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SUMMARY

It is estimated that over 100 million people worldwide are drinking water contaminated with 

arsenic. The World Health Organisation (WHO) set the maximum contaminant level for 

arsenic at 10|jg/l in 1996 as it is not only carcinogenic, but is associated with numerous other 

potentially fatal diseases. An extensive borehole drilling programme started in the 1970s by 

UNICEF in Bangladesh in order to protect the local population from having to use bacterially 

contaminated surface waters. However, unknowingly, this caused ‘the largest mass poisoning 

o f a population in history’ according to the WHO, as the groundwater extraction triggered the 

release o f arsenic from the anaerobic sediments laid down over the years by the rivers Ganges 

and Brahmaputra in their delta regions.

This thesis involves an investigation o f using a Solar Oxidation and Removal o f Arsenic 

(SORAS) process in a continuous flow reactor. The SORAS process involves subjecting 

contaminated water to UV light to photochemically oxidize As(III) to As(V). This requires the 

presence o f iron which generates free radicals that facilitates the oxidation. The presence of 

this iron, also promotes the subsequent co-precipitation with As(V) which can then be easily 

separated by gravity from the water. The process has been demonstrated successfully by 

several authors in batch scale laboratory and field experiments in transparent PET bottles (Hug 

et al. 2001; Garcia et al. 2004; Lara et al. 2006; Mukheijee et al. 2007).

Small and large scale experiments were carried out on compound parabolic reflectors focusing 

light into transparent tubing, using artificial UV lamps and natural sunlight. The main 

parameters involved in the process were investigated thoroughly, namely arsenic, iron, UV 

dose and citrate, and the effects of other water quality parameters on the efficiency o f the



process were also examined. An investigation into an appropriate technology for the removal 

o f precipitate, and the dissolution o f iron from corrosion products for the required iron dose 

were also carried out.

At the tested flow rate o f 10 1/min, on the full scale reactor, the research has shown that 7.5 

kJuv/min o f solar radiation is required to fall on the reactor for effective arsenic removal down 

to less than 10 ng/1, the WHO MCL, provided the required iron dose is present. The key factor 

o f arsenic removal in this process is the adsorptive capacity o f the iron. These large scale tests 

in natural sunlight proved very successfial, particularly given that the UV intensities in Ireland 

could be half those in West Bengal. This indicates the potential o f such a treatment process 

which could now be designed to remove arsenic down safe drinking water levels taking into 

account a spectrum o f different local geographical and water quality parameters. To 

demonstrate this, an example o f a fiill scale treatment system design was carried out for a 

hypothetical village in an arsenic affected region. This considered the required dissolved iron 

for the process and local variations in solar radiation from which the required size o f the 

continuous flow reactor was calculated. The precipitate removal system using a flocculation 

channel and sedimentation basin was then also designed.
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CHAPTER 1; INTRODUCTION

1.1 Background

It is estimated that over 100 million people worldwide are drinking water contaminated 

with arsenic. The World Health Organisation (WHO) set the maximum contaminant level 

for arsenic at 10|ag/l in 1996 as it is not only carcinogenic, but is associated with numerous 

other potentially fatal diseases. An extensive borehole drilling programme started in the 

1970s by UNICEF in Bangladesh in order to protect the local population from having to 

use bacterially contaminated surface waters. However, unknowingly, this caused ‘the 

largest mass poisoning o f a population in history’ according to the WHO, as the 

groundwater extraction triggered the release o f arsenic from the anaerobic sediments laid 

down over the years by the rivers Ganges and Brahmaputra in their delta regions. Although 

the initial benefits o f pathogen free water were seen immediately with a marked drop in the 

number of deaths from water-boume diseases with diarrhoeal symptoms (e.g. dysentery) 

and other water-related diseases such as malaria, etc., the long-term effects o f chronic 

arsenic ingestion have been increasingly evident. Although, the problem o f arsenic has 

been most reported in the West Bengal / Bangladesh region it also is an issue in many other 

parts o f the world (for example. South America), particularly for rural communities who 

rely on groundwater from certain geological settings for their water source.

Arsenic remediation methods vary greatly with cost, efficiency and applicability, with large 

scale removal plants operating successfully in countries like the USA. However, there are 

many problems associated with supplying arsenic free water at a household / community



level in rural areas of developing countries. The difficulties encountered due to the 

chemically and / or energy intensive nature of these treatment technologies, and issues 

related to the generation and disposal of hazardous arsenic sludge from these treatment 

processes render such systems economically or logistically unviable. There is a pressing 

need for research into appropriate technological removal methods using natural resources 

such as solar power, and locally available materials.

This thesis involves an investigation of using a Solar Oxidation and Removal of Arsenic 

(SORAS) process in a continuous flow reactor. The SORAS process involves subjecting 

contaminated water to UV light to photochemically oxidize As(III) to As(V). This requires 

the presence of iron which generates free radicals that facilitates the oxidation. The 

presence of this iron, also promotes the subsequent co-precipitation with As(V) which can 

then be easily separated by gravity from the water. The addition of small amounts of citric 

acid also acts to accelerate oxidation by forming iron-citrate complexes that yield further 

reactive oxygen species. The process has been demonstrated successfully by several authors 

in batch scale laboratory and field experiments in transparent PET bottles (Hug et al. 2001; 

Garcia et al. 2004; Lara et al. 2006; Mukheijee et al. 2007). However, a limited volume of 

water is produced by this process and its success relies heavily on the dedication of each 

individual user. A similar solar disinfection process (SODIS) using plastic bottles has been 

shown to give effective pathogen removal (EAWAG, 2002), however recent reports have 

called into question the user acceptability of the system (du Preez et al. 2010; Mausezahl et 

al. 2009), with low participation levels despite promotional campaigns. Community scale 

continuous flow systems that utilise appropriate technology like SODIS have been put into 

practice (Gill and Price, 2010; Chapelon and Herrmann, 2004; Navntoft et al., 2007). The
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concept involves water flowing through a transparent pipe at the focal point o f a compound 

parabolic reflector, optimally angled beneath the pipe for maximum sunlight capture. To 

our knowledge no attempt has been made to adapt the SORAS method to a continuous flow 

system. Hence, the approach taken in this research is to investigate an arsenic removal 

process at a semi-centralised community scale. The design must be an appropriate 

technology with low maintenance and energy requirements, minimal reliance on 

complicated mechanical or electrical processes and require minimal supply o f non-local 

chemicals.

1.2 Aims and objectives

The overall aim o f the research is to design a continuous flow oxidation process for arsenic 

removal, with an appropriate technology that would be suitable for a village scale water 

supply in a developing country.

This has been achieved via several targeted objectives as follows:

•  To investigate the effect o f the three main parameters (arsenic, iron and citrate) on 

the kinetics o f the solar oxidation process in a series o f batch and small-scale 

continuous flow tests in controlled laboratory conditions under artificial UV light

• To investigate the effect o f the different reflector profiles on the kinetics o f the solar 

oxidation process in small-scale continuous flow experiments under controlled 

laboratory conditions

3



• To investigate the effect o f the three main parameters (arsenic, iron and citrate) on 

the kinetics o f a continuous flow solar oxidation process in a full-scale reactor in 

varying natural sunlight

• To determine the effects o f other water quality parameters (phosphate, silicate, 

dissolved oxygen, pH and temperature) on the kinetics o f the solar oxidation 

process

• To investigate the possible enhancement o f the process by the use o f titanium 

dioxide photocatalyst

• To investigate the most appropriate process to remove the arsenic precipitate from 

the treated water leaving the SORAS reactor

• To design and test an appropriate technology which can augment the required 

amount o f soluble iron in the water in order to optimise the SORAS process, 

including the development o f a numerical model to simulate the iron dissolution 

kinetics

• To design a complete arsenic removal treatment system according to water 

requirements o f a hypothetical rural community in West Bengal

1.3 Scope of thesis

The initial stage o f this thesis involves a study and review o f the relevant literature, 

whereby the problem o f arsenic contamination in the world is detailed as well as the 

impacts on health. Particular attention is paid to the various conventional arsenic removal 

methods, in addition to small / household scale treatment processes. Finally, a detailed

4



description o f the SORAS process is reported, including factors affecting its efficiency and 

issues pertaining to the continuous flow aspect o f the process.

Laboratory methods are outlined, and then the experiments to investigate the different 

parameters involved (namely arsenic, iron and citrate) at batch and small-scale continuous 

flow systems under an artificial UV lamp are detailed. Then different water quality 

parameters (phosphate, silicate, dissolved oxygen, pH and temperature) are investigated in 

order to determine their effects on the arsenic removal efficiency. Large scale experiments 

are then conducted under natural sunlight to establish the parameters involved in upscaling 

to a full scale treatment system.

The removal o f arsenic-iron precipitate is then examined by conducting settling velocity 

experiments on the discharged water from the SORAS reactor. A review o f coagulant aids 

is also carried out, leading to coagulation-flocculation experiments to compare natural and 

industrial coagulants, and their effect o f the settling velocity o f the SORAS treated 

particles.

Then an investigation o f an appropriate technology to achieve the iron requirement for the 

SORAS reaction is undertaken. Laboratory experiments are conducted using a column 

filled with corroded iron metal with water pumped through the column to obtain iron 

dissolution from the hydrous ferric oxide surface. The development o f a numerical model 

calibrated to these experiments is then described.

The information from all the experiments is then synthesised to produce a design o f a 

continuous flow system for a hypothetical village in an arsenic affected region.
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Finally, a set o f conclusions is drawn from the experimental resuUs and observations, and 

recommendations for future research are given.
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CHAPTER 2; LITERATURE REVIEW

2.1 Arsenic in the environment

2.1.1 Arsenic chemistry

Arsenic (As) is a toxic chemical element of the metalloid group, which occurs naturally in 

the rocks, minerals, sediments and soils of the earth’s crust, with a crustal abundance o f 

1.5mg/kg (Sherwood Lollar, 2005). It is mainly associated with minerals o f iron (Fe) and 

sulphur (S), the most abundant ores being arsenopyrite (FeAsS), and arsenianpyrite 

(Fe(SAs)2) (Nordstrom, 2000). They are formed in the earth's crust at high temperatures. 

Arsenic is also associated with elements (amongst others) copper (Cu), nickel (Ni), cobalt 

(Co), silicon (Si), aluminium (Al), and manganese (Mn). It is released to the environment 

by geochemical and geophysical processes, such as erosion and volcanic activity, thereby 

making its way into both ground and surface waters. As bedrock composition and 

weathering conditions can vary greatly, a wide range o f arsenic concentrations are found in 

groundwater.

Arsenic located in solution in water is usually in its inorganic form, either arsenite As(III), 

typically found in anaerobic groundwaters, or arsenate As (V), normally observed in 

aerobic surface waters. The structure o f both are illustrated in Figure 2.1. It is an oxyanion- 

forming element which can be mobilised at a wide pH range under both reducing and 

oxidising conditions, and can be found in concentrations up to levels o f mg/1, whereas 

most other metals are generally only found in |ag/l (Smedley and Kinniburgh, 2002). Many 

cases o f high arsenic concentrations also correlate to high concentrations o f boron (B), 

molybdenum (Mo), selenium (Se), and uranium (U), amongst others. As in
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Bangladesh/West Bengal, a number o f  other affected areas are low -lying river basins where 

arsenic can accumulate in the groundwater. Many arsenic affected regions also display 

large seasonal variations in As concentration, due to different pumping rates, 

microbiological activity, precipitation, etc. (Frankenberger, 2001).

o
OH OH I I

As' OH— As — OH

(a) (b) O H

Figure 2.1 Structure o f (a) arsenite and (h) arsenate

Due to the com plex nature o f  arsenic speciation in aquatic environments, ie. being stable in 

a number o f  oxidation states (+5, +3, 0, -3), Figure 2.2 illustrates the predominance o f  the 

main species (arsenate and arsenite) as a function o f  pH. Gupta and Chen (1978) observed 

As(V) is predominantly found as H2 ASO4 - in waters with pH between 3 and 6.5, and As(IlI) 

is primarily found as H3 ASO3 in waters with a pH range o f  0 to 9.

8



"  06
V,

>  0 4  L

02

pH

OS
m

04 H A ll

0 2

2 4 e e
pH

Figure 2.2 Predominance diagram for As (V) (above) and As (III) (helow)as a function o f  
pH  (Gupta and Chen, 1978)

Figure 2.3 (World Bank 2005) shows a world map indicating arsenic affected regions and 

their respective sources. The general extent o f the problem of arsenic in drinking water is 

illustrated, however many other cases o f arsenic have been documented throughout the 

globe (some o f which are discussed in the subsequent sections), and new instances are 

found regularly.

I
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2.1.2 Groundwater contamination from reducing conditions

2.1.2.1 Bangladesh and India

Since the 1970s, over 10 milhon boreholes (shallow tube wells) have been dug and drilled 

in Bangladesh and West Bengal, India in order to provide an alternative water source for 

the local populations to surface waters which have a high risk o f contamination from 

pathogenic microorganisms. Unfortunately a large amount o f groundwater in the region 

has recently been found to have arsenic concentrations o f up to over 3000 ^g/1, 

(Kinniburgh and Smedley, 2001; Das, 1995). As a result up to 77 million people there are 

at risk of consuming high amounts of arsenic, and it is believed that arsenic poisoning (see 

Section 2.2.) will become the principal cause o f death in Bangladesh/Bengal in the near 

future. After an in-depth study of arsenic affected waters in Bangladesh, the British 

Geological Survey (Kinniburgh and Smedley, 2001) concluded that large scale aquifer 

contamination arises in the region due to anerobic conditions which leads to strongly 

reducing conditions in the water. This causes reductive dissolution o f Fe-oxides and 

arsenic particles become either desorbed from their Fe-minerals, or the arsenic particles 

themselves are reduced and dissolution also takes place. The rates o f these chemical 

reactions are influenced by the pH and Eh (redox potential) o f the water, the rate o f 

diffusion o f gases through the water, and microbiological activity in the aquifer. Arsenic 

contaminated groundwater has been found to be only in shallow tubewells (less than 100- 

150 m deep), where the aquifer is made up o f sediments o f the Holocene age deposited by 

the Ganges, Brahmaputra and Meghna rivers. The sediments are made up of sand, silt and 

clay, and are generally unconsolidated (Mukherjee et al., 2009). These sediments are 

covered by a layer o f clay which limits air penetration to the aquifer thereby promoting
I

I

11



anaerobic conditions, (Kinniburgh and Smedley, 1999). Arsenic in this area is associated 

with high Fe concentrations and alkalinity and generally has a neutral or near-neutral pH. 

The accumulation o f arsenic is a result o f low flows in the groundwater due to the flat, 

low-lying land and the recent rise in global sea levels. Hence, the aquifer is not flushed out 

and high arsenic concentrations have accumulated. Figure 2.4 is a map showing general 

arsenic concentrations in groundwater in the Bengal Basin region. The red areas highlight 

regions with As o f over 50 |ig/l, and the orange show places with mixed high and low 

concentrations. The green areas indicate As o f less than 50 ng/1 -  the Bangladesh and India 

MCL, but this is still up to 5 times greater than the 10 |ig/l drinking water limit specified 

by the World Health Organisation (2006).
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Figure 2.4 Arsenic distribution in the Ganges-Brahmaputra Basin. The red area indicates 
tubewells containing >50 fig/l, green <50 fig/l, and orange shows wells with mixed 
distribution o f  high-low As concentrations (Metral et a l, 2008)

2.1.2.2 East and South East Asia

The situation in China is comparable to that of Bangladesh/Bengal, although the affected 

aquifers are much more widespread throughout the country and were discovered much 

earlier. Kuo (1968) investigated artesian well water contaminated with arsenic in Taiwan, 

finding highly reducing conditions with neutral pH similar to Bangladesh/Bengal, but 

derived fi'om black shale sediments. Also studied were areas in Inner Mongolia (Luo et al., 

1997) and Xinjiang (Wang et al., 1994), again with similar conditions (strongly reducing,
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neutral pH, high alkalinity, Holocene sediments), but in addition many were found to 

contain humic acid. The Mekong Delta in Cambodia and Red River Delta in Vietnam have 

also been shown to have Holocene sediment aquifers with water o f neutral pH and 

reducing conditions, releasing arsenic to groundwater o f up to 1610 |j,g/l and 3050 |^g/l in 

Cambodia and Vietnam respectively (Berg et a l, 2007). Polya et al. (2005) also studied 

aquifer contamination in Cambodia, concluding that well depths greater than 16m in 

Holocene sediments and/or proximity to Mekong river channels were key indicators of 

high arsenic concentrations.

2.1.2.3 Other areas

Reducing conditions leading to arsenic release were also observed in Hungary (Varsanyi et 

al., 1991), in Quaternary sediment aquifers, and in Nevada, USA (Welch and Lico, 1998), 

in aquifers o f mixed Holocene, alluvial and volcanic sediments.

2.1.3 Arsenic in groundwater from oxidizing conditions

As mentioned previously arsenic can also enter the groundwater environment under 

oxidising conditions. Vast aquifers in the US and South America are contaminated due to 

aerobic conditions with pH increasing to over 8.5, resulting in As(V) becoming rapidly 

desorbed from its minerals. These oxidising aquifers have been investigated in; Argentina 

(Nicolli et al., 1989), finding Holocene and volcanic sediments and high alkalinity and 

salinity; Chile (Caceres et al., 1992), having probably Quaternary volcanic sediments, also 

with high salinity; Mexico (Del Razo et al., 1990), with volcanic sediment aquifers; and 

Arizona, US, (Robertson 1989), involving alluvial sediments. In the case o f South
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America, despite occurrence being well documented, the scale o f the problem has only 

recently been brought to the forefront o f global arsenic research. In 2010, a special session 

o f the Third International Congress on Arsenic in the Environment held in Taiwan was 

entitled “Arsenic in Latin America; A Forgotten Continent?”, where many prominent 

researchers presented on the issues in the region. Figure 2.5 is a map showing nearly 100 

different arsenic occurrences from across the region that has been compiled by 14 authors 

(Bundschuh, et al., 2011). Another case in the US is that o f the San Joaquin Valley, 

California, (Fujii and Swain, 1995). This is unusual due to the fact that aquifer has a 

mixture o f both oxidising and reducing conditions, the speciation o f arsenic differing, ie. 

As(V) predominating in oxidising states and As(III) in reducing. The aquifer is made up of 

Holocene and other sediments, and also shows high salinity in places.
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SOUTH AMERICA: Colombia: (55) B arbacoas Bay (Sucre 
dep.), (56) Bolivar dep., (57) Antioquia dep., (58) Yacopi 

(Cundinamarca dep), (59) Caldas dep., (60) Marmato mining 
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Figure 2.5 Arsenic occurrences in North, Central and South America (Bundschuh et a l, 
2011)

2.1.4 Geothermal sources

Arsenic has also been found in high concentrations in water affected by geothermal 

activity. As warm geothermal water ascends to the surface, it reacts with the wall rocks 

causing mineral dissolution (Tyrovola et al. 2006). Arsenic can be naturally present in 

solution, and is usually associated with high salinity in geothermal waters, (White et al., 

1963). Cases have been reported worldwide, (Criaud and Fouillac, 1989), but especially in
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the south-western states of California and Nevada in the US, (Benson and Spencer, 1983).

2.1.5 Anthropogenic sources

Arsenic also reaches water from anthropogenic sources, such as mining activities, smelting 

operations, combustion of fossil-fiiels, agriculture and industry. Contamination from 

mining, especially those associated with gold and copper mining, have been documented in 

Ghana (Smedley, 1996), Thailand (Williams et a l, 1996), the US (Plumlee et a l, 1999), 

and Spain (Garcia-Sanchez and Alvarez-Ayuso, 2003), to name but a few. The extraction 

process which leaches out precious metals uses liquids which are selective to certain ores, 

but the dissolution o f these ores during leaching also enables the release o f arsenic. The 

untreated waste mine tailings that are usually dumped locally can pollute both surface and 

groundwater sources. In addition, serious arsenic pollution o f water sources for the local 

populations are associated with the cassiterite mining in eastern Democratic Republic of 

Congo (Gill, 2006). Industrial activity can also create an air pollution problem. For 

example, Crecelius (1975) reported average arsenic content o f rainwater effected by a 

smelting plant in Seattle, USA of 16 ^g/1, far in excess o f average values reported to be 

0.013-0.032 fxg/l, (Andreae 1980). Arsenic is still used, but to a lesser extent than in the 

past, in agricultural pesticides and herbicides, and their leaching has been shown to 

contaminate groundwater (Korte and Fernando, 1991). Some wood preservation methods 

use pressure treating with chromated copper arsenate (CCA) or ammonical zinc-copper 

arsenate (AZCA) and the incineration o f this timber leads to air pollution (Bhattacharya et 

al, 2002).
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2.1.6 Food

Arsenic also occurs naturally in foods, especially seafood, but is in organic form and is 

easily metabolised by the body and therefore non-toxic. However, a study from 

Bangladesh suggests crops irrigated with arsenic contaminated water were a source of 

human poisoning, (Delowar et ai,  2005; Chappell et al, 2003) also found that crops 

irrigated with groundwater in Bangladesh had increased levels o f arsenic incorporated 

within the plants. Vegetables were found to have higher concentrations than that of rice.

2.2 Health:

The effects o f ingesting arsenic on human health are extremely serious. 150-300 mg

arsenic can be deadly, while daily intake above the recommended limits leads to chronic

arsenic poisoning or arsenicosis. Drinking water is the primary exposure pathway for

arsenic, as it cannot penetrate skin. The symptoms o f arsenicosis are numerous and can

affect all parts o f the body. There is no treatment for arsenicosis, only the individual

illnesses can be cared for. Even the age-old practice of taking small amounts o f poisonous

substances to develop a resistance to its effects does not work in the case of arsenic. Smith

et al. (2000) reported arsenic related diseases in the Atacameno tribe o f Chile, despite

generations of exposure to low amounts in their drinking water. Argos et al. (2011) carried

out an in-depth all-cause mortality study over 9 years o f 11746 people in Araihazar,

Bangladesh consuming water with up to 864|ig/l arsenic. The findings showed an increase

in mortality rate with increased arsenic exposure. UNICEF (2011) estimates that the
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arsenic exposure from drinking water is leading to 68,000 deaths per year in Bangladesh, 

with an economic cost o f between 6-20 billion US dollars over the next 20 years.

2.2.1 Skin

Diseases associated with arsenic include skin disorders such as lesions caused by 

dermatosis, keratosis (Figure 2.6), peripheral vascular disorder - blackfoot disease (Figure 

2.7), melanosis, hyperpigmentation (black rain) and hypopigmentation. Such diseases have 

been documented in various arsenic affected regions, for example, Bangladesh (Tondel et 

al, 1999), West Bengal (Mazumder, 1998), Chile (Smith et a i, 2000), and Taiwan (Tseng, 

1977). Studies have shown that these disorders are most likely due to the arsenic inducing 

overstimulation of keratinocyte growth factors such as TGF-alpha, which is a known cause 

o f skin tumours (Germolec et al, 1997, 1998).

Figure 2.6 Hyperkeratosis on the palms o f  a villager in Bangladesh resulting from arsenic 
contaminated water (http://earthday.ning.com/photo/arsenichands-l?context=latest)
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Figure 2.7 Blackfoot disease o f  patient in Taiwan
(http://www.watchwater.de/en/products/watch-envirosorbR-filter-medias/arsensorb.html) 

2.2.2 Cancers

Arsenic has been widely recognised as a known carcinogen, (International Agency for 

Research on Cancer, 2004). The estimated cancer risk involved in drinking water over a 

lifetime containing 10 |ag/l arsenic, is 1 in every 500 people, a figure that increases linearly 

with dose at a gradient o f 1:1.65, (National Research Council USA, 2001). Skin, lung, 

bladder, kidney, liver and uterus are the main locations o f cancer caused by chronic arsenic 

exposure, and have been documented worldwide, (Bates et a i, 1995; Hopenhayn-Rich et 

al, 1996, 1998; Tseng e /a /., 1968; Chen e? a/., 1992; Tsuda e/a/., 1995). Many modes 

of action o f arsenic induced cancer are considered. Skin cancer can occur when cell 

carcinomas develop from the various types o f keratoses mentioned previously. Oxidative 

stress caused by reactive oxygen species (ROS) can damage DNA, proteins, enzymes, etc. 

and cause apoptosis (disintegration o f cells), which allow cancerous cells to develop from 

this damage. Studies show that arsenic gives rise to elevated levels of ROS as a result o f 

the many reactions arsenic is involved in when it enters the body, (Kitchin and Ahmad,
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2003, Kessel et a l, 2002). Arsenic also interrupts the pathways o f cellular signalling, 

causing uncontrolled cell growth and transformation, (Bode and Dong, 2002, Qian et al., 

2003). Reichard et al., (2007), and others, suggested that arsenic can induce DNA 

methylation loss and this in turn reduces the ability to prevent cell carcinomas. 

Chromosomal mutagenic effects have also been seen in arsenic exposed subjects, (Mahata 

et al., 2003), this is also known as a cancer inducing condition.

2.2.3 Heart problems

Other health effects noticed are hypertension (high blood pressure) (Chen et al., 1995) and 

cardiovascular problems (Pi et al., 2000; Ahmad et al., 2006). Arsenic is believed to cause 

mutations in ion channels that carry impulses in the heart, in turn causing longer QT 

intervals, (time between contraction o f ventricles and end o f recovery o f the ventricles). 

This abnormal electrical activity results in arrhythmia, ventricular fibrillation and even 

cardiac arrest, and has been mainly studied in leukemia patients who receive arsenic 

trioxide as part o f their treatment (Ficker et al., 2004; Soignet et al., 2001; Zhang et al., 

2001).

2.2.4 Other health effects

Mazumder et al., (2000) and Milton and Rahman,(2002) have both researched the 

relationship between arsenic ingestion and respiratory effects such as chronic cough, 

bronchitis and shortness o f breath. Neurological effects were also documented by Dannan 

et al., (1984) and Morton and Caron, (1989) in workers exposed to arsenic, stating 

symptoms like anxiety, lethargy, mental confusion, panic attacks, seizures and persistent
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headache. Campbell and Alvarez (1989), amongst others, reported gastrointestinal effects 

o f arsenic, such as pain, nausea and vomiting. Diabetes associated with arsenic poisoning 

has been reported (Tseng, 2004; Rahman et a i, 2002; Lai et al., 1994), and is thought to 

be brought about by a number o f mechanisms. Ogihara et al., (2004) suggested that the 

arsenic reactions produce ROS and this oxidative stress induces insulin resistance, whereby 

the amounts o f insulin produced are inadequate. The signalling cytokine TNF-alpha has 

been shown to be upregulated by arsenic, also causing insulin resistance (Yu et al., 2002), 

and the hormone receptor PPAR-gamma, responsible for activating insulin action, is 

thought to be inhibited by arsenic (Wauson et al., 2002).

2.2.5 Pregnancy

Trends have shown that arsenic consumption can bring about complications in 

pregnancies, for example low birth weight, congenital malformations, still and premature 

births, and neonatal death, (Chakraborti et al, 2003, Milton et al., 2005, Yang et al., 2003, 

von Ehrenstein et al., 2006). Arsenic has also been reported to disrupt the endocrine 

system, which is essential for gene regulation and embryonic development, amongst other 

important functions (Davey et al., 2007, 2008). All of the above health effects are 

influenced by enzyme actions in the body, and arsenic has also been shown to affect many 

important enzyme functions, aggravating these symptoms (Squibb and Fowler, 1983).

2.2.6 Nutrition

Research has also indicated that malnutrition and vitamin and mineral deficiencies increase 

susceptibility to poisoning and exacerbates the symptoms, (Hsueh et al, 1995, Mazumder
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et al, 1998, Mitra et a i, 2004 and Milton et al, 2004).

2.3 Removal:

There are many different methods o f arsenic removal, and they vary greatly with cost, 

efficiency and complexity. There are four broad categories of removal, namely 

precipitative processes, adsorptive processes, ion exchange, and membrane processes. It 

has been found in many techniques, that the oxidation o f arsenite (As(III)) to arsenate 

(As(V)) is required to attain efficient removal (Scott et al, 1995, Hering et al, 1996), as 

As(lII) only weakly adsorbs to coagulants and adsorbents. Several oxidation methods 

currently used by water treatment facilities, including chlorination, permanganate addition 

and ozonation, are effective (Ghurye and Clifford, 2001), however involve handling 

hazardous chemicals and can generate harmful byproducts such as trihalomethanes. The 

U.S. Environmental Protection Agency has numerous publications on the subject, and 

according to 'Technologies and costs for removal of arsenic from drinking water 2000' 

(EPA, 2000), and other sources (referenced where applicable), the following is an overview 

o f the foremost arsenic removal processes.

2.3.1 Oxidation/Coagulation/Filtration

As stated above, oxidation o f As(lII) is usually needed. Simple oxidation is followed by 

mixing with a coagulant such as iron or alum, which allows the As(III) to attach to the
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suspended particles. The particles are then removed by filtration through various media. 

The oxidation plants are basically iron removal plants, with no chemical addition, simple 

aeration occurs by cascading o f  the water and then filtration is used to remove the resulting 

iron and arsenic precipitate. Actual removal rates varied considerably due to differences in 

inlet water parameters and improved with higher iron concentrations. Average removal 

efficiency was about 67% (Johnston and Heijen, 2001). A recent oxidation technique 

involves re-pumping well water back into the ground creating an oxidation zone, supplying 

arsenic free water in six plants in West Bengal (Gupta et al. 2009)

During coagulation, a chemical coagulant is added, usually in the form o f  either alum or 

ferric sulphate, or ferric chloride (Hering et al, 1996). This is combined with mechanical 

flocculation by m ixing, which allows dissolved and suspended solids floe or agglomerate. 

Then the resulting mixture is filtered ( l|im  filter) for up to over 90% arsenic removal. 

Removal efficiency increases with increase in coagulant dosage, and the process is only  

effective in the pH range o f  4-9. Ferric & alum coagulants have been shown to have 

roughly the same removal at pH < 7.6, but ferric coagulants perform much better at pH >  

7.6, (Hering et al, 1997). Upstream controlling o f  the pH can help reduce the coagulant 

dose (Sancha, 2006). In coagulation plants in Chile, arsenic was reduced from 400 |ig/l to 

10 |ag/l at a rate o f  500 1/sec using 40-56 mg/1 ferric chloride (after pre-oxidation with CI2 

(Sancha, 2006)). Wickramasinghe et al. (2004) compared coagulation (and subsequent 

microfiltration) on well water from Colorado, USA to Bangladesh, finding removal 

efficiency was highly dependent on the raw water quality and increased with iron dose. A  

study carried out by the University o f  Houston (Clifford et al., 2007), including pilot 

studies at Albuquerque NM , used direct filtration (microfiltration system) as a means o f  

removing the arsenic follow ing an initial treatment o f  the contaminated water by iron
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addition and coagulation. They found that As(V) concentrations were consistently reduced 

to below 2 |xg/l. The critical factors in the treatment process were found to be coagulant 

dose, mixing energy, detention time and pH.

Sand filters have been used successfully as a means of removing arsenic from water. 

Selecky et al. (2005), carried out a review o f many small scale arsenic treatment units, 

finding a number o f different filter media may be used, including sand, greensand, solid 

manganese dioxide such as pyrolucite, and manganese dioxide coated sand such as 

BIRM™. A study carried out by Berg et al. (2006) tested sand filters in a field study 

conducted in the Red River delta, Vietnam. The removal efficiency o f the sand filters was 

examined in 43 households whose pumped groundwater contained high arsenic levels. 

The sand filters comprised o f two large concrete containers. One container was placed on 

top o f the other, with the upper filled with locally sourced sand; occasionally gravel, 

manganese dioxide or charcoal was added. It was recommended that the sand be allowed 

to run dry between subsequent filtration periods so as to inhibit microbial activity. The 

residence time in the sand filter was approx 3 mins and a through flow o f 0.1-1 L/min. The 

lower container stored the treated water. An average removal rate o f 80% was achieved.

The oxidation/coagulation/filtration processes have the added advantage o f removing many 

other dissolved and suspended particles from the water along with arsenic. These can 

include turbidity, phosphates, fluoride, and improvements in the colour and odour.
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2.3.2 Adsorption

Feed water is passed through a packed bed o f specific adsorbents, which are highly 

adsorptive to As. The surface sites on these are filled with arsenic particles. Removal 

efficiency can be over 90%, but is controlled by the pH and arsenic concentration o f the 

incoming water (Lin and Wu, 2001). The pH range from 5.5 to 6.0 optimises removal, 

however the pH must be below 8.2. The number o f  bed volumes that can be treated is 

dependent on the arsenic content, after the bed is exhausted the adsorbent needs 

regeneration, usually with a rinse o f  NaOH and then H2SO4. Gupta and Chen (1978) 

compared the use o f  activated alumina, carbon and bauxite on various arsenic 

contaminated waters in California, USA. Results showed activated alumina (2 g/1 dose) 

outperformed the other tested adsorbents at a range o f  initial As(III) and As(V) 

concentrations and pHs. Dikshit et al. (2000) investigated arsenic adsorption from 

groundwater in West Bengal onto kimberlite tailings. In column studies, the performance 

o f  a fixed-bed reactor was studied and the adsorption capacity was found to be 0.27 mg/g 

o f adsorbent with up to 94% removal. The capacity o f  kimberlite was only one quarter that 

o f  alumina, but these tailings are a mining waste product and are free o f  charge.

2.3.3 Adsorption onto Iron Media

The surface sites o f  iron in various forms are used like activated alumina, etc., to adsorb 

arsenic. Most o f  this type o f  removal process use zero valent iron (ZVI) filings and/or their 

corrosion products, or scrap iron to adsorb arsenic in both batch and column tests. Sorption 

o f As(V) onto HFO (hydrous ferric oxide) and goethite is more favorable than that o f
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As(III) below pH 5-6 , whereas, above pH 7-8, As(III) has a higher affinity for the solids 

(Dixit and Hering, 2003). Ferric hydroxide particles attract the arsenic which can be settled 

or filtered, and efficiencies of up to 99% have been seen in laboratory studies, (Bitema, 

2007, Manning, 2002). Bitema (2007) demonstrated arsenic concentrations below 10 ng/1 

for up to 1900 bed volumes without regeneration in column tests. This has also been 

demonstrated in household filter systems in Bangladesh, with considerable success, 

(Hussam, 2007; Ngai, 2006). Vaishya and Gupta (2003) compared the performance o f iron 

impregnated sand (IIS) with iron oxide coated sand (IOCS), with both removing 1000 ng/1 

As(IIl) to 50 |ig/l. The adsorptive capacity of IIS was 52% greater than IOCS, due to the 

higher proportion o f Fe coating on this media. However, the household column flow rate 

and the number of bed volumes treated compared badly to other filter systems (2 1/hr and 

<100 bed volumes respectively).

2.3.4 Lime Softening

Lime is usually used to reduce hardness in water. Different forms of lime (usually 

Ca(OH)2) can be added to increase the pH, so bicarbonate converts to carbonate and 

calcium and magnesium precipitate as calcium carbonates and magnesium hydroxides 

(Harper and Kingham, 1992). As in the coagulation process mentioned in Section 2.3.1, 

arsenic is removed by agglomeration into these larger particles. The process gives up to 

100% removal at an optimal pH of ~10.5. McNeill and Edwards (1995) carried out a study 

on a full scale lime softening plant, finding up to 90% arsenic removal at pH 11. It is 

recommended that a plant for arsenic removal only be used if  hardness is also an issue.
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2.3.5 Ion Exchange

This is a chemical process whereby arsenic is adsorbed onto a solid polymer resin bed 

comprised o f sand grain sized, spherical beads. Water is passed through the resin bed and 

ions are released into the water from the bed, being replaced with the arsenic ions in the 

water Removal can be over 90%, in the pH range of 6.5-9 (Ficklin, 1983). The resin must 

be regenerated when the majority o f ions have been lost, and this is achieved by flushing 

the bed with a highly concentrated solution o f these original ions. The US EPA (EPA, 

2000) reported on the efficiency o f two different ion exchange plants, both treating 

groundwater containing As(V). One plant showed 97% removal efficiency with 

regeneration every 6 days, while the other showed breakthrough after 1 month (3000 bed 

volumes.

2.3.6 Nanofiltration (NF)

Filtration occurs through a semipermeable membrane of tiny pores (<2nm) that can reject 

arsenic particles effectively. Both dissolved As(III) and As(V) can be removed by this 

process, with up to over 90% efficiency (Nguyen et al., 2009). Pressure on the membrane 

ranges from 0.345 to 1 N/mm^. Sato et al. (2002) reported As(III) and As(V) removal o f 75 

and 95% respectively using NF with a membrane pressure o f less than 1.1 MPa at a water 

treatment plant in Japan.
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2.3.7 Reverse Osmosis (RO)

This process is typically used in desalination o f sea water, but has also been implemented 

for arsenic removal o f up to 99% (Geucke et a l, 2009) It is a physical process by which 

particles are removed by applying pressure (0.69 -  1 N/mm ) on the influent water to pass 

it through a semipermeable membrane (pore size <2 nm), this overcomes the natural 

osmotic pressure o f the water, and arsenic ions are rejected based on size and electrical 

charge. Ning (2002) investigated the use o f RO and found it was more effective for As(V) 

removal, while Schneiter and Middlebrooks (1983) reported 60-90% arsenic removal with 

RO.

It is worth noting that membrane processes (NF and RO) use high energy and the 

membranes themselves are prone to fouling due to small pore sizes, but there is usually no 

need for any added chemicals.

2.3.8 Electrodialysis Reversal /  Electrocoagulation

This is an electrochemical process whereby cations or anions are selectively allowed to 

pass through a stack o f electrically charged semipermeable membranes. Ions are selected 

based on their attraction to charged electrodes and the charge on membranes can be altered 

to reject arsenic ions for effective removal. Ribiero et al. (2000) obtained 99% arsenic

29



removal from chromate copper-arsenate treated timber waste using electrodialysis. Electro 

coagulation has been shown to efficiently remove arsenic on a small scale in Bangladesh 

(Addy, et al. 2011). An iron electrode is electrochemically dissolved in arsenic 

contaminated water, with the dissolved iron quickly forming a sludge with a high affinity 

for arsenic.

Table 2.1 gives an overview o f the common arsenic removal processes, along with 

advantages and disadvantages associated with each.
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Technique
Househol
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Remova
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y

Workin
g

Interference
s

Operator
skill

Relative
cost Advantages

1
r>: f a H V $1 ntli^^ Remarks

level As(III) As(V) pH i

Oxidation/Precipitation
Air oxidaticMi X X — — relatively simple, low cost partial removal o f arsenic

Chemical oxidation X X + relatively simple and r ^ id  process 
oxidises oflier impurities and kills microbes

Coagulation/Co-precipitation _ +-H- little low no monitoring o f breakthrough is required 
low costs and simple chemicals

toxic sludge is produced 
nppratinn  rf^qiitres training! —L

most effective process the regulaticn standard 
wide ran^e o f influent arsenic concentrations

Alum coagulation X X +-H- 6.0-8.0 medium low chemicals normally available 
low capital costs

pre-oxidation is a must (low reB^val of As(III))
produces toxic sludge |

1— ^—

proven at central level
piloted at community and household level
phnsphate and silica may reduce As removal

Iron coagulation X X +++ <8 medium low efficient at low costs
simple operation, common chemicals

medium removal o f As(III) 
nre-nxidation mav be required |

well proven at all tfiree levels
phosphate and silica may reduce As removal

Lime softening X X + + + + >11.5 medium low-medium common chemicals 
also reduces hardness

re-adjustment o f pH is required 
large waste volume

proven in lab and pilot scale

Enhanced coagulation X X + + + + + 5.0-9.0 medium low-medium high removal efficiency ofAs
also removal o f  organic matter and metal
hydroxides

emerging technique, not proven )ii practical scale

Sedimentation X X - - low low simple low reduction relies on passive coaguliion with iron

Oxidation/Filtration - + + 5.5-S.5 medium medium

Adsorption + + + + average no daily sludge problem requires monitoring breakthroug f
requires periodical regeneration i>r medum shift

Activated Alumina X X + + + + + 5.5-6.0 low medium well known, commercially available
very efficient removal
low maintenance, no daily sludge

re-adjustment o f pH required
toxic solid waste i1
monitoring is difficult '

pilot scale in community and household 
level in industrial countries 
arsenite removal is poorly understood

Iron Based Sorbents (IBS) X X + + + + 6.0-8.5 low low-medium plenty o f  possilalities 
well defined technique 
no regeneration

requires pH control
requires replacement o f media after exhausting 
requires regular testing to provide safe operation

Ion exchange
Anion resin X X + + + 6.5-9.0 many high medium well defined medium 

on pH correction
only As(V) removed * 

interference from sulfate, nitrate and TDS 
adding o f salt 
monitoring is difficult 
high costs

pilot scale in central and household systems, 
mostly in industrial countries

Membrane/Reverse osmosis high high removal efficiency high running costs shown effective at lab scale in industrial countries

no solid waste
capable o f  removal o f  other contaminants

high tech operation and maintenfflice 
re-adjustment o f water quality is required

pretreatment required
research needed on removal o f arsenit

Reverse osmosis X X ++ -H- medium high easily monitored 
no chemicals required 
no toxic wastes

removal of As(III) lower than As(V) removal
high investment costs
high tech operation and maintenance

Electrodialysis X + + + + + medium high removal of other contaminants interference by oxidizing agents 
toxic waste water

Nanofiltration + + ++ medium high well defined, high removal efficiency very high capital and running costs

CAMP (Coagulation Assisted 
Membrane Process)

X + + + + + + high pretreatment required 
high costs

Other
very limited experience

In-situ oxidation/immobilisation X -H- -H-+ medium no arsenic-rich wastes possibility o f  aquifer clogging

+++ = > 90% removal 
++ = 60-90% removal 
+ = 30-60% removal 
■ = <30% removal

Table 2.1 Comparison o f main arsenic removal methods (Feenstra et al., 2007)
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2.3.9 Bioremediation

Another not so mainstream process involves using natural/modified organisms discovered 

to be proficient in metaboHzing As. Marinomonas communis is one o f a number o f non

engineered marine bacteria, found to be capable o f accumulating arsenic within its cells, 

(Takeuchi et al, 2007). Kostal et al, (2004) showed E. coli can be engineered to increase 

removal o f As(IIl) and As(V) by genetic modification, involving the overexpression of 

metalloregulatory protein ArsR. Phyto remediation has also been used in arsenic removal, 

involving altering plant/fungal biomass so that arsenic is adsorbed. Pokhrel and 

Viraraghavan (2006) modified Asperigillus niger with an iron oxide coating to achieve up 

to 95% removal from water. Arsenic has also been found to accumulate into living plant 

bodies, for example Pteris vittata, (Singh et al., 2006).

2.3.10 Costs

Nearly all o f the above processes have the distinct disadvantages o f high costs, problems 

with sludge disposal, and complicated maintenance and/or regeneration. Table 2.2 shows 

cost comparisons for different removal technologies based on a population o f 1000, 

(National Research Council (US), 2001). Despite the figures being a few years old, 

coagulation-filtration is by far the most cost effective system. However, what this 

illustrates is that there is a necessity for simple, cheap and efficient ways o f removing 

arsenic, especially for those arsenic contaminated regions in developing countries, where 

both the lack o f capital and decentralised population are problematic.
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Table 2.2 Comparison o f  treatment costs (National Research Council (US), 2001)

2.3.11 Small-scale treatment in developing countries

The previous sections focused on treatment technologies suitable for large-scale 

applications, those in operation and those still in pilot phase. In many developing countries, 

large-scale treatment is next to impossible, especially in rural areas where funding and 

logistics are major issues. The ideal solution would be to have a system whereby each 

household, or small village, would treat their own water. This has been attempted with 

considerable success in Bangladesh, and the following are some examples of smaller scale 

treatment systems that are currently being implemented (World Bank, 2005).

• Bucket treatment

The bucket treatment system is for an individual household and uses oxidation and 

coagulation followed by settling. This unit comprises of two 20 litre buckets, one set on 

top o f the other. First, coagulants are mixed with contaminated water by hand in the upper 

bucket by stirring briskly and then flocculated by slow stirring for a minute and a half. The 

water is allowed to settle and then runs into the second bucket. This bucket contains sand 

which filters out any arsenic sediments. Household field trials were carried out by Meng et
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al. (2001) on water with up to 600 ng/1 arsenic. 2 g o f combined ferric and hypochlorite 

salts were needed to treat 20 litres o f water, to between 0.7 and 45 |ig/l. The initial flow 

rate o f 1.5 1/min reduced to 0.4 1/min after 10 bed volumes due to clogging. The rinsing of 

the sand bucket however only needed 2 bed volumes of well water with no chemicals 

added.

• Tubewell filter

The tubewell filter uses oxidation and adsorption, and has been shown to remove over 90% 

o f the arsenic for a village, (200-300 households). This compact arsenic removal unit is 

attached to the well head at the hand-pump and contains 100 litres o f activated alumina. It 

comprises o f two separate cylindrical chambers, the first to aerate the pumped water to 

promote oxidation o f dissolved iron, and the second containing the alumina for sorption on 

top o f gravels as basic filtration. It has been found to be capable o f treating 10000 bed 

volumes o f water at 8-10 1/min with arsenic concentrations o f over 500 |ig/l (removal to 

below 50 ng/1) in West Bengal (Sarkar et al., 2005).

• 3-pitcher filter

The 3-pitcher filter system (SONO) is for household use and involves adsorption o f arsenic 

by iron chips and sand. It is comprised o f three clay pitchers, each on top o f the next. The 

top pitcher contains 2 kg of sand laid on top o f 3 kg of zero valent cast-iron filings. The 

second pitcher contains 2 kg brick chips, 1 kg charcoal and 2 kg sand. Contaminated water 

is poured into the uppermost pitcher and the clean, filtered water is taken fi-om the last 

pitcher. Hussam et al. (2007) reported no breakthrough after 5 years use (approximately 

120 1/day), and consistently removing a range o f arsenic concentrations to below the MCL.



2.4 Solar Oxidation and Removal of Arsenic (SORAS):

2.4.1 Background

Photo-oxidation as a process to remove arsenic is also mentioned in 'Technologies and 

costs for removal o f  arsenic from drinking w^ater 2000' (EPA, 2000), which was first 

investigated by Khoe et al., (1997) as a means for treating mining effluent (see also Emett 

and Khoe, (2001)). In 1999, a presentation on the arsenic crisis in Bangladesh (Murcott, 

1999) described and evaluated different removal methods according to their 

appropriateness- namely performance and cost. Photochemical oxidation was listed in the 

presentation, but as no experimental data existed at that time, only the potential o f  the 

method is stated. Hug et al., (2001) and others at EAWAG, researched this potential 

extensively in relation to groundwater in Bangladesh conducting laboratory and field 

studies, both with considerable success (discussed below). The solar oxidation and removal 

o f  arsenic (SORAS) process they describe is extremely simple, but involves complicated  

chemical reactions.

2.4.2 M echanism

Since arsenic usually exists as arsenite As(III) in groundwater (see Section 2.1.1), this 

removal method entails oxidizing this to arsenate As(V). As mentioned in Section 2.3, 

As(III) only weakly adsorbs to coagulants and so this oxidation step is important. The rate 

o f  oxidation o f  As(III) by dissolved oxygen is very slow (Eary and Schramke, 1990), and 

so this method accelerates the oxidation by subjecting the water to sunlight, which 

photochemically oxidises As(lII) in the presence o f  Fe. A Fenton-like reaction takes place 

whereby instead o f  hydrogen peroxide (H2O2 ) oxidizing the Fe, photons from the UV light
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are absorbed by the iron (Figure 2.8), producing highly reactive hydroxyl radicals. These 

free radicals are involved in the oxidation and reduction o f  Fe(II) to Fe(III), and vice versa, 

producing more reactive oxygen species that convert As(III) to A s(V ) via the As(IV) 

intermediate. Co-precipitation then occurs as the A s(V ) can then adsorb to positively  

charged Fe(III)(hydr)oxide particles and the floes can settle out by gravity. Given the 

wavelength range for absorption o f  photons by Fe o f  350-400 nm, the UV-A portion o f  

light (see Figure 2.9) is the most relevant part o f  the solar spectrum for this process. The 

reactive oxygen species (ROS) generated in these reactions have been studied closely by 

Hug et al. (2001) and Hug and Leupin (2003). It was concluded by using 2-propanol (an 

'OH scavenger) that the *OH-radicals had no influence on As(III) oxidation at 

circumneutral pH as no change was seen in the rate o f  conversion o f  As(III) to As(V). 

However, in the lower pH range (<5) 2-propanol actually quenched oxidation completely. 

These findings indicate that As oxidation mechanisms are very much pH dependent. H2 O2 

and O 2 did not oxidise As(lII) in the dark, and O2 ’' is omitted from consideration as the rate 

constant required is inconsistent with experimental data. It is postulated that CO3*' and 

higher valence iron (Fe(IV) for example) are the species responsible for A s oxidation (Hug 

et al., 2001).
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Figure 2.9 Light spectrum (http://www.inivisioncare.com/en US/uv-damage-cntl .isp)

It was also found that if a chelating agent was added before irradiation, the rate of 

oxidation of As(III) was greatly increased. Citrate was added as this complexant, forming 

intermediate compounds with the iron (e.g. Fe(III)CitOH’), which, when involved in 

photolysis, produces even more oxidants for the As(III). This iron-citrate reaction cycle 

occurs again and again as the photooxidation keeps taking place and the iron is reduced
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and re-oxidized as above. The final pH decreased marginally, (around 0.05 units), due to 

the addition o f citrate (Hug et a i, 2001; Garcia et a i, 2004). Table 2.3 gives a detailed list 

o f the pertinent chemical reactions taking place in the SORAS process (adapted from Hug 

et al., 2001). It was concluded that photochemical oxidation o f As(III) can occur 

immediately after Fe(II) and citrate addition, when Fe(II) and forming Fe(lII) are in 

solution, or when predominantly Fe(III) is present.

TABLE List of R eactions with Known, Estimated, and Adjustable Rate C on stan ts '

Arsenic Oxidations
R ia As“' +  0 2 - - A s ' v + H A 3e6 a d ju s ta b le
R ib A s“i +  CO 3-  -  Asiv +  H C O r 1 .1 e 8 (Klaning, eta l. 1989)
R ic A s " i-O H -A s iv 8e9 (Klaning, e ta l.1989 )
R id Asiv +  O z - A s v  +  G r 1.1 e9  

fe '" Phoiolysis

(K lanlng.etal.1989)

R2a F e '“CitOH- -  Fe" +  SHGA*^- 0 .013 a d ju s ta b le
R2b Fe"iGH2 + - F e "  +  -0 H 0.00004 

Photolysis Follow-up Reaciions

a d ju s ta b le

R3a 3-HGA-2- +  O 2 -  3-OGA2- +  O , - 1 e 6 la s t, e s t im a te d
R3b 3-HGA-2- +  Fe“'0H2+ -  S-OGA^" +  Fe" 1e6 fast, e s t im a te d
R3c 3-HGA-2- +  Fe«>CitGH- =  3-OGA2- +  Fe"Cit 1e6 fast, e s t im a te d
R3d Fe"Cit -  F e“ +  Cit 1 e 6 ta s t, e s t im a te d
R3e HOj- +  O 2-  -  H2O 2 9.7e7 

•OH Reactions

(Rush and Bielski, 1985)

R4a Fe" +  •OH -  Fe'" 3.2e8 (Stugllk and Zagorski. 1981)
R4b Cit3- + * O H -3 H G A '2 - 1.5e8 (Zepp. etal. 1992)
R4c H2O 2 +  -OH =  H0 2 - 3e7 (Buxton, et al. 1988)
R4d •OH +  is o p ro p  — 0 2 ‘” 1.9e9 (Buxton, eta l. 1988)
R4e H C O s' +  •OH -  C 0 ^ ‘ 8 .5e6

Fe"-Oxida(iotts

(Buxton, etal. 1988)

R5a Fe" +  0 2  -  0 2 -  +  Fei"0 H2+ 60 (Stumm and Lee, 1961) at pH 7.5
R5b Fe" +  0 2 - - F e " '  +  H2 0 2 1e7 (Rush and Bielski, 1985)
R5c Fe" +  CO 3-  ^  Fe"' +  HCO3- 3 .6e8 

Fenton Reaction

a s s u m e d  s a m e  a s  Fe(CN)4^ ' (Huie, etal. 1991)

R6 a Fe" +  H2 0 2 - F e i "  +  -0 H l.le f i

Fe'"-Reduclions

pH  7.5 (Millero and Sotolongo, 1989)

R7a Fe"'0H 2* +  O 2-  -  Fe" +  O 2 1.5e8 (Rush and B lelskU  985)
R7b Fe"'(0 H)2+ +  O 2-  -  Fe" +  O 2 1.5e8 (Rush and Bielski, 1985)
R7c Fe"'C itO H - +  0 2 *- -  Fe" +  Cit 0

Fe'" Equilibria

(Sedlak and Hoigne, 1993)

El Fe"' +  Cit3- -  Fe'KCitOH- 1 e 1 2 / 6 a d ju s ta b le
E2 Fe'" ~  Fe '“0H 2+ +  H+ 4 .57e7 /1e10 pK I: 2 ,3  (Smith and Marten, 1979)
E3 Fe"'OH 2 + ~ F e '“(OH)2 + + H + 2.51e6 /1e10 pK2: 3,6 (Smith and Martell, 1979)
E4 Fe'"(OH)2-^~ F e" i(O H )3  +  H -̂ 1 .17e2/1e10 pK2: 7 ,9  (Smith and Martell, 1979)
E5 Fe'"(OH )3  +  Fe '“(OH)3 * * P rec ip 1e12/3e4 

Superoxide Equilibria

to rm a tio n  o t  Fe(lll) p re c ip ita te s , a d ju s ta b le

EG 0 2 *- +  H + ~ H 0 2 ' 1e1(V1.58e5 pK: 4,8 (Rush and Bielski, 1985)
E7 a ir ♦* O 2 1 e i a i e 1 6 c o n s ta n t [O2] (250 M a ir re se rv o ir)

* E qua tions  a re  b a lanced  fo r reactive species. U nreactive p roducts  and  educ ts  such  a s  H2O, COj, and  ac e to n e  a re  om itted . |0>] and  [H*] are 
co n s ta n t. Equil ibrium  r e a a io n s  (indicated  w ith —) have to  be w ritten  as  sep a ra te  forw/ard reac tio n s  and  back re a c tio n s  (w ith for th e  m ode ling  
w ith  th e  ACUCHEM program .

Table 2.3 List o f  reactions in the SORAS process (adapted from Hug et al., 2001)
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2.4.3 SORAS testing

Emett and Khoe (2001) tested the SORAS process on acid mine water (pH ranging from 

0.5-2.5) in Montana, U SA , which had arsenic concentrations o f  up to 150 mg/1, finding 

that they needed an Fe(lII) to A s(lll)  molar ratio o f  1:2 with no citrate added for effective 

arsenic removal. However, as explained above, the acidic conditions o f  mine tailings 

promote different oxidation mechanisms and therefore it is difficult to draw comparisons 

with experiments conducted at circumneutral pH. In other field tests iron did not need to be 

added to the water as it occurred naturally in Bangladesh (up to > 5 mg/1), and citrate was 

added in the form o f  citric acid namely 6 - 8  drops o f  lemon juice per litre. Transparent PET 

bottles were filled to 60-70%  capacity (leaving room for air) and shaken vigorously to 

saturate the water with dissolved oxygen, samples were then irradiated for up to 6  hours- 

the laboratory tests used a UV lamp, whereas in the field, the bottles were left to lie on 

roofs in the sunlight. They were then allowed to stand vertically overnight, while the Fe-As 

precipitates descended to the bottom. The chemistry involved in the process is given in 

simplified form in Figure 2.10. The resulting water was decanted or filtered through a cloth 

and showed up to 90% arsenic removal in the laboratory, although the field tests only  

achieved up to 78%. The effects o f  varying inifial iron content, along with other trace 

elements like phosphates, silicates, manganese, DOC, sulphates and other unknowns in the 

field water were thought to be behind the difference in removal efficiencies. Note, a more 

concise presentation o f  this research is also available in, Wegelin et a i ,  (2001). A s PO4  is a 

known competing ion for oxygen, Mukheijee et al., (2007) investigated the process at a 

household level in West Bengal which involved testing with phosphate concentrations o f  

up to 2.5 mg/1. Results confirmed that the arsenic removal efficiency decreased with 

increases in PO4  levels. Alkalinity has been shown to have the opposite effect, Garcia et al. 

(2004) determining the greatest arsenic removal efficiency at the highest bicarbonate
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concentration - most likely due to enhanced co-precipitation of the ironoxide-arsenic 

particles.

These tests were also conducted by Garcia et al, (2004) and Lara et al, (2006), in studies to 

treat water in Argentina and Chile respectively. In both cases, Fe needed to be added as the 

water composition was quite different from that in Bangladesh, but removal was found to 

be roughly the same. Lara et al (2006) concluded that a molar ratio (citrate:arsenic:iron) of 

1:4.5:18.7 was the situation for optimal removal. However, Garcia et al. (2004) disputes 

the use o f citrate at higher amounts, as these concentrations were found to have adverse 

effects on removal. Mukherjee et al. (2007) also examined the effect o f various chelating 

agents (including citrate) in batch tests, finding EDTA (ethylenediaminetetraacetic) to give 

the most significant increase in efficiency, (over 98%).
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Figure 2.10 Photochemical formation o f  the reactive oxidants and settlement o f  Fe-As 
particles

2.4.4 Factors affecting efficiency ofSORAS

Initial arsenic concentration: as inlet arsenic concentrations can vary widely 

(Section 2.1), and previous studies have shown molar As:Cit:Fe ratios of 1:4.5:18.7 

(Section 2.4.3), the amount o f iron required for the process greatly depends on the 

initial arsenic content.

Irradiation time and intensity; batch tests in the field were conducted in good 

sunshine, and as the photon flux to the water is the basis of the chemical reactions, 

the intensity o f the sunlight and time subjected to it is of paramount importance. 

Studies have shown greater efficiency over longer irradiation time (Hug et al, 

2001). The suitability o f regions for solar applications was investigated by Acra et



al. (1984). Bands around the earth from latitude 15-35° north and south o f  the 

equator were found to be most favourable for the amount and intensity o f  

irradiation received (Figure 2.11).

Turbidity: turbidity causes dispersion o f  light received by the water, reducing the 

U V  flux and so can adversely affect the removal efficiency. A s turbidity is made up 

o f  suspended solids, these solids may be competing ions for O2, OH' or Fe. 

D issolved oxygen: DO is crucial to the reactions in the SORAS process, so 

sufficient DO must be ensured throughout the system

pH : as pH changes can influence the speciation o f  arsenic (Section 2.1) and Fe, 

variance in pH can affect the efficiency positively or negatively.

Temperature: although it seems that no studies have been carried out on differences 

in temperature on the SORAS method, it is known that higher temperatures imply  

lower DO concentrations as the oxygen saturation concentration reduces with 

increased temperature.

Water quality parameters: as seen in Section 2.4.3, competing inorganics such as 

phosphate and silicate have adverse effects on removal efficiency. It should be 

noted that no studies have been reported on microorganisms competing for 

oxidative species, which could influence the process.
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Figure 2.11 World distribution o f solar radiation indicating suitability o f areas for solar 
applications (Acra et a i, 1984b)

2.4.5 Use o f photocatalysis with SORAS

Photocatalysts are used in many water/wastewater treatments as advanced oxidation 

processes (AOPs) to remove organic and inorganic contaminants (Matthews, 1992, 

Guillard, 2003), and have also been used to oxidize As(III) to As(V) more rapidly. Bissen 

(2001) studied batch experiments with arsenic concentrations up to 10 mg/1 under UV 

light, adding suspensions o f titanium dioxide Ti02 as the photocatalyst. Complete 

oxidation of As(IIl) was found to occur in just 200 seconds with 10 mg/1 Ti02, the only 

disadvantage being the necessity for its subsequent removal along with the As(V). A 

fLirther development in the SORAS process can be achieved by using an immobilized 

coating o f Ti02 on the inside of the PET bottles (Fostier, 2008). Ti02 was fixed on the
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plastic to give concentrations from 2-20% w/v, achieving over 99% removal, (from an 

initial As(III) concentration o f 500 |xg/l) after 120 minutes illumination time (optimal Ti02 

10% w/v). Ferguson (2008) also used fixed Ti02, but on glass beads in a fixed bed upflow 

reactor. Samples were irradiated from above but counterintuitive efficiencies were seen, 

most likely due to unsuitable design of reactor geometry.

Using the SORAS process in closed containers such as PET bottles has the advantage o f 

protecting the water from dust and pathogens, and these bottles are readily available. 

However, the technique has some disadvantages. The volume of water treated is limited to 

the number o f containers that are used, and larger bottles (greater than 10 cm diameter) are 

not recommended for solar disinfection, (a process which is comparable on the issue of 

light transmission) in order to minimise water depth and allow sufficient irradiance o f the 

water (EAWAG, 2002). More importantly, the process is completely dependent on the 

dedication of each individual user, and as collecting water is often a necessary daily task, 

having to then treat the water as well could prove a tiresome undertaking (discussed again 

in Section 2.6.2). It could be therefore more beneficial to have a community based 

treatment system, which requires little maintenance and technical difficulty. As far as can 

be determined from the international; literature no attempts have been made at adapting the 

SORAS method to a continuous flow process, with or without the use o f photocatalysts.
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2.5 Continuous Flow Solar Reactors:

Continuous flow solar reactors for water treatment have been based on the designs of 

traditional solar thermal collectors which absorb solar energy from the sun, to either heat 

fluids or generate electricity. Solar reactors were first employed for solar photocatalytic 

detoxification o f wastewater (Pacheco, 1990). Usually Ti02 is used as the photocatalyst in 

suspended or fixed form, which degrades organic and inorganic pollutants by the 

production o f ROS. Collectors are capable o f efficiently gathering solar photons and 

transferring them into the absorber component o f the reactor.

2.5.1 Types o f solar collectors

The two types o f collector are concentrating and non-concentrating. Concentrating 

collectors converge light onto a focal point or linear focus, the main types being parabolic 

trough collectors (PTC) and parabolic dishes. PTCs consist o f a parabolic reflecting 

surface which concentrates light onto a tube located at the focus o f the parabola. The 

trough then follows the path o f the sun, remaining perpendicular to its rays at all times. The 

light reflected into the absorber tube is used with the photocatalyst in the detoxification of 

flowing water.

Non-concentrating collectors do not have solar tracking and usually consist of either a flat 

plate dlted toward the sun or multiple small tubes connected in parallel. As sunlight hits the 

flat plate, water to be treated flows over the plate (or between two plates) and absorbs
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radiation. The advantages of non-concentrating collectors are that they are able to collect 

both direct and diflfiase radiation, (concentrating only collecting direct radiation), and they 

are much simpler and cheaper to build and maintain, as they have less components and no 

moving parts. Non-concentrating collectors are therefore the choice for photocatalytic 

applications (Ajona, 2000) due to their higher efficiencies of collecting solar radiation.

2.5.2 Compound parabolic collectors

The compound parabolic collector (CPC) is a low concentrating static collector with a 

curved reflective surface which follows an involute around the circumference of the reactor 

tube. As will be discussed in Chapter 4, the CPC was found to be the most efficient design 

for the SORAS method, so it will be covered in more detail here. It is similar to the PTC 

but has no solar tracking. It has high energy efficiency, collecting both direct and diffiise 

solar rays (nearly 100% of the UV radiation arriving at the reactor). Figure 2.12 shows the 

profile of the CPC, the rays being reflected to illuminate the circumference of the reactor 

tube. High levels of dissolved oxygen can be achieved in CPCs as turbulent flow regimes 

are employed. Due to its extremely efficient design, CPCs are considered to be the optimal 

system for the photocatalytic detoxification of wastewaters, (Blanco, 1999, Robert, 2002). 

A pilot study on the treatment of greenhouse wastewater using CPCs showed effective 

photocatalytic degradation of 4 different pesticides (Malato et al., 2002).

47



incident radiation

Photocatolytic rrac to r 
(pyrex glass tube) Fleflecting surliac^ 

(clcctropolishcd aluminium)

Figure 2.12 Profile o f  CPC reactor (McLoughlin et a i, 2004)

Equally, solar disinfection (SODIS) is now also being performed in continuous flow 

reactors. McLoughlin et al. (2004) compared three different small scale reactors in natural 

sunlight, compound parabolic (CPC), parabolic (P), and v-groove (V), for water 

disinfection, using E. coli as the representative microorganism. Results showed the CPC 

efficiency to be greater than both the P and V, and depended on illumination time and flow 

conditions.

2.5.3 Design o f  CPCs

The absorber tube material needs to be durable, weather resistant and sufficiently 

transmissive to UV light, without being damaged by it or allowing migration o f particles 

from the material into the water by UV action. As a result, low-iron content glass like 

borosilicate glass is used for these reactor tubes. Glass can also withstand the force o f the 

system being pressurised.
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The collector surface needs to reflect light (between 300-400 nm) efficiently to be 

absorbed by the reactor, and so highly polished surfaces which are specular (keeps each ray 

intact as it hits the surface), are considered most effective (Malato Rodriguez et a i,  2004). 

Polished aluminium and copper are used, although need a protective layer to resist 

degradation by weather conditions which reduces reflectivity.

The tube thickness and diameter must be considered in the design o f the system. The 

thinner the tube the more transmissive it is, but it needs have sufficient thickness to be able 

to withstand the pressure o f the water. The diameter chosen must be such that it ensures an 

even UV dose to each particle passing through it. Malato Rodriguez et al. (2004) suggested 

a minimum tube diameter o f 20 mm and an ideal o f 25-50 mm for use in photocatalytic 

CPCs.

The flow rate through the reactor should be turbulent to ensure sufficient mixing, and 

turbulence also allows for higher dissolved oxygen levels. Mixing will aid in the 

transmission o f uniform radiation.
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2.6 Solar Disinfection:

2.6.1 Mechanism

Since the late 19*'’ Century, sunlight has been known to have an inhibiting effect on 

microorganisms, (Hockberger, 2000). Solar light/energy is used in the treatment of 

contaminated water by two synergetic mechanisms, namely radiation and increased water 

temperature. Light in the spectrum of UVA (wavelength 320-400 nm), is able to inactivate 

microorganisms by the absorption of photons which penetrate the cell wall. Energy can 

then react with molecules inside the cell, altering components such as nucleic acid, which 

control the cell functions. These are crucial for growth and reproduction, hence cells are 

damaged or totally destroyed. Bacteria, viruses and protazoa can all be eliminated by 

irradiation with sunlight.

2.6.2 SOD IS

The solar water disinfection (SODIS) process was, like SORAS developed extensively by 

EAWAG from previous studies as a simple, low cost method to improve the quality o f 

drinking water in developing countries, (EAWAG, 2002). SODIS uses solar radiation in 

batch form to kill the pathogenic microorganisms that are known to cause water borne 

diseases like cholera, typhoid, diarrhoea, dysentry, cryptosporidiosis, parasitic worms, etc. 

SODIS is perfect for treating small amounts of water for individual use at household level. 

Contaminated water is filled into transparent PET bottles (500 ml or 1.5 litre) and sealed, 

and shaken for 20 seconds to ensure sufficient dissolved oxygen, which assists the process. 

The bottles are then exposed to full sunlight for six hours in clear, bright weather, but if  

cloud cover is high, the bottles need to be subjected to light for up to two days. Again, the
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regions o f superior solar radiation levels are located between 15 and 35° North and South 

o f the equator, where cloud and rain are limited. Turbidity o f the water to be treated also 

affects the efficiency of the process, as suspended solids interfere by absorbing the light, 

(turbidity must be below 30 NTU). The bottles are left to lie in the sunlight on roofs, 

preferably those made o f corrugated iron sheets, as this reflects light back into the bottle 

for maximum radiation intensity and higher temperatures. As the physical process of 

heating also destroys microorganisms, water temperatures above 50°C increase the 

efficiency o f the disinfection process by threefold, (Wegelin, 1994). After the bottles are 

illuminated, the water is safe to drink.

The method has been put into practice in many developing countries by EAWAG and other 

agencies including NGOs. The outcome has been very successful due to the simplicity o f 

the process and the readily available inexpensive materials needed. Conroy (1996) studied 

an area in Kenya which implemented a SODIS project, finding a great reduction in water 

borne diseases in children, (for example children under the age o f six being eight times less 

likely to contract cholera.) Others have observed up to 73% reduction in diarrhoea cases 

when using solar disinfected water. However, the user acceptability o f the system has been 

called into question by du Preez et al. (2010) and Mausezahl et al. (2009) due to 

ineffective implementation. In a study in South Africa du Preez et al. (2010) found no 

significant reduction in dysentery in children in 75% of cases where SODIS was 

implemented, suggesting that strong participant motivation was the determinant in 

effective treatment. A similar study in Bolivia (Mausezahl et al., 2009) found that despite 

an extensive promotional campaign, mean SODIS compliance was only 32%, and diarrheal 

incidences in children were 3.6/year compared to 4.3/year for those not informed of
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SODIS. These studies indicate that individual/household water treatment systems need to 

be thoroughly evaluated in field trials. Hence the option o f  community level systems could 

be more effective.

2.6.3 Photocatalytic disinfection

Further investigation into the process has been carried out using photocatalysts, mainly 

Ti02. The catalyst can absorb UV light o f  broader wavelengths than microorganisms, and 

generates reactive oxygen species (ROS) which attack living cells fiirther. Fixed and 

suspended Ti0 2  has been researched in batch solar disinfection experiments, both resulting 

in improved efficiency. Salih, (2002) and Rincon, (2003) found Ti02 in suspension to 

perform better than the immobilized form. Again, suspensions would have to be removed 

before consumption.

2.6.4 Continuous flow  solar disinfection

Solar collecting reactors have been studied with a view to implementing solar and solar 

photocatalytic disinfection on a large scale. As discussed above research on small-scale 

reactors showed that compound parabolic was the most efficient profile (McLoughlin et 

al., 2004). Ti02 was also fixed on 2 mm diameter rods and placed inside the absorber 

tubes, enhancing the efficiency o f  the CPC even further. This type o f  disinfection 

experiment was also conducted by Fernandez (2005), using only the CPC reactor. These 

studies confirmed the complete deactivation o f E. coli within 60 minutes.
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Several large scale applications have recently been put into practice, such as SOLWATER 

(Navntoft et a l ,  2007) and AQUACAT (Chapelon and Herrmann, 2004) and the first fiill- 

scale field application in sub-Saharan Afnca has recently been installed at a village in 

Kenya (Gill and Price, 2010).
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CHAPTER 3; MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

The follow ing is a list o f  chem icals used to simulate conditions that are found in contaminated  

groundwater, and other possible compounds that could affect arsenic rem oval, positively  or 

negatively, in order to investigate the continuous flow  removal process. A s this research 

focused on contaminated groundwater in developing countries, which w as not available for 

testing, As(III) was the preferred form o f  arsenic as this is most com m on in groundwater. A s 

iron is a requirement in the SORAS technique, iron was dissolved from laboratory grade 

chem ical powder. Citrate was shown to aid arsenic removal in SO RAS batch tests, so both 

natural citrate and sodium citrate were used in experiments. A s phosphate and silicate were 

shown to be com peting ions, these were also added to samples from chem ical powders.

3.1.1.1 Arsenic

To obtain a stock solution o f  1 g/1 A s, 1.32 g Fluka Arsenic trioxide (AS2 O 3 ) was w eighed on  

an electronic microbalance (M ettler H33 4-place balance), and w as d issolved  in 1 litre o f  

distilled water using a Pyrex beaker, magnetic stirrer and hotplate. The stock solution w as kept 

in a sealed Pyrex flask, and tested periodically with ICP-AES to ensure consistency (see  

Section 3.2.4.1).
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3.1.1.2 Iron

4.84 g or 19.36 g BHD Iron(III)chloride 6-hydrate (FeCl36H2 0 ) was weighed on an electronic 

balance (Adventurer Pro, OHAUS) and dissolved in 1 litre o f  distilled water to give a stock 

solution o f  1 g/1 and 4 g/1 Fe respectively. The stock solutions were kept in sealed Pyrex 

flasks, and tested periodically with ICP-AES to ensure consistency (see Section 3.2.4.2).

3.1.1.3 Citric acid

14.7 g Fisher Sodium citrate (Na3C6Hs0 7 -2H2 0 ) was weighed on an electronic balance and 

dissolved in 500 ml o f  distilled water to give a stock solution o f  100 mM sodium citrate. For 

the experiments which used natural citrate, lemons (Spain) were squeezed using a kitchen 

juicing utensil, and then passed through a 0.6 mm sieve to remove any pulp which may 

interfere with UV absorption. The clear juice was then frozen in batches o f  5 ml in universal 

plastic containers, and defrosted overnight before use. These were then kept in the fridge for 

up to 3 days to ensure the juice was fresh. Lemon juice contains 5-10% citric acid, and it was 

established from an earlier study using a simple titration with NaOH, that 79.65g/l (7.2%) was 

contained in these lemons. This compares adequately with the value quoted by Hug et al., 

(2001) o f  76.85g/l, and corresponds to 0.415 M citrate as the molar mass o f  C3H5 0 (C0 0 H)3 is 

192.12 g/mol, so 200 )il lemon juice is approximately 80 |xM.
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2.1.1.4 Phosphate

A stock solution o f  1000 mg/1, was made up with 2.06 g Sigma-Aldrich Potassium phosphate 

(KH2PO4) dissolved in 1 litre o f  distilled water.

3.1.1.5 Silicate

2.788 g Sigma-Aldrich Sodium metasilicate (Na2Si0 3 ) was dissolved in 1 litre o f  distilled 

water to give a stock solution o f  1000 mg/1.

3.1.1.6 Sodium sulphite

To obtain a 1% stock solution, Ig Sigma-Aldrich (Na2S0 3 ) was dissolved in 100 millilitres o f  

distilled water. This was used to remove dissolved oxygen from sample solutions by the 

following reaction:

2N a2S03 +  0 2  =  2N a2S04

3.1.1.7 Titanium dioxide

Titanium dioxide was used as the photocatalyst in all o f  the experiments. The Ti02 was 

supplied by the Degussa company and was o f  the type P25 Aeroxide (80:20 anatase:rutile). 

For batch experiments, the appropriate mass o f  Ti02 was measured out using a four-figure 

microbalance (Cahn C-33) and mixed with 1 L o f  distilled water in an autoclave bottle (Figure 

3.1). The contents o f  the bottle were then sterilised by autoclaving [HiClave HV-25 autoclave 

(HMC, Japan)] for 40 minutes at 121 °C. For other experiments, the appropriate mass o f  

photocatalyst was added to the reservoir and allowed to mix before the experiment was 

started.



3.1.1.8 Other Chemicals

The following chemicals were used in the acidification and analysis of samples (see Section 

3.2). Sigma-Aldrich Nitric acid, Sigma-Aldrich Hydrochloric acid, Sigma-Aldrich Potassium 

iodide, Fisher Scientific Sodium borohydride, BDH Sodium hydroxide, and all were reagent 

grade.

3.1.2 Bacteria

Escherichia coli K-12 (ATCC 10798) was used as the bacteria for all experiments and was 

stored in freeze dried form at -80 °C before being prepared to give an E. coli concentration of 

approximately 1x10^ CFU/mL, as outlined in Section 3.2.1.

3.1.3 Growth media

Luria Agar and Luria Broth (Sigma Aldrich, USA) were used as the growth media for the 

Escherichia coli. The agar was prepared by adding 40 g of powdered agar to 1 L of sterile 

water in an autoclave bottle. The bottle was autoclaved for 40 min at 121 °C. When the bottle 

had cooled to about 50 °C, the agar was poured into Petri dishes and the plates were allowed 

to dry.

3.1.4 Water

Tap water from the Civil Engineering Laboratories was used in all SORAS experiments 

(excluding combined SORAS-SODIS tested on the large scale reactor, which used distilled 

water as discussed in Section 3.2.3.1). Table 3.1 details the average tap water composition
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which was analysed by a number of methods. Data was obtained from Dublin City Council’s 

Water Services Department. This data was verified in the laboratory by ICP analysis (Section 

3.2.4), chemical test kits supplied by Merck, and by data received from the Centre for 

Environmental Studies, TCD. pH was measured with a pH 330 (WTW, Germany) and 0 2  was 

measured with a Cyberscan D05000 (Eutech).

Parameter Value Unit

Temperature 10.5 - 14 °C

pH 6.89 - 7.94 -

Ca 15-23 mg/1

Cl 2 2 - 2 8 mg/1

Free Chlorine 0 - 0 . 2 mg/1

Cu 0-0 . 15 mg/1

Fe 0.014-0.0596 mg/1

F 0.6-  1 mg/1

O2 8.96- 11.1 mg/1

Mg 13 - 19 mg/1

A1 0.05-0 .12 mg/1

P 0.013 - 0.027 mg/1

Alkalinity (as CaCOj) 7 0 - 150 mg/1

Na 3.7-5 .9 mg/1

P 1000 kg/m3

Table 3.1 Tap water composition
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3.1.5 Reactors

Two compound parabolic collectors (CPCs) were used in the majority o f  experiments, one 

laboratory scale (Figure 3.2) and one full-scale (Figure 3.3). Their characteristics are 

summarised in Table 3.2. As the SORAS process has not before been tested in a continuous 

flow system, experiments were carried out on a number o f different reactor designs at 

laboratory scale before more extensive testing on the most efficient design.

3.1.5.1 Laboratory scale reactors

The four laboratory scale reactors were manufactured in the Department and consisted o f six 

parallel Pyrex tubes (9.6 mm internal diameter), each 250 mm long, connected by opaque 

plastic tubing (which was covered during experiments to ensure that only the Pyrex tubes were 

illuminated). The reflector itself was cut out from lightweight aluminium and polished (Figure 

3.2). Four reflector designs were tested, each reactor having a different reflector profile: 

compound parabolic (CPC), parabolic, V-groove and flat plate (Figure 3.1). The CPC had 

been used in other solar applications, however as none have been reported as being used in 

SORAS, all four were tested upon to examine their performance. In the V-groove (45° angle) 

the centre o f the tube was placed 14mm above the base, and in the flat plate, the centre o f the 

tube was positioned 10 mm above the base. The half acceptance angle o f the compound 

parabolic reflector was 90*̂  and the concentration ratio was approximately 1. The closed loop 

reactors were connected in series to a submersible pump (2.8 L/min, giving a fluid velocity o f 

0.64 m/s) pumping from a 1 L reservoir which was located in the dark. The Reynolds number 

for the flow rate was calculated to be 5450 meaning that the flow regime was in the smooth
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turbulent zone. The water undergoing treatment was continuously recirculated throughout the

experiment.

38mm

28mm

9.6mm

Figure 3.1 Cross-section through reactors: (a) compound parabolic; (b) parabolic; (c) V- 
groove and (d) flat plate



Figure 3.2 Laboratory scale CPC

3.1.5.2 Full-scale CPC

As will be discussed in Chapter 4, the CPC reactor was found to be the most efficient design 

in laboratory scale experiments, therefore the same design was used in the large scale testing.

The full-scale CPC (Figure 3.3), obtained from AO SOL (Portugal), consisted o f ten parallel 

glass tubes (47 mm internal diameter), each 1504 mm long, connected by opaque plastic >  

joints, which were 549 mm (left-hand side o f CPC) and 389 mm long (right-hand side). The 

half acceptance angle o f the aluminium reflector was 90*̂  and the concentration ratio was 1 

(see Figure 3.4). The reactor was gravity fed and was connected to two reservoirs, one above 

the top tube and one on the ground. A peristaltic pump (Watson Marlow, USA) was used to 

transfer water from the lower reservoir to the upper. The flow rate through the reactor was
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measured at 9-11 1/min. The characteristics o f the two CPCs used are summarized in Table 

3.2.

Figure 3.3 Full scale CPC

Aperture wdlh = W mm

pipe d»a. ■ 47 mm

Figure 3.4 Cross section through large scale CPC
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Bench-scale Full-scale

Profile Compound parabolic Compound parabolic

Half acceptance angle 9 0 “ 90°

Concentration ratio ~ 1 ~ 1

Number o f tubes 6 10

Tube length (mm) 250 1504

Internal diameter o f tube (mm) 9.6 46

• • 2 Total irradiated area (m ) 0.057 2.31

Total circulating volume (L) 1 40

Total irradiated volume (L) 0.108 22.5

Reynolds number o f flow 5450 4480

Table 3.2 Reactor characteristics

3.1.6 UV Lamp

The lamp used in small scale experiments was a 75 W Philips HB175 facial solarium, 

consisting o f four parallel UVA tubes (Figure 3.5). It was mounted 30 cm above the CPC, 

giving an intensity o f 15 W/m^ UV-A at all parts o f the collector (as measured by the UV
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radiometer during experiments). Emission spectrum data were obtained from the manufacturer 

and are displayed in Figure 3.5.

Figure 3.5 Small scale UV lamp
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Figure 3.6 Emission spectrum o f lamp, plotted with information obtained from Philips.

3.1. 7 UV Radiometer

Light intensity levels were measured using a PMA2100 radiometer (Solarlight, USA), with 

UVA and UVB sensors (Figure 3.7). The radiometer could be set to record the UVA and UVB 

intensity in W/m at varying time intervals. The radiometer was calibrated once yearly by the 

manufacturers.
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Figure 3.7 Solar radiometer
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Figure 3.8 Example output from PMA2100 giving UV data fo r  summer day
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3.1.8 Direct and diffuse solar radiation

For the full-scale experiments outside, direct and diffuse radiation were also monitored by two 

Kipp and Zonen CMP6 pyranometers (one with a shadow ring) next to the reactor. The meters 

were aligned level to the ground and the shadow ring adjusted once every week to ensure the 

pyranometer was always in shade throughout the day. Data was logged at 3 second intervals 

onto a SQ2010 Data Logger (Omni Instruments, UK).

Figure 3.9 Example o f pyranometers (shadow ring on left) used in measuring global radiation
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Figure 3.10 Example output from pyranometers giving global radiation data fo r  summer day

3.2 Methods

3.2.1 Batch studies

For initial batch studies, a total o f 700 ml o f sample was poured into a 1 litre Duran bottle. 

This was prepared by pipetting As stock solution to give 150 ng/1, and different amounts of 

the iron solution to give 3.5, 5.25, 7 and 14 mg/1. This was then topped up to 700 ml with tap 

water, and approximately 200 ^1 (~ 6 drops) o f lemon juice were added. The bottle was closed 

securely and shaken for 60 seconds. Each test was carried out using two identical samples, 

being placed a blacked-out box with reflective base. This ensured all o f the light was
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concentrated solely on the bottles. The halogen lamp (as mentioned above) was placed on top 

o f the box.

The sample bottles were placed in the centre o f the box, parallel to the bulbs. The bottles were 

left under the light for up to 4 hours, with the lamp completely covering the top o f the box, 

and then they were allowed to stand upright for at least 48 hours in the dark for any precipitate 

to settle to the bottom. The clear water was then decanted into a 30 ml universal container and 

acidified with 1% nitric acid and refrigerated to be used in the analysis. This procedure was 

carried out twice for each iron concentration. Sets o f samples were also tested without citric 

acid addition, at the optimum found iron dosage to examine its effect on the process.

3.2.2 Small scale continuous flow  experiments 

3.2.2. J Reflector profile experiments

Samples were prepared as in the batch tests, this time each sample being 1 litre total and initial 

As concentration o f 500 ^g/l, Fe o f 5, 10, 15 and 20 mg/1 and 200 ^1/1 lemon juice. Each 

reactor type was placed in the blacked-out box, covered with the UV lamp and connected to 

the pump and 1 litre reservoir (Figure 3.8). As the illuminated tube volume was 200ml, the 

sample was recirculated for a total o f 20 hours, giving the equivalent 4 hour actual irradiation 

time. Each test was carried out in triplicate. At the beginning o f each experiment, the pump 

circulated the sample for 1 minute to ensure it was fiilly mixed before subjecting it to the UV 

light. As in batch tests, they were again allowed to stand for at least 48 hours in the dark for
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any precipitate to settle out, and the clear treated sample was decanted and acidified and stored 

in a refrigerator for up to 4 weeks awaiting analysis.

In between experiments, the tubing was cleaned by circulating a 5% nitric acid solution 

through the reactor for several minutes, followed by circulating at least 4 flushes distilled 

water.

l ' \  LKiHT

Figure 3.11 Schematic o f reactor set-up

3.2.2.2 Effects o f  varying initial As and Fe concentrations on the SORAS process

As the CPC reflector was found to be the most effective design (see results in Chapter 4), it 

was used in a series o f continuous flow experiments with varying arsenic and iron 

concentrations. To get the overall reaction kinetics for the process, 3 initial As concentrations
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were chosen based on actual values found in naturally contaminated water. ‘Low’ As was 100 

|ig/l, and was tested with initial Fe concentrations o f 2 -  6 mg/1. ‘Medium’ As was 500 |xg/l, 

and was tested with initial Fe values o f 5 -  10 mg/1. ‘High’ As was 1000 (ig/1, and was tested 

with initial Fe concentrations o f 5 -  15 mg/1. Samples were prepared and tests carried out as in 

the reflector profile experiments, using the aforementioned initial As and Fe concentrations, 

and 200 )il/l lemon juice. As the arsenic removal rate kinetics were being investigated in these 

experiments, irradiation time was looked at in more detail. In each experiment, 30 ml aliquots 

were taken from the outlet o f the reactor after 15, 30, 60, 120 and 240 minutes actual 

irradiation time, and were immediately replaced with 30 ml o f tap water to maintain the same 

reactor volume (this dilution factor was subsequently taken into account after sample 

analysis). These 30 ml samples were allowed to settle as before, decanted, acidified and 

refrigerated until analysis.

3.2.2.3 Effect o f  citric acid addition on the SORAS process

Garcia et al (2004) found in batch tests that citrate at higher concentrations had a negative 

effect on the removal efficiency, and concluded that it was most likely due to interference in 

the formation o f the solid. Therefore, to examine the effect o f citric acid addition on the 

process, varying amounts were added to experiments, conducted as before, at the optimal 

found iron dosages. 0, 200, 500 and 1000 |il/l lemon juice were added (0-400 (iM), and tested 

as in the previous continuous flow experiments. The same experiments were then repeated 

using sodium citrate solution (again final solutions o f 0-400 |aM).
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3.2.2.4 Effects o f  pH, DO, temperature, phosphates, silicates on the SORAS process

As inlet water quality will undoubtedly vary in different locations due to the nature o f the 

bedrock and sediments contained in the groundwater source, experiments to examine the 

effect o f other water parameters on efficiency were conducted. These were all carried out in 

the small scale CPC reactor at the optimal iron concentration. A range o f values (as reported in 

the literature for ground and surface waters in affected regions) for pH, DO, temperature, 

phosphates and silicates were investigated. For the pH experiments, small amounts of 

hydrochloric acid or sodium hydroxide were added at the beginning to alter the initial pH 

(between 4 and 10), and the pH recorded using a pH meter (pH 330, WTW, Germany) at each 

sample time. It was calibrated periodically using a three point calibration against standard pH 

4, 7 and 10 solutions. For the DO experiments, different amounts o f sodium sulphite (see 

Section 3.1.1.6) were used to decrease the initial DO, or a triple-stone aeration diffiiser was 

used to increase the DO. The tests were carried out at different DO concentrations, being 

measured using a DO probe (Cyberscan D05000, Eutech) throughout the run. The 

temperature experiments were conducted by placing the 1 litre reservoir in a water bath, the 

temperature being measured with a thermometer at regular intervals. Phosphate and silicate 

(see Sections 3.1.1.4 and 3.1.1.5) were also added separately in different concentrations, as 

these have been reported to affect efficiency (Mukheijee et al. (2007), Hug et al. (2001)).
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3.2.3 Large Scale experiments 

3.2.3.1 Outdoor testing

During summer months, experiments were performed in the full-scale CPC reactor under 

natural sunlight. The CPC reactor, as described in Section 3.1.4.2, was tilted due south at 

53°21’ to the horizontal (as shown in Figure 3.3), which corresponds to the angle o f latitude o f 

the location at which the experiments were undertaken (i.e. Dublin, Ireland). The water was 

allowed to flow by gravity from a covered elevated reservoir through the CPC reactor to a 

second covered reservoir situated at ground level. The water was pumped back to the higher 

reservoir using a peristaltic pump (Watson Marlow 624S, USA) and the pump flow rate was 

adjusted to ensure a constant head was achieved. The UV-A and UV-B detectors were 

attached to the frame o f the reactor, which meant they were also inclined at an angle 

corresponding to the angle o f latitude. The large scale reactor was rinsed between experiments 

as in the small scale tests, and the reactor was covered at the beginning o f each experiment for 

5 minutes to ensure the sample was fully mixed before subjecting it to sunlight, as proved 

using a Rhodamine WT tracer study in earlier research (Misstear, 2010).

Samples were made up as in the small scale experiments, this time having a total volume o f 40 

litres. Arsenic and Fe stock solutions were used to give initial concentrations o f  100-1000 |ag/l 

and 3-15 mg/1 respectively. Experiments ran during daylight hours from 9.30am for up to 8 

hours in total, with 30 ml aliquots being taken at regular intervals as in small scale tests. These 

were allowed to settle as before, decanted, acidified and refrigerated. The radiometer recorded 

UV intensities at 10 minute intervals throughout the test, and two thermocouples were
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installed, one in the outlet tube from the reactor and one in the upper reservoir, to record the 

water temperature into and out o f the reactor at 1 minute intervals during the experiment.

For the microbiological tests, the reactor was first disinfected by pumping 0.1 M ethanol 

around it for 20 minutes. This was then followed by rinsing with four flushes o f sterile water 

to ensure that no ethanol would remain in the system and lead to unwanted bacteria kill-off 

during the experimental periods. This rinsing procedure was proven to remove all traces of 

ethanol in a previous study on the same system (McLoughlin, 2005). Distilled water was 

required for these experiments as any levels o f chlorine from tap water could distort bacterial 

degradation results due to some disinfection occurring during the tests. The reactor was 

covered while E. coli (as prepared in 3.1.1) was spiked into the lower reservoir. After five 

minutes, when complete mixing o f the microorganism had occurred, the first sample was 

taken. 1 mL samples were then taken using a sterile transfer pipette at the following times: 15, 

30, 45, 60, 90, 120, 180, 240, 300 and 360 minutes.

3.2.4 Analysis

3.2.4.1 Arsenic analysis

Arsenic analysis was carried out in the Envirormiental Engineering Laboratory o f Trinity 

College Dublin on a Varian Liberty AX Series II ICP-AES with hydride generation (Varian 

VGA). 10 ml o f  sample/standard was pipetted to a 50 ml universal container and 12.5 ml 

hydrochloric acid was added. 0.5 ml o f 10.0% w/v potassium iodide was then added and 

allowed to stand for 1 hour to reduce all As to As(III) oxidation state. This was then made up

75



to 50 ml with distilled water. For the hydride generation, the acid was 50% hydrochloric acid 

(diluted with distilled water in a 500 ml container), and the reductant was made up of 2.5 g of 

sodium hydroxide dissolved in 500 ml distilled water, then 3 g of sodium borohydride was 

dissolved in this solution. A certified reference standard solution (AccuTrace 1002 |ig/ml) was 

supplied by Accustandard (Connecticut, USA). Calibration was carried out with a maximum 

percentage error o f 10%. Samples were also chosen at random to be sent for analysis to a fully 

accredited laboratory by City Analysts Ltd., Dublin, as a quality control measure. The samples 

showed a maximum difference of ±8.5% (average 6.4%) between these results and the ICP 

results from the present study.

3.2.4.2 Iron analysis

Iron concentrations were also analysed on the abovementioned ICP-AES. In the case of iron, 

no hydride generation was required, and so liquid sample was acidified with 10% nitric acid 

and tested. Again, the analysis used a certified reference standard solution by Accustandard.

3.2.4.3 Microbiological propagation and enumeration

In order to propagate the bacteria, a single colony of E. coli was transferred from a streaked 

plate to 50 ml of Luria broth (Sigma-Aldrich). This was incubated for 18 hours at 37 °C and 

then centrifuged at 3,000 rpm for 12 minutes. The broth was poured off and replaced with 

50 mL of sterile water and the sample was centrifuged again. This water was poured off and 

again replaced with 50 mL of sterile water and centrifuged. When this water was poured off, a
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pellet of E. coli was left at the bottom of the vial. 5 mL of sterile water was added to this to 

give an E. coli concentration of approximately 1x10^ CFU/mL.

Serial dilutions of the experimental samples were made by adding 100 of sample to 900 |iL 

of sterile water. The number of viable cells in the water samples was determined by plating 

20 nL (or 200 |iL if a low count was expected) of an appropriate dilution on Luria Agar 

(Sigma-Aldrich, St. Louis, MO) and counting colonies after incubation at 37°C for 18 hours, 

using the spread plate method. Quality control and assurance guidelines described in the 

Standard Methods (APHA, 1999) were strictly followed, while all samples were plated in 

duplicate. The method detectable limit (MDL) was 50 CFU/mL, as the minimum cell count for 

statistical methods was 10.

In order to calculate the concentration of E. coli at time t (Nt) in CFU/mL (colony forming 

units/ml), the following equation was used:

Nt = (number o f  colonies on plate) x (dilution factor) x 50 (Eq. 3.1)

If 200 n-L of sample had been plated without dilution, the concentration was obtained by:

N, = (number o f  colonies on plate) x 5 (Eq. 3.2)
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For a sample taken at time t, the phage concentration (Nt) was divided by the initial 

concentration (No) and the log o f this value was plotted against cumulative UV dose (see 

Chapter 4).
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CHAPTER 4: SORAS RESULTS

4.1 Introduction

This chapter details the results of the SORAS experiments carried out as described in 

Chapter 3. Initially batch tests were carried out in order to obtain an indication o f the 

optimum iron dosage for use in the extensive experiments using the continuous flow 

reactor. These results also provided an interesting comparison to similar experiments 

carried out by previous authors (Hug et al., 2001, Garcia et a l, 2004, Lara et a i, 2006 and 

Mukheijee et al., 2007). Then laboratory and full scale continuous flow tests were 

completed for a range o f different parameters, in order to understand the process kinetics 

o f the different variables from which a an optimum design can be derived for a fiall-scale 

SORAS treatment system at village level.

4.2 Batch scale tests

4.2.1 SORAS batch studies

Batch tests, as described in Section 3.2, were carried out using tap water spiked with

arsenic in 1 litre glass bottles. The bottles were placed in a blacked-out box, the top of

which was completely covered by a Phillips fluorescent lamp. The lamp gives majority

UVA (315-400nm), with 355-385nm being optimal for photon absorption by iron (Hug, et

a l, 2001). Figure 4.1 shows final arsenic concentration against iron dosage for the average

of 3 repeat tests using initial arsenic o f 150 |xg/l and 4 hours irradiation time at 15 W/m^

UVA. All tests included 200 1̂/1 lemon juice. The results show that the optimum iron

concentration was 7 mg/1, which reduced the As concentration to below the WHO MCL of

10 î g/1. No further decrease was seen when the iron dosage was increased, as the plot
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levels off and remains reasonably steady despite the additional iron. Removal at the highest 

iron dose of 14 mg/1 decreases slightly, however this may be due to higher turbidity at this 

concentration affecting light transmission into the bottle. Arsenic removal against 

irradiation time experiments were then carried out to in order to investigate the rate o f As 

degradation. These results showed (Figure 4.2) that at the optimal iron dosage o f 7 mg/1, 

removal to below 10 |ig/l could be obtained after just 3 hours illumination. This optimum 

iron dosage is significantly higher than that found by most previous authors, but is difficult 

to compare to these studies for a number o f reasons outlined below.

60

3.5 5.25 7 14
Iron concentration (mgFe/l)

Figure 4.1 Plot o f As remaining against initial iron dosage after 4 hours irradiation at 
15 W/m^ UVA
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Figure 4.2 Plot o f As removal against cumulative UV dose and irradiation time (initial As: 
150 jug/l, Fe: 7 mg/l, lemon juice 200 jul/l)

The initial arsenic and iron concentrations used by other researchers has varied greatly, as 

has the form of iron used. As stated previously, this study used 150 jig/l As initially with 

varying Fe(lll) in the form of ferric chloride, and aimed to obtain final arsenic 

concentrations o f below the WHO MCL of 10 ng/1, whereas other studies, detailed below, 

have had the aim of removing As down to below the Bangladeshi standard o f 50 |ig/l. 

Khoe and Emett (2001) used Fe(III) and Fe(II) to remove 150 mg/l As (a far greater 

amount of arsenic than attempted in this or other related research), and found Fe(III) to be 

more efficient, with twice the amount of iron needed per mole o f initial arsenic. But as 

stated in Section 3.4, at the low pH of mine tailings. As oxidation mechanisms differ. 

Garcia et al. (2004) used Fe(III), (Fe(N0 3 )3), in natural and synthetic samples to remove 

As from 297 |ig/l to 22 ng/1, needing 3 mg/l Fe and up to 6 hours irradiation time. Lara et 

al. (2006) removed As to below 10 ng/1 from 500 ng/1 initially with 7 mg/l Fe(II) in the 

form of ferrous sulphate and 4 hours irradiation time. The optimum iron dose found by
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Mukherjee et al. (2007) was 5.26-6.12 mg/1 (total iron, ferrous sulphate added when 

necessary) for the removal to below 10 ng/1 from 200-300 ng/1 initially after 4 hours 

irradiation time.

The lamps used for irradiation also delivered different UV intensities, or experiments were 

conducted in natural light. In all but one o f these articles, the irradiated area was not 

reported, (hence a rigorous comparison o f cumulative UV dose between experiments,

which would be vital in this type of study, was not possible). However, one study. Hug et

2 2al. (2001) did give the details o f irradiance, using a lamp giving 90 W/m over a 48 cm

2 2area compared to the lamp used in this study giving 15 W/m over 170 cm . Fe(ll) (in the 

form of ferrous sulphate) was used for the initial iron concentration in laboratory studies 

and naturally present iron from groundwater in Bangladesh in field trials. It was found that 

5mg/l Fe(lll) would be required to remove As from 500 ng/1 initially to 50 |ig/l after 5 

hours irradiation time. Hence, the lower required Fe dose to remove over 3 times the 

amount o f initial As compared to the results in this research, could be due to the increased 

UV dose (over twice as high). In general Fe(II) outperformed Fe(lll), however Roberts et 

al., (2004) reported longer settling times were needed for suspensions obtained using Fe(ll) 

after a passive co-precipitation process in the dark. This would also have significant 

implications for design o f a full scale system.

Differences between the spiked tap water used in this study and the water used in the other

research could also be a factor in the variation in results. Table 3.1 (Section 3.1) gives the

tap water composition used, and the following details the most likely causes o f variation.

(Note: as natural groundwater samples typically have larger ranges o f component

concentrations, only the synthetic waters used (when reported) have been investigated for

comparative purposes (Hug et al., 2001; Garcia et al., 2004; Mukheijee et al., 2007)).

Calcium, which is usually naturally present in high amounts in groundwater, was on
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average, 3 times higher in these others studies. Magnesium concentrations were 

comparable, but alkalinity was also significantly lower in Dublin tap water. As lime can 

also be used as a coagulant for arsenic (Section 2.3.4), there is a possibility o f the higher 

natural alkalinity concentrations found in the other studies were significant in that the 

calcium could agglomerate into the precipitate and promoting sedimentation, hence 

promoting higher arsenic removal efficiencies than were obtained in this study. Chlorides 

were also higher in these previous studies, which could benefit arsenic adsorption onto iron 

as reported by Zhang et al. (2004). All other reported values were comparable.

To examine the effect o f citrate addition, a number o f experiments were performed using 

200 (il/l citrate in the form of lemon juice as had been used previously, and were compared 

to samples tested without the addition of citrate. Figure 4.3 shows the final As 

concentrafions after 4 hours irradiation time of samples containing 150 |ig/l arsenic and 7 

mg/1 iron initially. It is very evident that the citrate has a major effect on As removal, with 

over 93.3% being removed, compared to only 63.3% when no citrate was included in the 

initial sample solution. As discussed in Section 2.4.3, previous studies also showed the 

positive effects o f citrate on the removal process (Hug et al., 2001; Garcia et al., 2004; 

Lara et al., 2006; Mukheijee et al., 2007).

As described previously, samples were allowed to stand in the dark overnight for 

sedimentation o f the As-Fe precipitate to occur, and the supernatant was then analysed for 

total arsenic concentration. Figure 4.4 shows an example of a sample solution before 

irradiation and post UV treatment and settlement. As this settlement is slow due to the size 

o f the particles, the possible enhancement o f the process was investigated and is discussed 

in Chapter 5.
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Figure 4.3 Final As concentrations with and without citrate addition

Figure 4.4 Sample solution (a) before irradiation and (b) after irradiation and settlement

4.2.1 SORAS batch studies using Ti02

As discussed in Section 2.4.5, photocatalysts are used in many water/wastewater 

treatments as advanced oxidation processes (AOPs) to remove contaminants. In this set o f
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batch scale tests, suspensions of titanium dioxide (Ti0 2 ) o f between 1 and 20 mg/1 were 

added to arsenic spiked tap water, and tested at a range o f iron dosages. These were carried 

out with the same procedure as the initial SORAS batch tests, and as TiOi also requires 

UVA fraction of light, the same lamp was used. Figure 4.5 shows the percentage arsenic 

removal for each TiOz and iron concentration for initial arsenic concentration of 500 |ig/l 

after 4 hours irradiation time (at 15 W/m ). The optimum dosages found were 9 and 

10 mg/1 Fe and Ti02 respectively. As a more effective removal rate was expected, a higher 

initial As concentration was used, however this makes it difficult to compare to the batch 

studies conducted without Ti02. Generally greater removal was seen with increased iron 

and photocatalyst dose, however a slight decrease in removal occurred at the 10 mg/1 iron 

and 10 and 20 mg/1 titanium dioxide doses. This is most likely due to the higher turbidity 

of the sample from the combination of these 2 additives. Misstear et al. (2010) observed a 

similar phenomenon in photocatalytic disinfection experiments, which was attributed to 

particle shading by the Ti02 at higher concentrations. Arsenic removal profile experiments 

were then carried out at the optimum iron dosage to obtain the removal kinetic, with the 

results shown in Figure 4.6. The results indicate that after 3 hours, sufficient irradiation o f 

the sample has occurred to obtain a final concentration below 10|ig/l. Again, as the 

previous batch tests had a lower initial arsenic concentration, a meaningful comparison is 

difficult, however for the same irradiation time and a small increase in iron dose, the same 

final removal was obtained. Further experiments were carried out using 9 and 10 mg/1 Fe 

and Ti02, this time with 1000 ng/1 initial arsenic. The removal against time plot is shown 

in Figure 4.7. The results indicate a significant decrease in removal efficiency, with less 

than 80% arsenic removed after 3 hours irradiation time, and needing 9 hours to obtain a 

final arsenic concentration below the MCL. This would obviously not be practical in a 

field situation, with a limited time frame available for sufficient natural sunlight for the



process. An increase in iron and/or photocatalyst dose would be needed to achieve more 

effective removal. These results indicate the potential benefit from using photocatalysts, 

however the problem of removing Ti02 after treatment is a definite drawback. As Fostier 

(2008) conducted SORAS tests using immobilised Ti02 and showed successful removal, 

the application o f fixed photocatalysts for continuous flow reactors could solve this 

problem, but requires a lot more research.

100
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■ 1 m g/l TIO2

■ 5 m g/l TiOz

■  10 m g/l TIO2

■ 20 m g/l TIO2

40
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20

Fe concentration (mg/l)

Figure 4.5 Plot offinal As concentration from 500 ^ig/l against initial iron dosage fo r  each 
photocatalyst dose after 4 hours irradiation at 15 W/m^ UVA (5.25kJuv/l cumulative)
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No studies appear to have been reported on the effect o f citrate on the SORAS process 

when using photocatalysts. Figure 4.8 shows the results of batch experiments using 5, 7 

and 9 mg/1 iron, 1 and 10 mg/1 Ti02, and 1000 |ig/l initial arsenic, with and without 

200 nl/1 citrate in the form of lemon juice. Unexpectedly, the lower Ti02 dose gave better 

removal at this higher initial arsenic concentration, for which a rational explanation is still 

being investigated. The results also clearly show the adverse effect o f citrate in all cases, 

indicating that citrate is not essential to this process when using a photocatalyst. It may be 

the case that the citrate is actually competing for ROS in this set-up, or that it is preventing 

adsorption o f As to Fe. Tzou et al. (2005) used Ti02 and Fe-citrate complexes in the 

reduction o f Cr(IV) to Cr(III), indicating that indeed it promotes reducing condition and 

the aim in the present study is to promote oxidizing conditions for As(IlI).

350

■ 1 m g/l Ti02 + Citrate

■  10 m g/l Ti02 + Citrate

Fe concentration (mg/l)

Figure 4.8 Plot o ffinal As concentration from  1000 ng/l against initial iron dosage fo r  1 
and 10 mg/l Ti02, with and without citrate after 4 hours irradiation at 15 W/m^ UVA 
(5.25kJuv/l cumulative)
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4.3 Continuous flow reactor profile experiments

The continuous flow experiments were carried out as detailed in Section 3.2. The reactors 

were placed in the blacked out box and subjected to UVA light at 15 W/m as used in the 

batch tests. Samples spiked with arsenic were re-circulated through the reactor to a 1 litre 

capacity reservoir kept in the dark. Tests ran for 20 hours, an equivalent o f 4 hours actual 

irradiation time due to the proportion of illuminated volume to total volume (as any 

particle was in darkness for 80% of the experimental time), samples were collected for 

settlement and analysis at the end o f the experimental run. To investigate the most 

effective reflector type, four different reflector profiles were tested (compound parabolic 

(CPC), parabolic, V-notch and flat plate) with an initial arsenic concentration o f 500 (ig/1, 

varying iron, and 200 |il/l lemon juice as detailed in Section 3.2.2.1. As seen in Figure 4.9 

the CPC reactor showed the greatest efficiency, consistent in removing arsenic to below 

10 ng/1 in small scale experiments, with the optimum iron dosage o f 10 mg/1. The CPC 

reactor gave a 2.2% increase in overall arsenic removal efficiency at the optimum iron 

dose on the next best reactor with the parabolic reflector. This may seem only a slight 

increase, however, this was the only reactor to was to remove As to below the drinking 

water MCL at reasonable iron concentrations (which is the ultimate aim in this study); for 

example, the recator with the parabolic reflector needed twice the amount o f initial iron to 

succeed in attaining that goal. It must be noted however, that no iron dosages between 15 

and 20 mg/1 were tested, and this result would require further testing. These results 

conform with reflector theory whereby the CPC reactor was expected to give greater light 

capture (concentration ratio o f 1) than the other profiles. They also agree with results 

reported in a similar study on solar disinfection by McLoughlin et al. (2004), with the 

reactor with CPC reflectors outperforming the reactors with parabolic and V-notch profile 

reflectors (flat plate not used in this paper). Although the CPC reactor did perform better
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than the others tested, the overall arsenic removal was similar, indicating that the main 

pathway o f UV transmission was likely to be directly onto the reactor tubes, rather than 

being reflected. The one anomaly from these tests was the 20 mg/1 iron dose used with the 

flat plate profile, as the final arsenic concentration actually increased on the 15 mg/1 

dosage despite several repeats. One hypothesis is that the decrease in removal efficiency is 

linked to the higher turbidity o f the sample due to the increased iron content. The refective 

capability o f the flat plate is lower than the other profiles but only at this dosage was it 

extremely evident. If the light transmitted to the sample was lowered because o f turbidity, 

the iron could precipitate more readily before the arsenic was fully oxidised and able to 

adsorb to these Fe(hydr)oxides. Radiation intensity is reduced by increasing turbidity (e.g. 

85% reduction at 40 NTU and a 10 cm depth (EAWAG, 1998), thus raw water o f  low 

turbidity (< 30 NTU) is reccommended for use in solar disinfection systems (EAWAG, 

1998). The mean depth o f water for the light to be transmitted through in this case was less 

than 0.5 cm, but turbidity was estimated at over 20 NTU, hence there is reasonable cause 

for the hypothesis.
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Figure 4.9 As concentration (initial 500 fig/l) after 4 hours irradiation time in the 
continuous flow set-up (at 15W/m^ or 123kJuv/l cumulative) against iron dosage for the 
four reactor profiles (Note: error bars only shown on one plot to avoid confusion)

4.4 Optimuni iron dose experiments

As it was concluded that the CPC reactor was the most efficient in removing arsenic in the 

SORAS process, it was then used in further a series o f continuous flow tests as discussed 

above (see also Section 3.2.2.2). As the reactor profile tests only gave the final arsenic 

concentration after 4 hours irradiation, this set of experiments investigated the rate o f 

arsenic removal in relation to irradiation time, using varying initial arsenic and iron 

concentrations. As discussed previously, arsenic concentrations present in natural 

groundwater fluctuate greatly, both spatially and seasonally. As the batch testing only 

concentrated on limited initial values to give a general idea o f what would be required for 

more extensive testing in the reactors, these experiments chose a range o f As 

concentrations that represent actual values (Smedley and Kinniburgh, 2002): ‘high’ being 

1000 ng/1; ‘medium’ being 500 |ig/l; and ‘low’ being 100 (ig/1 (it should be noted however,
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that considerably higher concentrations (over 3000 ng/1) have been found in contaminated 

aquifers, and ‘low’ is still 10 times the WHO MCL). These initial arsenic concentrations 

were tested with 200 nl/1 lemon juice and the range of iron concentrations with results 

shown in Figure 4.10.

It is seen from the plots that at the upper end of initial As concentrations, the lower iron 

concentrations (5 and 7 mg/1) removed arsenic much more rapidly (up to 79% 

improvement on the higher iron levels) during the first half hour irradiation time. However, 

subsequent enhancement on this value was not achieved despite further illumination, with 

these plots continuing to be moderately steady throughout the remainder o f the experiment, 

and never reaching the required 10 ng/1 level. This may be due to the higher turbidity 

incurred by increased iron concentrations as discussed above, and as seen in batch tests and 

in previous literature, the required molar ratio o f arsenic to iron must be met for effective 

removal due to the limited number of adsorption sites on the Fe(hydr)oxides at lower 

concentrations.

The gradient o f the removal curves, i.e. the rate o f oxidation and co-precipitation of 

arsenic, decreases with decreasing initial arsenic concentrations. This indicates similarity 

with many other removal processes, such as degradation of pathogens, whereby it becomes 

more difficult to eliminate undesirable contaminants at lower levels. This is most likely 

due to the ROS being scavenged by other compounds present in the water as their 

proportion becomes greater when the arsenic concentration is decreased. Hence, the 

chances o f As(III) oxidation and co-precipitation o f As(V) with Fe become less and less. 

Consequently, the required iron dose at decreasing arsenic concentrations becomes 

proportionally higher.
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The optimum dosages found in this set o f experiments for 1000 ng/1, 500 ng/1 and 100 |ig/l 

initial arsenic over 4 hours irradiation time were 15 mg/1, 10 mg/1 and 6 mg/1 iron 

respectively. As expected, greater overall removal efficiency is seen with increased iron 

dosage and this is evident in all 3 plots. It is also apparent from these graphs however, that 

slightly lower iron doses may be needed if  more irradiation time was allowed. This theory 

was not investigated further here, as given the nature o f continuous flow systems, the time 

required in the reactor must be kept to a minimum to ensure the smallest and most cost 

effective set up. However, this issue will be addressed later in the large scale experiments 

(see Section 4.9).

4.5 Optimum natural citrate dose experiments

As the preceding experiments all used 200 |il/l citrate as recommended by most previously 

published research, experiments with a view to possibly optimise this citrate dose were 

conducted. However, as mentioned previously, Garcia et al. (2004) did dispute the addition 

of citrate based on laboratory and field trials, but this was mainly regarding higher 

concentrations o f citrate (above 750 nl/1) and when alkalinity was not taken into account as 

acid complexants may have a negative effect. The results o f the tests carried out are shown 

in Figure 4.11 which clearly show that citrate (in the form of lemon juice) had a significant 

negative effect on the rate o f arsenic removal, and to a lesser extent, the final concentration 

after 4 hours irradiation time. Figure 4.11 shows the rate o f arsenic removal o f the 3 

different initial arsenic concentrations with the optimum iron doses found in Section 4.4, 

using 0-1000 nl/1 lemon juice. The difference between tests using any of these amounts of 

citrate and the tests without citrate is very evident in the plots below.
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When no citrate was used, an improvement of between 20 and 90% in overall removal on 

the next most efficient citrate dose was seen in the first half hour irradiation. This 

percentage enhancement decreased with respect to irradiation time for all citrate levels 

until the end o f the experiment. As the majority o f previous research (using any As 

concentration or Fe form or concentration), including the batch studies carried out as part 

o f this research (Section 4.2), showed the positive effect of citrate on the process, these 

results imply the negative effect may be attributed to the continuous flow aspect o f the 

experiments. As the sample is continuously mixing, the Fe-citrate complexes may not have 

time to form given the constant movement, or the turbulence may cause the added citrate to 

interfere with the formation o f the solid precipitate rather than enhance it. This possible 

impedance could be due to nature o f the natural citrate, i.e. any pulp or other organic 

matter in the lemon juice could cause interference (despite the juice being sieved before 

use). It may also be caused by the citrate masking either the iron or arsenic during 

photooxidation. The higher levels of citrate could also be a sink for ROS, actively 

competing with As and Fe. Although the general trend showed that citrate had a negative 

effect on removal, at the highest citrate dose tested (1000 |al/l) (using ‘medium’ (500 |ag/l) 

and ‘high’ (1000|ig/l) initial arsenic concentrations), the difference in final arsenic 

concentration (compared to using no citrate) was lowest (however this was not the case for 

‘low’ initial arsenic). These observadons suggest that in a confinuous flow system, the 

citrate required to enhance the removal process may be significantly higher than in the 

batch method. This was not investigated further, as any amount o f citrate needed greater 

than lml/1 would not be considered practical at a large scale level, given the average 

volume o f juice fi'om 1 lemon being approximately 50ml. The most likely reason for the 

adverse effect of citrate on the continuous flow process is the higher levels o f reaeration 

that occurs in the recirculating system. During the Fenton cycle Fe(II) is oxidized to Fe(III)
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with UV and produce ROS, then Fe(III) is reduced back to Fe(II) by producing O2 . When 

citrate is added, the Fe(III) formation is accelerated by forming the stable Fe(III)CitOH- 

complex. Consequently the reduction o f Fe(III) is accelerated which leads to As removal 

(the citrate complex can also be more reactive because o f its conformation). With the 

continuous flow reactor, the opposite effect occurs because the dissolved oxygen 

concentrations are higher, less Fe(III) is reduced to Fe(II) because this reaction is 

producing O2 , and consequently the rate o f the reaction decreases, leading to a decrease in 

As removal. This negative effect is aggravated by increasing the citrate dose, occurring due 

to the higher ratio o f citrate to iron, as non-reactive Fe(lIl)Cit2 forms. This was also 

observed in batch experiments (as mentioned above) by Garcia et al. (2004).

4.6 Optimum sodium citrate dose experiments

To eliminate the possibility o f natural organic matter in lemon juice being the cause of 

reduction in arsenic removal efficiency, the same experiments as detailed above in Section 

4.5 were carried out, this time replacing lemon juice with sodium citrate solution prepared 

in the laboratory (see Section 3.1.1.3). Overall, similar results to the lemon juice 

experiments were seen using sodium citrate, with an increasingly negative effect on 

removal efficiencies with increasing citrate dose (Figure 4.12). This occurred in all cases 

apart from the ‘high’ initial arsenic tests, where, after 1 hours irradiation time, the plots all 

tended to similar values and the citrate dose became negligible until the final samples were 

taken; only the highest citrate dose (along with no citrate) achieved less than 10|ag/l. 

When testing ‘medium’ or ‘low’ initial arsenic concentrations, 80|iM citrate (equivalent to 

200 1̂ 1/1 lemon juice as recommended by Hug et al., 2001) performed best (with a near 

exact match to using no citrate with ‘medium’ initial arsenic, and better with ‘low’ initial
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arsenic after 2 hours irradiation time). However, these results imply that citrate may not 

required for a continuous flow SORAS process, and that the use o f natural or sodium 

citrate in a dynamic system does affect either the oxidation-reduction reactions involved 

with the photolysis o f iron, or the oxidation o f arsenic and subsequent co-precipitation of 

As(V) with Fe(hydr)oxides. That said however, by comparing Figure 4.10 (c) with Figure 

4.2 (the most comparable set o f experiments from batch scale to continuous flow), it can be 

seen that the actual final As concentration after 4 hours is the same, but the rate o f removal 

is very different. This may indicate lower concentrations o f citrate which were not tested, 

therefore could be optimal in a continuous flow system.
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4.7 Optimum iron dose experiments (repeated without citrate)

Given that the addition o f citrate negatively affected arsenic removal efficiency, the 

optimum iron dose experiments were repeated, this time without using citrate. Fig;ure 4.13 

illustrates the significant difference in the arsenic removal pattern compared to the 

experiments using citrate (Figure 4.10). The arsenic concentrations fell by 90% in the first 

half hour irradiation, indicating rapid As oxidation in the presence o f Fe(lll). As originally 

expected, there was an increase in As removal with increasing iron dosage, which 

contradicts the theory that higher turbidity (due to increased dissolved iron content) affects 

the transmission o f UV to the sample. It is suspected that, given the results on citrate dose, 

this occurrence was due to citrate interference with oxidation/co-precipitation. The results 

also show that 92% o f iron dosages tested removed arsenic to below the Bangladesh MCL 

o f 50 |ig/l. However, even if the final concentrations did not get down to the MCL, as 

arsenic related disease risk factors increase with dose, any significant decrease in 

concentration is clearly beneficial. Only a slight change to the optimum iron dose was 

observed compared to results using 200 |il/l or 80 |iM natural/sodium citrate, but even such 

a small reduction in required iron is clearly an advantage with respect to the design and 

feasibility o f a full-scale system. The optimum dosages found in this set o f experiments for 

1000, 500 and lOO^ig/l initial arsenic over 4 hours irradiation time were 12, 10 and 5 mg/1 

iron respectively. A similar trend to the experiments using citrate was observed in that the 

gradient o f the removal curves decreased (but to a lesser extent in this case) with 

decreasing initial As concentration.
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An analysis o f  the system  kinetics has been made by comparing the molar ratio o f  arsenic 

to iron against the arsenic removal kinetic is shown on the following Figures 4.14 and 4.15. 

As shown in Figure 4.13, the arsenic removal kinetic exhibit a diphasic process with a 

initial fast (almost instantaneous) removal o f  arsenic within the first 0.2 hours irradiation 

time (defined as the ki kinetic) and then a more gentle reduction with respect to irradiation 

time or U V  dose (defined as the k2 kinetic) as detailed in Table 4.1 .

During the first initial reaction period, the molar ratio vs kinetic graphs (Figure 4.14) show  

that there is a general positive correlation; i.e. proportionally higher iron will produce 

faster arsenic removal, no matter what the starting concentration arsenic. However, during 

the second slower removal period, the graphs for the higher starting As concentrations o f  

500 and 1000 )ag/l show an interesting hysteresis, whereby the same removal kinetic can be 

achieved at a low  and high Fe:As molar, up to a point. Hence, this indicates that it might be 

worth designing a full scale process to operate at the lower Fe:As molar ratio to attain a 

reasonable removal kinetic (although this dose will also have to be balanced against the 

removal in the first ki period). The result for the lowest dose o f  100 |u,g/l does not show the 

same hysteresis pattern however, this is probably due to the fact that, at such small k 

values, slight experimental differences have a disproportionally high impact. The 6 mg/1 

line (which appears to be out o f  synch with the other results) has the lowest k2 kinetic due 

to the fact that the system performed so well in the initial period (i.e. a high k|).
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Initial
As

(ng/i)

ki l<2 Fe:As

1000 2.598
2.872
3.694
4.206
4.136

0.121
0.088
0.095
0.156
0.201

6.82
9.55
12.27
16.36
20.45

500 3.44
4.224
4.689
4.763
5.108

0.045
0.041
0.033
0.026
0.087

13.64
19.09
21.82
24.55
27.27

100 2.878
3.472
3.74

3.629

0.23
0.1

0.015
0.001

27.27
54.55
68.18
81.82

Table 4.1 Comparison o fk /  and k2 values fo r  tested molar Fe:As ratios

Figures 4.16 and 4.17 below show arsenic removal on a logarithmic scale against 

cumulative UV dose, giving values for the ki and k2 kinetics respectively. If the initial 

rapid degradation is taken as instantaneous, a number of factors could play a role in this 

phase o f removal. Firstly, despite As(III) only weakly adsorbing to iron, it is still possible 

when concentrations of arsenic and iron are present, for sorption o f some As(III) on to the 

Fe present in the sample. Roberts et al. (2004) showed passive adsorption o f up to 500 ng/1 

As(lII) and As(V) onto Fe(II) and Fe(III) in dark experiments, albeit at significantly higher 

iron concentrations (30-40 mg/1). Secondly, no account is taken o f the possible As 

adsorption during the dark phase in these experiments. Samples were allowed settle for 48 

hours in the dark before filtration and analysis. As mentioned above, Roberts et al. (2004) 

found adsorption of both As(lII) and (V) onto iron in tests carried out in darkness. This 

was over a 4 hour time period, reducing arsenic to below the Bangladeshi MCL of 50 ng/1.
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Again, the Fe concentrations were far greater in these experiments, however this indicates 

that som e o f  the initial rapid removal could be attributed to immediate As(III) adsorption, 

and adsorption continuing in the dark phase. Finally, some As(IlI) oxidation could also be 

put down to the presence o f  free chlorine in the sample water -  despite levels being quite 

low, and the tap water being left out for a time before making up the sample to allow the 

free chlorine to degrade. Dodd et al. (2006) found that 0.1 mg/1 CI2 was sufficient to 

oxidise 98% o f  50 |ig/l As(III) within 10 seconds o f  addition, so it is possible, given there 

was residual chlorine in the tap water, for som e oxidation to take place. However, the free 

chlorine tested during random spot checks was up to 0.2 mg/1, and degraded whilst 

standing for 10 minutes to 0 mg/1, so it is assumed that this would not cause significant 

oxidation o f  As(III) during the initial phase.
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The optimum iron dose o f 5 mg/1 for initial arsenic of 100 |ig/l in these tests is the closest 

in operating conditions for comparative purposes to the batch studies where, given initial 

arsenic o f 150 [ig/1, 7 mg/1 iron was needed. Although the initial arsenic was slightly 

higher, the decrease in the iron requirement is attributed to the increased solar flux of the 

continuous flow reactor, whereby the irradiated area per unit volume was increased. While 

the cross sectional area o f the Pyrex tubes is considerably smaller than that o f the 1 litre 

bottle, the irradiated area taken is that o f the whole compound parabolic collector as it 

reflects light with a concentration ratio o f 1. The experiments between the 1 litre batch and 

continuous flow systems revealed only a minor increase in removal efficiency, however 

real design kinetics to be used at full-scale were tested in the large scale reactor with the 

results detailed in Section 4.9. Figure 4.18 shows the cumulative UV dose corresponding to 

irradiation time (with a lamp delivering 15 W/m^) for the batch and small scale continuous 

flow experiments, illustrating a 57% increase in UV dose when using the CPC reactor 

compared to batch tests.
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Figure 4.18 Comparison o f cumulative UV dose per litre in hatch and continuous flow  
reactors
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4.8 Effect of other water quality parameters

As discussed previously, the raw water quality can have a major effect o f  arsenic removal. 

Due to the nature o f  the earth’s sediments, the components o f  groundwater can vary 

widely, hence the follow ing experiments were conducted in the small scale reactor (under 

the UV lamp) to examine the effect o f  other water parameters on efficiency.

4.8.1 Effect o f  phosphate and silicate

Figure 4.19 illustrates the effect on arsenic removal efficiency o f  0.5-10 m g-P04 /l (Section  

3.1.1.4) during continuous flow experiments (using optimum iron dosage for each arsenic 

concentration and without citrate). As expected, the results clearly show that increasing 

PO4 concentrations generally had a negative effect on removal. At higher initial arsenic 

concentrations there is an insignificant difference to the overall removal efficiency  

between 0.5 and 1 m g-P04 /l, as can be seen clearly in Figure 4.19(a) and (b), with both 

sets o f  data points matching for most o f  the duration o f  the experiment. One concern that 

these experiments raise is that the final As concentration did not drop below 10 ng/1 for 

any level o f  phosphate, which would imply that more iron is needed for adsorption sites 

when PO4 is present. Although the general pattern for each arsenic concentration is very 

similar, a much higher percentage removal is seen for higher arsenic concentrations. For 

example, for 5 mg/1 added PO4, 85% removal was achieved with initial arsenic o f  

1000 ng/1, while only 50% removal was obtained with 100 ng/l initial arsenic. This is 

explained by the higher iron doses present for higher initial arsenic, due to the increased 

number o f  adsorption sites.
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Due to time constraints, less extensive tests on the effect o f  silicate were carried out. It was 

decided that an initial arsenic concentration o f 500 ^g/1 with its optimum iron dosage o f  

10 mg/1 was to be used in experiments with 10 and 30 mg/1 silicate (Section 3.1.1.5), and 

30 mg/1 silicate and 10 mg/1 phosphate to examine their combined effect on the process. 

Figure 4.20 shows the results o f  these experiments and, as expected, silicate clearly shows 

a negative effect on arsenic removal. There was no significant difference in arsenic 

removal efficiency between using 10 and 30 mg/1 SiOs, indicating considerable increases 

in silicate concentration will not have the same effect as increased phosphate 

concentration, though this would need to be investigated ftirther. Interestingly, the effect o f  

using both 30 mg/1 SiOa and the highest dose o f  PO4 tested 10 mg/1 was negligible to that 

o f using 10 mg-POVl alone. This implies that phosphate is the more competitive ion (also 

shown by Meng et al., 2002), and that although silicate alone does have an effect on 

arsenic removal, As(V) competes comparably with it in the presence o f  PO4.

These results match the findings o f  other research reported in international literature. Meng 

et al. (2002) studied adsorption constants o f  phosphate and silicate in the co-precipitation 

o f arsenic with iron with their results indicating that both had a high affinity for iron 

hydroxide sites as they are negative ion species. Phosphate also competes with arsenic for 

the photooxidation products o f iron, obstructing As(III) oxidation in the solar oxidation 

process. In batch scale experiments, Mukherjee et al. (2007) added concentrations o f  

phosphate (PO4) from 0-2.5 mg/1 to SORAS samples (initial As: 500 |ig/l, Fe: 6 mg/1, 

irradiation time: 4 hours) in order to determine its effect on arsenic removal. The results 

showed a decrease in efficiency o f approximately 10% with each increment o f  0.5 mg- 

PO4/I.

Phosphate concentrations in groundwater can vary spatially and seasonally, but the highest

levels tested here would not appear to be normally found in the groundwaters o f  the Bengal
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Basin region. For example, Mukheijee et al. (2007) reported an average concentration o f 

2.48 mg-PO^l in wells surveyed in the Nadia district o f West Bengal, whilst Kinniburgh 

and Smedley (2001) showed high variation in their survey o f Bangladesh, with a median 

total phosphorous value o f 0.3 mg-P/1). However, the negative effect o f phosphate on the 

SORAS process must be taken into account when designing a ftill scale system, and as 

mentioned above could be prevented with increasing the iron dosage.

Equally, silica is a major component o f groundwater in Bangladesh, resulting from the 

intense chemical weathering of silicate minerals. Stollenwerk et al. (2007) reported silica 

concentrations in groundwater surveyed outside Dhaka, Bangladesh o f 9-25 mg/1, while 

McArthur et al. (2001) found concentrations up to 131 mg/1 also in Bangladesh. Again, the 

negative effect o f such anions on As removal efficiency must be taken into account in the 

design o f any full-scale SORAS system.
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4.8.2 Effect o f  pH

As pH has been shown to affect the SORAS process (Khoe and Emett, 2001) a series o f 

experiments were conducted using 500 |ig/l arsenic, 10 mg/l iron, and varying the initial 

pH using nitric acid or sodium hydroxide solutions (see Section 3.1.1.6). The pH was first 

monitored throughout experiments using no acid/alkali additions to obtain a baseline pH 

level (Figure 4.21). As stated previously, the pH o f the tap water used ranged from 6.89 to 

7.94, and upon addition o f Fe the pH dropped (~0.5 units) due to the acidic nature o f iron 

salts. The baseline pH plot shows a steady increase in pH with irradiation time (up to 

almost 3 hours), and despite an initial decrease, exceeds the initial value by approximately 

1 unit. After it reaches this maximum, the pH then drops until the end o f the experiment, 

though still remains higher than the original pH level at the beginning o f the experiment. A 

similar trend was observed by Garcia et al. (2004) and Hug et al. (2001) in batch SORAS
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tests, however fiall datasets are not reported. This has been explained by CO2  loss during 

removal o f  aliquots for analysis, and protonation o f  the forming iron com plexes. For the 

varying pH experiments, nitric acid or sodium hydroxide was added dropwise to the 

sample to give initial pH values o f  4.5, 5.75, 8.25 and 9.5. PH readings were taken 

throughout the experiment which revealed a significant change in pH after 1 hour in the 

reactor (0.2 hours irradiation time). Therefore the pH was subsequently measured every 

minute for the first hour to obtain more data points for this critical period, as greatest 

removal was achieved in this time frame. Figure 4.22 shows the change in pH with respect 

to time for the first hour o f  the experiments. The plots clearly show a fast progression to 

equilibrium irrespective o f  initial pH, with the acidic samples neutralising more quickly 

than alkali solufions, probably due to the natural presence o f  bicarbonate acting as a buffer 

and converting the acid to CO2 and H2 O.
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Figure 4.21 Change in pH  against irradiation time
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Figure 4.22 Change in pH  over first 0.2 hours irradiation time for varying initial pH

Overall arsenic removal efficiency increased with decreasing pH, although there was only 

a minor improvement on the baseline pH at low pH values. However, a considerable 

decrease in removal (with respect to the baseline performance) was observed at the higher 

initial pH values (Figure 4.23). Although the different initial pH values tended to the same



equilibrium, the decrease in efficiency at higher pH levels was probably due to the change 

in the rate o f Fe oxidation, and more importantly the change in the oxidative species that 

As(lll) will accept at different values o f pH (as discussed in Section 2.4.2). Nickson et al. 

(2000) reported that pH values o f groundwater in a study in Bangladesh and West Bengal 

were between 5.51 and 7.4, averaging 6.5. Based on those values, these results indicate that 

there should be no significant negative interference fi-om the effect o f pH on the SORAS 

process.
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Figure 4.23 As removal V5 cumulative UV dose and irradiation time -  effect o f  initial pH

4.8.3 Effect o f  temperature

As the oxygen saturation concentration of water reduces with increased temperature 

(Chapra, 1997), higher temperatures could have an effect on SORAS efficiency. The rates
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of chemical reactions are also subject to change with differences in temperature, therefore 

Fe and As oxidation could be affected.

Figure 4.24 shows the variation in temperature with time in standard experiments. The 

temperature increase in the first hour’s irradiation time was due to the heat generated by 

the UV lamp, and it remained steady (28-29°C) until the last hour when it dropped, most 

likely caused by the decrease in ambient temperature in the laboratory at night. Hug et al. 

(2001) reported similar changes in temperature in SORAS batch tests, increasing from 24- 

32°C.
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Figure 4.24 Change in temperature vs irradiation time

Again experiments using 500 ng/1 arsenic and 10 mg/1 iron in the CPC reactor were 

conducted, this time placing the 1 litre reservoir in a water bath to maintain temperatures of 

10-60“C. Ice packs were used for the cold experiments, and to sustain warmer 

temperatures, a hot-plate was used. As there is heat generated by the lamp, the colder 

temperatures were more difficult to maintain at a constant level, so the removal profile 

reported here is for the range o f temperatures from 10 to 15“C. Figure 4.25 illustrates
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arsenic removal efficiency at these different temperatures, with a clear pattern o f increased 

efficiency at higher temperatures. The rate of removal at 40 and 60°C improves on the 

baseline (~30“C), with the MCL being reached after 2 hours irradiation time in both cases. 

Although experiments at lower temperatures eventually reached this target value o f 

10 |ig/l, it occured at a significantly lower rate.

A review o f the international literature indicated that the effect o f temperature on the 

SORAS process does not seem to have been explicitly investigated, although Tyrovola et 

al. (2006) did examine arsenic removal by adsorption onto zero valent iron at varying 

temperatures. Significant increases in removal efficiency were observed with increasing 

temperature, indicating that the adsorption process favours higher temperatures. For 

example, after 2 hours in a batch reactor, the average As(III) removal increased from 30% 

at 20-30°C to 60% at 40°C, and As(V) removal increased from 15% at 20°C to 50% at 

30°C, and 82% at 40“C. Although this process is different from the SORAS method, the 

adsorption o f arsenic onto iron is very similar, hence higher temperatures may improve 

removal efficiency. Nishimura et al. (1996) also found the As(III) oxidation reaction was 

appreciably enhanced by a rise in temperature in experiments with Fe(ll), S(IV) and 

dissolved oxygen. Again this research was not using SORAS, however the oxidation of 

As(III) is comparable, signifying higher temperatures being favourable.

These results (along with those o f the literature cited above) indicate that there is a 

possibility o f using a lower iron dosage at higher temperatures, or indeed a smaller reactor 

due to the decrease in required irradiation time. Since most arsenic affected areas have 

tropical climates, and hence hotter ambient temperatures, this could improve the SORAS 

method further a topic that is discussed again later in Section 4.10.
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Figure 4.25 As removal V5 cumulative UV dose and irradiation time -  effect o f  
temperature

4.8.4 Effect o f dissolved oxygen

Dissolved oxygen (DO) present in SORAS samples is vital for the redox reactions 

involved with arsenic and iron (see Table 2.3 in Chapter 2) and so an investigation into 

high and low DO levels was conducted. For the high DO experiments, samples were kept 

fully aerated using a triple stone diffuser placed in the 1 litre reservoir, pumping air at a 

rate o f 1 litre per minute (this relatively low air flow rate was used in order to prevent air 

bubbles getting into the reactor.). For the low DO experiments, small amounts o f sodium 

sulphite solution was added to remove (practically) all the DO present, and a rubber 

membrane was placed over the reservoir to minimise any reaeration through the water 

surface. Figure 4.26 shows the removal efficiency of fully aerated samples and samples 

deoxygenated before subjecting them to UV light (initial 500 |ig/l arsenic and 10 mg/1 

iron). During the first half hour irradiation time the fully aerated sample removed 96% of 

the initial arsenic, whereas the deoxygenated removed only 74%. Although there was a
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considerable change in the rate o f removal between the 2 sets o f samples, there was only a 

minor difference in the final arsenic concentration achieved after 4 hours (both < lOng/1). 

When trying to optimise a SORAS system however, it is evident that having higher levels 

o f dissolved oxygen is beneficial. The action o f pumping tubewells does help to promote 

groundwater aeration and this process could be enhaced by dischraging the water over an 

artficial cascade before entering such a SORAS system. DO measurements were taken 

over the course o f these experiments and the results shown in Figure 4.27. As with the pH 

observations, both experiments tended to an equilibrium DO concentration regardless of 

initial DO concentration. Dissolved oxygen was used up in the redox reactions o f the 

SORAS process as expected, with a linear decrease in DO observed in the aerated 

experiments. Interestingly, the results show that the DO levels in the deoxygenated 

experiments rose quickly before to stabilizing in the final few hours o f the experiment. It 

was believed unlikley that the increase in DO attributed to turbulence and mixing in the 

system and surface reaeration is minimal, would have accounted for this rate or level o f 

DO increase. However, when a control experiment was carried out with no arsenic or iron 

in the system, it showed a rapid increase in dissolved oxygen, despite every effort to seal 

the reservoir. Therefore, the difference in removal rates is most likely due to the short 

period o f low DO concentration, with the photoxidation products generated throughout the 

experimental run being minor constituents o f this DO.
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Figure 4.26 As removal vs cumulative UV dose and irradiation time -  effect o f dissolved 
oxygen
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Figure 4.27 Change in DO  V5 time (note: irradiation time = 0.2 times total time in reactor)

4.9 Effect of titanium dioxide photocatalysts

Further to the batch scale studies on the use o f Ti02, continuous flow experiments were 

carried out to investigate the potential benefit from using the reactor system. Samples made
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up as in the batch scale tests were used in the small scale reactor as in the previous 

sections. Figure 4.28 shows the percentage arsenic removal from an initial concentration o f  

lOOO^g/1, using 9 and 10 mg/1 Fe and Ti02 respectively. These results indicated a 

significant increase in removal efficiency on the batch scale experiments, needing only 3 

hours irradiation time (compared to 9 hours in batch tests). Again, it should be noted that 

the suspended TiOa particles used must be removed after UV treatment. However, research 

has been carried out on the development o f  Ti0 2  immobilised on an insert o f  efficient 

geometry for maximum particle hits for solar disinfection applications (Misstear, 2010) 

which could prove to have an equal promise for such a continuous flow SORAS system. 

The subject o f  immobilsed photcatalysts still requires further research however.
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Figure 4.28 Plot o f  As removal against cumulative UV dose and irradiation time (initial 
As: 1000 ng/l, Fe 9 mg/l, Ti02 10 mg/l)
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4.10 Large scale testing

Experiments using the large scale reactor (Section 3.1.5.2) were carried out as detailed in 

Section 3.2.3.1. All o f these experiments took place outside in natural sunlight in Dublin, 

Ireland, using the same starting concentrations o f arsenic as the small scale tests and a 

range of iron dosages.

4.10.1 Light intensity

As the intensity o f UV-A light and the irradiation time are critical factors in the SORAS 

process, this section will detail some aspects of light intensity encountered in the 

experiments under natural light. Diurnal UV-A patterns follow those o f global radiation 

closely, and recordings from both radiometers concur with this. Figures 4.29 and 4.30 

show intensities for a sunny and overcast day respectively. UV-A was found to average 6% 

of total global radiation, generally agreeing with previous studies (Kudish et al. (2005) 

reported averages o f 4-5% in studies conducted in Israel). For the most part, higher 

proportions o f UV-A seen during dips in total global radiation, which would seem to be 

due to proportionally more scattering o f longer wavelength light by clouds. As UV-A has 

been shown to be by far the dominant spectrum in adsorption of photons by Fe (Hug et al., 

2001), UV-B readings are not recounted here (though they imitated the UV-A activity 

closely at much lower intensities -  by a factor o f 2.3 x 10’̂  on average).

124



■a
(TJ

"(5
.a_o
(3

1200 60

1000

800

600 G lobal

UVA

400 20%UVA o f  g lo b a l

200

0
12:00 13:00 14:00 15:00 16:00 17:00 18:00

Time{HH:MM)

c<
>
?
3

c
<

91.o

Figure 4.29 Light intensity data fo r  27‘'̂  July 2011 (sunny day)

1200
G lobal

UV-A1000
E
5

%UVA o f  g lo b a l

800co

TO
O
(3 400

200

11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

35

30

25

h 20

15

10

h 5 

0

c
<
>
o
C£_
O
CT

Time(HH:MM)

Figure 4.30 Light intensity data fo r  19‘ July 2011 (overcast day, intermittent clouds)

Figure 4.31 displays average diurnal UV-A readings from Coimbatore (southern India) for 

different months o f the year (Balasaraswathy et a l ,  2002). The measurements clearly show 

a significant increase in UV-A compared to the readings taken in our study as expected
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9 “y(note: the units for UV-A are in mW/cm - to convert to W/m for comparison with the 

values given in Figure 4.29, the Coimbatore readings need to be multiplied by 10).
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—*— Mean Jan  
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Figure 4.31 Light intensity data fo r  southern India (Balasaraswathy et a i,  2002)

The cumulative UV dose (cumulative solar flux) was calculated using the following 

formula:

Q ^  (Eq. 4.1)^ u v ,n  ^ u v ,n - \  j y  v i /
V t

where Quvn and Quvn-i are the cumulative irradiated UV energy received per litre of 

sample at times n and «-l; At„ is the time interval between sampling times; UVc,n is the 

average incident radiation on the irradiated area; A is the irradiated area; and V j is the total 

circulating volume.
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4.10.2 Optimum iron dosage

Three different initial arsenic concentrations were tested in the large scale reactor (Section 

3.2.3) with varying amounts o f iron, as in the small scale experiments (As: 1000, 500 and 

100 ng/1). For all initial arsenic concentrations, the large scale reactor performed better 

than the small scale, needing smaller iron dosages for removal below the target MCL. This 

is most likely due to the more effective transmission of light through the larger diameter 

tubes, with a greater surface area for direct sunlight. Each combination o f initial arsenic 

and iron concentrations were tested on at least 3 different days during the summer months, 

with varying weather conditions. Figures 4.32-4.34 show the results from all the large scale 

tests, with the remaining arsenic concentration this time plotted against cumulative UV 

dose (kJuv/l)» as the UV intensity was constantly changing throughout the day (Section

4.9.1). As the data points generally match extremely well, irrespective o f the particular day 

the test was carried out, we can conclude that arsenic removal is directly proportional to 

UV dose. The ‘low’ initial arsenic concentration results had the most variation, and this 

could be attributed to the difficulties mentioned earlier in removing smaller amounts o f 

arsenic. The optimum dosages found in this set o f experiments for 1000, 500 and 100 ng/1 

initial arsenic (over 4 hours actual irradiation time) were 10, 8 and 5 mg/1 iron respectively. 

(These optimum iron dosages could even be slightly less depending on the cumulative 

solar flux, but would require fiirther testing.) As in the small scale tests, the lower iron 

dosages removed arsenic at high percentages (e.g. 90, 88 and 75% removal at the lowest 

tested iron dose for 1000 |ig/l, 500 ng/1 and 100 |ig/l initial arsenic respectively (and at the 

same cumulative UV dose as the most effective iron dose)), These results indicate great 

potential for the system in the field, where even more sunlight would be available (Section

4.9.1)
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Figure 4.33 As concentration against cumulative UV-A flux (initial As 500 îg/l)
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Figure 4.34 As concentration against cumulative UV-A flux (initial As 100 jug/l)

To compare the removal performance of the continuous flow system between the large and 

small scale experiments, the removal rates at the optimum iron dosages were plotted 

against cumulative solar flux (Figure 4.35). Using the large scale reactor (irrespective of 

initial concentration), removal to below 10 |ig/l was achieved between 5 and 7.5 kJuv/1, 

thus indicating the threshold required for effective arsenic removal. The removal pattern 

using the small scale reactor was considerably different, with the ‘high’ and ‘medium’ 

arsenic doses needing 10 to 12.5 kJuv/1, and ‘low’ requiring less than 2.5 kJuv/1- Again, 

this could be attributed to the more effective transmission of light in the large scale reactor. 

Figure 4.36 shows the requisite iron concentration for different initial values o f arsenic for 

both the small and large scale (given the necessary cumulative UV dose has been reached). 

These curves display a similar pattern with an offset from the more efficient removal 

capabilities o f the large reactor. Interestingly, at the ‘low’ initial arsenic concentration 

(100 ng/l), both systems needed 5 mg/1 for effective removal, reiterating the evidence that

it becomes more challenging to remove contaminants at lower concentrations.
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Figure 4.35 As concentration against cumulative UV-A flux (S=small scale, L=large 
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Figure 4.36 The iron requirement for varying arsenic starting concentrations to reduce the 
As concentration to 10 ug/l (once there has been the threshold cumulative dose ofUVA)

The driving factors behind arsenic removal in the SORAS process are the iron requirement 

and the cumulative UV dose. Despite having a much greater UV dose, a lower initial iron 

content did not result in arsenic concentrations o f  below the required MCL o f 10 ng/1. Th s

130



indicates that iron is the limiting factor, as stated previously its capacity is bound in terms 

o f adsorption sites. However, even with the necessary iron concentration, the UV threshold 

o f 7.5 kJuv/1 must also be met.

4.10.3 Effect o f  temperature

As discussed previously, higher temperatures had a positive impact on arsenic removal 

rates in the small scale tests. Temperature readings during the large scale reactor 

experiments were taken at the outlet from the reactor from the bottom pipe, and at the 

upper reservoir (inlet) (see Figure 4.37), every minute during the course o f the 

experiments. There was an average difference in temperature o f 0.04°C between upper 

reservoir and outlet from bottom tube o f reactor (the slightly higher temperature recorded 

at the outlet), indicating the mean increase in heat generated over time in the illuminated 

tubes. When this data was analysed along with the arsenic removal data, no difference was 

seen with any change in temperature. The evidence is not conclusive however, as the 

average difference in temperature that occurred was never greater than 15“C. Figure 4.38 

gives an example o f temperatures in the reactor and ambient outdoor temperatures from a 

‘hot’ (red lines) and ‘cold’ (blue lines) day. The reactor temperatures averaged 33.1 and 

19 .rC , and the mean outside temperatures were 21.3 and 16.2°C for the hot and cold days 

respectively. The change in overall arsenic removal efficiency between these two days 

(shown in Figure 4.39) was only ±0.5%, hence the effect o f temperature in large scale 

experiments within this temperature range would appear to be minimal. The actual time in 

the reactor was also comparable. However, this issue could certainly undergo frirther 

investigation which would involve either field testing in the appropriate climatic 

conditions, or indoor experiments carried out in a temperature controlled environment.
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4.11 Combined SORAS-SODIS experiments

As described in Section 3.2.3, microbiological experiments were carried out on the large 

scale reactor in parallel to the As removal experiments to investigate the potential for 

combined solar disinfection and As removal in such a continuous flow process. A review 

o f international literature to date indicates that it appears that no SORAS testing has been 

conducted to examine the possible effects o f SORAS on SODIS or vice-versa. Although, 

in general, groundwater has very little pathogenic contamination, many areas with surface 

water arsenic problems (mainly due to mining) could also present a water source which is 

also prone to such microbiological contaminants. An initial arsenic concentration of 

1000 (ig/1 was chosen with 5, 10 and 15 mg/l iron, and initial E. coli concentrations of 

5x10^ to 2xlO^CFU/ml were added as an indicator organism for enteric bacterial 

contamination. It must be stressed that these experiments were not directly comparable to 

the previous data due to differing experimental conditions, namely the use o f  distilled
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water. Figures 4.40-4.42 show the arsenic removal alongside bacterial degradation for 

these experiments. The most important value for comparative purposes from the 

microbiological aspect is the inactivation rate o f the bacteria. The inactivation rate 

constants kuv (1/kJ) were derived from Chick’s Law:

- k N  ^  Nt = (Eq. 4.2)

=  - k N  /V(, =  Noe-'^^vtQuv 4  3 )

The results show very similar E. coli inactivation rates between tests carried out with 

comparable initial concentrations. The difference in k values vary from 0.03 to 0.17 1/kJ. 

The plots clearly show a large reduction in arsenic removal efficiency compared to the 

tests conducted without microbiological addition (Section 4.9). Removal ranged from 20- 

45% in these tests compared to 90-99% previously (depending on iron concentration) at 

the required UV dose found above. Interestingly, the kinetics o f As removal also differed 

from the previous experiments, as a linear decrease was seen in the microbiological tests, 

compared to a exponential increase when no bacteria were present. This indicates that any 

microorganisms (and possibly other organic matter) present in the water to be treated can 

have a severely adverse effect on arsenic removal, and so must be taken into account in the 

design o f any fiill-scale system. Arsenic removal improved with increasing E. coli 

concentrations and interestingly, decreasing iron content. Conversely E. coli removal 

reduced with decreasing iron concentrations and increasing starting concentrations of 

bactena. Thus, it is postulated that a significant amount o f the reactive oxygen species 

(ROS) generated by the iron photolysis were used up in the degradation o f the bacteria, 

hence the smaller amounts o f iron present creates less ROS for the disinfection process to
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exploit, and more opportunity is given to As species to react. Arsenic could also be having 

an effect on the bacterial inactivation, whereby arsenic can inhibit DNA repair mechanisms 

(as has been reported by Rossman et al. (1975)) and leave the bacteria more vulnerable to 

disinfection. The higher concentrations o f E. coli may also be generating ROS and hence 

improving arsenic removal.
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Figure 4.40 Plot o f log decay in bacteria and remaining arsenic concentration against 
cumulative solar flux. Initial conditions: As 1000 |ig/l, Fe 15 mg/1, E. coli 5-10 x 10  ̂
CFU/ml. Test 1: ♦A s, x E. coli'. Test 2: ♦A s, x E. coli (The inactivation rate constants fo r  
test 1 and 2 were k/=0.754 and k2=0.58l respectively)
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Figure 4.41 Plot o f log decay in bacteria and remaining arsenic concentration against 
cumulative solar flux. Initial conditions: As 1000 |ig/l, Fe 10 mg/1, E. coli 4-25 x 
lO'* CFU/ml. Test 1: ♦A s, x E. coli; Test 2 :4  As, x E. coli (The inactivation rate constants 
for test 1 and 2 were ki=0.485 and k2=0.576 respectively)
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Figure 4.42 Plot o f log decay in bacteria and remaining arsenic concentration against 
cumulative solar flux. Initial conditions: As 1000)ig/l, Fe 5 mg/1, E. coli 1.5-2 x 
10  ̂CFU/ml. Test 1: 4 A s, x E. coli; Test 2 :^  As, x E. coli (The inactivation rate constants 

fo r  test 1 and 2 were ki=0.295 and k2=0.266 respectively)
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Comparing the bacterial decay reaction kinetic values found here with Misstear (2010), 

who carried out solar disinfection experiments using distilled water on the same large scale 

reactor used in this study, reveals a marked difference in removal rates o f bacteria. The k 

values found in that study ranged from 0.67 to 1.19, whereas the present experimental 

results give values o f 0.27 to 0.75 (see Table 4.2 for summary). This suggests the parallel 

arsenic removal process is also having a negative effect on bacterial removal, as could be 

expected due to the increased competition for the ROS.

Experimental
values Test 1 Test 2 Test 3
Co As 1000 1000 1000

CoE. coli 
CFU/ml

5-1 Oê 4-24e'‘ 1.5-2e^

Co Fe 
mg/1

15 10 5

Mean ki (As) 0.075 0.227 0.321
Mean k2 (As) 0.008 0.014 0.014
Mean kib (As) 1.8 3.4 0.83
Mean k2b (As) 0.008 0.006 0.03

Mean k (E. coli) 0.67 0.53 0.28
Mean kc {E. coli) 0.93 0.93 0.93

Table 4.2 Comparison o f  removal coefficients (Note: k lb  and k2b from  study without 
bacteria addition -  Section 4.9.2; kc is average value found by Misstear (2010) (without 
using As or Fe))

It should also be noted that stresses caused by the absence o f nutrients and ions in distilled 

water can make bacteria prone to disinfection and less capable o f repair mechanisms in the 

dark (Malato et al., 2009; Wist et al., 2002).
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4.12 Other testing issues

The following is a discussion o f other issues that arose during testing that cannot be dealt 

with in the sections above.

4.12.1 Particulate conglomeration in the reactors

One important design and maintenance issue o f a fiill scale SORAS treatment system is the 

periodic cleaning that would have to be carried out due to the phenomenon o f Fe-As 

particles sticking to the inner walls o f the reactor tubing that was noticed during the 

experimental tests. Figure 4.43 shows this particulate build up in the small scale reactor 

tubes (after approximately 30 days consecutive testing). More extensive adhesion was 

observed in the plastic tubing as opposed to glass, and at the joints o f connecting tubes. If 

the precipitate was allowed to build, the UV transmission would be reduced and the reactor 

would become less efficient. A greater amount o f particle adhesion was noticed in the 

small scale tubing than in the large scale. The cleaning procedure used in the experiments, 

i.e. rinsing with a dilute acid, would be the easiest method of cleaning as minimal manual 

labour would be required, however the chemicals needed would add to the cost. To avoid 

the expense incurred by chemicals, and the logistical problems in transporting them to rural 

areas, the reactor tubing could simply be cleaned with pipe cleaners and water, which was 

also carried out on both reactors and proved successful.
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Figure 4.43 Precipitate adhesion to reactor tubing 

4.12.2 Arsenic concentration and speciation

It must be noted that the reaction rate coefficient ki, is increased significantly from the 

initial rapid precipitation o f arsenic and iron. Despite arsenic being added as As(III), initial 

samples taken prior to irradiation were up to 50% less than that added initially. Hug et al. 

(2001) reported an average As(IIl) reduction of 20% after iron addition and before 

illumination, despite arsenic being added as AS2 O3 . This phenomenon was also observed 

by Garcia et al. (2004), whereby up to 40% removal occurred before irradiation. This is 

most likely caused by high dissolved oxygen levels promoting quick As oxidation, and the 

almost instantaneous co-precipitation with iron from mixing in the reactor (or vigorous 

shaking of bottles in batch tests), and as discussed in Section 4.7, As(III) adsorption onto 

iron.

Due to time and financial constraints, no speciation studies were carried out; hence the 

arsenic oxidation states cannot be reported. Based on the literature however, it has been 

assumed that any arsenic remaining after SORAS treatment was in its trivalent or 

pentavalent form.
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4.12.3 Remaining iron concentrations

Iron is not deemed a health hazard in drinking water, as concerns over higher amounts are 

considered an aesthetic issue only - namely taste and colour (WHO, 2006), so the drinking 

water guidelines quote 0.3 mg/1 as the maximum allowed. Not every SORAS sample was 

tested for iron, but all that were complied with this regulation, ranging from 0.04 to 

0.19 mg/1. (Note; Garcia et al. (2004) reported final iron concentrations o f below 0.3 mg/1 

in batch tests in over 52% of samples, the remainder averaged 1.79 mg/1).
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CHAPTER 5; PRECIPITATE REMOVAL

5.1 Introduction

As described previously, effluent from the continuous flow reactor contains arsenic-iron 

precipitates that need to be removed from the water before it is safe for consumption. Samples 

taken from the laboratory and natural sunlight tests in this study have been left in darkness for 

the precipitate to settle by gravity for up to 48 hours, and in field trials, they have been left to 

stand overnight (Hug et a i ,  2001). This may be suitable in a household scale scenario with 

relatively small water volumes, but in a full scale treatment system would be impractical. 

Hence, this chapter will investigate the nature o f the precipitating particles, the settlement 

process and the possible methods for the enhancement o f the continuous flow process. It is 

important to note again that appropriate technology methods are preferred for this research 

owing to the ultimate aim o f implementing these systems at community level in rural areas in 

developing countries.

5.2 Background

5.2.1 Coagulation-Flocculation

As settlement o f  colloidal particles from solutions is usually very slow, chemicals (coagulants) 

are added in water/wastewater treatment processes to increase removal efficiency. The 

particles, or colloids, usually carry a negative electrical charge with diameter ranging between 

10"* and 10'^ mm. This negative charge inhibits agglomeration and the lack o f agglomeration
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combined with their low specific gravity results in a resistance to settlement. Coagulants are 

typically positively charged compounds that destabilise the particles enabling them to get 

close enough to allow the attractive van der Waals forces to take over (Bratby, 2006). Rapid, 

or flash mixing is vital upon introduction of the coagulant to ensure uniform dispersion and 

increased opportunity for inter-particle contact, and much research has been conducted in this 

area (Rossini et al., 1999; Dharmappa et aL, 1993; Mhaisalkar et al., 1991). Once the charges 

have changed, they adhere partly by this electrical attraction and partly by cohesion between 

the interlocking spaces on the surface. The charges are somewhat neutralised as the particles 

stay in contact with each other and the floe takes on a common charge. Cohesion is then the 

predominant force holding the floe together. The main factors affecting coagulation are listed 

in Table 5.1.

Coagulant
Characteristics

Physical
Characteristics Raw Water Characteristics

• Coagulant type
• Coagulant dose
• Proper solution 

makeup and dihition
• Proper coagulant age

• Settlmg time
• Mixing intensity'
• Mixing time
• Coagulant addition 

pouit
• Pioper coagulant 

feed

• Suspended solids
• Temperature
• pH
• Alkalinit\-
• Piesence o f nucroorgauisms 

and other colloidal species
• Ionic constituents (sulfate, 

fluoride, sodium, etc.)
Table 5.1 Factors affecting coagulation (Murcott et al., 1996)

The most commonly used coagulant chemicals are salts of aluminium and iron, as they are 3^

charged ions and are also cheap, efficient, and easy to use and store. The majority o f these

chemicals are acid salts, and therefore lower the pH of the solution. The particle surface

charge and floe precipitation are affected by pH during coagulation, so an alkali may also
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needed to be added when they are used. Both alum and ferric based coagulants destabilize the 

particles in water through hydrolysis. Lime is also a commonly used coagulant but works 

differently to alum and iron, as it increases the pH o f the solution, and the resulting carbonate 

ions, namely CaCOj conglomerate with the particles that need to be removed. Table 5.2 

details the advantages and disadvantages o f conventional coagulants used in water/wastewater 

treatment.

Name Advantages Disadvantages
Aliuniniuu
Sulfate
(Alum)

A12(S04)j,18H :0

Easy to handle and apply; most 
conuiionly used; produces less 
sludge tlian lime; most effective 
between pH 6.5 and 7.5

Adds dissolved solids (salts) to wa
ter; effective over a limited pH 
range.

Sodium
Almiiinate

N aiA liO i

Effective in hard waters; small dos
ages usually needed

Often used with ahmi; higli cost; 
ineffective in soft waters

Polyaliuiiiiuun Chloride (PAC) 

A 1,3(O H ),0(SO 4)v C1,5

Li some applications, floe fonned is 
more dense and faster settling than 
alum

Not conmionly used; little fiill scale 
data compared to other aluminum 
deri\atives

Fenic Sulfate

F ei(S 0 4 )3

Effective between pH 4 -6  and 8 .8 - 
9.2

Adds dissolved solids (salts) to wa
ter; usually need to add alkalinity

Fenic Chloride 

FeClj.6H :0

Effective between pH 4 and 11 Adds dissolved solids (salts) to wa
ter; consumes twice as much alka
linity as alum

Fenous
Sulfate
(Copperas)

FeS0 4 .''H: 0

Not as pH sensitive as lime Adds dissoh ed solids (salts) to wa
ter; usually need to add alkalinity

Lime

Ca(OH):

Conmionly used; very effective; 
may not add salts to effluent

Very pH dependent; produces large 
quantities o f  sludge; overdose can 
result in poor effluent quality

Table 5.2 Advantages and disadvantages o f  inorganic coagulants (US Army, 2001)

Natural coagulants of plant and soil origin have been used for centuries in developing 

countries for water treatment (Schulz and Okun, 1984). Moringa oleifera is a non-toxic 

tropical plant belonging to the Moringacae family and is found throughout India, Asia, sub- 

Saharan Africa and Latin America. Laboratory studies have shown that Moringa oleifera
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seeds possess effective coagulant properties (Ndabigengesere et a i, 1995, 1998a; Babu and 

Chaudhuri, 2005). It has also been traditionally used in water purification in Sudan (Jahn, 

1981, 1986). Dhekane et a i, (1970) showed success in using the seeds o f the Strychnos 

potatorum  or Nirmali tree (found in India) as a natural coagulant. Two plant materials. Cactus 

latifaria and the seeds o f Prosopis juliflora  (mesquite bean), were investigated to remove 

turbidity in drinking water in Venezuela by Diaz et al., 1999. Both materials’ performance 

was comparable to that o f Moringa oleifera, and were needed at lower dosages than 

aluminium sulphate for the same purpose.

The process o f coagulation is often enhanced through the use o f coagulant aids. In cases where 

even large doses o f primary coagulant will not produce a satisfactory floe, polymeric 

coagulant aids can be added after the coagulant to hasten reactions and produce denser floe 

(Bratby, 2006). Polyelectrolytes can be anionic, cationic or non-ionic, depending on their 

application. They have relatively high molecular weights (up to 20,000,000) and function 

primarily through inter-particle bridging. Advantages o f using polyelectrolytes include the fact 

that they do not affect pH or add to the total dissolved solids concentration and produce less 

sludge (EPA Ireland, 2002). They can also be used to reduce the dosage or eliminate the need 

for the inorganic coagulants discussed above. Activated silica has been used for many years as 

a coagulant aid in conjunction with aluminium and iron coagulants (EPA Ireland, 2002). 

Currently, many synthetic polyelectrolytes, usually polyacrylamides are used in water 

treatment plants. The charge density and molecular weights of these polyelectrolytes are the 

most important characteristics to enhance coagulation. Starch extracted from potatoes or com 

is recognised as a negatively charged phosphate, bearing natural polyelectrolyte. It has also
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been shown to produce excellent flocculation o f negatively charged particles (La Mer, 1966 

and Campos et al., 1984). Various forms o f clay such as bentonite or fiiller’s earth have also 

been used as an aid to coagulation.

Flocculation provides the conditions for collisions between particles for them to gather into 

floes. The amount o f floe formation depends on the rate o f the collisions between particles and 

the effectiveness o f the collision in promoting the particles to attach. Flocculation requires 

gentle agitation o f the water to increase contact time between particles and therefore slow 

speed paddles, turbines, etc. are used in both vertical and horizontal flow systems. The floes 

become larger as they continue to agglomerate and due to their size they readily settle by 

gravity. These larger floes however, break up easily (due to turbulence for example) more so 

than smaller, stronger floes, and if they do separate, they will not coagulate again as the 

surface charges have been partially equalised. Therefore careful handling o f  floes is extremely 

important in gaining efficient particulate removal (Parker et al., 1972). The factors affecting 

the rate o f flocculation include the velocity gradient, the retention time o f the tank, the mixing 

intensity and the tank shape. The velocity gradient G (s ') is a measure o f the degree of 

mixing, and is a fijnction o f the power input to the water. Flocculation chamber design is 

based on the dimensionless parameter Gt, which is the velocity gradient times the residence 

time t (seconds).

Where, G = velocity gradient (s ')

P = power transmitted to the water (W)
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• • 3V = volume o f water to which the power is applied (m )

H = dynamic viscosity o f water (kgm 's ’’)

Power transmitted in a batch reactor i.e. ja r test, can be obtained from the reactor geometry:

P = p • 71̂  • (1-k)^ • N ' • I(C d • Lb -(r^  ̂-  r,'))

Where, P = power transmitted to the water

p = density o f water = 1 OOOkgm"  ̂

n = pi (constant = 3.14) 

k = constant = 0.25

N = rotational speed o f blade(s) (revolutions per minute)

Cd = drag constant =1.5 

Lb = length o f mixer blade (m)

ru = distance from exterior o f mixing blade to axis (m) 

n = distance from interior o f mixing blade to axis (m)

When using alum and iron coagulants during flocculation, G values usually range from 20 to 

100s ', with residence times from 10 to 40 minutes. Increasing these values beyond floe 

formation can lead to shearing in particles and floe break up, while below these values 

flocculation may not occur. Gt depends on the incoming raw water quality and the size o f  floe 

required. Table 5.3 gives typical G and Gt values for varying water quality.
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Type G(s-‘) Gt

Low turbidity, colour removal coagulation 20-70 60,000-200,000

High turbidity, solids removal coagulation 50-150 90,000-180,000

Softening, 10% solids 130-200 200,000-250,000

Softening, 30% solids 300,000-400,000

Table 5.3 Typical G and Gt values fo r  flocculation (Wang et a l, 2004)

The most effective flocculation systems have been found to be ones that use separate basins in 

which the turbulence is reduced in succeeding basins by decreased mixing speeds (Metcalf 

and Eddy, 2003). Table 5.3 gives the experimental conditions used by various authors in jar- 

test coagulation studies. These were used as the basis of the experimental methods in Section 

5.3.3.1.

Contaminant Coagulant
aids

Coagulation Flocculation Settlement References

DOM Ferric 2 minutes 20 minutes 60 Dennett et al.
chloride

100 rpm 25 rpm
minutes (1996)

As(III), Ferric 1 minute 30 minutes 15 Hering et al.
As(V) chloride

100 rpm 45 rpm
minutes (1996)

Colour, Alum, Ferric 1 minute 10 minutes Not Ratnaweera et
NOM chloride

400 rpm 30 rpm
reported al. (1999)

Turbidity, Ferric 1 minute 20 minutes 30 Khan and Thiem
NOM sulphate

100 rpm 30 rpm
minutes (2008)

Table 5.3 Experimental conditions o f  the process o f  coagulation-flocculation-settlement 
chosen by various authors
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As mentioned above, mechanical paddles, turbines and impellers are employed to gently mix 

the water for flocculation. Paddle flocculators (Figure 5.1) comprise of a number of paddles 

attached to a shaft which rotates slowly and can be vertical or horizontal systems. The size and 

shape of the paddles, as well as the rotational speed are adjusted to enhance the process. 

Turbine and propeller flocculators consist of blades attached to a shaft which rotates to mix 

the water. Usually these are horizontal systems, comprising of a number of compartments, 

each propeller reducing speed as the water moves downstream. The blade shape is adjusted to 

limit the amount of floe break-up. The advantages of mechanical flocculators include: no head 

loss in the system, reliability and flexibility of method, and generally they produce large floes. 

The disadvantages are: maintenance of moving parts, energy requirement, higher costs, and 

complete shutdown of the system with one component failure or for maintenance.

(a) 1 1
r n 1

[} — r—
.1 \  . ir , *. 1. _■... ’ W  ,

Pa<J<fes

Paddle mixers are driven 
by vanable speed drives A 
(fesadvantage of paddle ftocculalors 
IS that the supports ar>d beartogs 
for the paddtos are submerged

Reduoed-speed
Motor gear drive

Note Pumpir^g action of impeller 
is irTportanl with turbine mixers

Baffle

Figure 5.1 Mechanical flocculators (a) paddle mixed and (b) turbine mixed (M etcalf and 
Eddy, 2003)
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Hydraulic flocculators utilize the energy dissipation achieved by the change in direction o f the 

flow o f water, usually using channels. Mixing occurs by the flow being directed either around 

or over and under a series o f baffles. Figure 5.2 shows both scenarios, whereas Figure 5.3 

demonstrates the use o f forming a hydraulic jump by narrowing o f the channel for flash 

mixing. Baffled channels are the most common type o f hydraulic flocculator, with horizontal 

systems being preferred over vertical ones as they encounter less build-up o f precipitate on the 

upstream side o f the baffles. The channel width and length, and spaces between baffles and 

baffle and channel wall, are designed for appropriate velocity gradient through the system. 

The advantages o f baffled channels include: low cost, simplicity, no moving parts and so no 

energy requirement and little maintenance, and effective in producing large floes. Their 

disadvantages are: large head losses in the system and little flexibility once geometries are 

chosen. This type o f flocculator design would be an appropriate technology for a small scale 

system in a developing country. Coarse grained media are also used as hydraulic flocculators, 

but are less popular than baffled channels. They use various sized and shaped media to 

promote mixing.
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(a)

Spacing of baffles can Ije 
adjusted to  change th e  flow 
velocity in tlie  channel

(b)

D Ram w ater 
Inlet

Outlet

Figure 5.2 (a) Vertical (over and under) baffled channel in cross section (b) Plan view o f  
horizontal (around the end) baffled channel

F te d  po in t o f c o ag u lan t

IWHHM

Figure 5.3 Hydraulic jump (Smet, 2002)
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5.2.2 Clarification

Clarification/sedimentation in water treatment is the removal o f suspended solids. With little 

or no movement, solids can settle by their own weight. The objective is to efficiently separate 

the clear supernatant water from the floes, this sludge being disposed o f and the clean water 

going to further treatment or distribution. This is usually achieved by forcing a change in 

velocity to allow the floes to settle. Again as little turbulence as possible is required so as not 

to break up the floes and enable the natural falling velocity o f the floes to occur. 

Sedimentation tanks/basins are employed to achieve particle settling. Various types o f tank are 

used, each with their own inlet, settling zone, sludge zone and outlet set-up. The inlet ensures 

an even distribution o f flow, the settling zone is where sedimentation occurs and the floes 

accumulate, the sludge zone is where the settled material is deposited for removal, and the 

outlet directs the supernatant water out o f the basin. The settling zone depends greatly on the 

settling characteristics o f the floes, the surface loading rate -  flow rate divided by surface area 

o f the tank, and the tank depth. The particle size and density are needed to calculate the 

settling velocity.

As the viscosity o f the water containing the particles is important in sedimentation, 

temperature changes can affect performance, therefore settlement is adversely affected by 

cold. Settling velocities for colloidal particles such as the flocculated ‘light’ particles, which 

result from the SORAS process, must be obtained by means o f a settling column test in order 

to design a full scale system.
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The sedimentation tank is then designed according to the setthng velocity and the flow rate:

Q = Avp

where Q = flow rate (m^/s)

A = surface area of tank (m^)

Vp = settling velocity of particle

Figure 5.4 shows the four main types of sedimentation basins. The horizontal flow tank is a 

basic early design still in use today. The velocity is decreased by the large surface area of the 

tank and the settling zone occurs in the middle of the tank. The base is usually sloped to aid 

sludge scraping from the sludge zone. In the radial flow system, the inlet is located in the 

middle o f the circular tank. The flow from the centre is baffled to flow outward to the 

perimeter, hence the horizontal flow is decreasing as it moves to the outlet, enabling the floes 

to settle. Again sludge is scraped from the base. The most common type of sedimentation tank 

is the upflow clarifler. This consists of an inverted pyramid or cone, with the water discharged 

downwards, turning 180° and flowing back upwards. The velocity decreases as the cross 

sectional area increases up the tank. As the velocity continues to decrease, the downward 

weight o f the floes counterbalance the upward force of the rising water causing the floes to be 

suspended in a sludge blanket and the supernatant rises to the outlet.
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Figure 5.4 Typical sedimentation tanks (a) horizontal flow  rectangular tank (b) radial flow  
circular tank (c) hopper-bottomed upward flow  clarifier 
^ttp://oDenleam.open.ac.uk/mod/resource/view.php?id=l 85898)
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5.3 Materials and methods

5.3.1 Chemicals

5.3.1.1 Aluminium sulphate

A 1% (lOmg/mL) stock solution was prepared by dissolving 2 g o f  aluminium sulphate 

powder (Merck AI2 (8 0 4 ) 3  -18 H2O) in distilled water. Approximately 100 mL o f  distilled water 

was added initially and the mixture was shaken vigorously to dissolve the alum. Further 

distilled water was added to make the solution up to 200 mL.

5.3.1.2 Moringa oleifera

The Moringa oleifera  seed kernels (Figure 5.5) used as a coagulant in this study were obtained 

from a company based in India called Mother Herbs and Agro Products, and the extract was 

prepared as follows according to Jahn (1986). The seeds were crushed and ground to a 

medium fine powder using a pestle and mortar and then stored in dry conditions at room 

temperature until required. 5 g o f  the powder was placed in a beaker containing 200 ml o f  

distilled water. This suspension was then mixed thoroughly for approximately 4 minutes in 

order to extract the active ingredient o f Moringa Oleifera. Next, the suspension was passed 

through a muslin cloth and the filtrate captured in a beaker. Distilled water was again added to 

the filtrate to bring the solution up to a volume o f  500 ml; thus creating a stock solution o f  

lOg/1.
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Figure 5.5 Moringa oleifera seeds 

5.3.1.3 Potato Starch

Potato starch (Figure 5.6) was produced by first grating approximately 100 g of clean potato. 

The grated potato was then placed in the mortar and 100 ml of distilled water added. The 

potato was ground with the pestle carefully and the liquid decanted off through a tea strainer 

into a beaker, leaving the potato behind. Another 100 ml of water was added to the mortar, the 

potato was ground and the effluent strained and finally this was repeated for a third time. The 

mixture was then allowed settle for five minutes before the water was decanted from the 

beaker, leaving behind the white starch which had settled to the bottom. 100 ml of distilled 

was added to the starch and the mixture stirred gently, again it was left to settle and the water 

decanted off, leaving the starch behind. The starch was then made up into a 1% stock solution, 

2 g o f the powder being dissolved in 200 ml of distilled water.
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Figure 5.6 Potato starch 

5.3.1.4 Magnafloc LT22S

Magnafloc(R)LT22S is a high molecular weight cationic polyacrylamide with a particle size 

of less than 1500 |jm and a density of 0.7 g/cm^. It is supplied as a free-flowing white granular 

powder, and was chosen as it is an approved coagulation aid commonly used in industry. The 

stock was made up to 0.01% solution. 0.1 g of Magnafloc(R)LT22S (Ciba) was added to a iry 

beaker together with 3ml of methanol in order to thoroughly wet out the product. Next, 97 ml 

of distilled water was added, the beaker closed and the contents shaken periodically over a 

45 minute period to complete the process.

5.3.2 Apparatus

5.3.2.1 Flocculation Unit

The flocculation test unit (Armfield, UK) used in the coagulant/polyelectrolyte dose 

experiments is shown in Figure 5.7. It consisted of an illuminated stand capable of holdng
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four 1 litre beakers, each having a separate variable speed (25-240 rpm) mechanical paddle 

mixer, 50 mm in length and 15 mm in depth..

Figure 5.7 Flocculation unit 

5.3.2.2 Fall Velocity Test Apparatus

The modified bottom withdrawal tube (mBWT) method (5.2.4) was used to calculate the 

settling velocity o f  the precipitate. The apparatus consisted o f a Perspex tube with a diameter 

o f 50 mm and a volume o f approximately 3.5 litres (an example o f which is given in Figure 

5.8). The base o f the open-topped tube was fitted with a fiirmel and a short rubber tube to 

collect the samples. The withdrawals were controlled by the positioning o f a pinch clam to the 

rubber tube which acts as a valve for quick withdrawals. The instrument was held in a vertical 

position during the procedure by a retort stand.
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Figure 5.8 Modified bottom withdrawal tube

5.3.3 Methodology

5.3.3.1 Flocculation-Coagulation tests

The test was carried out in accordance with the procedure set out by ASTM D2035-08 

(ASTM, 2008). Four Pyrex beakers o f the test sample were placed on the flocculation unit, the 

stirrers were switched on, their operation was checked to ensure they were working properly 

and samples were mixed gently for 1 minute. (All test samples, each 1 litre, were taken
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directly from the outflow o f the large-scale reactor after an experimental run in natural 

sunlight (see Section 3.4.1.). Initial concentrations of As and Fe were 1000 |ig/l and 10 mg/1 

respectively.) Dosages o f the relevant coagulant were added to three o f the beakers. The 

remaining beaker was used as a control. At the instant o f coagulant addition, a 1-minute rapid 

flash mix (120 rpm) began. At the end o f the 1-minute flash mix, a slow mix (30 rpm) was 

performed for 20 minutes. The velocity gradient G was 300s ' for the flash mix and 45s ' for 

slow mixing (information from manufacturer). (Note, the mixing times and rates used in all 

experiments were based on a previous set o f experiments carried out to determine the optimum 

hydraulic conditions for these tests). The time taken for the formation o f visible floe was 

recorded. Once the flocculation process has occurred, the paddles were removed and the 

samples were left to settle for 20 minutes (or transferred immediately to the fall velocity test 

apparatus). These experimental times were based on the literature mentioned in Section 5.3.2. 

The time taken to the formation o f the first visible floe was recorded, as was the size o f the 

floes formed, the colour and turbidity o f the supernatant between the samples and the amount 

o f sedimentation which occurred.

5.3.3.2 Fall velocity tests

A stopwatch was set to zero and the pinch clamp was closed. 3.5 litre samples (either directly 

from the reactor or from the flocculation unit) were poured into the mBWT (5.3.2.2), and care 

was taken when transferring the effluent in order to ensure that the floes formed remained 

intact in the tube. A rubber bung was placed in the open top o f the tube once it had been filled 

and it was then inverted slowly a number o f times to ensure an even distribution o f the floe 

throughout the length o f  the apparatus. The mBWT was placed in the vertical position in the
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retort stand and the timer started (corresponding to time, t = 0). Following this, samples were 

withdrawn, using the pinch clamp, at time intervals of 2, 10, 20, 40, 60, 80, 100, 120, 150 and 

180 minutes to best define the settling characteristics of the sediment. The mBWT was 

calibrated with markings from top to bottom, corresponding to 5 cm intervals for the first 4 

readings and 10 cm intervals for the remainder of the readings. These were necessary only as 

guideline indicators o f the volumes to be withdrawn in each sample. A rapid opening was 

necessary at the start of the withdrawal to ensure that any deposited settlement was cleared 

from the cone above the nozzle. Two experiments were carried out for each sample.

The effluent withdrawn in each sample was weighed (determined by subtracting the mass of 

the (pre-weighed) aliquot from the total mass of the effluent and aliquot). Then, representative 

samples of each individual aliquot were made by suspending all the sediment in the sample 

(mixing thoroughly) and pouring a small proportion of this into a graduated cylinder. The 

volume contained in the graduated cylinder was recorded, and the contents then passed 

through the suction filter apparatus using (pre-weighed) 0.45 |im 47 mm cellulose membrane 

filters (Millipore). Two representative filtrations were carried out for each sample. These filter 

papers containing the sediment (Figure 5.9) from each sample were then placed in an oven at 

105°C for 1 hour in accordance with BS1377-S 1990 (BSI, 1990). The mass of the dried 

sediments and filter paper was then measured. The mass of the samples was measured to an 

accuracy of 0.1 g on a balance (OHAUS Adventurer Pro), and the mass of the filter paper was 

measured to an accuracy of 0.0001 g on a balance (Mettler H33).
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Figure 5.9 Filter papers containing As-Fe sediment

5.4 Results and discussion

5.4.1 Flocculation tests

The coagulants and polyelectrolytes (5.3.1) were added to the sample effluent from the large 

scale reactor and tested as discussed in Section 5.3.3.2 above. The dosages and corresponding 

observations are detailed in Table 5.4. Efficiency was rated visually, a limitation of jar tests 

performed in this manner, as observations are subject to variation in the operator’s 

interpretation. The fall velocity tests were carried out not only to determine the settling 

velocity o f particles, but to confirm these visual results by more detailed calculations. As 

expected, alum, and alum used with Magnafloc LT22S performed best, with relatively small 

dosages needed (20 mg/1 and 0 .1 mg/1 respectively) for large floes to be formed in a short 

flocculation time. Moringa oleifera (MO) did perform well, with the results in general
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Jar Aluminiurn
Su^hate

mg^

I1
1 

1 
0

LT22S

mga

Potato
Starch
mgl

Observations

1 20 - - - Visfcle floes formed in jar 1 after 15 minutes flocculatioa Floe size was small 

and greatest settlement ofpreepitate oceurred in jar 1. Optimum aluminium 

sulphate dosage found to be 20mg/L

2 80 - - -

3 160 - - -

4 0 - - -

1 20 - 0.1 - Floes were visible in all jars after 7 minutes floeeulatioa Largest floes and 

greatest settlement oeeurred in jar 1. Optimum LT22S dosage deemed to be 

O.lmg/L

2 20 - 0.4 -

3 20 - 0.9 -

4 20 - 0 -

1 20 - - 20 After 15 minutes floeeulation, visible floes formed in all jars. Floes were smaller 

than those with LT22S additioa Optimum potato stareh doasge 20mg/l, with 

greatest settlement in jar 1.

2 20 - - 80
3 20 - - 160
4 20 - - 0
1 - 20 - - Floes visible after 15 minutes flocculation, and greatest settlement in jar 1 but 

no substantial difference between jars. Optimum Moringa dose found to be 

2 0 m ^  Performed more eflBciently than iron su^hate, not as well as akm

2 - 80 - -

3 - 160 - -

4 - 0 - -

1 - 20 0.1 - Larger floes visible in all jars after 15 minutes flocculation, with largest seen in 

jar 1. Greatest settlement also seen in jar 1. Optimum LT22S dosage found to 

be 0.1 mgl

2 - 20 0.4 -

3 - 20 0.9 -

4 - 20 0 -

1 - 20 - 20 After 15 minutes flocculation, jars 1 and 2 had visible floes, with greatest 

settlement and supernatant in jar 1. Optimum potato stareh dose deemed to be 

2 0 n ^

2 - 20 - 80
3 - 20 - 160
4 - 20 - 0

Table 5.4 Flocculation test results giving coagulant/polyelectrolyte dosages and observations



agreement with previous literature (although these earlier studies were primarily aimed at 

turbidity removal, so direct comparisons cannot be drawn.) Ndabigengesere et a l, (1998a) 

achieved turbidity reduction of 105 NTU to lONTU after jar tests and 30 minutes 

sedimentation using the same doses of either MO or alum -  50 mg/1. It was also found that the 

sludge generated was innocuous and 4-5 times less volume than that of alum. Babu and 

Chaudhuri (2005) found that a much higher dose of Moringa oleifera was required (200 mg/1) 

to reduce turbidity from 25 NTU to 0.3 NTU. As mentioned in the paper, this is most likely 

due to the non-filtered MO used in suspension. It is also interesting that 280-500 CFU/ml 

heterotrophic bacteria and 280-500 MPN/100ml fecal coliforms were also reduced to 5- 

20 CFU/ml and 5-10 MPN/100ml respectively at this dosage (although it should be noted that 

this study used filtration with a sand filter post-coagulation). The use of potato starch as a 

polyelectrolyte did make a difference to using alum or MO alone, but did not work as well as 

LT22S. Figure 5.10 shows an example of two different samples during jar tests, with the fiocs 

forming clearly visible in the picture on the right. The optimum dosage of each coagulant and 

polyelectrolyte found (Table 5.5) were then used in further jar tests for use in the fall velocity 

tests detailed below.
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Figure 5.10 Standard effluent (left) and effluent with MO addition (right) during flocculation

5.4.2 Fall velocity tests

Fall velocity tests (5.3.3.2) were carried out on standard effluent straight from the outflow o f 

the large scale CPC reactor, and on flocculated effluent, with and without 

coagulant/polyelectrolyte addition. Optimum doses were used as found in the flocculation tests 

as discussed in 5.4.1. and Table 5.5 details these dosages. Tests were then carried out to make 

a comparison between the effectiveness o f the natural coagulant Moringa oleifera and :he 

industrial coagulant alum. During the next tests polyelectrolytes were introduced, in order to 

evaluate the efficiency o f  using natural aids (MO and potato starch) and compare them to :he 

conventional aids (alum & LT22S).
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Test Sample Coagulant added Polyelectrolyte added

1 Standard effluent - -

2 Flocculated effluent - -

3 Flocculated effluent Alum 20 mg/1 -

4 Flocculated effluent Alum 20 mg/1 LT22S0.1 mg/1

5 Flocculated effluent MO 20 mg/1 -

6 Flocculated effluent MO 20 mg/1 LT22S 0.1 mg/1

7 Flocculated effluent MO 20 mg/1 Potato starch 20 mg/1

Table 5.5 Fall velocity test parameters (MO = Moringa oleifera)

In order to calculate actual settling velocities, a depth factor is introduced to equate the actual 

observed settling times to a constant depth of 100 cm. This depth factor is obtained by 

dividing the volume remaining after each withdrawal by the total volume. This depth factor is 

then multiplied by the cumulative mass o f the sediment taken off in each withdrawal, reducing 

it to the mass o f sediment in suspension which would be present in a 100 cm depth at the same 

average density. The percentage o f sediment in suspension was also obtained - the ratio o f the 

sediment in suspension to the total sediment weight o f the sample. The time for the sediment 

in each sample to fall through a distance of 100 cm is found by multiplying the actual 

withdrawal time by the depth factor. Thus, the calculations reduce the observed times o f 

settling and mass o f sediment in suspension to a constant depth o f 100 cm. The value for the 

settling velocity is calculated by dividing 100 cm by the time taken to fall through 100 cm.

To determine the average settling velocity V50 for 50% removal o f precipitate, a semi- 

logarithmic plot (Figure 5.11) was used. From this graph it is clear that the coagulant aids
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make a significant difference to the settling velocity, and to the percentage of precipitate left at 

the end (180 minutes) of the fall velocity tests.

100

Standard

Standard  flocculated

Alunn

40 Alum + LT22S

Moringa

Moringa + LT22S

Moringa + Po ta to  Starch

0.01 0.1 100
Settling velocity mm/sec

Figure 5.11 S-curves showing % slower than against settling velocity fo r  the seven different 
fa ll velocity tests with and without flocculation and coagulants/polyelectrolytes (Note: error 
bars only shown on one line to avoid confusion)

The portion of precipitate remaining in suspension after the 180 minute test on the standard 

effluent was 64.4%, and an improvement of just over 20% was seen with flocculation alone 

(51.3 % remaining). The residual fractions in the alum and Moringa oleifera tests were 

equivalent, 37.5 and 37.6% respectively. This showed another good improvement on the 

purely flocculated sample of nearly 27%. The use of potato starch with MO gave only a 1% 

enhancement of the precipitate remaining (36.6%) compared to when Moringa was used
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alone. The best results were seen when using both alum and MO with Magnafloc LT22S. 

Again, final residuals were very similar, with less than 0.5% difference between the two (alum 

and LT22S 28.7%, MO and LT22S 28.4%), giving over 44% improvement on unaided 

flocculation.

Table 5.6 lists the average settling velocities, V 50, for 50% precipitate removal and their 

respective standard deviations, found in the S-curves above. As the velocity has a direct 

correlation with the percentage remaining at the end o f the test, similar variations in the V 50 

values are seen. Very little difference is noted between the standard effluent and the 

flocculated. When using Moringa oleifera, a 3.6 fold increase in settling velocity is observed 

on that o f flocculated only. This compares extremely well to that o f alum, with a 4.4 fold 

increase. Potato starch addition nearly doubles the settling velocity on using only MO, but 

when using LT22S, the value is more than doubled again (either with MO or alum, which are 

again comparable). The alum-LT22S combination was used in order to illustrate the maximum 

achievable precipitate removal using conventional treatment methods, while the MO-starch 

arrangement was used to illustrate the potential gains to be achieved by using completely 

natural amendments. Although no measurements were taken o f sludge volume in this research, 

Ndabigengesere et a l, (1998b) found sludge remaining from coagulation using alum was 4-5 

times more voluminous than that using Moringa oleifera, during turbidity removal 

experiments. This is due to the formation o f aluminium hydroxide as a precipitate, and it is 

expected that the SORAS process have a similar ratio o f sludge volume. The use o f these 

natural alternatives did show encouraging improvements to the settling characteristics and 

hence promise for use in full scale treatment in the field.



Sample V50 mm/sec Standard deviation

Standard effluent <0.01 -

Flocculated effluent 0.015 -

Alum addition 0.066 0.0033

Alum and LT22S addition 0.238 0.0409

Moringa addition 0.054 0.0044

Moringa and LT22S addition 0.212 0.0447

Moringa and potato starch addition 0.096 0.0049

Table 5.6 Settling velocities (V50)  fo r  50% removal o f  precipitates

As discussed in Section 2.3, coagulation with alum and ferric salts is already a commonly used 

technique for arsenic removal from drinking water. By using a coagulation step after the 

SORAS process to accelerate sedimentation, further arsenic could also be removed, resulting 

in a possible reduction the size o f the solar reactor itself Although arsenic concentrations were 

not measured after coagulation-flocculation-sedimentation in this study as naturally settled 

samples from the reactor were already below the MCL o f 10 |ig/l, it has been shown that 

As(V) (and to a lesser extent As(III)) can be effectively removed from aqueous solutions by 

alum (Kartinen and Martin, 1995) and Moringa oleifera (Kumari, et al., 2006). The As 

concentrations and coagulant dosages used in these experiments differed to the present study, 

with 30 mg/1 alum used to reduce 300 |ig/l As(V) by 90%, and 10 g/1 Moringa oleifera to 

remove up to 85.6% o f 25 mg/1 As(V). Any arsenic remaining after the SORAS process could
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be further reduced with this coagulation as it is needed at this stage for the treatment system to 

supply clean water at an efficient rate.

5.5 Precipitate-sludge disposal

As seen in this chapter and in previous sections, many techniques o f arsenic removal from 

drinking water are available, however liquid and/or solid sludge is generated from nearly all o f 

these methods. This sludge is likely to have very high As concentrations and so is potentially 

hazardous to its receiving environment.

5.5.1 Leaching o f  arsenic residuals

Hamel and Zinia (2001) investigated sludge disposal methods from 15 different treatment 

units in Bangladesh, including the three examples described previously (Section 2.3.11). The 

standard EPA Toxicity Characteristic Leaching Procedure (TCLP) was carried out on samples 

taken from the field, (see WWW document 2 for procedure). This test estimates the amount o f 

mobilization o f possible hazardous substances, by using acidic extraction fluid mixed with a 

solid sludge sample for up to 20 hours. The limit for As in the resulting leachate is 5 mg/1, and 

results from all 15 treatment units showed leachate concentrations well below the limit, (the 

highest being 0.043 mg/1). A similar study in Bangladesh (Badruzzaman, 2003), used a 

modified, more suitable TCLP, as using acidic extraction fluid on wastes where the As was 

adsorbed by hydrous ferric oxy-hydroxides would not be as effective as using a more alkaline 

leaching fluid. These results also showed leachate containing minimal arsenic concentrations.
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and as such can be considered nonhazardous and can be disposed o f through stream discharge, 

land application, landfill, etc., (Treatment of arsenic residuals from drinking water removal 

processes, EPA 2001). In addition, Chappell et al. (2003) carried out TCLP tests on fresh and 

aged (2 and 6 months) arsenic residuals from 6 different treatment plants in the US. These also 

found concentrations o f leachate below the allowable limit (the maximum found was 

0.162 mg/1). However, CaWET (California Waste Extraction Test) were also carried out. This 

method o f extraction is more rigorous (a legal requirement in the state o f California only), and 

results showed higher concentrations o f arsenic in the leachate than in TCLP tests. All fresh 

samples were below 5 mg/1, but 66% o f aged samples had As concentrations over the 

maximum permitted, ranging from 5.38-15.24 mg/1, with the remainder conforming to the 

limit. Zaw and Emett (2002) conducted TCLP on sludge from using SORAS on acid mine 

water and also found that the leachate met EPA requirements.

5.5.2 Possible uses o f  arsenic sludge

Another disposal method is stabilization/solidification, where the waste is chemically altered 

to a less soluble form and encapsulated into a solid material. Stabilized/solidified arsenic 

sludge has been incorporated with ordinary Portland cement, and other additives including 

lime, fly ash, iron and silicates, to make concrete blocks for pavements or roadbeds, (Zaw and 

Emett, 2002, Akhter et al., 1990, Dutre and Vandecasteele, 1998, and Chu et al., 1991). TCLP 

was also carried out on the blocks, and again the leachate could be classed as nonhazardous. 

This is therefore a viable disposal option with potential economic benefits.
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Although no TCLP tests were performed on SORAS sludge during this project, it is assumed 

that results would be similar to that found above. This implies that sludge could be applied to 

land (soil, cow dung, etc.) in any region as it is in Bangladesh (Hamel and Zinia, 2001), with 

only a minimal threat o f recontamination. It should also be noted that Hug et al., (2001) stated 

that SORAS sludge stored or buried close to the surface should remain largely immobilised 

due to the presence o f oxygen.
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CHAPTER 6: IRON DISSOLUTION

6.1 Introduction

In areas where arsenic laced water does not have sufficient dissolved iron for the SORAS 

process, methods of achieving the correct level were explored. The easiest way would be to 

dissolve iron in powdered form (ferric chloride or sulphate for example) as has been used in 

the literature for laboratory experiments - although this method would obviously not always be 

a practical solution for the types of rural village scenario in developing countries for which 

this process is being developed. Hence, a more sustainable idea was investigated whereby 

water is passed through scraps o f rusted iron to see whether this could get the requisite dose of 

iron into solution. A review of the literature showed that no investigation seemed to have been 

carried out with the aim specifically to optimise iron release into solution from pieces of 

corroded scrap metal. This suggestion was made by Roberts et al. (2004) however, in relation 

to achieving the required iron for their passive co-precipitation process, where concentrations 

of 35-55mg/l Fe(II) or 3-80mg/l Fe(III) were needed to remove arsenic from 500|ig/l to below 

50ng/l.

Scrap iron has been used however, in water and wastewater treatment systems as a reactive 

barrier, for removal of nitrate (Hao, 2005), toxins (Sharma, 2004), chlorinated methanes and 

benzenes (Matheson, 1994; Lu, 2004), phosphorous (Fytianos, 1998), chromium (Abdo, 1998) 

and even arsenic reduction (as discussed in Section 2.3.3).
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6.2 Background

6.2.1 Iron oxides -  rust

Corrosion of metals is the disintegration of the material due to its environment. The corrosion 

of iron and steel is commonly referred to as rusting. This form of corrosion is electrochemical 

oxidation of the solid metal. It involves the iron, an anode (negative charge) releasing 

electrons by oxidation:

Fe Fe^  + 2e (Eq. 1)

and water, a cathode (positive charge) consuming electrons by reduction, oxygen in this case:

O2 + 2 H2O + 4e ^  40H ' (Eq. 2)

The iron and hydroxide ions then react:

Fe^  ̂+ 20H ' Fe(0H)2 (Eq. 3)

The ferrous hydroxide (Fe(OH)2), in the presence of oxygen and water, will then either

oxidize:

4Fe(OH)2 + O2 +2 H2O ^  4Fe(OH)3 (Eq. 4)

or convert to hydrated ferric oxide -  i.e. rust:

4Fe(OH)2 + 0 2 ^  2 Fe2 0 3 -H2 0  + H2O (Eq. 5)

Ferrous ions on the surface are soluble and therefore can dissolve in water for iron release, but
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the ferric ions already in solution are oxidized to form insoluble rust. Figure 6.1 shows the 

rusting process of iron on the left hand side, and the incurring iron release on the right. A water 

droplet (shown in blue) on the surface of the metal initiates the chemical reactions described in 

Equations 1-5 above.

Rust formation Iron r e l e a s e

Fc(OH)j — *« Fei04

F 6  (so lub le)

_ 3+
r 6  (p a r tic u la te )

40H

electron current electron current

Figure 6.1 Diagram o f iron oxide occurring and iron release (adapted from Ahmad, 2006)

6.2.2 Factors affecting corrosion

The rate and extent of corrosion are dependent on the surrounding environment. In the case of 

iron corrosion in an aqueous setting (e.g. a water distribution network), the following are the 

main factors affecting corrosion (Mays, 1999):
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Velocity: higher flow rates can increase the rate of transfer of dissolved oxygen to the 

surface, hence increasing corrosion

Temperature: generally rates of chemical reactions increase with higher temperatures 

pH: as pH is defined as the minus log of the concentration of H^ ions, lower pH 

increases corrosion due to H^ being the electron acceptor during corrosion 

Alkalinity: bicarbonate ions act as a pH buffer in water and so can help to minimise 

corrosion

Dissolved oxygen (DO): oxygen is a vital component of corrosion, reacting to form 

ferrous and ferric ions and so increasing corrosion and iron dissolution 

Total dissolved solids (TDS): a high level of dissolved solids in water indicates a high 

ionic concentration and therefore greater conductivity, meaning greater flow of 

electrons and increased corrosion

Microbial activity: microorganisms generate reactions which can alter the pH, DO 

concentration, etc. hence can increase or decrease corrosion

6.2.3 Iron dissolution

The main bulk of relevant research has been focused on iron release from corroded pipes in

water distribution networks, (Sarin et al., 2001, 2004a and b; Tang et a l, 2006). This causes

'red water' or 'coloured water', giving rise to water quality problems such as turbidity, taste,

etc., and is one of the main causes of consumer complaint (Mutoti et al., 2007a). As discussed,

iron is released by corrosion of the metal, dissolution of ferrous components from the

corrosion scales, and hydraulic scouring action of the flowing water. The relationship between
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the rate of corrosion and rate of iron release is not a simple one, (Benjamin, 1996). Corrosion 

is the electrochemical process described above, and results in the direct release of 

predominantly iron(II) into the water. Dissolution of the corrosion scales is widely accepted as 

the primary mechanism of iron release. Release from these passive layers is dependent of the 

solubility of the layer. It is the water contained in the inner porous layers that act as electrolyte 

transport for Fe ions (Sarin et al., 2004a). McNeill and Edwards (2001) showed scouring of 

the corrosion scales at excessively high velocities, giving rise to higher suspended solids 

concentrations, i.e. particulate iron. These studies have given good indications of the 

parameters involved the dissolution of iron from rusted metal, namely: dissolved oxygen 

(DO), pH, chloride concentration, sulphate concentration, alkalinity, buffer intensity, 

temperature, and water flow characteristics. Tang et al. (2006) observed that total iron release 

increased as both pH and alkalinity decreased, and Sarin et al. (2004b) noted higher iron 

release with the lowest DO concentrations and stagnation, and the vast increase in iron release 

under longterm exposure to anoxic conditions. Water quality modelling in water distribution 

systems involve the principles of mass conservation, complete mixing o f water entering 

junctions, and application of the suitable generation and decay kinetics (Clark and Grayman, 

1998). The following is the advection-dispersion equation provided by Clark and Grayman 

(1998) amongst others:

in which C(t,x)ij is the concentration, x is the location along the pipe length, t is the time at 

location x, ij is the link between nodes i and j; Uij is the link’s flow velocity, and ky is the first-

{Eq.6)
5Cit, x)ij

si =  —u
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order rate constant within the link. Recent iron release models for water distribution systems 

have been developed mathematically and empirically by Mutoti et al. (2007a), based on pipe 

material and geometry, flow characteristics, and water quality. It was found that using the 

above advection-dispersion equation, substituting the generation term with Km(SAyV):

dĈ tpc) _  , ,, fSA^ (Eq.7)

2
where Km is the surface-release flux term (mgFe/m /day), SA is the surface area o f the pipe

'y , , •> .  "j .  ,  9

(m ), V is the pipe volume (m ), Q is the flow rate (m /s) and A is the cross sectional area (m ). 

For known initial conditions and steady-state flow:

 ̂ . dqt,x) etc {Eq. 8)
—  = O a n d —  = ~

_  QdC /5>1\ {Eq. 9)

As:

Q (Eq. 10)

A =  ^

with u being the velocity o f the water (m/s)

Now; (^Eq. II)

SA nDL 4
V n D ^L /4  D
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And:

dx  = u d t

where D is the pipe diameter (m)

So:

dC 4Km

And finally by integrating both sides:

A[Fe] = 4K„(HRT)/D 

where HRT is the hydraulic retention time (days) 

and:

Km = po + Pi(Re -  2000) {Eq. 15)

where: Po and Pi are parameter estimates established for each pipe material and water quality, 

and Re is the Reynolds number o f flow. As expected, the flux value for unlined cast iron pipes 

was over twice that o f galvanized iron. Subsequent pilot scale testing o f this iron release 

model on a functioning drinking water distribution system verified the developed model 

(Mutoti et al., 2007b).

These modelling aspects are very different from the current study however, as pipeflow 

equations camiot realistically be used in water flowing through corroded iron objects with a

{Eq. 12)

{Eq. 13)
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varying size distribution. It may be possible though, for other models to be adapted in some 

way to suit new experimental conditions, which is investigated later in Section 6.5.

6.3 Materials and Methods

6.3.1 Materials 

6.3.J.1 Iron metal

Iron metal to fill the reactor was obtained from Bisset Engineering Ltd., a steel engineering 

and fabricators based in Dublin. The swarf - turnings, chips, or filings - are shavings and 

chippings o f metal, and are the debris resulting from metalworking operations including 

milling and grinding. These were all o f varied size distribution and were sourced from the 

steel production area only. Larger pieces o f steel -  nails, bolts and ofF-cuts o f beams, rods, etc., 

were taken from the Structural Engineering Laboratory (TCD). All o f the metal was washed 

with a degreasing agent (Swarfega Jizer - DEB Group, UK), and then cleaned with several 

rinses o f tap water. The metal was then spread out on trays to dry and corrode. To speed up the 

corrosion process, the metal was doused in tap water daily and allowed to dry. Once the metal 

had been completely covered in rust, the swarf was sorted by passing it through a 10mm sieve. 

Anything that passed through the sieve was termed ‘small’, anything that did not was classed 

as ‘medium’, and all o f the larger pieces combined were called ‘large’. An example o f the 

rusted iron used in the experiments can be seen in Figure 6.2.
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Figure 6.2 Example o f  corroded iron pieces

6.3.1.2 Reactor

The upflow reactor consisted of a 15 cm diameter PVC pipe that tapered into a valve at the 

base (Figure 6.3). The schematic shows and example of two holes drilled for drain tubing and 

sample collection, positioned at the appropriate height (just above the level reached by each 

set of iron pieces).
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Figure 6.3 Schematic o f  the experimental rig 

6.3.2 Methods

To make a comparison between the different sizes of corroded iron, all experiments were

carried out with the iron packed to achieve the same void space. To obtain equivalent void

spaces in the reactor for the 3 different size categories, a section of 15cm diameter pipe was

cut and attached to a flat base. A sample of 600g of each size of iron pieces was then placed in

the section, with water being added to fill it. The volume of water was recorded, and the

volume required to fill the empty section was also recorded. The base of the reactor was filled

with stones (which were washed and dried beforehand) to where the pipe had a uniform

diameter and then a permeable geo-membrane on top of the stones so any sediment would not
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clog or damage the valve. The mass o f iron (of each size) required to displace 4 litres o f water 

was placed in the reactor for separate experiments, with the pipe contents being shaken to 

compact the material as much as possible. Holes were drilled into the side o f the reactor at the 

appropriate height for each size grading as shown on Figure 6.3, with a discharge tube fitted 

going to a drain. A peristaltic pump (Watson Marlow 220S) was then used to pump tap water 

from a 100 litre capacity tank up through the iron filled reactor at 3 different flow rates (0.3, 

0.6 and 1.2 1/min). 30ml samples were taken from the discharge tube after each HRT of clean 

water flow through the reactor for up to 8 HRTs. The samples were then filtered through a 

0.45nm filter paper, acidified with 1% nitric acid (BDH) and refrigerated until analysis. Each 

experiment was repeated twice, with the iron being allowed to dry completely and fully rust 

again between tests. This process took up to 3 days on average. (As mentioned in Section 

6.2.3, iron release can occur from hydraulic scouring o f the metal, so the corrosion scales are 

essentially washed off" the metal during the experimental run).

Long term experiments were then carried out, using all sizes o f metal packed into the reactor 

to minimise the void space. This time 2 different flow rates were used, 0.125 and 0.6 1/min, 

and ran constantly for up to 3 weeks. During these tests, air was pumped into the reactor 

instead o f water for time periods ranging from 6 minutes to 24 minutes. Arbitrary sample 

times were chosen throughout the experiments, and samples were taken and treated as above.

For the purposes o f providing a data set with definable physical properties against which to 

calibrate the geochemical model PHREEQC (as described later in Section 6.5), another set o f 

experimental runs were carried out using only rusted nails o f  the same size from the ‘large’
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portion o f iron materials. 319 six inch nails were placed in the reactor standing up so as to fill 

the reactor with one layer evenly. Again tap water was pumped through the reactor, this time at 

a rate o f  0.6 1/min, and samples were taken as before. There were also periods when air was 

introduced to the reactor for these tests, with the reactor being drained and material allowed to 

dry.

The total iron content o f all samples was measured by ICP-AES as described in Section 3.9.

6.4 Results and discussion

6.4.1 Sized iron experiments

Figure 6.4 shows the results from ICP analysis o f samples taken from the experiments 

involving the 3 different size categories o f iron and at the 3 flow rates. The plot shows a clear 

trend o f decreasing iron dissolution with increasing water flow through. This conforms with 

the theory that corrosion scales are washed off with flowing water, especially since very little 

air (only already dissolved oxygen and aeration o f the water through its surface) is available 

and able to penetrate the iron pack when submerged. As the dissolution o f hydrous ferric 

oxides progresses over time, and a lack o f oxygen is available for fiirther iron oxides to form 

on the metal surface, the rate o f dissolution slows and eventually the resulting concentration 

drops significantly, and in the case o f the ‘large’ pieces, to an almost negligible level.
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Figure 6.4 Plot o f  iron dissolution against each flow  through o f  clean water (defined as 1 
hydraulic retention time) fo r  different sized material and flow  rates (Note: error bars only 
shown on one line to avoid confusion)

Due to the difference in surface area to mass ratio of the 3 size category packs, a considerable 

decrease in iron dissolution is noted with increasing iron size. This is as expected, with the 

‘small’ size having the greatest surface area for the water to come into contact with, and hence 

generally most dissolution. This trend continues with the ‘medium’ size having next best 

dissolution efficiency, and ‘large’ performing worst. The trend is also by and large consistent 

across the 3 different flow rates.

Also, as expected was the higher level of iron dissolution with decreasing flow rate. The
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slower the water movement through the reactor, the greater contact time with the iron material, 

and so the water has more time to react with the hydrous ferric oxides on the metal surface. 

Again, this trend was noticed across the 3 size categories.

The actual amount o f iron dissolution is very high given a relatively small mass o f iron was 

used in the experiments (1.544 - 5.58 kg), in fact up to 5 times the concentration required for 

use in the SORAS process (depending on initial As concentration). Hence, these initial tests 

have shown promising results for possible full-scale use o f such a process in the field.

6.4.2 Long term experiments

To investigate the sustainability o f such a system, long term experiments as described in 

Section 6.3.2 were carried out and the results are presented in Figure 6.4. As the reactor was 

fully packed with all sizes o f iron material, a significant increase in iron dissolution was seen 

during the first 3 passes o f clean water compared to those in the sized iron tests. Again a large 

difference is noted between the 2 flow rates, the slower (0.12 1/min) rate giving a four-fold 

increase in resulting Fe concentration over the faster (0.6 1/min) rate after the first HRT of 

flow. For both flow rates, iron dissolution dropped quickly (after the first 3-5 HRT o f flow), 

but continued to be sufficient for the SORAS process (~10 mg/1) for over 100 reactor volumes 

for the slower flow rate (until air was introduced) and 300 reactor volumes for the fast rate 

(again until air was introduced), which is 650 litres and 1950 litres respectively.

When air was introduced to the system (shown by arrows on the plot), a sharp increase in iron

concentration was seen in the samples taken. Each time, air was pumped through the reactor

that was already filled with water. The green arrow indicates the point during the 0.12 1/min
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run when air (pumped at the same rate) was introduced to the system for a 26 minute duration 

(0.5HRT). Almost immediately, a spike in concentration o f 13.8 times the previous sample is 

noticed. As with the previous tests, the concentration then declines to when it eventually 

reaches -  after 8 days -  a constant low level (1-3 mg/1). A similar trend was observed during 

the 0.6 1/min run. The pink arrow shows when air was pumped through the reactor instead o f 

water for 6 minutes (0.5HRT) at 0.6 1/min. This time, a 7.4-fold increase in iron concentration 

was recorded, with it subsequently dropping only to over half that value after almost 150 more 

HRTs. Air was introduced once again (yellow arrow), for 24 minutes (2 HRTs) at this point 

and a second spike is seen. This peaked at over 200mg/l after 150 HRTs, and subsided again, 

this time over a longer period, with the concentration still remaining high (>90mg/l) even after 

500 more HRTs.
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Figure 6.5 Plot o f  iron dissoultion against hydraulic retention times at 0.12 l/min and 0.6 
l/min fo r long term tests. ^  Indicates point at which air was pumped through the reactor at 
0.12 l/min fo r  26 minutes. \  Air was pumped into the reactor at 0.6 l/min fo r  6 minutes at this 
point. I  At this point, air was pumped (again at 0.6 l/min) through the reactor, this time fo r  24 
minutes.

As discussed for the sized iron experiments, iron dissolution decreased after each subsequent 

water pass, with corrosion scales being washed away. This long term study showed the same 

tendency, but the decline was reversed when air sparging was initiated. The oxygen introduced 

by sparging recommences the corrosion process by the activity described in Section 6.2.1, and 

the soluble ferrous ions on the surface dissolve for further iron release. This has major 

implications on the long term sustainability of using this method for the required iron content 

in the SORAS procedure, whereby letting air into the rusted metal intermittently may maintain 

the necessary iron concentration for a prolonged period of time.
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6.4.3 Wet/dry experiments

Experiments were carried out as detailed in Section 6.3.2 using one layer of corroded nails, 

and letting the reactor drain and the material dry out for different time periods, to examine the 

change in Fe dissolution. Figure 6.5 shows the results of a sample of these experiments, using 

a flow rate of 0.6 1/min, and drying times of 1 hour. The amount of iron dissolved from the 

hydrous ferric oxide surface was much smaller than in the previous tests, due to the significant 

decrease in surface area by using only the nails. The concentration remained reasonably stable 

for the first 3 hours experimental time, after an initial increase in concentration from the first 2 

retention times. After a drying period of 1 hour the first sample taken showed a significant 

decrease in iron concentration, most likely due to the particulate iron being washed off the 

material. However, the subsequent concentrations increased to above that of the stable values 

recorded before drying, indicating the potential benefits of incorporating wet/dry periods into 

the process. It should be noted that the second drying period for test 2 did not result in such a 

high increase, implying the drying time may need to be increased for each subsequent drying 

period.

During the longer term experiments (see Figure 6.6), the same flow rate was used (0.6 1/min) 

and samples were taken 400 minutes after the drying period (of 1 hour). The plots from both 

sets of experiments are similar in that the concentrations are low and remain steady for the 

first portion of the experimental run, and there is an increase in concentration after the drying 

time. However, the final samples taken in these long term tests show a significant decrease in 

dissolved iron concentration. This agrees with the previous long term tests using the packed 

bed of all sizes of iron. The drying times therefore would need to occur at regular intervals, 

and as suggested above, each subsequent drying period would need to have a longer drying 

time.
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Figure 6.6 Iron dissolution over time with periodic drying (I hour drying time: purple line test 
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Figure 6.7 Iron dissolution over time with periodic drying (1 hour drying time: green line)
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The purpose of these experiments was to investigate the possible use of an iron dissolution 

system in the field for the iron requirement of the SORAS process. As experiments showed 

significant amounts of resulting dissolved iron, it could be an option where iron is not present 

in the water to be treated, or if additional iron is needed for higher initial arsenic 

concentrations in order to optimise the design kinetic. The concept would be to have two (or 

more) columns filled with corroded iron materials, having one releasing dissolved iron to 

water passing through it, while the other dries and re-rusts, and alternating between them to 

maintain the iron release. An advantage of using such a system in conjunction with the 

SORAS process is that the reactor can only be used during daylight hours, hence the iron 

material could be left drying at night.

6.4.4 Arsenic adsorption to zero valent iron

No experiments on iron dissolution were carried out using arsenic-spiked water however, in 

reality the water used in the reactor would most likely be contaminated with As. As mentioned 

in Section 2.3.3, zero valent iron can be used to remove arsenic from drinking water. Leupin 

and Hug (2005) and Nikolaidis et al. (2003) amongst others showed significant removal of As 

in column tests using ZVI and sand as adsorption media. Both studies observed leaching of 

Fe(II) from the ZVI, As(III) oxidation and As(V) adsorption onto the media. Nikolaidis et al. 

(2003) found that a colunm containing 73kg of iron filings could reduce As(III) (average 297 

|ig/l) to below 10 ng/1 for up to 8 months, running at 2722 1/d. A column length to diameter 

ratio o f 5 is suggested to prevent plugging. Leupin and Hug (2005) found a number of 

columns in series to be more effective as aeration of the water occurred when in contact with 

oxygen, promoting oxidation of both As(III) and Fe(II) and hence fiirther adsorption and
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precipitation. By taking this into consideration when designing the iron reactor, given there is 

arsenic present in the influent water, the SORAS reactor could be made smaller as the water be 

subjected to UV treatment would have a lower As concentration than originally expected. This 

will be discussed further in Section 7.

6.5 Modelling

6.5.1 PHREEQC

PHREEQC (version 2) is a computer program designed to perform a wide variety o f  low- 

temperature aqueous geochemical calculations. PHREEQC is based on an ion-association 

aqueous model and has capabilities for (1) speciation and saturation-index calculations; (2) 

batch-reaction and one-dimensional (ID) transport calculations involving reversible reactions, 

which include aqueous, mineral, gas, solid-solution, surface-complexation, and ion-exchange 

equilibria, and irreversible reactions, which include specified mole transfers o f reactants, 

kinetically controlled reactions, mixing o f  solutions, and temperature changes; and (3) inverse 

modeling, which finds sets o f mineral and gas mole transfers that account for differences in 

composition between waters, within specified compositional uncertainty limits (USGS, 1998). 

It was used to calculate the amount o f iron release as Fe(OH )2  to flowing water from a column 

o f corroded iron metal.

The experiments were modeled using the transport calculation functions for irreversible 

reactions. To begin, the tap water solution parameters were entered (Table 6.1)
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P aram eter Value U nit

Temperature 10.5 - 14 °C

pH 6.89 - 7.94 -

Ca 1 5 - 2 3 mg/1

Cl 2 2 - 2 8 mg/1

Cu 0.1 - 1 mg/1

Fe 0 .0 1 4 -0 .0 5 9 6 mg/1

F 0 . 6 - 1 mg/1

O2 7-10 mg/1

M g 13 - 19 mg/1

A1 0 . 0 5 - 0 . 1 2 mg/1

P 0 . 0 1 3 - 0 . 0 2 7 mg/1

A lkalinity (as CaCOa) 2 0 - 3 5 mg/1

Na 3 . 7 - 5 . 9 mg/1

P 1000 kg/m^

Table 6.1 Tap water parameters used in PHREEQC

N ext, the iron metal w as input as a saturated solution o f  iron with a density o f  3.57 g/cm^. 

Then a surface for the solid was equilibrated with this solution according to the parameters 

given b y  Dzom bak and Morel (1990) for hydrous ferric oxide (HFO):
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Param eter Symbol Value Unit

Specific surface area A 600 m^/g

Solid concentration TOTFe

0.09

or

1 0 '̂

g/L (mol Fe/90 g 

HFO)

M (mol Fe/kg 

solvent)

Weak site TOT(Fe'"OH) 2 x 1 0 "*
M (mol Fe/kg 

solvent)

Strong site TOT(Fe*OH) 5x10'^
M (mol Fe/kg 

solvent)

Table 6.2 HFO parameters (Dzombak and Morel, 1990)

The Donnan diffuse layer with a low thickness value was used due to the high porosity of 

HFO (Dzombak and Morel, 1990). The wet and dry metal in the reactor was weighed to give 

the mass of water contained in these pores. Next, the transport fiinction was used to introduce 

the two solutions to each other by entering the time step, column data and flow conditions. In 

order to model the dissolution of iron from the HFO, the rates and kinetics fijnctions were 

used. The water density, dynamic viscosity and velocity, and the reactor diameter and retention 

time were input here. The method used by Mutoti et al. (2007a) to reduce Equation 6  was 

applied to the current reactor set-up to obtain the rate of soluble Fe generation. Mutoti et al. 

(2007a) showed that in a pipe distribution network, the change in Fe concentration in the 

flowing water was equal to the surface area multiplied by the retention time and divided by the 

volume, and multiplied by a constant Km (for each type of pipe material and water quality). 

This is the main parameter that was investigated in the calibration of the model. 

Stoichiometric coefficients of each species of iron (Fe+2, FeC0 3 , FeO, Fe(OH)2 , Fe+3,
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Fe(0H)3, FeOOH, Fe2 03 ) were added, and the Runge-Kutta ODE m ethod was chosen to solve 

the incurring reactions.

The gas phase function was used to simulate the drying/air purging steps. The com ponents o f  

air and their partial pressures were entered, and the volume o f  gas (whether the reactor being 

allowed dry out, or air being pum ped in) and the drying tim e step were also input here.

6.5.1 Model results

The m odel was first calibrated against the experiments which used only the nails packed into 

one layer in the reactor, as a more accurate value o f  surface area could be calculated from the 

geom etrically standard nails compared to the swarf. A lthough the specific surface area o f 

hydrous ferric oxide is given by Dzombak and Morel (1990), the m ass o f  HFO in the 

experim ents is clearly less than that o f  the total mass o f  iron pieces, hence the specific surface 

area was calculated based on an estimated mass o f  HFO. It should be noted that this estimation 

m ay have contributed to some o f  the errors within the model.

Figure 6.7 shows the model output (as moles o f  iron per kilogram solvent (water)) plotted 

against the experim ental data from these tests. There is reasonable com parison betw een the 

experim ental data and model output, with relatively steady levels o f  iron until the drying 

period w hen the concentrations increases.

In an attem pt to model the other experiments (using the reactor packed o f  all size iron pieces),

this m odel grossly underestim ated the resulting dissolved iron concentrations (by a factor o f

100 on average), indicating that the model requires further calibration. This is m ost likely due

to the lim itations o f  PHREEQC, as it is a software based on equilibrium  calculations and has

fixed capabilities in estimating the constant changing o f  the surface and sample, ie. the

com plicated and num erous reactions involved in the corrosion and Fe(II) production,
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including short-lived intermediary species. The chloride and dissolved oxygen concentrations 

could have also played a part in the further corrosion of the metal, thus altering expected 

results. Other trace metals associated with the scrap iron could have caused some interference 

with the ICP analysis, also giving possible errors in experimental results.
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Figure 6.8 Plot o f modelled and experimental results o f Fe (molality) against time. (1 hour 
drying period indicated by green line)

Once a calibrated model is developed, it can be then used so as to vary wetting and drying 

times, flow rate and mass of required iron, in order to get the optimum process without the 

need for further experimentation. This model would likely be produced by using a more 

suitable software such as ACCUCHEM.
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CHAPTER 7; ENGINEERING DESIGN FOR RURAL WATER SUPPLY

7.1 Introduction

There are advantages and disadvantages to treating water at both community scale and 

household level. As mentioned previously the use o f SODIS at household level has not been 

taken up by users as hoped, hence this research into a village scale system. There are 

numerous other factors that must be taken into consideration when designing a water treatment 

system at any level in developing countries. The continuous risk o f pathogenic contamination 

during transportation, handling and storage due to unhygienic practices is a major issue in 

itself. Regardless o f the efficacy o f the treatment process, microbial contamination that causes 

waterborne diseases can occur, rendering the actual treatment futile (WHO, 2002). Table 7.1 

details the advantages and disadvantages o f household and community systems, indicating 

some o f the considerations required to be addressed in implementing water treatment in a 

developing county scenario.
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Household T reatm ent

Advantages Disadvantages

High removal o f contaminants Efficiency depends on user knowledge

Generally low capital and running cost 

(varies)
Need for continued purchase o f consumables

Usually simple to operate
Depends on individual dedication and 

participation

Good quality water Limited volumes produced

No need to travel to get water
Storage in the home where contamination can 

occur

Com m unity T rea tm ent

A dvantages Disadvantages

High removal o f contaminants
Need for committee/individual in charge o f 

system

Low running costs, consumables bought in 

bulk

High capital costs and need for water fees to 

be collected on regular basis

One time installation Can have higher technical difficulty

Large volumes produced Need to travel to collect water

Individuals do not bear responsibility o f water 

quality as it is distributed amongst the 

community

Space requirement

Table 7.1 Advantages and disadvantages o f  household and community water treatment

The various treatment methods available must be chosen on a case-by-case basis, with user 

acceptability in mind, particularly with regard to females in the community, as they are the 

group who use the water most for cooking and cleaning etc.

198



In order to apply the results o f this research to the practical design for a full-scale arsenic 

removal system, a number o f parameters must be taken into consideration, namely:

• The target population

• The per capita daily water requirement (drinking and cooking)

• The variation in intensity o f solar radiation received per day

• The raw water concentrations o f arsenic and iron

• Other raw water quality parameters ( competitive species e.g. PO4)

• The threshold UV dose required

• The removal rate coefficient

• The system flow rate

From these, the size o f the required reactor system can be calculated. An example o f this is 

outlined in the following sections, based on a hypothetical village in the Bengal Basin region. 

The village has a target population o f 500 inhabitants, with a potable water requirement o f 10

litres per capita per day (as stated previously, arsenic-free water is only required for drinking

and cooking).

7.2 Sizing of continuous flow CPC SORAS reactor

Based on the results found in large scale testing (Section 4.9), an average o f  7.5 kJuv/1 was 

needed to remove any arsenic concentration up to 1000 |ig/l, as long as there was required 

iron in the raw water feeding the reactor (i.e. 10 mg/1 Fe required fori 000 ng/1 As). If naturally
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present iron is not sufficient, the use of iron sahs would be recommended, or an iron 

dissolution reactor similar to that tested in Section 6.3 (this will be discussed further in Section 

7.4). At the tested flow rate o f 10 1/min, the research has shown that 75 kJuv /n iin  o f solar 

radiation is required to fall on the reactor for effective arsenic removal down to less than 10 

|ig/l, which equates to 1250 Watts.. Sample UV data from India (although not in the region o f 

interest) reported by Balasaraswathy et al. 2002, shows an average UV-A value o f 35 W/m^ 

from 9am to 5pm (see Figure 7.1). Hence using this value for the design o f the system means 

that the overall size o f  the irradiated area required for effective arsenic removal at a flow rate 

o f 10 1/min is 35.7 m . This equates to 15 o f the standard 10 tube reactors (as tested in this 

research) joined in series. Each reactor has 10 x 1.5 m long tubes, hence giving a total length 

o f tubing for this village o f 225 m. At the tube diameter o f 48 mm and flow rate o f 10 1/min, 

this would mean a hydraulic retention time o f 37.5 minutes for water passing through the 

reactor. It is believed that this irradiation time would be sufficient given the conservative UV 

value used, as Hug et al. (2001) reported average values o f 70 W/m^ (although no detailed 

data was given).
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Figure 7.1 Light intensity data fo r  southern India (Balasaraswathy et al., 2002)

The reactor would need to be inclined at an angle according to the location’s latitude (e.g. 22° 

32’ for Calcutta, India) and directed due south for maximum sunlight capture. Water would be 

pumped from an arsenic contaminated tube well to a small reservoir just above the inlet to the 

reactor, to promote gravitational flow o f water through the system controlled by an outlet 

valve. This pump would need an electricity supply, or use could be made o f a solar powered 

pump given the clear suitability o f the region for solar applications. At the beginning o f each 

day (~9am), the manual valves to the inlet and outlet o f the reactor would be opened and 

adjusted to the design flow rate o f 10 1/min. The reactor would be given sufficient irradiation 

time for the water contained in the tubes to receive the required UV dose (based on UV 

intensity. The reactor would then run at this fixed flow rate with minimal operator interference 

until 5pm, with treated water exiting to a clarification system (Section 7.3) for the precipitate 

removal. To overcome the issue o f sedimentation o f precipitate that would occur overnight 

within the reactor tubes, a number o f options could be utilized. The reactor could be allowed
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to empty at the end o f the daylight hours, and refilled the next day, though would require 

additional manpower and waste a certain amount o f water. The reactor could be flushed each 

morning with a higher flow rate to dislodge any sediment, but more energy would be needed. 

The simplest option would be to close the outlet valve at the end o f the day, and then allow the 

treated water to discharge to clarification under darkness, thereby refilling the reactor with 

contaminated water ready for the next day’s treatment, with little to no sedimentation. As 

discussed in Section 4.11, periodic cleaning o f the reactor tubing would be needed, however as 

this was not investigated fully on the large scale, observations would have to be made on a 

pilot system for intervals at which cleaning would need to occur.

The proposed system would be similar in appearance to that shown in Figure 7.1, an example 

o f a full scale CPC reactor system implemented in Ndulyani village in Kenya for solar 

disinfection (Gill and Price, 2010).

Figure 7.2 Full scale solar disinfection system in Kenya (Gill and Price, 2010)
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7.3 Suggested design of coagulation-flocculation-clarification system for 

SORAS precipitate

Using the design information in Sections 5.2.1 and 5.2.2 previously, and the results from 

coagulation-flocculation and fall velocity tests, the following is an example o f a full scale 

treatment system for use in conjunction with the SORAS continuous flow reactor. As this 

system is intended for use in developing countries, the appropriate design should be easily 

built and maintained, with a minimum energy requirement. The suggested design is therefore 

an around-the-end baffled channel for flocculation and a simple rectangular tank as a 

sedimentation chamber.

Appropriate hydraulic conditions need to be designed up front o f the sedimentation basin in 

order to allow effective flocculation. A simple open channel baffled flocculator has been 

chosen as offering the most appropriate solution. Figure 7.2 shows a plan view o f a baffled 

channel. Haarhoff and van der Walt reported optimum geometric ratios for channel design o f 

slot ratio (p) = 1, overlap ratio (q) = 4.5, and depth ratio (r) = 2, for a G value o f 50 s‘'. As the 

G value for flocculation calculated in the ja r tests carried out in Section 5.3.3.1 was 45 /s, 

these ratios were used in the design o f the suggested baffled channel. The discharge from the 

SORAS reactor is 10 1/min, and a velocity o f 0.1 m/s, so for gentle mixing, the cross sectional 

area o f  the channel would need to be greater than that o f the reactor tubes. For example, if  the 

area was doubled -  giving -15000 mm^, the charmel width would be 80 mm and depth 160 

mm. The overall tank width and length would be 480mm and 1120 mm respectively, 

containing 14 channels with 13 baffles.
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average depth  = iB

Tl

N  ihaim el^ o r (^-1) baffles

Figure 7.3 Plan view o f baffled channel flocculator. (N = number o f  channels, therby fixing  
the number o f  baffles at (N-1); B = the channel width between baffles; p  = the slot ratio (with 
respect to B); q = the overlap ratio (with respect to B); r = the depth ratio (with respect to B); 
w = the baffle thickness; Ah = head loss across one turn (m); Q = flow rate (m /s)) (Haarhoff 
and van der Walt, 2001)

The settlement tank has been designed using the settling velocity and the mean flow rate and 

general practice suggests factoring up by a factor o f 2 to take into account turbulence, wind 

drag and effects o f sunlight creating thermal currents. Basic design and sizing details for full 

scale treatment include: retention time: 2-4 hours, velocity o f flow: not greater than 30 cm/min 

(horizontal flow), tank dimensions: L:B = 3 to 5:1 (generally L= 30 m, maximum 100 m, 

breadth= 6 m to 10 m) and circular: diameter not greater than 60 m (generally 20 to 40 m), 

depth 2.5 to 5.0 m, surface overflow rate: 12000 to 30000 L/d/m^ tank area, and slopes: 

rectangular 1% towards inlet, and circular 8% (M etcalf and Eddy, 2003). Based on a flow rate 

through the CPC reactor o f 10 1/min and a settling velocity o f the precipitate o f 0.015 mm/s, 

the surface area o f the sedimentation basin would need to be approximately 20 m". The 

dimensions o f a simple rectangular tank would be 4.5 m(length) x 1.5 m(breadth) x 1.5
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m(depth), which is relatively small for a full scale treatment scenario. This surface area could

even be dramatically reduced if  using 20 mg/1 Moringa oleifera or 20 mg/1 Moringa oleifera

2 2and 20 mg/1 potato starch, to 6 m and 3.5 m respectively, based on their settling velocities. It 

should be noted however, that if  such coagulants / flocculant aids were to be incorporated into 

the design these would require separate preparation processes to get the material into the 

correct form for addition into the raw water which adds another level o f complexity to the 

overall design and maintenance o f such a system. Katayon et al. (2006) investigated storage o f 

Moringa oleifera solutions for use in coagulation processes for turbidity removal. It was 

concluded that the solutions (as made up in the current study -  see Section 5.2) did not require 

refrigeration or to be kept in closed containers, as it had no effect on efficiency, and could be 

stored for up to one month before a decrease in efficiency was observed. In practice, the 

Moringa oleifera solution would be suspended in a container above the inlet to the baffled 

channel, releasing the appropriate volume and concentration o f the coagulant at the required 

time. For example, a high concentration stock solution being added dropwise via a small hole 

in a plastic container, sized to hold a fijll day’s coagulant requirement, therefore only needing 

daily refilling. Both the sedimentation tank and baffled channel would be constructed from 

metal or plastic.

An alternative to this system - which was not investigated experimentally - would be a sand 

filtration unit. Filtration as a method o f arsenic removal was discussed in Section 2.5.4, and
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due to the nature of the precipitate formed during the SORAS process, a sand filter could 

increase sediment removal efficiency, and also at a low cost.

7.4 Iron dissolution reactor

As suggested in Chapter 6, if iron concentrations in the inlet water were not sufficient for 

adequate removal of the initial arsenic concentrations, the use of corroded iron metal for iron 

dissolution could be utilised. The iron reactor would be similar to what was tested in Section 

6.3, with two or more columns being used, one having water flowing through it while the 

other(s) allowed to dry and re-corrode, alternating when the resulting dissolved iron 

concentration drops below the level required. By reducing the flow rate through a reactor that 

contains a large amount of iron, a feed could be supplied to the inlet with high concentrations 

resulting in the correct amount, rather than all the water needing to be passed through the 

metal.

7.5 Optimisation of system

The option of having the iron reactor as a pre-treatment stage, or coagulation with Moringa 

oleifera as a post-treatment step, or both, could change the design of the SORAS reactor. 

Arsenic adsorption onto the scrap iron could remove significant amounts before being
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oxidised using UV (Section 6.4.4), in addition to supplying dissolved iron. As shown in 

Section 5.4.2, Moringa oleifera can also remove arsenic and not just simply coagulate the 

already adsorbed particles. Using these addition elements jointly, whereby a lower As 

concentration is entering the solar reactor, and (more importantly) a higher concentration can 

be permitted in the effluent, the actual SORAS rig would be smaller (ie. UV threshold would 

not need to be reached). The technical difficulty in building the appropriate iron and 

coagulation elements is relatively low as described previously, and would be more cost 

effective in comparison with a larger solar reactor, as the glass tubing and aluminium 

reflectors are more expensive. However, the practicality o f this would have to be investigated, 

as a supply o f scrap iron and Moringa oleifera would need to be readily available.

As stated previously, water treatment options in developing countries should be chosen on a 

case-by-case basis, taking the appropriateness, sustainability and efficacy o f the technology, 

cost, and user acceptability into account.
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CHAPTER 8; CONCLUSIONS

8.1 Conclusions of research

8.1.1 The use o f  SORAS in a continuous flow  reactor

The resuhs from both small and large scale reactor testing have indicated the potential for the 

utilisation o f a continuous flow SORAS system at village level in a developing country. Inlet 

water arsenic concentrations o f up to 1000 ng/1 were reduced to below the MCL o f 10 ng/1, 

requiring up to 10 mg/1 iron. The compound parabolic collector (CPC) was found to be the 

most effective reflector profile in laboratory scale experiments, when compared against a 

parabolic reflector, V-shaped reflector and flat plate reflector.

Citrate (in the form o f both sodium citrate and natural lemon juice), when used in batch scale 

tests, enhanced the SORAS process by one third as had been found previously by other 

researchers. However, citrate was found to have the opposite effect (i.e. a detrimental effect on 

the process) in the continuous flow reactor studies. This is believed to be due to the increased 

levels o f dissolved oxygen concentrations in the continuous flow reactor due to the continued 

recirculation o f the water, compared to the quiescent conditions in the batch study. In such 

conditions the dissolved iron decreases the rate o f Fe(III) reduction, thereby decreasing the 

amount o f ROS being generated for As oxidation.

The arsenic removal kinetic was found to be biphasic, in that the initial drop in As 

concentration (first 0.2 hours irradiation time) resulted in a much steeper removal kinetic than 

for the following period, whereby arsenic removal proceeded at a more gentle rate. Generally



during the first phase, the rate o f  removal increases with iron dose, yet during the second 

phase, the removal rate showed a hysteresis effect with respect to the As:Fe m olar ratio up to a 

point.

The impact o f  other typical water quality param eters on the process was also investigated. PO4 

and Si0 3  both had an adverse effect on removal as was expected due to their competition with 

arsenic for the photooxidation products, as reported by other authors. Generally, this negative 

effect increases with ion dose, with the process demonstrating much higher levels o f 

sensitivity to PO4 concentrations compared to SiOs. Experiments using varying initial pH o f 

samples were also conducted, with the lower pH range resulting in the greatest removal 

efficiency, which agrees with previous published research. Interestingly, the pH tended to an 

equilibrium value in all tests, irrespective o f  the starting value. Tem perature also had an effect 

on rem oval, with higher tem peratures showing better removal rates, which was attributed to 

more effective adsorption o f  As(V) onto the iron. Experim ents which involved either the 

removal o f  initial dissolved oxygen, or the constant aeration o f  the sam ple using a diffuser, 

also showed a difference in the removal rate. The aerated sample reaction kinetic was 

significantly higher than the deoxygenated sample, however the final As concentrations after 4 

hours irradiation tim e were comparable. This was due to the (unavoidable) natural reaeration 

o f  the deoxygenated sample from the turbulent conditions in the reactor tubing.

The use o f  10 mg/1 Ti02 as a photocatalyst greatly increased the rem oval efficiency, taking 

ju st one third o f  the irradiation time needed without T i0 2  for reduction o f  1000 ng/1 to below 

10 |ig/l, w ith 9 mg/1 iron.
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The continuous flow testing of the SORAS process in the large scale reactor conducted in 

natural sunlight proved more efficient than the experiments carried out in the small scale 

reactor. The optimum dosages found in this set of experiments for 1000, 500 and 100 |ig/l 

initial arsenic (over 4 hours actual irradiation time) were 10, 8 and 5 mg/1 iron respectively, 

compared to the small scale dosages of 12, 10 and 5 mg/1 iron for 1000, 500 and lOOng/1 

initial arsenic respectively over 4 hours irradiation time. The threshold UV dose found for all 

initial arsenic concentrations was 7.5 kJuv/1 (as long as the requisite iron dose was present). 

An investigation into the effect of varying temperature on the removal process was also 

carried out on the large scale experiments. Contrary to what was observed in the small scale 

tests, no difference in arsenic removal occurred in these experiments, although only a 

maximum 15°C change in temperature took place.

The results from the SORAS-SODIS combined experiments showed that more research would 

have to be done to determine the respective design kinetics if such a system was to be run in 

parallel, as both the E. coli and arsenic seemed to have an adverse effect on the other’s 

removal efficiency. This was most likely due to competition of both contaminants for ROS. E. 

coli showed adequate removal, but at slower rates than previously reported from experiments 

without As or Fe present. The rate and final As concentrations showed a marked decrease in 

efficiency however, indicating that any raw water to be treated by the SORAS process should 

be checked for microbial contamination. However, the experimental conditions (ie. sample 

water used) were different to those without E. coli and therefore direct comparisons are not 

possible.



8.1.2 SORAS precipitate removal

As expected, the settling velocity o f the As-Fe precipitate was extremely slow due to the 

nature of colloidal particles. During coagulation jar tests on effluent from the SORAS reactor, 

the optimum dosages of coagulants were found to be: aluminium sulphate -  20 mg/1; Moringa 

oleifera -  20 mg/1; Magnafloc LT22S 0.1 mg/I; potato starch -  20 mg/1. These dosages 

resulted in the largest floe sizes in the shortest flocculation time with optimal sedimentation. 

Larger samples of SORAS effluent were then used (after flocculation with the optimum 

coagulant doses found) in a fall velocity column test to determine the settling velocity of the 

different floes formed, with and without the addition of coagulant aids. The fall velocity 

results indicated that for 50% removal of the precipitate, the combination of industrial 

coagulant aids (alum and Magnafloc) performed more effectively than the natural aids 

{Moringa oleifera and potato starch), with settling velocities (vso) of 0.238 and 0.096 mm/s 

respectively. It is evident that the use of conventional coagulants would be preferred if 

possible, however the natural aids did yield a 6.4-fold increase in settling velocities (vso) 

compared to samples flocculated without the addition of any chemical. This has therefore 

indicated a definite advantage of using natural, locally available coagulant aids in conjunction 

with the SORAS process.

8.1.3 Iron dissolution

Experimental results from passing clean water through a column filled with corroded iron 

pieces showed significant iron dissolution from corrosion scales, which could generate 

sufficient dissolved iron concentration for the optimal levels required for the SORAS process.

212



The resuhs o f the experiments where the iron was continually wetted and then dried showed 

that corrosion scales reformed when exposed to air, as expected. Hence, for the purpose o f 

providing a constant source of soluble iron into the reactor, a parallel system o f one column 

releasing iron to water while the other dries would seem to be an efficient design. This type o f 

system could be utilised in areas where iron is not naturally present in groundwater. Although 

a numerical geochemical model was calibrated to some o f  the physical results, a more rigorous 

model needs to be developed to model such a process from which the optimum flow rates and 

wet-dry time periods can be tailored to produce the required iron release for any specific 

arsenic removal scenario.

In summary, the studies on the SORAS continuous flow system were successfiil; in particular 

the large scale tests in natural sunlight, particularly given that the UV intensities in Ireland 

could be half those in West Bengal. This indicates the potential o f such a treatment process 

which could now be designed to remove arsenic down safe drinking water levels taking into 

account a spectrum o f different local geographical and water quality parameters. To 

demonstrate this, an example o f a fiill scale treatment system design was carried out for a 

hypothetical village in an arsenic affected region. This considered the required dissolved iron 

for the process and local variations in solar radiation from which the required size o f the 

continuous flow reactor was calculated. The precipitate removal system using a flocculation 

channel and sedimentation basin was then also designed. As a combined system, with the pre

treatment o f the iron reactor whereby a portion o f arsenic is adsorbed, and post-treatment o f 

coagulation to remove residual arsenic, the SORAS reactor size could be reduced. The UV
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threshold might not have to be reached as the low level o f remaining arsenic would be 

removed with the coagulant.

8.1 Recommendations for further research

• A full scale treatment system (such as that designed in Section 7.2) should be set up 

and tested in an arsenic affected region to determine the system efficiency in the field 

as well its long term sustainability and user acceptance

• The possibility o f using a fixed photocatalyst on inserts inside a continuous flow 

SORAS reactor should be tested in controlled conditions

• More research is needed to determine the efficiency o f the SORAS continuous flow 

process at a variety o f different natural light intensities

• A numerical model to predict the SORAS reactions in a continuous flow reactor should 

be investigated (using ACUCHEM for example)

• Further investigations, including numerical modelling, are needed to optimise the iron 

dissolution process with respect to flow rate and wetting / drying times

• Further investigations are needed into the precipitate formation and settlement inside 

the reactor tubes as well as methods to remove such solids (for example, increasing the 

flow rate).

• Research needs to be carried out into the economics o f manufacturing and installing 

such a system in the relevant arsenic effected countries as well as a cost benefit 

analysis o f the materials used in the manufacture
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