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ABSTRACT

Arsenic is one among many oxyanions present in sources of drinking water as a
potential contaminant. There are several reports on health effects of arsenic as well as
technologies for its removal from contaminated drinking water. Although several methods
of arsenic removal as sole contaminant from contaminated water are successful,
simultaneous removal of co-pollutants along with arsenic is still a challenging job to the
environmental engineers. Most of the highly efficient physicochemical processes are
silent on simultaneous removal of multipollutants such as arsenic, nitrate, iron, sulphate,
fluoride etc. Furthermore, the efficient treatment processes generate high volume of
arsenic bearing unstable solids, which become a source of arsenic contamination of
nearby drinking water sources. Based on thorough literature survey but limited
information, reveals that biological process has a high potential on simultaneous removal
of multiple number of contaminants of groundwater leaving low volume stable arsenic
bearing waste which may disposed of safely in a landfill along with comingled municipal
solid waste. The main objective of this research work is to develop a biological reactor for
simultaneous removal of arsenic, nitrate and iron in presence of sulphate from simulated

as well as real contaminated groundwater.

In this study, mixed microbial culture was collected from a wastewater treatment
plant, mixed with small amount of (<5%) of bio-sludge collected from two nos.
laboratory scale bioreactors treating perchlorate and nitrate, and sulphate, respectively.
The mixed bacterial biomass thus prepared was acclimatized in presence of arsenic,
nitrate and sulphate. The acclimatized sludge was used to evaluate its performance on
simultaneous removal of target pollutants, arsenic, nitrate, iron and fluoride as well as
effects of one pollutant on the others in batch, semi-batch and flow through reactor
systems. The reactors were operated in absence as well as in presence of iron. Batch
studies were carried out in shake flasks whereas studies in semi batch mode were
conducted in 1 L bottles, operated in suspended growth mode. Reactors operated in
continuous mode were of attached growth reactors (AGR), where waste activated carbon
(WAC) was used as supporting material for bacterial growth. Adsorption characteristics
of the WAC were evaluated before being used in AGRs. Besides performance evaluation

of mixed bacterial culture on simultaneous removal of target pollutants from groundwater,
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microbial population dynamics in AGRs, post treatment of AGR treated water and
mechanisms of arsenic removal were also investigated through their characterization.
Collection, preparation, characterization and performance evaluation of an adsorbent from
water treatment plant residues (WTR) on fluoride removal from AGR treated water was
performed to evaluate its potential as a post treatment unit. In addition to this, stability of
the biosolids as well as the spent WAC were checked under aerobic as well as anoxic
conditions through “Ageing test”, “Toxicity Characteristics Leaching Procedure (TCLP)

test” and “Long Term Leaching test”.

Experimental results show that, in absence of iron, the mixed microbial culture
could reduce arsenic to below permissible limit in drinking water, from an initial of 600
Mg/L in suspended growth mode. However, in attached growth mode, AGR-1 could
reduce arsenic to below 10 pg/L, from an initial of up to 750 pg/L in simulated
groundwater. In presence of iron, arsenic was reduced to below 10 pg/L, from an initial of
up to 1000 pg/L and 1500 pg/L in suspended growth (SmBR-2) and attached growth
(AGR-2) systems, respectively. From an initial of up to 250 mg/L, complete removal of
nitrate in all the reactor systems was noticed within 24 hours of operation. No presence of
nitrite in the treated water suggests complete denitrification. From an initial of 13.2 mg/L,
the AGR-2 could reduce iron to below 0.3 mg/L from real groundwater at appropriate
feeding and operating conditions. At varying temperature, performance of either AGR did
not get affected except for first few initial days at 20°C and 50°C. The T-RFLP and
metagenomic analysis of microbial community confirmed the presence of arsenic, nitrate
and sulphate reducers in AGRs. The adsorbent prepared from WTR could remove
fluoride from an initial of 5 mg/L to 0.55 mg/L. FESEM/EDX, XRD, TEM and XAS
analysis of biosolids in AGR-1 confirmed the presence of As(lll) as orpiment and realgar
in amorphous and nanocrystalline forms. Biosolids in AGR-2 contains As(l11) and Fe(ll)
as pyrrhotite, and pyrite in addition to as orpiment and realgar in crystalline form. The
results suggest that precipitation of arsenosulphide is the main mechanism of arsenic
removal in AGR-1, whereas, in AGR-2 precipitation as arsenosulphide and/or co-
precipitation of arsenic with biogenic iron sulphides are the main arsenic removal
mechanisms. After 90 days of experiment in anoxic and oxic environment, ageing test
results have shown that arsenic leaching from biosolids of either AGRs was less than or
equal to 0.6%, whereas maximum iron leaching of 0.48% was noticed from AGR-2

biosolids. TCLP and long term leaching test results show that the concentration of arsenic
XXIV
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in the leaching solution does not exceed either the maximum Australian or USEPA
leachate values of 300 and 5000 pg/L, respectively. Thus the biosolids in the AGRs,
including the spent WAC, would not be classified as hazardous waste material.

In summary, the AGR systems developed in this project could remove arsenic and
its co-pollutants such as nitrate and iron from simulated as well as real groundwater at
wide range of temperature to meet the drinking water standards, leaving a non hazardous
and stable biosolids as well as spent WAC, which can be dumped in sanitary landfill
safely. However, fluoride needs to be treated separately in an additional treatment unit. A
waste product, WTR, proved to be efficient for fluoride removal to meet the drinking

water standards.
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CHAPTER 1

INTRODUCTION

Safe drinking water is one of the most fundamental necessities for human
population. Groundwater serves as the sole drinking water source in many rural and urban
areas of the world. (WHO, 2006). Due to rapid technological developments and
population increase, water resources such as groundwater are in danger of severe
pollution in the world. Groundwater contamination may be due to either natural or
anthropogenic sources. Major sources of natural groundwater pollution include geogenic
factors, seawater intrusion, and geothermal fluid(s). Important anthropogenic sources
include agricultural activities, mining activity, industrial waste and onsite septic tank
systems etc. Some of the inorganic anions impose long-term serious health effects which
affects sustainability of communities. Trace levels presence of toxic inorganic anions do
not cause organoleptic changes in drinking water therefore some of them remain
undetected hence increases health risks. A wide number of inorganic anions have been
found potentially toxic and harmful to humans and animals at very low concentrations
(ppb) in drinking water (Velizarov et al., 2004). Arsenic is one of such contaminant that
affects groundwater quality worldwide. More than 100 million people of the world is at
risk of arsenic contamination as per WHO provisional guideline for drinking water of 10
ug/L arsenic, out of this more than 45 million people of developing countries from Asia
are at risk of being exposed to more than 50 ug/L of arsenic, which is the maximum
concentration limit in drinking water in most of the Asian countries (Sharma et al.,
2014a). Highly ferruginous groundwater is often found in many parts of the world which
is unfit for domestic use and also forming slimy coatings in water pipes due to bacterial
growth (Demlie et al., 2014). Excess consumption of highly ferruginous water by humans,
may be linked to diseases such as diabetes, heart disease, cancer and kidney problems as a
result of iron stores (high serum ferritin) in the body (Pourmoghaddas et al., 2014).
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Nitrate (NO3) is also a major groundwater contaminant in the most parts of the
world due to its high water solubility (Mohseni-Bandpi et al., 2013). High NO3
contamination can be linked to increased risks of “Blue-baby syndrome”, various type of
cancers, formation of carcinogenic nitrosamines, reproductive disorders, and other
adverse health effects on humans (Horing & Chapman, 2004; WHO, 2004b). High nitrate
concentration also causes acute poisoning in cattle. Environmental impact of high nitrate
includes eutrophication of surface waters due to excess nutrients (Bhatnagar & Sillanpaa,
2011; Calderer et al., 2010). Due to severity of the health problems associated with excess
nitrate in potable water, the European Union, WHO and Bureau of Indian Standard set the
drinking standard for nitrate at 50 mg-NO3 /L and 45 mg-NO3 /L respectively
(BIS:10500, 2012; EC, 1998; WHO, 2004b). In addition to arsenic, nitrate and iron,
fluoride is also one of the most abundant anions present in groundwater worldwide and
creates a major problem in safe drinking water supply. It is classified as one of the water
contaminants by the World Health Organization (WHO), which cause adverse health
effects on humans and animals (Jagtap et al., 2012; WHO, 2006).

The co-existence of multiple contaminants has been reported in many areas
because of special geochemical conditions or industrial activities, (Velizarov et al., 2005).
The co-existence of multiple contaminants is adding complexity to the problem of
groundwater contamination. There are several reports on co-occurrence of arsenic and
iron in groundwater. Along with arsenic and iron, the co-occurrence of nitrate and
fluoride in groundwater is also reported from many locations of the world (Rezaie-Boroon
et al., 2014; Smedley et al., 2008). The presence of one or a combination of these
contaminants in drinking water sources often needs an expensive, multi-step treatment or

abandonment of wells and other water bodies (Mazumder et al., 2010; Rosen et al., 2004).

Simultaneous removal of multiple number of contaminants from drinking water
have been tried by adsorption, coagulation-flocculation, ion exchange, membrane
separation, precipitation and cementation (Liu et al., 2012; Matos et al., 2006; Velizarov
et al., 2004). However, these methods suffers from drawbacks in terms of application,
high operational, maintenance costs and effectiveness as it usually results in the

production of unstable sludge, which leads to a greater disposal expense.
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In recent years, biological processes have gained increasing interest in drinking
water treatment, mainly due to the conversion of many organic and inorganic
contaminants to innocuous by-products. In addition, biological treatment achieves
multiple contaminant removal in a single system in lesser contact times, potentially
minimizing costs and suitable for large community scale operations, while avoiding the
need for regeneration of solid phase sorbents or treatment of the generated wastes
(Brown, 2008).

In groundwater systems, under anoxic conditions the ecological succession of
terminal electron-accepting processes is 0, followed by NO%~, Mn(1V), Fe(lll), SO3~
and finally CO,. Other oxyanions, including arsenate, selenate, chlorate and chromate,
may also be used as terminal electron acceptors during microbial respiration depending on
their availabilities in an aquatic system (Narasingarao & Haggblom, 2007). Thus in a
biologically active aquatic environment where arsenic, iron and nitrate are present along
with sulphate, the nitrate reducers reduces nitrate to nitrogen gas and sulphate-reducing
bacteria (SRB) produces biogenic sulphides, which in turn lead to the precipitation of
arsenic and iron sulphides. Hence, arsenic is removed from the water simultaneously as
precipitates of arsenosulphides (orpiment and realgar) as well as adsorption/co-
precipitation with iron sulphides (Altun et al., 2014; Battaglia-Brunet et al., 2012).

Recently, development of several bioreactor configurations either of attached or
suspended growth types operated in up-flow or down-flow modes have led to effective
removal of arsenic from mine waters (Altun et al., 2014; Battaglia-Brunet et al., 2012;
Rodriguez-Freire et al., 2014). However, report on sulphidogenic arsenic removal and
multi contaminant removal from drinking water/groundwater sources is scanty. In the
scientific literature, so far, only a few efforts have been made to study the arsenic removal
in sulphidogenic bioreactor from drinking water sources. Even the most relevant report on
biological treatment of groundwater for simultaneous removal of multi-pollutants
available so far is the outcome of the experiments carried out on simulated groundwater
spiked with a fixed arsenic (200 pg/L), iron (2 mg/L), nitrate (50 mg/L) and sulphate (22
mg/L) concentration operated at a fixed EBCT (30 min) at 22°C (Upadhyaya et al., 2010).
However, occurrences of such contaminants in real groundwater even at higher
concentrations have been reported. There are no reports available so far, on simultaneous

removal of multi-contaminant in a single bioreactor at varying arsenic, nitrate, iron and
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sulphate concentrations; effects of EBCT, pH and temperature. Also, there is no study
reported so far on arsenic removal from real groundwater. With this background, the
purpose of this research was to develop sulphidogenic anaerobic bioreactor systems for
simultaneous removal of arsenic, iron and nitrate from simulated and real groundwater at

varying feeding and operating conditions.

In this study, mixed microbial culture was collected from a wastewater treatment
plant and acclimatized in presence of arsenic, nitrate and sulphate. The acclimatized
sludge was used to evaluate its performance on simultaneous removal of target pollutants,
arsenic, nitrate, iron and fluoride as well as effects of one pollutant on the others in batch,
semi-batch and flow through reactor systems. The reactors were operated in absence as

well as in presence of iron.

Firstly, the simultaneous removal of multipollutants was assessed in batch shake
flasks and semi-batch reactors. The effect of arsenic, nitrate and/or iron concentration on
the arsenic removal was investigated in batch as well as semi batch reactors. The
experiments were also carried out with different carbon sources in semi-batch reactors in
order to study effect of carbon sources on multipollutants removal. Furthermore,
biological arsenic and nitrate-removing processes were performed in presence and
absence of iron in anaerobic flow-through attached growth reactors (AGRs). Therefore,
two sulphidogenic AGRs enriched with mixed bacterial culture, where waste activated
carbon (WAC) was used as supporting material for bacterial growth were operated. In
particular, the AGRs operation was directed to: 1) evaluate the arsenic removal
efficiencies under different arsenic, nitrate and sulphate concentrations in absence and
presence of iron from synthetic as well as real contaminated groundwater; 2) evaluating
the bioreactor performance for simultaneous removal of pollutants in diverse range of
temperature; 3) test the reactor performance under pH variations in the feed solution; 4)
check the acute toxicity of the treated water; 5) collection, preparation, characterization
and performance evaluation of an adsorbent from water treatment plant residues (WTR)
on fluoride removal from AGR treated water; 6) identification of microbial population
dynamics; 7) characterization of biosolids formed in AGRs; and finally, the
experimentation for stability check of biosolids, carried out both in batch and continuous

mode, aimed to study the leachability of arsenic from biosolids.
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Organization of the Thesis

The thesis has been organized into six chapters. The current Chapter 1 presents the
general introduction to the present work while the literature that supports the present
study is presented in Chapter 2. The primary objective and the scopes of the study are
given in Chapter 3. Details of the materials and methods adopted in the present study
along with the reactor configurations and operating conditions are discussed in details in
Chapter 4. Chapter 5 presents the results and discussions of sequential studies carried
out on batch reactors, semi-batch reactors and flow through reactors. The key conclusions
drawn from these studies and discussion on the future scope of work are presented in
Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

The drinking water contamination is a serious health and environmental threat in
many parts of the India and the world. Millions of rural and urban population in the
developing countries relies on groundwater, mostly through shallow dug wells. According
to some estimates, groundwater caters nearly 80 percent of the rural domestic water
needs, and 50 percent of the urban drinking water needs in India. Natural groundwater
pollution occurs primarily because of geogenic and anthropogenic activities. There are
many sources of inorganic contamination of ground water. Arsenic, iron, nitrate and
fluoride stands among prior inorganic contaminants of groundwater. Irrespective of the
origin, the isolated and/or co- occurrence of these contaminants in drinking water sources

is unavoidable and of grave concern throughout the globe (Lenntech, 2015).

2.1. Introduction, Source and Environmental Impact/Health Effects of

Contaminants

2.1.1 Arsenic

Arsenic is a well-known toxic metalloid and is present ubiquitously in nature: in
air, soil, water, rocks, plants, and animals. Arsenic mostly occurs in combined state rather
than free state. Its presence in environment ranges from —3, 0, +3 and +5 oxidation states.
The two highest oxidation states are the most common in nature, whereas the two lowest
are rare (Oremland & Stolz, 2003). The presence of As(0) is very rarely reported, it is
mostly found in combination with sulphur, oxygen and iron (Jain & Ali, 2000; Oremland
& Stolz, 2003). Arsenides, arsenosulphides, arsenites, arsenates and organoarsenicals are
major compounds of arsenic other than elemental form of arsenic (Henke, 2009). In water

the major forms of arsenic include arsenious acids (H;AsO3, H,AsO3, HAsO% ™), arsenic
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acids (H3AsO,, H3AsOz, H3AsO%7), arsenites, arsenates, methylarsenic acid,
dimethylarsinic acid, arsine, etc. (Smedley & Kinniburgh, 2002). In natural waters arsenic
exists in oxyanionic form of trivalent arsenite or pentavalent arsenate. In reducing anoxic
conditions of groundwater arsenite predominates while arsenate is majorly found in
oxygen rich aerobic water environments (Greenwood & Earnshaw, 1984). The
mobilisation of arsenic species in groundwater under reducing and oxidising conditions is
pH dependent (pH 6.5-8.5). Arsenic speciation in natural waters is strongly controlled by
redox potential (Eh) and pH (Fig.2.1) (Wang & Mulligan, 2006). At pH values less than
9.2 and in reducing conditions, the uncharged arsenite (H3AsO5°) will be the dominating
species. At low pH (< pH 6.9) and oxidising conditions, H,AsO," is dominant, while
HAs0,> dominates at higher pH values (> pH 6.9). In highly acidic and alkaline
conditions, H;AsO§ and AsO3 are representing species respectively (Yan et al., 2000).
Arsenic has been found to be a common contaminant of fresh water and sea water in

many parts of the world. It can exist both in organic and inorganic forms.
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(Ref.: Wang and Mulligan 2006)

Figure 2.1 Eh—pH diagram for arsenic at 25°C and 101.3 kPa.
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2.1.1.1 Sources and Occurrence in Water Environment

Arsenic distribution and mobilisation in environment is complex process, occurs
through continuous cycling of different forms of arsenic through air, soil and water. It is
introduced in soil and groundwater during weathering of rocks followed by leaching and
run off. Natural processes of arsenic transport includes mineral weathering, biologically
aided mineralisation, and volcanic emissions (Sharma et al., 2014a). However, it can also
be introduced as a result of many anthropogenic activities such as wood preservatives,
paints, alloys, semi-conductors, fossil fuel combustion, mining wastes, smelting
operations, landfilling, sewage, and agricultural applications (pesticides and fertilizers)
(Mondal et al., 2013; Singh et al., 2015). Contribution of anthropogenic sources to
groundwater arsenic contamination is much less compared to the natural sources, still
their contribution cannot be ignored. Most of the arsenic transport in natural aquifers is
due to the physical, geochemical conditions (especially reducing conditions) and water—
rock interactions. That’s why most of the reported arsenic poisoning, throughout the
world is due to groundwater As exposure rather than surface water (Smedley &
Kinniburgh, 2002).

Geogenic presence of arsenic in groundwater ranging from 0.5 to 5,000 pg/L
(Smedley & Kinniburgh, 2002) has been reported around the world (Ravenscroft et al.,
2009). The source of As in the groundwater may be volcanic ash as in the southern Gulf
Coast aquifer system in Texas (USA) (Gates et al., 2011), reductive dissolution of Fe-
oxyhydroxide minerals as in lower Fraser River Delta, British Columbia, Canada (Bolton
& Beckie, 2011) and Bengal Basin (Uddin et al., 2011), weathering of ultramafic rocks as
in bedrock aquifers of Rowe-Hawley Belt of northern Vermont, (USA), Ryan et al.
(2011). In a geochemical and hydrological study of groundwater in Bihar, India, high As
is attributed to recharging of deep aquifers through the Pleistocene deposits (Saha et al.,
2011).

High As Concentrations are reported in groundwater from many parts of the world
such as Africa, Bangladesh (up to 1000 pg/L), Brazil, China (up to 850 pg/L), India (up to
23mg/L), Italy, Mexico, Chile (up to 770 ug/L), Argentina (up to 3810 ug/L), Latin
America, Canada, Germany, Ghana, Greece, Korea, Mexico, Mongolia (up to 1800 pg/L),
Nepal (2660 pg/L) Poland, South Thailand, UK, USA ( >3000 ug/L), Vietnam (up to
3050 pg/L) and Zimbabwe etc. (Singh et al., 2015; Smedley & Kinniburgh, 2002;
Smedley et al., 2003; VVan Halem et al., 2009)
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2.1.1.2 Environmental Impact

Arsenic is extremely poisonous. International Agency for Research on Cancer has
classified arsenic as a human carcinogenic substance, group 1.(IARC, 2004) According to
the United Nations Synthesis report, arsenic poisoning is the second most important
health hazard in the world related to drinking water after pathogenic contamination (Singh
et al., 2015). More than 150 million people all over the world, including nearly 110
millions of South and South-east Asian countries are at risk of arsenicosis due to arsenic
contamination in drinking water (Ravenscroft et al., 2009). Irrigation with As-enriched
groundwater increases inorganic arsenic exposure through food, especially rice and

vegetables thus lead to enter As in human food chain (Bhattacharya et al., 2012).

Arsenic poisoning in humans may cause melanosis, leuco-melanosis, keratosis,
hyperkeratosis, dorsum, nonpetting edema, gangrene and skin problems including cancer
(Singh et al., 2015). As(l11) is more toxic because it can bind to sulfhydryl groups of
cysteine residues in proteins and inactivates them (Cavalca et al., 2013). Long term high
arsenic intake can cause peripheral vascular disease, gastrointestinal disturbances, and
possibly diabetes, high blood pressure and reproductive disorders including cancers of
lung, kidney, liver and bladder (WHO, 2011).

Scientific studies from China and Bangladesh have shown neurological problems,
mental retardation and developmental disabilities such as physical, cognitive,
psychological, sensory and speech impairments among arsenicosis patients. Moreover,
arsenicosis not only affect its victims but also their families by social instability, social
discrimination, marriage-related problems, refusal of victims by community and families
(Brinkel et al., 2009). The drinking water standard for arsenic is reduced to 10 ppb from
50 ppb by most of the developed nations as WHO directive, because of serious health
impacts on humans. However, some countries including Bangladesh and China still

following the earlier WHO guideline of 50 ppb (Sharma et al., 2014a; WHO, 2011).
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2.1.2 Nitrate

Nitrate (NO3) is a nitrogenous compound that occurs naturally in moderate
concentrations in many environments. Nitrate is an important ion for the growth of plants
and micro-organisms. NO3, due to its high water solubility, is the most ubiquitous
chemical contaminant in the world’s aquifers. It represents the stable end product of the
nitrification process. Nitrates are very stable unless they undergo biological denitrification
under anoxic conditions or consumed by plants. As it has no detectable colour, smell or
taste, they remain undetected at typical concentrations in water. Raising concentration
levels of NO3 in potable water is of prime concern on a global scale. The factors
controlling distribution of NO3 in groundwater includes availability of electron donor,
dissolved oxygen level, available sources, thickness and composition of the vadose zone,

precipitation, irrigation, ground water flow and aquifer heterogeneity.

Nitrate nitrogen (NO3-N) concentrations greater than about 3 mg/L are usually
caused by human activities such as waste and effluent disposal, or leaching from normal
farming activities (Daughney & Reeves, 2005). Today, NO3 contamination of
groundwater has become a severe environmental problem in many parts of the world
(Mohseni-Bandpi et al., 2013).

2.1.2.1 Sources and Occurrence in Water Environment

Nitrate contamination in groundwater may be attributed to geogenic and
anthropogenic sources. Geogenic sources of NO3 in surface and groundwater include
nitrogen bedrocks, sediments of arid environment and coal deposits. Geogenic nitrate in
aquatic environments is reported from Mokelumne River watershed of California
(Holloway et al., 1998), Chile (Motzer, 2006) and Cameroon (Ako et al., 2014). Major
anthropogenic sources includes agricultural runoff, unsafe domestic/industrial effluent
discharge, timber harvesting practices, animal manure, NOXx air stripping waste from air
pollution control devices (Bhatnagar & Sillanpaa, 2011; Mohseni-Bandpi et al., 2013).
Majority of the reported ground and surface water NO3 contamination appear to be
related to irrigated agriculture and the use of chemical fertilizers or to domestic sewage
(Mallick & Banerji, 1981; Rao & Puttanna, 2000). Wakida and Lerner (2005) found

sewage and mains leakage, septic tanks, industrial spillages, contaminated land, landfills,
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river or channel infiltration, fertilizers used in gardens, house building, storm water and

direct recharge are major non-agricultural NO3sources in urban groundwater.

Typically, industrial regions have greater concentrations of nitrates in waters than
rural areas (WHO, 2011). Many industries like plastic, fuel additives and nitric acid,
produce high nitrate containing wastes that contributed to the increase of nitrate level in
water environments. Nitrate wastes containing more than 1,000 mg/L NO3-N are
generated in mobile, explosives, fertilizer, pectin, and in metals furnishing industries
(Glass & Silverstein, 1999). The nuclear industry wastewater containing excess nitrates
up to 50,000 mg/L NO3-N. Huge amount of NO3 is leached into groundwater from such
waste before treatment and disposal (Ghafari et al., 2008). Additionally, airborne nitrogen
compounds given off by industry and automobiles are deposited on the land in
precipitation and dry particles. NO3 concentration up to 53.0 mg/L is found in industrial
area of Cuddalore (India) (Devi & Premkumar, 2012).

NO3 contamination of surface water and especially in groundwater has become a
significant environmental problem in Australia, Canada, China, Europe, India, Japan,
Saudi Arabia, USA and many other parts of the world (Gayle et al., 1989; Kapoor &
Viraraghavan, 1997). High NO3 level in aquatic environment of 12 countries of European
Economic Community (EEC) is reported. NO3 concentration in range of 50 mg/L to 250
mg/L in surface and groundwater sources is reported from United kingdom, Luxemburg,
Germany, Denmark and Belgium (Kuzelka & Ennenga, 2013). High NO3 up to 127-1038
mg/L is reported from Southern and South-Western districts of Haryana (Kakar, 1981).

2.1.2.2 Environmental Impact

Nitrate can persist in groundwater for decades and accumulate to high levels as
more nitrogen is applied to the land every year. Elevated NO3concentrations in water
sources can lead to a potential risk to human, animal health and environment. High NO3
concentrations cause eutrophication in water bodies by stimulating heavy algal growth.
Ingestion of high nitrate drinking water is associated with “blue-baby
syndrome”’(methaemoglobinaemia) in infants, and the potential formation of carcinogenic
nitrosamines in humans (Majumdar & Gupta, 2000). Nitrate poisoning in cattles can
cause death after ingestion of high nitrate water and/or plant (Bhatnagar & Sillanpaa,

2011). In humans, raised NO3concentrations in drinking water have found to be linked
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with diverse kinds of cancers, adverse reproductive problems, infectious diseases and
diabetes (Chiu et al., 2007; Ward et al., 2005). Several public supply wells in the
Huntington Town, New York, have been closed because the high nitrate concentration in
drinking water (Bleifuss et al., 1998).

Keeping in mind the link between serious health problems and excessive
concentration of nitrate in drinking water, WHO and the European Union recommended
nitrate concentration limit of 50 mg NO3/L (WHO, 2011). The US Environmental
Protection Agency has set maximum contaminant level (MCL) of 10 mg NO3-N/L in
potable water (EPA, 2009). In Australia, the recommended limit is 50 mg NO3/L for
infants up to 3 months old and 100 mg NO3/L for adults and children over the age of 3
months. South Africa stipulates a very low permissible limit of 20 mg NO3/L
(Loganathan et al., 2013b).

2.1.31ron

Iron is the second most abundant metal and the fourth most abundant element in
the Earth's crust (WHO, 1996). Iron usually exists in two oxidation states, reduced soluble
divalent ferrous (Fe*?) and oxidised trivalent ferric (Fe*®). In groundwater, iron may be
present in the following five forms: i) ferrous iron, ii) inorganic complexes, iii) organic
complexes, iv) colloidal, and v) suspended. The form and stability of the iron in water
depends mainly on the pH and the redox potential (Eh). The predominant form of iron is
the soluble Fe*? species in the absence of an electron acceptor such as oxygen and under
the pH range of 5 to 8 (Hem, 1985). High alkalinity waters often have lower iron content
than water of low alkalinity. The iron concentration in natural waters is oftenly limited by
the solubility of its carbonate (AWWA, 1990). Groundwater iron normally ranges from a

few hundredths to about 50 mg/L with the majority containing <5 mg/L (Davis, 1997,
Hem, 1985).

2.1.3.1 Sources and Occurrence in Water Environment

Natural sources of groundwater iron may includes weathering of iron bearing
rocks as earth’s underground rock formations contain about 5% iron. Iron is also released
in groundwater due to the dissolution of iron bearing minerals, mainly oxides, sulphides,
carbonates and silicates under anaerobic conditions in the presence of reducing agents like
organic matter and hydrogen sulphide (Sharma, 2001). Anthropogenic sources of iron in
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groundwater may include industrial effluents, landfill leakages, acid mine drainage, well

casing, pump parts, piping (Zhang et al., 2014a) and storage tanks (NovaScotia, 2008).

The iron contamination of groundwater is worldwide problem. Many countries
including India (Bordoloi et al., 2013), Canada (7-15 mg/L) (Ellis et al., 2000) Denmark
(Ankrah & Sggaard, 2009), Egypt (EI-Naggar, 2009), Finland (Hatva, 1989) Greece
(Katsoyiannis et al., 2008), Malaysia, Netherlands (0-30 mg/L), Nepal (Sharma, 2001),
Russia (0.8-4.0 mg/L), Nigeria (0.03-2.38 mg/L) (Ocheri, 2010), Serbia (0.6-2.2 mg/L)
and South Africa (Demlie et al., 2014) is characterized by presence of high iron in
groundwater. Iron is widely distributed in aquifer systems of India, more than 23 states
having >1 mg/L of iron in groundwater (CGWB, 2014). More than 10 mg/L iron is
reported from Darrang, Kamrup, Sibsagar (Assam), Madhepura, Siwan (Bihar) and
Gurgaon, Sonipat (Haryana) (Borah et al., 2010; Bordoloi et al., 2013; CGWB, 2010;
Singh et al., 2008).

2.1.3.2 Environmental Impact

Iron is not considered to cause severe health problems in humans; rather its
presence in potable water can cause different types of nuisance problems. The colour and
flavour of food and water can be affected by iron because it can react with tannins in
coffee, tea and alcoholic beverages which produce black sludge. Iron can cause reddish-
brown staining of laundry, utensils, dishes and glassware. The other problem associated
with iron in water is iron bacteria. However, iron bacteria are not responsible for any
health issues, but they can cause an increase in the friction loss and power consumption,
require higher chlorine dosage, deplete dissolved oxygen and clogging of water systems
by forming red brown (iron) slime in toilet tanks (Wilson et al.). The iron precipitation
reduces softening efficiency of home softeners by clogging (Tekerlekopoulou & Vayenas,
2007).

Excess iron accumulates in the heart, liver, brain and other vital organs (Albretsen,
2006). Recently, due to regular intake of high iron containing groundwater, some adverse
health effects like hemochromatosis, liver cirrhosis and siderosis is observed in people of
Assam, India (Chaturvedi et al., 2014). Iron overload in the body may result in fatigue,
headache, irritability and lowered work performance in day-to-day activities. Moreover, it

may cause joint pain, abdominal pain, bronzing of skin, arthritis, loss of body hair,
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amenorrhea, impotence, diabetes and heart diseases, if remain untreated, and typically
affects men more often than the women (Ronald, 2013). WHO recommends that the iron
concentration in drinking water should be less than 0.3 mg/L (WHO, 2011). The EC
directive recommends that the iron in water supplies should be less than 0.2 mg/L
(Sharma, 2001).

2.1.4 Fluoride

The fluoride is member of the halogen group and a natural constituent of the
environment. Fluoride is the most electronegative and reactive among all chemical
elements and is never found in nature in the element form. In nature, it occurs in
combination with other minerals and geochemical deposits (Ibrahim.M, 2011; Jagtap et
al., 2012). It occurs naturally in reduced form and enters food chains through either
drinking water or eating plants and cereals. Fluoride is an essential element for life which
needs to be monitor in drinking water carefully. It is an important element for humans in
preventing cavity and in facilitating the mineralization of arduous tissues when taken in
optimum amount (Singh et al., 2016).The low concentrations lead to fluoride deficiencies
while high fluoride concentrations may impose other deleterious effects. High fluoride
concentration in the ground water and surface water in many parts of the world is a cause
of great concern. Fluorides are mainly derived by the solvent action of water on the rocks

and the soil of the earth’s crust.

2.1.4.1 Sources and Occurrence in Water Environment

Fluoride-bearing rocks such as fluorspar, fluorite, cryolite, fluorapatite and
hydroxyl apatite are the main source of fluoride in groundwater. Besides the natural
geological sources, the anthropogenic activities also greatly contribute in fluoride
contamination in groundwater. Many industries like glass and ceramic production,
semiconductor and integrated circuits manufacturing, electroplating, coal fired power
stations, beryllium extraction plants, brick manufacturing plants, hydrofluoric acid plants,
phosphatic fertilizer plants, and aluminium smelters are also contributing to significant
fluoride in surface waters. Also the fluoride content in groundwater is a function of many
factors such as availability and solubility of fluoride minerals, velocity of flowing water,
pH, temperature, concentrations of calcium and bicarbonate ions in water. (Bhatnagar et

al., 2011; Jagtap et al., 2012). Groundwaters have high fluoride concentrations because of
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long residence times in the host aquifers. Surface waters and hand-dug wells usually have
low concentrations, as they represent young, recently infiltrated, rainwater (Edmunds &
Smedley, 2013; Jagtap et al., 2012).

Fluoride is one of the most abundant anions present in groundwater worldwide.
More than 27 developed and developing countries including Algeria, Argentina,
Australia, Bangladesh, Canada, China, Egypt, Ethiopia, India, Iran, Irag, Japan, Jordan,
Kenya, Libya, Mexico, Morocco, New Zealand, Palestine, Pakistan, Senegal, S. Africa,
Sri Lanka, Syria, Tanzania, Thailand, Turkey, Uganda, United Arab Emirates and U.S.A.
etc. have been reported with high fluoride concentrations in groundwater (Jagtap et al.,
2012; Meenakshi & Maheshwari, 2006).

2.1.4.2 Environmental Impact

Fluoride concentrations around 1 mg/L in drinking water is considered as
beneficial especially to young children for calcification of dental enamel. However, long
term consumption of water above 1.5 mg/L fluoride is detrimental to health. The WHO
guideline for fluoride in drinking water is 1.5 mg/L (WHO, 2011). Many countries are
following this value as drinking water standard. More than 200 million people around the
globe are consuming drinking water beyond the guideline value of WHO (Edmunds &
Smedley, 2013). There are different regulations and recommendations have been adopted

for drinking water fluoride by different country and regulatory authorities.

High fluoride in drinking water causes dental fluorosis and/or skeletal fluorosis.
Nearly 90 million people including 6 million children in 17 states of India the country are
most affected with dental, skeletal and/or non-skeletal fluorosis (Singh et al., 2016)
Continuous intake of excess fluoride may results in more health problems. The common
problems associated with chronic fluoride poisoning are respiratory failure, fall of blood
pressure, general paralysis, loss of weight, anorexia, anaemia, wasting, increased rates of
bone fractures, decreased birth rates, increased urolithiasis (kidney stones), impaired
thyroid function, muscle fibre degeneration, low haemoglobin levels, reduced immunity,
lower intelligence in children and cochexia. Continuous intake of nonfatal dose of
fluorides causes permanent inhibition of growth. Fluoride ions forms complexes with
magnesium ions and other metal ions thus causes inhibition and even destruction to many
enzymes (lbrahim.M, 2011; Meenakshi & Maheshwari, 2006; Ozsvath, 2009). Due to
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adverse health effects on humans and animals the fluoride has been classified as a priority
pollutant by the United States Environmental Protection Agency and the German
Research Council (Singh et al., 2016).

2.2 Simultaneous Co-occurrence of Multiple Pollutants in Groundwater

In many cases the natural water bodies are not only contaminated with single
contaminant, but presence of two or more contaminants has also been reported (Fytianos
& Christophoridis, 2004; Guha et al., 2005; Reddy, 2014; Xin et al., 2009). The co-
occurrence of multiple contaminants is adding complexity to the problem of groundwater
contamination at many locations in the world. The co-occurrence of multiple

contaminants in groundwater can be due to geogenic and/or anthropogenic sources.
2.2.1 Co-occurrence due to Various Industrial Activities

Industrial effluents of many industries are a major anthropogenic source for the
simultaneous occurrence of multiple contaminants in drinking water sources. Activities
associated with Pesticides, Pharmaceuticals, Petroleum refining, Thermal power plants,
Aluminium plant, Organic chemicals industries, mining and mineral processing
operations have significant potential to pollute groundwater either directly or indirectly.
High arsenic and fluoride concentrations in groundwater at Kalalanwala in the Kasur
District of Pakistan was due to local brick factories (Faroogi et al., 2007). Unmanaged
discharge of super acid system and waste water may also enhance combined occurrence
of As and F (Chouhan & Flora, 2010). Exceeding level of Fe, F and NO3 (As per BIS
standards) were found in groundwater of nearby industrial areas of Angul-Talcher
(Orissa) and Drain Basin Area, Najafgarh (Delhi). High F and Fe (Korba (M.P.), Singrauli
(U.P.), Fe and NO3; (North Arcot (Tamilnadu), Jodhpur (Rajasthan)), NO; and F
(Vishakhapatnam (Andhra Pradesh), Manali (Tamilnadu)), Fe and As (Bolaram-
Patancheru (Andhra Pradesh) were also attributed to industrial activities in surrounding
areas (CPCB, 2007). High levels of As, NO; and thallium was found in surrounding

water-supply wells of California as a result of oil industry waste (Kretzmann, 2014).
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2.2.2 Co-occurrence due to Geogenic Sources

The co-occurrence of chemical constituents in drinking water also depends on the
geology and on the physical and chemical conditions affecting solubility. In areas near the
Gangetic plains and the Padma-Meghna-Brahmputra basin, arsenic is present naturally
due to the geological activities of these Rivers. Climate and environmental factors also
has an important role in affecting the breakdown of rocks and the extent to which
minerals are leached into rivers or groundwater (WHO, 2004a). The co-occurrence of
these pollutants in drinking water sources is also reported from several parts of the world

which is described in detail below.
Co-occurrence of Nitrate and Arsenic

Geogenic simultaneous occurrence of nitrate and arsenic from groundwater is
reported various locations around the world, For example, in Northern Chile (Tellez et al.,
2005), in Northern Greece (Fytianos & Christophoridis, 2004) and the Ogallala aquifer of
Texas contain both nitrate and arsenic along with perchlorate (Venkataraman &
Uddameri, 2012) in California (Seidel et al., 2008) Borrego Valley southern California
(Rezaie-Boroon et al., 2014), Oakland County (Michigan) (Aichele, 2004) Duero River
Basin (Spain) (Mayorga et al., 2013). Depth-specific profile studies have shown arsenic
and nitrate contamination in Kathmandu Valley (Nepal) (Khatiwada et al., 2002) and
West Bengal (India), (Guha et al., 2005). Exceedance of nitrate and arsenic in Southern
Ogallala aquifer is due to intense agricultural activities (Venkataraman & Uddameri,
2012).

Iron and Arsenic

High concentrations of Fe and As in groundwater of the India (Darrang, Assam)
(up to 0.95 mg/L and 11.25 pg/L) (Borah et al., 2010), Vietnam and Cambodia (Mekong
delta floodplain) (up to 56 mg/L and 1300 pg/L) (Buschmann et al., 2008), China
(Yunnan Province ) (Xin et al., 2009), Pakistan (groundwater as well as surface water of
Jamshoro), (0.09-4.28 Fe mg/L, (3.00-106.0 As ug/L) (Baig et al., 2009). Moreover, in
the Chiang Mai basin of Northern Thailand, the co-occurrence of fluoride and iron were

found at concentrations exceeding the national standards (Margane & Tatong, 1999).
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Arsenic and Fluoride

The co-contamination of arsenic and fluoride in drinking water sources is very
common in many countries of the world falling in arid or semi-arid regions. The geogenic
dissolved As and F concentrations show a significant co-occurrence in Argentina (Padilla
& Saitua, 2010) Central and Northern Meéxico (Rocha-Amador et al., 2007), Pakistan
(Farooqi et al., 2007), China (Yuncheng Basin and Datong, up to 1550 ug/L As and 10.4
mg/L F) (Currell et al., 2011; Wang et al., 2009), Korea (Mankyeong River floodplain )
(Kim et al., 2012b) Mangolia (Huhhot and Hetao Basin with concentrations up to 720
ug/L As and 2.57 mg/L F) (Guo et al., 2012; Smedley et al., 2003). Alarcon-Herrera et al.
(2013) investigated genesis, mobility and remediation of co-occurrence of As and F, in
groundwater of semi-arid regions of Latin America including, Chaco-Pampean plain of
Argentina, ELTatio geothermal water system of Chile (1.0-2.0 mg/L arsenic and 0.85-8.5
mg/L F) and Mexico (up to 0.12 mg/L As and 16 mg/L F). The co-occurrence is reported
from oxidizing as well as reducing aquifers, while it is less common in reducing ones.
The co-occurrence of As and F was explained as desorption of As and F from Fe-
(hydr)oxides due to raised pH in aquifers (Kim et al., 2012b). AsFs and KAsFg which has
been used as a super acid system for organic synthesis, an electrolyte in rechargeable gel
batteries, in acid-polishing process of crystal glass and pesticide respectively, were

reported as main source of As and F co-occurrence from a lake (Daus et al., 2007).
Sulphate and Nitrate

In anoxic environments NO3 and SOZ~ serve as important electron acceptors in
aquatic systems. Their occurrence in groundwater is often controlled by bacterially-
mediated redox reactions (e.g. denitrification and bacterial SO3~ reduction), Compared to
NO3 free (uncontaminated) groundwater, NO3 rich groundwater can accelerate the
oxidation of pyrite in aquifers and thus can produce elevated SO%~ concentrations and
acidity. This process is known as denitrification using pyrite (as an electron donor) or
pyrite oxidation by NO3 (Schwientek et al., 2008). Lipfert et. al., (2007) also reported the
Ground water with high arsenic concentrations has enriched sulphate in the Kelly's Cove

watershed, Northport, Maine and Goose River, Maine watershed USA.
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Nitrate and Fluoride

Co-occurrence of fluoride and nitrate in groundwater as a result of geogenic and
anthropogenic activity is also reported from some aquifers (Reddy, 2014). High
concentrations of nitrate and fluoride co-exists in groundwater of several states in India,
including Andhra Pradesh (Reddy, 2014) West Bengal (Kundu et al., 2009) Punjab
(Sharma et al., 2014b), Haryana (Khurshid, 2013), Rajasthan (Suthar, 2011), U.P. (Raju et
al., 2009), M.P. (Avtar et al., 2013), Maharastra (Sangole et al., 2012) and Karnataka
(Shankar et al., 2008), High fluoride and nitrate concentrations (upto 10.6 mg/L and up to
90 mg/L respectively) have been reported in drinking water of Bathinda, Faridkot, and
Firozpur districts of Punjab (Sharma et al., 2014b). Nitrate and fluoride co-occurrence in
drinking groundwater was a function of lithology, soil characteristics and agricultural
activities in Nadia (West Bengal), (Kundu et al., 2009) while was a result of industrial

activities in Peenya industrial area, Bangalore, India (Shankar et al., 2008).
2.2.3 Co-existence of Multiple Contaminants

The co-occurrence of more than two contaminants in drinking water sources is
also reported from several parts of the world including India. The simultaneous presence
of As, NO3-N and F (<4-5300 pg/L, <0.2-140 mg/L and 0-29 mg/L respectively) along
with Fe and other elements from La Pampa province (Smedley et al., 2008); As, F and Fe
(7-1990 pg/L, 0.1-4.20 mg/L and 0-2 mg/L respectively) along with 23 other elements
from Chaco Province, Argentina, (Giménez et al., 2013); As, Fe, F along with manganese
and uranium in Myingyan Township, Myanmar (Bacquart et al., 2015); Fe, NO3 and F in
Guwahati, India (Chakrabarty & Sarma, 2011; Das et al., 2003); As, Fe and F in North-
eastern states of India (Singh et al., 2008) is reported in exceedance of drinking water

guidelines.
2.2.4 Environmental Impact of Co-occurrence of Multiple Contaminants

Little is known about the toxic effects stemming from a co-exposure of multiple
contaminants through drinking water (Chouhan & Flora, 2010). Individual contaminant
may not pose appreciable risks to human health, there are concerns about potential risks
of exposures to mixtures (Silva et al., 2002). For example, co-occurrence of arsenic and
fluoride in groundwater can adversely affect 1Q and growth in children (Rocha-Amador et
al., 2007; Wang et al., 2007), alter the expression of apoptosis and inflammatory genes by
immune cells (Salgado-Bustamante et al., 2010).
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2.3 Review of Removal Techniques

Many treatment technologies are available to meet the drinking water standards, as
suggested by the global and local regulatory agencies for the removal of arsenic, iron,
nitrate and fluoride. Phase transfer by formation of insoluble precipitate with other
elements or the transformation as volatile compounds, is considered as only option for
arsenic removal from contaminated drinking water. Traditionally, arsenic can be treated
using several technologies including adsorption, oxidation, co-precipitation, coagulation-
flocculation, ion exchange and membrane processes (Jain & Singh, 2012; Leupin & Hug,
2005; Zouboulis & Katsoyiannis, 2002a; Zouboulis & Katsoyiannis, 2002b). In view of
the lowering the drinking water standards by regulatory bodies, several hybrid and
advance arsenic removal technologies have been developed, such as direct contact
membrane distillation (Manna et al., 2010; Yarlagadda et al., 2011), oxidation of As(l1I)
to As(V) using KMnO, followed by nano filtration (Sen et al., 2010) integrated reverse
osmosis and membrane distillation, (Macedonio & Drioli, 2008). The selection and
effectiveness of a technique is dependent on form of arsenic species, total dissolved
solids, water characteristics, pH of water and presence of competing ions (sulphate,
phosphate, silicate, and fluoride) and cost involved. At near neutral pH, Arsenate exists in
mono- or divalent anionic form, while arsenite remains unchanged. Hence, pre-oxidation
of As (+3) to As (+5) is a necessary step for an efficient and effective As (+5) removal
from water by several existing technologies (adsorption, ion-exchange, and co-
precipitation). Recently, arsenic bioremediation of contaminated drinking water shows a
great potential for future implications due to its environmental compatibility and possible
cost-effectiveness. Arsenic bioremoval from contaminated water can be achieved by
arsenic absorption to biomass (Mondal et al., 2008; Say et al., 2003) and/or coprecpitation
with biogenic hydroxides (Katsoyiannis & Zouboulis, 2004) or precipitation with
sulphides (Kirk et al., 2010; Upadhyaya et al., 2010), either in-situ or ex-situ (Onstott et
al., 2011a).

Iron removal from groundwater can be accomplished by several ways like,
oxidation-floc formation-filtration, adsorptive filtration, lime softening, ion-exchange,
sub-surface iron removal and phosphate treatment (Sharma, 2001). The type of treatment
largely depends on the raw water quality, iron form (dissolved or particulate) and
treatment cost. Alternative processes include membrane treatment, enhanced conventional
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treatment (Knocke & Association, 1990) and biological removal are frequently practiced

for high amounts of iron and operational facilitation (Ellis et al., 2000).

High solubility and stability of nitrate ion make its removal difficult through
coprecpitation or adsorption. Hence, conventional water treatment technologies such as
lime softening and filtration, are not at ease for nitrate removal (Kapoor & Viraraghavan,
1997). Nitrate removal from groundwater on full-scale is achieved by ion exchange,

reverse osmosis and biological de-nitrification processes (Sharma & Sobti, 2012).

The most commonly used methods for the defluoridation of water are chemical
additive methods (precipitation and co-precipitation) (Reardon & Wang, 2000), contact
precipitation, adsorption (Sujana et al., 2009), ion exchange (Vaaramaa & Lehto, 2003)
and membrane techniques (reverse osmosis, nanofiltration, dialysis, and electro dialysis)
(Hu & Dickson, 2006). Adsorption, a conventional technique, deals with adsorbents such
as alumina/aluminium-based materials, clays and soils, calcium based minerals, synthetic
compounds, and carbon-based materials, is most commonly used methods for the
defluoridation of water (Jagtap et al., 2012; Mohapatra et al., 2009). Even though
membrane techniques successfully reduce fluoride concentration to acceptable levels,
adsorption is widely practiced option because of its lower cost and operational simplicity.
Defluoridation efficiency varies according to many site-specific chemical, fluoride
concentration, geographical, and economic conditions. In purview of co-existence of
multiple contaminants in drinking water sources, researcher have been developed
composite and polymeric adsorbents (Jing et al., 2012; Kumar et al., 2011), hybrid and
integrated treatment options (Hristovski et al., 2008; Ingallinella et al., 2011; Mekonen et

al., 2001) that provide simultaneous removal of multiple contaminants.

The review provided below presents brief descriptions of each of the treatment
technologies available for arsenic, iron, nitrate and fluoride removal from drinking water
sources, in isolated and/or co-occurrence. The removal method practiced for industrial

effluents will not be a part of present review.

2.3.1 Oxidation
The oxidation process involves conversion of soluble As (+3) to As (+5), which is
followed by precipitation of As (+5). Since As (+3) is the predominant form at near

neutral pH, this is necessary for anoxic groundwater. As (+5) adsorbs more easily onto
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solid surfaces than As (+3) and thus, oxidation followed by adsorption is effective for the
removal of arsenic (Ghurye & Clifford, 2004). Several oxidants have been used for
arsenic removal which includes manganese dioxide, iron containing compounds (Bajpai
& Chaudhuri, 1999), permanganate, chlorine, hydrogen peroxide, chloramines and others
(Mondal et al., 2013). Solar oxidation (Hug et al., 2001), In-situ oxidation (DPHE, 2001)
and biological oxidation also received considerable attention in arsenic removal from
drinking water. Oxidation is not considered as an effective method for arsenic removal
because of need of another treatment step, formation of toxic by products and treatment of
generated solid waste.

The oxidative iron removal may achieved via natural oxidation in presence of air
or add of some oxidants (chlorine, ozone, potassium permanganate or hydrogen peroxide
etc.) or biological oxidation. In the presence of oxygen, soluble iron (1) get oxidised and
forms flocs of iron(111) hydroxide, thus precipitated iron is removed by filtration (Ankrah
& Sggaard, 2009)

2.3.2 Coagulation-Flocculation

Soluble arsenic is precipitated/co-precipitated onto the flocs formed after
coagulant addition and thus removed from aqueous solution. Commonly used chemical
coagulants includes iron based (ferric chloride, ferric sulphate) (Lacasa et al., 2011;
Lakshmanan et al., 2010), alum based salts ((aluminium chloride, polyaluminium chloride
and kaolinite) (Hu et al., 2012; Pallier et al., 2010), manganese sulphate, copper sulphate
and ammonium sulphate. Arsenic (+3) removal depends on the coagulant dose and pH of
the solution as compared to arsenic (+5), which adsorbs better at near neutral pH. Iron
salts provides better removal, as positively charged iron hydroxides are more stable over a
wide range of pH and also having high affinity for negatively charged As (+5), than the
alum based salts (Hering et al., 1997; Kay, 2011). Arsenic removal is also dependent on
raw water quality like initial As concentration, pH (Wickramasinghe et al., 2004) and
presence of organic matter (Yuan et al., 2003). The major drawback in field applications

is management of contaminated sludge generation.
2.3.3 lon Exchange

In this technique, contaminants are effectively removed from water, based on their

affinity towards the charged functional groups of the resin bed of synthetic or natural
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organic and inorganic or polymeric materials. Arsenate, iron, nitrate and fluoride can be
removed through the use of strong-base anion exchange resin in chloride or hydroxide
form, chloride or bicarbonate ions and chloride ions respectively. lon exchange (1X) has
been widely used to remove arsenic (An et al., 2010; Donia et al., 2011; Kim &
Benjamin, 2004; Kim et al., 2003), nitrate (Clifford & Liu, 1993; Samatya et al., 2006)
and fluoride (Ho et al., 2004; Meenakshi & Viswanathan, 2007; Rao & Bhaskaran, 1988)
from water. The IX process have following demerits (i) pre-oxidation step for As (+3), (ii)
need for pH adjustment (iii) competition with non contaminants (iv) resin fouling (v)

hazardous waste generation (vi) high cost involved (H6ll, 2010; Kemper et al., 2008).
2.3.4 Membrane Technology

The membrane processes involves forcing the contaminated water across a
membrane under high pressure and leaving contaminants and other ionic species behind
on the influent side of the membrane. There are four different types of membrane
processes, i.e., reverse osmosis (RO), nanofiltration (NF), microfiltration (MF), and ultra
filtration (UF) which are commonly employed for treatment of contaminated water. High
pressure (50-150 psi) membrane techniques, NF and RO effectively removes (up to 99%)
dissolved arsenic (+3 and +5) from contaminated water in pH range of 4-8 (Waypa et al.,
1997). NF and RO membranes are having high removal rate for charged As (+5) as
compared to uncharged As (+3), and the process is largely affected by pH of feed water
and operating pressure rather than feed water concentration (Akin et al., 2011; Geucke et
al.,, 2009; Seidel et al., 2001). Seidel et al. (2001) reported charge exclusion is
predominant over the size exclusion mechanism for rejection of targeted ions. RO fails to
remove As (+3) from natural anoxic groundwater at <10 pH value, as As (+3) is
predominating in reducing ambience (Walker et al., 2008). Large pore size UF and MF
membranes successfully removes all category size arsenic, particulate (>0.45 Im),
colloidal (<0.45 Im and >3 kDa) and dissolved (<3 kDa) (Brandhuber & Amy, 1998). UF
provides better removal but decreased removal efficiencies, attributed to the larger
molecular weight-cut off feature in UF membrane. UF and MF requires particle size
increasing techniques such as coagulation and flocculation for arsenic removal from
water, as the particulate forms of arsenic are scarce in natural aquatic environment
(Ghurye et al., 2004). Among membrane processes NF/RO can be used to remove

dissolved iron while MF/UF to remove iron flocs.
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Reverse osmosis (RO) can also be used to remove nitrate and fluoride from water.
Guter (1982) reported nitrate removal up to 65% for influent NOs-N concentrations
ranging from 18 to 25 mg/L, provided 25% percent of the influent water became waste
brine. Clifford et al. (1987) found polyamide membranes more effective than cellulose
triacetate membranes for nitrate rejection in an RO system in presence of antiscalants in
influent stream. In a recent study Epsztein et al. (2015) used Sulphuric acid and sodium
hexamethaphosphate as antiscalants to minimize chemical fouling in hybrid NF/RO
system for nitrate removal. RO is rarely used for nitrate removal because of scaling and
high brine waste generation. Additionally, hydrophilic properties and monovalent nature
of NO3 ion makes RO less effective for nitrate removal. Other membrane processes like
MF and UF are ineffective for nitrate removal except when employed as part of an MBR.
However, the usage of these processes has been limited as they are very costly and merely

displace nitrate into concentrated waste brine that may pose a disposal problem.

Membrane separation such as RO, NF, dialysis and electro dialysis (ED) are very
promising defluoridation methods used for drinking water supply (Mohapatra et al., 2009;
Singh et al., 2016; Singh et al., 2013). Electrical effects (charge repulsion, Donnan
exclusion and dielectric exclusion) and steric effects are the main governing factors for
fluoride retention by RO/NF (Shen & Schéfer, 2014). Recently, Pontie et al. (2013)
reported NF process as efficient process over RO in his study with worlds first
defluoridation plant based on the NF. RO and NF are documented to have up to 90-98%
fluoride removal efficiencies but fluoride retention is strongly affected by recovery and
feed water composition, mainly ionic strength, fluoride concentration and to some extent
natural organic matter concentration (Shen & Schéfer, 2014; Singh et al., 2013). Donnan
dialysis was shown to remove high fluoride (>30 mg/L fluoride) from ground waters to

below 1.5 mg/L even in presence of other ions (Mohapatra et al., 2009).
2.3.5 Adsorption Processes

Various adsorbents have been discussed for arsenic, iron, nitrate and fluoride
removal in the literature. The criteria for selection of a suitable adsorbent media for
contaminant removal from drinking water includes: medium cost, initial arsenic
concentrations, adsorption capacity, ease of operation and maintenance, optimization of

adsorbent dose, potential for regeneration and reuse, other elements and their
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concentration in water etc. (Mohan & Pittman Jr, 2007). Mohan and Pittman Jr (2007)
listed all potential adsorbents for arsenic removal and suggested that iron Based
adsorbents are most widely used adsorbents. Aluminium, iron, titanium and low
magnesium based substance have been shown very high arsenic removal efficiency.
Activated alumina, granular ferric hydroxide and granular TiO2 in the form of metal,
metal oxides and/or hydroxides are commercially available arsenic adsorbents. In recent
years, cerium (Ce) and zirconium (Zr), added adsorbents such as granular Fe-Ce oxide
(Zhang et al., 2010), Ce-Ti oxide (Deng et al., 2010), Fe-Zr binaryoxides (Ren et al.,
2011), Zr(IV)-loaded ligand exchange fiber (Awual et al., 2012) etc. have been used to
enhanced As adsorption performance because of their increased surface areas, surface
hydroxyl group, and pore accessibility. Very recently, Hassan et al. (2014) used
potassium hydroxide activated carbon based apricot stone (C), calcium alginate beads (G)
and calcium alginate/activated carbon composite beads (GC) for adsorption of arsenic.
The adsorption capacity was found to be 27.0, 42.4 and 66.7 mg/g (at 30-C) for C, G and
GC respectively for an initial arsenic dose of 75mg/L. Turk et al. (2009) reported arsenic
adsorption to below 5.0 pg/L from 300 pg/L at optimum pH 7.1 using commercially
available nanomagnetite. Bibi et al. (2015) studied industry based adsorbents such as
hydrated cement, bricks powder and marble powder and reported removal >90% for
arsenic and >75% for fluoride from an initial concentration of 1000 pg/L of arsenic and
30 mg/L of fluoride at pH 7.0 and 8.0, contact time of 60 min and a dose of 30 g/L. The
major disadvantage of using adsorption process for drinking water is the disposal of both
the spent media and the wastewater produced during regeneration/cleaning of the column.

Several adsorbents such as carbon and clay based, naturally occurring, chitosan,
zeolites, double layered hydroxides, agricultural wastes, industrial wastes, bio sorbents
and other synthetic organic and inorganic compounds have been used by previous
researchers for nitrate removal from water (Bhatnagar & Sillanpaa, 2011; Loganathan et
al., 2013a). Bhatnagar and Sillanpaa (2011) and Loganathan et al. (2013a) reviewed most
of the nitrate adsorbents and their characteristics thoroughly and suggested that double
layered hydroxide type compounds and modified chitosan have shown better adsorption
compared to other conventional adsorbents. Surface modified agricultural wastes and
other modified adsorbents have also been shown considerable potential for nitrate

adsorption with only disadvantage of cost modification. Modified adsorbents have been

26
TH-2082_10610404



Chapter 2 Literature Review

shown 4-11 times higher nitrate adsorption capacity than unmodified adsorbents thus they
can be applied in remediation of high nitrate containing waters and where ultra-pure
waters are required (Loganathan et al., 2013a). These reviewers have shown that most of
the nitrate adsorption experiments were done in batch mode and most of the adsorbents
were satisfactorily following the Langmuir equilibrium model and pseudo-second-order
kinetic model. In most cases, the maximum Langmuir capacities were 1.7-92.1 mg/g and

125-363 mg/g for unmodified and modified adsorbents respectively.

A diverse range of adsorbents have been used so far to remove fluoride from water
and wastewater. Most of them includes multivalent metal oxides and hydroxides, clay and
soils, synthetic resins, layered double hydroxides (LDHSs), zeolites, carbon materials,
calcium materials, biopolymers, natural industrial by products, and organic wastes
(Bhatnagar et al., 2011; Loganathan et al., 2013b; Mohapatra et al., 2009). Loganathan et
al. (2013b) suggested multivalent metal oxides and hydroxides and layered double
hydroxides as most promising because of their high fluoride adsorption capacities (1.08-
28.0 mg/g). The WHO and USEPA classified activated alumina adsorption as one of the
best available technologies for fluoride removal. The carbon-based adsorbents have been
found less efficient however after some modifications they have been shown improved
water defluoridation. Similarly natural materials such as different types of clays and bio
sorbents have been found less efficient under high fluoride concentrations and also
difficult to regenerate (Singh et al., 2016). However, the adsorption capacities of these
substances could be increased by modifying the surface by incorporating organic
functional groups or multivalent metallic cations. In spite of having low adsorption
capacities, some waste materials (e.g., red mud, slag, and sludge), natural and industrial
by products could be used for defluoridation in rural areas, especially in developing

countries because they are low-cost alternative adsorbents.

Recently, Yu et al. (2015) developed highly efficient Fe-Mg-La metal composite
for fluoride adsorption. The adsorption capacity was found to be 270 mg/g, which is much
higher than most reported adsorbents. Nath and Bhattacharyya (2015) studied adsorption
of arsenite and fluoride on untreated and treated bamboo dust and found acid activation of
bamboo dust increases adsorption capacity. Ippolito et al. (2011) reviewed the use of
water treatment residuals (WTR) and suggested WTR successfully removes potential

environmental contaminants such as arsenic, selenium, perchlorate and mercury etc. WTR

27
TH-2082_10610404



Chapter 2 Literature Review

adsorbs a variety of anions due to their porosity, amorphous nature and the presence of Al
and Fe (hydr)oxides. Chiang et al. (2012) studied WTR as alternative sorbents for multi-
heavy metal removal from synthetic solutions, contaminated sediments, and surface
waters. The WTR surpassed the adsorption capacity of commercially available goethite
by 100-400% for single contaminant tests and by 240% for total sorption in multi

contaminant tests.
2.3.6 Small Scale/Household Technologies

Several small-scale and household level water treatment technologies have been
developed worldwide for removal of arsenic, iron and fluoride from groundwater. Most of
them have been successfully adopted and applied in developing as well as developed
nations by low-income people, villages, small cities, periurban populations and towns.
Some of these technologies are using conventional methods like coagulation—filtration, or
adsorption, using very cheap materials, while some are based on new approaches such as
biological, solar or photochemical processes.

In Peru, ALUFLOC, a mixture of an oxidant (chlorine), activated clays
(adsorbents and/or ion exchangers) and a coagulant (Al,(SO,)%r FeCl3), successfully
removing dissolved As to the drinking water norms from an initial concentration of 1
mg/L and applied as low-cost, household scale As removal method (Bedolla et al., 1999).
Similarly, hydrogel made up of activated aluminium hydroxide, hydrated aluminium
sulphate, powdered calcium hypochlorite, ammonium hydroxide and demineralised water
was tested for As removal at household-scale in Argentina. It successfully removes As
below 10 pg/L from an initial groundwater concentration of 40-800 ug/L As (Lujan,
1999). A number of filters namely Star Filter, Kanchan Arsenic Filter (Ngai et al., 2007),
Household Sand Filter (Berg et al.,, 2006), IHE Arsenic Removal Family Filter
(Petrusevski et al., 2008), and Sono 3-Kolshi (Munir et al., 2001) filter have been

developed and deployed by for arsenic remediation.

Massachusetts Institute of Technology (MIT), Environment and Public Health
Organization (ENPHO), Kathmandu, Nepal and Centre for Affordable Water and
Sanitation Technology (CAWST) together developed household Kanchan Arsenic Filter
(KAF) for arsenic removal. KAF successfully removed 85-90% arsenic, 90-95% iron, 80-
95% turbidity, and 85-99% total coliforms in a two two-year technical and social
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evaluation in rural Nepal (Ngai et al., 2007). UNESCO-IHE developed an arsenic
removal family filter with a capacity of 100 L/day based on arsenic adsorption onto iron
oxide coated sand- a by product of iron removal plants. Arsenic level was found below
the WHO guideline value in long term field operations for 30 months in rural Bangladesh,
in addition iron present in groundwater was also removed effectively (Petrusevski et al.,
2008).

Recently Maiti et al. (2013) developed laterite based household filters which
successfully removed arsenic to below 10 mg/L from an initial concentration of 70-250
ug/L for about a year when deployed in arsenic affected area of Barasat, West Bengal,

India.

National Environmental Engineering Research Institute (NEERI), Nagpur, India
developed hand pump attachable iron removal filtration unit and domestic iron removal
unit (DIRU) for iron removal. During passage of water through the unit the ferrous iron
got oxidized and converted to insoluble precipitates which were removed through
filtration. The unit had been removed more than 15 mg/L soluble ferrous form iron to
almost zero level in the field tests.

Devi et al. (2008) modified homemade filter using pebbles, gravels, sand and
crushed brick as media for removal of fluoride, arsenic and coliform bacteria from
drinking water. The maximum reduction of fluoride, arsenic and coliform bacteria was
85%, 93% and 100% with residual values of 0.72 mg/L, 0.009 mg/L and O coliform
cells/100 mL respectively after 10 h treatment period. Birhane et al. (2014) studied the
efficiency of locally available filter media on fluoride and phosphate removal for
household water treatment and suggested that bone char has a good fluorine removal

capacity, followed by pumice, calcined clay, scoria and sand.
2.4 Biological Processes

Biological drinking water treatment is based on the ability of indigenous microbes,
specifically non-pathogenic bacteria to efficiently catalyze the biochemical oxidation/
reduction of drinking water contaminants and produce biologically stable water (i.e.,
treated water that does not support microbial growth in the distribution system (Rittmann
& Snoeyink, 1984). It involves the acclimatization and maintenance of microbial biomass

in aerobic and/or anaerobic suspended or attached growth bioreactors. The process
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involves addition of a carbon source (electron donor) such as acetic acid and nutrients
(e.g., phosphate, if required) to water to promote biochemical reduction of inorganic
contaminants such as perchlorate, nitrate, arsenic, iron etc., which serve as the terminal
electron acceptors for respiration by these bacteria. The acclimatized microbial
populations, thus can be harnessed for contaminants removal in natural or engineered
environments.

Microbially mediated redox reactions can be effectively controlled by providing
suitable electron donors and acceptors (Lovley & Chapelle, 1995). The establishment of
various terminal electron accepting zones (TEAPS) enable microorganisms to use a
number of suitable electron donors present in the system for their energy generation
process sequentially. This is based on the thermodynamic favourability of the reaction,
thus by gaining or losing electrons, compounds get converted to different, often
innocuous, thermodynamically more stable forms than the original compounds. In
groundwater systems, under anoxic conditions the ecological succession of terminal
electron-accepting processes is 0, followed by NO3, Mn(I1V), Fe(lll), SO3™, and finally
CO,. As most of the O, get depleted along aquifer flowpaths in ground water systems,
nitrate is next most energetically favoured electron acceptor. The ecological succession of
TEAPs may change depending up on variation in concentration thresholds of electron
acceptors, microbial species and electron donor availability. For example, the O,
concentration threshold required for the onset of denitrification vary from 0.2 to more
than 1 mg/L, depending up on bacterial strain and natural or controlled laboratory
conditions (McMahon & Chapelle, 2008). Additionally, facultative microbes can utilize
oxygen under aerobic conditions, while growth can still be sustained utilizing nitrate in
the absence of oxygen. However, obligate anaerobes are inhibited in an aerobic
environment. Generally, when DO, nitrate, iron(lll), sulphate, and arsenate are present
and an electron donor (e.g., acetate) is available, a series of sequential and energetically
favourable TEAPs will be established in a biological system, starting with aerobic
respiration (Upadhyaya et al., 2010). Such engineered systems can be employed in

various configurations including fixed beds, fluidized beds, and membrane systems.
2.4.1 Aerobic Respiration

Aerobic respiration is defined as use of oxygen as a terminal electron acceptor by

bacteria for the energy generation process. This is thermodynamically the most favourable

30
TH-2082_10610404



Chapter 2 Literature Review

of the TEAPs. Both aerobic as well as facultative bacteria can mediate this reaction and
are ubiquitous in natural environments. Such bacteria have the capability of complete
oxidation of a large range of organic substrates ranging from natural to manmade
compounds (Lovley & Chapelle, 1995). Interestingly, some of these microorganisms can
also utilize inorganic electron donors, such as iron (11), manganese (11), elemental sulphur,

and ammonium (Lovley & Chapelle, 1995).
2.4.2 Biological Denitrification

The microbial reduction of nitrate to gaseous nitrogen, a method used in the
treatment of nitrate contaminated groundwater, is termed dissimilatory denitrification or
nitrate respiration. Biological denitrification of drinking water is often favoured
considerably due to the lower running costs on a large scale to other methods. In this
process, nitrate is used instead of oxygen as a terminal electron acceptor in presence of an
electron donor, for energy generation. Nitrate is finally converted to innocuous nitrogen
gas through a series of four steps (NO3 —> NO; —> NO —> N,0—> N,). Each step is
catalyzed by different functional enzymes which includes nitrate reductase (Nar), nitrite
reductase (Nir), nitric oxide reductase (Nor), and nitrous oxide reductase (Nos)
respectively (Rich & Myrold, 2004). Denitrifiers, a phylogenetically diverse group of
facultative anaerobic bacteria are found widely in the environment and display a variety
of different characteristics in terms of metabolism and activities (Mateju et al., 1992;
Soares, 2000). Nearly 130 species of bacteria including archaeabacteria can reduce NO3
to N,. The ability of denitrification is also reported in certain fungi (Zumft, 1997). Major
genera of denitrifying bacteria includes Achromobacter, Alcaligenes, Azospirillum,
Bacillus, Chrombacter, Corynebacterium, Desulfovibrio, Flavobacterium,
Halobacterium,  Methanomonas, = Moraxella, = Paracoccus, Propionibacterium,
Pseudomonas, Spirillum, Thiobacillus, and Xanthomonas (Mateju et al., 1992; Myrold,
1998). The majority of denitrifiers are heterotrophic but several autotrophic denitrifying
bacteria have been identified, using H, (Karanasios et al., 2010) or iron (Jha & Bose,
2005) and various reduced-sulphur compounds (H, S, S, S, O3, S,04, SO3) as electron
donors (Zhang et al., 2012). Many organic or inorganic compounds including liquids,
solids, and gaseous (CH, and H,) can be used as electron donor/carbon source for
denitrification (Mateju et al., 1992). Major factors affecting the choice of a carbon source

are: cost, pretreatment, denitrification rates, kinetics, degree of utilization, sludge
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production, handling and storage safety/stability (£s@y et al., 1998). Solid substrates
include wheat straw, plant pruning, reed, birch wood, and biodegradable polymers etc.
Recently, water-insoluble biodegradable polymers such as Poly 3-hydroxybutyrate
(PHB), polylactic acid (PLA), polycaprolactone (PCL) and polylactic acid/Poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) blend (PLA/PHBV) have been tested for
denitrification in drinking water (Xu et al., 2011b). A wide spectrum of liquid organic
carbon sources such as methanol, ethanol, glucose, glycerol, acetic acid, and lactic acid
have been employed in water treatment (Akunna et al., 1993; Mohseni-Bandpi et al.,
2013). The use of liquid or gaseous compounds are preferred and advantageous due to
their easier uptake by bacterial cells and faster degradation, resulting in higher
denitrification rates (Mohseni-Bandpi & Elliott, 1998). Methanol, ethanol and acetate are
the most commonly used carbon sources for denitrification processes related to drinking
water treatment (Calderer et al., 2010; Khardenavis et al., 2007). Methanol, being
cheapest used in full-scale wastewater treatment plants but not used in drinking water
treatment because of its toxicity in treated water (Jensen et al., 2012). However, ethanol is
a better alternative to escape methanol toxicity since it is largely produced in some
countries from sugarcane and costs less than other carbon sources, and there is no set
permissible limit for ethanol in potable water. The acetic acid was found to be more
effective in removal of nitrate as it reduces chlorine demand by preventing the growth of
non-denitrifying biomass (mostly coliforms) which may cause clogging in reactors
(Silverstein, 1997), more yield for denitrifiers, higher denitrification rate, high buffering
capacity, low intermediate nitrite in the effluent, moreover, readily metabolised than
methanol and glucose (Mohseni-Bandpi & Elliott, 1998). Therefore, use of acetic acid is
more suitable over methanol and other fermentable substrates that may result in formation
of alcohols and carboxylic acids. In a recent study, Yang et al. (2012) reported
preferential use of acetate and citrate with minimal intermediate products accumulation
and high nitrate reduction by Pseudomonasstutzeri D6. Heterotrophic denitrification is
preferred over autotrophic as slower growth rate, complex process control and need of
post treatment for degasification and biomass removal (Mohseni-Bandpi et al., 2013).
Like electron donors, denitrifiers can also use wide array of electron acceptors
DO, nitrate, sulphate , selanate, chromate, chlorate, perchlorate, arsenate (Chung et al.,
2007; Nerenberg & Rittmann, 2002), bromate (Hijnen et al., 1999), and iron (Il).
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Similarly a diverse group of bacteria including SRBs, DAsRBs, DIRBs and PCRBs which
includes Desulfovibrio desulfuricans (Dalsgaard & Bak, 1994) Desulfovibrio
desulfuricans strain 27774 (Marietou et al., 2009), Chrysiogenes arsenatis gen. nov., sp.
nov.(Macy et al., 1996), IMM-4 (Santini et al., 2002), MIT-13, SES-3 strains (Newman et
al.,, 1997), E1HT, MLSI10T, BAL-1T, Desulfitobacterium hafniense DCB-2T and
Desulfitobacterium frappieri PCP-1T (Niggemyer et al., 2001), arsenic reducers and
Geobacter metallireducens is strictly anaerobic, dissimilatory iron-reducer (Murillo et al.,
1999), Dechloromonas spp. Perchlorate reducer, can use nitrate as an electron acceptor.

Now days the N,O emissions from wastewater treatment plants are of great
concern among world urban water authorities. NO and N,O can cause depletion of the
ozone layer as its greenhouse effect is 300 times more potent than CO, (Ravishankara et
al., 2009). N,O is produced as an intermediate in the heterotrophic as well as in
autotrophic nitrifying process, mainly ammonia-oxidizing bacteria (AOB) (Kampschreur
et al., 2007). In contrast to AOB, the N,O produced by heterotrophic denitrifiers emits
less N,O as it remains dissolved in absence of stripping and get time to reduced in to
N,(Law et al., 2012). Other factors that promotes N,O emission are low nitrate levels,
active stripping, aerated zones, DO (Ahn et al., 2010), change in operational conditions
such as pH, electron donor limitation, increased nitrite concentrations, and DO (Law et
al., 2012). Generally, higher nitrate concentrations lead to the complete extent of
denitrification, with nitrogen gas as more desirable final product however, relative

contributions could be dependent on process conditions.
Environmental Factors Affecting Denitrification

DO is having inhibitory effect on denitrification, as later is thermodynamically
less favourable biochemical reaction. In fact, oxygen presence in water inhibits nitrous
oxide reductase, thus limits nitrous oxide conversion to nitrogen gas (Baumann et al.,
1996). Recently, Hocaoglu et al. (2011) observed complete nitrate removal within the DO
range of 0.15-0.35 mg/L in an MBR, while it was inhibited at 0.5 mg/L DO.

The pH range preferred by heterotrophic denitrifiers for complete reduction of
nitrate to nitrogen gas is considered to be between 6 and 8 (Rust et al., 2000). At low pH
(pH < 5) inhibition is due to the accumulation of nitrite or N,O in solution (Glass &
Silverstein, 1998). High pH (pH 8.3) may also arrests the denitrification (Rust et al.,
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2000), the optimal pH is site-specific because of the effects of acclimation and adaptation

on the microbial biomass in the system.

Denitrifiers can be found in diverse environments from arctic regions to hot
springs. In most scientific studies, temperature impact was more significant on
denitrification. Denitrification rate gradually increases within the optimal temperature
range from 25 to 40°C. However, denitrification has been observed in the range of 2-
50°C and beyond, microbial populations evolves to cope with specific environmental
conditions on prolonged incubation such as high temperatures (Braker et al., 2010;
Sprent, 1987). However, the effect of temperature on denitrifying microbial communities
is limited to a few studies. Hollocher and Kristjansson (1992) found two denitrifiers
Pseudomonas aeruginosa (mesophilic) and Bacillus (thermophilic) that grow at 70°C in
water samples, able to reduce nitrate to No.

2.4.3 Biological Iron Removal

In nature, iron oxidizing bacteria (I0B) and dissimilatory iron-reducing bacteria
(DIRB) are widespread. Fe(ll) can serve as an electron source for 10B under both oxic
and anoxic conditions and Fe(lll) can serve as a terminal electron acceptor under anoxic
conditions for DIRBs. They are prevalent in groundwater, swamps, hot springs, ponds,
lakes, sediments, soils, wells and water-distribution systems. Fe(lll) and Fe(ll) can be
rapidly interconvert in subsurface environments because of high redox potential of
Fe(I11). Because of universal abundance, Fe(lll) is top most electron acceptor in soils and
next to sulphate in marine sediments. Iron reducing microbes exhibits great diversity in
nature which includes aerobic bacteria, anaerobic bacteria as well as fungi (Frankel &
Blakemore, 1991).

Iron removal from natural groundwater by I1OB includes oxidation and
precipitation of dissolved iron under optimal pH, redox potential (Eh) and DO (Mouchet,
1992). Biological iron removal has been reported to be employed for hand pump water
supplies (Tyrrel et al., 1998) and in slow sand filters (Hatva, 1989), around the world for a
wide range of iron concentrations (up to 16 mg/L), and temperatures (11-31°C) at good
filtration rates (8-30 m/h). however, Twort et al. (2000) reported the inhibition of the
process at high pH, DO, H,S, chlorine, NH, and some heavy metals. Most of the

freshwater 10B belong to the genera Gallionella, Leptothrix, Crenothrix, Clonothrix,

34
TH-2082_10610404



Chapter 2 Literature Review

Siderocpasa, Sphaerotilus, Ferrobacillus and Sideromona Sideroxydans (Emerson et al.,
2010; Sharma et al., 2005).

The iron and sulphate reduction are generally the most important terminal electron
acceptors of TEAP processes in the upper anoxic zone of groundwaters (Lovley &
Chapelle, 1995; McMahon & Chapelle, 2008). McMahon and Chapelle (2008) reported
coexistence and sequential activity of DIRB and SRB in groundwater environments
because of iron and sulphate zonation in such hydrologic system. This also removes iron
and/or other metals by precipitating/coprecpitation/adsorption on to ferrous sulphides in

these aquifers.

In subsurface groundwater environments, facultative (Shewanella) or strictly
anaerobic (Desulfuromonas acetooxidans, Geobacter mettalireducens) DIRB catalyze
microbial reduction of Fe(l1l) minerals and play an important role in remediation of many
metals (like As and U) in association with biogenic sulphides (Ehrlich & Newman, 2008;
Lovley et al., 1991). The phylogenetically diverse DIRB are widespread across the
Bacterial and Archaeal domains. Most studied DIRB includes strains of Geobacter
metallireducens, Geobacter sulfurreducens, Shewanella oneidensis and Shewanella
putrefaciens (Luef et al., 2013). Some members of DIRB are capable of complete
oxidation of an organic substrate while some lead to incomplete oxidation, which includes
Geobacter, Geovibrio, Desulfuromonas, and Desulfuromusa and Pelobacter and
Shewanella species respectively (Coates et al., 1996). DIRB can respire on a wide range
of organic compounds (e.g. lactate, acetate, propionate, isobutyrate, succinate, toluene,
phenol, benzoate, glycerol, glucose) or H, (Finke et al., 2007; Lovley et al., 1989; Luef et
al., 2013), as an electron donor and DO, nitrate, manganese (Mn(1V)) (Kawaichi et al.,
2013; Lovley et al., 2004), sulphate (Ramamoorthy et al., 2006), chromate (Wielinga et
al., 2001), uranium (Petrie et al., 2003) as electron acceptors. Many iron reducers like
Defferibacter thermophilus (Slobodkin et al., 1999) and recently isolated Ardenticatena
maritima (Kawaichi et al., 2013), are capable of iron reduction in moderate to extreme
thermo biotic environments (up to 85°C), the later is facultative aerobic can also utilize

DO and nitrate as electron acceptor (Zhang et al., 1997).
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2.4.4 Microbial/Biological Arsenic Removal Mechanisms

Biological arsenic removal relies on microbially mediated redox and biochemical
processes like oxidation—reduction, mobilization, or immobilization through sorption,
biomethylation and complexation. These microbial processes have the potential to

promote arsenic removal from contaminated soils/waters when used as intended.

2.4.4.1 Microbial Arsenic Oxidation

Arsenic  oxidizing  microbes  (AOM), both  heterotrophic  and
chemolithoautotrophic, are wide spread in the domain of Bacteria and Archaea.
(Oremland & Stolz, 2003; Stolz et al., 2010). Many isolates of AOM have been reported
from various environments such as from arsenic rich waters, soil, and mines etc.
regardless of arsenic contamination (Yamamura & Amachi, 2014). Phylogenetically
diverse strains of AOM belongs to Alpha-, Beta-, Gamma- Proteobacteria and genus
Thermus. Arsenite oxidation for energy generation or as a detoxification mechanism is
catalyzed by arsenite oxidase, which is present in heterotrophic (Vanden Hoven &
Santini, 2004) as well as chemolithoautotrophic AOM.

Heterotrophic oxidation of As(l11) may be used as a supplemental energy source,
is primarily considerd as a detoxification reaction (Vanden Hoven & Santini, 2004).
While chemolithoautotrophic AOM derive metabolic energy by coupling the oxidation of
As(I11) (e.g., electron donor) to the reduction of either oxygen or nitrate to fix CO, into
organic cellular material and achieve growth (Rhine et al., 2006). A chemolithoautroph
Pseudomonas arsenitoxidans NT-26, uses As(lll) and oxygen as electron donor and
acceptor respectively, and carbon dioxide or bicarbonate as the carbon sources is reported
by (Santini et al., 2000). Many workers reported anaerobic As(l111) oxidation in presence
of nitrate in lieu of oxygen, like Oremland et al. (2002) reported a facultative
chemoautotrophic strain MLHE-1 isolated from anoxic bottom of Mono Lake (USA),
strain showed both nitrate dependent autotrophic growth with H, or sulphide and
heterotrophic growth with acetate. Recently, Dong et al. (2014) isolated a new facultative
chemolithoautotrophic arsenite oxidizing bacterium, KGO-5 strain of Sinorhizobium sp.,
from arsenic-contaminated industrial soil in Japan, capable of oxidizing arsenite either in
the presence or absence of organic matter. Similarly Rusch et al. (2015) isolated a new

facultative chemolithotrophic bacterium, Burkholderia insulsa sp., from an arsenic-rich
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system of Papua New Guinea. The bacterium shown heterotrophic growth in presence of
0, and NO3 as electron acceptors as well as aerobic lithoautotrophic growth was with

thiosulphate or nitrite as electron donors.

Gihring et al. (2001) reported thermophilic AOM signifying detoxificating role of
As(I1l) oxidation, namely Thermus aquaticus and Thermus thermophilus, oxidized
As(I11), but not used it as sole energy source. Interestingly,Gihring and Banfield (2001)
isolated another Thermus strain (HR13) from an arsenic-rich terrestrial geothermal
environment, capable of both As(111) oxidation for detoxification under aerobic conditions
and dissimilatory As(V) reduction under anaerobic conditions. Muller et al. (2007)
reported presence of both As(V) oxidation and As(lll) reduction in Herminiimonas
arsenicoxydans bacterium. The biological oxidation of As(lll) to As(V) by iron and
manganese oxidizing microbes is widely reported and it well established for efficient
As(I11) removal without any additional chemical usage in this bioprocess (Casiot et al.,
2003).

2.4.4.2 Microbial Arsenic Reduction

Microbial arsenic reduction is a microbial mechanism for detoxification and
resistance or for metabolic energy generation (Macy et al., 1996). As(V) reduction under
aerobic conditions is more likely a detoxification mechanism. Many bacteria can reduce
As(V) to As(lIl) by mean of detoxification systems. while some microbes can reduce
As(V) as an electron acceptor in anaerobic respiration known as arsenic (V)-resistant
microbes (ARMs) and (dissimilatory As(V) respiring prokaryotes (DARPS) respectively.

Both mechanisms of Arsenic reduction have been described briefly.
Microbial Arsenic Reduction: As Metabolic Energy Generation

DARPs utilize As(V) as a terminal electron acceptor in their respiratory process
for energy generation. They have been isolated from freshwater sediments, estuaries, soda
lakes, hot springs and gold mines (Oremland & Stolz, 2003). DARPs are phylogenetically
diverse bacteria distributed in the Gamma-, Delta- and Epsilon-proteobacteria, Aquificae,
Deferribacteres, Chryosiogenetes, Firmicutes and in the Archaea, including obligate and
facultative anaerobes (Cavalca et al., 2013). Diversified DARPs include several strains of
Sulfurospirillum spp., Desulfitobacterium spp., Bacillus spp., Geobacter spp., Shewanella
spp., Chrysiogenes arsenatis and Anaeromyxobacter sp. PSR-1 (Yamamura & Amachi,
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2014). These microbes can use a variety of electron donors including hydrogen, acetate,
formate, pyruvate, butyrate, citrate, succinate, fumarate, malate and glucose. Furthermore,
most of them can use sulphate, nitrate, nitrite, Fe(lll), Se(VI), Mn(1V), U(VI), elemental
sulphur, thiosulphate, fumarate and oxygen (microaerobic) as the electron acceptors
(Newman et al., 1997; Niggemyer et al., 2001) other than As(V) except strain MLMS-1
(Hoeft et al., 2004).

Few sulphate reducing bacteria have been shown to mediate dissimilatory arsenate
reduction (Blum et al., 2012; Newman et al., 1997). Anaerobic microbes can display
As(V) reduction abilities both as As(V)-respiring heterotrophs gaining energy from the
oxidation of small organic molecules or aromatic compounds (Liu et al., 2004), and as
chemolithoautotrophs gaining energy from hydrogen and sulphide (Stolz & Oremland,
1999). Chung et al. (2006) and Xia et al. (2014) studied arsenic removal from

groundwater by acclimated sludge under autohydrogenotrophic conditions.

The enzyme arsenate respiratory reductase (ARR), which is believed to mediate
the As(V) reduction in solid phase, belongs to DMSO reductase family. ARR is a
heterodimer, periplasmic protein consists of a larger (ArrA) molybdenum and a smaller
(ArrB) iron-sulphur containing subunits encoded by arrA and arrB genes of the arr
operon (Afkar et al., 2003). ARR, is a bidirectiional enzyme acting as an oxidase or
reductase depending on its electron potential and the constituents of the electron transfer
chain (Richey et al., 2009). They also reported the reversible functionality of ARR,
capable of both As(lll) reduction and As(V) oxidation in in-vitro conditions. Many
microbes other than DARPs have been reported with ARR respiratory systems, including
DIRB Shewanella ANA-3 strains (Saltikov et al., 2003), Geobacter lovleyi (Giloteaux et
al., 2013), SRB Desulfohalophilus alkaliarsenatis (Blum et al., 2012) and dechlorinating

bacteria Desulfitobacterium spp.(Kim et al., 2012a).

The purification and characterization of ARR has been reported for Chrysiogenes
arsenatis (Krafft & Macy, 1998), Bacillus selenitireducens (Afkar et al., 2003), and
Shewanella sp. strain ANA-3 (Malasarn et al., 2008). In Shewanella sp. ANA-3, presence
of genes encoding for ArsA, ArsB, ArsD and ArsC subunits, which is responsible for As
resistance is observed (Saltikov et al., 2003). Vaxevanidou et al. (2015) suggested that

microbial arsenate reduction is not related with pre-existing high arsenic pollution and
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microbial biomass do not require long term acclimation with arsenic to carry such type of

metabolism.
Microbial Arsenic Reduction: As Detoxification Mechanism

Arsenic (V)-resistant microbes (ARMs) are widespread among different bacterial
phyla, carry out As(V) reduction to As(lll) mediated by an enzyme cytoplasmic As(V)
reductase (ArsC) (Silver & Phung, 2005). Bacterial arsenic detoxification mechanism is
based on the expression of the ars operon (arsRBC), consists of minimum three genes
encoding a transcriptional repressor arsR, a transmembrane efflux pump arsB and an
arsenate reductase arsC respectively (Mukhopadhyay & Rosen, 2002). ArsC gene is
responsible for the reduction of As(V) while arsA and arsB control the release of As(l1)
from the cytoplasm (Villegas-Torres et al., 2011). The ars genes are widespread in nature
and found encoded in genome of a large number of Gram-negative alpha and gamma
Proteobacteria as well as in Gram-positive Firmicutes. The arsC gene is widely also used
for the detection, quantification and diversity analysis of ARM in arsenic contaminated
environmental samples (Kaur et al., 2009; Sun et al., 2004). In some ARMs, an enlarged
operon configuration (arsRDABC) contains the additional presence of arsA, for providing
energy to ArsB efflux pump, arsD to enhance the efficiency of the ArsAB efflux pump is
present providing resistance to organisms in high arsenic concentrations. As (1) is
sequestered in intracellular compartments, either as free As(lll) or as conjugates with
glutathione or ferrodoxin or other thiols. Which is finally excreted out of the cell via
ArsAB arsenic chemiosmotic efflux pump and by ATPase membrane system (Rosen,
2002; Silver & Phung, 2005). Macur et al. (2001) suggested As(V) reduction under

aerobic conditions as a detoxification mechanism.

2.4.4.3 Arsenic Biomethylation

Arsenic methylation followed by volatilisation is ubiquitous phenomenon to
detoxify inorganic arsenic by some microorganisms in aquatic environments (Kosolapov
et al., 2004; Qin et al., 2006). Biomethylating organisms includes bacteria, yeast, fungi,
algae and other eukaryotes, which can convert As to gaseous arsines, but is less known in
bacteria (P&ez-Espino et al., 2009). Arsines are highly volatile and toxic compounds
formed under extremely reducing and anoxic conditions (Frankenberger Jr, 2001).

Despite being a very slow process, it has been found in several aerobic and anaerobic
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bacteria including Clostridium collagenovorans, Desulfovibrio vulgaris, Desulfovibrio
gigas, Methanobacterium formicium etc. and in strains of Proteus, Escherichia,
Flavobacterium, Corynebacterium and Pseudomonas genera (Paez-Espino et al., 2009).
The As(V) reduction via methylation pathway(s) involves oxidative addition of a methyl
group (Dombrowski et al., 2005) which results in a sequential generation of less toxic
pentavalent methylated arsenicals like methyl arsenite (MMA), dimethyl arsenate (DMA-
V) and trimethyl arsine oxide (TMAO) (Challenger, 2006). S-adenosylmethionine (SAM)
is methyl groups donor in methylation reactions (Dombrowski et al., 2005). Arsenic(l1)
S-adenosylmethionine methyltransferase (arsM gene), is responsible for SAM-dependent
methylation has been identified and characterized in many prokaryotes including bacteria,
has been identified and characterized in many prokaryotes including archaea (Wang et al.,
2014a) and bacteria (Qin et al., 2006). Anaerobic arsenic biomethylation only proceeds to
dimethylarsine, which can be rapidly oxidized back to less noxious water-soluble species
under oxygenated conditions (Wang & Zhao, 2009).

Despite their release in to atmosphere, arsine formation provides an effective
mitigation for As poisoning in soils and water toward human or animals (Wang et al.,

2014b). However, the role of arsenic biomethylation as a detoxification process is still

controversial.

In some innovative techniques microbes have been used to promote the
precipitation/co-precipitation of arsenic for its removal from contaminated water. The
microbial biomass is either attached to a submerged solid substrate or suspended in the
water. Such types of biological system are currently employed to remove arsenic from

water in two ways. Which are described in detail in section 2.4.4.4 and 2.4.4.5.

2.4.4.4 Microbially Mediated Adsorption/Co-precipitation on Biogenic Oxides

In this method, arsenic is removed by adsorption/co-precipitation to the iron and
manganese oxides which are formed by indigenous bacteria that oxidise and precipitate
iron and manganese in water. The process relies on the fact that arsenic contaminated
groundwater is usually reducing and containing iron and manganese concentrations. In
such systems, i) the oxidation of Mn, Fe and As followed by precipitation ii) abiotic
oxidation of As by manganese and iron oxides and iii) finally As(V) sorption by

manganese and iron oxides, takes place sequentially. Katsoyiannis and Zouboulis (2004)
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investigated arsenic removal during biological iron oxidation in a fixed-bed upflow
filtration unit containing polystyrene beads. They reported that the iron-oxidizing bacteria
Gallionella ferruginea and Leptothrix ochracea, led to the formation of iron oxides,
providing a favorable environment for arsenic adsorption and consequently removal from
the aqueous streams. The system was capable of 95% arsenic removal from an initial
arsenic concentrations of 200 mg/L. In a similar type of system Pokhrel and Viraraghavan
(2009) reported arsenic removal from 100 pg/L to 5 ug/L in the groundwater treating
bioreactor grown with iron oxidizing bacteria. Katsoyiannis et al. (2004) also reported the
kinetics of microbial As(l1l) oxidation and subsequent As(V) removal by sorption onto
biogenic manganese oxides and suggested that the role of microbes is important in both
oxidation of As(lIl) and in the generation of reactive manganese oxide surfaces for the
removal of dissolved As(lll) and As(V) during groundwater treatment. Later,
Katsoyiannis and Zouboulis (2006) reported the simultaneous removal of iron, manganese
and arsenic from contaminated ground water by using iron and manganese oxidizing
bacteria.

In-situ oxidation by pumping the oxygenated water into aquifer to reduce As
concentration in the pumped groundwater was investigated by (Gupta et al., 2009; Van
Halem et al., 2010). Gupta et al. (2009) created an oxidizing zone in the aquifer by
passing aerated water, which in turn oxidized iron and arsenic and resulted in As(V)
removal by adsorption on to hydrous ferric oxides (HFO) (also termed as Fe(lll)
oxyhydroxides/oxides). The process relies on promoting the growth of iron and
chemoautotrophic arsenic oxidizing bacteria (CAOs) by suppressing the growth of
anaerobic As reducers in an aquifer. The In-situ oxidation of arsenic and iron in the
aquifer has been also used for As(V) removal in Danida Arsenic Mitigation Pilot Project
(DPHE, 2001). The aerated tube well water is stored in a tank and released back into the
aquifers through the tube well in order to oxidize As(lll) and Fe(ll) by the dissolved

oxygen content in water. This causes the reduction in arsenic content of tube well water.

Anaerobic CAOs have been widely used in the process which utilizes pre-
oxidation of As(ll)before its removal by adsorption and/or co-precipitation. Andrianisa et
al. (2008) isolated an aerobic chemoautotrophic arsenic oxidizing (CAO) bacteria from
activated sludge collected from a treatment plant receiving no arsenic contaminated

wastewater, was able to oxidized As(I1l). They found an effective removal of oxidized
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arsenic by co precipitation with HFO. Ito et al. (2012) carried out biologcal oxidation of
AS(I1) as a pretreatment step for As removal from synthetic groundwater in an
immobilized aerobic continuous-flow bioreactor. Simultaneous removal of arsenic and
nitrate in a single system is demonstrated in anaerobic continuous flow sand columns
where oxidation of As(lll) and Fe(ll) was coupled with denitrification by As(ll)-
oxidizing denitrifying sludge bacteria. The arsenic removal was attributed to adsorption
on to the mixture of biogenic iron oxides formed as a result of Fe(Il) oxidation (Sun et al.,
2009; Sun et al., 2010c) and activated alumina (Sun et al., 2010b). Several studies are
available on the biological oxidation of As(lll) followed by adsorption of As(V) on an
adsorbent kutnahorite (Lievremont et al., 2009), zero valent iron or activated charcoal
(Mokashi & Paknikar, 2002) in a two stage process. These processes were successfully
removing influents arsenite concentration 100 mg/L to 1 mg/l. While in other methods
anaerobic bacterial population including sulphate-reducing bacteria have been employed

to remove arsenic from solution as insoluble arsenosulphides precipitates.

2.4.45 Microbial Arsenic Precipitation, Co-precipitation and/or Adsorption onto

Biogenic Sulphides

These methods use anaerobic, sulphate-reducing bacteria, and arsenic reducing
bacteria, to precipitate arsenic from solution as insoluble arsenic-sulphide complexes.
Sulphate reduction controls arsenic levels in many naturally reducing aquifers through
arsenic co precipitation with biogenic sulphide minerals (Kirk et al., 2004) and/or through
the formation of As-bearing sulphide minerals as in acid mine drainage (Altun et al.,
2014; Battaglia-Brunet et al., 2012), sediments (Kirk et al., 2010), as well as in field
(Saunders et al., 2008) under sulphate reducing environments.

The arsenic removal in such systems was mainly attributed to formation of As-
bearing iron sulphides (FeAsS) (Altun et al., 2014; Saunders et al., 2008), arsenosulphides
precipitation, e.g. orpiment (As,S3;) and realgar (AsS) (Battaglia-Brunet et al., 2012;
O'Day et al., 2004; Rodriguez-Freire et al., 2014), as well as co-precipitation and/or
adsorption during the interaction between iron sulphides (FeS, FeS, ) and arsenic species
(Bostick & Fendorf, 2003; Upadhyaya et al., 2010; Wolthers et al., 2005). The in situ
applications have also been shown that As concentrations in groundwater can be greatly

reduced by biogenic arsenosulphides in presence of sulphate-reducing bacteria (SRB)
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(Keimowitz et al., 2007). The removal of arsenic also coincides the removal of dissolved

iron from the water in the same precipitation/co-precipitation processes.
Sulphate Reduction Biotechnology

Dissimilatory sulphate-reducing prokaryotes (SRP) are a wide spread
heterogeneous group of archaea and bacteria capable of reducing sulphate it to sulphide
(H2S, HS) by using sulphate as electron acceptor (Castro et al. 2000; Garrity et al.,
2003). SRP are spread in 60 genera including 220 species (Barton and Fauque, 2009). As
most of the SRP species belongs to bacteria, they are oftenly termed as sulphate reducing
bacteria (SRB). SRB gain energy for cell synthesis and growth by coupling oxidation of
various organic compounds or molecular hydrogen (H-) to the sulphate (SO,*") reduction
(Rabus et al., 2013). SRP are categorized in six different classes: Archaeoglobi,
Clostridia, o-Proteobacteria, Nitrospira, Thermoprotei,and Thermodesulfobacteria
(Garrity et al., 2003). Most of SRB identified are mesophilic in terms of optimal growth
temperature, but thermophilic, hyperthermophilic and psychrophilic species have also
been reported (Knoblauch et al., 1999; Jeanthon et al., 2002). All SRB contain genes for
the proteins mediating sulphate reduction, including sulphate transporters, ATP
sulfurylase (sat), APS reductase (aprAB), and dissimilatory sulphite reductase (dsrAB)
(Rabus et al., 2013).

Sulphate reducers can use a variety of electron acceptors, including sulphate,
sulphite, thiosulphate, elemental sulphur (Kaksonen et al., 2007), DO (Barton & Tomei,
1995), nitrate (Barton & Tomei, 1995; Dalsgaard & Bak, 1994; Sorokin et al., 2013)
(Moura et al., 1997), arsenate (Macy et al., 2000; Newman et al., 1997; Sorokin et al.,
2013), and iron(lI11) (Sorokin et al., 2013; Tebo & Obraztsova, 1998), Cr(VI), U(VI), and
Mn(IV) (Tebo & Obraztsova, 1998).

Factors Affecting SRB Activity
pH

Most engineering applications utilizing SRB have been carried out at neutral pH
because of faster microbial growth and activity (Willow & Cohen, 2003). However, SRB
can exhibit sulphate reduction even at low pH 3 (Kimura et al., 2006), but low pH can
exert toxic effects resulting in cytoplasm acidification, accumulation of VFA and sulphide
(Thauer et al., 1977) in the cells.
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Temperature

Most of the sulphate-reducing applications have been run at room temperature or
under mesophilic conditions (25-45°C) (Madigan et al.,, 1997) because at low
temperatures, the kinetics of chemical and biological reactions sensibly slows down.
Generally, the growth and the conversion rates are higher at elevated temperature, but the
energy needed to heat a bioreactor contributes to increase the costs. Several species have
been found to immediately respond and acclimatize to quick temperature decrease
(Bakermans et al., 2007), even if it results in a decrease of the enzymatic activity (Feller
& Gerday, 2003).

Oxygen

Presence of oxygen inhibits SRB metabolism, although the inhibition is reversible.
Some SRB species (like Desulfovibrio aerotolerans) are capable to tolerate low levels of
oxygen (Mogensen et al., 2005) or transform HS™ to partially oxidized species like S,0%™,
which is reduced back to sulphide on reestablishment anaerobic conditions (Wall et al.,
1990). The capability of aerobic respiration was also detected in Desulfovibrio vulgaris,
D. sulfidismutans, Desulfobacterium autotrophim, Desulfobulbus propionicus, and

Desulfococcus multivorans (Dilling & Cypionka, 1990).
Metal and Sulphide Toxicity

At low concentrations heavy metals can be stimulatory for SRB activity and, at the
same time, inhibitory or even lethal at high concentrations (Sani et al., 2003). The metals
toxicity can cause bacterial growth inhibition, extension of the lag phase in sulphide
production, decrease of sulphate reduction efficiency and even death of the bacteria by
deactivating enzymes and denaturation of proteins (Cabrera et al., 2006). But it depends on
many factors such as biomass quantity, pH, temperature and initial metal concentration (Hao,
2000).

In anaerobic reactors small quantities of sulphide is advantageous since it
decreases the bioavailability of some toxic metals by producing insoluble metal sulphides
(Mizuno et al., 1994). Sulphide is inhibitory to some anaerobic trophic groups. The H,S is
toxic form of sulphide because it passes through the cell membrane and inhibits the
metabolic enzymes of the cells (O'Flaherty et al., 1998). H,S concentrations are related to

the temperature, the pH and its solubility in water. The decrease in temperature and pH
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increases the H,S proportion. At low pH (4 and 5) values almost all the sulphide is
present as H,S. H,S easily tends to strip out from liquid phase because it has a low
solubility in water. However, not all the scientific studies on the sulphide toxicity towards
SRB report similar results. For example, (Greben et al., 2007) observed increased
sulphate reduction efficiency at high sulphide concentrations of 1424 mg/L. On the
contrary, Visser et al. (1993a) reported the process failure even at sulphide concentration

as low as 50 mg/L.
Biogenic Iron Sulphide (FeS) Precipitation

Biogenic iron-sulphides are abundant in freshwater and marine sediments
attributed to microbial sulphate reducing activity in such naturally reducing aquifers.
Biogenic FeS solids play an important role in sequestration of many metals and some
metalloids including arsenic, from contaminated groundwater and soil (Kirk et al., 2004;
O'Day et al., 2004; Ramamoorthy et al., 2009). Several studies have shown iron sulphide
as a good scavenger for arsenic (111) under anoxic conditions. The mackinawite (FeS) and
pyrite (FeS,) can remove the arsenic by co-precipitation, and their generation controls the
sulphide concentration in a system up to certain extent. (Gallegos et al., 2008; Gallegos et
al., 2007; Wolthers et al., 2005).

Iron sulphide precipitation occurs when metal- and sulphate-reducing microbes
use Fe(lll) and sulphate, respectively, as electron acceptors either in succession or
simultaneously (Postma & Jakobsen, 1996). Poorly crystalline mackinawite (FeS) and
greigite (Fe3S,) are the major biogenic iron-sulphide solids in sedimentary pyrite
formation studies. When dissolved iron comes in contact with sulphide, mackinawite is
usually the first precipitate that forms in anoxic and sedimentary environments
(Remoundaki et al., 2008; Wolthers et al., 2003). Aging period may vary from a few days
to two years to form well crystalline mackinawite from amorphous mackinawite (Rickard,
1995). Mackinawite is also considered as pyrite precursor. Additionally, iron
monosulphides have also been identified in bacterial diagenesis pathways to pyrite
formation (Donald & Southam, 1999). Greigite (Fe;S,), smythite (FeqS;1), and pyrrhotite
(Fe;_4S) are the intermediate Fe-sulphides which may exist in ambient anaerobic
environments during the transformation of disordered mackinawite to crystallized pyrite
(Richard, 1969). Zhou et al. (2014) reported initial pH, electron donor, and sulphide
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availability affects FeS bio precipitation in their experiments with Desulfovibrio vulgaris,
a widely studied SRB. Larger-sized mackinawite and further its transformation to greigite
(Fe3S,) is observed in presence of excess free sulphides, while excess Fe (1) resulted in
vivianite [Fe;(P0,).-8H,0] formation. Benning et al. (2000) found that mackinawite was
stable in a reducing atmosphere or up to 16 weeks over a range of pH from 3 to 12 at
temperatures below 100°C. Recently, Gramp et al. (2010) reported improved crystallinity
of biogenic mackinawite at increasing incubation temperatures from 22 to 60°C (22, 45
and 60°C), under experimental laboratory conditions. They also reported mackinawite
(FeS) and greigite (Fe;S,) as dominant iron sulphide phases formed in sulphate-reducing
conditions. Recently, Omoregie et al. (2013) observed arsenic removal as biogenic arsenic
sulphide precipitation and sorption on surface of biogenic FeS formed in a biological
system having iron and arsenic reducing bacteria (Geobacter sp. and Sulfurospirillum
sp.). They also suggested that prolonged sulphidogenesis in the microcosms may lead to
the formation of realgar-like surface precipitates on the surface of FeS, which provides

efficient arsenic removal.
Biogenic Arsenosulphide Precipitation

Simultaneous formation of arsenite and sulphide in natural and engineered
systems is an alternative way to remove arsenic as sulphidic minerals. As(lll) can be
removed from solution by its precipitation or complexation with sulphide or sulphide-
containing materials such as orpiment (As,S3) and/or realgar (AsS) (Battaglia-Brunet et
al., 2012; Newman et al., 1997; Onstott et al., 2011b; Xia et al., 2014; Xu et al., 2011a).
Many bacteria can precipitate arsenosulphides including dissimilatory arsenate reducing
(Newman et al., 1997), sulphate reducing bacteria (Jong & Parry, 2003; Luo et al., 2008;
Teclu et al., 2008) and iron-reducing bacteria (Lee et al., 2007; Lim et al., 2008).
Newman et al. (1997) demonstrated both intra- and extracellular bioprecipitation of
orpiment particles, under sulphate-reducing conditions. They also suggested that the
orpiment stability is dependent of small changes in pH and sulphide, and its precipitation
is also dependent on the rate and extent of As(V) and sulphate reduction by a given
microorganism. Microbial arsenate reduction may lead to arsenic removal by bio
precipitation (sufficient sulphide) or its dissolution and enhanced mobility (insufficient
sulphide). O'Day et al. (2004) through his reaction path model suggested that realgar

(AsS) precipitates first in high- sulphate, iron reducing environment while orpiment

46
TH-2082_10610404



Chapter 2 Literature Review

(As,S3) will be the second dominant form in low-iron environment, due to the absence of
effective H,S buffering. Teclu et al. (2008) observed a decrease in the dissolved arsenic
availability due to formation of an arsenic sulphide precipitate. The biogenic sulphide was
produced as a result of metabolic activity of the SRB and its interaction with the dissolved

arsenic species.

Battaglia-Brunet et al. (2012) reported arsenic removal orpiment precipitation
from acidic waters, in a glycerol and hydrogen fed fixed bed bioreactor using SRB
containing mixed microbial consortium. They observed that excess sulphide induces
orpiment dissolution in the reactor when reactor was fed with hydrogen instead of
glycerol. The predominating bacterial genera in the reactor was Desulfosporosinus which
is known to use As(V) and sulphate as a respiratory electron acceptor. Xia et al. (2014)
reported arsenic bioremoval as arsenosulphides precipitation under autohydrogenotrophic
conditions in batch studies conducted with synthetic groundwater. In their study they used
anerobic sludge as inoculum, collected from anoxic pond a sewage treatment plant. They
also observed optimum pH ranges of 6.5-7.0 and temperature of 30-40°C for As(V)
removal. Biogenic realgar and orpiment formation was observed in anaerobic granular
biofilm batch reactors, when operated at pH conditions ranging from 6.1 to 7.2 in Fe-poor
environments. In ethanol fed batch reactors, which were amended with As (v) and
sulphate, the biogenic minerals were formed as a result of combined As(v) and sulphate
reduction (Rodriguez-Freire et al., 2014). More recently Drewniak et al. (2015) reported
the self cleaning of arsenic contaminated drinking water source by Shewanella sp. as

(As,S3) bio precipitation, which also enhanced sorption of arsenic by the microbial mats.
Interaction between Biogenic Sulphide Phases and Its Role in Arsenic Sequestration

The importance of microbial iron and arsenic sulphide phases in combination on
arsenic regulation is well established in anoxic environments. The association of pyrite
and arsenic is apparent because it favours arsenic precipitation as arsenopyrites (FeAsS)
and orpiment (Bostick & Fendorf, 2003). Selective extraction also suggested that
formation of FeAsS occurs on FeS and FeS, mineral Diaz and Morse, 1992; Cooper and
Morse, 1996). Mackinawite is also capable of arsenic reduction, as As(l11) is known to get
reduced to an As-S mineral in the presence of mackinawite (Gallegos et al., 2008;

Gallegos et al., 2007). Kirk et al. (2010) suggested, in a reducing system containing iron,
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arsenic, and sulphate, the difference in the solubility of iron and arsenic sulphides results
in the precipitation of iron sulphides, which govern the arsenic removal through

adsorption and co-precipitation mechanisms.

Recently, Omoregie et al. (2013) suggested the formation of realgar-like surface
precipitates on the surface of FeS or of arsenic sulphide mineral formation under
prolonged sulphidogenic environments, which may lead to more efficient arsenic
removal. Altun et al. (2014) also reported the arsenic precipitation as As,S; and arsenic
co-precipitation with FeS, FeS, or FeAsS as arsenic removal mechanisms in the AMD

treating bioreactor.

2.5 Arsenic Containing Solids Treatment and Management

Drinking water treatment plants produce arsenic containing solid residuals
(ACSR) after arsenic removal from the water which may contain concentrated amounts of
arsenic. The lower arsenic MCL imposes stricter limits on the handling procedures and
disposal of arsenic containing residuals. However, the possibility of arsenic leaching from
the sludge/waste generated from the treatment processes is dependent on the type of
removal mechanism and the ultimate sludge disposal method. The disposal options
include land application, stabilization, cow dung, passive aeration systems, ponds, soil
and landfilling (Clancy et al., 2013).

Only non-hazardous waste can be disposed of in municipal solid waste landfills
(Itle, 2001). The characterization and toxicity testing of the ACSR are important, because
disposal options and selection of treatment option are ruled by these two properties.
Waste containing less than 41 mg/kg arsenic can be subjected to land with no limitations,

while waste containing 75 mg/kg arsenic or less can be applied in limited quantities.

In developing countries, ACSRs are often disposed by mixing with livestock
waste, incorporating wastes into construction materials and sometimes left open in nearby
fields and ponds (Clancy et al., 2013; Sullivan et al., 2010). Mohapatra et al. (2008)
observed only 10% volatilization and 32% leaching of arsenic in 40 days period when
arsenic-bearing ferrihydrite (18.5 mg As/g) was mixed with cow dung. A recent study
conducted with ACSRs of drinking water treatment in West Bengal (India), have been
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shown that ACSRs mobilizes arsenic into the liquid phase (~5%) more than volatilization
(0.02%) (Clancy et al., 2014).

In developed countries, ACSRs of water treatment systems are often disposed in
municipal solid waste landfills. A number of materials have been used for arsenic
stabilization to minimize the leaching from ASCRs which includes iron sulphate, lime,
cement, concrete and polymeric matrices 119 (Camacho et al., 2009; Leist et al., 2003).
Arsenic leaching from stabilized wastes is affected by environmental factors such as pH,
relative humidity, and wetting and drying cycles. In many developing countries, mixing
of ACSRs from drinking water treatment with brick and road construction material is

widely practiced.

Raghav et al. (2013) highlighted arsenic crystallization technology (ACT) as an
effective and eco-friendly technology for stabilization of ACSRs generated during water
treatment. The ACSRs are getting converted into minerals of high arsenic capacity and
long-term stability in mature, municipal solid waste landfills. They included scorodite,
arsenate hydroxyapatites, ferrous arsenates, and arsenated-schwertmannite as potential
candidate minerals for ACT based on ease of synthesis, their applicability and arsenic
leachability. Onstott et al. (2011b) examined the stability of Fe and As-bearing biogenic
sulphides by long term (115 days) column leaching tests with aerobic groundwater. On
the basis of laboratory and field studies, they reported that biogenic minerals were
resistant to dissolution under aerobic conditions and will remain stable for many decades.
Arsenic leaching from the iron rich sludges is favoured at high pH (alkaline) and low
redox conditions. Shafiqguzzaman et al. (2010) reported arsenic leaching was 35-45 times
higher at high pH (pH 11) as compared to lower pH (pH 3) based on toxicity
characteristic leaching procedure (TCLP) and pH leaching tests conducted with sludge’s
taken from laboratory scale As removal columns. As leached were below the TCLP limit
from an initial concentrations of 1270 mg/kg, 705 mg/kg and 313 mg/kg of As in the
three test sludge respectively. Ghosh et al. (2014) reported that there was no significant
arsenic leaching from the arsenic containing residuals which were stored on the coarse-
sand filters of a community-scale arsenic removal units in West Bengal, India. They
monitored the groundwater quality of nearby wells for over four years and reported no

further contamination of wells from small amount of arsenic leached through the filter.
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CHAPTER 3

AIM AND SCOPES OF THE STUDY

Aim of study:

The primary aim of the present study is to develop a bioreactor system for simultaneous

removal of arsenic, nitrate, iron and fluoride from groundwater at wide range of

temperature to meet the drinking water standards, leaving a non-hazardous and stable

solid waste.

Scopes of the Study:

The following scopes have been identified to achieve the above objective:

i

TH-2082_10610404

Collection and acclimatization of mixed bacterial consortia in presence of arsenic,
nitrate and sulphate.

Batch shake flask studies (in absence and presence of iron) to evaluate the
efficiency of acclimatized mixed bacterial culture on simultaneous removal of
pollutants.

Fabrication and performance evaluation of two semi-batch bioreactors (SmBRs)
on simultaneous removal of pollutants, in absence (SmBR-1) and presence
(SmBR-2) of iron.

Collection, characterization and performance evaluation of waste activated carbon
(WAC) on arsenic adsorption from simulated groundwater in absence of iron.
Fabrication of two laboratory scale biological attached growth reactors (AGRS)
using WAC as the packing material for simultaneous removal of target pollutants
arsenic, nitrate and fluoride in absence (AGR-1) and presence of iron (AGR-2).
The bioreactors will have multiple sampling ports along the depth of the beds for
profile sampling to understand the terminal electron accepting process (TEAP).
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6.

10.

11.

12.
13.

14.

Optimization of bioreactor process parameters such as empty bed contact time
(EBCT), backwash frequency and electron donor.

Performance evaluation of AGR-1 on simultaneous removal of pollutants in
absence of iron at varying feeding and operating conditions.

Performance evaluation of AGR-2 on simultaneous removal of pollutants in
presence of iron at varying feeding and operating conditions.

Collection, characterization and treatment of arsenic contaminated real
groundwater in the developed AGR systems.

Characterization of AGR treated water through ‘“chemical analysis”, “Whole
Effluent Toxicity (WET)” and “Most Probable Number (MPN)” tests.

Collection, preparation, characterization and performance evaluation of an
adsorbent from residues of a water treatment plant (WTR) on fluoride removal
from AGR treated water to evaluate its potential as a post treatment unit.

Microbial population diversity analyses of bacterial species present in the AGRs.
Characterization of biosolids of SmBRs and AGRs through FESEM/EDX, XRF,
XRD, TEM and XAS analysis to understand the mechanisms of arsenic removal
in absence and presence of iron.

Stability check of the biosolids and the spent WAC under aerobic as well as
anoxic conditions through “Ageing test”, “Toxicity Characteristics Leaching

Procedure (TCLP) test” and “Long Term Leaching test”.
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MATERIALS AND METHODS

In this section various materials and equipment used and different methodologies

exercised in the present investigation are described.
4.1 Materials

All the glassware used in this study was of Borosil and plasticware was of Tarson
products. Double distilled water or milliQ water was used to prepare all the reagents. The
glassware used in this study was kept immersed overnight in chromic acid solution (2.25
g K2Cr,07 and 20 ml concentrated H2SOa4 per litre of distilled/milliQwater) followed by
washing with tap water and then distilled/milliQ water. Cleaned glassware was kept in
oven for drying at 70-75°C for about 4 hours before being used for any experiment.
Glassware was autoclaved as and when it required. All the chemicals used were either of
analytical reagent (AR) or laboratory reagent (LR) grades. Sodium arsenate
(Na,HAsO, 7H,0; 98.5% assay) and sodium nitrate (NaNOs ; 99% assay) used in the
study were of AR grade and procured from Hi-media (India) and Sigma Aldrich, USA,
respectively. HPLC grade (99.5% purity) acetone and ethanol were used as solvent during
mineralogical analysis of backwash solids. Several instruments and equipments were used

in this project work are given in Table 4.1.
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Table 4.1 Instruments and equipment used in the present investigation.

Instrument/ Parameters Model/ Manufacturer/
Equipments tested/measured Specification

Magnetic Stirrer Mixing SPINIT ML 02, Tarsons,
India

Autoclave Sterilization Equitron , Medica
Instrument Co., India

COD Digester COD Hach DRB 200,
Hach,USA

Digital Nephelo-Turbidity Meter | Sulphate 132, Systronics , India

DO meter

DO measurement

DO 32 A, DKK-TOA
Corporation, Japan

Hot air oven Drying , MLSS ICT, Calcutta, India

Electric Muffle Furnace MLVSS ICT, Calcutta, India

pH meter pH Systronics upH system,
India

Centrifuge Remove settleable solids | R-24 REMI, Mumbai,

India

Shaking incubator

For mixing and
temperature control

Labtech, LSI-100 SR,
Korea

Weighing balance

Weight

SL-234, Denver
Instrument

BOD Incubator

For MPN test

ICT, Calcutta, India

Laminar flow

For MPN test

CLEANAIR SYSTEMS,
Chennai, India

Refrigerator

For sample preservation

MRC Scientific
instruments, India

Peristaltic pump

Feeding in to bioreactor

Miclins India Limited

Temperature controlled water
bath

Maintain constant
temperature

LAUDA, ALPHA RA 8§,
USA

Field Emission Scanning
electron microscope

For images of bacteria
and WAC particles

Zeiss, Sigma, Germany

Transmission electron

For biosolids

JEOL, JEM- 2100Plus,

microscope characterization Japan
Atomic absorption Arsenic measurement SpectrAA 55B, Varian
spectrophotometer

UV-Visible spectrophotometer

Nitrate measurement

CARY50BIO, Varian

4.2 Waste Activated Carbon (WAC)
WAC granules were obtained from house hold water purifiers. KENT RO Systems

limited, India, marketed water purifier with the brand name of KENT ULTRA in India.

These days hospitals, households, commercial and educational institutes are commonly
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using such type of water purifiers to purify tap water. This type of a water purifier
generally contains 200-300g activated carbon depending upon its size and capacity. The
grain size of waste activated carbon is around 2 mm. After its useful life of about 6
months to 1 year, the exhausted activated carbon is replaced with fresh activated carbon.
The exhausted activated carbon become a waste which, was collected and used as
supporting material for biomass growth in flow through bioreactors used in this project.
The collected carbon granules were washed by rinsing twice with deionized water and
overnight oven drying at 70°C before use to eliminate previous contamination with
organic matter which could have been attached on the surface of the granules. The carbon
granules were then sieved through 2 mm and retained on 1.5 mm. The WAC granules
were autoclaved (20 min, 121°C) to remove any possible microbial contamination prior to
use as bio-support material in the AGRs. Approximately, 203 g of WAC was put inside
the reactor to occupy 17 cm of bed height.

4.2.1 Microscopic Analysis of WAC

The dried waste activated carbon (WAC) granules were subjected to FESEM/EDX
analysis prior to inoculation. Similarly, WAC granules harbouring biofilms were carefully
taken from the attached growth reactor (AGR) and analysed for the presence of microbial
biofilm. The biofilm cells were fixed with 1.25% glutaraldehyde and 1.3% osmium
tetraoxide. After that cells were dehydrated using a graded series of ethanol solutions, and
finally dried. The resultant specimen was mounted on aluminium stubs and then coated
with gold using sputter coater (Edward, UK). The specimen was then observed under an
S4500 FESEM (Hitachi).

4.2.2 Bulk Density of WAC

Bulk density of WAC was determined to estimate the packing volume in column
studies as described (CEFIC, 1986). A dry, clean and graduated measuring cylinder and
an aluminium plate were each weighed. The volume of the sample was determined with a
graduated cylinder (50 ml). WAC was put into the cylinder and reweighed. The WAC
granules were transferred into an aluminium plate and put into an oven so as to dry it to
constant weight at a temperature of 105°C for one hour. The bulk density (Dy,) was

calculated using the following expressions and given in gm/cm®.

55
TH-2082_10610404



Chapter 4 Materials and Methods

Dp=M/V L. Eqgn. (4.1)

Where,
M = Mass of WAC (gm).
V = Volume of the WAC, measured under test conditions (ml).

4.2.3 Evaluation of WAC Adsorption Capacity on Arsenic Removal

Characterization of waste activated carbon (WAC) and its adsorption behaviour on
removal of arsenic from simulated groundwater in absence of iron was evaluated. The
experiment was carried out at constant temperature of 30°C at 150 rpm. The pH of the

solution was maintained at 7.00+0.10 and the adsorbent dose was kept 2.0 g/L.

4.3 Analysis of Liquid Samples

In this section, different analytical techniques and methodologies used for the
present investigation have been described. In general, standard techniques as described in
Standard Methods for the Examination of Water and Wastewater (APHA, 2005) has been
followed unless otherwise specified. pH was measured using a digital pH meter with a
sensitivity of 0.01 with temperature correction facility. The instrument was calibrated
periodically with standard buffer solutions. Chemical oxygen demand (COD) of samples
was measured by closed refluxed method. Digestion was carried out using a COD
thermoreactor fitted with temperature controller and timer. Quantification of biomass in
mixed culture samples was done by measuring its concentration and expressed as mg/L of
mixed liquor suspended solids (MLSS) and/or mixed liquor volatile suspended solids
(MLVSS). Nitrate was measured by colorimetric method using a UV-Visible
spectrophotometer. Sulphate concentration in aqueous samples was measured following
turbidimetric method using a nephelo turbidity meter. Fluoride measurements were done
by SPADNS colorimetric method. Iron content was determined in a spectrophotometer by
following phenanthroline method and/or in an AAS.

Aqueous samples were analysed for total arsenic concentrations in an atomic
absorption spectrophotometer (AAS) equipped with a vapour generation assembly (VGA-
77) in the form of As(111) with an electrodeless discharge lamp as the radiation source at a
wavelength of 193.7 nm. Before estimation of arsenic concentrations in the samples, both

the standards and samples were treated with 1(M) HCI and ensured that any analyte
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present as As(V) is reduced to As(I11) as arsine gas, by the action of potassium iodide at a
concentration of 1% wl/v. The reduction completes in about 50 minutes at room
temperature. Necessary amount of distilled water was added to the standards and the
samples to produce appropriate dilution and arsenic concentrations of the solutions were
quantified using AAS. Arsenic concentrations of the solutions were estimated according
to the guideline of AAS user manual. Collected samples for arsenic analysis were filtered
through 0.2 mm filters (GE health care, UK) and stored at 4°C before being analysed in
AAS. Unfiltered samples were also analysed to know the total arsenic concentration.

Standard calibration curves prepared for nitrate, sulphate, fluoride and iron are shown in

Figure Al, A2, A3, and A4, respectively in the Appendix.

4.4 Experimental Methodologies

4.4.1 Seed sludge and Its Acclimatization in Reactor BR-0

A glass aspirator bottle of 2.0 L capacity with 1.0 L working volume was used as
reactor (BR-0) for the purpose to prepare acclimatized seed sludge. Biomass used as seed
sludge for the present study was mainly the bio sludge collected from the bottom of the
wastewater treatment plant of 1IT Guwahati (Figure A5, appendix). The sludge of 0.75 L
(MLSS: 3780 mg/L and MLVSS: 2560 mg/L) was mixed with small amount of (< 5% as
MLSS) biosolids collected from two nos. laboratory scale bioreactors treating perchlorate
and nitrate (Ghosh, 2013) and sulphate (Brahmacharimayum, 2014) respectively. The
mixed bacterial biomass thus prepared was fed with contaminated drinking water spiked
with 200 pg/L of arsenic, 50 mg/L of sulphate and nitrate and other macro and
micronutrients as given in Table 4.2. The composition given in Table 4.2 is considered as
simulated groundwater for the entire project. The bicarbonate alkalinity added in the
reactor was to maintain pH of the content near to 7.0. Nitrogen gas was supplied
intermittently to remove DO, if any, present in the reactor. One third of the supernatant
was replaced by fresh medium in every 7 days cycle. The performance of seed sludge was
analyzed on the same day. The mixed microbial culture was then acclimatized, over a

period of 35 days.
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4.4.2 Experimental Set-up and Bio-reactors

The experimental works carried out in different laboratory scale reactors are
broadly grouped in to two categories viz., the reactors operated in absence of iron, and the
reactors operated in presence of iron (in the contaminated water). A series of experiments
were carried out with the acclimatized sludge in batch and semi batch modes of
operations with the aim to evaluate their performance at different initial arsenic and
nitrate concentration, in absence as well as presence of iron. Experiments in semi batch
mode were also carried out at different hydraulic retention time (HRT) supplemented with
a variety of carbon sources. In all the cases the pH was maintained at 7.0+0.2. Studies in
semi batch mode were carried out at room temperature. In this section, detailed
description of the procedures followed for various experiments, experimental set-up,
specification and feeding and operating conditions of various reactors used in this project

are given.

Table 4.2 Composition of feed of synthetic groundwater and trace mineral solution.

Component Concentration (mg/L) Trace mineral solution™
NaNO; (as NO3) 50-250 * Component Concentration (mg/L)
Na,SO, (as SO07 ) 25-75 * ZnS0,.7H,0 100
Na,HAsO,.7H,0 (as As) 0.2-1.5" MnCl,.4H,0 30
NaHCO; (as HCO3) 25-45* H3BO; 300
K,COj3 (as CO3™) 15 CoCl,.6H,0 200
NaCl (as C17) 13.1 CuCl,.2H,0 10
CaCl, (as CI") 13.1 NiCl,.6H,0 10
MgCl,.6H,0 (as C17) 13.1 Na,M00,.2H,0 30
H4PO, (as P) 0.5
CHCOOH (as C) 35-90 **

FeCl, (as Fe?™) 2-10*
# Variable

* Different carbon sources were used.
** 1.0 ml of this solution was added in 10 L of water.
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4.4.3 Batch Studies

4.4.3.1 Adsorption Studies in Batch Shake Flasks

Studies were conducted to assess the removal of arsenic by mixed bacterial seed
sludge through adsorption from 500 pg/L of arsenic spiked in distilled water as well as
simulated groundwater (excluding iron and sulphate) as given in Table 4.2. In both the
cases 100 mg/L of acclimatized seed sludge, measured as MLVSS, was added in a series
of 250 ml conical flasks with working volume of 100 ml. The purpose of conducting
experiment on arsenic spiked distilled water was to eliminate the effects of the other ions
present in simulated groundwater. The purpose of conducting experiments with simulated
groundwater excluding iron and sulphate was to assess the arsenic adsorption efficiency
of the seed sludge excluding the possibility of removal as any precipitates, as there is a
possibility of formation of arsenosulphides (Battaglia-Brunet et al., 2012) and/or co-
precipitation with sulphides of iron (Altun et al., 2014). To assess the loss due to
adsorption by the flask material and/or volatilization, a blank containing arsenic spiked
simulated groundwater (excluding iron and sulphate) without any seed sludge was also

run.

4.4.3.2 Bio-removal Studies in Batch Shake Flasks

Batch studies were carried out in an incubator shaker at pH 7.0+0.2, 120 rpm, and
30°C in a series of shake flasks (High density polyethylene Erlenmeyer flasks) of 250 ml
capacity containing 100 ml of media, 100 mg/L (as MLVSS) biomass and acetate as
carbon source. Amount of carbon source added was calculated based on the
stoichiometric requirement for all the electron acceptors (nitrate, arsenate and sulphate),
assumed average biomass yield (0.4 g MLVSS/g COD utilized) and a safety factor of 1.5.
The mouth of each of the flasks was sealed with a butyl rubber cork with the provision to
supply nitrogen gas. The outer surfaces of the flasks were wrapped with aluminium foils
to prevent algal growth. After addition of reactants, the flasks were purged with nitrogen
gas from a nitrogen cylinder for about 10 minutes to expel out dissolved oxygen, if any,
from the liquid. All experiments were conducted in triplicate and average values were
used in data analysis. The screw capped flasks were sealed with parafilm after nitrogen
purging and shaken for seven days. Samples were collected at an interval of 24h in self

scarifying mode. The contents were centrifuged and analyzed for residual arsenic, nitrate,

59
TH-2082_10610404



Chapter 4 Materials and Methods

sulphate, iron (in case of iron addition), COD, MLSS, MLVSS and pH. Simulated
groundwater with the composition given in Table 4.2, was added into the flasks with

sterile syringes and the following experiments were carried out:
Batch studies in absence of iron:
Effects of initial arsenic concentration:

Effect of initial arsenic concentration on the efficiency of the mixed culture was
investigated with four different arsenic concentrations of 250 pg/L, 350 pg/L, 450 pg/L
and 550 pg/L, maintaining sulphate and nitrate concentration of 25 mg/L and 50 mg/L

respectively.
Effects of initial nitrate concentration:

The initial nitrate concentrations for this study were kept as 50 mg/L, 100 mg/L
and 150 mg/L. The arsenic and sulphate concentration was kept constant at 500 pg/L and
25 mg/L respectively.

Batch studies in presence of iron:

Similar studies were carried out in batch mode in presence of iron. In addition to
the studies carried out in absence of iron (i.e., effects of initial arsenic and nitrate

concentrations), effects of initial iron concentration, was also investigated.
Effects of initial iron concentration:

The batch studies with iron concentration of 1, 2, 3, 4 and 5 mg/L was done to
assess the iron as well as arsenic removal capacity of the mixed culture. During this study
the initial arsenic, nitrate and sulphate concentration was kept at 500 pg/L, 50mg/L and

25 mg/L respectively.
Effects of initial arsenic concentration:

Effect of initial arsenic concentration on the efficiency of the mixed culture was
investigated with arsenic concentrations of 500 pg/L, 600 pg/L, 750 pg/L and 1000 pg/L,
maintaining iron, sulphate and nitrate concentration of 3 mg/L, 25 mg/L and 50 mg/L

respectively.
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Effects of initial nitrate concentration:

Effect of initial nitrate concentration of 50 mg/L, 100 mg/L and 150 mg/L on
arsenic removal efficiency was also investigated in batch studies. The iron, arsenic and
sulphate concentration was kept constant at 3 mg/L, 1000 pg/L and 25 mg/L respectively.

4.4.4 Semi-Batch Reactors (SmBR-1 & SmBR-2)

Feeding and operating conditions of the reactors (each of 1 L capacity, 600 ml
working volume, polypropylene reagent bottles) used in this project operated in semi-
batch mode in absence (SmBR-1) and presence of 2 mg/L of iron (SmBR-2) in the
contaminated water are listed in Table 4.3 and 4.4, respectively. Both the reactors were of
anaerobic suspended growth type operated at room temperature (30+4°C), inoculated with
mixed bacterial population (MLVSS: 1150 mg/L) that was acclimatized in BR-0. The
schematic representation of SmBR reactors set up used in this study is shown in Figure

4.1. Before inoculation, the reactor content was deoxygenated by supply of nitrogen gas.

Feed and

Nitrogen inlet™ ﬁ ﬁ‘—Gas outlet

- ‘ =

—

| Litre

400 mL — B — Sampling port

Magnetic bead __
v/ o = \

Magnetic Stirrer O

EHX A LTS TIPS

Figure 4.1 Schematic diagram of semi-batch reactor set-up.
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A heater was used to increase the room temperature (30+4°C) during winter. The reactors
were filled up with 600 ml of fresh simulated groundwater, which in this project refers to
as medium. They were sealed, covered with black film to prevent any activity of
phototrophic bacteria and algal growth before being mounted on magnetic stirrers. Initial
concentration of arsenic, nitrate and sulphate in both the reactors were maintained at 200
Ma/L, 50 mg/L and 25 mg/L respectively. The dose of carbon source was supplemented
more than the stoichiometric requirement of all electron acceptors present in the feed.
Both the reactors were operated at an HRT of 3 days except during first 34 and 40 days of
SmBR-1 and SmBR-2 operation respectively, when the HRT was of 6 days. HRT of 6
day was maintained by removal of 200 ml of the supernatant (treated water after
settlement of biomass) at an interval of 2 days and replacing the equal volume of
untreated water. Similarly HRT of 3 day was maintained by replacing 200 ml of the
supernatant daily. The reactors were allowed to stand for 20 min without mixing, to allow
biomass settling to prevent any loss of biomass during effluent collection. The effluent
was directly collected in Erlenmeyer flasks which were made anoxic by purging nitrogen
gas from a nitrogen gas cylinder and analysed for nitrate, arsenic, sulphate, COD and pH.

The experiments carried out in both the reactors are explained below.
Operation of SmMBR-1

After inoculation, the SmBR-1 was operated at 6 days HRT for first 34 days. Then
after, the following experiments were carried out in semi batch mode at 3 days HRT:

Effects of initial arsenic concentration:

In order to evaluate the effect of arsenic concentration on its removal, the arsenic
concentration in the feed was increased stepwise from 200 pg/L to 300 pg/L, 400 pg/L,
500 pg/L, 600 pg/L, 700 ug/L and 800 pg/L.

Effects of initial nitrate concentration:

The effect of nitrate concentration on reactor performance in terms of nitrate and
arsenic removal was evaluated at stepwise increasing influent nitrate concentration of 50
mg/L, 100 mg/L, 150 mg/L, 200 mg/L and 250 mg/L.
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Effects of various carbon sources:

The performance of SmMBR-1 on removal of arsenic and nitrate was evaluated by
using different carbon sources as electron donor. The effectiveness of acetate, malate,
succinate, lactate and glucose as the sole sources of carbon and energy were tested.

Operation of SmMBR-2

After inoculation, the SmBR-2 was operated at 6 days HRT for first 40 days. Then
after, the SmBR-2 was operated at HRT of 3 days to evaluate the followings.

Effects of initial arsenic concentration:

In order to evaluate the arsenic removal efficiency of mixed culture, arsenic
concentration in the feed was increased stepwise from 250 pg/L to 350 pg/L, 450 pg/L,
550 pg/L, 750 pg/L and 1000 pg/L.

Effects of initial nitrate concentration:

The effect of initial nitrate concentration on reactor performance in terms of
nitrate and arsenic removal was evaluated by stepwise increasing the influent nitrate
concentration from 100 mg/L to 150mg/L, 200mg/L and 250 mg/L.

Effects of various carbon sources:

The performance of SmBR-2 was evaluated using various carbon sources such as

acetate, malate, succinate, lactate and glucose.
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Table 4.3 The operational schedule of semi batch reactor (SmBR-1) operated in absence

of iron.
Influent characteristics
) Daysof | HRT
Purpose of operation ) Arsenic Nitrate COD
operation| (Days)
(Mg/L) (mg/L) (mg/L)
(Phase-1) 1-34 6
200 50 107
Effect of HRT 35-56 3
35-56 200
(Phase-2) 57-79 300
Effect of initial arsenic 80-101 400
concentration 3 50 107
102-124 500
125-146 600
147-168 700
169-191 800
192-213 50 107
(Phase-3) 214-235 100 150
Effect of initial nitrate 936257 3 600 150 194
concentration
258-279 200 240
280-301 250 285
Acetate | 302-332
(Phase-4) Malate | 333-365
Effect of carbon o ate| 366-396
source 3 600 200 240
Lactate | 397-427
Glucose | 428-459

TH-2082_10610404

64

# Sulphate concentration in feed was 25 mg/L for entire SmBR-1 operation




Chapter 4 Materials and Methods
Table 4.4 The operational schedule of semi batch reactor (SmBR-2) operated in presence
of iron.
Influent characteristics
. Days of HRT i i
Purpose of operation ) Arsenic Nitrate COD
operation (Days)
(Hg/L) (mg/L) | (mg/L)
(Phase-1) 1-40 6
250 100 150
Effect of HRT 41-69 3
41-69 250
70-90 350
(Phase-2)
91-112 450 100 150
Effect of initial arsenic
; 113-134 3 550
concentration
135-156 750
157-178 1000
157-178 100 150
(Phase-3)
179-201 150 194
Effect of initial nitrate 3
] 202-223 1000 200 240
concentration
224-244 250 285
Acetate 224-244
(Phase-4)
Malate 245-275
Effect of i
Succinate 276-307 3 1000 285
carbon
Lactate 308-338 250
source
Glucose 339-369

# Iron and sulphate concentration in feed was 2 mg/L and 25 mg/L respectively for entire

SmBR-2 operation
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4.4.5 Flow through Reactors (AGR-1 and AGR-2)

Two nos attached growth reactors (AGR), designated as AGR-1 & AGR-2, were
fabricated with transparent perspex cylinders with waste activated carbon as supporting
material for the growth of bacterial species on their surface to assess the performance of
the mixed microbial culture on multipollutants removal from groundwater, were operated
in continuous (flow through) mode. These reactors were operated in down flow mode to
treat groundwater in absence (AGR-1) and presence of iron (AGR-2), respectively at
different feeding and operating conditions. Specification of both the reactors was the
same having overall height of 32cm and internal diameter of 5¢cm. Schematic diagram and
the actual photograph of the reactor with details of various components are shown in
Figure 4.3a and 4.3b respectively (page 70). The specification is given in Table 4.5.
Feeding and operating schedule of AGR-1 and AGR-2 at different phases are given in
Table 4.6 (page 74-75) and 4.7 (page 78-79) respectively.

4.4.5.1 Reactor Configuration and Experimental Set-up

The following are the main components of the AGRs:
A) Untreated water (feed) inlet and distribution system:

For uniform and efficient distribution of feed, an L- shape tube was used. One end
of the tube was vertically downward along the reactor and the other end was kept

horizontal connected to the feed pumps.

Table 4.5 Specifications of AGRs.

Parameter . i N

Specification

Material Transparent Perspex tube

Height 32cm

Inner-diameter 5cm

Volume 628 cm’

Packed bed volume 333 cm®

Fixed bed height 17

Packing media WAC

Waste activated carbon (WAC) Passed th_roug_h 2 mm and retained on

1.5 mm size sieves
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B) Raw water flow regulation system:

Peristaltic pumps (Model: PP10, Miclins India) were used to regulate the influent
flow rate in AGR systems. Flow rate maintained for empty bed contact time (EBCT) of
90, 60, 45 and 30 min. were 3.7, 5.6, 7.4 and 11.0 ml/min. respectively. EBCT calculation
was made based on packed volume of reactor. In addition to peristaltic pumps a syringe
pump (Model: SP10, Miclins India) was used to feed iron solution to the AGR-2 so that
the carbon source (acetic acid) and Fe(ll) supply could be varied independently and
without any interference. The iron stock solution was loaded into a syringe by filtering
through a 0.2 um filter. The syringe was placed on the syringe pump and the iron solution

was pumped into the reactor.
C) Screens:

Two nos. perforated (about 70% perforation, 1 mm diameter holes) circular
perspex discs of 5 cm diameter (equal to the internal diameter of the main reactor) were
placed at the top and the bottom of the reactor bed (Fig. 4.2a). The purpose of the bottom
perforated disc is to support the WAC granules from being washed out along with the
treated water. The purpose of the top perforated disc was to prevent WAC from being
washed out during backwashing as well as to help raw water distribute more uniformly

throughout the cross section of the reactor.
D) Deflector beam:

A hollow perspex disc, with external diameter of 5 cm (same as the internal
diameter of the main reactor) and internal diameter of 2.5 cm, tapered from the outside
was fitted inside the main reactor, at a depth of 11cm from the top, was used as deflector
beam (Fig. 4.2b).

E) Sampling Ports:

Five nos. sampling ports (namely P1 to P5) were provided for collection of
samples at different depths of the reactor at centre to centre distance of 3 cm starting from
15 cm from the top. The ports were kept closed with metallic lab clips except during

sampling.
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Figure 4.2 Photographs of a screen (a) and deflector beam (b) used in the reactor.

F) Backwash outlet and effluent port:

An outlet was provided above the top normal water level in the reactor during

operation, as effluent port as well as to remove backwash solids.
G) Biogas release system:

The gas release system adopted in this study consisted of 2 nos. conical flasks of
250 ml capacity. The biogas from a reactor was first allowed to pass through an empty
conical flask and then through the other, partially filled up with acidified water, before
being released into the atmosphere. The system prevents contamination of the reactor
content from atmospheric gas as well as accidental mixing up of acidified water in the

second flask with the reactor content.
H) Arrangement for temperature control:

The temperature inside the reactor was maintained between 20+0.5 and 50+0.5°C
during the study. Desired temperature with a variation of +0.5C was maintained by
circulating warm water from a thermostat installed temperature controlled water bath
(LAUDA, RA-8, Germany) through silicon pipes wrapped over the reactor throughout its
depth.

1) Water level adjuster:

The reactor was connected to a water level adjuster to maintain a constant liquid

level in the reactor.
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J) Feed composition:

Simulated ground water spiked with varying concentration of pollutants such as
arsenic, nitrate, fluoride, iron and sulphate supplemented with carbon source and mineral
salt media (MSM) was used as feed for the AGRs. The composition of simulated

groundwater is given in Table 4.2.
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Figure 4.3 (a) Schematic diagram and (b) actual photograph of an attached growth reactor (AGR).
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Figure 4.5 Photographs of the lab scale reactor set-up of flow through reactors AGR-1
and AGR-2.

4.5.2 Operation of AGR-1

4.5.2.1 Inoculation and Start-up of AGR-1

After inoculation with the acclimatized mixed bacterial consortia, during start-up
the AGR-1 was purged with oxygen free N, gas for 30 minutes to establish anoxic
conditions. The reactor was fed continuously with influent having 200 pg/L arsenic, 50
mg/L nitrate, 25 mg/L sulphate and 91 mg/L of COD as carbon source for 43 days
maintaining an EBCT of 90 min. Any biomass washed out of reactor along with the
effluent was recycled back. From 44™ day the COD was increased to 105 mg/L on the
basis of the performance of the reactor. All the subsequent experiments were performed
with an addition of 105 mg/L of COD or higher. The overall operating schedule of AGR-
1is given in Table 4.6.

After start-up, AGR-1 was operated to evaluate its performance on arsenic, nitrate

and/or fluoride removal efficiencies and effects of EBCT, initial arsenic, nitrate, pH,
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temperature and fluoride. For discussion and better understanding, the whole reactor

operation has been divided into the following eight phases:

4.5.2.2 Phase-1: Effects of EBCT and Backwash Frequency

The AGR-1 was operated at varying EBCT of 90, 60 and 45 min to get the
optimum EBCT. EBCT was changed by adjusting influent flow rate to AGR-1.

Backwashing operation is necessary for effective removal of excess biomass
sludge and biogenic precipitates which may led to head loss development and clogging of
WAC bed (Slavik et al., 2013). Backwashing reduces/minimizes the head loss
development in the reactor which is an important consideration in AGR operation. Hence,
backwashing of reactor was carried out regularly under mixed flow of deoxygenated-DI
water (60 mL/min) and nitrogen gas to fully fluidize the WAC bed for 2-3 min followed
by a flow of only (deoxygenated) DI water (500 mL/min) for 2-3 min to maintain the
treatment efficiency. Performance of AGR-1 was evaluated at different backwash
frequencies of 2, 3, 4 and 7 days starting from day 115 of reactor run. The backwash
frequencies were selected based on previous findings where backwash frequencies of 1 to
7 days were practiced (Boller et al., 1997; Choi et al., 2007; Upadhyaya et al., 2010).

4.5.2.3 Phase-2: Effects of Influent Arsenic Concentration

In this phase of operation the AGR-1 was fed with influent containing varying
arsenic concentration of 200, 250, 350, 450, 550, 650 and 750 pg/L. The reactor was
operated at an EBCT of 45 min, nitrate 50mg/L, sulphate 25 mg/L and a carbon dose of
105 mg/L COD. At 750 pg/L of influent arsenic concentration, the reactor performance
was also evaluated at elevated dose of sulphate (50 mg/L) and longer EBCT of 60 min.

The COD was kept 121 mg/L during this period of operation.

4.5.2.4 Phase-3: Effects of Influent Nitrate Concentration

In the 3" phase of operation, the AGR-1 was fed with influent containing varying
nitrate concentration of 50, 100, 150 and 200 mg/L. The reactor was operated at an EBCT
of 45 min, arsenic 500 pg/L, sulphate 25 mg/L and a varying carbon dose as per the
requirement for increased nitrate concentration. At 200 mg/L of influent arsenic

concentration, the reactor performance was also evaluated at longer EBCT of 60 min.
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Table 4.6 Operational schedule of AGR-1.

Influent characteristics

TH-2082_10610404

Purpose of operation Days of . _ EBCT
operation Arsenic Nitrate Sulphate COD (Min) Remarks
(Hg/L) (mg/L) (mg/L) (mg/L)
Start-up 1-43 91 90
44-114 105 90 First backwashing - day 49
44-114 90
(Phase-1) 115-136 200 50 25 60 Backwash frequency 2 days
Effects of EBCT and backwash 137-168 105 Backwash frequency 3 days
frequency 169-196 45 Backwash frequency 4 days
197-231 Backwash frequency 7 days
197-231 200 Profile sampling on day 228
232-263 250
264-290 350
(P_hase—2) _ 291-313 450 50 o 108 n
Effect of influent arsenic 314-340 550
concentration 341-369 650
370-398 750 Profile sampling on day 398
399-426 750 60
427-457 750 50 50 121 60 Profile sampling on day 457
458-480 50 105 Profile sampling on day 480
(Phase-3) 481-510 100 150 45 Profile sampling on day 508
Effect of influent nitrate 511-541 500 150 25 194 Profile sampling on day 540
concentration 542-572 200 240 Profile sampling on day 570
573-604 60 Profile sampling on day 603
74
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Performance after shutdown

(Phase-4) 605-637 pH= 6.6
638-668 500 50 25 105 45 pH= 7.2
Effect of pH
669-699 pH= 8.4
700-732 Temp.= 20°C
733-763 Temp.= 30°C
(Phase-5)
764-791 500 50 25 105 45 Temp.=40°C
Effect of temperature (°C)
792-839 Temp.=50°C
840-861 Temp.= 30°C
(Phase-6) L
862-896 500 50 25 105 45 5 mg/L of F~ is introduced
Removal and effects of fluoride g
(Phase-7)
897-934 500 50 25 105 30
Performance at Low EBCT
Phase-
(Phase-8) 942-969 500 50 25 105 30

* AGR-1 was operated at 30°C and pH of 6.8 throughout experiment except during effect of temperature and pH studies.

TH-2082_10610404
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4.5.2.5 Phase-4: Effects of Influent pH

The normal range for pH in surface water systems is 6.5 to 8.5 and for
groundwater systems 6.0 to 8.5 (Jordana & Piera, 2004). Although, microorganisms can
grow in a wide range pH, their performance depends upon the pH at which they are
subjected to. In the 4™ phase, performance of the AGR-1 was evaluated by introducing
influent of pH 6.5, 7.0 and 7.5. The pH was adjusted with varying sodium bicarbonate and

potassium carbonate in the influent solution.

4.5.2.6 Phase-5: Effects of Operating Temperature

The change in temperature is one of the common diurnal and seasonal variable
parameter of water. Temperature plays a key role in the selection of both the overall
bacterial diversity present and the efficiency of the biological process. The impact of
these variations with temperature-specific bacterial consortia on the efficiency of
anaerobic water treatment remains unknown. The objectives of this study were to
investigate the effects of temperature on the performance of the AGR-1. The AGR-1 was
operated at 20°C, 30°C, 40°C and 50°C in phase-5. The reactor was operated at an EBCT
of 45 min, arsenic 500 pg/L, nitrate 50 mg/L, sulphate 25 mg/L and COD of 105 mg/L.
After the study at 50°C, the temperature was reduced to 30°C to bring back the AGR-1 in

normal condition for future operation.

4.5.2.7 Phase-6: Effects of Influent Fluoride Concentration

The objective of this experiment was to evaluate the efficiency of the bioreactor
on fluoride removal as well as its effects on removal of other pollutants. Fluoride of 5

mg/L was introduced into the AGR-1 for this purpose.

4.5.2.8 Phase-7: Performance at Low EBCT

AGR-1 was operated at lower EBCT of 30 min. in order to evaluate its effect on

arsenic removal and overall performance of the reactor.

4.5.2.9 Phase-8: Performance After Shut down

In order to test the response of the bioreactor system to any emergent and/or accidental
shutdown periods, the influent feed was stopped on day 935 and remained off for seven
days. The reactor was restarted after a seven day shutdown and fed with influent arsenic
500 ug/L, nitrate 50 mg/L, and sulphate 25 mg/L, at an EBCT of 30 min.
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4.5.3 Operation of AGR-2

4.5.3.1 Inoculation and Start-up of AGR-2

Inoculation of AGR-2 was done following the same procedure to that of AGR-1.
The reactor was inoculated with the acclimatized mixed bacterial consortia (from BR-0)
and the sludge from AGR-1 collected as backwash solids, purged with oxygen free N gas
for 30 minutes and recycled back the washed out biomass into the reactor with the help of
a peristaltic pump. The reactor feed solution contained 250 pg/L or arsenic, 50mg/L of
nitrate, 25 mg/L of sulphate and 2.0 mg/L of iron during the initial period of the of the
start-up. The reactor was operated at 90 min EBCT with the addition of 115 mg/L of
acetate as COD. Arsenic concentration in the influent was increased to 500 pg/L and
EBCT was reduced to 45 minutes in the final stage of the start-up period. After start-up,
AGR-2 was operated to evaluate its performance on iron, arsenic and/or nitrate removal
as well as effects of influent iron, arsenic and nitrate concentrations, pH and temperature
on its performance. The operating schedule of AGR-2 is given in Table 4.7.

For discussion and better understanding, the whole reactor operation has been

divided into the following eight phases:

4.5.3.2 Phase-1: Effects of Influent Iron Concentration

The AGR-2 was operated at varying influent iron concentration of 2.0, 3.0, 4.0,
5.0, 7.5 and 10 mg/L at an EBCT of 45 min. Although influent arsenic of 500 pg/L and
nitrate of 50 mg/L was kept constant, sulphate concentration was varied between 25 mg/L
and 75 mg/L with the application of higher concentration with higher iron in the influent.
As sulphide was thought to be the main agent for removal of arsenic either as
arsenosulphide precipitate in absence of iron or through adsorption by iron sulphide that
form in presence of iron, sulphate concentration was always added more than the
stoichiometric requirement for the added iron in the influent for iron sulphide formation.
Furthermore, COD was also increased from 105 mg/L to 134 mg/L to meet the
requirement for additional added sulphate. Performance of the reactor fed with 10.0 mg/L

of iron was also evaluated at EBCT of 90 min.
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Table 4.7 Operational schedule of AGR-2.

TH-2082_10610404

Influent Characteristics
Purpose of Days of EBCT
P . g . Arsenic Iron Nitrate | Sulphate| COD . Remarks
operation operation (Min.)
(Mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
1-58 250 115 90
=77 2 2. 2
Start up v >0 0 >0 > 105 00 - -
78-102 500 45 Profile sampling on day 102
78-102 2.0
103-12 .
e 50 25 105
126-154 4.0 45
(Phase-1) 155-181 5.0 Profile sampling on day 181
- 182-2 . Profil i 2
Effect of iron 82-208 500 5.0 50 50 121 rofile sampling on day 208
. 209-233 7.5 50
concentration _ _
234-265 7.5 75 60 Profile sampling on day 265
266-294 10.0 75 134
295-326 10.0 75 90 Profile sampling on day 326
295-326 500
327-353 750
(Phase- 2) i i
. 354-382 1000 10.0 50 75 134 90 Profile sampling on day 382
Effect of arsenic
. 383-413 1250
concentration _ _
A14-444 1500 Profile sampling on day 444
414-444 50 134 90
(Phase- 3) 445-474 100 179 90 Profile sampling on day 474
Effect of nitrate 475-505 1500 10.0 150 75 225 90 Profile sampling on day 505
concentration 506-533 200 270 90 Profile sampling on day 533
534-561 270 120 Profile sampling on day 561
78
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562-592 pH =6.6
(Phase- 4)
593-623 500 3.0 50 25 105 45 pH=7.2
Effect of pH
624-658 pH =8.4
659-695 Temp. = 20°C
(Phase- 5) 696-726 Temp. = 30°C
Effect of temperature 727-757 500 3.0 50 25 105 45 Temp. =40°C
(°C) 758-792 Temp. =50°C
793-817 Temp. = 30°C
(Phase- 6) 818-828 226 8.3 50 75 134 90 . .
. . Profil I
Operation with real 829-836 295 132 50 75 134 ) rofile sampling on day 839
Real groundwater pH-6.6
groundwater 837-856 295 13.2 50 100 150 120
(Phase- 7)
7-891 . 2 1
Performance at low EBCT S50 500 30 50 > 05 30
(Phase- 8)
Performance after shut 899-926 500 3.0 50 25 105 30
down

* AGR-2 was operated at 30°C and pH of 6.8 throughout the experiment except during effect of temperature and pH studies.
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4.5.3.3 Phase-2: Effects of Influent Arsenic Concentration

In this phase of operation the AGR-2 was fed with influent containing varying
arsenic concentration of 500, 750, 1000, 1250 and 1500 pg/L. The minimum
concentration of 500 pg/L was selected based on the performance of the reactor under
lower arsenic concentration of influent arsenic. The reactor was operated at an EBCT of
90 min, nitrate of 50mg/L, sulphate 75 mg/L and a carbon dose of 134 mg/L COD and
iron of 10.0 mg/L. EBCT of 90 minutes was selected based on the results of the previous

studies on effects of iron concentration.

4.5.3.4 Phase-3: Effects of Influent Nitrate Concentration

In the 3" phase of operation, the AGR-2 was fed with influent containing varying
nitrate concentration of 50, 100, 150 and 200 mg/L. Influent iron, arsenic and sulphate
concentration was kept constant at 10 mg/L, 1500 pg/ L and 75 mg/L, respectively. The
reactor was operated at relatively longer EBCT of 90 min and 120 min, a varying carbon
dose to match with the nitrate concentration was also maintained. The feeding and
operating condition was changed based on the stoichiometric requirement as well as
performance of the reactor in the previous condition. The influent COD of 134, 179, 225
and 270 mg/L was maintained for 50, 100, 150 and 200 mg/L of influent nitrate

concentration respectively.

4.5.3.5 Phase-4: Effects of Influent pH

The objective of this study was to determine the effect of the pH on the removal of
arsenic as biogenic sulphides formation in iron-rich environments. In order to achieve this
objective, performance of the AGR-2 was evaluated by introducing influent of pH
between 6.5 and 8.5 in the 4™ phase of the reactor run. The pH was adjusted with varying
sodium bicarbonate and potassium carbonate in the influent solution as done for AGR-1.
The influent concentration of nitrate, sulphate, arsenic and iron was kept 50 mg/L, 25

mg/L, 500ug/L and 3 mg/L respectively.

4.5.3.6 Phase-5: Effects of Operating Temperature

The AGR-2 was operated at different temperature of 20°C, 30°C, 40°C and 50°C
in final phase-5 to assess its performance on simultaneous removal of the target pollutants

in presence of 3 mg/L of iron. After the study at 50°C, the temperature was reduced to
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30°C to bring back the AGR-2 in normal condition for future operation with real
contaminated groundwater.

4.5.3.7 Phase-6: Operation with Real Groundwater

The AGR-2 operation with arsenic contaminated real groundwater is discussed

separately in section 4.6.

4.5.3.8 Phase-7: Performance at Low EBCT

AGR-2 was operated at lower EBCT of 30 min. in order to evaluate its effect on
arsenic removal and overall performance of the reactor. The reactor was fed with influent

arsenic 500 pg/L, iron 3.0 mg/L, nitrate 50 mg/L, and sulphate 25 mg/L.

4.5.3.9 Phase-8: Performance after Shut down

The AGR-2 performance was also assessed after a seven day shutdown periods
similar to AGR-1. The influent feed was stopped on day 877 and remained off for 7 days.
Throughout the AGR-1 operation, synthetic groundwater and nutrient solution were
supplied to the bioreactor on nights, weekends and holidays. From days 935 to 941, the
AGR-2 was shut down for seven days, during which no synthetic groundwater and
nutrient solution were supplied to the bioreactor.

4.6 AGR-2 operation with Real Groundwater

To examine the efficiency of laboratory scale flow through reactors on the arsenic
and iron removal, studies were conducted using real-life groundwater sample collected
from the arsenic affected area. Real groundwater was collected from the well of two
locations at (26°16.74'N and 90°40.79'E; 26°23.22'N and 90°43.47'E, depth of well
100 ft.) New Bongaigaon area, Assam (India) (Fig A6 and A7 appendix), where arsenic
and iron concentrations were varied in the range of 20.5-300 pug/L and 8.0-14.0 mg/L
respectively. For the present study, groundwater was sampled in February, 2015 at the
end of the annual rainy season.

Groundwater collected after adequate purging (10-15 min.) were stored in pre-
rinsed and pre-acidified (with HCI at pH 2) high-density polyethylene containers for
metal analysis. The characterization of other water quality parameters is done with non-
acidified groundwater sample which was also stored in high-density polyethylene
container. The real groundwater quality parameters are given in Table 4.8. Containers
were filled to overflowing and sealed with thread seal tape immediately to further
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minimize introduction of oxygen. All groundwater samples was transported to the
Environmental Engineering Laboratory, 1IT Guwahati, with in 8 h and subsequently kept
at 4°C until analysis. A multiparameter water quality monitoring system (Professional
plus: YSI, USA) was used for onsite pH, ORP, DO and conductivity of the groundwater
while a visual arsenic detection kit (Wagtech, UK) was used to determine onsite arsenic
determination (Fig. A8 appendix)

Groundwater from one location was contaminated with arsenic of 226 pg/L and
iron of 8.3 mg/L, which is designated as real groundwater type-1. The groundwater
collected from another location (type-2) consists of 295 pg/L of arsenic and 13.2 mg/L of
iron. AGR-2 was first fed with groundwater of type-1 before type-2. There was no nitrate
or nitrite present in either groundwater but 3-4 mg/L of sulphate was present. AGR-2 was
fed solely with type-1 real groundwater for 11 days except an addition of sulphate, nitrate
and COD at the rate of 75 mg/L, 50 mg/L and 134 mg/L respectively. From day 829,
AGR-2 was run for 8 days with type-2 real groundwater at an EBCT of 90 min. The
AGR-2 was operated at increased sulphate and COD of 100 mg/L and 150 mg/L at an
increased EBCT OF 120 min for next 19 days (from day 837 to day 856) and effluent was

analysed for its efficiency on arsenic and iron removal.

Table 4.8 Characteristics of raw groundwater.

Components | Unit Concentration
Type -1 RGW | Type -1 RGW
Temperature | °C 25.8°C 24.5
pH - 6.65 6.8
EC us/cm 932 842
ORP mv 88.3 89
Feiot mg/L 8.3 13.2
SO, mg/L 3.2 4.8
ASiot ug/L 226 295
PO, mg/L 1.14 0.86
Cl mg/L 10.6 12.4
HCO; mg/L 107 84
CO;™ mg/L 19.2 17.6
Na mg/L 12.8 16.4
Ca mg/L 17.8 18.2
Mg mg/L 4.82 5.1
Mn mo/L 0.023 0.021
D.O. mg/L 4.1 4.3
82
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4.7 Microbial Population Identification and Diversity Analyses

4.7.1 Biofilm formation on WAC

The colonization by mixed microbial communities on WAC granules was
examined on a Hitachi S-4500 field emission SEM (FE-SEM) in the central instrument
facility at the 1T Guwahati. Both types of WAC granules, virgin as well as those
harbouring biofilms were subjected to FESEM. The WAC granules were collected after
backwashing to give a complete representation of bacterial population of the AGR from
sampling port with the help of a tweezers in a centrifuge tube prior filled up with N,gas.
After careful isolation from AGR, biofilm containing WAC granules were fixed with
0.1M phosphate buffer (pH 7.0) containing 4% (vol/vol) glutaraldehyde and 1.3%
osmium tetraoxide forlh and washed with 0.1 M phosphate buffer for 10 min. After
fixation, cells were dehydrated using a graded series of ethanol solutions (20, 40, 60, 80
and 100% ethanol) (Massol-Deya et al., 1995). The samples were then critical point dried
and coated with gold using a coating device (Hitachi) and mounted on a copper specimen
stub and fixed using carbon tape. FE-SEM micrographs were obtained with a JSM35C
FE-SEM (JEOL, Ltd., Tokyo, Japan)

4.7.2 T-RFLP analysis

T-RFLP (terminal restriction fragment length polymorphism) analysis is used to
test environmental samples of soil, fresh, and marine water origin, to know structure and
spatial distribution of bacterial communities using the 16S rRNA gene or other functional
genes (Schitte et al., 2008). In this project T-RFLP analysis was used to explore the
composition of the predominant microbial populations present in AGR-1. The other
objective of generating Terminal Restriction Fragment (T-RF) patterns (presence/absence
of peaks and area of peaks) was to determine bacterial species richness, diversity index
and functional diversity in microbial communities. T-RF numbers has been shown to be
effective indicators of microbial communities richness and microbial ecology in a range
of environments (Denaro et al., 2005; Zhang et al., 2008). On 250" day, WAC granules
from the AGR-1 were collected after backwashing of AGR-1. Then it was sent to

Geneombio Technologies Private Limited, Pune (India) for T-RFLP analysis.
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4.7.3 Metagenomic analysis

Metagenomic analyses of mixed bacterial populations of AGRs were performed
on V3-V4 variant regions of the 16 S rRNA genes. The primary goal of metagenomic
analysis was to identify microbial diversity present in complex polybacterial populations
of AGRs. In prokaryotes, 16S ribosomal RNA (rRNA) amplicons have been widely used
in the classification of uncultured bacteria inhabiting environmental samples (Wang &
Qian, 2009).

WAC granules harbouring biofilm were collected from the AGRs after
backwashing, to give a complete representation of bacterial population in the reactors.
The WAC granules were collected in polyethylene bottles in an anoxic environment and
sealed immediately on 752" and 720" day of operation of AGR-1 and AGR-2,
respectively. The sealed bottles were then packed properly with an ice gel pack, which
was then shipped to SciGenom Labs Private Limited, Kerala, India for metagenomic

analysis.

4.8 Whole Effluent Toxicity (WET) Test of Treated Water

The WET test is a form of biological monitoring that determines/predicts the
aggregate toxic effect of an effluent or its potential impact on receiving (ambient) waters
on to aquatic organisms. The test method is based on the effect on the test organism’s
ability to survive in terms of mortality and gross morphological deformities (growth and
reproduction) (Hollenkamp 2012, USEPA 2004). Due to several limitations of chemical
analysis in assessment of complex natured effluents, the biological toxicity was added as
a correctional approach. For this reason the WET testing was done as it focuses on acute
toxicity. Moreover it also takes an account for the uncharacterized sources of toxicity, and
additionally, shows that known toxicants to aquatic organisms may become either less or
more toxic (antagonistic or synergistic respectively) due to particular characteristics of the
effluent matrix or stream chemistry (Ra et al., 2007; Tonkes et al., 1999).

The main aim of this study is to evaluate the acute toxicity of AGR treated water
on the freshwater fish in context of mortality. To determine the acute toxicity of the AGR
effluents, WET test was performed on fresh water fishes because EPA has not provided
an acute toxicity test for plants, effluents can only be tested for acute toxicity with a
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fish and an invertebrate (Marshall, 2016). The freshwater fish, Puntius, were collected
from local market as a freshwater species can be typically used for acute freshwater WET
test as per EPA guidelines. The test species has local importance and found abundantly in
the river Brahmaputra and water bodies in and around Kamrup district of Assam. They
were brought to the laboratory in large plastic troughs and acclimatized for one week in
tap water (pH 7.3£0.05, DO 7.5+£1.0 mg/L, total hardness 215.3+7.0 mg/L as CaCOj3 and
alkalinity 133.2+5.0 mg/L as CaCOs3). The fish having average body length of 2-3 cm and
body weight of 2.6+0.3 g were selected for the present study. Acute toxicity of treated
water on test fish was measured. in static and static-renewal bioassay procedures, as
outlined by USEPA (2002). The test was carried out on absolute and 50% diluted treated
water along with control which was containing only river water. The mortality rate of fish
along with other physiological responses (change in behaviour, growth) was recorded at
24, 48, 72 and 96 h of exposure to the treated water as a measure of toxicity.

4.9. MPN test of Treated Water

The MPN test, intended to check the usability and presence of potential disease-
causing microorganisms, was conducted on treated water from AGRs. The MPN method
is a commonly used traditional protocol for screening of a test sample for bacterial
prevalence and concentration. Original effluent sample was subjected to serial decimal
dilutions up to three dilutions (i.e., 10, 102 and 10°). One ml aliquots from each
dilution including original sample were placed into three MPN tubes each containing
lauryl tryptose broth medium for bacterial enrichment. After 48 hours incubation periods,
each tube is evaluated for bacterial presence (APHA, 2005). The most probable number
of microorganisms in the original sample is subsequently estimated from the number of

positive tubes for the individual serial dilutions (i.e., the MPN pattern).
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4.10 Characterization of Biosolids

The solids collected from the SmBRs and backwash solids from AGRs were
characterized using FESEM-EDX and TEM-EDX, XRF, XRD and XAS.

4.10.1. Collection and Preservation of Biosolids

The biosolids from AGRs were collected from backwash suspension after a
backwash. During backwash nitrogen gas was supplied along with distilled water to
maintain anoxic condition. The backwash suspension was collected in anoxic condition in
a container prefilled with nitrogen gas. The suspension was collected through the inlet
port and the gas from the container was allowed to exit through the exit port. Schematic
diagram of a container used to collect backwash suspension is shown in Figure 4.6. The
backwash suspension, thus collected, was transferred to centrifuge tubes to separate solids
for their various characterizations. The backwash solids (BWS) were centrifuged at 6000
rpm for 10 min to obtain wet paste, which was freeze dried and preserved at 4°C in sealed
specimen tubes in a double zip locked plastic bags. All necessary practical steps were

taken to minimize contact between the solids and atmospheric air.

Backwash

suspension inlet \

T) Gas exit

Rubber cork —=

Figure 4.6 Schematic diagram of container used for collecting backwash suspension.
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4.10.2 X-ray Fluorescence (XRF)

The qualitative elemental composition of biosolids generated in SmBRs was
performed by AXIOS X-ray Fluorescence Spectrometer of PANalytical make (Model
DY840). The XRF qualitative analysis is done by scanning the pressed pellet. 1g of finely
ground sample is mixed with 0.5g of Boric acid (binder) and given a load of 50kN for 2
minutes. Pressed pellets made in the aforesaid method are scanned by qualitative XRF

(SuperQ) software program in the XRF machine, which showed presence of As, Fe and S.
4.10.3 Microscopic Methods
FESEM and EDX

Field emission scanning electron microscopy (FESEM) (Zeiss, Sigma, Germany)
equipped with energy dispersive X-ray microanalysis system (EDX) (INCA 300, Oxford,
UK) was used for topographical characterization and elemental confirmation of arsenic,
iron and sulphur in the biosolids. Before the examination, the freeze dried backwash
solids was lightly dusted onto the carbon tape of the SEM stub surface and coated with

gold using a Scancoat Six SEM sputter coater system.
TEM and EDX

The detailed morphology, microstructure and chemical composition of BWS were
examined by transmission electron microscopy (TEM), using a JEOL, JEM 2100
microscope operated at 200 kV, equipped with an energy dispersive X-ray spectrometry
(EDX). Specimens for TEM observations were prepared using an ultrasonic vibration
method. First, the powdered samples were immersed in acetone solution and subjected to
ultrasound vibration (Vibra-Cell model VC 505, Sonics, USA) to disperse the sample
homogeneously. Then, one drop of the suspension was dropped with a micropipette to
holey carbon supporting film (TEM Grids). After being well dried under ambient
conditions, the grid was mounted on the TEM specimen holder for examination. Samples
were investigated thoroughly by TEM selected-area electron diffraction (SAED), high
resolution imaging (HRTEM) and EDX. A series of Fast Fourier Transform (FFT)
patterns calculated from the HRTEM images of samples was used to help identify their

crystal structure.
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4.10.4 X-Ray Diffraction (XRD)

X-ray powder diffraction was used to check the existence and crystalline form of
the solid phase generated in the bioreactors. The analysis was carried out with a
PANalytical X’pert PRO-MPD diffractometer equipped with a monochromator in the
diffracted beam. The X-ray powder diffraction spectra were recorded in the 26 range from
10° to 80° using Cu K, (wavelength = 1.54 A, 40 mA, 40 kV) radiation with a step size of
0.05° and a step duration of 1sec. The freeze dried backwash solids were used as a
sample in XRD pattern recording.

4.10.5 X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XANES and EXAFS) were used to determine the
arsenic and iron oxidation state and local structure of the back wash solids. The
characterization was performed at Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India. The samples for XAS analyses were filtered through 0.22 um
nylon filters and the filtered paste of back wash solids were transferred into airtight,
crimp-sealed serum bottles without drying and then shipped to Indus Synchrotron
Radiation Laboratory of RRCAT for XAS analysis. XAS samples were prepared for
analysis by applying wet sample pastes onto a double layer of Kapton tape in anaerobic
conditions. XAS spectra were collected at Indus-2 beamline (BL-9) (3 GeV, ~100 mA of
maximum current) with an unfocused beam. The beam line mainly consists of Rh/Pt
coated meridional cylindrical mirror for collimation and Si (111) based double crystal
monochromator to select excitation energy. XANES and EXAFS measurements were
carried out in transmission mode. The energy range of EXAFS was calibrated
simultaneous measurements on a commercial Fe and Au foils. XAS spectra were also
collected for Na;HAsO4-7H,O and NaAsO, powders to use as As(V) and As(IlI)
standards. Model compounds such as metallic iron foil (Fe(0)), amorphous FeS, and
amorphous Fe;O3. The EXAFS data has been analysed using FEFF 6.0 code (Zabinsky et
al., 1995), which includes background reduction and Fourier transform to derive the
2 (R) versus R spectra from the absorption spectra (using ATHENA software) (Ravel &
Newville, 2005), generation of the theoretical EXAFS spectra starting from an assumed
crystallographic structure and finally fitting of experimental data with the theoretical
spectra using ARTEMIS software (Ravel & Newville, 2005).
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4.11 Stability Check of Biosolids

To investigate the stability of arsenic immobilized as a result of biomineralization
in AGRs, the aging test, toxicity characteristic leaching procedure (TCLP) test, and long-
term aerobic leaching tests were conducted. TCLP is the most widely used regulatory
protocol to test the leachability of solid wastes in landfilling environments and to classify
a solid waste as a hazardous waste (USEPA, 1992).

The findings of the present study are important for the understanding of arsenic
mobility from precipitates generated as a result of anaerobic sulfidogenic water treatment

and in determining the disposal criteria.
4.11.1 Batch Ageing Test of Backwash Suspension

Ageing test of backwash solids of AGR-1 and AGR-2 were conducted in batch
mode to evaluate their stability against leachability under anoxic as well as oxic
conditions. Collections of backwash suspensions from both the reactors for this test were
started after studying the effects of temperature on performance of the reactors. The
feeding and operating conditions of the reactors were as follows: Arsenic = 500 pg/L;
Nitrate = 50 mg/L; Sulphate = 25 mg/L; iron = 3.0 mg/L (AGR-2 only) with other
components as mentioned in Table 4.2; EBCT = 45 min; temperature = 30°C and
backwash frequency = 48 h.

Backwash suspensions from the AGRs were collected after each backwash for a
period of about 1% months. Fresh suspension samples were collected in a container as
described in section 4.10.1. The solids in each suspension were allowed to settle for 2 h.
The supernatant was then carefully decanted and the bottom 250 ml, containing settled
solids, was transferred into a 250 ml high-density polyethylene (HDPE) screw cap conical
flask (test vessel). For ageing test in anoxic environment, the test vessels were prefilled

with nitrogen gas and no headspace was left out.

The oxic aging test was conducted in 250 ml HDPE beaker (test vessel) without
capping and N, supply. The test vessels for anoxic aging were kept in dark at room
temperature (30+£2°C) whereas, for oxic aging vessels were kept open for approximately
90 days of test period (Meng et al. (2001). Ageing tests in both the conditions were
conducted in self scarifying mode using 22 test vessels. The aliquots of suspension were

periodically monitored for pH, arsenic, iron and dissolved oxygen (DO) during the aging
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period. After completion of an ageing test, the supernatant was carefully decanted and the

wet solid paste was freeze dried.
4.11.2 Toxicity Characteristics Leaching Procedure (TCLP) test

Leaching tests were outlined to estimate the leaching potential of a waste in a time
period much shorter than that of disposal. Though various leaching tests are designed in
time duration ranging from 1 hr to 13 weeks, the TCLP test is conducted either for 18
hours, known as standard TCLP test (USEPA, 1997) or extended period termed by
several researchers as extended TCLP test (Hooper et al., 1998). It has been observed that
standard TCLP test for 18 hours is not always sufficient to evaluate the toxicity
characteristics of the waste. The TCLP extraction has been tested for longer period (up to
84 hours) and greater arsenic leaching has been found for longer test durations (Clancy et
al., 2013; Hooper et al., 1998). Therefore, extended TCLP tests for up to 84 hours have
been suggested by several researchers (Hooper et al., 1998; Sima et al., 2015). In this
project extended TCLP tests were conducted on backwash solids of AGRs for an

extraction period of 84 hours.
Backwash solids used in TCLP

The backwash solids used for TCLP tests were collected by following the
procedure as described in section 4.10.1. Triplicate samples of 1g of dry backwash solids,
after being dried at 60°C, was digested in a mixture of acids of HNO; and HCIO, (1:4,
v/v) to extract out arsenic and iron present in the solids (Jong & Parry, 2005).
Concentration of arsenic and iron in the digested extract were measured in AAS. Average
concentration of arsenic or iron in backwash solids were calculated and expressed as mass
(g or mg) of arsenic or iron per kg of dry solids. Concentrated HNO5 (1 ml) was added
to 1.0 g of backwash solids in a digestion tube. When effervescence of brown NO,
subsided, conc. HC10, (4 ml) was added and digested under reflux at 160°C, 220°C and
250°C for 30, 220 and 180 min, respectively, to reduce the final volume to 2 ml. After the
digested samples cooled, the contents were diluted to 20 ml with DI water, mixed using a
Vortex mixer (Remi Instruments, India) and allowed to settle overnight at 4°C. The
supernatant was then carefully decanted into a 10 ml polypropylene tube (Tarsons) and

stored at 4°C until analysis. Total suspended solids (TSS) and volatile suspended solids
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(VSS) were measured according to the methods described in Standard Methods for the
Examination of Water and Wastewater (APHA, 2005).

TCLP leaching tests

The TCLP test was conducted on stored freeze dried backwash solids in
accordance with SW 846 test Method 1311 (USEPA, 1997). To decide on the TCLP
leachant as extraction liquid, pH of the backwash solids was measured by adding 96.5 ml
of DI water to 1 g of the test material (backwash solid) in a glass beaker after vigorous
stirring for 5 minutes (USEPA, 2004). The pH of the backwash solid was between 6.8 and
7.2, and therefore, glacial acetic acid buffered at pH 4.93+0.05 with 1N sodium hydroxide
was selected as TCLP leachant (USEPA, 1997). The TCLP tests were conducted in
Teflon screw cap bottles (test vessels) keeping a specific leachant-to-solid mass ratio (on
wt/wt basis) of 20 in the mixture. All experiments were carried out in triplicate to ensure
the reproducibility. The agitated mixture was centrifuged at 5000 rpm for 10 min. The
supernatant was filtered through 0.45 um filter paper, and the filtrate was analysed for
arsenic and/or iron. Kinetic and extended TCLP tests were conducted either in nitrogen
filled vessels (screw cap Teflon bottles) leaving 50% head space of the gas above the
mixture or in vessels (beakers) exposed to air. To take more accurate account for
anaerobic landfill conditions, TCLP tests were conducted in nitrogen filled vessels (screw
cap Teflon bottles) whereas, vessels (beakers) exposed to air were used to represent
aerobic condition. The following are the experiments conducted related to TCLP tests:

(i) Kinetic TCLP leaching test

Experiments of kinetic TCLP leaching test were conducted with the aim to
determine the rate of leaching of arsenic and/or iron from the backwash solids of AGR-1
and AGR-2. Kinetic experiments were conducted by gentle mixing of TCLP extraction
solution and 1g backwash solid samples (leachant-to-solid ratio of 20) in a test vessel for
a period of 24 h. The test vessels were open to air or filled up with nitrogen gas during the
mixing. The kinetic TCLP extractions in presence of air were carried out in a 100 ml
Teflon beaker with a magnetic flea and the beakers were exposed to air during the mixing.
On the other hand, the kinetic TCLP extractions were carried out in 100 ml Teflon screw

cap bottles filled up with nitrogen gas. The mixture in the screw cap bottles was agitated
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in an end-over-end rotary shaker at 30+1 rpm. Both sets of experiments were conducted at
a temperature of 30£2°C. Samples were taken at the end of the desirable extraction period
and filtered samples were analyzed for arsenic and/or iron. A duplicate blank extraction,

containing extraction solution but no test solids was also run.

(ii) Extended TCLP test

The extended TCLP test (for 84+1 h) was conducted by extracting the
contaminants from a 1g sample of test material with an appropriate extraction fluid.

(iii) Effects of dissolved oxygen (DO) on TCLP leaching characteristics

TCLP test was also conducted to determine the effects of oxygen on arsenic
leaching. The headspace in the vessels was varied by varying the headspace-to-leachant
volume ratio (V,/VL) at a constant leachant-to-solid ratio of 20. The Vg/V, ratios of
0.25, 0.50, 1.0 and 1.25 were used. As the size of the extraction vessels were not specified
in TCLP test protocol, thus extraction vessels of different sizes were used in order to
maintain Vg/V ratio of 0.25, 0.50, 1.0 and 1.25. Filtered samples were taken at the end
of the extraction period and analysed for arsenic and/or iron. A duplicate blank extraction,

containing extraction solution but no test solids was also taken.
4.11.3 Long term Aerobic Leaching Test

After useful life of WAC filter bed it needs to be disposed off and replaced by
fresh WAC bed. The exhausted WAC bed may behave like a layer of soil. There are
several reports on leaching of arsenic from exhausted resins and adsorbents (Henke, 2009;
Jing et al., 2005). After successful operation of flow through reactors for approximately
1000 days, the experiments on long term stability check was conducted on the arsenic
and/or iron bearing solid-precipitates and exhausted WAC filter bed, whilst it was still
intact in the flow-through reactors. The experiment was intended to simulate the in situ
leaching of uncontaminated groundwater through the arsenic bearing solid-precipitate
with virtually no physical disturbance in a subsurface environment. The AGRs were
operated for 20 days without backwashing prior to this test in order to keep solid phase
sulphides remain in the system. The feeding and operating conditions of the reactors were
as follows: Arsenic = 500ug/L; Nitrate = 50 mg/L; Sulphate = 25 mg/L; iron = 3.0 mg/L
(AGR-2 only) with other components as mentioned in table 4.2. After 20 days of
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operation, the original influent media was drained to maximum possible extent and the
columns were subjected to a sequential leaching process by passing aerobic water through
it. The new influent media of pH 7.0+1, prepared in DI water without addition of any
metal was charged into the AGRs through the influent port using a syringe pump (200
pL/min). The dissolved oxygen was maintained between 4.6-5.4 mg/L in the new influent
and intermittent supply of oxygen was also done in order to maintain the DO level
constant in the aerobic water. The sample was collected in every 24 hr and the parameters
were analyzed for pH, arsenic and iron concentrations in the leachate. Aerobic leaching
test was stopped after 110 days, which is equivalent to 220 pore volumes. After
completion of test, the solids were collected under a flow of nitrogen by backwashing and
freeze dried. The freeze dried solids were stored at 4°C and subjected to XAS analysis for

their characterization.

4.12 Fluoride Removal by Water Treatment Residues (WTR)

4.12.1 Water Treatment Residues (WTR)

The water treatment residues (WTR), generated during the drinking water
treatment was collected from the water treatment plant at IIT Guwabhati, India. The WTR
was collected from the clariflocculator drain of the treatment plant. The WTR was Sun-
dried and grinded to fine powder using mortar-pestle to a particle size range of 0.5-0.8
mm and stored in airtight containers until further use. This material was used as an

adsorbent to investigate fluoride removal in batch shake flasks.
4.12.2 WTR Characterization

Brunauer—Emmett-Teller (BET) surface area measurement of WTR was done
using Quantachrome automated gas sorption system (Autosorb, Quantachrome,
Germany). The surface morphology and elemental composition of the WTR was
examined with FESEM and EDX respectively. The Fourier transform infrared
spectrometer (FT-IR) (IR Prestige-21, Shimadzu, Japan) spectra was also recorded for
qualitative identification of chemical groups and compounds present in WTR. X-ray
diffraction (XRD) pattern was collected to identify detailed structure of adsorbent. Both
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fresh and spent WTR were subjected to FESEM/EDX, FT-IR and XRD analyses to

understand the fluoride removal mechanism.
4.12.3 Batch Adsorption Experiments

Experiments on removal of fluoride by WTR as adsorbent were carried out in
batch mode in are described in a series of 250 ml HDPE screw caped conical flasks in
self-sacrificing mode. Effects of WTR dose, contact time, agitation speed, initial fluoride
concentration, operating temperature and pH were studied to determine the optimum
experimental conditions. The pH of the solution was kept primordially without any
adjustment except the experiments conducted for studying pH effect where the pH of the
solution was adjusted using either HCI or NaOH. All the experiments were carried out at
room temperature of (30+2)°'C except experiment on studies of effect of temperature.
Initial fluoride concentration was maintained at 5.0 mg/L for all experiments except
during studies on effects of initial fluoride concentration.

The experiments on effects of WTR dose were carried out by taking 4, 8, 12, 16,
20, 24, and 28 g/L WTR in a series of conical flasks, agitated at 100 rpm for 120 min. at
room temperature. The kinetic studies were conducted by adding fixed dosage (16 g/L) of
WTR into a set of flasks containing 100 mL sodium fluoride with fluoride concentration
of 5.0 mg/L. The mixtures were agitated at 100 rpm at room temperature. The effect of
agitation speed on fluoride adsorption was examined at 50, 100, 150, 200 and 250 rpm at
WTR dosage of 16 mg/L. The mixtures were agitated at desired speed for 120 min. The
effect of initial fluoride concentration was conducted at initial fluoride of 5, 6, 7, 8, 9 and
10 mg/L at fixed WTR dosage of 16 g/L. The mixtures were agitated at 200 rpm for 120
min. Adsorption experiments were also carried out at 15, 25, 35, 45 and 55°C at 200 rpm
for 120 min to investigate the effect of temperature. The effect of pH on F~ adsorption was
evaluated by adjusting solution pH to 5, 6, 7, 8 and 9 respectively at WTR dose of 16 g/L
at 200 rpm for 120 min. Samples were filtered and filtrates were analyzed for fluoride by
SPADNS method (APHA, 2005). Fluoride removal efficiency (%) by WTR in the batch

reactors was defined as:

initial fluoride (mg/L) — final fluoride (mg/L )

— . %100
initial fluoride (mg/L)

Fluoride removal (%) =
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4.12.4 Adsorption Equilibrium Study

In order to optimize the design of a sorption system for the removal of fluoride
ions from aqueous solution by WTR, three different isotherm equations have been used in
the present study. These are Freundlich isotherm, Langmuir isotherm, and Temkin
isotherm. Langmuir, (Eq. (4.2) Freundlich, (Eq. (4.4)) and Temkin (Eg. (4.6)) isotherms
were plotted by using standard straight-line equations and corresponding parameters were
calculated from their respective graphs. Comprehensively various adsorption isotherm
models are discussed as follows:

Langmuir adsorption isotherm

The Langmuir equations is based mainly on the assumptions that molecules are
adsorbed on definite sites on the surface of the adsorbent, each site can accommodate
only one molecule (monolayer) and the adsorption energy is the same at all sites. The

Langmuir adsorption isotherm is expressed as:

q,BC,

%= 11BC

Where,

q _L_CO_Ce
M m

gm = amount of solute adsorbed per unit weight of adsorbent required for monolayer
coverage of the surface, also called monolayer capacity. This represents the total capacity
of the adsorbent for a specific adsorbate.

B = a constant related to the heat of absorption.
Langmuir isotherm can be written in linear form as:

i:i+ - Eqgn. (4.3)

9 GO, Bda,C,

Equilibrium parameter (R\) is a dimensionless constant, defined by

R =——
1+ BC,
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Where, B is the Langmuir constant and C, is the initial absorbate concentration (mg/L),
R_ values indicate the type of isotherm to be irreversible (R_ = 0), favourable (0 < R_ <
1), linear (R, = 1), or unfavourable (R, > 1) (Nigussie et al., 2007).

Freundlich adsorption isotherm

The Freundlich isotherm is expressed as: g, = KC,'" ....... Eqn. (4.4)
Where,

X C,-C,
qe = =

M m

X = weight of solute adsorbed (mg)

M = weight of adsorbent (g)

Co = Initial concentration of solute (mg/L)

C. = final concentration remaining in solution (mg/L)
m = Adsorbent added in, (g/L)

The linearized form of Freundlich adsorption isotherm is of the form:
1

logg, =logK; +=logC, ... Eqgn. (4.5)
n

Kt = minimum sorption capacity (mg/g)

1/n = adsorption intensity

Kt and n are constants depending on temperature, the adsorbent and the substance to be
adsorbed.

By plotting log (ge) versus log Ce, a straight line is obtained with a slope of 1/n, and log

Kt as the intercept.
Temkin adsorption isotherm

Temkin isotherm contains a factor that explicitly takes into account of adsorbing
species and adsorbent interactions. The heat of adsorption of all the molecules in the layer
would decrease linearly with coverage due to adsorbate/adsorbent interactions. This
isotherm assumes that (i) the heat of adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent and adsorbate interactions, and that (ii) the
adsorption is characterized by a uniform distribution of binding energies, up to some
maximum binding energy (Nigussie et al., 2007). A plot of ge versus InC enables the
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determination of the isotherm constants B1 and Ky from the slope and the intercept,
respectively. Ky is the equilibrium binding constant (L/mol) corresponding to the

maximum binding energy and constant B1 is related to the heat of adsorption.

Temkin isotherm is given as: q, =%In (K;C) Eqn. (4.6)

A linearized form of Temkin isotherm is: g, = BInK; + BInC; ..... Eqn. (4.7)

Where,
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CHAPTER S5

RESULTS AND DISCUSSION

The discussions on the experimental results are made as per the following sequence in
accordance with the aim and scopes of the study.
The discussions on the experimental results are made as per the following sequence:
e Seed sludge preparation
5.1  Acclimatization and seed sludge preparation in BR-0
e Performance evaluation of batch, semi-batch and flow through bioreactors
5.2  Performance evaluations of batch shake flasks
5.3  Performance evaluation of semi-batch bioreactor SmBR-1 in absence of iron
5.4  Performance evaluation of semi-batch bioreactor SmBR-2 in presence of iron
5.5  Performance evaluation of flow through reactors AGR-1 in absence of iron
5.6  Performance evaluation of flow through reactor AGR-2 in presence of iron
5.7  Performance evaluation of AGR-2 on treatment of real groundwater
e Characterization of bioreactor treated water
5.8.1 MPN test
5.8.2 Toxicity test
e Post treatment of bioreactor treated water (effluent)
5.9  Fluoride removal using water treatment plant residues
e Microbial characteristics
5.10.1 Biofilm formation
5.10.2 TRFLP analysis
5.10.3 Metagenomic analysis
e Biosolids characterization

e Stability tests on biosolids
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5.1 Seed Sludge Collection and Acclimatization

Enrichment of the mixed microbial consortium was carried out in reactor BR-0 by
adding a fixed amount of 200 pg/L arsenate and 50 mg/L of NO3 and SO3~ respectively
in simulated groundwater. The detailed enrichment phase is presented in Figure 5.1. It
could be observed that NO3 was completely removed while SO3~ removal rate was
improved at each and every stage of acclimatization. After 35 days of acclimatization
period, almost 50% SO3~ depletion of the initial 50 mg/L was achieved. This acclimatized

mixed bacterial consortium was used as seed sludge for all further experiments.

5.2 Performance Evaluation of Batch Shakes Flasks

Arsenic adsorption on to biomass, effects of initial arsenic, initial iron and initial
NO3 concentration on arsenic removal were performed in batch shake flasks as described

in section 4.2.3.
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Figure 5.1 Enrichment of mixed microbial consortium.
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5.2.1. Adsorption Studies in Batch Shake Flasks

Time series profiles of average residual arsenic concentration after adsorption by
100 mg/L of inoculum (MLVSS) from the “control” (i.e., batch shake flasks containing
no inoculum), arsenic spiked distilled water and media (Table 4.2) excluding iron and
sulphate, have been shown in Figure 5.2. After 7 days, from an initial 500 pg/L, only
about 1%, 2% and 3% removal of arsenic was noticed from control, arsenic spiked
distilled water, and the media, respectively. Reduction in arsenic concentration in the
“control” might be due to loss of arsenic by adsorption on the flask material and/or
volatilization. Teclu et al. (2008) reported about 6.5% and 10% bio-sorption of As(III)
and As(V), respectively, from an initial of 1000 and 5000 pg/L in high sulphate (about
1650 mg/L) and iron (100 mg/L) containing Postgate medium. Low removal of arsenic
through bio-sorption could have been due to the near neutral pH at which the experiments
were conducted. Seki et al. (2005) reported that the isoelectric point of most microbes is
around pH 2 and their surfaces should be negatively charged at near neutral pH.
Therefore, bio-sorption of arsenic oxyanions at near neutral pH was very low (Teclu et
al., 2008). In fact, in the present study, arsenic bio-sorption was even lower than that
reported by Teclu et al. (2008). This could have been due to absence of sulphate and iron
in the media used in this study. It has been reported that arsenic removal in presence of
sulphate in anaerobic condition would be possible either through precipitation as
arsenosulphide and/ or co-precipitation with iron sulphides in presence of iron (Altun et
al., 2014).

Time series profile of COD and nitrate concentration from media also has been
shown in Figure 5.2. Complete nitrate reduction was observed within 24 hours of
reaction. Nitrite was not observed in any of the samples, indicating complete
denitrification of the media. Although 57% of COD reduction was observed in 7 days of
experiment, 51% was removed within first day of operation. Slow rate of COD reduction
might be due to absence of sulphate and/or methanogens in the inoculum. There was no
reduction of nitrate or COD was observed from the control batch shake flasks, indicating

necessity of the presence of microbes for their bioconversion.
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5.2.2 Adsorption of Arsenic by WAC

Figure 5.3 shows adsorption capacity of WAC on arsenic removal.
Characterization of waste activated carbon (WAC) and its adsorption behaviour on
removal of arsenic from simulated groundwater in absence of iron was evaluated. Batch
studies with WAC (@ 2.0 g/L) showed that the removal of As(V) by adsorption was less
than 10% from an initial of 250 pg/L after 12 h of agitation at 150 rpm and 30°C.
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Figure 5.2 Time series profile of average residual arsenic, nitrate and COD concentration
after adsorption by 100 mg/L of inoculum (MLVSS).
(SGW = simulated groundwater without sulphate and iron as defined in Table 4.2)
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Figure 5.3 Arsenic adsorption on to WAC.
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5.2.3 Bioremoval Studies in Batch Shake Flasks

5.2.3.1 Batch Studies in Absence of Iron

Effects of initial arsenic concentration:

Figure 5.4, 5.5, 5.6, and 5.7 represents the performance of mixed bacterial culture
in batch shake flasks at four different initial arsenic concentrations of 250, 350, 450 and
550 ug/L, respectively. Although sulphate and COD were gradually reduced during entire
period of 7 days operation, reduction rate decreased after about 3-4 days of reaction. COD
of only 22-24 mg/L and 16-18 mg/L remained in the effluent after 4 days and 7 days of
operation respectively. pH of the effluent (Fig. 5.4) increased with the biodegradation of
sulphate. This could have been due to formation of alkalinity due to reduction of sulphate.
Microbial mass (MLVSS) concentration started decreasing after initial increase for first 3-
4 days of operation. This might be due to unavailability of sufficient food (COD) in the
media leading to net growth negative. In all the cases complete removal of nitrate from its
initial 50 mg/L was noticed within first day of operation and therefore it has not been
plotted in any of the above mentioned figures. With respect to arsenic, the mixed bacterial
culture performed well in batch shake mode. Irrespective of initial concentration, arsenic

in the treated water reduced below permissible limit (10 pg/L) in 5-6 days of reaction.
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Figure 5.4 Performance of batch shake flasks in absence of iron at initial arsenic = 250
ug/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.5 Performance of batch shake flasks in absence of iron at initial arsenic = 350
Ma/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

30 —m— Sulphate —@— Arsenic —>— COD —#r— MLVSS -500 ~110 140
_= *-—______.* L L
24 - ﬁ/ \ﬁ L 400 | g5 - 130
3 | ) \ B i L 120
E) 18 H - ~ 300 Q ~ 66 Q f‘n
< - w
2 f < Laon 2 Las 2 &
E o Shaking speed 120 rpm B % 8 L 100 =2
1 Operating Temp. 30°C I <[ =
6 - b —_— Lo 22
\ \&——_0___07 90
E ® — . L L
—-_______\.\‘_‘ - 1
0 T T T T — 0 -0 - 80
0 1 2 3 4 5 6 7
Time (Days)

Figure 5.6 Performance of batch shake flasks in absence of iron at initial arsenic = 450
Mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.7 Performance of batch shake flasks in absence of iron at initial arsenic of = 550
Ma/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

Effects of initial nitrate concentration:

Figure 5.7, 5.8 and 5.9 represents effects of initial nitrate concentration of 50, 100
and 150 mg/L on performance of mixed bacterial culture in batch shake flasks.
Irrespective of initial nitrate concentration (up to 150 mg/L), arsenic in the treated water
was found to be below 10 pg/L within first 4 days of operation. Nitrate in the treated
water was always less than the detection limit and therefore, not shown in the figures.
Variation in sulphate and MLVSS concentration followed similar trend as observed at
varying arsenic concentration. Little increase in pH with time would have been due to

alkalinity formation during nitrate and sulphate reduction.

As arsenic cannot be removed from the system by biological processes, the
reduction in arsenic concentration could be possible due to either adsorption on the
microbial mass or precipitation as arsenosulphide. As arsenic removal by adsorption on
biomass was almost nil, the only possibility of removal could be due to formation of
arsenosulphides precipitation. However, formation of arsenosulphides precipitation could
not be proved due to unavailability of sufficient amount of such solids in batch shake

flasks, which were used for the study only with 50 ml of contaminated water. Analysis of
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solids of a semi batch reactor (SmBR-1) and flow through reactor (AGR-1) were done to

confirm the formation of arsenosulphides.
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Figure 5.8 Performance of batch shake flasks in absence of iron at initial arsenic = 500
Ma/L, nitrate = 100 mg/L and sulphate = 25 mg/L.
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Figure 5.9 Performance of batch shake flasks in absence of iron at initial arsenic = 500
Mg/L, nitrate = 150 mg/L and sulphate = 25 mg/L.
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5.2.3.2 Batch Studies in Presence of Iron

Effects of initial iron and sulphate concentration:

Figure 5.10, 5.11, 5.12, 5.13 and 5.14 represents effects of initial iron
concentration of 1.0, 2.0, 3.0, 4.0 and 5.0 mg/L, respectively. Irrespective of initial iron
concentration (up to 5.0 mg/L), nitrate and arsenic removal was not affected in batch
reactors. Up to an initial 3.0 mg/L, iron in the treated water was always below detection
limit. However, 0.23 mg/L (94% removal) and 0.48 mg/L (90% removal) of iron
concentration was observed in the treated water at 4.0 mg/L and 5.0 mg/L of initial iron.
The possible reason for this higher iron concentration (0.48 mg/L) in treated water might
be due to unavailability of sufficient sulphides for precipitation as iron sulphides.
Therefore another set of experiment was conducted with an increased initial sulphate
concentration of 50 mg/L (Figure 5.15). Iron in the treated water now reduced below 0.3
mg/L at initial sulphate of 50 mg/L. Better removal of iron with the increase in influent
sulphate was due to availability of sufficient sulphide to react with iron to form iron
sulphide precipitate. Although sulphate and COD were gradually reduced during entire
period of 7 days operation, reduction rate decreased after about 3-4 days of reaction. COD
of only 27-30 mg/L and 22-25 mg/L remained in the effluent after 4 days and 7 days of
operation, respectively. The pH of the effluent increased with the biodegradation of
sulphate. This could have been due to formation of alkalinity due to reduction of sulphate.
Microbial mass (MLVSS) concentration started decreasing after initial increase for first 2-
3 days of operation. This might be due to unavailability of sufficient food (COD) in the
media leading to net growth negative. In all the cases complete removal of nitrate from its
initial 50 mg/L was noticed within first day of operation and therefore it has not been

plotted in any of the above given figures.
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Figure 5.10 Performance of batch shake flasks in presence of iron at initial iron = 1.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.11 Performance of batch shake flasks in presence of iron at initial iron = 2.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.12 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.13 Performance of batch shake flasks in presence of iron at initial iron = 4.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.14 Performance of batch shake flasks in presence of iron at initial iron = 5.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.15 Performance of batch shake flasks in presence of iron at initial iron = 5.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and sulphate = 50 mg/L.

Effects of initial arsenic concentration:

Figure 5.12, 5.16, 5.17 and 5.18 represent the performance of mixed bacterial
culture in batch shake flasks at four different initial arsenic concentrations of 500 pg/L,
600 pg/L, 750 pg/L and 1000 ug/L, respectively. Irrespective of initial concentration,
arsenic in the treated water was reduced below permissible limit (10 pg/L) in 3-5 days of

reaction and finally averaged 7+2 pg/L with 98.5% removal efficiency. Variation in
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COD, sulphate, pH and MLVSS concentration followed similar trend as observed in

previous experiments. The higher arsenic removal is possibly due to formation of

arsenosulphides as well as co-precipitation and/or adsorption with iron sulphides in

presence of iron (Altun et al., 2014).
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Figure 5.16 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 600 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

30 750
)——— ¢ —B—Sulphatc —®— Arsenic —A— Iron —— COD —%r— MLVSS
Shaking speed 120 tpm | | 600
Operating Temp. 30°C
=) ¥,
B 450
E
2 ]
]
£ 121 \, A w\ L 300
= i
3 ] \O L
6- \ﬁ- 150
| %ﬁ . s
) i
0 : : . 3 * * o
0 1 2 3 4 5 6 7
Time (Days)

Arsenic (ng/L)

3.5

2.8

2.1

Iron (mg/L)

0.7

- 0.0

- 100

- 80

- 60

COD (mg/L)

- 40

-20

=110

£
MLVSS (mg/L)

120 ~130

~ 120

=90

Figure 5.17 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 750 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.18 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 1000 pg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

Effects of initial nitrate concentration:

Figure 5.12, 5.19 and 5.20 represents effects of initial nitrate concentration of 50,
100 and 150 mg/L on performance of mixed bacterial culture in batch shake flasks.
Irrespective of initial nitrate concentration (up to 150 mg/L), arsenic in the treated water
was found to be below 10 pg/L within first 4-6 days of operation. Nitrate in the treated
water was always less than the detection limit within one day for all the tested
concentrations and therefore, not shown in any of the figures. Variation in sulphate and
MLVSS concentration followed similar trend as observed at varying arsenic
concentration. Slight increase in MLVSS formation was observed and this is expected due
to more biomass formation at higher nitrate concentrations of 100 and 150 mg/L.
Similarly little more increase in pH with time was also noticed due to more alkalinity

formation at higher nitrate concentrations.
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Figure 5.19 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 1000 pg/L, nitrate = 100 mg/L and sulphate = 25 mg/L.
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Figure 5.20 Performance of batch shake flasks in presence of iron at initial iron = 3.0
mg/L, arsenic = 1000 pg/L, nitrate = 150 mg/L and sulphate = 25 mg/L.
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5.3 Performance Evaluation of Semi-batch Bioreactor SmBR-1 in
Absence of Iron

Removal of arsenic, effects of HRT, initial arsenic, initial NO3 concentration and
different carbon sources on the performance of mixed bacterial consortia in semi-batch
bioreactors in absence of iron are studied at different phases as given in Table 4.3, and the
results are discussed in this section.

5.3.1 SmBR-1 Phase-1: Effect of HRT

The performance of SmBR-1 in phase-1 is given in Figure 5.21. The SmBR-1 was
first operated at 6 days HRT. Arsenic, SOZ~ and COD were gradually decreased with time
and become almost constant after about 30 days of operation. Arsenic concentration
reduced by about 94% to slightly more than the permissible limit of in drinking water. No
nitrate or nitrite was found in the treated water indicating complete removal of nitrate.
Although, sulphate reduction was poor in first few days, it improved after 21 days of
operation. This might be due to slower adaptation of SRBs than other microbial
population in the heterogeneous mixed microbial consortia during the start-up period
(first 10-15 days) in the SmBR-1 (Kalyuzhnyi & Fedorovich, 1998). The overall SO%~
and COD removal was 70% and 88% respectively at the end of 6 days HRT.
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Figure 5.21 Performance evaluation of SmBR-1 in phase-1 at initial arsenic = 200 pg/L,
nitrate = 50 mg/L and sulphate = 25 mg/L.
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After attaining the stability in the reactor performance, the HRT was changed to 3 days.
The SmBR-1 performance was not negatively affected at 3 days HRT from day 34 to day
56. This might be due to well adaption of microbial communities in the reactor. The
maximum and minimum arsenic and COD in the treated water were 8 and 4 pg/L and 13
and 11 mg/L during last 20 days of operation. The average values were 6+1.5 pg/L and
12+0.5 mg/L, respectively. The pH of treated water remained between 7 and 7.5 during

the entire period of operation.
5.3.2 SmBR-1 Phase-2: Effect of Initial Arsenic Concentration

Figure 5.22 represents the effects of initial arsenic concentration of 200, 300, 400,
500 600, 700 and 800 pg/L in SmBR-1. As observed at 200 pg/L of initial arsenic,
complete nitrate removal occurred within 24 hours of operation concludes no adverse
effects even up to an initial arsenic concentration 800 pg/L. Performance on SO~ and
COD removal was also remained same to that in the previous phase with only 6+0.5 mg/L
and 12.5+0.6 mg/L in the treated water, irrespective of the initial arsenic concentrations

studied.
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Figure 5.22 Performance evaluation of SmBR-1 in phase-2 at initial arsenic = 200-800
Ma/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Arsenic in the treated water remained below permissible limit of 10 pug/L when the
initial arsenic was 600 pg/L or less. Whereas arsenic in treated water averaged 55 and 138
Mg/L with 92% and 83% removal efficiency at initial arsenic concentration of 700 and
800 pg/L respectively. The pH remained between 7.0 and 7.3 throughout the experiment.

5.3.3 SmBR-1 Phase-3: Effect of Initial Nitrate Concentration

The effects of initial nitrate concentration of 50, 100, 150, 200 and 250 mg/L is
summarised in Figure 5.23. Irrespective of initial NO3 concentration (up to of 250 mg/L)
arsenic in the treated water was found always below 10 pg/L. Efficient arsenic removal
(up to 98%) was seen even at highest NO3 concentration of 250 mg/L. However, the
nitrate in the treated water was always less than the detection limit and therefore, not
shown in the figure. SO;~ and COD concentration in the treated water was remained
between 6 and 8 mg/L, and 12 and 17 mg/L, respectively, in the treated water. Increase in
pH was more in the reactor when initial nitrate concentration was higher justifying
alkalinity formation during denitrification. However, pH in the reactor always remained

below 7.5.
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Figure 5.23 Performance evaluation of SmBR-1 in phase-3 at initial nitrate = 50-250
mg/L, arsenic = 600 pg/L and sulphate = 25 mg/L.
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5.3.4 SmBR-1 Phase-4: Effect of Different Carbon Sources

Among the five carbon sources used in reactor acetate, malate, succinate, lactate
and glucose, the mixed bacterial culture showed the best performance by utilizing glucose
as the sole carbon source. The performance of SmBR-1 with the five carbon sources on
arsenic, sulphate, nitrate and COD removal is shown in Figure 5.24. Nitrate in the treated
water was below detection limits with all the tested carbon sources. Arsenic removal was
the best to below detection limit when glucose was used as the carbon source. The SO5~
and COD removal was 90% and 89.5%, respectively. Lactate and succinate was the
second best carbon sources resulted in 98%, 84%, and 94% arsenic, sulphate and COD
removal, respectively. Malate is also utilized effectively in our experiment for arsenic
removal. Only 68% sulphate removal was seen with malate as carbon source, however, it
was not affecting the arsenic and nitrate removal in SmBR-1. Lactate, succinate and
malate are reported as preferred carbon sources for SRB among organic acids under
mesophilic operating conditions (Costa et al., 1996; Hao et al., 1996; Liamleam &
Annachhatre, 2007). Kessert et al. (2002) reported succinic acid as best carbon source for

denitrification among succinic acid, acetic acid and ethanol.
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Figure 5.24 Performance evaluation of SmBR-1 in phase-4 at initial nitrate = 200 mg/L,
arsenic = 600 pg/L and sulphate = 25 mg/L.
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Around 72% sulphate removal efficiency was observed in the case of using acetate
as the sole carbon source provided 98% arsenic removals. The poor efficiency of the
mixed consortium to reduce sulphate using acetate could be due to inability of the SRB to
completely oxidize acetate even with excess sulphate levels (Lens et al., 2002). SRB are
generally poor competitors of methanogenic archaea (MA) for acetate. However, in a
long-term operation, SRB gradually out compete MA in a sulphidogenic reactor due to
their higher affinity for the substrate and higher substrate removal rate. Moreover, SRB
also have a thermodynamic advantage over methanogens and acetogens in terms of the
standard free energy change of the acetate oxidation. Desulfotomaculum genus among
SRB generally consumes acetate. In addition most of the published research regarding
drinking water denitrification involves the use of methanol, ethanol and acetic acid
(Mohseni-Bandpi et al., 2013; Park & Yoo, 2009). Different species of Pseudomonas
were found to be the dominant bacterial species in acetate fed denitrifying bioreactors.
High sulphate and nitrate removal efficiency in the experimental results indicates the
presence and growth of sulphate and nitrate reducers. The pH of the treated water was in
the range of 7.2-7.5 for all carbon sources studied during the entire phase. For glucose as
carbon source showing the best performance may be because of the fact that sugar is an
effective electron donor that is easily degraded under anaerobic conditions and glucose
supports the growth of a wide variety of nitrate as well as sulphate reducing bacteria
leading to increased microbial diversity and treatment system resilience (Akunna et al.,
1993; Liamleam & Annachhatre, 2007; Mohseni-Bandpi et al., 2013). Similar
performance in presence of other carbon sources might be due to the fact that the
anaerobic degradation pathway of sugar such as glucose, fructose, and dextrose are also
similar to that of many other organic compounds (Liamleam & Annachhatre, 2007).

5.4 Performance Evaluation of Semi-batch Bioreactor SmBR-2 in

Presence of Iron

Performance of semi batch reactor, SmBR-2, which was operated in presence of iron as

per the schedule given in Table 4.4, is discussed in this section.
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5.4.1 SmBR-2 Phase-1: Effect of HRT

Figure 5.25 represents the performance of SmBR-2 during phase-1 operation. The
SmBR-2 was started with a HRT of 6 days and initial arsenic, NO3 and SO3~
concentration of 250 pg/L, 100 mg/L and 25 mg/L respectively with COD of 153 mg/L.
Like SmBR-1, complete removal of NO3 was observed within one day of operation.
Some instability in the treated water iron concentration observed in the initial periods of
start-up might be associated with poor sulphate reduction in SmBR-2. Once sulphate
reduction was well stabilized the iron in the treated water was always below detection
limit. SMBR-2 showed a maximum arsenic, SO~ and COD removal of 99%, 78% and
92% respectively at 6 days HRT. After attainment of steady state in terms of arsenic
removal the HRT was changed to 3 days. The SmBR-2 performance was not negatively
affected due to reduction in HRT (to 3 d) might be due to better adaptation of microbial
population and attainment of steady state in the reactor. The treated water arsenic, SO%~
and COD values were averaged 1.5+1 pug/L, 5.7£0.3 mg/L and 11.5+0.5 mg/L
corresponding to 99.4%, 77% and 92.5% removal respectively. The treated water pH

remained between 7.0 and 7.4.
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Figure 5.25 Performance evaluation of SmBR-2 in phase-1 at initial nitrate = 100 mg/L,
arsenic = 250 pg/L, iron = 2 mg/L and sulphate = 25 mg/L.
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5.4.2 SmBR-2 Phase-2: Effect of Initial Arsenic Concentration

Figure 5.26 represents the effects of initial arsenic concentration of 250, 350, 450,
550, 750 and 1000 pg/L in SmBR-2. The SmBR-2 performance remained stable at all
tested influent arsenic concentrations. Arsenic in the treated water was always reduced to
below 10 pg/L (99.5% removal) whereas iron and nitrate remained below detection
limits. Moreover, increased initial arsenic concentration did not affect iron and/or NO3
removal. The COD and SO3~ removal did not showed significant differences during this
phase. However, the SO3~ reduction was improved during this phase this might be due to
well establishment of sulphate reducing communities in the reactor. The SO3~ and COD
of only 5+£0.6 mg/L and 11.6+0.6 mg/L remained in effluent at end of phase-2 operation
of SmMBR-2. The pH of treated water remained between 7.23 and 7.35 during the entire
phase.

5.4.3 SmMBR-2 Phase-3: Effect of Initial Nitrate Concentration

The effects of initial nitrate concentration of 100, 150, 200 and 250 mg/L is
summarised in Figure 5.27. Irrespective of initial NO3 concentration (up to 250 mg/L),
arsenic in the treated water was found below 10 pg/L, with more than 99% removal

efficiency. Nitrate and iron in the treated water was always less than the detection limits.
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Figure 5.26 Performance evaluation of SmBR-2 in phase-2 at initial nitrate = 100 mg/L,
arsenic = 250-1000 pg/L, iron = 2 mg/L and sulphate = 25 mg/L.
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Thus the performance of SmMBR-2 was stable in terms of arsenic and iron removal
with the increase of the influent nitrate. Variation in SO~ and COD concentration
followed similar trend as observed in phase-2. The SO3~ and COD removal efficiencies
remained on average values of 79.6% and 92.5% respectively. pH trend was varied
between 7.3 and 7.5.

5.4.4 SmMBR-2 Phase-4: Effect of Different Carbon Sources

The performance of SmBR-2 on arsenic, iron and nitrate removal with the five
different carbon sources is shown in Figure 5.28. Among the five carbon sources used in
SmBR-2, the mixed bacterial culture showed the best performance with glucose. Almost
100% nitrate, iron and arsenic removal was achieved with all the carbon sources. Glucose
was found to be best electron donor in terms of sulphate and COD removal with 93% and
96% removal respectively. Despite of higher sulphate reduction with glucose, the arsenic,

iron and nitrate removal remained unaffected with other carbon sources.
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Figure 5.27 Performance evaluation of SmBR-2 in phase-3 at initial nitrate = 100-250
mg/L, arsenic = 1000 pg/L, iron = 2 mg/L and sulphate = 25 mg/L.
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Figure 5.28 Performance evaluation of SmBR-2 in phase-4 at initial nitrate = 250 mg/L,
arsenic = 1000 pg/L, iron = 2 mg/L and sulphate = 25 mg/L.

5.5 Performance Evaluation of the Flow through Attached Growth
Reactor, AGR-1

The flow through attached growth reactor, AGR-1 was operated in absence of iron in the
influent. After start-up, operation of AGR-1 was divided into 8 phases (Table 4.6). In this

section performance of AGR-1 has been discussed in details.
5.5.1. AGR-1 Start-up

After inoculation, AGR-1 was operated for a period of 82 days to obtain an
appreciable colonization of mixed microbial consortia on the WAC granules in the reactor
as well as to get consistent performance. The performance of the reactor during this
period was characterized by COD and sulphate removal efficiency. COD removal was
gradually increased to 83-85% during the end of this period leaving about 12-16 mg/L of
COD in the treated water (Figure 5.29), with 100% nitrate removal after the very first day.
Arsenic removal started gradually with onset of sulphate reduction and reduced by about
95% on day 82 when sulphate removal was about 74%. Based on stoichiometric
calculations to utilize all electron acceptors COD of 91 mg/L was used to carry out the

start-up phase in the reactor. Low sulphate reduction efficiencies were observed during
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this experimental period (i.e. average values of 35% in first 35 days and reached up to
maximum 60% in next 27 days) and almost no arsenic removal was observed in first 35
days. This was probably due to the heterogeneous seed sludge used as source of
inoculum. SRB showed a slower adaptation to the system than other active
microorganisms in the biofilm (D’Acunto et al., 2011; Frunzo et al., 2012).

After 43 days operation, COD in the influent was increased to 105 mg/L to
evaluate the performance of the reactor in terms of contaminants removal at 90 min
EBCT. The increase in COD resulted in better sulphate removal and which in turn lead
better arsenic removal in AGR-1. Arsenic concentration reduced to below the permissible
limits in drinking water and only 3-7 pg/L remained in the treated water after 82 days of
operation. The reactor was continued to operate up to 114 days, under the same conditions
when the overall arsenic and SO3~ removal was 97% and 80% respectively, at the end
period of the start up phase of AGR-1. The result showed that arsenic removal followed
sulphate reduction in the reactor. Apart from the permanent characteristic odour of the
sulphide in the treated water samples, the establishment of the biofilm was indirectly
checked by the systematic pH monitoring and analysis of nitrate, sulphate, arsenic and
COD concentrations in the treated water.

5.5.2 AGR-1 Phase-1: Effects of EBCT and Backwash Frequency

The performance of AGR-1 during phase-1 is also shown in Figure 5.29. AGR-1
was first operated at 90 min EBCT when arsenic removal was around 97%. Complete
NO3 removal was seen after the first day of the reactor operation hence nitrate profile has
not been plotted in the given figure. Only about 2-5 mg/L of SO%~ and 11-14 mg/L of
COD remained in the treated water after about 80% and 87% removal, respectively. After
attaining the consistent results, the EBCT was reduced to 60 min. on day 115. The
performance remained same and therefore, the EBCT was further reduced to 45 min. on
day 137 of operation. During the above periods, the reactor was operated with 50 mg/L,
25 mg/L, and 200 pg/L of initial NO3, SO%™ and arsenic respectively, The effluent nitrate
was remaining undetected while around 98% arsenic removal was observed. The effluent
arsenic concentration was below the drinking water permissible limit of 10 pg/L. The
S0%~ and COD removal were between 76% and 87% with an average value of 5.9 mg/L

and 13.4 mg/L respectively at 45 min. EBCT. As no negative effect was observed on
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reactor performance further experiments were carried out at 45 min EBCT and influent
COD was 105 mg/L.

Effect of Backwash Frequency

The first backwashing was done on day 49, followed by backwashing of the
reactor at an interval of 7 days till 114™ day. The backwash frequency was kept 7 days
during this period of operation because frequent backwashing in earlier stage of biofilm
formation may cause loss of biomass from reactor. Thus, in order to promote a stable
biofilm on WAC granules the backwashing of the reactor was done at an interval of 7
days till 114™ day. Once the arsenic removal in the reactor was reached in steady state,
the reactor performance was evaluated at different backwash frequencies of 2, 3, 4 and 7
days between day 115 and 231.

The effect of backwash frequency on arsenic, SO%~, COD and pH variations in
effluent samples is shown in Figure 5.28. Irrespective of backwash frequency, the effluent
NO3 was found below detection limit at all times hence not plotted in figure. At backwash
frequency of 2 days, the effluent arsenic concentration after backwashing event remained
below 10 pg/L in the samples collected after 24 hour. The COD and SO3™ in the treated
water was remained between 15.0£1.6 mg/L and 5.4+1.1 mg/L respectively. At backwash
frequency of 3, 4 and 7 days, no change in arsenic, NO3, SO;~ and COD removal
efficiency was observed to that of 2 days was noticed. The arsenic removal efficiency was
also remaining the same with 1.2-6.5 pg/L in the treated water whereas SO3~ and COD
removal efficiency was remained between 5.9+1.6 mg/L and 13.5£1.7 mg/L respectively.
We observed no upset in arsenic removal at all backwash frequencies tested. With time,

backwashing had no influence on NO3 and arsenic removal in AGR-1.

Irrespective of backwash frequency (from 2 days to 7 days) the backwashing
never resulted in reduced system performance. This might be due to the formation of
healthy biofilm and rapid growth of microorganisms for reformation of biofilm on the
WAC immediately after dislodging of it during backwashing. The results indicated that
longer backwash intervals between can be feasible in AGR-1, at least if biological
performance is the criterion used for evaluation. These results were in line with previous
laboratory scale studies conducted on biofilm reactors used in drinking water treatment
(Brown et al., 2003; Choi et al., 2007).
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Figure 5.29 Performance evaluation of AGR-1 in start up and phase-1 at initial nitrate =
50 mg/L, arsenic = 250 pg/L, and sulphate = 25 mg/L.

Profile sampling: Profile samples taken during phase 1 on day 228, representing the
concentration of various pollutants along the depth of the reactor is shown in Figure 5.30.
Complete removal of NO3 and 17.5% SO3~ removal occurred in the 1% port. The
significant sulphate removal (74.2%) was observed in the 3™ port. More than 90% arsenic
removal was observed in the 3 effluent port. A total of 99.2% arsenic and 82.8%
sulphate removal were observed in 5™ port. The COD removal also followed nitrate and
sulphate removal and nearly 85.8% COD removal was observed in 5™ port. Profile
samples shows that only 1.8 ug/L arsenic, 3.4 mg/L of sulphate and 12.5 mg/L of COD

were left in the final treated water.

Profile sampling data shows sequential utilization of electron acceptors
present in the influent media was 0, (if any residual DO present) followed by N0O%~,
As(V), and SO;~. After nitrate reduction, arsenic removal was observed in port 3 because
of formation of biogenic sulphides responsible for arsenic removal. Thus, arsenic removal
in the reactor followed sulphate reduction. The sequential utilization of electron acceptors
in the systems confirms the establishment of TEAP zones on the basis of thermodynamic

favourability.
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Figure 5.30 Sampling profile of the AGR-1 on day 228 (arsenic = 250 ug/L, nitrate = 50
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).

5.5.3 AGR-1 Phase 2: Effect of Influent Arsenic Concentration

Figure 5.31 represents the effects of initial arsenic concentration of 200, 250, 350,
450, 550 650, and 750 pg/L on the performance of AGR-1.
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Figure 5.31 Performance evaluation of AGR-1 in phase-2 at initial nitrate = 50 mg/L,
arsenic = 200-750 pg/L, and sulphate = 25 mg/L.
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In the figure 5.31, initial arsenic concentrations in the influent are indicated at the
top. The reactor could reduce to below 10 pg/L from an influent concentration of up to
650 pg/L. However, when the influent arsenic was 750 pg/L, 45 to 75 pg/L of it appeared
in treated water. On increase in EBCT to 60 minutes (day 399-426, Table 4.6) arsenic
concentration in the treated water was reduced but remained between 30 and 50 pg/L. On
day 427, sulphate in the influent was enhanced to 50 mg/L, which results in decreasing
arsenic concentration in the treated water well below drinking water standards of 10 pg/L.
Sulphate concentration in the treated water gradually decreased with the increase in the
influent arsenic concentration with the lowest of near about 2-3 mg/L remained during the
operation of AGR-1 at 60 min EBCT and 750 pg/L of influent arsenic (day 427-457, Fig
5.31). As sulphate reduction leads to formation of sulphides that combines with arsenic to
form arsenosulphide precipitates, non-availability of sufficient sulphides might be the
reason for appearance of higher concentration of arsenic in the treated water. On increase
in influent sulphate concentration to 50 mg/L from day 427, improvement in the treated

water quality in terms of arsenic concentration is clearly visible.

COD in the treated water was found always between 10 and 13 mg/L except a few
data that exceeded 15 mg/L. COD in the treated water on day 428 was 19 mg/L that
gradually decreased to near 10 mg/L by 447" day of operation. High COD in the treated
water could be due to higher influent COD (121 mg/L) added on day 427 to meet the
requirement of carbon source due to addition of excess 25 mg/L (total 50 mg/L) of
sulphate in the influent on the same day. pH of the treated water remained between 7.1

and 7.4 throughout this phase of study.

Profile sampling: Profile sampling in phase-2 were done on day 398 (Fig 5.32) and 457
(Fig 5.33) of reactor operation when the influent arsenic was 750 pg/L (Table 4.6). Day
398 and day 457 were the last days of running AGR-1 at 45 min and 60 min EBCT,
respectively. Profiles of nitrate, sulphate and COD remained almost same along the depth
of the reactor except arsenic, concentrations of which were higher at each sample port
leaving 55 pg/L in the treated water. As mentioned before, nitrate was completely
removed by the time it reached to the first sampling port. Results of profile sampling on
day 398 revealed that the sulphate concentration at sample port 3 reduced to 4 mg/L,
which further reduced to below 3 mg/L and remained constant without any further

reduction. Arsenic reduction was followed by sulphate reduction suggesting arsenic
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removal as arsenosulphide precipitates. However, arsenic reduction ceased somewhere

between sampling post 3 and 4 suggesting non-availability of sufficient sulphides to

combine to form its sulphide precipitates. In contrast, day 457 profile sample results

clearly showed sulphate reduction continued even after port 5 leaving 5.8 mg/L in the

treated water, This could be due to higher sulphate concentration (50 mg/L) introduced

into the AGR-1. Arsenic removal followed sulphate reduction and came down to well

below the permissible limit in port 5 and in the treated water.
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Figure 5.32 Sampling profile of the AGR-1 on day 398 (arsenic = 750 ug/L, nitrate = 50
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).
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Figure 5.33 Sampling profile of the AGR-1 on day 457 (arsenic = 750 pg/L, nitrate = 50
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The experimental results of the studies in phase-2 revealed that the reactor AGR-1
would be able to reduce 650 pg/L of arsenic to well below permissible limit, at 45 min
EBCT. The reactor could also take care of higher initial arsenic concentration of 750 pg/L
but required longer EBCT (60 min) and higher initial sulphate (50 mg/L) concentration.
Based on the phase-2 experimental results, all the subsequent experiments with AGR-1

were carried out at 500 pg/L of influent arsenic concentration.
5.5.4 AGR-1 Phase 3: Effect of Influent Nitrate Concentration

After the experiments in phase-2 with initial arsenic of 750 pg/L, sulphate of 50
mg/L, COD of 121 mg/L and EBCT of 60 min, the AGR-1 was brought back to its
operation at 45 min EBCT with 25 mg/L of sulphate and 105 mg/L of COD. However, the
initial arsenic concentration was maintained at 500 pg/L for the next phase of study
(phase-3) to evaluate the performance of AGR-1 at varying initial nitrate concentration.
Effects of initial nitrate concentrations of 50, 100, 150 and 200 mg/L on performance of
AGR-1 are shown in Figure 5.34. Corresponding COD in the influent was maintained at
105, 150, 194 and 240 mg/L respectively to meet the requirement of carbon source at
elevated initial nitrate concentration. Irrespective of initial NO3 concentration (up to of
200 mg/L) NO3 in the treated water was found always below detection limits hence it is
not plotted in the given figure. From day 458 to day 480, the performance of AGR-1 was
stable and arsenic, sulphate and COD removal efficiencies remained near to 99.0%, 90%
and 88% respectively. Treated water pH remained between 7.15-7.25 during this period.
From day 481 to day 510, high removal efficiency of arsenic was observed as effluent
arsenic was well below permissible limits (98.4% removal). During this period, the
average COD and SO;~ reduction were 90.2% and 86.1% respectively. From day 511 to
541, the arsenic in treated water remained unaltered even at influent nitrate concentration
of 150 mg/L and average COD and SOj;~ reduction noticed were 91.3% and 74.2%,

respectively.

Profile sampling: The profile sampling results of the day 480, 508 and 540 are shown in
Figure 5.35, 5.36, and 5.37 respectively. The pH of treated water was between 7.80-7.86
during this period. The slight increase in treated water pH may be attributed to more

alkalinity generated during reduction of higher influent nitrate of 150 mg/L.

129
TH-2082_10610404



Chapter 5 Results and Discussion

—m— Sulphate —®— Arsenic —>— COD —#— pH

25 : g 120 - 30 -85
Nitrate | Nitrate 100 mg/L | Nitrate 150 mg/L. | Nitrate 200 mg/L | Nitrate 200 mg/L
| somgL S
EBCT 45 Min. EBCT 60 Min.
had
T S i [0
20 24
- L 8.0
g
- e ] - 80
= 15 ?ﬁ%}ﬁgﬁo il ~ k18 _
g | 28, 2] 3
e & % e %%@5 60 X g 175 o
g & % WA R 2l . a8 | =
£ | ' SRR E[" 8
& Lo L & =
As 10 pg/L [ . il
Lo L 6.5

458 469 480 491 502 513 524 535 546 557 568 579 590 601
Time (Days)

Figure 5.34 Performance evaluation of AGR-1 in phase-3 at initial nitrate = 50-200
mg/L, arsenic = 500 ug/L, and sulphate = 25 mg/L.
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Figure 5.35 Sampling profile of the AGR-1 on day 480 (arsenic = 500 pg/L, nitrate = 50
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).
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Figure 5.36 Sampling profile of the AGR-1 on day 508 (arsenic = 500 ug/L, nitrate = 100
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).
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Figure 5.37 Sampling profile of the AGR-1 on day 540 (arsenic = 500 ug/L, nitrate = 150
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).

The further increase in influent NO3 to 200 mg/L from day 542 caused a drop in
the SO%~ as well as arsenic removal. The average SO3 and COD removal was 70% and
92% respectively. The average arsenic concentration in the effluent rose to 18+3.0 pg/L
(about 96% removal). But the AGR-1 responded better to the 200 mg/L influent nitrate
when EBCT was changed from 45 min. to 60 min., from day 573. The arsenic removal
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Figure 5.38 Sampling profile of the AGR-1 on day 570 (arsenic = 500 ug/L, nitrate = 200
mg/L, sulphate = 25 mg/L and EBCT 45 Min.).
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Figure 5.39 Sampling profile of the AGR-1 on day 603 (arsenic = 500 ug/L, nitrate = 200
mg/L, sulphate = 25 mg/L and EBCT 60 Min.).

efficiency improved in less than 10 days and resumed below permissible limit. This may
be because of improved sulphate reduction at 60 min. EBCT. The profile sampling
analysis was done on day 570 is shown in Figure 5.38 which shows only 81.5% nitrate
removal was taken place till 1* port and no sulphate reduction was seen in 1% port. The

noticeable sulphate reduction started from 2" port and thereafter, this may be because of
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shifting of TEAP zones in the AGR-1 at high nitrate concentration of 200 mg/L. The
results of profile sampling done on day 603 at 60 min. EBCT is shown in Figure 5.39
confirmed that complete nitrate removal was taken place in 1% port. This confirms the
results of Carollo Engineers (2008) who obtained 75 mg/L nitrate removal in 4 min.
EBCT without nitrite accumulation in fixed bed reactor treating drinking water. The
increased EBCT provided enough residence time for sulphate reduction and hence enough
reaction time for arsenosulphide precipitation in the AGR-1. The profile sampling
confirmed about a total of 86% and 88.0% SO;~ and COD removal respectively, was
taken place till 5" port. The arsenic removal followed sulphate removal and up to 99%
arsenic removal was seen in 5 port. The pH of treated water was in the range of 8.10-

8.22 during this period.

Thus, gradual feed nitrate increase from 50 mg/L to 200 mg/L, did not affect the
AGR-1 performance. The arsenic removal in the reactor was dependent on sulphate
removal and also a function of EBCT. These results also suggested that nitrate addition

did not inhibit SRBs permanently in a well established sulfidogenic bacterial community.
5.5.5 AGR-1 Phase 4: Effect of pH

Arsenic and nitrate removal in the AGR-1 by the mixed consortium over the initial
pH range between 6.6 and 8.4 are shown in Figure 5.40. The pH in the reactor at different
influent pH is shown in the figure. As shown, pH of the content in the reactor was always
higher than the influent initial pH. However, at all the initial pH tested, the microbial
consortia could substantially remove nitrate and arsenic. Nitrate in treated water remained
below detection limit during the entire period of phase 4. From an initial of 12.5 mg/L of
NO3-N, 97% of nitrate removal in membrane biofilm reactor within 42 min has been
reported by Lee and Rittmann (2003). In their study increased nitrate and nitrite removal
was observed during pH increment from 7.2 to 8.4 while the removal percent decreased
when pH was increased from 8.6 to 9.5. The treated water SO;~ and COD during the
experimental period at initial pH of 6.6 and 7.2 was between 1.5-3.5 mg/L and 9.2-12.8
mg/L with an average 88.8% and 89% removal respectively. In the present study, very
high percentage of arsenic removal (up to 99.2%) was observed at initial pH 6.6 within 5-
6 days. The arsenic in treated water remained always between 1-6 pg/L.
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Figure 5.40 Performance evaluation of AGR-1 in phase-4 at initial nitrate = 50 mg/L,
arsenic = 500 pg/L and sulphate = 25 mg/L.

It has been reported that high-arsenic waters are not expected in presence of high
free sulphide concentration (Moore et al., 1988), as in reducing conditions SO3~ begins to
play an important role which favours arsenic precipitation in the form of secondary
sulphides like orpiment (As,S3) and realgar (AsS) and/or As rich pyrite (in presence of
iron) in a wide range of pH (Cheng et al., 2009). In this case of present study treated
water pH remained between 7.12-7.25.

At influent pH of 7.2, no change in SO~ and COD removal to that at 6.6 was
noticed. The arsenic removal efficiency was also remaining the same with 1-6 pg/L
remaining in the treated water. Similarly, Rodriguez-Freire et al. (2014) obtained two fold
higher arsenic removal at pH 6.1 than at pH 7.2 in batch reactors operated for assessing
the effect of pH on arsenic sulphides precipitation. Also Rodriguez-Freire et al. (2014),
suggested increased orpiment precipitation at circumneutral and higher pH values, with
increasing pH over the realgar formation. The formation of thioarsenite species dominates
at higher pH values and precipitation of arsenic sulphide minerals may be limited, even
though any precipitation that does occur would be predominantly orpiment. The effluent
pH was once again remained higher (between 7.4-7.6) than the influent due to alkalinity

production because of denitrification of nitrate.
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At pH 8.4, a slight decrease in SO5~ and COD reduction was observed with
average mean values of 8.6£0.4 mg/L and 16.4+0.8 mg/L in the treated water
corresponding to 66.2% and 84.5% removal, respectively. Gutierrez et al. (2009) also
reported 30% and 50% reduction in SRB activity in an anaerobic biofilm reactor when pH
was increased from 7.6 to 8.6 and 9.0 respectively. In the present study, the reactor pH
remained between 8.52-8.70 at an influent pH of 8.4 due to alkalinity formation on
denitrification. Average concentration of arsenic in the treated water during this period
was 26+2.7 pg/L. This decrease in the arsenic removal efficiency could be due to
decreased sulphate removal efficiency in the reactor.

5.5.6 AGR-1 Phase 5: Effect of operating Temperature

With respect to the effect of temperature, the stability and efficiency of the reactor
was evaluated in terms of the arsenic and nitrate removal. The effects of operating
temperature of 20, 30, 40 and 50°C is summarised in Figure. 5.41. NO3 in the treated
water was always remained undetected throughout the experimental period in all the
temperature ranges studied. As observed the SO3~ reduction was slowly decreased for
first 14-15 days of operation (from day 700 to 714) which was probably due to
acclimation of the biomass at 20°C temperature. The SO~ in treated water was in the
range of 7.2-9.6 mg/L during this acclimation period. After acclimation period, SO3~
reduction in the AGR-1 was improved and SO3~ was remained between 5-7 mg/L for next
18 days operation at 20°C. COD of 19-21 mg/L was remained in the treated water during
the reactor operation at 20°C. Except the acclimation period when arsenic in the treated
water was between 15 and 22 pg/L, it was found always below 10 pg/L. The reactor
performance was found to be improved slowly at higher temperature up to 40°C. SO3™
and COD in treated water remained between 1.5 and 4 mg/L, and 10 and 13 mg/L,
respectively. Irrespective of operating temperature (up to 40 °C) arsenic in the treated
water was found always below 10 pg/L. The results indicated that the system could

tolerate the 10°C shock from the operating temperature of 30°C.

At 50°C, the reactor performed poorly for first 15 days but improved to some
extent in next 10 days. SO3~ removal efficiency dropped and SOZ~ in treated water
increased up to 13-14 mg/L during this period. Although the pH remained between 7.2-

7.35, treated water COD became as high as 19-20 mg/L. Arsenic in the treated water went
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up to 58 pg/L. Poor performance of the AGR-1 during initial periods of 50°C could be
due to lack in presence of thermophilic bacterial species as the reactor was in operation
for long in 30°C. However, during the later periods of operation at this temperature (day
822 onwards), the mixed bacterial culture performed well and the arsenic in the treated
water reduced to below 10 pg/L. This is also supported by previous studies on
temperature shifts, which showed a loss of stability and change in the performance of the
reactor when an operating temperature was raised over 45°C (Bouskova et al., 2005).
Because 45°C is at the edge between mesophilic and thermophilic temperature ranges, the
AGR was more sensitive to the temperature shocks when operated at 50°C than at 40°C.
Visser et al. (1993b) observed that a short term increase in temperature from 30°C to
45°C did not show any detrimental effect on, process recovery, process stability and
particularly the competition among sulphate-reducing and methanogenic and acetogenic
bacteria in a UASB reactor. However, at 55 and 65°C performance of the reactor reduced
significantly. As the present study was conducted for drinking water treatment in presence
of low substrate, nutrient and microbial population, AGR-1 showed more sensitivity
towards temperature change than that reported by Visser et al. (1993Db).
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Figure 5.41 Performance evaluation of AGR-1 in phase-5 at initial nitrate = 50 mg/L,
arsenic = 500 pg/L and sulphate = 25 mg/L.
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5.5.7 AGR-1 Phase 6: Removal and Effects of Fluoride

Figure 5.42 represents the removal and effect of fluoride on AGR-1 performance.
Like previous phases NO3 in the treated water was always remain undetected during
entire experimental period. Performance of AGR-1 did not affect due to introduction of 5
mg/L of fluoride. However, there was no fluoride removal was observed during the entire
period of 34 days of operation. These results also indicated that presence of fluoride did

not impose any inhibitory effect on reactor performance in terms of arsenic removal.
5.5.8 AGR-1 Phase 7: Performance at Lower EBCT

After a steady performance at 45 min. EBCT, the AGR-1 was tested for its
contaminant removal efficiency at lower EBCT of 30 min. The performance of AGR-1 at
30 min. EBCT is shown in Figure 5.43. NO3 in the treated water remained below

detection limit and therefore, not plotted in the figure.
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Figure 5.42 Performance evaluation of AGR-1 in phase-6 at initial nitrate = 50 mg/L,
arsenic = 500 pg/L, sulphate = 25 mg/L and fluoride =5 mg/L.
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Figure 5.43 Performance evaluation of AGR-1 in phase-7 at initial nitrate = 50 mg/L,
arsenic = 500 pg/L and sulphate = 25 mg/L.

There was no adverse effects on SO3~, COD and arsenic removal efficiency, suggesting
that the reactor would perform as good as at 45 min EBCT. The pH profile have not
shown any remarkable changes in this phase and remained between 7.24 and 7.32. These
results suggested that the WAC granules have good biomass growth and which enabled
AGR-1 to perform effectively even at lower EBCT of 30 min.

5.5.9 AGR-1 Phase 8: Performance after Shutdown

Throughout the AGR-1 operation, synthetic groundwater and nutrient solution
were supplied to the bioreactor on nights, weekends and holidays. From days 935 to 941,
the AGR-1 was shut down for seven days, during which no synthetic groundwater and
nutrient solution were supplied to the bioreactor. The performance of AGR-1 after
shutdown period is given in Figure 5.44. After restart, the NO3 removal was completely
recovered within few hours and it was found below detection limits in the treated water.
The sulphate removal efficiency was restored to more than 65% within 7 days after
shutdown. Whereas, arsenic in treated water was resumed to below 10 pg/L after 6 days

of operation with 98% removal efficiency. Thus, the AGR-1 required a re-adaptation

138
TH-2082_10610404



Chapter 5 Results and Discussion

—m&— Sulphate —®— Arsenic <& COD —#— pH
20 120 ~ 30 - 8.0

Reactor shutdown period- Day 935 to day 941
Arsenic 500ug/L; Nitrate 50 mg/L; Sulphate 25 mg/L; EBCT 30 Min.
100 |25
164
\ - - 7.5
e
R /ﬁk.;“‘/ﬁ‘ﬁ"ﬁ"ﬁk-ﬁ«i‘f"ﬂr—ﬂ:"'i}a*-—-ﬂ’— i o NWNNNGRPE S8 VLR - 80 20 |
< - e
B <ol = |
g "X 3 0
ey \> 60 S L15 g 7.0 o
& a /0\, 2 = =
= L4 ¥ ¢ R N s O0—0-O L = a
= g8 \ | B N AL OO0 AR . @ )
E 00" N0 M0 N gl S|
Fi L LN 40 < L 10
‘\-_.\ o
4 \ L \.7-7.7.\././-\./l\./l‘_-i. - 6.5
* As 10pg/L [~ 20 -5
TeTe g o
* % o® 0% o o0 e 0o
0 . , ’ , - a —a - -0 Lo L 6.0
942 948 954 960 966 972

Time (Days)

Figure 5.44 Performance evaluation of AGR-1 in phase-8 at initial nitrate = 50 mg/L,
arsenic = 500 pg/L and sulphate = 25 mg/L.

period of only 6-7 days after one week-shutdown, even though no feed and nutrients were
supplied to the bioreactor during the shutdown period. A potential explanation for this
short re-adaptation period might be due to the higher water holding capacity of WAC and
presence of high microbial biomass on the WAC surface (Devinny et al., 1998). The other
possible reason is high survival efficiency of SRBs during starvation (Fukui et al., 1996).
The results indicated there was no significant inhibition effect on the bioreactor
performance was observed related to the seven days shutdown, and it can be operated

with 100% comparable performance to that achieved before shutdown.

5.6 Performance Evaluation of the Flow through Attached Growth
Reactor, AGR-2
The flow through attached growth reactor, AGR-2 was operated in presence of iron in the

influent. After start-up, operation of AGR-2 was divided into 8 phases (Table 4.7). In this
section performance of AGR-2 is discussed in details.
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5.6.1 AGR-2 Start-up

The performance of AGR-2 during start-up phase is shown in Figure 5.45. After
inoculation, AGR-2 was operated for a period of 36 days to obtain an appreciable
colonization of mixed microbial consortia on the WAC granules in the reactor as well as
to get consistent performance. The performance of the reactor during this period was
characterized by COD, SO;~ and iron removal efficiency. Based on stoichiometric
calculations to utilize all electron acceptors COD of 115 mg/L was used to carry out the
start-up phase in the reactor. Low sulphate reduction efficiencies were observed during
this experimental period (i.e. average values of 29% in first 18 days and reached up to
63% in next 18 days). This was primarily due to the heterogeneous seed sludge which was
used as source of inoculum. Moreover, SRB are also reported to adapt slowly in a mixed
microbial population containing system than other active microorganisms in the biofilm
(D’Acunto et al., 2011; Frunzo et al., 2012). Complete nitrate removal was observed from
first day of reactor operation. Iron removal in the reactor started after onset of sulphate
removal. Treated water iron reduced to below the drinking water permissible limits of 0.3
mg/L after 36 days and remained within limits thereafter. Arsenic removal started
gradually with onset of sulphate and/or iron reduction and reduced to below 10 ug/L after
57 days of operation. The steady-state sulphate and COD concentration in the treated
water after 58 days were averaged 7.0+0.6 mg/L and 15.3£1.5 mg/L with 72% and 85%
of removal efficiency respectively. Treated water iron remained below detection limits,
whereas arsenic in the treated water was found to be 7.6+1.2 pg/L. The pH of the treated
water during steady state was between 7.1-7.25. After attaining the stability in the reactor
performance, the EBCT was changed to 60 min. from day 59 to day 77. The maximum
and minimum arsenic in treated water was 8.7 and 3.6 pg/L, respectively. SO~ and COD
values were 6.7 and 3.5 mg/L and 16.8 and 11.4 mg/L respectively, during this period.
Further decreasing the EBCT to 45 min did not adversely affect the AGR-2 performance
in terms of arsenic and iron removal from day 78 to day 102. The average values of SO;™
and COD were 3.0+1.0 mg/L and 12.5+1.5 mg/L respectively during this period. Efficient
arsenic removal (up to 99%) was seen even at lower EBCT of 45 min. The arsenic in the
treated water was found always below 10 pg/L with average values of 4.5+2.0 ug/L.
Irrespective of EBCT changes iron and nitrate in treated water remained below detection
limit. Treated water pH was constant as well and stable between 7.05-7.23.
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Profile Sampling: Figure 5.46 represents the profile sampling results of day 102. As
observed complete NO3 removal and nearly 14% SOZ~ removal occurred till the 1%
sampling port. High sulphate removal (73%) occurred till 3 effluent port and overall
85% sulphate removal was seen till 5™ port. Efficient iron removal (72%) was seen till 2"
port and remains below detection limits thereafter. Most of the arsenic was removed in 2™
and 3" port with 42% and 92% removal efficiency. The arsenic concentration in treated
water was below 10 pg/L in the 4™ port with about 99% removal. In fact, no considerable
arsenic removal was seen after 4™ port. Arsenic removal followed sulphate reduction as
most of the sulphate reduction took place in the 3" port, most of the arsenic was removed
from the reactor till the water reached 3" port. Iron and arsenic removal followed sulphate
reduction due to the availability of biogenic sulphides for formation of respective metal
sulphides. A total of 85.5% and 99% sulphate and arsenic removal was seen in the 5"
port. The COD values also followed nitrate removal and 56% COD removal was seen in
1% port whereas 85.5% COD removal noticed in 5 port. Moreover, the sequential
utilization of electron acceptors in the systems confirms the establishment of TEAP zones
on the basis of thermodynamic favourability. Profile samples shows that only 5.3 pg/L
arsenic, 3.7 mg/L of sulphate and 13.2 mg/L of COD were left in final treated water.
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Figure 5.45 Performance evaluation of AGR-2 in start up phase at initial arsenic = 250
Ma/L, iron = 2.0 mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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Figure 5.46 Sampling profile of the AGR-2 on day 102 (arsenic = 500 ug/L, iron = 2.0
mg/L, nitrate = 50 mg/L, sulphate = 25 mg/L and EBCT 45 min).

5.6.2 AGR-2 Phase-1: Effects of Influent Iron Concentration

The performance of AGR-2 on effects of initial iron concentration of 2, 3, 4, 5, 7.5 and 10
mg/L is summarised in Figure 5.47. Irrespective of initial iron concentration (up to 10
mg/L) nitrate in the treated water was always less than detection limits and therefore, not
plotted in given figure. This also concludes no adverse effects on nitrate removal in
reactor even at iron concentration up to 10 mg/L. Iron in the treated water remained below
permissible limits of 0.3 mg/L when the influent iron was 4 mg/L or less whereas treated
water iron averaged 0.82 mg/L with 83% removal efficiency at influent iron of 5 mg/L
during day 155 to day 181. The possible reason for this higher iron concentration (0.82
mg/L) in treated water might be due to unavailability of sufficient sulphides for
precipitation as iron sulphides. The average values of SO~ and COD were 3.2+0.8 mg/L
and 10.8+1.0 mg/L with 87% and 89.5% removal efficiency, respectively. The maximum
and minimum SO%~ and COD in the treated water were 5.0 and 1.7 mg/L, 16.2 and 9.6
mg/L, respectively, during AGR-2 operation from day 79 to 181. The maximum and
minimum values of arsenic in the treated water were 7.6 and 1.2 pg/L with average values
of 4.0£1.8 pg/L (99.2% removal) during above period. pH of treated water remained
between 7.05 and 7.25 during this period.
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Figure 5.47 Performance evaluation of AGR-2 in phase-1 at initial arsenic = 500 pg/L,
iron = 2.0 -10 mg/L, nitrate = 50 mg/L and sulphate = 25-75 mg/L.

Profile sampling: The profile sampling results of the day 181 is shown in Figure 5.48.
Complete nitrate removal was observed in 1% port. Sulphate removal started from 1% port
and almost 89% sulphate removal was observed in 5" port. Iron removal followed
sulphate reduction and only 82% iron removal was occurred in 5" port. The iron
concentration in treated water was found to be 0.9 mg/L. This might be due to
unavailability of sulphides for iron sulphide precipitation. The arsenic in the treated water
was below 10 pg/L in 4™ port and remained undetected in the 5" port. Based on the
profile sampling results, future experiments were conducted with increased influent
sulphate of 50 mg/L in order to ensure the availability of sufficient sulphide for iron
sulphides precipitation. Iron in the treated water was again resumed below 0.3 mg/L when
the initial sulphate was raised to 50 mg/L from the day 182 to day 208.

The profile sampling results of the day 208 is shown in Figure 5.49. Sixty five
percent of iron removal was observed in 3 sampling port and became less then detection
limits in port 4. Iron in treated water averaged 1.35+0.08 mg/L from day 209 to day 233
of AGR-2 operation when influent iron was increased to 7.5 mg/L. However, reactor
performance remained stable in terms of arsenic removal and other parameters such as

S0%~ and COD removal during this period with average values of 4.3+2.4 pg/L, 3.0+0.5
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mg/L and 11.5£1.3mg/L respectively. Iron concentration was again reduced to below
permissible limits when influent sulphate was increased to 75 mg/L from day 234 till day
264.
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Figure 5.48 Sampling profile of the AGR-2 on day 181 (Iron = 5.0 mg/L, arsenic = 500
ug/L, nitrate = 50 mg/L, sulphate = 25 mg/L and EBCT 45 Min.).
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Figure 5.49 Sampling profile of the AGR-2 on day 208 (sulphate = 50 mg/L, iron 5.0 =
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and EBCT 45 Min.).
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The profile sampling results of the day 264 is shown in Figure 5.50. These result
showed that only 83% S04~ removal was seen in the effluent indicating lower EBCT a
reason for poor sulphate reduction in AGR-2. However, a total of 98% iron removal was
observed in 5" port and only 0.16 mg/L iron was left out in final treated water from initial
7.5 mg/L. Arsenic in treated water was 5.7 pg/L corresponding to 98.8% removal in the
5™ port. Iron in treated water was found between 0.35-0.7 mg/L with an average value of
0.52+0.1 mg/L between day 265 and 294 when influent iron was 10 mg/L. SO~ and
COD of only 6.3+1.8 mg/L and 15.7£2.8 mg/L, respectively, remained in the treated
water during this period, whereas the maximum and minimum SO%~ and COD were
between 9.3 and 2.5 mg/L, and 19.5 and 10.5 mg/L respectively. The change in EBCT to
60 min improved in SO;~ reduction with time as a result of which better COD removal
was also seen in the reactor from day 266 to 294. Further increase in the EBCT to 90 min
provided even better SO~ removal leaving only an average of 2.4 mg/L in the treated
water between day 295 and day 326. In treated water, iron concentration was dropped to
below the drinking standards of 0.3 mg/L, and was found in the range of 0.18-0.26 mg/L
during last 20 days of operation at 90 min EBCT. This was probably due to generation of
enough sulphide to form iron sulphides in the system thus promoting iron removal in the
system. Moreover, sulphate addition up to 75 mg/L to the synthetic feed did not adversely
affect the system performance. Arsenic removal was stable during the entire period of

operation.
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Figure 5.50 Sampling profile of the AGR-2 on day 264 (sulphate = 75 mg/L, iron = 7.5
mg/L, arsenic = 500 ug/L, nitrate = 50 mg/L and EBCT 60 Min.).
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Figure 5.51 Sampling profile of the AGR-2 on day 326 (sulphate = 75 mg/L, iron = 10.0
mg/L, arsenic = 500 pg/L, nitrate = 50 mg/L and EBCT 90 Min.).

The pH of the treated water remained between 7.25 and 7.60 from day 182 to day
326. Slight increase in pH might be due to alkalinity generation resulting from reduction
of increased S04~ in influent. Higher EBCT improved the reactor performance in terms of
iron removal because it prolongs the TEAP zone which results in improve sulphate

reduction, which in turn provides more sulphides to form iron and arsenic sulphides.

The profile sampling results of the day 326 is shown in Figure 5.51. The results
indicated better sulphate removal of up to 95% efficiency at higher EBCT of 90 min and
only 3.1 mg/L of SO;~ was left out in treated water. Average iron concentration in the
treated water was found to be 0.26 mg/L (97% removal) from an initial of 10 mg/L. Thus,
increase in EBCT provided sufficient residence time for influent media to contact with
biofilm which in turn resulted in enhanced sulphate and therefore higher iron removal in

the reactor.

At the end of phase-1, the treated water arsenic, iron and nitrate was within the
drinking water permissible limits with around 99.5%, 97.5% and 100% removal
efficiency. Moreover, high iron concentration (up to 10 mg/L) did not adversely affect
reactor performance in terms of arsenic removal. The SO%~ and COD removal efficiencies
by mixed microbial consortia was around 96.5% and 91.5% during the last 20 days of
operation. These results conclude that the microbial reduction became the predominant

process in the system.
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5.6.3 AGR-2 Phase 2: Effects of Arsenic

The effects of initial arsenic concentration of 500, 750, 1000, 1250 and 1500 pg/L
is summarised in Figure 5.52. The performance of AGR-2 remained stable at all tested
influent arsenic concentrations introduced. The treated water nitrate was always found
below detection limit and therefore, not plotted in the figure. Variation in SO~ and COD
concentrations followed similar trend as observed in phase-1. The SO3~ and COD
removal efficiencies remained on average values of 96% and 91.5%, respectively and
averaged 3.0+0.8 mg/L and 11.3+1.0 mg/L respectively. Irrespective of initial arsenic
concentration, iron in treated water always remained less than permissible limits except
one or two instances. Iron in treated water was found to be 0.2 +0.06 mg/L corresponding
to 98% removal. Gradual increase of influent arsenic did not adversely affect reactor
performance. The arsenic concentration in treated water during this phase decreased
further to 3.5+2.7 pg/L corresponding to 99.7% removal. The treated water pH remained
between 7.42-7.58 during entire phase-2 of reactor operation.
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Figure 5.52 Performance evaluation of AGR-2 in phase-2 at initial arsenic = 500-1500
Mg/L, iron = 10.0 mg/L, nitrate = 50 mg/L and sulphate = 75 mg/L.
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Profile sampling: The profile sampling results of day 382 and day 444 are shown
in Figure 5.53 and 5.54 respectively. Arsenic in treated water was below detection limits
in port 4 from an initial arsenic of 1000 ug/L. Iron removal also followed similar trend
and almost 79% iron was removed in 4™ port from an initial concentration of 10 mg/L.
Whereas, iron in treated water was found to be 0.17 mg/L with 98.3% removal efficiency.
Similarly, the profile samples collected on day 444 shows 87% arsenic removal in port 4
and leaving only 3.1 pg/L in port 5 from initial arsenic of 1500 pg/L. The iron
concentration in the 5™ port was found to be 0.27 mg/L corresponds to 97.3% iron
removal efficiency. The arsenic removal at higher concentrations (up to 1500 ug/L) may
be due to the presence of iron in the influent and subsequent formation of its sulphide in
the reactor.
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Figure 5.53 Sampling profile of the AGR-2 on day 382 (arsenic = 1000 ug/L, sulphate =
75 mg/L, iron = 10.0 mg/L, nitrate = 50 mg/L and EBCT 90 Min.).
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Figure 5.54 Sampling profile of the AGR-2 on day 444 (arsenic = 1500 pug/L, sulphate =
75 mg/L, iron = 10.0 mg/L, nitrate = 50 mg/L, and EBCT 90 Min.).
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The influent As(V) which was reduced to As(lll) by the microorganisms in the
reactor resulting in arsenosulphides formation such as orpiment (As,S3), realgar (AsS)
etc. in presence of biogenic sulphides. Moreover, presence of iron improves the removal
of arsenic via adsorption on to the iron sulphides and/or co-precipitation as arsenopyrites
in sulfidogenic environment, which results in an appreciable arsenic removal in the
system. Similar results were obtain by Altun et al. (2014) in a sulphidogenic ethanol-fed
reactor treating acid-mine drainage. They observed the highest arsenic removal of 95.4%
with an influent arsenic concentration of 20 mg/L in presence of 200 mg/L Fe (1) in the
influent, with the highest COD and SOj;~ removal efficiency of 95% and 80%
respectively. They also suggested that low sulphide concentration improves arsenic
removal efficiency even at neutral to alkaline pH. Upadhyaya et al. (2010) also observed
the arsenic removal to below 20 pg/L from influent arsenic of 200 pg/L in presence of
22.4 mg/L sulphate and 10 mg/L iron in a series of two acetate-fed bioreactors for

drinking water treatment.
5.6.4 AGR-2 Phase 3: Effects of Influent Nitrate

Figure 5.55 depicts the effects of initial nitrate concentration of 50, 100, 150 and
200 mg/L on AGR-2 performance during phase-3 operation.
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Figure 5.55 Performance evaluation of AGR-2 in phase-3 at initial arsenic = 1500 pg/L,
iron = 10 mg/L, nitrate = 50-200 mg/L and sulphate = 75 mg/L.
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AGR-2 responded better to the feed changes in terms of denitrification as well as
arsenic and iron removal. Irrespective of initial NO3 concentration (up to 200 mg/L), NO3
in the treated water remained below detection limit therefore, not plotted in the Figure.
From day 445 to 474, SO%~ and COD removal efficiencies were 96% and 92% with mean
values of 2.7+0.5 mg/L and 11.5+0.8 mg/L respectively, at influent nitrate of 100 mg/L.
The iron and arsenic removal in AGR-2 was remained stable during this period. With the
increase in feed nitrate from 50 to 100 mg/L (day 414 to day 474) SO;~ and COD
removal efficiencies were 96% and 92% with mean values of 2.7+0.5 mg/L and 11.5+0.8
mg/L respectively. Moreover, increase in NO3 concentration from 50 mg/L to 100 mg/L
did not affect iron and arsenic removal in AGR-2. Iron and arsenic removal percentages
were on average 98.2% and 99.7% respectively. The treated water pH varied between
7.44 and 7.67 during this period.

Profile sampling: The profile sampling results of day 474 are shown in Figure 5.56. It
shows complete NO3 removal and just 7% SO%~ removal in the 1% sampling port. The
S0%~ reduction lasted till 5™ sampling port and a total of 89% sulphate removal was
observed in port 5. Arsenic and iron removal was prolonged till port 5 with 99% and
97.5% removal efficiencies respectively. The arsenic and iron removal followed sulphate

removal. From day 475 to day 505, the AGR-2 performance was stable.

In presence of 150 mg/ L of NO3 in the influent, arsenic and iron in the treated
water remained below 10 pg/L and 0.3 mg/L, respectively. The average values of
SO57and COD were at 3.4+0.5 and 12.8+0.8 mg/L with 95% and 94% removal
efficiencies, respectively. Treated water pH was between 7.60 and 7.68. The profile

sampling results of day 505 is shown in Figure 5.57.

An increase in iron, SOZ~and COD in the treated water was observed without any
change in arsenic concentration when influent nitrate was 200 mg/L (day 506 to 533) at
influent nitrate of 200 mg/L. During this period, the average concentration of iron,
SOz~ and COD in the treated water were found to be 0.48+0.05 mg/L, 7.8+£0.5 mg/L and
19.2+1.6 mg/L, respectively. The decreased SOZ~ reduction efficiency might be
associated with higher influent nitrate due to which the SO3~ removal was delayed in the
bioreactor. The increase in COD in treated water could be due decreased SO3~ reduction

in the reactor. The profile sampling results (Fig 5.58) of day 533 also confirmed the same.
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Figure 5.56 Sampling profile of the AGR-2 on day 474 (nitrate = 100 mg/L, arsenic =
1500 pg/L, sulphate = 75 mg/L, iron = 10.0 mg/L and EBCT 90 Min).
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Figure 5.57 Sampling profile of the AGR-2 on day 505 (nitrate = 150 mg/L, arsenic =
1500 pg/L, sulphate = 75 mg/L, iron = 10.0 mg/L and EBCT 90 Min).

Hence, the reactor was operated at increased EBCT of 120 min from day 534
onwards. At longer EBCT (120 min) SOZ~ in the treated water reduced to 4.9+0.9 mg/L.
This increased SO4~ reduction in turn improved iron removal. The iron in treated water
was 0.28+0.06 mg/L with 97.2% removal efficiency. COD in the treated water was also
reduced to 16.8+0.9 mg/L. The arsenic removal efficiency remained high (~ 99.6%)

leaving 5.4+3.0 pg/L in the treated water during last 55 days of operation of the AGR-2
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fed with initial NO3 of 200 mg/L. The pH of the treated water remained in between 7.67

and 7.76 during this period. The profile sampling results of day 561 is shown in Figure

5.59.
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Figure 5.58 Sampling profile of the AGR-2 on day 533 (nitrate = 200 mg/L, arsenic =
1500 pg/L, sulphate = 75 mg/L, iron = 10.0 mg/L and EBCT 90 Min).
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Chapter 5 Results and Discussion

Complete nitrate removal up to 200 mg/L in AGR-2 is giving evidence of the
presence of different active denitrifying bacteria in the original seed. Chen et al. (2008)
also observed similar results for simultaneous NO3 and SO3~ removal in a granular
sludge bioreactor operated at pH 8. They have reported 78% and more than 99% SO;~
and NO3 removal respectively from an initial loading of 2.1 kgm 3day™® and 1.7
kgm~3day™. The microbial population in their reactor revealed presence of
Proteobacteria, Bacteroidetes, Chloroflexi and Fimuicutes which are also major
microbial group found in our studied bioreactors (section 5.10.3.1). Gruyer et al. (2013)
reported simultaneous removal of nitrate (300 mg/L) and sulphate (500 mg/L) with

sulphate removal (98%) followed by denitrification (95-99%) in a constructed wetlands.
5.6.5 AGR-2 Phase 4: Effect of Initial pH

Effects of initial pH of 6.6, 7.2 and 8.4 on AGR-2 performance are shown in
Figure 5.60. The system showed performance stability to the experiments done at pH 6.6
and 7.2 from day 562 to day 623. Irrespective of initial pH, treated water arsenic remained
at mean value of 3.0+2.0 pg/L with more than 99% removal efficiency during this period.
The treated water NO3 was always below detection limits throughout the phase-4
operation and therefore, not shown in the figure. The iron in the treated water was below
0.3 mg/L with an average value of 0.13+£0.06 during the reactor operation at initial pH of
6.6 and 7.2. SO;5~ and COD in the treated water were averaged 2.5+0.52 mg/L and
11.8+0.8 mg/L corresponding to 90% and 89 % removals, respectively. A little increase
in pH was observed but it remained between 7.18-7.28 and 7.66-7.74 at an initial pH of
6.6 and 7.2. With the further increase in influent pH to 8.4 from day 624 to day 658, a
little drop in SO3™ removal was seen and this contributed little increase in treated water
COD in treated water. In AGR-2, SO~ and COD removal percentages were on average
74.3% and 84.7%, respectively. Iron removal dropped to 84.5 % in the reactor leaving
0.47+0.04 mg/L in the treated water. However, the arsenic removal remains unaffected
and remains below 10 ug/L during the reactor operation even at influent pH 8.4. The pH
in the treated water was raised and remained between 8.48-8.62. Reduction in SO%~
removal could be due to slower adaptation of SRB at higher initial pH of 8.4 and would
require some more time to adapt in new pH. Visser et al. (1996) reported that at high pH

SRB growth is inhibited. Despite a little drop in iron removal, the result indicates the
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stability of the process in a wider pH range. High removal efficiencies were achieved as
treated water NO3 remained below their detection limits and arsenic met the drinking

water standards.

Mixed microbial community showed to immediately adapt to the changing pH
conditions at 6.6, 7.2 and 8.4. Moreover, the reactor performance remained stable at
different pH values because the reactor pH was always between 7.2 and 9.0, which is
between 1% and 2™ pKa values of H,S (pKai=7.04 and pK,,-11.96 at 25°C). Hence, most
of the dissolved sulphide was as HS™ rather than H,S, and the formation of H,S can be

considered low.

Results from AGR-2 demonstrated greater arsenic and iron removal than those
reported in the literature. Jusoh et al. (2011) reported optimum iron removal as biogenic
iron sulphide at pH between 7 and 8 in a bioreactor treating real groundwater. Hayes et al.
(2014) also reported optimum pH for biogenic FeS formation was circumneutral pH (6.5-
7.3) by SRB, D. vulgaris. They also suggested slightly alkaline pH is beneficial to form
more-amorphous biogenic iron-sulphide. However, SRB growth was retarded at pH 5.6
and 8.9 but they observed fast adaptation of SRBs and suggested that mackinawite
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Figure 5.60 Performance evaluation of AGR-2 in phase-4 at initial arsenic = 500 pg/L,
iron = 3.0 mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.
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formation was sensitive to pH and lower pH leading to more crystallinity. In the present
study amorphous and nanocrystalline phases of iron as well as arsenic sulphides were
formed (Refer section 5.11.4.1). Hayes et al. (2009) reported that biogenic FeS generated
by D.acetoxidans is highly efficient in As(l1l) removal (100% removal efficiency) from
water, especially, in pH range from 4.0 to 7.5 whereas beyond pH 9 As(I11) removal was
decreased. They suggested As(I1l) uptake at low pH was resulting from FeS dissolution
and AsS precipitation, while at higher pH it was attributed to the adsorption of As(IlI)
oxyacid species to surface sites on the FeS solid. The biogenic FeS was more efficient
than synthetic mackinawite by 2.5 times in terms of arsenic uptake as biogenic FeS has
high porosity and unique textural properties. They also suggested that biogenic FeS can
be an efficient scavenger of As(l1l), even at low solution concentrations. At higher arsenic
concentration, As(l1l) uptake increases gradually suggesting biogenic FeS has more

accessible surface at higher pH and accessible sulphide at lower pH.
5.6.6 AGR-2 Phase 5: Effect of operating Temperature

Figure 5.61 shows AGR-2 performance on arsenic, iron and nitrate removal at
operating temperature of 20°C, 30°C, 40°C and 50°C. Change in operating temperature
did not negatively affect the system performance in terms of NO3 and arsenic removal.
Irrespective of operating temperature (up to 50°C) treated water nitrate remained below
detection limits during entire phase-5 operation and therefore, not shown in the figure.
The average SO3~ and COD in the treated water were between 2.8-6.2 mg/L and 11.9-
15.4 mg/L, with removal efficiencies of 83% and 87 %, respectively, at 20°C. Iron in the
treated water was stable at mean values of 0.23+0.04 with 92% removal efficiency. From
day 659 to day 695, the treated water arsenic remained below 10 pg/L, with mean values
of 5.6+2.0 pug/L. AGR-2 responded better to the temperature changes of 30°C, 40°C and
showed high removal efficiencies for arsenic, iron, SO;~ and COD with 99.2%, 96%,

88%, and 89% removal respectively.

During first 16 days of AGR-2 operation at 50°C (from day 758 to 774), slight
increase in the concentrations of SOZ~ and COD were observed in the treated water. The
S0;~ and COD were found between 7.5-9.3 mg/L and 16.6-20.7 mg/L, respectively.
Arsenic and iron in the treated water remained between 2.6-8.5 pug/L and 0.24-0.36 mg/L
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Figure 5.61 Performance evaluation of AGR-2 in phase-5 at initial arsenic = 500 pg/L,
iron = 3.0 mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

during this period. The possible reason for this increase in SO~ and COD could be due to
the time taken by microbial community to adopt in a new temperature regime. However,
mixed microbial consortia showed to immediately adapt to the operating conditions of
50°C. Once the adaptation was over, the SO~ and COD in treated water were resumed
back to 3.6 mg/L and 11.2 mg/L, respectively at the end of the phase-5. Similarly, the iron
and arsenic were at mean values of 0.20£0.04 mg/L and 4.8+2.5 pg/L respectively. The
treated water pH remained between 7.15 and 7.30 throughout the phase-6 operation. The
performance of AGR-2 remained stable from day 793 to day 817 when the operating
temperature was reduced back to 30°C.

The occurrence, activity and quick adaptation of microbial population involved in
denitrification (Braker et al., 2010), sulphate reduction (Gramp et al., 2010), and iron
reduction at elevated temperatures is well documented. Interestingly, Gramp et al. (2010)
showed biogenic iron sulphides precipitation with sulphate-reducing bacteria under
laboratory conditions at 22, 45, and 60 °C in 16 weeks old culture. They also reported an
enhanced crystallinity of the Mackinawite (FeS) and greigite (FesS4), which were the
dominant iron sulphide phases, on an increase in the incubation temperature from 22 to

60°C. Also the formation and stability of amorphous orpiment is reported at 0 to 50°C
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temperature range (Welch & Stollenwerk, 2007). Xia et al. (2014) also suggested 30-40°C
temperature as optimum range for arsenic removal as arsenosulphides in sulphate

reducing batch reactors.
5.6.7 AGR-2 Phase 6: Treatment of Real Groundwater

The AGR-2 was operated to determine its performance on removal of
multipollutants from real groundwater. Characterization and treatment of contaminated

groundwater in AGR-2 is discussed in details in section 5.7.
5.6.8 AGR-2 Phase 7: Performance at Lower EBCT

Figure 5.62 shows the temporal profiles of sulphate, arsenic, COD and pH at
lower EBCT of 30 min. The overall performance of AGR-2 at 30 min EBCT remained
stable in terms of nitrate, arsenic and iron removal. As seen during previous phases, NO3
in the treated water remained below detection limits and therefore, not plotted in the
figure. With the decrease in EBCT from 45 min to 30 min a little drop in average SO3~
removal efficiency was seen (80% removal) but it did not negatively affect on either
arsenic or iron removal in the AGR. Average iron and arsenic removal efficiencies were
94.5% and 99.2% with mean concentration in treated water were 0.16£0.04 mg/L and
3.6+2.1 ug/L, respectively. SO2-and COD of only 5.0+#0.5 mg/L and 12.8+0.7 mg/L
remained in the treated water at the end of phase-7. The treated water pH remained stable
between 7.19 and 7.32. The results of phase-7 suggested the presence of sufficient
number of bacteria in the form of biofilms on the WAC granules over the entire length of
the column, which were readily utilizing the available electron acceptors even at lower
EBCT.
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Figure 5.62 Performance evaluation of AGR-2 in phase-7 at initial arsenic = 500 pg/L,
iron = 3.0 mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

5.6.9 AGR-2 Phase 8: Performance after Shutdown

Performance of AGR-2 after 7 days shutdown period is shown in Figure 5.63. The
re-adaptation period after a shutdown is an important factor in the design and
performance evaluation of a bioreactor system. Like AGR-1, the NO3 removal was
completely recovered within few hours and resumed below detection limits in the treated
water after restart of AGR-2. When the AGR-2 was restarted after a one week shutdown,
the removal of arsenic and iron was initially unstable immediately after the restart, but
was gradually enhanced after 2-3 days. Average removal efficiency of arsenic and iron
after the 1% day was 76 % and 59%, respectively, which was further enhanced with higher
SO3~ reduction. More than 70% SO3~ removal efficiency was restored within 7 days of
operation after shutdown and average SOZ~ in the treated water was between 4.2-5.2 in
last 10 days of operation (day 917 to 926). The COD removal was improved gradually
with SO4~ reduction. The iron removal in the treated water was found below permissible
limits after 6 day of operation in phase-8. Arsenic in the treated water was resumed to
below 10 pg/L after 4 days of operation with 99% efficiency. These results indicated
there was no significant inhibition on the system performance corresponding to one week-
shutdown, and the reactor recovered itself fully after a few days (less than a week) of

operation.
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Figure 5.63 Performance evaluation of AGR-2 in phase-8 at initial arsenic = 500 pg/L,
iron = 3.0 mg/L, nitrate = 50 mg/L and sulphate = 25 mg/L.

5.7 AGR-2 Operation with Real Groundwater

The performance of AGR-2 with real groundwater is shown in Figure 5.64. AGR-
2 responded better to the feed change, the treated water nitrate concentration was below
detection limits. From type-1 groundwater, AGR-2 reduced arsenic and iron to well below
drinking water standards. From day 829 to 836, when AGR-2 was fed with type-2
groundwater the average iron concentration in the treated water rose to 3.31 mg/L. This
increase in iron could be due to unavailability of sufficient sulphide for iron sulphides
precipitation. The iron in treated water resumed below 0.3 mg/L when reactor was
operated with enhanced amount of sulphate (100 mg/L) and longer EBCT (120 min),. the
arsenic in treated water was always below 2.0 pg/L in this experimental period. The
average COD and SO;~ in the treated water were 11.0-14.0 mg/L and 5.5-7.5mg/L
respectively. The pH of the treated water remained between 7.28 and 7.38 during entire
period of operation. The results shows that AGR-2 could remove both arsenic and iron
from real groundwater provided sufficient amount of sulphate added and adequate

reaction time provided in terms of EBCT.
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Figure 5.64 Performance of AGR-2 with real groundwater.

5.8 Characterization of Bioreactor Treated Water

5.8.1 MPN Test

The presumptive MPN test a series of nine or twelve tubes of lactose broth are
inoculated with measured amounts of water to see if the water contains any lactose-
fermenting bacteria that produce gas. No gas formation was seen in any of the lactose

broth containing tubes, thus it was presumed that no coliforms were present in the treated

water sample.
5.8.2 Whole Effluent Toxicity (WET) Test Results

There were no noticeable differences between the results of water quality
parameters measured in different test vessels during the experiment (Table 5.1). The
observed data of present study indicate that the test fishes, survived well during 96 h of
exposure. There was no fish mortality was seen in both mode of experiments, static as
well as in static renewal. The fishes have been shown complete survival in absolute as
well as in diluted treated water. The changed surfacing behaviour such as fast movement

and swimming as well as jJumping out from the test media was observed to be increased in
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first 24 h of the commencement of the toxicity experiments. Jumping out of fish and fast
movement signify the avoidance reaction of fish to the treated water. With the
continuation of the exposure, the fishes progressively became normal. Ahmed et al.
(2013) reported acute toxicity of arsenic (96 h; LC50) in freshwater fish tilapia
(Oreochromis mossambicus) at 28.22 ppm. The WET test result suggests the presence of
very low arsenic concentration in effluents of AGR is not imposing acute toxicity as a

whole.
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Table 5.1 Whole Effluent Toxicity test results of AGR treated water at 30+2°C.

TH-2082_10610404

Mode of Type of Initial no. Exposure Time (h) Remarks
experiment effluent of test fish
water 24 48 72 96
Alive  Dead Alive Dead Alive Dead Alive Dead
Control 7 0 7 0 0 7 0 For first 24 h the
Static 50% diluted 7 7 0 7 0 0 7 0 movement of fish
was high.
Absolute 7 0 7 0 0 7 0
Control 7 0 7 0 0 7 0
Static
50% diluted 7 7 0 7 0 0 7 0
renewal
Absolute 7 0 7 0 0 7 0
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5.9 Fluoride Removal using Water Treatment Plant Residues

5.9.1 Effect of WTR Dose

The effect of WTR dose on the fluoride ions removal was studied using different
mass of WTR and initial fluoride concentration of 5.0 mg/L. The amount of fluoride ions
removed by 4, 8, 12, 16, 20, 24 and 28 g/L of WTRs is shown in Figure 5.65. As seen in
the figure, the defluoridation was increased with an increase in WTR dose. About 90%
removal efficiency was obtained within 2 h contact time at WTR dose of 28 g/L. The
amount of fluoride ions adsorbed increased with increase in WTR dose this may be due to
availability of more active binding sites on the surface and pore volume at higher doses
(Yadav et al., 2013). Although, with the increase in dose of WTR fluoride removal
efficiency was higher, the water became turbid at WTR dose greater than 16 g/L. At this
dose of WTR, fluoride in the treated water was 1.4 mg/L. At lower dose up to 12 g/L of
WTR, fluoride concentration in the treated water was 2.0 mg/L, which was more than the
upper permissible limit in drinking water. Therefore, WTR dose of 16 g/L has been

considered as the optimum dose for fluoride removal in drinking water.
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Figure 5.65 Effects of WTR dose on fluoride removal (Ini. fluoride concentration = 5.0
mg/L, contact time = 120 min., agitation speed = 100 rpm, temperature =
30°C and pH = 6.9-7.4).
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5.9.2 Effect of Contact Time

The results of Kinetic studies are presented in Figure 5.66. Results of the
experiment showed that, fluoride ions removal increased with time up to 120 min, and
thereafter removal was slowed down significantly. Fluoride in treated water was found to
be 1.1 mg/L (79% removal efficiency) in 180 min. at WTR dose of 16 g/L for initial
fluoride concentration of 5 mg/L. Thus, 120 min was considered as the equilibrium time

for further studies.
5.9.3 Effect of Agitation Speed

The effect of agitation speed on fluoride ion adsorption was studied over the range
of 50-250 rpm for 120 min. Study was carried out at an initial fluoride concentration of 5
mg/L and WTR dose of 16 g/L. As shown in Figure 5.67, fluoride removal increased with
increase in agitation speed and reached the maximum at 250 rpm. At lower agitation
speed of 50 rpm, the fluoride ion adsorption was the lowest and could not reduce fluoride
to meet the drinking water standards. Increase in adsorption efficiency at a higher
agitation speed could be explained in terms of the reduction of boundary layer thickness
and/or boundary layer resistance around the adsorbent particles and increases the mobility
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Figure 5.66 Effects of contact time on fluoride removal (Ini. fluoride concentration = 5.0
mg/L, WTR dose = 16 g/L, agitation speed = 100 rpm, temperature = 30°C
and pH = 6.9-7.4).
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Figure 5.67 Effects of agitation speed on fluoride removal (Ini. fluoride concentration =
5.0 mg/L, WTR dose = 16 g/L, contact time = 120 min, temperature = 30°C
and pH = 6.9-7.4).

of fluoride ion in the system (Geethamani et al.,, 2014; Hanafiah et al., 2009).
Additionally, higher agitation speed also encourages better mass transfer of fluoride ions
from bulk solution to the surface of the adsorbent and hence reduces the adsorption
equilibrium time (Hanafiah et al., 2009). Although, fluoride removal efficiency increased
with the increase in agitation speed, increase in efficiency from 200 rpm to 250 rpm was
not significant. Therefore, 200 rpm was considered as optimum agitation speed for further

studies.
5.9.4 Effect of Initial Fluoride Concentration

Effects of initial fluoride concentration on fluoride removal by WTR at a dose of
16 g/L are shown in Figure 5.68. When initial concentration was 8 and 9 mg/L, 1.32mg/L
and 1.65 mg/L of fluoride, respectively were left out in the treated water, suggesting that
the WTR (16 g/L) could reduce from up to 8 mg/L of fluoride to below the upper limit of
1.5 mg/L in drinking water.
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Figure 5.68 Effects of initial fluoride on fluoride removal (WTR dose = 16 g/L, contact
time = 120 min, agitation speed = 200 rpm, temperature = 30°C and pH =
6.9-7.4).

5.9.5 Effect of Initial Temperature

The effect of temperature on fluoride ion adsorption was studied in solution
temperature range from 15 to 55°C. As shown in Figure 5.69, residual fluoride in treated
water decreased with increase in water temperature up to 45°C. However, removal
efficiency remained fairly constant at temperature between 25 and 45°C. At 55°C, fluoride
removal efficiency decreased and 1.32 g/L of fluoride was left out in the treated water.
This decrease in removal efficiency may be due to the fact that that at high temperature
the thickness of the boundary layer decreases due to increased tendency of the molecules
to escape from the adsorbent surface to the solution phase, which results in a decrease in
the adsorption capacity at increased temperatures (Sujana & Anand, 2011). The minimum
adsorption efficiency of 74% was seen at 15°C. The poor adsorption at 15°C might be due
to the unavailability of adsorption sites. Based on the above results, 30°C was considered

as optimum for further experiments.
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Figure 5.69 Effect of initial temperature on fluoride removal (Ini. Fluoride = 5.0 mg/L,
WTR dose = 16 g/L, contact time = 120 min, agitation speed = 200 rpm, and
pH = 6.9-7.4).

5.9.6 Effect of Initial pH

Figure 5.70 shows the pH profile of the solution during adsorption process. It can
be seen from Figure.5.70 that the pH increases slightly during the entire adsorption
process after the addition of WTR. It can be observed that the fluoride removal remained
almost constant within the pH range of 5-7. Further increase in pH of the solution above 7
decreased the removal efficiency. The effective fluoride adsorption capacity by the WTR
was observed in the near neutral pH range of 6-7, possibly due to presence of positively
charged and neutral adsorption sites on the WTR surface. For the drinking water
purposes, neutral pH is desirable for an adsorbent at which 82-88% fluoride removal was
observed by WTR. Decrease in fluoride adsorption efficiency above pH 8 is possibly due
to the electrostatic repulsion of fluoride ion to the negatively charged surface and the
competition for active adsorption sites with fluoride ion, as increased number of hydroxyl

groups decreases the number of positively charged sites (Kumar et al., 2008).
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Figure 5.70 Effect of initial pH on fluoride removal (Ini. Fluoride = 5.0 mg/L, WTR dose
= 16 g¢/L, contact time = 120 min, agitation speed = 200 rpm, and
temperature = 30°C).

5.9.7 Adsorption Isotherm

The adsorption isotherm data were fitted to the linear forms Freundlich, Langmuir
and Temkin isotherm models. The Langmuir, Freundlich and Temkin isotherm plot are
presented in Figures 5.71, 5.72 and 5.73 respectively. The values of isotherm coefficients
are given in Table 5.2. As shown in figure, a plot of Ce/qe against Ce, yielded a straight
line for WTR, which indicates the applicability of Langmuir adsorption isotherm for
fluoride ions adsorption. The maximum adsorption capacity (qm) of fluoride ion for
Langmuir isotherm was found to be 0.298 mg/g. The Langmuir adsorption constant (B) is
related to the affinity of binding sites and higher values of B for WTR indicate that the
particle radius of adsorbent was larger toward adsorption (Bhaumik & Mondal, 2016).
The R? value is closer to one, indicates that the Langmuir isotherm better explains the
fluoride adsorption on WTR. The equilibrium parameter (R.) value lies between 0 and 1,
indicating a favourable absorption process (Nigussie et al., 2007). The data fit of
Langmuir model suggests that fluoride adsorption onto WTR is monolayer chemisorption.
The experimental data can also fit the Freundlich model well. Freundlich isotherm plot is

shown in Figure. 5.71 and the corresponding parameters are given in Table 5.2.
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Freundlich constant (Kyf) shows ultimate adsorption capacity on heterogeneous sites with
non-uniform distribution of energy level and adsorption intensity (n) is measure of the of
fluoride ions adsorption on WTR. Since the value of 1/n is less than one, indicates
favourable adsorption. Achak et al. (2009) also suggested favourable adsorption when ‘n’
value lies between 1 and 10. The poorly fit Temkin isotherm is shown in Figure 5.72 and
corresponding parameters are given in Table 5.2. The equilibrium binding constant (Kr)
corresponds to maximum binding energy and By is related to heat of adsorption. The
lower values of By indicate weak interaction between WTR and fluoride ions. The
coefficients of all the three isotherms suggest that WAC was a better adsorbent in
removing fluoride ions.

Table 5.2 Isotherm parameters for the removal of fluoride by untreated adsorbent (Ini.

fluoride concentration = 5.0 mg/L, equilibrium contact time = 120 min., pH 7.0
+ 0.1, and temperature = 30+2°C).

Langmuir B (L/mg) = 1.266:

constants Gm (Mg/g) = 0.298 (RL :gg). 1310 | R?=0.984
Freundlich

constants K ((mg/g)/(mg/L)"™ = 0.163 1/n = 0.329 R?=0.983
Temkin

constants Kt (L/mg) = 15.904 B:=10.06 R?=0.975

Langmuir Isotherm
8 -
6 u
y =2.279x + 3.602
. R2=0.981
S 41 ]
—
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Figure 5.71 Linearized Langmuir isotherm for fluoride ion adsorption by WTR (Ini.
fluoride concentration = 5.0 mg/L, equilibrium contact time = 120 min, pH
7.0, and temperature = 30 °C).
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Figure 5.72 Linearized Freundlich isotherm for fluoride ion adsorption by WTR (Ini.
fluoride concentration = 5.0 mg/L, equilibrium contact time = 120 min, pH
7.0, and temperature = 30 °C).
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Figure 5.73 Linearized Temkin isotherm for fluoride ion adsorption by WTR (Ini.
fluoride concentration = 5.0 mg/L, equilibrium contact time = 120 min, pH
7.0, and temperature = 30 °C).
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5.9.8 Characterization of WTR
FESEM/EDX analysis

FESEM/EDX analysis of WTR adsorbent before fluoride adsorption is shown in
Figure 5.74. FESEM image (Fig. 5.74a) revealed the surface structure of the WTR

powder consisting of the fine particles of irregular shape and size.

Electron Image 1
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Figure 5.75 FESEM image (a) and EDX pattern (b) of WTR after fluoride adsorption.
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This irregular shape of particles with their surface exhibiting a micro-rough
texture, promotes the fluoride adherence on it. The EDX pattern (Fig.5.74b) of WTR
shows the elemental presence of aluminium, iron, silicon, potassium, calcium,
magnesium, oxygen, and carbon. The results of EDX analysis was again confirmed by
FTIR and XRD patterns. FESEM/EDX pattern of WTR after adsorption given in Figure
5.75.

FT-IR analysis
The FT-IR spectra of WTR were obtained to understand the nature of the

functional groups present in it. FT-IR spectra of WTR before and after adsorption are
shown in Figure 5.76. FT-IR spectra (Fig. 5.76A) displayed a number of peaks, indicating
the complex nature of the adsorbent. The peak positions in the FT-IR pattern indicated the
composition of the tested substances, and the amplitudes reflected the relative content
levels of different components. The WTR are physical mixtures of aluminium and iron
oxides containing substantial amounts of silica. The broad band in the range of 1500—
1875/cm is due to the oxides of aluminium and iron oxides. The structures of the WTR

before and after adsorption were similar, but their contents have changed.
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Figure 5.76 FT-IR patterns of WTR before and after adsorption.
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The band at 2347/cm generally corresponds to the Si-H bending mode of water. The
metal-oxygen groups are observed at 470, 800, and 1,028/cm, corresponding to Al-O,
Si—O-Si, and AI-OH stretching mode, respectively (Zhang et al., 2014b). It is inferred
that OH groups and metal-oxygen groups have been taking part in the adsorption

procedure.

XRD analysis

The XRD pattern of the WTR confirmed the characteristic peaks of SiO,, Al,Os,
and Fe,O3 (Figure 5.77). The presence of oxides of silica, aluminium and iron supports
the fluoride removal potential of the WTR because of their greater affinity for fluoride.
Moreover, the use of above oxides as it is and their modifications is well documented for
fluoride removal from drinking water (Bhatnagar et al., 2011). The possible mechanism

of adsorption onto WTR were seems to be surface complexation, chemisorption and ion

exchange.
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Figure 5.77 X-ray powder diffraction patterns of WTR before and after adsorption.
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5.10 Microbial Population Identification and Diversity Analyses
5.10.1 Microbial Biofilm on WAC

FESEM analysis was performed on WAC granules to reveal presence of the
microbial growth and biofilm formation. The virgin WAC granule was not showing any
microbial growth (Figure 5.78a). The presence of small pores on the WAC is also seen,
which were probably served as site for microbial growth. The presence of biofilm grown

on the WAC was containing rod and cocci shaped bacteria are shown in Figure 5.78b.
5.10.2 T-RFLP Analysis

The result of a T-RFLP profiling is a graph called Electropherograms which is an
intensity plot representation of an electrophoresis experiment (gel or capillary). In an
electropherogram, the X-axis marks the sizes of the fragments while the Y axis marks the
fluorescence intensity of each fragment. Thus, what appears on an electrophoresis gel as a
band appears as a peak on the electropherogram whose integral is its total fluorescence. In
a T-RFLP profile, each peak assumingly corresponds to one genetic variant in the original
sample while its height or area corresponds to its relative abundance in the specific
community. T-RFs having size less than 40 bases were eliminated from the analysis as

they might result from primer-dimers. The data obtained from the T-RFLP analysis were

@ 10 pm EHT= 3.00kV Signal A = InLens @ 2 m EHT =20.00kV Signal A = SE2
H WD= 56mm Mag= 1.00KX — WD = 9.5mm Mag = 10.00K X

Figure 5.78 FESEM image of WAC granules from AGR-1 (a) before and (b) after
biofilm growth on WAC granules.
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Figure 5.79 T-RFLP profile of microbial community present in AGR-1 collected after 250 days of operation.
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compared with databases available at http://mica.ibest.uidaho.edu/pat.php to identify the
probable species present. The Electropherogram revealed the presence of arsenic, nitrate
and sulphate reducing microbial communities in the AGR-1, responsible for reduction of
arsenic, nitrate and sulphate. The Electropherogram is given in Figure 5.79.

5.10.3 Metagenomic Analysis

The aim of the study was focused on the identification of microbial community
structure involved in the reduction of electron acceptors present in the both bioreactor
systems. The WAC granules harbouring biofilms collected from AGR-1 and AGR-2 were
analyzed using the 16S rRNA gene and metagenomic sequencing. In addition to getting
information about the microbial community, we also gained new insights into the
microbial ecology of the system, specifically about how certain physiochemical changes
might influence bacterioplankton communities. Here, we used Illumina MiSeq to
sequence amplicons generated from the V4 region of the 16S rRNA gene to investigate
the bioreactor microbiome. A total number reads were determined by pyrotag sequencing
of 16S rRNA amplicons. The numbers of operational taxonomic units (OTU) that were
generated for the taxonomy identification based on the fixed similarity threshold of 0.80
(80%) confidence (Table 5.2). In house-PERL program was used for read filtering and V3
consensus making whereas for V3 analysis and taxonomy studies the QIIME software-

1.8.0 was used. The following illumina PCR primer sequences were used for sequencing-

Forward primer sequence- 341 Forward: 5' CCTACGGGAGGCAGCAG 3'
Reverse primer sequence- 518 Reverse: 5' ATTACCGCGGCTGCTGG 3'

Table 5.3 Total number of OTUs read in AGR-1 and AGR-2

Description AGR-1 AGR-2
Total Reads 6,41,500 7,28,574
Total OTUs Picked 1,50,79 1,064
Total Singleton OTUs 8,026 553
Total OTUs after 7,053 511
singleton removal

176
TH-2082_10610404



Chapter 5 Results and Discussion

5.10.3.1 Overall Microbial Community Structure
Similarities in major taxonomic groups were observed for AGR-1 and AGR-2.

The pie charts shown in the Figure 5.80 and 5.81 illustrate the distribution of taxonomic
phylum and class for the annotations. Each slice indicates the percentage of OTUs with
predicted proteins and ribosomal RNA genes annotated to the indicated taxonomic level.
Only, top 10 (OTU count wise) taxonomic categories are represented as a plot in the
report. The taxonomic classes other than top 10 results are categorized as “Others”. The
sequences with very less similarity or no similarity or whose V3 regions do not have any

alignment hits against taxonomic database are categorized as “Unknown”.
Taxonomic hits distribution at phylum level

In both the bioreactors, most of the OTUs were belongs to the Phylum
Proteobacteria (Fig. 5.80). The mixed microbial consortia in AGR-1 & AGR-2 have 37%
& 50% Proteobacteria as largest microbial population. The proteobacteria are major
phylum of gram negative bacteria which includes many of the bacteria responsible for
sulphate reduction and nitrogen fixation. Actinobacteria, Acidobacteria, Bacteroidetes,
Firmicutes, Spirochaetes, and TM6 were among other major phyla present in the AGR
systems. The Bacteroidetes and Firmicutes are facultative anaerobic and obligate
anaerobic group of bacteria which are widely distributed in environment. The large group
of SRB falls under Firmicutes.

Taxonomic hits distribution at class level

Taxonomic hits distribution at class level in both reactors is shown in Figure 5.81.
Most of the OTUs in AGRs were distributed in four bacterial class Delta-, Beta-, Gamma-
and Alphaproteobacteria of phylum Proteobacteria. The Delta-subdivision was the most
dominant Proteobacteria, followed by Beta-, Gamma-, and Alpha-subdivisions. Most of
the OTUs of SRB were from taxonomic class Deltaproteobacteria. The DsrAB that
catalyzes the energy-conserving step during dissimilatory sulphate reduction pathway that
is conserved in most SRBs distributed in Deltaproteobacteria. Chlorobia, Anaerolinae (in
AGR-1) Clostridia and Actinobcteria (in AGR-2) were the next abundant taxonomic
class. The majority of denitrifying bacteria are related to Alpha-, Beta-, and Gamma
Proteobacteria in the previous studies done with full- and pilot-scale denitrification

bioreactors.
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Figure 5.80 Taxonomic hits distribution at phylum level of (a) AGR-1 and (b) AGR-2.
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Figure 5.81 Taxonomic hits distribution at class level of (a) AGR-1 and (b) AGR-2.
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5.10.3.2 Prevalence of Sulphate Reducing Microorganisms

Sulphate reducing microorganisms were the most important functional group in
AGRs. Sequences affiliated to genus Desulfosporosinus, Desulfovibrio, Desulfobacca,
Desulfomonile, Desulfomicrobium, Desulfoglaeba, Desulfobulbus and Desulfarculus,
were detected in both AGRs. Similar microbial genera, Desulfomicrobium and
Desulfovibrio (Altun et al., 2014), Desulfosporosinus (Battaglia-Brunet et al., 2012) were
also observed in sulphidogenic arsenic removal bioreactors. Moreover, Desulfosporosinus
related strain is reported to play major role in the As(V) respiration in sulfphidogenic
system. Desulfosporosinus strains are reported from municipal drinking water and
capable of utilizing nitrate or arsenate as electron acceptors (Ramamoorthy et al., 2006).
Hoeft et al. (2004) also reported MLMS-1 Strain similar to Desulfobulbus genera (Delta-
Proteobacteria), from anoxic lake water. The strain was capable of reducing arsenate by
using sulphide as electron donor. Based on 16S rRNA gene sequence, Sun et al. (2010a)
reported that acetate oxidising genera Desulfarculus (Deltaproteobacteria) is closely
related to the Desulfovibrio, Syntrophobacter and Desulfomonile, which are other existing
SRBs in the AGRs. Desulfovirga, Deltaproteobacteria and Syntrophobacterales are
strictly anaerobic, having a respiratory type of metabolism. They are using Ci-Ci,
straight-chain fatty acids, other organic acids, and alcohols as carbon sources and electron
donors whereas sulphate, sulphite, thiosulphate, and sulphur serve as terminal electron
acceptors and are reduced to H,S. The electron donors are completely oxidized to CO,.
Members of the family Syntrophobacteriaceae are mainly found in freshwater, sewage
sludge, or marine habitats. Thus high prevalence of sulphate reducers related sequences

were observed in the AGRs.

5.10.3.3 Prevalence of Nitrate-Reducing Microorganisms

The most predominant denitrifiers in AGRs are of Betaproteobacteria
(Acidovorax, Achromobacter, Burkholderia, and Thiobacillus), Alphaproteobacteria
(Azospirillum, novosphingobium and paracoccus), Gammaproteobacteria (Acinetobacter,
Pseudomonas and Methylomicrobium) genera. Flavobacterium (Bacteroidetes),
Corynebacterium and Propionibacterium (Actinobacteria) and Geothrix (Acidobacteria)
were some of the other major nitrate reducers in AGRs. Wrighton et al. (2010) also

identified denitrifiers belongs to genera Firmicutes, Chlorobia, Actinobacteria,
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Bacterioidetes and Chloroflexi members along with Proteobacteria in active denitrifying
biofilms generated during acetate oxidation. Similarly, denitrifiers found in water
treatment plants covers more than 50 genera that belongs to Firmicutes and Bacterioidetes
other than the class Protobacteria (Liu et al., 2008; Per Halkjer Nielsen, 2009). The
denitrifying population detected in the AGR systems is similar to communities detected in
denitrifying reactors treating high levels of nitrate, heavy metals and radionuclides. In
previous studies done with full- and pilot-scale groundwater denitrification bioreactors,
the most frequently detected denitrifying taxa were related to Alpha-, Beta-,Delta-, and
Gamma-Proteobacteria, Bacteroidetes, Actinobacteria and Acidobacteria (Spain &
Krumholz, 2011). They reviewed most commonly found denitrifying taxa in different
bioremediation environments, particularly in contaminated wastewater of different
geochemical conditions, of different nitrate contamination levels and pH, based on 16S
rRNA genes and/or nirK and nirS genes studies. Spain and Krumholz (2011) reported the
active in situ presence of Acidovorax, Burkholderia and Thiobacillus (Betaproteobacteia)
under high concentrations of nitrate and heavy metals in 16S rRNA gene surveys. The
presence of all above genera is also observed in our systems. Additionally, Burkholderia
species is also reported to contain genes responsible for arsenic reduction, resistance and
oxidation (Li et al., 2014). The capacity to utilize arsenic and iron as electron acceptor

allowed the denitrifying taxonomic groups to exist in the studied system.

5.10.3.4 Prevalence of Other Metabolically Important Microorganisms

Sequences related to taxa capable of utilizing more than one electron acceptors
were found. The presence of taxa such as Acidothiobacillus, Acidiphillum, Geobacter and
Geothrix is also detected in AGR-1. Acidiphilium is capable of dissimilatory iron
reduction at near neutral pH under anoxic and micro-aerophilic conditions. Bilgin et al.
(2004) reported that this bacterium leads precipitation of iron and thus preventing its loss
in to drainage water. Similarly, Geothrix an iron reducer, also grows with nitrate as
electron acceptor by using acetate as electron donor in strict anaerobic medium (Coates et
al., 1999). AGRs also have OTUs related to genus Thiomonas (Betaproteobacteria),
which are ubiquitous in arsenic rich environments. They grow on media containing
reduced inorganic sulphur compounds. Thiomonas sp. 3As is resistant to up to 50 mM
As(V) and up to 6 mM As(l1l). The analysis of the Thiomonas genome revealed the

presence of two copies of the ars operon (Freel et al., 2015). Acidithiobacillus (gamma-
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proteobacterium) related OTUs were also observed in both AGRs. They are having
anaerobic metabolism, found in many sulphur-rich environments, a major participant in
biomining microorganisms including sulphur reduction and nitrogen fixation (Valdés et
al., 2008).

The bioreactors used in present study contained highly diverse microbial
community where Proteobacteria, Chlorobi, Bacteroidetes, Firmicutes and
Cyanobacteria constitute the major bacterial groups. This suggests a much wider
metabolic potential and occurrence of many diverse metabolic processes within the
AGRs. This is likely due to AGRs inoculation with different sources, the different
composition of influent waters, which may contribute to a different geochemical
environment, and the aging of AGR operation. The microbial communities might have
evolved somewhat during the AGRs operation. However, both abiotic and biotic factors
also regulate the structure of microbial communities in a complex system. Bell et al.
(2005) also suggested that a more diverse community provides a larger contribution to a
system in terms of functioning and service compared with a less diverse counterpart. This
is mainly because, different microbial community use slightly different resources.
Therefore, communities with higher diversity are more productive because more of the
overall resource is used. Secondly, communities with higher diversity are more
productive because it is more probable that they contain species with a large effect on the
system functioning. Our finding suggest that the present bioreactor systems selects for a
particular arsenic, nitrate and sulphate reducers community, which makes it suitable for
an environment rich in multicontaminants, where they can utilize a number of terminal
electron acceptors present in anoxic groundwater. Moreover, presence of OTUs related to
genera with the metabolic potential to use more than one electron acceptors, suggests that
there is enough potential to use indigenous microbial communities in engineered systems

to develop new biotechnologies for more efficient treatment.
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5.11 Biosolids Characterization

5.11.1 Biosolids Characterization of Batch Shake Flasks in Absence of Iron
FESEM/EDX

Figure 5.82 shows the FESEM image of the biosolids collected from batch shake
flasks. 1t shows aggregation of particles with no crystal forms observable. The Qualitative
EDX spectrum was recorded in selected area (Fig. 5.82b), shows the biosolids confirmed
the presence of arsenic and sulphur. The characteristics peaks of other elements (C, O, Ca,
Na, Mg, CI and K) were also observed, it was mainly due to the presence of these
elements in feed of the batch shake flasks. Compositional mapping of the biosolids (Fig.
5.83) depicts distribution of arsenic and sulphur over the entire biosolids, which further

supports the formation of arsenosulphide precipitates in batch shake flasks.
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Figure 5.82 (a) FESEM micrograph and (b) EDX spectra of biosolids of batch shake
flasks in absence of iron.
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Figure 5.83 FESEM micrograph and X-ray elemental mapping of biosolids of batch
shake flasks in absence of iron: (a) FESEM micrograph, (b,c) X-ray mapping
of elements arsenic and sulphur.

5.11.2 Biosolids Characterization of Batch Shake Flasks in Presence of Iron
FESEM/EDX

Figure 5.84 shows the FESEM image of the biosolids collected from batch shake
flasks shows aggregation of particles with no crystal forms observable. The different
aggregation characteristic was observed compared with that seen in the FESEM images of
the precipitates formed in absence of iron. This could be interpreted as an indication of
the presence of pyrite, whose precipitates agglomerated as clumps with a smooth surface
(Fig. 5.84a). Qualitative analysis by EDX conducted on selected area, confirmed the
chemical composition of the precipitates. The EDX spectra confirmed the presence of
arsenic, iron and sulphur in biosolids along with other elements (Fig. 5.84b). X-ray
elemental mapping of biosolids is shown in Figure 5.85. X-ray elemental map is very
representative of the distribution of selected elements (As, Fe, and S). Obviously, these
results suggest that mixed bacterial culture induced the precipitation of arsenic and/or iron

sulphides responsible for arsenic and iron removal.
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Figure 5.84 (a) FESEM micrograph and (b) EDX spectra of biosolids of batch shake
flasks in presence of iron.
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Figure 5.85 FESEM micrograph and X-ray elemental mapping of biosolids of batch
shake flasks in presence of iron: (a) FESEM micrograph, (b,c,d) X-ray

mapping of elements sulphur, iron and arsenic.
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5.11.3 Biosolids Characterization of Semi-batch Bioreactors

5.11.3.1 SmBR-1

X-ray Fluorescence

The qualitative results of XRF and chemical composition of the biosolids of
SmBR-1 is represented in Figure 5.86. The elemental presence of arsenic and sulphur was

confirmed in the precipitates formed in the SmBR-1. The presence of Rh peak is due to

X-ray target.
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Figure 5.86 XRF spectra of biosolids of SmBR-1 showing presence of arsenic (a) and
sulphur (b).
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TEM/EDX

The morphology and crystallinity of the SmBR-1 biosolids were further
investigated using TEM. TEM images (Fig. 5.87 a,c,e) and their representative EDX
spectra (Fig. 5.87 b,d,f) of biosolids of SmBR-1 are shown in Figure. 5.87. TEM analyses
demonstrate three different type of grain morphology of biosolids present in SmBR-1.
The EDX spectrum shows that the grains were chemically consisted of arsenic and
sulphur. The Cu peaks are due to copper TEM grid used for TEM analysis. Relatively
small grains (Fig. 5.86a) is representative of small thin grains with arsenic and sulphur as
major content that were confirmed in EDX analysis (Fig. 5.86b). The other grains are
relatively large and exhibited a complex hexagonal shape (Fig.5.86c¢). These grains have
well-developed morphology compared to previous small grains. The third type of grains
exhibited an irregular surface with many small embayments. The grain shown in Figure
5.86c and 5.86e are representative of large granules formed in the reactor. The
combination of Fig. 5.86¢ and e reasonably justifies that the grains were composed of
arsenic and sulphur as analyzed in EDX spectra (Fig. 5.86d and f). The precipitated grains
were not exhibiting crystallinity. This may be because amorphous arsenosulphides are
more common than crystalline forms in terrestrial geothermal systems (Dekov et al.,
2013; Ullrich et al., 2013). There are several morphologies including cell like, spiral
rounded, chisel-shaped and prismatic of arsenosulphide precipitates as orpiment and
realgar of varying size ranges from shallow water hydrothermal system are reported
(Godelitsas et al., 2015).

5.11.3.2 SmBR-2

X-ray Fluorescence
The qualitative XRF results of the SmBR-2 biosolids are shown in Figure 5.88.
The presence of arsenic, sulphur and iron were the major element components of the

precipitates formed in the reactor.
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Figure 5.87 TEM images (a,c,e) and their representative EDX spectra (b,d,f) of biosolids

of SmBR-1.
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Figure 5.88 XRF spectra of biosolids of SmBR-2 showing presence of arsenic (a) sulphur
(b) and iron (c).
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TEM/EDX

The biosolids formed in SmBR-2 fell into two distinct morphological groups
(Fig.5.89 a,b). TEM analysis exhibited pyrite grains of irregular morphology were formed
in the reactor. The EDX spectra (Fig. 5.89c) of the grains suggested the presence of As,
Fe and S content. The morphology and elemental analyses of these grains suggested that
they were formed in the reactor as a result of microbial reduction. The presence of
morphologically irregular grains of pyrite is more common with rapidly synthesized
pyrite in bioreactors than natural pyrite (Kirk et al., 2010). The HRTEM image (Fig.
5.90a) shows nanodomains of sizes >10 nm embedded in crystalline matrix. The HRTEM
image and SAED pattern (Fig. 5.90b) shows that the biosolids have typical crystalline
morphology.
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Figure 5.89 TEM images (a,b) and their representative EDX spectra (c) of biosolids of
SmBR-2.
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Figure 5.90 (a) HRTEM image and (b) SAED pattern of biosolids formed in SmBR-2.

5.11.4 Biosolids Characterization of Flow-through Reactors

5.11.4.1 AGR-1

FESEM and EDX

FESEM/EDX has been used as a tool for biosolids characterization and
elucidation of the probable mechanism involved in arsenic removal. The cross sectional
FESEM-backscattered electron (BSE) image as well as the representative EDX analyses
of the precipitate of the solids collected from AGR-1 on day 183 is shown in Figure 5.91
(a,b).

The EDX spectra recorded in small area mode, preliminary EDX analysis (Fig.
5.91b) showed the presence of elements like arsenic, sulphur, carbon, oxygen,
phosphorous, sodium, potassium, magnesium and calcium. The signals for tall carbon
peak is due to carbon tape used for sample mounting on to stub whereas the other peaks
may correspond to the proteins present on the cell wall of the biomass and/or other
elements present in influent and trace mineral solution. It is most probable that arsenic
precipitated mainly in the form of amorphous As,S; which was further analysed by finer
mineral analysis like TEM and XRD. X-ray elemental mapping of the biosolids (Fig. 5.92
a,b,c) depict a uniform distribution of arsenic and sulphur over the entire surface area
which further supports the formation of arsenosulphide precipitates. The surface area of
biosolids is rough and irregular with large area.
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Electron Image 2
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Figure 5.91 (a) FESEM micrograph and (b) EDX spectra of AGR-1 biosolids collected
on day 183 of reactor run.
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Figure 5.92 FESEM micrograph and X-ray elemental mapping of the biosolids formed in
AGR-1: (a) FESEM micrograph (b) X-ray mapping of element arsenic (c)
X-ray mapping of element sulphur.
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X-Ray Diffraction (XRD)

The XRD pattern of the precipitates formed in AGR-1 is shown in Figure 5.93 (a,
b). XRD analysis indicated the presence of orpiment (As,Sz; JCPDS 00-001-0273) and
realgar (AsS; JCPDS 00-003-0113) as the solids deposited in the reactor system. The
possible arsenic removal mechanism was arsenosulphides precipitation in an anaerobic
reducing environment, where arsenite (As(l11)) and biogenic sulphide (S(I1)) react to form
arsenic sulphides, such as orpiment (Newman et al., 1997) and realgar (O'Day et al.,
2004). Battaglia-Brunet et al. (2012) reported arsenic sequestration from the acidic waters
as arsenosulphide (orpiment) precipitation in a glycerol and H,-fed fixed film bioreactor.
Similarly, Rodriguez-Freire et al. (2014) reported arsenosulphides precipitation ((i.e.,
realgar and orpiment) at different pH conditions (6.1 to 7.2) in batch reactors inoculated

with an anaerobic biofilm mixed culture.
TEM and EDX

Transmission electron microscopy (TEM) provides more detailed morphology of a
solid while selected area electron diffraction (SAED) revealed amorphous,
nanocrystalline and/or crystalline phases of the solid sample. TEM and EDX analysis
were carried out on two different biosolids of AGR-1.
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Figure 5.93 (a, b) X-ray Diffraction diagram of the precipitates formed in AGR-1 after
430 and 630 day of operation.
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The first one was the sample of biosolids collected from a number of backwash
suspensions when backwash frequency was 7 days or shorter. Another sample of
backwash solid was collected on 757" day of AGR-1 operation, when the backwash
frequency was 30 days. TEM images (a, b); SAED pattern (c) EDX spectra (d) of the
biosolids collected from backwash suspension of AGR-1, when backwash frequency was
7 days of shorter is shown in Figure 5.94. The TEM images of biosolids collected on day
430 (biosolid 1) is shown in Figure 5.94 a and b. The corresponding SAED pattern (Fig.
5.94c) shows a diffused halo ring, which indicates a uniform amorphous microstructure
without any crystalline feature. EDX analysis of the same confirmed the presence of
arsenic and sulphur in the precipitates (Fig.5.94d), which suggests that the bio-precipitates
were mainly composed of arsenosulphides. The above-mentioned biosolids were collected
from backwash suspension when backwash frequency was 7 days. The duration of 7 day
was found to be insufficient for crystallization. The TEM images of biosolids collected on

day 757 of reactor run (biosolid 2) is shown in Figure 5.95 a,b.
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Figure 5.94 (a,b) TEM images, (c) SAED pattern, (d) EDX spectra of the biosolids
collected from backwash suspension of AGR-1, when backwash frequency
was 7 days or shorter.
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The corresponding SAED pattern (Fig. 5.95c) indicates formation of nanocrystalline
embedded amorphous structure of orpiment. TEM micrographs revealed a framboidal
structure having 31.45 nm diameter (Figure 5.95b,d). The HRTEM image reveals the
ultrastructure of the precipitates (Fig. 5.95d) and confirms the small amount of

crystallinity.

Figure 5.95 (e) is the FFT pattern of the corresponding HRTEM image. The
interplanar d-spacing values measured from IFFT analysis of high-resolution images was
found to be 0.32nm (Fig. 5.95f), which corresponds to the (2 1 1) plane. The d-spacing
values are in good agreement with the calculated values (d»11 = 3.32A) which corresponds
to the mineral orpiment. The SAED patterns of the solids show the presence of a
continuous circular fuzzy rings either in amorphous phase (biosolid 1) or in
nanocrystalline phase (biosolid 2). These results indicate that the formation of biosolids in
amorphous or nanocrystalline form depends upon the incubation period. In the present
study, a minimum of 30 days has been identified as the incubation period for formation of
nanocrystalline form of arsenosulphide. There are many reports available on microbial
precipitation of arsenic sulphide (orpiment), by pure bacterial culture and mixed bacterial
culture. Newman et al. (1997) and Demergasso et al. (2007) reported orpiment
precipitation in amorphous and crystalline forms respectively, in 7-14 days incubation
periods by using pure bacterial strains in minimal medium having high arsenic (1 to10
mM) and sulphate (1 to 10 mM), in the medium. There have been other reports on
amorphous orpiment precipitation at higher arsenic concentrations (1 to 100 mg/L) and
sulphate concentrations (1 to 1.5 g/L) at lower pH (2.7 to 7.0) in bioreactors treating acid
mine waters in batch and column bioreactors respectively (Altun et al., 2014; Battaglia-
Brunet et al., 2012; Rodriguez-Freire et al., 2014).

In the present study, appearance of crystalline phase orpiment could be associated
with increase in incubation time of biosolids in the reactor from 7 days to 30 days. Lee et
al. (2007) demonstrated an evolution in morphology of orpiment from amorphous to a
polycrystalline phase with increase in incubation time from 9 day to 50 days. The TEM

observations are consistent with those revealed by the XRD patterns.

195
TH-2082_10610404



Chapter 5 Results and Discussion

Figure 5.95 (a,b) TEM images, (c) SAED pattern, (d) HRTEM image, (e) FFT, and (f)
IFFT of biosolids of AGR-1.

196
TH-2082_10610404



Chapter 5 Results and Discussion

X-ray absorption spectroscopy (XAS)

XAS spectra were subjected to both XANES and EXAFS analyses. The oxidation
state of arsenic was obtained from XANES analysis, while structural parameters such as
interatomic distance (R) and coordination number (N) on the near coordination
environment around arsenic were gleaned from EXAFS analysis. In XANES spectra, the
absorption edges (i.e., inflection energies) of the samples are compared with those of
model compounds (Fig. 5.96a). The lower absorption edge energy corresponds to a lower
oxidation state while the higher one is indicative of higher oxidation state of arsenic. The
absorption edge energies of dissolved As(l1), dissolved As(V), and biosolids of AGR-1
were 11870.0, 11874.0, and 11870.0 eV respectively.

Figure 5.96 (b) shows normalized XANES data at As K-edge for AGR-1 sample
with As®" standards. The arsenic XANES spectra reveal that AGR-1sample has As**
oxidation state. Figure 5.97 shows the Fourier transform (FT) EXAFS oscillations of As
K-edge for the sample. The k-range of 2.5-9A™ has also been used for FT of As EXAFS
data. Arsenic K-edge EXAFS fitting is performed for AGR-1 using As,S3 (space group P
21/c where first shell As-S bond comes at 2.2701A distance and second next near-
neighbour As-As bond comes at 3.521A distance. Figure 5.97 also shows the best fitted
curves and best-fit values of the parameters are listed in Table 5.4. From the AGR-1
arsenic K-edge EXAFS data fitting, we have obtained variation of coordination number
(CN), bond distance (R) and Debye-Waller factor (6?). The numbers in parentheses
indicate the uncertainty in the last digit. In AGR-1, the biogenic sulphides reacted with
As(111) had an absorption edge energy of 11870.0 eV, indicating that the dominant
oxidation state of As in the biosolids sample was +3. The absorption energy 11870.0 eV,
close to that of As(l11), suggesting the formation of As,Ss.

Table 5.4 The best fit values of the parameters for AGR-1 sample.

Sample CNAs-S RAs-S(A) O'2As-S (AZ) CNAS-AS RAS-AS(A) 0'2 As-As (AZ)

AGR-1 |27(2) |1.902(3) |0.006(2) |2.9(3) |3.055(3) |0.0110 (5)
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Figure 5.96 (a) Normalized XANES data at As K-edge for biosolids of AGR-1 with As**

and As®" standards, (b) 1% derivative data plot comparison of biosolids of
AGR-1 and As** standard.
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Figure 5.97 Fourier transform of k*-weighted of As K-edge for biosolids of AGR-1. The
symbol shows experimental data and solid lines are the best fit.
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5.11.4.2 AGR-2

FESEM and EDX

Figure 5.98 shows FESEM-BSE images (Fig. 5.98a, b) as well as the
representative EDS analyses of the precipitates formed in AGR-2. The point EDX
analyses (Figure 5.98c, d) shown the presence of substantial amounts of Fe, As and S in
more or lesser percentages. The point EDX analysis of the granular structures has been
shown the higher percentage of Fe (61.7-77.6%), S (17.6-34.5%) and lower contents of
As (3.8-4.8%).
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Figure 5.98 (a,b) Cross sectional FESEM-backscattered electron (BSE) images and (c,d)
point EDS analyses of the biosolids precipitated in AGR-2.
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Figure 5.99 (a,b) Cross sectional FESEM-BSE images and (c,d) point EDS analyses of
the precipitates formed in AGR-2.

Figure 5.99 (a,b) confirmed the presence of small granular structures in the
biosolids collected on the day 182. The point EDX analysis (Fig.5.99 c,d) of the granular
structures has been shown the higher percentage of S (53.5-54.5%), Fe (45.3-46.4%) and
lower contents of As (0.1-0.2%). The surface morphology and EDX mapping of arsenic
and iron shows good match with the morphology of iron sulphides precipitates, as shown
in Figure 5.99a.b.

EDX mapping was also employed to further confirm the elemental distribution
(Fig. 5.100). Figure 5.100b shows the EDX mapping of the encircled portion from Figure
5.100a. The EDX analysis in Figure 5.98 also supports the elemental mapping results.
The lesser green dots in the Figure 5.100c corresponds to arsenic and this may be caused

by adsorption of arsenic on to iron sulphide minerals. This is the reason for comparatively
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lesser arsenic percentage (0.1 to 0.2%) of arsenic in point EDX analysis collected from
precipitates as shown in Figure 5.99 a,b. The elemental mapping of iron and arsenic,
together with XRD, TEM and XAS analysis, confirms the formation of iron sulphides
(FeS or FeS,) in the AGR-2. It is most probable that iron present in influent was
precipitated as FeS or FeS, as a result of the sulphidogenic activity. It is also assumed that
a part of arsenic may be also adsorbed on to these precipitates. Thus, FESEM studies
indicated the precipitation of arsenic in the form of As,S; and its co-precipitation with
FeS, FeS, or FeAsS are the main arsenic removal mechanisms in the AGR systems,
which is consistent with results found by other investigators (Altun et al., 2014; Xia et al.,
2014).
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Figure 5.100 FESEM micrograph and X-ray elemental mapping of the biosolids formed
in AGR-2: FESEM micrograph (a,b), X-ray mapping of element sulphur (c),
X-ray mapping of element iron (d) and X-ray mapping of element arsenic

(€).
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X-Ray Diffraction (XRD)

XRD analysis of AGR-2 precipitates indicated (Figure 5.101a,b) the presence of
pyrrhotite (FeS; JCPDS 00-002-1241), pyrite (FeS,; JCPDS 00-001-1295), realgar and
orpiment (As,Ss; JCPDS 00-001-0273). Altun et al. (2014) also reported bioremoval of
arsenic from synthetic acidic wastewater as precipitation of arsenic in the form of
orpiment (As,S3) and its co-precipitation with FeS, FeS, or FeAsS in a fixed bed column
bed reactor. The arsenic removal as arsenosulphide formation, and/or surface precipitation
and adsorption on iron sulphides is also observed in an acetate fed fixed-bed bioreactor
treating drinking water (Upadhyaya et al., 2010). Similarly, Kirk et al. (2010) reported
arsenic removal as iron sulphides precipitation in a semi-continuous bioreactor, where
arsenic sulphides (i.e., realgar and orpiment) were remain undersaturated. However, due

to the poor crystallinity of the precipitates, not all the species could be identified.
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Figure 5.101 (a, b) X-ray Diffraction diagram of the precipitates formed in AGR-2 after
310 and 430 days of operation.
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TEM and EDX

Figure 5.102 is showing detailed morphological structure of the precipitates
formed in AGR-2. The sample of biosolids used for TEM analysis were collected from a
number of backwash suspensions when backwash frequency was 7 days or shorter. TEM
micrographs of the precipitates are shown in the Figure. 5.102 a and b. The SAED pattern
(Fig. 5.102c) indicated the presence of diffraction patterns, which confirmed crystalline
nature of the phase, which was further established by corresponding HRTEM image (Fig.
5.102d) of precipitates. The FFT pattern of the corresponding HRTEM is shown in Figure
5.102e. The HIFT pattern (Fig. 5.102f) was gleaned out from corresponding FFT pattern in
order to calculate the interplanar d-spacing values. The d-spacing was measured to be
0.89 nm from IFFT pattern, which is not matching with FeS, F.S,, As,S; and AsS. Kirk
et al. (2010) also reported the differences in d-spacing values measured from FFT analysis
are usual and may be attributed to sample treatment or some other factors. The other
possible reason for this may be due to a complex mixture of iron sulphides and
arsenosulphides formed in AGR-2. Wolthers et al. (2003) also noted significant variation
in d-spacing values for mackinawite. Likewise, the composition of precipitates obtained
by TEM-EDX suggested the presence of arsenic, iron and sulphur.

Similar observations were also made by Kirk et al. (2010), they reported the
formation of mackinawite, pyrite and greigite in a semi-batch reactor. There are many
reports available on microbial as well as chemical precipitation of iron sulphide. Benning
et al. (2000) reported precipitation of poorly crystalline forms of iron sulphide within 5-30
min. of reaction time. Also Gramp et al. (2010), observed precipitation of crystalline iron
sulphide in 14 days reaction time, using mixed bacterial culture of sulphate reducing
bacteria in modified Barr’s medium containing iron and sulphate. In the present study, a
minimum of 7 days has been identified as the incubation period for formation of
crystalline form of iron sulphide. These results are consistent with the FESEM-EDX and
XRF chemical analysis results, which also revealed the presence of same elements. The
powder XRD of the same also confirmed the presence of mixture of FeS, F.S,, As,S; and
AsS in AGR-2 biosolids.
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Figure 5.102 (a, b) TEM images, (c) SAED pattern, (d) HRTEM image, (e) FFT and (f)
IFFT of biosolids of AGR-2.
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X-ray absorption spectroscopy (XAS)

Figure 5.103. shows normalized XANES data at As K-edge for biosolids of AGR-
2 with As®" and As® standards. The XANES spectra confirmed that the oxidation state of
arsenic in biosolids was +3, which indicated the precipitation of orpiment in the AGR-2.
Figure 5.104 shows normalized XANES spectra at Fe K-edge for biosolids of AGR-2
with FeS (Fe?*) and Fe foil standards. The Fe K-edge (Fig. 5.104a,b) XANES spectra
confirm that iron was in +2 oxidation state in the biosolids of AGR-2. The absorption
edge energies of biosolids of AGR-2 and FeS were 7117.40 and 7117.60 eV respectively,

which are very closer to each other this confirms the formation of FeS in AGR-2.

Figure 5.105 shows the Fourier transform (FT) EXAFS oscillations of Fe K-edge
for biosolids of AGR-2. The k-range of 2.5-9A™ has been used for FT of Fe EXAFS data.
For AGR-2 sample, Fe K-edge has been fitted using FeS structure (space group P 4/n m)
where Fe has 4 S atoms (Fe-S) at 2.255A distance in first shell and second next near-
neighbour Fe is surrounded by 4 Fe atoms (Fe-Fe) at 3.547A distance. The fitting of
EXAFS data, coordination numbers (CN) of the different shells, bond distance (R) and
Debye-Waller factor (¢°) were fitted as free parameters. Figure 5.105 also shows the best
fitted curves and best fit values of the parameters are listed in Table 5.5. This data

suggests the formation of iron sulphides in the AGR-2.
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Figure 5.103 Normalized XANES data at As K-edge for biosolids of AGR-2 with As**
and As®* standards.
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(Fe?*) and Fe foil, (b) 1* derivative data plot comparison of biosolids of
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Figure 5.105 Fourier transform of k’-weighted of Fe K-edge for biosolids of AGR-2. The
symbol shows experimental data and solid lines are the best fit.

Table 5.5 The best fit values of the parameters for biosolids of AGR-2 sample.

Sample CNres RFe—S(A) 0'2Fe—S (AZ) CNre-re RFe—Fe(A) 0'2 Fe-Fe (AZ)

AGR-2-Fe [3.2(3) |2354(3) |0.0159(3) |5.1(4) |3.227(2) |0.0135 (3)
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5.12 Stability Tests on Biosolids

5.12.1 Aging Tests Results of Biosolids of AGR-1 and AGR-2

Release of arsenic during anoxic and oxic aging of backwash solids of AGR-1 and
AGR-2 are shown in Figure 5.106 and 5.107 respectively. The arsenic concentrations in
the leachate have been plotted after correction by subtracting the initial concentrations of
soluble arsenic in the backwash liquid from observed concentrations. Appearance of
residual arsenic in backwash water at higher concentration (28-32 pg/L) than that of in
treated water (1-3 pg/L) would be due to mixing up of untreated as well as partially
treated water that remained in the reactor just before backwashing. Similarly, residual iron
concentration of 0.28-0.33 mg/L was found in backwash water of AGR-2, whereas iron

concentration in the treated water was only 0.12-0.2 mg/L.

As the ageing tests were done on backwash solids from backwash suspension
collected after each backwashing of AGRs at an interval of 48 hours, knowing the
operating parameters and performance of the reactor on removal of arsenic from the
initial of 500 pg/L, amount of arsenic removal from aqueous phase was calculated by
mass balance of arsenic. Average total amount of arsenic removal from aqueous phase
during each run, thus calculated, was found to be 11.25+0.014 mg. This is the amount
assumed to have transferred from aqueous phase to solid phase in biosolids. Amount of
iron in the biosolids of AGR-2 were also estimated by following the same procedure.

Arsenic leaching in AGR-1

As shown in the Figure 5.106, after first two days of aging, soluble arsenic
concentrations were found to be 29.7 and 37.0 pg/L in anoxic and oxic conditions
respectively. With longer aging time leached arsenic increased steadily and reached the
maximum of 167 and 306 pg/L during anoxic and oxic aging periods, respectively.
Multiplying the leached concentration by volume (0.25 L) corresponding amount of
leached arsenic are 34.6 and 68.0 g, respectively. This corresponds to 0.30% and 0.60%
leaching of total amount of arsenic in the biosolids. pH of the liquid remained fairly

constant between 7.0 and 7.20 during the entire test period.
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Arsenic and iron leaching in AGR-2

As shown in Figure 5.107, after first two days of aging soluble arsenic
concentrations were found to be 32.4 and 34.0 pg/L in anoxic and oxic conditions
respectively. With longer aging time leached arsenic increased steadily and reached the
maximum of 123 pg/L during anoxic aging. On the contrary, the final arsenic
concentration was found to be 37 pg/L after completion of oxic aging. Multiplying the
leached concentration by volume (0.25 L) corresponding amount of leached arsenic are
23.5 and 2.5 pg, respectively. This corresponds to 0.20% and 0.02% leaching of total

amount of arsenic in the biosolids in anoxic and oxic conditions respectively.

Leachate iron concentrations after first two days of aging was 0.36 mg/L and 0.62
mg/L in anoxic and oxic conditions respectively. The iron concentration increased
gradually and finally reached to the maximum of 1.53 mg/L during anoxic aging periods.
On the contrary, iron concentration first increased rapidly and then slowly dropped to
0.80 mg/L during oxic aging period. Multiplying the leached concentration by volume
(0.25 L) corresponding amount of leached iron were 0.31 mg and 0.11 mg respectively,
which corresponds to 0.48% and 0.18% leaching of total amount of iron in the biosolids
during anoxic and oxic aging respectively. pH of the liquid remained fairly constant
between 6.98 and 7.28 during the entire test period. It was observed that the changes in
the leached arsenic and iron concentrations followed linear pattern of increase during
anoxic aging. The release of arsenic and iron (in AGR-2) could be related to the

dissolution of sulphide minerals formed in the reactors.

Moreover, a part of arsenic released may also be attributed to the release from the
bacterial sludge which may retained some of arsenic in it. Additionally, the type of
microbial population present in an environment also plays an important role in arsenic
dissolution. However, the presence of both type of microbial genera those enhances (e.g.,
Acidithiobacillus) and those decrease the dissolution of arsenic (e.g. Thiobacillus) from
arsenosulphides (Rodriguez-Freire et al., 2012), was also observed in present studied
systems (Ref. section 5.10.3.4).
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Figure 5.106 Release of arsenic during anoxic and oxic aging of backwash solids of
AGR-1.
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Figure 5.107 Release of arsenic and iron during anoxic and oxic aging of backwash
solids AGR-2.

It should be noted that release of arsenic from the biosolids of AGR-2 was lesser
than AGR-1, this might be due to the adsorption of leached arsenic possibly on to the iron
hydroxides formed due to the oxidation of Fe (I1) from iron sulphides in presence of the
0, (Meng et al., 2001). The higher iron release in oxic condition is possibly due to

dissolution of the iron sulphides that were formed in the suspended medium during the
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course of aging. Despite of some arsenic leaching from biosolids of AGRs, the overall
leaching was found to be substantially low. Engineered coprecpitation of arsenic with
biogenic FeAsS, FeS or FeS; is reported to have long term kinetic stability even up to
several hundred milligrams of arsenic (Onstott et al., 2011b; Suthan S & Fred C, 2004).
The release of arsenic from biosolids of AGR-1 was mainly due to dissolution of
arsenosulphide minerals. Lengke and Tempel (2001) reported 0.15% arsenic mobilization
in 30 days from amorphous orpiment in pH range of 6.8-8.2 in presence of high DO
concentration. Rodriguez-Freire et al. (2012) observed orpiment dissolution at the rate of
7.25x10™°%/min in aerobic experiments conducted at 7.2 pH and 8.5 ppm DO level. These
evidences, combined with the results obtained in this research, suggest that the
arsenosulphides formed in the reactor systems are relatively stable in aerobic conditions

over time at near neutral pH.
5.12.2 TCLP Test Results
Characteristics of backwash biosolids used for TCLP test

The total nitric-perchloric acid extractable arsenic and iron in the biosolids of
AGRs along with some other physical and chemical properties are given in Table 5.6.
Very high TSS/VSS values of the backwash solids suggest that the major fraction of the

backwash solids was mainly composed of metal sulphides.

Table 5.6 Characteristics of AGR-1 and AGR-2 backwash solids.

Sample type pH TSS VSS As (mg/kg of dry | Fe (mg/kg of dry
(mg/L) (mg/L) | BWS) backwash solids)

AGR-1 6.84 3190 246 29.8 -

AGR-2 6.92 3417 288 28.8 134.8

Results of kinetic TCLP extraction tests:

Arsenic leaching profile during kinetic TCLP leaching tests on biosolids of AGR-
1 is shown in Figure 5.108. As seen in the figure, rate of arsenic leaching was faster
during first few hours of the test, whereas, it gradually decreased with time. However,
leaching of arsenic seemed to have continued even after 24 hours. Maximum arsenic

concentrations in the leachates were found to be 21 pg/L and 14 pg/L in oxic and anoxic
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conditions, respectively after 24 hours. This corresponds to 0.94% and 1.44% leaching,
respectively. Arsenic and iron leaching profile during kinetic TCLP leaching tests on
biosolids of AGR-2 is shown in Figure 5.109. From the Figure, the arsenic and iron
concentrations gradually increased to 13 pg/L and 318 pg/L respectively, in the
extractions carried out in anoxic conditions. In anoxic condition, arsenic and iron release
was faster during first 8 hr and thereafter it became slower during next 16 hr of extraction.
On the contrary, arsenic and iron concentrations increased to 34 pg/L and 604 pg/L till 6
hr and then decreased slowly to 11 pg/L and 287 pg/L between 6 hr and 24 hr of TCLP
extractions conducted in oxic environment. This decrease in iron concentration during the
kinetic TCLP leaching conducted in oxic environment is attributed to the dissolution of
iron sulphides present in biosolids followed by oxidation of released Fe?* ions which lead
to the iron(hydr)oxides precipitation. Thus any arsenic (I1l) that has been oxidised to
arsenic (V) was get adsorbed and led to decrease in arsenic concentration due to arsenic
adsorption on iron(hydr)oxides as later are also good adsorbents of arsenic. The rapid
oxidation of As(ll1) to As(V) in aerated waters in just 2 hr reaction time in the pH range
5-9 is repored (Katsoyiannis et al. (2015). Mahler and Persson (2013) found that both As
(11 and As (V) can be efficiently adsorbed on granular ferric hydroxides in than 1 to 2
minute of contact time at pH range of 5-7. Yang et al. (2014) and Katsoyiannis and
Zouboulis (2004) also reported on arsenic removal during iron oxidation by iron oxidising

bacteria and adsorption of As(V) onto biogenic iron hydroxide precipitates.

Microbial community analysis of the present AGR systems also revealed the
presence of genera (Ref. section 5.10.3.4) such as (Acidithiobacillus) which are capable of
arsenic removal in presence of iron at lower pH. Ahoranta et al. (2016) also observed
similar microbial genera in a biological reactor removing arsenic from biogenic ferric
precipitates. The lower arsenic and iron release in the extractions carried out in anoxic
conditions might be associated with the stable nature of biosolids as well as slower

oxidation in anoxic environments.
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Figure 5.108 Arsenic leaching profile during kinetic TCLP leaching tests on biosolids of
AGR-1.
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Figure 5.109 Arsenic and iron leaching profile during kinetic TCLP leaching tests on
biosolids of AGR-2.

Extended TCLP extractions test results

The kinetic TCLP test results have shown gradual increase in arsenic and iron
concentrations up to 24 hr, thus extended TCLP extractions (84 hr) were performed onto
biosolids of AGRs to check if leaching out of more arsenic and/or iron from biosolids of
AGRs. The results of extended TCLP extractions conducted on biosolids of AGR-1 and
AGR-2 at constant V/V_ ratio of 0.5 is shown in Figure 5.110.
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Figure 5.110 Leaching of arsenic and iron as estimated through extended TCLP test on
biosolids of AGR-1 and AGR-2 at constant V¢/V_ ratio of 0.5.

It shows that when the extractions were performed on biosolids of AGR-1 in
presence of air, the TCLP extracted arsenic was 32 pg/L corresponding to 2.17%
leaching. On the other hand, the leachate arsenic concentration was decreased to 23 ug/L
corresponding to 1.52% leaching, when the slurry was supplied with N, (TCLP-N,) for
20 min, prior to the TCLP extraction.

The TCLP extracted arsenic was 18 pg/L and 26 pg/L corresponding to 1.21%
and 1.74% leaching respectively, in the extractions carried out on biosolids of AGR-2 in
presence of air and nitrogen. In the TCLP extractions carried out in presence of nitrogen
(TCLP-N,), the leachate arsenic concentration was 1.44 fold higher than TCLP performed
in air. The total TCLP leachate iron was 228 pg/L and 375 pg/L, which corresponds to
3.38% and 5.56% leaching in the extractions carried out in presence of air and nitrogen.
The leachate iron for TCLP-N,, was 375 pg/L which was 1.64 times more than TCLP
performed in air. The leached arsenic and iron concentration in TCLP-N, was higher than
the TCLP at V,/V ratio 0.50. These results showed that the presence of oxygen in the

extraction vessels decreased the leachability of arsenic and iron in the biosolids of AGR-
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2. This may be due to underestimation of leachate arsenic and iron in anoxic solid phase-
sulphide samples in the TCLP conducted in presence of oxygen. This is because in
presence of air, oxidised iron in the form of iron hydroxides adsorbs leached arsenic
hence provide stability to arsenic in anoxic arsenic containing wastes (Clancy et al., 2013;
Jong & Parry, 2005). Thus, the results also indicates that TCLP test conducted in presence
of air, is unable to predict correct leachability of arsenic for reduced arsenic bearing waste
associated with iron. Both Meng et al. (2001) from anoxic sludge samples and Jong and
Parry (2005) from biogenic solid phase sulphide minerals, observed similar arsenic
leaching results. However, underestimated arsenic leaching from the arsenic solids
associated with iron compounds under a landfill-like situation which is anoxic as well as
acidic, is also documented (Ghosh et al., 2004). On the other hand, less arsenic leaching
from biosolids of AGR-1 in extended TCLP-N, may be attributed to stability of
arsenosulphides in reduced environments and partly due to the absence of iron in the
samples, as presence of iron provides an additional sink for arsenic adsorption. On the
basis of the extended TCLP results, it may be concluded that arsenic leaching from the
backwash solids of the AGRs was very low as the leachate arsenic concentrations were
well below than TCLP leachate values of 5000 and 300 pg/L, as per USEPA (USEPA,
1986) or Australian (EA, 2002) guidelines, respectively. Therefore, the sludge generated
in the AGRs would not be classified as hazardous waste material under the Australian
Hazardous Waste Act. 1989 or US Resource Conservation and Recovery ACT 1976,

respectively.
Effects of DO on TCLP

The effect of dissolved oxygen on the TCLP leaching was further investigated by
varying the Vy;/V_ ratio in extraction vessels. Effects of V,,/V\ ratios on leachability of
arsenic from the biosolids of AGR-1 during extended TCLP tests are shown in Figure
5.111. The results are summarised in Table 5.7. For biosolids of AGR-1, the leachate
arsenic concentration was increased from 18 to 64 pg/L along with an increase in DO
level from 0.54 to 5.16 mg/L, when the V,;/V_ ratio was increased from 0.25 to 1.25.

Effects of V,/V\ ratios on leachability of arsenic and iron from the biosolids of
AGR-2 during extended TCLP tests are shown in Figure 5112 and 5.113 respectively.

The results are summarised in Table 5.8. Arsenic concentration in biosolids of AGR-2
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decreased from 40 to 7.9 ug/L when the DO content in the extraction solutions was
increased from 0.65 to 5.38 mg/L. The leachate iron concentration decreased from 415 to
54 pg/L with the increase in DO level from 0.62 mg/L to 5.35 mg/L in the extraction
solutions. The lower arsenic concentration at higher V,/V ratios may be attributed to
arsenic oxidation at high DO level which lead to adsorption of arsenic(V) on to
iron(hydr)oxides precipitates. Similar pattern of leaching were also observed by Meng et
al. (2001) and Jong and Parry (2005).

Table 5.7 Leachability of arsenic by the TCLP at different V;/V, ratios in AGR-1.

Method Vair/_\/._ As Concentration | Fraction of total Final Final DO
ratio (ug/L) As leached (%) | leachate pH (mg/L)
TCLP 0.25 29 1.2 5.32 0.54
TCLP 0.5 46 2.0 5.38 3.16
TCLP 1.0 79 3.2 5.34 4.14
TCLP 1.25 122 4.3 5.31 5.1

Table 5.8 Leachability of arsenic and iron by the TCLP at different V,/V\ ratios in

AGR-2.
Yy, Concentration Fraction of total Sl Final DO
airl VL (ng/L) leached (%) ina Ina
Method ratio leachate pH (mg/L)
As Fe As Fe
TCLP 0.25 41 567 2.7 6.2 5.16 0.68
TCLP 0.50 20 346 1.3 35 5.25 2.87
TCLP 1.00 13 190 0.86 14 5.28 3.54
TCLP 1.25 8 62 0.54 0.81 5.26 4.78
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Figure 5.111 Effects of V,;/V_ ratios on leachability of arsenic from the biosolids of
AGR-1 during extended TCLP tests.
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Figure 5.112 Effects of V,;/V| ratios on leachability of arsenic from the biosolids of
AGR-2 during extended TCLP tests.
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Figure 5.113 Effects of V,;/V, ratios on leachability of iron from the biosolids of AGR-2
during extended TCLP tests.

5.12.3 Long-term Aerobic Leaching Tests

Arsenic leaching as observed during long-term leaching test on biosolids of AGR-
1 is shown in Figure 5.114. As shown in the figure, arsenic concentration in the effluent
(leachate) was gradually increased over 95 pore volumes of the AGR-1. Arsenic
concentration in the leachate was seen to decrease gradually from 95 to 156 pore volume.
After leaching out of DI water equivalent to 156 pore volume of the AGR-1, arsenic
concentration in the effluent become below detection limit. Cumulative percentage
arsenic leaching from the reactor (Fig. 5.114) was estimated to be 0.27% of total arsenic
present in the reactor as biosolids. Total arsenic in the biosolids was estimated through
mass balance of arsenic considering the amount of arsenic introduced in to the reactor as
influent before the leaching test, percentage arsenic removal and total volume of arsenic
contaminated water introduced. It is clear from the Figure 5.114 that leached arsenic
concentration over 46 pore volumes is below drinking water permissible limits for arsenic
then gradual increase in the effluent arsenic concentration over 95 pore volumes of
leachate was seen, which was followed by slow decrease over 156 pore volumes in AGR-
1.
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Figure 5.114 Arsenic leaching as observed during long-term leaching test on biosolids of
AGR-1.

After that a steady-state was observed when leachate arsenic concentration was
either very low or undetectable. A total of 0.27% arsenic was leached during the entire
test duration from the precipitates formed in the AGR-1. The percent leaching
calculations were based on the arsenic immobilized in the reactors during 20 days

operation of the reactor.

The amount of arsenic and iron leached during long-term aerobic leaching tests
conducted in AGR-2 is shown in the Figure 5.115 and 5.116, respectively. The arsenic
release was seen over 34 pore volumes with linear increase, followed by a decrease up to
92 pore volume followed by steady-state of undetectable arsenic concentrations (Figure
5.114). A total of 0.07% arsenic was leached during the entire test duration from the
precipitates formed in AGR-2. Similar leaching pattern was observed for iron release. The
results show maximum 236 ug/L of iron leaching up to 50 pore volumes then a slow-
moderate decrease up to 78 pg/L in the effluent iron concentration over 78 pore volumes
of

concentrations. A total of 0.29% iron was released over 220 pore volumes in the AGR-2.

leachate, followed by a steady-state leachate containing undetectable iron
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Figure 5.115 Arsenic leaching as observed during long-term leaching test on biosolids of
AGR-2.
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Figure 5.116 Iron leaching as observed during long-term leaching test on biosolids of
AGR-2.

The principle mechanisms dealing with the re-release of arsenic in long term
storage of solids generated during sulphidogenic removal are oxidation and dissolution of
the sulphidogenic precipitates. The amount of arsenic leached from AGR-1 was slightly

higher than AGR-2 this was probably because of formation of iron (oxy) hydroxide in
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AGR-2 which rearrested the leached As. Lengke and Tempel (2005) also reported greater
oxidation rates for amorphous As,S; and AsS at pH 8 compared to pyrite. The increased
arsenic release over 95 pore volumes in AGR-1 may be associated with cumulative effect
of oxidative dissolution of arsenosulphide precipitates as well as release of adsorbed
arsenic from the anaerobic biomass surface and/or release of assimilated arsenic within
the bacterial cells (Chowdhury & Mulligan, 2011; Jong & Parry, 2005; Lengke &
Tempel, 2005; Lengke & Tempel, 2003; Rodriguez-Freire et al., 2012). In general,
interactions with bacteria enhance the oxidation rates of As-bearing sulphide minerals, but
at rates lower than those measured in the laboratory under optimum conditions (Lengke et
al., 2009). Some arsenic may also leached as a result of bacterial cell death due to
increasing oxic conditions and the lack of organic carbon sources. The lesser arsenic
release in AGR-2 can be attributed to the adsorption of arsenic on to the iron hydroxides
that may form in the reactor as a result of Fe (1) oxidation as well as adsorption on to iron
sulphides that remain intact in the system. The similar results for As leaching in aerobic
column leaching tests were observed by (Onstott et al., 2011a), and they suggested that
these precipitates are resistant to dissolution for decades even under aerobic conditions.
Similar observations were also made by (Jong & Parry, 2005). The long term aerobic
leaching results suggests that spent WAC and the precipitates formed in the AGR systems
were not imposing any further threat to the environment in terms of potential arsenic

release in subsurface environments.
XAS analysis

Long-term leaching test on biosolids of AGRs were performed by introducing
aerated DI water. Therefore, it is expected to change in oxidation states of arsenic and
iron in biosolids. To know the local structure and change in oxidation states of arsenic
and/or iron, Fe K-edge XANES and EXAFS spectra of biosolids of AGR-2, collected
after TCLP test, were recorded.

Normalized XANES data at Fe K-edge for the (biosolid) sample with FeS (Fe?"),
Fe,05 (Fe*") standards and Fe foil, 1% derivative data plot comparison of the sample and
Fe,O3 standard are shown in Figure 5.117. Normalized XANES data at As K-edge for the
(biosolid) sample with As(lI11), As(V) standards and 1% derivative data plot comparison of

the sample and As (V) standard are shown in Figure 5.118. The XANES spectra confirms
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that the arsenic and iron present in biosolids of AGR-2 collected after TCLP has got

oxidized and found to be present in +5 and +3 oxidation states respectively.

Figure 5.119 shows the Fourier transform (FT) EXAFS oscillations of Fe K-edge
for AGR-2 TCLP samples. The k-range of 2.5-9 A™ has been used for FT of Fe EXAFS
data. For CR-2 TCLP Fe K edge has been fitted using FeO(OH) structure (space group P
n m a) where first shell Fe-O bond is at 1.953 A distance and second next near-neighbour
Fe-Fe bond is at 3.01 A distance. The fitting of EXAFS data, coordination numbers (CN)
of the different shells, bond distance (R) and Debye-Waller factor (¢°) were fitted as free
parameters. Figure 5.119 also shows the best fitted curves and best fit values of the

parameters are listed in Table 5.9.

Table 5.9 The best fit values of the parameters for AGR-2 sample.

Sample CNFre-0 RFe-O(A) 0'2Fe-0 (AZ) CNFe-re RFe-Fe(A) 0'2 Fe-Fe (Az)
AGR-2

43(2) |1.9193) |0.0036(3) [32(3) |3.114(2) |0.0086 (3)
TCLP
154 020

(a) Fe K-edge |® —— AGR-2(TCLP)
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Figure 5.117 (a) Normalized XANES data at Fe K-edge for long term leaching test in
AGR-2 TCLP samples with FeS (Fe*"), Fe,O5 (Fe*") standards and Fe foil,
(b) 1* derivative data plot comparison of AGR-2 TCLP sample and Fe,0s
standard.
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Figure 5.118 (a) Normalized XANES data at As K-edge for long term leaching test in
AGR-2 TCLP samples with As(lIl), As (V) standards and sample, (b) 1%

derivative data plot comparison of AGR-2 TCLP sample and As (V)
standard.

©) —2A— AGR-2 TCLP
1.5 ——— Fit
N
o b
< 1.04 h
=2 N
= N
~
P b
—
S—
£ 0.5 2\
FAN
VAN
A
FAN
FaN
0.0 T T T T T T = T
0 1 2 3 4 5 6
R(A)

Figure 5.119 Fourier transform of k’-weighted of Fe K-edge for AGR-2 TCLP sample.
The symbol shows experimental data and solid lines are the best fit.
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CHAPTER 6

CONCLUSION AND SCOPE OF FUTURE
STUDIES

Summary and Conclusions

The main objective of the present investigation was to develop a complete
treatment system for simultaneous removal of mainly arsenic, nitrate, iron and fluoride
from contaminated groundwater by biological process. In this study, mixed microbial
culture was used to evaluate its performance on simultaneous removal of target pollutants,
arsenic, nitrate, iron and fluoride as well as effects of one pollutant on the others in batch,
semi-batch and flow through reactor systems. Waste activated carbon (WAC) was used as
supporting material for bacterial growth in flow through reactors, AGR-1 and AGR-2.
Arsenic adsorption characteristics of mixed bacterial culture as well as the WAC were
evaluated before being used in bioreactors. Besides performance evaluation of mixed
bacterial culture on simultaneous removal of target pollutants from groundwater,
microbial population dynamics in AGRs, post treatment of AGR treated water and
mechanisms of arsenic removal were also investigated through their characterization.
Collection, preparation, characterization and performance evaluation of an adsorbent from
water treatment plant residues (WTR) on fluoride removal from AGR treated water was
performed to evaluate its potential as a post treatment unit. In addition to this, stability of
the biosolids as well as the spent WAC were checked under aerobic as well as anoxic
conditions through “Ageing test”, “Toxicity Characteristics Leaching Procedure (TCLP)

test” and “Long Term Leaching test”.
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Summary of the salient results and conclusions made out of the present investigation are

given below:

1. Batch studies with WAC (@ 2g/L) showed that the removal of As(V) by
adsorption was less than 10% from an initial of 250 pg/L after 12 h of agitation at
150 rpm and 30°C. Removal of arsenic by mixed microbial culture was even low
and it was about 3% from an initial of 500 pg/L.

2. In batch shake flasks, in absence of iron, mixed bacterial culture could reduce
from 500 pg/L of arsenic in simulated groundwater to below 10 pg/L within 3-4
days of operation, in presence of 25 mg/L of sulphate and up to 150 mg/L of
nitrate. In presence of iron, irrespective of initial arsenic (up to 1000 ug/L) and
nitrate (up to 150 mg/L) concentration, arsenic in the treated water was reduced to
below permissible limit in drinking water (10 pg/L) within 3-6 days of reaction.

3. In SmBR-1, arsenic in treated water was always remained below 10 ug/L, from up
to an initial arsenic concentration of 600 pg/L in simulated groundwater, whereas
the arsenic removal was dropped to 90% and 80% at initial arsenic concentration
of 700 pg/L and 800 pg/L respectively. In SmBR-2, arsenic removal remained
stable at below 10 pg/L for all tested initial arsenic concentration of up to 1000
pa/L. The iron was found below detection limits in all instances except first few
days of SmBR-2 operation.

4. In AGR-1, high arsenic removal efficiency of 99.4% was observed from 750 pg/L
of initial arsenic concentration in simulated groundwater and the performance was
found to be a function of EBCT and initial sulphate concentration. Controlling
flow rate and providing adequate sulphate increased reactor performance for
simultaneous removal of arsenic and nitrate up to 750 pg/L and 200 mg/L,
respectively.

5. In presence of iron, arsenic was reduced to below 10 pg/L, from an initial of up to
1500 pg/L and iron was reduced to below 0.3 mg/L from an initial of 10 mg/L in
AGR-2. Experimental results suggested that the reactor would be able to remove
simultaneously even higher concentration of arsenic, nitrate and iron provided
sufficient reaction time (EBCT) and sulphate was added. Removal of iron from an
initial of 13.2 mg/L and arsenic from an initial of 295 pg/L in real groundwater to

below 0.3 mg/L and 10ug/L, respectively in the AGR-2 confirmed this hypothesis.

224
TH-2082_10610404



Chapter 6 Conclusion and Scope of Future Studies

6.

10.

11.

12.

13.
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Performances of the AGRs were not adversely affected at temperature between
20°C and 50°C.

Although dextrose was found to be the best on faster removal of pollutants, all the
carbon sources used in the present investigation were found to be acceptable to be
used as electron donor when assessed in terms of percentage removal of
pollutants.

Complete nitrate removal from up to 250 mg/L in simulated groundwater was
noticed in batch shake flasks, semi batch reactors and flow through reactors within
24 hours of reactor run.

The T-RFLP and metagenomic analysis of microbial community confirmed the
presence of arsenic, nitrate and sulphate reducers in AGRs.

Fluoride removal in AGR-1 remained below 5% from an initial of 5 mg/L in
simulated groundwater. The adsorbent prepared from WTR could remove fluoride
from an initial of 5 mg/L to 0.55 mg/L.

FESEM/EDX analysis shown that biosolids precipitated in both AGRs were
mainly composed of arsenic, sulphur and/or iron. XRD analysis confirmed the
precipitation of orpiment (As,S3) and realgar (AsS) in AGR-1 and orpiment
(As,S3), realgar (AsS) pyrrhotite (FeS), and pyrite (FeS;) in AGR-2. TEM
analysis revealed amorphous, nanocrystalline and crystalline phases formed in the
AGR systems. XANES of the AGR biosolids confirmed that arsenic and iron was
in +3 and +2 oxidation states respectively. Moreover, the EXAFS analysis
established the formation of orpiment (As,S3) and iron sulphide (FeS) in AGR-1
and AGR-2 respectively.

The results suggest that precipitation of arsenosulphide is the main mechanism of
arsenic removal in AGR-1, whereas, in AGR-2 precipitation as arsenosulphide
and/or co-precipitation of arsenic with biogenic iron sulphides are the main
arsenic removal mechanisms.

Maximum arsenic leaching from biosolids of either AGRs was less than or equal
to 0.6%, whereas maximum iron leaching of 0.48% was noticed from AGR-2
biosolids, after 90 days of experiment in anoxic and oxic environment. TCLP and
long term leaching test results show that the biosolids as well as spent WAC were

non hazardous and stable that can be dumped in sanitary landfill safely.
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14. In summary, the AGR systems developed in this project could remove arsenic and
its co-pollutants such as nitrate and iron from simulated as well as real
groundwater at wide range of temperature to meet the drinking water standards,
leaving a non hazardous and stable biosolids as well as spent WAC, which can be
dumped in sanitary landfill safely. However, fluoride needs to be treated
separately in an additional treatment unit. A waste product, WTR, proved to be

efficient for fluoride removal to meet the drinking water standards.

Scope for Future Studies

The present study was confined to assess the ability of the bioreactor
system for removal of arsenic, iron and nitrate using synthetic as well as real
groundwater.

In order to carry forward the research of the present investigation, following
suggestions are listed:

1. Fabrication of pilot plant scale bioreactor and its performance evaluation on
simultaneous removal of target contaminants on treatment of real groundwater.

2. Studies on the introduction of other co-pollutants (such as uranium, selenium and
perchlorate etc.) and performance evaluation of AGRs.

3. Studies on the feasibility of other freely available industry based carbohydrate-
based electron donors on performance evaluation of AGRs for multi-contaminant
removal.

4. Applicability of other supporting materials that can be used for biofilm growth can
be investigated.

5. Detailed study of the microbial community involved in each of the different
operating conditions.
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International/National Conferences

1.
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Shakya, A. K., and Ghosh, P. K. 2016. Poster presentation on “Investigation of
multipollutants removal in anaerobic batch bioreactors by means of terminal
electron accepting process” in ICCB 2016 ‘International Conference on
Current Trends in Biotechnology’ held at VIT Vellore, India, during December
8™"-10™, 2016. (Best Poster Award)

Shakya, A. K., and Ghosh, P. K. 2016. Oral presentation on “Stability check of
biosolids generated in sulfidogenic arsenic removal from drinking water” in
RECYCLE 2016 'International Conference on Waste Management’ held at 11T
Guwahati, India, during April 1%-2", 2016.

Shakya, A. K., and Ghosh, P. K. 2016. Oral presentation on “Simultaneous
removal of arsenic and nitrate in anaerobic batch reactors” in ICWEES 2016
'International Conference on Water, Environment, Energy and Society’ held
at AISECT University, Bhopal, India, during March 15"-18", 2016.

Shakya, A. K., and Ghosh, P. K. 2015. Oral presentation on “Simultaneous
bioremoval of arsenic and iron in sulfidogenic suspended growth batch reactors”
in the National conference CHEMCON 2015 'Chemical Engineering: From
Laboratory to Industry", held at IT Guwahati, India, during December 27"-30",
2015.

Shakya, A. K., and Ghosh, P. K. 2015. Oral presentation on “Bioremoval of
arsenic in sulfidogenic suspended growth batch reactors” National conference
(NCOCER 2015) held at 11T Guwahati, during June 4™-6", 2015.

Shakya, A. K., and Ghosh, P. K. 2015. Oral presentation on “Arsenic removal as
biogenic sulfides” in TEQIP National course held at 11T Guwahati, during March
4"-6", 2015,
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