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Use of waste glass for arsenic removal from drinking water in Bangladesh: a 

laboratory and field –based study 

Abstract 

A number of low-cost synthetic filtration media have been proposed for the removal 

of arsenic (As) from drinking water in areas such as Bangladesh, where exposure to 

environmental arsenic is a major human health issue. This PhD research project 

examines the application of recycled glass and waste stainless steel fragments as a 

practical medium for arsenic removal at a household scale. To assess the 

performance of recycled glass media as a practical filter bed, glass granules were 

differentiated by colour, size and mode of glass size reduction (imploded and 

ground). The selected glass granules were used as media for batch adsorption and 

column filtration experiments using a prepared As (III) test solution and using 

natural As-contaminated water in Bangladesh, where recycled glass in column 

filtration mode was used to treat arsenic contaminated natural water in the presence 

of other metalloids. 

Filter media made from recycled glass and waste stainless steel fragments were 

characterized via SEM and PXRF. SEM study also gave information about the 

mechanism of arsenic removal by glass granules. Sequential extraction experiments 

were also performed on used filtration media to assess arsenic removal and 

adsorption processes. 

Results indicate that glass granules associated with stainless steel fragments (sstl) 

can remove arsenic from drinking water at an efficiency suitable for household 

application. Arsenic   removal effectiveness depends largely on the presence of 

stainless steel fragments with glass (introduced with the glass media during the 

recycling and preparation process). The glass particle size and mode of size 
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reduction was also found to influence the removal of arsenic: ground glass 

performed better than imploded glass and smaller ground glass particles (s<0.5 mm) 

performed better than imploded glass of the same size. Batch experiment results 

concluded that glass colour may have minor influences on arsenic removal although 

the differences were not significant. Further results also revealed that < 0.05 kg sstl 

can remove arsenic to below acceptable limits from a 0.50 ppm arsenic solution with 

an effectiveness >0.168 mg/g sstl. It was found that 57 kg of small clear DSGF (dry 

sieved ground fresh) glass (s<0.5 mm) can treat 132.5 l of water with 100% removal 

of arsenic from starting concentrations of 0.50 ppm, using a recycled glass filter 

column.  

There is a scope for improvement of the glass filter media by adding stainless steel 

fragments but the study did not determine the potential and further work is required 

to optimize the ratio of DSGF glass and stainless steel fragments. Considering the 

price and operational drawbacks of other existing filters in Bangladesh, recycled 

glass has potential to be used in more sustainable arsenic filter filtration units. The 

results, coupled with the low cost of waste glass, indicate that waste glass should be 

investigated further for use in domestic water filtration for arsenic removal. 
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Chapter 1 

Introduction 

Natural water contains a wide variety of impurities, which mainly include clays, 

organic detritus, algae, microorganisms, anthropogenic pollutants and toxic heavy 

metals. Arsenic is a heavy metal (strictly, a metalloid) and its compounds are 

ubiquitous and carcinogenic in nature. Smedley and Kinniburgh, 2002 reported that 

arsenic is found in the atmosphere, soils, rocks, natural waters and organisms and is 

mobilized through a combination of natural processes such as weathering reactions, 

biological activity and volcanic activity as well as through a range of anthropogenic 

activities. Arsenic (As) pollution in groundwater is one of the most important 

environmental contamination problems in the world and is a topic of major concern 

for researchers and government agencies around the world. Exposure to arsenic leads 

to an accumulation of arsenic in the human body (skin, hair, nails etc) and internal 

organs resulting in various clinical symptoms that may have carcinogenic effects 

(Wang and Mulligan, 2006 mentioned in WHO, 1993). Arsenic exposure occurs 

through environmental, occupational and medicinal sources. Excessive and long-

term human intake of toxic inorganic arsenic with food and water causes arsenicosis, 

which is disfiguring, disabling, and leads to potentially fatal diseases such as skin- 

and internal cancers (Sharma, et al., 2014). Natural occurrence of arsenic in 

groundwater at elevated concentration (>10 μg/L) has been reported from many parts 

of the United States, Canada, Argentina, Mexico, Chile, Taiwan, China, Japan, 

southern Thailand, Ghana, Hungary, Finland and increasingly in West Bengal 

(India), Bangladesh, Nepal and Vietnam (Vu, et al., 2003; Kapaj et al., 2006; Haque 

et al., 2007; Singh, et al., 2007; Mukherjee, et al., 2006; Choong, et al., 2007). 
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Among Southeast Asian countries Bangladesh is the worst affected country. 

Groundwater is the dominant source for supplying drinking water (more than 95% of 

total population) as well as in sustainable irrigation (70-80% of total irrigation) for 

crop production in Bangladesh (Haque, et al., 2007). Millions of people are 

potentially at risk of arsenic poisoning from drinking-water sources in Bangladesh 

(Shafiquzzaman, et al., 2009) causing severe health disorders ranging from 

melanosis to skin cancer and gangrene. The current study was undertaken to find an 

inexpensive, easy to handle and sustainable filter media that will potentially remove 

arsenic from drinking water. This chapter will introduce relevant background 

information on arsenic pollution, its importance, different arsenic removal 

technologies and the justification for undertaking this project. 

1.1 Background  

Arsenic is a highly toxic and naturally occurring substance, whose name is derived 

from the Greek word arsenikon, meaning potent (Choong, et al., 2007). Arsenic 

distribution and toxicology in the environment is a serious issue. Chronic ingestion 

of As-enriched drinking water can lead to a series of diseases, including skin tumors, 

liver dysfunction, and gangrene and hearing loss (Yang and Donahoe, 2007 as 

described in Hutton, 1987). According to WHO (2000), the long-term health effects 

of exposure to arsenic are skin lesions, skin cancer, internal cancers of the bladder, 

kidney and lung, cardiovascular disease, diabetes etc. Ingestion of water with high 

arsenic concentrations leads to a range of health problems such as leukomelanosis, 

hyperkeratosis, black foot disease, hepatomegaly, neuropathy and cancer (Jakariya, 

2003 cited in Khan and Ahmed, 1997). Arsenic can also cross the placenta and can 

cause low birth weight, fatal malformation, and even death. Jakariya (2003) stated 

that the severity of arsenic toxicity in the human body varies from person to person, 
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depending on the exposure time to arsenic contaminated water and the quantity and 

volume of arsenic ingested. It is also influenced by the nutritional status of the 

person, immunity capacity of the body and their socioeconomic condition. Figure 1.1 

shows arsenical keratosis on a patient’s palms, which is a common manifestation of 

arsenic poisoning.             

 

                             

Figure 1.1: Arsenical keratosis (nodular and confluent thickening) affecting both 

palms (Mazumder, 2008). 

 

The main arsenic victims are usually poor people in arsenic polluted countries and 

the impact of arsenic contamination can be medical, social and economic. The level 

of toxic effect depends mainly on the chemical form of arsenic, the route of entry, 

age of the contacting person, sex, dose and duration of exposure (Tabbal, 2003). 

Yang and Donahoe, 2007 stated (based on studies of ATSDR, 2000) that despite its 

universal presence, the occurrence of arsenic in drinking water poses a threat to 

human health at very low concentration. The exposure route via drinking of 

subsurface water from dispersed tube wells is common in the most affected 
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countries, and means that centralized treatment solutions are not feasible. 

Considering the recognition that arsenic at low concentration in drinking water 

causes severe health effects it is a national demand to develop an effective, 

acceptable and sustainable arsenic removal technology. To ensure safe drinking 

water by 2015 is also a major commitment of the Millennium Development Goals 

(MDGs). The present study will consider the above mentioned parameters during 

implementation of the research. 

1.2 Arsenic acceptable limit 

The current regulation of drinking water standards is become more stringent and 

requires arsenic content to be reduced to a few parts per billion (Choong, et al., 

2007). There are several treatment methods capable of this level of performance (see 

section 1.4).  The range of arsenic concentrations found in natural waters is large, 

ranging from less than 5 µg l
-1

 drinking water to more than 5000 µg l
-1

 (Smedley and 

Kinniburgh, 2002). The acceptable limit of arsenic in drinking water varies from 

country to country under World Health Organization (WHO) guidelines. The 

WHO’s acceptable level of arsenic in drinking water is 0.05mg/ l (0.05 ppm or 50 

ppb) for Bangladesh and 0.01mg/l  in the European Union and  the USA (Choong, et 

al., 2007, based on study by WHO ,1993 ). The Australian drinking water limit was 

also lowered from 0.05mg/l to 0.007 mg /l (based on study from Gonzalez, et al., 

2001), in Vietnam and Mexico the standard is 0.05 mg/l (mentioned in Romero-

Schmidt, et al, 2001). 

1.3 Arsenic Chemistry 

Arsenic is a heavy metal (strictly, a metalloid) and oxyanion-forming element having 

unique sensitivity to mobilization at the pH values typically found in groundwater 

(pH 6.5-8.5) and under both oxidizing and reducing conditions (Smedley and 
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Kinniburgh, 2002). The occurrence, distribution and behavior of arsenic have been 

studied by several authors and well reviewed (Smedley and Kinniburgh, 2002, Wang 

and Mulligan, 2006, Yang and Donahoe, 2007). Singh and Pant, 2004 and Barringer 

and Reilly, 2012 mentioned that arsenic occurs in both organic and inorganic forms 

in natural water but organic arsenic is less toxic. The inorganic form of arsenic 

dissolved in drinking water is the most significant form of natural exposure. Hinkle 

and Polette, 1999 noted that arsenic is a redox-sensitive element and as a result it is 

present in a variety of redox states. Arsenate (As (V)) and arsenite (As (III)) are the 

two forms of arsenic commonly found in ground water (Masscheleyn and others, 

1991). Lievremont, et al., 2009 described that (on the basis of Islam, et al., 2004 

study) arsenic toxicity depends on its speciation. Arsenic is extensively cycled at the 

earth’s surface and has a complex dynamic biochemistry (Tareq, et al., 2003). 

Arsenic As (III) is reported to be 25-60 times more toxic than As (V) (Burguera and 

Burguera, 1997; Sato, et al., 2002; Shakkthivel and Singh, 2007; Yang and Donahoe, 

2007; Haque, et al., 2007; Rakhunde, et al., 2012). Arsenate generally predominates 

under oxidizing conditions and arsenite predominates when conditions become 

sufficiently reducing (Wang and Mulligan, 2006).  

The reduction of arsenate to arsenite is involved in the solubilisation of the element 

resulting in the contamination of water supplies, while the oxidation mechanism 

converts highly toxic and highly soluble As (III) into less toxic As (V) (Ferguson 

and Gavis, 1972; Smedley and Kinniburgh, 2002). Choong, et al.,2007 noted that 

arsenic occurs in the environment in different oxidation states and form various 

species, e.g. As (V), As (III),As (0) and As (-III). The predominant existence of 

arsenic in groundwater is as inorganic arsenite, As (III) (H3AsO3, H2AsO3
-1

, HAsO3
-

2
, AsO3

-3
), and arsenate, As (V) (H3AsO4, H2AsO4

-1
, HAsO4

-2
, AsO4

-3
). Effective 
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treatment must target all of these forms either directly or after conversion to a more 

readily removed form (Gregor, 2001). 

Haque, et al., 2007 described two main hypotheses, arsenic “pyrite oxidation” and 

“oxy-hydroxide reduction” that are put forward to clarify the source, cause, 

formation, mobilization and distribution of arsenic groundwater contamination. 

According to the first hypothesis, the contamination is driven by human activity, 

specifically excessive groundwater withdrawal. It is assumed that arsenic is present 

in pyrites (sulphide minerals) that are deposited within the aquifer sediments. Due to 

groundwater withdrawal for irrigation the water level becomes lower, and the newly 

introduced O2 oxidizes the arsenopyrite in the vadose zone and releases arsenic. This 

arsenic is adsorbed on iron hydroxide. During recharge periods, the iron hydroxide 

releases arsenic into ground water and eventually the groundwater becomes 

contaminated. The pyrite oxidation theory is rejected however by several authors 

(McArthur et al., 2001; Das, et al., 1996; Acharyya, et al., 1999; Nickson, et al., 

1998). 

In the second hypothesis, Haque, et al., 2007 described that the arsenic 

contamination is natural. According to this hypothesis arsenic is present in alluvial 

sediments with high concentrations in sand grains, associated with a coating of iron 

hydroxide. The sediments were deposited in valleys eroded in the delta when the 

stream base level was lowered due to natural processes (i.e. the drop in sea level 

during the last glacial advance). The organic matter deposited with the sediments 

reduces the arsenic-bearing iron hydroxide and releases arsenic to ground water. 

Westerhoff, et al., (2008) discussed the role of surface chemistry of metal oxides in 

arsenic removal. Several author reported that arsenic can associate (arsenate and 

arsenite) with an iron surface either by forming inner-sphere or outer-sphere 
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complexes (Goldberg and Jonston, 2001; Raven, et al., 1998, Wilkie and Hering, 

1996). Arsenic in crustal rocks also has an affinity for, and is associated with, pyrite 

or Fe hydroxides and oxides (Hinkle and Polette, 1999 cited from Nordstrom, 2002). 

Wang and Mulligan, 2006 cited ( for details the reader is referred to Foster, 2003) 

that arsenic  in soils and sediments is usually found in association with iron, 

aluminium, and manganese (hydro) oxides, clays, and mineral oxyanions such as 

sulphates, phosphates and carbonates which may serve as significant repositories of 

arsenic in the environment. The author also noted that the grain sizes of the solid 

arsenic adsorbent play an important role in controlling the distribution and mobility 

of arsenic. For example clay (fine) particles can effectively adsorb the bulk arsenic 

onto their surfaces as they possess high surface areas. As a result clay minerals and 

(hydro) oxides of iron, aluminium, and manganese (which occur ubiquitously and 

also have high surface areas) serve as the most important source/sink for arsenic. 

Wang and Mulligan, 2006 reported (based on studies by Pierce and Moore, 1980; 

Pierce and Moore, 1982; Xu, et al., 1988; Bowell, 1994; Grossl, et al., 1997; Lin and 

Puls, 2000) that the adsorption of arsenic onto minerals in aquifers is pH dependent 

and is affected by the surface characteristics of the minerals. A change of pH can 

affect the aqueous arsenic speciation and the composition of surface functional 

groups through protonation and deprotonation reactions. Wang and Mulligan, 2006 

cited (based on studies by Hingston and others, 1971; Livesey and Huang, 1981; 

Manning and Goldberg, 19996a; Manning and Goldberg, 1996b; Anawar, et al., 

2003 and Hinkle and Polette, 1999) the effect of competitive sorbates (i.e., PO4
3-

,  

SO4
2-

, MoO4
2-

) on arsenic adsorption onto clay and oxide minerals. Manning and 

Goldberg, 19996a; Manning and Goldberg, 1996b noted that As (V) adsorption is 
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greatly reduced if the concentration of PO4
3-

 is 10 times higher than As (V) and that 

MoO4
2-

 also inhibits As (V) adsorption at a pH values less than 4. 

Hinkle and Polette, 1999 studied the versatile occurrence and geochemical processes 

of arsenic mobility. Naturally occurring arsenic commonly is found in a variety of 

solid phases- i.e. arsenic can be a component of volcanic glass in volcanic rocks of 

rhyolitic to intermediate composition, adsorbed to and co precipitated with metal 

oxides (especially iron oxides), adsorbed to clay-mineral surfaces, and associated 

with sulfide minerals and organic carbon (Welch, et al., 1988). The author described 

the possible mobility of arsenic as (1) adsorption and desorption reactions and (2) 

solid-phase precipitation and dissolution reactions. Arsenic adsorption and 

desorption reactions are influenced by changes in pH, occurrence of redox 

(reduction/oxidation) reactions, presence of competing anions, and solid-phase 

structural changes at the level. The solid-phase precipitation and dissolution 

reactions are controlled by solution chemistry, including pH, redox state, and 

chemical composition. Wang and Mulligan, 2006 studied the occurrence, source, 

behavior and distribution of arsenic contamination in Canada. The authors 

mentioned that knowledge of the occurrence, origin and distribution of arsenic is 

necessary for reducing and avoiding arsenic related problems. Information on the 

speciation of arsenic in particular is important as the bioavailability and the 

physiological and toxicological effects of arsenic are linked to its chemical form and 

oxidation state, and the effectiveness of arsenic removal technologies are also 

influenced by it. However to select a sustainable arsenic removal technology - it is 

important to consider the geochemistry of arsenic. 
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1.4 Types of arsenic removal technologies 

All arsenic removal technologies are affected by arsenic concentration, and 

speciation, pH and the other dissolved constituents. Various techniques of arsenic 

removal are described by Daus, et al., 2004, e.g. flocculation or co-precipitation (e.g. 

with iron or aluminum salts), electrochemical methods, ion exchange processes, and 

membrane filtration adsorption methods. 

To remove high concentrations of arsenic from drinking water is a major 

environmental project for the Bangladesh government. A number of scientists have 

developed numerous removal technologies to treat high arsenic ground water. 

Choong, et al., 2007 made an overview on arsenic toxicity, health hazards and 

removal techniques from water and suggested that treatment cost, operational 

complexity of the technology, skill required to operate the technology and the 

disposal of arsenic bearing treatment residual are factors that should be considered 

before treatment method selection. An overview of these technologies is given 

below: 

 1.4.1 Physico-chemical techniques 

(including Adsorption, Ion-exchange, Precipitation-coagulation, Filtration, 

Membrane filtration, Oxidation, Lime softening etc.) 

1.4.1.1 Adsorption: Adsorption is a technique that involves the accumulation of 

atoms or molecules on the surface of a material, by either chemical or physical 

attraction. This process creates a film of adsorbate (the molecule or atoms being 

accumulated) on the adsorbent’s surface. Adsorbents are characterized by surface 

properties such as surface area and polarity. In arsenic removal processes arsenic 

species are attached on to the surface of the adsorbents. The active surface area of 

the adsorbent, its surface energy and the pH of the solution highly influence the 
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removal effectiveness of arsenic (Mondal, et al., 2006). Adsorption is carried out on 

an industrial scale by employing solids such as activated carbon, metal hydrides and 

synthetic resins etc for the purification of waters and waste waters. Several types and  

models of point-of-use  filters for household removal of arsenic from water based on 

sorptive-process  have also been developed, employing Activated alumina, Activated 

carbon, Granular ferric hydroxide, Zeolites, Zero-valent iron, Iron oxide coated sand, 

Iron nails, Iron coagulants etc. and are  in use in different countries. Mohan and 

Pittman, 2007 reviewed a list of arsenic adsorbents from water and they classified 

the adsorbents into two types a) commercial and synthetic activated carbon and b) 

low-cost adsorbents. Many activated carbons are commercially available but few are 

selective for heavy metals and metalloids, and they are also expensive. 

These authors stated that the adsorption capacity depends on the activated carbon 

properties, adsorbate chemical properties, temperature, pH, ionic strength, etc. 

However the arsenic removal capacities of pure activated carbon are poor, with the 

carbon needing surface modification to increase the capacity. Westerhoff, et al., 

2008 also mentioned that iron, alumina, titania and hybrid ion exchange resin based 

products are commercially available adsorptive media which can remove arsenic but 

these adsorbents are not sustainable in terms of cost, supply of materials, and 

maintenance (Woolard, 2004). Some adsorbents have reduced capacity if competing 

ions are present (e.g. PO4
3-

), or require arsenic pre-oxidation, etc (Wang, et al., 

2010). Activated Alumina has yielded good results but mostly for slightly acidic pH 

values (Daus, et al., 2004 cited based on study by Lin and Wu, 2001. Vu, et al., 2003 

from the Argonne National Laboratory (USA) reviewed  arsenic removal 

technologies  with some sorption materials for contaminated groundwaters and stated 

that iron filings, ferric salts, granular ferric hydroxide, alumina manganese oxide, 
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Aqua-bind™, and Kimberlite tailings are potentially low-cost sorbents that can 

remove arsenic after simple mixing in a relatively short time. The authors also 

however mentioned some shortcomings of the techniques -e.g. Ferric salts are cheap 

and very effective at removing arsenic but the reaction rates are slow. Activated 

alumina and iron-coated sands are suitable for use in fixed bed columns but do not 

work well with groundwater having high concentrations of iron because iron 

precipitates in the presence of air, which could clog and foul the column. Synthetic 

sorbents are highly selective and effective and do not pose a significant waste 

disposal concern because they are generally non-hazardous. Naturally occurring 

solids are cheap and remove arsenic well. However, the removal rate is often very 

slow and the solids can harbor bacteria.  

1.4.1.2 Ion Exchange: Ion exchange is a physical/chemical process in which ions 

held electrostatically on the surface of a solid phase are exchanged for ions of similar 

charge in a solution (i.e. drinking water). It involves the reversible displacement of 

an ion adsorbed onto a solid surface by a dissolved ion (Johnston and Heijnen cited 

from the study by Ahmed, et al., 2001). Ion exchange is commonly used in drinking 

water treatment for softening (i.e. removal of calcium, magnesium, and other cations 

in exchange of sodium), as well as removing nitrate, arsenate, chromate, and selenate 

from municipal water (Ghurye, et al., 1999). The major drawback of ion-exchange is 

cost, maintenance and disposal of waste generated from the treatment plant. 

1.4.1.3 Coagulation-precipitation: Mondal, et al., (2006) noted that in coagulation 

added chemicals transform dissolved arsenic into an insoluble solid which is 

precipitated. Suspended/colloidal arsenic may be separated by coagulation and 

flocculation. Commonly used techniques are application of ferric salts, alum, and 
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manganese sulphate, copper sulphate etc. The disadvantage of coagulation is 

production of an arsenic rich sludge that needs to be disposed of. 

1.4.1.4 Oxidation: Oxidation techniques are performed by adding different oxidants 

to remove arsenic but it increase the cost of techniques. These techniques involve the 

conversion of As (lll) to As (V) which is then easier to subsequently remove. 

Johnston and Heijnen (from the study of Ahmed, et al., 2001, Ghurye and Cliford, 

2001) discussed that arsenite can be directly oxidized by a number of other 

chemicals including gaseous chlorine, hypochlorite, ozone, permanganate, hydrogen 

peroxide etc. Permanganate is very efficient   for oxidation of arsenite (lll) along 

with Fe (ll) and Mn (ll). Potassium permanganate (KMnO4) is widely available in 

developing countries for arsenic removal. The method has limited use however at 

community and household levels. 

1.4.1.5 Lime softening: Lime softening is also similar to precipitation where lime 

(calcium hydroxide) is used for arsenic removal (Huang and Rong, 2001). However 

this generates large volumes of waste and the arsenic removal efficiencies of the 

lime softening process are significantly affected by the pH and presence or absence 

of chlorine. Several works have been reported for the process of arsenic removal by 

the lime softening method (Field, et al., 2000; Eberhard, et al., 2000; Huang and 

Rong, 2001). 

1.4.1.6 Membrane filtration: According to Mondal, et al., (2006) arsenic can be 

separated from water by passing it through a semi permeable barrier or membrane. 

The arsenic removal effectiveness using membrane filtration depends on the pore 

size of the membrane and the particle size of the arsenic species. Membrane filtration 

is addressed as a pressure driven process and thus high pressure is required to cause 

water to pass across the membrane from a concentrated to dilute solution (Choong, et 
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al., 2007). There are different types of membrane filtration i.e. microfiltration, ultra 

filtration, nanofiltration and reverse osmosis and several authors have studied the 

process and effectiveness of these. Nanotechnology holds great potential in 

advancing water and wastewater treatment to improve treatment effectiveness as 

well as to augment water supply through safe use of unconventional water sources 

(Kartinen and Martin, 1995; Qu, et al., 2013). The effectiveness of conventional 

adsorbents is usually limited by the surface area or number of active sites, the lack of 

selectivity, and the adsorption kinetics. Nano-adsorbents offer significant 

improvement with their extremely high specific surface area and associated sorption 

sites, short intraparticle diffusion distance, and tunable pore size and surface 

chemistry (Qu, et al., 2013). Arsenic removal effectiveness by nanofiltration has 

been studied by different researchers. Sato, et al., 2002 described that nanofiltration 

is a promising technology for small water treatment systems. The authors compared 

arsenic removal among conventional coagulation and 3 types of nanofiltration 

membranes. The results indicated that the performance of nanofiltration was better 

than that of coagulation and both As (V) and As (III) removal by nanofiltration is not 

affected by source water characteristics.  

The applications of nanotechnology in water and wastewater treatment were 

reviewed recently by Qu, et al., 2013 and Cundy, et al., 2008. Metal based 

nanomaterials have been explored to remove a variety of heavy metals such as 

arsenic, lead, mercury, copper, cadmium, chromium, nickel etc. (Sharma, et al., 

2009). Among them, the application for arsenic removal has attracted much 

attention. Applications of nano-adsorbents for arsenic removal have been 

commercialized- i.e. ArsenXnp is a commercial hybrid ion exchange medium 

comprising of iron oxide nanoparticles and polymers and ADSORBSIATM is a 



14 

 

nanocrystalline titanium dioxide medium in the form of beads. Both nano-adsorbents 

were highly efficient in removing arsenic (Aragon, et al., 2007). Several metal oxide 

nanomaterials including nanosized magnetite and TiO2 have shown arsenic 

adsorption performance superior to activated carbon (Deliyanni, et al., 2003; Daus, 

et al., 2004; Mayo, et al., 2007).  

Qu, et al., 2013 reported that although nanotechnology-enabled water/wastewater 

treatment processes have shown great promise in laboratory studies, their readiness 

for commercialization varies widely. Nanotechnologies face a variety of challenges 

including technical hurdles, cost-effective, and potential environmental and human 

risk. The detection of nanomaterial release is a major technical hurdle for risk 

assessment and remains challenging. These techniques are also expensive and may 

be inefficient due to fouling if the water contains Mn and Fe.  

1.4.2 Biological techniques 

(including Phytoremediation, Biological treatment with living microbes/Bio-

filtration (Mondal, et al., 2006) or arsenic removal by bioadsorbents (Mohan and 

Pittman, 2007) 

1.4.2.1 Phytoremediation: Phytoremediation, a plant-based green technology, 

utilizes plants which can accumulate, translocate, and concentrate high amounts of 

certain toxic elements in their above-ground/harvestable parts (Rahman and 

Hasegawa, 2011). Mahmud, et al., (2008) demonstrated that the use of indigenous 

plants with a high tolerance and accumulation capacity for arsenic may be a very 

convenient approach for Phytoremediation. Of the indigenous plants studied, one 

species of fern (Dryopteris filix-mas), three herbs (Blumea lacera, Mikania cordata, 

and Ageratum conyzoides), and two shrubs (Clerodendrum trichotomum and Ricinus 

communis) were potentially useful for Phytoremediation of arsenic. Three floating 
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plants (Eichhornia crassipes, Spirodela polyrhiza, and Azolla pinnata) and a 

common wetland weed (Monochoria vaginalis) also showed high arsenic removal 

effectiveness. Rahman and Hasegawa, 2011 described duckweed (Lemna, Spirodela, 

and Wolffia), water fern (Azolla spp.), Hydrilla (H. verticillata), and watercresses (N. 

officinale, N. microphyllum) to have potential for phytoremediation due to their 

arsenic hyperaccumulation ability and growth habit. Although a large number of 

aquatic macrophytes have been proposed for arsenic removal, the management and 

disposal of those macrophytes is a major concern for the successful implementation 

of phytoremediation technology. 

1.4.2.2 Bioadsorbents: Mohan and Pittman, 2007 reviewed different bioadsorbents 

that can remove heavy metals and other elements from dilute aqueous solution. 

Algae, Fungi and bacteria-based products are examples of biomass-derived sorbets 

for several metals. Fungal bioadsorbents are used for heavy metal remediation (cited 

in Makris, et al., 2006) and Fungi are also used in industrial fermentation processes 

that are a potential source of bioadsorbents for arsenic removal. This technology is 

not currently used at household level, and only initial laboratory evaluations of the 

bioadsorbents are available. 

1.4.2.3 Bio filtration: The term bio filtration refers to the technique that involves 

using living microbes to remove arsenic. Some extra cellular enzymes can oxidize 

As (lll) to As (V) which then adsorbs or precipitates onto the bio layer formed on the 

solid support medium. Sometimes by a trans-membrane protein, arsenic entered into 

the microbe’s cell and methylation and oxidation-reduction of arsenic take place.  

Lievremont, et al., 2009 reported that formation of biofilms on biotic or abiotic 

surfaces through polymeric substances can accumulate metals. The authors noted 

that in arsenic remediation bioprocesses, arsenite-oxidizing bacteria Herminiimonas 
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arsenicoxydans replaced chemical arsenite As (lll) oxidation to biological oxidation. 

Pous, et al., 2014 noted that the process relies on a two-step approach, involving an 

initial oxidation of As (III) to As (V) followed by the adsorption of As (V). The 

process was efficient for influents with high As (lll) concentration (around 100 

mg/l). This technology however requires a skilled person to operate. Most of the 

established technologies are practiced to alleviate arsenic especially for rural 

communities of developing countries on a small scale basis (Nemade, et al., 2009) 

and in some place several of these processes, either at the same time or in sequences, 

are utilized.  

1.5 Status of arsenic contamination in Bangladesh 

Bangladesh is largely located on the world’s largest delta plain originated from the 

deposition of sediments from the Himalayan Mountains (Hug, et al., 2008). Due to 

natural processes there are some terraced valleys formed and filled by younger 

sediments consisting of sands, silts, and clays and lower terraces. Currently this layer 

covers most of the delta. The deeper and older (Pleistocene) sediments are typically 

brown-to-orange, with arsenic tightly bound to iron (hydr) oxides and the younger 

(Holocene) sediments are gray-to-black and contain groundwater with high arsenic 

concentrations. The capital city Dhaka, with a population of over 10 million, is 

located on a Pleistocene terrace with largely arsenic-free groundwater. Chakraborti, 

et al., 2010 reported the status of arsenic contamination in the four geomorphological 

regions of Bangladesh after completion of 14 years study. In their report it was 

mentioned that the ground water in the Tableland and Hill tract regions are generally 

free from arsenic contamination while the Flood plain and Deltaic region (including 

the Coastal belt) are heavily arsenic contaminated. The reason was assumed to be the 

presence/deposition of Holocene sediments in the latter areas, whereas the 
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Tablelands are underlain by Pleistocene sediments. Hug, et al., 2008 noted that due 

to underlying geology, the severity of arsenic contamination in urban areas is 

different from that in rural areas. In the large cities, groundwater is treated in 

centralized water treatment plants. In rural areas, the water supply is highly 

decentralized, and more than 12 million tube wells provide drinking water from 

underground reservoirs, and the risk from underground arsenic contamination is 

high. 

 Drinking of arsenic (As) contaminated well water has become a serious threat to the 

health of many millions in Bangladesh (Alam, et al., 2003). High levels of arsenic 

contamination have been found in a significant number of surveys (Feroz, 2013). In 

Bangladesh out of 64 districts, water in 61 districts had arsenic concentrations above 

the safe limit (Haque, et al., 2007). These authors stated that about 30 million people 

are directly at arsenic contamination risk. About 38,000 cases of arsenicosis have 

been identified and it is suspected that over 0.2 million people have been suffering 

from arsenic-related diseases. Data from Chakraborti, et al., 2010 showed that 

42.1%, 27.2% and 7.5% of hand tube wells had arsenic above 10µg/ l, 50 µg/l and 

300 µg/l respectively.   

In Bangladesh the arsenic concentration in drinking water can be as high as hundreds 

of parts per billion compared to the maximum contamination level of 50 ppb (Pal, et 

al., 2009). Between 77 and 95 million people out of 140 million are drinking ground 

water containing more than the 0.05 mg/l or 50 µg/l  maximum contamination level 

(MCL) from 10 million tube wells in Bangladesh (Hussam and Munir, 2007; Haque, 

et al.,2007). These estimates however vary: Smith, et al., 2000 estimated that of the 

125 million inhabitants of Bangladesh between 35 million and 77 million are at risk 

of drinking arsenic contaminated water. Table 1.1 summarizes the status of arsenic 
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contamination, where figure 1.2 shows the intensity of arsenic contamination in 

Bangladesh (The red dots are As-affected areas). 

 

Table 1.1: Current Statistics on the arsenic calamity in Bangladesh (cited by Feroz, 

2013 from Safiuddin and Karim, 2003) 
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Figure 1.2: Status of groundwater contamination of Bangladesh (DPHE/BGS/DFID 

2000). Colours indicate arsenic concentration ranges (µg/l) observed in sampled tube 

wells. 
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A survey report on hand tubewell water samples  from Bangladesh was published 

through the efforts of several organizations including  DPHE/UNICEF (Department 

of Public Health Engineering/United Nations International Children's Emergency 

Fund), Bangladesh Arsenic Mitigation and Water Supply Project (BAMWSP), 

Danish International Development Agency (DANIDA), the Water and Sanitation 

Partnership, World Vision International and the Asia Arsenic Network (AAN). Data 

from this study are shown in table 1.2. From table 1.2 it is evident that most of the 

districts of Bangladesh are contaminated by arsenic in their groundwaters ranging 

from around 10-5000 µg/l (Chakraborti, et al., 2010). Red star is showing the level 

of arsenic contamination below maximum contamination level (MCL). 
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Table 1.2: Distribution of As conc. in hand tube wells in 64 districts of Bangladesh 
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 In Bangladesh contamination of agricultural soils from long-term irrigation with As-

contaminated groundwater is responsible for phyto-accumulation in food crops, and 

thence dietary exposure to arsenic, and other metals (Alam, et al., 2003).  

Vegetables and crops grown in arsenic contaminated groundwater generally supply 

less arsenic than the recommended maximum intake of arsenic, but this may still 

provide an important additional arsenic uptake route (Santra, et al., 2013).   

1.6 Current use of arsenic removal technologies in Bangladesh 

Arsenic in tubewell water was first detected in Bangladesh in 1993 by DPHE and the 

government of Bangladesh started arsenic management programmes from 1996 with 

the support from development partners and some national and international NGOs. 

Among the NGO’s Dhaka Community Hospital (DCH), School of Environmental 

Studies (SES), Jadavpur University, India, British Geological Survey (BGS), 

UNICEF, World Vision, Water Partnership Program (WPP) and DANIDA (official 

Danish aid agency) are especially mentionable. Currently the Bangladesh Rural 

Advancement Committee (BRAC), Asia Arsenic Network (AAN), Bangladesh-

Australia Centre For Environmental Research), Department of Soil, Water and 

Environment, Dhaka University (BACER-DU), NGO Forum are working on arsenic 

mitigation programmes. 

In Bangladesh, only the major cities of the country are covered by water distribution 

systems and in the remaining areas, mostly rural and some small town areas, people 

use groundwater extracted from tube-wells located near their households or 

communities. Figure 1.3 indicates the current arsenic removal options available in 

Bangladesh. People use water from different sources directly and some of them 

require treatments for arsenic removal. 
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Figure 1.3: Possible arsenic mitigation technologies for rural water supply in 

Bangladesh (from Hoque, et al., 2006) 

 

Meng, et al., (2001) described that 3 million tube wells out of 5 million are bearing 

arsenic contaminated water, affecting 70 million people. To be successful, the main 

arsenic mitigation strategy must take into account the economic resources of the 

population and the availability of infrastructure for water treatment (Hug, et al., 

2008). The socio-economic conditions of Bangladesh demand low-cost as well as 

small treatment units that could be implemented in rural areas at household or 

community level. Developing countries like Bangladesh cannot afford expensive, 

large-scale treatments to remove arsenic from drinking waters to acceptable limits. 

In Bangladesh most of the arsenic removal technologies developed to date are based 

on different coagulation and filtration units using locally available substances. The 

most common arsenic removal filters used in Bangladesh are the Sono 3- kolshi 

filter, Kanchan filter, Garnet home-made filter, Shafi filter, Adarsha filter, and the 
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Chari filter. Iron oxide coated sand, Activated alumina, Activated carbon, Charcoal, 

and Zero valent iron (i.e. iron metal) is typically used in these arsenic removal units. 

In some filters metallic iron is used in various forms i.e. filings, turnings or nails and 

showed great promise in Bangladesh (Hussam and Munir, 2007) and in Nepal 

(Leupin, et al., 2005). Among the filters used for arsenic removal in Bangladesh, the 

Sono 3-kolshi filter has been observed to perform most effectively in rural areas. The 

Sono 3-Kolshi filter is built locally with iron turnings and sand and has shown to be 

very effective under certain conditions (Khan, et al., 2000). Although these filters 

have been shown to be potentially useful for arsenic remediation, there are still some 

drawbacks limiting their sustainable implementation. The major problems identified 

are cost, maintenance, clogging of media, back wash, and production of arsenic-rich 

waste etc. Sutherland, et al., (2002) reported that the Sono-3-Kolshi filter often clogs 

and pathogens have been detected in some filters over time. The influence of the 

water composition on arsenic removal in 3-Kolshi filters has not been investigated 

systematically during their trial. Alcan and Sono filter media when contaminated can 

become a harbor for bacteria, and are difficult to clean by flushing (BAMWSP, et 

al., 2001). Although the Read-F filter was found to be satisfactory for arsenic 

removal the water collection mechanism was inconvenient (BAMWSP, et al., 2001). 

1.7   Waste products in water treatment 

Mantell (1968) reported a list of waste materials that are used in the production of 

activated carbon for water treatments (although some limitations of activated carbon 

are stated earlier in section 1.4). The authors stated that Nut shell, Oil shell, rice 

hulls, rubber waste, wheat straw, pulp-mill waste, bone char, peat  etc are used for 

alternative preparation of activated carbon. Mohan and Pittman, 2007 listed a variety 

of waste products for arsenic removal from water. Rice husk (as agricultural waste) 
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and Chars, coals, red mud, blast furnace slag, fly ash etc. (industrial wastes) are in 

use in arsenic removal from water. Diamadopoulos, et al., 1993 mentioned that fly 

ash could be used for removal of As (V), and Rahman, et al., 2004 noted that maple 

wood ash is effective to remediate As (III) without any chemical treatment. There are 

several reports elsewhere on the use of fly ash and red mud to remove arsenic from 

water. 

1.8 Glass as a potential filtration medium (Interaction of glass with water) 

The chemical compound silicon dioxide is known as Silica or Silox- which is an 

oxide of Silicon (chemical formula SiO2). Sand or Quartz is the most common 

natural form of Silica. Most types of glass are also made dominantly from Silica. 

Soda lime silicate (SLS) glass is widely used commercially in beverage bottles and 

windows. A typical SLS glass has the following composition (wt %): 74 SiO2, 13 

Na2O, 10.5 CaO, 1.3 Al2O3, 0.3 K2O, 0.2 SO3, 0.2 MgO, 0.01 TiO2, 0.04 Fe2O3. 

Small variations in glass composition can change the glass from durable to non-

durable. This change of composition also influences the physical and chemical 

properties of glass when it interacts with other substances. Dunken and Doremus 

(1987) studied the reactions of a Na2O-CaO-SiO2 glass with water and salt solution 

and described that the pH value of water increased after the immersion of soda-lime 

glasses and the OH- in solution attacked the glass network, although the reaction 

mechanism was not described by the authors. Deruelle, et al., (2000) experimented 

on the alteration of glass in contact with water and found that glasses can be 

chemically altered by water due to a percolation mechanism caused by leaching of 

the most soluble elements and the altered layer became porous. 

Schnatter, et al., (1988) conducted an experiment on hydrogen analysis of soda-lime 

silicate glass to observe the reaction of glass and water. It was revealed that the 
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reaction of water with an alkali silicate glass involves preferential leaching of alkali 

ions from the glass. The following reactions were assumed to occur in glass: 

SiONa+ H2O = SiOH + Na
+
 + OH

- 
 

SiONa+ H3O = SiOH + Na
+
 + H2O 

Following which the OH
-
 ions from the first reaction interact with the silicate 

network. 

OH
-
 + Si –O–Si = SiOH +SiO

- 

H2O + Si –O–Si = 2SiOH 

The hydronium (H3O)
+
 ion and alkali ions are the exchanging species in this 

reaction. It is assumed that these ions are also responsible for interaction with arsenic 

species during   shaking   and   filtering in column experiments.  

1.9 Rationale for this thesis work 

After reviewing the literature regarding different existing arsenic removal 

technologies, their effectiveness and the major limitations of those technologies, the 

current research project was undertaken to build a cheap, easy to handle and 

sustainable filter media that will potentially remove arsenic from drinking water. In 

this research different types of recycled glasses have been investigated for the 

removal of arsenic from solution. Glass has some superior properties over other 

water filter media as described in www.ecosmarte.com/Glass: Glass is cleaner, 

lighter and highly angular crushed glass provides better removal of finer particles 

from water than silica sand and is equivalent in performance to Zeolites. In addition, 

recycled glass has been used in many water filtration units in the UK (Horan and 

Lowe, 2007). 
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1.10 Project aim 

The present study was undertaken to determine the effectiveness of arsenic removal 

by recycled glass and to assess the basic practicability of glass as a filter media for 

household scale use. 

The investigation was carried out by, respectively shaking experiments of glass in 

As-labeled water and column filtration experiments mimicking household scale 

processes. 

Glass types included samples of different colors (brown, green, blue and clear), and 

size reduction was carried out by implosion and grinding to different sizes (e.g. up to 

4 mm). Two types of As-bearing water solution were used: UK synthesized arsenic 

solution and Bangladeshi natural ground water. 

1.11 Main objectives of the projects 

The aim was broken into the nine sub-questions to formulate the research objectives: 

The following objectives were achieved by performing different experiments during 

the study period. 

1.11.1 What is the effect of glass type on arsenic adsorption?    

1.11.2 What is the effect of different production processes of glass granules on 

arsenic adsorption? 

1.11.3 What is the effect of incorporation of additional sorbent particles during glass 

production?  

1.11.4 What is the maximum uptake of arsenic by glass granules? 

1.11.5 What amount of glass is needed to produce a practical domestic filter for 

Bangladesh? 
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1.11.6 How can the performance of glass granules be improved e.g. with aging or 

adding sorbent particles? 

1.11.7 What is the effectiveness  of the glass filter media in filtering natural 

Bangladeshi contaminated water in the presence of other elements e.g. Fe, Mn, P etc 

(field-based study)? 

1.11.8 Is there any accessibility of removed arsenic from domestic water filtered 

glass media for disposal or recycling or reuse? 

1.11.9 What are the candidate mechanisms for the removal of arsenic from water? 

1.12 Overview of the Thesis 

The thesis is structured into 5 chapters:  

Chapter I (Introduction) presents an overview of the context of the thesis, and its 

aims and structure.  

Chapter II (Literature Review) describes previous work undertaken on the 

distribution and occurrence of arsenic contamination, mechanisms of arsenic 

exposure and human health effects, and sorption technologies for arsenic removal.  

 Chapter III (Methodology) describes the experiments performed to complete the 

research project and fulfill the research aims. Methods involved both laboratory and 

field-based studies.   

 Chapter IV (Results and Discussion) the results and discussion chapter is presented 

in nine sections (see section 1.11) to achieve the research objectives.  

Chapter V (Conclusion and recommendation) conclusions are drawn on the basis of 

the present study, and recommendations for further work are given. 
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1.13 Conclusion   

This chapter described the status of arsenic contamination all over the world 

including Bangladesh. The background study of arsenic chemistry gives a clear 

picture of arsenic sources, distribution and different arsenic removal techniques. The 

research project concerns the justification of using recycled glasses for arsenic 

removal from drinking water in Bangladesh.  
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Chapter 2 

Literature Review 

This chapter contributes a review of the history of arsenic contamination in water, its 

sources and distribution, and mechanisms of arsenic release to the environment. The 

significant role of arsenic in human health and agriculture is also addressed. 

Different arsenic removal technologies developed to date are discussed, along with 

some contextual studies which have been made on arsenic removal media. The 

potential of recycled crushed glass or glass derived products is also reviewed in this 

chapter for filtering waste water or arsenic contaminated water. Literature on the use 

of different experimental procedures for arsenic removal, their advantages and 

limitations are mentioned. The knowledge gained from this chapter will contribute to 

the study of recycled crushed glass as an option to remove arsenic from ground 

water. 

2.1 History of arsenic  

Arsenic is the 20
th

 most abundant element in the earth’s crust (Lievremont, et al., 

2009). The element is widely distributed in air, water, soils, rocks, plants and 

animals in variable concentrations. It is usually found in natural systems combined 

with one or more other elements such as oxygen, chlorine and sulfur, with the 

highest mineral concentrations occurring as arsenites of silver, copper, iron, and lead 

(Lievremont, et al., 2009; Haque et al., 2007). Major arsenic containing minerals are 

arsenopyrite (FeAsS), realgar (As4S4), orpiment and arsenic trisulfide (As2S3). 

The chronology of discoveries of geogenic arsenic contamination are cited by 

Barringer and Reilly, 2012 (available at http://cdn.intechopen.com/pdfs-

wm/42035.pdf) and it is found that  studies of arsenic contamination  of groundwater 

have occurred over a span of nearly 100 years, the most recent within the last 
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decade. Barringer and Reilly (2012) noted (cited in Bundschuh, et al., 2012) that 

arsenic poisoning in humans in Argentina was recognized as early as 1913, and was 

attributed to the drinking of groundwater. Dates of recognition of arsenic 

contamination in different countries are described by Barringer and Reilly, 2012 (as 

mentioned by several authors -e.g. in Taiwan during the 1930s noted by Chen, et al., 

1994; in the 1940s, arsenic contamination of well water in Romania and adjacent 

Hungary was discovered by Gurzau and Pop, 2012; Mukherjee, et al., 2006). 

According to Rahman, et al., (2005), in West Bengal, India, cases of arsenic 

poisoning were first noted in 1983-84 where Mandal and Suzuki place 1978 as the 

time when arsenicosis (skin lesions) and groundwater contamination were first 

noticed in West Bengal. Barringer and Reilly, 2012 documented that by 1983-84, 

several patients treated for arsenicosis in West Bengal came from neighboring 

Bangladesh and  sampling in Bangladesh during the early 1990s of waters from tube 

water wells revealed elevated concentrations of arsenic (mentioned by Smith, et al., 

2000). 

Mahfuz, et al., 2009 cited arsenic in ground water as first being detected in 

Bangladesh at Barogharia union of Chapai Nawabgong district in 1993 (mentioned 

by Ahmed and Rahman, 2000). Contamination of groundwater by naturally 

occurring arsenic has recently become an alarming environmental problem in the 

deltaic plain of the Ganges-Meghna-Brahmaputra (G-M-B) rivers in Bangladesh and 

west Bengal (Tareq, et al., 2003, described in Nickson, et al., 2000, Acharyya, et al., 

1999, DPHE report- 1999, McArthur, et al., 2001 and ACIC, 2002). 
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2.2 Distribution and occurrence of arsenic 

Arsenic contamination of drinking water is presently a worldwide epidemic. 

Countries that have extensive naturally occurring arsenic in groundwater and hence, 

potentially in drinking water include: India (especially in Bengal), Bangladesh, 

Nepal, Thailand, China, Mongolia and Tibet, Vietnam, Laos, Cambodia, Myanmar, 

various South American countries and areas in North America and Western 

Australia. Figure 2.1 shows the worldwide distribution of arsenic. 

  

 

Figure 2.1: Worldwide distribution of arsenic- Open black circles show affected 

aquifers and contaminated groundwaters (Source: Appelo, 2006). 

 

Arsenic contaminated drinking water has been found in Argentina, Chile, Mexico, 

China, Hungary, West Bengal, Bangladesh and Vietnam (Barringer and Reilly, 

2012), and in European regions or countries such as south-western England, 

Germany, Greece, and Spain. Groundwaters with arsenic concentrations that exceed 
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standards are now observed in more than 70 countries worldwide (Ravenscroft, et 

al., 2009).  

 According to Lievremont, et al., 2009 the most adverse effects of arsenic pollution 

have been observed in India and Bangladesh where it has been estimated  that the 

drinking water supplies of more than 50 million inhabitants are contaminated with 

arsenic to concentrations above guideline levels (available at http://www.who.int/inf-

fs/fr). 

Occurrence of arsenic in natural water is dependent on the local geology, 

hydrogeology and geochemical characteristics of the aquifer, and climate changes as 

well as human activities (Wang and Mulligan, 2005). Choong, et al., (2007) noted 

that arsenic exists in the environment in different oxidation states and forms various 

species, e.g., As (lll), As (v), As (0) and As (-lll). Arsenic exists essentially in four 

oxidation states (-III, 0, +III and +V) as both inorganic and organometallic species 

(Wang and Mulligan, 2005). The forms of arsenic present are dependent on the type 

and amounts of sorbents, pH, redox potential and microbial activity (Wang and 

Mulligan, 2005, mentioned in Yong and Mulligan, 2004; Pedersen, 2006). Smedley 

and Kinniburgh, 2002 cited that the two most important factors controlling the 

speciation of arsenic (and, to some extent, solubility) are pH and redox potential. The 

authors also mentioned that under oxidizing conditions at pH less than 6.9, H2AsO4
-
 

is the dominant species, whereas HAsO4
-2

 predominates at higher pH. Under 

reducing conditions at a pH value less than 9.2, the uncharged arsenite species 

H3AsO3 is dominant. Most often, more trivalent arsenic than pentavalent arsenic is 

found in reducing groundwater conditions, whereas the converse is true in oxidizing 

groundwater conditions. Gonzalez, et al., (2001) stated that trivalent arsenic is stable 

at pH 0-9 as neutral H3AsO3, where H2AsO3
-
, HAsO3

2-
 and AsO3

3-
 exist as stable 
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species with the pH range 10-12, 13 and 14 respectively (figure 2.2). For pentavalent 

arsenic the stability of species pH values are: H3AsO4 (pH 0-2), H2AsO4
-
 (pH 3-6), 

HAsO4
2-

 (pH 7-11) and AsO4
3-

 (pH 12-14). 

Mohan and Pittman (2007) described that pentavalent arsenate species predominate 

and are stable in oxygen rich aerobic environments and trivalent arsenite 

predominates in moderately reducing anaerobic environments (ground water). The 

same information was also provided by Pedersen, 2006 and Smith, et al., 1998). 

Hem (1985) (mentioned in http://hdl.handle.net/1957/5064) reported that under the 

pH conditions of most ground water, arsenate is present as the negatively charged 

oxyanions H2AsO4
– or HAsO4

2-
, whereas arsenite is present as the uncharged species 

H3AsO3
0
. Gonzalez, et al., 2001 described that the redox reaction of arsenic and 

solution takes place in nature with four oxidation states but in natural water it is 

found only as As (lll) and As (V) oxidation states.  

Crisp and Chowdhury cited that (described in Ahmed, et al., 2001) all arsenic (lll) 

species coexist and can rapidly interconvert, as can those of arsenic (V). The arsenic 

(lll) and (V) species can also interconvert due to oxidation or reduction processes. 

The conversion occurs due to the influence of minerals, microorganisms or 

atmospheric oxygen in rocks, groundwaters and surface waters.  
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The quality of groundwater varies in Bangladesh, based on the geology associated 

with the aquifer (Khandaker, et al., 2009). Hussam and Munir (2007) described that 

in ground water (pH= 6.5-7.5) arsenic is present in two oxidation states As (lll) in 

H3AsO3 and As (V) in H2AsO4
¬
 and HAsO4

-2
. 

In Bangladesh it was reviewed that 50% of ground water contains neutral H3AsO3 

and the other 50% is divided equally in two As (V) as H2AsO4
-
 and AsO4

-2
. So it is 

necessary to remove all three forms of arsenic species from drinking water. Table 2.1 

indicates the typical ground water quality of five regional aquifers in Bangladesh. 

 

 

 

 

 

 

 

 

 

 

 

 

Ionic Neutral 

Figure 2.2: Aqueous speciation of arsenic at various pH values as calculated with 

PHREEQC (Parkhurst and Appelo, 1999) 
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Table 2.1 Groundwater quality of five regional aquifers in Bangladesh (from 

Khandaker, et al., 2009) 

                         

 2.3 Sources of arsenic  

An understanding of factors that control the distribution of arsenic in ground water 

requires knowledge of arsenic sources, and its mechanisms of release, transfer and 

human exposure.  It is also important for developing suitable arsenic removal 

technologies for an arsenic contaminated area. Arsenic can be introduced into ground 

water from anthropogenic as well as natural sources.  

2.3.1 Natural sources of arsenic 

Arsenic occurs as a major constituent in more than 200 minerals, including elemental 

arsenic, arsenides, sulphides, oxides, arsenates and arsenites (Smedley and 

Kinniburgh, 2002). Most of the above mentioned substances are ore minerals or their 

alteration products. The greatest concentrations of these minerals occur in 

mineralized areas and are found in close association with the transition metals as 

well as Cd, Pb, Ag, Sb, P, W and Mo. As the chemistry of arsenic follows closely 

that of S, the greatest concentration of the element tends to occur in sulphide 

minerals. Arsenic is present in the crystal structure of many sulphide minerals. The 

most abundant arsenic bearing mineral is arsenic pyrite. Arsenic is also found in 

many oxides, either as part of the mineral structure or as sorbed species. Natural 
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sources of arsenic also include volcanic rock (especially ashes), and sedimentary 

rocks i.e. different shales, coals, phosphorites etc (Smedley and Kinniburgh, 2002). 

The concentration of arsenic in coals and bituminous deposits is variable but often 

high. James (1966) cited in Smedley and Kinniburgh (2002) that arsenic is also 

present in ironstones and Fe-rich rocks. Phosphorites are reported as relatively high 

in arsenic with a value of 400 mg As /kg. Natural sources of atmospheric arsenic are 

dominantly due to volcanic activity and additional inputs are derived from 

anthropogenic sources. 

2.3.2 Anthropogenic sources of arsenic 

Although many minerals contain arsenic compounds, anthropogenic activities 

contribute arsenic pollution to the environment from industrial sources such as 

smelting and fossil-fuel combustion products and agricultural sources such as 

pesticides and phosphate fertilizers. Nriagu, 1989; Jacks and Bhattacharya, 1998 and 

others also  cited in Bhattacharya, et al., (2007) note that arsenic released into the 

environment through industrial activities can be dispersed widely and as such play an 

important role in  the contamination of soils, waters and air. Inorganic arsenic 

compounds such as calcium arsenate, lead arsenate, sodium arsenate and many 

others were used by farmers as insecticides or pesticides, in cattle and sheep dips to 

control ticks, fleas, lice and in aquatic weed control. There are wide historical uses of 

arsenic as a pigment, and in paints and wallpapers. Bhattacharya, et al., (2002) 

reviewed that water soluble preparatives, such as chromate copper arsenate (CCA) 

and other As-based chemicals used as wood preservatives during the past have lead 

to widespread metal contamination in soils around wood preservation facilities. In 

addition, during manufacturing of As-containing pesticides, herbicides and 

insecticides, release of waste and As-laden liquids near the manufacturing area may 
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contaminate soil and water bodies (Mahimairaja, et al., 2005, cited in Bhattacharya, 

et.al., 2007). 

2.4 Mechanism of arsenic exposure in natural water 

Identification of the mechanism of arsenic release to groundwater is essential to 

build up a framework to guide the placement of new arsenic free water access that is 

compatible with acceptable limits (Nickson, et al., 2000). A number of scientists 

have investigated the possible mechanisms of arsenic pollution in ground water, and 

have provided different theories on the mechanisms of arsenic mobilization to 

groundwater (Anawar, et al., 2004). Some researchers reported that oxidation of 

arsenic-rich pyrite may release arsenic in groundwater. Although the arsenic bearing 

mineral is stable under anoxic conditions, it can be oxidized by O2, Fe
3+

, NO3
-
 or 

other electron acceptors. The oxidation of the mineral may release dissolved arsenic 

to the groundwater but this argument is criticized by Anawar, et al., 2003. One 

important mechanism through which the groundwater is polluted with arsenic is the 

reduction of iron oxyhydroxides (FeOOH) by bacteria and subsequent desorption of 

arsenic from the iron surfaces (Bhattacharraya, et al., 1997). The release of arsenic, 

iron and bicarbonate to groundwater by reductive dissolution of arsenic-rich iron and 

manganese oxyhydroxides are reported by McArthur, et al., 2001 and others (cited in 

Anawar, et al., 2004). Mobilization of arsenic from subsurface sediments by the 

effects of bicarbonate ions in groundwater has been studied by Anawar, et al., 2004 

and the results suggested that the groundwaters of Bangladesh are under reducing 

conditions and highly enriched in arsenic, iron and bicarbonate. The arsenic 

concentration is highly correlated with bicarbonate concentration and thus 

bicarbonate leaching is considered to be one important mechanism to mobilize 

arsenic into groundwaters of Bangladesh.  
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According to Smedley and Kinniburgh (2002), the presence of arsenic in natural 

water is related to the process of leaching from arsenic containing rocks and 

sediments. They mentioned that arsenic is generally associated with geological 

environments such as basin-fill deposits of alluvial-lacustrine origin, volcanic 

deposits, inputs from geothermal sources, mining wastes and landfills, and it is 

mobilized through a combination of natural processes as well as through a range of 

anthropogenic activities i.e. smelting of metal ores, use of arsenical pesticides and 

wood preservative agents. Bridge and Husain have searched and analyzed historical, 

medical, geological, hydrogeological and geochemical data to investigate the source 

and mechanisms of arsenic contamination in ground water (based on the study of 

Das, et al., 1996). They mentioned two theories about the arsenic poisoning in 

Bangladesh.  

They stated (according to first theory) the source of arsenic in groundwater and in 

the soil is from oxidation of arsenic-bearing pyrite present in the Bengal Delta but 

the way in which arsenic is released in groundwater from pyrite was not mentioned. 

Other theory revealed that while pyrites does not dissolve in water (this part is 

similar to study of McArthur et al., 2001) it may decompose when exposed to air or 

in aerated water. The changes in geochemical environment due to the high 

withdrawal of ground water resulted in the lowering of the water table and the 

exposure of sediments to air in the zone of aeration. This environment accelerates the 

decomposition of pyrites to oxides of iron, arsenic, sulphuric acid. These oxides are 

soluble in water containing sulfuric acid. In the reducing conditions below the water 

table and in the presence of organic matter, non poisonous oxides of arsenic are 

reduced to poisonous oxide forms (www.eng-

consult.com/arsenic/article/meerarticle5.html). However considering different 

http://www.eng-consult.com/arsenic/article/meerarticle5.html
http://www.eng-consult.com/arsenic/article/meerarticle5.html
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theories of different researchers, the reductive dissolution of ferric hydroxides is 

thought to be the release mechanism controlling the mobility of arsenic.  

2.5 Effect of arsenic pollution in human life and agriculture  

Human health and crop production are both affected by arsenic poisoning depending 

on the severity of contamination in drinking and irrigation water. 

2.5.1 Human Health Effects 

Exposure to arsenic contaminated water over a long period of time results various 

symptoms in the human body. Early symptoms can range from the development of 

dark spots on the skin, to a hardening of the skin into nodules-often on the palms and 

soles. The World Health Organization (WHO) estimates that these symptoms can 

take 5 to 10 years of constant exposure to arsenic to develop. Exposure to arsenic 

compounds can cause burning and dryness of the oral and nasal cavities, muscle 

spasms, irritation of the gastrointestinal tract, nausea, vomiting and diarrhea which 

can progress to shock and death (MSDS, 2004). Over time, these symptoms can 

become more pronounced and in some cases, internal organs including the liver, 

kidneys and lungs can be affected. In the most severe cases, cancer can occur in the 

skin and internal organs, and limbs can be affected by gangrene (UNICEF, 2008). 

2.5.2 Arsenic poisoning in agriculture 

The adverse effects of arsenic in ground water may affect crops and aquatic 

ecosystems via arsenic polluted irrigation water. Crop quality and the effects of 

arsenic on crop quality and yield is becoming a major worldwide concern, 

particularly for rice which forms the staple for many South-Asian countries where 

ground water is widely used for irrigation (Mehraj and Rahman, 2003 as cited in 

Bhattacharya, et al., (2007). 



41 

 

Bangladesh is an agriculture based country. Since water requirements and rainfall 

distributions are not balanced, Bangladeshi farmers use ground water extensively for 

irrigation during the dry months. An increase in arsenic concentration in the soil 

surface has some major impacts including physiologic disorders in rice such as 

panicle sterility, reduced crop yields in high arsenic soils and toxic arsenic in the 

food chain for human and animal consumption. Xiong, et al., 1987 and 

Bhattacharya, et al., (2007) quoted that rice yield has been reportedly decreased by 

10% at a concentration of 25 mg/kg arsenic in soil. Continual use of arsenic-

contaminated water for irrigation may result in the loss of crop value and ultimately, 

a potential loss of agricultural sustainability. Based on available information on the 

distribution of arsenic concentration in groundwater (BGS and DPHE, 2001 

described by Bhattacharya, et al., 2007) and Saha (2006) estimated that 

approximately 1000 metric tons of arsenic is recycled with irrigation water during 

the dry season each year in Bangladesh. 

2.6   Review of different arsenic removal technologies 

Numerous technologies have been developed to remove arsenic from water. These 

technologies include ion-exchange, adsorption, coagulation-filtration, membrane 

filtration, lime softening, electro dialysis reversal, reverse osmosis bio-filtration etc 

(Feroz, 2013). Choong, et al., 2007 reviewed the arsenic toxicity, health hazards and 

different removal techniques. These techniques include coagulation and flocculation, 

precipitation, adsorption and ion exchange, membrane filtration etc.  

Coagulation is the stabilization of colloids by neutralizing the forces that kept them 

apart. Aluminium based coagulation with disinfection by chlorination is one of the 

commonly used treatment methods for As-contaminated water (Choong, et al., 

2007). Ferric salts are also commonly used coagulants. Coagulants were found to be 
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efficient by several researchers (ferric chloride, ferric sulphate, lime-polyferric 

sulfate etc.) regarding arsenic removal and had achieved up to 99% of arsenic 

removal. Gregor, 2001 cited the changing forms and concentration of arsenic 

through aluminium based coagulation treatment in a drinking water treatment plant. 

In this study, the changing forms and concentrations of arsenic through aluminium-

based coagulation treatment processes were tracked for three drinking-water 

treatment plants that abstract water from the same river. The findings provide the 

critical steps of coagulation, and identify when treatment additional to aluminium-

based coagulation is required in order to meet the MAV (maximum acceptable 

value) for arsenic. Chlorination helps in  conversion to the least toxic As (V) form 

(World Health Organization, 1996), just prior to water entering the distribution 

system and  oxidation of As (III) to As (V) prior to coagulation which is a 

recommended treatment option (USEPA, 1998), because As (V) adsorbs to 

aluminium-based flocs much better than As (III). However there are some limitations 

of pre-oxidation and chlorination-i.e. chlorination of waters before removal of 

natural organic matter can result in the formation of elevated concentrations of 

undesirable disinfection by-products and  chlorination before the removal of algal 

cells will result in taste and odour problems. 

Since a wider range of other non sorption-based technologies are discussed in 

Chapter 1, here the review focuses primarily on adsorbent-based methods, which 

form the major focus of this thesis because adsorption processes are commonly 

employed to treat arsenic in drinking water systems in Bangladesh for its relatively 

low capital costs and low operating expenses associated with these processes.  
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2.6.1 Arsenic oxidation  

Arsenic is present in groundwater in As (III) and As (V) forms in different 

proportions. Most treatment methods are more effective in removing arsenic in its 

pentavalent form and hence include an oxidation step as a pre-treatment to convert 

arsenite to arsenate.  

As (lll) -----------------------------------As (V) + 2e- 

The oxidation of arsenic refers to an increase in its valence state to as high as +5 

through chemical reactions that cause the arsenic to lose electrons. Example: As (0) 

may oxidize to As (lll) and As (lll) to As (V). During an oxidation process chemical 

oxidants receive the electrons from the arsenic and are reduced. 

Oxidation alone does not remove arsenic from solution and it needs to be coupled 

with a removal process e.g. coagulation, adsorption or ion exchange. Johnston and 

Heijnen stated in Ahmed, et al., (2001) that arsenite can be oxidized by oxygen, 

ozone, free chlorine, hypochlorite, permanganate, hydrogen peroxide etc. But 

atmospheric oxygen, hypochlorite and permanganate are commonly used for 

oxidation in developing countries. 

In natural water the oxidation of As may be considerably enhanced by 

microorganisms, Fe species, Nitrate (NO3)
-
, natural organic matter, Mn (lll) and Mn 

(lV) oxyhydroxides compounds. The oxidation of arsenite (lll) by manganese oxide 

is an important reaction in both the natural cycling of arsenic and in developing 

remediation technologies for lowering As (lll) concentration in drinking water. 

Manning, et al., (2002) examined the reaction of As (lll) and As (V) with  synthetic  

birnessite MnO2 using both a conventional stirred reaction apparatus  and extended 

X-ray absorption fine structure (EXAFS) spectroscopy and  their   findings revealed 

that As (lll) is oxidized by MnO2 followed by adsorption of the As (V) reaction 
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product onto the MnO2  solid phase. They found evidence (from EXAFS study) that 

As (V) formed a complex on the MnO2 surface. In As (lll) treated MnO2 system, 

reductive dissolution of MnO2 solid during the oxidation of As (lll) caused an 

increase in adsorption of As (V) when compared to As (V) treated MnO2. They 

noted that As (lll) oxidation caused a surface alteration, creating fresh reaction sites 

for As (V) on the MnO2 surface and thus MnO2 surfaces may be beneficial to treat 

waters contaminated by both As (lll) and As (V). 

Biogenic manganese oxides are also involved in arsenic removal. Indigenous iron 

and manganese-oxidizing bacteria catalyzed the oxidation of Mn (ll) in ground 

waters. Mohan and Pitman, (2007) observed that rapid As (lll) oxidation was 

achieved prior to removal by sorption onto the biogenic manganese oxide surface. 

These bacteria play an important role in both the As (lll) oxidation and the 

generation of reactive manganese oxide surfaces for the removal of dissolved As (lll) 

and As (V). 

The existence of arsenic is often correlated with high Fe (II)-Mn (II) levels in ground 

waters (Chen, et al., 1999; Edwards 1994), Oxidation of Fe (II) leads to the 

formation of Fe (OH)3 precipitates; then arsenic can be co-precipitated or adsorb to 

the iron hydroxide form and can be removed (cited by Clifford and Lin 1991; 

McNeill and Edwards 1995). If there is not enough iron in the source water for this 

process to be efficient, iron as Fe (III) can be added to reach the desired level of 

arsenic removal (U.S. EPA, 2000). Oxidation of Mn (II) without Fe (II) becomes 

effective for arsenic removal only at influent Mn (II) concentrations greater than 3 

mg/L (Edwards, 1994).  

The source water quality parameters that affect the performance of arsenic removal 

systems are mentioned by Khandaker, et al., 2009 and the list of parameters are: 
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 pH,  

 Total dissolved solids (TDS),  

 Turbidity,  

 Total arsenic concentration,  

 Arsenic speciation,  

 Total iron 

 Presence of competitive anions such as phosphates, silicates, bicarbonates, 

and fluoride  

Silica is a major anion that exerts significant impact on arsenate removal by porous 

metal-oxide adsorptive media (Smith and Edwards, 2005 described by Westerhoff et 

al., 2008). These authors proposed several mechanisms to describe the role of silica 

in iron-silica and iron-arsenic-silica systems, including that (1) adsorption of silica 

may change the surface properties of adsorbents by lowering the iso-electric point or 

pHzpc; (2) silica may compete for arsenic adsorption sites; (3) polymerization of 

silica may accelerate silica sorption and lower the available surface sites for arsenic 

adsorption; and (4) reactions of silica with divalent cations such as calcium, 

magnesium and barium may form precipitates. 

2.6.2 Sorption materials for arsenic removal  

 A considerable volume of research has been already conducted on the use of 

sorption materials in arsenic removal. Sorption methods are simple to perform and 

relatively inexpensive. Several materials have already been proposed for the sorption 

of arsenic from water (Daus, et al., 2004). Choong, et al., (2007) reported several 

sorbents including activated alumina, activated carbon, zeolite, coconut husk, coal, 

fly ash, ferrous iron, zirconium oxide, red mud, rice husk, petroleum residues, human 

hair, saw dust, manganese green sand, chrome waste etc. A comparative evaluation 
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of different adsorbents in arsenic removal was cited by Mohan and Pitman (2007). 

The results of their investigation are summarized in table 2.2. 

 

Table 2.2: Comparative study on different arsenic removal media 

Adsorbents Type of 

water 

Model used to calculate 

the adsorption capacity 

Example capacity 

(mg As/g media) 

As (lll) As (V) 

Activated 

Alumina 

Drinking  Langmuir 0.180  

Activated carbon Aqueous 

solution 

 29.90 30.48 

Iron oxide coated 

sand 

Tap Langmuir 0.136  

Iron oxide coated 

sand 

Drinking Langmuir 0.041 0.043 

Iron oxide 

uncoated sand 

Drinking Langmuir 0.006  

HFO (Hydrous 

Ferric Oxide) 

Drinking  28.00 7.00 

Iron oxide coated 

cement 

Drinking Langmuir  3.98 

Ferrihydrite (FH) Natural Langmuir  0.018 

 

 

 2.6.3 Arsenic removal by Activated Alumina (AA) 

Activated Alumina (AA) is an amorphous and crystalline-phase porous, inorganic 

aluminium oxide adsorbent of approximate composition of Al2O3. AA is prepared by 

thermal dehydration of aluminium oxide at a temperature of 300-600°C. The 

physical properties of AA that can influence arsenic removal include particle size 

and density, surface area and pore characteristics. The typical particle size used in 

water treatment is 28 X 48 meshes (i.e. 0.6-3 mm). For smaller particle sizes, higher 

adsorption capacities are typically observed due to a larger surface area. The sorption 

of arsenic onto AA is highly dependent on the pH of the solution. Solution pH 
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determines the surface charge of the activated alumina and the dominant species of 

arsenic present in solution. Therefore arsenate is more readily adsorbed than arsenite 

because under most pH conditions for natural water, arsenate is present in negatively 

charged ionic form and arsenite is in non-ionic form. So it is necessary to oxidize As 

(lll) to As (V) for adsorption. Studies have shown that the optimum pH for arsenic 

adsorption onto AA ranges from 5.5 to 6. Adsorption characteristics of As (V), Se 

(lV), and V (V) onto activated alumina were studied under different pH, surface 

loading and ionic strength by Su, et al., (2008). Using batch experiments they found 

that the adsorption of these elements on activated alumina was significantly affected 

by pH and the surface loading. Several authors have noted these disadvantages to the 

operation of AA systems.  

ALCAN filter 

ALCAN is a chemical based (AA) household filter (figure 2.3) used to remove 

arsenic from ground water. The filter consists of a 20 liter capacity three layer plastic 

container and six kg of activated alumina (media). Water is entered into the first 

layer of the filter through a micro-filter paper. In this layer all suspended solids in the 

water are removed. The second layer, a micro filter paper is put on a net and a bed 

consisted of 3kg activated alumina   through which the water passes removing 

arsenic in the water. The third layer is the same as the 2nd layer. Water purification 

by the ALCAN filter can give off a noxious smell due to the presence of high iron in 

the treated groundwater. Recently it has been advised to clean and boil the filter 

media with pure water for 10 minutes (Grameen Shikkha Report, 2008). Khandaker, 

et al., 2009 reported that regeneration of activated alumina filter media requires 

strong acids and bases, and produces arsenic-rich waste. Waters rich in iron and 
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manganese may also require pre-treatment to prevent media clogging, increasing the 

treatment cost. 

 

 

                        

           Figure 2.3: ALCAN filter (Source: Author’s own photograph, 2008) 
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2.6.4 Arsenic removal by Activated carbon 

There are a number of feedstocks proposed by Mohan and Pittman (2007) for the 

preparation of activated carbon. For example- Bone, bagasse, coal, coconut shell, 

corn cobs, jute stick, human hair, coconut coir, cottonseed hulls etc. Adsorption 

capacity depends on the activated carbon properties, the adsorbate chemical 

properties, temperature, pH, ionic strength etc. Different researchers have noted that 

impregnating the carbon with various metal ions such as iron oxides may improve 

arsenic adsorption. Commercial activated carbons have been extensively used for 

removal of As (lll) and As (V) from water. Activated carbon with high ash content 

was extremely effective in As (V) removal (Lorenzen, et al., 1995 as cited in Mohan 

and Pittman, 2007).  

 Activated carbon (AC), zirconium-loaded activated carbon (Zr-AC), a sorption 

medium with the trade name 'Absorptionsmittel 3' (AM3), zero-valent iron Fe(0) and 

granular iron hydroxide (GIH) were tested by Daus, et al., 2004 to compare the 

sorption capacity. The results revealed that Activated carbon was found to enhance 

the oxidation reaction of arsenite in batch experiments. The best results were 

obtained however from GIH. Synthetic activated carbons have also been tested for 

arsenic removal. Synthetic activated carbons are produced by carbonization of slow 

substrate (coconut shell, almond shell, pecan shell, bituminous coal, fly ash, oat hulls 

etc.) heating in the absence of air below 600°C. This process improves the quality of 

activated carbons. 

2.6.5 Arsenic removal by iron species 

Granular ferric hydroxide (GFH) is a slightly crystalline ß-FeOOH and the removal 

of arsenic by granular ferric hydroxide is also strongly dependent on pH. The pH 

during treatment should be less than the pH of the zpc of the iron hydroxide to 
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facilitate attraction but GFH has been shown to be less sensitive to pH and has 

higher capacity than AA (Clifford, 1999). 

Iron oxide has also been widely used as a sorbent to remove contaminants from 

waste water and liquid hazardous wastes (Choong, et al., 2007). Removal has been 

attributed to ion exchange, specific adsorption to surface hydroxyl groups or co-

precipitation. Hydrous ferric oxide (HFO) is an important sorbent in waste water 

treatments especially for hazardous chemicals. Sarker, et al., (2005) studied a well-

head arsenic removal unit in India operated with activated alumina. In the top portion 

of the column, the dissolved iron present in ground water is oxidized by atmospheric 

oxygen into hydrated Fe (III) oxides or HFO particles which in turn selectively bind 

both As (III) and As (V). The presence of DOM (Dissolved Organic Matter) had a 

strong effect on arsenic adsorption onto HFO (Mohapatra, et al., 2005). It was 

proved that both DOM and HFO could influence arsenic occurrence and speciation. 

DOM can compete with arsenic to adsorb onto HFO and delayed the attainment of 

equilibrium. 

A number of studies have indicated that various complexes are formed in the 

adsorption of As (V) on ferrihydrite (Manceau, 1995; Sun and Doner, 1996; Fendorf, 

et al., 1997) cited by Robins, et al. (http://unu.edu/env/Arsenic/Robins.pdf). 

Investigation showed that arsenic (V) is adsorbed to ferrihydrite as a strongly bonded 

inner-sphere complex with either monodentate or bidentate attachment (Waychunas, 

et al., 1993). At lower concentration of arsenic (V) and higher iron (lll) 

concentrations the co-precipitation of arsenic with ferrihydroxide (ferrihydrite) 

occurs and this was identified as the most effective method of arsenic removal from 

aqueous solution. 

 

http://unu.edu/env/Arsenic/Robins.pdf
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2.7 Mechanism of contaminant removal in FeO filters 

In the conventional granular bed filtration (adsorptive filtration), contaminants have 

to be transported near the filter grains (e.g. activated carbon, metal oxide) by 

different transport mechanisms and then adhered to the grain surfaces by various 

attachment mechanisms for their successful removal. Filtration is thus a complex 

process involving Physico-chemical mechanisms and essentially depending on four 

major various factors: (i) filtration rate, (ii) media grain size, (iii) affinity of 

contaminant to bed media, and (iv) contaminant concentration. 

The presence of Fe in media or natural water both effects the removal of arsenic. 

Zero-valent iron (ZVI) filings have been used by several investigators as effective 

adsorbents for arsenic removal (Andrews, 2009). It was stated by Andrews (2009) 

that Zero-valent iron media and granular oxides are effective adsorbents, but there 

are many problems with their use. Some iron media become compacted which 

requires frequent backwashing for achieving high hydraulic conductivity. 

Granular ferric hydroxides also provide slow adsorption kinetics due to smaller 

effective intragranular diffusion co-efficient than arsenic (Badruzzaman, et al., 

2004). Several investigators have applied a coating of iron hydroxides/oxides to the 

surface of materials such as sand (Joshi  and Chaudhuri, 1996; Thirunavukkarasu, et 

al., 2001; Lo et al., 1997), and activated carbon (Chen, et al.,  2007; Chuang, et al., 

2006), and zeolite (Chutia, et al. 2009; Onyango, et al., 2007). Although iron is very 

important for arsenic removal it still may have uncontrolled leaching problems and 

rusting, which clogs the filter media and filter outlets and leaves the filter useless. 

Hug, et al., (2001) developed a technique of arsenic removal by naturally dissolved 

iron in SORAS (Solar oxidation and removal of arsenic). In this method they added 

citrate in the form of lemon juice to contaminated waters, followed by exposure to 
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bright sunlight. Photolysis of the iron citrate complex enhances the oxidation of As 

(lll) to As (V) and subsequently increases percentage uptake of arsenic by the 

formation of iron oxide precipitates. 

2.7.1 Removal of arsenic using Composite Iron Matrix (Sono Arsenic filter) 

The Sono filter (figure 2.4) is a two-stage, pour-collect filtration system, which was 

developed with Bangladeshi villagers in mind. The top bucket contains the arsenic-

scavenging composite-iron matrix (CIM) sandwiched between two layers of sand 

(Hussam and Munir, 2007). The bottom bucket is a simple sand and charcoal filter 

that cleans the water of residual iron and other impurities that may have drained from 

the first bucket. This design was selected for production after extensive experiments 

with alternative designs. Details of the materials, design, and function of the filter in 

the field, with extensive test data for other filter systems, have been reported 

elsewhere (Hussam and Munir, 2007). 

The principal material is CIM, a composite iron matrix made from cast iron turnings. 

Mn is also an ingredient of CIM and oxidizes As (lll) to As (V). The mechanisms of 

Sono filter has been described by Hussam and Munir, 2007. This CIM enhance HFO 

formation and thus arsenic species captured by HFO. The CIM provides a matrix that 

can produce HFO.  
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 Figure 2.4: Structural design of Sono arsenic filter (Source: Hussam and Munir, 

2007)  

 

In table 2.3 Johnston and Heijnen summarized (in Ahmed, et al., 2001, available at 

http://archive.unu.edu/env/Arsenic/Han.pdf) the different removal effectiveness and 

state of development of the various current arsenic removal technologies: 
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Table 2.3 Different arsenic removal technologies and their typical removal 

effectiveness (Johnston and Heijnen in Ahmed, et al., 2001) 

 

Technology Removal 

effectivenes

s (%) 

Institutional experience and issues 

As 

(iii) 

As 

(v) 

Coagulation 

with iron salt 

60-

90 

90 Piloted in community and household level, Phosphate and 

silicate may reduce arsenic removal rate. Inexpensive. 

Generates arsenic rich sludge.  

Coagulation 

with alum 

 90 Piloted in community and household level, Phosphate and 

silicate may reduce arsenic removal rate. Optimal over a 

relatively narrow pH range. Generates arsenic rich sludge. 

Lime 

softening 

30-

60 

90 Proven effective in laboratories and at pilot scale. Chiefly 

seen in centralized systems in conjunction with water 

softening. Extreme pH and large volume of waste generated. 

Ion exchange 

resin 

 90 Pilot scale in central and household systems, mostly in 

industrialized countries. High adsorption capacity, but long-

term performance of regenerated media needs 

documentation. Waters rich in iron and manganese may 

require pre-treatment to prevent media clogging. Moderately 

expensive. Regeneration produces arsenic -rich brine. 

Activated 

alumina 

60-

90 

90 Pilot scale in community and household systems, in 

industrialized and developing countries. Regeneration 

requires strong acid and base. Long-term performance of 

regenerated media needs documentation. Waters rich in iron 

and manganese may require pre-treatment to prevent media 

clogging. Moderately expensive. Produces arsenic -rich 

waste. 

Membrane 

methods 

90 90 Shown effective in laboratory studies in industrialized 

countries. Research needed on removal of arsenite, and 

effectiveness at high recovery rates, especially with low-

pressure membranes. Pre-treatment usually required. 

Relatively expensive, especially if operated at high 

pressures. 

Fe-Mn 

oxidation 

 90 Small-scale application in centralized systems, limited 

studies in community and household levels. Inexpensive. 

Porous 

media 

sorbents 

60-

90 

90 Effective in laboratory studies in industrialized and 

developing countries. Simple media are inexpensive, 

advanced media can be relatively expensive 
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2.8 Arsenic removal by glass and glass derived   materials 

In recent years, much research has been conducted to identify low-cost and low-tech 

systems for arsenic removal in small, rural communities. Recycled glass has been 

less researched than other sorbents in water treatments- thus this research project 

aims to fill a knowledge gap on the utilization of glass in arsenic filtration. Glass 

fibre, iron coated glass fibre, etc are used for removal of arsenic from drinking water 

(Wang, et al., 2010). 

 2.8.1 Chemistry of glass 

The function of soda ash content in container glass formulations is to lower the 

fusion point of the silica sand and improve workability of the glass at moderate 

furnace temperatures (Source: www.p2pays.org/ref/14/13501.pdf ). The soda makes 

the glass water soluble, which is usually undesirable. Lime (CaO) is included in an 

amount sufficient to adjust the viscosity and increase durability of the finished glass. 

CaO is used to prevent water solubility. Al2O3 and MgO provide better chemical 

durability.   

Glasses range in their chemical composition depending on their intended usage e.g. 

Soda lime glass (for container), Borosilicate (low expansion, similar to Pyrex, 

Duran), glass Wool (for thermal insulation), Special optical glass (glass similar to 

Lead crystal), fused Silica, Germania glass, Germanium selenide glass. Colour in 

glass may be obtained by the addition of colouring ions that are homogeneously 

distributed. Ordinary Soda-Lime glass appears colourless to the naked eye when it is 

thin but with thicker pieces or when viewed by scientific instruments it looks green 

due to the presence of iron (II) oxide (FeO) impurities up to 0.1 wt%. For preparing 

green bottles FeO and Cr2O3 is added with the raw materials. 

(Source:  http://en.wikipedia.org/wiki/Silicon_dioxide). 



56 

 

The colouring agents are a minor constituent in container glass, but can affect 

chemical compatibility and furnace performance during remelting. Amber bottle 

glass is produced with a sulphur-iron colloidal solution, under reducing conditions. 

Green and clear glasses are produced in oxidizing reactions with small amounts of 

Cr2O3 dissolved in the glass. Silicon dioxide reacts with basic metal oxides (e.g. 

sodium oxide, potassium oxide, lead (II) oxide, zinc oxide or mixtures of oxides) 

forming silicates and glasses (source: http://en.wikipedia.org/wiki/Silicon_dioxide). 

Dunken and Doremus (1987) studied the reaction of water with glass in terms of 

formation of a transformed layer. They defined that depending on the chemical 

composition the glass may be graded and react with water. The soda-lime silicate 

glass or certain mixed alkali silicate glass react more slowly with water than other 

alkali silicate glasses. The reason was identified that soda-lime silicate glass are less 

durable and didn’t form a transformed layer on the glass surface whereas non 

durable glass reacts with water and forms a transformed layer (due to interaction 

with water), forming a different structure (Schnatter, et al., 1988) . 

 2.8.2 Glass in water filtration 

The Waste & Resources Action Programme (WARP) experimented with recycled 

glass as a tertiary filtration medium for the treatment of both potable and waste 

waters. Horan and Lowe (2007) revealed that use of recycled glass as a tertiary filter 

medium will give a 10% reduction in the amount of media required, compared to 

sand. In addition, recycled glass has proved more amenable to backwashing (a 

reversible pass of water from the bottom of the filter to clean or regenerate the 

filtration media) which may be a problem in sand filters. Aqua Enviro is involved in 

the treatment of industrial and municipal waste water using recycled glass in a two 
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stage filter and reed bed and found better performance (www.wrap.org.uk) than sand 

filters.  

Very little research has been carried out on arsenic removal by recycled glass and 

glass fibers. Abdallah, et al., 2009 conducted experiments to investigate the 

effectiveness of arsenic removal from groundwater through iron oxyhydroxides 

coated waste products. They  experimented with ferric hydroxide coated crushed 

glass (FHCCG); ferric oxide coated crushed glass (FOCCG); ferric hydroxide coated 

scallop shells (FHCSS); and ferric oxide coated scallop shells (FOCSS) for 

adsorption of arsenic from solution. The adsorbents were characterized through 

evaluation of their structure, surface area, chemical composition, iron content, and 

coating stability. The research results revealed that scallop shells coated with ferric 

hydroxide performed better than crushed glass coated with ferric hydroxide.  

2.8.3 Glass fibre 

The UK production of glass fibre insulation is around 150,000 tons per year and 

currently all the glass fibre manufacturers are using recycled glass as a feedstock. 

Kumar, et al., 2009 (http://www.waterrf.org/publicreportlibrary/3161.pdf) studied 

the adsorption kinetics and mass transport mechanisms of arsenate adsorption on 

iron oxide coated fiberglass fibers. They found that iron coated fiberglass fibers 

provide faster arsenate removal kinetics compared to other arsenic adsorbents such 

as iron oxide impregnated sand, iron oxide coated phosphorylated orange waste, 

granular ferric hydroxide, ion exchange resin etc. The kinetic study revealed that iron 

oxide coated fiberglass fibre can remove more than 50 % of arsenate within 2 h of 

experiment initiation with an effectiveness of 0.065 mg arsenic per g media. 

Wang, et al., (2010) found that iron oxide coated glass fibre (IOCGF) has high 

arsenic removal effectiveness. IOCGFs have four additional advantages: greatly 
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improved contact effectiveness; higher adsorption capacity because of high surface 

area; low cost and easy availability. It can remove both As (lll) and As (V) without 

the need to oxidize As (lll) to As (V). 

2.9 Management of arsenic bearing waste 

The combination of high toxicity and widespread occurrence of arsenic has created a 

pressing need for effective monitoring and measurements of it in soils, groundwaters 

etc (Melamed, 2005). Arsenic is one of the toxic materials regulated under the 

Resource Conservation and Recovery Act (RCRA) in the USA. Arsenic 

contaminated waste is considered as a hazardous waste under RCRA and must be 

treated to meet limits that are determined by the toxicity characteristics leaching 

procedure (TCLP). Before any management of arsenic contaminated waste it is 

necessary to determine its contamination level to apply TCLP.  

2.9.1 Detection of heavy metals/ metalloids 

A brief overview of the scientific literature is presented on existing technologies that 

are available for the detection of arsenic in  liquid and soil media (Melamed, 

2005).There are several accepted analytical methods for detection of arsenic in the 

laboratory (Crock, et al., 2000) such as  atomic fluorescence spectroscopy (AFS), 

graphite furnace atomic absorption (GFAA), hydride generation atomic absorption 

spectroscopy (HGAAS), inductively coupled plasma-atomic emission spectrometry 

(ICP-AES), inductively coupled plasma-optical emission spectrometry (ICP-OES), 

inductively coupled plasma-mass spectrometry (ICP-MS). X-ray fluorescence (XRF) 

is an effective technology for the detection of arsenic in the field from solid samples. 

Scanning Electron Microscope (SEM) is sometimes useful for analysis of heavy 

metals (Pina, et al., 2000) especially to characterize the elements and their 

associations. Analysis by atomic absorption Spectrophotometry (AAS) is a well 
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known method for the detection of heavy metals from aqueous samples. Radu and 

Diamond (2009) compared the performance of AAS and portable XRF for the 

detection of Pb, As, Cu and Zn in heavily polluted soils. The results revealed that the 

soils were severely polluted from heavy metals and data of AAS and XRF are 

correlated. But considering the cost and maintenance they suggested using XRF for 

rapid in situ detection of toxic heavy metals. Arsenic was also detected by using a 

portable X-ray fluorescence (PXRF) during a rapid field screening by Peinado, et al., 

2010 in Spain. In a sports ground in Ireland tremendously elevated values of the 

pollutants were detected by Carr, et al., (2008) with maximum values of Pb, Zn, Cu 

and As ranging from around 700-25000 mg/kg soil and the researchers used a 

portable XRF and GIS (Geographic Information System) for the identification and 

mapping of heavy metal pollution in soils of a sports ground in Ireland. Several 

reports are also published elsewhere about the use of ICP-OES and XRF laboratory 

and field conditions respectively (Kilbride, et al., 2006; Chou, et al., 2010; Parsons, 

et al., 2013). 

2.9.2 Extraction of heavy metals/ metalloids 

Extraction of heavy metals is useful in examining the association of different metals 

with various components of a contaminated sample and provides useful information 

on heavy metal distribution in those samples (IIori and Okieimen, 2011). Tessier, et 

al., 1979 describes the critical steps of sequential extraction (SE) procedures that are 

used in analytical chemistry for partitioning heavy metals using some selected 

reagents. Metals are distributed throughout soil components and sequential 

extraction can assess the distribution and potential mobility of those metals (Wasay, 

et al., 2001). However, researchers also describe some limitations of SE i.e., 

selectivity of extractants, redistribution of metals during the extraction process and 
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the deficiency of proper reagent dose at high metal concentration (IIori and 

Okieimen 2011 and reference there in). 

2.9.3 Disposal of arsenic bearing waste 

Management of hazardous wastes, such as arsenic, is of major public concern (Leist, 

et al., 2000). Arsenic can be sorbed onto various adsorbents and 

solidification/stabilization (S/S) of hazardous iron oxide coated cement (IOCC) spent 

adsorbent containing As (III) was investigated by Kundu and Gupta, 2008. They 

found that cement and lime are effective in containment of the As (III) within the 

matrix thus indicating S/S can be used as a suitable management option for toxic As 

(III)-bearing sludge. The results also suggested that the S/S treated arsenic sludge is 

acceptable for controlled utilization. Three options that can be operated for dealing 

with arsenic waste streams are described by Leist, et al., 2000.These are 

concentration and containment, dilution and dispersion, encapsulation of the material 

but the authors also mentioned some drawbacks of those three options such as cost, 

safety and possibility for combining numerous waste streams together and in a way 

which dilutes the hazardous contaminants, thus passing any regulatory limits. In 

Bangladesh the disposal of concentrated sludge generated from arsenic filtration 

units are disposed in cow dung peat or in soil that is not well maintained. Hamel and 

Zinia, 2001 studied the arsenic treatments and leaching characteristics of sludge and 

their results suggested that no dangerous level of arsenic leaching is occurring from 

the sludge that is generated from the various arsenic treatment processes in use. 

Rahman, et al., 2014 investigated the disposal of arsenic sludge with cow dung and 

their result suggested that bio-chemical (e.g. bio-methylation) processes in the 

presence of fresh cow dung lead to significant removal of arsenic from both aqueous 

solution and As-rich treatment wastes. Arsenic reducing bacteria facilitates 
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transformation of arsenic into volatile species that is responsible for the removal of 

arsenic. 

2.10 Conclusion  

Arsenic is a major health-impacting contaminant in Bangladesh and numerous other 

areas, and a range of low-cost filter media have consequently been proposed for its 

effective adsorptive removal from drinking water. Despite the relatively low cost of 

recycled glass and its potential as a filtration media, there has been little systematic 

work on the ability of recycled glass to act as a low cost effective filter media for 

arsenic removal from ground water. Therefore this thesis examines recycled crushed 

glass as a potential media for the removal of arsenic from groundwater-sourced 

drinking water at household scale in Bangladesh. 
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 Chapter 3 

Methodology 

3.1 Overview Methodology 

This work is an investigation on whether recycled glass granules can be a practical 

material for use in domestic arsenic (As) removal units in Bangladesh. Following a 

review of relevant literature, and existing filter technologies and their operating 

requirements (Chapter 2), the methods used to address the research aims followed a 

5 steps, laboratory and field-based, model are discussed in figure 3.1. The first point 

was to establish whether recycled glass can remove arsenic from water or not: 

 

 

Figure 3.1: General flow chart of the whole research project  
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 Preliminary trials: check that recycled glass has any effect of removing 

arsenic at all. If the results showed glass granules do not remove arsenic at all 

then other materials would be explored. As glass granules did remove arsenic 

then more emphasis was given to learn which types of glass granules were 

most effective at removing arsenic. There are two dimensions that could be 

involved in this research- a study of the detailed mechanisms of arsenic 

removal and arsenic chemistry, and a study of engineering requirements and 

bulk sorption effectiveness. Given the aim of the thesis (to examine the 

effectiveness of recycled glass as a practical filter media for household scale 

use); the later aspects were focused on. 

 Laboratory work: carry out early exploration of different glass types and their 

effectiveness for arsenic adsorption under laboratory conditions. In order to 

minimize the production of large amounts of As-containing waste in the 

laboratory, very low concentrations of spiked arsenic solution were used to 

minimize disposal requirements. These trials in the UK laboratory helped in 

understanding the basic effectiveness of arsenic removal.  

 Field work: trials were subsequently carried out with higher arsenic 

concentration, naturally contaminated water in Bangladesh which contains 

other elements (Fe, P etc). The field research was useful to focus what further 

laboratory work needed to be done in the UK with different glass types and 

some iron-based media (stainless steel) to filter As-Fe containing solutions.  

 Determine whether a domestic filter containing recycled glass is feasible or 

not using further laboratory-based studies -e.g. can the glass absorb enough 

arsenic or can it produce water fit for drinking? 
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 Field work: On the basis of the laboratory work, further field work was 

undertaken in Bangladesh using naturally arsenic contaminated water to 

explore the performance of more complex filter materials including glass and 

sand. The results of field trials were useful to select the best glass type for 

arsenic removal and thus more work was done in UK with concentrated As-

Fe solutions. 

 Work on ideas for improvements: After experimental work using spiked As-

Fe solutions, further experiments were performed from which the best-

performing glass was selected, and a variety of additional experiments were 

conducted to assess the practical application of the glass under realistic field 

scenarios - e.g. by using “aged” glass and other complex combinations of 

glass and stainless steel. 

Specifically, all the above works would be done to determine the effectiveness of 

recycled glass for arsenic removal. These experiments were conducted to  

 estimate how much arsenic could be potentially removed per g of glass 

prepared by different methods ( mg As/g glass) and  

 investigate basic practicability at households scale use.  

The experiments used for achieving these aims were  

a)   shaking of synthetic arsenic solution with glass granules (i.e. batch uptake 

studies) and 

b) filtration by passing UK synthesized arsenic solutions and Bangladesh 

groundwater through different types of columns prepared using glass granules (i.e. 

column uptake studies). 
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In this research different types of glasses were studied with respect to practical 

characteristics-i.e. cost of filter media, amount of water to be treated, disposal 

methods etc. From the literature it is known that the intrinsic elemental composition 

of arsenic removal media, media surface, size, angularity etc have an influence on 

arsenic removal. It is well documented that Fe is also an important agent in arsenic 

removal, and this may be added to the filter media, or be naturally present in the 

treated water. So there are a variety of parameters which need to be considered. A 

number of methods and techniques were used throughout this research work. These 

are discussed below: 

3.2 Overview techniques:  

As the main candidate adsorbent of this research projects is recycled glass a range of 

glass samples were processed and size reduced using size reduction techniques 

currently applied in glass recycling. The detailed techniques of glass size reduction 

are discussed in subsequent sections. Batch and column experiments were then 

performed to determine arsenic adsorption capacity, and the role of additives and 

ageing of the glass also examined. An arsenic spiked solution was prepared by 

dissolving As2O3 powder in distilled water and then diluted as required. Different 

sizes of glasses were used to compare the effect of surface area on arsenic removal 

effectiveness. 

There are several techniques for arsenic removal in the laboratory-e.g. a shaking 

method using filter media in a container and shaking, or by passing As-labelled 

water through a media column of different lengths. In the shaking method all glass 

granules interact with the solution on commencement of the experiment, whereas in 

column filtration the first pass of solution does not produce effective results as it 

wets the glass media initially. On the other hand, in the shaking method there is less 
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waste liquid generated compared to column filtration. So the final decision was taken 

to examine arsenic removal by the shaking method for preliminary experiments 

because it is very easy to manage and gives the highest arsenic removal in laboratory 

tests (e.g. for investigating saturation).  

A range of different methods exist for determining the chemical and mineralogical 

composition of recycled glass. For studying chemical composition of raw glass a 

portable X-ray fluorescence unit (PXRF) was used (figure 3.13), which enables rapid 

screening of bulk (surface) chemical composition. For studying surface properties of 

granular substances an OSM (Optical Stereo Microscope) is commonly used. In 

SEM studies the samples need to be coated and the technique is expensive. OSM 

study does not require any special coating of samples and is easy to operate and less 

expensive. So for the preliminary study of glass surfaces an OSM was used (figure 

3.14).  

Size reduction was required to produce glass granules of a useful size, from 

commonly found waste glass-i.e. bottles of various types. After the bottles were 

imploded or ground, sieves were used to grade the glass sizes. The bottles were 

sorted into colors (Brown, green, blue and clear) and examined for elemental 

composition using a portable XRF. A sample arsenic solution was also synthesized 

for general use. Promising glass types were then used for filtering actual arsenic 

contaminated water from Bangladesh which naturally includes other metals (Fe, Mn, 

P, Cr etc.). 

Shaking experiments were carried out with glass granules in arsenic solution because 

they were quick to perform to choose the most promising glass. Column filtration 

experiments were also conducted to consider practical aspects such as kinetics of 

uptake, flow rates and bulk capacity. Once the main investigations of different types 
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of glass granules were completed, variations including the addition of additives 

and/or coating of the granules (with biofilms, due to media ageing) were similarly 

investigated.  

The details of the overall activities involved in these experiments are discussed 

below: 

3.3 Preparation of the different colored glass granules  

The size reduction was required to produce glass granules of a useful size, from 

commonly found waste glass-i.e. bottles of various types. After the bottles were 

imploded or ground, sieves were used to grade the glass sizes. The bottles were 

sorted into colors (brown, green, blue and clear) for study. This procedure was 

completed in the engineering laboratories of the University of Brighton. The 

procedures are described in the following sections. 

3.3.1 Glass collection and cleaning 

Recycled glass bottles were collected from local outlets and imploded or ground 

using an imploder or mechanical grinder. Before glass grinding the collected bottles 

were soaked in water overnight in a large sink and the labels were removed using a 

scraper. The metal rings of the bottle tops were removed with pliers and a blunt 

knife. The waste water was drained in   a specific sink carefully so that no waste 

paper entered into the pipe. For this purpose water was drained on a fine sieve. The 

cleaned bottles were left to dry at room temperature in a labeled hard plastic box. 

Four colors of glass: clear, green, brown and blue were used in the production of 

glass granules. After cleaning the glass bottles, the glass crushing and sieving was 

done under dry conditions which mean that the crushed glass from the imploder and 

grinder and sieved glass was collected in a dry container.  
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3.3.2 Implosion 

Implosion is a mechanically induced high-speed process that transfers energy into 

the glass feedstock (uses a mechanical resonance transfer process) resulting in the 

destruction of glass whilst rendering it sharp free 

(http://www.krysteline.net/Implosion.htm). During implosion the pre-cleaned glass 

bottle is fed piece by piece via a feed chute to the feed chamber of the imploder at a 

controlled rate and the implosion takes place as a function of frequency to reduce 

glass size. Imploded glass is not abraded, it retains a smooth shiny surface giving it 

high percolation and low bio-fouling characteristics beneficial in water filtration 

applications. The technique does not grind, mill, hammer or frail the glass. There are 

different types of glass Imploder operated by the Krysteline group. A standard GP1 

Imploder was used to crush the recycled glass bottles and produce a range of fraction 

sizes from approximately 0.2mm up to 16mm. 

3.3.3 Glass implosion (Dry method): 

A clean large sized plastic bag was placed under the collector pipe of the imploder. 

During implosion a laboratory coat, visor, face filter mask, toe covering shoes, and 

hand gloves were worn for Health and Safety reasons. The pre cleaned bottles were 

put one by one into the imploder with the operator standing back to avoid glass 

sputtering (figure 3.2). Different colors of imploded glass were collected separately 

and stored for sieving. 
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3.3.4 Dry sieving of imploded glass: 

The glass granules from the imploder were sieved using 5 mm, 1 mm and 0.5 mm 

mesh sieves.  Sieves were made of brass and the mesh was made of stainless steel. 

Sieving was done mechanically. The sieve was covered with a lid to avoid dust 

formation. Glass sizes from 4 mm to s<0.5 mm were separated for experimental use. 

In the result sections the glass samples of this group are described as Dry Sieved 

Imploded Fresh (DSIF) glass. 

3.3.5 Wet Implosion:  

To reduce the production of dust during implosion, the glass collector bucket of the 

imploder was half filled with water and placed under the imploder and then the 

bucket was connected with a vacuum cleaner so that all the dust produced during 

implosion can be cleaned quickly.  

3.3.6 Wet sieving of imploded glass 

After wet implosion of glass, the water from the bucket was removed in a small 

bucket, poured onto a sediment trap and the imploded glass sieved using 10 and 5 

mm sieve on the sediment trap following 1 mm and 0.5 mm sieves. The bigger glass 

Figure 3.2: Glass Imploder and imploded glass 

(Source: Author’s own photograph, 2008) 
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granules were stored for grinding later. The smaller glass granules were dried 

separately in an oven for 2 days at 30°C. In the results chapter the glass samples 

produced using this method are described as Wet Sieved Imploded Fresh (WSIF) 

glass. 

3.3.7 Grinding 

The mechanical grinder received pre-crushed bottles.  For this purpose a Glen 

Creston Cross Beater Mill, Model 16-151 was used. The mode of glass size 

reduction also influences the physical properties of the glass. A glass Imploder 

crushes glass and produces sharp free glass granules, whereas a glass grinder 

produces comparatively more angular and sheared glass granules that may contribute 

better surface characteristics (increased surface area) for arsenic  adsorption 

applications. The glass grinder produces different sizes of angular granules. The 

ground particle size can be controlled by interchangeable screens which are available 

with 13 different mesh sizes from 0.12 to 10 mm. 

For glass grinding the glass is placed in the hopper of the mill from which it enters 

the grinding chamber where it is pulverized between the hard grooved door and 

chamber linings. The action is performed in two stages: 1) combined cutting, 

shearing and crushing of the glass which is between beater tips and the grooved 

lining and 2) further disintegration of the particles by their impact against the beater 

tips revolving at high speed.  

Figure 3.3a shows the internal structure of a typical glass grinder. The grinding 

chamber lining and door lining are available in cast iron, chrome steel and stainless 

steel. Beater arms are the products of cast iron and stainless steel where beater tips 

are available in chrome steel, stainless steel and low chrome.  
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3.3.8 Glass grinding (Dry method) 

The different colored cleaned glasses were placed inside a thick plastic bag 

separately and tied with rope. Then the glass was crushed with a hammer by 

impacting the bag. The bigger pieces of glass (approximately size>4 mm) were used 

for grinding. The glass collector bucket was cleaned and hung within the grinder 

carefully. The grinder was switched on and the size-selected glass pieces were 

placed inside the funnel of the grinder as seen in figure 3.3b. The crushed glass was 

stored for sieving. 

 

                                                                 

                                                                                                

                                      

 

 

 Figure 3.3a: Model of glass grinder  

(Source: www.glencreston.com/products) 

         

Figure 3.3b: Process of mechanical grinding  

(Source: Author’s own photograph, 2008 

 



72 

 

3.3.9 Dry sieving of ground glass: 

For the sieving of ground glass the same procedure was followed as mentioned in 

section 3.3.4. It must be noted that there were some stainless steel fragments 

introduced with both size reduced glass granules from the sieving mesh (hereafter 

referred to as “Fe additive”). In the result sections the glass samples of this group are 

described as Dry Sieved Ground Fresh (DSGF) glass. 

3.3.10   Wet grinding: 

As with the wet implosion, the operation of wet grinding was done to reduce dust. 

For the wet grinding, the larger size wet imploded glass was used. The glass 

collector bucket was made wet by spraying water. The transparent plastic bags which 

were used for covering the glass collection bucket and glass feeder were also made 

wet by water spray. The grinder was electrically connected by extension wire from 

the source. When all the preparation was done the grinder was switched on. 

After that bigger glass granules (collected from wet implosion) were put into the 

feeder. The fine glass particles were collected inside the collector bucket without 

significant dust production. After finishing grinding, the different color glasses were 

collected in separate bags and stored for wet sieving. In the results chapter the glass 

samples are described as Wet Sieved Ground Fresh (WSGF) glass. 

3.3.11 Wet sieving:  

The same sieves used in dry method were used in wet sieving. The bigger size>5 

mm of wet sieved glass were stored for using in the mechanical grinder. In wet 

sieving running water was passed through the sieves from the water source via a 

plastic pipe. The imploded glass of size 0.5-1 mm and size<0.5 mm were collected in 

separate trays and oven dried at 30°C temperature for 2 days. A large electric oven 

from Barlow Whitney Limited, model number Y16715 was used for drying. There 
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was also introduction of more Fe additive with both wet imploded and wet ground 

samples. 

3.3.12 Preparation of Aged glass  

Many researchers have found that natural biofilms are effective sorbents for arsenic 

removal. For the improvements of recycled glass media the selected glass samples 

(dry and wet imploded and ground) was placed in 100ml beaker separately and 

soaked in tap water for 6 months to allow algae growth naturally. The beakers were 

left open and exposed to daylight at room temperature. Small amounts of water were 

added periodically to prevent drying.  

3.3.13 Preparation of glass with added stainless steel fragments  

There is evidence, based on a number of previous studies (see chapter 2) that Fe 

filings or granular ferric hydroxide is useful in arsenic removal. The imploded and 

ground glass existed with additional stainless steel fragments, derived from the 

sieving mesh. For the improvements of glass media to remove arsenic from aqueous 

solution, stainless steel was added with crushed glass samples. Stainless steel 

fragments were separated from wetsieved ground and imploded glass using a 

magnet, and then the stainless steel fragments were added in different amounts to 

fresh wetsieved ground and imploded glass to prepare working samples. 

3.3.14 Glass types and source of arsenic water used in overall experiments 

There are two types of arsenic solution used in the whole experiments. The first one 

is synthetic arsenic solution made in the laboratory at Brighton University by 

dissolving arsenic trioxide (As2O3) powder. The procedures of stock solution 

production are attached in Appendix 1. Dilution of stock solution was carried out 

depending on the requirements of specific experiments. Another source of arsenic 

solution used was natural arsenic contaminated water from Bangladesh, where water 
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contains a variety of additional elements. Figure 3.4 and 3.5 show the types of glass 

and arsenic solution used in this research projects respectively.  

   

      Figure 3.4: Types of recycled glass used in the research and their production 

methods. 
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         Figure 3.5: Source of arsenic contaminated water used in the research.  

3.4 Experimental set-up 

3.4.1 Measuring the glass granules 

All the glassware used in laboratory experiments was of Borosilicate composition. 

Weight of glass was measured by digital balance of ACCULAB Sartorius group; 

model number ALC-810.2.To measures the glass granules, a small plastic cup was 

used.                                                       

3.4.2 Shaking 

Selected crushed glass was put in 250ml conical flasks and shaken with a given 

volume of arsenic solution for five hours at room temperature (figure 3.6a). Later on 

conical flasks were replaced by plastic tubes (figure 3.6b) for shaking more glass 

samples at a time. A 15 ml sample of the filtrates was withdrawn in plastic tubes 

maintaining an hour interval from each batch of flask. All the withdrawn samples 

were then used for analysis of arsenic removal.   
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3.4.3 Analytical Techniques for arsenic and other elements detection 

Liquid samples were analyzed via Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES), using a Perkin Elmer Optima 2100 DV. A multi element 

standard (QC21) from Perkin Elmer was used for calibration. The carrier gas was 

argon. Mean values were calculated using the 2
nd

, 3
rd

 and 4
th

 readings. The 1st 

reading was avoided for reasons of experimental precision. Standard deviation and 

standard error was calculated using the mean values and the error bar represents  

twice the standard deviation around the mean. The error bars were small and are 

smaller than the symbols used in the figures, unless shown otherwise.  

The ICP tubes were filled with 15 ml of sample and labeled and placed in a labeled 

auto sampler. The ICP tubes that were used for all experiments are made of plastic. 

Adsorption of arsenic onto the plastic walls of the tube was negligible, as indicated 

by control. The concentration of arsenic in ppm (Parts per million, ppm = mg/1000 

ml) was determined using a calibration curve from diluted standard solutions. 

 Data were analyzed using Excel software. Arsenic removal effectiveness was 

calculated (in mg arsenic removed per g of glass) from the analytical data using 

mean, standard deviation and standard error (which was typically around 10%). 

            a                       b 

       Figure 3.6: Conical flasks (a) and plastic tubes on shaker (b) 

                           (Source: Author’s own photograph, 2008) 

 

Figure 3.6: Conical flasks (a) and plastic tubes (b) on shaker  
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 On the basis of results regarding size, colour and mode of crushing, the most 

promising glass samples were selected for the next experiments.    

3.4.4 Burette column filtration: 

The glass samples were selected using the results of previous experiments. The 

source and processing of glass was the same as in the previous experiments. 

3.4.5 Preparation of Burette column: 

50ml size standard burettes (10mm diameter) were used filled with glass granules. 

Two burettes were used per filtration. A given volume of arsenic solution was 

allowed to filter through the first column (A) and the filtrate of column A was 

allowed to filter through the second column (B). The reservoir column was filled 

with fresh arsenic solution diluted from the stock solution. The burettes were fixed 

vertically with a stand. The reservoir column was fitted above column A according 

to figure 3.7. Another column was also fitted above column B from which filtrates 

from column A was passed. 65g of clear ground glass of size 0.5-1 mm was used to 

fill each column. 50 ml of fresh arsenic solution was passed from the reservoir 

column to column A and 15 ml filtrate was collected in an ICP tube for analysis. The 

remaining filtrate was put into the column fitted above column B. 15 ml filtrates 

from column B were also withdrawn in ICP tubes for analysis. This procedure was 

followed three times passing 50 ml of fresh solution. The same procedure was 

practiced for ground clear glass s<0.5 mm and imploded clear glass of 0.5-1 mm and 

s <0.5 mm. All ICP tubes were labeled and stored at room temperature for analysis 

later.                                



78 

 

     

    

 

3.4.6 Analytical Techniques for arsenic and other elements   detection 

Samples were analyzed and data interpreted using techniques as in 3.4.3. 

3.4.7 Large column filtration 

Arsenic in natural water exists alongside a range of other elements, which may 

compete for adsorption sites. To compare the effectiveness of glass for arsenic 

removal in the presence of other dissolved constituents, a preliminary field test was 

conducted in Bangladesh during January 2010 to February 2010. The water 

composition data were collected from BACER-DU (Bangladesh-Australia Centre for 

Environmental Research), Department of Soil, Water and Environment, Dhaka 

University) and on the basis of those data, the field trial was performed in a place 

where the ground water is known to be contaminated by arsenic. A pH meter was 

used to record pH of the input and output water. The experiments were set up using a 

large pipe as a filtration column (figure 3.8) and glass sent from the University of 

Brighton to BACER-DU. The water composition data showed the presence of As, 

Fe, Mn, P etc. in the ground water. Therefore after filtration experiments the filtrates 

were analyzed for determining the removal effectiveness of As, Fe, Mn and P. The 

Column A 

Received Filtrate 

from   A 

 Column B 

Received fresh 

arsenic solution 

 Figure 3.7: Settings of Burette column 

(Source: Author’s own photograph, 2009) 
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technical support of BACER-DU was utilized to perform these experiments. Atomic 

Adsorption Spectrophotometry (AAS) was used for the analysis of filtered samples 

in the laboratories. 

     

 

3.4.8   Preparation of large column filtration 

The large column was made using a PVC (Polyvinyl chloride) pipe with diameter 

6cm and a capacity of 750 ml. The glass sample were prepared in the University of 

Brighton using the dry method (section 3.3) and posted to the BACER-DU 

laboratory. Two areas with relatively high (0.63 ppm and 0.53 ppm) arsenic in 

ground water were examined during the visit. The large column was filled with 

selected 250g of ground and imploded glass and tied separately with a stand. 500 ml 

(0.5 l) of contaminated ground water was passed through the glass filled column and 

250 ml of filtrates were collected in plastic bottles. Further filtrates were collected 

after passing 1000 ml (1.0 l) and 4500 ml (4.5 l) of groundwater through the filter. 

The filtrates were treated with 5 ml HNO3 (65%) to prevent coagulation before 

analysis in the BACER-DU lab. The filtrates of 0.5 l, 1.0 l and 4.5 l were analyzed to 

determine As, Mn, Fe and P concentrations.                    

 

Figure 3.8: Set up of large column experiments in Bangladesh 

(Source: Author’s own photograph, 2010) 
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3.4.9 Analytical Techniques for arsenic and other elements detection 

Quantitative determination of arsenic was made using an Atomic Adsorption 

Spectrophotometer (AAS). The concentrations of the samples were averages of 

triplicate measurements. Three readings were taken for each samples and the mean, 

standard deviation and standard errors were calculated from those values. 

Presentation of error bars were made as it was done for the data of ICP-OES (see 

section 3.4.3). 

3.4.10 Elemental study using XRF (X-ray fluorescence spectrometer) 

To investigate the elemental composition of glass granules, a portable XRF 

(INNOVX α 6500 model) was used. Before starting the analysis all glass samples 

were weighed and placed in a plastic bag. After switching on the XRF, 

standardization was done by placing a stainless steel bar on the base of the XRF. 

After standardization the selected glass sample bag was put under the PXRF analysis 

window replacing the steel bar. Two minutes count time was allowed to analyze the 

elements present. Every sample bag was analyzed 5 times. The iPAQ was connected 

to a computer having Active Sync software. The data were transferred in Excel in 

ppm for all elements. The mean concentration of different elements was calculated 

using excel software. Calculation of standard deviation and standard error and 

presentation of error bars were done following section 3.4.3. To repeat the above 

experiments for kinetic rather than batch uptake studies further glass granules were 

produced. To minimize the dust generation during processing glass, the method of 

glass implosion, grinding and sieving was changed to a wet method. 

3.4.11 OSM (Optical Stereo Microscope)  

To investigate the surface properties of glass granules an Optical Stereo Microscope 

was used (Nikon Stereo Microscope 3.34 megapixel). The glass granules were 
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observed at 4x magnification. The selected glass samples were placed on transparent 

glass slides and observed under the Optical Microscope and recorded in the system 

computer. Two colors (green and brown) and two sizes (2-4 mm and 0.5-1 mm) of 

Dry Sieved Imploded Fresh and Dry Sieved Ground Fresh glass were studied under 

OSM. 

3.4.12 Scanning Electron Microscope (SEM) 

SEM produces images at a wide range of magnifications so that image widths range 

from several millimeters to microns. By using backscattered imaging in a vacuum 

environment and an accelerating voltage of 20kV, greyscale images are produced 

with the brightness corresponding to the atomic mass of the material (heavier 

elements result in higher brightness). SEM study was carried out using an Oxford 

instruments, Nanoanalysis-AZtech version 1 and the images was studied at 50-1000x 

magnification. 

3.5 Preparation of spiked arsenic solution (stock solution) in laboratory:  

A fresh arsenic stock solution (by dissolving As2O3 powder) was prepared and then 

diluted to use in this research project. The preparation procedure of the stock 

solution and dilution are described in appendix 1 and appendix 2 respectively. 

3.6 Dilution of arsenic stock solution  

The stock solution was very high in concentration (approximate 40 ppm) and 

required dilution to produce working solutions. Please see appendix 2 for details of 

dilution of arsenic solution. 

The concentration or strength of the diluted working solution was not fixed for every 

experiment performed for the whole research project, as tests were performed during 

different periods of study to achieve different research objectives. Consideration was 

given on sample availability (stock solution and glass granules) to determine the 
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strength of working solution, required volume of working solution, total required 

volume of filtrates for individual experiment and weight of glass granules to be used. 

How much stock solution and distilled water was mixed for dilution depended on the 

required strength of the working solution (appendix 2). A range from 0.2 ppm to 24 

ppm arsenic solutions were prepared for the experiments as arsenic concentration in 

ground water varies from country to country and place to place in the same country.  

3.7 Preparation of As-Fe mix solution: Please see appendix 3. 

3.8 Preparation of reagents for sequential extraction: All the reagents required in 

sequential extraction were prepared as described by Tessier, et al, 1979.  

3.9 Health and safety 

Arsenic is a toxic substance and work with arsenic solution was handled following 

standard health and safety protocol. Please see appendix 4 for details. 

3.10 Disposal of waste  

All spillages and wastes were cleaned or handled according to the procedure as 

mentioned in the Health and safety form (appendix 4). All the waste that was 

generated from different experiments (during the study period) were collected in a 

labeled container and kept in a designated area in the lab prior to disposal. 

3.11 Calculation of arsenic removal effectiveness: 

Please see appendix 5. 

3.12 Calculation of the cost of glass grinding: 

Please see appendix 7. 
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Results and Discussion (Chapter 4) 

Overview of Results and Discussion 

From the begining of this research project the main aim was to assess whether 

recycled glass granules can be practical materials for use in domestic arsenic (As) 

removal units in Bangladesh. The research objectives (see section 1.11) were 

achieved by investigating different research questions. 

Each of those questions required different approaches and methods to achieve 

results. Thus, each research sub-question and its methodology and results and 

discussions are presented separately in section 4.1-4.9. First the general principle is 

overviewed. There were 3-4 common colours of glass bottles which needed to be 

size reduced to serve as a filtering media-e.g. from a bottle size to size of gravel or 

sand (between <0.5 mm  and 4.0 mm). There were two common ways of size 

reduction-implosion and grinding. The process of glass implosion and grinding are 

described in section 3.3.2 and 3.3.7 respectively. The imploded glass used in the 

experiments was the product of single bottle feeding during implosion. The glass 

grinder (Cross Beater Mill) is a high speed fixed beater mill. In order to obtain 

consistent sizes, the size reduced glass was then sieved with different size ranges. 

This was done either in a dry condition or in the presence of flowing water. The 

processes of glass size reduction and different sieving is discussed in chapter (3.3). It 

should be mentioned here that all the processes resulted in the addition of sorbent 

particles (i.e. stainless steel fragments) to the samples. The types of glass and arsenic 

contaminated water samples used in overall experiments are described in section 

3.3.14 of chapter 3.  
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After the preparation of various glass samples (as seen in figure 3.4 of chapter 3) a 

variety of different experiments were carried out where different concentrations of 

arsenic solution were introduced to the glass samples and then removed. Pre-

treatment and post-treatment samples of the solution were analysed by ICP-OES 

(Inductively Coupled Plasma-Optical Emission Spectrophotometer) to assess 

removal of arsenic. Sometimes it was more appropriate to do this with the shaking 

method (see section 3.4.2) where the arsenic solution was shaken in a container of 

glass for long periods, obtaining a full effect i.e. allowing estimation of adsorption 

capacity and kinetics. Sometimes it was more appropriate to run the arsenic solution 

through a column containing the glass samples (see section 3.4.4 and 3.4.7), e.g. to 

mimic a domestic filtering process. 

The initial arsenic concentration needs to eventually represent what is commonly 

found in Bangladesh. However, in the laboratory it was necessary to use lower 

concentration for preliminary work and to reuse where possible in order to minimize 

waste production for the laboratory to dispose of. It was necessary to later carry out 

the final laboratory tests at high concentration to reflect typical Bangladesh water 

arsenic levels. 

The Bangladesh water used contains other metals besides arsenic and some 

investigations were necessary for understanding their effects on arsenic removal. 

Two approaches was used for this- 

 Use of natural arsenic contaminated  water (in Bangladesh) 

 Artificially ‘spiked’ laboratory solution (in the University of Brighton). 
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Lastly, for successful use in households, there are practical limits on size, shape, 

design etc. of the filter, and it must be shown that these are met. These can be 

investigated with various prototypes. 

In this work some improvements were carried out to explore whether higher amounts 

of water could be filtered, higher arsenic concentration could be removed, and 

whether media aging affected the performance of the glass. 

Additionally, although not as a major focus of the work, consideration in the 

research design was given to producing data that could be useful for understanding 

what mechanisms are taking place in arsenic removal by glass media. 
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Section 4.1: Study on the effect of glass type on arsenic adsorption    

In order to investigate the research question “what is the effect of glass type on 

arsenic adsorption” an intensive study on recycled glass granules was carried out.  

In the present study the properties of recycled glass were investigated considering 

different colour and granule size. Differently coloured recycled glass has different 

chemical and physical composition that can influence the glass chemistry and 

interaction with other substances. Furthermore different sizes of glass granules exist 

with different surface areas that also influence interaction with liquids.  

The effect of these different parameters was assessed by comparing arsenic removal 

effectiveness for different glass colours and different granule sizes. The selection 

criteria are discussed below: 

i) Colour: There are commonly four colours of recycled glass available in local 

outlets (figure 4.1). From the literature it was seen that different coloured 

glass contains varying amounts of Fe and Cr - Fe in particular may affect 

arsenic removal. Therefore four colours of glass i.e. clear, green, brown 

and blue were processed and size reduced for this study of intrinsic 

elemental composition to test for any differences in sorptive behaviour. 

 

 
Figure 4.1: Glass bottles collected from local authorities for the 

research projects showing mixed coloured glasses availability  
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ii) Size: Different granular sizes can influence uptake of arsenic for different 

reasons- i.e. smaller sizes tend to have higher surface area. For selecting 

glass size for all colours it is necessary to select a similar size range that 

is easily reproducible. During size reduction, different sizes of glass 

granules were produced-e.g. >4 mm, 2-4 mm, 1-2 mm, 0.5-1 mm and 

<0.5 mm. The final samples used here were 2-4 mm and 0.5-1 mm 

because they are similar sizes to those commonly used as arsenic filter 

media in the market and gives a good compromise between surface area 

and reasonable speed and low back pressure when used as a filter.  

iii) Angularity: Angularity of a surface may influence surface area and sorption 

characteristics. It was thought that different sizes of glass granules may 

have different surface areas due to various angularities and this was 

studied under OSM (Optical Stereo Microscope). 

There are two techniques which expose arsenic solution to the glass- batch 

experiments (shaking) and column experiments (see section 3.4.4 and 3.4.7 

respectively). Here shaking experiments were used because these allow 

determination of adsorption capacity, and uptake kinetics of the glass to be 

examined. 

After selecting the parameters and techniques for this study (as mentioned above) the 

experiments were performed using dried sieved imploded fresh (DSIF) and dried 

sieved ground fresh (DSGF) glass types (see section 3.3.3, 3.3.4, 3.3.8 and 3.3.9). 

The results are presented below: 
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4.1.1 Study on physical properties by PXRF 

PXRF measurements were used to determine the chemical composition of the 

different coloured glasses. 

At first various recycled glass bottles were collected and processed for size reduction 

and sieving (see section 3.3). Four colours of recycled crushed glass bottles were 

processed (green, brown, blue and clear) and examined with the PXRF. The selected 

glass sample was placed in a transparent plastic small bag individually and placed 

under PXRF for study. In this study dried sieved imploded samples of clear, green 

brown and blue glass of extra large size 2-4 mm were used. The selected glass was 

placed under PXRF and the data were analysed for chemical composition. The mean 

values of three readings are plotted in Figure 4.2. The coloured glasses used in this 

work were principally clear, green, brown and blue and differentiated accordingly: 

 

 

 

               

 Clear: low Fe and no Cr 

 Green: high Fe and high Cr 

 Brown: high Fe and low Cr 

 Blue : Low Fe and low Cr 
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Figure 4.2: Elemental composition of  different glasses as measured by PXRF 

 

Conclusion:  

Relatively high concentrations of Fe and Cr were detected by the PXRF   in green 

and brown glass, but both Fe and Cr showed low concentrations in clear glass. The 

influence of Fe in arsenic removal is well-known, so then it was assumed Fe could 

be  an important element to investigate further how different glass colours can effect 

arsenic  adsorption, bearing in mind their different amounts of elemental Fe 

intrinsically present (although not necessarily available for arsenic binding). 

4.1.2 Study on physical properties of different dried sieved imploded and 

ground glass granules by OSM 

As the ground and imploded glass was processed using two different mechanisms, 

there will be a possibility of producing different glass granules which can contribute 

different surface areas. It was assumed that under 4x magnification, the different 

angular and rough surfaces of ground and imploded glass could be resolved. Two 
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colours (brown and green) and two sizes (extra large size 2-4 mm and large size 0.5-

1 mm) of recycled crushed glass bottles were selected for OSM study. In the 

experiment with OSM, selected glass samples were put on a glass slide separately 

and the slide then placed under OSM and examined (at 4x magnifications) for 

investigating surface properties. The images were taken randomly from the glass 

granules on each slide. The images seen under OSM of brown and green glass, along 

with the bulk material, are shown in figure 4.3-4.4. In all OSM images the glass 

surface showed some roughness and angular projections. But there was no 

significant visual difference observed between the surfaces of imploded and ground 

glass. In figures 4.3-4.4 all OSM images of the glass surface showed some roughness 

and angular projections, which may increase the active surface area of the particles. 

Further study was required to investigate the glass surface properties of recycled 

glass i.e. the active surface area was not measured in this study, it is recognised that 

surface area measurements would provide additional quantitative data through which 

to assess glass characteristics. 
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Conclusion: 

Although OSM analysis showed some surface angularity on the glass granules, it did 

not indicate any physical differences between ground and imploded glass which 

might contribute to differences in adsorptive capacity. 

4.3.a. Ground Brown (2-4 mm)  4.3.b. Ground Brown (0.5-1 mm) 

4.3.c. Imploded Brown (2-4 mm) 4.3.d. Imploded Brown (0.5-1 mm) 

   4.4.e. Ground Green (2-4 mm) 4.4.f. Ground Green (0.5-1 mm) 

Figure 4.3-4.4 OSM images of size reduced brown and green 

recycled glass, prepared by dried sieved implosion and grinding. 
 

   4.4.g. Imploded Green (2-4 mm)          4.4.h. Imploded Green (0.5-1 mm) 
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Section 4.1.3: Study on the effect of glass colour and granule size in arsenic 

removal 

From the previous study in Section 4.1.1 it was found that different glass has 

different chemical compositions. So it was decided to study glass colour and granule 

sizes against arsenic removal. Shaker experiments were performed to investigate the 

effect of different coloured glass and granule size in arsenic removal. 

The crushed glass was prepared  using the dry implosion and dry grinding and dry 

sieving methods as described  in section 3.3 (see section 3.3.3, 3.3.4, 3.3.8 and 

3.3.9). Synthetic arsenic solutions were prepared by dissolving As2O3 in distilled 

water and then diluted to obtain working solutions (see section 3.5). As the initial 

experiments were done in the laboratory, low arsenicconcentration used to minimize 

waste disposal problem. The glass granules were allowed to contact the arsenic 

solution for a certain period (18 days) following initial shaking and then the arsenic 

concentration of an extracted sample was analysed to evaluate the arsenic removal 

effectiveness by the glass. The process and results are presented below: 

The feasibility of using glass granules for arsenic adsorption was examined using 

batch uptake experiments. To study the effect of colour, an As (III)  test solution was 

added to differentially coloured glass granules and shaken. The resulting solutions 

were analysed for  residual arsenic using (ICP- OES). 

 The investigation was set up with dried sieved imploded fresh (DSIF) glass of extra 

large size of 2-4 mm and large size of 0.5-1 mm. The results are presented in figures 

4.5 and 4.6. 150 ml synthetic arsenic solution (concentration 3 ppm) was shaken in a 

250 ml flask with four colours of 150g DSIF glass from each batch. One flask was 

shaken with 150 ml arsenic solution only as a control with every batch experiment. 
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The shaking was performed at room temperature for 5 hours, after which samples 

were withdrawn. The residual arsenic in the supernatant was analyzed using ICP-

OES and mean values are plotted in figures 4.5 and 4.6. The error bars were small 

and are smaller than the symbols used in the figures, unless shown otherwise. Values  

plotted were the mean of 3 readings  from ICP-OES and the error bar represents  

twice the standard deviation around the mean.  

No detectable adsorption occurred on glass (DSIF) of extra large size 2-4 mm (figure 

4.5) but some arsenic was removed using glass (DSIF) of large size 0.5-1 mm. Due 

to sample availability, for the imploded glass of size 0.5-1 mm, the experiment 

involved 75 ml of test solution (concentration~3.0 ppm) added to flasks containing 

75g of glass (brown and blue) to keep a similar 1:1 ratio of glass and arsenic solution 

as in  previous experiments. The results are shown in figure 4.6 and table 4.1. Brown 

imploded glass (0.5-1mm size) removed more arsenic (0.000304 mg As/g glass) than 

blue glass (0.000144 mg As/g glass) of the same size.                               

                                

                            

 

Figure 4.5: Arsenic removal with different coloured DSIF glass following 

shaker experiments for 5 hours (No Perceptible arsenic removal was seen) 
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Table 4.1: Arsenic removal effectiveness by different colour glass (DSIF, size: 0.5-1 

mm) 

Glass colour Effectiveness ( mg As /g glass) 

Brown 0.00030 

Blue 0.00014 

 

The experiments show that the glass size of (0.5-1 mm) has higher arsenic removal 

capacity than 2-4 mm size. These results indicate increased adsorption onto smaller 

glass particle sizes, which is probably a result of their increased surface area. This is 

further examined and discussed in section 4.2.      

Further experiments were carried out using dried sieved ground fresh (DSGF) glass 

to complement these above which used imploded glass. Only the 0.5-1 mm sized 

glass granules were used (as the larger ones showed no significant adsorption). 

Figure 4.6:  Arsenic removal with different DSIF glass following shaker 

experiments for 5 hours (Very little arsenic removal was seen) 
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For the ground glass (DSGF), experiments involved 37ml of arsenic test solution 

(concentration ~2.9 ppm) added to flasks containing 37g of ground glass size 0.5-1 

mm (clear, green and brown). The reason for using 37g glass and 37 ml solution is 

sample limitation and  to maintain a 1:1 ratio between the glass and  the treated 

solution. The flasks were shaken for 5 hours and 15 ml filtrate was taken for 

analysis. The results shown in figure 4.7 indicated that clear ground glass is better 

for arsenic removal followed by brown and green. The shaking results of imploded 

glass and ground glass was also compared for 0.5-1 mm size ( figure 4.8) where 

(DSGF, size 0.5-1 mm ) ground glass showed better As removal than imploded glass 

(DSIF) of the same color. Further study is needed to justify this conclusion, and is 

discussed later (section 4.2). It must be noted that for these experiments and the 

results in the figures, the  flasks were shaken for 5 hours and stood for 18 days after 

which 15 ml of the filtrate was taken for analysis. Table 4.2 represents the mg of 

arsenic  removed per g of  different colored glass (DSGF, size 0.5-1 mm). The above 

experiments indicate that ground glass has superior performance over imploded 

glass.  

        

                    
Figure 4.7:  Arsenic removal with different colored   ground 

glass (DSGF, size 0.5-1 mm) following batch experiment 
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Glass colour Effectiveness ( mg As /g glass) 

Green 0.00094 

Brown 0.00117 

Clear 0.00126 

 

   

 

Conclusion: 

From the above figures and tables it can be concluded  that OSM could not 

determine any surface differences between  different coloured ground and imploded 

glass. However there were some noticable changes observed on the arsenic  removal 

capacity of differentially crushed glass (following the dry method). The observation 

were as follows: 

 there appears to be a variation with granular size: smaller granules appear to 

be more effective but further studies are needed with more size variation. 

Figure 4.8: Difference between imploded (DSIF) and 

ground (DSGF) glass in arsenic removal from solution 
 

Table 4.2: Arsenic removal effectiveness by different colour ground glass 

(DSGF, size 0.5-1 mm) 
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 different colours of glass (DSIF and DSGF) have slightly different arsenic 

removal effectiveness. 

 clear and brown glass appear to be better than green glass (for the DSGF 

glass). 

 for the same colour, ground brown (DSGF) glass is better than imploded 

brown (DSIF) glass. 

 for imploded glass (DSIF), brown glass is better than blue glass. 

 the best result overall so far is clear, ground glass (DSGF) of size 0.5-1 mm 

which gives a measured arsenic removal capacity  of 0.00126 mg As/g glass.  
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Section 4.2: Study on the effect of different production process of glass granules 

on arsenic adsorption 

During size reduction of glass bottles there are different sizes of glass granules 

produced and the properties of processed glass granules also differ depending on the 

mode of size reduction. The performance of a filter depends on the material size, 

shape; media contact time and specific gravity of the media etc. In the previous 

section (4.1) the bulk feasibility of arsenic removal onto different coloured glasses 

were assessed. This section is designed to investigate the effect of different 

production process of glass granules (regarding size and mode) in arsenic filtration. 

The following criteria were selected for the uptake kinetics study: 

• effect of size – as different sizes of glasses will have different surface to 

volume ratios. A large surface to volume ratio is required for an effective adsorber 

and in this work this feature was investigated by examining different sizes of glass 

and their sorption behaviour. Arsenic solution mixed in with glass granules was 

shaken and the solution sampled as a function of contact time. 

• effect of mode - as the manner of glass processing by mechanical grinding or 

by implosion may create different sizes of glass granules and different sites in that 

glass and/or sorption affinities. A filter media works by separating particles and 

solutes from a solution. In the present study crushed glass of different sizes and 

mode of size reduction was considered for experimentation. As the way of glass 

crushing followed different mechanisms so ground and imploded glass with different 

sizes was studied to investigate and compare the effect of mode of size reduction and 

different sizes of glass in arsenic filtration. The experiment was conducted following 

the shaker method and time of shaking was taken further into consideration as this 
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may influence the active sites of filter media i.e. in the case of slow adsorption 

kinetics longer contact times will be required for effective adsorption.  

The test solution and crushed glass were prepared as described in (Section 3.5, 3.33, 

3.3.4, 3.3.8 and 3.3.9 respectively). For the experiment, 125 ml of arsenic test 

solution (concentration ~1.6 ppm) was added to 100g of ground glass in a flask. The 

amount of working solution used is more than earlier experiments as the filtrate is 

withdrawn hourly (15ml X 5 = 75 ml) whereas in the earlier experiments the filtrates 

were withdrawn only once after 5 hours of shaking. The flask was shaken for 5 hours 

and for every hour of shaking, 15 ml of filtrate was taken out for analysis. A flask 

was also shaken with 125 of test solution only as a test control and sampled hourly. 

Brown glass of size 0.5-1 mm and s<0.5 mm (DSGF and DSIF) were used in these 

experiments and the results presented in figure 4.9-4.12 and table 4.3. 

The results for the large ground brown glass (0.5-1 mm) show that arsenic 

adsorption started after 3 hours of shaking (figure 4.9) and the effectiveness of the 

glass was 0.00033 mg As/g glass (table 4.3). Imploded glass of the same size does 

not show any adsorption within 5 hours of shaking (figure 4.10). So it can be 

concluded that  

• in comparison with the ground glass of the same size (0.5-1 mm), imploded 

glass may require a longer contact time for adsorption to be observed. 

•  in the large ground glass (0.5-1 mm) adsorption started after 3 hours of 

shaking but  will take a longer contact time to reach equilibrium. 
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The same experiment was carried out as above replacing the previously used glass 

with smaller glass granules (<0.5 mm). The results show that small brown ground 

glass (s<0.5 mm) adsorbed arsenic most effectively (the effectiveness is 0.00042 mg 

As/g glass) within an hour of shaking (table 4.3 and figure 4.11), while the imploded 

Figure 4.9: Effect of  large ground glass (DSGF) in arsenic removal 
 

Figure 4.10: Effect of  large imploded  glass (DSIF) in arsenic removal 
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glass of the same size showed the same behaviour as previously (table 4.3 and figure 

4.12). The following conclusion can be made from the small glass results: 

• for the ground glass, the smaller size (s<0.5 mm) reached equilibrium within 

an hour whereas the imploded glass didn’t start discernible adsorption within 5 hours 

of shaking 

• the effectiveness calculated for ground glass is 0.00042 mg As/g glass 

(DSGF) 

Table 4.3: Arsenic removal effectiveness by different brown glass (DSGF and DSIF) 

          Glass  Effectiveness (mg As /g glass) 

Ground  (0.5-1 mm) 0.00033 

Ground  (s< 0.5 mm) 0.00042 

Imploded (0.5-1 mm) No discernible uptake 

Imploded (s< 0.5 mm) No discernible uptake 
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         Conclusions 

 The smaller size (s<0.5 mm) granules are more effective (0.00042 mg As/g 

glass) than larger ones (0.00033 mg As/g glass). 

 The ground glass (DSGF) is more effective than imploded (DSIF). 

Figure 4.11: Effect of  small ground glass (DSGF) in arsenic removal  

Figure 4.12: Effect of  small imploded glass (DSIF) in arsenic removal  
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The result for effectiveness from the earlier experiment for ground brown glass (0.5-

1 mm) in section 4.1 is different (0.00117 mg As/g glass) possibly because of the 

longer contact time between shaking and analysis with the earlier section (table 4.2) 

having stood in solution with the glass for 18 days compared to 5 hours of contact 

time for this section. The reason of not detecting any arsenic removal by both sized 

imploded glass might be due to the lack of active sites on the glass surface or weak 

binding capacity of the glass. The reason of starting arsenic   removal after 3 hours 

of shaking with large ground glass (0.5-1 mm) might be due to surface effects or that 

there were less active sites in large ground glass compared to the smaller size.  
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Section 4.3: Study on the effect of incorporation of additional sorbents particles 

during glass production  

From the earlier experiments it was evident that production process of glass granules 

has an influence on arsenic removal from solution. It was also revealed that ground 

glass was better than imploded glass in arsenic removal. So it was necessary to 

investigate what properties of glass granules or the glass surface are involved in this 

arsenic removal. There are different ways to investigate this matter-i.e. intensive 

study on the glass and glass surface, a study on the composition of different sizes, 

and differently size-reduced glass, a study on those glasses porosity and uniformity 

co-efficient, a study on the incorporation of additional sorbents particles in different 

glasses, a study on those glasses’ effectiveness in arsenic removal etc. In a close 

visual examination it was found that the glass granules were mixed with some black 

fine granule like contaminants or additional sorbents particles and those black 

granules were possible to capture with a strong magnet. It was assumed that those 

black contaminants were Fe containing materials or might be stainless steel and   

have been introduced during the glass granulation process and therefore likely to be 

derived from the machine and sieves. As noted in chapter 2, a range of researchers 

have found granular iron particles to be effective in arsenic removal. So the present 

study was undertaken to examine “the effect of incorporation of additional sorbent 

particles and characterization of those additional sorbent particles.” The 

incorporation of additional sorbent particles in the glass granules was investigated by 

studying those glasses using PXRF. A further study was also made via Scanning 

Electron Microscope. Subsequently, the effectiveness of glass granules were 

compared with a set of shaker experiments where the glass samples were 
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differentiated into 1) glass with additional sorbent particles, 2) glass after additional 

sorbent particles or stainless steel had been removed and 3) the additional sorbent 

particles  or stainless steel only. A strong magnet was used to separate the additional 

sorbent particles or stainless steel from the glass samples. The results of shaker 

experiments with glass and additional sorbent particles or stainless steel will be 

presented in a separate section. 

For studying the presence of additional sorbent materials or stainless steel using 

PXRF, the glass samples from the dry sieved and wet sieved processes (see section 

3.3) were put separately in plastic bags, and data on weight of each glass containing 

bag were recorded. The additional sorbent materials or stainless steel granules were 

then removed with a magnet from each bag, and the bag reweighed. The glass 

samples and additional sorbent materials or stainless steel was kept separately for 

further study. 

4.3.1 Study on the incorporation of Fe containing stainless steel in drysieved 

and wetsieved imploded and ground glass using PXRF 

Around 50g of drysieved imploded (2-4 mm) glass of clear, green, blue and brown 

colour was put separately in small transparent plastic bags and a PXRF was used to 

study the chemical composition of each colour glass. A number of different elements 

were recorded (figure 4.2) but only Fe was considered for further analysis because 

Fe is the main element of stainless steel and has a significant influence on arsenic 

removal (according to available literature). Three readings were recorded for each 

colour and the mean values of those three readings are plotted in figure 4.13 for 

presence of Fe in dry sieved imploded fresh (DSIF) glass. It was seen that dried 

sieved fresh clear, green, blue and brown color glass contained 212 ppm, 865 ppm, 
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291 ppm and 911 ppm of  Fe respectively. This  means that green and brown glass 

have more Fe than either blue or clear glass. 

                          

  

After studying  different coloured dried sieved  imploded fresh  glass of 2-4 mm size, 

another  elemental study was made by  PXRF with 50g of drysieved imploded fresh 

(DSIF) glass of  size 0.5-1 mm and  size <0.5 mm to compare the concentration of 

Fe in different size glass samples. All the bags of the glass granules  tied to avoid  

loose compactation as the difference compactation or packing can interfere the 

PXRF measurements. The study focused on clear and brown glass due to 

unavailability of green and bue samples during the experiments performed. Results 

are shown in figure 4.14. It was found that clear  imploded glass of 0.5-1 mm and 

<0.5 mm size glass contained 380 ppm and 965 ppm of Fe respectively and these 

amounts were higher than those seen in the 2-4 mm size (212 ppm) imploded glass 

(figure 4.13). This indicates that the values of Fe (figure 4.14) might be due to 

presence of thin surface coating of very small magnetic iron or as introduced 

fragments (additional sorbents or stainless steel). If the Fe is intrinsic to the glass 

Figure 4.13:  Concentration of Fe in drysieved imploded fresh (DSIF) glass 

samples (2-4 mm) as measured by PXRF (Each was measured three times) 
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stucture then its concentration would be independent of granule size, as measured by 

PXRF. So the next study was made on different glass by using a PXRF to measure 

approximately how much additional sorbents or stainless steel materials are present 

in the studied glass samples (imploded and ground) and its influence on the 

concentration of Fe in respected glass samples (before and after removal of 

additional sorbents or stainless steel). 

                           

  

To study the amount of additional sorbent particles or stainless steel fragments and 

Fe in glass granules, around 50g of dry sieved brown colour imploded and ground 

fresh glass (size <0.5 mm) was put separately in transparent plastic bags and 

examined under the PXRF and the data was recorded. This glass samples were 

produced by dry method (section 3.3.3 and 3.3.4). Subsequently, a magnet was 

moved repeatedly inside the plastic bag to separate the additional sorbents or 

stainless steel from each bag and again examined under the PXRF. Three readings of 

each sample were recorded and the mean values are used in figure 4.15. There was a 

clear change in Fe content in the samples before removal and after removal of 

additional sorbents or stainless steel from imploded and ground glass. The imploded 

Figure 4.14: Concentration of Fe in different sizes of clear 

drysieved imploded fresh (DSIF) glass 
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glass contained 2660 ppm Fe in fresh condition (before removal of additional 

sorbents or stainless steel) and it reached in 2329 after removal of stainless steel by 

rubbing with a magnet. A similar result occurred for ground glass where it had 3187 

ppm Fe in fresh condition which reduced to 2604 ppm after treating with a magnet 

(figure 4.15). The lower values of Fe in  glass samples (after removal of additional 

sorbents or stainless steel) indicates that there was some external additional sorbents 

or stainless steel which was introduced into the glass samples during processing and 

ground glass has more additional sorbents or stainless steel than imploded glass. The 

source of this external additional sorbents or stainless steel was assumed to be 

introduced from using metallic sieves and from the blades of the grinder (see figure 

3.3 of chapter 3). 

          

  

The further  investigation on  the additional sorbents or stainless steel described in 

figure 4.13-4.15 was also performed  to gain intensive knowledge on the amount of 

Fe in glass  which had undergone the wetsieving process (see section 3.3.5,  3.3.6, 

3.3.10 and 3.3.11). Wetsieved imploded and ground clear fresh glass of 0.5-1 mm 

Figure 4.15: Concentration of Fe in glass (s<0.5 mm) before removal and after 

removal of additional sorbents or stainless steel in brown (DSIF) and (DSGF) glasses 
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and <0.5 mm size were used in this investigation. The results are presented in table 

4.4. The glass samples were categorized as pre- and post- removal of additional 

sorbents or stainless steel. Consistent with previous observations, in the 0.5-1 mm 

size glass the  amount (ppm) of Fe is higher in samples before removal of additional 

sorbents or stainless steel in both ground (384 ppm) and imploded (309 ppm) glass. 

The concentration of Fe was reduced  to 305 ppm for ground and 293 ppm for 

imploded glass  after magnetic separation. For glass of <0.5 mm size the 

concentration of  Fe (before removal of stainless steel) is 3986 ppm for ground and 

1072 ppm for imploded glass. After magnetic separation these concentrations 

reduced to 1095 ppm and 745 ppm respectively. Thus, the concentration of Fe is also 

higher in ground glass compared to imploded glass and smaller size (s<0.5 mm) 

glass has more Fe in comparisn with larger  size glass (0.5-1 mm). It must be noted 

that the value of Fe in glass after treatment with a magnet might be due to partial 

removal of additional sorbent particles by manual handling. On the other hand a 

magnet only captures discrete magnetic particles but couldn’t remove ‘smears’ (thin 

coatings) of magnetic iron on glass fragments. 

The comparison between  clear wetsieved and drysieved ground and imploded glass 

is presented in table 4.5. Overall the results show that ground glass has more Fe than 

imploded glass (in both drysieved and wetsieved glass) and  wetsieved ground glass 

has the highest Fe (3986 ppm) compared to wetsieved imploded glass (1072 ppm). 

In comparison in the Fe values of figure 4.15 and table 4.5 , brown DSIF (before 

removal of additional sorbents or stainless steel) has 2660 ppm Fe and DSGF has 

3187 ppm Fe whereas clear WSGF has 3986 ppm Fe and WSIF has 1072 ppm Fe. 

Although  figure 4.13 indicates that brown DSIF has more Fe than clear DSIF, the 
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highest Fe concentration observed in clear WSGF (table 4.5) might be result of glass 

processing via the wet method while brown DSGF (figure 4.15) might result from 

glass colour and glass processing. This indicates that glass processing and colour has 

an influence on the incorporation of additional sorbent particles or stainless steel. 

Although additional sorbent particles or stainless steel fragments resulted 22000 ppm 

Fe which is highest compared to all glass samples studied but contained 2.2% Fe. It 

was expected that additional sorbent particles or stainless steel fragments would 

contribute more than 2.2% Fe although the lower observed value might be due to the 

influence of void space on the PXRF measurements. 

To compare the amount (in weight) of additional sorbents or stainless steel (sstl) in 

wet sieved imploded fresh (WSIF) and ground fresh (WSGF) glass, 30g of wet 

sieved ground and imploded glass were weighed before and after treatment with a 

magnet. The process of glass and stainless steel weighing is described in appendix 6. 

Figure 4.16 shows that ground glass weighed 29.19g after removal of magnetic 

particles and imploded glass weighed 29.70g. This indicates more additional 

sorbents or stainless steel (0.81g) was removed from ground glass compared to 

imploded glass (0.30g).  

Table 4.4: Concentration of Fe in different sized  clear wetseived ground and 

imploded glass  

Glass 

colour 

Sieving Mode of size reduction Size Fe conc. ppm 

Clear Wet Ground 0.5-1 mm 384 305 

Clear Wet Imploded 0.5-1 mm 309 293 

Clear Wet Ground <0.5 mm 3986 1095 

Clear Wet Imploded <0.5 mm 1072 745 
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Table 4.5: Comparison between clear wetseived and drysieved  glass and  stainless 

steel (sstl)  only  in term of  Fe concentration (ppm) 

Glass or sstl Sieving Mode of size 

reduction 

Size Fe conc. ppm 

Before removal of sstl Wet Ground <0.5 mm 3986 

Before removal of sstl Dry Ground <0.5 mm 1996 

Before removal of sstl Wet Imploded <0.5 mm 1072 

Before removal of sstl Dry Imploded <0.5 mm 965 

Additional sorbents or 

stainless steel(sstl) 

only 

Wet Ground / Imploded  22000 

          

                 

 

Conclusion: On the basis of this overall PXRF study it can be summarised that the 

different reduction  processes (implosion, grinding; wet , dry) introduce additional 

sorbents or stainless steel fragments into glass granules in different amounts, and this 

also varies by granular size. Although the sample packing may have an influence on 

the measurement of diffrent elements using PXRF, the Fe measured  in glass (ground 

and imploded or drysieved and wetsieved) of the same size showed different values, 

Figure 4.16: Weight of ground and imploded glass before and 

after removal of additional sorbents or stainless steel (sstl) 
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meaning that packing or sample compactness was not a major control on measured 

Fe values. Values of Fe measured in stainless steel may however have been affected 

by compactness (giving lower than expected  concentrations). Ground fresh (GF) 

glass has more additional sorbent particles or stainless steel than imploded  fresh (IF) 

glass and  wetsieved (WS) glass has more additional sorbent particles or  stainless 

steel than drysieved (DS) glass. Glass of 2-4 mm size drysieved imploded fresh 

(DSIF) glass contains fewer additional sorbent particles or stainless steel fragments 

than 0.5-1 mm and <0.5 mm sizes. In comparison with drysieved ground fresh 

(DSGF) glass, small size glass (s<0.5 mm) has more stainless steel than those of 

DSIF. As it seems impossible to avoid these additional sorbent particles or stainless 

steel in glass granules using traditional preparation and separation methods, more 

study is required to investigate the effect of these stainless steel fragments in the 

arsenic removal process. 

4.3.2 Study on the characteristics of additional sorbent particles or stainless 

steel fragments using Scanning Electron Microscope (SEM) 

Based on the PXRF study, the separated additional sorbent particles show the highest 

concentrations of Fe. But the Fe value for glass granules reflects the amount of Fe in 

the glass matrix along with additional sorbents particles or stainless steel because the 

glass granules contained the additional sorbent particles or stainless steel fragments 

as well. So it was necessary to investigate the characteristics of these additional 

sorbent   particles or stainless steel and their effect on arsenic removal. The present 

study investigated the characteristics of the additional sorbent   particles or stainless 

steel fragments via SEM. The effect of additional sorbent   particles or stainless steel 

and glass granules in arsenic removal will be presented in a separate section. 
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The aim of the SEM study was to characterise the additional sorbent (presumed 

stainless steel) particles and their major constituents (e.g. Fe, Ni, and Cr),  

There were three steps followed for SEM study. The SEM was an AZtech Version-1 

for Nanoanalysis supplied by Oxford Instruments. 

Step 1 (Drying and mounting): Fresh additive particles/stainless steel, as separated 

using a magnet from crushed glass granules, were used. The stainless steel fragments 

were air-dried at room temperature before mounting. The sample was then sprinkled 

on the surface of an aluminium pin stub in a monolayer with the help of a spatula 

and mild shaking. Two stubs were prepared for study. 

Step ll (Coating of the samples):  The mounted stubs were coated (4nm thick) by 

Palladium to prevent any electrical charge build-up during SEM study. The coating 

was made using a sputtering device as described in 

http://www.formatex.org/microscopy3/pdf/pp122-131.pdf. 

Step lll (SEM study): After preparing the samples the specimens were placed inside 

the SEM and viewed at different magnification (325x and 1000x).  

Samples were examined using visual examination of back-scattered electron images, 

and through EDAX spectra derived from area analysis. The clear bright part in the 

image indicates the presence of higher atomic mass elements (figure 4.17.1). The 

EDAX spectra indicated the presence of Fe, Ni, and Cr, which are components of 

stainless steel (figure 4.17.2- 4.17.4).  



114 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17.1 SEM image  of additional sorbent  particles (325x, electron 

backscatter image) 
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Figure 4.17.2 SEM image and EDAX spectra of additional sorbent particles 
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 Figure 4.17.3 SEM image and EDAX spectra of additional sorbent  particles 
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 Figure 4.17.4 SEM image and EDAX spectra of additional sorbent particles (1000x)    

                        

Conclusion: SEM-EDAX analysis indicates the additional sorbent particles are Fe 

based stainless steel as there is no Cu element found and the presence of Fe based 

stainless steel  fragments associated with the glass granules. Further study is required 

to investigate the effect of these stainless steel additives with different types of glass 

in arsenic removal. 
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Overall Conclusion: The PXRF and SEM study indicated that the black granules 

associated with the glass granules are Fe based stainless steel. Glass processing is 

responsible for the incorporation of stainless steel in glass granules and higher Fe 

was present in WSGF glass compared to WSIF glass. 
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Section 4.4: Study on maximum uptake of arsenic by glass granules 

After studying the effectiveness of glass granules in arsenic removal, it was 

necessary to investigate the adsorption capacity or saturation of glass granules to 

know whether the glass granules have effectiveness to remove sufficient arsenic for 

the proposed purpose of domestic water filtration. The following investigation was 

made against this research question: 

 1) what quantities of arsenic can be removed using glass - is it the order of 

magnitude required? 

 2)  what are the different removal potentials of differentially processed glass? 

Both of these questions are relative to the problem on the ground in Bangladesh, e.g. 

pre-treatment levels of approximately 500 ppb and post-treatment levels of <50 ppb. 

In a filtration process, saturation is a status where the filter media and filtering 

solution reaches an equilibrium, which means that the filter media does not adsorb 

any further particles from the liquid solution with time. There are many variables 

involved in the saturation process. The variables are discussed below: 

a) media   particle size: media particle size is important because it is related to total 

effective surface area of the media. Smaller sizes tend to have larger total surface 

area. 

b) active sites of media: the active site of filter media refers to the active ions or 

surface sites that will interact with filtering particles. The smaller size of filter 

media has more active sites than larger size because of higher surface area of 

small size media. 
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c) the quality of  filter media: the quality of filter media varies following the 

procedure of media preparation (refers to size and shape) and incorporation of 

additional sorbent particles (here the presence of stainless steel fragments). 

d) contact time of filter media with filtering liquids: In the filtration process the 

filtered particles or solutes are captured by the filter media over time and the 

adsorption capacity depends on how quickly they come into contact with the 

active site of the media surface and for how long they stay in contact. 

4.4.1 Study on saturation  

In the present study to investigate filter media saturation, a series of shaker 

experiments were performed. Shaker experiments were used because all media 

particles are involved in removing arsenic. The experimental set up has been 

described in section 3.4.2 and 3.4.3. 

The test solution was prepared and diluted as described in (section 3.5 and 3.5) and 

crushed glass was prepared following the procedure outlined in section 3.3.3 and 

3.3.4. The results were analysed to study the effect of different glass production 

processes on arsenic removal (figure 4.9-4.12 results section). Here the same results 

are considered for the study of saturation. 

For the experiments, 125ml of arsenic test solution (~1.6 ppm) was added to 100g of 

drysieved ground fresh (DSGF) and drysieved imploded fresh (DSIF) glass in a 

flask. The flask was shaken for 5 hours and for every hour of shaking, 15ml of 

filtrate was taken out for analysis. A flask was also shaken with 125ml of test 

solution only as a test control and sampled hourly. Brown glass of size 0.5-1 mm and 

s<0.5 mm were used in these experiments and the results presented in figure 4.18-

4.21. The results for the large ground brown glass (0.5-1 mm)  show that arsenic 
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adsorption started after 3 hours of shaking (figure 4.18) and ground glass of small  

size (<0.5 mm) showed  highest adsorption within 1 hour of shaking (figure 4.19). 

The figures show that the smaller glass granules reached quicker saturation.  The 

imploded glass of different size does not show any adsorption at all within 5 hours of 

shaking (figure 4.20-4.21) although this glass had stainless steel fragments (shown in 

earlier section). This indicates that the active sites of the imploded glass did not 

interact with arsenic ions within the 5 hours of shaking time. 

   

 

   

 

 

Conclusion: In general, glass granules were indeed found to remove arsenic from 

solution effectively but it is important to know whether the glass does/does not have 

enough arsenic removal capacity for our purpose. The above results indicate that 

Figure 4.18: Effect of  large DSGF glass 

in saturation during arsenic removal 
 

Figure 4.19: Effect of  small DSGF glass 

in saturation during arsenic removal 
 

Figure 4.20 :Effect of  large DSIF glass  

in saturation during arsenic removal 
 

Figure 4.21 :Effect of  small DSIF glass 

 in saturation during arsenic removal 
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DSIF glass will take a longer time to start adsorption and more time for saturation. It 

must be noted that the  study results using PXRF of these glass samples (DSIF) 

showed 2660 ppm of Fe present (including stainless steel) in size <0.5 mm where  a 

DSGF glass of same size had 3187 ppm of Fe. But in the above experiment, arsenic 

removal occurred for DSGF glass and not at all for DSIF glass. This indicates that 

even Fe by itself has high arsenic removal capacity but Fe contents of DSIF (2660 

ppm Fe) didn’t contribute to arsenic removal. This means if the other criteria (here 

the surface characteristics of imploded glass-i.e. must provide active sites for 

removing arsenic) are not fulfilled, Fe particle or stainless steel containing glass 

cannot remove arsenic. Thus, the properties and collective effect of stainless steel in 

arsenic removal process needs to be explored.  

4.4.2 Study on the different saturation of glass with wetsieved glass 

As the earlier PXRF study indicated that different glass granules contain different 

amounts of stainless steel so it is necessary to compare the arsenic removal 

effectiveness with different glass granules along with stainless steel only. In this 

section the glass granules from the wetsieved method are used and the glass granules 

from ground and imploded mode are categorised as: fresh glass granules with 

stainless steel, glass with stainless steel removed and stainless steel only. For 

studying the arsenic removal effectiveness and saturation of the above mentioned 

glasses and their associated stainless steel, a series of shaker experiments were 

performed. The shaker experiments were carried out following the procedure as 

described in section 3.4.2. 

In preparation for this experiment, glass samples were prepared following wetsieved 

methods for crushing (section 3.3.5 and 3.3.6) and sieving (section 3.3.10 and 
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3.3.11), which produced samples containing more stainless steel fragments (see 

section 4.3).  

In the following discussion and figure 4.22, ground A (WSGF) and imploded A 

(WSIF) relates to glass with stainless steel and ground B and imploded B relates to 

glass from which stainless steel was (partially) removed using a magnet. Repetition 

of glass samples preparation (removal of stainless steel) were done three times where 

all ground B and imploded B were mixed separately and split into 3 equal weights. 

The same procedure was also followed for the separated stainless steel and split into 

3 equal weights (see appendix 6). 

To investigate the arsenic removal effectiveness of WSGF and WSIF glass , the 

earlier shaker experiments were repeated. The colour of the glass for the experiments 

was clear glass and the size was the smaller size of s<0.5 mm. The variables were 

the mode of size reduction: ground versus imploded and wetsieved versus drysieved 

glass. 

Shaker experiments thus carried out using glasses as prepared with stainless steel 

fragments  and  the same glass but with stainless steel  removed. 30g of glass 

(WSGF or WSIF) was used each time and shaken with 30ml of arsenic solution for 

1, 3 and 5 hours. The WSGF glass contained 3986 ppm of Fe and WSIF glass 

contained 1072 ppm of Fe (without magnetic removal of stainless steel). Three 

batches of  samples (ground B = WSGF with stainless steel magnetically removed, 

Imploded B = WSIF with stainless steel magnetically removed, and  stainless steel 

only) were also shaken for 1, 3 and 5 hours. A total of 18 samples were prepared (for 

both WSGF and WSIF glass and stainless steel). The average weight of the glass 

after removing the stainless steel was 29.19g for ground (1095 ppm Fe) and 29.70g 
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for imploded glass (745 ppm Fe). The  average weight of stainless steel (G)  in each 

flask was 0.81g from WSGF glass and stainless steel (I) was 0.30g from WSIF glass 

and contained approx. 22000 ppm of Fe. Stainless steel (G) relates to sstl that 

collected from ground glass and Stainless steel (I) relates to sstl collected from 

imploded glass. The calculation of ground A, ground B, imploded A, imploded  B, 

stainless steel (G) and stainless steel (I) is described in appendix 5. 

The results of the above experiments are shown in figures 4.22-4.25. The initial 

arsenic concentration was 1.5-1.6 ppm. In the figure 4.22, ground A relates to WSGF 

glass with stainless steel and ground B relates to ground glass with the stainless steel  

removed. Ground A was more effective than ground B. The presence of the stainless 

steel facilitated the removal of arsenic. Further, on its own, the stainless steel  

removed 100% of the arsenic i.e the solution is depleted of arsenic by the stainless 

steel after 3 hours of shaking. In combination with glass (ground A), after the 5
th

 

hour of shaking, the performance was almost same as stainless steel alone. Saturation 

was not achieved in ground A and stainless steel only whereas ground B showed 

saturation within one hour of shaking. The results for the WSIF glass showed 

saturation for imploded B and for the combination of imploded glass and stainless 

steel (imploded A) saturation appeared  after one hour of shaking (figure 4.23). The 

stainless steel only from imploded glass showed similar performance to the stainless 

steel only from ground glass. 
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                      Figure 4.22: Removal of arsenic by shaking with ground glass (WSGF) 

    

                  Figure 4.23 : Removal of arsenic by shaking with  imploded glass (WSIF) 

 

In comparing ground A and imploded A, it was seen that the arsenic removal rate 

was higher in ground A (figure 4.24), presumably because there is more stainless 

steel (0.81g in 30g glass) in the ground glass than in the imploded glass (0.30g in 

30g  glass). 

Comparing ground B and imploded B showed that arsenic removal  is better using 

ground B than imploded B, but neither are as functional as ground A (figure 4.25). 
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           Figure 4.24: Arsenic removal by  Ground A (WSGF) and Imploded A (WSIF) 

 

                              

            Figure 4.25: Level of arsenic removal by  Ground B and Imploded B 

 

After the 5
th

 hour of shaking the effciencies for the stainless steel  only were>0.168 

mg/g stainless steel followed by 0.00147 mg/g ground A and 0.00083 mg/g 

imploded A. From these findings it may be concluded that the stainless steel is a 

much better candidate to  remove arsenic from contaminated water. It must be noted 

that  earlier experiments with brown (DSIF) glass(size<0.5 mm and 2660 ppm of Fe) 

were not effective at all (figure 4.21) but clear WSIF glass of same size (with 1072 
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ppm Fe) showed a small amount of  adsorption (figure 4.23). The following potential 

explanation could be explored further: 

a) glass colour: clear glass might have superior properties in arsenic removal, 

although brown glass has more Fe (figure 4.2) and the  amount of stainless 

steel is negligible in clear imploded glass. 

b) glass surface: mode of glass size reduction in terms of sieving might change 

the glass surface-i.e. due to wetsieving there might be removal of any surface 

salts or precipitates. Thus wetsieved imploded glass (WSIF) surface  might 

have  more active sites than drysived imploded glass (DSIF). 

The solutions from the shaker experiments were also analysed for dissolved Fe. The 

results for Fe in solution after shaking are shown in figure 4.26 and 4.27. These 

figures indicate that the amount of dissolved Fe was increased while shaking with 

glass with stainless steel  and with stainless steel  removed. The filtrates from 

stainless steel only did not show any increase in dissolved Fe. The ground glass and 

imploded glass showed same trend  for Fe increase (figure 4.26  and 4.27) but the 

quantity of Fe increase was higher in ground glass (11.1 ppm) compared to the 

imploded samples (1.8 ppm). This may indicate that wetsieved ground glass had 

more stainless steel fragments than wetsieved imploded glass. The reason for the 

increase of Fe in the filtrates might be due to friction between the glass surface and 

stainless steel fragments during shaking, causing dissolution of Fe or the formation 

of small Fe colloids. 
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Conclusion: 

 the stainless steel has significant arsenic removal effectiveness and its 

presence with glass granules enhances the level of arsenic removal. 

 the amount of stainless steel was higher in ground glass (WSGF) compared to 

imploded glass (WSIF) and thus ground glass is better than imploded glass in 

arsenic removal. 

Figure 4.27: Temporal increase of dissolved Fe 

during shaking with imploded glass (WSIF) 

 
 

Figure 4.26: Temporal increase in dissolved Fe 

during shaking with ground glass (WSGF) 
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 the saturation was achieved in glass of ground B, imploded B  and imploded 

A where the stainless steel only from both mode (ground and imploded) and 

ground A didnt show saturation within 5 hours of shaking. It indicates ground 

A and stainless steel has more capacity to remove  more arsenic from solution. 

 the increased amount of Fe may come from the dissolution of Fe from 

stainless steel during shaking. 

 the increased amount of dissolved Fe in the ground B and imploded B  

filtrates may be due to the  presence of stainless steel that was not removed 

from the glass granules  during manual magnetic separation. 

 study results using  the  PXRF of wetseived ground glass showed  that the  

presence of 3986 ppm  Fe  can remove 100% As  from 1.5 ppm solution after 

5 hours of shaking compared to 22000 ppm of Fe containg stainless steel only. 

 Further study is required to work out the suitable ratio of glass-stainless steel 

and its effectiveness in arsenic removal. 
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4.4.3 Study on the saturation of glass column 

The earlier experiments within this section provided data on the saturation of 

drysieved and wetsieved glass following shaker experiments. To investigate the 

performance of the glass granules as a filter bed and to mimic the basic practical 

configuration of glass granule-containing filtration units, column filtration was 

carried out. The column filtration was also practiced to investigate the saturation 

capacity since the whole volume of glass is usually in contact with the solution. The 

procedure is described in section 3.4.5. The variables were mode and size. The glass 

granules were prepared using the dry crushing and dry sieving methods as described 

in 3.3. 

The concentration of arsenic in the test solution was around 0.50 ppm, which is 

comparable to the total arsenic levels in ground water in parts of Bangladesh. The 

small and large drysieved clear glass (s<0.5 mm and 0.5-1 mm) of ground and 

imploded mode was used in the experiments. 

The experimental set up is schematically shown in figure 4.28 where 65g of clear 

glass granules were placed in a 50 ml (10 mm diameter) burette column. The glass 

column length was approximately 59 cm. 
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As shown in figure 4.28, column A received fresh arsenic solution (50 ml each time) 

and filtrates from column A were analyzed (15 ml) and the rest of this filtrate was 

stored separately for study later. Three (3) 50 ml volumes of the test solution were 

sequentially poured into column A. The data of the three filtrates from column A 

were analyzed and plotted in figure 4.29-4.30. Initially in the first 50 ml, there was a 

solution uptake by the dry glass media (i.e. a wetting process) inside the burette 

column. 

With 0.5-1 mm clear DSGF glass, 50% removal was achieved after passing the 3
rd

 

50 ml of fresh solution and saturation was achieved. Using clear DSGF glass s<0.5 

mm resulted in 100% removal after the 3
rd

 50 ml solution was passed. For saturation, 

the small DSGF glass column needed more passes of arsenic solution. Using the data 

from the third filtrate, the effectiveness of the column A for the larger (0.5-1 mm) 

size is 0. 00017mg/g glass (figure 4.29) and for the smaller (<0.5 mm) size that is 

>0. 00038 mg/g glass (figure 4.30). 

Figure 4.28: Schematic diagram of glass column A set up for filtration of arsenic solution 
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Due to sample unavailability, only one dataset was derived for clear DSIF glass and 

this is for the larger size of 0.5-1 mm. As shown in figure 4.31 DSIF glass of 0.5-1 

mm size removed 28% of arsenic compared to 50% removal for the same size of 

DSGF glass. There was also saturation (after 1
st
 50 ml pass) and then breakthrough 

also for the larger DSIF glass.  This is consistent with data observed in the earlier 

batch uptake studies. The effectiveness for the clear DSIF glass for size 0.5-1 mm is 

0.00009 mg/g glass. The results are summarized in table 4.6. 

   

                        

   

              

Figure 4.29: Filtration of arsenic solution using 

burette column A filled with DSGF glass (0.5-1 mm) 

 
 

Figure 4.30: Filtration of arsenic solution using 

burette column A filled with DSGF glass (s<0.5 mm) 
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 Table 4.6: Arsenic removal effectiveness (%) after filtration in column A (After 

passing 3
rd

 50 ml arsenic solution) 

 

As the total arsenic was not removed by the large DSGF and DSIF glass the 

separately stored filtrates of column A were passed through another glass column B. 

In the two column experiment, the stored filtrates from A were passed through a 

second identical column B. This 2
nd

 column effectively doubled the column length. 

Column B was placed below column A (see figure 4.28). The column B is an 

identical 10 mm diameter and 50ml volume burette and filled with 65g of same glass 

as column A. The stored filtrates from each pass of column A poured in column B 

separately. The filtrates of column B were also analysed in the same way as column 

A. The column B set up is shown below (figure 4.32). 

Glass  Arsenic Removal (%) Effectiveness  (mg As  /g glass) 

DSGF  (s<0.5 mm) 100 > 0.00038 

DSGF  (0.5-1 mm) 50 = 0.00017 

DSIF   (0.5-1 mm) 28 = 0.00009 

Figure 4.31: Filtration of arsenic solution using 

burette column A filled with DSIF glass (0.5-1 mm) 
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Figure 4.33 shows the result for the larger size (0.5-1 mm) of DSGF glass. There 

was further filtration through the column and it removed 63% from the filtrate of 

column A. As expected in figure 4.34, since the smaller granules (<0.5 mm) 

removed all of the arsenic passing through column A, then in passing through 

column B there was no arsenic detected. In figure 4.35 for the large DSIF glass (0.5-

1 mm), column B did not remove any arsenic. There was desorption of arsenic by 

column B. That means after passing 3
rd

 filtrates from column A into column B, the 

arsenic that was captured from the 2
nd

 pass of column A filtrates might be washed 

Figure 4.32: Schematic diagram of glass column A 

and column B set up for filtration of arsenic solution 
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out from the glass column. To remove 100% arsenic by large DSIF glass, it needs 

more passes or to have a longer column length. 

     

 

 

               

            
Figure 4.34: Filtration of arsenic solution using burette column 

A & B filled with small DSGF glass granules (s<0.5 mm) 

 
 

Figure 4.33: Filtration of arsenic solution using burette column 

A & B filled with large DSGF glass granules (0.5-1 mm) 
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From these various laboratory-based column experiments, it can be concluded that: 

 The results of the column experiments agree with the results of the 

previous shaking experiments-i.e. DSGF glass is better than DSIF glass 

and smaller (<0.5 mm) DSGF glass performed better than larger (0.5-1 

mm) DSGF glass.  

 For different production modes and the same granule size (0.5-1 mm), the 

arsenic sorption affinity is better in DSGF glass than DSIF glass. 

 For the same mode (DSGF), the smaller the size the more efficient the 

filtration and quicker saturation. 

 The overall conclusions of this section: 

 Batch experiments indicated that there was stainless steel present with both 

type of glass granules but only DSGF glass showed arsenic removal 

compared to DSIF glass (figure 4.18-4.21). This also indicates that even 

though stainless steel was present in DSIF, this did not lead to significant 

Figure 4.35: Filtration of arsenic solution using burette column 

A & B filled with large DSIF glass granules (0.5-1 mm) 
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arsenic removal. On the other hand there might be active sites in crushed 

soda lime DSGF glass that attract aqueous As (lll). 

 Removal rates of the order needed in practice can indeed be achieved i.e. 

results are comparable to the target post-treatment levels of 0.05 ppm (WHO 

recommended MCL level) starting from pre-treatment levels of 0.50 ppm 

(available arsenic concentration in natural water). 

 stainless steel and WSGF glass samples can deplete arsenic from solutions of 

relatively high concentration i.e. 1.6 ppm,  and WSIF glasses saturates after 

uptaking around 0.8 ppm from 1.6 ppm (figure 4.22 and 4.23). 

 in column experiments, DSGF glass (0.00017 mg As/g glass) has more 

arsenic removal capacity than DSIF glass (0.00009 mg As/g glass) of 0.5-1 

mm size. 

 smaller DSGF glass (s<0.5 mm) performed better (0.00038 mg As/g glass)  

than larger (s = 0.5-1 mm) DSGF glass (0.00017 mg As/g glass). 

 further study is  required to minimize the increase of Fe concentration in 

filtered water during removal of arsenic. 
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Section 4.5 

Evaluation on the amount of glass is needed to produce a practical domestic 

filter for Bangladesh 

The overall objective of this research project is to determine the applicability of 

recycled glass granules as an effective arsenic filter media at household scale. From 

the previous chapters it was seen that recycled glass granules remove some arsenic, 

and the present chapter will compare the previous results with practical situations 

where other elements are present and play an important role in water chemistry. The 

following factors were considered during the evaluation: 

a) How much glass is needed to reduce initial levels of approximately 500 ppb 

arsenic to below the guideline value 50 ppb? 

b) How much water can be filtered by a reasonable amount of glass? 

c) How long can it work effectively? 

 

To explore the above questions the results of the previous sections are synthesized in 

this section. The results are compared with the existing performance of a Sono filter 

that is commercially used in Bangladesh for arsenic removal (the description of Sono 

filters is given in chapter 2). 

The Sono filter’s flow rate is 20-30 l per hour and it can filter arsenic contaminated 

water of approximately 1139-1600 µg As per l to 14 µg / l (Hussam and Munir, 

2007). For a glass filter to achieve the WHO acceptable limit of arsenic in similar 

water it needs to remove (1500 - 50) =1450µg As/l. If a family needs 20 l water per 

day then the filter needs to remove (20 X 1450) = 29000 µg As per day. If the input 

water concentration is 500µg/l then it has to remove 9000µg arsenic per day. The 
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reason for considering 500µg/l is as this range was found in two years field 

experiments in Bangladesh. The results shown below in table 4.7 are the summary of  

overall experiments to remove 9000µg As/day.  

 

 

From table 4.8 it can be seen that 9.62kg of the green ground glass and 7.71kg of the 

brown ground glass is required to remove 9000μg arsenic per day (based on 

adsorption capacities of DSGF glass, size 0.5-1 mm, from figure 4.7). To remove the 

same amount of arsenic by clear glass (0.5-1 mm) will require 7.15kg of glass. It 

must be noted that these results were obtained from shaking experiments with 

arsenic solution of ~3 ppm and shaking for 5 hours. Comparing the effectiveness and 

Figure Type of glass Mode/ 

colour 

As 

removed 

( ppm) 

As solution 

used  (ml) 

Glas

s 

used 

(g) 

    Remarks As 

removal 

effectivene

ss (µg As/g 

glass) 

4.18-21 DS (<0.5 mm) 

Ground/ 

Brown 0.34 125 (1.6ppm) 100 

Saturated after 

1-2 hr = 0.42 

4.18-21 

 

DS (0.5-1 mm) 

Ground/ 

Brown 0.26 125 (1.6ppm) 100 

Not saturated 

after 5 hr >  0.33 

4.18-21 DS (<0.5 mm) 

Imploded 

/ brown 0.08 125 (1.6ppm) 100 

No discernible 

uptake  found 0 

4.18-21 DS (0.5-1 mm) 

Imploded 

/ brown 0.05 125 (1.6ppm) 100 

No discernible 

uptake  found 0 

4.22-25 

WS before 

removal of SS 

Ground/ 

Clear 

almost 

all As 30 (1.5 ppm) 30 

Solution 

depleted after 

5hr >1.47 

4.22-25 

WS after 

removal of SS 

Ground/ 

Clear 0.2 30 (1.5 ppm) 

29.1

9 

Not saturated 

after 5 hr > 0.19 

4.22-25 

WS before 

removal of SS 

Imploded 

/ clear 0.8 30 (1.6ppm ) 30 

Saturated after 1 

hr = 0.83 

4.22-25 

WS after 

removal of SS 

Imploded 

/ clear 0.15 30 (1.6 ppm) 29.7 

Not saturated 

after 5 hr > 0.14 

4.22-25 SS 

 

All As 30 ( 1.6 ppm) 0.3 

Solution 

depleted after 

3hr > 168.19 

Table 4.7: Summary of all experiments that involved shaking experiments to remove 

approximate average 9000 µg arsenic (DS = Drysieved glass, WS = Wetsieved glass, SS = 

Stainless steel, > indicates depleted or not saturated, = indicates saturated). 

 



140 

 

the amount of glass required it can be concluded that clear DSGF is better that 

others. 

Table 4.8: Amount of DSGF glass (s = 0.5-1 mm) needed to remove 9000µg arsenic 

per day through shaking (using results of section 4.1, figure 4.7 and kg values are 

calculated using the equation: Amount of glass required = 9000/effectiveness) 

Glass color Effectiveness μg As/g glass Glass (kg) 

Green 0.9360 9.62 

Brown 1.1678 7.71 

Clear 1.2584 7.15 

 

From table 4.9 it can be seen that <6.12kg of fresh WSGF (s<0.5 mm) glass is 

required to remove 9000μg arsenic per day. To remove same amount of arsenic by 

fresh smaller WSIF glass requires 10.84kg of glass. When the amount of stainless 

steel was removed from both samples then the requirements of glass are increased. 

This highlights the influence of stainless steel on arsenic removal. Only <0.05kg 

stainless steel was required to remove 9000μg arsenic per day. 

Table 4.9: Amount of different recycled glass or steel needed to remove 9000μg 

arsenic using WS glass (s<0.5 mm) by shaking experiments (using results shown in 

figure 4.22 - 4.25 and kg values are calculated using the equation: Amount of glass 

or steel required = 9000/ effectiveness). 

Materials type           Effectiveness 

(μg As/g materials) 

Materials  

requirement (kg) 

Before removal of stainless steel (WSGF) >1.47 < 6.12 

After removal of stainless steel (WSGF) > 0.19 < 47.36 

Before removal of Stainless steel (WSIF) = 0.83 = 10.84 

After removal of stainless steel (WSIF) > 0.14 < 64.28 

Stainless steel only (sstl)       >168.19         <0.05 
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The results of column experiments are presented in table 4.10. Here 65gm of 

different glass granules were placed in a burette column separately and 50 ml (~ 0.50 

ppm) spiked arsenic solution was filtered. The process was repeated three times with 

fresh 50 ml arsenic solution each time. This must be noted that the volume of the 

burette glass column is 46.96cm
3

 (πr
2
h) where r = 5mm, h = 59 cm (glass column) 

and the volume of top bucket of Sono filter is 41526 cm
3

 (where r = 23 cm and 

approx. height of media column = 25 cm) that is replaceable by the equivalent of 883 

burettes and these 883 burettes can filter (883X50ml) = 44150 ml water per pass by 

57kg glass (883 X 65g). In the case of DSGF glass (s<0.5 mm) all arsenic (~0.50 

ppm) was removed for all three fresh samples of 50 ml. So hypothetically it was 

evident that (44150 ml X 3) = 132450ml ≈ 132.5 l water contains 5300 µg arsenic 

that is need to be treated and this 132.5 l treated water can meet a family of 4 

people’s requirements up to one week (approx. 15-20 l per day). There was no 

experiment performed to filter stainless steel only as a filter bed. Using the 

effectiveness (>168.19 µg As / g sstl) of stainless steel from batch experiments, 5300 

µg arsenic can be treated by < 0.031kg of stainless steel. 

Table 4.10: Amount of different recycled glass needed to remove 5300 μg arsenic 

via burette column (figure 29-31, kg values are calculated using the equation: 

Amount of glass required = 5300/effectiveness)  

Glass size Figure Effectiveness 

μg As/g glass 

Glass ( kg) 

DSGF (s<0.5mm )       30        > 0.38 < 13.94 

DSGF (0.5-1 mm)       29        > 0.17 < 31.17 

DSIF (0.5-1 mm)       31        > 0.09  < 58.88 
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Conclusion: 

From the above discussion it can concluded that a practical arsenic filter can in 

principle be built using DSGF glass (<0.5 mm). However the stainless steel on its 

own is not practical to use in a filter column, it would be more effective to combine 

the filter media with stainless steel (168 µg As/g sstl) than using glass granules 

alone. Since 132.5 l water can be treated by using 57kg of small DSGF glass (s<0.5 

mm) then it  is needed to know how long this glass media maintains the highest 

arsenic removal (100%) and the possible ways in which the performance of the glass 

filter media can be improved more effectively to remove arsenic from natural 

Bangladeshi water. 
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Section 4.6 

 Study on how the performance of the glass granules can be improved e.g. with 

ageing or adding sorbent particles 

The previous experiments showed that while arsenic is removed by recycled glass 

granules, to achieve practical effectiveness for long time utility it is necessary to 

improve the quality of the filter media in terms of its arsenic adsorption capability. 

The improvement of the quality of a filter media can be achieved by improving the 

following parameters:  

 Improvement of media surface: The improvements of filter media can be 

obtained by increasing the active sites on the media surface, by growing 

biofilms on the media surface, by increasing surface volume, pre-treatment of 

media etc. In the present study an experiment on the improvement of the 

glass media surface was performed by allowing a bio-film to develop on the 

glass granules. The biofilm has the potential effect of increasing the arsenic 

adsorption. For developing a biofilm on the granule glass surface the glass 

media was soaked in tap water for 6 months to allow biofilm formation. Then 

the aged glass was used for arsenic adsorption in batch experiments. 

 Improvement of media composition: The improvements of the media 

composition can be achieved by increasing the amount of the active 

ingredient of the media, by increasing the amount of active molecule in 

media (in glass the active molecule may be Fe, Cr), by increasing the purity 

of media etc. In the present study the composition of arsenic filter media can 

be improved by increasing the amount of active ingredients in glass. From 

the previous study it is seen that stainless steel fragments act as main active 

ingredient in the filter media. So the improvements study of the recycled 
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glass granules was performed by adding different amounts of stainless steel 

fragments with selected glass granules and batch experiments were 

performed to determine the highest arsenic adsorption capacity. 

 Improvement of media size: In the filtration process the media size is an 

important parameter for effective filtration. From the previous study it is 

already proven that a smaller media size has more arsenic adsorption 

capacity. In the present study all of the batch experiments were performed by 

using smaller glass granules (<0.5 mm). The performance of the improved 

filter media is assessed in terms of flow rate, amount of water filtered, quality 

of filtered water, operational drawbacks, longevity of the filter media etc. All 

of these criteria will be discussed in the discussion section 

4.6.1 Study on the improvements of arsenic removal effectiveness using aged 

glass: 

To study the arsenic removal effectiveness using aged glass, the selected glass 

granules were soaked in tap water separately in glass beakers (see section 3.3.12). 

Four types of recycled glass(s<0.5 mm) were selected for this experiments: 500g of 

wetsieved ground fresh (WSGF), wet sieved imploded fresh (WSIF), drysieved 

ground fresh (DSGF) and drysieved imploded fresh (DSIF) glass were placed in 

glass beakers and soaked in tap water for 6 months in room temperature. The beakers 

were checked regularly and extra tap water was added when the beaker neared 

dryness. The size reduction and processing of WSGF, WSIF, DSGF and DSIF glass 

are described in section 3.3. The experimental set up for batch experiments follows 

section 3.4. 
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The aged glasses were visually examined and it was found that wetsieved ground 

aged (WSGA), wetsieved imploded aged (WSIA) and drysieved imploded aged 

(DSIA) glass developed green algae but drysieved ground aged (DSGA) glass did 

not produce any green algae within 6 months of the ageing period (figure 4.36). It 

must be noted that green algae were developed in all aged glass except DSGA. The 

wet sieved ground aged glass (WSGA) was also studied under SEM and the image 

showed the algal filaments developed on the surface of glass granules. 

   

          

 

The images were studied in different magnification for investigating algal growth on 

glass and presented in figure 4.37 (325 x), figure 4.38 (325 x), figure 4.39 (2.5k x) 

and figure 4.40 (4.0k x). The glass preparations for SEM measurements are 

described in section 4.3.2. The EDAX spectra did not show the presence of any 

higher atomic mass elements such as Fe and arsenic. 

Figure 4.36: Different aged glass in beakers showing green 

algal growth (photo taken after 6 months of soaking) 



146 

 

               

                         Figure 4.37: SEM image of aged (6 months) glass media (325x) 

            

 

          

Figure 4.38: SEM image and EDAX spectra of aged (6 month) glass media (325 x) 

Algal filament 
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                   Fig 4.39: SEM image of aged (6 month) glass media (2.50 K x) 

                

               Figure 4.40: SEM image of aged (6 month) glass media (4.00 K x) 

 

 To compare the arsenic removal effectiveness of aged glass with non aged glass the 

same groups of non aged glasses were also studied in the same experimental set up. 

10g of aged and non aged glass were used in the experiments and 40 ml of As-Fe 

(As = 0.20 ppm, Fe = 3.35 ppm) solution was used with each batch of glass samples. 

Algal filament 

Algal filament 
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Fe solution was added with arsenic solution because in Bangladesh natural arsenic 

contaminated water exists with a number of other metals including Fe. The amount 

of glass and solution used was selected on the basis of sample availability. The 

preparation of the As-Fe solution is described in section 3.7. The hourly shaken 

samples were withdrawn after the 1
st
, 3

rd
 and 5

th
 hour. The shaken samples were then 

analysed for residual arsenic concentration. Figure 4.41 shows the arsenic removal 

effectiveness of wetsieved imploded and ground aged glass and figure 4.42 shows 

the arsenic removal effectiveness of drysieved imploded aged and drysieved ground 

aged glass. The arsenic removal effectiveness of drysieved imploded non aged and 

drysieved ground non aged glass are presented in figure 4.43. In figure 4.41, it was 

seen that all As (0.8 µg) present in the 40 ml solution was removed within the 1
st
 

hour of shaking by WSIA and WSGA. The results of 3
rd

 and 5
th

 hour shaking 

experiments were the same as for the 1
st
 hour. This indicates that those media could 

remove more arsenic from water if there is more than 0.8 µg arsenic present. The 

same result was found in DSGA glass (figure 4.42) and DSGF glass (figure 4.43) but 

in DSIA (figure 4.42) and DSIF (figure 4.43) glass the least arsenic was removed 

after 5
th

 hour of shaking. 

  

  Figure 4.41: Arsenic removal by WSIA and WSGA glass 
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  Figure 4.42: Arsenic removal by DSIA and DSGA glass 

  

     Figure 4.43: Arsenic removal by DSIF and DSGF glass 

Arsenic removal effectiveness of different aged and non aged glass with different 

hours of shaking are presented in table 4.11.The symbol ≥ with the value indicates 

the minimum arsenic removal effectiveness for that media. 
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Conclusion: The above figures and tables indicate that the overall performance of 

ground glass is better than imploded glass (consistent with earlier experiments). 

Aged glass (WSIA, WSGA) facilitates arsenic removal but DSGA caused effective 

Glass µg As/g glass          Description 

 WSIA 1hr ≥0.8 Wetsieved imploded aged 

WSIA 3hr ≥0.8 Wetsieved imploded aged 

WSIA 5hr ≥0. 8 Wetsieved imploded aged 

WSGA 1hr ≥0.8 Wetsieved ground aged 

WSGA 3hr ≥0 8 Wetsieved ground aged 

WSGA 5hr ≥0.8 Wetsieved ground aged 

DSIA 1hr 0.6 Drysieved imploded aged  

DSIA 3hr 0.4 Drysieved imploded aged  

DSIA 5hr 0.7 Drysieved imploded aged  

DSGA 1 hr ≥0.8 Drysieved ground  aged  

DSGA 3 hr ≥0.8 Drysieved ground  aged  

DSGA 5 hr ≥0.8 Drysieved ground  aged  

DSIF 1hr 0.3 Drysieved imploded non aged 

DSIF 3hr 0.5 Drysieved imploded non aged 

DSIF 5hr ≥0.8 Drysieved imploded non aged 

DSGF 1hr ≥0.8 Drysieved ground  non aged 

DSGF 3hr ≥0.8 Drysieved ground  non aged 

DSGF 5hr ≥0.8 Drysieved ground  non aged 

Table 4.11: As removal effectiveness of different glass samples in different hour of shaking 
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arsenic removal without forming visible algal growth. The presence of algal 

filaments may improve the adsorption capacity of the glass surface, the apparent 

absence of green algae in the DSGA glass may simply be due to algal film 

development being too limited to view with the naked eye. The best performance 

was found for DSGF along with WSGA and DSGA, and thus considering the glass 

processing DSGF was the optimal adsorbent. As the studied solution contained very 

low amounts of As (0.8 µg As in 40ml of 0.20 ppm solution) and all arsenic was 

removed within the 1
st
 hour of shaking in most of the cases, it is necessary to explore 

further with higher arsenic containing solution and longer shaking time to evaluate 

existing filter media in Bangladesh. An intensive study is also required to investigate 

the algal association in aged glasses and their effect on arsenic removal. Therefore 

the next sets of experiments were performed with the same batch of glass samples 

but using solutions of higher As-Fe concentration. 

4.6.2 Study on the improvements of arsenic removal effectiveness using aged 

glass and stainless steel with high conc. As-Fe solution  

Section 4.6 is designed for the improvement of arsenic removal effectiveness using 

different combinations of glass and As-Fe solution. Thus section 4.6.2 is designed to 

investigate the performance of aged and nonaged glass with high (As = 16.5 ppm 

and Fe = 7.09 ppm) As-Fe solution. Individual effect of amount of stainless steel 

(5g) also examined with high As-Fe solution. Another set of experiments were done 

to compare the results of adding different amounts of sstl with glass and their 

effectiveness of arsenic removal (section 4.6.3). 

The preparation of glass samples and experimental set up was identical to section 

4.6.1. The high concentration As-Fe solution was prepared following the procedure 
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as described in section 3.7. The batch experiments were continued up to 9 hours 

where the samples were withdrawn at the 1
st
, 3

rd
 and 9

th
 hour of shaking and 

analysed by measuring residual arsenic. 

To assess the performance of aged and non-aged glass in arsenic removal from high 

concentration As-Fe solution a 40 ml (As = 16.5 ppm and Fe = 7.09 ppm) solution 

was shaken with 10g of glass from each batch along with 5g of added stainless steel 

fragments. The stainless steel fragments were collected from 2kg of wetsieved 

ground glass granules (s<0.5 mm) using a magnet. The results are present below in 

figure 4.44, 4.45, 4.46 and 4.47. In WSIA glass the arsenic removal increased over 

time but residual arsenic remained in solution after 9 hours of shaking (figure 4.44). 

In WSGA glass total arsenic that was present in 40 ml solution was removed within 

3 hours of shaking (figure 4.44). This indicates that ground glass performs better 

than imploded glass and WSGA glass has more capacity to remove more arsenic. 

  

Figure 4.44: Comparison of arsenic removal effectiveness between WSIA and 

WSGA 

 

In the case of DSIA and DSGA glass the arsenic removal effectiveness is better in 

ground glass compared to imploded glass (figure 4.45) and the total amount of 

arsenic present in 40 ml solution was removed by DSGA within 1hour of shaking. 
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This indicates that DSGA has even more arsenic removal capacity. The performance 

of DSGF is better than DSIF (figure 4.46). 

   

Figure 4.45: Comparison of arsenic removal effectiveness between DSIA and DSGA 

   

Figure 4.46: Comparison of arsenic removal effectiveness between DSIF and DSGF 

 

In case of stainless steel 5g of sstl was shaken with 40ml As-Fe solution and the 

experiments were set up for 1 hour, 3 hour and 9 hour of shaking. 5g stainless steel  

and DSGA removed all arsenic (0.65 mg) present in the 40 ml solution within 1 hour 

of shaking (figure 4.47 and  4.45) and has more capacity to remove more arsenic 

from solution. Table 4.12 shows the arsenic removal effectiveness of different aged 

and non aged glass along with stainless steel (sstl). It must be noted that in  among 

all samples sstl has a very high amount of Fe (31223 ppm) followed by wetsieved 
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ground (3986 ppm) and drysieved ground glass (1825 ppm). Wetsieved  imploded 

and drysieved imploded  glass have low amounts of Fe. WSIA, DSIA and DSIF  did 

not remove all arsenic within 9 hours of shaking (table 4.12). They require a longer 

time to remove all arsenic from solution. WSGA glass and DSGF glass took 3 hours 

and 9 hours respectively to remove all arsenic from solution. In the present study 

arsenic in solution is depleted by stainless steel and DSGA within one hour of 

shaking (table 4.12). 

        

  Figure 4.47: Arsenic removal effectiveness by 5g stainless steel 

 

Table 4.12: Arsenic removal effectiveness of different glass samples over different 

periods of shaking 

Description of 

samples 

Fe conc. ppm  

 in glass(measured by 

PXRF)   

µg As/g 

glass (1hr) 

µg As/g 

glass (3hr) 

µg As/g 

glass (9hr) 

WSIA 1072 (Low) 

 

25 29 53 

WSGA 3986 (High) 

 

37 ≥65 ≥65 

DSIA  973 (Low) 

 

20 19 28 

DSGA 1825 (Medium) 

 
≥65 ≥65 ≥65 

DSIF  973 (Low) 

 

15 19 30 

DSGF 1825 (Medium) 

 

36 49 ≥65 

Stainless steel 31223 (Very high) 

 
≥131 ≥129 ≥133 
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Conclusion: Compared to the two shaker experiments of section 4.6.1 and 4.6.2 it 

can be concluded that, in terms of As removal, ground glass is better than imploded 

glass and the  performance of some aged glass is better than nonaged glass. Among 

the wetsieved and drysieved glass DSGA perfomed best followed by WSGA and 

DSGF. Although stainless steel fragments are important in arsenic removal (section 

4.4), the performance of stainless steel (31223 ppm Fe) and DSGA is similar and 

both removed all arsenic from the treated solution (0.20 ppm or 16.50 ppm). The 

arsenic removal effectiveness of DSGA glass and stainless steel are calculated as ≥ 

65 µg As/g glass and ≥131µg As/g stainless steel where only 5g stainless steel and 

10g glass granules are used to treat 16.5 ppm arsenic solution. This indicates DSGA 

(Fe 1825 ppm) is the best glass sample among all glasses tested. It must be noted that 

DSGA did not show any obvious algae filaments with 8 months of aging and this 

interesting phenomena indicate this glass sample can be used for the removal of high 

level of  arsenic from drinking water. Among the fresh glass samples (DSGF and 

DSIF) DSGF performed better than DSIF and the performance of DSGF is similar 

with DSGA and sstl  after 9 hour of shaking (effectiveness ≥65). Considering the 

results of 4.6.1 and 4.6.2 and the ease of glass processing, DSGF shuld be studied 

futher for saturation and a good combination of  this glass and stainless steel can 

improve effectiveness of arsenic removal in practical arsenic filter units. 

4.6.3:  Study on the improvements of glass and stainless steel composition 

As it has already been shown that stainless steel acts as a strong arsenic removal 

sorbent, the effects of using different amounts of added stainless steel (0-1g) with  

10g of WSGF and WSIF glass to remove arsenic from solution were examined (It 

must be considered that DSGF or DSGA couldn’t be used for these experiments due 
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to their unavailability). A set of batch experiments were performed to determine the 

arsenic removal effectiveness for 9 hours of shaking. 40 ml of As-Fe solution (As = 

24.6 ppm, Fe = 8.6 ppm) was used with each glass sample. The preparation 

procedure of glasses and As-Fe solution is described in section 3.4. Stainless steel 

was separated following the procedure as described in section 4.6.2. Additional 

known masses of stainless steel (0g, 0.2g, 0.4g, 0.6g and 1g) were added to 10g of  

WSGF and WSIF glass and shaken with 40 ml (contained 0.98mg As) of As-

containing solution. The results are presented in figure 4.48 (for WSGF), and figure 

4.49 (for WSIF). There is a increase of arsenic removal effectiveness with an 

increase of stainless steel  in WSGF glass and the highest effectiveness (52 µg As/g 

glass) was achieved when 1g stainless steel  was added (table 4.13) while the 

effectiveness for WSIF was 44 µg As/g glass (table 4.13).  

                   

 

Figure 4.48: Arsenic removal by different amount of stainless steel with WSGF 
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Table 4.13: Arsenic removal effectiveness of different glass samples with different 

amount of stainless steel (sstl)  

Glass µg As / g glass 

WSGF 0g sstl 15 

WSGF .2g sstl 31 

WSGF .4g sstl 42 

WSGF .6g sstl 47 

WSGF 1g sstl 52 

WSIF  0g sstl 0 

WSIF  .2g sstl 4 

WSIF  .4g sstl 18 

WSIF  .6g sstl 23 

WSIF  1g sstl 44 

 

Conclusion: Ground glass overall performs better (effectiveness 52 µg As/g glass) 

than imploded glass (effectiveness 44 µg As/g glass) in arsenic  removal. Arsenic  

removal effectiveness increased with the increase of sstl in both glass samples, 

Figure 4.49: Arsenic removal by different amount of stainless steel with WSIF 
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although calculations on how much water can be treated before saturation were not 

possible.  

Overall conclusion:  

 ground glass performs better than imploded glass in arsenic removal (results 

are consistent with other shaker experiments) 

 wetsieved glass performs better than  drysieved glass  

 aged glass performs better than nonaged glass in some cases, but DSGA 

showed good performance without obvious algae or biofilms, thus aged glass 

is not considered as providing a definite  improvement of glass quality unless 

further study confirms that there was algae or biofilm on DSGA. 

  arsenic removal effectiveness is increased with an increase in the sstl 

additive, but the  limit of the increased amount or the breakthrough point  

was not determined  so further study is required (a) with higher range of sstl 

and (b) to compare the performance of recycled glass to remove arsenic from 

Bangladesh natural contaminated ground water where other heavy metals are 

presents with arsenic. 
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Section 4.7 

Study to investigate the performance of glass media in filtering natural 

Bangladeshi contaminated water in the presence of other elements e.g. Fe, Mn, 

P etc. (field-based study) 

All of the results presented earlier were mainly based on spiked arsenic solutions. It 

is, however, important to compare the performance of recycled glass granules with 

natural arsenic contaminated water as found in Bangladesh. Groundwater in 

Bangladesh has a range of ions other than arsenic dissolved in the water, which may 

compete with arsenic for adsorption sites on the glass. To evaluate the performance 

of the glass granules using real groundwater, large column filtration was carried out 

in Bangladesh under field conditions. The experiments were done in two separate 

years. In first year only selected glass was filled to make large filter coulmns and in 

the second year glass columns and sand-glass-sand columns were made and used.In 

year one the preliminary field trial was carried out for arsenic removal (with glass 

columns only) and in year two- adapted experiments were set up using the  

improvements from the previous year. 

4.7.1 Study on arsenic removal using contaminated well water in Bangladesh 

(Year 1) with glass column only 

The experiments were carried out using  well water from two places here referred to 

as  Well 1 and  Well 2. The original composition of the wells in terms of dissolved 

As, Fe, Mn, and P and pH are shown in table 4.14 and 4.15. Well 1 has 

comparatively higher concentrations of all ions than Well 2. 

From the review of the literature, the active sites in any adsorbent may be positive, 

negative or neutral sites. The adion is a general term to include the molecular form in 
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which multivalent ions (As, Fe, Mn, P) may be present in aqueous solution. The 

adion maybe charged as in H2AsO4
-
 for dissolved As (V) or neutral as in H3AsO3 for 

As (III) and the molecular form generally depends on the pH of the solution. To 

make adsorption occur, the adion must bond with an active site at the surface of the 

adsorbent. 

In the presence of other ions, adsorption can be enhanced or reduced, depending on 

their interactions. For example, as indicated in the review of literature, Fe and Mn 

can affect the removal of As and P can compete for the same sites as As. In this 

section, the sorption affinity of As, Fe, Mn and P on crushed glass is studied using 

water sampled from groundwater from 2 wells in Bangladesh. 

The colour of the glass for these experiments was dry sieved clear and green. The 

size used was <0.5 mm.  The modes were both ground and imploded for year 1. The 

glass granules were prepared using the dry sieved methods as mentioned in section 

3.3.3, 3.3.4, 3.3.8 and   3.3.9. The glass samples were sent to Bangladesh after 

preparation in the University of Brighton laboratories. 

The experimental set up is schematically shown in figure 4.50. 250 g of glass 

granules were placed in a column. Nine (9) samples of 0.5 l volumes of the 

contaminated groundwater were sequentially poured into the large glass column. 

Samples for analysis were taken at 0.5 l, 1.0 l and 4.5 l. The results were analyzed 

for the presence of As, Fe, Mn and P by AAS analysis at BACER-DU (Bangladesh-

Australia Centre for Environmental Research, Department of Soil, Water and 

Environment, Dhaka University). 

 



161 

 

Materials required: 

 

 

 

 

 

 

All the equipments and containers were pre cleaned with distilled water and dried. A 

large filter column with PVC pipe was prepared as described in section 3.4.8 where 

the green DSGF was put inside one PVC pipe and green-clear mixed DSIF put inside 

another pipe. 2 PVC pipes were prepared for Well 1 and 2 pipes for Well 2. Arsenic 

contamination water was filtered as discussed in section 3.4.8. 

 Green DSGF glass and clear and green 

DSIF( size <0.5 mm) 

 6 Filter container (PVC pipe specially 

produced for filtration experiment, 6cm 

diameter, 750ml size)  

 Burette stands 

 Sample collection plastic bottles  

 Marker pen 

 Polythene bags 

 Measuring cylinder (500ml, 5ml) 

 Sellotape
TM

 

 

 

 Tissue paper 

 Hand gloves (5 pairs) 

 Bucket (3) 

 pH meter 

 Nitric acid (99%) Approx. 

500ml 

 Cotton wool 

 Beakers 

 Distilled water 
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The results of the metal concentration of different filtrates from the above 

experiments are summarized in table 4.14 and 4.15. Percent (%) As removed is 

calculated using the data for 4.5 l only. The As concentration of Well 1 was 0.63 

ppm while Well 2 contained 0.53 ppm of As. The pH of Well 1 and well 2 was 6.96 

and 7.05 respectively. 

 

 

 

 

 

 

Figure 4.50: Schematic diagram of large column filtration  

of arsenic contaminated ground water in Bangladesh 
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Well 1(ground glass 

Vol. Filtered As(ppm) Fe(ppm) Mn(ppm) P(ppm) pH 

0 0.6 3.4 0.5 0.8 6.96 

0.5L 0.2 2.0 0.5 0.3 7.11 

1.0L 0.3 4.3 0.8 0.3 7.06 

4.5L 0.4 3.3 0.6 0.3 7.01 

% removed         30.2        3.2         66.7 

  
Well 2 (ground glass) 

Vol. Filtered As(ppm) Fe(ppm) Mn(ppm) P(ppm) pH 

0 0.5 1.8 0.3 0.4 7.05 

0.5L 0.3 1.8 0.6 1.6 7.32 

1.0L 0.3 3.9 0.6 2.4 7.30 

4.5L 0.3 4.2 0.5 0.5 7.31 

% removed 39.6 

    

Table 4.14:  Percentage removal of contaminants from large column filtration of ground 

water using DSGF glass (Green and s <0.5 mm).Values in the first row indicates the 

elemental conc. of raw water 
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The results shown in the above table 4.14 and 4.15 are plotted on figure 4.51-4.64. 

The first 0.5 l of groundwater shows some conditioning of the media. Here the media 

can take up some of the initial volume of the water. This was also observed in the 

burette column experiments. 

In the figures below, the results of Well 1 and Well 2 are represented by solid lines 

and broken lines respectively in both ground and imploded glass. Using the data 

from 4.5 l, in Well 1 with green DSGF glass, the column removed some As and P 

(figure 4.51 and 4.52) but more ions appeared in the solution for Fe and Mn (figure 

4.53 and 4.54). In Well 2, the column removed As (figure 4.5 1) and not the other 

elements (figure 4.52,4.53 and 4.54). The others showed more ions than that in the 

original solution.   

Well 1 (imploded glass) 

Vol. Filtered As(ppm) Fe(ppm) Mn(ppm) P(ppm) pH 

0 0.6 3.4 0.5 0.8 6.96 

0.5L 0.5 0.5 0.4 0.3 7.11 

1.0L 0.5 0.7 0.3 0.3 7.06 

4.5L 0.5 0.6 0.6 0.3 7.01 

% removed 19 83 

 
60 

 

 

Well 2 (imploded glass) 

  Vol. Filtered As(ppm) Fe(ppm) Mn(ppm) P(ppm) pH 

0 0.5 1.8 0.3 0.4 7.05 

0.5L 0.4 0.9 0.2 0.3 7.32 

1.0L 0.4 0.5 0.6 0.2 7.30 

4.5L 0.4 0.7 0.6 0.5 7.31 

% removed 17 64 
   

Table 4.15: Percentage removal of contaminants from large column filtration of ground 

water using DSIF glass (Green and clear mixed = <0.5 mm). Values in the first row 

indicates the elemental concentration (ppm) of raw water 
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Figure 4.51: As removal by green DSGF glass in Well 1 and Well 2 

 Figure 4.52: P removal by green  DSGF glass in Well 1 and Well 2 
 



166 

 

                                                           

       

         

                             

Using the data from 4.5L, in Well 1 with clear and green mixed DSIF glass in 50:50 

ratio, the column removed some As, P and Fe (figure 4.55 , 4.56 and 4.57 

respectively) but more ions appeared in the solution for Mn (figure 4.58). In Well 2, 

the column removed As and Fe  but not P and  Mn (these showing more ions than in 

the original solution). 

Figure 4.53: Fe removal by green DSGF glass in Well 1 and Well 2 

 
 
 
 

Figure 4.54: Mn removal by green DSGF glass in Well 1 and Well 2 
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Figure 4.57: Fe removal by mixed clear and green DSIF  glass in Well 1 and Well 2 
 

Figure 4.55: As removal by mixed clear and green DSIF glass in Well 1 and Well 2 
 

    Figure 4.56 : P removal by mixed clear and green DSIF  glass in Well 1 and Well 2 
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Conclusion: 

The data for As, P, Fe and Mn showed different  interactions with ground and 

imploded glasses. The difference in concentration of As in the two wells of 0.63 ppm 

and 0.53 ppm is not as large as that of the difference of the other ions, there is almost 

twice as much of each ion in well 1 compared to Well 2. The following observations 

were made.  

In ground glass 

 As  was removed in both Well 1 and Well 2  (see also Table 4.14)  

 The molecular adions of As present in Well 1 and Well 2 may be similar. P is 

removed in Well 1 but not in Well 2. The P molecular adion may be different 

in Well1 than Well 2.  

 Fe is increased in Well 1 and Well 2. The molecular adions of Fe present in 

Well 1 and Well 2 may be similar. Presently, it will be expected  that the 

increase in ions in the filtrate might be associated with coagulation (salt 

     Figure 4.58: Mn removal by mixed clear and green DSIF  glass in Well 1 and Well 2 
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present in input water can cause coagulation)  that is not filtered by the media 

or may be due to desorption of that ion.  

 Mn behaved like Fe and was not filtered by the media. 

 

In imploded glass 

 As was removed in both wells. 

 P is removed in Well 1 but not in Well 2. This is similar to its behaviour in 

ground glass.  

 Fe was removed  by imploded glass in both Well 1 and Well 2 . By 

comparison, Fe was not removed in Well 1 and Well 2 by ground glass. 

There is a distinct difference between the interaction with the different 

modes. 

 The behaviour of Mn in both modes were similar. There was no removal of 

Mn. 

 

Water in Bangladesh contain a large amount of arsenic where there is a large 

concentration of Fe (as seen in Well 1) because one of the sources of arsenic 

contamination is dissolution of arsenopyrite, FeAsS (Smedley and Kinniburgh, 

2002). Fe is also an important agent for As filtration using reaction with hydrous 

ferric oxide, HFO (Sarker, et al., 2005), However in Bangladeh water, the aqueous 

Fe is mostly in its ferrous state of  Fe (ll), so there will be little associaton with As 

unless the Fe (II) is significantly oxidised to form HFO. Further, the arsenic  ion 

must preferably be also in  its arsenate form. So if HFO is formed then some of the 

arsenic will be attached to the HFO and where there is strong adsorption of Fe, there 

will also be strong removal of arsenic. There is strong adsoprtion of Fe in imploded 

glass but the amount of arsenic removed by imploded glass is not more than that 
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removed by ground glass where there is no adsorption of Fe. The role of Fe in 

arsenic adsorption in this system requires further investigation.  

The oxidation of As (lll) by manganese oxide is an important reaction in natural 

cycling of arsenic. Mn ions are usually added to oxidise As(lll) to As (V). As (V) is 

normally easier to remove because in its aqueous form it is ionic (Mohan and 

Pittman, 2007). If oxidation of As (lll) took place then for high Mn concentration 

there will be a more effective removal of arsenic. This does not appear to be so in 

comparing Well 1 and Well 2. Mn does not appear to affect the removal of arsenic. 

There is more Mn in the final solution than in the initial. If there is some coagualtion 

of Mn and it is not filtered out, As is not drawn out with Mn. 

P is in the same group of the Periodic Table as As and can possibly compete for the 

same active sites in the glass. The amount of P removed by ground and imploded 

glass is almost the same. P does not appear to affect the removal of arsenic as more 

arsenic is removed by ground glass than imploded glass (consistent with earlier batch 

adsorption studies). 

The colour used for the ground glass column is green only (s<0.5 mm) and that for 

the imploded glass is a mix of green and clear (s<0.5 mm) in 50:50 ratio (due to 

quantities of green imploded glass). From Section 4.1.1 ( figure 4.2), amount of 

intrinsic Fe is higher in green glass and lower in the clear glass, although removal of 

arsenic by clear glass is better than by green glass (table 4.2). The effect of intrinsic 

Fe concentrations on Fe or As adsorption is unclear. The result for As and P in Well 

1 using ground green glass and imploded mix green-clear glass appear not to be 

affected by colour. It was observed that Fe was strongly removed by the imploded 
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glass column in both Wells unlike in ground glass. So a further study of arsenicand 

Fe in different modes and glass colours is needed. 

4.7.2 Study of column filtration of arsenic contaminated well water in 

Bangladesh (Year 2) using glass column and sand-glass-sand column 

This research focused on removal of arsenic from drinking water from wells with 

recycled   clear glass granules and composite sand-glass column. The methodology 

and experiments and the results discussed in this chapter were intended to answer the 

following questions: 

1) How do the different glass columns compare in their ability to adsorb 

arsenic? 

In the previous study it was found that a glass column can remove arsenic from 

groundwater solution. In one experiment it was observed that a Fe-based stainless 

steel additive enhanced the arsenic removal. The amount of Fe-based stainless steel 

was greater in glass prepared using wetsieved method, less from the drysieved 

method and not expected in commercially purchased glasses (from the Kent 

Recycling Company). Thus the filtration columns were prepared using these three 

different types of glass.  

2) How do different glass-sand composite columns perform in arsenic filtration? 

Sand is very common filter media in Bangladesh, so the performance of glass was 

investigated with columns containing sand-glass-sand. The design incorporated 

coarse sand at the top, glass in the middle layer, and fine sand placed in the bottom 

layer. This was repeated for each of the 3 glass types. 
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3) How strongly are the arsenic and other solutes adsorbed by sand or glass surfaces? 

The filtrates were analyzed to investigate the removal of As, Fe, P and Mn by 

comparing with control samples. The filter media were collected separately and oven 

dried to study the interaction of the above metals with the glass or sand surface. An 

SEM study was also carried out on the air dried sand and glass media to investigate 

the presence of captured arsenic by the glass - sand surface and the results are 

presented in section 4.9. 

This report which follows is mainly based only on the earliest set of analytical 

results i.e. different filtrates using AAS (Atomic Adsorption Spectrophotometer) 

analysis in Bangladesh. 

The experiments were performed with the technical support of BACER-DU 

(Bangladesh-Australia Centre for Environmental Research), Department of Soil, 

Water and Environment, Dhaka University). 

Materials required: As described in section 4.7.1. The additional materials needed 

in this experiments were coarse sand size <1 mm and fine sand size <0.5 mm along 

with selected 3 types of glass samples (WSGF, DSGF and DSIF) that were posted to 

Bangladesh from the University of Brighton. The fresh sand was collected from 

BACER-DU laboratory for the experiments. 

Experimental procedure: The clear ground glass samples of size<0.5 mm size were 

prepared using drysieving and wetsieving method (explained in previous chapter 

3.3). Imploded clear glass of 0.5 mm size was purchased from Kent Community 

Recycling (KCR). The glass from KCR (basically DSIF glass) was washed with 

distilled water and oven dried at 30°C for 2 days. Then the KCR glass was sieved 
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using sieve of 0.5 mm mesh and glass of s<0.5 mm size was stored for experiments. 

All glass samples were sent to Bangladesh via DHL from the University of Brighton 

before travel to Bangladesh. The other materials were purchased from local markets 

in Bangladesh. The filtration experiments were performed using arsenic 

contaminated well water in a village of Dohar Thana near the capital city Dhaka 

during the period May - June 2011. The filter columns were prepared using PVC 

pipes of 6 cm diameter and 1 feet length that have a capacity of 750 ml. The PVC 

pipes were acid washed and dried prior to use. Three PVC pipes were attached with 

the burette stand. Cotton wool was placed at the bottom of each pipe and   then 250g 

of each sample was poured into the PVC pipe. These three columns were marked as 

G1, G2 and G3 (i.e. WSGF, DSGF and DSIF glass respectively). Another three 

columns were also set up with glass but the columns were filled with 100g coarse 

sand in the top, 250g glass of each type in the middle and 100g fine sand in the 

bottom of the filter and the columns were marked as g1, g2 and g3 where g1 

contained 2 sand layers and ground wet sieved glass, g2 and g3 contained same sand 

layers and ground dry sieved and KCR glass respectively. The test water was drawn 

in three buckets from arsenic containing well and the pH was measured before 

pouring into the pipes. After measuring the pH 100 ml fresh samples were collected 

in plastic bottles and 5ml nitric acid was added to preserve the sample. Then the 

bottle was labeled by marker pen and kept inside a safety box for later analysis. The 

filter columns G1 and g1 received water from 1
st
 bucket, G2 and g2 from the 2

nd
 

bucket and G3 and g3 received water from the 3
rd

 bucket. During filtration 0.5 l of 

water was poured into each pipe that contained different glass samples. The filtration 

time and rate of filtration was recorded for each sample. The filtration rate of 

drysieved glass column was very slow compared to others. The filtrates between 1.5 
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l – 6.5 l and 1.5-4.5 l (for drysieved glass) were not recorded. All the experiments 

were performed out of direct sunlight.  

All of the samples were labelled and sent to the BACER-DU (Bangladesh-Australia 

Centre for Environmental Research), Department of Soil, Water and Environment, 

Dhaka University) immediately after field experiments for analysis. Atomic 

Adsorption Spectrophotometry (AAS) was used for analyzing the samples. Figure 

4.59 below shows the set up of column filtration experiments in Bangladesh. 
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To investigate the performance of glass and sand-glass-sand layer in arsenic removal 

from well water the experiments were carried out in Bangladesh. The average As 

concentration of the well was 0.47 ppm (this was 0.63 ppm during previous year 

Experiment set up in Bangladesh pH meter measuring pH of treated water 

Figure 4.59: Schematic diagram of large column filtration 

of arsenic contaminated groundwater in Bangladesh 
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experiment). This indicates that the arsenic concentration varies in time. The 

analytical results are presented in table 4.16. 

In the table 4.16, C1, C2 and C3 were related to control samples, G11, G12 and G13 

and were related to samples of 0.5 l, 1.0 l and 7.0 l filtrated for WSGF glass and g1, 

g2 and g3 for 7.0 l filtrates with sand-glass-sand column. G21, G22, G23 related to 

samples of 0.5 l, 1.0 l and 5.0 l filtrates for DSGF glass. G31, G32 and G33 indicated 

the samples of 0.5 l, 1.0 l and 7.0 l filtrates for DSIF glass. For the sand-glass-sand 

column, only last filtrates were considered for analysis. 

Table 4.16 and 4.17 shows the arsenic removal effectiveness of different glass 

samples. It was prepared using the average of 4 readings of each sample measured 

using AAS and the graphs were plotted using the standard deviation and standard 

errors of each sample. From table 4.16 it was seen that As and Fe were both removed 

by the glass column or sand-glass-sand column. P and Mn were not significantly 

removed by the filter columns. Figure 4.60 was prepared using the final volume 

filtered with each type of glass and  layer (please see appendix 5 for calculation of  

% arsenic removal). The highest % of As removal was achieved by G2 (50%) 

followed by G1 and G3. In case of the composite (layered) filter, the sand-glass-sand 

layer with G2 resulted in the highest % As removal (68%) followed by G1 and G3. 

The increased removal observed in the composite (sand-glass-sand) filter indicates 

that sand has an influence in arsenic removal but further study is needed to 

investigate the results. 
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Samples description Samples ID As (ppm) Fe (ppm) Mn (ppm) P (ppm) 

Control C1 0.45 8.85 1.07 3.50 

Control C2 0.49 9.98 1.10 3.47 

Control C3 0.47 10.64 0.91 2.53 

sand-glass-sand (7
th

 l) g1 0.25 0.34 0.91 2.63 

sand-glass-sand (7
th

 l) g2 0.14 0.71 1.08 2.53 

sand-glass-sand (7
th

 l) g3 0.29 0.34 1.15 3.30 

WSGF glass (0.5 l) G11 0.39 1.04 0.43 3.97 

WSGF glass (1 l)  G12 0.33 1.22 0.86 2.90 

WSGF glass (7
th

 l) G13 0.29 1.84 1.02 3.33 

DSGF glass (0.5 l) G21 0.16 1.37 0.47 3.00 

DSGF glass (1 l)   G22 0.19 4.52 1.78 3.00 

DSGF glass (5
th

 l)  G23 0.24 3.90 1.12 3.30 

DSIF  glass (0.5 l)  G31 0.41 0.81 0.41 6.90 

DSIF glass (1 l) G32 0.39 0.33 1.01 4.03 

DSIF  glass (7
th

 l) G33 0.31 0.66 0.98 3.47 

Table 4.16 : Level of arsenic and other elements  in the filtrates after filtration    

by  different glass and sand-glass-sand  columns 
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In these experiments sand –glass-sand column and DSGF glass performed the same 

(figure 4.61) as in previous experiments in year one in the same place. WSGF glass 

and DSIF glass showed similar trends in arsenic removal but in DSIF glass in 2010 

experiment, equilibrium appeared within 0.5 l of filtration (figure 4.55). P was not 

removed in all samples (figure 4.62) but it was removed by both (DSGF and DSIF) 

glass samples in Well 1 in year one (figure 4.52 and 4.56 respectively). 

 

 

Figure 4.60: Level of arsenic removal by different glass and sand-glass- 

sand columns (% calculated as the formula described in appendix 5) 
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       Figure 4.61: As removal by different glass and sand-glass-sand column 
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Performance of Fe and Mn removal are presented in figure 4.63 and 4.64 

respectively. Fe was removed in all treated samples in year two (figure 4.63) but in 

year one it was only removed in DSIF glass (figure 4.57). The reason may be the 

imploded glass in year one was mixed of green and clear glass and all samples in 

year two were clear glass only. Glass colour may facilitate the Fe removal. Mn was 

not affected in this experiments (figure 4.64) and it was also unaffected in year one 

(figure 4.54 and 4.58). 

 

      Figure 4.62: P removal by different glass and sand-glass-sand column 
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Figure 4.63: Fe removal by different glass and sand-glass-sand columns 
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Conclusion:  

 Arsenic and Fe were both removed with all 3 types of glass and layered 

columns. 

 Drysieved ground glass performed better in arsenic removal among all types 

of columns (50% by glass column and 68% by sand-glass-sand column). 

 Sand has an influence in arsenic and Fe removal. 

 P and Mn were not removed in these experiments. 

Figure 4.64: Mn removal by different glass and sand-glass-sand columns 
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 Further study needs to investigate the effect of glass on combined Fe and 

arsenic removal, i.e. when both are present (see section 4.6). 

Overall conclusion of  year one and year two: 

 Recycled glass columns can remove arsenic from natural Bangladesh water 

(year one). This is consistent with the results from laboratory-based burette 

columns. 

 Ground glass is better than imploded glass in arsenic removal (year one).This 

is also consistent with earlier shaker and column experiments in the UK. 

 Sand-glass-sand column is better than glass column only in arsenic and Fe 

removal (year two). 

 Arsenic was removed most effectively by the drysieved ground glass column 

(50%) and sand-glass-sand column (68%) that was made with sand and 

drysieved ground glass (year two). 

 Further study is required to evaluate the performance of glass and sand 

column with high volume of media and high range of added stainless steel 

fragments. 
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Section 4.8 

Study of the accessibility of removed arsenic from domestic water filter glass 

media for disposal or recycling or reuse 

Overview: After a series of experiments in earlier sections on the effectiveness of 

glass granules in arsenic removal, it was evident that the glass granules can remove 

arsenic from solution. For a better disposal management of glass granules as arsenic 

filter media it was necessary to investigate the quantity of arsenic in saturated glass 

granules. There are many multi-elemental techniques are employed to investigate the 

characteristics of contaminated samples- e.g.X-ray fluorescence spectrometry, 

inductively coupled plasma mass spectrometry (ICP-MS), AAS. The main 

advantages of XRF analysis are: the limited preparation required for solid samples, 

non-destructive analysis, increased total speed and throughput, the decreased 

production of hazardous waste and the low start-up and running costs. This section 

estimated the amount of removed arsenic or other metals in glass granules from 

batch experiments. The glass used in the batch experiments stood in arsenic solution 

(As = 16 ppm, Fe = 7 ppm) for 2 months before being studied by PXRF. The glass 

granules were then dried at room temperature and analysed by PXRF. A sequential 

extraction of arsenic from the filtered glass media was also performed to investigate 

the possibility of disposal or recycling or reuse of filtered glass media. A set of 

arsenic contaminated glass and sand from large column experiments were also 

studied using SEM to study the mechanism of arsenic or other heavy metals removal 

by glass and the results are presented in section 4.9. 
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4.8.1 Study of the presence of arsenic on recycled crushed glass following 

treatments (using PXRF) 

The detection limit of As by PXRF is 3 mg/g. No arsenic was detected in any 

untreated glass sample (shown in figures as 0hr). The amount of arsenic in hourly 

shaked glass samples and stainless steel increased (figure 4.65-4.71). The Highest 

amount of arsenic was detected in sstl (figure 4.71) which is consistent with earlier 

batch experiments. Among the glass samples the highest arsenic was detected in 

WSGA and DSGA (figure 4.66 and figure 4.70). All the imploded glass captured 

less arsenic than ground glass. There was already higher initial Fe present in all 

untreated glass and stainless steel (sstl). No discernible increase in Fe was observed 

in glass samples (figure 4.72-4.77), unlike sstl (figure 4.78). 

     

 

 

 

Figure 4.65: Presence of arsenic as 

measured by PXRF in WSIA 

Figure 4.66: Presence of arsenic as 

measured by PXRF in WSGA 
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Figure 4.71: Presence of arsenic as measured by PXRF in sstl 

Figure 4.67: Presence of arsenic as 

measured by PXRF in DSIF 

 

Figure 4.68: Presence of arsenic as 

measured by PXRF in DSGF 

 

Figure 4.69: Presence of arsenic as 

measured by PXRF in DSIA 

 

Figure 4.70: Presence of arsenic as 

measured by PXRF in DSGA 
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Figure 4.73: Presence of Fe as measured 

by PXRF in WSGA 

Figure 4.72: Presence of Fe as measured 

by PXRF in WSIA 

Figure 4.74: Presence of Fe as measured 

by PXRF in DSIF 

Figure 4.75: Presence of Fe as measured 

by PXRF in DSGF 

Figure 4.77: Presence of Fe as measured 

by PXRF in DSGA 
Figure 4.76: Presence of Fe as measured 

by PXRF in DSIA 
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4.8.2 Study of the management of treated glass granules 

A successful arsenic removal unit requires sustainable management when the media 

become saturated. The mode of management depends how strongly arsenic binds 

with the filter media. If the spent media shows weak bonding with arsenic then it is 

possible to clean the media or separate the arsenic easily, but if the bonding is strong 

then the media may require direct disposal. Some researchers have also reviewed the 

re-use of contaminated soil and sludge for construction work- e.g. ornamental brick. 

After successfully performing the batch experiments in the previous study the 

arsenic containing glass granules were reused for fractional separation. To determine 

the availability and mobility of adsorbed arsenic from the glass media, sequential 

extraction schemes were performed. Sequential extraction involves a successive 

interaction of the solid sample (soil or sediment) with reagents possessing different 

chemical properties (acidity, redox potential, or complexing properties) in which 

each extract includes a part of the trace metals associated with the sample. 

A modified sequential extraction was performed based on the method suggested by 

Tessier, et al. (1979). The extraction was conducted using a orbital mixer (shaker) 

Figure 4.78: Presence of Fe as measured by PXRF in sstl 
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and water bath. The mechanical shaker was kept at 2000 rpm and the temperature of 

the water bath was controlled at a desired range as given in Tessier, et al. (1979). 

The arsenic contaminated glass granules from the previous batch experiments 

underwent an extraction process using the specific reagents to investigate the 

recovery % of arsenic. Five grams of crushed glass was used and the sequential 

extractions were conducted in plastic ICP tubes to minimize any losses of glass 

granules. The tubes were sealed with lids. After extraction solid/liquid separation 

was done by filtering using Whatman No. 1 filter papers. Filtrates were analyzed for 

extracted arsenic and Fe concentrations. The solid phase was washed with 10 ml of 

distilled water between applications of each reagent in the sequential extraction 

series. 

Metal analyses were conducted using Inductively Coupled Plasma- Optical Emission 

Spectrophotometry (ICP-OES).The entire sequential extraction procedure is 

schematically shown in figure 4.79. Four types of glass granules (1hr, 3hr and 9hr 

filtrated dried sieved aged glass and fresh dried sieved aged glass) were studied via 

sequential extraction. The samples were derived from previous batch experiments. 

The reagents used in these experiments are Magnesium Chloride (F1), Sodium 

Acetate (F2), Hydroxylamine Hydrogen Chloride (F3) and Nitric Acid (F5).The 

preparation of reagents is described in the appendices. The data analysis of extracted 

element (using ICP-OES) was recorded for As and Fe as the batch experiment was 

conducted with As-Fe mixed solution.  
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Results of sequential extraction process of arsenic  are shown in figure 4.80- 4.82 

and for Fe in figure 4.83-4.86.Figure 4.80 shows the results of exchangeable arsenic  

and figure 4.81 indicates the fraction of extracted arsenic with carbonate using (1 M 

NaOAc/HOAc). Arsenic bound to Fe and Mn oxides were extracted by F3 (0.04 M 

NH2OH.HCl) reagents and results are presented in figure 4.82. The fraction of 

exchangeable arsenic is lower (figure 4.80) than the fraction of carbonate bound 

arsenic (figure 4.81). From figure 4.82, it was found that the F3 reagent did not 

extract arsenic from the glass. This indicated there was no detectable arsenic bound 

to Fe and Mn oxides. In this study, the amount of arsenic extracted from the glass 

Figure 4.79: Schematic diagram of sequential extraction steps  
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granules using 1 M NaOAc/HOAc (pH 5.0) was the highest as 0.4 ppm arsenic was 

extracted by the solution in 9th hour shaken glass. In case of Fe extraction it was 

found that there was no exchangeable Fe in the contaminated glass samples (figure 

4.83). The other reagents were useful in Fe extraction. Carbonate bound (or acetic-

acid extractable) Fe was found higher (33.2 ppm) in DSGF glass followed by hourly 

shaked glass (figure 4.84).  Most Fe was extracted (96 ppm) using a 0.04 M 

NH2OH.HCl solution from the Fe/Mn fraction of the fresh glass (figure 4.85). 

Among the treated glasses of batch experiments the highest amounts of Fe were 

extracted from 1hour shaked glass using 0.04 M NH2OH.HCl solution. In this study, 

the residual fraction of the glass samples was assessed by digesting the residue with 

HNO3 but the results were not conclusive (figure 4.86a and figure 4.86b).  

It is important to bear in mind that the sequential extraction data are qualitative 

rather than fully quantitative. The results indicate the immobilizing capacity of 

arsenic or Fe using different reagents which will provide information for arsenic or 

Fe separation from filtered glass. In the present study 1 M NaOAc/HOAc solution 

found to be more effective to release more arsenic from glass. 
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   Figure 4.80: Sequential extraction of arsenic by F1 reagent 

Figure 4.81: Sequential extraction of arsenic by F2 reagent 
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       Figure 4.82: Sequential extraction of arsenic by F3 reagent 

            Figure 4.83: Sequential extraction of Fe by F1 reagent 
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Figure 4.85: Sequential extraction of Fe by F3 reagent 

Figure 4.84: Sequential extraction of Fe by F2 reagent 
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Conclusion: Significant amounts of arsenic  detected by XRF techniques in glass  

and stainless steel samples indicated arsenic removal by glass granules and stainless 

steel. The amount was higher in sstl  meaning that sstl removed more arsenic  than 

glass granules. Among the glass samples ground glass  contained more arsenic 

Figure 4.86b: Sequential extraction of Fe by F5 reagent from DSGF 

Figure 4.86a: Sequential extraction of As by F5 reagent from DSGF 
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compared to imploded glass and aged glass contained more arsenic  than non aged 

glass. The results was consistent with the results of section 4.6. Although the result 

of sequential extraction indicated the posibility of removal of arsenic from filterd 

glass that will help in management of arsenic contaminated filtered  glass, the data 

were not quantitative. So further study is necessary to investigate the quantity of 

removed arsenic and other metals by glass granules and performance of arsenic  

extraction from differentially treated contaminated glass. It is also required to 

investigate the mechanism of glass-As association on  treated glass for better 

management of arasenic  saturated glass. 
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Section 4.9 

Study of the candidate mechanisms for the removal of arsenic from water 

4.9.1 Overview: As the field experiments in Bangladesh and batch experiments 

showed, arsenic can be removed by recycled glass, although the removal rate is 

much better with associated stainless steel fragments. It was therefore necessary to 

investigate the candidate mechanisms for the removal of arsenic from water. Thus 

the characterization of glass media, stainless steel fragments and the presence of 

removed arsenic in filtered glass media was studied intensively. Multi-elemental 

detection of toxic metals and their characterization can be carried out by Scanning 

Electron Microscope (SEM) and Portable X-ray Spectrophotometer (PXRF). 

Portable X-ray fluorescence (PXRF) spectrometers have successfully been used for 

chemical element characterization or semi-quantitative identification of 

contaminated materials, and SEM for structural and qualitative identification. There 

are some advantages of SEM study compared to PXRF-i.e. SEM images can yield 

the identification and characterization of different parts of the same sample. After 

successfully completion of filtration experiments in Bangladesh the filtered glass and 

sand samples were collected separately and labeled and carried back to the 

laboratories of Brighton University to investigate the  chemical composition of 

different glass  samples, and presence of arsenic and other ions with filtered glass 

and sand samples. Scanning Electron Microscope with Energy Dispersive 

Spectroscopy (SEM-EDS) is a specialized field of science that involves the electron 

microscope as a tool and uses a beam of electrons to form an image of a specimen 

where the higher atomic mass elements appear as bright spots. The present study 

represents the experimental results that employed SEM of different samples. 
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4.9.2 Methodology: 10 samples were studied with a SEM in the laboratory of 

Brighton University. The samples were  

1. WSGF before filtration in BD (s<0.5 mm) 

2. DSGF before filtration in BD (s<0.5 mm) 

3. DSIF before filtration (s<0.5 mm) 

4. Sand (s<0.5 mm) before filtration 

5. Sand (s<1 mm) before filtration 

6. WSGF after filtration (s<0.5 mm) 

7. DSGF after filtration (s<0.5 mm) 

8. DSIF  after filtration (s<0.5 mm) 

9. Sand (s<0.5 mm) after filtration 

10. Sand (s<1 mm) after filtration 

4.9.3 Visualization and characterization of glass and sand that used in arsenic 

removal  

Initially all of the samples were examined with 325x magnification and clear bright 

particles were seen on the surface of the glass granules (figure 4.87, 4.88,4.89,4.92 

,4.93 and 4.94).No visible bright particles were observed on the surface of  both 

fresh and post-filtration sand samples (figure 4.90, 4.91, 4.95 and 4.96). EDAX 

analysis indicated that bright particles contained a number of heavy metals: Fe, Mn, 

Cr, Ni (table 4.17) although the dominating element was Fe in all samples .The glass 

granules surface was less smooth than sand particles (figure 4.90 and 4.91) and the 

stainless steel fragments were found to be attached to the rough surface of glass 

samples. The amount of stainless steel in the glass after filtration is similar to that in 

the glass before filtration, indicating that the stainless steel fragments were not 

washed off during filtration. The composition of stainless steel from the previous 
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section 4.3 and the composition of the bright areas in the studied samples were the 

same. The white appearance of the sand particles (figure 4.90 and 4.91) is due to 

sample charging during analysis. 

  

Figure 4.87.1: SEM image of WSGF (325 x ) before filtration (size<0.5 mm) 

 

Figure 4.87.2: SEM image and EDAX spectra of WSGF glass before filtration 

(size<0.5 mm) 
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Figure 4.88.1: SEM image of DSGF glass (325 x) before filtration (size<0.5 mm) 

   

      

Figure 4.88.2: SEM image and EDAX spectra of DSGF glass before filtration 

(size<0.5 mm) 
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       Figure 4.89.1: SEM image of DSIF glass (325 x) before filtration (size<0.5 mm) 

         

             

Figure 4.89.2: SEM image and EDAX spectra of DSIF glass before filtration 

(size<0.5 mm) 
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Figure 4.89.3: SEM image and EDAX spectra of DSIF glass before filtration 

(size<0.5 mm) 
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Figure 4.89.4: SEM image and EDAX spectra of DSIF glass before filtration 

(size<0.5 mm) 
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The glass or sand samples that were collected after filtration did not show any 

arsenic via spot analysis, but EDAX mapping was used to in addition to show the 

distribution of different elements of the studied samples, where the brightest part is 

the highest concentration of that element. Although the earlier batch experiments 

showed that the highest arsenic removal was achieved by stainless steel only, the 

EDAX map of the studied area showed that while Fe was associated with Cr and Ni, 

As was not entirely associated with Fe. The SEM image and EDAX spectra of after 

filtrated glass and fine sand showed no detectable arsenic (figure 4.92.1, 4.92.2, 4.93, 

4.94, 4.95.1 and 4.96) but EDAX elemental mapping (figure 4.92.3 and 4.95.2) 

showed the distribution of different elements within the focused area. The mapping 

shows an apparent association between Mg and As, although likely spectral overlap 

between the Mg K energy and As L energy lines used for element mapping indicates 

that this is likely to be an analytical artefact, rather than a result of any direct 

association between Mg and As. Further work is required to determine the detailed 

nature of arsenic interaction with the glass surface. 

Figure 4.90: SEM image of fine sand 

(325x) before filtration (size<0.5 mm) 
 

Figure 4.91: SEM image of coarse sand 

(325x) before filtration (size >1 mm) 
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A summary of all studied samples is presented in table 4.17. The results in the table 

showed that the most prevalent heavy metal in treated glass and sand samples was Fe 

followed by Cr and Ni. 

 

Samples description Image No Spectrum  Detected Elements(cps/eV) 

   
 Fe  Cr  Ni   Mn Mo     Cu 

WSGF 

 

9 Fe 

     DSGF 

 

12 Fe Cr Ni Mn 

  

  

13 Fe Cr 

    DSIF 7 20 Fe 

     

  

21 Fe 

     

  

23 Fe 

     

 

10 32 Fe Cr Ni 

   

 

11 33 Fe Cr Ni 

   

  

34 Fe Cr Ni 

   

  

35 Fe Cr Ni 

   

  

38 Fe Cr 

    Fine sand fresh 

        Coarse sand fresh 

        WSG Filtrated 13 42 Fe Cr Ni 

 

Mo 

 

  

43 Fe Cr Ni Mn Mo 

 

  

44 Fe Cr Ni Mn 

  

  

45 Fe 

     DSG Filtrated 

        DSI Filtrated 30 

       

 

4 12 

      Fine sand filtrated 19 

      

Cu 

Coarse sand filtrated 

        

Table 4.17: Study of heavy metals from of different parts of glass samples 

 
 

 Figure 4.92.1: SEM image of WSGF glass (325x) after filtration (size<0.5 mm) 
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Figure 4.92.2: SEM image and EDAX spectra of WSGF glass after filtration (size<0.5 mm) 
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Figure 4.92.3: EDAX elemental mapping of WSGF glass after filtration (size<0.5 

mm) 
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Figure 4.93: SEM image and EDAX spectra of DSGF glass after filtration (size<0.5 

mm) 

 

 

        

Figure 4.94: SEM image and EDAX spectra of DSIF  glass  after filtration (size <0.5 

mm) 
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Figure 4.95.1: SEM image and EDAX spectra of fine sand after filtration (size<0.5 

mm) 

   

            

     

      

Figure 4.95.2: EDAX elemental mapping of fine sand after filtration (size<0.5 mm)                         
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Figure 4.96: SEM image and EDAX spectra of coarse sand   after filtration (size>1 

mm) 

                       

 

Conclusion: The elemental study of SEM images from different glass samples gave 

qualitative data, but enabled assessment of surface characteristics and element 

distribution and association. The dominance of Fe in all glass samples was similar as 

studied using PXRF in section 4.3. The results confirmed the presence of Fe based 

stainless steel fragments with glass granules in samples before and after filtration. 

However further investigation is necessary to determine the specific surface 

interaction mechanisms of arsenic with the glass and stainless steel.      
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Discussion (Section 4.10) 

4.10.1 Overview of Discussion 

Provision of arsenic-free and safe drinking water is the main goal of any arsenic 

mitigation programme. In Bangladesh presently the government and its national and 

international development partners have promoted various arsenic mitigation 

technologies for water supply, but most of the arsenic removal technologies exist 

without sound testing and show poor and confusing performance, high costs, 

problems in maintenance and other social factors (Hoque, et al., 2006). Milton, et al. 

(2012) also defined seven major challenges for the successful implementation of 

arsenic mitigation technologies in Bangladesh. The challenges are: inadequate 

coordination amongst stake holders; perceptive difference in different government’s 

attitudes; inadequate research to find out suitable mitigation options for different 

areas; poor quality of the work of many organizations; inadequate scientifically 

sound approaches; and inadequate dissemination of knowledge and experiences by 

organizations. Technical and social performance of the Sono Arsenic Filter (SAF) 

was evaluated by Shafiquzzaman, et al. (2009) in rural areas of Bangladesh. 

Although SAF was found to be technically appropriate for the water conditions 

generally encountered in Bangladesh the investigation noted several limitations such 

as the breakage of filters, difficulties in maintenance, proper sludge-disposal 

guidance, clogging, slow flow-rate, high cost, lack of ownership and long term 

sustainability. So the success of arsenic mitigation technologies depend on the above 

mentioned parameters and sustainability of the current national policy for arsenic 

mitigation and implementation. 
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Therefore the research project was intended to overcome some of the above 

mentioned issues related to arsenic filtration.  

At the pH of test solutions (6.96-7.05) As (III) is expected to be in its H3AsO3 

molecular adion state (Hussam and Munir, 2007). From the concept of adsorption, 

the adsorbing ion (adion, here As) has to be attracted to a site in the adsorbing media 

(adsorbent, here glass).  Therefore, there are active sites to attract arsenic on the 

glass surface (SiOH) that form due to alteration (Deruelle, et al., 2000) of glass 

surface by water. 

Sorption affinity is better when there is a greater surface to volume ratio. In this 

present study, the imploded glass might be sharp-free and whereas the ground glass 

are sharp, more angular and have more shears in the surface (although OSM study 

didn’t show clear evidence in figure13-14). Martinez (2003) studied the strength 

properties of granular materials (small, medium and large glass beads) and found 

different particle size affects the stress-strain and volumetric strain behaviour of the 

beads. The more etched and rough surface produces an increase in the peak friction 

angle. Thus the better performance of the ground glass might be attributed to more 

rough surface area compared to the imploded glass. Similarly, this is the case for the 

smaller size giving a comparatively greater angular surface than the larger size which 

contributed to increase adsorption sites for arsenic. 

Through the results section- the information is available that only 10g recycled glass 

can remove 100% arsenic from solution ranged from 0.20 ppm to 16.5 ppm 

concentration using batch experiments. It is now known that recycled glass can be 

used to make a filter column where it is possible to remove arsenic along with other 

heavy metals. The research has shown what might be the approximate length of glass 
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column and what might be the starting concentration of input water and what might 

be the final concentration of filtered water before the media became saturated. 

Arsenic removal can occur in both small and large glass-filled columns. Around 

57kg of smaller glass (s<0.5 mm) can treat 132.5 l of water with 100% removal of 

arsenic  from a starting concentration of 0.50 ppm using filter column.  

Based on the above information it might be expected that in a traditional filter 

container filled with smaller glass granules (s< 0.5), arsenic contaminated ground 

water can be filtered with highest effectiveness. However there was a new variable 

i.e. the amount of stainless steel present in glass granules and aged glass which was 

found to be more effective in arsenic removal. Iron is an important element for the 

removal of arsenic. Cundy, et al., 2008 reviewed use of iron based technologies in 

contaminated land and groundwater remediation from arsenic. The approach of iron 

use in arsenic removal is different i.e. direct use of metallic iron or iron oxides, iron 

as a coating elements with glass fibre (Wang, et al., 2010) or sand (Joshi and 

Chaudhuri, 1996) or waste products (Abdallah, et al., 2009). In the present study 

iron containing stainless steel was introduced with glass samples during glass 

processing. The iron containing stainless steel was used in the present study without 

any treatment and thus was easier to use in arsenic filter media. 

4.10.2 Cost  

Concerning the cost of existing arsenic filter in Bangladesh it was reported (Grameen 

Shikkha, 2005) that SIDKO (121000 l), Sono (8100 l) and ALCAN (8100 l) filter 

cost $4300, $40 and $50 respectively for six months. READ-F filter costs $80 and 

provide 5500 l water for 30 months. Furthermore SIDKO requires extra $266 for 

replacement every time and the media is only available through SIDKO (Grameen 
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Shikkha, 2005). Odour problems are reported by for READ-F and ALCAN filter. 

The experimental materials of this research projects were from waste (recycled 

glass) and thus are not high cost (TK40/kg ~ $0.52/kg), provided that the glass can 

be recycled locally-i.e. reducing any transport costs. 

4.10.3 Maintenance (Back wash, minimal clogging) 

Horan and Lowe (2007) stated that glass filter require less backwashing compared to 

sand filters. Although stainless steel alone can remove arsenic with high 

effectiveness but Wang, et al., (2010) reported in their research paper that arsenic 

removal with iron oxide powder causes clogging, and the powder is difficult to 

recover from aqueous solution after adsorption. So it was assumed that a filter 

column with fine fragments of stainless steel will contribute the same problem. 

Rutledge and Gagnon (2002) mentioned that the backwash requirements depend on 

the formation of a cake layer in the filter bed. The SEM image of glass granules 

showed more angularity compared to sand and thus the crushed glass resulted in 

longer settling time and in a longer period of time required to form a filter cake and 

as a results glass filter required less backwash compared to sand filter.Furthermore 

the mixture of glass and stainless steel granule can minimize that backwash and 

clogging (due to biofouling) problem. Additionally the experimental results showed 

that the glass-stainless steel column removed arsenic to below the MCL. On the 

other hand the preparation of glass- stainless steel media is simple as it does not 

require any treatment i.e. coating, unlike previously reported iron oxide coated glass 

(Wang, et al ., 2010 ), iron oxide coated sand (Joshi and Chaudhuri, 1996), iron 

coated scallop shell (Abdallah, et al., 2009). 
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4.10.4 Social Acceptability (Size, weight, water quality etc.) 

To built a sustainable arsenic removal filter it is also necessary to consider  

• How the media can be cleaned or replaced? 

• Is there any possibility for recycling of the media? 

• What might be the size (volume) and weight and cost of the filter? 

• Does the filtered glass have standard quality? 

• Does the filter glass also reduce the other heavy metals to acceptable 

standards? 

The filter media of this experiment is possible to clean normally by back wash, 

which is a problem to do in traditional sand filters. There are traditional As-

containing sludge disposal method available in Bangladesh (see section 3.I) and 

those method showed minimal environmental impact thus arsenic containing glass 

media can be disposed following traditional method or by separating arsenic  from 

glass (sequential extraction showed some potential for this). 

Glass separation can be done by treating with alkaline solution, by leaching, by 

chemical extraction or by heating. Further study is required to find best ways of 

arsenic separation from glass or disposal of spent media. Furthermore saturated 

recycled glass filter media can possibly be used as construction materials (e.g. 

ornamental brick). 

This research project is mainly to investigate on fundamental scientific process using 

recycled glass filter media and thus traditional filter container can be used for 

instance. This means the filter media from existing filter can be replaced by newly 
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developed glass media that is inexpensive as it is a recycled product. From the PXRF 

data crushed recycled glass granules have standard quality and can be produced 

locally with a simple grinder. The field experiments in a practical situation showed 

that glass media can also remove some other heavy metals from ground water. 

Finally the author would suspect the use of glass will be more in Bangladesh in 

future and future work is needed for up scaling and commercialization including 

filter material supply. The scope of future work should include intensive study with 

media cost, life of media, operational cost, sources of media supply, disposal or 

recycle procedures etc. 

4.10.5 Bangladesh background to arsenic perception (Case Study): 

To gain some practical experience of arsenic removal by crushed glass in 

Bangladesh and to make a social impact assessment of existing arsenic filters, a 

survey was made in two districts of Bangladesh during 2010, 2011 and 2012. With 

the administrative support of BACER-DU (Bangladesh-Australia Centre For 

Environmental Research, Department of Soil, Water and Environment, Dhaka 

University) and  Bangladesh Rural Advancement Committee (BRAC) , the visit was 

made in Dohar Upazila of Dhaka district (2010 and 2011) and in Faridpur district 

(2012) where data were recorded from  arsenic contaminated water users and Sono 

arsenic filter users respectively. The visit on Dohar Upazila was made on arsenic 

removal from contaminated tubewell water by selected glass granules (figure 4.97) 

and users of that arsenic containing tube well. It was found that people use arsenic 

contaminated water (0.6 ppm and 0.5 ppm) for household work and drink arsenic 

free water from the Sono filter. The people of the house (arsenic concentration 0.6 

ppm) were concerned about arsenic poisoning but were still using that contaminated 
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water, as they thought avoiding drinking of that water is less dangerous. The same 

information was found from most of the filter users.                                                              

During the tour, it was found people of some unions of Nagorkanda Upozilla of 

Faridpur district are using Arsenic Free Deep Tube Well (AFDTW) and Sono filter. 

Data on interviews of the filter users and deep tube well users was recorded for 

further study. Some people showed interest to use water from arsenic free source; 

some were reliant on their ongoing culture. Some villagers noted that they don’t use 

AFDTW as there is a long queue, some said the well is not easy to use, some 

complained about the taste of the water.  

A boy in the figure 4.97 was initially found using arsenic contaminated tube well 

even though the AFDTW was only 6 feet distance. The reason he explained that he 

will clean the food with water from arsenic contaminated TW and then will use the 

other. He looked very careless about the use of AFDTW. No proper signage was also 

found in most of the arsenic contaminated wells. An old man of 80 years was found 

carrying signs of arsenic poisoning in his feet (figure 4.98) which indicated that he 

had been using arsenic contaminated water for long time. 

 

 

Figure 4.97: People using arsenic free deep tube well for cleaning food from AFDTW 

 

 

 

As free deep tube well (700 feet) 

As contaminated shallow tube well 

(80feet) 
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People of Nagorkanda who were using the Sono filter noted that they used Sono 

filter for drinking water for the last 2 years. They clean the filter media weekly with 

boiling water and they didn’t have any idea about disposal of waste water or waste 

media. One family was found using a rain water harvester as a water source. 

It was found that BRAC is operating arsenic mitigation project in some parts of 

Faridpur District. BRAC provided some deep tube well (DTW) and Sono filters in 

Arsenic contaminated areas. Initially they installed DTW and took 5000 taka from 

the user family. After installation of DTW it was found that some DTW had arsenic 

and then BRAC provided free Sono filters to replace Arsenic contaminated DTW. 

But there was no monitoring system available for the Sono performance. One 

Arsenic patient was met during the visit. It was seen that some people are still using 

arsenic contaminated water even there is alternate option available, some people 

simply ignored arsenic poisoning as their previous generation used water from 

arsenic contaminated tube well and were not significantly affected. Field Officers 

from BRAC were involved to educate people about arsenic in this District. Some 

Sono users complained about the taste of filtered water, some complained about flow 

Figure 4.98: An old man of 80 years was carrying lesion on his  

feet from arsenic poisoning 
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rate etc. It was learned that arsenic concentration of these areas was examined by 

DPHE (Department of Public Health and Engineering) and NGO FORUM before 

and just after installation of arsenic free DTW but no data was available to the users 

on post installation monitoring.  

4.10.6 Conclusion 

The impact study of existing arsenic filters indicated the reason of their 

unsustainability in Bangladesh that was also viewed by other researchers. So, all the 

above mentioned information on social impact assessment should be considered 

during designing recycled glass filter for arsenic removal in Bangladesh.         
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Chapter 5 

Conclusion and Recommendation 

5.1 Major findings (General) 

The main objectives of this research project were to develop a cheap, easy to handle 

and sustainable water filter media that will be able to use in domestic arsenic filter 

units. Considering all experiments it was seen that clear DSGF glass is the best 

candidate for removing arsenic from contaminated water. The reason and evidence 

behind this statement is described below: 

5.1.1 Ground glass is better than imploded glass 

The investigation was based on batch experiment and column experiments where 

glass granules interacted with spiked arsenic solution or natural arsenic contaminated 

water. The batch experiments were performed to determine the overall capacity of 

glass for arsenic adsorption, using the shaker method. On the other hand column 

filtration showed practical performance of the glass filter. Arsenic removal with 

different sized brown DSGF and DSIF glass showed DSGF (s<0.5 mm) is better 

(0.00042 mg As/g glass) than DSIF glass (no discernible uptake found) of the same 

size during 5 hours of shaking (see table 4.3 and see figure 4.9, 4.10, 4.11 and 4.12). 

The arsenic removal effectiveness of three coloured DSGF (green, brown and clear) 

resulted in 0.00094, 0.00117 and 0.00126 mg As/g glass respectively which 

indicated clear glass performed better (see figure 4.7) but there was no  significant 

difference among the glass colour for resulting arsenic  removal. Subsequently all 

experiments was performed with clear glass as it also highly available in 

Bangladesh. 
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The glass column experiments with different sized DSGF (<0.5 mm and 0.5-1 mm) 

and DSIF (0.5-1 mm) glass was performed (see table 4.6) where 50 ml of 0.50 ppm 

As solution was passed through 59 cm  glass column (occupied 65g glass) and the 

effectiveness of different sized  glass column showed that DSGF (<0.5 mm) has 

superior (>0.00038 mg As/g glass )  As removal effectiveness than large size (0.5-1 

mm) of DSGF (0.00017 mg As/g glass ) and DSIF (0.00009 mg As/g glass) glass. 

Similar results was also observed with (s<0.5 mm) DSGF and DSIF glass in 

Bangladesh (see table 4.14 and 4.15) while studying the performances of large glass 

column using two  tube wells (initial As concentration 0.60 ppm and 0.50 ppm) 

water. Arsenic removal effectiveness was found better in DSGF (30-40%) compared 

to DSIF (17-19 %) in both wells. 

A further study under field conditions was performed with three sets of clear glass 

granules (WSGF, DSGF and DSIF) as a single filter column and mixed with sand 

column. The results showed (see table 4.17) the highest arsenic removal was 

achieved with DSGF column singly (50% As removal) or in mixed sand glass sand 

column (68%). 

5.1.2 Effect of glass production process: 

The glass production process (imploded or ground, DS or WS) influences the 

incorporation of additional sorbents which contain very high amount of Fe. Thus the 

composition of glass granules (a) with these additional sorbents and (b) after 

removing of sorbent particles was measured by using a PXRF, along with sorbent 

particles only (see table 4.5). In an  intensive study by SEM- the EDAX spectra of 

additional sorbents confirmed the presence of Fe rich particles attached to the glass 

surface, which were assumed to be stainless steel ( see figure 4.17.2).  
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 Further experiments with WSIA, WSGA, DSIA, DSGA, DSIF, DSGF glass and sstl 

only showed that DSGF is the best performing glass compared to others with the 

similar performance of WSGA, DSGA and DSGF along with sstl only. It has been 

confirmed that a very low (0.30g sstl) amount of sstl can greatly influence arsenic 

removal (figure 4.23). 

5.1.3 Major findings (Operational) 

Throughout the above findings - it is undoubtedly proved that clear DSGF glass 

(s<0.5 mm) can be potentially used for domestic arsenic filter unit. If this is to 

happen then it is necessary to explore what might be the operational requirements of 

DSGF. The following section describes some practical information from the whole 

research project: 

If the arsenic concentration in ground water in Bangladesh is approximately 500 ppb, 

mitigation is required to below the guideline value (50 ppb) for domestic use and 

thus 9000µg arsenic needs to remove from 20 l contaminated water that will meet 

the daily requirements of a small family of 4 members per day. Using clear DSGF 

glass (0.5-1 mm) the requirements of glass is approximately 7.15kg and < 0.05kg sstl   

to remove 9000µg arsenic (calculation based on batch experiments).  If the Sono 

filter media is replaced by DSGF (s<0.5 mm) glass and the initial arsenic 

concentration of treated water is ~ 0.50 ppm, then around 57kg of DSGF can 

potentially remove all arsenic up to 132.50 l and can meet the needs of a family of 4 

people for  one week (15-20 l per day). It must be noted that a 59 cm burette column 

was produced by filling 65g DSGF (s<0.5 mm) and hypothetically replaced the 

volume of Sono filter bucket to get 57g glass. In the field study based on large PVC 
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column filtration the initial flow rate was calculated for a glass column with DSGF 

(s<0.5 mm) at 25 ml/min with column length 8.05 cm. 

As the sstl showed very high arsenic removal effectiveness in different experiments 

even at very low steel mass, it is very important to find a good ratio of DSGF and 

additional sstl to fit in domestic arsenic filter unit, and reduce the significant glass 

mass requirements. The perfect ratio was not determined in this study but to continue 

our estimate it is assumed the additional sstl will be less than 0.05kg. 

The presence of removed arsenic was detected by PXRF (see figure 4.65- 4.78) on 

different glass samples and sstl and sequential extraction study indicated that some 

of this sorbed arsenic can be extracted using weak acids. When the glass is fully 

saturated with arsenic and no longer adsorbing more, it can be removed and returned 

to a shop/vendor who can return it to the factory for high pressure washing or 

(preferably) acid leaching for reuse. This process has the potential to be used to 

concentrate arsenic for use in other industrial processes. Literatures are also available 

to reuse the arsenic bearing sludge as a construction materials, ornaments, etc. and 

thus there is a possibility of using saturated DSGF for these applications.  

5.1.4 Further findings about arsenic adsorption potential of iron, stainless steel 

and glass separately 

A combined glass-sstl filter is a preferred approach-with the sstl providing most of 

the active adsorption sites, and the glass acting as a support media to prevent high 

back-pressures. Use of stainless steel alone generates clogging, slow flow, and 

backwash problems (as does sand). Glass alone has much lower adsorption capacity 

than sstl.  
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5.1.5 Hints about Mechanisms 

This work provides some indications about what mechanisms are involved in As 

removal.  Although stainless steel showed highest arsenic removal and extensive 

literature is available on the removal of As by Fe, the distribution of arsenic in 

EDAX mapping did not indicate any association between As and Fe within the 

focused area. This means arsenic can be removed not only by Fe but also by other 

active sites present on glass surface or sand surface. Further study is required with a 

range of filtered glass to investigate in detail the mechanism of arsenic removal by 

glass granules. 

5.2 Recommendation 

The overall research was to justify the acceptability of waste recycled glass granules 

to remove arsenic from solution. The author stated a series of experimental results 

and explained the acceptability of recycled glass as an arsenic filter media. Recycled 

glass granules can be used for arsenic removal but for achieving sustainability the 

method requires further study. Further recommendations are made below: 

 Perform batch experiments with a high range of glass granule size and high 

range of arsenic concentrations. 

 Further studies using glass columns to assess arsenic breakthrough point 

under different flow conditions. 

 Investigate the best glass size to use i.e. use finer glass granules (less than 0.5 

mm). 
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 For SEM study –use of different range of arsenic treated glass media to 

understand As-glass association. 

 

 Intensive study should be done on improved glass media in practical field 

application. 

 Intensive study on the recovery or disposal of arsenic containing glass media. 

 Further work should be done on the specific surface area of each material to 

further investigate the surface properties. 

 Further study is needed to determine the ‘perfect ratio’ of DSGF and sstl for 

operational use. 
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Appendix 

 
Appendix 1: Materials required for preparation of arsenic stock solution  

Spatula and weighing dish, 1000 ml conical flask with lid, Measuring cylinder, 

Electrical balance, Electrical shaker, Distilled water, 250 ml size conical flasks, 

Parafilm, Arsenic trioxide Powder MSDS (Material Safety Data Sheet) is available at 

http://www.sigmaaldrich.com/catalog/product/sial/311383?lang=en&region=GB). 

Procedure: All glass wares, spatula, dish, volumetric flask etc used in this study were 

pre-cleaned distilled water and dried before using for experiments. The strength of 

stock solution was considered on the requirements of expected diluted solution. The 

strength is described as ppm, where ppm = Parts per million which is explained as 

mg/l in this experiments. A certain amount (X mg) of arsenic trioxide powder was 

mixed with 1000 ml distilled water to get X ppm stock arsenic solution. For 

example-To prepare 50 ppm of 1000 ml As solution the following steps were 

followed:  

1) 100 ml of distilled water was put in a 1000 ml conical flask. 

2) 50 mg of Arsenic trioxide powder was measured by electrical balance and put in 

the flask containing 100 ml distilled water. 

3) The powder was handled by spatula and weighed using weighing dish. 

4) Then 900 ml distilled water was poured in the same flask to make the volume 

1000 ml. 

5) The flask was shaked gently to mix the powder homogeneously and put in safe 

position. 
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Appendix 2: Materials required for dilution of arsenic stock solution 

 

Arsenic stock solution, 1000 ml volumetric flask with lid, measuring cylinder, 

distilled water. To prepare working solution the following formula was used:  

P1V1 = P2V2 

Here P1 = Concentration of the stock solution (ppm), P2 = Concentration of 

expected working solution (ppm), V2 = ml (Working volume of arsenic solution). 

Normally 1000 ml solution was prepared at a time. 

V1 = ? ml (Volume of stock solution need to be added)  

Procedure:  For example -To prepare 2 ppm (P2) arsenic solution, at first 40 ml (V1) 

of 50 ppm (P1) stock solution was added with 200 ml of distilled water in a 1000 ml 

volumetric flask. The volumetric flask was filled up to 1000 ml (V2). The new 

concentration was 2 ppm. Then the volumetric flask was sealed with lid, labeled and 

stored in safe place. 
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Appendix 3: Materials required for preparation of As-Fe solution 

 

 To prepare As-Fe mixed solution, initially As and Fe solution (1000 ml each) was 

prepared separately following the above mentioned procedure. Ferric Chloride 

(FeCl3) granule was dissolved in distilled water following standard procedure to 

prepare Fe stock solution. The concentration of individual As and Fe solution was 2 

times greater than the expected concentration. To prepare 1000 ml of As-Fe mixed 

solution, 500 ml of each stock solution mixed in big volumetric flask. 
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Appendix 4: Health and Safety form 

The following form of risk assessment was completed before performing any 

experimental work and was kept alongside the laboratory. 
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Appendix 5:  Formula of calculation of arsenic removal effectiveness 

The following formula was used to calculate the arsenic removal effectiveness of the 

research projects: 

 

Arsenic present in the used stock solution = Volume of used solution X Conc. of 

used solution)/1000 

 

% Arsenic removed = (Start concentration - Final concentration X 100)/Start 

concentration 

 

Arsenic removal effectiveness = (Arsenic present in the used solution X % Arsenic 

removed)/ Weight of glass or sstl used 
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Appendix 6: Calculation of getting weight of ground A, ground B, stainless steel 

(G), imploded A, imploded B and stainless steel (I) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ground A 

 

30g 30g 30g 

sstl removed from each  30g of WSGF 0.79g 0.73g 0.91g 

Glass after removal of sstl 29.21g 29.27g 29.09g 

Ground B = (29.21+29.27+29.09)/3 = 29.19g 

  Stainless steel (G) = (.79+.73+.91)/3 = 0.81g  

  

      Imploded A 

 

30g 30g 30g 

sstl removed from each 30g of WSIF 0.15g 0.24g 0.51g 

Glass after removal of sstl 29.85g 29.76g 29.49g 

Imploded B = (29.85+29.76+29.49)/3 = 29.70g 

  Stainless steel (I) = (0.15+0.24+0.51)/3 = 0.30g  
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Appendix 7: Calculation of the cost of glass grinding 

Item Cost 

Power required   1.1kW 3000 rpm motor (www.sietronics.com.au/millsveg.html) 

Glass grinder 

capacity  50g/hour 

Cost of glass/kg TK 1.5/kg glass 

Cost of 50kg glass TK 75 

Cost of electricity 

TK124  

(TK 7.42 / kWh)+ (Demand charge+ Service charge)+Vat 

(Tariff rate available at-

https://www.desco.org.bd/index.php?page=tariff-rate 

  Cost of 50kg glass 

grinding  TK199 

So cost of 1 kg 

s<0.5 mm DSGF TK 19.9  

Cost of labour ( 8 

hour/day) TK 200/day 

Cost of labour / 

hour) TK25/hour 

Net cost of 1kg 

s<0.5 mm DSGF TK(19.9+20) ~ TK 40 
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