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ABSTRACT 

Arsenic contamination in groundwater has posed global challenges to drinking 

water supply. Due to the awareness of its toxicity and chronic effects on human health, 

removal of arsenic from water using adsorptive materials has been extensively studied. 

Iron-based composite materials are a group of promising adsorbents due to their high 

affinity to arsenic species.  

In the present research, iron hydroxide loaded bead cellulose adsorbents have 

been synthesized through a one-step hydrolysis and coating procedure using five 

different loading percentages ranging from 3.8% to 21.7% in terms of mass of iron. 

Adsorption kinetics at various concentrations of arsenite (As(III)) and arsenate (As(V)) 

were tested in batch experiments. The adsorption competition by coexisting phosphate 

and sulphate and the regeneration performance were also investigated. The adsorption 

kinetics were modeled using the Pseudo-second-order kinetics equation and the 

calculated equilibrium concentrations and adsorption capacities were used to build the 

adsorption isotherms, which were then fitted using Langmuir and Freundlich equations. 

The Langmuir adsorption capacity (in terms of mg arsenic per g dry mass of bead) of 

As(III) increased from 49.9 mg/g to 92.0 mg/g when the iron content increased from 

3.84% to 17.7%, followed by a slight decrease to 86.1 mg/g when the iron content 

continued increasing to 21.7%. The adsorption capacity for As(V) showed a linear 

increasing, reaching 26.9 mg/g, with the increase of iron content. The coexisting PO4
3- 

of 5 mg P/L and 500 mg SO4
2-/L reduced the equilibrium adsorption capacity for As(III) 

by 14.5% and 24.4%, respectively. After two cycles of regeneration by 2.0 M NaOH 

solutions, the adsorbent showed 99.2% of the original adsorption capacity for As(III). 

The breakthrough behavior of As(III) and As(V) were investigated in packed 
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bed column experiments. To determine the dispersion coefficients of arsenic in the 

column, the breakthrough curve of methylene blue as a tracer was obtained and 

modeled using the equilibrium convection diffusion equation. The estimated dispersion 

coefficient was 1.9 cm2/h at a flow rate of 361.4 cm/h for As(III) and 2.9 cm2/h at 561.1 

cm/h for As(V), respectively. Parameters controlling the breakthrough behavior of 

arsenic were then estimated by fitting the Two-sites nonequilibrium convection 

diffusion equation to the experimental data using the Stanmod modeling package. The 

results showed that almost all the adsorption sites (96.46% for As(III) and 99.56% for 

As(V)) were at nonequilibrium adsorption state. The first order kinetics controlled the 

adsorption of As(III) and As(V) in the column at a rate of 0.0017 h -1 and 0.0018 h-1, 

respectively. The estimated partition coefficient for As(III) and As(V) was 99812.7 

L/kg and 200721.8 L/kg, respectively. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Background 

The contamination of groundwater by arsenic is a global environmental issue 

threatening safe drinking water supply. The magnitude of arsenic problem is often 

expressed in terms of the affected population. Even though it is impossible to assess the 

accurate population influenced by arsenic polluted groundwater worldwide, various 

reports have given estimates based on regional surveys. For example, an estimation of 

over 100 million people in Bangladesh, India, China, Myanmar, Pakistan, Vietnam, 

Nepal and Cambodia are exposed to high levels of arsenic by consuming untreated well 

water as long-term drinking water (Berg et al. 2001, Fendorf et al. 2010, Nordstrom 

2002, Rahman et al. 2015, Rodríguez-Lado et al. 2013, Smith et al. 2000)rf et al. 2010, 

Nordstrom 2002, Rahman et al. 2015, Rodríguez-Lado et al. 2013, Smith et al. 2000). 

Directly seen from the map of arsenic in groundwater of the United States, as shown in 

Fig. 1.1, concentrations above 10 /g L  and even higher than 50 /g L can be found 

in states including Texas, Arizona, California, Nevada, Maine, Michigan, Minnesota, 

South Dakota (Smedley and Kinniburgh 2002, Welch et al. 2000). Bangladesh faces 

the most severe groundwater arsenic pollution problems. Approximately 21 million 

people are relying on well water with arsenic concentrations greater than its national 

permitted level of 50 /g L . If the World Health Organization (WHO) recommended 

maximum contaminant level (MCL) of 10 /g L  for arsenic is applied, the population 

exposing to high levels of arsenic is over 45 million. It was predicted by the WHO that 

10% of the deaths in Bangladesh could be directly related to cancers caused by arsenic 

(Chowdhury et al. 2000, Nickson et al. 1998, Smith et al. 2000). With regard to China, 
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a risk model has estimated that 19.6 million people are exposing to dangerous levels of 

arsenic, mainly located in arid and semi-arid areas including Xinjiang, Inner Mongolia, 

Henan, Shandong and Jiangsu Provinces (Rodríguez-Lado et al. 2013). In Latin 

American countries including Chile, Argentina and Mexico, an estimated 4.5 million 

people are at long-term risks of consuming arsenic with concentrations higher than 50 

/g L  (Bundschuh et al. 2012, McClintock et al. 2012).  

 

Fig. 1.1 Map of arsenic concentrations in groundwater of the United States (USGS 

(United States Geological Survey) 2000). 

Another way to delineate the magnitude of arsenic contamination of 

groundwater is to use the probability of exposure to high levels of arsenic (Ayotte et al. 

2006, Dai et al. 2014). Rahman et al. 2015. Based on field measured arsenic 

concentration data, Amini et al. (Amini et al. 2008) developed a global probability map 

to depict the probability to be affected by arsenic of over 10 /g L  in reducing and 

oxidizing geological conditions. This research provided an overview of global arsenic 

pollution situation, as shown in Fig. 1.2. Rodriguez et al. have developed a probability 

map to illustrate the potential magnitude of arsenic contamination in groundwater of 
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China using a threshold of 10 /g L , as shown in Fig. 1.3 (Rodríguez-Lado et al. 2013). 

Elevated concentrations of arsenic in groundwater can be attributed to both 

natural release and industrial activities. The mobilization mechanisms vary largely 

under specific environmental conditions. (Neumann et al. 2010, Nordstrom 2002, 

Polizzotto et al. 2005, Polizzotto et al. 2008, Winkel et al. 2008). Generally, the 

predominant species of arsenic in groundwater are pentavalent arsenate [As(V) as 

H2AsO4
-, HAsO4

2- and AsO4
3-], trivalent arsenite [As(III) as HAsO3

0 and H2AsO3
-] and 

organic arsenic compounds such as monomethylarsonic acid (MMA), dimenthylarsonic 

acid (DMA) trimethylarsonic acid and arsenobetaine (Cullen and Reimer 1989, Mandal 

and Suzuki 2002). The toxicity of arsenic varies largely across its different speciation. 

Generally, inorganic arsenic is more toxic to humans than inorganic species and arsenite 

is more toxic than arsenate (Sharma and Sohn 2009). 

 

Fig. 1.2 Global map of probability of exposure to groundwater containing arsenic with 

concentrations above 10 /g L  in a) reducing conditions and b) oxidizing conditions 

(Amini et al. 2008). 

Poisoning and deaths caused by exposure to inorganic arsenic through water, 
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food and air have been widely reported in many countries. The acute symptoms due to 

arsenic ingestion include vomiting, abdominal pain and diarrhea, which may be 

followed by numbness and even death in extreme cases. These poisoning symptoms 

could happen in 30 minutes after ingestions of high concentrations of arsenic. The 

chronic effects caused by arsenic has attracted great attention because in many countries 

and regions groundwater containing low levels of arsenic is the long-term drinking 

water sources. This can lead to bladder cancer, lung cancer, liver cancer and skin 

pigmentation or lesions that finally lead to skin cancer within 5 to 15 years of exposure. 

In addition to its carcinogenic properties, long-term intake of arsenic may lead to 

diabetes, impaired development and cardiovascular diseases (Abernathy et al. 1999, 

Hong et al. 2014, Lin et al. 2013, Sharma and Sohn 2009, Smith and Steinmaus 2009). 

Therefore, the WHO and the International Agency for Research on Cancer (IARC) have 

classified arsenic as a Group 1 contaminant carcinogenic to human  (IARC 1980). Also, 

the WHO has regarded arsenic as one of the top 10 chemicals causing major public 

health concerns.  

 

Fig. 1.3 Predictive probability map of arsenic exceeding 10 /g L  in A) overview of 

China and B) major affected regions in China (Rodríguez-Lado et al. 2013). 
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Arsenic has been posing long-term challenges to drinking water supply to 

millions of people all over the world who are consuming groundwater. There is still no 

known effective treatment for arsenic poisoning. Therefore, the removal of arsenic from 

contaminated water is urgent to provide clean and safe water to human. In the past 

decades, various treatment technologies have been developed for treatment of arsenic 

polluted water. The commonly employed techniques include coagulation, precipitation, 

oxidation, ion-exchange, reverse osmosis, lime softening and adsorption (Chandra et al. 

2010, Choong et al. 2007a, Han et al. 2002, Janet et al. 1997, Yuan et al. 2003).  

Adsorption has become the most promising technique compared to the other 

methods due to its high efficiency, low cost and simplicity in operation (Ali and Gupta 

2007, Mondal et al. 2006, Wu et al. 2012). Adsorption can be easily applied in both 

batch reactors and fixed bed column filters. These filters are easy to be installed in rural 

areas of many developing countries where most severe arsenic contamination occurs. 

In addition, the availability of various adsorbent materials has made adsorption suitable 

for water treatment. The widely reported efficient adsorbents for arsenic removal are 

composites combining surface metal oxides/hydroxides such as aluminum 

oxides/hydroxides, manganese oxide and iron oxides/hydroxides with other materials 

such as activated carbon, graphene oxide, chitosan and cellulose. These composites can 

take advantages of both metal oxide offering effective adsorption sites and the other 

materials serving as ideal supporting matrixes (Ali 2012, Carpenter et al. 2015, Mohan 

and Pittman Jr 2007). The selection of proper metal oxides, the surface loading of the 

metal oxides, surface area of the supporting material and the particle size of the 

synthesized adsorbents are key factors affecting the performance of the prepared 

adsorbents. It is generally accepted that the higher the loading of metal oxides and 
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surface area, the better of the adsorption performance. Emphasis of recent research is 

focused on achieving high surface area and high surface loading of metal oxides. 

Therefore, various of nanoscale adsorbents have been developed and tested for arsenic 

removal, such as the magnetic-maghemite nanoparticles, Fe2O3 nanoparticles and 

nanoscale zero-valent iron (Chowdhury and Yanful 2010, Kanel et al. 2005, Yu et al. 

2013). However, the small particles are not suitable for water treatment because they 

can hardly be separated from the solution after adsorption due to the poor sedimentation 

properties. Additionally, it is difficult to implement the small particles into fixed bed 

columns as the porosity will be very small so that the flow through of solution will 

cause extremely high pressure in the columns. The flexibility of utilizing the adsorbents 

into fixed bed columns is a critical factor affecting the performance of the designed 

adsorbents. Another disadvantage for the recent studies is that the influence of iron 

contents on arsenic adsorption capacity has not been investigated systematically. 

Despite the recent studies have spared no efforts to develop highly efficient adsorbents 

for arsenic removal, little attention has been paid on the cost-effectiveness. For 

example, activated carbon is largely used as the supporting matrix for the composite, 

but it is also an expensive material.  

Cellulose is a promising bio-polymeric material due to its hydrophilicity, high 

porosity, cost-effectiveness, and environmentally friendly characteristics. The presence 

of hydroxyl groups makes it an excellent material for surface modification. The 

cellulose nanomaterials have been widely used in developing water treatment methods 

(Carpenter et al. 2015). Several studies have employed cellulose as the supporting 

matrix for iron hydroxides in the synthesis of arsenic composite adsorbents (Guo and 

Chen 2005, Yu et al. 2013, Zhao et al. 2009). However, drawbacks of these studies 
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include complicated loading process, small particle sizes and failure to elucidate the 

effects of iron contents on arsenic adsorption capacity. Therefore, more investigations 

are needed to elucidate the flexibility of application of cellulose in composition of 

arsenic removal materials. 

1.2 Objectives of this study 

Based on the factors discussed above, the overall objective of this study was to 

develop an effective adsorbent using cellulose and iron hydroxide through a simple 

modification process. Then the adsorbent was applied in batch and column experiments 

to investigate the adsorption removal of As(III) and As(V) from water.  

Specifically, the objectives of the study were: 

1) To determine adsorption kinetics and adsorption isotherms of As(III) 

and As(V) by the prepared adsorbents using batch experiments; 

2) To investigate the effect of iron contents on adsorption capacity of the 

adsorbents for As(III) and As(V); 

3) To investigate the influence of coexisting anions on the adsorption of 

As(III) and As(V); 

4) To study the regeneration and reusability of the prepared adsorbent for 

arsenic adsorption; 

5) To analyze the breakthrough behavior of As(III) and As(V) in pack bed 

columns; 

6) To model the breakthrough curves of As(III) and As(V) using 

equilibrium and non-equilibrium models and estimate the key parameters controlling 

the breakthrough behavior.
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CHAPTER 2 

LITERATURE REVIEW 

Contamination of groundwater by arsenic has posed great challenges to drinking 

water supply to millions of people all over the world. The occurrence of arsenic in 

groundwater is due to both natural processes and anthropogenic activities. Arsenic is 

present in groundwater in inorganic and organic forms. Inorganic forms of arsenic have 

caused the major health concerns. In groundwater, inorganic arsenic is mostly present 

in trivalent arsenite (As(III) as HAsO3
0 and H2AsO3

-) and pentavalent arsenate (As(V) 

as H2AsO4
-, HAsO4

2- and AsO4
3-) states.  

Due to different states of arsenic and releasing mechanisms, the occurrence and 

transport behavior of arsenic in the environment vary largely in various countries and 

regions. However, the agreement has been achieved that the toxicity and mobility of 

As(III) is generally greater than As(V). Diseases and deaths caused by arsenic have 

been reported in many countries such as Bangladesh, China, Vietnam, India and United 

States (Astolfi et al. 1981, Das et al. 1996, Knobeloch et al. 2006, Mandal and Suzuki 

2002). Due to the awareness of health threats caused by arsenic, the WHO has lowered 

the guideline maximum contaminant level for arsenic in drinking water to 10 µg/L. The 

US Environmental Protection Agency (USEPA) has adopted the standard for arsenic in 

drinking water at 10 µg/L, while in many developing countries the standard remains 50 

µg/L. It is still common that arsenic concentrations in groundwater largely exceed this 

standard globally. Even higher concentrations ranging from 0.5-25 mg/L can be found 

in thermal water and contaminated groundwater (Sarkar and Paul 2016, Smedley and 

Kinniburgh 2002, Wang et al. 2015).  

Therefore, to meet the drinking water standards, various arsenic removal 
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techniques have been developed and applied to many public drinking water systems. 

These techniques mainly include ion exchange, coagulation, precipitation, reverse 

osmosis and adsorption. Adsorption has become the most common techniques for 

arsenic removal from water because of its high efficiency, cost effectiveness and 

simplicity in operation (Ali and Gupta 2007, Mohan and Pittman 2007, Zhu et al. 2009). 

It can be easily applied in rural areas where people mostly rely on groundwater and 

most severe arsenic pollutions occur. In the past decades, numerous studies have 

developed a wide range of adsorbents for the removal of arsenic from water, such as 

activated carbons, carbon nanotubes, iron oxide and hydroxide, zerovalent iron, 

manganese oxide, titanium dioxide, activated alumina, binary metal oxide composites. 

Research has also focused on developing cheap and efficient iron-loading supporting 

materials such as activated carbon, biochar, sand, chitosan, and cellulose (Chen et al. 

2007, Cundy et al. 2008b, Guan et al. 2012, Guo and Chen 2005, Hu et al. 2015, Lata 

and Samadder 2016, Li et al. 2012, Mohan and Pittman 2007, Muñoz et al. 2002, Qiu 

and Zheng 2007, Singh and Pant 2004, Xu et al. 2013, Yu et al. 2013, Zhang et al. 

2007). 

In this chapter, the occurrence, behavior and toxicity of arsenic in the 

environment have been reviewed. The current arsenic removal technologies have been 

listed and their advantages and disadvantages have been compared. The application of 

adsorption for arsenic removal and the most common adsorbents have been critically 

reviewed. 

2.1 Occurrence of arsenic in groundwater 

Arsenic is a metalloid element that is ubiquitously present in various 
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environmental components. Its abundance ranks the twentieth among all the elements 

in the earth’s crust. Arsenic is mostly found associated with sulphides and oxides, both 

in inorganic and organic forms. It is mainly trapped in sulphide minerals such as iron 

sulphide, copper sulphide, lead sulphide and zinc sulphide by replacing sulphur and 

forming crystal structures. Pyrite has the most abundant of arsenic and is an important 

component in sedimentary environment under reductive conditions. These sulphides 

minerals are easily broken down by oxidation, with arsenic being released into 

environment. Arsenic is also immobilized through adsorption onto oxide minerals. Iron 

oxides have the largest capacity adsorbing arsenic and can be broken down under 

reductive environment such as groundwater. Hydrous aluminum and manganese oxides 

also provide considerable adsorption sites for arsenic. In addition to the sulphide 

minerals and oxide minerals, phosphate minerals and silicate minerals may also contain 

high contents of arsenic even though they are less abundant (Bostick and Fendorf 2003, 

Brannon and Patrick 1987, Cullen and Reimer 1989, Jain and Ali 2000, Pichler et al. 

1999, Sankar et al. 2014). Arsenic can be mobilized from these components through 

naturally geochemical processes including redox condition change, mineral-water 

interactions, mineral dissolutions and some biological processes.  

In addition, various anthropogenic activities such as disposal of industrial waste 

chemicals, use of pesticides, mining activities, combustion of fossil fuels and use of 

livestock additives can contribute arsenic occurrence in aquatic environment. 

Numerous research has suggested that the predominant source of arsenic in 

groundwater is from the dissolution of arsenic-rich sulphide minerals, desorption from 

iron oxides, and dissolution of arsenic-loaded iron oxides (Bissen and Frimmel 2003a, 

Labrenz et al. 2000, Mailloux et al. 2009, Molinari et al. 2013, Nordstrom 2002, 
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Polizzotto et al. 2008, Rittle et al. 1995, Smedley and Kinniburgh 2002). Besides, 

research has shown that the extraction of groundwater through deep wells would cause 

the compact of interbed of clays, which could expel the pore water containing mobilized 

arsenic to deep aquifers. This is an example of arsenic occurrence due to the 

combination of natural processes with anthropological processes. 

2.1.1 Natural sources of arsenic in groundwater 

Interactions between minerals and water can be a significant process controlling 

arsenic mobility, especially in groundwater and aquifers where mineral/water interface 

is present. Understanding the mechanisms and types of interactions is critical for 

predictions of arsenic occurrence in groundwater. However, it is difficult to investigate 

interactions directly in groundwater interface or in aquifers. Based on the basic 

understanding that oxides have played an important role in controlling arsenic 

concentrations in groundwater, most studies have treated the interactions using models 

of adsorption/desorption processes between arsenic and the key oxides in the minerals. 

Also, the dissolution of oxides in the minerals has also been regarded as an important 

mechanism that was responsible for arsenic release into groundwater. Because of the 

good correlation between the contents of arsenic and iron in environment, iron oxides 

are frequently employed to study the interactions controlling arsenic mobility (Bose 

and Sharma 2002, Guo et al. 2008, Johnston et al. 2011, Matisoff et al. 1982, Nickson 

et al. 2000, Smedley and Kinniburgh 2002, Welch et al. 2000).  

The most important factor contributing to the desorption of arsenic from the 

minerals is the competitive anion exchange. Numerous studies have shown that the 

phosphate (PO4
3-) posed the greatest potential in competing for adsorption sites on iron 
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hydroxides. So, the use of fertilizers containing phosphate and the natural present 

phosphate could displace arsenic into solutions (Acharyya et al. 1999, Bolan et al. 2013, 

Dixit and Hering 2006, van Geen et al. 2008). In addition to phosphate, the naturally 

coexisting anions including bicarbonate (HCO3
-), sulphate (SO4

2-) and silicate (SiO4
2-) 

have been reported to be responsible for the mobilization of arsenic from minerals to 

groundwater (Ciardelli et al. 2008, Goh and Lim 2005, Holm 2002, Szramek et al. 

2004). The massive dissolved natural organic matters (NOM) could also cause 

mobilization of arsenic from iron hydroxide surface by directly competing adsorption 

sites or being a redox driver causing iron hydroop0xide dissolution. The introduction 

of dissolved labile organic matters can stimulate microbial activities that have potential 

in leading to the change variations of arsenic speciation and enhancing dissolution of 

arsenic bearing minerals (Anawar et al. 2013, Bauer and Blodau 2006, Biswas et al. 

2014, Buschmann et al. 2006, Copeland et al. 2007, Mladenov et al. 2010, Reza et al. 

2010, Sharma et al. 2011, Sracek et al. 2004, Wang and Mulligan 2006). The adsorption 

of arsenic species onto iron hydroxides is pH dependent. The change of pH conditions 

in groundwater can lead to the mobilization of arsenic. Neutral and acidic pH conditions 

are favorable for the adsorption of arsenate onto hydrous iron hydroxide while the 

adsorption of arsenite is not sensitive to the change of pH conditions. At alkaline pH, 

the mineral surface is negatively charged, which posing repulsion to negatively charged 

arsenate species. The adsorption of arsenate onto hydrous iron oxide decreased 

dramatically with the increase of pH while the adsorption of arsenite was not largely 

affected by the change of pH (Fendorf and Kocar 2009b). Under neutral pH conditions, 

arsenite can be adsorbed to a greater extent onto iron hydroxides than arsenate. More 

retention can result in more desorption and higher aqueous concentrations (Dixit and 
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Hering 2003). The case studies of aquifers in states of Arizona and New England in the 

United States showed that the elevated arsenic concentrations were mainly derived from 

the pH-dependent desorption process (Robertson 1989, Robinson and Ayotte 2006).  

Another mechanism for arsenic mobilization is the variations of environmental 

redox conditions. Experimental investigations and case survey have suggested that 

arsenic can be released via oxidation and reduction. Strong correlations between 

dissolved arsenic concentrations and iron in shallow wells have been reported and it 

can be attributed to the reductive dissolution of iron hydroxide and mobilization of 

arsenic (Ahmed et al. 2006, Amstaetter et al. 2010, Campbell et al. 2006, Jiang et al. 

2009, Kirk et al. 2010, Leiva et al. 2014, Molinari et al. 2013, Nickson et al. 2000, 

Polizzotto et al. 2005, Van Geen et al. 2004). Transition of aerobic conditions to 

anaerobic conditions by limited oxygenation due to the introduction of organic matters 

has been reported to be responsible for dissolution iron hydroxide minerals that cause 

high level of dissolved arsenic (Datta et al. 2009a, O'Day et al. 2004, Rhine et al. 2008). 

Organic matters such as autochthonous peat and allochthonous organic matters from 

recharging waters can cause reduction of iron oxides containing arsenic (McArthur et 

al. 2001). Smedley et al. (Smedley and Edmunds 2002) has suggested that the most 

important source of arsenic in natural waters is the reduction dissolution of iron 

(oxy)(hydr)oxide under anoxic conditions. However, the reduction of arsenate to 

arsenite could lag behind the reduction of iron hydroxide (Islam et al. 2004). On the 

contrary, exposure to aerated water leads to the oxidation of arsenic loaded sulphide 

minerals, which also can release arsenic into groundwater. (Biswas et al. 2011, Fendorf 

and Kocar 2009a, Meng et al. 2003, Saunders et al. 2005, Zheng et al. 2004). 

Chowdhury et al. (Chowdhury et al. 1999) suggested that high concentrations of arsenic 
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found in shallow wells in Bangladesh were mainly due to the oxidation of arsenic 

containing pyrite. Role of microbial activities in the mobilization of arsenic from iron 

(hydr)oxides has been widely investigated (Vanbroekhoven et al. 2007). Experimental 

studies showed that the microbial activity enhanced the dissolution of iron hydroxides, 

with arsenic being released (Cummings et al. 1999, Jiang et al. 2009). Simultaneous 

reduction of both hydrous ferric oxide and arsenate species by two types of anaerobic 

bacterial incubations has been reported (Campbell et al. 2006). Case study of West 

Bengal also suggested that anaerobic metal reducing bacteria has played a critical role 

in arsenic mobilization from sediments (Islam et al. 2004). Redox transformations of 

arsenic species by microorganisms have been investigated in both laboratory and field 

studies. The respiratory pathway and detoxification pathway are the two known 

microbial pathways that transform arsenate to arsenite (Campbell et al. 2006, Oremland 

and Stolz 2003).  

In summary, the four main geochemical processes contributing to arsenic 

mobilization into groundwater include competitive adsorption by coexisting anions and 

NOM, reductive dissolution of iron (oxy)(hydr)oxides, oxidation of arsenic containing 

pyrite and redox condition variations. It should be noticed that mechanisms causing 

arsenic in groundwater vary in different countries or under various environmental 

conditions. Field studies around the globe showed that arsenic occurrence in 

groundwater of Bangladesh, India, Northern China, Taiwan, Vietnam, Hungary and 

Romania were related to reducing conditions. Occurrence of arsenic in groundwater in 

South American countries such as Mexico, Chile and Argentina were due to oxidizing 

mechanisms. The case of arsenic pollution in South-western United States was 

attributed to mixed oxidizing and reducing conditions (Amini et al. 2008, Smedley and 
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Kinniburgh 2002). 

2.1.2 Anthropogenic sources of arsenic in groundwater 

Even though long before human activities had posed any effect on groundwater 

quality, arsenic was released into groundwater through natural geochemical processes, 

anthropogenic arsenic sources were realized nowadays. Firstly, arsenic has been widely 

used in industrial products such as pesticides, feed additives, wood preservation and 

drugs, the potential arsenic pollution related to the production, application and waste 

disposal of such products have attracted much attention. Secondly, human activities 

such as mining, combustion of fossil fuels and agriculture could cause arsenic release 

from where it has been immobilized (Mandal and Suzuki 2002). More than 50% of 

arsenic is used to produce pesticides in agriculture, such as monosodium 

methylarsenate, disodium methylarsenate, dimethylarsinic acid and arsenic acid. 

Another 30% of arsenic production is made for wood preservatives. The remaining 

arsenic is mainly used to produce glass, alloy, electronics and veterinary chemicals 

(Matschullat 2000). About 90% of the productions are in China, France, Mexico, 

Germany, Peru, Namibia, Sweden and the United States and 50% of the world 

production have been consumed in the United States (Mandal and Suzuki 2002, Nelson 

1977). In addition to pesticides, many herbicides contain large amounts of inorganic 

arsenic such as sodium arsenite (Baker et al. 2017). Arsenic has also been widely used 

as a cotton desiccant and wood preservative in the United States (Mandal and Suzuki 

2002). Therefore, the agricultural use of pesticides and herbicides has led to extensive 

contamination of surface and subsurface soils, which has caused arsenic concentrations 

in such soils ranging from 0.5 to 115 mg/kg, up to 30 times the background level (Smith 

et al. 2003). Due to the use of arsenic containing insecticides in sheep and cattle wastes, 
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arsenic in surface soil (10 cm) ranged from 37 to 3542 mg/kg and penetrated to a deeper 

level (40 cm), reaching 2282 mg/kg (McLaren et al. 1998). Positive correlations 

between the extensive application of arsenical pesticides and arsenic levels in sediments 

have been reported in New England by using a spatial statistics and isotopic tracer 

measurements. Arsenic concentrations ranged from 0.3 to 93 mg/kg in 1600 sediment 

samples (Robinson Jr and Ayuso 2004). Based on the estimation made by Murphy and 

Aucott (Murphy and Aucott 1998), in the United States, the use of arsenical pesticide 

products such as Paris Green began in the second half of the 19 th century. More than 25 

million kg of calcium arsenate and 9 million kg of lead arsenate were employed in soils 

of New Jersey from 1900 to 1980. Calcium arsenate was a broad-spectrum insecticide 

that was extensively used to protect cotton from boll weevil. Lead arsenate was used to 

control insects attacking of fruits and vegetables. Numerous studies on environmental 

behavior of arsenic have shown that arsenic could be transported to aquifers and 

groundwater after entering sediment and soils (Barringer et al. 2010, Brannon and 

Patrick 1987, Charlet et al. 2011, Fendorf and Kocar 2009b, Harvey et al. 2006, Kim et 

al. 2009, Leybourne and Cameron 2008, McArthur et al. 2010, Roberts et al. 2010, Xie 

et al. 2013, Zhang and Selim 2008). Due to the awareness of arsenic pollution caused 

by agricultural activities, the US Environmental Protection Agency has banned the use 

of several inorganic arsenic containing pesticides. Pesticides with organic arsenic such 

as monomethylarsenic acid and dimethylarsenic acid are still in use. However, further 

environmental risks are still of concern because it is possible for organic arsenic to be 

transformed to inorganic arsenic (Masuda et al. 2005, Su et al. 2011). 

Another human activity that directly introduces arsenic in the environment is 

the wood preserving industry. Arsenic containing wood preserving compounds have 
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been widely applied in the United States to prevent decay of timbers caused by 

Crustacea, mollusks and fungi. The main component of such wood preservatives is 

chromated copper arsenate (CCA) (Hingston et al. 2001, Khan et al. 2006a, Khan et al. 

2004, Khan et al. 2006b). Therefore, the contaminations of arsenic due to the treatment 

of wood, application of treated wood and disposal of waste have been reported. In 

addition, the effluent from the treatment has been regarded as an important source of 

arsenic in aquatic and terrestrial environment (Hopp et al. 2006, Rice et al. 2002). Even 

though the CCA and treated wood were not allowed to use from 2004, the disposal of 

such waste wood has caused severe leaching of arsenic into the field soils (Townsend 

et al. 2005). 

The most important human activity that is causing arsenic mobilization from 

minerals is mining. Arsenic is naturally present in oxidized sulphide minerals including 

lead, zinc, copper and gold ores and can be mobilized through mining and smelting 

operations (Duker et al. 2005, Smedley and Kinniburgh 2002). Elevated concentrations 

of arsenic in soils, sediments and groundwater due to the smelting of sulphide minerals 

have been extensively reported (Madhavan and Subramanian 2000). Gold mining 

activities have cause groundwater arsenic contaminations in Austria and Brazil. In the 

vicinity of mining sites, arsenic concentrations could be as high as 300 µg/L in surface 

water and 4000 mg/kg in sediments.(Borba et al. 2003, Smith et al. 2003). The greatest 

environmental pollution accident in Spain was caused by the mine tailings (Grimalt et 

al. 1999). In the United States, groundwater arsenic contaminations in some areas have 

been reported to be related to the local mining sites such as the gold mining in Alaska, 

the lead-zinc-silver mining in Idaho, and Leviathan Mine in California (Mok and Wai 

1990, Welch et al. 1988, Welch et al. 2000). Mining activities have also caused arsenic 



`Texas Tech University, Chuan Liang, December 2017 

18 

 

occurrence in aquatic environment of Thailand. The poisoning of over 1000 people 

living was recognized near the Southeast Asian Tin belt, where arsenic in shallow 

groundwater with concentrations up to 5000 µg/L was reported (Williams et al. 1996). 

In addition to arsenic release directly from mining activities, mine tailings from 

historical mining industry also pose great arsenic risks to the environment (Morin and 

Calas 2006, Roussel et al. 2000). 

2.1.3 Speciation of arsenic in groundwater 

Arsenic is present in the environment in several oxidation states including -3, 0, 

+3 and +5. The predominant species of arsenic in the environment include arsenate 

[As(V) as H2AsO4
-, HAsO4

2- and AsO4
3-], arsenite [As(III) as HAsO3

0 and H2AsO3
-] 

and organic arsenic compounds such as monomethylarsonate (MMA) and 

dimethylarsinate (DMA). In natural aqueous environment, inorganic arsenic and 

organic arsenic can be coexisting. Techniques including chromatography and solid 

phase extraction have been applied to separate different arsenic species so that the 

dominant species can be determined. In groundwater, arsenic is mainly found as As(III) 

and As(V) while organic arsenic forms are less abundant. The speciation of arsenic is 

sensitive to the pH conditions, oxidizing and reducing conditions (Yan et al. 2000). As 

is shown in Fig. 2.1 and Fig. 2.2, under oxidizing conditions, H2AsO4
- is the dominant 

species at pH values lower than 6.9, while at higher pH conditions, HAsO4
2- becomes 

dominant.  
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Fig. 2.1 Effects of pH on speciation of As(III) and As(V) under redox conditions 

(Smedley and Kinniburgh 2002). 

Under reducing conditions and the pH values are lower than 9.2, the dominant 

arsenic species is the uncharged H3AsO3
0. The effects of pH on speciation of As(III) 

and As(V) can be expressed by the following equations (2.1)-(2.3) (Pierce and Moore 

1982) and (2.4)-(2.6) (Goldberg and Johnston 2001, Sharma and Sohn 2009), 

respectively. 
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The pH of groundwater is generally in the range of 6.5 to 8.5 (Pierce and Moore 

1982) with both oxidizing and reducing conditions, under which the predominant 

arsenic species are H3AsO3
0 for As(III) and HAsO4

2-for As(V). The X-ray Absorption 
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Near Edge Structure (XANES) studies have demonstrated that arsenic speciation in the 

groundwater was usually associated with reducing conditions, and As(V) could be 

converted to As(III) in the sediments (Itai et al. 2010, Manning 2005).  

 

Fig. 2.2 Eh-pH diagram for aqueous arsenic species (Smedley and Kinniburgh 2002). 

It has been well studied that at typical redox potentials of aerobic and 

oxygenated aquatic environment, As(V) species dominate As(III) species and at these 

redox potentials, a decrease in pH would cause an increase in the amount of As(III) 

over As(V). It is also predicted by the equilibrium thermodynamic calculation that As(V) 

should dominate over As(III) in oxidizing environment while As(III) can only be 

present in strongly reducing conditions. However, the ratio between concentrations of 

As(V) and As(III) in natural waters may not necessarily follow the theoretical 

prediction when different redox couples indicating different redox potentials. It has 

been reported that in reducing groundwaters, the concentration of As(III) can account 

for 75% of the total dissolved arsenic (Aurillo et al. 1994, Bhattacharya et al. 2009, 
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Datta et al. 2009b, Guo et al. 2008, He et al. 2010, Meng et al. 2001). As(III) has also 

been found in oxidizing conditions with a As(V)/As(III) ratio ranging from 0.1 to 250 

(Cullen and Reimer 1989). Another example of the effect of redox potential on 

inorganic arsenic speciation was that in well oxidizing water, As(III) was predominant 

over As(III) with the concentration ratio As(III)/As(V) ranging from 0.07 to 0.12. 

However, in the depth where dissolved oxygen was depleted, the presence of hydrogen 

sulfide and low pH was favor for the dominance of As(III) with the concentration ratio 

As(III)/As(V) ranging from 0.51 to 0.9. The research also suggested that As(III) was 

detected in well highly oxygenated surface water with the concentration ratio 

As(III)/As(V) close to 1(Seyler and Martin 1989). The oxidation of As(III) to As(V) by 

dissolved oxygen is proved to be slow in kinetics that half-lives could range from 

several months to a year. This was also supported by the stability of As(V) ratios over 

weeks with no particular operation to prevent oxidation (Johnson and Pilson 1975, Yan 

et al. 2000). In contrast to other cationic heavy metals such as copper, zinc, chromium 

and lead, arsenic in molecular and oxyanion forms has posed great challenges to the 

development of removal technology because of its high mobility under a wide range of 

reducing and oxidizing conditions. In addition, the coexistence of different arsenic 

species under the complex pH and redox conditions has raised new requirements for 

the proposal of remediation technologies. 

2.2 Toxicity of arsenic 

Environmental hazards caused by the pollution of arsenic have been posing 

acute and chronic health effects to millions of people who are consuming arsenic 

contaminated water. Illness associated with inorganic arsenic intake is most likely to 

occur through the consumption of arsenic contaminated drinking water via oral route, 
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while the exposure to arsenic through diet is much lower (Das et al. 2012, Smith et al. 

2000). Acute poisoning symptoms caused by intake of arsenic include gastrointestinal 

effects such as nausea, vomiting, abdominal pain and diarrhea, decreased production of 

red and white blood cells, and abnormal heart rhythms. However, arsenic levels in 

drinking water can rarely be high enough to cause acute poisoning. The chronic 

ingestion of low levels of arsenic is the main concern that can cause serious health 

consequences such as bladder cancer, lung cancer, liver cancer and skin pigmentation 

or lesions (Anawar et al. 2002, Bates et al. 1992, Brammer and Ravenscroft 2009, Hunt 

et al. 2014, Mazumder and Dasgupta 2011, Mazumder 2007, Rahman et al. 2001, 

Sarkar and Paul 2016, Sharma et al. 2014, Sharma and Sohn 2009). Many of these 

health effects have been reported in populations in Bangladesh, Argentina, India and 

Taiwan (Choong et al. 2007a, Duker et al. 2005). The recommended maximum 

contaminant (MCL) for arsenic in drinking water of 10 µg/L given by the WHO is 

usually taken for reference to determine if the arsenic level is excessive. One estimation 

in Bangladesh reported that consumption of water containing arsenic with 

concentrations higher than 50 µg/L has resulted in 9,136 deaths and 174,174 disability-

adjusted life years (DALYs) lost per year (Amini et al. 2008, Lokuge et al. 2004). 

Among all the arsenic species, sodium arsenite and arsenic trioxide are regarded as the 

most toxic. As(III) is 60 times more toxic than As(V) (Jain and Ali 2000). The lethal 

dose 50 (LD50) was used to assess the acute toxicity of arsenic and it ranged from 15-

40 mg/kg for sodium arsenite and 34 mg/kg for arsenic trioxide, respectively, with 

regard to different human body weights (Petrusevski et al. 2007). Based on the 

investigations of molecular mechanisms of carcinogenesis, arsenic does not react with 

DNA directly. However, it can cause gene amplification, chromosomal damage and 



`Texas Tech University, Chuan Liang, December 2017 

23 

 

enhance mutagenesis at lower doses. In addition, As(III) can derange the spindle 

apparatus by accelerating microtubule polymerization (Abernathy et al. 1999). 

Generally, there are four stages for arsenic to cause chronic poisoning: preclinical stage, 

clinical stage, complication stage and malignancy stage. No symptoms occur in the 

preclinical stage but arsenic can be detected in urine and body tissue samples. In the 

clinical stage which may occur after 5-10 years of exposure to arsenic, symptoms start 

showing on the skin such as darkening on the palms, dark spots on chest and more 

seriously hardening of skin into nodules. In the complication stage, symptoms on the 

skin are more pronounced and pathological effects such as enlargement start showing 

on internal organ including liver, kidneys and spleen. In the malignancy stage, skin, 

lung or bladder cancer may occur (Choong et al. 2007a). Both of As(III) and As(V) can 

inhibit the energy-linked functions of the cell mitochondria but the action mechanisms 

are different and As(III) can be adsorbed faster in biological systems than As(V) 

(Bissen and Frimmel 2003a). The mechanism of toxicity caused by As(III) is mainly 

the reaction in vitro with thiol-containing molecules. Due to its higher affinity to dithiol 

than monothiols, As(III) can bind to critical thiol groups, which may inhibit essential 

biochemical events for human health (Hughes 2002). As(III) can also be transported 

into cells through aquaglycerolporins due to its similar structure to glycerol (Liu et al. 

2002). For As(V), the mechanism is the reaction in vitro with glucose and gluconate to 

form glucose-6-arsenate and 6-arsenogluconate, which can inhibit hexokinase. 

Arsenate has similar molecular structure with phosphate. So, it can use phosphate 

transporters to enter the cells. In addition, toxicity caused by arsenic has been divided 

into three categories: epidemiological, cytotoxicity and genotoxicity. For these three 

types of toxicity, reactive oxygen species have played an important role by reducing 
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DNA methylation and specific protein expression (Sun et al. 2014).  

2.3 Arsenic removal technologies 

For the past decades, various methods have been developed and employed to 

remove arsenic from water. Generally, the most studied technologies include oxidation, 

coagulation and precipitation, lime softening, ion exchange, membrane filtration and 

adsorption (Mondal et al. 2006, Sarkar and Paul 2016, Singh et al. 2015). To meet the 

requirements of safe drinking water supply, any developed technology to be used in 

arsenic polluted areas, especially in rural areas of developing countries, should consider 

the factors such as simplicity in operation, cost-effectiveness, versatility and use 

environmentally friendly resources. It is important to consider the accessibility of such 

technologies to local communities and if these technologies can fit well with the rural 

circumstances (Chwirka et al. 2000, Hsiao-Wen et al. 1999). So, this section is to make 

an overview of these treatment processes for arsenic removal from water and to 

compare advantage and disadvantage for each technology. 

2.3.1 Oxidation 

Under the near neutral pH and slightly reducing conditions in groundwater, 

arsenic is mainly present as As(III), which is in the form of uncharged molecules. 

However, many techniques are effective to remove the negatively charged As(V). Thus, 

oxidation has been applied as a pre-treatment process to transform As(III) to As(V) 

before the treatment such as filtration, coagulation and adsorption (Baig et al. 2013, 

Bissen and Frimmel 2003b). The general redox transformation between As(III) and 

As(V) can be described as: 

 3 4 3 3 2 0H AsO 2H 2e H AsO H O E 0.56V         (2.7) 
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Common oxidants for As(III) include oxygen, hypochlorous acid and 

permanganate. The reactions are described by the following equations (Whitacre et al. 

2012). 

 3 3 2 2 4

1
H AsO O H AsO 2H

2

      (2.8) 

 
3 3 4H AsO HClO HAsO Cl 3H        (2.9) 

 
3 3 4 4 2 2H AsO +2KMnO 3HAsO 2MnO 2K 4H H O          (2.10) 

Even though aeration is the simplest method for arsenic oxidation, the reaction 

rate is low, which may require several weeks for complete oxidation (Pierce and Moore 

1982). It took 5 days to oxidize 25% of 200 µg/L As(III) by purging air and it took 60 

min to oxide 8% of As(III) by pure oxygen (Clifford et al. 1983, Frank and Clifford 

1986). So, other strong oxidants such as hydrogen peroxide, ozone and manganese 

oxide are also used to accelerate the oxidation process (Bordoloi et al. 2013). As(III) of 

40 µg/L could be totally oxidized in 20 min in the presence of ozone (Kim and Nriagu 

2000). The oxidation of As(III) by means of four conventional oxidants (chlorine 

dioxide, sodium hypochlorite, potassium permanganate and monochloramine) under 

various pH conditions and water compositions were investigated. The results showed 

that the oxidation efficiency of potassium permanganate was highest and the oxidation 

was slow by monochloramine (Sorlini and Gialdini 2010). In addition, photochemical 

oxidation of As(III) has been investigated. In the presence of oxygen, the oxidation rate 

was largely increased by UV irradiation (Mondal et al. 2013). Although oxidation is a 

simple process and can be easily applied to the treatment of large volumes of water, it 

can produce unwanted toxic by-products which need further treatments.  
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2.3.2 Coagulation and flocculation 

The coagulation reaction between arsenic and coagulants can transform soluble 

arsenic into floc which is easier to be separated from water by sedimentation or 

filtration. Floc or large aggregates are formed due to the reduction of negative charge 

of arsenic colloids by the positively charged coagulants (Choong et al. 2007b). Then 

the removal of arsenic from water by coagulation and flocculation can be attributed to 

three mechanisms: 1) direct precipitation reactions between arsenic and coagulants; 2) 

the coprecipitation of arsenic during the growing insoluble flocs; and 3) adsorption of 

arsenic species onto the surface of the formed solid aggregates through electrostatic 

attractions. Coagulation is generally followed by filtration to remove the flocs, which 

is an effective combination and widely used for arsenic removal. Because As(III) is 

uncharged, it needs to be oxidized to As(V) for better removal by coagulation. Among 

all the coagulants, iron and aluminum based coagulants such as alum (

2 4 3 2Al (SO ) 18H O ), ferric chloride (
3FeCl ) and ferric sulfate (

2 4 3 2Fe (SO ) 7H O ) are 

most commonly used (Hering Janet et al. 1997). Besides, flocculants are used to 

promote the formation of aggregates, which are better to be separated from water. For 

example, the process of alum coagulation can be divided into dissolution, precipitation 

and coprecipitation, using the following equations, respectively (Mondal et al. 2013, 

Whitacre et al. 2012). 

 
3 2

2 4 3 2 4 2Al (SO ) 18H O 2Al 3SO 18H O      (2.11) 

 
3

2 32Al 6H O 2Al(OH) 6H      (2.12) 

 2 4 3H AsO Al(OH) Al As(complex)      (2.13) 

The Al-As complex may include precipitate 
4Al(AsO )  or adsorbed arsenic onto 
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the aluminum hydroxide. Similarly, iron species are known to form such complex with 

arsenic, which can be removed by sedimentation or filtration. The coagulation of 

arsenic using iron oxide can be described using the equations below (Hering et al. 1996). 

 
3 3 4 4 2 2Fe(OH) H AsO FeAsO 2H O H O     (2.14) 

 
0 3

4 2 4 2FeOH AsO 3H FeH AsO H O        (2.15) 

 
0 3

4 4 2FeOH AsO 2H FeHAsO H O         (2.16) 

The formation of hydrous ferric oxide and hydrous aluminum oxide provides 

adsorption sites for arsenic, which can result in an adsorption capacity of 46 mg As(V)/g 

ferric chloride and 23 mg As(V)/g alum, respectively. It is reported that the iron based 

coagulants are more effective than aluminum based coagulants. Besides, the iron based 

coagulants are stable in a wider range of pH conditions (Gadd and Ravenscroft 2009, 

Hering Janet et al. 1997). The main influencing factors for arsenic coagulation are pH, 

dosage of coagulants and coexisting anions. The adsorption of arsenic to the oxide 

surface is favored at a low pH which is below the zero charge points of the oxides. With 

regard to the coagulant dosage, an iron/arsenic mass ratio over 40 is required to reduce 

arsenic concentration to lower than 50 ppb. The presence of anions such as 
3

4PO 
,

2

4SiO 
, and 

2

4SO 
 can compete with arsenic for adsorption sites and lower the removal 

rate. The affinity between
3

4PO 
 and oxide surface is the highest among the anions. 

This is consistent with results from the investigation of arsenic adsorption (Whitacre et 

al. 2012). Coagulation combined with precipitation and filtration is an efficient method 

to remove arsenic from water. However, the problems such as low removal efficiency 

for As(III) and disposal of produced coagulation sludge have limited the applicability 

of this technology. 



`Texas Tech University, Chuan Liang, December 2017 

28 

 

2.3.3 Ion exchange 

Ion exchange method has been widely used for arsenic removal from water. It 

utilizes a physicochemical process in which arsenic exchange with ions on the solid 

phases, which are in most cases the synthetic resins. The surface of synthetic resins can 

be modified using charged functional groups including strongly and weakly acidic 

groups or strong and weakly basic groups by covalent bonds (Clifford 1999). For 

arsenic removal, the resin is usually modified using chloride ions. So, water containing 

arsenic passing through the resin columns is lower in arsenic but higher in chloride till 

the ion-exchange capacity of the resin is depleted when most the exchange sites of the 

resin are loaded with arsenic (Choong et al. 2007b). The ion exchange resins can be 

regenerated by exchanging the loaded arsenic using NaCl solutions. Arsenic removal 

and regeneration of resin can be described by equation (2.17) and (2.18), respectively. 

 4 2 42R Cl HAsO R HAsO 2Cl       (2.17) 

 2 4 4R HAsO 2Na 2Cl 2R Cl HAsO 2Na           (2.18) 

Where R is the ion exchange resin. 

The concept of ion-exchange capacity for arsenic is usually expressed using 

milliequivalents (mEq)/mL. The exchange capacities for arsenic using strong base 

anionic exchange resins are from 1 to 1.4 mEq/mL. Besides, ion exchange is also 

affected by other coexisting anions such as phosphate, sulphate and nitrate by 

competing for exchange sites with arsenic. Generally, these anions have higher affinity 

to the resins than arsenic does. The ion exchange is less sensitive to the pH conditions. 

However, it requires the uncharged As(III) to be oxidized to As(V) before passing 

through the resin column and the oxidant should be removed in case the chemicals 
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cause damage to the resins (Whitacre et al. 2012). 

2.3.4 Membrane filtration 

Arsenic species can be separated from water by passing through a semi 

permeable membrane under the pressure as driving force. Membrane has been regarded 

as one of the most promising technologies for deep treatment of water. There are four 

types of membrane filtration processes that are most widely studied for arsenic removal. 

They are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO), of which MF is the low-pressure membrane process while the other three 

need high pressure to provide driving force (Mondal et al. 2013). The property that 

decides if arsenic can be separated from water is the pore size of the membranes. 

Among the four membranes, RO and NF are able to separate arsenic by capillary flow 

or solution diffusion due to the pore sizes smaller than 2 nm in diameter. Pore sizes of 

MF and UF are not small enough to remove soluble arsenic. But they can be used to 

removal particulate arsenic after coagulation and flocculation (Chwirka et al. 2004, 

Ghurye et al. 2004). Research has shown that the combination of coagulation and 

microfiltration is more efficient than that of coagulation and sedimentation (Han et al. 

2002). The advantage of membrane filtration processes for arsenic removal is 

independence of pH. In addition, there is no toxic by-product generated from the 

process. But the processes can be affected by the presence of specific colloids which 

foul the back wash. So, pretreatment is need for water containing high level of colloids. 

Another disadvantage for membrane method is the high cost and high energy 

consumption, which may not be acceptable for people in rural areas in developing 

countries (Mondal et al. 2013).  
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2.3.5 Adsorption 

Adsorption for arsenic removal is the process of accumulating arsenic species 

onto the solid surface by physical as well as chemical forces. Numerous adsorbents 

have been developed and applied for arsenic removal in the past decades. To better 

under the development of ideas for the design of arsenic adsorbents, Mohan and Pittman 

critically evaluated the performances of numerous adsorbents including the 

conventional activated carbon, natural constituents, industrial by-products, metal 

oxides, and composite materials (Mohan and Pittman Jr 2007). In this section, a brief 

review is made based on some of the most commonly used adsorbents.  

The most well-known adsorbent is activated carbon due to its high specific 

surface area, which could be up to 2000 m2/g based on different activation methods. It 

has been reported that the adsorption capacity of activated carbon for arsenic was only 

a few milligrams arsenic per gram activated carbon. For example, arsenic adsorption 

by a set of 28 activated carbons with the surface areas ranging from 388 to 1747 m2/g 

was studied. It showed that the largest adsorption capacity was 2.0 mg/g. Sometimes 

the adsorption rate is not sufficient to reach drinking water quality. However, a huge 

adsorption capacity (2860 mg/g) was reported with a coal-derived commercial activated 

carbon (Mohan and Pittman Jr 2007). The adsorption of arsenic using activated carbon 

is dependent on the pH of the water. The carbon-based nanomaterials such as graphene 

and carbon nanotubes are also used for arsenic removal with the surface being 

functionalized by hydroxyl (-OH) or carboxyl (-COOH) (Kuila et al. 2012). The 

granular activated carbon has been modified using impregnation of metallic silver and 

copper to improve the adsorption capacity (Rajaković 1992). Extensive reviews have 

been conducted on the metal based materials, the most extensively studied are activated 
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alumina, granular ferric hydroxide, iron oxide coated carbon materials, and metal -

metal composites (Adeleye et al. 2016, Lata and Samadder 2016, Mehta et al. 2015, 

Ray and Shipley 2015). Adsorption of As(III) onto activated aluminum has was 

investigated in terms of kinetics and isotherms. The adsorption equilibrium was 

achieved within 6 hours and was dependent on initial concentrations. The Langmuir 

isotherm showed the highest adsorption capacity was 2.29 mg/g. The intraparticle 

modeling showed that the mechanisms for arsenic to be adsorbed included surface 

adsorption and intraparticle diffusion (Singh and Pant 2004). For As(V), the adsorption 

removal using activated aluminum showed a Langmuir behavior and the adsorption 

capacity reached 36.6 mg/g (Han et al. 2013). This suggests that activated aluminum is 

more effective for adsorption of As(V) than As(III). Various adsorption models have 

been used to fit the adsorption data of As(III) and As(V) by activated aluminum grains. 

The adsorption can be described using both Freundlich and Langmuir adsorption model 

(Lin and Wu 2001). A mesoporous alumina was used for arsenic adsorption and the 

adsorption capacity reached 121 mg/g for As(V) and 47 mg/g for As(III) (Kim et al. 

2004).  

Iron based adsorbents have been most widely studied and applied for arsenic 

adsorption in recent years. Due to the high affinity to arsenic species, iron oxides and 

hydroxides have attracted great attention. The adsorption capacity of iron oxides for 

arsenic was reviewed to be higher than 100 mg/g. Studies have shown that the high 

affinity was attributed to the formation of surface complex between iron hydroxide and 

arsenic species. (Appelo et al. 2002, Farquhar et al. 2002, Sherman and Randall 2003) 

This indicated that iron oxides are ideal materials for selective adsorption of arsenic 

from water. However, if the iron hydroxides are applied alone, disadvantages of iron 
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oxides for arsenic removal include slow adsorption kinetics, narrow applicable pH 

range and difficulty in disposal after adsorption. Also, because of its small particle size, 

iron oxide nanoparticle cannot be used in continuous flow system. To overcome these 

difficulties, novel materials were developed by combining iron oxides with other 

traditional adsorbents. In the modification process, the traditional adsorbents serve as 

supporting matrix while iron oxides selectively remove arsenic from water (Adeleye et 

al. 2016, Lata and Samadder 2016, Mehta et al. 2015, Mohan and Pittman 2007). The 

most frequently used method is the modification of activated carbon by impregnating 

iron oxides on the activated carbon surface. This kind of materials could take 

advantages of both activated carbon as an ideal supporting media and iron oxides 

offering high affinity with arsenic species (Chen et al. 2007). Studies have shown that 

in the adsorption process, arsenate oxyanions could exchange with hydroxyl groups 

from iron hydroxides and form inner-sphere monodentate or bidentate surface complex, 

represented as Fe-O-AsO(OH)-O-Fe. Comparative studies showed that the 

impregnation of iron oxides with activated carbon increased the adsorption capacity by 

more than ten times. Javier et al. studied the influencing factors affecting arsenic 

adsorption by iron modified activated carbon. It was proposed that the most important 

factor was the pHpzc value, followed by iron content of the iron doped activated carbon. 

An iron content of about 1 wt.% was most favorable for arsenic adsorption. Mechanism 

study demonstrated that arsenic was removed by both ligand exchange with hydroxyl 

groups and electrostatic attraction with surface groups (Arcibar-Orozco et al. 2014). 

Muniz et al. compared arsenic adsorption performance by activated carbon impregnated 

with Fe(III) and Fe(II). The impregnation of iron could obviously improve arsenic 

removal efficiency and the increase of iron content in iron impregnated activated carbon 
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always increased arsenic uptake. Iron contents higher than 2 wt.% could contribute to 

the removal of 100% arsenic with an initial concentration of 311μg L−1. However, 

Arsenic adsorption performance was highly dependent on the impregnation methods, 

which could result in different degree of dispersion of the iron impregnated activated 

carbon. Specifically, small and highly dispersed particles were favorable to higher 

arsenic removal efficiency. Besides, the use of Fe(II) was more favorable to obtain good 

iron-impregnated activated carbon particles for arsenic removal (Muniz et al. 2009). 

Nanoscale zero-valent iron (NZVI) has been reported as an ideal material in 

remediation of arsenic contaminated groundwater. Because of its large active surface 

area, it has high adsorption capacity for arsenic (Cundy et al. 2008a, Daus et al. 2004). 

A comparative study has shown the adsorption capacity of NZVI for arsenate was larger 

than activated carbon, but smaller than iron hydroxide and zirconium loaded activated 

carbon. For the adsorption of arsenite, the adsorption capacity of activated carbon was 

larger than zirconium loaded activated carbon, iron hydroxide and NZVI, which could 

be due to the enhanced oxidation of arsenite to arsenate by activated carbon. However, 

direct application of NZVI in water treatment may cause fast loss of NZVI and iron 

pollution because it usually appears as fine powders (Daus et al. 2004). Therefore, 

studies have attempted to load NZVI onto supporting adsorbents for arsenic adsorption 

from polluted water. Zhu et al. developed a novel material by loading NZVI on 

activated carbon. At pH 6.5, the adsorption capacity of this novel adsorbent for arsenite 

and arsenate was 18.2 and 12.0 mg/g, respectively, which was higher than arsenic 

adsorption performance of most available adsorbents at near neutral pH conditions (Zhu 

et al. 2009). Apart from the adsorbents mentioned above, the requirement of arsenic 

removal has triggered numerous research on the development of other adsorptive 
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materials including multiple oxide nanoparticles, binary metal adsorbents, zirconium 

based adsorbents, titanium based adsorbents copper based adsorbents and manganese 

based adsorbents (Adeleye et al. 2016, Lata and Samadder 2016, Mehta et al. 2015, 

Mohan and Pittman 2007, Smith and Rodrigues 2015).  

Cellulose has been employed in arsenic removal because of its advantage in 

hydrophilicity, cost effectiveness, high porosity and environmentally friendly 

properties (Carpenter et al. 2015, Hokkanen et al. 2015, Muñoz et al. 2002, Tian et al. 

2011). Guo et al. developed a -FeOOH  loaded cellulose adsorbent through a seven-

step impregnation process. The iron content of the obtained adsorbent was 50% and the 

diameter of the bead was around 0.2 mm. The adsorption capacity for arsenite and 

arsenate reached 99.6 and 33.2 mg/g due to the high content of FeOOH  . For the 

aspects of kinetics, the adsorption equilibrium was achieved in 10 h and the adsorption 

rate of arsenite is faster than that of arsenate, with a second order adsorption coefficient 

being 0.66 and 0.09 1 1mL mg h   , respectively (Guo and Chen 2005). Another 
2 3Fe O

nanoparticle modified cellulose adsorbent was synthesized using an easier method of 

one-step co-precipitation. The adsorption capacity for arsenite and arsenate was 23.16 

and 32.11 mg/g, respectively, which was inconsistent with most research reporting that 

the adsorption capacities of iron oxide modified materials for arsenite were larger than 

that of arsenate (Yu et al. 2013).  

However, most adsorbents obtained so far are not adaptive to packed bed filters 

due to their nanometer level particle sizes. This is a major limitation for these 

adsorbents to be applied in practical water purification projects. Also, for the iron based 

composite adsorbents, the iron loading is a key factor affecting arsenic adsorption 
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behavior. It can be concluded that, to increase the adsorption capacity and adsorption 

rate of iron-based adsorbents for arsenic, it is generally necessary to increase the 

loading contents of iron and at the same time make the effective adsorption sites more 

accessible to arsenic species (Yang et al. 2014). However, there is a lack of sufficient 

study on the relations of iron loading contents and the adsorption capacity and kinetics 

for arsenic. Therefore, in the present study, an iron hydroxide loaded cellulose bead 

adsorbent was synthesized using a simple hydrolysis loading process. The potential of 

the obtained adsorbent in application of arsenic adsorption was investigated through 

batch and column study. The effects of iron hydroxide loading amount on arsenic 

adsorption capacity and kinetics were studied. 
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CHAPTER 3 

ADSORPTION KINETICS AND ISOTHERMS 

Adsorption kinetics and isotherms are the two most important parameters to 

understand the adsorption rate and the capacity of the adsorbent. Generally, the 

adsorption kinetics and isotherms are determined in batch experiments. Adsorption 

kinetics is the relationship between arsenic concentration or adsorbed amount with time 

and the adsorption isotherm represents the relationship between the equilibrium 

adsorption capacity and equilibrium concentration. The experimental data can be fitted 

using some classic adsorption models such as pseudo-first order, pseudo-second order 

kinetics and intra-particle diffusion models for kinetics, and Langmuir and Freundlich 

equation for isotherms to better understand the adsorption properties of the adsorbent. 

In the present research, the adsorption kinetics of As(III) and As(V) with concentrations 

ranging from 5 mg/L to 800 mg/L onto five iron hydroxides loaded cellulose beads 

(FeCB) were determined in batch experiments. The kinetic data was fitted using 

pseudo-second kinetic equation and the equilibrium concentration and capacity were 

estimated and used for building the adsorption isotherms. The isotherms were fitted 

using Langmuir and Freundlich equations and the adsorption capacities were compared 

under the different iron loadings on FeCB. So, the effects on iron hydroxide loading on 

the adsorption capacities of As(III) and As(V) were determined. In addition, the effects 

of coexisting anions including phosphate and sulphate were studied using adsorption 

kinetics. Desorption of arsenic from the adsorbents was conducted using different 

regeneration agents and the best agent was used for further regeneration experiments. 

The potential of the newly prepared adsorbents for arsenic removal was fully 

examined in this chapter. This would provide important information for the application 
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of these adsorbents in column experiments. 

3.1 Experimental section 

3.1.1 Materials 

Sodium (meta)arsenite (NaAsO2, Sigma Aldrich) and sodium arsenate dibasic 

heptahydrate (Na2HAsO4·7H2O, Sigma Aldrich) were used for the source of As(III) 

and As(V), respectively. The stock solution of 1000 mg/L was prepared by dissolving 

0.866 g NaAsO2 and 2.080 g Na2HAsO4·7H2O into 500 mL ultrapure water (resistivity 

≥18.0 MΩ). The stock solutions were diluted for adsorption experiments. All water 

used for As(III) solutions was purged using ultrapure nitrogen for 30 min till the 

concentration of dissolved oxygen was 0, measured by a dissolved oxygen meter 

(Microsensor multimeter, Unisense, USA). The cellulose powder, urea, ferric chloride, 

and sodium hydroxide were of reagent grade and obtained from Sigma Aldlich. The 

nitric acid and hydrochloric acid were obtained from Fisher Chemical and of trace metal 

grade. 

3.1.2 Synthesis of FeCB 

The mixture of NaOH/urea/H2O of 7:12:81 by weight was cooled to -12 °C, and 

then 8 g cellulose was dispersed in to 200 mL of the prepared mixture under vigorous 

stirring for 3 min to obtain a transparent cellulose solution. The resulting suspension 

was added drop wise into 500 mL of 2 M HNO3 solution at a rate of 3 mL/min using a 

syringe pump. Height of the tip was manually adjusted in situ 1-2 cm above the surface 

to gain spherical beads. Coagulated beads were left in acid for 12 h. All the beads were 

washed in deionized water for 30 min and stored in deionized water for iron hydroxide 

loading. 
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The cellulose hydrogel beads were immersed in 200 mL of 0.1, 0.2, 0.5, 0.75 

and 1.0 M FeCl3 solution with shaking for 60 min. Then the cellulose hydrogel beads 

were collected by filtration. Then the beads were immersed in 2 M NaOH solution for 

20 min. Finally, the beads were filtrated out and washed thoroughly using deionized 

water and finally stored in deionized water at room temperature for further use. In this 

thesis, the prepared iron hydroxide loaded cellulose beads are denoted as FeCB1, 

FeCB2, FeCB3, FeCB4 and FeCB5, indicating the five different iron contents. 

3.1.3 Arsenic adsorption kinetics 

In a batch of 50 mL centrifuge tubes, 40 mL arsenic solution of concentration 

ranging from 5 mg/L to 800 mg/L was added. The initial pH of each solution was 

adjusted to 7.0 0.2  using 0.1 and 1.0 M HCl solutions. To each solution, 10 wet each 

FeCB were added. Then the batch was shaken on a rotating plate to ensure the complete 

mixing. At prescribed time intervals, 0.1 mL solution was taken from each tube and 

diluted to 10 mL using 2% nitric acid solution. The diluted solutions were used for 

arsenic concentration analysis. After the adsorption experiments, the FeCBs were 

collected and dried and the dry mass were recorded for calculation of adsorption 

capacities. 

3.1.4 Arsenic adsorption isotherms 

The adsorption isotherms by each FeCB were obtained using the equilibrium 

concentrations and capacities estimated from the kinetics experiments. This method 

was different from the generally applied single time point measurement which only 

measured the initial concentration and the final concentration at another time point 

when the equilibrium was assumed to have occurred. This could cause errors in 
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measurements and fitting because whether the adsorption equilibrium for each 

concentration has actually occurred was unknown.  

3.1.5 Effects of coexisting anions 

The effects of PO4
3- and SO4

2- on the adsorption of As(III) onto FeCB5 were 

investigated using kinetic experimental method. To a batch of 50 mL centrifuge tubes, 

40 mL As(III) solution in the absence and presence of PO4
3- or SO4

2- were added. The 

initial pH of the solution was adjusted to 7.0 0.2 . The concentration of As(III) was 5 

mg/L. The concentrations of PO4
3- were 1 mg P/L and 5 mg P/L and the concentrations 

of SO4
2- were 200 mg/L and 500 mg/L. Ten beads of FeCB5 were added to each 

solution. The batch was shaken on a rotating plate to ensure the complete mixing. At 

prescribed time intervals, 0.1 mL solution was taken from each tube and diluted to 10 

mL using 2% nitric acid solution. The diluted solutions were used for arsenic 

concentration analysis. 

3.1.6 Regeneration 

A 40 mL 2.0 M NaOH solution was applied for the regeneration of As(III) 

loaded FeCB5, which was collected from the adsorption kinetic experiment with As(III) 

concentration of 5 mg/L. The batch was shaken using the rotating plate. At prescribed 

time intervals, 0.1 mL solution was taken from each tube and diluted to 10 mL using 

2% nitric acid solution. The diluted solutions were used for arsenic concentration 

analysis. After the first desorption experiment, the residual solution was removed, and 

the beads were collected and washed using ultrapure water till the pH was 7. Then the 

beads were used for adsorption of 5 mg/L As(III) following the kinetics experiment 

procedure. Two cycles of desorption and adsorption were conducted and then the beads 
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were dried, and the dry mass was used for calculations. 

3.1.7 Analytical procedures 

The iron contents of the synthesized FeCBs were measured using 

thermogravimetric analyzer (TGA, SDTA851e, Mettler, Switzerland). The beads were 

freeze dried for 48 hours and about 25 mg of each dried sample was used for the 

measurements. The measurements were processed under air and the heating process 

was set from room temperature to 800 ºC at a rate of 10 ºC/min. During this process, 

cellulose was totally burned, and the loaded iron hydroxide was completely oxidized to 

Fe2O3. The change of sample weight from the initial to the final state was recorded 

during the heating process. By calculating the weight difference, the amount and 

percentage of Fe2O3 and Fe was obtained. Concentrations of As(III) and As(V) were 

analyzed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS, ELAN 

DRC-e, PerkinElmer, USA). The method detection limit (MDL) of ICP-MS for arsenic 

was 0.04 µg/L, which was measured by 7 duplicates of standard solutions of 1 µg/L 

and calculated using student t value with 99% confidence. For each measurement, 10 

mL of solution including arsenic sample, 2% HNO3 and 1% internal standard of In was 

prepared.  

3.2 Results and Discussions 

3.2.1 Iron contents of FeCBs 

The results of TGA measurements are shown in Fig. 3.1. The TGA 

measurements represented the decreasing of bead weight during the heating procedure. 

Because the heating procedure was conducted in air atmosphere, the decreasing of bead 

weight during 200 °C to 400 °C was due to the combustion of cellulose. During the 
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heating process, the iron hydroxide species were oxidized to Fe2O3. When the 

temperature reached 400 °C, the weights of all the beads kept stable, suggesting that 

cellulose was totally combusted and only Fe2O3 remained. Therefore, the iron content 

of FeCB1, FeCB2, FeCB3, FeCB4 and FeCB5 was calculated to be 3.8%, 9.5%, 17.7%, 

20.5% and 21.7%, respectively. The five beads were prepared using ferric chloride 

solutions with concentrations of 0.1, 0.2, 0.5, 0.75 and 1.0 mole/L. The effect of the 

used ferric chloride concentrations on the bead iron contents is shown in Fig. 3.2. 

 

Fig. 3.1 TGA curves of the iron hydroxide load cellulose beads with a heating 

procedure from temperature to 800 °C at a rate of 10 °C/min. 

 

Fig. 3.2 Effect of FeCl3 concentration used for bead preparation on the iron contents 

of the prepared beads. 
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It shows that the iron contents of the obtained beads are linearly correlated with 

the concentrations of FeCl3 when the concentrations were lower than 0.5 mole/L. But 

when the concentration continued increasing to 0.75 and 1.0 mole/L, the increase of 

iron contents on the beads would reach a stable level.  

3.2.2 Adsorption kinetics 

Adsorption kinetics is one of the important properties assessing the efficiency 

of adsorption. Hence, in the present study, the adsorption kinetics of the prepared five 

FeCBs for As(III) and As(V) were determined in batch experiments The pseudo-

second-order kinetic equation was used to fit the experimental kinetic data and estimate 

the equilibrium adsorption capacity and kinetic coefficient. The equation can be derived 

based on Azizian’s method (Azizian 2004). The general form of kinetic equation can 

be written as 

 
0( )(1 )a d

d
k C k

dt


        (3-1) 

Where, 0 1  （ ） is the coverage fraction; 
ak  and 

dk  are the adsorption and 

desorption rate constants; 
0C  is the initial concentration; 0= e

e

C C





 where 

eC  and 

e  is the equilibrium concentration and coverage fraction, respectively. Then equation 

(3-1) can be written as 
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By integration, the analytical solution can be obtained as 
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. So, at equilibrium when 

t  , equation (3-4) turns out to be 

 
2

e
a


     (3-5) 

Or  

 
1

e
e

e

KC

KC
 


  (3-6) 

Which is the Langmuir adsorption isotherm equation. Assume the value of t  

is small such that the equation (3-4) can be reduced to 

 
2 (2 ) (2 )

e tt

a t t

 


   
  

 
  (3-7) 

This expressed as 

 
2

e e

t t

  
     (3-8) 

Because = t

m

q

q
  and e

e

m

q

q
  , the equation can be written as 

 
2

t e e

t t

q q q
     (3-9) 

By defining 
2k  as 2

2 e

k
q


  , equation (3-9) can be rewritten as 
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    (3-10) 

This is the linear form of the pseudo-second-order kinetic model, which is 

expressed as 

 2

2 ( ) t
e t

dq
k q q

dt
  (3-11) 

Where 
eq  and (mg/g)tq  represents the adsorption capacity at equilibrium and 

the surface loading of arsenic at time t. The surface loading 
tq  can be expressed as 

 0 t
t

C C
q V

m


   (3-12) 

Where 
0C  and ( / )tC mg L  is the initial concentration and concentration 

measured at time t. m is the dosage of adsorbent dry mass and V is the volume of the 

batch.  

The constant 
2( / )k g mg h  is the pseudo-second-order kinetic constant. The 

expression 
2

0 2 eV k q ( /mg g h ) when /tq t  approaches 0 is defined as the initial 

adsorption rate. The parameter 
' 1

2 2 ( )ek q k h  has been regarded as the true (Azizian 

2004, Coleman et al. 1956, Ho 2006, Ho and McKay 1999, Ho et al. 2000, Liu 2008). 

So, in this study, the three kinetic constants were applied to discuss the adsorption 

kinetics of arsenic onto the five FeCBs. 

The By plotting /t qt  versus t , 
eq  can be determined using the slope and 

2k  

can be calculated using the intercept. In the present study, the modeled 
tq  was then 

calculated using equation (3-4) and plotted versus t. 
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  (3-13) 

The equilibrium concentration can be calculated using the equation 

 0
e

e

q m
C C

V
    (3-14) 

3.2.2.1 Adsorption kinetics of As(III) on FeCBs 

The adsorption kinetic data of As(III) with different concentrations onto FeCB1 

are shown in Fig. 3.3 and the fitting results are listed in Table 3-1. The results show that 

the adsorption kinetics of As(III) onto FeCB1 was time dependent and affected by 

concentrations. When the initial concentrations were lower than 100 mg/L, the 

adsorption equilibrium generally occurred at 48 hours. It has been reported that the 

adsorption of arsenic on iron coated cellulose beads could be divided into two steps: 1) 

the saturation of exterior surface and 2) the diffusion in intraparticle pores. The 

diffusion rate decreased with the decrease of bulk solution concentration, which led to 

equilibrium when the diffusion rate became constantly lower. 

Thus, the initial rate of adsorption could be used to represent the kinetics (Guo 

and Chen 2005). The V0 increased with the increase of initial concentrations from 1.67 

to 86.64 1 1mg g h  . The fitting results showed that the pseudo-second-order kinetic 

model fitted the experimental data well, suggested by all the determination coefficients 

greater than or equal to 0.99. This also indicated that the equilibrium concentrations 

and capacities were accurately estimated to be applied for adsorption isotherms. 
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Fig. 3.3 Adsorption kinetic and pseudo-second-order modeling of As(III) on FeCB1. 

Initial concentration of As(III) in (a) to (f) was 5.19, 19.93, 51.36, 101.80, 293.20 and 

486.01 mg/L. The concentration of dry mass FeCB1 in (a) to (f) was 0.25, 0.25, 0.25, 

0.26, 0.26 and 0.26 g/L. Iron content of FeCB1 was 3.8%. 

Adsorption kinetics of As(III) with different concentrations by FeCB2 are 

shown in Fig. 3.4 and the fitting results are listed in Table 3-2. Based on the fitting 

results, the pseudo-second-order fitted the data well with all the determination 
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coefficients greater than 0.99. 

Table 3-1 Pseudo-second-order fitting of kinetic data of As(III) adsorption on FeCB1. 

0 ( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0 ( / )V mg g h  ' 1

2 ( )k h   2R  

5.19 4.34 3.41 0.14 1.67 0.49 0.99 

19.93 17.74 8.76 0.08 6.37 0.73 0.99 

51.36 46.71 18.60 0.12 41.43 2.23 1.00 

101.80 93.35 32.48 0.02 23.13 0.71 0.99 

293.20 282.95 39.42 0.03 49.22 1.25 0.99 

486.01 474.658 43.66 0.04 86.64 1.98 1.00 

Adsorption of As(III) onto FeCB2 approached equilibrium in about 70 hours 

when the concentrations were lower than 100 mg/L. When the concentrations increased 

to greater than 100 mg/L, the adsorption equilibrium could be achieved in 24 hours. 

However, the initial adsorption rates showed variations during the increase of 

concentrations.  
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Fig. 3.4 Adsorption kinetic and pseudo-second-order modeling of As(III) on FeCB2. 

Initial concentration of As(III) in (a) to (f) was 5.29, 20.73, 50.42, 100.87, 296.20 and 

486.01 mg/L. The concentration of dry mass FeCB2 in (a) to (f) was 0.26, 0.29, 0.29, 

0.28, 0.26 and 0.27 g/L. Iron content of FeCB2 was 9.5%. 

This could indicate that there could be several steps during the process of 

adsorption being rate limiting. Another reason could be the pH, agitation rate and 

adsorbent dosage in each batch were somewhat different even though the conditions 

were set to be identical. 

Table 3-2 Pseudo-second-order fitting of kinetic data of As(III) adsorption on FeCB2. 

0 ( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0 ( / )V mg g h  ' 1

2 ( )k h  2R  

5.29 2.76 9.73 0.03 2.49 0.26 0.99 
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20.73 13.39 25.32 0.01 9.40 0.37 0.99 

50.42 40.79 33.20 0.004 4.72 0.14 0.99 

100.87 90.15 38.42 0.006 9.49 0.25 0.99 

296.20 281.98 54.67 0.009 115.71 2.12 0.99 

486.01 469.91 59.63 0.02 47.87 0.80 0.99 

The adsorption kinetics of As(III) on FeCB3 is shown in Fig. 3.5 and the fitting 

results are listed in Table 3-3. The fitting results show that all the determinant 

coefficients are greater than or equal to 0.99, which suggests that the estimation of 

equilibrium concentrations and capacities are accurate to be applied for adsorption 

isotherms. The initial rates increased continuously from 4.57 to 240.42 /mg g h  with 

the increase of initial concentrations. 
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Fig. 3.5 Adsorption kinetic and pseudo-second-order modeling of As(III) on FeCB3. 

Initial concentration of As(III) in (a) to (g) was 5.01, 19.61, 49.08, 96.54, 198.44, 

296.35 and 489.38 mg/L, respectively. The concentration of dry mass FeCB3 in (a) to 

(f) was 0.60, 0.62, 0.61, 0.58, 0.61, 0.65 and 0.72 g/L, respectively. Iron content of 

FeCB3 was 17.7%. 

 

 

Table 3-3 Pseudo-second-order fitting of kinetic data of As(III) adsorption on FeCB3 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.01 0.36 7.73 0.08 4.57 0.59 1.00 

19.61 4.13 24.97 0.02 9.51 0.38 0.99 

49.08 22.44 43.85 0.02 41.06 0.94 0.99 
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96.54 58.11 65.95 0.02 92.70 1.40 0.99 

198.44 151.90 76.94 0.02 136.03 1.46 1.00 

296.35 242.38 83.04 0.02 140.22 1.48 0.99 

489.38 424.41 90.23 0.02 240.42 2.14 0.99 

For the FeCB4, adsorption kinetics of As(III) with 7 initial concentrations are 

shown in Fig. 3.6. The pseudo-second-order equation fitting results are listed in Table 

3-4. From the experimental data, the adsorption equilibrium could be achieved in 48 

hours with the concentrations lower than 100 mg/L. If the concentrations were 

increased to over 100 mg/L, the adsorption equilibrium were reached in 6 hours.  
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Fig. 3.6 Adsorption kinetic and pseudo-second-order modeling of As(III) on FeCB4. 

Initial concentration of As(III) in (a) to (g) was 5.01, 19.61, 49.08, 96.54, 198.44, 

291.26 and 489.38 mg/L, respectively. The concentration of dry mass FeCB4 in (a) to 

(f) was 0.40, 0.40, 0.40, 0.42, 0.43 and 0.44 g/L, respectively. Iron content of FeCB4 

was 20.5%. 

 

Table 3-4 Pseudo-second-order fitting of kinetic data of As(III) adsorption on FeCB4 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g   
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.01 0.56 11.21 0.02 2.81 0.25 0.99 

19.61 9.65 24.74 0.01 8.59 0.35 0.99 

49.08 34.73 35.44 0.02 19.49 0.55 0.99 

96.54 78.20 43.92 0.01 21.04 0.48 0.99 

0

10

20

30

40

50

60

70

0 20 40 60 80 100

q
t 

(m
g
/g

)

Time (h)

(e)

Modeled qt

Measured qt

0

20

40

60

80

0 20 40 60 80 100

q
t 

(m
g
/g

)

Time (h)

(f)

Modeled qt

Measured qt

0

20

40

60

80

100

0 20 40 60 80 100

q
t 

(m
g
/g

)

Time (h)

(g)

Modeled qt

Measured qt



`Texas Tech University, Chuan Liang, December 2017 

53 

 

198.44 173.01 59.13 0.29 1007.43 17.04 0.99 

291.26 261.45 68.53 0.03 146.48 2.14 0.99 

485.19 460.268 78.47 0.02 109.29 1.39 0.99 

Adsorption kinetics of As(III) on FeCB5 are shown in Fig. 3.7. The 

experimental data were described using pseudo-second-order equation and the results 

are listed in Table 3-5. The adsorption of As(III) on FeCB5 was also time dependent 

and affected by initial concentrations. When the concentrations were lower than 50 

mg/L, the adsorption equilibrium could be achieved in 50 hours. When the initial 

concentrations increased to over 50 mg/L, the time needed to reach equilibrium was 

less than 10 hours. Generally, in our present study, the time needed to achieve 

adsorption equilibrium decreased with the increase of concentrations. The increase of 

adsorption rate can also be expressed in terms of the initial rates V0. With the increase 

of initial concentrations, the initial rates increased from 2.52 to 99.75 /mg gh . To 

better understand the effects of initial concentrations of As(III) on the adsorption rates, 

the initial rates were plotted versus initial concentrations, as shown in Fig. 3.8. For the 

FeCB2, the initial adsorption rates were linearly correlated to the initial concentrations. 

The fast adsorption kinetics can be attributed to the cellulose properties including high 

hydrophilicity, porosity and surface area. In addition, the uniform in situ formation of 

iron hydroxide on cellulose beads can improve the adsorption kinetics (Guo and Chen 

2005). 
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Fig. 3.7 Adsorption kinetic and pseudo-second-order modeling of As(III) on FeCB5. 

Initial concentration of As(III) in (a) to (g) was 5.01, 19.61, 49.08, 96.54, 198.44, 

296.35 and 489.38 mg/L, respectively. The concentration of dry mass FeCB5 in (a) to 

(f) was 0.41, 0.41, 0.42, 0.46 0.47, 0.47 and 0.49 g/L, respectively. Iron content of 

FeCB5 was 21.7%. 

Table 3-5 Pseudo-second-order fitting of kinetic data of As(III) adsorption on FeCB5 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.01 0.49 10.96 0.02 2.52 0.23 0.99 

19.61 7.38 29.65 0.006 5.45 0.18 0.99 

49.08 30.99 43.32 0.01 19.39 0.45 0.99 

96.54 74.66 51.46 0.01 32.40 0.63 0.99 

194.67 162.64 69.62 0.01 59.61 0.86 0.99 

295.85 259.04 77.90 0.01 71.67 0.92 0.99 

477.27 436.74 83.13 0.01 99.75 1.20 0.99 

 

0

20

40

60

80

100

0 20 40 60 80

q
t 

(m
g
/g

)

Time (h)

(g)

Modeled qt

Measured qt



`Texas Tech University, Chuan Liang, December 2017 

56 

 

 

Fig. 3.8 Effects of initial concentrations on adsorption rate of As(III) onto FeCB5. 

3.2.2.2 Adsorption kinetics of As(V) on FeCBs 

For FeCB1, the adsorption kinetics for As(V) was determined in a concentration 

range of 1.06 to 52.56 mg/L. The experimental data and pseudo-second-order fitting 

are shown in Fig. 3.9. The fitting results are listed in Table 3-6. Based on the fitting 

results, the initial rates increased with the increase of initial concentration, which is 

similar to the adsorption behavior of As(III). The initial rate for the adsorption of 5.33 

mg/L As(V) on FeCB1 was 1.11 /mg gh , which was close to that for As(III) adsorption 

on FeCB1. 

 

0

20

40

60

80

100

120

0 200 400 600

In
it

ia
l 

ra
te

 (
m

g
/g

h
)

Initial concentration of As(III) (mg/L)

0

1

2

3

0 50 100 150 200

q
t 

(m
g
/g

)

Time (h)

(a)

Modeled qt

Measured qt

0

1

2

3

4

5

0 50 100 150 200

q
t 

(m
g
/g

)

Time (h)

(b)

Modeled qt

Measured qt



`Texas Tech University, Chuan Liang, December 2017 

57 

 

 

Fig. 3.9 Adsorption kinetics data and pseudo-second-order fitting of As(V) on FeCB1. 

Initial concentration of As(V) in (a) to (d) was 1.06, 5.33, 20.92, and 52.56 mg/L. The 

concentration of dry mass FeCB1 in (a) to (d) was 0.25, 0.26, 0.25, and 0.26 g/L. Iron 

content of FeCB1 was 3.8%. 

Table 3-6 Pseudo-second-order fitting of kinetic data of As(V) adsorption on FeCB1 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

1.06 0.36 2.81 0.03 0.26 0.09 0.99 

5.33 4.23 4.27 0.06 1.11 0.26 0.99 

20.92 19.30 6.54 0.04 1.69 0.26 0.99 

52.56 50.66 7.26 0.04 2.20 0.30 0.99 

However, with the increase of concentration, the increase of initial rates for 

As(III) increased dramatically while the increase of adsorption rate for As(V) showed 

slight increase. For example, when the concentration of As(III) increased to 51.36 mg/L, 

the estimated initial rate was 41.43, which was 18.8 times of the initial rate for As(V) 

when the concentration was 52.56 mg/L. This indicated that for FeCB1, the adsorption 

of As(III) was much faster than that of As(V), especially with high concentrations, 

suggesting the higher affinity of FeCB1 to As(III). The experimental pH was 7 0.2 , 

under which the As(V) was negatively charged H2AsO4
- and HAsO4

2-. The adsorption 

could be due to the electrostatic attraction between the surface iron species and arsenic 
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species. In addition, it has been reported that arsenic especially As(V) species could 

form inner-sphere surface complexes through ligand exchange with the surface 

hydroxyl groups (Farquhar et al. 2002, Sherman and Randall 2003). So, the rate limiting 

steps of adsorption may include surface diffusion, intraparticle diffusion and surface 

reactions.  

 

 

Fig. 3.10 Adsorption kinetics of As(V) on FeCB2 and the pseudo-second-order 

fittings. Initial concentration of As(V) in (a) to (d) was 1.03, 5.20, 20.27, and 51.51 

mg/L. The concentration of dry mass FeCB2 in (a) to (d) was 0.29, 0.28, 0.27 and 

0.30 g/L. Iron content of FeCB2 was 9.5%. 

The adsorption kinetics of As(V) on FeCB2 and the pseudo-second-order fitting 

are shown in Fig. 3.10. The estimated parameters from the fitting are listed in Table 

3-7. The adsorption behavior of As(V) onto FeCB2 was similar to that on FeCB1. With 

the increase of iron content on FeCB, the uptake of As(V) at equilibrium state increased 
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due to the availability of more adsorption sites. With regard to the kinetics, the 

adsorption of As(V) with all four concentrations was approaching adsorption 

equilibrium after 109 hours. 

Table 3-7 Pseudo-second-order fitting of kinetic data of As(V) adsorption on FeCB2 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

1.03 0.06 3.32 0.03 0.30 0.09 0.99 

5.20 2.89 8.38 0.01 0.91 0.11 0.99 

20.27 17.58 9.96 0.01 01.27 0.13 0.99 

51.51 48.08 11.60 0.006 0.86 0.07 0.99 

For FeCB3, the adsorption kinetics for As(V) was determined with 

concentrations ranging from 5.82 to 348.76 mg/L. The adsorption kinetics and pseudo-

second-order kinetic fitting are shown in Fig. 3.11. The fitting results are listed in Table 

3-8. The adsorption equilibrium for As(V) achieved equilibrium in 48 hours when the 

initial concentrations were lower than 100 mg/L. It took 10 hours for the adsorption to 

approach equilibrium for As(V) with concentrations above 100 mg/L. In addition, the 

initial rates of adsorption of As(V) with concentrations higher than 5 mg/L were linearly 

correlated with the initial concentrations. 

The adsorption kinetics of As(V) by FeCB4 was investigated in a concentration 

ranging from 5.82 to 340.99 mg/L. The results and pseudo-second-order kinetic fitting 

are shown in Fig. 3.12. The fitting results of the parameters are listed in Table 3-9. 
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Fig. 3.11 Adsorption kinetics of As(V) on FeCB3 and the pseudo-second-order 

fittings. Initial concentration of As(V) in (a) to (f) was 5.82, 23.81, 59.87, 120.52, 

228.88 and 348.76 mg/L. The concentration of dry mass FeCB3 in (a) to (f) was 0.62, 

0.58, 0.62, 0.62, 0.60 and 0.66 g/L. Iron content of FeCB3 was 17.7%.  
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Table 3-8 Pseudo-second-order fitting of kinetic data of As(V) adsorption on FeCB3 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.82 0.44 8.74 0.04 3.08 0.35 0.99 

23.81 15.93 13.52 0.02 2.99 0.22 0.99 

59.87 49.78 16.26 0.03 7.62 0.47 0.99 

120.52 109.40 17.93 0.04 11.85 0.66 0.99 

228.88 216.90 19.97 0.05 18.96 0.95 0.99 

348.76 334.86 21.06 0.05 22.72 1.08 0.99 
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Fig. 3.12 Adsorption kinetics of As(V) on FeCB4 and the pseudo-second-order 

fittings. Initial concentration of As(V) in (a) to (f) was 5.82, 23.88, 57.02, 116.07, 

228.88 and 340.99 mg/L. The concentration of dry mass FeCB4 in (a) to (f) was 0.42, 

0.42, 0.42, 0.42, 0.41 and 0.44 g/L. Iron content of FeCB4 was 20.5%. 

Adsorption of As(V) on FeCB4 could achieve equilibrium at 50 hours when the 

concentrations were lower than 100 mg/L. When the concentration increased to above 

100 mg/L, the equilibrium occurred at 10 hours. With regard to the initial rates, 

adsorption of arsenic with higher concentrations had greater initial adsorption rates, 

which was consistent with the adsorption of As(III). The initial rates derived from the 

adsorption of As(V) with concentrations higher than 20 mg/L showed a linear 

correlation with the initial concentrations. 

The adsorption kinetics of As(V) by FeCB5 was investigated in a concentration 

ranging from 5.82 to 48.76 mg/L. The results and pseudo-second-order kinetic fitting 

are shown in Fig. 3.13. The fitting results of the parameters are listed in Table 3-9. With 

regard to the kinetics, the kinetic behavior of adsorption of As(V) on FeCB5 was similar 

to that on the other FeCBs. When the concentrations were lower than 50 mg/L, the 

adsorption equilibrium was approached after 54 hours. With the increase of As(V) 

concentrations, the adsorption equilibrium could be achieved in 20 hours. 
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Table 3-9 Pseudo-second-order fitting of kinetic data of As(V) adsorption on FeCB4 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.82 0.66 12.27 0.02 2.46 0.20 0.99 

23.87 17.83 14.21 0.01 1.83 0.13 0.99 

57.02 50.18 16.08 0.01 3.22 0.20 0.99 

116.07 107.90 19.46 0.04 15.70 0.81 0.99 

228.88 219.42 23.08 0.06 29.79 1.29 0.99 

340.99 330.47 24.18 0.08 49.26 2.04 0.99 
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Fig. 3.13 Adsorption kinetics of As(V) on FeCB5 and the pseudo-second-order fittings. 

Initial concentration of As(V) in (a) to (f) was 5.82, 23.17, 56.74, 116.07, 228.88 and 

348.76 mg/L. The concentration of dry mass FeCB4 in (a) to (f) was 0.43, 0.43, 0.44, 

0.41, 0.43 and 0.42 g/L. Iron content of FeCB4 was 20.5%. 

Table 3-10 Pseudo-second-order fitting of kinetic data of As(V) adsorption on FeCB5 

0( / )C mg L  ( / )eC mg L  ( / )eq mg g  
2 ( / )k g mg h  

0( / )V mg gh  ' 1

2 ( )k h  2R  

5.82 1.62 9.77 0.01 1.28 0.13 0.99 

23.17 17.60 12.88 0.01 1.61 0.12 0.99 

56.74 49.88 15.76 0.02 6.34 0.40 0.99 

116.07 108.46 18.69 0.04 15.98 0.85 0.99 

228.88 218.47 24.23 0.02 12.19 0.50 0.99 

348.76 337.80 25.79 0.05 19.47 0.75 0.99 

The initial rates of the adsorption of As(V) increased when the initial 

concentrations increased to 116.07 mg/L. Research has been conducted to compare the 

adsorption kinetics of As(III) and As(V) onto iron or aluminum based adsorbents. In 

our present study, by the estimation of initial adsorption rates, the adsorption rate of 

As(III) on FeCBs was greater than that of As(V). This is consistent with the results 

reported by Wilkie et al. (Wilkie and Hering 1996). Kim et al. reported that adsorption 
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kinetics of As(V) on alumina was greater than that of As(III) (Kim et al. 2004). 

Therefore, adsorption kinetic behavior is one of the most important factors for 

designing arsenic adsorbents for specific application scenarios, especially for waters 

with different predominant arsenic species. 

3.2.3 Adsorption isotherms 

The adsorption isotherms of As(III) and As(V) by each FeCB were determined 

using the estimated equilibrium concentrations and equilibrium capacities from the 

kinetic study. The data were fitted using Langmuir and Freundlich isotherm models. 

The Langmuir isotherm is expressed as  

 max

1

L e
e

L e

k q C
q

k C



  (3-13) 

Where 
max ( / )q mg g  is the maximum adsorption capacity of the FeCBs for 

arsenic; ( / )eq mg g  is the equilibrium adsorption capacity; ( / )eC mg L  is the 

equilibrium concentration, and ( / )Lk L mg  is the equilibrium constant (Langmuir 

1918). The linear form of the equation can be written as 

 
max max

1e e

e L

C C

q k q q
    (3-14) 

By plotting e

e

C

q
 versus 

eC , 
maxq  and 

Lk  can be obtained through the slope and 

intercept, respectively. Then the modeled 
eq  can be calculated by the equation written 

as 

 
max max1/ /

e
e

L e

C
q

k q C q



  (3-15) 
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So, the modeled 
eq  was plotted versus 

eC . 

The Freundlich equation is expressed as 

 
1/n

e F eq k C   (3-16) 

Where, 
Fk  and n are empirical constants, representing the adsorption capacity. 

The linear form of the equation can be written as 

 
1

lg lg lge F eq k C
n

    (3-17) 

By plotting lg eq  with lg eC , the 
Fk  can be obtained from the intercept and n 

can be obtained from the slope. 

3.2.3.1 Adsorption isotherms of As(III) on FeCBs 

To investigate the adsorption capacities of As(III) on the five FeCBs, adsorption 

equilibrium concentrations and capacities were compiled from kinetic experiments and 

modeling. The adsorption isotherms of As(III) on the five FeCBs and the Langmuir 

adsorption equation fittings are shown in Fig. 3.14. The fitting of isotherm data using 

linear form of Freundlich equation is shown in Fig. 3.15. Parameters estimated using 

Langmuir and Freundlich equation are listed in Table 3-1. The equilibrium data fitted 

the Langmuir and Freundlich equations well with the 
2 0.94R  . The high correlation 

coefficients suggested that both Langmuir and Freundlich models were suitable to 

describe the adsorption of As(III) onto FeCBs at equilibrium state. The Langmuir model 

represents the monolayer saturated loading of arsenic species on the surface of FeCBs 

at equilibrium. The saturation adsorption capacity maxq  of FeCBs for As(III) increased 

from 49.88 mg/g to 92.03 mg/g when the iron content of FeCB increased to 17.7%. 
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Fig. 3.14 Adsorption isotherms of As(III) on FeCBs and the Langmuir equation 

fitting. The equilibrium concentrations and capacities were estimated by the pseudo-

second-order equation based on the kinetic data. 

 

Fig. 3.15 Fitting of adsorption isotherms of As(III) on FeCBs using Freundlich 

equation. The equilibrium concentrations and capacities were determined using 

pseudo-second-order equation based on the kinetic data. 

This could be attributed to the more available adsorption sites provided by the 

iron species. When the iron content continued to increase, the adsorption capacity 

decreased slightly, which could be due to the decreased porosity of FeCB surface 

caused by more iron hydroxide loading. The Freundlich equation is not used for 
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describing the equilibrium adsorption behavior. The constant 
Fk  indicates the 

adsorption capacity of FeCB for As(III) and n is an indication of adsorption intensity 

which represents the effect of concentration on the adsorption capacity. Based on the 

fitting results, the values of 
Fk  also show a peak at iron content of 17.7%, which could 

be regarded as the optimum iron loading on cellulose for As(III) adsorption. This is 

inconsistent with preliminary conclusion that the highest adsorption capacity is from 

the largest iron loading (Guo and Chen 2005).  

Table 3-11 Isotherm fittings for the adsorption of As(III) on FeCBs 

FeCB 

Langmuir Equation Freundlich Equation 

( / )Lk L mg  
maxq   2R   1/ n   Fk   2R   

FeCB1 0.01 49.88 0.99 0.56 1.81 0.95 

FeCB2 0.03 62.37 0.99 0.33 8.54 0.94 

FeCB3 0.06 92.03 0.99 0.35 13.29 0.97 

FeCB4 0.02 81.43 0.98 0.29 12.94 0.99 

FeCB5 0.04 86.10 0.99 0.30 14.67 0.99 

3.2.3.2 Adsorption isotherms of As(V) on FeCBs 

The adsorption capacity of the newly developed FeCB for As(III) was 

investigated in adsorption isotherms. The adsorption isotherms were built using 

equilibrium adsorption concentrations and capacities estimated by the pseudo-second-

order kinetics based on the kinetics data. In addition, these equilibrium data were also 

described using Langmuir and Freundlich adsorption models. The adsorption isotherms 



`Texas Tech University, Chuan Liang, December 2017 

69 

 

and Langmuir fitting are shown in Fig. 3.16. The Freundlich equation fitting is shown 

in Fig. 3.17. The fitting results from Langmuir and Freundlich equations are listed in 

Table 3-12. 

 

 

 

Fig. 3.16 Adsorption isotherms of As(V) on FeCB1 to FeCB5, represented by (a) to 

(e), respectively. The equilibrium concentrations and capacities were estimated using 

the pseudo-second-order equation based on the kinetic data. 
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Fig. 3.17 Fitting of adsorption isotherms of As(V) on FeCBs by the linear form of 

Freundlich equation. 

Table 3-12 Fittings of adsorption isotherms of As(V) on FeCBs 

FeCB 

Langmuir Equation Freundlich Equation 

( / )Lk L mg  
maxq   2R   1/ n   Fk   2R   

FeCB1 0.48 7.50 0.99 0.20 3.39 0.98 

FeCB2 0.80 11.74 0.99 0.19 5.96 0.97 

FeCB3 0.09 21.35 0.99 0.13 9.62 0.99 

FeCB4 0.06 24.92 0.99 0.11 11.72 0.86 

FeCB5 0.04 26.93 0.98 0.18 8.24 0.95 

For As(V), the Langmuir could be better used to describe the isotherms with all 

the fitting determination coefficients greater than 0.98. With the increase of iron 

content, the highest adsorption capacity was achieved on FeCB5. This is inconsistent 

with As(III) for which the highest adsorption capacity occurred on FeCB3. Compared 

to that of As(III), the adsorption capacities of As(V) were much lower. For example, 
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the Langmuir adsorption capacity for As(V) on FeCB3 was 21.35 mg/g, which was 

23.20% of the capacity for As(III), which was 92.03 mg/g. This is consistent with a 

reported iron hydroxide loaded cellulose bead adsorbent on which the adsorption 

capacity of As(III) is three times larger than that of As(V) (Guo and Chen 2005). 

However, it is also reported that the adsorption capacity of As(V) on another iron 

cellulose composite adsorbent were higher than that for As(III) (Yu et al. 2013). The 

higher capacity for As(III) reported in this study suggests that the adsorbents are 

potential in application of arsenic removal from groundwater where As(III) is 

predominantly present. From the equation (3-9), the adsorption capacity can be 

obtained from the intercepts. Therefore, the fitting suggested that with the increase of 

iron content in FeCB, the adsorption capacity increased exponentially. This was 

because the adsorbent surface has not been saturated. So, more iron loading could 

provide more adsorption sites.  

3.2.3.3 Effect of iron content on adsorption capacity 

Generally, a large iron content is preferred when designing an arsenic adsorbent. 

For example, Guo et al. employed a seven-loading-step to prepare an iron hydroxide 

loaded cellulose bead with maximum iron loading, which reached 50% in terms of the 

mass of iron. However, there is a lack of study on the effects of iron content of an iron 

based adsorbent on its adsorption for arsenic. One of the objectives of this present study 

was to elucidate the relationship between the adsorption capacity and the iron contents. 

In this study, the adsorption kinetics and isotherms of As(III) and As(V) on iron 

hydroxide loaded cellulose beads with five iron loading amounts were investigated. For 

As(III), the effects of iron loading on the adsorption capacity are shown in Fig. 3.18. It 

is indicated that the adsorption capacity of As(III) increased linearly with the increase 
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of iron content when the iron content was below 17.7%. The slight decrease and 

following increase of adsorption capacity when the iron content was higher than 17.7% 

can be regarded as a stable level. This suggests that the continuous loading of iron 

hydroxide on cellulose beads would not result in a continuous increase of adsorption 

capacity for As(III). 

 

Fig. 3.18 Effects of iron content on the adsorption capacity of FeCBs for As(III). 

The effects of iron contents of FeCBs on the adsorption capacity for As(V) is 

shown in Fig. 3.19. It shows that the Langmuir estimated adsorption capacity of FeCBs 

for As(V) is linearly related to the iron content.  

 

Fig. 3.19 Effects of iron contents of FeCBs on the adsorption capacity for As(V). 
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3.2.4 Effects of coexisting anions 

In natural groundwater, many coexisting anions are present with arsenic species. 

The most studied coexisting anions are phosphate and sulphate because these anions 

can interfere the adsorption removal of arsenic by competing with arsenic for 

adsorption sites. In this study, kinetic method was applied to investigate the effects of 

phosphate with concentrations of 1 mg P/L and 5 mg P/L and sulphate with 

concentrations of 200 mg/L and 500 mg/L on the adsorption of As(III) on FeCB3. The 

kinetic data were fitted using the pseudo-second-order equation and the estimated 

equilibrium adsorption capacities and initial rates were compared. The kinetics and 

pseudo-second-order equation fitting are shown in Fig. 3.20. The fitting results are 

listed in Table 3-13. Most reported studies only compared the equilibrium adsorption 

capacities in the presence of competing anions while the effects on kinetics were less 

studied. In the present study, both equilibrium capacity and kinetics were compared to 

fully investigate the effects of coexisting anions. 

 

Fig. 3.20 Effects of coexisting phosphate and sulphate on the adsorption kinetics of 

As(III) on FeCB5.  
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The coexisting 1 mg/L P had no significant effect on the equilibrium adsorption 

capacity but reduced the initial rate by 17.9%. The presence of 5 mg/L P reduced the 

equilibrium adsorption capacity and initial rate by 15.5% and 26.8%, respectively. Due 

to the similar molecular structure with arsenic, phosphate has been regarded as the most 

important competing anion for arsenic. It has been reported that phosphate has the 

greatest potential for competing adsorption sites compared to other anions such as 

nitrate and sulphate (Yu et al. 2013). However, this conclusion should be restricted to 

specific concentrations of the anions. In this study, the equilibrium adsorption capacity 

and initial rate of As(III) in the presence of 200 mg/L SO4
2- was 19.4% and 24.9 % 

lower than that of As(III) without the presence of SO4
2-. The presence of 500 mg/L 

SO4
2- reduced the adsorption capacity and initial rate by 24.4% and 39.3, respectively. 

This suggests that the presence of sulphate with high concentrations can pose greater 

effects on arsenic adsorption than lower concentration of phosphate. 

Table 3-13 Fitting of adsorption kinetics of As(III) on FeCB5 with or without the 

presence of phosphate or sulphate  

Adsorption system ( / )eq mg g  0( / )V mg gh  2R  

5 mg As(III)/L  10.96 2.52 0.99 

5 mg As(III)/L +1 mg P/L 10.74 2.07 0.93 

5 mg As(III)/L+5 mg P/L 9.37 1.84 0.93 

5 mg As(III)/L+ 200 mg SO4
2-/L 8.83 1.89 0.92 

5 mg As(III)/L+ 500 mg SO4
2-/L 8.29 1.53 0.92 

3.2.5 Regeneration 

To investigate the reusability of FeCBs, two cycles of desorption and adsorption 
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were conducted using 2 M NaOH as a regeneration reagent. In each cycle, the As(III) 

loaded FeCB5 contained one desorption and one adsorption experiment. The adsorption 

kinetics were fitting using the pseudo-second-order kinetic equations and the adsorption 

capacity and initial rate were compared. The results are shown in Fig. 3.21 and the 

fitting results are listed in Table 3-14. The desorption rate in regeneration cycle 1 and 

cycle 2 by 2 M NaOH was 85.95% and 79.46%, respectively. 

 

 

Fig. 3.21 Two cycles of regeneration performance of As(III) loaded FeCB5 by 2 M 

NaOH solution. The As(III) loaded FeCB5 was collected from the adsorption kinetics 

of 5.01 mg/L As(III) and washed using ultrapure water. 

The adsorption capacities of the two cycles were 99.5% and 99.1% of the 

original capacity. There was no decrease for the initial rate in the first cycle. However, 
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the initial rate for the second cycle was 47.2% of the original initial rate. This means 

even though two cycles of regeneration did not significantly reduce the equilibrium 

capacity, the initial rate for adsorption was dramatically reduced. So the adsorption rate 

is an important to be consider for regeneration. 

Table 3-14 Fitting of adsorption of As(III) on the first and second regenerated FeCB5. 

Regeneration adsorption ( / )eq mg g  0( / )V mg gh  2R  

Cycle 1-Adsorption  10.90 2.52 0.99 

Cycle 2-Adsorption 10.86 1.19 0.99 

3.3 Conclusions 

Iron hydroxide loaded cellulose beads with were successfully developed using 

five iron contents. The adsorption kinetics and isotherms of the newly developed FeCBs 

for As(III) and As(V) were investigated in batch experiments. Generally, the initial 

rates of adsorption increased with the increase of arsenic concentrations. Adsorption 

isotherms showed that the adsorption capacity for As(III) reached maximum (92.03 

mg/g) when the iron content was 17.7%. The adsorption capacity for As(V) increased 

exponentially with iron contents. Effects of coexisting phosphate and sulphate on the 

adsorption of As(III) was dependent on concentrations of the anions. The presence of 

1 mg/L P posed little effect on As(III) adsorption while the 500 mg/L SO4
2- largely 

interfered the adsorption by reducing both adsorption capacity and kinetics. The 

equilibrium adsorption capacity did not change in two cycles of regeneration. However, 

the adsorption rate was dramatically reduced in the second cycle. 
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CHAPTER 4 

BREAKTHROUGH OF ARSENIC IN COLUMNS 

Practical application of adsorption is in many cases associated with adsorption 

in packed bed columns to achieve a continuous operation. The adsorbents are packed 

in a column and fluid containing adsorbate flows through the bed. Adsorption happens 

from the influent position to the effluent position. The transport behavior of the target 

adsorbate is described in terms of breakthrough curves, which is usually expressed as 

the effluent concentration versus time or volume of the effluent. During this process, 

the breakthrough behavior or the shape of breakthrough curve is controlled by several 

parameters including convection, dispersion, and adsorption kinetics. A laboratory 

scale column experiment is important to understand the mass transfer process in the 

column and to provide insights to a practical scale column. The dimensionless 

mathematical parameters can be used to scale down a pilot scale column (Ali and Gupta 

2007). The most important solute transport model is the convection-dispersion equation 

(CDE) with or without equilibrium adsorption. For one-dimensional transport, the CDE 

is written as 

 ( )H

C C C
D u

t x x x

   
 

   
  (4-1) 

Where 3( )C ML  is the concentration of the solute; 
2 1( )HD L T 

 is the 

hydrodynamic dispersion coefficient; 1( )u LT   is the pore water velocity; ( )x L  is the 

distance and ( )t T  is time. The dispersion coefficient 
HD  is defined as 

 
0 / +HD D u    (4-2) 

Where 
2 1

0 ( )D L T 
 is the molecular diffusion coefficient; ( )L  is the 
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dispersivity. Generally, the diffusion term is negligible. So, the dispersion term is 

reduced to 

 
HD u   (4-3) 

The estimation of parameters is an inverse problem, which can be done by 

fitting the experimental date to the solution of the equation. For the breakthrough 

behavior of arsenic in a column packed with adsorbents, the adsorption is taken into 

consideration in the CDE, which is turned out to be a convection-dispersion -adsorption 

equation. The adsorption can occur at equilibrium state and nonequilibrium state. In 

this study, breakthrough behavior of As(III) and As(V) were determined and described 

using equilibrium and nonequilibrium models.  

4.1 Experimental section 

4.1.1 Materials 

The column experiments were conducted using glass columns of 14.0 cm in 

length and 1.0 or 2.5 cm in diameter. The FeCB3 was used for the packed bed column 

experiments. Influent As(III) and As(V) solutions of 50 µg/L were prepared by diluting 

the stock solutions. The average particle size of FeCB3 was 3.3 mm determined by a 

particle size distribution analysis.  

4.1.2 Tracer experiment 

To determine the dispersion coefficients, a tracer breakthrough curve was 

obtained using methylene blue and bare cellulose beads that was uniformly packed in a 

column of 14.0 cm in length and 2.5 cm in diameter. The empty bed contact time 

(EBCT) was 26.1 min. The porosity of the packed bed was 0.42. The influent 

concentration of methylene blue was 1 mg/L. The influent solution was pumped 
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through the packed column using a peristaltic pump (BT100-2J, Longer, China) at a 

rate of 2.63 mL/min. The pore velocity was determined to be 77.00 cm/h. At prescribed 

time intervals, 3.0 mL of effluent was collected for analysis. The concentration of 

methylene blue was analyzed using a UV-Visible spectrophotometer (Aqualog, Horiba, 

France) with a wave length of 660 nm. The obtained breakthrough was fitted to the 

CDE with equilibrium adsorption using Stanmod modeling package.to determine the 

dispersion coefficient  

4.1.3 Breakthrough of arsenic 

Columns used in the arsenic breakthrough experiments were of 14.0 cm in 

length and 1.0 cm in diameter. The columns were uniformly packed with wet FeCB3 

beads. The bulk density of the column was 0.055 g/mL. The porosity of the packed 

column was 0.30. The influent concentration of As(III) and As(V) were 50 µg/L. The 

influent solutions were pumped upward through the column at a rate of 1.43 mL/min 

for As(III) and 2.22 mL/min for As(V). At prescribed time intervals, 5.0 mL of effluents 

were collected and passed through a 0.45-µm membrane filter. Then 1.0 mL of the 

filtrate was taken and diluted to 10 mL using 2% nitric acid. The concentration was 

analyzed using ICP-MS. The obtained breakthrough data was fitted to the two-sties 

nonequilibrium CDE model using Stanmod modeling package to estimate the key 

parameters. 

4.2 Modeling discussion 

4.2.1 The equilibrium CDE for breakthrough behavior 

The governing equation is written as (Shi et al. 2016) 
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2

2

C C C
R u D

t x x

  
 

  
  (4-4) 

Where R  is the retardation factor, which is defined as 

 1 b dK
R




    (4-5) 

Where ( / )b g mL  is the bulk density; ( / )dK L kg  is the partition coefficient; 

  is the porosity. To make the equation dimensionless, let 
0

, = ,
C ut x

X
C L L

   , the 

dimensionless form of the equation can be expressed as 

 
2

2

1 1 1
+

R X R Pe X

  



  


  
  (4-6) 

Where 
1 D

Pe Lu
 , Pe  is called Peclet number. 

The analytical solution for the dimensional equation is  

 
0 1 1

2 2

1 1
( , ) { [ ] exp( ) [ ]}

2 22( ) 2( )

Rx ut ux Rx ut
C x t C erfc erfc

DDRt DRt

 
    (4-7) 

4.2.2 Nonequilibrium models of breakthrough behavior 

The nonequilibrium transport behavior of arsenic in the column can be 

attributed to two factors: adsorption kinetics on different sites and heterogeneous flow 

regions (Toride et al. 1993). For the kinetic controlled transport process, adsorption of 

arsenic on some sites is equilibrium and instantaneous, while adsorption on other sites 

is governed by first-order kinetics. Based on this assumption, a two-site nonequilibrium 

model can be derived. The equations are written as: 

 
2

2
(1+ ) [(1 ) ]b d b

d k

f K C C C
D v f K C s

t x x

 

 

  
    

  
  (4-8) 
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 [(1 ) ]k
d k

s
f K C s

t



  


  (4-9) 

Where, f  is the fraction of sites at equilibrium adsorption; 
b  is the bulk 

density; 
dK  is the partition coefficient; 

ks  is the adsorbed concentration on kinetic 

adsorption sites;   is the first-order adsorption coefficient; 

To make the equations dimensionless, let 1

0

C
C

C
 , 

vt
T

L
 , 

x
X

L
 , 

 2

0(1 )

k

d

s
C

f K C



  (4-10) 

Therefore, the dimensionless form of equations can be obtained and written as 

 
2

1 1 1
1 22

(1 ) ( )b d b
d

f K LC C CD
f K C C

T vL X X v

  

 

   
    

  
（ ）   (4-11) 

It can be reduced to  

 
2

1 1 1
1 22

1
( )

e

C C C
R C C

T P X X
 

  
   

  
  (4-12) 

The dimensionless form of equation (4-9) is 

 2
1 2

(1 )
(1 ) ( )d

d

v f K C
f K C C

L T


 
  


  (4-13) 

It can be reduced to  

 2
1 2(1 ) ( )

C
R C C

T
 


  


  (4-14) 

Where, 
)

=
( )

b d

b d

f K

K

 


 





（
 is a partition coefficient; 1 b dK

R



  is the 

retardation factor; 
(1 )

=
RL

v

 



 is the dimensionless mass transfer coefficient; 
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vL
Pe

D
  is the Peclet number.  

For the heterogeneous flow controlled nonequilibrium transport, the flow in the 

column can be divided to mobile and immobile liquid regions. The exchange of arsenic 

between the two regions is a first-order mass transfer process. Therefore, a two-region 

nonequilibrium transport model can be derived. 

 
2

2
( ) ( )m m m

m b d m m m im

C C C
f K D u C C

t x x
   

  
    

  
  (4-15) 

 [ (1 ) ] ( )im
im b d m im

C
f K C C

t
  


   


  (4-16) 

Where, 
mC  and 

imC  is the concentration in the mobile and immobile liquid 

regions, respectively; 
m im    ; 

u
v


 ; m

m

u
v


 ; f  is the fraction of adsorption 

sites for equilibrium adsorption in the mobile liquid region;   is the first-order mass 

transfer coefficient between the mobile and immobile region. 

Similarly, to make the equations dimensionless, let 1

0

= mC
C

C
, 2

0

= imC
C

C
, =

vt
T

L
, 

and 
x

X
L

 . The dimensionless form of equations (4-15) is 

 
2

1 1 1
1 22

( ) ( ) ( )m b d m mf K DC C C L
C C

T Lv X X v

   

  

   
   

  
  (4-17) 

 
2

1 1 1
1 22

1
= ( )

C C C
R C C

T Pe X X
 

  
  

  
  (4-18) 

The dimensionless form of equation (4-16) is  

 2
1 2

(1 )
( ) ( )im b df K C L

C C
T v

  

 

  
 


  (4-19) 
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It can be reduced to 

 2
1 2(1 ) ( )

C
R C C

T
 


  


  (4-20) 

Where, m b d

b d

f K

K

 


 





, m

m

v L
Pe

D
 , 1 b dK

R



  , and =

L

v





. 

This suggests that the dimensionless equations of two-site nonequilibrium 

transport model and two-region transport model are identical. 

The initial condition is: 
1 2( ,0) ( ,0) 0C X C X  . 

The boundary conditions are: 
1 0(0, )C T C  and 1 ( , ) 0

C
T

X


 


. 

The analytical solution for this equation is 

 1 0 1
0

( , ) ( , ) ( , )
T

C Z T C Z J a b d     (4-21) 

 2 0 1
0

( , ) ( , [1 ( , )]
T

C Z T C Z J b a d    ）   (4-22) 

Where, 
2

1

( )
( , ) exp( )

4 4

Z RPe Pe RZ
Z T

R

  

   


     

1/2

0
0

( , ) 1 exp( ) exp( ) [2(b ) ]
a

J a b b I d     

1/2

0( , ) 1+exp( ) [2( ) ] ( , )J b a a b I ab J a b    ;
0I  is the modified Bessel function of 

order zero;
2

a
R

 


 ; 

( )

(1 )

T
b

R

 







. 

The two-site and two-region nonequilibrium transport models are implemented 

in the CXTFIT modeling package which is written in the Stanmod software. Transport 

parameters can be estimated by the inverse problem solver based on the experimental 
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data.  

4.3 Results and discussions 

4.3.1 Breakthrough curve of methylene blue 

The breakthrough curve of methylene and equilibrium CDE fitting are shown 

in Fig. 4.1. The effluent concentration was plotted versus number of pore volumes, 

which was calculated by /14PV t u  . Based on the breakthrough curve, the 

dispersion coefficient D is small. So, the second term of the analytical solution (4-7) is 

equal to 0. Thus, the concentration profile can be described using the equation 

 
0 1

2

1
( , ) [ ]

2 2( )

Rx ut
C x t C erfc

DRt


   (4-23) 

then
1

20

1
[ ]

2 2( )

Rx utCModeled erfc
C

DRt


   , 14x cm ,When 

0

0.5C
C

, then

1
2

[ ] 1
2( )

Rx ut
erfc

DRt


 ,which means 0/ 0.5

0 208.6
c cut

Rx ut R
x


     , which was 

obtained from the breakthrough curve. By least square fitting method, the dispersion 

coefficient D can be determined to be 20.4 /cm h  with 2R  being 0.99 and SSE being 

0.03. The modeled breakthrough curve was obtained by plotting the analytical solution 

versus number of pore volumes.  



`Texas Tech University, Chuan Liang, December 2017 

85 

 

 

Fig. 4.1 Breakthrough curve of methylene and the equilibrium CDE fitting. The 

influent concentration was 1 mg/L. The flow rate was 2.63 mL/min. EBCT=15.2 min. 

4.3.2 Breakthrough of As(III) 

The breakthrough of As(III) in the column packed with FeCB3 is shown in Fig. 

4.3. The equilibrium CDE was firstly used to fit the breakthrough data, as shown in Fig. 

4.2. It shows that the equilibrium adsorption cannot describe the breakthrough behavior 

well. So, the experimental data was fitted to the two-site-nonequilibrium CDE. Based 

on equation (4-8), four parameters need to be estimated using the inverse problem 

solver. In dimensional form, the four parameters are dispersion coefficient D , fraction 

of adsorption at equilibrium sites f , the partition coefficient 
dK , and the first order 

kinetic constant  . In dimensionless form, the parameters to be estimated are D , 

m b d

b d

f K

K

 


 





, 1 b dK

R



   and =

L

v





. If these four parameters are estimated, 

then the dimensional forms of parameters can be calculated.  
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Fig. 4.2 Equilibrium CDE fitting of breakthrough of As(III) 

However, it’s difficult to estimate four parameters directly. The dispersion 

coefficient can be estimated by the tracer experiment. Based on equation (4-3), the 

dispersion coefficient is linearly dependent on the pore velocity. From the tracer 

experiment, the dispersion coefficient is estimated to be 0.4 
2 /cm h  at 77 /cm h . For 

As(III), the pore water velocity is 361.4 /cm h . So, the dispersion coefficient for As(III) 

is 1.88 
2 /cm h . The initial values and estimated values are listed in Table 4-1. Then the 

dimensional parameters can be calculated as 0.04f  , 99812.7 /dK L kg , and the 

first order kinetic constant 1=0.0017h  . This suggests that all the adsorption sites are 

at nonequilibrium state. The large value of 
dK  indicates the potential of the prepared 

adsorbent for As(III) using columns. 
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Fig. 4.3 Breakthrough curve of As(III) and the fitting using two-site-nonequilibrium 

model. The influent concentration was 50 µg/L. The flow rate was 1.43 mL/min. The 

EBCT was 5.4 min.  

Table 4-1 Parameter estimation by two-site-nonequilibrium model for As(III) 

Parameter v  D   R         

Initial value 361.44 1.88 10000 0.1 1 

Estimated value 361.44 1.88 18300 0.0355 1.15 

4.3.3 Breakthrough of As(V) 

For As(V), the breakthrough data was also firstly fitted using the equilibrium 

CDE, shown in Fig. 4.4. It shows that the equilibrium model cannot fit the data well. 

Thus, the breakthrough curve was modeled using the two-sites nonequilibrium model. 

The pore water velocity is 561.12 /cm h , so the estimated dispersion coefficient is 

22.91 /D cm h . The breakthrough curve and two-site-nonequilibrium fitting are 

shown in Fig. 4.5. The fitting results show that the nonequilibrium can better describe 

the breakthrough of As(V). The initial values and estimated values of the key 

parameters are listed in Table 4-2. The dimensional parameters can be calculated as 
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0.004f  , 200721.8 /dK L kg  and the kinetic constant 1=0.0018h  . 

 

Fig. 4.4 Equilibrium CDE fitting of breakthrough of As(V) 

 

Fig. 4.5 Breakthrough curve of As(V) and the fitting using two-site-nonequilibrium 

model. The influent concentration was 50 µg/L. The flow rate was 2.22 mL/min. The 

EBCT was 3.4 min. 

Table 4-2 Parameter estimation by two-site-nonequilibrium model for As(V) 

Parameter v  D   R         

Initial value 561.12 2.91 10000 0.1 1 

Estimated value 561.12 2.91 36800 0.0044 1.65 
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4.4 Conclusions 

The breakthrough behavior of As(III) and As(V) in pack bed columns have been 

determined. To determine the dispersion coefficients for As(III) and As(V), 

breakthrough of methylene blue as a tracer was conducted and the dispersion coefficient 

was estimated by equilibrium CDE. Then the parameters controlling breakthrough of 

As(III) and As(V) were estimated. The two-site-nonequilibrium model fitted the 

breakthrough data of As(III) and As(V) well. The results suggest that almost all the 

adsorption sites are at nonequilibrium state for both As(III) and As(V). In addition, the 

adsorption of arsenic in the column is controlled by first order kinetics. The high 

partition coefficients indicate the develop iron hydroxide loaded cellulose beads have 

great potential for arsenic removal from water in column filters.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

In this study, iron hydroxide loaded cellulose beads (FeCBs) have been 

successfully developed with five iron loadings. The potential of the adsorbents for 

adsorption removal of arsenic from water was investigated in both batch and column 

experiments. Kinetic equation, isothermal models and transport models were applied to 

fully elucidate the adsorption behavior of arsenic on the adsorbents. The main 

conclusion are as follows: 

1) Adsorption kinetics was dependent on arsenic initial concentrations 

and iron content of the adsorbents. Generally, the adsorption initial rates increased 

with the increase of arsenic concentrations.  

2) For As(III), the adsorption capacity was linearly correlated with iron 

content when the iron loading reached 17.7%, then decreased slightly with continuous 

increase of iron content. For As(V), the adsorption capacity increased exponentially 

with the increase of iron contents. 

3) The adsorption capacities of the five adsorbents for As(III) were higher 

than those for As(V).  

4) The presence of 5 mg/L P reduced the equilibrium adsorption capacity 

and initial rate by 15.5% and 26.8%, respectively. The coexisting 500 mg/L SO4
2- 

reduced the adsorption capacity and initial rate by 24.4% and 39.3, respectively. 

5) Two cycles of regeneration did not significantly reduce the adsorption 

capacity but the initial rate for the second cycle was 47.2% of the original initial rate.  

6) The two-state-nonequilibrium models fitted the breakthrough data 
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well. The adsorption of As(V) and As(III) in the column were at nonequilibrium state. 

Adsorption in the column was controlled by first order kinetics. The large values of 

partition coefficients indicated the potential of the prepared FeCBs for arsenic 

removal from water in columns. 

5.2 Recommendations 

1) To better understand the adsorption mechanisms of arsenic onto FeCBs, 

the surface properties of FeCB particles should be should be characterized. 

2) The relationship between breakthrough behavior and equilibrium 

parameters obtained from batch modes may be investigated. 
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