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Abstract 

Heavy metals are extensively used for several applications, and as a consequence of which 

these metals are discharged into the environment from different industries, such as 

metallurgy, leather industries, mining, nuclear and electronic industries, electroplating 

plants, etc. Owing to their non biodegradable and non persistent nature, metals can merely 

be transformed to less toxic and insoluble forms. Besides heavy metals, sulfate is found 

abundant in wastewater streams which pose many environmental issues. Therefore, 

elimination of metals and sulfate from wastewater before their discharge into the 

environment is mandatory.  

Existing technologies for metal removal from wastewater, which include chemical 

precipitation, adsorption, biosorption and oxidation-reduction, are either costly, less 

selective, less efficient, particularly at low concentrations, or generate secondary sludge 

disposal problems. Compared to these methods, sulfate reduction aided by sulfate reducing 

bacteria (SRB) enables the removal and recovery of metals as sulfides in treating metal 

containing wastewater. In this method, sulfate reduction occurs by oxidizing organic 

substrates or any electron donor, which result in the production of hydrogen sulfide (H2S) 

and other sulfur species, thereby enhancing the metal precipitation.  

This study was focused on the application of sulfidogenic bioreactor systems for heavy 

metal removal from metallic wastewater. Initial studies were carried out to screen suitable 

anaerobic biomass for the removal of different heavy metals and to investigate the 

mechanism of metal removal from both single and multi-component systems by SRB. 

Continuous metal removal studies were then carried out using two lab-scale sulfidogenic 

bioreactor systems with immobilized SRB to examine the metal removal efficiency and its 

applicability for treating heavy metal contaminated wastewater. 

Biomass from different sources for the removal of Cd(II), Cu(II), Ni(II), Fe(III), Pb(II) and 

Zn(II) by biological sulfide precipitation was collected from (a) a wastewater treatment 

plant (WWTP) located at Indian Institute of Technology Guwahati, Guwahati, Assam, 

India, (b) a lab-scale upflow anaerobic packed bed reactor (UFAR) and (c) a lab-scale 

anaerobic packed bed reactor (APR) treating sulfate and arsenic rich water. Among the 

three biomass types investigated in this study, anaerobic biomass collected from the UFAR 

showed very high removal of different metals at both low and high initial concentrations 
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and maximum sulfate reduction (> 90%) within 96 h with a maximum wastewater chemical 

oxygen demand (COD) removal of up to 92.8%. The heavy metal removal efficacy obtained 

was in the order Cu > Fe > Ni > Pb > Cd > Zn.  

Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray 

spectroscopy (EDX) analyses of the metal-loaded biomass showed that the precipitates 

formed during the process consist of mainly the metal sulfides. Transmission electron 

microscopy (TEM) along with energy dispersive spectroscopy (EDS) analysis confirmed 

that the metal precipitates were confined to either exterior or interior to the bacterial cell 

surface. The Fourier transmission infrared spectroscopy (FTIR) spectra of the biomass 

obtained during its growth clearly established the presence of sulfate ions. The heavy metal 

removal mechanism was attributed to the sulfate reducing capability of the biomass, which 

resulted in precipitation of the metals as their corresponding sulfide salts. Biomass from the 

same source was subsequently used for further heavy metal removal experiments.  

In order to study heavy metal removal from multi-component system by SRB, different 

combinations of high and low concentration levels of six heavy metals as mentioned earlier 

were chosen employing the Plackett-Burman screening design. The results obtained showed 

a maximum removal of Cu(II) (98.9%), followed by Ni(II) (97%), Cd(II) (94.8%), Zn(II) 

(94.6%), Pb(II) (94.4%) and Fe(III) (93.9%). The heavy metal resistance by SRB varied 

with respect to the different metal species; the presence of Cu(II) and Ni(II) along with 

Pb(II) at their respective high concentration in the mixture inhibited Pb(II) removal; 

similarly, Ni(II) and Fe(III) at their respective high concentration inhibited the Fe(III) 

removal. All these effects of heavy metals on each other removal from mixture were 

attributed to the solubility product constant value of the corresponding metal sulfide salts.  

The SRB biomass obtained from the mixture study was further characterized using FTIR, 

TEM-EDS and FESEM-EDX. FTIR spectroscopy analysis of the biomass confirmed the 

presence of functional groups in the SRB that were similar to that of an earlier reported 

SRB, Desulfovibrio. species. TEM-EDS and FESEM-EDX analyses of the bacteria 

following metal removal further confirmed that the metal precipitates formed were 

associated with the cell surface, and the heavy metal removal mechanism was attributed to 

the capability of the SRB to reduce sulfate to sulfide. A very high removal of the different 

metals was achieved at both low and high initial concentrations. However, at a high metal 

concentration combination, sulfate reduction and COD removal were inhibited, thus 
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resulting in a slightly reduced removal of these metals by SRB, which also matched with the 

results obtained in the batch study.  

For a successful application of this method, the choice of a suitable reactor system is 

essential. Therefore, continuous metal removal from synthetic wastewater by immobilized 

SRB was evaluated using two lab-scale sulfidogenic bioreactor systems: anaerobic rotating 

biological contactor (An-RBC) reactor and a downflow column reactor (DFCR) packed 

with immobilized SRB beads. Synthetic metallic wastewater containing heavy metals with 

different initial concentration was treated using the two bioreactor systems. The effect of 

different parameters, such as hydraulic retention time (HRT) and inlet metal concentration 

was carried out in this reactor study.  

Heavy metal removal using sodium alginate immobilized SRB was evaluated under batch 

and continuous mode. Under batch conditions, more than 95% metal removal was achieved 

due to formation of insoluble metal sulfides exterior to the bead surface even at a high 

initial concentration, which is better than the results obtained using free/suspended biomass. 

Characterization of the metal loaded immobilized SRB beads using FESEM-EDX 

spectroscope established that the metals were precipitated exterior to the bead surface due to 

the formation of metal sulfides.  

Continuous metal removal was achieved using DFCR packed with the immobilized SRB 

beads. Best heavy metal removal results were obtained at 48 h HRT than at 24 h HRT. 

Metal loading rates up to 4.29 mg/L∙h in case of Cu(II) and up to 2.20 mg/L∙h, in case of 

Fe(III), Pb(II), Ni(II), Zn(II) and Cd(II) were found to be favorable for their removal from 

single component system using the continuous column reactor. Statistically valid factorial 

design of experiments was carried out to understand the dynamics of metal removal from 

mixture using the DFCR. Copper removal was maximum (99%), followed by Zn(II) 

(95.8%) and other heavy metals at their respective low inlet concentrations. However, the 

removal values were reduced at a high inlet concentration of the heavy metals, which 

matched well with low COD and sulfate removal efficiencies. FESEM-EDX analysis of the 

metal precipitates formed in the reactor revealed the potential of SRB in precipitating metals 

as metal sulfides via sulfate reduction. 

The performance of a continuously operated laboratory-scale An-RBC reactor immobilized 

with SRB was evaluated for heavy metal removal from synthetic wastewater under sulfate 
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reducing condition at 24 h and 48 h HRT values. A very high metal removal efficiency was 

obtained at a low metal loading rate using the An-RBC reactor, which matched well with 

the results obtained using the DFCR; the metal removal efficiency order using this reactor 

was Cu > Cd > Pb > Fe > Zn > Ni. Sulfate and COD reduction values confirmed that a high 

metal loading is inhibitory to SRB activity, but the metal removal results were better than 

those results obtained using the DFCR. Metal loading rates greater than 3.64 mg/L∙h in case 

of Cu(II) and 1.87 mg/L∙h in the case of Fe(III), Pb(II), Ni(II), Zn(II) and Cd(II) proved 

toxic and inhibitory to SRB activity and  therefore, were found detrimental to the reactor 

performance. V3-V4 metagenomics sequencing and analysis revealed that SRB 

immobilized in the An-RBC reactor is predominant with Desulfovibrio vulgaris. sp. 

Combined effect of different heavy metals on the removal of metals, sulfate and COD by 

SRB using the An-RBC reactor was evaluated under continuous operating condition by 

employing the statistically valid fractional factorial design of experiments. Continuous 

metal removal from a mixture of the heavy metals showed that Cu(II) removal was 

maximum (> 98%), followed by Zn (II) (96%) and other heavy metals at their respective 

low inlet concentrations, and metal removal order in the mixture study was Cu > Zn > Cd > 

Pb > Fe > Ni, which matched well with the results obtained using the DFCR. The An-RBC 

reactor also yielded very high metal removal efficiencies even at high initial level 

concentration combination of the metals. Metal loading rates less than 3.7 mg/L∙h in case of 

Cu(II) and less than 1.69 mg/L∙h for Ni(II), Pb(II), Zn(II), Fe(III) and Cd(II) were favorable 

for achieving a stable and very good performance of the An-RBC reactor for metal removal 

from the mixture. These results strongly indicate that the passive biofilm based bioreactor 

(An-RBC reactor) could be preferred over DFCR for large-scale treatment of sulfate and 

metal rich wastewater. 
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With the rapid industrialization and large-scale mining activities, heavy metal containing 

wastewater is directly or indirectly discharged into the environment leading to ecological 

imbalance. Though heavy metals are naturally present in the environment, large-scale 

release of these pollutants from human activities has far exceeded the carrying capacity of 

the environment. Effluent from metallurgical industries and acid mine drainage (AMD) 

from mining activities are, in general, acidic and rich in sulfate and dissolved metals 

(Svetlana et al., 2011). Discharge of such heavy metal containing wastewater results in a 

serious problem towards the environment and living things (Kikot et al., 2010). Hence, 

removal of metals from wastewater prior to its discharge into the environment is becoming 

inevitable. 

1.1 Heavy Metals  

Heavy metals play a vital and broad role in several fields in terms of their applications. 

Heavy metals are widely used as pigments, corrosion resistant materials, plastic stabilizers, 

alloys, semiconductors, conductors, antifouling agents, etc. Besides, these are used in 

computer systems, batteries, solar panels, electroplating industries, paint industries, 

electrical equipments, industrial machinery, housing, shipping, nuclear applications, etc. 

(Kikot et al., 2010). Metals, particularly Cd, Cu, Ni, Fe, Hg, Mn, Pb and Zn, are discharged 

in the effluent from different industries. These heavy metals are highly toxic even at low 

concentration and non bio-degradable, but can be transformed to less toxic and insoluble 

forms (Beyenal and Lewandowki, 2004; Min et al., 2008; Kieu et al., 2011). Hence, 

removal of metals from wastewater prior to its discharge into the environment is highly 

essential.  

Environment protection rules formulated by Central Pollution Control Board (CPCB), India, 

(1989), recommended the general standards for discharge of environmental pollutants in the 

wastewater streams; the drainage standards for As, Cu, Cd, TCr, Fe, Hg, Mn, Ni, Pb, Se, V 

and Zn are 0.2 mg/L, 3 mg/L, 2 mg/L, 2 mg/L, 3 mg/L, 0.01 mg/L, 2 mg/L, 3 mg/L, 0.1 

mg/L, 0.05 mg/L, 0.2 mg/L and 5mg/L, respectively.   

1.2 Sulfate  

Along with the heavy metals, sulfate is another compound abundantly found in wastewater, 

such as AMD and effluent from several other industrial processes. Generally, sulfate 
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containing wastewater is generated from various industries, such as mining, explosives, gas 

scrubbing, flue gas scrubbing, paper and pulp industries, galvanic processing, 

pharmaceutical industries, battery, paint, textile, dye industries, etc. (Lens et al., 1998; 

Masigol et al., 2012). Several problems exist due to the discharge of sulfate rich wastewater, 

for example, sulfate reduction to hydrogen sulfide (H2S), often leading to corrosion of pipe 

materials (Sulaiman et al., 2008). Hence, there is a continuous search for economical, 

effective and eco-friendly processes for the removal of heavy metals and sulfate from 

wastewater, which would ensure their presence in the environment below permissible 

limits. 

1.3 Treatment Methods For Heavy Metal And Sulfate Containing Wastewater 

Most of the industries treat metal containing wastewater, e.g. AMD, by precipitation with 

hydroxide or limestone because of process simplicity, low-cost and easy process control, 

which, however, results in sludge disposal problems. Other developed processes, such as 

reverse osmosis, ion exchange and electro-dialysis, etc., are available to treat AMD and 

other metal containing wastewater which are quite expensive, rarely used and less efficient 

for metal removal, particularly at low concentrations (Eccles, 2010; Fu and Wang, 2011). In 

view of the strict environmental legislations governing wastewater discharge standards and 

due to the technical and economical concerns related to the use of existing methods, 

biological processes seem to be more attractive than the afore-mentioned techniques for 

treating wastewater containing heavy metals and sulfate. Besides, biological methods are 

proving more economical over the physico-chemical methods for heavy metal removal 

(Pires et al., 2011).  

1.4 Biological Sulfate Reduction For Heavy Metal Removal 

In the recent years, biological methods are proving to be efficient for the treatment of 

mining wastewater containing sulfate and heavy metals. In particular, metal precipitation 

aided by sulfate reducing bacteria (SRB) has been found to be an attractive and promising 

alternative over physico-chemical and other methods in practice (Kieu et al., 2011). In this 

method, under anaerobic conditions and in the presence of an organic substrate, sulfate is 

reduced by SRB that mediates the metal removal via the resulting metal sulfide 

precipitation (Sahinkaya et al., 2011).  
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The ability of SRB to generate sulfide together with the high potential of sulfide to react 

with metal cations is considered effective for treating both metal and sulfate rich wastewater 

(Bai et al., 2008; Velasco et al., 2008; Jimenez-Rodriguez et al., 2009; Telcu et al., 2009). 

Biological sulfide precipitation of heavy metals offers several advantages over chemical 

precipitation which include low solubility product values of sulfide, even at a low pH, low 

residual sludge volumes, cost-effective and efficient removal, even at low metal 

concentrations (Tsukamoto et al., 2004; Gallegos-Garcia et al., 2009). However, heavy 

metal removal capacity by this method depends on several factors, such as the heavy metal, 

bacterial species, reactor configuration, etc. It is well reported in the literature that 

concentration of heavy metals in wastewater may range from a few mg/L to as much as 100 

mg/L (Hao et al., 1994; Utgikar et al., 2002). 

The precipitates formed are also more stable compared with the metal hydroxides formed 

during chemical processes (Cao et al., 2013). In addition to the removal of heavy metal 

associated toxicity from wastewater, it facilitates the metal recovery as metallic sulfides 

(Bijmans et al., 2011). Although the potential use of microbial sulfate reduction for treating 

metallic wastewater has been reported as early as 1969, development of SRB based passive 

or active treatment system for large-scale application is limited.  

Moreover, there is still a need to explore more novel sources of SRB for the removal of 

heavy metals and sulfate and its characterization to further establish its application potential. 

This is particularly important because of its certain drawbacks, such as the inherent toxicity 

of metals on SRB growth and activity (Min et al., 2008). For instance, high metal 

concentrations have been shown to be inhibitory towards growth and activity of freely 

suspended SRB (Sani et al., 2001; Utgikar et al., 2001; Utgikar et al., 2002). The use of 

free/suspended SRB systems further give rise to problems, such as reduction in cell 

retention and cell washout in continuously operated reactors (Baskaran and Nemati, 2006), 

thereby, necessitating extended hydraulic retention time (HRT) in the system (Neculita et 

al., 2007).  

In order to overcome the drawbacks associated with the use of free/suspended cells based 

SRB system, active cell immobilization using suitable naturally available polymeric matrix 

or biofilm development on a support material can be applied. Although a wide range of 

materials has been tested for immobilizing, the naturally available polymer, sodium alginate 

has received significant interest owing to its economical viability and inert nature to  
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microbes (Chen and Lin, 1994; Lozinsky and Plieva, 1998).  

However, active SRB immobilization using sodium alginate and its use in batch/continuous 

removal of heavy metals is very limited. Among the several bioreactor systems available to 

treat wastewater, rotating biological contactor (RBC) reactor is well known for treating 

various types of effluents (Alemzadeh et al., 2002; Kapdan and Kargi, 2002; Axelsson et 

al., 2006) as it offers a high interfacial area on its rotating discs for biomass growth and 

attachment, which enables sufficient contact between the microorganisms and contaminants 

present in the wastewater (Pakshirajan and Kheria, 2012).  

Furthermore, RBC reactor is highly suitable for treating industrial wastewater and sewage 

(Banerjee, 1997) owing to the combined action of both free/suspended and fixed film 

microorganisms present in this reactor system. However, RBC reactors involve high initial 

investment cost; but simple process control, low operation and maintenance costs make 

these reactors technically feasible for large-scale applications (Borchardt, 1971; Wu and 

Smith, 1982; Wheatley, 1984).  

The utility of RBC reactors has been examined at the laboratory scale for chemical oxygen 

demand (COD) removal from textile dying and synthetic wastewater (Pakshirajan et al., 

2009). However, it has not been tested for the removal of heavy metals by biogenic sulfide 

precipitation. Therefore, this study is aimed at screening anaerobic biomass from different 

sources for sulfate reduction and heavy metal removal from aqueous solutions and further 

study the application potential of the anaerobic biomass for metal removal using different 

bioreactor systems. 
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Water pollution has been a major point of concern since many decades owing to rapid 

urbanization and industrial activities associated with it. Heavy metals are categorized as one 

of the most toxic water pollutants and hence, their removal has been a topic of major 

concern. In view of exponentially increasing population and increasing consumption of 

resources, the need for controlling heavy metal emissions into the environment is even more 

obvious. Discharge of heavy metal containing wastewater at a low pH from several 

industries and acid mine drainage (AMD) may lead to environmental pollution and 

imbalance in the ecosystem (Kieu et al., 2011). Heavy metals can be classified as toxic and 

non-biodegradable inorganic pollutants as they tend to accumulate in the food chain and get 

absorbed by the living organisms, including humans, which result in serious health issues 

(Zhuang et al., 2009); moreover, they influence the aesthetic quality of potable water (Gray, 

2008).  

2.1 Heavy Metals 

Heavy metals in water refer to the heavy, dense, metallic elements that occur in trace levels, 

but are very toxic with a high bioaccumulation potential; these elements are commonly 

referred to as trace metals. Globally, metal consumption rate is increasing exponentially, 

whereas metal resources are getting depleted as a consequence of the fast growing metal 

industries. This is mainly because heavy metals play a vital and broad role in several fields 

with respect to their applications. Besides, metals are also used in nuclear applications and 

even in warfare as chemical weapons.  

In biological systems, heavy metals are necessary in trace amounts as they are the key 

constituents of enzyme complexes, blood pigments, biological electron transport and 

oxygen transportation systems, cofactors, bone formation and reproduction (Cohen and 

David, 2007). They also find application in medicinal fields for dietary vitamins, mineral 

supplements, and some lead to healing properties and increase immune system (DiSilvestro 

and Robert, 2004). Some of the heavy metals play a vital role as oxygen evolution in plants 

and are also used as preservatives and fungicides.   

2.1.1 Sources 

Heavy metals occur in the Earth’s geological formations and can, therefore, enter into 

streams, lakes, rivers and groundwater; very often these heavy metals are discharged into 
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the environment due to various developmental activities. Wastewater from industries, such 

as mining, smelting, metal plating, battery manufacturing, etc., is a main cause of metals in 

the water (Kwon et al., 2010; Reddy et al., 2010; Abdel Salam et al., 2011). Table 2.1 

presents various sources and activities through which heavy metals enter the environment. 

Table 2. 1 Sources of heavy metals in the environment 

S. No Sources Activities Reference 

1 Atmospheric Volcanic activities, forest fires, dust 

particles etc. 

Clark, 2001 

2 Rivers Erosion of rocks containing metals, 

surface runoff from naturally formed and 

anthropogenic metal sources, dredging, 

trawling 

Clark, 2001 

3 Groundwater 

seepage 

Dissolved substances are carried via 

ground water movement – contamination 

in soil 

Clark, 2001 

4 Deliberate 

discharge 

 

Contaminated waste dumping, industrial 

discharges, sewage 

Clark, 2001 

5 

 

Industries and 

other 

anthropogenic 

activities 

 

Coal fired power stations, mining, leather 

tanning, lead acid batteries, paints, e-

waste, smelting operations, ceramics, 

bangle industry, chlor-alkali plants, 

fluorescent lamps, hospital waste, 

electrical appliances, sulfuric acid plant, 

incinerations and fuel combustion. 

Gautam, 2011 

2.1.2 Environment and health effects of heavy metals  

Heavy metals tend to bio-accumulate, which means an increase in its concentration in a 

biological organism over time, compared to its concentration in the environment. These 

accumulate in living things and are stored faster than they are broken down (metabolized) or 

excreted. All these trace metals are highly toxic to humans, which include As, Cd, Cr, Hg, 

Ni, Pb, Sn, etc. Their presence in surface and ground water at a concentration above the 

permissible limit of 5 mg/L is undesirable. For some heavy metals, such as As, Cd, TCr, 

Hg, Ni, Pb, the permissible limits are 0.2 mg/L, 2 mg/L, 2 mg/L, 0.01 mg/L, 3 mg/L, 0.1 

mg/L, respectively. Table 2.2 presents various environmental impacts posed by AMD from 

many mining operations, which are categorized as physical, chemical, biological, ecological 

and socioeconomic effects (Gary, 1997; Jarvis and Younger, 2000).  
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Table 2. 2 Various environmental impacts posed by AMD (Gary, 1997; Jarvis and 

Younger, 2000) 

Physical Chemical Biological Ecological Socioeconomic 

Reduction of 

oxygen 

diffusion 

Change of 

natural mineral 

cycle 

operation 

Acute and 

chronic toxicity 

Modifications in 

the food chain 

Corrosion and 

erosion 

problems 

Metal 

adsorption on 

sediments 

Production of 

different forms 

of sulfide 

Problems 

related to 

reproduction 

Modification in 

the ecosystems 

Loss in the 

aesthetic value 

of the ecosystem 

Increase in the 

turbidity  

Increase in the 

acidity 

Respiratory 

issues 

Reduction in the 

primary 

production 

Water supply 

issues 

Decrease of 

light 

penetration 

Metal 

lixiviation  

Toxicity to 

sensitive 

species 

Bioaccumulation 

in the food chain 

Health problems 

Heavy metal toxicity can result in damaged or reduced mental and central nervous function, 

lower energy levels, change in blood composition, damage to lungs, kidneys, liver and other 

vital organs. Long-term exposure may result in slowly progressing physical, muscular and 

neurological degenerative processes which may result in dangerous diseases. Allergies are 

common and repeated long-term contact with some metals or their compounds may even 

cause cancer. Natural water bodies, such as rivers, lakes, estuaries, coastal areas, etc., and 

even groundwater resources are mostly affected by AMD streams. Low pH of the AMD 

streams directly cause toxic effects to the aquatic environment by increasing the solubility 

of toxic metals and affecting the natural mineral cycles (Johnson, 2000; Lens et al., 2002). 

Also, AMD affects ecological balance, biodiversity and the quality of the water used for 

industrial, recreational and agricultural applications (Jarvis and Younger, 2000).  

2.2 Heavy Metal Removal Methods 

Since the last few decades, it is becoming clear that conventional methods to treat polluted 

sites are too expensive. Conventional methods to treat heavy metal contaminated 

wastewater include chemical precipitation, ion exchange, adsorption, membrane 

technologies, electrochemical treatment, coagulation-flocculation, evaporation recovery, 

etc. (Atkinson et al., 1998; Crini, 2006). Figure 2.1 highlights various techniques used for 

heavy metal removal from wastewater. 

TH-1776_126152002



Chapter 2 Literature Review 

 

8  

 

 

Figure 2. 1 Schematic showing an overview of different techniques used for heavy metal 

removal from wastewater. 

2.2.1 Chemical precipitation 

Chemical precipitation is a very effective and extensively used method in industries as it is 

relatively simple and inexpensive to operate (Ku and Jung, 2001). In this method, chemicals 

react with heavy metal ions to form insoluble precipitates. The precipitates formed can be 

separated from the water by sedimentation or filtration and the treated effluent is then 

decanted and reused or discharged into the environment. Hydroxide and sulfide 

precipitation are widely used industrially.  

2.2.1.1 Hydroxide precipitation  

Owing to the process simplicity, low-cost, ease of pH control and low solubility of metal 

hydroxides in the pH range 8-11, hydroxide precipitation is one of the widely used chemical 

precipitation technique in most of the industries (Huisman et al., 2006). The metal 

hydroxides can be removed by flocculation and sedimentation. Among the various agents 

used for metal precipitation from wastewater, lime is very commonly used at industrial 

scale owing to its low-cost and ease of handling (Baltpurvins et al., 1997).  
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Chen et al. (2009) reported that fly ash can be used as a seed material that enhances the 

efficiency of lime precipitation. It is reported that the fly ash-lime carbonation treatment 

increased the particle size of the precipitate and considerably enhanced the heavy metal 

removal efficiency. Coagulants, such as alum, iron salts and organic polymers enhance the 

heavy metal removal efficiency from wastewater, and chemical coagulation combined with 

lime precipitation has been used for treating synthetic wastewater containing Zn, Cd, Mn 

and Mg (Charerntanyarak, 1999).  

Despite its wide use, hydroxide precipitation entails certain limitations which include (i) 

generation of large volumes of relatively low density sludge that can lead to dewatering and 

disposal problems (Kongsricharoern and Polprasert, 1995), (ii) inefficient removal due to a 

mixture of metals since the ideal pH for precipitating one metal may bring another metal 

back into solution and (iii) inhibition of metal hydroxide precipitation due to presence of 

any complexing agents in wastewater. 

2.2.1.2 Sulfide precipitation 

Sulfide precipitation is another efficient method for the removal of toxic heavy metals 

owing to the advantages associated with very low solubility product values of the metal 

sulfide precipitates over hydroxide precipitates and better thickening and dewatering 

characteristics than the corresponding metal hydroxide sludge. Hence, high degree of metal 

removal can be achieved by sulfide precipitation over a broad pH range compared with 

hydroxide precipitation. However, application of chemical sulfide precipitation for metal 

removal is limited due to the difficulty in controlling the dosage of sulfide (due to the 

sensitivity of the process to the dose, especially in chemical sulfide precipitation) and 

problems associated with the toxic and corrosive nature of excess sulfide (Veeken et al., 

2003) 

2.2.1.3 Chemical precipitation combined with other methods  

A combination of chemical precipitation with the other existing methods has been proven to 

be successful over the individual methods for treating metal containing wastewater. 

Gonzalez-Munoz et al. (2006) employed sulfide precipitation followed by nano-filtration for 

both removal and recovery of heavy metals and reported that sulfide precipitation was 

efficient in reducing the metal content, whereas nano-filtration process yielded direct use of 

the treated water.  
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Ghosh et al. (2009) in an another study used chemical precipitation and electro-Fenton 

process together to treat rayon industry wastewater for reducing its chemical oxygen 

demand (COD) and Zn. Approximately, 88% COD was reduced and 99-99.3% zinc 

removal was attained in the pH range 9-10 using lime precipitation. Papadopoulos et al. 

(2004) in their study reported that use of ion exchange method showed only 74.8% of Ni 

removal, whereas a combination of ion-exchange and precipitation processes showed more 

than 95% of Ni removal.  

2.2.1.4 Heavy metal chelating precipitation  

Considering the increasing stringent environmental regulations towards the discharge of 

metal containing wastewater, conventional chemical precipitation methods are inefficient to 

treat heavy metal containing wastewater particularly that contain complexing agents. As a 

result, research is focused on using chelating precipitants to remove heavy metals from 

wastewater systems. Chang et al. (2002) used potassium ethyl xanthate for treating copper 

containing wastewater and reported that ethyl xanthate was suitable for the treatment of 

copper containing wastewater over a wide copper concentration range (50-1000 mg/L).  

Matlock et al. (2002) in an another study investigated the effectiveness of three widely used 

commercial heavy metal precipitants, namely trimercaptotriazine, potassium/sodium-

thiocarbonate and sodium-dimethyldithiocarbamate and reported a better metal removal 

efficiency. Xu and Zhang (2006) in their study synthesized a new organic heavy metal 

chelator, dipropyl dithiophosphate that yielded more than 99.9% heavy metal removal (Pb, 

Cd, Cu and Hg). Any newly developed or commercially available heavy metal precipitants 

may either lack the necessary heavy metal binding sites with respect to specific applications 

or often pose environmental risks. Hence, there is a definite need for new and more 

effective precipitants for heavy metal removal.  

2.2.2 Ion-exchange 

High treatment capacity, high removal efficiency and fast kinetics are the main advantages 

of ion-exchange technique for treating metallic wastewater (Kang et al., 2004). In general, 

synthetic resins are used in ion-exchange processes as they are very effective in removing 

heavy metals from wastewater (Alyuz and Veli, 2009). The most common cation 

exchangers are strongly acidic resins with sulfonic acid groups and weakly acidic resins 

with carboxylic acid groups. Hydrogen ions in carboxylic or sulfonic group of the resins 
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serve to get exchanged with metal cation in wastewater for their removal. Compared with 

the expensive and synthetic ion-exchange resins, low-cost and naturally available materials, 

e.g. zeolites and silicate minerals have been widely used for heavy metal removal from 

aqueous solution.  

It is reported that zeolites exhibit good cation-exchange capacities for heavy metal removal 

under different experimental conditions (Motsi et al., 2009; Ostroski et al., 2009; Taffarel 

and Rubio, 2009). Clinoptilolite is one of the most frequently studied natural zeolites that 

has received considerable attention due to its selectivity for heavy metals; it is reported that 

the use of amorphous Fe-oxide species can significantly improve the exchange capacity of 

clinoptilolite (Doula and Dimirkou, 2008; Doula, 2009). Doula (2009) employed 

clinoptilolite-Fe system for the removal of heavy metals (Cu, Mn and Zn) from drinking 

water and reported almost complete removal of these heavy metals.  

Though the use of zeolites and montmorillonites as ion-exchange resins to remove heavy 

metals has been well reported in the literature, their application is limited only to lab-scale 

studies. Despite the popularity of the ion exchange method for the removal of heavy metals 

from wastewater, drawbacks, such as regeneration of ion-exchange resins following its 

exhaustion, secondary sludge disposal problem and high capital cost limit its application 

toward treating large volumes of wastewater containing low concentrations of heavy metals 

(Fu and Wang, 2011).  

2.2.3 Adsorption 

Adsorption is a well known method that is recognized as an effective and economical 

method for treating wastewater containing heavy metals owing to its simple process design 

and operation, high quality of the treated effluent and regeneration capacity of the 

adsorbents used. The following are some of the widely used adsorbents for heavy metal 

removal from wastewater. 

2.2.3.1 Activated carbon  

Large micropore and mesopore volumes and the resulting high surface area of activated 

carbon (AC) make this adsorbent extremely useful for the removal of heavy metals from 

wastewater. Additives of alginate (Park et al., 2007), tannic acid (Ucer et al., 2006), 

magnesium (Yanagisawa et al., 2010), surfactants (Ahn et al., 2009) and AC composite are 

TH-1776_126152002



Chapter 2 Literature Review 

 

12  

  

very effective for treating metallic wastewater. Converting carbonaceous materials into AC 

for heavy metal remediation has been reported in the literature. For instance, Kongsuwan et 

al. (2009) developed and used AC from eucalyptus bark for metal removal from binary 

component system. Guo et al. (2010) prepared AC from poultry litter and reported a very 

high adsorption affinity and capacity for heavy metals than commercial AC derived from 

bituminous coal and coconut shell. 

2.2.3.2 Carbon nano-tubes  

The discovery of carbon nano-tubes (CNTs) by Iijima (1991) has led to various studies due 

to its excellent properties and application towards removing heavy metals from wastewater 

(Kandah and Meunier, 2007; Wang et al., 2007, Kabbashi et al., 2009; Kuo and Lin, 2009; 

Pillay et al., 2009; Li et al., 2010). It is reported that oxidation of CNTs by HNO3, NaClO 

and KMnO4 can significantly increase its sorption capacity.  

Wang et al. (2007) in their study reported that acid treated CNTs showed better adsorption 

capacity for Pb over untreated CNTs. Pillay et al. (2009) investigated the adsorption 

capacity of functionalized multi-walled carbon nano-tubes (MWCNTs), non-functionalized 

MWCNTs and AC, and reported that both functionalized and non-functionalized MWCNTs 

showed a better adsorption capacity for Cr than that of AC. Despite the excellent properties 

of CNs for heavy metal removal from wastewater, extensive usage of CNTs for wastewater 

treatment may eventually result in the discharge of metal adsorbed CNTs to the 

environment which may further pose risk to the living things.  

2.2.3.3 Low-cost adsorbents 

Considering the high preparation cost of AC, the search for low-cost and easily available 

adsorbents for treating metal containing wastewater has been intensified. Till date, use of 

low-cost adsorbents, such as agricultural wastes, industrial by-products and natural products 

has been well reported for the treatment of wastewater containing heavy metals. Various 

industrial by-products, such as clino-pyrrhotite (Lu et al., 2006), lignite (Mohan and 

Chander, 2006), aragonite shells (Kohler et al., 2007), natural zeolites (Apiratikul and 

Pavasant, 2008a), kaolinite (Gu and Evans, 2008) and peat (Liu et al., 2008a), clay (Al-Jlil 

and Alsewailem, 2009), lignin (Betancur et al., 2009; Reyes et al., 2009), diatomite (Sheng 

et al., 2009), etc., have been successfully applied for treating metallic wastewater. However, 

industrial or large-scale use of these adsorbents is not well reported.  
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2.2.3.4 Biosorption  

Biosorption has been proven to be a very promising method for the removal of heavy metals 

from aqueous solutions particularly at low concentration due to the use of highly effective 

and inexpensive bio-sorbents. Various forms of economical and non-living plant materials, 

such as black gram husk (Saeed et al., 2005), eggshell (Jai et al., 2007), potato peels (Aman 

et al., 2008), coffee husks (Oliveira et al., 2008), citrus peels (Schiewer and Patil, 2008), 

seed shells (Amudaa et al., 2009), sawdust (Kaczala et al., 2009), sugar-beet pectin gels 

(Mata et al., 2009), etc., have been broadly investigated for heavy metal removal. Due to its 

wide availability, low-cost and high metal sorption capacity, algae, a renewable natural 

biomass has drawn attention as a biosorbent for removing heavy metals (Apiratikul and 

Pavasant, 2008b).  

Bio-removal of metals from wastewater has been investigated widely using several 

microbial species that include Bacillus cereus (Pan et al., 2007), Pseudomonas aeruginosa 

(Gabr et al., 2008; Tuzen et al., 2008), Escherichia coli (Quintelas et al., 2009; Souiri et al., 

2009), etc. Fungi and yeasts are among the microbial species that are very easy to grow, 

yielding high amount of biomass and can be manipulated genetically and morphologically. 

Various fungal species, such as Rhizopus arrhizus (Aksu and Balibek, 2007; Bahadir et al., 

2007), Lentinus edodes (Bayramoglu and Arica, 2008), Saccharomyces cerevisiae (Chen 

and Wang, 2008; Cojocaru et al., 2009), Aspergillus niger (Amini et al., 2009; Tsekova et 

al., 2010), etc., are reported to be very efficient at heavy metal removal from wastewater.  

Maximum metal removal capacities for Pb, Cu and Cd (70.7, 43.7 and 70.8 mg/g, 

respectively) were reported by Pakshirajan and Swaminathan (2006) in their study using a 

continuous packed column reactor immobilized with Phanerochaete chrysosporium. 

However, the separation of bio-sorbents from metals would be difficult following the metal 

loading step (Fu and Wang, 2011). 

Adsorption is a well recognized technique for handling wastewater containing low heavy 

metal concentration, but the application of AC is limited for treating wastewater on large-

scale owing to its high cost. Even though several varieties of low-cost adsorbents have been 

developed and tested for treating heavy metal containing wastewater, metal removal 

efficiency depends on the type of adsorbent and also the wastewater characteristics. 

Biosorption which is based on the use of biosorbents has been proven to be a very 
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promising method for the removal of heavy metal from wastewater since the last two 

decades (Fu and Wang, 2011). 

2.2.4 Membrane filtration 

Membrane filtration techniques, such as ultrafiltration, reverse osmosis, nano-filtration and 

electro-dialysis are found to be promising for heavy metal removal owing to their high 

efficiency, easy operation and very less space requirements.  

2.2.4.1 Ultrafiltration 

Dissolved and colloidal materials are removed from aqueous solution by ultrafiltration (UF) 

membrane technique which usually works at a low transmembrane pressure. Micellar 

enhanced ultra filtration (MEUF) and polymer enhanced ultrafiltration (PEUF) are proposed 

for handling metallic wastewater since the pore size of the more commonly used UF 

membranes are larger than dissolved metal ions, which exist in the form of hydrated ions or 

as low molecular weight complexes.  

It is found that PEUF has also been proposed as a viable method for the separation of a wide 

variety of metals from aqueous solution. Finding a suitable polymer to achieve 

complexation with metal ions is the main limitation of the PEUF. However, complexing 

agents, such as humic acid (Kim et al., 2005), diethylaminoethyl cellulose (Trivunac and 

Stevanovic, 2006), polyethyleneimine (PEI) (Aroua et al., 2007; Molinari et al., 2008), 

polyacrylic acid (PAA) (Labanda et al., 2009), etc., have been proven to achieve selective 

separation and recovery of heavy metals with low energy requirements. The advantages of 

PEUF include high removal efficiency, high binding selectivity and highly concentrated 

metals for reuse, but its industrial or large-scale application is still not clear.  

2.2.4.2 Reverse osmosis 

Reverse osmosis (RO) technique normally works on the principle of osmotic pressure and 

in this process; a semi-permeable membrane allows the fluid that is being purified to pass 

through it, while retaining the contaminants. It accounts for more than 20% of the world’s 

desalination capacity (Shahalam et al., 2002). Dialynas and Diamadopoulos (2009) in their 

study used a pilot-scale membrane bioreactor system in combination with RO and reported 

very high heavy metal removal efficiencies. Use of RO systems for the removal of heavy 
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metals has been extensively investigated but only at the laboratory scale. Other limitation of 

the RO systems is the high power consumption due to high pressure requirement for 

pumping the feed and restoration of the membranes.  

2.2.4.3 Nano-filtration 

Nano-filtration (NF) process is regarded as an intermediate process between UF and RO and 

it is well known for its advantages, such as ease of operation, reliability and relatively low 

energy consumption as well as high efficiency of pollutant removal (Erikson, 1988). Nano-

filtration technology has been used for the removal of a wide variety of heavy metal ions 

from wastewater, such as Ni (Murthy and Chaudhari, 2008), Cr (Muthukrishnan and Guha, 

2008), Cu (Cséfalvay et al., 2009; Ahmad and Ooi, 2010) and As (Nguyen et al., 2009; 

Figoli et al., 2010). A combination of NF and RO process has been reported to be applied 

for treating metallic wastewater (Liu et al., 2008b; Cséfalvay et al., 2009).  

2.2.4.4 Electro-dialysis 

Electro-dialysis (ED) is another membrane based method in which an electric field acts as 

the driving force for the separation of ions from one solution to another across a membrane. 

In most ED processes, two types of membranes, namely cation-exchange and anion-

exchange membranes are used. In addition to its application in the production of drinking 

and process water from brackish and sea water, this method is also applied for treating 

industrial effluents and heavy metal containing wastewater, recovery of useful materials 

from effluents and salt production (Sadrzadeha et al., 2009).  

Nataraj et al. (2007) employed an ED pilot plant comprising a set of ion-exchange 

membranes for the removal of hexavalent chromium ions and reported an excellent 

performance of the plant. High cost, process complexity, membrane fouling and low 

permeate flux are some limitations associated with membrane filtration processes which 

limits its use on a large-scale (Fu and Wang, 2011).  

2.2.5 Coagulation and flocculation 

Coagulation is defined as destabilization of colloids by neutralizing the forces that keep 

them apart. Following coagulation and flocculation, sedimentation/filtration is employed to 

remove heavy metals from wastewater. Many coagulants, such as aluminum, ferrous sulfate 
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and ferric chloride are widely used in conventional wastewater treatment processes resulting 

in the effective removal of wastewater particulates and impurities by charge neutralization 

of particles. Samrani et al. (2008) investigated the removal of heavy metals from combined 

sewer overflow using ferric chloride solution and polyaluminium chloride (PAC) as 

coagulants. Flocculation aids in binding the particles into large agglomerates or clumps 

through the action of polymers to form bridges between the flocs. Once suspended particles 

are flocculated into larger particles, separation from solution is effected by filtration and 

straining or floatation. Well known flocculants, such as PAC, polyferric sulfate (PFS) and 

polyacrylamide (PAM) are widely used in the treatment of wastewater; however, the direct 

use of flocculants for heavy metal removal is difficult to apply at large-scale. Coagulation-

flocculation process is in general, inefficient for removing the heavy metals from 

wastewater (Chang and Wang, 2007) and, therefore, additional treatment is required.  

Plattes et al. (2007) employed combined precipitation, coagulation and flocculation 

processes using ferric chloride to treat industrial wastewater containing tungsten. Bojic et al. 

(2009) explored spontaneous reduction-coagulation process using micro-alloyed aluminium 

composite in a laboratory semiflow system to treat synthetic metallic wastewater. Although 

coagulation-flocculation process entails good sludge settling and dewatering characteristics, 

huge amount of chemical consumption and increased sludge volume generation are some of 

its drawbacks for large-scale applications (Fu and Wang, 2011).  

2.2.6 Flotation  

Flotation is a well known process which has found extensive use in wastewater treatment. 

Ion flotation, dissolved air flotation (DAF) and precipitation flotation are the main flotation 

processes utilized for the removal of metals from wastewater. Flotation method has been 

employed to separate heavy metals from a liquid phase using bubble attachment originating 

in mineral processing. In a typical DAF process, micro bubbles of air are used to attach to 

the suspended particles in the water, allowing it to form agglomerates which further aid in 

the formation of less dense flocs that can be easily removed as sludge (Lundh et al., 2000). 

Flotation method offers many advantages over several other conventional methods, such as 

high metal selectivity, high removal efficiency, high overflow rates, low detention periods, 

low operating cost and production of more concentrated sludge (Rubio et al., 2002), but its 

use is limited due to high initial capital cost as well as high maintenance and operation 

costs. 
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2.2.7 Electrochemical treatment 

Electrochemical methods basically involve the plating out of metal ions on a cathode 

surface and can recover metals in the elemental form. Electro-coagulation (EC) is one such 

electrochemical method that involves the generation of coagulants in-situ by dissolving 

either aluminum or iron ions from aluminum or iron electrodes electrically (Chen, 2004). 

The metal ion generation takes place at the anode and hydrogen gas is released from the 

cathode. The hydrogen gas helps in separating the flocculated particles from solution by 

making them easily float (Chen, 2004).  

Electro-flotation (EF) is another electrochemical method in which solid/liquid separation 

occurs and pollutants float to the liquid surface due to the generation of hydrogen and 

oxygen gases as tiny bubbles by water electrolysis. Electro-flotation has a wide range of 

applications in heavy metal removal from industrial wastewater. Electro-deposition is 

another method which is regarded as a clean technology for the recovery of metals from 

wastewater with no secondary sludge generation (Issabayeva et al., 2006).  

Electrochemical treatment techniques are widely applied for the treatment of heavy metal 

containing wastewater due to its several advantages, such as rapid separation of metals, easy 

process control, requirement of few chemicals, good reduction yields and low sludge 

generation. But its use is restricted due to high initial capital investment and the need to 

supply electricity, which is expensive. Thus, it is clear from the afore-mentioned techniques 

that it is very essential to consider various factors, including the initial metal concentration, 

wastewater composition, capital investment and operational cost, plant flexibility and 

reliability, and environmental impact for handling heavy metal containing wastewater 

(Kurniawan et al., 2006). 

2.3 Sulfate  

Sulfur is one of the most abundant elements available on Earth. Generally, sulfate (SO4
2-

) is 

the final oxidation product, which gets accumulated in minerals and in the ocean. Different 

sources are known to emit sulfur directly into the atmosphere. These sources include 

natural, such as volcanic eruptions and evaporation of water and anthropogenic sources; for 

example, burning of fuels releases large quantities of sulfur dioxide into the environment, 

contributing extensively to air pollution and even leads to acid rain ultimately affecting the 

aesthetic value of the environment (Lloyd, 2006). 

TH-1776_126152002



Chapter 2 Literature Review 

 

18  

  

2.3.1 Effects of sulfate  

High levels of sulfate in mine tailings from metal bearing ores and some coal ores are 

readily oxidized by water and oxygen, resulting in acid drainage disturbing the ecological 

balance (Masigol et al., 2012). Surface and ground water sources get polluted due to the 

release of excessive quantities of sulfate, thereby posing threat to various life forms. Hence, 

it is necessary to treat sulfate containing wastewater prior to its discharge into the 

environment by maintaining its level within the permissible limits (Moon et al., 2013). The 

functioning of the natural sulfur cycle would be effected due to the release of excessive 

sulfate and sulfide formed due to sulfate reduction in the aquatic environment.  

Presence of sulfate ions increases the conductivity and corrosion potential of receiving  

water bodies and may contribute to the mineralization of water (Silva et al., 2010). In 

addition, excess sulfate in the water promote corrosion and scaling in pipes, fouling and 

deposition in boilers and acidification of soils and blockage of soil pores, hindering 

irrigation or water drainage (Bowell, 2000). Sulfate in its reduced form, e.g. hydrogen 

sulfide (H2S), may result in toxicity, odor and corrosion problems (Sawyer et al., 2009). 

Hydrogen sulfide is highly toxic to humans, causing death within 30 minutes at gaseous 

concentrations of only 800-1000 mg/L, and instant death at higher concentrations (Speece, 

1983).  

2.4 Sulfate Removal Methods  

Several physicochemical and biological methods are available for the treatment of sulfate 

containing wastewater, and these methods are widely applied on large-scale. 

Physicochemical methods are broadly classified into two types, which include membrane 

and filtration techniques and chemical precipitation. However, biological treatment is 

preferred over these physicochemical methods due to certain limitations, such as separation 

and disposal of the sludge generated and relatively high cost and energy consumption (Silva 

et al., 2002).  

Chemical precipitation  

Gypsum (lime or limestone), barium sulfate and ettringite are commonly used for the 

removal of sulfate by precipitation. Sulfate removal using lime is very limited due to the 

production of highly soluble CaSO4 (Rubio et al., 2009). Even though sulfate removal by 
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barium precipitation is highly efficient, high cost of barium compounds and toxicity of any 

residual barium ions limits its use on large-scale. Requirement of alkaline pH for sulfate 

removal is the main drawback associated with the use of ettringite or barium sulfate 

precipitation method. Generation of high volumes of sludge is another common problem 

associated with the use of all these chemical precipitating agents.  

Membrane separation  

Membrane technologies, such as ED and RO are known to be applied for the treatment of 

sulfate containing wastewater (Silva et al., 2012). However, use of both these processes on 

large-scale is not reported mainly due to the requirement of a pre-treatment step to prevent 

fouling and microbial growth, and the cost required for treating a large amount of water.  

Biological sulfate removal  

Biological sulfate removal is regarded as one of the most cost effective alternative over the 

expensive physicochemical removal methods for treating high sulfate rich wastewater 

(Maree et al., 1991). Bacterial sulfate reduction is considered a vital bioprocess for 

eliminating both sulfate and metals from AMD by means of sulfate reducing bacteria (SRB) 

(Tuttle et al., 1969; Wakao et al., 1979; Herlihy and Mills, 1985; Hedin et al., 1989). Due to 

the natural occurrence of the SRB, sulfate reduction techniques can be utilized in-situ for 

the treatment of AMD provided with the conditions that enhance the bacterial activity. The 

mechanism of sulfate removal is based on the capability of SRB to oxidize organic 

substrates using sulfate as the terminal electron acceptor in anaerobic respiration (Barton 

and Tomei, 1995). Thus, sulfide generated aids in precipitation of heavy metals as metal 

sulfides (Cabrera et al., 2006). 

2.5 Heavy Metal Removal by Biological Sulfate Reduction  

In view of the existing conventional methods, microorganisms are considered as important 

mediators in determining the form and distribution of metals in the environment (Sterritt 

and Lester, 1980). They play a major role in the modification, activation and detoxification 

of heavy metals. Although metals cannot be degraded, they may, as a result of biological 

action, undergo changes in valency (less toxic form) or converted into organo-metallic 

compounds (Gadd, 1992).  

TH-1776_126152002



Chapter 2 Literature Review 

 

20  

  

Several biological processes have been well demonstrated to eliminate metals from 

wastewater that include biosorption, intracellular uptake and accumulation, complexation, 

oxidation and reduction, methylation combined with volatilization, and extracellular 

precipitation (Gadd, 1992; White, 1995; Mallick, 2002). Also, a number of biological 

processes are proven to be potential to generate alkalinity or consume acidity and, therefore, 

have potential use in neutralizing metallic wastewater (Johnson, 2000).  

The metal binding capacities of various microorganisms and several biomass sources have 

shown a very good potential to remove hazardous metals from wastewater (Darnall et al., 

1986; Lembi and Waaland, 1988; Volesky, 1990). Biological sulfate removal can be used 

simultaneously to treat industrial effluents and achieve neutralization, and eliminate sulfate 

and metals from wastewater. Among the novel approaches developed for the removal of 

metals from wastewater, technologies based on biological methods for metal removal and/or 

recovery have emerged as cost effective substitutes (Popuri et al., 2007). Biological sulfate 

reduction is increasingly replacing chemical unit processes in mining biotechnology. Sulfate 

reducing bacteria can be used for treating ground and surface water contaminated with 

metal containing wastewater and for recovering metals from wastewater and process 

streams.  

The use of various low-cost substrates together with newer bioprocess designs have 

evaluated the potential application of SRB based bioreactors in handling metallic 

wastewater and for selective metal recovery (Kaksonen and Puhakka, 2007). Biological 

systems exploit hydrogen sulfide production by SRB in order to precipitate metals as 

sulfides (Johnson and Hallberg, 2005), whereas biogenic bicarbonate alkalinity neutralizes 

acidic water.  

2.6 Sulfate Reducing Bacteria 

Sulfate reducing bacteria are obligate anaerobes and members of a heterogeneous group of 

eubacteria and archaebacteria which are characterized by their use of sulfate as a terminal 

electron acceptor during anaerobic respiration (Hansen, 1994; Akagi 1995; Colleran et al., 

1995; Cypionka, 1995; Hamilton, 1998). SRB form a group of sulfate reducing prokaryotes 

and the main genus is Desulfovibrio. Desulfovibrio desulfuricans is often used to 

immobilize dissolved heavy metals as metallic sulfides.  
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Although many bacteria can produce sulfide, only a few are capable of producing sulfide at 

a rate that is sufficient for large-scale applications. These rapid sulfide generating bacteria 

are able to conserve energy by the reduction of sulfate (Widdel and Hansen, 1992), and they 

are generally termed as SRB. Sulfate is activated by means of adenosine triphosphate 

(ATP). The enzyme ATP sulfurylase catalyzes the sulfate to phosphate of ATP, leading to 

the formation of adenosine 5'-phosphosulfate (APS) as shown in Fig. 2.2 (Madigan et al., 

2003). Even though ATP gets hydrolyzed, end products formed are to be removed for the 

completion of the reaction since the reaction is energy requiring. Pyrophosphate (PPi) can 

be hydrolyzed to phosphate by pyrophosphate (Cypionka, 1995).  

 

Figure 2. 2 Dissimilative and assimilative patways of sulfate reduction. The enzymes 

catalyzing the reactions include (1) ATP sulfurlyase, (2) APS reductase, (3) sulfite 

reductase, (4) trithionate reductase, (5) thiosulfate reductase, and (6) APS kinase (Akagi,  

1995; Madigan et al., 2003).  

The sulfate moiety of APS is reduced directly to sulfite (SO3
2-

) by the enzyme APS 

reductase with the release of adenosine monophosphate (AMP) in dissimilative sulfate 

reduction. Whereas in assimilative reduction, another phosphate group is added to APS to 
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form phosphoadenosine 5'-phosphosulfate (PAPS), where sulfate moiety gets reduced to 

sulfite with the release of phosphoadenosine 5'-phosphte (PAP) (Madigan et al., 2003). Two 

hypotheses are proposed for the reduction of sulfite to different forms of sulfide; one 

hypothesis is that a direct six electron reduction of sulfite to sulfide ocurs with the aid of the 

enzyme, sulfite reductase without the formation of any ioslable intermediate compounds 

(Akagi, 1995).  

In the second hypothesis, two intermediates, trithionate and thiosulfate are formed in which 

trithionate pathway involves a recycling mechanism of sulfite that is released during the 

reduction of trithionate to thiosulfate by the trithionate reductase, and the reduction of 

thiosulfate to sulfide by the thiosulfate reductase (Akagi, 1995). Hydrogen sulfide is 

excreted into the environment in the case of dissimilative sulfate reduction, whereas in case 

of the assimilative reduction, H2S formed is immediately converted into organic sulfur 

compounds, such as amino acids (Madigan et al., 2003) 

The SRB are broadly categorized into two types depending on their oxidative capability: the 

genera in the first group (Desulfovibrio, Desulfomonas, Desulfotomaculum and 

Desulfobulbus) consume lactate, pyruvate, ethanol and certain fatty acids as carbon source 

but are not capable of oxidizing acetate to carbon dioxide (CO2). The genera in the second 

group (Desulfobacter, Desulfococcus, Desulfosarcina and Desulfonema) are specialized in 

the oxiding short chain fatty acids, particularly acetate. SRB are capable of surviving in a 

wide range of pH conditions, more particularly their growth is optimum between pH 5 and 9 

(Postgate, 1984). Sulfate reducing bacteria populations have been found to occur at 

temperatures ranging from the psychrophilic to the hyper thermophilic range (Kolmert, 

1999).  

2.6.1 Classification of SRB  

The SRB represents a group of chemoorganotrophic and strictly anaerobic bacteria, which 

include representatives of the genera Desulfovibrio, Desulfomicrobium, Desulfobacter, 

Desulfosarcina, Desulfotomaculum, Thermodesulfobacterium, etc. (Odom and Singleton, 

1993). Generally, SRB are classified into different groups depending on their applications 

as detailed further:  

Extremophilic SRB: Among the diversity of sulfate reducing prokaryotes, the acidophilic, 

thermophilic and psychrotolerant bacteria are extremophiles that could improve the 

performance of existing treatment systems.  
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Acidophilic SRB: Oxygen normally enters the deep geological environments during mining 

activities and aids in chemical and biological oxidation processes. Hydrogen ions and 

sulfate are produced which lower the pH significantly in the range of 2-3 (Kolmert, 1999; 

Madigan et al., 2000). At present, biological AMD treatment uses mostly the neutrophilic 

SRB that are highly sensitive to acidic conditions (Jong and Parry, 2006). In these type of 

systems, treatment is carried out in two stages; first the SRB grow in separate tanks where 

hydrogen sulfide is produced and the sulfide is transferred to a second reactor containing the 

metal contaminated water which results in precipitation of metal sulfides. Acidophilic or 

acid-tolerant bacteria are capable of growing in acidic environment, and the use of these 

type of extremophiles will simplify the system and keep the process economics low 

(Kolmert et al., 2001; Kimura et al., 2006).  

Thermophilic SRB: Some industries typically discharge wastewater at high temperatures 

of 50 to 70 ºC and even above 90 ºC. The thermophilic SRB are capable of sustaining 

particularly at high temperatures and these can be directly applied for treating wastewater at 

high temperatures. It eliminates cooling of the process water and allows direct use of the 

treated water without the need of any additional reheating. These systems normally produce 

less sludge and are capable of treating high organic loading rates with high removal 

efficiency (Vallero, 2003; Pender et al., 2004).  

Cold-adapted SRB: Treatment of industrial wastewater in countries with cold 

environments is found to be different from other countries and it is recognized that 

psychrophilic SRB generally have an optimum growth temperature of 18 ºC, whereas the 

optimum temperature for sulfate reduction is 28-30 ºC. However, bacteria reducing sulfate 

below 4 °C have been identified. A low reaction rate of the sulfate reduction process at low 

temperatures could be compensated by an increased number of bacteria (Knoblauch et al., 

1999; Sahm et al., 1999).  

2.6.2 Sulfate removal mechanism and its significance to heavy metal removal from 

wastewater 

Generally, SRB are capable of converting sulfate or sulfite (SO3
2-

) to different forms of 

sulfide (S
2-

/HS
-
/H2S) by using electron donating substrates in the form of COD already 

present in wastewater or by using low-cost externally added substrates. In this process, 

sulfate acts as an electron acceptor to support anaerobic respiration as shown in the equation 
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2.1. The substrates are either partially oxidized (e.g. to acetate) or fully oxidized to CO2 

based on the type of bacteria.  

22

--22

4 CO   S/H/HSS    COD  SO 


                  2.1 

Factors, such as availability of growth nutrients, age and physiological state of bacterial 

cells, environmental conditions (pH, ionic strength and temperature), presence of 

competitive ions and concentration of the biomass can influence the sulfate removal 

mechanism. Once sulfate-reducing conditions are established, sulfide precipitation becomes 

the predominant mechanism of metal removal from AMD or metallic wastewater 

(Machemer and Wildeman, 1992; Bechard et al., 1994; Kaksonen and Puhakka, 2007).  

Biogenic sulfide generated by SRB can form highly insoluble metal precipitates. Thus, the 

sulfides can precipitate soluble heavy metals in wastewater streams or polluted groundwater 

to insoluble sulfide precipitates, thereby decreasing the bioavailability of toxic metals 

(Mizuno et al., 1994), as represented in the equation 2.2. Since the metals ions are highly 

concentrated in the precipitate as insoluble form, the resulting metal sulfide precipitates can 

be removed and recycled back to industry for reuse. Extensive care should be taken in 

handling the hydrogen sulfide produced and separate provision should be provided for the 

recovery of metals from the insoluble precipitates formed.  

  MSMS n-2
                 2.2 

where, M is metal, n is the valency and MS is metal sulfide precipitation. 

In view of existing methods for the removal of heavy metals and sulfate from wastewater, 

biological processes exhibit some key advantages over the conventional treatment methods, 

such as (i) metal specific, (ii) efficient in terms of very low residual metal concentration 

compared to other common physico-chemical processes, (iii) less intensive in terms of 

energy and materials consumption, and (iv) very low production of secondary sludge.  

The key advantages of the use of SRB in biological heavy metal removal by sulfate 

reduction can be summarized as follows:  

1. Overall low treatment costs together with a very high treatment efficiency  

2. Reduction or elimination of costs associated with metal sludge disposal  
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3. The elimination of wastewater treatment sludge avoids the geotechnical costs of 

pond construction and the costs associated with providing valuable land to 

sludge ponds (Bratty et al., 2006). 

Although the potential use of microbial sulfate reduction for treating heavy metal loaded 

wastewater has been reported as early as 1969, development of SRB based on passive and 

active treatment system is quite recent.  

2.7 SRB Based Treatment Systems 

Bioreactors are classified based on the retaining capacity of the microorganisms that 

accomplish desired chemical conversions (Lens et al., 2002). Figure 2.3 lists the active and 

passive treatment systems along with different reactor types applied for treating heavy metal 

containing wastewater.  

 

Figure 2. 3 An overview of different SRB based treatment systems for treating heavy metal 

containing wastewater (Johnson and Halberg, 2005; Kaksonen and Puhakka, 2007). 
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2.7.1 Passive biological treatment systems 

2.7.1.1 Anoxic ponds 

Anoxic ponds are the water bodies appended with organic substrates. Mining wastewater 

has been treated with SRB employing an open pit as a large-scale basin (Riekkola-

Vanhanen and Mustikkamaki, 1997). Liquid manure was used as a source of SRB and press 

juice from silage was added as an electron donor. Riekkola-Vanhanen and Mustikkamaki 

(1997) reported that there was an increase in the water pH with the prevalence of sulfate 

reducing activity, which as well resulted in the decrease of sulfate, Zn, Fe and Mn 

concentrations and redox potential. The drawbacks of anoxic ponds are: (a) requirement of a 

large land area for treatment, (b) requirement of proper sludge removal and treatment and 

(c) unsuitable for cold weather conditions (Varon and Mara, 2004). Figure 2.4 shows 

various SRB based passive treatment systems used for heavy metal removal. 

2.7.1.2 Wetland systems 

Utilization of constructed wetland systems for feasible wastewater treatment is perhaps a 

significant progress towards an environmental friendly and sustainable technology (Bailey, 

1976). For several years, wetlands have served as economical designs to enhance the treated 

AMD characteristics (Huntsman et al., 1978; Wieder and Lang, 1982). Also, these designs 

have already conceded lab-scale (Gazea et al., 1996) and employed for the elimination of 

metals, radionuclides and sulfate from mining wastewater on large-scale (Noller et al., 

1994). Wetland systems are classified as anaerobic and aerobic; anaerobic system uses SRB 

for treating wastewater. The mechanisms through which heavy metal bearing wastewater 

are treated in wetland systems include a wide range of techniques, such as adsorption, 

filtration, sedimentation, uptake by plant biomass and precipitation of metals by 

geochemical processes (Stottmeister et al., 2003). Wetland treatment systems encounter 

certain problems, such as that being ineffective in arid and semiarid climatic conditions and 

metal dissolution upon exposure of metal sulfides to oxygen during the drought periods.  

In a study using constructed wetland, Sheoran and Sheoran (2006) reported 75-99% 

removal of Cd, 76% of Ag, 67% of Zn and 26% of Pb. Romero et al. (2011) reported almost 

100% removal of heavy metals using a constructed wetland. Using marsh constructed 

wetlands, Hafeznezami et al. (2012) obtained heavy metal removal efficiencies of 17.6% of 
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Zn, 23.9% of Cd and 10.6% of Cu. Metal removal was associated with their accumulation 

in the lateral roots, rhizomes with roots and shoots with the maximum content accumulated 

in the leaves, whereas shoots accumulated the least amount of metals (Zachritz et al., 2006).  

Among the different passive treatment systems, constructed wetlands and compost 

bioreactors have so far been employed for full-scale wastewater treatment (Johnson and 

Hallberg, 2005). In a study using a laboratory scale vertical subsurface flow constructed 

wetland system, 97.2-98.3% of Cr(VI) removal was obtained at a 2 day hydraulic retention 

time (HRT) with an influent pH of 7. The highest accumulated Cr concentration (464.33 

mg/kg) was found in plants grown in the system at pH 7.0, whereas the minimum 

accumulated Cr concentration (249.21 mg Cr/kg) was in plants grown in the system at pH 

4.0 (Sinha et al., 2017).  

 

Figure 2. 4 Various SRB based passive treatment systems used for heavy metal treatment 

(Robb and Robinson, 1995; Gazea et al., 1996; Waybrant et al., 1998; Canty, 1999; Vestola, 

2004; Kaksonen and Puhakka, 2007). 
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2.7.1.3 Substrate injection into subsurface  

This method has been tested to treat groundwater polluted by AMD through the 

enhancement of SRB activity for sulfate reduction by injecting or placing substrates into the 

subsurface by boreholes (Groudev et al., 1998; Canty, 1999) or using permeable reactive 

barrier systems put up against the source of ground water flow (Herbert et al., 1998; 

Waybrant et al., 1998; Benner et al., 1999; Amos et al., 2003). Canty (1999), in their study 

with mining wastewater flowing through the organic substrate placed in mine shafts, 

reported high removal efficiencies of aluminium (Al), Cd and Zn along with a raise in the 

pH. However, as a consequence of high stream flow rates in the spring period and surface 

water, reduction in pH and re-dissolution of the metal precipitates occurred (Canty, 1999). 

In these types of systems, every attempt should be made to cut down the potential for leaks, 

spill outs and any other form of unwanted discharge of substrates into the ground surface 

(Canty, 1999).  

2.7.1.4 Infiltration beds 

Infiltration bed structures are employed for the treatment of surface water contaminated 

with AMD in the similar way as reactive barrier systems are used for treating ground water 

(Vestola, 2004). Infiltration bed systems can be constructed as channels of mining area 

zones, as an effect of which the contaminated water run over the bed material. The bed 

comprises of organic substrates that sustain SRB growth and activity. Organic compounds 

can also be supplemented with nutrients and SRB to increase the effectiveness of the 

infiltration bed. Using an infiltration bed system, Riekkola-Vanhanen (1999) reported that 

metal removal efficiency of water flowing through the bed followed the order: Cu (94-99%) 

> Zn (76-97%) > Fe (85-96%) > Mn (76-96 %) and sulfate removal was 72-94%. Vestola 

(2004) examined AMD contaminated surface water with Cu, Zn, Fe and Mn using 

infiltration beds and reported 94-99% of Cu, 76-97% of Zn, 85-96% of Fe and 76-96% of 

Mn removal, respectively. Subsurface infiltration beds are not recommended when there is a 

significant risk of basement seepage or flooding. The infiltration bed should be constructed 

in such a way that it should avoid the re-dissolution of previously precipitated metal 

(Vestola, 2004).  

2.7.1.5 Permeable reactive barrier systems 

Permeable reactive barrier (PRB) systems comprise of regions of reactive substance  
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positioned transversely to the flow of polluted groundwater (Richardson et al., 2002). Once 

the ground water contaminated with AMD enters this region, SRB uses electron donor 

present in the barrier for sulfate reduction and produce sulfide. As a result, the metals 

precipitate as sulfides. The choice of the reactive mixture influences the permeability and 

reactive nature of the barrier (Waybrant et al., 1998; Amos et al., 2003). The main concern 

with the reactive barriers is that they often depend on the natural groundwater flow (hydro-

geological conditions) for the transport of pollutants to the treatment region, which leads to 

prolonged treatment periods. As a result of substrate depletion and blockage of the barrier 

owing to metal precipitation, the longevity of the system may get affected, which is another 

drawback of reactive barrier systems (Richardson et al., 2002). 

2.7.1.6 Other passive treatment systems 

The very early passive bioreactors used animal manure and mushroom compost as 

substrates as they provide significant alkalinity (Dvorak et al., 1992; URS Report 2003). 

Later, a combination of sawdust, limestone and alfalfa was used to provide electron donor, 

alkalinity, high hydraulic conductivity; these substances also served as a good energy 

source for the bacterial community (URS Report 2003).  

Wood Cadillac biofilter and Cadillac molybdenite passive bioreactor are two field scale 

application of passive treatment systems which were successfully installed and operated on 

mine sites of Northern Quebec, Canada. Cadillac biofilter (50 m × 57 m area and 1m depth) 

was constructed during 1999-2000 with yellow birch barks serving as the substrate and 

operated at 25 h HRT (Isabel et al., 2000; Germain and Cyr, 2003). The reactor removed 

90-95% As and sulfate to less than 250 mg/L at a pH in the range 5.5-6.5 (Germain and 

Cyr, 2003). Cadillac molybdenite passive bioreactor was operated with 5-day HRT using 

wood chips, limestone, hay and manure as substrates (Kuyucak et al., 2006). The reactor 

showed maximum removal of all the metals (Cu, Al, Ni, Fe and Zn) and less than 360 mg/L 

of sulfate. However, Mn removal was less using this reactor system.  

Two anaerobic reactors (1930 m
3
 each) were built in USA using a combination of 

composted cow manure, saw dust, inert limestone and alfalfa as substrates for treating 

mildly contaminated AMD from a lead-zinc mine area (Gusek et al., 1999). The reactors 

were able to precipitate about 87% Pb(II) and 75% Zn(II), respectively. A pilot scale 

cylindrical reactor was set up in 1997 for treating copper containing acid mine wastewater 
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using a mixture of sawdust, cattle manure, limestone, hay and alfalfa (Reinsinger et al., 

2000). The reactor showed more than 99% Cu(II) removal for two years even at very low 

temperatures.    

2.7.2 Active bioreactor systems  

The sulfidogenic bioreactors signify a very different approach for treating wastewater 

contaminated with heavy metals (Boonstra et al., 1999; Johnson, 2000). Treatment of heavy 

metal contaminated wastewater using anaerobic sulfate reduction process depends on a wide 

range of factors, such as sulfate concentration, heavy metal species and their concentration, 

pH, temperature and carbon source/substrate/electron donor.  

The potential advantages of active biological treatment systems are selective recovery of 

heavy metals from wastewater, predictable and readily controllable performance and 

significantly lowered sulfate concentrations. Hence, the application of sulfidogenic 

bioreactor systems for the elimination of heavy metals is widely applied on large-scale 

compared with the passive treatment systems. On the downside, the construction, operation 

and maintenance costs of these systems are substantial.  

Different designs of sulfidogenic reactors employed for biological sulfate reduction and 

metal removal have been extensively described in the literature as outlined in Fig. 2.5. Table 

2.3 summarizes the various sulfidogenic reactors developed for treating sulfate and metal 

containing wastewaters along with their target wastewater, inoculum used, carbon source, 

HRT and sulfate and metal removal efficiencies. All these sulfidogenic reactors have been 

employed for metal removal and recovery from a lab to field scale. The merits and demerits 

of these different sulfidogenic bioreactors are presented in Table 2.4. Some of the salient 

features of these bioreactors are discussed in the following section. 

2.7.2.1 Upflow anaerobic sludge blanket (UASB) reactor 

In terms of biomass retention, upflow anaerobic sludge blanket (UASB) reactors are the 

best as the biomass is present in the form of granular sludge with excellent settling 

characteristics (Lettinga et al., 1980; Speece, 1983). These UASB reactors do not have flow 

channeling, clogging and sludge problems; these type of reactors also do not use any 

biomass support.  
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Various UASB reactor types with different operating conditions and target wastewater 

treated are presented in Table 2.3. Due to these advantages, high treatment rates can be 

achieved using UASB reactors. Besides, they also entail the following advantages: (i) low 

land requirements, (ii) minimum odor problems, (iii) mechanical simplicity, (iv) high sludge 

quality, (v) simple operation and process control (vi) low maintenance and, low investment 

and operational costs.  

The following are, however, the main drawbacks of UASB reactors: economically not 

viable in colder regions, sensitive towards toxic substances, high skill labor requirement, 

delayed startup period to achieve steady state operation, particularly when sufficient 

activated sludge is unavailable (Naturgerechte Technologien and Bau-und 

Wirtschaftsberatung, 2001) (Table 2.4) (Speece, 1983; Barnes et al., 1991a).  

2.7.2.2 Fluidized bed reactor (FBR)  

Fluidization of the inert biomass carrier with re-circulated liquid avoids channeling and 

clogging (Somlev and Tishkov, 1992) and the fluidized carrier material results in a greater 

surface area for the biofilm formation (Speece, 1983). Compared to AFR, fluidized bed 

reactor (FBR) offers better sulfate reduction rates and higher carrier surface area (Somlev 

and Tishkov, 1992). In FBR, the recycle flow dilutes high influent concentrations due to 

which FBRs are well suited for treating acidic wastewater containing metals and sulfate 

(Marin et al., 1999; Kaksonen et al., 2003a; Sahinkaya et al., 2007).  

In downflow fluidized bed reactors (DFBR), well known as inverse fluidized bed reactor 

(IFBR), carrier material which is light in weight is fluidized downward with a downflow of 

liquid. Foamed plastic materials are commonly used as the bio-support materials in DFBRs 

(Garcia-Calderon et al., 1998). Owing to the recovery of metals as metal sulfides, DFBR is 

found to be promising improvement in view of FBRs (Celis-Garcia et al., 2007).  

Using DFBR with ethanol as the carbon source, Garcia et al. (2009) examined the treatment 

of synthetic acidic wastewater containing Fe, Zn, Cd and reported more than 99% metal 

removal. So far, several types of FBRs have been used widely on large-scale for treating 

heavy metal contaminated wastewater, as detailed in Table 2.3. High energy required for 

fluidization of carrier material and chances of biomass loss due to shear forces are some of 

the demerits of FBR (Table 2.4) (Melin et al., 1997; Melin et al., 1998; Marin et al., 1999).  
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Figure 2. 5 Various SRB based active treatment systems used for heavy metal treatment 

(Speece, 1983; Christensen et al., 1996; Jung et al., 1997; Garcia-Calderon et al., 1998; 

Chuichulcherm et al., 2001; Weijma et al., 2002; Jong and Parry, 2003; Mack et al., 2004; 

Celis-García et al., 2007; Kaksonen and Puhakka, 2007; Cao et al., 2009; Mayes et al., 

2011). 
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2.7.2.3 Anaerobic filter reactor (AFR) 

Anaerobic filter reactors (AFRs) are operated under horizontal upflow or downflow modes 

(Hammack et al., 1992). Table 2.3 presents the literature on various types of AFRs 

employed for treating heavy metal containing wastewater under different operating 

conditions. In AFRs, biomass retains on the packing material as biofilm and also unattached 

in the space between the packing materials (Speece, 1983). These AFRs offer several 

advantages which include low shear forces, prolonged sludge retention time and the 

utilization of gravitational force under downflow mode (Speece, 1983; Anderson et al., 

1990; Barnes et al., 1991a). The main drawbacks of AFRs include flow channeling and 

clogging of the reactor channels by the precipitates formed (Table 2.4).  

2.7.2.4 Anaerobic hybrid reactor (AHR)  

In general, a unification of UASB and AFR represents anaerobic hybrid reactor (AHR), in 

which the filling substance is on the upper segment and granular sludge bed is in the lower 

segment of the reactor (Colleran et al., 1998; Steed et al., 2000). Steed et al. (2000) 

evaluated the viability of the AHR, AFR and UASB for the elimination of metals from 

AMD. The AHR showed better removal efficiency of metal and sludge concentration (Steed 

et al., 2000). Though, high metal removal rates were achieved with the UASB reactor, it did 

not serve to improve the clarity of the treated effluent, and, therefore, the level of suspended 

solids was high in the effluent (Steed et al., 2000). Compared with AFR, sludge removal is 

easier and problem due to clogging is minimum in AHR (Steed et al., 2000) (Table 2.4). 

Steed et al. (2000) reported more than 95% removal of Fe, Mn, Zn and Cu using AHR with 

recycle and acetate as the sole carbon source.  

2.7.2.5 Continuously stirred tank reactor (CSTR)  

In continuous flow reactors, the reactor configuration usually influences sludge retention 

time (SRT)/HRT (Speece, 1983). The process loading rates are mainly governed by the 

biomass retention rate in any reactor (Lettinga et al., 1980). Maximum possible biomass or 

sludge retaining capacity is advantageous for the stability of system and minimum sludge 

production. As such, small HRTs help reduce the reactor volume requirement, and hence 

minimize the capital cost (Speece, 1983) (Table 2.4). In most of the process, washout of 

active biomass is a major concern with CSTR (Speece, 1983).  
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2.7.2.6 Anaerobic baffled reactor (ABR)   

Anaerobic baffled reactor (ABR) symbolize UASB reactor with a little modification in 

which retaining capacity of the biomass is improved by allowing the water to different 

sections (Barber and Stuckey, 2000). The two reactors (AHRs and ABRs) have been 

employed for the treatment of sulfate and heavy metal containing wastewater; however, 

their ability to eliminate metals, sulfate and acidity simultaneously has not been examined 

in detail (Colleran et al., 1998; Barber and Stuckey, 2000; Steed et al., 2000). Table 2.3 

presents the various operating conditions used for treating heavy metal containing 

wastewater using ABR. Advantages of ABR include a) extended sludge retention time, b) 

no need of biomass carrier and c) good handling of hydraulic shock loading and organic 

loading rates (Speece, 1983; Barber and Stuckey, 2000) (Table 2.4).  

2.7.2.7 Anaerobic contact process (ACP) 

Biomass retention can be improved by providing in situ placed sedimentation systems or by 

using flocculating agents (White and Gadd, 1997). Anaerobic contact process (ACP) 

systems enable the separation of biomass from the effluent and recirculate it to the reactor 

which enhances the HRT/SRT (Speece, 1983). Numerous techniques have been applied for 

the biomass recovery, such as flocculation, centrifugation, sedimentation (Vegt and 

Buisman, 1996) and magnetic separation (Watson et al., 1996; Bahaj et al., 1998). ACP 

results in better biomass retention in contrast to CSTRs; however, it suffers from the 

breakdown of flocs and sludge (Speece, 1983) (Table 2.4). 

2.7.2.8 Anaerobic packed bed reactor and column bioreactors 

Several immobilized biomass reactors have been developed for treating wastewater on a 

large-scale based on the slow growth rate of SRB (Kaksonen et al., 2003a). Anaerobic fixed 

bed or packed bed bioreactors have been proved to be viable and efficient in the remediation 

of wastewater (Foucher et al., 2001; Kolmert and Johnson, 2001). However, their long term 

performance is affected due to clogging and channeling problems (Kolmert and Johnson, 

2001). Table 2.3 presents the salient features of these reactors for treating different types of 

wastewater.   
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Table 2. 3 Different SRB based sulfidogenic reactor systems reported for treating metal contaminated wastewater 

Reactor generic 

name 

Target 

wastewater 

Scale of 

operation 

Nature 

of 

biomass 

Carbon 

source 

HRT 

 

 

% Metal removal % 

Sulfate 

removal 

Reference 

Anaerobic filter reactor (AFRs) 

Four sequential  

downflow AFRs 

Wastewater 

containing Al 

and Fe 

Not 

Availa-

ble (NA) 

SRB Dextrose, 

urea and 

saccarose  

20 h > 9% NA Bechard 

et al., 

1993 

Upflow AFRs along 

with recycling unit 

 

Wastewater 

containing Fe, 

Zn, Mn, Al, 

Cr, Ni and Pb 

NA 

 

SRB Molasses 12 h 95.9% of Fe, 92.2% 

of Zn, 

92.7% of Mn, 9.6% 

of Al, 68.2% of Cr, 

50.0% of  Cd, 

63.0% of Ni, 63.0% 

of Pb 

84% Maree and 

Strydom, 

1987 

Downflow AFRs 

with limestone 

(Palmerton- 

pilot, USA)  

Wastewater 

containing Zn, 

Ni, Cd and Mn 

Pilot-

scale 

200 L 

SRB Mushroom  

compost  

 

216 to 

408 h 

> 95% 20% Dvorak et 

al., 1992 

Upflow AFRs  

(pilot plant  

Colorado, USA) 

Wastewater 

containing Zn, 

Mn and Cd 

NA SRB Cow manure,  

paper 

products 

50 to 

100h 

96-99% of Zn, 

71-91% of Mn, 

95-99% of Cd 

70% Farmer et 

al., 1995 

Upflow AFR Wastewater 

containing Fe, 

Mn, Zn, Cu, 

Cd and As 

Labora-

tory scale 

(LS) 

40-50 L 

SRB Cow manure,  

saw dust,  

cheese whey  

115 to 

190 h 

84% of Fe, 40% of 

Mn, 99.7 % of Zn, 

99 % of Cu, 99% of 

Cd, 89% of As 

 

80 to 

98% 

Drury, 

1999 

 

Upflow anaerobic sludge blanket reactor (UASBR) 
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UASB with a calm  

zone above sludge  

Zn, Cd, Co 

and Cu 

containing 

wastewater 

NA SRB Ethanol, 

nutrients 

4 h Zn, Cd, Co and Cu 

>99% 

79 Barnes et 

al., 1991a 

UASBR Metal and 

sulfate 

containing 

mine 

wastewater 

LS- 

500 mL 

Granular 

sludge 

Glucose 8 h 30-99% 23-72% Tuppurain

en et al., 

2002 

UASBR Fe, Zn 

containing 

wastewater 

 SRB Lactate and 

ethanol 

16 h >99%  of Fe and Zn 75% Kaksonen 

et al., 

2003b 

UASBR Synthetic 

wastewater  

containing Cd 

and Zn   

Continuo-

us bench 

scale 

reactor- 

13 L 

Anaerob

ic sludge 

Lactate and 

stillage 

18h > 99% 93.75% Goncalves 

et al., 

2007 

UASBR Synthetic 

wastewater 

containing Pb 

LS- 

5.7 L 

SRB Sodium 

lactate 

NA 85–95% 50% Hoa et al., 

2007 

 

 

UASBR Synthetic 

wastewater 

containing 

selenium 

LS 

 

SRB Sodium 

lactate 

6 h > 95% 27-95% Lenz et 

al., 2008 

UASBR Synthetic 

metal bearing 

solution 

containing Pb 

LS- 

5 L 

Granular 

sludge 

from 

waste-

water 

treatmen

t plant 

Ethanol   4 days 99% 94% Velasco et 

al., 2008 
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Fluidized bed reactor (FBR) 

FBR Wastewater 

containing Cd 

NA 

 

SRB Lactate and 

yeast extract 

8h 99% NA Ma and 

Hua, 1997 

FBR Wastewater 

containing Ni, 

U, Cu, Cd, Zn, 

As and Pb 

LS- 

6.6 L 

SRB Molasses 6.8 h 93.0% of Ni, 66.7% 

of U, 

93.3% of Cu, 

60.0% of Cd, 

76.7% of Zn, 

95.0% of As, and 

90.0% of Pb   

92% Somlev 

and 

Banov, 

1998 

FBR  Fe, Zn 

containing 

wastewater 

LS- 

0.5 – 1.3 

L 

SRB Lactate and 

ethanol 

16 h >99% and 99% 65% and 

81% 

Kaksonen 

et al., 

2003a; 

Kaksonen 

et al., 

2003b 

Sulfidogenic 

fluidized bed 

reactor 

Acidic 

wastewater 

containing Fe 

LS-425-

625 mL 

SRB Lactate or 

ethanol 

24 h > 99% ~50% Sahinkaya 

et al., 

2007 

Downflow fluidized 

bed reactor (DFBR) 

Synthetic 

acidic 

wastewater 

containing Fe, 

Zn, and Cd 

LS-2.5 L SRB Ethanol 1-2 

days 

> 99% 41% Garcia et 

al., 2009 

UFBR Zn and Cu 

containing 

wastewater  

LS-20 L SRB Lactate  > 99% 60-86% Erkan 

Sahinkaya  

and Murat 

Gungor, 

2010 

DFBR Zn and Cu 

containing 

wastewater 

LS-20 L SRB Lactate  > 99% 40-88% Erkan 

Sahinkaya  

and Murat 
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Gungor, 

2010 

Sulfidogenic 

fluidized bed 

reactor 

AMD 

containing Al, 

Co, Ni, Pb, Zn 

and Mn 

LS- 

300 mL 

SRB Ethanol 12 and 

24 h 

99.9% of Al, Fe, Ni, 

Cu, Pb, and Zn and, 

94% of Mn  

90% Sahinkaya 

et al., 

2011 

Inverse fluidized 

bed reactor (IFBR) 

Synthetic 

wastewater 

containing 

heavy metals- 

Cu, Pb, Cd 

and Zn 

LS-5 L Anaerob

ic sludge 

from a 

digester 

treating 

activate

d sludge  

Sodium 

Lactate 

24 h 98.4%, 96.5%, 96%, 

and 97.9% of Cu, 

Zn, Pb and Cd 

 

68-88% Villa-

Gomez et 

al., 2011 

Three-stage 

sulfidogenic  

fluidized-bed 

reactor system 

Synthetic 

AMD 

containing Fe 

and Cu 

LS- 

600 and 

250 mL 

SRB Lactate or 

ethanol 

24 h > 99% 60-90% Ucar et 

al., 2011 

Sulfidogenic 

fluidized-bed 

reactor 

Synthetic acid 

mine drainage 

LS- 

600 mL 

Sulfate 

reducing 

sludge 

from a 

laborato

ry 

scale 

sulfidog

enic 

ABR  

Ethanol or 

landfill 

leachate 

15-28 h 80-99.9% > 90% Sahinkaya 

et al., 

2013 

IFBR Synthetic acid 

mine drainage 

LS-2.5 L SRB Ethanol 24 h > 90% > 50% Janyasuthi

wong et 

al., 2016 

Anaerobic baffled reactor (ABR) and Anaerobic hybrid reactor (AHR) 

Anaerobic hybrid AMD- Fe, Cr NA SRB  Ethanol 24h > 90% NA Colleran 
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reactor (AHR)  et al., 

1998; 

Steed et 

al., 2000 

AHR with recycle  

 

Wastewater 

containing Fe, 

Mn, Zn and 

Cu 

LS-16.8 L SRB Acetate 310 h > 95%  77% Steed et 

al., 2000 

Sulfidogenic 

anaerobic baffled 

reactor (ABR) 

Zn containing 

acidic 

wastewater  

LS-20 L Effluent 

of 

anaerobi

c 

digester  

Sodium 

lactate 

2 days > 99% 62–90% Bayrakdar 

et al., 

2009 

ABR AMD 

containing Cu 

and Zn 

LS-20 L Anaerob

ic 

digester 

effluent 

Ethanol 48 h 84-98% NA Sahinkaya 

et al., 

2009 

 

Sulfidogenic ABR Acidic 

wastewater 

containing Cu 

and Zn 

LS-20 L Inoculu

m from 

ABR 

Ethanol 2 days > 99% 70-92% Erkan 

Sahinkaya 

and 

Zeynep 

Yucesoy, 

2010 

ABR Synthetic 

spent refinery 

catalyst leach 

liquor with 

Mo, Ni, Co 

and V 

LS-28 L SRB Lactate 5 days Mo (36-72%), 

Ni (20%), Co (21%) 

and V (81%) 

Varied 

between 

20 to 

50% 

Cibati et 

al., 2013 

Continuous stirred tank reactor (CSTR) 

CSTR Synthetic 

wastewater 

LS- 

500 mL 

Anaerob

-ic 

Ethanol SRT 

(10 

>99% 40-70% Sahinkaya

, 2009 
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containing Zn digester 

effluent 

days)  

Anaerobic semi-

continuous stirred 

tank reactors 

Synthetic 

wastewater 

containing 

mixtures of 

Cu, Zn, Ni, 

and Cr 

LS-2 L SRB Sodium 

lactate 

20 days 96 - 100% of Cu, 

94 - 100% of Zn and 

Ni and 96 - 100% of 

Cr 

43-67% Kieu et 

al., 2011 

Anaerobic fixed-film reactor 

Upflow anaerobic 

fixed-film (UAFF) 

reactor 

Synthetic 

wastewater 

containing 

heavy metals- 

Cu, Pb, Cd, 

Ni, Cr and Zn 

LS-9.8 L SRB Acetic acid 5- 20 h 90-100%  NA El 

Bayoumy 

et al., 

1999a 

Anaerobic fixed bed 

reactor 

Bioleaching 

solution 

containing Fe, 

Ni and Cu 

LS-1-2 L Anaerob

ic sludge 

containi

ng SRB 

Sodium 

lactate 

NA More than 90% More 

than 

50% 

Cao et al., 

2009 

Fixed bed anaerobic 

reactor 

Heavy metals 

(Fe, Cu, Zn 

and Al) 

of the AMD 

LS-7 L Acid 

mine 

drainage 

water 

and 

cheese 

whey 

wastewa

-ter 

Cheese whey 

wastewater 

8 days 91.3%, 96.1%, 

79.0% and 99.0% 

NA Rodríguez 

et al., 

2009 

 

Fixed-bed sulfate 

reducing bioreactor 

 

Synthetic 

metal-bearing 

solutions 

 

LS-250 

mL 

 

SRB 

 

Ethanol   

 

0.8h 

 

99% 

 

85% 

 

Kousi et 

al., 2011 
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containing Fe, 

Zn, Cu and Ni 

Fixed-bed 

bioreactor 

Synthetic 

AMD 

LS- 

Column 

pore 

volume: 

1.5 L 

SRB Sodium 

lactate 

18 

months 

> 99% ± 50% Viggi et 

al., 2010 

Anaerobic fixed bed 

reactor 

Fe, Cu, Zn, Ni, 

Co and Cd 

containing 

wastewater 

LS-1.2 L SRB Sodium 

lactate 

NA > 90% > 90% Bratkova 

et al., 

2013 

Fixed bed reactors Cr(VI) 

contam-inated 

water 

LS-6.65 L SRB Ethanol NA > 95% > 65% Pagnanelli 

et al., 

2012 

Anaerobic packed bed reactor 

Upflow 

anaerobic packed 

bed reactor 

mildly acidic 

contam-inated 

waters (Cu, 

Zn, Ni, Fe, Al 

Mg and As) 

LS-4.78 L SRB Sodium 

lactate 

16.16 h 97.5% of Cu, Zn 

and Ni,  

> 82% of Fe and > 

77.5% of As 

> 80%  Jong and 

Parry, 

2003 

Anaerobic down-

flow packed bed 

reactors 

AMD 

dominated 

with Fe, Cu 

and Zn 

LS-400 

mL 

SRB Ethanol 8 days 61–91% of Fe and 

97% of both Zn and 

Cu. 

> 90% Costa et 

al., 2009 

Up-flow anaerobic 

packed bed system 

Fe, Cu and Zn 

containing 

AMD  

LS-87 

mL 

SRB Wine wastes NA 99% 85% Martins et 

al., 2011 

Up-flow anaerobic 

packed bed system 

Synthetic 

AMD 

LS SRB Sodium 

lactate 

18-24 h > 99% 61- 88% Zhang et 

al., 2016 

Column reactors 

Batch reactor  AMD 

containing Fe, 

LS-1.25 L SRB Whey and 

cow manure 

203 

days 

More than 90% 19 to 

27% 

Christense

n et al., 
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Cu, Zn and Al 1996 

Column reactor Synthetic 

water 

containing U 

and Mo 

LS-100-

150 mL 

SRB Formate or 

lactate  

24-36 h > 99% 48-70% Tucker et 

al., 1998 

Glass column 

bioreactor 

Synthetic 

wastewater 

containing Cr 

LS-450-

500 mL 

SRB Sodium 

lactate 

1h  > 99% NA Brunet et 

al., 2002 

Column Studies Fe containing 

AMD 

LS-1.2 L SRB Ethanol and 

Methanol 

17-29 h Fe 93% 50 to 

84% 

Tsukamoto 
et al., 

2004 

Sulfate reducing 

columns 

Heavy metal 

contam-inated 

water 

LS-40 

mL 

SRB Woody 

material and 

alfalfa 

NA > 99% > 99% Pruden et 

al., 2007 

Various other sulfidogenic reactors 

Infiltration beds AMD contam-

inated surface 

waters-Cu, Zn, 

Fe and Mn 

NA SRB  NA NA 94–99% ,76–97%, 

85–96% and 76–

96%  

NA Vestola, 

2004 

Gas-lift bioreactor 

(GLR) 

Zn containing 

synthetic 

wastewater 

LS-4 L Sulfate 

reducing 

sludge 

CO2 24.2 99% > 90% Bijmans 

et al., 

2011 

Low residence time 

bioreactors 

Zinc-rich acid 

mine water 

also containing 

Pb and Cu 

LS-2.9 L Anaerob

ic 

digested 

sludge 

Farm manure 11-14 h >99% of the 

dissolved Pb and 

Cu, 99% of the 

dissolved Zn 

NA Mayes et 

al., 2011 

Sulfate reducing 

bioreactor 

Synthetic 

AMD 

containing Fe, 

Cu, Zn, Ni, Co 

and Mn 

Bench 

scale-1 L 

SRB Manures, 

wood-chips, 

millet 

fodders and 

sugar-cane 

waste) 

10 days 84.85% - 99% of 

Cu, 35.11-99% of 

Zn, 51.49%-99.32% 

of Fe, 87–99.14% of 

Ni, 63.55–99.02% 

of Co and 12.68–

73.86% of Mn 

43- 54% Choudhar

y and 

Sheoran, 

2012 
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Packed cage 

rotating biological 

contactor system 

Synthetic 

industrial 

wastewater 

containing Ni 

and Pb 

LS-43 L Bio-

sludge 

NA 8h 85%, 89% NA Suntud 

Sirianunta

piboon 

and 

Sudarat 

Chumlaon

g, 2013 

Sulfidogenic 

bioreactor 

Cu containing 

wastewater 

Batch 

reactors 

1.5 L 

SRB Lactate 12 – 

120 h 

> 99% 69% - 

99% 

 

Bai et al., 

2012 

Up-flow anaerobic 

multiple-bed 

(UAMB) reactor 

AMD 

containing Cu, 

Fe and Mn 

LS-2.15 L SRB Lactate 12 – 96 

h 

99% of Cu, 86% of 

Fe and 52. 6% of 

Mn 

61% Bai et al., 

2013 
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Table 2. 4 Merits and demerits of the different sulfidogenic bioreactors 

Reactor Merits Demerits Reference 

FBR  Large surface area for the formation of 

biofilm; High biomass retention; Large 

mass transfer rates; small pressure drops 

and no flow channeling; No clogging 

Fluidization of carrier needs 

energy; Biomass loss due to shear 

forces; Due to the inert nature of 

carrier, less volume will be 

accessible for biomass compared 

with UASB  

Rittmann, 1982  

Speece, 1983; Yoda et al., 1989; 

Anderson et al., 1990; Melin et 

al., 1997; Melin et al., 1998; 

Marin et al., 1999  

 

ACP  Better biomass retaining capacity in 

contrast to CSTR 

Breakdown of flocs and sludge due 

to shear force 

Speece, 1983  

 

AFR  

 

Small shear forces; enhanced SRT; 

utilizes gravitation force in downflow 

mode 

Channeling effect due to shear 

force; Large pressure drops  

Speece, 1983; Anderson et al., 

1990; Barnes et al., 1991a  

UASB  

 

No flow channeling and low chances of 

sludge compacting; Does not require 

biomass carrier; Nil clogging; treatment 

rates are higher 

Chances of biomass wash out; 

added vulnerability to the 

transformations of influent quality  

Speece, 1983; Barnes et al., 

1991a; Jhung and Choi, 1995  

 

CSTR High performance; consistent and rapid 

equilibrium conditions 

Inefficient retention of biomass Speece, 1983; Barnes et al., 

1991b; Barnes et al.,1991a  

ABR  Extended SRT; Does not require biomass 

carrier; Withstands high hydraulic and 

organic loading rates  

Not available (NA) Speece, 1983; Barber and 

Stuckey, 2000  

 

GLR  Imparts good mixing and mass transfer  

 

High pressure drop in case of 

gaseous substrate 

Dijkman et al., 1999; Lens et al., 

2002 

AHR  Less susceptible to clogging; Sludge 

removal easier; Better biomass retention 

than in UASB 

NA Steed et al., 2000  

 

MBR 

 

Better biomass retainment; Avoids direct 

contact between SRB and toxic water 

(Extractive MBR)   

Need backwashing due to chances 

of membrane fouling (due to 

microbes or metal precipitates)  

Chuichulcherm et al.,  2001; 

Mack et al., 2004; Tabak and 

Govind, 2003; Vallero et al., 2005 
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2.7.2.9 Anaerobic fixed-film reactor 

Fixed film reactors utilize support medium for biomass growth, such as rock, plastic, wood, 

or other natural or synthetic solid material on its surface and within its porous structure 

(Shafi et al., 2009). Another type of anaerobic fixed film reactors (AFR) is down flow 

stationary fixed film (DSFF) reactor which is a high rate anaerobic reactor with active 

biomass retention. Unlike other fixed film reactor systems, the unique features of the DSFF 

reactor are the structural design of the packing material used (biofilm support), the 

downflow mode of process and the absence of suspended biomass (Vigneswaran et al., 

1986).  

The downflow approach reduces the possibility of column clogging by means of allowing 

any settleable particles which may otherwise get accumulated in the system. Rising gas 

bubbles in the system facilitate complete mixing of the effluent, thus avoiding the use of 

any unnecessary agitation unit (Vigneswaran et al., 1986). The system shows better mixing 

properties and reduces the accumulation of inhibitors or volatile acids by means of counter 

current two phase flow (Hall and Melcer, 1984). Various AFR reactors reported in the 

literature for treating heavy metal containing wastewater are listed in Table 2.3.  

 2.7.2.10 Gas lift reactor (GLR) 

Gas lift reactor (GLR) systems impart good mixing and enhance the mass transfer rates 

(Dijkman et al., 1999). It comprises of a riser column, a down comer column and gas is 

flushed from the bottom end of the riser. The variation in the density formed due to the 

pressure difference in the riser and the down comer due to gas holdup is considered as the 

governing factor for the flow of liquid in the reactor (Van Houten and Lettinga, 1995). A 

GLR can be employed with or without carrier substance. Possibility of pressure drops avail 

during the use of gaseous substrates which is the main drawback of GLRs (Table 2.4) (Van 

Houten et al., 1994; Dijkman et al., 1999; Lens et al., 2002).  

Bijmans et al. (2011) used GLR for treating Zn containing synthetic wastewater using 

carbon dioxide as the carbon source and achieved 99% removal of Zn and 90% removal of 

sulfate from the wastewater. One of the largest sulfate reducing bioreactor for treating zinc 

containing wastewater is a 500 m
3
 gas lift reactor (Budel Zink B. V, The Netherlands) with 

a reported maximum conversion rate of 350 kg SO4/h (Weijma et al., 2002).   
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2.7.2.11 Membrane bioreactor (MBR)  

The integration of a membrane to a bioreactor is a major step towards the development of 

new bioreactors (Mack et al., 2004). Bioreactors with a membrane unit for biomass 

separation are the widely used membrane bioreactors (MBR) (Kaksonen and Puhakka, 

2007). These MBRs form a union of a suspended growth system and a membrane filtration 

unit. Membrane unit can be immersed in the bioreactor (IMBR) or it can be placed in a side 

stream (SMBR). In contrast to the SMBR, the IMBR does not contain any recycling unit 

and biomass separation occurs within the reactor (Kaksonen and Puhakka, 2007).  

In general, compared with SMBR, IMBR possess significantly a large membrane area per 

unit volume. IMBRs entail the advantage of functioning at low trans-membrane pressure 

and at low fluid cross flow velocities and, hence, requires less energy input and involves 

low-cost of operation (Mack et al., 2004). Another type of membrane bioreactor is 

extractive membrane bioreactor (EMBR) which has been employed to avoid contact 

between SRB and wastewater (Chuichulcherm et al., 2001).  

In the EMBR, the wastewater containing metal ions is allowed to flow above one face of a 

selective permeable membrane, whereas inoculum is grown on other face of the reactor 

(Mack et al., 2004). This membrane permeates H2S from the microbial culture section in to 

the metallic wastewater chamber and precipitates the metals. Due to the impermeable nature 

of the membrane to charged molecules in the wastewater stream, it prevents SRB from 

coming into contact with any toxic metals or high salinity in the wastewater 

(Chuichulcherm et al., 2001). Zinc removal from wastewater was examined using EMBRs. 

Zinc sulfide precipitation on the effluent side of the membrane resulted in lowered H2S 

mass transfer (Chuichulcherm et al., 2001).  

Due to the impermeable nature of the membrane to the charged molecules, sulfate cannot 

pass through the membrane and, as a result, electron acceptor has to be supplied externally. 

In view of the growing interest in sulfidogenic bioreactor application for treating metal 

contaminated wastewater, SRB plays a key task in enhancing the reactor performance. 

Table 2.5 presents different sulfate reducing genus identified from various sulfidogenic 

bioreactors treating heavy metal containing wastewater. Desulfovibrio. species are found to 

be the most common and predominant SRB genera in these sulfidogenic bioreactors. 
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Table 2. 5 Different sulfate reducing genus identified from sulfidogenic bioreactors treating 

heavy metal containing wastewater 

Sulfidogenic reactor 

type 

SRB genus identified Reference 

Glass column 

bioreactor 

Desulfomicrobium norvegicum Brunet et al., 

2002 

Fluidized bed sulfate 

reducing bioreactor 

Desulfovibrio alcoholovorans, Desulfovibrio 

sulfodismutans Desulfovibrio amnigenus, 

Desulfovibrio acetoxidans 

Kaksonen et 

al., 2003a; 

Kaksonen et 

al., 2003b 

Sulfidogenic fluidized 

bed reactor 

Desulfotomaculum and Thermanaeromonas, 

Desulfobulbus spp. 

Sahinkaya et 

al., 2006 

Sulfate reducing 

columns 

Desulfovibrio vulgaris Pruden et al., 

2007 

Anaerobic down-flow 

packed bed reactors 

Desulfovibrio fructosovorans, Desulfovibrio 

aminophilus and Desulfovibrio desulfuricans 

Costa et al., 

2009 

Gas lift reactor Desulfovibrio carbinoliphilus, Clostridium 

bowmanii, Lactonifactor longoviformis, 

Thioclava pacifica, Parabacteroides 

goldsteinii Desulfovibrio burkinensis, 

Methanobrevibacter arboriphilus 

Petrimonas sulfuriphila, Desulfovibrio gigas 

Bijmans et al., 

2011 

Fixed-bed sulfate 

reducing bioreactor 

D. postgatei, D. fructosovorans, D. 

carbinolicus, D. burkinensis 

Desulfomicrobium, D. fructosovorans, D. 

carbinolicus Desulfovibrio baculatus and 

Desulfobulbus propionicus 

Kousi et al., 

2011 

Up-flow anaerobic 

packed bed system 

Desulfovibrio, Clostridium, Citrobacter and 

Cronobacter genera 

Martins et al., 

2011 

2.7.3 Passive vs. Active treatment systems 

Table 2.6 compares the main features of active and passive systems for the treatment of 

wastewater containing metals by biological sulfate reduction. It is obvious that passive 

treatment systems come with relatively reduced labor, low-cost, low operation and low 

maintenance cost. However, passive treatment systems entail drawbacks, such as 

requirement of a larger area for treatment, difficulty in metal recovery, poor process control 

and unpredictable performance (Johnson and Halberg, 2002).  
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On the contrary, active treatment systems offer several advantages which include less area 

for treatment, ease of metal recovery, good process control and good performance 

predictability (Table 2.6). However, the latter requires more expenditure and skilled 

manpower for operation and maintenance (Gazea et al., 1996; Johnson, 2000; Kaksonen et 

al., 2004).  

Table 2. 6 Main features of active and passive systems for biological treatment of heavy 

metal containing wastewater (Gazea et al., 1996; Johnson, 2000; Kaksonen and Puhakka, 

2007) 

Parameter Active system Passive system 

Operation and maintenance 

expenditure 

High Low 

Labor requirement More Less 

Treatment area Small Large 

Metal recovery Possible Difficult 

Process control Good Poor 

Degree of predictability Good Poor 

Cost High Low 

2.8 Factors Affecting The Selection of Sulfidogenic Bioreactors For Heavy Metal 

Removal 

Figure 2.6 highlights the different factors that govern the selection and design of an 

appropriate bioreactor that influence the reactor performance. If the key goal of the 

sulfidogenic reactor is to precipitate the metals as metal sulfides, sustenance of SRB is the 

governing step for subsequent sulfide formation. Nature of the precipitates formed also 

plays a vital role in metal recovery. Again, both these factors depend on several parameters 

(Fig. 2.6) which are very vital for the design of different bioreactors. For example, pH 

governs the survival of microbial communities in the reactors and directly affects the quality 

of the precipitates formed along with the concentration levels of metals and sulfide 

generated (Andrea et al., 2014). Therefore, pH plays a vital role while designing a reactor. 

Sustenance of SRB community depends on the metal toxicity, HRT and sulfide toxicity. It 

is also essential to consider the possible toxicity that may be generated due to the formation 

of intermediate compounds during the incomplete oxidation of electron donors by SRB 

(Kaksonen and Puhakka, 2007). 
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Figure 2. 6 Different factors that govern the selection of sulfidogenic reactors for sulfate 

and heavy metal removal from wastewater (Andrea et al., 2014). 

From Fig. 2.6, selection of an appropriate sulfidogenic reactor depends on various design 

aspects, such as influent pH, HRT, sulfate reduction/metal precipitation, number of stages, 

carbon source used and cost involved. The sustenance of microbial biofilm activity and 

performance of a reactor is mainly dictated by the HRT/SRT ratio (Lettinga et al., 1980). 

Number of reactor stages plays a vital role in metal recovery and its maintenance (Fig. 2.6). 

Based on the number of stages, reactors can be broadly classified as single stage or multi 

stage process. In a single stage process, sulfate reduction is carried out by SRB to produce 

sulfide, thus, aiding in metal precipitation as metal sulfides within the reactor (Kaksonen et 

al., 2003a).  

In multi or two stage reactors, sulfate reduction occurs in one reactor and the produced 

sulfide is diverted to another reactor to precipitate the metals as sulfides at controlled 

conditions (Andrea et al., 2014). In single stage reactors, homogenous sulfide concentration 

is produced by SRB which aid in better settling of the metallic sulfides, whereas in a two 

stage or multi stage process, when sulfide is dosed to another reactor as a gas phase, it 

results in less thickening and settling of the metal sulfides (Tabak et al., 2003). Also, single 

stage process offers advantages, such as reduction in the investment costs, easy process 

design and control, does not require any accessories for the transport of sulfide to another 

reactor and less possibility of sulfide inhibition of SRB activity due to metal precipitation 

(Andrea et al., 2014). Finally, cost of the reactor depends on whether the reactor operates 

for sulfate reduction alone or for both metal precipitation and metal recovery (Fig. 2.6).  
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2.9 Effect of Different Parameters on The Performance of Sulfidogenic Bioreactors 

Table 2.7 presents the different parameters and their effect on the performance of a 

sulfidogenic reactor. These parameters are grouped under microbial composition, influent 

characterization, reactor design aspects and operational conditions.  

Table 2. 7 Effect of different parameters on sulfidogenic metal precipitation and sulfate 

reduction by SRB 

Parameters Effect(s) References 

Microbial 

composition 

  

Biofilm properties 

of microorganisms  

The capacity of microbial species to 

colonise is variable  

Isa et al., 1986 ; Omil 

et al., 1997 

Influent 

parameters 

  

pH  

 

 

Low pH may result in toxicity to SRB; high 

pH may support SRB over methanogens 

Visser et al., 1992; van 

Houten et al., 1995; 

Omil et al., 1996; Omil 

et al., 1997; Crine et 

al., 1999; Marchal et 

al., 2001; García et al., 

2001  

Inlet sulfate 

concentration  

Low concentrations of sulfate may out 

compete SRB; high concentration may lead 

to inhibition  

Overmeire et al., 1994; 

White and Gadd, 

1996a; Crine et al., 

1999  

COD/SO4
2-

 Influences the sulfate reduction process Hao et al., 1996 

Metal 

concentrations   

 

High metal concentrations may lead to 

toxicity; Ca
2+ 

and Mg
2+

 in the media may 

improve the dominance of SRB over 

methanogens  

de Smul and 

Verstraete, 1999; Hao, 

2000; Marchal et al., 

2001 

Trace element  

 

Needed in electron transport, redox-active 

metalloenzymes and composition of some 

protein and enzymes 

Postgate, 1984; Bridge 

et al., 1999; Biswas et 

al., 2009 

Salinity  

 

Adversely affects sulfate reduction  Kerkar and Loka 

Bharathi, 2007; 

Sorensen et al., 2004 

Reactor design 

aspects 

  

Surface area for 

microorganism 

immobilization  

Influences the potential of active SRB 

populations, thus affecting sulfate reduction 

and metal precipitation 

Bass et al., 1996; 

Lyew and Sheppard, 

1997  

Operational 

conditions 

  

Temperature  

 

Affects the growth and activity of SRB; 

high temperature helps SRB outcompete 

methanogens  

Visser et al., 1992; 

Visser et al., 1993; 

Crine et al., 1999; 
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Dean, 1999  

Flocculant addition  Influences the settling of solids  Scheeren et al., 1993 

Substrate/carbon 

source 

concentration and 

loading rate   

 

Increase in substrate concentrations 

enhances sulfate reduction  

Harada et al., 1994; 

White and Gadd, 

1996a; Kalyuzhnyi and 

Fedorovich, 1997; 

Omil et al., 1998; El 

Bayoumy et al., 1999b; 

Crine et al., 1999 

Different carbon 

source  

 

Lactate, ethanol, propionate, butyrate, 

hydrogen and glucose can favor the growth 

of SRB; Lactate helps to obtain high 

biomass yields of SRB; Ethanol enhances 

sulfide production  

Polprasert and Haas, 

1995; Omil et al., 

1996; White and Gadd, 

1996b; Greben et al., 

2000  

Upward liquid 

velocity (Vup)  

Biomass washout at high Vup (4-6 m/h) in 

granular sludge reactors  

Omil et al., 1996  

H2S concentration   High concentration of H2S inhibits growth 

of SRB  

Omil et al., 1996; van 

Houten et al., 1997 

Exposure to oxygen  A short term exposure to oxygen helps SRB 

outcompete methanogens  

Omil et al., 1997  

Hydraulic retention 

time (HRT)  

High HRTs: sulfide toxicity and small 

HRTs: biomass washout, affects sulfate 

reduction rate  

Kalyuzhnyi and 

Fedorovich, 1997; 

Fedorovich et al., 2000  

N and P addition  Optimum nutrient levels (C:N:P ratio) 

enhances the growth of SRB; toxicity due 

to exposure of  high NH4
+ 

concentrations 

El Bayoumy et al., 

1999b; Lens et al., 

1999  

Stirring conditions  Alters the growth and decreases substrate 

uptake  

Marchal et al., 2001  

N2 flushing  Enhances anaerobic conditions and 

decreases H2S toxicity 

Marchal et al., 2001  

Oxidation reduction 

potential (ORP) 

Affects the activity of SRB and competition 

between SRB and mathanogens   

Gerhardt et al., 1994; 

Khanal and Huang, 

2006; Huan et al., 

2013. 

Sludge retention 

time (SRT) 

Influences competition between SRB and 

other bacteria; influences the reactor's 

performance and sludge production  

Esposito et al., 

2003;Weijma et al., 

2002 

2.9.1 Microbial composition  

Microbial composition of a biomass differs due to the capacity of microbes to colonize and 

form biofilm. In this respect, mixed consortia entail several advantages over pure cultures, 

such as the existence of a variety of resistance mechanisms, availability in the natural 

environment, no contamination problem, presence of reducing conditions due to complete 

oxidation of the carbon sources (Bruins et al., 2000), ease of maintenance of culture 

conditions, etc. (Kieu et al., 2011). Therefore, it is essential to select the best source of 

biomass for efficient treatment of wastewater using a bioreactor. 
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2.9.2 Influent parameters  

Influent parameters, e.g. low pH results in a toxic effect on SRB and high pH (> 7) favors 

growth of SRB over methanogens. Moreover, the pH determines the binding characteristics 

and overall charge of the metals and biomass (Table 2.7). High sulfate concentration may 

inhibit SRB growth and a low sulfate concentration may favor methanogens over SRB. A 

high concentration of metal cations and oxyanions may result in toxicity to the SRB (Table 

2.7).  

The toxicity of metals is due to many factors, such as type of metal and its concentration, 

biomass quantity, temperature, pH, concentrations of electron donor and sulfate (Hao, 

2000). Toxicity of metals, particularly oxyanions, also depends on their oxidation state, for 

example Cr(VI), As(V) and Se(VI) are more toxic than Cr(III), As(III) and Se(IV), 

respectively (Collins and Stotzky, 1989). However, trace concentration of certain metals, 

e.g. Cu(II), Zn(II) and Fe(III) are needed in electron transport and for the function of redox-

active metallo-enzymes. Salinity of the media adversely affects the sulfate reduction rate 

(Table 2.7).  

Ratio of COD to sulfate often defines the interaction of SRB with carbon source available 

and the electron acceptor. Chemical oxygen demand represents the concentration of oxygen 

essential for the oxidation of available organic matter and indicates the preferred metabolic 

route for energy production (Barbosa et al., 2014). A minimum COD/sulfate ratio of 0.67 is 

considered as the ideal stoichiometric proportion for complete sulfate reduction and 

degradation of organic substrates (Rinzema and Lettinga, 1988); however, a COD/sulfate 

ratio in the range 0.7 to 1.5 is common, depending on the type and source of electron donor 

used (Hao et al., 1996).  

The selection of an optimum COD/sulfate ratio is the key element in assuring the efficiency 

of any system designed for treating metals and sulfate from wastewater (Barbosa et al., 

2014). Therefore, when ethanol is used as the carbon source, the optimum COD/sulfate ratio 

range between 0.55 and 0.84 (Greben and Maree, 2000; Greben and Maree, 2005); if 

organic waste products (such as activated sludge and municipal compost) are used as carbon 

sources, optimum COD/sulfate ratio varies between 1.6 and 5 (Ani, 1994; Henry and 

Prasad, 2000). 
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2.9.3 Reactor design and operational parameters  

Operational parameters, such as pH and temperature influence the SRB physiological state 

and, consequently, their resistance to metal toxicity. High temperature helps SRB to 

outcompete methanogens. Flocculant addition and stirring may alter the SRB growth, 

decrease substrate uptake and influence the solid settling. Upward liquid velocity plays a 

vital role in case of FBR, GLR and granular sludge reactors. Biomass washout may prevail 

at high upward liquid velocities. A high sulfide concentration (either in gas phase or liquid 

phase) inhibits the growth of SRB. The presence of fine solid particles in the vicinity of the 

SRB cells at a high sulfide concentration can act as a physical barrier, thereby, partially 

blocking the transportation of sulfate and other substrates into the cell cytoplasm (Utgikar et 

al., 2002; Jong and Parry, 2003; Barbosa et al., 2014) (Table 2.7). 

Nitrogen (N2) flushing enhances the anaerobic condition and decreases H2S toxicity, 

whereas short term exposures to oxygen support SRB to outcompete methanogens (Table 

2.7). The SRB may be inhibited due to sulfide toxicity at high HRTs; whereas small HRTs 

may result in biomass washout and affect sulfate reduction rate. Oxidation reduction 

potential (ORP) and SRT affect the activity and competition between SRB and 

methanogens. Also, SRT influences reactor performance and sludge production. Surface 

area for microbial immobilization, which is one of the key aspects of the reactor design, 

influences the activity of SRB population, thus affecting the efficiency of sulfate reduction 

and metal precipitation. 

Selection of an appropriate carbon source is another key factor affecting any reactor 

performance. Mostly, heavy metal containing wastewater is deficient in carbon source 

which is necessary for the growth of microorganisms. Thus, addition of external carbon 

source is very much essential. In passive treatment systems, locally and economically 

available organic compounds are used in order to promote long term activity for achieving a 

high treatment efficiency (Neculita et al., 2007). The selection of suitable carbon source is 

based on (a) accumulation capability of organisms present, (b) availability in sufficient 

quantities and (c) added load in case of incomplete oxidation of the carbon source (van 

Houten et al., 1994; Dries et al., 1998; Dijkman et al., 1999). Table 2.8 presents the Gibbs 

free energy change (∆G°) of different electron donors for the sulfate reduction reactions. 

From Table 2.8, a high value of -∆G° of the lactate oxidation reaction with sulfate indicates 

that lactate is the most preferred carbon source and electron donor for SRB (Villa-Gomez et 

al., 2011).  
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Lactate also acts as a key carbon source in terms of biomass production; a diverse range of 

SRB are capable of oxidizing lactate either entirely or partly in sulfate rich environment 

(Okabe et al., 1995; Kaksonen et al., 2003b). High cost and high proportion of un-

dissociated lactate in metal containing wastewater, such as AMD, which leads to inhibition 

of SRB, are some of the drawbacks of lactate as the carbon source (Bruser et al., 2000). 

From Table 2.8, next to lactate, ethanol and acetate are the preferred carbon sources, which 

are available in cheap and extensively studied for treating metallic wastewater (Widdel, 

1988; Nagpal et al., 2000; Kaksonen et al., 2004).  

Table 2. 8 Gibbs free energy change of different electron donors for sulfate reduction 

reactions (Stefanie et al., 1994) 

Sulfate reduction reaction between electron donor and acceptor -∆G° (kJ/mol) 

Lactate + ½ SO4
2-

 → Acetate + HCO3
-
 + ½ HS

- 
+ H

+
 80.0 

Ethanol + ½ SO4
2-

 → Acetate + HCO3
-
 + ½ HS

-
 + ½ H

+
 + H2O 66.4 

Acetate + SO4
2- 

→ 2HCO3
-
 + HS

-
 47.6 

4 H2 + SO4
2-

 + H
+
 → HS

-
 + 4H2O 38.1 

Propionate + ¾ SO4
2-

 → Acetate + HCO3
-
 + ¾ HS

- 
+ ¼ H

+
 37.7 

Butyrate + ½ SO4
2-

 → 2Acetate + ½ HS
-
 + ½ H

+
 27.8 

2.10 Biofilm Composition in Attached Growth Sulfidogenic Bioreactors 

Sulfidogenic reactors are considered as potential alternative systems for treating a wide 

range of industrial wastewater where metal precipitation, sulfate reduction and wastewater 

neutralization can be addressed simultaneously on large-scale. These systems also enable 

easy sludge management and facilitate metal recovery (Kousi et al., 2015). The performance 

of a sulfidogenic bioreactor is highly dependent on the microbial biofilm formation and its 

regeneration capacity. Therefore, biofilm formation in a bioreactor is key to the treatment 

capacity of the system on a large-scale for prolonged period.  

In general, biofilms are very versatile and heterogeneous in nature. They encompass several 

microorganisms which grow and attach on various surfaces under different conditions 

(Flemming, 1995). Microorganisms in biofilm undergo chemical interactions with their 

surrounding environment, entailing both metal sorption and mineral precipitation 

(Konhauser et al., 1993). In general, a biofilm comprises of about 25% of bacteria and 75% 
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of extracellular polymeric substances (EPS). They envelop the supporting material partly 

and form a gel type film, mainly involving EPS, shaped by biofilm organisms.  

Therefore, the sorption characteristics of biofilms notably determine the overall process, 

which makes it a vital feature in successfully running the process (Flemming, 1995; 

Sutherland, 2001; van Hullebusch et al., 2003). Extracellular polymeric substances of SRB 

typically comprise of amino sugars and proteins with cationic functional groups (e.g., -

NH3
+
), uronic acids and proteins with anionic functional groups (such as –COO

−
, –HPO4

−
) 

(Flemming, 1995; Sutherland, 2001).  

SRB structure consists of an outer membrane, murein, cell wall, cytoplasmic membrane and 

cytoplasm. The outer membrane of SRB, which is a typical Gram negative bacteria, is 

mostly composed of lipo-polysaccharides, proteins and phospholipids (Flemming, 1995). 

Phosphoryl, carboxyl and amino groups constitute the major functional groups of SRB outer 

membrane (Beveridge et al., 1997; Langley and Beveridge, 1999; Smith and Ferris, 2001). 

Figure 2.7 describes the different stages involved in SRB biofilm formation on a bio-

support material.  

 

Figure 2. 7 Different stages involved in the development of biofilm formation on a bio-

support material. 

In the first stage of biofilm formation, SRB initially grow on the bio-support material 

through adhesion. In the second stage, SRB aggregate due to colonization and they are 

protected by EPS. In the third stage, EPS proliferation occurs, and leads to fully developed 

biofilm in the subsequent stage. Finally, some SRB get detached from the biofilm when 
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there is a nutrient lack in the media, after which SRB regains the biofilm forming capacity. 

Thus, from the preceding literature review, sulfidogenic reactors are extensively being 

studied at the laboratory scale and some of these being adequately applied at full scale for 

heavy metal removal and recovery especially from industrial effluents.  

Compared with the conventional chemical treatment process, SRB based bioprocess is 

economical, aid in the recovery of metals as metal sulfides, form stable metal precipitates 

with high metal and sulfate removal efficiencies. Passive treatment systems have no or 

minimum energy requirement, are accessible at remote locations, operates at low 

temperatures and involve low operation and maintenance costs. On the other hand, active 

treatment systems are compact in design and easy to operate and offer good process control 

for achieving the best results. In addition to the elimination of metal toxicity from 

wastewater, SRB based bioprocess aids in recovering the metals as their sulfide salts 

(Buisman et al., 2011). Hence, it is recognized as a resourceful method to both remove and 

recover metals from contaminated wastewater (Cabrera et al., 2006). However, for a 

successful application of this method, the choice of a suitable reactor system is essential.  

Although the SRB based treatment system is effective and can be applied on a large-scale, it 

involves certain limitations. One such limitation is the inherent toxicity of the metals on 

SRB growth and activity (Min et al., 2008). For instance, high metal concentrations have 

been shown to be inhibitory towards growth and activity of freely suspended SRB (Sani et 

al., 2001; Utgikar et al., 2001; Utgikar et al., 2002). The use of such freely suspended SRB 

further results in activity loss due to cell washout in continuously operated reactors 

(Baskaran and Nemati, 2006), thereby, necessitating extended HRT for operating the system 

(Neculita et al., 2007). In order to overcome the drawbacks associated with the use of 

free/suspended systems, bio-film development using suitable bio-support material and 

active cell immobilization using suitable naturally available polymeric matrix are proposed.  

Among the several bioreactor systems to treat wastewater, rotating biological contactor 

(RBC) reactor is well-known for treating various types of effluents (Alemzadeh et al., 2002; 

Kapdan and Kargi, 2002; Axelsson et al., 2006) as it offers a high interfacial area on its 

rotating discs for biomass growth and attachment, which enables sufficient contact between 

the microorganisms and contaminants present in the wastewater (Pakshirajan and Kheria, 

2012).  
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Furthermore, RBC reactor is highly suitable for treating industrial wastewaters and sewage 

(Banerjee, 1997) owing to the combined action of both suspended growth and fixed film 

microorganisms present in this reactor system. Altough RBC reactors involve high initial 

investment cost, but simple process control, low operation and maintenance costs make 

these reactors technically feasible for large-scale applications (Borchardt, 1971; Wu and 

Smith, 1982; Wheatley, 1984). The utility of RBC reactors has been examined at the 

laboratory scale for removal of COD from textile dying and synthetic wastewater 

(Pakshirajan et al., 2009). Active immobilization method is becoming popular for 

preventing biomass washout from such bioreactors. Although a wide range of materials has 

been tested for active immobilization, the naturally available polymer sodium alginate has 

received significant interest owing to its easy availability and low-cost (Chen and Lin, 1994; 

Lozinsky and Plieva, 1998).  

From the afore-mentioned literature, it is clear that the main focus has been to treat heavy 

metal and sulfate containing wastewater using different bioreactor configurations by 

employing SRB; however, RBC reactor system or sodium alginate immobilized SRB 

reactor system has not been investigated for batch/continuous heavy metal removal from 

wastewater. Moreover, the mechanism of simultaneous sulfate and metal removal by SRB 

needs to be detailed further for a better applicability of such reactor treatment system. The 

research work presented in this thesis therefore, aims to address all these research gaps. It 

mainly focuses on the potential application of anaerobic RBC reactor system immobilized 

with SRB for treating synthetic wastewater containing sulfate and different heavy metals in 

single and mixture component system.  

It also compares the results of heavy metal removal both under batch and continuous mode 

of operation with that of a simple downflow column reactor packed with SRB immobilized 

sodium alginate beads. Furthermore, in order to carry out the heavy metal removal 

experiments involving mixture component system, statistically valid experimental design, 

viz Plackett Burman and factorial designs were applied. A brief introduction about 

statistical design of experiments is given in Section 2.11 

2.11 Statistical Design of Experiments 

Experiments are always considered the main tool for practically validating a theoretical 

hypothesis about scientific knowhow of a process or phenomenon, where the observation is 
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expected to be correlated with some known associated process parameters. In order to 

identify important factors and their contribution towards an observed response, normal 

approach of using one-variable-at-a-time (OVAT) involves a large number of experiments 

to be carried out which often cannot elucidate any significant interaction among the process 

variables (Ryan et al., 2007). Statistical experimental designs are potent tools for improving 

the efficiency of experimentation and they facilitate a better understanding of the system 

being investigated with a minimum number of experiments. Inclusion of replicate test 

conditions allows the estimation of random, experimental variation. Statistical analysis of 

data generated from such experiments clearly establishes the relationship between the 

measured parameter of interest (response) and the process parameters (input factors or 

factors) being studied. Details of statistical design of experiments are presented in Appendix 

A. 

2.12 Aim and Objectives 

The present research work is aimed at the removal of metal ions by biogenic sulfide 

precipitation using two different sulfidogenic bioreactor systems with immobilized SRB: 

anaerobic rotating biological contactor (An-RBC) reactor and downflow column reactor 

(DFCR). To achieve this aim, the following investigations were carried out: 

Screening of anaerobic biomass for metal removal by sulfide precipitation 

Batch heavy metal removal from both single and multi-metal solution by free/suspended 

system 

Heavy metal removal by immobilized SRB 

Batch heavy metal removal using immobilized SRB in the form of beads 

Continuous heavy metal removal 

 Performance evaluation of DFCR packed with immobilized SRB for continuous 

heavy metal removal from single and multi-component systems  

 Performance evaluation of the An-RBC reactor with immobilized SRB for 

continuous heavy metal removal from single and multi-component systems  

 Identification and characterization of SRB  
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2.13 Presentation and Layout of the Thesis 

The present thesis covers five chapters with appropriate sections and subsections and also 

contains references and visible research outputs. A brief description of these chapters is 

mentioned as follows:  

Chapter 1 details introduction of the present work. The potential application of SRB using 

various types of bioreactors for treating both sulfate and heavy metal containing wastewater 

is detailed in Chapter 2. This chapter also deals with various factors that affect the 

performance of different sulfidogenic bioreactors and details the various reactors applied for 

treating metallic wastewater using SRB and also presents the objectives and scope of the 

present work. Materials and methods followed in the research work are described in 

Chapter 3. It details the methodology followed for screening different anaerobic biomass 

from different sources for heavy metal removal from single and multi-component systems 

and its characterization. Further, details of heavy metal removal using two different 

continuously operated laboratory scale sulfidogenic bioreactor systems with immobilized 

SRB and analytical methods followed in this study are mentioned.  

Chapter 4 mainly presents and discusses the results of batch and continuous heavy metal 

removal obtained from single and multi-component systems and the metal removal 

mechanism involved. This chapter thoroughly describes the metal removal results obtained 

using the two continuously operated laboratory scale sulfidogenic bioreactor systems. 

Summary and conclusions drawn from this study are presented in Chapter 5. Some useful 

recommendations and scope for future work are also provided in this chapter. 
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3.1 Chemicals and Reagents  

This section describes different techniques and methods followed in the present research. 

All chemicals and reagents used in this study were of analytical grade and supplied by Hi-

Media Pvt. Ltd., India, LOBA Chemie Pvt. Ltd., India, SRL Chemicals Pvt. Ltd., India, 

Merck India Ltd., and CDH Pvt. Ltd., India. Membrane filtered water (reverse osmosis 

(RO)) was used for carrying out all experiments in the study (Sartorious, Arium 61316RO 

& 611UF, Germany). 

3.2 Source of Anaerobic Biomass and Growth Conditions 

Anaerobic biomass obtained from different sources was screened in this study for heavy 

metal removal from aqueous solution by sulfate reduction. The sources included, 

wastewater treatment plant (WWTP) located at Indian Institute of Technology Guwahati, 

Guwahati, Assam, India, a lab-scale upflow anaerobic packed bed reactor (UFAR) treating 

sulfate rich wastewater and another lab-scale anaerobic packed bed reactor (APR) treating 

sulfate rich water containing arsenic.  

For anaerobic growth of the biomass, medium with the following composition was used 

(g/L): 0.5 KH2PO4, 1 NH4Cl, 1.47 Na2SO4, 0.1 CaCl2∙2H2O, 0.1 ascorbic acid, 0.2 tri-

sodium citrate, 0.2 ethylene diamine tetraacetic acid (EDTA) (Meers et al., 2009), 0.15 

FeSO4∙7H2O, 0.2 bromo ethane sulfonic acid (BESA) (Jin et al., 2007) and 1 yeast extract 

(modified Postgate medium) and pH of the solution was adjusted to 7 using 1N NaOH 

(Postgate, 1984). 10% v/v of the respective anaerobic biomass from the different sources 

was added to an aspirator bottle containing 1 L of the pH adjusted medium. The bottle was 

purged with nitrogen gas (before and after inoculation) followed by incubation for seven 

days at 30 °C (JEIO TECH, SI-300R, Korea). Sodium lactate (60% v/v) was used as the 

carbon source for culturing the biomass. Such freshly grown biomass was designated as the 

maintenance culture for carrying out subsequent metal removal experiments.  

3.3 Batch Heavy Metal Removal  

3.3.1 Screening of heavy metals and anaerobic biomass  

Heavy metals and anaerobic biomass (sulfate reducing bacteria (SRB)) obtained from three 

different sources were screened in this study for metal removal from aqueous solution via 
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sulfate reduction. The biomass sources include WWTP, UFAR and APR. Simultaneous 

sulfate reduction and heavy metal removal experiments were carried out using 100 mL 

serum bottles fitted with a rubber stopper and aluminum crimp seal. Individual metal stock 

solutions of Cu(II), Cd(II), Ni(II), Fe(III), Pb(II) and Zn(II) of 10,000 mg/L concentration 

each were prepared using CuCl2∙2H2O, Cd(NO3)2∙4H2O, NiCl2∙6H2O, FeCl3∙6H2O, PbNO3 

and Zn(NO3)2∙6H2O, respectively.  

Serum bottles containing the medium as mentioned earlier were added with the individual 

metal containing stock solution yielding 10 and 50 mg/L initial concentration of the 

respective metals. These bottles were purged with nitrogen gas before and after inoculation 

with 10% v/v biomass, as mentioned earlier. During the heavy metal removal experiments 

both under batch and continuous mode of operation, sulfate and COD concentration in the 

influent were adjusted to obtain a COD/SO4
2-

 ratio of 0.67 ± 0.08 as this is the ideal 

stoichiometric proportion for complete sulfate reduction and degradation of organic 

substrates (Rinzema and Lettinga, 1988). The bottles were then agitated on an orbital 

shaking incubator set at 30 °C temperature and 120 rpm shaking speed (Lab Tech, LSI-

3016R, Korea). Bottles with medium containing only the carbon source and biomass, but 

without any added metal, served as the control in these experiments. Samples were taken at 

regular intervals during the experiments to determine conductivity, pH, sulfate, COD, metal 

and sulfide concentrations. Mixed liquor volatile suspended solids (MLVSS) value in the 

samples was quantified using muffle furnace (Lab Tech, LEF-115P-2, Korea) (APHA, 

2005). All these batch experiments were conducted in duplicate and the results presented 

are average of duplicate sample analysis.  

3.3.1.1 Characterization of the metal precipitates 

Characterization of the metal precipitates formed due to the anaerobic biomass collected 

from the UFAR which proved to be the best for metal removal among the three sources of 

biomass was carried out using Fourier transforms infrared (FTIR) spectrometer, 

transmission electron microscopy equipped with energy dispersive spectroscopy (TEM-

EDS) and field emission scanning electron microscopy equipped with energy dispersive X-

ray spectroscopy (FESEM-EDX). Fourier transforms infrared spectra were obtained to 

explain the changes in the functional groups of the biomass due to sulfate reduction for 

heavy metal removal. For FTIR analysis, control and metal loaded biomass were 

centrifuged (8000×g) for 5 min (Sigma, Sigma 1-15, Germany), washed twice with RO 

water and the pellets obtained were vacuum dried and analyzed using a FTIR spectroscope 
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(IR Affinity-1, SHIMADZU, Japan) (Singh et al., 2011). Similarly, for TEM analysis, 

copper loaded biomass was used as it showed the best removal efficiency among all the 

metals in the batch study. The pellet obtained was loaded on copper grid coated with carbon 

(Pacifi-Tech Grid, Cu-300CK, USA) for observation under TEM (JOEL, JEM2100, Japan) 

at 200 kV integrated with EDS (Jalali and Susan, 2000).  

For FESEM analysis, the precipitates obtained by centrifuging the samples were oven-dried 

at 80 °C (Tanco, OVEN PLT-125, India) for 2 h and gold-coated in a sputter coater 

(Quorum, SC7620, UK and Edwards, RV3, Czech Republic) (Cao et al., 2013). The 

precipitates were then analyzed for morphology and elemental composition using FESEM-

EDX (Zeiss, Sigma, Germany). Metal removal results obtained using the SRB were 

compared with the metal removal by chemical precipitation using sodium sulfide. To 

determine the influence of externally sulfide on heavy metal removal, different 

concentrations of sulfide (5, 10, 15 and 25 mg/L) were tested with two different 

concentrations (10 and 50 mg/L) of the heavy metals (Cd(II), Cu(II), Ni(II), Fe(III), Pb(II) 

and Zn(II) (The deatils of this study are presented in Appendix B). 

3.3.2 Metal removal from multi-component system  

Based on the results obtained from the previous study on metal removal from single 

component system using anaerobic biomass from three different sources, biomass that 

showed the best metal removal was chosen for studying the metal removal from multi-

component system. In this study, different combinations of high and low concentration 

levels of six heavy metals, viz. Cd(II), Cu(II), Ni(II), Fe(III), Pb(II) and Zn(II), were chosen 

using the Plackett-Burman screening design. Analysis of variance (ANOVA) and student’s t 

test were then applied for statistical analysis of the results to interpret the significance and 

effect of these metals on each other removal as well as on sulfate and COD removal in the 

study. The Plackett-Burman design consisted of twelve experimental runs with different 

combination levels of Cd(II), Cu(II), Ni(II), Fe(III), Pb(II) and Zn(II) (Table 3.1). The low 

and high concentration levels of each of Cd(II), Ni(II), Pb(II) and Zn(II) were chosen as 5 

and 10 mg/L, respectively. Whereas, for Cu(II), these were 25 and 50 mg/L; in the case of 

Fe(III), 10 and 25 mg/L were chosen as the low and high initial levels, respectively.  

All these initial levels of the heavy metals were based on the results obtained from the 

results of previous single component study using the anaerobic biomass collected from 
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UFAR. Input metal concentration levels used in Table 3.1, i.e., +1 and -1 indicate the high 

and low level of the metals, whereas 0 indicate centre point level of the metals. Individual 

metal stock solutions of different heavy metals used in this study were prepared as 

described earlier in Section 3.3.1. The modified Postgate medium as mentioned before was 

added with the corresponding metal stock solution so as to obtain a desired concentration of 

the heavy metals in each of the experimental runs. The statistical software Minitab (Version 

16, PA, USA) was used for statistical analysis of the results obtained.  

Table 3. 1 Plackett-Burman experimental design matrix showing different combination 

levels of the heavy metals in the multi-component study 

Exp Run Different combination levels of the heavy metals (mg/L) 

 Cd Cu Ni Fe Pb Zn 

1 -1(5) -1(25) -1(5) -1(10) -1(5) -1(5) 

2 +1(10) -1(25) +1(10) -1(10) -1(5) -1(5) 

3 -1(5) -1(25) +1(10) +1(25) +1(10) -1(5) 

4 -1(5) +1(50) -1(5) -1(10) -1(5) +1(10) 

5 -1(5) +1(50) +1(10) +1(25) -1(5) +1(10) 

6 -1(5) +1(50) +1(10) -1(10) +1(10) -1(5) 

7 +1(10) +1(50) -1(5) +1(25) +1(10) -1(5) 

8 +1(10) -1(25) -1(5) -1(10) +1(10) +1(10) 

9 +1(10) -1(25) +1(10) +1(25) -1(5) +1(10) 

10 +1(10) +1(50) -1(5) +1(25) -1(5) -1(5) 

11 -1(5) -1(25) -1(5) +1(25) +1(10) +1(10) 

12 +1(10) +1(50) +1(10) -1(10) +1(10) +1(10) 

All the experiments in this study were performed using 100 mL serum bottles. These bottles 

were purged with nitrogen gas before and after inoculation with 10% v/v anaerobic biomass 

(measured as MLVSS). The bottles were then incubated on an orbital shaker set at 30 °C 

temperature and 120 rpm agitation speed (Lab Tech, LSI-3016R, Korea). Bottles without 

any added metals but containing only the media, carbon source and the biomass, served as 

the control in these experiments. Liquid samples were taken from the bottles at regular 

intervals during the experiments to determine conductivity, pH, sulfate, COD, MLVSS, 

metal and sulfide concentrations in the samples. All these experiments were conducted in 

duplicate and the results presented are average of duplicate sample analysis.  
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3.3.2.1 Characterization of the metal bio-precipitates 

Characterization of the metal bio-precipitates formed due to the SRB was carried out by 

FTIR spectroscopy, TEM-EDS and FESEM-EDX. For FTIR, TEM-EDS and FESEM-EDX 

analyses, samples from control experiment and experimental run 1 were prepared as 

described earlier in Section 3.3.1.1. Biomass sample from the experimental run 1 (Table 

3.1) was chosen as it yielded a very high metal removal efficiency in the study. The 

precipitates were then analyzed for morphology and elemental composition using TEM and 

FESEM-EDX.  

3.4 Batch Heavy Metal Removal Using Immobilized SRB Beads  

3.4.1 Preparation and characterization of immobilized SRB beads 

For preparing immobilized SRB beads, suspension containing the SRB culture (anaerobic 

biomass collected from UFAR; Section 3.3.1) was centrifuged (8000 × g for 5 min) (Remi, 

C24-L or R-24, India) and the obtained pellet was washed thrice with RO water before 

suspending in phosphate buffer saline solution (pH 7.4). The suspension was mixed with a 

solution containing sodium alginate at different compositions (1–5.5% w/v) for choosing 

the optimum concentration required (Sarma and Pakshirajn, 2011). The above mixture was 

then added drop-wise into chilled calcium chloride solution with stirring, which resulted in 

the formation of spherical shaped beads. The average size of the beads was found to be 2-3 

mm. Immobilized SRB beads were then washed thrice with distilled water and tested for 

mechanical stability. Figure 3.1 shows the images of blank beads without SRB, SRB 

immobilized beads prior to their use in the experiment and SRB immobilized beads taken 

during the experiments at fifth day.  

 

Figure 3. 1 Photograph of (a) blank beads without SRB, (b) SRB immobilized beads prior 

to use in the experiments (0th day) and (c) SRB immobilized beads during the experimental 

period at fifth day. 
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For the determination of mechanical stability of the beads, two grams of each type of the 

beads were taken in a serum bottle containing 100 mL distilled water and subjected to 

continuous agitation in a shaking incubator set at 30 °C and 120 rpm (Lab Tech, LSI-

3016R, Korea) (Sarma and Pakshirajn, 2010). At fixed time intervals, the beads were 

collected and dried at ambient conditions before determining the final weight. Figure 3.2 

shows the stability of the beads, which was estimated from the weight loss of the beads due 

to the mechanical stress induced as a result of continuous agitation.  
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Figure 3. 2 Effect of sodium alginate on the stability of immobilized SRB beads. 

3.4.2 Batch heavy metal removal  

Batch metal removal experiments using the immobilized SRB beads were performed using 

100 mL serum bottles with rubber stopper and aluminum crimp seal. Metal stock solutions 

were prepared as per the procedure described earlier in Section 3.3.1. Serum bottles filled 

with the SRB growth medium were added with the individual metal stock solution so as to 

yield a desired initial concentration (10 or 50 mg/L) of the corresponding metal. The initial 

metal concentrations were chosen based on heavy metal removal results obtained earlier 

using the free/suspended SRB described in Section 3.3.1. Prior to the metal removal 

experiments, immobilized SRB beads were activated by incubation under anaerobic 

condition at 30 °C temperature and 120 rpm agitation speed (Lab Tech, LSI-3016R, Korea) 

for seven days. Following activation, the immobilized SRB beads were initially washed 

with distilled water and two grams each of the beads (5%) were used as the inoculum source 

in the metal removal experiments. The bottles were then purged with nitrogen gas and 
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incubated on a shaker incubator set at 30 °C temperature and 120 rpm shaking speed (Lab 

Tech, LSI-3016R, Korea).  

3.4.3 Reusability and durability of the immobilized SRB beads 

In order to ensure the reuse potential of the immobilized SRB beads for heavy metal 

removal, batch experiments were conducted with the beads using 25 mg/L initial 

concentrations of Ni(II), Zn(II), Pb(II), Cd(II), Fe(III) and 50 mg/L of Cu(II), respectively. 

Bottles with medium containing only the carbon source and the beads, but without any 

added metal served as control in these experiments. All these batch experiments were 

conducted in duplicate and the results reported are average of duplicate analysis of the 

samples.   

3.4.4 Characterization of the immobilized SRB beads  

The immobilized SRB beads prepared in this study were characterized using FESEM-EDX 

analysis. For FESEM analysis, the beads were washed thrice with distilled water and dried 

at 30 °C (Scigenics, ORBITEK
R
 LETTO, India) for 8 h and gold coated using a sputter 

coater prior to the analysis. In order to characterize the interior of the immobilized SRB 

beads, a single bead was cut into two halves and oven dried prior to FESEM-EDX analysis. 

Blank beads prepared using only sodium alginate and no immobilized SRB were also tested 

for metal removal and the results were compared with those obtained using the immobilized 

SRB beads.  

3.5 Continuous Heavy Metal Removal Using Downflow Column Reactor (DFCR) With 

Immobilized SRB Beads 

Continuous heavy metal removal experiments were conducted using downflow column 

reactor (DFCR) with immobilized SRB beads. 

3.5.1 DFCR setup  

The DFCR used in this study was made from a perspex tube of inner diameter (ID) 25.4 mm 

and effective length (L) 304.8 mm. Two sampling ports were provided at a distance of 10 

cm each along the column length. The reactor was packed with immobilized SRB beads 

following its activation and washing with distilled water as mentioned earlier in Section 

3.4.1. A schematic of the DFCR setup is shown in Fig. 3.3. The reactor was initially 

operated at an ambient temperature of 25 ± 2 °C for few days to attain steady state condition 
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prior to the continuous metal removal experiments. Photograph of the DFCR packed with 

immobilized SRB beads is shown in Fig. 3.4. Pressure drop along the reactor was calculated 

as 0.83 psi or 0.0583 Kg/cm
2
. 

 

Figure 3. 3 Schematic of the DFCR with immobilized SRB beads. 

 

Figure 3. 4 Photograph of experimental setup showing downflow column reactor with 

immobilized SRB beads for heavy metal removal under continuous operation mode. 
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3.5.2 Single component system  

3.5.2.1 Metal removal experiments  

For continuous metal removal using the DFCR, medium supplemented with the respective 

metals was fed into the reactor at a constant flow rate. The input metal concentration levels 

of Ni(II), Zn(II), Pb(II), Fe(III) and Cd(II) were chosen as 50, 75 and 90 mg/L. In the case 

of Cu(II), these values were 100, 150 and 175 mg/L. All these initial levels of the heavy 

metals were chosen based on the results obtained from previous batch heavy metal removal 

study using the immobilized SRB beads. As metal precipitation by SRB occurs in the range 

of within a few days to 5 days (Kuyucak and St-Germain, 2006), two different hydraulic 

retention time (HRT) values were chosen for this continuous metal removal study (24 h and 

48 h). Phase wise operational conditions followed for continuous metal removal using the 

DFCR are presented in Table 3.2. The reactor was operated at each experimental condition 

for a period until three steady state values of effluent heavy metal concentration at the 

respective HRT were obtained (Villa-Gomez et al., 2015).  

Table 3. 2 Operational conditions followed with the DFCR for continuous metal removal 

experiments 

Parameter Experimental phase 

 I II III 

HRT (h) 24 48 24 48 24 48 

Inlet metal 

concentration (mg/L) 

Cd(II), Ni(II),  

Fe(III), Pb(II) 

and Zn(II)  

50 50 75 75 90 90 

Cu(II) 100 100 150 150 175 175 

Effect of metal loading on the performance of the DFCR reactor  

The combined effect of inlet metal concentration and HRT on metal removal was examined 

by calculating the inlet metal loading rate (ILR) (mg/L∙h) and the corresponding metal 

removal rate (mg/L∙h) as per the following equations: 

V

QC
  =  (ILR)  rate  loading  metalInlet  i                   (3.1) 
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V

)C-Q(C
  =  (RR)  rate  Removal oi                   (3.2) 

100

i
C

)
o

C-
i

(C
  =  removal Metal %                    (3.3) 

where, Q is the inlet flow rate (L/h), Ci and Co are the inlet and outlet metal concentrations 

(mg/L), respectively, and V is the working volume of the reactor. 

Samples collected at regular intervals of time were centrifuged at 8000 × g for 5 min (Remi, 

C24-L or R-24, India), and the supernatant obtained was analyzed for COD, sulfate, metal 

and sulfide concentrations.  

3.5.3 Multi-component system  

All experiments in this mixture study were carried out as per the statistically valid fractional 

factorial design (FFD) consisting of nineteen experimental runs with different combination 

levels of Ni(II), Cd(II), Fe(III), Zn(II), Pb(II) and Cu(II). Input metal concentration levels 

used in FFD of experiments are presented in Table 3.3 and these concentration levels shown 

are chosen based on the results obtained from batch study and the results obtained from 

single component system using the same bioreactor system.  

Table 3. 3 Input concentration levels used in fractional factorial design of experiments 

Heavy metal Range and levels of metals 

 Low (-1) Centre point (0) High (+1) 

Cd(II) 50 70 90 

Cu(II) 100 137.5 175 

Ni(II) 50 70 90 

Fe(III) 75 82.5 90 

Pb(II) 50 62.5 75 

Zn(II) 50 62.5 75 

Individual metal stock solutions of Fe(III), Ni(II), Cu(II), Zn(II), Pb(II) and Cd(II) of 100 

g/L concentration each were prepared using FeCl3∙6H2O, NiCl2∙6H2O, CuCl2∙2H2O, 

Zn(NO3)2∙6H2O, PbNO3 and Cd(NO3)2∙4H2O, respectively. Desired metal concentration of 

the heavy metals in each of the experimental runs was obtained by adding corresponding 

metal stock solution to the modified Postgate medium as described earlier. All the 
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experiments in this study were performed at 48 h HRT. The reactors were operated under 

continuous mode by supplying the medium at a constant flow rate at an ambient 

temperature of 25 ± 2 °C. The reactor was operated for a period until three steady state 

values of effluent heavy metal concentration. Samples collected at regular time intervals 

were centrifuged (8000 × g) for 5 min (Remi, C24-L or R-24, India), and the supernatant 

obtained was analyzed for sulfate, COD, metal and sulfide concentrations. The experimental 

design followed in this study with different metal combination levels is presented in Table 

3.4, in which +1 and -1 indicate the high and low level of the metals, whereas 0 indicate 

centre point level of the metals. 

Table 3. 4 Fractional factorial experimental design matrix showing different combination 

levels of the heavy metals in mixture using the DFCR 

Experimental 

runs Cd Cu Ni Fe Pb Zn 

1 +1 -1 -1 -1 +1 -1 

2 +1 -1 +1 +1 -1 -1 

3 -1 +1 -1 +1 +1 -1 

4 +1 +1 +1 +1 +1 +1 

5 -1 -1 -1 +1 -1 +1 

6 +1 -1 -1 +1 +1 +1 

7 -1 +1 -1 -1 +1 +1 

8  0  0  0  0  0  0 

9  0  0  0  0  0  0 

10 +1 +1 -1 -1 -1 +1 

11 -1 +1 +1 +1 -1 +1 

12 -1 +1 +1 -1 -1 -1 

13 +1 -1 +1 -1 -1 +1 

14 +1 +1 -1 +1 -1 -1 

15 -1 -1 +1 +1 +1 -1 

16  0  0  0  0  0  0 

17 +1 +1 +1 -1 +1 -1 

18 -1 -1 -1 -1 -1 -1 

19 -1 -1 +1 -1 +1 +1 

Precipitates obtained from experimental run 18 performed using the DFCR which yielded a 

maximum heavy metal removal efficiency in this study was analyzed for elemental 

composition and morphology by means of FESEM-EDX (Zeiss, Sigma, Germany) as per 

the procedure described earlier in the Section 3.3.1.1. Results reported are average of three 
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steady state values. For the assessment of individual and collective effect of the metals, the 

results obtained from the fractional factorial design were analyzed in the form of student’s t 

test and ANOVA. The statistical software, Minitab (Version16, PA, USA) was used for 

designing the fractional factorial experiments and for statistical analysis of the results 

obtained. The effect due to a particular factor was defined as either reduction (negative) or 

improvement (positive) in the responses. 

3.6 Continuous Heavy Metal Removal Using The Anaerobic Rotating Biological 

Contactor Reactor  

Continuous heavy metal removal experiments were conducted using SRB immobilized 

anaerobic rotating biological contactor (An-RBC) reactor. 

3.6.1 An-RBC reactor setup     

A laboratory scale An-RBC reactor with a total working volume of 3 L was fabricated using 

polymethyl methacrylate (PMMA) cylinder material of length 70 cm and inner diameter 9 

cm. The cylinder was cut transversely into two halves such that the upper half was used as 

the lid and the lower half served as the reactor vessel. Both the ends of the vessel were 

sealed using semicircular plates. For sample collection, four sample ports were provided at 

the bottom of the vessel with a spacing of 2 cm between each (Pakshirajan and Kheria, 

2012).  

The reactor was divided into two compartments (stages) each with seven PMMA discs (8 

cm in diameter) by fitting a semicircular plate in the middle of the vessel. A nylon rod 

connected to a variable speed motor located outside the working unit passed through central 

hole in the discs and was attached firmly by means of screws to enable rotation of the discs 

inside the vessel (Pakshirajan and Kheria, 2012). Polyurethane foam (PUF) of 5 mm 

thickness and polystyrene mesh (0.6 mm thick) covering the discs were used as the bio-

support medium for immobilizing the SRB biomass in the reactor. With 40% disc 

submergence in the liquid portion of the reactor, immobilization of the SRB biomass was 

initiated by adding freshly prepared medium (Pakshirajan and Kheria, 2012). Table 3.5 

presents the design specifications of the An-RBC reactor used in this study. A schematic of 

the reactor is shown in Fig. 3.5. 
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Table 3. 5 Design specification of the An-RBC reactor 

Specifications  

Number of stages  2  

Number of disks in each stage 7  

Diameter of each disk  16 cm  

Spacing between each stage  2 cm  

Total working volume  3 L  

Disc Submergence  40%  

 

Figure 3. 5 Schematic of the An-RBC reactor setup. 

3.6.2 Biofilm development 

Sulfate reducing bacteria present in the anaerobic biomass collected from UFAR, which 

showed maximum metal removal efficiency in the batch study was used in this continuous 

An-RBC reactor study. For SRB immobilization in the reactor, the culture was allowed to 

grow onto the reactor discs covered with polystyrene mesh and PUF, which served as the 

bio-support material. For SRB growth during the reactor startup phase, modified Postgate 

medium at pH 7 and with the SRB biomass, but without any added metal were supplied to 

the reactor. The An-RBC reactor was operated at an ambient temperature of 25 ± 2 °C in 

batch mode and the reactor was recharged with a fresh medium after every five days for 

over three months during this startup phase. Change in color of the input medium from 

colorless to black at the outlet due to the formation of FeS and generation of hydrogen 

sulfide during this startup phase confirmed SRB growth and activity in the reactor (Herbert 

and Gilbert, 1984; Hamilton, 1994; Singh et al., 2011). Photographs of the An-RBC reactor 

before and after immobilization with SRB are shown in Figs. 3.6 and 3.7. However, no 

efforts were made to measure the amount of biomass immobilized in the reactor. Later, the 

An-RBC reactor was operated under continuous mode by supplying the medium at a 

constant flow rate for performing the heavy metal removal experiments.  
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Figure 3. 6 Photograph of the experimental setup showing the rotating biological contactor 

(RBC) reactor prior to immobilization with SRB. 

 

Figure 3. 7 Photograph of experimental setup showing the rotating biological contactor 

(RBC) reactor with the immobilized SRB on its discs. 
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3.6.3 Characterization of the bio-support material  

Characterization of the bio-support material utilized for immobilizing the SRB anaerobic 

biomass was carried out by FESEM analysis, for which the SRB immobilized bio-support 

material was fixed using 3% glutaraldehyde for 2 h followed by dehydration using different 

concentrations of ethanol and by drying at 30 °C (Scigenics, ORBITEK
R
 LETTO, India) 

(Utgikar et al., 2002). The finally prepared sample was then observed using a FESEM.  

3.6.4 Heavy metal removal experiments 

3.6.4.1 Single component system 

Experiments for studying heavy metal removal from single component system using the 

An-RBC reactor were carried out under continuous mode of operation. Individual metal 

stock solutions were prepared as per the procedure described in Section 3.3.1. The modified 

Postgate medium as described earlier was added with the corresponding metal stock 

solution so as to obtain a desired concentration of the heavy metals in each of the 

experimental phases. The initial concentration for each of the metals Fe(III), Pb(II), Ni(II), 

Zn(II) and Cd(II) were chosen as 50, 75 and 90 mg/L. Whereas, in case of Cu(II), these 

values were 100, 150 and 175 mg/L. All these initial levels of the heavy metals were chosen 

based on the results of batch heavy metal removal using the SRB (Section 3.3.1). Phase 

wise operational conditions followed with the An-RBC reactor are presented in Table 3.6.  

Table 3. 6 Operational conditions followed with the An-RBC reactor for continuous metal 

removal experiments 

Parameter Different experimental phases 

 I II III 

HRT (h) 48 24 48 24 48 24 

Inlet metal 

concentration (mg/L) 

Cd(II), Ni(II),  

Fe(III), Pb(II) 

and Zn(II)  

50 50 75 75 90 90 

Cu(II) 100 100 150 150 175 175 

The reactor performance in terms of heavy metal removal efficiency was evaluated at two 

different HRT values (24 h and 48 h) as described earlier (Table 3.6). Each experiment was 

carried out for a period until three steady state values of effluent heavy metal concentration 

at the respective HRT were obtained (Villa-Gomez et al., 2015).  
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Effect of metal loading on the performance of the An-RBC reactor  

The combined effect of inlet metal concentration and HRT on metal removal was examined 

by calculating the ILR (mg/L∙h) and the corresponding metal removal rate (mg/L∙h) as per 

the equations 3.1 - 3.3 mentioned earlier (Section 3.5.2.1). Samples collected at regular time 

intervals were centrifuged at 8000 × g for 5 min (Remi, C24-L or R-24, India), and the 

supernatant obtained was analyzed for metal, sulfate, sulfide and COD concentrations. Each 

sample analysis was carried out in duplicate and the results presented are average of 

duplicate sample analysis. 

3.6.4.3 Identification and characterization of SRB 

Sample preparation for V3-V4 Metagenomics Sequencing and Analysis 

For SRB characterization, the bacterial culture from the An-RBC reactor was collected after 

completing the three phases of continuous operation of the reactor (Table 3.6) and grown in 

the presence of modified Postgate medium using serum bottles at 30 °C temperature under 

continuous agitation (120 rpm) (Scigenics, ORBITEK
R
 LETTO, India) for seven days. The 

culture was then sent to AgriGenome Labs Pvt Ltd, India for V3-V4 metagenomics 

sequencing and analysis for its detailed characterization. Complete details of V3-V4 

metagenomics sequencing and analysis are presented in Appendix C. 

3.7. Multi-component System  

All experiments in this mixture study were carried out as per the statistically valid fractional 

factorial design consisting of nineteen experimental runs with different combination levels 

of Ni(II), Cd(II), Fe(III), Zn(II), Pb(II) and Cu(II). Input metal concentration levels used in 

FFD of experiments are presented in Table 3.7, which are almost similar to those presented 

in Table 3.3. Metal concentration levels shown in Table 3.7 are based on the results 

obtained from single component system using the An-RBC reactor. Individual metal stock 

solutions were prepared as per the procedure described in Section 3.5.3. Desired metal 

concentration of the heavy metals in each of the experimental runs was obtained by adding 

corresponding metal stock solution to the modified Postgate medium as described earlier. 

All the experiments in this study were performed at 48 h HRT based on the results obtained 

from single component system. The experimental design followed using the An-RBC 

reactor with different metal combination levels is presented in Table 3.8, which closely 

resembles the details presented in Table 3.4. 
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Table 3. 7 Input concentration levels used in fractional factorial design of experiments 

Input variables Range and levels of variables 

 Low (-1) Centre point (0) High (+1) 

Cd(II) 50 70 90 

Cu(II) 100 137.5 175 

Ni(II) 50 70 90 

Fe(III) 50 70 90 

Pb(II) 50 70 90 

Zn(II) 50 62.5 75 

Table 3. 8 Fractional factorial design of experiments presenting different heavy metal 

combination levels tested in the mixture using the An-RBC reactor 

Experimental 

runs  Cd Cu Ni Fe Pb Zn 

1 + + + - + - 

2 - + + - - - 

3 - - + - + + 

4 - - + + + - 

5 - - - - - - 

6 - + - + + - 

7 + - + + - - 

8 + - - + + + 

9 0 0 0 0 0 0 

10 - - - + - + 

11 + - - - + - 

12 - + + + - + 

13 - + - - + + 

14 + - + - - + 

15 + + + + + + 

16 0 0 0 0 0 0 

17 0 0 0 0 0 0 

18 + + - + - - 

19 + + - - - + 
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The reactor was operated under continuous mode by supplying the medium at a constant 

flow rate at an ambient temperature of 25 ± 2 °C. Samples collected at regular time intervals 

were centrifuged (8000 × g) for 5 min (Remi, C24-L or R-24, India), and the supernatant 

obtained was analyzed for sulfate, COD, metal and sulfide concentrations.  

FEEM-EDX analysis of the bio-precipitates acquired from experimental run 5 which 

yielded a maximum heavy metal removal efficiency using the An-RBC reactor was carried 

out as per the procedure described earlier in the Section 3.3.1.1. The reactor was operated 

for a period until three steady state values of effluent heavy metal concentration. Results 

reported are average of three steady state values.  

3.8 Analytical Methods 

Heavy metals 

Metal concentration in the samples was determined using a flame emission atomic 

absorption spectrometer (AAS) (Varian, AA240, The Netherlands) as per the methods 

described in American Public Health Association (APHA) (APHA, 2005). The standard 

solutions of these metals were prepared using the same stock solutions as mentioned earlier 

(Section 3.3.1). Metal concentration of the samples was estimated using a standard plot 

prepared for each of the metals tested in the study.   

Chemical oxygen demand  

Chemical oxygen demand in the samples was determined following the closed reflux 

method (APHA, 2005). In this method, 2.5 ml of a suitably diluted sample taken in COD 

vials was added with 1.5 ml of standard potassium dichromate digestion solution (0.016 M) 

and 3.5 ml of sulfuric acid reagent, properly mixed and digested using a COD digester 

(Hach, DRB 200, USA) at 150 °C for 2 hours. Later, the solution mixture was cooled to 

room temperature and titrated against ferrous ammonium sulfate (FAS) solution (0.1 M) 

using ferroin as the indicator. A sharp color change from blue green to brick reddish was 

considered as the end point. Reverse osmosis water was used as the blank in the COD 

analysis. The FAS solution was standardized against standard 0.1 M K2Cr2O7 digestion 

solution regularly. COD in the sample was thus calculated using the following equation 3.4 

and was expressed as mg O2/L. 
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(Sample)  mL V

M  8000    B)-(A
  =  /L)O (mg  (COD)   demandoxygen      Chemical 2


               (3.4)  

where, A is the volume of FAS consumed by the sample, B is the volume of FAS consumed 

by blank solution and V is the sample volume, M is the molarity of the FAS solution.  

Sulfate and sulfide  

Sulfate concentration in the liquid samples was measured by the standard turbidimetric 

method (APHA, 2005). The samples prior to the determination of sulfate were pretreated 

with ZnCH3COONa (1N) and NaOH (6N) in order to fix the sulfide present (Sabumon, 

2008) and centrifuged at 8000 × g for 5 minutes (Remi, C24-L or R-24, India).  

Buffer solution prepared using RO water containing KNO3, MgCl2∙6H2O, CH3COONa and 

99% glacial acetic acid was added to a suitable portion of the diluted supernatant solution 

along with 1 mL of 0.5 M BaCl2 (Garcia et al., 2001). The mixture was continuously stirred 

before measuring its turbidity using a digital nephelo-turbidity meter (Systronics, DNTM 

132, India). Sulfate concentration in the samples was determined from a calibration curve 

prepared using different concentrations of standard sulfate versus absorbance in terms of 

Nephelometric turbidity units (NTU), as shown in Fig. 3.8.  

The dissolved sulfide concentration in the liquid samples was determined as per the method 

described by Cord Ruwish (Cord Ruwish, 1985). For this analysis, supernatant (50 µL) 

obtained by centrifuging the sample was added with copper reagent solution, prepared using 

50 mmol/L HCl and 5 mmol/L CuSO4 under continuous stirring condition. The absorbance 

of the resulting mixture was measured at 480 nm using a Ultraviolet (UV)–visible 

spectrophotometer (Cary 100, Agilent, Singapore). A mixture of 50 µL culture liquid and 

1.95 mL HCl (50 mmol/L) served as the blank. Sulfide concentration in the samples was 

determined from a calibration curve prepared using different concentrations of standard 

sulfide versus absorbance at 480 nm, as shown in Fig. 3.9. 
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Figure 3. 8 Standard curve of sulfate concentration vs. absorbance (NTU) used in the 

estimation of sulfate content in the samples. 

 

Figure 3. 9 Standard curve of sulfide concentration vs. absorbance at 480 nm used in the 

estimation of soluble sulfide content in the samples. 
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The key highlight of the present study as outlined in the objectives was to develop a suitable 

continuous reactor system for toxic heavy metal removal using mixed consortia of sulfate 

reducing bacteria (SRB). In this chapter, results of batch and continuous reactor studies 

carried out on the removal of cadmium (Cd(II)), copper (Cu(II)), nickel (Ni(II)), iron 

(Fe(III)), lead (Pb(II)) and zinc (Zn(II)) from synthetic wastewater using SRB are presented 

and discussed. 

4.1 Batch Heavy Metal Removal From Single Component System 

Batch experiments were performed to select the best source of SRB biomass for heavy 

metal removal. 

4.1.1 Screening of biomass sources for heavy metal removal  

4.1.1.1 Effect of initial metal concentration  

Three anaerobic biomass samples were screened on the basis of their sulfate reduction, 

metal and chemical oxygen demand (COD) removal efficiency. Anaerobic biomass was 

collected from three different sources, namely wastewater treatment plant (WWTP) located 

at Indian Institute of Technology Guwahati, Guwahati, Assam, India, a lab-scale upflow 

anaerobic packed bed reactor (UFAR) and another lab-scale anaerobic packed bed reactor 

(APR) treating sulfate rich water containing arsenic.  

The effect of the metal addition on sulfate along with COD reduction was evaluated during 

the experiments. Figure 4.1 shows the metal removal efficiency obtained using anaerobic 

biomass from the three sources at 10 mg/L initial metal concentration. More than 95% 

removal was achieved for all the metals using the anaerobic biomass from UFAR (Fig. 

4.1b). In the case of biomass from WWTP and APR, more than 90% removal was achieved 

for all the metals, but for zinc, the removal values were slightly low (85% and 88%, 

respectively) (Fig. 4.1a-4.1c).  

At 50 mg/L initial concentration, the metal removal efficiency was, however, reduced using 

the three biomass sources (Fig. 4.2). At 50 mg/L initial metal concentration, more than 65% 

removal of copper, iron, lead and zinc was obtained using the WWTP biomass, whereas 

cadmium removal was only 46%. In the case of nickel, it was 60% (Fig. 4.2a). Over 77% 

removal was achieved for all the metals using the UFAR biomass (Fig. 4.2b). Biomass 
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obtained from APR resulted in 60% cadmium removal and more than 70% removal with the 

other metals (Fig. 4.2c). 

 

Figure 4. 1 Heavy metal removal using biomass from different sources: (a) WWTP, (b) 

UFAR and (c) APR. Initial metal concentration = 10 mg/L. 
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Figure 4. 2 Heavy metal removal using biomass from different sources: (a) WWTP, (b) 

UFAR and (c) APR. Initial metal concentration = 50 mg/L.   

The results of sulfate reduction at 10 mg/L and 50 mg/L initial concentrations by the 

biomass from different sources are depicted in Figs. 4.3-4.4, respectively. At 10 mg/L initial 

metal concentration, the biomass from WWTP resulted in a low sulfate reduction of 55% in 

the presence of cadmium, copper, nickel and lead. In the presence of iron and zinc, the 

sulfate reduction was even less at 51% (Fig. 4.3a). Biomass from UFAR yielded 98% 

sulfate reduction except with nickel, in which case, it was slightly less at 94% (Fig. 4.3b). 

More than 85% sulfate reduction was achieved using the APR biomass with the different 

metals (Fig. 4.3c).  
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Figure 4. 3 Sulfate reduction in the presence of different heavy metals by biomass from: (a) 

WWTP, (b) UFAR and (c) APR. Initial metal concentration = 10 mg/L. 

The biomass from WWTP yielded 50% sulfate reduction in the presence of the individual 

metals at 50 mg/L initial concentration, except with cadmium, which resulted in only 

28.73% reduction (Fig. 4.4a). More than 91% sulfate reduction was achieved using the 

UFAR biomass (Fig. 4.4b). The APR biomass resulted in more than 70% sulfate reduction 

in the presence of copper, nickel, iron and lead, whereas in the presence of cadmium and 

zinc, the sulfate reduction was 68% and 66%, respectively (Fig. 4.4c).  
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Figure 4. 4 Sulfate reduction in the presence of different heavy metals by biomass from: (a) 

WWTP, (b) UFAR and (c) APR. Initial metal concentration = 50 mg/L. 

Figures 4.5 and 4.6 depict COD removal in the presence of different metals at 10 and 50 

mg/L initial concentration by biomass from three sources. More than 75% COD removal 

was achieved in the presence of iron, nickel, lead, cadmium and zinc at 10 mg/L initial 

concentration by WWTP biomass (Fig. 4.5a). This value was higher (81%) in case of 

copper. Over 85% COD removal was achieved in presence of all the metals at an initial 

concentration of 10 mg/L using the biomass from UFAR and APR (Fig. 4.5b-4.5c). 
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Figure 4. 5 COD removal in the presence of different heavy metals by biomass from: (a) 

WWTP, (b) UFAR and (c) APR. Initial metal concentration = 10 mg/L. 

Removal of COD in the presence of metals at 50 mg/L initial concentration was lower than 

that obtained at 10 mg/L initial metal concentration. Biomass from WWTP resulted in more 

than 65% COD removal in the presence of metals, except for zinc (64% removal) (Fig. 

4.6a). More than 78.5% COD removal was achieved for all the metals using the UFAR 

biomass (Fig. 4.6b). Over 70% COD removal was obtained in the presence of copper, 

nickel, iron and lead; these values were 52.3%, 57% for cadmium and zinc, respectively 

using the APR biomass (Fig. 4.6c).  
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Figure 4. 6 COD removal in the presence of different heavy metals by biomass from: (a) 

WWTP, (b) UFAR and (c) APR. Initial metal concentration = 50 mg/L. 

4.1.1.2 Heavy metal removal mechanism  

The results of heavy metal removal shown in Figs. 4.1-4.2 and the sulfate reduction results 

shown in Figs. 4.3-4.4 correlated well with each other, suggesting sulfate reduction by SRB 

present in the different biomass sources for heavy metal removal. Among the various heavy 

metals tested, copper was removed to the maximum extent due to its low solubility product 

value with sulfide. Similar observation can be made on the removal of the other metals by 

the three different biomass sources. The solubility product values of CuS, PbS, NiS, ZnS, 
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FeS and CdS are 6×10
–37

, 3×10
–28

, 3×10
–19

, 2×10
–25

, 6×10
–19

 and 8×10
–28

, respectively (de 

Vegt et al., 1998; Hil et al., 2005; Johnson and Hallberg, 2005). Thus, the order of removal 

of these metals as sulfide salts easily correlates with their solubility product values of the 

corresponding salts. The results shown in Figs. 4.1 and 4.3 further suggest that metals at 10 

mg/L initial concentration did not inhibit the growth of SRB present in the three biomass 

sources. However, an increase in the initial metal concentration from 10 mg/L to 50 mg/L in 

the medium resulted in a reduced activity of the biomass and, therefore, its sulfate reduction 

efficiency, which negatively influenced the heavy metal removal efficiency (Figs. 4.4 and 

4.2). Among the three biomass sources, the biomass from UFAR and APR resulted in a 

better metal removal compared with the WWTP biomass (Figs. 4.1 and 4.2), probably due 

to its prior acclimatization to sulfate reduction.  

Toxic levels of the metals on SRB growth and its activity are presented in Table 4.1 

(Azabou et al., 2007). Low concentrations of heavy metals are able to substitute for 

essential ions necessary for proper buildup of the biomass structure. At high concentrations, 

these metals are toxic to microorganisms as they lead to deactivation of enzymes and may 

also damage the cellular membrane and cause protein denaturation (Kikot et al., 2010).  

Table 4. 1 Minimum inhibitory concentration (MIC) range of different heavy metals on 

mixed consortia of SRB 

Metals Cd Cu Ni Fe Pb Zn 

MIC
a
 (mg/L) 4-54 2-50 10-20 >60 75-125 13-40 

  
a
Minimum inhibitory concentration 

Among the different biomass sources, the UFAR biomass showed the maximum sulfate 

reduction in the presence of the individual metals (Fig. 4.3b). This can be easily attributed 

to the earlier acclimatization of the biomass to sulfate reduction in the UFAR and APR, 

which was not the case with the biomass from WWTP. However, at 50 mg/L initial metal 

concentration, sulfate reduction efficiency was reduced (Fig. 4.4b), probably due to the 

toxicity induced by the metals (Jong and Parry, 2003).  

The decrease in sulfate reduction efficiency at a high initial metal concentration in the 

medium can also be attributed to the hindrance due to the precipitated metal sulfides in the 

media (Utgikar et al., 2002; Jong and Parry, 2003). The existence of the fine solid 
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precipitates in the vicinity of the SRB cells can act as a physical barrier, thus partially 

blocking the transport of sulfate ions and other substrates into the cell cytoplasm (Barbosa 

et al., 2014). Though the sulfate reduction was slightly low at a high metal concentration, 

the amount of sulfate reduced was sufficient to precipitate the metals as sulfide, which is 

evident from Figs. 4.1 and 4.2. COD reduction results shown in Figs. 4.5 and 4.6 revealed a 

strong effect of the metals on the activity of SRB, particularly the presence of metal at a 

high initial concentration.  

Figure 4.1 showed that the removal efficiency of all the metals was maximum at a low 

initial concentration of 10 mg/L. At high initial concentration (50 mg/L), the removal 

efficiency was slightly less. These can be attributed to the fact that the metal removal by 

sulfate reduction and therefore, metal sulfide precipitation is mainly dependent on M/S
2-

 

ratio (Villa-Gomez et al., 2015), where M is the initial metal concentration and S
2-

 is the 

dissolved sulfide concentration in the liquid phase. At a low M/S
2-

 ratio (<1), sulfide 

produced is high, thereby ensuring metal sulfide precipitation and also any toxic effect due 

to very low residual metal ions in solution on the sulfate reduction process becomes 

insignificant.  

At M/S
2- 

ratio greater than 1, the residual metal concentration exerts significant toxic effect 

on the organism, thereby lowering the sulfate reduction efficiency and, therefore, its own 

removal (Fig. 4.4) (Villa-Gomez et al., 2015). Among the three biomass types investigated 

in this study, the anaerobic biomass collected from UFAR showed very high removal of 

different metals at both low and high initial concentrations. Further, characterization of the 

metal precipitates formed due to the anaerobic biomass collected from the UFAR, which 

proved to be the best among the three biomass sources, was carried out using different 

techniques. 

4.1.1.3 Characterization of metal precipitates  

The anaerobic biomass from UFAR, which showed maximum metal removal as well as 

sulfate reduction was characterized using Fourier transforms infrared spectrometer (FTIR), 

transmission electron microscopy integrated with energy dispersive spectroscopy (TEM-

EDS), field emission scanning electron microscopy equipped with energy dispersive X-ray 

spectroscopy (FESEM-EDX) analyses in order to further probe into the sulfate reduction 

mechanism for heavy metal removal. The FTIR spectra of the anaerobic biomass from 
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UFAR were obtained to determine the functional groups responsible for heavy metal 

removal by sulfate reduction. Figure 4.7 shows that the major stretching occurred in the 

range 500-4000 cm
-1

. It further indicates the appearance of sharp peaks in the region from 

522 cm
-1

 to 1558 cm
-1

. Presence of neutral C=O complex in the control biomass is indicated 

by their stretching modes at 1665 cm
-1

.  

 

Figure 4. 7 FTIR spectra of the UFAR biomass obtained at the end of the metal removal 

experiments. 

Bands corresponding to the stretching mode from 1525 to 1558 cm
-1

 are mainly due to -NH 

stretching and can be attributed to protein amide I and amide II bands (Quan et al., 2013). 

Bands corresponding to the range from 3748 to 3764 cm
-1

 indicate either N-H stretching of 

amine group or O-H stretching of hydroxyl group. Similar studies on spectroscopic 

investigations from the literature report that sulfate ions exhibit five bands centered at 1230 

cm
-1

, 1130 cm
-1

, 1070 cm
-1

, 1000 cm
-1

 and 610 cm
-1

 (Nakamoto, 1970; Feio Maria et al., 

2004). The FTIR spectra (Fig. 4.7) of the metal laden biomass showed bands corresponding 

to the sulfate ions, which clearly indicate their utilization for its growth and metabolism 

(Singh et al., 2011).  
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To understand the morphology and elemental composition of the metal precipitates formed 

using the UFAR biomass, TEM-EDS, FESEM-EDX analyses of the precipitates were 

carried out. Figure 4.8 shows the TEM image of the copper laden biomass, which among 

the different metals showed maximum removal efficiency. Figure 4.8a displays clear image 

of a single bacterial cell associated with copper in the form of copper sulfide as confirmed 

by the EDS spectrum on the outer cell surface (Fig. 4.8b).  

The TEM image (Fig. 4.8a) confirmed the ability of these SRB to grow in presence of 

copper in the media. The image also revealed the presence of a layer or shell like structure 

on cell wall of the bacteria. It has been reported that these naturally produced  polymers 

bind the bacterial cells physically or electrostatically and help in sequestering of other 

constituents in the medium as co-aggregates (Geesey and Jang, 1989). The presence of 

precipitated copper sulfide on outer surface of the bacteria was confirmed by EDS 

indicating sulfide and copper peaks (Fig. 4.8b).  

 

Figure 4. 8 (a) TEM image of the SRB grown in copper loaded UFAR biomass, (b) EDS 

spectrum from a spot on cell wall surface indicated by arrows. 

Figure 4.9a depicts EDX spectrum along with the FESEM image of the bioprecipitate from 

control biomass in which the solid biomass appears as a coalescent material. Similarly, Figs. 

4.9b to 4.9f show the EDX spectrum of the metal loaded biomass along with FESEM image 

of the corresponding biomass. All these figures indicate the presence of individual metals 

along with other elements, such as carbon, oxygen, nitrogen, sodium, phosphorous, 

chlorine, calcium, potassium and iron in the precipitates, which constituted the modified 

Postgate medium. From FESEM-EDX spectra of the precipitates (Fig. 4.9), it is clear that 

metals are precipitated as metal sulfides (Azabou et al., 2007). The UFAR biomass is 
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mainly composed of SRB that are curved and oval shaped rods (White, 2000; Madigan et 

al., 2003). Figure 4.10 shows a schematic of the mechanism involved in heavy metal 

removal by SRB. 

 

Figure 4. 9 EDX spectra of the bio-precipitates with images (insert) of the corresponding 

bio-precipitates from, a) control biomass, b) cadmium loaded biomass, c) nickel loaded 

biomass, d) iron loaded biomass, e) lead loaded biomass, f) zinc loaded biomass.   
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Figure 4. 10 Schematic showing the steps involved in metal removal by SRB. 

4.1.2 Batch heavy metal removal from multi-component system  

Pollutants, such as heavy metals never exist single in wastewater; they rather coexist with 

other inorganic species. Industrial effluents, e.g. acid mine drainage (AMD), usually contain 

more than one metal along with high sulfate content. Several authors have reported the 

effect of individual heavy metals on the sulfate reduction by SRB (Luptakova and 

Kusnierova, 2005). However, there is very less understanding on the combined effect of 

more than one metal in mixture on simultaneous sulfate and COD reduction as well as on 

each other metal removal in multi-component system. Thus, it is important to analyze and 

characterize the metal removal from mixture by SRB.  

Therefore, this study was aimed at investigating heavy metal precipitation from mixture and 

also their effect on sulfate and COD reduction by SRB using UFAR biomass which showed 

the best results among the various biomass sources tested for heavy metal removal from 

single component system. One way to study the combined effect of heavy metals and 

sulfate on cultures of SRB is by using statistically designed experiments. For instance, 

individual main effect of factors on a given response can be investigated employing 

Plackett-Burman design, which is an efficient statistical experimental design technique 

(Flouty and Estephane, 2012). Analysis of the results is accomplished through analysis of 

variance (ANOVA) and student’s t test.  
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4.1.2.1 Heavy metal and COD removal and sulfate reduction in the multi-component 

system  

Table 4.2 presents the results of simultaneous removal of Cd(II), Cu(II), Ni(II), Fe(III), 

Pb(II) and Zn(II) by SRB in the multi-component system, which reveals that the removal 

efficiency of each of these metals varied depending upon their combination level in their 

respective mixtures. The results obtained shows a maximum removal for Cu(II) (98.9%), 

followed by Ni(II) (97%), Cd(II) (94.8%), Zn(II) (94.6%), Pb(II) (94.4%) and Fe(III) 

(93.9%). A maximum metal removal was achieved at a low concentration combination of 

these metals, i.e. at  5 mg/L each of Ni(II), Cd(II), Zn(II) and Pb(II), at 25 mg/L Cu(II) and 

10 mg/L Fe(III) in the experimental run 1 (Table 4.2). These results clearly indicate the 

dependence of metal precipitation by SRB on the metals and their concentration 

combination in mixture. An overall removal efficiency of more than 75% for each metal 

was achieved except for nickel (72.4%) (Table 4.2).  

Table 4. 2 Sulfate reduction, metal and COD removal from mixture by SRB 

Exp 

Run 

Sulfate 

removal
a
 (%) 

COD 

removal
a
 (%) 

Metal removal (%)
a
 

Cd Cu Ni Fe Pb Zn 

1 92.5 91.2 94.8 98.9 97 93.9 94.4 94.6 

2 85.8 87.7 86.4 98.0 83.2 93.5 92.0 86.6 

3 84.6 70.8 84.4 95.0 85 78.9 87.2 89.3 

4 77.3 71.7 81.8 91.6 92.2 91.9 93.1 81.3 

5 75.5 66.5 92.4 92.2 81.4 78.3 90.8 83.1 

6 73.2 65 92.6 91.1 72.4 77.4 85.5 84 

7 81.1 74.8 79.1 93.0 95.2 77.3 88.3 92.6 

8 78.4 86 84 94.6 93.4 93.9 88.4 80.2 

9 83.5 69 79 92.9 92.5 78 91.4 85.0 

10 73.7 63 83.9 93.6 86.2 84.6 92.4 92 

11 85.2 66.8 91.9 92.5 94 84.3 93.2 85.1 

12 72.6 62.5 81.5 93.8 83.2 83.5 83.3 82.2 

a
Values show are average of two sample analysis for sulfate reduction, metal and COD 

removal   

TH-1776_126152002



Chapter 4 Results and Discussion 

 

95  

  

Sulfate and COD reduction efficiencies corresponding to the different experimental runs are 

presented in Table 4.2. Experimental run 1 resulted in maximum sulfate reduction 

efficiency (92.5%), followed by experimental runs 2 and 11. Maximum COD reduction 

efficiency (91.2%) was observed in experimental run 1 followed by runs 2 and 8 (Table 

4.2). Both sulfate and COD reduction efficiencies were minimum in the experimental run 

12 with metals added at their respective high initial levels. It can be observed from Table 

4.2 that the results corresponding to heavy metal removal and the sulfate reduction 

correlated well with each other, confirming heavy metal precipitation by SRB through 

sulfate reduction. Similar to the heavy metal removal from the previous single component 

system, among the different heavy metals in the multi-component system, copper removal 

was maximum (98.9%) due to its low solubility product value with sulfide.  

Thus, the order of removal of these metals as sulfide salts is attributed to their respective 

solubility product constant values (Hill et al., 2005). The results shown in Table 4.2 further 

confirmed that metals at a low initial concentration level (experimental run 1) in the multi-

component system did not inhibit the activity of SRB. However, a high initial metal 

concentration level (experimental run 12) resulted in a reduced activity of the SRB and, 

therefore, its sulfate reduction efficiency (72.6%). Due to the low sulfate reduction 

efficiency, metal removal was also less compared to those in the other experimental runs 

(Table 4.2).  

At a low initial metal concentration, metal precipitation due to sulfide produced by SRB 

avoids any toxic effect of the metal on SRB owing to its reduced bioavailability. This could 

be the major mechanism for metal precipitation and metal tolerance by SRB (White and 

Gadd, 2000). On the other hand, at an elevated concentration, these metals tend to be toxic 

to microorganisms due to their easy bioavailability, thus resulting in denaturation and 

deactivation of enzymes, rupture of cell organelles and membrane integrity, etc. 

(Alexandrinoa et al., 2011). Such toxic effects of copper on SRB has been reported by 

Kadukova and Vircikova (2005). The heavy metal resistance due to SRB also varied with 

respect to the different metal species, as presented earlier in Table 4.1 (Azabou et al., 2007).  

4.1.2.2 Statistical analysis 

For a better interpretation and assessment of the significance of the individual heavy metals 

on each other removal as well as on the sulfate and COD reduction by SRB, the results 
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obtained were analyzed statistically in terms of student’s t test and ANOVA. Student t test, 

which is used as a common tool to verify the significance of the coefficients of the 

regression model parameters on a given response, was applied to understand the effect of 

these metals on each other removal in the multi-component system. Tables 4.3 and 4.4 

present student t test of heavy metal removal, sulfate reduction and COD removal from 

multi-component system. The estimated coefficients of individual effect of these metals are 

described in Tables 4.3 and 4.4 in which the associated T and P values were used to specify 

their significance.  

Table 4. 3 Student t test of heavy metal removal from multi-component system 

Term Cd(II) Cu(II) Ni(II) Fe(III) Pb(II) Zn(II) 
a
Effect -7.3 -1.5 0.118 -1.7 -0.785 -1.7 

Coef -3.6 -.076 0.059 -0.85 -0.39 -0.89 

T -2.29 -0.48 0.04 -0.53 -0.25 -0.56 

P 0.07 0.652 0.972 0.617 0.816 0.601 
b
Effect 0.77 -2.7 -0.18 -1.45 -1.19 -2.01 

Coef 0.385 -1.3 -0.09 -0.72 -0.59 -1.00 

T 0.75 -2.68 -1.42 -1.42 -1.17 -1.19 

P 0.48 0.044 0.216 0.216 0.29 0.107 
c
Effect 1.95 -5.7 -10.0 2.15 -1.55 2.9 

Coef 0.97 -2.8 -5.0 1.0 -0.7 1.4 

T 0.69 -2.03 -3.55 0.76 -0.5 1.04 

P 0.522 0.098 0.016 0.48 0.6 0.3 
d
Effect 1.1 -5.0 -5.8 -8.9 -4.28 0.52 

Coef 0.5 -2.5 -2.9 -4.4 -2.1 0.26 

T 0.5 -2.46 -2.8 -4.33 -2.0 0.25 

P 0.5 0.057 0.036 0.008 0.093 0.81 
e
Effect -1.4 -2.1 -3.2 1.1 -4.7 0.06 

Coef -0.7 -1.0 -1.6 0.55 -2.3 0.03 

T -1.9 -3.0 -4.5 1.5 -6.6 0.09 

P 0.1 0.02 0.006 0.18 0.001 0.9 
f
Effect 0.20 -0.9 -2.6 3.0 -1.5 -7.0 

Coef 0.102 -0.4 -1.3 1.5 -0.7 -3.5 

T 0.1 -0.5 -1.5 1.8 -0.9 -4.2 

P 0.9 0.5 0.17 0.12 0.4 0.008 

a
(For Cd(II) removal); 

b
(For Cu(II) removal); 

c
(For Ni(II) removal); 

d
(For Fe(III) removal); 

e
(For Pb(II) removal); 

f
(For Zn(II) removal); Effect; Coeff: Coefficient; T: T value; P: 

probability 
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Table 4. 4 Student t test of sulfate and COD reduction in the presence of different heavy 

metals in multi-component system 

Term Effect Coef T P 

Sulfate 

reduction     

Constant 80.307 1.169 0  

Cd -2.217 -1.109 -0.95 0.386 

Cu -9.452 -4.726 -4.04 0.01 

Ni -2.166 -1.083 -0.93 0.397 

Fe 0.65 0.325 0.28 0.792 

Pb -2.182 -1.091 -0.93 0.393 

Zn -3.071 -1.536 -1.31 0.246 

COD reduction     

Constant 72.917 2.084 0  

Cd 1.833 0.917 0.44 0.678 

Cu -11.33 -5.667 -2.72 0.042 

Ni -5.333 -2.667 -1.28 0.257 

Fe -8.867 -4.433 -2.13 0.087 

Pb -3.867 -1.933 -0.93 0.396 

Zn -5 -2.5 -1.2 0.284 

        Effect; Coeff: Coefficient; T: T value; P: probability 

Table 4.5 presents the ANOVA of metal removal (Appendix D.1); ANOVA of sulfate and 

COD removal is presented in Table 4.6 (Appendix D.2). In these ANOVA tables, a high 

Fisher’s value (F) and a low probability value (P) of the regression model indicate the 

model precision in explaining the variations in the results. Values of the statistical 

parameters F, P, standard error (S), coefficient of determination (R
2
) and adjusted R

2
, 

collectively illustrate whether the level means are significantly different from each other or 

not.  

These values also clearly show goodness of fit of the respective regression models used to 

explain the experimental results (Haider and Pakshirajan, 2007). A low value of the 

parameter S represents an accurate prediction capability of these models. R
2
 and adjusted R

2
 

values describe the amount of variation in the observed response values. Hence, a minimum 

value of S and a maximum value of R
2
 represent an accurate prediction capability of the 

model (Montgomery, 2004). Tables 4.5 and 4.6 also present the accuracy and precision of 

the models in terms of R
2
, adjusted R

2
, S and predicted residual error sum of squares 

(PRESS). These values suggest that the models were accurate in predicting the results. Best 

results were, however, obtained for the models used to describe Fe(III), Pb(II) and Zn(II) 
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removal by SRB (Table 4.5). All these effects of different heavy metals on each other 

removal in the multi-component system are better illustrated in the form of Pareto charts, 

depicted in Fig. 4.11.  

 

Figure 4. 11 Pareto chart showing the effect of different heavy metals on each other 

removal, sulfate and COD reduction by SRB: a) Cu(II) removal, b) Ni(II) removal, c) 

Fe(III) removal, d) Pb(II) removal, e) Zn(II) removal, f) sulfate reduction and g) COD 

reduction (vertical line shows significance cutoff at P value less than 0.05). 
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Horizontal bars in these charts represent the effect due to the individual metals, and those 

extending past the reference line (vertical line on the chart) represent the significant ones 

(α=0.05). In summary, an increase in Cu(II), Ni(II) and Zn(II) concentration level in the 

mixture was inhibitory to their own removal (Fig. 4.11a, 4.11b and 4.11e). Fe(III) and Ni(II) 

inhibited Fe(III) removal (Fig. 4.11c), whereas Pb(II), Ni(II) and Cu(II) showed inhibitory 

effect on Pb(II) removal in the multi-component system (Fig. 4.11d). Pareto chart results 

matched well with the student t test and all these effects of heavy metals on each other 

removal from mixture can be attributed to the solubility product constant value of the 

corresponding metal sulfide salts (Hill et al., 2005). Among the different metals, Cu(II) 

inhibited both sulfate and COD reduction by SRB (Figs. 4.11f and 4.11g). This can be 

attributed to the formation of high sulfide precipitates which may result in diffusion 

limitation of the substrates (COD and sulfate) (Kieu et al., 2011). 

4.1.2.3 Characterization of metal bioprecipitates  

Characterization of the bio-precipitates (biomass from control and experimental run 1) using 

TEM-EDS, FESEM-EDX and FTIR was carried out to understand the morphology and 

elemental composition of the metal precipitates formed by SRB in this multi-component 

study. Figures 4.12a and 4.13a display TEM images of the bacterial cell with metal sulfides 

precipitated on its surface. The presence of different metals as sulfides is confirmed by the 

EDS spectrum taken from a spot on the outer cell surface of the bacteria (Figs. 4.12b and 

4.13b). Metal precipitates in the vicinity of the bacterial cell surface are clearly visible from 

Figs. 4.12 and 4.13. 

 

Figure 4. 12 (a) TEM image of a metal loaded bacterial cell from experimental run #1, (b) 

EDS spectrum from a spot on the bacterial cell surface. 
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The TEM images (Figs. 4.12a and 4.13a) confirmed the ability of these SRB to grow in the 

presence of metals in mixture which is also confirmed by color change of the input medium 

from colorless to black due to the formation of FeS and generation of hydrogen sulfide 

owing to SRB growth and activity (Herbert and Gilbert, 1984; Hamilton, 1994; Singh et al., 

2011). The images also reveal the presence of a layer or shell like structure on cell wall of 

the bacteria, confirming that metal sulfide is associated with outer layer of the bacterial cell 

surface (Figs. 4.12b and 4.13b).  

 

Figure 4. 13 (a) TEM image of a metal loaded bacterial cell from experimental run #1 

showing intact metal precipitate on SRB cell surface, (b) EDS spectrum from a spot on the 

bacterial cell surface. 

Elemental composition of the control biomass was confirmed by EDX spectrum shown in 

Fig. 4.14a; insert to Fig. 4.14a represents the FESEM image of the control biomass which 

appears as a coalescent material. Similarly, elemental composition of the biomass taken 

from experimental run 1 was confirmed by EDX spectrum (Fig. 4.14b); insert to Fig. 4.14b 

represents the FESEM image of the same biomass. A comparison between these figures 

confirms metal sulfide precipitation by SRB together with the presence of other elements 

that constituted the modified Postgate medium, which is similar to the findings obtained in 

the previous study (Fig. 4.9). The presence of sulfur peak in the spectra (Figs. 4.12b-4.14b) 

is attributed to the metal sulfide precipitation as a result of SRB activity. The precipitates 

formed are predominantly amorphous form of sulfide salts corresponding to different metals 

added in mixture (Fig. 4.14). Sulfate and COD reduction along with metal sulfide formation 

confirmed that sulfidogenesis is the governing mechanism for heavy metal removal by SRB 

(Jin et al., 2007).  
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Figure 4. 14 EDX spectrum of (a) control biomass, (b) metal loaded biomass from 

experimental run #1. Insert to these figures show the image of the respective biomass. 

Overall, the results from TEM and FESEM revealed that the metals were mainly removed 

by sulfide precipitation. From FESEM-EDX spectra of the precipitates (Fig. 4.14), it is clear 

that the metals were precipitated as metal sulfides (Azabou et al., 2007). Different metals 

precipitated in the experimental run 1 are highlighted with circle in Fig. 4.14b. Among the 

peaks due to the different elements, only the peak due to sulfide is significant indicating that 

the metals were present as sulfides in the precipitate (Figs. 4.12-4.14). All other forms, such 

as M(OH)x, MCO3, etc., were not significant.  

Figure 4.15 shows the FTIR spectra of the heavy metal laden anaerobic biomass from the 

experiments which was obtained to verify the interaction between the metal ions and the 
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functional groups present on the bacterial surface. The major stretching in the spectrum was 

in the range 468-3696 cm
-1

 for the control biomass and 467-3468 cm
-1

 for biomass obtained 

from experimental run 1. The spectra show characteristic sharp peaks in the different wave 

regions 599-618 cm
-1

, 1018-1043 cm
-1

, 1535-1544 cm
-1 

and 1638-1642 cm
-1

, respectively. 

Occurrence of neutral C=O complex was indicated by the stretching at 1644 cm
-1

 in control 

biomass and a minor shift to 1642 cm
-1

 in the heavy metal laden biomass.  

Bands in the range 1199-800 cm
-1

 are associated with C–O–C and C–O–P stretching. These 

stretching vibrations involve oligo and polysaccharides present in the bacteria (Rubio et al., 

2006). Bands corresponding to the stretching from 1525 to 1558 cm
-1

 are mainly due to -NH 

stretching and can be attributed to protein amide I and amide II bands (Quan et al., 2013). 

Bands corresponding to the range from 3748 to 3764 cm
-1

 indicate either N-H stretching of 

amine group or O-H stretching of hydroxyl group. An earlier study on the FTIR spectra of 

SRB has reported that sulfate ions exhibit five bands centered around 1230 cm
-1

, 1130 cm
-1

, 

1070 cm
-1

, 1000 cm
-1

 and 610 cm
-1

 (Nakamoto, 1970). Similar observation was made in the 

results obtained from single component system (Fig. 4.7). 

 

Figure 4. 15 FTIR spectra of control biomass and heavy metal loaded biomass from 

experimental run # 1 in the study. 

The FTIR spectra (Fig. 4.15) of the biomass used in this multi-component system showed 

bands corresponding to the sulfate ions, which clearly indicate sulfate reduction for its 

growth and metabolism (Singh et al., 2011; Zaina et al., 2011). FTIR analysis confirmed a 
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high degree of similarity of the functional groups corresponding to SRB in the present study 

with several other reported species of SRB, such as Desulfovibrio vietnamensis DSM 

10520, Desulfovibrio gigas ATCC 19364, Desulfovibrio gabonensis DSM 10636 and 

Desulfovibrio indonesiensis NCIMB 13468 (Feio Maria et al., 2004).  

4.1.3 Sulfate reduction, metal and COD removal using immobilized SRB  

There is no doubt that SRB based treatment system is effective and can be applied on a 

large-scale, but it involves certain limitations. One such limitation is the inherent toxicity of 

the metals on SRB growth and activity (Min et al., 2008). For instance, high metal 

concentrations have been shown to be inhibitory towards growth and activity of 

free/suspended SRB (Sani et al., 2001; Utgikar et al., 2001; Utgikar et al., 2002).  

Although a wide range of materials has been tested for active immobilization, the naturally 

available polymer sodium alginate has received significant interest owing to its easy 

availability, low-cost (Chen and Lin, 1994; Lozinsky and Plieva, 1998). However, the 

applicability of sodium alginate immobilized SRB for heavy metal removal from 

wastewater and the mechanism involved are very limited. Therefore, this study was aimed 

at investigating the performance of sodium alginate immobilized SRB beads for sulfate and 

heavy metal removal and study the mechanism involved in metal removal.  

4.1.3.1 Heavy metal and COD removal and sulfate reduction 

Figure 4.16 illustrates the metal removal efficiency obtained using the immobilized SRB 

beads at 10 mg/L and 50 mg/L initial metal concentration. At 10 mg/L initial metal 

concentration, more than 95% removal was achieved for all the metals; at 50 mg/L, more 

than 85% metal removal was obtained for all the metals, but in case of nickel the removal 

was less (75%) (Fig. 4.16c). These results were slightly better than the metal removal 

results obtained previously using free/suspended SRB biomass (Figs. 4.1-4.2). The 

immobilized SRB showed very good tolerance towards the different heavy metals even at a 

high initial concentration (Fig. 4.16). In general, heavy metals are reported to be toxic to 

free/suspended SRB activity, particularly at a high initial concentration, often due to 

enzyme deactivation, protein denaturation and cell membrane damage (Kikot et al., 2010). 

The capability of the SRB immobilized beads to withstand the toxic effect of heavy metals 

as compared with free/suspended SRB biomass can be attributed to metal precipitation 
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outside the bead surface, which prevented any direct contact between the metals and the 

SRB.  

 

Figure 4. 16 Heavy metal removal by immobilized SRB beads at 10 and 50 mg/L initial 

metal concentration: (a) Cd(II), (b) Cu(II), (c) Ni(II), (d) Fe(III), (e) Pb(II) and (f) Zn(II); 

(○:10 mg/L, ●: 50 mg/L). 

Sulfate reduction and COD removal by immobilized SRB beads in the presence of different 

metals at 10 and 50 mg/L initial concentrations are presented in Fig. 4.17. At 10 mg/L 
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initial metal concentration, more than 82% sulfate removal was obtained (Fig. 4.17). At 50 

mg/L initial metal concentration, more than 75% sulfate removal was achieved, except with 

nickel, and in which case the removal was slightly less at 71% (Fig. 4.17c).  

 

Figure 4. 17 Sulfate and COD removal by immobilized SRB at 10 and 50 mg/L of initial 

metal concentration: (a) Cd(II), (b) Cu(II), (c) Ni(II) ), (d) Fe(III), (e) Pb(II) and (f) Zn(II). 
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In an earlier study using the free/suspended biomass, more than 90% sulfate reduction 

efficiency was achieved for both the initial metal concentrations (Figs. 4.3-4.4), which is 

slightly higher than that obtained using the immobilized SRB (Fig. 4.17). Figure 4.17 also 

depicts the COD removal in the presence of different metals. Over 75% COD removal was 

achieved using the immobilized SRB at 10 mg/L initial metal concentration. At 50 mg/L 

initial metal concentration, more than 65% COD removal was achieved with Cd(II), Cu(II), 

Fe(III), Ni(II) and Pb(II), and 64% with Zn(II) (Fig. 4.17c). These results of COD removal 

(Fig. 4.17) were lower than that obtained previously using the free/suspended SRB biomass 

(Figs. 4.5-4.6).  

Compared with the sulfate reduction by free/suspended SRB biomass, immobilized SRB 

yielded a low sulfate as well as COD reduction efficiency for both 10 and 50 mg/L initial 

metal concentrations (Fig. 4.17), which may be attributed to diffusion limitation of these 

substrates into the SRB immobilized beads (Utgikar et al., 2002; Jong and Parry, 2003; Min 

et al., 2008). Results of sulfate reduction and metal removal shown in Figs. 4.16-4.17 

matched well with each other, indicating that sulfide generated through sulfate reduction by 

SRB was responsible for precipitating the metals. Among the different heavy metals tested, 

copper removal was maximum due to its low solubility product value with sulfide, which is 

in agreement with the results obtained previously.  

4.1.3.2 Reusability and durability of immobilized SRB  

Based on the results of metal removal efficiencies by immobilized SRB obtained at 

different initial metal concentrations (10 and 50 mg/L), reusability and durability of the 

immobilized biomass for heavy metal removal were tested with 25 mg/L initial 

concentration of Ni(II), Zn(II), Pb(II), Fe(III) and Cd(II); in case of Cu(II), 50 mg/L initial 

concentration was chosen. The results obtained from reusability and durability experiments 

are shown in Fig. 4.18. From Fig. 4.18, it can be seen that immobilized SRB beads yielded 

almost complete metal removal except in case of Ni(II) and Fe(III) for the first two cycles 

of reuse. The removal values remained stable with its further reuse in the experiments for all 

the metals but for Ni(II) and Fe(III), the removal was slightly high (Fig. 4.18). All these 

results clearly reveal that immobilized SRB beads can be reused several times for achieving 

the best metal removal results. Reusing capacity of SRB immobilized using a mixture of 

SiO2, CaCO3, activated carbon, polyvinyl alcohol (PVA) and sodium alginate was tested for 

zinc removal; 99% removal was reported with multiple use of the beads without any effect 

on the zinc removal rate (Min et al., 2008). 
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Figure 4. 18 Heavy metal removal by immobilized SRB for three consecutive cycles: (a) 

Cd(II), (b) Cu(II) and (c) Ni(II), (d) Fe(III), (e) Pb(II), and (f) Zn(II). 

4.1.3.3 Characterization of immobilized beads  

Characterization of the immobilized beads was carried out by FESEM-EDX to understand 

the bead morphology and the metal removal mechanism involved which is shown in Figs. 

4.19 and 4.20. In order to understand the exact mechanism of metal precipitation by SRB 

immobilized beads, i.e., whether it occurs interior or exterior to the beads, FESEM-EDX 

analyses of one-half of the bead at its cross-section, whole cell immobilized bead and blank 

bead (without SRB) were carried out.  
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Figure 4. 19 EDX spectra of immobilized SRB containing beads: (a) control bead, (b) 

Cd(II) laden, (c) Cu(II) laden, (d) Ni(II) laden, (e) Fe(III) laden, (f) Pb(II) laden and (g) 

Zn(II) laden; insert show FESEM image of the corresponding beads. 
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Figure 4. 20 EDX spectra of the middle section of the immobilized SRB containing beads: 

(a) control bead, (b) Cd(II) laden, (c) Cu(II) laden, (d) Ni(II) laden, (e) Fe(III) laden, (f) 

Pb(II) laden and (g) Zn(II) laden; insert show FESEM image of the corresponding beads. 
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Figure 4.19a represents EDX spectrum of the whole cell immobilized bead (control bead); 

insert shows FESEM image of the bead. Similarly, Fig. 4.19(b-g) illustrates EDX spectra of 

metal laden immobilized beads; insert show FESEM images of the corresponding beads. 

The EDX spectrum and FESEM image of immobilized SRB bead cut at its cross-section 

and metal laden bead are shown in Fig. 4.20. A comparison of FESEM-EDX profiles of 

these immobilized SRB containing beads (Figs. 4.19 and 4.20) confirms metal precipitation 

by SRB together with the presence of other elements that constituted the modified Postgate 

medium, similar to the findings obtained in the previous study (Figs. 4.9 and 4.14). 

Moreover, metal removal by the beads is attributed to their precipitation outside the beads 

(Figs. 4.19 and 4.20). Based on the results obtained, a schematic of metal removal 

mechanism by immobilized SRB beads is shown in Fig. 4.21.  

 

Figure 4. 21 Schematic of metal removal mechanism by immobilized SRB beads. 

4.2 Continuous Metal Removal Using DFCR With Immobilized SRB Biomass 

The use of free/suspended SRB results in activity loss due to cell washout in continuously 

operated reactors (Baskaran and Nemati, 2006), and, therefore, require extended hydraulic 

retention time (HRT) for operating the system (Neculita et al., 2007). In order to overcome 

the drawbacks associated with the use of free/suspended SRB, active cell immobilization 

using suitable naturally available polymeric matrix is proposed. The applicability of sodium 

alginate immobilized SRB for continuous heavy metal removal from wastewater is very 

limited. Therefore, this study was aimed at investigating the performance of sodium alginate 

immobilized SRB beads for heavy metal removal from single and multi-component system 

using a downflow column reactor (DFCR) operated under continuous mode. 

4.2.1 Single component system 

4.2.1.1 Heavy metal and COD removal and sulfate reduction 

Figure 4.22 shows the column reactor (DFCR) performance in terms of metal removal at 48 

h and 24 h HRT. At all the tested inlet metal concentrations, more than 88% metal removal  
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was obtained at 48 h HRT for all the metals, except for Fe(III), which showed nearly 75% 

(Fig. 4.22a). At 24 h HRT, more than 86% removal is obtained for Pb(II), Cd(II), Zn(II) and 

Cu(II), whereas in case of Fe(III) and Ni(II), more than 75% removal could be achieved at 

the respective inlet metal concentrations (Fig. 4.22b). Figures 4.23-4.24 present sulfate and 

COD reduction profiles obtained using the DFCR operated at different conditions. A low 

inlet metal loading (48 h HRT) yielded sulfate removal efficiency in the range 54-71% for 

all the metals (Fig. 4.23a).  

 

Figure 4. 22 Continuous removal of heavy metals using the DFCR with immobilized SRB 

beads: (a) 48 h HRT and (b) 24 h HRT (●: Metal outlet, ○: Metal inlet, ▲: % Metal 

removal). 
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However, these values were reduced (46-62%) at 24 h HRT (high inlet metal loading) (Fig. 

4.23b). Figure 4.24a reveals that COD removal ranged from 57-73% for all the metals at a 

low inlet metal loading (48 h HRT). At a high metal loading (24 h HRT), COD removal was 

slightly low (Fig. 4.24b).  

 

Figure 4. 23 Sulfate removal in the presence of different heavy metals using the DFCR: (a) 

48 h HRT and (b) 24 h HRT (●: Sulfate outlet, ○: Sulfate inlet, ▲: % Sulfate removal). 
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Figure 4. 24 COD removal in the presence of different heavy metals using the DFCR: (a) 

48 h HRT and (b) 24 h HRT (●: COD outlet, ○: COD inlet, ▲: % COD removal). 

A slight reduction in the metal removal at a high inlet metal concentration (Fig. 4.22) 

indicated inhibitory effect of the metals on SRB activity and growth (Hsu et al., 2010),
 

which is also evident from the corresponding low sulfate and COD reduction values 

presented in Figs. 4.23-4.24. This small reduction in the continuous removal of heavy 

metals, sulfate and COD reduction at a high inlet metal concentration can be attributed to 

diffusion limitation of the substrates (sulfate and COD), as noted previously in the case of 

batch heavy metal removal using immobilized SRB (Figs. 4.16-4.17). Similar results of 
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sulfate and COD reduction were reported by Tucker et al. (1998) in their study, but with 

formate and lactate as the electron donors. Results of continuous heavy metal removal using 

the DFCR packed with immobilized SRB beads (Fig. 4.22) reveal that the metal removal 

was maximum for both 24 h and 48 h HRT at their respective low inlet metal 

concentrations, which correlated well with SRB activity in terms of sulfate reduction, COD 

removal and sulfide formation (Figs. 4.23-4.25). Values of sulfide generated during the 

experiments are shown in Fig. 4.25 for 48 h and 24 h HRT, which correlated well with the 

sulfate reduction values observed earlier.  

 

Figure 4. 25 Results of sulfide generated in the DFCR with immobilized SRB beads at (a) 

48 h HRT and (b) 24 h HRT (■ Sulfide generated (mg/L)). 
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Tucker et al. (1998) investigated the potential of SRB immobilized polyacrylamide gel in 

column reactors for the removal of uranium and molybdenum, and achieved almost 99% 

metal removal without any inhibitory effect on SRB activity at a low inlet concentration in 

the range 5-10 mg/L. Zhang et al. (2016) achieved more than 99% metal removal at very 

high initial concentrations of Cd, Cu, Fe and Zn using upflow anaerobic packed bed reactor 

with immobilized SRB beads; the beads were prepared based on a mixture of PVA, sodium 

alginate, silicon sand, maize straw powder, zero valance iron and SRB sludge.  

Compared with 24 h HRT, 48 h HRT yielded a maximum removal of metals, sulfate and 

COD reduction with the DFCR (Figs. 4.22a-4.24a). Effect of HRT on reactor performance 

is well reported in the literature; in general, metal precipitation by SRB occurs in the range 

of a few days to 5 days (Kuyucak and St-Germain, 2006). Moreover, it is usually observed 

that at short HRT values, sufficient time is unavailable for the SRB to reduce sulfate, 

thereby hindering metal precipitation as sulfide. Whereas, a long HRT offers a greater 

extent of sulfate reduction by using the carbon source more efficiently, thereby precipitating 

the metals as their respective sulfide salts (Dvorak et al., 1992).  

Another reason for a low heavy metal removal efficiency at 24 h HRT may be due to 

substrate diffusion limitation and intermittent biomass washout from the reactor, which 

could be overcome by improving the mechanical stability and porosity of the bio-support 

material. Among the different metals tested in this study, Cu(II) removal was maximum at 

all inlet concentration levels owing to its low solubility product value with sulfide. 

Consequently, the metal removal order matched well with their solubility product values 

reported in the literature (Hill et al., 2005). The metal removal thus followed the order: Cu > 

Zn > Pb > Cd > Ni > Fe, which matches well with the metal removal obtained in the batch 

study (Fig. 4.16). 

Performance of the DFCR in terms of metal removal rate with respect to inlet metal loading 

rate (ILR) is shown in Fig. 4.26, which reveals that the metal removal efficiency is 

maximum at a low ILR, indicating that SRB activity is unaffected due to the metals at a low 

inlet concentration (Fig. 4.26). However, with an increase in the ILR, the removal rate and 

removal efficiency decreased, indicating an inhibitory effect of the metals at a high inlet 

concentration (175 mg/L in case of Cu(II) and 90 mg/L for the other metals) on SRB 

activity (Fig. 4.26).  
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From Fig. 4.26, the line passing through the origin indicates a stable performance of the 

system at different input conditions; the removal rate values that are offset from the line 

passing through the origin indicate that ILR values beyond this point are unfavorable for 

achieving a high metal removal using the DFCR. Hence, metal loading rates greater than 

4.29 mg/L∙h in case of Cu(II) and 2.20 mg/L∙h, in case of Ni(II), Zn(II), Pb(II), Fe(III) and 

Cd(II) are considered toxic and inhibitory to SRB activity and, therefore, detrimental to the 

reactor performance.  

 

Figure 4. 26 Heavy metal removal rate as a function of inlet metal loading rate obtained 

using the continuously operated DFCR with immobilized SRB beads: (a) Cd(II), (b) Cu(II), 

(c) Ni(II), (d) Fe(III), (e) Pb(II) and (f) Zn(II) (▲: Metal removal rate from single 

component system; ○: Metal removal rate from multi-metal solution). 
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4.2.2 Heavy metal removal from multi-component system  

The collective effect of more than one metal can be greater than the sum of each metal 

effect (synergy) or, sometimes, it can be equal to the summation of the effects of each 

individual metal (additive effect) (Utgikar et al., 2004; Gikas et al., 2007) or lower than 

their sum due to antagonistic effect (Utgikar et al., 2004). Hence, metals in mixture present 

a different effect on microorganisms in a biological system than the individual metals 

themselves (Sema et al., 2012). Furthermore, it has been well reported that results from 

batch experiments cannot be extrapolated to understand the combined effect of heavy 

metals on each other removal in continuously operated bioreactor systems (Chen et al., 

1997; Hu et al., 2004; Sen et al., 2007). Very limited reports are available on studying the 

combined effect of metals on microbes in both batch and continuous systems using SRB.  

Hence, this study was aimed at investigating the combined effect of different heavy metals 

on heavy metal removal, sulfate reduction and COD removal by SRB using the DFCR. The 

statistically valid fractional factorial design of experiments was employed in this study; 

student’s t test and ANOVA were then applied for statistical analysis of the results to 

interpret the significance and effect of these metals on each other removal as well as on 

COD removal and sulfate reduction under continuous operation mode.  

4.2.2.1 Heavy metal and COD removal and sulfate reduction 

Metal removal from mixture using the DFCR is presented in Fig. 4.27a which shows that 

Cu(II) removal is maximum (99%), followed by Zn(II) (95.8%), Cd(II) (94%), Pb(II) 

(92%), Fe(III) (86%) and Ni(II) (70%) at their respective low inlet concentrations 

(experimental run 18, Table 3.4). A low inlet concentration of the different heavy metals i.e, 

50 mg/L each of Ni(II), Pb(II), Fe(III), Cd(II) and Zn(II) and 100 mg/L of Cu(II) resulted in 

a maximum removal of the metals (Fig. 4.27a).  

The metal removal values were low at their respective high inlet concentration combination 

in the mixture (Cu(II) 96.4%, Cd(II) 92%, Zn(II) 79.8%, Fe(III) 71%, Pb(II) 61.5% and 

Ni(II) 47.5%) (experimental run 4, Table 3.4). These values are slightly lower than the 

corresponding metal removal values obtained in case of the single metal solution (Fig. 

4.22). These results confirm the dependence of metal and their initial concentration in the 

mixture on their removal by SRB. Figure 4.27b presents sulfate reduction and COD 

removal and sulfide generated consequent to the experimental runs using the DFCR. 
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Experimental run 18 (metals added at their respective low initial level combination) showed 

maximum sulfate reduction followed by experimental run 5; COD removal was maximum 

in experimental runs 2 and 18 (Fig. 4.27b).  

 

 

Figure 4. 27 (a) Continuous removal of heavy metal removal from mixture, (b) Continuous 

COD removal, sulfate reduction and sulfide generated in the mixture experiments using the 

DFCR. 
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Sulfide generated was maximum in experimental runs 7, 5, 2 and 18, respectively (Fig. 

4.27b). Both COD removal and sulfate reduction efficiencies were minimum in 

experimental run 4 (metals added at their respective high initial level combination) using the 

DFCR. These values of COD removal, sulfate reduction and sulfide generated were less 

than that obtained in the single component system (Figs. 4.23-4.25). Thus, it is clear from 

Fig. 4.27 that the removal of different heavy metals correlated well with the sulfate removal 

results, confirming that the metal removal by SRB is due to sulfide precipitation. 

These results further imply that low initial level concentration of the heavy metals in the 

multi-component system did not inhibit the SRB activity (Figs. 4.22a and 4.27a). Copper 

removal was maximum amongst all the heavy metals tested, which matched well with the 

results obtained from a previous study (Hill et al., 2005). Low values of COD removal and 

sulfate reduction obtained using the DFCR can be attributed to the diffusion limitation of 

these substrates in the DFCR packed with immobilized SRB beads (Min et al., 2008), which 

also matched with the results obtained in the single component system using the DFCR 

(Figs. 4.23 and 4.24). Biomass washout from the reactor could be another reason for low 

values of COD and sulfate reduction (Hsu et al., 2010). Figure 4.26 compares the removal 

rate of metals from single and multi-metal solution. It can be noted that the removal rate of 

Ni(II) from mixture was affected compared with its removal from single metal solution 

(Fig. 4.26c), whereas removal rates of all other metals were stable and unaffected in both 

single and mixture systems (Fig. 4.26).  

4.2.2.2 Characterization of bio-precipitates formed in the mixture experiments 

Bio-precipitate analysis using FESEM-EDX was performed to comprehend the elemental 

composition and morphology of the bio-precipitates produced in the reactor. Figure 4.28a 

illustrates the EDX spectrum of the precipitate collected from experimental run 18, FESEM 

image of the precipitate is shown in the same figure. Different metals precipitated in the 

experimental run 18 are highlighted with circle in Fig. 4.28a. X-ray dot mapping of the 

precipitates obtained from experimental run 18 collected from the DFCR is presented in 

Fig. 4.28b. From FESEM-EDX results (Fig. 4.28a), it is evident that sulfide peak is more 

prominent compared to the other peaks due to the media composition, revealing that metals 

were precipitated as metal sulfides, whereas the other forms, e.g., MCO3, M(OH)x, etc., are 

not considerable, which is in agreement with the metal removal from the previous batch 
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study (Fig. 4.14). X-ray dot mapping of the precipitate (Fig. 4.28b) further reveal the 

presence and distribution of different metals in the bio-precipitates (Utgikar et al., 2002).  

 

Figure 4. 28 (a) EDX spectrum with the image of the precipitate (experimental run # 18) 

collected from the DFCR and (b) X-ray dot mapping of the same precipitate. 
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4.2.2.3 Statistical analysis 

Tables 4.7 and 4.8 (Appendix E.1 and E.2) present the results of ANOVA and student t test 

of heavy metal removal using the DFCR. In this study, a low P value (P < 0.1 or 0.25) for 

the factors and their effects is considered as significant (Madamba et al., 2001; 

Montgomery, 2004). Furthermore, from the results of ANOVA (Table 4.7) and student t test 

(Table 4.8) of metal removal from mixture using the DFCR, Cd(II) concentration inhibited 

(P < 0.2) Zn(II) removal efficiency owing to their similar solubility product constant values 

(Montgomery, 2004).  

Zinc and nickel also showed inhibitory effect (P < 0.09; Table 4.8) toward Fe(III) removal 

due to their similar solubility product constant values with sulfide. Similarly, Pb(II) removal 

from mixture was inhibited due to the simultaneous presence of the other metals (P < 0.2; 

Table 4.8). These results of metal removal from mixture can be attributed to the 

competitive/interaction effect posed by simultaneous presence of different heavy metals on 

the sulfate reducing activity of the SRB which is the prevailing mechanism for metal 

removal. It is also reported that metals in mixtures exert more toxic effect than in single 

component systems (Utgikar et al., 2004).  

4.3 Heavy Metal Removal Using The Anaerobic Rotating Biological Contactor (An-

RBC) Reactor In Continuous Operation Mode 

For a successful application of heavy metal removal by sulfide precipitation on large-scale, 

the choice of a suitable reactor system is essential. The previous section described the 

performance of actively immobilized SRB biomass based DFCR for heavy metal removal. 

In order to evaluate the performance of a bioreactor with passively immobilized biomass, 

anaerobic rotating biological contactor (An-RBC) reactor was chosen.  

Among the several bioreactor systems to treat wastewater, RBC reactor is well known for 

treating various types of effluents (Alemzadeh et al., 2002; Kapdan and Kargi, 2002; 

Axelsson et al., 2006) as it offers a high interfacial area on its rotating discs for biomass 

growth and attachment, which enables sufficient contact between the microorganisms and 

contaminants present in the wastewater (Pakshirajan amd Kheria, 2012). Furthermore, RBC 

reactor is highly suitable for treating industrial wastewater and sewage (Banerjee, 1997) 

owing to the combined action of both suspended growth and fixed film microorganisms 

present in this reactor system.  
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The utility of RBC reactors has been examined at the laboratory scale for removal of COD 

from textile dying and synthetic wastewater (Pakshirajan et al., 2009). However, it has not 

been tested for the removal of heavy metals by biogenic sulfide precipitation. Hence, this 

study is focused on evaluating the performance of a laboratory scale An-RBC reactor in 

which the SRB exist mainly as passively attached biofilm onto its rotating discs for 

continuous metal removal from single and multi-component systems at different inlet metal 

concentration and at different HRT values. 

4.3.1 Single component system 

4.3.1.1 FSESM characterization of immobilized SRB onto the support material 

Figure 4.29a compares the FESEM image of the bio-support material for morphology 

characteristics without the SRB biomass with that of the bio-support material with the 

immobilized SRB (Fig. 4.29b-f). These figures clearly reveal immobilization of the SRB 

biomass onto the support material. However, no efforts were made to measure the thickness 

or composition of the biofilm formed on each disk of the An-RBC reactor, which need more 

detailed characterization techniques for a better understanding. Black precipitate observed 

in the reactor during the startup phase is attributed to sulfide generation by SRB (Herbert 

and Gilbert, 1984; Hamilton, 1994; Singh et al., 2011).   

 

Figure 4. 29 FESEM image of the bio-support material used in the An-RBC reactor: (a) 

without and (b-f) with immobilized SRB at different positions on the bio-support. 

4.3.1.2 Heavy metal and COD removal and sulfate reduction 

Figure 4.30 shows the reactor performance in terms of metal removal at 48 h and 24 h  
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HRT, respectively. At all the inlet metal concentrations, more than 85% metal removal was 

obtained at 48 h HRT for all the metals except Ni(II), which showed nearly 77% (Fig. 

4.30a). These removal values were, however, lower at 24 HRT for all the metals (Fig. 

4.30b). More than 80% removal was obtained for Cd(II), Fe(III) and Pb(II), whereas in case 

of Cu(II), more than 93% removal could be achieved. In case of Ni(II) and Zn(II), the 

removal values were more than 73% and 75%, respectively. These results were slightly less 

than the metal removal results obtained previously using the DFCR (Fig. 4.22).  

 

Figure 4. 30 Removal of different heavy metals using the An-RBC reactor: (a) 48 h RT and 

(b) 24 h RT (●: Metal outlet, ○: Metal inlet, ▲: % Metal removal). 

0

20

40

60

80

100

0

50

100

150

200

250

0 10 20 30 40 50 60 70 80 90 100 110

%
 R

e
m

o
v

a
l

M
e
ta

l 
c
o

n
c
e
n

tr
a
ti

o
n

 (
m

g
/L

)

Time (days)

M Outlet M Inlet % Removal

Cd Cu Ni Fe Pb Zn
(a)

0

20

40

60

80

100

0

30

60

90

120

150

180

210

110 115 120 125 130 135 140 145 150 155 160 165 170

%
 R

e
m

o
v

a
l

M
e
ta

l 
c
o

n
c
e
n

tr
a

ti
o

n
 (

m
g

/L
)

Time (days)

M Outlet M Inlet % Removal

Cd Cu Ni Fe Pb Zn

(b)

TH-1776_126152002



Chapter 4 Results and Discussion 

 

124  

  

Sulfate and COD reduction profiles obtained using the An-RBC reactor are depicted in Figs. 

4.31-4.32. A low inlet metal loading into the system yielded sulfate reduction in the range 

53 - 77% at 48 h HRT for all the metals (Fig. 4.31a). However, these values were reduced 

(49 - 64%) at 24 h HRT (high inlet loading of the metals) (Fig. 4.31b). Figure 4.32a reveals 

that COD removal ranged from 68 to 82% for all the metals at a low inlet metal loading (48 

h HRT). Whereas, at a high metal loading (24 h HRT), COD removal was more than 62- 

75% (Fig. 4.32b). These results were slightly more than that obtained previously using the 

DFCR (Figs. 4.23-4.24). 

 

Figure 4. 31 Sulfate reduction in the presence of different heavy metals using the An-RBC 

reactor: (a) 48 h RT and (b) 24 h HRT (●: Sulfate outlet, ○: Sulfate inlet, ▲: % Sulfate 

removal). 
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Figure 4. 32 COD removal in the presence of different heavy metals using the An-RBC 

reactor: (a) 48 h RT and (b) 24 h HRT (●: COD outlet, ○: COD inlet, ▲: % COD removal). 

The results of metal removal (Fig. 4.30) obtained in this study revealed that at both 48 h and 

24 h HRT values, metal removal was maximum at their respective low inlet metal 
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Maximum removal of these metals achieved at a low inlet metal concentration level 

indicates very good SRB activity in the An-RBC reactor suggesting that the reactor was 

well capable of handling low strength metallic wastewater (Fig. 4.30). This can be attributed 
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earlier acclimatization of SRB to sulfate reduction during the initial startup phase of the An-

RBC reactor. Similar results were reported by Martins et al. (2009) in their study using high 

metal resistant SRB consortium for the removal of Fe(III), Zn(II) and Cu(II) without any 

effect on the SRB activity at inlet concentrations of 400 mg/L, 150 mg/L and 80 mg/L, 

respectively. Sulfide generated in the continuous experiments using the An-RBC reactor is 

shown in Fig. 4.33 for the two HRT conditions, which matched with the afore-mentioned 

sulfate reduction values. These results were slightly more than that obtained previously 

using the DFCR (Fig. 4.25).  

 

Figure 4. 33 Sulfide generated in presence of the different heavy metals using the An-RBC 

reactor: (a) 48 h RT and (b) 24 h HRT (■ Sulfide generated (mg/L)). 
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reported in the literature, however, using fluidized bed reactor system (Nevatalo et al., 2010; 

Sahinkaya and Gungor, 2010). The inhibition of SRB activity at a high inlet metal 

concentration is also evident from the sulfate and COD reduction values presented in Figs. 

4.31 and 4.32. Furthermore, a high residual COD in the effluent which is still well-below 

the permissible discharge standards for wastewater is attributed to the formation of acetate 

from lactate (Widdel, 1988; Omil et al., 1996; Lens et al., 1998; Nagpal et al., 2000).  

At low inlet metal concentration, a high sulfate reduction efficiency and, therefore, a high 

sulfide content was observed (Figs. 4.31a and 4.33a). Minimum inhibitory concentration 

level of different heavy metals on SRB as reported in the literature is presented in Table 4.1 

(Azabou et al., 2007). In the present study, the metals at their respective low inlet metal 

concentrations did not inhibit the sulfate reduction by SRB (Fig. 4.30), which also matched 

well with the results obtained using the DFCR.  

However, an increase in the influent metal concentration decreased the sulfate reduction 

efficiency and the sulfide content. All the results of sulfide generation (Fig. 4.33) matched 

well with the results obtained using the DFCR (Fig. 4.25) and are consistent with those 

reported by Christensen et al. (1996) and Jong and Parry (2003). A decrease in the sulfide 

content at a high influent metal concentration can be attributed to (a) its utilization of metal 

precipitation and (b) volatile hydrogen sulfide formation (Jong and Parry, 2003). 

Metal removal observed in this study is maximum at 48 h HRT than at 24 h HRT at their 

respective high inlet metal concentrations (Fig. 4.30a), which is consistent with the results 

obtained using the DFCR (Fig. 4.22a). The sulfate reduction and COD removal were also 

better at 48 h HRT than at 24 h HRT (Figs. 4.31a and 4.32a), and the values are slightly 

higher than the results obtained using the DFCR (Figs. 4.23a and 4.24a).  

The metal removal mechanism in the continuously operated An-RBC reactor is thus 

attributed to the precipitation of metals as metal sulfide salts via sulfate reduction by SRB in 

the reactor. Compared to other reactor systems, RBC reactor system used in this study 

offers a high interfacial area on its rotating discs for biomass growth and attachment, which 

also provide sufficient contact between the microbes and contaminants present in the 

wastewater (Pakshirajan and Kheria, 2012). Together with this attached biomass, the 

suspended biomass present in the reactor vessel further improves the wastewater treatment 

efficiency in terms of sulfate reduction and removal of COD and heavy metals.  
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Figure 4.34 shows the performance of the An-RBC reactor in terms of metal removal rate as 

a function of ILR. It can be seen that the metal removal efficiency is maximum at a low ILR 

suggesting that SRB activity is unaffected due to the metal at a concentration below 75 or 

150 mg/L (Fig. 4.34). However, with an increase in the ILR, the metal removal rate and 

metal removal efficiency decreased, indicating an inhibitory effect of the metals above 90 or 

175 mg/L of inlet concentration on SRB activity (Fig. 4.34).  

 

Figure 4. 34 Removal rate of different heavy metals as a function of inlet loading rate using 

the An-RBC reactor: (a) Cd(II), (b) Cu(II), (c) Ni(II), (d) Fe(III), (e) Pb(II) and (f) Zn(II) 

(▲: Metal removal rate from single component system; ○: Metal removal rate from multi- 

metal solution). 

TH-1776_126152002



Chapter 4 Results and Discussion 

 

129  

  

These observations were similar to those obtained using the DFCR (Fig. 4.26). Hence, it 

could be surmised that metal loading rates greater than 3.64 mg/L∙h in case of Cu(II) and 

1.87 mg/L∙h, in case of Fe(III), Pb(II), Ni(II), Zn(II) and Cd(II) are toxic and inhibitory to 

SRB activity and are therefore, detrimental to the performance of the An-RBC reactor. 

Among the different metals tested in this study, Cu(II) removal was maximum at all inlet 

concentration levels as explained earlier. It has been reported that copper sulfide is least 

soluble compared with the other metal sulfides owing to its very low solubility product 

value of 6 × 10
-37 

(Hill et al., 2005).   

4.3.2 Heavy metal removal from multi-component system 

This mixture study was aimed at investigating the performance of the An-RBC reactor for 

continuous metal removal from multi-metal solution. 

4.3.2.1 Heavy metal and COD removal and sulfate reduction  

Figure 4.35a presents simultaneous removal of Ni(II), Cd(II), Fe(III), Zn(II), Pb(II) and 

Cu(II) from multi-metal solution using the An-RBC reactor. A maximum removal of Cu(II) 

(98.4%), followed by Zn (II) (96%), Fe(III) (95%), Pb(II) (93.5%), Cd(II) (91%) and Ni(II) 

(65.7%) was obtained at their respective low level combination (experimental run 5; Table 

3.8). These results were slightly lower than the metal removal from multi-component 

system obtained previously using the DFCR (Fig. 4.27). Maximum metal removal was 

achieved at a low concentration combination of these metals, i.e. at 50 mg/L each of Zn(II), 

Cd(II), Pb(II) and Ni(II) and at 100 mg/L Cu(II) (Fig. 4.35a). Metal removal was minimum 

at their respective high level combination (experimental run 15; Table 3.8) (Fig. 4.35a), 

which were slightly better than the metal removal from multi-component system obtained 

using the DFCR (Figs. 4.27a). All these results clearly reveal the dependence of metal 

removal efficiency by SRB on the metal and their initial concentration level in the mixture.  

Figure 4.35b presents COD and sulfate reduction efficiencies and sulfide generated 

consequent to the experimental runs using the An-RBC reactor. Maximum sulfate reduction 

efficiency was obtained with metals added at their respective low initial level combination 

(experimental run 5) and in experimental run 1 (> 71%) (Fig. 4.35b).  
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Figure 4. 35 (a) Continuous heavy metal removal from mixture, (b) Continuous COD 

removal, sulfate reduction and sulfide generated in the mixture experiments using the An-

RBC reactor. 
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Maximum COD removal was obtained in experimental runs 5 and 2 (> 78%) (Fig. 4.35b). 

Sulfide generated was maximum in experimental runs 4, 11, 8 and 5, respectively. Both 

COD removal and sulfate reduction were minimum in experimental run 15 (metals added at 

their respective high initial level combination).  

These results of COD removal, sulfate reduction and sulfide generated were slightly higher 

than that obtained using the DFCR (Fig. 4.27b). It could be observed from Fig. 4.35 that 

removal of different heavy metals correlated well with sulfate removal, confirming that the 

metal removal by SRB is due to sulfide precipitation. Copper removal was maximum 

amongst the other heavy metals, which is similar to the observation made in all earlier 

studies (Fig. 4.27a).  

Figure 4.34 also compares the removal rate of metals from single and multi-metal solution 

obtained using the An-RBC reactor. It can be noted that the removal rate of Ni(II) from 

mixture was affected compared with its removal from single metal solution (Fig. 4.34c), 

whereas removal rate of all other metals was stable and unaffected in both single and 

mixture systems (Fig. 4.34). Therefore, from Fig 4.34, it can be observed that metal loading 

rates greater than 3.7 mg/L∙h in case of Cu(II) and more than 1.69 mg/L∙h in case of Ni(II), 

Pb(II), Cd(II), Pb(II) and Fe(III) are toxic and inhibitory to SRB activity and, thus, 

unfavorable to the performance of the An-RBC reactor for metal removal from mixture.  

Thus, both DFCR and An-RBC reactors showed maximum removal of the metals from 

mixture at low inlet concentration combination; but, the An-RBC reactor showed better 

performance over DFCR in terms of maximum metal removal efficiency, sulfate reduction 

and COD removal at a high inlet concentration combination as evident from Figs. 4.27 and 

4.35 which is attributed to the explanation provided in the Section 4.3.1.2.  

Utgikar et al. (2004) in their study demonstrated that the toxic effect of Zn and Cu in 

mixture was notably greater than their individual toxic effect. In another study using an 

anaerobic semi continuous stirred tank reactor containing SRB for metal removal from 

mixture, Kieu et al. (2011) reported about 94-100% metal removal each of Cu, Ni, Zn and 

Cr without any effect on the performance of the reactor. It is evident from the results 

obtained from different studies, including the present study, that the toxic and inhibitory 

effects of different metals in mixture on SRB are controlled by parameters, such as pH, 

temperature, HRT, type of metal and its concentration, microbial community and the  
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bioreactor configuration which is evident from this present study (Kieu et al., 2011).  

4.3.2.2 Statistical analysis 

Tables 4.9 and 4.10 (Appendix F.1 and F.2) present the results of ANOVA and student t test 

of metal removal using the An-RBC reactor. Furthermore, from the results of ANOVA 

(Table 4.9) and student t test (Table 4.10) of metal removal from mixture using the An-RBC 

reactor, it can be seen that Ni(II) concentration positively favored its own removal with a P 

value of 0.08 (Table 4.10), whereas individual effect of increase in Ni(II), Cu(II) and Zn(II) 

inhibited Pb(II) removal with a P value < 0.07 owing to their competitive effect for sulfide 

precipitation.  

An increase in Cu(II) and Cd(II) concentration inhibited Zn(II) removal (P < 0.1; Table 

4.10), whereas Pb(II) concentration negatively affected Cu(II) removal (P < 0.25; Table 

4.10) both due to their similar solubility product constant values. Individual effect of an 

increase in Cd(II) concentration favored Fe(III) removal, whereas an increase in Cu(II) 

concentration inhibited Fe(III) removal. 

4.3.2.3 Characterization of metal bio-precipitates formed in the reactor  

To understand the morphology and elemental composition of metal bio-precipitates formed 

in the reactor, FESEM-EDX analysis was performed. Figure 4.36a shows EDX spectrum 

with elemental composition of the biomass collected from experimental run 5 (An-RBC 

reactor); insert to Fig. 4.36a represent FESEM image of the precipitate. X-ray dot mapping 

of precipitates obtained from experimental runs 5 collected from the reactor is presented in 

Fig. 4.36b.  

Figure 4.36 confirms metal sulfide precipitation by SRB with the presence of other elements 

which constituted the liquid media. Different metals precipitated in the experimental run 5 

are highlighted with circle in Fig. 4.36a. FESEM-EDX results shown in Figs. 4.28 and 4.36 

match well with each other and further support that sulfidogenesis is the governing 

mechanism for metal removal by SRB in both the An-RBC and DFCR reactors (Jin et al., 

2007). Metal removal order followed using the two reactors, i.e, Cu > Zn > Cd > Pb > Fe > 

Ni (Figs. 4.27 and 4.35) also closely correlated with the solubility product values of 

corresponding metal sulfide salts (Hill et al., 2005). 
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Figure 4. 36 (a) EDX spectrum with the image of the precipitate (experimental run # 5) 

collected from the An-RBC reactor and (b) X-ray dot mapping of the same precipitate. 

Overall, it could be surmised that the An-RBC reactor (the passive biofilm bioreactor) is 

more suited than the DFCR with immobilized SRB beads for metal removal from 

wastewater which showed better performance in terms of maximum metal removal 

efficiency, sulfate reduction and COD removal at a high inlet metal concentration without 

any biomass washout problems.  
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5. Summary and Conclusions  

The present study on heavy metal removal by biogenic sulfide precipitation using sulfate 

reducing bacteria (SRB) was performed under batch and continuous operation conditions. 

The key findings of the study are discussed in this section. 

 Anaerobic biomass used in this study was collected from different sources that 

included wastewater treatment plant (WWTP) located at Indian Institute of 

Technology Guwahati, Guwahati, Assam, India, a lab-scale upflow anaerobic packed 

bed reactor (UFAR) and another lab-scale anaerobic packed bed reactor (APR) 

treating sulfate rich water containing arsenic. Among the three biomass types 

investigated in this study, the anaerobic biomass collected from UFAR showed very 

high removal of different metals at both low and high initial concentrations. The 

metal removal by this biomass followed the order: Cu > Fe > Ni > Pb > Cd > Zn. At 

a high initial concentration of 50 mg/L of the metals, biomass activity, including its 

growth, sulfate reduction, chemical oxygen demand (COD) reduction, were inhibited, 

thus resulting in a reduced removal of these metals by SRB from different sources. 

The heavy metal removal mechanism was attributed to the capability of the biomass 

to reduce sulfate to sulfide, thereby resulting in precipitation of the metals as their 

sulfide salts.  

 Fourier transform infrared (FTIR) spectrometer characterization of the biomass 

grown in the absence and in presence of the metals further confirmed the 

involvement of sulfate, hydroxyl, amine and amide groups on the biomass for its 

heavy metal binding. Transmission electron microscope equipped with energy 

dispersive spectroscopy (TEM-EDS) and field emission scanning electron 

microscope equipped with energy dispersive X-ray spectroscopy (FESEM-EDX) 

analysis of the bacteria following metal removal further confirmed that the metal 

precipitates formed were associated with the cell surface. Overall, this study proved 

very good potential of the anaerobic biomass from UFAR for heavy metal removal 

from sulfate rich wastewater, and was therefore, chosen for further investigations.  

 Simultaneous precipitation of different heavy metals from multi-component system 

by SRB from UFAR was evaluated. A very high removal of the different metals was 

achieved at low initial concentration combination of the metals and the results 

matched well with the results obtained in the case of single-metal solution. However, 
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at a high metal concentration combination, sulfate and COD reduction were 

inhibited, thus resulting in a slightly reduced removal of these metals by SRB which 

also matched with the results of single-metal study.  

 FTIR spectroscopy analysis of the biomass confirmed the presence of functional 

groups in the SRB that were similar to that of an earlier reported SRB Desulfovibrio. 

species. TEM-EDS and FESEM-EDX analyses of the bacteria following metal 

removal further confirmed that the metal precipitates formed were associated with 

the cell surface and the heavy metal removal mechanism was attributed to the 

capability of the SRB to reduce sulfate to sulfide, thereby resulting in precipitation of 

the metals as sulfide salts. This mixture study proved very good potential of SRB in 

the anaerobic biomass for metal precipitation with a high tolerance towards different 

metals in a multi-component system. 

 Actively immobilized SRB biomass was tested for its efficiency to remove heavy 

metals from aqueous solution under both batch and continuous conditions. 

Immobilized SRB biomass in the form of beads showed high metal removal even at 

high initial metal concentrations; metal removal results were better than that obtained 

using free/suspended biomass. Surface characterization of the immobilized SRB 

beads using FESEM-EDX confirmed metal sulfide formation and precipitation 

exterior to the bead surface.  

 A very high metal removal efficiency was obtained at a low metal loading rate using 

the continuous downflow column reactor (DFCR) packed with the immobilized SRB 

beads and the metal removal followed an order that represented their solubility 

product values. Metal loading rates up to 4.29 mg/L∙h for Cu(II) and up to 2.20 

mg/L∙h, for Fe(III), Zn(II), Ni(II), Pb(II) and Cd(II) were found to be favorable for 

their removal using the DFCR. Continuous metal removal from a mixture of the 

heavy metals showed that metal removal was maximum at their respective low inlet 

concentrations. However, the removal values were reduced at a high inlet 

concentration of the heavy metals, which matched well with low sulfate reduction 

and COD removal efficiencies. Metal precipitate analysis using FESEM-EDX 

revealed the potential of SRB in precipitating metals as metal sulfides via sulfate 

reduction. Continuous heavy metal removal from both single and multi-metal 

solution system using the DFCR demonstrated a very good potential of the 

immobilized SRB biomass for achieving a stable wastewater treatment performance. 

However, biomass washout from the reactor could not be overcome. 
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 Continuous heavy metal removal study was performed using anaerobic rotating 

biological contactor (An-RBC) reactor in which, the SRB exist mainly as passively 

attached biofilm onto its rotating discs. A very high metal removal efficiency was 

obtained at a low metal loading rate, which matched with the results obtained using 

the DFCR. Sulfate and COD reduction values confirmed that a high metal loading is 

inhibitory to SRB activity. These results are relatively better than the results obtained 

using the DFCR. Metal loading rates greater than 3.64 mg/L∙h in case of Cu(II) and 

1.87 mg/L∙h, in case of Fe(III), Pb(II), Ni(II), Zn(II) and Cd(II) are detrimental to the 

performance of the An-RBC reactor. V3 -V4 metagenomics sequencing and analysis 

revealed that SRB immobilized in the An-RBC reactor is predominant with 

Desulfovibrio vulgaris. sp. 

 Continuous metal removal from mixture of the heavy metals showed that Cu(II) 

removal was maximum (> 98%), followed by Zn (II) (96%) and other heavy metals 

at their respective low inlet concentrations and metal removal order followed in the 

mixture study was Cu > Zn > Cd > Pb > Fe > Ni, which matched well with the results 

obtained using the DFCR. Metal loading rates less than 3.7 mg/L∙h in case of Cu(II); 

less than 1.69 mg/L∙h for Ni(II), Pb(II), Zn(II), Fe(III) and Cd(II) were favorable for 

the performance of the An-RBC reactor toward metal removal from mixture which is 

better compared to the results obtained using the DFCR. Metal precipitate analysis 

using FESEM-EDX revealed the potential of SRB in precipitating metals as metal 

sulfides via sulfate reduction; similar findings were observed in the results observed 

using the DFCR. Overall, the passive biofilm bioreactor (An-RBC reactor) could be 

chosen for large-scale treatment of sulfate and metal rich wastewater owing to a 

better removal efficiency of metal, sulfate and COD.   

Scope for Future Work 

Following are some suggestions for future work based on this thesis:  

 Recovery of metals from the precipitates formed in the reactors  

 Long-term reactor performance prediction using real wastewater containing 

heavy metals and sulfate based on machine learning techniques (e.g. artificial 

neural networks) 

 Cost-benefit analysis  
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 Geochemical modeling to predict the impact of treated water on the environment  

 Microbiology and biochemistry of SRB treating complex metallic wastewater 

with cheap and abundantly available organic compounds 

 Kinetic modeling of the reactor for metal removval 

 Metal speciation and precipitate analysis to decipher the metal precipitation 

mechanism by SRB in sulfidogenic bioreactors treating metallic wastewater 

TH-1776_126152002



 

  

 

 

 

 

 

 

BIBLIOGRAPHY 

TH-1776_126152002



TH-1776_126152002



 Bibliography 

 

139  

 

Bibliography 

 Abdel Salam, O. E., Reiad, N. A., ElShafei, M. M., 2011. A Study of the Removal Characteristics of 

Heavy Metals from Wastewater by Low-Cost Adsorbents. Journal of Advanced Research. 2, 297-303. 

http://dx.doi.org/10.1016/j.jare.2011.01.008. 

 Ahmad, A.L., Ooi, B.S., 2010. A study on acid reclamation and copper recovery using low pressure 

nanofiltration membrane. Chem. Eng. J. 56, 257-263. 

 Ahmet, S., Mustafa, T., 2008. Biosorption of cadmium(II) from aqueous solution by red algae (Ceramium 

virgatum): equilibrium, kinetic and thermodynamic studies. J. Hazard. Mater. 157, 448–454.  

 Ahn, C.K., Park, D.,Woo, S.H., Park, J.M., 2009. Removal of cationic heavy metal from aqueous solution 

by activated carbon impregnated with anionic surfactants. J. Hazard. Mater. 164, 1130-1136. 

 Akagi, J.M., 1995. Respiratory Sulfate Reduction. In: Barton L.L. (eds) Sulfate-Reducing Bacteria. 

Biotechnology Handbooks, vol 8. Springer, Boston, MA.  

 Aksu, Z., Balibek, E., 2007. Chromium(VI) biosorption by dried Rhizopus arrhizus: effect of salt (NaCl) 

concentration on equilibrium and kinetic parameters. J. Hazard. Mater. 145, 210-220. 

 Al-Ani, W.A.G., 1994. Effect of COD/SO4
2-

 ratio on sulfate reduction in anaerobic digestion. M. A. Sc. 

Thesis, Dep. of Chemical Engineering and Applied Chemistry. Univ. of Toronto, Toronto, ONT, Canada. 

 Alemzadeh, I., Vossoughi, F., Houshmandi, M., 2002. Phenol biodegradation by rotating biological 

contactor. Biochemical Engineering Journal. 11 (1), 19-23. 

 Alexandrinoa, M., Macías, F., Costa, R., Gomesc, N.C., Canárioa, A.V., Costa, M. C., 2011. A bacterial 

consortium isolated from an Icelandic fumarole displays exceptionally high levels of sulfate reduction and 

metals resistance. J Hazard Mater. 137, 162–370.  

 Al-Jlil, S.A., Alsewailem, F.D., 2009. Saudi Arabian clays for lead removal in wastewater. Appl. Clay 

Sci. 42, 671-674. 

 Allan Hamilton, W.,  1998. Sulfate reducing bacteria: Physiology determines their environmental impact. 

Geomicrobiology Journal.15:1, 19-28. DOI: 10.1080/01490459809378059 

 Altekar, M., Homon, C.A., Kashem, M.A., Mason, S.W., Nelson, R.M., Patnaude, L.A., Yingling, J., 

Taylor, P.B., 2006 Assay Optimization: A Statistical Design of Experiments Approach Journal of the 

Association for Laboratory Automation, 11: 33-41. 

 Alyüz, B., Veli, S., 2009. Kinetics and equilibrium studies for the removal of nickel and zinc from 

aqueous solutions by ion exchange resins. J. Hazard. Mater. 167, 482-488. 

 Aman, T., Kazi, A.A., Sabri, M.U., Bano, Q., 2008. Potato peels as solid waste for the removal of heavy 

metal copper(II) from waste water/industrial effluent. Colloid Surf. 63, 116-121. 

 American Public Health Association (APHA), American Water Works Association (AWWA) & Water 

Environment Federation (WEF): Standard Methods for the Examination of Water and Wastewater, 21st 

Edition, (2005) (Washington D.C.).  

 Amini, M., Younesi, H., Bahramifar, N., 2009. Statistical modeling and optimization of the cadmium 

biosorption process in an aqueous solution using Aspergillus niger. Colloid Surf. 337, 67-73. 

 Amos, P.W., Younger, P. L., 2003. Substrate characterisation for a subsurface reactive barrier to treat 

colliery spoil leachate. Water Res. 37, 108–120. 

TH-1776_126152002



 Bibliography 

 

140  

 

 Amudaa, O.S., Adelowoa, F.E., Ologunde, M.O., 2009. Kinetics and equilibrium studies of adsorption of 

chromium(VI) ion from industrial wastewater using Chrysophyllum albidum. (Sapotaceae) seed shells. 

Colloid Surf. 68, 184-192. 

 Anderson, G. K., Ozturk, I., Saw, C. B., 1990. Pilot-scale experiences on anaerobic fluidized-bed 

treatment of brewery wastes. Water Sci. Technol. 22, 157–166. 

 Apiratikul, R., Pavasant, P., 2008a. Sorption of Cu
2+

, Cd
2+

 and Pb
2+

 using modified zeolite from coal fly 

ash. Chem. Eng. J. 144, 245-258. 

 Apiratikul, R., Pavasant, P., 2008b. Batch and column studies of biosorption of heavy metals by Caulerpa 

lentillifera. Bioresour. Technol. 99, 2766-2777. 

 Aroua, M.K., Zuki, F.M., Sulaiman, N.M., 2007. Removal of chromium ions from aqueous solutions by 

polymer-enhanced ultrafiltration. J. Hazard. Mater. 147, 752-758. 

 Atkinson, B.W., Bux, F., Kasan, H. C., 1998. Considerations for application of biosorption technology to 

remediate metal-contaminated industrial effluents. Wat SA. 24, 129–35. 

 Axelsson, J., Nilsson, U., Terrazas, D. E., Aliaga, T. A., Welander, U., 2006. Decolorization of the textile 

dyes reactive red 2 and reactive blue 4 using Bjerkandera. sp. strain BOL 13. Enzyme and Microbial 

Technology. 39, 32-37. 

 Azabou, S., Mechichi, T., Patel, B. K. C., Sayadi, S., 2007. Isolation and characterization of a mesophilic 

heavy-metals-tolerant sulfate reducing bacterium Desulfomicrobium. sp. from an enrichment culture using 

phosphogypsum as a sulfate source. J Hazard Mater. 140, 264–270.  

 Bahadir, T., Bakan, G., Altas, L., Buyukgungor, H., 2007. The investigation of lead removal by 

biosorption: an application at storage battery industry wastewaters. Enzym. Micro. Technol. 41, 98-102. 

 Bahaj, A. S., James, P. A. B., Moeschler, F.D., 1998. Wastewater treatment by biomagnetic separation: a 

comparison of iron oxide and iron sulphide biomass recovery. Water Sci. Technol. 38, 311–317. 

 Bai, H.J., Zhang, Z.M., Yang, G.E., Li, B.Z., 2008. Bioremediation of cadmium by growing Rhodobacter 

sphaeroides: Kinetic characteristic and mechanism studies. Bioresour. Technol. 99, 7716–7722. 

 Bai, He., Yong Kang., Hongen Quan., Yang Han., Jiao Sun., Ying Feng., 2013. Treatment of acid mine 

drainage by sulfate reducing bacteria with iron in bench scale runs. Bioresour. Technol. 128, 818–822. 

 Bai, He., Yong Kang., Hongen Quan., Yang Han., Ying Feng., 2012. Treatment of copper wastewater by 

sulfate reducing bacteria in the presence of zero valent iron. International Journal of Mineral Processing. 

112, 11371–76. 

 Bailey, L. D., 1976. Effects of temperature and root on denitrification in a soil. Canadian Journal of Soil 

Science 56, 79-87. DOI: 10.4141/cjss76-012. 

 Baltpurvins, K.A., Burns, R.C., Lawrance, G.A., Stuart, A.D., 1997. Effect of electrolyte composition on 

zinc hydroxide precipitation by lime. Water Res. 31, 973-980. 

 Banerjee, G., 1997. Hydraulics of bench-scale rotating biological contactor. Water Res. 31(10), 2500–

2510.  

 Barber, W. P., Stuckey, D. C., 2000. Effect of sulfate reduction on chemical oxygen demand removal in 

an anaerobic baffled reactor. Water Environ. Res. 72, 593–601. 

TH-1776_126152002



 Bibliography 

 

141  

 

 Barbosa, L. P., Costa, R.F., Bertolino, S.M., Silva, J.C.C., Guerra-Sa, R., Leao, V.A., Teixeira, M. C., 

2014. Nickel, manganese and copper removal by a mixed consortium of sulfate reducing bacteria at a high 

COD/sulfate ratio. World J Microbiol Biotechnol. 30 (DOI 10.1007/s11274-013-1592-x), 2171–2180. 

 Barnes, L. J., Janssen, F. J., Sherren, J., Versteegh, J. H., Koch, R.O., Scheeren, P. J. H., 1991b. A new 

process for the microbial removal of sulphate and heavy metals from contaminated waters extracted by a 

geohydrological control system. T. I. Chem. Eng. 69, 184–186. 

 Barnes, L. J., Sherren, J., Janssen, F. J., Scheeren, P. J. H., Versteegh, J. H., Koch, R.O., 1991a. 

Simultaneous microbial removal of sulphate and heavy metals from wastewater. in 1st European Metals 

Conference, EMC’91: Non-Ferrous Metallurgy – Present and Future, Elsevier Science Publishers Ltd. 

(England), 391–401.   

 Barton L.L., Tomei F.A., 1995. Characteristics and activities of sulfate-reducing bacteria. In: Sulfate-

reducing bacteria (Ed. Barton L.L.), Biotechnology handbook 8, Plenum press, New York, USA, 1-32.  

 Baskaran, V., Nemati, M., 2006. Anaerobic reduction of sulfate in immobilized cell bioreactors, using a 

microbial culture originated from an oil reservoir. Biochem. Eng. J. 31, 148–159. 

 Bass, C., Webb, J.S., Sanders, P.F., Lappin-Scott, H.M., 1996. Influence of surfaces on sulphidogenic 

bacteria. Biofouling. 10, 95-109. 

 Bayrakdar, A., Sahinkaya, E., 2009. Performance of sulfidogenic anaerobic baffled reactor (ABR) treating 

acidic and zinc-containing wastewater. Bioresour. Technol. 100, 4354–4360. 

 Bayramoglu, G., Arıca, M.Y., 2008. Removal of heavy mercury(II), cadmium(II) and zinc(II) metal ions 

by live and heat inactivated Lentinus edodes pellets. Chem. Eng. J. 143, 133-140. 

 Béchard G., Yamazaki H., Gould W.D., Bedard P., 1994. Use of cellulosic substrates for the microbial 

treatment of acid mine drainage. Journal of Environmental Quality. 23, 111-116.  

 Béchard, G., Rajan, S., Gould W.D., 1993. Characterization of a microbiological process for the treatment 

of acid mine drainage. Biometallurgical Technologies, (Eds: A. E. Torma, M. L. Apel, C. L. Brierley), 

The Minerals, Metals & Materials Society, Warrandale, PA (USA), 277–286. 

 Benner, S. G., Blowes, D.W., Gould, W.D., Herbert Jr. R. B., Ptacek, C. J., 1999. Geochemistry of a 

permeable reactive barrier for metals and acid mine drainage. Environ. Sci. Technol. 33, 2793–2799. 

 Betancur, M., Bonelli, P.R., Velásquez, J.A., Cukierman, A.L., 2009. Potentiality of lignin from the Kraft 

pulping process for removal of trace nickel from wastewater: effect of demineralization. Bioresour. 

Technol. 100, 1130-1137. 

 Beveridge, T. J., Fyfe, W. S., 1985. Metal fixation by bacterial walls. Can. J. Earth Sci. 22, 1892-1898. 

 Beveridge, T.J., Makin, S. A., Kadurugamuwa, J, L., Li, Z., 1997. Interactions between biofilms and the 

environment. FEMS Microbiol. Rev. 20, 291-303. 

 Beyenal, H., Lewandowski, Z., 2004. Dynamics of lead immobilization in sulfate reducing biofilms. 

Water Res. 38, 2726 - 2736. 

 Bharati, B., Ghosh, P. K., 2014. Sulfate bioreduction and elemental sulfur formation in a packed bed 

reactor. J Environ Chem Eng. (2), 1287–1293. 

 Bijmans, M. F. M., Buisman, C. J. N., Meulepas, R. J. W., Lens, P., 2011. Sulfate reduction for inorganic 

waste and process water treatment. Comprehensive Biotechnology, second edi (Academic press, 

Burlington), 435–446. 

TH-1776_126152002



 Bibliography 

 

142  

 

 Biswas, K.C., Woodards, N.A., Xu, H., Barton, L. L., 2009. Reduction of molybdate by sulfate-reducing 

bacteria. Bio Metals 22, 131-139. 

 Bojic, A.L., Bojic, D., Andjelkovic, T., 2009. Removal of Cu
2+

 and Zn
2+ 

from model wastewaters by 

spontaneous reduction-coagulation process in flow conditions. J. Hazard. Mater. 168, 813-819. 

 Boonstra, J., van Lier, R., Janssen, G., Dijkman, H., Buisman, C. J. N., 1999. Biological treatment of acid 

mine drainage, in Biohydrometallurgy and the Environment toward the Mining of the 21st Century: Proc. 

of the Int. Biohydrometallurgy Symposium IBS’99, San Lorenzo de El Escorial, Madrid (Spain), June 20–

23, Part B: Molecular Biology, Biosorption, Bioremediation (Eds: R. Amils, A. Ballester), Elsevier, 

Amsterdam (Netherlands), 559–567. 

 Borchardt, J. A., 1971. Biological waste treatment using rotating discs. In Biological Waste Treatment, 

ed. R. P. Canale, 131–140. Wiley, New York. 

 Bowell, R.J., 2000. Sulphate and salt minerals: the problem of treating mine waste. Mining Environmental 

Management. 8, 11-13.  

 Bratkova Svetlana, G., Angelov Anatoliy, T., Nikolova Katerina, T., Loukanov Alexandre R., Plochev 

Sotir, K., 2011. Removal of Cu, Fe, Ni And Zn Ions from waters with microbial produced hydrogen 

sulfide. Min Miner Process. 54 (II), 175-180.  

 Bratkova, Svetlana., Koumanova, Bogdana., Beschkov, Venko., 2013. Biological treatment of mining 

wastewaters by fixed-bed bioreactors at high organic loading. Bioresour. Technol. 137, 409–413. 

 Bratty, M., Lawrence, RW., Kratochvi, l. D., Marchant, P. B., 2006. Applications of biological H2S 

production from elemental sulfur in the treatment of heavy metal pollution including acid rock drainage. 

In: Proceedings of the 7th International Symposium of Acid Rock Drainage (ICARD). St. Louis, MO, 271 

– 281 

 Bridge, T.A.M., White, C., Gadd, G.M., 1999. Extracellular metalbinding activity of the sulphate-

reducing bacterium Desulfococcus multivorans. Microbiology 145, 2987-2995. 

 Bruins, M.R., Kapil, S., Oehme, F.W., 2000. Microbial resistance to metals in the environment. 

Ecotoxicol. Environ. Saf. 45, 198-207. 

 Brunet, F. Battaglia., Foucher, S., Denamur, A., Ignatiadis, I., Michel, C., Morin, D., 2002. Reduction of 

chromate by fixed films of sulfate-reducing bacteria using hydrogen as an electron source Journal of 

Industrial Microbiology & Biotechnology. 28, 154 – 159.  

 Brüser, T., Lens, P. N. L., Truper, H., 2000. The biological sulfur cycle In: Lens PNL, Hulshoff PL (eds) 

Environmental technologies to treat sulfur pollution: principles and engineering. IWA Publishing, 

London, 47-85. 

 Cabrera, G., Pérez, R., Gomez, J.M., Abalos, A., D. C., 2006. Toxic effects of dissolved heavy metals on 

Desulfovibrio vulgaris. and Desulfovibrio. sp. strains. J. Hazard. Mater. 135, 40–46. 

 Canty, M., 1999. Innovative in situ treatment of acid mine drainage using sulphate-reducing bacteria, in 

Phytoremediation and Innovative Strategies for Specialized Remedial Applications:The 5th Int. in Situ 

and On-site Bioremediation Symposium, San Diego, California, April 18–22, 1999 (Eds: A. Leeson, B. C. 

Alleman), Battelle Press, Columbus, OH (USA), 193–204. 

 Cao, J., Li, Y., Zhang, G., Yang, C., Cao, X., 2013. Effect of Fe(III) on the biotreatment of bioleaching 

solutions using sulfate-reducing bacteria. Int. J. Miner. Process. 125, 27–33. 

TH-1776_126152002



 Bibliography 

 

143  

 

 Cao, J., Zhang, G., Mao, Z., Fang, Z., Yang, C., 2009. Precipitation of valuable metals from bioleaching 

solution by biogenic sulfides. Miner. Eng. 22 (3), 289–295. 

 Celis-García, L. B., Razo-Flores, E., Monroy, O., 2007. Performance of a down-flow fluidized-bed 

reactor under sulfate reduction conditions using volatile fatty acids as electron donor. Biotechnol. Bioeng. 

97, 771–779. 

 Chang, Q., Wang, G., 2007. Study on the macromolecular coagulant PEX which traps heavy metals. 

Chem. Eng. Sci. 62, 4636-4643. 

 Chang, Y.K., Chang, J.E., Lin, T.T., Hsu, Y.M., 2002. Integrated copper-containing wastewater treatment 

using xanthate process. J. Hazard. Mater. 94, 89-99. 

 Charerntanyarak, L., 1999. Heavy metals removal by chemical coagulation and precipitation. Wat. Sci. 

Technol. 39, 135-138. 

 Chen, C. Y., Lin, K. C., Yang, D. T., 1997. Comparison of the relative toxicity relationships based on 

batch and continuous algal toxicity tests. Chemosphere. 35, 1959–1965. 

 Chen, C., Wang, J.L., 2008. Removal of Pb
2+

, Ag
+
, Cs

+
 and Sr

2+
 from aqueous solution by brewery’s 

waste biomass. J. Hazard. Mater. 151, 65-70. 

 Chen, G.H., 2004. Electrochemical technologies in wastewater treatment. Sep. Purif. Technol. 38, 11-41. 

 Chen, K. C., Lin, Y.F., 1994. Immobilization of microorganisms with phosphorylated polyvinyl-alcohol 

(PVA) gel. Enzyme Microb. Technol. 16, 79–83. 

 Chen, Q.Y., Luo, Z., Hills, C., Xue, G., Tyrer, M., 2009. Precipitation of heavy metals from wastewater 

using simulated flue gas: sequent additions of fly ash, lime and carbon dioxide. Water Res. 43, 2605-

2614. 

 Choudhary, R.P., Sheoran, A.S., 2012. Performance of single substrate in sulphate reducing bioreactor for 

the treatment of acid mine drainage. Minerals Engineering. 39, 29–35. 

 Christensen, B., Laake, M., Lien, T., 1996. Treatment of acid mine water by surface reducing bacteria; 

results from a bench scale experiment. Water Res. 30 (7), 1617–1624. 

 Chuichulcherm, S., Nagpal, S., Peeva, L., Livingston, A., 2001. Treatment of metal-containing 

wastewaters with a novel extractive membrane reactor using sulfate-reducing bacteria. J. Chem. Technol. 

Biotechnol. 76, 61–68. 

 Cibati, Alessio., Cheng, Ka Yu., Morris, Christina., Maneesha, P. Ginige., Erkan Sahinkaya., Pagnanelli, 

Francesca., Kaksonen, Anna H., 2013. Selective precipitation of metals from synthetic spent refinery 

catalyst leach liquor with biogenic H2S produced in a lactate-fed anaerobic baffled reactor. 

Hydrometallurgy. 139, 154–161. 

 Clark, M.W., Walsh, S.R., Smith, J.V., 2001. The distribution of heavy metals in an abandoned mining 

area, Australia. Environmental Geology. 40(6), 655-663.  

 Cohen., David., 2007. "Earth audit". New Scientist 194 (2605): 8. doi:10.1016/S0262-4079 (07) 61315-3. 

 Cojocaru, C., Diaconu, M., Cretescu, I., Savi, J., Vasi, V., 2009. Biosorption of copper(II) ions from aqua 

solutions using dried yeast biomass. Colloid Surf. 335, 181-188. 

 Colleran, E., Finnegan, S., Lens, P., 1995. Anaerobic treatment of sulphate-containing waste streams. 

Antonie van Leeuwenhoek. 67, 29-46. 

TH-1776_126152002

http://en.wikipedia.org/wiki/Digital_object_identifier


 Bibliography 

 

144  

 

 Colleran, E., Pender, S., Philpott, U., O’Flaherty, V., Leahy, B., 1998. Full-scale and laboratory-scale 

anaerobic treatment of citric acid production wastewater. Biodegradation. 9, 233– 245. 

 Collins, Y. E., Stotzky, G., 1989. Factors affecting the toxicity of heavy metals to microbes, in Metal Ions 

and Bacteria (Eds: T. J. Beveridge, R. J. Doyle), John Wiley & Sons, New York, 31–90. 

 Cord-Ruwisch, R., 1985. A quick method for the determination of dissolved and precipitated sulfides in 

cultures of sulfate-reducing bacteria. J Microbiol Methods. 4 (1), 33–36.  

 Costa, M. C., Santos, E.S., Barros, R.J., Pires, C., Martins, M., 2009. Wine wastes as carbon source for 

biological treatment of acid mine drainage. Chemosphere. 75, 831–836. 

 Crine, M., Sbai, M. L., Bouayad, J., Skalli, A., 1999. Sulphate reduction optimization in the presence of 

Desulfotomaculum acetoxidans and Desulfobacter postgatei. species: Application of factorial design and 

factorial correspondence analysis methods, in Biohydrometallurgy and the Environment toward the 

Mining of the 21st Century: Proc. of the International Biohydrometallurgy Symposium IBS’99, San 

Lorenzo de El Escorial, Madrid (Spain), 1999, June 20–23, Part B: Molecular Biology, Biosorption, 

Bioremediation (Ed: R. Amils, A. Ballester), Elsevier, Amsterdam, Netherlands, 759–768. 

 Crini, G., 2006. Non-conventional low-cost adsorbents for dye removal: a review. Biores Technol. 97, 

1061–85. 

 Cséfalvay, E., Pauer, V., Mizsey, P., 2009. Recovery of copper from process waters by nanofiltration and 

reverse osmosis. Desalination. 240, 132-142. 

 Cypionka, H.,1995. Solute Transport and Cell Energetics. In: Barton L.L. (eds) Sulfate-Reducing 

Bacteria. Biotechnology Handbooks, vol 8. Springer, Boston, MA 

 Darnall, D.W., Greene, B., Henzi, M.T., Hosea, J.M., Mcpherson, R.A., Sneddon, J., Alexander, M.D., 

1986. Selective recovery of gold and other metal ions from an algal biomass. Environment Science and 

Technology. 20, 206-208. 

 de Smul, A., Verstraete, W., 1999. Retention of sulphate reducing bacteria in expanded-granular-sludge-

blanket reactors. Water Environ. Res. 71, 427–431. 

 de Vegt, A. L., Bayer, H. G., Buisman, C. J., 1998. Biological sulphate removal and metal recovery from 

mine waters. Min. Eng. 50(11), 67–70. 

 de Vegt, A. L., Buisman, C. J. N., 1996. Sulfur compounds and heavy metal removal using bioprocess 

technology in 1996 EPD Proc. (Ed: G. W. Warren), TMS, Warrendale, PA (USA), 10. 

 Dean, J.A., 1999. Lange’s Handbook of Chemistry, fifteenth ed. McGraw-Hill, Inc, New York, USA, 5.6 

and 8.6-8.17.  

 Dialynas, E., Diamadopoulos, E., 2009. Integration of a membrane bioreactor coupled with reverse 

osmosis for advanced treatment of municipal wastewater. Desalination. 238, 302-311. 

 Dijkman, H., Buisman, C. J. N., Bayer, H. G., 1999. Biotechnology in the mining and metallurgical 

industries: Cost savings through selective precipitation of metal sulfides, in Proc. Of the Copper 99 – 

Cobre 99 International Conference, Phoenix, Arizona, USA, October 10–13, Vol. IV: Hydrometallurgy of 

Copper (Eds: S. K. Young, D. B. Dreisinger, R. P. Hackl, D. G. Dixon), The Minerals, Metals & 

Materials Society, Warrandale, PA (USA), 113–126.  

 DiSilvestro, Robert A., 2004. Handbook of Minerals as Nutritional Supplements. CRC Press. 135- 

155. ISBN 0-8493-1652-9. 

TH-1776_126152002



 Bibliography 

 

145  

 

 Doula, M.K., 2009. Simultaneous removal of Cu, Mn and Zn from drinking water with the use of 

clinoptilolite and its Fe-modified form. Water Res. 43, 3659-3672. 

 Doula, M.K., Dimirkou, A., 2008. Use of an iron-overexchanged clinoptilolite for the removal of Cu
2+ 

ions from heavily contaminated drinking water samples. J. Hazard. Mater. 151, 738-745. 

 Dries, J., De Smul, A., Goethals, L., Grootaerd, H., Verstraete, W., 1998. High rate biological treatment 

of sulfate-rich wastewater in an acetate-fed EGSB reactor. Biodegradation. 9, 103–111. 

 Drury, W. J., 1999. Treatment of acid mine drainage with anaerobic solid-substrate reactors. Water 

Environ. Res. 71, 1244– 1250. 

 Dvorak, D. H., Hedin, R. S., Edenborn, H. M., McIntire, P. E., 1992. Treatment of metal-contaminated 

water using bacterial sulphate reduction: Results from pilot-scale reactors. Biotechnol. Bioeng. 40, 609–

616. 

 Eccles, H., 2010. Treatment of metal-contaminated wastes : why select a biological process ?. 17, 462–

465. 

 El Bayoumy, M. A., Bewtra, J. K., Ali, H. I., Biswas, N., 1999b. Sulfide production by sulfate reducing 

bacteria with lactate as feed in an upflow anaerobic fixed film reactor, Water, Air, Soil Pollut. 112, 67–84. 

 El Bayoumy, M. A., Bewtra, J.K., Ali, H. I., Biswas, N., 1999a. Removal of heavy metals and COD by 

SRB in UAFF reactor. J. Environ. Eng. 125, 532–539. 

 El Samrani, A.G., Lartiges, B.S., Villiéras, F., 2008. Chemical coagulation of combined sewer overflow: 

heavy metal removal and treatment optimization. Water Res. 42, 951-960. 

 Ennaassia, E., El Kacemi, K., Kossir, A., Cote, G., 2002. Study of the removal of Cd from phosphoric 

acid solutions by precipitation of CdS with Na2S. Hydrometallurgy. 64, 101-109. 

 Erikson, P., 1988. Nanofiltration extends the range of membrane filtration. Environ. Prog. 7, 58-61. 

 Erkan Sahinkaya., Fatih M. Gunes., Deniz Ucar., Kaksonen, Anna H., 2011.  Sulfidogenic fluidized bed 

treatment of real acid mine drainage water. Bioresour. Technol. 102, 683-689. 

 Erkan Sahinkaya., Murat Gungor., Alper Bayrakdar., Zeynep Yucesoy., Sinan Uyanik., 2009. Separate 

recovery of copper and zinc from acid mine drainage using biogenic sulfide. J. Hazard. Mater. 171, 901–

906.  

 Erkan Sahinkaya., Nesrin Dursun., Bestamin Ozkaya., Kaksonen, Anna H., 2013. Use of landfill leachate 

as a carbon source in a sulfidogenic fluidized-bed reactor for the treatment of synthetic acid mine 

drainage. Minerals Engineering. 48, 56–60. 

 Esposito, G., Weijma, J., Pirozzi, F., Lens, P.N.L., 2003. Effect of the sludge retention time on H2 

utilization in a sulfate reducing gas-lift reactor. Process Biochem. Oxf. U K 39 (4), 491- 498. 

 Experimental design and optimisation (4): Plackett–Burman designs. Analytical Methods Committee, 

AMCTB No 55 Anal. Methods, 2013,5, 1901-1903. 

 Farmer, G. H., Updegraff, D.M., Radehaus, P. M., Bates, E. R., 1995. Metal removal and sulfate 

reduction in low-sulfate mine drainage. Biorem. Inorg. 10, 17–24. 

 Fedorovich, V., Greben, M., Kalyuzhnyi, S., Lens, P., Hulshoff Pol, L., 2000. Use of hydrophobic 

membranes to supply hydrogen to sulphate reducing bioreactors. Biodegradation. 11, 295–303. 

TH-1776_126152002



 Bibliography 

 

146  

 

 Feio Maria, J., Vitaly Zinkevich., Beech, Iwona B., Brossa, Enric L., Jurgen Schmitt, Peter Eaton., Jean 

Guezennec., 2004. Desulfovibrio alaskensis. sp. nov., a sulphate reducing bacterium from a soured oil 

reservoir. Int J Syst Evol Microbiol. 54, 1747–1752.  

 Figoli, A., Cassano, A., Criscuoli, A., Mozumder, M.S.I., Uddin, M.T., Islam, M.A., Drioli, E., 2010. 

Influence of operating parameters on the arsenic removal by nanofiltration. Wat. Res. 44, 97-104. 

 Flemming, H. C., 1995. Sorption sites in biofilms. Water Sci. Tech. 32, 27–33. 

 Flouty, R., Estephane, G., 2012. Bioaccumulation and biosorption of copper and lead by a unicellular 

algae Chlamydomonas reinhardtii. in single and binary metal systems: a comparative study. J Environ 

Manag. 111, 106–114.  

 Foucher, S., Battaglia-Brunet, F., Ignatiadis, I., Morin, D., 2001. Treatment by sulfate-reducing bacteria 

of Chessy acid-mine drainage and metals recovery. Chem. Eng. Sci. 56, 1639–1645. 

 Fu, Fenglian., Wang, Qi., 2011. Removal of heavy metal ions from wastewaters: A review. Journal of 

Environmental Management. 92, 407- 418.  

 Gabr, R.M., Hassan, S.H.A., Shoreit, A.A.M., 2008. Biosorption of lead and nickel by living and non-

living cells of Pseudomonas aeruginosa ASU 6a. Int. Biodeterior. Biodegradation. 62, 195-203. 

 Gadd, G.M., 1992. Metals and microorganisms: A problem of definition. FEMS Microbilogy Letters. 100, 

(1-3) 197-203 DOI: 10.1111/j.1574-6968.1992.tb14040.x. 

 Gallegos-Garcia, M., Celis, L.B., Rangel-Me´ndez, R., Razo-Flores, E., 2009. Precipitation and recovery 

of metal sulfides from metal containing acidic wastewater in a sulfidogenic down-flow fluidized bed 

reactor. Biotechnol. Bioeng. 102 (1), 91-99.  

 García, C., Moreno, D. A., Ballester, A., Blázquez, M.L., González, F., 2001. Bioremediation of an 

industrial acid mine water by metal tolerant sulphate-reducing bacteria. Min. Eng. 14 (9), 997–1008. 

 Garcia-Calderon, D., Buffiere, P., Moletta, R., Elmaleh, S., 1998. Anaerobic digestion of wine distillery 

wastewater in downflow fluidized bed reactor. Wat. Res. 32, 3593–3600. 

 Gautam S.P., CPCB Guidelines, New Dellhi; RC Murty, Indian Institute of Toxicology Research. 

 Gazea, B., Adam, K., Kontopoulos, A., 1996. A review of passive systems for the treatment of acid mine 

drainage. Miner. Eng. 9, 23–42. 

 Geesey, G. G., Jang, L., 1989. Interaction between metal ions and capsular polymers. In Metal Ions and 

Bacteria. Eds T. J. Beveridge and R. J. Doyle. John Wiley and Sons, New York. 

 Gerhardt, P., Murray, R.G.E., Wood, W.A., Krieg, N.R., 1994. Methods for General and Molecular 

Bacteriology. American Society for Microbiology, Washington D.C. 

 Germain, D., and Cyr, J. 2003. Evaluation of biofilter performance to remove dissolved arsenic: Wood 

Cadillac, in: Proceedings of Sudbury 2003 – Mining and the Environment, Sudbury, Ontario, May 25- 28, 

1-9. 

 Ghosh, P., Samanta, A.N., Ray, S. Reduction of COD and removal of Zn
2+

 from rayon industry 

wastewater by combined electro-Fenton treatment and chemical precipitation. Desalination. 266, 213-217 

(doi:10.1016/j.desal.2010.08.029). 

 Gibert, O., De Pablo, J., Cortina, J.L., Ayora, C., 2004. Chemical characterization of natural organic 

substrates for biological mitigation of acid mine drainage. Wat. Res. 38, 4186–4196. 

TH-1776_126152002



 Bibliography 

 

147  

 

 Gikas, P., 2007. Kinetic responses of activated sludge to individual and joint nickel (Ni(II)) and cobalt 

(Co(II)): an isobolographic approach. J Hazard Mater. 143, 246–256. 

 Gonçalves, M.M.M., da Costa, A.C.A., Leite, S.G.F., Sant'Anna Jr., G.L., 2007. Heavy metal removal 

from synthetic wastewaters in an anaerobic bioreactor using stillage fromethanol distilleries as a carbon 

source. Chemosphere. 69 (11), 1815–1820. 

 González-Muñoz, M.J., Rodríguez, M.A., Luquea, S., Álvareza, J.R., 2006. Recovery of heavy metals 

from metal industry waste waters by chemical precipitation and nanofiltration. Desalination. 200, 742-

744. 

 Gray N.F., 1997. Environmental impact and remediation of acid mine drainage: a management problem. 

Environmental Geology. 30, 62-71.  

 Gray, N.F., 2008. Drinking Water Quality, Cambridge Univ Press Cambridge, 2nd edition.  

 Greben, H. A., Maree, J. P., 2000. The effect of reactor type and hydraulic residence time on biological 

sulphate and sulphide removal rates. Presented at WISA 2000 Biennial conference, Sun City, South 

Africa, 28 May -1 June 2000. 

 Greben, H. A., Maree, J. P., Mnqanqeni, S., 2000. Comparison between sucrose, ethanol and methanol as 

carbon and energy sources for biological sulphate reduction. Water Sci. Technol. 41, 247–253. 

 Greben, H.A., Maree, J.P., 2005. Removal of sulphate, metals, and acidity from a nickel and copper mine 

effluent in a laboratory scale bioreactor. Mine Water Environ. 24, 194–198. 

 Groudev, S., Kontopoulos, A., Spasova, I., Komnitsas, K., Angelov, A., Georgiev, P., 1998. In situ 

treatment of groundwater at Burgas Copper Mines, Bulgaria, by enhancing microbial sulphate reduction, 

in Groundwater Quality: Remediation and Protection: Proc. of the GQ’98 Conference, Tübingen 

(Germany), September 21–25, 1998 (Eds: M. Herbert, K. Kovar), IAHS Publication, No. 250, 249–255. 

 Gu, X.Y., Evans, L.J., 2008. Surface complexation modelling of Cd(II), Cu(II), Ni(II), Pb(II) and Zn(II) 

adsorption onto kaolinite. Geochim. Cosmochim. Acta. 72, 267-276. 

 Guo, M.X., Qiu, G.N., Song, W.P., 2010. Poultry litter-based activated carbon for removing heavy metal 

ions in water. Waste Manage. 30, 308-315. 

 Gusek, J.J., Wildeman, T.R., and Miller, A. 1999. Design, construction and operation of a 1,200 gpm 

passive bioreactor for metal mine drainage, in: Phytoremediation and innovative strategies for specialized 

remedial applications, Battelle Press, Columbus, OH. 217-223. 

 Hafeznezami, Saeedreza., Kim, Jin-Lee. M., Redman, Jeremy., 2012. Evaluating Removal Efficiency of 

Heavy Metals in Constructed Wetlands. J. Environ. Eng. 138, 475-482. DOI: 10.1061/(ASCE)EE.1943-

7870.0000478. © 2012 American Society of Civil Engineers. 

 Haider, A. M., Pakshirajan, K., 2007. Screening and optimization of media constituents for enhancing 

lipolytic activity by a soil microorganism using statistically designed experiments. Appl Biochem 

Biotechnol. 141, 377–390.  

 Hall, E. R., Melcer, H., 1984. Energy Recovery from Wastewater by High Rate Anaerobic Treatment. 

Water and Pollution Control. March/April, 20-25.  

 Hamilton, W. A., 1994. Metabolic interaction and environmental microniches: implications for the 

modelling of biofilm process. In: Geesey, G.G., Lewandowsky, Z., Flemming, H.C. (Eds.), Biofouling 

and Biocorrosion in Industrial Water Systems, second ed. CRC Press Inc., Boca Raton (FL), 27–36.  

TH-1776_126152002



 Bibliography 

 

148  

 

 Hammack, R.W., Edenborn, H. M., 1992. The removal of nickel from mine waters using bacterial sulfate 

reduction. Appl. Microbiol. Biotechnol. 37, 674–678. 

 Hansen, T.A., 1994. Metabolism of sulfate-reducing prokaryotes. Antonie van Leeuwenhoek. 66, 165-

185. https://doi.org/10.1007/BF00871638. 

 Hao, O. J., 2000. Metal effects on sulfur cycle bacteria and metal removal by sulfate reducing bacteria, in 

Environmental Technologies to Treat Sulfur Pollution: Principles and Engineering (Eds: P. N. L. Lens, L. 

Hulshoff Pol), IWA Publishing, London (UK), 393–414. 

 Hao, O. J., Chen, J. M., Huang, L., Buglass, R. L., 1996. Sulfate-reducing bacteria, Crit. Rev. Environ. 

Sci. Technol. 26, 155– 187. 

 Hao, O.J., Huang, L., Chen, J.M., 1994. Effects of metal additions on sulphate reduction activity in 

wastewaters. Toxicol. Environ. Chem. 46, 197–212. 

 Harada, H., Uemura, S., Momonoi, K., 1994. Interactions between sulphate-reducing bacteria and 

methane-producing bacteria in UASB reactors fed with low strength wastes containing different levels of 

sulphate. Water Res. 28, 355–367. 

 Hedin R.S., Hammack R.W., Hyman D.M., 1989. Potential importance of sulfate reduction process in 

wetlands constructed to treat mine drainage. In: Constructed wetlands for wastewater treatment (Ed. 

Hammer D.A.), Lewis Publishers, Chelsea, Michigan, 508-514.  

 Henry, J.G., Prasad, D., 2000. Anaerobic treatment of landfill leachate by sulfate reduction. Water Sci. 

Technol. 41, 239–246.  

 Herbert Jr. R. B., Benner, S.G., Blowes, D.W., 1998. in Groundwater Quality: Remediation and 

Protection, in Proc. of the GQ’98 Conference, Tübingen, Germany, September 21–25, 1998, IAHS 

Publication, No. 250 (Eds: M. Herbert, K. Kovar), 451–457. 

 Herbert, B. N., Gilbert, P. D., 1984. Isolation and growth sulphate reducing bacteria. Microbiol. Methods 

Environ. Biotechnol. 235–253. 

 Herlihy A.T., Mills A.L., 1985. Sulfate reduction in freshwater sediments receiving acid mine drainage. 

Applied and Environmental Microbiology. 49, 179-186.  

 Hill, J. W., Petrucci, R. H., McCreary, T. W., Perry, S. S. 2005. General Chemistry. 4th Edition, Pearson 

Prentice Hall, Upper Saddle River. 

 Hoa, T.T.H., Liamleam, W., Annachhatre, A. P., 2007. Lead removal through biological sulfate reduction 

process. Bioresour Technol. 98, 2538–2548.  

 Hsu, H.F., Jhuo, Y.S., Kumar, M., Ma, Y.S., Lin, J.G., 2010. Simultaneous sulfate reduction and copper 

removal by a PVA-immobilized sulfate reducing bacterial culture. Bioresour Technol. 101, 4354–4361.  

 Hu, Z., Chandran, K., Grasso, D., Smets,B. F., 2004. Comparison of nitrification inhibition by metals in 

batch and continuous flow reactors. Water Res. 38, 3949–3959. 

 Huan, N.H., Hai, N.X., Yem, T., Tuan, N.N., 2013. Factors effect the sulfide generation rate in to the Lich 

River, Vietnam. ARPN J. Eng. Appl. Sci. 8, 190-199. 

 Huisman, J.L., Schouten, G., Schultz, C., 2006. Biologically produced sulphide for purification of process 

streams, effluent treatment and recovery of metals in the metal and mining industry. Hydrometallurgy. 83, 

106-113.  

TH-1776_126152002



 Bibliography 

 

149  

 

 Huntsman, B. E., Solch, J. G., Porter, M.D., 1978. Utilization of Sphagnum species dominated bog for 

coal acid mine drainage abatement. in Abstracts of the 91st Annual Meetings of Geologic Society of 

America, Toronto, Ontario, Canada, 322. 

 Icgen, B., Harrison, S., 2006. Exposure to sulphide causes populations shifts in sulphatereducing 

consortia. Res. Microbiol. 157, 784–791. 

 Iijima, S., 1991. Helical microtubules of graphitic carbon. Nature. 354, 56-58.   

 Irene Sánchez-Andrea., Jose Luis Sanz., Bijmans, Martijn. F.M., Stams, Alfons, J.M., 2014. Sulfate 

reduction at low pH to remediate acid mine drainage. J. Hazard. Mater. 269, 98–109.  

 Isa, Z., Grusenmeyer, S., Verstraete, W., 1986. Sulfate reduction relative to methane production in high-

rate anaerobic digestion: technical aspects. Appl. Environ. Microbiol. 51, 572–579. 

 Isabel, D., Tassé, N., and Fontaine, R. 2000. Traitement des résurgences du parc à résidus miniers Wood 

Cadillac au moyen d’un biofiltre réducteur. NEDEM 2000 : Colloque sur la recherche de methods 

innovatrices pour le contrôle du drainage minier acide, Sherbrooke, 3-5 Oct. 2000, Ministère des 

ressources naturelles du Québec, Volume des conférences. 19-28.  

 Issabayeva, G., Aroua, M.K., Sulaiman, N.M., 2006. Electrodeposition of copper and lead on palm shell 

activated carbon in a flow-through electrolytic cell. Desalination. 194, 192-201. 

 Jai, P.H.,Wook, J.S., Kyu, Y.J., Gil, K.B., Mok, L.S., 2007. Removal of heavy metals using waste 

eggshell. J. Environ. Sci. 19, 1436-1441. 

 Janyasuthiwong, S., Rene, E.R., Esposito, G., Lens, P.N.L., 2016. Effect of pH on the performance of 

sulfate and thiosulfate fed sulfate reducing inversed fluidized bed reactors. J. Environ. Eng. 142 (9), 

September 2016. ASCE. 

 Jarvis A.P., Younger P.L., 2000. Broadening the scope of mine water environmental impact assessment: a 

UK perspective. Environmental Impact Assessment Review. 20, 85-96.  

 Jhung, J. K., Choi, E., 1995. A comparative study of UASB and anaerobic fixed film reactors with 

development of sludge granulation. Water Res. 29, 271–277. 

 Jimenez-Rodriguez, A. M., Duran-Barrantes, M. M., Borja, R., Sanchez, E., Colmenarejo, M. F., Raposo, 

F., 2009. Heavy metals removal from acid mine drainage water using biogenic hydrogen sulphide and 

effluent from anaerobic treatment: Effect of pH. J. Hazard. Mater. 165, 759–765. 

 Jin, S., Drever, J. I., Colberg, P. J., 2007. Effects of copper on sulfate reduction in bacterial consortia 

enriched from metal-contaminated and uncontaminated sediments, Environ Toxicol Chem. 26 (2), 225–

230.   

 Johnson, B., 2000. Biological removal of sulfurous compounds from inorganic wastewaters, in 

Environmental Technologies to Treat Sulfur Pollution: Principles and Engineering (Eds:P. Lens, L. 

Hulshoff Pol), IWA Publishing, London (UK), 175–205.  

 Johnson, D. B., Hallberg, K. B., 2002. Pitfalls of passive mine water treatment. Re/Views in Environ. Sci. 

& Bio/Technol. 1, 335–343. 

 Johnson, D.B., Hallberg, K.B., 2005. Acid mine drainage remediation options: a review. Sci. Total 

Environ. 338, 3-14. 

 Jong, T., Parry, D. L., 2003. Removal of sulphate and heavy metals by sulphate reducing bacteria in short-

term bench scale upflow anaerobic packed bed reactor runs. Water Res. 37, 3379–3389. 

TH-1776_126152002



 Bibliography 

 

150  

 

 Jong, T., Parry, D. L., 2006. Microbial sulfate reduction under sequentially acidic conditions in an upflow 

anaerobic packed bed bioreactor. Water Research. 40, 2561-2571.  

 Kabbashi, N.A., Atieh, M.A., Al-Mamun, A., Mirghami, M.E.S., Alam, M.D.Z., Yahya, N., 2009. Kinetic 

adsorption of application of carbon nanotubes for Pb(II) removal from aqueous solution. J. Environ. Sci. 

21, 539-544. 

 Kadukova, J., Vircikova, E., 2005. Comparison of differences between copper bioaccumulation and 

biosorption. Environ Int. 31, 227–232.  

 Kaksonen, A. H., Franzmann, P.D., Puhakka, J. A., 2003a. Performance and ethanol oxidation kinetics of 

a sulfate-reducing fluidized-bed reactor treating acidic metal-containing wastewater. Biodegradation. 14, 

207–217. 

 Kaksonen, A. H., Franzmann, P.D., Puhakka, J. A., 2004. Effects of hydraulic retention time and sulfide 

toxicity on ethanol and acetate oxidation in sulfate-reducing metal-precipitating fluidized-bed reactor. 

Biotechnol. Bioeng. 86, 332–343. 

 Kaksonen, A. H., Puhakka, J. A., 2007. Sulfate reduction based bioprocesses for the treatment of acid 

mine drainage and the recovery of metals. Eng Life Sci. 7(6), 541–564. 

 Kaksonen, A. H., Riekkola-Vanhanen, M. L., Puhakka, J. A., 2003b. Optimization of metal sulfide 

precipitation in fluidized-bed treatment of acidic wastewater. Water Res. 37, 255–266.  

 Kalyuzhnyi, S., Fedorovich, V., 1997. Integrated mathematical model of UASB reactor for competition 

between sulphate reduction and methanogenesis. Water Sci. Technol. 36, 201–208. 

 Kandah, M.I., Meunier, J.L., 2007. Removal of nickel ions from water by multi-walled carbon nanotubes. 

J. Hazard. Mater. 146, 283-288. 

 Kang, S.Y., Lee, J.U., Moon, S.H., Kim, K.W., 2004. Competitive adsorption characteristics of Co
2+

, 

Ni
2+

, and Cr
3+

 by IRN-77 cation exchange resin in synthesized wastewater. Chemosphere.  56, 141-147. 

 Kapdan, I. K., Kargi, F., 2002. Biological decolorization of textile dyestuff containing wastewater by 

Coriolus versicolor in a rotating biological contactor. Enzyme and Microbial Technology. 30 (2), 195-

199. 

 Kathy Jalali., Susan, A. B., 2000. The Role of sulphate reducing bacteria in copper removal from aqueous 

sulphate solutions. Water Research. 34(3), 797-806 

 Kerkar, S., Loka Bharathi, P.A., 2007. Stimulation of sulfate reducing activity at salt-saturation in the 

salterns of Ribandar, Goa, India. Geomicrobiol. J. 24, 101-110. 

 Khanal, S.K., Huang, J.C., 2006. Online oxygen control for sulfide oxidation in anaerobic treatment of 

high-sulfate wastewater. Water Environ. Res. 78, 397-408. 

 Kieu, H. T. Q., Müller, E., Horn, H., 2011. Heavy metal removal in anaerobic semicontinuous stirred tank 

reactors by a consortium of sulfate-reducing bacteria. Water Res. 45 (13), 3863–3870. 

 Kikot, P., Viera, M., Mignone, C., Denoti, E., 2010. Study of the effect of pH and dissolved heavy metals 

on the growth of sulfate- reducing bacteria by a fractional factorial design. Hydrometallurgy. 104 (3-4), 

494–500. Available from: http://dx.doi.org/10.1016/j.hydromet.2010.02.026. 

 Kim, H.J., Baek, K., Kim, B.K., Yang, J.W., 2005. Humic substance-enhanced ultrafiltration for removal 

of cobalt. J. Hazard. Mater. 122, 31-36. 

TH-1776_126152002



 Bibliography 

 

151  

 

 Kimura, S., Hallberg, K. B., Johnson, B., 2006. Sulfidogenesis in low pH (3.8-4.2) medium by a mixed 

population of acidophilic bacteria. Biodegradation. 17, 159-167.  

 Knoblauch, C., Jørgensen, B. B., Harder, J., 1999. Community size and metabolic rates of psychrophilic 

sulfate-reducing bacteria in arctic marine sediments. Applied and Environmental Microbiology. 65, 4230-

4233.  

 Kohler, S.J., Cubillas, P., Rodriguez-Blanco, J.D., Bauer, C., Prieto, M., 2007. Removal of cadmium from 

wastewaters by aragonite shells and the influence of other divalent cations. Environ. Sci. Technol. 41, 

112-118. 

 Kolmert, A., 1999. Sulfate-reducing bacteria in bioremediation processes. Licentiate thesis. Lund 

University. Sweden. 

 Kolmert, A., Johnson, D. B., 2001. Remediation of acidic wastewaters using immobilised, acidophilic 

sulfatereducing bacteria. J Chem Technol Biotechnol. 76, 836–43. 

 Kolmert, A., Wikstrom, P., Hallberg, K.B., 2000. A fast and simple turbidimetric method for the 

determination of sulfate in sulfate-reducing bacterial cultures. J. Microbiol. Methods. 41, 179–184 

 Kongsricharoern, N., Polprasert, C., 1995. Electrochemical precipitation of chromium (Cr
6+

) from an 

electroplating wastewater. Wat. Sci. Technol. 31, 109-117. 

 Kongsuwan, A., Patnukao, P., Pavasant, P., 2009. Binary component sorption of Cu(II) and Pb(II) with 

activated carbon from Eucalyptus camaldulensis Dehn bark. J. Ind. Eng. Chem. 15, 465-470. 

 Konhauser, K., Fyfe, W. S., Ferris. F. G., Beveridge, T. J., 1993. Metal sorption and mineral precipitation 

by bacteria in two Amazonian river systems: Rio Solimlles and Rio Negro. Brazil.Geology. 21, 1103-

1106. 

 Kousi, P., Remoundaki, E., Hatzikioseyian, A., Tsezos, M., 2015. Sulphate-reducing bioreactors: current 

practices and perspectives. May 10-12. Conference Proceedings.   

 Kousi, Pavlina., Remoundaki, Emmanouela., Hatzikioseyian, Artin., Battaglia-Brunet, Fabienne., Joulian, 

Catherine., Koustenia, Vassiliki., Tsezos, Marios., 2011. Metal precipitation in an ethanol-fed, fixed-bed 

sulphate-reducing bioreactor. J Hazard Mater. 189, 677–684. 

 Ku, Y., Jung, I.L., 2001. Photocatalytic reduction of Cr(VI) in aqueous solutions by UV irradiation with 

the presence of titanium dioxide. Water Res. 35, 135-142. 

 Kuo, C.Y., Lin, H.Y., 2009. Adsorption of aqueous cadmium (II) onto modified multiwalled carbon 

nanotubes following microwave/chemical treatment. Desalination. 249, 792-796. 

 Kurniawan, T.A., Chan, G.Y.S., Lo, W.H., Babel, S., 2006. Physicoechemical treatment techniques for 

wastewater laden with heavy metals. Chem. Eng. J. 118, 83-98. 

 Kuyucak, N., Chabot, F., and Martschuk, J. 2006. Successful implementation and operation of apassive 

treatment system in an extremely cold climate, northern Quebec, Canada, Proc. of the 7
th

 Int. Conf. on 

acid Rock Drainage (ICARD), March 26-30, 2006, St. Louis, MO, in: R.I. Barnhisel (Ed.), American 

Society of Mining and Reclamation (ASMR), Lexington, KY. 3131-3138. 

 Kuyucak, N., St-Germain, P., 2006. In situ treatment of acid mine drainage by sulfate reducing bacteria in 

open pits: scale-up experiences. In: Proc. of the Int. Land Reclamation and Mine Drainage Conf. and the 

3rd Int. Conf. on the Abatement of Acidic Drainage, Pittsburgh (PA), 24–29 April, 303–310. 

TH-1776_126152002



 Bibliography 

 

152  

 

 Kwon, J.S., Yun, S.T., Lee, J.H., Kim, S.O., Jo, H.Y., 2010. Removal of Divalent Heavy Metals (Cd, Cu, 

Pb, and Zn) and Arsenic (III) from Aqueous Solutions Using Scoria: Kinetics and Equilibria of Sorption. J 

Hazard Mater. 174, 307-313. http://dx.doi.org/10.1016/j.jhazmat.2009.09.052. 

 Labanda, J., Khaidar, M.S., Llorens, J., 2009. Feasibility study on the recovery of chromium(III) by 

polymer enhanced ultrafiltration. Desalination. 249, 577-581. 

 Langley, S., Beveridge, T, J., 1999. Effect of O-side-chainlipopolysaccharide chemistry on metal binding. 

Appl. Environ. Microbiol. 65, 489-498. 

 Lembi C.A., Waaland J.R., editors. Algae and human affairs, viii, 590. Cambridge University Press, 1988. 

Price £45.00. (1989). Journal of the Marine Biological Association of the United Kingdom, 69(3), 742-

742. doi:10.1017/S0025315400031210. 

 Lens, P. N. L., van den Bosch, M. C., Hulshoff Pol, L. W., Lettinga, G., 1998. Effect of staging on 

volatile fatty acid degradation in a sulfidogenic granular sludge reactor. Water Res. 32, 1178–92.  

 Lens, P., Sipma, J., Hulshoff Pol, L., Lettinga, G., 1999. Effect of nitrate on acetate degradation in a 

sulfidogenic staged reactor. Water Res. 34, 31–42. 

 Lens, P., Vallero, M., Esposito, G., Zandvoort, M., 2002. Perspectives of sulfate reducing bioreactors in 

environmental biotechnology, Re/Views Environ. Sci. & Bio/Technol. 1, 311–325. 

 Lenz, M., Van Hullebusch, E., Hommes, G., Corvini, P. F. X., Lens, P. N. L., 2008. Selenate removal in 

methanogenic and sulfate-reducing upflow anaerobic sludge bed reactors. Water research. 42 (8/9), 2184-

2194. 

 Lettinga, G., van Velsen, A. F. M., Hobma, S.W., de Zeeuw, W. J., Klapwijk, A., 1980. Use of the upflow 

sludge blanket (USB) reactor concept for biological wastewater treatment, especially anaerobic treatment. 

Biotechnol. Bioeng. 22, 699–734. 

 Li, Y.H., Liu, F.Q., Xia, B., Du, Q.J., Zhang, P., Wang, D.C., Wang, Z.H., Xia, Y.Z., 2010. Removal of 

copper from aqueous solution by carbon nanotube/calcium alginate composites. J. Hazard. Mater. 177, 

876-880. 

 Liamleam, W., Annachhatre, A. P., 2007. Electron donors for biological sulfate reduction. Biotechnol 

Adv. 25, 452–463.  

 Liu, F.N., Zhang, G.L., Meng, Q., Zhang, H.Z., 2008b. Performance of nanofiltration and reverse osmosis 

membranes in metal effluent treatment. Chin. J. Chem. Eng. 16, 441-445. 

 Liu, Z.R., Zhou, L.M., Wei, P., Zeng, K., Wen, C.X., Lan, H.H., 2008a. Competitive adsorption of heavy 

metal ions on peat. J. China Univ. Min. Technol. 18, 255-260. 

 Lloyd, D., 2006. Hydrogen sulfide: clandestine microbial messenger? Trends Micro-biol. 14, 456–462. 

 Lozinsky, V.I., Plieva, F.M., 1998. Poly(vinyl alcohol) cryogels employed as matrices for cell 

immobilization. Overview of recent research and developments. Enzyme Microb. Technol. 23, 227–242. 

 Lu, A.H., Zhong, S.J., Chen, J., Shi, J.X., Tang, J.L., Lu, X.Y., 2006. Removal of Cr(VI) and Cr(III) from 

aqueous solutions and industrial wastewaters by natural clinopyrrhotite. Environ. Sci. Technol. 40, 3064-

3069. 

 Lundh, M., Jönsson, L., Dahlquist, J., 2000. Experimental studies of the fluid dynamics in the separation 

zone in dissolved air flotation.Water Res. 34, 21-30. 

TH-1776_126152002



 Bibliography 

 

153  

 

 Luptakova, A., Kusnierova, M., 2005. Bioremediation of acid mine drainage contaminated by SRB. 

Hydrometallurgy. 77, 97–102. 

 Lyew, D., Sheppard, J.D., 1997. Effects of physical parameters of a gravel bed on the activity of sulphate-

reducing bacteria in the presence of acid mine drainage. J. Chem. Technol. Biotechnol. 70, 223–230. 

 Ma, X., Hua, Y., 1997. Cd
2+

 removal from wastewater by sulfate reducing bacteria with an anaerobic 

fluidized bed reactor. J. Environ. Sci. 9, 366–371. 

 Machemer, S. D., Wildeman, T. R., 1992. Adsorption compared with sulfide precipitation as metal 

removal processes from acid mine drainage in a constructed wetland. J Contam Hydrol. 9, 115–31. 

 Mack, C., Burgess, J. E., Duncan, J. R., 2004. Membrane bioreactors for metal recovery from wastewater: 

A review. Water SA. 30, 521–532.  

 Madamba,  P. S., Liboon, F, A., 2001. Optimization of the vacuum dehydration of celery (Apium 

graveolens) using the response surface methodology. Dry Technol. 19, 611–626. 

 Madigan, M. T., Marinko, J. M., Parker, J., 2000. Brock biology of microorganism. 9th edition. Prentice 

Hall, Pearson education, Inc. New Jersey, USA, 154-155, 462-463, 686-688.  

 Madigan, M. T., Marinko, J. M., Parker, J., 2003. Brock Biology of Microorganisms, 10th edition. Upper 

Saddle River, N.J Prentice Hall - Prentice Hall international editions: ISBN 13: 9780130662712. 

 Mallick., 2002. Biotechnological potential of immobilized algae for wastewater N, P, and metal removal: 

A review. BioMetals. 15, 377–390. manganite (–MnOOH) interface. Environ. Sci. Technol. 37, 4106–

4112. 

 Marchal, R., Chaussepied, B., Warzywoda, M., 2001. Effect of ferrous ion availability on growth of a 

corroding sulphate-reducing bacterium. Int. Biodeterior. Biodegrad. 47, 125–131. 

 Maree, J. P., Strydom, W.W., 1987. Biological sulphate removal from industrial effluents in an upflow 

packed bed reactor. Water Res. 21, 141–146.   

 Maree, J.P., Hulse, G., Dods, D., Schutte, C.E., 1991. Pilot plant studies on biological sulphate removal 

from industrial effluent. Water Science & Technology. 23, 1293-1300.  

 Marín, P., Alkalay, D., Guerrero, L., Chamy, R., Schiappacasse, M. C., 1999. Design and startup of an 

anaerobic fluidized bed reactor. Water Sci. Technol. 40, 63–70. 

 Mark Tucker, D., Larry Barton, L., Bruce Thomson, M., 1998. Removal of U and Mo from Water by 

Immobilized Desulfovibrio desulfuricans. in Column Reactors. Biotechnol Bioeng. 60, 88–96. 

 Martins, M., Faleiro, M. L., Barros, R. J., Verissimo, A. R., Barreiros, M. A., Costa, M. C., 2009. 

Characterization and activity studies of highly heavy metal resistant sulphate-reducing bacteria to be used 

in acid mine drainage decontamination. J. Hazard. Mater. 166, 706–713. 

 Martins, Mónica., Faleiro, Maria Leonor., Gonçalo Silva., Sandra Chaves., Rogério Tenreiro., Maria 

Clara Costa., 2011. Dynamics of bacterial community in up-flow anaerobic packed bed system for acid 

mine drainage treatment using wine wastes as carbon source. International Biodeterioration & 

Biodegradation. 65, 78-84. 

 Masigol, M.A., Moheb, A., Mehrabani-Zeinabad, A., 2012. An experimental investigation into batch 

electrodialysis process for removal of sodium sulfate from magnesium stearate aqueous slurry. 

Desalination. 300, 12-18.  

TH-1776_126152002



 Bibliography 

 

154  

 

 Mata, Y.N., Blázquez, M.L., Ballester, A., González, F., Muñoz, J.A., 2009. Sugar-beet pulp pectin gels 

as biosorbent for heavy metals: preparation and determination of biosorption and desorption 

characteristics. Chem. Eng. J. 150, 289-301. 

 Matlock, M.M., Henke, K.R., Atwood, D.A., 2002. Effectiveness of commercial reagents for heavy metal 

removal from water with new insights for future chelate designs. J. Hazard. Mater. 92, 129-142. 

 Mayes, W.M., Davis, J., Silva, V., Jarvis, A.P., 2011. Treatment of zinc-rich acid mine water in low 

residence time bioreactors incorporating waste shells and methanol dosing. J. Hazard. Mater. 193, 279– 

287. 

 Meers, E., Qadir, M., de Caritat, P., F. Tack, M. G., Du Laing, G., Zia, M. H., Saifullah., 2009. EDTA-

assisted Pb phytoextraction. Chemosphere. 74, 1279–1291. 

 Melin, E. S., Ferguson, J. F., Puhakka, J. A., 1997. Pentachlorophenol biodegradation kinetics of an 

oligotrophic fluidized-bed enrichment culture. Appl. Microbiol. Biotechnol. 47, 675–682. 

 Melin, E. S., Puhakka, J. A., Ferguson, J. F., 1998. Enrichment and operation strategies for 

polychlorophenol degrading microbial cultures in an aerobic fluidized-bed reactor. Water Environ. Res. 

70, 171–180. 

 Min, Xiaobo., Chai, Liyuan., Zhang, Chuanfu., Takasaki, Yasushi., Okura, Takahiko. (2008). Control of 

metal toxicity, effluent COD and regeneration of gel beads by immobilized sulfate-reducing bacteria. 

Chemosphere. 72, 1086–1091. 

 Mizuno O., Li Y.Y., Noike T., 1994. Effects of sulfate concentration and sludge retention time on the 

interaction between methane production and sulfate reduction for butyrate. Water Science and 

Technology. 30, 45-54.  

 Mohan, D., Chander, S., 2006. Removal and recovery of metal ions from acid mine drainage using 

ligniteda low cost sorbent. J. Hazard. Mater. 137, 1545-1553. 

 Molinari, R., Poerio, T., Argurio, P., 2008. Selective separation of copper (II) and nickel (II) from 

aqueous media using the complexationeultrafiltration process. Chemosphere. 70, 341-348. 

 Montgomery, D. C., 1997. Design and Analysis of Experiment. 5th Ed. Wiley, New York. 

 Montgomery, D.C., 1991. Design and Analysis of Experiments. 3rd ed., Wiley, New York. 

 Montgomery, D.C., 2004. Design and analysis of experiments. 7th edn. Wiley, New York. 

 Moon, C., Singh, R., Chaganti, S.R., Lalman, J.A., 2013. Modeling sulfate removal by inhibited 

mesophilic mixed anaerobic communities using a statistical approach. Water Research. 47, 2341-2351.  

 Motsi, T., Rowson, N.A., Simmons, M.J.H., 2009. Adsorption of heavy metals from acid mine drainage 

by natural zeolite. Int. J. Miner. Process. 92, 42-48. 

 Murthy, Z.V.P., Chaudhari, L.B., 2008. Application of nanofiltration for the rejection of nickel ions from 

aqueous solutions and estimation of membrane transport parameters. J. Hazard. Mater. 160, 70-77. 

 Muthukrishnan, M., Guha, B.K., 2008. Effect of pH on rejection of hexavalent chromium by 

nanofiltration. Desalination. 219, 171-178. 

 Nagpal, S., Chuichulcherm, S., Livingston, A., Peeva, L., 2000. Ethanol utilization by sulfate-reducing 

bacteria: An experimental and modelling study. Biotechnol. Bioeng. 70, 533– 543.  

 Nakamoto, K., 1970. Infrared Spectra of Inorganic and Coordination Compounds,. Wiley, Newyork. 

TH-1776_126152002



 Bibliography 

 

155  

 

 Nataraj, S.K., Hosamani, K.M., Aminabhavi, T.M., 2007. Potential application of an electrodialysis pilot 

plant containing ion-exchange membranes in chromium removal. Desalination. 217, 181-190. 

 Naturgerechte Technologien., Bau-und Wirtschaftsberatung., 2001. Anaerobic treatment of municipal 

wastewater in UASB reactors. TBW GmbH, Frankfurt. (http://www.gtz.de/gate/ gateid.afp).  

 Neculita, C.M., Zagury, G.J., Bussiere, B., 2007. Passive treatment of acid mine drainage in bioreactors 

using sulfate-reducing bacteria: critical review and research needs. J. Environ. Qual. 36(1), 1–16. 

 Nevatalo, L. M., Makinen, A. E., Kaksonen, A. H., Puhakka, J. A.,  2010. Biological hydrogen sulfide 

production in an ethanol-lactate fed fluidized-bed bioreactor. Bioresour. Technol. 101,   276–284. 

 Nguyen, C.M., Bang, S., Cho, J., Kim,K.W., 2009. Performance andmechanismof arsenic removal from 

water by a nanofiltration membrane. Desalination. 245, 82-94. 

 Noller, B. N., Woods, P.H., Ross, B. J., 1994. Case studies of wetland filtration of mine waste water in 

constructed and naturally occurring systems in northern Australia. Water Sci. Technol. 29, 257–265.  

 Odom, J.M., Rivers Singleton., 1993. The Sulfate-reducing bacteria: contemporary perspectives/ Jr., 

editors; foreword by John R. Postgate.  New York : Springer-Verlag, English, Book, Illustrated edition: 

 Okabe, S., Nielsen, P. H., Jones, W. L., Characklis, W. G., 1995. Rate and s toichiometry of microbial 

sulfate reduction by Desulfovibrio-desulfuricans. in biofilms. Biofouling. 9 (1), 63-83. 

 Oliveira, L., Franca, A.S., Alves, T.M., Rocha, S.D.F., 2008. Evaluation of untreated coffee husks as 

potential biosorbents for treatment of dye contaminated waters. J. Hazard. Mater. 155, 507-512. 

 Omil, F., Lens, P., Hulshoff Pol, L., Lettinga, G., 1996. Effect of upward velocity and sulphide 

concentration on volatile fatty acid degradation in a sulphidogenic granular sludge reactor. Process 

Biochem. 31, 699–710. 

 Omil, F., Lens, P., Visser, A., Hulshoff Pol, L. W., Lettinga, G., 1998. Long term competition between 

sulphate reducing and methanogenic bacteria in UASB reactors treating volatile fatty acids. Biotechnol. 

Bioeng. 57, 676–685. 

 Omil, F., Oude Elferink, S. J.W. H., Lens, P., Hulshoff Pol, L., Lettinga, G., 1997. Effect of the 

inoculation with Desulforhabdus amnigenus. and pH or O2 shocks on the competition between sulphate 

reducing and methanogenic bacteria in an acetate fed UASB reactor. Bioresour. Technol. 60, 113–122. 

 Ostroski, I.C., Barros, M.A.S.D., Silvab, E.A., Dantas, J.H., Arroyo, P.A., Lima, O.C.M., 2009. A 

comparative study for the ion exchange of Fe(III) and Zn(II) on zeolite NaY. J. Hazard. Mater. 161, 1404-

1412. 

 Overmeire, A., Lens, P., Verstraete, W., 1994. Mass transfer limitation of sulphate in methanogenic 

aggregates. Biotechnol. Bioeng. 44, 387–391. 

 Pagnanelli, F., Viggi, C.C., Cibati, A., Uccelletti, D., Toroa, L., Palleschi, C., 2012. Biotreatment of 

Cr(VI) contaminated waters by sulphate reducing bacteria fed with ethanol. J. Hazard. Mater. 199–200, 

186–192. 

 Pakshirajan, K., Kheria, S., 2012. Continuous treatment of coloured industry wastewater using 

immobilized Phanerochaete chrysosporium. in a rotating biological contactor reactor. Journal of 

Environmental Management. 101, 118-123. 

TH-1776_126152002



 Bibliography 

 

156  

 

 Pakshirajan, K., Rene, Eldon. R., Swaminathan, T., 2009. Decolourization of azo dye containing synthetic 

wastewater in a rotating biological contactor reactor: A factorial design study. International Journal of 

Environment and Pollution. 37 (2-3), 266-275.  

 Pakshirajan, K., Swaminathan., 2006. Continuous Biosorption of Pb, Cu, and Cd by Phanerochaete 

chrysosporium. in a Packed Column Reactor. Soil & Sediment Contamination. 15, 187–197, 2006 DOI: 

10.1080/15320380500506347. 

 Pan, J.H., Liu, R.X., Tang, H.X., 2007. Surface reaction of Bacillus cereus. biomass and its biosorption 

for lead and copper ions. J. Environ. Sci. 19, 403-408. 

 Papadopoulos, A., Fatta, D., Parperis, K., Mentzis, A., Haralambous, K.J., Loizidou, M., 2004. Nickel 

uptake from a wastewater stream produced in a metal finishing industry by combination of ion-exchange 

and precipitation methods. Sep. Purif. Technol. 39, 181-188. 

 Park, H.G., Kim, T.W., Chae, M.Y., Yoo, I.K., 2007. Activated carbon-containing alginate adsorbent for 

the simultaneous removal of heavy metals and toxic organics. Process Biochem. 42, 1371-1377. 

 Pender, S., Toomey, M., Carton, M., Eardly, D., Patching, J. W., Colleran, E., O’Flaherty, V.,  2004. 

Long-term effects of operating temperature and sulphate addition on the methanogenic community 

structure of anaerobic hybrid reactors. Water Research. 38, 610-630.  

 Pillay, K., Cukrowska, E.M., Coville, N.J., 2009. Multi-walled carbon nanotubes as adsorbents for the 

removal of parts per billion levels of hexavalent chromium from aqueous solution. J. Hazard. Mater. 166, 

1067-1075. 

 Pires, C., Ana, P. G.C., Marques., António Guerreiro., Naresh Magan., Paula Castro, M.L., 2011. 

Removal of heavy metals using different polymer matrixes as support for bacterial immobilization. J. 

Hazard. Mater. 191, 277–286. 

 Plackett, R. L., Burman, J. P., 1946. The Design of Optimum Multifactorial Experiments. Biometrika. 33, 

305-325. 

 Plattes, M., Bertrand, A., Schmitt, B., Sinner, J., Verstraeten, F., Welfring, J., 2007. Removal of tungsten 

oxyanions from industrial wastewater by precipitation, coagulation and flocculation processes. J. Hazard. 

Mater. 148, 613-615. 

 Polprasert, C., Haas, C.N., 1995. Effect of sulfate on anaerobic process fed with dual substrates. Water 

science and Technology. 31, 101-107. 

 Popuri, S.R., Jammala, A., Reddy, N.S., Venkata, K., Krishnaiah, A., 2007. Biosorption of hexavalent 

chromium using tamarind (Tamarindus indica.) fruit shell-a comparative study. Electron. J. Biotechnol. 

10, 358–367. Progress, 20, 4, 247-250.  

 Postgate, J.R., 1984. The Sulphate-reducing Bacteria. Cambridge University Press (New York), 

Cambridge (UK), 107–152. 

 Pruden, A., Messner, N., Pereyra, L., Hanson, R.E., Hiibel, S.R., Reardon, K.F., 2007. The effect of 

inoculum on the performance of sulfate reducing columns treating heavy metal contaminated water. 

Water research. 41, 904 – 914. 

 Quan, Hong’en., He, Bai., Yang, H., Kong, Y., Jiao, S., 2013. Removal of Cu(II) and Fe(III) from 

aqueous solutions by dead sulfate reducing bacteria. Front Chem Sci Eng. 7(2), 177–184.  

TH-1776_126152002



 Bibliography 

 

157  

 

 Quintelas, C., Rocha, Z., Silva, B., Fonseca, B., Figueiredo, H., Tavares, T., 2009. Biosorptive 

performance of an Escherichia coli. biofilm supported on zeolite NaY for the removal of Cr(VI), Cd(II), 

Fe(III) and Ni(II). Chem. Eng. J. 152, 110-115. 

 Reddy, D. H. K., Seshaiah, K., Reddy, A.V.R., Rao, M.M., Wang, M.C., 2010. Biosorption of Pb
2+

 from 

Aqueous Solutions by Moringa oleifera. Bark: Equilibrium and Kinetic Studies. J. Hazard. Mater. 174, 

831-838. http://dx.doi.org/10.1016/j.jhazmat.2009.09.128.  

 Reisinger, R.W., Gusek, J.J., and Richmond, T.C. 2000. Pilot-scale passive treatment test of contaminated 

waters at the historic Ferris-Haggarty Mine, Wyoming, in: Proc. of the 5th Int. Conf. on Acid Rock 

Drainage (ICARD), Denver, CO, 21-24 May, 2000, 1071-1077. 

 Reyes, I., Villarroel, M., Diez, M.C., Navia, R., 2009. Using lignimerin (a recovered organic material 

from Kraft cellulose mill wastewater) as sorbent for Cu and Zn retention from aqueous solutions. 

Bioresour. Technol. 100, 4676-4682. 

 Richardson, J. P., Nicklow, J.W., 2002. In situ permeable reactive barriers for groundwater 

contamination. Soil Sediment Contam. Int. J. 11, 241–268.  

 Riekkola-Vanhanen, M., 1999. In situ bioreclamation of acid mine drainage, in Proc. of the 4th Finnish 

Conference of Environmental Sciences, Tampere (Finland), May 21–22, 1999 (Eds: S. Kuusisto, S. 

Isoaho, J. Puhakka), 22–25. 

 Riekkola-Vanhanen, M., Mustikkamäki, U.P., 1997. In situ treatment of acid mine drainage by sulphate 

reducing bacteria in an open pit mine, in Proc. of the International Biohydrometallurgy Symposium 

IBS97, BIOMINE 97, August 4–6, 1997, Sydney (Australia), Australian Mineral Foundation, Glenside 

(South Australia). 

 Rinzema, A., Lettinga, G., 1988. Anaerobic treatment of sulfate containing wastewater. In: Biotreatment 

systems,.3: (Wise, DL, Ed), 65-109 CRC press, Inc., Boca Raton. 

 Rittmann, B. E., 1982. Comparative performance of biofilm reactor types. Biotechnol. Bioeng. 24, 1341–

1370. 

 Romero, F. M., Nú˜nez, L. N., Gutiérrez, M. E., Armienta, M.A., Ceniceros-Gómez, A.E., 2011. 

Evaluation of the potential of indigenous calcareous shale for neutralization and removal of arsenic and 

heavy metals from acid mine drainage in the Taxco Mining Area, Mexico. Arch. Environ. Con. Toxicol. 

60, 191–203. DOI: 10.1007/s11270-010-0538-2. 

 Roy, A. S., Hazarika, J., Manikandan, N. A., Pakshirajan, K., 2015. Heavy metal removal from multi-

component system by the cyanobacterium Nostoc muscorum: Kinetics and interaction study. Appl 

Biochem Biotechnol. 175 (8), 3863-74. (doi:10.1007/s12010-015-1553-y). 

 Rubio, C., Ott, C., Amiel, C., Dupont-Moral, I., Travert, J., Mariey, L., 2006. Sulfato/ thiosulfato reducing 

bacteria characterization by FT-IR spectroscopy: a new approach to biocorrosion control. J Microbiol 

Methods. 64, 287–296.  

 Rubio, J., Silva, R., da Silveira, A.N., 2009. Treatment of acid mine drainage (AMD) in South Brazil: 

comparative active processes and water reuse. International Journal of Mineral Processing. 93, 103-109.  

 Rubio, J., Souza, M.L., Smith, R.W., 2002. Overview of flotation as a wastewater treatment technique. 

Miner. Eng. 15, 139-155. 

 Ryan, T.P., 2007. Modern engineering statistics, John Wiley & Sons, Inc., Hoboken, New Jersey. 

TH-1776_126152002



 Bibliography 

 

158  

 

 Sadrzadeha, M., Mohammadi, T., Ivakpour, J., Kasiri, N., 2009. Neural network modeling of Pb
2+

 

removal from wastewater using electrodialysis. Chem. Eng. Process. 48, 1371-1381. 

 Saeed, A., Iqbal, M., Akhtar, M.W., 2005. Removal and recovery of lead(II) from single and multimetal 

(Cd, Cu, Ni, Zn) solutions by crop milling waste (black gram husk). J. Hazard. Mater. 117, 65-73. 

 Sahinkaya, E., 2009. Bio-treatment of zinc-containing wastewater in a sulfidogenic CSTR: performance 

and artificial neural network (ANN) modelling studies. J. Hazard. Mater. 164, 105–113.  

 Sahinkaya, E., Gungor, M., 2010. Comparison of sulfidogenic up-flow and down-flow fluidized-bed 

reactors for the biotreatment of acidic metal-containing wastewater. Bioresource Technology. 101, 9508–

9514. 

 Sahinkaya, E., Özkaya, B., Kaksonen, A. H., Puhakka, J. A., 2007. Sulfidogenic fluidized-bed treatment 

of metal-containing wastewater at low and high temperatures. Biotechnol. Bioeng. 96, 1064–1072. DOI 

10.1002/bit.21195. 

 Sahinkaya, E., Yucesoy, Z., 2010. Biotreatment of acidic zinc- and copper-containing wastewater using 

ethanol-fed sulfidogenic anaerobic baffled reactor. Bioprocess and Biosystems Engineering. 33, 989–997. 

 Sahm, K., Knoblauch, C., Amann, R., 1999. Phylogenetic affiliation and quantification of psychrophilic 

sulfate-reducing isolates in marine arctic sediments. Applied and Environmental Microbiology. 65 (9), 

3976-3981. 

 Sani, R.K., Geesey, G., Peyton, B.M., 2001. Assessment of lead toxicity to Desulfovibro desulfuricans 

G20: influence of components of lactate C medium. Adv. Environ. Res. 5, 269–276. 

 Sarma, S.J., Pakshirajan, K., 2010. An immobilized cell system for biodegradation of pyrene by 

Mycobacterium frederiksbergense. Polycyclic Aromatic Compounds. 30(3), 129-140. 

 Sarma, S.J., Pakshirajan, K., 2011. Surfactant aided biodegradation of pyrene using immobilized cells of 

Mycobacterium frederiksbergense. International Biodeterioration and Biodegradation. 65(1), 73-77.  

 Sawyer, C. N., McCarty, P. L., GF, P., 2009. Chemistry for environmental engineering and science. 

McGraw-Hill.  

 Scheeren, P. J. H., Koch, R.O., Buisman, C. J. N., 1993.Geohydrological containment system and 

microbial water treatment plant for metal-contaminated groundwater at Budelco, in Proc. of the Int. 

Symposium – World Zinc ’93, Hobart, Tasmania (Australia), October, 10–13, 1993 (Ed: G. M. Ian), The 

Australian Institute of Mining and Metallurgy, Parkville, Victoria (Australia) 373-383. 

 Schiewer, S., Patil, S.B., 2008. Modeling the effect of pH on biosorption of heavy metals by citrus peels. 

J. Hazard. Mater. 157, 8-17. 

 Sema S S, Gikas P, James G M, Brent M P, Timothy R G (2012) Comparison of single and joint effects of 

Zn and Cu in continuous flow and batch reactors. J. Chem. Technol. Biotechnol. 87: 374–380. DOI 

10.1002/jctb.2730.  

 Sen, M., Dastidar, M. G., Roy choudhury, P.K, 2007. Biological removal of Cr(VI) using Fusarium 

solani. in batch and continuousmodes of operation. Enzyme Microb Technol. 41, 51–56. 

 Shafi, Ezzat Abdel., Abdel Halim, Hisham. S., Mostafa, Mohamed. H., Nazih, Mohamed., 2009. Cost 

Effective Wastewater Treatment Processes: Anaerobic Domestic Wastewater Treatment Using Fixed Film 

Reactor As A Low-Cost Treatment Alternative Thirteenth International Water Technology Conference, 

IWTC 13, Hurghada, Egypt: 709-726.   

TH-1776_126152002



 Bibliography 

 

159  

 

 Shahalam, A.M., Al-Harthy, A., Al-Zawhry, A., 2002. Feed water pretreatment in RO systems in the 

Middle East. Desalination. 150, 235-245. 

 Sheng, G.D., Wang, S.W., Hua, J., Lu, Y., Li, J.X., Dong, Y.H., Wang, X.K., 2009. Adsorption of Pb(II) 

on diatomite as affected via aqueous solution chemistry and temperature. Colloid Surf. 339, 159-166. 

 Sheoran, A. S., Sheoran, V., 2006. Heavy metal removal mechanism of acid mine drainage in wetlands: A 

critical review. Miner. Eng. 19, 105–116. DOI: 10.1016/j.mineng.2005.08.006.   

 Silva, A.J., Varesche, M.B., Foresti, E., Zaiat, M., 2002. Sulphate removal from industrial wastewater 

using a packed-bed anaerobic reactor. Process Biochemistry. 37, 927-935.  

 Silva, A.M., Lima, R.M.F., Leao, V.A., 2012. Mine water treatment with limestone for sulfate removal. J. 

Hazard. Mater. 221-222, 45-55.  

 Silva, R., Cadorin, L., Rubio, J., 2010. Sulphate ions removal from an aqueous solution: I. Co-

precipitation with hydrolysed aluminum-bearing salts. Minerals Engineering. 23, 1220-1226.  

 Singh, Rajesh., Kumar, Anil., Kirrolia, Anita., Kumar, Rajender., Yadav, Neeru., Bishnoi, Narsi R., 

Lohchab, Rajesh K., 2011. Removal of sulphate, COD and Cr(VI) in simulated and real wastewater by 

sulphate reducing bacteria enrichment in small bioreactor and FTIR study. Bioresour Technol. 102 (2), 

677–682. Available from: http://dx.doi.org/10.1016/j.biortech.2010.08.041. 

 Smith, D. S., Ferris, F. G., 2001. Computational and experimental approaches to studying metal 

interactions with microbial biofilms. Methods Enzymol. 337, 225-242. 

 Somlev, V., Banov, M., 1998. Three stage process for complex biotechnological treatment of industrial 

wastewater from uranium mining. Biotechnol. Tech. 12, 637–639. 

 Somlev, V., Tishkov, S., 1992. Application of fluidized carrier to bacterial sulphate-reduction in industrial 

wastewaters purification. Biotechnol. Tech. 6, 91–96.  

 Sorensen, K.B., Canfield, D.E., Oren, A., 2004. Salt responses of benthic microbial communities in a 

solar saltern (Eilat, Israel). Appl. Environ. Microbiol. 70, 1608-1616. 

 Souiri, M., Gammoudi, I., Ouada, H.B., Mora, L., Jouenne, T., Jaffrezic-Renault, N., Dejous, C., 

Othmane, A., Duncan, A.C., 2009. Escherichia coli-functionalized magnetic nanobeads as an 

ultrasensitive biosensor for heavy metals. Proced. Chem. 1, 1027-1030. 

 Speece, E., 1983. Anaerobic biotechnology for industrial wastewater treatment. Environ. Sci. Technol. 17, 

416A–427A.  

 Steed, V. S., Suidan, M. T., Gupta, M., Miyahara, T., Acheson, C. M., Sayles, G.D., 2000. Development 

of a sulfate-reducing biological process to remove heavy metals from acid mine drainage. Water Environ. 

Res. 72, 530–535. 

 Stefanie, J.W.H. Oude Elferink., Visser, Andre., Hulshoff Pol., Look W., Stams, Alfons J.M., 1994. 

Sulfate reduction in methanogenic bioreactors. FEMS Microbiology Reviews. 15, 119-136. 

 Sterritt, R.M., Lester, J.N., 1980. Interaction of heavy metals with bacteria. Science of the Total 

Environment. 14, 5–17. 

 Stottmeister, U., Wießner, A., Kuschk, P., Kappelmeyer, U., Kastner, M., Bederski, O., 2003. Effects of 

plants and microorganisms in constructed wetlands for wastewater treatment. Biotech Adv. 22, 93– 17. 

DOI: 10.1016/j.biotechadv.2003.08.010. 

TH-1776_126152002



 Bibliography 

 

160  

 

 Sulaiman Al-zuhair., Muftah H El-Naas., Huda Al-Hassani., 2008. Sulfate inhibition effect on sulfate 

reducing bacteria. J Biochem Tech. 1(2), 39–44.  

 Suntud, Sirianuntapiboon., Sudarat, Chumlaong., 2013. Effect of Ni
2+ 

and Pb
2+

 on the efficiency of 

packed cage rotating biological contactor system. Journal of Environmental Chemical Engineering. 1, 

233–240. 

 Sutherland, I. W., 2001. Exopolysaccharides in biofilms, flocs and related structures. Water Sci. Technol. 

43, 77–86. 

 Tabak, H. H., Govind, R., 2003. Advances in biotreatment of acid mine drainage and biorecovery of 

metals. Membrane bioreactor system for sulphate reduction. Biodegradation. 14, 437–452. 

 Taffarel, S.R., Rubio, J., 2009. On the removal of Mn
2+

 ions by adsorption onto natural and activated 

Chilean zeolites. Miner. Eng. 22, 336-343. 

 Tasharrofi, N., Adrangi, S., Fazeli, M., Rastegar, H., Khoshayand, M. R, Faramarzi, M. A., 2011. 

Optimization of Chitinase Production by Bacillus pumilus. Using Plackett-Burman Design and Response 

Surface Methodology. J Pharm Res. 10(4): 759–768. 

 Teclu, D., Tivchev, G., Laing, M., Wallis, M., 2009. Determination of the elemental composition of 

molasses and its suitability as carbon source for growth of sulphate-reducing bacteria. J. Hazard. Mater. 

161, 1157–1165. 

 Trivunac, K., Stevanovic, S., 2006. Removal of heavy metal ions from water by complexation-assisted 

ultrafiltration. Chemosphere. 64, 486-491. 

 Tsekova, K., Todorova, D., Dencheva, V., Ganeva, S., 2010. Biosorption of copper(II) and cadmium(II) 

from aqueous solutions by free and immobilized biomass of Aspergillus niger. Bioresour. Technol. 101, 

1727-1731. 

 Tsukamoto, T.K., Killion, H.A., Miller, G.C., 2004. Column experiments for microbiological treatment of 

acid mine drainage: low-temperature, low-pH and matrix investigations. Water Res. 38, 1405-1418. 

 Tuppurainen, K. O., Väisänen, A. O., Rintala, J. A., 2002. Sulphate-reducing laboratory-scale high-rate 

anaerobic reactors for treatment of metal- and sulphate-containing mine wastewater. Environmental 

Technology. 23(6), 599-608. DOI: 10.1080/09593332308618382. 

 Tuttle J.H., Dugan P.R., Randles C.I., 1969. Microbial sulfate reduction and its potential utility as an acid 

mine water pollution abatement procedure. Applied Microbiology. 17, 297-302.  

 Tuzen, M., Saygi, K.O., Usta, C., Soylak, M., 2008. Pseudomonas aeruginosa immobilized multiwalled 

carbon nanotubes as biosorbent for heavy metal ions. Bioresour. Technol. 99, 1563-1570. 

 Ucar, D., Bekmezci, O.K., Kaksonen, A.H., Sahinkaya, E., 2011. Sequential precipitation of Cu and Fe 

using a three-stage sulfidogenic fluidized-bed reactor system. Minerals Engineering. 24, 1100–1105. 

 Üçer, A., Uyanik, A., Aygün, S¸ F., 2006. Adsorption of Cu(II), Cd(II), Zn(II), Mn(II) and Fe(III) ions by 

tannic acid immobilised activated carbon. Sep. Purif. Technol. 47, 113-118. 

 Unired Research Services (URS) Report. 2003. Passive and semi-active treatment of acid rock drainage 

from metal mines-state of the practice, Prepared for U.S. Army Corps of Engineers, Concord, 

Massachusetts, by URS Corporation, Portland, ME, 2003. 

TH-1776_126152002



 Bibliography 

 

161  

 

 Utgikar P. Vivek., Navendu Chaudhary, Arthur Koeniger, Henry H. Tabak, John R. Haines, Rakesh 

Govind., 2004. Toxicity of metals and metal mixtures:analysis of concentration and time dependence for 

zinc and copper. Water Res. 38, 3651–3658. 

 Utgikar, V.P., Chen, B.Y., Chaudhary, N., Tabak, H.H., Haines, J.R., Govind, R., 2001. Acute toxicity of 

heavy metals to acetate-utilizing mixed cultures of sulfate-reducing bacteria: EC100 and EC50. Environ. 

Toxicol. Chem. 20, 2662–2669.  

 Utgikar, V.P., Harmon, S.M., Chaudhary, N., Tabak, H.H., 2002. Inhibition of sulfate-reducing bacteria 

by metal sulfide formation in bioremediation of acid mine drainage. Environ.Toxicol. 17, 40-48. 

 Vallero, M. V. G., 2003. Sulfate reducing processes at extreme salinity and temperature:extending its 

application window. Licentiate thesis Wageningen University, the Netherlands. 

 Vallero, M. V. G., Lettinga, G., Lens, P. N. L., 2005. High rate sulfate reduction in a submerged 

anaerobic membrane bioreactor (SAMBaR) at high salinity. J. Membrane Sci. 253, 217–232. 

 van Houten, R. T., Hulshoff Pol, L.W., Lettinga, G., 1994. Biological sulphate reduction using gas-lift 

reactors fed with hydrogen and carbon dioxide as energy and carbon source. Biotechnol. Bioeng. 44, 586–

594. 

 van Houten, R. T., Lettinga, G., 1995. Treatment of acid mine drainage with sulphate-reducing bacteria 

using synthesis gas as energy and carbon source, Mededelingen Landbouwkundige en Toegepaste 

Biologische Wetenschappen, Gent University, Gent (Belgium), 60 (4 b), 2693–2700. 

 van Houten, R. T., Yun, S. Y., Lettinga, G., 1997. Thermophilic sulphate and sulphite reduction in lab-

scale gas-lift reactors using H2 and CO2 as energy and carbon source. Biotechnol. Bioeng. 55, 807–814. 

 van Houten, R.T., Elferink, S.J.W.H.O., van Hamel, S.E., Pol, L.W.H. and Lettinga, G., 1995. Sulphate 

reduction by aggregates of sulphate-reducing bacteria and homo-acetogenic bacteria in a lab-scale gas-lift 

reactor. Bioresour. Technol. 54, 73-79. 

 van Hullebusch, Eric D., Zandvoort, Marcel H., Lens, Piet N.L., 2003. Metal immobilisation by biofilms: 

Mechanisms and analytical tools. Re/Views in Environmental Science & Bio/Technology. 2, 9–33. 

Kluwer Academic Publishers. Printed in the Netherlands. 

 Varon, M. P., Mara, D. D., 2004. Waste Stabilisation Ponds- Thematic overview paper. International 

Water and Sanitation Centre, Delft. URL [Accessed: 17.05.2012]. 

 Veeken A.H.M., Akoto L., Hulshoff Pol L.W., Weijma J., 2003. Control of the sulfide (S
2-

) concentration 

for optimal zinc removal by sulfide precipitation in a continuously stirred tank reactor. Water Research. 

37, 3709-3717.  

 Velasco, A., Ramirez, M., Volke-Sepulveda, T., Gonzalez-Sanchez, A., Revah, S., 2008. Evaluation of 

feed COD/sulfate ratio as a control criterion for the biological hydrogen sulfide production and lead 

precipitation. J. Hazard. Mater. 151, 407– 413. 

 Vestola, E., 2004. Treatment of acid mine drainage by sulphate reducing bacteria (in Finnish), Master’s 

Thesis, Department of Civil and Environmental Engineering, Helsinki University of Technology 

(Finland), 120. 

 Viggi, C., Pagnanelli, F., Cibati, A., Uccelletti, D., Palleschi, C., Toro, L., 2010. Biotreatment and 

bioassessment of heavy metal removal by sulphate reducing bacteria in fixed bed reactors. Water Res. 44, 

151–158. 

TH-1776_126152002



 Bibliography 

 

162  

 

 Vigneswaran, S., Balasuriya, B. L. N., Viraraghavan, T., 1986. Environmental Sanitation Reviews. 

Anaerobic Wastewater Treatment – Attached Growth and Sludge Blanket Process. Bangkok: 

Environmental Sanitation Information Center (ENSIC). AIT, Bangkok, TH. (Good technical overview – 

Chapter 5). 

 Villa-Gomez, D. K., Pakshirajan, K., Maestro, R., Mushi, S., Lens, P. N. L., 2015. Effect of process 

variables on the sulfate reduction process in bioreactors treating metal-containing wastewaters: factorial 

design and response surface analyses. Biodegradation. 26(4), 299–311. http://doi.org/10.1007/s10532-

015-9735-4.   

 Villa-Gomez, D., Ababneh, H., Papirio, S., Rousseau, D.P.L., Lens, P.N.L., 2011. Effect of sulfide 

concentration on the location of the metal precipitates in inversed fluidized bed reactors. J. Hazard. Mater. 

192 (1), 200–207. 

 Visser, A., Gao, Y., Lettinga, G., 1992. Anaerobic treatment of synthetic sulfate-containing wastewater 

under thermophilic conditions. Water Sci. Technol. 25, 193–202. 

 Visser, A., Gao, Y., Lettinga, G., 1993. Effects of short-term temperature increases on the mesophilic 

anaerobic breakdown of sulfate containing synthetic wastewater. Water Res. 27, 541–550. 

 Volesky, B., 1990. Removal and recovery of heavy metals by biosorption. In: Volesky B, editor. 

Biosorption of Heavy Metals. Boca.Ration, FL: CRC Press. 7-43. 

 Wakao N., Takahashi T., Sakurai Y., Shiota H., 1979. The treatment of acid mine water using sulfate-

reducing bacteria. Journal of Fermentation Technology. 57, 445-452.  

 Wang, H.J., Zhou, A.L., Peng, F., Yu, H., Yang, J., 2007. Mechanism study on adsorption of acidified 

multiwalled carbon nanotubes to Pb(II). J. Colloid Interface Sci. 316, 277-283. 

 Wang, W, X., Lampi, M, A., Huang, X. D., Gerhardt, K., Dixon, D. G., Greenberg, B. M., 2009. 

Assessment of mixture toxicity of copper, cadmium, and phenanthrenequinone to the marine bacterium 

Vibrio fischeri. Environ Toxicol. 24, 166–177. 

 Watson, J. H. P., Ellwood, D. C., Duggleby, C. J., 1996. A chemostat with magnetic feedback for the 

growth of sulphate reducing bacteria and its application to the removal and recovery of heavy metals from 

solution. Miner. Eng. 9, 973–983. 

 Waybrant, K. R., Blowes, D.W., Ptacek, C. J., 1998. Selection of reactive mixtures for use in permeable 

reactive walls for treatment of mine drainage. Environ. Sci. Technol. 32, 1972–1979. 

 Weijma, J., Copini, C.F.M., Buisman, C.J.N. and Schultz, C.E., 2002. Biological recovery of metals, 

sulfur and water in the mining and metallurgical industy. In: Lens, P.N.L. and Hulshoff Pol, L. (Eds.), 

Water recycling and resource recovery in industry: Analysis, technologies and implementation. IWA 

Publishing, 605-625. 

 Weijma, J., Gubbels, F., Hullshoff Pol, L.W., Stams, A. J. M., Lens, P., Lettinga, G., 2002. Competition 

for H2 between sulfate reducers, methanogens and homo-acetogens in a gas-lift reactor. Water Sci. 

Technol. 45, 75–80. 

 Wheatley, A. D., 1984. Biotechnology and effluent treatment. In Biotechnology and Genetic Engineering 

Reviews. Vol. 1, ed. G. E. Russell, 261–270. Intercept Limited, England. 

TH-1776_126152002



 Bibliography 

 

163  

 

 White, C., Gadd, G. M., 1997. An internal sedimentation bioreactor for laboratory-scale removal of toxic 

metals from soil leachates using biogenic sulphide precipitation. J. Ind. Microbiol. Biotechnol. 18, 414–

421. 

 White, C., Gadd, G. M., 2000. Copper accumulation by sulfate-reducing bacterial biofilms. FEMS 

Microbiol Lett. 183, 313–318.  

 White, C., Gadd, G.M., 1996a. Mixed sulphate-reducing bacterial cultures for bioprecipitation of toxic 

metals: factorial and response-surface analysis of the effects of dilution rate, sulphate and substrate 

concentration. Microbiology. 142, 2197–2205. 

 White, C., Gadd, G.M., 1996b. A comparison of carbon/energy and complex nitrogen sources for 

bacterial sulphate-reduction: potential applications to bio-precipitation of toxic metals as sulphides. J. Ind. 

Microbiol. 17, 116–123. 

 White, D., 1995. The physiology and biochemistry of prokaryotes. Oxford: Oxford University Press. 226–

8. 

 White, D., 1999. The physiology and biochemistry of prokaryotes. Oxford University Press, New York. 

 White, S. C. Wilkinson., Gadd, G. M., 1995. The role of microorganisms in biosorption of toxic metals 

and radionuclides. Int. Biodeterior. Biodegrad. 35, 17–40. 

 Widdel F., Hansen T.A., 1992. The dissimilatory sulfate- and sulfur-reducing bacteria. In: The 

Prokaryotes: A Handbook on the biology of bacteria. Ecophysiology, isolation, identification, 

applications (Eds: Balows A., Truper H.G., Dworkin M., Harder W., Schleifer K.H.), 2nd edition, Vol. I, 

Springer-Verlag, New York, USA, 584-624.  

 Widdel, F., 1988. Microbiology and ecology of sulfate- and sulfur reducing bacteria, in Biology of 

anaerobic microorganisms (Ed: A. J. B. Zehnder), John Wiley & Sons, New York, 469–585. 

 Wieder, R. K., Lang, G. E., 1982. Modification of acid mine drainage in a freshwater wetland, in Proc. of 

the Symposium on Wetlands of the Unglaciated Appalachian Region, West Virginia University, 

Morgantown, W.Va, May 26–28, (Ed: B. R. McDonald), 45–53. 

 Wu, Y. C., Smith, E. D., 1982. Rotating biological contactor system design. J. Environ. Eng. 108, 578–

588. 

 Xu, Y., Zhang, F., 2006. Experimental research on heavy metal wastewater treatment with dipropyl 

dithiophosphate. J. Hazard. Mater. 137, 1636-1642. 

 Yanagisawa, H., Matsumoto, Y., Machida, M., 2010. Adsorption of Zn(II) and Cd(II) ions onto 

magnesium and activated carbon composite in aqueous solution. Appl. Surf. Sci. 256, 1619-1623. 

 Yoda, M., Kitagawa, M., Miyaji, Y., 1989. Granular sludge formation in the anaerobic expanded micro-

carrier bed process. Water Sci. Technol. 21, 109–120. 

 Zachritz, W.H., Lundie, L.L., Wang, H., 2006. Benzoic acid degradation by small, pilotscale artificial 

wetlands filter. Ecological Engineering. 7(2), 105-116. DOI: 10.1016/0925-8574(96)00003-1.   

 Zaina, N. A. M., Suhaimi, M. S., Ani, Idris., 2011. Development and modification of PVA–alginate as a 

suitable immobilization matrix. Process Biochem. 40, 2122–2129.  

 Zhang, Mingliang., Wang, Haixia., Han, Xuemei., 2016. Preparation of metal-resistant immobilized 

sulfate reducing bacteria beads for acid mine drainage treatment. Chemosphere. 154, 215-223.  

TH-1776_126152002



 Bibliography 

 

164  

 

 Zhuang, P., McBride, M.B., Xia, H., Li, N., Li, Z., 2009. Health risk from heavy metals via consumption 

of food crops in the vicinity of Dabaoshan mine, South China. Sci Total Environ. 407, 1551–1561.   

 

 

TH-1776_126152002



 

 

 

 

 

 

APPENDIX 

  

TH-1776_126152002



 

 

 

TH-1776_126152002



 Appendix 

 

165  

 

Appendix 

A. Statistical design of experiments 

Experiments are always considered as major tool for practically validating a theoretical 

hypothesis about scientific knowhow of a process or phenomenon, where the observation is 

expected to be correlated with some known associated process parameter. In order to 

identify important factors and their contribution towards an observed response, normal 

approach of using one variable at a time involves a large number of experiments to be 

carried out which often cannot elucidate any significant interaction among the process 

variables (Ryan et al., 2007). 

Statistical experimental designs are potent tools for improving the efficiency of 

experimentation and they facilitate understanding about the system being investigated with 

a minimum number of experiments. Inclusion of replicate test conditions allows the 

estimation of random, experimental variation. Statistical analysis of data generated from the 

experiment clearly establishes the relationship between the measured parameter of interest 

(response) and the process parameters (input factors or factors) being studied.  

The factors may have individual, simple effects on the response (referred to as main effects) 

or may have effects that are interdependent (referred to as interaction effects). Since the 

designed experiments are generated on the basis of statistical theory, confidence in the 

results obtained and conclusions drawn are clearly defined (Montgomery, 1997; Altekar et 

al., 2006). Several statistical design types are available and their choice is determined by the 

aims of the experiment and information available about the experimental background. They 

can be categorized as (i) Plackett Burman design (ii) Taguchi design (iii) full and factorial 

design (iv) response surface analysis and (v) Box-Behnken design. 

Application of statistical design of experiments in process development can improve yield 

of a process, reduce process variability, reduce time and overall costs. One of the striking 

features of the statistical design of experiments is a scientific approach of planning the 

experiments which aids in analyzing the experimental data trough suitable statistical 

methods that facilitates in drawing valid, meaningful and objective conclusions. Statistical 

methodology plays significant role in analyzing the data where there is a chance of 

experimental errors (Montgomery, 1991). 
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Full factorial design 

Many experiments involve the study of the effects of two or more factors / parameters 

against a response(s). Owing to the inefficient understanding and requirement of extensive 

experimental work with respect to use of the classical method, factorial designs are widely 

used in such experiments involving several factors where it is necessary to study the 

interaction effects of the factors on the final response(s). Since the test variables are referred 

as 'factors', hence the term 'factorial' has been used. The 2-level full factorial design which 

is most popular, includes all possible factor combinations at two levels, low and high 

denoted by “–” and “+”, respectively, for each of the factors.  

A suitable number of runs carried out to replicate the levels of variables at their center point 

(0) provide an estimate of the residual error associated with the experiments and also the 

curvature of the response. It is a powerful tool for understanding complex processes whose 

detailed mechanisms are unknown and for describing factor interactions in multiple factor 

systems. For a process involving k factors at only 2 levels, a complete replicate of such a 

design requires 2 × 2 ×…. × 2 = 2k observations, which is called a 2
k
 full factorial design. 

The effect of a factor is described as the change in response produced by a change in the 

level of the factor. This is frequently called a main effect because it refers to the primary 

factors of interest in the experiment (Montgomery, 1991). In some experiments, it can be 

found that the difference in response between the levels of one factor is not the same at all 

levels of the other factors and this occurs when there is an interaction between the factors. 

In such a case, when an interaction is large, the corresponding main effects entail little 

practical meaning. Moreover, in the presence of significant interaction, it is necessary to 

usually examine the levels of one factor; say A, with levels of the other factor fixed to draw 

conclusion about the main effect of the factor A.  

Thus, when compared to one-factor-at-a-time experiments, full factorial designs have 

several advantages. Furthermore, when interactions are likely to be present, a factorial 

design is necessary to avoid misleading conclusions. The 2 k design, in specific is 

particularly used in the screening experiments, when there are likely to be many factors to 

be investigated whose interactions may be significant. It provides the smallest number of 

runs with 'k' factors that can be studied in a complete design (Montgomery, 1991). Finally, 

full factorial design allows the effects of a factor to be estimated at several levels of the 
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other factors, yielding conclusions that are valid over a range of experimental conditions. 

On the other hand Plackett-Burman design is a very efficient screening design with minimal 

number of experimental runs, and is useful for detecting large main effects, assuming all 

interactions are negligible. 

Fractional factorial experiments  

Factorial design aids in obtaining the data at every combination of the levels. Usually, 

factorial and fractional factorial designs (FFD) are considered as cornerstone of process 

development and product formation and their improvement on industrial scale 

(Montgomery, 1991). A FFD is useful when there are large number of factors and use of 

full factorial design leads to large number of experiments. Generally, in a fractional factorial 

design, total number of runs is N = 2
k-p

, which is a fraction of the total number of 

experiments. Therefore, FFD is useful when not all the factors in a design are important and 

this will result in a small set of experiments starting with screening of large number of 

factors. Properly chosen FFDs for 2-level experiments possess desirable properties of being 

both balanced and orthogonal. 

Plackett-Burman design  

Different statistical methods, for instance, Plackett Burman design has been developed to 

avoid the application of full factorial design of experiments in industrial experimentation 

when the number of factors is so large that these methods are impractical. By assuming a 

simplified linear hypothesis, the problem of determining main effects with maximum 

precision is reduced which involves different combination of factors. In practical, all 

solutions of this have been found useful when each factor appears at two levels, whereas the 

solutions for more than two levels are reasonably limited. This type of design uses two 

levels for each factor, the extreme denoted by "+" and the nominal by "-" (Plackett and 

Burman, 1946). Plackett Burman designs have been used in numerous varieties of chemical 

and biochemical studies, analytical as well as synthetic; in practice, designs with 12 and 20 

runs seem to have been well known. Plackett Burman designs are best applicable for 

screening purposes in systems where it is necessary to identify a few main factors affecting 

the response, and where interactions are not significant, but it is worth noting that if some of 

the factors seem to show high effect values, it signifies that interactions are indeed present 

(Analytical Methods Committee, AMCTB No 55).  
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By assuming a simplified linear hypothesis, the problem of determining main effects with 

maximum precision is reduced which involves different combination of factors. In practical, 

all solutions of this have been found useful when each factor appears at two levels, whereas 

the solutions for more than two levels are reasonably limited. This type of design uses two 

levels for each factor, the extreme denoted by "+" and the nominal by "-" (Plackett and 

Burman, 1946). The Plackett–Burman design is based on a first-order polynomial equation 

(Tasharrofi et al., 2011) of the form as expressed in equation 5: 

ii X  0  =  Y           (1) 

Where, Y is the response (% Metal removal), β0 is the model coefficient, βi is the linear 

coefficient, and Xi is the level of the independent variable.  

Analysis of Variance  

Analysis of variance (ANOVA) is a collection of statistical models, and their associated 

procedures in which the observed variance is partitioned into components due to different 

explanatory variables. In general terms, ANOVA explains any variation in the statistically 

derived model and significance of the model parameters. The model parameters, usually 

indicated in ANOVA, are the main effects, interaction effects and error terms, and their 

significance in the model is represented by Fischer ‘F’ and associated P values. The other 

terms of ANOVA table are degrees of freedom (df), sum of squares (SS) and mean squares 

(MS). The MS value of a model term in an ANOVA table is obtained by dividing SS over 

df and its F value is obtained by dividing MS due to the model term by MS due to error. 

Normally, larger F and lower P values of a model term in ANOVA indicate good 

significance of the term over others.  

Student ‘t’ test  

In general, a t-test is any statistical hypothesis test in which the test statistic has a Student's t 

distribution if the null hypothesis is true. It is generally applied when sample size is small 

enough and using an assumption of normality and the associated z-test leads to incorrect 

inference. The Student t-distribution in probability and statistics is a probability distribution 

that arises in the problem of estimating the mean of a normally distributed population when 

the sample size is small. It is the basis of the popular Student t-tests for the statistical 
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significance of difference between two sample means and for confidence intervals for 

difference between two population means.  

The Student t-distribution is a special case of the generalized hyperbolic distribution. A test 

of the null hypothesis is that the means of two normally distributed populations are equal. 

Given two data sets, each characterized by its mean, standard deviation and number of data 

points, one can use some kind of ‘t’ test to determine whether the means are different, 

provided that the underlying distributions can be assumed to be normal. All such tests are 

usually called Student t tests, though strictly speaking that name should only be used if the 

variances of the two populations are also assumed to be equal.  

Statistical experimental designs (factorial design and response surface analysis) have been 

applied for (i) bio-precipitation of toxic metals using mixed sulfate reducing bacterial 

culture (White and Gadd, 1996a) (ii) to study the effect of process variables on sulfate 

reduction process and (iii) to study the effect of pH and different heavy metals on the 

growth of SRB (Kikot et al., 2010). Other than these reports, available literature on the use 

of these statistical experimental designs for continuous metal removal is very limited. From 

literature, it is clear that factorial design of experiments have been utilized and reported that 

the statistical approach yielded a better and meaningful interpretation of the results.   

TH-1776_126152002



 Appendix  

 

170  

 

B. Chemical precipitation of heavy metal by sodium sulfide  

Industrially on large-scale, heavy metal removal from wastewater is carried out through 

hydroxide precipitation, however, advantages associated with the use of sulfide 

precipitation for heavy metal removal over traditional methods has attained a wide interest. 

On the other hand, use of chemical sulfide precipitation for metal removal is limited due to 

the difficulty in controlling the dosage of sulfide (due to the very low solubility of the metal 

sulfide and thus the sensitivity of the process to the dose) and problems associated with the 

toxic and corrosive nature of excess sulfide (Veeken et al., 2003) 

The results in the present study reveal that metal removal was almost very low with 

different concentration levels of sulfide (5, 10, 15 and 25 mg/L) added. A large difference 

was found between the theoretical and the experimental data, and this was attributed to the 

formation of colloidal particles of metal sulfides (MeS) (Ennaassia et al., 2002). With the 

formation of colloidal particles, the separation of the solid from the aqueous phase would 

not be complete and thus, the analysis of the aqueous phase would include the contribution 

of the colloidal MeS particles, thereby underestimating the metal removal compared to the 

equilibrium conditions (Ennaassia et al., 2002). It was also reported that metal removal was 

lower when a higher sulfide dose was used since the higher sulfide concentration resulted in 

much smaller particles. This is in agreement with the present study results for metal 

removal as well using chemically added sulfide. 
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C. Identification of SRB culture 

Significance of Use of V3-V4 region of 16S rRNA gene 

The 16S small ribosomal subunit gene (16S rRNA), in particular, has been widely used to 

study and characterize bacterial community compositions in a variety of ecological niches 

including host associated communities, such as the endogenous human microbiome, and 

host-free communities, such as soil and ocean environments. Several aspects of the 16S 

rRNA gene make it optimal as a marker for these types of studies. First, it is ubiquitous 

among prokaryotic life. Second, its size and high degree of functional conservation result in 

clock-like mutation rates throughout prokaryotic evolution. Third, and most importantly, the 

16S rRNA gene includes both conserved regions, which can be used for designing 

amplification primers across taxa, as well as nine hyper-variable regions (V1-V9), which 

can be effectively used to distinguish between taxa. 

With the advent of massively parallel sequencing technologies, which generally yield short 

reads, focus has shifted from sequencing the full 16S rRNA gene to sequencing shorter sub-

regions of the gene at great depth. By calculating the geodesic distance between different 

regions, the phylogenetic relationships based on the V4 sequences were closest to those 

based on the full-length sequences. This analysis suggests that V4 ranks first in sensitivity 

as a marker for bacterial and phylogenetic analysis, which is same as taxonomic results 

obtained using the RDP (Ribosomal Database Project) classifier. In addition, V1-V3 was 

also highly recommended. That is why a combination of V3-V4 region of 16S rRNA gene 

was selected for analysis.  

Figure C shows the relative percentage presence of Desulfovibrio. sp. excluding unknown 

or uncultured bacteria. V3 -V4 region of 16S rRNA gene analysis revealed that SRB 

immobilized in the An-RBC reactor is predominant with Desulfovibrio. sp.  
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Figure. C The relative percentage presence of Desulfovibrio. sp. excluding unknown or 

uncultured bacteria. 
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D.1 Analysis of variance of heavy metal removal from a multi-component system by SRB  

Table 4.5 Analysis of variance of heavy metal removal from a multi-component system by 

SRB 

Source DF
1
 Seq SS

2
 Adj MS

3
 F

4
 P

5
 

Cd(II)
a
      

Main effects 6 188.434 31.406 1.02 0.5 

Cd 1 161.26 161.26 5.26 0.07 

Cu 1 7.038 7.038 0.23 0.652 

Ni 1 0.042 0.042 0 0.972 

Fe 1 8.687 8.687 0.28 0.617 

Pb 1 1.849 1.849 0.06 0.816 

Zn 1 9.559 9.559 0.31 0.601 

Residual 

Error 5 153.387 30.677   

Total 11 341.821    

Cu(II)
b
      

Main 6 47.3236 7.8873 2.5 0.167 

Cd 1 1.7787 1.7787 0.56 0.487 

Cu 1 22.6875 22.6875 7.18 0.044 

Ni 1 0.1045 0.1045 0.03 0.863 

Fe 1 6.3365 6.3365 2.01 0.216 

Pb 1 4.296 4.296 1.36 0.296 

Zn 1 12.1203 12.1203 3.84 0.107 

Residual 

Error 

5 15.7949 3.159   

Total 11 63.1185    

Ni(II)
c
      

Main 6 460.785 76.797 3.19 0.112 

Cd 1 11.408 11.408 0.47 0.522 

Cu 1 99.187 99.187 4.12 0.098 

Ni 1 303.007 303.007 12.59 0.016 

Fe 1 13.868 13.868 0.58 0.482 

Pb 1 7.207 7.207 0.3 0.608 

Zn 1 26.107 26.107 1.08 0.345 

Residual 

Error 

5 120.337 24.067   

Total 11 581.122    

Fe(III)
d
      

Main 6 481.629 80.271 6.27 0.031 

Cd 1 4.248 4.248 0.33 0.589 

Cu 1 77.521 77.521 6.06 0.057 

Ni 1 104.312 104.312 8.15 0.036 

Fe 1 239.771 239.771 18.74 0.008 

Pb 1 54.955 54.955 4.29 0.093 

Zn 1 0.822 0.822 0.06 0.81 

Residual 

Error 

5 63.976 12.795   

Total 11 545.605    
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Pb(II)
e
      

Main 6 121.968 20.328 13.37 0.006 

Cd 1 5.936 5.9361 3.9 0.105 

Cu 1 14.301 14.3008 9.4 0.028 

Ni 1 31.818 31.8176 20.92 0.006 

Fe 1 3.63 3.63 2.39 0.183 

Pb 1 66.27 66.27 43.57 0.001 

Zn 1 0.013 0.0133 0.01 0.929 

Residual 

Error 

5 7.604 1.5209   

Total 11 129.572    

Zn(II)
f
      

Main 6 206.329 34.388 4.12 0.071 

Cd 1 0.124 0.124 0.01 0.908 

Cu 1 2.651 2.651 0.32 0.598 

Ni 1 20.489 20.489 2.45 0.178 

Fe 1 28.213 28.213 3.38 0.126 

Pb 1 6.871 6.871 0.82 0.406 

Zn 1 147.982 147.982 17.71 0.008 

Residual 

Error 

5 41.77 8.354   

Total 11 248.099    

   
a 
(S= 5.5 PRESS= 885.0 R

2
= 55.12%) 

b
(S= 1.7 PRESS= 90.80 R

2
= 75.13%) 

c
(S= 4.9 PRESS= 693.14 R

2
= 79.2%) 

d 
(S= 3.3 PRESS= 331.5 R

2
= 89.09%) 

e 
(S= 1.2 PRESS= 44.19 R

2
= 94.1%) 

f 
(S= 2.8 PRESS= 240.59 R

2
= 83.1%) 

1
 Degree of freedom; 

2
 Sum of squares; 

3
 Mean sum of squares; 

4 
Fisher’s value; 

5
 Probability 

a 
Cadmium; 

b 
Copper; 

c 
Nickel; 

d 
Iron; 

e 
Lead; 

f 
Zinc;  

S: standard error; PRESS: predicted residual error sum of squares; R
2
: coefficient of determination 
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D.2 Analysis of variance of sulfate and COD removal in the presence different heavy metals 

in the study 

Table 4.6 Analysis of variance of sulfate and COD removal in the presence different heavy 

metals in the study 

Source DF
1
 Seq SS

2
 Adj MS

3
 F

4
 P

5
 

% Sulfate Removal
a
      

Main 6 340.702 56.784 3.47 0.097 

Cd 1 14.747 14.747 0.9 0.386 

Cu 1 268.03 268.03 16.36 0.01 

Ni 1 14.077 14.077 0.86 0.397 

Fe 1 1.266 1.266 0.08 0.792 

Pb 1 14.286 14.286 0.87 0.393 

Zn 1 28.296 28.296 1.73 0.246 

Residual Error 5 81.937 16.387  

Total 11 422.639    

% COD Removal
b
      

Main 6 836.46 139.41 2.68 0.15 

Cd 1 10.08 10.08 0.19 0.678 

Cu 1 385.33 385.33 7.4 0.042 

Ni 1 85.33 85.33 1.64 0.257 

Fe 1 235.85 235.85 4.53 0.087 

Pb 1 44.85 44.85 0.86 0.396 

Zn 1 75 75 1.44 0.284 

Residual Error 5 260.5 52.1  

Total 11 1096.96    
a 
(S= 4.04 PRESS= 471.95 R

2
= 80.61%) 

b 
(S= 7.21 PRESS= 1500.48 R

2
= 76.25%) 

1
 Degree of freedom; 

2
 Sum of squares; 

3
 Mean sum of squares; 

4 
Fisher’s value; 

5
 Probability 

S: standard error; PRESS: predicted residual error sum of squares; R
2
: coefficient of determination 
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E.1 ANOVA of heavy metal removal using the DFCR 

Table 4.7 ANOVA of heavy metal removal using the DFCR 

Variable % Cd % Fe % Cu % Ni % Pb % Zn 

Source F P F P F P F P F P F P 

Effects 4.2 0.2 9.4 0.1 0.4 0.9 0.5 0.8 3.8 0.2 1.1 0.5 

Cd 14.3 0.063 0.3 0.6 0.0 0.9 0.3 0.7 7.8 0.1 4.4 0.2 

Cu 6 0.1 2.3 0.3 0.8 0.5 0.1 0.8 4.2 0.2 0.6 0.5 

Ni 0.7 0.5 9.1 0.09 0.1 0.8 1.6 0.3 2.8 0.2 0.1 0.7 

Fe 2 0.3 0.1 0.8 0.5 0.6 0.8 0.5 3.8 0.2 0.0 0.9 

Pb 2 0.3 7 0.1 0.8 0.5 0.1 0.8 2.7 0.2 1.2 0.4 

Zn 0 0.9 37.7 0.02 0.0 0.9 0.2 0.7 1.7 0.3 0.4 0.6 

2-Way 4 0.2 2.5 0.3 0.2 1.0 0.4 0.8 1.5 0.5 0.5 0.8 

Cd*Cu 8.3 0.1 3 0.2 0.2 0.7 0.1 0.8 0.1 0.8 0.3 0.6 

Cd*Ni 0.2 0.7 10.5 0.08 0.0 1.0 0.4 0.6 0.9 0.4 0.1 0.9 

Cd*Fe 0.6 0.5 2.7 0.2 0.2 0.7 0.8 0.5 0.3 0.7 0.1 0.8 

Cd*Pb 16 0.057 0 1 0.2 0.7 0.6 0.5 0.1 0.8 0.0 1.0 

Cd*Zn 1.3 0.4 0 1 0.0 0.9 0.8 0.5 3.2 0.2 2.1 0.3 

Cu*Fe 1.4 0.4 0.2 0.7 0.1 0.8 0.1 0.8 0.8 0.5 0.9 0.5 

Cu*Zn 0.1 0.8 0.8 0.5 0.3 0.6 0.4 0.6 5.0 0.2 0.0 0.9 

3-Way 4.1 0.2 4.4 0.2 0.3 0.7 1.0 0.5 1.6 0.4 1.6 0.4 

Cd*Cu*Fe 5.9 0.1 2 0.3 0.2 0.7 1.9 0.3 0.7 0.5 3.2 0.2 

Cd*Cu*Zn 2.2 0.3 6.9 0.1 0.5 0.5 0.0 0.9 2.6 0.3 0.0 1.0 

Curvature 1.2 0.4 0 1 0.1 0.8 0.4 0.6 0.0 0.9 1.1 0.4 
a(S= 2.6 R2= 97%) 
b(S= 2.1 R2= 98%) 
c(S= 2.5 R2= 66%) 
d(S= 13 R2= 81%) 
e(S= 5 R2= 94%) 
f(S= 5.6 R2= 88%); F: Fisher’s value; P: Probability; aCadmium; bIron; cCopper; dNickel; eLead; fZinc; S: standard error; R2: coefficient of determination 
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E.2 Student's t test for estimating the coefficients of individual and interaction effects of different heavy metals and their significance on metal 

removal using the DFCR 

Table 4.8 Student's t test for estimating the coefficients of individual and interaction effects of different heavy metals and their significance on 

metal removal using the DFCR 

Variable % Cd
a % Fe

b % Cu
c % Ni

d % Pb
e % Zn

f 

Term Effect T P Effect T P Effect T P Effect T P Effect T P Effect T P 

Constant 
 

130 0 
 

145 0 
 

154.8 0.0 
 

16.3 0.0 
 

65.8 0.0 
 

62.0 0.0 

Cd 5.1 3.8 0.06 0.6 0.6 0.6 -0.3 -0.2 0.9 -3.5 -0.5 0.7 -7.1 -2.8 0.1 -6.0 -2.1 0.2 
Cu -3.3 -2.5 0.1 -1.7 -1.5 0.3 1.1 0.9 0.5 -1.8 -0.3 0.8 -5.2 -2.0 0.2 -2.2 -0.8 0.5 
Ni 1.1 0.8 0.5 -3.3 -3 0.09 -0.4 -0.3 0.8 -8.4 -1.3 0.3 -4.3 -1.7 0.2 -1.1 -0.4 0.7 
Fe -1.9 -1.4 0.3 0.3 0.3 0.8 -0.9 -0.7 0.6 5.9 0.9 0.5 -5.0 -2.0 0.2 -0.4 -0.2 0.9 
Pb -1.9 -1.4 0.3 -2.9 -2 0.1 -1.1 -0.9 0.5 -2.1 -0.3 0.8 -4.2 -1.6 0.2 -3.1 -1.1 0.4 
Zn -0.3 -0.2 0.9 -6.7 -6 0.02 0.2 0.2 0.9 -2.8 -0.4 0.7 -3.3 -1.3 0.3 1.8 0.6 0.6 

Cd*Cu 3.8 2.9 0.1 -1.9 -1 0.2 0.6 0.5 0.7 -1.6 -0.3 0.8 -0.8 -0.3 0.8 -1.6 -0.6 0.6 

Cd*Ni 0.6 0.4 0.7 3.5 3.2 0.08 0.0 0.0 1.0 4.1 0.6 0.6 -2.4 -1.0 0.4 -0.6 -0.2 0.9 
Cd*Fe -1 -0.8 0.5 -1.8 -1 0.2 -0.6 -0.5 0.7 -5.8 -0.9 0.5 -1.3 -0.5 0.7 0.9 0.3 0.8 
Cd*Pb 5.4 4 0.05 -0.1 -0.1 1 0.5 0.4 0.7 5.0 0.8 0.5 -0.6 -0.2 0.8 -0.1 -0.1 1.0 
Cd*Zn 1.5 1.1 0.4 0 0 1 -0.1 -0.1 0.9 6.0 0.9 0.5 -4.5 -1.8 0.2 4.1 1.5 0.3 
Cu*Fe 1.6 1.2 0.4 -0.5 -0.5 0.7 0.4 0.3 0.8 -1.5 -0.2 0.8 2.3 0.9 0.5 -2.6 -0.9 0.5 
Cu*Zn 0.4 0.3 0.8 -1 -0.9 0.5 -0.7 -0.6 0.6 4.2 0.6 0.6 -5.7 -2.2 0.2 -0.3 -0.1 0.9 

Cd*Cu*Fe -3.3 -2 0.1 1.5 1.4 0.3 -0.5 -0.4 0.7 -9.0 -1.4 0.3 2.0 0.8 0.5 -5.1 -1.8 0.2 
Cd*Cu*Zn 2 1.5 0.3 -2.9 -2.6 0.1 -0.9 -0.7 0.5 -1.3 -0.2 0.9 -4.1 -1.6 0.3 0.0 0.0 1.0 

Ct 
 

-1.1 0.4 
 

0 1 
 

-0.3 0.8 
 

0.6 0.6 
 

-0.2 0.9 
 

-1.1 0.4 

 
a
Cd(II) removal; 

b
Fe(III) removal; 

c
Cu(II) removal; 

d
Ni(II) removal; 

e
Pb(II) removal;

 f
Zn(II) removal; Effect; T: T value; P: probability
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F.1 ANOVA of heavy metal removal using the An-RBC reactor 

Table 4.9 ANOVA of heavy metal removal using the An-RBC reactor 

Variable % Ni
 a
 % Pb

 b
 % Zn

 c
 % Cu

 d
 % Fe

 e
 % Cd

 f
 

Source F P F P F P F P F P F P 

Effects 4.4 0.2 10.6 0.08 8.5 0.1 1.2 0.5 3.3 0.2 0.4 0.9 

Cd 0 1 0.9 0.4 23.5 0.04 2.0 0.3 7.4 0.1 0.0 0.9 

Cu 5 0.2 13 0.06 8.9 0.096 1.1 0.4 8.1 0.1 0.9 0.5 

Ni 10.8 0.082 29 0.03 3.2 0.2 0.1 0.8 0.1 0.8 0.0 0.9 

Fe 3.5 0.2 7.7 0.1 8.3 0.1 0.2 0.7 1.8 0.3 0.3 0.7 

Pb 5.2 0.1 0.4 0.5 0 0.9 3.4 0.2 2.3 0.3 0.6 0.5 

Zn 1.7 0.3 12 0.07 7.4 0.1 0.5 0.5 0.3 0.6 0.4 0.6 

2-Way 0.9 0.6 1.4 0.4 4.6 0.2 1.2 0.5 3.0 0.3 0.2 0.9 

Cd*Cu 1.1 0.4 0.1 0.7 0.5 0.5 2.4 0.3 0.8 0.5 0.5 0.6 

Cd*Ni 1.8 0.3 0.01 0.9 7.2 0.1 0.7 0.5 1.7 0.3 0.2 0.7 

Cd*Fe 3.2 0.2 0.9 0.4 0 0.9 1.7 0.3 5.2 0.1 0.1 0.8 

Cd*Pb 0.1 0.8 3 0.2 15.2 0.06 0.2 0.7 8.0 0.1 0.1 0.8 

Cd*Zn 0 1 3.1 0.2 8.7 0.098 0.2 0.7 5.1 0.2 0.2 0.7 

Cu*Fe 0.2 0.7 2.3 0.2 0 0.9 3.2 0.2 0.0 0.9 0.2 0.7 

Cu*Zn 0.1 0.8 0.1 0.7 0.4 0.6 0.1 0.7 0.0 1.0 0.2 0.7 

3-Way 2.1 0.3 4 0.1 4.1 0.2 0.5 0.7 0.5 0.7 0.4 0.7 

Cd*Cu*Fe 3.6 0.2 8.1 0.1 5.3 0.1 0.9 0.4 0.4 0.6 0.2 0.7 

Cd*Cu*Zn 0.5 0.5 0.01 0.9 2.9 0.2 0.1 0.7 0.6 0.5 0.5 0.5 

Curvature 2.9 0.2 3.2 0.2 12.1 0.1 0.3 0.7 1.0 0.4 0.0 0.9 
a(S= 4.6 R2= 95%) 
b(S= 2.2 R2= 98%) 
c(S= 2.4 R2= 98%) 
d(S= 2.1 R2= 89%) 
e(S= 6 R2= 95%); F: Fisher’s value; P: Probability 
f(S= 6.8 R2= 69%); aNickel; bLead; cZinc; dCopper; e Iron; fCadmium; S: standard error; R2: coefficient of determination 
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F.2 Student's t test for estimating the coefficients of individual and interaction effects of different heavy metals and their significance on metal 

removal using the An-RBC reactor 

Table 4.10 Student's t test for estimating the coefficients of individual and interaction effects of different heavy metals and their significance 

on metal removal using the An-RBC reactor 

Variable % Ni
 a % Pb

b % Zn
c %Cu

d % Fe
e % Cd

f 

Term Effect T P Effect T P Effect T P Effect T P Effect T P Effect T P 

Constant 
 

47 0 
 

151 0 
 

141 0 
 

181.9 0 
 

55.3 0 
 

51.4 0 

Cd 0 0 1 -1.1 -1 0.4 -6 -4.9 0.04 -1.5 -1.4 0.3 8.3 2.7 0.1 0.4 0.1 0.9 

Cu -5.2 -2.2 0.2 -4.1 -3.6 0.07 -3.7 -3 0.1 -1.1 -1.0 0.4 -8.6 -2.8 0.1 -3.1 -0.9 0.5 

Ni 7.7 3.3 0.08 -6.1 -5.4 0.03 2.2 1.8 0.2 -0.2 -0.2 0.8 -0.8 -0.3 0.8 0.3 0.1 0.9 

Fe -4.4 -1.9 0.2 -3.1 -2.8 0.1 -3.6 -2.9 0.1 -0.5 -0.5 0.7 -4.0 -1.3 0.3 -1.7 -0.5 0.7 

Pb -5.4 -2.3 0.1 -0.8 -0.7 0.6 -0.1 -0.1 0.9 -2.0 -1.9 0.2 -4.6 -1.5 0.3 -2.6 -0.8 0.5 

Zn -3.1 -1.3 0.3 -4 -3.6 0.07 3.4 2.7 0.1 -0.8 -0.7 0.5 -1.7 -0.6 0.6 -2.2 -0.7 0.6 

Cd*Cu 2.5 1.1 0.4 -0.4 -0.4 0.8 -0.9 -0.7 0.5 1.6 1.5 0.3 2.7 0.9 0.5 2.4 0.7 0.6 

Cd*Ni 3.2 1.4 0.3 0.1 0.1 0.9 3.3 2.7 0.1 -0.9 -0.8 0.5 4.0 1.3 0.3 -1.5 -0.4 0.7 

Cd*Fe -4.2 -1.8 0.2 1.1 1 0.4 0.1 0.1 0.9 -1.4 -1.3 0.3 7.0 2.3 0.1 1.2 0.3 0.8 

Cd*Pb 0.6 0.3 0.8 -2 -1.8 0.2 4.8 3.9 0.06 -0.4 -0.4 0.7 8.6 2.8 0.1 -1.1 -0.3 0.8 

Cd*Zn 0 0 1 -2 -1.8 0.2 3.7 3 0.09 -0.4 -0.4 0.7 -6.9 -2.3 0.2 1.6 0.5 0.7 

Cu*Fe 1.1 0.5 0.7 -1.7 -1.5 0.3 -0.2 -0.2 0.9 1.9 1.8 0.2 -0.3 -0.1 0.9 1.4 0.4 0.7 

Cu*Zn 0.6 0.3 0.8 -0.4 -0.4 0.8 -0.8 -0.6 0.6 -0.4 -0.4 0.7 -0.1 0.0 1.0 -1.6 -0.5 0.7 

Cd*Cu*Fe -4.5 -1.9 0.2 -3.2 -2.9 0.1 2.9 2.3 0.1 1.0 1.0 0.4 2.0 0.7 0.6 1.5 0.5 0.7 
Cd*Cu*Z

n -1.7 -0.7 0.5 -0.1 -0.1 0.9 -2.1 -1.7 0.2 0.4 0.4 0.7 2.3 0.8 0.5 2.5 0.7 0.5 

Ct   1.7 0.2   1.8 0.2   3.5 0.1 
 

0.5 0.7 
 

1.0 0.4 
 

-0.1 0.9 
a
Ni(II) removal; 

b
Pb(II) removal; 

c
Zn(II) removal; 

d
Cu(II) removal; 

e
Fe(III) removal; 

f
Cd(II) removal; Effect; T: T value; P: probability 
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G. Simple cost estimation of the An-RBC reactor set up 

Table. Simple cost estimation of the An-RBC reactor set up 

Single time investment (instruments cost) (a) Cost 

1 hp DC Electric Motor 1500 rpm capacity with regulator ~$229.9 

Peristaltic pump  ~$1072.88 

N2 Cylinder ~$229.9 

Workman cost ~$153.27 

Raw material cost (b)  

Nylon rod ~$11.5 

Perspex sheet 10 mm size (8×6) ~$68.97 

PMMA Cylinder and other materials ~$114.95 

Silicon tubings ~$76.63 

Operation and maintenance costs (c)  

Power consumption: 7.5/- per Unit for connected load more than 5 KW 

During the operation of the reactor 

~$7.66  

per month 

Consumables (Media preparation; water; silicon tubings; grease etc.) ~76.63 

Total (a+b+c) $2042.29 
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