417 

Figure 4. Iron Concentration Profile During Reactor Operation 418 



 

 

 419 

Figure 5. Manganese Concentration Profile During Reactor Operation 420 

Monitoring results showed contrasting behavior between Fe and Mn. Fe concentrations 421 

decreased significantly, especially by day 5, because of adsorption onto sediment particles and 422 

chemical precipitation between Fe²⁺ and sulfide ions (HS⁻), forming FeS (Kaksonen et al., 2007; 423 

Rickard et al., 2005). The highest Fe reduction efficiency was achieved in the MTC reactor at 99.23%, 424 

followed by the IC₅₀ and 100 conditions. In the K2 reactor containing 10 mg/L Fe, the efficiency 425 

reached 80.61%. These data demonstrate the important role of Fe in sulfide precipitation, where Fe 426 

acts as the main sink for sulfide and removes Fe and sulfate/sulfide species from the liquid phase 427 

(Vallero et al., 2004). In contrast, Mn showed high stability and low removal. For example, the K1 428 

reactor containing 10 mg/L Mn achieved only 30.56% removal. Mn is more resistant to adsorption 429 

and precipitation because MnS has higher solubility than FeS (Azabou et al., 2007). Consequently, 430 

Mn tends to remain in the dissolved phase and maintain toxic pressure on microorganisms. 431 

The fundamental differences in the chemical behavior of Fe and Mn have important 432 

implications for the physical and biological stability of sediments in the reactors. In general, very 433 

high heavy metal concentrations can disrupt sediment structure and inhibit microbial activity through 434 

toxicity mechanisms. However, Fe has a dual effect. Although Fe can be toxic at high concentrations, 435 

it can also form solid FeS precipitates that contribute to sediment compaction and stability. In 436 



 

 

contrast, Mn did not significantly contribute to sediment stabilization because of its high solubility 437 

and limited sulfide precipitate formation. Based on these observations, Fe exhibited more tolerant and 438 

functional behavior than Mn in SRB-containing systems. This is attributable to the dual role of Fe as 439 

a sulfide-precipitating agent and contributor to sediment stability, resulting in lower inhibitory effects 440 

and potential synergy with the sulfate reduction process (Kaksonen et al., 2007). However, at very 441 

high concentrations, such as those applied in the MTC and 100 conditions, both Fe and Mn exerted 442 

considerable toxic stress and directly reduced the efficiency of purely biological sulfate reduction. 443 

Table 2. Efficiency and Rate of Iron Concentration Decrease 444 

Variation Decrease Efficiency (%) Decrease Rate (mg/L.day) 

K1 (Mn) 30.56 0.02 

K2 (Fe) 80.61 0.59 

IC₅₀ 98.63 3.58 

MTC 99.23 6.97 

100 94.59 6.86 

 445 

3.5. Effect of Fe and Mn on Sulfate Reduction Performance and Sediment Stability in 446 

Continuous Reactors 447 

Sustainable AMD treatment systems must maintain operational stability and consistent 448 

performance during field-scale operation. Continuous reactors operate at constant flow rates, enabling 449 

continuous AMD treatment and stable reductions in heavy metal concentrations (Cui et al., 2012). 450 

Previous studies have shown that continuous reactor systems can achieve high removal rates for 451 

dissolved metals in AMD, including 99.8% Fe removal and neutralization of wastewater pH 452 

(Strosnider et al., 2011). Continuous reactors also support the maintenance of anaerobic conditions, 453 

which is essential for improving SRB performance and achieving sulfate reduction and metal removal 454 

through biological processes (Afsar et al., 2022). 455 



 

 

A major challenge in continuous reactor operation for AMD treatment is heavy metal 456 

accumulation, particularly Fe and Mn. The sediment–water interface becomes a site for metal 457 

accumulation because environmental chemical factors, including pH and redox potential, influence 458 

metal distribution. Dissolved metal concentrations increase under low-pH conditions because Fe and 459 

Mn become more soluble and mobile. Conversely, precipitation and adsorption become more 460 

effective at immobilizing Fe and Mn when pH increases. Accumulation of Fe and Mn at harmful 461 

levels can damage microbial ecosystems, including SRB communities responsible for sulfate 462 

reduction. Fe and Mn deposits in sediment can also affect physical sediment stability by changing 463 

structure and porosity. Therefore, long-term continuous reactor performance is vulnerable to physical 464 

and biological changes in the treatment environment. This experiment was conducted to evaluate how 465 

different Fe and Mn concentrations affected sulfate reduction performance and sediment properties 466 

in a continuous reactor from day 1 to day 22. Understanding interactions between heavy metals and 467 

microorganisms in sustainable systems is essential for maintaining process stability and ensuring the 468 

sustainability of AMD treatment. Five metal concentration levels were evaluated. 469 

Table 3. Fe and Mn Concentration Variations Used in the Experiment 470 

Variation Fe Concentration 

(mg/L) 

Mn Concentration 

(mg/L) 

Description 

K1 (Mn) 0 10 Mn-dominated control 

K2 (Fe) 10 0 Fe-dominated control 

IC₅₀ 41 31 50% inhibitory concentration 

MTC 60 60 Maximum tolerable 

concentration 

100 100 100 Extreme concentration 

 471 

The metal concentration variations used in the continuous reactor system were designed to be 472 

identical to those used in the batch system, allowing direct comparison between the two reactor 473 



 

 

configurations. This approach ensured that sulfate reduction efficiency and sediment stability results 474 

were attributable to differences in reactor system operation rather than initial conditions or influent 475 

composition. The evaluation was therefore more objective because both systems received the same 476 

treatment variations, enabling assessment of how reactor design influenced system responses. The 477 

following data show the sulfate concentration results obtained from the reactors during the 22-day 478 

testing period. 479 

 480 

Figure 6. Sulfate Concentration Profile in the Continuous Reactor 481 

 The continuous reactor system operated for 22 days and produced a distinct response pattern 482 

compared with the batch system. Figure 7 shows the sulfate concentration in the continuous reactor. 483 

Reactor performance reflected microbial tolerance to metals, heavy metal behavior, and 484 

physicochemical processes. The K2 variation achieved the best sulfate reduction performance, 485 

indicating that Fe supported SRB activity, with Fe²⁺ showing no appreciable inhibitory effect at this 486 

concentration while promoting FeS formation and sediment stability (Hudz et al., 2011). In contrast, 487 

the K1 variation showed lower efficiency, indicating higher Mn toxicity and limitation of sulfate 488 

reduction. Under the IC₅₀ and MTC variations, efficiency decreased with increasing Fe and Mn 489 



 

 

concentrations, but the decline was slower than in the batch system, suggesting stronger resistance 490 

and continuous microbial adaptation. The 100 variation showed a high sulfate decrease, but this 491 

decrease was dominated by chemical precipitation of FeS and MnS. These findings show that sulfate 492 

reduction in continuous systems occurs through both SRB activity and interactions among heavy 493 

metals, environmental conditions, and precipitation processes. 494 

 495 

Figure 7. Sulfate Removal Percentage in the Continuous Reactor 496 

Figure 8 shows the Percentage of Sulfate Removal in a Continuous Reactor. Compared with 497 

the batch reactor, the continuous system maintained a more controlled sulfate removal pattern despite 498 

changes in metal loading. This behavior may be associated with the continuous input–output regime, 499 

which provides a different exposure pattern to metal stress than the batch system. However, 500 

accumulation of FeS-containing sediment may create hydraulic limitations if excessive precipitation 501 

occurs. Therefore, although continuous operation may provide greater operational resilience, long-502 

term application requires control of metal accumulation and sediment buildup (Shahsavari et al., 503 

2015; Zhao et al., 2005). The sulfate removal percentage tended to remain above zero under Fe-504 

dominant conditions, indicating that SRB survived better under these conditions, while iron sulfide 505 



 

 

minerals, including FeS and pyrite (FeS₂), helped maintain sediment stability (Chen et al., 2005). 506 

However, FeS formation at elevated Fe concentrations can lead to excessive sediment accumulation 507 

that may obstruct reactor flow by altering hydraulic characteristics (Liu et al., 2017). Mn removal 508 

was less efficient because Mn exerts stronger toxicity on SRB and forms highly soluble MnS, which 509 

is less prone to precipitation and contributes only marginally to sedimentation and sediment 510 

stabilization (Wan et al., 2023). 511 

The results indicate that continuous operation provided a more stable response to changing 512 

metal conditions rather than universally higher removal performance than batch operation. This 513 

finding suggests that reactor configuration should be selected based on treatment objectives, metal 514 

loading, hydraulic conditions, and long-term operational stability requirements. The sediment-515 

stabilizing function of Fe occurs through iron sulfide production, which improves physical stability 516 

in the system. However, Fe concentration must remain within acceptable limits to prevent sediment 517 

buildup and flow problems. Mn requires strict control because it has stronger toxic effects on SRB 518 

and does not substantially support sediment stabilization. The continuous reactor system showed 519 

better capacity to handle heavy metal fluctuations, but operational success depends on implementing 520 

metal control strategies that maintain system stability and sulfate reduction performance. 521 

3.6. Comparison of Sulfate Reduction Performance in Batch, Intermittent, and Continuous 522 

Reactors in Relation to Treatment Stability and Efficiency 523 

The comparison presented in this section integrates experimental results obtained in the 524 

present study with data reported in previous studies. Batch and continuous reactor results were 525 

obtained experimentally in this study, whereas intermittent reactor data were compiled from relevant 526 

literature because an intermittent reactor was not operated experimentally in the present work. 527 

Therefore, the comparison is intended to provide a broader assessment of reactor operation modes 528 

rather than a direct experimental comparison under identical operating conditions. The selection of 529 

reactor design is a crucial decision in SRB-based AMD treatment because each reactor type operates 530 

differently and affects system performance. Water movement, residence time, and interactions among 531 



 

 

microorganisms, substrates, and sulfate determine sulfate reduction effectiveness, SRB stability in 532 

sediment and biomass, and system tolerance to changes in organic matter and flow rate (Xue et al., 533 

2023). This discussion evaluates standard reactor designs based on sulfate reduction rate, COD 534 

reduction, and removal efficiency. Selecting an appropriate reactor is essential because these systems 535 

operate under changing environmental conditions and must handle different wastewater 536 

characteristics. This assessment uses field application considerations to evaluate each reactor design 537 

because reactor selection strongly influences implementation success. Operational environments 538 

require reactor systems that can function under changing process conditions and variable wastewater 539 

compositions. 540 

The batch reactor was operated for two weeks at laboratory scale under various COD/SO₄²⁻ 541 

ratios and heavy metal levels to assess SRB sulfate reduction performance. The operation revealed 542 

three main stages. The first phase showed substantial sulfate reduction as SRB performed metabolic 543 

activity and sulfate was captured by sediment and biomass through adsorption. In the middle phase, 544 

microorganisms showed variable sulfate reduction rates while adapting to environmental conditions 545 

and responding to substrate fluctuations and metal toxicity. The final phase reached a stable condition 546 

as sulfate reduction rates stabilized. The batch reactor achieved peak performance with a sulfate 547 

reduction rate of 35.7 mg/L·day and a sulfate removal efficiency of 99.07%. However, it was less 548 

suitable for extended AMD treatment under variable wastewater volumes. This finding is consistent 549 

with Magowo et al. (2020), who reported 92.63% sulfate reduction under batch operation. Although 550 

batch systems can achieve high sulfate reduction rates, actual performance may be affected by 551 

polysulfide interference that is not fully captured in standard measurements (Sun et al., 2020; Sun et 552 

al., 2018). 553 

Intermittent reactors, such as SBRs, operate in scheduled cycles that include filling, reaction, 554 

settling, and discharge stages. These systems allow operators to control reaction time more flexibly 555 

than batch reactors. Treatment flexibility is achieved because operators can modify the duration of 556 

different process stages, including filling, reaction, settling, and decantation (Mello, 2019). SBR 557 



 

 

operation requires a waiting period between cycles to shift between modes, such as from reaction to 558 

settling. This configuration enables separation between treated water and sludge before the next 559 

operating cycle begins (Mello, 2019). Intermittent reactors showed a sulfate reduction rate of 19.9 560 

mg/L·day and the highest COD reduction rate of 16.64 mg/L·day. Intermittent operation enhanced 561 

the use of organic substrates by SRB and other anaerobic microorganisms for metabolic processes 562 

and biomass formation. The intermittent reactor achieved a removal efficiency of 97.7%, which 563 

remained high but was slightly lower than that of the batch reactor because of inactive periods in its 564 

operational cycle. This result is consistent with Rasool et al. (2015), who reported sulfate reduction 565 

efficiencies of 82.35–98.42% in SBRs. Intermittent reactors are suitable for semi-continuous 566 

operation because flexible cycle settings allow load adjustment without impairing biomass retention 567 

or system function (Mello, 2019). 568 

Continuous reactors such as CSTRs use vertical flow and continuous mixing to create 569 

relatively uniform reaction conditions throughout the reactor. Sulfate reduction performance may 570 

vary because of changes in HRT and influent organic compound patterns (Hessler et al., 2017). Based 571 

on operational characteristics, the continuous system performs between batch and intermittent 572 

systems in some respects, although sulfate reduction rates and COD values are not always directly 573 

comparable across studies. Several studies have demonstrated that CSTRs can achieve sulfate 574 

removal efficiencies of 92.70% (Wang et al., 2025), while other studies have reported sulfate removal 575 

efficiencies ranging from 94% to 100% (Kieu et al., 2011). The main advantages of CSTR systems 576 

include long-term operational stability, the ability to manage variable loading, and suitability for 577 

large-scale implementation. However, CSTR systems require technical control of HRT and mixing 578 

intensity, which must be carefully adjusted to optimize sulfate reduction and bacterial cell retention, 579 

particularly for SRB populations. 580 

Batch reactors can achieve high sulfate reduction rates but lack operational flexibility, making 581 

them unsuitable for continuous field operation. Intermittent reactors provide operational control while 582 

maintaining high treatment performance, making them suitable for modular systems and medium-583 



 

 

scale facilities. Continuous reactors are more suitable for industrial operations with large production 584 

demands and variable wastewater volumes, but they require more sophisticated process management. 585 

Reactor selection should consider removal efficiency, substrate availability and characteristics, 586 

sulfate and metal concentration fluctuations, system durability, and operational cost. Overall, SRB 587 

reactor designs can perform effectively, but AMD treatment system selection should be based on site-588 

specific requirements and wastewater characteristics. 589 

Table 4. Recapitulation of Sulfate and COD Removal Based on Reactor Type 590 

Parameter Batch Reactor Intermittent Reactor 

Continuous 

Reactor 

Sulfate Reduction Rate (mg/L·day) 35.7 19.9 34.8 

COD Reduction Rate (mg/L·day) 9.57 16.64 28.6 

Removal Efficiency (%) 99.07 97.7 99.8 

Note: Batch and continuous reactor data were obtained from the present experimental study, whereas intermittent reactor data were 591 

compiled from previous studies. Therefore, the values are intended for comparative interpretation and should not be considered results 592 

obtained under identical experimental conditions. 593 

4. CONCLUSION 594 

The findings of this study indicate that, under the tested experimental conditions, gradual 595 

acclimatization provided more stable sulfate reduction performance than shock acclimatization. The 596 

progressive increase in sulfate concentration was accompanied by steady sulfate reduction and the 597 

development of denser sediment, suggesting improved system stability during acclimatization. 598 

Gradual acclimatization supported continuous SRB activity, sulfide formation, and the development 599 

of compact and durable sediment. In contrast, shock acclimatization produced an initial increase in 600 

performance but did not sustain stable treatment because metabolic stress contributed to SRB 601 

inhibition, potential cell death, and brittle sediment formation. These results indicate that gradual 602 

acclimatization is preferable to shock loading because SRB require adaptation before becoming fully 603 

active under high sulfate concentrations. The presence of Fe and Mn played an important role in 604 

sulfate reduction performance and sediment stability. Fe was less inhibitory than Mn and supported 605 



 

 

better sulfate reduction performance. Mn had a stronger negative effect on SRB activity because of 606 

its greater toxicity and limited contribution to stable sulfide compound formation. Sulfate reduction 607 

depended on both SRB biological activity and chemical precipitation, which produced metal sulfide 608 

compounds such as FeS and MnS. Overall, Mn showed higher toxicity than Fe. 609 

Batch reactors achieved high sulfate reduction efficiency but were less adaptable and less 610 

suitable for continuous field operation. Intermittent reactors provided better process control and waste 611 

removal, making them suitable for modular systems and medium-scale industrial facilities. 612 

Continuous reactors were more suitable for large-scale operation and fluctuating influent conditions, 613 

although they require more complex process monitoring and control. Reactor configuration should 614 

therefore be selected based on removal efficiency, substrate availability, sulfate and metal 615 

concentrations, operational cost, and system sustainability. No single reactor configuration 616 

outperforms all alternatives; selection must be tailored to site-specific requirements, wastewater 617 

characteristics, operational objectives, and scale of application. 618 
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