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Abstract 
 

 

 

 

 

 

 

 

 

 

 

The arsenic contamination in groundwater is currently a major problem in many 

parts of the world, which needs to be addressed adequately to meet the demand of the 

safe potable water. This thesis explores synthesis, characterization and efficacy of 

different synthesized metal oxides (iron and manganese oxides) as sorbents, for 

arsenic uptake and possible arsenic remediation from water. The studies have been 

carried out using 
76

As radiotracer in batch equilibration mode. The experimental 

includes the preparation of 
76

As radiotracer, conversion of it to As(III) and As(V) 

species and confirming the species by solvent extraction. The studies include the 

effect of pH, kinetics, isotherm evaluation, effect of co-occurring ions on the sorption 

behavior of iron oxides (goethite, hematite and magnetite) / manganese dioxide 

(MnO2) for arsenic uptake and evaluation of applicability of these sorbents in 

removing arsenic from real groundwater samples. The sorbents have been studied for 

the leaching property in groundwater pH and also for their regeneration and 

reusability. To understand the sorption mechanism, she elaborated the XPS and 

electrochemical measurements of the As(III) and As(V) species by iron oxides and 

MnO2. Based on the experimental findings the sorption mechanism has been figured 

out as complexation involving change in the oxidation state of arsenic species during 

sorption. With the knowledge gained, a sorbent, MnO2, has been identified 

successfully, which has also been modified in the form of coating on resin beads 

(MX-4 beads) and applied for arsenic removal studies. 

The main objective of this work has been to study the changes occurring to the 

oxidation states of both the adsorbent and adsorbate during their interaction. This may 

help in development of efficient and economic arsenic removal method from 

groundwater.  
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1.1. Water: Availability in nature 

The entire life on earth depends on one major factor, “WATER”. Water is essential for 

the survival of living creations. Access to safe drinking water is a basic human right. 

Nearly 70 % of earth is covered with water: 97.5 % is saline/sea water and remaining 

only 2.5 % is fresh water. The major source of fresh water is glaciers, where about two 

third of the fresh water is trapped in the form of ice. The rest is present as surface water 

(ponds, lakes, rivers, streams) and underground water (groundwater), of which only about 

0.007 % is available for daily use [1]. Even though the percentage of groundwater is very 

small compared to the total water on earth, its importance cannot be ignored. Globally, 

over two billion people depend on groundwater as the source of drinking water. Notably, 

India is the largest consumer of groundwater in the world. 

1.2. Toxic elements in drinking water 

For humans, nineteen elements are listed as necessary for daily intake. These elements are 

categorized into three groups: (1) essential (2) probably essential and (3) potentially toxic. 

Water, is considered as the universal solvent, and it inherently contains some of the 

essential elements as well as few toxic elements (contaminants). The US Environmental 

Protection Agency (EPA) enforces certain drinking water standards. The contaminants in 

water are categorized as primary and secondary contaminants. Primary contaminants are 

those which may cause a direct health risk to humans. These include inorganic and 

organic chemicals, radionuclides and microorganisms. The secondary contaminants are 

those which cause, cosmetic effects like, skin or tooth discoloration and aesthetic effects 

such as taste, odour and color, to water. The primary contaminants can bind strongly to 

cellular molecules and interfere with the biological functioning of these components and 

hence are termed as toxic. Thus, water needs to be critically evaluated for these elements. 
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The list of fifteen primary inorganic contaminants along with the associated health 

hazards are listed in the Table 1. 1 for a quick reference. 

Table 1.1: List of primary inorganic contaminants [2-3] 

Sl. 

No. 
Contaminant 

Maximum 

contaminant 

level (MCL; 

mg/L) 

Health effects 

1 Antimony 0.006 Increase in blood cholesterol, decrease in 

blood sugar 

2 Arsenic 0.010 Skin damage, problems with circulatory 

systems, increased risk of getting cancer 

3 Asbestos (fiber 

>10 m) 

7 (Maximum 

Fibre Level) 

Increased risk of developing benign 

intestinal polyps 

4 Barium 2 Increase in blood pressure 

5 Beryllium 0.004 Intestinal lesions 

6 Cadmium 0.005 Kidney damage 

7 Chromium 0.1 Allergic dermatitis 

8 Copper 

 

1.3 Gastrointestinal distress, Liver or kidney 

damage 

9 Cyanide (as 

free cyanide) 

0.2 Nerve damage, thyroid problems 

10 Fluoride 4.0 Bone disease  

11 Lead 0.015 Kidney problems, high blood pressure 

12 Mercury 

(inorganic) 

0.002 Kidney damage 

13 Nitrate, 

Nitrite 

10 

1 

Infants: could become seriously ill and, if 

untreated, may die. Symptoms include 

shortness of breath and blue-baby 

syndrome. 

14 Selenium 0.05 Hair or fingernail loss, numbness in 

fingers or toes, circulatory problems 

15 Thallium 0.0005 Hair loss, kidney, intestine or liver 

problems 
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Among the fifteen inorganic contaminants listed, arsenic is one of the highly toxic 

element. It is the oldest poison known to man and called as “the king of poisons”. The 

agency for toxic substances and disease registry (ATSDR), ranked arsenic as number 1 in 

the 2001 list of hazardous substances at superfund sites [4]. It is also designated as Group 

1: carcinogenic to human, by International Agency for Research on Cancer (IARC) [5]. 

Therefore many researchers are working on various aspects of arsenic toxicity and 

remediation. 

1.3. Sources of arsenic in nature  

Arsenic is a metalloid and found to be the 20
th

 most abundant element in the earth’s crust. 

The element was discovered by Albertus Magnus way back in 1200. Arsenic can be 

found in soil and minerals in small concentrations. The major arsenic bearing minerals are 

listed in the Table 1.2. Among the list, the most abundant arsenic bearing mineral is 

arsenopyrite, FeAsS [6]. Arsenic is also present in nature as adsorbed form, onto Fe(III) 

and Mn(IV) oxide/hydroxide materials, as a result of weathering of sulfide bearing 

minerals [7].  

The rapid growth of population, industrialization and agriculture activities have caused 

the surface water sources to either dried up or rather contaminated. As a result, 

groundwater has become the main source of drinking water in many developing 

countries. Thus, installing tubewells, for providing presumably the safe drinking water to 

the population are very common. In the recent decades, the problem of arsenic 

contamination in groundwater, occurring from the naturally occurring arsenic sources, has 

received a tremendous attention, considering very high toxicity of arsenic on human 

health. 

The risk of arsenic contamination of surface and groundwater arises through natural 

processes as well as from human (anthropogenic) activities. The natural processes include 
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weathering, volcanic eruptions, forest fires and various biological activities. The different 

anthropogenic activities are mining, combustion of fossil fuels, wood preservation and the 

use of arsenic containing pesticides and herbicides in farming [6].  

Table 1.2: Major arsenic bearing minerals occurring in nature [6] 

Mineral Chemical formulae 

Native arsenic As 

Orpiment As2S3 

Realgar As4S4 

Arsenopyrite FeAsS 

Arsenolite As2O3 

Olivenite Cu2OHAsO4 

Cobaltite CoAsS 

Proustite Ag3AsS3 

Scorodite FeAsO4.2H2O 

Niccolite NiAs 

Tennantite (Cu,Fe)12 As4S13 

Enargite Cu3AsS4 

 

1.4. Arsenic contamination in groundwater 

As per the literature reports, presently more than 140 million population spreading in 

more than 70 countries are affected by arsenic contaminated groundwater (Fig. 1.1) [6, 8-

11]. Bangladesh and India (West Bengal) are the most affected among the countries [8, 

12-13]. In India, seven states are reported with groundwater arsenic contamination 

problem, namely, West Bengal, Jharkhand, Bihar, Uttar Pradesh, Assam, Manipur and 

Chhattisgarh [14-15]. In recent reports, 96 districts in 12 states in India as well as over 10 
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million population spread only in nine districts of West Bengal are still using arsenic 

contaminated groundwater [16-17].   

 

Figure 1.1: Arsenic affected countries and the contaminant levels [18] 

1.5. Mechanisms of Arsenic mobilization 

 

The natural process of leaching of arsenic from its sources has been explained mainly by 

two theories.  

1.5.1. Pyrite oxidation hypothesis  

Arsenopyrite (FeAsS) is the most abundant sulphide mineral in earth’s crust. Arsenic 

exists both as +3 and -1 oxidation states in this mineral. The deposits are found to be 

present underground. Due to the increase in the use of tubewells, the water table goes 

down the iron pyrite layer. Thus, the atmospheric oxygen comes in contact with the pyrite 

layer and it undergoes oxidation. During oxidation, the arsenic becomes As(V). This 

negative species, gets adsorbed on to the iron oxide. When the water gets recharged, due 

to the prevailing reducing conditions, the As(V) gets reduced and released to water as 

As(III) [14]. Due to the microbial action, the released Fe(II) and As(III) get oxidized to 
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Fe(III) and As(V), respectively. The chemical reaction involving dissolution of 

arsenopyrite involving microbial oxidation is given in equation 1.1 [19]. 

  Microbial  

              oxidation 

  4FeAsS(s)    + 13O2 + 6H2O            4Fe(III) + 4SO4
2-

 + 12H
+
 + 4AsO4

3-
(aq.)    (1.1) 

(Arsenopyrite) 

1.5.2. Hydroxide reduction hypothesis   

The high concentration of arsenic is present in the alluvial sediments as a coating on iron 

hydroxides. These are found as deposits on valleys. When the water level gets lowered, a 

microbial reductive dissolution of the organic matter, deposited on the sediments, takes 

place in anaerobic environment. This results in the reduction of iron hydroxide and 

releases the arsenic (both in As(III) and As(V) oxidation states) to groundwater [14]. The 

chemical reaction of the above mechanism is given in equation 1.2 [13, 19]. 

4 FeOOH(As) (s) + CH2O + 7 H2CO3                4 Fe
2+

 + As(d) + 8 HCO3
-
 + 6H2O      (1.2) 

Where, As(d) means dissolved As(III) and As(V).
 

1.6. Chemistry of arsenic 

Arsenic can exist in -3, 0, +3 and +5 oxidation states, but -3 and 0 are rarely occurred in 

nature. Thus arsenic chemistry focuses mainly on the As(III) and As(V) species. Arsenic 

forms different inorganic and organic species involving As(III) and As(V) oxidation 

states (Fig.1.2). The inorganic oxyanion species include: arsenous acid [As(III)] and 

arsenic acid [As(V)]. The general organic forms of arsenic in water are: (1) mono-

methylated arsenic species - methylarsenite [monomethylarsonous acid; MMA(III)] and 

methylarsenate [monomethylarsonic acid; MMA(V)] and (2) di-methylated arsenic 

species - dimethylarsenite [dimethylarsonous acid; DMA(III)] and dimethylarsenate 

[dimethylarsonic acid; DMA(V)] [20-21]. As(V) is more prevalent in surface water, 

whereas As(III) occurs mostly in anaerobic ground waters. Pourbaix (Eh-pH) diagram 

(Fig.1.3), is used to explain the speciation of arsenic. In groundwater, depending on the 
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pH as well as the redox conditions prevailing, arsenic exists as protonated/deprotonated 

inorganic oxyanions involving As(III) and As(V) (Fig. 1.2) [22-23]. Under reducing 

conditions, As(III) species are predominant whereas in neutral and oxidizing conditions 

As(V) species are more stable [24].  

 

 

 

Figure 1.2: Structures of arsenic species [20] 
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Figure 1.3: Eh-pH diagram for arsenic at 25 °C and 1 bar [23] 

According to the speciation plots, Fig. 1.4 and 1.5, the As(III) exists mostly as neutral 

species (H3AsO3
0
; pH < 9.2), whereas, As(V) is mostly negatively charged (H2AsO4

-
, 

HAsO4
2-

 and AsO4
3-

) in entire pH range [6, 25]. In natural aqueous medium, the arsenic 

mobility depends on the interaction with heavy metal oxides. In this condition, the neutral 

As(III) species is less strongly absorbed on to the majority of the metal oxides than the 

negatively charged As(V). Accordingly, As(III) species in general display more mobility 

as compared to the As(V) species. 
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Figure 1.4: Speciation plot for As(III) as a function of pH [26] 

 

Figure 1.5: Speciation plot for As(V) as a function of pH [26] 

1.7. Arsenic in the human body and related health effects 

The toxic effects of arsenic in human body have been explained in the literatures [27-28]. 

The absorbed arsenic species - whether organic or inorganic, As(III) or As(V), are 

transported to different parts of the body through blood, mainly in the form of mono-

methylated arsenic (MMA) species. The metabolism of arsenic in the body takes place in 

the following way. 
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Once, ingested, the inorganic As(III) and As(V) interacts differently. The toxicity of 

As(III), is a result of strong binding of As(III) species with the thiol (-SH) groups in 

proteins, present in the body enzymes, causing inactivation of the enzymes. As(V) species 

behave similarly as phosphate, hence substitute the phosphate groups in important 

biomolecules like adenosine triphosphate (ATP) and adenosine diphosphate (ADP). This 

disrupts the ATP production and thus normal cell functioning gets highly affected. These 

effects may often be very severe, leading to death due to multi-organ failure [29-30]. 

After entering a cell, reduction of arsenate to arsenite occurs. In liver, arsenite is 

converted into the methylated forms producing the MMA and DMA [31-32]. Incontrast to 

the inorganic species of arsenic, in humans, there is no strong binding observed for the 

organic species of arsenic - MMA and DMA species. The inorganic species of arsenic are 

more toxic and carcinogenic, compared to the organic arsenic compounds [30].  

The toxicity of different arsenic species are in the order as mentioned below: 

Inorganic arsenic species > organic arsenic species       

Inorganic arsenic species: As(III) > As(V)       

Organic arsenic species: MMA(III) > MMA(V) > DMA (III) > DMA (V)   

From the extent of chromosomal aberrations induced by the exposure of As(III) and 

As(V), it has been indicated that the As(III) is more potent and genotoxic than the As(V) 

species [28, 33]. The chronic exposure of arsenic has caused to induce carcinogenesis and 

cardiovascular disorders in large population in Bangladesh and West Bengal, India. The 

studies carried out in the populations exposed to arsenic in West Bengal, exhibited severe 

skin lesions (melanosis, keratosis, hyperkeratosis, dorsal keratosis), non-pitting oedema to 

gangrene and cancer (skin, internal organs) [34-36]. The arsenic exposure also leads to 

weakness, anaemia, chronic lung disease, cardiovascular disease, gastrointestinal disease, 

hearing loss, cataract, and diabetes mellitus [35]. The biomethylation is the pathway for 
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the detoxication of arsenic. After formation of MMA and DMA, it gets excreted primarily 

via urine [29, 36]. 

1.8. Toxic limits of arsenic in drinking water 

Treatment of arsenic becomes a difficult task to accomplish, due to the ability of arsenic 

to change its valence states and the formation of multiple species having different toxicity 

and mobility. Depending on the adverse health effects of arsenic on humans, the World 

Health Organization (WHO) had kept the maximum permissible limit (MPL) for arsenic 

in drinking water as 50 μg L
-1

. The MPL of arsenic in drinking water was, however, 

reduced by the United States Environmental Protection Agency (USEPA) and WHO, in 

1993, from 50 g L
-1

 to 10 g L
-1 

[37]. Depending on the situations, the MPL for As in 

drinking water, is still kept as 50 μg L
-1

 in few countries, where an alternate source of 

arsenic free water is not available. In India, the Bureau of Indian Standards (BIS) has 

reduced the MPL value of arsenic to 10 μg L
-1

 in the year 2009 [38-39].  

1.9. Remediation methods for arsenic 

Since the arsenic contamination in drinking water originates mainly from natural sources, 

the complete remediation of arsenic is extremely difficult. Attempts are being made to 

develop methods to minimize the effect of arsenic contamination. At present many 

treatment methods are in use (Fig. 1.6), mainly,  

(1) Coagulation - flocculation 

(2) Oxidation 

(3) Adsorption 

(4) Ion-exchange 

(5) Membrane technologies 

(6) Bio-remediation 
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Figure 1.6: Schematic showing the various arsenic removal techniques [40] 

1.9.1. Coagulation - flocculation methods 

A positively charged coagulant is added in large excess to the arsenic contaminated water. 

This coagulant reduces the negative charge on the colloids (colloids are extremely small 

particles having high surface charge) and thus starts to agglomerate and form larger 

particles. These particles are flocs and the process is termed as flocculation. The soluble 

arsenic present in the system is incorporated into the flocs, co-precipitated and 

consequently, gets removed. Consequently, these coagulates are removed either by 

sedimentation or by filtration. Commonly used coagulants are aluminum sulfate 

[Al2(SO4)3·18H2O] and ferric salts like ferric chloride (FeCl3) or ferric sulfate 

[Fe2(SO4)3·7H2O] [18, 41-44].  

As(V) is negatively charged in the normal groundwater pH range, whereas As(III) is 

neutral species. So before coagulation process is applied, a pre-oxidation step is needed to 
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be carried out for complete conversion of As(III) to As(V). Another major problem 

associated with this method is the production of large amount of sludge containing 

significant amount of arsenic. This sludge containing arsenic needs to be properly 

disposed off, to prevent secondary pollution. Also, after the treatment, the water needs to 

be thoroughly checked for its potability. These limitations have restrained the large scale 

applicability of this method. 

1.9.2. Oxidation methods 

Oxidation alone cannot remove arsenic, it needs to be done followed by coagulation, 

adsorption or ion-exchange. In oxidation method, the soluble As(III) is completely 

converted to As(V) form, which can be precipitated and removed. The different oxidants 

are chlorine, chlorine dioxide, ozone, hydrogen peroxide, chloroamine, permanganate, air 

and pure oxygen. For arsenic oxidation, advanced phyto-processes like, ultraviolet (UV) 

irradiation and solar energy irradiation are also widely used. In these processes, hydroxyl 

radicals are generated through photolysis and helps in the fast oxidation of As(III) to 

As(V) [18, 41-44]. 

Similar to coagulation process, the sludge generation and disposal is also one of the major 

problems faced during oxidation process. The water to be treated needs to be studied 

thoroughly prior to treatment, and then selected oxidant has to be added. Presence of 

some competing anions can interfere with the kinetics of oxidation of arsenic and make 

the process to slow down. pH adjustment prior to oxidation, again is a prerequisite for 

maximum effectiveness. Also, while using certain oxidants, there are chances of toxic by-

product formation making the treated water not suitable for its consumption.  

1.9.3. Adsorption methods 

In the contaminant removal, sorption is the general term used, which includes both 

adsorption (occurs on the surface mainly) and absorption (occurs on the entire volume) 



15  

processes. The process of adsorption is the preferential accumulation of the adsorbate 

present in the gaseous or solution phase on to the adsorbent present as the solid phase. 

When the adsorbate is accumulated on to the adsorbent in two dimensional way, it is 

termed as “adsorption”, whereas, the accumulation of adsorbate into the adsorbent in 

three dimensional mode is called “surface precipitation”.  

The surface functional groups on the sorbent are often responsible for efficient sorption. 

These groups are defined precisely as “a chemically reactive molecular unit bound on to 

the surface of a solid at its periphery such that the reactive components of the unit can be 

bathed by a fluid” [45]. When an active sorbent surface comes in contact with water, 

initially the water molecules adhere on the surface and subsequently hydroxyl groups are 

formed. These groups are responsible in imparting a surface charge to the sorbent. As a 

result, the sorbent can attract the ions of opposite charge (counter ions) efficiently and 

repel ions of same charge (co-ions). 

Sorption process can be classified into two categories: 

(1) non-specific (electrostatic/physical) sorption, resulting in the outer sphere complex 

formation and  

(2) specific (chemical) sorption, resulting in the bond formation and inner sphere 

complexation. 

Sorbents commonly used in water treatment are: activated carbons, alumina, silica, iron 

oxides, manganese oxide and zeolites [18, 41-44, 46]. Adsorption efficiency in general 

depends on number of factors, like, pH, adsorbate concentration, nature of the sorbent and 

the presence of the co-occurring ions.  

The major advantages of the adsorption process are: easy operation, low cost, high 

removal efficiency, no by-product formation and easy regeneration. The major drawback 

here is that the sorbent gets exhausted after few cycles of operation and consequently it 
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needs to be replaced. So periodic monitoring and replacement of the sorbent bed, is a 

must in this process. 

1.9.4. Ion-exchange processes 

Anion exchange is used as a technique for removal of negative arsenic oxyanion species. 

In this process, an anion on the solid phase is exchanged with the arsenic oxyanion in the 

aqueous phase. The resins are three-dimensional hydrocarbon network having large 

number of exchangeable groups, which are electrostatically bound to the resin beads. 

Strong base anion exchange resin in chloride or hydroxide form are commonly used for 

the removal of negatively charged As(V) species [18, 41-44, 46]. The efficiency of this 

process can be improved by using a pre-oxidation step, to convert As (III) to As (V).  

The excess of oxidant needs to be removed in order to avoid the damage of sensitive 

resins. The efficiency of the ion-exchange process strongly depends on the pH, total 

dissolved solids (TDS) and the concentration of co-occurring ions like, sulfates and 

nitrates. The main problem in this process is the release of chemicals used in the resin 

into the environment. 

1.9.5. Membrane technologies 

Membrane acts as barriers for some constituents, which are bigger than the pore size of 

membrane, whereas, it allows water to simply pass through. Membrane based techniques 

are often driven by an external force. Here the force applied is pressure. Depending upon 

the amount of pressure applied, the techniques are categorized as - (i) Low pressure 

membrane process - microfiltration (MF) and ultrafiltration (UF) and (ii) High pressure 

membrane process - nanofiltration (NF) and reverse osmosis (RO) [18, 41-44, 46]. The 

separation in these processes depends upon the pore size of the membrane used. The 

details are listed in Table 1.3. The limitations of this method are the need for adjustment 
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of pH before treatment, high cost of operation, high water rejection, long conditioning 

time and treatment time needed. 

Table 1.3: The parameters and applications of various membrane technologies 

Processes 
Pore size 

(nm) 

Pressure required 

(bar) 
Application 

Microfiltration 

(MF) 
100 - 10,000 0.1 - 2 Pretreatment 

Ultrafiltration 

(UF) 
2 - 100 0.1 - 5 

Removal of 

macromolecules, 

bacteria and viruses 

Nanofiltration 

(NF) 
0.5 - 2 3 - 20 

Desalination, removal 

of organic compounds 

Reverse osmosis 

(RO) 
< 0.5 5 - 120 

Removal of dissolved 

salts 

 
1.9.6. Bio-remediation 

The bio-remediation is the process of arsenic removal with the help of plants and 

microbes. These are environment friendly technology. The process of removal involves 

mainly three steps - phytoextraction, phytostabilization and phytovolatilization. The 

plants like Chinese brake fern, water hyacinth and lesser duckweed were used for arsenic 

phyto-remediation. The microbes like sulfate reducing bacteria and other species of 

chemoautotrophic arsenite-oxidizing bacteria (CAOs) such as Paenibacillus, 

Pseudomonas, Haemophilus, Micrococcus and Bacillus have been investigated 

extensively for the removal of arsenic from water [47-51].  

The advantages and disadvantages of all the arsenic removal techniques discussed in this 

section are summarized in Table 1.4.  
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Table 1.4: Summary of advantages and disadvantages of arsenic removal technologies 

Technology Advantages Disadvantages 

Coagulation-

flocculation 

(i) Simple and low capital cost  

(ii) High removal efficiency  

(iii) Applicable for large water 

volume  

 (iv) Removal for As(V) is high 

(i) High coagulant dose is required  

(ii) Interferences from co-occurring 

ions  

(iii) Pre-oxidation required for 

As(III), which can produce harmful 

by-products   

(iv) Produces toxic sludge, could 

lead to environmental contamination  

(v) Additional separation step 

necessary  

Oxidation 

(i) Simple process and low cost 

operation  

(ii) Applicable for large volume 

of water 

(i) Formation of harmful by-products  

(ii) Low removal efficiency 

(iii) Slow process 

(iv) Additional removal process is 

necessary 

Adsorption 

(i) High removal efficiency  

(ii) Simple process and low 

cost operation  

(iii) Commercially available 

chemicals  

(iv) No harmful by-products  

(v) Easy regeneration 

(i) Periodic replacement of adsorbent 

material  

(ii) Adsorption bed gets exhausted 

(iii) Produces toxic solid waste 

(iv) Yet to be standardized  

 

Ion exchange 

(i) Well-defined medium and 

capacity 

(ii) Removal is moderately 

effective  

(i) Expensive 

(ii) Requires high-tech operation 

and maintenance 

(iii) Regeneration creates a sludge 

disposal problem 

(iv) As(III) is difficult to remove, 

needs pre-oxidation  

(v) Interferences from other anions  

(vi) Can causes clogging  

Membrane 

techniques 

(i) High removal efficiency 

(ii) No toxic solid waste is 

produced 

(iii) Capable of removal of 

other contaminants and 

microorganisms 

(i) Very high capital cost 

(ii) Pre-conditioning is needed 

(iii) Removal efficiency is very low 

for As(III), pre-treatment is needed 

(iv) High water rejection  

(v) Toxic wastewater is produced 

Bio-remediation 

(i) Environmental friendly 

(ii) Chemicals free 

(iii) Long-term remediation 

(i) Yet to be standardized 
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1.10. Adsorption: A promising technology for arsenic uptake 

Among the different arsenic removal processes, adsorption is considered to be the most 

promising and clean technology. The major advantages of this technique are listed in 

Table 1.4. In this process, the material used for removing a particular constituent from the 

bulk is termed as ‘adsorbent’, whereas, the constituent which is removed from bulk is 

termed as ‘adsorbate’. The interaction mechanisms involved between an adsorbent and 

adsorbate can be: (i) physical (Van der Waal’s/electrostatic force) sorption and (ii) 

chemical (bond formation) sorption. The maximum removal efficiency for any adsorbent-

adsorbate combination can be achieved by studying the detailed interaction mechanisms 

that occur on the sorbent surface. There are wide varieties of sorbents, both natural and 

synthetic, which are in use for arsenic removal from groundwater. The most promising 

among them are the oxides of iron and manganese.  

While considering the water treatment, a sorbent which is environmental friendly attracts 

the most attention, since we are not adding any extra harmful chemical to the system. 

Both the iron and manganese oxides are present abundantly in soils and minerals. Report 

by Kumar et al, observed that the iron oxides present in soils and sediments have strong 

affinity for negative oxyanion species of arsenic [52]. As we have seen in Section 1.5, 

these oxides plays important role in the arsenic adsorption and mobilization processes. 

This can be explained in terms of the high affinity that exists between inorganic arsenic 

species and iron/manganese oxides. They can remove arsenic by acting as a sorbent, co-

precipitant or by behaving as a reductant/oxidant.  

1.10.1. Arsenic uptake on iron oxides 

Iron oxides can exists in various forms and among them - goethite (-FeOOH), hematite 

(-Fe2O3) and magnetite (Fe3O4) are most abundant in nature and widely applied for 

water treatment applications. There are reports on the use of iron oxides for As(III)/As(V) 
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removal [53-59]. Most of these reports realizes mostly the As(V) removal by iron oxide, 

because the kinetics of As(III) oxidation to As(V) is found to be very slow (> 72 h). The 

main factor discussed by the researchers on arsenic sorption by iron oxide is pH. The 

maximum arsenic adsorption takes place at pH < 5. Another important factor highlighted 

in the literature is the crystallinity of the sorbent. The more is the crystallinity, lesser the 

surface area and less will be sorption efficiency. Hence, among iron oxides, highly 

amorphous ferrihydrite is reported to display better sorption property. Another form of 

iron, i.e. zero valent iron, is also used widely for water treatment applications. The major 

problem faced, while using iron oxide for water treatment, is the iron 

leaching/dissolution. 

The mechanism of arsenic and iron oxide interactions are discussed in few reports [60-

63]. Most of these reports suggests that the mechanism of interaction of arsenic with 

different iron oxides is mostly complexation and surface precipitation. Gimenez et al and 

Mamindy et al reported that there is no effect of ionic strength on the arsenic uptake by 

the iron oxides [55, 64]. The studies found that the presence of competitive ions can 

reduce the arsenic removal capacity significantly. Researchers had studied the oxidation 

state of arsenic, after sorption on iron oxides, using techniques like extended X-ray 

absorption fine-structure (EXAFS), fourier transform infrared (FTIR) spectroscopy, 

scanning electronic microscopy-energy dispersive (SEM-EDAX) spectroscopy. Inspite of 

all the studies, no conclusive evidence could be found regarding the changes occurring to 

the oxidation states of arsenic and iron during the sorption process. 

1.10.2. Arsenic uptake on manganese dioxide 

Manganese dioxide (MnO2) is well known as a strong oxidant. There are literatures which 

suggest that MnO2 is also a good sorbent for arsenic, since it oxidizes As(III) completely 

and converts to less toxic As(V) form, and removes arsenic through sorption. It is 



21  

reported that the oxidation reaction of As(III) to As(V) in the presence of MnO2 is 

thermodynamically feasible over a wide range of pH. Reports suggest that the kinetics of 

oxidation of As(III) to As(V) by MnO2 is very fast and occurs within few minutes [65-

66]. In a study by Contreras et al, MnO2 is realized to be following an ion exchange type 

of interaction mechanism, wherein the adsorbate ions get trapped by the MnO2 structure 

and stoichiometric proportion of hydrogen ions are released in to solution [67]. 

Most of the mechanism studies in the literature have been carried out utilizing birnessite 

(-MnO2) [68-72], the main MnO2 component found in sediments. The studies done by 

Foster et al, using extended X-ray absorption fine structure (EXAFS) and X-ray 

absorption near edge structure (XANES), could suggest a bidendate binuclear complex 

formation between As(V) species and birnessite [72]. According to a study utilizing 

SEM-EDS, the above complex formation was again observed by Tournassat et al [69]. 

The study by Manning et al. reported that after the sorption of As(III)/As(V) by MnO2, 

the complex formed in both the cases are similar, which indicated that the complexation 

occurs with As(V) and MnO2. There is also evidence for the formation of an intermediate, 

Mn(III), in the sorption process of As(III)/As(V) by MnO2 [68]. The reactions involved in 

the present cases are given in equations 1.3 - 1.5.  

At low pH: 

MnO2 + H3AsO3 + 2 H
+
          Mn

2+
 + H3AsO4 + H2O       (1.3) 

At neutral pH: 

2 MnO2 + H3AsO3             2 MnOOH
*
 + H3AsO4      (1.4) 

H3AsO3 + 2 MnOOH
*
 + 2 H

+
               2 Mn

2+
 + HAsO4

2-
 + 3 H2O      (1.5) 

*MnOOH is an intermediate with Mn(III) oxidation state formed during the reaction. 

The sorption of arsenic on iron and manganese oxides depends on many factors like: pH, 

initial concentration of arsenic, surface area and capacity of the sorbent. The comparison 
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of these factors for different forms of iron oxides and manganese dioxides are tabulated in 

Table 1.5. Even though there are number of reports, from the table we can see that the 

practical applicability is limited because many of the studies concentrate only on As(V) 

species alone, which again needs to be addressed thoroughly to see the applicability in 

real groundwater. 

 

Table 1.5: Comparison of arsenic sorption capacity of iron oxides and manganese dioxide 

Adsorbent pH 

Surface 

area 

(m
2
 g

-1
) 

Initial As 

concentration 

(mg L
-1

) 

Adsorption 

capacity (mg g
-1

) Reference 

As(III) As(V) 

Hematite - - 0.975 - 0.204 [73] 

Hematite 4.2 14.4 1.01 - 0.20 [74]  

Natural 

hematite 
7.3 0.38 0.075, 75 0.271 0.830 [53] 

Commercial 

hematite 
2-10 1.66 0.5 - 0.41 [64] 

Goethite 
1.5-

2.5 
29 2.25 - 15 [75] 

Natural 

goethite 
7.5 2 0.075, 75 0.374 0.449 [53]  

Commercial 

goethite 
2-10 11.61 0.5 - 1.2 [64] 

Natural 

magnetite 
6.5 0.89 0.075, 75 0.206 0.253 [53] 

Commercial 

magnetite 
2-10 1.6 0.5  -  0.85 [64] 

MnO2 7.9 17 1  - 0.172 [76] 

MnO2 

containing ore 
6.5  -   -  0.53 15.38 [77] 
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1.11. Motivation for the work 

The extensive literature review on the adsorptive removal of arsenic from groundwater by 

oxides/hydroxides of iron and manganese, suggests that the effect of several factors, 

mainly pH of the medium, nature of sorbent, surface area, needs to be studied thoroughly. 

Comprehensive work is required for comparing the abilities and shortcomings of both the 

sorbents. More investigation is required on the arsenic-sorbent interactions and the 

determination of the changes occurring to the oxidation states of arsenic and the metal 

oxides. Also the main challenge is to modify the promising sorbent, among them with 

good sorption properties, so as to apply for field applications with ease of operation. 

These motivated us to choose iron and manganese oxides for arsenic removal application 

in a detailed manner, giving more importance for the mechanistic evaluation of their 

interactions. 

1.12. Objectives of the study 

The main objectives of the present work are: 

(i) Preparation and characterization of different iron oxides like goethite, hematite and 

magnetite. The sorption study of arsenic on these iron oxides using radiotracer 

technique in batch equilibration mode and understanding the effects of pH, kinetics 

and interference from co-occurring ions on sorption of arsenic. A comparative study 

on the properties of these sorbents including their leaching, regeneration and 

reusability. Evaluation of the sorption mechanism using appropriate analytical 

techniques. 

(ii) Preparation of manganese dioxide (MnO2) via different methods of preparation viz. 

wet chemical method and solid state mixing method and their characterization using 

suitable techniques. The sorption study of arsenic on MnO2 using 
76

As radiotracer. 
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Understanding the effects of pH, kinetics and interference from co-occurring ions on 

sorption of arsenic on MnO2. Comparative study on various properties of the MnO2 

prepared by different methods. Evaluation of the sorption mechanism using solvent 

extraction, spectroscopic and electrochemical investigation. 

(iii) Evaluation of practical applicability, by using the sorbents for arsenic removal from 

real arsenic contaminated groundwater samples collected from arsenic contaminated 

region in India. 

(iv)  Preparation of modified sorbent using the sorbent with good sorption properties, its 

characterization, evaluation of different sorption parameters and application to real 

arsenic contaminated groundwater. 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter - II 

Synthesis of adsorbents and characterization 
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2.1. Introduction 

Among the various removal processes for arsenic from groundwater, adsorption is considered 

as superior due to the high removal efficiency, high capacity and reusability. Studies on 

uptake of arsenic by different naturally occurring metal oxides are important for 

understanding the sorption mechanism, which helps in the development of efficient arsenic 

removal method from water. In nature, arsenic is generally found to be adsorbed onto iron, 

manganese and aluminum hydroxides as As(III) or As(V) oxyanions. When there is a 

reducing environment, these metal hydroxides partially reduce and solubilize, resulting in the 

release of arsenic to groundwater [6]. Several methods including adsorption on inorganic 

oxides/hydroxides have been reported for the removal of arsenic from water [78-82]. The 

promising sorption properties are attributed by high surface area, reusability and ease of 

operation.  

In this work, oxides of iron and manganese were chosen for the uptake studies. The 

interaction of arsenic with iron oxide and manganese dioxide was studied using the 

sorbents synthesized in our laboratory. Criteria for selecting various synthesis routes 

were: (i) the simple steps, (ii) no high temperature and high pressure operations involved 

and (iii) no addition of harmful chemical which affects the final application. Different 

iron oxides, namely magnetite, goethite and hematite, were synthesized by chemical 

methods [83]. Manganese dioxide (MnO2) was prepared by two solution routes and a 

solid state mixing route [84-85]. A modified sorbent, XAD-4 resin coated with MnO2 

(MX-4 resin), was also prepared [86].  

The structures of the synthesized oxides were identified by X-ray powder diffraction 

(XRD) analysis. The particle size, surface area and point of zero charge (PZC) of the 

synthesized sorbents were measured. Along with these, transmission electron microscopic 
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(TEM) and thermo-gravimetric measurement (TG) were carried out for the 

characterization of the prepared MnO2. Characterization of the MX-4 resin was done by 

attenuated total reflection Fourier transform infrared spectrometry (ATR-FTIR), scanning 

electron microscopy (SEM) and neutron activation analysis (NAA). The results were 

compared with those reported in the literature. 

The characterization techniques, their working principles and the optimized parameters 

for these measurements have been described briefly in this chapter. Methods of 

preparation of the arsenic tracer solutions and the solvent extraction study for the 

determination of oxidation state of arsenic in the tracer solutions are also described in this 

chapter.  

2.2. Materials and methods 

2.2.1. Reagents and chemicals 

The chemicals viz., ferric nitrate [Fe(NO3)3·9H2O; molecular weight (MW) - 404.00 g 

mol
-1

], ammonium ferric sulphate [Mohr’s salt; (NH4)2SO4.FeSO4.6H2O; MW - 392.13 g 

mol
-1

], ferric chloride (FeCl3.6H2O; MW - 270.30 g mol
-1

), potassium permanganate 

(KMnO4; MW - 158.03 g mol
-1

), manganese sulphate (MnSO4.4H2O; MW - 223.07 g 

mol
-1

), manganese acetate [Mn(CH3CO2)2.4H2O; MW - 245.09 g mol
-1

], arsenious oxide 

(As2O3; MW - 197.84 g mol
-1

), sodium hydroxide pellets (NaOH; MW - 40.00 g mol
-1

)  

and sodium chloride (NaCl; MW - 58.44 g mol
-1

) were used for the preparation of 

sorbents. These chemicals are of analytical reagent (AR) grade and used without further 

purification. For the preparation of modified sorbent, XAD-4 resin (Amberlite; surface 

area - 750 m
2
 g

-1
 and bead size 20 - 60 mesh) purchased from Fluka, Germany, was used 

as an inert support material. Before use, these resin beads were washed 3-4 times with 

deionised (DI) water, for removing surface impurities. The reagents concentrated 

hydrochloric acid (HCl), concentrated nitric acid (HNO3), ammonia solution (NH4OH) 
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and benzene (C6H6) were of AR grade and used without further purification. All the 

necessary dilutions were done using deionised (DI) water (resistivity 18.2 MΩ cm
-1

 and 

total organic carbon < 10 g L
-1

) from Milli-Q water purification system.  

2.2.2. Equipments 

All the weighing was done using a high precision analytical semimicro balance (Mettler - 

Toledo, dual range, readability - 0.01 mg). pH measurement was carried out in Oakton pH 

meter employing glass electrode (pH700, USA), with digital display having precision of ± 

0.01 unit. A mechanical shaker was utilized for the equilibrations at room temperature. 

Radioactivity measurement was done using a high purity germanium (HPGe) detector 

(Canberra, Australia, relative efficiency: 30 %, resolution: 1.9 keV at 1332 keV) coupled 

to 8k channel analyzer.  

2.3. Preparation of iron oxides 

2.3.1. Method-1: Preparation of goethite 

Synthesis of goethite was done via the method described in literature [87-88] as per the 

reactions 2.1 and 2.2. Ferric nitrate solution (1 M) was prepared by dissolving 80 g of the 

salt in 200 mL DI water. Sodium hydroxide solution (2.5 M) was made by dissolving 10 g 

of NaOH pellets in 100 mL DI water. The NaOH solution was added dropwise with 

constant stirring at 50 rotations per minute (rpm) to ferric nitrate solution. A dark red 

coloured ferrihydrite (Fig. 2.1 (a)) started precipitating. This suspension was kept under 

constant stirring on a hot plate for 2 h at 90 
o
C. The structural rearrangement occurred and 

yellow coloured precipitate appeared. This colour change was a visual confirmation of the 

formation of goethite (Fig. 2.1 (b)). The suspension was left overnight. Goethite 

precipitate was washed several times with DI water till the supernatant became neutral. 

The yellow precipitate was air dried and kept in air tight polypropylene container for 

further use.  
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Fe(NO3)3.9H2O + 3NaOH  Fe(OH)3 + 3NaNO3   + 9H2O  (2.1) 

     2 h stirring, @ 90 
o
C 

Fe(OH)3     -FeOOH (Goethite) + H2O  (2.2) 

       

2.3.2. Method-2: Preparation of hematite 

The initial preparation step of hematite was same as that for goethite. A solution of 2.5 M 

NaOH was added drop-wise to 1 M ferric nitrate solution and dark red coloured 

ferrihydrite was precipitated (equation 2.1). The suspension was stirred for 2 h at 50 rpm 

in room temperature. The dark red coloured ferrihydrite got coagulated and precipitated 

completely. As done for goethite, this suspension was also left overnight. The precipitate 

was washed several times with DI water till the supernatant becomes neutral. For the 

conversion of ferrihydrite to hematite, dehydroxylation of the dark red precipitate was 

done by heating at 300 
o
C for 36 h in a muffle furnace [87-88] as per the reaction 2.3. A 

reddish brown powder, typical colour of hematite (Fig. 2.1 (c)) was obtained after 

heating. This powder was stored in polypropylene container for further use.  

 

36 h heating, @ 300 
o
C 

2-FeOOH                   -Fe2O3 (Hematite) + H2O (2.3) 

            

2.3.3. Method-3: Preparation of magnetite  

100 mL of ammonium ferrous sulphate and ferric nitrate solutions were prepared by 

dissolving 50 g of the corresponding salt in separate beakers. These solutions were mixed 

slowly and ammonia solution was added till solution becomes alkaline. The chemical 

reactions followed the steps as given in equations 2.4 - 2.7 [89]. Obtained suspension was 

kept at 50 rpm on a magnetic stirrer with hot plate at 80 
o
C for 2 h [87-88]. The 

precipitate was then filtered and washed many times with DI water till supernatant was 

neutral. For the complete conversion of hydroxides to oxides, the dark brown precipitate 



30 

 

was heated in an oven at 100 
o
C for 12 h. The final powder was black, indicating the color 

of magnetite (Fig. 2.1 (d)). 

Fe
2+

 + 2OH
-
    Fe(OH)2    (2.4) 

Fe
3+

 + 3OH
-
    Fe(OH)3    (2.5) 

Fe(OH)3         -FeOOH  +  H2O    (2.6) 

Fe(OH)2  +  2-FeOOH          Fe3O4 (Magnetite)  +  2H2O (2.7) 

 

Figure 2.1: Images of synthesized ferrihydrite and various iron oxide samples. 

2.4. Preparation of manganese dioxides 

2.4.1. Method-1 

250 mL of KMnO4 (21.3 g L
-1

) and MnSO4 (71.4 g L
-1

) solutions were prepared 

separately in two beakers by dissolving the appropriate amounts of salt in DI water. The 

MnSO4 solution was heated on a hot plate to 90 
o
C. The KMnO4 solution was added 

dropwise to hot manganese sulphate solution with constant stirring. Manganese dioxide 

(MnO2) got precipitated [90] as per the chemical reaction given in equation 2.8. Obtained 
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suspension was kept under stirring and heating at 90 
o
C for 15 min. Then the suspension 

was allowed to cool to room temperature. The MnO2 formed was washed till the 

supernatant was neutral. The black coloured MnO2 [Fig. 2.2] was filtered, air dried and 

stored in polypropylene bottles.  

2KMnO4 + 3MnSO4 + 2H2O      5MnO2 + K2SO4 + 2H2SO4             (2.8) 

 

 

Figure 2.2: Image of synthesized manganese dioxide sample. 

2.4.2. Method-2  

Manganese dioxide (MnO2) was prepared by reduction of Mn
7+

 to Mn
4+

 by the addition 

of concentrated HCl following the reaction 2.9. A 250 mL of 0.4 M KMnO4 solution was 

prepared in DI water and heated to 60 
o
C. Concentrated HCl (~ 65 mL) was also heated at 

60 
o
C in another beaker. Both the solutions were mixed slowly and the resultant solution 

was heated to 90 
o
C under constant stirring [68]. The solution was cooled to room 

temperature. The precipitated MnO2 was washed till neutralization using DI water. MnO2 

was filtered, air dried and stored in polypropylene bottles. 

2KMnO4 + 8HCl       2MnO2 + 2KCl + 4H2O + 3Cl2 (2.9) 

2.4.3. Method-3  

A solid state reaction method was adopted for the preparation of MnO2 [91]. KMnO4 (12 

g) and manganese acetate (28 g) salts were mixed together in an agate mortar for 1 h. The 
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colour of the salt changes from purple to black. The chemical reaction occurring during 

the mixing is given in equation 2.10. The mixture was put in DI water and heated at 90 
o
C 

for 6 h under stirring condition. The cooled suspension was neutralized by repeated cycles 

of DI water washing. The filtered MnO2 was air dried and stored in polypropylene bottles. 

2MnO4
-
 + 3Mn

2+
 + 2H2O       5MnO2 + 4H

+
   (2.10) 

2.5. Preparation of modified sorbent 

A simple reduction method of permanganate (MnO4
-
) with the assistance of ultrasound 

[92] was used for coating MnO2 on XAD-4 resin. The structure of XAD-4 is given in Fig. 

2.3 [93]. The entire procedure of preparation of MnO2 coated XAD-4 resin, designated as 

MX-4, was optimized. The KMnO4 concentration, ultrasonic frequency and time of 

sonication were optimized to be 0.1 M, 35 kHz and 10 min, respectively.  The reaction 

vessel used was 100 mL stoppered conical flask sealed with parafilm. The experiments 

were done in room temperature. The procedure adopted was as follows: 20 g of XAD-4 

beads were soaked in 0.1 M KMnO4 solution for 15 min, followed by 10 min of 

ultrasound irradiation using Retsch UR-1 ultrasonic bath (35 kHz, 240 W) (Fig. 2.4).  

 

 

Figure 2.3: General structure of XAD-4 [93]. 
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The mechanism of formation of MnO2 during sonication is represented by the reactions 

2.11 - 2.15 [94-96].  

H2O +  )))                          H
.
 + 

.
OH      (2.11)       

2H
.                                

H2        (2.12)   

H
.  

+  OH
.
    

                             
H2O       (2.13)       

2OH
.
                       H2O2       (2.14)   

MnO4 
- 
+  3H

.
                         MnO2  +  OH

-
  +  H2O    (2.15)   

where, ))) indicates sonication. 

The sonication renders the formation of H
.
, OH

.
, H2O, H2 and H2O2, among them, two are 

reducing species, namely H
.
 and H2. The experimental observation by Abulizi et al [95] 

explains that the permanganate reduction occurs by H
.
. Similarly Baral et al [96] 

explained that the oxidation of the MnO2 or Mn(II) can occur by H2O2, but this requires 

higher alkaline medium and high H2O2 concentration. Since our experiments were 

conducted in neutral medium and for only 10 minutes sonication, this route was not 

expected to occur. Thus, we propose an H
.
 assisted formation of the coating of MnO2 on 

XAD-4.  

The MX-4 beads obtained were washed with DI water and air dried till use. XAD-4 resin 

beads and MX-4 beads are shown in Fig. 2.5. 
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Figure 2.4: Schematic of the preparation of MX-4 beads. 

 

     

        (a): XAD-4 beads        (b): MX-4 beads 

Figure 2.5: Images of XAD-4 and MX-4 beads. 

2.6. Characterization of iron oxides 

2.6.1. X-ray diffraction (XRD) measurement 

X-ray diffraction (XRD) is a non-destructive technique, used mainly for the 

characterization of crystallinity of solid materials. XRD is governed by Bragg’s law 

(equation 2.16). The general principle is depicted in Fig. 2.6. For crystalline compounds, 

there always exists a long range order and we get diffraction peaks at particular 

diffraction angles. The compound is identified by conversion of these observed 

diffraction peaks to d-spacings, as the d-values are the characteristics of the compound. 

The identification of compound is done by comparing the d-values obtained with those of 

Sonication 

(10 min, 35 kHz, 240 W) 

XAD - 4 beads in 

KMnO4 solution  

(0.1 M) 

MX - 4 beads 
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the standard patterns in JCPDS file. For amorphous materials, since there is no periodicity 

in the material, no diffraction peaks will be observed from the X-ray diffraction studies.  

         (2.16) 

Where n is an integer called the order of reflection, λ is the wavelength of the incident X-

ray beam, d is the distance between atomic layers in a crystal (d-spacing) which is 

characteristic of a compound and θ is the angle of incidence. 

 

 

Figure 2.6: Schematic of X-ray diffraction and basis of Bragg's law [97]. 

 

The synthesized iron oxides were characterized by XRD analysis using PANalytical 

powder X-ray diffractometer (Xpert-Pro, Almelo, Netherlands) at room temperature. A 

Cu Kα radiation (λ = 1.540 Å) operating at 40 kV voltage and 40 mA current was used as 

X-ray source. An argon filled proportional counter was used as the detector. The XRD 

pattern was recorded in 2θ angular range between 10 and 70° with a step width of 0.02° 

and step time of 4 s. The XRD analysis revealed the crystallographic structure as well as 

the phases of the synthesized iron oxides as goethite (α-FeOOH; Fig. 2.7), hematite (α-

Fe2O3; Fig. 2.8) and magnetite (Fe3O4; Fig. 2.9).  
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Figure 2.7: XRD spectra of goethite (α-FeOOH), JCPDS Code: 81-0464. 

 

 
 

Figure 2.8: XRD spectra of hematite (α-Fe2O3), JCPDS Code: 86-055. 
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Figure 2.9: XRD spectra of magnetite (Fe3O4), JCPDS Code: 19-0629. 

2.6.2. Surface area measurement 

The measurement of surface area is based on Brunauer, Emmett and Teller (BET) theory 

[98]. The weighed material is taken in the sample holder and degassing is done by heating 

to 110 
o
C in continuous flow of nitrogen. The nitrogen is allowed to form an adsorbed 

layer, in the pattern of a monolayer, on the material by cooling it to liquid nitrogen 

temperature. The desorption of nitrogen is done by bringing the sample to room 

temperature. The thermal conductivity bridge is used as the detector, which measures the 

change in the nitrogen concentration during the adsorption and desorption. From this, the 

surface area of the sample is calculated. 

In this study, the measurement of BET surface area of the adsorbent was done using an 

indigenously developed surface area analyzer (make: BARC). The surface area obtained 

for goethite, hematite and magnetite are listed in Table 2.1. 
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2.6.3. Point of zero charge (PZC) measurement 

Point of zero charge (PZC) of the suspended particles is an important property associated 

with their adsorption characteristics. The stability of colloidal particles is often 

understand through zeta potential measurements. Zeta potential is the difference in 

potential between the surface of the particle and the dispersion medium. Higher the 

magnitude of zeta potential, higher the repulsive forces between the particles and hence 

higher is the stability for the suspension. But when the zeta potential is less, the attractive 

forces between the particles are stronger and the particles get agglomerated. At PZC, the 

zeta potential is zero, and this is a very characteristic parameter for the suspended 

particles. 

In suspensions, a colloidal particle is always associated with surface charge (Fig. 2.10). 

Accordingly, when an electric field is applied, the charged particles gain velocity because 

of the interaction with the applied field, which in turn is proportional to the zeta potential 

of the concerned particles. This motion of the particles in an electric field is termed as 

electrophoresis. During the application of an electric field, the suspension is irradiated 

with a laser light to monitor the electrophoresis process. Understandably, there will be a 

Doppler frequency shift observed in the scattered light compared to the incident light due 

to the change in the velocity of particles in the medium by the applied electric field. This 

frequency shift (∆ν) of scattered light is measured which can be converted to 

electrophoretic mobility, μ [99]. From that, the zeta potential is calculated using the 

following equations 2.17 - 2.19. When the zeta potential is zero, indicating that the net 

charge on the particles is zero, particles remain stationary in an electric field. The pH at 

which the net charge on the surface of the particles becomes zero is characterized as the 

PZC of the concerned particles. 

        (2.17) 
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        (2.18) 

        (2.19) 

Where ∆ν is the shift in frequency (Doppler shift), V is the velocity of the particle, n is 

the refractive index of the medium, θ the angle at which scattered light is detected, λ is 

the wavelength of the laser light, μ the mobility of particle, E is the electric field applied, 

η is the viscosity of the medium, ξ is the dielectric constant of the medium and Z is the 

zeta potential.  

 

Figure 2.10: Schematic of a charged suspended particle in a medium and the conceptual 

presentation of its zeta potential [100]. 

PZC of synthesized iron oxides was measured using Malvern Zetasizer nano-Z 

instruments, UK. The light source used was He-Ne laser (632.8 nm) operated at 4 mW. 

The measurement was carried out using a quartz cell with 10 mm path length. All the 

measurements were conducted at room temperature. The iron oxides were taken in DI 

water, pH was adjusted between 1 - 12 using dilute NaOH and HNO3 solutions. The 

ultrasonication was done for 1 min using UR-1, Retsch GmbH, Germany (35 kHz, 240 
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W) to avoid agglomeration of the particles. The PZC values obtained are listed in Table 

2.1. 

2.6.4. Particle size measurement 

The principle of particle size determination is based on dynamic light scattering (DLS) 

method [101]. In a suspension, all the suspended particles are in continuous Brownian 

motion. When the particles are irradiated with a laser light (He - Ne laser operated at 

632.8 nm at maximum power), as the larger particles move slowly, they scatter the light 

at smaller angles, while the smaller particles that move at higher speed, scatter the light at 

larger angles. The velocity of the particle (translational diffusion coefficient, D) and the 

particle size (r) is related by Stokes-Einstein equation (equation 2.20). The basic criterion 

for applying the equation is that the particle needs to be on Brownian motion. The angular 

scattering intensity data is measured with respect to time and utilized to calculate the size 

distribution of the particles.  

The Stokes-Einstein equation is given as: 

        (2.20) 

Where D is the translational diffusion constant (m
2
 s

-1
), kB is the Boltzmann constant, T is 

the absolute temperature,  is the viscosity and r is the hydrodynamic radius of the 

particle. 

The particle size measurements were done using Malvern 4800 Autosizer with a He-Ne 

laser source of wavelength 632.8 nm. The particle size range obtained from the 

measurement is given in Table 2.1. 



41 

 

 

Table 2.1: Characteristics of the synthesized iron oxide samples. 

Characterization 

techniques 
Goethite Hematite Magnetite 

XRD α-FeOOH α-Fe2O3 Fe3O4 

Surface area (m
2 

g
-1

) 51 ± 8 18 ± 3 35 ± 2 

PZC (pH) 8.0 ± 0.3 7.2 ± 0.4 6.8 ± 0.3 

Particle size (nm) 164 - 295 190 - 342 320 - 340 

2.7. Characterization of manganese dioxides 

2.7.1. X-ray diffraction (XRD) measurement 

The prepared manganese dioxides (MnO2) were characterized by XRD measurements by 

PANalytical Powder X-ray diffractometer (Xpert-Pro, Almelo, Netherlands) using the 

monochromatized Cu - K source (λ = 1.540 Å) and measuring the diffraction from 10 - 

70° (2θ angle) with step width of 0.02
o
 and step time of 4 s, at room temperature. The 

XRD analysis revealed the structures of MnO2 formed as ramsdellite (method-1; Fig. 

2.11) and -MnO2 (method-2 and method-3; Figs. 2.12 and 2.13, respectively). For the 

solid state mixing method, it was reported that the MnO2 obtained was a mixture of -

MnO2 and -MnO2 [91]. For our synthesized sample, however, the XRD measurement 

showed the MnO2 is formed with -MnO2 structure only. This deviation possibly 

occurred due to the differences in the proportion of manganese acetate tetra hydrate and 

potassium permanganate used in the present work (3:2) as compared to that reported by 

Li et al. (2:3) [91]. 
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Figure 2.11: XRD spectra of MnO2 (ramsdellite) prepared from method-1, 

JCPDS Code: 44-0142. 

 

Figure 2.12: XRD spectra of MnO2 (-MnO2) prepared from method-2, JCPDS Code: 44-

0141. 
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Figure 2.13: XRD spectra of MnO2 (-MnO2) prepared from solid state  

mixing method, JCPDS Code: 44-0141. 

2.7.2. Surface area measurement 

The surface area measurement of MnO2, prepared in this study, was done based on BET 

single point method. The surface area obtained for MnO2 prepared by method-1, method-

2 and method-3 were shown in Table 2.2. Surface area of MnO2 synthesized by solid state 

mixing method was higher compared to the surface areas of MnO2 synthesized by two 

solution methods. 

2.7.3. Point of zero charge (PZC) measurement 

The PZC of MnO2 was measured following the procedure discussed in Section 2.6.3. The 

PZC values obtained are listed in Table 2.2. The zeta potential values indicate that the 

surface of MnO2 is positively charged below PZC and negatively charged above PZC.  
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2.7.4. Thermogravimetric (TG) measurement  

Thermogravimetric (TG) analysis is done in controlled atmosphere, where the changes in 

the mass of the sample are continuously monitored with respect to the changes in the 

temperature. TG is applied for studying the thermal decomposition of the compounds. 

From TG plots, the water contents in the compounds can be easily determined. A TG set 

up consists of a furnace in which a sample holder, connected to a highly precise 

thermobalance, is attached. The sample is heated at a constant rate. Any chemical reaction 

resulting in the increase or decrease in the weight of the sample is recorded through the 

thermobalance. A TG plot is obtained by plotting the mass change / percentage of loss or 

gain of the initial mass on the y axis versus either temperature / time on the x-axis.  

For MnO2 characterization, TG measurements were carried out in dynamic argon 

atmosphere using Netzsch thermal analyzer (Model STA-409, GmBH, Germany). The 

heating rate of 10 K min
−1

 was maintained for all the measurements. The TG curves of 

MnO2 prepared by method-1 and method-2 Figs. 2.14 and that of MnO2 prepared by 

method-3 is shown in Fig. 2.15. The net water loss of 8.7 %, 6.5 % and 3.9 % were 

occurred in the temperature range of 25 - 300 °C for the manganese dioxide samples 

prepared via methods 1, 2 and 3, respectively. The physisorbed water was removed first 

at temperature <130 °C, whereas water of crystallization was lost in the temperature 

range of 130 - 300 °C for different samples. TG studies suggest that manganese dioxide 

prepared by method-1 has a higher physisorbed water content (6.0 %) than that of 

method-2 (3.3 %) and method-3 (1.2 %). But the water of crystallization for MnO2 

prepared by all the methods was quite comparable (Table 2.2). At >300 °C, MnO2 

decomposes to Mn2O3, as indicated from all the TG plots [102]. 
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Figure 2.14: TG plots of MnO2 samples prepared from method-1 (ramsdellite) and 

method-2 (-MnO2). 

 

Figure 2.15: TG plot of MnO2 (-MnO2) sample prepared from solid state mixing 

method. 
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Table 2.2: Characteristics of the synthesized manganese dioxide samples 

 

2.7.5. Transmission electron microscopy (TEM) imaging 

Transmission electron microscope (TEM) is an important technique used for high 

resolution imaging purposes. In broad sense, TEM is similar to normal microscope, but 

difference is that it uses electrons instead of light. Since electrons are used, the resolution 

is better compared to normal microscope that uses light for imaging. In TEM, a beam of 

electrons is transmitted through the sample. Due to the interactions of these electrons with 

the sample, an image is formed. The image thus formed is then magnified and transferred 

onto an imaging device, like a fluorescent screen, a photographic film, or a sensor such as 

scintillator attached to charge-coupled device (CCD). The lighter and darker areas in the 

image represent, the areas with maximum and minimum transmission of electrons 

respectively. 

TEM measurement, (magnification: 50 k) carried out on MnO2 prepared by solid state 

mixing method, showed that most of the MnO2 particles were needle - shaped (100-200 

nm) (Fig. 2.16). 

 

Characterization  

techniques 
Method – 1 Method – 2 Method – 3 

XRD 
Ramsdellite 

(1 X 2 tunnel) 
-MnO2 

(2 X 2 tunnel) 

-MnO2 

(2 X 2 tunnel) 

Surface area (m
2 

g
-1

) 77 ± 5 67 ± 5 131 ± 12 

PZC (pH) 3.8 ± 0.4 3.9 ± 0.4 4.1 ± 0.3 

TG 

(Water content, %) 

6.0% (<130
o
C) 

2.7% (<300
o
C) 

3.3% (<130
o
C) 

3.2% (<300
o
C) 

1.2% (<130
o
C) 

2.7% (<300
o
C) 
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Figure 2.16: TEM image of MnO2 prepared by solid state mixing method. 

2.8. Characterization of modified sorbent  

2.8.1. Fourier-transform infrared spectroscopy (FTIR) analysis 

FTIR is a vital tool for identifying the functional groups in a molecule, by producing an 

absorption spectrum for various functional groups in the system that acts like a molecular 

"fingerprint". The instrumentation consists of an IR light source, an interferometer and a 

detector which collects the radiation that comes out of the sample. The sample absorbs 

the light with specific frequencies that are the characteristics of the sample spectrum. 

Detector records the change in energy with respect to time for all 

wavelengths/frequencies simultaneously.  The Fourier transform function converts the 

intensity versus time spectrum into intensity versus frequency spectrum. Thus, the Fourier 

transform converts the detector output to an interpretable frequency spectrum that 

provides the structural insights of the sample. 

FT-IR spectra of both the XAD-4 and MX-4 beads were measured using ATR-FTIR, 

Bruker, Model ALPHA-P instrument and are shown in Fig. 2.17. Infra red spectrum of 

the MX-4 resin indicated the presence of MnO2 in the coated resin [103]. The MnO2 

characteristic bands, 567 and 630 cm
−1

, corresponds to the Mn - O stretching vibrations. 
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The bands 1600 and 3368 cm
-1

 corresponds to the bending and stretching vibrations of -

OH group in the adsorbed water.  

 

Figure 2.17: FTIR spectra of the XAD-4 beads and MnO2 coated beads (MX-4). 

2.8.2. Scanning electron microscopy (SEM) imaging 

A scanning electron microscope (SEM) is an electron microscope that generates images 

of a material surface by scanning with a focused beam of electrons. This is a widely used 

technique to know the surface morphology as well as composition (semi quantitative) of 

the materials. In this technique secondary electron, emitted by the excited atoms upon 

bombardment of the accelerated electrons, are detected. Since the wavelength of electrons 

is much smaller than the wavelength of light, the resolution of SEM is much superior than 

that of a light microscope (better than 1 nm).  

The surface morphology of the XAD-4 and MX-4 resin beads was studied by scanning 

electron microscopy (SEM) imaging. The images were taken by a TESCAN VEGA-3 

SEM, having tungsten cathode. The samples were mounted using carbon tape. To prevent 
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the charging of the surface, a 15 nm thick Au layer was sputter coated on to the sample 

surface. This coating helped in the improvement of the signal to noise ratio. SEM images 

of XAD-4 and MX-4 beads are shown in Fig. 2.18.  

 

  

                                (a): XAD-4                                       (b): MX-4   

Figure 2.18: SEM images of XAD-4 and MX-4 beads 

Figure 2.18 (a) is the image of XAD-4 after sonication in DI water, whereas Figure 2.18 

(b) is the coated bead. The images show the surface morphology of the beads, having 

spherical shape of almost the same diameter. The image of MX-4 beads has uniform 

layers of MnO2 coating.  

2.8.3. Neutron activation analysis (NAA) 

Neutron activation analysis (NAA) is a nuclear analytical technique utilized for the 

quantification of analytes. In this technique, the sample is exposed to neutrons to produce 

radionuclides of the concerned elements and the radiations emitted by the radionuclides 

so formed are measured using suitable detectors for their quantification. The energy of 

radiation emitted is characteristic of the radioisotope formed whereas intensity of the 

radiation is proportional to the mass of the analyte. For the quantification of analyte in the 

sample, a matrix matched standard is also irradiated along with sample for a comparison.  

Relative method of NAA was utilized for the quantification (equation 2.21). 
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         (2.21) 

Here Astd and Asam are the activities (cps) of standard and sample, whereas, Wstd and Wsam 

are the weight of the analyte in standard and sample, respectively. 

The manganese concentration in the MX-4 resins was determined by NAA using a low 

flux AHWR critical facility (CF) reactor, BARC (irradiation time, ti = 4 h). About 100 mg 

of samples were packed in cleaned polythene packets. The details of Mn nuclear data was 

given in Table 2.3. The Mn ICP Merck standard solution (1 g L
-1

) was used as standard. 

The standard solution was evaporated on filter paper under IR lamp and sealed in 

polythene. These polythene packets were triply sealed and irradiated in CF reactor. After 

irradiation, the activity of 
56

Mn (t1/2= 2.58 h, Eγ = 846.76 and 1810.73 keV) was 

measured using an HPGe detector (Canberra), coupled to 8k channel analyzer having 

relative efficiency of 30 % and resolution of 1.9 keV at 1332 keV. The results obtained 

for manganese contents in the MX-4 beads (four independent batches) were given in 

Table 2.4. The average concentration of manganese dioxide was calculated to be (2.65 ± 

0.21) %.  

Table 2.3: Relevant nuclear data for 
56

Mn radionuclide [104]. 

Natural 

abundance  

(%) of 
55

Mn  

(n,) cross-

section 

(barns) 

Product 

Mode 

of 

decay 

Half-life 

(h) 

-ray 

energy 

(keV) 

-ray 

abundance 

(%) 

100 13.3 
56

Mn 


-  

(100 %) 
2.58 

846.76 98.9 

1810.73 26.9 

 



51 

 

 

Table 2.4: NAA results of MnO2 content on MX-4 resin prepared in the present work. 

Synthesis Batch MnO2 (%) 

Batch - 1 2.67 ± 0.14 

Batch - 2 2.73 ± 0.17 

Batch - 3 2.47 ± 0.14 

Batch - 4 2.71 ± 0.12 

 

2.8.4. Point of zero charge (PZC) measurement 

A pH drift method [105] was used for the PZC measurements of XAD-4 and MX-4 

resins. In this method, 25 mL of 0.01 M NaCl solution was taken in number of 50 mL 

stoppered polypropylene bottles. The initial pH (pHini) values of the solutions in these 

bottles were adjusted from 1 to 12 with an interval of about 1, using 0.01 M HCl and 0.01 

M NaOH. To these pH adjusted solutions, about 50 mg of XAD-4/MX-4 beads were 

added. After 48 h of agitation at 25 rpm, the suspensions were filtered and the final pH 

(pHfin) filtrate solutions were measured. The pHfin values were plotted against the 

respective pHini values. The PZC is the pH at which both the pHini and pHfin are estimated 

to be the same. The PZC values for XAD-4 and MX-4 resins were thus estimated to be 

7.6 ± 0.3 and 8.7 ± 0.2, respectively, as shown in Fig. 2.19.  
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Figure 2.19: PZC plot of XAD-4 and MX-4 beads 

2.9. Preparation of radiotracer solutions - As(III) and As(V) 

All the studies were done using radioactive tracer solutions of arsenic (
76

As). Arsenious 

oxide (As2O3) powder, about 1-2 mg was packed in clean polyethylene and irradiated in 

the pneumatic carrier facility (PCF), Dhruva reactor, BARC, Mumbai at a thermal 

neutron flux of ~ 10
13

 cm
-2

 s
-1

. The irradiation time was 1 min. The nuclear data of 

arsenic are given in Table 2.4. 

Table 2.5: Relevant nuclear data for 
76

As radionuclide [104]. 

Natural 

abundance  

(%) of 
75

As  

(n,) cross-

section 

(barns) 

Product 

Mode 

of 

decay 

Half-

life (h) 

-ray 

energy 

(keV) 

-ray 

abundance 

(%) 

100 4.5 
76

As 


-  

(100 %) 
26.24 

559.10 45.0 

657.05 6.2 
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For the preparation of As(III) tracer solution, the irradiated powder was dissolved directly 

in 0.1 M NaOH solution. The As(V) tracer solution was prepared by dissolving the 

irradiated As2O3 in concentrated HNO3 followed by heating. The required concentration 

of 2 mg L
-1 

solution was made by diluting with DI water. The scheme for preparation of 

the tracer solutions are given in Fig. 2.20. The oxidation state of arsenic in the radiotracer 

solution was confirmed by solvent extraction method using benzene as the extractant 

[106]. 

 

Figure 2.20: Scheme for preparation of arsenic radiotracer solution. 

2.10. Solvent extraction method: Determination of oxidation state of arsenic in 

radiotracer solution 

1 mL of the above prepared radiotracer solutions were taken in separate glass beakers and 

carefully evaporated to near dryness by heating on hot plate. About 10 mL of 

concentrated HCl was added to each beaker and heated to get clear solution. The solution 

was taken in a stoppered glass tube sealed with parafilm and the initial count rate of 
76

As 

(Cini) (t1/2 - 26.24 h, E - 559.10 & 657.05 keV) was measured using HPGe detector. Then 

10 mL of benzene, pre-equilibrated with concentrated HCl was added and equilibrated for 

10 min in a separating funnel. Both the phases were allowed to separate. The final count 

rate of 
76

As in the HCl phase was measured using HPGe (Cfin) and compared with the 

initial count rate of 
76

As. The percentage of As(V) was determined by equation 2.22. The 
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detailed scheme is given in Fig. 2.21. The solvent extraction method using benzene as a 

solvent for the separation of As(III) and As(V) species is well reported in the literature 

[106]. This method was utilized for the determination of oxidation state of arsenic species 

before as well as after the sorption also. As given in the literature, the As(III) forms 

neutral AsCl3 in strong HCl medium. These neutral species are easily extracted into the 

non-polar solvent benzene, whereas As(V), which forms negatively charged species, is 

not extracted [106].  

        (2.22) 

Where, Cini and Cfin represent the initial and final count rates of 
76

As in the solutions, 

respectively. 

 

 

 

 

 

 

 

 

Figure 2.21: Scheme of solvent extraction method for separation of As(III) and As(V) 

from solution. 
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Chapter - III 

Arsenic uptake on iron oxides 
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3.1. Introduction 

Arsenic contamination in groundwater is a major problem in the world. Among the 

various methods, which could be applied for the removal of arsenic, adsorption plays an 

important role. Adsorption is considered to be a superior technique due to the high arsenic 

removal efficiency and ease of operation. The review literatures related to arsenic 

removal give an overall picture of the adsorption procedures utilizing charcoal, sand, 

zeolites, polymeric materials and naturally occurring metal oxides/hydroxides as the 

adsorbents [107-111].  

The natural iron oxides/hydroxides play an important role in the mobilization of arsenic 

in water by adsorption on to the surfaces of these materials in natural environments [6, 9, 

25, 112]. The same mechanism can suitably be applied for the removal of arsenic from 

groundwater also. In this context, many literatures are available which reported iron oxide 

as one of the promising sorbent for total arsenic removal [53-55, 113-114] due to the 

strong adsorption properties. But when the adsorption mechanism of As(III) and As(V) 

on iron oxides are considered, the literature on the differential adsorption mechanisms are 

scanty [59-60, 115]. 

Thus a detailed study comprising of the different parameters like, the effect of pH, 

adsorbent dose, regeneration method and the elucidation of interaction mechanism of 

arsenic with different iron oxides is not available in the literature. This chapter elaborates 

the study of all the necessary parameters like pH, kinetics, capacity, leaching study, 

interference from co-occurring ions, regeneration and reusability, which affects the 

sorption of arsenic using different iron oxides, viz. goethite, hematite and magnetite as 

sorbents [83]. Present chapter also focuses on the mechanistic study of arsenic - iron 

oxide interaction using appropriate analytical techniques. 

3.2. Materials and methods 
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3.2.1. Reagents and chemicals 

The chemicals used for the studies are of analytical reagent (AR) grade and used 

without further purification. The inorganic salts like, ferric nitrate [Fe(NO3)3·9H2O; 

molecular weight (MW) - 404.00 g mol
-1

], ammonium ferric sulphate [Mohr’s salt; 

(NH4)2SO4.FeSO4.6H2O; MW - 392.13 g mol
-1

], ferric chloride [FeCl3.6H2O; MW - 

270.30 g mol
-1

], arsenic trioxide [As2O3; MW - 197.84 g mol
-1

], arsenic pentoxide 

[As2O5; MW - 229.84 g mol
-1

], sodium chloride [NaCl; MW - 58.44 g mol
-1

], calcium 

chloride [CaCl2; MW - 110.98 g mol
-1

], magnesium chloride [MgCl2; MW - 95.21 g 

mol
-1

], sodium bicarbonate [NaHCO3; MW - 84.01 g mol
-1

] and sodium dihydrogen 

phosphate [NaH2PO4; MW - 119.98 g mol
-1

] were used during this work. The AR 

grade reagents used are concentrated hydrochloric acid (HCl), concentrated nitric acid 

(HNO3), ammonia solution (NH4OH) and dilute sodium hydroxide (NaOH). All the 

necessary dilutions and dissolution of salts were done using deionised (DI) water 

(resistivity 18.2 MΩ cm
-1

 and total organic carbon < 10 g L
-1

) from Milli-Q water 

purification system. 

3.2.2. Equipments 

All the weighing was done using a high precision analytical semimicro balance 

(Mettler - Toledo, dual range, readability - 0.01 mg). pH measurements were carried 

out in Oakton pH meter employing glass electrode (pH700, USA), with digital display 

having precision of ± 0.01 unit. A mechanical shaker was utilized for the 

equilibrations at room temperature. Radioactivity measurements were done using a 

high purity germanium detector (HPGe) (Canberra, Australia, relative efficiency: 30 

%, resolution: 1.9 keV at 1332 keV) coupled to 8k channel analyzer. The 

characterization of the sorbents were done using X-ray diffraction (XRD), surface 

area, point of zero charge (PZC) and particle size measurements (Section 2.6). 
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3.2.2.1. Inductively coupled plasma-optical emission spectrometric (ICPOES) 

measurement 

Inductively coupled plasma optical emission spectrometry (ICPOES) is one of the 

versatile spectroscopic techniques for determination of trace elements in various matrices. 

In ICPOES, the sample solution is aspirated into the plasma. The high temperature of the 

plasma (~10000 K) causes dissociation of the sample into atoms and ions, and excites 

them to higher energy levels. The excited atoms/ions de-excite through thermal or 

radiative (emission) transitions to the lower energy states. The light emitted in the 

radiative transition corresponds to specific wavelengths, characteristics to the analytes, 

which are measured using suitable detectors (PMT/CCD). In these cases, the emission 

intensity is proportional to the concerned analyte concentration. For quantification of the 

analyte, initially standards of known concentration are passed and the corresponding 

intensities are measured and these data are used to obtain a calibration plot. Then the 

sample is passed to get the intensity for the analyte of interest and accordingly the 

concentration of analyte is calculated from the calibration plot. This technique is very 

advantageous due to its multi element capability, sensitivity and high sample throughput. 

3.2.2.2. Inductively coupled plasma mass spectrometric (ICPMS) measurement 

ICPMS is a highly sensitive technique, used for the quantification of elements at trace or 

ultra-trace levels. The plasma provides very high temperature so that the elements present 

in the sample gets ionized. The ions are extracted in to quadrupole mass analyzer. The 

ions get sorted out depending on the mass to charge ratio and detected using electron 

multiplier tube detector. Observed signal is proportional to the concentration of the 

element present in the sample. Similar to ICPOES, in ICPMS also the concentration of 

the element in a sample is calculated through construction of a calibration plot, using 

single or multi-element reference standards.  
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3.3. Experimental 

3.3.1. Preparation of iron oxides 

The iron oxides, viz., goethite (-FeOOH), hematite (-Fe2O3) and magnetite (Fe3O4), 

were synthesized following the literature reports [87-89] and the details are elaborated in 

Chapter 2, Section 2.3.1. Briefly, NaOH solution (2.5 M) was added dropwise to 1 M 

ferric nitrate solution, resulting in the formation of ferrihydrite. This is the base material 

for the preparation of goethite and hematite. For goethite preparation, the suspension was 

heated on a hot plate for 2 h at 90 
o
C and subsequently, for the complete conversion of 

hydroxides to oxides, the precipitate was heated in a oven at 100 
o
C for 12 h. For 

preparation of hematite, the ferrihydrite suspension was stirred for 2 h at room 

temperature, followed by heating at 300 
o
C for 36 h in a muffle furnace. The magnetite 

was prepared by mixing of ammonium ferrous sulphate and ferric nitrate solutions and 

adding ammonia solution dropwise till solution becomes alkaline. The resulting 

suspension was heated on a hot plate at 80 
o
C for 2 h. All the iron oxides prepared were 

washed with DI water till they become neutral which was then followed by air-drying. 

For further use these dried iron oxides were stored in air tight polypropylene containers. 

These synthesized sorbents were characterized using X-ray diffraction (XRD), surface 

area, point of zero charge (PZC) and particle size measurements. The details of these 

measurements have been discussed in the earlier chapter, Section 2.6. 

3.3.2. Sorption studies of arsenic by iron oxides 

Three iron oxides e.g. (1) goethite (2) hematite and (3) magnetite, synthesized as 

mentioned in Section 2.3 were used during the present study. The sorption experiments 

were carried out in batch equilibration mode at room temperature using 
76

As radiotracer 

technique. The tracer solutions were prepared following the procedure given in Section 

2.9. The oxidation state of the arsenic in the prepared solution was confirmed by solvent 
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extraction procedure (Section 2.10). The As(III) and As(V) sorption studies were done 

separately using 
76

As radiotracer (t1/2 = 26.4 h, E = 559 and 657 keV) solutions (2 mg L
-

1
) taken in 50 mL stoppered glass bottles. The pH was adjusted to 3 - 11, using 0.1 M HCl 

and 0.1 M NaOH solutions. The initial count rate (Cini) in the solutions was measured 

using high purity germanium (HPGe) detector. These solutions were equilibrated with ~ 

0.1 g of sorbent for the optimized time, i.e., 2 h at 100 rotations per minute (rpm) in a 

mechanical shaker. After equilibration, the suspensions were centrifuged and filtered 

using Whatman 42 filter papers. The final count rate of 
76

As in the supernatant (Cfin), was 

measured. The sorption of arsenic (%) was calculated using equation 3.1. 

     (3.1) 

Where, Cini and Cfin represent the initial and final count rate (counts per second, cps) of 

76
As in solutions. 

For the confirmation that the oxidation states of arsenic in solutions were not changed 

during equilibrations, an independent set of arsenic tracer solutions [2 mg L
-1

 

As(III)/As(V); pH 3 - 11] was kept for 2 h equilibration, without addition of sorbent. The 

oxidation state of arsenic in these solutions was determined prior to experiments, by 

solvent extraction studies (Section 2.10).  

3.3.3. Kinetic studies for arsenic sorption by iron oxides  

The kinetic studies for arsenic sorption were performed on all the three synthesized iron 

oxides. The method adopted was similar to that explained in Section 3.3.2. All the 

experiments were done at pH 7 and the time of equilibration was varied from 30 min to 

24 h. The percentage sorption of arsenic was evaluated using equation 3.1. 

 

3.3.4. Isotherm studies for arsenic sorption by iron oxides 
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For the adsorption isotherm, the method adopted was similar as mentioned in Section 

3.3.2. The studies were done at neutral pH and arsenic concentrations were varied from 2 

to 400 mg L
-1

. The arsenic in solutions was taken as a combination of fixed concentration 

of radioactive arsenic (2 mg L
-1

) plus varying amounts of inactive arsenic. The tracer 

solutions and inactive arsenic was mixed thoroughly to maintain homogeneity. The count 

rates of arsenic were measured, before and after equilibration with the sorbents, and the 

percentage sorption was calculated using equation 3.1. 

3.3.5. Leaching studies on iron oxides 

Release of iron during arsenic sorption was studied for all the three iron oxides. In this 

context, three independent sets of experiments were done at pH 7. (i) 100 mg of each iron 

oxides was added to different stoppered flasks and equilibrated in 25 mL of DI water for 

2 h, (ii) 100 mg of iron oxides were added to separate flasks having 2 mg L
-1

 inactive 

As(III) solution at pH 7 and shaken for 2 h and (iii) the above experiment was repeated 

with 2 mg L
-1

 inactive As(V) solution. After the equilibration, the sorbents were filtered 

using Whatman 42 filter paper and the iron concentrations were analyzed using ICPOES 

technique following the procedure below. 

The aqueous solutions were analyzed for Fe using an ICPOES (JobinVyon, Model 

ACTIVA-500) equipped with a photo multiplier tube (PMT) as a detector. The 

parameters used for measurement are given in Table 3.1. The standards were prepared by 

using Fe Merck ICP standard solution (1 g L
-1

). Working standards were prepared by 

serial dilutions of the 1 g L
-1 

stock solution of Fe. The standards were maintained in 2 % 

HNO3 medium to prevent hydrolysis. The calibration of the instrument was done using 

the standards of Fe concentrations 1 - 10 mg L
-1

. 2 % HNO3 solution was taken as 

calibration blank. The Fe contents in the experimental solutions were then quantified 

using the calibration plot. 
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Table 3.1: Instrumental parameters for iron determination by ICP-OES. 

Parameter Value 

Power reference (RF) incident power (kW) 1.0 

Plasma argon flow rate (L min
-1

) 12 

Sheath argon flow rate (L min
-1

) 0.2 

Nebulizer argon flow rate (L min
-1

) 0.9 

Pump (mL min
-1

) 1.00 

Mist chamber Glass cyclone spray chamber 

Nebulizer Concentric glass nebuliser 

Wavelength of Fe (nm) 259.94 

 

3.3.6. Regeneration studies on iron oxides 

For regeneration studies, different concentrations of NaOH solutions, 0.1 M, 0.5 M and 1 

M, were used. The arsenic sorption was done on three iron oxides following the 

procedure given in Section 3.3.2. The arsenic sorbed sorbents were separated from the 

suspensions by centrifugation. The count rates of 
76

As on the sorbent were measured, Cini. 

For desorption of arsenic, the sorbents were equilibrated with NaOH solutions for time 30 

min - 4 h. After the equilibration, the suspensions were centrifuged and the separated 

sorbent was again measured for the 
76

As count rate, Cfin. The counts were substituted in 

equation 3.1 and the results obtained were for the percentage of regeneration achieved. 

3.3.7. Reusability studies on iron oxides 

To study the potential of iron oxides as sorbent for arsenic removal, the reusability study 

is important. The iron oxides once used for arsenic sorption were reused, without 

regeneration, upto 5 cycles for arsenic uptake from fresh solutions (Section 3.3.2) without 

any significant reduction in sorption efficiency.  

 

3.3.8. Effect of common ions on arsenic sorption by iron oxides 
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The effect of presence of common ions in ground water, like Na
+
, Ca

2+
, Mg

2+
, Cl

-
, HCO3

-
 

and PO4
3-

, on the arsenic sorption properties of the studied iron oxide sorbents are also 

investigated in the present work. The sorption experiments were done as per the 

procedure given in Section 3.3.2, on the solutions containing the concentrations of ions in 

the range of 5 - 5000 mg L
-1

. The solutions were at neutral pH, with time of equilibration 

as 2 h. 

3.3.9. Application of iron oxides to arsenic contaminated groundwater 

Two arsenic contaminated groundwater, collected from tube wells of North 24 Parganas 

district, West Bengal, India, are investigated to understand the applications of iron oxides 

to arsenic contaminated groundwater. The arsenic sorption experiments were done 

without any pre-treatment. 25 mL of groundwater was equilibrated with 0.1 g each of 

synthesized iron oxides. The equilibration time was kept as 2 h at 100 rpm. After 

sorption, the sorbents were separated by filtration. The solutions, before and after 

sorption, were analyzed using ICPMS (Model VG PQ ExCell, VG Elemental, UK) for 

arsenic concentration.  

3.3.10. Study of arsenic sorption mechanism on iron oxides 

3.3.10.1. X-ray photoelectron spectroscopy (XPS) measurements 

For XPS, the sample pellets were made as follows:  

(1) About 100 mg of each iron oxide (goethite, hematite and magnetite) was equilibrated 

with 25 mL of DI water for 2 h. The sorbents were filtered, air dried and made pellets of 

10 mm diameter using hydraulic press by applying 7 tonne pressure. These were the 

blank pellets.  

(2) About 100 mg of sorbents were equilibrated with 25 mL of 2 mg L
-1

 As(III) solutions 

at pH 7 for 2 h. The pellets were made after air drying. These were the As(III) sorbed iron 

oxide pellets.  
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(3) The above method was repeated by using As(V) solution. The pellets so made were 

the As(V) sorbed iron oxide pellets.  

(4) For preparation of As(III) and As(V) standards, pellets of As2O3 and As2O5 salts were 

prepared. 

The XPS measurements were performed using Mg-Kα (1253.6 eV) X-ray source and 

DESA-150 electron analyzer (M/s. Staib Instruments, Germany) as detector.  The sample 

was placed on double sided carbon tape for analysis. The binding energy scale was 

calibrated using Au-4f7/2 peak (83.95 eV) as an internal reference. The peak fitting was 

done using XPSPEAK41 software. The binding energies obtained for the sorbents were 

matched with the binding energies of the standards stored in the XPS library. The area 

under the peak was determined by the least-squares fitting of the Gaussian line shape.  

3.3.10.2. Electrochemical studies  

Electrochemical methods are nowadays been widely applied for qualitative and 

quantitative determinations, due to the fast analysis and portability. There is report on the 

arsenic determination by electrochemical technique by using electrodes with necessary 

modifications [116]. To elucidate the mechanism of interaction of iron oxide with 

As(III)/As(V), an electrochemical investigation was carried out. Electrochemical 

measurements were conducted using the potentiostat/galvanostat (CHI 760E; from CH 

Instruments) with three electrode system. A modified glassy carbon electrode (GCE), 

standard calomel electrode (SCE) and platinum (Pt) electrode were adopted as working, 

reference and counter electrodes, respectively. The experiments were done at room 

temperature and in inert atmosphere. For the experiments, the GCE was modified 

following the procedure below: GCE surface was cleaned by rubbing with 1 m alumina 

powder, followed by sonication for 10 min.  An iron oxide suspension was made by 

sonicating 10 mg iron oxide in 1 mL of DI water containing 0.05 % nafion solution, for 
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15 minutes. This helps in achieving homogeneity of the solution. GCE modification was 

done by drop-casting 10 µL of the solution onto the GCE surface and air-drying. The 

modified GCE was used in the solutions of pH 7. The supporting electrolyte used was 0.5 

M KNO3. The cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

experiments were carried out using the modified GCE.  

 3.4. Results and discussion 

3.4.1. Sorption studies of arsenic by iron oxides  

For sorption studies, the arsenic concentration was fixed as 2 mg L
-1

, based on the arsenic 

concentration reported [6] from arsenic contaminated region in India. For sorption 

studies, pH range chosen was 3 - 11. pH < 3 was avoided, due to the high solubility of 

iron oxide at acidic pH.  

In Figs. 3.1 and 3.2, the sorption plots, for As(III) and As(V) on three iron oxides, show 

almost quantitative sorption by all the three sorbents up to pH 9. For goethite and 

magnetite, higher sorptions were observed at alkaline pH also, but for hematite, the 

sorption decreases in alkaline pH. The sorption on these iron oxides can be explained 

using the PZC values of the iron oxides. From the arsenic speciation plot given in Figs. 

1.4 and 1.5, the As(III) exists as neutral species (H3AsO3
0
) upto pH 9 whereas for As(V) 

the species in this pH is mostly negatively charged (H2AsO4
-
, HAsO4

2-
) [54]. The –OH 

group present on the sorbent surface undergoes exchange/ionization depending on the pH, 

resulting in a surface charge on the sorbent. Thus complex formation happens between 

the –OH group on the sorbent surface as well as the –OH group on the arsenic species 

(the structure of both the arsenic oxyhydroxide species are given in Fig. 1.2). At pH         

< PZC, the surface of the sorbents are positive, thus a clear electrostatic interaction, in 

addition to complexation plays a vital role in sorption. 
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For pH > PZC, i.e. at alkaline pH, the surface of the sorbents are negatively charged due 

to the deprotonation of the surface –OH groups. The arsenic compounds also exist as the 

negatively charged species under these pH conditions. Therefore, due to the electrostatic 

repulsive force, the sorption efficiency decreased for hematite at the alkaline pH 

conditions. But the same consideration of pH > PZC cannot explain the high sorption of 

arsenic on magnetite and goethite at pH >9. According to Guo et al [73], efficient arsenic 

removal by magnetite and goethite at higher pH involves a complex mechanism of 

electrostatic as well as complex formation. The results obtained in the present study are 

also in accordance with the mechanism suggested in the literature. 

 
Figure 3.1: Sorption plot of As(III) on different iron oxide sorbents. 
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Figure 3.2: Sorption plot of As(V) on different iron oxide sorbents. 

In the present context, it was essential to follow the oxidation state of arsenic during the 

course of sorption process. For this, the solvent extraction procedure was adopted. Details 

of the procedure are given in Section 2.10. Solvent extraction study was done on the 

arsenic solutions after equilibrating the same without iron oxide sorbents. The activity of 

76
As in the case of As(III) experiment remained solely in the organic phase, whereas 

activity was observed quantitatively in the aqueous HCl phase in the case of As(V) 

experiment. The results confirmed that the oxidation state of arsenic in the tracer 

solutions was not changing during the equilibration time (2 h). 

3.4.2. Kinetic studies for arsenic sorption by iron oxides  

The kinetic studies for sorption of As(III) and As(V) on the three iron oxides at neutral 

pH are plotted in Fig. 3.3 and 3.4, respectively. From the plots, it is observed that the 

sorption is faster for goethite and slower in the case of hematite. Thus, kinetics for arsenic 

sorption on iron oxides followed the order: goethite > magnetite > hematite. The pattern 
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remained exactly the same for both As(III) and As(V) uptake. For goethite, sorption was  

>98 % in 2 h, but for magnetite and hematite it was about 90 % and about 78 %, 

respectively, for the same time of equilibration. On further increase in the time of 

equilibration, only marginal increase in sorption was observed. As a result, the time of 

equilibration in all the other experiments using iron oxides was fixed to be 2 h.  

 

Figure 3.3: Kinetic plots for As(III) sorption on different iron oxides. 
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Figure 3.4: Kinetic plots for As(V) sorption on different iron oxides. 

For the investigation of sorption mechanism, study of kinetics is important. The kinetics 

experimental data were evaluated by both pseudo first order (PFO) and pseudo second 

order (PSO) kinetic models [113]. The linearized equations for PFO and PSO are given in 

equations 3.2 and 3.3 respectively.  

                           (3.2) 

                         (3.3) 

Where Qt and Qe represents the amount of arsenic adsorbed per gram of the iron oxide at 

time, t and at equilibrium (mg g
-1

) respectively, k1 = rate constant for PFO reaction, ‘h’ 

represents the rate constant for PSO reaction, ie., h = k2 Qe
2
, and k2 = the rate constant for 

PSO reaction. 

For all three iron oxides, the data fitted well with pseudo second order (PSO) kinetic 

equation, given in equation 3.3. This infers that chemisorption is the predominant 
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mechanism of sorption of As(III) and As(V) on iron oxide sorbent. The plots are given in 

Figs. 3.5 - 3.7. The kinetic parameters obtained from the plots are listed in Table 3.2. 

 

 

 

Figure 3.5: Pseudo second order kinetic plot for sorption of As(III) and As(V) on 

goethite. (Circles are the experimental data and the straight lines are the linear fits 

following equation 3.3). 
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Figure 3.6: Pseudo second order kinetic plot for sorption of As(III) and As(V) on 

hematite. (Triangles are the experimental data and the straight lines are the linear fits 

following equation 3.3). 

 

Figure 3.7: Pseudo second order kinetic plot for sorption of As(III) and As(V) on 

magnetite. (Squares are the experimental data and the straight lines are the linear fits 

following equation 3.3). 
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Table 3.2: Kinetic fitting parameters for PSO reaction for As(III) and As(V) adsorption 

by iron oxide sorbents 

Sorbent Arsenic species 

Qe 

(calculated) 

mg g
-1

 

K2  R
2
  

Goethite 

As(III) 0.027 9.2 X 10
-4

 0.997 

As(V) 0.018 5.0 X 10
-4

 0.993 

Hematite 

As(III) 0.177 2.2 X 10
-6

 0.993 

As(V) 0.352 4.0 X 10
-7

 0.999 

Magnetite 

As(III) 0.082 4.5 X 10
-5

 0.994 

As(V) 0.042 1.2 X 10
-4

 0.983 

 

3.4.3. Isotherm studies for arsenic sorption by iron oxides 

For environmental applications, Langmuir and Freundlich isotherms are commonly used 

for describing sorption equilibrium [117]. The adsorption isotherms for arsenic uptake by 

iron oxides followed the Freundlich adsorption isotherm [Figs. 3.8 - 3.10]. These results 

thus suggest a multilayer sorption of arsenic on the heterogeneous surface sites of iron 

oxides [118].  

Freundlich isotherm is represented by the following equation: 

           (3.4) 

Where Kf = Freundlich constant related to adsorption capacity (mg g
-1

), n = Freundlich 

constant related to adsorption intensity, Ce =the equilibrium arsenic concentration (mg L
-

1
) and Qe=the amount of arsenic adsorbed per gram of the iron oxide at equilibrium (mg 

g
-1

).  

The above equation 3.4, can be written in the linearized form as, 

        (3.5) 
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Observed fitting of the experimental data following equation 3.5 are shown in Figs. 3.8 - 

3.10 and the fitting parameters thus obtained are listed in Table 3.3. From the Table 3.3, 

we observe that n > 1 in all the cases, which indicate that (1) all the three iron oxides are 

having large heterogeneity and (2) the sorption of arsenic by iron oxides is a favorable 

process [119]. 

The Freundlich adsorption capacities (Kf) as listed in Table 3.3 suggest that, the 

adsorption capacity for goethite is the highest among the three iron oxide sorbents. The 

arsenic sorption capacity obtained is in the order, goethite > magnetite > hematite. This 

order is similar to the order obtained following the kinetics of the sorption process. For 

goethite and magnetite, we found that the capacity for As(V) uptake is double than that 

for As(III). This is presumably due to two different sorption mechanisms involved for the 

uptake of As(III) and As(V) by the iron oxide sorbents.  

 

Figure 3.8: Freundlich isotherm for sorption of As(III) and As(V) on goethite. (Circles are 

the experimental data and the straight lines are the linear fits following equation 3.3). 
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Figure 3.9: Freundlich isotherm for sorption of As(III) and As(V) on hematite. (Triangles 

are the experimental data and the straight lines are the linear fits following equation 3.3). 

 

Figure 3.10:Freundlich isotherm for sorption of As(III) and As(V) on magnetite. (Squares 

are the experimental data and the straight lines are the linear fits following equation 3.3). 
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Table 3.3: Fitting parameters for the Freundlich isotherms for As(III) and As(V) 

adsorption on the iron oxide sorbents 

Sorbent Arsenic species R
2
 Kf (mg g

-1
) n  

Goethite 
As(III) 0.993 2.97 2.14 

As(V) 0.996 3.96 1.66 

Hematite 
As(III) 0.983 1.09 1.82 

As(V) 0.984 1.38 1.81 

Magnetite 
As(III) 0.995 1.79 2.04 

As(V) 0.998 3.38 1.50 

 

3.4.4. Leaching studies on iron oxides 

The leaching study of iron oxide during sorption of arsenic from groundwater is very 

important. There are guidelines [3] for maximum iron leaching during water treatment. 

The iron is categorized as secondary contaminant [120], i.e. no direct impact on health 

but imparts aesthetic effects (includes change in odour, taste etc) to water. 

In the present study, the iron release was determined by ICPOES measurements. The 

procedure for Fe determination using ICPOES technique has been given in Section 

3.2.2.1. The results obtained for the dissolution of different iron oxides at pH 7 are given 

in Table 3.4.  

The maximum acceptable limit of iron in drinking water is 0.3 mg L
-1

, where as, in the 

case of no alternate source of water available without Fe content, the limit is relaxed to 1 

mg L
-1

 [3]. From the table, it is seen that except for magnetite, the iron release was within 

the acceplable limit. For magnetite, iron release increased in the presence of both the 

arsenic species. But for goethite, the Fe leaching reduced drastically after the uptake of 

arsenic.  
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Table 3.4: Results obtained for iron leaching from iron oxides 

Sorbents 
Fe conc. (mg L

-1
)  

Without As  Presence of As(III)  Presence of As(V)  

Goethite  5.6 ± 0.3  1.0 ± 0.2  1.4 ± 0.4  

Hematite  0.2 ± 0.1  0.8 ± 0.3  0.2 ± 0.1  

Magnetite  2.5 ± 0.1  8.9 ± 0.5  7.2 ± 0.2  

 

3.4.5. Regeneration studies on iron oxides 

The results of the regeneration studies obtained in the present study were not 

encouraging. The regeneration obtained through desorption measurement of arsenic was 

maximum for goethite, i.e. 35 - 40 %, using 1 M NaOH solution and 4 h equilibration. 

For magnetite only 25 % desorption was achieved. No regeneration was possible for 

hematite. These results are in confirmation with the proposition that the iron oxide - 

arsenic interaction is not simply an electrostatic interaction but involve some bond 

formation, i.e. chemisorption. 

3.4.6. Reusability studies on iron oxides 

Even though the results of the regeneration studies were not promising, the studied iron 

oxide sorbents were still tested for their reusability. The sorbents (without regeneration), 

were reused in fresh arsenic [As(III) and As(V)] solutions (2 mg L
-1

) consecutively for 5 

cycles (one cycle comprising of uptake of arsenic from 2 mg L
-1

 solution using 0.1 g of 

sorbent) and the results are given in the Fig. 3.11. The results showed that the sorption 

efficiency was > 90 % for both magnetite and goethite, but for hematite the efficiency 

decreased in 2 cycles. 
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Figure 3.11: Reusability study of iron oxides for (a) As(III) and (b) As(V). 

3.4.7. Effect of common ions on arsenic sorption by iron oxides 

The effect of common ions on arsenic sorption was studied using goethite as the 

representative sorbent. Na
+
, Ca

2+
, Mg

2+
, Cl

-
, HCO3

-
 and PO4

3- 
ions are in general, listed as 

the commonly occurring ions in ground water [121]. The typical concentration range of 

these ions in groundwater is listed in Table 3.5 below. The concentrations of these ions 

were chosen in three different ranges in the current study:  

(i) lower range, i.e. ten times lower than the typical concentration in the groundwater,  

(ii) in the range of the typical concentration in the groundwater and  

(iii) higher range, i.e. ten times more than the typical concentration in the groundwater 

(Table 3.6). 

The presence of phosphate ions has a small retarding effect on the arsenic sorption, but it 

was only about 10 % decrease in sorption for a 50 mg L
-1

 of phosphate in the solution. 
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This is understandably due to the structural similarity of phosphate and arsenate groups. 

The effect of phosphate is not a concern for arsenic removal, because, such a high level of 

phosphate is in general not found in common groundwater samples.  

Table 3.5: Typical concentration range of the common ions in groundwater [121]. 

Common ions 
Concentration found in 

groundwater (mg L
-1

) 

Na
+
 210 - 1000 

Ca
2+

 36 - 51 

Mg
2+

 22 - 39 

Cl
-
 8.5 – 21.0 

HCO3
-
 771 - 3134 

PO4
3-

 0.1 - 0.49 

Table 3.6: Effect of interfering ions on sorption of arsenic by the studied goethite 

sorbent. 

 

Ion 

Amount taken 

(mg L
-1

) 

As(III) sorption 

(%) 

As(V) sorption 

(%) 

Ca
2+

 

5 93.1 97.0 

50 93.3 96.7 

500 94.2 96.6 

Mg
2+

 

15 93.1 97.0 

150 93.3 96.7 

1500 94.2 96.6 

Na
+
 

50 94.8 97.5 

500 93.1 96.3 

5000 90.1 94.3 

Cl
-
 

50 93.1 97.0 

500 93.3 96.7 

5000 94.2 96.6 

HCO3
-
 

60 94.8 97.5 

600 93.1 96.3 

6000 90.1 94.3 

PO4
3-

 

5 93.5 94.8 

50 84.8 95.9 

500 81.5 83.4 
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3.4.8. Application of iron oxides to arsenic contaminated groundwater 

Since the sorption efficiency was not affected by the presence of common ions, goethite, 

hematite and magnetite sorbents were applied for the arsenic remediation from the real 

groundwater samples. For this study, two groundwater samples were collected from 

North 24 Parganas, West Bengal, India. The characterizations of the collected 

groundwater samples were independently done and the results are shown in Table 3.7. 

Sorption studies reveal that the removal of arsenic is achieved to take it easily below 10 

g L
-1

 (WHO limit) in one cycle by using magnetite, whereas for goethite, it took two 

equilibrations. The results obtained for the arsenic concentration in groundwater after 

equilibration with iron oxides are given in Table 3.8. 

Table 3.7: Characterization of the groundwater samples obtained from North 24 

Parganas, West Bengal. 

Parameters GW-1 GW-2 

pH 7.3 ± 0.2 7.7 ± 0.2 

Conductance (S) 352 ± 4 536 ± 18 

Na
+
 (mg L

-1
) 18.4 ± 2.2 36.2 ± 3.6 

Ca
2+

 (mg L
-1

) 39.1 ± 1.2 360 ± 11 

Mg
2+

 (mg L
-1

) 7.3 ± 0.5 16.5 ± 1.2 

Fe
2+

 (mg L
-1

) 0.52 ± 0.12 2.91 ± 0.36 

Cl
-
 (mg L

-1
) 18.9 ± 2.1 556 ± 24 

HCO3
-
 (mg L

-1
) 79 ± 6 137 ± 19 

PO4
3-

 (mg L
-1

) 0.25 ± 0.10 0.66 ± 0.21 

As (g L
-1

) 163 ± 8 710 ± 35 
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Table 3.8: Concentration of arsenic in groundwater before and after sorption using iron 

oxides. 

Sample 

Initial 

arsenic 

conc. 

(g L
-1

) 

Conc. after 

filtration and 

sorption by 

goethite (g L
-1

) 

Conc. after 

filtration and 

sorption by 

hematite (g L
-1

) 

Conc. after 

filtration and 

sorption by 

magnetite (g L
-1

) 

GW-1 163 ± 8 2.2 ± 0.1 9.6 ± 0.3** 5.2 ± 0.2 

GW-2 710 ± 35 8.5 ± 0.3** 35 ± 6
#
 9.4 ± 0.5 

**Arsenic removal achieved in 2 cycles; 
#
 Arsenic removal achieved in 3 cycles 

3.4.9. Study of arsenic sorption mechanism on iron oxides 

3.4.9.1. XPS measurements 

The XPS measurements were done to study the oxidation state of arsenic after the uptake 

by the iron oxides, viz. goethite, hematite and magnetite. The survey scans (Figs. 3.12 - 

3.14) showed the presence of Fe, O, and C in blank iron oxides. Presence of carbon is due 

to the carbon tape used to hold the sample pellets. The XPS plots for arsenic standards 

were given in Fig. 3.15. The As 3d peaks can be de-convoluted into 3d5/2 and 3d3/2. In the 

observed results, more emphasis is given to the 3d5/2 peak, as this peak is of higher 

intensity. 
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Figure 3.12: XPS survey scan of goethite. 

 
Figure 3.13: XPS survey scan of hematite. 
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Figure 3.14: XPS survey scan of magnetite. 

 

Figure 3.15: XPS plots of arsenic (As 3d) [As(III) and As(V) standards]. 

(A) XPS study of goethite system 

The Fe 2p spectrum observed was a doublet (due to spin orbital coupling) which 

corresponds to Fe 2p3/2 [binding energy (B. E.) = 710.3 eV] and Fe 2p1/2 (B.E. = 723.9 

eV). The Fe 2p3/2 peak was de-convoluted to two peaks [Fig. 3.16 (a)] which indicated the 
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presence of both Fe(II) (B.E. = 709.9 eV) and Fe(III) (B.E. = 712.0 eV) in the sample. 

The presence of the Fe(II) was due to the partial reductive dissolution occurring to 

goethite (Table 3.4), when the goethite was equilibrated with DI water. The XPS results 

are listed in Table 3.9. 

Table 3.9: XPS study of goethite - arsenic system (Binding energies in eV) 

 

 

 

 

 

 

 

 

 

As(III)-goethite system 

The spectrum corresponding to arsenic (As 3d5/2) of As(III) sorbed on goethite is shown 

in Fig. 3.17 (a). The As 3d5/2 peak, on de-convolution shows two components: As(III) 

(B.E. 45.2 eV) and As(V) (B.E. 47.2 eV). This observation suggests that As(III) on 

interaction with goethite gets oxidized partially to As(V). The Fe 2p3/2 spectrum of 

As(III)-goethite is shown in Fig. 3.16 (b). De-convolution of Fe 2p3/2 peak, leads to two 

Sample As 3d5/2 Fe 2p3/2 O 1s Species 

Goethite - 709.9 529.7 O
2- 

(Fe - O) 

  
712.0 530.8 OH

-
 

 
As2O3: As(III) 

standard 
45.5 - 531.3 O

2- 
(As - O) 

     
As2O5: As(V)  

standard 
45.9 - 530.6 O

2-
 (H2O) 

   
531.9 O

2-
 

 
As(III)-

goethite 
45.2 709.9 529.1 O

2- 
(Fe - O) 

 
47.2 712.4 530.5 O

2-
 (H2O) 

   
531.9 O

2- 
(As - O) 

 

As(V)-goethite 45.3 710.0 529.4 O
2- 

(Fe - O) 

 
47.0 711.6 530.6 O

2-
 (H2O) 

  

713.1 

(new) 
531.9 O

2- 
(As - O) 
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peaks [Fig. 3.16 (b)] similar to those present in goethite blank. The 0.4 eV shift of the 

Fe(III) peak is because of the interactions occurred during arsenic sorption.  

From the B.E. of arsenic, it is clear that oxidation occurred for As(III). Due to the 

presence of oxygen along with Fe(III) oxide, there occurs an oxidation to the arsenic 

species [122]. During the arsenic oxidation, the Fe(III) gets reduced, and since oxygen is 

also present there, iron gets oxidized again and remains attached with the iron oxide 

surface as Fe(III). The B.E. of Fe(II) is not getting changed, because there is no role of 

Fe(II), during the sorption process of As(III). 

As(V)-goethite system 

The spectrum corresponding to arsenic (As 3d5/2) of As(V)-goethite system is shown in 

Fig. 3.17 (b). The As 3d5/2 spectrum is similar to the spectrum of As(III)-goethite, having 

two components: As(III) (B.E. 45.3 eV) and As(V) (B.E. 47.0 eV). The initial arsenic 

species was As(V), which underwent partial reduction with the action of the hydroxide 

groups present on the surface of goethite. As a result, the arsenic uptake by goethite was a 

result of redox reaction and the As(III):As(V) ratio remained similar for both As(III) and 

As(V) sorption. The Fe 2p3/2 spectrum of As(V)-goethite is shown in Fig. 3.16 (c). The Fe 

2p3/2 peak is de-convoluted into three components with B.E. values of 710.0, 711.6 and 

713.1 eV, respectively. The first peak of lower B.E. is for the Fe bonded to oxide and the 

second peak is for the Fe-hydroxide linkage. The 713.1 eV peak could be attributed to the 

formation of a new Fe compound due to the reduction and sorption of arsenic on the 

goethite surface.  

Due to the presence of oxygen in the reaction system, the Fe(II) gets oxidized to Fe(III). 

The excess electrons expelled is taken up by As(V) and it undergoes reduction. 

Accordingly, the As(III) gets adsorbed on to the goethite surface. Observed results 

suggest that As(V) is sorbed on to goethite after disproportionation. The arsenic uptake by 
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goethite is thus apparently through both Fe(II) and Fe(III), which is supported by a 

significant change in the B.E. of Fe (Table 3.9). The remaining unreacted Fe(II) on the 

goethite shows almost similar B.E. as that in blank goethite, where as for the Fe(III), the 

B.E. peak is splitted into two as follows: (i) 711.6 eV for uncomplexed Fe(III) and (ii) 

713.1 eV  for the arsenic complexed Fe(III).  

O 1s spectra 

The deconvoluted O 1s XPS spectra for blank goethite, As(III)-goethite and As(V)-

goethite are given in the Fig. 3.18. The blank goethite [Fig. 3.18 (a)] has two 

deconvoluted O 1s peaks at: 529.7 and 530.8 eV. The peak at 529.7 eV corresponds to 

lattice oxygen (O
2-

) which is bonded with Fe(III) in goethite. The peak at 530.8 eV is 

attributed to the oxygen associated to the chemically or physically adsorbed water. The O 

1s peaks for both the As(III)-goethite [Fig. 3.18 (b)] and As(V)-goethite [Fig. 3.18 (c)] 

are very similar. The three peaks obtained in both the cases are (i) O
2-

 in the iron oxide, 

(ii) oxygen associated to the adsorbed water layer and (iii) oxygen in the arsenic oxide. 

The B.E. 531.9 eV, suggests that there exists a clear bonding between Fe and As through 

oxygen. This was further confirmed from the oxygen B.E. observed for the arsenic oxide 

standard. 
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Figure 3.16: Goethite Fe 2p3/2 XPS plot  

 

Figure 3.17: Goethite As 3d5/2 XPS plot 
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Figure 3.18: Goethite O 1s XPS plot  

(B) XPS study of hematite system 

The Fe 2p3/2 spectrum of hematite blank is deconvoluted into 709.5 eV and 711.9 eV 

peaks [Fig. 3.19 (a)], which are attributed to Fe(II) and Fe(III), as explained before, in the 

case of goethite system. The binding energies observed for Fe, As and O are given in 

Table 3.10. 
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Table 3.10: XPS study of hematite - arsenic system (Binding energies in eV) 

 

 

 

 

 

 

 

 

 

 

 

As(III)-hematite system 

The arsenic 3d5/2 spectrum of As(III)-hematite is given in Fig. 3.20 (a). The As 3d5/2, has 

two components: As(III) and As(V). The Fe 2p3/2 spectrum of As(III)-hematite is shown 

in Figure 3.19 (b). On de-convolution, this band gives two peaks with B.E. values as 

709.4 and 711.8 eV, respectively [Fig. 3.19 (b) and Table 3.10].  

The mechanism of As(III) sorption by hematite is apparently similar to that of goethite. In 

this case also two arsenic species are observed after sorption on to hematite. These results 

confirm the proposition that a redox reaction occurrs between As(III) (oxidation) and 

Fe(III) (reduction) during the uptake of arsenic by hematite. 

 

Sample As 3d5/2 Fe 2p3/2 O 1s Species 

Hematite - 709.5 529.1 O
2- 

(Fe - O) 

  
711.9 531.1 O

2-
 (H2O) 

 
As2O3: As(III) 

standard 
45.5 - 531.3 O

2- 
(As - O) 

     
As2O5: As(V)  

standard 
45.9 - 530.6 O

2-
 (H2O) 

   
531.9 O

2- 
(As - O) 

 
As(III) -

hematite 
44.8 709.4 529.3 O

2- 
(Fe - O) 

 
46.7 711.8 530.6 O

2-
 (H2O) 

   
532.0 O

2- 
(As - O) 

 
As(V) -

hematite 
44.7 709.3 529.0 O

2- 
(Fe - O) 

 
47.0 710.9 530.5 O

2-
 (H2O) 

  

712.8 

(new) 
532.0 O

2- 
(As - O) 
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As(V)-hematite system 

The As 3d5/2 spectrum of As(V)-hematite system is shown in Figure 3.20 (b). The As 

3d5/2 spectrum is similar to the spectrum of As(III)-hematite, having two components: 

As(III) (B.E. 44.7 eV) and As(V) (B.E. 47.0 eV). The uptake of arsenic by hematite is 

similar to that by goethite. The Fe 2p3/2 spectrum of As(V)-hematite is shown in Fig. 3.19 

(c). The Fe 2p3/2 peak is de-convoluted into three components, two of them matches with 

the peaks of blank hematite. The additional 712.8 eV peak corresponds to a new Fe 

compound formed after the sorption of As(V) species. Observed results suggest that both 

As(III) and As(V) are sorbed on to hematite after their disproportionation. It is suggested 

that the electrons released during the oxidation of Fe(II), due to the oxygen present in the 

system, are involved in the reduction of As(V).  

O 1s spectra 

The deconvoluted O 1s XPS spectra for blank hematite, As(III)-hematite and As(V)- 

hematite are given in Fig. 3.21. The blank hematite [Fig. 3.21 (a)] has two deconvoluted 

O 1s peaks at: 529.1 eV and 531.1 eV, respectively. The peak at 529.7 eV corresponds to 

lattice oxygen (O
2-

) and is bonded with Fe(III)/Fe(II) in hematite. The peak at 531.1 eV is 

attributed to the surface hydroxide group. The O 1s peak for both the As(III)-hematite and 

As(V)-hematite are similar. The three peaks obtained in both the cases are (i) O
2-

 in the 

iron oxide, (ii) oxygen in adsorbed water layer and (iii) oxygen bonded to arsenic species. 

The O 1s (B. E. 532.0 eV) obtained for both the arsenic species sorbed on hematite, 

confirmed that the adsorbed arsenic species was a mixture of As(III) and As(V). 
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Figure 3.19: Hematite Fe 2p3/2 XPS plot 

 
Figure 3.20: Hematite As 3d5/2 XPS plot 
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Figure 3.21: Hematite O 1s XPS plot 

(C) XPS study of magnetite system 

Magnetite is a mixed oxide, having Fe(II) and Fe(III) oxides. For magnetite, the Fe 2p3/2 

spectrum is deconvoluted into two peaks of B.E. 710.0 eV and 712.2 eV, respectively 

[Fig. 3.22 (a)], which are attributed to Fe(II) and Fe(III). The binding energies observed 

for Fe, As and O are given in Table 3.11. 
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Table 3.11: XPS study of magnetite - arsenic system (Binding energies in eV) 

 

As(III)-magnetite system 

The arsenic 3d5/2 spectrum of As(III)-magnetite is given in Fig. 3.23 (a). The As 3d5/2, has 

got only single component [As(III)] having B.E. of 44.5 eV (1 eV shift to the lower side 

is observed). The Fe 2p3/2 spectrum of As(III)-magnetite is shown in Figure 3.22 (b); on 

de-convolution it gives two peaks with B.E. values as 708.3 eV and 710.5 eV, 

respectively, which correspond to Fe(II) and Fe(III) of the magnetite system [Figure 3.22 

(b) and Table 3.11]. Observed results suggests that the As(III) in contact with magnetite 

remains in the same oxidation state. Similarly, for Fe(II) and Fe(III), there is no redox 

reaction indicated. The B.E. for both Fe species however experiences about 1.7 eV shift 

towards lower energies. 

Sample As 3d5/2 Fe 2p3/2 O 1s Species 

Magnetite - 710.0 529.5 O
2- 

(Fe - O) 

  
712.2 531.0 OH

-
  

   
532.8 O

2- 
(H2O) 

 
As2O3: As(III) 

standard 
45.5 - 531.3 O

2- 
(As - O) 

     
As2O5: As(V)  

standard 
45.9 - 530.6 O

2- 
(H2O) 

   
531.9 O

2- 
(Fe - O) 

 
As(III)-

magnetite 
44.5 708.3 525.9 

O
-
 (partial negative 

charge)  

  
710.5 528.2 

O
-
 (partial negative 

charge) 

   
530.3 O

2- 
(Fe - O) 

 
As(V)-

magnetite 
45.6 707.0 526.5 

O
-
 (partial negative 

charge) 

  
709.7 529.5 O

2- 
(Fe - O) 

  
712.0  531.3 O

2- 
(H2O) 
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As(V)-magnetite system 

The As 3d5/2 spectrum of As(V)-magnetite system is shown in Figure 3.23 (b). The As 

3d5/2 spectrum is similar to the spectrum of As(III)-magnetite, having only one 

component with B.E. 45.6 eV, matching with As(V). The Fe 2p3/2 spectrum of As(V)-

magnetite is shown in Figure 3.22 (c). The Fe 2p3/2 peak is de-convoluted into three 

components of B.E. 707.0, 709.7 eV and 712.0 eV, respectively. Observed results suggest 

that As(III) and As(V) are sorbed onto the magnetite directly without involving any redox 

reaction. Thus, during the uptake of As(V) by magnetite, the arsenic species remained as 

As(V). The B.E. of iron [Fe(II) and Fe(III)] observed a uniform shift of about 0.3 eV 

towards lower energies. However, a new peak is observed in this case at 707.0 eV, which 

could be due to the formation of fresh Fe(II) during the course of reductive dissolution of 

Fe(III) from magnetite. 

O 1s spectra 

The deconvoluted O 1s XPS spectra for blank magnetite, As(III)-magnetite and As(V)- 

magnetite are given in Fig. 3.24. The blank magnetite [Fig. 3.24 (a)] has three 

deconvoluted O 1s peaks at: 529.5, 531.0 and 532.8 eV, respectively. The peak at 529.5 

eV corresponds to the lattice oxygen (O
2-

) and is bonded with Fe(III)/Fe(II) in magnetite. 

The peak at 531.0 and 532.8 eV are attributed to the surface hydroxide group and 

adsorbed water. The O 1s peaks for both the As(III)-magnetite and As(V)-magnetite are 

very similar. The three peaks obtained in both the cases are due to (i) O
2-

 in iron oxide, 

(ii) oxygen in adsorbed water layer and (iii) oxygen bonded to arsenic species.  
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Figure 3.22: Magnetite Fe 2p3/2 XPS plot 

 

Figure 3.23: Magnetite As 3d5/2 XPS plot 
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Figure 3.24: Magnetite O 1s XPS plot 

3.4.9.2. Electrochemical studies 

Cyclic voltammetry (CV) study was carried out on hematite with and without the addition 

of As(III)/As(V) (Fig. 3.25). From the voltammogram, the redox behavior of hematite 

modified glassy carbon electrode (GCE) was observed.  When As(III) was added (0.5 mg 

L
-1

), an oxidation peak was observed at 0.82 V and two reduction peaks were observed at 

0.12 and -0.46 V (Fig. 3.25). When As(V) was added, no such peaks were observed. 

These observations are the clear indication that there exists a strong bonding between 

As(V) with hematite and the sorption of As(V) on hematite is a non-reversible process. 
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This also supports our observation that regeneration of hematite was difficult (Section 

3.4.5).  

 

Figure 3.25: CV plot of As(III) - hematite system using hematite modified GCE. 

The oxidation behaviour of As(III) was further investigated over the hematite modified 

GCE in differential pulse voltammetry (DPV) mode (Figs. 3.26 and 3.27). For As(III), the 

increase in the peak current for the consecutive DPV scans is due to the adsorption of 

As(III) on the electrode surface and indicates that the species remains redox active on 

adsorption. In differential pulse mode, the oxidation peak is observed due to the 

conversion of As(III) to As(V). In this case, the peak current is seen to decrease 

significantly with the addition of As(V) in the test solution. This decrease in the peak 

current with the addition of As(V) is due to the occupation of the adsorption sites by 

As(V) and thus reducing the propensity of As(III) oxidation during subsequent scans.  
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Figure 3.26: DPV plot of As(III) - hematite system. 

 

Figure 3.27: DPV plot of As(V) - hematite system. 

CV experiments done on As(III) (0.5 mg L
-1

) solution added to magnetite modified GCE, 

resulted in two oxidation and two reduction peaks (Fig. 3.28). The plot is an indication of 
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reversibility in the system. The redox property of As(III) remained dynamic even after the 

uptake over the modified electrode. The result is a confirmation that As(III) is adsorbed 

as As(III) as such over magnetite. 

With As(V) solution, no oxidation peak was observed in the CV measurement. In this 

case only one reduction peak is observed (Fig. 3.29), corresponding to the reduction of 

As(V) to As(III) due to the electrochemical reduction. It is evident that As(V) when taken 

up by magnetite, the uptake becomes irreversible. The redox property of As(V) on 

magnetite is static in nature. It is indicated that during the electrochemical reduction step, 

As(V) is reduced to As(III), and the reduced As(III) does not come out from the 

magnetite matrix as no peak due to the oxidation of As(III) is observed in the oxidation 

cycle. Therefore, it is suggested that the recovery of magnetite would be difficult 

following reduction of As(V) to As(III) on the magnetite surface.  

 

Figure 3.28: CV plot of As(III) - magnetite system using magnetite modified GCE. 
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Figure 3.29: CV plot of As(V) - magnetite system using magnetite modified GCE 

3.5. Conclusion 

The sorption studies for As(III) and As(V) by three different iron oxides confirmed that 

goethite is having promising sorption properties. The sorption mechanism of arsenic on 

different iron oxide sorbents has been reported in few literatures [64, 123-126]. Most of 

the literatures suggest the uptake of arsenic by iron oxides via surface complexation or 

surface precipitation. In the present study it has been indicated that the sorption of As(III) 

and As(V) on to goethite and hematite occurs via redox reaction. In these cases while 

oxidation of As(III) results in As(V) species, the Fe(III) gets reduced to Fe(II). The 

leaching study of both the oxides confirmed that, there was no increase in the iron 

concentration in the supernatant. It is thus suggested that the reduction of Fe(III) to Fe(II) 

results in the formation of surface bound Fe(II) which is subsequently get oxidized to 

Fe(III). Infact, in the XPS study, only Fe(III) peak could be observed in the present cases. 

For sorption of As(V), there occurs a Fe(II) oxidation followed by As(V) reduction. In 

both the iron oxides, the sorption of As(V) resulted in the appearance of a new B.E. peak 
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for Fe. This could be attributed to the arsenic sorption on iron. In the case of mixed iron 

oxide, i.e. magnetite, there was no redox reaction. Both the arsenic species [As(III) and 

As(V)] were taken up by magnetite without any change in the oxidation states. The 

mechanistic schemes for the arsenic uptakes on to goethite/hematite and magnetite 

sorbents are proposed to be the kinds as shown in the figures below [Figs. 3.30 and 3.31]. 

 

Figure 3.30: Schematic for sorption of arsenic on goethite and hematite 

 

 

Figure 3.31: Schematic for sorption of arsenic on magnetite 

 

 



 

 

 

 

 

 

Chapter - IV 

Arsenic uptake on manganese dioxides 
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4.1. Introduction 

The toxicity of arsenic and the limit in drinking water has been discussed in literatures 

[127-129]. In the previous chapter, the sorption using iron oxide has been explained. The 

main mechanism of removal of arsenic, in sorption technique, is by sorbent-sorbate 

electrostatic interaction. Hence charge of the arsenic species is important for arsenic 

removal. Most of the sorbents are successful in removing As(V) - which is negatively 

charged, but fail in complete removal of As(III) - which is neutral at groundwater pH. An 

oxidation step prior to adsorption is thus required for removal of As(III), which is more 

toxic. In this context, a single step of oxidation-sorption mechanism has attracted the 

interest of the researchers and manganese dioxide (MnO2), being a well known oxidizing 

agent, appeared prospective sorbent material in this respect [65, 68, 130-131]. The studies 

reported on oxidation kinetics of As(III) using iron and manganese oxides, confirmed the 

fast kinetics of manganese dioxide [71, 132].  

In this work, manganese dioxide (MnO2) has been utilized to understand its arsenic 

removal prospectives. The sorption behavior of As(III) and As(V) has been studied by 

using 
76

As radiotracer in batch equilibration mode. The detailed synthesis and 

characterization methods have already been discussed in Chapter 2. In the present work, 

the synthesized MnO2 has been utilized to study the effect of different solution 

parameters on the uptake of arsenic. Studies have also been carried out to understand the 

mechanism of interaction of arsenic with manganese dioxide by using suitable 

experimental techniques. The sorbent was also applied for removal of arsenic from the 

arsenic contaminated groundwater samples collected from North 24 parganas, West 

Bengal, India.  
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4.2. Materials and methods 

4.2.1. Reagents and chemicals 

The chemicals used were of analytical reagent (AR) grade and used without further 

purification. The inorganic salts like, potassium permanganate [KMnO4; molecular 

weight (MW) - 158.03 g mol
-1

], manganese sulphate [MnSO4.4H2O; MW - 223.07 g mol
-

1
], manganese acetate [Mn(CH3CO2)2.4H2O; MW - 245.09 g mol

-1
], sodium hydroxide 

pellets (NaOH; MW - 40.00 g mol
-1

), arsenic trioxide [As2O3; MW - 197.84 g mol
-1

], 

arsenic pentoxide [As2O5; MW - 229.84 g mol
-1

], sodium chloride [NaCl; MW - 58.44 g 

mol
-1

], calcium chloride [CaCl2; MW - 110.98 g mol
-1

], magnesium chloride [MgCl2; 

MW - 95.21 g mol
-1

], sodium bicarbonate [NaHCO3; MW - 84.01 g mol
-1

] and sodium 

dihydrogen phosphate [NaH2PO4; MW - 119.98 g mol
-1

] were used in this study to 

investigate effect on the sorption process. Other AR grade reagents utilized were 

concentrated hydrochloric acid (HCl), concentrated nitric acid (HNO3), dilute sodium 

hydroxide (NaOH) and benzene (C6H6). The dissolution of inorganic chemicals as well as 

the necessary dilutions were carried out using deionised (DI) water (resistivity 18.2 MΩ 

cm
-1

 and total organic carbon < 10 g L
-1

) obtained from Milli-Q water purification 

system. 

4.2.2. Equipments 

All the sample weighing was done using a high precision analytical semimicro 

balance (Mettler - Toledo, dual range, readability - 0.01 mg). pH measurements were 

carried out in Oakton pH meter employing glass electrode (pH700, USA), with digital 

display having precision of ± 0.01 unit. A mechanical shaker was utilized for the 

equilibrations at room temperature. Radioactivity measurements were done using a 

high purity germanium detector (HPGe) (Canberra, Australia, relative efficiency: 

30%, resolution: 1.9 keV at 1332 keV) coupled to 8k channel analyzer. The 
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characterization of the chemical systems were done using X-ray diffraction (XRD), 

surface area, point of zero charge (PZC), thermogravimetry and transmission electron 

microscopic (TEM) measurements (Section 2.7). Different techniques used for the 

studies related to sorption process were inductively coupled plasma optical emission 

spectrometry (ICP-OES: Horiba JY Activa-500), inductively coupled plasma mass 

spectrometry (ICPMS: VG PQ ExCell, VG Elemental, UK), neutron activation 

analysis (NAA), X-ray photoelectron spectrometry (XPS: ESCA and AES System, 

Surface Nano Analysis, GmbH, Germany) and electrochemical system 

(potentiostat/galvanostat: CHI 760E from CH Instruments). The basic principles of 

each of these techniques have been discussed in Section 3.2.2. 

4.3. Experimental 

4.3.1. Preparation of MnO2 

The manganese dioxide was prepared by two wet chemical methods [Method-1 (M-1) and 

Method-2 (M-2)] and one dry solid state mixing method [Method-3 (M-3)]. The 

preparation procedure has already been discussed in Chapter 2, Section 2.4.1. Briefly, in 

Method-1 [90], KMnO4 (21.3 g L
-1

) and MnSO4 (71.4 g L
-1

) solutions were mixed 

dropwise with constant stirring at 90 
o
C. In Method-2 [68], hot concentrated HCl was 

added to 0.4 M KMnO4 solution and the resultant solution was heated to 90 
o
C under 

constant stirring. In Method-3 [91], KMnO4 and manganese acetate salts were mixed 

together in an agate mortar for 1 h and the mixture taken in DI water was heated at 90 
o
C 

for 6 h. The MnO2 samples thus prepared, were air-dried and stored in polypropylene 

bottles for further use. These synthesized MnO2 was characterized using X-ray diffraction 

(XRD), surface area, point of zero charge (PZC), thermogravimetry (TG) and 

transmission electron microscopic (TEM) measurements (Section 2.7). The details of 

these measurements have already been discussed in the earlier chapter, Section 2.7. 
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4.3.2. Sorption studies of arsenic by MnO2 

The arsenic uptake studies were carried out using 
76

As radiotracer solutions of As(III) and 

As(V), separately, prepared as per procedure given in Section 2.9. After preparation of 

arsenic tracer, the oxidation state of the arsenic in the prepared solutions was confirmed 

by solvent extraction procedure (Section 2.10). The methodology used for the sorption 

study has been explained in Section 3.3.2. The pH range investigated in the sorption study 

was 1 – 11 with the sorbent dose of 0.1 g, the arsenic concentration of 2 mg L
-1

 and the 

optimized equilibration time of 30 min. The studies were done at room temperature and 

agitation speed maintained as 100 rotations per minute (rpm). Sorption of arsenic was 

calculated from the initial and final count rates using equation 3.1. These experiments 

were carried out for As(III) and As(V) solutions, separately, using MnO2 samples 

prepared from the three methods. 

4.3.3. Kinetic studies for arsenic sorption by MnO2 

The kinetic studies for arsenic sorption on MnO2 sorbents were done. For these studies, 

the equilibration time was varied from 0.5 - 60 min. Accurately weighed MnO2 samples 

(~ 0.1 g each) were added to the experimental solutions and pH was maintained at 7. The 

procedure adopted has been explained in detail in Section 3.3.2.  

4.3.4. Isotherm studies for arsenic sorption by MnO2  

The adsorption isotherms for As(III) and As(V) sorptions on MnO2 systems were studied 

using arsenic radiotracer. The total arsenic was a combination of fixed concentration of 

arsenic tracer (2 mg L
-1

)
 
plus varying amounts of inactive arsenic (2 - 400 mg L

-1
). 

Experiments were carried out at neutral pH using the optimized parameters, viz. 0.1 g of 

MnO2 and 30 min equilibration. The count rate of arsenic in solution was measured, 

before and after equilibration, and the percentage sorption was calculated using equation 

3.1. 
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4.3.5. Leaching studies on MnO2 

The leaching of manganese from MnO2, during the sorption of arsenic was systematically 

studied. The manganese leaching in the absence of arsenic was studied by taking 0.1 g of 

MnO2 in 25 mL of DI water (pH = 7) and equilibrating the mixture for 30 min. The 

similar experiment was also carried out with 25 mL DI water containing 2 mg L
-1

 of 

arsenic [As(III) or As(V)]. After equilibration, the sorbent was separated by filtration, 

using whatman 42 filter paper. The supernatant was analysed for manganese, by neutron 

activation analysis (NAA), using pneumatic carrier facility (PCF) of Dhruva reactor 

(Mumbai, India). The sample preparation for NAA was as follows: 0.5 mL of each 

supernatant solution was evaporated on filter paper (1 cm x 1 cm) and triply sealed in 

clean polyethylene sheets. For Mn standard, Merck ICP manganese standard (1 g L
-1

) 

solution was evaporated in similar manner and irradiated along with the samples and 

polyethylene blank. The quantification of Mn (
56

Mn, t1/2 - 2.58 h, E - 846.76 and 

1810.73 keV) was done by relative method of NAA. The relevant nuclear data of 

manganese are given in Table 2.3. 

4.3.6. Regeneration studies on MnO2 

The desorption study was done on the arsenic sorbed MnO2. The sorption was done 

following the procedure used for sorption study (Section 3.3.2). The arsenic sorbed MnO2 

was separated from the suspension by centrifugation and initial counts for 
76

As was 

measured. The MnO2 was then equilibrated with 10 mL each of 0.1, 0.5 and 1 M NaOH 

for 30 min at room temperature. The suspension then centrifuged, supernatant was 

discarded and the final activity of 
76

As remaining on MnO2 was measured in an identical 

geometry. Percentage regeneration of arsenic was calculated from the initial and final 

count rates of 
76

As on MnO2.  
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4.3.7. Reusability studies on MnO2 

The regenerated arsenic sorbed MnO2 was utilized further on fresh arsenic tracer 

solutions (2 mg L
-1

), to see the reusability of the sorbent. The procedure was repeated 

upto 7 cycles. 

4.3.8. Effect of common ions on arsenic sorption by MnO2 

The effect of common ions on the arsenic sorption was studied using Na
+
, Ca

2+
, Mg

2+
, Cl

-

, HCO3
-
 and PO4

3-
 ions. During the study, 0.1 g MnO2 was taken, the pH was maintained 

as neutral and arsenic concentration was taken as 2 mg L
-1

. The concentrations of 

interfering ions were varied from 5
 
to 5000 mg L

-1
. 

Sorption experiment was also carried out using two synthetic groundwater samples 

prepared following the procedure given in the literature [133], one with low ionic strength 

(SG-1) and other having high ionic strength (SG-2). These synthetic groundwater samples 

were spiked with As(III)/As(V) radiotracer solutions (containing 2 mg L
-1

 arsenic) for 

sorption studies.  

4.3.9. Application of MnO2 to arsenic contaminated groundwater  

Two real groundwater samples (GW-1 and GW-2) were collected from local tube wells in 

arsenic contaminated regions of North 24 Parganas, West Bengal, India. Sorption 

experiments were carried out onsite using 25 mL of groundwater and using 0.1 g MnO2. 

After equilibration, the precipitates were filtered, through Whatman 42 filter paper, the 

filtrates were collected and analyzed for arsenic using ICPMS (VG PQ ExCell, VG 

Elemental, UK). The concentrations of arsenic were also determined in the groundwater 

samples before sorption using the same technique. The detailed procedure has been 

explained in Section 3.3.8. 

4.3.10. Study of arsenic sorption mechanism on MnO2 

4.3.10.1. Solvent extraction studies 
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For studying the oxidation state of arsenic after interaction with MnO2, a solvent 

extraction method using benzene was applied. MnO2 sorbed with As(III) / As(V) 

radiotracer (procedure of sorption was as per Section 3.3.2), was agitated with 10 mL of 

0.1 M NaOH at room temperature for 30 min and centrifuged. The arsenic species got 

desorbed from MnO2. The supernatant, containing arsenic, was evaporated to near 

dryness, 10 mL of concentrated HCl was added and the count rate of 
76

As was measured 

(Cini). The solution was transferred to a separating funnel and 10 mL of benzene (pre-

equilibrated with concentrated HCl) was added to it. The mixture was agitated for ~10 

min and the phases were allowed to separate and the count rate (
76

As) of aqueous phase 

was measured (Cfin). The percentage of As(V) was calculated using equation 2.22. The 

detailed scheme is given in Fig. 2.20. 

4.3.10.2. XPS measurements 

For XPS measurements, sample preparation was done as follows: (1) Blank MnO2 pellet: 

0.25 g MnO2 was agitated with 25 mL of DI water for 30 min. (2) Arsenic sorbed MnO2: 

As(III) or As(V) solution of 5 mg L
-1 

at pH 7 was equilibrated with 0.1 g of MnO2 for 30 

min. MnO2 was filtered in both the cases, air-dried and pelletized (pellet diameter: 10 

mm) using hydraulic press. (3) For standard arsenic pellets: As2O3 and As2O5 were used 

as such. 

XPS was done utilizing electron spectroscopy for chemical analysis (ESCA) and auger 

electron spectroscopic (AES) system (Surface Nano Analysis, GmbH, Germany). The 

measurements were done with Al-Kα (1486.6 eV) as X-ray source and hemispherical 

analyser (PHOBIOS 150 3D Delayline Energy Analyser). The binding energy scale was 

calibrated using C-1s peak (284.5 eV) as an internal reference. The peak fitting and 

deconvolution was done by CASA software. The percentage area coverage in each peak 

were calculated by taking GL-30 [Gaussian to Lorentzian with Gaussian: 30 %].  
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4.3.10.3. Electrochemical studies  

For understanding the mechanism of arsenic sorption on MnO2, electrochemical studies 

were carried out. The studies were done using potentiostat/galvanostat (CHI 760E; from 

CH Instruments) with three electrode geometry. Modified glassy carbon electrode (GCE), 

Ag/AgCl and Pt electrodes were used as working, reference and counter electrodes 

respectively. The experiments were done in quiescent condition and at 298 K. For the 

experiments, the glassy carbon electrode was modified following the procedure below. 

Before modification the electrode surface was cleaned by rubbing with 1 m alumina 

powder and sonication for 10 min. The MnO2 suspension was made by 15 min sonication 

of a mixture of 10 mg MnO2 in 1 mL DI water containing 0.02 % nafion solution. For 

modification of electrode surface, 10 µL of solution was drop casted onto the glassy 

carbon electrode surface. The modified electrode was used in neutral solutions (pH 7) 

containing 0.005 M of KNO3. Cyclic voltammetry (CV) and chronopotentiometry (CP) 

measurements were made without and with the addition of As(III)/As(V) (scan rate: 50 

mV s
-1

).  

4.4. Results and discussion 

4.4.1. Sorption studies of arsenic by MnO2 

The arsenic sorption studies were done at an arsenic concentration of 2 mg L
-1

 by varying 

the pH of the solutions from 1 - 11. The equilibration time was fixed as 30 min and done 

at room temperature. The sorption plots for As(III) and As(V) using all the three MnO2 

samples are given in Figs. 4.1 and 4.2. It is observed that the MnO2, prepared by solid 

state mixing method, has promising sorption efficiencies for both As(III) and As(V). The 

sorption was quantitative up to pH 9. The results are similar to the reported quantitative 

arsenic sorption by MnO2 in neutral and acid media [134-135]. But at pH > 9, the sorption 

efficiency reduced significantly. 
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The point of zero charge (PZC) of all the three synthesized MnO2, was found to occur at 

pH around 4. The surface of MnO2 is realized to bear a positive charge at pH < PZC. 

From the arsenic speciation plot given in Figs. 1.3 - 1.4, the As(III) exists as neutral 

species (H3AsO3
0
) upto pH 9 whereas As(V) species exists as negatively charged 

(H2AsO4
-
, HAsO4

2-
) species [54]. Complex formation occurs between the –OH group on 

the MnO2 surface as well as the –OH group on the arsenic species is also anticipated for 

the arsenic-MnO2 systems (the structure of both the arsenic oxyhydroxide species are 

given in Fig. 1.2). To be mentioned here that the desorption followed by solvent 

extraction studies, Section 4.4.9.1, indicated that during sorption of As(III) on MnO2, the 

arsenic species is oxidized to As(V). It is thus realized that in all the arsenic-MnO2 

systems, the arsenic is adsorbed on MnO2 as As(V).  

The sorption of As(V) on MnO2 at pH < 9 was quantitative due to electrostatic 

interaction. For As(III), due to rapid oxidation in the presence of MnO2, the sorption 

remained quantitative upto pH < 9.  Thus, the sorption of arsenic on MnO2 up to pH ~ 9 is 

understandably due to electrostatic interaction mainly, in addition to some contribution 

from complexation process, as will be discussed later. When, pH > 9, i.e. at higher 

alkaline condition, the surface of the sorbents are negatively charged due to the 

deprotonation of the surface –OH groups. Arsenic also exist as negatively charged 

species. Due to the electrostatic repulsive force, the sorption efficiency decreases 

significantly. The results clearly indicate that the initial oxidation state of arsenic does not 

affect the sorption process any significantly.  
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Figure 4.1: Sorption plot of As(III) on MnO2 

  

Figure 4.2: Sorption plot of As(V) on MnO2 

4.4.2. Kinetic studies for arsenic sorption by MnO2 

The As(III) and As(V) sorption kinetics at neutral pH for the MnO2 prepared from solid 

state mixing method (M-3) are shown in Fig. 4.3. From the kinetic plots, it has been 

observed that the sorption of both As(III) and As(V) species are very fast (> 98% even for 

30 s equilibration time).  On further increase in the equilibration time, only marginal 
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increase in the sorption is observed. The equilibration time for all the further studies was 

thus fixed as 30 min for maximum uptake.  

 

  

 

Figure 4.3: Kinetic plot of As(III) and As(V) on MnO2 

 

The kinetics experimental data for As(III) and As(V) sorption by MnO2 (prepared by 

solid state method; M-3) was evaluated by both pseudo first order (PFO) and pseudo 

second order (PSO) kinetic models (equations 3.2 and 3.3). The data fitted well with 

pseudo second order (PSO) kinetic equation (equation 3.3). This infers that chemisorption 

as the predominant mechanism for sorption of As(III) and As(V) by MnO2. The plot is 

given in Fig. 4.4. The kinetic parameters obtained from the plots are listed in Table 4.1. 
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Figure 4.4: Pseudo second order kinetic plot for sorption of As(III) and As(V) on MnO2 

(M-3). (Triangles are the experimental data and the straight lines are the linear fits 

following equation 3.3). 

 

Table 4.1 A: Kinetic fitting parameters for PSO reaction for As(III) and As(V) adsorption 

by MnO2 (M-3) 

Sorbent Arsenic species 

Qe 

(calculated) 

mg g
-1

 

K2  R
2
  

MnO2 

As(III) 0.020 8.1 X 10
-4

 0.996 

As(V) 0.039 5.1 X 10
-5

 0.992 

 

4.4.3. Isotherm studies for arsenic sorption by MnO2 

Langmuir and Freundlich isotherms are commonly used to describe the sorption 

equilibrium [117]. It is observed that the sorption of As(III) and As(V) by MnO2 follows 
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the Freundlich adsorption isotherm (equation 3.5) [Figs. 4.5 - 4.7]. This sorption model 

suggests a multilayer sorption on heterogeneous surface sites of MnO2 [118].    

The Freundlich adsorption capacities (Kf) and Freundlich adsorption intensity (n) values 

obtained for the studied systems are listed in Table 4.2. It is indicated from the Table 4.2 

that the ‘n’ value, n > 1 for all the MnO2 samples, suggesting that, (1) MnO2 samples 

have large heterogeneity and (2) the sorption of arsenic by all the MnO2 samples are very 

favorable process [119]. 

From the Kf values as well as the experimental capacities obtained, the arsenic adsorption 

capacity for MnO2 prepared from the solid state mixing method (M-3) is found to display 

the highest value (~60 mg g
-1

) [85], much higher compared to the capacities displayed by 

the MnO2 samples (M-1 and M-2) prepared from the wet chemical methods (~4 mg g
-1

) 

[84]. This was explained in terms of the higher surface area (131 m
2
 g

-1
) for the former 

MnO2 as compared to the latter. The sorption capacity is found to be almost half for 

As(III) as compared to As(V). This may be due to the surface modification that occurs 

due to the oxidation of As(III) while getting adsorbed on the MnO2 surface. 
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Figure 4.5: Freundlich isotherm for sorption of As(III) and As(V) on MnO2 (M-1). 

(Squares are the experimental data and the straight lines are the linear fits following 

equation 3.5). 

 

 

Figure 4.6: Freundlich isotherm for sorption of As(III) and As(V) on MnO2 (M-2). 

(Circles are the experimental data and the straight lines are the linear fits following 

equation 3.5). 
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Figure 4.7: Freundlich isotherm for sorption of As(III) and As(V) on MnO2 (M-3). 

(Triangles are the experimental data and the straight lines are the linear fits following 

equation 3.5). 

 

Table 4.2: Fitting parameters for the Freundlich isotherms for As(III) and As(V) 

adsorption on MnO2 

Sorbent Arsenic species R
2
 Kf (mg g

-1
) n  

MnO2 

(M-1) 

As(III) 0.990 1.74 2.42 

As(V) 0.995 3.13 2.75 

MnO2 

(M-2) 

As(III) 0.995 3.68 1.69 

As(V) 0.991 4.59 1.74 

MnO2 

(M-3) 

As(III) 0.991 7.19 1.56 

As(V) 0.989 13.09 1.72 

 

4.4.4. Leaching Studies on MnO2 

Manganese is categorized as a secondary contaminant [120], i.e. no direct impact on 

health but imparts aesthetic changes (includes change in odour, taste etc) to water. The 

drinking water specification for manganese is 0.05 mg L
−1

.  
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For leaching studies, the quantification of Mn was done by neutron activation analysis 

(NAA) using relative method. The results of quadruplet analyses are listed in Table 4.3. 

On equilibration of MnO2 (0.1 g) in 25 mL DI water, the Mn release was quantified as 

(0.10 ± 0.010) mg L
−1

. Even though the value is higher compared to the USEPA limit 

(0.05 mg L
−1

), it actually corresponds to the solubility of MnO2 (0.1 mg L
−1

) at pH 7 

[136]. The quantification of Mn in the supernatant in the presence of arsenic showed that 

sorption of As(III) and As(V) did not cause any increase in the Mn concentration. During 

the sorption process, the As(III) species undergo oxidation to As(V), while, the Mn(IV) 

undergoes reduction to Mn(II). Apparently, the so produced Mn(II) binds arsenic species 

through some complex formation and thus enhancing the arsenic sorption process and 

reducing the manganese leaching, as indicated from the observed results in the presence 

of As(III) [66, 71, 121, 137-138].  

 

Table 4.3: Results obtained for Mn leaching from MnO2 

 
Mn conc. (mg L

-1
) 

 
Without As Presence of As(III) Presence of As(V) 

MnO2 0.110 ± 0.010 0.098 ± 0.010 0.112 ± 0.006 

 

4.4.5. Regeneration Studies on MnO2 

The desorption of arsenic from MnO2 was studied using different concentrations of 

NaOH. Desorption using 0.1 M NaOH was most effective; > 95 % desorption was 

achieved for both As(III) and As(V) at room temperature in two cycles.  

4.4.6. Reusability Studies on MnO2 

The regenerated MnO2 was reused in fresh arsenic [As(III) and As(V)] radiotracer 

solutions (2 mg L
-1

) for upto 8 cycles (one cycle comprising of uptake of arsenic from 2 

mg L
-1

 solution utilizing 0.1 g of MnO2) and the results are given in the Fig. 4.8. The 
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results show that the sorption efficiency is always better for the MnO2 prepared by solid 

state mixing method. The sorption percentage for both, As(III) and As(V) species 

remained > 80 % upto the 6
th

 cycle of reuse. 

 

Figure 4.8: Reusability study of MnO2 for (a) As(III) and (b) As(V) 

4.4.7. Effect of common ions on arsenic sorption by MnO2 

The effect of common ions on arsenic sorption was studied using MnO2 as sorbent. Na
+
, 

Ca
2+

, Mg
2+

, Cl
-
, HCO3

-
 and PO4

3- 
ions were listed as the commonly occurring ions in 

ground water [121]. The concentration range of these ions in groundwater is listed in the 

previous chapter, Table 3.5. The concentrations of these ions were chosen in three 

different ranges in the current study:  

(i) lower range, i.e. ten times lower than the typical concentration in the groundwater,  

(ii) in the range of the typical concentration in the groundwater and  
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(iii) higher range, i.e. ten times more than the typical concentration in the groundwater 

(Table 4.4). 

The presence of HCO3
-
 and PO4

3-
 has a retarding effect on the arsenic sorption [139], but 

the decrease occurs mostly at very high concentration of these ions, i.e, at > 100 mg L
-1

. 

This is possibly due to the structural similarity of these ions with the arsenate group. 

However, this effect is not a big concern for arsenic removal, because, such a high level 

of phosphate and bicarbonate are not seen commonly in groundwater samples.  

Table 4.4: Effect of interfering ions on sorption of arsenic (2 mg g
-1

) by MnO2. 

Ion 

Amount taken 

(mg L
-1

) 

As(III) sorption 

(%) 

As(V) sorption 

(%) 

Ca
2+

 

5 99.8 99.6 

50 99.4 99.6 

500 99.5 99.3 

Mg
2+

 

15 99.5 99.7 

150 99.6 99.5 

1500 99.5 99.6 

Na
+
 

50 99.7 99.8 

500 99.8 99.6 

5000 99.5 99.3 

Cl
-
 

50 99.6 99.5 

500 99.1 99.6 

5000 97.3 98.5 

HCO3
-
 

60 99.8 99.5 

600 92.1 93.5 

6000 85.2 88.6 

PO4
3-

 

5 99.7 99.6 

50 86.5 83.2 

500 43.2 48.3 
 

To understand the efficacy of MnO2 as a sorbent, two synthetic groundwater (SG-1 and 

SG-2) samples were prepared and were spiked with 2 mg L
-1

 of arsenic (as radiotracer). 

The results of sorption study along with the compositional analysis of these systems are 

given in Table 4.5. From the table, it is evident that the arsenic sorption efficiency 

remains quite quantitative inspite of the presence of the other common ions. 
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Table 4.5: Sorption of arsenic (2 mg L
-1

) from synthetic groundwater samples 

Sorption 

of arsenic 

(%) 

SG-1 SG-2 

As(III) 97.2 ± 1.6 98.4 ± 1.6 

As(V) 99.4 ± 1.8 97.6 ± 1.7 

Chemical composition of water (mg L
-1

) 

pH 7.8 ± 0.1 8.4 ± 0.1 

Na
+
 30.3 ± 0.2 34.9 ± 0.2 

K
+
 2.7 ± 0.1 9.3 ± 0.1 

Mg
2+

 7.2 ± 0.1 58.4 ± 0.1 

Ca
2+

 16.6 ± 0.3 31.2 ± 0.6 

Cl
-
 1.7 ± 0.1 176.0 ± 3.5 

SO4
2-

 35.2 ± 0.7 24.0 ± 0.5 

NO3
-
 0.7 ± 0.1 7.5 ± 0.2 

TOC 3.4 ± 0.1 1.5 ± 0.1 

TIC 16.0 ± 0.3 23.0 ± 0.5 

 

4.4.8. Application of MnO2 to arsenic contaminated groundwater 

Two real groundwater samples (GW-1 and GW-2) were collected directly from North 24 

Parganas, West Bengal, India. The characterization of these groundwater samples are 

shown in Chapter 3, Table 3.7. It has been observed that the removal of arsenic from 

these real groundwater samples by MnO2 is very effective to bring the arsenic level below 

~ 10 g L
-1

 (WHO limit). The results obtained for the arsenic concentration in real 

groundwater samples after equilibration with MnO2 (M-3) are given in Table 4.6. This 

study suggests that MnO2 synthesized via solid state reaction method is very effective for 

the removal of arsenic from real groundwater samples. 



121  

 

Table 4.6: Concentration of arsenic in groundwater before and after sorption using 

MnO2 prepared via solid state reaction method. 

Sample pH 
Initial arsenic conc. 

(g L
-1

) 

Conc. after filtration and 

sorption by MnO2 (g L
-1

) 

GW-1 7.3 ±0.2 163 ± 8 1.0 ±0.2 

GW-2 7.7 ±0.2 710 ± 35 5.6 ±0.3 

 

4.4.9. Study of arsenic sorption mechanism on MnO2 

4.4.9.1. Solvent extraction studies 

A solvent extraction method using benzene was applied for the determination of oxidation 

of arsenic, after sorption by MnO2. The adsorbed As(III) or As(V) was desorbed from the 

surface of  MnO2 following the regeneration procedure elaborated in Section 4.3.5. It is 

known that the oxidation state of arsenic remained same when desorbed using NaOH 

solution [140]. 
 
The results showed that > 95% of the 

76
As were retained in the aqueous 

phase after solvent extraction, for both As(III) and As(V) solutions. As given in the 

literature, the As(III) forms neutral AsCl3 in strong HCl medium. The neutral species is 

easily extracted into non-polar solvent benzene, whereas As(V), which forms negatively 

charged species, is not extracted [106]. The results indicated that MnO2 completely 

oxidizes As(III) to As(V). Similar observations are also reported in the literatures [68, 

141]. 

4.4.9.2. XPS measurements  

Further, study of the oxidation state of arsenic after the interaction with MnO2, XPS 

measurements were carried out. XPS survey scans (Figs. 4.9 and 4.10) show the presence 

of Mn and O in blank MnO2 and As, Mn and O in As(III) loaded MnO2. The XPS plots 

for arsenic standards (3p3/2) are given in Fig. 4.11.  
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Figure 4.9: XPS survey scan of MnO2 

 

 

Figure 4.10: XPS survey scan of As(III)-MnO2 
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Figure 4.11: XPS plots of arsenic (As 3p3/2) [As(III) and As(V) standards] 

XPS study of MnO2 system 

The XPS 2p spectrum of MnO2 is obtained as a doublet, due to spin orbital coupling. The 

two peaks were (1) Mn 2p3/2 [binding energy (B. E.) = 641.2 eV] and (2) Mn 2p1/2 (B.E. = 

652.8 eV). The Mn 2p peaks are characteristics of Mn(IV) in standard MnO2 [142].
 
On 

deconvolution of Mn 2p3/2 band, two peaks are obtained at B.E. = 640.7 eV and 642.5 eV, 

respectively, which correspond to Mn(III) and Mn(IV) [Fig. 4.12 (a)]. These results are 

similar to those reported in the previous literature [143].
 
The overall results from XPS 

study are presented in Table 4.7. 
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Table 4.7: XPS study of MnO2 - arsenic system (Binding energies in eV) 

Sample As 3p3/2 Mn 2p3/2 O 1s Species 

MnO2 - 640.7 528.9 O
2-

 (Mn - O) 

  
642.5 530.6 OH

- 

 
As2O3: As(III) 

standard 
143.1 - 530.8 O

2- 
(As - O) 

     
As2O5: As(V)  

standard 
143.8 - 528.9 O

2-
 (H2O) 

   
531.8 O

2- 
(As - O) 

 
As(III)-MnO2 142.9 639.8 529.5 O

2-
 (Mn - O) 

 
143.4 641.1 530.1 O

2-
 (Mn - O) 

  
642.8 530.9 O

2- 
(H2O) 

   
531.6 OH

-
, H2O 

   
532.3 OH

-
, H2O 

 
As(V)-MnO2 143.5 640.7 530.2 O

2-
 (Mn - O) 

  
642.5 531.0 O

2- 
(H2O) 

   
532.3 OH

-
, H2O 

   
532.4 OH

-
, H2O 

 

As(III)-MnO2 system 

The arsenic spectrum (As 3p3/2) of As(III) sorbed on MnO2 is given in Fig. 4.13 (a). On 

deconvolution of the As 3p3/2 spectrum, two components are observed, indicating the 

presence of a minor peak of As(III) (B.E. = 142.9 eV) and the major peak of As(V) (B.E. 

= 143.4 eV). The Mn 2p3/2 spectrum of As(III)-MnO2 is shown in Fig. 4.12 (b).  

Deconvolution of Mn 2p3/2 peak, leads to three peaks with B.E. values 639.8, 641.1 and 

642.8 eV, attributed to presence of small fraction of Mn(II), Mn(III) and Mn(IV), 

respectively, present in the MnO2 (Fig. 4.12 (b) and Table 4.7).  

The B.E. of arsenic confirmed the oxidation of As(III) to As(V) on MnO2 surface, and the 

B.E. of Mn in As(III) sorbed MnO2 show the corresponding reduction of Mn(IV) to 
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Mn(II). This is in accordance with the literature reports [70, 132, 144]. Observations from 

XPS studies are in agreement with the mechanism that Mn(II) is formed through 

oxidation of As(III), during the sorption of this arsenic species on MnO2 surface [85]. 

As(V)-MnO2 system 

The As 3p3/2 spectrum of As(V)-MnO2 system is shown in Fig. 4.13 (b). The spectrum 

has one peak at 143.5 eV, corresponding to As(V) species only. The Mn 2p3/2 spectrum of 

As(V)-MnO2 is shown in Fig. 4.12 (c). The peak was deconvoluted into two components 

with B.E. values of 640.7 and 642.5 eV as similar to blank MnO2. These XPS data 

confirmed that the As(V) species is sorbed by MnO2 without any change in the oxidation 

state.  

O 1s spectra 

The deconvoluted O 1s spectra for blank MnO2, As(III)-MnO2 and As(V)-MnO2 are 

given in Fig. 4.14. The blank MnO2 [Fig. 4.14 (a)] has two O 1s peaks at 528.9 and 530.6 

eV. The lower peak is attributed to lattice oxygen (O
2-

) and which could be bonded either 

to Mn(IV) or Mn(III) in the as prepared MnO2. The second peak (530.6 eV) is attributed 

to the OH
-
, i.e, oxygen in the adsorbed water layer. The oxygen spectrum of As(III)-

MnO2 [Fig. 4.14 (b)] shows five O 1s peaks at 529.5, 530.1, 530.9, 531.6 and 532.3 eV 

respectively. The peaks at the lower binding energies 529.5, 530.1 and 530.9 eV are 

assigned to O
2-

 linked with Mn in MnO2 lattice whereas peaks at 531.6 and 532.3 eV are 

attributed to hydroxide oxygen from the chemically or physically adsorbed water. The 

oxygen peaks obtained for As(V)-MnO2 [Fig. 4.14 (c)] are also similar to that of As(III)-

MnO2, suggesting that the sorption of both the arsenic species are similar (i.e. as As(V)) 

irrespective of their initial oxidation states. 
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Figure 4.12: Mn 2p3/2 XPS plot of MnO2 

 

Figure 4.13: As 3p3/2 XPS plot of MnO2 
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Figure 4.14: O 1s XPS plot of MnO2 

4.4.9.3. Electrochemical studies 

The arsenic - MnO2 sorption mechanism was further investigated by electrochemical 

measurements. Cyclic voltammetry (CV) studies were done on MnO2 (using MnO2 

modified glassy carbon electrode (GCE)), with and without the presence of As(III)/As(V) 

[Fig. 4.15]. With the addition of As(III) (0.5 mg L
-1

), two oxidation peaks (0.57 and 1.34 

V) and three reduction peaks are observed (0.91, 0.61 and -0.33 V) [Fig. 4.15 (a)]. The 

CV measurements carried out with increasing concentration of As(III) show that the 

oxidation peak at 0.57 V is shifted towards positive direction and the peak current is 

gradually decreased. For oxidation peak at 1.34 V, there is a drastic decrease in the peak 
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current but no shift in the peak position. All the reduction peaks show a negative shifting. 

The peak current at 0.91 V show a drastic decrease, whereas for peaks at 0.61 and -0.33 V 

are decreased slowly. Following the dissolution and the solvent extraction studies 

(Section 4.4.4 and 4.4.9.1), it is realized that the As(III) undergoes oxidation to As(V) by 

the presence of MnO2 and adsorbed over the electrode surface. As a result, the electrode 

surface gain electrons and acts as a reduction center and further oxidation of arsenic 

becomes difficult causing a decrease in oxidation current. This also results in the shifting 

of the reduction peak [Mn(II) to Mn(0)] towards negative direction. 

When As(V) is used, two oxidation peaks and three reduction peaks are observed in the 

cyclic voltammogram [Fig. 4.15 (b)], similar to the case of As(III) discussed above. Thus, 

on addition of As(V),  the behavior of the oxidation peak at 0.57 V remains similar to that 

of As(III). Interestingly, however, for the peak at 1.34 V, there is a negative shifting along 

with a decrease in the peak current. For the reduction peaks at 0.91 and -0.33 V, the peak 

current decreased but no shift was observed in the peak positions. Since As(V) in the 

solution do not undergo any redox reaction during adsorption over the MnO2 surface, the 

peak positions remained the same. For the reduction peak at 0.61 V, the peak position 

showed a negative shifting along with a marginal increase in peak current up to 6 mg L
-1

 

concentration. 

The CV measurements were also carried out in the simultaneous presence of both As(III) 

and As(V) species in equal concentrations [Fig. 4.15 (c)]. There was no significant 

synergistic or antagonistic effect. The responses are very similar to that obtained for the 

species when they are used individually. The CV responses show that the arsenic - MnO2 

systems are reversible. Due to the availability of redox centers on MnO2 surface, the 

intermediate states are easily formed in the presence of As(III)/As(V) species. This result 

in a strong interaction between both As(III) and As(V) with the MnO2 modified GCE.  
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For comparison of the observed CV responses, substantial reports are not available in the 

literature. The study by Mishra et al, an electrochemical investigation on iron oxide 

graphene composite for sorption of arsenic [145] revealed that the two reduction peaks 

observed in the case of As(III) sorption could be attributed to two step reduction of the 

arsenic sorbed species, i.e As(V) to As(III) followed by reduction to As(0). These can be 

correlated with the results obtained by our study. 

 

 

Figure 4.15: CV plots of (a) As(III)-MnO2 (b) As(V)-MnO2 and (c) As(III) and As(V)-

MnO2 

The chronopotentiometric (CP) measurements were carried out at open circuit conditions 

to study the interaction of As(III) and As(V) with MnO2 [Fig. 4.16]. The open circuit 

potential (OCP) of the modified GCE was measured with time, with and without the 

addition of As(III) and As(V) (0.5 mg L
-1

). For the solution without arsenic, the OCP 
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measured for GCE showed a steady change with time. When As(III) was added to 

solution the OCP underwent an instantaneous negative shifting, whereas when As(V) was 

added, the OCP showed an instantaneous positive shifting. During the interaction of 

As(III) on MnO2, the electrons released by the arsenic was gained by the GCE resulting in 

a negative shifting of OCP. Thus the As(III) uptake by MnO2 is realized to be assisted by 

the oxidation of As(III) to As(V) over the MnO2 modified electrode. But for As(V)-MnO2 

interaction, there is no redox reaction anticipated. Thus, the CP and CV measurements 

support the mechanism of uptake for As(III) as the oxidative adsorption process and 

As(V) undergo adsorption straightaway without any redox reaction.  

 

Figure 4.16: CP plot of arsenic - MnO2 system. 

4.5. Conclusion 

The studies on MnO2 prepared by the three different methods confirmed that the MnO2 

prepared by solid state method is having better sorption properties. The mechanism of 

arsenic and MnO2 was investigated. The preliminary studies of oxidation state of arsenic 

after sorption on MnO2 was done by solvent extraction. From the results, it was evident 

that the arsenic species after sorption remained as As(V) only, irrespective of the initial 
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oxidation state. The XPS studies on the As(III) and As(V) sorbed MnO2, elucidated the 

arsenic removal mechanism as sorption on MnO2 by forming As(V). The CV and CP 

studies confirmed that interaction of both As(III) and As(V) with MnO2 were different. 

The results obtained from the studies confirmed that a redox reaction was responsible for 

the uptake of arsenic by MnO2.  

On MnO2 surface, the As(III) species got oxidized and adsorbed, whereas the As(V) 

species adsorbed on the surface as such. During the oxidation of As(III), the Mn(IV) got 

reduced to Mn(II) [69]. The Mn leaching studies revealed that there was no increase in 

the Mn content in supernatant after arsenic uptake [85]. Thus confirmed that, the Mn(II) 

is adsorbed on the MnO2 surface facilitating the sorption further. From these data as well 

as the literatures, a mechanism for the sorption of As(III) and As(V) on MnO2 was 

proposed [Fig. 4.17].  

 

 

Figure 4.17: Schematic for sorption of arsenic on MnO2 [141] 
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5.1. Introduction 

Adsorption is a highly utilized method in arsenic contaminated areas. For the removal of 

arsenic, it is inevitable that the material should be of low cost, easy to operate, easily 

regenerable and reproducible. There is practical limitation for the use of synthetic 

sorbents, in powder form. The direct use in column application results in choking up of 

the column, resulting in high resistance to the feed water flow. Therefore, researchers 

have tried to modify the well known arsenic sorbents, as a coating on solid inert supports 

for easy utilization in column mode [46, 146-147]. 

Among various polymeric sorbents, amberlite XAD resins has been studied by many 

researchers for the preconcentration or/and removal of heavy metal ions from water [148-

150]. The widespread application of thee resin is due to the high surface area and 

excellent physical, chemical and thermal stability. 

Various wet chemical methods are available [151-154] for coating a suitable sorbent onto 

an inert support materials. Among them, the in-situ coating by applying ultrasound is a 

clean technology. There are literatures available on ultrasound assisted synthesis of 

nanomaterials [155-158]. In this method, a very high temperature and pressure is 

generated for few microseconds, resulting in the free radical formation, which eventually 

leads to the chemical reaction responsible for the coating of sorbents on the solid 

supports. Among various resins, the amberlite resin XAD-4 is well known polymeric 

support material with good sorption properties, thermal stability and easily modifiable 

[159-160]. 

From the previous studies (Chapter 3 and 4), manganese dioxide (MnO2) was found to be 

very efficient sorbent for arsenic sorption, much better than the iron oxide sorbents. The 

favorable factors with MnO2 are: high arsenic sorption efficiency, fast kinetics, tolerance 
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to the co-occurring ions and easy regeneration capability. Hence, MnO2 was chosen as the 

sorbent of interest for coating the surface of XAD-4 beads.  

MnO2 was prepared by a sono-chemical reduction method. In-situ coating of MnO2 was 

done on XAD-4 resin beads. The detailed procedure of synthesis and characterization 

methods have already been discussed in Chapter 2. In the present chapter, optimization of 

the sorbent preparation parameters for MnO2 coated XAD-4 resin beads as the sorbent, 

and the application of this sorbent for arsenic removal studies in batch mode utilizing 

76
As as the radiotracer have been discussed. Various parameters like effect of pH on 

sorption of arsenic, sorption isotherm, regeneration of the sorbent and application of the 

sorbent material to real groundwater sample have been evaluated. 

5.2. Materials and methods 

5.2.1. Reagents and chemicals 

The chemicals, potassium permanganate [KMnO4; molecular weight (MW) - 158.03 g 

mol
-1

], arsenic trioxide (As2O3; MW - 197.84 g mol
-1

), arsenic pentoxide (As2O5; MW 

- 229.84 g mol
-1

] and sodium hydroxide pellets (NaOH; MW - 40.00 g mol
-1

) were of 

analytical reagent (AR) grade and used as purchased. As the inert support material for 

MnO2, amberlite XAD-4 resin beads (20 - 60 mesh size), was used. Before 

application, these beads were washed thoroughly with deionised water (DI) for 

removing the impurities. The reagents: concentrated hydrochloric acid (HCl), 

concentrated nitric acid (HNO3) and benzene (C6H6) were of AR grade and used 

without further purification. All the necessary dilutions were done using DI water 

(resistivity 18.2 MΩ cm
-1

 and total organic carbon < 10 g L
-1

) obtained from Milli-Q 

water purification system.  
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5.2.2. Equipments 

All the weighing was done using a high precision analytical semimicro balance 

(Mettler - Toledo, dual range, readability - 0.01 mg). pH measurements were carried 

out in Oakton pH meter employing glass electrode (pH700, USA), with digital display 

having an precision of ± 0.01 unit. A mechanical shaker was utilized for 

equilibrations at room temperature. Radioactivity measurements were done using a 

high purity germanium (HPGe) detector (Canberra, Australia, relative efficiency: 30 

%, resolution: 1.9 keV at 1332 keV) coupled to 8k channel analyzer. For ultrasound 

applications, Retsch UR-1 ultrasonic bath (35 kHz, 240 W) was used. For 

characterization of the sorbent, Fourier-transform infrared spectroscopy (FTIR) 

analysis, scanning electron microscopy (SEM), neutron activation analysis (NAA) 

and point of zero charge (PZC) measurements were utilized. 

5.3. Experimental 

5.3.1. Preparation of modified sorbent 

The XAD-4 resin beads, were taken in KMnO4 solution and ultrasound irradiation, 

using Retsch UR-1 ultrasonic bath (35 kHz, 240 W), was done for 15 min. A 

sonochemical assisted reduction reaction occurs due to the formation of free radicals. 

The product, nanosized MnO2 [92], got coated onto XAD-4 resin. The detailed 

mechanism has been discussed in Chapter 2, Section 2.5. Henceforth, the manganese 

dioxide coated XAD-4 beads are designated as MX-4. The images of XAD-4 and 

MX-4 resin beads are shown given in Chapter 2, Fig. 2.4. The characterization of 

MX-4 was done using Fourier-transform infrared spectroscopy (FTIR) analysis, 

scanning electron microscopy (SEM), neutron activation analysis (NAA) and point of 

zero charge (PZC) measurements. The details of these techniques are given in Chapter 

2, Section 2.8. 
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The optimization of different parameters for preparation of MX-4 beads was 

systematically carried out. Studies include the effect of (1) reagent concentration, i.e. 

KMnO4 concentration, on the MnO2 coating formed, (2) sonication frequency, (3) time of 

sonication and (4) adsorbent dose. The studies have been carried out by measuring the 

percentage of arsenic sorption using As(V) radiotracer solution (2 mg L
-1

). To study the 

effect of KMnO4 concentration, the beads were prepared by varying the concentration of 

KMnO4 from 0.001 - 1 M. For selecting the sonication frequency, two frequencies were 

studied, 25 and 35 kHz. The effect of time of sonication, on the arsenic sorption 

efficiency, was studied by varying the sonication time from 1 to 60 min. To study the 

adsorbent dose, the amount of the MX-4 beads, taken for the experiments, was varied 

from 0.1 - 10 g. The MX-4 prepared were subjected to sorption studies using As(V) 

radiotracer solution of concentration 2 mg L
-1

, following the procedure of sorption 

explained in Section 5.3.2. 

5.3.2. Sorption studies of arsenic by MX-4 beads 

The synthesized beads were utilized for the sorption of arsenic. The sorption studies were 

carried out using As(III) and As(V) radiotracer solutions (2 mg L
-1

) separately in batch 

equilibration mode. The procedure of preparation of tracer solutions has been given in 

Section 2.9. After preparation of arsenic tracer solutions, the oxidation state of the arsenic 

in the prepared solution was confirmed by solvent extraction procedure (Section 2.10.). 

For sorption, the pH range was chosen as 3 - 11. The sorbent dose used for sorption 

studies were ~2 g of MX-4 beads and equilibration time was 30 min. The detailed 

procedure of sorption study has been explained in Section 3.3.2. Sorption of arsenic was 

calculated from the initial and final count rates using equation 3.1.  
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5.3.3. Kinetic studies for arsenic sorption by MX-4 beads 

Arsenic sorption kinetic studies using MX-4 beads are carried out as follows. In these 

studies, the equilibration time was varied from 5 - 60 min. ~ 2 g of MX-4 beads were 

added to each of the solutions and pH was kept at 7. The procedure adopted has been 

explained in detail in Section 3.3.2.  

5.3.4. Isotherm studies for arsenic sorption by MX-4 beads 

The adsorption isotherms for arsenic uptake by MX-4 beads were obtained using arsenic 

tracer solutions. The method was similar to the sorption study given in Section 5.3.2. The 

studies were done at neutral pH and arsenic concentrations were varied from 2 to 400 mg 

L
-1

. The arsenic in solutions was taken as a combination of fixed concentration of 

radioactive arsenic (2 mg L
-1

) and varying amounts of inactive arsenic. The time of 

equilibration was fixed as 30 min. The count rates of arsenic were measured, before and 

after equilibration, and the percentage sorption was calculated using equation 3.1. 

5.3.5. Leaching studies on MX-4 beads 

The manganese leaching from MX-4 beads, with and without the presence of arsenic, was 

studied. For Mn leaching in the absence of arsenic, 2 g of MX-4 was equilibrated with 25 

mL of DI water (pH 7) for 30 min. Similar experiment was repeated with 25 mL DI water 

containing 2 mg L
-1

 of arsenic [As(III) and As(V) separately] and 2 g of MX-4 resin. 

After equilibration, the sorbent was separated by filtration, using whatman 42 filter paper. 

The supernatant was analysed for manganese, by neutron activation analysis (NAA) using 

pneumatic carrier facility (PCF) of Dhruva reactor (Mumbai, India). The sample 

preparation for NAA was the same as mentioned in Chapter 4, Section 4.3.5. The 

quantification of Mn (
56

Mn, t1/2 - 26.24 h, E - 846.76 and 1810.73 keV) was done using 

relative method of NAA. The relevant nuclear data of manganese has been given in 

Chapter 2, Table 2.3. 
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5.3.6. Regeneration studies on MX-4 beads 

Regeneration of MX-4 beads was carried out using different NaOH concentrations. The 

study was done on arsenic sorbed MX-4. The sorption was done following the procedure 

used for sorption study (Section 5.3.2). The arsenic sorbed MX-4 was separated by 

filtration and an initial count rate for 
76

As was recorded. The beads were then equilibrated 

with 10 mL each of 0.1, 0.5 and 1 M NaOH for 30 minutes at room temperature. The 

suspension then centrifuged, supernatant was discarded and the final activity of 
76

As 

remaining on MX-4 was measured in an identical geometry. Percentage regeneration of 

arsenic was calculated from the initial and final count rates of 
76

As on MX-4. 

5.3.7. Reusability studies on MX-4 beads  

The synthesized MX-4 beads were studied for their reusability in the arsenic sorption. 

This study was carried out for 4 cycles (one cycle involves one sorption and desorption). 

The sorption procedure remained the same as in Section 5.3.2. 

5.3.8. Application of MX-4 beads to arsenic contaminated groundwater  

Two groundwater samples (GW-1 and GW-2) were collected from local tube wells in 

arsenic contaminated regions of North 24 Parganas, West Bengal, India. Sorption 

experiments utilizing the modified sorbent, MX-4 beads, were carried out uilizing 25 mL 

of groundwater and using 2 g MX-4. After equilibration for 30 min, the beads were 

separated and the solution was analyzed for arsenic using ICPMS (VG PQ ExCell, VG 

Elemental, UK). The concentrations of arsenic were also determined in the groundwater 

samples before sorption using the same technique. The detailed procedure has been 

explained in Section 3.3.8. 

5.4. Results and discussion 

5.4.1. Preparation of MX-4 beads: Optimization of different parameters  

5.4.1.1. Effect of KMnO4 concentration 
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Studies were done to find out the effect of reagent concentration, i.e. KMnO4 

concentration, on the MnO2 coating formed. The effect was studied by measuring the 

percentage of arsenic sorption using, As(V) radiotracer solution (2 mg L
-1

). The MX-4 

beads were prepared by varying the concentration of KMnO4 from 0.001 - 1 M. The 

experiments were done at room temperature and pH used was neutral. Figure 5.1 shows 

the percentage sorption of arsenic on the MX-4 beads prepared from different KMnO4 

concentration. Each point shows the average of triplicate measurements, with standard 

deviation shown as an error bar. The plot shows that the sorption was maximum at 0.1 M 

KMnO4. The less sorption, at < 0.1 M KMnO4 concentration, was due to the insufficient 

MnO2 formation on the surface of beads. At > 0.1 M KMnO4 concentration, the sorption 

again decreases due to the precipitation of MnO2 on the surface of beads resulting in the 

clogging of pores so that the arsenic species got hindered from exchange reactions. Thus 

the KMnO4 concentration was optimized to be 0.1 M. 

 

 

Figure 5.1: Effect of KMnO4 concentration on sorption efficiency of As(V) by MX-4 
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5.4.1.2. Effect of sonication frequency 

To study the effect of frequency of sonication on the preparation of MX-4 resin, two 

frequencies, i.e, 25 and 35 kHz, were used. The coating was done by taking the 0.1 M 

KMnO4 solution in separate stoppered flasks with equal amount of XAD-4 beads and 

irradiated for 10 min using an ultrasound of 25 and 35 kHz frequency. The optimization 

of the sonication frequency was evaluated by As(V) sorption efficiency. The coated beads 

thus obtained were applied for arsenic sorption using 2 mg L
-1

 As(V) radiotracer solution. 

The sorption efficiency remained higher (96 %) for the MX-4 prepared using 35 kHz 

frequency. The amount of MnO2 formed on the beads was quantified for both the cases 

using NAA, as explained in Section 2.8.3. The results are shown in Table 5.1. The lower 

sorption on the MX-4 produced at lower frequency can be explained clearly by the 

amount of MnO2 present on the beads as indicated from Table 5.1. Thus, for further 

studies, the frequency of sonication was fixed as 35 kHz for the preparation of MX-4 

sorbents. 

Table 5.1: Concentration of MnO2 on MX-4 resin beads 

Sonication 

frequency (kHz) 

As(V) sorption 

(%) 

Concentration 

of MnO2 (%) 

25 63 ± 4  0.98 ± 0.33 

35 96 ± 2 2.65 ± 0.21 

5.4.1.3. Effect of sonication time 

The effect of the time of sonication on the arsenic sorption efficiency was carried out by 

varying the sonication time of KMnO4 from 1 to 60 min. The coating was done by taking 

the 0.1 M KMnO4 solution in different stoppered flasks with equal amount of XAD-4 

beads and irradiating them for different times using an ultrasound of 35 kHz frequency. 

The coated beads so obtained in different cases were used for arsenic sorption from 

aqueous solutions of 2 mg L
-1

 arsenic concentrations. The plot obtained for the sonication 
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time and arsenic removal efficiency is given in Fig. 5.2. Each point on the graph, shows 

an average of triplicate measurements, with standard deviation shown as an error bar. The 

sorption of arsenic was maximum for the MX-4 beads prepared with 10 min sonication 

time, which indicated that an optimum MnO2 coating was obtained at 10 min. When the 

sonication was done for < 10 min, the sorption of arsenic is less, this is because of the 

incomplete reduction of MnO4
-
 to Mn(IV). But when the sonication time was increased > 

10 min, then the subsequent reduction of Mn(IV) to Mn(II) occurs and the Mn
2+

 ions 

dissolve into the solution. This causes a less amount of MnO2 coating on the resin beads 

leading to a decrease in the arsenic sorption. Hence, 10 min of sonication was considered 

as the optimum time for the preparation of the MX-4 sorbent beads. 

 

Figure 5.2: Effect of sonication time on sorption efficiency of As(V) by MX-4 

5.4.1.4. Effect of amount of adsorbent 

For the optimization of the adsorbent dose, i.e. the amount of MX-4 sorbent required for 

maximum arsenic sorption, was investigated following the sorption study. These sorption 

studies were carried out using arsenic radiotracer solutions (2 mg L
-1

) at neutral pH. The 

amount of MX-4 beads, taken for the experiments, was varied from 0.1 - 10 g. The 
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equilibration time was kept as 30 min at 100 rpm and the results are shown in Fig. 5.3. It 

is indicated from this figure that the sorption of arsenic is increased from ~20 % to ~95 % 

on increasing the amount of MX-4.  With the increasing adsorbent dose, the extent of the 

surface active groups also increases accordingly, resulting an increase in the arsenic 

sorption, most prominently upto ~ 2 g of the sorbent. Further increase in the adsorbent 

dose, however, shows only a little effect in the percentage sorption of arsenic. Following 

the results, all the sorption experiments were carried out using an adsorbent dose of 2 g. 

 

Figure 5.3: Effect of adsorbent dose on sorption efficiency of As(V) by MX-4 

5.4.2. Sorption studies of arsenic by MX-4 beads 

The results of the pH dependent arsenic sorption studies on MX-4 beads are shown in Fig. 

5.4. The studies were done by varying the pH from 3-11. Very low pH (< 3) was avoided 

in this study due to the dissolution of the coated MnO2. The MX-4 resin taken was 2 g. 

The NAA results, during characterization (Chapter 2, Section 2.8), showed that the MnO2 

concentration was 2.6 %, ie, MnO2 on the sorbent was ~15 mg, in each experiment. 

The sorption plots obtained for both arsenic species, As(III) and As(V) show similar 

behavior, i.e. the sorption efficiency increased with increasing pH, and after reaching a 



143 

 

maximum for the pH range of about 7 to 9, the sorption efficiency decreases again on 

increasing the pH further. 

The sorption trend can be explained using point of zero charge (PZC) of MX-4. The PZC 

for MX-4 obtained was 8.7 ± 0.2 (Chapter 2, Section 2.8.4). In Fig. 5.4, the arsenic 

sorption efficiency for both species was maximum around PZC. At pH < PZC, the arsenic 

species are negatively charged and the MX-4 surface are positively charged. Hence due to 

electrostatic attraction between the analyte and sorbent, the sorption efficiency is found to 

be quite high. When the pH > PZC, the net surface charge of sorbent became negative and 

the arsenic species becomes neutral, and thus the sorption efficiency decreases 

significantly. 

For As(III), the sorption efficiency is maximum (70.6 %) at pH ~9, whereas for As(V), 

the sorption efficiency is maximum (96.5 %) at pH ~7. Further, the sorption efficiency for 

As(III) is in general less as compared to As(V). As discussed in Chapter 4, during the 

sorption of As(III) on MnO2, oxidation occurs for As(III) and reduction for Mn(IV). Thus 

the surface of MX-4 gets modified, resulting in a decrease of number of adsorption sites 

available. Hence the sorption efficiency of As(III) is less. On the contrary, As(V) is 

adsorbed as such by the resin without involving any redox reaction. Therefore, the 

efficiency for As(V) sorption by MX-4 is much higher. 

The sorption efficiency of XAD-4 was also evaluated in the same way as that of MX-4. 

The results show that the sorption efficiency is only about 16.5 % for As(III) and about 

19 % for As(V) at pH 7. Thus the MnO2 coating on XAD-4 beads largely improved the 

sorption efficiency, making the system useful for arsenic removal. 
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Figure 5.4: Sorption plot of As(III) and As(V) on MX-4 

5.4.3. Kinetic studies for arsenic sorption by MX-4 beads 

The kinetic studies for the sorption of As(III) and As(V) on the MX-4 beads were carried 

out at neutral pH and the results are shown in Fig. 5.5. From the observed plots, it is 

observed that the sorption kinetics of As(III) and As(V) species by MX-4 are quite similar 

to that of simple MnO2 sorbent (> 98% even for 30 s equilibration time) as given in 

Chapter 4, Section 4.4.2. Following the results in Fig. 5.5, the equilibration time for all 

the further studies was fixed as 30 min, to ensure complete equilibrium. 
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Figure 5.5: Kinetic plot of As(III) and As(V) on MX-4 beads 

 

The kinetics experimental data for As(III) and As(V) sorption by MX-4 beads was 

evaluated by both pseudo first order (PFO) and pseudo second order (PSO) kinetic 

models (equations 3.2 and 3.3). The data fitted well with pseudo second order (PSO) 

kinetic equation (equation 3.3). This infers that chemisorption as the predominant 

mechanism for sorption of As(III) and As(V) by MX-4 beads. The plot is given in Fig. 5.6 

A. The kinetic parameters obtained from the plots are listed in Table 5.2. 
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Figure 5.6: Pseudo second order kinetic plot for sorption of As(III) and As(V) on MX-4 

beads. (Points are the experimental data and the straight lines are the linear fits following 

equation 3.3). 

 

Table 5.2: Kinetic fitting parameters for PSO reaction for As(III) and As(V) adsorption 

by MX-4 beads. 

Sorbent Arsenic species 

Qe 

(calculated) 

mg g
-1

 

K2  R
2
  

MX-4 

beads 

As(III) 0.667 2.0 X 10
-10

 0.998 

As(V) 0.085 5.0 X 10
-7

 0.994 

 

5.4.4. Isotherm studies for arsenic sorption by MX-4 beads 

The sorption mechanism as well as the sorption capacity was investigated following 

adsorption isotherm studies. Generally, Langmuir and Freundlich isotherms are 

commonly used in describing the sorption equilibrium in various environmental 
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applications [117]. The adsorption isotherm for the arsenic uptake by MX-4 is seen to 

follow the Langmuir adsorption model [Fig. 5.7]. The assumptions of Langmuir model 

are: (i) adsorbent surface has finite number of active sites, (ii) they are homogeneously 

distributed, (iii) monolayer adsorption of analyte on the sorbent and (iv) no interaction 

between adsorbed molecules [161].  

The Langmuir isotherm is represented by the following equation: 

  
         (5.1) 

The above equation 5.1, can be written in the linearized form as below, 

  
       (5.2) 

The feasibility of reaction is defined by the dimensionless quantity as, 

          (5.3) 

Where Ce = the equilibrium arsenic concentration (mg L
-1

) and Qe = the amount of 

arsenic adsorbed per gram of the MX-4 resin at equilibrium (mg g
-1

), Qm = the maximum 

amount of arsenic taken up per unit mass of MX-4 resin (mg g
-1

) and Kd = Langmuir 

adsorption constant related to stability of the active sites (mg L
-1

). The slope and intercept 

gives the information about the adsorption capacity (mg g
-1

) and energy of the reaction (L 

mg
-1

). The dimensionless factor, RL, indicates the feasibility of reaction (equation 5.3). 

The RL values  indicate the reaction as: 

 RL = 0, irreversible  

 0 < RL < 1, favorable  

 RL  > 1, unfavorable  

 RL = 1, linear  

For the isotherm studies, time was kept at 30 min and ~ 1 g MX-4 resin was used. The 

As(III) and As(V) adsorption capacities (Qm) were calculated from the slope (1/Qm) and 
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found to be 5.5 and 7.6 mg g
-1

 respectively, as given in Table 5.3. The Kd values were 

determined from the intercept (1/Kd . Qm) and listed in Table 5.3. The RL values 

calculated for 2 - 400 mg L
-1

 of arsenic were in between 0 and 1, indicating the sorption 

to be favorable.  

 

Figure 5.7: Langmuir isotherm for sorption of As(III) and As(V) on MX-4. (Points are the 

experimental data and the straight lines are the linear fits following equation 5.2). 

Table 5.3: Fitting parameters for the Langmuir isotherms for As(III) and As(V) 

adsorption on MX-4. 

Sorbent 
Arsenic 

species 
R

2
 Qm (mg g

-1
) Kd (L mg

-1
) RL (for 50 mg As / L) 

MX-4 
As(III) 0.990 5.48 0.021 0.466 

As(V) 0.987 7.63 0.024 0.546 
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5.4.5. Regeneration studies on MX-4 beads 

The regeneration studies were done using different concentrations of NaOH solutions by 

30 min equilibration at 100 rpm speed. The results show that 0.1 M NaOH is able to 

regenerate the used MX-4 resin. The regeneration efficiency for As(III) and As(V) 

species in single step was ~ 77 % and 81 %, respectively.  

5.4.6. Reusability studies on MX-4 beads 

The MX-4 beads were reused in fresh arsenic [As(III) and As(V)] radiotracer solutions (2 

mg L
-1

) for upto 4 cycles (one cycle comprising of uptake of arsenic from 2 mg L
-1

 

solution utilizing 0.1 g of MnO2) and the results are given in the Fig. 5.8. The results 

indicate that the MX-4 beads are atleast reusable upto 4 cycles.  

 

Figure 5.8: Reusability study of MX-4 for (a) As(III) and (b) As(V) 

5.4.7. Application of MX-4 beads to arsenic contaminated groundwater 

The MX-4 beads were applied for total arsenic remediation from two real groundwater 

samples (GW-1 and GW-2) collected directly from North 24 Parganas, West Bengal, 

India having pH of 7.3 and 7.7, respectively. The characterizations of these groundwater 

samples are shown in Chapter 3, Table 3.7. The concentration of total arsenic was 

determined using inductively coupled plasma mass spectrometer (ICPMS: VG PQ 

ExCell, VG Elemental, UK). It is seen that using MX-4 beads the removal of arsenic is 
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possible to below about 10 g L
-1

 (WHO limit) following 3 - 4 successive equilibrations. 

The results obtained for the arsenic concentration in groundwater before and after 

equilibration with MX-4 are given in Table 5.4. 

Table 5.4: Concentration of arsenic in groundwater before and after sorption using 

MX-4 resin beads 

Sample pH 
Initial conc. 

(g L
-1

) 

Conc. after filtration 

and sorption by MX-4 

(g L
-1

) 

GW-1 7.3 ± 0.2 163 ± 8 4.1 ± 0.2* 

GW-2 7.7 ± 0.2 710 ± 35 5.9 ± 0.5
#
 

* Arsenic removal achieved in 3 cycles; 
#
 Arsenic removal achieved in 4 cycles 

5.5. Conclusion 

The study on sorption of arsenic on MnO2, in Chapter 4, Section 4.5, revealed the detailed 

mechanism of sorption. The MnO2 takes up As(III) after oxidizing to As(V). At the same 

time, the Mn(IV) gets reduced to Mn(II) and instead of getting released to the solution, 

these formed Mn(II) remains adsorbed on to the MnO2 surface. Thus, making the MnO2 

surface positive, beyond the PZC. These results have been reported in the literature [131, 

137, 141, 162-163], indicating the chemisorption as the mechanism of sorption by MnO2. 

For the As(V) sorption by MnO2, however, does not involve any redox reaction. 

Similar to pure MnO2 sorbent, on the surface of MX-4 beads, also, the As(III) species 

gets sorbed through redox reaction and attached possibly either as a mono-dentate or a bi-

dentate complex. Though during sorption, As(III) is oxidized to As(V) and the released 

electrons are taken up by Mn(IV) to get it reduced to Mn(II), the so formed Mn(II) does 

not get released to the solution, but remains adsorbed on the surface of the MX-4 bead. 

Unlike As(III), sorption of As(V) by MX- does not involve any redox reaction and thus 

sorption efficiency is significantly higher. In this case, As(V) possibly bind to MX-4 as a 

bidentate binuclear complex [69-70, 144]. Observed results are the basis of proposing the 
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mechanism of sorption of arsenic [As(III) and As(V)] on to the MX-4 beads as given in 

Fig. 5.9. 

 

 

 

Figure 5.9: Schematic for sorption of arsenic on MX-4 [86] 
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Sorption of As(III) 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter - VI 

Summary, Conclusions and Future work 
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6.1. Summary 

The arsenic contamination in groundwater is currently a major problem in many parts of 

the world, which needs to be addressed adequately to meet the demand of the safe potable 

water. Many researchers in different parts of the world are in search for an easy, fast and 

economical remedy. This thesis explores synthesis, characterization and efficacy of 

different sorbents, based on iron and manganese oxides for arsenic uptake and possible 

arsenic remediation from water. The studies include the effect of pH, kinetics, isotherm 

evaluation, effect of co-occurring ions on the sorption behavior of the studied sorbent 

materials and also evaluate their applicability in removing arsenic from real groundwater 

samples. The sorbents have been studied for the leaching property in groundwater pH and 

also for their regeneration and reusability. The studies have been carried out using 
76

As 

radiotracer in batch equilibration mode. With the knowledge gained, a sorbent, MnO2, has 

been identified successfully, which has also been modified in the form of coating on resin 

beads and applied for arsenic removal studies. The conclusions derived from this research 

have been summarized in this chapter, along with the future perspectives. 

Results of the studies are summarized as follows. 

6.1.1. Arsenic uptake on iron oxides 

Arsenic mobilization studies have revealed that iron oxides present in the soil play a vital 

role and accordingly different theories have been predicted for arsenic mobilization in 

water. The arsenic usually remains adsorbed onto the iron oxide surface; however it can 

get solubilized into water depending on various conditions prevailing in the environment, 

which in-turn results in the arsenic contamination in water. This has been the basis of the 

idea that since iron oxide has a strong binding property with arsenic; it must also be 

having the potential to be utilized for arsenic removal as well!! With this perspective, in 

the present study, three different iron oxide sorbents: (a) goethite (α-FeOOH),                 
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(b) hematite (α-Fe2O3) and (c) magnetite (Fe3O4) were synthesized to investigate their 

arsenic sorption characteristics. X-ray diffraction (XRD) measurements have been used to 

confirm the structures of the oxides. Surface area, particle size and point of zero charge 

(PZC) measurements have been carried out for the characterization of the synthesized 

oxides. The PZC values for iron oxides are found to be in the range of 6.8 - 8.0, which 

lies in the range of the normal groundwater pH, and is a suitable characteristic for their 

application in the groundwater treatment.  

To study the effect of pH on the sorption efficiency of arsenic by iron oxides, pH range of 

3 - 11 was chosen in the present study. The sorption experiments were carried out at an 

arsenic concentration of 2 mg L
-1

 using 
76

As radiotracer. Observed results indicated that, 

the percentage sorption of As(III) and As(V) is almost quantitative in the pH < 9 for all 

the three iron oxide sorbents, indicating the participation of electrostatic interaction, in 

addition to some complexation process in the arsenic sorption by the studied sorbents. 

The kinetics and efficiency of the sorption process by the studied iron oxides follows the 

order, goethite (> 98 %) > magnetite (> 90 %) > hematite (> 78 %) at 2 h equilibration. 

The sorption data fitted well with Freundlich isotherm model. The arsenic adsorption 

capacity for goethite (~4 mg g
-1

) is found to be better as compared to other two iron 

oxides. The results are listed in table 6.1. The leaching studies of the iron oxides in the 

presence and absence of arsenic show that, except for magnetite, the iron release was 

within the acceptable limit in drinking water (1 mg L
-1

). The results of the regeneration 

studies were, however, found to be not very encouraging. In spite of insufficient 

regeneration, the reusability study was also carried out and the results show that the 

sorption efficiency remains > 90 % for both magnetite and goethite till 5
th

 cycle, but for 

hematite the efficiency is decreased just in 2 cycles. The effect of common ions on the 

arsenic sorption efficiency was also studied using goethite as the selective sorbent. The 
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sorption studies were carried out in the presence of commonly occurring ions in 

groundwater such as Na
+
, Ca

2+
, Mg

2+
, Cl

-
, HCO3

-
 and PO4

3-
. It is found that there is no 

significant effect of these ions on sorption of arsenic by the iron oxide sorbent except for 

PO4
3-

 ion. This predictably happens due to the similarity in the chemical structure of both 

phosphate and arsenate ions, which results in the competitive adsorption of these ions on 

to the iron oxide sorbent. But this interfering effect is found to be prominent only at very 

high concentration of PO4
3-

 (0.5 g L
-1

), and importantly, such a high value of phosphate is 

generally not seen in normal environmental conditions in groundwater. Since the sorption 

efficiency is not affected by the presence of common ions, goethite, hematite and 

magnetite were also applied for total arsenic removal from real groundwater samples. 

Two groundwater samples were collected from North 24 Parganas, West Bengal, India 

and chemical characterization of these samples was carried out thoroughly. It is seen that 

the removal of arsenic is effective enough to bring its level below 10 g L
-1

 (WHO limit) 

just in one equilibration using magnetite as the sorbent, though with goethite and 

hematite, it took at least two and more equilibrations to reach similar level of arsenic 

removal. 

The mechanism of arsenic sorption by iron oxide sorbents was also investigated 

thoroughly using X-ray photoelectron spectroscopy (XPS) and electrochemical methods 

like cyclic voltammetry (CV) and differential pulse voltammetry (DPV). For goethite and 

hematite, sorption of As(III) and As(V) is observed to be associated with a redox reaction. 

During oxidation of As(III), the Fe(III) gets reduced to Fe(II). This results in the 

formation of surface bound Fe(II) which eventually gets oxidized again to Fe(III). In the 

case of As(V) sorption, the reaction associated is the oxidation of Fe(II) assisted by the 

reduction of As(V). In the case of mixed iron oxide, i.e. magnetite, there is no redox 

reaction indicated in the arsenic sorption process. Thus, both the arsenic species [As(III) 
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and As(V)] are taken up by magnetite without any change in the oxidation states. The 

mechanisms of arsenic uptake by goethite/hematite and magnetite, as proposed in the 

present study, have been conceptually shown in Figs. 3.30 and 3.31. 

6.1.2. Arsenic uptake on manganese dioxide 

The manganese containing minerals are also reported as natural sorbent for arsenic 

removal. In the present study, manganese dioxide (MnO2) samples were prepared by 

different methods: two wet chemical methods and one solid state mixing method. The 

characterization of the synthesized manganese dioxides was carried out using XRD, 

surface area, thermogravimetry (TG) and PZC measurements. The PZC values of the 

MnO2 samples were found to be in the range of 3.8 - 4.1, and the surface of these sorbents 

remained positively charged only in the acidic pH range (Table 6.1). The surface 

morphology of the MnO2 samples was studied by using transmission electron 

microscopic imaging.  

Sorption of arsenic by MnO2 was studied in the pH range of 1 - 11. Sorption of both 

As(III) and As(V) was quantitative in this pH range. Sorption kinetics is found to be quite 

fast and more than 98 % of arsenic was sorbed within 30 s. The sorption follows 

Freundlich isotherm model. Studies have shown that the amount of Mn released is not 

affected by arsenic uptake. Desorption process is found to be most effective on using 0.1 

M NaOH, whereby > 95 % desorption was achieved for both As(III) and As(V) at room 

temperature in two cycles. The MnO2 was also reused with fresh arsenic [As(III) and 

As(V)] radiotracer solutions (2 mg L
-1

) for up to 8 cycles (one cycle comprising of uptake 

of arsenic from 2 mg L
-1

 solution utilizing 0.1 g of MnO2) and the results indicated that 

the sorption efficiency is better for the MnO2 prepared by solid state mixing method. The 

sorption percentage for both As(III) and As(V) species remained > 80 % up to 6
th

 cycles 

of reuse. The sorption studies were carried out in the presence of commonly occurring 
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ions in groundwater such as Na
+
, Ca

2+
, Mg

2+
, Cl

-
, HCO3

-
 and PO4

3-
. The presence of 

HCO3
-
 and PO4

3-
 has a retarding effect on arsenic sorption, but the decrease was 

substantial only at a very high concentration, i.e., at > 0.1 g L
-1

. Studies using arsenic 

spiked synthetic groundwater samples and real groundwater samples from arsenic 

affected areas of West Bengal showed that the concentration of arsenic can be reduced 

below 10 g L
-1

, the WHO limit simply in a single step of equilibration with MnO2. 

Promising results have been observed especially for the MnO2 sample prepared by the 

solid state mixing route. 

The mechanism of sorption was studied by solvent extraction, XPS measurements and 

electrochemical study. Results of solvent extraction, viz. oxidation of As(III) by MnO2 

followed by sorption, were confirmed by XPS. Electrochemical study revealed the clear 

difference in the sorption mechanism of As(III) and As(V). On MnO2 surface, the As(III) 

species gets oxidized and adsorbed, whereas the As(V) species are adsorbed on the 

surface as such. Also during the oxidation of As(III), the Mn(IV) gets reduced to Mn(II) 

and adsorbed on the MnO2 surface facilitating further sorption. These results helped us in 

proposing a mechanism for the sorption of As(III) and As(V) on MnO2, as conceptually 

shown in Fig. 4.17. 

6.1.3. Modified sorbent for arsenic removal from groundwater 

From the above studies, it was confirmed that MnO2 is a promising sorbent for arsenic 

uptake from groundwater. But the direct field application of MnO2 was limited due to the 

difficulty in the separation step because of powdered nature of the sorbent. Thus the aim 

was to modify the sorbent such that it can even be utilized effectively in column mode 

with ease. Various matrices like silica, charcoal, glass, anion exchanger resin and XAD 

were studied for MnO2 incorporation/coating. The XAD-4 was chosen, in our study, since 

it was well known for chemical as well as surface modifications. As reported in the 
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literature, after modification, XAD can be used as an easy and economical choice for the 

separation and preconcentration of heavy metal ions from aqueous samples.  

In the present study, a sonochemical reduction method was applied for modification of 

XAD resin with MnO2, for arsenic removal application. The MnO2 modified XAD beads 

(MX-4) were characterized using Fourier-transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM) imaging, neutron activation analysis (NAA) and 

PZC measurements. From the NAA results, the average concentration of MnO2 was 

calculated to be (2.65 ± 0.21) %. The PZC values for XAD-4 and MX-4 resin were found 

to be 7.6 ± 0.3 and 8.7 ± 0.2, (given in table 6.1) respectively, which are quite similar to 

the groundwater pH. The different parameters like, sonication time, sonication frequency, 

reagent concentration and adsorbent dose were optimized to obtain reproducible coating 

and maximum arsenic removal efficiency. 

These MX-4 beads were applied successfully for the removal of As(III) and As(V) from 

aqueous solutions. The sorption efficiency obtained for As(III) and As(V) was 70.6 % 

(pH ~9) and 96.5 % (pH ~7), respectively. The less sorption for As(III) compared to 

As(V) was explained as follows. During the interaction of As(III) and MnO2, a redox 

reaction occurs, resulting in the oxidation of As(III) to As(V) and reduction of Mn(IV) to 

Mn(II). The surface of MX-4 got modified by the presence of so produced Mn(II) and 

number of adsorption sites available gets reduced. Hence the sorption efficiency for 

As(III) is less. As(V) was taken as such by the resin, so the efficiency was high. The 

arsenic uptake by MX-4 followed Langmuir isotherm indicating monolayer formation. 

Capacity studies of the coated resin were done for both As(III) and As(V) and found to be 

5.5 and 7.6 mg g
-1

, respectively. Regeneration of the resin using 0.1 M NaOH solution for 

As(III) and As(V) species in single step was ~ 77 % and 81 %, respectively. After 

exhaustion of the MX-4, i.e., after 4 cycles, the entire coating was dissolved in 1 M HNO3 
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and the beads could be used for fresh coatings. The modified resin was applied for 

removal of arsenic from two groundwater samples collected from arsenic contaminated 

regions of North 24 Parganas, West Bengal, India. It was seen that the removal of arsenic 

could be achieved quite effectively to take the arsenic level below 10 g L
-1

 (WHO limit) 

following 3 - 4 successive equilibrations. The mechanism of arsenic uptake by MX-4 

beads, as proposed in the present study, has been shown in detail in Fig. 5.8. 

Table 6.1: Summary of sorbents 

Sorbents Surface 

area 

(m
2
g

-1
) 

PZC Sorption 

pH 

Eqbn. 

time 

(min.) 

Arsenic 

sorption 

capacity 

(mg g
-1

) 

Isotherm  Literature 

arsenic 

sorption 

capacity 

(mg g
-1

) 

Goethite 
51 8.0  5 - 7 120 4.0 Freundlich 0.5 [53] 

1.2 [64] 

Hematite 18 7.2  5 - 7 120 1.3 Freundlich 0.8 [53] 

0.4 [64] 

Magnetite 
35 6.8  5 - 7 

120 
3.4 

Freundlich 0.3 [53] 

0.9 [64] 

MnO2 

(M-1) 

77 3.8 

3 - 5 30 3.1 Freundlich 0.2 [76]  

  2.3 [164] 

MnO2 

(M-2) 

67  3.9 
3 - 5 30 4.6 

Freundlich  -  

MnO2 

(M-3) 

131 4.1 5 - 7 30 13.0 Freundlich - 

MX-4 

beads 

750 8.7 7 - 9 30 7.6 Langmuir  - 
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6.2. Conclusions  

The conclusions drawn in this study are: 

1) MnO2, prepared from solid state mixing method, is a promising sorbent for arsenic 

removal. 

2) The difference in the interaction of arsenic with iron oxide and manganese dioxide is 

studied in detail. The mechanism study reveals (i) in the case of iron oxides, oxidation of 

As(III) occurs in the case of goethite and hematite, whereas for magnetite there is no 

redox reaction occurring; (ii) for MnO2, As(III) gets oxidized on MnO2 followed by 

sorption whereas As(V) is adsorbed as such. 

3) MnO2 completely oxidises the As(III) species to less toxic As(V) during the sorption 

process. 

4) MnO2 could successfully be applied to real groundwater from West Bengal and the 

arsenic level was reduced to below WHO limit in single equilibration. 

5) An electrochemical method was designed for the in-situ sorption mechanism 

investigation.  

6) A simple sonochemical method has been optimized for modification of XAD resin 

coated with MnO2 for arsenic removal application. 

7) The results obtained from the present work will form literature database on: 

• Sorption of arsenic on sorbents – iron oxides and manganese dioxides 

• Effect of various parameters on sorption of arsenic 

• Mechanism of sorption 

• Inputs for large scale water purification applications 

The above work has produced five publications in peer reviewed journals and four 

symposia presentations.  
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6.3. Future work 

The future studies need to be carried out on the following areas: 

1) Iron and manganese oxides have good arsenic sorption properties. Study needs to be 

done on understanding the synergistic effects of both the oxides, by mixing them in 

variable proportions. 

2) A binary oxide, of iron oxide and MnO2, needs to be synthesized and study the arsenic 

sorption mechanism. 

3) A detailed thermodynamic investigation needs to be done for the arsenic uptake by 

metal oxides. 

4) The MX-4 resin is found to be having good arsenic removal capability, hence a 

thorough investigation of interaction mechanism of arsenic and MX-4 resin needs to be 

carried out. 

5) EXAFS study on arsenic and MnO2 system can provide more information regarding 

the molecular level of bond formation, bond length and coordination number during the 

sorption process. 

6) More studies needs to be done on preparation of modified materials with high arsenic 

sorption efficiency for direct field applications. 
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SYNOPSIS 

Arsenic is considered as a major groundwater pollutant [1 - 4] due to its potential 

harmfulness to human health. Arsenic comes into groundwater by natural processes as 

well as anthropogenic activities. The natural processes include (i) leaching from rocks 

and minerals, (ii) from volcanic activities. The anthropogenic activities are (i) excessive 

use of pesticides and wood preservatives, (ii) by excessive usage of groundwater [5]. 

Generally arsenic exists as inorganic and organic species in groundwater. Inorganic 

arsenic is considered to be more toxic [1, 5]. World Health Organization (WHO) has kept 

the provisional guideline value as 10 g L
-1

 for arsenic in groundwater [6].  

In literature, many arsenic removal technologies like oxidation, co-precipitation, 

adsorptive removal, ion exchange and membrane based techniques have been reported [7 

- 13]. Among these removal processes, adsorption is superior due to the high removal 

efficiency, high capacity for adsorbate and reusability. Since the process under 

consideration for removal of arsenic in this thesis work is adsorption, it is important to 

study the adsorbent - adsorbate interaction. For the complete understanding of arsenic 

removal by an adsorbent, these studies should include the effect of pH, adsorbent dose, 

regeneration method and the elucidation of interaction mechanism of arsenic with the 

sorbent. A detailed understanding of the chemistry / interactions is inevitable for the 

optimum, efficient and economical usage of existing as well as modified adsorbents. It 

was noted that a comprehensive literature on such studies was scarce. Naturally occurring 

metal oxides such as iron oxide and manganese dioxide are extensively used as sorbents 

for arsenic removal from groundwater. Hence, the main aim of this work is to explain the 

sorption process of arsenic on to iron oxide and manganese dioxide using appropriate 

analytical techniques. 



The present thesis work, performed on sorption of arsenic and the study of mechanism 

investigated, has been described in six chapters. Chapter-1 explains the extensive 

literature survey on arsenic removal using different adsorbents and their interactions. 

Chapter-2 comprehends the synthesis of adsorbents for arsenic uptake studies, and their 

characterization. The techniques used for this work have been presented in brief. Chapter-

3 gives the discussion on the studies carried out on different iron oxides and the 

interactions of arsenic with iron oxides have been investigated using solvent extraction, 

X-ray photoelectron spectroscopy (XPS) and electrochemical studies. Similarly, the 

studies using manganese dioxide as adsorbent have been explained in Chapter-4. The 

studies on the changes of oxidation states of arsenic and manganese during sorption have 

also been explained in this chapter. In Chapter-5, the studies on MnO2 coated resin for 

arsenic removal have been discussed in detail. The conclusions and future studies have 

been listed out in the last chapter, Chapter-6. 

Chapter - 1:  Introduction 

In this chapter, an extensive literature review has been presented on the subject area of 

removal of arsenic from groundwater. The first section of this chapter deals with the 

general discussion on arsenic, remediation methods currently in use and their 

shortcomings. This deal with reports on adsorption of arsenic using variety of adsorbents 

like charcoal, sand, zeolites, polymeric materials and naturally occurring metal 

oxides/hydroxides [14-18].  

The second section describes the review on arsenic removal by adsorbents like iron oxide 

and manganese dioxide. In these context, iron oxide and manganese dioxide (MnO2) [19-

27] have been reported as the promising sorbents for total arsenic removal due to the 

strong adsorption properties.
 
But before selecting the best adsorbent, it is necessary to 



understand in detail the various parameters which affect the sorption efficiency involving 

these sorbent materials. 

The available literature compilation, on mechanism of arsenic interaction with these 

adsorbents, forms the third section of this chapter. Even though a large number of 

literature reports the aspect of arsenic removal, a detailed study on the mechanisms 

involved in these processes are not fully explored. There are only few literatures available 

on the speciation of the arsenic species after sorption [28-36]. In general, the literatures 

indicate that the changes in arsenic species occur at the surface of the adsorbents only 

after the adsorption process. To study the changes in the oxidation state during the 

interaction of the arsenite and arsenate species with the adsorbents, one has to depend up 

on the highly sophisticated spectroscopic techniques like X-ray photoelectron 

spectroscopy (XPS), X-ray absorption near edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS). These studies require a lot of expertise especially 

during data interpretation. 

The main objective of this work has been to study the changes occurring to the oxidation 

states of both the adsorbent and adsorbate during their interaction. The study has been 

aimed to explore the mechanism of these changes following the classical method like 

solvent extraction and an electrochemical method. These results from the studies are 

compared with the results obtained from the well-established XPS measurements. The 

most promising adsorbent with favourable properties, like high arsenic sorption 

efficiency, fast kinetics, tolerance to the co-occurring ions and easy regeneration 

capability has been chosen to prepare a modified material for easy and efficient arsenic 

removal. The synthetic adsorbents in their powder form, pose problem of column 

clogging when applied for removal of toxicants from groundwater in the form of fixed 



bed column. Thus a modified sorbent was synthesized and the properties were evaluated 

so that it can be applicable in the form of column bed for purification of groundwater.  

Chapter - 2: Synthesis of adsorbents and Characterization 

Three different iron oxides, namely magnetite, goethite and hematite, were synthesized by 

chemical methods. The magnetite was prepared from Mohr’s salt 

[(NH4)2SO4.FeSO4.6H2O] and Fe(NO3)3.9H2O following the literature procedure [36]. 

The brown colored precipitate of iron hydroxide, obtained on mixing the above two 

reactants, was heated for the conversion of hydroxides to oxides. The final powder 

obtained was black in color, indicating the color of magnetite (Fe3O4). Goethite (-

FeOOH) was prepared by heating alkaline ferric nitrate solution under constant stirring. 

The dark red precipitate obtained was changed to yellowish in color, indicating the 

conversion of ferrihydrite to goethite [37]. For the preparation of hematite (-Fe2O3), the 

procedure was similar to that of goethite. The dark red precipitate obtained was heated in 

a muffle furnace. The final product was reddish brown colored hematite [37]. The 

structures of the synthesized oxides were revealed by X-ray powder diffraction (XRD) 

analysis. The particle size, surface area and point of zero charge (PZC) of the synthesized 

iron oxides were estimated and results were compared with those reported in the 

literature.  

Manganese dioxide (MnO2) was prepared by two chemical routes and a solid state mixing 

route. The chemical methods used were: (1) manganese dioxide was prepared by mixing 

potassium permanganate and manganese sulphate solutions followed by heating the 

resultant solution [38] and (2) mixing potassium permanganate solution with concentrated 

HCl [30]. In the solid state mixing method, manganese dioxide was prepared via solid-

state reaction of manganese acetate and potassium permanganate [39]. The mixture was 

heated in water for 6 h. XRD, surface area, PZC, transmission electron microscope (TEM) 



images and thermo-gravimetric measurements (TG) were carried out for the 

characterization of the prepared MnO2 samples. The XRD spectrum identified the 

prepared sorbents to be ramsdellite and -MnO2. Transmission electron microscopic 

(TEM) measurement (magnification: 50 k) showed that most of the MnO2 particles were 

needle shaped and were of 100 - 200 nm range. 

Sonochemical reduction of permanganate (MnO4
-
) was used for the preparation of MnO2 

nanoparticles [40] and was used for coating on XAD-4 resin. Characterization of the 

modified MnO2 coated XAD-4 resin (MX-4) was done by attenuated total reflection 

Fourier transform infrared spectrometry (ATR-FTIR), scanning electron microscopy 

(SEM), neutron activation analysis (NAA) and PZC measurements.  

The characterization techniques, their working principles and the optimized parameters 

for these measurements have been described briefly in this chapter. The methods of 

preparation of the arsenic tracer solutions and the other working solutions have also been 

described in this chapter. 

Chapter - 3: Arsenic uptake on iron oxides 

Sorption studies of As(III) and As(V) on chemically synthesized iron oxides like 

magnetite (Fe3O4), goethite (α-FeOOH) and hematite (Fe2O3) have been described in this 

chapter. The studies were performed using 
76

As radiotracer in batch equilibration mode. 

To study the effect of pH on the sorption efficiency of arsenic by iron oxides, a pH range 

of 3 - 11 was chosen. The sorption experiments were carried out at an arsenic 

concentration of 2 mg L
-1 

using radiotracer. In the batch sorption studies, it was observed 

that, the percentage sorption of As(III) and As(V) was almost quantitative in the pH range 

of 3 - 9 for all the three iron oxide sorbents.  The kinetics of sorption for arsenic by these 

iron oxides are in the order, goethite (> 98 %) > magnetite (> 90 %) > hematite (> 65 %) 

at 2 h equilibration. The kinetics data fitted well with pseudo second order kinetic 



equation. The adsorption data fitted well with Freundlich isotherm model. The arsenic 

adsorption capacity for goethite (4 mg g
-1

) was found to be higher among the three iron 

oxides studied. 

The final application of the iron oxide was to use it as a sorbent for arsenic removal from 

groundwater. In this context interferences of other ions on sorption efficiency of the iron 

oxides for arsenic in water were also studied. The tolerance studies were carried out in the 

presence of commonly occurring ions in groundwater such as Ca
2+

, Mg
2+

, Na
+
, Cl

-
, 

HCO3
-
 and PO4

3-
. It was found that there is no significant effect of these ions on the 

sorption of arsenic by iron oxides except for PO4
3-

 ion. This happened due to the 

similarity in the chemical structure of both phosphate and arsenate ions which resulted in 

the competitive adsorption of both the ions on the iron oxide sorbents. But the decrease 

was prominent only at very high concentration of PO4
3-

 (500 mg L
-1

), which is generally 

not seen in normal environmental conditions. 

Since the presence of common ions had little impact on the sorption efficiency, these 

sorbents were subsequently applied on real groundwater samples, which were collected 

directly from North 24 Parganas, West Bengal, India. It was seen that the removal of 

arsenic by the studied iron oxide sorbents is very effective to reduce the toxicant below 

the WHO limit. The arsenic desorption and thus regeneration of the sorbents was also 

carried out using 1 M NaOH. For water purification application, the leaching studies of 

the sorbents were also done as a function of pH. 

The sorption mechanism of the studied iron oxides for arsenic was studied initially by 

solvent extraction method applying benzene as the organic phase [41]. However due to 

incomplete regeneration of the adsorbents, these studies could not enlighten the sorption 

mechanism fully. Hence an electrochemical investigation was carried out using cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) methods. The results 



showed that in magnetite, the As(III) and As(V) were taken up as such. For hematite, 

however the As(III) got oxidized and As(V) got reduced partially. Thus, the mechanism 

of uptake of As(III) and As(V) with hematite was found to be redox type of interaction. 

For goethite also there was a redox reaction happening in the presence of both As(III) and 

As(V). Observed CV results were corroborated nicely from the XPS study. The XPS 

results revealed that for hematite and goethite, the As(III) got oxidized partially and 

correspondingly the Fe(III) got reduced to Fe(II). For As(V) we observed an extra peak at 

lower binding energy which can be attributed to the complex formation of arsenic with 

iron, which could again be ascertained by the observation of a peak at higher binding 

energy for iron. Based on these studies, the sorption mechanism of the iron oxides for 

arsenic could be established satisfactorily [42]. 

Chapter - 4: Arsenic uptake on manganese dioxides 

The manganese dioxide samples prepared by chemical methods (i.e, by two solution 

methods) and solid state mixing method were characterized as explained in Chapter-2. 

The studies on sorption of arsenic (both As(III) & As(V)) by MnO2 was studied by batch 

equilibration method using 
76

As radiotracer in the pH range of 1 to 11. For sorption 

experiments, concentration of arsenic was selected as 2 mg L
-1

 based on the maximum 

reported concentration of arsenic in the affected region of West Bengal, India. Sorption of 

both As(III) and As(V) were > 99 % up to pH 9. The experimental results were very 

promising especially in regard to the sorption efficiency shown by MnO2 prepared from 

solid state mixing method. Kinetics was faster for the MnO2 prepared by solid state 

method, i.e. ~ 98 % within 30 s of equilibration. The sorption data followed Freundlich 

isotherm model and the arsenic removal capacity obtained for MnO2 was 70 mg g
-1

, 

which was a higher value as compared to the natural oxides. 



The effect of commonly occurring ions such as Ca
2+

, Mg
2+

, Cl
-
, SO4

2-
, HCO3

-
 and PO4

3-
 

on the extent of arsenic uptake was investigated separately. It was found that Ca
2+

, Mg
2+

, 

Cl
-
 and SO4

2- 
did not affect the sorption of arsenic. It was observed that the extent of 

sorption of arsenic was quantitative at lower concentrations of HCO3
-
 and PO4

3-
. But 

decreased at higher concentrations of these ions, where the effect of PO4
3- 

was
 
more 

severe than
 
that of

 
HCO3

-
. However it is important to note that the groundwater usually 

does not contain such high concentrations of HCO3
-
 and PO4

3-
 ions. The MnO2 

regeneration was done using different concentrations of NaOH. Results showed that about 

90 % of the sorbed arsenic can be removed in a single equilibration with 0.1 M NaOH 

with only 30 min contact time. The MnO2 leaching study in the presence and in the 

absence of arsenic was also carried out in detail as a function of pH and the leaching of 

the sorbent was found to be significantly small. 

MnO2 was applied as a sorbent to purify two synthetic groundwater samples spiked with 

2 mg L
-1

 of arsenic (as radiotracer). The sorption of As(III) and As(V) on manganese 

dioxide from both the water samples was > 97 %. Arsenic sorption study was also carried 

out on two groundwater samples collected from arsenic contaminated areas of West 

Bengal, India. The results of sorption indicated that the concentrations of arsenic can be 

reduced below WHO permissible limit of 10 g L
-1

 even with single equilibration with 

MnO2 as sorbent. This study suggests that the manganese dioxide synthesized via solid 

state reaction method is very effective for removal of arsenic from groundwater [43, 44]. 

The interaction of arsenic and manganese was also investigated in detail. The aim was to 

study (i) the changes occurring on MnO2 during sorption of arsenic and (ii) to study the 

interaction of manganese and arsenic, by following the changes in the oxidation states. 

Solvent extraction study [41] was done as a preliminary investigation method for 

elucidation of the oxidation state of sorbed arsenic. Solvent extraction study using 



benzene as solvent was done using arsenic radiotracer. The 
76

As activity was retained in 

the aqueous phase irrespective of the initial oxidation state of the As radiotracer. This 

clearly indicated the oxidation of As(III) to As(V) during sorption on manganese dioxide.  

An electrochemical method was developed for explaining the arsenic - manganese 

interactions. Chronopotentiometry (CP) and cyclic voltammetry (CV) were recorded 

using the MnO2 modified glassy carbon (GC) electrode without and with addition of 

arsenic in the solution. The CV measurements support the CP measurements with 

mechanism of uptake for As(III) as the oxidative adsorption process and As(V) undergo 

adsorption without any redox modification.  

For the confirmation of the above observations and to investigate the oxidation states with 

a well established technique, XPS measurements were carried out. Observed results 

indicated reduction of Mn(IV) to Mn(II) during the sorption of As(III) and also confirmed 

the sorption of Mn(II) on the surface of the sorbent. From these data, a detailed 

mechanism of sorption of arsenic onto MnO2 could be proposed [45].  

Chapter - 5: Modified sorbent for arsenic removal from groundwater 

The extensive investigation of the interaction of manganese dioxide (MnO2) and arsenic 

resulted in establishing MnO2 as one of the promising sorbent for removal of arsenic. 

However the application becomes limited due to difficulty of packing it into a column for 

direct field use. Therefore coating of MnO2 on inert solid support was studied as 

described in Chapter-5 [8, 46]. The MnO2 was prepared by reduction of KMnO4 using 

ultrasound and in-situ coating on XAD-4 was done. Optimization of various parameters 

like KMnO4 (reagent) concentration, sonication time and amount of MX-4 resin used 

were done for obtaining reproducible coating of MnO2. These MX-4 beads were applied 

for the removal of As(III) and As(V) from aqueous solutions. Batch sorption studies were 

done using arsenic (
76

As) radiotracer. For the sorption studies, pH was varied from 3 to 



11. The data obtained by the adsorption studies followed the Langmuir isotherm 

indicating monolayer adsorption. The regeneration of the sorbent was done by 0.1 M 

NaOH solution. The modified resin was applied for quantitative removal of arsenic from 

two groundwater samples collected from arsenic contaminated regions of North 24 

Parganas, West Bengal, India, and found to be quite effective. A schematic mechanism 

for the removal of arsenic by MX-4 beads could be proposed from the results obtained 

from the present study [47]. 

Chapter - 6: Summary, Conclusions and future work 

This chapter gives the highlights of the entire work along with the future arenas to be 

explored. 

The highlights of this work are:  

1) MnO2 prepared by solid state mixing method is found to be a promising material for 

arsenic removal from groundwater. 

2) Elaborate studies have been carried out with both iron and manganese oxides and the 

results are compared with the reported data. 

3) Application of the adsorbent to real groundwater from West Bengal has been 

demonstrated.  

4) Sorption mechanism of arsenic using iron and manganese oxides has been established. 

5) An electrochemical method was designed for the in-situ sorption mechanism 

investigation.  

6) A simple sonochemical method has been optimized for modification of XAD resin 

coated with MnO2 for arsenic removal application. 



The study reveals (i) during uptake of arsenic on iron oxides, oxidation of As(III) occurs 

in the case of goethite and hematite, whereas for magnetite there is no change in the 

oxidation state of both As(III) and As(V) species; (ii) during uptake on manganese 

dioxide, there is a clear difference in the sorption of As(III) and As(V). As(III) gets 

oxidized on MnO2 followed by sorption whereas As(V) is adsorbed as such. 

In future, following studies will be done for complete understanding of the adsorbent-

adsorbate interaction.  

1) Investigation of interaction mechanism of arsenic and MX-4 resin. 

2) Study the synergistic effects of iron and manganese binary / combination oxides on 

arsenic sorption and study their sorption mechanisms.  

3) EXAFS study to confirm the bond length and the coordination number in regard to the 

sorption of arsenic on the metal oxides. 

4) Preparation of modified materials with high arsenic sorption efficiency for direct field 

applications. 
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