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1.1. IMPORTANCE OF WATER 

Water is one of the very basic requirements for life, as we can survive without eating food for 

weeks but can survive only for few days without drinking water. In scientific terms, bulk or 

55-60 % of the human body is made up of water. The water content of tissues of various body 

organs viz. brain is 74.8 %, lungs 79 %, kidneys 82.7 %, blood 83 %, intestine 74.5 %, heart 

79.2 %, liver 74.8 %, muscle 75.6 %, skeleton 22 % and spleen 75.8 % [1]. In simple terms 

human body water needs replenishment and it can be achieved only by drinking clean water. 

The earth‟s surface is composed of more than 70 % water, out of which about 97 % is salt 

water which is technically not suitable for human consumption; the other 2 % is glacier ice, 

which is very far away from the places where people live. The remaining 1 % is the fresh 

water which we use for drinking, washing, irrigation, industrial purposes and many more, but 

this 1 % water appearing crystal clear may not always be as clean as it appears [2]. Due to 

industrialization and urbanization of human society, release of heavy metal ions such as 

aluminium, arsenic, lead, mercury, chromium etc. pollutes the drinking water. Over the past 

few decades, the toxicity of water caused by discharge of these contaminants into natural 

water have become a global issue as these contaminants not only threat the aquatic life but 

also become a risk factor for human health through the food chain. Among these, arsenic (As) 

contamination of drinking water is a worldwide challenge as it causes many diseases such as 

lung, kidney, skin and bladder cancers, still births, heart attacks etc. [3-5]. 

As there is only 1 % fresh water available for human consumption or drinking, so there is a 

need to handle the water systems appropriately and to make this water free from 

contaminants. Water treatment plays an important role in making water free from 

contaminants. In this study, we have made an attempt to develop a material for water 

purification by removing hazardous arsenic from drinking water. 

1.2. ARSENIC IN THE ENVIRONMENT 

1.2.1. Arsenic chemistry 

The word arsenic has been originated from the Greek word arsenikon which means potent i.e. 

king of all poisons [6]. Arsenic is a metalloid, fourth row, group fifteenth element with 

atomic number 33, atomic weight 74.9, specific gravity 5.73 and vapor pressure 1 mm-Hg at 

372 
o
C. It is the twentieth most abundant element in earth‟s crust, fourteenth in seawater and 

twelfth in the human body [7]. Arsenic rarely exists in its free state as it has strong affinity to 

form bonds with other elements and species. It occurs naturally in earth‟s crust, rocks, soil, 
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water and air in combination with sulphur, oxygen and iron [8, 9]. It occurs in the 

environment in four oxidation states i.e. −3, 0, +3 and +5 depending upon environmental 

conditions [10, 11], often as sulfides or metal arsenides or arsenates [12]. In aqueous 

environment, arsenic exists predominantly as inorganic oxy-anions of trivalent arsenite 

(As(III)) or pentavalent arsenate (As(V) [13]. Trivalent arsenite (As(III)) species viz. 

H3AsO3
0
, H2AsO3

-
, HAsO3

2-
 and AsO3

3- 
mostly occur in reducing anaerobic environments 

such as groundwater, while pentavalent arsenate (As(V)) species viz. H3AsO4, H2AsO4
-
, 

HAsO4
2-

 and AsO4
3- 

are dominant in oxygen rich aerobic environments such as surface water 

[14]. Although inorganic arsenic species are present in abundance, the presence of organic 

arsenic species, i.e. monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) has 

also been reported in natural water [15, 16]. The molecular configurations of arsenite and 

arsenate are shown in Fig. 1.1 (a) and (b), respectively [17]. As(III) has three pyramidal 

bonds and a lone pair of electron occupying the fourth arm of a tetrahedron as show in Fig. 

1.1 (a).  

 

Figure 1.1: Molecular configuration of (a) arsenite and (b) arsenate [17]. 

On the other hand, As(V) forms regular tetrahedron by forming bond with oxygen ligands 

resulting in stable AsO4
3-

 anion similar to PO4
3-

 in structure (Fig. 1.1 (b)). The occurrence, 

distribution, mobility and speciation of arsenic in aqueous environment is based on the 

interplay of certain geochemical factors such as pH conditions, reduction-oxidation reactions, 

presence of other ionic species, aquatic chemistry, microbial activity and adsorption 

reactions. Among all these factors, oxidation reduction potential (Eh) and pH conditions are 

most important ones to control the arsenic speciation. In oxidizing environment, H2ASO4
-
 

species dominate at pH less than 6.9, while HAsO4
2- 

dominates at higher pH. On the other 

hand under reducing environmental conditions, the uncharged H3AsO4 species predominate at 
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pH less than 9.2 [18]. The effect of pH and oxidation reduction potential on arsenic chemistry 

is shown in Fig. 1.2 [11].  

 

Figure 1.2: Behaviour of arsenic at various oxidation-reduction- (Eh) pH combinations. ORP 

= oxidation reduction potential; AsO4 = arsenate compounds; AsO3 = arsenite compounds; 

AsS2 = arsenic disulfide compounds; As = elemental arsenic; and AsH3 = arsine [11]. 

It has been reported in the literature that As(III) is pH independent in comparison to As(V) 

pH dependency [13]. Dissociation reactions and corresponding equilibrium constants of 

arsenious (H3AsO3) and arsenic (H3AsO4) acids are summarized in Table 1.1 [19].  

Table 1.1: Dissociation constants of arsenate and arsenite [19]. 

Speciation                                        Dissociation reactions                                            pKa 

Arsenate 

As(V)                               H3AsO4                                   H
+
 + H2AsO4

-
                         2.24 

                                         H2AsO4
-
                                    H

+
 + HAsO4

2-       
                    6.69 

                                         HAsO4
2- 

                                  H
+
 + AsO4

3-
                           11.5 

 

Arsenite                           H3AsO3                                        H
+
 + H2AsO3

-
                        9.2        

As(III)                              H2AsO3
-             

            H
+
 + HAsO3

2-
                        12.1 

                                          HAsO3
2-

                                 H
+
 + AsO3

3-
                           13.4 
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1.2.2. Sources and occurrence of arsenic 

Arsenic is introduced in the surface water and groundwater as a result of number of natural 

and anthropogenic sources. It cannot be destroyed; it can only be converted from one form to 

other form or combined with other elements to be converted into insoluble compounds [20]. 

Arsenic being a metalloid exhibits some metallic properties and co-exists in nature with other 

metals like Fe, Cu, Ni, Zn, etc., as sulphide or oxide ores. It exists naturally in more than 200 

different mineral forms in the environment, out of which approximately 60 % are arsenates, 

20 % sulphides (arsenopyrite, cobaltite, gersdorffite, orpiment, realgar) and sulfosalts 

(enargite and proustite) and the remaining 20 % includes arsenides, arsenites, oxides, silicates 

and elemental arsenic (As) [21, 22]. The most common arsenic minerals found in nature are 

arsenopyrite (FeAsS), realgar (As4S4), orpiment (As2S3), lollingite (FeAs2), scorodite 

(FeAsO4.2H2O) and austenite (CaZn(AsO4)OH). The sulphide minerals i.e. arsenopyrite, 

orpiment and realgar are mostly found in hydrothermal and magmatic deposits [23]. It has 

been reported that on an average 6 mg of As per kg is present naturally in the earth‟s crust. 

Coal minerals also have elevated concentrations of arsenic (1.5 mg As/kg) in the form of 

arsenite and arsenate [21, 24]. The desorption and dissolution of  naturally occurring arsenic 

compounds by weathering of rocks and sediments, hydrothermal ore deposits, volcanic 

eruptions, geothermal activities, wind-blown dust, sea salt spray and forest fires are 

considered as principal natural sources of As distribution in ground water and environment 

[24-27]. The volcanic eruption releases 17,150 tons of arsenic and burning of wood in forest 

fires releases 125 to 3,345 tons of arsenic per year in the environment [21, 28, 29]. There are 

some anthropogenic sources which are also responsible for arsenic poisoning of groundwater. 

Arsenic containing compounds are widely used as herbicides, pesticides and fungicides in 

agriculture. These are also used to some extent as wood preservatives, in glass, alloys and 

electronics. Chromated copper arsenate (CCA) is widely used as wood preservative, copper 

acetoarsenite pigment and lead arsenate have long been used as pesticides and insecticides. 

The continuous use of these arsenic containing insecticides, pesticides and wood 

preservatives results in increased residual arsenic concentrations in soils and sediments upto  

2 g As/kg. The mining, smelting of Cu, Au, Ni, Pb and Zn ores, processing of cotton and 

wool, seepages from hazardous waste sites, power generation by the burning of arsenic 

contaminated coal also causes the arsenic poisoning of water [30-35, 20]. In comparison to 

natural sources, these anthropogenic sources are much less responsible for arsenic poisoning 

of groundwater, but their contribution for groundwater contamination cannot be neglected. 
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Arsenic poisoning was identified in West Bengal and Bangladesh for the first time and then 

reported in Inner Mongolia, Vietnam and other areas of Asia [36-38]. Now arsenic poisoning 

has been reported in various countries of the world but the maximum concentration limit 

(MCL) of these countries differs due to their different socio-politico-economical contexts or 

unavailability of different treatment technologies [39]. Fig. 1.3 shows the „As‟ contaminated 

parts of the world with their respective MCL value [40, 41, 13]. 

 

Figure 1.3: Arsenic contaminated countries and their respective MCL value [41]. 

1.2.3. Hazardous effects of arsenic 

It is well known that arsenic is toxic for both plants and animals, and the toxic effects of 

arsenic decreases in the order of arsine > As(III) > As(V) > organic arsenic compounds > 

elemental arsenic [20]. Inorganic arsenic compounds are more toxic than organic arsenic 

compounds and inorganic As(III) is 25-60 times more toxic than inorganic As(V) [32]. There 

are various factors such as arsenic species, amount of arsenic, exposure time, nutritional 

status, methylation capacity, genetic conditions, bioavailability, and presence of co-

carcinogenic factors such as sunlight exposure, cigarette smoking etc. on which arsenic 

toxicity generally depends [42-49]. Two types of effects of arsenic exposure on human health 

have been reported viz. acute and chronic. Acute arsenic poisoning effects occur immediately 
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after ingestion of high concentration of arsenic at one time, while chronic poisoning effects 

occur gradually with consumption of low concentration of arsenic for a long time period. 

International Agency for Research on Cancer (IARC), has classified arsenic as group 1 

carcinogenic substance to human beings [50]. US Environmental Protection Agency 

(USEPA) also classified arsenic poisoning as a Class „A‟ human carcinogen. Arsenic 

interferes with a number of essential biological activities such as action of enzymes, essential 

cations and transcriptional events in cells thus causing arsenic poisoning [51]. The common 

symptoms which arises as a result of acute arsenic poisoning are muscle pain, weakness, 

numbness, stomach pain, nausea, vomiting or diarrhoea (if one consume 0.3 to 30 mg/L 

arsenic at a time), and in severe cases seizures, coma, or even death can occur (at large oral 

dose of 60 mg/L) [52, 53]. The chronic arsenic poisoning symptoms starts to appear after few 

years of exposure, initially as skin ailments because skin is quite sensitive to arsenic. 

Hyperpigmentation and hypopigmentation can occur which shows dark and light spots 

respectively, then keratosis begins which hardens the skin on hands and feet causing skin 

lesions. Long term exposure of about 10 years results in skin cancer and about 20 to 30 years 

of exposure can cause internal body cancers such as lung, bladder and kidney and liver 

cancers [54]. The other effects of arsenic poisoning such as hypertension, peripheral vascular 

diseases, cardiac vascular diseases, respiratory diseases, diabetes mellitus, and malignancies 

have also been reported in the literature [55-59].  

1.3. TECHNOLOGIES AND METHODS AVAILABLE FOR ARSENIC REMOVAL  

In recent years, arsenic contamination of drinking water has become a global issue due to its 

toxicological and carcinogenic effects on humans as discussed in the above section. The 

maximum concentration limit of arsenic set by World Health Organization (WHO) for 

drinking water is 10 µg/L. Therefore, it is worldwide demand to develop effective 

technologies for arsenic removal to meet the standard. Although various technologies are 

available for arsenic removal but effective technologies are economically unaffordable at 

large scale. On the other hand, economically affordable and easily available technologies are 

not much effective to meet the quality of the treated water as per WHO standards [60]. In this 

section, we have given a brief description of some available technologies for arsenic removal. 

Fig. 1.4 shows the schematic of various existing technologies for arsenic removal. 
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Figure 1.4: Schematic of various existing technologies for arsenic removal. 

1.3.1. Oxidation/Precipitation 

In aqueous environment, arsenic is mainly found in +3 (As(III)) and +5 (As(V)) oxidation 

states. Most of the arsenic treatment technologies are effective in removing As(V) but not 

As(III) due to the uncharged behaviour of As(III) at low pH values [61]. Therefore, it is 

essential to convert soluble As(III) to As(V) by oxidation followed by precipitation of As(V) 

as arsenic sulphide, calcium arsenate or ferric arsenate [62-66]. There are number of oxidants 

viz. ozone, freely available chlorine, Cl2O, FeO4
2-

, H2O2, hypochlorite, potassium 

permanganate, Fenton‟s reagent (H2O2/Fe
2+

), MnO2 coated nanostructured capsules for the 

oxidation of As(III) to As(V) [67-86]. The oxidation followed by adsorption is also found to 

be effective for arsenic removal as As(V) adsorbs more efficiently than As(III) on the solid 

surfaces [62, 87].  

The photochemical and photocatalytic oxidation of As(III) has also been reported in the 

literature [70, 85, 88-92]. It has been found that UV irradiation in the presence of oxygen, 
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increases the oxidation rate of As(III) in water [77, 93]. García et al. [94] explored solar 

oxidation (SORAS) process in which he utilizes sunlight irradiation of arsenic contaminated 

water in PET- or other UV-A transparent bottles for arsenic removal. In this process arsenic 

removal takes place in two steps. In the first step, As(III) photochemicaly oxidized to As(V) 

and then adsorbs to iron(hydr)oxides surface. In the second step, Fe(III)(hydr)oxides formed 

from naturally present iron with the adsorbed As(V) settled down at the bottom of the 

container and the clear water in the supernatant can be decanted. In Bangladesh, iron is 

naturally present in groundwater; therefore SORAS could be useful to reduce arsenic contents 

in water at virtually no cost. Thus this method can potentially be used at household level for 

treatment of small quantities of drinking water. It has been reported by Yang et al. and Bissen 

et al. [95, 96] that photocatalytic oxidation can be efficient for oxidation of As(III) to As(V). 

To achieve high arsenic removal efficiency by oxidation method, an adequate selection of 

oxidants in relation with aquatic chemistry and water composition is essential. Moreover, 

oxidation alone is not considered as an effective method for arsenic removal as it removes 

only a part of arsenic. 

1.3.2. Coagulation/Electro-coagulation 

The coagulation method is one of the conventional methods used for removal of suspended 

and dissolved solids including arsenic from the drinking water. In this method, chemical 

coagulants such as alum (hydrated potassium aluminium sulphate), iron and manganese salts 

are added into large volumes of water for arsenic removal. Among these iron coagulants have 

proved to be more effective for arsenic removal [63, 97-100]. This method involves the 

aggregation of fine particles in water into coagulate due to strong reduction in the absolute 

values of zeta potentials of the particles resulted by addition of coagulants. Then there is 

precipitation of arsenic ions with the ferric or aluminium ions on coagulates, and finally they 

are concentrated in the coagulates. The arsenic-borne coagulates are then separated from 

water through filtration. The rate of coagulation is mainly affected by pH, coagulant dosage, 

turbidity, natural organic matter, other competing ions in solution and temperature. The use 

of ferric iron coagulants for treatment of arsenic contaminated deep-well water in Taiwan 

was reported even in the late 1960s [101]. This method has been proved much more effective 

for As(V) removal as compared to As(III) removal. Hence, it is essential to convert As(III) to 

As(V) by pre-oxidation step. Moreover, coagulation method is usually associated with 

treatment and disposal problem of the resulting waste sludge [102]. Therefore, 
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electrocoagulation (EC) method is typically used instead of coagulation method to reduce the 

sludge production. In this method aluminium or iron, when dissolved electrolytically, 

supports the coagulation process and decreases the amount of sludge. This method proved to 

be effective in removing arsenic from water as compared to coagulation method [102-106]. 

1.3.3. Adsorption 

Adsorption is a process in which substances from either gas or a liquid solution bind to the 

surface of a solid. The substances which are separated from one phase and accumulated or 

concentrated at the surface of another are called adsorbate. The solid material which adsorbs 

adsorbate on its surface is called adsorbent. The reverse processes in which the adsorbate 

detaches from the surface of a solid to a gas or a liquid is called desorption [107]. There are 

two types of adsorption processes which mainly takes place viz. physical adsorption and 

chemical adsorption. In physical adsorption, there are weak chemical interactions such as 

Van der Waals forces of attraction or hydrogen bonding between the adsorbate and adsorbent. 

Therefore, physical adsorption does not cause any major chemical changes in the chemical 

structure of adsorbent and adsorbate as a result of adsorption. As the adsorbate molecules can 

adsorb on each other via Van der Waals or hydrogen bonding forces, multilayers are formed 

frequently in case of physical adsorption. In chemical adsorption, there is covalent chemical 

bonding between the adsorbate and a specific adsorption site of the adsorbent due to which 

there is an upper limit to the quantity that may adsorb on the surface resulting in monolayer 

covering of the surface. The chemical adsorption generally has higher enthalpy and slower 

kinetics of adsorption as compared to physical adsorption [107, 108]. The adsorption method 

has widely been used for the treatment of arsenic contaminated groundwater.  

This technology is effective to remove both As(III) and As(V) below MCL value set by 

WHO i.e. 10 µg/L, but its effectiveness is sensitive to a variety of other contaminants present 

in polluted water. There are number of adsorbents viz. magnetite (Fe3O4), goethite, zero 

valent iron-reduced graphite oxide, ferrihydrite, Mn-substituted Fe oxyhydroxide, granular 

ferric hydroxide, Ce(IV)-doped Fe oxide, natural hematite and natural siderite, activated 

alumina, iron oxide coated cement, iron oxide coated sand, indigenous filters and cartridges 

etc. which have been reported in the literature for arsenic removal through adsorption 

technique [5, 109-118]. The adsorption media is usually packed into a column and as the 

arsenic contaminated water is passed through the column, arsenic gets adsorbed and we get 
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arsenic free water in the effluent. When adsorption sites become saturated, the column should 

be regenerated or disposed of and replaced with new adsorption media. 

1.3.4. Ion exchange 

Ion exchange method has also been widely used for the arsenic removal from water [118, 

119]. This method is considered as special form of adsorption in which reversible interchange 

of ions between the solid and liquid phases occurs without causing permanent change in the 

structure of solid. While other forms of adsorption involve stronger bonds therefore they are 

less easily reversed. It is a physical-chemical process in which metal ions are swapped 

between a solution phase and solid resin phase. The solid resin is typically an elastic three-

dimensional hydrocarbon network to which a large number of ionisable groups are bounded 

electrostatically. These groups are exchanged with metal ions of similar charge in solution 

that have a stronger exchange affinity (i.e., selectivity) for the resin.  

Chloride is proposed as one of ion-exchange resins to remove the As(V), as shown in the 

following equation [120]. 

    R-[N(CH3)3]
+
Cl

-
 + H2AsO4

- ⇔ R-[N(CH3)3]
+
H2AsO4

-
 + Cl

-  
                (1.1)

 

The resins can be regenerated by using sodium chloride solutions. Metal hydroxides can also 

be used for As(V) removal. However, these resins are insensitive to pH in the range 6.5-9.0 

[121, 122]. 

1.3.5. Membrane filtration process 

Membrane filtration processes also used as a promising technology for water purification by 

removing a wide range of contaminants including arsenic. This technology is able to remove 

arsenic below 50 µg/L and in some cases below MCL value of 10 µg/L. The effectiveness of 

this technology is also sensitive to a variety of contaminants and their characteristics present 

in the contaminated water. There are four different kinds of pressure driven membrane 

filtration processes viz. microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and 

reverse osmosis (RO), reported in the literature for remediation of arsenic contaminated 

water. All the four processes are characterized by pore size of the membrane or the particles 

size that can pass through the membrane and selectivity of the membranes increases with 

increasing driving pressure [123]. As MF and UF require low pressure (0-100 psi), therefore 

the contaminants are separated by mechanical sieving. These membranes can remove only 

particulate form of arsenic from water and not the dissolved arsenic, because the dissolved 
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arsenic size is much small to pass through the pores of such membranes. Therefore, the 

arsenic removal efficiency of these membranes depends on the size distribution of arsenic 

bearing particles in water. Many researchers enhance the arsenic removal efficiency of these 

membranes by making some modifications [124-126]. 

On the other hand, NF and RO require relatively high pressure (50-150 psi), therefore the 

contaminants are separated via chemical diffusion across the permeable membrane [123, 40, 

121, 122]. These membranes can remove dissolved arsenic from water to a particular level 

provided the feed water contains a very low amount of suspended solids [127]. It has been 

reported by Waypa et al. that NF and RO membranes removed both As(III) and As(V) 

effectively upto 99 % from water [128]. This shows that size exclusion is responsible for 

arsenic removal and not the charge interaction. RO membrane with extremely small pores i.e. 

< 0.001 µm is the oldest and effective technology available for water desalination and arsenic 

removal from small water systems [129]. This shows a very high rejection upto 99 % of low 

molecular mass compounds [130]. Moreover, a number of researchers reported that these 

membranes shows a high rejection for As(V) in comparison to As(III) and this is the most 

important drawback of RO [131, 132]. 

1.3.6. Bioremediation 

There are certain plants and micro-organisms which have been used by researchers for 

arsenic removal. This type of remediation of arsenic by using plants and microorganisms is 

termed as bioremediation of arsenic. These biological methods are categorized as either 

phytoremediation utilizing plants to remove the elemental contamination, or biological 

treatments utilizing micro-organisms. In case of phytoremediation, various plant species viz. 

poplar, cottonwood, sunflower, Indian mustard, maize, grasses (ryegrass and prairie) are used 

to either stabilize or remove arsenic from groundwater through phytostabilization and 

phytoextraction. There are certain hyper-accumulating ferns which accumulate high 

concentrations of arsenic in their aerial tissues [133]. Chinese brake fern Pteris vittata is the 

first reported arsenic hyperaccumulator, which can accumulate 12–64 mg As/kg in its fronds 

from soils containing 0.5–7.5 mg As/kg, and up to 22,630 mg As/kg from a soil amended 

with 1500 mg As/kg [134]. A number of other fern species including Agrostis tenuis, Agrostis 

stolonifera, Pityrogramma calomelanos, Pteris cretica, Pteris longifolia and Pteris umbrosa, 

have also been reported to hyperaccumulate the arsenic [133]. These plants are able to 

tolerate high concentrations of As(V) but not As(III). 
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Similarly a variety of microorganisms viz. Sphaerotilus, Leptothrix ochracea, 

Gallionellaferruginea, Thiobacillus acidophilus, Acidithiobacillus ferrooxidans, Escherichia 

coli were utilized by various researchers for the biological removal of arsenic [135-138]. Two 

types of microbiological interactions i.e. microbial oxidation of As(III) to As(V) followed by 

precipitation, and bio- accumulation of arsenic by microbial biomass, have been reported for 

arsenic removal by Parknikar et al. [139]. Bioremediation is more effective for As(V) 

removal rather than for As(III) removal. 

1.3.7. Other methods 

There are number of other methods including solvent extraction, reactive barrier, lime 

softening, foam flotation etc. for the arsenic removal. In solvent extraction, a substance is 

extracted from one liquid phase to another liquid phase based on the relative solubility of 

compounds in two different immiscible liquids, such as water and an organic solvent. The 

extractant, diluents and valency of arsenic in water affects the efficiency of extraction. It has 

been reported that the aromatic diluents such as toluene are preferable diluents for arsenic 

removal. Many researchers have used this method for water purification [140-143]. The main 

problems associated with this method are arsenic removal below MCL value and disposal of 

by-products. 

In reactive barrier method, a reactive material zone termed as permeable reactive barrier 

(PRB) contains a reactive material for arsenic removal [144-146]. In a typical PRB design, 

there is excavation and backfilling of continuous trench of reactive material such as iron, 

limestone, calcium phosphate-based minerals, activated carbon, compost, zeolites etc. The 

reactive material is selected on the basis of target contaminants. In this method, there is 

involvement of a “funnel and gate” system, which uses low-permeability walls to direct 

contaminated groundwater towards a permeable reactive barrier treatment zone. In most of 

field-scale PRB systems, zero-valent iron is used as a reactive media for the remediation of 

chlorinated organic, metal and radionuclide contamination [147]. 

Arsenic removal by lime softening process is somewhat similar to the coagulation method. In 

this method hydrolyzed lime (Ca(OH)2) react with carbonic acid to form calcium carbonate, 

which acts as a arsenic adsorbent. This method is effective for arsenic removal in case of very 

hard water especially at pH > 10.5 [63]. It has been reported that only 40-70 % As(V) was 

removed from water having an initial arsenic concentration of 0.1 to 20 mg/L at pH values 

9.0 to 10.0. An increase in arsenic removal efficiency was obtained when lime softening was 
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followed by the coagulation using an iron salt. In this method, a high As(V) removal 

efficiency of 95 % was obtained for pH from 10.6 to 11.4 at an initial arsenic concentration 

of 12 mg/L [63, 148-150]. This method is not effective for extremely low arsenic 

concentrations. Moreover, this method is costly and therefore is not suitable for small 

systems. 

The use of adsorbing colloid floatation (ACF) method has also been reported for removal of 

low arsenic concentrations in water [151-154]. This method is considered as an analytical 

method for simultaneous removal of germanium, arsenic and boric acid [155-157]. In this 

method, a coagulant viz. goethite, iron(III) sulphate, alum or ferric hydroxide is added to 

produce a floc and arsenic is adsorbed on these flocs and co-precipitated with them followed 

by collection of these flocs by addition of surfactant [158-161]. It has been found that 99.5 % 

arsenic was removed by using colloidal ferric hydroxide as a co-precipitant and sodium 

dodecyl sulphate as a collector at pH 4.0 to 5.0 [151]. However this method is non-selective 

for arsenic removal.  

1.3.8. Comparison between different methods of arsenic removal 

The various technologies for arsenic removal as discussed above have certain advantages and 

disadvantages of their own. Table 1.2 shows a comparative account of arsenic removal 

efficiency and water losses for various technologies operated under normal conditions as 

reported in the literature. Among all the methods, adsorption is considered as more effective 

because of low treatment cost, high arsenic removal efficiency and minimum water loss as 

compared to other technologies. Further in adsorption method, iron based adsorbents such as 

magnetite, maghemite etc. have proved to be more effective with high arsenic removal 

efficiency (upto 99 %) and minimum water loss of 1-2 % only [9, 121].  
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Table 1.2: Comparison between treatment efficiencies of different arsenic removal methods 

and corresponding water loss [9, 121]. 

Treatment process As removal efficiency Water loss 

Oxidation and Filtration 

Greensand 

Biological oxidation 

Co-precipitation 

Enhanced lime softening 

Enhanced Coagulation/Filtration 

With alum 

With ferric chloride 

Coagulation assisted microfiltration 

Adsorption 

Activated alumina 

Iron based sorbents 

Ion exchange 

Membrane Technology 

Reverse osmosis 

 

50-90 % 

> 95 % 

 

90 % 

 

< 90 % 

95 % 

90 % 

 

95 % 

upto 99 % 

95 % 

 

> 95 % 

 

< 2 % 

< 2 % 

 

1-2 % 

 

1-2 % 

1-2 % 

5 % 

 

1-2 % 

1-2 % 

1-2 % 

 

15-20 % 

Looking to the higher arsenic removal efficiency, in the present work we have used magnetite 

nanoparticles (iron based sorbents) as the adsorbent for arsenic removal. 

1.4.  MAGNETITE NANOPARTICLES  

1.4.1.  Synthesis of magnetite nanoparticles 

There are several methods reported in the literature for the synthesis of magnetite 

nanoparticles. Fig. 1.5 represents schematic of some widely used synthesis methods such as 

co-precipitation, sol-gel, hydrothermal, microemulsion, thermal decomposition, 

sonochemical and electrochemical etc. for magnetite nanoparticles [162-175]. We have 

adopted co-precipitation method for the synthesis of magnetite nanoparticles on sand surface. 
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Figure 1.5: Methods for synthesis of magnetite nanoparticles. 

1.5. APPLICATIONS OF MAGNETITE NANOPARTICLES AS AN ADSORBENT   

FOR ARSENIC REMOVAL FROM WATER 

Many studies have been reported in the literature for the arsenic removal by magnetite 

nanoparticles. It is well known that being an iron oxide, surface hydroxyl groups are the 

reactive functional groups of magnetite nanoparticles. The double pair of electrons with a 

dissociable hydrogen atom enables magnetite nanoparticles to react with ions in solution and 

to form the surface complexes. Arsenic can form three types of complexes with iron oxides 

viz. bidentate mononuclear, bidentate binuclear and monodentate mononuclear as shown in 

Fig. 1.6 [176]. We have shown only the coordination of arsenate with iron oxide in this 

figure. 

 

Figure 1.6: Schematic representation of different complexes of arsenic that may form on the 

iron oxide surface; (a) bidentate mononuclear (b) bidentate binuclear (c) monodentate 

mononuclear [176]. 

There are two types of studies reported in the literature for arsenic removal using magnetite 

nanoparticles, i.e. batch study and column study. In batch experiment usually adsorbent is 
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added in a series of flasks containing known amount of arsenic solution. Then these flasks are 

kept on an incubator shaker at a fixed temperature and speed for a time until equilibrium is 

attained. After attaining the equilibrium, the solution is filtered for arsenic analysis. The 

adsorbent can be regenerated for further use. A wide range of batch studies have been 

reported for arsenic removal by magnetite nanoparticles. On the other hand in column 

studies, an adsorbent is packed as a fixed bed in a column for arsenic removal from water by 

adsorption. The influent with known arsenic concentration is pumped through the column 

containing adsorbent where the arsenic get adsorbed on the adsorbent surface and the effluent 

free from arsenic passes out of the column. When the adsorbent get exhausted, the arsenic 

concentration in the effluent starts rising. At this point, the adsorption process is usually 

stopped and the adsorbent is either regenerated or replaced/disposed [108]. There are very 

few studies reported in the literature for arsenic removal by using magnetite nanoparticles 

and other iron oxides in columns as compared to batch studies. 

Khodabakhshi et al. [177] synthesized magnetite nanoparticles by sol-gel method and studied 

the potential of these nanoparticles for As (III) removal from synthetic industrial wastewater. 

They found that 82 % of As(III) was removed within 20 min of contact time and adsorption 

data fitted well in Freundlich isotherm model. The As(III) adsorption capacity of Fe3O4 

nanoparticles was found to be 23.8 mg/g at pH 7.0. The newly synthesized sub-4-nanometer 

magnetite nanoparticles were used for arsenic removal under aerobic and anaerobic 

conditions. Magnetite nanoparticles exhibited As(III) and As(V) adsorption capacity of 168.8 

mg/g and 206.9 mg/g, respectively under anaerobic conditions, and 108.6 mg/g and 138.1 

mg/g, respectively under aerobic conditions [178]. Stefusova et al. [179] carried out the 

synthesis of magnetite nanoparticles by co-precipitation of Fe(II) and Fe(III) under alkaline 

conditions for arsenic removal from water. They performed various batch studies for arsenic 

removal and reported that the maximum adsorption capacity of these magnetite nanoparticles 

was 46.7 mg/g at pH 3.5. They have also studied desorption of arsenic loaded on magnetite 

nanoparticles under various experimental conditions which is beneficial for regeneration of 

adsorbent for real life application.  

The use of commercially available magnetite nanoparticles for arsenic removal has also been 

reported in the literature. Turk et al. [180] used commercially available magnetite 

nanoparticles purchased from Sigma Aldrich as adsorbent for arsenic removal. The authors 

have investigated the potential of these nanoparticles for As(V) removal by varying various 

experimental parameters viz. effect of initial solution pH (3.0-12.0), contact time (15–180 
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min), adsorbent dosage (0.05–5 µg/L), and effect of initial As(V) concentration (100–2,000 

µg/L). The batch adsorption kinetics data was described by pseudo-second-order kinetic 

model and batch adsorption isotherm data was fitted well in Langmuir and Freundlich 

isotherm models. It was found that magnetite nanoparticles reduced As(V) concentration 

below MCL value set by WHO. Chowdhury and Yanful [181] studied the potential of 

commercially synthesized 20 nm magnetite nanoparticles for arsenic removal from synthetic 

as well as natural groundwater. The maximum As(III) and As(V) adsorption capacity was 

found to be 3.69 mg/g and 3.71 mg/g, respectively at an initial concentration of 1.5 mg/L of 

both arsenic species at pH 2.0 from synthetic water.  

Various studies have also been reported in the literature on use of complex magnetite 

nanosystems for arsenic removal. Chandra et al. [182] synthesized magnetite-reduced 

graphene oxide composites with magnetite nanoparticles (size about 10 nm) for arsenic 

removal. The synthesized composites have shown a high binding capacity for both As(III) 

and As(V), with 99.9 % arsenic removal as compared to bare magnetite nanoparticles. Thus 

the synthesized composite is practically beneficial for arsenic removal from water due to high 

binding capacity. An et al. [183] synthesized starch-bridged magnetite nanoparticles of high 

specific surface area for the arsenic removal. The authors reported that 99 % of arsenic was 

removed using 0.49 wt % concentration of synthesized starch solution and further addition of 

starch (> 0.049 wt %) decreases arsenic removal efficiency. The authors also reported that the 

presence of high concentration of NaCl in water does not effects arsenic removal efficiency 

and this is the main advantage of starch-bridged magnetite nanoparticles. Zheng et al. [184] 

developed a zirconium-based magnetic adsorbent (ZrO(OH)2
.
1.6Fe3O4

.
2.5H2O) by co-

precipitation method for arsenic removal. The results shows that lower pH i.e. 2.6 to 3.3 is 

favourable for As(V) adsoption and maximum adsorption capacity of 45.6 mg/g is achieved 

which is much higher than many reported adsorbents. Magnetite nanoparticles (commercially 

prepared, laboratory synthesized or magnetite nanoparticles in various forms) have also been 

utilized for arsenic removal in various other studies [185-192]. 

Shipley et al. [193] carried out column studies for arsenic removal by using commercially 

available 19.3 nm magnetite nanoparticles. In this study, the authors packed a column with 

1.5 and 15 wt % magnetite nanoparticles and Lula soil, respectively. Then arsenic 

contaminated aqueous solutions passed through the column. They carried out arsenic removal 

experiments with 1.5 wt % magnetite nanoparticles at flow rate of 1.5 and 6 mL/h with initial 

As(III) and As(V) concentrations of 100 µg/L. In this case, arsenic release occurred after 400 
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PV and 100 % arsenic release was achieved. They also conducted a long term study with 15 

wt % magnetite nanoparticles at flow rate of 0.3 mL/h with an initial As(V) concentration of 

100 µg/L. They found a negligible As(V) concentration for 3559.6 pore volumes (PVs) 

(132.1 d), and the As(V) concentration reached about 20 % after 9884.1 PV (207.9 d). They 

have calculated a retardation factor of about 6742, which indicates strong adsorption of 

arsenic to the magnetite nanoparticles in the column. An increase in arsenic adsorption was 

also observed after flow interruption. Column studies for arsenic removal has been reported 

in the literature using iron oxide adsorbents other than magnetite viz. iron oxide coated sand, 

iron oxide coated cement. 

1.6. FACTORS AFFECTING ARSENIC REMOVAL EFFICIENCY 

1.6.1. Effect of initial solution pH 

Solution pH can affect both chemical speciation of arsenic (pKa values for H3AsO4 are 2.2, 

7.0 and 11.5) and surface charge of the adsorbent. This is because the proton concentration in 

water strongly modifies the redox potential of sorbates and sorbents which enhances 

dissolution of the adsorbent material and thus affects the chemical speciation of adsorbates 

and surface charge of adsorbent. Thus pH is considered as an important factor in adsorption 

based water treatment processes [194]. In general, it has been widely observed that As(V) 

adsorption is pH dependent, while As(III) adsorption is independent of pH over a wide range. 

This is due to the different charges of As(III) (non-ionic over wide range of pH) and As(V) 

(anionic). Moreover, the pH point of zero charge (pHpzc) is also an important factor above 

which the adsorbent surface is negatively charge and below pHpzc the adsorbent surface is 

positively charged. Therefore, when pH value is below point of zero charge (pH < pHpzc) then 

the positively charged surface of adsorbent adsorbs negatively charged As(V) significantly as 

compared to uncharged As(III). This is the reason that at lower pH such as 4.0 As(V) usually 

has higher adsorption as compared to As(III). When pH value is above point of zero charge 

(pH > pHpzc) then the surface of the adsorbent acquires negative charge due to more OH
-
 

groups on the surface of adsorbent that generally result in decreased As(V) adsorption due to 

electrostatic repulsion between negatively charged As(V) species and negatively charged 

adsorbent surface sites. On the other hand, pH independency of As(III) adsorption can be 

explained in terms of high pKa value of As(III) (i.e., pKa, 9.2). As(III) is mostly present as a 

non-ionic species at low pH values and therefore adsorption of this non-ionic form of As(III) 
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to adsorbent surface did not change with pH. There are a number of studies reported in the 

literature on the effect of pH on As(III) and As(V) removal efficiency.   

Yean et al. [195] investigated the effect of pH on adsorption capacities of As(III) and As(V) 

by magnetite nanoparticles of size 20 nm and 300 nm. They found that increase in pH did not 

cause any change in As(III) adsorption capacity while the maximum adsorption capacities of 

As(V) for 20 and 300 nm magnetite decreased with increase in pH. Dixit and Hering [196] 

observed that As(III) adsorption efficiency by magnetite increases at pH values less than 9.0 

while the adsorption efficiency decreases with further increase in pH. Khodabakhshi et al. 

[177] also reported that with increase in pH from 3.0 to 7.0, As(III) removal efficiency of 

magnetite nanoparticles increases from 59 % to 82 % and decreases to 39 % as the pH was 

increased to 9.0. Chowdhury and Yanful [185] also observed that As(III) and As(V) 

adsorption decreases with increase in pH. They observed that As(III) removal efficiency 

deceases sharply above pH 9.0 and As(V) removal efficiency was less than 10 % at pH above 

10.0. Similar results have been reported by Turk et al. [180], Chandra et al. [182], Zhang et 

al. [187], Shipley et al. [197] and Hai et al. [198]. Chunming and Puls [199] investigated the 

influence of pH on As(V) removal efficiency by using eight commercially available 

magnetite particles and observed that As(V) adsorption was more favourable below pH 5.6 – 

6.8. 

1.6.2. Effect of contact time 

The contact time between adsorbate and adsorbent is also an important factor which 

influences adsorption processes. Many investigators have studied the effect of contact time 

on arsenic removal efficiency by using different magnetite nanosystems and reported 

different equilibrium time. The equilibrium time is the time after which no more adsorption 

of arsenic occurs on adsorbent surface. The equilibrium at different contact times have been 

achieved due to different nature of the systems used.  

Chowdhury and Yanful [185] studied the effect of contact time on As(III) and As(V) removal 

by using mixed magnetite-maghemite nanoparticles at initial arsenic concentrations of 1 and 

2 mg/L. The equilibrium for different initial arsenic concentrations was achieved in almost 3 

hrs of contact time between adsorbate and adsorbent at pH 6.5. The authors found that 

initially within 10 min of contact time, there is rapid adsorption of arsenic followed by the 

subsequent slower adsorption. Shipley et al. [5] achieved adsorption equilibrium in almost 1 

hr by performing arsenic removal experiments with magnetite nanoparticles in the acidic pH 



Chapter 1                                                                                            Introduction 
 

22 
 

range. Türk et al. [180] have also found that the arsenic concentration decreases from 300 to 

12.2 µg/L within 15 min and equilibrium was attained in 1 hr. Zheng et al. [184] have 

achieved adsorption equilibrium after a long time of 25 hrs for arsenate removal by using 

zirconium based magnetic adsorbent. Many other researchers such as Chandra et al. [182], 

Shipley et al. [5] and Hai et al. [198] have also reported rapid removal of arsenic in the first 

step followed by subsequent slower adsorption.  

Different equilibrium time have been reported in the literature for arsenic removal but have 

similar kinetics i.e. arsenic adsorption takes place in two steps for all the nanosystems. 

Initially in the first step, there is rapid removal of arsenic followed by subsequent slower 

adsorption in the second step. The fast removal of arsenic is attributed to the external surface 

adsorption so that it is easy for arsenic ions to bind with active adsorbent surface sites. As the 

time proceeds, the adsorbent surface sites are filled with arsenic ions and therefore the 

adsorption slows down. 

1.6.3. Effect of adsorbent dose  

It is important to know the minimum amount of adsorbent required to reduce the arsenic 

concentration below MCL value set by WHO i.e. 10 µg/L. Thus adsorbent dose is also an 

important parameter studied by various researchers in adsorption processes. They observed 

that with increase in adsorbent concentration, the amount of the arsenic adsorbed along with 

the rate of adsorption increases attaining an optimum adsorbent dose. This is due to the fact 

that increased adsorbent dose provides large number of surface binding sites for arsenic 

adsorption. After attaining an optimum dose, further increase in adsorbent dose does not 

cause significant change in arsenic removal efficiency due to insufficient arsenic ions present 

in solution with respect to available surface sites. A very small amount of magnetite 

nanoparticles as an adsorbent is needed to reduce the arsenic concentrations below MCL 

value. Shipley et al. [197] have reported that an adsorbent dose of 0.5 g/L, reduced the As(III) 

and As(V) concentration in water below 10 μg/L within 1 hr and 30 min, respectively. 

1.6.4. Effect of initial arsenic concentration 

Initial arsenic concentration is another important factor which affects the arsenic removal 

efficiency of iron oxide nanoparticles. Literature shows that with increase in initial arsenic 

concentration, arsenic removal efficiency decreases, while the adsorption capacity increases 

and finally the adsorbent get saturated as further addition of arsenic does not cause any 
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change in adsorption capacity. Khodabakhshi et al. [177] investigated the effect of initial 

concentrations of arsenic on its removal efficiency and observed that with increase in initial 

arsenic concentrations from 10 to 200 mg/L, removal efficiency of arsenic decreased from 79 

% to 16 %. Thus arsenic removal is inversely proportional to initial arsenic concentration. 

This is attributed to the fact that for a fixed amount of adsorbent, the total available 

adsorption sites are limited and this leads to a decreased removal efficiency of arsenic with 

increase in initial arsenic concentration. The effect of initial arsenic concentration on As(III) 

and As(V) removal efficiency of magnetite nanoparticles was investigated by Chowdhary and 

yanful [181]. They reported a gradual decrease in arsenic removal efficiency with increasing 

initial As(III) and As(V) concentrations in the presence of the fixed adsorbent dose (20 nm 

magnetite particles at 0.4 g/L of solution). 

1.6.5. Effect of temperature 

Temperature also affects arsenic removal efficiency. It has been reported that with increase in 

temperature arsenic removal efficiency increases. This is because as the temperature 

increases the surface properties or solubility of the arsenic species changes and also their 

kinetic activity in solution increases which cause an increase in arsenic contact rate with the 

adsorbent surface. After attaining an optimum temperature, further increase in temperature 

causes a decrease in arsenic removal efficiency. This is due to the fact that there will be 

excess increase in kinetic energy with further increase in temperature which results in 

dissolution of the adsorbed arsenic from the surface of adsorbent. Shipley et al. [197] studied 

the influence of temperature variation from 20 
o
C to 30 

o
C on arsenic adsorption efficiency of 

magnetite nanoparticles. They found an increase in arsenate and arsenite removal efficiency 

with increase in temperature from 20 
o
C to 30 

o
C. The amount of arsenate and arsenite 

adsorbed was increased from 37.2 µg/L and 42.6 µg/L to 46.9 µg/L and 49.3 µg/L, 

respectively. Similar effect of temperature on arsenic removal was reported by many other 

researchers [182, 200-202]. 

1.6.6. Effect of co-existing ions on arsenic removal 

The natural water contains many organic and inorganic ionic species other than arsenic which 

also have tendency to get adsorbs on iron oxide surface. Therefore, the arsenic adsorption 

efficiency is greatly affected by the presence of these ions in solution and their affinity for 

iron oxide surfaces [203]. Many studies have been reported in the literature on the effect of 



Chapter 1                                                                                            Introduction 
 

24 
 

competiting ions viz. carbonate, bicarbonate, phosphate, sulphate, chlorine, silica, organic 

matter etc. on the arsenic adsorption efficiency. The reported results are inconsistent stating 

both an effect and no effect for the same competing ion on arsenic adsorption efficiency. 

Phosphate is found to hinder the arsenic adsorption on iron oxide surface more in comparison 

to other ions. This is because phosphate and arsenic has similar structure and therefore shows 

similar affinity for iron oxides. Moreover, phosphate can form three different types of 

complexes on iron oxide surfaces i.e. protonated ((FeO)2(OH)PO), nonprotonated bridging 

bidentate ((FeO)2PO2) and a nonprotonated monodentate ((FeO)PO3) [204]. The extent of 

complex formation between Fe(III) and phosphates (PO4
3-

 or HPO4
2-

) depends on the        

[OH
-
]/[PO4

3-
] or [HPO4

2-
] ratio [205]. This indicates that phosphate tendency to enter into the 

coordination sheath of Fe(III) ion increases with decrease in pH, showing similar behaviour 

with arsenic. Also the equilibrium constants of FePO4 (log K ¼ 20.8) and of FeAsO4 (log K 

¼ 20.1) shows similar affinities of both anions for Fe(III) cations [206]. Chowdhury and 

Yanful [185] used synthetic water and natural groundwater to study the influence of 

phosphate concentration on arsenic removal efficiency of magnetite-maghemite nanoparticles 

and observed a decrease in arsenic removal efficiency with increase in phosphate 

concentration. They observed that less than 50 % and 60 % of total arsenic was removed 

from synthetic water (3 mg/L PO4
3-

 concentration and 1.2 mg/L of initial arsenic 

concentration) and from natural groundwater (5 mg/L PO4
3- 

concentration and 1.13 mg/L of 

arsenic), respectively.  

Bicarbonate also influences the arsenic adsorption on magnetite nanoparticles in a similar 

way as phosphate does. It has been reported that in the absence of bicarbonate ions magnetite 

nanoparticles remove arsenic below MCL value, but the presence of bicarbonate ions 

decreases the arsenic removal efficiency and increases the time of adsorption. For example, 

with an addition of 8.2 mM bicarbonate, As(III) and As(V) removal decreases from 51.2 

μg/L and 48 μg/L to 14.4 μg/L and 25.3 μg/L, respectively [5]. In another study, it has been 

reported that 0.5 g/L magnetite nanoparticles remove arsenic below MCL value in about half 

an hr. The same amount (0.5 g/L) of magnetite nanoparticles remove As(III) and As(V) 

concentration below MCL value in about 1 hr and 1.5 hrs, respectively in the presence of 100 

mg/L of HCO
3-

 in the solution [207]. 

Dhoble et al. [208] studied the influence of various cations (Ca
2+

, Mg
2+

, Fe
3+

) and anions 

(SO4
2-

, PO4
-
, Cl

-
, NO

3-
) on As(III) removal efficiency by magnetic binary oxide particles. 

They reported that the arsenic removal efficiency decreases with increase in Ca
2+

 and Mg
2+
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concentration, but increases with increase in Fe
3+

 concentration. They also reported that NO3
-
 

and SO4
2- 

ions shows no significant effect on As(III) removal efficiency in the concentration 

range of 100 to 800 mg/L. The presence of Cl
-
 ions shows more reduction in arsenic removal 

efficiency at low concentration of 100 mg/L than higher Cl
-
 concentrations. The PO4

3- 
ions at 

low concentration of 100 mg/L does not cause much interference with arsenic adsorption but 

when its concentration increases to 600 mg/L arsenic removal efficiency decreases and 

further increase in PO4
3- 

concentration to 800 mg/L does not show much decrease in arsenic 

removal efficiency. Chowdhury and Yanful [185] observed no significant changes in arsenic 

removal efficiency of mixed magnetite-maghemite nanoparticles in the presence of elevated 

concentrations of SO4
2- 

and Cl
-
 ions.  

However, despite of having advantages, magnetite nanoparticles have some limitations, such 

as need of external magnetic field to separate out the magnetite nanoparticles after use. The 

possible way to overcome the need of external magnetic field can be the use of these 

materials by making their filter cartridges, but this would be quite expensive since large 

amount of the material would be required in cartridge making. Therefore, an immobilization 

of magnetite nanoparticles on an inexpensive material such as sand would be a better way to 

pave the method to a cost effective technology. Thus in the present work, we have 

synthesized an adsorbent by coating magnetite nanoparticles on sand surface via co-

precipitation method. The sand is used as a substrate for magnetite to provide an 

economically feasible way for common man to get rid of poisonous arsenic from drinking 

water. 

1.7. THESIS OUTLINE  

Chapter 1: This chapter begins with the basic introduction of arsenic chemistry, sources, 

occurrence and its hazardous effects on human health. Various technologies available for 

arsenic removal have been explained in this chapter. In the next section, a brief description of 

magnetite nanoparticles, their synthesis methods and applications of magnetite nanoparticles 

as an adsorbent for arsenic removal have been discussed. In the last section, we have 

explained various factors affecting arsenic removal efficiency of magnetite nanoparticles. 

Chapter 2: In this chapter, we have explained the methodology used for coating magnetite 

nanoparticles on sand surface for arsenic removal. The morphology, structural and elemental 

analysis of the synthesized adsorbent have been explained by FESEM, XRD and EDX 

characterization techniques. The surface area of adsorbent has also been calculated using 
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BET surface area analyzer. Further, the point of zero-charge of the adsorbent has also been 

determined. At the end of this chapter, a brief summary has been presented. 

Chapter 3: This chapter starts with an introduction of various aspects associated with arsenic 

contamination of drinking water. In the second section of this chapter we have explained the 

batch adsorption experiments for As(III) removal by using magnetite nanoparticles coated 

sand. The effect of various experimental conditions viz. initial pH of solution, adsorbent 

dosage, contact time, initial As(III) concentration and effect of co-existing ions on As(III) 

removal efficiency have been described. The batch experiments for desorption and 

readsorption of As(III) by magnetite nanoparticles coated sand have also been given. In the 

next section a brief introduction of adsorption kinetics and adsorption isotherms theoretical 

models have been presented. Further the experimental As(III) batch adsorption kinetics data 

and isotherm data have been fitted in various theoretical models viz. pseudo-first-order, 

pseudo-second-order and intra-particle diffusion kinetics models; Langmuir adsorption 

isotherm and Freundlich isotherm models, respectively. A comparative account of maximum 

adsorption capacity of magnetite nanoparticles coated sand for As(III) removal with other 

reported low cost adsorbents have been documented. The mechanism of As(III) adsorption on 

adsorbent surface has also been explained. Finally, a brief summary of the chapter is given. 

Chapter 4: In this chapter, we have described the potential of magnetite nanoparticles coated 

sand for As(V) removal by varying different parameters through batch operation mode. The 

desorption and readsorption experiments for As(V) has also been described to study the  

degradation behaviour of adsorbent. In the next section, brief description of the effect of 

various reaction parameters on As(V) removal efficiency have been given. Further the 

theoretical modelling of experimental As(V) adsorption kinetics data and adsorption isotherm 

data have been presented. The maximum As(V) adsorption capacity of synthesized adsorbent 

has also been compared with other low cost adsorbents reported in the literature. The 

mechanism of As(V) adsorption on magnetite nanoparticles coated sand has also been 

explained. In the last section, a brief summary of the chapter is given. 

Chapter 5: This chapter starts with brief introduction of thermodynamics followed by batch 

adsorption experiments for As(III) and As(V) removal at different temperatures. In the 

subsequent section we have briefly explained various thermodynamic parameters associated 

with adsorption. The effect of temperature on As(III) and As(V) removal and theoretical 

modelling of isotherm data obtained at different temperatures have been described in the next 



Chapter 1                                                                                            Introduction 
 

27 
 

section. The various thermodynamic parameters for both As(III) and As(V) removal have 

also been calculated. Finally, the chapter concludes with a brief summary. 

Chapter 6: This chapter deals with the column studies of As(III) and As(V) removal by 

magnetite nanoparticles coated sand. The influence of column bed height on As(III) and 

As(V) removal efficiency and breakthrough curve has been described. The theoretical 

modelling of breakthrough curves obtained at different bed heights have also been explained 

using two models i.e. Thomas model and Yoon-Nelson model. In the end, a brief summary of 

the chapter is presented. 

Chapter 7: The last chapter includes conclusion and important findings and suggestions 

towards future work. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 



Chapter 1                                                                                            Introduction 
 

28 
 

 



Chapter 2                                                      Synthesis and characterizations of... 

 

29 
 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

SYNTHESIS AND CHARACTERIZATIONS OF MAGNETITE 

NANOPARTICLES COATED SAND 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2                                                      Synthesis and characterizations of... 

 

30 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2                                                      Synthesis and characterizations of... 

 

31 
 

This chapter explains the synthesis of adsorbent by coating magnetite nanoparticles on the 

sand surface. The structural and morphological characterizations of the adsorbent (magnetite 

nanoparticles coated sand) are also discussed in this chapter to confirm the coating of 

magnetite nanoparticles on the sand surface. The surface area of sand particles before coating 

and after coating of magnetite nanoparticles was calculated by BET method. We have also 

determined the point of zero charge of magnetite nanoparticles coated sand. 

2.1. MATERIALS AND METHODS 

2.1.1. Materials 

All the chemicals used in this study were of analytical grade and obtained from Sigma 

Aldrich. The chemicals were used as received without further purification. The solutions 

were prepared in milli-Q water. Milli-Q water was prepared by using milli-Q water 

purification system (Biocell Milli-Q Millipore, Elix). Iron (III) chloride hexahydrate 

(FeCl3.6H2O), Iron (II) chloride (FeCl2) and ammonia water (NH4OH) were used for the 

synthesis of Fe3O4 nanoparticles. The substrate sand was procured from Beas river in Mandi 

district, Himachal Pradesh, India. The substrate (sand) was cleaned by hydrochloric acid 

(HCl) and etched by aquaregia (HNO3 : HCl) solution in 1:3 ratio, respectively before use. 

Potassium chloride (KCl) was used for determination of point of zero charge of the 

adsorbent. The pH of solutions was adjusted by using standard acid (0.1 M HNO3) and base 

(0.1 M NaOH) solutions and measured with an Oakton pH meter (pH 700 Benchtop Meter). 

2.1.2. Coating of magnetite nanoparticles on sand surface 

Initially, sand was sieved to a geometric mean size of 0.6 to 0.9 mm and soaked in an acid 

solution (1.0 M HCl) for 24 hrs, which was then washed with distilled water several times 

and dried at 100 
o
C temperature. After cleaning, the sand was etched by using HNO3 : HCl in 

a ratio 1:3 for 5 min, and then it was rinsed in a stream of water to remove the etchant 

solution. Thus obtained sand was dispersed in a solution containing 2:1 ratio of FeCl3 and 

FeCl2, wherein NH4OH solution was added drop wise at vigorous magnetic stirring at 70 
o
C 

for 30 min under argon (Ar) gas flow. The addition of NH4OH resulted in the co-precipitation 

reaction and thus the formation of magnetite (Fe3O4) nanoparticles inside precursor solution. 

Since the sand was present inside the precursor solution, the nucleation of Fe3O4 

nanoparticles took place on the sand surface. Thus obtained mixture was aged at room 

temperature for 48 hrs, which was then filtered and dried in a furnace at 85 
o
C using Ar gas 
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environment. To ensure proper coating of Fe3O4 nanoparticles on the sand particles, the 

coated sand was washed with distilled water until a clear supernatant was obtained. After 

filtration, the sand was dried at 85 
o
C for 3 hrs. The Fe3O4 nanoparticles coated sand was 

stored in polyvinyl chloride (PVC) plastic bottles for further use. The Fig. 2.1 shows the 

schematic of magnetite nanoparticles coating on sand surface. 

 

Figure 2.1: Schematic of Fe3O4 nanoparticles coating on sand surface. 

2.1.3. Determination of point of zero charge (pHpzc) of the adsorbent 

We have determined the point of zero charge (pHpzc) of magnetite nanoparticles coated sand 

(MNCS). For this 0.1 M KCl solution was prepared and 25 mL of solution was taken in 

different Erlenmeyer flasks. The initial pH was adjusted between 2.0 and 12.0 by using 0.1 M 

NaOH or 0.1 M HCl solutions. 0.2 g of magnetite nanoparticles coated sand was then added 

to each flask containing KCl solution of different pH. The flasks were kept in incubator 

shaker for 24 hrs and the final pH of the solutions was measured. The graphs were plotted 

between pHfinal and pHinitial [209]. The point of zero charge is the point where the curve 

pHinitial versus pHfinal intersects the straight line corresponding to pHinitial = pHfinal. 

2.2. CHARACTERIZATION OF THE ADSORBENT 

2.2.1. Physical characterization 

Fig. 2.2 (a) and 2.2 (b) shows the bare and Fe3O4 coated sand particles, respectively. The 

sand particles appear greyish white in color before coating and appear black after coating, 

which indicates Fe3O4 coating on the sand surface. 



Chapter 2                                                      Synthesis and characterizations of... 

 

33 
 

 

Figure 2.2: (a) Bare sand particles before coating and (b) Fe3O4 coated sand particles. 

Fig. 2.3 (a) shows that the bare sand particles are not attracted by magnetic bead, whereas 

magnetite nanoparticles coated sand is attracted by the magnetic bead (Fig. 2.3 (b)). This is 

because the bare sand particles are non-magnetic and magnetite nanoparticles are magnetic in 

nature. Thus, the magnetite nanoparticles coated sand particles are attracted by magnetic bead 

confirming the formation of magnetic material on sand surface. 

 

Figure 2.3: Photographs of response of (a) bare and (b) Fe3O4 coated sand particles to 

magnetic bead. 

2.2.2. X-Ray Diffraction (XRD) 

X-Ray Diffraction (XRD) was performed by using XRD 6000, Shimadzu analytical 

instrument to confirm the presence of Fe3O4 nanoparticles on the sand surface. The XRD data 

was collected using CuKα radiation of λ = 1.54 A˚, scan angle 2θ = 10–80 and scan rate 0.02 

per second. 
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Fig. 2.4 shows powder XRD patterns of (a) Fe3O4 nanoparticles, (b) uncoated sand, and (c) 

Fe3O4 nanoparticles coated sand. In Fig. 2.4 (a), characteristic peaks at 2θ = 30.1
o
, 35.5

o
, 

43.06
o
, 53.04

o
, 57.3

o
 and 62.6

o
 are assigned to the planes of magnetite at (220), (311), (400), 

(422), (511) and (440), respectively as compared with JCPDS data (PDF No. 653107). In 

case of the uncoated sand (Fig. 2.4 (b)), sharp and narrow peaks obtained at 2θ = 20.83
o
, 

26.68
o
, 36.1

o
, 39.59

o
, 40.37

o
, 42.57

o
, 50.24

o
, 60.04

o
, 65.92

o
 and 68.13

o
 are assigned to the 

planes of quartz sand at (100), (101), (110), (012), (111), (200), (112), (211), (300) and (023), 

respectively as compared with JCPDS data (PDF No. 861630). The XRD pattern of coated 

sand (Fig. 2.4 (c)) shows characteristic peaks of pure magnetite as labelled with black dots in 

addition with uncoated sand peaks, indicating the formation of Fe3O4 nanoparticles on the 

sand surface.   

 

Figure 2.4: XRD pattern of (a) Fe3O4 nanoparticles, (b) uncoated sand and (c) Fe3O4 

nanoparticles coated sand. 
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2.2.3. Field Emission Scanning Electron Microscopy (FESEM) 

The morphology of Fe3O4 nanoparticles was examined by Field Emission Scanning Electron 

Microscopy (FESEM), Hitachi S-4700. 

Fig. 2.5 shows FESEM images of (a) Fe3O4 nanoparticles, (b-c) uncoated sand, and (d-f) 

Fe3O4 nanoparticles coated sand. Some un-attached Fe3O4 nanoparticles were also collected 

from the reaction solution, which are shown by FESEM image in Fig. 2.5 (a). The bare 

nanoparticles have size in the range of 20-60 nm. Fig. 2.5 (b) and 2.5 (c) of bare sand 

particles show that the surface of sand is clear before coating and is covered with Fe3O4 

nanoparticles of size 20-60 nm after the coating as depicted in Fig. 2.5 (d), 2.5 (e) and 2.5 (f). 

FESEM images in Fig. 2.5 (a) and 2.5 (d) indicate that the Fe3O4 nanoparticles have the same 

morphology both in solution as well as on the sand surface.  

 

Figure 2.5: FESEM images of (a) Fe3O4 nanoparticles, (b-c) uncoated sand, (d-f) Fe3O4 

nanoparticles coated on sand surface. 
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2.2.4. Energy Dispersive X-Ray (EDX) 

The elemental analysis of uncoated sand and Fe3O4 nanoparticles coated sand was performed 

by using EDX (Oxford X-Max) attached with FESEM.  

Fig. 2.6 (a) and (b) shows EDX of the uncoated sand and magnetite nanoparticles coated 

sand, respectively. It is clear from the Fig. 2.6 (a) that uncoated sand contains silicon and 

oxygen, which indicates the characteristic of quartz sand and coated sand (Fig. 2.6 (b)) 

contains iron also in addition with silicon and oxygen, which confirms magnetite coating on 

sand surface. 

 

Figure 2.6: EDX spectra of (a) uncoated sand and (b) Fe3O4 nanoparticles coated sand. 
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2.2.5. Brunauer–Emmett–Teller (BET) surface area measurement  

The surface area of uncoated sand and Fe3O4 nanoparticles coated sand was measured by 

BET method using Micromeritics model (ASAP-2020). The surface area of uncoated sand 

and Fe3O4 nanoparticles coated was found to be 3 m
2
/g and 8 m

2
/g, respectively. Thus it has 

been found that the surface area of coated sand was increased by 5 m
2
/g than uncoated sand. 

2.3.  DETERMINATION OF POINT OF ZERO CHARGE OF ADSORBENT 

Magnetite being an iron oxide is amphoteric in nature, i.e. it can acquire positive and negative 

charges when Fe-OH sites on its surface get protonated or deprotonated as shown in equation 

2.1 and equation 2.2, respectively. 

                                   Fe-OH + H
+
 Fe-OH2

+      
(2.1) 

                                   Fe-O-H  Fe-O
- 
+ H

+       
(2.2) 

The above reactions can be interpreted as the specific adsorption of H
+
 and OH

- 
ions on the 

hydrated solid/water interface [210]. Thus, to predict the nature of charge on such amphoteric 

inorganic oxides surface at a given pH of the solution, it is required to determine their point 

of zero charge (pHpzc).  

Fig. 2.7 shows the graph of pHfinal and pHinitial for the determination of point of zero charge of 

adsorbent. The pHpzc as determined from the point of intersection of pHinitial versus pHfinal 

curve with the pHinitial = pHfinal line is found to be nearly 7.8. This is in accordance with the 

point of zero charge value for magnetite determined by Namdeo and Bajpai and Tombacz et 

al. [210, 211]. The value of point of zero charge obtained in this study i.e. pHpzc 7.8 indicates 

that at pH 7.8, the surface of adsorbent is neutral. Above pH 7.8 the adsorbent surface is 

negatively charged and below pH 7.8 the adsorbent surface is positively charged. 
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Figure 2.7: pHinitial versus pHfinal plot for determination of pHpzc of adsorbent. 

The physical and chemical properties of plain sand and magnetite nanoparticles coated sand 

obtained from various characterizations are given in Table 2.1.  

Table 2.1: Physical and chemical properties of plain sand and magnetite nanoparticles coated 

sand. 

S.No. Properties Plain sand Magnetite nanoparticles 

coated sand 

1. Geometric mean size 0.6-0.9 mm ~ 0.6-0.9 mm 

2. Color Greyish white Black 

3. Magnetic property Non-magnetic Magnetic 

4. Surface area, BET (m
2
/g) 3 8 

5. pHpzc - 7.8 

6. Elements present Silicon and Oxygen Silicon, Oxygen and Iron 
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2.4. SUMMARY 

We have successfully coated the magnetite nanoparticles of 20-60 nm size on the sand 

surface. The uncoated and coated sand were characterized by using XRD, FESEM and EDX 

for structural, morphological and elemental analysis. The surface area of uncoated and coated 

sand was also calculated using BET surface area analyzer. It was found that the surface area 

of sand was increased by 5 m
2
/g after the magnetite coating. The pHpzc of adsorbent was also 

calculated and found to be 7.8. 
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CHAPTER 3 

BATCH STUDIES FOR As(III) REMOVAL FROM WATER BY 

USING MAGNETITE NANOPARTICLES COATED SAND: 

ADSORPTION KINETICS AND ISOTHERMS 
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3.1. INTRODUCTION 

Arsenic contamination of ground water and surface water is presently a worldwide concern 

due to its toxic and carcinogenic effects on human health. We have already discussed about 

chemistry, sources, occurrence and hazardous effects of arsenic on human health in chapter 1. 

Briefly, in aqueous environment, arsenic is predominantly found in trivalent arsenite such as 

H3AsO3
0
, H2AsO3

-
, HAsO3

2-
, AsO3

3-
 and pentavalent arsenate such as H3AsO4, H2AsO4

-
, 

HAsO4
2-

, AsO4
3-

 states [13]. The trivalent arsenite (As(III)) is 25-60 times more toxic than 

pentavalent arsenate (As(V)). It is comparatively difficult to remove trivalent arsenite from 

water as it is non-ionic at natural water pH [32, 212]. As(III) exposure slightly higher than 

0.1 mg/L in drinking water, may cause neurological damage and its concentration reaching to 

0.2 mg/L creates the problem of dermatosis [213].  

World Health Organization (WHO) in 1958 categorized arsenic as a toxic substance [214]. 

Since 1958, WHO has revised its guidelines three times for maximum acceptable 

concentration level of arsenic in drinking water. In the last edition in 1993, WHO reduced 

maximum acceptable concentration level of arsenic from 0.05 mg/L to 0.01 mg/L in drinking 

water with a view to further reduce its concentration in future [60]. Food and Agricultural 

Organization (FAO) also follows the WHO guidelines and set 0.01 mg/L as the maximum 

acceptable value of arsenic for irrigation water [215]. United States Environmental Protection 

Agency (USEPA) has also adopted the new maximum concentration limit for arsenic in 

drinking water on January 22, 2001 [216]. A number of countries have followed the latest 

guidelines of WHO, FAO and USEPA, and adopted 0.01 mg/L as their maximum acceptable 

arsenic value. However, still there are many countries such as China, Bangladesh, India, 

Nepal etc. which have kept WHO‟s earlier guideline value i.e. 0.05 mg/L as the maximum 

acceptable arsenic value [217, 218]. According to a study in 2007, over 137 million people in 

around 70 countries including Bangladesh, India, Taiwan, China, Chile, Vietnam, Ghana and 

USA are affected by arsenic poisoning of drinking water [219, 220]. To mitigate human 

exposure and to meet the low admissible level of arsenic in drinking water, the development 

of technologies at reasonable cost is a big challenge.    

The countries or part of countries which are highly affected by arsenic concentration are: 

Victoria (Australia) where groundwater contains 1 to 300,000 μg/L arsenic and surface water 

contains 1 to 28,300 μg/L arsenic [221]. Ground water of northern Chile has 190 to 21,800 

μg/L [222], Bangladesh has 50 to 3,200 μg/L [223, 224] and Vietnam has 1 to 3,050 μg/L 

concentration of arsenic [225]. North western Argentina contains 126 to 10,650 μg/L arsenic 
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in spring water and 52 to 1045 μg/L in river water [226]. Brazil contains 0.4 to 350 μg/L 

arsenic in surface water [227] and Mexico has arsenic contamination from 21 to 1,070 μg/L 

in wells [228-230]. Arsenic contaminated water in Canada is up to 3,000 μg/L [231], in India 

up to 3,880 μg/L [232-234], in Pakistan up to 906 μg/L [235], in USA up to 210 μg/L [236] 

and in Switzerland up to 170 μg/L [237]. 

In order to remove both As(III) and As(V) from water, USEPA evaluated various treatment 

technologies such as bioremediation, ion exchange, coagulation and filtration, reverse 

osmosis, electro-coagulation, adsorption etc. [121] which we have already discussed in detail 

in chapter 1. Most of these methods have several disadvantages such as requirement of 

expensive equipments, sludge production, time consuming and complexity. Among these 

adsorption and coagulation are believed to be the cost effective methods, however 

coagulation needs skilled operator and shows more effectiveness only on some specific iron 

and aluminium salts. However, the adsorption method due to its low cost, simplicity in 

design, sludge free operation, ease of operation and potential of regeneration has gained 

popularity. Moreover, if the adsorbent is chosen carefully and experiments are conducted in 

appropriate conditions then the adsorption based methods are capable of removing arsenic to 

a much lower level than any other method. This also shows easy separation of even small 

amount of toxic elements from large volume of water [238]. Many types of adsorbents such 

as activated alumina (AA), iron based adsorbents (IBS), chitosan based adsorbents, graphene 

oxide composites, magnetic nanochains etc. are commonly used for arsenic removal from 

water [109-118, 239-244].  

Among various adsorbents iron oxide adsorbents have been widely investigated to remove 

arsenic from aqueous solutions due to strong affinity of iron oxides towards arsenic. The 

strong affinity of iron oxides to arsenic is evident from an observation in which arsenic exists 

on the surface of iron oxide even in natural environment [245]. Recently, the use of 

nanoparticles in environmental remediation processes is increased due to their small size and 

high surface area. Iron oxide nanoparticles, due to strong affinity to arsenic have gained 

growing interest in water purification [177, 193, 196]. Among different iron oxide 

nanoparticles, magnetite (Fe3O4) nanoparticles have been proved to be potential adsorbents 

owing to their strong adsorption capacity for arsenic removal. 

In the second chapter we have discussed the synthesis of adsorbent by coating magnetite 

nanoparticles on sand surface by co-precipitation method. In this chapter we have described 

the potential of synthesized adsorbent for the removal of most toxic As(III) from drinking 
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water. Batch experiments were performed to analyze the influence of initial pH of the 

solution, adsorbent dose, initial As(III) concentration and contact time on As(III) removal 

efficiency. The experimental adsorption kinetics data and isotherms data was fitted in 

theoretical models viz. pseudo-first-order, pseudo-second order and intra-particle diffusion 

kinetics models; Langmuir and Freundlich adsorption isotherms models, respectively. Since 

in natural water other ions are also present which normally affect arsenic removal efficiency 

due to their competing behaviour for adsorption. Therefore, the effect of few commonly 

present ions such as phosphate, sulphate, bicarbonate and chlorine on As(III) removal 

efficiency was also investigated. Desorption and readsorption behaviour of adsorbent was 

also analyzed.  

3.2. MATERIALS AND METHODS 

3.2.1. Materials 

All the chemicals used in this study were of analytical grade and purchased from Sigma 

Aldrich. The chemicals were used as received without further purification. All glasswares 

were cleaned with acid and rinsed with milli-Q water before use. The solutions were prepared 

in ultrapure milli-Q water. To prepare As(III) stock solution, a known amount of As(III) 

oxide was dissolved in milli-Q water, and 4 g/L NaOH was used to enhance its solubility. To 

adjust the pH of solution, standard acid and base solutions i.e. 0.1 M HNO3 and 0.1 M NaOH 

were used, respectively. Disodium hydrogen phosphate anhydrous (Na2HPO4), sodium 

sulphate (Na2SO4), sodium bicarbonate (NaHCO3) and sodium chloride (NaCl) salts were 

used to produce the various co-existing ions viz. PO4
3-

, SO4
2-

, HCO3
2-

 and Cl
- 
in the solution. 

3.2.2. Batch adsorption experiments 

Batch adsorption experiments were carried out to obtain the kinetics and equilibrium data. In 

batch adsorption experiments the effect of various parameters viz. contact time, initial pH of 

aqueous solution, adsorbent dose and initial As(III) concentration on As(III) removal 

efficiency and adsorption capacity was investigated. All the experiments were performed at 

room temperature in an incubator shaker at an agitation speed of 200 rpm. To study the effect 

of contact time on As(III) adsorption, the contact time was varied from 30 to 420 min, using 

25 g/L Fe3O4 coated sand adsorbent at initial As(III) concentration of 1 mg/L and pH 7.0.The 

effect of initial pH of the aqueous solution was studied by varying it from 2.0 to12.0 for fixed 

adsorbent dose, contact time 420 min, and initial As(III) concentration of 1 mg/L at room 
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temperature. The study of the adsorbent dose effect was accomplished, by varying it from 5 

g/L to 30 g/L and keeping other parameters fixed. In order to conduct adsorption isotherm 

studies, concentration of As(III) was varied from 1 mg/L to 103.8 mg/L for fixed values of 

adsorbent dose, contact time and pH. The batch adsorption experiments were also performed 

to study the individual effect of prominent co-existing ions such as PO4
3-

, SO4
2-

, HCO3
2-

 and 

Cl
-
 on the As(III) removal efficiency. The concentration of these ions was varied from 5 

mg/L to 100 mg/L while other parameters were kept fixed. The above solutions after required 

agitation were filtered using 0.45 µm durapore filter paper, acidified with 1 % HNO3 and 

finally analyzed for residual As(III) concentration using inductively coupled plasma mass 

spectrometer (ICP-MS). 

The experiment was also performed separately for sand and magnetite nanoparticles with 

initial As(III) concentration of 5 mg/L and adsorbent dose (sand or magnetite) of 0.2 g/20 mL 

to understand the role of surface coated magnetite nanoparticles. The batch experiments were 

also carried out with different dosage of pure magnetite nanoparticles (real adsorbent) in 

order to know the amount of real adsorbent required to reduce the As(III) concentration 

below MCL value set by WHO i.e. 10 µg/L. 

As(III) removal efficiency of  Fe3O4 nanoparticles coated sand was calculated by using the 

formula: 

       % As III removal = 
Co-Ce

Co

×100                                                  (3.1) 

and the amount of As(III) adsorbed (mg) per unit mass of adsorbent (g) i.e. qe was determined 

by using the formula: 

        q
e
 = 

Co -Ce

M
×V                                                                              (3.2) 

where, Co and Ce are initial and final As(III) concentrations (mg/L), respectively, V is the 

volume of solution in liters and M is the mass of the adsorbent in grams. 

3.2.3. Desorption and readsorption experiments 

The desorption studies for As(III) were carried out using 0.1 M and 0.5 M sodium hydroxide 

solutions as desorbing agent. 40 mL of 10 mg/L As(III) concentration was treated with 1 g of 

adsorbent for 420 min of contact time. The solution was filtered and the adsorbent was 

washed several times with distilled water to remove any unadsorbed As(III) ions. The 

saturated adsorbent was then treated with 40 mL of 0.1 M and 0.5 M sodium hydroxide 
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solutions separately for 420 min and then filtered and washed with distilled water to remove 

excess of sodium hydroxide. The adsorbent was again treated with 40 mL of As(III) solution 

of 10 mg/L concentration to study the readsorption behaviour of adsorbent. 

The As(III) desorption percentage was calculated by using equation 3.3: 

 % Desorption =  
released As III (mg/L)

initially adsorbed As III (mg/L)
× 100                                 (3.3) 

3.2.4. Analytical measurements 

pH measurements were made with an Oakton pH meter (pH 700 Benchtop Meter) using a 

combined glass electrode and ATC probe. The pH meter was calibrated with buffers of pH 

4.0, 7.0 and 10.0 before any measurement. The initial and residual As(III) concentrations 

were determined by using ICP-MS, Perkin Elmer Elan DRC 6000. 

3.3.      THEORETICAL INVESTIGATIONS OF EXPERIMENTAL DATA 

3.3.1. Adsorption kinetics 

The adsorption kinetics generally depends on the physical and/or chemical features of the 

adsorbent material which influence the adsorption mechanism. Therefore, it is very important 

to fit the experimental kinetics data in theoretical kinetic models in order to estimate the rate 

of adsorption and potential rate-controlling step. In the present study, we have examined the 

capability of most widely used kinetic models i.e. pseudo-first-order and pseudo-second-

order for the better fitting of our data.  

3.3.1.1. Pseudo-first-order kinetics model  

The following equation 3.4 represents pseudo-first-order kinetics model [246] 

                           log q
e 
– q

t
  = log q

e
- 

kads

2.303
t                                                           3.4  

where, qe (mg/g) and qt (mg/g) are amount of As(III) adsorbed per unit mass of adsorbent at 

equilibrium and time t, respectively. The kads is pseudo-first-order rate constant, which can be 

obtained from slope of linear plot of log(qe-qt) versus time (t). 

3.3.1.2. Pseudo-second-order kinetics model 

The main assumptions of pseudo-second-order kinetics model are: (i) the chemical adsorption 

involving valence forces through sharing or exchange of electrons between adsorbent and 
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adsorbate is the rate limiting step and (ii) the adsorption follows the Langmuir equation i.e. 

there is monolayer adsorption of arsenic ions on the homogeneous adsorbent surface [247]. 

Equation 3.5 represents pseudo-second-order kinetics model [248] 

                   
t

q
t

 = 
1

h
 + 

t

q
e

                                                                                           (3.5)   

and 

                       h = kq
e

2                                                                                                       (3.6) 

where, qe (mg/g) and qt (mg/g) are amount of As(III) adsorbed per unit mass of adsorbent at 

equilibrium and time t, respectively. Here, k is the pseudo-second-order adsorption rate 

constant, and h is the initial adsorption rate (mg g
-1

 h
-1

). The values of qe (1/slope), k 

(slope
2
/intercept) and h (1/intercept) can be calculated from the linear plot of t/qt vs t.  

3.3.1.3. Intra-particle diffusion model 

It is well known that a typical adsorption of liquid adsorbate on solid adsorbent (liquid/solid 

adsorption process) involves either boundary layer diffusion i.e. external mass transfer or 

intra-particle diffusion i.e. mass transfer through pores or a combination of both. This means 

that the adsorption kinetics can be controlled by boundary layer diffusion or intra-particle 

diffusion, i.e. one of these processes can be the rate limiting step [249]. Therefore, in this 

study the adsorption diffusion model i.e. intra-particle diffusion model given by Weber and 

Morris was further applied to experimental kinetics data in order to distinguish the boundary 

layer diffusion or intra-particle diffusion process of adsorption. 

Equation 3.7 represents intra-particle diffusion model [250] 

qt = ki t
1/2                                                                                                                               

(3.7) 

where, ki is the intra-particle diffusion rate constant and qt is the amount of As(III) adsorbed 

per unit mass of adsorbent at time „t’. 

3.3.2. Adsorption isotherms  

To design adsorption systems, adsorption isotherms also known as equilibrium data are the 

fundamental requirements. When the adsorption capacity of the adsorbent materials reaches 

to its maximum the equilibrium is attained. At equilibrium the rate of adsorption is equal to 

the rate of desorption. The theoretical adsorption capacity of an adsorbent material can be 

calculated by fitting the experimental isotherm data in theoretical adsorption isotherm 
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models. There are mainly two well recognized theoretical adsorption isotherm models viz. 

Langmuir and Freundlich models reported in the literature. The adsorption isotherm gives an 

idea about the interaction between adsorbate molecules (As(III) ions in this study) and 

adsorbent (magnetite nanoparticles coated sand in this study) in an adsorption system. These 

isotherms show that how the adsorbate molecules are distributed between the aqueous 

solution and the adsorbent surface at equilibrium. Therefore, in order to study the adsorbate-

adsorbent interaction, and to compute various adsorption parameters, we have applied 

Freundlich and Langmuir adsorption isotherm models to fit the experimental adsorption 

equilibrium data of As(III) on magnetite nanoparticles coated sand.  

3.3.2.1. Freundlich isotherm 

Freundlich adsorption isotherm is generally based on the assumption that there is a multilayer 

adsorption of adsorbate molecules on the heterogeneous surface of the adsorbent. This 

isotherm represents an initial surface adsorption followed by a condensation effect resulting 

from strong adsorbate-adsorbate interaction. In many instances, the heat of adsorption 

decreases in magnitude with increasing extent of adsorption. This decrease in heat of 

adsorption is logarithmic which implies that there is exponential distribution of adsorption 

sites with respect to adsorption energy.  

The Freundlich isotherm in linear form is represented as [251] 

   log q
e
 = logKF + 

1

n
log Ce                                                                    (3.8) 

where, Ce is the equilibrium concentration of As(III) in the solution (mg/L), qe is the amount 

of As(III) adsorbed onto the Fe3O4 nanoparticles coated sand at equilibrium (mg/g), KF is the 

adsorption capacity indicator and n (which lies between 1 to 10) is the heterogeneity factor 

indicating favourable adsorption. It is reported that if the value of n lies between 2 to 10 then 

adsorption is considered as better adsorption and if it lies between 1 to 2 then adsorption is 

considered to be good. 

3.3.2.2. Langmuir isotherm 

Langmuir adsorption isotherm model is one of the simplest types of theoretical adsorption 

isotherm models. This isotherm model is based on the assumptions that (i) maximum 

adsorption corresponds to a saturated monolayer of adsorbate molecules on the homogeneous 

surface of the adsorbent. This means that Langmuir represents the equilibrium distribution of 
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adsorbate molecules (metal ions) between the solid and liquid phases, (ii) every adsorption 

site is identical and energetically equivalent, which means that thermodynamically each 

adsorption site can hold only one adsorbate molecule i.e. the energy of adsorption is constant 

and (iii) the ability of molecule to bind and adsorbed is independent of whether or not 

neighbouring sites are occupied. This means that there will be no interactions between 

adjacent adsorbate molecules on the surface and immobile adsorption sites. This also means 

that there is no transmigration of adsorbate molecules in the plane of adsorbent surface. 

Linear form of Langmuir isotherm model can be written as [252, 253] 

            
 Ce

q
e

 = 
Ce

q
m

+ bq
m

                                                                                           (3.9) 

where, Ce and qe are the As(III) concentration in the solution and As(III) amount adsorbed at 

equilibrium, respectively. The qm (mg/g) is the saturated monolayer adsorption capacity, and 

b (L/mg) is the Langmuir constant related to the affinity between solute and adsorbent. 

Higher is the value of b, stronger is the affinity of metal ion adsorption. 

In Langmuir adsorption isotherm, a dimensionless separation factor or equilibrium parameter, 

„r‟ is considered as an essential feature. The value of „r‟ predict the adsorption efficiency of 

the isotherm process i.e. whether an adsorption system is “favourable” or “unfavourable”. 

The value of „r‟ can be calculated by using the following equation [254] 

                  𝑟 =  
1

1 + 𝑏𝐶𝑜
                                                                                     (3.10) 

where, Co is the initial concentration of As(III) and b is Langmuir constant. According to the 

value of „r‟ shape of the isotherm can be defined as shown in Table 3.1.  

Table 3.1: Type of isotherm according to value of „r‟. 

Value of ‘r’ Type of adsorption 

0 < r < 1.0 Favourable 

r > 1.0 Unfavourable 

r = 1.0 Linear 

r = 0 Irreversible 
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The value 0 < r < 1.0 represents favourable Langmuir isotherm adsorption, whereas r = 0 

represents irreversible adsorption, r = 1 shows linear adsorption and r > 1.0 represents 

unfavourable adsorption. 

3.3.3. Coefficient of determination or square of correlation coefficient (R
2
) 

When we fit the experimental data in theoretical models as explained above for adsorption 

kinetics and adsorption isotherms, the goodness of fit of the data is explained on the basis of 

R
2 

value which is known as coefficient of determination or square of correlation coefficient. 

The brief explanation of coefficient of determination is described ahead. 

The coefficient of determination denoted by R
2 

and pronounced as R squared, is a statistical 

number that indicates how well data fit a theoretical or statistical model. A statistical model 

can be simply a straight line or a curve. The coefficient of determination R
2
 is useful because 

it gives the proportion of the variance (fluctuation) of one quantity that is estimated from the 

other quantity. Further, the value of R
2
 allows us to determine how certain one can be in 

estimating the values from a particular model or graph.  

The coefficient of determination is such that 0 ≤ R
2 

≤ 1 and tells the efficiency of the linear 

relationship between x and y. If R
2
 = 0, then it means that the dependent quantity cannot be 

estimated from the independent quantity. It also indicates that the regression line does not fit 

the data at all which means that the data is more non-linear than the curve allows or it is 

random. If R
2 

= 1, then it means that the dependent quantity can be estimated without error 

from the independent quantity. We can also say that the regression line fits the data well. The 

value of R
2 

between 0 and 1 indicates the limit to which the dependent quantity is estimated 

[255, 256]. For example R
2
 of 0.10 means that 10 percent of the variance in y is estimated 

from x. Moreover, the coefficient of determination defines the amount of the data that is 

nearest to the line of best fit. For example, if R = 0.922, then R
2
 = 0.850, which means that 85 

% of the total deviation in y can be explained by the sequential association between x and y 

(as described by the regression equation). The other 15 % of the total deviation in y leftover 

unexplained. 

The coefficient of determination is an estimation of how well the regression line predicts the 

data. If the regression line passes exactly through every point on the scatter plot, it would be 

able to explain all of the deviation. As the line moves away from the points it becomes typical 

to explain the deviation. 
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Equation 3.11 represents the formula for calculating the coefficient of determination for a 

linear regression model with one independent variable [255, 256] 

   𝑅2  =   
1

𝑁

   𝑥𝑖  − 𝑥   𝑦𝑖 − 𝑦   

 𝜎𝑥  ×  𝜎𝑦 
 

2

                                                                  (3.11) 

where, N is the number of observations used to fit the statistical model, Σ is the summation 

symbol, xi is the value of i
th

 observation of independent quantity (x), 𝑥  is the mean of 

independent quantity (x), yi is the value of i
th

 observation of dependent quantity (y), 𝑦  is the 

mean of dependent quantity (y), σx is the standard deviation of independent quantity (x), and 

σy is the standard deviation of dependent quantity (y). 

3.4. RESULTS AND DISCUSSION 

3.4.1. Effect of contact time on As(III) removal 

Fig. 3.1 shows the effect of contact time on % As(III) removal efficiency and adsorption 

capacity (qt = mg/g) for initial As(III) concentration of 1 mg/L. We have observed that the 

As(III) removal takes place in two phases i.e. fast and slower adsorption phase. Initially 

within 30 min of contact time rapid removal (82.84 % of As(III) was removed) of As(III) 

occurred and after that the arsenic removal rate decreased and took about 360 min to achieve 

the adsorption equilibrium as shown in Fig. 3.1. Although, the adsorption equilibrium was 

achieved in 360 min of contact time, but we have performed all batch adsorption experiments 

for prolonged contact time of 420 min to ensure complete adsorption. The observed fast 

adsorption of As(III) by Fe3O4 nanoparticles coated sand in the first phase is probably due to 

the external surface adsorption process. In this process, all the adsorption sites existing on the 

adsorbent external surface are occupied at a fast rate by adsorbing As(III) ions (in this study 

30 min). The adsorption mechanism occurred in the first phase can be termed as the 

„adsorption controlled by the surface process‟ [185]. After 30 min, when all the external 

adsorption sites of Fe3O4 are filled, the process of As(III) removal got slower because the 

As(III) does not find an immediate contact surface of Fe3O4 nanoparticles, however, the sub-

layered Fe3O4 nanoparticles still have adsorption sites for As adsorption. Once the external 

adsorption surface sites are occupied, the As(III) approached to the available adsorption sites 

on the surface of sub-layered Fe3O4 nanoparticles. In this process, to reach the available 

adsorption sites, As(III) has to diffuse through the Fe3O4 nanoparticles. Due to the intra-

particle diffusion of As(III), the rate of adsorption decreases and since the  process is now 
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diffusion controlled, therefore, it can be termed as the „adsorption controlled by diffusion‟ 

[257]. For As(III), longer is the intra-particle diffusion distance slower is the adsorption rate, 

as observed. At equilibrium, 99.6 % As(III) was removed for initial As(III) concentration of  

1 mg/L. 

 

Figure 3.1: Effect of contact time on % As(III) removal efficiency and adsorption capacity 

(qt = mg/g). 

3.4.2. Adsorption kinetics 

The plots of pseudo-first-order and pseudo-second-order kinetics model for As(III) removal 

are shown in Fig. 3.2 (a) and 3.2 (b), respectively. The values of various corresponding 

parameters; kads, k, h and coefficients of determination R
2
 obtained from these plots are shown 

in Table 3.2. The experimental kinetics data fitted well in pseudo-second-order kinetics 

model with higher coefficient of determination (R
2
 = 0.999) as compared to pseudo-first-

order kinetics model which has comparatively lower coefficient of determination (R
2 

= 

0.978). Also the experimental value of qe i.e. 0.0398 is more close to theoretical qe value 

0.040 obtained from pseudo-second-order kinetics model in comparison to 0.015 qe  value 

obtained from pseudo-first-order kinetics model. This also supports that data fitted well in 

pseudo-second-order kinetics model. These results reveal that the As(III) adsorption process 

is chemisorption i.e. there is some chemical bonding between adsorbent (magnetite 

nanoparticles coated sand) and adsorbate (As(III) ions) [257]. 
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Figure 3.2: Adsorption kinetics (a) pseudo-first-order model and (b) pseudo-second-order 

model for As(III) removal by Fe3O4 nanoparticles coated sand. 

Fig. 3.3 shows the plot of intra-particle diffusion model for As(III) removal by magnetite 

nanoparticles coated sand. The values of intra-particle diffusion rate constant obtained from 

slope of the plot and coefficient of determination (R
2
) are given in Table 3.2. This is the 

assumption of intra-particle diffusion model that if the graph between amount of adsorbate 

adsorbed „qt’ and square root of time „t
1/2

‟ gives a straight line then intra-particle diffusion is 

the rate limiting step. Further, this model also assumed that the plot should pass through the 

origin for intra-particle diffusion to be the sole rate limiting step.  

 

Figure 3.3: Intra-particle diffusion model for As(III) removal by Fe3O4 nanoparticles coated 

sand. 

 

However in the present study, the plot of qt and t
1/2 

is not a straight line and also the plot is 

not passing through the origin (Fig. 3.3). It is clear from the Fig. 3.3 that three steps are 
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involved in adsorption i.e. (i) sharper portion attributing to boundary layer diffusion of solute 

molecules, (ii) second portion is the gradual adsorption phase where intra-particle diffusion is 

rate limiting step followed by, (iii) final equilibrium phase where the concentration of solute 

in the solution become extremely low that the intra-particle diffusion starts to slow down. 

These results reveal that the As(III) adsorption on magnetite nanoparticles coated sand is a 

complex process in which both surface adsorption and intra-particle diffusion are 

contributing towards the rate of adsorption [208]. 

Table 3.2: Pseudo-first-order and pseudo-second-order kinetic parameters and intra-particle 

diffusion model parameters for As(III) adsorption by Fe3O4 nanoparticles coated sand. 

Pseudo-first-order 

parameters 

Pseudo-second-order parameters Experi-

mental 

qe 

(mg/g) 

Intra-particle 

diffusion model 

parameters 

kads(mi

n
-1

) 

R
2 

qe k (g 

mg
-1

 

min
-1

) 

h (mg g
-1

 

min
-1

) 

qe(mg

/g) 

R
2
  Ki (mg g

-1
 

min
1/2

) 

R
2
 

0.0183 0.978 0.015 3.21 0.0053 0.040  0.999 0.0398 0.000432 0.82

4 

We have also performed arsenic removal experiments separately for sand and magnetite 

nanoparticles with initial As(III) concentration of 5 mg/L and adsorbent dose (sand or 

magnetite) of 0.2 g/20 mL. With sand particles arsenic was reduced only to 4.587 mg/L from 

5 mg/L initial arsenic concentration. On the other hand magnetite nanoparticles reduced 

arsenic concentration below 1 parts per trillion (ppt) as the amount was not detectable in the 

sample by ICP-MS (ICP-MS instrument lower detection limit was 1 ppt). As(III) removal 

efficiency of sand was found to be 8.26 % and of magnetite nanoparticles was approximately 

100 % as arsenic was not detectable in the sample. Thus on the basis of results obtained we 

can say that sand is not able to remove arsenic. It is only magnetite nanoparticles which are 

responsible for arsenic removal. 
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3.4.3. Effect of initial solution pH on As(III) removal 

The pH of water is considered an important factor in the adsorption based wastewater 

treatment experiments as it affects metal speciation in the water [194]. Fig. 3.4 shows the 

effect of water pH on the removal efficiency and adsorption capacity of As(III) by Fe3O4 

coated sand. The effect of pH can be explained in terms of point of zero charge (pHpzc) of the 

adsorbent (pHpzc of adsorbent was nearly 7.8 as shown in Fig. 2.7 given in chapter 2) at 

which the surface of the adsorbent is neutral. From Fig. 3.4, it can be seen that with an 

increase in the pH of water from 2.0 to 8.0, As(III) removal efficiency increases from 98.92 

% to 99.63 % and the adsorption capacity increases from 0.0395 to 0.0398 mg/g. This is due 

to the fact that below pHpzc (7.8) the surface of adsorbent Fe3O4 is positively charged and 

As(III) exists in non-ionic (H3AsO3) state in the low pH (2.0 to 9.2) range. Therefore, when 

non-ionic As(III) species comes in contact with Fe3O4 its positively charged surface helps 

non-ionic As(III) to convert into anionic one, which in turn assists adsorption process [258].  

With increase in pH from 8.0 to 12.0, As(III) removal efficiency decreases from 99.63 % to 

62.8 % and adsorption capacity decreases from 0.0398 to 0.0251 mg/g. Above pH 9.2, As(III) 

dissociates and produces anionic H2AsO3
-
 and HAsO3

2-
 ions and also above pHpzc (7.8) the 

adsorbent surface become negatively charged. Therefore in this pH range, the decreasing 

As(III) uptake and decreasing adsorption capacity are due the following reasons: (i) the 

competition of excessive OH
- 
ions for adsorption, (ii) domination of negatively charged sites 

on Fe3O4 nanoparticles coated sand and (iii) domination of negatively charged As(III) species 

(H2AsO3
-
). With increasing pH, there is a gradual increase in the repulsive forces between 

negatively charged Fe3O4 nanoparticles coated sand and the negatively charged As(III) ions, 

which results in a decreasing As(III) removal efficiency [208, 259]. We know that most of 

the groundwater exists in the pH range from 7.0 to 7.5, therefore, in this study we have 

performed other batch experiments at most natural pH „7.0‟.  
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Figure 3.4: Effect of pH on % As(III) removal efficiency and adsorption capacity (qe = 

mg/g). 

3.4.4. Effect of adsorbent dose on As(III) removal 

Fig. 3.5 shows the effect of adsorbent dose on % As(III) removal efficiency and adsorption 

capacity (qe = mg/g) at fixed initial As(III) concentration of 1 mg/L. It has been observed that 

with an increase in adsorbent dose from 5 g/L to 30 g/L, the As(III) removal efficiency 

increases from 88.93 % to 99.89 %, which is obvious due to available more active sites at 

higher concentrations of the adsorbent [260, 261]. However, beyond 25 g/L dose, no 

significant change in As(III) removal efficiency was observed. On the other hand the 

adsorption capacity decreased from 0.178 mg/g to 0.0333 mg/g with increase in adsorbent 

dose. This decrease is due to the interference between binding sites at higher adsorbent dose 

or inadequate number of As(III) ions in the solution with respect to available binding sites 

[262, 263]. In this plot, the point of intersection (Fig. 3.5) is usually considered as the 

optimum dose that represents balance between % As(III) removal efficiency and adsorption 

capacity. In this study, the point of intersection is approximately at 10 g/L of adsorbent dose, 

but for this dose only 96.55 % As(III) removal was achieved, and 0.0344 mg/L As(III) was 

still there in the solution, which is higher than the MCL value set by WHO. Therefore, a dose 

of 25 g/L was selected for further analysis as this dose was sufficient to reduce As(III) 

concentration below the MCL value. However, in this study it should be noted that the dose 

of real adsorbent (Fe3O4 nanoparticles) might be much lesser than the weighted dose because 

it was coated on bulky sand particles, the weighted dose is actually the contribution of both 
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real adsorbent Fe3O4 nanoparticles and sand. The experiment was also performed using bare 

magnetite nanoparticles by varying adsorbent dose from 50 mg/L to 1 g/L to know the 

minimum amount of real adsorbent needed to reduce arsenic concentration below permissible 

limit. We have found that 200 mg/L of magnetite nanoparticles were sufficient to reduce 

As(III) concentration below 10 µg/L from initial As(III) concentration of 1 mg/L. The 

amount of real adsorbent required to reduce arsenic concentration below permissible limit is 

less than the commercially available adsorbent [185]. 

 

Figure 3.5: Effect of adsorbent dose on % As(III) removal efficiency and adsorption capacity 

(qe = mg/g). 

3.4.5. Effect of initial As(III) concentration 

Fig. 3.6 shows the effect of initial As(III) concentration on the removal efficiency and 

adsorption capacity of Fe3O4 nanoparticles coated sand. It has been observed that with the 

increase in initial As(III) concentration the As(III) removal efficiency decreases while the 

adsorption capacity increases and became saturated at 80 mg/L of As(III) concentration and 

further addition of As(III) does not cause any significant change in adsorption capacity. This 

is because at lower As(III) concentration, the number of adsorbent surface active sites are 

sufficiently large and accommodates abundant of As(III) ions. An increase in the As(III) 

concentration causes a reduction in the proportion of surface active sites to As(III) ions and 

thus an insufficient accommodation of As(III) ions results in the decreasing % As(III) 

removal efficiency. Furthermore, a driving force is provided by initial As(III) concentration 
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to overcome all mass transfer resistances between the adsorbent and adsorption medium 

which results in higher adsorption capacities at higher initial As(III) concentration [262]. 

 

Figure 3.6: Effect of initial As(III) concentration on % As(III) removal efficiency and 

adsorption capacity (qe = mg/g). 

3.4.6. Adsorption isotherms 

Fig. 3.7 (a) and 3.7 (b) shows the Freundlich and Langmuir adsorption isotherm plots for 

As(III) removal by Fe3O4 nanoparticles coated sand, respectively. The values corresponding 

to various parameters of Freundlich and Langmuir adsorption isotherms calculated from the 

slope and intercepts of these plots are listed in Table 3.3.  

 

Figure 3.7: Adsorption isotherm (a) Freundlich fit and (b) Langmuir fit for As(III) adsorption 

by Fe3O4 nanoparticles coated sand. 
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Table 3.3: Freundlich and Langmuir adsorption isotherm parameters for As(III) adsorption 

by Fe3O4 nanoparticles coated sand. 

Freundlich isotherm parameters Langmuir isotherm parameters 

KF (mg/g) n
 

R
2 

b (L/mg) qm (mg/g) r R
2
 

0.75 3.15 0.983 0.709 2.14 0.287-0.013 0.996 

 

In this study the calculated value of n is 3.15, which lies within the limit of better adsorption 

i.e. 2 < n < 10 of As(III) on Fe3O4 nanoparticles coated sand. The obtained higher coefficient 

of determination (R
2 

> 0.99) while using Langmuir model indicates that the experimental data 

fitted well in Langmuir model as compared to Freundlich model where R
2 

is smaller than the 

previous one. This interprets monolayer adsorption of As(III) on a homogeneous surface. 

Here, the maximum adsorption capacity (qm) for As(III) removal is obtained 2.14 mg/g, 

which is comparable with other reported adsorbents. The comparison of Langmuir adsorption 

capacity of Fe3O4 nanoparticles coated sand for As(III) removal with reported low cost 

adsorbents is given in Table 3.4. The value of „r‟ is obtained to be less than unity with a 

decreasing order at high As(III) concentrations, which indicates highly favourable adsorption 

of As(III) on Fe3O4 nanoparticles coated sand. 
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Table 3.4: Comparative account of adsorption capacities of some adsorbents for As(III) 

removal. 

Low cost adsorbents Langmuir adsorption 

capacity qm (mg/g) 

References 

Iron oxide coated sand 0.029 [117] 

Iron acetate coated 

activated alumina 

0.090 [264] 

China Clay and Fly ash 0.389 [265] 

Iron-manganese oxide 

coated sand 

0.55 [266] 

Manganese oxide minerals 0.676 [267] 

Blast furnace slag 0.70 [266] 

Iron oxide impregnated 

activated alumina 

0.734 [268] 

Modified blast furnace slag 0.82 [266] 

Shale sedimentary rock 0.987 [269] 

TiO2 nanoparticles 1.6 [270] 

Ag-TiO2 nanoparticles 1.71 [270] 

Fe-TiO2 nanoparticles 3.08 [270] 

Fe3O4 nanoparticles coated 

sand 

2.14 Present study 

3.4.7. Effect of co-existing ions on As(III) removal efficiency 

In contaminated ground water or surface water, arsenic is generally accompanied with many 

other ions. These ions may compete with arsenic ions for the adsorption sites on the surface 

of adsorbent (magnetite nanoparticles coated sand) and therefore interfere adsorption process. 

The effect of these ions on the arsenic removal efficiency of magnetite nanoparticles coated 

sand should be investigated before field applications of the adsorbent. Thus, in the present 

study we have investigated the effect of some commonly present ions viz. PO4
3-

, SO4
2-

, 
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HCO3
2-

 and Cl
-
 ions on As(III) removal efficiency. Fig. 3.8 shows the results for individual 

effect of various co-existing ions (PO4
3-

, SO4
2-

, HCO3
2-

 and Cl
-
) on % As(III) removal 

efficiency of  Fe3O4 nanoparticles coated sand. It is observed that the presence of sulphate has 

a negligible effect on As(III) removal efficiency, whereas the other ions Cl
-
, HCO3

2-
, PO4

3-

have an influence but still minute on As(III) removal in their concentration range of 5 mg/L 

to 100 mg/L.  

 

Figure 3.8: Effect of co-existing anions on As(III) removal efficiency. 

The presence of these anions having little to no effect on As(III) removal efficiency may be 

attributed to the effect of the type of complex formed between the surface of Fe3O4 

nanoparticles coated sand and As(III) ions [271]. It is well known that phosphate effects the 

arsenic removal by adsorbents. But the reported effects of phosphate on arsenic removal are 

not observed in the present study. The reason for little to no effect of the PO4
3−

 ions on the 

arsenic adsorption may be formation of iron(III) phosphate, which could remove As(III) 

through oxidation followed by subsequent exchange of As(V) with PO4
3−

 ions [272]. The 

results of this study show that the presence of background ions effects the As(III) removal 

efficiency in the order of PO4
3- 

> HCO3
2- 

> Cl
- 
> SO4

2-
, however this effect is very small.  

3.4.8. Desorption and readsorption efficiency of adsorbent 

The desorption data for As(III) adsorbed on magnetite nanoparticles coated sand using 

different concentrations of sodium hydroxide is shown in Table 3.5. It has been observed that 

with 0.1 M NaOH solution, 65.5 % of As(III) was desorbed from the adsorbent and with 
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increase in NaOH concentration to 0.5 M, 76.33 % of As(III) was desorbed. In readsorption 

experiment it was found that 58.33 % and 65.65 % of As(III) was readsorbed by adsorbent 

treated with 0.1 M and 0.5 M NaOH, respectively. 

Table 3.5: Desorption data for As(III) adsorbed on magnetite nanoparticles coated sand using 

different concentrations of sodium hydroxide. 

Concentration of As(III) 

(mg/L) 

Removal efficiency 

(%) 

Desorption (%) with 

NaOH 

0.1 M 0.5 M 

10 98.73 65.5 76.33 

Fig. 3.9 demonstrates the mechanism for adsorption of As(III) species (H3AsO3, H2AsO3
-
 and 

HAsO3
2-

) on Fe3O4 nanoparticles coated sand.  

 

Figure 3.9: Schematic diagram for As(III) adsorption mechanism by Fe3O4 nanoparticles 

coated sand. 
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3.5. SUMMARY 

The Fe3O4 nanoparticles coated sand was successfully used for As(III) removal from aqueous 

solution. Batch kinetics study showed that the equilibrium was reached within 360 min of 

contact time and the experimental kinetics data fitted well in pseudo-second order kinetics 

model with high coefficient of determination (R
2 

> 0.99) as compared to pseudo-first-order 

kinetics model (R
2
 = 0.978). The batch adsorption isotherm data fitted well in Langmuir 

adsorption isotherm with higher coefficient of determination (R
2 

> 0.99), indicating 

monolayer adsorption of As(III) on homogeneous surface of adsorbent. The maximum 

Langmuir capacity for As(III) adsorption was found to be 2.14 mg/g. The obtained adsorbent 

showed a significant 99.6 % removal of As(III) in most natural conditions. Since Fe3O4 

coated sand shows high adsorption capacity and affinity towards As(III), therefore it provides 

an economically feasible solution for common man to get rid of As(III) contaminated water. 

Also, by utilizing the Fe3O4 coated sand the problem of extraction of nanoparticles from 

treated water can be overcome by removing the adsorbent by a simple filtration process.  
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CHAPTER 4 

BATCH STUDIES FOR As(V) REMOVAL FROM WATER BY 

USING MAGNETITE NANOPARTICLES COATED SAND: 

ADSORPTION KINETICS AND ISOTHERMS 
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4.1. INTRODUCTION 

This chapter describes the potential of magnetite nanoparticles coated sand for As(V) 

removal from aqueous solution. As(III) and As(V) (predominant species of arsenic in 

aqueous environment) both are known to be acute toxic by Environmental Protection Agency 

(EPA) [273]. Thus it is required to develop a technology which can efficiently remove both 

As(III) and As(V) from drinking water. In previous chapter, we have described the potential 

of magnetite nanoparticles coated sand for As(III) removal by performing various 

experiments, and it is found that the synthesized adsorbent is efficient for As(III) removal. 

Now it is required that the synthesized adsorbent should be efficient to remove As(V) also, 

only then it will be a better material for arsenic removal (if it is able to remove both As(III) 

and As(V) efficiently).  

Thus in this chapter we have discussed the use of magnetite nanoparticles coated sand for 

As(V) removal from water through batch operation mode. In the first section, the 

experimental details for performing batch adsorption experiments for As(V) removal have 

been discussed. The influence of various parameters such as effect of contact time, effect of 

pH, effect of adsorbent dose, effect of initial As(V) concentration and effect of various 

competing ions on As(V) removal efficiency have been discussed. The theoretical modelling 

of experimental adsorption kinetics and adsorption isotherms has also been discussed. 

Desorption and readsorption behaviour of adsorbent is discussed in the subsequent section to 

check the reusability of adsorbent to make it an economically feasible material. A 

comparative account of As(V) adsorption capacity of synthesized adsorbent with other 

reported adsorbents is also given. Further the mechanism of As(V) adsorption on magnetite 

nanoparticles coated sand is explained. 

4.2. MATERIALS AND METHODS 

4.2.1. Materials  

All chemicals and reagents used in the experiments were of analytical grade, which were 

used as received. All glasswares were washed with acid and rinsed with milli-Q water. The 

As(V) stock solution (100 mg/L) was prepared by dissolving sodium arsenate dibasic 

heptahydrate (Na2HAsO4.7H2O, Sigma Aldrich, USA product)in milli-Q water. Working 

solutions of As(V) were prepared freshly according to experimental requirement from the 

stock solution. The pH of working solutions was adjusted by standard 0.1 M HCl and 0.1 M 

NaOH solutions, respectively. The co-existing ions (PO4
3-

, SO4
2-

, HCO3
2-

 and Cl
-
) were 
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produced in the solution by dissolving disodium hydrogen phosphate anhydrous (Na2HPO4), 

sodium sulphate (Na2SO4), sodium bicarbonate (CHNaO3) and sodium chloride (NaCl) salts.  

4.2.2. Batch adsorption experiments for As(V) removal 

Batch adsorption experiments were conducted for As(V) removal at room temperature (30 ± 

2 
o
C) in 150 mL Erlenmeyer conical flasks by adding magnetite nanoparticles coated sand in 

50 mL of aqueous As(V) solution of desired concentration. The influence of various 

parameters viz. contact time, initial pH of the solution, adsorbent dose and initial As(V) 

concentration and individual influence of co-existing ions on As(V) removal was studied in 

batch operation mode. All the As(V) batch adsorption experiments were performed in a 

temperature controlled incubator shaker at an agitation speed of 200 rpm. To study the effect 

of contact time, a fixed adsorbent dose (25 g/L) was added in 50 mL of aqueous As(V) 

solutions of desired concentration (1 mg/L) in a series of flasks. The pH of the solutions was 

adjusted 7.0. These flasks were agitated in incubator shaker and then the flasks were removed 

from incubator shaker at specific intervals of contact time i.e. 30, 60, 120, 180, 240, 300, 360 

and 420 min.  

The influence of initial pH of the As(V) solution on its removal efficiency was investigated 

by agitating the As(V) solutions of 1 mg/L concentration within a pH range of 2.0 to 12.0 and 

a fixed adsorbent dose of 25 g/L for 420 min of contact time. The pH of the As(V) solutions 

was adjusted by using 0.1 M HCl or 0.1 M NaOH solutions and was measured with an 

Oakton pH meter. 

The effect of adsorbent dose on As(V) removal was studied by varying it from 5 g/L to 30 

g/L at fixed initial As(V) concentration of 1 mg/L, pH 7.0 and contact time of 420 min. For 

equilibrium adsorption isotherm studies, a series of flasks containing 50 mL of As(V) 

solutions with varied initial concentrations ranging from 1-103.008 mg/L and fixed adsorbent 

dose (25 g/L) were agitated for a fixed contact time of 420 min at room temperature and pH 

7.0.  

Thereafter required agitation, all the above solutions were filtered through 0.45 µm durapore 

filter paper. The filtrate was acidified with 1% HNO3 solution and the concentration of As(V) 

was quantified. The initial and residual As(V) concentrations were analyzed by using ICP-

MS (Perkin Elmer Elan DRC 6000). 

Since the presence of ionic species may affect the As(V) adsorption by adsorbent due to 

interference with As(V) uptake through competitive binding or adsorption [203]. The 
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individual effect of various co-existing ions viz. PO4
3-

, SO4
2-

, HCO3
2-

 and Cl
-
 on As(V) 

removal efficiency using magnetite nanoparticles coated sand was also investigated 

performing the batch experiments by aforementioned method. The initial concentration of 

these co-existing ions was varied from 5 mg/L to 100 mg/L and the initial concentration of 

As(V) was kept fixed (1 mg/L). The blank As(V) solution with no co-existing ions and As(V) 

solutions with varied concentration of co-existing ions were agitated separately with fixed 

adsorbent dose of 25 g/L and pH 7.0 at an agitation speed of 200 rpm for 420 min of contact 

time. After required agitation the samples were filtered and analyzed for residual As(V) 

concentration by ICP-MS as before. The As(V) removal efficiency in presence of these co-

existing ions was compared with blank samples having no co-existing ions.  

In order to understand the role of surface coated magnetite nanoparticles, we have performed 

the batch experiments for As(V) removal with an initial As(V) concentration of 1 mg/L and 

adsorbent dose (sand or magnetite nanoparticles separately) of 0.2 g/20 mL. The batch 

experiments were also carried out with different dosage of pure magnetite nanoparticles (real 

adsorbent) in order to know the amount of real adsorbent required to reduce the As(V) 

concentration below MCL value set by WHO i.e. 10 µg/L. 

The As(V) removal efficiency of magnetite nanoparticles coated sand was calculated using 

the formula: 

Removal efficiency (%) = 
Co-Ce

Co

×100                                                (4.1) 

and the amount of As(V) adsorbed (mg) per unit mass of adsorbent (g)was determined using 

the formula: 

  q
e
 = 

Co -Ce

M
×V                                                                                   (4.2) 

where, Co and Ce are initial and final As(V) concentrations (mg/L), respectively, V is the 

volume of solution and M is the mass of adsorbent. 

4.2.3. Adsorption kinetics and adsorption isotherms 

The adsorption kinetics and adsorption isotherms of As(V) adsorption were also investigated 

in batch experiments. In order to estimate the rate at which adsorption of As(V) takes place, 

and to predict the rate controlling step, experimental kinetics data was fitted in pseudo-first-

order and pseudo-second-order kinetics models. Equations 4.3 and 4.4 represent pseudo-first-

order and pseudo-second-order kinetics models, respectively [246, 248]. 
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log q
e 

– q
t
  = log q

e
- 

kads

2.303
t                                                       4.3  

t

q
t

 = 
1

h
 + 

t

q
e

                                                                              (4.4)   

and 

        h = kq
e

2                                                                                                  (4.5)           

where, qe (mg/g) and qt (mg/g) are amount of As(V) adsorbed per unit mass of adsorbent at 

equilibrium and time t, respectively. The kads and k are pseudo-first-order and pseudo-second-

order adsorption rate constants, respectively, and h is initial adsorption rate (mg g
-1

min
-1

).  

The As(V) adsorption data was also fitted in intra-particle diffusion model to explain the 

kinetics of adsorption. Equation 4.6 represents intra-particle diffusion model [250]. 

                       qt = ki t
1/2                                                                                                                          

(4.6) 

where, ki is the intra-particle diffusion rate constant and qt is the amount of As(V) adsorbed 

per unit mass of adsorbent at time t. 

The experimental adsorption isotherm data was fitted in theoretical Freundlich and Langmuir 

isotherm models. Equation 4.7 represents linear form of Freundlich isotherm model [251]. 

log q
e
 = logKF + 

1

n
log Ce                                                       (4.7) 

where, qe is the amount of As(V) adsorbed per unit mass of magnetite nanoparticles coated 

sand at equilibrium (mg/g), Ce is equilibrium concentration of As(V) in the solution (mg/L), 

KF is the adsorption capacity indicator, and n (1 < n < 10) is adsorption intensity. 

Equation 4.8 represents linear form of Langmuir isotherm model [253]. 

C  e

q
e

 = 
Ce

q
m

+ bq
m

                                                                             (4.8) 

where, qm (mg/g) is maximum adsorption capacity, and b (L/mg) is Langmuir adsorption 

constant related to the affinity between the solute and adsorbent.  

To predict the As(V) adsorption efficiency of the process, a dimensionless quantity ‘r’ is also 

calculated by using the formula 

𝑟 =  
1

1 + 𝑏𝐶𝑜
                                                                              (4.9) 
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where, Co is initial concentration of As(V) and b is Langmuir constant. The value r < 1.0 

shows favourable adsorption, whereas r > 1.0 shows unfavourable adsorption.  

4.2.4. Desorption and readsorption experiments 

To test the reusability and degradation behaviour of magnetite nanoparticles coated sand the 

adsorption and desorption experiments for As(V) were performed. Desorption experiments 

were carried out by using 0.5 M sodium hydroxide solution as the desorbing agent. First of 

all, As(V) solution of 1 mg/L concentration was agitated with 1 g adsorbent for 420 min of 

contact time. After agitation the solution was filtered and the arsenate-loaded adsorbent was 

washed several times with distilled water in order to remove unadsorbed arsenate ions. The 

adsorbent was dried and then agitated with 40 mL of 0.5 M sodium hydroxide solution for a 

period of 420 min equal to adsorption time. The solution was then filtered and washed with 

distilled water in order to remove excess of sodium hydroxide. The adsorbent was dried and 

again treated with 40 mL of As(V) solution of 1 mg/L to study the readsorption behaviour of 

the adsorbent. The above adsorption and desorption experiments were repeated for 10 cycles. 

The filtrate obtained after each adsorption and desorption experiment was analyzed for As(V) 

concentration separately by using ICP-MS. The As(V) adsorption percentage was calculated 

by using equation 4.1 and As(V) desorption percentage was calculated by using equation 

4.10: 

% Desorption =  
released As V (mg/L)

initially adsorbed As V (mg/L)
× 100                               (4.10) 

4.3. RESULTS AND DISCUSSION 

4.3.1. Effect of contact time on As(V) removal: adsorption kinetics 

Fig. 4.1 demonstrates the effect of contact time on % As(V) removal efficiency and 

adsorption capacity (qt = mg/g). It is clear from Fig. 4.1, that most of the As(V) removal (87 

%) occurs merely in the initial 30 min of contact time and in the next 330 min, the removal 

efficiency reached to 99.84 % which means that only 12.84 % of As(V) is removed in next 

330 min. Thus it is concluded from these results that the uptake of As(V) species is rapid in 

the initial stage and gradually becomes slower with the lapse of time till equilibrium is 

attained. This is because initially the adsorbent has all its surface sites vacant for the 

adsorption and therefore the As(V) get easily adsorbed on these adsorption sites resulting in 

rapid As(V) uptake [185]. With the lapse of time, the available adsorbent surface active sites 

are occupied by As(V) and therefore the process of adsorption gets slower due to intra-
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particle diffusion which is similar to the case of As(III) removal explained in previous 

chapter, and an equilibrium is attained at about 360 min of contact time. However, to ensure 

the complete adsorption all the batch experiments were performed for a contact time of 420 

min. We have obtained single, smooth and continuous curve leading to equilibrium which 

further suggest the probability of monolayer adsorption of As(V) on the surface of magnetite 

nanoparticles coated sand. 

 

Figure 4.1: Effect of contact time on % As(V) removal efficiency and adsorption capacity (qt 

= mg/g). 

Experimentally observed adsorption kinetics data was fitted in pseudo-first-order and pseudo-

second-order kinetics models and intra-particle diffusion model. Fig. 4.2 (a) and 4.2 (b) show 

linear plots of pseudo-first order and pseudo-second-order kinetics models, respectively. The 

corresponding parameters kads, k, h, qe calculated from the slope and intercept of these plots 

and coefficient of determination R
2
 obtained from these plots are given in Table 4.1. We have 

obtained higher values of coefficient of determination (R
2 

> 0.99) for both pseudo-first-order 

and pseudo-second-order kinetics model which indicates that experimental data fitted well 

with both these models. But the experimental value of As(V) adsorption capacity (qe) i.e. 

0.0399 is more close to theoretical qe value 0.0406 obtained from pseudo-second-order 

kinetics model in comparison to 0.008 qe value obtained from pseudo-first-order kinetics 

model. This supports that the data is fitted comparatively well in pseudo-second-order 

kinetics model. These results reveal that As(V) adsorption process on magnetite nanoparticles 
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coated sand is chemisorption or we can say that chemisorption might be the rate controlling 

step [248, 257]. 

 

Figure 4.2: Adsorption kinetics (a) pseudo-first-order and (b) pseudo-second-order model for 

As(V) removal by magnetite nanoparticles coated sand. 

 

Fig. 4.3 shows the plot of intra-particle diffusion model and values of intra-particle diffusion 

rate constant obtained from slope of the plot and coefficient of determination (R
2
) are given 

in Table 4.1. The intra-particle diffusion is considered as the sole rate limiting step, if the 

graph between qt and t
1/2 

yields a straight line passing through the origin.  

 

Figure 4.3: Intra-particle diffusion model for As(V) removal by Fe3O4 nanoparticles coated 

sand. 
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However, it can be seen from Fig. 4.3 that the graph between qt and t
1/2 

does not yields a 

straight line passing through the origin indicating that intra-particle diffusion is not the sole 

rate limiting step. Moreover, the graph shows multi-linearity, indicating that three steps are 

involved in As(V) adsorption process. The first, sharper portion is attributed to the external 

surface adsorption or boundary layer diffusion of solute molecules; the second portion of 

gradual adsorption is attributed to the intra-particle diffusion and the third portion is 

attributed to final equilibrium phase. These observations show that adsorption of As(V) on 

magnetite nanoparticles coated sand is a complex phenomenon which involves the 

contribution of both surface adsorption and intra-particle diffusion towards the rate of 

adsorption.  

Table 4.1: Pseudo-first-order and pseudo-second-order kinetic parameters and intra-particle 

diffusion model parameters for As(V) removal by magnetite nanoparticles coated sand 

calculated from linear plots. 

Pseudo-first-order 

parameters 

Pseudo-second-order 

parameters 

Experimental 

adsorption 

capacity 

Intra-particle 

diffusion 

model 

parameters 

kads 

(min
-1

) 

R
2 

qe 

(mg/g) 

k (g 

mg
-1

 

min
-1

) 

h (mg 

g
-1

 

min
-1

) 

qe 

(mg/g) 

R
2
 qe (mg/g) Ki (mg 

g
-1

 

min
1/2

) 

R
2
 

0.0142 0.992 0.0087

4 

3.754 0.006

21 

0.0406  0.99

9 

0.0399 0.0003

56 

0.85

8 

 

We have also carried out As(V) removal experiments separately for sand and magnetite with 

initial As(V) concentration of 5 mg/L and adsorbent dose (sand or magnetite nanoparticles) 

of 0.2 g/20 mL. The uncoated sand particles were able to reduce As(V) only to 4.501 mg/L 

from initial As(V) concentration of 5 mg/L. On the other hand magnetite nanoparticles 

reduced As(V) concentration below 1 parts per trillion (ppt) as the amount was not detectable 

in the sample by ICP-MS (ICP-MS instrument lower detection limit was 1ppt). As(V) 

removal efficiency of sand was found to be 9.98 % and of magnetite nanoparticles was nearly 
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100 %. Thus the obtained results reveal that sand is not able to remove As(V). It is only 

magnetite nanoparticles which are responsible for As(V) removal. 

4.3.2. Effect of initial solution pH on As(V) removal 

Fig. 4.4 shows the effect of initial solution pH on As(V) removal efficiency by magnetite 

nanoparticles coated sand. It is observed that for the pH range 2.0-7.0 there is slight decrease 

in As(V) removal efficiency, while for the increased pH from 7.0 to 12.0, there is a drastic 

decrease in As(V) removal efficiency from 99.99 % to 39.33 %. It indicates that magnetite 

nanoparticles coated sand adsorb As(V) more efficiently in an acidic pH range than in basic 

pH range. The observed variation in As(V) removal efficiency at different pH values may be 

attributed to different affinities of magnetite nanoparticles coated sand for different As(V) 

species viz. AsO4
3-

, HAsO4
2-

, H2AsO4
-
, H3AsO4 dominating at different pH values. It is 

reported that the pH range of 2.3 to 6.9 contains H2ASO4
- 
as the predominant form of As(V), 

whose adsorption energy may be lower than that of HAsO4
2-

 and AsO4
3-

 ion which results in 

comparatively more favourable adsorption of H2AsO4
-
 than that of HAsO4

2-
 and AsO4

3- 
ions 

[185, 274]. Except the adsorption energy, different surface charge of magnetite nanoparticles 

at different pH also effects As(V) removal efficiency. The surface of magnetite nanoparticles 

is positively charged in the pH range 2.0-7.7 and has a point of zero charge at 7.8 pH, and is 

negatively charged above pH 7.8. Therefore, in the acidic pH range the As(V) being 

negatively charged is adsorbed more efficiently on the positively charged magnetite 

nanoparticles coated sand due to electrostatic attraction [195]. On the other hand in the basic 

pH range there is repulsion between negatively charged As(V) ions and negatively charged 

adsorbent surface which results in drastic decrease in the As(V) removal efficiency. 
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Figure 4.4: Effect of initial pH of the aqueous solution on % As(V) removal efficiency. 

4.3.3. Effect of adsorbent dose on As(V) removal 

The effect of adsorbent dose on both the As(V) removal efficiency and adsorption capacity 

(qe = mg/g), at fixed initial As(V) concentration of 1 mg/L is shown in Fig. 4.5. From the Fig. 

4.5 it can be seen that As(V) removal efficiency increases from 94.7 to 99.99 % with increase 

in adsorbent dose from 5 g/L to 30 g/L. However, the adsorption capacity decreases from 

initial value 0.189 mg/g (corresponding to 5 g/L of adsorbent dose) to 0.033 mg/g 

(corresponding to 30 g/L of adsorbent dose). The observed increase in the As(V) removal 

efficiency is due to increase in number of surface active sites with increase in adsorbent dose 

[260, 261]. On the other hand, the decrease in adsorption capacity is attributed to the 

interference between binding sites, and higher adsorbent dose or insufficiency of As(V) ions 

in the solution with respect to available binding sites [262, 263]. The point of intersection of 

the plots representing removal efficiency and adsorption capacity is generally considered as 

the optimum dose because it shows balance between % As(V) removal efficiency and 

adsorption capacity. In this study, the intersection point is obtained at the value 10 g/L of 

adsorbent dose. However, as observed from the experimental data the 10 g/L dose of 

adsorbent is not sufficient to reduce arsenic concentration to a required 10 µg/L level, 

therefore, here 25 g/L of adsorbent dose was selected to achieve the WHO standards. It may 

be noted that the dose of adsorbent includes the weight of real adsorbent (magnetite 

nanoparticles) and weight of sand particles, therefore in this study it is the total weight of 

sand and adsorbent and is obviously higher as compared with that of real adsorbent.  
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Therefore in order to know the minimum amount of real adsorbent required to reduce the 

arsenic concentration below allowable limit, the batch experiment was also performed using 

bare magnetite nanoparticles by varying adsorbent dose from 50 mg/L to 1 g/L. The results 

show that 200 mg/L of magnetite nanoparticles are sufficient to reduce As(V) concentration 

below 10 µg/L from initial As(V) concentration of 1 mg/L. The amount of real adsorbent i.e. 

magnetite nanoparticles required to reduce arsenic concentration below allowable limit is 

comparatively less than the commercially available adsorbent [185]. 

 

Figure 4.5: Effect of adsorbent dose on % As(V) removal efficiency and adsorption capacity 

(qe = mg/g). 

4.3.4. Effect of initial As(V) concentration 

The effect of initial As(V) concentration on % As(V) removal efficiency and adsorption 

capacity of magnetite nanoparticles coated sand is shown in Fig. 4.6. It is observed that when 

the initial As(V) concentration increases from 1 mg/L to 103.008 mg/L, the As(V) removal 

efficiency decreases from 99.99 % to 51.88 %, and the adsorption capacity increases from 

0.039 to 2.137 mg/g. Similar to the case of higher dose of adsorbent, here also when the 

initial As(V) concentration is lower it find abundant active adsorbent sites, and thus the 

system shows higher removal efficiency. In case when As(V) concentration is increased, the 

concentration of adsorbate increases, however the available active sites remains same as that 

in previous case, therefore, the % As(V) adsorbed amount will reduce as shown by the 

decreasing trend of removal efficiency of As(V) in Fig. 4.6.    
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Figure 4.6: Effect of initial As(V) concentration on % As(V) removal efficiency and 

adsorption capacity (qe = mg/g). 

 

4.3.5. Adsorption isotherms  

In order to describe equilibrium between adsorbed As(V) ions and As(V) ions in solution, the 

adsorption isotherm data was fitted in Freundlich and Langmuir isotherm models given in the 

equations 4.7 and 4.8. The Freundlich and Langmuir adsorption equilibrium isotherms for 

As(V) are shown in Fig. 4.7 (a) and (b), respectively. The values of various corresponding 

parameters calculated from the slope and intercept of these isotherm plots and coefficients of 

determination R
2
 are summarized in Table 4.2. We have observed that the experimental 

adsorption isotherm data fitted well in Langmuir isotherm model with higher value of 

coefficient of determination (R
2 

> 0.99) as compared to Freundlich isotherm model with 

lower value of coefficient of determination (R
2 

= 0.95). This signifies monolayer adsorption 

of As(V) on homogeneous surface of the adsorbent. The value of Freundlich parameter 3.54 

lying within the limit of better adsorption i.e. 2 < n < 10 indicates that As(V) exhibits better 

adsorption on magnetite nanoparticles coated sand. It can be seen from Table 4.2 that the 

maximum Langmuir adsorption capacity (qm) for As(V) in this study is 2.15 mg/g. Further, 

the values of r (0.372-0.0057) are found less than unity for all As(V) concentrations ranging 

from 1 mg/L to 103.008 mg/L, which interpret highly favourable adsorption of As(V) on 

magnetite nanoparticles coated sand.  
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Figure 4.7: Adsorption isotherm (a) Freundlich fit and (b) Langmuir fit for As(V) adsorption 

by magnetite nanoparticles coated sand. 

Table 4.2: Freundlich and Langmuir adsorption isotherm parameters for As(V) adsorption by 

magnetite nanoparticles coated sand calculated from linear plots. 

Freundlich isotherm 

parameters 

Langmuir isotherm parameters 

KF 

(mg/g) 

n
 

R
2 

b (L/mg) qm (mg/g) r R
2
 

0.9203 3.54 0.951 1.686 2.15 0.372-

0.0057 

0.997 

The adsorption capacity of magnetite nanoparticles coated sand for As(V) removal has been 

compared with previously reported adsorbents. The comparison is made on the basis of 

obtained Langmuir adsorption capacity and is listed in Table 4.3. An analytical comparison 

shows that the adsorption capacity of magnetite nanoparticles coated sand for As(V) is better 

than most of the adsorbents reported in the literature.  
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Table 4.3: Comparison of adsorption capacities of some adsorbents for As(V) removal. 

Low cost adsorbents Langmuir adsorption 

capacity qm (mg/g) 

References 

Laterite soil 0.040  [275] 

Sulfate modified iron-oxide 

coated sand 

0.117  [276] 

Rice polish 0.147  [259] 

Magnetite nanoparticles 0.204  [180] 

Natural iron ore 0.4  [277] 

Iron-manganese oxide 

coated sand 

0.77  [266] 

Red mud 0.941 [278] 

Bauxsol 1.081 [279] 

Granular porous ferric 

hydroxide 

1.17  [266] 

Modified zeolite 1.34 [280] 

Bauxsol coated sand 1.64 [281] 

Activated Bauxsol coated 

sand 

2.14 [281] 

Mg-Fe-based hydrotalcite 2.642  [282] 

Fe3O4 nanoparticles coated 

sand 

2.15 Present study 

4.3.6. Effect of co-existing ions on As(V) removal efficiency 

Fig. 4.8 represents the individual effect of co-existing anions on As(V) removal efficiency by 

adsorbent. Here, we found that sulphate has no significant effect on As(V) removal efficiency 

in its concentration ranging from 5 mg/L to 100 mg/L. The presence of chloride and 

bicarbonate also show less influence on As(V) removal efficiency. The presence of phosphate 

shows comparatively highest decrease in As(V) adsorption, however this too does not affect 

much the removal efficiency of As(V). The decrease in the adsorption efficiency is inferred 

due to competition for the binding sites of the adsorbent between phosphate and As(V) since 

phosphate and As(V) both have similar molecular structure. The presence of co-existing ions 
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affects the As(V) removal efficiency by magnetite nanoparticles coated sand in the order of 

PO4
3- 

> HCO3
2- 

> Cl
- 

> SO4
2-

. However this effect is very small, therefore one can use 

magnetite nanoparticles coated sand as an efficient adsorbent even to purify water having co-

existing anions. 

 

Figure 4.8: Effect of co-existing anions on As(V) removal efficiency. 

4.3.7. Desorption and readsorption efficiency of adsorbent 

Fig. 4.9 (a) and (b) shows the adsorption and desorption behaviour of magnetite nanoparticles 

coated sand, respectively. It can be seen from Fig. 4.9 (a) that in first cycle 99.99 % of As(V) 

is removed and with increase in number of reuse of adsorbent, its adsorption efficiency 

decreases. After 10 cycles of reuse of adsorbent only 20.3 % of As(V) is adsorbed due to 

degradation of adsorbent. Fig. 4.9 (b) shows that initially in the first cycle of desorption, 85.3 

% of As(V) is desorbed with 0.5 M of NaOH solution and then desorption increases upto 4 

cycles and then decreases. The As(V) desorption occurs within 75 % to 90 %  in all the 10 

cycles. 
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Figure 4.9: % As(V) (a) adsorption and (b) desorption behaviour of magnetite nanoparticles 

coated sand upto 10 cycles. 

 

 

 



Chapter 4                                                          Batch studies for As(V) removal... 
 

83 
 

Fig. 4.10 demonstrates the mechanism for adsorption of As(V) species (H2AsO4
-
 and 

HAsO4
2-

) on magnetite nanoparticles coated sand. 

 

Figure 4.10: Schematic diagram for As(V) adsorption mechanism by magnetite nanoparticles 

coated sand. 

4.4. SUMMARY 

Magnetite nanoparticles coated sand was successfully utilized for As(V) removal from 

aqueous solution. The synthesized adsorbent was found to be a potential adsorbent for As(V) 

removal when compared with other reported adsorbents. The adsorption of As(V) onto 

magnetite nanoparticles coated sand was found to be more favourable in acidic pH rather than 

in basic pH conditions. The experimental adsorption kinetics data fitted well in pseudo-

second-order kinetics model with higher coefficient of determination then pseudo-first-order 

kinetics model followed by intra-particle diffusion model. This indicates that the mechanism 

of As(V) adsorption by magnetite nanoparticles coated sand is complex and both surface 

adsorption as well as intra-particle diffusion contribute towards the rate limiting step. The 

experimental adsorption isotherm data fitted well in Langmuir isotherm model with higher 

coefficient of determination then Freundlich adsorption isotherm model indicating monolayer 

adsorption of As(V) on the adsorbent surface. At optimum conditions, 99.99 % of As(V) 
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removal was achieved by magnetite nanoparticles coated sand. The presence of co-existing 

ions in aqueous solution did not show any measurable effect on the As(V) removal efficiency 

by magnetite nanoparticles coated sand in the studied concentration range (5 mg/L to 100 

mg/L) which also make it a better adsorbent. Therefore, the magnetite nanoparticles coated 

sand proved to be a promising and efficient adsorbent for As(V) removal from drinking 

water. 
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CHAPTER 5 

EQUILIBRIUM AND THERMODYNAMIC INVESTIGATION 

OF As(III) AND As(V) REMOVAL BY MAGNETITE 

NANOPARTICLES COATED SAND 
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5.1. INTRODUCTION 

Since temperature plays an important role in the adsorption processes, therefore, to fully 

understand the nature of adsorption, and to evaluate the feasibility of adsorption, 

thermodynamic study of adsorption process is required. The most imperative application of 

thermodynamics to adsorption process is the calculation of equilibrium between different 

phases of adsorbate and adsorbent [283]. In thermodynamics, equilibrium is attained when 

the system is in its minimum free energy state (Gibbs free energy) and is described on the 

basis of stoichiometric equation and thermodynamic equilibrium constant containing deeds. 

There are two types of thermodynamic properties which are generally required for designing 

adsorption systems viz. (i) directly measurable properties including temperature and 

equilibrium constant, and (ii) properties which cannot be measured directly such as Gibb’s 

free energy change, enthalpy change, entropy change, activation energy and isosteric heat of 

adsorption. These thermodynamic parameters are essential design variables which help in 

estimating the performance and understanding the mechanism of an adsorption process. 

These are also required for the characterization and optimization of an adsorption process 

[284]. Furthermore, adsorption isotherm which gives the amount of heavy metal ions 

(adsorbate) adsorbed on the adsorbent surface as a function of the amount at equilibrium in 

solutions is basis for the calculation of thermodynamic parameters. The experimentally 

determined data points of adsorption isotherm must be fitted in analytical equations for 

interpolation, extrapolation and for thermodynamic calculations [283, 285]. It should be 

noted that the thermodynamics applies only to equilibrium adsorption isotherms. 

In this chapter we have summarized equilibrium adsorption isotherm experiments which were 

conducted on As(III) and As(V) removal at various temperatures along with the calculations 

of various thermodynamic parameters such as standard Gibbs free energy change (∆Gº), 

enthalpy change (∆Hº) and entropy change (∆Sº).  

5.2. EXPERIMENTAL 

5.2.1. Batch adsorption isotherm experiments for As(III) and As(V) removal at 

different temperatures 

Batch adsorption isotherm experiments were conducted to study the effect of temperature on 

As(III) and As(V) removal in the temperature range 25 
o
C (298 K) to 45 

o
C (318 K). As(III) 

or As(V) solutions of different initial concentration were taken in different flasks, 

respectively. The initial pH of the solutions was adjusted to 7.0 and a fixed adsorbent dose of 
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25 g/L was added to above solutions. These solutions were agitated at 200 rpm in an 

incubator shaker at different temperatures for contact time of 420 min. The solutions were 

then filtered using 0.45 µm durapore filter paper, acidified with 1 % HNO3, and finally 

analyzed for residual As(III) or As(V) concentration using ICP-MS.  

As(III) or As(V) removal efficiency and adsorption capacity were calculated by using the 

formula given in equations 3.1 and 3.2 as described in chapter 3.  

5.3. Adsorption isotherm 

Langmuir adsorption isotherm model and dimensionless factor ‘r’ as described in chapter 3 

and chapter 4 were employed to fit the experimental adsorption isotherm data for As(III) and 

As(V) removal obtained at different studied temperatures. 

5.4. Thermodynamic investigation 

The various thermodynamic parameters related with adsorption process i.e. standard Gibbs 

free energy change (∆Gº), standard enthalpy change (∆𝐻𝑜) and standard entropy change (∆Sº) 

were calculated using standard methods. The Gibbs free energy change of the adsorption 

process is related to the equilibrium constant as given in equation 5.1 [208, 286, 287]. 

                        ∆Gº = - RTlnKL                                                                                         (5.1) 

where, ∆Gº is standard Gibbs free energy change of adsorption in kJ/mol, R is universal gas 

constant (8.314 J/mol K), T is temperature in Kelvin and KL is the thermodynamic 

equilibrium constant given as: 

         KL= qmax × b                                                              (5.2) 

In this equation, qmax is maximum Langmuir adsorption capacity and b is Langmuir isotherm 

constant [208, 286].  

Standard Gibbs free energy change is also related to the standard enthalpy change (∆Hº) and 

standard entropy change (∆Sº) at constant temperature as given in equation 5.3. 

                       ∆𝐺°  =  ∆𝐻°  −  𝑇∆𝑆°                                                         (5.3) 

Now using the equations 5.1 and 5.3 we have  

         𝑙𝑛𝑘𝐿 =
∆𝑆°

𝑅
−
∆𝐻°

𝑅𝑇
                                                               (5.4)    

Therefore, standard enthalpy change (∆Hº) in kJ/mol, and standard entropy change (∆Sº) in 

kJ/mol K has been calculated from the above equation 5.3 [208, 286, 287]. We can calculate 

the values of ∆Hº and ∆Sº from the slope and intercept of Vant Hoff’s plot of lnKL against 

1/T, respectively. 
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The thermodynamic study in general specifies that whether the adsorption process is 

spontaneous or non-spontaneous and exothermic or endothermic in nature. If the standard 

enthalpy change (∆Hº) for adsorption process is: 

(i) Positive; the adsorption process is endothermic in nature and a given amount of 

heat is adsorbed by the system. 

(ii) Negative; the adsorption process is exothermic in nature and a given amount of 

heat is evolved from the system during the metal ion binding on the adsorbent 

surface. 

If the standard Gibbs free energy change (∆Gº) for adsorption process is positive, then the 

process is non-spontaneous in nature and if it is negative, the process is called spontaneous. 

Further, the positive value of standard entropy change (∆Sº) indicates an increase in the 

degree of randomness of the adsorbed species [288]. 

5.5. RESULTS AND DISCUSSION 

5.5.1. Effect of temperature on As(III) and As(V) removal 

Fig. 5.1 (a) and 5.1 (b) shows the effect of temperature on As(III) removal efficiency and 

adsorption capacity, respectively at different initial As(III) concentrations. Similarly, Fig. 5.2 

(a) and 5.2 (b) shows the effect of temperature on As(V) removal efficiency and adsorption 

capacity, respectively at different initial As(V) concentrations. It has been observed that with 

increase in temperature from 25 
o
C to 45 

o
C, As(III) or As(V) removal efficiency and 

adsorption capacity increases for all concentrations. This increased arsenic removal 

efficiency and adsorption capacity of magnetite nanoparticles coated sand with increased 

temperature is attributed to the enlargement of pores and/or the activation of the adsorbent 

surface [289].  
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Figure 5.1: Effect of temperature on As(III) (a) removal efficiency and (b) adsorption 

capacity at different initial As(III) concentrations. 

 

Figure 5.2: Effect of temperature on As(V) (a) removal efficiency and (b) adsorption 

capacity at different initial As(V) concentrations. 

5.5.2. Adsorption isotherm 

Fig. 5.3 (a), (b), (c) and Fig. 5.4 (a), (b), (c) shows the Langmuir adsorption isotherm fit for 

As(III) and As(V) removal, respectively at different temperatures. The various parameters for 

As(III) and As(V) removal obtained from Langmuir plots at different temperatures has been 

given in Table 5.1. The Langmuir isotherm constant ‘b’ obtained from the intercept of 

Langmuir plots (Table 5.1) has been used in the thermodynamic study. 
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Figure 5.3: Langmuir adsorption isotherm fit for As(III) removal at (a) 25 
o
C (298 K) (b) 35 

o
C (308 K) and (c) 45 

o
C (318 K) temperature. 
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Figure 5.4: Langmuir adsorption isotherm fit for As(V) removal at (a) 25 
o
C (298 K) (b) 35 

o
C (308 K) and (c) 45 

o
C (318 K) temperature. 

The adsorption isotherm data fitted well in Langmuir isotherm model with higher coefficient 

of determination, R
2 

> 0.99 for both As(III) and As(V) at all studied temperature (Table 5.1). 

This has also been observed that the maximum Langmuir adsorption capacity (qmax) for both 

As(III) and As(V) has been increased with increase in the temperature from 298 K to 318 K, 

which shows endothermic nature of the process. Further, the values of ‘r’ are found less than 

unity for all As(III) and As(V) concentrations at all studied temperature, which interpret 

highly favorable adsorption of As(III) and As(V) on magnetite nanoparticles coated sand. 
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Table 5.1: Langmuir adsorption isotherm parameters for As(III) and As(V) adsorption by 

Fe3O4 nanoparticles coated sand at different temperatures. 

Arsenic 

species 

Temp. 

in K 

Langmuir isotherm parameters Experimental 

qm (mg/g) 
b (L/mg) qm (mg/g) r R

2
 

 

 

As(III) 

298  1.10299      1.9336 0.0434-

0.0111 

0.9997 1.877 

308  1.01556 2.211 0.0469-

0.01202 

0.9995 2.146 

318  1.01329 2.277 0.04702-

0.01205 

0.9999 2.198 

 

 

 

As(V) 

 

298  1.12109 2.056 0.04202-

0.01059 

0.996 2.002 

308  1.04747 2.283 0.04484-

0.01133 

0.995 2.236 

318  1.02442 2.393 0.0458-

0.01158 

0.993 2.338 

 

5.5.3. Thermodynamic studies 

The values of standard Gibbs free energy change(∆Gº) for the adsorption process were 

calculated by using KL values obtained from the Langmuir model at different temperatures 

and thermodynamic parameters associated with adsorption, i.e. standard free energy change 

(∆Gº), standard enthalpy change (∆Hº), standard entropy change (∆Sº) are given in Table 5.2.  

The values of enthalpy change (∆Hº) and entropy change (∆Sº) for As(III) and As(V) were 

calculated from the slope and intercept of the plot of lnKL versus 1/T (Fig. 5.5 (a) and 5.5 (b)). 

The ∆Gº values for both As(III) and As(V) are found to be negative for all studied 

temperature conditions, indicating the spontaneous nature of adsorption [287]. It has also 

been found that the ∆Gº value for As(III) and As(V) decreases from -1876.485 J/mol to -

2210.421 J/mol and -2069.080 J/mol to -2371.174 J/mol, respectively with the increase in 

temperature from 298 K to 318 K. This decrease in ∆Gº with the increase in temperature 

indicates that the spontaneity degree of the adsorption process for both As(III) and As(V) has 

been increased with increase in temperature. The values of enthalpy change (∆Hº) and 
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entropy change (∆Sº) comes out to be positive for both As(III) and As(V) (Table 5.2). The 

positive values of ∆Hº indicate the endothermic nature of the adsorption process. This result 

is also supported by the increase in As(III) and As(V) adsorption capacity of magnetite 

nanoparticles coated sand with an increase in the temperature (Table 5.1). The positive values 

of ∆Sº suggests an increase in the degree of randomness at solid-liquid interface during the 

adsorption of As(III) and As(V) on magnetite nanoparticles coated sand [290]. 

 

Figure 5.5: Plot of lnKL vs 1/T for determination of thermodynamic parameters for (a) 

As(III) and (b) As(V) removal. 

Table 5.2: Thermodynamic parameters obtained from lnKLvs 1/T plot for As(III) and As(V) 

removal. 

Arsenic 

species 

Thermodynamics parameters KL(b × qmax) (L/g) 

At different 

temperature 

 ∆Hº 

(kJ/mol) 

∆Sº 

(J/mol) 

∆Gº (J/mol) 

At different temperature 

 

   298 K 308 K 318 K 

 

298 K  308 K 318 K 

 

As(III) 3.108 16.757 -1876.485 -2071.318 -2210.421 2.1327 2.245

4 

2.307

26 

As(V) 2.436 15.132 -2069.080 -2232.631 -2371.174 2.3051 2.391

4 

2.451

9 
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5.6. SUMMARY 

We have observed that with increase in temperature from 25 
o
C to 45 

o
C, As(III) adsorption 

capacity of magnetite nanoparticles coated sand increased from 1.877 mg/g to 2.192 mg/g 

and As(V) adsorption capacity increased from 2.002 mg/g to 2.338 mg/g. This indicates that 

the arsenic adsorption process on magnetite nanoparticles coated sand is more favorable at 

higher temperature. Further, As(III) and As(V) adsorption isotherm data fitted well in 

Langmuir isotherm model with higher coefficients of determination (R
2 

> 0.99) at all studied 

temperatures. The values of KL were obtained from Langmuir isotherm models and were used 

to calculate various thermodynamic parameters associated with adsorption, i.e. standard 

Gibbs free energy change (∆Gº), standard enthalpy change (∆Hº) and standard entropy 

change (∆Sº). The values of ∆Gº comes out to be negative and ∆Hº comes out to be positive 

for both As(III) and As(V), which indicates that the adsorption process is spontaneous and 

endothermic in nature, respectively. The value of ∆Sº comes out to be positive, which 

revealed an increase in degree of randomness at the solid-liquid interface during the 

adsorption of both As(III) and As(V).  
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CHAPTER 6 

COLUMN STUDIES FOR THE ADSORPTION OF As(III) AND 

As(V): EFFECT OF COLUMN BED HEIGHT 
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6.1. INTRODUCTION 

There are two types of adsorption studies viz. batch mode and continuous flow mode or 

column studies reported in the literature for arsenic removal from aqueous solution. Mostly 

the researchers prefer batch mode to conduct adsorption studies because a small amount of 

material is required and it is less time consuming method. Batch operations are very easy to 

operate on the laboratory scale but these are not convenient for the field applications. The 

batch operations are useful only for the treatment of small quantities of wastewater. Batch 

equilibrium experiment shows the adsorption capacity of the adsorbent, which provide 

fundamental information about the effectiveness of adsorbate–adsorbent system [291]. 

However in most of the treatment systems such as column operations, contact time is not 

sufficiently long for the attainment of equilibrium and therefore the data obtained from batch 

adsorption mode is generally not applicable to these systems. In other words the adsorption 

capacity data obtained from batch studies may not provide accurate scale-up information 

regarding the column operation systems [292]. So, it is very important to check the practical 

applicability of the adsorbent in the continuous flow mode. The continuous flow system is an 

effective process for the treatment of large-scale wastewater volumes and cyclic 

adsorption/desorption. The experimental breakthrough curve can be predicted from column 

adsorption studies which further help in the determination of column bed operation life span 

and regeneration time [293]. In addition basic engineering data can be easily obtained from 

the continuous flow systems. In fact from industrial point of view, the removal of pollutants 

including dyes, heavy metal ions etc. using continuous flow systems is found to be very 

useful and reliable. However, few studies have been reported in the literature on removal of 

arsenic and other pollutants in continuous flow mode [212, 291, 294-296]. Thus there is an 

urgent need of extensive research in this field. 

In previous chapters, we have described the effect of various parameters on As(III) and 

As(V) removal through batch operation mode. In this chapter, we have documented the 

column bed adsorption experiments for both As(III) and As(V) removal from drinking water 

by using magnetite nanoparticles coated sand. The effect of column bed height (h) on the 

breakthrough curves was studied and the obtained breakthrough curves were analyzed using 

kinetics models viz. Thomas model and Yoon–Nelson model. 
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6.2. EXPERIMENTAL 

6.2.1. Column adsorption experiments 

A column study was conducted by using an ordinary 100 mL burette made of borosilicate 

glass with an internal diameter of 2 cm and height 55 cm. The effect of bed height on 

breakthrough curve was studied by varying the bed height from 5 cm to 10 cm. The bottoms 

of the columns were plugged in with glass wool just to make a support for the magnetite 

nanoparticles coated sand to prevent its floating from the outlet. The columns were packed 

with the desired amount of magnetite nanoparticles coated sand to the required height. The 

column was then operated in such a manner that a calculated amount of As(III) solution of 

required concentration was constantly added to it through a graduated cylinder and allowing 

it to flow along gravity in down flow mode with a constant rate. The rate of flow was 

checked by measuring the amount of As(III) solution in mL flowing per minute at regular 

intervals of time. Once the column started, the samples were collected at different time 

intervals using reagent bottles. This process was continued until the column gets exhausted 

and the amount of arsenic in different samples was then analyzed for residual arsenic 

concentrations. 

Similar columns were also run for As(V) removal by varying the bed height (5 cm and        

10 cm). All the columns were run at room temperature at neutral pH 7.0. Fig. 6.1 represents 

schematic of experimental setup for column studies of arsenic removal. 

 

Figure 6.1: Schematic of experimental setup for column studies of arsenic removal. 



Chapter 6                                                       Column studies for the adsorption...  
 

101 

 

6.3. ANALYSIS OF COLUMN DATA 

6.3.1. Mathematical analysis 

Breakthrough curves were obtained from the data generated by column experiments. 

Dynamic response of the adsorption column was determined by the breakthrough time and 

shape of the breakthrough curve. It is important to calculate the various parameters associated 

with column studies. Therefore, the mathematical analysis of the parameters associated with 

column breakthrough curve was done as described ahead [212, 293, 297, 298]. 

The effluent volume was calculated by using equation 6.1 

                                   𝑉𝑒𝑓𝑓 = 𝑄𝑡𝑡𝑜𝑡𝑎𝑙                                                                  (6.1) 

where, Veff is the effluent volume collected in mL, Q is the volumetric flow rate in mL/min 

and ttotal is the total flow time in min. 

The maximum column bed capacity qtotal in mg for a given inlet arsenic concentration and 

flow rate was calculated by using equation 6.2 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄𝐴𝑐

1000
=

𝑄

1000
 𝑐𝑎𝑑𝑠

𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=0

𝑑𝑡                                        6.2  

where, qtotal is the maximum bed capacity in mg and Cads is the adsorbed arsenic concentration 

in mg/L. The plot of adsorbed arsenic concentration (Cads, mgL
-1

) versus time (t, min) gives 

area under the breakthrough curve (Ac).  

The maximum adsorption capacity i.e. qo,exp at the exhaustion time was calculated by using 

equation 6.3 

𝑞𝑜 ,𝑒𝑥𝑝  =  
𝑞𝑡𝑜𝑡𝑎𝑙

𝑚
                                                                                  (6.3) 

where, m is the amount of the magnetite nanoparticles coated sand in grams packed in 

column.  

Total amount of arsenic sent to column (Mtotal) was obtained from equation 6.4 

𝑀𝑡𝑜𝑡𝑎𝑙 =
𝐶𝑜𝑄𝑡𝑡𝑜𝑡𝑎𝑙

1000
                                                                            6.4  

where, Mtotal is the total amount of arsenic sent to the column in mg, Co is the initial arsenic 

concentration in mg/L. 

The total arsenic removal percentage is equal to the ratio of maximum column bed capacity 

(qtotal) and total amount of arsenic sent to the column (Mtotal) as shown in equation 6.5 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑠𝑒𝑛𝑖𝑐 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 % =
𝑞𝑡𝑜𝑡𝑎𝑙

𝑀𝑡𝑜𝑡𝑎𝑙
× 100                          6.5  
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The time required for the arsenic contaminated water to fill the empty column is defined as 

empty bed residence time (EBRT), which is given by equation 6.6 

 

𝐸𝐵𝑅𝑇 =
𝐵𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑
                            6.6  

 

The various parameters as described above viz. effluent volume (Veff), total amount of arsenic 

adsorbed (qtotal), total amount of arsenic sent to the column (Mtotal), total percentage removal 

of arsenic, empty bed resistance time (EBRT) were calculated for As(III) and As(V) removal 

using magnetite nanoparticles coated sand in fixed-bed adsorption column for different bed 

heights and are listed in Table 6.1.  

6.3.2. Modelling of breakthrough curves 

The dynamic behaviour of the column was predicted and analysed with two models i.e. (i) 

Thomas model and (ii) Yoon-Nelson model. 

6.3.2.1. Thomas model 

Thomas elaborated a model for adsorption processes in which external and internal diffusion 

constraints are not present. It demonstrates that the rate driving force obeys the second order 

reversible reaction kinetics and the Langmuir isotherm. The expression provided by Thomas 

compute the maximum solid phase concentration of solute on the adsorbent and the 

adsorption rate constant for an adsorption column [299]. The linearized form of the model is 

given as 

𝑙𝑛   
𝐶0

𝐶𝑡
 − 1 =  

𝐾𝑇ℎ𝑞0𝑚

𝑄
 −  

𝐾𝑇ℎ𝑞0𝑉𝑒𝑓𝑓

𝑄
                                            6.7  

where, KTh is the Thomas rate constant (mL min
-1

 mg
-1

), qo is the arsenic adsorbed per gram 

of the adsorbent (mg g
-1

) and m is the amount of adsorbent packed in the column (g). The 

kinetic coefficient KTh and the adsorption capacity of the column qo can be determined from 

plot of ln((Co/Ct) -1) against t (=Veff/Q) as per equation 6.7 at a given flow rate. 

6.3.2.2. The Yoon-Nelson model 

Yoon-Nelson model is very simple and straightforward model, which doesn't demand any 

information related to the property of adsorbate, adsorbent type, and the physical property of 

the adsorption bed. The Yoon and Nelson model is principally based on the belief that the 

rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to 
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the probability of adsorbate adsorption and the probability of adsorbate breakthrough on the 

adsorbent [300]. The linearized form of Yoon and Nelson model for a single component 

system is expressed as 

𝑙𝑛
𝐶𝑡

𝐶𝑜 − 𝐶𝑡
= 𝐾𝑌𝑁𝑡 − 𝜏𝐾𝑌𝑁                                                                                6.8  

where, KYN is the rate constant (min
-1

) and 𝜏 is the time required for 50 % adsorbate 

breakthrough (min). 

The values of parameters KYN and 𝜏 for the adsorbate can be calculated from the plot of 

ln(Ct/(Co – Ct)) versus sampling time (t) according to eq. 6.8. 

6.4. RESULTS AND DISCUSSION 

6.4.1. Adsorption column behaviour: effect of bed height 

 

We have studied the effect of bed height on column adsorption of As(III) and As(V) using 

magnetite nanoparticles coated sand. To study the effect of bed height on breakthrough curve, 

two columns of bed height 5 cm and two columns of bed height 10 cm of magnetite 

nanoparticles coated sand were taken, keeping the influent As(III) or As(V) concentration at 

1mg/L and flow rate of 5 mL/min. The breakthrough curves for As(III) removal at two 

different bed heights of 5 cm and 10 cm are shown in Figs. 6.2 (a) and 6.2 (b) and for As(V) 

removal, the breakthrough curves are shown in Figs. 6.3 (a) and 6.3 (b), respectively. It has 

been observed that all the arsenic ions were adsorbed initially, resulting in zero arsenic 

concentration in the effluent. The arsenic concentration in the effluent gradually rose as the 

adsorption continued. Initially when arsenic-bearing water is introduced in the down flow 

mode from the top of the clean bed of magnetite nanoparticles coated sand, most of the 

arsenic removal occurs in a narrow band at the top of the column, referred to as adsorption 

zone. As column runs continuously, the adsorption zone progresses downward through the 

bed as the upper part of the column bed become saturated with arsenic. Eventually, the 

adsorption zone reaches the bottom of the column, and the arsenic concentration starts rising 

in the effluent [270]. By plotting the arsenic concentration (in mg/L) in the effluent i.e. Ct/Co 

against time (in min) we obtained breakthrough curves as shown in Fig. 6.2 (a), (b) and Fig. 

6.3 (a), (b). In breakthrough curve the point at which the arsenic concentration reaches its 

maximum acceptable value i.e. 0.01 mg/L or 10 µg/L is referred to as the breakthrough point 

and the time at which the breakthrough point is obtained is called breakthrough time. The 

column was considered to be exhausted when As(III) or As(V) concentration in the effluent 



Chapter 6                                                       Column studies for the adsorption...  
 

104 

 

reaches 50 % of the influent As(III) or As(V) concentration. The breakthrough time ‘tb’ 

(corresponding to Ct/Co = 0.01) and exhaustion time ‘te’ (corresponding to Ct/Co = 0.5) 

obtained for As(III) and As(V) at different bed heights are shown in Table 6.1.  

We have found that with the increase in bed height from 5 cm to 10 cm the breakthrough time 

for As(III) increases from 360 to 1020 min and for As(V) increases from 420 to 1020 min. 

Similarly, the exhaustion time also increases from 1260 to 3360 min for As(III) and from 

1800 to 3540 min for As(V), with increasing bed height. Further, the As(III) spiked water's 

volume corresponding to 5 cm and 10 cm bed height treated at the breakthrough time was 

1800 mL and 5100 mL, and at the exhaustion time it was 6300 mL and 16800 mL, 

respectively. While the As(V) spiked water's volume corresponding to 5 cm and 10 cm bed 

height, treated at the breakthrough time was 2100 mL and 5100 mL, and at exhaustion time 

was 9000 mL and  17700 mL, respectively. 

From Table 6.1, it is clear that the bed capacity, % removal of As(III) or As(V), breakthrough 

time (corresponding to an effluent concentration = 0.01 Co) and exhaustion time 

(corresponding to an effluent concentration = 0.5 Co) increased with an increase in bed 

height. The increase in the adsorption with bed height is due to large contact time and more 

adsorbent doses in larger beds, which provide large adsorption sites for the adsorption of 

As(III) and As(V), respectively. The increase in breakthrough time with increasing bed height 

suggests that breakthrough time is the determining quantity of the process [270, 212].  

 

Figure 6.2: Effect of bed height (a) 5 cm and (b) 10 cm on breakthrough curve for As(III) 

adsorption on magnetite nanoparticles coated sand. 
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Figure 6.3: Effect of bed height (a) 5 cm and (b) 10 cm on breakthrough curve for As(V) 

adsorption on magnetite nanoparticles coated sand. 

Fig. 6.4 (a), (b) and Fig. 6.5 (a), (b) shows the plot of Cads (Cads = Co-Ct in mg/L) versus time 

in min. for As(III) and As(V) removal at different bed heights of 5 cm and 10 cm, 

respectively. The area under the breakthrough curve (Ac) was calculated from these plots and 

used in equation 6.2 to calculate the qtotal for As(III) and As(V) at different bed heights. 

 

Figure 6.4: Cads vs effluent time plot for As(III) adsorption at different bed heights (a) 5 cm 

and (b) 10 cm. 
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Figure 6.5: Cads vs effluent time plot for As(V) adsorption at different bed heights  (a) 5 cm 

and (b) 10 cm. 

Table 6.1: Fixed bed adsorption column data and parameters obtained for As(III) and As(V) 

removal by using magnetite nanoparticles coated sand at different bed heights. 

Arsenic 

species 

h 

(cm) 

Co 

(mg/

L) 

Q 

(mL

/ 

min) 

EBRT 

(min) 

tb 

(min) 

ttotal 

or te 

(min) 

veff 

(mL) 

Mtotal 

(mg) 

qtotal 

(mg) 

% 

removal 

As(III) 5 1.0 5 2 360 1260 6300 6.3 5.023 79.73 

As(III) 10 1.0 5 4 1020 3360 16800 16.8 15.28 90.96 

As(V) 5 1.0 5 2 420 1800 9000 9 7.005 77.83 

As(V) 10 1.0 5 4 1020 3540 17700 17.7 15.66 88.99 

6.4.2. Application of Thomas model 

The experimental column data was fitted with Thomas model to investigate the breakthrough 

behaviour of As(III) or As(V) adsorption onto magnetite nanoparticles coated sand. The 

Thomas kinetic coefficient KTh was determined by applying Thomas model to the data in the 

concentration (Ct) range of 0.01 mg L
-1 

< Ct < 0.5 Co with respect to the bed height. Fig. 6.6 

(a), (b) and Fig. 6.7 (a), (b) shows the plots of Thomas kinetics model for adsorption of 

As(III) and As(V) on magnetite nanoparticles coated sand at different bed heights. The slope 

and intercepts obtained from the linear regression performed on each set of transformed data 

provides the different coefficients.  
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Figure 6.6: Thomas kinetic plot for adsorption of As(III) on magnetite nanoparticles coated 

sand: (a) 5 cm bed height, (b) 10 cm bed height. 

 

Figure 6.7: Thomas kinetic plot for adsorption of As(V) on magnetite nanoparticles coated 

sand: (a) 5 cm bed height, (b) 10 cm bed height. 

The value of coefficient of determination R
2 

for the above plots is found to be in the range of 

0.87 to 0.94 indicating good fits of the experimental data in Thomas model as shown in Table 

6.2. The values of KTh and qo obtained from the slope and intercepts of the above plots (Fig. 

6.6 (a), (b) and Fig. 6.7 (a), (b)) for As(III) and As(V) at different bed heights are also given 

in the Table 6.2. The obtained results show that the bed capacity qo,cal increases with increase 

in bed height from 5 cm to 10 cm for both As(III) and As(V) and the KTh decreases. Further, 

the experimental and calculated qo values are very close to each other which also support that 

the experimental data fits well in Thomas model. 
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Table 6.2: Thomas model parameters obtained from the linear plots of Thomas model for 

As(III) and As(V) adsorption onto magnetite nanoparticles coated sand at different bed 

heights. 

Arsenic 

species 

h 

(cm) 

Co (mg 

L
-1

) 

Q (mL 

min
-1

) 

KTh (mL 

mg
-1

 

min
-1

) 

qo,cal 

(mg g
-1

) 

qo,exp 

(mg g
-1

) 

R
2 

As(III) 5 1.0 5 6.48 0.400 0.382 0.8936 

As(III) 10 1.0 5 2.58 0.557 0.566 0.9406 

As(V) 5 1.0 5 4.6 0.545 0.533 0.8716 

As(V) 10 1.0 5 2.39 0.600 0.580 0.9339 

6.4.3.   Application of Yoon-Nelson Model  

The breakthrough behaviour of As(III) and As(V) adsorption on magnetite nanoparticles 

coated sand was also investigated by applying another theoretical model developed by Yoon-

Nelson. This model introduces the parameter 𝜏, which shows treatment time taken Ct (effluent 

arsenic concentration) to be half of the initial concentration (Co/2). Fig. 6.8 and Fig. 6.9 show 

the plots of Yoon-Nelson kinetics model for adsorption of As(III) and As(V) on magnetite 

nanoparticles coated sand, respectively at different bed heights. The slope and intercepts of 

the linear plots of ln(Ct/(Co-Ct)) versus time t with respect to bed height for both As(III) and 

As(V) (Fig. 6.8 and Fig. 6.9) provide the values of the model parameters KYN (rate constant) 

and 𝜏 as presented in Table 6.3. With the increase in bed height from 5 cm to 10 cm, the 

value of KYN (rate constant) decreases from 0.00648 to 0.00258 for As(III) and from 0.0046 

to 0.00239 for As(V). The value of 𝜏 increases with the increase in bed height for both As(III) 

and As(V). The values of coefficient of determination R
2
 ranging from 0.87 to 0.94 (Table 

6.3) indicate that the experimental data fitted well with this model.  
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Figure 6.8: Yoon-Nelson kinetic plot for adsorption of As(III) on magnetite nanoparticles 

coated sand: (a) 5 cm bed height, (b) 10 cm bed height. 

 

Figure 6.9: Yoon-Nelson kinetic plot for adsorption of As(V) on magnetite nanoparticles 

coated sand: (a) 5 cm bed height, (b)10 cm bed height. 

Table 6.3: Yoon-Nelson model parameters obtained from linear plots of Yoon-Nelson model 

for As(III) and As(V) adsorption onto magnetite nanoparticles coated sand at different bed 

heights. 

Arsenic 

species 

h 

(cm) 

Co (mg 

L
-1

) 

Q (mL 

min
-1

) 

KYN (l 

min
-1

) 

𝛕 (min) R
2 

As(III) 5 1.0 5 0.00648 1050.88 0.8936 

As(III) 10 1.0 5 0.00258 3007.69 0.9406 

As(V) 5 1.0 5 0.0046 1433.23 0.8716 

As(V) 10 1.0 5 0.00239 3239.24 0.9339 
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6.5. SUMMARY 

Experimental and theoretical investigations were carried out on adsorption of As(III) and 

As(V) from aqueous solution onto magnetite nanoparticles coated sand by using column 

operation mode at different bed heights of 5 cm and 10 cm. From the column studies it has 

been observed that magnetite nanoparticles coated sand is an effective adsorbent for the 

removal of As(III) and As(V) from the aqueous environment. The adsorption is strongly 

dependent on the bed height. The breakthrough time and exhaustion time of the column 

increases with the increase in bed height. The bed capacity qo also increases with increase in 

bed height for both As(III) and As(V). The experimental data fitted well in theoretical 

kinetics models viz. Thomas and Yoon-Nelson model with coefficients of determination 

ranging from 0.87 to 0.94. Thus the Thomas and Yoon-Nelson models provides a very good 

description of the breakthrough curves obtained at different bed heights for both As(III) and 

As(V) removal and proposed for use in the column design. 
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7.1. SUMMARY AND IMPORTANT FINDINGS 

A low cost adsorbent has been synthesized by coating magnetite nanoparticles on the sand 

surface via co-precipitation method under continuous argon gas flow. The use of sand being 

an inexpensive material as a substrate for magnetite nanoparticles would pave the method to a 

cost effective technology. The synthesized adsorbent was characterized by FESEM, XRD and 

EDX for morphological, structural and elemental analysis of the adsorbent and to confirm the 

coating of magnetite nanoparticles on the sand surface. The surface area of adsorbent was 

also measured using BET surface area analyzer. FESEM study showed that the surface of 

sand was clear before coating and after coating the surface was covered with magnetite 

nanoparticles indicating the formation of magnetite nanoparticles on the sand surface. The 

FESEM study also showed that the magnetite nanoparticles have almost same morphology 

and size (20-60 nm) in the solution and on the surface of sand. The formation of magnetite 

nanoparticles on sand surface was also confirmed by the presence of magnetite peaks (well 

matched with JCPDS file PDF NO. 653107) in addition to uncoated sand peaks in XRD 

spectra of adsorbent. EDX analysis showed the presence of iron in coated sand along with Si 

and O elements, which also confirms the incorporation of magnetite nanoparticles on sand 

surface. BET surface area analysis showed that magnetite nanoparticles coating increased the 

surface area of sand by 5 m
2
/g. The point of zero charge of adsorbent was also determined 

and found to be 7.8. This indicates that at pH 7.8, the adsorbent surface has neutral charge, 

below this pH the adsorbent surface is positively charged and above pH 7.8 the adsorbent 

surface acquires negative charge. 

The potential of synthesized adsorbent was investigated for As(III) and As(V) removal by 

both batch operation mode and column operation mode. The batch studies were performed 

for both As(III) and As(V) removal by varying the different parameters viz. contact time, 

initial pH of the aqueous solution, adsorbent dose and initial As(III) or As(V) concentrations. 

The batch studies showed that equilibrium was achieved within 360 minutes of contact time 

for both As(III) and As(V) removal. The pH studies showed that maximum As(III) removal 

occur at pH-8.0 and maximum As(V) removal occur at pH-2.0, indicating acidic conditions 

are more favourable for As(V) removal. Further, we have found that 25 g/L of magnetite 

nanoparticles coated sand was sufficient to reduce the arsenic concentrations below 10 µg/L 

i.e. maximum contaminant level set by WHO. At optimum conditions, 99.96 % of As(III) and 

99.99 % of As(V) removal was achieved by magnetite nanoparticles coated sand at initial 

As(III) or As(V) concentrations of 1 mg/L, respectively. Theoretical investigation of the 
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experimental kinetics data and isotherm data was also carried out to know the mechanism of 

adsorption. The batch kinetics data was fitted in pseudo-first-order and pseudo-second-order 

kinetics model. It has been observed that the experimental data fitted well in pseudo-second-

order kinetics model with higher coefficients of determination (R
2 

> 0.99) for both As(III) and 

As(V) removal as compared to pseudo-first-order kinetics model with lower coefficients of 

determination. The intra-particle diffusion model was also used to test the adsorption data. 

We have found that the plot of intra-particle diffusion model for both As(III) and As(V) 

removal did not yield a straight line passing through the origin, which indicates that intra-

particle diffusion is not the sole rate limiting step. These observations reveals that arsenic 

adsorption on magnetite nanoparticles coated sand is a complex phenomenon which involves 

the contribution of both surface adsorption and intra-particle diffusion towards the rate of 

adsorption. Further, the adsorption isotherm data was fitted in Langmuir and Freundlich 

adsorption isotherms. The results showed that the data fitted well in Langmuir adsorption 

isotherm with higher coefficients of determination for both As(III) and As(V) as compared to 

Freundlich isotherm model indicating monolayer adsorption of arsenic ions on the 

homogeneous surface of the adsorbent. The Langmuir adsorption capacity for As(III) and 

As(V) removal was found to be 2.14 mg/g and 2.15 mg/g which is comparatively more than 

some adsorbents reported in the literature. The individual effect of various co-existing ions 

viz. PO4
3-

, SO4
2-

, HCO3
2-

 and Cl
-
 on As(III) and As(V) removal efficiency was also 

investigated by performing the batch adsorption experiments in presence of these ions 

separately. The results showed that these ions affects the As(III) or As(V) removal efficiency 

of magnetite nanoparticles coated sand in the order of PO4
3- 

> HCO3
2- 

> Cl
- 
> SO4

2-
. However 

this effect was very small, probably due to strong complex formed between arsenic and 

magnetite. The batch desorption and readsorption studies were also performed for As(III) and 

As(V) by using sodium hydroxide solution as the desorbing agent. These studies showed that 

the arsenic removal efficiency of adsorbent decreases with repeated cycles due to the 

degradation of adsorbent. 

We have also performed the batch adsorption experiments separately for As(III) and As(V) 

removal using pure magnetite nanoparticles and uncoated sand to know the role of magnetite 

nanoparticles i.e. real adsorbent. The experiments were also performed with different dosage 

of magnetite nanoparticles in order to know the amount of real adsorbent required to reduce 

the arsenic concentrations below 10 µg/L. The results showed that As(III) or As(V) removal 

was negligible in presence of uncoated sand, while pure magnetite nanoparticles reduce the 
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arsenic concentrations below 10 µg/L. It was also observed that 200 mg/L of magnetite 

nanoparticles i.e. real adsorbent were sufficient to reduce As(III) or As(V) concentrations 

below 10 µg/L. 

As an important factor, the effect of temperature was also studied on As(III) and As(V) 

removal by performing batch adsorption experiments at different temperatures. The 

thermodynamic parameters associated with adsorption viz. ∆G
o
, ∆S

o
 and ∆H

o
 were also 

calculated in order to completely understand the nature of adsorption. The results showed that 

As(III) or As(V) adsorption capacity of adsorbent increases with increase in temperature. The 

obtained negative values of ∆G
o
 at all studied temperature conditions indicate that adsorption 

process is spontaneous in nature. Further, decrease in negative values of ∆G
o
 with increase in 

temperature suggests that the spontaneity of the adsorption process increases with increase in 

temperature. The positive values of ∆H
o
 and ∆S

o
 for both As(III) and As(V) indicate that the 

adsorption process is endothermic in nature and there is increase in degree of randomness or 

free active sites at the solid-liquid interface during the adsorption of arsenic on adsorbent 

surface, respectively. 

The column studies were also performed for the practical applications of the adsorbent. The 

experiments were performed at different bed heights of 5 cm and 10 cm at a constant flow 

rate of 5 mL/min in down flow mode. The results showed that the breakthrough time and 

exhaustion time increases with increase in bed height for both As(III) and As(V) removal. 

The experimental results of column study were fitted in two widely used theoretical models 

i.e. Thomas model and Yoon-Nelson model. These models provide good fit to the column 

breakthrough curve data with coefficients of determination ranging between 0.8716 and 

0.9406. 

Both batch adsorption experiments and column adsorption experiments are equally important. 

At one side the batch experiments give information about the equilibrium time, optimum 

adsorbent dose, and best suited pH to obtain the maximum arsenic removal. This study also 

indicates the nature of adsorption, whether it is physical or chemical, monolayer or 

multilayer, endothermic or exothermic, spontaneous or non-spontaneous in nature. On the 

other side, the data obtained from the column studies gives an idea about the amount of 

adsorbent required in making filter cartridge to treat a particular amount of arsenic 

contaminated water. The breakthrough time and exhaustion time obtained from column 

studies also gives a clear picture about the time at which the filter cartridge should be 

regenerated or replaced. 
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This thesis report the use of magnetite nanoparticles coated sand for arsenic removal from 

aqueous solution. The magnetite nanoparticles coated sand shows high adsorption capacity 

for As(III) and As(V) removal both in batch operation mode and column operation mode. 

Therefore by utilizing the filtration properties of sand and adsorption properties of magnetite 

nanoparticles, the synthesized adsorbent provides an economically feasible solution for a 

common man to get rid of poisonous arsenic from drinking water. 

7.2. FUTURE SUGGESTIONS 

 In future, the attempts could be made to increase the adsorption capacity of the 

adsorbent so as to increase the breakthrough time and exhaustion time of the column. 

This can be achieved by decreasing the size of the magnetite nanoparticles coated on 

the sand surface by varying the reaction parameters for coating. 

 The column could be regenerated by using sodium hydroxide or some other desorbing 

agent and could be reused. This will increase the scope of the material.  

 The disposal of waste generated is a big issue as arsenic is poisonous and therefore 

disposal of arsenic saturated adsorbent is of great concern. Thus in future possible 

measures to deal with the waste disposal management can be studied. 

 In this thesis, we have reported the use of synthesized adsorbent for arsenic removal 

from synthetic water. The real life applications of the adsorbent i.e. field trials could 

also be performed. This could be done by treating the arsenic contaminated water 

samples collected from natural water sources of arsenic contaminated area. 

 The adsorbent could also be synthesized on some other inexpensive substrates viz. 

glass wool, glass beads, cement, natural rock etc. and their potential could be checked 

for arsenic removal. 

 In this thesis, we have used synthesized magnetite nanoparticles coated sand for 

arsenic removal from aqueous solution. In future, affinity of the adsorbent could also 

be checked for some other heavy metal ions i.e. chromium, nickel, lead etc. 
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