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ABSTRACT

Nanosized metal oxide, Titania provides high swefaea and specific affinity for the
adsorption of heavy metals, including Arsenic (Aghich is posing a great threat to
world population due to its carcinogenic naturetHis study As(lll) adsorption was
studied on Pure and metal (Ag and Fe) doped Titamiaoparticles which were
synthesized by liquid impregnation method with somedifications, with doping
level of 1 atom-% weight. These nanopatrticles veliaracterized by X-ray diffraction
(XRD), X-ray florescence (XRF), UV/Vis diffuse refitance spectroscopy and
scanning electron microscopy (SEM). The crystallgizes of the synthesized
nanoparticles were in the range of 30 to 40 nm.dBgap was calculated using
Kubelka-Munk function it was found that metal dapishifted the absorption band
into visible region. Effect of operational paramstéke dose of nanoparticles, initial
As(ll) concentration and pH were evaluated at®5The data obtained gave a good
fit with Langmuir and Freundlich isotherms and #usorption was found to conform
to pseudo second order Kinetics. In batch studies 80% of arsenic removal was
shown by both Fe and Cr-doped Titania nanopartictes a solution containing up to
2ppm of the heavy metal. The synthesized nanopestizere coated on glass beads
by Heat Attachment Method. Fixed bed columns ofopanmticles coated on glass
beads were made for As(lll) removal under differeperating conditions. Thomas
and Yoon-Nelson models were applied to predictteakthrough curves and to find
the characteristic column parameters useful focgse design. The theoretical curves
based on model parameters gave a good fit wittpthetically observed results. The
exhausted columns were regenerated by using 10 %HN&olution. After
regeneration, only a loss of less than 9% in theoral efficiency of the columns was
observed.




CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

To meet the demands of fast growing world poputatior drinking water,
there is an increasing pressure on both surfacegesuhd water resources. In some
parts of the world, this has resulted in utilizatiof ground waters that are highly
contaminated with heavy metals including Arsenicearth crust arsenic is ranked as
the 20" most abundant element (Gulledge, 1973). In watds imostly found in
inorganic form, namely arsenite [As(lll)] and araen[As(V)]. The source of these

two ions in water is either natural or byprodudtgdustrial waste.

Arsenic is well known for its toxic and carcinogemature from a very long time.
Severe health effects (both cancer and non-canesu)ts from ingestion of inorganic
arsenic (NRC, 1999). Due to its carcinogenic natares classified as Class A
carcinogen by USEPA. Continues exposure to lownaseoncentration has been
associated to some serious health problems, likeecaof skin, kidney, lungs and
bladder. Human population is exposed to arsenitacanation from different sources
but the most direct exposure results from drinkiveger contaminated with arsenic.
The exposure of human population to arsenic has babanced since people have
started using underground water (more contamineiéid arsenic) in preference to
surface water (contaminated with microbes). Duétgdoxic nature the USEPA in
January 2006, has reduced the maximum contamimsel (MCL) of arsenic in
drinking water from 50Qg/L to 1Qug/L. The drinking water industry has to come up

with new and advance treatment methods to meeh#visstandard.

A lot of research has been done on the removal reéng&c from water. Many
technologies have been applied, like coagulatioodllation, ion exchange resins,
reverse osmosis and adsorption. Among adsorbewts/at®d carbon, activated

alumina, iron oxide, zeolites and some natural pctgl have been used. The old




arsenic contamination level of 50 ppb can be aduesasily with the conventional
techniques such as reverse osmosis, coagulatitvated alumina and ion exchange;
however the new maximum contamination level (MCE)106 ppb need the use of
more advanced technologies.

Arsenic shows a high affinity for adsorption onahia nanoparticles. The use of
titania nanoparticles for arsenic adsorption isanwery old technique. Titania because
of its chemical and physical stability, porous awah corrosive nature, lower cost and
no toxicity finds enormous applications in the diebf environment. Titania has
enormous affinity for arsenic and adsorbs it overide range of pH (2-14). Like other
adsorbents, Titania also has strong affinity towadd(V) for adsorption. But unlike
others Titania is a strong photocatalyst, it ox@dizhe more toxic As(lll) to less
harmful As(V) and then adsorbs it. This photocatalseaction needs UV light, which
is only 5% of the incident sunlight. In this resgarboth the sorptive and
photocatalytic properties of Titania are enhancgddping it with some metalas, like
silver, chromium and iron. Metal doping shifts @idgsorption band into visible region
thus enabling Titania to use a broad spectrumgbt.li

The pure and metal doped Titania hanoparticles Were coated on glass beads and
packed in column. Column studies were conducteeviuate the As(lll) removing

potential of the columns.

1.2 RESEARCH OBJECTIVES
The objectives of this research are;

= To determine the adsorption potential of Titaniasdzh nanoparticles for
arsenic removal

= To find which metal doping can give excellent rés@br arsenic removal

= Optimization of pH for arsenic removal

= Establishing the kinetics of arsenic removal by IiO

= To conduct column studies and find the differedtico capacities

= To determine the effect of various parameters danco performance




CHAPTER 2

LITERATURE REVIEW

2.1 ARSENIC OCCURRENCE

Naturally occurring elemental arsenic is ubiquitous is the 28" most
abundant in earth’s crust, 14n seawater and 12in the human body (Deedar et al.,
2009; Mandal and Suzuki, 2002). Although it is prgsn air, water and soil, the most
direct source to which human population is expdsedrinking water contaminated
with arsenic. The presence of arsenic, even atrga lmgh concentration, does not
cause any change in odor, taste or visible appearahwater. Therefore it is very
difficult to detect the presence of arsenic in kirg water without complex analytical
techniques. The increase in arsenic level in dnigkivater has become a serious
environmental concern worldwide. High concentratibarsenic in drinking water has
been noticed in many countries of the world, incigd Argentina, Bangladesh,
Canada, Chile, China, Hungary, India, Japan, Mexmand, Taiwan and USA (Jain
and Ali, 2000). About, 60-100 million individualgeacurrently exposed to arsenic
contaminated drinking water in India and Banglad@g et al., 2003).

Ground water contamination with arsenic is belietethe geological, mainly caused
by the arsenic bearing sediments releasing arggoigroundwater aquifers (Pena, M.
et al., 2006). Arsenic is never found in free statés found largely in combination
with oxygen, sulphur and iron (Brewstar, 1994; Jamd Ali, 2000). Naturally over
200 different mineral forms of arsenic are occuyyrinof which Arsenates are about
60%, sulfides and sulfosalts makes 20% and arsgndgleenates, oxides, silicates and
elemental arsenic makes the remaining 20% (Oni$i&Q; Mandal and Suzuki, 2002).
Anthropogenic sources exceed the natural sourcesrsginic by 3:1 (Mandal and
Suzuki, 2002). The major man-made sources of arsemmtamination are arsenial
pesticides, fertilizers, dust of burning fossil fugnimal and industrial waste disposal
(Mandal and Suzuki, 2002).




Arsenic in nature is present in two forms; inorgaand organic. Organic form is
mainly found in foodstuff as monomethyl arsenicdaalimethyl arsenic acid and
arseno sugars. Inorganic form occurs in two oxwhastates, Arsenate [As(lll)] and
Arsenite [As (lID)]. In natural water As(lll) is nmy found as arsenious acid
(H3As0Os), and As(V) occur as anionic species (HAS@nd HAsOy) (Clifford and
Lin, 1995). Natural water is mostly contaminatedhwhe more toxic inorganic form
rather than organic one. Ground water mainly cost#s(lll) due to the prevailing
reducing conditions, while As(V) is mainly foundtime more oxidized surface waters.
Inorganic arsenic has been made the top priorifjufamt by USEPA (Ng et al.,
2003).

2.2CHEMISTRY OF ARSENIC

The metalloid, Arsenic (As) having an atomic numB8&rand atomic mass of
74.9216 is a member of group VA of the periodicldabArsenic speciation in
environmental materials is very important due t® different level of toxicity shown
by various species. It is found in four differentidation states (i.e; -3, 0, 3 and 5),
which encompasses all the major arsenic specidsatigapresent in clinical and
environmental samples, like arsenite [As(lll)], emate [As(V)], arsenic acids
(HAsO4?, H,AsO; and HAsO,), arsenious acids (includingsMsOs, H,AsO; and
HAsO;?) monomethylarsonate (MMA), dimethylarsonate (DMAdrsenocholine
(AC) and arsenobetaine (AB). However, among alb¢harsenic species arsenite is of
particular interest. It is almost 10 times as tascAs(V) and near 70 times as toxic as
the methylated species, MMA and DMA. Both MMA ant¥B are moderately toxic,
while AB and AC are non-toxic (Kumaresan and Riyidio, 2001). In general,
inorganic arsenic forms are more toxic for livingganisms (including plants, animals
and Human beings) and more mobile than organiciepgdleharg and Hartley-
Whitaker, 2002). These reasons make it neceseargnmove As(lll) from drinking

water.

Arsenic is a redox sensitive element, which mehasit can change its form through
gain (Reduction) or loss (Oxidation) of electrohle occurrence, speciation, mobility




and distribution of arsenic depends on many geowanfactors like pH, redox
conditions, presence of other ionic species, wettemistry and activity of microbes
(Shih, 2005). Arsenate, As(V), is used in agricdtpesticides, glass making and
refining of Cu (Conner, 1990; Dutré et al., 1999hder oxidizing conditions, As(V)
is the prevalent form in soils (Pongratz, 1998; tBneit al., 1998a; Turpeinen et al.,
1999, 2002) and is dominant in the solid phaséhefgoil (Montperrus et al., 2002).
On the other hand, As(lll) is the primary form of A waste environments (Dermatas
et al., 2004) and under reducing condition, likesssaturated with water or soils with
significant organic waste or matter (Smith et 8098a). As(lll) is known to be more
mobile and more toxic than As(V) (Panstar-Kalliaddvanninen, 1997; Stronach et
al., 1997).

Arsenic shows anionic behavior in water. Arseniid dEl;AsO,) predominates at low
pH (< 2) and aerobic conditions in water, in betweenvaltie of 2 to 11 its anions
(H,AsO; and HAsO,?) replace it. At mildly reduced conditions and lopH
arsenious acid appears but as the pH increasesaplaced by WAsO;” and when the
pH value cross 12, HAsG appears. In the presence of sulphide and at low pH
HAsS, can arise; arsenic metal, arsine and its derigatappear at extreme reducing
conditions (Kumaresan and Riyazuddin, 2001). Tserdc speciation is shown in the

pe Vs pH diagram (Fig.2.1).

Since in solution arsenic form anions, so the otieenmon anions (like Cand SQ?)
cannot give complexes with it. The complexes ofoaiu arsenic more act like a
ligand in water. It can bind with sulfur, nitrogand organic carbon. Sulfur and other
sulfhydryl groups (cystine, organic dithiols, prioteand enzymes) react with As(lll)
but amine group and other organics having redudgdgen does not react with
As(lll). However, As(V) reacts in the opposite walyreacts with reduce nitrogen
groups like amines, but does not react with sulfilygroups. Carbon reacts with both
As(lll) and As(V) to from organoarsenicals. The gdexation of both the arsenic
species by the organic matter dissolved in watekesats sorption as well as its
coprecipitation with the solid-phase inorganics amganics difficult; it actually

results in an increase in the mobility of differansenic species in water.
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Fig. 2.1: pe Vs pH diagram of arsenic
2.3EFFECT ON HUMAN HEALTH

Humans are exposed to arsenic contamination m#inbgugh inhalation, skin
adsorption or ingestion; however, ingestion, amth&ge is the most prominent form
of arsenic intake. Exposure to large arsenic dos@s result in severe toxic
complications like gastrointestinal disorder (ezgmiting, diarrhea and poor appetite
etc.), some disturbance in the cardiovascular sysied nervous system activities
(like heart disease, muscle cramps etc.) and spreeteath(National Research
Council 2000; Quamruzzaman et al., 2003 ;Abernatid/Morgan 2001).

The rise of arsenic concentration in water has imeca serious health concern. The
carcinogenic effects of arsenic were not knownaryetimes, harmful health effects

arising from arsenic containing compounds were eskas early since 1556 (Peter




Rietkerk, 2007), e.g.it was found that arsenic tolzae away” the skin of worker’'s
hands (Smith et al., 1992). Ingestion of arsenita@minated drinking water result in
large scale harmful health effects (WHO, 2004)T&wan, arsenic poisoning caused
“Blackfoot Disease,” a type of gangrene (Moralesalet 2000). Arsenic in drinking
water has been linked to different types of skinces, lesions (on the extremities and

torso), various neurological disorders, diabetastayperkeratosis (smith et al., 2000).

The toxicity of arsenic is mainly dependent on tbiem in which it is present. The
trivalent inorganic arsenic compounds are foundeanore toxic than the pentavalant
form. Organic arsenic forms (typical in sea foodg amot as much toxic as the
inorganic ones (present in drinking water). Trivdlarsenic is about 70 times more
toxic than oxidized pentavalent state. Inorganiseaic compounds are about 100
times more toxic than organic arsenic compoundsn (& al., 2000). A few
compounds of arsenic along with their toxicity &séed in Table.2.1 (Chappell et al.,
1999). Generally toxicity is measured in mg/kg inalligram of the toxicant per
kilogram of the target body weight, that will cawgath in half of the individuals who
ingest it in a single dose, within a few days. Tlethal concentration of that toxicant
is known as Lethal dosage 50 (LD50). The followtagle shows LD50 value for a
few arsenic compounds. It must be noted that theldas the LD50 value, more toxic

is the compound.

Table 2.1: Acute toxicity value for different arsenic composnd

Arsenic Form Oral LD50 (mg/K g of body weight)
Sodium Arsenite 15- 40
Arsenic Trioxide 34
Calcium arsenate 20-800
Arsenobetane >10,000

*Source: Chappel et al., 1999

Exposure of an individual to such high degree aeaic toxicity is not possible.

However, continuous use of drinking water contat@dawith lower arsenic

concentration for a longer time period can resulsérious health hazard (National
Research Council 2000; UN 2001; WHO 2001; UNICEB&0




The first visible symptoms resulting from expostwelow arsenic concentrations in
drinking water arenelanosis (abnormal black-brown skin pigmentation) dwdatosis
(hardening of palms and soles). Continuous intakereenic contaminated water
cause de-pigmentation of skin, resulting in whit#ésdwhich appear in the form of
raindrops (this condition is medically termed ale@®melanosis). Further thickening
of soles and palms occur resulting in the formabbpainful cracks. Medically these

symptoms are known as hyperkeratosis which leadkitocancer (WHO 2001).

Internal body organs may also get attacked by a&rssusing no visible symptoms,
thus making it hard to recognize arsenic poisonktigh concentration of arsenic in
blood, urine, nails and hairs can act as an indicat arsenic poisoning in human

before the appearance of external visible sympt@asmussen and Andersen 2002).

The carcinogenic effect of inorganic arsenic to hommhas been determined by the
International Agency for Research on Cancer (IAR@30). It has also been classified
as a human carcinogen by the United State EnvirataheProtection Agency
(USEPA, 1988). It is classified as a Class | hummarctinogen by the International
Agency for Research on Cancer (Akif et al., 2010).

According to US-EPA, arsenic in drinking water igsgected to be caused or

provoked by the following diseases;

» Cancer of skin, kidney, liver, lungs, bladder andspate
« Still births

* Post neonatal mortality

* Heart attack

» Diabetes mellitus

» Chronic inflammation of kidneys (Nephritis)

» Degenerative kidney diseases (Nephrosis)

* Hypertension, hypersensitive heart diseases

* Emphysema, bronchitis

» Chronic airway obstruction




* Tumors in the lymph (Lymphoma)

» Black foot disease and development deficit

2.4 GUIDELINE AND STANDARDS

Due to the widespread negative health effects sf#rac on humans, in 1993
WHO lowered the permissible limit of arsenic inrking water from 5Qug/L (0.05
mg/L) to 10ug/L (0.01 mg/L, this provisional guideline levelnstained by WHO in
the latest edition of its standards (WHO, 1993; WIQ004). This WHO permissible
limit of 10 pg /L for arsenic in drinking water has been adopbgdmost of the
countries including Jordan, Japan, USA, Mongoliad &yria and by the European
Union (EU).

This new MCL of 1Qg/L is currently not possible for some countriesllpaffected
by arsenic contamination, including India and Badgkh; they have retained the
MCL of 50ug/L limit. Many other countries like Bahrain, Chjnkgypt, Oman,
Philippines, Saudi Arabia, Sri Lanka, and Zimbabwaye also retained the older
WHO guideline of 5Qg/L for arsenic (UN 2001). Canada has adopted radatd of
25ug/L. The toughest standard for MCL of arsenic imking water is adopted by
Australia, which is #g/L.

2.5ARSENIC PROBLEM IN PAKISTAN

Considering the harmful human health effects dudntwganic arsenic, different
investigations have been done in Pakistan. In Z8&Kistan Council for Research in
Water Resources (PCRWR) and UNICEF jointly initththe first investigation on
groundwater arsenic in Attock and Rawalpindi Dd#ri of Pakistan. A second
investigation (a detailed one) was carried out ugtothe National Water Quality
Monitoring Program by PCRWR. These investigationsvpd the presence of high
amount of arsenic in the groundwater of many citiehe Punjab province including
Bahawalpur, Gujranwala, Kasur, Lahore, Multan ahdi&hupura,. Some of the Sindh
province cities like Khairpur and Dadu had alsohh@pncentration of arsenic in its

water.
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A recent water study carried out in Punjab (1lesjtiby PCRWR shows a high
fluoride and arsenic concentrations in the wateppbu systems of six cities;

Bahawalpur, Gujranwala, Kasur, Multan, Lahore amailhupura (PCRWR 2004).

Moreover, in these six cities about 2 million peppire drinking unhealthy water,
some contaminated with a high concentration ofracs0% of Punjab and 36% of
Sindh population is exposed to arsenic contaminatizer 10 ppb in drinking water,

similarly 3% of Punjab and 16% of Sindh populatisnexposed to over 50ppb of
arsenic in drinking water (Ahmad et al., 2004). Thest alarming situation exists in
Kalanwala village (East Punjab) where the arseaitcentration in groundwater is as
high as 1900ug/L (Farooqi, A. et al., 2006).

2.6 ARSENIC REMOVAL TECHNOLOGIES
2.6.1 Coagulation/Flocculation

Coagulation is the process of neutralization ofrgha followed by formation
of a gelatinous mass that trap the particles tbumihg settleable mass. Flocculation
is the gentle agitation that encourages the pestitbrmed to agglomerate into large
settleable mass.

Coagulation is the most commonly used treatmentga® used for arsenic removal in
USA (Buswell, 1943). Commonly used chemicals in gudation/flocculation
technique are ferric salts, aluminum salts, amnmansulphate, copper sulphate,
manganese sulphate, etc (Mondal et al., 2006).éi@ls are removed through the
following three main processes during coagulatiot #occulation (McNeill, 1994):

* Precipitation: in this process insoluble compoukd Al (AsO,) or Fe (AsQ)
are formed.

» Co-precipitation: in this step the soluble arsesgecies are incorporated into a
growing metal hydroxide phase.

* Adsorption: in this step the soluble arsenic etestatically binds to the

external surface of the insoluble metal hydroxide.
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After coagulation and flocculation, the hydrousnainum oxide and hydrous Ferrous
oxide along with the sorbed arsenic can be remtivedigh filtration (Ashutosh,
2005).

The main disadvantage of the process is the daddition of coagulants to the water,
resulting in an increase in the level of iron arminum. The permissible limit of Fe
and Al in drinking water according to EU drinkingater directive (EC, Council
Directive, 1998) is 200ppb. Moreover, being a pHs#ve process, some appropriate
reagents are often added to maintain an optimun{Aztian Oehmen, 2011) which

increases the risk of secondary contamination bgdheagents.
2.6.2 lon Exchange Resins

An ion exchange is a physio-chemical process inmglthe switching of ions
between a solution and a solid resin phase. Syatioet exchange resins, due to their
greater removal efficiency and regeneration abdity commonly employed for water
treatment processes (MWH, 2005). Anion exchangmsedoth strong base anion
(SBA) and weak base anion (WBA) are used for acsesmoval (Wang et al., 2000).
SBA is a better option for arsenic removal fromn#mg water (Wang et al.,
2000).Just like adsorption process, ion exchangeess also have preferential
tendencies for various ions. The arsenic removéatiency of the ion exchange
process greatly depends on pH of the solution dred doncentration of other
competing ions, like nitrates, sulfates, seleniund dluorides. The type of resin
selected is a function of competing ions and theraooncentration (Ashutosh, 2005).
The SBA resins have the following order of selattifor various water constituents
(MWH, 2005).

SO% > NO; > HAsQ” > NO, " > CI > H,AsO; > HCO; ™ >> Si (OH) , HsAsO,

lon exchange is usually recommended for use wiheee tare low sulfates, low TDS
and low nitrates (Ashutosh, 2005). Competing ionsatly affect the regeneration

frequency, which in turn affect both operationadl amaintenance cost of the process.
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2.6.3 Reverse Osmosis

Reverse osmosis (RO) can also be used for arsemowval from aqueous
solution with efficiency reaching 100% (Ng et &Q04). The big advantage of RO
over adsorption is that removal efficiencies awss laffected in the former case than
the later by the interfering ions and pH of theavdSato et al., 2002). However, the
As(lll) and As(V) removal efficiency has been rejgarto increase by 20%, by rising
pH from 7-10 and from 3-5, necessitating the useptimum pH value even for RO
(Ng et al., 2004). In RO also the removal efficigiechigh for As(V) than for As(lll),
necessitating the pre-oxidation of As(lll) to As(bgfore treatment (Ng et al., 2004).
However, use of oxidizing reagents like chlorin@ ceamage the membrane material

(Kartinen and Martin 1995), so the membrane usedldhoe carefully selected.

The main disadvantage of RO is the higher costtdaemembrane used. Operation
cost, requiring high pressure further increasectis, and finally, membrane fouling is

the main drawback of this process.

2.6.4 Adsorption Processes

Adsorption is a process in which a solid surfacassd for removal of either
gaseous or liquid contaminants. Adsorption is ohéhe most widely used methods
for arsenic removal. Many adsorption techniquesused for the removal of arsenic
from water. The removal or more correctly the aggon capacity of an adsorbent is
the extent of arsenic removed by a standard weaghblume of the media (usually
measured in mg As/L of solution g As/g of dry media). Various materials have
been used as adsorbent. Some of the materialsagsadsorbent for arsenic removal

are described below.

2.6.4.1 Activated Carbon

Activated carbon is one of the most commonly useatenmls for arsenic
removal (Huang, C.P. and Fu, P.L.K., 1984; Gimbel, and Hobby R., 2000).
Activated carbons impregnated with various metakigreatly improve their arsenic

adsorption capacity. Activated carbon pretreatetth \@iLf* or Ag" ions enhances its
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As(lll) adsorption capacity but reduces the As(\Mjsarption (Rajakovic, 1992).
Impregnating carbon with tartaric acid or ferricdhgxide also improves its arsenic
adsorption ability (Evdokimov et al., 1973). Actied carbon pretreated with Cu(ll) or
with high ash content has high affinity for As(Wan As(lll) (Lorenzen et al., 1995).

2.6.4.2 Other Natural Products

Pollard et al., (1992) and Balily et al., (1999) dagviewed the preparation of
several low cost adsorbents: Agricultural byproduitte coconut husk (Manju et al.,
1998), rice husk (Khalid et al., 1998; Lee et 4B99), carbonized wood powder
(Pulido et al., 1998), orange juice residue (Ghenat al., 2002), coconut coir (Baes et
al., 1997), sawdust (Raji et al., 1999) and prétcbavaste tea fungal biomass
(Murugesan et al., 2006).

2.6.4.3 Activated Alumina (Al203)

Activated alumina (AA) is a porous granular, ambelored media formed by
the dehydration of aluminum hydroxide at elevatrdgerature. Two aluminum based
technologiesAlcon AAFS50 and BUET Activated Alumina have been evaluated for
arsenic removal from ground water in Bangladeshth@land et al., 2001). The
adsorption efficiency of AA is very much pH depengehe optimum pH range being
6-8 (Bissen and Frimmel, 2003). By lowering the pelow neutral, the removal
capacity of AA increases (Khandaker et al., 208@)ong the two dominant species,
AA favors arsenate over arsenite (Jang et al., O0& arsenic removal efficiency of
AA is affected in the presence of competing ioks,lichloride, phosphates, fluorides
and sulfate (Pal, 2001) but not to the same exéanton exchange resins. AA
adsorption has the following order of selectivitgr fvarious competing ions
(Ashutosh, 2005).

OH > HAsOy > Si (OH)30 > F > HSeQ@ > TOC > SQ* > H3AsO;

The selectivity of AA for arsenite is poor as comguhto arsenate, so pre- oxidation of

arsenite to arsenate is essential.
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The AA adsorption media is one of the most costidia available on the market, but
as far as raw material is concerned, it is coneml@s one of the inexpensive treatment

choice available.
2.6.4.4 Zeolites

Zeolites occur as a crystalline, hydrated alumiicee mineral of alkali and
alkaline earth metal ions (Mampton, 1997) but cko &e synthesized (Nery et al.,
2003). Zeolites are one of the important compondntswastewater treatment
(Kesraoui-Ouki et al., 1994). About 30 differentural zeolites are known, however,
only seven of these are available in sufficient amoand purity to be exploited
(Mohan et al.2007). Zeolites were used for drinking water treatinas the first ion
exchangers (Gonzalez et al., 2001; Smit & Krish@@3). Some new zeolites have
shown As(V) removal efficiency equivalent to actac alumina (Xu et al., 2002).
Elizalde-Gonz’alez et al (2001), reported arsenisogption by Clinoptilolite
containing rock. Competing ions, like nitrate, aniaie, chloride, sulfate and acetate
ions have little effect on arsenic adsorption wiplleosphate greatly influence arsenic
adsorption by zeolites.

2.6.4.5Iron Oxide

Iron oxides are also one of the most widely usedoesus for water
contaminants, especially hazardous wastes. Arsiam ground water has been
removed by passing it through sand and zero-valent (Leupin and Hu, 2005).
Arsenic sorption occurred on the hydrous ferricdesi (HFO) resulted from the iron
oxidation. Other similar compounds have also besadu like amorphous ferric
hydroxide (Matis et al., 1987; Driehaus et al., &99uan et al.,, 2001) and iron
hydroxide (Pierce and Moore, 1982), ferrihydritegni (1ll) oxide containing silica
(Zeng, 2003), iron oxide coated sand (Thirunavadkdaret al., 2003), Ce(IV)- doped
iron oxide (Zhang, 2003), ferric chloride (Mengatt 2000) and polymeric materials
coated with iron oxide (Katsoyiannis and Zouboui8p2) are also used for arsenic
removal. Granular ferric hydroxide (GFH) possessdsgh adsorption potential for

arsenic removal (Thomas et al., 2007). Like oth@gsogbent GFH also has more
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affinity towards arsenate, thus requiring pre-okma step if arsenite is present
(Carollo engineers, 2006). GFh adsorption is pHsiser, with arsenic adsorption
declining with raising the pH (Driehaus et al., 829Asrenic speciation has an effect
on its adsorption (Bissen and Frimmel, 2003). Aaseradsorption occurred faster at
lower pH but at elevated pH adsorption of both mase and arsenite occurred at
comparable rates (Bissen and Frimmel, 2003). Auemt pH below neutral, GFH
adsorption efficiency is slightly affected in theepence of sulfate (Driehaus et al.,
1998). Increase in phosphate concentration greatlyces arsenic removal potential
(Driehaus et al., 1998).

2.6.4.6 Other Metal Oxide Based Adsorbent

Other metal oxide based adsorbents used for arsemwval include
manganese oxide (Chen et al., 1998; Chiu and He#0g0), alumina (Kazuo and
Toshio, 1998; Osamu et al., 2000) and zirconiund@xXBuzuki et al., 1997; Suzuki et
al., 2000). Manganese oxide readily oxidizes argbdib arsenic (Moore et al., 1990;
Manning et al., 2000). Oxidation of As(lll) is cdafd with reductive dissolution of
MnO, resulting in the release of both Mn(ll) and As(@%)o the solution at low pH
(Moore et al., 1990; Neshitt et al., 1998).

The main drawback of adsorption process is theodpof wastewater resulting from

column regeneration and the spent media. As aftewaeuses, it becomes necessary
to replace the media due to irreversible fouling arcessive attrition, so the disposal
of this exhausted adsorbent containing high comagah of adsorbed metals presents

a major concern due to its hazardous nature.

2.7 Need for Cost Effective and Point-of-Use M ethod of Arsenic Removal

In the last few years, a great deal of researchble@s directed to find novel
technologies for the removal of arsenic from wasgecially low-tech, low cost and
point-of-use systems that can be applied anywhktany of these technologies
depend on oxidation of As(lll) to As(V), then fattion through a porous material,

where arsenic is removed mainly by adsorption aagrecipitation. Adsorption
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processes are the best choice for small water mesdt facilities. Adsorption

technologies have the following advantages oveegrsth

» They have high arsenic removal efficiency over deniange of pH.

» Competing ions (chlorides, fluoride, sulfate, rigratc) have less effect on the
removal efficiency.

* Have low operation cost.

» Can be regenerated easily, does not require highadior.

* Does not pose hazardous if used on throwaway basis.
2.8 Titanium Dioxide (TiO2)

Titanium dioxide (TiO2) due to its usefulness imigas technologies has been
the subject of considerable interest. In the metatle surface science, Titanium
dioxide stands out as the most thoroughly investyaingle crystalline system due to
its high photocatalytic activity, non-toxicity, amécal inertness and its different
polymorphs that it forms under different chemicabnditions, pressure and

temperature.

There are three main polymorphic forms of titan@amely Rutile, Anatase and
Brookite. Rutile and anatase have tetragonal gaegmeontaining 2 and 4 formula
units, respectively and brookite has orthorhombiowever, only anatase and rutile
forms have the main role in TiO2 applications. Tmgt cells of both are shown in
Fig.2.2. In both the structures, each Titanium at®roordinated to six oxygen atoms
and each of the O atoms in turn is coordinatedhrteet Ti atoms. In each structure, the
TiOg octahedron is a little distorted with the four@ibonds slightly shorter than the
other two and some deviation in O-Ti-O bond anflesy 90 (Akurati, 2008). On the
other side, brookite possesses a more complextsteubaving eight formula units in
the orthorhombic cell and also has six differerdOTbond lengths (1.87 — 2.04 A).
The structure of these three polymorphs can be aoedpas well in terms of (Ti®)
octahedral (Akurati, 2008). The common characterit all these three phases is that
the deformed oxygen octahedra contain Ti atomsdénsirhe different crystalline
phase is because the deformed oxygen octahedrasstidierent number of edges.
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Rutile, brookite and anatase shares 2, 3 and hedta edges respectively (pauling,
1929). Brookite can be considered to be formed famtahedra connected by both
their edges and vertices, in rutile, only the edmyesconnected, and in anatase only the
vertices are connected (Akurati, 2008). From phaigtic point of view, the most

important phases of TiCare rutile and anatase.

Rutile

Anatase Brookite

Fig. 2.2: Polymorphic forms of Titanium dioxide (THp
2.8.1 Photocatalytic activity of Pure and Metal Doped TiO2

Titanium dioxide (TiQ), a white powder with titanium in IV oxidation sta
(Ti*Y). It therefore has no d electron$)(dts two important polymorphs are anatase,
with a band gap of 3.2 eV and rutile, with a barmp ¢pof 3.02 eV. Being a
semiconductor, its HOMO is calléthlance band and its LUMO is calledConducting
band. Light absorption results in the transfer of elent from oxygen to the vacant d-
orbital of Ti. In both anatase (3.2 eV) and ru{02 eV) this transition occurs in the
UVA region, giving a sharp absorption band at 390-4nm. After UV light
absorption, promotion of electron from valance ke tconducting band occurs,
forming a “hole” (positive charge) in the valancand and an electron (negative
charge) in the conducting band. The hole being ple oxidizing wants to retrieve
its lost electron back. This can happen either madiative or by a non-radiative

process. Due to the close energy levels in rutenf (lower band gap) the non-
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radiative process is more active and so the reawaibn is active as compared to

anatase form, where the band gap is higher.

Alternate pathways are available for recombinatiad that is the reason why L3
used as a photocatalyst. The hole can oxidize watdecule, forming hydroxyl
radicals, which themselves are strong oxidizingngg@nd can oxidize any organic
specie in the vicinity to COand HO. The electron in the conduction band on the
other hand can oxidize oxygen to form superoxidergnvhich subsequently reacts
with water molecule forming hydroxyl. The procesgiven in Table.2.2.

Ti3d e Acceptor
CB j. - = "f
A< 390 nm a ;
~—— Acceptor”
=] e Donor

02p ..‘““;q_.;_,"} Donor’

TiO Source: Bahnemann, 2004
2

Fig. 2.3: photochemistry of pure Titania (TiO2)

Table 2.2: Photochemical reactions resulting after light apgson by TiG

Process Reaction
Initiation Step hv+Ti0, — > hwp' + s
Hydroxyl radical {OH) formation H0 + hg* ‘OH
Hydroxyl radical {OH) formation| O, +eg ———— -0, +H,0O— -~ "OH

* Source: Bahnemann, 2004

The main requirement for photocatalysis is thatrehghould be water near TiO
surface for efficient oxidation plus the water mi&t aerated so that it contains

oxygen. Also the pollutant to be degraded must llosecto the Ti@ surface or
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adsorbed by it, hence the greater the surface @frdaO, photocatalyst, the more

pollutant it can adsorb. From here the concepaobparticles arrives.

The primary limitation of TiQis that it absorbs UV light only, which is lesath5%
of the sunlight. A great deal of research has hseried out to increase the visible
light photocatalytic activity of Ti@ The second limitation is that of recombination, a

competitive and efficient process.

2.8.2 Shifting the Absor ption Band to Visible Region

The requirement for Ti@photocatalytic activity was UV light; Researcher
became interested in bringing the absorption bandsible region, so that TiOcan
be used outdoor as well as indoor (in room lightere are two main processes used

to bring the absorption of Tinto visible region.

2.8.2.1 Non-Metal Doping

There are three main approaches available for neatlidn of TiG with non-metal

doping and shifting its absorption to visible regidhese are as follows,

a) Band Gap Narrowing: Asahi et al., (2001) doped T3Owith nitrogen to
produce yellow TiQ (due to yellow color), and shifted the absorpttwand
from 390 nm to 500 nm, well within the visible ragdNitrogen doping results
in the introduction of a new occupied” (eontaining) orbital between the
valance band (O-2p orbital) and conducting band3(Tiorbital). The N-2p
orbital act as a step up for the O-2p orbital, whimw has to make a much
smaller jump for promotion into the conducting ba@hce this promotion
occurs, the electron in the original valance baraves to the mid-band gap
energy level (i.e. N-2p) and leaving a hole in ttadance band (Irie et al.,
2003; Nakamura et al., 2004).

b) Impurity Energy Level: In nitrogen doped Ti® above the valance band,
nitrogen form isolated impurity energy levels (lgeal., 2003). UV irradiation
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results in the excitation of both the VB and theoumty energy levels, while

visible light excites only the electrons of the umity energy level.
c) Oxygen Vacancies. Oxygen deficient sites resulting in the grain bcanek are

necessary for visible light absorbance and dopirtdp witrogen in part of

oxygen-deficient sites, as a blocker are very irtgr(lhara et al., 2003).

Ti3d

A< 500 nm
E,~ 2.5 eV

i 1
: :
i I

3

hv 32eV '

02p
ﬁOI_xN x  Source: Bahnemann, 2004

Fig. 2.4: Photochemistry of Nitrogen (non-metal) doped Tigan
2.8.2.2 Metal Doping

The second approach of shifting the Ti@bsorption band into the visible
region is by incorporation of metal nanoparticle®ithe TiQ material. Consider the
example of TiQ doped with a small quantity of silver (1-5%). ®ivhas an electron
accepting region (Fermi level) just below the castchn band in energy. Therefore,
when light in visible region is absorbed, chargpasation occurs and the electron in
the conduction band can be trapped by the silver the hole can carry out the

oxidation of water into hydroxyl radicals, withcarty danger of recombination.

21



From research, it is concluded that there is soptenom amount (or Goldilock’s
zone) of metal doping. Only sufficient amount oftates required, so that the metal
sites are dispersed through the material for rapedtron capture. Too much of the
metal may cover the Tigsurface and prevent it from light absorption.

r'y
CB
I. : T l.'I
| S o
A <390 nm | ey
hy
- E,~3.2 eV

—

VB

TiO2  Sowrce: Bahnemann, 2004
Fig. 2.5: Photochemistry of Silver (metal) doped Titania
2.8.3 Mechanism of Removal of Arsenic by Titanium Dioxide
2.8.3.1 Mechanism of Photocatalytic oxidation of As(11) by TiO,

The use of Titania nanoparticles for arsenic rerhévanew advancement.
Titania due to its physical and chemical stabilityw-toxicity, lower cost and the
resistance to corrosion nature possesses high t@bteior the environmental
applications (Hung et al., 2006; Akif et al., 201Ujtania nanoparticles possess good
porosity and high surface area that enhances #isrption capacity (Akif et.al. 2010).
Deedar et al., (2009) immobilized titania nanogéet on sand and evaluated its
arsenic removal potential. Titania possesses agstadfinity for arsenic. Being an
excellent light induced photocatalyst over a widd mnge (2-14) titania shows

excellent affinity towards arsenic (Balaji and Mataga, 2002). Titania like other
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adsorbent, preferentially adsorb As(V) as comparedis(lll), So for maximum
removal, pre-oxidation of As(lll) to As(V) is nesesy(Akif et.al. 2010). Titania, not
only adsorb both arsenic species but being an lextgdhotocatalyst photo-oxidizes
As(lll) to As(V) (Bang et al., 2005; Ferguson et 2005).

TiO, being a strong photocatalyst is very effective@xmdative degradation of a large
number of contaminants both in air and water. Its hdeen demonstrated
experimentally that in UV- illuminated TiGsuspension, As(lll) is oxidized to As(V)
(Yang et al., 1999; Lee and Choi, 2002; Bissen lgt2®©01). The photocatalytic
process starts with the absorption of UV light b@Aand results in the excitation of
electron from the valance band into the conductdarel, thus giving an electron-hole
pair at the TiQ surface. These electron-hole pair may react wiéhadsorbed species
such as water and oxygen and generate free radigals asOH, HO,” and Q¢ as

shown below (Pena et al., 2005).

T|02 > e+ h"

O, +e€ > 02.-

H+ + Oz._ > HOZ.

2HO, > HO+ O
HO; + Oy > HO; + O,
HO, + h > HOZ.
2H,0 + h' > OH + H'
OH +h" > OH

These electron-hole pair and radicals formed oridds(lll) to As(V) through the

following possible ways (Pena et al., 2005).

\

h* + As(lll) > As(IV)

OH" + As(lll) > As(IV)
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0, + As(lll) > H,0, + As(IV)

H,0, + As(lll) > 20H + As(IV)
0, + As(IV) > 0, + As(V)

OH' + Asl(V) > As(V)

O, + As(IV) > As(V)

O, + H + As(IV) > HO, + As(V)

In the TiGQ/UV system any of the oxidizing agents (i.&, superoxide ion, hydroxyl
radical and hydrogen peroxide) produced may oxidig@ll) to As(IV) as shown in

the above reactions. As(IV) thus formed can beiegitlto As(V) through any of the
four possible reactions (as shown above). The m@ipute is on the fact that which
reaction controls the oxidation of As(lll). Accondi to some papers As(lll) is
oxidized by dominantly by superoxide anion (Lee &twbi, 2002; Ferguson et al.,
2005) while other shows hydroxyl radical as the mraisponsible specie for As(lll)
oxidation (Pena et al., 2005).

2.8.3.2 Mechanism of Arsenic Adsorption on Titania surface

Although the photocatalytic oxidation of As(lIl) #s(V) by TiO, has been
controversial for the past 10 years. The adsorptr@cthanism of the two arsenic
species on various TO- based adsorbents has been clearly defined. &enh
(2006) used various techniques to investigate keraction of As(lll) and As(V) at
the surface of nanocrystalline TiO He proved that both As(lll) and As(V) form
bidentate binuclear surface complexes with ;la@d the dominant specie for As(lll)
was (TiO) AsQ, and for As(V) was (TIQASO.

Jagadeesan et al.(2006, 2010) used X-ray absorpgar edge structure (XANES)
and X-ray absorption fine structure (EXAFS) spestapy to find the mechanism of
arsenic adsorption on T¥OThey found that partial oxidation of As(lIl) tosfV)

occurred when As(lll) was adsorbed onto amorpho@y, Tout As(lll) remained as
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such when adsorbed on commercial crystalline ,TiTheir data also proved the
formation of binuclear bidentate inner-sphere campbf As(Ill) and As(V) with

amorphous Ti@at pH 7.

Li et al. (2010) studied the adsorption mechanamAs(lll) and As(V) on Ce-Ti

bimetallic oxide and proved that an inner-sphemamex is formed on the surface of
the adsorbent. Further FTIR analysis showed thardxyl groups present on the
surface of adsorbent were involved in the adsomptaf arsenic and X-ray
photoelectron spectroscopy (XPS) also proved tdtdxyl groups are involved in
the sorption and formation of mono and bidentatemexes on the surface of the

adsorbent.

In the pH range of 6.5-8.5, the complexation betwegzrious arsenic species and TiO
surface can be illustrated in the following figFeg.2.6).

0 \
J=TiOH i3 l-*!t _wOH [-=_Tj—li}x u-""ﬂl St
- B g — S = +7TH-A

; TI{:]H "’bu_ 1:]’1_{3-’ ""'{}J’ AL

0 : ;.
J—ion HO—As:" ~:|’=Tj_ﬂ“ o

LN b g —_— Pt A0
—TiOH "‘\.D_ L= PRI e 7o' 2
J=TiOH _OH J:T_;—nx [
4 ) I—AS ~As—Of +2H,04H
TR OH |=ri—0

] ; 5
/ : : :
7 TiOH IO T, . .CHy
A T:UH._ 3—f;{.'—.*‘u:',;|r S _ E}"—AHH{_‘J L'—H;U—‘E)H'
7 OH = )

0 :

| ,CH; -~ J _,,..'Z.Hal
:: TiOH+ -{.‘-'—AH',;; - h{_ﬁ_n_'z”‘-\ ) +H->0
£ CH; CH; |

Source: Guan et al., 2012

Fig. 2.6: Scheme of the complexes formed between, Bl different arsenic species
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CHAPTER 3

MATERIALSAND METHODS

3.1 MATERIAL AND CHEMICALS

All the solutions were prepared in deionized wgEC < 0.7uS/cm) obtained
from deionization plant (Labconco Waterpro PS). &ahpurpose reagent Titanium
(IV) oxide (Riedel-DeHaen) was used as a sourcditania nanoparticles, Nitrate
salts of Fe (Merck, Germany), Ag (Merck, Germangyl £r (Riedel-DeHaen) were
used as a precursor for metals. Sodium Arsenat¢AD,.7H,O (BDH) was used as
a source of Arsenite [As(ll1)]

3.2ARSENIC STOCK SOLUTION

Arsenic (lIl) stock solution (100 ppm) was prepalmddissolving 420 mg of
Sodium Arsenate in One Liter De-lonized water. Pheof the solution was adjusted
to 7.0 (£ 0.1), using 0.1 M Nitric acid. The sotrtiwas shaken well and then stored in
dark.

3.3INSTRUMENTATION

The quantitative determination of As(lll) was dohg Atomic Absorption
Spectrophotometer (AAS Vario 6, analytikiena (Gemg)a in hydride generation
mode. A pH meter (Cyberscan 500) was used to atlpespH of the As(lll) stock
solution, with 0.1 M HN@and 0.1 M NaOH.

3.4EXPERIMENTAL SECTION
3.4.1 Synthesis of Pure and Metal Doped Titania Nanoparticles

Pure and metal doped Titania nanoparticles wergapeel using Liquid
Impregnation method (Behnajady et al., 2008; Sata@d., 2005) as described below:
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In 300 ml water in a beaker, placed on a magnéities 50 grams of GPR Titania
was added slowly and stirred for 24 hours. Thenl@dauspension was then removed
from the stirrer and allowed to stand for 24 howised at 108C, grinded using
mortar and pestle, calcinated at AD0n furnace for 6 hours and then allowed to cool
down at 16C per minute. The nanoparticles were then transfieto a plastic bottle

and placed in dark.

The metal doped nanoparticles were prepared usi@game procedure; with 1 %
molar ratio of the metal salt being added to tHatsm before adding Titania.

3.4.2 Glass Beads Etching

Etching of the glass beads was done using thréleatie

3.4.2.1 Basic Etching

In this method a 5% NaOH solution was prepared piaatic bottle and the
glass beads were placed in it while the bottle cenkeThe glass beads were soaked in
NaOH solution for 24 hours, after that they wemmoged from the basic solution and

washed with water to remove any traces of NaOH.

3.4.2.2 Acidic Etching

In this method the glass beads were dipped in % HF solution in a covered
plastic bottle for 24 hours, they were then remofrecth the solution and rinsed with
water to remove any traces of HF left.

3.4.2.3 Acidic Cleansing and then Basic Etching

In this process the glass beads were first cleangdl N H,SOy. To increase
roughness, glass beads were successively soake¥ foours in: 37% HCI, 10%
H,CrO, and 37% HCI, rinsed with deionized water and driElde beads were then
placed in 5% NaOH solution in a plastic bottle &t hours and then rinsed with

water.
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3.4.3 Glass Beads Coating

Glass beads were coated with nanoparticles usiag) AMtachment method; 5g
of Titania nanoparticles were dissolved in 100-80Qvater in a 250 ml titration flask
and placed on a shaker at 150 rpm for 15 minu@8,(2ams of etched glass beads
were weighed and transferred to the Titania suspenthis was kept on shaking for
1 hour. The glass beads were then transferredpitradish and were dipped in the
Titania suspension. The petri dishes were placethiaven at 108C till drying. The
nanoparticles get dry on the surface of the glassl® the glass beads were then
carefully removed from the petri dish, transferteda china dish and placed in
furnace at 606C for about 2 hours. The coated glass beads weredholed washed
with distilled water till none of the nanoparticlagached to the surface gets detached
with water. These beads were then dried in ovehO&iC, transferred to a plastic

bottle and kept in dark.

The metal doped Titania nanoparticles were alstedoan the glass beads using the

same procedure.

3.4.4 Characterization

The nanoparticles synthesized were characterized tise following techniques.
3.4.4.1 X-Ray Fluorescence (XRF)

XRF Spectra were obtained with Energy DispersivdRa§¢ Fluorescence
Spectrometer (JEOL, Model JSX-3202 M). The applidze voltage and current were
30 kV and 1 mA, respectively. The scan range was4l keV and the collimator was

of 4 mm diameter.
3.4.4.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscope (SEM) is a powerfustimment that uses

focused beams of electrons to obtain largely maghimage.
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The high-resolution, three-dimensional images pcedu by SEMs provide

information like,
* Topography : Its appearance; limit of detection is a few nantamse

* Morphology: The form, size and order of the constituent pkagiérom which
that object is made, that are present on the saspiiace or exposed by

etching or grinding; limit of detection is a fewnmaneters.

* Chemistry: The elemental composition of the sample and tlaive ratio of

each element present, in areas ~ 1 um in diameter.

* Crystallography: The degree of order and arrangement of differénina
present in that specimen. This is useful in cageadicles composed of single

crystalline form > 20 pum.

e Orientation of grains
* In-situ experiments:
= Reactions with atmosphere

= Effects of temperature

These applications make SEM invaluable in a varietyscience and industry
applications.

The SEM uses a beam of energetic electrons thdbawnsed on a stage, where a solid
sample is placed. When the incident electronsesttie sample, they release energetic
electrons from the sample surface. The patterrcaftered electrons released by the
sample surface gives information about its shapss, gexture and composition.
Elemental and mineral information can be obtainenfthe x-rays emitted by the
beneath of the sample.
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SEM images were obtained from JEOL JSM-6460 scaneilectron microscope,
which was operated at an acceleration voltage @03nd 15 kV and filament current
of 60 mA.

3.4.4.3 Energy Dispersive X-Ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is apknbut very powerful
analytical technique used to know elemental contjposof very small samples (up to
un). This instrument is attached to SEM and allowtheng information about the

elemental composition of the specimen under observa

Its principal is based on the rule that every eleingnits x-rays characteristic of that
element. When the sample is hit with energetictedecbeam they produce x-rays (to
discharge the excess energy) characteristic of elkenental composition of the
sample. EDS works on detecting these x-rays ant foeaks in the spectrum. An
individual element can produce more than a sinpbracteristic peak and few peaks

arising from different elements may overlap to salagree.

The EDS spectra, due to precise control on thereledeam can be collected from
any particular point or any individual particle tbie sample, giving complete analysis
of very small part of the material. Moreover, treaim of electrons can sweep over a
specific chosen area of the sample to determinelémental composition in that
region. EDS system embedded with JEOL JSM-6460 wgasl in this study for the
characterization of synthesized nanoparticles bgssng the elemental composition.

3.4.4.4 X-Ray Diffraction (XRD)

X-ray powder diffraction is a very rapid nondestiue analytical technique
primarily used for phase identification of a cryist@ material. It can provide
information on unit cell dimensions. The materiallie analyzed is finely ground,

homogenized, and average bulk composition is débean
XRD can determine,

* The average spacing between rows and layers ofsatom
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» Orientation of a single atom or grain.
» The crystal structure of unknown material.

» Internal stress and size and shape of small chystakgion.
The average grain size is determined using Sclfiemaula (Liu et al., 2009)

L= 0944
Py, OB

Where,
L =1.54 R, CuKal wavelength

B12 = Full width of a diffraction line at one half ofiaximum intensity (FWHM) in

radian

XRD studies of pure and metal doped TiO2 were edraut using JEOL JDX-II, X-
ray diffractometer using CukKradiation. The applied voltage and current werd¥0
and 30 mA respectively. Scanning was done frothta®BCd at a scan rate of’Ger

minute.
3.4.4.5 Band Gap analysis

To find the wavelength of light needed for the &todon of TiG, photocatalyst,
it is very important to find the Band gap (Gaya,l2D The TiQ samples were
analyzed in the diffused reflectance mood of Perkimer, Lambda 35 UV/Vis

spectrophotometer.

When photons having energy greater than or equtdledand gap is absorbed by a
semiconductor, an electron from the valance banmpguto the conduction band, and
depending on the band gap energy there occur aimighe absorbency of the
semiconductor. The relation between the absormaificient () and the energy of
the incidental photon depends on the type of eadatrtransition (Valencia et al.,

2010). There are two types of transition,
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+ Direct transition — when the electron momentumoisserved.

* Indirect transition — when the momentum of electinot conserved.

The electronic properties of the synthesized puarkraetal doped Ti@were analyzed

using the remission function of Kubelka-Munk, R_{ (Tandon and Gupta, 1970;
Valencia et al., 2010).

-R,) _a
2R S

00

F(R,) =

Where, R, is the diffuse reflectance (of a given wavelengtii)a dense layer of non-

transparent infinite material and is given by,

Roo — (Rsample) 3
Rstandard
a and S are the absorption coefficient (9nand dispersion factor respectively. For
particle larger than 5um, S is independent of tagelengtha is related to the energy

of incident proton by the following equation (Vatem et al., 2010).
a=AE-E,) 4

Where: A is a constant and depends on materialeptiep, E is energy of photong E
the band gap and is a constant, depending on the type of electrtvargsition it can
take different values as (Lopez et al., 2003; Veikeet al., 2010).

e [1=1/2 - permitted direct transition.
* [1=2—permitted indirect transition.
» [1=3/2 - prohibited direct transition.

e [ =3 - prohibited indirect transition.

Therefore:
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E-E, )
F(R)=2=AE"E) ;
And
E(eV) = hc _ 1236
A(hm)  A(nm) 6

Where h is plank’s constant and C is speed of lightase of direct transition the

equation is:

F(Rm)i{—‘\f:(e—eg) 3

S

The plot of F R )¥? Vs E (eV) gives the indirect transition while ttiieect transitions

are obtained by plotting AR )? Vs E (eV).
3.5BATCH EXPERIMENTS
3.5.1 Removal Efficiency

The removal efficiencies of pure and metal dopethnia were calculated

using the following formula.

Co Cf
E= C x100% 9

(o]

Where G is the initialand Gis the final equilibrium concentration of As (Iling/L)

in the solution.
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For each sample 100 ml of 0.5 mg/L of As(BBlution was prepared from the stock
and transferred into a 250ml volumetric flask, Ogr6f the respective pure and metal
doped Titania nanoparticles were added to it aedfldsk were placed on an orbital
shaker at 145 rpm for 90 minutes for the equilitorito reach. After shaking the
solution were centrifuged at 4000 rpm for 25 misute separate the nanopatrticles.
The supernatant was analyzed using Atomic Absarpfpectrophotometer (AAS

Vario 6, analytikjena (Germany)) in hydride genemaimode.
3.5.2 Effect of pH on Removal Efficiency

The process was done at different pH (4, 7, 10)rantbval efficiency at each

pH was calculated.
3.5.3 Batch Adsorption Studies

For adsorption studies 100 ml of As (lll) solutioh different concentrations
(0.1, 0.2, 0.4, 0.8, 1.5, 3 and 6 ppm) were takea 250 ml volumetric flasks. 0.35 g
of the concerned nanoparticles was added to iveasdplaced on an orbital shaker at
145 rpm for 90 minutes. The solutions were thentrdaged at 4000 rpm for 25
minutes and then preserved by adding 2 ml of ndadd. They were then analyzed
with AAS (AAS Vario 6, analytikjena (Germany)).

3.5.4 Batch Kinetic Studies

The kinetic studies were performed using 250 munwadtric flasks. 100 ml of
0.5 ppm As(lll)was taken in ten volumetric flask each, 0.35 g afepTitania
nanoparticles was added to each flask and theeglas an orbital shaker at 145 rpm,
one volumetric flask was removed from the shakemag (5, 10, 20, 30, 40, 50, 60,
70, 80 and 90) minutes and centrifuged at 5000 fipn25 minutes. The solution left
after was analyzed using AAS (AAS Vario 6, analgia (Germany)). The same
process was repeated for the doped Titania nanclparas well.

The amount of As(lll) adsorbed{qvas calculated using the following formula.
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(Co -C, )\/ 10
m

t =
Where G and G are the initial As(lll) (mg/L)  concentration andhe
As(lll)concentration after the time interval t, pestively V is the volume of As(lll)

(L) and m is the mass (g) of the Nanoparticles.

3.5.5 Column Studies

Ordinary 100 ml Burette was used for the prepamatd columns, with a
diameter of 1.5cm and height of 2 feet. The bottamhe columns were plugged in
with folded aluminum foil just to make a support tbe glass beads. Cotton wool or
glass wool was not used due to possibility of cloggby the nanoparticles. The
columns were packed with the desired nanopartimbeded glass beads to the height
needed by weighing the glass beads and then pacdkarg in the columns. The
column was then operated in such manner that alletdéc amount of arsenic stock
solution was constantly added to it through a gatet cylinder and allowing it to
flow along gravity with a constant rate. The ratdlow was constantly checked by
measuring the amount flowing per minute after ewery minutes. Once the process
started, samples were collected at regular intewgalg plastic bottles. This process
was continued till column exhaustion. The amounarsknic in different samples was
analyzed using AAS (AAS Vario 6, analytikiena (Gamy)). From these results
“Breakthrough curves” were drawn. Yoon-Nelson arftbrhas model were used to
determine the breakthrough curves and to find tifierdnt characteristic column

parameters which are useful for the process design.
3.5.6 Column Regeneration

When the column was fully exhausted after long wiuruns, it was revived
using NaOH (10% wi/v) solution. Sufficient amount tife regenerant (10 bed
volumes) was passed through the column at a vewy 8bw rate (0.5 ml/min). The
column was then rinsed thoroughly with mild warmodéed water at 2 ml/min for

about 10 bed volumes.
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CHAPTER 4

RESULTSAND DISCUSSION

4.1 CHARACTERIZATION
4.1.1 X-Ray Fluorescence (XRF)

The XRF spectra of pure and metal doped, nanoparticles were obtain
using Energy dispersive -ray fluorescence spectrometer (JEOL, Model -3202
M). The XRF patterns are given in thig.4.1 - 4.4From the figures it is clear that
the metal doped Titania are composed of about 983, and 1% of the dopant met
which was in accordance with the amount of metaleal. The elemental comyition

obtained is given in theable.4.1.

1.8 :
TiO;

1.6

Ti

CPS/mA[x].E+3]

10.00 15.00 20.00 25.00 30,00 35.00 40.0¢
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Fig. 4.1: XRF pattern of pure Titania nanopatrticles
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Fig. 4.3: XRF pattern of Chromium doped Titania nanopart
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Fig. 4.4. XRF patterns of Iron doped Titania nanoparticles

Table4.1: XRF composition of pure and metal doped Titania

Nanoparticles TiO2 (%) Dopant metal (%)
TiO, 00 | -
Ag- TiO; 99.0 1
Cr-TiO, 98.82 1.18
Fe- TiG, 98.7 1.3

4.1.2 Scanning Electron Microscope (SEM)

The SEM image of pure and metal doped (Ag, Fe, &m Titania
nanoparticles, as shown in Fig.4.5-4.8, were obthfrom JEOL JSM-6460 at 10,000
magnifications. It is clear from the SEM imagest thihthe samples were made of fine

particles but differed in surface morphology. It aear from the figure that the

nanoparticles are spherical and of almost unifoh@aps. From the image it can be
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seen that the distribution dopant metal is almost uniform on the Fi€urface, an at
very few points there is excess of metal which has resutiesbme irregularity in
shape due to the aggregation of tiny metal crystmsthe dispersion the T,
nanoparticles agglomeration tendency is difficuit determine due to samy
preparation, however, it is assumed that aggloreerate present as can be sin the
SEM image.

3 A E
SIS

20kV  X10,000 1pm 0003 11 40 SEI

Fig. 4.5: SEM images of pure Titania nanoparticles
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Fig. 4.6. SEM image of Silver doped Titania nanopatrti

20kV  X10,000 1pm 0003 1140 SEI

Fig. 4.7: SEM image of Chromium doped Titania nanopart
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Fig. 4.8: SEM image of Iron doped Titania nanoparti

The SEM images of unetched and etched glass beadsbtained at 50C
magnification. The surface image shows that thealeel glass beads surface does
have the roughness to hold the nanopatrticles, vihdeglass beads etched by all
ways have radted in the appearance of pits in the surfacéefglass beads making
easy for mnopatrticles to be coated o. Among the glass beads etched by three \
the one etched with HF shows a rougher surfaceaarel’en more surface area for
nanopartles to attach. The SEM images of the varioused glass beads are sho
in Fig. 4.9-4.12. De to the availability of greater surface area arade roughene
surface, the glass beads etched with HF were sdldot coating with the prepar:

nanoparticles to conduct column stud
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Fig. 4.9: SEM image of Unetched glass bead
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Fig. 4.10: SEM image of NaOH Etched glass bead
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Fig. 4.12: SEM image of HF Etched glass bead




The SEM images of the glass beads coated with ifferaht types of nanoparticle
(TiO,, Ag-doped TiQ and F-doped TiQ) were also taken at 10,000 magnificatio
It is clear from the SEM images that the nanopladi@after being coated on the gl
beads have porous structure and macropores ardyclesible. The nanoparticle
have the same sphericand uniform shapelThe SEM images of the coated gl
beads are given in Fi§g1:-4.15, below.

20kV X1D,DUU 1pm 2021 09 40 SEI

Fig. 4.13: SEM image of TiQ coated on glass bead
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Fig. 4.15: SEM image of Fe-Ti@coated on glass bead
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4.1.3 Energy Dispersive X-Ray Spectroscopy (EDS)

The chemical composition of the nanoparticles sssitted was analyzed by
EDS analysis. The spectrums obtained are givengd B6-4.19. It is clear from the
spectrum that the sample contains only Ti, O anqgedeelement (Ag, Cr or Fe) and no
impurity is present. The composition of the elersemas uniform throughout showing
uniform doping thus confirming SEM and XRD resuliehe metal composition
obtained in the EDS elemental analysis was lowan tthe actual amount of metal

added during synthesis. The elemental composisiggiven in Table.4.2.
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Fig. 4.16: EDS spectra of pure Titania nanoparticles
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Fig. 4.17: EDS spectra of Silver doped Titania nanoparticles
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Fig. 4.18 : EDS spectra of Chromium doped Titania nanopa#dicle
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Fig. 4.19: EDS spectra of Iron doped Titania nanoparticles

Table4.2: EDS composition of pure and metal doped Titania

Nanoparticles TiO; (%) Dopant metal (%)
TiO, 00 | e
Ag- TiO; 99.15 0.85
Cr-TiO, 99.05 0.95
Fe- TiO, 99.08 0.92

4.1.4 X-Ray Diffraction (XRD)

The nanoparticles synthesized were analyzed by XHQL JDX-II, X-ray
diffractometer.to find their crystal phase composition and cryséakize. The XRD
pattern are shown in Fig.4.20-4.23. The pure anthindoped TiQ nanoparticles
syntesized showed crystalline nature and the&aks arising at 25.27 (101), 36.88
(103), 37.7 (004), 38.51 (112), 47.98 (200), 53(¥65), 54.99 (211), 62.57 (204),
68.6 (116), 70.2 (220) and 74.9 (215). The anatpge main peak in XRD at




20=25.25 corresponding to 101 plane, while main peskisrookite and rutile form
appears at®30.8 (121) and &=27.4 (110) respectively. It is clear from the XRD
peaks that nanoparticles are in pure anatase d@g®OS 01-089-4921) and no rutile

and brookite impurity was found. No characterigigaks of the metals (Ag,Fe and Cr)

were found in the XRD patterns implying either thetals were incorporated in the

crystalline of TiQ, or the metals were in very small quantity andhhigdispersed.

The average sizes of the synthesized nanopariides in the range of 30-40 nm as

given in Table.4.3 found from the strongest XRD lpdae. at #=25.25) using

Scherrer’s formula.

Table 4.3: Crystalline sizes of pure and metal doped Titafintan scherrer formula

Nanoparticles TiO,

Ag-TiO,

CI’-TiOz

Fe- TiOz

Size (nm) 33.83

34.28

37.5

37.02

Fig. 4.20: XRD pattern of pure Titania nanoparticles
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Fig. 4.21: XRD pattern of Silver doped Titania nanoparticles

50
Position (2 Theta)

Fig. 4.22: XRD pattern of Chromium doped Titania nanoparficle
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Fig. 4.23: XRD pattern of Iron doped Titania nanoparticles
4.1.5 Band Gap Analysis

The band gaps for pure and metal doped Titaniapetioles were determined
by using the equation 7 for direct transitions egivas under.

The plot of F (R,)"? Vs E (eV) gives the indirect transitions for the pure andahe
doped Titania. The plots are given in Fig.4.24-4By extrapolating the linear part of

the graphs the band gap(is obtained, as shown in the figures.
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Fig. 4.24: Diffused reflectance spectra for indirect tramsitof pure Titania
nanoparticles

Fig. 4.25: Diffused reflectance spectra for indirect tramsitof Silver doped Titania
nanoparticles
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Fig. 4.26: Diffused reflectance spectra for indirect tramsitof Chromium doped

Titania nanoparticles
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Fig. 4.27: Diffused reflectance spectra for indirect tramsitof Iron doped Titania

nanoparticles
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The direct transitions are obtained by plotth@R,) ?Vs E (eV) as shown in Fig.4.28-
4.31. The band gap ¢Fin this case is also found by extrapolating thedr part of the

graphs as shown in the respective figure.

Fig. 4.28: Diffused reflectance spectra for direct transitidrpure Titania

nanoparticles




Fig. 4.29: Diffused reflectance spectra for direct transitudrSilver doped Titania

nanoparticles

Fig. 4.30: Diffused reflectance spectra for direct transittérChromium doped

Titania nanoparticles
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Fig. 4.31: Diffused reflectance spectra for direct transitiddriron doped Titania

nanoparticles

Table 4.4: Direct and Indirect bad gap values of pure and haefjped Titania
nanoparticles

. Band Gap
Nanoparticles
Direct Indirect
TiO, 3.27 3.2
Ag-TiO, 3.25 2.95
Cr-TiO; 3.25 2.9
Fe- TiO, 3.27 2.82

The band gap of Ti©reported in literature is 3.2 eV, which correspprid a
wavelength of 385nm. For the synthesized pure iEtaranoparticles, the direct
transition (Fig.13) shows unrealistic value of bayagp above 3.27, which for anatase
phase are not expected. Similarly some unexpeerd bap values were obtained for
the metal doped Titania nanoparticles as well fesve in Table.4.4). The indirect
transitions (Fig.12) shows the band gap values2&¥, 2.95 eV, 2.9 eV and 2.82 eV
for pure TiQ, Ag-TiO,; Cr-TiO, and Fe-TiQ nanoparticles respectively, and
corresponds to wavelengths of 385 nm, 420 nm, 488and 440 nm respectively.
Therefore the synthesized pure and metal dopedidit@anoparticles follow indirect

type transitions (Valencia et al., 2010).
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4.2 REMOVAL EFFICIENCY

The removal efficiencies of pure and metal dope@riia nanoparticles was
calculated by taking 100ml of 0.5 ppm arsenic sofuand adsorbent dose of 0.5g at
pH 7. The results found after the adsorption amwshin the Table.4.5. It is clear from
the table that due to metal doping the removalciefficy of Titania increased
enormously. This is due to the fact that due toamébping the absorption band of
Titania is shifted from UV region into the visibtegion of the spectrum, so it can
more readily oxidize As(lll) to As(V) and the latean be adsorb more efficiently by

Titania.

Table 4.5: Removal efficiencies of different nanoparticlesdis

Nanoparticles TiO, Ag-TiO, Cr-TiO2 Fe-TiO;

Removal efficiency (%) 65 90 95 96

4.3 EFFECT OF PH

The removal efficiencies were measured at threferéiit pH values of 4, 7
and 10, using the adsorbent dose at 0.5 g in 100f @/5ppm As(lll) solutions. The

results obtained are as shown in the Fig.4.32.

1207 - TiO2

100 1 - o AQ-iO2
B |
g 80 eeee Cr-TiO2
&
T 60 - P \
% — Fe-TiO2
‘ \
b4 40 - / \ N

20 - \

O T T T 1
0 2 4 oH 6 8 10 12

Fig. 4.32: Effect of pH on Removal efficiency
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It is clear from the figure that as we approachnbatral pH the removal efficiency
increases. The removal efficiency decreases onngadwoth to acidic and basic pH.
The decrease in removal efficiency is more in Basgion than the acidic. Thus from
this point forward all the reactions are carrietl @uNeutral pH i.e pH 7 £ 0.1.

4.4 ADSORPTION ISOTHERMS

Adsorption studies were carried out to determime guitable conditions for
maximum arsenic removal by the nanoparticles. Defie As (I1l) concentration (0.1,
0.2, 0.4, 0.8, 1.5, 3 and 6 ppm) were used. Th@fptHe solutions was adjusted at 7.

Langmuir, Freundlich models were applied for adsorpstudies.

The Langmuir isotherm assumes monolayer adsorgtidhe adsorbent surface. The
linear form of Langmuir adsorption isotherm equatic as below (Deniz and
Karaman, 2011).

_e:_e+i 11
d. On Q9.b

Where @, is the quantity of As (lll) adsorbed per unit watigof nanoparticles (mg/qg)
at equilibrium, Ce is the equilibrium As (lll) comatration in the solution after
adsorption. g and b are Langmuir constants corresponding to mmaxi adsorption at
monolayer coverage (mg/g) and energy of adsorptspectively. The values of,q

and b can be obtained from the slope and intedepie curves (Fig.4.33-4.36).

The value of b can be represented by another diordass quantity Rgiven by the

following equation (Islam and Patel, 2007).

1
R ~1+(bC.) .

(0]

Where G is the initial arsenic concentration, the valueRpfgives knowledge about
the isotherm to be Irreversible (R0), favorable (0< R< 1), linear (R =1) or

unfavorable (R > 1) (Deniz, Karaman, 2011) The values of all the different
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constants obtained are given in Table.4.6. Thekesalearly suggests that Langmuir
isotherm give a good fit to the experimental resuttore over the value of constant b
for the different nanoparticles also show greainaff of the binding sites and
chemical interaction between the adsorbent andrbds The value of [Rfor all the
four nanoparticles lies between 0 and 1 suggestingrable adsorption of As (111) by

pure and metal doped Titania.

Table 4.6: Langmuir isotherm parameters of As (Ill) adsomptior pure and metal doped
Titania

Nanoparticles |  gm(mg/g) b R R?
TiO, 1.6 0.377 0.84 0.978
Ag-TiO; 1.71 0.94 0.68 0.988
Cr-TiO2 2.8 2 0.88 0.962
Fe-TiO, 3.08 2.305 0.46 0.985

*For G, = 0.5 ppm

4 ] L]
T10,
3.5
3 i
2.5 -

2 -

Celge

15
1 -

0.5 -

Fig. 4.33: Langmuir adsorption isotherm of pure Titania naartiples
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Fig. 4.34: Langmuir adsorption isotherm of Silver doped Ti@amanoparticles
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Fig. 4.35: Langmuir adsorption isotherm of Chromium doped fiidananoparticles
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Fig. 4.36: Langmuir adsorption isotherm of Iron doped Titania

The Freundlichisotherm equation is generally given by (Chowdhand Yanful,
2010; Maiti et al., 2007)

O = Ke X G 13

Where G is the amount of As (lll) left in the solution aftadsorption andeqs the
amount of As (lll) in per unit weight of the adserth (mg/g). K and n are Freundlich
constants. The linear form of Freundlich equationlagarithmic form is given as

under.
INge=InKe+niIn G 14

The plot of In G Vs In ¢ drawn at various initial concentration of As (1{D.1, 0.2,
0.4, 0.8, 1.5, 3 and 6 ppm) , each gave a strdigatwith slope equal to n and
intercept equal to In K(Fig.4.37-4.40). The values of different parametetained

from the plots are given in Table 4.7.
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Fig. 4.37: Freundlich adsorption isotherm of pure Titaniaoyarticles
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Fig. 4.38: Freundlich adsorption isotherm of Silver dopediiia nanoparticles
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Fig. 4.39: Freundlich adsorption isotherm of Chromium dopéédnia nanoparticles
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Fig. 4.40: Freundlich adsorption isotherm of Iron doped Tiamanoparticles
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Table 4.7: Freundlich isotherm parameters of As (Ill) adsompfor pure and metal
doped Titania

Nanoparticles n Ke R?
TiO; 1.22 0.385 0.996
Ag-TiO; 1.32 0.76 0.990
Cr-TiO2 1.35 2 0.995
Fe-TiO, 1.21 3.274 0.993

The higher the value of Krepresents higher affinity of the adsorbent for (AB,
while the value of n between 1 and 10 shows faverafisorption. It is clear from the
table that the values of n for all the four nantipkes are above 1, showing that the
adsorption process is favorable. From the tabtarit be seen that the value of #ér
metal doped Titania are higher than pure Titaniareover the value of Kfor Fe-
doped Titania is greater than any other metal ddpthia showing that among the
metal doped Titania Fe serves the purpose well. Taees of R for all the
nanoparticles are also above 0.98, showing strioeg relationship between I gnd

In Ce.

45KINETIC ISOTHERM

Several models are available to express the merhasf adsorption of solute
onto the sorbent. To investigate the mechanisndsbmption, characteristic constants
of adsorption were determined pseudo-second omgleation was used. The pseudo-
second order kinetic equation is given as underghtbMckay, 1998).

—t=k(g, - g, )’ 15

Where @ is equilibrium sorption capacity (mg/g) and ig the sorption capacities

(mg/g) at time t, respectively, and k is the pseseloond order rate constant (g g
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min™). At boundary conditions, t = 0 to t angd ® 0 to g, the integrated form of

equation (7) is given as (Ho and Ofomaja, 2006).

=—+kt 16

Rearranging this equation we get
-1

qt - 1 t
[ EE

kae

This gets the linear form as

17

— =+t 18

Where h is the initial adsorption rate aé, qvhen t approaches to zero, hence:
h =k ¢ 19
The equation (10) takes the form as

t 1 1
—=—+—t 20
q hq

Thus by plotting t/gVs t will give a straight line, as shown in Figid-4.44. The
value of @, k and h can be determined from the slope andciep¢ of the plot. The

values of different parameters obtained are ginethe Table 4.8.
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Fig. 4.41. Pseudo-second order kinetics model for pure Tataanoparticles
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Fig. 4.42: Pseudo-second order kinetics model for Silver dofigania nanopatrticles
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Fig. 4.43. Pseudo-second order kinetics model for Chromiupeddlitania

nanoparticles
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Fig. 4.44. Pseudo-second order kinetics model for Iron doptahia nanoparticles
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Table 4.8: Pseudo-second-order rate parameters for As @Hpaotion on Pure and
metal Doped Titania Nanoparticles

Nanoparticles de (MQ/Q) k (g/mg min) h (mg/g min) R?
TiO, 0.42 0.14 0.024 0.992
Ag-TiO; 0.56 0.097 0.03 0.986
Cr-TiO, 0.57 0.145 0.047 0.993
Fe-TiO 0.59 0.102 0.035 0.995

4.6 COLUMN STUDIES

4.6.1 Adsor ption Column Process

In the beginning all the As(lll) is adsorbed by tt@umn resulting in zero
effluent concentration. As more and more influsnpassed through the column, a
gradual rise in the effluent concentration was olex In the down flow mode, when
the As(lll) bearing water is introduced at the tfpthe column, most of the As(lll)
adsorption first occurs in the first few centimstef the column, called theglsor ption
zone. As the column operation continues, the upper fewtimeters of the column
became saturated with the influent and the adsorpone moves down through the
column. Finally, the adsorption zone reaches th#oboof the column, and As(lIl)
concentration in the effluent increases. By plotths(l1l) concentration (mg/L) in the
effluent against time (hrs), a breakthrough curwenbtained. On the breakthrough
curve, the point at which the effluent As(lll) cemiration reaches its maximum
permissible limit (0.0lmg/L) is called the colummeakthrough point and the
corresponding time (hrs) as the breakthrough tilitee point at which the effluent
As(lll) concentration reaches 90 % of the influenhcentration, is known as column

exhaustion point and the corresponding time (rs®xdaustion time.

Thomas and Yoon-Nelson models were applied formaldesign. Effects of
different column parameters on the breakthroughextdwstion time of column were
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found. The Titania nanoparticles leaching out eblumn of 10 cm height during the

adsorption studies was very small, ranging fromi5.@® 0.032 mg/L.

4.6.2 Thomas M odd

A successful design of column adsorption procecweds prediction of the
breakthrough curve (i.e. concentration-time profiler the effluent. Moreover, the
maximum adsorption potential of an adsorbent is edgjuired in design. The Thomas
model generally serves the purpose well. Thomasembds the following form
(Ozturk and Kavak, 2005; Zheng et al., 2008).

C. 1

C, 1+exgK,(gm-C.V)/d] o

Where K is the Thomas rate constant (ml/min mg),thhe maximum solid phase
concentration of solute (mg/g), the effluent flow rate (L/min), m the adsorbent
guantity in the column (g) and ¥ the effluent volume (L). The linear form of

Thomas model is given as;

in| Co —1]= KM _K:Co 22
C 0 0

e

The kinetic coefficientKy and the adsorption capacity of the columycan be

determined from a plot of IngBC.—1) against t at a given flow rate (Fig 4.45-4.47).
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Fig.4.45: Plot of In (G/Ce1) Vs t for pure Titania coated glass beads
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Fig.4.46: Plot of In (G/Ce-1) Vs t for Silver doped Titania coated glass lsead
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Fig.4.47: Plot of In (G/Ce-1) Vs t for Iron doped Titania coated glass beads

The Thomas equation coefficients; End @ for As (lll) adsorption by pure and metal

doped Titania nanoparticles coated glass beadszee m the Table 4.9. Where, $

the measure of adsorption capacity at the Nanabestfor As (l11).

Table 4.9: Thomas model parameters for different nanopasticteated glass beads

Nanoparticles TiO, Ag- TiO, Fe- TiO;
Kt 0.02 0.02 0.02
do (MY/Q) 0.53 0.6 0.7

The theoretical predictions based on the modelnpeters are compared in Fig. 4.48-

4.50 with the experimental data.
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Fig. 4.48: Thomas model, comparison of Experimental and Eredibreakthrough
curves for pure Titania coated glass bg@dg5-C, pH=7 and CO = 0.5 mg/L)
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Fig. 4.49: Thomas model, comparison of Experimental and Eredibreakthrough
curves for Silver doped Titania coated glass béa®5 -C, pH=7 and CO = 0.5 mg/L)
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Fig. 4.50: Thomas model, comparison of Experimental and Eredibreakthrough
curves for Iron doped Titania coated glass béedb -C, pH=7 and CO = 0.5 mg/L)

4.6.3 Yoon and Nelson M odedl

As compared to other models the Yoon and Nelsodeins not only less
complicated, but also requires no detail relatedh® characteristics of adsorbate,
adsorbent type, and the physical characteristigh@fadsorption bed. This model is
mainly based on the assumption that for each adsorbolecule the rate of decrease
in the probability of adsorption is proportional tbe probability of adsorbate
adsorption and the probability of adsorbate breakitph on the adsorbent (Ozturk and
Kavak, 2005). The Yoon-Nelson model equation fasiregle component system is

given as (Aksu and G onen, 2004).

C
—= = 1 23
C, 1+exdky (r-t)
The linear form of the model is as follows:
t=r1 +iln C. 24
kYN Co _Ce
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Where ky is the Yoon and Nelson rate constant (L/min)s the time required for
50% adsorbate break through (min) and t is thektiheaugh (sampling) time (min).
These values can be obtained by plotting #([Cs- C¢)] against t, Fig. 4.51-4.53.
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TIO, R = 0.9808
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Fig. 4.51: Plot of t Vs In[G/(Co-Cg)] for pure Titania nanoparticles
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Fig. 4.52: Plot of t Vs In[G/(Cy-Cg)] for Silver doped Titania nanopatrticles
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Fig. 4.53: Plot of t Vs In[G/(C,-Ce¢)] for Iron doped Titania

The model parameters obtained for the As(lll) apson on all the three types of

Titania based Nanoparticles coated glass beadsgae in the Table 4.10.

Table 4.10: Yoon-Nelson model parameters for different nantiglas coated glass

beads
Nanoparticles Kyn (L/min) T (min) Jo (Mg/Q)
TiO2 0.067 81.59 0.407
Ag-TiO2 0.058 95.48 0.477
Fe-TiO2 0.05 107.4 0.54

Alternatively, when In[@(Co- C¢)] is zero, t can also be obtained from the adsorption

time. This is due to the fact that by definitiors the adsorption time when & equal

to one half of G. From these values the breakthrough curves wdoellated. The

theoretical curves were then compared with theesponding experimental data in

Fig. 4.54-4.56. Derivation of equation (g) was lthea the definition that at 50%

breakthrough of the adsorption occurs. Accordingly, the bed should be fully
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saturated. Because of the symmetrical breakthraughe, the As(lll) adsorbed by
Titania coated glass beads is equal to one hath@fAs(lll) entering the column

within 2t period. This give rise to the following equatidmn(and Wang, 2002):

q, = %coe(zr) =C,0r 25

This equation develops the relation among the atisor capacity (g) of the column,
influent concentration (§, Flow rate §) and the 50% breakthrough time).(The
value of @ calculated using Yoon and nelson model for allttiree types of column

is given in Table 4.10.
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Fig. 4.54. Yoon and Nelson model, comparison of predictedexperimental Curves
for TiO, coated glass beads
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4.6.4 Effect of Different Operating Conditions on Column Sorption of As(I11)

Column operational parameters such as flow rated Beight, Arsenic
concentration and variation of Nanoparticles argy weseful in column design. The
influence of these parameters on the adsorptioactiypof Nanoparticles were studied
for As(lll) uptake. The effect of influent pH on saption was not studied here, as our
previous results showed that maximum As(lll) adsorp on our Nanoparticles

occurred at pH 7
4.6.4.1 Effect of the Nanoparticles Used

In order to know which nanoparticles packed in tdwumn were having
highest arsenic removal efficiency, three columhthe same bed depth and diameter
(10 cm and 1.5 cm respectively) each packed with dlass beads coated with
different nanoparticles were selected. The sanenarstock solution of 0.5 ppm was
used for all of them and the influent flow rate vkapt constant at 5mi/min for each.
The column breakthrough times (when the effluemicemtration cross 0.1 mg/L) and
the column exhaustion times (when effluent conegiatin reaches 90% of influent
concentration), for the three different columnsg(H.57) are shown in the Table.
4.11.

It is clear from figure that the column packed wiribn coated glass beads are having
high breakthrough and exhaustion time. These i®audt also shown in the table. Thus
it is clear that among the nanoparticles synthésizen doped Titania nanoparticles
are giving higher removal efficiency both in powdetch experiments as well as in

column.
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Fig. 4 .57: Effect of nanoparticles used on column parameters

Table 4.11: Effect of nanopatrticles used on the column breakifjh and exhaustion

Exhaustion Time (hr)

Breakthrough Time (hr)

Nanoparticles coated
on GB (WHO / PDWQS))
TiO; 1.67/2.33 6.67
Ag doped TiO- 2.33/3 7.67
Fedoped TiO, 3/4 8.33

4.6.4.2 Effect of Bed Height
To know how much is the effect of bed height ome trsenic removal

efficiency, three columns of bed height 10, 20 88dcm of each nanopatrticles coated

glass beads were taken. Keeping the influent arssmcentration at 0.5 ppm and it

flow rate at 5ml/min. The data obtained is showthm Table 4.12.
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Fig. 4.58: Effect of bed height on the column parameterd i@, coated glass beads
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Fig. 4.59: Effect of bed height on the column parametersAipTiO, coated glass
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Fig. 4.60: Effect of bed height on the column parameters-®iTiO, coated glass
beads

Table 4.12: Effect of bed height on the column breakthrougth exhaustion time

Breakthrough Time (hr)
Nanoparticles Exhaustion Time (hr)
coated on GB (WHO / PDWQS.)
10cm 20 cm 30cm 10cm 20cm | 30cm
TiO; 1.67/23 | 3.67/53 45/6.5 6.67 9 14
Ag-TiO; 2.3/3 4.3/6 6/75 7.67 9.67 16
Fe-TiO; 3/4 5/6.67 6.5/85 8.33 10.67 16

From the data above it is clear that with an inseeia bed height the arsenic removal
efficiency of column increases, this is becausegmater contact time plus more

adsorbent for the adsorption of As (ll1).
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4.6.4.3 Effect of Flow Rate

For this purpose a column of each nanoparticle gpdg-Doped and Fe-
Doped Titania) was selected. The columns were eldaeg flow rates of 5 and 10
ml/min. The influent As(lll) concentration was maimed at 0.25 mg/L. The bed
depth and column diameters were 10 cm dmsl cm respectively. The column
breakthrough and exhaustion time, at flow rate§ ahd 10 ml/min, for all the three

types of nanopatrticles (Fig. 4.61-4.63) are givethe Table 4.13.

1.2 1 TiO2
'YX o0
. ‘00
g "
0.8 - . °
* °®
o °
Q * o® .
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* o
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0”‘
0 LeeetSee | | ,
0 4 Time(r) 8 12

Fig. 4.61. Effect of Influent flow rate on column parametéosTiO, coated glass
beads
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Fig. 4.62: Effect of Influent flow rate on column parametéas Ag-TiO, coated glass

beads
1.2 4 Fe-TiO2
soe oo
. )
°
*
0.8 - ®
¢ °
* [ )
S . *
© . ° ® 5 ml/min
B ¢ :
° 410 ml/min
0.4 - .0
.
* 0.
. o?
"0 ..0
0leeeetteee® . .
0 4 Time (hr) 8 12
Fig. 4.63: Effect of Influent flow rate on column parametéosFe-TiO, coated glass
beads
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Table 4.13: Effect of flow rate on the column breakthrough axtiaustion time

Nanoparticles Brisvk:—lhé)o/ugg\j\/lg;ghr) Exhaustion Time (hr)
coated on GB 5 ml/min 10 ml/min 5 ml/min 10 ml/min
TiO, 2.33/3.67 0.67/1.67 7.67 2.83
Ag-TiO; 3/4.67 1/15 8.67 3.33
FeTiO; 3.67/5.33 1.33/2 9 3.67

From the results it is clear that with the incremsBow rate, residence time decrease,

which in turn decrease the removal efficiency. As tiow rate is lowered an increase

in the removal efficiency is observed due to therease in residence time.

4.6.4.4 Effect of I nfluent Concentration

To determine the effect of influent arsenic coricion on the performance of

our columns, four influent arsenic concentrations .25, 0.5, 1 and 1.5 ppm) were
selected. Bed depth and column diameter were niagttaat 20 cm and 1.5 cm

respectively, and flow rate was maintained at 5nm/mll the three types of coated

nanoparticles were used. The results found ardatdsbas under.
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Fig. 4.64. Effect of Influent concentration on column paraenston TiQ coated glass

beads
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Fig. 4.65: Effect of Influent concentration on column paraenston Ag-TiQ coated

glass beads
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Fig. 4.66: Effect of Influent concentration on column paraengton Fe-Ti@ coated
glass beads
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Table 4.14: Effect of influent concentration on the columndk#rough and

exhaustion time

Breakthrough Time (hr) Exhaustion Time (hr)
Nanoparticles (WHO/PDWQS))
coatedon GB | .25 05 |, opm | 15 025 | 05 1 | 15
ppm ppm ppm | ppm | ppm | ppm | ppm
TiO, 47/ 6.3 | 3.7/5.3 2/3 0.67/1 | 10 9 7.3 5.3
Ag-TiO, 57177 | 43/6 | 23/33| 0.7/1.3 | 11.3 9.7 8.3 6
Fe-TiO, 6/7.7 5/6.7 | 27/3.7 | 0.7/1.3 | 11.7 10.7 8.7 6.3

As expected with increase in influent arsenic cabre¢ion the column breakthrough
and column exhaustion times were decreased. Thiwsskhat the lower the influent
arsenic concentration the more will be the efficieand life of the column.

4.6.5 Column Regeneration and Reuse

For a viable sorption process, easy regeneratidmeuse of the column media
is very important. The exhausted 20 cm bed volurokinen (for all the three
Nanoparticles coated glass beads) after exhaust@snregenerated with 10% NaOH
solution. The arsenic recovery profile during desion process is shown in the Fig.
4.67. It was found that 10 bed volumes were sufitfor 99% arsenic recovery from
the column. Initially in the first 2-3 bed volumabnost 86% of the adsorbed arsenic
was eluted, the rest got desorbed in 7 furthendodaimes. This clearly shows that the
sorption sites of glass beads coated with Nanapestare easily accessible and it also
shows that adsorption-desorption process is a silerone. After regeneration, the
column was rinsed with mild warm deionized watergémove any traces of NaOH
and lower the pH to normal, as in basic range tsogtion is less efficient. The
column was then dried and was subjected to the smaxition cycle. Fig. 4.68 shows
both the consecutive sorption cycles, from whids itlear that the removal efficiency
during the second cycle Is decreased by about H&ce, it is clear from Fig.68 that
As(lll) removal capacities of different Nanoparéisicoated glass beads during the two
consecutive cycles, that the regeneration and reliigese coated glass beads offers
an economical approach for As(lll) removal from evat
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Chapter 5

CONCLUSIONSAND RECOMMENDATIONS
5.1 CONCLUSIONS

This study showed that our synthesized pure andalmddped Titania
nanoparticles showed excellent arsenic removatieffcy both in powder and coated

form.
The following conclusions can be drawn from thisdst

* The synthesized pure and metal doped Titania naticlpa showed excellent
arsenic removal efficiency (up to 95%) both in pewdnd coated form.

« Among metal doped Titania, Fe and Cr doped pastigjave the highest
arsenic removal efficiency.

* The removal efficiency is dependent on pH, it isximmaum at neutral pH and
decrease by moving on either side of the neutral pH

* Metal doping shifted the band gap value from UWisible region as proved
by the band gap analysis.

* The adsorption data gave a good fit with Langmaod Breundlich isotherms.

* The adsorption was found to conform to pseudo stooder kinetics.

* Column studies also proved that metal doping irsgdathe arsenic removal
efficiency of Titania nanopatrticles.

» The breakthrough curves shift to the right withrease in bed height, while
decrease with the increase in influent concentnadiad flow rate.

* Thomas and Yoon-Nelson model applied to evaluakenuo parameters gave
results in clear agreement with the practical tssul

* The columns once exhausted can easily be regedenatecost effective way.

* Only 10 bed volumes of the regenerant (10% NaOHjewsfficient for

column regeneration.
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 The efficiency of the column was not much affectddring the two

consecutive cycles.
5.2 RECOMMENDATIONS
The following are some recommendations for furtadies

 As among metal doped Titania Fe-Ti@ giving higher arsenic removal
fficiency. We only checked the efficiency of 1% F&,. So the effect of
variation in Iron percentage should be looked at.

» Effect of competing species like nitrate, chromatalpride, sulfate, acetate,
and phosphate ions on the arsenic removal effigiaicTitania should be
checked.

» Effect of turbidity and hardness on the removakedficy should be checked.

* The immobilization of Titania on other adsorbenbwd be checked for
column studies.

» Determination of proper disposal method for thepdgal of arsenic effluent.
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Appndix-I

REMOVAL EFFICIENCY OF PURE AND METAL DOPED TITANIA

Removal efficiency

NANOPARTICLES

Nanoparticles Initial conc. Final Conc. Amount adsor bed Per centage
P (mg/L) (mg/L) (mg) removal
TiO, 0.5 0.175 0.325 65
Ag-TiO; 0.5 0.05 0.45 90
Cr-TiO; 0.5 0.025 0.475 95
Fe-TiO, 0.5 0.02 0.48 96
(Adsorbent Dose = 0.59g)
Effect of pH on Removal efficiency
Initial Conc. Final Conc. Amount Psre(;ner;fla;glge
Nanoparticles pH (mg/L) (mg/L) Adsorbrd (mg)
4 0.5 0.325 0.175 35
TiO2 7 0.5 0.175 0.325 65
10 0.5 0.425 0.075 15
4 0.5 0.175 0.325 65
Ag-T 7 0.5 0.05 0.45 90
10 0.5 0.315 0.185 37
4 0.5 0.14 0.36 72
Cr-TiO2 7 0.5 0.025 0.475 95
10 0.5 0.31 0.19 38
4 0.5 0.125 0.375 75
Fe-TiO2 7 0.5 0.02 0.48 96
10 0.5 0.3 0.2 40

(Adsorbent Dose = 0.59)
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ADSORPTION ISOTHERM S

1. Langmuir Adsorption | sotherms

Appendix-11

TiO;
C(Lr?i:ti?é:o) glor;lil Amount Amount AE rsr?(;l?r?? t ge(mg/g) | Celge
(mgi/L) @ g)(mg}L) Adsorbed/100ml | Adsorbed /L ©)
0.1 0.033 0.067 0.0067 0.3 0.022 15
0.2 0.072 0.128 0.0128 0.3 0.043 1.67
0.4 0.15 0.25 0.025 0.3 0.083 1.81
0.8 0.31 0.49 0.049 0.3 0.163 1.9
1.5 0.633 0.867 0.0867 0.3 0.289 2.19
3 1.42 1.58 0.158 0.3 0.527 2.69
6 3.3 2.7 0.27 0.3 0.9 3.67
Ag-TiO;
linitial Final Amount Amount | Adsorbent
Conc. (Co) | conc. (Ce) Adsor bed/100m! Adsorbed Amount | qe(mg/g) | Celge
(ppm) (Ppm) L (9)
0.1 0.015 0.085 0.0085 0.3 0.028 0.53
0.2 0.035 0.165 0.0165 0.3 0.055 0.636
0.4 0.07 0.33 0.033 0.3 0.11 0.636
0.8 0.17 0.63 0.063 0.3 0.21 0.81
15 0.32 1.18 0.118 0.3 0.393 0.81
0.85 2.15 0.215 0.3 0.717 1.186
24 3.6 0.36 0.3 1.2 2
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CI’-TiOz

linitial Final Amount Amount Adsor bent
Conc. (Co) | conc. (Ce) Adsorbed/100m! | Adsor bed/L Amount | ge(mg/g) | Celge
(ppm) (ppm) (9
0.1 0.004 0.096 0.0096 0.3 0.032 0.125
0.2 0.01 0.19 0.019 0.3 0.063 0.158
0.4 0.025 0.375 0.0375 0.3 0.125 0.2
0.8 0.055 0.745 0.0745 0.3 0.248 0.22
15 0.12 1.38 0.138 0.3 0.46 0.261
3 0.3 2.7 0.27 0.3 0.9 0.333
6 1 5 0.5 0.3 1.67 0.6
FeTiOz
linitial Final Amount Amount Adsorbent
Conc. (Co) | conc. (Ce) | 4o bed/100ml | Adsorbed/L | Amount (g) | 9€(MJQ) | Celge
(ppm) (ppm)
0.1 0.004 0.096 0.0096 0.3 0.032 0.125
0.2 0.009 0.191 0.0191 0.3 0.0637 0.141
0.4 0.02 0.38 0.038 0.3 0.127 0.158
0.8 0.04 0.76 0.076 0.3 0.253 0.158
15 0.08 1.42 0.142 0.3 0.4733 0.17
3 0.2 2.8 0.28 0.3 0.933 0.2143
6 0.6 5.4 0.54 0.3 1.8 0.333
2. Freundlich Adsorption I sotherm
TiO;
Initial Final Amount Amount Adsorbent ge
C‘(’r’:l‘;/(LC)O) (Cgfr?l;'m Adsorbed/100ml | Adsor bed/L A”(‘g)““t (mglg | mce | Inge
0.1 0.033 0.067 0.0067 0.3 0.022 -3.41 -3.82
0.2 0.072 0.128 0.0128 0.3 0.043 -2.63 -3.15
0.4 0.15 0.25 0.025 0.3 0.083 | -1.8971 -25
0.8 0.31 0.49 0.049 0.3 0.163 -1.171 -1.81
15 0.633 0.867 0.0867 0.3 0.289 | -0.4573 -1.24
3 1.42 1.58 0.158 0.3 0.527 0.351 -0.64
6 3.3 2.7 0.27 0.3 0.9 1.194 | -0.11
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Ag-Ti02

I(I:nolﬁsl Final conc. Amount Amount Adsor bent qe
Adsorbed Adsorbed Amount In Ce In ge
(Co) | (Ce)(PPm) | 300m L o | My9
(ppm)
0.1 0.015 0.085 0.0085 0.3 0.0283 -4.2 -3.564
0.2 0.035 0.165 0.0165 0.3 0.055 -3.35 -2.9
0.4 0.07 0.33 0.033 0.3 0.11 -2.66 -2.21
0.8 0.17 0.63 0.063 0.3 0.21 -1.772  -1.561
1.5 0.32 1.18 0.118 0.3 0.3933 | -1.14 | -0.933
3 0.85 2.15 0.215 0.3 0.717 -0.163  -0.333
6 2.4 3.6 0.36 0.3 1.2 0.8755 | 0.182
Cr-TiO,
linitial Final Amount Adsor bent
Conc. (Co) | conc. (Ce) Adsorbed Aﬁgrogjergn_ Amount (mqg?g) InCe | Inge
(ppm) (ppm) /100ml (9
0.1 0.004 0.096 0.0096 0.3 0.032 -5.52 | -3.442
0.2 0.01 0.19 0.019 0.3 0.063 -4.61 -2.76
0.4 0.025 0.375 0.0375 0.3 0.125 -3.7 -2.08
0.8 0.055 0.745 0.0745 0.3 0.248 -2,9 -1.4
15 0.12 1.38 0.138 0.3 0.46 -2.12 | -0.78
3 0.3 2.7 0.27 0.3 0.9 -1.2 -0.11
6 1 5 0.5 0.3 1.67 0 0.51
FeTiOz
linitial Final Amount Amount Adsor bent qe
Conc. (Co) | conc. (Ce) Adsor bed Adsor bed/L Amount (My/a) InCe Inge
(ppm) (ppm) /100ml (9)
0.1 0.004 0.096 0.0096 0.3 0.032 | -5.521| -3.442
0.2 0.009 0.191 0.0191 0.3 0.064 4711 -2.754
0.4 0.02 0.38 0.038 0.3 0.127 | -3.912| -2.066
0.8 0.04 0.76 0.076 0.3 0.253 -3.219  -1.373
1.5 0.08 1.42 0.142 0.3 0.473 | -2.526| -0.748
3 0.2 2.8 0.28 0.3 0.93 -1.609  -0.069
6 0.6 5.4 0.54 0.3 1.8 -0.511| 0.588
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ADSORPTION KINETICS

Pseudo-second Order Kinetics

Appendix-111

TiO,
Initial Conc. Time Final Conc Amount Amount
(ppm) (mins) (ppm) adsorbed/500ml | adsorbed/L at tat
0.5 1 0.465 0.035 0.0175 0.035 28.57
0.5 3 0.4315 0.0685 0.03425 0.0685 43.8
0.5 6 0.4 0.1 0.05 0.1 60
0.5 9 0.3675 0.1325 0.06625 0.1325 67.92
0.5 12 0.342 0.158 0.079 0.158 75.95
0.5 15 0.3165 0.1835 0.09175 0.1835 81.74
0.5 20 0.2855 0.2145 0.10725 0.2145 | 93.24
0.5 30 0.25 0.25 0.125 0.25 120
0.5 40 0.215 0.285 0.1425 0.285 | 140.35
0.5 50 0.185 0.315 0.1575 0.315 158.73
0.5 60 0.16 0.34 0.17 0.34 176.47
0.5 70 0.16 0.34 0.17 0.34 205.88
0.5 80 0.155 0.345 0.1725 0.345 | 231.88
0.5 90 0.155 0.345 0.1725 0.345 260.87
Ag-TiOZ
Initial Conc. Time Final Conc Amount Amount
(ppm) (mins) (ppm) adsorbed/500ml | adsorbed/L qt taqt
0.5 1 0.455 0.045 0.0225 0.045 | 22.22222
0.5 3 0.4 0.1 0.05 0.1 30
0.5 6 0.35 0.15 0.075 0.15 40
0.5 9 0.32 0.18 0.09 0.18 50
0.5 12 0.295 0.205 0.1025 0.205 | 58.53659
0.5 15 0.265 0.235 0.1175 0.235 63.82979
0.5 20 0.235 0.265 0.1325 0.265 | 75.4717
0.5 30 0.1825 0.3175 0.15875 0.3175 94.48819
0.5 40 0.145 0.355 0.1775 0.355 | 112.6761
0.5 50 0.105 0.395 0.1975 0.395 126.5823
0.5 60 0.0625 0.4375 0.21875 0.4375 | 137.1429
0.5 70 0.038 0.462 0.231 0.462 151.5152
0.5 80 0.0325 0.4675 0.23375 0.4675 | 171.123
0.5 90 0.0325 0.4675 0.23375 0.4675 192.5134




CI‘-TiOz

Initial Conc. Time Final Conc Amount Amount

(ppm) (mins) (opm) | adsorbed/500ml | adsorbed/. | 9t tqt
0.5 1 0.45 0.05 0.025 0.05 20
0.5 3 0.395 0.105 0.0525 0.105% 28.57
0.5 6 0.346 0.154 0.077 0.154 38.96
0.5 9 0.31 0.19 0.095 0.19 47.37
0.5 12 0.2675 0.2325 0.11625 0.2325 51.6
0.5 15 0.24 0.26 0.13 0.26 57.7
0.5 20 0.2 0.3 0.15 0.3 66.67
0.5 30 0.15 0.35 0.175 0.35 85.7
0.5 40 0.11 0.39 0.195 0.39 102.56
0.5 50 0.0725 0.4275 0.21375 0.4275 116/96
0.5 60 0.035 0.465 0.2325 0.465 129
0.5 70 0.03 0.47 0.235 0.47 148.94
0.5 80 0.02 0.48 0.24 0.48 166.67
0.5 90 0.0175 0.4825 0.24125 0.4825  186/53

FeTiOz

Initial Conc. Time Final Conc Amount Amount

(ppm) (mins) (ppm) adsorbed/500ml | adsorbed/L qt taqt
0.5 1 0.455 0.045 0.0225 0.045 | 22.22222
0.5 3 0.4 0.1 0.05 0.1 30
0.5 6 0.35 0.15 0.075 0.15 40
0.5 9 0.31 0.19 0.095 0.19 47.36842
0.5 12 0.27 0.23 0.115 0.23 | 52.17391
0.5 15 0.24 0.26 0.13 0.26 57.69231
0.5 20 0.2 0.3 0.15 0.3 66.66667
0.5 30 0.15 0.35 0.175 0.35 85.71429
0.5 40 0.1075 0.3925 0.19625 0.3925 | 101.9108
0.5 50 0.0675 0.4325 0.21625 0.4325 115.6069
0.5 60 0.0325 0.4675 0.23375 0.4675 | 128.3422
0.5 70 0.03 0.47 0.235 0.47 148.9362
0.5 80 0.02 0.48 0.24 0.48 | 166.6667
0.5 90 0.0108 0.4892 0.2446 0.4892 183.9738
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Effect of Nanoparticles Used

COLUMN STUDIES

Appendix-1V

: : : C/C,

Time (min) Time (hr) Ti02 Ag Fo
20 0.33 0.0058 0.00386 0.0022
40 0.67 0.0086 0.00574 0.0034
60 1 0.012 0.008 0.0046
80 1.33 0.017 0.01134 0.0066
100 1.67 0.0204 0.0136 0.0078
120 2 0.048 0.01866 0.0116
140 2.33 0.1 0.03466 0.0154
160 2.67 0.1286 0.06666 0.0192
180 3 0.156 0.104 0.0276
200 3.33 0.2 0.15384 0.0462
220 3.67 0.26 0.2 0.0692
240 4 0.3426 0.26354 0.1076
260 4.33 0.4036 0.31046 0.18
280 4.67 0.48 0.36924 0.22
300 5 0.56 0.43076 0.28
320 5.33 0.65 0.5 0.3372
340 5.67 0.7416 0.57048 0.392
360 6 0.8 0.6154 0.45
380 6.33 0.845 0.67 0.5
400 6.67 0.941 0.74 0.56
420 7 1 0.79 0.63
440 7.33 1.001 0.85 0.715
460 7.67 1.004 0.9 0.8
480 8 1.01 1 0.887
500 8.33 1.01 0.99
520 8.67 1.015 1.015
540 9 1.023
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Effect of Bed Height

, ] 10 cm 20cm 30cm
(Tr;rlrr‘]‘i T('ﬁr‘)e | CiCo ~ cico ~ ¢l

TiO2 Ag Fe TiO2 Ag Fe TiO2 Ag Fe
20 0.33 | 0.0058 0.00386| 0.0022/ 0.0016 0.0013| 0.001  0.0016 0 0
40 0.67 | 0.0086 0.00574| 0.0034| 0.0026| 0.0174 0.00160.0024  0.0014 0.0006
60 1 0.012 | 0.008 | 0.0046 0.0034| 0.0024 0.002  0.004 @ 0.002  0.0016
80 1.33 | 0.017| 0.011340.0066/ 0.0044| 0.003 0.00260.0056 | 0.0026 0.0024
100 1.67 1 0.0204/ 0.0136 | 0.0078 0.006 | 0.0038 0.0032 0.007 | 0.0036, 0.0034
120 2 0.048| 0.018650.0116/ 0.008 | 0.0044 0.004 0.0086 0.0048.0042
140 2.33 | 0.1 | 0.03466 0.0154 0.0094 0.0058| 0.0052 0.0126 | 0.006 | 0.0056
160 2.67| 0.12860.06666/ 0.0192 0.0122| 0.0076 0.0064 0.019 | 0.008, 0.007
180 3 0.156 | 0.104 | 0.0276/ 0.0158| 0.009 A 0.008  0.026 @ 0.011  0.008
200 3.33 0.2 | 0.153840.0462| 0.018 | 0.0116 0.01 0.04 0.014 0.0106
220 3.67 | 0.26 0.2 0.0692 0.026 | 0.015 0.012| 0.06 | 0.018 0.0134
240 4 | 0.3426 0.26354| 0.1076| 0.036 | 0.0172 0.0144 0.084 0.03| 0.018
260 4.33 | 0.4036| 0.31046/ 0.18 | 0.044 0.022 0.0168, 0.12 | 0.054 0.024
280 4.67| 0.48| 0.36924 0.22 | 0.058| 0.032] 0.0196 0.16 0.08 0.04
300 5 0.56 | 0.43076 0.28 | 0.0794| 0.04 | 0.024 0.24 0.12 | 0.06
320 5.33| 0.65 0.5 0.33720.114 | 0.054, 0.03| 0.2882 0.188 0.096
340 5.67 | 0.7416 0.57048| 0.392 | 0.158 A 0.0774| 0.038 | 0.3428  0.24 | 0.15
360 6 0.8 0.6154 045 0.192 0.108 0.052 0.4 0.3 0.2
380 6.33 | 0.845 0.67 0.5 0.232 | 0.156 | 0.074 | 0.4644| 0.36 | 0.24
400 6.67| 0.941 0.74 0.5¢€ 0.3 0.188 0.1 0.5297R.4 0.28
420 7 1 0.79 0.63 | 0.36 | 0.228 | 0.15 | 0.571 | 0.46 | 0.344
440 7.33| 1.001 0.85 0.715 0.442 0.3 0.18 0.604 0.52.392
460 7.67 | 1.004 0.9 0.8 0.536 | 0.364 | 0.22 @ 0.672 | 0.549 | 0.452
480 8 1.01 1 0.887 0.628 0.44 0.28 0.7143 0.58 0.48
500 8.33 1.01 0.99 | 0.744  0.528 | 0.36 0.74 | 0.638| 0.52
520 8.67 1.015 | 1.015/ 0.86 0.62 0.44 0.796 0.692 0.57
540 9 1.023 | 0.936 | 0.72 0.52 0.85 0.72 | 0.63
560 9.33 1.048 0.84 | 0.612 0.9 0.7¢€ 0.7
580 9.67 1.048 @ 0.92 0.72 0.94 0.8 0.77
600 10 1.048 1.04 0.8 1 0.85 0.84
620 10.33 1.048 | 0.88 1 0.89 @ 0.89
640 10.67 1.048 | 0.976/ 1.006 0.94 0.97
660 11 1.04 1.01 | 1.015| 1.015
680 11.33 1.04 1.015| 1.015
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Effect of Flow rate

Time Time 5 ml/min 10 ml/min
min) | () - e . S
TiO2 Ag Fe TiO2 Ag Fe

20 0.33 0.0025 | 0.0016 0.0012 0.003 0.002 0.002
40 0.67 0.004 0.0026 0.002 0.006 0.004 0.00
60 1 0.0056 | 0.0038 0.0028 0.009 0.007 0.005
80 1.33 0.0074 0.005 0.0038 0.018 0.013 0.0
100 1.67 0.0086 | 0.0058 0.0044 0.038 0.019 0.017
120 2 0.014 0.0094 0.006 0.056 0.033 0.02
140 2.33 0.024 0.0126 0.01 0.1 0.057 0.05
160 2.67 0.084 0.0174 0.014 0.17¢ 0.1 0.1
180 3 0.1116 0.036 0.0186 0.215 0.18 0.14
200 3.33 0.14286 0.064 0.036 0.277 0.231 0.2
220 3.67 0.18572 | 0.1054 0.068 0.369 0.308 0.272
240 4 0.2448 0.1692 0.1 0.475 0.396 0.34
260 4.33 0.2882 | 0.2216 0.14 0.589 0.491 0.464
280 4.67 0.3428 0.2636 0.182 0.72 0.6 0.54
300 5 0.4 0.3076 0.224 0.799 0.666 0.624
320 5.33 0.4644 0.3572 0.266 0.88¢ 0.74 0.6¢
340 5.67 0.52972 | 0.4076 0.31 0.96 0.807 0.774
360 6 0.571 0.439 0.36 1.02 0.9 0.84
380 6.33 0.604 0.465 0.412 1.026 1 0.93
400 6.67 0.672 0.517 0.44 1.027 1.02 1.00
420 7 0.7143 0.549 0.488 1.008
440 7.33 0.74 0.58 0.536 1.014
460 7.67 0.796 0.638 0.588
480 8 0.85 0.692 0.636
500 8.33 0.9 0.74 0.69
520 8.67 0.94 0.789 0.75
540 9 1 0.84 0.81
560 9.33 1 0.956 0.88
580 9.67 1.006 1.01 0.95
600 10 1.01 1.01 1.02
620 10.333 1.015 1.03
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Effect of I nfluent Concentration

. 0.25 ppm 0.5 ppm 1 ppm
T(LT)E CIC, CIC, CIC,
TiO2 Ag Fe TiO2 Ag Fe TiO2 Ag Fe
0.333 | 0.0007 | 0.00032| 0.00032| 0.0016 | 0.0013  0.001 @ 0.0021 | 0.0014 | 0.001
0.667 0.001 0.0005 0.00048 0.0026 0.0174 0.0016 03@.C 0.0022| 0.0018
1 0.00304 | 0.0008 | 0.00076  0.0034 0.0024 | 0.002 | 0.0044 | 0.003 | 0.0026
1.333 0.0036 0.001| 0.00092 0.0044 0.003  0.0026 58.00 0.004 0.0038
1.667 | 0.0052 | 0.00268 0.00216, 0.006 | 0.0038  0.0032 0.008 | 0.0057 | 0.005
2 0.0072 0.0038 0.0034 0.008 0.0044  0.004 0.012 080.0 0.007
2.333 | 0.0084 | 0.0044 | 0.004 | 0.0094 | 0.0058 | 0.0052 0.023 0.014 | 0.0095
2.667 0.0104 0.0056 0.0052 0.0122 0.0076 0.0064 4 0/0 0.028 0.013
3 0.0128 | 0.0068 | 0.0064 | 0.0158 | 0.009 & 0.008 | 0.058 0.04 0.028
3.333 0.0156 0.008 0.008 0.018 0.0116 0.01 0.078 0550.| 0.042
3.667 0.02 0.01 0.0096 | 0.026 0.015 | 0.012 0.1 0.068 0.056
4 0.026 0.0132 0.012 0.036 0.0172 0.0144 0.12 0.083.069
4.333 | 0.0348 | 0.0172 | 0.0148 | 0.044 0.022 | 0.0168 | 0.15 0.104 0.084
4.667 0.048 0.0244 0.02 0.058 0.032 0.0196 0.228 1560.| 0.102
5 0.072 0.032 | 0.0248 @ 0.0794 @ 0.04 0.024 0.32 0.216 0.14
5.333 0.104 0.038 0.030¢ 0.114 0.054 0.03 0.405 730.2 0.213
5.667 0.144 0.056 0.036 0.158 | 0.0774  0.038 A 0.501 0.336 0.27
6 0.176 0.088 0.048 0.192 0.108 0.052 0.59 0.4 90.3
6.333 0.208 0.104 0.08 0.232 0.156 | 0.074 | 0.675 0.46 0.39
6.667 0.248 0.124 0.112 0.3 0.188 0.1 0.77 0.515 45 0.
7 0.3 0.152 0.136 0.36 0.228 0.15 0.855 0.585 0.5
7.333 0.36 0.18 0.16 0.442 0.3 0.18 0.95 0.65 0.5
7.667 0.44 0.22 0.2 0.536 0.364 0.22 1.005 0.75 0.63
8 0.528 0.268 0.244 0.628 0.44 0.28 1.005 0.85 0
8.333 0.6 0.304 0.288 0.744 0.528 0.36 0.95 0.8
8.667 0.672 0.348 0.328 0.86 0.62 0.44 1.025 0.95
9 0.76 0.388 0.376 0.936 0.72 0.52 1.025 1.025
9.333 0.8 0.44 0.424 1.048 0.84 0.612 1.025 1.025
9.667 0.88 0.48 0.464 1.048 0.92 0.72 1.025
10 0.96 0.52 0.504 1.048 1.04 0.8
10.333| 1.016 0.576 0.56 1.048 0.88
10.667 1.016 0.68 0.64 1.048 0.976
11 1.032 0.8 0.736 1.04
11.333 0.928 0.848 1.04
11.667 1 0.928 1.056
12 1 1.016
12.333 1.008 1.016
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COLUMN MODELS

THOMASMODEL

Thomas Model parametersfor TiO, Coated Glass beads

Initial . .
conc. C, Bed Tm‘1e Time (hr) Final Conc. C C/Co In(Co/Ce-1)
Volumes (min) (ppm)

(ppm)
0.5 5 30 0.5 0.0008 0.0016 6.44
0.5 10 60 1 0.0012 0.0024 6.03
0.5 15 90 1.5 0.002 0.004 5.52
0.5 20 120 2 0.0028 0.0056 5.18
0.5 25 150 2.5 0.0035 0.007 4.95
0.5 30 180 3 0.0043 0.0086 4.75
0.5 35 210 3.5 0.0063 0.0126 4.36
0.5 40 240 4 0.0095 0.019 3.94
0.5 45 270 4.5 0.013 0.026 3.62
0.5 50 300 5 0.02 0.04 3.18
0.5 55 330 5.5 0.03 0.06 2.75
0.5 60 360 6 0.042 0.084 2.39
0.5 65 390 6.5 0.06 0.12 1.99
0.5 70 420 7 0.08 0.16 1.66
0.5 75 450 7.5 0.12 0.24 1.15
0.5 80 480 8 0.1441 0.2882 0.9
0.5 85 510 8.5 0.1714 0.3428 0.65
0.5 90 540 9 0.2 0.4 0.41
0.5 95 570 9.5 0.2322 0.4644 0.14
0.5 100 600 10 0.26486 0.52972 -0.12
0.5 105 630 10.5 0.2855 0.571 -0.29
0.5 110 660 11 0.302 0.604 -0.42
0.5 115 690 11.5 0.336 0.672 -0.72
0.5 120 720 12 0.35715 0.7143 -0.92
0.5 125 750 12.5 0.37 0.74 -1.05
0.5 130 780 13 0.398 0.796 -1.36
0.5 135 810 13.5 0.425 0.85 -1.73
0.5 140 840 14 0.45 0.9 -2.2
0.5 145 870 14.5 0.47 0.94 -2.75
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Thomas Model parametersfor Ag-TiO, Coated Glass beads

Final
! gg?pg‘r’;‘)c' vOEfuegm Time (min) T(;]T)e COC”C' C/Co | In(Co/Ce-1)
(ppm)

0.5 5 30 0333 | 0 0 #DIV/O!
0.5 10 60 0.667 | 0.00070.0014| 6.569882061
0.5 15 90 1 | 0001 0002 6212606096
0.5 20 120 1.333 | 0.00130.0026| 5.949640448
0.5 25 150 1.667 | 0.0018 0.0036 5.623214938
0.5 30 180 2 | 0.00240.0048| 5.334327804
0.5 35 210 2333 | 0.003 | 0.006 | 5109977737
05 40 240 2667 | 0004 0008 4.820281556
0.5 45 270 3 | 0.0055 0011 4.498799059
0.5 50 300 3333| 0007 0014 4254599025
05 55 330 55 | 0.009 0018 3.99921955
0.5 60 360 6 0015 003  3.47609869
05 65 390 65 | 0.027 0054  2.863258522
0.5 70 420 7 0.04] 008 2442347035
05 75 450 75 | 006 | 012 | 1.992430165
0.5 80 480 8 0.094 0188 1.463058377
05 85 510 85 | 012 | 024 | 115267951
0.5 90 540 9 015 03| 084729786
0.5 95 570 95 | 018 | 036 | 0575364145
0.5 100 600 10 02| 04| 0405465108
0.5 105 630 105 | 023 | 046 | 016034265
0.5 110 660 11 026 052  -0.080042708
0.5 115 690 115 | 0285 057 | -0.281851152
0.5 120 720 12 | 0305 061 -0.447312218
0.5 125 750 125 | 033 | 066 | -0.663294217
0.5 130 780 13 0.36] 072  -0.944461609
0.5 135 810 135 | 038 | 0.76 | -1.15267951
05 140 840 14 04| 08| -1.386294361
05 145 870 145 | 0425 085 | -1.734601055
0.5 150 900 15 | 0445 089 -2.090741097
0.5 155 930 155 | 047 | 094 | -2.751535313
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Thomas Modéel parametersfor Fe-TiO, Coated Glass beads

Ir::a(:);?:)c. Vollslfr(:\es Time (min) Time (hr) Fm?:)g:nr;c' ¢ C/Co In(Co/C-1)
0.5 5 30 0.5 0 0 7.417980723
0.5 10 60 1 0.0003 0.0006 6.436150368
0.5 15 90 1.5 0.0008 0.0016 6.029883657
0.5 20 120 2 0.0012 0.0024 5.680574054
0.5 25 150 2.5 0.0017 0.0034 5.468461909
0.5 30 180 3 0.0021 0.0042 5.179372942
0.5 35 210 3.5 0.0028 0.0056 4.954820515
0.5 40 240 2.667 0.0035 0.007 4.820281566
0.5 45 270 3 0.004 0.008 4.536244698
0.5 50 300 3.333 0.0053 0.0106 4.299009982
0.5 55 330 5.5 0.0067 0.0134 3.99921955
0.5 60 360 6 0.009 0.018 3.705408756
0.5 65 390 6.5 0.012 0.024 3.17805383
0.5 70 420 7 0.02 0.04 2.751535313
0.5 75 450 7.5 0.03 0.06 2.242481169
0.5 80 480 8 0.048 0.096 1.815289967
0.5 85 510 8.5 0.07 0.14 1.50285565
0.5 90 540 9 0.091 0.182 1.265666373
0.5 95 570 9.5 0.11 0.22 0.944461609
0.5 100 600 10 0.14 0.28 0.645519132
0.5 105 630 10.5 0.172 0.344 0.438913042
0.5 110 660 11 0.196 0.392 0.192593107
0.5 115 690 11.5 0.226 0.452 0.080042708
0.5 120 720 12 0.24 0.48 -0.16034265
0.5 125 750 12.5 0.27 0.54 -0.405465108
0.5 130 780 13 0.3 0.6 -0.663294217
0.5 135 810 13.5 0.33 0.66 -0.944461609
0.5 140 840 14 0.36 0.72 -1.208311206
0.5 145 870 14.5 0.385 0.77 -1.658228077
0.5 150 900 15 0.42 0.84 -2.090741097
0.5 155 930 15.5 0.445 0.89 -3.47609869
0.5 160 960 16 0.485 0.97
0.5 165 990 16.5 0.5075 1.015
0.5 170 1020 17 0.5075 1.015
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YOON-NELSON MODEL

Y oon-Nelson Model parametersfor TiO, Coated Glass beads

Initial conc. Bed Time Final Conc. C In(Ce/(Co-
Time (hr) C/Co
Co (ppm) | Volumes (min) (ppm) Ce))

1 10 10 0.167 0.00697 0.00697 -4.95914565
1 20 20 0.333 0.01046 0.01046 -4.54968173
1 30 30 0.5 0.05 0.05

2.944438979
1 40 40 0.667 0.08 0.08

2.442347035
1 50 50 0.833 0.13 0.13

1.900958761
1 60 60 1 0.2 0.2

1.386294361
1 70 70 1.167 0.3 0.3 -0.84729786
1 80 80 1.333 0.44 0.44

0.241162057
1 90 90 1.5 0.6 0.6 0.405465108
1 100 100 1.667 0.75 0.75 1.098612289
1 110 110 1.833 0.84 0.84 1.658228077
1 120 120 2 0.95 0.95 2.944438979
1 130 130 2.167 1 1
1 140 140 2.333 1.06 1.06
1 150 150 2.5 1.09 1.09
1 160 160 2.667 1.09 1.09
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Yoon-Nelson Model parametersfor Ag-TiO, Coated Glass beads

Initial conc. Bed Time ] Final Conc.

Co (ppm) Volumes (min) Time (hr) C (ppm) c/co In(Ce/(Co-Ce))
1 10 10 0.167 0.00465 0.00465 -5.366227215
1 20 20 0.333 0.00697 0.00697 -4.95914565
1 30 30 0.5 0.025 0.025 -3.663561646
1 40 40 0.667 0.054 0.054 -2.863258522
1 50 50 0.833 0.095 0.095 -2.254058052
1 60 60 1 0.147 0.147 -1.758326961
1 70 70 1.167 0.22 0.22 -1.265666373
1 80 80 1.333 0.3077 0.3077 -0.810894105
1 90 90 1.5 0.45 0.45 -0.200670695
1 100 100 1.667 0.54231 0.54231 0.169645695
1 110 110 1.833 0.65 0.65 0.619039208
1 120 120 2 0.76 0.76 1.15267951
1 130 130 2.167 0.86 0.86 1.815289967
1 140 140 2.333 0.932 0.932 2.61782511
1 150 150 2.5 1.05 1.05
1 160 160 2.667 1.0505 1.0505
1 170 170 2.833 1.055 1.055
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Yoon-Nelson Model parametersfor Fe-TiO, Coated Glass beads

Initial conc. Bed Time Final Conc. C
Time (hr) C/Co In(Ce/(Co-Ce))
Co (ppm) Volumes (min) (ppm)

1 10 10 0.167 0.0041 0.0041 -5.492659877
1 20 20 0.333 0.0062 0.0062 -5.076986687
1 30 30 0.5 0.024 0.024 -3.705408756
1 40 40 0.667 0.05 0.05 -2.944438979
1 50 50 0.833 0.085 0.085 -2.376272809
1 60 60 1 0.12 0.12 -1.992430165
1 70 70 1.167 0.18 0.18 -1.516347489
1 80 80 1.333 0.25 0.25 -1.098612289
1 90 90 1.5 0.315 0.315 -0.776846199
1 100 100 1.667 0.39 0.39 -0.447312218
1 110 110 1.833 0.5 0.5 0
1 120 120 2 0.6 0.6 0.405465108
1 130 130 2.167 0.69 0.69 0.8001193
1 140 140 2.333 0.795 0.795 1.355332136
1 150 150 2.5 0.875 0.875 1.945910149
1 160 160 2.667 0.945 0.945 2.843851742
1 170 170 2.833 1.005 1.005
1 180 180 3 1.016 1.016
1 190 190 3.167 1.016 1.016
1 200 200 3.333 1.016 1.016
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