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ABSTRACT 

Arsenic contamination of drinking water is a major public health concern affecting more 

than 200 million people globally. Iron(Fe)-based adsorbents though promoted for aqueous 

arsenic removal because of their low cost and easy availability, their field application is limited 

due to their low efficiency and slow adsorption kinetics. In this work,  two graphene oxide (GO)-

Fe nanohybrids, namely GO-supported nano magnetite (GM) and GO-supported nanoscale zero-

valent iron (GFeN), were compared for arsenic removal. Controls were run with bare (i.e., no 

GO) nanoscale zero-valent iron (FeNP) and nano magnetite (M). GFeN worked more efficiently 

(>90%) over a wide pH range (3-9) for both the inorganic arsenic species, As(III) and As(V). 

GM worked well at pH 3 (>90% efficient) for As(V), and pH 9 (80%) for As(III). GFeN 

exhibited better aqueous dispersibility with a zeta potential of −21.02 mV. In GFeN and FeNP, 

surface complexation was dominant in the adsorption of both As(III) and As(V), and electrostatic 

attraction played a limited role. In GM and M, As(V) removal was controlled by electrostatic 

attraction while As(III) adsorption was ligand exchange and surface complexation. The arsenic 

removal data based on normalized iron content in the adsorbents indicated that the nanohybrids 

(GFeN and GM) removed arsenic more efficiently compared to the bare nanoparticles (FeNP and 

M) with GFeN performing the best. Arsenic adsorption capacities of GFeN were found to be 306 

mg/g for As(III) and 431 mg/g  for As(V). The GO-sheets in GFeN acted as reservoirs for the 

electrons released during surface corrosion of the FeNPs. The stored electrons were transferred 

back to the FeNPs to reduce the oxidized iron surface, and the rejuvenated surface helped in 

additional arsenic removal.  The arsenic desorption pattern from two As(V)-sorbed nanohybrids 

(GFeN and graphene oxide-supported ceria (GO-CeO2)) was studied. GFeN released ~5.73% 

and GO-CeO2 released ~0.94% of sorbed arsenic over a period of two years. While sorbed 
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arsenic remained as As(V) on the GFeN surface, some As(V) in GO-CeO2 got reduced to As(III). 

The surface oxide composition in GFeN (FeOOH and Fe2O3) and GO-CeO2 (Ce3+/Ce4+ ratio) 

underwent changes over time and that played a role in arsenic desorption.  
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

1.1. Source and geochemistry of arsenic 

Arsenic is a trace toxic metalloid element present in the earth's crust. The arsenic 

concentration is higher in the upper continental crust (5.7 mg/kg) than the average crustal 

presence (2.5 mg/kg) (Hu and Gao, 2008). From ancient times, arsenic is considered a poison 

and sometimes used at low doses for medical purposes. Arsenic is present in both organic and 

inorganic forms in different valence states (-3, 0, +3, and +5). The inorganic As species, arsenite 

[AsO2
- which is As(III)] and arsenate [AsO4

3-, As(V)], are considered more toxic than the 

organic forms such as monomethylarsonic acid (MMA, CH5AsO3) and dimethylarsinic acid 

(DMA, C2H7AsO2) (Administration, 2016). Inorganic arsenic is typically present in two 

oxidation states, As(III) or arsenite and As(V) or arsenate in groundwater (ATSDR, 2007).  

The major source of arsenic contamination is geogenic. The major mineralogical sources 

of arsenic deposits are associated with metal sulfides, metal oxides, and hydroxides as part of the 

crystal structure or adsorbed onto the surface of the minerals. The largest fraction of crustal 

arsenic is associated with pyrite minerals and is present as arsenopyrite (FeAsS). Arsenic 

typically finds its way into the environment due to natural processes like mineral weathering, 

biological activities, and volcanic emissions, and some extent anthropogenic activities (Bowell et 

al., 2014). Geogenic arsenic typically finds its way to the human food chain via water (Zhao et 

al., 2010) which are released into the aqueous medium due to pH and redox (Eh) fluctuations 

(Amini et al., 2008a). The presence of microorganisms and/or geochemistry in the aquifer help 

create the right environment for the release of arsenic from arsenic-bearing iron minerals. Under 

anoxic conditions, arsenic is released via microbial and/or chemical reductive dissolution of 

arsenic-bearing iron minerals in the aquifer, and under oxidizing and high-pH conditions, arsenic 
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is released from iron and aluminum hydroxides via chemical reductive dissolution (Oremland 

and Stolz, 2003; Fendorf et al., 2010; Podgorski and Berg, 2020). Additionally, aquifers with low 

hydraulic gradients have higher residence time and that allows arsenic in the solid phase to 

become dissolved leading to high concentrations in groundwater (Podgorski and Berg, 2020). 

The release of arsenic from arsenic-bearing sulfide minerals and arsenic-enriched geothermal 

deposits via oxidation also contribute to arsenic built-up in waters (Podgorski and Berg, 2020). 

Most of the arsenic present in groundwater is from geogenic sources (Amini et al., 2008b; 

Podgorski and Berg, 2020) while the anthropogenic sources include some pesticides used in the 

past and industrial discharge (Murcott, 2012) (Hughes et al., 2011). Anthropogenic contributions 

of arsenic to the environment also come from mining activities, burning of coal, oil, gasoline, 

and wood preservatives (FDA, 2016). In the United States, the main source of anthropogenic 

arsenic contamination is the past uses of As-based pesticides. In the North Dakota aquifer 

system, arsenic-laden sediments were deposited via glacial deposition during the late Wisconsin 

period. 

Predominant inorganic arsenic species present in the aqueous phase are arsenite [As(III)] 

and arsenate [(As(V)] in oxyanions forms and they are in two distinct oxidation states (Figure 

1.1a). Solution pH and redox potential are two dominant factors that control the speciation of 

arsenic. Solution pH affects the speciation of As(V), and in aqueous media, it is typically present 

as H2AsO4
− at pH 2.2-6.9 and HAsO4

2− at pH 6.9-11.5 (Figure 1.1a). At pH 0-9.2, As(III) is 

present as a neutral ion (H3AsO4). At extremely high pH, (9.2<pH<12.1) H2AsO4
−, 

(12.1<pH<13.4), H2AsO4
−, and (>13.4) AsO4

3−  are the dominant species (Figure 1.1b) (Yoon et 

al., 2016). While arsenite is dominant in mild reducing (low redox conditions) environments, 

arsenate species are dominant in high redox potential and oxygenated environments. The 
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conversion of arsenite to arsenate is a thermodynamically favorable process but it is a very slow 

process and depends on environmental conditions like pH and redox potential.  

  

Figure 1.1. Speciation of aqueous arsenic at different pH; (a) speciation of As(V); and (b) 

speciation of As(III). 

1.2. Occurrence of arsenic in groundwater 

World Health Organization (WHO) and the United States Environmental Protection 

Agency (USEPA) have set the maximum contaminant level (MCL) of total inorganic arsenic in 

drinking water as 10 µg/L (USEPA, 2001; WHO, 2003). More than 200 million people in 50 

countries are affected by groundwater arsenic contamination (Figure 1.2a) and the number is 

increasing rapidly (Murcott, 2012; WHO, 2017; Podgorski and Berg, 2020). Arsenic 

contamination of drinking water is a major public health concern across the globe with 

Bangladesh, India, Argentina, Canada, Chile, Japan, and Taiwan being most affected (Murcott, 

2012; WHO, 2018). About 2.1 million people in the United States who rely on domestic wells 

for their drinking water are in danger of facing arsenic contamination (>10 µg/L) (Ayotte et al., 

2017). In North Dakota, Richland and Sargent counties (name the counties) are affected by 

arsenic in groundwater.  

As(III) 

As(V) 

(a) (b) 
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Figure 1.2. (a) Arsenic concentrations in groundwater across the globe (does not include data 

from aquifers of more than  100 m in depth (Podgorski and Berg, 2020). (b)  Locations of 

domestic wells tested and arsenic concentration ranges in the US(Ayotte et al., 2017). Blue dots 

are As >10 µg/L, light blue 1<As<10 µg/L, black dots As<1 µg/L. (c) Arsenic concentration in 

upper Midwest groundwater (Erickson and Barnes, 2005). Black dots are As>10 µg/L.  

Southeast Asian populations residing in  India, Bangladesh, Nepal, Pakistan, China, 

Cambodia,  and Vietnam (Figure 1.3a) are exposed to arsenic toxicity via ingestion of 

groundwater (Uppal et al., 2019). The world most severely affected areas with groundwater 

arsenic contamination are in India (Uttar Pradesh, Bihar, West Bengal, Assam) and Bangladesh 

in flood plains of Ganges-Padma, Brahmaputra-Jamuna, Meghna (Chakraborti et al., 2013). The 

sources of arsenic contamination in India and Bangladesh are geogenic in nature and they are the 

(a) 

(b) (c) 
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arsenic-laden quaternary deposits of alluvial sediments belonging to the Holocene age 

(Bhattacharya et al., 2001). These As-rich sediments are transported by rivers originating from 

the Himalayas and are deposited into downstream basins and deltaic areas (Figure 1.3b). The 

extent of arsenic release from the sediments to the aquifer depends upon the geochemical 

environment within the sediments (Singh et al., 2020). High population density and the people’s 

heavy dependence on groundwater as a source of water have to lead to a large number of people 

(> 100 million) being exposed to arsenic toxicity in these areas (Bindal and Singh, 2019; Uppal 

et al., 2019).  

 
 

Figure 1.3. (a) Arsenic contamination of groundwater in South and South-east Asia with the pink 

colored patches indicating the occurrence of arsenic. Map reproduced from (Brammer and 

Ravenscroft, 2009). (b) Arsenic contamination in South-east Asia. The red and orange colors 

represent groundwater arsenic concentration more than the MCL (>10 µg/L) (Podgorski et al., 

2020). 

In the United States, the main source of anthropogenic arsenic contamination is the past 

use of arsenic-based pesticides used in cotton cultivation is still detected in the soil (Williams et 

al. 2007). The U.S. EPA banned inorganic arsenic applications in cotton as recently as 1987 and 

in other crops in 1988 (Loebenstein, 1994). Thus, millions of acres of land are now contaminated 

with arsenic residues.  In North Dakota, there are both anthropogenic and geogenic sources of 

(a) (b) 
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arsenic contamination. Arsenic contamination above 50 μg/L was reported in Richland and 

Sargent counties during the 1980s which came from arsenic-laced bait that was extensively used 

for pest controls during the mid-1900s (1930-1940) (USEPA). Geologically, the Midwest region 

states (North Dakota, Minnesota, South Dakota, Iowa) have arsenic-bearing sediments in their 

aquifer. The sediments were deposited via glacial deposition during the late Wisconsin period 

(10,000-15,000 years ago). This geogenic arsenic contamination was reported in several parts of 

the upper Midwest (Figure 1.2c) in domestic and monitoring wells (Erickson and Barnes, 2005). 

Powers et al. (2018) reported that many American Indian communities have more than 10 μg/L 

of arsenic in their domestic well in North Dakota. More than 26.7% of households in North 

Dakota are affected by arsenic contamination in their drinking water (Powers et al., 2019). 

1.3.  Epidemiology of arsenic contamination and health effects  

The International Agency for Research on Cancer (IARC) designated arsenic as Group 1 

human carcinogen. Excess arsenic in drinking water causes several health problems including 

skin lesions, respiratory problems, neurological complications, reproductive and developmental 

effects, and circulatory disorders (Chen et al., 2009; Carlin et al., 2016; Tchounwou et al., 2019). 

Consumption of water high in arsenic may lead to cancers of the skin and internal organs (liver, 

kidney, lung, and bladder) (WHO, 2018). Prolonged ingestion of contaminated drinking water 

causes chronic arsenic toxicity. The major epidemiological sensitive sign and symptoms of 

arsenic poisoning (arsenicosis) is characteristic skin lesions (dermatological sign) like keratosis, 

hyperpigmentation, Bowen’s disease, and hypopigmentation (Tchounwou et al., 2019). The 

symptoms appear major (diffuse and spotted melanosis, leucomelanosis, spotted keratosis, 

diffuse and spotted keratosis on palm, dorsal keratosis, gangrene, multiple squamous carcinoma, 

Bowen’s disease) to a minor extent (Mee's line on the nail, pigmentation on the tongue, 
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conjunctival congestion, non-pitting oedema) depending upon amount and duration of arsenic 

exposure and nutritional status of exposed population (Chakraborti et al., 2013). Carcinogenesis 

or malignancy comes after 10-20 years of arsenic exposure. There is no medical cure available 

for chronic arsenic toxicity. Only some preventive measures like arsenic-free drinking water and 

food, healthy nutritional diet are recommended (Chakraborti et al., 2018).  

Immediately upon ingestion of arsenic species (arsenate or arsenite in drinking water), 

they are absorbed in the gastrointestinal tract and transported to the different human organs by 

blood. Arsenate [(As (V)] species in the bloodstream gets reduced to arsenite [As(III)] before 

cellular uptake (Cohen et al., 2006). Arsenic is not a required element for human metabolism, so 

it does not have any specific transport pathways, but it uses the pathways of transporters of 

analogous essential nutrients and compounds to enter into cells. Such nutrients and compounds 

include phosphate (phosphate transporterPho), glucose (glucose permeases GLUT), and glycerol 

(aquaglyceroporins AQP)(Garbinski et al., 2019). Upon cellular absorption, inorganic arsenic 

undergoes a methylation process where it gets converted to organic arsenic like 

monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). Although methylation of 

arsenic is perceived as a way of reduced toxicity, both MMA and DMA cause cell toxicity, 

enzymatic inhibition, and genotoxicity in excess amount (Cohen et al., 2006; Tseng, 2009). The 

arsenic methylation process is affected by glutathione (GSH) and other thiols (-SH) groups 

containing biomolecule as inorganic arsenic species have a high affinity to the thiol group 

(Tseng, 2009). Arsenical metabolism in the human body interrupts more than two hundred 

essential enzymatic pathways (Khairul et al., 2017). The pathway of arsenic-induced 

carcinogenesis is not fully understood yet, the probable mechanism of carcinogenesis includes 

but not limited to the factors like oxidative stress, inhibition of DNA repair, disruptive of 



 

8 

transcriptional and translational activities, histone perturbations, change in gene expression, 

cytotoxicity, and regenerative hyperplasia and genotoxic damage (Zhou and Xi, 2018; 

Tchounwou et al., 2019).  

1.4. Arsenic removal technologies 

In the past two decades, various arsenic removal technologies were evaluated both in the 

field and laboratory (Mondal et al., 2013; Alka et al., 2021). The widely employed techniques for 

arsenic sequestration from the aqueous phase by physicochemical methods include chemical-

aided precipitation, coagulation and flocculation, electrocoagulation, ion exchange, adsorption, 

and membrane processes. A comprehensive overview of technologies with its advantages, 

challenges along with the scope of improvement is summarized in Table 1.1. While each 

technology has its advantages, the efficient and successful implementation of any removal 

technologies is required to consider water quality (pH, arsenic concentration, the presence of 

other ions), long-term operational and maintenance options, post-treatment arsenic bearing waste 

management, governmental regulations, community needs, and socio-economic status of the 

community. In the following section, different arsenic removal technologies are discussed.  
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Table 1.1. Some common arsenic removal technologies.  

Arsenic 

removal 

technology 

Specific 

approach 
Process description Advantages  Challenges 

Oxidation 

 

This is a pre-

required step for 

adsorption, ion-

exchange, 

precipitative 

processes, 

membrane process  

Direct aeration, 

ozonation, 

application of H2O2, 

MnO4
−, Cl2, 

ClO2,  (FeO4
2−), and  

UV ray used for   

Oxidation to converts 

As(III) to As(V)  

• Economical and 

simple process 

• Can treat large 

water volume 

• Interfering substances decreases the 

removal process efficiency  

• Slow process 

• Chlorination generate toxic 

chemicals and carcinogens by-

products 

• Oxidation implemented as added step 

with other removal technique, it 

enhances overall the operating cost of 

the treatment process. 

Precipitative 

Processes 
• Coagulation/ 

Filtration  

• Iron/Manganese 

Oxidation  

• Coagulation 

Assisted 

Microfiltration  

• Enhanced 

Coagulation  

• Lime Softening 

Destabilization of 

arsenic ion using 

coagulants. 

Coagulants with 

arsenic start to 

aggregate and the 

aggregated mass 

precipitates and 

separated. 

• Low operating 

cost 

• Ease of operation  

• Coagulants are 

easily available  

• Work over a wide 

pH range  

 

• Sludge contains a concentrated 

amount of As. 

• Not so effective for As(III)  

• A pre-oxidation process need for 

As(III)   

• High amount of coagulant needed  

• Additional separation step needed  

 

 

Ion 

Exchange 

 Exchangeable group 

of synthetic resin 

replaced by arsenic 

oxyanions  

• Removal is 

moderately 

effective 

• Removal is 

independent of pH 

and influent 

concentration  

 

• Interferences from competitive 

anions 

• Not suitable for As(III) removal  and 

prior oxidation required  

• Regeneration of resins generate high 

amount of toxic brine  

• Suspended solid and other ions 

causes clogging 

Adsorptive 

Processes 
• Activated 

Alumina 

• Iron Oxide 

Coated Sand 

• Granular Ferric 

Hydroxide 

• Iron Filings 

• Nanomaterial 

and 

nanocomposites 

(Fe, Ce, La, Zr,) 

Modified clay 

material 

As species are 

adsorbed either 

physically or 

chemically onto the 

solid surface of 

adsorbents. 

• Economical and 

commercially 

available 

• Ease of 

application 

• High removal 

efficiencies 

 

• Interferences from competitive 

anions  

• Regeneration for reuses of the 

adsorbents 

• Secondary arsenic release from the 

spent adsorbent  

Membrane 

Processes 
• Microfiltration 

• Ultrafiltration 

• Nanofiltration 

• Reverse 

Osmosis 

• Electrodialysis 

Reversal 

Arsenic ions rejected 

based on pore size of 

the membrane and 

surface 

functionalization  

• Technology well 

established and 

handy at 

households. 

Removes other 

contaminants also 

• Produce high-

quality water and 

no solid waste 

generation  

• High capital cost  

• Energy-intensive  

• Pretreatment required  

• Not work efficiently at low 

concentration 

• Membrane fouling and scaling 

Produces highly contaminated brine 

water. 
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1.4.1. Chemical-aided oxidation and precipitation 

Aqueous arsenic can be present as As(V)/ As(III) but As(III) is more dominant in an 

anoxic neutral pH groundwater environment. The conventional treatment technologies like 

adsorption and coagulation-flocculation are more effective in removing anionic As(V) compared 

to neutral ion As(III)(USEPA, 2003). Pre-oxidation (i.e., before As removal) can significantly 

improve treatment performance if As is present in the source water as As(III) (i.e., arsenite) 

(Hering et al., 1997). Although aeration is generally economical, it is not always sufficient, and 

so, chemical oxidations are adopted as a pretreatment process where As(III) is converted to 

As(V) for efficient arsenic removal in the conventional treatment processes (Bissen and 

Frimmel, 2003). The most used and feasible oxidants are chlorine, potassium permanganate, 

persulfate, manganese dioxide, hydrogen peroxide (in Fenton's reagent and involving Fenton-like 

reactions), and ozone. Chlorine, permanganate, and ozone are more efficient compared to 

chloramine (hypochlorite) and hydrogen peroxide (Bissen and Frimmel, 2003). The major 

constraint of this process is the oxidation of other organic and inorganic compounds and the 

formation of toxic oxidation byproducts. Photochemical and photocatalytic approaches have also 

been investigated for As(III) oxidation (Dutta et al., 2005). UV irradiation oxidizes As(III) into 

As(V) in presence of oxygen, but the process is relatively slow. The addition of photocatalytic 

agents like iron species (ferric), citrate, and sulfite can augment the UV-aided oxidation process 

by generating reactive hydroxyl radicals (OH•). The standard photocatalyst material like TiO2 

was also investigated for the oxidation of As(III) (Yoon and Lee, 2005).  

1.4.2. Coagulation and flocculation 

The most conventional and extensively used method for arsenic removal is coagulation 

and flocculation (Hering et al., 1997). The coagulation and flocculation process is a standard 
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process in water treatment to remove total dissolved solids (TDS) using salts or polymeric 

compounds (USEPA, 2003; Lakshmanan et al., 2008). In this process, arsenic oxyanions react 

with cationic coagulants (ferric salts and aluminum alum) and become insoluble and get 

precipitated as heavy flocs(Wickramasinghe et al., 2004). The removal process involves three 

distinct pathways which include (i) co-precipitation of arsenic with newly generated metal 

oxyhydroxide, (ii) precipitation as Al(AsO4) or Fe(AsO4), and (iii) arsenic adsorption onto the 

positively charged surface of metal oxyhydroxide through electrostatic attraction. The treatment 

process involves oxidation flowed by coagulation and flocculation and 

sedimentation/filtration(Wickramasinghe et al., 2004). The main limitation of this process is the 

generation of large quantity arsenic-containing sludge which is difficult to manage. Improper 

handling of arsenic-bearing wastes causes secondary pollution (Mondal et al., 2013).  

1.4.3. Electrocoagulation 

Electrocoagulation (EC) is an effective technology for arsenic removal for its high 

removal efficiency. A simple EC reactor includes two metal electrodes, acting as cathode and 

anode, connected to an external power supply. Iron and aluminum are the most used anode 

electrode for EC due to their ease of availability, better removal performance, and low cost. 

(Kobya et al., 2020; Alka et al., 2021; Sandoval et al., 2021). The basic principle of EC is the in-

situ generation of metallic coagulants which sequestrate the arsenic from the aqueous phase. 

After the introduction of the current, the anode generates metal ions and releases them into the 

aqueous phase. The anode also aids in reduction/oxidation releasing hydrogen ions and oxygen 

to the aqueous system. In the cathode regime, the water molecules dissociate into OH- and H+ 

ions. The metallic ions are released by the anode reaction with the OH- and form metal 

hydroxide complexes. The freshly formed metallic hydroxide reacts with arsenic via electrostatic 
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attraction, co-precipitation, or complexation (Kumar et al., 2004). The arsenic sorbed metal 

hydroxide forms micro size flocs which ultimately grow into macro flocs and settled down as 

sludge. Solution pH which controls the speciation of metal ions (Fe2+/Fe3+, Al3+/Al2+/Al+)  and 

dissolved oxygen concentration (that helps in arsenite oxidation) have significant effects on the 

removal performance of arsenic in the EC system. The method has a certain advantage over the 

coagulation and flocculation method in terms of low chemical usage, reduction in sludge 

production, and higher efficiency (Nidheesh and Singh, 2017; Kobya et al., 2020). However, 

electrocoagulation has some operational issues like passivation of the electrode surface which 

significantly reduces the performance of the system, frequent replacement needs for the 

sacrificial electrode, and significant power consumption. 

1.4.4. Ion exchange  

Ion exchange is standard treatment technology for removing toxic contaminants and is 

very effective for arsenic removal. As arsenic is present in oxoanionic form, anionic resins are 

used for arsenic removal. Ion exchange resins are made of a polymeric backbone attached with 

charged functional groups with a covalent bond (Kim, 2001). Positively charged basic resin-

saturated anions (like chloride) are used for the removal of anions like arsenic. The exchange 

preference of anions of strongly basic anion exchange resins follows(USEPA, 2003):  

CrO4
2−>SeO4

2−>SO4
2−>HSO4

−>NO3
−>Br−>HAsO4

2−>SeO3
2−>HSO3

3−>NO2
−>Cl− 

Among the two dominant species of arsenic, arsenite presents as a neutral anion in a 

solution pH up to 9 and does not take part in the exchange process. Therefore, for optimal 

removal performance, the ion exchange process typically includes an oxidation step as a 

pretreatment to convert As(III) to As(V) (Kim, 2001). Arsenic removing resins are saturated with 

chloride ions by flushing the ion exchange bed with HCl acid. When arsenate, As(V), containing 
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water is passed through the bed, it easily replaces the Cl− as arsenate is a stronger anion. The 

treated water by the ion-exchange process contains a substantial amount of chloride which 

requires secondary treatment to improve water quality. Naturally, present anions sulfate, nitrate, 

bromate, and phosphate can cause significant interferences in the arsenic exchange process. The 

ion exchange resins are regenerated with a concentrated NaCl solution,  and the brine solution 

contains a very high amount of arsenic which needs safe handling and further treatment before 

disposal (Dominguez-Ramos et al., 2014). The need for special handling of the arsenic enriched 

brine is one of the major disadvantages of the ion exchange process (Sarkar and Paul, 2016).  

1.4.5. Membrane processes 

Arsenic removal using membrane processes presents a promising treatment option for 

water. The advantages of the membrane process over other technologies include reduced arsenic 

concentration well below the MCL (10 µg/L) in a very short time and improved finished water 

quality because of removal of other drinking water contaminants (bacteria, salts, and other heavy 

metals).  Most importantly, membrane processes typically do not involve the use of any 

chemicals(Shih, 2005; Mondal et al., 2013; Mohanty, 2017). Different membrane technologies 

have been used for the removal of arsenic from water, and they are microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and electrodialysis (Shih, 2005; 

Mondal et al., 2013). Arsenic removal through membrane technologies is a physical separation 

process where the separation depends on the membrane pore size. Solution chemistry (pH, and 

the presence of other anions) does not have any significant effects on arsenic removal 

performance. The MF and UF are low-pressure membranes that are not much effective for 

arsenic removal as the membrane pore sizes are not small enough to exclude the arsenic ions. To 

make it effective some particle size enhancing methods are coupled with membrane processes.  
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Coagulation-flocculation (Ghurye et al., 2004; Ahmad et al., 2020), and the addition of 

polymeric surfactant micelles (Gecol et al., 2004; Chen et al., 2020b) which sequester the arsenic 

in particulate form can increase the effective size of arsenic and can be subsequently removed by 

MF and UF. High-pressure NF and RO membranes effectively reduce arsenic concentration with 

their small pore size (Waypa et al., 1997; Chen et al., 2020a; Siddique et al., 2020). Although 

size-exclusion is the main reason for arsenic removal by NF and RO, charged RO/NF  membrane 

showed some enhanced removal of As(V) (Brandhuber and Amy, 2001). The major 

disadvantages of membrane technology are the very low (10-20%) recovery rate (i.e., the amount 

of arsenic-free water that comes out of the membrane unit relative to the influent) which limits 

its application The generation of arsenic concentrated high volume of retentate is another major 

problem. Further, the high cost of membranes, significant energy consumption due to high 

operational pressure, and membrane fouling by organics also pose significant challenges.  

1.4.6. Adsorption 

Adsorption is an efficient and popular arsenic removal technique that is economically 

viable, easy to implement, and less chemical and energy-intensive (USEPA, 2003). Adsorption is 

a physicochemical process where the aqueous contaminant arsenic (adsorbate) is retained by the 

adsorbent material by either the physical or chemical adsorption process. Physical adsorption 

occurs due to Van der Waal forces and is reversible whereas chemosorption occurs due to 

chemical reaction and is irreversible.  The efficiency of the arsenic adsorption process depends 

on adsorbent surface properties, contact time, solution pH, arsenic concentration in the feed 

water, temperature,  presence of interfering ions, and compounds like phosphate, silicate, 

bicarbonate, sulphate, nitrate, and dissolved organic matters (Mohan and Pittman, 2007; Sarkar 

and Paul, 2016). Activated alumina (AA), iron-based sorbents, modified activated carbon, clay 
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minerals are the most conventional adsorbents used for arsenic removal (Mohan and Pittman, 

2007; Giles et al., 2011). 

Activated alumina (Al2O3) is promoted as one of the best available materials for arsenic 

adsorption. The removal process is dependent on solution pH (optimum pH 5.5-6). Arsenic 

removal by  AA is electrostatic interaction followed by chemisorption. Due to its neutral nature 

at pH <9, As(III) shows very poor adsorption by AA, and so, pre-oxidation of As(III) to As(V) 

and adjustment of water pH are required in AA-based arsenic treatment. The adsorption rate is 

relatively slow in the AA-based system which leads to a significantly longer contact time (empty 

bed contact time ~310 min) (USEPA, 2003). Modified AA (a mixture of Al and other metal 

oxides) can overcome the drawbacks in AA-based adsorbent and an increased adsorption 

capacity can be achieved as in alum-impregnated activated alumina (Tripathy and Raichur, 

2008). Such mixtures also offer greater operational flexibility over a wide range of pH (4-8) in 

CaO-AA, ZnO-AA, and aerogel-AA (Camacho et al., 2015) and easier oxidation of As(III) to 

As(V) (by Mn modified AA) (Kunzru and Chaudhuri, 2005). 

Iron-based adsorption is the most popular and successfully implemented adsorption 

technology for arsenic removal. Iron has a greater affinity for arsenic (compared to AA), wide 

working pH, and rapid reaction kinetics. The commonly used iron oxide for arsenic removal is 

ferrihydrite (Fe10O14(OH)2), goethite (α-FeOOH), akageneite (β-FeOOH), magnetite (Fe3O4), 

hematite (Fe2O3), and hydrous ferric oxide (Giles et al., 2011). Iron-oxide/hydroxide makes a 

strong inner-sphere complex with both the arsenic species and makes stable complexes.  Iron-

coated sand showed effective removal of arsenic (Joshi and Chaudhuri, 1996). Metallic iron 

(Fe0) (zero-valent iron, ZVI) showed efficient arsenic removal (Nikolaidis et al., 2003; Lien and 

Wilkin, 2005). In the aqueous phase, ZVI  generates corrosion product of fresh iron 
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oxyhydroxide and dissolves Fe2+, and arsenic binds to the oxides and hydroxides through surface 

complexation and electrostatic attraction. During the surface corrosion process, the ZVI system 

generates a free radical that oxidize As(III) to As(V) and reduces the need for any additional 

oxidation. The ZVI-based system work in wide operational pH (2-9) (Sun et al., 2006). In 

general, the performance of iron-based filter media is significantly decreased by the presence of 

phosphate and silicate in the water. The filter performance also decreases if there is a large 

amount of dissolved iron present in the feedwater which creates iron floc that clogged the filter 

bed (Giles et al., 2011). More details about iron-based adsorbents are discussed in the subsequent 

section.  

Activated carbon (AC) is also used to treat arsenic contaminated water. The effectiveness 

of AC depends on surface modification and the chemical composition of the material. Iron 

oxide-modified Zirconium loaded AC, iron salt-treated AC, iron-containing mesoporous carbon, 

activated carbon from agricultural by-products have been used for aqueous arsenic removal 

(Mohan and Pittman, 2007; Gu et al., 2005).  

1.5. Arsenic removal by nano adsorbents  

While conventional adsorbents showed efficient arsenic removal,  there are limitations in 

their application (Nicomel et al., 2016). One of the major challenges faced for conventional 

adsorbents is low adsorption capacities that lead to a shorter life of the media or the need for a 

large amount of the adsorbents to achieve a longer working life (Habuda-Stanic and Nujic, 2015; 

Lata and Samadder, 2016). The current adsorbents also have slow adsorption kinetics and so a 

higher contact time is needed to achieve the desired removal leading to a large bed volume (Ray 

and Shipley, 2015). To overcome these challenges, nano-based adsorbents have been proposed 

for arsenic removal. Nanomaterials have a high specific surface area (i.e., more reactive site for 
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arsenic adsorption), better reactivity, and small diffusion resistance (i.e., rapid kinetics) making 

them superior adsorbents (Lata and Samadder, 2016; Wong et al., 2017).  

Nanoscale iron oxide/hydroxide (nanoscale zerovalent iron, magnetite, goethite, 

ferrihydrite), manganese oxide, zirconium oxide, cerium oxide, nano alumina, copper oxide 

nanomaterials, titanium dioxide, nano zinc oxide, and metal-doped nanoparticles (iron-doped γ-

MnO2, Cu doped iron oxide, Fe-Ce oxide and other) are so far used or arsenic removal. (Habuda-

Stanic and Nujic, 2015; Ray and Shipley, 2015; Lata and Samadder, 2016; Siddiqui et al., 2019).  

1.5.1. Arsenic removal by Fe-based nano adsorbents 

Iron nanoparticles are most widely studied for arsenic remediation because of iron’s high 

affinity for arsenic (Siddiqui and Chaudhry, 2017). Iron is the fourth abundant element in the 

earth’s crust, and it is environmentally benign (i.e., non-toxic). Iron has two dominant oxidation 

states: Fe2+ and Fe3+ and has various oxide forms. The major iron oxide/oxy-hydroxide 

nanoparticles used for arsenic removal are magnetite (Fe3O4), hematite (α-Fe2O3), maghemite (γ-

Fe2O3), goethite (ɑ-FeO(OH)), akaganeite (β-FeOOH), lepidocrocite (γ-FeOOH), ferrihydrite 

(Fe2O3.0.5H2O) hydrated iron(III) oxide (Kanel et al., 2006; Guo et al., 2013; Ray and Shipley, 

2015; Siddiqui and Chaudhry, 2017; Hao et al., 2018). A summary of Fe-based nano adsorbent is 

given in Table 1.2.  

Nano magnetite (Fe3O4) recorded excellent adsorption capacity for both the arsenic 

species compared to its bulk counterpart due to its increased specific surface area (Shipley et al., 

2009; Feng et al., 2012a). Mayo et al., (2007) reported that decreasing the particle size of 

magnetite from 20 nm to 12 nm enhanced the removal performance by 200 times. The adsorption 

capacity increased with decreasing size due to higher specific surface area and more exposed 

adsorption sites. Bujnakova et al. (2013) synthesized nano magnetite (20-40 nm) via ball milling 
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process from micron size magnetite (100 µm) to increase the specific surface area from 0.1 m2/g 

to 11.9 m2/g and surface sorption site density from 2.2 to 8.4 sites/nm. The arsenic adsorption 

capacity (3.65 mg/g) was enhanced by 96% in the nano magnetite compared to the bulk 

magnetite. Surface functionalization of magnetite with capping agent (ascorbic acid) reduces 

surface agglomeration of nano-magnetite and gets to better adsorption performances of 46.06 

mg/g for As(III) and 16.56 mg/g for As(V). Both electrostatic attraction and surface 

complexation participated in the arsenic removal by the nano magnetite (Yavuz et al., 2010). 

As(V) adsorption onto magnetite is dependent on solution pH and point-of-zero-charge of the 

nanoparticles (Shipley et al., 2009; Chowdhury et al., 2011). With increasing pH (above PZC) 

the adsorption performance of arsenate decreased, the adsorption of arsenite was not affected. 

Arsenic adsorbed on the iron oxides can form various surface complexation like monodentate 

mononuclear corner-sharing, bidentate mononuclear edge-sharing, bidentate binuclear corner-

sharing, and tridentate hexanuclear corner-sharing (Guo et al., 2013; Wang et al., 2014b). While 

Jönsson and Sherman (2008) reported bidentate binuclear corner-sharing complexation onto 

(100) surface of magnetite for both the arsenic species, Morin et al. (2009) reported tridentate 

hexanuclear corner-sharing complexation onto (111) surface of magnetite for As(III). Liu et al. 

(2015) reported the predominant formation of bidentate binuclear corner-sharing complexes for 

As(V) and tridentate hexanuclear corner-sharing complexes for As(III). They proposed a 

mechanistic model for As(III) oxidation to As(V) and As(V) reduction to As(III) on the 

magnetite surface (Liu et al., 2015). In addition to surface complexation, a considerable amount 

of arsenic precipitated as amorphous iron oxide-arsenic complexes on the magnetite surface.  

Nanoscale zero-valent iron (NZVI) has been studied for decades for environmental 

applications due to its excellent contaminant removal capabilities. NZVI works better than bulk 
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ZVI for arsenic removal due to its small particle size, large specific surface area, and highly 

reactive nature. Due to surface corrosion, the NZVI particles surface produce various ferrous 

iron (Fe2+), iron oxide/iron oxyhydroxide,  lepidocrocite (γ-FeOOH), magnetite (Fe3O4), and 

maghemite (α-Fe2O3). During this surface corrosion reaction in the presence of dissolved 

oxygen, NZVI produces oxygen radicals (O2
•) and H2O2. The H2O2 reacts with Fe2+ ions and 

form hydroxyl radicals (OH•) which is a strong oxidizing agent. This OH• plays an important 

role in the oxidation of As(III) to As(V) and in enhancing arsenic removal performance. Kanel et 

al. (2005) demonstrated rapid and effective removal (~100%) of As(III) within 30 min) (Kanel et 

al., 2005) and ~100% removal of As(V) within 10  min (Kanel et al., 2006). They also 

investigated the arsenic removal mechanisms of NZVI and speculated that As(III) may be 

adsorbed either onto the corrosion products of NZVI through inner-sphere complexation or 

oxidized to As(V) and adsorbed on the corroded surface of NZVI via electrostatic attraction and 

inner-sphere complexation.  

Ramos et al. (2009) confirmed that both reductive and oxidative mechanisms take place 

during NZVI application and elucidated the mechanism of arsenic immobilization by NZVI. 

They recorded the formation of As(0) on the NZVI surface after reaction with As(III) and As(V) 

using high-resolution X-ray photoelectronic spectroscopy (HR-XPS). NZVI was able to 

transform AS(III) into As(O), As(V), and As(III). These results confirmed simultaneous 

oxidation and reduction of arsenic by NZVI. This phenomenon was explained based on the core-

shell structure of NZVI, the metallic core and thin layer of amorphous iron (oxy)hydroxide 

facilitated the oxidation and reduction reactions. In an anoxic environment, As(III) was adsorbed 

and transformed on the NZVI surface in two steps: in the first step upon adsorption, the As-O 

bond break at the surface of NZVI, and in the second step, arsenic further reduced and diffused 
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across the thin oxide layer resulting in an As-Fe intermetallic compound at the interface of core 

and shell of NZVI (Yan et al., 2012a) The oxidation of As(III) is facile and reversible reaction 

whereas reduction of As(III) is a relatively slower process (Yan et al., 2012b). Ling and Zhang 

(2014) have also confirmed this unique mechanism of As(V) immobilization. First, As(V) is 

adsorbed onto the surface via electrostatic interactions and surface reaction, and then adsorbed 

arsenic reduced to As(III) and start to migrate towards metallic core through amorphous oxide 

shell and form a layer (1.0−1.2 nm) of elemental metal-arsenic complex via chemical reduction 

in the interface of core and shell. These results suggest that the arsenic removal mechanism of 

NZVI is significantly different from conventional iron-based adsorbents. NZVI is potentially a 

more capacious and robust sequestration agent for arsenic abatement. 

1.5.2. Other metal oxide nanomaterial  

A wide variety of metal oxide (Al2O3, MnO2, ZnO, TiO2, ZrO2, and CeO2) and bimetallic 

oxide (Fe-Mn, Zr-Ce, Cu-Fe, Fe-Al) nanoparticles are reported for effective removal for arsenic. 

A summary of the removal performance of these nanomaterials is given in Table 1.2.  

While nanomaterials have proved to be efficient adsorbents and showed high adsorption 

capacity, rapid kinetics, and higher reactivity towards arsenic, but they have certain limitations 

which are technical (agglomeration of nanoparticles, separation, and regeneration) and 

economical  (scale-up of nanomaterial production and high synthesis cost). Nanomaterials are 

prone to agglomerate in aqueous media which leads to loss of their effective reactivity surface 

area. The majority of nanomaterials are synthesized by sol-gel or hydrothermal processes and 

very fine powdery materials are formed. These fine nano powders are not suitable for fixed-bed 

filter fabrication due to their low hydraulic conductivity.  Further, the movement of nanoparticles 

in filter bed may lead to leaching of nanomaterials into the finished water and that is a public 
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health concern (Mauter et al., 2018). To address this challenge researchers have embedded the 

nanoparticles onto the secondary less mobile structures like activated carbon, zeolite, sand, clay, 

polymeric gel, and membrane (Table 1.3) (Borovik et al., 2020). Attaching nanoparticles in a 

bigger size substrate (supporting material) may also help to reduce the agglomeration of the 

particles in the aqueous phase while curtailing the leaching of nanoparticles from the filter bed. 

Table 1.2.  Summary of metal-metal oxide nanomaterial used in arsenic removal.  

Adsorbent 

Experimental Conditions Adsorption capacity 

(mg/g) or % removal 
  Source 

CR 

(mg/L) 

pH CT 

(min) 

AD 

(g/L) 

As(III) As(V) 

Iron/Iron oxide 

NZVI 1 7 10-60 1 96% 100% (Kanel et al., 2006) 

Akaganeite  nanoparticle 5-100 7.5 1440 0.5  100-120 (Deliyanni et al., 2003) 

γ-Fe2O3 NPs 10-200 3-6 90 1.6 74.83 105.25 (Lin et al., 2012) 

Fe3O4 1-100  90 8  3.65 (Bujnakova et al., 2013) 

Fe3O4 0-70 5 1440 0.1 16.56 46.06 (Feng et al., 2012a) 

Ferrihydrite nanoparticles 10-125 5 1440 1 87.43 42.39 (Qi and Pichler, 2016) 

Goethite nanoparticles 5-100 3 240 1 --- 76 (Ghosh et al., 2012) 

TiO2 

Titanium dioxide  5-90 2 1440 4 19.88 20.53 (Nabi et al., 2009) 

Hydrous titanium dioxide 0-140 7 1440 0.5 83  (Xu et al., 2010) 

TiO2 nanoparticles 0.2-50 7 1440 0.2 11.52 5.92 (Jegadeesan et al., 2010) 

Al2O3  

γ-Al2O3 -- 3-6 360 0.2 --- 25 (Patra et al., 2012) 

Nano-alumina powder 10-20 7.5 30 1 40  (Darban et al., 2013) 

γ‑Al2O3 nanoparticles 0.3 6.8 120 0.5 0.76 1 (Ghosh et al., 2019) 

ZrO2 

 Ze-oxide nano 0-70 7 1440 0.1 83 32.4 (Cui et al., 2012) 

zirconia nanoparticle  8-9 2840 0.5 135  (Zheng et al., 2012) 

Ceria 

Hydrous cerium oxide NPs 1-100 7 1440 0.1 170 107 (Li et al., 2012) 

ceria nanoparticles 0.004-

0.04 

3-

11 

60 5  17.08 (Feng et al., 2012b) 

MnO2 

α-MnO2 nanofibers 10-270 6 360 0.5 117 60 (Luo et al., 2018) 

Hydrous manganese dioxide 1-50 3 60 0.1 29 -- (Liu et al., 2020) 

Cuo nanoparticles  0.1-100 8 30 2 26.9 22.6 (Martinson and Reddy, 

2009) 

Bi or mixed metallic nanomaterials 

Mn-Fe oxide adsorbents 5-300 7 1440 2 132 77 (Ocinski et al., 2016) 

Cu doped Fe2O3 1-50 7 720 0.2 38 43 (Sun et al., 2017) 

Fe-Cu-Mn tri-metal oxide 0-40 7 1440 0.2 85 113 (Zhang et al., 2020) 

Fe-Zr oxide 5-40 7 2160 0.2 120 46.1 (Ren et al., 2011) 

Fe-Al mixed oxide NPs 10-250 7 60 2 58 -- (Basu and Ghosh, 2011) 

Ceria/manganese 5-50 7 60 1  18.65 (Gupta et al., 2011) 

CeO2-ZrO2 0.5-60 6.9 1440 0.2 116.8 40.7 (Xu et al., 2013) 

Fe-Ce oxide 10-250 7 60 2 86.29 55.51 (Basu et al., 2013) 

Ni doped Fe2O4 NPs 1-1000 7 1440 0.5 169 90 (Liu et al., 2015)  

Ti-Mn oxide 2-60 7 1440 0.2 107 87 (Zhang et al., 2018) 

*CR: Concentration range; +CT: Contact time; #AD: Adsorbent dose 
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Table 1.3. Metal-metal oxide nanomaterials deposited on support media and used for aqueous 

arsenic removal.  

Adsorbent 

Experimental Conditions 
Adsorption capacity 

(mg/g) or % removal 
Source 

CR* 

(mg/L) 
pH 

CT+ 

(min) 

AD# 

(g/L) 
As(III) As(V) 

Carbonaceous support 

NZVI-Starbon nano composite 0.6-

73.5µM 

7 240 0.05 27  (Baikousi et al., 

2015) 

Fuller’s earth immobilized 

NZVI 

20-100 7 1440 1 50.08 45.5 (Yadav et al., 

2016) 

NZVI-biochar 0-400 4.1 2400 2  124.5 (Wang et al., 

2017) 

γ-Fe2O3 biochar 5-200  1440 2  3.14 (Zhang et al., 

2013) 

Activated carbons modified 

with iron-hydro 

(oxide)nanoparticles 

0.025-1.5 6 1440 0.75  1.25 (Vitela-Rodriguez 

and Rangel-

Mendez, 2013) 

Activated carbon fiber (ACF) 

modified with zirconium 

1-120 3 1440 0.5 21.7  (Zhao et al., 2016) 

Ce-Mn activated carbon 0-100 5 1440 0.5  108.8 (Liang et al., 

2020) 

δ-MnO2 modified activated 

carbon 

3-20 4 1440 1 13.30 12.56 (Wang et al., 

2020) 

Polymer loaded nanomaterial  

Polystyrene nano-Fe3O4 1-50 6 1440 0.5  139.3 (Jiang et al., 2012) 

Ca-alginate loaded NZVI   7     (Bezbaruah et al., 

2013) 

GO-MnO2-Goe-Ca-Alg beads 0.1-100 -- -- 5 28.53 34.17 (Basu et al., 2021) 

Clay supported  nanomaterial  

Montmorillonite-supported 

NZVI 

2-345 7 240 1.3 59.9 45.5 (Bhowmick et al., 

2014) 

nZVI-Pumice/Zeolite 25-250 -- 1440 2 24.96  (Ranjan et al., 

2020) 

Fe-Mn oxides loaded on 

zeolite 

 7 1440 5 296.23 201.10 (Kong et al., 

2014) 

*CR: Concentration range; +CT: Contact time; #AD: Adsorbent dose 

1.5.3. Arsenic removal by graphene oxide-based materials  

1.5.3.1. Fundamentals of GO-nanohybrids 

Graphene is a honeycomb-like carbon lattice with Sp2 hybridization. It has been 

classified based on chemical surface, morphology, and physicochemical property. Graphene 

derivatives such as graphene oxide (GO), reduced graphene oxide (RGO), surface-functionalized 

graphene layer, and hybridized with other nanomaterials are reported (Georgakilas et al., 2012; 

Perreault et al., 2015). The surface functionalization of the graphene layer tunes the intrinsic 

properties and for various graphene-based micro/nanostructure. While the pristine graphene has 
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very limited applications in environmental remediation, the development of new derivatives 

introducing additional functional groups/materials is the main strategy for developing graphene-

based material for environmental contaminant removal (Lu et al., 2009; Perreault et al., 2015). 

The major challenge with graphene-based materials is their production on a large scale while 

maintaining the unique properties of the surface layer (Neri et al., 2015). GO is a sheet-like 2 D 

functionalized carbon layer with a high specific surface area with aqueous stability. GO has a 

hydrophobic surface with a large acidic group, high charge density, surface hydrophobic π-π 

interaction. These unique properties of the GO make it an ideal substrate for the growing and 

anchoring of functional nanomaterials (Lu et al., 2009). Graphene oxide hybrids with 

metals/metal oxides are an emerging class of nanomaterials with applications in areas from 

electronics to environmental contaminant removal (Georgakilas et al., 2012; Lingamdinne et al., 

2019b). The GO-based nanohybrids are developed by growing nanocrystal on the surface of GO. 

While both graphene and GO have a high specific surface area, GO works better than its pristine 

peer (graphene) because GO has more functional groups and defects present. GO provides a 

large number of reactive anchoring sites for nucleation and growth of nanocrystals because of the 

high density -COOH, -OH, C=O groups present (Liang et al., 2010; Wang et al., 2010). The GO 

surface interacts with the metal ions through electrostatic interaction. A robust chemical and 

mechanical coupling can be achieved between GO and nanocrystal through controlled 

nucleation, optimal chemical interaction, and bonding between the GO and the nanocrystal 

(Liang et al., 2010; Wang et al., 2010). Nanocrystals grown on graphene oxide surfaces have 

shown enhanced electron transport rate, high electrolyte contact area, and structural stability, all 

of which could be useful for various applications (Liang et al., 2010).  
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1.5.3.2. Graphene oxide metal/metal oxide nanohybrids for arsenic removal 

To address the problem of agglomeration and improve its applicability in filter beds, GO-

based nanohybrids have been developed where nanoparticles are deposited on the surface of 

micron-sized graphene oxide (GO). The nanomaterials synthesized on the GO layer are well 

dispersed and have been used for aqueous arsenic removal (Table 1.4). Chandra et al., (2010) 

chemically deposited magnetite on GO. The nanohybrid showed superparamagnetic properties 

and high binding capacity for both As(III) (10.2-13.1 mg/g)  and As(V) (5.27-5.83 mg/g). The 

optimum arsenic removal was observed at 30 ℃ with an increasing trend from 10 to 30 oC and 

then decreased from 30to 50 ℃.  While Chandra et al. (2010) was among the first to report the 

use of GO-supported Fe3O4 for arsenic removal, additional works have been reported by others 

which include GO supported iron oxide nanoparticles (Yoon et al., 2017; Yu et al., 2019), 

nanoceria (Sakthivel et al., 2017b), nano zirconia (Luo et al., 2013), nano lanthanum oxide 

(Lingamdinne et al., 2019a), and iron-manganese oxide (La et al., 2017). GO-supported NZVI 

was also used for arsenic removal (Wang et al., 2014a) which showed effective removal for both 

As(III) and As(V).  

Iron content in GO-Fe nanohybrid plays an important role in determining arsenic 

adsorption performance. Yoon et al., (2016) evaluated arsenic removal performance of magnetite 

deposited onto GO (MGO) and RGO (M- RGO). The degree of GO layer oxidation and density 

of functional groups controlled the number of nanomaterials deposited onto the GO/RGO surface 

(Yoon et al., 2016; Yoon et al., 2017). The MGO recorded better arsenic removal for both the 

arsenic species (As (III)/As(V)) than M-RGO due to the presence of a higher number of 

magnetite particles. GO supported binary Fe-Mn oxide was explored for arsenic removal 

(Benjwal et al., 2015; Zhu et al., 2015). Zhu et al., (20015) observed MnO2 on the nanohybrids 
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helped in the oxidation of As(III)  to As(V)  with Fe(III) oxide being crucial for As(V) removal. 

The dispersion of FeMnOX on the GO surface reduced the agglomeration of the nanomaterial. 

The removal was controlled by both surface complexation and electrostatic attraction, and 

phosphate ions show Astron interference in the removal process. Benjwal et al., (2015) reported 

the use of binary (rGO–TiO2/rGO–Fe3O4) and ternary (rGO–Fe3O4–TiO2) materials for arsenic 

decontamination. The rGO–Fe3O4–TiO2 recorded 147 mg/g As(III) adsorption which is far better 

than other rGO- Fe3O4.  

Luo et al., (2013) reported that GO-ZrO(OH)2 could remove both As(III) and As(V) 

simultaneously with an adsorption capacity of 95.15 mg/g for As(III) and 84.89 mg/g for As(V). 

The performance of the nanohybrid was 3.5-4.6 times better than bare ZrO(OH)2 nanoparticles. 

Arsenic removal by the nanohybrid was not much affected by the presence of interfering ions 

except phosphate. Lingamdinne et al. (2019a) developed a GO lanthanum fluoride (GO-LaF) 

nanohybrid which recorded 18.52 mg/g As(V) removal. Ion exchange, electrostatic interaction, 

and surface complexation are the major mechanisms involved in arsenic removal by GO-LaF. 

The solution (water) pH played an important role in arsenic removal. At low pH, electrostatic 

interactions were predominant where surface complexation and ion exchange were predominant 

at pH≥7.  

Efficient arsenic removal by GO-CeO2 was reported by Sakthivel et al., (2017). GO-

CeO2 was prepared in a one-pot hydrothermal process, and it effectively removed both As(III) 

(185 mg/g) and As(V) (212 mg/g). The adsorption of arsenic onto nanohybrid surfaces was 

highly dependent on the Ce3+ ion concentration. The arsenic ions first adsorbed onto the 

nanohybrid surface through electrostatic interaction and then made a stable complex with Ce3+ 

present on the surface. The removal performance was not much affected by the change in 
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solution pH (3-10) and temperature (10-40 ℃). Yu et al. (2015) used hydrous cerium oxide-

modified graphene nanoplates for As(V) removal. The removal performance decreased from 60 

to 20 % for an initial As(V) concentration of 10 mg/L as pH increased from 3 to 10 and the max 

adsorption capacity (62.33 mg/g) was recorded at pH 4. The surface-bound -OH group of 

hydrous cerium oxide played an important role in arsenic removal through electrostatic 

interaction (Yu et al., 2015).  

Table 1.4. Graphene oxide-based metal oxide nanohybrids for aqueous arsenic removal.  

Adsorbent 

Experimental Conditions  Adsorption capacity 

(mg/g)  

      Source 

CR* 

(mg/L) 

pH+ AD# (g/L) As(III) As(V) 

Magnetite-rGOǂ 3-7 7 0.2 13.10 5.83 (Chandra et al., 2010) 

Magnetic-GO 0-35 6.5 0.4  59.6 (Sheng et al., 2012) 

NZVI-Reduced GO 1-15 7 0.4 35.83 29.04 (Wang et al., 2014a) 

Fe3O4-GO 0-550 7 0.1 85 38 (Yoon et al., 2016) 

Fe3O4-non-oxidative GO 0-550 7 0.1 38 14 (Yoon et al., 2017) 

GO-Fe2O3 0.1-1200 7 0.8 147 113 (Su et al., 2017) 

Fe2O3 nanocubes-GO aerogel 5-70 5 0.5 172.27 217.34 (Yu et al., 2019) 

CeO2-GO 0.1-200  0.5 185 212 (Sakthivel et al., 2017a) 

Mg-Al hydroxide/GO 0.1-150 5 0.5 ---- 180.26 (Wen et al., 2013) 

rGO-Fe3O4-TiO2 3-10 7 0.2 147.05 --- (Benjwal et al., 2015) 

GO–ZrO(OH)2 2-80 7 0.5 95.15 84.89 (Luo et al., 2013) 

β-FeOOH@GO-COOH 1-200 6.5 1 77.5 45.7 (Chen et al., 2015) 

GO-MnFe2O4 10-50 1-2 0.2 ---- 240.3 (Huong et al., 2016) 

FeMnOx/RGO 0.2-7  0.2 47.05 49.01 (Zhu et al., 2015) 

Magnetic 3D GO hydrogel 0-150 ~7 1 25.1 74.2 (Liang et al., 2019) 

GNP/Fe−Mg oxide 5-90 7 0.2 --- 103.9 (La et al., 2017) 

GO-CuFe2O4 foam 5-500 7.2 8 l 51.64 124.69 (Wu et al., 2018) 

Fe3O4@CuO-GO 3.75-75 7 0.3 70.36 62.60 (Wu et al., 2019) 

GO-lanthanum fluoride 2-30 --- 0.8 --- 18.52 (Lingamdinne et al., 

2019a) 

*CR: Concentration range; +CT: Contact time; #AD: Adsorbent dose 

1.6. Scope of this research 

Arsenic contamination in drinking water is a major public health concern. It affects both 

rural and urban populations by restricting access to safe drinking water. Decades of research 

have explored processes involving membranes to adsorption to treat arsenic. Literature survey 

demonstrates adsorption technology outstand other treatment options due to its efficient removal 

of arsenic, ease of implementation, and economic viability. An ideal adsorbent should have high 
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adsorption capacity, an affinity for both the inorganic arsenic species, As(III) and As(V), and 

should be effective under relevant environmental conditions. Iron (Fe)-based adsorbents have 

been promoted for aqueous arsenic adsorption because of their benign nature (i.e., no known 

toxicity), potential cost-effectiveness, and expected ease of scale-up in production. However, 

their field application is, so far, limited because of their low Fe use efficiency (i.e., not all 

available Fe is used), slow adsorption kinetics, and low adsorption capacity. Nanomaterials, 

mostly nano magnetite (M)  and nanoscale zero-valent iron (NZVI) are effective for arsenic 

removal because of their very high specific surface area and good adsorption capacity. However, 

these particles agglomerate easily and NZVI gets oxidized rapidly. To address these problems, 

graphene oxide-iron nanohybrids were synthesized and evaluated for arsenic removal (See 

section 1.5.3). While each reported work had high process efficiency with >99% arsenic 

removal, they cannot be compared one-on-one given the non-identical experimental conditions. 

Each researcher team used different initial arsenic concentrations, solution pH, and adsorbent 

dose. The reported GO-iron nanohybrids (Table 1.4) have shown limited arsenic removal 

capacity (6-180 mg/g) and that would limit the potential life span of the arsenic removal systems 

where these nanohybrids would be used. So, there is a need to optimize such nanohybrids for the 

most efficient arsenic removal, and to achieve that a better understanding of the mechanisms 

involved in arsenic removal would be needed. While attempts have been made to understand the 

sorption behavior of arsenic on the nanohybrid system, information regarding the 

desorption/release of arsenic from the nanohybrids is lacking. Secondary desorption of arsenic 

from the nanohybrids under relevant environmental conditions over a longer time frame is 

needed. The current research has attempted to address the existing gaps in research. 
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This work was started with two major iron-based nanomaterials reported for arsenic 

removal studies viz., magnetite and nanoscale zerovalent iron. Both the materials were also 

synthesized on the surface of GO and a comparative study under identical experimental 

conditions was conducted to identify the most suitable candidate for field applications. After 

identifying the most suitable candidate material, the arsenic removal mechanisms were 

investigated and the role of graphene oxide in the removal process was explored. The desorption 

of the adsorbed arsenic from the nanohybrids was later studied. 

1.7. Research objectives 

The objectives of this research are to:  

a) design and synthesis of GO-iron nanohybrids and evaluate their arsenic removal 

potential,  

b) investigate the arsenic removal mechanisms and performance of the nanohybrids under 

different environmental conditions.  

c) evaluate the stability of adsorbed arsenic in the GO-iron nanohybrids.   

1.8. Dissertation organization 

There are five (5) chapters in this dissertation. Chapter 1 is the overview of the global and 

national arsenic problem, the health impact of arsenic, and currently available materials and 

methods for arsenic removal. The chapter also includes the scope of this research and the 

research objectives. Chapter 2 to Chapter 4 are presented in a journal paper format. Chapter 2 has 

been published as a peer-reviewed research article in Science of the Total Environment in 2021 

and investigates the suitability and practical application of various graphene oxide iron 

nanohybrids to its bare courter part (iron nanoparticles only). Chapter 3 is a published peer-

reviewed research article in Chemosphere (2020) that reports ultra-high arsenic adsorbing 
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graphene oxide iron nanohybrids. This chapter investigates in detail the mechanism of arsenic 

removal onto nanohybrid and its practical application. Chapter 4 is a manuscript under 

preparation to be submitted to Environmental Science: Nano. Chapter 4 explores the desorption 

behavior and stability of adsorbed arsenic on high adsorbing adsorbent over a long period (two 

years) and its environmental implication. For Chapters 2 through 4, each has an introduction, 

materials and methods, results and discussions, and a conclusion. Chapter 3 Finally, Chapter 5 

presents the conclusions and the scope for future works. References are cited in each chapter. 

Some additional materials are presented as appendices.  
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CHAPTER 2. COMPARATIVE STUDY OF ARSENIC REMOVAL BY IRON-BASED 

NANOMATERIALS: POTENTIAL CANDIDATES FOR FIELD APPLICATIONS1 

2.1. Introduction 

Arsenic is a naturally occurring carcinogenic metalloid that presents in inorganic forms in 

groundwater and typically present in two oxidation states, As(III) or arsenite and As(V) or 

arsenate (ATSDR, 2007). Most of the arsenic present in groundwater is from geogenic sources 

(Amini et al., 2008; Podgorski and Berg, 2020) while the anthropogenic sources include some 

pesticides used in the past and industrial discharge (Murcott, 2012). World Health Organization 

(WHO) and the United States Environmental Protection Agency (USEPA) have set the 

maximum contaminant level (MCL) of total inorganic arsenic in drinking water as 10 µg/L 

(USEPA, 2001; WHO, 2003). More than 200 million people in 50 countries are affected by 

groundwater arsenic contamination and the number is increasing rapidly (Murcott, 2012; WHO, 

2017; Podgorski and Berg, 2020).   

Adsorption has become a widely adapted technology for the efficient removal of aqueous 

arsenic with the added advantages of ease of implementation and economic viability. While the 

selection of the right adsorbent is always challenging (Lata and Samadder, 2016),  iron (Fe)-

based metal-oxide nano-adsorbents were extensively studied for arsenic remediation in the last 

two decades. Nano-adsorbents have a high specific surface area and good selectivity to remove 

both the inorganic arsenic species and exhibited rapid reaction rates (Wong et al., 2017; Siddiqui 

 
1 This chapter has been published as a peer-reviewed paper in Science of The Total Environment (2021). Das, T.K. 

and Bezbaruah, A.N., 2021. Comparative study of arsenic removal by iron-based nanomaterials: Potential 

candidates for field applications. Science of The Total Environment, 764, p.142914. 

The material in this chapter was co-authored by Tonoy K Das and Dr. Achintya Bezbaruah. Tonoy had primary 

responsibility for conceptualizing the study and developing the methodology. Tonoy designed and conducted all 

batch experiments, analyzed all the data, and investigated the results. Tonoy also drafted and revised all versions of 

this chapter. Dr. Achintya served as superviser, proof reader and checked all the results and analysis conducted by 

Tonoy. 
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et al., 2019). The major problem associated with these nanomaterials is their agglomeration that 

reduces their contaminant (arsenic) removal efficiency and, thus, limits their application. 

Synthesis of these nanomaterials on a suitable support medium reduces their agglomeration and 

significantly improves their arsenic removal efficiency (Liu et al., 2020). Graphene oxide (GO) 

is one of the most promising support media extensively used by researchers (Yang et al., 2017; 

Sherlala et al., 2018). Graphene oxide is a 2D of carbon sheet with several functional groups ( ̶ 

COOH,  ̶ OH, C=O).  The metal ions nucleate onto the GO surface and nanoparticles can be 

synthesized as well dispersed entities on the GO sheet. There are reported works on graphene 

oxide-supported iron nanoparticles (aka graphene oxide iron nanohybrids) for arsenic removal. 

Most of the studies used graphene oxide magnetite (GM) nanohybrids as the adsorbent (Chandra 

et al., 2010; Mishra and Ramaprabhu, 2012; Sheng et al., 2012; Hoan et al., 2016; Yoon et al., 

2016; Yoon et al., 2017). There are also report on graphene oxide supported nanoscale zero-

valent (GFeN) nanohybrids (Wang et al., 2014a). While each reported work had high process 

efficiency with >99% arsenic removal, they cannot be compared one-on-one given the non-

identical experimental conditions. Each researcher team used different initial arsenic 

concentration (0.1-25 mg/L), solution pH (5.5-7.0), and adsorbent dose (0.1-0.4 g/L) (Table 2.1). 

Further, each of the reported nanohybrid had different iron content which might have 

significantly affected the arsenic removal efficiency. While both the materials (GM and GFeN) 

appear to be efficient, there is no reported comparison of the nanohybrids under similar 

experimental conditions. Further, a comparative analysis of the mechanisms of arsenic removal 

by the two nanohybrids is imperative to better understand the materials and their potential 

applications for drinking water arsenic removal. 
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In this study, we evaluated GM and GFeN, bare magnetite (M), and bare nanoscale zero-

valent iron (FeNP) for aqueous arsenic removal under similar experimental conditions, and the 

amount of arsenic removal has been normalized with the amount of iron present in each 

nanomaterial. The efficiency of arsenic removal by each nanomaterial has been evaluated and the 

removal mechanism(s) elucidated.  

Table 2.1. Experimental conditions for arsenic removal by graphene oxide supported iron 

nanomaterials.  

Adsorbents pH* Arsenic conc.  

(mg/L) 

Adsorbent  

dose (g/L) 

Source 

Magnetite-rGOǂ 7 3-7 0.2 (Chandra et al., 2010) 

Magnetic-GO 6.5 25 0.4 (Sheng et al., 2012) 

NZVI-Reduced GO 7 15 0.4 (Wang et al., 2014a) 

GN-α-FeOOH Aerogel 8-9 5 0.05 (Andjelkovic et al., 

2015) 

β-FeOOH@GO-COOH 6.5 1 3 (Chen et al., 2015) 

Fe3O4-GO 7 0.15-1 0.1 (Yoon et al., 2016) 

Fe3O4-non-oxidative GO 7 1 0.1 (Yoon et al., 2017) 

FeOx GO 6.5 0.1 0.8 (Su et al., 2017) 

Fe2O3 nanocubes-GO aerogel 5 5 0.5 (Yu et al., 2019) 

*pH at which the experiment was conducted; ǂrGO: Reduced graphene oxide. 

2.2. Experimental methods  

2.2.1. Materials and supplies 

Graphene oxide (4 g/L in water, monolayer content >95%) was from Graphenea (Spain). 

Iron(II) chloride tetrahydrate (FeCl2·4H2O, >98% pure), iron(III) chloride hexahydrate 

(FeCl3·6H2O, 97-99%), ammonium hydroxide (NH4OH, 30%), ferrous sulfate (FeSO4·7H2O, 

>99.5%), sodium borohydride (NaBH4, >97%), and other chemicals from VWR (USA). All 

chemicals were reagent grade and used as received unless otherwise specified. A 1000 mg/L 

standard stock solution (Environmental Express, USA) was used to prepare various As(III) and 

As(V) solutions by diluting with deoxygenated deionized (DDI) water. 
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2.2.2. Material synthesis 

2.2.2.1. Preparation of GM and M 

Graphene oxide-magnetite (GM) nanohybrids were prepared as per (Yoon et al., 2016). 

Briefly, 200 mg GO (i.e., 50 mL of 4 mg/L GO solution received from the manufacturer) was 

mixed within 150 mL DDI water in a 250 mL glass bottle and ultra-sonicated (FS30, Fisher 

Scientific) for 1 h to disperse the GO. Then the GO solution was transferred into a 300 mL 

round-bottom reaction flask. The reaction flask was placed in an oil bath connected to a 

temperature controller assembly (Ace Glass Inc., USA). The oil bath assembly along with the 

reaction flask was placed on a magnetic stirrer and continuously stirred. The content in the 

reaction flask was purged with nitrogen gas (N2) for 30 min to deoxygenate the GO solution. 

Separately, two solutions of FeCl2·4H2O (0.4 g) in 0.5 M HCl (10 mL) and FeCl3•6H2O (1.04 g) 

in DDI water (20 mL) were prepared in two 50 mL centrifuge tubes and then combined to get an 

iron solution with a FeCl2:FeCl3 molarity ratio of ~2:1. The mixed iron solution was added 

slowly to the GO solution in the reaction flask (with continued N2 purging and stirring). As the 

pH of the solution was adjusted to 10 by dropwise addition of 30% NH4OH, the solution became 

blackish. To facilitate nanoparticle formation, the solution in the reaction flask was cooked for 2 

h at 75-80 oC with continued N2 purging and stirring (the open top of the reaction flask was 

wrapped with an aluminum foil to reduced evaporation losses). The black-colored solution was 

then transferred to two 50 mL centrifuge tubes and centrifuged at 3000 rpm for 5 min. The 

nanomaterials precipitated and the supernatant was decanted. The nanoparticles were then 

washed two times each first with DDI water and then with ethanol (analytical grade) to remove 

unreacted chemicals. Washing was done by filling up the tubes with DDI water or ethanol and 

centrifuging them at 3000 rpm for 5 min and then decanting out most of the liquid. The washed 
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nanomaterials were dried at 40 oC under a nitrogen environment in a vacuum oven (VWR, USA) 

for 40 h. The dried nanomaterials (GM nanohybrids here) were ground into powder using an 

agate pestle and mortar. The powdered nanohybrid was stored in 20 mL glass vials with the 

headspace flushed with N2 gas. For bare magnetite (M) preparation, the same procedure was 

used without the addition of GO.   

2.2.2.2. Preparation of GFeN and FeNP 

Graphene oxide supported nanoscale zero-valent (GFeN) nanohybrids were synthesized 

after others (Wang et al., 2014a) with modifications to optimize the pH and borohydride dosing. 

GO (62.5 mL of 4 g/L GO solution received from the manufacturer = 250 mg) in DDI water 

(62.5 mL) was exfoliated by ultra-sonication. The GO solution was then transferred into a round-

bottom reaction flask (300 mL) and placed on a temperature-controlled oil bath put on a 

magnetic stirrer for continuous stirring. To deoxygenate the GO solution, the content in the 

reaction flask was purged with N2 gas for 30 min. On the side, a FeSO4·7H2O solution (2.25 g in 

50 mL DDI water) was prepared in a volumetric flask (50 mL) and poured into the GO solution 

very slowly, and the new solution was continuously stirred and purged with N2 gas for ~30 min. 

By dropwise addition of 1 M NaOH or HCl, the pH of the GO-Fe solution was adjusted to 6.1 

before an aqueous solution of NaBH4 (0.99 g in 30 mL of DDI) was added dropwise to the 

reaction flask with continuous stirring and N2 purging on. When the solution turned blackish, the 

solution temperature was raised to and maintained at 60 ºC for 4 h for the reaction to complete (a 

black-colored product was formed). The black-colored product was transferred to 50 mL 

centrifuge tubes for centrifugation (3000 rpm). After centrifugation, the supernatant was 

decanted, and the black product was washed with a copious amount of DDI water and then with 

ethanol (two times each). The resulting black solids were vacuum-dried (40 h, 40 oC, and under 
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N2 environment). The dried nanomaterials were GFeN nanohybrids. The nanohybrids were 

ground using an agate pestle and mortar, and the powers were stored in a 20 mL glass bottle with 

the headspace flushed with N2 gas. For bare FENP synthesis, the same procedure was used but 

without the addition of GO as per our previously published method (Bezbaruah et al., 2013). 

2.2.3. Characterization 

2.2.3.1. Scanning electron microscopy (SEM)  

The GM, M, GFeN, and FeNP samples were characterized with a JEOL JSM-7600F field 

emission scanning electron microscope (JEOL USA Inc., Peabody, Massachusetts) operated at 2 

kV. The samples of nanomaterials were placed on carbon adhesive tabs (Ted Pella, Redding, 

California USA) attached to aluminum mounts, and the excess material was blown off with a 

stream of dry N2 gas.  Images were obtained with a JEOL JSM-7600F.  Energy dispersive 

spectroscopy (EDS) data were obtained using an UltraDry silicon drift X-ray detector and NSS-

212e NORAN system 7 X-ray microanalysis system (Thermo Fisher Scientific, Madison, 

Wisconsin). 

2.2.3.2. Transmission electron microscopy (TEM) 

For TEM analysis, the specific powdered nanomaterial was placed in 100% ethanol and 

sonicated.  A drop of the suspension was placed on a lacey-carbon support film on a 300-mesh 

copper TEM grid (Ted Pella, Redding, California USA) for 30 sec, then wicked off with a filter 

paper and allowed to air dry.  High-Resolution TEM data were obtained using a JEOL JEM-2100 

LaB6 transmission electron microscope (JEOL USA, Peabody, Massachusetts) ran at 200 kV.  

2.2.3.3. X-ray photoelectron spectroscopy (XPS) 

The XPS analyses (K-Alpha XPS, ThermoFisher Scientific) were done for the 

nanomaterials. Powdered samples were packed into small wells of 3 mm diameter and 3 mm 
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deep. High-resolution scans were made for Fe2p, As3d, C1s, and O1s.  The settings were: Pass 

energy = 50 eV, Dwell Time = 50 ms, spot size = 400 μm, Step size = 0.1 eV for a total of 10 

scans per sample.  The flood gun was also turned on to prevent charging the samples. Peak 

fitting was accomplished with the Avantage XPS program. 

2.2.3.4. Zeta potential (ζ) 

Zeta potential was measured with Zetasizer Nano ZS (Malvern, UK) at pH 7.5. The pH 

was adjusted to 7.5 dropwise addition of 0.1 N HCl/NaOH after putting nanomaterial in the DDI 

water.  

2.2.3.5. Point-of-zero-charge (PZC) 

PZC values were determined for the four materials used. We prepared a 0.01 M NaCl 

solution and adjusted the pH to the required value (pH 2-12) using 0.1 M NaOH or HCl. A 

measured amount (20 mg) of the nanomaterials was dispersed in 20 mL NaCl solution with 

different initial pH (Balistrieri and Murray, 1981; Lataye et al., 2006). The initial (0 h) and the 

final (48 h) pH values were recorded, and the PZC for each material was calculated by plotting 

initial pH vs. change in pH (dpH = Initial pH − Final pH). PZC of the adsorbent is the pH when 

the surface charge on the material is zero and represented by the point where the plot (initial pH 

vs dpH) intersects the X-axis. 

2.2.4. Experimental design 

The primary objective of this study was to compare the four selected nanomaterials 

namely Graphene oxide-magnetite nanohybrid (GM), graphene oxide-nanoscale zero-valent iron 

nanohybrid (GFeN), bare nano magnetite (M), and bare nanoscale zero-valent iron (FeNP) and 

screen out which one of these materials work most efficiently for the removal of aqueous As(III) 

and As(V). As(III) and As(V) were tested in separate batches. Amber glass vials (40 mL) fitted 
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with a plastic cap and silicon septum were used as batch reactors. Each batch reactor contained 

30 mL of arsenic solution (5 mg/L) with 10 mg of adsorbents (~333 mg/L). The reactors were 

rotated in a custom-made end-over-end shaker (28 rpm) for 24 h at room temperature (222 oC). 

After 24 h, the reactors were withdrawn from the shaker and the content was filtered using 0.22 

µm nylon housing single-use syringe filters (VWR, USA). The filtrate was acidified with 

concentrated HNO3 (15.8 N) and kept in the refrigerator for later analysis. The arsenic in the 

filtrate was measured using a graphite furnace atomic absorption spectrophotometer (GF-AAS, 

Perkin Elmer AAS 900H). The percent removal efficiency of adsorbents was calculated as 

percent arsenic removal (= (C0 – Ce)/ C0*100% where C0 is the initial and Ce is the equilibrium 

arsenic concentration).  

The nano-based adsorbents (333 mg/L) used in our experiments did not contain the same 

amount of iron. While GFeN and GM contained GO, their bare counterparts FENP and M did 

not, and the amount of iron in each material was different. So, 333 mg of each material used in 

the batch studies did not contain the same amount of iron (Fe). Therefore, we determined the 

total iron content in the nanomaterials for the comparison of their removal efficiencies based on 

the mass of iron (Fe) present. Here, 50 mg of an adsorbent was digested with 15 mL of 7M HCl 

by first shaking (250 rpm) for 2 h in a 50 mL test tube and then keeping it in a water bath for 1 h 

at 80 ºC. The digested sample was filtered using a membrane filter (0.22 µm, VWR, USA) and 

the iron concentration in the filtrate was measured using Flame AAS (Perkin Elmer AAS 900H). 

The amount of arsenic adsorbed (qe, mg/g) as per unit iron mass was determined as qe = (C0 – Ce) 

*V/m, where V is the volume of solution (L), and m is the mass iron in the adsorbent (g).  
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2.2.5. Quality control and statistical analysis 

All experiments were conducted in triplicates and the average values are reported here 

along with the standard deviations. GF-AAS was calibrated (R2>0.999) using a series of standard 

(0-100 μg/L) arsenic solutions before each instrument measurement run. All data analysis and 

graphical representation were done in OriginLab (OriginPro) software. ANOVA analysis was 

done to determine statistically significant differences in data sets and Tukey’s pairwise 

comparison was used to identify the data that were significantly different. 

2.3. Results and discussion 

2.3.1. Material characterization 

The four adsorbents and bare GO were examined under TEM. The GO sheets appeared as 

crumbled in nature and paper-like structures with irregular shapes (Figure 2.1a). The bare 

nanoparticles (FeNP and M) exhibited spherical morphology and were agglomerated (Figure 2. 

1b-c). The particle size of FeNP ranged between 12.3 and 70.5 nm (n = 20) and for M, it was 6.7 

to 20.9 nm (n = 20). On the nanohybrids, the iron nanoparticles (FeNP or M) were well dispersed 

on the GO surface (Figure 2.1d-f). The particles were not only deposited on the surface of GO 

but some of the particles were also sandwiched inside the GO layers. The particle size of FeNP 

deposited on GO in GFeN  (Figure 2.1e-f) was 18.1-95.6 nm (n = 31), and for GM (Figure 2.1d), 

it was 5.5-12.5 nm (n = 22). Similar morphologies of nanohybrids were reported by others 

(Wang et al., 2014a; Yoon et al., 2016; Das et al., 2020). The SEM-EDS data for bare FeNP 

(Figure 2.2a) indicated the presence of 84.76% Fe and low oxygen (6.51% O) indicating the 

presence of elemental Fe (Fe0) in the FeNP particle with a thin oxide layer (core-shell structure). 

The presence of a very thin (2-4 nm) oxide layer on FeNP was reported by others as well (Martin 

et al., 2008; Krajangpan et al., 2012). In bare M (Figure 2.2c), the oxygen content was found to 
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be high (34.98%), and the Fe content (57.80%) was relatively low indicating the formation of 

iron oxides. Once nanoparticles were deposited on the GO surface (in both GFeN and GM), the 

total oxygen (O) content increased, and carbon (C) showed up prominently (Figure 2.2b-d) as O 

and C also came from the GO sheets and the functional groups present. 

   

   

Figure 2.1. TEM micrographs of (a) GO sheet (dotted outline), (b) FeNP, (c) M, (d) GM, (e) 

GFeN, and (f) HRTEM of GFeN (core-shell structured FeNP particles trapped between GO 

layers). 

  

(f) (e) 

(a) (b) (c) 

(d) 
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Figure 2.2. SEM-EDS of fresh (a) FeNP, (b) GFeN (c) M (d) GM.  

XPS analyses of fresh FeNP (Figure 2.3a) show the presence of both Fe2p and O1s 

spectra suggesting that the surface layer had both Fe2O3 and FeOOH. The Fe2p spectrum 

Element Weight % Atomic % 

C 6.02±0.35 13.32±0.77 

O 34.98±1.08 58.14±1.80 

Fe 57.80±2.79 27.52±1.33 

 

Element Weight % Atomic % 

C 7.77±0.32 24.79±1.23 

O 6.51±0.81 15.59±1.91 

Fe 84.76±3.26 58.18±2.22 

 

Element Weight % Atomic % 

C 8.26±0.45 17.27±0.95 

O 34.16±29.23 53.65±1.61 

Fe 51.83±2.44 23.32±1.10 

 

FeNP 

GFeN 

M 

Element Weight % Atomic % 

C 14.39±0.78 28.10±1.52 

O 33.86±1.19 49.64±1.74 

Fe 49.62±2.35 20.84±0.99 

 

GM 

(a) 

(b) 

(c) 

(d) 
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represents the characteristic peak for Fe (2p3/2 and 2p1/2) and the shake-up satellite peaks indicate 

the existence of Fe(II) and Fe(III). A small peak for metallic iron (Fe0) was also observed. The 

existence of a large fraction of iron oxides and a relatively small amount of elemental iron (Fe0) 

confirms that the FeNP surface was largely made up of iron oxides. This is in conformity with 

the core-shell structure of FeNP which is also observed in our HRTEM micrographs (Figure 

2.1b) and reported by others (Tucek et al., 2017; Martin et al., 2008). The Fe2P peaks of GFeN 

(Figure 2.3b) look similar to those of the FeNP sample except that there is no Fe0 peak. The lack 

of Fe0 peak may be due to the thin metal oxide layer and/or GO layer between which 

nanoparticles were trapped as that might have prevented the XPS beam from reaching the Fe0 

core. However, the core-shell structure is apparent in the HRTEM micrographs of GFeN (Figure 

2.1f). Both Fe2+ and Fe3+ are present in the GFeN with the peak positions suggesting the 

presence of both Fe2O3 and FeOOH with the O1s peaks indicating a higher concentration of 

bounded OH.  In M (Figure 2.3c), the Fe2p3/2 and Fe2p1/2 peaks confirm that both Fe2+ and Fe3+ 

are present, and Fe3O4 formation is confirmed from the characteristic peaks of Fe2p3/2 at ~711 eV 

and ~724 eV and the peak of O1s at ~730 eV (Chandra et al., 2010; Yoon et al., 2016). The 

satellite peak situated at ~719 eV is the characteristic peak of Fe3+ in γ-Fe2O3 (Grosvenor et al., 

2004) suggesting that the M (Fe3O4) nanoparticles were partly transformed to maghemite (Fe3O4 

+ 2H+ → γ-Fe2O3 + Fe2+ +H2O). The O1s peaks confirm the dominance of Fe-O. The peaks from 

GM (Figure 2.3d) are similar to those from the M indicating the presence of a majority of Fe3O4. 

The XPS analyses confirmed the successful synthesis of the four nanomaterials. 

 

 

 



 

 

5
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FeNP GFeN M GM 

    

(a) (b) (c) (d) 

    

Figure 2.3. High resolution-XPS spectrum of Fe2P and O1s obtained from (a) FeNP (b) GFeN (c) M (d) GM. 
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2.3.2. Dispersion behavior  

Table 2.2. Zeta potential (ζ ) and point of zero charge (PZC) the nanomaterials used in this study. 

Material PZC Mean ζ (mV) Solution pH* 

GO NM -41.76±2.27 7.5 

FeNP 8.4 13.74±0.59 7.5 

M 4.3 10.18±0.72 7.5 

GFeN 8.05 -21.02±0.77 7.5 

GM 4.8 -17.44±0.85 7.5 

NM: Not measured as GO showed no significant arsenic adsorption; *pH of the test solution 

during ζ measurements  

Zeta potential (ζ) is the interfacial potential difference between charged material surface 

and the counter ions in the surrounding diffuse layer and is a measure of dispersibility of 

nanomaterials in the aqueous phase.  Particles ζ > |±25| mV make a stable suspension (ISO, 

2000). The ζ values were measured for FeNP, M, GFeN, and GM as well for bare GO in DI 

water (Table 2.2). GO with a high negative ζ (−41.76±2.27 mV) remained well disperse (stable) 

in water. The high ζ values of GO can be attributed to the presence of many functional groups (̶ 

COOH, ̶ OH, C ̶ O ̶ C, C=O) on the GO surface which led to the negative surface charge upon 

ionization in water (Gao, 2015). The bare nanoparticles (FeNP and M) showed very low positive 

ζ (13.74±0.59 mV for FeNP and 10.18±0.72 mV for M), and they agglomerated and settled 

down easily. Both the nanohybrids recorded higher ζ (GFeN: −21.02±0.77 mV and GM: 

−17.44±0.85 mV) than its bare counterparts leading to stable dispersions. There was, however, a 

reduction of ζ values in the nanohybrids compared to bare GO possibly due to the decrease in 

functional group and positive charge of iron nanoparticles during metal ion nucleation and 

because of the presence of positive changes on the surface of the nanoparticles.  As the metal 

ions got attached to the functional groups on the GO surface, some negative charges present on 

the GO got neutralized leading to the decrease in net ζ values, but the values were still relatively 

high compared to bare particles (FeNP and M) to achieve much better stable dispersions. 
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2.3.3. PZC 

Solution pH plays an important role in the arsenic removal process by iron-based 

materials (Wang et al., 2014b; Yoon et al., 2016). The PZC (pH-dependent surface charge 

properties) values for the four adsorbents varied from 4.3 to 8.4 (Table 2) with the nanohybrids 

having the PZC values as 8.05 (GFeN) and 4.8 (GM). The surface of the adsorbent is positively 

charged at pH below the PZC and negatively charged at pH above PZC, and that may major play 

a role in arsenic removal.  The speciation of the arsenic oxyanions is also changed with solution 

pH (Figure 4). The dominant As(V) species present in aqueous solution are H3AsO4 (at pH<2.2), 

H2AsO4
− (pH 2.2-6.9), HAsO4

2− (pH 6.9-11.5), and AsO4
3− (pH > 11.5). On the other hand, 

As(III) species are present in aqueous media as neutral H3AsO3 (pH<9.2) and H2AsO3
̅ (pH>9.3). 

  

Figure 2.4. Speciation of aqueous arsenic at different pH modified from (Ben Issa et al., 2011). 

2.3.4. Arsenic removal  

2.3.4.1. As(III)  

GFeN and FeNP removed >99% As(III) (initial concentration, C0 = 5 mg/L) at pH 3-9 

(Figure 2.5a). There was no significant difference in As(III) removal by the two nanomaterials 

(Two-way ANOVA, p = 0.05). The PZC values for both GFeN and FeNP were > 8, yet the 

As(III) As(V) 
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removal efficiency did not change over the wide pH range and that leads us to think that surface 

complexation might have played a major role in As(III) removal here.  

For GM and M, there was an increase in As(III) removal efficiency with the increase in 

pH (Figure 2.5a). Others (Chandra et al., 2010; Yoon et al., 2016) also reported similar 

observations. Above the PZC, M (PZC = 4.3) and GM (4.8) becomes negatively charged while 

As(III) remains mostly neutral (no charge) at pH < 9.2 and without any dominant repulsive force 

between the adsorbent and As(III), arsenic is still adsorbed onto GM and M. Here, As (III) 

removal is achieved potentially via surface complexation and ligand exchange. Morin et al. 

(2009)(Morin et al., 2009) suggested that: (1) There are some vacant tetrahedral sites on the 

magnetite surface (111), and As (III) can fit into those sites by forming stable 3C tridentate, 

hexanuclear, corner-sharing surface complexes, and (2) a portion of As(III) precipitates as 

amorphous Fe-As complex on the surface of magnetite. In the ligand exchange process, the 

surface hydroxyl groups are replaced by arsenite ions. The amount of surface hydroxyl groups 

increases with the increased pH (Su et al., 2017) and thus contributing towards increased As(III) 

removal at higher pH (Kumar and Jiang, 2017). 
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Figure 2.5. Arsenic removal at different pH by four nanomaterials: (a) As(III); note: plots for 

GFeN and FeNP are overlapped as both have similar removal efficiencies; (b) As(V). Initial 

arsenic concentration = 5 mg/L, Adsorbent dose = 333 mg/L Reaction Time = 24 h. The vertical 

error bars represent standard deviations. The data points are joined by straight lines for ease of 

reading only and do not represent trendlines. 

2.3.4.2. As(V)  

Both the FeNP based adsorbents, GFeN and FeNP recorded 87-98 % of As(V) removal 

(C0 = 5 mg/L) over a wide pH range (3-9) (Figure 2.5b). The maximum As(V) removal 

efficiency (>98%) was achieved at pH 5-7 (Figure 2.5b). In our experimental pH range As(V) is 

present as negatively charged oxyanions (H2AsO4
− and HAsO4

2−). Now, the surfaces of GFeN 

(PZC 8.05) and FeNP (PZC 8.4) are positively charged when the solution pH is below its PZC 

value. The negatively charged arsenic ions can be easily adsorbed onto the positively charged 

material surface through the columbic attraction. The material surfaces remain positive surface 

due to the protonation of surface hydroxyls present on the iron oxide shell of FeNP. With the 

increase in solution pH, the amount of positive surface charges would decrease, and the arsenic 

adsorption onto the surface should decrease. However, there was no significant reduction in 

As(V) removal (Two-way ANOVA, p = 0.05) at pH 3 through 9 and that indicates that 

electrostatic attraction is not the only driving force for As(V) removal by GFeN and FeNP. 

Similar findings were also reported by others literature (Wang et al., 2014a; Wu et al., 2017). 

(a) (b) 
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The FeNP is highly reactive, the Fe0 reacts with water to continuously form iron oxides corrosion 

products such as FeOOH, Fe3O4, and Fe2O3. As(V) reacts with freshly generated iron oxide via 

inner-sphere surface complexation forming monodentate or bidentate complexes. While 

electrostatic forces play a role at pH below the PZC, arsenic interactions with iron corrosion 

products on the surface of the FeNP particles apparently play important roles in the As(V) 

removal process at all pH values. While the surface positive charge decreases with the increase 

in pH and electrostatic As(V) adsorption goes down, the increased As(V) complexations onto 

surface corrosion products offset the reduction, and so a consistent high arsenic removal over a 

wide pH range was observed in this study.  

For GM and M, As(V) removal decreased as the pH increased (Figure 2.5b). At pH 3, 

~90% As(V) removal was achieved with GM and ~99% with M, and the removal decreased 

when pH was raised to 9 (only 22% removal by GM and 51% by M). Given that GM and M 

were relatively more effective at pH below their PZC (4.8 for GM and 4.3 for M), we can infer 

that electrostatic force was dominant in arsenic removal. At pH higher than PZC, there was a net 

decrease in positive surface charge on the nanomaterials and so negatively charged As(V) ions 

were not attracted. Further, at high pH, the competition between As(V) species (H2AsO4
− or 

HAsO4
2−) and OH− ions for adsorption sites might have affected arsenic removal.  
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Figure 2.6. Efficacy of arsenic removal based on iron mass present in the four nanomaterials: (a) 

As(III) and (b) As(V). 

2.3.4.3. Comparison of the nanohybrids 

2.3.4.3.1. Comparison between nanohybrids and nanoparticles 

In our study, we used 333 mg/L of each adsorbent (GFeN, FeNP, GM, and M) without 

normalizing for the amount of Fe present. We determined the Fe content in the four adsorbents 

(Table 3) to calculate the amount of arsenic adsorbed per unit mass of Fe (Figure 2.6a-b). The Fe 

mass normalized data indicate significant improvement in arsenic removal when iron 

nanoparticles (FeNP, M) are decorated on the GO surface (Table 2.3, Figure 2.6a-b). GFeN 

removed 10 mg more As(III) per g of material across all pH (3-9) compared to FeNP, and for 

As(V), the improvement was 11-13 mg at different pH values. As(III) removal by GM improved 

by 11.9-14.3 mg compared to that by M, and the improvement was ~11.2 mg for As(V). Higher 

arsenic removal by the nanohybrids (GFeN and GM) was achieved possibly because of their 

effective dispersion (reduced agglomeration) in aqueous media which ensured improved 

interaction with the arsenic species. 

 

 

(a) 
(b) 
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Table 2.3. Arsenic removal by the nanomaterials used in this study. 

Material Particle Size 

(nm)+ 

pH* 

 

Fe content 

mg/g 

As Loading 

mg/g** 

As(III) As(V) 

FeNP 12.3-70.5 3-9 0.59 26 32-36 

M 6.7-20.9 As(III): 9 

As(V): 3 

0.66 11.1-14.7 16.1-30.5 

GFeN+ 18.1-90.5 3-9 0.43 36 43-49 

GM+ 5.5-12.5 As(III): 9 

As(V): 3 

0.44 23-29 10.4-41.7 

*pH at which >90% arsenic removal was achieved; **mg of As per g of Fe; +Size of the FeNP or 

M particles deposited on the graphene sheet. 

2.3.4.3.2. Comparison between GFeN and GM nanohybrids  

Comparison of arsenic removal by GFeN and GM indicates that GFeN is significantly (p 

= 0.05) more efficient than GM. Analysis based on normalized Fe content (Table 2.3, Figure 

2.6a-b), GFeN removed ~36 mg As(III)/g of Fe and 43-49 mg As(V)/g, while GM removed 23-

29 mg As(III)/g and 10-42 mg As(V)/g. It is known that iron oxides are responsible for arsenic 

adsorption (iron oxide + arsenic → arsenic-iron complex) onto iron nanoparticles (Kanel et al., 

2006; Bezbaruah et al., 2013; Wang et al., 2014b; Tucek et al., 2017; Rashid et al., 2020).  

Higher removal by the FeNP-based material is achieved possibly because of the continuous 

corrosion leading to fresh iron oxide formation on the nanoparticle surface (shell).  

2.3.4.4. Post arsenic sorption XPS analyses of the nanohybrids  

The nanohybrids (GFeN and GM) so far worked better than their bare counterparts 

(FeNP and M), and so XPS spectra were collected after the graphene oxide-iron (GFeN and GM) 

sorbed arsenic (As(V)/As(III)). The As(V)-sorbed GFeN shows a strong peak at ~ 45.57 eV 

(Figure 2.7a, As 3d spectra) which is the characteristic peak for As(V). This indicates that As(V) 

was sorbed onto the surface of GFeN and the oxidation state remained unchanged. In the case of 

As(III)-sorbed GFeN (Figure 2.7b, As3d spectra), dual oxidation (III/V) states of adsorbed 
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arsenic were observed with As(V) being more noticeable than As(III). This indicates that most of 

the As(III) got oxidized to As(V) as they reacted with the surface iron oxide layer of the iron 

nanoparticles present in GFeN. The adsorption and oxidation of As(III) on the GFeN surface 

happened simultaneously. The deconvolution of O1s spectrum of As(III) (Figure 2.7b) and As 

(V) (Figure 2.7a) sorbed GFeN show reduction in surface-bound −OH concentration compared 

to pristine GFeN. This reveals that arsenic species reacted with surface-bound oxide and 

hydroxide of the iron nanoparticles present in GFeN and formed inner-sphere arsenic-iron 

complex. Similar observations were recorded by others for iron nanoparticle and arsenic 

reactions. (Kanel et al., 2006; Farrell and Chaudhary, 2013; Tucek et al., 2017; Das et al., 2020). 

For As(V)-sorbed GM, the characteristic peak of As(V) is present at ~ 45.67 eV (Figure 2.7c, 

As3d spectra) confirming the adsorption of As(V) onto the GM surface, and the oxidation state 

remained unchanged. In case of As(III)-sorbed GM (Figure 2.7d, As3d spectra), both As(III) and 

As(V) peaks can be seen with As(III) being more noticeable than As(V). This indicates most of 

the sorbed As(III) did not get oxidized but only a smaller fraction As(V). This indicates most of 

the sorbed As(III) did not get oxidized but only a smaller fraction was oxidized to As(V). Iron in 

GM is present in both Fe2+ and Fe3+ oxidation states, and the surface-bound Fe2+ induces 

oxidation of As(III) to As(V) either through Fenton reaction (Liu et al., 2015b) or via the 

formation of Fe(III) oxide-Fe(II)-As(III) surface complexation (Amstaetter et al., 2010; Yan et 

al., 2012b).  In the O1s spectrum for As(III) and As(V) sorbed GM, the concentration of Fe-O 

and surface-bound hydroxyl changed compared to pristine GM. This also indicates that the 

arsenic species adsorbed onto the surface iron oxide layer via surface complexation. 
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(a) As (V) adsorbed GFeN (b) As (III) adsorbed GFeN 

 

 

 

 

 

 

(c) As (V) adsorbed GM (d) As (III) adsorbed  GM 

    

Figure 2.7. As3d and O1s XPS spectra for spent GFeN and GM (i.e., after adsorption of As(V) and As (III)). XPS spectra for GFeN 

after (a) As(V) adsorption, (b) As(III) adsorption; XPS spectra for GM after (c) As(V) adsorption, (d) As(III) adsorption.  
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2.3.5. Environmental significance 

Both FeNP and magnetite are iron-based nanomaterials that are promoted as promising 

adsorbents for aqueous arsenic remediation. However, one of the major important aspects of its 

applicability is its efficiency in real water environments which is overlooked by many. Arsenic is 

predominately present in As(V) oxidation state and our results suggest that magnetite-based 

nanomaterials work most efficiently (>90%) at pH below 4 for As(V) removal. So, at typical 

groundwater pH (6.5-8.5), M-based materials cannot potentially perform to its full potential 

unless pH adjustment is made, or an increased adsorbent dosing is added at an additional cost to 

the treatment process. On the contrary, FeNP-based nanomaterials worked equally effectively at 

all environmentally relevant pH (3-9).  Besides, arsenic removed per unit mass of Fe present in 

FeNP-based nanomaterials is much better than in M-based nanomaterials. FeNP-based materials, 

specifically the GFeN, hold promise for field applications for the treatment of groundwater 

contaminated with either or both As(III) and As(V). While M-based nanomaterials may not be 

effectively and easily used to treat groundwater (pH 6.5-8.5), it may find applications in 

industrial wastewater or mining drainage water arsenic treatment where solution pH is very low. 

The manufacturing of iron nanomaterials is energy and cost-intensive process compared to bulk 

iron-based adsorptive media. While iron nanomaterials are far more efficient and effective and 

required in less amount, the major roadblock for their actual application is their high production 

cost. In this study, the synthesized GFeN has exhibited better iron use efficiency (i.e., amount of 

arsenic removed per unit mass of Fe) and that is expected to lead to cost-saving in terms of 

materials needed and the size of treatment units. This will make the GFeN-based water treatment 

systems very sustainable and efficient.  
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2.4. Conclusions 

This study has, for the first time, compared four frequently reported iron-based 

nanomaterials for arsenic removal under the same experimental conditions, and selected the best 

candidate for potential field application to remove arsenic from water. The nanoscale zero-valent 

iron (FeNP)-based material showed better removal performance over a wide range of pH (3-9) 

for both As(III) and As(V). The authors explored the potential mechanisms of arsenic removal 

by FeNP-based nanomaterials and opined that arsenic removal was controlled by electrostatic 

forces and surface complexation.  The magnetite (M)-based nanomaterials worked better (>90%) 

at low pH (pH < 4) only for As(V) with the removal being controlled by electrostatic 

interactions. On the other hand, As(III) removal by M-based nanomaterials increased with an 

increase in pH as the process was controlled by ligand exchange and surface complexation. The 

deposition of nanoparticles on the GO surface (to form nanohybrids) improved arsenic removal 

significantly in both the nanohybrids (GFeN and GM) compared to their base counterparts 

(FeNP and M), and this happened because of better dispersion of iron nanoparticles on the GO 

surface providing better interaction between arsenic species and nanomaterial reactive surfaces. 

GFeN nanohybrids were found to be the most efficient in terms of arsenic removal per unit mass 

of iron used and the authors would promote GFeN as a potential candidate for future field 

application to remove arsenic from groundwater.  It is, however, important to recognize that 

nano-based adsorbents with high arsenic adsorption capacity always pose a concern of secondary 

contamination through the release (desorption) of arsenic from the adsorbed phase, and so 

experiments should be conducted on the long-term stability of arsenic in arsenic saturated 

nanomaterials in actual groundwater. 
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CHAPTER 3. ULTRA-HIGH ARSENIC ADSORPTION BY GRAPHENE OXIDE IRON 

NANOHYBRID: REMOVAL MECHANISMS AND POTENTIAL APPLICATIONS2 

3.1. Introduction 

Arsenic (As) is predominately a naturally occurring (geogenic) metalloid present in water 

(Meharg and Zhao, 2012). Inorganic arsenic in both As(III) and As(V) is the most prevalent 

species in groundwater. The maximum contaminant level (MCL) for total arsenic in drinking 

water is 10 µg/L (USEPA, 2001; WHO, 2003). Arsenic contamination of drinking water is a 

major public health concern across the globe and has affected more than 200 million people 

across 50 countries with Bangladesh, India, Argentina, Canada, Chile, Japan, and Taiwan being 

most affected (Murcott, 2012; WHO, 2018). About 2.1 million people in the United States who 

rely on domestic wells for their drinking water are in danger of facing arsenic contamination 

(>10 µg/L) (Ayotte et al., 2017). Excess arsenic in drinking water causes several health problems 

including skin lesions, respiratory problems, neurological complications, and circulatory 

disorders (Chen et al., 2009). Consumption of water high in arsenic may lead to cancers of the 

skin and internal organs (liver, kidney, lung, and bladder) (WHO, 2018).   

While adsorption is the most adopted method for arsenic removal, coagulation, 

flocculation, precipitation, ion exchange, and membrane filtration are also used. An ideal 

 
2 This chapter has been published as a peer-reviewed paper in Chemosphere (2020). Das, T.K., Sakthivel, T.S., 

Jeyaranjan, A., Seal, S. and Bezbaruah, A.N., 2020. Ultra-high arsenic adsorption by graphene oxide iron 

nanohybrid: Removal mechanisms and potential applications. Chemosphere, 253, p.126702. 

The material in this chapter was co-authored by Tonoy K Das, Dr. Tamil S.Sakthivel, Dr. Aadithya Jeyaranjan, Dr. 

Sudipta Seal, and Dr. Achintya Bezbaruah. Tonoy had primary responsibility for conceptualizing the study and 

developing the methodology. Tonoy designed and conducted all material development, batch experiments, analyzed 

all the data, and investigated the results. Tonoy also drafted and revised all versions of this chapter. Dr. Tamil S 

Sakthivel, Dr. Aadithya Jeyaranjan, Dr Sudipta Seal helped in proofreading, checked all results and analysis 

conducted by Tonoy. Dr. Achintya served as superviser, proofreader and checked all the results and analysis 

conducted by Tonoy 
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adsorbent should have high adsorption capacity, an affinity for both the inorganic arsenic species 

(As(III) and As(V)) and should be effective under relevant environmental conditions. 

Among several adsorbents, iron (Fe) based adsorbents are very effective and widely used 

to remove arsenic (Hao et al., 2018). Nanomaterials, mostly nano magnetite (M)  and nanoscale 

zero-valent iron (Bezbaruah et al., 2013; Ling and Zhang, 2014; Tucek et al., 2017; Xu et al., 

2019), are effective for arsenic removal because of their very high specific surface area and good 

adsorption capacity. However, these particles agglomerate easily and get oxidized rapidly 

(Krajangpan et al., 2012; Stefaniuk et al., 2016). Embedding iron nanoparticles (FeNPs) on 

sheets of carbonaceous materials enhances aqueous dispersion of the nanoparticles (Ma et al., 

2013; Mortazavian et al., 2018), and graphene-based materials are found to be one of the most 

promising carbonaceous materials for such applications (Wang et al., 2013; Yoon et al., 2016). 

Graphene oxide (GO) based nanohybrid produced with iron nanoparticles deposited on GO 

showed improved dispersion behavior in water (Chandra et al., 2010; Huong et al., 2016; Yoon 

et al., 2016). GO is a 2D carbon sheet with sp2 hybridization with a very high specific surface 

area (320-940 m2 g-1) (Gao, 2015; Perreault et al., 2015). GO also contains a large number of 

hydrophilic groups (̶ OH,  ̶ COOH, C=O), and so has good dispersibility in aqueous media (Gao, 

2015; Perreault et al., 2015). The functional groups in the GO sheet also act as the nucleation 

sites for nanomaterial formation and facilitate a higher number of nanoparticles to be dispersedly 

deposited on the GO surface (Wang et al., 2010; Tang et al., 2011). Dispersed deposition of 

nanoparticles ensures that the surface area of each deposited nanoparticle is available for reaction 

with the target contaminants.  Such GO-nanohybrids are reported to be good adsorbents for 

various contaminants (Wang et al., 2013; Guo et al., 2014).   
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The use of GO-iron nanohybrids is reported for metal and metalloid removal including 

arsenic (Luo et al., 2012; Guo et al., 2014; Hoan et al., 2016; Ren et al., 2018). The most-

reported GO-iron nanohybrid for arsenic removal is GO-Fe3O4 (Chandra et al., 2010; Yoon et al., 

2016; Liang et al., 2019). There is also limited reporting on the use of GO-Fe0 nanohybrid for 

arsenic removal (Wang et al., 2014a). The reported GO-iron nanohybrids (Table 3.1) have shown 

limited arsenic removal capacity (6-180 mg/g) and that limits the potential life span of the 

arsenic removal systems to be fabricated with these nanohybrids. To enhance the removal 

capacity, an iron-based nanoparticle decorated on the GO surface can potentially be used. GO-Fe 

nanohybrids offer such an architecture where the nanoparticles are well dispersed (less 

agglomerated) and, hence, will have enhanced contaminant removal efficiency. The GO layer 

will mediate electron transfer through the initial storage of released electrons (due to iron 

oxidation) and late release of electrons back to the iron nanoparticles. If a core-shell structured 

iron nanoparticle is used with GO, then the core-shell structure will be protected due to active 

electron transfer and the effective life of the GO-Fe nanohybrid will be extended.  For ease of 

operation and maintenance, we need a treatment system that can run for a longer period of time 

before any maintenance intervention is needed. Further, the mechanisms of arsenic removal by 

these hybrid materials are not well investigated and understood. 

In this study, we synthesized a GO iron nanohybrid (GFeN) using a sol-gel process where 

iron/iron oxide (Fe/FexOy) nanoparticles were decorated on the surface of GO. The new material 

was tested for its arsenic removal efficiency at environmentally relevant conditions and its field 

application potential was evaluated. Based on reaction kinetics, isotherm parameters, and 

characterization information, we have elucidated the possible arsenic removal mechanisms. We 

also investigated the potential role of the GO sheet in arsenic removal by GFeN. 
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Table 3.1. Graphene oxide iron (GO-Fe) nanohybrids used for aqueous arsenic removal. 

Adsorbents pH 

Initial arsenic 

concentration 

range (mg/L) 

Adsorben

t dose 

(g/L) 

Adsorption 

capacities (mg/g) Source 
As (III) As(V) 

Magnetite-rGO ǂ 7 3-7 0.2 13.10 5.83 
(Chandra et al., 

2010) 

Fe3O4-GO   7 0-550 0.1 85 38 (Yoon et al., 2016) 

Fe3O4-rGO ǂ 7 0-550 0.1 57 12 (Yoon et al., 2016) 

Fe3O4-non-oxidative GO        7 0-550 0.1 38 14 (Yoon et al., 2017) 

Magnetic-GO 6.5 0-35 0.4  59.6 (Sheng et al., 2012) 

Iron oxide-rGO ǂ 
5.5-

6 
20-100 0.2  54.48 (Hoan et al., 2016) 

Fe3O4-HEG super 

capacitor * 
 50-300  180 172 

(Mishra and 

Ramaprabhu, 2012) 

Fe3O4-GO aerogel 7 0-25 0.2  40.05 (Ye et al., 2015) 

NZVI-rGO ǂ 7 1-15 0.4 35.83 29.04 
(Wang et al., 

2014a) 

ǂ rGO: Reduced graphene oxide; *HEG super-capacitor: Hydrogen exfoliated graphene super-

capacitor 

3.2. Experimental methods 

3.2.1. Materials and supplies 

Graphene oxide in water (4 g/L, monolayer content >95%) was obtained from Graphena, 

(Spain), ferrous sulfate (FeSO4·7H2O, >99.5% pure), sodium borohydride (NaBH4, >97% pure), 

and other chemicals were reagent grade and purchased from VWR (USA). All chemicals were 

used as received unless otherwise specified. As(III) and As(V) solutions used in this experiment 

were prepared using individual 1000 mg/L standard stock solutions (Environmental Express, 

USA). Deoxygenated deionized (DDI) water was used in this research.  

3.2.2. Material synthesis 

GFeN synthesis was done using a sol-gel process. The graphene oxide iron nanohybrid 

(GFeN) synthesis process was optimized for solution pH and borohydride dosing (Wang et al., 

2014a). GO (250 mg i.e., 62.5 mL of 4 mg GO/mL solution) was exfoliated in 62.5 mL DDI 

water by ultra-sonication (1 h). Then the GO solution was transferred to a 300 mL round-bottom 

reaction flask. The reaction flask was placed on an oil bath connected to a temperature control 
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assembly. The oil bath assembly along with the reaction flask was placed on a magnetic stirrer 

and the GO solution continuously stirred. Simultaneously, the content in the reaction flask was 

purged with nitrogen gas (N2) for the first 30 min to deoxygenate the GO solution. Separately, 

FeSO4·7H2O (2.25 g) was dissolved in DDI water (50 mL) in a volumetric flask and poured into 

the GO solution very slowly, and the mixture was kept continuously stirred and purged with 

nitrogen gas for 25-30 min. The pH of the GO-iron solution was adjusted to 6.1 by dropwise 

addition of 1 M NaOH or HCl, and then an aqueous solution of NaBH4 (0.99 g in 30 mL of DDI 

water) was added dropwise to the reaction flask using a burette with continuous stirring and N2 

purging. At this time, the solution turned blackish, and the solution temperature was then raised 

to 60 ºC and maintained at that temperature for 4 h to ensure the completion of the reaction 

(black-colored product formed). The solution containing the black-colored product was 

transferred to a 50 mL centrifuge tube and centrifuged to separate the product. The supernatant 

was decanted, and the black product was washed with a copious amount of DDI water and then 

with ethanol (two times) to remove unreacted chemicals. The resulting black solids were 

vacuum-dried at 40 oC under a nitrogen environment for 40 h. The dried product was ground to 

powders using an agate pestle and mortar to get graphene oxide iron nanohybrid (GFeN). The 

synthesized GFeN was stored for future use in a 20 mL glass bottle with the head space flushed 

with nitrogen gas. The yield of GFeN in the process was 650  30 mg which was ~27% (based 

on total raw materials used). Iron nanoparticles (FeNPs) were also synthesized and stored using 

the same procedure (as in GFeN) but without the addition of GO and were used in control 

experiments.  
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3.2.3. Characterization 

3.2.3.1. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2100 

LaB6 transmission electron microscope (JEOL USA, Peabody, MA, USA) operated at 200 kV. 

For TEM analysis, the specific nanomaterial was placed in 100% ethanol and sonicated.  A drop 

of the suspension was placed on a lacey-carbon support film on a 300-mesh copper TEM grid 

(Ted Pella, Redding, California USA) for 30 seconds, then wicked off with a filter paper and 

allowed to air dry.  High-Resolution TEM data were obtained using a JEOL JEM-2100 LaB6 

transmission electron microscope (JEOL USA, Peabody, Massachusetts) ran at 200 kV.  

3.2.3.2. XPS analysis 

High-Resolution X-ray Photoelectron Spectroscopy (HR-XPS) analysis was performed 

on a Thermo Fisher ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, Waltham, MA 

USA) with a monochromated Al Kα X-beams (hν = 1486.7 eV). The specimens were set in the 

HR-XPS examination chamber (5x10-9 Torr) where spectra for Fe2p, As3d, C1s, and O1s were 

recorded. Each of Fe2p, As3d, C1s, and O1s spectrum was aligned against the estimation of 

284.6 eV binding energy (BE) for extrinsic carbon identified during the C1s scan. Peak fitting 

was accomplished by utilizing the Avantage XPS program. In the peak fitting method, a Smart 

background was chosen to represent inelastic scattering, and all peaks were depicted utilizing a 

Gaussian/Lorentzian proportion of 70/30. A Zetasizer Nano ZS (Malvern Panalytical Ltd, 

Malvern, UK) was used to measure zeta potential. The samples were vacuum degassed at 80 °C 

for 12 h and then the specific surface area measurements were done using a Quantachrome 

Nova-e surface area analyzer.  



 

76 

3.2.4. Batch studies 

Amber glass vials (40 mL) fitted with a plastic cap and silicon septum were used as batch 

reactors. To understand the effects of pH on arsenic removal by GFeN, batch reactors with 

As(III) or As(V) (30 mL of 5 mg As/L with 10 mg of nanomaterials) were prepared and the 

initial solution pH was adjusted with 0.1 M HCl or 0.1M NaOH without any additional buffering 

and pH adjustment during the experiment. For all other studies, an adsorbent (GFeN) dose of 250 

mg/L (10 mg in 40 mL) was used in a 60 mL amber glass vial containing different initial As(III) 

or As(V) concentrations at initial solution pH at 7. The reactors were rotated in a custom-made 

end-over-end shaker (28 rpm) at room temperature (22 ± 2 ºC, except in the temperature study) 

for 24 h. The adsorbent was filtered out from the bulk solution using 0.22 µm syringe filters 

(VWR, USA) and the filtrate was stored in 1 % HNO3 for later arsenic analysis using a Graphite 

Furnace-Atomic Absorption Spectrophotometer (GF-AAS, Perkin Elmer AAS 900H, Waltham, 

MA, USA). The amount of arsenic adsorbed (qe, mg/g) onto the adsorbent was calculated (Eq. 1). 

Isotherm and kinetic studies were conducted, and the effects of temperature and interferences by 

coexisting ions and compounds were investigated (method details in SI). 

 𝑞𝑒 = (𝐶0 − 𝐶𝑒) × 𝑉
𝑚⁄    (1) 

where, qe, is the amount of arsenic adsorbed (mg/g) by the adsorbent, C0 is the initial and Ce is the 

equilibrium arsenic concentration in the solution (mg/L), V is the volume of bulk solution (L), 

and m is the mass of the adsorbent (g) used.  

3.2.4.1. Kinetic studies 

For the kinetic studies, C0 = 5 mg As/L was used, and multiples reactors were run for 24 

h. At least three sacrificial reactors were withdrawn at definite time intervals (0.5, 1, 2, 4, 6, 8, 

12, 16, 20, 24 h), and the arsenic concentration in the bulk solution was measured. The 

https://www.google.com/search?sxsrf=ACYBGNSEPovy9xjFcCfy_hqSEaKtQREVSg:1571433692629&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMuNLzBS4gAxM6qMTbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxcITc0oyEnN1FHwTi4sTkzNKi1NLSooB3MXvqlwAAAA&sa=X&ved=2ahUKEwjJ06XY3qblAhWN9Z4KHbzQCOQQmxMoATAlegQIDBAH&sxsrf=ACYBGNSEPovy9xjFcCfy_hqSEaKtQREVSg:1571433692629
https://www.google.com/search?sxsrf=ACYBGNSEPovy9xjFcCfy_hqSEaKtQREVSg:1571433692629&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMuNLzBS4gAxM6qMTbW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxcITc0oyEnN1FHwTi4sTkzNKi1NLSooB3MXvqlwAAAA&sa=X&ved=2ahUKEwjJ06XY3qblAhWN9Z4KHbzQCOQQmxMoATAlegQIDBAH&sxsrf=ACYBGNSEPovy9xjFcCfy_hqSEaKtQREVSg:1571433692629
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concentration data (average of three values at each time point) were used for reaction order 

determination.  

The linearized forms of pseudo-first-order (Eq. 2) and pseudo-second-order (Eq. 3) 

models (Ho and McKay, 1998) are given below.  

 log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔𝑞𝑒 −
𝑘1𝑡

2.303
  (2) 

 
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
  (3) 

For Eqs. 2-3, qe (mg/g) is the equilibrium adsorption capacity of the adsorbent, and qt 

(mg/g) is the adsorption capacity at time t. k1 (min-1) is the rate constant for the pseudo-first-

order reaction model, and K2 (g/mg/min) is the rate constant for the pseudo-second-order 

reaction model. The log(qe − qt) vs t plot gives the value of k1 and qe for pseudo-first-order 

reaction. For pseudo-second-order reaction, t/qt vs t data were plotted and qe and K2 were 

determined from the slope and the Y-intercept.  

3.2.4.2. Isotherm studies 

Isotherm studies for GFeN were carried out with 40 mL of As(III) or As(V) in 60 mL 

amber glass vials (reactors). The initial arsenic concentration (C0) was varied from 0.077 to 553 

mg/L. A measured amount (250 mg/L) of GFeN was used and the initial pH was adjusted to 7 

with dropwise addition of 0.1 M NaOH or HCl under stirring condition. At least replicates were 

run for each concentration of arsenic. The reactors were put in an end-over-end shaker for 24 h. 

The content in each reactor was filtered using a 0.22 µm disposable syringe filter (VWR, USA), 

and the As content in the filtrate was measured with a GF-AAS (Perkin Elmer AAS 900H). The 

results were used to prepare the qe vs Ce plot (qe = equilibrium adsorption capacity; Ce = 

equilibrium concentration). The experiment was terminated once a plateau (with at least three 
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consecutive similar qe data points) was achieved.  The data obtained from the isotherm studies 

were fitted onto Langmuir and Freundlich isotherm models.  

The Langmuir model is expressed as: 

  𝑞𝑒 =
𝑞𝑚𝑎𝑥 𝐶𝑒 𝐾𝑙

1+𝐾𝑙𝐶𝑒
   (4) 

The Freundlich isotherm model is expressed as: 

 𝑞𝑒 = 𝑘𝑓 √𝐶𝑒
𝑛

  (5) 

In Eqs. 4-5, qmax (mg/g) represents the maximum adsorption capacity, kl (L/mg) is the 

Langmuir constant (which represents the affinity between the solute and adsorbent), kf is the 

Freundlich constant, and 1/n is the adsorption intensity (1 < n < 10). The Langmuir model 

represents monolayer adsorption whereas if the data fit onto the Freundlich then surface 

heterogeneity of adsorbent will be significant.  

The dimensionless parameter of the equilibrium or sorption intensity (RL), calculated 

using the sorption constant Kl and the initial concentration of arsenic (C0), indicates whether the 

adsorption of the contaminant (arsenic here) by the adsorbent (GFeN here) is: unfavorable if RL 

> 1 and favorable if 0 < RL < 1 (Weber and Chakravorti, 1974). 

 RL =
1

1+𝐶0 𝐾𝑙
  (6) 

3.2.4.3. Interference studies 

To understand how arsenic adsorption behavior of GFeN would change in the presence of 

coexisting ions and compounds, a separate set of studies were conducted for As(III) and As(V). 

To maintain equal ionic strength, arsenic solution (C0 = 5 mg/L) was prepared using 0.01M NaCl 

solution. The concentrations of potential coexisting ions (phosphate (PO4
3−), bicarbonate 

(HCO3
−), nitrate (NO3

−), silicate (SiO3
2−), or sulfate (SO4

−)) were varied from 0 to 10 mM and 

that of humic acid was varied from 0 to 10 mg/L. 
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3.2.4.4. Temperature studies 

Temperature studies (4-45 ºC) were conducted in an environmental chamber (Walk-in 

Environmental Chamber, FutureDesign, USA) to know the effect of temperature on As(III) and 

As(V) removal by GFeN. To attain the specific solution temperature, the prepared arsenic 

solution (C0 = 5 mg/L) was kept at the specified temperature in the environmental chamber at 

least for 12 h before the start of each batch experiment. 

3.2.5. Quality control and statistical analysis 

All experiments were conducted in triplicates and the average values are reported here 

along with the standard deviations. ANOVA analysis was done to determine statistically 

significant differences in data sets and Tukey’s pairwise comparison was used to identify the 

data that were significantly different. 

3.3. Results and discussion 

3.3.1. Material characterization 

TEM micrographs show that the fresh (unused) GO sheets (Figure 3.1a) are irregular in 

shape and a few micrometers in size (~0.51 µm in the shorter direction and ~4.10 µm in the 

longer direction) and folded in nature. Similar observations were made by others (Wang et al., 

2014a; Yoon et al., 2016). The bare FeNPs are found to be spherical in shape and clustered 

together (diameter = 15.3-65.3 nm, n = 31, Figure 3.1b). GFeN (Figure 3.1c) has nanoparticles 

decorated on the GO sheets and the particles are well dispersed. The FeNPs decorated on GO 

(GFeN) have a size distribution of 21.1-88.5 nm (n = 50). Careful observation of the nanohybrid 

(GFeN) indicates that the nanoparticles are not only deposited on the GO surface but also 

trapped in between the GO sheets (Figure 3.1c-d). The BET specific surface area of GO was 

found to be 252.12 m2/g, and it was 88.18 m2/g for FeNP and 159.62 m2/g for GFeN. 
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Figure 3.1. TEM micrographs (a-d) of (a) a GO sheet (dotted outline, looks irregular in shape 

and has layered structure), (b) FeNPs synthesized separately (not on GO), and they appear 

agglomerated, (c) GFeN where nanoparticles are seen dispersed on GO surface (Inset: single 

FeNP particle on GO), and (d) GFeN where core-shell structured FeNPs and FeNPs trapped 

between GO layers can be seen. High resolution-XPS spectrum (e-g) obtained from GFeN for (e) 

Fe 2p, (f) O1s, and (g) C1s. Fe 2p and O1s indicate that the oxidized surface of GFeN has both 

FeOOH and Fe2O3/Fe3O4 with FeOOH being predominant. (h) Raman spectra for GO, FeNPs, 

and GFeN. The characteristic D and G peaks confirm the presence GO layer. The shifts in peak 

locations (D and G) (in GFeN compared to GO) indicate the deposition FeNPs on GO to form 

GFeN. 

XPS analyses of fresh bare FeNPs (Appendix A, Figure A1a) show the Fe2p core levels 

with the deconvoluted peaks of Fe(2p3/2), Fe(2p1/2), and the shake-up satellite peaks. The 

deconvoluted Fe2p envelop show a small peak of Fe0 along with other feature peaks suggesting 

that the surface consists of a large fraction of iron oxides/iron hydroxide and a relatively small 

(a) (h) (b) 

(e) (c) (d) 

(e) (f) (g) 

Core 

Shell 
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amount of elemental iron (Fe0) (Liu et al., 2014). This is in conformity with the core-shell 

structure of FeNPs reported by others (Li and Zhang, 2007; Martin et al., 2008; Liu et al., 2014)  

and also observed in our HRTEM micrographs (Figure 3.1b). This observation was expected as 

the nanoparticles were prepared in the water where the Fe0 and iron oxides are eventually 

converted to oxyhydroxide on the surface which can be ascribed by a series of chemical 

reactions (Eqs. 7-9) (Roberts et al., 2004; Liu et al., 2014). 

 4𝐹𝑒0 + 3𝑂2 + 2𝐻2𝑂 → 4𝐹𝑒𝑂𝑂𝐻 (7) 

 4𝐹𝑒3𝑂4 + 𝑂2 + 6𝐻2𝑂 → 12𝐹𝑒𝑂𝑂𝐻 (8) 

 𝐹𝑒2𝑂3 + 𝐻2𝑂 → 2𝐹𝑒𝑂𝑂𝐻 (9) 

The Fe2p core level of GFeN (Figure 3.1e) shows no elemental iron (Fe0) suggesting that 

the material surface consists mostly of iron oxide/hydroxides in the form of Fe2O3,  Fe3O4, 

or/and FeOOH.  Iron oxide and hydroxide have similar XPS peak positions in this region, and 

therefore, the O1s spectrum (Figure 3.1f) is used to determine the existing surface oxygen states.  

The O1s spectrum contains three prominent peaks that are assigned to O2- (~530 eV), OH 

(~531.8 eV), and OH2 (~533.1 eV) (Li and Zhang, 2007). The presence of surface OH species 

(~68%) and Fe−O (~23%) bonds indicate that the oxidized iron is in the form of FeOOH and that 

is consistent with other reports (Li and Zhang, 2007; Hao et al., 2014; Liu et al., 2014). Again, 

the broad peak at ~530 eV suggests the presence of Fe2O3 and Fe3O4. In the spectrum of C1s 

core levels (Figure 3.1g), the peak at 284.6 eV represents the binding energies of C−C/C=C, the 

peak at 285.8 eV is for C-OH, and the one at 286.7 eV is for C−O/C=O. The intensity of C−OH 

is high in GFeN (compared to that in GO shown in Appendix A, Figure A2b) and that could be 

due to the presence of a high  ̶ OH group on the GFeN surface. Based on the XPS results, we can 
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suggest that FeOOH and Fe2O3/Fe3O4 are the predominant components of the oxidized surface of 

GFeN. 

Raman spectrum of the GO (Figure 3.1h) shows two major characteristics peaks, D band 

peak at 1364 cm-1 and G band peak at 1595 cm-1. The small peak at 2704 cm-1 belongs to the 2D 

band of GO. The FeNPs exhibit a broad peak at 1298 cm-1 and three sharp peaks at 282, 388, and 

591 cm-1 suggesting that the surface of the nanoparticle is composed of mixed iron oxide and 

oxyhydroxide (Nieuwoudt et al., 2011; Liu et al., 2015a; Liu et al., 2017). The inference from the 

Raman data agrees very well with that from our XPS data. The Raman spectra of the nanohybrid 

(GFeN) show features of iron oxide and GO which demonstrates the successful deposition of 

FeNPs on GO. Moreover, the clear shifts of the D and G bands indicate a charge transfer 

between the FeNP and GO sheet (Ban et al., 2010; Cong et al., 2012). This charge transfer 

phenomenon can be beneficial as GO can store the electrons released during iron oxidation (and 

subsequent arsenic adsorption), and the stored electron can be released back to the FeNP surface 

to rejuvenate the iron surface. The rejuvenated iron surface can facilitate additional arsenic 

removal.  

3.3.2. Dispersion behavior 

To investigate the dispersibility of nanomaterials in an aqueous solution, zeta potential (ζ) 

was measured for FeNPs and GFeN as well bare GO sheets in DI water (Table 3.2). The 

dispersion behavior of nanomaterials was interpreted based on their Zeta potential (ζ) values 

(Table 3.2). An absolute ζ value greater than 25 mV ensures good electrostatic stabilization (ISO, 

2000). The GO had a high ζ value (−48 ± 0.33 mV) and so the GO was electrostatically stable in 

the aqueous medium. The iron nanoparticles (FeNPs) had a low ζ value (11.67 ± 0.87 mV) and 

were not electrostatically stable in aqueous media. The lack of electrostatic stabilization and the 
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presence of strong interparticle attraction led to the easy agglomeration of FeNPs (preliminary 

observation, results not reported here; also see others (Krajangpan et al., 2012; Petcharoen and 

Sirivat, 2012). Even though FeNPs did not disperse well in water, the positive surface charge 

helped in arsenic (anionic) adsorption through electrostatic attraction. Once the Fe-nanomaterials 

(FeNPs) were deposited on the GO surface, some of their positive changes were neutralized by 

negative surface charges of the GO but the nanohybrids still had a relatively high ζ 

(−22.97±0.90) compared to bare nanoparticles (FeNPs) and thus made stable dispersions.  

Table 3.2.  Zeta potentials (ζ, mV) of the nanomaterials used in this research. 

Material Mean ζ (mV) Solution pH 

GO Sheets −48.50±0.33 8.7 

GFeN −22.97±0.90 8.58 

FeNPs 11.67±0.87 8.9 

3.3.3. Point-of-zero-charge PZC 

The PZC was determined (Balistrieri and Murray, 1981; Lataye et al., 2006)  for the 

adsorbents used in this study. We prepared 0.01 M NaCl solution and adjusted the pH of the 

solution to the required value (pH 2-12) by dropwise addition of 0.1 M NaOH or HCl. A 

measured amount (20 mg) of the nanomaterials (FeNPs or GFeN) was dispersed in 20 mL of the 

NaCl solution with different initial solution pH. The initial (0 h) and the final (48 h) pH values 

were measured, and the PZC was calculated by plotting the change in pH vs initial pH (change in 

pH, dpH = Initial pH − Final pH). The PZC of an adsorbent is the point where the plot (dpH vs 

initial pH) intersects X-axis (Figure 3.2).  The point-of-zero-charge (PZC), at which the pH-

dependent surface charge is zero, was high for both FeNPs (PZC = 8.40) and GFeN (8.05) 

(Figure 3.2). This indicated that the materials would be able to effectively adsorb aqueous 

arsenic if the adsorption process is controlled by an electrostatic process.  
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Figure 3.2. Determination of the points-of-zero-charge (PZC) of FeNPs and GFeN nanohybrid. 

PZC values are shown on the plot. PZC for FeNPs = 8.40 and PZC for GFeN = 8.05. 

Table 3.3. Characteristics of iron nanoparticles (FeNPs) and nanohybrid (GFeN) used for arsenic 

removal in this study. 

Material Particle 

Size (nm) 

Mean ζ 

(mV) * 

 

Optimal 

pH + 

 

PZC ǂ Fe 

content 

g/g 

As Removal 

mg As/ g Fe # 

As(III) As(V)@ 

FeNP 15.3-65.3 11.67±0.87 3-9 8.4 0.59 26 32-36 

GFeN 21.1-88.5 -22.97±0.90 3-9 8.05 0.43 36 43-49 

*: ζ = Zeta potential; +: pH at which >90% arsenic removal was achieved; ǂ: PZC: Point-of-

zero-charge; #: This comparison is done based on arsenic removal by FeNPs and GFeN at C0 = 

5 mg/L and the iron content in each nanomaterial was measured for normalization purposes 

(Sections 3.4.2.). @: adsorption of arsenic decreased as pH increased from 3 to 9. 

3.3.4. Arsenic removal 

3.3.4.1. Role of pH on arsenic removal 

3.3.4.1.1. As(V) 

Both GFeN and FeNPs removed >90% As(V) (C0 = 5 mg/L) over a wide pH range (pH 

3-9) with maximum removal (>98%) at pH 5-7 (Figure 3.4b). Solution pH affects the speciation 

of As(V) (Figure 3.3), and in aqueous media, it is typically present as H2AsO4
− at pH 2.2-6.9 and 

HAsO4
2− at pH 6.9-11.5. Further, H3AsO4 is the dominant species at extremely low pH (<2.2), 

and AsO4
3− dominates at high pH (>11.5) (Yoon et al., 2016).  
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Figure 3.3. Arsenic species at different pH. 

Below PZC, GFeN and FeNPs were more positively charged and attracted the negatively 

charged As(V) (H2AsO4
− and HAsO4

2−). It was expected that with increasing pH the net positive 

surface charge would decrease and there would be a reduction in arsenic adsorption as we 

hypothesized the adsorption to be controlled by the electrostatic process. However, no significant 

decrease in As(V) removal (Fig 3.4a, removal ~ 95%) was observed in the pH range of 3 to 9 

(Two-way ANOVA, p = 0.05). This indicates that other driving forces besides electrostatic 

attraction might have helped in the removal of As(V). Besides electrostatic forces, interactions of 

arsenic species with iron corrosion products such as FeOOH, Fe3O4, and Fe2O3 play important 

roles in arsenic removal at all pH (Wu et al., 2017). As(V) was possibly removed simultaneously 

through electrostatic attraction and surface complexation with corrosion products, and, for that 

reason, high removal of As(V) by GFeN and FeNPs was observed over a wide pH range (pH 3-

9).  

 

As(III) As(V) 
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Figure 3.4. Arsenic removal at different pH: (a) As(III) and (b) As(V). Initial arsenic 

concentration (C0) = 5 mg/L. 

3.3.4.1.2. As(III) 

We tested our new nanohybrid for the removal of As(III) as well. As(III) is present as 

neutral H3AsO3 in aqueous media at pH <9.2 (Figure 3.3). Beyond pH 9.3, H3AsO3 dissociates 

into negatively charged arsenite ions (H3AsO3  H2AsO3
- + H+). The neutral As(III) was 

adsorbed onto the Fe-based nanohybrids through surface complexation at pH 3-9, and effective 

removal (>99%) was achieved (Figure 3.4b).  

3.3.4.2. Roles of graphene oxide and iron 

We tested the reduced GO (rGO) as the GO sheets used in GFeN synthesis might have 

been reduced by NaBH4 used. We investigated the possible adsorption of arsenic using pristine 

GO and rGO sheets as controls. First, we conducted the experiment with an initial arsenic 

concentration (C0) of 5 mg/L but did not record any observable removal by the adsorbents (data 

not shown). So, we decided to evaluate the GO and rGO sheets at C0 = 1 mg/L (Figure 3.5a-b). 

The pristine GO sheets removed ~12.5 % of As(III) and 0.44% of As(V) from 1 mg/L arsenic 

solution (pH 7). The rGO sheets recorded only 1.8% removal for As(III) and 0.35% for As(V). 

  

(a) (b) 
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So, we can infer that our GO sheets in GFeN (present as rGO in the nanohybrid) did not 

significantly adsorb arsenic but only the FeNPs deposited on the GO sheets did.  

  

Figure 3.5. (a) Arsenic removal by GFeN, GO and rGO (Initial pH = 7 and C0 = 1 mg/L); (b) 

arsenic removal by rGO and GO zoomed. 

In our experiment, we used the same mass weight of each adsorbent (GFeN, FeNPs). The 

Fe content per unit weight of each adsorbent was determined (Table 3.3, also see Appendix A, 

Section A2). Even though GFeN had less iron (0.43 g/g) than FeNPs (0.59 g/g), GFeN adsorbed 

~38% more As(III) than FeNP across all pH (3-9) (Table 1). In case of As(V), GFeN had ~50% 

more adsorption capacity than FeNP at pH 3 and ~25% more at pH 9 (Table 1). Higher arsenic 

removal by GFeN could be due to effective dispersion of FeNPs (reduced agglomeration) in the 

GO layer which ensured improved interactions with arsenic species. Given that GFeN worked as 

a more efficient adsorbent (than FeNPs), further investigations (subsequent sections) were 

carried out with GFeN only.  

(a) 
(b) 
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3.3.4.3. Arsenic removal by GFeN  

 

  

Figure 3.6. (a) Arsenic removal by GFeN overtime when initial arsenic concentration (C0) is 5 

mg/L (Inset: first 2 h data zoomed in). Langmuir and Freundlich isotherms for: (b) As(III) and 

(c) As(V). Langmuir fitted better for both the data sets and recorded adsorption capacities of 

306.10±9.92 mg/g for As(III) and 431.41±25.95 mg/g for As(V). For all experiments: Adsorbent 

dose = 250 mg/L, and Initial pH = 7. 

3.3.4.3.1. Kinetic studies 

More than 99% removal of arsenic (C0 = 5 mg/L) occurred within the first 6 h for As(III) 

and within 8 h for As(V) (Figure 3.6a). The adsorption happened in three distinct stages for both 

the arsenic species: (1) a rapid removal in the first 60 min (>50%) (Figure 3.6a inset), (2) 

relatively slower removal after 60 min till 6-8 h, and (3) minor (non-significant) removal beyond 

6-8 h. The data were fitted onto zero-, first-, and second-order as well as pseudo-first- and 

pseudo-second-order reaction models. The pseudo-second-order model gave the best fit (R2 ~ 

(a) 

(c) (b) 
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0.999) for both As(III) and As(V) (Figure 3.7, Table 3.4) which suggests that chemisorption is 

possibly responsible for the removal of arsenic by GFeN (Wang et al., 2014a).  

  
Figure 3.7. Pseudo-second order kinetic model for (a) As(III) and (b) As(V) treated with GFeN. 

Table 3.4. Kinetics model parameters associated with arsenic adsorption by GFeN. Adsorbent 

dose = 250 mg/L and initial pH = 7.  

Arsenic 

Species 

Experimental  qe Zero-

order 

1st 

Order 

Pseudo 

1st 

Order 

2nd 

Order 

 

Pseudo 2nd Order 

R2 R2 R2 R2 R2 

Model 

Predicted 

qe 

K2 

C0 = 5 mg/L 

As(V) 20.27 0.463 0.831 0.772 0.833 0.999 20.75 1.3×10-3 

As(III) 20.35 0.517 0.711 0.662 0.760 0.999 21.05 3.3×10-4 

C0 =100 µg/L 

As(V) 0.434 0.270 0.514 0.831 0.675 0.999 0.434 3.759 

As(III) 0.434 0.269 0.539 0.648 0.854 0.999 0.438 4.280 

We also measured the Fe in the bulk solution in the 24-h samples. During As(V) removal 

by GFeN, the total Fe release after 24 h reaction was 0.76 mg/L (0.71% of total Fe in GFeN), 

and for As(III), the release was 1.03 mg/L (0.95% of total Fe). The results indicate that our 

nanohybrid was not leaching out any significant amount of iron. 
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3.3.4.3.2. Adsorption isotherm 

Langmuir and Freundlich isotherm models were used to understand arsenic sorption 

behavior by GFeN. Both As(III) and As(V) adsorption data fitted slightly better for Langmuir 

model (R2 = 0.9863 for As(III) and 0.9818 for As(V)) than the Freundlich (R2 = 0.9758 for 

As(III) and 0.9586 As(V)) (Figure 3.6b-c, Table 3.5).  

Table 3.5. Langmuir and Freundlich isotherm model parameters for As(V) and As(III) adsorption 

by GFeN. 

Arsenic 

Species 

Langmuir Freundlich 

Parameter Value Parameter Value 

 

As(V) 

 

qm (mg/g) 431.41±25.95 N 3.57 

Kl (L/mg) 0.02314±0.005 kf 77.12±19.01 

R2 0.9818 R2 0.9586 

 

As(III) 

 

qm (mg/g) 306.10±9.92 N 3.93 

Kl (L/mg) 0.03846±0.006 kf 68.75±10.73 

R2 0.9863 R2 0.9758 

Based on the isotherm data, the adsorption capacities of GFeN were found to be 

306.10±9.92 mg/g for As(III) and 431.41±25.95 mg/g for As(V) (Table 3.5). The As(III) and 

As(V) adsorption capacities of GFeN are very high compared to other GO-based nanocomposites 

so far reported (Table 3.6). For GFeN, the affinity for sorption (Kl) of As(III) is 0.03846 L/mg 

and that for As(V) is 0.02314 L/mg, and we used these values to calculate RL (RL = 1/(1+C0*Kl, 

where C0 is the initial arsenic concentration) to further elucidate the adsorption process. If RL > 1 

then the adsorption process is unfavorable and if 0 < RL <1 then the adsorption is favorable (Hall 

et al., 1966; Weber and Chakravorti, 1974). For GFeN, arsenic adsorption was found to be 

favorable for both the arsenic species with RL = 0.056-0.997 for As(III) and 0.072-0.998 for 

As(V).   
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3.3.4.4. Stability of GFeN 

 

Figure 3.8. Arsenic removal by GFeN in actual arsenic contaminated groundwater. Initial arsenic 

concentration 450 μg/L and Adsorbent dose 250 mg/L. 

A number of batch reactors (amber glass vials) were prepared with 10 mg of GFeN and 

40 mL of actual arsenic contaminated groundwater (As(V)  30 μg/L) were prepared and kept in. 

a dark cabinet. Three randomly selected reactors were taken at a predetermined time (0, 1, 5, 18, 

and 30 d) and spiked with arsenic (with As(V) standard solution) to achieve an arsenic 

concentration of 450 μg/L. The set of three reactors put in the end-over-end shaker (28 rpm) for 

12 h and the arsenic concentration was measured in the bulk solution after 12h to calculate the 

removal efficiency. The arsenic removal till 5 days remained ~99% and then it slightly decreased 

to ~93% (18 d) and remained unchanged till 30 d (Figure 3.8).  
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Table 3.6. Arsenic adsorption capacity for various carbon-based metallic nanohybrids. 

Adsorbents pH* Arsenic 

concentratio

n range  

(mg/L) 

Adsorben

t dose 

used (g/L) 

Adsorption 

capacity  

(mg/g) 

Source 

As(III) As(V) 

Fe3O4-GO 7 0-550 0.1 85 38 (Yoon et al., 2016) 

CeO2-GO -- 0.1-200 0.5 185 212 (Sakthivel et al., 

2017) 

Mg-Al hydroxide/GO 5 0.1-150 0.5 ---- 180.26 (Wen et al., 2013) 

rGO-Fe3O4-TiO2 7 3-10 0.2 147.05 --- (Benjwal et al., 

2015) 

GO–ZrO(OH)2 7 2-80 0.5 95.15 84.89 (Luo et al., 2013) 

β-FeOOH@GO-

COOH 

6.5 1-200 1 77.5 45.7 (Chen et al., 2015) 

GO-MnFe2O4 1-2 10-50 0.2 ---- 240.3 (Huong et al., 2016) 

FeMnOx/RGO  0.2-7 0.2 22.17 22.05 (Zhu et al., 2015) 

Macro-porous 

magnetic 3D GO 

hydrogel 

~7 0-150 1 25.1 74.2 (Liang et al., 2019) 

GNP/Fe−Mg oxide 7 5-90 0.2 --- 103.9 (La et al., 2017) 

GO-CuFe2O4 foam 7.2 5-500 8 l 51.64 124.69 (Wu et al., 2018) 

GO-Fe2O3 7 0.1-1200 0.8 147 113 (Su et al., 2017) 

Fe3O4@CuO-GO 7 3.75-75 0.3 70.36 62.60 (Wu et al., 2019) 

GO-lanthanum 

fluoride 

--- 2-30 0.8 --- 18.52 (Lingamdinne et al., 

2019) 

Fe2O3 nanocubes- 

porous GO aerogel 

--- 5-70 0.5 172.27 217.34 (Yu et al., 2019) 

GFeN 7 0.1-550 0.25 306.10 431.41 This study 

*pH at which the experiment was conducted. 
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Figure 3.9. Arsenic removal by GFeN in the presence of co-existing anions while treating (a) 

As(III) and (b) As(V), phosphate and silicates ions interfered in arsenic removal but only at 

above environmental significant concentrations (c) both As(III) and As(V) co-exist (in different 

mass ratios, (V) and (III) on the x-axis represent 5 mg/L of only As(V) or As(III)) and (d) 

Arsenic removal by GFeN under different temperatures Initial arsenic concentration (C0) = 5 

mg/L, Adsorbent dose = 250 mg/L, and Initial pH = 7; for (c) C0 = 5 mg/L total of As(III) and 

As(V) combined. 

3.3.4.5. Interferences by co-existing ions and compounds 

The ions in groundwater that may potentially interfere with arsenic removal by GFeN 

include phosphate (PO4
3−, typical groundwater concentration ~0.32 µM), bicarbonate (HCO3

−, 

~3 mM), silicate (SiO3
2−

, ~0.3 mM), nitrate (NO3
−, <0.16 mM), sulfate (SO4

2−, ~1 mM ) and 

compounds like natural organic matters (NOM, <1 mg/L) (Van der Leeden, 1990; Karanfil et al., 

2002). The role of ionic strength (typical value 0.001-0.02 mM) on arsenic removal by GFeN 

(a) 

(c) (d) 

(b) 
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was also evaluated. Further, the adsorption efficiency of GFeN was determined when As(III) and 

As(V) are present together. 

SO4
2−, NO3

− and HCO3
− (0 to 10 mM) had a negligible effect on the removal of both the 

arsenic species by GFeN (Figure 3.9a-b).  

In the presence of low PO4
3− concentration (0.1 mM), the As(III) removal efficiency  

decreased from ~99% ( 0 mM PO4
3−) to ~95% (Figure 3.9a), and As(V) removal decreased to 

~91% (Figure 3.9b). The removal efficiency further decreased with the increase of PO4
3- 

concentration (Figure 3.9a-b) and the effect was more prominent in As(V) compared to As(III). 

At 10 mM PO4
3−, As(III) removal was ~48% and As (V) removal was ~5%.  It is important to 

note that PO4
3− concentration in groundwater is typically much below 0.1 mM (WHO, 2004) 

and, as such, will not affect arsenic removal by GFeN. 

In the presence of low SiO3
2− concentration (0.1 mM), the As(III) removal  ( ~97%) was 

not significantly (p = 0.05) affected relative to the control (~99%) whereas As(V) removal 

significantly decreased to ~88% (Figure 3.9a-b). At 1 mM SiO3
2− concentration, As(III) removal 

reduced to ~62% and As(V) removal decreased to ~69.2%. When SiO3
2− concentration was 

increased to 10 mM, the removal efficiencies decreased to ~56% for As(III) and ~31% for 

As(V). The typical reported concentration of SiO3
2− in groundwater is 0.3 mM, and so we expect 

some reduction in arsenic removal efficiency when GFeN is used.  

 There was a marginal (6-7%) decrease in arsenic removal when the humic acid 

concentration was increased from 0 to 10 mg/L (Appendix A, Figure A3a). In groundwater, 

organic acid concentration does not typically exceed 1 mg/L (Karanfil et al., 2002) and we did 

not see any significant decrease in arsenic removal efficiency when the organic acid present was 

1 mg/L.  
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Ionic strength 0-1 M did not affect arsenic adsorption by GFeN (removal >98%) 

(Appendix A, Figure A3b). Typical groundwater ionic strength is 0.001-0.02 M (Wallace et al., 

2012), and, as such, GFeN is expected to effectively work in any groundwater contaminated with 

arsenic.  

3.3.4.5.1. Co-existing arsenic species 

To simulate the field situation when As(III) and As(V) are present at the same time, a 

series of experiments were conducted with an initial combined (As(III) and As(V)) concentration 

of 5 mg/L with different ratios of the two species. For all combinations, ~99% removal was 

achieved (Figure 3.9c) indicating that GFeN can simultaneously remove both the arsenic species. 

This is a major advantage with GFeN as most of the reported adsorptive media can only 

effectively remove As(V) and pretreatment is called for to oxidize As(III) to As(V). The ability 

of GFeN for the simultaneous removal of both species will reduce treatment system complexity 

and result in cost savings.  

3.3.4.6. Effect of temperature  

The temperature (4-45 ℃) had significant effects on As(V) removal by GFeN. Optimal 

As(V) removal (>99%) was achieved at 20 ℃, but the removal decreased from 99 to 80-85% 

when the temperature was either increased or decreased (Figure 3.9d). However, As(III) removal 

was not affected by the temperature variation (4-45 ℃) and always remained >99% (Figure 

3.9d). While mobility of the arsenic species increases with the increase in temperature, 

electrostatic attraction gets reduced (Wang et al., 2014a). Accordingly, we observed reduced 

As(V) removal at low temperature (low species mobility) as well as high temperature (low 

electrostatic attraction). However, As(III) removal was not controlled by electrostatic attraction 

(Section 3.3.4.1) and, thus, was not affected by temperature change.  
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3.3.4.7. Environmental relevance 

Arsenic concentration in arsenic contaminated groundwater across the globe is typically 

around 100 µg/L. We evaluated the removal of both As(III) and As(V) by the GFeN in the 

concentration range of 0 to 140 µg/L in simulated groundwater (Appendix A, Table A1) and 

achieved >99% within 30 min in all cases (Figure 3.10a). At an initial arsenic concentration of 

100 µg/L, GFeN remediated both As(III) and As(V) to below the MCL (10 µg/L) within 10 min 

(Figure 3.10b). The arsenic removal data best fitted in a pseudo-second-order model (R2 ~ 0.999) 

for both As(III) and As(V). Effective removal of the arsenic species at these environmentally 

relevant concentrations in a short time (10-30 min) is promising for field applications.  

  

Figure 3.10. (a) Arsenic removal at environmental relevant concentrations of 40-140 µg/L (in 

simulated groundwater). (b) Arsenic removal by GFeN over time when initial arsenic 

concentration (C0) 100 µg/L. GFeN removed As(III) and As(V) below MCL (10 µg/L) within 10 

min. For all experiments: Adsorbent dose = 250 mg/L, and Initial pH = 7. 

3.3.5. Removal mechanisms 

Based on our experimental and characterization data, we are proposing a possible 

mechanism (Figure 3.12) for arsenic removal by the nanohybrid (GFeN). First, the aqueous 

arsenic ions come in contact with the nanohybrid surface, and the arsenic flux gradient builds up 

between the solution and the adsorbent (GFeN) surface. Then the arsenic adsorbs onto the 

(b) 

Drinking Water MCL 

(a) 
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surface of GFeN through electrostatic attraction and surface complexation. Further, the adsorbed 

arsenic on the GFeN surface gets transformed and stabilized within the nanohybrid.  

Two types of surfaces are available on the GFeN for arsenic adsorption, the GO sheet, 

and the FeNP surface. However, GO (rGO in GFeN) is not considered as an adsorbent for 

arsenic in the model as our results indicate that GO sheets do not actively participate in the 

adsorption process (Figure 3.5, rGO in our GFeN removed <2% arsenic, Section 3.3.4.2). 

The XPS spectrum of GFeN after As(V) adsorption shows a strong peak at 45.7 eV 

(Figure 3.11a) which is the characteristic peak for As(V) indicating that there was no change in 

the oxidation state during the adsorption process. To further understand the possible mechanism, 

the O1s scan of GFeN after As(V) adsorption was analyzed (Figure 3.11b) and a significant 

reduction of the OH group (from 68% to 52%) was observed. This result indicates that surface 

OH species were involved in the formation of inner-sphere monodentate (FeOAsO2OH) or 

bidentate ((FeO)2AsO2) complex leading to the lowering of OH concentration. Similar results 

were reported earlier (Eqs. 4-5) (Stachowicz et al., 2008; Hao et al., 2014) and our observations 

are consistent with that. These equations (Eqs. 10-11) are based on a surface complexation model 

(aka charge distribution model (CD model)) explained by Stachowicz et al. (2008) (Stachowicz 

et al., 2008) where ∆Z0 and ∆Z1 are the CD model coefficients, and ∆Z0 + ∆Z1 is equal to the 

charge introduced by the As(V) adsorption process.  

 ≡ 𝐹𝑒𝑂𝐻−1 2⁄ + 2𝐻+ + 𝐴𝑠𝑂4
3− → 𝐹𝑒𝑂−1 2⁄ +∆𝑍0𝐴𝑠𝑂2𝑂𝐻∆𝑍1 + 𝐻2𝑂  (10) 

 2 ≡ 𝐹𝑒𝑂𝐻−1 2⁄ + 2𝐻+ + 𝐴𝑠𝑂4
3− → (𝐹𝑒𝑂)2

−1 2⁄ +∆𝑍0𝐴𝑠𝑂2
∆𝑍1 + 2𝐻2𝑂  (11) 

In the case of As(III), the XPS spectrum of arsenic sorbed GFeN indicates that the 

adsorbed arsenic is in dual oxidation states with As(V) being mostly noticeable on the material's 

surface and As(III) being relatively less (Figure 3.11c). This reveals that As(III) is oxidized to 
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As(V) as it reacts with the iron oxide present on GFeN (Ramos et al., 2009; Tucek et al., 2017). 

However, during this oxidation process, elemental iron (Fe0) also corrodes simultaneously via 

the Fenton reaction (Pang et al., 2011) to produce fresh/more iron oxyhydroxide/iron oxide 

products; in our experiment, this was confirmed by the increase in OH concentration (from 68% 

to 72%) in the O1s spectrum (Figure 3.11d). This suggests that the Fe-O has involved in As(III) 

adsorption via the formation of an inner-sphere surface complex product ((FeO)2AsOH). In brief, 

both adsorption and oxidation of As(III) happen simultaneously on the GFeN surface. Others 

reported similar observations during the adsorption of arsenic onto iron nanomaterials (Kanel et 

al., 2006; Farrell and Chaudhary, 2013; Tucek et al., 2017). Fe0 in FeNPs [Fe/FexOy] deposited 

on the GO sheet oxidize quickly due to the lower redox potential of the Fe2+ and Fe3+ couple. 

During this oxidation, electrons are released by Fe0 [Fe0 → Fe2+ + 2e-; Fe2+ → Fe3+ + e−], and the 

GO sheet acts as a reservoir for the released electrons (Lightcap et al., 2010; Wang et al., 2017; 

Ren et al., 2018). The GO sheet then releases the electrons back to the FeNPs, and iron oxides 

(on FeNP surface) are converted back to the earlier reduced form (Fe3+ + e− → Fe2+) (Wang et 

al., 2017). Ren et al. (2018) (Ren et al., 2018) working with hexavalent chromium indicated that 

there is an active electron transfer process occurring between the decorated iron nanoparticles 

and the GO sheet, and Wang et al. (2017) (Wang et al., 2017) reported that ion nanoparticles 

deposited on GO are regenerated by electrons transferred from the graphene oxide sheets during 

phenol removal. The electron transfer process (from GO to FeNP) helps in maintaining an 

optimal amount of iron species on the FeNP surface which enhances arsenic adsorption. The 

major significance of this mechanism is that the overall iron oxidation process is slowed down 

because of the electron transfer process, and the core Fe0 is prevented from getting quickly 

oxidized (Ren et al., 2018) potentially adding to the active life of the GFeN system.  
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GFeN +As(V) 

 
 

GFeN +As(III) 

  

Figure 3.11. XPS spectra for GFeN after As(V) adsorption: (a) As3d and (b) O1s; and XPS 

spectra for GFeN after As(III) adsorption: (c) As3d and (d) O1s. 

(c) 

(a) (b) 

(d) 
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Figure 3.12. Top: The possible mechanism for arsenic removal by GFeN. The proposed 

mechanism involves arsenic flux built-up at the solution-adsorbent interface, followed by 

adsorption onto the iron nanoparticles (FeNPs) present on GFeN.  Simultaneous oxidation and 

reduction of adsorbed arsenic occur, and the reduced arsenic moves to the core of the FeNPs. 

Bottom: The graphene oxide (GO) sheet acts as the reservoir for electrons (e−) released during 

iron oxidation and the stored electrons are used by the oxide layer (on FeNPs) to rejuvenate itself 

for further adsorption of arsenic. 

Additionally, the As(V) → As(0) reaction has a potential of 0.499 V while  reduction 

potential of the Fe(0) → Fe(II) reaction is −0.477 V, and, thus, As(V) → As(0) transformation 

(Eqs. 12-20) is thermodynamically favorable (Melitas et al., 2002; Sasaki et al., 2009). The oxide 

layer on FeNP contains a mixture of amorphous and crystalline iron oxides with the amorphous 

phase being much larger (2-10 times)  than the crystalline phase (Dixit and Hering, 2003; Yan et 

al., 2012b; Ling and Zhang, 2014; Wu et al., 2017). The porous nature of the amorphous phase, 

and the lattice disorder and oxygen vacancies in the crystalline phase facilitate faster ionic 

mobility of arsenic (Kerisit and Rosso, 2005). Both the arsenic species migrate toward the Fe0 

core (Figure 3.12) and get reduced to an intermetallic phase of As(0) (Yan et al., 2012b; Ling 
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and Zhang, 2014). Intermetallic arsenic species are known to be more stable than other species 

(Yan et al., 2012a; Tucek et al., 2017) and that adds to the robustness of the adsorbent (GFeN).  

There are two possible pathways for the reduction of arsenic by FeNPs (Tucek et al., 2017).  

Pathway 1: 

 Feo + H2AsO4
− →FexOy + H2AsO3

−  (12) 

 Feo + H+ + H2AsO3
− 
→ FexOy + As(0) + H2O  (13) 

 Feo + HAsO4
2− →FexOy + HAsO3

2−   (14) 

 Feo + H+ + HAsO3
2−
→ FexOy + As(0) + H2O   (15) 

Pathway 2: 

 Feo + H2O → FexOy + H2  (16) 

 H2 + H2AsO4
- 
→ H2AsO3

- + H2O   (17) 

 3H2 + 2H2AsO3
− +2H+ → 2As(0) + 6H2O   (18) 

 H2
 + HAsO4

2− → HAsO3
2− + H2O   (19) 

 3H2 + 4H+ + 2HAsO3
2− 
→ 2As(0) + 6H2O   (20) 

3.4. Practical significance 

The relatively high arsenic removal capacity of GFeN (>300 mg As/g for both the 

species) and rapid reaction kinetics are very significant for possible field applications of the 

nanohybrid. Assuming that a typical four-member family needs a minimum of 20 liters of 

drinking water per day, the amount of GFeN needed to treat arsenic contaminated water to meet 

daily water demand will be 10 g per year (detailed calculations in, Table 3.7). We assumed an 

influent arsenic concentration in groundwater as 100 µg/L, the target MCL for arsenic as 0 µg/L 

(this is the MCL Goal or MCLG for arsenic (U.S.EPA, 2020). We further took the adsorption 

capacity of the material as 300 mg As per g GFeN for both the species although our reported 

arsenic adsorption capacities of GFeN are 430 mg As(V)/g and 306 mg As(III)/g. A factor of 
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safety of 4 was applied which means that only 25% of the experimental arsenic adsorption 

capacity of GFeN will be used. The water requirement for drinking and cooking is assumed as 20 

L/d per 4-member family. 

The amount of GFeN needed for a treatment system was calculated from Eq. 21 and 

presented in Table 3.7. 

 𝐺𝐹𝑒𝑁(
𝑔

𝑦𝑒𝑎𝑟
)  =

(𝐼𝑛𝑡𝑖𝑎𝑙 𝐴𝑠−𝑇𝑎𝑟𝑔𝑒𝑡 𝐴𝑠)×
𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑚𝑒𝑛𝑡

𝑑𝑎𝑦
×365

𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
× 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑠𝑎𝑓𝑒𝑡𝑦 (21) 

Table 3.7. Point-of-Use (POU) treatment system to supply arsenic-free drinking water (20 L/d 

for a 4-member family). 

Calculation parameters  Value Unit 

Arsenic in water 100 µg/L 

Target arsenic concentration after treatment  0 µg/L 

Adsorption capacity of the adsorptive material  300 mg As/g 

Factor of safety 4 - 

Drinking water demand /family 20 L/d 

GFeN needed/family/year 10  g 

 

It is important to note that this number is calculated assuming only 25% efficiency in 

arsenic adsorption by GFeN (25% of 300 mg/g = 75 mg As per g of GFeN), a raw water arsenic 

concentration of 100 µg/L (typical value), and a finished water arsenic concentration of 0 µg/L 

(MCL Goal, (U.S.EPA, 2020) ). If a point-of-use (POU) treatment system is fabricated with 100 

g of GFeN, then it is expected to work for ~10 years. Additionally, such systems can be scaled 

up for community water treatment. This is significant because such a treatment unit will reduce 

the need for frequent monitoring of the system and water quality. Monitoring water quality is 

always a challenge in rural and remote communities. Moreover, it will reduce the volume of 

hazardous waste generated and the frequency of such generation.  
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3.5. Conclusions 

In this paper, we have reported an easy to adopt synthesis process for graphene oxide-

iron nanohybrid (GFeN). GFeN exhibits very high adsorption capacities for As(V) (431 mg/g) 

and As(III) (306 mg/g) compared to other available nanohybrid sorbents (reported adsorption 

capacities of 12 to 240 mg/g, Table 3.6). At environmentally relevant arsenic concentrations (up 

to 140 µg/L), GFeN could bring down the effluent arsenic concentrations to below the MCL (10 

µg/L) within 10 min.  The adsorbent works for both the species of arsenic even when they were 

present simultaneously. GFeN nanohybrid removes >90% arsenic even in the presence of 

potential competing anions (SO4
2−, NO3

−, HCO3
−, PO4

3−, SiO3
2−) and organic matters (organic 

acid) at environmentally relevant concentrations. Arsenic removal by GFeN is not controlled by 

electrostatic forces alone but surface complexation played a major role to make it effective 

across a wide pH range (pH 3−9). Iron nanoparticles (FeNPs) were well dispersed on the 

graphene oxide (GO) sheets and thus most of the reactive surfaces on the nanoparticles were 

available for arsenic removal. The GO sheet also played an important role by acting as the 

reservoir for the released electrons during the oxidation of Fe0 present in GFeN and then 

transferring the electrons back to the nanoparticle (FeNP) surface to rejuvenate the adsorptive 

oxide layer. We also report a comprehensive mechanism to explain the unique arsenic adsorption 

behavior of the nanohybrid (GFeN). Interfacial (water and GFeN) exchange of arsenic leads to 

adsorption through electrostatic attraction and surface complexation, and the adsorbed arsenic 

then gets transformed and stabilizes in the nanohybrid. The ultra-high adsorption capacity (>300 

mg/g for either arsenic species) along with quick reaction kinetics and effectiveness under 

different environmental conditions make GFeN an ideal candidate for potential use in aqueous 

arsenic remediation. Our calculations indicate that a point-of-use treatment unit with 100 g of 
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GFeN can potentially supply arsenic-free drinking water for ~10 years without much operation 

and maintenance needs. 
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CHAPTER 4. DESORPTION PROFILE OF ARSENIC FROM GRAPHENE OXIDE-

METAL OXIDE NANO-HYBRID 

4.1. Introduction 

Arsenic (As) is a class one carcinogenic metalloid which presents in groundwater as 

oxyanions with different oxidation states [As(III) and As(V)] (Jomova et al., 2011). The drinking 

water maximum contaminant level (MCL) level for arsenic is 10µg/L (WHO, 2017). Throughout 

the world, more than 200 million people are exposed to arsenic contaminated water and cause 

great concern for public health (Podgorski and Berg, 2020). Groundwater arsenic contamination 

is spread throughout the world from Southeast Asia (India, Bangladesh, Pakistan, Nepal, 

Vietnam, Cambodia), to Europe (Turkey, Greece, Romania, Slovakia, Croatia, Serbia, Hungary, 

Spain ), South America (Argentina, Bolivia, Chile, Uruguay, Mexico) and the USA. (Murcott, 

2012; WHO, 2017; Ahmad et al., 2020; Podgorski and Berg, 2020). In the United States, several 

region’s groundwaters recorded arsenic contamination above the MCL level which affected ~2.1 

million people (Ayotte et al., 2017).  

Arsenic is non-biodegradable and long persistence in the environment, separation of 

inorganic arsenic from aqueous media is the most logical way to treat arsenic. Adsorption, 

coagulation-flocculation, precipitation, ion exchange, and membrane filtration are the proven 

technology for arsenic treatment. Among all these techniques adsorption is the most feasible 

option to adopt and promoted globally. An ideal adsorbent for a filter treatment unit should have 

the following characteristics like high arsenic adsorption capacity, quick reaction kinetics, and 

work for a longer period without losing its efficiency. Further, it should work globally from rural 

to an urban settings with minimum external energy and monitoring and maintenance.  
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It is evident from the literature that metal oxide nano adsorbents are more efficient in 

terms of adsorption capacity and quick reaction rate compared to other adsorbents (Lata and 

Samadder, 2016) (Baig et al., 2015; Nicomel et al., 2016). Adsorption of arsenic by metal oxide 

nanoparticles are extensively studied over the last two decades (Mohan and Pittman, 2007; 

Gallegos-Garcia et al., 2012; Lata and Samadder, 2016; Hao et al., 2018). These nanoparticles 

could not work with its full potential as it agglomerates immediately after the synthesis process 

and that reduces adsorption efficiency. Embedding nanoparticles on a suitable support media 

(Carbonaceous material, clay, zeolites) can reduce the agglomeration and improve the contact 

between nanoparticles surface and contaminant which can enhance the removal efficiency. 

Among these support media graphene oxide (GO) promises great potential. GO is a 2D layer of 

honeycomb carbon network with very high specific surface area (320-940 m2/g) and attached 

with functional groups ( ̶ OH, ̶ COOH,  ̶ O ̶ ). The metal oxide-nanoparticles synthesized on the 

surface GO sheets (nanohybrids) are well dispersed (Chandra et al., 2010; Hoan et al., 2016; Fu 

et al., 2017; Wu et al., 2019). This new class of material is designed as graphene oxide metal 

oxide nanohybrids or nanocomposites are showed to be very efficient adsorbents for arsenic 

removal and perform better than bare nanoparticles.  

For the last ten years, wide categories of nanohybrids are evaluated for their superior 

arsenic removal performance (Figure 4.1). The nanohybrids recorded very high adsorption 

capacities and better reaction kinetics compared with bare nanoparticles. In our previous studies, 

we reported that GO supported iron and GO supported cerium oxide nanohybrids showed very 

high adsorption capacities for As(V) (431 mg/g for GFeN and 212 mg/g for GO-CeO2) and quick 

reaction kinetics (less than 10 mins with As(V) concentration 100 μg/L) which made both the 

nanohybrids suitable for use in the arsenic treatment system. While the sorption of arsenic on this 
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nanohybrid system is well investigated, information regarding the desorption of arsenic from the 

nanohybrids is lacking. The mechanisms of desorption are not well understood. Secondary 

desorption of arsenic from the nanohybrids under changeable environmental conditions is a real 

concern for practical application. As these nanohybrids have very high adsorption capacities, so 

filter media fabricated with this material will be expected to have a longer operational lifespan 

(at least 4-5 years). So, it is necessary to understand the fate of exhausted nanomaterial over time 

while the treatment system is still working. A complete desorption profile of arsenic saturated 

nanohybrids is very important. To provide this scientific and practical information, in this study 

we investigated the desorption behavior of arsenic from As(V) saturated GFeN and GO-CeO2 

under the variable environmental condition both short duration and long-duration time frame 

(two years). We also investigated changes in adsorbed arsenic complexation of nanohybrids over 

time. This study will facilitate the assessment of arsenic release from the nanohybrids inside 

filter bed media and help to understand the changes undergoes in arsenic saturated nanohybrid 

over time.  
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Figure 4.1. High arsenic adsorbing graphene oxide metal oxide nanohybrids.  

4.2. Material and methods 

4.2.1. Chemicals 

Analytical grade Ce(NO3)3·6H2O (99%) Sigma-Aldrich, ferrous sulfate (FeSO4·7H2O, 

>99.5%, Merck, Germany), sodium borohydride (NaBH4, >97%, Alfa Aesar, USA), and 

ammonium hydroxide (ACS reagent grade) were used. The 1000 ppm arsenic standard (III and 

V) in nitric acid solution was obtained from Environmental Express (USA). The graphene oxide 

(GO) was obtained from Garmor LLC (USA) for GO CeO2 synthesis and from Graphenea 

(Spain) for GFeN.   

4.2.2. Material synthesis 

GO-CeO2 was prepared as per Sakthivel et al (2017). Briefly, GO (240 mg) was 

dispersed in DI water (20 mL) mixed with cerium(III) nitrate hexahydrate (1.73 g), and pH was 

adjusted to 10. The resultant mixed solution was transferred into synthesis vessels and put in an 

oven for 4 h at 140 °C. The synthesized material was washed in copious amounts of DI water to 

0

100

200

300

400

500

0 100 200 300 400 500 600

A
d

so
rp

ti
o

n
 c

a
p

a
ci

ty
 (

m
g

/g
) 

Equilibrium concentration  Ce (mg/L)

Fe3O4-GO

Fe3O4- reduced GO

GNP-Hydrous CeO2

Fe3O4-MWNT-electrodes

Mg-Al hydroxide/GO

GN-α-FeOOH 

GO–ZrO(OH)2

β-FeOOH@GO-COOH
GO-MnFe2O4

FeMnOx/RGO

Eu-MGO/Au@MWCNT

Macroporous Fe3O4 3D GO hydrogel

GNP/Fe−Mg oxide
GO-CuFe2O4 foam

GO - Fe2O3

Fe3O4@CuO-GO

GO lanthanum fluoride

Fe2O3 nanocubes- porous GO aerogel

3-D Fe3O4-GO

GFeN

GO-CeO2

GFeN

GO-CeO2



 

115 

remove the unreacted chemicals followed by oven drying (80 ℃) to get GO-CeO2. GFeN 

synthesis was done as reported earlier. In brief, FeSO4.7H2O solution (2.25 g in 50 mL DDI 

water) was mixed with 250 mg GO in a round bottom flask and the solution pH was adjusted to 

~6. NaBH4  solution was added to the GO solution under continuous stirring and N2 environment 

and kept at 60 ºC for 4 h to allow for the reaction to complete.  The black colored end product 

was washed using a copious amount of DDI water and ethanol and dried in a vacuum oven under 

a nitrogen environment.  

4.2.3. Characterization 

Transmission electron microscopy (TEM) images were obtained using a JEOL JEM-2100 

LaB6 transmission electron microscope (JEOL USA, Peabody, MA, USA) ran at 200 kV. 

Powdered nanohybrid was placed in 100% ethanol and sonicated.  A drop of the suspension was 

placed on a lacey-carbon support film on a 300-mesh copper TEM grid (Ted Pella, Redding, 

California USA) for 30 sec, then wicked off with a filter paper and allowed to air dry. High-

Resolution X-ray Photoelectron Spectroscopy (HR-XPS) analysis was performed on a Thermo 

Fisher ESCALAB 250Xi spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a 

monochromated Al Kα X-beams (hν = 1486.7 eV). The specimens were set in the HR-XPS 

examination chamber (5x10-9 Torr) where spectra for Fe2p, As3d, C1s, and O1s were recorded. 

Peak fitting was accomplished by utilizing the Avantage XPS program.  

4.2.4. Desorption experiment 

For the desorption experiment, a 1000 mL wide-mouth plastic bottle with caps was used. 

Each reactor was filled with 500 mL 200 mg/L As(V) solution and each measured amount ( 250 

mg, i.e., 0.5 g/L) of a nanohybrid (GO-CeO2 or GFeN) was added and then pH was adjusted to 7. 

The reactors were put in an end-over-end shaker (28 rpm) at room temperature (222 oC) for 24 
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h to allow for arsenic adsorption. The nanohybrid after arsenic adsorption was separated using a 

vacuum filter (0.2 µm nylon membrane filter), and the nanohybrid was scrapped from the 

membrane and dried in the vacuum oven at 60 ∘C for 6 h under nitrogen environment. The initial 

and final arsenic concentration bulk solution was measured using an atomic absorption 

spectrometer (AAS) and the amount of arsenic adsorbed onto the nanohybrid was calculated 

using arsenic mass balance for the bulk solution. The dried nanohybrid was used for desorption 

experiments. The desorption behaviors of both the materials in DI and synthetic groundwater 

water (Table 4.1)  were evaluated by conducting batch studies. For the batch experiments, 30 mg 

of each material was put into a 40 mL glass vial (reactor) and 30 mL water was added to it. The 

reactor was then rotated in the end-over-end shaker (28 rpm) at room temperature. The effects of 

solution pH (3-9) on desorption were also monitored (batch experiments) where the solution pH 

was adjusted using 0.1 M HCl/NaOH.  

Table 4.1. Composition of synthetic groundwater (Van der Leeden, 1990). 

Ions Na+ Ca2+ Cl− HCO3
− SO4

2− PO4
3− 

Concentration 

(mg/L) 

230 32 234 183 96 3 

Sequential extraction of adsorbed arsenic from nanohybrids was done as per Dong et al., 

(2012), a method modified after Keon et al. (2001). Here, 30 mg of nanohybrid (with arsenic 

adsorbed) was put into a 30 mL of specific extraction solution in a 50 mL centrifuge tube and 

rotated in end over end shaker for a pre-decided time as per the method. Sequentially, we used 

four extraction solutions which included MgCl2 (for ionically bound arsenic extraction), 

NaH2PO4 (for strongly adsorbed arsenic), oxalic acid (for arsenic coprecipitated with amorphous 

Fe oxyhydroxide), and HNO3 (for arsenic coprecipitated with crystalline Fe oxyhydroxide). After 

each extraction reaction time, the reactors were taken out and centrifuged for 15 min at 3000 rpm 
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and decant the supernatant ( do very carefully that no residual nanohybrids thrown away). The 

decant solution was filtered using a 0.2 μm syringe filter and stored for further analysis. The 

residual in the reactors was washed with 30 mL DI water. After that next extraction solution was 

added and followed the cycles as per Table 4.2.   

Given that sequential extraction is a short-duration experiment and cannot be used to 

predict the long-term arsenic desorption behavior of an adsorbent, a 24-month study was 

conducted using synthetic groundwater.  For this,  30 mg nanohybrids and 30 mL of synthetic 

groundwater were put in several sacrificial batch reactors (40 mL vials). The batch reactors were 

stored in a dark place at room temperature. A set of three reactors were taken out at specific time 

intervals, and the content was filtered using a 0.22 μm syringe filter (VWR, USA) and arsenic 

content in the filtrate (bulk solution) was analyzed.  

Table 4.2. Sequential Extraction Procedure for As-loaded Nanohybrid. 

Step Procedure Target phase Possible mechanism 

Mg 1 M MgCl2, pH 8, 2h, 25 °C 

two repetitions + one water 

wash 

Ionically bound As anion exchange of Cl 

for As; possible Mg-As 

complex formed 

PO4 1 M NaH2PO4, pH 5, 24h, 

25 °C 

one repetition + 

one water wash 

Strongly adsorbed As anion exchange of PO4 

for AsO4  

Oxalic acid  0.2 M oxalic acid, pH 3, 2 h, 

25 °C 

one repetition + one water 

wash 

As coprecipitated with 

amorphous Fe 

oxyhydroxides 

ligand-promoted 

dissolution 

HNO3 16 N HNO3, 2 h, 25 °C  As coprecipitated with 

crystalline Fe 

oxyhydroxides 

proton dissolution 

Modified method from Keon et al., (2001). 

To mimic an actual filtration system, a sand block filter was developed with arsenic-

sorbed nanohybrid (250 mg)with sand (30 g) and packing them into a column with an effective 

column length of 10 cm. Such a column would represent a partially saturated drinking water 

arsenic removal unit. Synthetic groundwater was passed through the column continuously for 60 
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days in an up-flow mode at a flow rate of 1 mL/min. The effluent arsenic concentration was 

measure at different time points.  

Total inorganic arsenic in all samples was measured using Graphite Furnace-Atomic 

Absorption Spectrophotometer (GF-AAS, Perkin Elmer AAS 900H) following standard 

operating procedure.  

4.3. Result and discussion 

4.3.1. Material characterization 

  

 

 

Figure 4.2. TEM micrograph of (a-b) GFeN and (c-d) GO-CeO2 nanohybrids showed 

nanoparticles decorated on the graphene oxide surface. 

In both the nanohybrids, nanoparticles were dispersedly deposited on the graphene oxide 

surface (Figure 4.2). A definite core-shell structure of FeNP was observed in the GFeN with a 

metallic core and an oxide shell (Figure 4.2a-b,). In the case of the GO CeO2, the nanoparticles 

were circular (Figure 4.2c-d ). The BET-specific surface area was found to be 159.62 m2/g for 

GFeN and 129.24 m2/g for GO CeO2. 
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4.3.2. Arsenic saturation and desorption 

4.3.2.1. Arsenic sorption  

The arsenic loading in arsenic-sorbed nanohybrids was 111 mg of As/g for GFeN and 75 

mg/g for GO-CeO2 (Figure 4.3a). Arsenic sorption by GFeN happened through electrostatic 

attraction and surface complexation, and the adsorbed arsenic then got transformed to more 

stable forms in the nanohybrid (Das et al., 2020). XPS analysis of arsenic-sorbed GFeN recorded 

a strong peak for As(V) at 45.7 eV and a significant change in surface-bound hydroxyl groups 

(64% with arsenic sorbed to 50% when it sorbed arsenic). As(V) was sorbed onto the GFeN 

surface through surface complexation and inner-sphere monodentate (FeOAsO2OH) or bidentate 

[(FeO)2AsO2)] complexes were formed (Das et al., 2020). GO-CeO2 attracts arsenate through 

electrostatic interaction and made a stable surface complex by reacting with Ce3+ sites. 

(Sakthivel et al., 2017) The XPS analysis of arsenic adsorbed GO-CeO2 showed a strong peak 

for As(V) (45.4 eV).  

The adsorbed arsenic can be present in different forms depending on their surface 

reaction with the nanohybrids. The sequential extraction of arsenic from the two nanohybrids 

(with MgCl2, NaH2PO4, oxalic acid, and HNO3)  was done to quantify the adsorbed arsenic 

fractions into  (i) ionically bound, (ii) strongly adsorbed, (iii) coprecipitated with amorphous Fe 

oxyhydroxides, (iv) crystalline Fe oxyhydroxides and (v) residual (i.e., not extractable) (Figure 

4.3b). In GFeN, a significant amount (64.31 %) of adsorbed arsenic was associated with the 

amorphous iron oxyhydroxide phase (oxalic acid fraction) of GFeN (Figure 4.3b) where 34.62 % 

present as residual. This means that if the environmental conditions (e.g., pH, redox, presence of 

microorganism) are changed the 64.31% arsenic may get resolubilize in drinking water.  Small 

fractions of the sorbed arsenic were present as ionically bound (MgCl2 fraction, 1.05%), strongly 
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adsorbed (phosphate, 1.57 %), and crystalline oxyhydroxide (HNO3, 1.06%). In GO-CeO2 

nanohybrid, 97.15 % of adsorbed arsenic was in the residual form indicating that the arsenic-

cerium complexes were strongly bound and would not potentially come out from the adsorption 

media. As can be seen from the discussion in the previous paragraph, 34.62% of adsorbed 

arsenic was strongly bound to GFeN and that value is 97.15% for GO-CeO2. Based on these 

analyses, it was expected that desorption of arsenic from both the nanohybrid would be minimal 

with GO- CeO2 showing the least desorption over time.  

   

Figure 4.3. (a) Arsenic adsorbed on the nanohybrids from a 200 mg/L As(V) solution in 24 h. (b)  

The fraction of sorbed arsenic extracted from the nanohybrids. The MgCl2 extracted arsenic was 

ionically bound arsenic, the phosphate extracted part was strongly adsorbed arsenic, the oxalic 

acid extracted part is arsenic coprecipitated with amorphous oxyhydroxide, and the arsenic 

extracted with HNO3 was coprecipitated with crystalline oxyhydroxide.  

4.3.2.2. Desorption studies 

4.3.2.2.1. Short-term study 

Both the nanohybrids were evaluated for their arsenic desorption (leaching) behavior in 

DI water and synthetic groundwater system. During the first 3 days, only 2.63% (in GFeN) and 

0.56% (in GO-CeO2) of total adsorbed arsenic desorbed in DI water system (pH ~ 7) under 

continuous shaking in an end-over-end shaker (28 rpm) at room temperature. In the simulated 

(a) (b) 
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groundwater system (pH ~8), there was 0.31% desorption of total adsorbed arsenic from GFeN 

and 0.32% from GO-CeO2 over a period of 24 h under continuous shaking. Increase in total 

dissolve phosphate concentration 0 to 3 mg/L in simulated groundwater increased arsenic 

desorption slightly from 0.31 to 0.44% in GFeN, and 0.32 to 0.46% in GO-CeO2. This might 

have happened because phosphate (PO4
3-)and As(V), i.e., arsenate (AsO4

3-), have similar ionic 

structures, so some ionically bound and loosely-held arsenate was replaced by phosphate (Zeng 

et al., 2008; DeVore et al., 2019).  In both DI and groundwater environments, the total arsenic 

desorption from the nanohybrids was low compared to the total amount adsorbed by them. This 

indicates that the complexation between arsenate and nanohybrids is quite stable. A comparison 

between two nanohybrids indicates that GO-CeO2 showed slightly lower desorption than GFeN. 

The total arsenic loading in GFeN was 111.9 mg/g meaning a 1% release from GFeN equal to 

1.119 mg/g, while 1% release from GO-CeO2 equals to 0.752 mg/g (total arsenic loading 75.2 

mg/g).   

Solution pH is another important environmental parameter that can affect arsenic 

desorption behavior. Arsenic desorption from the two materials was evaluated using solutions 

(DI water) over a wide pH range (3-9). For GFeN, arsenic desorption increased marginally from 

0.84% at pH 3 to 1.21% at pH 7, and then to 2.01% at pH 9. As the pH increased, hydroxyl ions 

replaced arsenic ions from the iron oxide sorption sites and caused the desorption of arsenic 

oxyanions. (Al-Abed et al., 2007; Yuan et al., 2018) On the other hand, arsenic desorption 

decreased with an increase in pH from 0.73% (pH 3) to 0.38% (pH 7) and then 0.33% (pH 9) for 

GO-CeO2. At alkaline conditions (pH>7) the transformation of Ce4+ to Ce3+ or vice versa is very 

much limited, therefore, so the surface-bound Ce-As complex remains more stable.  

 



 

122 

  

 

Figure 4.4. Release of adsorbed arsenic release from nanohybrids in (a) DI water over a period of 

3 days, (b) synthetic groundwater with phosphate concentration, and (c) DI water system at 

different pH (3-9). 

4.3.2.2.2. Long-term study 

The short-term evaluation of arsenic desorption from nanohybrids showed minimal 

release of arsenic apparently because the arsenic metal oxide complex remained stable during 

this period. However, short-term studies cannot predict the long-term release behavior of arsenic 

from the media. Given that these arsenic adsorption media will be used in water filter units 

which are expected to last for 6 months to a year, it would be pertinent to conduct long-term 

arsenic release studies under environmentally relevant conditions to know the remobilization of 

(a) (b) 

(c) 
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arsenic from the solid phase (the nanohybrids) to the aqueous phase.  Chromatographic release of 

toxic arsenic to the drinking water system may affect unsuspecting water consumers. So, to 

understand the release behavior of arsenic from the adsorbed (solid) phase over time, an arsenic 

desorption study was conducted for 2 years using sacrificial batch reactors and in simulated 

groundwater.  

Arsenic saturated GFeN material exhibited slow but prolonged arsenic desorption (Figure 

4.5 a-b). For GFeN on Day 1, the desorption was 0.62% which slowly increased to 0.85% on 

Day 11 and 1.07 % on Day 21. At end of 31 days, the desorption was ~1.19% which increased to 

3.93% on Day 180 and 4.61% on day 341. At the end of the study periods (day 696), GFeN 

recorded cumulative desorption of 5.73% of total adsorbed arsenic. For GO-CeO2\, desorption 

was 0.68% on Day 1 and increased marginally to 0.71% on Day 11 and 0.75% on Day 21. In the 

case of GO CeO2, 0.80% was desorbed after 31 days, 0.57 % on Day 180), 0.83% on Day 341, 

and 0.94% 696 days (Figure 4.5 a-b). Comparing the two classes of nanohybrids indicated 

arsenic desorption is lower in GO-CeO2 than GFeN. There was potentially strong complexation 

between Ce3+ and As(V) which remained stable till the end of the 2-year study.  

Adsorbed arsenic release patterns from the nanohybrids were also evaluated under 

continuous flow conditions in column reactors for period of 60 days. The sand columns (packed 

sand column with arsenic-sorbed nanohybrids) were operated in continuous flow mode (1 

mL/min) with synthetic groundwater (Figure 4.5c). the effluent arsenic concentration was 

monitored over two months. Initially, a bit higher amount ( 148.3- 51.3 µg/L) of adsorbed 

arsenic release in both the nanohybrids which might have come from the loosely held arsenic on 

the surface (ionically bound arsenic) (Figure 4.5c). As time proceeded, the desorption decreased 

and reached a steady-state after one week. At the end of the first week, the effluent arsenic 
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concentration for the  GFeN column decreased from 148.3 to 45.9 µg/L. For GO-CeO2, effluent 

arsenic decreased from 51.3 to 9.8  µg/L after a week, and it further decreased as time proceeds. 

The arsenic release from the GFeN based nanohybrids is higher than GO-CeO2 which is in 

agreement with our long-term batch desorption studies which also record higher arsenic release 

from GFeN. The possible reason for this enhanced release from GFeN is the transformation of 

surface-bound Fe-As fraction (arsenic coprecipitated in iron oxyhydroxide and ionically bound 

fraction) under a continuous flow of simulated groundwater.  

 

Figure 4.5. (a) Cumulative arsenic release from arsenic-sorbed nanohybrids in the batch reactors 

(synthetic groundwater) (b) Zoomed in the area from cumulative arsenic release plot (Figure 

4.5a) (c) Arsenic release from the continuous flow columns.  No arsenic was detected in the 

control run with fresh nanohybrids (no arsenic sorbed onto them). 

(c) 
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4.3.3. Transformation of material surface composition  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.6. XPS spectra of pristine GFeN and arsenic adsorbed GFeN for Day 1, Day 60.  
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Figure 4.7. XPS spectra of pristine GO-CeO2 and arsenic adsorbed GO-CeO2 for Day 1, Day 60.  
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XPS analysis of both the nanohybrids before and after arsenic adsorption was performed 

to understand the transformation of surface composition. For pristine GFeN (Figure 4.6), the 

presence of Fe2p spectrum with the deconvoluted peaks of Fe(2p3/2), Fe(2p1/2) indicated the 

presence of Fe(II) and Fe(III) on the surface. Three prominent peaks were identified in the O1s 

spectrum of GFeN which were assigned to O2- (~530 eV), OH (~531.8 eV), and OH2 (~533.1 

eV). The dominance of -OH peak (68%) with a broad peak of Fe−O (~23%) (Figure 4.6, see the 

O1s spectra of XPS) indicated that the surface iron was mostly FeOOH while there were small 

amounts of Fe2O3 and Fe3O4 (Das et al., 2020). Arsenic participates in surface complexation with 

GFeN forming bidentate and monodentate complexes with surface iron oxyhydroxide. After 

adsorption, at Day 1, the concentration of Fe-OH groups decreased, and Fe-O increased which 

confirms the complexation of As(V) with surface-bound Fe-OH groups and transformation of 

FeOOH to Fe2O3. After 60 days, material released a small amount (~1.87%, Figure 4.5b ) of 

adsorbed As (V), and there are some changes in O1s spectra, Fe-O peak is decreased, and Fe-OH 

peak is increased. The means Fe2O3 is changing to FeOOH due to the interaction of the surface 

layer in the water with the presence of other ions. This transformation can facilitate the release of 

arsenic bound in the surface iron oxyhydroxide fraction which explains the small and slow 

arsenic release behavior from the sand-block filter study (between 7-60 days).  GFeN, the 

oxidation state of surface adsorbed As (V) did not change over the 60-days study period.  

The Ce 3d XPS spectra of GO–CeO2 (Figure 4.7) contained Ce 3d5/2 and Ce 3d3/2 spin-

orbit splitting which confirms the presence of both Ce3+ (16%) and Ce4+ (84%) (Sakthivel et al., 

2017). Ce3+/Ce4+ acts as a redox couple and can interchange the redox state due to their low 

redox potential (1.61 eV). In GO-CeO2  after one day of adsorption concentration of Ce3+ 

increased from 16 to 26% where Ce4+ decreased (84 to 74%). This transformation of Ce3+/Ce4+ 
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facilitated due to low redox couple which helped to form a stable complex of Ce-As(V). Further, 

there are some changes in O 1s spectra, Ce4+-O peak is decreased and Ce3+-O peak is increased 

after 60 days, which might help to keep Ce-As complex compound stable. After adsorption at 

day 1, all adsorbed arsenic remained in As(V) oxidation state which undergo reduction after 60 

days, and 13% transformed to As (III) while 87% remain as of As (V). After 60 days, GO-CeO2 

nanohybrid released only ~0.5 % of adsorbed As (V), so most of the adsorbed arsenic remain 

remained very stable in the adsorbed phase.  

4.4. Conclusion 

Graphene oxide-supported metal oxide nanohybrids were promoted as a superior arsenic 

adsorbing material based on its performance. The desorption behavior of As(V)-sorbed GFeN 

and GO-CeO2 were evaluated under different environmental conditions (pH and the presence of 

co-existing ions). Both the nanohybrids have very high adsorption capacities and the adsorption 

mechanism is dominated by surface complexation. In batch reactors with simulated groundwater, 

arsenic-sorbed GFeN released ~5.73 %, and GO-CeO2 released ~0.94% of total adsorbed arsenic 

over two years. The desorption behavior was also monitored for both the nanohybrids in a 

simulated filter bed system ( nanohybrid mixed with sand) and continuous flow conditions for 

two months. While the overall arsenic release was minimal from the filter bed, the release from 

GFeN was slightly higher compared to that from GO-CeO2. The surface oxide composition 

(Fe3O4/FeOOH) of GFeN changed over time which resulted in the desorption of the sorbed 

arsenic. While adsorbed As(V) remain stable (i.e., no change in oxidation state) on the surface of 

GFeN, part of As(V) reduces to As(III) in GO-CeO2. This study provides detailed insight into the 

fate and transformation of adsorbed arsenic sorbed onto arsenic adsorbing nanohybrids. The 
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finding of this study will contribute towards the planning and design of sustainable arsenic 

removal adsorbent media.  
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CHAPTER 5. CONCLUSIONS 

5.1. Conclusion 

The overarching goal of this research was to develop advanced nano-based safe materials 

for aqueous arsenic removal and elucidate the mechanisms involved in the arsenic removal 

process. In this research, graphene oxide-supported iron/iron oxide nanohybrid materials were 

synthesized and evaluated for their potential applications to treat arsenic contaminated water. 

First, the most efficient nanomaterial for arsenic removal was identified, and the material was 

further tested for arsenic removal under relevant environmental conditions. The underlying 

arsenic removal mechanisms were investigated, and the risks associated with its potential field 

application were assessed in terms of arsenic desorption from the used (arsenic-sorbed) 

materials.  

In the first phase of this research, two iron-based nanomaterials, viz., nanoscale zero-

valent iron (FeNP) and magnetite (M), were deposited onto graphene oxide (GO) sheets to 

synthesize two nanohybrids. Graphene oxide nano zerovalent iron (GFeN) nanohybrid was 

obtained by depositing FeNPs on graphene oxide (GO) and graphene oxide magnetite (GM) 

nanohybrid was synthesized by depositing M on GO. Arsenic removal behaviors of the two 

nanohybrids (GFeN and GM) and their bare counterparts FeNP and M (no GO) were evaluated 

under the same experimental conditions of pH, adsorbent dose, temperature, initial arsenic 

concentration, and contact time to identify the best candidate for use in an arsenic treatment 

system. The deposition of nanoparticles on the GO surface (to form nanohybrids) improved 

arsenic removal significantly in both the nanohybrids (GFeN and GM) compared to their bare 

counterparts (FeNP and M), and this happened because of better dispersion of the iron 

nanoparticles (FeNPs and M) on the GO surface providing for better interaction between arsenic 
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species and reactive surfaces of the nanomaterials. The FeNP-based material showed better 

removal performance compared to the M-based material over a wide pH range (3 to 9) for both 

the inorganic arsenic species, As(III) and As(V), present in groundwater (drinking water). The 

magnetite (M)-based nanomaterials worked better (>90%) at low pH (pH- 3) but only for As(V) 

and most efficient As (III) removal (~80%) was found to be at high pH (pH = 9). The different 

iron (Fe) contents in FeNP- and M-based materials played a crucial role in the arsenic removal 

process, and it found that GFeN was the most efficient material in terms of arsenic removal per 

unit mass of iron present in the nanohybrid. The experimental and characterization data indicate 

that arsenic removal by  FeNP-based nanomaterials was dominated by surface complexation. In 

M-based materials, As(V) removal was controlled by electrostatic interactions while As(III) 

removal was controlled by ligand exchange and surface complexation. At end of the first phase 

of this research, GFeN was identified as the most suitable candidate material for potential field 

application.  

In the second phase of this research, the arsenic removal mechanism(s) and arsenic 

removal performance of the graphene oxide-iron nanohybrid (GFeN) were evaluate in more 

details. The isotherm data for arsenic removal by GFeN fitted well into the Langmuir model and 

the adsorption capacities were found to be 431 mg/g for As(V) and 306 mg/g for As(III) which 

are very high compared to other available nanohybrid reported by others (Table 3.6, Chapter 3). 

The kinetic data from arsenic removal studies with both high (5 mg/L) and low arsenic (100 

μg/L) concentrations fitted well into pseudo-second-order kinetic models indicating that arsenic 

removal by GFeN is chemisorption. There were negligible interferences (90% removal) in the 

presence of potential coexisting ions (SO4
2−, NO3

−, HCO3
−, PO4

3−, SiO3
2−) and organic matters 

(humic acid) at environmentally relevant concentrations. However, groundwater with high 
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dissolve  SiO4
2− ions was found to reduce the arsenic removal efficiency (70-88% removal). 

GFeN was able to remove both the arsenic species, As(III) and As(V), simultaneously without 

any pre-oxidation of As(III) otherwise required in the currently practiced treatment processes. 

GFeN worked very effectively to remove arsenic from actual arsenic contaminated groundwater 

(with 30-40 µg/L of total arsenic) and brought down the effluent arsenic concentrations to below 

the maximum contaminant level (MCL) of 10 µg/L within 2-3 min.  Arsenic adsorption results 

and material characterization data from GFeN before and after arsenic adsorption suggested that 

arsenic was adsorbed onto the GFeN surface through surface complexation (dominant process) 

and electrostatic interaction. In the GFeN nanohybrid, the GO layer played a significant role in 

enhancing arsenic removal. First, the effective dispersion of iron nanomaterial (FeNPs) on the 

GO surface reduced the agglomeration of FeNPs and enhanced the interaction of arsenic with the 

nanomaterial. The enhanced interactions of arsenic with FeNPs potentially led to effective 

arsenic removal and fast kinetics. Second, the GO sheets acted as the reservoirs for the electrons 

released during the oxidation of Fe0 (in FeNPs present in on GFeN) and then transferring the 

electrons back to the nanoparticles (FeNPs) surface to rejuvenate the adsorptive oxide layer 

(reduced back to Fe0). The rejuvenation of the surface layer prolongs the effective life span of 

the GFeN by protecting the reactive Fe0 core and stabilizing the adsorbed arsenic on the 

nanohybrid.  

GFeN nanohybrid was found to be the most efficient in environmentally relevant 

conditions of pH, presence of other ions, and temperature. It recorded fast kinetics and high 

adsorption capacity (>300 mg/g for either arsenic species). These superior adsorption 

characteristics of GFeN made it a suitable candidate for use in filter media for arsenic treatment 

systems. Our calculations indicate that a point-of-use treatment unit with 100 g of GFeN can 
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potentially supply 20 liters of arsenic-free drinking (and cooking) water every day to a 4-member 

family for ~10 years without much operational and maintenance needs. 

While the study established that GFeN is an effective candidate material for arsenic 

treatment,  it is important to recognize that adsorbents with high arsenic adsorption capacity 

always pose a risk of secondary contamination through the release (desorption) of arsenic from 

the adsorbed phase. So, in the third phase of this research, experiments were conducted on the 

potential desorption (release) of arsenic from arsenic-sorbed GFeN nanohybrid. For comparison, 

the arsenic desorption behavior of another standard but a non-iron GO nanohybrid was studied 

alongside GFeN in batch experiments. The non-iron  candidate selected was graphene oxide 

ceria (GO-CeO2) nanohybrid. GFeN released ~5.73% and GO-CeO2 released ~0.94% of total 

adsorbed arsenic over a period of  2 years. The sand block filters (a representative arsenic 

treatment unit) filled with arsenic-sorbed nanohybrids mixed with sand followed similar arsenic 

desorption trends like in the batch desorption studies with GFeN releasing more than GO-CeO2. 

The arsenic release behavior was explained from the surface analysis of arsenic-sorbed 

nanohybrids. Additional sequential chemical extraction indicated that 66% of the sorbed arsenic 

in GFeN was ionically bound indicating potential future chromatographic release. In GO-CeO2, 

the major fraction (97%) of arsenic was present as very stable Ce-As complexes where the 

arsenic was very strongly bound onto the ceria, and, thus,  making it a potentially safer arsenic 

treatment medium.   

5.2. Future directions 

With this research, an ultra-high arsenic adsorbent graphene oxide-iron nanohybrid was 

synthesized using a facile sol-gel method and an in-depth mechanism study was also done. 

However, the applicability of the adsorbent in actual drinking water systems will still needed be 
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evaluated. To translate this research into application, two major tasks will be needed. First, a 

scale-up of the nanomaterial production process must be achieved. The current laboratory 

synthesis process yields only ~700-750 mg of material per batch.  Second, the development and 

evaluation of pilot-scale water treatment systems using the nanohybrid. For pilot studies, the 

nanohybrids can be mixed with sand and a standard functional adsorbent (e.g., activated carbon) 

to develop point-of-use treatment units.  Nanoscale powdery materials have some operational 

challenges like the movement of nanomaterial through the filter bed and potential clogging. To 

address this issue, polymeric beads and capsules can be potentially used. However, the polymers 

to be used should be toxicant-free and cost-effective. Further, economic feasibility, application 

viability, and stakeholder (societal included) acceptability of the developed technology should be 

evaluated through community-level studies. The major concern associated with any nano-

enabled water treatment system is the potential leaching of nanomaterials from the system. To 

ensure consumer safety, possible nanomaterial leaching from the system should be extensively 

studied.  
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APPENDIX 

A.1. XPS spectra of FeNP and GO 

 

   

Figure A1. XPS spectra of bare FeNP (not on GO) for (a) Fe 2p indicating presence of iron oxide 

and elemental iron on the surface layer, and (b) O1s indicating that majority of surface oxides 

have −OH bond. 

  

Figure A2. XPS spectra for bare GO (a) Survey, and (b) C1s indicating presence of surface 

functional groups. The survey spectrum of GO shows 94.52% of Carbon and 5.48% of Oxygen. 

No impurities are present in the GO material.   

A.2. Iron content determination in nanomaterials 

To measure the amount of iron in each nanomaterial (adsorbent) we followed Yoon et al. 

(2016)  (Yoon et al., 2016). Here, 50 mg of an adsorbent was digested with 15 mL of 7 M HCl 

by first shaking (250 rpm) the mixture for 2 h in a 50 mL test tube and then keeping it in a water 

(b)) 

C = 94.52% 

O = 5.48% 

(b) 

(a) 

(a) 
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bath (80 ºC) for 1 h. The digested sample was filtered using a membrane filter (0.22 µm, VWR, 

USA) and iron content in the filtrate was measured using Flame AAS (Perkin Elmer AAS 900H).  

A.3. FeNP surface corrosion reactions 

The following corrosion reactions (Eqs. A1-A9) have been proposed by others to 

represent the corrosion systems on FeNPs (Kanel et al., 2006; Wu et al., 2017) .  

 Feo + 2H2O →  Fe2+ + H2 + 2OH−  (A1) 

 Feo + O2 + 4H2O →  Fe2+ + H2 + 6OH−   (A2) 

 4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH−   (A3) 

 6Fe2+ + O2 + 6H2O → 2Fe3O4 (S) + 12H+   (A4) 

 Fe2+ + 2OH- → Fe(OH)2(S)   (A5) 

 4Fe3O4 + O2 + 18H2O → 12Fe (OH)3(S)   (A6) 

 4Fe3O4 + O2 → 6Fe2O3(S)  (A7) 

 Fe3+ + 3H2O → Fe(OH)3 + 3 H+   (A8) 

 Fe (OH)3 → FeOOH + H2O   (A9) 

A.4. Composition of synthetic groundwater 

We prepared the synthetic groundwater keeping concertation of all ions close to the 

typical values found in natural groundwater (Van der Leeden, 1990) .  

Table A1. Composition of synthetic groundwater. 

Ions Concentration (mg/L) 

Na+ 230 

Ca2+ 32 

Cl− 234 

HCO3
− 183 

SO4
2− 96 

PO4
3−. 3  
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A.5. Effect of humic acid and ionic strength 

Fig. A3 is provided here. 

  

Figure A3. Effects of (a) humic acid (b) ionic strength (NaCl) on arsenic removal by GFeN. 

A.6. References 

Van der Leeden, F., 1990. The water encyclopedia. CRC Press.1990 
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