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CHAPTER 1 

INTRODUCTION 

 

Arsenic is present in more than 200 mineral species, the most common of which is 

arsenopyrite. It has been estimated that about one-third of the atmospheric flux of arsenic 

is of natural origin. Volcanic action is the most important natural source of arsenic, 

followed by low-temperature volatilization. Arsenic (As) is widely distributed all along 

the earth’s crust and enters ground water by dissolution of minerals and ores. Arsenic 

occurs in two primary forms: organic and inorganic. Organic species of arsenic are 

predominantly found in foodstuffs, such as shellfish, and include such forms as 

monomethyl arsenic acid (MMAA), dimethyl arsenic acid (DMAA), and arseno-sugars.  

 

Organic arsenic forms may be produced by biological activity, mostly in surface waters, 

but are rarely quantitatively important (Smedley, 2003). Inorganic arsenic occurs in two 

valence states, arsenite (As(III)) and arsenate (As(V)) and mostly found in natural waters. 

For both ground waters and surface waters in the U.S., two thirds of the soluble arsenic is 

found as As(V) and one third as As(III) (Chen et al., 1999).  

 

Inorganic arsenic of geological origin is found in groundwater used for drinking-water 

supplies in several parts of the world. Organic arsenic compounds such as arsenobetaine, 

arsenocholine, tetramethylarsonium salts, arsenosugars and arsenic-containing lipids are 

mainly found in marine organisms although some of these compounds have also been 

found in terrestrial species. 
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Elemental arsenic is produced by reduction of arsenic trioxide (As2O3) with charcoal. 

As2O3 is produced as a by-product of metal smelting operations. It has been estimated 

that 70 % of the world arsenic production is used in timber treatment as copper chrome 

arsenate (CCA), 22% in agricultural chemicals, and the remainder in glass, 

pharmaceuticals and non-ferrous alloys. Mining, smelting of non-ferrous metals, and 

burning of fossil fuels are the major industrial processes that contribute to anthropogenic 

arsenic contamination of air, water and soil. Historically, use of arsenic-containing 

pesticides has left large tracts of agricultural land contaminated. The use of arsenic in the 

preservation of timber has also led to contamination of the environment. 

 

It has been well-established that arsenic (As) compounds have detrimental effects on the 

health of living beings. Consumption of arsenic for a significant period through drinking 

water causes cancer of the skin, lungs, urinary bladder and kidney; it also changes the 

pigmentation of skin and subsequently the skin thickens. Short term exposure to As 

results in vomiting, esophageal and abdominal pain, “rice water” diarrhea. The ill effects 

of As on humans are still not completely known, it was concluded in some of the studies 

that As causes hypertensive and cardiovascular disease, diabetes and reproductive effects. 

Use of water containing As for laundry, hand-washing, bathing etc. do not pose any 

threat as the absorption of As through skin is nominal. Consequently, only direct 

consumption of As affects the human health.  

 

Hence, drinking water containing As is a potential threat to the health of humans. The 

only remedial action available is to prevent the exposure to As, by providing safe 
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drinking water. World Health Organization (WHO) has classified arsenic as the most 

toxic chemical with carcinogenic effects. From 2002, the permissible limits on arsenic in 

drinking water have been reduced to 10 mg/L by European Commission. United States 

also adopted the same limits on As.  

 

Technologies that are being used for the removal of As include coagulation/precipitation, 

lime softening, adsorption (using adsorbents like activated carbon, chitosan and zeolite), 

ion-exchange methods (using ion-exchange resins) and membrane methods. Among all 

the methods that are currently available, adsorption techniques have proven to be 

effective, especially with activated carbon (Huang, 1984). One of the main concerns 

regarding the use of adsorption techniques are the costs involved in the laboratory 

analysis and adsorbents. Hence, there is every need to come up with a low cost adsorbent 

and at least as effective as the activated carbon.  

 

The objective of this study is to develop a low cost adsorbent by screening experiments 

and optimization procedures. The material will be characterized and assessed for arsenic 

adsorption. The scope of this study involves: 

 
♣ Identification of the iron-chitosan sorbents 

♣ Preparation of  beads 

           -Iron-chitosan  

           -Iron-chitosan coated perlite  

♣ Beads characterization using SEM, EDS and XPS analysis 

♣ Equilibrium adsorption experiments 
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♣ Effect of  pH  and competing ions on the adsorption under fixed concentrations 

 

This thesis comprising of 5 chapters, describes the tasks that were performed in the 

laboratory to evaluate the effectiveness of the iron-chitosan adsorbent for the removal of 

arsenic from drinking water. Chapter 1, Introduction, gives a brief note of why arsenic 

removal from drinking water is important. It also briefly explains various treatment 

technologies for arsenic removal that are being currently used. Chapter 2, Literature 

review, describes the previous research work done on the arsenic removal from drinking 

water based on several methods. It also summarizes the significance of arsenic removal 

by adsorption process.  

 

Chapter 3, Materials and Methods, provides the information regarding the materials and 

methods used in this study. It explains the performance criteria of an adsorbent, followed 

by the selection of low cost adsorbents viz., iron-chitosan and iron-chitosan coated perlite 

beads. It describes a detailed procedure used for the preparation of beads. The 

characterization and speciation analysis studies were also presented in brief. Chapter 4, 

Results and Discussions, presents the research results and describes the implications from 

the previous results based on reviewed studies.  

 

Finally, Chapter 5 Conclusions; summarizes and concludes the research activities and 

also provides scope of future studies. 
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CHAPTER 2 
 

LITERATURE REVIEW 
 

 
2.1 Arsenic occurrence in the environment 
 
Arsenic (As) is a ubiquitous element found in the atmosphere, soils and rocks, natural 

waters and organisms. It is mobilized in the environment through a combination of 

natural processes such as weathering reactions, biological activity and volcanic emissions 

as well as through a range of anthropogenic activities. Most environmental arsenic 

problems are the 

result of 

mobilization under 

natural conditions, 

but man has had an 

important impact 

through mining 

activities, 

combustion of fossil 

fuels, the use of 

arsenical pesticides, 

herbicides and crop desiccants and the use of arsenic as an additive to livestock feed, 

particularly for poultry. Arsenic occurs in two primary forms (Fig.2.1); organic and 

inorganic.  

Fig. 2.1 Arsenic species in water, Courtesy: Smith, 1973 
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Organic species of arsenic are predominantly found in foodstuffs, such as shellfish, and 

include such forms as monomethyl arsenic acid (MMAA), dimethyl arsenic acid 

(DMAA), and arseno-sugars. Organic arsenic forms may be produced by biological 

activity, mostly in surface waters, but are rarely quantitatively important (Smedley, 2003). 

Inorganic arsenic occurs in two valence states, arsenite (As(III)) and arsenate (As(V)) and 

mostly found in natural waters. 

 

2.2 Arsenic chemistry 

Elemental arsenic (As) is a member of Group 15 of the periodic table, with nitrogen,   

phosphorus, antimony and bismuth. It has an atomic number of 33 and an atomic mass of 

74.91. 

 

Arsenic is a metalloid widely distributed in the earth’s crust. In aquatic systems arsenic 

has an unusually complex and interesting chemistry with oxidation-reduction, ligand 

exchange, precipitation and adsorption reactions all taking place. As is stable in four 

oxidation states (+5, +3, 0, -3) under the Eh conditions occurring in natural waters. 

Elemental arsenic occurs rarely and As (III) at extremely low Eh values.  

 

In addition, the compound AsS (realgar) is stable at low pH and moderately low Eh 

conditions. An Eh-pH diagram for arsenic (Fig. 2.2) in a system including oxygen, H2O 

and sulfur shows the predominant soluble species and the solids occurring under the 

indicated conditions.   
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Under Eh conditions occurring in oxygenated waters, As(V), arsenic acid species 

(H3AsO4, H2AsO4
1-, HAsO4

2-, and AsO4
3-) are stable. At Eh values characteristic of 

mildly reducing conditions, As(III), arsenious acid species (H3AsO3, H2AsO3
3- and  

Fig. 2.2 The Eh-pH diagram for As at 25o c and one atmospheric with total arsenic 
10.5 mol/liter and total sulfur 10.3 mol/liter. Solid species are enclosed in 
parenthesis in cross-hatched area, which indicates solubility less than 10 5.3 
mol/liter (Courtesy: Ferguson & Gavis, 1972) 

 

HAsO3
2-) become stable (Ferguson et al., 1972). Fig. 2.3 shows the predominant ionic 

species of arsenic (As) as a function of pH. Arsenic and arsenious acids are weak tripotic 

acids with pK's = 2.24, 6.69, 11.50, and 9.20, 12.10, 13.40, respectively (Fig.2.4). In the 

pH range 6 to 8, the major As(V) species are H2AsO4
- and HAsO4

2- while neutral H3AsO4 
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is the major As(III) species. When sulfide is present, realgar and orpiment (As2S3) occur 

as stable solids at pH values below pH 5.5 and redox potentials about 0 volts. HAsS2 and 

AsS2
- are the predominant aqueous species. 

 

Fig. 2.3 Species distribution diagram of arsenic, Courtesy: Smith, 1973 
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The reactions resulting in removal of arsenic from aqueous solution include adsorption 

and co-precipitation. Geochemically, arsenic may form insoluble precipitates with 

calcium, sulfur, aluminum, magnesium and barium compounds in natural waters. Arsenic 

 

  

 

species are more li

than as crystalline p

 

Arsenate may be 

oxides. The oxide 

and therefore prefe

Similarly, arsenate

 

Fig. 2.4 As(V) and As(III) species transformation
kely to be adsorbed on the surface of organic and inorganic substrates 

recipitates (Holm et al., 1979). 

removed by co-precipitation with or adsorption onto hydrous iron 

generally has a positive surface charge in most geologic environments 

rentially adsorbs anions. In addition, ferric arsenate is very insoluble. 

 species are adsorbed by aluminum hydroxide and by clays. Arsenate 

9



is chemically similar to phosphate and may be isomorphously substituted and enriched in 

phosphate minerals (Ferguson et al., 1972). Arsenite species may also be present in 

surface waters if the Eh is less than about 0.1 V or if oxidation to arsenate is incomplete. 

Arsenious acid species will adsorb or co-precipitate with iron oxide in a similar manner 

to arsenic acid. The adsorption of arsenite onto clays, bauxite and aluminum oxide has 

also been reported (Frost et al., 1977; Gupta, et al., 1978). 

 

Arsenic can also be transformed by biological uptake. There seems to be a well 

developed biogeochemical cycle for arsenic. Micro-organisms enter the cycle by 

mediating reactions that are kinetically slow or, in some cases, thermodynamically 

unfavored. In natural waters, arsenic may be present in various chemical forms that will 

react differently in water treatment processes, as well as pose different hazards to the 

consumers. The chemical oxidation of arsenite to arsenate is extremely slow, especially 

in fresh waters (Ferguson et al., 1974) but rapid oxidation of arsenite can be achieved if 

the reaction is catalyzed by bacteria (Turner et al., 1954). Consequently, arsenic is likely 

to appear in natural waters as both As(III) and As(V), with the latter being the most 

predominant. 

 

2.3 Arsenic in drinking water 

Drinking water is derived from a variety of sources depending on local availability: 

surface water (rivers, lakes, reservoirs and ponds), groundwater (aquifers) and rain water. 

These sources are very variable in terms of arsenic risk. Following the accumulation of 

evidence for the chronic toxicological effects of As in drinking water, recommended and 
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regulatory limits of many authorities are being reduced. The WHO guideline for arsenic 

in drinking water was provisionally reduced in 1993 from 50ug/L to 10ug/L. The US 

EPA limit was also reduced from 50ug/L to 10ug/L in January 2001 following prolonged 

debate over the most appropriate limit (US EPA, 2002). 

 

2.3.1 Health effects 

Arsenic has long been associated with toxic effects, producing marked impacts on health 

after both oral and inhalation exposure. Effects range from acute lethality to chronic 

effects, such as cancer and diseases of the vascular system (Borum et al., 1994; Saha et 

al., 1999). Studies in laboratory animals have demonstrated that the short-term toxicity of 

arsenic is dependent on its form and its oxidation state. It is generally recognized that the 

soluble inorganic arsenics are more toxic than the organic ones, and the trivalent forms 

As(III) are more toxic than the pentavalent forms As(V).  

 

There are multiple end-points, with several different organ systems being affected, 

including the skin and the respiratory, cardiovascular, immune, genitourinary, 

reproductive, gastrointestinal and nervous systems. Long-term exposure to arsenic in 

drinking water is casually related to increased risks of cancer in the skin, lungs, bladder 

and kidney, as well as other skin changes such as hyperkeratosis and pigmentation 

changes (Guo, 2003). These effects have been demonstrated in many studies using 

different study designs. Exposure response relationships and high risks have been 

observed for each of these end-points. The effects have been most thoroughly studied in 

Taiwan but there is considerable evidence from studies on populations in other countries 
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as well. Increased risks of lung and bladder cancer and of arsenic associated skin lesions 

have been reported to be associated with ingestion of drinking water at concentrations ≤ 

50µg arsenic/L (Guo, 2003). The Bangladesh has a serious problem of arsenic 

contamination (Deoraj, 2003). 

 

Much of the information about the human health effects of arsenic, in particular in 

relation to its carcinogenicity, comes from evidence obtained through the study of 

exposed human populations. The human health effects of arsenic have been 

comprehensively reviewed by several leading national and international bodies including 

WHO and USEPA. 

 

2.3.2 Arsenic removal technologies for drinking water treatment 

The following is a brief review of the literature on arsenic removal techniques. 
 

2.3.2.1 Arsenic removal by coagulation/precipitation 

As mentioned earlier, reactions in aquatic systems which remove arsenic from water 

include adsorption onto clays and oxides and co-precipitation with metal ions. In 

treatment plants and experimental studies, arsenic has been removed with varying 

degrees of success by adsorption onto aluminum and iron hydroxide as well as by lime 

softening. Of all the coagulants studied, ferric chloride and ferric sulfate have been most 

successful. Removal is highly dependent upon initial arsenic concentration, dosage of 

coagulant, pH and the valence of the arsenic species. 
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a) Arsenic removal by alum coagulation 

Early alum precipitation experiments by Bushwell's yielded some removal of high arsenic 

concentrations (25 mg/1) at pH 6 to 7 (Bushwell, 1943). Rosehart and Lee also found 

alum was moderately successful in removing high concentrations of arsenic (132 mg/1) 

from gold mine wastes, obtaining 90 % removal of As (V) by the addition of alum in an 

Al/As ratio of 4:1 at pH 7 to 8 (Rosehart et al., 1972). As (III) removals of 95 % were 

also obtained with low concentrations (0.5 mg/1) and the same optimal dosage and pH 

conditions. Shen, on the other hand, removed only 32 % of 1.0 mg/l arsenic with 20 mg/l 

alum at pH 6.8 (Shen, 1973). The valence was not specified, but this groundwater 

presumably contained As (III). 

 

Gulledge and O’Connor reportedly achieved a maximum removal of 87 % on a 0.05 mg/l 

As (V) solution with 40 mg/l alum and pH 7.0 (Gulledge et al., 1973). Filtration of the 

same test batch yielded a total removal of 91 %, which was surpassed only by the 92.6 % 

removal resulting from a batch precipitated with 50 mg/l alum at pH 6 followed by 

filtration. Percent As removals obtained at pH 8 were markedly lower, most probably due 

to the increasing solubility of aluminum hydroxide above pH 7. Nillson  also investigated 

alum precipitation of arsenic, removing 94 % of 21 mg/1 As(V) with 100 mg/l alum at 

pH 6.5 to 7 (Nillson, 1971).  

 

However, these same conditions failed to remove any of 23 mg/l As (III) (Patterson, 

1975). At the same alum concentration, 60 to 71 % removals of 4.2 mg/l As (V) were 

obtained. Sorg and Logsdon reportedly achieved a maximum removal, before filtration, 
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of 74 percent of 0.16 mg/l As (V) with 25 mg/l alum at pH 7.3 (Sorg et al., 1978). But, 

only 14 % of 0.16 mg/I As (III) was removed by 29 mg/l alum at pH 7 before filtration. 

 

b) Arsenic removal by iron coagulation 

Similar experiments with ferric of ferrous sulfate and ferric chlorides were performed on 

arsenic solutions. With subsequent filtration, Bushwell removed 84 % of 25 mg/l As(V) 

by adding about 250 mg/l of ferric sulfate at pH 5-6, and achieved similar removal of As 

(III) after it was oxidized to As(V) with calcium hypochlorite (Bushwell, 1943). 

Cherkinskii, reported 96 % removal of 362 mg/I arsenious oxide with ferrous sulfate 

added at 750 mg/l (Cherkinskii, 1982). Rosehart and Lee also removed 94 % of 132 mg/l 

As(V) with ferrous sulfate in an Fe/As ratio of 1.5 at pH 8, but failed to remove any of 

the 0.5 mg/l As(III) by this method. However, ferric chloride added at an Fe/As ratio of 

4.0 removed 90 % of 132 mg/1 As (V) and 95 % of 0.5 mg/1 As(III) at pH 9 and 8 

respectively (Rosehart et al., 1972). 

 

Gulledge and O’Connor achieved nearly complete removal of 0.05 mg/l As(V) over a pH 

range from 5 to 8 using ferric sulfate doses of 30 mg/l and higher. Maximum removal 

before filtration (96.5 %) occurred with 50 mg/1 added at pH 7.5 and resulted in a post-

filtration removal of 97.5 %. The highest overall removal (99.9 %) was achieved with 

addition of, 40 mg/l ferric sulfate at pH 7.5 (Gulledge et al., 1973). 

 

After testing both ferrous sulfate and ferric chloride, Shen chose the latter for the removal 

of arsenic. He found that 20 mg/1 ferrous sulfate added at pH 6.87 removed only 24 % of 
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1.0 mg/l arsenic (probably As(III)), while ferric chloride removed 82 %. As expected for 

the arsenite species, removal was dramatically improved when the solution was oxidized 

prior to precipitation (Shen, 1973). Addition of 20 mg/1 of chlorine achieved the 

oxidation and increased removal to 98.7 % of the 0.8 mg/l arsenic originally present. 

Sorg and Logsdon obtained 81 % removal before filtrations of 0.39 mg/l As(V) by adding 

25 mg/l ferric sulfate at pH 6.7(Sorg et al., 1978). After coagulation and dual media 

filtration, arsenic removal reached 96 %. After coagulation and granular activated carbon 

filtration, 98 % removal was obtained. Equally high removal rates were achieved with 30 

mg/1 ferric sulfate added to 0.26 mg/l As(V) at pH 8. Fine results were also obtained for 

removing As(III) with ferric sulfate, but only at very low concentrations. By comparison, 

30 mg/1 ferrous sulfate added at pH 8.6 removed 62 % of 0.81 mg/1 As(V). After 

coagulation and filtration, removals were 70 to 73 %, respectively. 

 

Scott conducted a full-scale study at the Metropolitan Water District of Southern 

California (MWDSC) to determine arsenic removals using alum and ferric chloride (Scott 

et al., 1995). The average concentration of arsenic in the source water was 2.1 µg/l. When 

the source water was treated with 3 to 10 mg/l of ferric chloride, arsenic removal was 81 

to 96 %. When the source water was treated with 6, 10, or 20 mg/l of alum, arsenic 

removal was 23 to 71 %.  

 

McNeill and Edwards reported that solubility and stability of the metal hydroxide flocs 

play an important role in arsenic removal (McNeill et al., 1997a). When, ferric coagulants 

are added, most of the ferric ends up as ferric hydroxide. In alum coagulation, however, a 
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significant portion of the added aluminum remains as soluble complexes. Because only 

particulate metal hydroxides can mediate arsenic removal, alum plants must carefully 

consider aluminum solubility when arsenic removal is required. Aluminum complexes 

can pass through filters and decrease overall arsenic removal. 

 

c) Arsenic removal by enhanced coagulation  

Cheng, conducted bench, pilot, and demonstration scale studies to examine As(V) 

removals during enhanced coagulation (Cheng et al., 1994). The enhanced coagulation 

conditions in these studies included increase of alum and ferric chloride coagulant dosage 

from 10 to 30 mg/l, decrease of pH from 7 to 5.5, or both. Results from these studies 

indicated the following: 

 

 

 

♣ Greater than 90 percent As(V) removal can be achieved under enhanced 

coagulation conditions. As(V) removals greater than 90 percent were easily 

attained under all conditions when ferric chloride was used 

♣ Enhanced coagulation using ferric salts is more effective for arsenic removal 

than enhanced coagulation using alum. With an influent arsenic 

concentration of 5 µg/l, ferric chloride achieved 96 percent As(V) removal 

with a dosage of 10 mg/l and no acid addition. When alum was used, 90 % 

As(V) removal could not be achieved without reducing the pH. 

♣ Lowering pH during enhanced coagulation improved arsenic removal by 

alum coagulation. With ferric coagulation pH does not have a significant 

effect between 5.5 and 7.0. 
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2.3.2.2 Arsenic removal by lime softening 

Lime softening, as generally practiced, effectively removes arsenic apparently through 

co-precipitation of arsenic on calcium carbonate and hydrous magnesium oxide floc. 

Cherkinskii, found that the same percent removals of arsenious oxide (96 %) could be 

obtained with 2250 mg/l of calcium oxide--three times the concentration needed for 

removal by ferrous sulfate. Nevertheless, Cherkinskii preferred lime because of its 

relatively small precipitated volume. Lime was also used to simultaneously soften water 

and remove arsenic in Argentina, sometimes in conjunction with ferric sulfate and 

followed by filtration (Cherkinskii, 1982). Nillson performed similar experiments on 

settled ("mechanically treated") municipal wastewater and obtained 30 % removal of 25 

mg/l As(III) (Nillson, 1971). When lower concentrations of As(V) were treated with lime 

to pH 9.5, as much as 98 % removal was obtained. Unfortunately, the magnesium 

concentrations of the waters were not cited. 

 

Rosehart and Lee found lime effective in removing 95 % of soluble arsenic of both 

species (Rosehart et al., 1972). When streams with 132 mg/l As(V) and 0.5 mg/l As(III) 

were raised to pH 12 with CaO, their arsenic concentrations were reduced to 6.6 mg/1 

and 0.05 mg/1, respectively. The optimal Ca/As ratio was 9.8. They also found pH 

adjustment with NaOH to pH 10 an appropriate method for removing arsenic from 

mining waste streams replete with other heavy metals, such as, iron, copper and zinc. By 

adjusting the pH of one such stream to 10, they removed 80 % of 132 mg/l As(V). 

Apparently, the arsenic co-precipitated with the iron and zinc hydroxides. 
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Patterson reported 85 % removal of 0.2 mg/1 arsenic that were dosed with 20 mg/1 lime 

at an initial pH of 6.9, but did not record final pH (Patterson, 1975). Sorg and Logsdon 

report adequate removal efficiencies in pilot plant studies when final pH reached 10 and 

above after lime addition (Sorg et al., 1978). The 0.4 mg/1 As(V) samples were reduced 

to within the 0.05 mg/1 MCL, achieving removals of 89 % and above. As(III), on the 

other hand, was only 80 % removed at pH 11.1. Other tests at the pilot plant showed that 

raising pH from 9.5 to 11.3 would increase removals from 53 to 99 % for As(V) and 26 

to 72 % for As(III).  

 

Results indicated that if initial As(III) levels are less than 0.1 mg/1, pre-oxidation is not 

necessary to achieve reduction to the MCL when softening is performed at pH 10.6 or 

above. In the same pH range, samples of up to 0.35 mg/1 As(V) can be successfully 

reduced below MCL. Soluble As(V) removal is mediated primarily by sorption to 

magnesium and/or ferric hydroxide solids during water softening operations (McNeill et 

al., 1995).  

 

At softening facilities precipitating only calcite, soluble As(V) removal was between 0 

and 10 %, whereas soluble As(V) removal at plants precipitating calcite and magnesium 

and/or ferric hydroxide was between 60 and 95 %. Despite successes with coagulation-

precipitation, the process does not appear suitable for small water utilities. Nonetheless; 

the data provides some insight into the chemistry of arsenic in systems with various metal 

precipitates. 
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2.3.2.3 Arsenic removal by filtration 

Filtration data has accumulated generally as a result of pilot and full scale experiments 

with arsenic co-precipitation and subsequent filtration. For example, in designing a full 

scale facility for arsenic removal from well water, Shen determined that dual media 

(anthracite and sand) filtration alone was effective in removing arsenic from 0.85 mg/l to 

less than 0.01 mg/l when the length of the filtration tube reached 70 cm (Shen, 1973). In 

general, slow sand filtration (1-5 m/day) was more effective than rapid sand filtration 

(100-200 m/day), but the usable time between regenerations for rapid sand filtration 

system was too short to be practical, only five days. 

 

Sorg and Logsdon (1978) found that subsequent filtration could remove up to 80 % of the 

remaining arsenic, when the original concentration was lowered to below 0.1 mg/l by 

coagulation (Sorg et al, 1978). However, they permitted differences between dual media 

and granular activated carbon filtration to removal of particulate turbidity rather than 

adsorption of dissolved arsenic. 

 

2.3.2.4 Arsenic removal by reverse osmosis 

Reverse osmosis is effective in removing both species of arsenic from water (Fox, 1984). 

Below 0.75 mg/1, As(V) is reduced below the minimum detectable limit by both DuPont 

(Aramid) and the osmosis (cellulose acetate) membranes. The DuPont membrane reduces 

As(V) below the MCL when the initial concentration is less than 4 mg/1; the osmosis, 

when As(V) is less than 6 mg/1. Maximum As(III) removal for either type was 80 % in 

this pilot plant. 
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Reverse osmosis units were also set up in various homes in New Hampshire during a 

study which compared arsenic removal techniques (Concord, 1982). Although no actual 

data was given, the units reportedly achieved "reasonably good removals" 'with little day-

to-day monitoring. Disadvantages of the systems were sensitivity to pH, and clogging by 

iron, turbidity and algae. Bacteria build up on the membrane may cause problems and 

require special disinfection procedures.  

 

2.3.2.5 Arsenic removal by ion exchange 
 
Reportedly, several ion exchange resins have been used for the removal of arsenic with 

varying degrees of success (Concord, 1982; Shen, 1973). Calmon studied the removal of 

aqueous arsenic using both cation and anion exchangers (Calmon, 1973). Cation 

exchangers were ineffective, but batch equilibrium tests with several anion resins in the 

chloride form showed removals of 55-82 %. Column tests yielded removals of 99 and 

100 % when the column was regenerated with NaOH and HCl, respectively, although in 

neither case was the recovery of adsorbed arsenic complete.  

 

Shen also ran column tests with the Ionac A-260 weak base resin, but after only 26 bed 

volumes of synthetic water containing 1 mg/1 arsenite had passed through his column, 

only 21 % of the arsenic had been removed (Shen, 1973). Others reportedly have 

achieved high removals of arsenic using strong base anion exchange resins (Sandy et al., 

1979). Therefore, preliminary studies were initiated to investigate the feasibility of ion 

exchange for arsenic removal.  
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Amberlite IRA-458 had been used in the past for the separation of arsenite from arsenate, 

since it selectively removes the latter. In this study, one hundred percent removals of 

arsenate were obtained consistently in column studies when small quantities (less than 20 

bed volumes) of 1 mg/l arsenate solution were passed through the resin. When studies 

were run continuously for extended periods of time at typical loading rates, however, the 

resin quickly reached exhaustion, processing less than 70 bed volumes of 0.4 mg/l 

arsenate solution. Column studies with two other resins showed somewhat better 

removals for arsenate. None of the resins showed significant removals of arsenite, 

perhaps due the fact that neutral H3AsO3 is the dominant species below pH 10. Resins 

will not take up appreciable amounts of H3AsO3 and the percent arsenite removal cannot 

be greater than the percent anion (H2AsO3
-) present. This suggests that below pH 10, less 

than half the arsenite will be removed in strong base anion exchange. As indicated, 

variations of influent pH had no significant effect on the resins, removal capacities. This 

phenomenon can be explained by the suggested position of arsenate in the known 

selectivity sequence of common ions in strong base anion exchangers (Clifford et al., 

1984). 

 

Known: SO4
2-> HPO4

2- > NO3
->C1-> HCO3

-> H2PO4
- 

Estimated: SO4
2-> HAsO4

2-> NO3
3-> C l-> HCO3

-> H2AsO4
- 

 
The divalent HAsO4

2- which is clinically similar to HPO4
2- is expected to be less 

preferred than sulfate while the monovalent H2AsO4
- analogous to H2PO4

- is expected to 

be less preferred than bicarbonate. Thus, in realistic situations, with competition from 

much higher concentrations of sulfate, chloride and nitrate, the amount of arsenate on the 

resin should be quite small relative to the other ions. 
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Arsenate exchange capacity of weak base resin is expected to be even less than that for 

strong base resins. Weak base resins have ion exchange capacities only at low pH where 

the least preferred H2AsO4
- and the non-preferred H3AsO4 forms predominate. Similarly, 

arsenite exists almost completely as the nonionic species which would not readily be 

removed. 

 

2.3.2.6 Arsenic removal by adsorbing colloid flotation 

The use of adsorbing colloid flotation as a method for removing metals has been studied 

for quite some time. This process involves the addition of a floc-forming substance, 

usually ferric chloride or alum, to collect the dissolved heavy metals by adsorption and/or 

co-precipitation as the metal hydroxide, formed in the presence of a base. The flocs are 

subsequently removed by flotation in a column using a surfactant, such as sodium lauryl 

sulfate (NLS). Although the data available on arsenic removal is very limited, previous 

work has been carried out with several other heavy metals on a laboratory scale and in 

pilot plants (Lemlich et al., 1972; Thackston et al., 1980). 

 

A series of preliminary batch studies were performed to study the feasibility of this 

process. High arsenate removals could be obtained with 75 to 100 mg/l of Al(OH) 
3 as the 

collector and a NLS concentration of 30 mg/l. Arsenite removals, on the other hand, were 

consistently lower in all experiments. This may be due to the poor adsorption of arsenite 

on oxides of alumina (Shen, 1973). The optimum pH for arsenate flotation was between 

5.0 and 6.0. The results indicate that increasing the ionic strength has a detrimental effect 

on removal.  
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In continuous studies, consistently high removals were obtained at hydraulic loading rates 

between 8 and 13 m3/m2- d and mass loading rates below 39 kg/ m2- d. Although a higher 

air flow rate (500 ml/min) was used in the batch tests, equally good removals were 

obtained in the continuous studies using lower air flow rates (350 ml/min). The lower rate 

produces drier foam and thus less sludge volume for disposal. The results indicate that 

adsorbing colloid flotation can be used effectively for removal of aqueous arsenate.  

 

Alum and NLS are relatively inexpensive and readily available. But if pH reduction and 

oxidation of arsenite to arsenate are necessary, then it may not be an economically 

attractive process.  

 

2.3.2.7 Arsenic removal by adsorption 
 
Previous studies with adsorption have indicated activated carbon and activated alumina to 

be the most promising sorbents for arsenic removal (Clifford et al., 1984; Frost et al., 

1977). Huang found that activated carbon could effectively reduce typical concentrations 

of aqueous arsenate to meet drinking water standards (Huang et al., 1984). Maximum 

removal reportedly occurred at pH 4 to 5. Regeneration of spent carbon with strong acid 

or base effectively desorbed arsenate from the surface, however, the full adsorption 

capacity could not, be restored. Further treatment with Fe(II) salts was necessary to 

enhance the re-adsorption capacity. 

 

Arsenic removed successfully from ground waters using activated alumina columns 

(Bellack, 1978). The alumina was readily regenerated using caustic soda (1%) without 
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affecting adsorption in subsequent cycles. In the same study, arsenic adsorption on 

activated carbon was found to result in an irreversible change in the basic chemical 

structure of the carbon, thus precluding any further removal. Gupta and Chen (Gupta et 

al., 1978) investigated the adsorption of arsenic by activated alumina, activated bauxite 

and activated carbon. Activated carbon was much less effective than others. Activated 

alumina obtained consistently higher adsorption capacities and faster adsorption rates.  

 

In addition to the above studies, Katsoyiannis and Zouboulis examined the modification 

of polymeric materials (polystyrene and polyHIPE) by coating their surface with 

appropriate adsorbing agents (i.e. iron hydroxides) in order to apply the modified media 

in the removal of inorganic arsenic anions from contaminated water sources 

(Katsoyiannis et al., 2002). The method, termed adsorptive filtration, has been classified 

as an emerging technology in water treatment processes as it presents several advantages 

towards conventional technologies: the production of high amounts of toxic sludge can be 

avoided and it is considered as economically more efficient; whereas it has not yet been 

applied in full-scale treatment plants for low level arsenic removal.  

 

The highest amount of iron oxides coated on the surface of polystyrene beads was found 

to be 70–75 mg Fe/g polystyrene, which was much higher than the reported amounts 

when the iron oxide coated sand was used; in the latter cases typical values were between 

1–2mg Fe/g sand and 20–30mg Fe/g sand (Katsoyiannis et al., 2002). The experiments 

show that both modified media were capable in removing arsenic from the aqueous 

stream, leading to residual concentration of this toxic metalloid element below 10 mg/l, 
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which is the new maximum concentration limit set recently by the European Commission 

and imposed by the USEPA.  

 

Tomoaki Tobinaga and Ryo Shoji suggested a new toxicity identification evaluation 

method for water exhibiting toxicity by evaluating toxicity reduction resulting from 

adsorption and ion-exchange treatments (Tobinaga et al., 2004). Adsorption using various 

adsorbents such as activated carbon, chitosan and zeolite, and ion-exchange using 

cationic and anionic ion exchange resins were performed.  

 

The amount of toxicity adsorbed by the various adsorbents was defined based on 

adsorption isotherm.  Parameters of the toxicity adsorption isotherm provided 

information that allowed identifying the toxicity controlling chemicals in environmental 

water containing various chemicals. The method is promising for water quality 

management because it can be used to identify toxicity controlling chemicals among 

various environmental pollutants. 

 

Tomoaki acknowledged that the activated carbon could remove all chemicals, while 

zeolite could selectively remove only specific chemicals (Tomoaki et al., 2004). Zeolite 

could remove chemicals with a dipole moment larger than that of water and a molecule 

diameter smaller than the pore size of zeolite. Chitosan could electronically remove the 

carboxyl group of benzoic acid by the cationically charged amino group of chitosan. By 

using chitosan, treatment characteristics of toxicity-controlling chemicals were indicated 

by the difference in functional group. 
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According to Qin and Du, the sorption on biopolymers is reported to be the best method 

for the elimination of heavy metal in a low concentration (ppm or ppb) (Qin et al., 2003). 

Chitin and its deacetylated product chitosan, the world’s second most abundant natural 

polymers after cellulose, contain primary amino groups, which are useful for chemical 

modifications (e.g., the covalent attachment of ligands and for the formation of different 

complexes). 

 

Chitosan also has antibacterial property, and because it is harmless to humans and 

abundantly available, ion exchangers or sorbents made from chitosan may be used as 

potential separators in food and pharmacy processes, for medical drugs and agriculture 

chemicals, in water treatment, and other industrial applications. The resin had different 

adsorption ability for the chromium (VI) in anionic forms from that of the cross linked 

chitosan beads (Qin et al., 2003). The cross linked chitosan resin exhibited maximum 

adsorption for chromium (VI) at pH 3.0 and the adsorption capacity decreased sharply 

above pH 6, whereas the adsorption capacities of quaternized chitosan resin were 

significant over pH 3 to 11. 

 

The ability of Chitosan as an adsorbent for Cu(II) and Cr(VI) ions in aqueous solution 

has been demonstrated (R. Schmuhl et al., 2000). The experiments were done as batch 

processes. Equilibrium studies were done on both cross-linked and non-cross-linked 

chitosan for both metals. Cr(VI) adsorption behavior could be described using the 

Langmuir isotherm over the whole concentration range of 10 to 1000 mg/l Cr. The 

maximum adsorption capacity for both types of chitosan was found to be 78 mg/g for the 
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non-cross-linked chitosan and 50 mg/g for the cross-linked chitosan for the Cr(VI) 

removal.  

 

The maximum adsorption capacity for both types of chitosan can be estimated to be 

greater than 80 mg/g. Cr(VI) removal was the highest at pH 5 but pH did not have a large 

influence on Cu(II). R Schmuhl reported that chitosan adsorbs heavy metals, in particular 

Cr(VI) and Cu(II) ions and from the experimental data it was clear that the adsorption 

process for both the metals is different owing to the fact that Cr(VI) adsorption is 

described by the Langmuir isotherm and Cu(II) adsorption by the Freundlich isotherm. 

However the adsorption process for both metals seems to be concentration-driven (R. 

Schmuhl et al., 2000). From these results it is clear that the adsorption of heavy metals is 

possible with chitosan.  

 

The adsorption of hexavalent chromium from aqueous solutions on chitosan-coated 

perlite beads was examined under both equilibrium and dynamic conditions (Hasan et al., 

2003). The effect of pH on adsorption was investigated and the data were fitted to the 

Langmuir adsorption isotherm. The adsorption capacity of chitosan-coated perlite was 

found to be 104 mg/g of adsorbent from a solution containing 5000 ppm of Cr(VI). On 

the basis of chitosan, the capacity was 452 mg/g of chitosan.  

 

They also found that the capacity was considerably higher than that of chitosan in its 

natural and modified forms, which was in the range of 11.3 to 78 mg/g of chitosan.  
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The beads loaded with chromium were regenerated with sodium hydroxide solution of 

different concentrations. A limited number of adsorption-desorption cycles indicated that 

the chitosan-coated beads could be regenerated and reused to remove Cr(VI) from waste 

streams. Reportedly, a number of studies focused on chitosan as an adsorbent due to its 

non-toxicity, chelating ability with metals, and biodegradability. Chitosan is a low-cost 

adsorbent compared to activated carbon; however, its adsorption capacity is low. 

Chitosan was coated on an inert substrate, perlite, to enhance its adsorption capacity for 

Cr(VI) (Hasan et al., 2003). Perlite is a siliceous volcanic glassy rock with an amorphous 

structure.  

 

Perlite has been used to a limited extent as an adsorbent for methylene blue (Mehmet et 

al., 2000), trivalent chromium (Achraf et al., 2002), and as solid support in 

chromatography (Karakas et al., 1998; Akcay et al., 1998). The characterization of 

chitosan-coated perlite beads and evaluation of their adsorption capacity for Cr(VI) are 

reported. The above explanation clearly states that perlite can act as a supporting material 

to the chitosan and can be considered for the removal of heavy metals like arsenic from 

drinking water. 

 

As USEPA is becoming more and more stringent on the amount of arsenic permissible in 

the drinking water; the demand for efficient arsenic removal techniques is increasing. 

From previous studies, it has been observed that adsorption is one of the effective and 

inexpensive methods for As treatment. Development of highly effective adsorbents is a 

key for adsorption-based technologies. From the above studies it is clear that chitosan and 
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chitosan coated perlite can act as effective adsorbents for the removal of heavy metals 

from drinking water.  

 

In this study two adsorbents, iron-chitosan and iron-chitosan coated perlite were selected 

and tested for arsenic adsorption. Iron-chitosan is the primary adsorbent undergone all the 

experiments where as iron-chitosan coated perlite was tested only for its equilibrium 

adsorption capacity. 

 
2.3.3 Selection of adsorbents for arsenic removal  
 
The requirements for an acceptable technique for removal of arsenic from drinking water 

are: high efficiency, safe and simple to use, easy to maintain and minimal production of 

residual mass. Iron-chitosan composites satisfy all these requirements. In view of the 

aforementioned studies, adsorption onto iron-chitosan adsorbent was chosen for arsenic 

removal from drinking water.  

 

The process appears to offer several advantages, such as, relatively low capital cost, low 

energy requirements, ease of operation, minimal space requirements and flexibility of 

application. Consequently, further emphasis in this research was placed on assessing 

adsorption of arsenic on iron-chitosan as a method suitable for drinking water treatment. 

Adsorption isotherm experiments were conducted to evaluate removal efficiencies and 

maximum adsorption capacities at fixed pH.  

 

Experiments were also set up to establish adsorption capacities under varying conditions 

of pH and competition from other ions. In addition, this study partly deals with iron-
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chitosan coated perlite for removal of arsenic from drinking water. Experiments 

measuring arsenic adsorption isotherms were conducted on iron-chitosan coated perlite to 

compare the maximum adsorption capacity with that of iron-chitosan. 

 

2.3.3.1 Adsorption onto iron-chitosan and iron-chitosan coated perlite 
 
 
a) Chitosan 
 
Chitosan is a natural product derived from chitin, a polysaccharide found in the 

exoskeleton of shellfish like shrimp or crabs. While it has been in existence for millennia, 

its current form has just recently been 

prepared. Technically speaking, chitosan 

is a naturally occurring substance 

chemically similar to cellulose, a plant 

fiber. Fig. 2.5 shows the structure of 

chitin, chitosan and cellulose. Chitosan 

has a history of about three decades of 

use in processes like detoxifying water. 

Chitosan can effectively remove toxic 

metals in water because of its strong 

adsorption (Covas, 1992).  Iron-chitosan 

is a combination of chitosan and ferric nitrate. Ferric nitrate used in the preparation as it 

has advantages like excellent adhesion, solvent resistance, water resistance, and reduced 

energy consumption. 

Fig. 2.5 Structure of chitin, chitosan and cellulose 
Source: www.Dalwoo.com/chitosan 
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b) Perlite  

Perlite is a white, lightweight, inert material derived from volcanic rock and used to 

improve drainage in potting composts. Perlite is chemically a sodium potassium 

aluminum silicate. Fig 

2.6 shows perlite-rock 

crushed and expanded 

forms. Perlite can be 

manufactured to weigh as 

little as 2 pounds per 

cubic foot making it 

adaptable for numerous 

applications. Since 

perlite is a form of 

natural glass, it is classified as chemically inert and has a pH of approximately 7. Fig 2.7 

shows expanded perlite (course, medium and fine). 

Fig. 2.6 Perlite- rock, crushed, and expanded 
Source: www.perlite.net &Redco II 

 

 

 

 

 

 

 

Fig. 2.7 Expanded perlite-course, medium and fine 
Source: www.perlite.net &Redco II
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2.3.3.2 Adsorption 

Adsorption is commonly defined as the concentration of a substance at an interface or 

surface. The process can occur at an interface between any two phases, such as, liquid-

liquid, gas-liquid, gas-solid, or liquid-solid interfaces. The interface of interest in water 

and wastewater treatment is the liquid-solid interface. The adsorption process addressed 

here is the concentration of arsenic from aqueous solutions onto the surface of iron- 

chitosan adsorbent. 

 

a) The role of pH in adsorption 

The pH of a solution can have a significant effect upon adsorption at the liquid-solid 

interface. The pH will determine whether the ionized or unionized sorbate species will 

exist in solution as well as the degree of ionization of surface functional groups. 

 

b) The role of competing ions in adsorption 

During the adsorption process, the competitive ions have a great impact on the arsenic 

adsorption, so we discuss this a little more. At near-neutral pH, the theoretical affinity for 

anion sorption on metal oxides is given as (Manning and Goldberg, 1996): 

 
PO4

3-> SeO3
3- >AsO4

3->AsO3
3->SiO4

2- > SO2 >F> B (OH) 3 

 
Phosphate is the anion considered most likely to compete with arsenic for adsorption 

sites, because of its strong affinity for metal oxides, and its similarity to the arsenate ion. 

Phosphate has been shown to mobilize arsenic in soils contaminated with lead pesticides 

(Peryea et al., 1997). Arsenic, phosphate and silicate are adsorbed on ferric hydroxide 
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through the formation of surface complexes with the hydroxyl groups (Meng et al., 2000; 

Goldberg, 1985), suggesting that iron has significant role in the removal of arsenic. 

Stumm and Morgan also reported that the extent of complex formation between Fe(III) 

and phosphates (PO4 3- or HPO4 2- ) depends on or [HPO4 2-], hence by decreasing the pH, 

phosphate will have an increasing tendency to enter into the coordination sheath of Fe 

(III) ion (Stumm W et al., 1970; Katsoyiannis et al., 2002).  

 

Dissolved silicate is usually found in much higher concentrations than phosphate, and can 

interfere with removal of both arsenate and arsenite (Ghurye et al., 1999). Elevated levels 

of sulfate and carbonate can slightly reduce arsenite removal rates, but have little effect 

on arsenate removal (Wilkie et al., 1996; Meng et al., 2000).  

 
 
c) Adsorption model  

According to Seader, based on the regression of Langmuir equations, sorption takes place 

at specific homogenous sites with in the adsorbent (Seader et al., 1998). To determine the 

maximum adsorption capacity of the adsorbent, Langmuir isotherm model was used in 

this study. The adsorption isotherm followed Langmuir equation: 

 

        
Cb
Cqqe +

= max     

   

Where, 
       qe      =  the amount of arsenic adsorbed, (µg As /g adsorbent)  

                C       =  equilibrium concentration of arsenic (µg /L) in the solution. 

                 qmax   =  the maximum adsorption of arsenic, (µg /g) 

                  b       =  adsorption constant 

 33



CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Materials 

Bulk materials at medium molecular weight chitosan were procured from Aldrich 

Chemical Corporation (Wisconsin, USA). The expanded form of perlite was obtained 

from Silbrico Corporation, IL, USA. All chemicals used were of regent grade and 

solutions were prepared by Milli-Q water (Q-H2O, Millipore Corp. with resistivity of 

18.2 MΩ-cm). Sodium arsenate (Na2HAsO4
 7H2O, 99 %), sodium arsenite (NaAsO2, 99 

%), and sodium borohydride (NaBH4) were obtained from Sigma; Potassium phosphate 

monobasic (KH2PO4), ferric nitrate (Fe(NO3)3.9H2O), sodium sulfate anhydrous 

(Na2SO4), sodium silicate meta-crystals (Na2SiO3·9H2O), sodium phosphate dibasic 

Na2HPO4.7H2O, hydrochloric acid (HCl) and sodium hydroxide (NaOH) were purchased 

from Fisher Scientific Company. The stock solutions of 1000.0 mg/L As(V) and As(III) 

were prepared by dissolving Na2HAsO4.7H2O and NaAsO2 in de-ionised water, 

respectively, and filtering through a 0.22-µm membrane.  

 

3.2 Experimental Methods 

3.2.1 Screening experiments for sorbent selection 

About 8 samples were screened for their ability for arsenic removal (Table. 3.1). The 

screening experiments were repeated three times and the average of the resulting 
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removal efficiency was reported. This was to identify an effective and inexpensive 

adsorbent among them.  

 

S.NO Abbreviated Form Sample Beads; Procedure 

1 CFeN 

 

Iron-chitosan: About 10 g of chitosan was added to 0.5L of 0.01N Fe 
(NO3)3.9H2O solution under continuous stirring for 2 hrs at 60 0C 
temperature to form a viscous gel. Chitosan bead was then formed by 
drop wise addition of chitosan gel with required viscosity into a 0.5M 
concentrated NaOH solution. The beads were then separated from 
NaOH solution, and washed several times with de-ionized water to a 
neutral pH. The wet beads were dried in a oven under vacuum, and in 
air.  

 

2 CFeN (dropped) Iron-chitosan (dropped): Same as iron-chitosan preparation, but these 
are dropped on floor 

3 CFeN + Perlite + NaOCl Iron-chitosan coated perlite treated with sodium hypo chlorite: 
After forming beads as iron-chitosan coated perlite (4), were treated 
with sodium hypo chlorite solution. 

4 CFeN + Perlite 

 

Iron-chitosan coated perlite: About 20 g of acid-treated perlite powder 
was mixed with 0.25L de-ionized water to get slurry and slowly added 
to the gel formed in (1) and stirred for 3-4 hours at 60 0C. Chitosan 
coated perlite bead was then formed by drop wise addition of chitosan 
gel with required viscosity into a 0.5M concentrated NaOH solution. 
The beads were then separated from NaOH solution, and washed several 
times with de-ionized water to a neutral ph. The wet beads were dried in 
a oven under vacuum, and in air.  

 

5 CFeN + Perlite + PVA Iron-chitosan coated perlite treated with poly vinyl alcohol: After 
forming beads as iron-chitosan coated perlite (4), were treated with poly 
vinyl alcohol. 

6 CFeN+ NaOCl Iron-chitosan treated with sodium hypo chlorite: After forming beads 
as iron-chitosan (1),were treated with sodium hypo chlorite solution. 

7 CFeN + Perlite + NaCl Iron-chitosan coated perlite treated with sodium chloride: After 
forming beads as iron-chitosan coated perlite (4), were treated with 
sodium chloride solution. 

8 CFeN+ NaCl Iron-chitosan treated with sodium chloride: After forming beads as 
iron-chitosan (1), were treated with sodium chloride solution. 

 
Table 3.1 Description of the eight iron-chitosan based samples 
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3.2.1.1 Equilibrium adsorption 

The equilibrium adsorption studies were carried out at 25±1°C. In this experiment 0.100 

g of the adsorbent was weighed into a series of 40 ml glass vials, containing 1.00 ppm 

and 5.00 ppm of arsenic (As(V)/As(III)) respectively followed by making the final 

solution to 30.00 ml volume using de-ionized water. The initial pH of the solutions was 

measured using pH meter. The glass vials containing the beads soaked in 30.00 ml 

solution were kept on the shaking machine for 24 hrs at 25±1°C, 160 rpm. After 24 hrs, 

the final pH was recorded for each solution and the solutions were centrifuged for 30 

minutes in order to separate the supernatant (the clear liquid overlying material deposited 

by centrifugation) from the solution. The supernatant was then filtered and the filtrate 

was analyzed for arsenic removal by High Performance Liquid Chromatography (HPLC). 

The adsorption isotherm was obtained by varying the initial concentration of arsenic in 

the solution. The amount of arsenic adsorbed per unit mass of adsorbent (qe) was 

calculated using the equation, 

 

                                               
M

VCCq ei
e

)( −
=                                                               (3.1) 

 

Where Ci and Ce represent initial and equilibrium concentrations in mg/L, respectively, V 

is the volume of the solution in liters (L), and M is the mass of the adsorbent in grams 

(g). The above procedure was also carried out using tap water. Based on the percentage 

removal of each sample, two efficient adsorbents among them were identified and 

selected to conduct actual experiments in this study. The following are the procedures for 

the preparation of selected adsorbents. 
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3.2.2 Preparation of iron-chitosan beads 

About 10 g of chitosan was added to 0.5 L of 0.01 N Fe (NO3)3.9H2O solution under 

continuous stirring for 2 hrs at 60 0C temperature to form a viscous gel. Fig 3.1 shows the 

schematic diagram of apparatus for preparing iron-chitosan beads. The bead was formed 

by drop wise addition of chitosan gel with required viscosity into a 0.5 M concentrated 

NaOH precipitation bath. Maintaining this concentration of NaOH was critical in forming 

the beads and in subsequent washing of the beads. The purpose of adding an acidic 

chitosan mixture to the NaOH solution is to assist rapid neutralization of the acid so that 

the spherical shape could be retained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

4

3

2

1 5

6

 

Fig.  3.1 Schematic diagram: Apparatus for preparing iron-chitosan beads,           

Source: (Hasan, 2005)

1) Heater   2) Chitosan solution   3) Stirrer  
4) Peristalic pump      5) Nozzle    6) NaOH precipitation bath 
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If the concentration of NaOH in the solution was lower than 0.5 M, the beads tend to 

disintegrate and would not retain the spherical shape. The beads were then separated from 

NaOH solution, and washed several times with de-ionized water to a neutral pH. The wet 

beads were dried in an oven under vacuum, and in air.  

 

Fig. 3.2 shows the material used for this study i.e., chitosan. The equipment used for the 

preparation of beads is shown in Fig. 3.3. Fig. 3.4 shows a flask with chitosan in ferric 

nitrate solution. Fig. 3.5 shows gel formation at 60 0C. The gel was screened using a sieve 

as shown in Fig.3.6. Fig. 3.7 shows the gel (screened) without any flakes and ready to use 

for the preparation of beads. Wet beads (beads soaked in de-ionized water) formed are 

shown in Fig 3.8. Oven dried beads of iron-chitosan and iron-chitosan coated perlite are 

shown in Fig 3.9.  

 

 

 

 

 

Fig. 3.2 Chitosan material
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Fig. 3.3 Equipment used for the preparation of beads 

Fig. 3.4 Chitosan in ferric nitrate solution 
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Fig. 3.5 Gel formation

 

Fig. 3.6 Screening the gel using a sieve 
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Fig. 3.8 Beads soaked in de-ionized water

Fig. 3.7 Gel without flakes, ready to use for the preparation of beads 
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3.2.3 Preparation of iron-c erlite beads 

posed mainly of alumina and silica, was used as a substrate for the 

reparation of the beads. Perlite was first mixed with 0.2-M oxalic acid and the mixture 

as stirred for 12 hrs at room temperature. The acid from the mixture was filtered using 

hatman 41 filter paper. The filtered perlite was washed with de-ionized water until the 

ltrate pH was between 6 and 6.9. After washing, the perlite was dried overnight at 70°C, 

and sieved through a 100-mesh sieve.  

 

re next stored in desiccators. About 10 g of chitosan was added to 

.5 L of 0.01 N Fe (NO3)3.9H2O solution under continuous stirring for 2 hrs at 60 0C to 

rm a viscous gel. About 20 g of acid-treated perlite powder was mixed with 0.25 L de-

nized water to produce a slurry and slowly added to the gel and stirred for 3-4 hrs at 60 

0 ed by drop-wise addition of iron-chitosan 

coated perlite gel mixtu  precipitation bath. The beads 

Fig. 3.9 a) Oven dried CFeN beads soaked in de-ionized 
water b) Oven dried CFeN+Perlite beads 

hitosan coated p

Perlite, which is com

p

w

W

fi

The perlite particles we

0

fo

io

C. The highly porous beads were then prepar

re into a 0.5 M concentrated NaOH
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were 

eutral pH. The wet beads were dried in an oven under vacuum, and in air.  

3.2.4 Stability of iron-chitosan beads 

Experiments were carried out to study the stability of iron-chitosan beads in acid at 

different concentrations. These beads were kept in HCl at 1 N, 0.1 N, 0.01 N, 0.001 N, 

.0001 N, and 0.00001 N respectively. The beads were also kept in de-ionized (DI) and 

p water. Initial pH was measured and the solutions were then kept on for a month under 

om temperature. The final pH of each solution was measured after a month and the data 

 presented in Table 3.2. 

 was found that beads got completely dissolved at 0.1N and 0.01N HCl solutions. It was 

lso observed that the beads were swollen at 1N HCl solution. No transformation was 

aining solutions (i.e, 0.0001N, 0.00001N, DI and tap water). The 

beads remained stable in these solutions.  

HCl 
Concentration (N) 

 Final pH 
(after a month) 

Aqueous
solutions

Final pH 
(after a 
month) 

separated from NaOH bath, and washed several times with de-ionized water to a 

n

 

0

ta

ro

is

 
 

1 0.79 DI 7.08 

0.1 2.04 Tap 8.42 

0.01 4.88 

0.001 6.84 

0.0001 7.1 
0.00001 7.07 

Table 3.2 Final pH of iron-chitosan beads kept in HCl, DI and Tap water 
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3.2.5

he prepared chitosan and chitosan coated perlite beads were examined by Scanning 

lectron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), and Energy 

e x-ray Spectrometry (EDS). EDS at various parts of a pure iron-chitosan bead 

and iron-chitosan coated perlite bead were collected using a digital data acquisition 

system. The following is the description of each analytical technique. Summary of these 

nalytical techniques are presented in Table. 3.3. 

.2.5.1 X-ray Photoelectron Spectroscopy (XPS) 

electron spectroscopy (XPS) is a surface sensitive analytic tool to study the 

surface composition and electronic state of a sample. Samples are irradiated with 

monochromatic x-rays which cause the ejection of photoelectrons from the surface. The 

electron binding energies, as measured by a high resolution electron spectrometer, are 

used to identify the elements present and, in many cases, provide information about the 

valence state(s) or chemical bonding environment(s) of the elements thus detected.  

 

The depth of the analysis, typically the outer 3 nm of the sample, is determined by the 

escape depth of the photoelectrons and the angle of the sample plane relative to the 

spectrometer. 

 

 Sample characterization 
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Dispersiv
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X-ray photo
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Table 3.3 Summary of the analytical techniques 
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3.2.5.2 Scanning Electron Microscopy (SEM) 

 modulated by the detected secondary 

lectron current from the sample, such that the viewing CRT displays an image of the 

ple. This variation is 

scope (SEM) providing chemical analysis in areas as small as 1 µm in 

iameter. EDS detects all elements except for H, He, Li, and Be. EDS can be performed 

exactly on any features or particles seen in the SEM images and can “MAP” elements on 

a surface. Unknown materials can be identified and quantitative analysis can be 

performed. 

The scanning electron microscope (SEM) is a type of electron microscope capable of 

producing high resolution images of a sample surface. Due to the manner in which the 

image is created, SEM images have a characteristic three-dimensional quality and are 

useful for judging the surface structure of the sample. A focused beam of electrons is 

rastered across a sample surface, the raster scan being synchronous with that of a cathode 

Ray Tube (CRT). The brightness of the CRT is

e

variation of secondary electron intensity with position on the sam

largely dependent on the angle of incidence of the focused beam onto the sample, thus 

yielding a topographical image. Different detectors can be used to provide alternative 

information, e.g., a backscattered electron detector will provide average atomic number 

information. An auxiliary energy dispersive x-ray (EDS) detector provides elemental 

identification analyses from boron to uranium. Some high performance instruments have 

enhanced abilities due to use of a special field-emission electron source (FE-SEM).  

 

3.2.5.3 Energy Dispersive x-ray Spectrometry (EDS) 

Energy Dispersive x-ray Spectroscopy (EDS) is used in conjunction with the Scanning 

Electron Micro

d
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An EDS attachment to an SEM permits the detection and identification of the x-rays 

produced by the impact of the electron beam on the sample thereby allowing qualitative 

and quantitative elemental analysis. The electron beam of a cite the 

atoms in the surface of a solid. These excited atoms produce characteristic x-rays which 

are readily detected. By utilizing the scanning feature of the SEM, a ial distribution of 

elements can be obtained. For flat, polished homogeneous samples, quantitative analysis 

can provide racy of 1-3 % when appropriate standards are available.  

 

3.2.6 Experimental design and procedure 

3.2.6.1 Adsorption isotherm

The performance of chitosan beads was assessed on the basis of the arsenic adsorption 

and pH edge. Preliminary tests were carried 

 

The equilibrium adsorption studies were ried out at 25±1 i periment 0.100 

g of the t was weighed  ml glass vials, f he addition 

of various amounts of arsenic (A ) (0.25, 1.00, 2. , 10.00, 15.00, 

20.00, 25.00 ppm) respectively, to make the final volume 30.00

in a soli g of 3.3

solution. The initial pH of the solution was controlled at 5.02 by 0.1 M HCl. Constant 

ionic strength and pH was maintained to compare the performance of adsorbents prepared 

under various conditions. The glass vials containing the beads that soaked in 30 ml 

lution were kept on the shaker (160 rpm) for 24 hrs at 25±1°C.  

n SEM is used to ex

spat

 relative accu

 

out for the selected efficient adsorbent. 

car

into a series of 40

s(V)/As(III)

°C. In th s ex

ollowed by t

00, 3.00, 5.00

 adsorben

 ml in each vial, resulting 

d loadin 3 g/L. Ionic strength was controlled by adding 0.05 M NaCl to the 

so
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After 24 hrs, the final pH was recorded for each solution and the solutions were 

erformance Liquid 

ies, HG 

centrifuged for 30 minutes. The supernatant was then filtered and the filtrate was 

analyzed for arsenic removal by High Performance Liquid Chromatography (HPLC).The 

quantity of adsorbed arsenic was calculated by the difference between the initial and 

residual amounts of arsenic in solution divided by the weight of the adsorbent.  

 

The amount of arsenic adsorbed per unit mass of adsorbent (qe) was calculated using the 

eq 3.1. The above experiment was carried out using tap water in the same procedure. 

There is a small change in the design of equilibrium adsorption Table XVIII (See 

Appendix). No NaCl and buffer were added to maintain constant ionic strength and pH 

respectively for tap water. 

 

a) High Performance Liquid Chromatography (HPLC) 

Speciation analysis for arsenate (As(V)) and arsenite (As(III)) was conducted in selected 

systems by High 

P

Chromatography 

(HPLC) separation 

(Shimadzu LC-10A) 

followed by HG-

AFS detection. 

HPLC separates the 

arsenic spec
Fig. 3.10 High Performance Liquid Chromatography (HPLC) equipment used for  

arsenic speciation analysis 
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converts species to a hydride (gas), and Atomic Fluorescence Spectrometry (AFS) detects 

each species. A Hamilton PRP-X100 (250 x 4.1 mm I/D, 10-µm particle size) HPLC 

column was suitable for the separation. Fig. 3.10 shows the equipment (HPLC) used for 

arsenic speciation Analysis. No transformation between As(V) and As(III) was detected 

in any tests reported in this study.  

 

3.2.6.2 Effect of pH on arsenic removal 

In this experiment 0.100g of the adsorbent was weighed into a series of 40 ml glass vials, 

/As(III)), to make the final volume 

n a solid loading of 3.33 g/L. Ionic strength was 

lutions were then kept on the shaker 

 

followed by the addition of 1 ppm arsenic (As(V)

30.00 ml in each vial, resulting i

controlled by adding 0.05 M NaCl to the solution. The initial pH values of solutions were 

adjusted to 5.00, 5.50, 6.00, 6.50, 7.00, 7.50, 8.00, 8.50, 9.00, 9.50, 10.00, 10.50, 11.00, 

and 11.50 with 0.01 M NaOH or 0.1 M HCl. The so

(160 rpm) for 24 hrs at 25±1 ° C. After 24 hrs, the final pH was recorded for each 

solution and the solutions were centrifuged for 30 minutes. The supernatant was then 

filtered and the filtrate was analyzed for arsenic removal by HPLC. The supernatant was 

then filtered through a 0.45-µm membrane and the filtrate was analyzed for arsenic 

removal by HPLC.  Removal efficiency of arsenic was calculated by the difference 

between the initial and final concentrations of arsenic in solution divided by the initial 

concentration. The following equation was used, 

 

            
initialAs

ggAsAs
removalAsArsenic

][
100*/][][

(%))( finalinitial , µ−
=                           (3.2) 

 

 

 49



3.2.6.3 Effect of anions on arsenic removal 

In this experiment, effects of anions are coupled with pH as anionic hydroxyl group is 

known to interact strongly with (hydr)-oxide surfaces and also affects acid/base 

speciation of other anions. Different concentrations (50.0-100.0 mg/L) of anions (SO4
2-, 

PO4
3-, SiO3

2-) and a solution, with no anions spiked were selected to compare anion effect 

ith that solution. Arsenic concentration was set at 1.00 ppm (1000 µg/L). For this study, 

 

w

the experimental procedure is very similar to that of effect of pH. The stock solution for 

sulfate was maintained at 2000 ppm, while it was 1000 ppm for phosphates, and silicates. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4.1 Characterization of bead

 

 

s 

4.1.1 SEM and EDS 

icrograph of pure 

n, the EDS x-ray microanalysis also 

confirmed the presence of As and Fe in the bead. 

Dried beads were characterized by SEM, EDS, XPS analysis. SEM m

iron-chitosan and pure iron-chitosan perlite beads is shown in Figures 4.1a and 4.1b. The 

SEM backscatter micrograph of these beads was obtained using an accelerating potential 

of 20keV. It is evident that the beads are porous in structure. The EDS x-ray 

microanalysis of iron-chitosan coated perlite bead exposed to As is shown in Fig 4.2. The 

Energy Dispersive x-ray Spectrometer (EDS) detects x-rays from the sample excited by 

the highly focused, high–energy primary electron beam penetrating into the sample.  

 

Particles of this sample emit a signal at 1.40 keV, which is the characteristic Lα peak for 

As. A peak was recorded at around 6.56 keV, which was the characteristic kα peak for 

Fe. Perlite particles emit strong x-ray signals at 1.75 keV and 1.52keV which were the 

characteristic kα  peaks for Si and Al respectively. A peak was also recorded at 3.43keV, 

which was the characteristic kβ1 peak for K. It should be noted that Si, Al and K are the 

three major constituents of perlite. In additio
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 Fig. 4.1a Scanning electron micrograph (SEM) of pure iron-chitosan bead 

Fig. 4.1b Scanning electron microgr ph (SEM) of pure iron-chitosan 
coated perlite bead 
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SiKα 

AsLα 

AlKα 

K Kβ1 FeKβ1

Fig. 4.2 EDS x-ray microanalysis of iron-chitosan coated perlite bead exposed to As, 
showing the presence of As and Fe along with Si, Al and K 

 

 

In XPS analysis, a survey scan was used to ensure that the elemental composition at the 

surface is representative of the entire sample. The higher resolution utility scans provide 

atomic concentration of Fe, C, N and O in the sample. Figures 4.3a and 4.3b show the 

peak positions of   carbon, nitrogen, oxygen, and iron obtained by the XPS for pure iron-

chitosan and iron-chitosan coated perlite beads, respectively. In Fig. 4.3a, the carbon 1s 

peak was observed at 283.0 eV with a FWHM (full width at maximum height) of 2.015. 

In iron-chitosan coated perlite bead the C-1s peak observed at 284.5 eV is comparatively 

higher than the C-1s peak obtained from iron-chitosan bead (283.0 eV). Chemical shifts 

are considered significant when they exceed 0.5ev (Dambies et al., 2002). In the case of 

 

4.1.2 XPS analysis  
 
a) Pure beads 
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iron-ch n 

hitosan with Si and Al in the perlite. The –NH2 groups in chitosan is considered as the 

nitrogen only exists in chitosan and not in perlite, the atomic 

oncentration of N2 can be an indication of the extent of surface coverage by chitosan. 

he N-1s peak for iron-chitosan coated perlite beads was found at 397.5eV, while for the 

on-chitosan bead it was 398.0eV (FWHM 2.00eV), both of which can be attributed to 

e amino groups in chitosan. From the survey scan as shown in Fig. 4.3b, the intensity of 

-peak in beads almost double that of iron-chitosan bead (Fig. 4.3a). This suggests that 

mino groups were better dispersed in the beads and were more readily available. Thus a 

 N-1s peak in beads (Fig. 4.3b) compared to the beads (Fig. 4.3a) could 

interactions between C-N bond and constituents of perlite in the 

ead. Table 4.1 shows the surface elemental concentration of C, N, O and Fe as 

eterm termined 

nsitive factor (±5%). 

) Beads exposed to As(V) and As(III) 

he XPS analysis of iron-chitosan and iron-chitosan coated perlite beads exposed to As 

II) and As(V) solutions show peaks of As(III), As(V), C-1s,N-1s,O-1s and Fe as shown 

 Figures 4.4a, 4.4b, 4.5a, 4.5b. The Binding energy and the atomic concentrations on 

oth the beads are given in Tables 4.2 and 4.3.  

 
 

itosan coated perlite bead, the shift of 1.5eV may be due to interaction of C i

c

active binding sites. Since 

c

T

ir

th

N

a

small shift for the

be the result of chemical 

b

d ined from peak/area ratios, after correcting with the experimentally de

se
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Sample C N O Fe 

BE 
(eV) 

Atomic 
Conc. 
(%) 

BE 
(eV) 

Atomic 
Conc. 
(%) 

BE 
(eV) 

Atomic 
Conc. 
(%) 

BE   
(eV) 

Atomic 
Conc. 
(%) 

C

283.0 77.04 398.0 2.62 530.5 14.33 711.0 0.36 

FeN 

 
CFeN 

+ 
Perlite 

 
284.5 

 

 
61.66 

 

 
397.5 

 
5.79 

 

 
531.0 

 

 
25.84 

 
5 

 
0.36 

  
710.

 
 
 

 
 
 

Sample C N O Fe As 

BE 
(eV) 

 

 

 

 

 

 

 

 

 

Atomic 
Conc. 
(%) 

BE 
(eV) 

Atomic 
Conc. 
(%) 

BE 
(eV) 

Atomic 
Conc. 
(%) 

BE  
 (eV) 

Atomic 
Conc. 
(%) 

BE   
(eV) 

Atomic 
Conc. 
(%) 

FeN 

285.0 65.05 402.5 1.88 530.5 14.65 715.0 0.38 43.50 0.15 

CFeN 

Perlite 

 
285.5 

 

 
58.56 

 

 
401.5 

 

 
1.94 

 

 
531.0 

 

 
38.05 

 

 
714.0 

 
0.36 

 
 

44.50 
 
 

 
 

0.21 
 
 

+ 

Table 4.2 Atomic concentrations of As(V), C, N, O and Fe on pure iron-
chitosan and iron-chitosan coated perlite beads as obtained from XPS data. 

Table 4.1 Atomic concentrations of C, N, O and Fe on pure iron-chitosan 
and iron-chitosan coated perlite beads as obtained from XPS data,  

BE: Binding Energy 



 

 

 

 

 

 

 

 

Sample C N O Fe As 

 

 

 

 

 

 

 

 

BE 
(eV) 

Atomic 
Conc. BE 

(eV) 

Atomic 
Conc. BE 

(eV) 

Atomic 
Conc. BE 

(eV) 

Atomic 
Conc. BE 

(eV) 

Atomic 
Conc. 

(%) (%) (%) (%) (%) 
FeN 

284.0 71.05 401.5 1.96 530.5 14.50 715.0 0.38 42.50 0.10 

CFeN 
+ 

Perlite 

 
285.5 

 
58.56 

 
401.0 

 
2.10 

 
531.5 

 
35.54 

 
714.5 0.38 

 
44.00 

 

 
0.12 

 
       

 

 

 

 

Table 4.3 Atomic concentrations of As(III), C, N, O and Fe on pure iron-
chitosan and iron-chitosan coated perlite beads as obtained from XPS data. 
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Fig. 4.3a XPS spectrum of pure iron-chitosan bead 

 56



 
 

Fig. 4.3b XPS spectrum of pure iron-chitosan coated perlite bead 

Fig. 4.4a XPS spectrum of arsenate uptake on iron-chitosan bead 
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Fig. 4.4b XPS spectrum of arsenate uptake on iron-chitosan coated perlite bead 
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Fig. 4.5a XPS spectrum of arsenite uptake on iron-chitosan bead 
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.6d show the percentage removal of arsenic on various sample beads. It was found that 

for the same ini her efficiency 
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Fig. 4.5b XPS spectrum of arsenite uptake on iron-chitosan coated perlite bead 

 

4.2 Screening equilibrium experiments 

To identify and select an efficient adsorbent, a total of eight sample beads were screened

for arsenic removal. Screening equilibrium experiments were conducted on these samples 

with two different initial concentrations (1000 and 5000 µg/L), respectively. From the 

preliminary experiments it was concluded that iron dispersed chitosan beads in the 

presence of arsenic concentrations be capable of having maximum adsorption capacity at 

pH range 5.00 -5.5. The experiments for arsenate and arsenite were separately carried out 

in the aquatic system both for de-ionized (DI) and tap water at a pH of 5.02. The results 

obtained are presented in the Tables I-VI (see Appendix). Figures 4.6a, 4.6b, 4.6c, and 

4

tial iron concentration (0.01N), CFeN adsorbents have hig
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in removing arsenic from the aquatic system. The results from Tables I-VI clearly 

indicated that iron-chitosan (CFeN) beads could efficiently remove arsenic. The removal 

percentage of arsenite at 5000 µg/L was higher than that of arsenate at the same

concentration (Fig. 4.6c and 4.6d). The maximum uptake of arsenic by CFeN bead might 

be due to the better dispersion of chitosan, exposing more adsorption sites. In this study 

iron-chitosan coated perlite (CFeN+Perlite) bead was selected as secondary adsorbent to 

compare the adsorption capacity with that of CFeN. 
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Fig. 4.6a Arsenate removal by eight sample beads from DI water, (Solid loading is 3.33 g/L, 
t=24 hr, T=25±1 ºC, 0.05M NaCl, pH=5.02±0.1) 
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Fig. 4.6d Arsenate and arsenite removal by eight sample beads from tap water, (Solid 
loading is 3.33 g/L, t=24 hr, T=25±1 ºC, 0.05M NaCl, pH=5.02±1) 

 
 
4.3 Adsorption isotherm  

The equilibrium adsorption capacity of beads for arsenic at different concentrations was 

determined. Solution pH was set at 5.02, controlled by 0.1 M HCl. The data obtained is

shown in Tables VII-XIV (see Appendix). As expected, the adsorption was dependent on 

the concentration i.e, the higher the arsenic concentration in the solution, the higher was

the arsenic adsorption. The Langmuir equation (3.1) was used to predict the saturation 

adsorption capacity of the beads. It can be seen from Figures 4.7a, 4.7b, 4.7c, 4.7d that 

the Langmuir isotherm adequately represents the adsorption behavior of As(V) and As 

(III) on the adsorbents CFeN and CFeN+Perlite in DI and tap water. The predicted

adso

 

 

 

wn 

in Table 4.4, while iron-chitosan coated perlite shown in Table 4.5. It was observed that 

rption capacity of iron-chitosan for As(V) and As(III) in DI and tap water is sho
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m 

 

n (Gu 

et al., 2005). 

 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 
 
 
 

     qmax (µg/g)  
           (103 ) 

           b           R2

   As(V) 4.85 6699 97.1%  
DI   As(III) 6.17 5197 97.3% 

  As(V) 3.13 2687 98.9%  
Tap   As(III) 3.54 2654 97.3% 

     qmax (µg/g) 
            (103 ) 

           b           R2

       As(V) 2.07 6995 97.5%  
DI       As(III) 2.60 4067 99.1% 

      As(V) 1.71 3983 98.5%  
Tap      As(III) 1.72 2721 98.5% 

Table 4.4 Maximum arsenic adsorption capacities on iron-chitosan by non-linear 
regression of Langmuir equation for As(V) and As(III) in DI and tap water 

Table 4.5 Maximum arsenic adsorption capacities of iron-chitosan coated perlite by non -
 regression of Langmuir equation for As(V) and As(III) in DI and tap wlinear ater 

the maximum adsorption capacity of iron-chitosan coated perlite is almost half that of the 

iron-chitosan (Tables 4.4 and 4.5).  

 

According to Seader, Langmuir adsorption behavior suggests that the sorption takes place

at specific homogenous sites with in the adsorbent (Seader, et al., 1998). Since arsenic 

adsorption typically follows a Langmuir adsorption isotherm, the adsorptive capacity of 

the media will increase with increasing arsenic concentration, until some maximu

adsorptive capacity is attained (Moller et al., 2004), which is consistent with the data 

presented in this study. The data show that the maximum adsorption amounts (qmax) of

arsenite are higher than that of arsenate (Tables 4.4 and 4.5). This observation is 

consistent with the data for arsenic adsorption on iron-impregnated activated carbo
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Fig. 4.7a Arsenic adsorption isotherm and Langmuir model for As(V) and As(III) on CFeN from 
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Fig. 4.7b N from 
tap water, (Solid loading is 3.33 g/L, t=24 hr, T=25±1 ºC, 0.05M NaCl, pH=5.02) 
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nic adsorption isotherm and Langmuir model for As(V) and As(III) on CFeN+Perlite 
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Fig. 4.7c Arse

from DI water, (Solid loading is 3.33 g/L, t=24 hr, T=25±1 ºC, 0.05M NaCl, pH=5.02) 
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ig. 4.7d Arsenic adsorption isotherm and Langmuir model for As(V) and As(III) on CFeN+Perlite 
m tap water, (Solid loading is 3.33 g/L, t=24 hr, T=25±1 ºC, 0.05M NaCl, pH=5.02
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4.4 Effect of pH on arsenic removal 

he solution pH is an important factor for all water treatment processes because it affects, 

among others, the speciation of the metals in water (Katsoyiannis et al., 2002; R Schmuhl 

et al., 2000). Thus effect of pH on arsenic removal from aqueous solutions was 

determined over the pH range 5 to 11 in this study. The concentration of As(V) and As 

(III) in the solution was maintained at 1000µg/L in all the runs. The pH of the solution 

was adjusted to a desired value by addition of either 0.1M HCl or 0.01M NaOH. Ionic 

strength was controlled by 0.05M NaCl.  

 

The adsorbed amounts of arsenate measured after 24 h of reaction indicated that pH had 

no obvious effect on As(V) removal from DI water at pH 5.8-7.3, with removal 

efficiency always higher than 88% under the experimental conditions (see Fig.4.8a). A 

slight decrease in As(V) removal was observed at pH 7.8-8.8. When pH was higher than 

9.00, the As(V) removal decreased with increase in pH. For tap water the adsorbed 

amounts of arsenate indicated that pH had no much effect on As(V) removal from pH 

.8-8.0 (shown in Fig.4.8b), with removal efficiency always higher than 94% under the 

xperimental conditions. A slight decrease in As(V) removal was observed at pH > 9.0. 

he removal percentage of arsenate from DI and tap water at different pH is given in the 

Tables

he adsorbed amounts of arsenite measured after 24 hrs of reaction indicated that pH had 

o significant effect on As(III) removal from pH 5.8-7.8, with removal efficiency always 

igher than 85% under the experimental conditions. A slight increase in As(III) removal 

T

5

e

T

 XV and XVI respectively (See Appendix).  

 

T

n

h
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was observed at pH around 8.0 as shown in Fig 4.8a. For tap water, it was observed that 

there was no much pH effect on As(III) removal from pH 5.8-8.8, with removal 

efficiency always higher than 97% under the experimental conditions (see Fig. 4.8b). But 

a slight decrease in As(III) removal was observed at pH higher than 9.0. The results 

obtained are presented in Table XVII and Table XVIII (See Appendix). From Figures 

4.8a and 4.8b; it is clear that the maximum adsorption of As(V) and As(III) occurred at 

pH around 5.8 and 8.0 respectively; consequently decreased at higher pH (i.e., pH >9.0).  

 

It has been well documented that increasing pH decreased arsenate adsorption on iron-

containing adsorbents (Driehaus et al., 1998; Reed et al., 2000; Wilkie et al., 1996). It is 

also known that chitosan can form chelates with metal ions with the release of hydrogen 

ions, which, therefore, suggests that the adsorption of a metal ion on chitosan should 

depend strongly on the pH of the solution (Kaminski et al., 1997). For the iron-chitosan 

adsorbent prepared in this study, arsenates were found to be removed from aqueous 

lution more efficiently than arsenites between the pH range 5.8-8.0 (Fig. 4.8b). 

urthermore, it can be noticed that the pH value for arsenate removal from DI water was 

und to be lower at pH around 7.0 when compared to arsenite. It was found to be 

 

literature (Katsoyiannis et al., 2002).  

 was indicated that when pH was higher than 9.0, the arsenic removal of iron containing 

dsorbents would decrease with increasing pH (Gu et al., 2005). In this study, significant 

ecrease in arsenate adsorption was not observed until the pH was increased to >9.0 

so

F

fo

relatively better removed at the same pH (Fig 4.8a), consistent with that reported in the

 

It

a

d
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under the experimental conditions. This suggests that the material ought to be effective 

 

 

 

for the majority of water supplies, which normally have a pH range from 6.5 to 8.5. 

Further studies on anions effect on arsenic removal under various pH conditions may 

provide additional insights into the mechanisms of arsenic adsorption. 
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Fig. 4.8a Effect of pH on the arsenic removal from DI water (original As (III) and As (V) are both 
1.00 mg/L) 
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4.5 Effect of anions on arsenic removal 

Several anionic components might exist in groundwater sources which could compete 

with arsenic for the available adsorption sites (Katsoyiannis et al., 2002). In ground water 

streams, the major co-existing anionic components such as sulfates, phosphates, silicates, 

carbonates, and chlorides possibly inhibit arsenic removal. In this study, effects of anions 

are examined under various pH, since anionic hydroxyl group is known to interact 

strongly with (hydr) - oxide surfaces and also affects acid/base speciation of other anions 

Effect of pH--AS(III) and As(V)---Tap
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Fig. 4.8b Effect of pH on the arsenic removal from tap water (original As (III) and As (V) are 
both 1.00 mg/L) 
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(Gu et al., 2005). Different concentrations (50 - 100 mg/L) of anions (SO4 
2-, PO43-, SiO3 

2-) were selected on the basis of the concentrations of anions in natural water 

(Montgomery, 1985). Arsenic concentration was set at 1000 µg/L. The results obtained 

are presented in Tables XIX-XIV (see Appendix).  

 

Figures 4.9a and 4.9b show that SO4
2- did not significantly affect arsenate and arsenite 

 has been reported to interfere with 

rsenic removal (Hering et al., 1996; Meng et al., 2000, 2002; Holm, 2002; Wang et al., 

removal from DI water. It can be noticed that in the presence of sulfates, the decrease in 

arsenate removal percentage was found to be higher at pH >9.0, when compared to 

arsenite, which was found to be quite moderate at the same pH (Fig. 4.9a and Fig. 4.9b) 

and the results were comparable to the solution (no anions supplemented). Furthermore, it 

can be seen that the presence of phosphate and silicate decreased As(III) removal slightly 

in the pH range from 7.72 to 9.15. But with further increase in pH, a major decrease on 

arsenite removal was observed i.e., at pH > 9.2 (Fig.4.9b). At pH >9.87 only 25% of 

arsenite could be adsorbed in the presence of phosphate and silicate.  

 

Regarding As(V) removal, a slight decrease was observed in the pH range from 7.2 to 8.8 

in the presence of phosphate and silicate. But with further increase in pH, a considerable 

decrease on arsenate removal was observed. At pH >9.8 only 19% of arsenate could be 

adsorbed in the presence of phosphate and silicate (Fig.4.9a). These indicate that 

phosphate and silicate compete with hydroxyl group for the iron surface in the alkaline 

solution and subsequently decrease arsenate adsorption. The presence of the anions such 

as sulfates, phosphates, silicates in source water

a
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2002). Phosphates and silicates had greater effect on arsenic removal than that of sulfates 

(Genç-Fuhrman et al., 2004). The presence of sulfate in the influent water produces a  

 

slight reduction in As(V) removal, while silicate results in a much higher reduction due to 

competition (Ghosh et al., 1985; Gupta et al., 1978), supporting the results obtained in 

this study. Dissolved silicate is usually found in much higher concentrations than 

phosphate, and can interfere with removal of both arsenate and arsenite (Ghurye et al., 

1999). Both arsenite and arsenate have a high affinity for Fe-oxides (Goldberg and 

Johnston, 2001; Smedley and Kinniburg, 2002), suggesting that the presence of Fe(III) 

could enhance the sorption properties of the adsorbent. Phosphates are adsorbed on iron 

Fig. 4.9a Effect of anions on arsen  various pH conditions. Initial As(V) 
concentration is 1.00 mg/L (Ionic strength controlled by 0.05 M NaCl) 

ate removal under
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hydroxides through the formation of surface complexes with the hydroxyl groups (Meng 

et al., 2001), decreasing greatly the efficiency of arsenic removal. Studies on adsorption 

onto granulated activated carbon indicated that phosphates and silicates show great 

decrease in the removal of arsenic at pH >9.0 when compared to the  

moval of arsenic in the presence of sulfates (Gu et al., 2005). This is consistent with the re

results obtained in this study.  

Fig. 4.9b Effect of anions on arsenite removal under various pH conditions. Initial As(III) 
concentration is 1.00 mg/L (Ionic strength controlled by 0.05 M NaCl) 
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CHAPTER 5 

CONCLUSIONS 

 

 

 

nd XPS analysis, showing the presence of arsenic and iron in a bead when exposed to 

maximum removal occurring around pH 5.8. Arsenate adsorption data can be described 

 

Of the techniques reviewed, adsorption processes offered the potential for arsenic

removal from drinking water. Adsorption facilities usually involve low capital costs and 

minimal space and energy requirements. The process is flexible in its application, simple 

to operate (no skilled supervision), and produces low residual concentrations. 

 

Screening experiments were conducted on eight different iron dispersed chitosan beads to 

identify an effective and inexpensive adsorbent for arsenic adsorption. Iron-Chitosan 

(CFeN) and iron-chitosan coated perlite (CFeN+Perlite) beads were selected as the 

primary and secondary adsorbents in this study.  

 

Selected beads were characterized using SEM, EDS and XPS analysis. Scanning Electron 

Micrograph (SEM) showed the beads to be highly porous. This was confirmed with EDS

a

arsenic. This shows that beads can enhance adsorption capacity and selectivity for metal 

ions. 

 

Arsenic adsorption is best accomplished using iron-chitosan (CFeN) bead as the 

adsorbent and it has consistently achieved better adsorption capacities both for DI and tap 

water. High adsorption capacities of arsenate can be achieved at pH < 7.8, with the 
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using the Langmuir model with qmax = 4.85 and 3.13 mg As /g CFeN bead from DI and 

tap water respectively. Arsenite adsorption onto CFeN is also efficient and the maximum 

adsorption occurs around pH 8. Arsenite adsorption data was described using the 

Langmuir model with qmax = 6.17 and 3.54 mg As /g CFeN bead from DI and tap water 

respectively. 

 

Competition in multi-sorbate systems can significantly restrain arsenic adsorption, 

especially if silicate ion is present. Sulfate has only a minimal effect, while phosphate 

reduces adsorption considerably at pH values greater than 7 where anion adsorption sites 

are limited. The effects of competing ions can be minimized by lowering the pH to 5 as 

acidification protonates the adsorbent surface creating more anion adsorption sites and 

therefore reduces competition.  

 

Arsenic adsorption is also accomplished using iron-chitosan coated perlite 

(CFeN+Perlite) bead to compare the maximum adsorption capacities with that of CFeN 

bead. It was observed that maximum adsorption of arsenate and arsenite onto 

CFeN+Perlite adsorbent from DI water as 2.07 and 2.60 mg As/g and tap water as 1.71 

and 1.72 mg As/g respectively. It was found that maximum adsorption of arsenate and 

arsenite onto iron-chitosan coated perlite adsorbent was half that of iron-chitosan. 

 

To further develop the technology based on iron-chitosan composite we need to 

determine the adsorption kinetics, conduct column tests, and investigate the potential 

regeneration of material.  
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APPENDIX 
 
 

 

 

   

 
 
 
 

y various sample beads from DI water 

 
 
 

S.
N
O 

Sorbent Concent

(µg/L) 

oun

ed ( 
µg/g) 

 
 

Samples Concentration 
(g/L) 

ration of 
As (V), 
(µg/L) 

Concentrati
on of Nacl, 

(mM) 

Concentr
ation of 
As (V), 

As (V) 
Removal 

(%) 

(V) 
adsorb

Original Original 
 

Final Percentage 
Am
t of As 

1 0.1/0.03 1000 2.5 249.96 80.20 303.96 CFeN 

2 (  232.92 CFeN 
dropped) 0.1/0.03 1000 2.5 486.56 61.4

3 0.1/0.03 1000 2.5 876.62 30.54 115.78 
CFeN + 
Perlite + 
NaOCl 

4 CFeN + 
Perlite 0.1/0.03 1000 2.5 671.24 46.81 177.45 

5 Perlite + 0.1/0.03 1000 2.5 950.00 24.73 93.74 
CFeN + 

 
PVA 

6 NaOCl 0.29 CFeN+ 0.1/0.03 1000 2.5 728.38 42.29 16 

7 
NaCl 

74.59 
CFeN + 
Perlite + 0.1/0.03 1000 2.5 1013.78 19.67 

8 CFeN+ NaCl 0.1/0.03 1000 2.5 917.52 27.30 103.50 

Table I. Arsenate uptake b
(Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05 M NaCl, pH=5.02) 
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Table II. Arsenate uptake by various sample beads from Tap water 
(Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 

 
 
 
 
 
 

S. 
Sorbent concentra Final 

(µg/L) 

Percentage Amount of As 
Original  

NO Samples Concentrat
ion (g/L) 

tion of As 
(V), 

(µg/L) 

concentr
ation of 
As (V), 

As (V) 
Removal 

(%) 

(V) adsorbed    
(µg/g) 

1 CFeN 0.1/0.03 1000 275.55 73.56 230.29 

2 CFeN (dropped) 0.1/0.03 1000 404.73 61.17 191.49 

3 0.1/0.03 1000 714.03 31.50 98.611 CFeN + Perlite + 
NaOCl 

4 CFeN + Perlite 0.1/0.03 1000 587.47 43.64 136.62 

CFeN + Perlite + 0.1/0.03 1000 815.31 21.78 68.19 5 PVA 

6 .89 45.42 142.20 CFeN+ NaOCl 0.1/0.03 1000 568

7 CFeN + Perlite + 
NaCl 0.1/0.03 1000 813.66 21.94 68.69 

8 CFeN+ NaCl 0.1/0.03 1000 771.14 26.02 81.46 

 

 

 86



 
 
 

 
           

 
 
 

Table III. Arsenate uptake by various sample beads from DI water 
(Sol 02) 

 

 

S.
N
O 

Samples 
Sorbent 

Concentrati
on (g/L) 

Original 
Concentr
ation of 
As (V), 
(µg/L) 

riginal 
oncent

ration 
of Nacl, 
(mM) 

 
Final 

concentratio
n of As (V), 

(µg/L) 

Percentag
e As (V) 
Removal 

(%) 

Amount 
of As (V) 
adsorbe
d ( µg/g) 

O
C

1 CFeN 0.1/0.03 5000 2.5 1 12  227.26 76.89 26.58

2 CFeN 
(dropped) 0.1/0.03 5000 2.5 2045.27 62.48 1022.87 

3 
CFeN + 
Perlite + 0.1/0.03 5000 2.5 3964.10 27.28 446.64 
NaOCl 

4 CFeN + 
Perlite 0.1/0.03 5000 2. 305 13.26 44.72 732.18 

5 CFeN + 
Perlite + PVA 2. 430.1/0.03 5000 5 11.18 20.91 342.41 

6 N  0.1/0.03 5000 2.5 3282.10 39.79 651.45 CFeN+ 
aOCl

7 CFeN + 
Perlite + NaCl 2. 44 18 300.1/0.03 5000 5 47.17 .42 1.58 

8 CFeN+ NaCl 0.1/0.03 5000 2.5 3999.16 26.64 436.12 

  

id loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, pH=5.
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 les 
e

nt
g/L) 

ina

e
o

 As 
V), 

(µg/L) 

 
nal 
ent
of As 
 (µg/L) 

nt
s (V
oval 

(%) 
ed 

(µg/g) 

S.NO Samp
Sorb

Conce
on (

nt 
rati

Orig
l 

Conc
trati
of
(

n
n 

Fi
Conc

on 
(V),

rati

Perce
e A
Rem

ag
) 

Amount 
of As (V) 
adsorb

1 0.03 5000 94.87 70.50 62 CFeN 0.1/ 16 1216.

2 CFeN (dropped) /0.03 5000 93.48 .82 0.1 21 61 1066.91 

3 CFeN + Perlite + 
NaOCl /0.03 5000 75.28 .55 5 0.1 38 32 561.8

4 CFeN + Perlite /0.03 5000 63.12 .47 5 0.1 33 41 715.6

5 CFeN + Perlite + 
PVA /0.03 5000 84.11 .96 1 0.1 44 21 379.0

6 CFeN+ NaOCl /0.03 5000 68.04 .86 3 0.1 31 44 774.2

7 e + 
Cl 0.03 5000 48.57 20.84 66 CFeN + Perlit

Na 0.1/ 45 359.

8 CFeN+ NaCl /0.03 5000 01.82 .61 2 0.1 41 28 493.8

 
Table IV. Arsenate uptake by various sample beads from Tap water 

(Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 
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O 
Samples C

tion (g/L) 

C
ra
A
(µg/L) 

O
C
r

N
(mM) 

C
n of

(µg/L) 

P
e
Rem

(%) 

o
a

(µg/g) 

 
 

S.
N

Sorbent 
oncentra

Original 
oncent
tion of 
s (III), 

riginal 
oncent

ation of 
acl, 

 
Final 

oncentratio
 As (III), 

ercentag
 As (III) 

oval 

Amount 
f As (III) 
dsorbed 

1 CFeN 0.1/0.03 5 2 1 7000 .5 118.64 7.94 1216.62 

2 (dropped) 0.1/0.03 5000 2.5 2004.14 60.49 1066.88 CFeN 

3 Perlite + 
NaOCl 

0.1/0.03 5000 2.5 3089.31 39.10 561.84 
CFeN + 

4 Perlite 0.1/0.03 5000 2.5 2218.08 56.27 715.61 CFeN + 

5 Perlite + PVA 0.1/0.03 5000 2.5 3403.23 32.91 379.04 CFeN + 

6 NaOCl 0.1/0.03 5000 2.5 2687.85 47.01 774.22 CFeN+ 

7 Perlite + NaCl 0.1/0.03 5000 2.5 3634.08 28.36 359.65 CFeN + 

8 CFeN+ NaCl 0.1/0.03 5000 2.5 3350.68 33.94 493.82 

Table V. Arsenite uptake by various sample beads from DI water 
(Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, pH=5.02) 
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NO Samples 
S

Conc
on (g/L) 

Origin

o
trat
of A
(I

(µg/L) 

onc
o

Pe

(I
o

al (%) 

mo
I)

(µ

 

S. orbent 
entrati

C

a
l 

ncen
ion 

s 
II), 

C

(III), (µg/L) 

 
Final 

entrati
n of As 

age

Rem

rcent
 As 
II) 

v

A
(II

unt of As 
 adsorbed   

g/g) 

1 CFeN 0.1/ 0 11
 77.80.03 50 0 25.32 2 1185.90 

2 CFeN (dropped) 0.1/0.03 5000 1931.14 61.94 943.91 

3 CFeN +  
NaOCl 0.1/0.03 5000 2952.51 41.81 637.19  Perlite +

4 CFeN + Perlite 0.1/0.03 5000 2217.72 56.29 857.85 

5 CFeN + P + 
PVA 0.1/0.03 5000 3356.01 33.86 516.02 erlite 

6 CFeN+ NaOCl 0.1/0.03 5000 2657.74 47.62 725.71 

7 CF
Na 0.1/ 50 36 28.3 43eN + Perlite + 

Cl 0.03 00 38.03 0 1.33 

8 CF 0.1/ 50 32 35.5 54eN+ NaCl 0.03 00 68.47 8 2.35 

 
 
 

Table VI. Arsenite uptake by various sample beads from Tap water 
(Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 
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Table m DI 
water,  

. 
 

Sorbent 
Concentration

ig
ra
(m

  Amount 

 

 

S
NO (g/L) 

Or
Concent

(V), 

inal 
tion of As 
g/L) 

Original
Concentr
ation of 

Nacl, 
(mM) 

 
Final 

Concentrati
on of As 

(V), (µg/L) 

Percentage
As (V) 

Removal 
(%) 

of As 
(V) 

adsorbe
d (µg/g)

1 3 0.25  0.1/0.0 2.5 0.00 100.00 85.90 

2 3 1.00 0.1/0.0 2.5 205.77 82.03 281.89 

3 0. 3 2.00 2.5 454.77 80.14 550.82 1/0.0

4 3 3.00 2.5 787.01 76.38 763.80 0.1/0.0

5  5.00  0.1/0.03 2.5 1612.82 70.96 1182.66

6  10.00 0.1/0.03 2.5 4948.45 55.46 1848.51 

7 3 15.00 2.5 8655.51 48.06 2402.90 0.1/0.0

8  .00  0.1/0.03 20 2.5 12187.01 45.15 3010.06

9 .00  0.1/0.03 25 2.5 15296.36 44.93 3743.88

 

 
VII. Arsenate uptake by iron-chitosan (CFeN) at various Concentrations fro

 (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, pH=5.02)
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able VIII. Arsenate uptake by iron-chitosan (CFeN) at various Concentrations from Tap 
water, (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 

 

S. NO Sorbent 
Concentrat /L) 

Original 
rat

m

 
Final 

Concentration 

 
) 
al 

) 

Amount of 

ion (g Concent
As (V), (

ion of 
g/L) of As (V), 

(µg/L) 

Percentage
As (V

Remov
(%

As (V) 
adsorbed 

(µg/g) 

1 0.1/0.03 0.25 17.00 94.22996 83.2985 

2 0.1/0.03 00 236. 2 53  1. 8 79.907 282.55

3 0.1/0.03 2.00 55  538.34 77.162 545.68

4 00 827 6 0.1/0.03 3. 839.15 76.97 841.7

5 0.1/0.03 5.00 1865.82 69.28723 1262.77 

6 0.1/0.03 10.00 5507.39 54.6722 1992.82 

7 0.1/0.03 .00 9 12 5 15 846.70 45.972 2513.5

8 0.1/0.03 20.00 1 14 9 6148.98 33.544 2445.3

9 .00 20 609 0.1/0.03 25 349.66 33.00 3007.71 

 

T
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S. NO Concentration 
(g/L) 

Concentration 
of As (III), 

(mg/L) 

O
o
ti
N
(mM) 

C
n

(µg/L) 

 

R al 
(%) 

A t 

d (µg/g) 

 

Sorbent Original C
riginal 
ncentra
on of 
acl, 

 
Final 

oncentratio
 of As (III), 

Percentage
As (III) 
emov

moun
of As 
(III) 

adsorbe

1 0.1/0.03 0.25 2.5 16.81 94.12 80.75 

2 0.1/0.03 1.00 2.5 91.64 91.98 315.68 

3 0.1/0.03 2.00 2.5 244.36 89.31 613.04 

4 0.1/0.03 3.00 2.5 457.82 86.65 892.19 

5 0.1/0.03 5.00 2.5 1114.67 80.51 1381.49 

6 0.1/0.03 2.10.00 5 3915.59 65.77 2257.10 

7 0.1/0.03 15.00 2.5 6322.09 63.15 3251.05 

8 0.1/0.03 20.00 2.5 9565.61 58.18 3993.89 

9 0.1/0.03 2.25.00 5 13182.62 53.90 4624.68 

 

 
 

Table IX. Arsenite uptake by iron-chitosan (CFeN) at various Concentrations from DI 
water, (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, pH=5.02) 

 
 
 
 
 

 93



 
 
 
 

 
 
 
 

Table X. Arsenite uptake by iron-chitosan (CFeN) at various Concentrations from Tap 
water, (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 

C
A

 

C
n of

(µ

Pe
As

Re
(%

A
A

a
(µ

S. NO 
Sorbent 

Concentration 
(g/L) 

Original 
oncentration of 
s (III), (mg/L) 

Final 
oncentratio

 As (III), 
g/L) 

rcentage 
 (III) 
moval 

) 

mount of 
s (III) 

dsorbed 
g/g) 

1 0.1/0.03 0.25 0.00 100.00 76.02 

2 0.1/0.03 1.00 8.78 99.13 301.45 

3 0.1/0.03 2.00 194.18 90.40 549.82 

4 0.1/0.03 3.00 568.40 81.30 741.74 

5 0.1/0.03 5 12 7 1.00 01.09 6.30 160.11 

6 0.1/0.03 1 39 6 10.00 39.91 1.13 858.90 

7 0.1/0.03 1 68 5 25.00 23.40 5.12 514.30 

8 0.1/0.03 2 10 4 20.00 728.73 7.07 863.15 

9 0.1/0.03 25.00 14933.38 41.06 3122.19 
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Table XI. Arsenate uptake by iron-chitosan coated perlite (CFeN+Perlite) at various 
Concentrations from DI water (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05 M 

 

S. 
NO 

Sorbent 
Concentratio

n

Original 
concentrati

on o
(V

Original 
Concentrati

 
m

 
Final 

ncentration 
f As (
(

Percentage 
As (V) 

Re

Amount of 
As (V
d
(µ (g/L) f As 

), (mg/L) 
on of

(
Nacl, 
M) 

co
o V), 

µg/L) 

moval 
(%) 

a
) 

sorbed 
g/g) 

1 0.1/0.03 0.25 2.5 43.39 84.11 68.95 

2 0 1.00 2.5 538.1 50. 16.1/0.03 8 75 6.42 

3 0 2.00 2.5 1146. 47. 3.1/0.03 73 53 11.73 

4 0.1/0.03 3.00 2.5 1822.73 44.40 436.80 

5 0.1/0.03 5.00 2.5 3338.56 38.90 637.81 

6 0.1/0.03 10.00 2.5 7546.69 30.94 1014.75 

7 0.1/0.03 15.00 2.5 12713.47 22.44 1104.10 

8 0.1/0.03 20.00 2.5 17214.9 21.24 1393.05 

9 0.1/0.03 25.00 2.5 21762.55 20.35 1668.14 

 

NaCl, pH=5.02) 
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Table XII. Arsenate uptake by iron-chitosan coated perlite (CFeN+Perlite) at various 
ns from Tap water, (Solid loading = 3.33 g/L, t=24 hrs, Concentratio T=25±1°C) 

S. NO 
Sorbent 

Concentration 
Original 

Concentration of 
As ) 

 
Final 

Concentration 
o ), 

Percentage 
As (V) Amount of As 

 
(g/L) (V), (mg/L f As (V

(µg/L) 

Removal 
(%) 

(V) adsorbed
(µg/g) 

1 0.1/0.03 0.25 70.27 60.21 84.88 

2 0.1/0.03 1.00 613.91 46.26 158.54 

3 0.1/0.03 2.00 1284.65 43.77 300.04 

4 0.1/0.03 3.00 1957.50 42.86 440.90 

5 0.1/0.03 5.00 3300.33 42.22 723.50 

6 0     .1/0.03 10.00 7801.17 31.71 1086.85

7 0. 15 0 1/0.03 .00 13375.6 21.94 1128.13 

8 0.1/0.03 20.00 18572.54 18.71 1282.65 

9 0.1/0.03 25.00 23592.95 17.39 1490.13 
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io
), 

l 
t

 
Final 

ntra
 

 
L) 

S. 
NO 

Sorbent 
Concentration 

(g/L) 

Original
Concentrat
n of As (III

(mg/L) 

Origina
Concentra
of Nacl, (m

ion 
M) 

conce
tion of As

(III),
(µg/

Percentage 
As (III) 

Removal 
(%) 

Amount of 
As (III) 

adsorbed 
(µg/g) 

1 0.1/0.03 0.25 2.5 2 73.5 72.60 58.44 

2 0.1/0.03 1.00 2.5 74 449. 58.10 187.10 

3 0.1/0.03 2.00 2.5 3 913.4 57.45 370.01 

4 0.1/0.03 3.00 2.5 02 1391. 56.80 548.76 

5 0.1/0.03 5.00 2.5 2373.19 55.78 898.16 

6 0.1/0.03 10.00 2.5 5760.36 46.33 1492.13 

7 0.1/0.03 15.00 2.5 10143.63 37.01 1787.27 

8 0.1/0.03 20.00 2.5 15387.25 28.32 1824.31 

9 0. 2.5 .93 1/0.03 25.00 19573 27.05 2178.42 

Table XIII. Arsenite uptake by iron-chitosan coated perlite (CFeN+Perlite) at various 
Concentrations from DI water (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M 

NaCl, pH=5.02) 
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Table XIV. Arsenite uptake by iron-chitosan 

 

  
) 

f 
) 

 
 

 

 

 
ad  

(µg/g) 

S. NO
Sorbent 

Concentration
(g/L

Original 
Concentration o
As (III), (mg/L

 
Final 

Concentration
of As (III),

(µg/L)

Percentage
As (III) 

Removal 
(%)

Amount 
of As (III) 

sorbed

1 0.1/0.03 0.25 42.40 84.83 71.18 

2 0.1/0.03 1.00 469.34 58.04 194.83 

3 0.1/0.03 2.00 946.14 57.715 387.43 

4     0.1/0.03 3.00 1446.81 56.89 572.87 

5     0.1/0.03 5.00 2494.80 55.40 929.75 

6    0.1/0.03 10.00 6890.02 38.41 1289.37 

7 0.1/0.03 15.00 12275.05 26.85 1352.06 

8 0.1/0.03 20.00 17690.75 20.93 1405.54 

9 0.1/0.03 25.00 22603.68 19.18 1609.85 

 
 

 
 

coated perlite (CFeN+Perlite) at various 
Concentrations from Tap water, (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C) 
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Table XV. Effects of pH on arsenate removal of iron-chitosan (CFeN) from DI water (Solid loading = 3.33 

g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, Original concentration of As (V) is 1.00 mg/L) 
 
 
 
 
 

Table XVI. Effects of pH on arsenate removal of iron-chitosan (CFeN) from Tap water (Solid loading = 
3.33 g/L, t=24 hrs, T=25±1°C, Original concentration of As (V) is 1.00 mg/L) 

S. 
NO 

Sorbent 
Concent
rat

Original 
Concentrati

on of
(µ

Original 
Concent

 
, 
) 

Final Ph 

 
Final 

Concentration 

Percentage Amount 

ion 
(g/L) (V), 

 As 
g/L) 

ration of
Nacl
(mM

of As (V),  
(µg/L) 

As (V) 
Removal 

(%) 

of As (V) 
adsorbed 

(µg/g) 

1 0.1/0. 1000   03  2.5 5.85 0.00 100.00 307.88 
2 0.1/0.03 1000 2.5 6.45 97.59 300.46 24.71 
3 0.1/0.03 1000 2.5 7.3 112.98 88.99 273.98 
4 0.1/0.03 1000 2.5 7.81 176.17 82.83 255.02 
5 0.1/ 1000 2.5 1  0.03 8.08 71.19 83.31 256.52
6 0.1/0.03 1000 2.5 8.29 198.84 80.62 248.22 
7 0.1/0.03 1000 2.5 8.44 338.69 70.99 248.70 
8 0.1/ 1000 2.5 0.03 8.84 317.04 72.84 255.20 
9 0.1/0.03 1000 2.5 9.13 391.10 66.50 232.98 

10 0.1/0.03 1000 2.5 9.48 440.74 62.25 218.08 
11 0.1/ 1000 2.5 0.03 9.96 448.32 61.60 215.81 
12 0.1/0.03 1000 2.5 10.41 526.57 54.90 192.34 
13 0.1/0.03 1000 2.5 10.85 577.56 50.53 177.04 

S. 
N

Sorbent 
Con
tion

Original 
Concentra

of As (
(µg/L) 

 
Final pH

 
Final 

oncent
of As (V), (µg/L) 

Percentage 
As (V

Rem
(%) 

Amount of 

a
(µg/g) 

O centra
 (g/L) 

tion 
V),  C ration 

) 
oval 

As (V) 
dsorbed 

1 0.1/0.03 1000 5.80 0.00 100.00 358.50 
2 0.1 100 6.40 9.4 9/0.03 0 3 9.21 355.67 
3 0.1/0.03 1000 7.35 13.93 98.83 354.32 
4 0.1/0.03 1000 7.81 16.57 98.61 353.53 
5 0.1/0.03 1000 8.09 11.99 98.99 354.91 
6 0.1/0.03 1000 8.29 15.029 98.74 354.02 
7 0.1/0.03 1000 8.45 70.91 94.06 337.23 
8 0.1/0.03 1000 8.84 176.28 85.87 321.63 
9 0.1/0.03 1000 9.16 307.92 75.33 282.14 

10 0.1/0.03 1000 9.48 368.39 70.49 264.01 
11 0.1/0.03 1000 9.96 367.79 70.53 264.18 
12 0.1/0.03 1000 10.43 414.02 66.83 250.31 

 
13 0.1/0.03 1000 62 63.26 236.93 10.86 458.
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Tabl VII. Effe  arsenite rem  iron-chitos ) from D Solid  = 
33 g/L, t= =25±1°C, 0.05  Original c ion of As (III) is 1.00 

 
 
 

 
 

 removal of iron-chitosan (CFeN) from Tap water (Solid loading = 
3.33 g/L, t=24 hrs, T=25±1°C, Original concentration of As (III) is 1.00 mg/L) 

 

S. 
NO 

Sorbent 
Concentr

on (

Original 
ncentration 

II)
g/L)

Original 
Concent

of Fina

 
Final 

Conc
on
 (II

(µg/L) 

Percenta

)
ov
) 

Amoun

 
e

ati
g/L) 

Co
of As (I

(µ
, 

 

ration 
Nacl, 
(mM) 

l Ph ati
As

entr
 of 
I), 

ge As 
(III

Rem
(%

 
al 

t of As 
(III)

adsorb
d (µg/g) 

1 0.1/0.03 1000 2.5 5.79 52.80 95.63 347.21 
2 0.1/0.03 1000 2.5 6.41 78.10 93.54 339.62 
3 0.1/0.03 1000 2.5 7.32 87.17 92.79 336.90 
4 0.1/0.03 1000 5 7.85 100.39 .70 .93  2.  91 332
5 0.1/0.03 1000 5 8.08 139.77 88.44 22  2.  348.
6 0.1/0.03 1000 2.5 8.27 167.83 86.13 336.71 
7 0.1/0.03 1000 5 8.44 174.39 86.87 14  2.  348.
8 0.1/0.03 1000 5 8. 186.23 .97 59  2. 80  85 342.
9 0.1/0.03 1000 2.5 9.13 261.20 80.33 320.10 

10 0.1/0.03 1000 5 9.48 284.75 .56 03  2.  78 313.
11 0.1/0.03 1000 5 9. 324.90 5.53 99  2. 94  7 300.
12 0.1/0.03 1000 2.5 10.41 343.05 74.12 295.54 
13 0.1/0.03 1000 5 10 356.94 73.14 37  2. .81  291.

e X
3.

cts of pH on
24 hrs, T

oval of
M NaCl,

an (CFeN
oncentrat

I water (  loading
mg/L) 

S. 
NO 

Sorbe
Concentrat

ion (g/L) 

Original 
concentration 

of As (III), 
(µg/L ) 

 
Final pH Concentration 

of As

Percentage 
As (III) 

Removal 

f 
As (III) 

adsorbed 

nt 
 

Final 

 (III), 
(µg/L) (%) 

Amount o

(µg/g) 

1 0.1/0.03 1000 5.81 27.29 97.33 299.20 
2 0.1/0.0 1000  3 6.42 34.78 96.60 296.95 
3 0.1/0.03 1000 7.3 45.87 95.52 293.62 
4 0.1/0.03 1000 7.81 34.88 96.59 296.92 
5 0.1/0.03 1000 8.01 51.11 95.01 292.05 
6 0.1/0.03 1000 8.29 21.26 97.92 301.01 
7 0.1/0.03 1000 8.43 20.77 97.97 301.15 
8 0.1/0.03 1000 8.84 22.57 97.94 322.27 
9 0.1/0.03 1000 9.15 60.53 94.48 310.89 

10 0.1/0.03 1000 9.48 77.54 92.93 305.78 
11 0.1/0.03 1000 9.96 149.03 86.41 284.34 
12 0.1/0.03 1000 10.41 156.46 85.73 282.11 

 
13 0.1/0.03 1000 10.78 171.83 84.33 277.50 

Table XVIII. Effects of pH on arsenite
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Table XIX. Effect of sulfate ions on arsenate removal of iron-chitosan (CFeN) under various pH 
nditions; DI water (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, Original concentration 

of As (V) is 1.00 mg/L) 

 
 
 

le f pho  ions on ar emoval of chitosan (CFeN er vari  
onditions; DI water (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, Original concentration 

of As (III) is 1.00 mg/L) 

 

on
, 

al 
t

o
l, 
) 

Ph Rem

A

a
(

 

co

 
 
 
 

S. 
NO 

Sorbent 
Concentr

ation 
(g/L) 

Original 
Concentrati

of As (V)
(µg/L ) 

 

Origin
Concen
ration 

Nac
M

f Final 

(m

 
Final 

Concentratio
n of As (V), 

( ) µg/L

Percenta
ge As 
(V) 

oval 
(%) 

mount of 
As (V) 
dsorbed 

µg/g) 

1 0.1/0.03 1000 .5  1 32 5.7 0.00 00.00 18.74 
2 0.1/0.03 1000 .5  9 32 6.32 17.57 8.34 13.47 
3 0.1/0.03 1000 .5  9 32 7.17 60.69 4.28 00.53 
4 0.1/0.03 1000 .5  8 22 7.74 126.16 8.12 80.89 
5 0.1/0.03 1000 .5  8 22 8.28 168.18 4.17 68.28 
6 0.1/0.03 1000 .5  7 22 8.88 287.19 2.96 32.58 
7 0.1/0.03 1000 .5  6 22 9.18 355.10 6.57 12.21 
8 0.1/0.03 1000 .5  6 22 9.85 392.67 3.04 00.94 
9 0.1/0.03 1000 .5 6 5 12 10.2 450.57 7.59 83.56 

10 0.1/0.03 1000 .5 1 5 12 10.7 520.49 1.01 62.59 

S. 
NO 

Sorbent 
Concentr

Original 
Con  

Original 
Concentr
ation of 

Nacl,
(

Final Ph 

 
Final 

Concent
tion of As 

I), 
L) 

Percentage 
I) 

val 
) 

Amount 

e
 

ation 
(g/L) 

centration
of As (III), 

(µg/L)  
mM) 

ra As (II
Remo

(%(II
(µg/

of As 
(III) 

adsorb
d (µg/g)

1 0.1/0.03 1 2. 5.73 0.00 0.00 9 000 5 10 388.4
2 0.1/0.03 1 2. 6.34 36.17 7.20 3 000 5 9 377.6
3 0.1/0.03 1 2. 7.15 54.29 5.80 0 000 5  9 372.2
4 0.1/0.03 1 2. 7.74 421.77 7.42 5 000 5  6 261.9
5 0.1/0.03 1 2. 8.28 472.31 3.52 9 000 5  6 246.7
6 0.1/0.03 1 2. 8.86 630.10 1.34 5 000 5  5 199.4
7 0.1/0.03 1 2. 9.18 696.16 6.24 4 000 5  4 179.6
8 0.1/0.03 1 2. 9.85 960.86 5.79 3 000 5  2 100.2
9 0.1/0.03 1 2. 10.2 1009.64 2.03 000 5 5 2 85.59 

10 0.1/0.03 1 2. 10.7 1042.96 9.46 000 5  1 75.60 

Tab XX. Effect o sphate senate r  iron- ) und ous pH
c
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Table XXI. Effect of silicate ions on arsenate removal of iron-chitosan (CFeN) under various pH 
conditions; DI water (Solid loading = 3.33 g/L, t=24 rs, T=25±1°C, 0.05M NaCl, Original concentration 

 

 
 
 

Table XXII. Effect of sulfate ions on arsenite removal of iron-chitosan (CFeN) under various pH 
onditions; DI water (Solid loading = 3.33 g/L, t=24 rs, T=25±1°C, 0.05M NaCl, Original concentration 

of As (V) is 1.00 mg/L) 
 
 

NO 
C

ati
(g/L) 

onc
ation of 
As (V), 
(µg/L) 

n
ion 

of Nacl, 
M) 

Final Ph concentration
of As (V), 

L) 

entag
 (V
val (

Amo
A
d
(µ

 h
of As (V) is 1.00 mg/L) 

 
 
 

S. 
Sorbent 
oncentr

on 

Orig
C

inal 
entr

Origina
l 

Conce
trat

(m

 
Final 

 
Perc

As
Remo

(µg/

e 
) 
%) a

unt of 
s (V) 

sorbed 
g/g) 

1 0. 1000 5 0 00.00 321/0.03 2. 5.72 0.0 1  6.78 
2 0. 1000 5 6 .57 321/0.03 2. 6.35 15.5 98 2.11 
3 0. 1000 5 3 5.85 311/0.03 2. 7.18 45.1 9 3.24 
4 0. 1000 5 85 5.86 241/0.03 2. 7.74 262. 7 7.93 
5 0. 1000 5 55 9.19 221/0.03 2. 8.28 335. 6 6.11 
6 0. 1000 5 52 1.76 201/0.03 2. 8.86 416. 6 1.82 
7 0. 1000 5 98 2.81 171/0.03 2. 9.18 513. 5 2.58 
8 0. 1000 5 03 9.24 91/0.03 2. 9.85 771. 2 5.44 
9 0. 1000 5 1 19 3.60 71/0.03 2. 0.25 832. 2 7.17 

10 0. 1000 5 1 06 9.12 61/0.03 2. 0.71 881. 1 2.48 

S
N

S
Co

o

C
n o

(µ

Original 

a
Nacl,
(mM) 

in

 

rat
f As 

), (µg/L) 

ge
I) 
al 

)  
) 

. 
O 

orbent 
ncentrati
n (g/L) 

Original 
oncentratio

f As (III), 
g/L) 

Concent
r tion of 

 
F al Ph 

Final 
Concent

on o
(III

i

Percenta
As (II

Remov
(%

 Amount 
of As 
(III) 

adsorbed
(µg/g

1 0. 10 2. 5.68 40.45 8  1/0.03 00 5 96.1 306.05
2 0. 10 2. 6.38 61.65 8  1/0.03 00 5 94.1 299.68
3 0. 10 2.5 7.16 69.57 3  1/0.03 00 93.4 297.31
4 0. 10 2. 7.74 75.29 0  1/0.03 00 5 92.9 295.59
5 0. 10 2. 8.28 0.24 4  1/0.03 00 5 10 90.5 288.11
6 0. 10 2. 8.88 2.34 0  1/0.03 00 5 11 89.4 284.48
7 0. 10 2. 9.12 3.88 0  1/0.03 00 5 17 83.6 266.02
8 0. 10 2. 9.86 7.48 8  1/0.03 00 5 19 81.3 258.94
9 0. 10 2. 10.23 0.16 9  1/0.03 00 5 23 78.2 249.13

10 0. 10 2. 10.74 7.97 7  1/0.03 00 5 25 75.6 240.79

 hc
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onditions; DI water (Solid loading = 3.3 °C, 0.05M NaCl, Original concentration 
of As (V) is 1.00 mg/L) 

 

 

Table XXIV. Effect of silicate ions o -chitosan (CFeN) under various pH 
onditions; DI water (Solid loading = 3.33 g/L, t=24 hrs, T=25±1°C, 0.05M NaCl, Original concentration 

of As (V) is 1.00 mg/L) 

NO 

S
Co
tra

Conc
of As (I

(µg

O
C
at

N
(m

Final Ph ati
 As 
g/L) 

I) 
oval 

 

t 

 
e

 
 
 

Table XXIII. Effect of phosphate ions on arsenite removal of iron-chitosan (CFeN) under various pH 
3 g/L, t=24 hrs, T=25±1c

 
 
 

S. 
orbent 

ncen
tion 

(g/L) 

Original 
entration 

II), 
/L ) 

riginal 
oncentr
ion of 
acl, 
M) 

 
Final 

Concentr
fon o

(III), (µ

Percentag
e As (II
Rem

(%)

Amoun
of As 
(III)

adsorb
d (µg/g) 

1 0 10 2  9 3  .1/0.03 00 .5 5.68 36.4 96.6 314.04
2 0 10 2  7 7  .1/0.03 00 .5 6.38 64.1 94.0 305.72
3 0 10 2  7 5  .1/0.03 00 .5 7.16 74.1 93.1 302.74
4 0 10 2  1 9  .1/0.03 00 .5 7.74 312.0 71.1 231.38
5 0 10 2  7 8  .1/0.03 00 .5 8.28 339.2 68.6 223.21
6 0 10 2  8 5  .1/0.03 00 .5 8.88 443.5 59.0 191.91
7 0 10 2  4 1  .1/0.03 00 .5 9.12 466.7 56.9 184.97
8 0 10 2  9 5  .1/0.03 00 .5 9.86 660.1 39.0 126.93
9 0.1/0.03 1000 2.5 10.23 704.43 34.97 113.66 

10 0.1/0.03 1000 2.5 10.78 807.71 25.44 82.67 

S. 
NO 

t 
Concentrat

) 

l 
Co tion o
A , (µg/L ) 

ina
ncentr
on of 

Nacl, 
(mM) 

Final Ph 

 
entr

 
III), 
/L) 

al 

A

 

Sorben

ion (g/L

Origina
ncentra f 

Orig
Co
ati

s (III)

l  
Final

Conc
ation of
As (
(µg

Percenta
ge As 
(III) 

Remov
) (%

moun
t of As 
(III) 

adsorbe
d (µg/g)

1 0.1/0.03 00 2.5 66 9  10 5. 32.6 96.98 316.01 
2 0.1/0.03 00 2.5 34 9  10 6. 57.8 94.66 308.45 
3 0.1/0.03 00 2.5 16 3  10 7. 67.3 93.80 305.62 
4 0.1/0.03 00 2.5 73 04  10 7. 272. 74.95 244.22 
5 0.1/0.03 00 2.5 28 51  10 8. 347. 68.00 221.57 
6 0.1/0.03 00 2.5 88 37  10 8. 438. 59.63 194.31 
7 0.1/0.03 00 2.5 .14 7   10 9 531.5 51.05 166.35
8 0.1/0.03 00 2.5 86 8   10 9. 666.1 38.66 125.96
9 0.1/0.03 1000 2.5 10.2 735.99 32.23 105.02 

10 0.1/0.03 1000 2.5 10.75 813.22 25.12 81.85 

 
 

n arsenite removal of iron
c

 103


	2.pdf
	2.pdf
	CHAPTER 1
	INTRODUCTION
	3.2 Experimental Methods
	3.2.1 Screening experiments for sorbent selection
	About 8 samples were screened for their ability for arsenic 
	S.NO
	Abbreviated Form
	Sample Beads; Procedure
	1
	CFeN
	2
	CFeN (dropped)
	Iron-chitosan (dropped): Same as iron-chitosan preparation, 
	3
	CFeN + Perlite + NaOCl
	Iron-chitosan coated perlite treated with sodium hypo chlori
	4
	CFeN + Perlite
	5
	CFeN + Perlite + PVA
	Iron-chitosan coated perlite treated with poly vinyl alcohol
	6
	CFeN+ NaOCl
	Iron-chitosan treated with sodium hypo chlorite: After formi
	7
	CFeN + Perlite + NaCl
	Iron-chitosan coated perlite treated with sodium chloride: A
	8
	CFeN+ NaCl
	Iron-chitosan treated with sodium chloride: After forming be
	3.2.1.1 Equilibrium adsorption
	3.2.2 Preparation of iron-chitosan beads
	3.2.3 Preparation of iron-chitosan coated perlite beads
	Experiments were carried out to study the stability of iron-
	3.2.5 Sample characterization
	The prepared chitosan and chitosan coated perlite beads were
	X-ray photoelectron spectroscopy (XPS) is a surface sensitiv
	The depth of the analysis, typically the outer 3 nm of the s
	3.2.6 Experimental design and procedure
	3.2.6.1 Adsorption isotherm
	The performance of chitosan beads was assessed on the basis 
	3.2.6.3 Effect of anions on arsenic removal
	Screening experiments were conducted on eight different iron
	Selected beads were characterized using SEM, EDS and XPS ana
	Arsenic adsorption is best accomplished using iron-chitosan 
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Samples
	CFeN
	CFeN (dropped)
	CFeN + Perlite + NaOCl
	CFeN + Perlite
	CFeN + Perlite + PVA
	CFeN+ NaOCl
	CFeN + Perlite + NaCl
	CFeN+ NaCl
	Original Concentration of As (V), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (V), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (III), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (III), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original concentration of As (V), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (V), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (III), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (III), (mg/L)
	0.25
	1.00
	2.00
	3.00
	5.00
	10.00
	15.00
	20.00
	25.00
	Original Concentration of As (V), (μg/L)
	Original Concentration of As (V), (μg/L)
	Original Concentration of As (III), (μg/L)
	Original concentration of As (III), (μg/L )
	Original Concentration of As (V), (μg/L )
	Original Concentration of As (III), (μg/L)
	Original Concentration of As (V), (μg/L)
	Original Concentration of As (III), (μg/L)
	Original Concentration of As (III), (μg/L )
	Original Concentration of As (III), (μg/L )




