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Chapter I

INTRODUCTION

1.1 General

Access to safe drinking water in suflicient quantity is a basic requirement for human

life. Safe drinking water is rarely found in the nature. In Bangladesh, there are two

major sources of water - surface water and groundwatcr. The surface water often

contains pathogenic microorganisms responsible for water borne diseases. Pathogenie

contamination of water is the primary reason behind the prevalence of diarrheal

diseases in Bangladesh, particularly in rural areas. The water supply in Bangladesh,

particularly in rural water supply, is almost entirely based on groundwater which is

extracted primari Iy by shallow tube-well. Groundwater extracted from shallow

aquifers using hand-tube-wells is the primary source of drinking and cooking water

for most of its population.

In recent years widespread arsenic contamination of groundwater has become a major

concern for thc hand tube-well based drinking water supply, particularly in the rural

areas. Awareness about the presence of arsenic has been growing since late 1993

when arsenic was first deteeted in the district of Chapai Nawabganj bordering the

West-Bengal district of India. Out of 64 administrative districts of Bangladesh,

arsenic contamination has so far been reported in 61 districts and an estimated 40

million people are at risk of arsenic toxicity. In Bangladesh presence of dissolved

arsenic 111 shallow groundwater above acceptablc Icvcl is a major public health

concern.

Bangladesh Arsenic Mitigation and Water Supply Program (BAMWSP) has compiled

ficld.kit measurements of the arsenic content of groundwater for nearly live million

wells (BAMWSP, 2005) across the most affected half of the country and providcd the

most extensive and detailed represcntation of the spatial distribution of arsenic in



groundwater of Bangladesh (Fig. I. I ). A set of 270 of 490 Upazilas where a blanket

survey of million tube-wells, were coordinated under BAMWSP and found that

Bangladesh has been affected with significantly high concentrations of arsenic, with

the greatest contamination in the south and south-east region of the country and least

in the north-west and the uplifted areas in north central region which confinned the

survey work done by British Geological Survey (BGS/ DPHE, 2001).

270

Arsenic (Jl.g L-')
<0.5
0.5-4
4-50
>50

30
~ 20Bay of Bengal

r-- 200 km ---11 10
o

India

220

210

260

240

230

250

'Groundwater Studies of Al5enlc Contamination in Bangia desh'
DPHElBGSIt>F1D (2000)

200 880 890 900 910 920 930

Figure 1.1. arsenic concentration in Bangladesh based on the nationwide survey

carried out by BGSIDPHE, 200 I.
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Arsenic toxicity has no known effective medicine for treatment, but drinking of

arsenic free water can help the arsenic affected people to get rid of the symptoms of

arsenic toxicity, There is an urgent need to ensure supply of arsenic fi'ee drinking

water to the millions of arsenic affected people in Bangladesh. The options that are

commonly suggested as possible alternatives to arsenic alrected groundwater include:

(I) Arsenic frce deep tube-well water; (2) Surface water, (3) Rainwater harvesting.

and (4) Treatment of groundwater lor arsenic removal. While arsenic-frec decp

aquifers have been identified in some places, this option appcars to be too expensive

for large scale use in rural areas. The principal problem with surface watcr is

bacteriological contamination. In addition availability of surface water is not uniform

throughout the year. Rainwater harvesting can be a probable alternative. Hut seasonal

variation in rainfall pattern, proper storage of rainwater and public acccptance are

some of the issues that need to be adequately addresscd. Groundwater treated for

arscnic removal is another very promising option to provide arsenic-frce water to thc

rural population. Since people are alrcady accustomed to using groundwater and

millions of tube-wells are already there in the rural areas, this option can makc use of

this available infrastructure. It should be noted that only water used for drinking and

cooking purposes need to be treated; so volume of water that need to be treated would

not bc very high.

Inorganic arsenic occurs in natural watcr primarily as As(V), arsenate and As(III),

arsenite. In oxygen-rich waters, As(V) will be the predominant oxidation state with

H2AsO; and HAsO}' being the principal species. Under more reducing conditions,

e.g., in groundwater, As(lll) predominates, with H3As03 being the dominant species.

A wide range of methods is available for arscnic removal from groundwater, each

having its own advantages and disadvantages. These methods includc anion exchange

resins. granular iron-oxide based media. activated alumina. granular zirconia and

titania, and iron/alum nocculation proccsses (Drichaus el "I.. 1998: Herdal el "I..

2000; RubcL 2003(a); Badruzzaman and Westerhoff: 2005). Polymcric anion

exchange resins have a low sclectivity for arsenate and certain anions such as sulfate

competes with arsenatc for available anion exchange sites resulting in a short

operational life. Many of the granular iron oxide-based, porous mcdia have a very

high aflinity for arsenate and a negligible aflinity for other common anions, such as

3



sullate, bicarbonate, and chloride (Meng el al., 2000), which means that thcy havc

high operational lives. However, a major drawback, which is causing operational

problems, is the low structural stability of many of the granular media (North. 2005).

In usc, the media requires periodic backwashing to remove lines generated from the

breakdown of the media granules. This backwash solution needs to be treated and

safely disposed of, and additional capital equipment needs to be installed to facilitate

the backwash process. These granular media cannot be regenerated due to their low

physical strength. Coagulation using iron noc as a treatment method is highly

effective at removing arsenic from water but generates large amounts of a terrie

hydroxide floc, which will require sate disposal in a landfill. Capital equipment

requirements arc generally high, since a ferric hydroxide !loe can be diflicult to

separate from solution effectively. Although chemical consumption is low. ferric noe

systems require high levels of maintenance and arc generally best suited to large

municipal authorities where large volumes of water arc being treated daily at a single

location, making the system more cost elleetive. However. more detailed description

about various conventional arsenic removal technologies are discussed in Chapter 2.

Numerous studies demonstrate that iron oxides have a high aftinity for the adsorption

of arsenite and arsenate. The surface properties of iron oxides arc key factors in

adsorption on iron oxides. However. the sorption behavior of arsenic is strongly

influenced by solution pH values and presence of other competing ions (Dixit and

Hering, 2003). Recently. iron nanomaterials have attracted considerable attention with

regard to adsorption of trace contaminants due to their small particle size and large

surface area. Nanomaterials exhibit different physical. chemical, and biological

propel1ies that may not be predictable from observations on larger-sized materials.

Nanoseale iron particles represent a new generation of environmental remediation

technologies that could provide eost-elleetive solutions to some of the most

challenging environmental cleanup problems. Nanoseale iron particles have large

surtaee areas and high surface reactivity. Equally important, they provide enormous

flexibility for in silll applications. Research has shown that nanoseale iron particles

are very effective for the transtormation and detoxification of a wide variety of

common environmental contaminants, such as chlorinated organic solvents, organo

4



chlorinc pesticides. Modified iron nanoparticles. such as catalyzcd and supportcd

nanoparticles have been synthcsized to furthcr enhance the spced and efficicncy of

remediation. Zhang (2003) provides asscssmcnt of the recent developments in both

laboratory and pi lot studics including: (I) synthesis of nanoscale iron particles (10-

100 nm. >99.5% Fe) from common precursors such as Fe(lI) and Fe(III): (2)

reactivity of the nanoparticles towards contaminants in soil and water over extcnded

periods of time (e.g., weeks); (3) lield tests validating the injection of nanoparticles

into aquifer. and (4) in silll rcactions of the nanoparticles inlhc subsurface.

ConramiUlIl11
Sour-ct

\.

Injtetion of Iron
Nanopaniclti

.~:~ t ~~:~~:_

, Traltsfonnalion of .•••
-.-!trlililto (t.g .•MHl '\

~ '
~ •...•-

-"""-

•

+ -+
Otchlorinatiotl ofO'"#ank.... •.. .•.. -.. )

Soh,"I(,.g.C(]~Cla.)~. -+., • //,,/
~ .~ __ fmmobili/41ltonof

Dt'loliticalion of Pf'Siliddn---~~~- Mrlal, (t.g., Cr.lIg. ,h)
(t.~.•Liud.nt. nOT)

Figure 1.2. Nanoscale iron particles for in silll remediation (Zhang. 2003)

Recent research has suggested that as a remediation technique. nanoscale iron

particles have several advantages: (I) effective for the transformation of a largc

variety of environmental contaminants, (2) inexpensive. and (3) nontoxic (Zhang.

2003).

ArsenX"P is a hybrid inorganic/organic sorbent (Sylvester el al .. 2005; Sylvcster el al ..

2007) that has been developed for the removal of arsenic from drinking water and

consists of hydrous iron oxide nanoparticles impregnated into 300-1200 ~1111durable

polymeric beads. The nano size of the hydrous iron oxide particles results in a very
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high surface area. and this. coupled with the high porosity of the polymer substrate.

ensures that the rate of arsenic uptake is, at least initially, relatively rapid. and the

arsenic removal capacity is high. The sorbent selectively sorbs both As(lll) and As(V)

spccies from solution with minimal competition from incrt anions. such as sulfate,

fluoridc, bicarbonate. and chloride. that are present in drinking water at concentrations

many orders of magnitude greater than arsenic (Sengupta and Cumbal, 2005).

Dissolved silica. particularly at pH values above 7.5. and phosphate are the major

species in drinking water that interfere with arsenic uptake by any iron-based

adsorption media (Clifford. 2003).

In addition to nanoscale zero-valent iron (NZVI). which is a suitable material lor both

in-silu and ex-silu groundwater treatment, iron oxide nanoparticles arc also suitably

used tor groundwater remediation.

Hydrated Iron Oxide is another el1ective adsorbcnt for removal of heavy metals such

as arsenic. By appropriately dispersing HFO nanoparticles within a polymeric cation

or anion exchanger. its amphoteric sorption capacity can bc tailored to remove either

metal cations or anionic ligands.

Becausc of their miniscale size. nanoparticles (e.g., magnetite. hematite nanoparticlcs)

cannot be directly used in an arsenic removal system. Common options arc eithcr to

use nanoparticle-water slurry or anchor nanoparticle in a solid matrix similar to

generation of ArsenX"" (Sylvester el al.. 2005; Sylvcster el al.. 2007). which them

could bc used lor arsenic removal. For developing arsenic removal system. it is

extremely important to characterize the nanomaterial itself (c.g., size, aggregation

characterization) as well as their adsorption characterization.

Available literatures (Mayo e/ al., 2007; Yean el al., 2005) suggest that magnetite

could potentially be used in the removal of arsenic from groundwater. So. in order to

establish magnetite (Fe,O.) nanoparticles (MNPs) potential sorbcnts for arsenic

removal in drinking water. detailed assessments of adsorption characteristics or

arsenic on MNPs under different conditions are necessary.
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1.2 Objectives of the Present Research

The overall objective of this study is to assess the adsorption characteristics of arsenic

on magnetite nanoparticles. Spccific objectives include:

I. Characterization (e.g., size, surface area, aggregation charactcrizations) of

magnetite nanoparticles

2. Developmcnt of adsorption isotherms of arsenic on magnetic nanoparticlcs

3. Development of adsorption enve lopes of arsen ic on magnet ite nanopart icIcs

4. Evaluation of adsorption kinetics of arsenic on magnetite nanoparticles

5. Assessment of the effect of 1'11and phosphate (competing anion) on

adsorption of arsenic on magnetite nanoparticles.

The proposed research is expected to improve understanding of the eflectiveness of

magnetite nanoparticles as adsorbent for removal of arsenic from water. This research

will also provide information on maximum arsenic adsorption capacities of magnetite

at different I'll values, and their comparison with other commonly used adsorbents.

Results of this study would also enable an assessment of the potential of magnetite

nanopartieles for development of arsenic removal systems.

1.3 Organization of the Thesis

Apart from this chapter, the remainder of the thesis has been divided into I(lur

chapters. Chapter-2 represents information (occurrence, sources, chemistry, and acute

toxicity in humans) about arsenic in environment. Conventional arsenic rcmoval

technologies arc also discussed in this chapter. The adsorption isotherms (Langmuir,

Freundlich), and adsorption kinetics are also discussed in this chapter.

7



Chapter- 3 represents the characterization of magnetitc nanoparticles. Th is chaptcr

discusses size and size distribution, specific surface area, structure and composition,

and potential surface charge of magnetite nanoparticles determines through laboratory

investigation in this study.

Chapter-4 presents the results of arsenic (both arsenate and arsenite) removal from

water by adsorption onto magnetite nanoparticles. The effects of initial arsenic

concentration, pH, time and competing anion (phosphate) are also discussed in this

Chapter.

Finally, Chapter-5 represents major conclusions of the study and also provides

recommendations for future study.

8



Chapter 2

LITERA TURE REVIEW

2.1 Introduction

Numerous nanomaterials are in varIOUSstages of research and developmcnt, cach

possessing unique functionalities that are potentially applicable to the remediation of

industrial wastewater, groundwater, surface water and drinking water. The main goal

for most of this research is to develop low-cost and environmentally friendly materials

for removal of heavy metals from water. For this purpose, the researchers are doing

researches about nano sized particles to find out their various characteristics in order

to make prominent use of such nanoparticlcs.

Magnetite (Fe]04) nanoparticles are potential sorbents for arsenic removal in drinking

water. Available literatures (Mayo el al., 2007; Yean el al .. 2005) suggest that

magnetite could potentially be uscd in the removal of arsenic from groundwater.

This Chapter represents occurrence, sources, chemistry, and acute toxicity in humans

about arsenic in environment along with conventional arsenic removal technologies.

The adsorption isotherms (Langmuir, BET, Freundlich), and adsorption kinetics !rlr

arsenic adsorption are also discussed here.

2.2 Occurrence of Arscnic

Arsenic ranks 20th in abundance in the earth's crust. The average crustal abundance of

arsenic is 1.5 mglkg. The element is strongly ehalocophile. Approximately 60% of

natural arsenic minerals are arsenates, 20% sulphides and sulfosalts, and the

remaining 20% are arsenides, arsenites, oxides, alloys and polymorphs of elemental

arsenic. Arsenic concentrations of more than 105 mg/kg have been reported in

9



sulphide minerals and up to 7.6x104 mg/kg in iron oxides (Smedley amI

Kinniburgh, 2002). However, concentrations are typically much lower. Arsenic is

incorporated into primary rock-forming

example, by the substitution of As3+

minerals only

Ii 3+or l'e or

to a limited extent. for

AI3+. Therefore, arsenic

(

concentrations in silicate minerals are typically - Img/kg or less (Smedley and

Kinniburgh, 2002). Many igneous and metamorphic rocks have average arsenic

concentrations of 1-10 mg/kg. Similar concentrations are found in carbonate minerals

and carbonate rocks (Plant el aI, 2004).

2.3 Sources of Arsenic

2.3.1 Natural sources of arsenic

Arsenic is a component of more than 245 minerals. Arsenopyrite also unofficially

called mispickel (FeAsS) is the most common arsenic-bearing mineral. On roasting in

air, the arsenic sublimes as arsenic (lll) oxide leaving iron oxides. The most important

compounds of arsenic are arsenic (lll) oxide, AS203, ("white arsenic"), the yellow

sulfide orpiment (AS2S3) and red realgar (AS4S4), Paris green, calcium arsenate, and

lead hydrogen arsenate. The latter three have been used as agricultural insecticides

and poisons. Orpiment and realgar were formerly used as painting pigments. though

they have fallen out of use due to their toxicity and reactivity. Although arsenic is

sometimes found native in nature, its main economic source is the mineral

arsenopyrite mentioned above; it is also found in arsenides of metals such as silver.

cobalt (cobaltite: CoAsS and skutterudite: CoAs3) and nickel. as sulfides. and when

oxidized as arsenate minerals such as mimetite. Pb5(As04hCI and erythrite.

C03(As04h. Sf-bO, and more rarely arsenites ('arsenite' = arsenic (Ill). AsO/' as

opposed to arsenate (V), AsOl").

2.3.2 Anthropogenic arsenic

In 2005, China was the top producer of white arsenic with almost 50% world share.

followed by Chile and Peru. reports the British Geological Survey.

10



2.4 Chemistry of Arsenic

2.4.1 Chemical properties of arsenic

Arsenic is a chemical element in the nitrogen family (group VA of the Pcriodic

Table), existing in both gray and yellow crystalline forms. It is widely distributed in

nature, and occasionally found uncombined, usually in association with such metals

as antimony and silver. It also occurs combined in its sultides realgar and orpiment; as

arsenic oxide; and as a constituent of various metallic sulfides. of which arsenopyrite

is the most abundant. Although some forms of arsenic are metal-like, it is best

classified as non-metal. The chemical properties arc givcn in table 2.1.

Table 2.1 CheniiC'al Properties of Arsenic (Encyclopedia

~,ritannica, 1994)

Paramctcr Value

Atomic number 33

Atomic weight 74.92158

Melting point (gray form) 814°C (1,497°F) at 36 atmospheres

pressure

Density (gray form) 5.73 glcc at 14°C (57°F)

(yellow form) 2.03 glcc at 18°C (64°F)

Boiling point 616°C (1141°F) (sublimes)

Specific gravity (a,~,y) 2.026,4.7.5.727

Oxidation number -3, O. +3. +5

Elcctrical configuration 2-8-18-5

1s22s22p63s23p63dI04s24p3

Electrical resistivity 33.3J.1ohmcm (273 K)

Covalcnt radius 121 pm

Ionic radius (As' +) 69 pm

Metallic radius 139 pm

Toxicity level 0.5 mg.m.j of air
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2.4.2 Chemistry of arsenic in water

Arsenic is stable in four oxidation states (+5, +3,0, -3). The oxidation state is c10scly

related to the arsenic immobilization and hence the release of arsenic from its

geological formations into the water bodies and biosphere (Dahi, 1997). Both the

oxidation state and the release are determined by the soil and water pi L the redox

potential, the in excess occurrence of sulfide, the occurrence of other ions as well as

solids of especially iron and manganese (Dahi, 1997). In reducing waters, arsenic is

found primarily in the trivalent form [As (llI)] and fonns arsenous acid. Arscnic (V)

forms arsenic acid. Arsenous and arsenic acid dissociate to form respectively arsenite

and arsenate ions. Table 2.2 shows the reactions that governs the speciation of arsenic

and thcir equilibrium constants.

Table 2.2 Chemicalequilibria of arsenic and arsenious acid
•
(Cherry, 1979)

Arsenic acid:

113As04 + lbO = H2As04- + H3O+ pKa= 2.20

H2As04- + H2O = H AsO/- + H3O+ pKa = 6.97

II AsO/- + l-bO = As043- + 1-1.10+ pKa = 11.53

Arsenious acid:

liJAsO) + H2O = I-l2AsO)- + 1130+ pKa = 9.22

112AsO)- + lhO = H AsO/- + 1-130+ pKa = 12.13

II AsO/+ I-hO = AsO/- + 11)0+ pKa = 13.40

2.5 Acute Arsenic Toxicity in Human

Acute arsenic exposures (high concentrations ingested over a short timc period) can

cause a variety of adverse effcct. The severity of the etTect depends primarily on the

level of exposure. Acute high-dose oral exposure to arsenic typically leads to

gastrointestinal irritation accompanied by difficulty in swallowing, thirst, abnormally

low blood pressure and convulsions. Death may occur from cardiovascular collapse.

The respiratory tract, nervous system, skin may be considered as the critical targets of
12



prolonged arsenic exposures. Prolonged arsenic toxication results arc shown III thc

Tablc 2.3.

Table 2.3 Arsenic Poisoning From Drinking Water
Main organ Effects

Nervous system Ataxia, paralysis, peripheral neuropathy
disorders
Respiratory Nasal septum perforation, bronchitis and
system distress cancer
Skin changes Melanosis, dermatitises, hyperkeratosis

and cancer
Heart Heart and occlusive arterial disease
Liver Liver cirrhoses and cancer

Arsenic-contaminated groundwater, used as drinking water, has been a scvcrc

problem in Bangladesh but is also common in United States (Bissen and Frimmcl.

2003). Several studies havc reported the hcalth hazard due to thc chronic exposure to

arsenic. The standards for maximum concentrations of arsenic in drinking water have

bcen declining since thc high toxicity of arsenic has beeomc apparcnt. The 1903

report of the Royal Commission on Arsenic Poisoning in thc UK set a standard of

150 pg/1. In 1942. the US Public Health Service sct a drinking water standard of

50 ftg/I lor interstate water carriers. The World Hcalth Organization (WHO) guideline

value and the European maximum permissible concentration (MI'C) for arsenic in

drinking water arc sct as 10 pgil. The Unitcd States Environmental Protection Agcncy

(EPA. 2005) also lowered the drinking water standard for arscnic from 50 to 10 flg/l

starting January, 2006. Most western countries adoptcd this limiting their currcnt

drinking watcr standards (Yamamura, 2003). On thc other hand, many affected

countries likc Bangladesh still operate 50pgil standard due to lack of adequate testing

facilities.

13



2.6 Conventional Arsenic Removal Technologics

2.6.1 General

A variety of technologies has been used for removal of arsenic from water. The most

common technologies to remove arsenic arc precipitation/sedimentation. co-

precipitation and adsorption onto coagulation flocs. filtration, adsorption onto

activated carbon, Fe-Mn oxidation, and lime sofiening. For all of these technologics

(except reverse osmosis) adsorption is the fundamental process governlllg arselllc

rcmoval (Holm, 2002). The current advanced treatment options to rcmovc arscnic

include activated alumina, iron-oxide-coated-sand, revcrse osmosis. ion exchange.

and electro-dialysis. The following sections briefly describe somc of the arsenic

removal technologies.

2.6.2 Alum and iron flocculation process

Arsenic can be effectively removed by coagulation using alum; ferric salts etc. (I 101m.

2002). Ferric salts have been found to be more effective in removing arsenie than

alum on a weight basis and effective over a wider range of pH (Holm. 2002). In both

cases, pentavalent arsenic (arsenate) can be more effectively removcd than trivalent

arsenic (arsenite). These products might form through precipitation, co-prccipitation

or adsorption mechanisms. Precipitation refers to the insolubilization of contaminants

by exceeding solubility products, in this case of either FeAs04 or AIAs04 solids. Co-

precipitation is detined as an incorporation of soluble arsenic species into a growing

hydroxide phase via inclusion, occlusion, or adsorption. Finally. adsorption refers to

formation of surface complexes bctween solublc arsenic and the solid oxyhydroxidc

surface site.

In the coagulation-flocculation process aluminum sulfate or ferric chloride or fcrric

sulfate is added and dissolved in water under eflicient stirring for one to few minutes.

Rapidly aluminum or ferric hydroxide micro flocs are formed. The water is thcn

gently stirred for few minutes for agglomeration of micro flocs into larger easily

settleable flocs. During this Ilocculation process all kinds of micro particles and

14



negatively charged ions are attached to the flocs by electrostatic and chemical

attachment. Arsenic is also adsorbed onto coagulated flocs. As trivalent arsenic occurs

in non-ionized form; it is not subjected to significant removal. Oxidation of As(llI) to

As(V) is thus required to a pretreatment step for efficient removal. This can bc

achieved by addition of bleaching powder (chlorine) or potassium pennanganate.

Arsenic adsorbed on ferric hydroxide floes as Pe-As complex is removed by

sedimentation. Filtration may be required to ensure complete removal of all tlocs.

Similar reaction take place in case of alum with the formation of AI-As complex as an

end product which is removed by the process of sedimentation and filtration.

2.6.3 Passive sedimentation

Passive sedimentation received considerable attention because of rural people's habit

of drinking stored water from pitchers. Oxidation of water during collection and

subsequent storage in houses may cause a reduction in arsenic concentration in stored

water. Experiments conducted in Bangladesh showed zero to high reduction in arsenic

content by passive sedimentation. Arsenic reduction by plain sedimentation appears to

be dependent on water quality particularly the presence of precipitating iron in water.

It is found that more than 50% reduction in arsenic content is possible by

sedimentation of tube-well water containing 380-480 mg/L of alkalinity as CaCO]

and 8-12 mg/L of iron but cannot be relied to reduce arsenic to desired level (Ahmed

el al., 2000). Most studies showed a reduction of zero to 25% of the initial

concentration of arsenic in groundwater. In rapid assessment of technologies passive

sedimentation failed to reduce arsenic to the desired level of 50 flg/L in any well

(BAMWSP. DFID. Water-Aid, 200 I).

2.6.4 Activated alumina

Activated alumina. AhO). having good sorptive surface is an effective medium for

arsenic removal. Some of the activated alumina based sorptive media used in

Bangladesh include:
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• BUET Activated Alumina

• Alcan Enhanced Activated Alumina

• ARU of Project Earth Industries Inc., USA

• Apyron Arsenic Treatment Unit

The BUET and Alcan activated alumina have heen extensively tested in field

condition in different areas of Bangladesh under rapid assessment and found very

effective in arsenic removal (BAMWSP, DFID, Water-Aid, 2001). The Arsenic

Removal Units (ARUs) of Project Earth Industries Inc. (USA) used hybrid alumina

and composite metal oxides as adsorption media. The Apyron Technologies Inc.

(ATI) also uses inorganic granular metal oxide based media that can selectively

remove As(lll) and As(V) from water. The Aqua_Bind™ arsenic media used by ATI

consist of non-hazardous aluminium oxide and manganese oxide for cost-effective

removal of arsenic.

2.6.5 Activated carbon

Removal of As(V) by adsorption onto activated carbon is more effectivc than that of

As(lII). Activated carbon is manufactured from carbonaceous material such as wood, coal.

petroleum residue, etc. A char is made by burning the material in the abscnce of air. The

char is than oxidized at high temperature to create a very porous structure. Activatcd

carbon is crushed into granules ranging from 0.1 to 2 mm in diameter or is pulverized to

a very fine powder. Dissolved materials arc adsorbed to both exterior and interior

surfaces of the carbon. When these surfaces become saturated with dissolved substanccs.

the carbon must be rcgenerated. Design of granular-activated-carbon systems is based on

flow rates and contact times. Carbon columns can be arranged in parallel to increase the

capacity and in series to increase the contact time. The major problem associated with

granular-activated-carbon-contact systems is plugging of the bed by suspended solids in

the water.
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2.6.6 Iron oxide coated sand

Iron oxidc coated sand has been successfully employed in fixed beds to trcat mctal

bearing wastewater (Subramanian, 2004). Iron oxide-coatcd sand showed promise as a

medium for use in small systems or home treatment units in some developing areas of

the world for removing As (Ill) and As (V). Iron oxide coatcd sand is prepared by washing

and drying river sand and then mixing it with ferric nitrate solution. Water is pa~sed through

the column with sutlicicnt contact time <mdarsenic is adsorbed on iron oxide coated sand.

The medium is regenerated by sodium hydroxide solution. Iron oxide coatcd sand is a low

cost and simple process lor use in small systems or home treatment units in developing arc<t~

of tlleworld.

2.6.7 Ion exchange

Ion exchangc is usually used to demineralizc, to soften and to de-nitrate water.

During treatment ion exchange involves the rcversiblc exchange of ions betwccn a solution

and a solid phasc that arc in direct contact (Rubel, 2003 (b)). The solid phasc can be

natural zeolite or a synthetic resin consisting of a cross linked polymcric nctwork with

charged ionic species that retain thcm by electrostatic forces. Rcsins exhibit affinity to

all ionic species of opposite chargc, depending upon the specific ionic charge, the

hydrated ionic radius, the concentration in solution, and the degree of resin cross-

linking and the nature of the functional group on the resin (e.g., sulphonic,

phosphonie or carbonic acid groups). For arscnic removal, an ion-exchangc rcsin,

usually loaded with chloride ions at the "exchange sites", is placed in vcssels (Mittal,

2002). The arsenic containing water is passcd through the vessels and thc arsenic

cxchanges for the chloride ions.

Arsenic exchange (R = Resin):

2R-Cl + HAsol-

Rcgeneration:
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As ion exchanged is effective only in removl11g Ions from the water, only As(V)

which is present in ionic form in the neutral pH range (the pH range of most natural

water) can be exchanged in resins. So the eftieieney of the ion exchange process can

be improved by pre-oxidation of As(llI) to As(V).

2.6.8 Membrane techniques

Demineralization of water can be accomplished using micro-porous membranc. There arc

two basic modes of operation in use. One system uses pressurc to drive water through

the mcmbrane against the force of osmotic pressure and is called reverse osmosis,

even though the pressure applied is several orders of magnitude in excess of the natural

osmotic pressure. The other process, called electro-dialysis uses electrical forces to

drive ions through ion-selective method.

2.6.9 Microbial process

Microbial removal of arsenic is based on two important metal-microbe intcractions: (i)

microbial oxidation of As(lIl) to As(V) to facilitate its rcmoval by conventional arscnic

removal processes and (ii) bioaecumulation of arsenic in bacterial biomass from the

surrounding water environment. There are a number of microorganisms capable of

oxidizing arsenite at neutral pIL The common iron bacteria which oxidize ferrous iron

to ferric iron can oxidize, as well as absorb arsenic. Removal of trace metal from watcr

through accumulation in algae is well recognized. Several forms of algac arc known to

assimilate arsenic from water in a biological process. Arsenic can conventionally be

oxidized from As(lll) to As(V), adsorbed or assimilated through microbial growth in

a simple reactor in nutritionally balanced condition at appropriate tempcrature and pI I

and subsequently removcd by precipitation/filtration. Microbial gro\\1h on fixed

mcdia or suspended growth should be equally effcctive for arsenic rcmoval.
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2.7 Adsorption Isotherms

2.7. I General

An adsorption isotheml specities the equilibrium surface concentration of adsorbate

on adsorbent as a function of bulk concentration of adsorbate in solution. It is called

isotherm because it describes the equilibrium state of adsorbate, adsorbent, and solute

at a given temperature.

2.7.2 Langmuir isotherm

The Langmuir isotherm was developed by Irving Langmuir in 1916 to describe the

dependenee of the surfaee coverage of an adsorbed gas (or adsorbate in aqucous

solutions) on the pressure (or concentration) of the gas (or adsorbate) abovc the

surface at a fixed temperature. There arc many other types of isotherm (BET.

Freundlich) which differ in one or more of the assumptions made in deriving the

expression for the surface coverage; in particular, on how they treat the surface

coveragc dependence of the enthalpy of adsorption. Whilst the Langmuir isotherm is

one of the simplest, it still provides a useful insight into the pressure dependence of

the cxtent of surface adsorption. The Langmuir Adsorption Isotherm describes

equilibrium betwecn surface and solution as a reversiblc chemical equilibrium

between species (Langmuir. 1918). The adsorbate surface is considered to be made up

of fixed individual sites where molecules of adsorbate may be chemically bound.

Denoting an unoccupied surface site as (-.51 and the adsorbate in dilute solution as

species (A), with concentration (C), and considering reaction between the two to form

occupied sites (-SA):

-S+A~-SA

Assuming that this reaction has a tixed free energy of adsorption equal to L'.Goa that is

not dependent on the extent of adsorption and not affected by interaction among sites.

Each site is assumed to be capable of binding at most one molecule of adsorbate; thc

Langmuir model allows accumulation only up to a monolayer.
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In practice, the actual number of sites per surface area and the energy of adsorption

are usually unknown. Instead, the variable of interest is q, the number of moles of

adsorbate per mass of adsorbent at equilibrium. The Langmuir equation transforms to

q

Q

be---
l+bC

where Q is the maximum number of moles adsorbed per mass adsorbent when the

surface sites are saturated with adsorbate (i.e., a full monolayer). and h is an empirical

constants with units of inverse concentration. The Langmuir Isotherm is shown in

figure 2. I.

q

c

Figure 2.1. Typical Langmuir Isotherm curve (Langmuir, 1918)

The Langmuir adsorption isotherm has found wide applicability to adsorption of

compounds in water treatment. Its advantages include its simplicity, its foundation in

a model with some physical basis, and its ability to fit a broad range of experimental

data. Its limitations include (i) the assumption that the energy adsorption is

independent of degree of coverage, (ii) reversibility of bonding, and (iii) allowance

for at most only one monolayer. Mass adsorbed. q, is assumed to approach a

saturating value, Q, when C becomes very large.
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2.7.3 Brunauer-Emmetl-Teller (BET) adsorption isotherm

The BET (Brunauer el al., 1938) extends the Langmuir model from a monolayer to

several molecular layers. Above the mono layer, each additional layer of adsorbate

molecules is assumed to equilibratc with the laycr below it; layers of different

thicknesscs are allowed to co-exist. The equilibrium for the adsorption on to the ncw

layers is defined by the lawaI' mass action as for the Langmuir model for the first

layer. The process of sorbing a new layer of adsorbate on to old layers is assumed to

he identical to the process of condensing adsorbate from solution to solid or liquid.

The resulting isotherm has the form

q Be
Q (Cs-C}[1+(B-l)(C!Cs)j

where B is a dimensionless constant related to the difference in free energy between

adsorbate on the first and successive layers and Cs is the saturation concentration of

the adsorbate in solution. As C approaches C\, q becomes infinite as adsorbate

precipitates on to surface. The different types of BET adsorption isotherms are shown

in figure 2.2 (Sing el al., 1985).

IV

II

B

v

III

VI

r

Figure 2.2. Types of BET adsorption isotherms (Sing el al., 1985)

The Type 1 isotherm is typical of micro porous solids and chemisorption isotherms.

Type 11is shown by finely divided non-porous solids. Type III and Type V are typical
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of vapor adsorption (i.e. water vapor on hydrophobic materials). Type IV and Type V

feature a hysteresis loop generated by the capillary condensation of the adsorhate in

the mesopores of the solid. Finally, the rare Type VI step-like isotherm is shown hy

nitrogen adsorhed on special carbon.

2.7.4 Freundlich isotherm

The Langmuir and BET models incorporate an assumption that the energy of

adsorption is the same for all surface sites and not dependent on degree of coverage.

In reality, the energy of adsorption may vary because real surfaces are heterogcncous.

Thc Frcundlich Adsorption Isotherm (Freundlich, 1926) attempts to account for this

assumlllg that the frequency of sites assoeiated with a free energy of adsorption

decreases exponcntially with increasing free energy. The isotherm will havc the

following form

q = ae"/n

where a is a eonstant. Here the surface concentration of adsorhate does not approach a

saturation value as C increases, since there are always surface sites with higher free

energies of adsorption to fill. The Freundlich isotherm is very widely used to lit

observed data empirically even when there is no basis for its underlying assumptions.

A typical Freundlich adsorption isotherm is shown in ligure 2.3.

q
12

10

•
6

4

2

2 3 4 5 6
c

•. Figure 2.3. Typical Freundlich adsorption isotherm (Freundlich, 1926)
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Review on Arsenite and Arsenate Adsorption on Magnetite Nanopartieles

The adsorption characteristics of arsenic discussed in Section 4.3.1 showed, for

MNPs, the maximum adsorption capacity (qma,) of arsenite was more than that of

arsenate. However, a more in-depth analysis of the adsorption isotherms for both

arsenite and arsenate is needed for better understanding of the adsorption

phenomenon.
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Figure 2.4. Adsorption of Arsenic to 11.72 nm magnetite at pH 8.0:
(a) As(III) and (b) As(V) (Yean el al., 2005)
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2.8 Adsorption Kinetics

The kinetics of sorption describes the solute uptake rate, which in turn governs

residence time or sorption reaction. It is one of the important characteristics in

defining the efficiency or sorption. The kinetics of adsorption of any sorbatc on a

sorbent can be described by the pseudo first-order and second-order kinetic models.

The first-order kinetic model (Lagergren, 1898) and the second-order kinetic model

(McKay and Ho, 1999) are expressed as follows:

10g(l] -l]) = 10gl]. -~ (First-order kinetic model), , 2.303

!- = _1_, + _1_ (Second-order kinetic model)
q k,q; q,

Where, qe and q (11M) are the amounts of sorbate (e.g. like As) adsorbed onto

adsorbent at equilibrium and at time I, respectively. kl (h(l) and k2 (I1M,1h(l) are the

rate constants of first-order and second-order adsorption. The slopes and intercepts of

plots of log(qe-q) versus 1were used to determine the first-order rate constant kl and

qe. The slopes and intercepts of plots of Ilq versus 1 were used to calculate the second-

order rate constant k2 and qe.
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Chapter 3

CHARACTERIZA TION OF MAGNETITE

NANOPARTICLES

3.1 Introduction

Nanoparticles in the size range of 1-100 nanometer (nm) have attracted great

attention to the researchers in recent times. Nanomaterial behavior may not be

predictable from observations on larger-sized materials since nanomatcrials might

have different physical, chemical. and biological properties. Little is known about the

characteristics of nanomaterials (e.g., particle size, aggregation, surface charge etc.).

Meanwhile in recent research it has been observed that arsenic has a close chemical

attraction with iron. So, the characteristics (size distribution, specilic surface area,

aggregation characterization, structure and composition, surface charge

characteristics) of iron nanomaterial in order to lind its suitability in arsenic removal

system need to be determined. The commercially manufactured magnetite (Fe30~)

nanoparticle has been procured for characterization from Nanostructured &

Amorphous Materials, Inc. 16840, Clay Road, Suite 113. Houston, TX 77084, USA.

The available methods those were used in characterizing magnetite nanoparticle arc

X-ray Diffraction (XRD) for structure and composition, Brunauer-Emmett- Teller

(BET) Method for surface area measurement, Dynamic Light Scattering (DLS)

analysis for particle size distribution and Potentiometric Titration for surface charge

characteristics.

This Chapter categorically describes the nanopUl1icle characteristics by different

methods stated earlier in experimental basis. The laboratory test results were

compared and checked with the propet1ies provided by the manufacturer.
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The details of magnetite nanopowder are gIven bclow which are provided by the

manufacturer.

Table'3.!. Details of Commercially
Procured Magnetite Nanop'articles

Iron Oxide (Fe,O,)

Purily: 98+%

Apparent Particle Size 20 - 30 nm
(APS) :

Specific Surface Area - 60 mig
(SSA):

Cnlnr: black

Morphology: spherical
200 nm

Bulk density: 0.84 glcm' -
True density: 4.8-5.1 glen]

I'igure 3.1. TEM image 01'20-30 nm magnetites

(Source: Nanostructured & Amorphous Materials. Inc.

\\lWW. nanoamor .com/prod ucts)

3.2 Methodology for Characterization of Magnetite Nanoparticles

3.2.1 Surfaee area measurement by BET method

Physical gas adsorption is applied to study the pore characteristics of solid materials.

The isotherm obtained from these adsorption measurements provides information on

the Surface Area and Particle Size Distribution (PSD). Different probe gases

including Nz, Ar, and COz are frequently uscd as adsorptive, depending on the nature

of the material (adsorbent) and the information required (Groen el al., 2003). Nz

adsorption at 77 K (-196 DC) and at sub-atmospheric pressures has remained

universally pre-eminent and can be used for routine quality control. as well as f(JI'

investigation of new materials. If applied over a wide range of relative pressures
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(p/po), N2 adsorption isotherms provide information on size distributions in the micro,

meso and macro-porosity range (approximately 0.5-200 nm). The classical pore size

model developed by Barrett, Joyner and lIalenda (13.111)in 1951, which is based on

the Kelvin equation and corrected for multilayer adsorption (Barrett ef al .. 1951).

BET (Brunaucr-Emmett-Teller) method is base on physical adsorption of gas

molecules on a solid surfacc .Effective surface area of the iron nanoparticles was

estimated using Brunauer-Emmett-Teller (BET) physisorption method (Brunauer

ef al., 1938). For the present study, Dr. Navid Bin Saleh (currcntly an Assistant

Professor at University of South Carolina, USA) carried out the BET Surface Area

analysis in the Laboratory of Yale University, where he worked as a Post-doctoral

Research Associate. Nitrogen adsorption-desorption isotherms were measured at -196

°C using a static volumetric instrument Autosorb-I C (Quanta Chrome, Boynton

Beach, FL). Prior to the measurement, the samples were out-gassed at 300°C to a

residual pressure of 5x I0.3 Torr (5 mili-torr). The pore size distributions were

estimated from the desorption isotherms using the BJl-l modcl (Barrell ef al., 1951).

3.2.2 Dynamic light scattering (DLS) analysis

Dynamic Light Scattering (DLS) is also known as Photon Correlation Spectroscopy.

This technique is one of the most popular methods used to determine the size of

particles. Shining a monochromatic light beam, such as a laser, onto a solution with

spherical particles in Brownian motion causes a Doppler Shill when the light hits the

moving particle, changing the wavelength of the incoming light. This change is

related to the size of the particle. It is possible to computc the sizc distribution and

give a description ofthc particle's motion in the medium, mcasuring the diffusion co-

efficient of the particle and using the autocorrelation function. This method has

several advantages: first of all the experimcnt duration is short and it is almost all

automatized so that for routine measurements an extensive experience is not requircd.

Moreover, this method has modest development costs. Commercial "particle sizing"

systems mostly operate at only one angle (90°) and usc red light (675 nm). Usually in

these systems the dependence on concentration is ncglected. Using more sophisticated
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experimental equipment (projector, short-wavelcngth light source); the methods can

be not only considerably extended, but also more complicated and expensive.

For the present study, Dr. Navid Bin Saleh carried out the DLS analysis 111 the

Laboratory of Yale University, whcre he worked as a Post-doctoral Rcsearch

Associate.

For DLS Analysis stock solution of the magnetite nanoparticle suspension was

prepared in de-ionized water. Three test runs were made on magnetite samples. These

consist of the following;

I) At first the particle sIze of magnetite was observed In dc-ionized water alier

sonicating for 10 minutes.

2) Aggregation of the nanoparticles was observed alier adding 10mM NaNO] in the

solution as background electrolyte to commence aggrcgation.

3) Aggregation of the nanoparticles was observed alier adding 10mM NaNO] and

50mM MES or HErES in the solution to commence aggregation.

The aggregation experiments were perfomled using a multi-angle light scattering unit

(ALV-5000, Langen, Germany) equipped with a solid-state Nd:vanadate (Nd:YVO,)

laser (Verdi V2, Coherent, Santa Clara, CA) providing a single-frequency output of

532nm. Further details of the instrument are described clsewhere (Chen and

Elimelech, 2007). The iron nanoparticle samplcs were placed in new glass vials

(Supclco, Bellefonte, I'A) that were previously soaked in a clcaning solution (Extran

MA 01, Mcrck KGaA, Darmstadt, Germany) ovcrnight, thoroughly rinsed in

deionized water, and oven-dried under dust-frec eonditions(Salch el al .. 200X).

Electrolyte solutions, pH adjusting reagents, and biological butTers were added prior

to the aggregation experiments following the protocol described by Chen and

Elimelech (Chen and Elimclech, 2006; Chen el al., 20(6). The dynamic light

scattering measurements wcre conducted by positioning thc detector at 90° with the

incident laser beam and the autocorrelation function having becn allowed to

accumulate for over 15 s. Thc mcasurements wcre performed for a time period

ranging from 20 min to 3 h to obtain an approximately 30% increase in the original
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hydrodynamic radius of the iron nanoparticles while these experiments were carried

out at room temperature (23°C).

The early-stage aggregation kinetics are expressed as the initial rate of increase in the

hydrodynamic radius ah(t) with time I, as measured by DLS. This increase in at,(1) is

linearly dependent on the initial (primary) particle concentration,No, as well as the

initial aggregation rate constant, KII (Eq. 3.1) (Mylon el al., 2004; Chen el al., 2006).

(_d_a_l1C_t_))t->o C( kttNo
dt

3.2.3 X-ray diffraction analysis

(3.1 )

X-ray Powder Diffraction (XRD) is an efficient analytical technique used to identify

and characterize unknown crystalline materials. Monochromatic x-rays are used to

determine the inter-planar spacing of the unknown materials. Samples arc analyzed as

powders with grains in random orientations to ensure that all crystallographic

directions are "sampled" by the beam. When the Bragg conditions (specular rcllection

Irom crystal planes) rellection from for constructive interferencc are obtained, a

"rellection" is produced, and the relative peak height is generally proportional to the

number of grains in a preferred orientation.

The X-ray spectra generated by this technique, thus, provide a structural lingerprint of

the unknown. Mixtures of crystalline materials can also be analyzed and relative peak

heights of multiple materials may be used to obtain semi-quantitative estimates of

abundances.

When crystallites are less than approximately 1,000 A in size, appreciable broadening

in the X-ray diffraction lines will occur. These regions may in fact correspond to the

actual size of the particles. The approximate size of the nanoparticles ean be found by

Scherrer's equation.

In this research work the XRD analysis of the procured magnetite nanoparticle was

perfomled at the Laboratory of Bangladesh Atomic Energy Commission (BAEC) to
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analyze the composition of the magnctite nanoparticlcs. The XRD analysis was

conducted with a Philips X 'Perl Pro X-ray Dif}i'aclo/lleler at 40kY and 30mA. It uscd

copper Ka (CuKu) radiation and a graphite monochromator to produce X-rays with a

wavelength of 1.54060 A. Magnetite nanoparticlcs were placed in a 10mm specimcn

length and scanned from 15° to 70°. This scan range covercd all major species of iron

and iron oxides. Thc scanning rate was set at 2.00/min (Stcp Size. 20 = 0.02, Scan

Stcp Time, sec = 0.60).

3.2.4 Potcntiometric titration

Potcntiometric titrations of magnetite suspensions were carried out in 0.0 I, 0.05 and

0.1 M NaNO] as the background electrolytes. The concentration of magnetite

nanoparticles was fixed at 0.5 giL. Standard (0.05 M) acid (HCI) and base (NaOH)

solutions were used for titration. After adding acid or bases, about 5 mins of slow and

steady stirring was performed before mcasuring pi! of the solution. The pH and

corresponding acid or base additions were recorded.

The experimental protocol for titration consisted of the following steps: (i) First, stock

solution of NaNO] (concentration: 1.0 M) was prcpared. (ii) The aqucous solutions

were prepared by adding required quantities (I ml, 5 ml and 10 ml) of NaNO.' stock

solution in a 100 ml volumetric flask. (iii) Thc flask was filled with distilled water up

to the lOamI mark. This way thrce different concentration of background electrolytes

(0.0 IM, 0.05M and O.IOM) were prepared. After preparation of the final solution it

was takcn into a 150ml glass beaker. (iv) 0.05 g of magnetite nanoparticle was added

in the requircd amount of solution to gct a final concentration of 0.5 giL of magnetite.

(v) At the beginning of each experiment the magnetite nanoparticles were dispersed in

solution by sonication using a sonication probe (Sonifier@, Branson Sonic Power

Company Danbury, Connecticut, Power Supply, 8-12.) for 10 min. (vi) After

sonication the sample pH was measured and an equilibration period was allowed so

that the pH value remained fixed for about one minute. (vii) Then required amount of

0.05M HCI or 0.05M NaOH solution was added to the solution using a micropipettc

and the suspension was stirred with a magnctic stirrer for about 10 minutes. (viii)
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After that the solution pH was measured again in the same way as mentioned in step

(vi). (ix) Step (vii) and (viii) were repeated consecutively until a pH range of3 to 10

was obtained. For one concentration of background electrolyte, titration by 0.05M

Hel and 0.05M NaOH were carried out in duplicate.

3.3 Results and Discussion

3.3.1 Specific surface area of magnetite nanoparticles

Figure 3.2 shows the adsorption isotherm of N2 to the iron nanoparticles. The

maximum N2adsorption occurs when partial pressure is close to unity and the value is

about 260 cc/g of magnetite and about 100 cc/g of hematite. Regarding classification

of physisorption isotherm, we find the Reversible Type-II isotherm where it

represents unrestricted monolayer-multilayer adsorption (Sing et 01., 1985). Point B,

the beginning of the almost linear middle section of the isotherm, found at Partial

Pressure of 0.56 for magnetite and 0.60 for hematite, indicates the stage at which

monolayer coverage is complete and multilayer adsorption is about to begin. The

Type-II isotherm is amenable to the BET analysis, provided that the value of C is

neither too low nor too high and that the BET plot is linear for the region of the

isothenn containing Point B.
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Figure 3.2. Adsorption isotherm ofN2 to the iron nanoparticles
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The BET specific surface area measurement of the MNPs and HNPs were found to be

37.7 m2jg and 13.8 m2jg, respectively. This value for MNPs differs from that

mentioned by the manufacturer (60 m2jg). However, the surface area determined from

test result is more acceptable than that reported by the manufacturer as surface area is

detennined by nitrogen gas adsorption to particles which was a direct measure for

porous properties.

Figure 3.3 describes the pore size distribution of iron nanoparticles with the help of

BJH model (Barrett el al., 1951). From that figure, we find the internal pore size

range of magnetite and hematite nanoparticles are about 15-28 0A and 18-30 0A,

respectively. The internal pore diameter was found by desorbing N2 gas from particle

surfaces with the application of BJH model.
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Figure 3.3. Pore size distribution of iron nanoparticles generated using BJH model
while desorbing N2 from particle surfaces

3.3.2 Structure and composition of magnetite nanoparticles

XRD measurements were conducted to identitY the crystallographic structure of

magnetite (Fe304) nanoparticles. The presence of Fe304 was indicated in XRD

patterns as shown in Fig. 3.4. 11le peak (311) of the figure 3.4 was observed at
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20 '" 36". Thus it indicated that the formation of FeJ04 nanoparticles was

approximately 22.9 nm in mean diameter.

for a spherical partiele the specilic surface area (SSA) can be calculated by the

following equation:

SSA = SwfaeeArea _ mJ' 6
Mass p Jr d) pd

6

where p is the density (4800-5100 kg/mJ for magnetite) of the solid particle. The

theoretical SSA for 22.9 nm particles is therefore 51374-54585 m2/kg or 51.374-

54.585 m2/g. However, the data obtained on surface area from the BET analysis (37.7

nl/g) should be taken to be more precise, as in case of BET analysis the shape of the

particle was not considered and surface area was determined on the basis of N2

adsorption on the surface of magnetite nanoparticles.

~
,; (2 2 0)
..!!.

(3 I J)

Compound: Magnetite
Chemical formula: FC)04
Grain size: 22.9 om

(440)

25 35 45

28 (deg.)
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Figure 3.4. X-ray Diffraction (XRD) pattern of Magnetite Nanoparticles
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Figure 3.6. Aggregation profiles of magnetite nanoparticles with and without the
biological buffers
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Figure 3.7. Aggregation rate constants of magnetite and hematite NPs with and
without the biological buffers
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3.3.3 Size distribution

Figure 3.5 shows the hydrodynamic radius for magnetite and hematite nanoparticles

in aqueous suspensions. The concentration of the suspensions was 10 mgll. The figure

shows the average hydrodynamic radius of magnetite and hematite nanoparticles were

fairly constant during the entire test and were measured as 193.H5.7 nrn and 62.1 olo

1.3 nm, respectively (Chen and Elimelech, 2006; Chen el al., 2006).

The particle aggregation profiles for magnetite nanoparticle with and without

biological buffers are shown in figure 3.6. Comparing with the figure 3.5, it is

observed that aggregation increases with addition of background electrolyte such as

NaND). Here concentration of the electrolyte was 10 mM. After addition of 50 mM

biological buffer solutions, we find no significant changes in hydrodynamic radius of

the magnetite nanoparticles throughout the experiments. This aggregation may be a

result of the promotion of double layer compression. The aggregation rate constants

(KIJ) for magnetite and hematite nanoparticles with and without biological buffers are

shown in fi!,'1.lre3.7. The rate constant remains almost same for MNPs but it changes

for HNPs with and without addition of buffers in NaND) electrolyte. The aggregation

rate constants are calculated based on initial ag!,'fegation of nanoparticles.

o Magnetrte
IJ Hematite250

o 200 400 600

Time (5)

Figure 3.5. Hydrodynamic Particle Sizing of Magnetite and Hematite Nanoparticles
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3.3.4 Surface charge characteristics

The pH versus surface charge (cr) data for 0.5 giL magnetite suspension is plotted in

Fig. 3.8. The surface charge (cr) was calculated as a function of plI from

potentiometric titration data according to Eq. 3.2 (Stumm and Morgan, 1995).

(3.2)

where F is the Faraday constant (96,485 C/mol), CA and ell are the total

concentrations of acid and base added, respectively (moI/L), [In is the proton

concentration (moIlL) given by lO-pII/YII+, [Ol-q is the OH- concentration (moIlL)

given by 1O-IPKW-PIl)/YOIl-, a is magnetite concentration (giL), and S is the specific

surface area (m2/g). The titration curves (Fig. 3.8) arc normalized to unit surface area.

The point of zero surface charge (pHpzc) is defined as the pI I value at which cr=O.

From the titration curve we find that the magnetite samples for all the three ionic

suspensions (0.0 I, 0.05 and 0.10 M of NaNO]) have the same pzc (pH of zero particle

surface charge) values of pH 7.0. The result ofpzc obtained in this research is close to

those from the literature which is 6.6 (experimentally determined) (Tewari and

McClean, 1972; Marmier el al., 1999). Choudhury (2009) found pHpzc of hematite

nanoparticles to be 6.5.

=c.
6

-&-0.£111\1 N;,NO]

-8-lUI51\1 NaN03

-6- n.l1\I N1IN03

-I -11.8 -11.6 -II'" -11.2 0 U.2 U'" U.(i U.8

" (elm' solid)

Figure 3.8. Potentiometric titration curves for surface charge (pH versus cr, Clm1

solid)
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The results indicate that there is a change of nanoparticle surface charge from positive

to negative with the increase in pH values. This particular intrinsic surface charge

property of magnetite nanoparticle has a very significant role in its adsorption

characteristic. As arsenate remains negatively charged in aqucous solutions, therefore.

high pl-l (>7.0) of the electrolyte will reduce the arsenate adsorptive capacity of

magnetite nanoparticle where low pll «7.0) increases the capacity. On the other

hand, arsenite adsorption on magnetite nanoparticle is independcnt of the entire pi-I

range as it is not charged in aqueous ionic solutions (Yean el al., 2005). Figure 3.9

shows the potentiometric titration curve for total acid base addition in magnetite

suspension at three different ionic strengths.

-a- OJ) I I\.I NaNO.'
')

--B-n.II50l\1 N:,NOJ

---0- U.1UM NaN03

6

-0.-1 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.-1

TOTH = CA-CB (ml\£)

Figure 3.9. Potentiometric titration curves for total acid-base (pH versus TOTI L mM)

3.4 Summary

This chapter has discussed the characteristics of magnetite nanoparticles (MNPs) for a

prominent adsorbent for removal of heavy metal like arsenic. There were specific

determinations for characterization of MNPs such as specitic surface area

dctermination, structure, composition and size distribution of MNl's, surface charge

characteristics. All the characteristics of magnetite nanoparticles play vital roles in

adsorption of arsenic from water.
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The specific surface area (SSA) of MNPs and HNPs found by BET adsorption

isotherm method were 37.7 m2/g and 13.8 m2/g. This value for MNPs differs from

that reportcd by the manufacturer (60m2/g). The adsorption isotherm found by BET

method holds the shape of Type-II, where it represents unrestricted monolayer-

multilayer adsorption (Sing el al., 1985). The pore size distribution was determincd

by BJH model (Barrett el al., 1951). The intcrnal pore size distribution for MNPs and

HNPs ranges from 15-280A and 18-300 A, respectively.

Thc structure and composition of MNPs was assessed by X-ray diffraction analysis.

This method gave the approximate mean diameter of magnetite nanoparticles whieh

was 22.9 nm. With this size of particle the calculated spccific surface area (SSA) was

found around 5 1.4 to 54.6 m2/g.

The characteristic of hydrodynamic radius (Rh) for MNPs and HNPs were conducted

by Dynamic Light Scattering (DLS) analysis. The hydrodynamic radius of MNPs and

HNPs were 193. I:t5.7 and 62. I "' 1.3 nm, respectively. in aqueous suspension. The

hydrodynamic radius of MNPs increased in presence of background electrolyte

(NaNG3) with or without biological buffers and the radius increased almost 1.8 times

of its initial hydrodynamic radius.

The surface charge characteristic of magnctite nanoparticles was a major finding for

equilibrating experimental adsorption data. Potentiometric titration was conductcd for

this dctcrmination. The surface charge characteristic of MNPs is important in arsenic

adsorption phenomcnon in different pH values. The pH of zero surfacc chargc (pHplC)

for MNPs was 7.0 in this study.

38



Chapter 4

ADSORPTION OF ARSENIC ON MAGNETITE

4.1 Introduction

A detailed assessment of adsorption characteristics of arsenic on magnetite under

different conditions has been described in this chapter in an effort to evaluate its

potential for use in arsenic removal systems. This chapter presents results of arsenic

(both arsenate and arsenite) removal from groundwater by adsorption onto magnetite

(Fe]04) nanoparticles. The adsorption isotherms, adsorption envelopes. adsorption

kinetics have also been evaluated in this chapter. In addition, assessment of the effect

of phosphate (competing anion) is also presented.

4.2 Material and Methods

4.2. I Batch adsorption experiments

Adsorption of Arsenic

Adsorption of arsenic and phosphate on magnetite nanoparticle (MNP) was assessed

111 batch experiments at both environmentally representative and higher

concentrations. Aqueous solutions having arsenic concentrations ranging fi'om 0 to

0.33 mmol/L (0 to 25 ppm) were equilibrated with known mass of magnetite

nanoparticles. The concentration of MNP, with addition 0.005g MNP in a 50 ml

centrifuged tube, was O. I giL. The pH values of the batch tests were kept constant

with biological buffers (e.g., MES, HEPES. and CHES) and required amount of

1.487 M NaOI!' 2(N-Morpholino)-ethanesulfonate (MES), 4-(2-hydroxyethyl)-I-
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piperazine-ethanesulfonate (HEI'ES), and 2-(cyclohexylamino) -ethancsullonalc

(CHES) were addcd as buffers for fixing pH values of 5.15 and 6.1, 7.5, and 9.3

respectively.

The arsenic batch adsorption experiments consisted of the following stcps: (i) Stock

solutions of As(lIl) or As(V) (concentration: 1OOOppm). NaNOJ (concentration:

1.0 M), MES or I-IErES or CHES (concentration: 0.5 M) were prcpared. (ii) Aqueous

solutions were prepared by adding required quanti tics of arsenic (arsenite or arsenatc)

stock solulion, 0.5 ml of NaNOJ stock solution, 5.0 ml of biological bufTer solution

(MES for pH values of 5.15 and 6.1; CHES for pH values of 9.3; HEI'ES for pH

values of 7.5) and required amount of 1.487 M NaOH in a 50 ml volumetric Ilask.

(iii) The flask was filled with deionized water up to the 50ml mark. This way by

changing the amount of arsenic stock solution. the arsenic concentration was varicd

from 0.1 ppm to 25.0 ppm and by changing the buffer and the amount of NaOH; the

pH was kept constant at 5.15, 6.1, 7.5 and 9.3. (iv) The prepared aqueous solution was

taken in a 50ml centrifuge tube and 0.005 g MNr was added to the solution; the

resulting MNI' concentration was 0.1 gIL. (v) At the beginning of cach cxperiment the

MNl's were dispersed in solution by sonication using a sonication probe (SoniJier(R).

Branson Sonic rower Company Danbury, Connecticut, Powcr Supply, 8-12.) for 10

min. (vi) The magnetite nanoparticle suspension in the ccntrifugc tubes was

cquilibrated in an end-over-end rotator [Fig. 4.1 (c)] for 24 hours at a constant specd

of 20 rpm. (vii) After 24 hours the supcrnatant from the 50 ml centrifuge tubes were

taken into 15 ml centrifuge tubes, and thc 15 ml tubcs wcrc ccntrifuged for 10 minutcs

to settle the MNP to the bottom of the tube. (viii) The supernatant solutions were

Jiltered through 0.2 J.lmNalgene syringe filters (Surfactant Free Cellulose Acetate.

SFCA). (ix) The pH of the supernatant was measured immediately after filtration.

(viii) Arsenic concentration of the clear liquid collectcd from the tube was measured

after suitably diluting the sample.
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(a) (b)

(c)

Figure 4.1. Arsenic test sample (a) before sonication, (b) after sonication, and (c)

samples rotating at end-over-end tumbler

Adsorption of Arsenic present in Natural Groundwater

Adsorption of arsenic from groundwater was analyzed in batch adsorption tests

similar to those described above. The only difference is in step (iii) where BVET

groundwater was used instead of deionized water to prepare a solution with arsenic

concentration of 1.0 ppm. It may be noted that the BVET groundwater has arsenic
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concentration bclow 1 ~Lg/L(IJDL for AAS used in analysis) no buffer was used to

control the pH, and the tests werc conducted at natural pH (i.e., pH of the natural

ground water). The magnetite nanoparticlcs concentration was maintained at 0.1 giL.

Effect of pH on Adsorption of Arsenic

Effect of pH on adsorption of arsenic on MNP was assessed by batch adsorption

experiments similar to those described earlier, except no biological buffer was used in

step (ii). After tilling the glass volumetric flasks to 50 ml mark with deionized water,

the pH of the solution was varied by adding diluted standard (0.5 M) hydrochloric

acid or sodium hydroxide in amounts of several micro liters. In these adsorption

experiments the arsenic concentration was kept constant at 1.0 ppm. The dilute acid

and base solutions were used to achieve a wide range of pll (pH = 3-10).

Adsorption of Phosphate

Arrangements of the batch adsorption tests for phosphate were similar to those

discussed earlier except that instead of arsenic, standard stock solution of phosphate

(10 ppm) was used to prepare the aqueous solution. The initial phosphate

concentrations were taken as 0.1 ppm, 0.5 ppm and 1.0 ppm. The pI I of the solution

was kept constant at 6.1 using 5.0 ml of 0.5 M MES buffer and 0.75 ml of 1.487 M

NaOH. The concentration of magnetite nanoparticles was 0.1 giL. Phosphate

concentration was determined using a spectrophotometer (Hach, DR4000U). The

difference between the initial and residual phosphate concentration indicated the

quantity of adsorbed phosphate on magnetite nanoparticles.

Effect of Phosphate on Arsenic Adsorption

Effect of phosphate concentration on adsorption of arsenic on MNP was evaluated in

similar batch experiments described earlier. In these experiments, MNP concentration

was 0.1 giL, arsenic (both arsenate and arsenate) concentration was lixed at 0.5 ppm.

while phosphate concentration was varied from 0.10 ppm to 0.50 ppm. The

concentration of phosphate was varied by adding required amount of phosphate stock
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solution of 10ppm in step (ii). In all experiments, pI I was also kept constant at 6.1

(using 5.0 ml of 0.5 M MES buffer and 0.75 ml of 1.487 M NaOI I). Residual

phosphate concentration was determined USIng a spectrophotometer (I-Iach.

DR4000U). while arsenic concentration was determined using AAS attached with a

graphite furnace (GF-AAS). The difference between the initial and residual phosphate

and arsenic concentrations gave the quantity of adsorbed phosphate and arsenic

respectively on magnetite nanoparticles.

Kinetics of Arsenic adsorption on Magnetite Nanoparticles

Kinetics of adsorption of arsenic on MNPs was performed in batch experiments. The

rate of arsenic adsorption is an important factor for arsenic removal. For this

experiment, 5 ml of arsenic (arsenite or arsenate) stock solution of 100 ppm was

added in a 500 ml glass volumetric Ilask. along with 50 ml of 0.5 M MES, 5 ml of

0.1 M NaNO) and 8.5 ml of 1.487 M NaOI-!. The volumetric flask was then filled to

the 500 ml mark with distilled water. Finally the 500 ml solution was taken in a glass

beaker. The initial arsenic concentration of the solution was 1.0 ppm with a

background electrolyte concentration of 0.01 M NaNO.;. The pH of the solution was

fixed at 6.1. The solution was constantly stirred with a magnetic stirrer. Then 0.05 g

of MNI' was added to the solution (to make the eoneentration of the MNl's 0.1 giL)

with 10 minutes of sonication for dispersion of the MNPs in the solution. Starting of

the reaction time was taken from the time when sonication was stopped.

Approximately 10 ml aliquots were taken from the suspension at the following

intervals: 0.5, 1.0. 1.5.2.0,2.5.3.0,3.5,4.0.4.5,5.0, and 22.0, 23.0, 24.0 hours from

the start of the reaction time. During this time period, a magnetic stirrer was used to

agitate the suspension. The collected samples were taken in a 15ml centrifuge tube

and centrifuged for 10 minutes to separate the MNI'. The relatively clear and

supernatant samples were then filtered through a 0.2 ~lIn Nalgene syringe Iilter

(Surfactant Free Cellulose Acetate, SFCA). Arsenic concentration of the liltrate was

measured after suitably diluting the sample. The amount of adsorbed arsenic was

estimated by using the initial and final concentrations of arsenic in the aqueous

solution.
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4.2.2 Laboratory analysis of water samples

Arsenic concentrations were determined with an AAS (Shimadzu, Japan, AA68(0)

attached with a graphite furnace (GF-AAS). Detection limit of arsenic in this systcm

was Il1g/L Iron concentrations were determined with flame emission atomic

absorption spectrophotometer, using an AAS (Shimadzu, Japan, AA6800). Detection

limit of iron was 20 I1g/L. pH was determined using a pH meter (I-IACH Co., USA)

and phosphate concentration was detcrmined with a spcctrophotometer (HACl-I Co.

USA, DR4000U). Phosphate was measured by the Molybdenum Blue mcthod and the

detection limit was 0.01 mg/L.

Standard QA/QC procedure was followed throughout including rcplicate analysis

(1 in every 5 samples), checking of method blanks (I in every 10 analysis) and

standards (I in every 10 analysis).

4.2.3 Chemicals and reagents used

All chemicals used in this study were of analytical gradc with dcionized water from a

Barnstead Fistreem 1JI Glass Still distiller was used. Stock solutions of arscnic

(1000010I0 mg/L as As3+, prepared from AS203; May & Baker Ltd., Dagenham,

England and 100001010mg/L as As5+, prepared from Na2HAs04.7H20; MERCK, E.

Merck, Darmstadt) were used for preparation of standard solutions for AAS. Arscnic

standard solutions of 10, 20, 25, 30 ~Ig/L were prepared for GF-AAS analysis. Iron

standard solutions of I, 2, 3 and 4 mg/L were prepared for Flame-AAS analysis.

Stock solution of phosphate (1000101.0 mg/L as 1'04, BACH Co., USA) was used for

preparation of standard solutions for measuremcnt of phosphate conccntrations using

a spectrophotometer (HACH Co., USA). Magnetite Nanoparticles were procurcd from

Nanostructured and Amorphous Materials, Inc. (16840 Clay Road. Suite 113

Houston, TX 77084, USA). Standard solution were prepared daily throughout the

laboratory experimental test time. All acids used in this study were of analytical

grade. Hydrochloric acid (fuming 37%, extra pure, Merck, Germany), Nitric acid

44



(65%, extra pure, Merck Germany) and Sulfuric acid (95-98%, extra pure, Merck,

Germany) were used throughout.

4.3 Results and Discussion

4.3.1 Adsorption of arsenic on magnetite nanoparticles

The adsorption characteristic of arsenic was assessed through adsorption isotherms.

The adsorption capacities of the magnetite nanoparticles for As(lIl) and As(V) were

evaluated using the isotherms presented in Fig. 4.2 and 4.3, respectively.

The Langmuir and Freundlich equations were employed to describe the adsorption

isotherms in the figures. The maximum adsorption calculated from the Langmuir

equation was used as the arsenic adsorption capacity. The adsorption constants

obtained from the isotherms at dilTerent experimental conditions are listed in Table

4.1. As shown in Table 4.1. relatively high regression coeflicients (R2
) suggest that

both Langmuir and Freundlich models are suitable for describing the adsorption

behavior of arsenic by magnetite nanoparticles.

Table 4.1. Langmuir and Freundlich isotherm parameters for As(V) and As(II1)

adsorption on Magnetite Nanopartieles..
Langmuir Model Freundlich Model

As qmax b
R2 R2pH K 11

speelcs (flmollg) (Llflmol)

5.15 550 0.16 0.9990 42.66 0.67 0.9657

6.1 As(II1) 667 0.04 0.9691 25.49 0.76 0.9803

7.5 450 0.08 0.9647 32.06 0.64 0.9671

5.15 600 0.13 0.9626 59.84 0.59 0.9428

6.1 As(V) 500 0.06 0.9934 68.58 0.38 0.9105

9.3 300 0.04 0.9240 10.17 0.80 0.9876
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The adsorption data presented in Table 4.1 shows that maximum arsenite, As(lll) and

arsenate, As(V) adsorption capacity, (qmax) on MNPs are 667 fllllollg at pH 6.1 and

600 J.1mol/g at pH 5.15, respectively. At pH 6.1, arsenite adsorption exceeds the

maximum arsenate adsorption on MNPs under the experimental condition employed

in the study.

The Langmuir and Freundlich isotherms describe crucial adsorption characteristics of

MNPs for arsenic removal. As discussed in Section 2.7.2, the Langmuir isotherm

limits the accumulation of adsorbate (As) on adsorbent (MNP) with single layer. After

completion of monolayer a llattered isotherm curve gives the idea that no further

accumulation on MNl's as it fills all the sites of the adsorbent.

In case of Freundlich isotherm, the pattern of the curve is different II'om that of

Langmuir because it exhibits multilayer adsorption. The free energy of surface sites is

reduced by accumulation of As on MNl's. Thus, the isotherm curves show gradual

increase due to adsorption of arsenic with increased aqueous concentrations and it

enumerates exponential decrease in free surface energy sites therefore exponential

increase in particle adsorption. High regression coefficients (R2>0.97) suggested that

both Langmuir and Freundlich models were suitable for describing the adsorption

behavior of As(lll) and As(V) by magnetite nanoparticles.
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Figure 4.2. Adsorption of arsenite on magnetite nanoparticle of concentration 0.1 giL

at pH values 5.15, 6.1, and 7.5
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Figure 4.3. Adsorption of arsenate on magnetite nanoparticle of concentration 0.1 giL

at pH values 5.15, 6.1, and 9.3
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The qma.' values obtained for the magnetite nanoparticlcs are compared with those

obtained using other adsorbents in Table 4.2.

Table 4.2. Maximum arsenic adsorption capacities of somc adsorbent systems
••

Adsorbent Max. As(II1) Max. As(V) Rcfer-cncc

Adsorption Adsorption
capacity capacity
(mmolg -I) (mmolg -I)

Magnetite
0.67 (pH 6.1) 0.60 (pH 5.15) I'rcscnt study

Nanopartic!es

Mn02 0.13 0.1 Lenoble el al. (2004)

Geothite / 0.53 (pH 3-3.3) Matis el al. (1997)

AIzOJ/Fe(OHh 0.12 (pH 6.1) 0.49 (pH 7.2)
Hlavay and Polyak

(2005)
Fe(lIl)-loaded

0.24 (pH 6.1) 1.83 (pH 4.5) Munoz el al. (2002)
sponge

Fe-Mn-mineral
0.16 (pH 6.1) 0.09 (pI I 5.5)

Deschamps el al.
material (2005)

Ti02 0.43 (pH 6.1) 0.55 (pH 7.0) Bang el al. (2005)

Hematite
0.59 (pH 6.1) 0.30 (pH 6.1) Choudhury (2009)

Nanoparticlcs

Most of the traditional media used for arsenic rcmoval has very low selectivity for

arsenite. It should be noted that majority of arsenic in natural groundwatcr exists as

arsenite (WHO. 2005). The increased maximum adsorption capacity for arsenite in

this study suggests that magnetite could be a potential adsorbent for arsenite removal

from water. Therefore. it appears that magnetite nanoparticle could be very

appropriate for both arsenite and arsenate removal from water.

Previous works regarding adsorption of arsemc on magnetite nanopartieles

(Yean el al .• 2005) showed that arsenic adsorption isotherm appeared to consist of

two Langmuir type isotherms for both arsenite and arsenate. Figure 4.4 shows the

adsorption isotheffils for As(IIl) and As(V) on magnetite nanoparticles (size: 11.72
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nm) reported by Yean el al., (2005). It shows that at low concentration, the adsorption

isothemls can be fitted with a simple Langmuir Isotherm. However, at high As

concentrations, the adsorption data deviates from the simple Langmuir isotherm. and

appears to follow a second Langmuir isotherm.
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Figure 4.4. Adsorption of Arsenic to I 1.72 nm magnetite at pH 8.0:

(a) As(IlI) and (b) As(V) (Yean el al., 2005)
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Figure 4.5. Adsorption of arsenite and arsenate on MNPs at pH (a) 5.15, and (b) 6.10

The reason behind the discussion above is that if we pay a closer look at the Langmuir

isotherm curves at pH 5.15 and 6.1 for arsenite (see Fig. 4.5), we see a similar pattern

of curve with that of Figure 4.4. Figure 4.5 shows two Langmuir type adsorption

isotherms for arsenite at relatively low and high aqueous concentrations at a particular

pH.
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At pH value 5.15, though there are two Langmuir adsorption isotherms for arsenite, it

does not overshoot the arsenate isotherm. At low concentration r<IS flmollLl. thc

adsorption isotherm can be fitted with simplc Langmuir isotherm. But beyond that

concentration, a second Langmuir isotherm could be fittcd to dcscribe thc data. Again

at pll 6.10 a second Langmuir adsorption isotherm could be fitted to describe arscnic

adsorption at higher concentration [> 17 pmoIlL].

Adsorption of arsenite on MNPs does have a major change between pH values of 5. J 5

and 6.10. The adsorption of arsenite on MNPs exceeds that of arsenate at pH 6.10 at

higher concentration [>20pmoIlL], whereas it does not exceed arsenatc adsorption at

pH 5.15. This reveals a higher arsenic adsorption capacity of MNP at pl-I 6.10

compared to 5.15.

4.3.2 Effect of pH on arsenic adsorption

Figure 4.6 shows effect of pH on adsorption of both arsenite and arsenate on MN 1'.

The figure shows that at low pH range both arsenite and arsenate are removed more

rather than those at high pH values. As can be seen, the As(V) removal was evidently

dependent on pH with the greatest adsorption occurring under acidic conditions and

decreased with increase in solution pH. H2As04' and HAsO/' are dominant As(V)

speeics in the solution under the experimental conditions (pH range 3-10). Lower pll

is favorable for the protonation of sorbent surface. Increased protonation is thought to

increase the positively charged sites, increase the electrostatic attraction force existing

between the sorbent surface and arsenic anions and therefore increase the amount of

adsorption in the lower pH region. But in higher pH region, the negatively chargcd

sites dominate, the electrostatic repulsion effect enhanccs, and the amount of

adsorption is consequcntly rcduced.

The same trend is also observed with the As(lll), but the decrease in As(lll) removal

was not as significant as that of As(V) with increasing pH. Many studies also suggcst

that increasing pH dccreased As(V) adsorption on iron or iron containing adsorbents

(.lang el al., 2006), which is typical of anionic adsorption. These studics also indicatc

52



that the effect of pH on As(III) adsorption on iron adsorbents is very different from

that of As(V), since HJAsOJ is the dominant dissolved As(III) species at pH below

9.2. For the present adsorbent (MNP) in this study, no significant decrease in As(III)

removal was observed until the solution pH was increased to 5.5, indicating that the

material will have lower arsenic adsorption for majority of water samples, which

normally have a pH range of 6.5-8.5 (Gu el at., 2005).

Aggregation could have a significant influence on arsenic adsorption on MNPs. In the

pH range from 3.0 to 7.0 the surface charge of the magnetite nanoparticle is positive

as pHpzc = 7.0 (Section 3.3.4). As(V) was adsorbed more than As(III) on MNPs at pH

<6.0. But at pH value>6.0, As(III) was adsorbed more than As(V). With increasing

pH the surface charge changes gradually to zero at pH = 6.0-7.0. After that the

surface charge becomes negative at higher pH values (>7.0) and negative As(V)

species have electrostatic repulsive behavior with MNPs surface sites and hence less

As(V) was adsorbed than As(III) on MNPs. On the other hand, As(III) remains

undissociated (HJAsOJ) at pH<9.2, therefore, charged particle surface sites have little

effect on its adsorption on MNPs. The pH effect on agb'fegation is mainly due to the

fact that pH affects particle surface charge.
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Figure 4.6. Effect of pH on adsorption of As(III) and As (V) with MNP at 0.1 M

ionic strength. (0.133 mol As / kg Magnetite)
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Adsorption of arsenic from groundwater

The adsorption of arsenic from BUET groundwater was evaluated at natural pH

(pH = 7.7) of the groundwater, with a magnetite nanoparticles concentration of 0.1

giL. The groundwater was collected from a deep tube-well near the Administrative

Building of BUET and results of adsorption of arsenic on nanoparticles are shown in

Table 4.3. Table 4.3 shows that adsorption of both As(lll) and As(V) arc comparablc.

The amount of As adsorbed, presented in Table 4.3, are less than those achievcd

during laboratory batch experiments (under similar conditions), which wcrc

conducted using only aqueous solutions of arsenic.

Table 4.3. AdsorPtion of Arsenic from Groundwater on Magnetite
NanoParticles (0.1 giL) at pH 7.7.

(Initial Arsenic Concentration =].0 ppm)

Residual Arsenic Adsorbed
Percentage

Arscnic
Concentration Arsenic

of
Species (mmolg.l) (mmolg.l) Arsenic

adsorbed

As(lII) 5.41 4.59 45.9

As(V) 6.88 3.12 31.2

Previous research (Sharma, 2006 and Zhang el al., 2007) has shown that arsenic

sorption to mineral surfaces decreascs in the presence of competing anions such as

phosphate, silicate, sulfate, nitrate, carbonate as well as natural organic mailer

(NOM). Hence the presence of such competing anions in the groundwatcr may bc

rcsponsible for the observcd lower adsorption of arsenic from natural groundwater.

Also at the pH value of7.7 at which these experiments were carried out, the surface of

the MNPs was negative. The presence of cations like Ca2+, Mg2+ those promotc

double layer compression resulting less arsenic adsorption on MNPs.
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4.3.3 Adsorption of phosphate on MNP

Table 4:4. Adsorption results of Phosphate on Magnetite Nanoparticles.
Initial Phosphate

Residual
Adsorbed % of

Phosphate
Concentration. Phosphate. Phosphate

(ppm) Concentration (ppm) Adsorbed
(ppm)

O.I 0.044 0.056 56

0.5 0.198 0.302 60.4

1.0 0.566 0.434 43.4

Adsorption of phosphate on MNPs is shown in the Table 4.4. The adsorption

experiments were conducted at pH 6.10 with only deionined water. The concentration

of MNPs was 0.1 giL. .We find that adsorption of phoshate decreases with increased

phosphate concentrations. These results suggest that phosphate could effectively

compete with arsenic for adsorption onto MNPs.

4.3.4 Effect of phosphate on arsenic adsorption

Among the anions which could compete effectively with arsenic for adsorption site on

a sorbent. Phosphate is ubiquitous in natural groundwater. Groundwater in

Bangladesh also contains high concentrations of phosphate (0.2-3.0 mg/L) (Meng

el al., 2000). So its potential influences on arsenic sorption and mobility are

significant. Phosphate sorbs strongly onto iron oxide minerals and can therel{)t.c

compete with arsenic for surface sites (Dixit and Hcring, 2003). Figure 4.7 shows

adsorption of arsenic on MNP at fixed pH of 6. I0 z 0.05, in the prescnce of 3 (three)

different pol- concentrations (0.1, 0.25 and 0.5 ppm). The concentration of arsenic

in suspension was 0.5 ppm.
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Figure 4.7. Effect of phosphate (competing anion) on arsenic removal with arsenic

concentration of 0.5 ppm at pH 6.10 with 0, 0.1, 0.25, and 0.5 ppm Phosphate

Figure 4.7 clearly shows the effect of phosphate on adsorption of arsenic as a

competing anion. The results show about 13% decrease in adorption of arsenite in the

presence of 0.50 ppm phosphate whereas the corresponding figure for arsenate is

about 25%. Phosphate and arsenic lie in same group in the Periodic Table (Or VA),

but the atomic number of phospahte (15) is less than that of arsenic (33). Therefore,

phosphate competes well for adsorption onto different adsorbents and this study

provides evidence for this characteristics.

4.3.5 Kinetics ofaresnic adsorption on MNPs

Kinetics of adsorption gives the idea of rate of arsenic adsorption on MNPs. It

provides time behavior of arsenic removal by MNPs.In the kinetic experiment, the

aqueous arsenic concentration was 13.3 IlM, with 0.1 giL concentration of adsorbent

and solution pH was kept at 6. IO.

Figure 4.8 shows adsorption of arsenic as a function of time from the kinetic

experimenl. From the fugure it is seen that adsorption of arsenate is relatively faster
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than arsenite. After 24 hour, the final ramoval for arsenate was about 79% whereas

this value is 62% for arsenite. Most of the adsorption for arsenate was complete

within 2 hours from the start of experiment. But in case of arsenite, the adsorption

continued for upto 5 hours. The last 3 data in each experiment were almost same,

which indicates that the adsorption reached equilibrium within 24 hour. Then results

validate the 24 hour equilibration period used in the adsorption experiment.
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Figure 4.8. Adsorption kinetics on magnetite nanoparticles of (a) As(IlI), and

(b) As(V) at pH 6.10. Initial arsenic = 13.3 ~M, and adsorbent = 0.1 gIL

Kinetic rate constants for the pseudo first order kinetic model and pseudo second

order kinetic model were determined from the following two equations (described in

article 2.8):

log(q, -q) = logq, - 2~~3 (First-order kinetic model)

1 lIS d d k' .- = --, +- ( econ -or er mellc model)
q k,q. q,

Figures 4.9 and 4.10 show the plots oflog(qe--i1)versus 1and Ilq ver~l1SI, respectively,

from which the kinetic rate constants were determined. Table 4.6 lists the computed
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results obtained from tbe first-order and tbe second-order kinetic model and also tbe

experimentally observed values of qe.
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Table 4.5. The first-order and second-order adsorption rate constants and
calculated qc values for both As(V) and As(IlI) on MNPs

,

First-order kinetic modcl (from Second-order kinctic

Arsenic
figure 4.9) model (from IiI.!.ure4. 10)

k, (je.cal k2 (je,cal

(hr"l) (~IM) (I1M.1h(I) (pM)

As (V) 0.507 3.6728 0.564 10.5263

As (Ill) 0.504 7.6736 0.077 9.7087

Table 4.5 gives values of adsorption rate constants (k) and calculated adsorption of As

at equilibrium, qe for first-order and second-order kinetic models found fi'om Figurc

4.9 and 4.10.

Table 4.6. Comparis&;; of expcrimental and predicted adsorption (using

first-order and second-order kinetic models) ofAs(lII) and A(V) on

MNPs (Initial As concentration = 13.3 pM)

First-order Second-ordcr Experimental

kinetic model kinetic model values of
Arsenic Timc, I

Amount of As Amount of As adsorption of
SPCCICS (hr)

adsorbed (11M) adsorbed (11M) As on MNPs

on MNPs on MNPs (pM)

0 0 0 0

2 2.3393 9.7088 9.4087
As (V)

3.3811 10.20775 10.183

24 3.6728 10.453 10.5366

0 0 0 0

2 4.8746 5.8177 5.4693
As (III)

7.87285 7.057 7.659

24 7.6736 9.1961 8.3549
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Table 4.6 shows comparison of adsorption of As on MNl's for first-order and second.

order kinetic models with those found from experiments. It is found that only As(V)

adsorption satisfies first-order kinetic model but both the models quite satisfy As(lll)

adsorption on MNPs.

4.4 Summary

Adsorption of arsenic on MNPs was assessed. Adsorption of arsenic on MNl's was

described by Langmuir and Freundlich Isothenns. Both the isotherms were described

the experimental data quite well at different pH and solution concentrations. The

maximum adsorption of arsenite and arsenate on MNl's were found to be 667 ~lmol/g

at pH 6.10 and 600 ~lInol/g at pH 5.15, respectively in aqueous solution containing

0.01 M NaNOJ. At pH 5.15, a second Langmuir adsorption isotherm was observed f()r

arsenite. At low arsenic concentration «15 ~Imol/L). the adsorption isotherm can be

fitted with simple Langmuir isotherm. Same case happened at pi-I 6.10 for arsenite

where second Langmuir isothenn appeared after 17 ~lmol/L aqueous concentration.

The pH of the aqueous solution has a strong influence on arsel1lc adsorption on

MNPs. The effect of pH for arsenite and arsenate is not same in pH ranging from 3 to

10. Adsorption of arsenate on MNPs was higher at pH below 6.0 and relatively lower

at pl-j values >6.0. On the other hand there was no significant effect of pIlon arscnite

adsorption on MNPs. At high pH (>7.0) arsenite adsorption was higher than arsenate

adsorption on MNPs.

Adsorption of arsenic present in natural groundwater was also assessed. It was f()lllld

that arsenic adsorption was relatively less compared to those in deionized water (with

0.01 M NaN03). Presence of competing anions such as polo, silicate, sulfate, nitratc.
carbonate etc. and aggregation of MNPs are probably responsible for lower adsorption

of arsenic.

Similar to the effect of pH, the effect of phosphate on arsenic adsorption on MNPs

was evaluated. The adsorption of arsenite and arsenate (present with an initial
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concentration of 0.5 ppm) on MNPs reduced by about 13% and 25%, respectively in

presence of 0.5 ppm phosphate in solution.

The adsorption of arsenate was found to be faster than that of arsenite on MNPs.

Kinetic adsorption data were fitted by first and second order kinetic models and it was

found that the rate of arsenate adsorption did not satisfy first order kinetic model

whereas both the models described arsenite and arsenate adsorption on MNPs very

well.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The present research work commenced with an arm to achieve the following

objectives: (1) Characterization of commercially procured magnetite nanoparticles.

(2) Assessment of arsenic adsorption charactcristics of magnetite nanoparticles. which

included the effect of different water quality parameters like pH, phosphatc contcnt

along with evaluation of adsorption kinetics.

These objectives were set to understand the adsorption mechanism of arscnic on

magnetite nanopartieles under different conditions. The major conclusions li'orl1 this

study are summarized below:

I. The physical qualities of the magnetite nanoparticles mentioned by thc

manufacturer were different from that observed in the characterization test results.

This finding points out to the essential requirement of characterizing the procurcd

nanomaterials from the vendors. It was seen that the reported specific surface area

of the nanoparticles (60 m2/g) was very high compared to the spccific surface arca

37.7 nllg determined in this study. The internal pore size range of MNPs is about

15-28 °A. The structure, composition and particle size of the magnetite

nanoparticles agreed to the mentioned features. The hydrodynamic radius (RiI) of

MNPs was measured as 193.H5.7 nm which is over eight times the original

particle size. The pH of zero surface charge (pHr/c) ofMNPs was 7.0.

II. The adsorption isotherm developed from the experimental results shows that both

Langmuir and Freundlich isotherms represent the adsorption data well under

different parameters. In Langmuir isotherm, the maximum adsorption of arscnitc

on MNPs is 667 fll110l/gat pH 6.10 and it is 600 flmol/g at pH 5. 15. in case of

arsenate. The data of arsenite revealed two Langmuir isotherms at low and high
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aqueous concentrations. Second Langmuir isotherm appeared at higher arsenite

concentration for pH values 5.15 and 6.10.

iii. Adsorption of arsenic on magnetite nanoparticles depends on different water

quality parameters like pH, phosphate content. It was observed that with

increasing pH the adsorption of both As(lII) and As(V) decreases. Adsorption of

As(V) at low pH «6.0) is higher than that of As(lII) whereas at higher pi I.

adsorption of As(111)is higher than As(V).

IV. The adsorption of arsenic on MNPs decreased when conducted with natural

groundwater compared to adsorption in de-ionized water with an electrolyte.

v. The adsorption of arsenic [both As(lII) and As(V)] is decreased in the presence of

phosphate ion. Hence presence of phosphate in water reduces the efticiency of

magnetite nanoparticles as adsorbents for arsenic.

VI. Magnetite nanoparticles adsorb to their maximum capacity in almost 5 hours of

contact time with the solution.
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5.2 Recommendations

The following are recommended for future studies:

I) The desorption characteristics of magnetite nanoparticles should be analyzed in

order to find the desorption hysteresis at different pH. This will lead to the

evaluation of possible regeneration capacity of the magnetite nanoparticles to be

used in a filter media for practical application.

2) Studies should be carried out to find the possibility of dispersing the magnetite

nanoparticles into a porous or solid polymeric matrix which will retain the

nanoparticles in place and allow them to come in contact with water flowing

through the porous material. This way the arsenic present in the water will be

adsorbed by the nanomaterials and the entire system can act as an effective filter

media.

3) Field study should be carried out to see the effect of direct subsurface injection of

magnetite nanoparticles, whether under gravity-fed or nanoparticle-water slurry.

in areas with high arsenic concentration in groundwater of Bangladesh. It will

enable assessment of the potential application of the magnetite nanoparticles l'or

immobilization of heavy metals like arsenic.

4) Efforts should be made to use surface complexation models (SCMs) for

describing the experimental data.
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