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ABSTRACT 

 

In current civilization, the aggressive development in industries and continuous innovation in 

technologies have changed our living surroundings bringing all kind of pollution. Heavy metal 

pollution in water is of major concern because of its detrimental effect on human health. 

The present work was aimed to develop environment friendly hybrid materials and 

composites as novel adsorbents by three standard methods such as sol-gel, microwave assisted 

and co-precipitation techniques.  Zirconium oxide ethanolamine (ZrO-EA), zirconium polyacrylamide 

(ZrPACM-43), lanthanum diethanolamine (La-DEA), cerium oxide hydroxylamine hydrochloride (Ce-

HAHCl) and cerium oxide polyaniline composite (CeO2/PANI) were synthesized for the purpose of 

removal of arsenic (III) and chromium (VI) removal from water. The adsorbent materials were 

characterized by chemical analysis, specific surface area (BET), XRD, FTIR, TGA, DTA, Fe-

SEM/SEM, EDX etc. Batch and column adsorption experiments were carried out for the removal of 

arsenic (III) and chromium (VI) from synthetic contaminated water. In batch experiments, influence 

of various important parameters such as, adsorbent dose, solution pH, contact time, temperature, 

competing ions and initial concentration were studied for the removal of arsenic (III) and chromium 

(VI). In column adsorption experiments, influence of bed depth, flow rate and initial concentration 

were varied and studied. Regeneration and reusability studies were carried out to understand the 

practical applicability of the adsorbent materials. The materials synthesized were excellent hybrid 

materials for removal of arsenic and chromium from water. 

The removal of the arsenic (III) from water by using hybrid material zirconium (IV) oxide 

ethanolamine for initial concentration 10 mg/L was found to be 98% at pH 7. With specific surface 

area of 201.62 m2/g, and highest removal efficiency the hybrid material (ZrO-EA) represents 

excellent hybrid material for removal of arsenic (III) from water. Similarly the removal of arsenic (III) 

by using hybrid material zirconium polyacrylamide (ZrPACM-43) was 98.22% under optimum 

conditions. The maximum adsorption capacity (qo) calculated from Langmuir isotherm was found to 

be 41.48 mg/g. The adsorption data are best supported to Freundlich model and D–R model with 

maximum adsorption capacity of 0.20 and 0.80 mg/g. The reusability study signifies that the material 

can be easily reused up to eight cycles with maximum removal of 60%. Similar study was carried out 

for removal of hexavalent chromium by using lanthanum diethanolamine hybrid material (La-DEA), 

the maximum removal of Cr(VI) with initial concentration of 10 mg/L is found to be 99.31% at pH- 

5.6, dose- 8 g/L and equilibrium time of  50 min. Adsorption kinetics studies reveal that the 

adsorption process followed first-order kinetics and intraparticle diffusion model with correlation 

coefficients (R2) of 0.96 and 0.97, respectively. The adsorption data were best fitted to linearly 

transformed Langmuir isotherm with correlation coefficient (R2) of 0.997. The maximum adsorption 

capacity of the material is 357.1 mg/g. Thermodynamic parameters were evaluated to study the 

effect of temperature on the removal process. The study shows that the adsorption process is 

feasible and endothermic in nature. The value of E (260.6 kJ/mol) indicates the chemisorption 

nature of the adsorption process. Column study and breakthrough analysis were also carried out to 
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know the breakthrough time. The breakthrough time for La-DEA hybrid material at bed depth of 15 

cm and flow rate of 2 mL/min was found to be 24 hours and 19 hours respectively.  

Artificial neural network modeling studies were carried out by using Ce-HAHCl for arsenic 

(III) removal. The experimental studies revealed that maximum removal percentage is 98.85%. The 

maximum adsorption capacity of the material is found to be 182.6 mg/g. The adequacy of the model 

(BP-ANN) is checked by value of the absolute relative percentage error (0.293) and correlation 

coefficient (R2 = 0.975). The model with architecture of 6-7-1 presents good agreements with the 

actual experimental and predicted values. Comparison of experimental and predictive model results 

show that the model can predict the adsorption efficiency with acceptable accuracy. The 

regeneration and reusability studies shows that the hybrid material can be regenerated at alkaline 

pH and can be reused upto 5 cycles with removal percentage of more than 60%. 

Similar prediction and modeling studies were carried out by central composite design of 

response surface methodology (RSM) and artificial neural network for removal of chromium (VI) by 

using cerium oxide polyaniline (CeO2/PANI) composite. The experimental design, parametric 

appraisal and prediction of the adsorption process are performed using response surface 

methodology (RSM-CCD) and artificial neural network (ANN) method, respectively. A second order 

predictive quadratic equation relating to removal percentage and important process variables was 

developed and adequacy (ANOVA) of the model was checked. Nelder-Mead simplex algorithm was 

used for numerical optimization. The result indicates that 93.9% removal can be achieved under 

optimuim conditions. The kinetic studies revealed that the adsorption process followed pseudo-

second-order kinetics. The adsorption data was best fitted to Langmuir model. The maximum 

adsorption capacity for chromium (VI) ions was 357 mg/g at pH-6. A comparative analysis using 

various statistical technique suggested prediction of removal percentage by ANN model has been 

found to be best than RSM model with high correlation value (R2) of 0.994. 
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CHAPTER –1 

1. INTRODUCTION 

 
Throughout the world, the conflict between the demand of fresh water, energy and food are 

increasing and their effects on the environment have profound impact on ecology and ultimately on 

humanity. There is an urgent requirement to fill the gap between demand and supply of water, 

energy and food. The world’s population is increasing in a steady state and is projected to be more 

than nine billion but the global economy is expected to be three times larger by 2050 (Francesconi 

et al., 2013). It is definite that larger and higher population needs more food & energy for which 

consumption of water will be more. Hence, it requires a better management of the demand and 

supply of water, food and energy.  

The management of food and energy always links to water, which has a multidimensional 

uses. The problems become more complex in the places where they are mostly exposed to 

climatic change. So it is necessary to develop practically relevant and easy to use frame work and 

technology that allows general insights across the globe (Santra et al., 2013). It is obvious that out 

of the three important parameters, water is most important as it controls the activity of other two 

parameters. Hence, water is the focus of today, tomorrow and future. 

There are many water problems in the world today in terms of both quality and quantity. 

The overall distribution of water around the world creates more problems.Though two-third of 

available water covers the eearth’s surface, only less than 1% of freshwater is present in streams 

and lakes and over 97% present in the oceans (Smedley et al., 2002). Water is also present in the 

atmosphere in the form of vapor, solids in the form of ice caps and as groundwater in aquifers 

(water-bearing rocks) deep underground (Raghunath, 1987). Water has many significant 

properties. It is occasionally referred to as ‘the universal solvent”, freely dissolving a broad range of 

chemical constituents (USGS, 2014). It also acts as a fluid medium easing the diffusion of un-

dissolved particulate matter. The Leonardo da Vinci quote says, ‘Water is the driving force of all 

nature’. This is a fact about the water resources and its properties but the quality of water is 

degrading day by day and if these processes continue then water cannot be used any more for the 

purpose where it is needed (Daus et al., 2004). So it is important to limit the use, which provides 

the basis for deciding the most relevant indicator of quality. Water quality cannot be decided in 

isolation to water quantity specially where there is an increase in the water quantity due to flood. 

During flood, the ground water is strongly affected and this polluted water is available for drinking 

purpose. Similarly at the time of drought, the concentration of all compounds increases and makes 

water unsuitable for drinking. There is clear cut criticism in terms of water quality in developed, 

developing and underdeveloped countries. There is also criticism in terms of quality in urban and 

rural areas (Gessner et al., 2014).  

Requirement of fresh water is everybody’s cup of tea for livelihood. The main sources of 

water are river, lakes and ground water. Some countries uses sea water as a source of water but 
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converting sea water into usable water is a very costly affair that requires proven technology. It is 

because of the indiscriminate release of industrial and other contaminated water to river and lakes, 

water from these sources are becoming more polluted and unsuitable for use without any 

treatment (Gessner et al., 2014; Hossain et al., 2013). So water is used from these sources 

especially in urban areas as they have the advanced facilities of treatment. But, in rural areas there 

is no water purification facility, so people living in rural areas either consumes water without 

purification or purify water through household treatment process (Iacob et al., 2013). The water 

from underground are considered as the purified form water and as results they are being used as 

one of the important source.  

 The world’s ground water abstraction was estimated at approximately 1000 Km3 per year in 

2010, out of which irrigation uses 67%, domestic uses 22% and industries uses 11 %. The global 

ground water abstraction rate continues to increase at a rate of 1 to 2% per year (Mehta et al., 

2014). Almost 72% of global ground water abstraction takes place in just ten countries, in order 

from the largest consumer: India, China, US, Iran, Pakistan, Bangladesh, Saudi Arabia,  Mexico, 

Indonesia and Italy (Saravanane et al., 2014). The abstraction of ground water is thought to 

account for around 26% of total global water withdrawals and around 8% of average aquifer 

recharge. Around 2 billion people world-wide depend on ground water supplies, including 1.2 - 1.5 

billion rural households in continents like Africa and Asia. In most of the developing countries, 

these percentages are reversed. India receives about 1400-1800 mm rain fall annually 

(Saravanane et al., 2001). An analysis carried out in the year 2008 revealed that 80% of available 

water in India is polluted. In this contrast of the situation, several major steps are being taken to 

control water pollution but it is not sufficient in terms of its magnitude (Bassi et al., 2014). It is 

expected that increasing population are going to place water under stress. Almost all Indian cities 

face chronic water shortage during summer season. Government agencies in India are regularly 

failing to meet the demands of rising urban population (Matos et al., 2013). The water table is 

falling all the time low due to over extraction from ground water, and rivers and other major sources 

of water bodies (Hossain et al., 2014; Ahuja et al., 2014; Gad et al., 2014).  

Water in the earth biosphere is used and reused again and again which is called the water 

cycle. Continuous flow of water on, above and below the Earth surface is phenomena of water 

cycle. In this process, the quantity of water on Earth remains almost constant. The movement of 

water from one reservoir to another occurs by some physical routes like evaporation, 

condensation, precipitation, runoff, permeation and subsurface flow. During this processes, the 

water passes through different phases of solid, liquid and gas. Exchange of energy takes place 

during the phase change process that leads to temperature changes. These heat exchanges 

influences the climate to a greater extent (Søgaard, 2014). 

 Water purification and collection of fresh water in the land takes place during the 

evaporative phase of the water cycle. Most life system and ecosystems on the planet are properly 

maintained by the water cycle (Søgaard, 2014; Bajpai, 2014). The biosphere has used all the 

chemical elements on the periodic table to discharge the major biochemical functions at early 

http://en.wikipedia.org/wiki/Earth
http://en.wikipedia.org/wiki/Evaporation
http://en.wikipedia.org/wiki/Condensation
http://en.wikipedia.org/wiki/Precipitation_(meteorology)
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Climate
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stages of evolution. As a result, many elements in different doses are required for viability. When 

essential elements are insufficient, viability of the organism is in danger, but when it is higher than 

the requirement, viability is again in danger because of toxicity (Gomes et al., 2014; Młyniec et al., 

2014). The natural biogeochemical cycles of the metals have been greatly perturbed by human 

intervention (Daus et al., 2004). Mining and metallurgy are not new developments; they extend 

back to the Bronze Age but the scale of metals extraction has increased enormously since the 

industrial revolution (Mohan et al., 2007). The most common heavy metals are iron, maganese, 

lead, mercury, arsenic, chromium, zinc, copper and others (Fergusson, 1990). Heavy metals occur 

naturally in drinking water sources as well as results from human activities. The knowledge is 

incomplete for many heavy metals especially with regards to the impact of high level on human 

health when ingested through drinking water.  

 Among the various heavy metals, Arsenic (III) and Chromium (VI) are well-known toxic 

metal that is considered as significant pollutant in drinking water. The effects and chemistry of 

these two metals are well studied. Arsenic poisoning in natural drinking water acquire a severe 

threat to millions of people in many regions of the world such as India, Bangladesh, Nepal, 

Myanmar, Cambodia, China, United States and Thailand (Wang and Mulligan, 2006). The 

contamination of ground water by arsenic is a major environmental problem in the state of West 

Bengal, Assam and few parts of Odisha in India territory (Kapaj et al., 2006; Garelick et al., 2008).  

 Arsenic is easily reduced from arsenic (V) to arsenic (III) oxidation state. Arsenic (III) 

(arsenite AsO3
3-) is more toxic than arsenic (V) (arsenate, AsO4

3-), probably because it binds more 

readily to sulfhydryl groups of proteins (Aposhian et al., 1989). Indeed, the toxicity of arsenic (V) 

probably results from its reduction to arsenic (III) in the body. The mechanism of toxicity is 

uncertain, but results suggest that methylation of arsenic (III) processes similar to mercury 

methylation and releases products that are highly reactive which damages the DNA, at least in 

cultured human cells. As reported, the glucocorticoid receptors are inhibited due to lower level of 

arsenic. Arsenic causes to affect the human health in the form of diabetes and cancer (Choong et 

al., 2007). The poisonous properties of arsenic compounds have been known and exploited late 

since antiquity, but is in the turn of twenty first century that has witnessed inadvertent arsenic 

poisoning in mass scale. Ironically the problem grew out of a United Nations sponsored effect, 

starting in the late 1960s, to provide clean drinking water by sinking tube wells into the shallow 

aquifer that underlies the region. The effort is undertaken to reduce health effects by reducing the 

incidence of water borne diseases. However the high arsenic content of the reservoir went 

unrecognized for many years. As many as half of the 4 million tube wells draw water that exceed 

the Bangladesh arsenic standard 50 ppb (Daus et al., 2004; Polizzotto et al., 2013).  

Like arsenic, chromium is also a significant toxic metals which is discharged with effluents 

of industries like electronics, electroplating, metallurgical, leather tanning (Tahir et al., 2007) wood 

preservatives and others (Vinodhini et al., 2010). Some of diseases like epigastria pain, vomiting, 

nausea, severe diarrhea and cancer in the digestive lungs and tract, allergic skin irritations, 

dermatitis, irritation etc. (Saçmac et al., 2012) are caused due to the over exposure to chromium. 
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Chromium occurs in a variety of foods in the form of a complex with nicotinic acid and possibly 

glycine, glutamic acid and cysteine. Chromium in the complex form is termed ‘glucose tolerance 

factor’ is absorbed better than in inorganic form. Both the trivalent and hexavalent chromium forms 

are biologically important. Chromium (VI) is far more toxic than chromium (III) (Ashraf et al., 2010). 

Chromium concentration in potable water supplies varies from 0.002 to 0.1 ppm and in rain water it 

is about 0.003 ppm. The chromium limit is 0.005 ppm for domestic water supply (USEPA, 2011) 

due to its high toxicity. 

 Many methods and techniques have been documented for removal of these toxic metals 

from water such as coagulation, oxidation/reduction, precipitation, electrolysis, ion exchange and 

reverse osmosis (Nataraj et al., 2009; Kim et al., 2006). Most of these methods are very common 

but not very popular due to various limitations (Sharma and Sohn, 2009). Apart from the many 

advanced technologies for water purification, adsorption is a fast, cost effective and universal 

method. Adsorption processes are widely used for purification and separation process because of 

reliability, technical maturity, energy efficiency, design flexibility and having the capacity to 

regenerate the exhausted adsorbent. Adsorption is integral to a broad spectrum of physical, 

biological, and chemical processes and operations in the environmental field. However adsorbent 

is the heart of the adsorption process. Activated carbons have been the most researched 

adsorbent material for waste water treatment in 21st century (Valix et al., 2006). However, the 

suitability of any adsorbent depends on the: adsorption capacity, selectivity, regeneration ability, 

kinetics, compatibility and operation cost. Based on this, the development of adsorbents with low 

cost is an interesting research field to explore. There are many materials which can be used as 

adsorbent: Inorganic, organic, polymers, hybrid material, composite etc. Thus, in this thesis few 

new hybrid materials are synthesized and used for the removal of As (III) and Cr (VI).  

 Hybrid materials refer to materials consisting of both organic and inorganic components 

that are intimately mixed but are not a mere mixture (Sanchez et al., 1999; Larraza et al., 2012). 

These materials do not exhibit the individual property but the properties improvement occurs due to 

effective interaction between the components forming resultant material. The hybrid material exist 

from very old days but the term hybrid materials has come to limelight only after the development 

of soft chemistry techniques such as sol- gel chemistry in the 1980s (Romero and Sanchez, 2004). 

The most noticeable advantage of inorganic–organic hybrid material is that they can satisfactorily 

combine with dissimilar properties and form one material. However every process has some 

limitations, the major limitations of adsorption process are (Sanchez, 1991; Schottner, 2001; 

Romero and Sanchez, 2004),  

• The capacity of adsorbent gradually decreases with increase in number of cycles 

• Regeneration of adsorbent  requires a special process. 

• Relatively high capital cost. 

• Prefiltration is essential to remove any particles capable of choking the adsorbent bed. 

• Consumed adsorbent may be considered a harmful waste. 
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Since twenty first century, hybrid materials and composites shows a significant role in water 

purification and removal of toxic heavy metal ions from contaminated water. 

However, the choice of suitable process and material is very important for arsenic and chromium 

removal. The most important issue for an environmental process is the parametric appraisal of the 

method and subsequently improvement through modelling and optimization without incurring extra 

cost (Shanmugaprakash et al., 2013). Mathematical models are perhaps the most important 

subject of interest today for optimization and prediction of process behaviour. These models do not 

look like their real-life counterparts at all. Basically, mathematical models are designed using 

numbers and functions that can be easily transformed into equations and formulas. Further by 

utilizing simple techniques such as multiplication, addition, matrix algebra or Gaussian elimination, 

the user can solve the mathematical model (search for an optimal solution). Mathematical models 

can be categorized based on application type and purpose of use such as optimization, 

deterministic and specific (Mitra et al., 2014). Descriptive models are utilized to simply define 

somewhat mathematically. For example, a statistical model includes the mean, median, maximum, 

minimum, range and standard deviation. Similarly, optimization models are used to find an optimal 

solution. Deterministic models are particularly for which the value of their variables is known with 

certainty. Models that have values that are not known with certainty are known as probabilistic 

models. The term specific models apply to only one condition or model having unique feature. The 

advantage and disadvantage of using models are listed below. 

Advantages: 

1. To show realistic phenomenon adequately and gives flexibility in manipulating wide number 

of data to understand the process and system. 

2. To solve a particular problem by removing unimportant data to find an accurate solution. 

3. Models are easy to use and less costly than dealing with the actual situation. 

4. Model indicates areas where additional information is needed to establish and quantify 

information. 

5. Models improve understanding of the problem with a logical approach. 

6. Models provide standardized format after analysis a problem for very specific objectives. 

7. Models provide the most effective solution for predicting performance. 

Disadvantages: 

1. Model development and model solution are not completely separable.  

2. A large number of data to establish the accurate relation between the input and output data. 

The non-linear behavior and profound impact of these parameters on prediction and optimization of 

removal efficiency of arsenic and chromium make researchers to use modelling approaches 

(Shojaeimehr et al., 2014). On the basis of above facts it is thought worthwhile to use modelling 

approaches to study the removal process. Modelling of such process by artificial neural network 

(ANN) and response surface methodology (RSM) has made it easy to understand the influence of 

different variables affecting the removal of these ions from water (Daneshvar  et al., 2006; Bhatti et 

al., 2011; Cho et al., 2011; Geyikçia  et al., 2012; Fan et al., 2013; Witek-Krowiak et al., 2014). The 
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data are used to predict the removal efficiency accurately which are verified by actual experimental 

results. 

An attempt has been made in this study to evaluate the adsorption efficiency of few new 

adsorbents by batch and column mode in the laboratory scale for removal of arsenic and chromium 

from synthetic and field water samples. The adsorbent materials are characterized before and after 

adsorption by SEM, FE-SEM, EDX, FTIR, XRD, TGA-DTA/DSC and BET techniques. The 

mechanism of the process is ascertained from the data of kinetic, thermodynamics, isotherm and 

adsorption studies in batch mode. The regeneration and reusability of the materials are studied 

extensively and adsorption capacities are compared with available materials. Finally the 

experimental data are used for testing and predicting by training with artificial neural network and 

response surface methodology.  
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CHAPTER-2 

2. LITERATURE REVIEW 

 
The scientific development of today is because of research many years ago. The progress 

of tomorrow will be the result of research planned today. The knowledge and idea of related 

literature of the past research is very much essential for any research today, which is not only the 

guiding force but also provides sound knowledge to understand the science during the 

development of research. New areas of research can be generated from literature. The review of 

literature related to the present research work is organized and presented as follows. 

2.1. Pollutant 

A pollutant is a material or energy introduced into the environment that adversely affects 

the usefulness of a resource. A substance which alters the stability of environment is known as 

pollution. Though the division of pollution occurs into different types such as air, water, land etc. 

but as preferres by some scientists that every pollutant tends to end up in the water. Pollution due 

to presence of heavy metals, volatile organic compounds (VOC), polycyclic aromatic hydrocarbons 

(PAH), persistent organic pollutants (POP) and xenobiotic etc. are more on focus. In this chapter, 

heavy metals and their effects are presented. 

2.1.1. Heavy metals 

Heavy metals are the elements having their atomic weights within the range of 63.5 and 

200.6 and a specific gravity higher than 5.0 (Srivastava and Majumder, 2008). The common heavy 

metals/metalloids such as chromium, cobalt, copper, zinc, selenium, silver, arsenic, cadmium, 

mercury, antimony, thallium and lead are the major pollutants of water. They have the potential to 

damage human functioning and other biological systems when present  in excess (Merrill et al., 

2007). They cannot be degraded or destroyed and enter into the environment by three ways: (1) 

deposition of atmospheric particulates, (2) disposal of metal and metalloid enriched sewage 

sledges and effluents, and (3) by-product from metal mining and other metal ore processing 

industries (Becker et al., 2014). The other sources are from the use of pesticides and fertilizers 

(Sengupta et al., 1991; Neeraja et al., 2012). Due to the high stability, non-biodegradability and 

perseverance nature, these metals enters to food chain and causes significant threat to all living 

organism (Polizzotto et al., 2013; Francesconi et al., 2013).  

2.1.2. Arsenic and chromium 

2.1.2.1. Arsenic 

Arsenic (As) is a crystalline solid metalloid bearing silver-grey color and brittle in nature. It 

possesses atomic number 33, atomic weight 74.92 g/mol, specific gravity 5.73 with melting point 

817 oC (at 28 atm), boiling point 613 oC and vapour pressure 1mm Hg at 372 °C. Arsenic occupies 

20th position in natural abundance list (about 0.00005% of the earth’s crust), 14th in the seawater, 

and 12th in the human body. Mostly inorganic arsenic compounds are found in combination with 

oxygen, chlorine, and sulfur (Mohan and Pittman Jr. 2007; Mukherjee et al., 2014). Since the 

isolation of this element by  Albertus Magnus has been a constant centre of dispute. (Mandal and 
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Suzuki, 2002). The USEPA (USEPA, 2011) and WHO (WHO, 2010) have lowered the maximum 

permissible level of arsenic to 10 μg/L from 50 ppb because of its toxicity. Arsenic in the range of 

0.5 to 2.5 mg/kg is found in rocks (Mandal and Suzuki, 2002) and  exist in the oxidation states of 

−3, 0, +3 and +5 (Smedley and Kinniburgh, 2002) in the form of arsenious acids, arsenic acids, 

arsenites, arsenates, monomethylarsonic acid (MMA), dimethyl arsenic acid (DMA), trimethylarsine 

(TMAO), and arsine etc. Arsenic is highly sensitive towards mobilization at pH 3.5 - 8.5 under both 

reducing and oxidizing environment (Smedley and Kinniburgh, 2002). Both arsenite (AsO3
3-) and 

arsenate (AsO4
3-) in their forms As (III) and As (V) are common in natural waters. (Ranjan et al., 

2009). The important inorganic As (III) species are H3AsO3°, H2AsO3
-,HAsO3

2-,AsO3
3-and As(V) 

species are H3AsO4°, H2AsO4
-, HAsO4

2-, AsO4
3-. Successive hydrolysis reactions produces these 

ions as represented in Fig. 2.1. The pKa1 of 9.22 for this reaction indicates that there would be 

approximately equal amounts of H3AsO3° and H2AsO3
- in solution at pH 9.22. Therefore, at pH < 

9.22, H3AsO3° is the dominant species and H2AsO3
- is the dominant species in solution at pH > 

9.22. The dominant inorganic As(V) species in solution are H2AsO4
- and HAsO3

2- at at pH < 7 and 

> 7, respectively. 

H3AsO3° → H+ + H2AsO3-  (pKa1 = 9.22) 

H2AsO3- → H+ + HAsO3
2-  (pKa2 = 12.13) 

HAsO3
2-→ H+ + AsO3

3-  (pKa3 = 13.4) 

H3AsO4° →H+ + H2AsO4
-  (pKa4 = 2.2) 

H2AsO4
-→ H+ + HAsO3

2- (pKa5 = 6.97) 

HAsO4
2- → H+ + AsO3

3- (pKa6 = 11.53)  

Fig. 2.1. Plot represents the summary of pH impact on prevalence of the various inorganic arsenic 

(III) and arsenic (V) species in solution (Nieto-Delgado et al., 2012; Douglas et al., 1986) 

 

The Fig. 2.1 represents the influence of pH which indicates, As (V) predominate in oxygen rich 

aerobic environments but in reducing anaerobic environments arsenites As (III) predomination. 

As(III) is more toxic than As(V) as it binds singly but with higher affinity to vicinal sulfhydryl groups 

that reacts with a variety of proteins and inhibits their activity (Aposhian et al., 1989). Arsenic (III) is 

more stable than arsenic (V) because of electronic configuration. 
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2.1.2.2. Chromium 

Chromium (Cr) is a hard crystalline steel-grey metal with lusture. It bears atomic number 

24, atomic weight 51.99 g/mol; specific gravity 7.18 to 7.20; melting point 1857 0C and boiling point 

2672 0C and earth's 21st most abundant element (0.037% of earth's crust), the 6th most abundant 

transition metal (Lay et al., 2014; Saha et al., 2011). The first discovery of chromium was in the 

Siberian red lead ore (crocoite) by the French chemist Vauquelin in 1798. The Chromium exhibits a 

wide range of oxidation states; the +3 and +6 states are most common, whereas its other states 

like +1, +4 and +5 are rarely found. However, Cr(VI) is the most toxic form of chromium, which 

exist as chromate (CrO4
2-) or dichromate (Cr2O7

2-) oxyanions (Kabay et al., 2003). Cr(III) is less 

mobile and less toxic with most tracing in organic matter of soil and aquatic environments (Chen et 

al., 2011). The hydrolysis behavior of Cr(III) is complicated, which produces mononuclear species 

like CrOH2+, Cr(OH)2
+, Cr(OH)4

-, and Cr(OH)3 and the poly-nuclear species Cr2(OH)2 and neutral 

species Cr3(OH)4. On the other hand, hydrolysis of Cr (VI) only produces neutral and anionic 

species. At pH less than 6.5 and high chromium concentration; Cr2O7
2- predominates, whereas at 

pH greater than 6.5, CrO4
2- predominates (Saçmac et al., 2012). Cr(VI) compounds are powerful 

oxidants at low or neutral pH  which exist in equilibrium as represented: 

2[CrO4]
2- + 2H+ → [Cr2O7] + H2O 

HCrO4
-↔CrO4

2- + H+, (PKa =5.9) 

2HCrO4
−↔ Cr2O7

2− + H2O (PKa= 2.2) 

H2CrO4 ↔ [HCrO4]
− + H+ (PKa =1.6) 

[HCr2O7]
− ↔ [Cr2O7]

2− + H+ (pKa = 1.8) 

The compounds of Chromium (VI) are found to be six hundred times toxic than chromium (III) 

because of its high solubility and mobility in water (Fig. 2.2). 

 

Fig. 2.2. Relative distribution summarizes the pH impact on prevalence of the various chromium 

species in solution (Kotaś and Stasicka, 2000). 

 

2.1.3. Sources of arsenic and chromium  

2.1.3.1. Sources of arsenic  

 About 200 natural minerals are found to contain arsenic. Arsenic is mobilized under natural 

conditions like natural weathering reactions, geochemical reactions, volcanic emissions and other 

biological anthropogenic activities (Dogan and Dogan, 2007). Inorganic arsenic is of geological 
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origin and is mostly found in groundwater. The compounds like arsenobetaine, arsenocholine, 

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

organic compounds (Simon et al., 2004). Approximately 612×108 and 2380×108 g/year of arsenic 

contribution is from soil erosion and leaching of arsenic respectively. Inorganic arsenic are derived 

from rocks like arsenic trioxide (As2O3), orpiment (As2S3), arsenopyrite (AsFeS) and realgar (As4S4) 

(Smedley and Kinniburgh, 2002). 70% of arsenic sources are due to extensive mining activities 

and smelting of copper, gold, lead and zinc ores. Other sources include fossil fuels combustion, 

use of arsenic pesticides, herbicides and crop desiccants and usage of arsenic trioxide in wood 

preservative (Smith et al., 2000; Mukherjee et al., 2014). To increase the hardness, metallic 

arsenic is processed along with lead or copper alloys. The arsenic gas (AsH3) is widely used in 

microchip production. [Cu3(AsO4)2.4H2O] is essential components of pesticide. Other arsenic 

compounds are applied in glass processing, chemical industries, semiconductor (Garelick et al., 

2008), pigments (paints, papers, ceramics, etc.), bullets and fireworks. 

2.1.3.2. Sources of chromium 

Chromium is used as an oxidizing agent,  chrome alloys, anti-corrosive agents, in paints 

and pigments,  fungicides,  electroplating, manufacturing of photography plates and other products 

of the chemical and steel industries. Chromium is discharged to environment primarily from 

naturally occurring element in rocks, volcanic dust, and other living and non living things. The other 

sources are mainly from industrial activities such as chrome plating, ferrochrome production, 

stainless-steel production, ore refinery, chemical and refractory processes, cement-producing 

plants, automobile brake lining and catalytic converters for automobiles, leather tanneries, 

contaminated landfill, effluents released from chemical plants, asbestos lining erosion, and chrome 

pigments (Rosane Alves et al., 2012). Fuel and oil combustion are reported for emission of 

atmospheric chromium. Chrome-plating in the form of chromium (VI) are responsible for release of 

Cr(VI) (ATSDR, 1998; WHO 1988; USEPA, 1999; OSHA, 1998).  

2.1.4. Exposure of arsenic and chromium 

2.1.4.1. Exposure of arsenic 

The exposure of arsenic to humans is primarily via drinking water, air, food and beverage 

naturally and considered as an essential nutrient for protein and fat metabolism (Ahuja et al., 2014; 

ATSDR 1998; USEPA 1999; NIOSH, 1997). In some areas, inorganic arsenic in drinking-water is a 

significant cause of arsenic exposure to human health (Amiri et al., 2004). Contaminated soils by 

mining are also a possible source of arsenic exposure (Dousova et al., 2003). As reported by 

Santra et al. (2013) approximately 25% of the arsenic found in food is in inorganic form. The 

amount of inorganic arsenic levels in fish and shellfish are around 1% (Santra et al., 2013; Tao et 

al., 2014). Other food items such as cereals, meat, poultry and dairy products have higher levels of 

inorganic arsenic (Tao et al., 2014).  

2.1.4.2. Exposure of chromium 

Industrial exposure to Cr (VI) and Cr (III) is due to inhalation of dusts, mists or fumes, 

contaminated drinking water or from eye or skin contact (Tepe et al., 2014). The exposure of skin 

to chromium in the workplace has become a significant problem in the US (Abbasi et al., 2012). 
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34,400 cases of skin diseases, 3.4 injuries per 10,000 employees, compared to 19,300 respiratory 

illnesses (1.9 illnesses per 10,000 employees) is reported due to chromium in a specific industries 

(Abbasi et al., 2012, BLS 2010). For non volatile chemicals, skin becomes the most significant 

exposure route than the lungs (Berner et al., 2004). 

2.1.5. Toxicity and health effects of arsenic and chromium 

Heavy metal ions are the most critical water pollutants due to their toxicity, which depends 

on the oxidation states as it controls the physico-chemical and biological activities (Desesso et al., 

1998). The toxicity of arsenic (III) is greater than the toxicity of arsenic (V) (Norwood et al., 2007). 

The provisional guideline by WHO presents 10 ppb (0.01 mg/L) as adopted drinking water 

standard. Countries including Bangladesh and China have retained 50 ppb (0.05 mg/L) as an 

interim target (Desesso et al., 1998). On the other hand, chromium (III) is an essential nutrient 

while chromium (VI) is carcinogenic and mutagenic agent (Fergusson, 1990). 

2.1.5.1. Toxicity and health effects of arsenic 

The acute toxicity and harmful effects of arsenic on health has been well documented 

followed by techniques used for speciation analysis. (Vatutsina et al., 2007, Jain et al., 2000 and 

WHO, 2010, Jain et al., 2000).  Long term ingestion of water containing arsenic causes skin, 

cardiovascular diseases, kidney cancer as well as pigmentation changes, skin thickening 

(hyperkeratosis), neurological disorders, muscular weakness, and nausea (Mazumder, 2007; 

Kapaj et al., 2006; Ruangwises et al., 2014). Fig. 2.3 represents effect of arsenic toxicity. Toxicity 

of inorganic arsenic compounds is higher than organic arsenic compounds (Sharma et al., 2009). 

Arsenic toxicity is known to inhibit with sulfhydryl groups in cells and hence plants those are not 

tolerant to arsenic shows toxic symptoms such as a decrease in plant growth,  plasmolysis, wilting 

and necrosis of leaf tips, and decrease in photosynthetic capacity. It also causes the risk of other 

internal cancers with arsenic exposure (liver, kidney, lung, colon, and bladder) (Liu et al., 2014). 

 

 

 

 

Fig. 2.3. Skin diseases due to arsenic poisoning 

2.1.5.2. Toxicity and health effects of chromium 

Hexavalent chromium compounds are man-made and is widely used in different industries 

and exposure to it occurs through breathing, food or water ingestion and through direct contact 

with the skin. The maximum permissible limit for Cr (VI) for discharge into inland surface water is 

0.1 mg/L and in potable water it is 0.05 mg/L (USEPA, 2011). The ingestion of excessive chromium 

causes vomiting, diarrhoea, haemorrhagic diathesis, blood loss into the gastrointestinal tract 

causing cardiovascular shock (Sun et al., 2014; Tao et al., 2014). It also causes primary irritation of 
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the skin and mucous membranes, liver problems (elevated hepatic enzymes), thrombocytopenia 

(low blood platelets), renal failure (kidney failure), rhabdomyolysis (breakdown of muscle fibres that 

can lead to kidney damage), haemolysis (breakdown of red blood cells), changes in thought 

processes, chest pain, gastrointestinal disorders, erythema/flushing/rash, headache, dizziness, 

bronchial asthma (ATSDR, 2000). In contrast to Cr (III), which is bound to plasma proteins such as 

transferrin but Cr (VI) entering the blood stream is taken up selectively by erythrocytes and bound 

predominantly to haemoglobin (Fig. 2.5). Chromium compounds are highly toxic to plants and are 

detrimental to their growth and development. (Qiu et al., 2013; Proctor et al., 2014).  

 

Fig. 2.4. Effect of chromium poisoning in drinking water Source: (U.S. EPA Guidelines for 

Carcinogen Risk Assessment, 2011) 

 

Fig. 2.5. Mechanism and influence of chromium in cell (Correia et al., 1994, USEPA, 1999) 

 

 Chromium toxicity in plants is observed at multiple levels, from reduced yield through 

effects on leaf and root growth that also inhibits enzymatic activities and mutagenesis (Obrien et 

al., 2000). While some investigators (Gad et al., 2014) have reported that the hexavalent chromium 

is a potent teratogen, primarily affecting the bone formation (Choppala et al., 2013). Chromium (VI) 

is a strong clastogen (Choppala et al., 2013) and produces chromosome aberrations and DNA 

strand breaks, oxidized base damage to DNA-DNA and DNA-protein crosslinks (Choppala et al., 

2013). 

2.1.6. Global scenario 

More than 100 million people are exposed to heavy metal pollution above the permissible 

limit (Vineis et al., 2009) (Fig.2.6). Many nations of the world are facing the ill consequences of 

excess arsenic and chromium exposure (USEPA, 1999; Smith et al., 2009). In India, Bangladesh 
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and China over 20 million people are suffering from arsenicosis and skin diseases due to 

consumption of arsenic and chromium contaminated drinking water (USEPA, 1999; Smith et al., 

2009).  In the year 1993, arsenic polluted water was first detected in Bangladesh (Smith et al., 

2009; WHO, 2010). Today 1.04 million of tube wells out of 4.07 million tube wells are found to 

contain arsenic above permissible limit of 50 ppb (Smith et al., 2009; Choong et al., 2007). 

 

Fig. 2.6. Global arsenic distribution and poisoning 

In Taiwan, Blackfoot disease, a form of gangrene occurs due to cardiovascular 

complications because of arsenic poisoning (Smith et al., 2009; Andrade et al., 2013). Near 13 

million people in the United States are exposed daily to drinking water with arsenic levels greater 

than 10 μg/L (Smith et al., 2009). Many countries like Mongolia, South Africa, Zimbabwe and 

former Soviet Russia are also facing the problems of arsenic contamination in drinking water 

(Smith et al., 2009). The largest deposits of chromite ore and highest number of population is at 

risk due to chromium toxicity (USEPA, 1999; Vinodhini et al., 2010). 

2.1.6.1. Present arsenic and chromium scenario in India 

In the year 1983, the first cases of arsenic-induced skin wounds were identified by K.C. 

Saha from Department of Dermatology, School of Tropical Medicine, Kolkata, West Bengal, India 

(Smith et al., 2000). The status of arsenic contamination in ground water is documented till year 

2006, which indicates 111 blocks of 12 districts in West Bengal were affected with arsenic 

contamination. In eastern India, coal combustion is another major sources of anthropogenic 

arsenic emission in the biosphere (Smith et al., 2000).  

Bayet and Slosse (1919) reported that pyrite and arsenopyrite are the main and minor 

carrier of arsenic. Samal et al. (2013) reported arsenic concentration of 870 μg/L and 1752 μg/L in 

groundwater of Nonaghata and Doulatpur at a depth of 50–100 ft. in West Bengal. Arsenic 

contamination has also been reported in different vegetables like potato, brinjal, arum, amaranth, 

radish, lady’s finger, cauliflower, beans, pulses group, pea, moong, green chilli, tomato, bitter 

guard, lemon, turmeric (Samal et al., 2013; Santra et al., 2013). In India, chromite deposits is 

distributed as shown in Table 2.1 (Rao et al., 1964) that can be categorized into three types (Indian 

minerals year book, 2012), (a) The eastern ghat (chromite’s ores from Andhra Pradesh and 

TamilNadu), (b) Chromite ore from Bihar, Orissa, Karnataka and Maharashtra and (c) chromite 

from Manipur, Nagaland. 98% of the country’s chromite wealth is found in Orissa region. The Cr 

(VI) concentrations of 6.2 mg/L has been found in the  ground water of  Kanpur (CPCB, 2011) 

against the maximum allowable limit for public consumption of 0.05 mg/L. 
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Table - 2.1. Data represents production of chromite in India 

Production of chromite in India 

State Production in tons  Value Rs.  

All India 9,26,148  12,24,248 

Andhra Pradesh 460  211 

Karnataka 48,145  22,173 

Maharashtra 86  21 

Manipur 92  48 

Odisha 

Jajpur 6,96,652  10,48,967 

Dhenkanal 26,241  24,152 

Bhadrak 1,54,472  1,28,676 

Total 8,77,365  12,01,795 

 

2.2. Conventional methods for arsenic and chromium treatment in water 

It is reported that arsenic and chromium from water can be treated by the processes like 

precipitation, ion exchange, reverse osmosis, coagulation, activated alumina, ultra filtration and 

adsorption process (García-Vaquero et al., 2014; Rigobello et al., 2013). All this treatment provides 

certain advantages over other under some specific conditions but not in all conditions. Methods 

and processes are required which can provide better efficiency and performance without 

increasing the cost (Ranade and Bhandari, 2014).  

2.2.1. Coagulation  

Coagulation process is considered to be the most cost effective and documented methods 

using FeCl3 and AlCl3 for large scale system (Mondal et al., 2008). In this process, arsenic and 

chromium can be controlled through strict control over pH, coagulant type and dosage 

(Lakshmanan et al., 2008). The process involves addition of coagulant to the contaminated water 

under efficient stirring whereby flocculation occurs. Negatively charged particles and micro 

particles are attached to the flocs by electrostatic force of attraction that can be removed by partial 

sedimentation and filtration for complete removal of flocs (Qin et al., 2005).  

2.2.1.1. Advantage and disadvantage of coagulation technique 

 Though coagulation is an easy and simple process with handy operation but it also has 

some disadvantages (Alexander et al., 2012; Golbaz et al., 2014). The main disadvantages of 

coagulation is settling/filtration of the coagulated which require the direct addition of the coagulant 

to the water, thus leading to undesirable residual levels of iron or aluminium. Secondly, the process 

is highly sensitive to pH therefore appropriate reagents is often added to adjust the pH which 

increases the risk of secondary contamination (Fuerstenau et al., 1979).  

2.2.2. Chemical oxidation and reduction  

In respect of arsenic, most technologies are efficient in removing arsenic (V) in the form of 

arsenate but arsenic (III) is found non-charged below pH 9.2. Arsenate is easily precipitated but 

arsenite requires conversion via oxidation to arsenate for its effective removal. Under reducing 

conditions, arsenite in acid form ionizes according to the equations. (Kartinen and Martin, 1995); 

H
3
AsO
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→ H

+ 

+ H
2
AsO
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Under oxidation, arsenate is strongly dominated over arsenite, based on thermodynamic conditions 

(Cullen and Reimer, 1989). Pentavalent arsenic is normally found in water as arsenic acid which 

ionizes according to the equations represented below (Kartinen and Martin, 1995):  

H
3
AsO
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→ H
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+ H
2
AsO
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pKa = 2.2  
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4
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→ H
+ 

+ AsO
4

3- 

pKa = 11.5  

For arsenite and arsenate, acid-base reactions are assumed to occur rapidly; however, in natural 

water, time required for the changes between oxidation states are uncertain. The presence of other 

oxidants (manganese oxide, chlorine, permanganate) and in the absence of oxygen, arsenite can 

directly transform to arsenate (Onnby et al., 2014). Reduction of hexavalent chromium can be 

understood with electrochemical process where iron electrodes and electrical current are used to 

generate ferrous ions which react with hexavalent chromium to give trivalent chromium. 

3 Fe2+ + CrO4
2- + 4 H2O → 3 Fe3+  + Cr3+ + 8 OH- 

Cr 3+ is precipitated as chromium (III) hydroxide under slightly alkaline conditions . 

Cr3+ + 3OH- → Cr (OH)3 

Similar oxidation treatment is also done for conversion of chromium (III) to chromium (VI) through 

advanced oxidation process such as ozonation and electrocoagulation (Li et al., 2014).  

2.2.2.1. Advantage and disadvantage of chemical reduction and oxidation technique 

Most of the oxidation is carried atmospherically but the process of oxidation is very slow, 

takes several weeks for arsenic oxidation (Bordoloi et al., 2013). On the other hand, Cr(III) is found 

less toxic than Cr(VI) but the limitation lies in whether the treated effluent meets the standard 

discharging limit. Hence, oxidation of Cr(III) requires high process efficiency. Fast oxidation rate 

with strong oxidizing ability is observed in ozonation or electrochemical process with a 

disadvantage of energy requirement for the process. (Dittert et al., 2014). 

2.2.3. Solvent extraction 

The aqueous solution containing the metal of interest is mixed very well with the 

appropriate organic solvent and the metal passes into the organic phase (Li et al., 2014). The 

extraction efficiency is affected by concentration of heavy metal, initial pH and phase ratio (solvent 

to water) (Roh et al., 2000). The extractant used are alcohols, glycols, polyphenols, hydroamic 

acids, esters of phosphinic and phosphoric acids, etc. but they are phased out due to high aqueous 

solubility. Di-n-pentyl sulphoxide has been evaluated as an extractant for the removal of chromium 

(VI), iron (III) and cobalt (II) from aqueous solution (Reddy and Sayi, 1977).  

2.2.3.1. Advantage and disadvantage of solvent extraction 

This method is simple, convenient and rapid to perform the separation. However, this 

method is not as effective for metal separation from dilute solutions due to loss of extractant, 

additional phase formation, long separation time, emulsion formation, co-extraction of mineral 

acids, and high concentration of extractant requirement and also use of inflammable solvents 

(Huang et al., 2009).  

2.2.4. Membrane separation 
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A membrane is a thin layer of semi-permeable material that separates substances when a 

driving force is applied across the membrane. Membrane filtration processes are progressively 

used for removal of bacteria, microorganisms, natural organic material and toxic ions (Guo et al., 

2011). The membrane processes can be classified as (a) microfiltration (MF), (b) ultrafiltration 

(UF), (c) nanofiltration (NF) and (d) reverse osmosis (RO). Microfiltration is used with a membrane 

having pore size of approximately 0.03 to 10 microns. Similarly, in ultrafiltration membrane has a 

pore size of approximately 0.002 to 0.1 microns. Nanofiltration membranes have a nominal pore 

size of approximately 0.001 microns. Filtering water through these small membrane pores requires 

a higher operation pressure than microfiltration or ultrafiltration technique. The above methods are 

suitable for microorganism removal. Reverse osmosis can effectively remove nearly all inorganic 

contaminants, heavy metals, toxic ions and natural organic substances from water (Chen et al., 

2012; Nataraj et al., 2009). Reverse osmosis is particularly effective when used in series with 

multiple units and successfully demonstrated for the removal of Cr, Pb, Fe, Ni, Cu and Zn from 

vehicle wash-rack water (Chakraborty et al., 2014; Guo et al., 2011).  

2.2.4.1. Disadvantage of reverse osmosis and other membrane filtration technique  

 Membrane filtration process is very costly and requires regular maintenance. 

 High capital and operating costs,   

 Managing the wastewater is a potential problem, 

 High level of pretreatment is required in intial cases, and 

 Membranes are generally prone to fouling. 

2.2.5. Adsorption 

The attachment of particles to a surface is called adsorption. The substance that adsorbs is 

the adsorbate and the underlying material is the adsorbent and desorption is the reverse process 

of adsorption. In words of chemical engineering, adsorption is called the separation process during 

which specific components of one phase of a fluid are transferred onto the surface of a solid 

adsorbent (Deng et al., 2004). The adsorption of various substances on solids is due to the 

increased free surface energy of the solids because of their extensive surface area (Brum et al., 

2010). The main advantages of this technique are the reusability of material upto many cycles of 

adsorption, low capital cost, selectivity for specific metals of interest, removal of heavy metals from 

effluent irrespective of toxicity, short operation time. Molecules and atoms can attach to surfaces in 

three different ways. 

(a) Physical adsorption (Physisorption): In Physisorption, Vander Waals interaction between the 

adsorbate and the substrate takes place for long time but are weak in nature. Moreover, the energy 

released during particle physisorption is of the same magnitude as the enthalpy of condensation. 

This small enthalpy change is insufficient to lead to bond breaking, so a physisorbed molecule 

retains its identity, although it might be disorted by the presence of surface molecules. 

(b) Chemical adsorption (Chemisorption): In chemisorption, the molecules stick to the surface by 

forming a chemical bond usually a covalent bond, and tend to find sites that maximize their 

coordination number with the substrate. The enthalpy of chemisorption is very much higher than 
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that of physisorption, and typical values are in the range of 200 kJ/mol. The distance between the 

surface and adsorbate atom is also typically shorter for chemisorption in comparison to 

physisorption process.  

(c) Electrostatic sorption (Ion exchange): In ion exchange, solid material takes up charged ions 

from a solution and release an equivalent amount of other ions into the solution (Inamuddin et al., 

2007). The ability to exchange ions is due to the structural properties of the materials. The 

exchanger consists of a matrix, with positive or negative excess charge. This excess charge is 

localized in specific locations in the solid structure or in functional groups. The charge of the matrix 

is compensated by the counter ions, which can move within the free space of the matrix and can 

be replaced by other ions of equal charge sign (Helfferich, 1962). Ion-exchange resins after 

saturation can be easily regenerated using acid or alkali. Ion-exchange resins are applicable for 

selective ions only. However, in presence of large quantities of competing mono and divalent ions, 

efficiency of ion-exchange process decreases. Ion removal by solids could involve more 

phenomena like ion exchange and adsorption processes or internal precipitation mechanism 

(Inglezakis et al., 2004) simultaneously. Inglezakis et al. (2004) reported the effects of competitive 

cations and co-anions on ion exchange of heavy metals Pb 2+, Fe 3+, Cr 3+ and Cu 2+ on clinoptilolite 

and found the selectivity of clinoptilolite for heavy metals to be Pb2+> Fe3+ > Cr3+  ≥ Cu2+. Baciocchi 

et al. (2005) reported ion exchange equilibrium of arsenic in the presence of high sulphate and 

nitrate concentrations. 

Studies on the removal of chromium (VI) ions from water are well documented in the 

literature. The removal of chromium by adsorption using activated carbon prepared from saw dust, 

rice husk, raw rice bran, ethylenediamine-modified rice husk, coconut husk fibres, hazelnut shell 

etc are reported. (Huang and Wu, 1977; Tang et al., 2003; Kobya, 2004; Sharma and Forster, 

1994; Yu et al., 2003; Wartelle and Marshall, 2005). Similar studies for arsenic removal by 

adsorption using various adsorbent are also reported. (Liu et al., 2014; Li et al., 2014; Sigrist et al., 

2014) 

2.3. Materials for removal of arsenic and chromium 

Removal process of toxic ions from contaminated water and effluent by using various 

materials are well documented, however there are always limitations of these process. Few 

important materials for As(III) and Cr (VI) removal are presented below. 

2.3.1. Phosphate compounds 

Synthesis of synthetic phosphate compounds are reported in the last decade for removal of 

toxic metal ions (Kowalski et al., 2014; Awual et al., 2011).  

Lenoble et al. (2005) reported arsenic (III) and arsenic (V) removal by iron (III) phosphate 

(amorphous or crystalline). The oxidation of arsenic (III) takes place by iron (III) and substitution of 

phosphate by arsenic (V), that occurs during arsenic adsorption with higher adsorption capacities 

for arsenic (III) than arsenic (V).  

Zeng et al. (2008) reported arsenic removal from contaminated soil using phosphoric acid 

(H3PO4) and potassium dihydrogen phosphate (KH2PO4) in laboratory by batch experiments. The 

arsenic toxicity of the soil was reported to reduce by 20% at a concentration of 200 mmol/L. 
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Venkateswaran et al. (2005) reported chromium (VI) ions removal by using flat type supported 

liquid membrane (SLM) containing tri-n-butyl phosphate (TBP). The study reported the influence of 

pH on the source phase, effect of concentration of the receiving phase, stirring speed, effect of 

initial chromium (VI) concentration, feed to strip ratio and the influence of support characteristics. 

The permeability of chromium decreases with increase in pH of the source phase and was 

maximum at pH 1. Sun et al. (2014) investigated enhanced adsorption of chromium onto activated 

carbon (Fig. 2.7) by microwave-assisted H3PO4 mixed with Fe/Al/Mn.  

 

Fig. 2.7. SEM images of (a) activated carbon (AC) (b) AC-Fe (c) AC-Al (d) AC-Mn (Sun et al., 

2014) 

The study claimed that with increase in pH the chromium concentration decreases. XPS 

analysis result shows that chromium (VI) oxyanion is reduced to chromium (III) at the appropriate 

condition.  

2.3.2. Activated carbon  

The characterization of activated carbon from many carbonaceous sources was first 

reported by Allen et al., (1998). Commercially available activated carbons has been extensively 

used for arsenic (III), arsenic (V), chromium (III), chromium (VI) and other heavy metals adsorption 

from water (Yurum et al., 2014; Babu et al., 2008; Mohan et al., 2006). Coal-derived commercial 

activated carbon has shown highest arsenic adsorption capacity of 28.60 mg/g (Hao et al., 2009). 

Activated carbon composed with metallic silver/nano silver were also documented in literature for 

removal of arsenic and other toxic metal ions from water (Arcibar et al., 2014; Khezami et al., 

2005). Removal of arsenic (III) by using coconut husk carbon (CHC) was reported by Manju et al. 

(1998), which was activated with sulfuric acid and copper solution .The resulting copper-

impregnated coconut husk carbon (CuCHC) was used for removal and the maximum adsorption 

capacity was found at pH 12. Karnib et al. (2014) reported heavy metals removal (lead, cadmium, 

nickel, chromium and zinc) using activated carbon, silica and silica activated carbon composite 

from water in batch experiments. The study suggested that highest removal percentages by 

activated carbon occured for nickel and decreases as the concentration of heavy metal was 

increased.  
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2.3.3. Iron oxides 

Němeček et al. (2014) has reported nanoscale zero-valent iron (nZVI) for removal of 

hexavalent chromium. Pilot scale remediation study was carried out by using commercially 

available nanoscale zero-valent iron (nZVI). Addition of nZVI showed a rapid decrease in the 

hexavalent chromium and total chromium concentrations in the groundwater without any 

substantial effect on its chemical properties. Sun et al. (2014) reported hexavalent chromium 

removal from ground water by using SBA-15-incorporated nanoscale zero-valent iron. The SBA-

15-nanoscale zero-valent iron particles (NZVIs) were prepared by incorporating nZVI inside the 

channels of SBA-15 rods by a “two solvents” reduction technique. Chromium (VI) removal takes 

place better in lower pH and the removal decreases from 99.7% to 92.8% with the increase in 

initial pH of the solution from 5.5 to 9.0.  

Graphene based nanoscale zero-valent Iron (nZVI) assembled on magnetic 

Fe3O4/graphene was used for chromium (VI) removal (Lv et al., 2014). The study claimed that 

these nanocomposites exhibited high Cr(VI) removal efficiency by 83.8% which was found much 

higher than individual adsorbents (18.0% for nZVI, 21.6% for Fe3O4 NPs and 23.7% for graphene). 

It followed pseudo-second-order adsorption model, suggesting that adsorption is the rate-

controlling step. With decreasing pH from 8.0 to 3.0 at 30 °C, the maximum adsorption capacity of 

chromium (VI) varies from 66.2 to 101.0 mg/g. Strong performance of nZVI at magnetic graphene 

arises from the formation of micro-nZVI-graphene/nZVI-Fe3O4 batteries and strong adsorption 

capability of broad graphene sheet/Fe3O4 surfaces. Electrons are released by nZVI that spreads all 

over the surfaces of graphene and Fe3O4, and then the adsorbed Cr(VI) ions on them capture 

these floating electrons and reduce to chromium (III). Fe3O4 nanoparticles also serve as protection 

shell to prevent nZVI from agglomeration.  

2.3.4. Layered double hydroxides (LDHs) 

Layered double hydroxides (LDHs) or Hydrotalcite like compounds are lamellar mixed 

hydroxides containing positively charged main layers and have been known for over 150 years 

since the discovery of the mineral hydrotalcite (Cavani et al., 1991). In current years, many studies 

have been carried out in order to understand the ability of LDHs to remove harmful toxic ions such 

as arsenate, chromate, phosphate, fluoride etc. from contaminated waters by both surface 

adsorption and ion exchange process and other wide range of processes, such as catalysis, 

electrochemistry, polymerization, and photochemistry. LDHs can be represented by the common 

formula [M1-x
2+Mx

3+(OH)2]
x+(An-)x/n.mH2O. Where M2+ and M3+ are divalent and trivalent cations, 

respectively; the value of x is equal to the molar ratio of M3+/(M2++M3+), whereas A is the interlayer 

anion of valence n. The characteristics of M2+, M3+, x, and An- may vary over a wide range, 

providing a large number of materials having different physicochemical properties (Duan, 2006). 

LDHs can be considered as a class of materials that are simple to synthesize in the laboratory.  

In the past few decades, many reports on adsorption thorugh LDHs have been documented (Kang 

et al., 1999; Yang et al., 2006) to remove monoatomic anions (Liu et al., 2006; Lv et al., 2006), 

cations (Lehmann et al., 1999) and gases (Cantu et al., 2005). A list of various LDHs used for 

arsenic and chromium removal are presented in Table. 2.2. 
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Table - 2.2. List of various LDHs used for arsenic and chromium removal 

Contaminant Types of LDHs Reference 

Arsenic Uncalcined chloride-LDHs, uncalcined 
carbonate-LDHs 

You et al. (2001) 

Uncalcined and calcined Mg–Al LDHs Shibata and Murayama (2006) 

Ferric-based layered 
double hydroxide with a-alanine intercalation 

Hong et al. (2014) 

Mg–Al layered double hydroxides Violante et al. (2009) 

Uncalcined and calcined Mg–Fe–Al LDHs Carja et al. (2005) 

Calcined Mg–Al LDHs Yang et al. (2006) 

Chromium Calcined Mg–Al LDHs Rhee et al. (1997) 

Uncalcined and calcined Mg–Al,  
Ni–Al and Zn–Chromium LDHs 

Goswamee et al. (1998) 

Uncalcined chloride-Mg–Al, chloride-Zn–Al, 
and chloride-Zn–Chromium LDHs 

Houri et al. (1999) 

Uncalcined and calcined Mg–Al LDHs Lazaridis et al. (2001) 

 

2.3.5. Hybrid materials and composites 

 Demand for novel materials having wide number of functions has been explored through 

recent technological discoveries. The organic – inorganic hybrid materials are considered as 21st 

generation composite materials that will encompass a wide range of applications in the areas of 

energy, environment, biomedical and catalysis (Romero and Sanchez, 2004; Sharp, 1998). 

Researchers and scientists investigated that mixtures of these materials can show greater 

properties compared with their single counterparts (Schottner, 2001; Sayari, 2001). Inorganic–

organic hybrids materials can be applied in many fields of materials chemistry because they are 

simple to process and are easy to design on the molecular scale. According to literature, 

(Kickelbick, 2001; Sharp, 1998) the first nanocomposite was developed in the middle of the 19th 

century when gold salts were reduced in the presence of gum arabic. The term hybrid material can 

be defined as a material that is formed upon combination of two moieties on the molecular level. In 

general, the inorganic part and organic part offers mechanical strength through their bonding 

(Haas, 2000; Sanchez, 1999). Hybrid materials are classified into two classes, class I and class II. 

Class I hybrid materials are those that show weak interactions between the two phases, such as 

van der Waals, hydrogen bonding or weak electrostatic interactions. On the other hand, Class II 

hybrid materials shows strong chemical interactions between the components. An organic moiety 

can act as a network changing compound, which contain functional group that allows the 

attachment to an inorganic network for example a trialkoxysilane group, as the final structure of the 

inorganic network is modified by the organic group.  

The advantages of inorganic–organic hybrids materials are: 

(a) The hybrid material can favorably combine with dissimilar properties of organic and inorganic 

components in one moiety to form a single material. 

(b) Due to difference in properties of the initial components, there is an opportunity to discover 

unknown properties of the new material.  

(c) Multifunctional materials can be developed. 
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The characteristics of the final hybrid materials are not only specified by the properties of the 

inorganic and organic component, but structural, morphological and the interfacial region between 

the two units also derives their characteristics. Various hybrid materials were reported and 

documented in literature for removal of arsenic, chromium and other contaminant, a list of the 

various materials reported in literature has been presented in Table 2.3. 

Table - 2.3. Hybrid materials and composites reported for arsenic and chromium removal 

Contaminant Materials Reference 

Arsenic 
 

Hybrid inorganic/organic polymer type material 
based on hydrated ferric oxide (HFO) 

Iesan et al. (2008) 

Nano-hydrated zirconium oxide (HZO)/polystyrene 
hybrid adsorbent 

Pan et al. (2014) 

Al-HDTMA-Sericite (AH) and  
Al-AMBA-Sericite (AA) hybrid materials 

Tiwari et al. (2012) 

Monolithic Fe2O3/graphene hybrid material Li et al. (2014) 

Fibrous ion-exchangers FIBAN in HFO Vatutsina et al. (2007) 

Mesoprous hybrid material – Thiol-functionalized 
silica coated activated alumina 

Hao et al. (2009) 

Chromium 
 

Magnetite–Polyethylenimine–Montmorillonite Larraza et al. (2012) 

RGO-Fe3O4 hybrid composite Zhou et al. (2013) 

Novel amine impregnated graphene oxide Kumar et al. (2013) 

Sulphonic acid functionalized silica adsorbent Gomez-Gonzalez et al. (2014) 

Polypyrrole decorated reduced  
graphene oxide–Fe3O4 magnetic composites 

Wang et al. (2015) 

Polyaniline/silica gel composite Rathinam et al. (2014) 

 

2.4. Material synthesis route 

2.4.1. Co-precipitation method 

 It is the synthesis process in which a precipitate of substances normally soluble is carried 

down under specific conditions. In analytical chemistry, it is termed as occlusion, inclusion, carrying 

down, co-precipitation and adsorption as collective names due to fact that the impurities within the 

precipitate is carried down. There are three cases for distinction of different type of phenomena 

that accounts for co-precipitation. They are formation of mixed crystals in which they do not change 

the regular crystal structure due to incorporation of impurities in the lattice of crystal; adsorption of 

impurities during the growth of crystals leading to formation of imperfections in the crystal 

(occlusion) and the third is surface adsorption by the precipitate after it has been separated or 

formed (Kolthoff et al. 1932). The formation of hybrid materials by this method is highly preferred 

due to its easy, simple and large scale production of powders. Recently, a novel hybrid inorganic-

organic modified Sericite has been synthesized for removal of arsenic(III) and arsenic(V) from 

aqueous solutions and the material has also been utilized in treatment of waste water (Tiwari et al. 

2012). In another process, a magnetic bio-composite is prepared using alginate as a biopolymer 

due to its non-toxicity, high selectivity and inexpensive nature. Another hybrid material has been 

prepared through combination of magnetite-polyethylenimine-montmorillonite for treatment of water 

solution contaminated by Cr(VI) (Larraza et al. 2012). 

 

2.4.2. Sol-gel method 
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 Sol-gel process is a wet chemical process that undergoes self-assembly for formation of 

material. The network evolution during formation of colloidal suspension i.e., sol and gelation of sol 

to form network in a continuous liquid phase is the basic mechanism behind this technique (Brinker 

et al., 1990). The hybrid materials synthesized via sol-gel route has been extensively studied for 

application in optics, coating processes, glass making and in recent it is also used for separation of 

ions from aqueous solutions (Escalante et al., 2009). This method has a backbone of silica that 

contains functional groups capable of reacting with other targeting ions. This functionalized silica is 

synthesized through homogeneous mixing of a cross linking agent and silicon precursor containing 

desired functional group followed by co-condensation to achieve functionalized silica network 

(Quintanilla et al., 2007). Recently, sol-gel process has been implemented to synthesize a high 

capacity hybrid silica adsorbent for removal of trivalent chromium complex ions chelators from 

aqueous solutions (Gonzalez et al., 2014). In another approach, this process is used for synthesis 

of zwitter ionic hybrid polymers through ring opening polymerization of pyromellitic acid diahydride 

and phenylaminomethyl trimethoxysilane (Liu et al., 2010). 

2.4.3. Hydrothermal method 

 Hydrothermal synthesis is a one-step method to produce crystals from metal salt solutions 

by heat treatment of the aqueous solution (Adschiri et al., 2001). The changes in reaction 

equilibrium of metal salt aqueous solution with respect to temperature results in formation of 

crystals. It is used as batch type autoclave, where an aqueous metal salt solution is heated slowly 

to 180-220oC following the aging of several hours or days (Adschiri et al., 2001). The equilibrium 

variation with temperature dissolves again for recrystallization at higher temperatures. Since, the 

process is one step and easy to handle, many hybrid materials have been synthesized for active 

removal of heavy metals using this method. Recently, magnetic carbon nano adsorbents have 

been prepared for decontamination of heavy metals using L-cysteine as organic matrix and S-

doped Fe2O3 particle as an inorganic material (Zhao et al., 2014). In another research 

hydrothermal assisted grafting method is used for synthesis of sulphur functionalized silica 

nanoparticles for removal of Cd(II) and Pb(II) (Fan et al., 2012). Hybrid Thiol-silica spheres has 

been constructed by interlacing arrays of sub micrometre-sized blocks through one-pot 

hydrothermal approach and was successfully used for capturing of heavy metal ions (Li et al., 

2014). Unlike, Co-precipitation, large scale production of material is a drawback of this method.  

2.4.4. Microwave synthesis 

 This methodology has become one of the best choices for many chemists for a multitude of 

reactions due to several advantages that includes less time consumption, better workability, yield 

and clean chemistry (Sridhar et al., 2010). This technique is advantageous over other conventional 

methods because of rapid heating, fast kinetics, pure phase with high yield and better reliability 

and reproducibility (Tompsett et al., 2006). Moreover, it provides an efficient way to control the 

distribution of particles and its size, selection of phase and morphology in the synthesis of hybrid 

materials (Jhung et al., 2007). This process has been recently used for deposition of porous iron 

oxide on activated carbon through microwave heating for effective removal of arsenic(V) from 

contaminated water (Yurum et al., 2014). Although, it is the most used technique for synthesis of 
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other nanostructures but synthesis of hybrid materials through this method is very less reported. 

An environmental friendly microwave assisted synthesis of hybrid materials from cellulose and 

metal halide using ionic liquids has been reported by Dong et al. (2013). Another approach has 

been employed to synthesize a hybrid mesoporous membrane of polycarbonate with mesoporous 

silica rods embedded in the channels of filtration membrane through assistance of microwave 

process (Chen et al., 2012). 

2.5. Mathematical modeling of adsorption process 

 The method of developing a mathematical model is termed as mathematical modeling. A 

mathematical model helps to explain a system by using mathematical concepts, language and 

allows to make predictions about behaviour for different constituents present in the system 

(Camargo et al., 2014). Mathematical models can take many forms, including dynamical systems, 

statistical models or differential equations (Montastruc et al., 2011). Since, modeling of devices is 

essential in both engineering and sciences, therefore, engineers and scientists have very 

significant reasons for doing mathematical modeling. Recent days, mathematical modeling plays a 

key role in the field of environmental and industrial applications. Mathematical models are usually 

collection of relationships and variables. Relationships can be described by operators, such as 

algebraic operators, functions, differential operators, etc. Variables are system parameters of 

interest that can be computed or measured. Operators can act with or without variables (Vukčević 

et al., 2014; Klett et al., 2014). Models can be categorized in the following ways (Aurelian et al., 

2007): 

(a) Linear vs. nonlinear 

(b) Static vs. dynamic 

(c) Explicit vs. implicit 

(d) Discrete vs. continuous 

(e) Deterministic vs. probabilistic  

(f) Deductive, inductive, or floating 

Robust prediction models such as artificial neural networking (ANN) or artificial intelligence, 

response surface methodology (RSM), adaptive neuro fuzzy interface system (ANFIS), genetic 

programing (GP) and least square support vector machine (LSVM) are utilized for prediction of 

system behaviour and experimental design. The most important issue for an environmental 

process is the parametric appraisal of the method and subsequently improvement through 

modelling and optimization without incurring extra cost. Since 1958, when psychologist Frank 

Rosenblatt (Rosenblatt, 1958) proposed the "Perceptron", a pattern recognition device with 

learning capabilities, the artificial neural networks was widely studied and utilized in various 

applications. Hierarchical architecture is the most popular structure of ANNs. The most important 

characteristic of this type of network is its simple dynamics (Aber et al., 2009).  

 Water treatment and heavy metal removal is a complex chemical process due to interaction 

of many parameters during the removal process. Mathematical modelling of such process by 

response surface methodology (RSM) and artificial neural network (ANN) can help to study the 

influence of individual parameter and predict removal efficiency with fewer experimental runs 
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(Daneshvar et al., 2006; Aleboyeh et al., 2008). Artificial neural network (ANN) can be considered 

as a useful tool when the process has high complexity and behaves in a non-linear manner (Saha 

et al., 2010). The capability of self-learning and self-adapting of ANN can be successfully exploited 

for prediction of arsenic removal under the influence of various operating parameters. ANN 

provides a platform for mapping relationships between input and output parameters in an arsenic 

and chromium removal process (Aleboyeh et al., 2008; Chu et al., 2003).  

In recent years, RSM and ANN are widely used to solve the environmental issues. RSM not 

only develops a non-linear predictive equation, but also helps to analyze influence of each 

parameter on the removal efficiency. RSM (central composite design (CCD)) can show the 

influence of each parameter and interaction between parameters on response, but ANN can 

improve and simulate any process performance in any form of non-linearity without any regular 

experimental design. ANN also overcomes quadratic non-linear correlation hypothesis of RSM. A 

considerable amount of research has been carried utilizing RSM and ANN separately in removal 

processes (Shojaeimehr et al., 2014). Roy et al. (2014) reported a statistical approach for removal 

of arsenic by using ANN model. The artificial neural network (ANN) model was developed from 

batch experimental data sets which provided reasonable predictive performance with R2 = 0.964; 

0.963 for arsenic adsorption. For column operation, central composite design (CCD) in response 

surface methodology (RSM) was applied to investigate the influence on the breakthrough time for 

optimization and evaluation of interacting effects of different operating variables. The data obtained 

suggest that the breakthrough time is more sensitive to initial concentration and adsorbent dose 

than flow rate.  

The performance of batch and column studies of phosphate removal was modeled and 

predicted with the help of artificial neural network (ANN) and response surface methodology (RSM) 

model (Zhang et al., 2014),. Various parameters such as pH, sulfate concentration, temperature 

and adsorbent dosage were considered as input, while the removal efficiency was considered as 

the output. The central composite design (CCD) with 33 sets of batch experiments were analysed 

and a RSM model was developed to compare with the ANN model. The influence of both models 

were estimated by correlation coefficient and mean squared error (MSE) values. The study claimed 

that temperature showed least influence, whereas the other remaining variables were considered 

significant to the output. The study also claimed that predictions made by the developed models 

were reasonably good in agreement with the test runs. This study suggested that ANN and RSM 

be considered as effective tools to model and predict trace pollutants removal by using various 

adsorbents. Similar studies were carried out by various researchers (Witek-Krowiak et al., 2014; 

Violante et al., 2009; Daneshvar et al., 2006; Shanmugaprakash et al., 2013; Bhatti et al., 2011) 

suggesting the wide applicability of mathematical models in the area of predicting heavy metal 

removal and water treatment. 

2.6. Research Gap 

 The literature related to the topic has been extensively reviewed and presented. Many 

methods using different hybrid material and composites are also represented. It is understood that 

the process are feasible in term of scientific knowledge but no scale up studies are reported. As 
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per the requirement, the material should be capable of removing the targeted ions and should have 

the capacity for regeneration. In view of the above, there exist a requirement to develop materials 

possessing the properties suitable for the removal of hazardous ions from water. There is a 

research gap which is required to be filled up. 

1. To develop materials which are environmental friendly at the time of use and after use also. 

2. The materials should be more efficient and less costly in water treatment. 

3. The material should not leach under oxidizing and reducing environment. 

4. The material can work at ambient condition to remove the targeted ions. 

5. The materials can be regenerated by simple and cost effective methods . 

6. After adsorption, the adsorbate should be recovered with an easy process. 

7. The mechanism of the process should be understood with all supporting evidences. 

8. The modelling can be applied by existing data to find the optimal condition which can be 

verified by experimental run. 

9. The concept of modelling should be applied to any other similar processes. 

10. The finding of the results should be extended to pilot scale.  

2.7. Aim and objective of the present research work 

 Water is vital and one of the most important resources of nature for the sustenability of 

living organism. The water is called elixir of life because of its multiple/versatile uses. 

Indiscriminate use and misuse of water is making it unfit for human consumption. A wide literature 

review suggested that more research are required to develop efficient and environmental friendly 

adsorbrnt. Hence, an attempt has been made in the present study to remove two toxic pollutants 

under the topic “Development of new adsorbent materials for the removal of arsenic (III) and 

chromium (VI) from water and its mathematical modelling”.  

Keeping the above facts in mind, the present work has been undertaken with the following 

objectives: 

1. To prepare and characterize environment friendly hybrid materials which are used as 

adsorbents for the removal of arsenic and chromium from water.  

2. To find the removal efficiency of these hybrid materials for the selective removal of As (III) 

and Cr (VI) separately and to explore the possible regeneration of hybrid materials for 

reuse in batch mode. 

3. To evaluate the mechanism of adsorption process based on the results of kinetics, 

thermodynamics and isotherm studies. 

4. To study the influence of bed depth, flow rate and sorbate concentration in As (III) and Cr 

(VI) adsorption to know adsorption capacity and breakthrough point in column mode.  

5. To optimize a response (output variable) which is influenced by several independent 

variables (input variables) by Response Surface Methodology (RSM). 

6. To predict and compare the removal efficiency of arsenic (III) and chromium (VI) through 

mathematical modelling using artificial neural network and response surface methodology. 
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CHAPTER-3  

3. EXPERIMENTAL METHODS 

  

3.1. Removal of the arsenic (III) and chromium (VI) from water by hybrid materials  

3.1.1. Preparation of standards and reagents 

All the chemicals used in these studies are of Analytical grade. The chemicals are 

obtained from Merck (Merck chemicals, Germany) and Aldrich (Sigma-Aldrich, USA) which are 

used without any further purification. The glassware used is of Borosil and Tarson make. 

Deionized (Milli-Q Millipore 18.2 MΩ cm-1 conductivity) and double distilled water are used for the 

preparation, dilution and analytical purposes of solutions.   

1000 mg/L stock solution of arsenic (III) is prepared by dissolving 1.320 g arsenic trioxide 

(As2O3; Merck- HC622890, Chemicals, Germany) in water containing 4 g sodium hydroxide 

(NaOH) and diluted to 1 L of deionized water (Cullen et al., 1989; Duncan et al., 2013; APHA, 

1912); 1.00 ml = 1.00 mg arsenic (III). The 1000 mg/L stock solution of chromium (VI) is prepared 

by dissolving 2.828g of anhydrous potassium dichromate (K2Cr2O7; MG7M571737) in 1000 mL of 

deionized water by adding 1.5 mL of 1M HNO3. The standard solution of arsenic (III) and 

chromium (VI) are prepared by proper dilution as when required. The stock solutions are 

preserved with 1% trace metal grade nitric acid for one month in 20C. For the analysis of arsenic 

(III), 500 mL Sodium tetrahydroborate (NaBH4) solution is prepared by dissolving 2.5 g NaOH and 

2.0 g NaBH4, in deionized water. The NaBH4 reagent is always prepared instantly before use. 

Sodium tetrahydroborate solution is disbursed into the acidic test sample solution. The reaction of 

sodium tetrahydroborate in acidic solution and the simultaneous reaction of the hydride forming 

element is represented below. 

   
     

                  

    
                              

 

3.1.2. Synthesis of hybrid materials 

3.1.2.1. Synthesis of the zirconium (IV) oxide ethanolamine (ZrO-EA) hybrid material 

The synthesis of Zirconium (IV) oxide ethanolamine (ZrO-EA) hybrid material is prepared 

by using a 0.1 M aqueous solution of zirconium oxychloride, which is mixed with a 0.1 M aqueous 

solution of ethanolamine in different volume ratios (v/v) at pH 3-10. The pH of the solution is 

adjusted using 0.1 M HCl/NaOH solution. The white coloured gel so obtained is kept undisturbed 

for 24 h at room temperature for complete precipitation. The gel is separated from the mother 

liquor by decantation and washed with de-ionized water several times to ensure a pH 7 of the 

effluent wash. The material is then dried at 50 °C in an oven for 24 h and it is collected in 

powdered form. 

 

3.1.2.2. Synthesis of lanthanum-diethanolamine (La-DEA) hybrid material 
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The synthesis of lanthanum-diethanolamine (La-DEA) is carried out by co-precipitation 

method at pH = 9.1 M aqueous solution of hexahydrate lanthanum nitrate (La (NO3)3.6H2O) are 

added drop wise from a burette to 2.0M aqueous solution of diethanolamine taken in a round 

bottomed-flask with constant stirring at a speed of 200 RPM by using a magnetic stirrer at a 

temperature around 60 0C for 3 h. The pH of the solution is maintained by the addition of required 

amount of 0.1M HCl or NaOH solution to maintain the pH. The white coloured gel so obtained is 

kept undisturbed for 24 h to ensure the complete formation of gel at room temperature. The gel is 

removed from the mother liquor by decantation and subsequently washed well with de-ionized 

water till it attains pH = 7 of the washing. A number of materials are synthesized with the variation 

of molar ratio of precursor.  The material are then dried at 100 0C in an oven for 24h and collected 

as powder. Subsequently the material is activated by using 1M HCl.  

 

3.1.2.3. Synthesis of zirconium polyacrylamide (Zr-PACM-43) 

Zirconium polyacrylamide (Zr-PACM-43) is synthesized in the laboratory by sol-gel 

method with water as a solvent by the following procedure. 52.8 mL of distilled water with 20 mL 

of 30% acrylamide mixture (acrylamide + Bis-acrylamide) is taken in a 250 mL round bottom 

flask. To this 15 mL of 1.5M TRIS ((hydroxymethyl) aminomethane) is added to maintain the pH - 

8.8 and after that 10 mL of 10% zirconium oxychloride was added to the above solution with 

constant stirring. To this mixture, 1 mL of 10% ammonium Persulphate and 0.2 mL of TEMED as 

a catalyst and reaction initiator is added drop wise sequentially with vigorous stirring to make a 

net volume of 100 mL, a white coloured gel was formed, which is allowed for ageing at room 

temperature for 12 h. Then it is filtered and washed several times with distilled water to remove 

excess reagent. The material is dried at 50 0C for 2 h in a hot air oven till it forms white granules. 

Finally the materials are kept in an air tight bottles until used.  

 

3.1.2.4. Synthesis of cerium oxide hydroxylamine hydrochloride (Ce-HAHCl) 

A series of hybrid material cerium oxide hydroxylamine hydrochloride (Ce-HAHCl) is 

prepared by taking different molar ratio of the cerium nitrate hexahydrate and hydroxylamine 

hydrochloride by the sol-gel method. Aqueous solution of 0.1M cerium nitrate hexahydrate 

[Ce(NO)3.6H2O] and 0.3M aqueous solution of hydroxylamine hydrochloride (HONH2.HCl) 

solution is taken into a 500 mL beaker. After mixing both the solutions in required molar ratio, the 

mixture is stirred at 100 RPM for 4 h at 65 0C in a 500 mL round bottom flask at pH= 8.0 by 

adding required amount of ammonium hydroxide (NH4OH) solution from time to time. A pinkish-

white colour gel is formed which is separated by a separating funnel. The gel is washed first with 

ethanol and then in distilled water for several times to ensure the removal of excess reagent. The 

gel obtained is kept in hot air oven at 80 0C for 24 h to obtain a yellowish white powder. Then, the 

material is kept in suspension with 2M HCl at least for two hours for activation. After activation, 

the material is washed with NH4OH to remove excess acid. Subsequently, it is washed with 



EXPERIMENTAL  2014 

 

28 | P a g e  

 

distilled water several times. The material is dried in hot air oven at 80 0C for 24 h to obtain the 

activated material, which is kept in an airtight container until uses. 

 

3.1.2.5. Synthesis of cerium oxide polyaniline (CeO2/PANI) composite 

In a 250 mL round bottom flask, 3.5 mL of aniline is added drop wise under ultrasonic 

condition to a dispersion of CeO2 in a 100 ml (1 M) HCl solution. The ultrasonic medium is used 

to reduce the agglomeration of CeO2 particles. The above dispersion is kept at 50 oC for 1h with 

constant stirring. Than 4.5 g of APS (Ammonium persulfate) dissolved in 50 ml de-ionized water 

is dropped into above mixture with constant stirring for 20 minutes. The resulting mixture is 

allowed to react for 8 h at room temperature. A dark green colour precipitate is obtained which is 

separated by centrifugation and filtration. The precipitate is washed with HCl and double distilled 

water to remove the unreacted aniline and others. Afterward the material is dried at 70 0C in an 

oven until green powder material is obtained. A series of composites are prepared by variation of 

molar concentration of aniline and cerium oxide. The surface area, ion exchange capacity and 

particle size of all the materials are analysed and the best performing material is used for further 

batch adsorption experiments. The synthesis method follows the procedure and technique as 

reported by Kumar et al. 2012.  

 

3.1.3. Characterization techniques of hybrid materials  

3.1.3.1. FTIR Study 

The Fourier-transform infrared spectra (FT-IR) of the samples were obtained using Perkin 

Elmer FT-IR spectrophotometer SPECTRUM RX-I (USA) with 64 scans and over the wave 

number range 400-4000 cm-1 by following the standard procedure. The data was plotted using 

standard software provided with the instrument. FTIR spectroscopy plays an important analytical 

tool to understand structure of compound and mechanism involved in reaction process.  

 

3.1.3.2. X-ray diffraction study 

The powder X-ray diffraction (XRD) of sample was determined by using Philips 

(Netherlands) PAN analytical X’Pert X-ray diffractometer with a Cu Kα radiations source 

generated at 35 kV and 30 mA and Rigaku (Japan) Ultima IV with a Cu Kα radiations source 

generated at 60 kV and 30 mA respectively. Scattering angle 2θ was ranged from 10 to 900 at a 

scanning rate of 3 degree per minute and was analyzed using standard software provided with 

the instrument (X’pert High score). The samples were oven-dried at a temperature of 40 0C in 

closed container for 1 h before the analyses. The X-Ray pattern of the material and mineral 

composition of different phases were determined by using XRD. 

 

3.1.3.3. Scanning electron microscopy (SEM)-Energy dispersive X-ray (EDX) 

Scanning electron microscopy (SEM) micrographs-Energy dispersive X-ray (EDX) of the 

sample was obtained by JOEL model JSM-6480LV (Japan). The sample was coated with 
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platinum for 30 to 90 seconds as required at current of 50 mA at vacuum before obtaining the 

SEM micrograph. 

 

3.1.3.4. Field emission scanning electron microscopy (Fe-SEM) 

Field emission scanning electron micrographs (Fe-SEM) coupled with EDX of the sample was 

obtained by Nova Nano SEM FEI-450 system (USA). The sample was dried at 50 0C at hot air 

oven and coated with gold or gold -palladium thin layer of 1.5-3.0 nm and kept in high vacuum to 

remove external water before taking micrographs. 

 

3.1.3.5. Thermal analysis (TG-DSC/DTA) 

The thermo gravimetric analysis and differential scanning calorimetry or differential 

thermal analysis was carried out using NETZSCH STA449C (Germany) or Shimadzu/ DTG-60H. 

20 to 30 mg of sample was used and alumina supplied by the manufacture was used as 

reference. TGA and DSC/DTA curve was obtained from 30 0C to 800 0C at a rate of 10 0 C/min. 

 

3.1.3.6. Surface area analysis 

BET surface area and isotherm of the sample was measured using QUANTACHROME 

Autosorb I and QUANTACHROME Autosorb IQ. The sample was initially degassed at 100-180 0C 

as required in vacuum. Helium is used as carrier gas and the surface area is measured by 

nitrogen-desorption method at liquid nitrogen temperature. Various parameters such as T-plot, 

pore size, pore volume, D-R isotherm and BJH isotherm were obtained. 

 

3.1.3.7. Elemental analysis 

Percentage of carbon, hydrogen, nitrogen and sulphur was analyzed by using Elementar 

analyzer (CHNSO-Elementar Vario El, Germany). Approximately 6 to 9 mg of sample of was 

taken in silver boats by accurate measurement of weight and placed at sample chamber which 

dropped to combustion chamber at 1150 0C. Oxygen was used as fuel for combustion and helium 

was used as carrier gas. 

 

3.1.3.8. Particle size analysis 

Particle size of the synthesized materials was determined by using Malvern nano zeta 

seizer (Malvern Nano, UK). The 1 mg of sample is dissolved in solvent (ethanol, deionized water 

and acetone) and diluted to 100 mL in volumetric flask. The 10 mL of sample was taken in quartz 

cube for analysis. 

 

3.1.3.9. Ion exchange capacity 

One gram of the activated material (H+ form) is taken in a glass column of diameter 1 cm 

and height of 20 cm. 250 mL of 1M solution of the nitrate or chloride salt of Na+, Ca++ and K+ ion 

is used as eluent with a flow rate of 0.5 mL/min by using a peristaltic pump. The eluent is 
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collected and titrated against a standard alkali solution to define the total amount of H+ released 

which was equivalent to the ion possessed by the material know the ion exchange capacity. The 

ion exchange capacity in meq/g is calculated using the relation, 

    
  

 
  

Where ‘m’ is the molarity, ‘V’ is the volume of alkali and ‘W’ is the weight of the material taken. 

 

3.1.3.10. Surface charge density and isoelectric point (pHzpc) 

The surface charge density (σ) of sorbent was determined by a potentiometric titration 

method. The following equation 3.4 was used to determine the surface charge density  

   
                     

 
  

Where Ca and Cb were the molar concentrations of acid and base needed to reach a point on the 

titration curve, [H+] and [OH-] were the concentrations of H+ and OH-, F was the Faraday constant 

(96,490 C/mol), m (g/L) was the concentration of the sorbent. The isoelectric point (pHzpc) is 

determined using electrophoretic mobility in a solution of ionic strength of 0.01 M NaNO3 and 

0.01M NaCl 

 

3.1.3.11. Chemical stability 

The chemical stability of materials before and after adsorption was studied by adding 0.5 

g to 25 mL of the various mineral acid, bases, and salt solution of different concentration for 36 h 

each, with stirring. The filtrate was analyzed for the starting contents and adsorbed contents. 

 

3.1.4. Instrumental analysis of arsenic and chromium  

3.1.4.1. Arsenic (III) and chromium (VI) analysis using atomic absorption spectrometry 

(AAS) 

Atomic adsorption spectroscopy is one of the best instrumental techniques to analyze the 

concentration of metals and metalloids. But due to limitation like interferences, poor generation, 

and poor detection limits , an alternate method known as Hydride generation atomic absorption 

spectroscopy for detection of metalloids ( arsenic, antimony, bismuth and selenium ) has been 

developed (HG-AAS, Elico Sl-146, India). This technique is used to estimate arsenic (III) and 

chromium (VI) in the present study by using standard methods given in user’s manual. Three 

standards were prepared for both arsenic (III) and chromium (VI) in the required concentration 

range of sample. The analyses of each sample were carried for 3 to 5 times and the concordant 

reading was taken. All the samples and standards were kept in closed vessels at constant 

temperature to avoid conflict due to change in temperature and concentration gradient due to 

absorption of atmospheric carbon dioxide.  

 

3.1.5. Batch Experiments 

The arsenic (III) adsorption experiments from its aqueous solutions on hybrid materials 

were carried out using standard 1 mg/L, 5 mg/L, 10 mg/L, 50 mg/L and 100 mg/L As(III) solution 
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in absence of other competing ions. The adsorption experiments were carried out at ambient 

temperature (25 ± 5 0C) in series of 250 mL Borosil conical flask with stopper by adding 0.1-1.5 g 

of the adsorbent material in 100 mL of synthetic arsenic (III) solution. Stoppers were provided to 

avoid change in concentration and concentration gradient due to evaporation. Optimal adsorption 

parameters are determined as a function of dose, pH, contact time, temperature, initial arsenic 

(III) concentration in the batch removal process. The solutions were kept in laboratory shaker at 

150 rpm for a predetermined time period, after that the solution was filtered by using separation 

technique (using separating funnel, Whatman -42 filter paper (Pore Size: 2.5 µm), by centrifuging 

at 4500 r/min) and the residual arsenic (III) concentration was determined in the filtrate by HG-

AAS. Similar adsorption experiments for the chromium (VI) are conducted.  

The adsorption capacity and removal % of arsenic (III) and chromium (VI) were calculated using 

the following equations. 

    
         

 
    

         
       

  
       

Where qe is the equilibrium adsorption capacity (mg/g), Co and Ce is the initial and equilibrium 

concentration of arsenic (III) and chromium (VI) in solution (mg/L) respectively, m is the 

adsorbent weight (g) and V is the volume of solution taken. 

 

3.1.5.1. Effect of adsorbent dose 

The effect of adsorbent dose on adsorption was studied by using 100 mL of arsenic (III) 

solution with initial concentration of 100 mg/L, 50 mg/L, 10 mg/L and 1 mg/L prepared by serial 

dilution of stock solution (1000 mg/L). The solution were taken separately in a series of conical 

flask (Borosil 250 mL with stopper) containing 0.1g, 0.2g, 0.3g, 0.4g, 0.5g, 0.6g, 0.7g, 0.8g, 0.9g, 

1.0g, 1.2g, 1.3g, 1.4g and 1.5g of adsorbent and shacked in the laboratory shaker at 150 rpm at 

ambient temperature (25±5 0C) for a predetermined time interval without any pH adjustments . 

The solid was separated by filtration or by centrifugation and the residual metal concentration 

was estimated by HG-AAS. The effects of adsorbent dose on adsorption of chromium (VI) were 

studied by the similar procedure. From this studies the optimum dose is obtained where the 

percentage removal is maximum. 

 

3.1.5.2. Effect of pH 

The effect of pH on adsorption was studied by varying pH from 2 to 12 (2, 3, 4, 5, 6, 7, 8, 

9, 10, 11 and 12) keeping all other solution parameter constant by the similar procedure followed 

in section 3.1.5.1. The pH measurements were done using pH meter (Elico, India) after 

standardizing the pH electrode.  

 

3.1.5.3. Effect of contact time 

The effect of contact time on adsorption was studied at ambient temperature (25±5 0C) 

without any  adjustment in pH ,  after an interval of 5min, 10 min, 15min, 20 min, 25 min, 30 min, 
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40 min, 45 min, 45 min, 50 min, 55 min, 60 min, 65 min, 70 min, 80 min, 90 min, 100 min, 110 

min, 120 min, 130 min and 140 min. 100 mL, of arsenic (III) solution of initial concentration of 100 

mg/L, 50 mg/L, 10 mg/L and 1 mg/L was taken in a series of  250 ml conical flask containing 

optimum adsorbent dose obtained from Section 3.1.5.1. After different time interval as mentioned 

above, the residual arsenic (III) was measured by using HG-AAS. The influence of contact time 

on adsorption of chromium (VI) were studied by the similar procedure  

 

3.1.5.4. Effect of temperature 

The effect of temperature on adsorption on the material was studied at different 

temperatures (20 0C, 30 0C, 40 0C, 50 0C, 60 0C, 70 0C and 80 0C) by taking optimum adsorbent 

doses but keeping all other parameters constant following the same procedure as in section 

3.1.5.1. The solid are separated by filtration or centrifugation and the residual metal ion 

concentration were analyzed by using HG-AAS.  

 

3.1.5.5. Effect of Initial concentration 

Batch mode experiments were carried out with optimum amount of adsorbent dose and 

varying initial concentration from 10 mg/L to 100 mg/L to know the adsorption efficiency of the 

material at different initial metal ion concentration. The experiments were conducted with 

variation of initial concentration but keeping all other factors constant following the same 

procedure as in Section 3.1.5.1.  

 

3.1.5.6. Effect of competitive ions 

Drinking water and polluted water consist of many common ions, which may compete for 

adsorption site along with arsenic and chromium ions and affect the adsorption capacity. The 

effect of competitive ions such as chloride, nitrate, sulphate, carbonate, bicarbonate, phosphate, 

sodium, potassium, calcium and magnesium on the adsorption of arsenic, and chromium by 

hybrid materials were studied in batch adsorption experiments. To study the influence of 

competitive anions and cations on adsorption, 100 mL 10 mg/L of arsenic solution was taken in 

Borosil conical flask of 250 mL capacity containing optimum adsorbent dose with stopper at 

ambient temperature (25 ± 5 0C) and required weight of salts of different cations and anions was 

added separately. After shaking for a period of predetermined time interval with a laboratory 

shaker at 150 rpm the solid were separated by same procedure and the residual metal ion 

concentration were analyzed by using Hydride generation atomic absorption spectrometric (HG-

AAS). No pH adjustments were made and the study was conducted at its natural pH.  

 

3.1.5.7. Desorption and regeneration studies 

For the application of hybrid materials in water treatment process, the adsorbents should 

have better desorption and regeneration capacity. The regeneration of the materials mainly 

depends on the ease with which arsenic (III) and chromium (VI) ions get desorbed from loaded 
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hybrid materials. 100 mL of 10 mg/L, 50 mg/L and 100 mg/L arsenic (III) and chromium (VI) 

solution was taken separately in a 250 mL beaker containing 0.5 g of hybrid materials was 

shacked in a laboratory shaker for predetermined time period (12 h, 24 h, 36 h, 48 h, 60 h and 

72h) ambient temperature (25±2 0C) and solid was removed by filtration with Whatman-42 filter 

paper.  The adsorbent material was retreated with 100 mL of de-ionized water. The pH of solution 

was adjusted to different pH by adding 1M HCl and 1M NH4Cl. It was stirred for 24 h and then the 

residual solution was analyzed for arsenic and chromium respectively by instrumental techniques.  

 

3.1.5.8. Reusability studies 

The ease of reusability of the material helps for the practical application in water 

treatment. Reusability depends on good regeneration of the material. 0.5 g of regenerated hybrid 

materials were added to 100 mL of 10 mg/L, 50 mg/L and 100 mg/L arsenic (III) and chromium 

(VI) solution separately in a series of 250 mL beaker. The containers were shacked with 

laboratory shaker for predetermined time period of 1-4 h. The solid were separated by filtration or 

centrifugation and the residual solution was analyzed for arsenic and chromium by instrumental 

techniques. The above studies were carried out ambient temperature (25 ± 2 0C). 

 

3.1.6. Column Study 

To know the practical relevance of hybrid materials in large scale water treatment, column 

study by up flow mode was studied. The study was carried out in a laboratory designed column 

as represented in Fig. 3.1 using a column of 25 cm length and 1.5 cm diameter. The details of the 

column are described as follows. Column was packed with different hybrid material synthesized 

in laboratory between the two supporting layer of cotton wools. The above and bottom section 

was filled up with glass beads. Water sample containing 5 mg/L to 50 mg/L synthetic arsenic (III) 

and chromium (VI) solution were allowed to pass through the column by up flow, with different 

bed height and at different flow rates. 

 

Fig. 3.1. Laboratory scale column diagram 
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The flow rate was maintained by using peristaltic pump. Samples were collected at a 

predetermined time interval and collected in sample bottles of 50 mL capacity. The treated water 

sample was analyzed for arsenic (III), chromium (VI) by HG-AAS, FAAS respectively.  

 

3.1.6.1. Effect of bed height  

To study the effect of bed height, 100 mL of arsenic (III) solution of initial concentration 

5mg/L and 10 mg/L prepared by serial dilution of stock solution was passed in up flow mode 

using peristaltic pump at a constant flow rate of 2 mL/min.  The bed heights of hybrid materials 

are maintained at 2 cm, 5 cm, and 10 cm respectively. After a predetermined time interval the 

solution was taken out and analyzed immediately for residual arsenic (III) concentration by HG-

AAS. The above experiment was carried out at ambient temperature (25 ± 5 0C). Similar 

experiments were carried out for chromium (VI) ion. 

 

3.1.6.2. Effect of flow rate  

To study the effect of flow rate, 100 mL of arsenic (III) solution of initial concentration 

5mg/L and 10 mg/L prepared by serial dilution of stock solution was passed in up flow mode 

using peristaltic pump at a different flow rate starting from 2 mL/min to 10 mL/min.  The constant 

bed heights of hybrid materials are maintained at 5 cm. After a predetermined time interval the 

solution was taken out and analyzed immediately for residual arsenic (III) concentration by HG-

AAS. The above experiment was carried out at ambient temperature (25 ± 5 0C). Similar 

experiments were carried out for chromium (VI) and fluoride ion. 

 

3.1.6.3 Mathematical analysis 

The loading behavior of arsenic (III) removal by a fixed bed column using hybrid material 

media is shown by breakthrough plots (Discussed in chapter - 4). The breakthrough plot are 

stated using standardized concentrations and defined ratio of inlet As(III) concentration (C/Co)  to 

the effluent arsenic (III) concentration and as a function of time (t). 

The column performance for total removal of arsenic (III) by hybrid materials was calculated by 

using the following equation: 

                       
         

 
      

The fixed bed column designed parameters were determined by logit method and the equation is 

represented as; 

  [
    

       
]   

    

 
       

Where, 

Ceff = effluent concentration of solute at any time t, 

C0= initial solute concentration, 

V= approaching velocity (210 cm/h) 

X= bed height 
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K= adsorption rate constant (Lmg/hr) 

N0= adsorption capacity (mg/L) 

m is the weight of adsorbent (g) 

Similar experiments were carried out for chromium (VI) removal by hybrid materials. All the 

experiment is carried out at ambient temperature (25 ± 50C). 

 

3.2. Mathematical modeling of arsenic (III) and chromium (VI) removal process from water 

by hybrid materials  

Heavy metal removal by hybrid material is a complex chemical, time consuming and 

tedious process, which requires a robust methodology for prediction. Removal of heavy metal 

from water with respect to various parameters can be simulated through various modelling. 

Mathematical and computational modelling of adsorption process by response surface 

methodology (RSM) and artificial neural network (ANN) was made it easy to understand the 

influence of different variables influencing the removal of hazardous heavy metal ions from water. 

In the current study, prediction of removal efficiency and understanding the influence process 

parameter was studied by different models. The modeling of the adsorption process were carried 

out in Dell OPTIPLEX 980 (core i5, RAM 4GB, Windows 7) computer and by using MATLAB 

(Version R2008, 2013a), Design expert (Version 8.0) and Minitab statistical software 16.0. 

 

3.2.1. Response surface methodology (RSM) 

Response surface methodology (RSM) is an assembly of statistical and mathematical 

techniques for experimental model building. By careful design of experiments (DOE), the 

response (output variable) which is determined by several independent parameters (input 

variables) can be optimized. The role of RSM modelling is to reduce the cost of expensive 

experimental methods. RSM can show the influence of each parameter and interaction between 

parameters on response. In the current study CCD (central composite design) based on the 

principle of fitting the quadratic equation by multiple regressions with the required minimum 

number of experiments is applied in the present study. RSM involves two parts: 

 To fit a linear regression model to some initial data points in the search space (through 

repetitions of the simulation model).  It is to be appraisal, an elevated gradient direction 

from the linear regressions model, and a step size to find a new and superior solution in 

the search space.  This process will be constant until the linear regression model 

becomes inadequate, indicated by when the slope of the linear response surface is 

approximately 0; i.e., when the interaction effects become larger than the main effects. 

 To fit a nonlinear quadratic regression equation to this new area of the search space.  

Then find the optimum of this equation. 

A quadratic equation has been developed for expressing the correlation between response and 

the selected variables by using the second order multivariate model, which is represented as; 

     ∑      ∑      
  

    ∑           
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Where, Y is the corresponding response of input variables, Xi, Xi
2 and XiXj are the square and 

interaction terms of factors, respectively. β0, βi, βii and βij are the unknown regression coefficients 

and ε is statistical error.  

The parametric levels are coded using the following relation. 

                 
(  

         
 

) 

         
 

  

Where, Z is coded value (-1, 0, 1), Xmax and Xmin is maximum and minimum value of actual 

variable and X is the actual value of the equivalent variable. The parameter settings for RSM 

modeling is represented in Table 3.1. 

Table - 3.1. Parameter settings for RSM modeling  

RSM 

Parameters Values 

Study Type Response Surface 

Initial Design Central Composite 

Design Model Quadratic 

Runs (N) 86 

Input Variables 5 

Output 1 

Blocks No blocks 

 

3.2.2. Artificial Neural Network (ANN) 

The artificial neural network (ANN) has the ability to relate the input parameters with 

output variable efficiently in complex reaction conditions. Back propagation is an approximate 

algorithm in which the accuracy index is the mean square error. The architecture of back 

propagation artificial neural (BP-ANN) network design consists of three network layers; 

(a) Input layer (I), (b) Hidden layer (H) and (c) Output layer (O). A typical architecture of BP-ANN 

is presented in Fig. 3.2:  

 

Fig. 3.2. Typical architecture of BP-ANN  

Information shared from the input layer to the output layer through the hidden layer. The input 

layer (I) receive data from the experimental sources and transfer this data to the network for 

handling. Hidden layer (H) does data handling; output layer receives all data from the network 

and sends predicted results to a peripheral receiver. A layer of neurons is determined by its 
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weight matrix, a bias vector and a transfer function. The actual number of hidden neurons has to 

be estimated by trial and error based on minimum value of mean squared error (Mean Squared 

Error (See Eq. 3.19)) (Gorashi et al., 2012). The input signals interconnected and modified as a 

weight factor (Wab) which signifies the interconnection of ath node of the first layer to bth node of 

the second layer. The activation of signals is modified by a sigmoid transfer function (f). Similarly, 

outputs signals of hidden layer are modified by interconnection weight (Wbc) of cth node of output 

layer to bth node of the hidden layer. The activation of signals is modified by a sigmoid transfer 

function (f). 

There are various transfer function used in the ANN model such as hard linear (hardlim), 

symmetrical hard linear (hardlim), linear (purelin), saturately linear (satlin), log sigmoid (log Sid), 

and hyperbolic tangent sigmoid (tansig). In the present study, a sigmoid transfer function shown 

in Eq. 3.1.4 is used. 

f = 1/ 1+ e –x  

Let Ip = (Ip1, Ip2, Ip3, Ip4….Ipn), P =1, 2, 3….n, is the pth pattern among n input types,  Wab and Wbc 

are connection weights between bth input neuron to ath hidden neuron, and bth hidden neuron to 

cth output neuron, respectively. 

Output from a neuron in the input layer is: 

Opb = Ipb, b=1, 2…, I 

     (∑       
 
   )             

Output from a neuron in the output layer is: 

     (∑       
 
   )            

The sigmoid transfer function is used for initiation from input and hidden layer neurons whereas 

linear function (purelin) is used to get the same at output layer neurons. 

In the present study, adsorbent dose, pH, contact time, initial concentration and temperature are 

used as inputs to ANN model. Removal percentage is the desired output from the ANN network. 

The complete experimental parameter settings are represented in Table 3.2.  

Table - 3.2. Parameter settings for ANN modeling 

ANN 

Parameters values 

Data sets Training- 60%, Testing- 40% 

Runs 86 

Number of input nodes 5 

Number of output nodes 1 

Number of Hidden neurons 7 

Learning rule Back propagation 

Number of epochs 300000 

Error goal 0.000001 

Learning parameter 0.025 

Momentum parameter 0.020 

 

The data is normalized to avoid the scaling effect in the range of 0.1 to 0.9. Normalization of data 

is done by using the following relation, 
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          (
       

         
)       

where Xb is bth input or variable X, Xmin and Xmax are minimum and maximum value of variable X. 

Connection weights are created randomly in the range of −1 to +1. The learning supervision is 

done by batch mode where interconnection weights are adjusted by sending the 60% training 

data to the network using delta rule algorithm. The desired output is compared with predicted 

output by calculating mean square error value. If the mean square error value is higher than a 

suggested value, it is propagated back from the output layer to the input layer and the connection 

weights are improved accordingly until the number of iterations or errors is achieved under 

suggested value. Mean square error, EP for pattern p is defined as (Saha et al., 2010; Gorashi et 

al., 2012; Aber et al., 2009): 

   ∑
 

 
(       )

  
     

Where, Dpb is the target output and Opb is the calculated output of the bth pattern. 

pΔW(t) = -βE (t) + α × ΔW(t-1)   

Where,  = learning rate, i.e. 0 <  < 1 and  = momentum parameter, i.e. 0 <  < 1 

 

3.3. Data analysis and statistical techniques  

Experimental measurements and mathematical modeling always have some random and 

discreet error, so no conclusions can be drawn with complete accuracy. However, some 

statistical techniques give us opportunity to capture the error and provide high probability of being 

accurate. 

Matlab, R2008 2013a, Design Expert 8.0, Origin 8, and Excel 2010 proved to very beneficial for 

calculating the various constants, plotting graph, calculating ANOVA and other errors as listed 

below with mathematical expressions. 

 

3.3.1. Slope 

Slope or gradient is often used to describe both the direction and the steepness of the 

line. Slope is calculated by finding the ratio of the horizontal change to vertical change the 

between any two distinct points on a line. It can be positive, negative or zero.  

Lines with positive gradient slope upwards, from left to right, lines with negative gradient slope 

downwards from left to right and lines with a zero gradient are horizontal. 

The slope of a line in the plane containing the x and y axes is defined as the change in the y 

coordinate divided by the corresponding x coordinate, between two distinct points on the line. The 

slope is the vertical distance divided by the horizontal distance between any two points on the 

line, which is the frequency of change along the regression line.  

Syntax 

                           ) 

Known y’s is an array or cell range of numeric secondary data points. 

Known x’s is the set of independent data points. 
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The equation for the slope of the regression line is: 

  
∑    ̅     ̅ 

∑    ̅  
  

Where ‘x’ and ‘y’ are the sample means AVERAGE (known x’s) and AVERAGE (known y’s). 

 

3.3.2. Intercept 

Intercept of a straight line is the point at which a line will intersect the y-axis by using 

existing x-values and y-values. The intercept is the expected mean value of Y when all X=0. 

Syntax 

                                 

Known y’s is the dependent set of observation or data. 

Known x’s is the independent set of observations or data. 

The equation for the intercept of the regression line, z, is 

   ̅    ̅  

Where the slope, b, is calculated according to Equation represented in section 3.3.1. 

 

3.3.3 Mean 

For a series of data set, mean is the sum of the observations divided by the number of 

observations. It is also known as average. The mean is calculated using the following formula. 

  
∑   

 
  

Where ∑= sum of, X =Individuals data points and N= sample size (number of data points) 

 

3.3.4 Variance 

Variance is measures of data set how far a set of numbers is distributed. A variance of 

value zero suggests that all the values are identical in nature. The value of variance is always 

non-negative. 

The value of small variance demonstrate that the data is nearby to the mean of predictable value, 

while a high variance shows that the data is highly distributed around the mean and from each 

other. 

 
∑    ̅  

     
  

 

3.3.5. Standard deviation (σ) 

In general statistics and probability theory, the standard deviation ( ), measures the 

amount of variation or distribution from the average. A low value of standard deviation suggest 

that the data points be likely to be very close to the mean, a high value of standard deviation 

suggest that the data points are disperse out a large variety of values.   

The equation of standard deviation is presented as, 

  √∑
 

   
[|

                    

         
|      ]
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Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.6. Chi square (ϰ2) 

Chi square is a numerical hypothesis test, in which the sampling distribution of the test 

statistic is a chi-squared distribution when the null hypothesis is true. 

A chi square (X2) statistic is used to examine whether allocations of categorical variables differ 

from one another. 

The equation of chi square is presented as, 

   ∑
(                  )

         

 
 
              

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.7. Coefficient of determination (R2) or Correlation coefficient 

In data set measurements, the coefficient of determination, denoted as R2 or r2, shows 

how well data fit a model. The higher theR2, the more useful the model, R2 values generally lies 

between 0 and 1. 

The equation of Coefficient of determination (R2) is presented as, 

   
∑ (                     )

 
 ∑ (                  )

  
   

 
   

∑ (                     )
  

   

       

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model, 

Ymodel, mean is average value of model removal % prediction and N is number of experimental runs. 

 

3.3.8. Mean square error (MSE) 

In general statistics and probability theory, this function processes the total deviation of 

the response values from the fit to the response values. It is also called the summed square of 

residuals and is commonly categorized as SSE. 

The equation of MSE is presented as, 

    
 

 
∑ (                  )

  
            

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.9. Root mean square error (RMSE) 

In statistics and probability theory, this function is also recognized as the standard error of 

fitness and the standard error of the regression. It is an approximation of the standard deviation 

of the random factor in the data set. 

The equation of RMSE is presented as, 

     √
 

 
∑ (                  )
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Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.10. Mean absolute percentage error (MAPE) 

The mean absolute percentage error is also known as mean absolute percentage 

deviation (MAPD) is a measure of accuracy of a method. 

The equation of MAPE is presented as, 

     
 

 
∑ |

                    

         
| 

                

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.11. Average absolute relative error (AARE) 

The average absolute relative error (AARE) is a magnitude used to measure how close 

predictions are to the final outcomes 

The equation of AARE is presented as, 

     
 

 
∑ |

                    

         
| 

             

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.12. Normalized bias (NB) 

The Normalized bias (NB) can be calculated using the following relation 

    ∑
(                  )          

 
 
            

Where Yactual, i is experimental value of removal %, Ymodel, i is predicted removal % by the model 

and N is number of experimental runs. 

 

3.3.13. Relative error (%) 

It is defined as the ratio of average absolute error to the average value of the measured 

quantity measured in percentage. Relative error gives a suggestion of how good a measurement 

is relative to the size of the thing being measured. 

The equation of relative error (%) is presented as, 

                    
|     ̅̅ ̅̅ ̅̅ ̅̅ ̅        ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  |
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CHAPTER-4 
 
4. RESULTS AND DISCUSSION 

4.1. Removal of arsenic (III) by zirconium (IV) oxide ethanolamine (ZrO-EA) hybrid material 
 

The synthesis, characterization and removal of arsenic (III) by zirconium (IV) oxide 

ethanolamine (ZrO-EA) hybrid material by adsorption process is presented in this chapter. The 

batch mode adsorption experiments are performed to know the optimum condition for better 

removal efficiency. The solution parameter like initial arsenic (III) concentration, pH, adsorbent 

dose, contact time and temperature are widely varied to find the optimum condition of removal 

effectiveness. Reusability, regeneration and effect of other competing ions on arsenic (III) 

adsorption are also presented. 

4.1.1. Characterization of zirconium (IV) oxide ethanolamine (ZrO-EA) hybrid material 

The synthesis of Zirconium (IV) oxide ethanolamine hybrid material is done by 

coprecipitation method. A number of samples of Zirconium (IV) oxide ethanolamine are prepared 

by taking different molar ratio of Ethanolamine (0.1-1.0 M) and Zirconium (IV) oxide as presented 

in chapter 3.The ion exchange capacity of arsenic (III) by the material is studied by batch 

experiments and the results are presented in Table 4.1. It is evident from the results that the anion 

exchange capacity of the hybrid material depends on the concentration of ethanolamine which is 

found to be maximum when the material is prepared with 0.8M solution of ethanolamine. The 

material is obtained in the form of granule with shiny appearance. Hence the said material is used 

for the batch adsorption experiment. Ethanolamine is toxic in nature but not carcinogenic 

(Retimeier et al., 1940). However the leaching experiments indicate that there is no leaching of 

ethanolamine in water. 

Table - 4.1. Synthesis of various samples of Zirconium (IV) oxide-ethanolamine (ZrO-EA), hybrid 

material 

 

 

 

 

 

 

The chemical stability of the material is presented in Table 4.2. From the data, it is clear 

that the material is quite stable in presence of most of the mineral acids, alkali and salt solutions. 

The particle size of the ZrO-EA hybrid material is analyzed and it is found to be 160 nm. Arsenic 

ion exchange capacity for different eluent concentration is studied at 25±2 0C and presented in 

Table 4.3. The optimal concentration of the eluent is found to be 1.0 M for arsenic (III) ion. The 

amount of elution is found to depend on the concentration of eluent. The minimum volume 

required to complete the elution is found to be 120 mL. On the basis of the chemical analysis and 

Sample 
Composition  

Zirconium oxychloride  
Solution (M) 

Ethanolamine 
Solution (M) 

Composition 1 0.1  0.2 

Composition 2 0.3  0.6 

Composition 3 0.4 0.8 

Composition 4 0.5 1.0 

Composition 5 0.6 1.2 
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elemental analysis (Table 4.3) of ZrO-EA hybrid material, the number of moles of Zirconium, and 

Ethanolamine are found to be 0.866  10-3, 1.2702  10-3, respectively.  

Table - 4.2. Chemical stability of zirconium (IV) oxide ethanolamine hybrid material in several 

acid, alkali and salt solutions. 

Solvent(20 ML) 
Amount 
Dissolved(mg) 

Solvent(20 ML) 
Amount 
Dissolved(mg) 

1M HCL 0.21 2M NaOH 0.84 

2 M HCL 0.38 4M NaOH 1.23 

4 M HCL 0.86 1M KOH 1.23 

1 M HNO3 0.65 2M KOH 1.48 

2M HNO3 1.21 4M KOH 1.86 

4M HNO3 1.49 1M NH4OH 1.24 

1M H2SO4 completely 2 MNH4OH completely 

2M H2SO4 completely 4M NH4OH completely 

4M H2SO4 completely 2M NaNO3 0.04 

1 M NaOH 0.45 2M KNO3 0.09 

 

 
Fig. 4.1. Particle size of the zirconium (IV) oxide ethanolamine hybrid material 

The molar ratio of Zirconium and Ethanolamine is estimated to be in 1:3 ratio.So from the above 

data, the tentative empirical formula for the material is sugested as [(ZrOCl2) (C2H7NO) 3]. nH2O. 

The value of n in the empirical formula is found to be 6.414 by using Alberti equation (Alberti et 

al., 1966, Jayshree et al., 2006) 

      
           

   
   

Table - 4.3. Arsenic ion exchange capacity for different eluent concentration and chemical 

analysis of zirconium (IV) oxide ethanolamine hybrid material 

Ion exchange capacity Chemical analysis 

Concentration of 
eluent (M) 

Arsenic ion 
exchange 
capacity 

Compounds 
Weight 
(g) 

Number of 
moles 

Molar ratio 

0.2 0.98 ZrOCl2.8H2O 0.1277 0.87  10-3 1 

0.4 1.67 C2H7NO 0.3225 1.27  10-3 3 

0.6 2.34     

0.8 3.41 

1.0 4.23 

1.2 4.23 

1.4 4.23 



 

RESULTS & DISCUSSION  2014 

 

44 | P a g e  

 

Fig. 4.2. TGA-DTA of zirconium (IV) oxide ethanolamine hybrid material 

 

Fig. 4.3. SEM and EDX micrographs of zirconium (IV) oxide ethanolamine hybrid material (a-c) 

before adsorption (b-d) after adsorption 
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The thermal strength of the material is found to be very high as supported by TGA-DTA 

studies. The thermogravimetric analysis (TGA) curve shows rapid weight loss up to a temperature 

550 0C. However, on increasing the temperature, a sharp deflection in the TGA curve is observed 

at 200–280 0C, which is due to the decomposition of organic molecule present in the matrix. 

Correlating the data with differential thermal analysis (DTA), an exotherm is also noticed at 158 

0C, which further supported the stability. An endothermic peak observed at 100 0C in the DTA 

curve specifies the loss of water molecules present as free or bonded form in the basic matrix of 

the material. From the TGA and DTA study it is confirmed that the material is stable even after 

550 0C. The Scanning electron micrograph of the sample is represented in Fig. 4.3. It is observed 

from the SEM micrograph of the material (a) before adsorption and (b) after adsorption, that the 

material is slight porous in nature. After adsorption, the material is found to contain shine particles 

covering the surface may be due to adsorption of arsenic (III) ion. The corresponding EDX of the 

material clearly indicate the adsorption of arsenic on the surface of the material.  

The XRD pattern of the sample is represented in Fig. 4.4. No specific peaks are obtained 

indicating that the material is poorly crystalline in nature. XRD is analyzed using software as 

provided by the instrument, but a very low intensity peak of zirconium oxide is found. The XRD 

structure shows that the crystal system is anorthic, two theta peak obtained at 10.15o with d-

spacing 8.7 (density: 2.95 and volume of the cell is 338.5, the h, k, l values are 0,0,1) the study is 

supported by the JCPDES file number 24-14 94. 

 

Fig. 4.4. XRD pattern of zirconium (IV) oxide ethanolamine hybrid material 

 

BET surface area is obtained to know the specific surface area and it is found to be 201.6 

m2/g. In order to know the presence of different functional groups and possible structures of the 

material. FT-IR study of the material is carried out and is represented in Fig. 4.5. 
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Fig. 4.5. FT-IR study of the material zirconium (IV) oxide ethanolamine hybrid material recorded in 

KBr Pellet. 

The presence of band at ~3293.40 cm–1 is due to –OH group, which specifies the 

presence of water of crystallization. Further, the presence of a peak at ~1612.96 cm–1 in ZrO-EA 

is due to the –NH bending vibration which is shifted with slight broadening after adsorption, which 

is an indication of bonding between the protonated nitrogen and the arsenite. The peak at 

~753.58 cm-1 in finger print region of ZrO-EA is given to metal - oxygen bonding. After adsorption, 

the shift of this peak is observed with decreased intensity shows the arsenic adsorption. From the 

FT-IR spectra and other studies, a probable structure is proposed in the Fig. 4.6. 

 
Fig. 4.6. Structure of zirconium (IV) oxide ethanolamine hybrid material 

4.1.2. Removal study of arsenic (III) by batch experiments 

All the experiments carried out at batch mode, according to experimental methods 

discussed in chapter-3, section. 

4.1.2.1. Effect of adsorbent dose and pH 

The effect of adsorbent dose on the removal of arsenic (III) is studied at pH 7 in ambient 

temperature (25±2 oC) and contact time of 30 min with an initial arsenic (III) concentration of 

10mg/L, 50mg/L and 100mg/L. The results are represented in Fig. 4.7 (a). It is evident from the 
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figure that the removal of arsenic (III) increases from 88.89% to 99.90%, 88.22% to 98.25% and 

87.12% to 98.16% for 0.1 – 1.0 g/100 mL of the material for the initial arsenic (III) concentration of 

10mg/L, 50mg/L and 100mg/L respectively. It is observed that after dosage of 0.7g/100 mL, there 

is no significant change in percentage removal of arsenic (III), it may be due to the overlapping of 

active sites at higher dosage which reduces the effective surface area because of the 

conglomeration of exchanger particles. So, 0.7 g/100mL is considered the optimum dose and is 

used for further study. The maximum removal of arsenic (III) is found to be 98% and reduces the 

arsenic level to permissible limit (WHO permissible limit is 200 ppb). Percentage removal of 

arsenic (III) at different pH is studied in batch experiments using 0.7g of adsorbent in 100 mL 

arsenic solution keeping all other parameter constant as in the previous studies. The results are 

represented in Fig. 4.7 (b). The pH of the solution after adsorption is found to increase or 

decrease slightly without any regular trend (Table 4.4). It is evident from the graph that there is no 

removal at pH lower than 2 and almost 98.98 % removal at pH higher than 7 but below 10. The 

similar results are reported in the removal of mercury ions from synthetic aqueous solutions by 

novel magnetic p(GMA-MMA-EGDMA) beads (Bayramo˘glu et al., 2007), chromium removal by 

aluminium magnesium mixed hydroxide (Li et al., 2009) and arsenic, iron and manganese 

removal from simulated ground water by Fe3+ impregnated activated carbon (Mondal et al., 2008). 

 

 

Fig. 4.7. Effect of zirconium (IV) oxide ethanolamine hybrid material dose and pH on % removal of 

arsenic (III) 

Table - 4.4. Change in pH during the removal process 

Initial concentration  
(10 mg/L) 

Initial concentration  
(50 mg/L) 

Initial concentration  
(100 mg/L) 

Initial pH Final pH Initial pH Final pH Initial pH Final pH 

2.0 2.0 2.4 2.4 1.8 1.8 

3.8 3.21 2.7 3.8 2.2 2.6 

4.52 5.63 3.5 4.8 4.8 5.2 

6.5 7.2 5.6 7.1 6.8 8.2 

8.2 9.4 7.8 9.12 8.9 10.2 

10.12 11.23 10.6 11.5 10.6 11.4 

4.1.2.2. Effect of contact time and adsorption kinetics 
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The effect of contact time on adsorption of arsenic (III) is studied for initial arsenic (III) 

concentration of 10mg/L, 50mg/L and 100mg/L at pH 7 keeping all other parameters constant for 

different time interval. The result is represented in Fig.4.8. It is clear from the Fig. 4.8, that more 

than 95 % removal occurs in first 10 min and equilibrium is reached after 50 min. This trend may 

be attributed due to the fact that initially all adsorbent sites are vacant and also the solute 

concentration gradient is high. In the later part, the arsenic (III) uptake rate by adsorbent 

decreases significantly, due to the decrease in the number of adsorption sites as well as arsenic 

(III) concentration. The rate of removal of arsenic (III) towards the end of experiments indicates 

the possible monolayer formation of arsenic (III) ion on the outer surface. Several researchers 

have reported similar results (Mondal et al., 2008).  

The adsorption rate gives important information for designing batch adsorption systems. The 

experimental data are applied to pseudo-first-order, pseudo-second-order and Intraparticle 

diffusion rate constant (Weber-Morris equation) models to clarify the sorption kinetics of arsenic 

(III) ions onto adsorption media. 

 

Fig. 4.8. Time versus percentage removal of arsenic (III) by zirconium (IV) oxide ethanolamine 

hybrid material, with initial concentration of 10 mg/L, 50 mg/L and 100 mg/L. 

4.1.2.2.1. Lagrgren’s rate equation 

To understand the efficiency of adsorption process requires a sound observation on the 

kinetics of uptake of adsorbate by adsorbent or the time dependency of the concentration 

distribution of the solute in both bulk solution and solid adsorbent and identification of the rate 

determining step. The study of kinetics of adsorption process describes the solute uptake rate. 

The rate constant Kad for sorption of arsenic (III) is studied by Lagergren rate equation (Lagergren, 

1898; Zhang et al., 2007), for initial concentration of 10 mg/L, 50mg/L and 100 mg/L by the 

following equation.  

                   (
 

     
)  

Where qe and q (both in mg/g) are the amounts of arsenic (III) adsorbed at equilibrium and at 

time‘t’, respectively. The plots of Log (qe – q) versus t at different time interval is almost linear, 

which indicates the validity of Lagergren rate equation of first order kinetics. The adsorption rate 

0 10 20 30 40 50 60 70 80 90

95

96

97

98

99

100

%
 R

e
m

o
v

a
l 
o

f 
a

rs
e

n
ic

 (
II
I)

Contact time (Minutes)

 10 mg/L

 50 mg/L

 100 mg/L



 

RESULTS & DISCUSSION  2014 

 

49 | P a g e  

constant (kad), is calculated from the slope and shown in the Fig 4.9. The adsorption rate constant 

(kad), calculated from the slope of the above plot is presented in Table 4.5. The activation energy 

of the reaction is calculated by using arrhenius equation and it is found to be 23.5 kJ/mol, 26.3 

kJ/mol and 34.3 kJ/mol respectiviely for initial As(III) concentration of 10 mg/L, 50 mg/L and 100 

mg/L. The data suggest chemisorption nature of the adsorption process. Similar results are 

reported in the adsorption of Zn(II), Cd(II) and Hg(II) from aqueous solution using zinc oxide 

nanoparticles (Sheela et al., 2012), adsorption of Hg(II) and Cr(VI) by polyaniline/humic acid 

composite (Li et al., 2011), and chromium ions removal by modified magnesia cement (Gasser et 

al., 2007). 

Table - 4.5. Rate constants (kad) obtained from the graph for different initial concentration of 

arsenic (III) 

 

 

Fig. 4.9. Linear plot of Lagergren rate equation using zirconium (IV) oxide ethanolamine hybrid 

material, time versus Log (qe-q) with initial arsenic (III) concentration of 10 mg/L, 50 mg/L and 100 

mg/L. 

4.1.2.2.2 Helfferich rate equation 

It is a well-developed fact that the adsorption of ions or molecules in aqueous solution 

follows reversible first order kinetics, when a single species is considered on a heterogeneous 

surface. Kinetics of adsorption describing the solute uptake rate is one of the important 

characteristics defining the efficiency of adsorption. Hence in the present study, the kinetics of 

arsenic (III) adsorption using Helfferich equation has been carried out to understand the behaviour 

of adsorbents used in this study. The adsorption of arsenic (III) from a liquid phase to solid phase 

may be expressed as (Helfferich, 1962)  
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Where k1 is the forward rate constant and k2  is the backward rate constant. ‘A’ represents arsenic 

(III) remaining in the aqueous solution and ‘B’ represents arsenic (III) adsorbed sites on the 

surface of adsorbent. Since the reaction in both directions is of first order, the resultant rate 

expression for the reaction, given by Helfferich is (Helfferich, 1962) 

  [      ]        

     
     

     
  

Where C0, Ct and Ce are the initial arsenic (III) concentration, concentration at time‘t’ and 

concentration at equilibrium. U (t) is called as fractional completion of equilibrium of arsenic (III). 

The rate constant K’ using Helfferich equation for the adsorption of arsenic (III) at 25±2 0C and at 

neutral pH was determined by batch mode experiments for the ZrO-EA used in this study. The 

data obtained from Helfferich equation are presented in Table 4.6. The straight line plots of ln [1-U 

(t)] versus time‘t’ indicate that the adsorption of arsenic (III) from aqueous solution follows first 

order kinetics with respect to adsorbent as shown in Fig. 4.10. The slope of the straight line plots 

give the overall rate constant k’ for arsenic (III) adsorption process. The forward (k1) and 

backward rate constant (k2) were calculated using the following equation: 

            [
 

  
]    [  

 

  
]  

   
  

  
  

Where Kc is the equilibrium constant. The data obtained are presented in Table 4.7.  

Table - 4.6. Rate constants (k’) obtained from the graph for different initial concentration of arsenic 

(III) 

Adsorbent used Initial concentration 
(mg/L) 

Rate constants in min-1 
(k’) 

R2 

ZrO-EA 

10 0.040 0.906 

50 0.051 0.945 

100 0.075 0.804 

 

Table - 4.7. Rate constants (k1 and k2) obtained from the equation, for different concentration of 

arsenic (III) 

Adsorbent 
used 

Initial 
concentration 
(mg/L) 

Overall rate 
constant (k’) 
(min -1) 

Forward rate 
constant k1  
(min -1) 

Backward rate 
constant k2 

(min -1) 

ZrO-EA 
10 0.040 0.037 0.0032 

50 0.051 0.047 0.0046 

100 0.075 0.068 0.0066 

 

It is well evident that, the forward rate constants are higher than the backward rate 

constants suggesting that the rate of reaction is clearly dominant. Similar results have been 

reported in the removal of chromium (VI) by activated ground nut husk carbon (Periasamy et al., 

1995), adsorption of copper (II) on iron oxide modified sepiolites (Eren et al., 2010) and heavy 

metal adsorption in nitrogen-doped magnetic carbon nanoparticles (Shin et al., 2011). 
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Fig. 4.10. Linear plot of Helfferich equation using zirconium (IV) oxide ethanolamine hybrid 

material, time versus ln [1-U (t)] with initial arsenic (III) concentrations of 10 mg/L, 50 mg/L and 

100 mg/L. 

4.1.2.2.3. Second order rate equation 

The data of experiments are tested with second order rate equation. The second order 

rate equation can be expressed as (Gasser et al., 2007),  

 

  
 

 

    
  

 

  
   

Where K2 is the rate constant of second order equation (g/mg/min). qt is the amount of arsenic 

adsorbed per unit gram of adsorbent (in mg/g) at time ‘t’ and qo is the maximum adsorption 

capacity (mg/g) for the second order adsorption.  

 

Fig. 4.11. Linear plot of second order rate equation using zirconium (IV) oxide ethanolamine 

hybrid material, time ‘t’ versus t/qt with initial arsenic (III) concentration of 10 mg/L, 50 mg/L and 

100 mg/L. 

The kinetic plot of t/qt versus t is represented in Fig 4.11.The kinetic data for the 

adsorption of arsenic (III) onto ZrO-EA are calculated from the related plots and are presented in 
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Table 4.8. The coefficient of determination (R2) for second order is less than that of Lagrgren’s 

first order rate equation, which indicates that, first order rate equation is best fitted model. The 

study suggests that the adsorption process followed the first order kinetics.  

Table - 4.8. Rate constants (k2) obtained from the graph for different initial concentration of 
arsenic (III) 

 

4.1.2.2.4. Intraparticle diffusion rate constant (Weber-Morris equation) 

In order to understand the diffusion process, batch adsorption experiments are carried out 

with ZrO-EA at 25±2 0C keeping all other parameters same as in the previous studies. Due to 

excessive stirring in batch adsorption process, there is a possibility of transport of arsenic (III) ions 

from the bulk into pores of the adsorbent as well as adsorption at outer surface of the adsorbent. 

The rate-limiting step may be either adsorption or intraparticle diffusion. To understand the 

diffusion of arsenic (III) ions into the sites of the adsorbents is tested with Weber-Morris equation 

as represented below: (Weber and Morris, 1963) 

       
              

 

Fig. 4.12. Linear plot of Weber- Morris equation using zirconium (IV) oxide ethanolamine hybrid 

material, square root of time versus qe with initial arsenic (III) concentration of 10 mg/L, 50 mg/L 

and 100 mg/L. 

Where qe is the amount of arsenic (III) adsorbed in mg, kp is the intraparticle diffusion rate 

constant and ‘t’ is the time in minutes. The results obtained from the plot were presented in Table 

4.9 and graphically represented in the Fig. 4.12. The rate constants (kp) for intraparticle diffusion 

for various initial concentration of arsenic (III) solution, for the adsorbents are determined from the 

slope of respective plots. It is clear from the figure that the straight lines is not passing through the 

origin suggesting that intraparticle diffusion is not the sole rate-limiting step for the adsorption of 
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arsenic (III). The study by Zhang et al. (2007), Badruzzaman et al. (2004) and Huang et al. 

(2009), has shown the similar results. 

Table - 4.9. Intraparticle diffusion rate constants obtained from Weber- Morris equation for 

different initial concentration of arsenic (III) 

Weber Morris 

Adsorbent 
used 

Initial concentration 
(mg/L) 

kp C R2 

ZrO-EA 

10 1.049 2.85 0.797 

50 1.401 3.87 0.882 

100 1.597 3.77 0.884 

 

4.1.2.3. Effect of temperature 

The effect of temperature on the adsorption of arsenic (III) with initial concentration 

10mg/L, 50 mg/L and 100 mg/L is studied keeping all parameters constant at different 

temperature. The results are represented in Fig. 4.13.  

 

Fig. 4.13. Percentage removal of arsenic (III) versus Temperature for zirconium (IV) oxide 

ethanolamine hybrid material, initial arsenic (III) concentrations of 10 mg/L, 50 mg/L and 100 

mg/L. 

The percentage removal of arsenic (III) increases from 84.99% to 99.83%, 88.56% to 

99.90% and 89.90% to 99.92% for initial arsenic (III) concentration  of 10mg/L, 50 mg/L and 100 

mg/L respectively for an increase in temperature from 25 to 45 C. It can be clearly seen from the 

figure that the percentage removal increase slowly and reached almost 99.82 % with the increase 

in temperature from 25 C to 45 C which indicates the endothermic nature of the adsorption 

process. Although the increase in adsorption with the increase in temperature is difficult to 

explain, many researchers have reported it and this may be probably due to decrease in the 

escaping tendency of the adsorbate species from the surface of the adsorbent. The enhanced 

adsorption of arsenic (III) may also be due to change in pore size and enhanced rate of 

intraparticle diffusion. The same trend was reported by Rengaraj et al. (2001), in removal of 

chromium from water using ion exchange resins. The increase in arsenic adsorption with increase 

in temperature could be dissociation of some compounds present in the adsorbent, which may 
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offer more adsorption sites for adsorption of arsenic (III). The H+ adsorbent bond is significant 

because adsorption of arsenic (III) involves movement of H+ ions from the adsorbent surface. 

Therefore it may be concluded that at higher temperatures, the increase in removal efficiency 

could be due to the waning of H+ adsorbent bond which subsequently increases the percentage 

removal.  

4.1.2.4. Thermodynamic parameters 

Further, it is supported by the value of thermodynamic parameters. The change in free 

energy (G), enthalpy (H) and entropy (S) of adsorption are calculated by using the following 

equations, (Chen et al., 2011; Argun et al., 2007; Raji et al., 1998): 

      
  

      
 

  

       
  

             

Where S and H are the changes in entropy and enthalpy of adsorption respectively. 

A plot of logs Kc versus 1/T for initial arsenic (III) concentration of 10mg/L, 50mg/L and 100mg/L is 

found to be linear (Fig. 4.14).  

The CK  Value is calculated by using the following equation, (Manuj et al., 1988).  

   
  

  
  

Where C1 is the amount of arsenic (III) ion adsorbed per unit mass of adsorbent and C2 is the 

concentration in aqueous phase. Values of H and S are evaluated from slope and intercept of 

Van’t Hoff Plot presented in Table 4.10.  

 

Fig. 4.14. Van’t Hoff plot, log Kc versus 1/T for zirconium (IV) oxide ethanolamine hybrid material 

 

The positive value of entropy (S) indicates the increase in randomness of the ongoing 

process and hence good affinity of arsenic with the hybrid material. Negative value of G at each 

temperature indicates the feasibility and spontaneity of ongoing adsorption (Malik et al., 2005). A 

decrease in values of G with increase in temperature suggests more adsorption of arsenic (III) at 

higher temperature which indicates the endothermic nature of the process. 
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It is once again confirmed by the positive value of enthalpy (H). Positive value of enthalpy (H) 

suggests that entropy is responsible for making G value negative. So, the adsorption process is 

spontaneous since the entropy contribution is much larger than that of enthalpy. The value of G 

also suggest the chemisorption nature of the adsorption process. Similar results were reported by 

Yildiz et al. (2010) for removal of heavy metal ions from aqueous solutions by novel pH-sensitive 

hydrogels and by Sarkar et al. (2010) for hexavalent chromium adsorption by bentonite based 

Arquad® 2HT-75 organoclays. 

Table - 4.10. Thermodynamic parameters using synthetic arsenic (III) solution of 10 mg/L, 50 

mg/L, and 100 mg/L 

Initial 
Conc 
(mg/L) 

H 
(kJ/mol) 

S 
(kJ/(K 
mol) 

G (kJ/mol) R2 

283 K 293 K 303 K 313 K 323 K  

10 0.0536 7.264 -17.759 -17.869 -17.975 -18.077 -18.176 0.9993 

50 0.0430 7.405 -18.264 -18.264 -18.330 -18.510 -19.268 0.9357 

100 0.0404 7.705 -19.014 -19.084 -19.158 -19.266 -19.345 0.9943 

 

4.1.2.5. Effect of initial arsenic (III) concentration and adsorption Isotherm 

The adsorption of arsenic (III) onto hybrid material is studied by varying initial arsenic (III) 

concentration keeping all other parameter constant for a contact time of 30 min. The results are 

represented in graphical form in Fig. 4.15. The removal percentage gradually increases from 

99.52 % to 99.92 % with increase in initial arsenic (III) concentration from 10mg/L to 100 mg/L. 

 

Fig. 4.15. Percentage removal of arsenic (III) by zirconium (IV) oxide ethanolamine hybrid material 

versus initial concentration  

It is cleared from the figure that, there is an appreciable increase in removal percentage 

with increase in initial arsenic (III) concentration due to the fact that at higher adsorbate 

concentration, the free sites available approaches saturation. From the above data it is clear that 

the removal method can be implemented to remove arsenic (III) from water present in any 

concentration.  

4.1.2.6. Adsorption Isotherm  

0 10 20 30 40 50 60 70 80

99.5

99.6

99.7

99.8

99.9

100.0

%
 R

e
m

o
v

a
l 
o

f 
a

rs
e

n
ic

 (
II
I)

Initial concentration of arsenic (III)

 Arsenic (III)



 

RESULTS & DISCUSSION  2014 

 

56 | P a g e  

It is important to have a satisfactory description of the equilibrium state between the two 

phases in order to successfully represent the dynamic behavior of any adsorbate from solution to 

the solid (adsorbent) phase. Adsorption isotherm can be defined as a functional expression for the 

variation in adsorption of the adsorbate by the adsorbent in the bulk solution at constant 

temperature. The capacity of ZrO-EA hybrid material can be described by equilibrium adsorption 

isotherm, which is characterized by certain constants whose values express the surface 

properties and affinity of the adsorbent (Shin et al., 2011; Dantas et al., 2001). The analysis of the 

isotherm data is important to develop an equation which accurately represents the results and 

could be used for design purpose. An analysis of the adsorption isotherm is important to develop 

and represent the results accurately for design purpose. Batch mode adsorptions are carried out 

at room temperature by varying the concentration of arsenic (III).  

4.1.2.6.1. Langmuir Isotherm 

The Langmuir isotherm was developed by Irving Langmuir in 1916. The Langmuir 

adsorption isotherm states significant build-up of a layer of molecules on an adsorbent surface as 

a function of the concentration of the adsorbed material in the aqueous medium in which it is in 

contact. Langmuir assumed that a surface consists of a given number of equivalent sites where a 

species can physically or chemically attach. Physical adsorption through Van der Waals 

interactions is called Physisorption, whereas chemical adsorption through the formation of a 

covalent bond is called chemisorption. It is important to realize that the processes of adsorption 

and desorption is dynamic. The Langmuir isotherm is the simplest of all mechanistic models and it 

is based on the following inference: 

(a) Adsorption cannot continue beyond monolayer coverage onto a surface containing 

predetermined number of adsorption sites.  

(b) All adsorption sites are equal (with constant energies of adsorption) and can 

accommodate, at the most, one molecular or atomic species of the adsorbate.  

(c) Adsorbate species on different sites do not relate with each other and there is no 

movement of adsorbate on the plane of the surface. 

When the entire surface of the adsorbent is covered by a unimolecular layer of the adsorbate, 

further adsorption is not possible and it specifies a saturation of adsorption process. The 

Langmuir equation relates the amount of adsorbate adsorbed with the equilibrium aqueous 

concentration. The adsorption data are fitted to linearly transformed Langmuir isotherm. The 

linearized Langmuir equation, which is valid for monolayer sorption onto a surface with finite 

number of identical sites, is given by (Langmuir, 1918; Namasivayam et al., 1995; Messina et al., 

2006) the following equation, 

oeoe qbCqq

111
  

Where qo is the maximum amount of the arsenic (III) ion adsorbed to the hybrid material to form a 

complete monolayer on the surface, (adsorption capacity), Ce denotes equilibrium adsorbate 

concentration in solution, and qe is the amount adsorbed per unit mass of adsorbent, and b is the 

binding energy constant. The linear plot of 1/ Ce versus 1/ qe (Fig. 4.16) with R2 = 0.972 indicates 
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the applicability of Langmuir adsorption isotherm. The values obtained are presented in Table 

4.11. In order to predict the adsorption efficiency of the adsorption process, the dimensionless 

equilibrium parameter is determined by using the following equation (Namasivayam et al., 1995; 

Raji et al.,1998). 

obC
r




1

1
 

Where Co is the initial concentration, Values of r<1 represent favorable adsorption, r>1 represents 

unfavourable adsorption, r=1 represents linear adsorption and r=0 represents irreversible 

adsorption. In the present work obtained r values indicates a favorable system. 

 

Fig. 4.16. Langmuir adsorption isotherm, 1/Ce versus 1/qe for zirconium (IV) oxide ethanolamine 

hybrid material 

 

Table - 4.11. Langmuir isotherm parameters for arsenic (III) removal by zirconium (IV) oxide 
ethanolamine 
 

Langmuir Isotherm 

ZrO-EA 
qo b R2 

0.25002 mg/g 0.03572 L/mg 0.972 

(r) dimensionless equilibrium parameter 

10 mg/L 0.9655 

50 mg/L 0.8715 

100 mg/L 0.7212 

 

4.1.2.6.2. Freundlich Isotherm 

Herbert Max Finley Freundlich, a German physical chemist, presented an empirical 

adsorption isotherm for non-ideal systems in 1906. The Freundlich isotherm is the earliest known 

relationship relating the adsorption equation. The Freundlich equation is used for determining the 

applicability of heterogeneous surface energy in the adsorption process. The empirical Freundlich 

equation (Freundlich, 1906) is, 
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This empirical equation when expressed in logarithmic form becomes a straight line equation with 

a slope of 1/n and y-intercept of log Kf. The linear form of Freundlich equation (Camargo et al., 

2014) is represented as, 

            
 

 
       

Where qe is the amount adsorbed per unit mass of adsorbent (mg/g), Ce is the equilibrium 

adsorbate concentration in solution (mg/L), Kf and ‘n’ are Freundlich constants related to the 

adsorption capacity and adsorption intensity respectively. Freundlich adsorption data for arsenic 

(III) onto ZrO-EA hybrid material is given in Table 4.12 and graphically represnted in Fig. 4.17.  

 
Table - 4.12. Freundlich constant for arsenic (III) removal by zirconium (IV) oxide ethanolamine 
hybrid material 
 

Freundlich isotherm 

ZrO-EA 
Kf n R2 

0.1337 0.9652 0.954 

 

 

Fig. 4.17. Freundlich adsorption isotherm, log Ce versus log qe for zirconium (IV) oxide 

ethanolamine hybrid material  

It is clear that Langmuir isotherm fits better than Freundlich isotherm on the basis of 

correlation coefficient values.  The values of 1/n (>1) indicates unfavourable nature of the 

isotherm for arsenic (III) onto ZrO-EA hybrid material. The value of Kf (Freundlich 

constant=0.1337) indicates affinity of As (III) species (Messiana et al., 2006). The value of 

Freundlich parameters also reflects the numbers of sorptive sites (Manju et al., 1998). The values 

of n (intensity of adsorption) between 1 and 10 (i.e., 1/n less than represents a favorable 

adsorption). For the present study the value of n represented the same trend of a beneficial 

adsorption (Manju et al., 1998). 

 

4.1.2.6.3. Dubinin-Radushkevich (D-R) Isotherm  

The development of Dubinin-Radushkevich equation was prompted by the failure to 

extend the theories governing adsorption on non-porous solids to that on real, porous solids such 
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as activated carbon, synthetic zeolites and dehydrated inorganic gels (Dubinin, 1966, 1975). This 

lack of success led Dubinin and co-workers to focus their investigation on the problem of physical 

adsorption on porous materials and resulted in the Dubinin-Polanyi theory of micropore filling 

(also known as the theory of volume filling of micropores (TVFM)). This theory is based on the 

postulate that the mechanism for adsorption in micropores is that of pore filling rather than a layer-

by layer formation of a film on the walls of the pores. The D-R equation is an adaptation of the 

earlier Polanyi potential theory of adsorption (Dubinin and Stoeckli, 1980; Gregg and Sing, 1982). 

The D-R equation has been effectively used to describe adsorption by microporous solids 

(Stoeckli et al., 1980). The D-R equation seems to be particularly useful in describing adsorption 

by microporous sorbents (Dubinin and Stoeckli, 1980). The linearized Dubinin Radushkevich 

equation can be written as, 

2lnln Kqq me   

Where ε is Polanyi potential, and is equal to RT ln (1 + 1/ Ce), where qe is the amount of arsenic 

(III) adsorbed per unit mass of adsorbent, qm is the theoretical adsorption capacity, Ce is the 

equilibrium concentration of arsenic (III), K is the constant related to adsorption energy, R is the 

universal gas constant and T is the temperature in Kelvin. The data obtained from D-R isotherm 

(Fig. 4.18) is presented in Table 4.13.  

 

Fig. 4.18. D-R adsorption isotherm, ln qe versus ε2 for arsenic (III) removal by zirconium (IV) oxide 

ethanolamine 

 

The mean free energy of adsorption (E) was calculated from the constant K using the relation 

(Namasivayam et al., 1995) 

21)2(  kE   

It is defined as the free energy change when one mole of ion is transferred to the surface 

of the solid from infinity in the solution. The value of E is very useful in predicting the type of 

adsorption and if the value is less than 8 kJ/mol then the adsorption is physical in nature and if it 

is in between 8 and 16 kJ/mol, then the adsorption is chemisorption’s or due to exchange of ions 
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(Rengaraj et al., 2001). In the present study the value is found to be much higher than 16 kJ/mol 

which indicates that the adsorption arsenic (III) may also be controlled by ion exchange (chemical 

interaction) in addition to electrostatic attraction and hydrogen bonding. 

Table - 4.13. Dubinin - Radushkevich isotherm constants for zirconium (IV) oxide ethanolamine 

hybrid material used for removal of arsenic (III). 

 

D-R isotherm 

ZrO-EA 
K (mol2kJ-2) qm (g/g) E (kJ mol-1) R2 

2.047 × 10-3 0.09813 49.43 0.970 

 

4.1.2.7. Effect of competitive ions on arsenic (III) removal and regernation studies of hybrid 

material 

The water contains many cations and anions. Therefore, it is thought worthwhile to study 

the effect of cations like sodium, potassium, calcium and magnesium on the adsorption of arsenic 

(III). Varying concentration of these solutions is prepared from their nitrate salts. The initial 

concentration of arsenic (III) is fixed at 10mg/L, 50mg/L and 100mg/L, while the initial 

concentration of other cations varied from 10mg/L to 100mg/L. The results of these studies are 

graphically represented in Fig. 4.19. It is clear from the figure that presence of these cations 

reduces the adsorption of arsenic (III) appreciably with increase in initial concentration of these 

ions. The order of effect on the reduction of arsenic (III) adsorption is in the following order 

calcium > potassium > sodium > magnesium. The effect of anions (Fig. 4.20) on the reduction of 

arsenic (III) adsorption is in the following order Nitrate > chloride > sulphate > carbonate > 

bicarbonate. Desorption of the adsorbed arsenic (III) in distilled water resulted about 6.0% for 

initial concentration of 100 mg/L and for initial concentration less than 100 mg/L, the percentage 

desorption was found to be less than 6.0%. It indicates the process of adsorption is predominantly 

chemical or ion-exchange in nature. The reusability of the material is studied and graphically 

represented in Fig. 4.21. It is found that the material can be used upto 3 times only for adsorption 

of arsenic (III). Similar studies are also reported by Kovanda et al. (1999), and Lazaridis et al. 

(2003). In order to know the nature of adsorption, i.e. physical or chemical, desorption studies is 

carried out. The result of the study is presented in (Table 4.14). 

 

Table - 4.14. Percentage desorption and regeneration of arsenic of different concentration by 

hybrid material 

Initial arsenic 
(III) Conc  
(mg/L) 

Amount desorbed (mg/L) Percentage desorption or regeneration 

pH2 pH3 pH4 Distilled water pH2 pH3 pH4 Distilled water 

10 40.3 24.2 5.2 2.1 99.5 65.2 25.3 9.23 

50 44.3 24.6 6.8 2.3 99.3 60.2 20.1 8.25 

100 53.8 27.2 9.4 3.1 99.23 58.2 13.2 6.04 
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Fig. 4.19. Percentage removal of arsenic (III) with zirconium (IV) oxide ethanolamine versus initial 
cation concentration of solution (Initial arsenic (III) concentration of 10, 50 and 100 mg/L). 
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Fig. 4.20. Percentage removal of arsenic (III) with zirconium (IV) oxide ethanolamine versus initial 

anion concentration of solution (Initial arsenic (III) concentration of 10, 50 and 100 mg/L).  

 

Fig. 4.21. Reusability studies of zirconium (IV) oxide ethanolamine hybrid material 

 

4.1.3. Removal study of arsenic (III) by column experiments 

The efficiency of removal technique depends on the concentration of arsenic (III) in a 

source of water. Fixed bed column study is carried out with a column as discussed in Chapter-3, 

section 3.16, at different flow rate. The method reported by Korte and Fernado 1991, can be 

employed to design the column. In the present study the column is charged with synthetic arsenic 

(III) water in up-flow mode with an approach velocity of 210 cm/h, the breakthrough curve for 

synthetic sample at different bed depth and flow rate is represented in Fig. 4.22 and Fig. 4.23. It is 

important to mention that breakthrough means the permissible concentration of the pollutant in 

effluent water of the column. In the present study the maximum permissible limit is 0.005 mg/L. 

the breakthrough time (corresponding to Ceff/C0= 0.002, where Ceff= effluent arsenic (III) 
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zirconium (IV) oxide ethanolamine hybrid material were found to be 12 h. The data obtained from 

the plot by carrying out mathematical analysis as discussed in Section 3.1.6.3, is presented in 

Table 4.15. The fixed bed column is designed by logit method (Vieira et al., 2008), the equation is 

represented as, 

  [
    

       
]   

    

 
       

Where, Ceff = effluent concentration of solute at any time t, C0= initial solute concentration, V = 

approaching velocity (210 cm/h), X = bed height, K = adsorption rate constant (Lmg/h), N0 = 

adsorption capacity (mg/L). Plot of ln [Ceff/C0-Ceff] versus time ‘t’ gives a straight line with slope 

KC0 and intercept –XKN0/V from which, K and N0 were calculated (Fig. 4.24 and Fig. 4.25).  

 

 

Fig. 4.22. Breakthrough curve at different bed depth for zirconium (IV) oxide ethanolamine C/C0 

versus time (t) in hours, initial arsenic (III) concentration- 5mg/L 

 

Fig. 4.23. Breakthrough curve at different flow rate for zirconium (IV) oxide ethanolamine C/C0 

versus time (t) in hours, initial arsenic (III) concentration- 5mg/L 
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Fig. 4.24. Logit equation for different bed depth for zirconium (IV) oxide ethanolamine ln[Ceff/(Co-

Ceff)] versus time ‘t’, initial arsenic (III) concentration- 5mg/L 

 

Fig. 4.25. Logit equation for different flow rate for zirconium (IV) oxide ethanolamine ln [Ceff/ (Co-

Ceff)] versus time‘t’, initial arsenic (III) concentration- 5mg/L 

 

The fixed bed column adsorption capacity (Q) is calculated by following equation, 
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Where Q is adsorption capacity theoretically, Bt is the breakthrough time and f is the flow rate. 
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with increase in bed depth the effective flow rate decreases and overlapping of adsorbate to 
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of arsenic (III) can be achieved through column mode. A study by Amiri et al. (2004) and Chen et 

al. (2012), shows similar results. 

0 5 10 15 20 25 30

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

ln
(C

e
ff
/(

C
o

-C
e

ff
)

Time in hours

 5 cm

 10 cm

 15 cm

0 5 10 15 20 25 30

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

ln
 [
C

e
ff
/(

C
0
-C

e
ff
)]

Time in hours

 2.5 mL/min

 5.5 mL/min

 7.5 mL/min



 

RESULTS & DISCUSSION  2014 

 

65 | P a g e  

Table – 4.15. Column adsorption parameters for arsenic (III) removal by zirconium (IV) oxide 

ethanolamine hybrid material 

Arsenic (III) 
Conc 
(Co) 

B
e

d
 d

e
p

th
 (

D
) 

c
m

 

F
lo

w
 r

a
te

 

(f
) 

Approach 
velocity in 
cm/hr 

Bt 

(h) 
Et 

(h) 

Q
 

(m
g
/g

) 

R
e

m
o

v
a

l 
%

 

Logit Method 

N
0

 

m
g

/l
 

Adsorption 
rate 
constant k 
(Lmg/h) 

R2 

5 mg/L 

5 2.5 210 12 24 150 95 2.68 0.111 0.976 

10 2.5 210 16 24 200 96.2 3.14 0.178 0.975 

15 2.5 210 7 25 87.5 97.2 3.47 0.120 0.979 

5 2.5 210 7 26 87.5 97.8 3.99 0.102 0.976 

5 5.5 210 8 22 220 96.8 4.62 0.320 0.950 

5 7.5 210 4 16 150 95 3.10 0.300 0.934 

 

4.1.4. Mechanism of adsorption of arsenic (III) on ZrO-EA hybrid material 

The mechanism of adsorption process is an important constituent in understanding the 

process as well as to understand the characteristics of the adsorbent material which help to 

design a new adsorbent for future applications. A mechanism for the adsorption of arsenic (III) by 

hybrid material Zirconium (IV) oxide-ethanolamine (ZrO-EA) has been proposed by taking the 

results obtained from the experimental investigations and computing the results using 

mathematical/theoretical models. The uptake of arsenite by ZrO-EA may be due to a proton 

shifting mechanism, which occurs from the acidic site of the material to the adsorbed organic 

molecule to form a protonated amine (Scheme 1). At lower pH of the medium, surface sites are 

positively charged and, therefore, attract negatively charged arsenite by an electrostatic attraction 

process. The materials under hydration, the zirconium surface completes the coordination shells 

with the available OH group. On the variation of pH, these surface active OH groups may further 

bind or release H+ where the surface remains positive due to the reaction,  

MOH + H3O
+ -------- MOH2 

+ + H2O 

Thus, when pH < 7.00, the overall arsenite adsorption mechanism can be represented in three 

different forms:  

1. Electrostatic attraction between positively charged center (nitrogen) and negatively 

charged arsenite molecule in solution 

2. Eelectrostatic attraction between positively charged surface hydroxyl group and arsenite 

(Electrostatic attraction) 

MOH + H3O
+ + AsO3

-- --------------- MOH2 
+-- AsO3

-- + H2O  

3. Ion-exchange reaction between positively charged metal center and arsenite 

MOH + H3O
+ + AsO3

-- ------ M+--- AsO3
-- + 2H2O  

Further, when the pH of the medium remains relatively in a neutral range, (pH 7.00), the Arsenic 

(III) adsorption onto the neutral solid surface can be described by a ligand or ion exchange 

reaction mechanism, which is represented as:  

MOH + AsO3
--   --------- M+ --- AsO3

-- + OH-  
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The above proposed mechanism is supported by notable increase of pH in equilibrium 

solution. In light of the above-mentioned mechanism of adsorption, it may be further noted that 

ZrO-EA showed adsorption capacity at a wide pH range, which could be useful for commercial 

exploitation purpose. The role of ethanolamine in the material is 2-fold. 

 

 

Fig. 4.26. Adsorption mechanism for arsenic (III) removal from water by zirconium (IV) oxide 

ethanolamine hybrid material 

 

First, the attachment of ethanolamine to the structure develops nucleophilicity. Second, 

the attachment of the ethanolamine could be responsible for the development of porosity in the 

structure and for imparting a large specific surface area after the process of drying. Further, the 

ethanolamine may also combine with the zirconium to form a layer where the neighbouring 

particles could be interconnected. 
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4.2. Removal of Arsenic (III) by Zirconium polyacrylamide (ZrPACM - 43) hybrid material 
 

The synthesis, characterization and removal of arsenic (III) by using zirconium 

polyacrylamide (ZrPACM - 43) hybrid material by adsorption process are reported in this section. 

The effects of various parameters on adsorption by batch and column mode experiments are also 

reported. Reusability, regeneration and effect of other competing ions on arsenic (III) adsorption 

are also reported. 

4.2.1. Characterization of zirconium polyacrylamide (ZrPACM - 43) hybrid material hybrid 

material 

A series of samples of zirconium polyacrylamide hybrid material are prepared with the 

variation of the precursor’s molar concentration. The particle size and surface area of the material 

are presented in Table 4.16. From the table, material represented as ZrPACM – 43 is having the 

lowest particle size (Fig. 4.27) and highest surface area and hence is taken for removal studies 

(Table 4.16).  

 

 

Fig. 4.27. Particle size analysis of zirconium polyacrylamide hybrid material 

 

Table - 4.16. Different composition of the hybrid material ZrPACM, surface area and particle size 

studies. 

Material Composition Molar Ratio Particle size 
(nm) 

Surface area 
m2/g 

ZrPACM-78 1:1 78.33 178.71 
ZrPACM-82 1:3 82.64 158.13 
ZrPACM-43 2:1 43.67 341 
ZrPACM-66 2:3 66.27 194.02 

ZrPACM-62 3:1 62.78 223 
ZrPACM-53 3:3 53.20 278.33 

 

The material is chemically stable (Table 4.17) as it is not soluble up to 2M solution of most of the 

mineral acids (H2SO4, HNO3 and HCl), alkali (NaOH and NH4OH) and salt solution (NaNO3 and 
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KNO3). Arsenic ion exchange capacity for different eluent concentration is presented in Table 

4.18. 

Table - 4.17. Chemical stability of ZrPACM - 43 hybrid material in various acid, alkali and salt 

solutions 

 

Solvent(20 ML) Amount Dissolved(mg) Solvent(20 ML) Amount Dissolved(mg) 

1M HCL 0.21 1M NH4OH 0.11 

2M HCL 0.38 2M NH4OH 0.17 

3M HCL 0.86 3M NH4OH 0.21 

4M HCL 0.92 4M NH4OH 0.33 

1M HNO3 1.21 1M NaNO3 0.14 

2M HNO3 1.49 2M NaNO3 0.18 

3M HNO3 1.98 3M NaNO3 0.21 

4M HNO3 completely 4M NaNO3 0.26 

1M H2SO4 1.77 1M KNO3 0.19 

2M H2SO4 completely 2M KNO3 0.28 

3M H2SO4 completely 3M KNO3 0.36 

4M H2SO4 completely 4M KNO3 0.44 

1M NaOH 0.45   

2M NaOH 0.61   

3M NaOH 0.87   

4M NaOH 1.43   

 
Table - 4.18. Arsenic ion exchange capacity for different eluent concentration and chemical 

analysis of ZrPACM - 43 hybrid Material 

 

Ion exchange capacity Chemical analysis 

Concentration 
of eluent (M) 

Arsenic ion 
exchange 
capacity 

Compounds Weight 
(g) 

Number of moles Molar 
ratio 

0.1 0.61 ZrOCl2.8H2O 1.4124 1.451  10-4 2 

0.2 0.94 (C3H5NO)n 0.6841 0.912  10-4 1 

0.3 1.24     

0.4 1.32     

0.5 1.38     

0.6 1.41     

0.7 1.48     

0.8 1.61     

0.9 1.64     

1.0 1.63     

 

The optimum concentration of the eluent was found to be 0.8 M for arsenic (III) ion. The 

minimum volume required to complete the elution is found to be 150 mL. On the basis of the 

chemical analysis and elemental analysis (Table 4.18) of ZrPACM - 43, the number of moles of 

Zirconium, and polyacrylamide are found to be 1.451  10-4, 0.912  10-4 respectively. The molar 

ratio of Zirconium and polyacrylamide is found to be 2:1 ratio so, from the above results, the 

tentative empirical formula for the material is suggested as [(ZrOCl2) (C3H5NO) n]. nH2O. The 

value of n is found to be 2.40 using Alberti equation (Alberti et al., 1966) as discussed in section 

4.1.1 of chapter 4. 
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The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 

material is represented in Fig. 4.28. The weight loss occurred in the following three steps: (1) in 

the temperature range of 30 0C - 250 0C (21.37%) is due to loss of physical adsorbed water; (2) 

53.74 % in the temperature range of 250 0C to 580 0C is attributed mainly to the loss of lattice 

water and NH2 groups; (3) 50.77 % at higher temperature (580 0C to 700 0C) might be due to 

structural deformation. The analysis of DTA curve of the material revealed that the process is 

endothermic up to temperature of 550 °C may be due to loss of external water and the other 

major endothermic peaks corresponds to loss of –CO, -NH2 functional groups which supports the 

above finding. 

 

Fig. 4.28. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of hybrid 

material ZrPACM - 43 

The SEM with corresponding EDX of the fresh and arsenic loaded materials is 

represented in Fig. 4.29 and Fig. 4.30 respectively. There is a significant change in the 

morphology and structure of the material when loaded with arsenic. The vergin material have 

plain surface with some rounded groove uniformly distributed in the matrix of the material. It is 

clearly observed those grooves are embedded with the adsorbate in the surface of the material 

after loaded with arsenic. The micrograph shows surface heterogeneity resulted from the 

adsorption of arsenic (III) on the surface. The corresponding EDX spectrum indicates the 

presence of C, O, and Zr and As after the material is loaded with adsorbent. The fresh adsorbent 

was analysed to obtain its elemental composition by CHNS Elementar. The results indicate the 

elemental composition as Zr-16.82%, O-28.08%, C-14.80%, H-3.11%, and N-2.88%, and others 

34.31% respectively. The zero point surface charge density of the hybrid material as a function of 

pH is represented in Fig. 4.31. The study shows that the surface holds positive charge in lower 

pH, the surface charge density decreases with the increase in the solution pH. The pH of zero 

point surface charge density (pHzpc) is recorded around 4.8.  
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Fig. 4.29. SEM of ZrPACM - 43 hybrid material (a) before adsorption (b) after adsorption 
 

 
 

Fig. 4.30. EDX of hybrid material ZrPACM - 43 (a) EDX micrographs of before adsorption and (b) 

EDX micrographs of after adsorption 

 

The value of pHzpc is positive as solution pH is less than 5, however the surface acquires 

negative charge as the solution pH is higher than 5. The powdered XRD diffractogram of the 

ZrPACM-43 is represented in Fig. 4.32. 
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Fig. 4.31. Surface charge density as a function of pH (m =1 g/L) for hybrid material ZrPACM - 43 

 

The XRD diffractogram is analysed for the phases of fresh material and arsenic adsorbed 

materials with PCPDFWIN and Philips X’pert high score software. Few sharp and broad peaks 

are observed before and after indicating the sample is crystalline in nature. The normal crystallite 

sizes of material were calculated using Debye Scherrer equation (Holzwarth and Gibson, 2011),  

D (0 1 1) (2 2 0) = 0.9 / (2θ.COSθmax)  

Where D (Plane of reflection at before adsorption (0 1 1) and after adsorption (2 2 0)) is the 

average crystal size in nm,  is the specific wavelength of X-ray used,  is the diffraction angle 

and 2 is the angular width in radians at intensity equal to half of the maximum peak intensity. 

 

Fig. 4.32. X-Ray diffraction pattern of hybrid Material ZrPACM - 43, (a) before adsorption, (b) after 

adsorption of arsenic (III) 

The crystallite size is found to be 53.60 nm and 238.00 nm before and after adsorption 

respectively. The exact composition are drawn and compared by ICCD Database (Klug et al., 
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1974). There is an increment in the crystallite size, may be due to increment in space charge 

polarization and crystal defects after adsorption.  

The FTIR spectra before and after adsorption is represented in Fig. 4.33(a) and Fig. 

4.33(b). The presence of band at ~3414.58 cm-1 is due to bonded OH groups, which indicates the 

presence of water of crystallization. The NH2 stretching is overlapped with the above band with 

the formation of a spike which is shifted to ~3439.28 cm -1 after adsorption may be due to 

coordination of arsenic (III) with NH groups. The next band at ~2882.01 cm-1 in the material is due 

to presence of amide group. After adsorption, a new peak appears at ~2994.19 cm-1 along with 

the above band. The band is slight broadening after adsorption. The peak at ~2818.95 cm-1 is due 

to combined stretching of N-H and O-H groups, which is shifted to ~2808.15 cm-1 after adsorption. 

The peak at ~1612.42 cm-1 is due to C=O stretching present in the virgin material is shifted to 

~1634.78 cm-1 after adsorption may be due to interaction of this group with arsenic. The peak at 

~1200.00 cm-1 in the material is assigned to C-H and C-C stretching ,shifted to  the presence of 

peak at finger print region ~798.06 cm-1 and ~618.35 cm-1 is due to C-N stretching and metal - 

oxygen bonding which is shifted to ~745.88 cm-1, ~618.73 cm-1 and ~521.73 cm-1after adsorption 

indicates the adsorption of arsenic. A detailed and similar study by Ma et al., (2011), Hu et al., 

(2010), Kumar et al., (2012), suggests the possibility of above FTIR observation. 

 

Fig. 4.33. FTIR spectrum of hybrid material ZrPACM-43: (a) before adsorption, (b) after 

adsorption of arsenic (III) in KBr pellet method. 

 
4.2.2. Removal study of arsenic (III) by ZrPACM – 43 in batch mode 

 
All the experiments are carried out in batch mode, as discussed in Chapter-3. 

 
4.2.2.1. Influence of adsorbent (ZrPACM – 43) dose 
 

The results of the effect of adsorbent dose are represented in Fig. 4.34. The removal of 

arsenic(III) increases from 47% to 98.22%, 43.25% to 96.87% and 41.79% to 93.56% with 
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increase in adsorbent dose from 0.1 – 1.5 g/100 mL with initial solute concentration of 10 mg/L, 

50 mg/L and 100 mg/L respectively. It is found that there is no significant change in percentage 

removal of arsenic after dosage of 13 g/L and hence considered as the optimum dose and is used 

for further study. (Yang et al., 2013). The increase in percentage removal could be attributed to 

the availability of more number of adsorption sites at the initial stage and overlapping of active 

sites at higher dosage as well as the decrease in the effective surface area resulting in the 

accumulation of exchanger particles (Yang et al., 2013). There is slight decrease in pH of the 

solution after adsorption due to exchange of H+ ion by arsenic ion, which increases the H+ ion 

concentration in the solution thereby decreasing the pH (Table - 4.19) 

 

Fig. 4.34. Variation of adsorbent dose on the percentage removal of arsenic (III) by the ZrPACM – 

43 hybrid material.  

 

Table – 4.19. Initial and final pH of arsenic (III) solutions of 10 mg/L, 50 mg/L and 100 mg/L 

concentration. 

Initial concentration (mg/L) ZrPACM – 43 hybrid material 

Initial pH Final pH 

10 5 4.8 

50 5.1 4.7 

100 5.2 4.7 

 
4.2.2.2. Effect of pH on removal of arsenic (III) 
 

The results of the effect of pH are represented in Fig. 4.35. There is no change in the 

solution pH after addition of adsorbent and solution remains at pH 7. It is evident from the Fig. 

4.35, that the highest removal is 97.06% for 10 mg/L, 94.84% for 50 mg/L and 87.62% for 100 

mg/L respectively at pH  5. The pH of the solution after adsorption is found to decrease slightly 

(Table - 4.20). The removal of arsenic decreases with increase in pH may be due to the following 

reasons. (1) When the concentration of H+ ions is more in solution, then the magnitude of positive 

charge over amino group is more in the adsorbent (2) Competition for active sites by excessive 
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amount of hydroxyl ions present in the water in alkaline pH (Amiri et al., 2004).The results is in  

good agreement with zero point surface charge (pHzpc). 

 

Table – 4.20.  Change in pH during the removal of arsenic (III) by ZrPACM – 43 hybrid material 

Initial concentration of 10 
mg/L 

Initial concentration of 50 
mg/L 

Initial concentration of 100 mg/L 

Initial pH Final pH Initial pH Final pH Initial pH Final pH 

2.0 2.0 2.0 1.8 2.0 1.9 

3.0 2.7 3.0 2.9 3.0 3.0 

5.0 4.8 5.0 4.6 5.0 4.8 

8.0 7.8 8.0 7.9 8.0 7.9 

11.0 10.7 11.0 11.1 11.0 10.6 

 
Fig. 4.35. Percentage removal of arsenic (III) of initial concentration of 10 mg/L, 50 mg/L and 100 

mg/L versus pH of the solution, by ZrPACM – 43 hybrid material 

 
4.2.2.3. Effect of contact time and adsorption kinetics 
 

The results of the effect of contact time on the removal of arsenic (III) are represented in 

Fig. 4.36. The removal efficiency is 98.67%, 96.32% and 92.67% for initial concentration of 10 

mg/L, 50 mg/L and 100 mg/L respectively and the effective removal occurred in first 120 min and 

hence considered as the effective equilibrium time for adsorption. Initially all sorbent sites are 

vacant and also the solute concentration gradient is high but with time the number of sites are 

filled and the rate of adsorption and desorption is equal which is the equilibrium time. At higher 

concentrations, metal ion diffuse to the sorbent by intraparticle diffusion but usually highly 

hydrolysed ions will diffuse at a slower rate. This indicates the possible monolayer formation of 

arsenic (III) on the outer surface of the adsorbent. (Ma et al., 2011; Hu et al., 2010; Ahmad et al., 

2005). In order to examine the controlling mechanisms of adsorption process such as mass 

transfer and chemical reaction, several kinetic models are used to test the experimental data. 
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Fig. 4.36. Effect of contact time on the removal of arsenic (III) by hybrid material ZrPACM-43. 

 
4.2.2.3.1. Lagrgren’s first order rate equation  

The rate constant (kad) of adsorption was determined from first order rate expression given 

by Lagergren rate equation, which is explained in Section 4.1.2.2.1. The linear plot of log (qe –q) 

versus time is represented in Fig. 4.37. The data obtained from the slope and intercept of the plot 

is presented in Table 4.21. 

 

Fig. 4.37. Linear plot of Lagergren rate equation using ZrPACM-43, time versus Log (qe-q) with 

initial arsenic (III) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 
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investigation are supported by the following references (Yanyang et al., 2014; Arcibar et al., 2014; 

Chon et al., 2006; Deng et al., 2004).  

 

Table - 4.21. Lagergren rate constants (kad) obtained from the graph for different initial 

concentration of arsenic (III) 

ZrPACM-43 
Hybrid Material 

Initial 

concentration 

kad R2 Standard 
Deviation (SD) 

10 mg /L 0.04 0.990 0.03 

50 mg/L 0.04 0.897 0.08 

100 mg /L 0.05 0.92 0.11 

 

4.2.2.3.2. Helfferich rate equation  

Adsorption of ions or molecules in aqueous solution follows reversible first order kinetics. 

Hence in the present study, the kinetics of arsenic (III) adsorption using Helfferich equation 

(Helfferich, 1962) (Explained in Section 4.1.2.2.2.) has been tested to understand the behaviour of 

ZrPACM-43. The straight line plots of ln [1-U (t)] vs time‘t’ indicates that the adsorption of arsenic 

(III) from aqueous solution follows first order kinetics with respect to adsorbents is shown in the 

Fig. 4.38. 

 

Fig. 4.38. Linear plot of Helfferich equation using ZrPACM-43, time versus ln[1-U(t)] with initial 

arsenic (III) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 

 

The slope of the straight line plots gives the overall rate constant k’ for arsenic (III) 

adsorption process. The data obtained from the graphs are presented in Table 4.22. The forward 

(k1) and backward (k2) rate constants are calculated using the equation discussed in Section 

4.1.2.2.2 and is presented in Table 4.23. It is well evident from the data presented in the Table 

4.23, the forward rate constants were higher than the backward rate constants suggesting that the 

rate of forward reaction (adsorption)were higher than the rate of backward process (desorption) 

up to the time of equilibrium and the equilibrium was toward product side. 
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Table - 4.22. Rate constant (k’) obtained from the graph for different initial concentration of 

arsenic (III) 

ZrPACM-43 
Hybrid 
Material 

Initial concentration 
(mg/L) 

Rate constants in min-1 
(k’) 

R2 SD 

10 0.0404 0.993 0.35677 

50 0.0353 0.923 1.04971 

100 0.0471 0.924 1.31139 

 

Table - 4.23. Rate constants (k1 and k2) obtained for different initial concentration of arsenic (III) 

ZrPACM-43 
Hybrid 
Material 

Initial concentration 
(mg/L) 

Overall rate 
constant (k’) 
(min -1) 

Forward rate 
constant k1  
(min -1) 

Backward rate 
constant k2 

(min -1) 

10 0.0404 0.0378 0.0026 

50 0.0353 0.0327 0.0025 

100 0.0471 0.0433 0.0038 

 

Similar studies and observation are reported by the following researcher (Vatutsina et al., 2007; 

Gupta et al., 2009; Eren et al., 2010; Awual et al., 2011; Shin et al., 2011; Golbaz et al., 2014). 

 

4.2.2.3.3. Second order rate equation 

The integrated second order rate equation is studied and used in the present study; the 

integrated second order rate equation is discussed in Section 4.1.2.2.3. The linear graph obtained 

for second order equation is represented in Fig. 4.39. The data obtained from the plot t/qt versus 

time for removal of arsenic (III) by ZrPACM-43 is presented in Table 4.24. On the basis of 

standard deviation (SD) and correlation coefficient (R) value, the second order kinetic model 

(Table 4.24), is the best fit model in describing the arsenic (III) adsorption process in comparison 

to first order rate equation. 

 

Fig. 4.39. Linear plot of second order rate equation using ZrPACM-43, time versus t/qt with initial 

arsenic (III) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 
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Table - 4.24. Second order rate constant for arsenic (III) removal by ZrPACM-43 

ZrPACM-
43 
Hybrid 
Material 

Initial 
concentration 

k2 qo R2 SD 

10 mg/L 1.57 1.57 0.999 0.01 

50 mg/L 0.12 7.79 0.999 0.03 

100 mg/L 0.07 15.37 0.999 0.15 

 

4.2.2.3.4. Intraparticle diffusion rate constant (Weber-Morris equation) 

To understand the diffusion of arsenic (III) ions into the sites of the adsorbents, the 

experimental data was tested with Weber-Morris equation (Badruzzaman et al., 2004). The 

equation is directly used as discussed in section 4.1.2.2.4., and used for evaluating the data. The 

results obtained from the plot (Fig. 4.40) are presented in Table 4.25.  

 

Fig. 4.40. Linear plot of Weber- Morris equation using zirconium polyacrylamide hybrid material, 

square root of time versus qe with initial arsenic (III) concentration of 10 mg/L, 50 mg/L and 100 

mg/L. 

The rate constants (Kp) for intraparticle diffusion for various initial concentration of arsenic 

(III) solution, determined from the slope of respective plots. It is clear from the figure that the 

straight lines is not passing through the origin suggesting that Intraparticle diffusion is not the sole 

rate-limiting step for the adsorption of arsenic (III). The study by Ranjan et al. (2009), Sundaram 

et al., (2008), Huang et al. (2009), Tezuka et al. (2004), has shown the similar results. 

 
Table - 4.25. Intraparticle diffusion rate constant (Weber-Morris equation) 
 

Adsorbent 
used 

Initial concentration (mg/L) kp C R2 SD 

ZrPACM-43 

10 0.021 1.385 0.941 0.08725 

50 0.098 6.929 0.904 0.14546 

100 0.159 13.938 0.946 0.12169 

 
4.2.2.4. Effect of temperature 

The effect of temperature on the adsorption of arsenic (III) in the range of 20 to 90 °C is 

represented in Fig. 4.41. The percentage removal of arsenic (III) increases from 65.44 % to 
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96.33%, 62.33 % to 92.33 % ,58.66% to 90.22%  for initial concentration of 10 mg/L, 50 mg/L, 100 

mg/L respectively with increase in temperature from 20 to 90 °C. This trend suggests the 

endothermic nature of the adsorption.  

 

Fig. 4.41. Effect of temperature on removal of arsenic (III) by ZrPACM-43 hybrid material 
 

This may be probably due to decrease in the escaping tendency of the adsorbent species 

from the surface of the adsorbent and also  due to change in pore size and enhanced rate of 

intraparticle diffusion (Badruzzaman et al. 2004; Hristovski et al. 2007; Ranjan et al. 2009; Malana 

et al. 2011) 

4.2.2.5. Thermodynamic parameters 

Further, the temperature and thermodynamic study is supported by the value obtained for 

thermodynamic parameters. The thermodynamic equation as represented in Section 4.1.2.4, is 

used for the calculation of different thermodynamic parameters in the present study. The plot of 

logs Kc versus 1/T for initial arsenic (III) concentration of 10mg/L, 50mg/L and 100mg/L is found to 

be linear and represented in Fig. 4.42. 

 

Fig. 4.42. Van’t Hoff plot, log Kc versus 1/T for ZrPACM-34 hybrid material 

The Values of H and S are evaluated from slope and intercept of Van’t Hoff Plot and are 

presented in Table 4.26. 
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Table - 4.26. Thermodynamic parameters using synthetic arsenic (III) solution of 10 mg/L, 50 

mg/L, and 100 mg/L 

 

The positive value of entropy (S) indicates the increase in randomness of the ongoing 

process and hence a good affinity of arsenic by the hybrid material. Decreasing negative value of 

G with increase in temperature indicates the feasibility, spontaneity and endothermic nature of 

the ongoing adsorption process. Positive value of enthalpy (H) suggests that entropy is 

responsible for making G value negative (Vatutsina et al., 2007; Gupta et al., 2009; Malana et 

al., 2011). The value of G also suggest the chemisorption nature of the adsorption process. 

 
4.2.2.6. Effect of initial arsenic (III) concentration and adsorption isotherm 

The effect of initial concentration of arsenic (III) on adsorption of arsenic (III) by hybrid 

material Zr-PACM-43, with the variation of initial arsenic (III) concentration in the range of 1mg/L 

to 270 mg/L is represented in Fig. 4.43. It is observed that with the increase in initial arsenic (III) 

concentration from 1mg/L to 270 mg/L there is a sharp decrease in removal percentage from 

98.66 % to 11.21 %. The reason may be ascertained to the fact that (a) due to saturation of 

available free sites in the adsorbent and (b) overlapping of arsenic species at higher 

concentration.  

 

Fig. 4.43. Percentage removal of arsenic (III) by zirconium polyacrylamide hybrid material 
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The adsorption data are fitted to linearly transformed Langmuir isotherm (Langmuir, 1918). 

This has been already discussed in section 4.1.2.6.1. The linear plot of 1/ Ce versus 1/ qe is 

represented in Fig. 4.44. The Langmuir isotherm parameters are presented in Table 4.27. In order 

to predict the adsorption efficiency of the adsorption process, the dimensionless equilibrium 

parameter is determined by using the equation discussed in Section 4.1.2.6.1.  

Table - 4.27. Langmuir isotherm parameters for arsenic (III) removal by zirconium polyacrylamide 

hybrid material 

Langmuir Isotherm 

ZrPACM-43 
qo b R2 Sd 

2 

41.49 mg/g 1.40 L/mg 0.951 2.09 5.28 

(r) dimensionless equilibrium parameter 

10 mg/L 0.07 

50 mg/L 0.01 

100 mg/L 0.01 

 

 
 

Fig. 4.44. Langmuir adsorption isotherm, 1/Ce versus 1/qe for Zirconium polyacrylamide hybrid 

material 

The correlation coefficient value from Langmuir isotherm suggest inadequate fit of the 

actual experimental data into Langmuir isotherm model but the value of dimensionless equilibrium 

parameter in present adsorption study represents a favorable adsorption system.  

 

4.2.2.7.2. Freundlich Isotherm 

The Freundlich equation is used for determining the applicability of heterogeneous surface 

energy in the adsorption process. The empirical Freundlich equation (Freundlich, 1906) is studied 

according to discussion in Section 4.1.2.6.2. Freundlich isotherm data are presented in Table 4.28 

and graphically shown in Fig. 4.45. On the basis of the correlation coefficient values, it is clear 

that, Freundlich adsorption isotherm fits better than Langmuir adsorption isotherm. In the present 

study the ‘n’ has a value of 1.24 and hence 1/n value is more than 0.5 which indicates that the 
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bond between adsorbate and adsorbent. The ‘n’ in Freundlich isotherm represents a correlation 

factor for the interactive interaction among the adsorbed species. When n ≥ 1 interaction is 

attractive, n≤ 1 interaction is repulsive (Shin et al., 2011; Pokhrel et al., 2007; Kim et al., 2006; 

Golbaz et al., 2014). 

Table - 4.28. Freundlich isotherm parameters for arsenic (III) removal by ZrPACM-43 hybrid 
material 
 

Freundlich isotherm 

ZrPACM-43 Hybrid Material 
1/n Kf n R2 SD 

2 

0.804 0.20 1.24 0.989 1.43 1.16 

 

 
Fig. 4.45. Freundlich adsorption isotherm, log Ce versus log qe for Zirconium polyacrylamide 

hybrid material 

 

In present case ‘n’ is greater than unity, suggesting existence of attractive force between 

adsorbent and adsorbate. Similar results are reported by Wei-Guang et al., (2014); Deng et al., 

(2004); Kim et al., (2006). The value of Kf (Freundlich constant=0.20) indicates affinity of As (III) 

species (Messiana et al., 2006). The value of Freundlich parameters also reveals the number of 

adsorption sites (Jobstmann and Singh, 2001).  

 
4.2.2.7.3. Dubinin-Radushkevich (D-R) Isotherm 

In order to understand the adsorption type, equilibrium data were tested with Dubinin- 

Radushkevich isotherm, (Dubinin, 1966, 1975; Dubinin and Stoeckli, 1980). The linearized D. R. 

equation is studied according to equation represented in Section 4.1.2.6.3. The plot obtained is 

represented in Fig. 4.46 and the corresponding data were presented in Table 4.29. The mean free 

energy of adsorption (E) was calculated from the constant K as per the discussion in previous 

Section 4.1.2.6.3. In the present study the value of E is much higher than 16 kJ/mol which 

indicates the chemisorption nature of the adsorption process. Similar results are reported by 

(Goswamee et al., 1998; Hong et al., 2011; Shinde et al., 2013; Li et al., 2014). 
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Table - 4.29. D-R isotherm parameters for arsenic (III) removal by ZrPACM-43 

D-R isotherm 

ZrPACM-43 Hybrid 
Material 

K (mol2kJ-2) qm (g/g) E (kJ/mol) R2 SD 
2 

8.07 X 10 -7 0.80 780.71 0.903 4.26 0.42 

 

 

Fig. 4.46. D-R adsorption isotherm, ln qe versus ε2 for arsenic (III) removal by Zirconium 

polyacrylamide hybrid material 

4.2.2.8. Effect of competitive anions on arsenic (III) removal 

Arsenic (III) adsorption by taking  10 mg/L, 50 mg/L and 100 mg/L of solution, in the 

presence of competing ions (including chloride, carbonate, bicarbonate, nitrate, sulphate, calcium, 

sodium and magnesium) was investigated with initial concentration of 10 mg/L to 270 mg/L.  

 

Fig. 4.47. Percentage removal of arsenic (III) with zirconium polyacrylamide hybrid material 

versus initial cation and anion concentration of solution (Initial arsenic concentration,10 mg/L) 
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bicarbonate > sodium> nitrate > magnesium. These ions may be competing for the active sorption 

sites along with the arsenic during adsorption process due to their affinity towards the adsorbent 

material.  

4.2.2.9. Regernation and reusability studies of hybrid material 

Regeneration studies were carried out in order to know the reusability of the hybrid 

material and the results are represented in Fig. 4.48 (a) and Fig. 4.48 (b). The percentages 

desorption and regeneration data are presented in Table 4.30. Percentage regeneration of the 

adsorbed arsenic (III) in aqueous solution resulted about 99.78 %, 94.51 % and 90.12% at pH -10 

for initial concentration of 10 mg/L , 50 mg/L  and 100 mg/L respectively, which indicate that the 

material can be easily regenerated by alkali and can be used for several cycles at least up to 8 

cycles (60% removal).  

 

 

Fig. 4.48. (a) Regeneration of hybrid material (b) reusability of hybrid material 

 

 

(a) 

(b) 
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Table - 4.30. Percentage desorption and regeneration of arsenic of different concentration by 

hybrid material 

Initial arsenic 
(III) 
concentration  
(mg/L) 

Amount desorbed (mg/L) Percentage desorption or regeneration 

pH 
2 

pH 
4 

pH 
6 

pH  
8 

pH  
10 

pH 
2 

pH 
4 

pH 
6 

pH  
8 

pH  
10 

10 2.8 4.8 6.9 7.6 8.4 36.9 48 41.2 98.5 99.8 

50 18.4 27.4 34.9 41.3 41.6 28.4 69.9 65.4 90.1 94.5 

100 37.8 53.7 80.4 85.4 87.6 20.1 34.7 51.2 79.6 90.1 

 

4.2.3. Column study for the removal of arsenic (III) by zirconium polyacrylamide hybrid 

material 

Fixed bed column study was carried out with a column as discussed in Chapter-3, Section 

3.16. with different flow rate (Korte and Fernado 1991). In the present study the column was 

charged with synthetic arsenic (III) water in up-flow mode with an approach velocity of 210 cm/h, 

the breakthrough curve for synthetic sample at different initial concentration, bed depth and flow 

rate is represented in Fig. 4.49 - 4.51. In the present study the maximum permissible limit is 0.005 

mg/L. The breakthrough time (corresponding to Ceff/C0= 0.002, where Ceff= effluent arsenic (III) 

concentration = 0.005 mg/L, and C0 = initial arsenic (III) concentration = 10 mg/L (Except 

concentration variation) and exhaust time of zirconium polyacrylamide hybrid material was found 

to be 26 h for 6 cm of bed height. The data obtained from the plot by carrying out mathematical 

analysis as discussed in Section 3.1.6.3 is presented in Table 4.31. The plot of ln [Ceff/C0-Ceff] 

versus time‘t’ gives a straight line with slope KC0 and intercept –XKN0/V from which K and N0 was 

calculated (Fig. 4.52 - 4.53).  

Table – 4.31. Column adsorption parameters for arsenic (III) removal by ZrPACM-43 hybrid 
material 
 

Adsorbent Approach 
velocity 
(cm/hr) 

Bt 

(h) 
Et 

(h) 
Q 

(mg/g) 

R
e

m
o

v
a

l 

%
 

Logit Method 

N0 

(mg/l) 
Adsorption rate 

constant 
k (Lmg/h) 

R2 

Arsenic 
(III) Conc 

(mg/L) 

10 210 8 21 12.3 63.9 1.266 0.083 0.965 

50 210 4 13 30.7 41.8 0.687 0.066 0.881 

100 210 3 16 46.1 51.8 1.291 0.043 0.935 

Bed 
depth 
(cm) 

2 210 10 23 15.4 56.0 1.257 0.064 0.986 

6 210 12 26 18.5 64.1 1.483 0.056 0.982 

10 210 12 25 18.5 69.5 1.647 0.050 0.991 

Flow rate 
(mL/min) 

2 210 14 19 21.5 71.8 1.690 0.046 0.940 

6 210 6 19 27.6 74.0 1.885 0.050 0.922 

10 210 5 18 38.4 65.5 1.508 0.053 0.940 

 

Similar studies by following researchers (Amiri et al., 2004; Malkoc et al., 2006; Sarin et al., 2006; 

Chen et al., 2012; Kumar et al., 2009; Calero et al., 2009, Tang et al., 2011, Montastruc et al., 

2011) suggest the applicability of the above studies on the removal of arsenic (III) by zirconium 

polyacrylamide hybrid material in column mode. 
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Fig. 4.49. Breakthrough curve of varying initial concentration for zirconium polyacrylamide hybrid 

material, Ceff/Co versus time in hours, initial bed height- 2 cm 

 

Fig. 4.50. Breakthrough curve of bed height for zirconium polyacrylamide hybrid material, Ceff/Co 

versus time in hours, initial concentration- 10 mg/L 

 

Fig. 4.51. Breakthrough curve of bed height for zirconium polyacrylamide hybrid material, Ceff/Co 

versus time in hours, initial concentration- 10 mg/L 
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Fig. 4.52. Logit equation for different concentration for zirconium polyacrylamide, ln [Ceff/ (Co-Ceff)] 

versus time ‘t’, initial bed height- 2cm  

 

Fig. 4.53. Logit equation for different bed height for zirconium polyacrylamide, ln [Ceff/ (Co-Ceff)] 

versus time ‘t’, initial concentration- 10 mg/L, flow rate 2 mL/min 

 

Fig. 4.54. Logit equation for flow rate for zirconium polyacrylamide, ln [Ceff/(Co-Ceff)] versus time 

‘t’, initial bed height- 2cm, Initial concentration- 10 mg/L 
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A mechanism for the adsorption of arsenic (III) by hybrid material has been proposed based on 

results of the experiment and computing the results using mathematical/theoretical models. The 

mechanism of arsenic removal by the hybrid material was governed by electrostatic adsorption 

and complexation for which a mechanism is proposed as represented in Fig. 4.55.  

 

Fig. 4.55. Proposed mechanism for arsenic (III) removal by hybrid material ZrPACM-43 

At acidic pH, the material gets positively charged due to the protonation of amino groups which 

remove hydrogen arsenite ion by means of acidic solution which demonstrates a positive redox 

potential (+ 0.6V), on the variation of pH, these surface active OH groups may further bind or 

release H+ where the surface remains positive due to the reaction: 

MOH + H3O
+ → MOH2 + H2O 

The above reaction indicates that the removal efficiency of the material is more at low pH. Thus, 

when pH ≤ 5.00, the overall arsenite adsorption mechanism can be represented in two different 

forms: 

(a) Electrostatic attraction between positively charged centre (nitrogen) and negatively charged 

arsenite molecule in solution (b) Electrostatic attraction and complexation between positively 

charged surface hydroxyl group and arsenite, 

MNH2
+ + HAsO3

3- → MNH2
+---HAsO3

3- 

MOH + H3O
+ + HAsO3

3- → MOH2
+---HAsO3

3- + H2 O  

This information was supported by the formation of arsenic (III) complexes which is colourless. 

The presence of arsenic peak in the EDX and XRD spectra of arsenic adsorbed hybrid material 

confirms the occurrence of arsenic adsorption onto the hybrid materials (Deng et al., 2004; Li et 

al., 2009). The material showed adsorption capacity at a wide acidic pH range, which could be 

useful for commercial exploitation purpose 
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4.3. Removal of chromium (VI) by lanthanum-diethanolamine (La-DEA) hybrid material  
 

The present section elaborates the synthesis, characterization and removal of chromium 

by lanthanum-diethanolamine (La-DEA) hybrid material. Various samples of hybrid material are 

synthesized and characterized using different techniques like particle size analysis, BET surface 

area analysis, TGA, DTA, XRD, FTIR, SEM, EDX and chemical analysis. Removal efficiency of 

chromium was evaluated using hybrid material by conducting batch and column mode 

experiments with the variation of relevant parameters. Effects of other competing anions and 

cations on adsorption are also represented. Field studies were also carried out with hand pump 

water sample to understand the practical applicability of the material in large scale water 

treatment.  

 

4.3.1. Characterization of La-DEA 

A number of La-DEA materials are synthesized with the variation of molar ratio of 

precursor and were tested for the removal efficiency of chromium as per the procedure adopted in 

the previous section. The results of the study are presented in Table 4.32. 

 

Table - 4.32. Removal capacity, particle size and Ion exchange capacity of various samples of La-

DEA (W= 1g), IEC in meq/g 

Materials Molar 
ratio 
 

Particle 
size 
(nm) 

Chromium 
removal (%) 

IEC 
KCl 

IEC 
Ca(NO3)2 

IEC 
NaNO3 

IEC 
NaCl 

IEC 
Mg(NO3)2 

La-DEA-124 1:1 124 85.2 0.87 0.61 0.68 0.84 0.72 

La-DEA-117 1:2 117  93.1 2.12 1.81 1.91 1.87 2.01 

La-DEA-68 1:3 68  84.1 1.54 1.04 0.92 1.35 1.27 

La-DEA-86 1:4 86  87.6 1.20 1.32 1.18 1.32 1.11 

La-DEA-132 1:5 132  88.3 0.60 0.57 0.68 0.77 0.63 

 

It is evident from the Table 4.32 that La-DEA-117 exhibited maximum removal of chromium (VI) 

from synthetic chromium solution and was used for further studies. The chemical stability of the 

material is presented in Table 4.33.  

 
Table - 4.33. Chemical stability of La-DEA hybrid material in various acid, alkali and salt solutions 
 

Solvent(10 mL) 
Amount 
Dissolved(mg) 

Solvent (10 mL) 
Amount 
Dissolved(mg) 

1M HCL 0.13 2M NaOH 0.16 

2 M HCL 0.17 4M NaOH 0.33 

4 M HCL 0.39 1M KOH 0.21 

1 M HNO3 0.22 2M KOH 0.67 

2M HNO3 0.28 4M KOH Dissolved 

4M HNO3 0.61 1M NH4OH 0.03 

1M H2SO4 0.34 2 MNH4OH 0.11 

2M H2SO4 0.78 4M NH4OH 0.31 

4M H2SO4 Dissolved 2M NaNO3 0.11 

1 M NaOH 0.08 2M KNO3 0.24 



 

RESULTS & DISCUSSION  2014 

 

90 | P a g e  

From the above studies, it was found that the material was chemically stable. The material is 

obtained in the form of granular particles of ununiformed shape with a specific surface area of 

398.42 m2/g. The TGA and DTA curve of the material is represented in Fig. 4.56. The weight loss 

with increase in temperature can be described in the following three steps: (1) in the range of 50-

150 °C (weight loss of 9.84%) is due to loss of physical adsorbed water; (2) The weight loss (9.09 

%) in the range of 150 to 250 °C is attributed to the loss of “lattice water” and CO groups present 

in material; (3) the biggest weight loss (25.5%) in the range of 250°C to 500°C to the 

decomposition of organic molecule present in the matrix at higher temperature. Correlating the 

data with differential thermal analysis (DTA), an exotherm is also noticed at a temperature, of 224 

°C, which supports the TGA. Four endothermic peaks at 100 °C, 160 °C, 300 °C and two 

exothermic peaks 125 °C and 224°C respectively in DTA support the TGA analysis. 

 

Fig. 4.56. TGA and DTA of lanthanum diethanolamine (La-DEA) hybrid material 

 

Scanning electron micrographs (SEM) and corresponding EDX Spectrum of adsorbent before and 

after adsorptions is represented in Fig. 4.57(a) and (b) respectively. It can be clearly observed 

that small granules are embedded in flat surface before adsorption but there are shiny 

appearances above the small granules after adsorption, which clearly manifests the adsorption of 

chromium in the material. The EDX of material after adsorption confirms the presence of 

chromium in the material. Similar studies for chromium removal was reported by, Boparai et al. 

(2011) and Kumar et al. (2013). Powdered XRD diffractogram of the material are represented in 

Fig. 4.58, which was analyzed by using Philips X’pert High Score software and compared with 

International Center for Diffraction Data (ICDD-PDF-2) and JCPDS database to search the 

phases of starting materials and adsorbed materials. The material is found to be crystalline in 

nature. The diffraction peaks for the material before adsorption were observed at 2θ =11.20°, 
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17.23°, 19.80°, 27°, 28°, 30°, 33°, 35.5°, 36°, 43° where the peak at 2θ = 11.20°, 17.23°, 19.80°, 

27°, 28°, 33°, 36° and 19.80°, 27° are characteristic peak of lanthanum nitrate and 

diethanolamine having monoclinic and anorthic phases. According to JCPDS database peak at 2θ 

= 28° is a common peak for lanthanum nitrate, lanthanum hydroxide and lanthanum oxide 

(JCPDS#800748, JCPDS#401279). 

 

(a) SEM micrographs (b) EDX images 

Fig.4.57. (a) Scanning Electron Micrographs and (b) Energy-dispersive X-ray spectrum of La-DEA 

hybrid material  

 

Fig. 4.58. XRD pattern of La-DEA hybrid material (a) before adsorption (b) after adsorption 
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The diffraction peaks for the material after adsorption are observed at 20.78°, 24°, 26.22°, 28.78°, 

30°, 32°, 36°, 44.57° and 49.37°, where the peak at 2θ =30°, 32.50°, 36° and 49.37° are 

prominent peaks for lanthanum chromium oxide (JCPDS#83-0256) having orthorhombic phase. 

The crystallite size of both fresh (for plane 111, at 2θ = 26.3°) and loaded material (for plane 110, 

at 2θ = 36.7°) is found to be 17.39 nm and 23.74 nm respectively: the increment in the crystallite 

size is may be due to increment in space charge polarization and crystal defects after adsorption. 

The crystallite size was calculated using Debye Scherrer equation (Gubicza et al. 2000; Junaid et 

al. 2009; Shirasawa et al., 2014), as discussed in section 4.2.1. The peak intensity is represented 

in Fig. 4.58 which confirms the fresh material and chromium adsorbed material. 

 

Fig. 4.59. FTIR spectra using KBr pellet for La-DEA hybrid material, before and after adsorption 

 

The FTIR spectrum of the material is presented in Fig. 4.59. The broad and strong absorption 

band of fresh material is represented in Fig. 4.59(a) at ~3881.27 cm−1 corresponds to the 

symmetric and asymmetric O–H stretching vibration, indicating the presence of the hydroxyl group 

in the material. Another broad peak at ~3537.28 cm−1 indicates overlapping of O–H with N–H 

groups. The band from ~2033.54 to ~2522.28 cm−1 is mainly because of combination stretching of 

C–H, N–H and O–H groups. The band at ~1474.40 cm−1 may be due to C–N stretching and CH2 

groups present in the material. The presence of bands at finger print region (centered at ~1048.77 
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cm−1) corresponds to C–C and C–O groups. The band at ~811.04 cm−1 indicates the stretching 

vibration of La=O groups. The FTIR spectrum of the Cr(VI) loaded material is presented in Fig. 

4.59(b). There are many shifts in the bands present in fresh adsorbent but few important 

characteristics peaks are presented. The band at ~2354.86 cm−1 of adsorbent has been shifted to 

~2346.30 cm−1 (blue shift) after it is loaded with chromium indicate the coordination of nitrogen to 

metal ion. The band at ~811.04 cm−1 is shifted to ~851.84 cm−1 may be due to stretching 

frequencies of Cr–O in Cr2O7
2− groups. This spectrum clearly indicates the loading of the 

chromium to the adsorbent. There are many shifts in the bands present in fresh adsorbent but few 

important characteristics peaks are presented. Kumar et al. (2013), Zhou et al. (2013) and Kumar 

et al. (2012) has reported similar studies on the removal of chromium by amine impregnated 

graphene oxide adsorbent, RGO-Fe3O4 hybrid composite, dodecylamine modified sodium 

montmorillonite and polyaniline/silica gel composite respectively. The similar observation for FTIR 

spectra suggests the possibility of adsorption mechanism in the present study.  

The results of elemental analysis indicate that there is no sulphur content in the material. And the 

material contains C = 10.75%, H = 2.48%, N = 3.13%, and others = 83.64%. Based on the studies 

of FTIR, TGA-DTA and the elemental composition, the molecular formula of the adsorbent is 

deduced by using Alberti equation (Jayashree et al., 2006) as discussed in Section 4.1.1. The 

value of ‘n’ is found to be 5.419 and the tentative empirical formula for the material can be 

suggested as [(LaNO3) (C4H11NO2)].nH2O. The surface charge density of the material as a 

function of pH is represented in Fig. 4.60. The surface holds positive charge in lower pH and the 

surface charge density decreases when the solution pH increases. The pH of zero point surface 

charge density (ZPC) is 5.9 (pHzpc). When the pH of the solution is less than 5.9 the material 

acquires positive charge and when the solution pH is higher than 5.9 than the material acquires 

negative charge. Other researchers have also reported similar observations (De et al., 2005; 

Islam et al., 2007; Zodi et al., 2010; Ma et al., 2011). 

 

 

Fig. 4.60. Surface charge density as a function of pH (m =1.0 g/L) 
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4.3.2. Removal of chromium by batch studies 

The experiments were conducted in batches in 250 mL conical flask with stopper at room 

temperature and the normal pH without any adjustment except the study to know the effect of 

temperatures. The chromium removal from synthetic water is compared with hand pump water 

obtained from boula-Nauasahi area of Kenojhar district (21oN΄ N: 86o 20΄E) which is a well-known 

mining area for chromite. The samples are collected in duplicate following the standard procedure 

(Bordoloi et a., 2006). The existence of Cr(VI) depends on the pH of the water. The pH of water 

ranges from 7.6 to 8.1, which is higher than the pH of the normal ground water, the total 

concentration of chromium, is found to contain 3.052 mg/L (recorded in 11-12-2012) and other 

physico-chemical parameters are presented in Table 4.34. 

 

Table - 4.34. Physical and chemical constituents of hand pump water (Sample water collected 

from boula-Nauasahi area of Kenojhar district, odisha, India) 

Sample  
(Hand pump water) 

Values/ Concentration  

pH 7.6 

Temperature 26 ± 2 0C 

Conductivity 328 µs/cm 

Total Dissolved solids 119.76 mg /L 

Total Chromium 3.052 mg /L 

Total Arsenic 0.0028 mg /L 

Lead 0.00014 mg /L 

Chloride 68 mg /L 

Residual Chlorine 0.68 mg /L 

Total Hardness 64 mg /L 

Fluoride 1.8 mg /L 

Nitrate 5.38 mg /L 

Sulfate 24 mg /L 

Manganese 0.006 mg /L 

Iron 0.027 mg /L 

Carbonate 35 mg /L 

Bicarbonate 26 mg /L 

 

4.3.2.1. Effect of La-DEA dose on chromium (VI) removal 

The effect of La-DEA dose in removal of chromium (VI) is studied by varying adsorbent dose from 

0.1 g to 1.6 g. The result obtained is represented in Fig. 4.61.  

The removal efficiency increases from “78.43% to 99.3%, 70.31% to 96.7%, 65.58 % to 98.59 % 

and 73.26% to 99.96 %” with a variation of adsorbent dose form 0.1 to 1.5 g/100 ml with initial 

Cr(VI) concentration of 10 mg/L, 50 mg/L, 100 mg/L of synthetic solution and 3.052 mg/L for hand 

pump water respectively. The increase in percentage removal could be attributed to the 

availability of more number of adsorption sites at the solid phase and availability of specific 

surface area of adsorbent. In present study after a dose of 8 g/L, the removal efficiency remains 

almost constant indicating the saturation of available adsorption sites and the overlapping of 

active sites at higher dosage as well as the decrease in the effective surface area resulting in the 

increase of exchanger particles (Meyn et al., 1990; Shibata et al., 2006; Mukhopadhyay et al., 
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2007). So, 8 g/L is considered as the optimum dose and is used for further study. Several 

researchers have reported similar results (Zhang et al., 2008; Shi et al., 2011; Gandhi et al., 2012; 

Yang et al., 2013). 

 

Fig. 4.61. Percentage removal of Cr(VI) by La-DEA of initial concentration hand pump water- 

3.052 mg/L, 10 mg/L, 50 mg/L and 100 mg/L versus La-DEA dose. 

 

4.3.2.2. Effect of pH on removal of chromium (VI) 

Removal efficiency of the material as a function of pH is represented in Fig. 4.62, for both 

synthetic solution and contaminated water. The percentage removal increases from 65.58% to 

98.58%, 75.58% to 94.24%, 64.15% to 86.75% and 66.78 % to 96.76% respectively for 10 mg/L, 

50 mg/L, 100 mg/L and 3.052 mg/L of Cr (VI) with increasing the pH from 2 to 6 than decreases. 

The highest adsorption is at a pH 5.9 as the surface charge density is highest at this point and 

attracted the negatively charged Cr (VI) species. When the pH is 7 and above, the concentration 

of hydrogen ion in solution decreases and the extent of protonation of amino groups became 

smaller and adsorption decreases with increase in pH. At a higher pH, there is a competition of 

the hydroxyl ions with Cr (VI) ions for adsorption which reduces the removal percentages 

(Chakraborty et al., 2014; Golbaz et al., 2014; Linsha et al., 2013). The chromate and dichromate 

anions simultaneously exist in equilibrium in water in acidic solution and the equilibrium towards 
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2- is stable, and equilibrium shifts towards 
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The dominant species are HCrO4
- and Cr2O7

2- depending on the pH of the solution. It is also be 

noted that there is no possibility arises of chemical oxidation or reduction as no oxidizing or 

reducing agent are added during the studies and the solution only contain hexavalent chromium 

with three species(i.e. (HCrO4
-, Cr2O7

2− < 6) and (CrO 4
2->6)) depending on pH. The pH of the 

solution after adsorption is also measured and was found to decrease slightly (Table - 4.35). 

 

Fig 4.62. Percentage removal of Cr(VI) by La-DEA of initial concentration hand pump water- 3.052 

mg/L, 10 mg/L, 50 mg/L and 100 mg/L versus pH of the solution. 

 

Table – 4.35.  Change in pH during the removal of chromium (VI) by La-DEA hybrid material 

Initial concentration of 
10 mg/L 

Initial concentration of 
50 mg/L 

Initial concentration of 
100 mg/L 

Hand pump water 

Initial pH Final pH Initial pH Final pH Initial pH Final pH Initial 
pH 

Final pH 

2.0 2.1 2.0 2.2 2.0 2.0 2.0 2.2 

3.0 2.9 3.0 3.0 3.0 3.1 3.0 2.9 

4.0 4.2 4.0 4.1 4.0 3.9 4.0 4.1 

5.0 5.8 5.0 5.4 5.0 4.8 5.0 4.7 

6.0 6.4 6.0 5.8 6.0 5.6 6.0 6.2 

7.0 7.3 7.0 7.1 7.0 6.9 7.0 6.9 

8.0 7.8 8.0 7.9 8.0 8.2 8.0 8.2 

9.0 8.6 9.0 9.2 9.0 8.9 9.0 8.9 

10.0 9.9 10.0 9.8 10.0 10.0 10.0 10.0 

 

4.3.2.3. Effect of contact time 

The effect of contact time on chromium (VI) removal is represented in Fig. 4.63. The removal 

efficiency increases from 61.2% to 98.8%, 48.5% to 84.71%, 59.85% to 87.91% and 58.85% to 

96.37% with increase in time from 10 to 50 minutes for 10 mg/L, 50 mg/L, 100 mg/L synthetic 

chromium solution and hand pump water sample respectively. The equilibrium time is 50 minutes 

as no noticeable removal takes place after this time. Initially the rate of removal is higher, which 

may be due to more vacant sites in the adsorbent with a high solute concentration gradient. 
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Fig 4.63. Percentage removal of Cr(VI) by La-DEA of initial concentration hand pump water- 3.052 

mg/L, 10 mg/L, 50 mg/L and 100 mg/L versus contact time. 

4.3.2.4. Adsorption kinetics 

4.3.2.4.1. 1st order kinetic 

The rate constant of adsorption was determined from first order rate expression given by 

Lagergren rate equation, which was explained in Section 4.1.2.2.1. The first order plots of log (qe-

q) vs time‘t’ (Fig. 4.64) is linear showing the validity of the Lagergren equations.  

 

Fig. 4.64: Linear plot of Lagergren rate equation using La-DEA, time versus Log (qe-q) with initial 

chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 mg/L 

 

Table - 4.36. Lagergren rate constants (kad) obtained from the graph for different initial 

concentration of chromium (VI) 

La-DEA 
Hybrid Material 

Initial 
concentration 

kad R2 Standard 
Deviation (SD) 

10 mg /L 0.0638 0.9279 0.1423 

50 mg/L 0.0391 0.9473 0.0731 

100 mg /L 0.0391 0.9473 0.0731 
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The relevant data from the plot is presented in Table 4.36. The activiation energy was calculated 

using Arrhenius equation and it was found to be 27.8 kJ/mol, 34.8 kJ/mol and 35.0 kJ/mol 

respectively for initial Cr(VI) of 10 mg/L, 50 mg/L and 100 mg/L. The data obtained suggest 

chemisorption nature of the adsorption process. The values of R2 show good correlation. The 

results of the present kinetic study lie well with the results obtained in the adsorption of chromium 

(VI) by lanthanum diethanolamine (La-DEA) hybrid material. 

4.3.2.4.2. Helfferich equation 

Adsorption of ions in aqueous solution follows reversible first order kinetics. Hence in the present 

study, the kinetics of chromium (VI) adsorption using Helfferich equation (Discussed in Section 

4.1.2.2.2) has been carried out to understand the adsorption behaviour of La-DEA hybrid material.  

 

Fig. 4.65. Linear plot of Helfferich equation using La-DEA, time versus ln[1-U(t)] with initial 

chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 

 

The rate constant k’ using Helfferich equation for the adsorption of chromium (VI) at room 

temperature was determined by batch mode. The straight line plots of ln [1-U (t)] vs time ‘t’ 

indicate that the adsorption of chromium (VI) from aqueous solution follows first order kinetics with 

respect to adsorbents which is represented in the Fig. 4.65. The data obtained from the graphs 

are presented in Table 4.37.  

 

Table - 4.37. Rate constant (k’) obtained from the graph for different initial concentration of 

chromium (VI) 

La-DEA 
Hybrid Material 

Initial concentration 
(mg/L) 

Rate constant in min -1 (k’) SD R2 

10 0.06375 0.32774 0.9565 

50 0.03912 0.16842 0.9473 

100 0.03912 0.16842 0.9473 

 

The forward (k1) and backward (k2) rate constants are calculated according to equation presented 

in Section and is presented in Table 4.38. It is well evident from the data in the tables that, the 
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forward rate constants are higher than the backward rate constants suggesting that the rate of 

forward process (adsorption) are higher than the rate of backward process (desorption) up to 

completion of equilibrium and the equilibrium was towards the product side. Similar results have 

been reported by Gasser et al. (2007), Awual et al. (2011), Qiu et al. (2013), Gomez-Gonzalez et 

al. (2014), and Gonzalez et al. (2014). 

Table - 4.38. Rate constants (k1 and k2) obtained for different initial concentration of chromium 

(VI) 

La-DEA 
Hybrid Material 

Initial 
concentration 
(mg/L) 

Overall rate 
constant k’ (min -1) 

Forward rate 
constant k1 

(min -1) 

Backward rate 
constant k2 

(min -1) 

10 0.06375 0.0590 0.0047 

50 0.03912 0.0336 0.0055 

100 0.03912 0.03473 0.0044 

 

4.3.2.4.3. 2nd order kinetic study 

The second order rate equation is studied according to equation represented in Section 4.1.2.2.3. 

The data obtained from contact time study is fitted to second order kinetic model and the result is 

represented in the graphical form in Fig. 4.66. The second order constant and adsorption capacity 

is calculated from the equation as represented and discussed in section 4.1.2.2.3. The value 

obtained from the plot is presented in Table 4.39. 

Table - 4.39. Second order rate constant for chromium (VI) removal by La-DEA hybrid material  

La-DEA 
Hybrid 

Material 

Initial Conc k2 qc R2 SD 

10 mg/L 1.57 1.57 0.999 0.0160 

50 mg/L 0.12 7.79 0.999 0.0261 

100 mg/L 0.07 15.37 0.999 0.0219 

 

On the basis of standard deviation (SD) and correlation coefficient (R2) values the second order 

kinetic model (Table 4.39), is the best fit model in describing the chromium (VI) adsorption 

process by La-DEA hybrid material. The maximum adsorption capacity of 15.37 mg/g is obtained 

for initial Cr (VI) solution of 100 mg/L. 

 

Fig. 4.66. Linear plot of second order rate equation using La-DEA, time versus t/qt with initial 

chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 
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4.3.2.4.4. Intraparticle diffusion (Weber Morissis equation) 

To understand the diffusion of chromium (VI) ions into the sites of the adsorbents the contact time 

data was tested with Weber-Morris equation as represented in the Section 4.1.2.2.4. The plot 

obtained from the study is represented in Fig. 4.67. 

 

Fig. 4.67. Linear plot of Weber- Morris equation using lanthanum diethanolamine hybrid material, 

square root of time versus qe with initial chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 

mg/L. 

The value of kp (intraparticle diffusion constant) is calculated from the plot by using the equation 

as represented and discussed in Section 4.1.2.2.4. The values obtained are presented in Table 

4.40. 

Table - 4.40. Intraparticle diffusion rate constants obtained from Weber- Morris equation for 

different initial concentration of chromium (VI) 

 

It is understood from Fig. 4.67, that there is a deviation of line from the origin which indicates that 

the intraparticle transport is not the only rate limiting step but, the transport of adsorbate through 

the pores of the adsorbent and adsorption on the surface of the material are also responsible. 

Subsequently adsorption process is accelerated indicate that the diffusion is not consecutive due 

to pore size (Lorenzen et al. 1995; Erhan et al. 2004). At the final phase of adsorption process, 

the rate of diffusion remains constant due to exhaustion of pores in the material. When kp value is 

larger, the rate of adsorption is more but, when C value is larger, the adsorption is better due to 

better bonding between sorbet and sorbent. The concentration gradient decides the flow of 

particles into the pores of material. With the increase in the concentration of Cr (VI) the kp value 

increases suggesting the intraparticle diffusion is considered as the concentration diffusion (Erhan 

et al. 2004). In the present study the high value of C suggest effective removal of Cr (VI) from 
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water. Similar studies by other researchers (Erhan et al., 2004; Badruzzaman et al. 2004; Zubair 

et al., 2008; Montastruc et al., 2011)) suggest the applicability of above mechanism.  

 

4.3.2.5. Effect of temperature 

The result of the effect of temperature on the adsorption of chromium (VI) is represented in (Fig. 

4.68.). The percentage removal of chromium (VI) increases from 70.54% to 98.77% for initial 

concentration of 10 mg/L, from 66.7% to 87.62% for 50 mg/L, from 61.01% to 88.37% for 100 

mg/L and from 68.7% to 97.52% for total chromium concentration of 3.052 g/L for hand pump 

water with an increase in temperature from 20 to 70 °C. The continuous increase in percentage 

removal indicates the endothermic nature of adsorption process. This may be probably due to 

decrease in the escaping tendency of the adsorbent species from the surface of the adsorbent, 

change in effective pore size and enhanced rate of intraparticle diffusion. The same trend was 

reported by Rengaraj et al. (2001) and Kumar et al. (2007). The H+ adsorbent bond is significant 

because adsorption of chromium (VI) involves movement of H+ ions from the adsorbent surface. 

Therefore it may be concluded that at higher temperatures, the increase in adsorption could be 

due to the waning of H+ adsorbent bond.  

 

Fig. 4.68. Temperature versus percentage removal of chromium (VI) with lanthanum 

diethanolamine hybrid material, initial chromium (VI) concentrations of 10 mg/L, 50 mg/L, 100 

mg/L and 3.052 mg/L hand pump water. 

 

4.3.2.6. Adsorption thermodynamics 

The thermodynamic parameters (change in free energy (G), enthalpy (H) and entropy (S)) of 

adsorption process are evaluated by similar process as in the previous Section 4.1.2.4. A plot of 

logs Kc versus 1/T for initial chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 mg/L is 

found to be linear as in (Fig. 4.69). Values of H and S are evaluated from slope and intercept of 

Van’t Hoff Plot and are presented in (Table 4.41).  
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Fig. 4.69. Van’t Hoff plot, log Kc versus 1/T for La-DEA hybrid material 

 

The positive value of entropy (S) indicates the increase in randomness of the ongoing process 

and hence good affinity of chromium (VI) with the hybrid material. Negative value of G at each 

temperature indicates the feasibility and spontaneity of ongoing adsorption process. A decrease in 

values of G with increase in temperature suggests more adsorption of chromium (VI) at higher 

temperature which indicates the endothermic nature of the adsorption process which is confirmed 

by the positive value of enthalpy (H). The value of G also suggest the chemisorption nature of 

the adsorption process. The same observation was reported by Fan et al. (2003), Chon et al. 

(2006), Argun et al. (2007), Babu et al. (2008), Boparai et al. (2011), and Chen et al. (2011). 

Table - 4.41. Thermodynamic parameters using synthetic chromium (VI) solution of 10 mg/L, 50 

mg/L and 100 mg/L 

 

4.3.2.7. Effect of initial concentration 

The results of the effect of initial concentration of adsorbate are represented in graphical form in 

(Fig. 4.70). The removal percentage of chromium (VI) decreases from 42% to 3.77%, 88% to 

58.77% and 39% to 7.63% at pH 2, pH 5 and pH 8 respectively for 1 to 100 mg/L of chromium 

(VI) concentration. At pH 2, the effective removal decreases because the surface is highly 

protonated and excess of H+ ion concentration accumulated in the surface makes the adsorbent 

less attractive to adsorbate. However at pH 8 the excess of OH groups competes with the 

adsorbate species resulting in decreased adsorption. Due to high concentration gradient at higher 

concentration the removal is less effective. But at pH 5, the effective removal is more because of 
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balanced conditions. However with increasing the concentration the removal decreases, which 

may be due to overlapping of adsorbate species and high concentration gradient.  

 

Fig. 4.70. Percentage removal of chromium (VI) by lanthanum diethanolamine hybrid material at 

different pH conditions (pH 2, pH 5 and pH 8) 

 

4.3.2.8. Adsorption isotherm 

It is important to have an acceptable description of the equilibrium sate between the two 

phases in order to effectively represent the dynamic behavior of any adsorbate from solution to 

the solid (adsorbent) phase (Islam et al., 2007). The capacity of the material can be described by 

equilibrium adsorption isotherm, which is characterized by certain constants whose values 

express the surface properties and affinity of the adsorbent (Pokhrel et al., 2007; Shin et al., 2011; 

Maghsoudi et al., 2015). The study of the isotherm data is significant to develop an equation 

which exactly represents the results and could be used for design purpose. Batch mode 

adsorptions were carried out at room temperature by varying the concentration of chromium (VI).  

4.3.2.8.1. Langmuir isotherm 

The adsorption data are tested with the linearly transformed Langmuir isotherm (Langmuir, 

1918). This is valid for monolayer sorption onto a surface with finite number of identical sites 

(Namasivayam and Yamuna, 1995; Messina et al., 2006; Vinodhini et al., 2010; Cantu et al., 

2014). The linear plot of 1/ Ce versus 1/ qe (Fig. 4.71) with R2 = 0.972 indicates the applicability of 

Langmuir adsorption isotherm. The values obtained from the figure are presented in Table 4.42.  
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Table - 4.42. Langmuir isotherm parameters for chromium (VI) removal by La-DEA hybrid material  

La-DEA 

Langmuir Isotherm  

pH qo (mg/g) B (L/mg) R2 SD 

2 53.2 0.05 0.73262 0.00435 

5 357.1 0.35 0.99807 0.00013 

8 8.41 0.01 0.81133 0.00258 

(r) dimensionless equilibrium parameter  

10 mg/L 0.65  

50 mg/L 0.22  

100 mg/L 0.92  

 

 

Fig. 4.71. Langmuir adsorption isotherm, 1/Ce versus 1/qe for La-DEA hybrid material 

 

On the basis of dimensionless equilibrium parameter the adsorption process is favorable. The 

maximum adsorption capacity of 357.1 mg/g for this material suggests the effective removal of 

chromium (VI) and can be utilized for removal of chromium (VI) from water. 

 

4.3.2.8.2. Freundlich isotherm 

The Freundlich equation is used for defining the applicability of heterogeneous surface energy in 

the adsorption process. The Freundlich isotherm plot for the hybrid material is represented in Fig. 

4.72 and the respective data of the plots are presented in Table 4.43.  

 

Table - 4.43. Freundlich isotherm parameters for chromium (VI) removal by La-DEA hybrid 
material 

Freundlich adsorption isotherm 

La-DEA hybrid material 

pH Kf n R2 SD 

2 0.9441 1.9654 0.8452 0.15028 

5 1.6852 0.9627 0.9984 0.00349 

8 0.3461 0.9627 0.8388 0.17478 

 

On the basis of correlation coefficient values it is evident that the Langmuir isotherm fits better 

than Freundlich isotherm. (Manju et al., 1998; Messiana et al., 2006; Duranoğlu et al., 2012). 
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Fig. 4.72. Freundlich adsorption isotherm, log Ce versus log qe for La-DEA hybrid material 

 

4.3.2.8.3. Dubinin-Radushkevich (D-R) Isotherm 

In order to understand the adsorption type, equilibrium data were tested with Dubinin- 

Radushkevich isotherm, (Dubinin, 1966, 1975; Dubinin and Stoeckli, 1980).  

 

Fig. 4.73. D-R adsorption isotherm, ln qe versus ε2 for chromium (VI) removal by La-DEA hybrid 

material. 
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can be best explained as chemisorption. (Gregg and Sing, 1982; Sarkar et al., 2010). Similar 

results were reported by (Swain et al., 2010; Hong et al., 2014; Li et al., 2014). 

 

Table - 4.44. D-R isotherm parameters for chromium (VI) removal by lanthanum diethanolamine 

(La-DEA) hybrid material 

D-R isotherm 

La-DEA 

pH K (mol2kJ-2) qm (g/g) E (kJ/mol) R2 SD 

2 -4.42 X 10
-5

 1.41 106.3 0.9260 4.31289 

5 -7.36 X 10
-6

 1.77 260.6 0.8167 0.18048 

8 -1.88 X 10
-5

 1.55 162.9 0.8804 0.07731 

 

4.3.2.9. Effect of competitive anions on chromium (VI) removal 

The result of adsorption in presence of other anions present in the water is represented in Fig. 

4.74. With the increase in concentration of these anions the adsorption of Cr(VI) reduces 

significantly. The anions reduced the Cr (VI) adsorption in the order of carbonate > bicarbonate > 

nitrate > phosphate > chloride > fluoride > sulfate, for initial concentration of 10 mg/L. From the 

above observation it is clear that presence of these ions reduced the adsorption of chromium 

effectively upto 60 %.  

 

Fig. 4.74. Percentage removal of chromium (VI) with lanthanum diethanolamine (La-DEA) hybrid 

material versus initial anion concentration of solution. (Initial chromium (VI) concentration -10 

mg/L) 

 

4.3.2.10. Regeneration and reusability studies 

In order to understand the type of adsorption, i.e. physical or chemical, desorption studies is 

necessary to carried out. The result of the desorption studies is presented in Table 4.45. 

Desorption of the adsorbed arsenic (III) in distilled water resulted about 6.0% for initial 

concentration of 100 mg/L and less than 6.0 %, for initial concentration less than 100 mg/L. It 

indicates the chemical or ion- exchange in nature of the adsorption process.  
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Fig. 4.75. Regeneration of lanthanum diethanolamine hybrid material (La-DEA) 

 

Table – 4.45. Percentage desorption and regeneration of chromium of different concentration by 

hybrid material 

Initial chromium 
(VI) 
concentration  
(mg/L) 

Amount desorbed (mg/L) Percentage desorption or 
regeneration 

pH5 pH8 pH11 Distilled 
water 

pH5 pH8 pH11 Distilled 
water 

10 8.2 8.7 78.95 1.2 82 87 91.2 1.04 

50 39.79 42.15 48.67 2.8 79.58 84.3 90.24 3.33 

100 78.95 45.12 89.36 6.37 78.95 84.67 89.36 9.05 

 

 

Fig. 4.76. Reusability studies of La-DEA hybrid material (Initial chromium (VI) - 100 mg/L) 

 

Regeneration studies are carried out for 10 mg/L in the range of pH 7.5 to 11 and the results are 

represented in Fig. 4.75. The maximum regeneration occurs at pH 11. Desorption of the adsorbed 
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Cr (VI) in distilled water represented in Fig. 4.76 and the maximum desorption is about 9.05%. 

The results indicate the poor desorption capacity of the material because of chemisorption, which 

is in good agreement from free energy study.  

 

4.3.3. Column studies for removal of chromium (VI) by La-DEA hybrid material 

Fixed bed column study is carried out with a column as discussed in Chapter-3, Section 3.16 and 

4.1.3, at different flow rate. The breakthrough curve for synthetic sample at different bed depth 

and flow rate is represented in Fig. 4.78 and Fig. 4.79.  

 

Fig. 4.78. Breakthrough curve at different bed depth for lanthanum diethanolamine (La-DEA) C/C0 

versus time (t) in hours, initial chromium (VI) concentration- 10mg/L 

 

 

Fig. 4.79. Breakthrough curve at different flow rate for lanthanum diethanolamine (La-DEA) C/C0 

versus time (t) in hours, initial chromium (VI) concentration- 10mg/L 
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Fig. 4.80. Logit equation for different bed depth for lanthanum diethanolamine (La-DEA) hybrid 

material ln[Ceff/(Co-Ceff)] versus time ‘t’, initial chromium (VI) concentration- 10mg/L 

 

Fig. 4.81. Logit equation for different flow rate for lanthanum diethanolamine (La-DEA) hybrid 

material ln [Ceff/ (Co-Ceff)] versus time ‘t’, initial chromium (VI) concentration- 10mg/L 
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bed column. Similar results for chromium removal by column studies are reported by Malkoc et al. 

(2006), Sarin et al. (2006), Calero et al. (2009); Kumar et al. (2009); Owlad et al. (2009), Chen et 

al. (2012) and Bhaumik et al. (2013). 

 

Table – 4.46. Column adsorption parameters for chromium (VI) removal by lanthanum 

diethanolamine (La-DEA) hybrid material 

Adsorbent 
La-DEA 

Approach 
velocity 
(cm/hr) 

Bt 

(h) 
Et 

(h) 
Q 

(mg/g) 

R
e

m
o

v
a

l 

%
 

Logit Method 

N0 

(mg/L) 
Adsorption 

rate constant 
k (Lmg/h) 

R2 

Bed depth 
(cm) 

5 210 16 37 40 72.1 4.210 0.098 0.874 

10 210 18 48 45 80.5 4.602 0.085 0.932 

15 210 24 52 60 85.5 4.839 0.080 0.978 

Flow rate 
(mL/min) 

2 210 19 49 47.5 72.4 2.964 0.057 0.915 

5 210 16 36 100 77.2 2.303 0.032 0.869 

7 210 4 36 35 68.5 1.746 0.030 0.863 

 

4.3.4. Mechanism of chromium (VI) removal by La-DEA hybrid material 

A mechanism for the adsorption of Cr (VI) by the material is proposed and is represented in Fig. 

4.82. At lower pH, the surface is positively charged and therefore attract negatively charged 

dichromate ion by an electrostatic force of interaction (Deng et al. 2004; Gandhi et al. 2010). The 

material under hydration, the lanthanum surface compete the coordination shells with the 

available OH group. On the variation of pH these surface active OH groups may further bind or 

release H+ where the surface remains positive due to the reaction: 

MOH + H3O
+   MOH 2+ +H2O 

Thus when pH < 6.00 the overall dichromate adsorption mechanism can be presented in three 

different forms: 

(i) Electrostatic interaction between positively charged centre (nitrogen) and negatively charged 

dichromate molecule in solution. 

(ii) Electrostatic attraction between positively charged surface hydroxyl group and dichromate 

MOH + H3O
+ + Cr2O7 

2-               MOH 2+ ------ Cr2O7 
2- + H2O(Electrostatic attraction)  

(iii) Ion-exchange reactions between positively charged metal centre and dichromate ion: 

MOH + H3O
+ + Cr2O7

2-          M+----- Cr2O7 
2- + 2H2O (Ion-exchange) 

Further, when the pH of the medium remains relatively in acidic range, (pH < 6.00), the Cr (VI) 

adsorption onto the neutral solid surface can be described by a ligand or ion exchange reaction 

mechanism which is represented as: 

 MOH + Cr2 O7
2-  M+ ------- Cr2O7

2- + OH- 
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Fig. 4.82. Proposed mechanism of chromium (VI) adsorption by La-DEA hybrid material 

The modeling of the specific adsorption of Cr2O7
2- on any material surface depends on a number 

of external factors such as temperature, pH, initial Cr2O7
2- concentration as well as the density of 

surface functional groups available for coordination. The role of diethanolamine in the material is 

twofold. First, the attachment of diethanolamine to the structure develops nucleophilicity. Second, 

the attachment of the diethanolamine could be responsible for the development of porosity in the 

structure for imparting a large specific surface area after drying. Further, the diethanolamine may 

also combine with the lanthanum to form a layer where the neighbouring particles could be 

interconnected. The mechanism presented above is supported by the following references, Kim et 

al. (2006), Hu et al. (2007), Li et al. (2009), Linsha et al. (2013), Golbaz et al. (2014). In light of the 

above mechanism; adsorption capacity is valid at a wide pH range which could be useful for 

commercial purpose  
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4.4. Removal of Arsenic (III) by cerium oxide hydroxylamine hydrochloride (Ce-HAHCl) 
 

The removal of arsenic (III) from water solution by a cerium oxide hydroxylamine 

hydrochloride (Ce-HAHCl) hybrid material is presented in this section. The hybrid material was 

synthesized by sol-gel method. XRD, FTIR, SEM-EDX and TGA-DTA are used to characterize the 

material. The results of batch and column adsorption experiments as a function of different 

variables like adsorbent dose, pH, contact time, agitation speed, initial concentration, 

temperature, and bed height and flow rate are presented. Subsequently, the experimental results 

are used for developing a valid model based on back propagation (BP) learning algorithm with 

artificial neural networking (BP-ANN) for prediction of removal efficiency. The adequacy of the 

model (BP-ANN) is checked by value of the absolute relative percentage error and correlation 

coefficient. Comparison of experimental and predictive model is carried out to understand the 

non-linear behaviour and practical application in high scale water treatment.  

4.4.1. Characterization of cerium oxide hydroxylamine hydrochloride (Ce-HAHCl) hybrid 

material  

A number of samples of Ce-HAHCl are prepared by adding different molar solution of 

hydroxylamine hydrochloride (1.0-3.0 M) and their arsenic (III) ion exchange capacity is studied by 

batch experiments (See Table 4.47). 

Table - 4.47. Different composition of the material, ion exchange capacity, surface area and 

particle size studies. 

Material 
Composition 

Molar 
Ratio 

Particle 
size 
(nm) 

Surface 
area 
m2 g-1 

Ion exchange capacity (IEC) in meq 
g-1 (W=1g) 

Size  KCl Ca(NO3)2 NaNO3 NaCl 

Ce-HAHCl-1 1:1 250 239 1.41 1.28 0.98 1.33 
Ce-HAHCl-2 1:3 258 215 1.03 1.11 0.64 1.00 
Ce-HAHCl-3 2:1 220 267 1.22 1.15 1.04 1.11 

Ce-HAHCl-4 2:3 183 410 1.94 1.76 1.52 1.83 

Ce-HAHCl-5 3:1 207 348 1.50 1.51 1.25 1.37 

Ce-HAHCl-6 3:3 203 367 1.63 1.58 1.41 1.55 

 
Table - 4.48. Chemical stability of cerium oxide hydroxylamine hydrochloride (Ce-HAHCl) hybrid 

material 

Solvent(10 mL) Amount Dissolved(mg) Solvent(10 mL) Amount Dissolved(mg) 

1M HCl 0.12 1M H2SO4 0.34 

2M HCl 0.22 2M H2SO4 0.86 

3M HCl 0.64 3M H2SO4 Dissolved 

4M HCl 0.94 4M H2SO4 Dissolved 

1M HNO3 0.16 1M NH4OH 0.11 

2M HNO3 0.39 2M NH4OH 0.26 

3M HNO3 0.91 3M NH4OH 0.59 

4M HNO3 Dissolved 4M NH4OH 0.78 

 
Hydroxylamine hydrochloride with cerium oxide forms a stable polymeric matrix, which 

was supported by the study of chemical stability as presented in Table 4.48. From the stability 

studies, it was found that the material was quite stable in most of the mineral acids and salt 
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solutions. The material is chemically stable, as it is insoluble in 2M solutions of most of the 

mineral acids (H2SO4, HNO3 and HCl) and alkali (NH4OH). Table 4.48 represents the best 

composition (Ce-HAHCl-4) having high ion exchange capacity with particle size of 183 nm and 

surface area of 410 m2/g. 

The thermal analysis of the material is represented in Figure 4.83. The weight loss in the 

material is presented in two steps: (1) there is a rapid weight loss (3.581%) up to 200 0C attributed 

to the loss due to physically adsorbed water molecules present in the material. (2) The second 

weight loss from 200 0C to 700 0C (2.449%) due to loosely bounded water and dehydroxylation of 

lattice – OH groups. The DTA curves of the material indicate that there are several endothermic 

peaks, which support the above observation. Thermo gravimetric analysis of the material strongly 

indicates the presence of hydroxylamine hydrochloride in the moiety either in bonded form or in 

the adsorbed form on the surface of the hydrous cerium oxide gel. 

 

Fig. 4.83. TGA-DTA of the hybrid material (Ce-HAHCl) before adsorption 
 
SEM images with the corresponding EDX spectrum of material before and after As (III) adsorption 

are represented in Figure 4.84. The figures indicate that the material contains a flat surface with 

non-uniform pores of different dimension. The corresponding EDX spectra indicate the presence 

of C, O, Ce and N. After arsenic adsorption, it is found that the pores are closed and 

agglomerated. The corresponding EDX spectrum provides evidence for the presence of arsenic in 

the material. The X-ray diffractogram of the material before and after adsorption are represented 

in Fig. 4.85. The X-ray diffractogram is analyzed by using Expert High Score Plus software and 

compared with JCPDS-ICDD database. Few sharp and broad peaks are obtained indicating the 

crystalline nature of the material. The phases corresponding to each peak are represented in the 

Fig. 4.85 (JCPDS#78-0694, JCPDS#19-0284). After adsorption the phase corresponds to As (III) 

peaks (JCPDS# 75-2110, JCPDS# 01-0775, JCPDS# 76-1366, JCPDS# 22-1050 and JCPDS# 

15-0772).  
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Fig. 4.84. SEM-EDX of (a) - (b) without loaded As(III) hybrid material and (c) –(c) loaded As(III) 

hybrid material 

a 

c 

b 

d 
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Fig. 4.85. X-ray diffractogram of the Ce HAHCl hybrid material before and after As (III) adsorption 
 
The normal crystallite size of material before and after adsorption were calculated using the 

Debye Scherer equation as discussed in Section 4.2.1. The average crystallite size of the material 

is found to be 55.32 nm and 123.18 nm before and after adsorption respectively. Similar studies 

are also reported by Weckhuysen et al. (1996), Laine et al. (2005), Ingham and Toney, (2014) 

and Junaid et al. (2009). These observations conclude that there is adsorption of As (III) in the 

material. The FTIR spectrum of the material before and after adsorption is represented in Fig. 

4.86.  

 
Fig. 4.86. FTIR spectra of the Ce-HAHCl hybrid material by using KBr pellet before and after As 
(III) adsorption 
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The presence of peak at ~3395 cm-1 is due to water of crystallization (O-H). Another important 

peak appears at ~1581 cm-1 is due to the N-H bending vibration of NH2 groups and characteristic 

peak of C=O. The peak at ~1382 cm-1, ~856 cm-1 and ~671 cm-1 are due to C-N stretching, C-C 

stretching and O-H bending respectively. The peak at ~513 cm-1 is due to Ce-O stretching 

frequencies. This analysis clearly manifests the presence of hydroxylamine moiety in the material. 

In the FTIR spectra of the material after adsorption, few shifts of the above peaks are observed. 

The peak at ~3395 cm-1 is shifted to ~3366 cm-1 due to the symmetric stretching vibration of O-H-

O group, overlapping of H-N-H groups and grafting of arsenic to H-N-H group after adsorption. 

These peaks can be attributed to weak Vander-Wall interaction between nitrogen and arsenic 

(Kumar et al., 2013; Mahmoodi et al., 2011). The bands appears at ~1517 cm-1, ~1379 cm-1 and 

~837 cm-1 due to C=O, C-O and O-H stretching. The band at ~665 cm-1 and ~498 cm-1 due to Ce-

O and As-O stretching.  

 
Fig. 4.87. Surface charge density of the Ce-HAHCl hybrid material 

 

A similar trend of observation is reported in literature (Asli et al., 2013; Gandhi et al., 2010). From 

the FTIR data it is evident that the participation of both nitrogen and hydroxyl groups are the 

possible coordinating sites for bonding with As (III). The surface charge density of the material is 

4.9 (pHzpc) (Fig. 4.87). When the solution pH increases, the surface charge density decreases. 

The value of pHzpc is positive, as the solution pH is less than 4.9; however, the surface starts 

acquiring negative charge as the solution pH goes higher than 5.0 (Islam et al., 2007).  

 
4.4.2. Removal study of arsenic (III) by batch experiments 

All the experiments carried out at batch mode by taking initial arsenic concentration of 10 

mg/L, 25 mg/L and 50 mg/L according to experimental methods discussed in Chapter-3. The 

batch studies were compared with ANN output results and presented separately in the present 

study.  

4.4.2.1. Influence of adsorbent dose  

The results of the influence of adsorbent dose on the removal of As (III) and predicted 

results of ANN model is represented in Figure 4.88. 
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Fig. 4.88. Experimental data and ANN outputs as a function of adsorbent dose versus (%) 

removal of As (III) by Ce-HAHCl hybrid material (a) 10 mg/L, (b) 25 mg/L and (c) 50 mg/L 

 

The removal of As(III) increases from 67.54% to 98.85%, 64.78% to 98.21% and 64.88% 

to 94.24% for initial concentration of 10 mg/L, 25 mg/L and 50 mg/L respectively with increase in 

0 2 4 6 8 10 12

65

70

75

80

85

90

95

100

%
 R

e
m

o
v

a
l 

o
f 

a
rs

e
n

ic
(I

II
)

Dose (g)

 ANN output (10 mg/L)

 Experimental output (10 mg/L)

 

 

Experimental Conditions:

pH- 5.0

Temperature-25 
o
C

Time: 30 min

(a)

0 2 4 6 8 10 12

60

65

70

75

80

85

90

95

100

%
 R

e
m

o
v
a

l 
o

f 
a
rs

e
n

ic
(I

II
)

Dose (g)

 ANN output (25 mg/L)

 Experimental output (25 mg/L)

(b)

Experimental Conditions:

pH- 5.0

Temperature-25 
o
C

Time: 30 min

 

 

0 2 4 6 8 10 12

60

65

70

75

80

85

90

95

100

%
 R

e
m

o
v
a
l 
o

f 
a
rs

e
n

ic
(I

II
)

Dose (g)

  ANN output (50 mg/L)

Experimental output (50 mg/L)

Experimental Conditions:

pH- 5.0

Temperature-25 
o
C

Time: 30 min

(C)

 

 



 

RESULTS & DISCUSSION  2014 

 

118 | P a g e  

the adsorption dose from 1 g/L to 12 g/L. There is no further increase in the adsorption after a 

dose of 9 g/L and 10 g/L for initial concentration of 10 mg/L and 25 mg/L (or 50 mg/L) respectively. 

The different equilibrium dose is due to fact that increasing in the concentration gradient requires 

higher doses for adsorption. After the equilibrium dose, the removal capacity becomes constant 

possibly due to collapsing or overlapping of available free sites for adsorption. Hence, 9 g/L (10 

mg/L) and 10 g/L (25 mg/L and 50 mg/L) are considered as optimum dose and used for further 

studies. The experimental data obtained are trained and predicted by ANN model. It is found that 

the ANN model satisfactorily predicts the observation of the experimental data. Similar studies are 

also reported by Samal et al. (2013), Shibata et al. (2006), Saha et al. (2010) and Roy et al. 

(2014). 

 

4.4.2.2. Influence of pH and mechanism of arsenic (III) removal by Ce HAHCl hybrid 

material 

The uptake of As (III) ions as a function of solution value is studied over a pH range of 2.0-

12.0 keeping all other parameters constant for initial As (III) concentration of 10 mg/L, 25 mg/L 

and 50 mg/L. The results of the influence of pH are represented in Fig. 4.60. The maximum 

removal of 98.2%, 94.3% and 92.2% occurs at pH 5.0 with initial concentration of 10 mg/L, 25 

mg/L and 50 mg/L respectively. It clearly indicates from Fig.4.60, that maximum removal occurs at 

lower pH. The pH-based adsorption could be better explained by an electrostatic attraction 

mechanism between positive charged adsorbent and anionic As (III) species (HAsO3-, H2AsO3
-, 

HAsO4
2-) in the pH range of 2.0-7.0. At lower pH, the amine group in the adsorbent is highly 

protonated, which makes strong electrostatic force of attraction between anion and positively 

charged surface of the adsorbent resulting in higher adsorption at lower pH. As the pH of the 

solution increases more than > 7.5 (alkaline medium), the primary amine group present in the 

adsorbent undergoes deprotonation and the adsorption capacity decreases (Islam et al., 2007).  

The adsorption mechanism can be described in three steps: (1) the decrease may be due to the 

negatively charged adsorbate by adsorbing hydroxyl ions on the surface, (2) may be due to 

ionization of very weak acidic functional groups of the adsorbent. (3) A repulsive force may occur 

between the negatively charged surface of the adsorbent and the arsenite anions. Arsenic exists 

in various oxidation states and the stability of these ionic species depends upon the pH of the 

aqueous system. The adsorption process can be represented by the following equation (Hering et 

al., 2000; Jain et al., 2010; Shinde et al., 2013, Isosaari et al., 2012). 

H3AsO3 (aq) = H+ + H2AsO3- (pK1 = 9.22)       

H2AsO3- = H+ + HAsO3
2- (pK2 = 12.13)       

HAsO3
2- = H+ + AsO3

3- (pK3 =13.3)        

MOH+H3O
+ →MOH2

+ + H2O       

MNH2
+ + HAsO3

3- →MNH2
+---HAsO3

3- [Scheme-I]    

MOH+H3O
+ + HAsO3

3- →MOH2+---HAsO3
3- + H2O [Scheme-II]   

The data obtained from experimental studies are incorporated into the ANN model and predicted 

with reasonable accuracy, which supports the trend of experimental observation (Fig.4.89). 
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Similar observation were reported by many researchers, such as Muniz et al. (2008), Onnby et al. 

(2014), Maji et al. (2008). 

 

 

 

Fig. 4.89. Experimental data and ANN outputs as a function of pH versus (%) removal of As (III) 

by Ce-HAHCl hybrid material (a) 10 mg/L, (b) 25 mg/L and (c) 50 mg/L. 
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4.4.2.3. Influence of agitation speed 

The influence of agitation speed was studied for arsenic removal; the agitation speed was varied 

from 10 rpm to 330 rpm. The result obtained is represented in Fig. 4.90.  

 

 

 

Fig. 4.90. Influence of agitation speed on removal of arsenic (III) from water by Ce-HAHCl hybrid 

material for initial concentration of 10, 25 and 50 mg/L of arsenic (III). 
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It is found that the removal efficiency increases with increase in agitation speed from 

54.9% to 96.8%, 50.7% to 95.3% and 48.2% to 91.4% for 10 mg/L, 25 mg/L and 50 mg/L of As 

(III) concentration respectively. As (III) removal gradually increases with increase in agitation 

speed from 50 rpm to 180 rpm and then decreases. This trend may be attributed to (a) higher 

agitation increases the collision of particles present in the solution which increases contacts with 

available active free sites on the surface of adsorbent. (b) Higher speed decreases the boundary 

layer thickness nearby the adsorbent particles resulting in increase in the degree of mixing (Gupta 

et al., 2011; Khezami et al., 2005). The removal decreases after 180 rpm due to inadequate 

interaction between the free active sites available for adsorption at higher velocity, hence 180 rpm 

is considered as the optimum agitation speed. It can be observed that the ANN model also 

satisfactorily predicts the trend of experimental observations (Fig. 4.90). Similar studies by Saha 

et al. (2010), Shanmugaprakash et al. (2013), suggest possibility of above trend observed for 

influence of agitation speed. 

4.4.2.4. Influence of contact time 

The influence of contact time on adsorption of arsenic (III) is studied for initial arsenic (III) 

concentration of 10 mg/L, 25 mg/L and 50 mg/L at pH 5.0, keeping all other parameter constant. 

The result of influence of contact time on removal efficiency is represented in Fig. 4.91. It is clear 

from the figure that 90% removal takes place in first 80 minutes because of the available vacant 

sites and high concentration gradient of solute. At a higher concentration gradient, arsenic 

species diffuse to the surface by intraparticle diffusion and highly hydrolyzed species diffuses at a 

slower rate. The initial concentration gradient of arsenic ions provides a dynamic force to 

overwhelm mass transfer resistance of arsenic ions between the aqueous media and solid media 

(Gupta et al., 2011). This indicates the possible monolayer of arsenic ions on the surface towards 

the end of the experiments. Fig. 4.91 shows the comparison between experimental data as a 

function of contact time. The ANN model predicts satisfactorily the trend of experimental data. 

Many researchers have reported similar observation Daneshvar et al. (2006), Aber et al. (2009) 

and Aleboyeh et al. (2008). 
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Fig. 4.91. Influence of contact time on removal of arsenic (III) from water by Ce-HAHCl hybrid 
material for initial arsenic (III) concentration of 10, 25 and 50 mg/L. 
 

4.4.2.5. Adsorption kinetics 

4.4.2.5.1. 1st order kinetic 

The rate constant of adsorption was determined from first order rate expression given by 

Lagergren rate equation, which is explained in Section 4.1.2.2.1. The plot of log (qe –q) versus 

time is represented in Fig. 4.92, and the relevant data from the plot is presented in Table 4.49. 

The rate constant data satisfied the first order rate equation.  

Table - 4.49. Lagergren rate constants (kad) obtained from the graph for different initial 
concentration of arsenic (III) 
 

Studies  
Initial 
concentration 

1st order  

kad R2 SD 

Experimental  

10 mg/L 0.0479 0.921 0.555 

25 mg/L 0.0523 0.956 0.637 

50 mg/L 0.0607 0.936 0.645 

ANN 

10 mg/L 0.0263 0.901 0.516 

25 mg/L 0.0408 0.918 0.606 

50 mg/L 0.0396 0.951 0.676 
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Fig. 4.92. Linear plot of Lagergren rate equation using Ce-HAHCl, time versus Log (qe-q) with 

initial arsenic (III) concentration of (a) 10 mg/L, (b) 25 mg/L and (c) 50 mg/L (Experimental and 

ANN output). The activiation energy of the reaction are found to be 33.3 kJ/mol, 29.4 kJ/mol, 39.4 

kJ/mol respectiviely for initial As(III) concentration of 10 mg/L, 50 mg/L and 100 mg/L. The studies 

suggest chemisorption nature of the adsorption process. Similar studies were carried out by 

Sundaram et al. (2008), and Saha et al. (2010). 
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4.4.2.5.2. Helfferich rate equation 

In the present study, the kinetics of arsenic (III) adsorption using Helfferich equation 

(explained in Section 4.1.2.2.2) has been carried out to understand the behaviour of Ce-HAHCl.  

 

 

Fig 4.93. Linear plot of Helfferich equation using Ce-HAHCl, time versus ln [1-U (t)], (a) 
Experimental output, (b) ANN output 
 

The straight line plots of ln [1-U (t)] versus time ‘t’ is shown in the Fig. 4.93, which indicate 

the first order kinetics with respect to adsorbents. The data obtained from the graphs are 

presented in Table 4.50.  

Table - 4.50. Rate constant (k’) obtained from the graph for different initial concentration of 

arsenic (III) 

 

The forward (K1) and backward (K2) rate constants are calculated according to equation 

discussed in Section 4.1.2.2.2 and the data are presented in Table 4.51. The data indicate that 

Experimental 

Initial concentration k’ R2 SD 

10 mg/L 0.051 0.840 1.36 

25 mg/L 0.048 0.887 1.26 

50 mg/L 0.053 0.881 1.39 

ANN 

10 mg/L 0.043 0.834 1.15 

25 mg/L 0.058 0.846 1.55 

50 mg/L 0.058 0.922 1.48 
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the rate of adsorption is higher than desorption till equilibrium and the equilibrium is towards 

product side. Similar results have been reported by Vatutsina et al. (2007) and Maji et al. (2008). 

 
Table - 4.51. Rate constant (k1 and k2) obtained from the graph for different initial concentration of 
arsenic (III) 
 

Experimental 

Initial 
concentration 

Overall rate 
constant 

Forward rate 
constant (k1) 

Backward rate constant 
(k2) 

10 mg/L 0.051 0.0116 0.0391 

25 mg/L 0.048 0.0212 0.0271 

50 mg/L 0.053 0.0439 0.0095 

ANN 

10 mg/L 0.0430 0.0118 0.0312 

25 mg/L 0.0583 0.0310 0.0273 

50 mg/L 0.0580 0.0488 0.0092 

 
4.4.2.5.3. Second order rate equation 

Second order rate equation is studied according to equation discussed in Section 

4.1.2.2.3. The plot of t/qt versus time is represented in Fig. 4.94 and the data obtained from the 

plot is presented in Table 4.52.  

On the basis of lowest value of standard deviation and high correlation value it is 

concluded that the second order rate equation fit better to the experimental data and significant in 

describing the arsenic (III) adsorption process. ANN model also suggest the accuracy of the 

above studies. Similar results are reported by Muniz et al. (2008) and Zeng et al. (2008). 

Table - 4.52. Second order rate constant for arsenic (III) removal by Ce-HAHCl hybrid material 
 

Experimental 

Initial Concentration k2 qc R2 SD 

10 mg/L 0.440 7.07 0.999 0.083 

25mg/L 0.209 7.43 0.999 0.043 

50 mg/L 0.106 6.87 0.999 0.023 

ANN 

10 mg/L 0.558 7.58 0.966 0.108 

25 mg/L 0.227 7.65 0.945 0.052 

50 mg/L 0.109 6.88 0.956 0.024 

 

 

0 20 40 60 80 100

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

t/
q

t

Time (Minutes)

Experimental

10 mg/L

25 mg/L

50 mg/L

a 



 

RESULTS & DISCUSSION  2014 

 

126 | P a g e  

 
 

Fig. 4.94. Linear plot of second order rate equation using Ce-HAHCl, time versus t/qt with initial 

arsenic(III) concentration of 10 mg/L, 25 mg/L and 50 mg/L. (a) experimental output (b) ANN 

output 

4.4.2.5.4. Intraparticle diffusion rate constant (Weber-Morris equation) 

 

In order to understand the diffusion process, batch adsorption experiments are carried out 

with Ce-HAHCl at room temperature keeping all other parameters same as in the previous studies 

(Discussed in Section 4.1.2.2.4). Due to excessive stirring in batch adsorption process, there is a 

possibility of transport of arsenic (III) ions from the bulk into pores of the adsorbent as well as 

adsorption at outer surface of the adsorbent. To understand the diffusion of arsenic (III) ions to the 

adsorbents, the experimental data are tested with Weber-Morris equation (Weber, 1963) as 

discussed in Section 4.1.2.2.4. The data obtained from the plot (Fig. 4.95) is presented in Table 

4.5. 

Table - 4.53. Intraparticle diffusion rate constant (Weber-Morris equation) data for arsenic (III) 

removal by Ce-HAHCl hybrid material. 

 Initial concentration  kP C R2 SD 

Experimental 10 mg/L 4.73 7.46 0.956 1.59 

25 mg/L 12.86 7.67 0.930 6.41 

50 mg/L 23.71 20.16 0.910 14.50 

ANN output 10 mg/L 5.18 2.18 0.982 1.90 

25 mg/L 13.14 4.29 0.962 7.96 

50 mg/L 23.86 16.96 0.951 15.36 

 
It is understood from Fig. 4.95, that there is a deviation of line from the origin which shows that the 

intraparticle transport is not sole rate limiting step but, the transport of adsorbate through the 

pores of the adsorbent is also responsible. Consequently, adsorption process is accelerated, 

which shows that the diffusion is not consecutive due to pore size (Erhan et al. 2004; 

Badruzzaman et al. 2004). At the final phase of adsorption process, the rate of diffusion remains 

constant due to exhaustion of pores in the material. When kp value is larger, the rate of adsorption 
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is more but, when C value is larger, the adsorption is better due to better bonding between 

adsorbet and adsorbent. The concentration gradient decides the movement of particles into the 

pores of material, with the increase in the concentration of arsenic (III) the kp value increases 

suggesting the intraparticle diffusion is considered as the concentration diffusion (Erhan et al. 

2004). In the present study the high value of C suggest effective removal of arsenic (III) from 

water. The ANN output also presents similar observation suggesting the accuracy of the 

experimental studies. 

 

 
 
Fig. 4.95. Intraparticle diffusion rate constant (Weber-Morris equation) plot of qe versus square 

root t for arsenic (III) removal by Ce-HAHCl hybrid material. (Initial concentration- 10, 25, and 50 

mg/L), (a) ANN output (b) experimental output 

 
4.4.2.6. Influence of Temperature 

The results of the effect of temperature on the adsorption of arsenic (III) are represented in 

Fig. 4.96. The percentage removal of As(III)  increases from 65.41% to 96.32%, 62.37% to 

92.37% and 53.27% to 91.28% for initial concentration of 10 mg/L, 25 mg/L and 50 mg/L 

respectively when the temperature increases from 20 ºC to 80 ºC.  Hence the adsorption process 

is endothermic in nature. The experimental data are incorporated into the ANN model and a 

comparison between predicted values and experimental values carried out. From the plot (Fig. 

4.96), it is observed that predicted data sets good agreement with experimental values. 
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Fig. 4.96. Influence of temperature on removal of arsenic (III) by Ce-HAHCl hybrid material for 
initial concentration of (a) 10, (b) 25 and (c) 50 mg/L. 
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4.4.2.7. Thermodynamic parameters 

The thermodynamic parameters (change in free energy (G), enthalpy (H) and entropy 

(S)) of adsorption process are evaluated according to discussion in 4.3.2.6. (Manju et al., 1998; 

Argun et al., 2007), A plot of logs Kc versus 1/T are represented in (Fig. 4.97).  

 

 

 
 
Fig. 4.97. Van’t Hoff plot, log Kc versus 1/T for Ce-HAHCl hybrid material for initial arsenic (III) 
concentration; (a) 10, (b) 25 and (c) 50 mg/L. 
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The data obtained from the plot is presented in Table 4.54. The positive value of entropy (S) 

shows randomness of the ongoing adsorption process and hence good affinity of arsenic (III) with 

the hybrid material. Negative value of G at each temperature indicates the feasibility and 

spontaneity of ongoing adsorption process. A decrease in values of G with increase in 

temperature suggests endothermic nature of the adsorption process which is confirmed by the 

positive value of enthalpy (H). The value of G also suggest the chemisorption nature of the 

adsorption process. The same observation was reported by Neupane et al. (2013), Muniz et al. 

(2008), and Tao et al. (2014). Observation received from ANN modeiling presents similar 

behaviour (Table 4.54). 

 
Table - 4.54. Thermodynamic parameters using arsenic (III) solution of 10 mg/L, 25 mg/L and 50 
mg/L 
 

 
4.4.2.8. Effect of initial arsenic (III) concentration  

The results of the effect of initial concentration on adsorption are represented in graphical form in 

(Fig. 4.98). It is evident from the graph that the removal percentage decreases from 97.23% to 

33.85% for initial arsenic (III) concentration of 1 mg/L to 200 mg/L. The reduction in arsenic (III) 

adsorption is due to the lack of available active sites required for the high initial concentration of 

arsenic (III).  

 
 

0 50 100 150 200

30

40

50

60

70

80

90

100

%
 R

e
m

o
v
a
l 
o

f 
a
rs

e
n

ic
(I

II
)

Initial Concentration ( mg/L)

 Experimental output

 ANN output

 

 

Studies 

In
it
ia

l 

C
o

n
c
 

Δ
H

 

(k
J
/m

o
l)
 

Δ
S

 

(k
J
/ 
K

 

m
o

l)
 

ΔG (kJ/mol) 

R2 

Experimental 
2

8
3

 K
 

2
9
3

 K
 

3
0
3

 K
 

3
1
3

 K
 

3
2
3

 K
 

10 -3.834 0.777 -11.6 -19.4 -27.1 -34.9 -42.7 0.989 

25 -4.362 0.747 -11.8 -19.3 -26.8 -34.3 -41.7 0.914 

50 -4.273 0.685 -11.8 -19.3 -26.8 -34.3 -41.7 0.766 

ANNN 

10 -3.533 0.775 -11.3 -19.0 -26.8 -34.5 -42.3 0.991 

25 -4.324 0.748 -11.8 -19.3 -26.8 -34.3 -41.7 0.902 

50 -4.202 0.683 -11.0 -17.9 -24.7 -31.5 -38.4 0.754 



 

RESULTS & DISCUSSION  2014 

 

131 | P a g e  

Fig. 4.98. Influence of initial concentration of arsenic (III) on arsenic (III) removal by Ce-HAHCl 

hybrid material. 

4.4.2.9. Adsorption isotherm 

4.4.2.9.1. Langmuir isotherm 

The adsorption data are fitted to linearly transformed Langmuir isotherm (Discussed in 

Section 4.12.6). The linear plot of 1/ Ce versus 1/ qe is represented in Fig. 4.99. The data obtained 

from the plot is presented in Table 4.55. 

Table - 4.55. Langmuir isotherm parameters for arsenic (III) removal by Ce-HAHCl hybrid material  

Ce-HAHCl 

Langmuir Isotherm  

 
qo (mg/g) B (L/mg) R2 SD 

Experimental 183 0.003 0.9996 0.00018 

ANN 169 0.003 0.9994 0.00025 

(r) dimensionless equilibrium parameter 

 
10 mg/L 25 mg/L 50 mg/L 

Experimental 0.970 0.928 0.866 

ANN 0.967 0.921 0.854 

 

The value of ‘r’ indicates a favorable adsorption system. The correlation coefficient value (R2) for 

experimental data suggests the feasibility and adequacy of the adsorption process. The maximum 

adsorption capacity of 183 mg/g suggests the effective removal and can be utilized for removal of 

arsenic (III) from water at higher scale. The ANN studies also supports the above observations, 

however the ANN study suggest a maximum of 169 mg/g of adsorption capacity of the adsorbent. 

 

Fig. 4.99. Langmuir adsorption isotherm, 1/Ce versus 1/qe for Ce-HAHCl hybrid material 
 

Mondal et al. (2006), Awual et al. (2011), Polizzotto et al, (2013) and Zhang et al, (2014) have 

reported similar observations. 

4.4.2.9.2. Freundlich isotherm 

The Freundlich equation is used for determining the applicability of heterogeneous surface 

energy in the adsorption process. (Freundlich, 1906). The equation is directly used as discussed 
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in Section 4.1.2.6.2. The Freundlich isotherm plot for adsorption of arsenic (III) is represented in 

Fig. 4.100, and respective data obtained from plots are presented in Table 4.56. 

 

Table - 4.56. Freundlich isotherm parameters for arsenic (III) removal by Ce-HAHCl hybrid 
material 
 

Freundlich isotherm 

Ce-HAHCl 

Studies Kf 1/n n R2 SD 

Experimental 1.85 0.406 2.4 0.824 0.427 

ANN 1.82 0.418 2.3 0.820 0.427  

 

 
 
Fig. 4.100. Freundlich adsorption isotherm, log Ce versus log qe for Ce-HAHCl hybrid material 

 

From the correlation coefficient values it is clear that Langmuir isotherm fits better than Freundlich 

isotherm. The values of 1/n – 0.406 indicates favorable nature of the isotherm for arsenic (III) onto 

Ce-HAHCl hybrid material. The value of Kf (Freundlich constant=1.85) indicates affinity of arsenic 

(III) species (Meena et al., 2008; Duranoğlu et al., 2012; Linsha et al., 2013). The value of 

Freundlich parameters also reflects the numbers of sorptive sites (Manju et al., 2007). The values 

of ‘n’ (intensity of adsorption) between 1 and 10 (i.e., 1/n less than 1) represents a favorable 

adsorption process. The obtained ANN data validates the experimental results and accuracy of 

the experimental studies. For the present study the value of ‘n’ represents favorable adsorption 

system (Raji et al., 1998). 

 

4.4.2.9.3. Dubinin-Radushkevich (D-R) isotherm 

In order to understand the adsorption type, equilibrium data were tested with Dubinin- 

Radushkevich isotherm, (Dubinin, 1966; Dubinin, 1975; Dubinin and Stoeckli, 1980; Argun et al., 

2007; Lazaridis et al., 2004). The data obtained from D-R isotherm is represented in Table 4.54. 
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The mean free energy of adsorption (E) was calculated from the constant K (Lazaridis et al., 

2004; Islam et al., 2007) 

 
 
Fig. 4.101. D-R adsorption isotherm, ln qe versus ε2 for arsenic (III) removal by Ce-HAHCl hybrid 

material 

 
The value of E is found to be 10.68 kJ/mol and the adsorption is due to chemisorption’s or 

exchange of ions. Similar reports by other researchers (Mondal et al., 2006; Argun et al., 2007; 

Zeng et al., 2007; Meena et al., 2008; Awual et al., 2011; Neupane et al., 2013) support the above 

observations. 

 

Table - 4.57. D-R adsorption isotherm parameters for arsenic (III) removal by Ce-HAHCl hybrid 

material 

D-R isotherm 

Ce-HAHCl  

Studies K (mol2kJ-2) qm (g/g) E (kJ mol-1) R2 SD 

Experimental 4.38 x 10-6 5.70 10.68 0.416 0.985 

ANN 4.34 x 10-6 5.68 10.73 0.375 0.985 

 

4.4.2.10. Effect of competitive anions on arsenic (III) removal 

The results of the effect of various concentrations of anions, including sulphate (SO4
2-), nitrate 

(NO3
-), chloride (Cl-), carbonate (CO3

2-) and bicarbonate (HCO3
-) on As (III) adsorption is 

represented in Fig. 4.102. From the Fig. 4.102, it is observed that there is no significant influence 

of chloride on the As (III) adsorption. However, the uptake of As (III) is considerably reduced in 

presence of sulphate and other anions due to formation of inner surface complex. It is concluded 

that the adsorption rate influence in the following order: sulphate > bicarbonate > carbonate > 

nitrate > chloride. The highest removal in the presence of chlorine is 86.2%, 79.9% and 79.8% 
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respectively for arsenic (III) concentration of 10 mg/L, 25 mg/L and 50 mg/L. Many researchers 

have reported similar results (Islam et al., 2007; Jain et al., 2009). 

 

Fig. 4.102. Percentage removal of arsenic (III) Ce-HAHCl hybrid material versus initial anion 

concentration of solution. (Initial arsenic (III) concentration – (a) 10 mg/L, (b) 25 mg/L and (c) 50 

mg/L). 

 

4.4.2.11. Regernation and reusability studies of Ce-HAHCl hybrid material 

The results of regeneration and reusability of the material is represented in Fig. 4.103 (a) and Fig. 

4.103 (b). It is observed that the material can be regenerated (>90) at alkaline pH. The 

percentages desorption and regeneration data obtained are presented in Table 4.58. 

The reusability studies shows that the adsorption and desorption efficiency decreases with 

number of cycles. The material could be used upto 5 cycles (>60%) after that the material is 

required to be regenerated. 

 

Table – 4.58. Percentage desorption and regeneration of arsenic (III) by Ce-HAHCl hybrid 

material  

Initial arsenic 
(III) 
concentration  
(mg/L) 

Amount desorbed (mg/L) Percentage desorption or regeneration 

pH
3 

pH5 pH8 pH11 Distilled 
water 

pH3 pH5 pH8 pH11 Distilled 
water 

10 3.0 5.2 7.8 9.8 0.3 30.2 52.5 78.9 98.1 3.1 

25 10 12.3 15.8 23.5 0.6 40.5 49.3 63.5 94.3 2.6 
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50 7.8 23.5 35.8 40.26 1.35 15.7 47.0 94.3 80.5 2.7 

 

Fig. 4.103. (a) Regeneration and (b) reusability of Ce-HAHCl hybrid material (initial concentration- 

10 mg/L) 

4.4.3. Removal study of arsenic (III) by column experiments 

The efficiency of removal technique depends on the concentration of arsenic (III) in a 

source of water. Fixed bed column study is carried out with a column as discussed in Chapter-3 

Section 3.16 at different flow rate (Korte and Fernado, 1991; Park et al., 2006). The breakthrough 

curve for synthetic sample at different bed depth and flow rate is presented in Fig. 4.104 and Fig. 

4.105. The data obtained from the plot by carrying out mathematical analysis as discussed in 

Section 3.1.6.3 is presented in Table 4.59. Plot of ln [Ceff/C0-Ceff] versus time ‘t’ gives a straight 

line with slope KC0 and intercept –XKN0/V from which K and N0 was calculated (Fig. 4.106 and 

Fig. 4.107). The fixed bed column adsorption capacity (Q) is calculated by equation (Malkoc et al., 

2006; Mahadevaiah et al., 2008) as discussed in Section 4.1.3. The highest adsorption capacity of 

157 mg/g and 288 mg/g is obtained for bed depth of 10 cm and flow rate of 5 mL/min respectively 

for column study. Prediction study by using ANN, suggest the maximum adsorption capacity of 

153 mg/g and 305 mg/g for bed depth of 10 cm and 5 mL/min flow rate respectively. Similar 
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observation are also reported by (Vinodhini et al., 2010; Maji et al., 2012; Bhaumik et al., 2013; 

Sepehr et al., 2014) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.104. Breakthrough curve at different bed depth for Ce-HAHCl, C/C0 versus time (t) in hours, 

initial arsenic (III) concentration- 10mg/L, (a) 5 cm, (b) 10 cm and (c) 15 cm 

 

Table - 4.59. Column adsorption parameters for arsenic (III) removal by Ce-HAHCl hybrid material 

 Approach 
velocity 
(cm/hr) 

Bt 

(h) 
Et 

(h) 
Q 

(mg/g) 
Removal 

% 
Logit Method 

N0 

(mg/l) 
Adsorption 

rate constant 
k (Lmg/h) 

R2 

Experimental studies 

Bed depth 
(cm) 

5 210 26 84 57.7 69.3 5.00 0.0281 0.943 

10 210 71 110 157.7 79.0 2.57 0.0185 0.934 

15 210 19 90 42.2 88.7 3.55 0.0212 0.886 

Flow rate 
(mL/min) 

2 210 50 109 111.1 85.1 4.41 0.0354 0.940 

5 210 52 103 288.8 81.2 2.51 0.0158 0.959 

7 210 18 95 140 85.6 2.34 0.0087 0.973 

ANN studies 

Bed depth 
(cm) 

5 210 25 81 55.5 66.2 3.14 0.0367 0.959 

10 210 69 110 153.3 85.6 2.64 0.0129 0.948 

15 210 24 105 53.3 89.8 4.02 0.0257 0.973 
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Flow rate 
(mL/min) 

2 210 53 111 117.7 90.6 4.25 0.0266 0.887 

5 210 55 100 305.5 82.1 3.16 0.0235 0.940 

7 210 17 96 132.2 82.9 2.32 0.0115 0.924 
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Fig. 4.105. Breakthrough curve at different flow rate for Ce-HAHCl, C/C0 versus time (t) in hours, 

initial arsenic (III) concentration- 10mg/L, (a) 2 mL/min, (b) 5 mL/min and (c) 7 ml/min 
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Fig. 4.106. Logit equation for different bed depth for Ce-HAHCl hybrid material ln[Ceff/(Co-Ceff)] 

versus time ‘t’, initial arsenic (III) concentration- 10mg/L, (a) 5 cm, (b) 10 cm and (c) 15 cm 
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Fig. 4.107. Logit equation for different flow rate for Ce-HAHCl hybrid material ln [Ceff/(Co-Ceff)] 

versus time ‘t’, initial arsenic (III) concentration- 10mg/L, (a) 2mL/min, (b) 5 mL/min and (c) 7 

mL/min 

 
4.4.4. Back propagation artificial neural network (BP-ANN) studies  

4.4.4.1 BP-ANN studies for the prediction of arsenic (III) removal at batch mode 

Back propagation artificial neural network (BP-ANN) tool is used to predict the removal 

percentage efficiency of arsenic (III) by the hybrid material. The studies were carried out for the 

factor of concentration (10 mg/L, 25 mg/L, 50 mg/L), dose ( 6 g/L, 9 g/L, 10 g/L), time (30 minutes, 

60 minutes, 90 minutes), pH (4, 6, 8,10), temperature (20 ºC, 40 ºC, 60 ºC) and agitation speeds 

(120 rpm, 160 rpm, 180 rpm). One hundred and five combinations are divided into training and 

testing groups: 60% of data are taken for training of the neural network and 40% of data for 

testing. The program was executed by using software MATLAB 7.6 (Version-R2008a). A three-

layer network design was used (Fig. 4.108).  

 

Fig. 4.108. A three layer ANN back propagation model in batch studies 

 

The tangent sigmoid transfer function (tansig) was used at input layer and hidden layer and a 

linear transfer function (purelin) was used in the output layer. Gradient descent with momentum 

back propagation (traingdm) function was used to updates weight and bias values according to 

momentum (Roy et al., 2014). The number of nodes in the hidden layer is defined by the relation 

presented below 

 

Where I is the number of nodes in the input layer, the back propagation algorithm model is 

represented in Fig 4.109, which represents a neural network training tool (nntraintool) used for 

training of the network.  
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Fig. 4.109.Tool box for ANN modeling in MATLAB in batch studies 

 

The neural network is trained and tested with different numbers of neurons at the hidden layer by 

observing the mean squared error (MSE) (Fig. 4.110).  

 

 

Fig. 4.110. Selection of number of neurons in hidden layer according to mean squared error 

(MSE) 
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Fig. 4.111. Distribution of experimental runs at training and testing for arsenic (III) removal 

prediction by using ANN back propagation model for batch studies. 

 

Fig.4.112. Correlation of predicted and actual As (III) removal (training and testing data) at batch 
studies 
 
The performance of the network depends on weight (traingdm), net input and transfer (tansig) 

functions. Training stops when any of these following conditions are occurring, 

(i) The maximum number of epochs is reached  

(ii) The maximum amount of training time is exceeded  

(iii) Performance is minimized to the target 

(iv) Validation time exceeds more than maximum fails 

 
Learning and momentum parameters are varied time to time in the experiment to achieve the best 

mean squared error. In the present study learning parameter and the momentum parameter were 

set to 0.35 and 0.30 respectively, during the training phase. Several iterations (400000 epochs) 

were done to achieve the minimum root mean square error; a root mean square error of 0.96 was 

observed at epoch 19709 epochs. The distribution of the experimental runs at input and prediction 

for training and testing is represented in Fig 4.111. A correlation coefficient (R2) of 0.980 (Fig. 
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4.112) obtained at training, and training at this point is stopped and the network is used for the 

testing phase. The best fit is achieved with the high correlation coefficient (R2) of 0.975 in the 

testing phase. It presents a good agreement of actual experimental data with predicted values.  

 

 
Fig. 4.113. (a) Experimental runs versus residuals (b) experimental runs versus absolute error % 

at batch studies 

 

The best performance of prediction depends on the training of the neural network. The correlation 

plot obtained for training and testing data are represented in Fig. 4.112. Where Y=X indicating the 

best-fit data. The residuals and mean absolute relative percentage errors distribution of training 

and testing data is represented in Fig. 4.113 (a) and (b). The absolute relative percentage errors 

were found to be 0.129 and 0.292 at training and testing respectively signifies the adequacy of the 

model. The values of actual experimental data and predicted data for training and testing are 

presented in Table 4.60. It is observed that the ANN prediction having architecture of 6-7-1 is in 

good agreement with the predicted values. The current study is an effort to get the benefit of 

mathematical approach in real time experiments. The development of ANN techniques has 

overcome the challenges and issues in real time experiments. Similar studies are also reported by 
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many researchers (Yetilmezsoy et al., 2009; Bhatti et al., 2009; Natale et al., 2007; Mitra et al., 

2014; Chakraborty et al., 2015; Maghsoudi et al., 2015) 

Table - 4.60. Comparison of experimental removal percentage and predicted removal percentage 
at training and testing (Batch studies) 

Training data 
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Removal 
Testing 
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Removal 
testing 

data (%) D
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c
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E
rr

o
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1 10 6 20 60 10.0 180 60.3 58.3 -2.0 -3.4 
2 25 6 80 30 10.0 180 64.2 63.8 -0.5 -0.7 
3 10 9 20 30 10.0 180 54.4 54.1 -0.2 -0.4 
4 10 9 80 60 8.0 180 76.8 75.5 -1.3 -1.6 
5 10 6 40 90 10.0 120 57.0 58.8 1.8 3.2 
6 50 6 40 90 8.0 180 84.0 84.7 0.7 0.9 
7 25 6 20 90 10.0 160 55.0 55.4 0.4 0.8 
8 10 10 40 30 10.0 160 56.0 53.4 -2.6 -4.6 
9 50 9 20 60 4.0 180 96.9 97.4 0.5 0.5 
10 25 6 20 90 10.0 120 50.0 51.1 1.1 2.3 
11 10 6 20 90 10.0 120 57.0 57.5 0.5 0.9 
12 50 10 20 60 6.0 180 89.6 92.5 3.0 3.3 
13 25 10 20 90 4.0 180 87.6 88.9 1.2 1.4 
14 10 9 80 90 8.0 180 86.7 85.0 -1.7 -1.9 
15 25 6 60 60 8.0 180 64.2 65.9 1.7 2.6 
16 10 6 40 90 10.0 160 59.6 60.4 0.8 1.3 
17 10 6 60 90 8.0 180 70.6 70.7 0.1 0.1 
18 10 9 60 30 8.0 180 71.0 73.0 2.0 2.8 
19 25 9 20 30 8.0 180 73.0 70.0 -3.0 -4.1 
20 50 9 20 60 6.0 180 83.1 82.0 -1.1 -1.3 
21 25 6 40 60 10.0 120 53.1 51.6 -1.5 -2.8 
22 10 9 20 60 10.0 180 53.1 50.5 -2.6 -4.9 
23 10 6 40 60 10.0 160 64.8 62.3 -2.5 -3.8 
24 10 10 40 60 10.0 120 54.6 57.1 2.5 4.5 
25 10 6 60 60 10.0 160 58.5 58.8 0.3 0.5 
26 10 10 60 30 10.0 120 51.6 52.9 1.3 2.5 
27 50 6 60 60 8.0 180 62.5 63.1 0.6 1.0 
28 50 9 20 90 4.0 180 93.7 94.0 0.3 0.3 
29 25 9 20 90 8.0 180 77.6 75.9 -1.8 -2.3 
30 10 6 20 60 10.0 160 63.6 64.8 1.2 1.9 
31 10 6 20 90 10.0 160 73.6 73.5 0.0 0.0 
32 10 10 60 60 10.0 180 77.6 72.8 -4.8 -6.2 
33 10 9 20 90 4.0 180 86.7 87.3 0.6 0.7 
34 25 6 60 30 8.0 180 76.9 78.2 1.4 1.8 
35 25 6 20 30 10.0 180 53.0 51.4 -1.5 -2.9 
36 10 10 60 90 6.0 180 86.3 87.4 1.1 1.3 
37 50 9 80 60 4.0 180 91.3 87.8 -3.6 -3.9 
38 25 10 20 30 4.0 180 83.8 88.2 4.4 5.3 
39 10 10 40 60 10.0 160 65.4 66.1 0.8 1.2 
40 10 6 40 30 8.0 180 63.1 61.5 -1.7 -2.6 
41 50 9 20 90 6.0 180 88.1 89.1 1.0 1.1 
42 10 10 40 90 10.0 160 63.6 65.7 2.1 3.4 
43 50 10 20 90 6.0 180 93.6 96.4 2.9 3.1 
44 25 9 20 60 6.0 180 53.0 53.6 0.7 1.2 
45 25 6 40 60 8.0 120 61.3 62.9 1.6 2.7 
46 25 6 60 60 4.0 180 68.5 69.4 0.8 1.2 
47 50 6 40 60 6.0 180 76.9 78.3 1.4 1.9 
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1 10 10 60 90 4.0 180 96.0 96.2 0.20 0.21 
2 10 6 40 60 4.0 180 80.3 82.3 2.00 2.48 
3 10 9 60 30 4.0 180 98.9 98.4 -0.49 -0.49 
4 10 6 20 30 8.0 180 78.9 82.0 3.13 3.97 
5 10 6 40 60 8.0 180 74.4 72.1 -2.22 -2.99 
6 10 10 60 90 8.0 180 65.7 64.9 -0.87 -1.32 
7 25 6 20 30 8.0 180 76.3 74.1 -2.23 -2.92 

8 25 9 40 60 8.0 180 70.3 70.3 0.05 0.07 
9 25 10 60 90 4.0 180 96.4 96.8 0.40 0.41 

10 50 6 20 30 4.0 180 97.6 96.8 -0.81 -0.83 
11 50 6 40 60 10.0 180 66.7 66.3 -0.37 -0.55 
12 50 6 60 90 6.0 180 64.2 64.2 -0.05 -0.08 
13 50 6 20 30 6.0 180 79.6 80.2 0.56 0.70 

14 25 9 40 30 8.0 120 70.7 70.2 -0.51 -0.72 
15 25 6 60 60 10.0 120 71.2 79.0 7.76 10.90 
16 10 9 20 90 8.0 120 81.9 81.9 -0.03 -0.04 
17 10 6 40 60 4.0 120 93.1 92.2 -0.90 -0.97 
18 10 6 60 30 4.0 120 93.1 93.1 0.01 0.01 
19 10 6 20 60 8.0 120 65.8 66.2 0.41 0.63 
20 25 6 40 30 8.0 160 84.6 84.1 -0.57 -0.68 

21 25 6 60 60 6.0 160 88.5 88.9 0.38 0.42 

22 25 9 20 90 10.0 160 61.6 65.3 3.74 6.07 
23 50 9 40 60 6.0 160 92.5 92.9 0.32 0.35 
24 50 9 60 30 8.0 160 93.7 93.9 0.23 0.24 
25 50 9 20 60 4.0 160 93.6 94.2 0.52 0.55 
26 50 10 20 90 10.0 160 63.6 59.2 -4.41 -6.94 
27 50 6 20 60 10.0 160 73.6 74.3 0.73 0.99 

28 25 6 40 30 10.0 160 77.6 77.1 -0.53 -0.68 
29 25 6 40 90 10.0 160 78.7 78.8 0.11 0.14 
30 25 6 40 60 10.0 160 76.9 76.8 -0.10 -0.12 
31 10 6 20 90 8.0 180 79.0 79.5 0.52 0.65 
32 10 9 20 60 8.0 180 82.3 83.0 0.68 0.83 

33 10 6 60 30 10.0 180 73.8 73.9 0.16 0.22 
34 10 9 60 30 4.0 120 93.7 93.0 -0.70 -0.75 
35 10 9 60 60 4.0 120 93.6 94.2 0.59 0.63 
36 1 6 60 90 4.0 120 93.6 94.5 0.92 0.99 
37 1 10 60 90 4.0 120 93.6 93.3 -0.30 -0.32 
38 10 6 40 30 6.0 120 89.0 89.2 0.24 0.27 
39 10 6 40 60 6.0 160 86.3 87.1 0.83 0.96 
40 10 6 40 90 6.0 160 86.9 86.3 -0.55 -0.63 
41 25 6 40 90 4.0 160 95.9 95.8 -0.08 -0.09 
42 10 6 40 30 10.0 160 77.6 78.2 0.57 0.73 

48 10 10 80 60 10.0 120 65.9 66.8 0.9 1.4 
49 25 9 40 30 8.0 180 68.2 69.7 1.5 2.2 
50 10 10 60 60 10.0 120 97.6 93.9 -3.7 -3.8 
51 25 10 20 60 4.0 180 97.8 95.1 -2.7 -2.7 
52 50 9 40 60 6.0 180 97.9 95.9 -2.0 -2.1 
53 50 6 40 90 6.0 180 84.2 82.9 -1.3 -1.6 
54 25 9 60 90 4.0 180 92.9 90.8 -2.1 -2.3 
55 50 10 40 30 6.0 180 84.6 82.3 -2.3 -2.7 
56 10 10 20 90 10.0 160 88.5 87.2 -1.3 -1.5 
57 50 9 40 90 4.0 180 87.6 86.5 -1.1 -1.3 
58 25 6 20 60 10.0 120 86.5 85.5 -1.0 -1.2 
59 10 10 20 60 4.0 180 86.7 88.1 1.4 1.6 
60 25 6 40 90 10.0 120 68.5 69.0 0.5 0.7 
61 10 10 40 30 6.0 180 62.9 61.5 -1.4 -2.2 
62 10 6 20 30 10.0 120 62.3 66.3 4.0 6.4 
63 10 9 20 90 10.0 180 62.4 68.1 5.7 9.2 

Testing Data 
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4.4.4.2. BP-ANN studies for the prediction of arsenic (III) removal at column mode 

Back propagation artificial neural network (BP-ANN) tool is used to predict the removal 

percentage efficiency of arsenic (III) by the hybrid material in column mode. The studies were 

carried out for the factor of bed depth (5 cm, 10 cm and 15 cm), flow rate (2 mL/min, 5mL/min and 

7 mL/min) and time (1 h to 120 h) keeping temperature at 25 oC and pH-7. Seven hundred and 

twenty one combinations are divided into training and testing phase: 60% of data are taken for 

training of the neural network and 40 % data were taken for testing phase. The program was 

executed by using MATLAB 7.6 (Version R2008a). A three layer network design was used and 

represented in Fig. 4.114. The program was trained as discussed in section 4.4.4.1 of chapter 4. 

The backpropagation algortnim user interface tool used for column studies is represented in Fig. 

4.115.  

 
 

Fig. 4.114. A three layer ANN back propagation model in column studies 

 
 
Fig. 4.115. Tool box for ANN modeling in MATLAB for column studies 
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Fig. 4.116. Distribution of experimental runs at training and testing for arsenic (III) removal 
prediction by using ANN back propagation model for column studies. 
 
 

 
 

Fig. 4.117. Correlation of predicted and actual arsenic (III) removal (training and testing data) at 
column studies 
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Fig. 4.118. Distribution of experimental runs versus residuals at training and testing for column 
studies. 

 
 
Fig. 4.119. Experimental runs versus absolute error % at training and testing for column studies. 
 
In the present column study, learning and the momentum parameter were set to 0.45 and 0.35 

respectively, during the training phase. A number of iterations were carried out to achieve best fit 

and minimum root mean square error. The distribution of the experimental runs at input and 

prediction for training and testing is represented in Fig. 4.116. The correlation plot of training and 

testing is also represented in Fig. 4.117. The best fit is achieved with the high correlation 

coefficient (R2) of 0.976 and 0.973 at training and testing phase respectively. The correlation 

obtained presents a good agreement of actual experimental data with predicted values. The best 

performance of prediction depends on the training of the neural network. The residuals and mean 

absolute relative percentage errors distribution of training and testing data is represented in Fig. 

4.119. The absolute relative percentage errors were found to be 0.00087 and 0.0263 at training 

and testing respectively, signifies the accuracy of the predictive model having ANN architecture 4-

7-1. The values of actual experimental data and obtained prediction data from ANN model for 
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column studies are presented in Table 4.61. Similar studies are also reported by Malkoc et al. 

(2006), Saha et al. (2010), Mitra et al. (2014), and Zhang et al. (2014). 

 
Table – 4.61.  Comparison of experimental removal percentage and predicted removal at training 
(Column studies) 
 

  Training Data 

Exp. 
Runs 

Time 
(h) 

Bed 
depth 
(Cm) 

Flow rate 
(mL/min) 

Initial 
Conc. 
(mg/L) 

Exp. 
Removal 
(Training 
data) % 

Predicted 
Removal 
training 
data (%) 

Difference Error
% 

1 50 10 5 50 86.2 86.5 -0.3 -0.39 

2 96 10 2 10 69.4 67.4 2.0 3.04 

3 15 15 2 25 97.2 96.9 0.3 0.31 

4 2 10 2 10 92.1 95.5 -3.4 -3.57 

5 108 10 5 50 65.1 67.0 -1.9 -2.87 

6 41 5 2 25 86.6 87.0 -0.4 -0.51 

7 58 10 5 25 85.4 85.5 -0.1 -0.16 

8 4 10 2 10 97.7 95.4 2.3 2.42 

9 67 10 2 10 88.5 86.4 2.1 2.43 

10 23 10 5 50 88.9 89.2 -0.3 -0.39 

11 112 10 7 25 81.0 80.8 0.2 0.26 

12 81 15 2 10 84.0 83.2 0.9 1.05 

13 23 10 7 25 90.0 89.9 0.1 0.12 

14 66 10 5 10 83.9 84.0 -0.2 -0.20 

15 15 10 2 25 97.3 94.5 2.8 2.93 

16 109 5 2 50 42.9 42.4 0.6 1.37 

17 11 10 2 10 90.2 94.9 -4.7 -4.93 

18 29 10 7 50 89.3 89.2 0.1 0.06 

19 35 10 2 10 97.4 92.0 5.4 5.82 

20 96 10 7 25 81.2 81.6 -0.4 -0.50 

21 65 10 2 10 84.4 87.0 -2.6 -2.99 

22 58 10 2 50 84.9 88.6 -3.7 -4.21 

23 95 10 2 10 70.2 68.2 2.1 3.04 

24 66 5 2 10 70.3 70.2 0.2 0.25 

25 35 10 7 50 88.5 88.4 0.1 0.11 

26 14 10 5 10 89.8 89.8 0.0 -0.05 

27 26 5 2 10 89.4 89.0 0.4 0.43 

28 78 10 7 50 83.4 83.4 -0.1 -0.06 

29 53 10 7 10 86.4 86.3 0.1 0.12 

30 48 5 2 25 84.5 84.6 -0.1 -0.11 

31 73 5 2 10 63.3 62.6 0.7 1.17 

32 74 10 2 50 86.9 83.6 3.4 4.02 

33 71 5 2 10 65.4 64.8 0.6 0.99 

34 55 10 2 10 85.1 89.1 -4.0 -4.53 

35 20 5 2 50 89.5 89.4 0.1 0.08 

36 95 15 2 10 82.7 83.1 -0.4 -0.47 

37 83 10 2 10 81.0 77.9 3.2 4.06 

38 13 15 2 25 97.4 97.3 0.1 0.14 

39 62 10 5 50 84.8 84.9 -0.1 -0.14 

40 89 15 2 50 83.2 82.8 0.4 0.47 

41 52 10 2 50 85.3 89.6 -4.3 -4.78 

42 4 10 7 10 91.0 91.3 -0.2 -0.27 

43 50 10 7 25 86.7 86.6 0.2 0.18 

44 67 10 7 10 84.7 84.9 -0.2 -0.22 

45 33 15 2 50 94.3 93.8 0.5 0.52 
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Testing Data 

1 45 10 5 10 86.7 87.2 -0.5 -0.55 
2 117 10 2 50 56.0 57.0 -1.0 -1.72 
3 62 15 2 10 86.9 87.6 -0.8 -0.86 
4 56 10 5 25 85.6 85.9 -0.3 -0.35 
5 114 10 2 10 58.2 57.6 0.6 1.03 
6 87 10 5 50 76.6 76.0 0.6 0.75 
7 72 10 2 10 82.5 84.6 -2.1 -2.51 
8 10 10 5 10 90.2 90.2 0.0 0.06 
9 55 10 2 50 92.9 89.2 3.7 4.10 
10 115 15 2 50 82.1 81.9 0.2 0.22 
11 81 10 2 10 77.0 79.4 -2.4 -2.97 
12 51 10 5 50 86.1 86.5 -0.4 -0.47 
13 3 15 2 25 97.8 98.8 -1.0 -1.05 
14 86 15 2 50 83.4 82.9 0.5 0.64 
15 90 10 5 10 75.2 74.6 0.5 0.69 
16 33 10 7 50 88.8 88.8 0.0 -0.01 
17 76 5 2 25 60.0 59.4 0.6 1.00 
18 29 5 2 25 89.2 88.8 0.4 0.46 
19 50 10 2 50 85.5 90.0 -4.5 -5.01 
20 3 10 5 10 91.6 90.5 1.1 1.25 
21 8 10 7 10 90.8 91.2 -0.3 -0.35 
22 105 15 2 25 82.3 83.4 -1.2 -1.39 
23 57 10 2 50 91.7 88.9 2.8 3.15 
24 31 15 2 50 94.7 94.3 0.5 0.48 
25 16 10 7 50 90.6 90.6 0.0 0.01 
26 95 5 2 25 43.4 44.5 -1.2 -2.65 
27 63 10 7 25 85.2 85.4 -0.2 -0.28 
28 101 15 2 50 82.4 83.5 -1.0 -1.25 
29 64 10 2 25 84.5 87.4 -2.9 -3.32 
30 56 5 2 50 79.3 79.7 -0.4 -0.47 
31 110 10 7 10 81.0 81.0 0.0 -0.01 
32 120 5 2 10 42.6 44.8 -2.2 -4.92 
33 47 5 2 10 84.8 85.1 -0.3 -0.34 
34 21 15 2 10 96.5 96.0 0.5 0.51 
35 22 10 5 10 89.0 89.4 -0.4 -0.46 
36 17 15 2 25 97.0 96.7 0.3 0.30 
37 107 10 2 25 59.6 60.2 -0.6 -1.00 
38 2 5 2 25 90.2 90.0 0.1 0.14 
39 111 15 2 25 82.1 82.8 -0.7 -0.79 
40 75 10 2 25 86.7 83.1 3.6 4.30 
41 104 10 5 50 67.5 68.6 -1.1 -1.66 
42 27 5 2 50 89.3 89.0 0.3 0.37 
43 37 10 5 50 87.5 88.1 -0.6 -0.63 
44 61 5 2 50 75.1 75.3 -0.2 -0.28 
45 38 10 7 25 88.2 88.1 0.0 0.06 
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4.5. Removal of chromium (VI) by cerium oxide polyaniline (CeO2/PANI) composite 
 
Cerium oxide polyaniline (CeO2/PANI) composite has been prepared to investigate the removal 

efficiency of chromium (VI) from water. The experimental design, parametric appraisal and 

prediction of the adsorption process are performed using response surface methodology (RSM-

CCD) and artificial neural network (ANN) method, respectively. Adsorption studies with respect to 

various process variables such as dose, time, pH, temperature and initial concentration is carried. 

The characterization of CeO2/PANI composite has been done by various physicochemical 

techniques followed by mechanistic explanation of Chromium (VI) adsorption. A second order 

predictive quadratic equation relating to removal percentage and important process variables was 

developed and adequacy (ANOVA) of the model was checked. Nelder-Mead simplex algorithm 

was used for numerical optimization.  

4.5.1. Characterization of cerium oxide polyaniline composite (CeO2/PANI) hybrid material  

A number of samples of cerium oxide polyaniline composite are prepared by adding different 

molar solution of polyaniline (1.0-3.0 M) and their chromium (VI) removal capacity is studied by 

batch experiments (See Table 4.62). 

Table - 4.62. Listed number of samples of cerium oxide polyaniline composite are prepared and 

various other property 

Material 
Composition 

Molar 
ratio 
(Cerium 
oxide: 
aniline) 

Particle 
size 
(nm) 

Surface 
area 
m2/g 

Ion exchange capacity (IEC) in 
meq/g 
W=1g 

Cr(VI) 
removal 
capacity(%) 

Size  KCl Ca(NO3)2 NaNO3 NaCl 

Sample-1 1:1 250 55 1.41 1.28 0.98 1.33 85.1 

Sample-2 1:3 258 64 1.03 1.11 0.64 1.00 89.6 

Sample-3 2:3 183 110 1.94 1.76 1.52 1.83 90.32 

Sample-4 2:1 220 62 1.22 1.15 1.04 1.11 88.1 

Sample-5 3:1 273 71 0.83 0.97 1.06 1.12 87.1 

 
Table- 4.63. Chemical stability of the material 

Solvent (10 mL) Amount  
Dissolved (mg) 

Solvent (10 mL) Amount Dissolved 
(mg) 

1M HCl Not dissolved 1M H2SO4 Partly Dissolved 
2M HCl Not dissolved 2M H2SO4 Dissolved 

3M HCl Partly dissolved 1M NH4OH Not dissolved 
1M HNO3 Undissolved 2M NH4OH Not dissolved 

2M HNO3 Dissolved 3M NH4OH Not dissolved 
3M HNO3 Dissolved 4M NH4OH Not dissolved 

 

The chemical stability of the material is presented in Table 4.63. The electrophoretic studies are 

important in view to understand the behaviour of adsorbent material in electrolytic medium. The 

point zero charge (Fig-4.120) is found to be ~5.2 (pHzpc). At this value of pH the surface holds 

positive charge, however the surface starts acquiring negative charges, when solution pH is 

higher than 6. The material prepared with molar ratio of 2:3 (cerium oxide: polyaniline) is found to 

have the highest ion exchange capacity, surface area and lower particle size as represented in 

Table - 4.62. Thus, the (CeO2/PANI-3) is selected for all the batch adsorption studies. 
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Fig. 4.120. Zero point surface charge density of CeO2/PANI at 0.1 M NaCl 
 

 
Fig. 4.121. TGA-DTA studies of CeO2/PANI composite before adsorption and CeO2/PANI 

composite after adsorption of Cr (VI) 

 

The TGA-DTA of the composite material is investigated before and after adsorption and the 

results are represented in Fig. 4.121. There is a 33.3% weight loss upto 350 °C, which is due to 

the elimination of adsorbed water, surface-attached H2O and organic components. The second 

weight loss of 34.0% is observed, may be due to dehydration of secondary water molecules 

present in the material. This weight loss is correlated with one strong exothermic peak in the DTA 

at 400 °C, as can be seen in the inset of Fig. 4.121. The red colored line indicates the TGA for 

chromium adsorbed material. This TGA curve shows weight loss of 24.2% upto 350 ºC attributing 

to the loss of water from both the oxide and polymer surface. Besides a well-differentiated 

behavior marked by a strong weight loss of 67.2% up to 500 ºC, may be due to the degradation of 
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the skeletal polyaniline chain structure. This weight loss is correlated with two strong exothermic 

peaks in the DTA of the composite samples, at 280 and 380 °C. This observation concludes 

adsorption of chromium. Similar studies are reported by Kumar et al. (2012) and Islam et al. 

(2007). 

 

 
 

Fig. 4.122. X-Ray diffraction studies: (a) CeO2/PANI composite and (b) CeO2/PANI composite 

after adsorption of Cr (VI) 

 

The XRD of CeO2/PANI composite is represented in Fig. 4.122(a), which indicates the partial 

crystalline nature of the material. The crystallinity decreases with higher 2-theta values, which 

indicate that CeO2 particles are successfully embedded in polyaniline matrix. The prominent 

peaks of material are at 28.54º, 33.02º, 47.42º, 56.33º and 69.29º, which correspond to standard 

files of JCPDS database, (JCPDS# 75-0567, 78-0694, 64-057). The XRD of chromium-adsorbed 

material is presented in Fig. 4.122(b). Similar observation of partial crystallinity is seen with 

prominent peaks at 22.85º, 28.47º, 36.98º and 46.69º, that suggest possible adsorption of 

chromium ions. The average crystallite size of the material is found to be 97.2 nm and 187.2 nm 

before and after adsorption, respectively. The increase in the average crystallite size after 

adsorption is possibly due to increase in space charge polarization and crystal defects. The SEM 

of CeO2/PANI before and after adsorption is presented in Fig. 4.123(a) and Fig.4.123 (b). It is 

observed from the figure that before adsorption, the composite material has a spherical and 

granular structure with average particle size in the range of <100 nm, that is approximately similar 

to values reported by Kumar et al. (2012).  
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Fig. 4.123. Scanning electron micrographs (SEM) (a) Fresh CeO2/PANI composite (b) chromium 

(VI) adsorbed CeO2/PANI composite (c) EDX CeO2/PANI composite, (d) EDX of chromium (VI) 

adsorbed CeO2/PANI composite (Data obtained from EDX before and after adsorption: CeO2 

(37.88%), C (54.73%), N (7.10%), Cl (0.29%) and CeO2 (34.21), C (53.47), Cr (11.22%), N 

(0.98%), Cl (0.12%)) 

 

It is also observed that CeO2 particles are well distributed on the surface and to the interior zone. 

It can also be observed that PANI has average particle size < 1µm and typically seems to be 

(a) (b) 
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structure of agglomerated mesh. This may be due to rapid polymerization and transformation of 

composite. After adsorption, the low modification occurred in the structures, with formation of 

aggregates suggesting interaction of chromium species through possible adsorption. The 

corresponding EDX data is presented in Fig. 4.123(c) and Fig. 4.123(d) for before and after 

adsorption, respectively. It supports the adsorption of chromium ions onto the surface of 

CeO2/PANI composite, but the actual concentration was determined by using AAS studies. 

Similar results are reported by Kumar et al. (2013). 

By the analysis of FTIR spectra before and after adsorption (Fig. 4.124 (a) and 4.124 (b)); 

the adsorption mechanism of chromium (VI) onto CeO2/PANI composite could be explained. The 

broad band at ~3356.10 cm-1 indicates the presence of overlapped O-H group of CeO2 with N-H 

stretching group of PANI. The presence of band at ~2934 and 1562 cm-1 is due to sp2 C-H and 

C=N functional groups respectively. Probably the bands at ~1383 and 1302 cm-1 is due to 

carbonate anion which may be due to absorption of atmospheric CO2 gas. The band at ~1126 cm-

1 is due to C-N functional group.  

 

 
 
Fig. 4.124. FTIR spectra using KBr pellet: (a) Fresh CeO2/PANI composite and (b) Chromium (VI) 

adsorbed CeO2/PANI composite 

 
The presence of band at finger print region (818 and 510 cm-1) is due to metal oxygen 

bonds. After adsorption the shifts of bands are observed suggesting interaction of chromium 

species with the material. In specific, the presence of band at ~3250 cm-1 and ~1298 cm-1 could 

be linked to the interaction of chromium (VI) species with the N-H group after adsorption (Kumar 

et al., 2013; Weckhuysen et al., 1996; Laine et al., 2005) and the presence of band with formation 
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of new peak at ~1578 and ~1493.99 cm-1 after adsorption is due to quarterisation (Kumar et al., 

2013). The studies suggest that possibly M-NH+ groups play an important role in adsorption 

process.  

 
According to FTIR studies, there is opportunity of electrostatic attraction and complexation 

between negatively charged chromium (VI) species and positive surface of the adsorbent (NH+), 

which enhanced the adsorption of Cr (VI). A similar study by Yang et al. (2005), suggests the 

possibility of the above mechanism. 

 

4.5.2. Removal study of chromium (VI) by batch experiments 

In this study, the face centered central composite design (FCCD).is used to develop a correlation 

between five independent variables and one output. Accordingly eighty-six runs are determined. 

 

4.5.2.1. Influence of adsorbent dose 

 

The influence of variation of adsorbent dose on percentage removal of chromium (VI) from 

aqueous solution with CeO2/PANI is graphically shown in Fig.4.125. It is evident from the figure 

that the removal of chromium increased from 58 % to 97.1%, 45.7% to 95.92% and 43.7% to 

93.1% for 0.1 to 1.0g of CeO2/PANI composite in 100 mL of synthetic chromium solution of 10 

mg/L, 50 mg/L and 100 mg/L respectively. The ANN and RSM prediction studies also represents 

similar trend, suggesting the accuracy of the experimental studies. The increase in percentage 

removal with increase in adsorbent dose because same reason as in the previous studies. 

Several researchers have reported similar results (Lazaridis et al., 2005; Yang et al., 2005; 

Shanmugaprakash et al., 2013; Islam et al., 2007). However it is observed that after 0.8g of 

CeO2/PANI composite, there was no change in percentage removal of chromium (VI). This may 

be due to the overlapping of active sites at higher dosage. So, there wasn’t any appreciable 

increase in the effective surface area resulting due to accumulation of exchanger or adsorbate 

particles. So, 0.8g of CeO2/PANI composite in 100 mL of chromium solution was considered as 

optimum dose and were used for further study. 

 

Table - 4.64. Change in pH during adsorption of chromium (VI) by CeO2/PANI composite at dose 

studies 

Adsorbent Initial pH Final pH 

10 mg/L 7.0 6.8 

50 mg/L 7.1 6.8 

100 mg/L 6.9 6.7 

 

There is a difference in the initial and final pH of the solution after adsorption (Table 4.64) 

because the adsorption of chromium occurs by the NH groups present in the composite.  
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Fig. 4.125. Adsorbent dose versus percentage removal of chromium by CeO2/PANI composite (a) 

10 mg/L, (b) 50 mg/L and (c) 100 mg/L 

 
4.5.2.2. Influence of pH 

 

The results of the effect of pH on adsorption are presented in Fig. 4.126.  The pH study 

was carried out at lower pH considering the stability of material at acidic pH. The percentage 

removal of chromium by CeO2/PANI composite increases from 2 to 6 and then decrease. The 

highest percentage removal of 97.1%, 96.0% and 91.2% for 10 mg/L, 50 mg/L and 100 mg/L 

obtained at pH 6 respectively. The reason of this trend may be ascertained to the fact that at 

(a) 

(b) 

(c) 
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lower pH the amine group’s presents in the adsorbent are highly protonated, which makes strong 

electrostatic force of attraction between chromate anion and positively charged CeO2/PANI 

composite surface resulting in higher adsorption. At higher pH the removal percentage decreases 

(10% to 30%), because OH- concentration in the solution increases which competes with 

chromate ion. A detailed mechanism is drawn based on the above observations and presented in 

Fig. 4.127.  

 

 

Fig. 4.126. Percentage removal of chromium by CeO2/PANI composite. (a) 10 mg/L, (b) 50 mg/L 
and (c) 100 mg/L 
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Fig. 4.127. Mechanism of chromium (VI) removal by CeO2/PANI composite material 

 

The ANN and RSM studies also reported similar trend of behaviour indicating the 

adequacy of prediction model and experimental studies. The above data suggest that the 

optimum pH for removal of chromium as 6. Similar studies by Qin et al. (2003), Preetha et al. 

(2007), Linsha et al. (2013), supports the above observation.  

 

4.5.2.3. Influence of contact time 

The influence of contact time on adsorption is represented in Fig. 4.128. It is evident from the 

figure that almost 45% removal took place with first 20 minutes and equilibrium was established 

after 70 minutes. The percentage removal of adsorbent CeO2/PANI composite was found to 

increase from 61.8% to 98.2%, 52.98% to 92.76% and 48.32% to 91.65 % for initial chromium 

concentration of 10 mg/L, 50 mg/L and 100 mg/L respectively for a contact time from 10 to 70 

minute. This trend is because of same reason as discussed in previous chapter. The prediction of 

experimental data by ANN and RSM studies shows similar trend suggesting adequacy of 

experimental studies and model. Roy et al. (2014), reported similar observation. 
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Fig. 4.128. Time versus percentage removal of chromium, CeO2/PANI composite with initial 

concentration of (a) 10 mg/L, (b) 50 mg/L and (c) 100 mg/L 

 

4.5.2.4. Adsorption kinetics 

Adsorption characteristics determined from the above study suggest the diverse nature of the 

sites with respect to the energy of adsorption. Moreover, to understand the mechanism and 

determination of rate controlling step of adsorption processes such as mass transfer and chemical 

interference, the three kinetic models are used to test the experimental data. 

4.5.2.4.1. Lagergren rate equation  
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The rate constant of adsorption was determined from the Following first order rate expression 

given by Lagergren (Lagergren, 1898), rate equation, which was explained in section 4.1.2.2.1 

The Lagergren plots of log (qe-q) versus time ‘t’ (Fig. 4.129) are linear showing the validity of the 

equation and consequently the first order nature of the adsorption of chromium from aqueous 

solution onto CeO2/PANI composite.  

 

Fig. 4.129. Linear plot of Lagergren rate equation using CeO2/PANI composite, time versus log 

(qe-q) with initial chromium concentration (a) 10 mg/L (b) 50 mg/L and (c) 100 mg/L 
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The values of correlation coefficient of determination (R2) show good correlation. The adsorption 

rate constant in min -1 (kad), calculated from the slope of the plot and presented in Table 4.65.  

The nature of adsorption was studied by calculating the activation energy and it was found to be 

33.1 kJ/mol, 33.0 kJ/mol, 43.8 kJ/mol respectively for initial chromium concentration of 10 mg/L, 

50 mg/L and 100 mg/L. The value suggest the chemisorption nature of adsorption. 

Table - 4.65. Rate constants (kad) obtained from the graph for CeO2/PANI composite. 

CeO2/PANI 
composite 

Concentration 
(mg/L) 

kad R2 Standard 
Deviation (SD) 

Experimental 

10 0.064 0.899 0.16916 

50 0.043 0.958 0.06211 

100 0.044 0.988 0.03266 

ANN predicted 

10 0.059 0.900 0.15657 

50 0.046 0.953 0.06957 

100 0.044 0.943 0.07495 

RSM predicted 

10 0.052 0.917 0.12303 

50 0.047 0.952 0.07297 

100 0.049 0.955 0.0855 

  

The results observed in this study are also similar to the results reported by (Kumar et al., 2013; 

Yang et al., 2013). 

 

4.5.2.4.2. Helfferich equation 

Adsorption of ions or molecules in aqueous solution follows reversible first order kinetics. Hence 

in the present study, the kinetics of chromium (VI) adsorption using Helfferich equation (explained 

in Section 4.1.2.2.2) is presented. The straight line plots of ln [1-U(t)] vs time ‘t’ indicate that the 

adsorption of chromium (VI) from aqueous solution follows first order kinetics with respect to 

adsorbents as shown in the Fig. 4.130. The slope of the straight line plots gives the overall rate 

constant k’ for chromium (VI) adsorption process. The data obtained from the graphs are 

represented in Table 4.66. The forward (k1) and backward (k2) rate constants are calculated and 

is presented in Table 4.67.  

 

Table- 4.66. Rate constant (k’) obtained from the graph for different initial concentration of 

chromium (VI) 

 
 
 

Studies Initial concentration Rate constant in min -1 (K’) SD R2 

Experimental 10 0.0562 0.44049 0.845 

50 0.0495 0.29484 0.904 

100 0.0437 0.21205 0.934 

ANN 10 0.0675 0.28466 0.949 

50 0.0459 0.23352 0.928 

100 0.0407 0.19727 0.934 

RSM 10 0.0622 0.19643 0.869 

50 0.0390 0.15878 0.922 

100 0.0298 0.06162 0.899 
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Table- 4.67. Rate constants (K1 and K2) obtained for different initial concentration of chromium 
(VI) 
 

Studies Initial 
concentration 

Overall rate 
constant k’  
(min -1) 

Forward rate 
constant k1 

(min -1) 

Backward rate 
constant k2 

(min -1) 

Experimental 10 0.0562 0.0284 0.0278 

50 0.0495 0.0388 0.0107 

100 0.0437 0.0391 0.0047 

ANN 10 0.0675 0.0344 0.0332 

50 0.0459 0.0547 0.0128 

100 0.0407 0.0611 0.0064 

RSM 10 0.0622 0.0320 0.0302 

50 0.0390 0.0529 0.0093 

100 0.0298 0.0584 0.0038 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.130. Linear plot of Helfferich equation using CeO2/PANI composite, time versus ln[1-U(t)] 

with initial chromium (VI) concentration of (a) 10 mg/L, (b) 50 mg/L and (c) 100 mg/L. 

 

It is well evident from the data in tables that , the rate of forward process (adsorption) are higher 

than the rate of backward process (desorption) up to completion of equilibrium and the equilibrium 

is towards product side. Similar results have been reported by (Zhang et al., 2008; Shi et al., 

2011). 
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4.5.2.4.3. Second order (2nd) rate equation 

It is well evident from above discussion, that the adsorption process simply followed first order 

kinetics but still the data are tested for the second order second order rate equation. A detailed 

description of second order rate equation is presented in Section 4.1.2.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.131. Linear plot of second order rate equation using CeO2/PANI composite, time versus t/qt 

with initial chromium (VI) concentration of 10 mg/L, 50 mg/L and 100 mg/L. 
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correlation coefficient (R2) values the second order rate equation is better fitted than first order 

rate equation (Sundaram et al., 2008).  

 

Table – 4.68. Rate constants (k2) and maximum adsorption capacity obtained from the graph for 

different initial concentration of chromium 

Experimental 

 k2 qc R2 SD 

10 mg/L 0.00525 13.80 0.987 0.16916 

50 mg/L 0.00019 71.74 0.970 0.15657 

100 mg/L 0.00005 143.26 0.987 0.12303 

ANN 10 mg/L 0.00513 13.97 0.989 0.06211 

50 mg/L 0.00020 71.54 0.972 0.06957 

100 mg/L 0.00005 141.32 0.985 0.07297 

RSM 10 mg/L 0.00531 13.72 0.990 0.03266 

50 mg/L 0.00021 69.27 0.974 0.07495 

100 mg/L 0.00005 135.17 0.989 0.0855 

 

4.5.2.4.4. Intraparticle diffusion (Weber Morris equation) 

In order to understand the existence of intraparticle diffusion in the adsorption process, the 

experimental data are tested with Weber Morris equation (Weber and Morris, 1963). A detailed 

description of Weber Morris is presented in Section 4.1.2.2.4. The amount of chromium adsorbed 

per unit mass of adsorbents, qe at any time ‘t’, was plotted as a function of square root of time 

(t1/2). The rate constant for intraparticle diffusion was calculated using Weber-Morris equation 

(Manju et al., 1998) 

 

Table 4.69. Intraparticle diffusion rate constant (Weber-Morris equation) for chromium (VI) 

removal by CeO2/PANI composite 

 

 Initial concentration kp C SD R2 

Experimental 10 mg/L 1.045 4.537 0.35773 0.964 

50 mg/L 6.272 12.152 1.46187 0.983 

100 mg/L 13.135 20.614 3.12119 0.982 

ANN output 10 mg/L 1.095 4.220 0.32094 0.974 

50 mg/L 6.348 11.076 1.27335 0.987 

100 mg/L 13.028 20.353 4.1536 0.969 

RSM output 10 mg/L 1.093 3.907 0.1501 0.994 

50 mg/L 6.110 11.189 1.18955 0.988 

100 mg/L 12.436 17.474 0.72894 0.999 

 

The results of diffusion process in batch adsorption experiments represented graphically in 

Fig.4.132 and the corresponding data are presented in Table 4.69. The rate constants (kp) for 

intraparticle diffusion for various initial concentration of chromium are determined from the slope 

of plots. It is understood from the graph that Y-intercept of the plots were not passing through the 

origin, thus indicating that intraparticle diffusion is not sole rate limiting factor for the adsorption of 

chromium onto the composite. The values of Kp are presented in Table 4.66 and it is found that 

values increases with the increase in chromium concentration. The higher value of kp suggest an 
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enhancement rate of adsorption, whereas larger kp values suggest better adsorption which is 

related to improved bonding between sorbate and sorbent particles (Boparai et al. 2011). 

 

Fig.4.132. Linear plot of Weber-Morris equation using CeO2/PANI composite, square root of time 

versus qe with initial concentration of (a), 10 mg/L, (b) 50 mg/L and (c) 100 mg/L 

 

In the present study the value of kp indicate that external surface is more prominent to adsorption 
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2004). In the present study, the C values are found to be lower with the increase in temperature 

which suggests that the surface diffusion became less prominent at higher temperatures because 

of the higher collision at high thermal energy. Similar report is proposed by Lorenzen et al., 

(1995), Badruzzaman et al. (2004), Boparai et al. (2011). 

 

4.5.2.5. Influence of Temperature 

Temperature influences the adsorption rate by varying the molecular interactions and the 

solubility potential of the adsorbate (Tezuka et al., 2004; Shi et al., 2011; Pontic et al., 2003). The 

plot obtained from the study is represented in Fig. 4.133. The percentage removal of chromium 

increased from 65.5% to 92.2%, 85.5% to 96.2% and 55.8% to 77.5% for initial concentration of 

chromium of 10 mg/L, 50 mg/L and 100 mg/L respectively from 25 oC to 40 oC than decreases 

with increase in temperature from 40 0C to 75oC. The continuous increases at lower temperature 

indicate the endothermic nature of adsorption process (Islam et al., 2007). The similar trend of 

studies was also supported by ANN and RSM prediction suggesting the accuracy of the 

experimental studies and the prediction model.  

 
 

Fig. 4.133. Effect of temperature on removal of chromium (VI) by CeO2/PANI composite for initial 

concentration of (a) 10 mg/L, (b) 50 mg/L and (c) 100 mg/L 
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However it is very difficult to describe the adsorption behaviour with increased in 

temperature, many researchers and study suggested that this may be probably due to a decrease 

in the escaping tendency of the adsorbate species from the surface of the adsorbent (Zodi et al., 

2010; Verbych et al., 2005; Tezuka et al., 2004). The enhanced adsorption of chromium may also 

be due to change in pore diameter and rate of diffusion. The same trend of observation was noted 

by Islam et al. (2007). Therefore it may be concluded that at higher temperature the extent of 

mass transfer is very high and possibility arises for bond break or weakening, resulting decrease 

in removal efficiency.  

 
4.5.2.6. Thermodynamic parameters 
 

In the present study, various thermodynamic parameters were calculated in order to 

understand the heat change, spontaneity, feasibility and mass transfer etc. of the adsorption 

process. It is a fundamental idea that any chemical reactions tends to attain a state of equilibrium.  

A detailed description is presented in Section 4.1.2.4.  

 

 

Fig. 4.134. Van’t Hoff plots, log Kc versus 1/T for CeO2/PANI composite, initial chromium (VI) 

concentration (a) 10 mg/L, (b) 50 mg/L and (c) 100 mg/L  
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The thermodynamic parameters, which characterize the equilibrium of a system, are Gibbs 

free energy change (ΔG), the enthalpy (H) and entropy (S) of adsorption. These parameters 

are calculated by thermodynamic equations, (Raji et al., 1998; Shibata et al., 2006). A plot of logs 

Kc versus 1/T for initial chromium (VI) concentration of 10mg/L, 50mg/L and 100mg/L is found to 

be linear (Fig. 4.134). The values of H and S were calculated from the slope and intercept of 

Van’t Hoff plot. The results of the analysis were represented in Table 4.70. The negative values of 

ΔG at all temperature confirm the spontaneous nature of adsorption. The negative values of ΔH 

confirm the feasibility of the ongoing adsorption process and indicate the exothermic nature of 

adsorption. The positive value of ∆S suggests the structural modification and increase in affinity in 

adsorbent towards chromium (VI) species during the adsorption process. Further, the increasing 

absolute value of ∆G with increasing temperature obtained at different pH indicates that initially 

physical adsorption is predominant mechanism but at the end chemical adsorption 

(chemisorption) is predominant mechanism. Meyn et al. (1990), Raji et al. (1998), Shibata et al. 

(2006), Mukhopadhyay et al. (2007), presents a similar study. 

 

Table - 4.70. Thermodynamic parameters using synthetic chromium (VI) solution of 10 mg/L, 50 

mg/L, and 100 mg/L 

 
4.5.2.7. Influence of initial chromium (VI) concentration and adsorption isotherm 
 

It is important to have a satisfactory description of the equilibrium state between the two 

phases in order to successfully represent the dynamic behavior of any adsorbate from solution to 

the solid (adsorbent) phase. Adsorption isotherm can be defined as a functional expression for the 

variation in adsorption of the adsorbate by the adsorbent in the bulk solution at constant 

temperature. Adsorption of adsorbate onto adsorbent depends on initial adsorbate concentration.  

In the present study the influence of initial concentration is studied in the range of 1 mg/L 

to 250 mg/L for different pH conditions (pH 3, pH 6 and pH 9). The results of the influence of initial 

chromium (VI) concentration on chromium (VI) adsorption are graphically represented in Fig. 

4.135. It is obvious from the graph that the removal percentage decreases from 67.6% to 29.6%, 

for pH 3, 91.1% to 57.1%, for pH 6, and 32.6% to 0.78%, for pH-9 respectively. The result shows 

that there is a decrease in chromium adsorption at pH 3 and pH 9. The major reason for reduction 
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of chromium (VI) adsorption is due to non-availability of active adsorption sites and electrostatic 

repulsion at alkaline pH. However in excess acidic condition the surface is unstable resulting low 

% removal (Li et al. 2014). The prediction studies by ANN and RSM supports the observation of 

the present study. The results obtained by Roy et al. (2014), Miretzky et al. (2010), Bhatti et al. 

(2009), Jain et al. (2009); Islam et al. (2007), were similar with the results of the present work. 

 

Fig. 4.135. Influence of initial chromium (VI) concentration on removal efficiency versus initial 

chromium (VI) concentration. 
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helpful to explain the maximum removal efficiency of CeO2/PANI composite. The values obtained 

of the dimensionless parameter are presented in Table 4.71. The values of the dimensionless 

equilibrium parameter ‘r’ justify the favorable process. 

 
 
Fig. 4.136. Langmuir adsorption isotherm, 1/Ce versus 1/qe for CeO2/PANI composite for different 

pH (a) pH-3, (b) pH-6 and (c) pH-9 
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4.5.2.7.2. Freundlich isotherm 

The Freundlich equation is used for determining the suitability of heterogeneous surface energy in 

the adsorption process (Freundlich, 1906). The equation is used directly from the discussion in 

Section 4.1.2.6.2. A plot of log Ce against log qe was represented in Fig. 4.137. The data obtained 

were presented in Table 4.72.  

Table - 4.72. Freundlich isotherm parameters for CeO2/PANI composite for removal of chromium 

(VI). 

 Cerium oxide polyaniline 
composite 

Kf n SD R2 

pH-3 Experimental 0.539 1.486 0.11588 0.9332 

ANN 0.519 1.475 0.11651 0.9326 

RSM 0.495 1.496 0.12636 0.9187 

pH-6 Experimental 1.13 1.67 0.16713 0.883 

ANN 1.11 1.66 0.16175 0.890 

RSM 1.08 1.64 0.17213 0.875 

pH-9 Experimental 0.384 3.226 0.37002 0.1971 

ANN 0.279 2.532 0.33317 0.3259 

RSM 0.233 2.540 0.33326 0.3213 

 

Fig. 4.137. Freundlich adsorption isotherm, log Ce versus log qe for CeO2/PANI composite for 

different pH (a) pH-3, (b) pH-6 and (c) pH-9 
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The value of Kf (Freundlich constant) (Freundlich, 1906) indicates affinity of chromium (VI) 

species (Cantu et al., 2005). The value of the Freundlich parameters also justifies the numbers of 

adsorption sites (Shi et al., 2011). The value of 1/n presents a conclusion with respect to the rate 

determining step in adsorption process. The magnitude of 1/n is 0.5 for intraparticle diffusion to be 

the late limiting step (Weber and Morris, 1963). It may be justified from the present study that the 

intraparticle diffusion is not enough slow to be the rate determining step as disclosed by the 

values of 1/n. The correlation value obtained from both the adsorption isotherm (Langmuir and 

Freundlich) justifies that Langmuir isotherm is best fitted to experimental data than Freundlich 

isotherm. The prediction model used (ANN and RSM) also supports the studies and presented the 

similar observation. The present modeling and prediction suggest the accuracy of the observation 

and applicability of chromium (VI) removal. However both the adsorption signifies type of 

adsorption nature, for better understanding the Dubinin-Radushkevich isotherm is studied. Similar 

researches were represented by many scientist and research workers validate the possibility of 

above observation (Hamadi et al., 2001; Park et al., 2008). 

 

4.5.2.7.3. Dubinin-Radushkevich (D-R) isotherm 

In order to understand the adsorption behaviour, nature of adsorption process, whether chemical 

or physical, experimental equilibrium data were tested with Dubinin- Radushkevich isotherm 

(Dubinin, 1966, Dubinin, 1975, Dubnin and Stockeli, 1980), according to discussion in Section 

4.1.2.6.3. (Argun et al., 2007; Muniz et al., 2013). The D-R isotherm plot is represented in Fig. 

4.138, and the data obtained is presented in Table 4.73. The mean free energy of adsorption (E) 

was calculated from the constant K (Muniz et al., 2013; Cantu et al., 2014; Camargo et al., 2014). 

In the present studies the value of E is some extent higher than 16 kJ/mol at pH 6, indicates 

chemisorption and ion exchange nature of the adsorption process.  This may be due to different 

chemical process, such as formation of chromium oxide, chromium hydroxide and ammonium 

dichromate, accompying the ion exchange process. The formation of chromium oxide, chromium 

hydroxide and ammonium dichromate were discovered by taking XRD (Fig. 4.122) of the 

adsorbent obtained after adsorption process.  

 

Table - 4.73. D-R adsorption isotherm parameters for chromium (VI) removal by CeO2/PANI 

composite 

D-R isotherm 

pH-3 

 K (mol2kJ-2) qm (g/g) E (kJ mol-1) R2 SD 

Experimental 7.56 × 10-08 1.49 81.29 0.56 0.62723 

ANN 7.84 × 10-08 1.49 79.81 0.57 0.62367 

RSM 1.42 × 10-07 1.49 59.15 0.60 0.62978 

pH-6 

Experimental 3.09 × 10-07 1.38 40.18 0.63 0.5749 

ANN 3.20 × 10-07 1.37 39.50 0.63 0.57616 

RSM 3.34 × 10-07 1.36 38.66 0.63 0.56284 

pH-9 

Experimental 2.70 × 10-07 0.85 43.00 0.14 0.67666 

ANN 2.95 × 10-07 0.90 41.10 0.19 0.61603 

RSM 2.70 × 10-07 0.86 42.99 0.15 0.61962 
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The modeling and prediction of nonlinear data by ANN and RSM prediction model also support 

the above study. The data obtained from both the modeling validate the experimental data. So, 

the adsorption process can be better inferred as ion exchange and chemisorption considering the 

above observations. Similar studies were reported by many researchers (Park et al., 2006; Argun 

et al., 2007; Shi et al., 2011; Lazaridis et al., 2004; Shanmugaprakash et al., 2013) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.138. D-R adsorption isotherm, ln qe versus ε2 for CeO2/PANI composite for different pH (a) 

pH-3, (b) pH-6 and (c) pH-9 

 

4.5.2.8. Effect of competitive anions on chromium (VI) removal 
 

The influence of co-anions upon adsorption of chromium (VI) is studied and graphically 

represented in Fig. 4.139 - Fig. 4.141. The concentration of chromium  (VI) were fixed at 10 mg/L, 

50 mg/L and 100 mg/L by varying the initial concentration of anions from 1 mg/L to 150 mg/L 

keeping other parameters constant. It is observed that the presence of this co-anions present in 

aqueous solution reduces the adsorption efficiency. The maximum removal percentage of 96.4%, 

92.3% and 87.3% was achieved in the absence of common anions for initial chromium 

concentration of 10 mg/L, 50 mg/L and 100 mg/L respectively; however, the removal percentage 

decreases in the presence of common anions in the following descending order nitrate > 
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bicarbonate > sulphate > carbonate > fluoride > chloride respectively for initial concentration of 

chromium, 10 mg/L, 50 mg/L and 100 mg/L. The reduction in adsorption efficiency due to these 

following anions may be due to the competition for the present active sites along with chromium 

(VI) species during the adsorption process and to the fact that these ions have higher affinity 

towards the adsorbent material (Preetha et al., 2007; Dong et al., 2011; Shi et al., 2009). Wang et 

al., (2011), also carried out similar study. They reported the effect of different cations on 

competitive adsorption on surface and anions exchange of chromium (VI). In this study Wang et 

al. (2014), examined the effect of competitive anions CO3
2−, HCO3

−, SO4
2−, H2PO4

−, Cl− and NO3− 

on ion exchange of chromium by using LDH. The presence of anions significantly reduced the 

adsorption capacity. 

 
 
Fig. 4.139. Percentage removal of chromium (VI) with CeO2/PANI composite versus initial anion 

concentration of solution. (Initial cation concentration of 10 mg/L). 

 
 
Fig. 4.140. Percentage removal of chromium (VI) with CeO2/PANI composite versus initial anion 

concentration of solution. (Initial cation concentration of 50 mg/L). 
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Fig. 4.141. Percentage removal of chromium (VI) with CeO2/PANI composite versus initial anion 

concentration of solution. (Initial cation concentration of 100 mg/L). 

 

4.5.2.9. Regernation and reusability studies cerium oxide polyaniline composite 
 
Desorption and regeneration studies were carried out in order to understand the reusability and 

nature of adsorption type whether the reaction is of physical or chemical nature. In the present 

study, the regeneration and reusability of the material was studied in the range of pH-2 to pH-11. 

The graphical plots were represented in Fig. 4.142 (a) and Fig. 4.142 (b).  

 

 

20 40 60 80 100 120 140

0

20

40

60

80

100

%
 R

e
m

o
v
a

l 
o

f 
c
h

ro
m

iu
m

 (
V

I)

Initial anion concentration in mg/L

 Without ions

 Chloride

 Sulphate

 Fluoride

 Carbonate

 Bicarbonate

 Nitrate

Chromium (VI) concentration-100 mg/L

(a) 



 

RESULTS & DISCUSSION  2014 

 

177 | P a g e  

 
 

Fig. 4.142 (a) Regeneration of CeO2/PANI composite material at different pH and (b) Reusability 

of CeO2/PANI composite material. 

 

In the present study, the material is unstable at alkali and at extreme acidic conditions. The 

observation suggest that the material exhibits poor desorption (<20%). Due to poor desorption 

property, the material can be reused upto two cycles (> 60 percentage removal).  

Similar studies was also reported by Mohan et al. (2007), Nataraj et al. (2009), Rosane et al. 

(2012), Qafoku et al. (2009), Nemr et al. (2008), and Rigobello et al. (2013). 

 
4.5.3. Prediction modeling of chromium removal from water 

The most important issue for an environmental process is the parametric appraisal of the 

method and subsequently improvement through modelling and optimization without incurring extra 

cost. However, the removal of chromium (VI) by this method depends on a number of variables. 

The non-linear behavior and profound impact of these parameters for removal process make 

researchers to profoundly use modelling approaches (Jaafarzadeh et al., 2012; Roy et al., 2014).  

Modelling of such process by response surface methodology (RSM) and artificial neural network 

(ANN) can make it easy to understand the influence of different variables affecting the removal of 

chromium (VI) from water. RSM not only develops a non-linear predictive equation, but also helps 

to analyze influence of each parameter on removal efficiency. On the other hand, neural networks 

can map non-linear relationship between inputs and outputs using the data structure. In this study, 

two different predictive models namely RSM and ANN and compared to gain insight into the 

prediction capability of each model.  However, both the models have their own advantages and 

disadvantages. RSM can show the influence of each parameter and interaction between 

parameters on response, but ANN can improve and simulate any process performance in any 

form of non-linearity without any regular experimental design. ANN also overcomes quadratic 

non-linear correlation hypothesis of RSM. 

(b) 
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4.5.3.1. Central composite experimental design of response surface methodology for 

adsorption studies (CCD-RSM) 

In this study, the central composite design is used to develop a correlation between five 

independent variables and one output as per face centered central composite design (FCCD). 

According to experimental design, eighty-six runs are determined. The lack of fit suggested the 

quadratic model with F value of 0.73 and adjusted correlation value (R2) 0.9331 has been 

selected as suggested by software. The complete experimental design, range of independent 

variables is presented in Table-4.74. 

Table - 4.74. Level of independent variables used in CCD-RSM 
 

Variables Unit/symbol Factor 
code 

Range and levels (coded) 

   -1 (Low level) 0 (Centre level) +1 (High level) 

Adsorbent dose m Xa 0.1 0.55 1 

pH pH Xb 2.0 6.0 10.0 

Time t Xc 10 60 90 

Temperature T Xd 30 60 90 

Initial 
Concentration 

mg/L Xe 1 25 49 

 
To consider the pure error, the central point is repeated ten times. Since the full factorial face 

centered quadratic model creates insignificant terms along with significant variables and could not 

satisfy the necessary requirements (Yetilmezsoy et al., 2009), the model is improved by removing 

the additional terms. The obtained quadratic equation in terms of coded factors for chromium 

removal percentage as Y is: 

                   

                                                    

                                                    

                          
         

        
        

         
  

 

Fig. 4.143. Source contribution in removal percentage (adjusted sum of squares versus source) 
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The equation presented above makes a good understanding of the effects of each factor and their 

interaction on the response. The positive sign in the equation indicates synergistic effect whereas 

negative sign indicates the antagonistic effect. The comparison between the observed and 

predicted values of chromium (VI) removal expressed a high correlation coefficient determined 

(R2) as 0.948. The data were presented in Table 4.75. Which presents a reasonable agreement 

with the adjusted (R2
adj) of 0.915. Analysis of variance (ANOVA) is presented in Table 4.76. The 

low probability (<0.05) with model F value (68.26) proposes the model is significant and accurate. 

The ‘lack of fit F- value’ of 0.69 implies that the lack of fit is not significant relative to pure error 

and non-significant lack of fit is good for fitting the model (Vukčević et al., 2014; Yetilmezsoy et 

al., 2009; Geyikçia et al., 2012). According to probability values, all the main effects, excluding 

variable Xc and Xe are significant in nature. The insignificant nature of variable time and 

concentration makes it more senstive variables than the other variables in removal of chromium 

(VI) from water. The source contribution in removal percentage is evaluated based on adjusted 

sum of square and the plot is presented in Fig. 4.143, suggesting that dose, pH and temperature 

contributes more than 90 % towards influencing removal percentage but, variable time and 

concentration have less contribution in influencing removal percentage making the later variables 

insignificant in nature (Geyikçia et al., 2012). To get better evidence on adsorption process, the 

three dimensional response surface plots are obtained and studied. In each plot, the interaction of 

any two variables on adsorption process is studied keeping the other variables constant. 

 

Table - 4.75. Observed experimental and predicted data for chromium removal prediction by using 

CCD-RSM 

Run 

Coded Levels Observed 
Exp values 

RSM Predicted 
Values 

Difference %Error 
Xa Xb Xc Xd Xe 

1 -1 -1 -1 -1 -1 59.0 60.2 -1.3 2.2 

2 1 -1 -1 -1 -1 73.6 69.3 4.3 -5.9 

3 -1 1 -1 -1 -1 57.2 55.9 1.2 -2.2 

4 1 1 -1 -1 -1 49.6 48.5 1.1 -2.2 

5 -1 -1 1 -1 -1 63.1 62.3 0.8 -1.2 

6 1 -1 1 -1 -1 70.3 71.4 -1.1 1.5 

7 -1 1 1 -1 -1 52.9 50.8 2.1 -3.9 

8 1 1 1 -1 -1 42.8 43.3 -0.5 1.3 

9 -1 -1 -1 1 -1 48.8 48.7 0.1 -0.2 

10 1 -1 -1 1 -1 46.6 46.5 0.1 -0.3 

11 -1 1 -1 1 -1 75.2 74.0 1.2 -1.5 

12 1 1 -1 1 -1 54.7 55.3 -0.6 1.1 

13 -1 -1 1 1 -1 45.2 43.0 2.3 -5.0 

14 1 -1 1 1 -1 40.6 40.8 -0.2 0.5 

15 -1 1 1 1 -1 59.2 61.1 -1.9 3.3 

16 1 1 1 1 -1 43.2 42.4 0.8 -1.9 

17 -1 -1 -1 -1 -1 58.0 60.2 -2.3 3.9 

18 1 -1 -1 -1 -1 68.6 69.3 -0.7 1.0 

19 -1 1 -1 -1 -1 55.2 55.9 -0.8 1.4 

20 1 1 -1 -1 -1 47.6 48.5 -0.9 1.9 

21 -1 -1 1 -1 -1 62.3 62.3 0.0 0.0 

22 1 -1 1 -1 -1 70.3 71.4 -1.1 1.5 

23 -1 1 1 -1 -1 50.8 50.8 0.0 0.1 



 

RESULTS & DISCUSSION  2014 

 

180 | P a g e  

24 1 1 1 -1 -1 43.8 43.3 0.5 -1.0 

25 -1 -1 -1 1 -1 46.8 48.7 -1.9 4.0 

26 1 -1 -1 1 -1 45.8 46.5 -0.6 1.4 

27 -1 1 -1 1 -1 73.7 74.0 -0.3 0.5 

28 1 1 -1 1 -1 55.4 55.3 0.0 -0.1 

29 -1 -1 1 1 -1 42.1 43.0 -0.8 2.0 

30 1 -1 1 1 -1 39.5 40.8 -1.3 3.2 

31 -1 1 1 1 -1 61.4 61.1 0.3 -0.5 

32 1 1 1 1 -1 41.4 42.4 -1.0 2.3 

33 -1 -1 -1 -1 1 52.5 52.9 -0.3 0.6 

34 1 -1 -1 -1 1 61.4 61.9 -0.5 0.8 

35 -1 1 -1 -1 1 46.3 45.7 0.7 -1.4 

36 1 1 -1 -1 1 38.6 38.2 0.4 -1.0 

37 -1 -1 1 -1 1 68.7 68.0 0.8 -1.1 

38 1 -1 1 -1 1 76.7 77.0 -0.4 0.5 

39 -1 1 1 -1 1 54.4 53.5 0.9 -1.6 

40 1 1 1 -1 1 45.8 46.1 -0.3 0.6 

41 -1 -1 -1 1 1 47.7 47.8 -0.1 0.3 

42 1 -1 -1 1 1 45.6 45.6 -0.1 0.2 

43 -1 1 -1 1 1 70.1 70.3 -0.2 0.2 

44 1 1 -1 1 1 51.1 51.6 -0.5 1.0 

45 -1 -1 1 1 1 54.3 55.1 -0.9 1.6 
46 1 -1 1 1 1 50.6 52.9 -2.3 4.6 

47 -1 1 1 1 1 70.4 70.4 0.0 0.0 

48 1 1 1 1 1 52.8 51.7 1.2 -2.2 

49 -1 -1 -1 -1 1 54.0 52.9 1.1 -2.0 

50 1 -1 -1 -1 1 61.7 61.9 -0.2 0.3 

51 -1 1 -1 -1 1 45.2 45.7 -0.5 1.1 

52 1 1 -1 -1 1 38.6 38.2 0.3 -0.9 

53 -1 -1 1 -1 1 69.0 68.0 1.0 -1.5 

54 1 -1 1 -1 1 76.2 77.0 -0.8 1.1 

55 -1 1 1 -1 1 54.3 53.5 0.8 -1.4 

56 1 1 1 -1 1 45.2 46.1 -0.8 1.9 

57 -1 -1 -1 1 1 47.4 47.8 -0.5 1.0 

58 1 -1 -1 1 1 45.2 45.6 -0.5 1.0 

59 -1 1 -1 1 1 70.3 70.3 0.0 -0.1 

60 1 1 -1 1 1 51.9 51.6 0.3 -0.5 

61 -1 -1 1 1 1 56.3 55.1 1.1 -2.0 

62 1 -1 1 1 1 52.6 52.9 -0.3 0.6 

63 -1 1 1 1 1 70.8 70.4 0.4 -0.6 

64 1 1 1 1 1 50.8 51.7 -0.8 1.6 

65 -1 0 0 0 0 64.4 67.2 -2.8 4.3 

66 1 0 0 0 0 68.8 62.4 6.4 -9.3 

67 0 -1 0 0 0 73.1 66.6 6.6 -9.0 

68 0 1 0 0 0 60.8 63.8 -2.9 4.8 

69 0 0 -1 0 0 68.1 66.3 1.8 -2.7 

70 0 0 1 0 0 69.2 67.4 1.8 -2.6 

71 0 0 0 -1 0 69.1 72.4 -3.3 4.8 

72 0 0 0 1 0 76.3 69.4 6.9 -9.1 

73 0 0 0 0 0 83.7 76.6 7.1 -8.5 

74 0 0 0 0 0 93.7 76.6 17.1 -18.3 

75 0 0 0 0 -1 95.7 93.1 2.5 -2.6 

76 0 0 0 0 1 95.2 94.1 1.1 -1.1 

77 0 0 0 0 0 70.7 76.6 -5.9 8.4 

78 0 0 0 0 0 72.1 76.6 -4.4 6.1 

79 0 0 0 0 0 78.4 76.6 1.8 -2.3 

80 0 0 0 0 0 70.3 76.6 -6.3 9.0 

81 0 0 0 0 0 71.5 76.6 -5.1 7.1 
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82 0 0 0 0 0 73.9 76.6 -2.7 3.6 

83 0 0 0 0 0 70.8 76.6 -5.8 8.2 

84 0 0 0 0 0 71.1 76.6 -5.5 7.7 

85 0 0 0 0 0 72.6 76.6 -4.0 5.5 

86 0 0 0 0 0 75.8 76.6 -0.8 1.0 

 

In the present study, specially considering the ANOVA and the senstivity nature of variables (pH, 

time and concentration) the surface plots are explained. However, for better understanding the 

panel plots of all interdependent variables are represented in Fig. 4.144-4.147. Fig. 4.144(a) 

represents the interdependent influence of pH and dose on percentage removal of Cr(VI) 

  

Table - 4.76. Analysis of variance (ANOVA) of chromium removal prediction by using RSM-CCD 

 
Sum of 

 
Mean F p-value 

 
Source Squares DF Square Value Prob > F 

 
Model 14682.96 18 815.72 68.26 < 0.0001 significant 

Xa-Dose 384.78 1 384.78 32.20 < 0.0001  

Xb-pH 128.29 1 128.29 10.74 0.0017  

Xc-Time 19.34 1 19.34 1.62 0.2077  

Xd-Temperature 148.82 1 148.82 12.45 0.0008  

Xe-Initial Conc 15.13 1 15.13 1.27 0.2645  

Xa Xb  1092.45 1 1092.45 91.41 < 0.0001  

Xa Xd  506.62 1 506.62 42.39 < 0.0001  

Xb Xc  208.50 1 208.50 17.45 < 0.0001  

Xb Xd  3522.50 1 3522.50 294.76 < 0.0001  

Xb Xe  33.83 1 33.83 2.83 0.0971  

Xc Xd  242.91 1 242.91 20.33 < 0.0001  

Xc Xe  676.37 1 676.37 56.60 < 0.0001  

Xd Xe  170.67 1 170.67 14.28 0.0003  

Xa
2 345.29 1 345.29 28.89 < 0.0001  

Xb
2 322.27 1 322.27 26.97 < 0.0001  

Xc
2 233.29 1 233.29 19.52 < 0.0001  

Xd
2 79.09 1 79.09 6.62 0.0123  

Xe
2 721.05 1 721.05 60.34 < 0.0001  

Residual 800.69 67 11.95    

Lack of Fit 223.18 24 9.30 0.69 0.8311 
Not 
significant 

Pure Error 577.51 43 13.43    

Cor Total 15483.65 85    
 

 

From the study, it is understood that the removal percentage increases with increase of dose 

values and reaches a maximum value and finally decreases at lower values of pH.  Similar trend 

is observed at higher values of pH. For a fixed value of dose, removal percentage marginally 

increases with increase in pH and reaches maximum value approximately at pH = 6.0 and then 

decreases. The same trend is observed when dose is maintained at a high level. The highest 

removal in the pH range of < 6.0 is because of the electrostatic force of attraction between 

positively charged adsorbent and negative charged chromium (VI) species (HCrO4
-, HCrO4

2-, 

Cr2O7
2-). According to the study of surface charge density (Section-3), it is found that surface of 

the composite hold postive charge in acidic range, so in this pH range, the amine group present in 

the adsorbent are highly protonated, which makes the surface of the adsorbent positively 
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charged. When the pH of the solution goes higher than > 6.0, the protonated amine group present 

in the adsorbent undergoes deprotonation and the adsorption capacity gradually decreases. The 

decrease of adsorption capacity at higher pH may be due to the following proposed reasons (1) 

the surface acquired negative charged due to adsorption of hydroxyl ions, (2) repulsion between 

the negatively charged surface of the adsorbent and the chromate anions. The interdependent 

influence of pH and time in removal percentage is presented in Fig. 4.144(b). It is observed that 

with increasing time, the removal percentage remains almost constant for any value of pH. 

However, removal percentage marginally increases at lower pH for lower value of contact time 

and remains constant at higher value of contact time. The possible reason is that at lower pH, the 

quarterisation of amine group takes place and initially the adsorption rate is rapid because of 

available adsorption sites, but with increase in contact time, removal percentage remains constant 

may be due to overlapping of chromium ions at the same active sites, causing no change in 

removal percentage.  

Fig. 4.144. 3D plot represents interdependent interaction of dose and pH in removal percentage 

(b) 3D plot represents interdependent interaction of pH and time in removal percentage 

 

Fig. 4.145. (a) 3D plot represents interdependent influence of pH and temperature in removal 

percentage is presented (b) 3D plot represents interdependent interaction of concentration and 

pH in removal percentage. 

(a) (b) 

(a) 

(b) 
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The interdependent influence of pH and temperature in removal percentage is presented in Fig. 

4.145(a). It is seen that percentage removal monotonically decreases with increasing temperature 

for any value of pH. However, removal percentage initially increases, reaches a maximum value 

and then decreases marginally as pH increases for any level of maintained temperature. The 

reason ascertained to the following fact is that the magnitude of positive charges decreases with 

increase in pH resulting in repulsion of the surface ions leading to decrease in removal capacity. 

 

Fig. 4.146. (a) 3D plot represents interdependent interaction of concentration and time in removal 

percentage (b) 3D plot represents interdependent interaction of temperature and time in removal 

percentage 

 

The interdependent interaction of concentration and pH in removal percentage is presented in Fig. 

4.145(b). It is observed that for any value of pH the removal percentage marginally decreases at 

higher and lower value of concentration. However, for any value of concentration the removal 

percentage increases and then decreases for higher value of pH. The reason ascertained to the 

fact that at lower pH, the affinity of adsorbent is higher for chromium species and due to high 

concentration, the availability of species provides higher removal percentage (Bhatti et al., 2009). 

The interdependent interaction of concentration and time in removal percentage is represented in 

Fig. 4.146(a). It is observed that for any value of time the removal percentage increases at higher 

and lower value of concentration. However, for any value of concentration the removal percentage 

marginally decreases at higher and lower value of contact time. This may happen, because at 

lower value of time, the interaction between adsorbate and adsorbent is limited and at higher 

value of time, possibility of overlapping arises because of high concentration (Tir et al., 2008). The 

interdependent interaction of temperature and time is represented in Fig. 4.146 (b). It is observed 

that for any value of time the removal percentage increases at higher and decreases at lower 

value of temperature. However, for any centric value of temperature the removal percentage 

remains at higher and at higher and lower value of temperature the removal percentage 

decreases. This may happen, because at lower value of time without optimum temperature the 

collision between the surface and adsorbate materials couldn’t takes place effectively, however 

with increase in time and temperature the collision and interaction between surface and adsorbate 

particles increases the removal efficiency (Vaughan Jr. et al., 2005).  

(a) 

(b) 
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The interdependent interaction of temperature and dose is represented in Fig. 4.147 (a); it is 

observed that at higher value of dose for any value of temperature the removal percentage 

decreases, similarly for centric value of dose at any temperature the removal percentage 

increases. The reason may be ascertained to the fact that at any value of temperature, with 

increase in the amount of dose, the overlapping of adsorbing particles increases resulting less 

removal percentage. The interdependent interaction of temperature and concentration is 

represented in Fig. 4.147 (b). 

 

 

Fig. 4.147. (a) 3D plot represents interdependent interaction of temperature and dose in removal 

percentage (b) 3D plot represents interdependent interaction of concentration and temperature in 

removal percentage 

 

 

Fig. 4.148. Optimal parametric values obtained for chromium removal by using RSM-CCD. 
 
It can be observed from the figure that at higher value of temperature and higher value of 

concentration the removal percentage increases. This may happen because with increasing 

(a) 

(b
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temperature, particles interaction increases because of high concentration gradient resulting high 

removal efficiency. Bhatti et al. (2009), Natale et al. (2007), and Roy et al. (2014), also carried out 

similar study. Kalavathy et al. (2009), have reported the effective parameters by using central 

composite rotatable design (CCRD) was used to obtain the experimental design matrix and their 

effect on adsorption capacity of Cu2+ on to H3PO4 by using activated rubber wood sawdust. 

Sharma et al. (2009), has also reported the application of response surface methodology (RSM) 

for optimization of nutrient supplementation for chromium (VI) removal by aspergillums lentils 

AMLO5. In the present study, Nelder-Mead simplex algorithm (Olmez et al., 2009) of design 

expert software is used to obtain the optimal parametric values. The optimum removal of 93.9% 

(Fig. 4.148) is achieved with a dose = 0.82 g/L, pH = 6, time = 60 minutes, temperature = 40 ºC 

and initial concentration = 49 mg/L. The study shows that with this optimized values the maximum 

removal can be achieved. 

 

4.5.4. Artificial neural network modeling (B-P-ANN) 

Back propagation artificial neural network tool is used to predict the removal percentage using 

input parameters such as dose, pH, time, temperature and initial concentration. The experimental 

data obtained from RSM design were divided into testing and training categories (Table 4.77). 

The optimization of network is very important step in network training (Olmez et al., 2009; 

Korbahti et al., 2008; Korbahti et al., 2007; Korbahti et al., 2007a). Therefore, the number of 

neurons in hidden layer should be optimized. For this purpose, the different number of neurons in 

the range of 1-14 was tested in hidden layer. According to Fig. 4.149, the optimum number of 

neurons in hidden layer is equal to seven as the minimum value of MSE (0.0000133) was 

obtained. As a result, in this present study three layered back propagation neural network (5:7:1) 

was used for modeling of adsorption process.   

 
 
Fig. 4.149. Optimum number of neurons in hidden layer. 
 
The performance of the network depends on (a) net input, (b) transfer (Tansig) functions and (c) 

weight (Traingdm) (Shanmugaprakasha et al., 2013; Jaafarzadegh et al., 2012). Training stops 
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when any of these conditions are arises: (a) the maximum number of epochs is reached (b) the 

maximum amount of training time is attained (c) performance is decreased to the target and (d) 

validation time surpasses more than maximum fails. Learning parameter and momentum 

parameter are set to 0.25 and 0.20 respectively during a training phase. Learning and momentum 

parameters are improved time to time in the test to achieve the best mean squared error. The 

best performance of prediction at testing depends on the training of the neural network 

 
Table - 4.77. Comparison of observed and predicted values for chromium removal by using BP-
ANN model 
 

Run Observed Exp values ANN Predicted Values Difference %Error 

1 59.0 59.7 -0.7 1.3 

2 73.6 72.9 0.7 -1.0 

3 57.2 57.3 -0.1 0.2 

4 49.6 49.2 0.4 -0.7 

5 63.1 62.8 0.3 -0.5 

6 70.3 69.8 0.5 -0.7 

7 52.9 52.4 0.5 -0.9 

8 42.8 42.4 0.4 -0.9 

9 48.8 48.2 0.6 -1.2 

10 46.6 46.1 0.5 -1.0 

11 75.2 74.8 0.4 -0.5 

12 54.7 55.0 -0.3 0.5 

13 45.2 45.8 -0.6 1.3 

14 40.6 40.7 -0.1 0.4 

15 59.2 59.1 0.1 -0.1 

16 43.2 43.6 -0.4 0.9 

17 58.0 58.0 0.0 0.1 

18 68.6 68.2 0.4 -0.6 

19 55.2 55.3 -0.1 0.2 

20 47.6 46.8 0.8 -1.6 

21 62.3 61.0 1.3 -2.1 

22 70.3 68.0 2.3 -3.3 

23 50.8 51.2 -0.4 0.8 

24 43.8 44.4 -0.6 1.4 

25 46.8 47.0 -0.2 0.5 

26 45.8 46.3 -0.5 1.0 

27 73.7 70.8 2.9 -3.9 

28 55.4 53.2 2.2 -3.9 

29 42.1 42.0 0.1 -0.3 

30 39.5 39.6 -0.1 0.3 

31 61.4 61.3 0.1 -0.2 

32 41.4 41.3 0.1 -0.3 

33 52.5 53.2 -0.7 1.2 

34 61.4 62.6 -1.2 1.9 

35 46.3 44.3 2.0 -4.4 

36 38.6 39.5 -0.9 2.3 

37 68.7 67.5 1.2 -1.8 

38 76.7 75.8 0.9 -1.2 

39 54.4 55.8 -1.4 2.5 

40 45.8 46.3 -0.5 1.0 

41 47.7 48.0 -0.3 0.6 

42 45.6 46.4 -0.8 1.8 

43 70.1 69.4 0.7 -1.1 
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4.5.5. Statistical comparison and Performance of models 

The correlation plot of comparison between experimental and predicted data in ANN and RSM 

modeling is presented in Fig. 4.150. This plot consists of one dashed line called a best-fit line (y = 

x, i.e. predicted = experimental data). Correlation values (R2) of ANN and RSM model was found 

to be 0.994 and 0.947, respectively. The residuals and error distribution obtained from prediction 

of ANN and RSM modeling were presented in Fig. 4.151 and Fig. 4.152. However, both the 

models have their own respective advantages. RSM can show the interaction effect between 

independent parameters as compared to ANN. Meanwhile, ANN can predict and simulate any 

process behavior and overcome RSM limitation without any standard experimental designs. The 

44 51.1 52.3 -1.2 2.4 

45 54.3 55.4 -1.1 2.1 

46 50.6 51.2 -0.6 1.2 

47 70.4 69.8 0.6 -0.8 

48 52.8 53.7 -0.9 1.6 

49 54.0 55.0 -1.0 1.9 

50 61.7 61.2 0.5 -0.9 

51 45.2 44.5 0.7 -1.5 

52 38.6 40.5 -1.9 5.0 

53 69.0 70.8 -1.8 2.6 

54 76.2 77.3 -1.1 1.4 

55 54.3 56.3 -2.0 3.7 

56 45.2 44.8 0.4 -1.0 

57 47.4 48.2 -0.8 1.7 

58 45.2 44.7 0.5 -1.1 

59 70.3 69.8 0.5 -0.8 

60 51.9 52.4 -0.6 1.1 

61 56.3 57.8 -1.5 2.7 

62 52.6 53.4 -0.8 1.5 

63 70.8 71.2 -0.4 0.6 

64 50.8 49.8 1.0 -2.0 

65 64.4 65.7 -1.3 2.0 

66 68.8 69.4 -0.6 0.9 

67 73.1 74.7 -1.6 2.1 

68 60.8 61.3 -0.5 0.8 

69 68.1 69.0 -0.9 1.3 

70 69.2 70.3 -1.1 1.6 

71 69.1 69.4 -0.3 0.4 

72 76.3 75.8 0.5 -0.7 

73 83.7 81.2 2.4 -2.9 

74 93.7 94.7 -1.0 1.1 

75 95.7 96.0 -0.3 0.4 

76 95.2 95.4 -0.2 0.2 

77 70.7 72.3 -1.7 2.4 

78 72.1 74.6 -2.4 3.4 

79 78.4 79.6 -1.2 1.6 

80 70.3 69.8 0.5 -0.6 

81 71.5 72.3 -0.8 1.2 

82 73.9 73.4 0.5 -0.6 

83 70.8 70.2 0.6 -0.8 

84 71.1 70.4 0.7 -1.0 

85 72.6 73.2 -0.6 0.9 

86 75.8 75.1 0.7 -0.9 



 

RESULTS & DISCUSSION  2014 

 

188 | P a g e  

comparison of best performing model is studied by using few statistical methods (See chapter 3). 

These methods are mean square error (MSE), root mean square (RMSE), mean absolute 

percentage error (MAPE), average absolute relative error (AARE) and correlation coefficient (R2) 

(Natale et al., 2007, Mohammad et al., 2014). The data obtained were presented in Table 4.78. 

The lower values of MSE, RMSE, MAPE and AARE suggest that ANN model have notably well 

learned the non-linear relationship between the input and output variables than RSM models.  

 

 

Fig. 4.150. Correlation plot of comparison between experimental and predicted data in ANN and 

RSM modeling. 

 

 
 
Fig. 4.151. Plot represents the residuals obtained from prediction of ANN and RSM modeling. 
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Fig. 4.152. Plot represents error distribution obtained from prediction of ANN and RSM modeling. 

 
 
Fig. 4.153. Statistical comparison based on box plot of relative (%) error of ANN and RSM. 
 
 
Table - 4.78. Model performance and comparison of RSM and ANN model. 
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RSM ANN 

MSE 0.108 0.012 

RMSE 0.021 0.009 

MAPE 0.031 0.016 

AARE 0.027 0.013 

R
2
 0.9483 0.9943 

 Relative error% 

Statistical 

comparison 
Count 

Mea

n 
Median Variance 

Standard 

Error 

Standard 

Deviation 

LCI 

95% 

UCI 

95% 
Max Min 

RSM 86 2.680 1.533 9.158 0.326 3.026 2.030 3.329 18.25 0.017 

ANN 86 1.374 1.068 1.043 0.110 1.021 1.55 1.593 5.028 0.077 
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A statistical comparison based on box plot of relative (%) error (Fig. 4. 153), standard error and 

standard deviation (Table 4.78) also suggest that ANN model have notably capture the 

relationship very well than RSM modeling. Thus from the statistical comparison study, it could be 

concluded that ANN model is best fitted than RSM model. 

 

4.5.6. Confirmatory experiments 
 
A confirmation experiment with a sample size of ten has been conducted to confirm the predictive 

relationship. The 75% confidence interval of confirmation experiments (CICE) is calculated by 

using the equation represented below (Ross, 1988; Roy et al., 1990; Krishnaiah and 

Shahabudeen, 2012).  
















R

1

effn

1
eV)ef,1(FCECI    

Where, Fα (1, Fe) = F ratio at the confidence level of (1-α) against degrees of freedom (DOF) 1 

and error degree of freedom, Fe, R = sample size for confirmation experiments, Ve = error 

variance, n = total number of trials, and DOF = total degrees of freedom associated in the 

estimate of mean response. 

CICE is estimated as 29.85. Therefore, the predicated confidence interval for confirmatory 

experiments is: 

29.26 < µ < 88.96 

The actual average of ten adsorption efficiency values of confirmation test is found to be 87.97. 

Since the overall average values of the response characteristic in the confirmation test fall well 

within the 75% CICE, it is confirmed that predictive equation obtained by adopting RSM procedure 

can be used for prediction of response for any parametric combination.  
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CHAPTER-5 
 
5. SUMMARY  
 

Water is vital natural resources for any living organism; therefore clean water for drinking purpose 

is a major challenge for the human society. The pollution due to heavy metals in all segments of 

environment especially in water environment is known fact as water sources are the last 

destination for any waste. Among the various heavy metals, arsenic and chromium are priority 

water pollutants which have direct impact on human health. Considering the above facts in mind an 

attempt has been made to synthesize five new hybrid material and composite and used as an 

adsorbent to remove these ions separately from water. The mathematical modelling has been 

utilized for optimization and prediction. 

The selection of starting material for synthesis of adsorbent was ascertained from extensive 

literature review. A series of hybrid materials were prepared by using different molar concentration 

of the starting material with co-precipitation, sol gel and microwave assisted techniques, but one 

material was chosen based on the ion exchange capacity, particle size and high surface area to be 

used as an adsorbent in batch mode of experiment. The batch experiments were conducted as 

function of adsorbent dose, pH, temperature, initial concentration and contact time to find the 

optimum condition for the removal of arsenic (III) and chromium (VI) by the materials. 

Five samples of zirconium (IV) oxide ethanolamine (ZrO-EA) hybrid material are prepared by using 

different molar concentration of ethanolamine and zirconium oxychloride but the material 

synthesized with 0.8 M and 0.4 M has been used. The particle size of the material is 160 nm and 

exhibits surface area of 201.6 m2/g. The number of moles of zirconium and ethanolamine are 

0.866×10-3 and 1.2702×10-3 respectively in the material. The thermal stability and presence of 

organic moiety is confirmed from TG-DTA studies. The XRD studies confirmed the poor crystalline 

nature of the material. The SEM and corresponding EDX studies before and after adsorption 

clearly indicates the adsorption of arsenic on the surface of the material. From FTIR studies it is 

concluded that NH2
+ group play an important role in adsorption process. Batch adsorption 

experiments for removal of arsenic (III) using initial arsenic concentration of 10 mg/L, 50 mg/L and 

100 mg/L was carried out by changing solution parameters. The removal of arsenic (III) increases 

with increase in adsorbent dose but 0.7g/100 mL is found to be the optimum dose. It is found that 

there is no removal at pH lower than 2 and almost 98.98 % removal at pH 7. It was found that 95 % 

arsenic (III) removal occurs in first 10 min with an equilibrium time of 50 min of removal process. In 

order to examine the order of arsenic (III) adsorption process, experimental data are used in 

various kinetics models. Based on the correlation value, it was found that arsenic (III) adsorption 

follows first order rate equation. The Weber-Morris equation is used to understand the existence of 

Intraparticle diffusion. The higher value of Kp suggest that Intraparticle diffusion is not the sole rate-

limiting step for the adsorption of arsenic (III). The arsenic (III) removal is found to increase and 
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reaches 99.82 % with increase in temperature from 25 to 45 oC, suggesting endothermic nature of 

the adsorption process. On the basis of the thermodynamic parameters, the adsorption process is 

found to be spontaneous and feasible in nature. Langmuir adsorption isotherm is best fitted with 

correlation value (R2) of 0.972, with a maximum adsorption capacity of 0.25002 mg/g. DR isotherm 

study suggests Ion exchange (chemical interaction) process. The equilibrium dimensionless 

parameter also suggests favorable nature of adsorption process. The presence of co-existing ions 

reduced the arsenic (III) adsorption in the following order of calcium > potassium > sodium > 

magnesium for cations and nitrate > chloride > sulphate > carbonate > bicarbonate for anions. The 

regeneration studies suggest 100% desorption and the easy regeneration takes place in the pH 2. 

The reusability study indicates that the material can be used up to 3 cycles.   

The hybrid material, zirconium polyacrylamide (ZrPACM-43) is synthesized by modified sol gel 

technique and used for the removal of arsenic (III) from water. Based on the particle size, specific 

surface area, the ZrPACM-43 out of six materials is selected for adsorption studies. The specific 

surface area of the material is 341 m2/g and a particle size of 43.67 nm. The material is chemically 

stable in all acids and alkali. The TGA/DTA analysis revealed that the presence of organic 

compound in the material. The zero point surface charge density is recorded around 4.8 (pHzpc). 

Hence, it is concluded that surface exhibits positive charge below pH 5 and acquires negative 

charge above pH 5. XRD analysis confirms the crystalline natures of the material both before and 

after adsorption of arsenic (III) with normal crystallite sizes of 53.60 nm and 238.00 nm. FTIR 

studies revealed that the presence of metal oxygen bond at finger print region and formation of a 

spike at ~3439.28 cm -1 after adsorption indicates the coordination of arsenic (III) with NH groups. 

Heterogeneity of the surface after adsorption in SEM study indicates the adsorption of arsenic (III). 

Batch adsorption experiments are carried out to know the optimum condition for the removal of 

arsenic (III). The optimum dose is 13 g/L with a maximum removal of 98.2% and the pH is found to 

decrease slightly after adsorption. The removal efficiency decreases with increase in solution pH 

and the highest removal of 97.06% occours at pH 5. It is found that 98.67% arsenic (III) removal 

occurs in first 60 minutes with an equilibrium time of 120 minutes. The second order kinetic model 

is best fit model to describe the adsorption process. The Intraparticle diffusion studies suggest that 

Intraparticle diffusion is not the sole rate-limiting step for the adsorption of arsenic (III).  The effect 

of temperature on adsorption studies indicates endothermic nature. The thermodynamic parameter 

data indicates the spontaneous nature of the adsorption process. The mean free energy (E) of 

787.01kJ/mol supports the above studies. The experimental data are best fitted to Freundlich 

isotherm with a correlation value (R2) of 0.989 and standard deviation value of 1.43. The 

favourable nature of adsorption process is confirmed from the 1/n (0.804) and Freundlich constant 

value (0.20). DR isotherm concludes the chemisorption nature of the adsorption process. The co-

existing ions reduced the arsenic (III) adsorption in the order of sulphate > chloride > calcium > 

carbonate > bicarbonate > sodium> nitrate > magnesium. The regeneration of 99.78% occurs at 

pH 10 for initial concentration of 10 mg/L. The reusability study indicates that the material can be 

used up to 8 cycles. Column studies indicate that the removal efficiency is exhausted after 21h, 
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26h and 19h for initial concentration 10 mg/L with a bed depth of 15 cm and flow rate of 2 mL/min 

respectively. As per the logit method for column studies, the adsorption capacity is 74.0 mg/g. So 

the above study concludes that arsenic removal is governed by electrostatic attraction and 

complexation process. 

The lanthanum-diethanolamine (La-DEA) hybrid material is synthesized by co-precipitation method 

by varying different molar concentration of starting precursor. Out of five samples the sample 

synthesized by using lanthanum and diethanolamine in the ratio of 1:2 is selected for this study. 

The specific surface area of the material is found to be 398.42 m2/g. The TGA and DTA study 

indicate the presence of organic moiety in the hybrid material. The SEM-EDX of material after 

adsorption confirms the adsorption of chromium onto the material. XRD analysis confirmed the 

crystalline nature of the hybrid material and having common composition of lanthanum nitrate, 

lanthanum hydroxide and lanthanum oxide. From the FTIR study it is found that, the band at ~ 

851.84 cm-1 after adsorption is due to Cr-O and Cr2O7
2- groups present in the material. The zero 

point surface density charge (ZPC), indicate the acquiring of positive charge at lower pH and the 

surface charge density decreases with increases in the solution pH. Batch adsorption experiments 

are carried out to know the optimum condition for chromium (VI) removal by using synthetic and 

hand pump water. The highest removal of 99.3% and 99.6% occurs with a optimum dose of 8 g/L 

for initial concentration of chromium (VI) 10 mg/L and 3.052 mg/L for synthetic water and water 

collected from field (Hand pump water) respectively. The removal efficiency of the material shows 

highest removal of 98.58% and 96.76% at pH 5.9. The equilibrium time is 50 minutes. The 

adsorption of chromium (VI) by La-DEA hybrid material follows second order kinetic model with a 

correlation value (R2) of 0.999. The intraparticle diffusion study indicates that chromium (VI) 

adsorption by the intraparticle transport is not the only rate limiting step but, the transport of 

adsorbate through the pores of the adsorbent and adsorption on the surface of the material are 

also responsible. The highest removal of 98.77% occurs with an initial concentration of 10 mg/L of 

chromium (VI) at a temperature of 50 oC. The effect of temperature on adsorption process 

indicates the endothermic nature of the process. The adsorption data were best fitted to Langmuir 

adsorption isotherm with correlation coefficient value of 0.998 at pH 5. DR isotherm studies 

suggest chemisorption nature of the adsorption process. The co-existing anions reduced the 

chromium (VI) adsorption in the order of carbonate > bicarbonate > nitrate > phosphate > chloride 

> fluoride > sulfate for 10 mg/L. The reusability studies suggest that the material can be utilized 

upto four cycles only. Breakthrough studies suggest that the removal efficiency exhausted at 24h 

and 19h for a bed depth of 15 cm and flow rate of 2 mL/min respectively for removal of chromium 

(VI).  

Two mathematical modeling techniques (BP-ANN and CCD-RSM) are utilized for prediction and 

optimization of the arsenic and chromium removal from water. Six Ce-HAHCl hybrid materials are 

synthesized by sol gel method by using different molar concentration of the precursor. Based on 

the specific surface area, ion exchange capacity, the material synthesized with the molar ratio of 

2:3 is used in adsorption studies. The TGA/DTA analysis suggests the presence of organic 
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molecule in the matrix. The SEM studies indicate the porous nature of the material and the 

corresponding EDX indicate the adsorption of arsenic on the material after adsorption. The XRD 

study of the adsorbent material indicates the crystalline nature of the material with the average 

crystallite size of 55.32 nm and 123.18 nm before and after adsorption respectively. FTIR analysis 

concluded the major transformation after adsorption of arsenic (III). The zero point surface charge 

density of the material is 4.9, which suggest positive charge below pH 4.9 of the material surface. 

The highest removal of 98.85% occurs at optimum dose of 9 g/L for initial concentration of 10 mg/L 

and at pH 5 the removal percentage is 98.2. The removal percentage increases with increase in 

agitation speed and reaches 96.8% at 180 rpm. At equilibrium time of 80 minutes the maximum 

removal is 96.4%. The second order kinetic equation with correlation value of (R2) of 0.999 

describes the kinetics of the adsorption process. The thermodynamic study indicates the 

endothermic nature of adsorption with a maximum removal of 96.32% at 60 0C. The 

thermodynamic parameters indicate the spontaneous and feasible nature of adsorption process. 

The Langmuir adsorption isotherm is the best fit model to describe the adsorption process with 

maximum adsorption capacity of 183 mg/g. The ANN model satisfactorily predicts the trend of 

experimental observations.  In presence of other ions, the removal percentage decreases in the 

order of chloride < nitrate < carbonate < bicarbonate < sulphate. The material can be used upto 5 

cycles (>60%) after that the material is required to be regenerated. Column adsorption 

experiments suggest the maximum breakthrough of 71h and 52h for bed depth of 10 cm and flow 

rate of 5 ml/min, respectively. Artificial neural network modelling indicates that 6-7-1 and 4-7-1 

ANN architecture presents good agreement with the predicted values for both batch and column 

studies. The absolute relative percentage errors are found to be 0.129 for training and 0.292 for 

testing in batch studies. Similarly in column studies, the absolute relative percentage errors are 

found to be 0.00087 and 0.0263 for training and testing respectively. This value signifies the 

adequacy of the ANN model.   

The chromium (VI) removal by using cerium oxide polyaniline composite (CeO2/PANI) is 

undertaken and the results are tested by RSM-CCD and BP-ANN. The experimental design was 

performed by using central composite design of response surface methodology. Five numbers of 

composites are synthesized by using different composition of starting material. Based on chromium 

(VI) exchange capacity the material synthesized with molar concentration of 2:3 is used in batch 

and column studies. The material exhibits specific surface area of 110 m2/g and particle size of 183 

nm. From TG-DTA studies, it was found that strong weight loss of 67.2% up to 500 ºC attributes to 

the degradation of the skeletal polyaniline chain structure. The XRD studies confirmed the partial 

crystalline nature of the composite material; it is also observed that crystallinity decreases with 

higher 2-theta values, which indicate that CeO2 particles are successfully embedded in polyaniline 

matrix. The average crystallite size of the material was found to be 97.2 nm before and 187.2 after 

adsorption. The SEM and corresponding EDX studies clearly indicates that the composite material 

has a spherical and granular structure before adsorption and formation of aggregates after 

adsorption suggest chromium adsorption on the surface of composite material. FTIR studies 
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indicate the interaction of chromium (VI) species with the functional groups of the material. Batch 

studies are carried out according to central composite design which is used to develop a 

correlation between five independent variables (dose, pH, time, temperature and initial 

concentration) and one output (% removal) as per face centered central composite design (FCCD). 

As per the FCCD, eighty-six numbers of experimental runs are conducted. Batch adsorption 

studies as per the previous procedure are conducted to know the optimum condition. The 

maximum removal of 92.2% occurs at optimum condition: pH 6, dose: 8 g/L, contact time: 60 

minutes, temperature: 40 oC and initial concentration: 49 mg/L. The above results are supported by 

both ANN and RSM studies. The thermodynamic study concludes the endothermic nature of 

adsorption. The second order rate equation is best fitted model to describe the kinetics of the 

adsorption process. The thermodynamic parameters indicate the spontaneous and feasible 

adsorption process. The positive value of entropy indicates structural modification and increase 

affinity in adsorbent towards chromium (VI) species. Negative value of enthalpy and positive value 

of entropy suggest that both enthalpy and entropy are responsible for making the ΔG value 

negative. The results of RSM and ANN prediction support the experimental results. The Langmuir 

isotherm is best fitted model to describe the adsorption process. D-R isotherm studies conclude 

chemisorption nature of the adsorption process. Presence of other ions reduces the % removal in 

the order nitrate > bicarbonate > sulphate > carbonate > fluoride > chloride. The material shows 

poor desorption property and can be reused up to two cycles only. In the RSM modelling, the lack 

of fit suggested the quadratic model with F - 0.73 which has been selected as suggested by 

software based on correlation value of (R2) 0.9331. Low probability (< 0.05) with model F value 

(68.26) proposes the model is significant and accurate according to analysis of variance (ANOVA). 

The source contribution in % removal concluded that dose, pH and temperature contributes more 

than 90 % but variable time and concentration have less contribution in influencing removal making 

the variables insignificant. On the basis of model, the optimum removal of 93.9% is possible with a 

dose = 8.2 g/L, pH = 6, time = 60 minutes, temperature = 40 ºC and initial concentration = 49 mg/L. 

On the basis of minimum value of MSE (0.0000133), the optimum number of neurons in hidden 

layer is seven which is used for ANN modelling. Hence, the three layered back propagation neural 

network with architecture of 5-7-1 is used for modelling. When the results of both the model is 

compared, it is concluded that ANN model predict better than RSM model based on high 

correlation value. On the basis of statistical comparison based on box plot of relative (%) error, 

standard error and standard deviation also suggest that ANN model work better than RSM. Ten 

confirmatory experiments are carried out keeping the above optimum conditions and it is found that 

response characteristic in the confirmation test fall well within the 75% CICE.  

From the above discussion, it is clear that the hybrid materials and composite are excellent 

adsorbent for the removal of arsenic and chromium from water by batch and column mode. Hence 

these materials have commercial potential and can be used for removal of chromium (VI) and 

arsenic (III) irrespective of the concentration. 
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CHAPTER-6 

FUTURE WORK 

 

 

1. To develop novel environment friendly adsorption media for the purpose of water 

treatment. 

2. To develop the mechanism of removal process. 

3. To carry out biosorption study using different microbial organism in removal of heavy 

metal ions and other toxic ions from water. 

4. To develop a working product for efficient removal of heavy metals and other toxic ions 

from water. 

5. To use, design and study other mathematical algorithms and predictive models for 

prediction and optimization of removal efficiency. 

6. To develop engineering prototype for the home water purification system. 
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